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(..)

Linterview est alors arrétée momentanément et reprend

dans le bureau du professeur Feynman.

Masis le magnétophone s’obstine a ne pas vouloir marcher;

apres avoir vérifié que le fil et les diverses touches sont bien en place,
Feynman suggére simplement d’enlever puis de remettre la cassette.

Feynman :  Voila, ca y est. Vous voyez. Y a qu’a connaitre le monde !
C’est ca la physique!

Omni : Démonter et remonter ¢

Feynman :  Qui. Il y a toujours quelque part une petite cochonnerie ...
ou une divergence infinie ...
quelque chose, en tout cas.

R. P. Feynman, 1979, interview pour la revue Omni.
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Introduction

L’objectif principal de la recherche en physique des particules est de comprendre et de
pouvoir décrire la structure de la matiére et ses interactions. Selon 1’état actuel de nos
connaissances, les constituants fondamentaux de la matiére sont des fermions, les leptons
et les quarks, caractérisés par le nombre leptonique et la saveur des quarks et que I’on peut
classer en trois familles. Les leptons sont des particules libres pouvant étre détectées. Les
quarks, quant & eux, n’existent que sous forme d’états liés, les hadrons. Leur existence peut
étre déduite des mesures expérimentales des interactions entre particules et de la production
de hadrons. La liaison de ces particules entre elles et la cohésion de notre univers semble
étre assurée par seulement quatre forces : les interactions électromagnétique, faible, forte
et gravitationnelle. Seules les trois premiéres jouent un role dans ’étude microscopique de
notre univers. Leur description dans un méme cadre théorique basé sur des théories de
jauge constitue ce que nous appelons communément le modéle standard (MS).

Dans le modéle standard, la description des interactions électromagnétique et faible est
basée sur les groupes SU(2), d’isospin faible et U(1)y d’hypercharge faible. La symétrie
est brisée spontanément a ~ 100 GeV en introduisant dans la théorie des mésons scalaires,
appelées particules de Higgs. Nous trouvons alors des bosons vecteurs massifs, neutre (Z°)
et chargés (W*) qui véhiculent l'interaction faible et un boson vecteur neutre sans masse,
le photon. Les progrés tant expérimentaux que théoriques accomplis dans la description
du secteur électrofaible sont énormes. Les bosons W et Z° ont été découverts auprés
du collisionneur proton-antiproton du CERN en 1983, et, grace aux deux collisionneurs
électron-positron de haute énergie qu’étaient le SLC et surtout le LEP, les paramétres
électrofaibles du MS ont pu étre mesurés avec une extréme précision. Les prédictions théo-
riques et les mesures expérimentales sont en accord a mieux que 1073, Le boson de Higgs
reste cependant la seule inconnue de ce modéle. Les ajustements globaux des paramétres
du secteur électrofaible permettent cependant de contraindre sa masse. Actuellement, la
valeur centrale de I’ajustement prédit une masse du Higgs de 83733 GeV, sans considérer
les limites de recherches directes posées par le LEP et, récemment, par le Tevatron. Si ces
limites sont prises en compte, la valeur alors prédite pour la masse du boson de Higgs est
de 11611% GeV.

Les interactions de quarks et de gluons sont décrites par la chromodynamique quantique
(QCD), une théorie de jauge non abélienne basée sur le groupe des symétries de couleurs
SU(3)c. La couleur est I'équivalent de la charge électrique des interactions électromagné-
tiques. Les quarks, chacun de trois couleurs, interagissent par échange de bosons vecteurs
électriquement neutres, les gluons, qui forment un octet de couleur. Les gluons ne sont pas
neutres de couleur et donc interagissent fortement entre eux. La constante de couplage fort
as dépend de I'échelle a laquelle le processus QCD a lieu. La solution des équations du
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groupe de renormalisation a 'ordre dominant donne :

B 4
- Boln(Q*/Adep)’

a,(Q?%) (1)

ot Q* représente léchelle & laquelle ay est sondée et Agep est un parameétre de cu-
toff QCD. Le parametre 8y dépend du nombre de saveurs de quarks de la théorie, Ny :
Bo = 11 — 2/3N;. Le nombre de saveurs de quarks connues étant de 6, 3y > 0 et la constante
de couplage diminue & mesure que 1'échelle Q? augmente. Cette propriété, dite de liberté
asymptotique, a été prouvée de maniére rigoureuse et est utilisée pour faire des prédictions
sur les propriétés des interactions fortes dans le régime perturbatif de QCD, ou «ay est
faible. Une autre propriété importante de QCD est le confinement qui conserve les quarks
liés en hadrons neutre de couleurs et empéche donc toute observation de quarks libres.

En QCD, le degré de liberté de couleur et le confinement expliquent pourquoi les ha-
drons observés sont constitués soit d’une paire ¢g, les mésons, soit de trois quarks gqq (ou
antiquarks ¢gqq), les baryons. Ces combinaisons assurent que les hadrons soient sans cou-
leur et de charge électrique entiére. Le modéle naif dans lequel les hadrons sont vus comme
composés uniquement de quarks ou d’antiquarks libres est appelé le modéle des quarks-
partons. Cette image naive des hadrons doit étre modifiée en QCD de facon a prendre en
compte les radiations et absorptions de gluons par les quarks, ainsi que les créations de
paires gq par les gluons. Ainsi, les hadrons sont en fait constitués de quarks et de gluons
et nous savons maintenant qu’environ 50% de 'impulsion du proton est en fait portée par
les gluons.

La QCD a deux propriétés qui la rendent bien plus difficile & manipuler sur le plan théo-
rique que la théorie électrofaible. Premiérement la constante de couplage a; est grande, ce
qui rend I'emploi des calculs perturbatifs difficile. Deuxiémement, de par la nature non-
abélienne de 'interaction, les gluons peuvent interagir entre eux, conduisant au confinement
de la couleur. Les distributions de partons des hadrons ne peuvent actuellement étre calcu-
lées & partir des principes premiers de la QCD. En effet, les calculs doivent alors étre faits
dans un régime de la QCD ot 'approche perturbative n’est pas applicable. Cependant,
grace au théoréme de factorisation [Col85|, les sections efficaces de réactions dures entre
hadrons peuvent étre décomposées en un flux universel de partons et une section efficace
dure du sous-processus entre partons. La mesure des distributions de partons devient alors
un élément essentiel pour tester la validité de la QCD, et calculer les sections efficaces de
processus durs impliquant des hadrons.

La QCD a été testée en détail dans le régime perturbatif et permet de bien décrire
les mesures. Cependant, les observables expérimentales étant basées sur des états finals de
hadrons, plutot que de partons sur lesquels les calculs perturbatifs s’appliquent, le degré
de précision des tests de la QCD reste inférieur a celui des interactions électrofaibles. De
plus, jusqu’a maintenant il est trés difficile de décrire les processus QCD dans le régime
non perturbatif, processus dits mous (softs).

Dans ce régime non perturbatif, 'approche phénoménologique de la théorie de Regge
[Regh9, Reg60| fournit encore la meilleure description des sections efficaces que nous ayons.
A cause de la propriété de confinement de I'interaction forte, a bas transfert d’impulsion,
la sous-structure des hadrons n’est pas résolue et l'interaction forte résiduelle a lieu entre
des hadrons composites, plutot qu’entre les quarks et gluons eux-mémes. La propriété
de confinement de la QCD peut étre incorporée dans une image ou linteraction forte
périphérique qui a lieu entre hadrons n’est pas vue en termes d’échange de bosons de jauge
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mais due a ’échange de groupes de partons colorés, incluant des hadrons virtuels singulet
de couleur.

Ainsi, la QCD est encore pour une grande part une théorie non résolue. La justification
de P'usage de la QCD perturbative (pQCD) reste trés largement basée sur Iexpérience.
Chaque processus d’interaction forte implique une large gamme d’échelles différentes, ot la
valeur de o peut radicalement changer. Ceci, ajouté a un peu d’arbitraire dans la tronca-
ture du développement perturbatif, conduit & des incertitudes théoriques non négligeables.
Une meilleure compréhension de la transition entre régimes perturbatif et non-perturbatif
pourrait donc permettre de les réduire.

Le MS des interactions électrofaible et forte a été confirmé de facon remarquable par
I’expérience au cours de ces 30 derniéres années. Il reste cependant incomplet et peu satis-
faisant par certains aspects et nous pensons qu’il n’est qu’une manifestation & basse énergie
d’une théorie plus générale. De nombreuses questions fondamentales restent encore sans
réponse dans le cadre du MS.

Ainsi 'observation de trois familles similaires de fermions n’est pas expliquée et pourrait
indiquer ’existence d’une nouvelle échelle de sous-structures plus fondamentales.

Le spectre de masse des particules n’est pas expliqué. Dans le MS, les particules ac-
quiérent leur masse via le mécanisme de Higgs, brisure spontanée de la symétrie conduisant
a la présence d’une particule scalaire, le boson de Higgs qui reste encore a ce jour non ob-
servé. A supposer que le boson de Higgs puisse étre observé, le MS lui-méme ne peut
expliquer la hiérarchie observée des masses des différentes particules, ainsi que I'immense
différence entre la masse des bosons faibles, définissant 1’échelle de I'interaction faible et la
masse de Planck, définissant 1’échelle de I'interaction gravitationnelle.

La gravitation n’est elle-méme pas incluse dans le cadre théorique du MS, ce qui em-
péche alors la description de processus a trés haute énergie, lorsque les effets de la gravi-
tation ne peuvent étre négligés.

Enfin, le MS ne propose aucune particule qui pourrait expliquer la présence de matiére
noire dans l'univers. Selon les observations cosmologiques actuelles, seulement 4% de la
densité totale d’énergie de 'univers proviendrait de la matiére visible, décrite par le MS,
le reste étant composé de matiére noire (~ 22%) et d’énergie noire (~ 74%), la nature de
ces deux derniéres composantes restant totalement inconnue.

Le modéle standard de la physique des particules, malgré son pouvoir prédictif incontes-
table, reste donc avant tout un modéle avec un champ d’application limité. Nous pouvons
ainsi distinguer trois grandes frontiéres au pouvoir prédictif du MS, a I’heure actuelle.

La premiére concerne la précision des prédictions du MS. En effet, celle-ci dépend, entre
autres, des paramétres du modéle, dont les valeurs doivent étre déterminées expérimenta-
lement. Dans ce domaine, un des déficits important du MS concerne la description de la
structure interne du proton. Actuellement, cette derniére ne peut en effet étre déterminée
qu’expérimentalement, par la mesure des densités de partons qui constituent le proton.
Il s’agit pourtant d’un des ingrédients majeurs dans le calcul des sections efficaces des
processus en collisions hadroniques.

Une seconde limitation actuelle du MS est la complexité, qui concerne principalement
le secteur de la QCD et des processus de basse énergie. En effet, les calculs de processus
régis par linteraction forte deviennent trés complexes hors du domaine d’application du
traitement perturbatif ainsi que dans le cas de systémes denses.
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Enfin, différents déficits conceptuels du MS laissent actuellement & penser qu’il ne sera
plus applicable pour décrire des processus de trés haute énergie. En effet, de nombreuses
caractéristiques du MS restent inexpliquées a ce jour. Le nombre important de paramétres
du modéle (~ 19, sans compter les masses des neutrinos ni les densités de partons) refléte
ainsi notre degré d’ignorance actuel de la structure de la matiére. Ainsi, nous espérons
pouvoir trouver une théorie plus globale, dont le MS ne serait qu’une modélisation a basse
énergie. Des manifestations d’une telle théorie, comme ’observation de nouvelles particules
ou des déviations aux prédictions de MS, sont donc recherchées aux plus hautes énergies
actuellement atteignables expérimentalement.

Ce mémoire d’habilitation présente donc une exploration expérimentale de ces trois
limites actuelles du MS que sont la précision, la complexité, liée au secteur de QCD, et sa
frontiére & haute énergie. Ces sujets seront abordés a travers les travaux que j’ai pu réaliser
dans I'expérience H1 a HERA au cours de ces huit derniéres années.



Chapitre 1 - Méthodes et outils expérimentaux 7

Chapitre 1

Méthodes et outils expérimentaux

L’avantage des réactions lepton-hadron pour ’étude de la structure de la matiére réside
dans le fait que les leptons sont des objets ponctuels et que leurs interactions sont bien com-
prises. Historiquement, ce sont des expériences de diffusion de particules quasi-ponctuelles
sur la matiére qui ont permis d’en révéler les différentes sous-structures. Ainsi, 'expérience
de Geiger-Marsden-Rutherford a permis en 1909 d’établir la structure des atomes. L’expé-
rience de diffusion élastique ep réalisée en 1955 par Hofstadter et al. a permis de montrer que
le proton n’était pas une particule ponctuelle [Hof55]. Enfin, c’est la premiére expérience
de diffusion profondément inélastique (DIS) d’électrons sur des protons effectuée a SLAC
en 1968 qui a permis de confirmer la structure partonique de ces derniers [Blo69, Bre69|.

1.1 La diffusion lepton-proton

Dans le cas le plus général, 'interaction lepton-proton se fait par I’échange d’un boson
vecteur virtuel, comme schématisé¢ dans la figure 1.1. Comme le nombre leptonique doit
étre conservé, un lepton diffusé est alors attendu dans I’état final. Le boson échangé peut
étre un v ou un Z, l'interaction est alors de type courant neutre (NC), ou bien un boson
W, interaction de type courant chargé (CC). Dans ce dernier cas, pour un lepton chargé
incident, un neutrino est attendu dans 1’état final.

e et
Figure 1.1 : Diffu-
ston entre un lepton
chargé et un hadron.
> X
P’
P

Le lepton incident, de quadri-vecteur k, diffuse sur le proton (P) en un lepton dans
Iétat final de quadri-vecteur &/, par I’échange dans la voie ¢ d’un photon virtuel v*, ou
d’un boson électrofaible, de virtualité Q2. En cas de diffusion inélastique, seule une partie
du proton, un parton, est supposé prendre part a la réaction. La variable de Bjorken x est
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alors définie et associée a la fraction d’impulsion du proton portée par le parton diffusé.
Les variables usuellement utilisées pour décrire la diffusion électron-proton sont alors :

Q = —¢=—(K-Fk?,
_ Pgq
y - Pk7
2
xr = Q >
2P - q
v = P-q
Mp’
W2 = (P = (P g,

P+ k).

—~

S —_=

La variable /s est I'énergie totale dans le centre de masse de la réaction et I'énergie du
systéme v*p est donnée par la variable W.

Le carré du moment transféré, g2, détermine la dureté de la réaction, ou, en d’autres
termes, son pouvoir de résolution. Le boson échangé permet alors de sonder des distances
dans le proton de 'ordre de sa longueur d’onde, soit :

he  0.197
/02 /02
La variable v a une signification simple dans le référentiel du proton au repos. C’est

I'énergie perdue par 1’électron lors de sa diffusion, v = E, — E!. La variable y représente
E.—E!.
=

Ab ~

GeV fm. (1.1)

quant a elle la fraction d’énergie perdue, y = :

Compte tenu du nombre de degrés de liberté de cette cinématique a deux corps, seules
deux variables sont indépendantes. Pour une énergie donnée dans le centre de masse
électron-proton, la cinématique de la réaction est complétement définie par ’énergie et
I’angle de I’électron diffusé. Comme nous le verrons par la suite, la nature partonique du
proton fait que les variables (x,Q?) sont plus communément utilisées pour caractériser
de maniére unique la cinématique d’un événement de DIS. La variable Q% peut alors étre
exprimée en fonction de I’énergie et de I’angle de diffusion du lepton, Q* = 4E,E" cos® §/2.
La relation Q? = szy permet de relier les trois variables, et de définir ainsi = a partir de la
mesure de y.

A partir de ces relations, nous voyons que la cinématique de la diffusion inélastique peut
étre reconstruite a partir de la seule mesure de I’électron diffusé. La mesure des hadrons
dans I'état final peut étre exploitée comme contrainte supplémentaire des diffusions NC.
C’est aussi le seul moyen de reconstruire la cinématique des événements CC [Blo79], le
neutrino sortant n’étant pas mesureé.

1.2 L’accélérateur HERA

Le projet de construction du collisionneur HERA a commencé en 1985 et les premiéres
collisions électron—proton ont eu lieu en 1992. Le Hoch Energie Ring Anlage, HERA, fut
le premier, et jusqu’a présent unique, accélérateur mettant en collision des électrons et
des protons. La figure 1.2(a) présente un schéma du complexe d’accélération. Celui-ci est
composé de deux accélérateurs circulaires, de sens opposé, permettant d’accélérer, de sto-
cker et de mettre en collision les deux faisceaux d’électrons (e~), ou positrons (e™), et de
protons. Les électrons sont accélérés a une énergie de 27.6 GeV et les protons a une énergie
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de 920 GeV. L’énergie totale dans le centre de masse est alors de 320 GeV. Les paquets
d’électrons et de protons se croisent toutes les 96 ns. Deux expériences généralistes pour
I’étude des collisions ep, H1 et ZEUS, sont installées & HERA.

Durant les premiéres années de fonctionnement, de 1992 & 1997, I’énergie du faisceau
de protons était seulement de 820 GeV. A 1’été 2000, HERA a été arrété et les régions
d’interaction ont été modifiées afin de permettre une augmentation de la luminosité. Apreés
plus d’un an passé pour comprendre la nouvelle machine, la prise de données a repris fin
2003. Les deux grandes périodes distinctes de prise de données de 1992 a 2000 puis de 2003
a 2007 sont dénommées respectivement HERA T et HERA II. Durant les derniers mois
d’opération de 2007, I’énergie du faisceau de protons a été abaissée successivement a 460 et
575 GeV. Ceci a permis de mesurer ainsi la fonction de structure longitudinale du proton,
Fp, pour la premiére fois de maniére directe a bas = [Aar08]. HERA a été définitivement
arrété le 17 juillet 2007, aprés 15 ans de fonctionnement.

Status: 1-July-2007

Hall OUEST (HERA-B)
~=— Electrons / Positrons

—~=— Protons
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Figure 1.2 : (a) Schéma de HERA et de ses injecteurs. L’ensemble fait 6.3 km
de circonférence et se trouve a une profondeur d’environ trente métres sous la
ville de Hambourg. (b) Luminosité intégrée accumulée par l’expérience HI. La
luminosité accumulée en collisions e™p est indiquée en rouge, celle en collisions
e~ p en bleu. La luminosité enregistrée avec une énergie de faisceau de protons
plus faible est représentée en vert.

La luminosité utile accumulée par I'expérience H1 durant les différentes périodes de
fonctionnement de HERA est présentée dans la figure 1.2(b). Seules les données enregis-
trées depuis 1994 sont utilisées dans les analyses actuelles. La période HERA I n’a permis
d’enregistrer que peu de données en collisions électron-proton (~ 15 pb™1). Une des avan-
cées de la période HERA 1II a donc été de permettre 'accumulation d’un lot substantiel
de données électron-proton. L’autre nouveauté de la période HERA II a été de pouvoir
polariser longitudinalement les faisceaux de lepton au niveau des points d’interaction. La
polarisation typique atteinte pour les faisceaux en collision a été de 30 4 40%. En revanche,
entre autres a cause de la complexité de la machine, la luminosité totale enregistrée par les
expériences s’est révélée étre inférieure aux objectifs initiaux du programme HERA II. La
phase HERA II a permis d’accumuler, par expérience, un total d’environ 400 pb~!, au lieu
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de 1 fb~! initialement prévus. Au total, environ 500 pb~! de données ont été accumulés
par chaque expérience, H1 et ZEUS, sur toute la durée de fonctionnement de HERA.

Le plan cinématique en (z,Q?) qui est accessible avec HERA est présenté dans la
figure 1.3. HERA permet d’atteindre des Q2 de 'ordre de 50000 GeV? et des valeurs de x
aussi basses que 1075, Par rapport aux expériences précédentes sur cible fixe, nous voyons
donc que HERA a permis d’étendre considérablement le domaine en (x, Q?) sondé. HERA
s’avere aussi étre complémentaire des autres collisionneurs de haute énergie que sont le
Tevatron a Fermilab (Chicago, pp, /s = 1960 GeV) et le LEP au CERN (Genéve, ete,
jusqu’en 2000, /s < 209 GeV). Le domaine qui sera couvert par le Large Hadron Collider
(LHC), devant entrer en opération fin 2009, est aussi représenté. Le LHC devrait mettre

en collisions deux faisceaux de protons, avec une énergie dans le centre de masse de 8 a
14 TeV.
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Figure 1.3 : Le plan cinématique (z,Q?), avec les régions couvertes par les
expériences sur cible fize, les collisionneurs HERA et Tevatron, ainsi que le
futur collisionneur LHC.

1.3 Le détecteur H1

Deux détecteurs généralistes, H1 et ZEUS, ont servi a enregistrer les produits des colli-
sions ep a HERA. Ils ont été construits autour des points d’interaction avec une structure
concentrique quasi-hermétique, d’une acceptance d’environ 47 d’angle solide. En partant
du point d’interaction vers I'extérieur des détecteurs, nous trouvons successivement les dé-
tecteurs internes de traces, mesurant la trajectoire et I'impulsion des particules chargées,
puis les calorimétres servant & compléter la mesure du flot total d’énergie. Le tout est
plongé dans un champ magnétique d’un peu plus de 1 T. Enfin, la partie la plus externe
est équipée de détecteurs de muons.
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Figure 1.4 : Vue schématique du détecteur H1 et définition des coordonnées
cartésiennes et polaires utilisées. La région 6 < 90°, z > 0 correspond a 'avant
du détecteur.

Les détecteurs H1 et ZEUS ont été concus avant tout pour la mesure des interactions
profondément inélastiques aux plus grands Q2 et avec un état final de grande énergie. Les
énergies des faisceaux d’électrons et de protons étant fortement différentes, le flot d’énergie
se trouve concentré vers la région avant (dans la direction du proton) et les détecteurs
doivent donc étre asymétriques, avec une couverture accrue de la région avant. Une grande
attention a été portée aux calorimétres électromagnétiques et hadroniques. La collaboration
ZEUS a choisi d’utiliser des scintillateurs couplés a des absorbeurs en uranium, dans le but
d’égaliser la réponse du calorimétre aux électrons et aux hadrons (pions). La collaboration
H1 a, quant & elle, choisi d’utiliser ’Argon liquide (LAr) comme matériau actif de son
calorimétre principal afin de maximiser sa stabilité sur le long terme et d’obtenir une
meilleure résolution sur la mesure de I’énergie des électrons.

Le détecteur H1 occupe un volume d’environ 12 x 10 x 15 m?® pour une masse de
2800 tonnes. Il est représenté sur la figure 1.4, tel qu’il était lors de la phase HERA 1.
Ses caractéristiques détaillées sont disponibles dans [Abt97a, Abt97b, App97|. Seules ses
caractéristiques principales sont rappelées ici.

Le systéme de coordonnées utilisé est représenté dans la figure 1.4. L’axe 2z est défini
suivant la direction du faisceau incident de protons. L’avant du détecteur est défini comme
étant la région 6 < 90°, z > 0.
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La région arriére (153° < 6 < 176°) du détecteur est couverte par un calorimétre spa-
ghetti, le SpaCal [App97], formé de fibres scintillantes avec des absorbeurs en plomb. Sa ré-
solution en énergie pour des gerbes électromagnétiques est de o(E)/E ~ 7.1%/+/ E/GeV &
1%. Le calorimétre a argon liquide (LAr) [And93a| couvre la région angulaire 4° < 6 < 154°.
Sa résolution en énergie, mesurée en faisceaux tests [And93b, And94|, est de o(E)/E ~
11%/+/ E/GeV @& 1% pour des gerbes électromagnétiques et de o(F)/E ~ 50%/+/E/GeV &
2% pour des gerbes hadroniques.

Le détecteur central de traces (20° < 6 < 160°) est composé principalement de deux
chambres & dérive cylindriques et coaxiales, les chambres a jets (CJC). Un second détecteur
interne de traces constitué, dans sa version HERA II, de chambres & dérive couvre également
la région avant du détecteur (7° < 6 < 25°).

Le calorimétre LAr et les détecteurs de traces internes sont situés dans une bobine
supraconductrice fournissant un champ magnétique de 1.16 T. La mesure du moment
transverse des particules chargées est effectué a partir de la courbure de leur trajectoire dans
le champ magnétique. Le détecteur de traces central permet alors d’obtenir une résolution
allant jusqu’a op,/Pr = 0.002Pr/GeV @ 0.015.

La partie la plus externe du détecteur est constituée de fer instrumenté assurant le
retour du champ magnétique et servant a détecter la fin des gerbes hadroniques les plus
énergétiques. Il est équipé de tubes fonctionnant en mode streamer et forme ainsi le détec-
teur central de muons (4° < 6 < 171°). Dans la région avant du détecteur (3° < 6 < 17°),
une série de chambres a dérive permet également de détecter les muons et de mesurer leur
moment en utilisant un aimant toroidal.

La luminosité est déterminée & partir de la mesure du processus Bethe-Heitler dans un
calorimetre proche du faisceau situé a z = —103 m dans la région arriére.

1.4 Reconstruction des événements et techniques d’ana-
lyse

La reconstruction des événements détectés et enregistrés se fait principalement en deux
étapes. Une premiére étape consiste a reconstruire les traces a partir des hits dans les
trajectographes et a combiner les cellules touchées des calorimétres en amas d’énergie.
Cette premiére étape de reconstruction utilise des algorithmes écrits en langage fortran.
Les traces et amas d’énergie reconstruits sont ensuite combinés et associés a des particules
candidates.

Les algorithmes de cette seconde étape ont été entiérement réécrits en langage C*F 3
loccasion de la transition entre HERA I et HERA II. Cette réécriture a permis de réno-
ver et d’optimiser les algorithmes fortran utilisés jusqu’alors. Ceci a également permis une
standardisation des algorithmes d’identification des particules, uniformisant et facilitant
les analyses faites par la suite. L’autre avantage principal de ces nouveaux algorithmes
d’identification est de fournir une reconstruction compléte du flot d’énergie dans le dé-
tecteur, sans double comptage de I’énergie. Chaque trace et amas d’énergie est au final
associé de maniére unique a une particule identifiée. Les particules identifiées peuvent en-
suite étre utilisées de la méme maniére par toutes les analyses de physique menées dans
H1, quasi-indépendamment du sujet traité.

Ce résultat a pu étre obtenu en rassemblant l'expertise acquise dans les différents
groupes de physique et en combinant les informations fournies par les différents sous-
détecteurs. La compréhension des connections entre les différents identificateurs est éga-
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lement importante. Ce travail d’uniformisation et de standardisation des algorithmes de
reconstruction du flot d’énergie global dans le détecteur a été crucial, pour faciliter et
assurer la qualité des analyses de physique menées par la suite.

L’identification des différents types de particules s’effectue séquentiellement. En premier
lieu, les candidats électrons et photons sont identifiés a partir d’un dépot d’énergie compact
et isolé dans les calorimétres électromagnétiques du LAr et du SpaCal. Leur énergie et
direction angulaire sont mesurées par les calorimétres. L’association ou non d’une trace au
dépot d’énergie permet alors de distinguer les électrons des photons.

Les candidats muons sont ensuite identifiés & partir d’une trace interne mesurée avec
une bonne précision et dont la direction coincide avec une trace ou un dépot d’énergie dans
les détecteurs externes de muons. L'impulsion du muon est alors mesurée par la courbure
de la trace interne dans le champ magnétique.

Enfin, tous les dépots d’énergie et traces restantes, non associés a des électrons, pho-
tons ou muons, mais aussi les candidats électrons, photons ou muons qui ne sont pas
suffisamment isolés dans le détecteur par rapport a d’autres traces ou dépodts d’énergie,
sont combinés pour former des hadrons. L’état final hadronique est alors reconstruit par
un algorithme spécifique, détaillé dans 'annexe A, et qui combine traces et dépots d’éner-
gie en objets hadroniques afin de permettre une mesure de 1’énergie hadronique avec la
meilleure résolution possible, sur ’ensemble de la gamme d’énergie. Il est intéressant de
noter que, au final, dans la région centrale du détecteur, plus de 60% de 1’énergie hadro-
nique totale se trouve étre mesurée par les trajectographes, permettant ainsi d’améliorer
significativement la résolution de sa mesure.

Les jets hadroniques sont reconstruits a partir de ces objets hadroniques, avec un Pr
minimum de 2.5 GeV, en utilisant un algorithme inclusif de kr |[EN93, Cat93] avec un
schéma de recombinaison pondéré en Pr et dans lequel les jets sont traités comme étant
sans masse.

Au final, le schéma de reconstruction des différentes particules étant unique et sans
double comptage de 'énergie, 'impulsion transverse manquante, PR de 1’événement
peut étre reconstruite simplement a partir de la somme des quadri-vecteurs de toutes les
particules reconstruites.

1.5 Contributions personnelles

A mon arrivée dans la collaboration H1, début 2002, j’ai commencé par m’impliquer
dans le projet de réécriture des algorithmes d’identification de particules en langage orienté
objet (C*t* et Root). J’ai pris tout d’abord la responsabilité de la réécriture de I'identifi-
cateur d’électrons (photons).

Par le biais du co-encadrement de Matti Peez, étudiant en thése a Marseille, je me
suis ensuite impliqué dans la validation des nouveaux identificateurs ainsi que dans le
développement d’une nouvelle reconstruction de I’état hadronique final. J’ai par la suite
assumé la responsabilité de cet identificateur de hadrons au sein de la collaboration H1
(voir annexe A).

De fagon plus générale, je me suis fortement impliqué dans le développement de ces
nouveaux algorithmes d’identification de particules en langage orienté objet, notamment
pour pousser a une plus grande stabilité des programmes, indispensable pour toute analyse
de physique. J’ai ensuite travaillé & leur validation pour 'obtention de résultats de physique
de qualité. Ces identificateurs ont été a la base des analyses de physique menées sur les
données de HERA TII a partir de 2003.
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Dans la continuité de ce travail, j’ai dirigé le développement d’une nouvelle calibration
des jets hadroniques, en collaboration avec Benjamin Portheault, étudiant en thése au
LAL, a Orsay (voir annexe A). Cette calibration est devenue le standard des analyses de
H1 et j’en ai assuré la mise a jour au fur et & mesure de 'acquisition de nouvelles données
lors de la phase HERA II. Elle a notamment permis d’améliorer la précision expérimentale
de la mesure de oy a partir des jets de grande impulsion transverse [Aar09al. La précision
expérimentale de cette mesure est en effet contrainte par I’erreur systématique sur la mesure
de Pénergie des jets, qui a pu étre réduite a 1.5% (au lieu de 2% précédemment) par cette
calibration pour les données HERA II.

En 2006-2007, j’ai mis en place et co-coordonné un groupe de travail de la collabo-
ration H1, en charge de la calibration offline de I’ensemble des calorimétres de H1. Le
but de ce groupe est de fournir a la collaboration un ensemble cohérent de calibrations et
d’alignement de tous les calorimétres de H1, sur ’ensemble du domaine en énergie, pour
les électrons et hadrons et pour 'ensemble des données. Dans ce groupe, j’ai, entre autres,
été responsable des premiéres calibrations en énergie du calorimétre électronique arriére
(SpaCal), pour les données HERA TII. J’ai également contribué plus particuliérement au dé-
veloppement de nouvelles méthodes de calibration des hadrons de basse énergie. Les idées
que j’ai introduites alors ont permis d’obtenir maintenant une calibration relative d’une
précision de 2% (contre ~ 4% auparavant) pour les hadrons de basse énergie.

Enfin, au sein du groupe H1 du CPPM, j’ai développé un environnement d’analyse
automatisé pour la gestion de larges lots hétérogénes de données et de Monte Carlo et
reposant sur 'utilisation du calcul distribué auprés des fermes de processeurs des centres
de calcul. Cet environnement a ainsi permis de mener efficacement en paralléle une grande
variété d’analyses différentes. Il a ensuite été également utilisé plus largement dans la
collaboration H1, notamment pour les analyses de recherche de nouvelle physique.
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Chapitre 2

La précision du modéle standard :
meétrologie de la structure du proton

Un des intéréts majeur de HERA est bien stir de pouvoir résoudre la structure en quarks
et gluons du proton sur un vaste domaine en (z,Q?), jamais sondé auparavant.

Aprés quelques brefs rappels sur la description de la structure du proton dans le cadre
du modéle standard, nous présenterons les mesures récentes de DIS par courant neutre et
chargé a grand Q? effectuées & HERA. Nous montrerons leur impact sur la détermination
de la structure du proton et principalement son contenu en impulsion longitudinale.

Enfin, nous montrerons que ces données a grand ) permettent également une détermi-
nation alternative de certains paramétres et propriétés du secteur électrofaible du modéle
standard.

2.1 La structure du proton dans le modeéle standard

2.1.1 Le modéle des quarks-partons et les fonctions de structure

La section efficace inclusive des collisions ep inélastiques peut étre exprimée en fonction
des variables z et Q? :
dQO.ep 471'0(2 y2 2

dzdQ? inm 7237}71(37»@2) + (1 — y) Fy(z, Q%) + (y — %) ng(az,Qg)] (2.1

Les fonctions de structure Fi, Fy, F3 dépendent du processus considéré et de sa cinématique.
La fonction de structure Fj est non nulle seulement pour les interactions faibles et est
générée par les interactions violant la parité.

En diffusion profondément inélastique (DIS), soit Q? > 1 GeV? le proton est vu comme
composé de constituants libres et ponctuels, les partons. Ainsi dans le modéle des partons,
Iinteraction ep peut étre décrite comme une somme non cohérente de contributions de
partons libres.

Les partons constituant le proton ont ensuite été identifiés aux quarks, et nous parlons
alors du modéle des quarks-partons. Les fonctions de structure peuvent alors étre exprimées
en termes de distributions de quarks ¢;(z), I'indice ¢ indiquant le type de quark. Dans un
modéle naif de quarks-partons sans interactions entre eux, aucune dépendance en Q2 de
ces distributions n’est attendue. Cette propriété, appelée invariance d’échelle (ou Bjorken
scaling), est due au caractére ponctuel des quarks.

Comme les bosons de jauge électrofaibles se couplent aux quarks par un mélange de
couplages vecteur (v) et axial-vecteur (a), les fonctions de structure peuvent s’exprimer de
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maniére générale :

Fy(z) = 2 q(x)(va). (2.2)

L’indice 7 inclut toutes les saveurs de quarks et antiquarks qui, selon les lois de conservation,
peuvent participer a U'interaction. Pour des particules de spin 1/2, a partir des formules
(2.2) la relation de Callan-Gross [Cal69| permet de relier F et F, :

20F(x) = Fy(x) . (2.3)

Ce modéle naif des quarks-partons ne permet cependant pas d’expliquer les observations
expérimentales des violations de 'invariance d’échelle et de la relation de Callan-Gross. En
effet, selon les prédictions de la QCD, les quarks sont liés dans le proton par les gluons.
Des fluctuations comme ’émission et la réabsorption de gluons, ainsi que la création et
Pannihilation de paires ¢q sont donc attendues. Ainsi, selon le pouvoir de résolution de
la sonde et le temps caractéristique de 'interaction, certaines de ces fluctuations peuvent
étre vues, changeant alors la structure partonique du proton. Les fonctions de structure
acquiérent donc une dépendance en fonction de Q2. Cette dépendance en Q? est calculable
directement en QCD et sa mesure constitue donc un des tests fondamentaux de la QCD
perturbative. La violation de la relation de Callan-Gross est quant a elle une conséquence
des radiations QCD. Au-deld du modéle naif des quarks-partons, le proton doit donc étre
vu comme composé de trois quarks de valence, issus du modéle des quarks-partons, mais
aussi, selon I'échelle a laquelle nous regardons, de gluons et d'un ensemble de paires qq,
appelé la mer, provenant de la dynamique QCD.

2.1.2 La structure du proton en QCD

Les distributions de quarks ne peuvent étre calculées en QCD. Cependant, le théoréme
de factorisation [Col85| permet de séparer la section efficace des interactions dures lepton-
hadron en une partie dure d’interaction a courte distance, calculable perturbativement, et
une partie non perturbative universelle liée aux interactions & longue distance, les fonctions
de distribution de partons (PDF). Ce théoréme est valable & des corrections en puissance de
m?/Q? prés, m étant I'échelle de masse des hadrons mis en jeu, et appelées contributions
de twists supérieurs (higher twists). La partie principale factorisée est appelée le twist
dominant (leading twist). Ce théoréme permet alors de calculer I’évolution en fonction de
Q? des distributions de partons dans le cadre de la QCD perturbative.

En QCD, ’émission de gluons est proportionelle a la constante de couplage fort, a,, qui
est prédite décroissante en fonction de 1’échelle de renormalisation du processus considéré,
p%. Dans approximation des logarithmes dominants (LLA), a, vaut :

127
(33 = Ny)In (u3/Adep)

ol Ny est le nombre de saveurs, Agcp est un parametre d’échelle libre ayant la dimension
d’une masse. L’échelle de renormalisation u% est prise égale a Q% dans le cas de I'étude des

g (uy) = (2.4)
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fonctions de structure. Aux petites valeurs de p%, la constante de couplage a est élevée et
il est alors impossible d’appliquer une approche perturbative de la QCD. Selon le principe
d’incertitude, cette région correspond a de grandes distances de séparation entre les partons
en interaction. Aux grandes valeurs de p%, donc aux trés petites distances, la constante de
couplage «; devient petite et les quarks et les gluons sont libres (liberté asymptotique).
Une approche perturbative est alors possible, 'ordre zéro correspondant a I’approximation
du modéle naif des quarks-partons.

En considérant les termes d’ordre supérieur par rapport au modéle des quarks-partons,
c’est-a-dire les processus de radiation de gluons, 1’évolution en Q? des fonctions de den-
sité des quarks et des gluons est prédite, dans 'approximation des logarithmes domi-
nant, par les équations de Dokshitzer, Gribov, Lipatov, Altarelli et Parisi (dites équations
DGLAP) |Gri72, Lip74, Dok77, Alt77] :

831?;3? S / % [qxs?Q%qu (%) +9(6, Q1) Py (g)} ,
85’&8? aségz) /:% {qi(&Qz)qu (%) +9(&, Q%) Py <§)} , (25

ou g;(x, Q%) et g(x,Q?) sont les fonctions de densité des quarks et des gluons. Les fonc-
tions d’embranchement (splitting functions) Py, Py, Py, €t P,, décrivent la radiation d’un
parton et sont calculables perturbativement en QCD, & un ordre donné en a4(Q?) (voir
figure 2.1).

Py@ Py(@ Pyg(@ Pyg(@
aq g U g U q 9% g
z z z z
q q g g
1-z g 1-z q 1-z q 1-z g
Figure 2.1 : Fonctions d’embranchement DGLAP a l'ordre dominant.

2.2 Mesure en collisions ep de la structure du proton

Les événements d’interactions DIS par courant neutre (NC) et chargé (CC) sont les
plus utilisés pour déterminer la structure du proton &8 HERA et mesurer ses fonctions de
structure. Les événements de type courant neutre ont comme signature dans le détecteur
un électron diffusé (1’électron incident) et un jet de particules hadroniques. Dans les événe-
ments de type courant chargé, seul un jet de particules hadroniques est visible, le neutrino
diffusé n’étant alors pas détecté. La figure 2.2 présente deux événements NC et CC de
grand Q2 observés dans le détecteur avec H1.

2.2.1 Les interactions par courant neutre

La section efficace de courants neutres peut étre exprimée conventionnellement en
termes des fonctions de structure :

d?o%,  2ma?

dzdQ?  zQ* (

Y+ F2 F Y_ I‘Fg — y2 FL) , (26)
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Figure 2.2 : Evénements typiques de processus NC' (a) et CC (b) de grand Q*
dans le détecteur H1.

pour les sections efficaces e*p, avec Y. = 1 4 (1 — y?) donnant la dépendance en hélicité

des interactions faibles, et en introduisant la fonction de structure longitudinale F; =

F5—2xF| qui est non nulle dés que des corrections d’ordre o, sont prisent en considération.

L’introduction des fonctions de structure est indépendante de tout modéle ou hypothése sur

la structure du proton. La section efficace réduite de courants neutres est définie comme :
I %, 2Q* 1 Y. 2

_ y
= X Ry —aF, — 2 F. 2.7
TPNC T qpdQ? 2ma? Y, 2Ty, T oyt (27)

Les fonctions de structure Fy et Fy peuvent étre ensuite décomposées en [Kle84] :

F = F — v rF)7 + (VV+d) &2 FF,

vFy = —a.k 2Fy? + 2a.0, k2 2FF (2.8)
(2.9)
ol k est le propagateur du boson Z° :
1 2
@ (2.10)

K= .
4 cos? Oy sin? Oy Q2 + M2

Les variables v, et a. sont les couplages vecteur et axial-vecteur de I’électron, ou du positron,
au Z° [Ams08]. La fonction de structure électromagnétique Fy provient de 'échange du
photon et domine dans la plupart de 'espace de phase accessible. Les fonctions FyY et zFf
sont les contributions & F, et xF3 provenant de I'échange du Z° et les fonctions F;Z et
mFgZ sont les contributions de I'interférence vZ°. Ces contributions ne sont significative
qu’a grand Q2. Pour des leptons incidents non polarisés longitudinalement, la contribution
de Fy est la méme pour des e~ ou e incidents, alors que la contribution de xF3 change de
signe (voir équation (2.6)). La fonction de structure longitudinale F, peut étre décomposée
de maniére similaire a F5. Sa contribution est significative uniquement a grand y.

Dans le modeéle des quarks-partons, les fonctions de structure Fy, Fy 7 et FZ sont reliées
a la somme des distributions en moment des quarks et antiquarks, rq;(z, Q%) et zg;(z, Q?) :

[F;, )7, F2Z] = xz €2, 2eq,vq,, 02 + a2 ] (4 + @) - (2.11)

La fonction de structure F5 est ainsi déterminée par la somme des distributions des quarks
de valence et de la mer.

Les fonctions de structure xFQZ et FZ sont quant a elles reliées a la différence des
distributions d’impulsion des quarks et antiquarks, qui détermine la distribution des quarks
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de valence zq,(z, Q%) :
2B aFE | = 20 Y (g vaa0] (- @) =20 Y [egtgvgaglan,  (212)
7 q=u,d

ot les variables v, et a,, sont les couplages vecteur et axial-vecteur des quarks au Z°.

2.2.2 Les interactions par courant chargé

Les interactions par courant chargé, e*p — @)X se font par I’échange d’un boson W
en voie t. Leur section efficace différentielle peut étre paramétrée avec :

Cofole*p)  GR [ MR TP
#Q? - 27:; [Mgv K/QQ} oreo(, Q%) (2.13)
(2.14)

oll G est la constante de Fermi et My la masse du boson W. La section efficace réduite
o, s’exprime avec les fonctions de structure de courant chargé Wy, xWs3 et Wy :

1
Olocw. Q) = 5 [YVaWE (e, @) FY Wi, @) - P Wi (. QY)] . (219)
Dans le modéle des quarks-partons, V[/Li = 0 et les fonctions de structure W; et xW:,,lL
peuvent étre interprétées comme des sommes et différences de distributions de quarks et
antiquarks, dépendant de la charge du lepton :

Wy =2(U+ D), aW5 =2(D-U),

Wy =x(U+ D), 2W; =x(U — D). (2.16)

Les termes U, D, U et 2D sont définis comme la somme des distributions de quarks de
type u, de type d et de leurs antiquarks. Sous le seuil de la masse du quark b, nous avons
alors :

2U=x(u+c) et 2U =z(u+7), (2.17)
xD=x(d+s) et zD=x(d+73). (2.18)

Nous pouvons déduire des équations (2.15) et (2.16) :
ofce =20+ (1 —yzD et o0,o0=aU+ (1—y)’zD. (2.19)

Ainsi, la section efficace CC est bien plus grande en collisions e”p que en ep, U étant
plus grand que D quand z n’est pas trop petit et la section efficace ep est, elle, réduite
par le facteur cinématique (1 — y)2. Nous voyons aussi que les interactions CC apportent
une information importante pour séparer les distributions de quarks de types u et d dans
le proton.

2.2.3 Mesures expérimentales

Les sections efficaces de NC et CC en fonction de Q?, mesurées par H1 et ZEUS en
collision e®p, sont représentées dans la figure 2.3. Ces mesures incluent l'ensemble des
données rendues publique par les deux collaborations. A bas Q?, la section efficace de NC,
dominée par l'interaction électromagnétique, est plus grande de deux ordres de grandeur
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que la section efficace CC, qui correspond quant & elle & une interaction faible pure. A
grand Q* (Q* ~ My, ,), par contre, les deux sections efficaces sont similaires, démontrant
ainsi l'unification des interactions électromagnétiques et faibles.

Les plus grands Q? mesurés correspondent & une résolution de Pordre de 1078 m, soit
1/1000 de la taille du proton.

La section efficace réduite de courants chargés o, co(z, QQ?) est représentée dans la
figure 2.4. Les processus CC sont sensibles aux différentes saveurs de quarks dans le proton.
Ceci est particuliérement visible & grand Q?, ot les collisions e p sondent la distribution de
quarks d, alors que les collisions e~ p sont plus sensibles a la distribution de quarks u. Cette
propriété des CC est trés intéressante, en complément des interactions NC ou le pouvoir
séparateur des différentes saveurs de quarks est plus faible.

2.2.4 Détermination des fonctions de structure

A HERA, la section efficace de NC est dominée sur un large domaine par la contribution
de F; (équation (2.6)). Sa mesure permet donc d’accéder directement & Fy. Ceci est illustré
par la figure 2.5, qui représente dans le plan (x,Q?%), 'ensemble des mesures de la section
efficace réduite de NC o, no(z,Q2), équivalente & F; si les contributions, faibles, de xFj;
et Fp sont négligées, résultant de la combinaison des données de H1 et de ZEUS de la
phase HERA I ainsi que des mesures antérieures effectuées sur cible fixe. Nous pouvons
alors observer l'invariance d’échelle de Bjorken dans la région z ~ 0.1 — 0.2, ainsi que sa
violation évidente vers les plus bas x, qui provient de la contribution alors grandissante
des gluons. Cette figure montre également que les données de HERA ont permis d’étendre
considérablement le domaine en (x,Q?) sondé et de réaliser ainsi une véritable cartographie
de précision du contenu en impulsion longitudinale du proton. La large gamme de valeurs de
(Q? accessible permet également de tester avec une grande précision les équations DGLAP.

La fonction de structure xF5 peut étre obtenue en faisant la soustraction des sections
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efficaces NC de collisions e*p et e”p, non polarisées (voir équation (2.7)) :

Yy o 2 2
ks = 2y [Ur,Nc(xaQ ) — U:Nc(va )} .
Comme le couplage vecteur de 'électron, v., est faible, la contribution dominante a zFj
provient de l'interférence vZ (voir équation (2.9)). En QCD perturbative, a 'ordre domi-

nant LO, la fonction de structure, xFy“, peut s’écrire :

2 F77 = 2z[eya, (U — U) + eqaq(D — D). (2.20)



22 Chapitre 2 - La précision du modéle standard : métrologie de la structure du proton

La détermination de xF3 est donc une mesure directe de la distribution des quarks de
valence. Sa mesure apporte aussi une information sur les couplages axial-vecteurs des quarks
légers au Z° (ay, ag), ainsi que sur les charges électriques des quarks (e,, eq).

Comme seules les interactions NC a grand Q? sont sensibles a a:Fg’Z, la précision de
la mesure effectuée lors de la phase HERA T était limitée par la statistique disponible, et
principalement par le faible lot de données e~ p (~ 15 pb~!). Le lot important de données
e~ p enregistrées lors de la phase HERA II a donc permis d’améliorer la précision statistique
de la mesure de xF?YZ. La mesure réalisée par H1 a partir des données de 1997 a 2005 est
représentée dans la figure 2.6(a). La mesure est en accord avec la prédiction du modéle
standard utilisant les densités de partons déterminées par H1 a partir des données HERA 1.
La précision de la mesure reste cependant encore limitée par la statistique de données
disponibles. Le résultat obtenu ensuite en combinant les données de H1 et de ZEUS est
présenté dans la figure 2.6(b). Il s’agit de la mesure de xF3 la plus précise réalisée a ce jour.
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Figure 2.6 : (a) Fonction de structure ngZ mesurée par H1 a différentes va-

leurs de Q? et transformée o Q? = 1500 GeV?. (b) xFy” mesurée en combinant
les données de H1 et de ZEUS.

La fonction de structure F, est généralement une faible correction visible seulement a
grand y. Par définition, F, contient la déviation a la relation de Callan-Gross et elle est
nulle dans le modéle naif des quarks-partons. Il a été montré que Fj, est directement reliée
a la densité de gluons dans le proton [Alt78, CS88|:

3 8.3
" F(042) — Fy(0.82)| ~ 22 F) . (2.21)

— 18
rg(x) o o

Ainsi, & bas x, la mesure de Fp permet une mesure quasi-directe de la distribution de
gluons.
2

Comme la section efficace de courants neutres igﬁ‘(’fé@ est proportionelle a Fy — y?Fr /Y,

(voir équation (2.6)), une mesure directe de Fj, requiére la mesure de

d2onc
dzdQ?
valeurs de y et & x et Q? fixés. Les contributions de F, et F; peuvent alors étre séparées.

Ceci peut étre réalisé en variant 1’énergie /s dans le centre de masse de la collision, ce qui

a plusieurs



2.2 - Mesure en collisions ep de la structure du proton 23

nécessite de varier, par exemple, I’énergie du faisceau de protons. Ainsi, durant les trois
derniers mois de fonctionnement de HERA, 'énergie du faisceau de protons a été abaissée
a 460 et 575 GeV. Les données alors accumulées, combinées a celles prises & 920 GeV,
ont permis de mesurer la section efficace ii‘le% a deux ou trois valeurs différentes de y et
d’extraire ainsi la fonction de structure Fj. Il s’agit de la premiére mesure directe de FT,
dans le domaine des bas z. La mesure la plus précise, effectuée par la collaboration H1, est

présentée dans la figure 2.7.
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2.2.5 Détermination des densités de partons

Les mesures de sections efficaces de NC et de CC sont essentiellement utilisées pour
déterminer, a ’aide d’un ajustement global, les densités de partons du proton, alors paramé-
trées par des fonctions de distributions (PDF). La forme en fonction de x des distributions
de quarks et de gluons dans le proton ne peut étre obtenue par une approche purement
théorique dans le cadre de la QCD. Elles doivent donc étre devinées et paramétrées en
fonction de z, a une échelle donnée Q3. Ces distributions initiales q(z, Q%) et g(x, Q3)
peuvent ensuite étre évoluées a n'importe quelle valeur mesurée de x et de Q?, en utilisant
les équations DGLAP. Le nombre total de paramétres utilisés pour décrire ces distribu-
tions initiales est de 'ordre de 10. Il est bien inférieur au nombre de points de mesure, de
I'ordre de plusieurs centaines. Un ajustement global par minimisation de y? peut alors étre
réalisé pour déterminer ces paramétres. Cet ajustement, par son faible nombre de degrés
de liberté, constitue alors un puissant test de QCD et des équations DGLAP. Un exemple
de PDFs obtenues par un ajustement réalisé sur les données HERA T combinées de H1 et
de ZEUS est présenté dans la figure 2.8. Nous observons que la distribution des quarks de
valence est bien piquée a 1/3, comme attendu dans le modéle naif des quarks-partons, avec
deux fois plus de quarks u que d, et que la distribution de gluons augmente a bas x.

Ce jeu de PDFs présenté est déterminé a partir des seules données de HERA 1 que
sont les sections efficaces de DIS par NC et CC en collisions e™p et e p. Les relativement
faibles erreurs obtenues, qui peuvent alors étre comparées a celles obtenues dans des fits
plus globaux incluant des données d’autres expériences, montre 'importance des données
de HERA qui s’avérent étre maintenant I’épine dorsale de toute détermination des PDFs
du proton.
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Les données de NC de bas Q? déterminent les distributions de la mer de quarks et de
gluons a bas x. La distribution des quarks de valence est quant & elle déterminée par les
sections efficaces de CC a grand Q? et la différence entre les sections efficaces NC ep et
e~p a grand Q2. Les CC permettent d’effectuer une distinction entre les saveurs des quarks
de type u et de type d. Les NC & grand (2, via la contribution de zF3, apportent, eux,
une contrainte, encore faible a cause de la statistique actuellement utilisée, sur les quarks
de valence. Les sections efficaces inclusives sont par contre quasiment aveugles vis-a-vis de
la saveur, c¢’est-a-dire que nous ne pouvons pas distinguer les quarks w des quarks c. Le
gluon est principalement contraint par les violations d’échelle. L’ajout de sections efficaces
de production de jets & HERA permet alors de mieux contraindre le gluon & moyen z.

Dans le futur proche, ’ajout de données de HERA II va permettre de mieux contraindre
encore la détermination des PDFs. Notamment, les données de CC en collisions e p, limitées
statistiquement & HERA I, vont améliorer la détermination de la distribution de quarks a
grand x. La mesure plus précise de xF3 va également permettre d’augmenter la contrainte
sur les quarks de valence, et de s’affranchir ainsi un peu plus des mesures faites sur cible
de deutérieum, sujettes aux incertitudes sur les corrections nucléaires.

Au-dela des seules données de HERA, lors d’un ajustement global, les données de DIS
sur cible fixe permettent de réduire d’un facteur deux l'incertitude sur la distribution des
quarks de valence. Les données de jet du Tevatron permettent une meilleure contrainte des
densités de quarks et de gluons a grand x.s

2.3 Tests du secteur électrofaible

Les interactions de DIS par NC et CC sont en fait de nature électrofaible, la partie
QCD étant incorporée dans les PDFs et les équations DGLAP. Elles peuvent donc étre
également utilisées pour tester les prédictions du secteur électrofaible du MS.
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2.3.1 Dépendance des interactions CC avec la polarisation

La polarisation du faisceau d’électrons disponible & HERA II permet de tester les effets
de non-conservation de la parité de I'interaction faible. L’effet le plus important est prédit
dans les interactions CC. Dans ce cas, la section efficace de CC dépend linéairement de
la polarisation P du lepton incident e*, oeCiCp(P) = (1+P) Uecjg(P = 0). Les résultats
obtenus, pour la premiére fois en collision e*p, par les collaborations H1 et ZEUS sont
résumés dans la figure 2.9. La dépendance linéaire attendue de la section efficace CC est
confirmée. Ces mesures fournissent une évidence supplémentaire de la structure V-A des
courants chargés dans le modéle standard, cette propriété ayant déja été vérifiée, a plus
basse énergie, 25 ans auparavant par la mesure de la polarisation de muons produits lors
de diffusions v, — Fe [Jon79].
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2.3.2 Dépendance des interactions NC avec la polarisation

De par I'échange du boson Z°, la polarisation longitudinale du lepton incident affecte
aussi la section efficace NC a grand Q*. Les asymétries de polarisation dépendant de la
charge pour la section efficace NC sont définies comme :

2 £(Pg) — o (P 7
A* = Lo Pr) = o7 () ~ TR, —2 (2.22)
PR—PL O'i(PR>+O'i(PL) F;

ou Pg et Pp sont respectivement la polarisation moyenne droite et gauche du faisceau de
leptons. Elles permettent de mesurer avec une trés bonne approximation le rapport des deux
fonctions de structure F;Z et Fy. Ces asymétries sont proportionnelles aux combinaisons
a.v, et permettent donc une mesure directe de la violation de la parité. Dans le modéle
standard, A" est positif et égal & —A~.
A grand z, ces asymétries mesurent aussi le rapport d/u des distributions de quarks de
valence selon:
L 1+dy/u,

ol (2.23)
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Les mesures récentes de ces asymétries obtenues par H1 et par combinaison des données
de H1 et ZEUS sont représentées respectivement dans les figures 2.10(a) et 2.10(b). Nous
voyons alors que les mesures sont en accord avec les prédictions du MS et indiquent que les
asymétries AT sont bien de signe opposé et différentes de zéro, démontrant que la parité
est bien violée a des distances aussi faibles que 107!% m.
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Figure 2.10 : Asymétrie de polarisation de la section efficace NC' en fonction
de Q?, mesurée par H1 (a) et déterminée par combinaison des données de H1

et de ZEUS (b).

2.3.3 Détermination combinée de paramétres électrofaibles et QCD

Comme nous I'avons vu, par l'intermédiaire des fonctions de structure et grace a
I'échange du boson Z° en voie t, les sections efficaces de NC & grand Q? dépendent des
couplages faibles vecteur, v,, et axial-vecteur, a,, des quarks u et d au Z°. Cette sensibi-
lité peut donc étre exploitée pour contraindre ces couplages. La stratégie suivie consiste
alors a effectuer un ajustement combiné EW-QCD des distributions de partons et de ces
paramétres du MS, alors laissés libres dans I'ajustement. Une telle méthode a été proposée
pour la premiére fois par H1 [Akt06a].

La polarisation longitudinale du faisceau de leptons des données de HERA 1T permet
alors d’accroitre la sensibilité aux couplages aux quarks. Les résultats de l'ajustement,
alors effectué en utilisant les données polarisées de HERA II de H1, sont présentés dans
la figure 2.11. Les contraintes alors obtenues sur les couplages aux quarks u et d sont
comparées aux résultats similaires obtenus au Tevatron [Aco05| et par les expériences du
LEP [LEPO04]. Nous voyons alors que la précision obtenue &8 HERA est meilleure que celle
du Tevatron, notamment pour le quark u. Les mesures effectuées a la résonance du Z° au
LEP, plus précises, permettent seulement d’accéder aux combinaisons av ou a? + v2. Ces
mesures présentent donc une ambiguité entre couplages axial et vecteur et seul le signe
relatif peut étre déterminé. Les mesures effectuées a HERA et au Tevatron permettent de
résoudre cette ambiguité.
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Figure 2.11 : Contraintes a 68% CL sur les couplages faibles des quarks u (a)
et d (b) au boson Z°.

2.4 Conclusions

A travers ce chapitre, nous avons vu que les mesures de section efficace de DIS par
courant neutre et chargé fournies par HERA sont essentielles pour établir précisément la
structure en impulsion longitudinale du proton. Cette connaissance est incorporée dans la
détermination des fonctions de distributions des partons dans le proton, les PDFs. Grace
au théoréme de factorisation colinéaire, ces PDFs sont devenues un outil indispensable pour
le calcul de la section efficace de tout processus physique auprés des grands collisionneurs
hadroniques, et notamment au LHC.

Les mesures effectuées &8 HERA, en exploitant 1’ensemble de la statistique disponible
et en combinant les données de H1 et de ZEUS, vont ainsi permettre de réduire encore
les incertitudes des PDFs actuelles, permettant ainsi une détermination plus précise des
sections efficaces des processus du MS au LHC. Ceci pourrait notamment servir a réduire
encore l'incertitude théorique sur la section efficace de productin du boson W au LHC et
utiliser ainsi ce processus pour mesurer la luminosité.

Les données de HERA permettent également de couvrir une large gamme en x, jusqu’a
107, contrairement au Tevatron qui lui ne permet que de sonder le domaine & grand z du
proton. Cette connaissance de la dynamique interne du proton a bas x, et notamment de
la distribution de gluons, va s’avérer importante pour le LHC dont une grande partie de
I'espace de phase est justement située a bas x. Par les équations DGLAP, les mesures de
HERA a bas x peuvent en effet étre extrapolées & plus grand Q?, dans le régime du LHC,
et fournir ainsi des prédictions.

2.5 Contributions personnelles

Au redémarrage de HERA fin 2003, mes responsabilités dans 'identification des élec-
trons et des hadrons m’ont naturellement conduit & m’impliquer dans les mesures des
sections efficaces de courants neutres (NC) et chargés (CC) a grand Q.

Pour ces mesures de précision, il est d’usage dans la collaboration H1 d’avoir deux lignes
d’analyses indépendantes. J’ai développé une de ces deux lignes d’analyse en collaboration
avec Benjamin Portheault, étudiant en thése & Orsay. En paralléle, une seconde analyse a
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été mise en place par des physiciens de DESY et de Munich.

En 2005, j’ai repris 'entiére responsabilité de ’analyse Orsay-Marseille et participé a
la publication de la premiére mesure & grand Q? de la dépendance des processus courants
chargés avec la polarisation (voir annexe B). Ceci constitue la premiére publication alors
réalisée avec des données de HERA II.

En collaboration avec les groupes de DESY et de Munich, j’ai ensuite étendu cette
analyse aux données de collision e™p, ce qui a conduit en 2006 & une nouvelle mesure
préliminaire des sections efficaces NC et CC. Ces mesures ont ainsi permis une nouvelle
mesure de la fonction de structure xF3 ainsi que la mesure de la dépendance des processus
NC avec la polarisation (voir section 2.3), auxquelles j’ai participé. Ces mesures ont ensuite
été utilisées dans la collaboration H1 pour réaliser un nouvel ajustement combiné EW-QCD
et contraindre les valeurs des couplages faibles des quarks au boson Z°.

En 2007, j’ai également contribué a la mesure préliminaire de la section efficace NC
utilisant ’ensemble des données de H1, en assurant le développement complet d’une des
deux analyses indépendantes nécessaires. Cette mesure a notamment été utilisée dans la
collaboration pour poser une nouvelle contrainte sur la taille des quarks (voir section 4.1.1).
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Chapitre 3

La complexité dans le modéle standard :
interactions diffractives

Les processus diffractifs a HERA permettent de sonder le proton différemment des
réactions de DIS. Tls apportent ainsi des informations supplémentaires sur la structure du
proton, comme le contenu en gluons a bas x du proton ou la structure transverse du proton.

L’interaction forte étant a 'origine de ces processus, ils sont également de bons outils
pour I'étude des phénomeénes complexes liés au secteur de la QCD. Le domaine cinématique
accessible a HERA permet ainsi d’étudier, a travers les interactions diffractives, la transition
entre régimes perturbatif et non-perturbatif de la QCD. La diffraction a HERA permet
également d’accéder aux forces de confinement en QCD. En effet, & de faibles valeurs de «x,
selon le Q% de I'interaction, il est possible de sonder en collisions ep une densité trés grande
de gluons. Selon le régime cinématique, typiquement pour z ~ Q?/W?, la densité de gluons
sondée peut devenir si grande que des effets QCD non-linéaires, comme les recombinaisons
de gluons, deviennent trés importants. Ces effets empéchent alors la densité de gluons
de croitre et nous parlons alors de phénoméne de saturation. Les interactions diffractives
sont alors un bon outil pour étudier ces effets de saturation et la dynamique QCD dans
le régime des grandes densités de partons, permettant ainsi des connections intéressantes
avec la physique des ions lourds.

Aprés une bréve introduction de la diffraction & HERA et des principales approches
théoriques utilisées pour décrire ces processus, nous présenterons successivement les me-
sures inclusives de diffusion diffractive effectuées & HERA et un exemple de processus
diffractif exclusif, la diffusion Compton a haute virtualité. Nous discuterons I'intérét d’étu-
dier ces deux processus et les informations qu’ils nous apportent sur la structure du proton
ainsi que sur la dynamique de la QCD dans le cas complexe du régime non-perturbatif.

3.1 Les processus diffractifs &8 HERA

Un des résultats important du collisionneur HERA est 'observation d’une fraction
importante, de 'ordre de 10%, d’événements diffractifs en collisions profondément inélas-
tiques. Ces événements présentent un large intervalle en rapidité entre le proton diffusé, qui
reste intact, et le reste de 1'état final [Der93, Ahm94|. Dans la description QCD standard
du DIS, de tels événements ne sont pas attendus dans une aussi grande proportion, les
grands intervalles en rapidité étant supprimés exponentiellement par les cordes de couleurs
formées entre les restes du proton et les partons diffusés. Dans ces événements diffractifs, un
ensemble de hadrons, neutre de couleur, se fragmente indépendamment du proton diffusé.
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Le rapport du nombre d’événements diffractifs sur le nombre total d’événements de DIS
dépend seulement faiblement de = et de Q2. Les événement diffractif correspondent donc
a un effet de twist dominant avec des violations d’échelle logarithmiques en )2, similaires
au DIS standard.

La description théorique de ces événements diffractifs reste un réel défi, car elle doit
combiner les effets QCD perturbatifs de la diffusion dure avec les phénoménes non pertur-
batifs liés & la formation de 'intervalle en rapidité. Les événements diffractifs en collision ep
offrent alors un environnement unique, de par I'interaction initiale v*p, et mieux controlé
que les collisions purement hadroniques, pour la compréhension des phénomeénes diffractifs
en QCD. Ils sont donc un bon outil pour étudier la transition entre régimes durs et mous
de la QCD.

En collisions hadron-hadron, les interactions diffractives sont depuis longtemps décrites
dans le cadre de la théorie de Regge [Col77]. Dans ce cadre, I’échange de particules en
voie t est sommé de maniére cohérente pour produire I’échange de ce qui est appelé des
trajectoires de Regge. La diffraction est alors caractérisée par ’échange d’une trajectoire
spécifique, le pomeron (IP), qui posséde les nombres quantiques du vide. Un échange en
voie t provoquant un intervalle en rapidité doit en effet étre neutre de couleur, autrement,
toute couleur échangée ménerait a la production de particules supplémentaires, remplissant
alors l'intervalle en rapidité. Dans le cadre de la QCD, I’échange d’un pomeron peut étre
décrit & 'ordre dominant par un échange de deux gluons ayant les nombres quantiques du
vide.

Pour les interactions ep, deux grandes approches théoriques sont possibles pour tenter
de décrire les interactions diffractives. La premiére est basée sur une description parto-
nique du proton. La seconde tente une description principalement basée sur des principes
fondamentaux de la QCD.

Dans le référentiel ou le proton est trés rapide, la réaction diffractive peut étre vue
comme une diffusion profondément inélastique d’un photon virtuel ~* sur le proton. Le
théoréme de factorisation colinéaire peut également s’appliquer a ces événements diffrac-
tifs [Col98]| et le modéle des partons peut alors étre utilisé, en analogie avec le DIS standard.
La structure spécifique du proton dans ces processus diffractifs peut alors étre incorporée
dans des fonctions de distribution de partons, diffractives (DPDF).

La diffraction & HERA est alors devenue un outil pour étudier les partons de faible
impulsion dans le proton, notamment & travers ’étude des densités diffractives de partons
(DPDF) dans les processus inclusifs ou des distributions généralisées de partons (GPD)
dans les processus exclusifs. Les densités diffractives de partons peuvent étre interprétées
comme les probabilités conditionnelles de trouver un parton dans le proton quand I’état
final contient un proton rapide sortant, de quadri-impulsion donnée. Les GPDs, quant
a elles, a travers leur dépendance combinées aux variables transverses et longitudinales,
fournissent une image en trois dimensions du proton dans les réactions a haute énergie.

Si nous nous placons par contre dans le référentiel ou le proton est au repos, a bas x,
le photon virtuel est alors trés rapide, avec une impulsion qui peut aller jusqu'a 50 TeV
a HERA. Le photon virtuel peut alors fluctuer en une paire quark-antiquark ¢g, singulet
de couleur appelé dipole, bien avant d’atteindre le proton. C’est ce dipole, qui a alors
une taille transverse r ~ 1/@Q), qui va ensuite interagir avec le proton par un processus
dur [Mue90, Nik91|. Ce processus est schématisé dans la figure 3.1. Dans le régime purement
perturbatif, cette interaction se fait par échange d’un gluon et se transforme en un échange
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y 1z v

z Figure 3.1 : Représentation
schématique du processus dinter-
action du dipdle avec le proton

(d’aprés [GB99a)).

de plusieurs gluons, pour de trés faibles valeurs de z, x < 0.01. Dans ce domaine, la densité
de gluons du proton devient si large que des effets non-linéaires comme les recombinaisons
de gluons vont en limiter I’extension et nous parlons alors de phénoménes de saturation.

Deux grandes catégories de processus diffractifs sont étudiées & HERA : des processus
inclusifs et d’autres plus exclusifs comme la production de mésons vecteurs ou la diffusion
Compton profondément virtuelle (DVCS). Chacun apporte des informations différentes et
permet de sonder différentes facettes de la structure du proton et de la dynamique QCD.
Alinsi, les mesures de diffraction inclusive permettent de déterminer les DPDFs et également
d’accéder au régime de saturation de la QCD dans le proton. L’étude de la production de
mésons vecteurs & HERA et du DVCS permet quant a elle d’accéder aux corrélations entre
les partons du proton et d’étudier la structure transverse du proton, informations toutes
deux alors encodées dans les GPDs.

Nous présenterons donc deux études concernant respectivement la diffraction inclusive
et la mesure d’'un processus exclusif, le DVCS.

3.2 La diffraction inclusive

3.2.1 Cinématique

Les collisions ep & HERA permettent de mesurer le processus inclusif de diffraction
ep — eXY, Y étant un proton ou une excitation de basse masse du proton. Pour ces
processus, I’état hadronique final est alors séparé en deux systémes X et Y, définis par le
plus grand intervalle en rapidité séparant des hadrons dans I’état final. Le systéme Y est
celui étant le plus proche de la direction du proton sortant (voir figure 3.2).

Figure 3.2 : Schéma de la diffu-
[] sion diffractive en collision ep.

X

La cinématique du processus peut étre décrite par les masses invariantes Mx et My
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des systémes X et Y et les scalaires de Lorentz :

o T y=Fa
2P . q’ Pk’

Q*=—¢, t=(P—Py)", (31

ol P et k sont les quadri-vecteurss respectifs du proton et de I’électron incident, Py est
le quadri-vecteur du systéme Y et ¢ celui du photon virtuel échangé. La variable t est le
carré du quadri-vecteur transféré au vertex du proton.

Les deux variables sans dimensions J et xp peuvent étre définies comme :

_ —¢ _ Q° . _q-(P=Py) Q°+ M% —t
2-(P—Py) Q4+ M2 —t’ r q-P Q>+ W2 — M2’

B (3.2)
ot W2 = (q+ P)? est le carré de I'énergie dans le centre de masse du systéme photon-
proton. Ces variables sont reliées par la formule zp3 = z. La variable zp représente la
fraction d’impulsion perdue par le proton incident. La variable 3 est I’équivalent de la
variable de Bjorken x et peut étre vue comme la fraction d’impulsion du pomeron portée
par le parton diffusé.

Aprés intégration sur I'angle azimutal du proton diffusé et sur ¢, la section efficace de
DDIS peut étre paramétrée par deux fonctions de structure diffractives Ff L(3), par analogie
avec le DIS standard :

d3 O.epﬂeXY 2

2T ey D(3) D(3)
il = w0k [(1—0—(1—y)2) FP® _ 2 pP®] (3.3)

La fonction de structure F LD ®) correspond a la polarisation longitudinale du photon virtuel.
Une premiére mesure en a été faite par la collaboration H1 [Aar09b]. Sa contribution a la
section efficace est faible dans la majorité de 'espace de phase accessible expérimentale-
ment, en particulier & bas y, et elle peut donc étre négligée par la suite.

3.2.2 Mesures expérimentales

Plusieurs méthodes expérimentales peuvent étre utilisées pour sélectionner les événe-
ments de DDIS. Une premiére méthode consiste a détecter le proton dans ’état final a
Iaide de détecteurs positionnés trés prés du faisceau, afin de détecter le proton diffusé a
bas angle. L’avantage de cette méthode est que la cinématique compléte de la réaction,
par la mesure de ¢, peut étre obtenue. Cette méthode est aussi trés propre, la détection du
proton éliminant tout bruit de fond possible venant de processus ou le proton aurait été
dissocié. La précision statistique de cette méthode est cependant limitée, due a la faible
acceptance des détecteurs de proton.

D’autres méthodes de séparation des événements de DDIS et de DIS qui sont basées sur
des caractéristiques différentes du systéme hadronique X dans ces deux types d’événements
sont alors employées. La méthode dite LRG (pour large rapidity gap) consiste a sélectionner
les événements possédant un systéme hadronique avec un grand intervalle en rapidité a
I’avant. Aucun signal ne doit alors étre présent dans la région avant du détecteur. Cette
condition impose que les systémes X et Y soient alors bien séparés, le systéme X étant
contenu dans le détecteur central et le systéme Y étant non observé et diffusé dans le
tube & vide. Une seconde méthode, dite méthode My, se base sur la différence de forme
du spectre en Mx attendue pour des événements de DDIS et de DIS. Ces deux méthodes
permettent de couvrir un large espace de phase avec une bonne précision statistique. Par
contre I'estimation du bruit de fond résiduel de DIS est plus difficile, ce qui peut conduire
a de grandes incertitudes systématiques.
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Figure 3.3 : Sections efficaces réduites xpo? (3) obtenues a partir des données

de H1 de 1997 [AktO6¢] et dans une analyse préliminaire récente des données
de 1999 a 2004 [Akt06b].

Les sections efficaces mesurées sont habituellement présentées sous la forme de sections
s D(3
efficaces réduites, o, ®)

4 3 yep—eXY
D(3) 9 _ .I'Q 1 d°o 3.4
0, (ZU7Q 755113) 277042771 1+ (1 — y)2 dmﬂadQ2dl’ ' ( . )

La mesure de Jf)(g) effectuée par H1 avec la méthode LRG est présentée dans la figure 3.3,
qui compare les résultats obtenus a partir des données enregistrées en 1997 [Akt06¢c| et
de 1999 a 2004 [AktO6b|. Ce lot d’événements diffractifs sélectionnés correspond alors a
environ 10% du nombre total d’événements inclusifs. Ceci est illustré dans la figure 3.4
qui présente le rapport o%// /gt en fonction de z et de Q. Nous observons alors que ce
rapport reste bien constant en fonction de z et de Q2.
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3.2.3 Interprétations phénoménologiques
3.2.3.1 Les densités diffractives de partons

La propriété de factorisation colinéaire, prouvée pour le DDIS [Col98|, permet d’ex-
primer Fi'® en terme de fonctions de distributions diffractives de partons (DPDF), f2,
qui sont indépendantes du processus dur. Les DPDFs s’interprétent, dans le référentiel ou
Iimpulsion du proton est infinie, comme la probabilité conditionnelle de trouver dans le
proton un parton ayant une fraction de son impulsion x = Sz p et sous la condition que le
proton reste intact et perde une fraction zp de son impulsion. La dépendance en Q? des
DPDFs est gouvernée par les équations d’évolution DGLAP. Dans les équations d’évolu-
tion, seuls les parameétres (3, Q?) jouent un role, les variables (zp,t) étant des parameétres
externes. Ainsi, une modélisation additionnelle de la dépendance en (zp,t) des DPDFs est
nécessaire. Pour ceci, I'idée de 1’échange d’un pomeron, au sens de la théorie de Regge,
pour expliquer la nature diffractive de l'interaction, est encore utilisée. Dans le modéle de
la diffraction dure proposé alors par Ingelman et Schlein [Ing85|, I'’échange d’un pomeron
entre le systéme diffractif et le proton est combiné au concept QCD d’évolution DGLAP
de distributions de partons. Les DPDFs sont alors décomposées en un flux de pomeron
f(zp,t) et des fonctions de distribution de partons du pomeron, f(3,Q?) :

fP (e, t:8,Q%) = fxp,t) f7(8,Q%). (3.5)
I’échange de pomeron est décrit par un pole de Regge avec une trajectoire linéaire :
ap(t) = ap(0) +a't, (3.6)

avec l'intercept ap(0) > 1.
Le flux de pomeron s’exprime alors :

B? (t) 1—2ap(1)
8r2 P ’

flap,t) = (3.7)
B(t) étant le facteur de forme électromagnétique de Dirac du proton. Cette factorisation
(3.5), qui reste empirique et non complétement prouvée expérimentalement, est dénommeée
factorisation de Regge. Les deux factorisations, colinéaire et de Regge, sont représentées
schématiquement dans la figure 3.5.
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Figure 3.5 : Diagrammes schématiques représentant les deur factorisations
colinéaire (a) et de Regge ().

Malgré les problémes conceptuels de ce modéle, le pomeron n’étant pas une particule,
cette idée s’est révélée étre bien adaptée pour décrire les données. Cette paramétrisation en
termes de DPDFs combinée & un flux de pomeron fournit une des meilleures descriptions
des sections efficaces de DDIS sur I’ensemble de 'espace de phase accessible [Roy07].

Un des résultats importants de la détermination des DPDFs est qu'une trés grande
fraction de 'impulsion échangée dans la réaction est portée par les gluons, de 'ordre de
70 a 80%. Ceci n’est pas surprenant, étant donné que z = Szp et que zp < 0.01, les
partons alors impliqués dans les réactions de diffraction sont de bas x. Une autre fagon
d’interpréter ce résultat est d’étudier a partir des DPDFs la probabilité d’occurrence de
la diffusion diffractive en fonction du type de parton participant a I'interaction dure. Il
est alors possible de déterminer que, en fonction du Q?, environ 60 a 80% des interactions
diffractives sont produites par des gluons du proton [Fra99|.

La validité de cette définition des DPDFs repose bien stir sur la factorisation de Regge
et donc sur I'absence de dépendance en Q% ou 3 du flux de pomeron. Ceci peut étre testé
en mesurant U'intercept ap(0) pour différents domaines de Q2 ou 3 par un ajustement, de la
formule (3.5) sur les données, (3, Q?) étant fixé par les DPDFs. Une telle mesure récente
de la dépendance en Q? de ap(0) est présentée dans la figure 3.6. Aucune dépendance
significative de ap(0) avec Q? n’est observée, dans la limite de la précision expérimentale
actuelle. Cette mesure a été effectuée a partir du lot de données disposant a ’heure actuelle
de la meilleure précision statistique. Nous voyons que celle-ci reste toutefois limitée et il
serait donc intéressant d’inclure de nouvelles données, notamment a grand @Q?, afin de
mieux contraindre la valeur de ap(0). Ceci pourra se faire par 'analyse des données de la
phase HERA II, qui reste encore & réaliser.

Cette approche en termes de DPDFs n’apporte cependant aucune explication sur la
nature réelle des interactions diffractives. Son unique intérét réside dans le fait que les
DPDFs, de la méme maniére que les PDFs, sont des fonctions indépendantes du processus
considéré et pourraient donc étre utilisées pour la description du tout processus diffractif
dans lesquels la factorisation colinéaire dure peut s’appliquer. Ainsi, ceci se vérifie bien
en collisions ep, o les DPDFs extraites des interactions de DDIS inclusives sont utilisées
avec succés pour décrire des processus diffractifs plus exclusifs, comme la production de
jets [AktO7b] ou la production diffractive de quarks lourds [Akt07a].

Les DPDFs mesurées &4 HERA ne sont cependant pas directement utilisables pour dé-
crire les données de collisions diffractives hadron-hadron. En effet, a cause d’interactions
entre les partons spectateurs des hadrons en collisions, la factorisation colinéaire ne s’ap-
plique pas aux collisions hadrons-hadrons [Wus99|. Ces effets peuvent cependant étre mo-
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délisés par l'introduction d’une facteur additionnel de probabilité de survie de I'intervalle
en rapidité (rapidity gap survival probability). Ainsi, les DPDFs déterminées &8 HERA pour-
raient rester un ingrédient essentiel dans I’étude des processus diffractifs au Tevatron puis
au LHC.

3.2.3.2 Le modéle de dipole

I1 est possible d’obtenir une bonne description des données de DDIS avec les DPDFs au
twist dominant. Cependant, cette approche ne permet pas d’expliquer ’observation expé-
rimentale fondamentale que le rapport o%// /gt reste pratiquement constant en fonction
de I’énergie W. La compréhension de ce phénoméne est fournie par le modéle de dipole.

Dans le référentiel du proton au repos, a bas z, le photon fluctue en une paire quark-
antiquark qui diffuse ensuite sur le proton par échange de deux gluons, dans la description
la plus simple. Le contenu partonique gg du photon virtuel est alors décrit en termes de
fonctions d’onde dans le cone de lumiére.

Ce mécanisme menant a la dissociation du photon, puis a son interaction avec le proton
peut étre factorisé et décrit par une convolution de la fonction d’onde du photon et d’une
section efficace quark-antiquark. Dans le cas du DIS, ceci conduit a I’expression suivante
pour la section efficace v*p et la fonction de structure F; :

2

Fy(z, Q%) (o + 1), (3.8)

42000,
oro(z,Q?) = / dzd®r W p(z,m, Q)| 6(x,r), (3.9)

ou ¥ r sont les fonctions d’onde longitudinale et transverse du photon dans le cone de
lumiére, calculables précisément en QED, r est la taille transverse du dipoéle et z la frac-
tion d’impulsion du photon. La section efficace de dipole 6(z,r) décrit 'interaction du
dipole avec le proton et dépend principalement d’effets non perturbatifs et doit donc étre
modélisée.

Pour modéliser la transition vers le régime de saturation de QCD, une premiére para-
métrisation phénoménologique de &(x,r) a été proposée |[GB99a :

o(x,7) =09 (1 — e(_TQQz(”))> : (3.10)
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ot Q,(x) = Qor™" est une échelle de saturation qui caractérise la transition vers le ré-
gime de saturation. La transition dans le régime de saturation arrive quand () devient
similaire & Q(z). Les paramétres du modéle, oy, Q)y et A, sont alors définis par un ajuste-
ment sur les données de DIS & bas x. Des paramétrisations plus évoluées sont maintenant
étudiées [Tan04].

Dans le cas de la diffraction, I’échange neutre de couleur (pomeron) peut étre modélisé
au premier ordre par ’échange de deux gluons. Lorsque seul le dipdle ¢¢ contribue a la
formation du systéme diffractif, la section efficace diffractive a t = 0 s’écrit :

dodff

1
ST = Ton dzd?r “I/LT(z,r, QQ)‘2 62(z,r), (3.11)
la section efficace 62(x,7) étant la méme que celle utilisée pour décrire la section efficace
de DIS a bas x (équation (3.9).

Le DDIS est alors un processus idéal pour étudier le phénoméne de saturation des
partons car il est particuliérement sensible aux contributions de dipdles de grande taille
r > 1/Qs(x). Une modélisation de la section efficace de dipole incluant la saturation comme
dans I'équation(3.10) conduit alors naturellement au rapport [GB99a] :

odiff 1
ot In(Q*/Qi(x))

Ainsi une méme modélisation permet de décrire a la fois la section efficace de DIS a bas

x et la section efficace de DDIS. Les paramétres de la section efficace de dipdle, déterminés a

partir des données de DIS seule, peuvent en effet étre utilisés pour décrire la section efficace
de DDIS [GB99b]. Ceci confére donc a cette approche un pouvoir hautement prédictif.

(3.12)

Dans ce cadre du modéle de dipole, une paramétrisation simple en trois contributions de
la fonction de structure diffractive Fif’ a été proposée par J. Bartels et al. (BEKW) [Bar99,
Che05|. Cette paramétrisation s’est révélée étre trés efficace pour décrire ensemble des
données de DDIS [Roy07].

La premiére contribution FQD qqr) correspond a la diffusion diffractive de la compo-
sante transverse ¢¢ du photon par échange de deux gluons (voir figure 3.7(a)). A suffisam-
ment grand M%, la paire ¢ peut rayonner un gluon additionnel avant d’atteindre le proton.

(3) (

La seconde contribution F2D (3)(qq_gT), correspond donc a la composante transverse ¢Gg (voir
figure 3.7(b)). Enfin, pour de petites masses du systéme diffractif, il est aussi attendu que
la section efficace longitudinale pour la production d’une paire ¢¢ ne soit pas négligeable
par rapport a la section efficace transverse. Ceci est donc pris en compte dans un troisiéme
terme, FQD (3)(chL), qui donne une contribution de twist d’ordre supérieur, correspondant a
la composante longitudinale ¢q.

A titre d’exemple, les sections efficaces de DDIS mesurées par H1 sont comparées au
résultat de 'ajustement d’une telle paramétrisation BEKW dans la figure 3.8. L’ajustement
a été réalisé en utilisant 1’ensemble des données. Nous observons un bon accord entre
I'ajustement global et les sections efficaces mesurées, ainsi que 1’évolution de chacune des
trois composantes en fonction 3. Nous voyons aussi que l'ajout de nouvelles données en
vue d’augmenter la précision statistique des mesures actuelles permettrait alors d’obtenir
des contraintes plus fortes sur les modéles.

D’autres modeles de dipdle, incluant la saturation, permettent également de bien dé-
crire les données de DDIS, et ce, sans aucun ajustement, les paramétres du modéle étant
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Figure 3.7 : Contributions qq (a) et qqg (b) du systéme diffractif dans le modeéle
de dipole.

déterminés a partir des données de DIS seules [Mar(7a|, ce qui démontre la force de cette
approche. Ces modéles permettent en effet d’unifier la description des interactions de DIS
a bas x et de DDIS dans un méme cadre théorique fondé sur la QCD. Ils sont ainsi trés pro-
metteurs pour améliorer notre compréhension de la transition en régimes dur et mou de la
QCD et des effets de saturation. L’apport de nouvelles données de HERA, d’une précision
supérieure aux données actuelles, sera alors également nécessaire pour mieux contraindre
ces modéles.
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3.3 La diffusion Compton profondément virtuelle

Les processus de DIS et DDIS que nous avons vus jusqu’a présent ont une section effi-
cace qui dépend de la probabilité de diffusion sur un parton dans le proton. Ces processus,
conduisant & la destruction de 'objet sondé, permettent donc d’accéder uniquement aux
distributions d’impulsion longitudinale des partons et ne peuvent donc fournir une infor-
mation compléte sur la structure du proton. Ils ne sondent ni la distribution spatiale des
constituants du proton, ni leurs corrélations.
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Les processus de production exclusive de particules, sans excitation ou dissociation
du proton, sont alors intéressants pour combler ces déficits. Parmi ceux-ci, la diffusion
Compton profondément virtuelle (DVCS), v* — vp, est le processus le plus simple. La
section efficace de ce processus est proportionnelle & 'amplitude de probabilité d’extraire
un parton du proton initial, puis de le remettre pour former & nouveau un proton dans 1’état
final (voir figure 3.9). La transition d’un photon virtuel & un photon réel force les fractions
d’impulsion longitudinale des deux partons participants a étre différentes (skewed). Cette
différence en moment longitudinal contient une information sur les corrélations entre les
impulsions des partons du proton, auxquelles le processus de DVCS est donc sensible.

Figure 3.9 : Exemples de diagrammes pour le processus de DVCS a l'ordre
dominant (leading order) (a) et a l’ordre suivant (next-to-leading order) (b).

La section efficace du DVCS dépend également du moment transverse transféré au
proton, dont le carré est, a haute énergie, égal avec une bonne approximation a —t. Par
transformée de Fourier de I'espace des moments & celui des paramétres d’impact, cette
dépendance en t nous donne une information sur la distribution bidimentionelle dans le
plan transverse du parton touché.

A grand @2, le théoréme de factorisation colinéaire s’applique également au DVCS.
Mais, dans ce cas, les PDFs ne peuvent plus étre utilisées pour définir I’élément de matrice
hadronique et nous devons considérer des fonctions plus complétes, prenant en compte les
différences d’impulsion entre les états initial et final du proton. Les distributions générali-
sées de partons (GPD) sont alors utilisées. Elles dépendent de deux fractions d’impulsion
longitudinale, au lieu d’une seule pour les PDFs, de I'impulsion transverse transférée au pro-
ton et de I’échelle a laquelle les partons sont sondés. La dépendance des GPDs en fonction
de I'échelle est gouvernée par une généralisation des équations DGLAP. La caractérisation
des GPDs, dans le régime des bas x et grands Q?, est donc une des raisons principales pour
mesurer le processus de DVCS en collisions ep & HERA.

Le processus DVCS peut, bien siir, étre également interprété dans le cadre du modéle
de dipole [Mar(07b].

3.3.1 Mesures expérimentales

Les nouvelles données enregistrées par H1 lors de la phase HERA II ont permis d’amé-
liorer considérablement la précision des mesures de la section efficace du DVCS (voir an-
nexes C et D), par rapport aux mesures antérieures effectuées sur les données HERA T [Akt05,
Che03, Che09b]. La section efficace de DVCS mesurée par H1 a partir des données HERA 11
est présentée dans la figure 3.10, en fonction de Q2 et de W. Elle est comparée & la mesure
la plus récente effectuée par la collaboration ZEUS [Che09b|. Sur cette figure, les évolu-
tions en Q2 et W prédites par deux modéles basés respectivement sur le formalisme des
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GPDs [Kum08, Kum]| et des dipoles [Mar07b| sont aussi représentées. Nous observons que
ces deux modeéles décrivent bien les données. La forte évolution de la section efficace de
DVCS en fonction de W, de la forme W% indique clairement la présence d’un proces-
sus dur sous-jacent. Cette dépendence est constante en fonction de Q? dans le domaine
cinématique étudié (voir annexe D).
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Figure 3.10 : Section efficace du processus DVCS v * p — vp en fonction de
Q* a W = 82 GeV (a) et en fonction de W a Q* = 10 GeV. Les mesures
réalisées par H1 sur les données HERA I [Akt05] et HERA II (annexe D) et
par ZEUS [Che09b] sont représentées. Les lignes en pointillés représentent les
prédictions d’un modele de GPDs [Kum08, Kum/ et les lignes pleines celles d’un
modéle de dipole [Mar07b].
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Figure 3.11 : Evolution de la pente en t, b, du DVCS en fonction de Q* (a) et
W (b). Dans la figure (a), les mesures récentes de H1 (annexe D) sont comparées
auz autres mesures de H1 [Akt05] et ZEUS [Che09b]. Les lignes en pointillés
représentent les prédictions d’un modéle de GPDs [Kum08, Kum] et les lignes
pleines celles d’un modéle de dipole [Mar07b]

La dépendance en t de la section efficace de DVCS peut étre paramétrée avec une bonne
approximation par une fonction de la forme e~ Le lot de données HERA II a ainsi permis
de mesurer la dépendance en t de la section efficace de DVCS, en fonction de Q? et, pour la
premiére fois, en fonction de W. Ces mesures sont illustrées par la figure 3.11 qui représente
I'évolution de b en fonction de Q2 et W. Par transformée de Fourier, la variable b peut étre
reliée & la distance transverse typique entre les objets en collision. A grand (2, le dipole
qq est quasiment ponctuel et b est donc essentiellement le reflet de 'extension transverse
du proton. Le b moyen mesuré sur 'ensemble des données peut donc étre converti en un
paramétre d’impact moyen de /< r2 > = 0.64+0.02 fm, qui correspond alors a I'extension
transverse de la densité de partons. A la valeur moyenne de z = 1.2- 1073 de notre mesure,
cette densité est dominée par les gluons et les quarks de la mer.
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Il est alors possible d’étudier I’évolution de ’extension transverse des partons en fonction
de z. Ainsi, & de plus larges valeurs de x (x > 0.1), une plus faible valeur de /< rZ >
est attendue. Elle est alors dominée par les contributions des quarks de valence. Dans
ce domaine, seules des déterminations indirectes de \/< r2 > existent. Elles donnent une
estimation de /< 7% > ~ 0.4 fm pour x > 0.2 [Bel02|. Ceci nous indique une image en
trois dimensions du proton, comme étant composé de partons rapides (a grand z) formant
un centre de quarks de valence, entouré de partons plus lents (a bas z), que sont les quarks
de la mer et les gluons, d’extension spatiale plus grande autour du centre. Les calculs
récents de QCD sur réseau semblent ainsi valider une telle image du proton [Neg04].

3.3.2 Caractérisation des GPDs

L’intérét des données de HERA 1I est également de disposer de lots de données en col-
lisions e*p et e~ p de luminosités quasiment égales. Ceci nous a permis de mesurer, pour la
premiére fois en collisions ep, I'asymétrie de la section efficace de la réaction e*p — eTyp
en fonction de la charge du lepton incident. Cette asymétrie provient de l'interférence entre
deux processus contribuant a cette réaction, le Bethe-Heitler, un processus purement élec-
tromagnétique, et le DVCS, qui lui est purement hadronique (voir annexe D). L’asymétrie
dépend de ¢, I'angle formé par le plan contenant les leptons entrant et sortant avec le plan
formé par les photons réels et virtuels [Bel02].

La mesure de cette asymétrie est importante car elle permet d’accéder de maniére
unique a la partie réelle de 'amplitude du DVCS (voir annexe D). En effet, dans le régime
cinématique de HERA, I'amplitude du DVCS est principalement imaginaire [Bel02]. La
mesure de la section efficace du DVCS ne permet donc que d’accéder a la partie imaginaire
de 'amplitude. Dans le modéle des GPDs, le calcul de la partie réelle de 'amplitude du
DVCS nécessite une paramétrisation des GPDs sur 'ensemble du domaine en z [Bel02,
Kum08, Kum|. La mesure de cette quantité apporte donc une information nouvelle et est
un bon test de la validité des paramétrisations de GPDs employées dans les modéles.

L’asymétrie mesurée est représentée dans la figure 3.12. Elle est comparée a la prédiction
d’un modéle de GPDs [Kum08, Kum|, qui est en bon accord avec notre mesure. Méme si la
précision statistique et systématique de cette mesure reste limitée, elle fournit cependant
un bon test pour les modéles actuels.

Nous observons aussi que dans le domaine de bas x de notre mesure, la partie réelle
de Pamplitude de DVCS est positive. En comparaison, a plus grand = (x ~ 0.1) et
plus bas )2, une partie réelle plus faible et négative a été mesurée par la collaboration
HERMES [Air08] '. Ce dernier résultat ne semble donc pas indiquer, dans le domaine ci-
nématique de HERMES, une dépendance en énergie dure de la section efficace de DVCS,
a lopposé de notre résultat. Il serait donc intéressant de pouvoir sonder la région inter-
médiaire en x, de transition entre les deux régimes d’interactions dures et molles, res-
pectivement a bas et grand x. C’est ce que propose le programme futur de 'expérience
COMPASS [d’H02] en mesurant la section efficace de DVCS dans le domaine des z inter-
meédiaires et permettant ainsi une étude détaillée de la région de transition.

1 faut noter que la convention pour la définition de I’angle ¢ alors utilisée par HERMES est différente
de celle adoptée dans notre analyse.
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3.3.3 Le DVCS et la saturation

Une propriété importante des modéles de dipodles qui incluent la saturation est que la
section efficace totale peut étre exprimée comme une fonction d’une seule variable sans
dimension 7 :

QQ

Q3(x)
Cette propriété est appelée invariance d’échelle géométrique (geometric scaling) et est illus-
trée dans la figure 3.13 pour la section efficace de DIS. Elle est I'indication de I'existence
d’une échelle interne (’échelle de saturation), caractérisant les systémes de partons denses.
Elle a été observée expérimentalement dans le domaine des bas z pour la section effi-
cace de DIS ep [Sta0l], pour les réactions profondément inélastiques sur des cibles de
nucléons [Fre03| et également pour les processus diffractifs [Mar06].

ol P (2, Q%) = o F (1), avec T =

(3.13)
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Il est donc intéressant d’utiliser ces nouvelles données sur le DVCS pour vérifier avec
une meilleure précision cette propriété d’invariance d’échelle géométrique. Ainsi, la section
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efficace de DVCS est présentée en fonction de la variable 7 dans la figure 3.14. Nous obser-
vons que toutes les valeurs s’alignent bien sur une méme courbe, ce qui est la manifestation
de leffet de la saturation. La section efficace du DVCS est donc bien compatible avec la
loi d’invariance d’échelle géométrique prédite par le modele utilisé. La dépendance de la
section efficace du DVCS en fonction de 7 a aussi pu étre étudiée pour la premiére fois
(voir annexe C) et cette propriété d’invariance d’échelle géométrique a alors été vérifiée
pour différentes valeurs de t.
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3.4 Conclusions

Au travers de ce chapitre, nous avons vu que les interactions diffractives & HERA offrent
de nouvelles fenétres pour I'étude de la structure du proton a bas x et de la dynamique

QCD.

La diffusion diffractive inclusive permet ainsi de regarder l'interaction de singulets de
couleur de petites tailles avec le proton et de sonder ainsi son contenu en partons de bas
x, differemment et avec une meilleure sensibilité que les interactions de DIS.

Les interactions diffractives & HERA donnent également accés a des densités trés
grandes de partons dans le proton. Elles permettent ainsi d’étudier la dynamique de la
QCD dans ce régime particulier dit de saturation, avec des connections intéressantes avec
les mesures effectuées en collisions d’ions lourds. Ainsi, les estimations de ’échelle de sa-
turation Q?(x) faites 8 HERA peuvent étre utilisées pour décrire certaines caractéristiques
des données obtenues au RHIC [Kha01, Kra03].

Les mesures de DVCS, et plus généralement de production de mésons vecteurs, 8 HERA
permettent quant a elles d’obtenir de nouvelles informations sur la structure en trois di-
mensions du proton et sur son extension transverse. Elles permettent de compléter ainsi
I'image en impulsion longitudinale du proton donnée par la mesure des PDFs. Le proces-
sus de DVCS permet également d’accéder aux corrélations entre partons dans le proton,
apportant ainsi des éléments additionnels pour la détermination des GPDs.
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Une meilleure compréhension des corrélations entre la distribution transverse des par-
tons du proton et leur fraction d’impulsion est non seulement intéressante en elle-méme
pour décrire la structure interne des hadrons, mais elle a aussi des conséquences pratiques
pour les collisions hadrons-hadrons. Considérons la production d’un systéme de grande
masse, une particule lourde ou deux jets. Selon la factorisation dure standard, seules les
distributions de partons intégrées sur I’ensemble des paramétres d’impact sont utiles pour
déterminer sa section efficace de production inclusive. Les distributions de partons en pa-
ramétre d'impact (dans le plan transverse) ne jouent alors aucun role. Il peut cependant
se produire des interactions additionnelles, dans la méme collision, tout particuliérement
a haute énergie comme au Tevatron ou au LHC. Les effets de ces interactions secondaires
s’annulent lorsque nous regardons des observables suffisamment inclusives. Elles affectent
cependant les caractéristiques de I’événement et doivent en pratique étre prises en compte.
La distribution transverse des partons du proton devient alors importante. En effet, la pro-
duction d’un systéme lourd requiert que les partons interagissant aient de grandes fractions
d’impulsion. La distribution en paramétre d’'impact de ces partons, alors étroite, force la
collision & étre plus centrale, ce qui de ce fait accroit la probabilité d’interactions multiples
dans I'événement.

La connaissance des corrélations entre les distributions transverse et en impulsion des
partons du proton est donc importante pour pouvoir décrire les interactions multiples au
LHC ou au Tevatron |Fra04.

3.5 Contributions personnelles

A partir de 2005, j’ai travaillé en collaboration avec Laurent Schoeffel, physicien au
SPP-Irfu du CEA Saclay, pour 'étude des interactions diffractives & HERA.

Nous avons ainsi réalisé une mesure préliminaire de la section efficace de DDIS utilisant
des données de HERA I et HERA II, afin d’augmenter la précision statistique de la mesure
par rapport aux résultats alors existants. Ce résultat a été présenté en conférences en 2006.
A I'époque, deux méthodes différentes étaient employées par les collaborations H1 et ZEUS
pour extraire les événements de DDIS des événements de DIS. Les analyses menées dans H1
étaient traditionnellement basées sur la mesure d’un intervalle en rapidité (LRG), alors que
ZEUS utilisait la mesure de My pour effectuer la séparation. Cette différence était alors
source de conflit entre les deux expériences, lors de la comparaison des résultats respectifs.

Nous avons alors appliqué pour la premiére fois la méthode dite My employée par
ZEUS aux données de H1, afin de pouvoir comparer les deux méthodes et estimer leurs
biais expérimentaux potentiels sur un méme lot de données de grande statistique. Nous
en avons conclu que les deux méthodes étaient en bon accord sur le domaine cinématique
considéré. La démarche inverse d’utiliser la méthode LRG a depuis été reprise par ZEUS
pour étudier leurs données. Nous travaillons actuellement & une mesure de F7? basée sur
I’ensemble des données de H1 enregistrées entre 1999 et 2007.

Nous avons ensuite étudié le processus de DVCS en réalisant deux publications portant
sur les données HERA II (voir annexes C et D). Ces mesures de la section efficace de DVCS
en collisions ep & HERA sont les plus précises a ce jour et nous avons mesuré ’asymétrie
du processus en fonction de la charge du lepton incident, pour la premiére fois dans ce
domaine cinématique.
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Chapitre 4

La frontiére & haute énergie du modéle
standard

A T'heure actuelle, HERA fait partie, avec le LEP et le Tevatron, des trois plus grands
collisionneurs de particules ayant opéré, ou opérant, a la frontiére a haute énergie du modéle
standard. La luminosité maintenant accumulée &8 HERA permet de rechercher de nouveaux
processus ou de sonder des processus rares du MS ayant une section efficace inférieure a
1 pb.

De maniére générale, HERA, a la différence du Tevatron ou du LEP, n’est pas une ma-
chine d’annihilation de deux particules. En collisions pp ou eTe™, toute nouvelle particule
peut étre produite par paire, en voie s, par couplage & un boson de jauge du MS. A HERA,
en revanche, le boson du MS échangé se trouve dans la voie ¢, ce qui va limiter les recherches
principalement a la production simple de nouvelles particules. Seuls de nouveaux bosons,
couplant directement aux leptons et aux quarks pourraient étre produits en collisions eq, en
voie s. Dans ces cas, la section efficace d’une production de nouvelle particule va dépendre
de son couplage, non connu, aux champs du MS. Ainsi les recherches &8 HERA ne peuvent
fournir de contraintes absolues sur la masse de nouvelles particules. Cependant, 1’observa-
tion en collisions ep de toute nouvelle particule fournirait, non seulement une information
sur sa masse, mais aussi sur son couplage au MS.

A HERA, le bruit de fond QCD, qui est important au Tevatron, devient moins problé-
matique. Ceci permet alors d’investiguer un plus large spectre de canaux de désintégration
et d’étendre la sensibilité de HERA a des régions de 'espace des paramétres inaccessibles
au Tevatron. Les recherches menées au LEP bénéficient quant a elles de bas bruits de fond
et de grandes luminosités, mais sont limitées par I’énergie disponible dans le centre de
masse, plus faible qu’a HERA ou au Tevatron.

Dans la quéte de déviations aux prédictions du MS, deux grandes voies s’offrent a
nous. La premiére possibilité est de rechercher, dans les données, les signatures spécifiques
prédites par différentes extensions théoriques possibles au MS. La seconde approche, dite
modéle indépendante, consiste a s’affranchir de tout & priori théorique, en dehors du MS,
et a chercher des déviations lors de comparaisons précises entre données et prédictions du
MS, pour certaines topologies d’états finals spécifiques. Ceci peut alors se faire en étudiant
des processus rares du MS, ayant une faible section efficace et présentant peu de bruits de
fond. La méthode la plus générale consiste a investiguer de maniére générique ’ensemble
des états finals pouvant étre produits.

Bien siir, toute recherche de nouvelle physique, qu’elle soit modéle indépendante ou
initiée par un certain modeéle, repose avant tout sur une bonne compréhension, et modé-
lisation par les générateurs Monte Carlo disponibles, des processus du MS, ainsi qu’une
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excellente compréhension de la réponse du détecteur sur ’ensemble de I'espace de phase
accessible.

4.1 Recherches spécifiques de nouvelle physique

En tant que collisionneur électron-proton, HERA est une machine idéale pour la re-
cherche de particules couplant directement aux quarks et aux leptons, les leptoquarks qui
sont prédits dans de nombreuses extensions du MS. Une large variété d’autres extensions
possibles du MS peut aussi étre testée 8 HERA, comme, entre autre, 'existence de dimen-
sions supplémentaires ou de particules supersymétriques dans le cas ou la R-parité serait
violée. Parmi ces différentes recherches possibles, nous allons nous intéresser plus particu-
liérement a la recherche de nouvelles sous-structures de la matiére. Pour ce faire, il est alors
possible de rechercher une manifestation indirecte d’une telle sous-structure, comme une
modification de la section efficace de diffusion eq — eq, ou bien une manifestation directe
par 'observation de nouvelles résonances.

4.1.1 Les quarks sont-ils ponctuels ?

Rappelons que la diffusion de particules est le processus par excellence utilisé pour
sonder les sous-structures de la matiére. Les interactions de DIS par courant neutre a
HERA permettent ainsi de sonder la sous-structure du proton a des distances de l'ordre
de 1071% m.

Les mesures de section efficace NC peuvent ainsi étre utilisées pour rechercher aux plus
grands Q2 une déviation par rapport a la prédiction du MS, donnée par les densités de
quark, déterminées a bas Q?, et les équations d’évolution DGLAP. Par exemple, un modéle
naif associant une distribution de charge de taille finie, et donc un facteur de forme, aux
quarks et considérant 1’électron comme une particule ponctuelle, réduirait & grand Q? la
section efficace NC par rapport aux prédictions du MS selon:

do  doM R ? i1
i~ 15 Y
ou IR, est alors le rayon de la distribution de charge des quarks.

La mesure de la section efficace NC en fonction de Q? sur 1’ensemble des données de
H1 permet ainsi de poser une limite sur la taille des quarks de R, < 0.74- 107" m a 95%
de niveau de confiance (CL) (voir figure 4.1). La limite déduite des données de ZEUS est
équivalente, et égale & R, < 0.63- 107" m a 95% CL.

4.1.2 Existence de sous-structures des fermions ?

Au-dela des recherches indirectes par interactions de contact, une signature non-ambigué
d’une nouvelle sous-structure de la matiére serait 'observation d’états excités de fermions
(f*), par leur désintégration en un boson de jauge du MS. Une structure composite des
fermions permettrait en effet d’expliquer la hiérarchie des masses des particules du MS
ainsi que l'agencement des particules en trois familles.

Les interactions de ces fermions excités avec les particules du MS peuvent étre décrites
de maniére trés générale dans un modéle effectif [Hag85, Bou93, Bau90|. L’interaction d’un
f* avec un boson de jauge est alors décrite par un couplage magnétique proportionnel a
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Figure 4.1 : La section efficace NC do /dQ?, normalisée a la prédiction du MS
déterminée & partir des PDFs CTEQ6D [Pum02], pour des collisions e*p et

e~ p. Les courbes représentent la correction au MS due a un hypothétique rayon
de charge fini des quarks de 0.74 - 107 m.

1/A, A correspondant alors a une nouvelle échelle de sous-structure. Le Lagrangien effectif
utilisé s’écrit [Bou93] :

a

1 nts v T a Y A? a
‘Cint, = ﬂFR O'M gf?WW + g'f'EBW + gsfng#V FL + h.C. s (42)

ou Wi, B, et G}, sont les tenseurs de champs respectivement associés aux champs de
jauge SU(2)r, U(1)y et SU(3)c, 7, Y et A% sont les générateurs des groupes de jauge cor-
respondant, soit, respectivement, les matrices de Pauli, 'hypercharge faible et les matrices
de Gell-Mann. Les constantes de couplages électrofaible et fort sont notées respectivement
9, 9’ et gs.

HERA est bien adapté pour la recherche de fermions excités. En effet, leurs signatures
en collisions ep sont particuliérement propres, de nombreux canaux de désintégration pou-
vant étre sondés, et les recherches peuvent étre menées jusqu’a la limite cinématique, voir
légérement au-dela.

L’ensemble des données de H1 a donc été utilisé pour la recherche de neutrinos (v*),
¢lectrons (e*) ou quarks (¢*) excités de premiére génération (voir annexes E, F et G). Le
lot substantiel de données de collisions e~ p enregistrées & HERA II a notamment permis
d’augmenter significativement la sensibilité de HERA pour la recherche de v*, la section
efficace de production de ceux-ci devant étre bien plus grande en collisions e~ p que e™p.

Aucun signal de lexistence de ces fermions excités n’a cependant été observé. Les
limites d’exclusion alors obtenues sur leur masse et le couplage f/A sont résumées dans la
figure 4.2. Les limites obtenues au LEP ou au Tevatron sont aussi représentées. Les limites
obtenues & HERA apparaissent comme étant complémentaires des recherches menées au
LEP ou au Tevatron.
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Figure 4.2 : Limites d’exclusion ¢ 95% CL sur le couplage f/A en fonction
de la masse des fermions excités, pour des v*, sous les hypothéses f = —f' (a)
et f=+f" (b), dese* (c) et des ¢* (d). Les valeurs au-dessus des courbes sont
exclues. Les limites récentes obtenues par H1 (zone colorée) sont comparées aux
limites obtenues au LEP (courbes pointillés) et au Tevatron, d’aprés [Aba08,
Mey07], en supposant que l'acceptance pour des e* crées par interactions de
jauge (GM) ou de contact (CI) est la méme (courbe en traits-points figure (b)).

Pour la recherche de v*, HERA permet de sonder une région au-deld de la limite ciné-
matique du LEP. Les limites obtenues & HERA sont alors les plus contraignantes a ’heure
actuelle. En effet, aucune limite sur la production de v* n’a été obtenue au Tevatron. Des
v* pourraient cependant y étre produits par échange d'un v ou Z° dans la voie s (comme
pour un processus de Drell-Yann), donnant lieu a des topologies avec un v et de I’énergie
transverse manquante ou des jets et de I’énergie transverse manquante. Ces états finals ont
cependant été déja étudiés au Tevatron dans le cadre de recherches de dimensions supplé-
mentaires ou de particules supersymétriques et aucune déviation aux prédictions du MS
n’y a été détectée..

Pour la production éventuelle de e*, les limites posées par le LEP sont déja trés contrai-
gnantes. Les données de HERA permettent cependant d’exclure une région supplémentaire
de masses intermédiaires, M.« ~ 200 & 280 GeV. Le Tevatron reste cependant actuellement
le seul & pouvoir exclure les e* de trés grande masse, pour un couplage f/A de I'ordre de
4-1073. Ce cas de la recherche de e* est une bonne illustration de la complémentarité des
trois types principaux de collisionneurs : eTe™, pp et eTp. Des études prospectives montrent
qu'un collisionneur ep dans la région du TeV resterait la machine idéale pour la recherche
de e*, permettant alors d’obtenir une meilleure sensibilité que le LHC pour des électron
excités de masse intermédiaire en accédant a de plus faibles valeurs de couplage f/A (voir
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Pour la production de ¢*, les recherches menées & HERA sont surtout sensibles aux
hypothéses ou f,, définissant le couplage du ¢* aux gluons, serait faible. La sensibilité
de HERA sous I’hypothése f = f' = f; = 1 est faible. En effet, dans ce cas, le ¢* va
décroitre de maniére prédominante en deux jets, ce qui conduit & un état final ou le bruit
de fond du modéle standard provenant des processus de photo-production de deux jets
est trés grand. Sur un collisionneur pp, les ¢* sont produits principalement par fusion de
quark et de gluon, sous la condition f; # 0. Les limites alors posées par le Tevatron avec
Ihypothése f = f' = f, = 1 sont trés bonnes, excluant la production de ¢* de masse
M, < 870 GeV [Aba04, Aal09|. La sensibilité du Tevatron a de basses valeurs de f; reste
cependant limitée et, grace & HERA, les limites dans ce cas ont pu étre étendues (voir
annexe G).

4.2 Recherches modéle indépendantes

4.2.1 Production d’événements multi-leptons de grande impulsion
transverse

Dans le cadre du modéle standard, la production de paires de leptons en collisions ep se
fait principalement par interaction photon-photon, vy — ¢*/~, les photons étant rayonnés
par I’électron et le proton incident |[Ver83|. Ceci conduit alors & des événements possédant
plusieurs leptons dans 1’état final. La section efficace de ce processus est calculable pré-
cisément et est faible pour des leptons de grande impulsion transverse (~ 1 pb pour des
leptons de Pr entre 5 et 10 GeV). En outre, les états finals résultants présentent trés peu
de bruit de fond d’autres processus du MS. L’étude de ces événements est donc un moyen
de tester avec précision les prédictions du modéle standard & grand moment transverse
et ces topologies offrent une grande sensibilité pour la recherche de processus nouveaux
susceptibles de produire des états finals a plusieurs leptons.

L’étude de ces événements a été initiée par la collaboration H1, lors d’une premiére étude
de la production d’événements multi-électrons de grand Pr & partir de données HERA 1
(voir annexe H). Plusieurs événements trés énergétiques et possédant une grande masse
invariante, Mo, des deux leptons de plus grand Ppr ont alors été mis en évidence. Trois
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événements avec deux électrons et trois événements avec trois électrons ont été observés
dans la région M5 > 100 GeV, pour des prédictions respectives du MS de 0.3 £+ 0.04 et
0.23 £ 0.04 événements.

La production de paires de muons de grande impulsion transverse a aussi été étudiée
par H1 & partir des données de HERA I, mais aucun excés d’événements de grande masse
invariante n’a été observé [Akt04].

Multi-Leptons at HERA
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Figure 4.4 : Distributions de Y Pr pour l'ensemble des états finals multi-
leptons étudiés, pour des événements de collisions e*p (a) et e p (b) et ep (c)
enreqistrés par les expériences H1 et ZEUS.

Hors du MS, la production de bosons de Higgs doublement chargés, H**, pourrait étre
a lorigine de tels événements multi-leptons de grand Pr. Ces bosons de Higgs doublement
chargés apparaissent quand le secteur de Higgs du MS est étendu par un triplet additionnel,
comme par exemple dans des extensions du MS avec une symétrie gauche-droite. Ces bosons
H** pourraient alors étre assez légers pour étre produits auprés des accélérateurs actuels,
et notamment en collisions ep & HERA |Aul98, Cha98, Dut99|. Nous avons donc testé
nos données et les quelques événements de grande masse observés avec les prédictions
d’un tel modéle (voir annexe K). Mais cette hypothése de production de bosons H** a
été écartée, notamment en regardant les charges des leptons détectés. Nous avons donc
conclu en I'absence d'un tel signal et avons posé de nouvelles limites sur la masse du H**
en fonction de la valeur de leur couplage aux leptons. Ces limites, dans le cas de H**
couplant aux électrons et muons ou taus, étendent les domaines d’exclusion obtenus au
LEP et au Tevatron.

Une analyse combinant les états finals avec électrons et muons a ensuite été développée
par H1, de facon & inclure dans une méme analyse toutes les topologies multi-leptons
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possibles, possédant des électrons ou des muons de grand Pr. L’ensemble des données de
H1, des phases HERA I et HERA 11, a alors été analysé (voir annexe I).

Afin de doubler le lot de données de cette analyse encore limitée par la faible statistique
disponible a grand Pr, une analyse similaire, développée par la collaboration ZEUS, a été
combinée a celle de H1. Le résultat est présenté dans 'annexe J, correspondant alors &
une luminosité totale analysée de 0.94 fb=1. Les distributions de la somme scalaire des
impulsions transverses des leptons, > Pr, combinant tous les états finals, sont présentées
dans la figure 4.4, pour des événements de collisions e*p et, séparément, e™p et e~ p. Nous
voyons que sept événements sont observés dans la région > Pr > 100 GeV, en collision
etp uniquement. La prédiction correspondante du MS est de 1.94 & 0.17 événements. La
probabilité d’une fluctuation positive au moins égale a celle observée dans les données, par
rapport a cette prédiction, est de 0.4% (2.60). Cing de ces événements de grand Pr sont
observés par H1 et deux par ZEUS. Pour une prédiction similaire du MS, aucun événement,
avec » Pr > 100 GeV n’est observé en collisions e~ p. Des événements de grande masse
invariante M, sont également observés par les deux expériences, toujours en collisions e*p
uniquement (voir tableau 2 de 'annexe J).
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Figure 4.5 : Masses invariantes des deux leptons de plus grand Pr, My (a)
et des trois leptons, May (b) aprés ajustement cinématique pour les événements
multi-leptons de H1 et de ZEUS mesurés avec une masse invariante My >
100 GeV ou > Pr > 100 GeV.

La cinématique de ces événements a alors été étudiée en détails. Comme dans la ma-
jorité des événements, ’ensemble des particules pouvant étre présentes dans I’état final a
été détecté, des ajustements sous contraintes des caractéristiques cinématiques de ces évé-
nements ont été réalisés [Rot05]. Ces ajustements permettent, en imposant la conservation
de I'impulsion transverse et longitudinale, une détermination plus précise des masses inva-
riantes des différentes particules, notamment. Pour tous les événements de grande masse
invariante et de grand > Pr, les masses invariantes Mo, des deux leptons de plus grand
Pr, et M,y, des trois leptons quand ceux-ci sont détectés, ainsi obtenues sont présentées
dans la figure 4.5. Nous observons alors que ces événements ne semblent pas s’accumuler
autour d’une méme valeur de M5 ou M.

Les charges des leptons de ces événements ont également été regardées. Cependant, la
grande impulsion de ces leptons, et donc la faible courbure de leur trace, rend la mesure
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de leur charge difficile, voir impossible. Il n’a donc pas été possible d’établir qu'un ou
plusieurs de ces événements présenterait une combinaison de charges incompatible avec les
prédictions de MS, d’une production de paires de leptons de signe opposé.

La quantité de données disponible a grand Pr reste cependant limitée et, vu le faible
nombre d’événements observés, I’hypothése d’une fluctuation statistique comme explication
a cet apparent excés d’événements par rapport aux prédictions du MS ne peut étre exclue.
L’observation de ces quelques événements trés énergétiques, uniquement en collisions e*p,
et par deux expériences indépendantes, n’en reste pas moins curieuse.

4.2.2 Une recherche générique de nouvelle physique

Les recherches de signaux spécifiques permettent déja d’étudier un large spectre d’états
finals différents, mais souvent dans des régions bien spécifiques de ’espace de phase. Ainsi,
méme si beaucoup d’états finals peuvent avoir été sondés lors de recherches dédiées, cer-
tains types de signaux auxquels nous n’aurions pas pensé peuvent avoir été oubliés. La
solution consiste donc a étudier de maniére générique tous les états finals de grand Pp
expérimentalement accessibles. La méthode de recherche générique va ainsi permettre de
sonder un espace de phase plus grand et gagner en généralité, tout en perdant forcément
un peu en sensibilité par rapport aux recherches dédiées.

La méthode repose sur une identification peu ambigué (en minimisant le taux de mau-
vaise identification) des particules de grand Pr présentes dans chaque événement. Les
événements sont alors classifiés de facon exclusive en fonction du nombre et du type de
particules contenues dans leur état final. Des quantités cinématiques telles que la masse
invariante des particules, M.y, ou la somme scalaire de leur impulsion transverse, > Pr,
sont alors définies. La masse invariante est intéressante pour rechercher une éventuelle ré-
sonance et Y Pr est liée a la dureté de l'interaction et indique les événements les plus
énergétiques. Un algorithme statistique est alors employé pour rechercher les régions de
déviations éventuelles des données par rapport aux prédictions du MS, et, surtout, pour
en quantifier 'importance.

L’idée d’une telle méthode de recherche générique a tout d’abord été émise par la
collaboration H1 [Kra99, Zin98|. Une approche un peu similaire a ensuite été tentée par
I'expérience DO [Abb00, Abb01]| en effectuant une réinterprétation statistique de plusieurs
analyses indépendantes portant sur différents états finals. L’ensemble des états finals n’y
était cependant pas analysé de maniére cohérente et I’espace de phase défini pour chaque
type de particule était différent. La collaboration H1 a alors effectué une véritable recherche
générique, utilisant une seule analyse, de facon a investiguer de fagon cohérente tous les
états finals possibles (voir annexe L). Dans les collisions ep, le nombre d’états finals peuplés
a grand Pr reste plus limité que dans les collisions pp. Tous les états finals possibles peuvent
donc y étre analysés.

L’analyse de H1 repose sur la définition d’un espace de phase commun pour toutes les
particules identifiées. Les particules considérées sont les électrons (e), photons (y), muons
(1), jets () et neutrinos () (ou bien toute particule n’interagissant pas dans le détecteur).
Tous les états finals possédant au moins deux particules identifiées de Pr > 20 GeV et dans
la région angulaire 10° < 6 < 140° sont étudiés. Les événements sélectionnés sont classifiés

de maniére exclusive en fonction du nombre et du type de particules détectées dans 'état
final.
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Figure 4.6 : Nombre d’é¢vénements de données et prédictions du MS pour toutes
les classes d’événements de la recherche générique, ayant des événements ob-
servés ou une prédiction du MS supérieure & 0.01, pour des collisions eTp (a)

et e p (b).

Le nombre d’événements alors observés dans chaque classe est comparé aux prédictions
du MS dans la figure 4.6. Les données sont présentées séparément pour des collisions e™p et
e~ p. Un trés bon accord avec le MS est trouvé pour presque toutes les topologies observées,
ce qui est remarquable étant donné la complexité de beaucoup d’états finals analysés. Cette
figure permet également d’avoir une vue globale des taux d’événements relatifs en fonction
de I’état final.

Ce trés bon accord, alors global, entre les données et le MS reste confirmé lorsque nous
analysons plus en détails la topologie des différents canaux. Les distributions des variables
globales M, et > Pr sont alors étudiées, ainsi que des variables topologiques liées aux
distributions angulaires des particules ou au partage de I'énergie globale de 1’événement
entre elles. Ces variables plus topologiques ont ainsi été introduites pour la premiére fois
dans ce genre d’études. Un bon accord avec les prédictions du MS est alors observé dans
les grande majorité des cas (voir annexe M).

Un algorithme statistique est ensuite appliqué, afin de rechercher de maniére automa-
tique dans ces distributions les régions de plus grande déviation au MS (en excés ou en
déficit). Il permet également de quantifier I'importance de la déviation observée, ainsi que
sa probabilité statistique d’occurrence d’une fluctuation d’origine statistique lorsque 1'on
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analyse un grand nombre de distributions ayant un nombre d’événements limité. Dans
I’analyse globale sur I’ensemble des données de H1, la plus grande déviation est observée
dans la classe e-e , a grande masse invariante. Par rapport a ’analyse multi-leptons (voir
section 4.2.1), cette classe d’événements di-électrons couvre une espace de phase étendu a
I’avant jusqu’a 10° mais restreint aux électrons de plus grand Pp. La déviation alors obser-
vée dans I'espace de phase de la recherche générique a une probabilité d’environ 2.50. La
probabilité globale d’observer une fluctuation du MS au moins aussi grande dans un des ca-
naux de 'analyse générique parmi ’ensemble des canaux possibles, et pour une luminosité
égale a celle des données, est de 12%.
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Figure 4.7 : Nombre d’événements de données et prédictions du MS pour
toutes les classes d’événements de la recherche générique, ayant des événements

observés ou une prédiction du MS supérieure a 0.01, pour des particules de
Pr > 15 GeV (a) et de Pr > 40 GeV (b).

Une telle analyse générale nécessite une bonne compréhension a la fois du MS, et du
détecteur utilisé. Dans le cas de H1, elle a été rendue possible par 'effort de standardisa-
tion des méthodes de reconstruction des particules et par la reconstruction cohérente du
flot d’énergie dans 1’état final. Elle repose également sur une standardisation des généra-
teurs Monte Carlo utilisés pour la description des processus de grand Pr & HERA. Cette
standardisation a été effectuée au cours de ces derniéres années et repose sur de nombreux
tests effectués dans différents espaces de phase étendus par rapport a I’analyse principale,
notamment a plus bas Pr. Tous ces tests ont permis de qualifier les générateurs Monte
Carlo alors utilisés pour l'analyse. Ainsi, cette analyse a été reproduite en changeant le
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moment transverse minimum des particules identifiées de Pr > 20 GeV a Pr > 15 GeV ou
Pr > 40 GeV. Les nombres totaux d’événements alors observés dans les différents canaux
dans ces deux cas sont présentés dans la figure 4.7 et comparés aux prédictions du MS.
Un bon accord entre données et prédictions du MS est alors observé. Les distributions de
M.y et > Pr, ainsi que celles des variables topologiques ont également été étudiées pour
ces deux sélections et étaient en bon accord avec les simulations du MS. Aucune dévia-
tion significative aux prédictions du MS n’a été observée dans ces deux sélections (voir
annexe M).

Ce type de recherche générale, bien qu’obligatoirement moins sensible que des recherches
dédiées, est nécessaire dans les programmes de recherche de nouvelle physique auprés des
grands collisionneurs actuels et futurs. Face a la multiplicité des possibles théories sur I'au-
deld du MS ainsi que des états finals pouvant étre produits, de telles analyses peuvent
apporter des éléments de réponse a la question Avons nous vraiment cherché partout .
Elles permettent aussi de quantifier la probabilité d’observer une fluctuation des données
dans un ou deux canaux parmi tous ceux étudiés.

De plus, outre leur intérét pour les recherches de nouvelle physique, ce type d’analyse
générique, par le grand nombre de distributions étudiées de facon automatique, s’avére
étre un trés bon outil pour détecter des problémes liés & la réponse du détecteur lors de la
prise de données, ou a des déficits flagrants des générateurs Monte Carlo. Les recherches
générales effectuées actuellement au Tevatron par les collaboration CDF [Aal08] et DO sont
un bon exemple de ce dernier cas.

Ainsi, pour les premiéres données du LHC, ce type d’analyse est a ’étude, notamment
dans la collaboration CMS. Méme si une analyse similaire & celle de H1 n’est pas envi-
sageable a cause de la multitude des états finals possibles, cette approche peut s’avérer
intéressante pour le controle des données de grand Pr et pour une recherche automatisée,
notamment dans des topologies multi-leptons. Un atout supplémentaire serait alors de pou-
voir effectuer cette analyse & partir d’'un flux dédié de données de grand Pr, sélectionnées
au dernier niveau de trigger.

4.3 Conclusions

Au cours de ce chapitre, nous avons vu que HERA a été un bon outil pour la recherche
de nouvelle physique a la frontiére & haute énergie du modéle standard. En effet, les colli-
sionneurs ep s’avérent étre bien adaptés pour la recherche de nouvelles sous-structures de la
matiére, tentant ainsi de répéter les expériences historiques de particules ponctuelles ayant
conduit aux découvertes successives de 'atome, du noyau, des nucléons et des partons. Une
des complémentarités des collisionneurs ep par rapport aux collisions pp ou pp serait, par
exemple, de pouvoir y mesurer plus facilement les couplages au MS de nouvelles particules,
permettant ainsi une caractérisation plus approfondie de la nouvelle physique découverte.

Devant la trés grande diversité des scénarios théoriques possibles pour étendre et amé-
liorer le MS, la mise en place de recherches plus générales et indépendantes de toute sup-
position faite sur la nature des manifestations de nouvelle physique recherchées devient
de plus en plus importante. Les analyses effectuées & HERA ont ainsi été pionniéres dans
la mise en place de recherches modéle indépendantes, basée uniquement sur la mesure de
différentes signatures topologiques. Dans ce domaine, la relative simplicité des interactions
ep par rapport aux collisions pp, ainsi que la présence modérée d’interactions de type QCD,
a permis d’effectuer &8 HERA un balayage complet et précis de I'ensemble des états finals
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possible de grand Pr. C’est la premiére analyse compléte de ce type effectuée a partir des
données d’'un grand collisionneur.

Parmi tous les différents états finals étudiés & HERA, la plus importante déviation aux
prédictions du MS est observée dans des événements multi-leptons. Méme si le nombre
d’événements observés reste faible, ce qui empéche toute conclusion quant a leur origine,
cette observation effectuée par les deux expériences H1 et ZEUS n’en reste pas moins
curieuse.

A Theure actuelle, le Tevatron reste le seul collisionneur en fonction permettant de
repousser encore les limites du champ d’application du MS a haute énergie. L’avénement
du LHC dans un futur proche va ouvrir de nouveaux horizons en donnant accés a un
vaste territoire aux énergies de l'ordre du TeV, domaine ou la structure de la matiére n’a
jamais été étudiée et ou certains arguments théoriques laissent actuellement & penser que
de nouveaux processus physiques devraient se manifester.

4.4 Contributions personnelles

J’ai commencé par contribuer a la premiére publication de H1 sur la production d’évé-
nements multi-électrons de grand Pr. J’ai notamment réalisé pour cette publication les
analyses de controle et développé une procédure d’ajustement cinématique, afin de mieux
contraindre la masse invariante des quelques candidats atypiques observés a grand Pr
(voir annexe H). J'ai ensuite pris l'entiére responsabilité de cette analyse sur les données
HERA TI. L’extension de cette analyse aux muons et aux topologies combinées électrons-
muons a été réalisée par Florian Rothmaier, étudiant de Diplomarbeit a Marseille, sous
ma direction. J’ai ensuite finalisé et publié seul cette analyse sur ’ensemble des données
de H1 (voir annexe I). Un travail commun avec les physiciens de la collaboration ZEUS
travaillant sur le sujet a récemment permis de réaliser une combinaison des données de H1
et de ZEUS (voir annexe J). Ceci constitue la premiére publication combinée H1 et ZEUS.

En relation avec cette étude, j'ai participé a la publication de H1 sur la recherche
de boson de Higgs doublement chargé (voir annexe K). Pour cette publication incluant
plusieurs canaux, j’ai réalisé la recherche dans le canal epu.

La recherche générique de nouvelle physique a été développée a partir des données
HERA T par Matti Peez, étudiant en thése a Marseille, que j’ai co-encadré sur ce sujet, et
en compétition, puis collaboration, avec un second groupe de physiciens au sein de la col-
laboration H1 (voir annexe L). J’ai ensuite assumé l’entiére responsabilité de cette analyse
pour les données HERA 11, avec des mises & jour successives présentées en conférences, a
mesure de 'accumulation des données. J’ai finalement réalisé seul la publication finale de
cette analyse, portant sur ’ensemble des données de H1.

Les recherches successives de neutrinos, électrons et quarks excités ont été réalisées
sous ma direction par Thi Nguyet Trinh, étudiante en thése & Marseille, (voir annexes E, F
et G), entre 2005 et 2008. Thi Nguyet Trinh a été récompensée par le prix 2008 jeune
chercheur Michelin, de la Société Francaise de Physique, pour ses travaux.

Depuis juillet 2005, je suis également co-responsable du groupe de travail de la colla-
boration H1, chargé des analyses de recherches de signaux de physique au-dela du modéle
standard. Au cours de ces derniéres années, mon travail de coordination de ce groupe de
physique a consisté a gérer la réalisation, avant le démarrage du LHC, des publications fi-
nales de H1 dans les domaines ou les données de HERA sont complémentaires de celles du
Tevatron et du LEP. Egalement, dans ce domaine de recherche trés prospectif, la réactivité
dans I'analyse des nouvelles données & mesure qu’elles sont enregistrées est trés important.
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Ces deux objectifs ont pu étre atteints grace a la mise en place au sein du groupe d’outils
d’analyse communs et d’une standardisation et automatisation des procédures d’analyse,
que j’ai réalisées.
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Conclusion

Dans ce manuscrit, nous avons discuté certaines des limitations actuelles du modéle
standard, qui font que cette description de la structure de la matiére que nous avons au-
jourd’hui reste avant tout un modéle. La précision de ses prédictions dans certains domaines
peut encore étre améliorée. De nombreux phénoménes, liés principalement a la complexité
de la dynamique des interactions fortes, restent encore mal compris. Enfin, le modéle stan-
dard n’apporte aucune réponse a de nombreuses questions que nous nous posons sur la
structure de la matiére. Nous sommes donc a la recherche de nouveaux phénoménes phy-
siques, que nous espérons trouver a haute énergie, pour nous indiquer le chemin vers une
théorie plus fondamentale.

Le collisionneur électron-proton HERA s’est révélé étre un bon outil pour explorer ces
différents problémes. Aucune évidence de nouvelle physique n’y a cependant été observée,
repoussant ainsi la frontiére de la validité du MS a haute énergie. Actuellement, la majorité
des recherches possibles &8 HERA dans ce domaine a été finalisée.

HERA fut aussi un outil extraordinaire pour progresser dans notre connaissance de la
dynamique interne du proton. Un des résultats majeurs de HERA est ainsi la mesure précise
des distributions de partons constituant le proton sur un trés grand domaine cinématique.
Sur ce sujet, 'analyse des données accumulées & HERA II reste encore a finaliser. Des
analyses préliminaires ont montré que ces données vont permettre de réduire encore les
incertitudes actuelles sur la détermination des PDFs. La combinaison des mesures finales
de H1 et de ZEUS permettra alors d’obtenir la meilleure précision possible & HERA.

Au-dela de la structure en impulsion longitudinale du proton, HERA permet d’apporter
de nouvelles informations sur les autres degrés de liberté dans le proton. Ainsi, les interac-
tions de nature diffractive apportent des informations complémentaires sur la distribution
spatiale des partons dans le plan transverse et sur leurs corrélations. Dans ce domaine,
les nouvelles données de HERA II ont permis d’entrer dans le domaine de la précision.
Les résultats expérimentaux, auparavant encore limités en précision statistique, apportent
maintenant des contraintes plus importantes sur les différents modéles théoriques.

J’ai ainsi eu la chance de pouvoir participer et d’apporter mes contributions personnelles
a plusieurs de ces résultats qui resteront comme partie du legs de HERA a la physique des
particules.

Le collisionneur de nouvelle génération, le LHC, va maintenant entrer progressivement
en fonctionnement a la fin de 'année 2009. Il va ouvrir une nouvelle fenétre sur des états de
la matiére a plus haute énergie, jamais encore explorés. Face a la complexité des interactions
hadroniques a haute énergie, comprendre la QCD et la structure du proton sera nécessaire
a I’étude des collisions au LHC et & toute découverte de nouvelle physique.

Les mesures effectuées a HERA auront sans nul doute un réle important a jouer dans
ce domaine.
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Annexe A

An energy flow algorithm for Hadronic
Reconstruction in OO: Hadroo2

M. Peez, B. Portheault and E. Sauvan,
H1 internal note H1-01/05-616.

Abstract

This note describes in detail the algorithm performing the identification and measurement
of the Hadronic Final State in the OO framework, and the corresponding high Pr jet
calibration procedure.



1 Introduction
track types vertex types

One of the tasks of the OO framework is to provide to the user reconstructed particles at the 40° X
1ODS level. To achieve this goal physics algorithm now benefit of all the expert knowledge
integrated during the HERA | operating phase. Particle identification is made by a set of differ- \ e
ent finders running sequentially, namely the electron finder, the muon finder, and the hadronic K 2575 X
final state (HFS) finder. Additional finders may create so-called composed patrticles, such as m
the D* finder or the jet finder. The input of the jet finder for the “exclusive jets” is the output o 6L ‘ ‘ ﬂ
of the HFS finder. 0 :
An energy flow algorithm is characterised by the combination of information coming from MHDHD C ] H
different sub-detectors. Following the guideline of a general improvement in the measurement
of physical quantities with the H1 detector, the HADROO (for Hadronic Reconstruction in OO)
algorithm was developed by M. Peez and C. &al[], introducing the idea of using either the
track or the calorimetric information for the creation of a particle candidate, depending on the
error of the track measurement. This was the first step toward an energy flow algorithm.
This implementation was then refined, including also a better calorimeter noise rejection
and an absolute calibration of the hadronic final state, based on reconstructed jets and suited

1)

Figure 1: Different track types and their angular domain, and the two
vertex hypothesis for a single track. Both primary and secondary vertex
fitted tracks can be selected.

for high Q? analyses. This actual implementation, called Hadroo2, will be described in this combined (K) central (C)

note. pr > 120 MeV pr > 120 MeV
The minor conceptual difference between Hadroo2 and a so-called energy flow algorithm 0° < 0 < 40° 20° < 0 < 160°

— such as for example the DO ong pr the ZEUS onef] — is that a one-to-one attribution of |dea’| < 5cm |dea’| < 2 cm

a cluster to a track is not performiedn this view, it is an inclusive oriented algorithm, however Ruare < 50 €M Rugare < 50 €M

it suits also to exclusive analyses because of the detailed track treatment. Riengen > 0 €M Riengtr, > 10cm for 6 < 150°
This note will be organised in the following way: first, a description of the basic inputs of Ap/p < 99999.9 Riongin > 5cm for @ > 150°

the algorithm (tracks and clusters) will be done. Particularly, the noise treatment applied to Nese nis >0 Nee nis >0

calorimetric objects will be detailed. Then the algorithm itself will be described, and compared
with other HFS algorithms developed in H1. Its application to the reconstruction offhigh
jets and a suited calibration procedure is developed in the last part of this document.

~2 [
Xtrack—vertex fit <50
Xeent.— fwd.tracker <50

forward (F)
pr > 1 MeV
2 Selection of the input objects: Tracks and Clusters 6° <9 <25°
Ry <10cm
2 <
2.1 Tracks ?;;mcwn/N D‘OE = 10
track—vertex fit —
As the spirit is to benefit from expert knowledge, the tracks used are the standard “good quality” nPrimary + nSecondary
tracks as defined by the heavy flavour group, the so-called “Lee West” trdcKehfese tracks, PlanarSegments > 1
measured with the central and forward tracking detectors (seellsigre classified in three nPlanar + nRadial Segments > 2
categories, Central, Combined and Forward, requiring the quality cuts detailed in ITable Ap/p <9999.9
If a track satisfies several sets of cuts, the preference order is Central, Combined, Forward. p>05GeV
Both primary and secondary vertex fitted tracks can be selected but preference is given to
primary. For HERA Il data and MC, pure forward and combined tracks are excluded because Table 1: Summary of the different cuts used in the track selection. If a
their kinematics as well as their error measurement are at the moment not well studied and track satisfies several set of cuts, the preference order is Central, Com-
described. The selected tracks build up the input of the Hadroo2 algorithm. bined, Forward.Theca is the distance of closest approach of the track
extrapolation to the vertex antla’ is the distance of closest approach
This problem is not trivial because of combinatorial ambiguities and its difficulty depends crucially on the in thez,y plane atz = zyerreq-

features of the clustering algorithm.

0L
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2.2 Clusters

The clusters are aligned and beam tilted in a proper way using run-dependent alignment fac-
tors. Calorimetric clusters are made only out of LAr or SpaCal. Iron or Plug cluster are not
considered (beside the mediocre energy resolution of the Iron calorimeter, a significant fraction
of Iron clusters are noise or backgrodndf a cluster in LAr have cells in Iron or Plug, these
cells are removed from the cluster. Note that the negative energy cells in clusters are kept, as it
must be to avoid a systematic positive bias in energy measurements.

The cluster energy momentum four-vector is made of the addition of massless cells four
vectors (in this way clusters acquire a “mass”). The position of the center of gravity is deter-
mined with a linear energy weighting of the cells positions.

2.2.1 Weighting

As the LAr calorimeter has the well-known behaviour of being non-compensating, weighting
algorithms are necessary to compensate the lower response to hadrons with respect to electron
for a same energys]. Such a weighting procedure is already applied at the reconstruction level,
in HIREC, identifying clusters as originating from electromagnetic particles or from hadrons.
But in the present algorithm this classification was modified. All clusters with at least
95 % of their energy in electromagnetic part and with also 50 % of it in the first two layers
of the electromagnetic calorimeter are taken at the electromagnetic scale. All other clusters
are considered as originating from hadrons and the hadronic energy scale, determined by the
H1REC weighting algorithm, is considered. It was shown by S. Hellwig and K. Daum that this
improves the energy resolution in* analysis and that the total reconstructed energy of the
HFS was closer to the true level][

2.2.2 Noise suppression

The default situation All the measurement relying on the LAr calorimeter are affected by a
relatively large amount of noise (few GeV per event). This noise is due to detector effects such
as noise in the electronics or pile-up deposition of energy coming fromamphysics like halo

or cosmic muons. The impact of this noise on physics analysis is clearly not negligible. For an
inclusive analysis, the distribution

_ ZhEh*PZh

2F, )

Yn
is specially affected. At low;, (whenE;, ~ Pz,) most of the hadrons are produced in the
forward direction. Any noisy cluster misidentified as part of the hadronic final state will count
in the sum of Eq. 1) with a weight increasing witld. So even relatively low energy noisy
clusters in the barrel part of the LAr will strongly bias the distribution. This situation is
depicted in Fig. 2 where the different contribution to the distorsion of the measurement of
yy, are depicted. Two first sources of bias in the measuremegt afe the misidentification

2Note that the inclusion of tail catcher clusters with connected activity in the LAr could help to improve the
determination of the energy of high jets. This study is therefore planned for further developments of the HFS
finder

of part of the energy of the scattered electron as hadramg the presence of photons due to
QED initial state radiation. These two contributions are discussed in detailsJimfid will

be explicitely removed in the present study. After the removal of such events, the remaining
bias introduced by noise can be observed in RigOn the right plot the difference between

the reconstructed and the true valueypfas a function of the trug, shows that the events
with 3, ~ 102 have a systematic bias of the order of 60 %, even after the application of noise
suppression at the reconstruction level.

t. L N g Fo- O HADROO no supp
HADROO no sup o, F
© 10" > 18 m HADROO no sup NoRad
&  E e NoRadevent Z e
s = b © HADROO nosup NoRad&NoMisld
2 S 1k o
= b L = .
< w0k Yn<0.1 14 -~ Too
E o
E £ - o
F 12— .- o
r r e, g
L AT
; 0.8
I { #*M 0-5;
10 L A C L L L L L L L L L
PEEETE 05 05 1 15 2 2 18 16 -4 12 -1 -08 06 04 02 -0
|°g(yh / sgen) I°9(Ygen)

Figure 2: Comparions between the reconstructed and true valugs of
using a neutral current Monte Carlo event sample. The left figure shows
the effect of the radiative NC events on thg'y,.,, distribution (Note

the logarithmic scales). The right figure shows the meap, 0§,.. as

a function ofy,.,, and the effect of removing explicitely contributions
due to radiative events (labeled “NoRad”), and misidentification of the
scattered electron (“NoMisld").

Beside topological background findefs 10] dedicated to the rejection of an entire event
which does not originate from amp collision, the noise suppression algorithms described here
are designed to remove the unphysical clusters while keeping the event. They are specially
tuned to remove the previously described highackground. Note that before all this there
is already the so-called topological noise suppression (ETNS) (seeZRekHich is applied
at the reconstruction level (HLREC). In Monte Carlo noise is added on top of the simulated
energy deposit. This noise come from real data taken during dedicated random trigger runs.

Noise suppression strategy First, all one-cell clusters are considered as not physical and
removed, as well as clusters with eneifjy,, < 0.2 GeV in LAr or 0.1 GeV in SpaCal. Then

a set of background finders (as developedifi) are applied. Now these finders will be
described and their performance studied.

3The imperfect cluster algorithm can give rise to multiple clusters for the scattered electron in particular when
it hits @ crack between octants
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2.2.3 The FSCLUS algorithm

The principle of the FSCLUS algorithm, noise suppression inherited from a fortran algorithm,
is the suppression of low energy isolated clusters. If the engggyof a cluster is such that
Equ < E; the energyE,,.,. in a sphere of radiug around the cluster is computed and if
Ephere < Es then the cluster is suppressed. This allows low energy cluster to survive if they
are near more energetic oneg. if they are due to a shower fluctuation. The values for the
different thresholds ar&;, = E, = 0.4 GeV andR = 40 cm forf., > 15°, E; = E; = 0.8

GeV andR = 20 cm foré,, < 15°. Consistently with the first suppression the threshigld

is lowered t00.2 GeV for clusters in the electromagnetic part of LAr. Clusters near the beam
pipe in the SpaCal calorimeter are also suppressg&’ﬁlu +y2%, < 9.6 cm. The performance

of the FSCLUS algorithm is shown in Fig: the bias is reduced by 20 % and is now at a level
of 40 %. So this noise suppression is clearly not efficient enough and has to be combined with
other algorithms.

S F © HADROO no suppression

P  HADROO fsclus suppression Figure 3: Mean ofy;,/y,e, distri-

T bution as a function ofy,.,, (Note
1R o the logarithmic scales). The situa-
we Tl tion before and after the application
TR 0 OF FSCLUS is depicted by open and
osf- solid circles, respectively. Neutral
0sE- current events from a Monte Carlo
PR T T e e v e o sample have been used.

log(Ygen)

2.2.4 The HALOID algorithm

The HALOID algorithm is devoted to the suppression of energy deposit due to halo muons on
top of real physics events. The signature is a narrow energy deposit parallel to the beam axis.
To suppress such a pattern, for each cluster it is defined two cylinders of radits25 cm

and R, = 65 cm. If there is energy deposit in these cylinders in at least 4 wheels including 2
CB wheels, and if at least two of the following criteria are true:

Ecylinderl 2 0"5Ecylznde7”2 (2)

Nclusl,ers in cylinder 1 2 0>5Nrrlusl,ers in cylinder 2 (3)
SN

]Vz:ells in cylinder 1 2 0'0]\"(:5”3 in cylinder 2 (4)

the cluster is flagged as noise and suppressed. The improvement in the measuregpent of
before and after the suppression is shown in Bigased on a charged current MC sample.
There is a clear improvement in thyg reconstruction of these very biased events.

6

8

§ o + « after HALOID Figure 4: Improvement iny; re-

W eof- —— before HALOID construction after the HALOID al-
soF gorithm for charged current MC
“op events in which there is an overlap

halo muon.

TP i L P
0 02 04 06 08 1 12 14

IOQ(yh / Ygen )

2.2.5 The HNOISE algorithm

Contrary to halo muons, cosmic muons or coherent noise do not have a characteristic pattern of
energy deposit. However, on general ground, any deposit in the hadronic part of LAr should be
connected to activity in the electromagnetic part or linked with tracks. The HNOISE algorithm
look for clusters in the hadronic part and suppress them if the following conditions are all
fulfilled:

e There is no energy deposit in the first hadronic layer or there is energy deposit in the first
hadronic layer and there is no more energetic clusters at a distance less than 75 cm.

e There is no electromagnetic energy in a safety cylinder of 50 cm radius. The axis of this
cylinder is defined by the interaction vertex and the barycenter of the considered cluster.

e There is no vertex fitted track with@a of less than 50 cm.

This finder help again to remove a part of the noise, as shownlin [However there is
still noise contribution at large angles leading to a bias inghdistribution. The NEWSUP
algorithm is designed to remove this remaining background.

2.2.6 The NEWSUP algorithm

The NEWSUP algorithm is inspired form FSCLUS: it is designed to suppress low energy
isolated clusters. However, to remove completely the noise a threshold higher than previously
applied is needed, but only in the central region of LAr where flhe Pz contribution of

a false particle candidate biases theof the event by a large value. Contrary to FSCLUS
this algorithm care about track-cluster link and if there is a vertex fitted trackdwith< 25

cm for an electromagnetic cluster dea < 50 cm in the hadronic part the corresponding
cluster is not suppressed. The same thresholds as in FSCLUS are applied, except that now
E, = E, = 1.5 GeV forf > «y,. The angley, is chosen to be the maximum between the angle

of the most backward track and the inclusive hadronic @ngle(v,/2) = (E, — Pz,)/Pk.

The algorithm is run iteratively until there is no cluster suppressed. The results are presented
in Fig. 5 where situation for charged current events is depicted. The energy reconstructed at

4If v, Lar < 50° Oryp, ar < 0.1 the SpaCal clusters do not enter in the calculatiom;of

7
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high angles is much greater than the generated one without any noise suppression. After the
application of all suppression algorithms developed here the measurement is closer to the true
level.

e NO suppression
o all noise suppression
generated level

Figure 5: Comparison between
the total reconstructed and gener-
ated energy distributions for lowy,
events with all noise suppressions
(open circles) and without (solid
circles). The true level is repre-
sented by an histogram. Charged
20 40 e s 10 120 1w 10 10 cUrrent events from a Monte Carlo
0y, (degrees) sample have been used.

' [ CC high Q> MC
«[ Yn<0.1

E,/Event (GeV)

All the previous discussions were purely based on MC files. We have now to check that all
the noise suppression is applicable to real data. This is done i Rilgere the energy fraction
suppressed from data and MC are compared as a functign 8fgood agreement is observed
and the amount of suppressed noise energy is comparable to the previous FORTRAN imple-
mentation of the algorithms, as presentedif]] The conclusion is that the combination of
these complementary noise finders allows a good reconstruction gf #ieematic variables.

A good suppression is also very important in the views of a calibration procedure aiming at the
knowledge of the true energy.

1.4
S yvivre M Figure 6: Comparison of
1.2 [0 gmClda . Tevsc the fraction of the suppressed
Sk — TrdeNC noise energy in data (points)
g F oo, and in MC (histograms). The
= 08l =, other components contribut-
g b o | ing to the finaly, are also dis-
& 06 = o e played. 2003-2004 data and
i Ll .
oo —=f Django MC have been used
> 0.4 2 @ QQQQ
4 o E et here.
r o - <
02 Ty
[ T
ok @n%ﬁﬁ?ﬂmﬁ\ﬁﬁfﬁﬁﬁ%%%ﬁ
10? 10" 1
Yh

2.2.7 Safety tests of the noise finders

As these finders are applied by default, careful studies have been performed to see if signal
relevant for exclusive studies were not suppressed. Tests were made on different MC samples,
namelyD* events in photoproduction and in DIS, and diffractiiel events.

The principle of the tests was to look if these additional noise suppressions was killing
genuine signal. The distance in they plane between a generated particle (witff” >
180 MeV, so that it reaches the calorimeter) and each particle candidate was computed:

d = /e — Meana* + (2gen — Poana)? (5)

The minimal distance is supposed to give the corresponding candidate associated to the gen-
erated particle. By looking at this minimal distance before noise suppressiop and after
noise suppressiod,,,, we can see if signal has been suppressed.

-
o

-
o

s ® €y

Number of particles

-0
-0.2
R _8-0.6'0'4 . 3suP
gnos!!

-
o

P

Figure 7: Numbers of entries regarding the minimal distance,ip
between a generated particle and a particle candidate b&fgrg and
afterd,,, noise suppression, in the* photoproduction event sample.

The figures7 and 8 are two dimensional histograms @f,..,, Versusd, sy — dsyp- It is
straightforward to see that first, most entries are concentratéd.at — d.., = 0, so the noise
suppression was safe, and in #g,., — d., = 0 plane the regionl,.,, ~ 0 dominate,
so the generated patrticle was correctly matched to a candidate. The region to look for signal
suppressed is the region éf,.., ~ 0 (the particle is well associated to a generated one) and
yosup — dsup < 0. We see two such entries on the histogram of Figtd, sy — dswp = —0.5
and—1.5. The first one is a~ killed by the NEWSUP algorithm, and the second onekilled
by the HNOISE algorithm. For the histogram of FRy.five particles (twoy, two K¢ and an)
are found to be suppressed, this being mainly due to the special topology of photoproduction
charm events with a large number of very low energy particles in a targege. A conclusion
can be drawn by looking at the Tatfevhere one can see that the loss of genuine signal is at a
very low and acceptable rate with respect to the signal suppressed.
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Figure 8: Numbers of entries regarding the minimal distance,ip
between a generated particle and a particle candidate béforg and
afterd,,, noise suppression, in thie* low Q2 DIS event sample.

D* photoproduction sample Inefficiency
2 signal killed| 717 newsup clusters 0.2 %
3 signal killed| 114 hnoise clusters 2.6 %
D* low Q? DIS sample Inefficiency
1 signal killed| 562 newsup clusters 0.2 %
1 signal killed| 140 hnoise clusters 0.7 %

Table 2: Summary of the signal suppression.

For sake of completeness a test was made on a diffraéfilesample. It was found that
two 1 with no tracks associated and not found by the muon finder were suppressed by HNOISE,
this for 10* J/¥ events. So the noise suppression is clearly safe for diffractive vector meson
production.

To conclude the noise finding achieves a very good compromise between efficiency and
safety. The output list of noise suppressed clusters is the input of the Hadroo2 algorithm which
is now going to be described in detail. Every noise suppressed cluster is flagged and re-used to
calculate the total hadronic LAr four-vector produced by noisy cells. This information is stored
on HAT in the variables which start with the string 'HfsClusNoiseXXXX' and allows then to
study the impact of the different noise finders.

10

3 The Hadroo2 algorithm

The Hadroo2 algorithm realises the creation of the HFS patrticles. Note that if there are iden-
tified electrons or muons which are not flagged as isotatbey are considered as being part

of the Hadronic Final State but their four vector remains unchanged and their associated tracks
and clusters are excluded from any additional treatment.

The algorithm starts with the previously described list of selected tracks and clusters. The
cornerstone idea of the energy flow algorithm is the combination of the tracks and clusters. As
we may have both for a charged particle, we want to keep the best measurement. To achieve
this, we propose to compare relative resolutions of the tracker or of the calorimeter for the
measurement of the same amount of energy.

3.1 Comparison of tracker and calorimeter resolutions
Each track is supposed to originate from a pion, with energy
EtQTack Ptiack + mgr = P%,trac/c/ Sin2 0 + mfr (6)

The error on this energy is obtained by standard error propagation using some of the track
fitting error information:

O aer 1 P} frack op2, O ?,

By Etmk\/ ey cos? o} + e (@)

whereop, ando, are the corresponding error ¢ andd and neglecting their correlations. It

was checked that the use of the full covariance matrix gave similar results within 2 % at most.
Now we evaluate for each track what would be the corresponding error of this particle as

measured with the calorimeter. This decision turns out to be only based on the track, but it

is not possible to make any decision based on the calorimeter deposit as this one is a priori

unknown due to possible contribution of neutral particles. We made the assumption that the

corresponding error on the measurement of this particle in the £}Aw¢uld lead to the error

OE LAr expect.

(@) _ OELArexpect. _ 0.5 (8)
E LAr expectation Eﬁ«ack vV Etrack ’

The relative resolutions defined by Eqg) &nd @) are then compared to determine which
of the tracker or the calorimeter provides the best measurement. The track is considered as a
“good one” if - -
Etrack E LAr expect.
Etrack = Etrack ©)
The Fig. 9 shows the relative resolutions of the track compared to the LAr expectation. We
observe that the tracker measurement is better up to 12 GeV for forward tracks, 25 GeV for

5A muon is isolated if the calorimeter energy in a cylinder around the extrapolated muon track @eV
(cylinder radius of 35 cm in electromagnetic, 75 cm in hadronic LAr section) and if there is no other selected track
in a cone of radiug?, _, = 0.5.
An electron is |so|ated if the calorimeter energy not attributed to any other identified electron in a cone around
the electron of radiug, _, = 0.5 is less than 3 % of the electron energy. All SpaCal electrons are considered as
isolated.

11
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Figure 9: Relative resolution of the different types of tracks compared
to the LAr expectation.

central tracks and about 13 GeV for combined tracks. We also observe that the error of the track
measurement is reasonably well described by the MC, at least up to the turnaround energy.

To also optimise the global energy measurement, selected charged tracks are ordered by
increasingPr, in order to associate first the clusters to the well measured?etwacks. Then
the algorithm do a loop over selected tracks and for each track test thedEand try to
associate calorimetric clusters to the track.

3.2 Track measurement preferred

If Eq. (9) is true, the track measurement is used to make a particle candidate. In this case the
calorimetric energy has to be suppressed to avoid double counting. Each track is extrapolated
up to the surface of the calorimeter as an helix, and inside LAr as a straight line. The calori-
metric energyEe inqer IS cOmputed as the sum of all clusters in the overlapping volume of a
67.5 cone and two cylinders of radius 25 cm in the electromagnetic part of LAr and 50 cm
in the hadronic part (see Figl0). This volume will be referred hereafter as the “cylinder”.
The numerical values are such that the cylinder reasonably contains the full hadronic shower.
Small variations of these values do not lead to significant changes in the performance of the
algorithm.

Then the track energy¥;,.... is compared to the calorimetric energy inside the cylinder

12

Figure 10: The axis of the cone and the cylinders is the straight line
extrapolation of the particle trajectory into the calorimeter. The dis-
tance of closest approactic¢) of a cluster is defined with respect to
this line. This drawing is courtesy of A. Perieanu.

Ecyiinder, taking into account possible fluctuations of both measurement within their standard
error$ and if

2
OBy aen or\?
Eotinder < Emaere % |14 1.96 ] ( ZEerect | 4 (—) 10
cylinde track \/( Etrack E LAr expectation ( )

an amount of calorimetric energy,,pressea €qual toE.,;nq., has to be suppressed completely.
Otherwise only an amount of energ¥;uppressecd = Eiracr 1S suppressed. Clusters are sup-
pressed one after the other by increasing and up to the needed energy. To reach the exact
Euppressea €NEIYY, Some clusters may be only partially removed and their energy is adjusted.
The meaning of Eq. 10) is the following: the calorimeter measurement may have fluc-
tuated, but the well measured track give a constraint on the amount of energy coming from
charged particles; so we discard all the calorimeter measurement except if the observed fluctu-
ation is above 95 % C.L. of the error. If EQLQ) is false the energy differendg.,;;.ger — Eirack
is assumed to originate from neutral particles or other charged tracks. So it is a way of decid-
ing whether there is additional energy not belonging to the primary track or not without always
believing the upward fluctuations of the LAr energy measurement.

3.3 Calorimetric measurement preferred

If Eq. (9) is false then the energi€$.iq.- andEy,q., are compared and if

Etrack € [Ecylinder —1.96 UEL._,MHJCM Ecylinder +1.96 UEC,’,l,nde,»] (11)

SThis feature of the algorithm was suggested by K. Daum
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Figure 11: Example: behaviour of the Hadroo2 algorithm given three
starting situations involving tracks and clusters. On the first line, a
10 GeV track measured with a 4 % accuracy is kept (EBj) gnd all

the calorimetric information is removed (Ed.Qj). On the second line
the track information is still kept, however the cylinder energy of 15
GeV is determined to contain a neutral component (following the Eq.
(10)) and only the track energy is subtracted. On the third line the track
is not well measured (15 % accuracy) and the calorimetric information
is used.

(with 0,4, = 0.5¢/Eecyiinaer) the track energy is considered to be compatible with the
calorimetric deposit and the calorimetric measurement is used to define a particle candidate.
Otherwise, if

o Etrack < E‘cylmderfl-g(3 OF
is subtracted as in Se8.2

, the track measurement is used and calorimetric energy

cylinder

® Eiack > Eeylinder +1.96 05 , the track is suppressed and an hadron is defined using

cylinder

14

the calorimetric clustefs

Indeed, when the compared energies are compatible, the hadrons are well measured but most
of the time the measurement of the calorimeter is more accurate. When the track energy is
much larger than the calorimeter energy, it is most of the time due to a bad measurement of an
high Pr track.

3.4 Treatment of residual clusters

Once all the tracks have been treated, particles candidates are made out of remaining clus-
ters using the calorimetric energies. The momentum of these clusters is rescaled to obtained
massless particles. Thes particles correspond to neutral hadrons with no associated track or to
charged particles with a badly measured track.

4 Comparison with other HFS algorithms

The main kinematic variable used in the next sections are defined using the hadronic and
double-angle methods. The total hadronic transverse momeRfusdefined by

ne () (27) ”
h h

where the summatioh extends over all reconstructed hadrons at®®S level. The quantity
0, andds; stand for the hadronic inclusive polar angle calculated respectively with the hadronic
and positron variables using:

>on(En = Pzn)

tan(0,/2) = P
h

(13

and
2E§ — (Ee — Pz,)

Py
whereEs, E., Pz, and Py are respectively the energy of the incident positron, the energy, the
longitudinal and transverse momenta of the scattered positron.

The total transverse momentuR§“ is calculated using the double angle method from the
angles of the positron and of the hadronic system:
2F¢

Oe an %
tan % + tan 3

tan(6/2) = (14)

Pt = (15)
The Pr balanceP}" stands for the ratio of the hadronic transverse momentum and the
double angle transverse momentum:
Pl

pht = T (16)
T p

“Note that technically the four-vector of the particle candidate associated to the track is changed using the
calorimeter informations. Only if there is no calorimetric energy behind the track, its particle candidate four-
vector is set to zero.
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In this note the following area depicted on Fig2 will be used. It is an angular division
roughly named after the corresponding calorimeter wheels.

CBI
FB CB3 CB2
\ /
OF \ 5
A [ﬂzﬂ—"’ BBE
IF2 BBE
IF1
IF1 IF2 OF FB CB3 CB2 CB1 BBE
7°-10° | 10°-15° | 15°-30° | 30°-55° | 55°-80° | 8(°-11C° | 110°-135 | 135°-155

Figure 12: Definition of the different areas of the LAr calorimeter
defined for the HFS calibration.

In the past, several other approaches for the reconstruction of the hadronic final state have
been used. For inclusive high? analysis, algorithm using only calorimeter information has
been used — this is referred here as the “clusters only” algorithm. This suffers from the draw-
back that lowPr tracks component is not included in the HFS reconstruction and is therefore
missing.

The widely used FSCOMB algorithm has been one of the first attempts to combine tracks
and clusters, but tracks were only considered a8 of 2 GeV. In FSCOMB the subtraction
also is done in such a way that only, ., is suppressed, and nevei,q... So there is no
equivalent to Eq.10) and the energy measurement of LAr is always trusted.

4.1 Composition in tracks and clusters of the HFS particles

Figure13 shows the relative contribution of clusters/ for neutral current (NC DIS) events
with only one jet and for data and MC events. The details of the event selection used here are
given in Sec.5.2 The fraction of tracks is then the complement to one of the cluster fraction
presented in Figl3.

A clear pattern of dependencies upBff andé;., appears. We see that first, the contribu-
tion of tracks is decreasing when the transverse energy of the jet is increasing. This is consistent
with the fact that more clusters are chosen at high energies. The main dependency is the one
with respect tdf;.;. Forf;.; < 15° the forward and combined track contributions are rather
low, and the HFS patrticles are clearly cluster-dominated by about 80 %. In the OF region the
central track contribution starts to play a role and the cluster contribution decreases. At the
end, the cluster contribution in the central region is around 40 %. We can also observe that

8When the algorithm was developed, hig tracks had not been extensively studied.
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Figure 13: Fraction of the total hadroniB; due to clusters for highp?
NC DIS one jet events, as a functionéf; andPge. Data are presented
using solid circles and MC with open circles.

the contributions of tracks and cluster in the data are reasonably well described by the MC, as
expected from the good description of the track relative resolution as shown ifi. Fig.

Figure14is a comparison of th&*(0;.,, Pi*) = Ph/Pf for the same higt)> NC DIS
one jet sample reconstructed with different algorithms. No cluster calibration is applied. In
almost all calorimeter wheels, a 10 % shift of tRE* mean values of the Hadroo2 algorithm
is observed due to the different weighting scheme used (see &&cl). On this plot the
contribution of tracks is clear, already for the OF region: B¢ is much flatter with respect
to Pde. In the IF1 and IF2 regions, where track contribution is negligible, all/#f have a
similar shape.

4.2 Resolution

The evolution of P distributions as a function aP{® andé,,, for FSCOMB and Hadroo2
algorithms are compared in Fig.5. The evolution of mean values &% distributions are
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Figure 14: Comparison of the?’* = Pk/Pd* dependency upofde
for different HFS algorithms: FSCOMB, Hadroo2 and clusters only.

depicted on the left figures while the right figures present the evolution of the relative resolution,
defined asr(P2)/ < Pt >. NC DIS events with only one jets have again been used (see
Sec. 5.2). The mean values corresponding to the Hadroo2 algorithm are shifted down by
~ 10 % due to the weigthing scheme used. Nevertheless the resolution obtained with the
Hadroo2 algorithm is comparable to FSCOMB and even better in the backward region of the
LAr calorimeter.

Further improvement of the resolution can be obtained by combining the Hadroo2 algo-
rithm with the new energy weighting scheme for hadronic clusters proposed &h [This
is displayed by blue points on Figl5. We can observe that the resolution is improved in
all regions of the calorimeter and especially in the central part of the barrel and for 10 GeV
< Pf* < 20 GeV. The evolution of the mean values Bf* as a function ofP{ is also flat
using this new weighting. Therefore it is planned to include this new energy weighting in next
developments of the HFS finder.
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Figure 15: Evolution of mean values (left figures) and relative resolu-
tions (right figures) of?%! as a function of?% and¢,, for FSCOMB
and Hadroo2 algorithms. The influence of the “new weighting's]
(blue dots) is also presented.

5 Jet Calibration procedure

This section is devoted to the calibration of jets for high inclusive measurements. The
knowledge of the absolute energy scale and its error is a key point for lots of analyses, ranging
from searches and “exotic” analyses where we want to reconstruct an invariant mass, to jets and
inclusive physics where the understanding of the error on the hadronic energy scale is crucial.
This is especially true for the Charged Current analysis where all the kinematics variables are
reconstructed using the HFS.

5.1 The principle of calibration

Once the hadron finding algorithm has been fully specified, a suited calibration procedure can
be applied. The selected tracks are already calibrated and the calibration procedure must not
change their energy. In figutes we observe that th&® mass peak obtained with the default
H1PartKOFinderhas an accuracy better than 1 %.

The aim is therefore to perform a jet calibration but only changing the energy of calorimeter
clusters. The method of jet calibration used here is derived ficin The reference quantities
used for the calibration are determined with the double angle kinematics. The hadronic trans-
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verse momentum determined with this method is independent of the LAr energy calibration

to a good approximation. The calibration is said toasoluteif the measured? caincides

with the Pie (see Sec4 for definition of the variables). The use of the double angle method

as a reference has several consequences: first, the calibration sample chosen to determine the
calibration constants must be such that ftf¢ measurement is well under control. Secondly

this method does not rely on MC which is separately calibrated and no relative calibration is
needed. Finally the method is also independent of the electron calibration.

5.2 Determination of the calibration constants

The event sample used to determine the calibration coefficients is defined by the following
selection:

e Good quality selection (High Voltage, Vertex, background findetd,
o ()2 >100GeV?,

o 1 electron withPg > 10 GeV,

e only one jet,

¢ good P{* measurement cuts:

— Anti ISR cutPg/Pfe > 0.88

— Anti leakage cuts Egpoca/ Eiota < 1%
_ Pﬁ”ac“l/P},‘”’“’ <1%

— Eiron/ Erotar < 1% or Pro" [ Pietat < 1 %

— df = |Opea — 0| < 1.5. This cut was shown to improve the double angle mea-
surement at lowP}" andé;.; (see [.7)).

20

mean = 1.008
F RMS =0.031

mean = 1.016
| RMS =0.067

before cuts after cuts
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0506070809 1 1.11.21.31.415 0506070809 1 1.11.21.31.415

da, o gen d gen
PP, PIP,

Figure 17: Pfe/ P4 distributions before and after having applied the
good double angle measurement cuts. The bidgeto higher values
due to QED ISR is significantly reduced by these cuts.

The figurel7 shows the ratid’ie/ Py before and after the gooB® measurement cuts
for high Q? neutral current MC.

The improvement of thé* measurement is clear, especially the bias offfieto larger
values (due to initial QED radiation) is significantly reduced. Hence we can say that the double
angle measurements are well under control. Note that no cut on the hadronic energy is used,
because indeed such a cut would bias the distributions used to calibrate. In these one jet events
the hadronic final state is entirely contained in a single material region of the LAr and we have
an approximation of the difference between the tfueof the jet (approximated aB¢*) and
the response (or lack of response) of the detector.

The evolution of mean values @¥* distributions uponPg® — called Fyu; — is fitted
separately for severélregions. The functional form used for the fit is

Fyppaa(Pf*) = Ag(1 = exp™ =01 an

The P! distributions and the result of the fit are shown in Fig-

During the calibration procedure described in the next section each jet will then be corrected
by this factorF,.,;. But, as these coefficients are determined using an Riglyreater than 10
GeV) selection, the extrapolation 6f;;. to low Pr jets cannot be reliably trusted. Therefore,
only jets with P > 4 GeV will be calibrated with this method. In very forward region,

0, < 7°, affected by leakage in the beam-pipe no absolute calibration can be reasonably
applied too. Jets reconstructed in the SpaCal calorimeéfer 155°) are also not calibrated.

In order to also calibrate remaining hadrons which are not part of a jet, or in jets not cal-
ibrated usingF., the dependence of the mis-calibration is also determined as a function of
65, only, as presented in Fid.9. This will be use to determine calibration coefficierfits for
eachd bin as defined in Figl2. The coefficientdy will be applied to all remaining hadrons,
separately for data and MC to perform an absolute calibration, except in the éegion < 7°
where a relative calibration is applied. Here only data events will be calibrated, to bring the
response of the LAr calorimeter to the one simulated in the MC.
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Figure 18: Evolution of the mean values of tH&! distributions with

Pge for the calibration sample in the differeéy,, regions. Solid and
open circles stand for the data and MC, respectively. The plain and
dashed lines are fits of the functional form of Efj7)to data and MC
points, respectively. This example is for 1999p-2000 data and RAP-
GAP Monte Carlo.

5.3 Application of the calibration

In a first step all hadrons in jets will be calibrated, jet by jet. As the calibration should be
applied only to clusters, we have to disentangle for each jet hadrons reconstructed from tracks
and from clusters. For each jet we can define the fractioR/6f carried by clusters before
calibrationC.,;, as

Pynealibrated clusters

Cas = (18)

tracks uncalibrated clusters
Pirecks 1 Py

The fraction ofP,j.“ carried by tracks is the complemet— C,;;). Note that here the fraction
C, is an approximation because it is determined before any calibration of the energy of clus-
ters. If ;4 is the absolute correction defined in Séc2it is easy to see that the correction
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Figure 19: Mean values of?}! distributions for each LAr wheel (left
figure), for data (solid circles) and MC (open circles). The ratio be-
tween data and MC points is presented in the figure on the right. This
example is for 1999p-2000 data and RAPGAP Monte Carlo.

factor f we need to apply only to all clusters in the jet is given by
1 — Fypa x (1 = Cyy)

’ Fopar X Ces

(19)

For each jetF,;, which was determined as a function @fand P (Eq. (17)) will be
calculated using instead the mean polar angle of thjeand its transverse momentuﬁf"’.
IndeedP{ can not be used now as, for a general selection, the double angle measurement may

not be reliable and the total transverse momentum can be also shared between different jets.

In order to have an approximation of the “true” transverse momentum an iterative procedure
is used. The uncalibratel,” is used as the argument in EQ.7| for a first approximation of
f. The resultin ;{f’t' is then used to compute the finAlused to calibrate. For each jet the
calibration is performed by multiplying the cluster energy by fhiactor. Then in order to be
consistent with thé jet kinematicsp;.., ., P3" are properly recomputed and the final jet is
massless.

The jets are not calibrated " < 4 GeV or¢’¢ < 7° or ¢ > 155°. The total hadronic
final state can be decomposed in hadrons belongings to calibrated jets and remaining hadrons:

PHFS,Uncalibratsd = § F’jeti,b’ncalibrated + PHFS,not in jet (20)
i

where Py pg notin jer the part of the HFS not in jets brings a negligilite contribution in high
Q? eventS. In a second StePy rs.not in jer Will be calibrated using), coefficients depending
on the polar angle of each hadrép.q.... All cluster hadrons will be absolutely calibrated,
except forb.aron < 7° Where the calibration is applied only to data events udiggr,. =
Dgate, / D)IS,. The total calibrated hadronic system is then obtained with:

PHFS,Ca!z‘brated = § Ijjeti,Calibrated + PHFS,not in jet,calibrated (21)

i

%In the theoretical prescription implemented in the jet findef] pne end with nothing but only jets in the
HFS. However as it is not really reliable to go down to arbitrary Bwa cut ofP%“"’ > 2.5 GeV is introduced
for the writing of jets onuODS.
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Note that all the calibration coefficients determined here are specific both to Hadroo2 and to
the kt jet algorithm.

9000 9000,

8000 E Data: mean = 0.855, = 0.132 8000§ Data: mean = 0.995,6 = 0.128
= MC: mean = 0.884,0 = 0.134 = MC: mean = 0.996,¢ = 0.126
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Figure 20: P}/ Pde distribution for one jet events, before (left) and af-
ter (right) the application of the jet calibration. The mean andlues
are obtained using a Gaussian fit to the central part of the distributions.

5.4 Tests of the Calibration
The tests are performed with a much larger event sample, requiring the following set of cuts:

e Good quality selection (High Voltage, Vertex, background findets,
e Q2> 100 Ge\?,

o 1 electron withPf > 10 GeV,

PP/ Pg > 0.35,
e AntiISRcut), (E — Pz) > 42 GeV,

e 0;; > 7°, this ensures that the jets are well contained in the calorimeter acceptance.

Now a totalE' — Pz cut is allowed to reduce the effect of ISR. This different set of cuts will
allow to check that the method does not depend on the selection used for the determination of
the coefficients. Different NC DIS event sub-samples containing only one, two and three jets
will be used for the tests. The two and three jets event samples are independent from the events
used for the calibration and therefore provide good tests.

5.4.1 One jet check sample

First the tests with a one jet check sample are performed on 1999p-2000 data and an NC DIS

Monte Carlo events generated using RAPGAP. The calibrated and uncalititedtistribu-

tions are presented in Fig0. The distribution is now centered at one and the width is reduced.
The evolution of the mean values B85 distributions as a function aPZ* and¢ is pre-

sented in Fig21. The ratio P (data)/ P2 (MC) is also shown. It is well described within

2 %.
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Figure 21: Mean of theP}/ P« distributions (upper figures) and the
ratio P2 (data)/ Pt (MC') (bottom figures) as a function d@#* and
o5, for one jet events, before and after calibrations.

5.4.2 Two and three jets check sample

Especially for cross section measurements of highjets, the minimisation of the hadronic

scale uncertainty, and therefore the optimisation of the jet calibration, is necessary. The uncor-
rected and correcte®?! distributions are presented in Fig2. Again, after corrections the

data and MC agreement is improved and the absolute momentum balances are centered around
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two and three jet events.
The results obtained with a two jet sample show that the ovétabalance is centered

Uncalibrated Calibrated

o o 4
around 1.0 and that the systematic shift does not exceed 2 %. We can observe that the absolute 2 E ,
hadronic scale is obtained within 2 % after coorection, for the data and the MC. The systematic 3 I
uncertainties are also of the order of 2 % in all #P#¢ and¢; ranges. g g .
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With the inclusive check samples which has a larger statistics, the calibration can be tested as Y (GeV) P (GeV)
a function of P4 and# at the same time. The mean values of corrected and uncorrBgted ) o )
distributions as a function dPy* andg; are presented in Fi@5. This example shows, on data Figure 23: Mean of theP}:/ P distributions (upper figures) and the
event only, the effect of the jet calibrations. We can observe that after correction the absolute ratio Py (data)/ Py (MC') (bottom figures) as a function @?* and
hadronic energy scale is well obtained within 2 %. The effect of the jet calibrations on the 0y, for two jets events.

agreement between data and M distributions is displayed in Fig26. One can see that
again after having applied the calibration, the systematic error is well contained within 2 % in
all P bins of eaclt region.
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Figure 24: Mean of thePy:/ Pge distributions (upper figures) and the
ratio P2 (data)/ Pt (MC') (bottom figures) as a function d#* and
oy, for three jets events.
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Carlo.
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5.5 Resolution improvements

Using the inclusive check sample, we can verify the effect of the hadronic calibrations on the
resolution of theP} measurement. The evolution of the relative resolutiofi3®*)/ P2 as a
function ofg¢ and P¢* is presented in Fig27. The resolutions are calculated before and after
the application of the jet calibration. In general, the relative resolutions are improved by the
calibrations.
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Figure 27: Evolution of the relative resolutions, calculated before and
after applying the jet calibrations, as a functionéf(left) and P
(right). The effect on data and MC is presented in upper and bottom
figures, respectively.

5.6 Practical implementation in analysis: how to use it ?

This section will be devoted to give an example of the use of the actual jet calibration available
in theH1JetCalibrationpackage into an H1OO analysis. Indeed the reconstructed hadrons and
jets available onODS are not presently calibrated and each user has to apply by itself the jet
calibration in his own analysis. We should here stress that this calibration was only developed
for high P jets (greater than 10 GeV) and high inclusive analyses? > 100 Ge\#) and it
can not be guaranteed that this calibration is working also or(Jéwvents.

The jet calibrations should first be initialised at the beginning of your job (before entering
in the event loop) using:

HlJet Cali bration* JetCalib = new HlJetCali bration;
Jet Cal i b->| ni t Hadr 002Kt Jet Cal i brati on( (i nt)RunYear,
(int)RunType);
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TheRunType has to be 0 for data and 1 for MC. The available run period&iorYear are
defined as 96-97 = 3, 98-99 =4, 99-00 = 5 and 03-04 = 7.
Then inside the event loop, each event has to be calibrated by calling:

Int_t nJets=MbdsPartJet.GetEntries();

Fl oat _t fPthCalib=0;

Fl oat _t fGammahCal i b=0;

Fl oat _t fEnpzhCal i b=0;

TLorent zVector* jetscal = new TLorent zVector[nJets];

TLor ent zVect or HadCal Tot Vec=
Jet Cal i b- >Cet Hadr 002Kt Jet Cal i brati on(fPthCali b,
f GammahCal i b, f EnpzhCal i b, j etscal);

delete [] jetscal; //--- after having used it

whereHadCal Tot Vec is the four-vector of the calibrated hadronic final statet hCal i b
the calibratedPy, f GanmahCal i b is 6, after calibration and EnpzhCal i b the E — Pz
of the hadronic system. The calibrated four-vectors of all jets in the events are provided in the
arrayj et scal (note that the user has to take care of deleting properly this array).

The totalE— Pz and missing transverse momentéfi‘s of the eventEpz andPt i ss,
respectively) can be re-calculated by adding all isolated identified electrons and muons to the
total HFS four-vector with:

TLorent zVect or Tot al Vec=HadCal Tot Vec;
HlPart EmArrayPtr MbdsPar t Em
HlPart MuonArrayPtr MdsPart Mion;
for(lnt_t i=0;i<MdsPart Em >GetEntries();i++)({
i f(ModsPart Enfi]->Islsol atedLepton())
Tot al Vec+=ModsPart Enfi]->Get Four Vect or () ;
}
for(lnt_t i=0;i<MdsPartMion->CGetEntries();i++){
i f(ModsPartMion[i]->lslsol atedLepton())
Tot al Vec+=ModsPart Muon[i ] - >Get Four Vector () ;
}
Fl oat _t Epz=Tot al Vec. E() - Tot al Vec. Pz();
Fl oat _t Ptmi ss=Total Vec.Pt();

The hadronic kinematic variables can be also re-calculated:

Eh = HadTot Vec. E();

Pzh = HadTot Vec. Pz();
Pth = HadTot Vec. Pt ();
Phh = HadTot Vec. Phi () ;

if (Pth>0) Thh = 2*TWMat h:: ATan( ( Eh- Pzh)/ Pt h);
Ganmmah = Thh;

yh = (Eh-Pzh)/(2*GenPl);

@h = (Pth*Pth)/(1-yh);

i f(yh!=0) xh = Qh/(yh*GenS);

32

as well as the kinematic variables from the double angle method:

Qda = 4*pow GenPl, 2) *si n( Ganmah) *( 1+TMat h: : Cos( The))
/ (TMat h: : Si n(Ganmah) +TMat h: : Si n( The) - TMat h: : Si n( Garmah+The) ) ;

xda = (GenPl / GenPp) *( TMat h: : Si n( Ganmah) +TMat h: : Si n( The)

+TMat h: : Si n( Gammah+The) ) / ( TMat h: : Si n( Ganmah) +TMat h: : Si n( The)

- TMat h: : Si n( Gammah+The) ) ;
yda = Q@da / (xda*GenS);
Ptda = 2*GenPl / (TMat h: : Tan( The/ 2) +( (Eh- Pzh)/ Pt h));
Eda = 2*GenPl *si n( Ganmah) / ( si n( Gammah) +si n( The) - si n( Gammah+The) ) ;

whereThe is the polar angle of the scattered electron @eaPl = 27.598 andGenPp =
919.971 the energies of the incoming lepton and proton beams, respectively.

6 Conclusion

Along this note the motivations and details implemented in the actual Hadroo2 HFS finder have
been described. Firstly the distortion in the measurement of the kinematic variables in the low
y region was investigated. Inspired by previous FORTRAN implementations, dedicated noise
suppression algorithm have been implemented into Hadroo2 to correct this distortion. Detailed
checks have shown that these algorithms are working properly and that no signal important

to exclusive analyses is suppressed. In a second part, details of the Hadroo2 algorithm and
the way track and clusters measurements are chosen and combined were explained. Results

of comparisons of Hadroo2 with other HFS reconstruction algorithms were presented. They
show that Hadroo2 improves effectively the HFS reconstruction and the resolution, especially
in the highPr domain. Finally, the method of jet calibration availabléihJetCalibrationwas

presented. This calibration is applicable for any event samples provided the transverse momen-

tum of either the scattered electron or the hadronic system is larger than 10 GeV. It is available
for all running periods, from 1994 to 2004 and checks have shown that the absolute hadronic

scale is reached within 2 % and that the systematic errors are of the order of 2 %. Concerning

future developments of the HFS reconstruction, it was shown that the application of the new
weighting scheme presented in §] can help for additional improvement of the resolution.
Work is also ongoing to extend the actual hadronic calibrations to all events, includir@?low
ones and to apply it directly to eagi©DS hadron.

33

ZooJpeH :Q(Q Ul UOI1DNJIISUODDY DdIUoIpeH Jo) WyIIoS|e Mo ASIaus Uy -  axauuy

g8



References

[1] M. Peez, “Recherche deédliations au Model Standard dans les processus de
grandeénergie transverse sur le collisionnedlectron - proton HERA", Ph.D. the-
sis, Universié de Lyon (2003), DESY-THESIS-2003-023. (available at http://www-
hl.desy.de/psfiles/theses/).

[2] M. Ridel, “Reconstruction of the energy flow and search for squarks and gluinos
in the DO experiment. (In French),” FERMILAB-THESIS-2002-08 (available at
http://www.slac.stanford.edu/spires/find/hep/www?r=fermilab-thesis-2002-08).

[3] G.M. Briskin, “Diffractive Dissociation irep Deep Inelastic Scattering”, DESY-THESIS-
1998-036.

[4] QHQTRK manual, (Heavy Flavor Working Group track selection code by Lee West).
[5

—

I. Abt et al.[H1 Collaboration], “The H1 detector at HERA,” Nucl. Instrum. Meth386
(1997) 310.

[6] S. Hellwig, “Untersuchung deb* — =,;,,, Double Tagging Methode in Chamanalysen”,
Diplomarbeit, Universit Hamburg (2004).
(available at http://www-h1.desy.de/psfiles/theses/).

[7] C. Issever, K. Borras, D. Wegener, “An Improved Weighting Algorithm to Achieve Soft-
ware Compensation in a Fine Grained LAr Calorimeter”, H1-03/03-608.

[8] M. Ellerbrock, “An Improved Weighting Algorithm to Achieve Software Compensation in
a Fine Grained LAr Calorimeter”, Ph.D. thesis, Phys. Inst. der Univ. Heidelberg, DESY-
THESIS-2004-015. (available at http://www-h1.desy.de/psfiles/theses/).

[9] E. Chabertet al, “QBGFMAR, an updated PHAN package for cosmic and halo muon
topological rejection in highPr physics analysis”, H1-11/98-556.

[10] C. Veelken, “H1NonepBgFinder - Rejection of cosmic muon and beam-halo events in the
H100 framework”, H1-09/02-603.

[11] J. Cao and Z. Zhang, “Towards an Unbiased Measurement of Kinematic Variables at Low
y Region”, H1-12/99-580.

[12] M. Jacquet, Z. Zhanet al., “Absolute hadronic jet calibration of the H1 Liquid Argon
calorimeter”, H1-04/99-571.

[13] S. D. Ellis and D. E. Soper, “Successive Combination Jet Algorithm For Hadron Colli-
sions,” Phys. Rev. @8 (1993) 3160, [arXiv:hep-ph/9305266].

34

98

Zo0JpeH Q) Ul UOIIDNJIISUODDY DIUoIpeH Joj WylioS|e moj} ASIsus uy - \ axauuy



Annexe B - First Measurement of Charged Current Cross Sections at HERA with Longitudinally
Polarised Positrons 87

Annexe B

First Measurement of Charged Current
Cross Sections at HERA with
Longitudinally Polarised Positrons

A. Aktas et al. [H1 Collaboration],
Phys. Lett. B 634 (2006) 173,
arXiv:hep-ex /0512060

Abstract

Data taken with positrons of different longitudinal polarisation states in collision with
unpolarised protons at HERA are used to measure the total cross sections of the charged
current process, e*p — 77X, for negative four-momentum transfer squared Q2 > 400 GeV?
and inelasticity y < 0.9. Together with the corresponding cross section obtained from the
previously published unpolarised data, the polarisation dependence of the charged current
cross section is measured for the first time at high Q? and found to be in agreement with
the Standard Model prediction.



1 Introduction

In autumn 2003 the HERA accelerator started operation o$¢tetend phase of itg collider
programme. The™p data collected by the H1 and ZEUS experiments since then taken
with a longitudinally polarised positron beam for the fiisté. Measurements of deep inelas-
tic scattering (DIS) with polarised leptons on protons\allie parton distribution functions
(PDFs) of the proton to be further constrained through jeaéion asymmetries [1] and specific
tests of the electroweak (EW) parts of the Standard Modeé¢tpesformed [2, 3]. In particular,
the measurements presented here extend the tests df the structure of charged current
interactions from lowQ)? [4] into the highQ? regime, where)? is the negative four-momentum
transfer squared.

At HERA DIS proceeding via charged currents (C€),— v X, and neutral currents (NC),
ep — eX, can be measured accurately [5, 6]. The polarisation degrexedof the CC and NC
cross sections is fixed within the Standard Model framew8Bpecifically, the Standard Model
predicts, from the absence of right handed charged currdrasthe CCe™p cross section is
directly proportional to the fraction of right handed pewits in the beam.

In this paper first measurements of the charged currentdotab sectionss(s, are reported
for two values of longitudinal polarisatio®, = (Ng — N..)/(Ng + Ny), with N (V) being

the number of right (left) handed positrons in the beam. Tdreesponding data sets are termed
the R and L data sets respectively. THedata set has a luminosity weighted mean polarisation
value 0f(33.6+0.7) % and an integrated luminosity value2#.94-0.6 pb~'. The corresponding
numbers for the, data set aré~40.2+1.1) % and20.740.5 pb™". In both data sets the incident
positron beam energy .5 GeV, whilst the unpolarised proton beam energ948 GeV. This
yields a centre-of-mass energy ¢gf = 318 GeV.

The measurements presented here, as well as the correspard obtained using the pub-
lished unpolarised data, are compared to Standard Modetexons and a linear fit g5 as

a function of P, is performed. The result of the fit is used to derive a crossaetor a fully
left handed positron beam corresponding’o= —1.

2 Charged Current Cross Section

The measured double differential CC cross section forgioltis of polarised positrons with
unpolarised protons, corrected for QED radiative effatiay be expressed as

d®occ
d2dQ?

=(1+P) G [ My

2
W VT — 2T ) cc
MLZV+Q2} (YeWs =YWy — " W) - (14005, (1)

dmx
wherez is the Bjorkenz variable andy characterises the inelasticity of the interaction. The
Fermi constantG'y is defined [7] using the weak boson masses. Other quantiti&si(1)
include My, the mass of thél” boson,IW,, W5 andW,,, CC structure functions, ani{, ,

the weak radiative corrections. The helicity dependenééseoweak interaction are contained
in Y. =1+ (1—y)? Inthe quark parton model (QPM), whelié, = 0, the structure functions

4

W, andzW; for e p scattering may be expressed as the sum and difference ofieitk gnd
anti-quark momentum distributionsg(x, Q%) andzg(x, Q?):

Wy = o T+c+d+s), @
Wi = z(-u—c+d+s). 3)

The total cross sectioms., is defined as the integrated cross section in the kinemegiom

Q* > 400GeV? andy < 0.9. From Eq.(1) it can be seen that the cross section has a linear
dependence on the polarisation of the positron b&anfror a fully left handed positron beam,

P, = —1, the cross section is identically zero in the Standard Model

3 Experimental Technique

At HERA transverse polarisation of the positron beam arisgsirally through synchrotron
radiation via the Sokolov-Ternov effect [8]. R000 a pair of spin rotators was installed in
the beamline on either side of the H1 detector, allowingsversely polarised positrons to be
rotated into longitudinally polarised states and backragahe degree of polarisation is con-
stant around the HERA ring and is continuously measuredyusio independent polarimeters
LPOL [9] and TPOL [10]. The polarimeters are situated in bia@sections in which the beam
leptons have longitudinal and transverse polarisatiospsaetively. Both measurements rely on
an asymmetry in the energy spectrum of left and right handedlarly polarised photons un-
dergoing Compton scattering with the positron beam. ThelTP®@asurement uses in addition
a spatial asymmetry. The LPOL polarimeter measurementssae when available and TPOL
measurements otherwise.

The H1 detector components most relevant to this analysitharliquid argon (LAr) calorime-
ter, which measures the positions and energies of chargedeartral particles over the potar
angular rangé® < 6 < 154°, and the inner tracking detectors, which measure the aaglés
momenta of charged particles over the rafigec 6 < 165°. A full description of the detector
can be found in [11].

Simulated DIS events are used in order to determine acasptarections. DIS processes are
generated using the DJANGO [12] Monte Carlo (MC) simulagiwagram, which is based on
LEPTO [13] for the hard interaction and HERACLES [14] for glia photon emission and vir-
tual EW corrections. LEPTO combiné¥ «,;) matrix elements with higher order QCD effects
using the colour dipole model as implemented in ARIADNE [1Bhe JETSET program [16]
is used to simulate the hadronisation process. In the ewsrgtion the DIS cross section is
calculated using the H1 PDF)00 [5] parametrisation for the proton PDFs.

The dominantp background contribution arises from photoproduction psses. These are
simulated using the PYTHIA [17] MC with leading order PDFg fae proton taken from
CTEQ [18] and for the photon from GRV [19]. Further backgrdsrirom NC DIS, QED-
Compton scattering, lepton pair production, prompt ph@aduction and heavy gauge boson
(W#*, 2% production are also simulated; their final contributioie analysis sample is small.
Further details are given in [5].

The polar anglé is defined with respect to the positiveaxis, the direction of the incident proton beam.

5
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The detector response to events produced by the generatignams is simulated in detail
using a program based on GEANT [20]. These simulated eveathan subjected to the same
reconstruction and analysis chain as the data.

The selection of CC interactions follows closely that of fireviously published analysis of
unpolarised data from H1 [5] and is briefly described beloWwe TC events are characterised
as having large unbalanced transverse momentgm, attributed to the undetected neutrino.
The quantityP;., is determined fromPr, = /(> psi)2 + (3, py.i)?, Where the summation
is performed over all particles of the hadronic final statde hadronic final state particles
are reconstructed using a combination of tracks and caétendeposits in an energy flow
algorithm that avoids double counting [21].

The CC kinematic quantities are determined from the hadamatstate [22] using the relations
Eh — Pzh 2 Piz"h

gy = D Peh - -
2B, Py Syn’

4)

whereE), — p., = >_,(E; — p.;) andE, is the incident positron beam energy.

NC interactions are also studied as they provide an accaratehigh statistics data sample
with which to check the detector response. The selection@fiideractions is based mainly
on the requirement of an identified scattered positron inL#hecalorimeter, with an energy
E! > 11 GeV. The NC sample is used to carry outiarsitu calibration of the electromagnetic
and hadronic energy scales of the LAr calorimeter using te¢hod described in [5]. The
hadronic calibration procedure is based on the balancesdfaéinsverse energy of the positrons
with that of the hadronic final state. The calibration pragedgives good agreement between
data and simulation within an estimated uncertaint9%f

In addition, NC events are used for studies of systematiemainties in the charged current
analysis. The data are processed such that all information the scattered positron is sup-
pressed, providing the so-callpdeudo-CGample [21, 23, 24]. This sample mimics CC inter-
actions allowing trigger and selection efficiencies to beoked with high statistical precision

and independently of the MC simulation.

4 Measurement Procedure

Candidate CC interactions are selected by requiftfng > 12 GeV and a reconstructed vertex
within 35cm in z of the nominal interaction point. In order to ensure highcefficy of the
trigger and good kinematic resolution the analysis is rrtlestricted to the domain 6f03 <

yn < 0.85. Theep background is dominantly due to photoproduction eventsylirch the
scattered positron escapes undetected in the backwardidir@nd transverse momentum is
missing due to fluctuations in the detector response or entet particles. This background
is suppressed exploiting the correlation betwéen and the ratid/,, /V, of transverse energy
flow anti-parallel and parallel to the hadronic final statmsiverse momentum vector [21, 23,
24]. The suppression cuts are different for fhand L data sets as the relative photoproduction
contributions differ in the two samples. The residaalbackground is negligible for most of
the measured kinematic domain. The simulation is used tmats this contribution, which is
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subtracted statistically from the CC data sample. Nptackground is rejected by searching
for typical cosmic ray and beam-induced background evgritmies [21, 23, 24]. The findt
(L) CC data sample amounts£0700 (~ 200) events.

The Pp), and £, — p. distributions of the selected events are shown in Fig. la ke R
sample and in Fig. 1c,d for the sample. The simulation provides a good description of the
data. The contribution of background photoproduction psses is small and has the largest
influence at lowPr,.

Events withQ7 > 400 GeV? are used to measure the cross sections, which correspohd to t
kinematic region@? > 400 GeV? andy < 0.9 and thus are corrected for the effects of the
analysis cuts. The correction factor is calculated té.b&7 using the H1 PDR000 parametri-
sation.

The systematic uncertainties on the cross section measatsrare discussed briefly below
(see [21, 23, 24] and references therein for more detailg}itiPe and negative variations of
one standard deviation of each error source are found td grebrs which are symmetric to a
good approximation. The systematic uncertainties of eaatte are taken to be fully correlated
between the cross section measurements unless statedisther

e An uncertainty oR% is assigned to the hadronic energy measured in the LAr cadteir,
of which 1% is considered as a correlated component to the uncertdihiyresults in a
total uncertainty ofi.3% on the cross section measurements.

e A 10% uncertainty is assigned to the amount of energy in the LAsraaleter attributed to
noise, which gives rise to a systematic errof 8% on the cross section measurements.

e The variation of cuts against photoproductioniap/V, and Pr,;, has an effect on the
cross sections df.6%.

e A 30% uncertainty on the subtracted background is determined from a comparison of
data and simulation after relaxing the anti-photoprodurctiuts, such that the sample is
dominated by photoproduction events. This results in aesyatic error 0f).5% (1%) on
the cross section of the (L) data.

e The nonep background finders introduce an inefficiency for CC eventse @ssociated
uncertainty is estimated using pseudo-CC data and founegerdl ony. An uncertainty
of 2% is applied fory < 0.1 and1% for y > 0.1. This yields an uncertainty df% on the
Cross section measurements.

e A y-dependent error is assigned to the vertex finding efficieh&y for y < 0.06, 7% for
0.06 <y < 0.1,4% for 0.1 < y < 0.2 and1% for y > 0.2. This efficiency is estimated
using pseudo-CC data yielding an uncertaintg.af% on the cross section measurements.

e An uncertainty of).5% accounts for the dependence of the acceptance correctitireon
PDFs used in the MC simulation.

e A 1.8% uncertainty on the trigger efficiency is determined basethermpseudo-CC data
sample. The uncorrelated component of this uncertainit§tis
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e An error 0f0.8% is estimated for the QED radiative corrections. This act®for missing
contributions in the simulation of the lowest order QED effeand for the uncertainty on
the higher order QED and EW corrections.

e In addition, there is a global uncertainty b8% on the luminosity measurement for both
the R and L data samples, of whidh5% is considered as correlated.

The total systematic error is formed by adding the individuzertainties in quadrature and
amounts to about% on the cross section measurements.

The polarisation measurements have a relative uncertai3t}% for the TPOL [25] and..6%

for the LPOL [9] polarimeter and yield an absolute uncetaion the mean polarisation of
+0.7% for the R sample andt1.1 % for the L sample. These are not included in the total
systematic error on the cross section measurements, bobas@ered as independent uncer-
tainties in a linear fit to the data.

5 Results

The measured integrated CC cross sections are quoted iartge}? > 400 GeVZ andy < 0.9

and are given in Table 1 and shown in Fig. 2. The measuremeheafnpolarised total cross
section in the same phase space base@banpb " of data collected in999 and2000 is also
given. This measurement follows identically the procedigecribed in [5] but with the)?

cut adopted in this analysis. The systematic uncertaiofi¢isis unpolarised measurement are
taken to be the same as in [5], with the exception of the QEataé correction uncertainty,
which has been reduced frosfi to 0.8%. The measurements are compared to expectations of
the Standard Model using the H1 PRB0O0 parametrisation. The uncertainty on the Standard
Model expectations combines the uncertainties from erpantal data used in the H1 PDF
2000 fit as well as model uncertainties [5].

P, (%) o0& (pb) SM expectatior{pb)
+33.6 | 35.6 & 1.5gta &= 1.4y 35.1£0.6
0.0 | 28.4 £ 0.84tar £ 0.84ys 26.3£04
—40.2 | 13.9 & 1150 £ 0.6y 15.74+0.3

Table 1:Measured cross section values . (e*p — 7X) in the region)? > 400 CeV? and
y < 0.9 compared to the Standard Model (SM) expectation.

A linear fit to the polarisation dependence of the measuresiscsections is performed taking
into account the correlated systematic uncertainties éatvthe measurements and is shown in
Fig. 2. The fit provides a reasonable description of the déttaavy> = 4.4 for one degree of
freedom (dof). The result of the fit extrapolated to the pdint= —1 yields a fully left handed
charged current cross section of

oL (P, = —1) = —3.9 + 2.3 £ 0.7eys £ 0.8,01 Db, (5)

8

where the quoted errors correspond to the statistica) (stgterimental (sys) and polarisation-
related (pol) systematic uncertainties. This extrapdla®ss section is consistent with the
Standard Model prediction of a vanishing cross section amcesponds to an upper limit on
o8 (P. = —1) of 1.9 pb at95% confidence level (CL), as derived according to [26]. Thisites
excludes the existence of charged currents involving hightded fermions mediated by a boson
of mass below208 GeV at 95% CL, assuming Standard Model couplings and a massless right
handed.,.

Itis also possible to fit the measured cross sections by @nstg the cross section & = —1

to zero. This yields a cross sectionfat= 0 of 27.5 & 0.6, £ 0.95, pb With @ x?/dof = 3.5
and a negligible error due to the uncertainty on the poladsaneasurement. The fitted value
agrees well with the Standard Model expectatioB®8 + 0.4 pb.

6 Summary

The first measurement has been performed of polarispdotal charged current cross sections
in the kinematic region of)> > 400 GeV? andy < 0.9. The results presented here are based
on data collected from collisions of unpolarised protonthwipolarised positrons and, for the
first time, with longitudinal polarised positrons in leftdaright helicity states. The polarisation
dependence of the charged current cross section has thuestablished at HERA, extending
previous tests of the chiral structure of the charged ctiirearaction into the region of large,
space-likeQ?. The data are found to be consistent with the absence of higihded charged
currents as predicted by the Standard Model.
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Figure 1: Distributions ofPr, (a,c) andE, — p., (b,d) for the selected events in the right
handed (R) and left handed (L) data sets. The Monte Carlo @d@fibutions from the charged
current (CC) process and the background (bkg) processes are shown as open histograms wit
the latter contribution alone being shown as shaded hiatogr
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Figure 2: The dependence of thep CC cross section on the lepton beam polarisattarThe
inner and outer error bars represent respectively thesstatiand total errors. The uncertainties
on the polarisation measurement are smaller than the sysitml The data are compared to
the Standard Model prediction based on the H1 RD® parametrisation (dark shaded band).
The light shaded band corresponds to the resulting oneasagmtour of a linear fit to the data

shown as the central line.
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Measurement of Deeply Virtual
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Abstract

A measurement of elastic deeply virtual Compton scattering v*p — ~p using e~ p collision
data recorded with the H1 detector at HERA is presented. The analysed data sample
corresponds to an integrated luminosity of 145 pb~!. The cross section is measured as a
function of the virtuality Q? of the exchanged photon and the centre-of-mass energy W of
the v*p system in the kinematic domain 6.5 < Q% < 80 GeV?, 30 < W < 140 GeV and [t| <
1 GeV?2, where t denotes the squared momentum transfer at the proton vertex. The cross
section is determined differentially in ¢ for different Q? and W values and exponential ¢-slope
parameters are derived. The measurements are compared to a NLO QCD calculation based
on generalised parton distributions. In the context of the dipole approach, the geometric
scaling property of the DVCS cross section is studied for different values of .



1 Introduction

Measurements of inclusive deep-inelastic scattering Y@fSeptons and nucleons allow the
extraction of Parton Distribution Functions (PDFs) whigsdribe the fraction of the longitudi-
nal momentum of the nucleon carried by the quarks, antitguand gluons. A shortfall of this
approach is that the PDFs contain information neither orctiieelations between partons nor
on their transverse distributions. This missing inforratcan be provided by measurements
of processes in which the nucleon remains intact and therfmmentum transfer squared at
the nucleon vertex;, is non-zero [1-6]. The simplest such reaction is deeplyugirComp-
ton scattering (DVCS), the diffractive scattering of a wat photon off a proton*p — ~p.

In high energy electron-proton collisions at HERA, DVCS &essed through the reaction
ep — evyp [7-9]. This reaction also receives a contribution from tlieefy electromagnetic
Bethe-Heitler (BH) process, where the photon is emittethftbe electron. The BH cross sec-
tion is precisely calculable in QED and can be subtracteah fitee total process rate to extract
the DVCS cross section.

Perturbative QCD calculations assume that the DVCS reaatimlves two partons in the
proton which carry different longitudinal and transversementa. The difference in longitudi-
nal momentum of the two involved partons, also called skgwyi;ia consequence of the mass
difference between the incoming virtual photon and the ointgreal photon. The skewing can
be described by introducing generalised parton distidimst(GPDs) [1-5], which are functions
of the two unequal momenta and thus encode information ofotiggtudinal momentum cor-
relations of partons. Information on the transverse moomardf partons is incorporated in the
t-dependence of GPDs [2-5]. Thalependent functions follow particular equations for thei
evolution as a function of the four momentum transfer squi@ré of the exchanged virtual
photon [3-5]. These evolution equations still need to betes

The DVCS cross section can also be interpreted within theleimodel [10-12]. In this
picture the virtual photon fluctuates into a colour singlgpair (or dipole) of a transverse size
r ~ 1/@Q, which subsequently undergoes hard scattering with thenglin the proton [13].
At very small values of the Bjorken scaling variablehe saturation regime of QCD can be
reached. In this domain, the gluon density in the proton idasge that non-linear effects
like gluon recombination tame its growth. In the dipole micgjgproach, the transition to the
saturation regime is characterised by the so-called dainrscale parametrised here@gz) =
Qolzo/z)~M?, whereQ,, z, and \ are parameters [14]. The transition to saturation occurs
when@ becomes comparable €, (z). An important feature of dipole models that incorporate
saturation is that the total cross section can be expressadiaction of the single variable

Q?

@) @
This property, called geometric scaling, has already bésemed to hold for the totap DIS
cross section [15, 16] as well as in DIS on nuclear targetsdad in diffractive processes [12].
It has also recently been addressed in the context of exelpsocesses including DVCS [12]
and extended to cases with non-zero momentum transfer frdiben [18].

ol (x, Q%) = ol P (), with T

This paper presents a new measurement of single and dotiigleedtial DVCS cross sec-
tions as a function of)? and they*p centre-of-mass enerdy’. The single differential cross

4

sectiondo/dt is also extracted. The data were recorded in the y&&5s and 2006 with the
H1 detector when HERA collided protons @0 GeV energy with27.6 GeV electrons. The
sample corresponds to an integrated luminosity4sf pb~!, four times larger than the previ-
ous H1 measurement [8] of DVCS in positron-proton collisiofhe measurement is carried
out in the kinematic rangé.5 < Q* < 80 GeV%, 30 < W < 140 GeV and[t| < 1 Ge\~.
The ¢-dependence of the DVCS cross sectidn/dt, is found to be well approximated by an
exponential forme=%4; this parametrisation is used throughout the paper. Fhand W de-
pendences of are studied. A parametrisation of the obser¢gddependence adf is used to
constrain the normalisation of the pQCD predictions base@®Ds. The validity of the skewed
evolution equations is tested. The geometric scaling ptpé DVCS is also investigated and
the cross section is compared with dipole model predictidhe scaling property is studied for
the first time for different values af

2 Experimental Conditions and Monte Carlo Simulation

A detailed description of the H1 detector can be found in [183re, only the detector compo-
nents relevant for the present analysis are described. éslaigght-handed coordinate system
with the z axis along the beam direction, the: or “forward” direction being that of the outgo-
ing proton beam. The polar andglaés defined with respect to theaxis and the pseudo-rapidity
is given byn = —Intan/2. The SpaCal [20], a lead scintillating fibre calorimeteryers
the backward regionl63° < 6 < 176°). Its energy resolution for electromagnetic showers
iso(E)/E ~ 7.1%/\/E/GeV @ 1%. The liquid argon (LAr) calorimeterd( < 6 < 154°)

is situated inside a solenoidal magnet. The energy resoldtir electromagnetic showers is
o(E)/E ~11%/+/E/GeV as obtained from test beam measurements [21]. The main compo
nent of the central tracking detector is the central jet demCJC 20° < 6 < 160°) which
consists of two coaxial cylindrical drift chambers with @sr parallel to the beam direction.
The measurement of charged particle transverse momengafegped in a magnetic field of
1.16 T, which is uniform over the full tracker volume. The innersh@roportional chamber
CIP (9° < 0 < 171°) is used in this analysis to complement the CJC in the backwegion
for the reconstruction of the interaction vertex. The favenuon detector (FMD) consists of
a series of drift chambers covering the rarigé < n < 3.7. Primary particles produced at
largern can be detected indirectly in the FMD if they undergo a seaondcattering with the
beam pipe or other adjacent material. Therefore, the FMDBéslun this analysis to provide
an additional veto against inelastic or proton dissoogagivents. The luminosity is determined
from the rate of Bethe-Heitler processes measured usinigaroater located close to the beam
pipe atz = —103 m in the backward direction.

A dedicated event trigger was set up for this analysis. lasell on topological and neural
network algorithms and uses correlations between eleetyoetic energy deposits of electrons
or photons in both the LAr and the SpaCal [26]. The combinggyér efficiency is close to
100%.

Monte Carlo (MC) simulations are used to estimate the baekyt contributions and the
corrections that must be applied to the data to account &dfitiite acceptance and the resolution
of the detectors. Elastic DVCS eventsdp collisions are generated using the Monte Carlo

5

V¥Y3H 1€ souspuadsp-7 s11 pue Sulie1iedg uoidwor) |enuip A|des( Jo Juswainses|y - D) IXaUUY 6



generator MILOU [22], based on the cross section calculaftiom [23] and using a-slope
parameteb = 5.45 GeV~2, as determined in this analysis (see section 5.1). Inel&tiCS
events in which the proton dissociates into a baryonic sy3tare also simulated with MILOU
setting the/-slopeb,;ss to 1.2 GeV-2, as determined in a dedicated study (see section 3). The
Monte Carlo program COMPTON 2.0 [24] is used to simulatetelasd inelastic BH events.
The background source of diffractive meson events is sitedlasing the DIFFVM Monte
Carlo [25]. All generated events are passed through a ddtaimulation of the H1 detector
and are subject to the same reconstruction and analysis abglhe data.

3 Event Selection

In elastic DVCS events, the scattered electron and the platthe only particles that should
give signals in the detector [8]. The scattered proton esxapdetected through the beam pipe.
The selection of the analysis event sample requires théesedtelectron to be detected in the
SpaCal and the photon in the LAr. The energy of the scattelextren candidate must be
greater tharl5 GeV. The photon is required to have a transverse mometiuabove2 GeV
and a polar angle betwe@3° and 145°. Events are selected if there are either no tracks at
all or a single central track which is associated with thdtecad electron. In order to reject
inelastic and proton dissociation events, no further gndegposit in the LAr calorimeter larger
than1 GeV is allowed and no activity above the noise level shoulgpteEsent in the FMD.
The influence of QED radiative corrections is reduced by #ugiirement that the longitudinal
momentum balanc& — P, be greater than5 GeV. Here,E denotes the energy and the
momentum along the beam axis of all measured final stateclesti To enhance the DVCS
signal with respect to the BH contribution and to ensure gelacceptance, the kinematic
domain is restricted t6.5 < Q% < 80 GeV? and30 < W < 140 GeV.

The selected analysis sample cont&ifi3s events. It is dominated by elastic DVCS events,
but also contains contributions from the elastic BH proaess from the BH and DVCS pro-
cesses with proton dissociatiort,p — e~ vY, where the baryonic systei of massMy is
undetected. These background contributions are studikdthrer detail. A control sample of
BH events is selected. For this sample, it is required theetbctron be detected in the LAr and
the photon in the SpaCal (see [8] for more details). The COBMRM™C describes accurately
the normalisation and the shapes of the distributions okitematic variables for these events.
The deviations are withif%, and this value is used subsequently as an estimate foy$he s
tematic uncertainty on this contribution. A second consainple dominated by inelastic BH
and DVCS processes is obtained by selecting events withnalsigthe FMD. After subtract-
ing the inelastic BH contribution, as estimated from the GOIMDN MC, this sample allows
the normalisation of the inelastic DVCS process to be daterdh Within the model used in
MILOU [22], the normalisation of the inelastic contributics directly related to the exponential
t-slope parameter. The measured event yield corresponaserponentiat distribution with
a slope of1.2 GeV~2 which is subsequently used in the simulation of inelasticI3vevents.
The corresponding contribution of proton dissociationhie &nalysis event sample is found to
be 16 + 5%. Other backgrounds from diffractiveand¢ production with decay modes to final
states including photons are estimated to be negligibleeérkinematic range of the analysis.

Contamination from processes with low multiplicity production was also investigated and
found to be negligible.

The reconstruction method for the kinematic variai)@sx andWV relies on the measured
polar angles of the final state electron and photon (douldéeanethod) [8]. The variableis
approximated by the negative square of the transverse ntamesf the outgoing proton. The
latter is computed from the vector sum of the transverse ritenef the final state photoﬁr,,
and of the scattered electrdh, : ¢ ~ —\JBT,, + Pr, |2 . The resolution of the reconstruction lies
in the range).08 to 0.22 Ge\~.

Distributions of selected kinematic variables are presgnt figure 1 for the analysis sam-
ple. The MC expectations of the different processes aredifgglayed. Each source is nor-
malised to the data luminosity. A good description of thepghand normalisation of the mea-
sured distributions is observed.

4 Cross Section Determination and Systematic Uncertaintge

The DVCS and BH contributions dominate in the analysis plspsee. In addition, an interfer-
ence term contributes to the cross section due to the idgfitial states of both processes. In
the leading twist approximation, the main contributiorutéag from the interference of the BH
and DVCS processes is proportional to the cosine of the d@bhangle of the photdr{1, 27].
Since the present measurement is integrated over this,ahgleontribution of the interference
term is estimated to be small (belawe). The DVCS cross sectiony;p — ~p, is evaluated in
each bin with the bin centre value§?, ;, t;, from the total numbeN?> of data events in the

i

analysis sample using the expression

- Ngbs — NPH — NP -
roves(@2 Wit = N = T T o (@ Wit @

The other numbers in this equation are calculated using t8esivhulations described in sec-
tion 2. NP denotes the number of BH events (elastic and inelastic)nstoacted in bir,
NP4 the number of inelastic DVCS background evetd8Y“S the number of DVCS events
computed from the elastic DVCS MC and, ¢ is the theoretical DVCS cross section used
for the generation of DVCS MC events. The measured cros®sdstthus directly corrected
for detector inefficiencies and acceptances and is expgtegs=ach bin centre value.

The mean value of the acceptance, defined as the number of Bt@saeconstructed in a
bin divided by the number of events generated in the saméshii% over the whole kinematic
range and reach&8% for the highest bin. The systematic errors of the measured DVCS cross
section are determined by repeating the analysis afteryimgpto the MC appropriate varia-
tions for each systematic source. The main contributionefrom the acceptance correction
factors calculated by varying theslope parameter set in the elastic DVCS MCb§%. The
uncertainty on the number of elastic DVCS events lost by tiieation of the FMD veto is

1The azimuthal angle of the photon is defined in the protonfrasie as the angle between the plane formed
by the incoming and scattered electron and that formed byithel photon and the scattered proton.
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modelled by al% variation of the FMD efficiency. Both error sources togettesult in an er-
ror of 10% on the measured elastic DVCS cross section. The uncegrtaiated to the inelastic
DVCS background is estimated from the variation oftislope parameter b35% around the
nominal value ofh = 1.2 GeV-2. The resulting error on the cross section amounts%oon
average and reach@5% at hight. The uncertainties related to trigger efficiency, photenid
tification efficiency, radiative corrections and the suttian of BH background and luminosity
measurement are each in the range ¢ 4%. The total systematic uncertainty of the cross
section amounts to abolis% and is dominated by correlated errors.

5 Results and Interpretations

5.1 Cross Sections and-dependence

The complete DVCS sample is used to extractitfialependence of the DVCS cross section
expressed af? = 8 Ge\? as well as the)? dependence df/ = 82 GeV. The results are
displayed in figure 2 and are in agreement within errors withgrevious measurements [8, 9].
The steep rise of the cross section wiithis an indication of the presence of a hard underlying
process [28]. The corresponding cross section measursraenshown in table 1.

Next, thell” dependence of the DVCS cross section is determined for Sag@rate ranges
of Q% and shown in figure 3(a). The corresponding cross sectiorsumements are given in
table 2. A fit of the formi¥/? is performed to the cross section in eaghrange. Figure 3(b)
presents thé values obtained as a function @F. It is observed thad is independent of)?
within the errors. Using the complete analysis sample, theevofs expressed ap? = 8 Ge\?
is found to be).74 + 0.11 4 0.16, where the first error is statistical and the second systemat

The differential cross section as a functiort @ displayed in figures 4(a) and (b) for three
values of@? and W, respectively. Fits of the formio /dt ~ e~*!l are performed taking into
account the statistical and correlated systematic ertioey;describe the data well. The derived
t-slope parameter&(Q?) and b(WW) are displayed in figures 4(c) and (d), respectively. The
cross section values and the results fdn each@? and W bin are given in table 3. This
analysis extends the study of the evolution afith ? to larger values than in the previous H1
measurement [8]. Thi§? dependence can be parametrised [30] as

b(Q%) = A(1- Blog(Q*/(2 GeV))). ®

Fitting this function to the measurédvalues of the present data and to the value obtained at
Q? = 4 GeV? in the previous H1 publication [8] yieldd = 6.98 + 0.54 GeV? and B =

0.12 + 0.03. The systematic errors and their point to point correlatiaere taken into account

in the fit, resulting in a correlation coefficient betwedrand B of p g = 0.92. As shown in
figure 4(c) the fit function provides a good description of ieasured values over the whole

@Q? range. The values df as a function ofi¥’ are measured for the first time and shown in
figure 4(d). No significant variation éfwith 1V is observed.

Using the complete analysis sample, the valué ekpressed af)> = 8 Ge\? is found
to be5.45 4+ 0.19 £ 0.34 GeV~2, where the first error is statistical and the second system-
atic. Following [2, 6], thist-slope value can be converted to an average impact paranfeter
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/< r2 > = 0.65 % 0.02 fm. It corresponds to the transverse extension of partersjmhted
by sea quarks and gluons for an average value 1.2 10~3, in the plane perpendicular to the
direction of motion of the proton. This value is related te #lize of the core of the proton with
no account of the peripheral soft structure.

5.2 QCD Interpretation in Terms of GPDs

The determination of(Q?) described above can be used to study@ievolution of the GPDs.
The DVCS cross section integrated over the momentum trahsén be written [23] as

*0 s A, 2 117\12 2
JDVCS(QQ-,VV) = [ITTLA( /P 12:?;(—6357621/1/';‘ )] (1 tp )

; ()

whereZmA(y*p — vp)i=0(Q?, W) is the imaginary part of the*p — ~vp scattering amplitude
att = 0 andp? is a small correction due to the real part of the amplitudethinfollowing, p

is determined from dispersion relations [11] to pe= tan(3w(Q?)). The coefficients(Q?)
describes the power governing tié dependence of DVCS at a givéJ?. It is taken from the
corresponding power of the rapid rise of the proton strgcfunctionF, at lowz (Fy ~ z7%)
[31], assuming that it is sufficiently close to the one in DV@$ the GPD formalism, the
amplitudeA(y*p — ~p)—o is directly proportional to the GPDs. As shown in the pregiou
section, thel? dependence of theslopeb is non-negligible. Therefore, th@? evolution of
the GPDs themselves is accessed by removing this variatio((l3). For this purpose, the
dimensionless observabfeis defined as

_ Jopves Q1D(Q?)
=T s ©)

Using the parametrisation (3) f6(Q?), S is then calculated for eaep? bin from the cross sec-
tion measurements of this analysis (table 1) and from thé#gegrevious H1 publication [8].
The uncertainties on the parametersand B of (3) are directly propagated to determine the
error onb(Q?) at any givenQ? value. The results fo§ are presented in figure 5(a) together
with the prediction of a GPD model [30], based on the PDFsmatgsation given in [32]. Itis
observed that the pQCD skewed evolution equations [3-5jigeca reasonable description of
the measured weak rise Sfwith Q2.

The magnitude of the skewing effects present in the DVCSqe®can be extracted by
constructing the ratio of the imaginary parts of the DVCS B amplitudes. At leading order
in ag, thisratioR = Zm A (v*p — yp)i=o/Im A (Y*p — v*p)i—o is equal to the ratio of the
GPDs to the PDFs. The virtual photon is assumed to be maiahstersely polarised in the
case of the DVCS process due to the real photon in the fina atat therefore has to be taken
as transversely polarised in the DIS amplitude too. Theesgion forR as a function of the
measured observables can be written as

4+\/m opyes b(Q?) _ apves Q@ b(Q?)
or(vp— X) /(1 +¢°)  VaapuFr(z, Q)1+

(6)
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using the relatiomr,(v* p — X) = dr’apy Fr(z, Q?)/Q* with agy = 1/137. R is evaluated
taking Fr = F, — F}, from the QCD analysis presented in [33] and using the parigagon (3)
for b(Q?). The measured values of the rafibfor each@? bin are shown in figure 5(b) and
compared with the calculation based on the GPD model prabosg0]. The typical values
of R are aroun®, whereas in a model without skewidgwould be equal to unity. Therefore,
the present measurement confirms the large effect of skein@PD models, two different
effects contribute to skewing [3-5]: the kinematics of thé@$ process and th@? evolution
of the GPDs. The data are compared to a model which takestomfptmer effect into account.
The result of this incomplete model is represented by a dditte in figure 5(b). The present
measurements show that such an approximation is not safftcieeproduce the total skewing
effects observed in the data.

5.3 Geometric Scaling

As discussed in section 1, the dipole model represents enpdssible theoretical approach to
describe the DVCS reaction. Itis therefore interestingsbif the present DVCS measurements
obey the geometric scaling laws predicted by such models.

In the following study parameters of the dipole model areetafkom an analysis of the
total DIS cross section [14, 18]. The saturation s€lér) = Qq(zo/z)*/? is evaluated using
Qo = 1GeV,\ = 0.25 andz, = 2.7 107°. The DVCS cross section measurements listed in
table 2 and those from the previous H1 publication [8] whidhrmeasured at differe)?> and
x = Q*/W? values can be represented as a function of the single varigskee equation (1)).
The result is shown in figure 6(a). All of the cross section sueements appear to be well
aligned on a single curve as a functionrofTherefore the DVCS data are compatible with the
geometric scaling law. The dipole model of [12, 14] is algoresented in figure 6(a) and gives
a good description of the cross section measurements aveothplete range of.

The dependence of the DVCS cross section éhalso studied at four different valuesiof
For this purpose, the cross section is measured diffetlritiat for three values ofl” and two
ranges ofQ? (6.5 < Q* < 11 GeV? and11 < Q* < 80 Ge\?), as listed in table 4. Keeping
the same paramete€,, A andz, as previously defined, each value of the differential cross
section is again represented as a functiom.of he results are shown in figure 6(b), together
with the predictions of the dipole model [12, 14]. For thesedictions, the-dependence is
factorised out as~"*l, where the global-slope parametérmeasured in section 5.1 is used. A
reasonable description of the DVCS cross section valud®ifourt bins is observed, with the
same saturation scalg (x) used in all cases.

6 Conclusion

The cross section for deeply virtual Compton scattefit)g— ~p has been measured with the
H1 detector at HERA. The analysis uses ¢he data recorded i2005 and2006 corresponding
to a luminosity of145 pb~!, four times larger than in the previous H1 publication [8]heT
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measurement is performed in the kinematic rahige< Q* < 80 GeV?, 30 < W < 140 GeV
and|t| < 1 Ge\A.

The W dependence of the cross section is well described by a amidt’’. No significant
variation of the exponent as a function ofp? is observed. For the total sample a value:
0.74 £ 0.11 £ 0.16 is determined. The steep rise of the cross section Witimdicates a hard
underlying process. Thedependence of the cross section is well described by thme ol
with an average slope 6f= 5.4540.19 4 0.34 GeV2. This value corresponds to a transverse
extension of sea quarks and gluons in the protogy/ef r2. > = 0.65 + 0.02 fm. Thet¢-slopes
are determined for the first time differentially iV with no significant dependence observed.
The study of the)? dependence df is extended to significantly large€p* values compared
to previous measurements. The slopes found in the presahtséand in the previous H1
publication are in agreement with a slow decreaseasf a function of?.

The measurement 6fQ?) obtained in the present analysis is used to constrain thmaler
isation and@? dependence of theoretical predictions based on GPDs. duisdfthat a GPD
model reproduces well both the DVCS amplitude and its wesdwithQ?. The skewing ef-
fects have been investigated and are found to be large, &stexpin GPD models. Another
approach based on a dipole model including saturation tsfigedicts that the cross section
can be approximated by a function of the single variables Q*/Q?(z) whereQ,(z) is the
saturation scale. The present measurement of the DVCSs®osen is found to be compatible
with such a geometric scaling using the same parametersigsdi&om inclusive DIS. For the
first time, this scaling property is observed for differeatues oft.
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Q2 [GCVﬂ Opves [Hb] w [GCV} Opves [Ilb]
8.75 3.59 £0.21 £041 45 291 £0.20 £0.25
15.5 138 +£0.10 +0.21 70 396 £0.32 £0.37
25 0.58 £0.09 ££0.09 90 4.78 +041 +£0.57
55 0.13 £0.03 £0.04 110 5.55 £0.57 +0.88
130 6.56 £1.17 +1.77

Table 1: The DVCS cross sectiofp — yp, opyves, as a function of)? for 7 = 82 GeV and
as a function of¥ for Q? = 8 GeV?, both for|t| < 1 GeV?. The first errors are statistical, the

second systematic

opves [nb]
W [GeV] Q? =8 GeV? Q? = 15.5 GeV? Q? = 25 GeV?
45 260 +£024 +£024(094 +£0.10 £0.10]0.35 +£0.13 £0.07
70 315 £040 £033|1.54 +£0.17 £0.14 036 +£0.10 £0.05
90 525 +£0.55 £055(095 £020 £0.17]0.83 +£0.18 =£0.09
110 511 +£071 £0.76|1.69 +£031 4+£0.33]090 +£0.23 +0.18
130 588 +£1.89 £1.26|206 +£0.51 £0.56]090 +£0.36 =+0.32

Table 2: The DVCS cross sectiorip — vp, opves, as a function ofV for three@? values.

The first errors are statistical, the second systematic.
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dO’])V(,'S/dt [nb/GeVz]

W = 82 GeV

It| [GeV?] Q? =8 Ge\? Q? =15.5 GeV Q? =25 Ge\?
010 [131 £110 +185|437 £047 +£086|14l +£040 +0.43
030 |469 £045 £055|1.02 +016 +0.18|071 £0.16 =+0.03
050 | 137 £021 £023|049 +0.08 +0.08|028 £0.07 =+0.04
080 019 £004 £006|012 +0.02 +0.02]004 £0.01 =£0.02

b[GeV ] [5.84 £0.30 +0.35[516 £0.26 +0.30 [5.09 £0.55 +0.60

Q? =10 GeV?

It| [GeV?] W =40 GeV W =170GeV W =100 GeV
010 [499 £0.66 +£054[778 £0.69 +£087[109 *114 £236
030 | 145 £029 +£018|274 +031 +030|347 £042 +0.53
050 |049 £0.14 £008|081 014 011|149 +£021 +0.24
080 | 012 40.03 £0.03]019 £0.03 £0.03]019 +0.04 =£0.06

[0[Gev?] [540 +£040 £025[534 +025 £027][548 +£031 +£0.45]

Table 3: The DVCS cross sectiarip — ~p, differential int, dopycs/dt, for three values of
Q% atW = 82 GeV, and for three values &F atQ? = 10 GeV2. Resullts for the corresponding
t-slope parametersare given. The first errors are statistical, the second syatte.

dopyes/dt [nb/GeV?]

Q? =8 GeV?

It| [GeV?] W =40 GeV W =70 GeV W =100 GeV
010 |[810 *£1.22 +£082[100 +1.30 +£127[160 211 =+274
030 |230 £054 £028|435 +0.63 £046|545 +£080 +0.73
050 |045 +£0.22 +£0.10|1.08 +£027 +£0.17|1.96 +041 =+0.35
080 |016 £0.06 +£003|0.13 +0.06 004|021 £0.09 =0.08

Q* =20 GeV*

It| [GeV?] W =40 GeV W =170 GeV W =100 GeV
010 |1.06 =028 +£028[238 £029 +0.26]298 +049 =+0.85
0.30 033 £0.07 £0.07]067 £012 £0.07|089 +017 £0.17
050 |022 £006 £006|024 005 003|044 £008 =+0.08
0.80 004 £0.01 £001]0.07 £001 £0.02]006 002 =£0.02

Table 4: The DVCS cross sectiarip — ~yp, differential int, dopycs/dt, for three values of
W extracted in twa? intervals:6.5 < Q2 < 11 GeV? and11 < Q? < 80 Ge\?, corrected to
the central values ap? = 8 GeV? and20 Ge\~, respectively. The first errors are statistical, the
second systematic.
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Figure 1: Distributions of the energy (a) and polar angleoftihe scattered electron, the energy
(c) and polar angle (d) of the photon, the electron-photeariant mass (e) and the proton four
momentum transfer squaréd (f). The data are compared with Monte Carlo expectations for
elastic DVCS, elastic and inelastic BH and inelastic DVG®¢lled DISS. p). All Monte Carlo
simulations are normalised according to the luminosityhefdata. The open histogram shows
the total prediction and the shaded band its estimated tanait
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Figure 2: The DVCS cross section as a functiorddfat W = 82 GeV (a) and as a function of
W at@? = 8 GeV? (b). The results from the previous H1 and ZEUS publicati@&9] based
on HERA | data are also displayed. The inner error bars reptéke statistical errors, the outer
error bars the statistical and systematic errors addedddrqture.
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Figure 3: The DVCS cross section as a functioiiofat three values of)? (a). The solid lines
represent the results of fits of the foiii’. The fitted values 0f(Q?) are shown in (b). The
inner error bars represent the statistical errors, ther@nter bars the statistical and systematic
errors added in quadrature.
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Deeply Virtual Compton Scattering and

its Beam Charge Asymmetry in eTp
Collisions at HERA

F.D. Aaron et al. [H1 Collaboration],
Phys. Lett. B 681 (2009) 391,
arXiv:0907.5289

Abstract

A measurement of elastic deeply virtual Compton scattering v*p — ~p using e™p and
e~ p collision data recorded with the H1 detector at HERA is presented. The analysed data
sample corresponds to an integrated luminosity of 306 pb~!, almost equally shared between
both beam charges. The cross section is measured as a function of the virtuality Q? of the
exchanged photon and the centre-of-mass energy W of the v*p system in the kinematic
domain 6.5 < Q* < 80 GeV?, 30 < W < 140 GeV and [t| < 1 GeV?, where ¢ denotes
the squared momentum transfer at the proton vertex. The cross section is determined
differentially in ¢ for different Q? and W values and exponential t-slope parameters are
derived. Using e™p and e p data samples, a beam charge asymmetry is extracted for the
first time in the low Bjorken x kinematic domain. The observed asymmetry is attributed
to the interference between Bethe-Heitler and deeply virtual Compton scattering (DVCS)
processes. Experimental results are discussed in the context of two different models, one
based on generalised parton distributions (GPDs) and one based on the dipole approach.



1 Introduction

Measurements of the deep-inelastic scattering (DIS) of leptons and nucleons allow the extrac-
tion of Parton Distribution Functions (PDFs). While these functions provide crucial input to
perturbative Quantum Chromodynamic (QCD) calculations, they do not provide a complete
picture of the partonic structure of nucleons. In particular, PDFs contain neither information on
the correlations between partons nor on their transverse spatial distribution.

Hard exclusive particle production, without excitation or dissociation of the nucleon, have
emerged in recent years as prime candidates to address these issues [1-7]. Among them, deeply
virtual Compton scattering (DVCS) on the proton (v*p — ~p) is the simplest. The DVCS
reaction can be regarded as the elastic scattering of the virtual photon off the proton via a
colourless exchange, producing a real photon in the final state. In the Bjorken scaling regime,
corresponding to large virtuality Q? of the exchanged photon and |t|/Q? < 1, where ¢ is the
squared momentum transfer at the proton vertex, QCD calculations assume that the exchange
involves two partons in a colourless configuration, having different longitudinal and transverse
momenta. These unequal momenta, or skewing, are a consequence of the mass difference
between the incoming virtual photon and the outgoing real photon and may be interpreted in the
contexts of generalised parton distributions (GPDs) or dipole amplitudes, respectively. In basic
terms, a GPD (off-diagonal parton distribution) is the transition amplitude for removing a parton
from the fast moving proton and reabsorbing it with a different momentum, thereby imparting
a certain momentum transfer to the proton. In the dipole approach the virtual photon fluctuates
into a colour singlet ¢g pair (or dipole) of a transverse size r ~ 1/, which subsequently
undergoes hard scattering with the gluons in the proton. The ¢-dependence of the DVCS cross
section carries information on the transverse momentum of partons.

In the kinematic range of the HERA collider, where DVCS is accessed through the reaction
etp — etyp [8-12], the DVCS amplitude is mainly imaginary [2], while the change of the
amplitude with energy gives rise to a small real part. This reaction also receives a contribution
from the purely electromagnetic Bethe-Heitler (BH) process, where the photon is emitted from
the electron. The interference between DVCS and BH processes allows the extraction of the
real part of the amplitude. In addition, the real part of the DVCS amplitude can be related to its
imaginary part using dispersion relations. In the high energy limit at low momentum fraction
x, the dispersion relations take a simple form [13] which can therefore be used for the DVCS
process to verify the consistency between measurements of the real and imaginary parts of the
amplitude.

This paper presents a measurement of DVCS cross sections as a function of Q2 and the
~*p centre-of-mass energy W. The single differential cross section do/dt is also extracted.
The data were recorded with the H1 detector in the years 2004 to 2007, during which period
HERA collided protons of 920 GeV energy with 27.6 GeV electrons and positrons. The total
integrated luminosity of the data is 306 pb~!. The data comprise 162 pb~! recorded in e*p
and 144 pb~! in e~ p collisions. During this HERA II running period, the electron! beam was
longitudinally polarised, at a level of typically 35%. For this analysis, the periods with left-
handed and right-handed beams are combined and the analysed data samples have a left-handed

'In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.

residual polarisation of 1% and 5% for e*p and e~ p collisions, respectively. Cross section
measurements are carried out in the kinematic range 6.5 < Q2 < 80 GeV?, 30 < W <
140 GeV and |t| < 1 GeV?2. The range in x ~ Q*/W? of the present measurement extends
from 5 - 107 to 1072, The cross section measurements of this analysis supersede those of a
previous H1 publication [8], in which less than half of the present HERA II data was used. It is
complementary to measurements performed at lower Q2 using HERA I data [10]. In addition,
using both beam charges, the beam charge asymmetry of the interference between the BH and
DVCS processes is measured for the first time at a collider.

2 Theoretical Framework

In this paper, cross section measurements are compared to predictions based either on GPDs
or on a dipole approach. At the present level of understanding, the pure GPDs approach and
dipole models, based on the proton-dipole amplitude, are not connected. However, in the low
x domain, dipole amplitudes could be used to provide parameterisations for GPDs at a certain
scale [14]. In this context, the DVCS process is interesting as calculations are simplified by the
absence of an unknown vector meson wave function. The GPDs model [6] used here has been
shown to describe previous data. It is based on partial wave expansions of DVCS amplitudes and
is a first attempt to parametrise all GPDs over the full kinematic domain. The dipole model [15],
with a limited number of parameters, describes a large panel of low  measurements at HERA,
from inclusive to exclusive processes. In this model, mainly using the gluon density extracted
from fits to F; data, the DVCS cross section is computed using a universal dipole amplitude.

For GPDs models, a direct measurement of the real part of the DVCS amplitude is an im-
portant issue, as it gives an increased sensitivity to the parameterisation of the GPDs [2, 6].
Indeed, a calculation of the real part of the DVCS amplitude requires a parametrisation of the
GPDs over the full z range. Considering the large flexibility in GPDs parameterisation, this is
an important quantity to qualify the correct approach with GPDs. In the dipole approach, as
the dipole amplitude refers only to the imaginary part, the magnitude of the real part can be
predicted using a dispersion relation.

In high energy electron-proton collisions at HERA, DVCS and BH processes contribute to
the reaction e*p — e*vyp. The BH cross section is precisely calculable in QED. Since these two
processes have an identical final state, they interfere. The squared photon production amplitude
is then given by

|A‘2 = |ABH‘2 + |ADVCS‘2 + Apves AEH + A*Dvcs ABH7 (D

I

where Ay is the BH amplitude, A, cs represents the DVCS amplitude and I denotes the
interference term. In the leading twist approximation, the interference term can be written quite
generally as a linear combination of harmonics of the azimuthal angle ¢. As defined in [2], ¢ is
the angle between the plane containing the incoming and outgoing leptons and the plane formed
by the virtual and real photons. For an unpolarised proton beam and if only the first harmonic
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in cos ¢ and sin ¢, which are dominant at low z [6], are considered, the interference term I can
be written as

I < —C'[ay cos ¢ ReApves + a2 Py sin g ImApycs], 2)

where C' = +£1 is the charge of the lepton beam, P, its longitudinal polarisation and a, and as
are functions of the ratio of longitudinal to transverse virtual photon flux [1-6]. Cross section
measurements which are integrated over ¢ are not sensitive to the interference term. The mea-
surement of the cross section asymmetry with respect to the beam charge as a function of ¢
allows to access the interference term. The beam charge asymmetry (BCA) of the cross section
is defined as

do™*/d¢ — do~ [dé
Ac(¢p) = —FF———, 3
(9) = 407 Jdo + do [do’ ©)
where do™ /d¢ and do~ /d¢ are the differential ep — epy cross sections measured in e*p and
e~ p collisions, respectively.

Considering the low residual polarisation of the data and the theoretical expression of a;
and as [2], a1 > ag P, and the contribution of the sin ¢ term is neglected. Therefore, Ac(¢) can
be expressed as

ReApves

—_————————CO0S . 4
|[Apves|? + |Apul? ‘ @

Ac(@) =prcosg =2Apy

The term |A DVCS\Q can be derived directly from the DVCS cross section measurement o py s =
| A%, 5|/ (167D), where b is the slope of the exponential ¢-dependence e ~**l of the DVCS cross
section. As the BH amplitude is precisely known, the measured asymmetry is directly propor-
tional to the real part of the DVCS amplitude and the ratio between real and imaginary parts
of the DVCS amplitude, p = ReApycs/ImApycs, can be extracted. This ratio p can also
be derived using a dispersion relation [6, 16]. In the high energy limit, at low = and when the
W dependence of the cross section is parameterised by a single term W@, the dispersion
relation can be written as [13]

5 2
p= READ\/CS/IHIADVCS = tan <¥> . (5)

The ratio p can therefore be determined directly from the energy dependence of the DVCS
cross section parameterised by (QQ?). Comparison between the p values calculated from the en-
ergy dependence of the DVCS amplitude and from its real part therefore provides an important
consistency test of the measured BCA.

3 Experimental Conditions and Monte Carlo Simulation

A detailed description of the H1 detector can be found in [17]. Here, only the detector compo-
nents relevant for the present analysis are described. H1 uses a right-handed coordinate system
with the 2 axis along the beam direction, the +z or “forward” direction being that of the outgo-
ing proton beam. The polar angle 6 is defined with respect to the z axis and the pseudo-rapidity
is given by 7 = —Intan 6/2.

The SpaCal [18], a lead scintillating fibre calorimeter, covers the backward region (153° <
6 < 176°). Its energy resolution for electromagnetic showers is o(E)/E ~ 7.1%/\/E/GeV &
1%. The liquid argon (LAr) calorimeter (4° < 6 < 154°) is situated inside a solenoidal
magnet. The energy resolution for electromagnetic showers is o(E)/E ~ 11%/+/E/GeV
as obtained from test beam measurements [19]. The main component of the central track-
ing detector is the central jet chamber CJC (20° < 6 < 160°) which consists of two coax-
ial cylindrical drift chambers with wires parallel to the beam direction. The measurement of
charged particle transverse momenta is performed in the magnetic field of 1.16 T, with a res-
olution of op,/Pr = 0.002Pr/GeV & 0.015. The innermost proportional chamber CIP [20]
(9° < 0 < 171°) is used in this analysis to complement the CJC in the backward region for
the reconstruction of the interaction vertex. The forward muon detector (FMD) consists of a
series of drift chambers covering the range 1.9 < 7 < 3.7. Primary particles produced at larger
n can be detected indirectly in the FMD if they undergo a secondary scattering with the beam
pipe or other adjacent material. Therefore, the FMD is used in this analysis to provide an ad-
ditional veto against inelastic or proton dissociative events. The luminosity is determined from
the rate of Bethe-Heitler processes measured using a calorimeter located close to the beam pipe
at z = —103 m in the backward direction.

A dedicated event trigger was set up for this analysis. It is based on topological and neural
network algorithms and uses correlations between electromagnetic energy deposits of electrons
or photons in both the LAr and the SpaCal [21]. The combined trigger efficiency is 98%.

Monte Carlo (MC) simulations are used to estimate the background contributions and the
corrections for the QED radiative effects and for the finite acceptance and the resolution of the
detectors. Elastic DVCS events in ep collisions are generated using the Monte Carlo generator
MILOU [22], based on the cross section calculation from [23] and using a ¢-slope parame-
ter b = 5.4 GeV~2, as measured in this analysis (see section 6.1). The photon flux is taken
from [24]. Inelastic DVCS events in which the proton dissociates into a baryonic system Y are
also simulated with MILOU setting the ¢-slope b;,¢; to 1.5 GeV~2, as determined in a dedicated
study (see section 6.2). The Monte Carlo program COMPTON 2.0 [25] is used to simulate
elastic and inelastic BH events. In the generated MC events, no interference between DVCS
and BH processes is included. Background from diffractive meson events is simulated using the
DIFFVM MC generator [26]. All generated events are passed through a detailed, GEANT [27]
based simulation of the H1 detector and are subject to the same reconstruction and analysis
chain as are the data.
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4 Event Selection

In elastic DVCS events, the scattered electron and the photon are the only particles that are
expected to give signals in the detector. The scattered proton escapes undetected through the
beam pipe. The selection of the analysis event sample requires a scattered electron and a pho-
ton identified as compact and isolated electromagnetic showers in the SpaCal and in the LAr,
respectively. The electron candidate is required to have an energy above 15 GeV. The photon is
required to have a transverse momentum Pr above 2 GeV and a polar angle between 25° and
145°. Events are selected if there are either no tracks at all or a single central track which is
associated with the scattered electron. In order to reject inelastic and proton dissociation events,
no further energy deposit in the LAr calorimeter larger than 0.8 GeV is allowed and no activity
above the noise level should be present in the FMD. The influence of QED radiative corrections
is reduced by the requirement that the longitudinal momentum balance F — P, be greater than
45 GeV. Here, E denotes the energy and P, the momentum along the beam axis of all measured
final state particles. To enhance the DVCS signal with respect to the BH contribution and to
ensure a large acceptance, the kinematic domain is restricted to 6.5 < Q? < 80 GeV? and
30 < W < 140 GeV.

The reconstruction method for the kinematic variables Q2, 2 and W relies on the measured
polar angles of the final state electron and photon (double angle method) [8]. The variable ¢
is approximated by the negative square of the transverse momentum of the outgoing proton,
computed from the vector sum of the transverse momenta of the final state photon and the
scattered electron. The resolution of the ¢ reconstruction varies from 0.06 at low |¢] to 0.20 GeV?
at high |¢|.

The selected event sample contains 2643 events in e p and 2794 events in e~ p collisions,
respectively. Distributions of selected kinematic variables are presented in figure 1 for the full
sample from e*p collisions and compared to MC expectation normalised to the data luminosity.
A good description of the shape and normalisation of the measured distributions is observed.
The analysis sample contains contributions from the elastic DVCS and BH processes, as well
as backgrounds from the BH and DVCS processes with proton dissociation, ep — eyY’, where
the baryonic system Y of mass My is undetected. The latter contribute to 14 + 4% of the
analysis sample, as estimated from MC predictions. Backgrounds from diffractive w and ¢
production decaying to final states with photons are estimated to be negligible in the kinematic
range of the analysis. Contamination from processes with low multiplicity 7° production was
also investigated and found to be negligible.

5 Cross Section and Beam Charge Asymmetry Measurements

The full e*p data sample is used to measure the DVCS cross section integrated over ¢. The sep-
arate e*p and e~ p data samples are used to measure the beam charge asymmetry as a function
of ¢.

The DVCS cross section, y*p — ~p, is evaluated in each bin 7 at the bin centre values
Q?, W;, t; using the expression

robs __ p7BH __ pyDVCS—inel
(NP = NP2 — N, )

opves(QF, Wi, t;) = DVCS el : Uz;\%sfez( 5 Wits), (6)

where N?™ is the number of data events observed in bin i. The other numbers in this equation
are calculated using the MC simulations described in section 3. NP denotes the number of
BH events (elastic and inelastic) reconstructed in bin ¢ and normalised to the data luminosity,
NPVES=inel the number of inelastic DVCS background events, NPVS5~¢! the number of elastic
DVCS events and 0}, %.¢_, is the theoretical v*p — ~p cross section used for the generation of
DVCS events. The mean value of the acceptance, defined as the number of DVCS MC events
reconstructed in a bin divided by the number of events generated in the same bin, is 60% over
the whole kinematic range, for both beam charges.

The systematic errors of the measured DVCS cross section are determined by repeating the
analysis after applying to the MC samples appropriate variations for each error source. The main
contribution comes from the variation of the ¢-slope parameter set in the elastic DVCS MC by
+6%, as constrained by this analysis, and the 4% uncertainty of the FMD veto efficiency. These
error sources result in an error of 10% on the measured cross section. The 20% uncertainty
of the ¢-slope parameter needed to estimate the inelastic DVCS background (see section 6.2)
translates into an error on the elastic cross section of 4% on average, but reaches 12% at high ¢.
The contribution from BH processes is controlled using the method detailed in [8]. It induces
an uncertainty of 3%. The uncertainties related to subtraction of the BH background, trigger
efficiency, photon identification efficiency, radiative corrections and luminosity measurement
are each in the range of 1 to 3%. The total systematic uncertainty of the cross section amounts
to about 12%. A fraction of about 85% of this error is correlated among bins.

For the BCA measurement, the angle ¢ is calculated from the reconstructed four-vectors of
the electron and of the photon. MC studies indicates that the resolution of ¢ is in the range
from 20° to 40°. The resolution of ¢ is limited mainly by the resolution on the photon energy
in the LAr and the resolution on the electron polar angle. In addition there are large migrations
between the true and the reconstructed |¢| from 0° to 180°, and vice versa. The asymmetry
Ac(¢) is then determined from the differential ep — epy cross sections dot /d¢ and do~ /d¢
using the formula (3). The cross sections do/d¢ are evaluated similarly to v*p — ~p cross
section at bin centre values ¢; using the expression

Tobs BH—inel ArDVCS—inel
(Ai, — N1 — “Vi, )
DVCS—el BH—el
(Ni VCS—e + “7\/1’, e )

do/dp(¢:) =

(0Bves—al®) T ogy_a(@)), D)

where NPH= and NPP"! are the numbers of elastic and inelastic MC BH events, respec-
tively, and o) cg_(®i) + 05y_(¢:) denotes the sum of the theoretical DVCS and BH
ep — ep7y cross sections. Since a cos ¢ dependence is expected, events with ¢ < 0 and
¢ > 0 are combined, in order to increase the statistical significance and to remove effects
on the asymmetry of any possible sin ¢ contribution from the residual lepton beam polarisation.
The systematic error on the BCA measurement mainly arises from the part of the LAr photon
energy scale uncertainty which is correlated between the e*p and e~ p samples, estimated to be
0.5%.
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In order to simulate the interference term, an asymmetry of the form p; cos ¢ is added to the
MC generation and passed through the full detector simulation and analysis chain to account for
all acceptance and migration effects from true to reconstructed ¢ values. To determine the value
of p1, a x? minimisation is performed as a function of p; to adjust the reconstructed asymmetry
in the MC to the measured one. MC events generated using this p; value are then used to
correct the measured asymmetry for the effect of migrations. Bin by bin correction factors are
determined from the difference between the true and the reconstructed asymmetry in the MC.

6 Results and Interpretations

6.1 Cross Sections and ¢-dependence

The measured DVCS cross sections as a function of W for |¢| < 1 GeV? and at Q* = 10 Ge V>
as well as the Q? dependence at W = 82 GeV are displayed in figure 2 and given in table 1.
They agree within errors with the previous measurements [8, 10-12]. The data agree also with
models based on GPDs [6] or the dipole approach [15]. DVCS cross sections for e™p and e~ p
data are also found in good agreement with each other. As already discussed in [8], the steep
rise of the cross section with W is an indication of the presence of a hard underlying process.

The W dependence of the cross section for three separate bins of Q? is shown in figure 3(a)
and given in table 2. A fit of the function W is performed in each (? bin. Figure 3(b) shows
the obtained ¢ values. It is observed that J is independent of (Q? within the errors. The average
value? § = 0.63 & 0.08 + 0.14 is in agreement with the previous measurement [8], as well as
with the value of § = 0.52 & 0.09 (stat.) measured by the ZEUS Collaboration at a lower Q2 of
3.2 GeV? [12].

Differential cross sections are measured as a function of ¢ for three values of Q2 and W
and presented in table 3. Fits of the form do/d|t| ~ e~"!, which describe the data well [8],
are performed taking into account the statistical and correlated systematic errors. The derived
t-slope parameters b(Q?) and b(W) are displayed in figures 4(a) and (b), respectively. They
confirm the result obtained in a previous analysis [8] and no significant variation of b with
W is observed. Experimental results are compared with calculations from GPDs and dipole
models [6,15]. A good agreement is obtained for both W and Q? dependences of the ¢-slopes.
It should be noted that in the GPDs model previous data of [8, 10] are used to derive the Q?
and W dependences of b, while no DVCS data enter in the determination of parameters of the
dipole model. If b is parametrised as b = by + 2/ In %, with z = Q*/W?2, the obtained o’ value
is compatible with 0 and an upper limit on &’ of 0.20 GeV~2 at 95% confidence level (CL) is
derived. This value is compatible with results obtained for J /1) exclusive electroproduction [28,
29], for which the measured o' is below 0.17 GeV~2 at 95% CL. An increase of the slope
with decreasing x (shrinkage) is therefore not observed. Such a behaviour is expected for hard
processes and confirms that perturbative QCD can be used to describe DVCS processes.

Using the complete analysis sample, the value of b is found to be 5.41 & 0.14 4 0.31 GeV 2
at Q> = 10 GeV?. This corresponds to a total uncertainty of 6% on the (elastic) ¢-slope mea-
surement for the full data sample. As in [8], this ¢-slope value can be converted to an average

2Here and in all other places where results are given the first error is statistical and the second systematic.
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impact parameter of \/< r2 > = 0.64 =+ 0.02 fm. It corresponds to the transverse extension of
the parton density, dominated by sea quarks and gluons for an average value x = 1.2 - 1073, in
the plane perpendicular to the direction of motion of the proton. At larger values of z (z > 0.1),
a smaller value of /< r2 >, dominated by the contribution of valence quarks, is estimated [4].

6.2 Inelastic DVCS t-dependence

The increased statistical precision compared to previous analyses allows a first measurement
of the ¢-slope of the inelastic DVCS process. A sample of events with a signal in the FMD
is selected. It corresponds to events with the mass of the proton dissociation system My 2
1.4 GeV, as derived from MC studies. The contribution of inelastic DVCS events is extracted
by subtracting the BH (elastic and inelastic) and elastic DVCS contributions, as estimated from
the respective MC expectations. The measured differential cross section as a function of ¢
is presented in figure 5. A fit of the form do/dt| ~ e~bmel!l yields b = 1.53 & 0.26 +
0.44 GeV~2. This value is compatible with previous determinations for inelastic exclusive
production of p, ¢ [30] and .J/¢) [29]. No indication of a dependence of b;,,,; with Q? or W is
observed.

6.3 Beam Charge Asymmetry

The contributions of elastic DVCS and BH processes to the analysis sample are of similar size,
as can be observed in figure 1. This is a favourable situation for the beam charge asymmetry
measurement, with a maximum sensitivity for the interference term. The measured BCA inte-
grated over the kinematic range of the analysis and corrected for detector effects, as detailed
in section 5, is presented in figure 6 and table 4. Bins in ¢ with a size of the order of the
experimental resolution on ¢ are used.

The x? minimisation procedure leads to a p; value of p; = 0.16 & 0.04 & 0.06. The result-
ing function 0.16 cos ¢ is displayed in figure 6 and is seen to agree with the prediction of the
GPDs model for the first cos ¢ harmonic [6]. The measured asymmetry is in good agreement
with the model prediction within experimental errors.

As detailed in section 2, from the measured BCA and the p; value determined above, to-
gether with the DVCS cross section, the ratio p of the real to imaginary parts of the DVCS
amplitude can be calculated as p = 0.20 &= 0.05 £ 0.08. This is the first measurement of this
ratio. The dispersion relation of equation (5) and our measurement of §(Q?) on the other hand
leads to p = 0.25 4+ 0.03 £ 0.05, in good agreement with the direct determination. While in the
low x domain of the present measurement, the real part of the DVCS amplitude is positive, in
contrast, at larger = (v ~ 0.1) and lower )%, a smaller and negative real part was measured® by
the HERMES Collaboration [31].

3The convention used in [31] for the definition of the ¢ angle is different from the one of [2] adopted in the
present paper.
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7 Conclusion

The elastic DVCS cross section v*p — p has been measured with the H1 detector at HERA.
The measurement is performed in the kinematic range 6.5 < Q% < 80 GeV?,
30 < W < 140 GeV and |t| < 1 GeV2. The analysis uses e*p and e~p data recorded from
2004 to 2007, corresponding to a total integrated luminosity of 306 pb~!, almost equally shared
between both beam charges. The 1 dependence of the DVCS cross section is well described
by a function W%, No significant variation of the exponent § as a function of Q? is observed.
For the total sample a value 6 = 0.63 £+ 0.08 £ 0.14 is determined. The steep rise of the cross
section with W indicates a hard underlying process. The ¢-dependence of the cross section is
well described by the form e~*/"l with an average slope of b = 5.41 + 0.14 £ 0.31 GeV 2.
The t-slopes are determined differentially in Q2 and W and are compatible with previous ob-
servations. The ¢-slope is also measured for the inelastic DVCS. The measured elastic DVCS
cross section is compared to the predictions of two different models based on GPDs or on a
dipole approach, respectively. Both approaches describe the data well. The use of e*p and
e~ p collision data allows the measurement of the beam charge asymmetry of the interference
between the BH and DVCS processes, for the first time at a collider. The ratio p of the real
to imaginary part of the DVCS amplitude is then derived, directly from the measurements of
the BCA and of the DVCS cross section to be p = 0.20 = 0.05 £ 0.08. This ratio can also
be calculated from a dispersion relation using only the DVCS energy dependence, leading to
p = 0.25 £ 0.03 £ 0.05. Both results are in good agreement. The GPDs model considered
here [6] correctly describes the measured BCA as well as p. The measurements presented here
show that a combined analysis of DVCS observables, including cross section and charge asym-
metry, allows the extraction of the real part of the DVCS amplitude and subsequently a novel
understanding of the correlations of parton momenta in the proton.
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Q? [GeVﬂ opves [nb] W [GeV] opyes [nb]
8.75 3.87 +£0.15 +£041 45 2.23 +0.11 4+0.19
15.5 1.46 4+0.07 +0.18 70 292 +0.16 £0.27
25 0.55 +£0.07 £0.08 90 3.63 +£0.22 4+0.40
55 0.16 +0.02 =+0.03 110 3.71 +£0.29 +0.61
130 437 +£0.60 +1.16

Table 1: The DVCS cross section v*p — p, 0 pvcs, as a function of Q? for W = 82 GeV and
as a function of W for Q% = 10 GeV?, both for [t] <1 GeV?2. The first errors are statistical, the
second systematic.

Opves [Hb}

W [GeV] Q? = 8GeV? Q? = 15.5GeV? Q? = 25GeV?
45 3.06 £0.18 £025[098 £0.07 £0.08[031 £011 +0.05
70 |354 £029 +£034|146 +£0.12 +0.12|052 008 =£0.06
90 493 £039 £052|141 £0.16 +0.17{081 £0.13 £0.09
110|516 +£051 +0.74|1.66 +023 £0.28|0.63 £0.17 +0.15
130 [5.62 +£134 +1.19|200 037 £047|0.80 =£0.26 =+0.29

[ 0 J061 £010 £015]0.61 £0.13 £0.15][0.90 +£0.36 £0.27 |

Table 2: The DVCS cross section v*p — vp, opycs, as a function of W for three Q? values
and for |t| < 1GeV?. The values of §(Q?) obtained from fits of the form 1/ are given. The
first errors are statistical, the second systematic.
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dopyes/dlt] [nb/GeV?]
W = 82GeV
It [GeV?] Q? = 8GeV? Q? =15.5GeV? Q? = 25GeV?
0.10 133 +£080 +1.73[433 £035 +065|1.68 +£031 +042
0.30 482 +£0.32 +050|124 +£0.13 +0.16|049 +£0.10 =+0.08

0.50 126 +0.14 £0.18]045 £0.06 +0.05]0.18 £0.04 =£0.03
0.80 021 +£0.03 +0.04 010 £001 =£0.02|0.05 4+£0.01 +£0.01

b[GeV % [ 587 +£020 +£0.32[545 +£020 +0.29 510 +0.38 £0.37

Q? = 10GeV?
It| [GeV?] W =40 GeV W =70GeV W = 100 GeV

0.10 477 +£050 +£049 | 781 £051 +£085|11.0 +0.85 £2.23
0.30 1.62 +0.23 £0.18]288 £0.22 +028|3.71 £031 £049
0.50 069 +£0.11 +£0.07]091 £010 £0.10|1.18 +£0.13 £0.16
0.80 0.10 £0.02 +0.01]0.16 £002 £0.02|024 +0.03 £0.04

b[GeV 2 [538 +£030 +£023[549 +0.19 +£0.26[549 +020 +0.35

Table 3: The DVCS cross section v*p — ~p, differential in ¢, dopycs/dt, for three values of
Q% at W = 82 GeV, and for three values of W at Q> = 10 GeV?>. Results for the corresponding
t-slope parameters b are given. The first errors are statistical, the second systematic.

¢ [deg.] Ac(9) \
10 0.326 £0.086 +£0.180
35 0.119 £0.076 4 0.090
70 | —0.039 +0.080 =+ 0.030
110 0.035 £0.092 +0.028
145 | —0.234 +0.079 =+ 0.076
170 | —0.210 +0.075 =+ 0.169

Table 4: The DVCS beam charge asymmetry Ac(¢) as a function of ¢ and integrated over the
kinematic range 6.5 < Q2 < 80 GeV?, 30 < W < 140 GeV and |t| < 1 GeV>. The first errors
are statistical, the second systematic.
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Figure 1: Distributions of the energy (a) and polar angle (b) of the scattered electron, the energy
(c) and polar angle (d) of the photon, the ¢ azimuthal angle between the plane of incoming and
outgoing lepton and the plane of virtual and real photon [2] (e) and the proton four momentum
transfer squared |¢| (f). The data correspond to the full e*p sample and are compared to Monte
Carlo expectations for elastic DVCS, elastic and inelastic BH and inelastic DVCS. All Monte
Carlo simulations are normalised according to the luminosity of the data. The open histogram
shows the total prediction and the shaded band its estimated uncertainty.
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Figure 2: The DVCS cross section y*p — ~p as a function of Q% at W = 82 GeV (a) and as
a function of W at Q? = 10 GeV? (b). The results from the previous H1 [10] and ZEUS [12]
publications based on HERA I data are also displayed. ZEUS measurements are propagated
from W = 104 GeV to 82 GeV using a W dependence W52, The inner error bars represent
the statistical errors, the outer error bars the statistical and systematic errors added in quadrature.
The dashed line represents the prediction of the GPDs model [6] and the solid line the prediction
of the dipole model [15].
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Figure 3: The DVCS cross section y*p — 7p as a function of W at three values of Q2 (a). The
solid lines represent the results of fits of the form W?. The fitted values of §(Q?) are shown in
(b) together with the values obtained using HERA I data [10]. The inner error bars represent the
statistical errors, the outer error bars the statistical and systematic errors added in quadrature.
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Figure 4: The fitted ¢-slope parameters b(()?) are shown in (a) together with the ¢-slope param-
eters from the previous H1 [10] and ZEUS [12] publications based on HERA I data. In (b) the
fitted t-slope parameters b(WW') are shown. The inner error bars represent the statistical errors
and the outer error bars the statistical and systematic errors added in quadrature. The dashed
line represents the prediction of the GPDs model [6] and the solid line the prediction of the

dipole model [15].
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Figure 5: The inelastic DVCS cross section differential in ¢ at W = 82 GeV and Q% = 10 GeV2.
The inner error bars represent the statistical errors, the outer error bars the statistical and sys-

tematic errors added in quadrature.
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Figure 6: Beam charge asymmetry as a function of the angle ¢ as defined in [2], integrated over
the kinematic range of the analysis. The inner error bars represent the statistical errors, the outer
error bars the statistical and systematic errors added in quadrature. The function 0.16 cos ¢ is
also shown (solid line), together with the GPDs model prediction (dashed line).
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Annexe E

A Search for Excited Neutrinos in e  p
Collisions at HERA

F.D. Aaron et al. [H1 Collaboration],
Phys. Lett. B 663 (2008) 382,
arXiv:0802.1858

Abstract

A search for first generation excited neutrinos is performed using the full e”p data sample
collected by the H1 experiment at HERA at a centre-of-mass energy of 319 GeV, corres-
ponding to a total luminosity of 184 pb~!. The electroweak decays of excited neutrinos
v*—vy, v*—vZ and v*—eW with subsequent hadronic or leptonic decays of the W and
Z bosons are considered. No evidence for excited neutrino production is found. Mass de-
pendent exclusion limits on v* production cross sections and on the ratio of the coupling
to the compositeness scale f/A are derived within gauge mediated models. A limit on f/A,
independent of the relative couplings to the SU(2) and U(1) gauge bosons, is also determi-
ned. These limits extend the excluded region to higher masses than has been possible in
previous excited neutrino searches.



1 Introduction

The three-family structure and mass hierarchy of the known fermions is one of the most puz-
zling characteristics of the Standard Model (SM) of particle physics. Attractive explanations
are provided by models assuming composite quarks and leptons [1]. The existence of excited
states of leptons and quarks is a natural consequence of these models and their discovery would
provide convincing evidence of a new scale of matter. Electron-proton interactions at very high
energies provide a good environment in which to search for excited states of first generation
fermions. In particular, excited neutrinos (v*) could be singly produced through the exchange
of a W boson in the ¢-channel.

In this letter a search for excited neutrinos using the complete e “p HERA collider data of
the H1 experiment is presented. Electroweak decays into a SM lepton (e, v,) and a SM gauge
boson (v, W and Z) are considered and hadronic as well as leptonic decays of the W and Z are
analysed.

The data, collected at electron and proton beam energies of 27.6 GeV and 920 GeV, respec-
tively, correspond to a total integrated luminosity of 184 pb~!. During the HERA II running
period, the electron beam was longitudinally polarised, at a level of typically 35%. For this
analysis the periods with left-handed and right-handed beams are combined and the analysed
data sample has a residual polarisation of 5% left-handed. With more than a ten-fold increase
in statistics, this analysis supersedes the result of the previous H1 search for excited neutrinos
based on a data sample corresponding to a luminosity of 15 pb~! [2].

2 Phenomenology

In the present study a model [3-5] is considered in which excited fermions are assumed to
have spin 1/2 and isospin 1/2. Both left-handed and right-handed components of the excited
fermions form weak iso-doublets F; and F7;. In order to prevent the light leptons from radia-
tively acquiring a large anomalous magnetic moment [6, 7], only the right-handed component
of the excited fermions takes part in the generalised magnetic de-excitation. The interaction be-
tween excited fermions, gauge bosons and ordinary fermions is then described by the effective
Lagrangian [4]:

1 - y T . Y A .
Lint. = EFR ot ngVVW +!]/f/§BW +st53GW Fp+he. . (D

The matrix o is the covariant bilinear tensor, W, By, and Gj,, are the field-strength
tensors of the SU(2), U(1) and SU(3) gauge fields, 7¢, Y and A* are the Pauli matrices, the
weak hypercharge operator and the Gell-Mann matrices, respectively. The standard electroweak
and strong gauge couplings are denoted by g, ¢’ and g, respectively. The parameter A has
units of energy and can be regarded as the compositeness scale which reflects the range of a
new confinement force. The constants f, f’ and f, are form factors associated to the three

gauge groups. They can be interpreted as parameters setting different scales A; = A/ f; for the

4

different gauge groups, thus allowing the composite fermion to have arbitrary coupling strengths
with the three gauge bosons.

Following this model, single production of excited neutrinos in ep collisions may result from
the ¢-channel exchange of a ¥ boson. Due to the helicity dependence of the weak interaction
and given the valence quark composition and density distribution of the proton, the v* produc-
tion cross section is predicted to be much larger for e~ p collisions than for e*p. For a v* mass
M,,+ of 200 GeV the ratio of the production cross sections is of order 100. The v* production
cross section is expected to scale linearly with the polarisation of the incident electron beam,
similarly to the SM charged current process. The excited neutrino may decay into a lepton
and an electroweak gauge boson via v* —vvy, v*—eW and v*—vZ. For a given M, value
and assuming a numerical relation between f and f’, the v* branching ratios are fixed and the
production cross section depends only on f/A. The v* is expected not to have strong interac-
tions and therefore this search is insensitive to f;. Two complementary coupling assignments
f=+4f"and f = —f” are studied in detail. For f = + f’ the excited neutrino has no tree-level
electromagnetic coupling [8] and therefore the photonic decay of the v* is forbidden whereas
for f = —f’ decays into vy, vZ and eIV are allowed. In addition, arbitrary ratios of f’/f are
considered in the range —5 to +5.

3 Simulation of Signal and Background Processes

A Monte Carlo (MC) program developed for this analysis is used for the calculation of the v*
production cross section and the simulation of signal events. The events are simulated using
the cross section calculated from the Lagrangian described in equation (1) using the CompHEP
package [9]. Initial state radiation from the incident electron is included using the Weizsicker-
Williams approximation [10]. The proton parton densities are taken from the CTEQSL [11]
parametrisation and are evaluated at the scale \/@ where Q? is the four-momentum transfer
squared. The parton shower approach [12] is applied to simulate Quantum Chromodynamics
(QCD) corrections in the initial and final states. The hadronisation is performed using Lund
string fragmentation as implemented in PYTHIA [12].

In the MC generator the full transition matrix including the production and the decay is
implemented. This is important if the natural width of the v* is large, which is typically the case
at high mass where factorisation of the »* production and its decay no longer holds. Events used
in the determination of signal efficiencies are generated with the coupling f/A corresponding,
for each v* mass, to the expected boundary of the probed domain in the plane defined by M-
and f/A.

The Standard Model background processes that may mimic a v* signal are neutral current
(NC) and charged current (CC) deep-inelastic scattering (DIS) and to a lesser extent photopro-
duction, lepton pair production and real W boson production.

The RAPGAP [13] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [14] program. Direct and resolved photoproduction of jets and prompt
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photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level hard scattering matrix elements with radiative QED corrections. In RAPGAP and
PYTHIA, jet production from higher order QCD radiation is simulated using leading logarith-
mic parton showers and hadronisation is modelled with Lund string fragmentation. The leading
order MC prediction of NC DIS and photoproduction processes with two or more high trans-
verse momentum jets is scaled by a factor of 1.2 in order to normalise to next-to-leading order
QCD calculations [15]. Charged current DIS events are simulated using the DJANGO [16] pro-
gram, which includes first order leptonic QED radiative corrections based on HERACLES. The
production of two or more jets in DJANGO is accounted for using the colour-dipole-model [17].

Contributions from elastic and quasi-elastic QED Compton scattering are simulated with
the WABGEN [18] generator. Contributions arising from the production of W bosons and
multi-lepton events are modelled using the EPVEC [19] and GRAPE [20] event generators,
respectively.

All processes are generated with an integrated luminosity significantly higher than that of
the data sample. Generated events are passed through the full GEANT [21] based simulation of
the H1 apparatus, which takes into account the running conditions of the different data taking
periods, and are reconstructed and analysed using the same program chain as for the data.

4 Experimental Conditions

A detailed description of the H1 experiment can be found in [22]. Only the detector compo-
nents relevant to the present analysis are briefly described here. The origin of the HI coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (Pr) is measured in the xy plane. The
pseudorapidity 7 is related to the polar angle 6 by = — In tan(6/2). The Liquid Argon (LAr)
calorimeter [23] is used to measure electrons, photons and hadrons. It covers the polar angle
range 4° < 6 < 154° with full azimuthal acceptance. Electromagnetic shower energies are
measured with a precision of o(E)/E = 12%/+/E/GeV @ 1% and hadronic energies with
o(E)/E = 50%/+/E/GeV & 2%, as measured in test beams [24, 25]. In the backward re-
gion, energy measurements are provided by a lead/scintillating-fiber (SpaCal) calorimeter [26]
covering the angular range 155° < # < 178°. The central (20° < § < 160°) and forward
(7° < 6 < 25°) tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to complement the measurement of hadronic energy. The
LAr and inner tracking detectors are enclosed in a super-conducting magnetic coil with a field
strength of 1.16 T. The return yoke of the coil is the outermost part of the detector and is
equipped with streamer tubes forming the central muon detector (4° < 6 < 171°). In the for-
ward region of the detector (3° < 6 < 17°) a set of drift chambers detects muons and measures
their momenta using an iron toroidal magnet. The luminosity is determined from the rate of
the Bethe-Heitler process ep—epy, measured using a photon detector located close to the beam
pipe at z = —103 m, in the backward direction.

5 Data Analysis

The triggers used in this analysis are based on the detection of energy deposits in the LAr
calorimeter [27]. Events containing an electromagnetic deposit (electron or photon) with an
energy greater than 10 GeV are triggered with an efficiency close to 100%. For events with
missing transverse energy above 20 GeV, the trigger efficiency is ~ 90%.

In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in 2z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied.

The identification of electrons or photons relies on the measurement of a compact and iso-
lated electromagnetic shower in the LAr calorimeter. In addition, the hadronic energy within
a distance in the pseudorapidity-azimuth (n — ¢) plane R = \/An? + A¢? < 0.5 around the
electron (photon) is required to be below 3% of the electron (photon) energy. Muon iden-
tification is based on a track measured in the inner tracking systems associated with signals
in the muon detectors [28]. A muon candidate should have no more than 5 GeV deposited
in a cylinder, centred on the muon track direction, of radius 25 cm and 50 cm in the elec-
tromagnetic and hadronic sections of the LAr calorimeter, respectively. Calorimeter energy
deposits and tracks not previously identified as electron, photon or muon candidates are used to
form combined cluster-track objects, from which the hadronic energy is reconstructed [29, 30].
Jets are reconstructed from these combined cluster-track objects using an inclusive k£ algo-
rithm [31, 32] with a minimum transverse momentum of 2.5 GeV. The missing transverse mo-
mentum PP of the event is derived from all identified particles and energy deposits in the
event. The P is assumed to originate from a single neutrino. The four-vector of this neu-
trino candidate is reconstructed assuming transverse momentum conservation and the relation
>, (BT — P+ (EY — P?) = 2E? = 55.2 GeV, where the sum runs over all detected particles;
P, is the momentum along the beam axis and E? is the electron beam energy.

Specific selection criteria applied in each decay channel are presented in the following sub-
sections. A detailed description of the analysis can be found in [33].

5.1 vy Resonance Search

The signature of the decay channel v*—wv+y consists of an isolated electromagnetic cluster
in events with missing transverse momentum. Background arises from CC DIS events with
an isolated 7° or a radiated photon. Events with substantial missing transverse momentum
Pq‘l‘iss > 20 GeV are selected. In each event, a photon candidate with transverse momentum
P} > 20 GeV in a polar angle range 5° < 67 < 120° is required. This polar angle range is
restricted to 67 < 60° in events with P below 30 GeV, in order to reduce background from
NC DIS. The photon is required to be isolated from jets by a distance R > 0.5 to any jet axis.
In the central region (§” > 20°), photon candidates are selected only if no well measured track
points to the electromagnetic cluster within a distance of closest approach (DCA) of 12 cm. For
events with Ps below 50 GeV, this condition is tightened by accepting only photon candi-
dates having no track with a DCA to the cluster below 24 cm or within & < 0.5. The energy
and polar angle of the photon are combined into one discriminant variable £ = E7 cos? (67/2).
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Radiative CC DIS events are suppressed by requiring that {7 > 45 GeV. For signal events, in
most cases the final state contains a recoil jet, due to v* production via ¢-channel 1V boson
exchange. Hence, in the final selection the presence of at least one jet with P)* > 5 GeV is
also required.

Seven events are selected in the data, compared to a SM expectation of 12.3 £ 3.0, which is
dominated by CC DIS events. The invariant mass of the excited neutrino candidate is calculated
from the four-vectors of the neutrino and the photon. The invariant mass distributions of the
v* candidates and of the expected SM background are presented in figure 1(a). The resulting
selection efficiency is 50% for M, = 120 GeV, increasing to 55% for M, = 260 GeV. From
Monte Carlo studies, the total width of the reconstructed »* mass distribution is 11 GeV for a
generated v* mass of 120 GeV, increasing to 41 GeV for a v* mass of 260 GeV.

5.2 vqq Resonance Search

The signature of the v*—vrZ—wvqq decay channel consists of two jets with high transverse
momentum in events with large PR, The SM background is dominated by multi-jet CC
DIS events and contains a moderate contribution from photoproduction. Events with missing
transverse momentum PR > 20 GeV are selected. In each event at least two jets are required
in the polar angle range 5° < §*** < 130° with transverse momenta larger than 20 and 15 GeV,
respectively. Additionally, the hadronic final state must exhibit a polar angle ;, as defined
in [34], larger than 20°, in order to remove photoproduction events. Events with Pj‘l‘i“ < 30 GeV
are selected if the ratio V, /V}, of transverse energy flow anti-parallel and parallel to the hadronic
final state [34] is above 0.1. This condition reduces the contribution of CC DIS processes.
Photoproduction and NC DIS backgrounds typically have low volues of x, the Bjorken scaling
variable calculated from the hadronic system using the Jacquet-Blondel method [34, 35], and
are thus suppressed by requiring x;, > 0.04. Finally, to further reduce the background from CC
DIS, a jet multiplicity greater than or equal to three is required for events with P2 < 50 GeV.
In each event, a Z candidate is reconstructed from the combination of the two jets with an
invariant mass closest to the nominal Z boson mass. The reconstructed Z candidate is required
to have an invariant mass above 60 GeV.

After this selection, 89 events are found in the data compared to a SM expectation of 95 + 21
events. The invariant mass of the v* candidate is calculated from the neutrino and Z candidate
four-vectors. For this calculation, the Z candidate four-vector is scaled such that its mass is set
equal to the nominal Z boson mass. The invariant mass distributions of the v* candidates and
of the expected SM background are presented in figure 1(b). The selection efficiency in this
channel is 25% for M, = 120 GeV, increasing to 55% for M, = 260 GeV. From Monte Carlo
studies, the total width of the reconstructed »* mass distribution is 31 GeV for a generated v*
mass of 120 GeV, increasing to 41 GeV for a v* mass of 260 GeV.

5.3 eqq Resonance Search

The signature of the v*—eW —eqq decay channel consists of one electron and two high Pr
jets. Multi-jet NC DIS events constitute the main background contribution from SM processes.

8

Events are selected with an isolated electron in the LAr calorimeter in the polar angle range
5° < §° < 90°. The electron variable! £¢ = E°cos? (#°/2) is required to be above 23 GeV
or the electron should have a transverse momentum P7 greater than 25 GeV. These conditions
remove a large part of the NC DIS contribution. In addition, the electron should be isolated
from jets by a distance R > 0.5 to any jet axis. The events are required to have at least two jets
in the polar angle range 5° < §¢® < 130° with transverse momenta larger than 20 and 15 GeV,
respectively. In each event, a IV candidate is reconstructed from the combination of the two jets
with an invariant mass closest to the nominal ¥ boson mass. The reconstructed mass of the
W candidate is required to be larger than 40 GeV. To further reduce the NC DIS background it
is required that the polar angle of the jet with the highest Py associated to the W candidate be
less than 80° and that events with P < 65 GeV contain at least three jets with a P larger than
5 GeV.

After the selection, 220 events are observed compared to a SM expectation of 223 + 47.
The invariant mass of the v* candidate is calculated from the electron and W candidate four-
vectors. For this calculation, the W candidate four-vector is scaled such that its mass is set
equal to the nominal W boson mass. The invariant mass distributions of the »* candidates and
of the expected SM background are presented in figure 1(c). The selection efficiency in this
channel is 40% for M,,- = 120 GeV, increasing to 65% for M, = 260 GeV. From Monte Carlo
studies, the total width of the reconstructed »* mass distribution is 15 GeV for a generated v*
mass of 120 GeV, increasing to 38 GeV for a v* mass of 260 GeV.

5.4 ecvu and eve Resonance Searches

In the search for v*—eWW —evpu, events with PT"‘iss > 15 GeV, one electron with Py > 20 GeV
and one muon with Pj: > 10 GeV are selected. The electron and the muon have to be detected
in the polar angle ranges 5° < 6° < 100° and 10° < 6" < 160°, respectively. Furthermore,
the electron and the muon must be isolated from jets by minimum distances of B¢ > 0.5
and R* > 1, respectively. The contribution from NC DIS processes is reduced by requiring
£¢ > 9GeV. After this selection no data event remains, while 0.40 £ 0.05 SM background
events are expected. The selection efficiency for »* with masses above 120 GeV is ~ 35%.

The signatures of the v*—eWW —eve and v*—vZ—wvee channels are similar and consist
of two high Pr electrons in events with large missing transverse momentum. Events with
Piiss > 20 GeV are selected. In each event two isolated electromagnetic clusters are required,
with a transverse momentum larger than 20 and 15 GeV, respectively. The highest Py electron
should be detected in the polar angle range 5° < ' < 100° and the second electron in the
range 5° < 62 < 120°. To reduce the background from Compton processes, a track has to be
associated to each electromagnetic cluster in the central region (6 > 35°). Events in which the
invariant mass of the two electromagnetic clusters is within 10 GeV of the nominal Z boson
mass are attributed to the Z—-ee decay channel. Events from the W —wve decay channel are
selected by requiring the invariant mass of the v and one of the electromagnetic clusters to
be compatible with the 1V boson mass within 20 GeV. In this channel, the variable £¢ defined
from the highest Pr electron is required to be above 29 GeV. No data candidate is observed in

I'This variable is proportional to the four-momentum transfer squared Q? for NC DIS.
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either the Z or W decay channels compared to SM expectations of 0.19 & 0.05 and 0.7 £ 0.1,
respectively. In both channels, the selection efficiency for v* with masses above 120 GeV is
~ 35%.

5.5 Systematic Uncertainties

The following experimental systematic uncertainties are considered:

o The uncertainty on the electromagnetic energy scale varies between 1% and 3% depend-
ing on the polar angle. The polar angle measurement uncertainty of electromagnetic
clusters is 3 mrad.

The efficiency to identify photons is known with a precision of 10% for high Pr photons.

o The scale uncertainty on the transverse momentum of high Pr muons amounts to 5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad.

o The hadronic energy scale is known within 2%. The uncertainty on the jet polar angle
determination is 10 mrad.

e The uncertainty on the trigger efficiency is 3%.

o The luminosity measurement has an uncertainty of 2.5%.

The effect of the above systematic uncertainties are determined by varying the experimental
quantities by &1 standard deviation in the MC samples and propagating these variations through
the whole analysis chain.

Additional model systematic uncertainties are attributed to the SM background MC gen-
erators described in section 3. An error of 20% on the simulation of NC DIS, CC DIS and
photoproduction processes with at least two high Py jets is considered to account for the uncer-
tainty on higher order QCD corrections. An uncertainty of 30% on the simulation of radiative
CC DIS events is considered to account for the lack of QED radiation from the quark line in
the DJANGO generator. This uncertainty is estimated in the specific phase space of the anal-
ysis by a comparison of the DJANGO result to the calculated cross section of the e p—v,yX
process [36]. The error on the QED Compton cross section is estimated to be 10%. The errors
attributed to multi-lepton and W production are 3% and 15%, respectively. The total error on
the SM background prediction is determined by adding the effects of all model and experimental
systematic uncertainties in quadrature.

The theoretical uncertainty on the »* production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from \/@ /2to 2\/@ . The resulting uncertainty depends on the v* mass and is 10%
at M,« = 100 GeV, increasing to 30% at M, = 300 GeV.
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6 Interpretation

The event yields observed in all decay channels are in agreement with the corresponding SM
expectations and are summarised in table 1. The SM predictions are dominated by NC DIS pro-
cesses for the eqq resonance search and by CC DIS for the vy and v¢q resonance searches. The
distributions of the invariant mass of the data events are in agreement with those of the expected
SM background as shown in figure 1. No data event is observed in channels corresponding to
leptonic decays of the W or Z bosons, in agreement with the low SM expectations.

Since no evidence for the production of excited neutrinos is observed, upper limits on the v*
production cross section and on the coupling f/A are derived as a function of the mass of the
excited neutrino. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [37].

Upper limits on the product of the v* production cross section and decay branching ratio are
shown in figure 2. The analysed decay channels of the W and Z gauge bosons are combined.
The resulting limits on f/A after combination of all v* decay channels are displayed as a func-
tion of the »* mass in figure 3, for the conventional assumptions f = —f’ and f = +f’. Limits
are derived for v* masses up to 300 GeV. The total fraction of v* decays covered in this analysis
is ~ 92% and ~ 84% in the two cases f = — f"and f = +f’, respectively. In the case f = — [,
the limit on f/A is dominated at low mass by the v*— vy channel, while the v* — eIV channel
starts to contribute significantly for masses above 200 GeV. Under the assumption f = +f’, the
limit on f/A is driven mainly by the v*—eWW channel. These new results improve significantly
the previously published limits by H1 [2] and ZEUS [38]. For comparison, the most stringent
limits obtained in e™e™ collisions at LEP for the two cases f = —f’ and f = +f’, determined
by L3 [39] and DELPHI [40], respectively, are also shown in figure 3. The HI measurement
provides the most stringent constraints for masses larger than ~ 170 GeV. With the assump-
tion f/A = 1/M,- excited neutrinos with masses up to 213 GeV (196 GeV) are excluded for
===+

Limits with less model dependence can be derived if arbitrary ratios f’/f are considered.
The dependence of the limits on this ratio for different v* masses is displayed in figure 4(a).
Limits which are independent of f’/ f are derived for f’/f € [—5; 5] by choosing in figure 4(a)
the point with the weakest limit for each mass hypothesis. The result is shown in figure 4(b)
and is found to be almost equal to the limit obtained under the assumption f = + f'.

7 Conclusion

Using the full e”p data sample collected by the H1 experiment at HERA with an integrated
luminosity of 184 pb~! a search for the production of excited neutrinos is performed. The
excited neutrino decay channels v*—v7y, v*—vZ and v*—ell with subsequent hadronic or
leptonic decays of the W and Z bosons are considered and no indication of a v* signal is found.
New limits on the production cross section of excited neutrinos are obtained. Previous HERA
results are improved by a factor three to four. Upper limits on the coupling f/A as a function of
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the excited neutrino mass are established for specific relations between the couplings (f = + f”
and f = —f’) and independent of the ratio f'/f. Assuming f = —f" and f/A = 1/M,-,
excited neutrinos with a mass lower than 213 GeV are excluded at 95% confidence level. The
results presented in this letter greatly extend the previously excluded domain and demonstrate
the unique sensitivity of HERA to excited neutrinos with masses beyond the LEP reach.
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Search for v* at HERA (e~ p, 184 pb™1)

Channel Data SM Signal Efficiency [%]
v —uy 7 123+£3.0 50-55
v*—eW—eqq 220 223 +47 40-65
v*—eW—evpy 0 0.40=+£0.05 35

v*—eW —eve 0 0.7£0.1 45
V*—vZ—vqq 89 95 £ 21 25-55
v*—vZ—vee 0 0.19=£0.05 45

Table 1: Observed and predicted event yields for the studied »* decay channels. The analysed
data sample corresponds to an integrated luminosity of 184 pb~!. The error on the SM predic-
tions includes model and experimental systematic errors added in quadrature. Typical selection
efficiencies for »* masses ranging from 120 to 260 GeV are also indicated.
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Figure 1: Invariant mass distribution of the v* candidates for the v*—v~y (a), v*—vZ—vqq
(b) and v*—eW —eqq (c) searches. The points correspond to the observed data events and the
histogram to the SM expectation after the final selections. The error bands on the SM prediction
include model and experimental systematic errors added in quadrature.
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Figure 2: Upper limits at 95% CL on the product of the »* production cross section and decay
branching ratio, 0 X BR, in the three decay channels as a function of the excited neutrino mass.
The different decay channels of the W and Z gauge bosons are combined. Areas above the
curves are excluded.
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Figure 3: Exclusion limits at 95% CL on the coupling f/A as a function of the mass of the
excited neutrino with the assumptions (a) f = —f" and (b) f = +f’. The excluded domain
based on all HI e~ p data is represented by the shaded area. Values of the couplings above the
curves are excluded. The dashed line corresponds to the exclusion limit obtained at LEP by the
L3 Collaboration [39] in (a) and by the DELPHI Collaboration [40] in (b).
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Figure 4: (a) Exclusion limits at 95% CL on the coupling f/A as a function of the ratio f'/f.
Each curve corresponds to a different * mass. The circle indicates the weakest limit for each
mass. (b) Exclusion limit at 95% CL on the coupling f/A as a function of the mass of the
excited neutrino (shaded area). This limit corresponds to the weakest limit on f/A for f'/f
values in the interval [—5; 4-5]. The hatched area corresponds to the exclusion domain obtained
by HI in a previous analysis [2]. The regions above the lines are excluded.
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Abstract

A search for excited electrons is performed using the full e*p data sample collected by the
H1 experiment at HERA, corresponding to a total luminosity of 475 pb~!. The electroweak
decays of excited electrons e* — ey, e* — eZ and e*—vW with subsequent hadronic or
leptonic decays of the W and Z bosons are considered. No evidence for excited electron
production is found. Mass dependent exclusion limits on e* production cross sections and
on the ratio f/A of the coupling to the compositeness scale are derived within gauge
mediated models. These limits extend the excluded region compared to previous excited
electron searches. The e* production via contact interactions is also addressed for the first
time in ep collisions.



1 Introduction

The three-family structure and mass hierarchy of the known fermions is one of the most puz-
zling characteristics of the Standard Model (SM) of particle physics. Attractive explanations
are provided by models assuming composite quarks and leptons [1]. The existence of excited
states of leptons and quarks is a natural consequence of these models and their discovery would
provide convincing evidence of a new scale of matter. Electron!-proton interactions at very high
energies provide good conditions to search for excited states of first generation fermions. For
instance, excited electrons (e*) could be singly produced through the exchange of a v or a Z
boson in the ¢-channel.

In this letter a search for excited electrons using the complete e*p HERA collider data of
the H1 experiment is presented. Electroweak decays into a SM lepton (e, ) and a SM gauge
boson (v, W and Z) are considered and hadronic as well as leptonic decays of the W and Z are
analysed.

The data are recorded at electron beam energy of 27.6 GeV and proton beam energies of
820 GeV and 920 GeV, corresponding to centre-of-mass energies /s of 301 GeV and 319 GeV,
respectively. The total integrated luminosity of the data is 475 pb~!. The data comprise
184 pb~! recorded in e~ p collisions and 291 pb~! in e*p collisions, of which 35 pb~! were
recorded at /s = 301 GeV. With a four-fold increase in statistics, this analysis supercedes the
result of the previous H1 search for excited electrons [2]. It complements the search for excited
neutrinos [3].

2 Excited Electron Models

In the present study a model [4-6] is considered in which excited fermions are assumed to have
spin 1/2 and isospin 1/2. The left-handed and right-handed components of the excited fermions
form weak iso-doublets F; and F7;.

Interactions between excited and ordinary fermions may be mediated by gauge bosons, as
described by the effective Lagrangian [5, 6]:

Layv = %FE o gf%VVI‘Z,/ -+ g’f’%B}W + gsfs%qu Fr, 4 h.c. . €))

Only the right-handed component of the excited fermion F'; is allowed to couple to light
fermions, in order to protect the light leptons from radiatively acquiring a large anomalous mag-
netic moment [7, 8]. The matrix o*” is the covariant bilinear tensor, V ,j‘u, B, and wa are the
field-strength tensors of the SU(2), U(1) and SU(3) gauge fields, 7, Y and A* are the Pauli ma-
trices, the weak hypercharge operator and the Gell-Mann matrices, respectively. The standard
electroweak and strong gauge couplings are denoted by g, ¢’ and g, respectively. The parameter
A has units of energy and can be regarded as the compositeness scale which reflects the range

'In this letter the term “electron” refers to both electron and positrons, if not otherwise stated.
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of the new confinement force. The constants f, f’ and f; are coupling parameters associated to
the three gauge groups and are determined by the yet unknown composite dynamics.

Following this model of gauge mediated (GM) interactions, single e* production in ep col-
lisions may result from the ¢-channel exchange of a y or Z boson. Since the e* is expected not
to have strong interactions, the present search is insensitive to f;. The produced e* may decay
into a lepton and an electroweak gauge boson via e*—evy, e*—vW and e*—eZ. For a given e*
mass value M.~ and assuming a numerical relation between f and f’, the e* branching ratios are
fixed and the production cross section depends only on f/A. In most analyses the assumption
is made that the coupling parameters f and f’ are of comparable strength and only the relation-
ships f = —f" and f = + f' are considered. In the case f = — f’, the excited electron does not
couple to the photon and therefore the e* production cross section at HERA is small. Therefore,
only the case f = + f’ is considered in this analysis.

In addition to GM interactions, novel composite dynamics may be visible as contact inter-
actions (CI) between excited fermions and SM quarks and leptons. Such interactions can be
described by the effective four-fermion Lagrangian [5]:

47 .
Lor= Az 3 2)

where A is assumed to be the same parameter as in the Lagrangian (1) and j, is the fermion
current

Ju =L FivFL + i Foy P + 0 FiyFy + hee.+ (L — R). 3)

Conventionally, the 7 factors are set to one for the left-handed and to zero for the right-
handed current.

Contact interactions may induce changes in the cross section of neutral current (NC) deep-
inelastic scattering (DIS) ep — eX. Searches for deviations from the SM cross section at
the highest squared momentum transfers Q2 in NC DIS processes have excluded values of
A between 1.6 TeV and 5.5 TeV, depending on the chiral structure considered [9]. Contact
interactions may also mediate the resonant production of excited electrons in ep collisions as
well as their decays into an electron and a pair of SM fermions. The e* production and decay
by both gauge and contact interactions is also considered in this analysis. In this case the total
e* production cross section o+ is the sum of pure GM and CI cross sections and of the
interference between the two processes [10]. For simplicity, the relative strength of gauge and
contact interactions are fixed by setting the parameters f and f’ of the gauge interaction to
one. The ratio of the GM+CI and GM cross sections ogic1/0cn then depends only on A
and on the e* mass. For M,. = 150 GeV and A = 1 TeV, ogurcor/0cu is equal to 8.4, but
reduces to 1.3 for A = 4 TeV. Relative branching ratios of GM and CI decays are determined by
the e* partial widths in each decay channel [5]. In the sensitive domain of the present analysis
(A ~4TeVand 100 GeV < M,- < 200 GeV), more than 95% of e* decays are gauge mediated.
Therefore, only GM decay channels are used for the present search.
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3 Simulation of Signal and Background Processes

The Monte Carlo (MC) event generator COMPOS [11] is used for the calculation of the e*
production cross section and to determine the signal detection efficiencies. It is based on the
cross section formulae for gauge mediated interactions [4,5]. Cross section formulae for con-
tact interaction production and for the interference between contact and gauge interactions [10]
have also been incorporated into COMPOS. Only e* decays via gauge mediated interactions
are simulated. Initial state radiation of a photon from the incident electron is included using
the Weizsidcker—Williams approximation [12]. The proton parton densities are taken from the
CTEQSL [13] parametrisation and are evaluated at the scale \/@ The parton shower ap-
proach [14] is applied in order to simulate Quantum Chromodynamics (QCD) corrections in
the initial and final states. Hadronisation is performed using Lund string fragmentation as im-
plemented in PYTHIA [14]. The COMPOS generator uses the narrow width approximation
(NWA) for the calculation of the production cross section and takes into account the natural
width of the excited electron for the e* decay. The NWA is valid for e* masses below 290 GeV
and the couplings f/A relevant to this analysis, as the total ¢* width is less than 10% of the ¢*
mass.

The Standard Model (SM) processes which may mimic the e* signal are QED Compton
scattering, neutral current and charged current (CC) deep-inelastic scattering and to a lesser
extent photoproduction, lepton pair production and real W boson production.

The RAPGAP [15] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [16] program. Direct and resolved photoproduction of jets and prompt
photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level hard scattering matrix elements with radiative QED corrections. In RAPGAP
and PYTHIA, jet production from higher order QCD radiation is simulated using leading log-
arithmic parton showers and hadronisation is modelled with Lund string fragmentation. The
leading order MC prediction of NC DIS and photoproduction processes with two or more high
transverse momentum jets is scaled by a factor of 1.2 to account for missing higher order QCD
contributions in the MC generators [19,20]. Charged current DIS events are simulated using the
DJANGO [17] program, which includes first order leptonic QED radiative corrections based on
HERACLES. The production of two or more jets in DJANGO is accounted for using the colour-
dipole-model [18]. Contributions from elastic and quasi-elastic QED Compton scattering are
simulated with the WABGEN [21] generator. Contributions arising from the production of W
bosons and multi-lepton events are modelled using the EPVEC [22] and GRAPE [23] event
generators, respectively.

Generated events are passed through the full GEANT [24] based simulation of the H1 ap-
paratus, which takes into account the actual running conditions of the data taking, and are
reconstructed and analysed using the same program chain as for the data.

4 Experimental Conditions

A detailed description of the H1 experiment can be found in [25]. Only the detector compo-
nents relevant to the present analysis are briefly described here. The origin of the H1 coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (Pr) is measured in the xy plane. The
pseudorapidity 7 is related to the polar angle 6 by = — In tan(6/2). The Liquid Argon (LAr)
calorimeter [26] is used to measure electrons, photons and hadrons. It covers the polar angle
range 4° < 6 < 154° with full azimuthal acceptance. Electromagnetic shower energies are
measured with a precision of o(E)/E = 12%/+/E/GeV ® 1% and hadronic energies with
o(E)/E = 50%/+/E/GeV & 2%, as measured in test beams [27,28]. In the backward re-
gion, energy measurements are provided by a lead/scintillating-fiber (SpaCal) calorimeter [29]
covering the angular range 155° < 6 < 178°. The central (20° < # < 160°) and forward
(7° < 6 < 25°) tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to complement the measurement of hadronic energy. The
LAr and inner tracking detectors are enclosed in a super-conducting magnetic coil with a field
strength of 1.16 T. The return yoke of the coil is the outermost part of the detector and is
equipped with streamer tubes forming the central muon detector (4° < 6 < 171°). In the for-
ward region of the detector (3° < § < 17°) a set of drift chambers detects muons and measures
their momenta using an iron toroidal magnet. The luminosity is determined from the rate of
the Bethe-Heitler process ep—ep~y, measured using a photon detector located close to the beam
pipe at z = —103 m, in the backward direction.

5 Data Analysis

The triggers employed for collecting the data used in this analysis are based on the detection of
electromagnetic deposits or missing transverse energy in the LAr calorimeter [30]. The trigger
efficiency is ~ 90% for events with missing transverse energy of 20 GeV, and increases above
95% for missing transverse energy above 30 GeV. Events containing an electromagnetic deposit
(electron or photon) with an energy greater than 10 GeV are triggered with an efficiency close
to 100%.

In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied.

The identification of electrons or photons relies on the measurement of a compact and iso-
lated electromagnetic shower in the LAr calorimeter. The hadronic energy within a distance
in the pseudorapidity-azimuth (n — ¢) plane R = /An? + A¢? < 0.5 around the electron
(photon) is required to be below 3% of the electron (photon) energy. Furthermore, each elec-
tron (photon) candidate must be isolated from jets by a minimum distance in pseudorapidity-
azimuth of R > 0.5 to any jet axis. The electron and photon energy and angular direction are
measured by the calorimeters. Muon identification is based on a track measured in the inner
tracking systems associated with signals in the muon detectors [31]. A muon candidate is re-
quired to have no more than 5 GeV deposited in a cylinder, centred on the muon track direction,
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of radius 25 cm and 50 cm in the electromagnetic and hadronic sections of the LAr calorimeter,
respectively. Additionally, the muon candidate is required to be separated from the closest jet
and from any track by R > 1 and R > 0.5, respectively. Calorimeter energy deposits and tracks
not previously identified as electron, photon or muon candidates are used to form combined
cluster-track objects, from which the hadronic energy is reconstructed [32,33]. Jets are recon-
structed from these combined cluster-track objects using an inclusive k7 algorithm [34,35] with
a minimum transverse momentum of 2.5 GeV. The missing transverse momentum P2 of the
event is derived from all detected particles and energy deposits in the event. In events with large
P the only non-detected particle in the event is assumed to be a neutrino. The four-vector of
this neutrino candidate is reconstructed assuming transverse momentum conservation and the
relation }_,(E" — P) + (EY — P?) = 2E? = 55.2 GeV, where the sum runs over all detected
particles, P, is the momentum along the proton beam axis and E? is the electron beam energy.

Specific selection criteria applied in each decay channel are presented in the following sub-
sections. A detailed description of the analysis can be found in [36].

5.1 e~ Resonance Search

The signature of the e*—evy decay channel consists of two high Py isolated electromagnetic
clusters. SM background arises mainly from elastic and inelastic QED Compton events. Two
isolated electromagnetic clusters are required, each with transverse momentum Pr > 15 GeV
and polar angle 5° < 6 < 130°. No explicit electron and photon identification based on tracking
conditions is performed in order to retain a high selection efficiency. To reduce contributions
from QED Compton processes, the sum of the energies of the two electromagnetic clusters is
required to be greater than 110 GeV and the sum of their total transverse momenta has to be
larger than 75 GeV.

After this selection, the SM background from elastic QED Compton events is smaller than
that from inelastic QED Compton processes. Since about half of the e* production cross section
is expected from elastic e* production [4], the analysis is separated into two parts. Events with
a total hadronic energy Ej;, < 5 GeV are used to search for elastic e* production, whereas the
other events are attributed to possible inelastic e* production.

In the elastic channel 42 events are selected in the data compared to a SM expectation of
48 £ 4. In the inelastic channel 65 events are found for 65 £ 8 expected. The errors on the SM
prediction include model and experimental systematic errors added in quadrature (see section
5.5). The invariant mass of the e* candidate is calculated from the four-vectors of the elec-
tron and photon candidates. The invariant mass distribution of the e* candidates and the SM
background expectations are presented in figure 1(a) and (b) for the elastic and inelastic chan-
nels, respectively. The selection efficiency is 60% for M. = 120 GeV, increasing to 70% for
M« = 260 GeV. From Monte Carlo studies, the experimental resolution on the reconstructed
e* mass distribution is 3 GeV for a generated e* mass of 120 GeV, increasing to 6 GeV for an
e* mass of 260 GeV.

5.2 vqq Resonance Search

The signature of the e*—v W —wvqq decay channel consists of two high transverse momentum
jets in events with large P/, The SM background is dominated by multi-jet CC DIS events
and contains moderate contributions from NC DIS and photoproduction. Events with missing
transverse momentum P} > 20 GeV are selected. In each event at least two jets with trans-
verse momenta larger than 20 and 15 GeV, respectively, are required in the polar angle range
5° < 0 < 130°.

The ratio V,,/V}, of transverse energy flow anti-parallel and parallel to the hadronic final
state [37] is used to suppress photoproduction events. Events with V,,,/V},, > 0.3 are rejected.
Photoproduction and NC DIS backgrounds typically have low values of x, the Bjorken scaling
variable calculated from the hadronic system using the Jacquet-Blondel method [37, 38], and
are thus suppressed by requiring z;, > 0.04. In each event, a W candidate is reconstructed from
the combination of those two jets with invariant mass closest to the nominal ¥ boson mass.
The reconstructed W candidate is required to have an invariant mass above 60 GeV. In order to
further reduce the background from CC DIS, the invariant mass of all jets and hadrons in the
event not associated to the decay of the 1V boson candidate is required to be below 15 GeV.

After this selection, 129 events are found compared to a SM expectation of 133 =+ 32 events
which is dominated by CC DIS events. The CC DIS cross section is smaller in e*p collisions
than in e”p, in contrast to the e* cross section which is comparable in both collision modes.
Therefore, e™p data have a larger sensitivity to a potential e* signal in this channel than e~ p
data. In the e*p (e p) data sample, 33 (96) events are observed compared to a SM expectation
of 51+ 13 (82+£19). A significant excess is observed neither in e*p nor in e~ p data. The invari-
ant mass of the e* candidate is calculated from the neutrino and W candidate four-vectors. For
this calculation, the VW candidate four-vector is scaled such that its mass is set to the nominal
W boson mass. The invariant mass distribution of the e* candidates and the SM background is
presented in figure 1(c). The selection efficiency in this channel is 20% for M, = 120 GeV, in-
creasing to 55% for M. = 260 GeV. From Monte Carlo studies, the experimental resolution on
the reconstructed e* mass distribution is 9 GeV for a generated e* mass of 120 GeV, increasing
to ~ 20 GeV for an e* mass of 260 GeV.

5.3 eqq Resonance Search

The signature of the e*—eZ—eqq decay channel consists of one electron and two high Pr
jets. Multi-jet NC DIS events constitute the main background contribution from SM processes.
Events are selected with an isolated electron in the LAr calorimeter in the polar angle range
5° < 0° < 90°. The electron should have either a transverse momentum P7 greater than 25 GeV
or the variable? £¢ = E° cos? (6°/2) above 23 GeV. These conditions remove a large part of the
NC DIS contribution. The events are required to have at least two jets in the polar angle range
5° < @it < 130° with transverse momenta larger than 20 and 15 GeV, respectively. In each
event, a Z candidate is reconstructed from the combination of those two jets with invariant mass
closest to the nominal Z boson mass. The reconstructed mass of the Z candidate is required to

2For NC DIS events, this variable is proportional to the four-momentum transfer squared Q2.
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be larger than 70 GeV. To further reduce the NC DIS background the polar angle of the jet with
the highest Pr associated to the Z candidate is required to be less than 80°. The polar angle of
the second jet is required to be greater than 10° in events with Py, 2 < 25 GeV.

After this selection, 286 events are observed while 277 + 62 are expected from the SM.
The invariant mass of the e* candidate is calculated from the electron and Z candidate four-
vectors. For this calculation, the Z candidate four-vector is scaled such that its mass is set
to the nominal Z boson mass. The invariant mass distribution of the e* candidates and the
SM background is presented in figure 1(d). The selection efficiency in this channel is 20%
for M.« = 120 GeV, increasing to 55% for M.- = 260 GeV. From Monte Carlo studies, the
experimental resolution on the reconstructed e* mass distribution is 2 GeV for a generated e*
mass of 120 GeV, increasing to 8 GeV for an e¢* mass of 260 GeV.

54 eee, epp and evr Resonance Searches

In the search for e*—eZ—eee, events with three electrons of high transverse momenta are
selected. The electrons must be detected in the polar angle range 5° < 6° < 150° and have
transverse momenta larger than 25, 20 and 15 GeV, respectively. To reduce the background
from QED Compton processes, each electron in the central region (#° > 35°) must be associated
to a charged track. A Z candidate is reconstructed from the combination of the two electrons
with an invariant mass closest to the nominal Z boson mass. The reconstructed mass of the Z
candidate is required be compatible with the nominal Z boson mass within 7 GeV. After this
selection no data event remains, while 0.72 £ 0.06 SM background events are expected. The
selection efficiency for e* with masses above 120 GeV is ~ 60%.

In the search for e*—eZ—epy, events are selected with one electron with transverse mo-
mentum above 20 GeV and two muons with transverse momenta above 15 and 10 GeV, respec-
tively. The electron and the muons must be detected in the polar angle ranges 5° < 6¢ < 150°
and 10° < 6" < 160°, respectively. A Z candidate is reconstructed from the combination of the
two muons and its reconstructed mass is required to be larger than 60 GeV. After this selection
no data event remains, while 0.52 = 0.05 SM background events are expected. The selection
efficiency in this channel is ~ 40% for M. = 120 GeV, decreasing to 15% for M.~ = 260 GeV.

The signatures of the e*—vW —ver and e*—eZ—evv channels are similar and consist
of one high Pr electron in events with large missing transverse momentum. Events with
Pl‘?iss > 25 GeV and one electron with Pr > 20 GeV are selected. The electron is detected
in the polar angle range 5° < #° < 100° and is required to be isolated from jets by a minimum
distance of R > 1. To reduce the background from radiative CC DIS processes, a track must
be associated to the electron in the central region (6¢ > 35°). Events from photoproduction are
suppressed by requiring V;,,/V,, < 0.1. Remaining NC DIS events are removed by requiring that
the longitudinal momentum balance of the event be }_,(E; — P.;) < 45 GeV, where the sum
runs over all visible particles. In order to remove background arising from SM W production,
the hadron system is required to have a total transverse momentum P2 < 20 GeV and to exhibit
a polar angle 7, as defined in [37], below 80°. In each event, only one neutrino candidate can
be reconstructed, from the total missing transverse momentum, as explained at the beginning of
section 5. The invariant mass of the e* candidate in the evv final state is therefore estimated from
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the four-vectors of the neutrino candidate and the electron candidate. To further remove back-
ground from W production, only events in which the reconstructed e* mass is above 90 GeV
are considered. After this selection four data events remain, while 4.5 + 0.7 SM background
events are expected. The selection efficiency for the e*—vW —vev (e*—eZ—evv) signature
is ~ 60% (~ 35%) for e¢* with masses above 120 GeV.

5.5 Systematic Uncertainties

The following experimental systematic uncertainties are considered:

e The uncertainty on the electromagnetic energy scale varies between 0.7% and 2% de-
pending on the polar angle. The polar angle measurement uncertainty is 3 mrad for elec-
tromagnetic clusters.

e The scale uncertainty on the transverse momentum of high P muons amounts to 2.5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad.

o The hadronic energy scale is known within 2%. The uncertainty on the jet polar angle
determination is 10 mrad.

e The uncertainty on the trigger efficiency is 3%.

e The luminosity measurement has an uncertainty of 3%.

The effect of the above systematic uncertainties on the SM expectation and the signal effi-
ciency are determined by varying the experimental quantities by +1 standard deviation in the
MC samples and propagating these variations through the whole analysis chain.

Additional model systematic uncertainties are attributed to the SM background MC gener-
ators described in section 3. An error of 20% on the normalisation of NC DIS, CC DIS and
photoproduction processes with at least two high Py jets is considered to account for the un-
certainty on higher order QCD corrections. The error on the elastic and quasi-elastic QED
Compton cross sections is conservatively estimated to be 5%. The error on the inelastic QED
Compton cross section is 10%. The errors attributed to lepton pair and W production are 3% and
15%, respectively. The total error on the SM background prediction is determined by adding
the effects of all model and experimental systematic uncertainties in quadrature.

The theoretical uncertainty on the e* production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from \/@ /2to 2\/@ . The resulting uncertainty depends on the e* mass and is 10%
at M.. = 100 GeV, increasing to 15% at M.« = 300 GeV.
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6 Interpretation

The event yields observed in all decay channels are in agreement with the corresponding SM ex-
pectations and are summarised in table 1. The SM predictions are dominated by QED Compton
for the ey resonance search, by CC DIS in the vqq resonance search and by NC DIS processes
for the eqq resonance search. The distributions of the invariant mass of the data events are in
agreement with those of the expected SM background as shown in figure 1. Few or no data
events are observed in channels corresponding to leptonic decays of the W or Z bosons, in
agreement with the low SM expectations.

Since no evidence for the production of excited electrons is observed, upper limits on the e*
production cross section and on the model parameters are derived as a function of the mass of the
excited electron. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [39].

Upper limits on the product of the e* production cross section and of the e* decay branching
ratio are shown in figure 2. The analysed decay channels of the W and Z gauge bosons are
combined. Considering pure gauge interactions, the resulting limit on f/A after combination
of all decay channels is displayed as a function of the e* mass in figure 3, for the conventional
assumption f = +f’. The total fraction of all possible ¢* gauge decay channels covered in this
analysis is ~ 88%. The limit extends up to e* masses of 290 GeV. Considering the assumption
f/A = 1/M.~ excited electrons with masses up to 272 GeV are excluded. The relative contribu-
tions of the e* decay channels to the combined limit are shown in figure 3(a). At low mass, the
combined limit on f/A is dominated by the e*—e¢7y channel, while the ¢* — vWW channel starts
to contribute to the limit for masses above 200 GeV. These new results extend the previously
published limits by H1 [2] and ZEUS [40] by more than a factor of two in f/A. Figure 3(b)
shows direct and indirect limits on e¢* production obtained in eTe~ collisions at LEP by the
OPAL Collaboration [41] and DELPHI Collaboration [42], respectively. The result of the most
recent search for e* production within gauge mediated models obtained at the Tevatron by the
CDF Collaboration is also indicated [43]. The limit from the present analysis extends at high
mass beyond the kinematic reach of LEP searches and to lower f/A values than are reached by
Tevatron searches.

If e* production is considered via gauge and contact interactions together, an upper limit on
1/A is also obtained, under the assumption f = f' = 1. Possible e* decays by either gauge or
contact interactions are taken into account and the efficiency of the analysis to e¢* CI decays is
conservatively assumed to be zero. The limit on 1/A as a function of the e* mass is displayed
in figure 4. For e* masses below 250 GeV, the additional contribution of CI to e* production
changes the limit on A by a factor of 1.15 to 1.2. A limit on A as a function of the e* mass is
also obtained at the Tevatron by considering single e¢* production via contact interactions only,
followed by its gauge decay into an electron and a photon [44].

7 Conclusion

Using the full e*p data sample collected by the H1 experiment at HERA with an integrated
luminosity of 475 pb~! a search for the production of excited electrons is performed. The
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excited electron decay channels e*—ey, e*—eZ and e*—vW with subsequent hadronic or
leptonic decays of the 1 and Z bosons are considered and no indication of a signal is found.
New limits on the production cross section of excited electrons are obtained. Within gauge
mediated models, an upper limit on the coupling f/A as a function of the excited electron mass
is established for the specific relation f = + f’ between the couplings. Assuming f = +f’
and f/A = 1/M. excited electrons with a mass lower than 272 GeV are excluded at 95%
confidence level. For the first time in ep collisions, gauge and four-fermion contact interactions
are also considered together for e* production and decays. In this scenario and assuming the
same A parameter in contact and gauge interactions as well as f = +f' = 1,7, = landng = 0,
the limit on 1/A improves only slightly, demonstrating that the gauge interaction mechanism
is dominant for excited electron processes at HERA. The results presented in this paper extend
previously excluded domain at HERA, LEP or Tevatron.
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Search for e* at HERA (475 pb™?)

Channel Data SM Signal Efficiency [%]
e*—ey (ela.) 42 48 +4 60-70
e*—ey (inel.) 65 65£38 60-70
e*—=vW—rqq 129 133 £ 32 20-55
e*—vW—vev 60
e*—eZ—evv 4 4507 35
e*—eZ—eqq 286 277462 20-55
e*—eZ—eee 0 0.72 +£0.06 60
e*—eZ—elp 0 0.52+0.05 40-15

Table 1: Observed and predicted event yields for the studied e¢* decay channels. The analysed
data sample corresponds to an integrated luminosity of 475 pb~!. The errors on the SM predic-
tions include model and experimental systematic errors added in quadrature. Typical selection
efficiencies for e* masses ranging from 120 to 260 GeV are also indicated.
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Figure 1: Invariant mass distribution of the e* candidates in the elastic e*—e~y (a), inelastic
e*—ey (b), e*—=vW —rqq (c), and e*—eZ—eqq (d) search channels. The points correspond
to the observed data events and the histograms to the SM expectation after the final selections.
The error bands on the SM prediction include model uncertainties and experimental systematic
errors added in quadrature. The dashed line represents with an arbitrary normalisation the
reconstructed mass distribution of e¢* events with M, = 240 GeV.
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Search for e* at HERA (475 pb™)
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Figure 2: Upper limits at 95% CL on the product of the e* cross section and decay branching ra-
tio, o x BR, in the three e* decay channels as a function of the excited electron mass. The decay
channels of the W and Z gauge bosons are combined. Areas above the curves are excluded.
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Figure 3: Exclusion limits at 95% CL on the coupling f/A as a function of the mass of the
excited electron considering gauge mediated interactions only, with the assumption f = +f’.
The separate contributions of the different e* decay channels are presented in (a). Values of
the couplings above the curves are excluded. The excluded domain based on all H1 e*p data
is represented in (b) by the shaded area. It is compared to the direct (dashed line) and indi-
rect (dotted line) exclusion limits obtained at LEP by the OPAL Collaboration [41] and by the
DELPHI Collaboration [42], respectively. The result from the Tevatron obtained by the CDF
experiment [43] is also shown (dashed-dotted line). The curve f/A = 1/M,- is indicated in (b).
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Figure 4: Exclusion limits at 95% CL on the inverse of the compositeness scale 1/A as a
function of the mass of the excited electron. The excluded domain obtained by considering
e* production via gauge mediated interactions only and under the assumption f = +f' = 1is
represented by the shaded area. The hatched area corresponds to the additional domain excluded
if gauge mediated and contact interactions are considered together for e* production. Areas
above the curves are excluded.
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Abstract

A search for excited quarks is performed using the full e*p data sample collected by the
H1 experiment at HERA, corresponding to a total integrated luminosity of 475 pb~!. The
electroweak decays of excited quarks ¢* — qv, ¢¢ — ¢Z and ¢*—qW with subsequent
hadronic or leptonic decays of the W and Z bosons are considered. No evidence for first
generation excited quark production is found. Mass dependent exclusion limits on ¢* pro-
duction cross sections and on the ratio f/A of the coupling to the compositeness scale are
derived within gauge mediated models. These limits extend the excluded region compared
to previous excited quark searches.



1 Introduction

The three-family structure and mass hierarchy of the known fermions is one of the most puzzling
characteristics of the Standard Model (SM) of particle physics. Attractive explanations are
provided by models assuming a composite structure of quarks and leptons [1]. The existence of
excited states of leptons and quarks is a natural consequence of these models and their discovery
would be a convincing evidence of a new scale of matter. Electron!-proton interactions at high
energies provide the opportunity to search for excited states of first generation fermions. For
instance, excited quarks (¢*) could be singly produced through the exchange of a y or a Z boson.

In this paper a search for excited quarks using the complete e*p HERA collider data of the
H1 experiment is presented. Electroweak decays of the excited quark into a SM quark and a
gauge boson (v, W and Z) are considered and both hadronic and leptonic decays of the W and
Z bosons are analysed.

The data were recorded at an electron beam energy of 27.6 GeV and proton beam energies
of 820 GeV or 920 GeV, corresponding to centre-of-mass energies /s of 301 GeV and 319 GeV,
respectively. The total integrated luminosity of the data sample is 475 pb~!. The data comprise
184 pb~! recorded in e~ p collisions and 291 pb~! in e*p collisions, of which 35 pb~! were
recorded at /s = 301 GeV. With more than a twelve-fold increase in statistics and a higher
centre-of-mass energy, this analysis supersedes the result of previous searches for excited quarks
at HERA by the H1 [2] and ZEUS [3] Collaborations and is complementary to exclusion limits
obtained at the LEP collider [4] and at the Tevatron [5-8]. The analysis also complements
searches for first generation excited neutrinos [9] and electrons [10] at HERA.

2 Phenomenology

In the present study a model [11-13] is considered in which excited fermions are assumed to
have spin 1/2 and weak isospin 1/2. The left-handed and right-handed components of the
excited fermions form weak iso-doublets F; and F7;. Interactions between excited and ordinary
fermions may be mediated by gauge bosons, as described by the effective Lagrangian [12, 13]:

a

1 Tk IV 7 a / /Y A? a
Lint. = ﬁFH g ngVV,W + g f EBM, -+ gsfSEGW FL + h.c. . (1)

Only the right-handed component of the excited fermions F7; is allowed to couple to light
fermions F7,, in order to protect the light leptons from radiatively acquiring a large anomalous
magnetic moment [14, 15]. The matrix o*” is the covariant bilinear tensor, Wl’jy, B, and G:’w
are the field-strength tensors of the SU(2), U(1) and SU(3)¢ gauge fields, 7%, Y and \* are
the Pauli matrices, the weak hypercharge operator and the Gell-Mann matrices. The standard
electroweak and strong gauge couplings are denoted by g, ¢’ and g, respectively. The parameter
A has units of energy and can be regarded as the compositeness scale which reflects the range

'In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.

of the new confinement force. The constants f, f" and f, are coupling parameters associated
with the three gauge groups and are determined by the yet unknown composite dynamics.

Following this model of gauge mediated interactions, excited quarks may be resonantly pro-
duced in ep collisions through a gauge boson exchange between the incoming electron and a
quark of the proton (see figure 1(a)). The exchange of excited quarks in the u-channel (fig-
ure 1(b)) is also possible for the high ¢* masses and low values of A probed in this analysis.
For example, for A = 50 GeV, f = f’ = 1 and an excited quark of mass M . = 300 GeV, the
u-channel production cross section is 0.016 pb while the resonant production cross section is
0.27 pb.

ei ei
ot
¥, Z
4 q
q*
~,Z,W,g v, Z,W,g
q
p
X
p
(a) (b)

Figure 1: Diagrams for the production and decay of excited quarks in ep collisions.

The excited quark may decay into a quark and a gauge boson via ¢*—¢qv, ¢*—qW, ¢*—qZ
and ¢*—qg. For a given ¢* mass value and assuming a numerical relation between f, f’ and f,
the ¢* branching ratios are fixed and the production cross section depends only on f/A. Only 7,
W and Z decays of the ¢* are considered in the present study. In this analysis, the assumptions
are made that the coupling parameters f and f’ are of comparable strength, with the relationship
f = [, and that f; = 0. These assumptions lead to results which are complementary to the ¢*
searches performed at the Tevatron [5-8], since at a pp collider excited quarks are dominantly
produced in a quark-gluon fusion mechanism, which requires fs; # 0. The effect of non-zero
values of f; is also studied in the present analysis.

3 Simulation of Signal and Background Processes

A Monte Carlo (MC) program developed for this analysis is used for the calculation of the ¢*
production cross section and the simulation of signal events. The events are simulated using
the cross section calculated from the Lagrangian described in equation (1) using the CompHEP
program [16]. Both resonant ¢* production and u-channel exchange processes, as well as their
interference are included. Initial state radiation of a photon from the incident electron is in-
cluded using the Weizsicker-Williams approximation [17]. The proton parton densities are
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taken from the CTEQ5L [18] parametrisation and are evaluated at the scale v/5 = \/sx, where
x is the momentum fraction of the proton carried by the interacting quark. The parton shower
approach [19] is applied in order to simulate Quantum Chromodynamics (QCD) corrections
in the initial and final states. Hadronisation is performed using Lund string fragmentation as
implemented in PYTHIA [19].

In the MC generator the full transition matrix including both ¢* production and decay is
implemented. This is important if the natural width of the ¢* is large, which is typically the case
at high mass. In order to incorporate the width effects in the signal efficiency determination,
events are generated with the coupling f/A corresponding, for each ¢* mass, to the expected
boundary of the probed domain in the plane defined by M- and f/A.

Excited quarks will be searched for in the ¢v, qqq, gev, quv, gee and quu final states. The
SM background processes that may mimic the ¢* signal are prompt photon production, neutral
current (NC) deep inelastic scattering (DIS), photoproduction, single W boson production and
lepton pair production.

The RAPGAP [20] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [21] program. Direct and resolved photoproduction of jets and prompt
photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level scattering matrix elements with radiative QED corrections. In RAPGAP and
PYTHIA, jet production from higher order QCD radiation is simulated using leading logarith-
mic parton showers and hadronisation is modelled with Lund string fragmentation. The leading
order MC prediction of NC DIS and photoproduction processes with two or more high trans-
verse momentum jets is scaled by a factor of 1.2 to account for the incomplete description of
higher orders in the MC generators [22,23]. Charged current DIS events are simulated using the
DJANGO [24] program, which includes first order leptonic QED radiative corrections based on
HERACLES. The production of two or more jets in DJANGO is accounted for using the colour
dipole model [25]. Contributions from elastic and quasi-elastic QED Compton scattering are
simulated with the WABGEN [26] generator. Contributions arising from the production of sin-
gle W bosons and multi-lepton events are modelled using the EPVEC [27] and GRAPE [28]
event generators, respectively.

Generated events are passed through a GEANT [29] based simulation of the H1 apparatus,
which takes into account the actual running conditions of the data taking, and are reconstructed
and analysed using the same program chain as is used for the data.

4 Experimental Conditions

A detailed description of the H1 detector can be found in [30]. Only the detector components
relevant to the present analysis are briefly described here. The origin of the HI coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (Pr) is measured in the z—y plane. The
pseudorapidity 7 is related to the polar angle 6 by 7 = — In tan(6/2). The Liquid Argon (LAr)

6

calorimeter [31] is used to measure energy and direction of electrons, photons and hadrons.
It covers the polar angle range 4° < 6 < 154° with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of o(E)/E = 12%/+/E/GeV & 1% and
hadronic energies with o (E)/E = 50%/+/ E /GeV ©2%, as measured in test beams [32,33]. In
the backward region, energy measurements are provided by a lead/scintillating-fibre (SpaCal)
calorimeter? [34] covering the angular range 155° < @ < 178°. The central (20° < 6 < 160°)
and forward (7° < 6 < 25°) tracking detectors are used to measure charged particle trajectories,
to reconstruct the interaction vertex and to complement the measurement of hadronic energy.
The innermost proportional chamber CIP (9° < 6 < 171°) is used to veto charged particles for
the identification of photons. The LAr calorimeter and inner tracking detectors are enclosed in
a superconducting magnetic coil with a field strength of 1.16 T. From the curvature of charged
particle trajectories in the magnetic field, the central tracking system provides transverse mo-
mentum measurements with a resolution of op,./Pr = 0.5% Pr/GeV @ 1.5% [35]. The return
yoke of the coil is the outermost part of the central detector and is equipped with streamer tubes
forming the central muon detector (4° < 6 < 171°). In the forward region of the detector
(3° < 0 < 17°) a set of drift chambers detects muons and measures their momenta using an
iron toroidal magnet. The luminosity is determined from the rate of the Bethe-Heitler process
ep—epy, measured using a photon detector located close to the beam pipe at z = —103 m, in
the backward direction.

5 Data Analysis

The triggers employed for collecting the data used in this analysis are based on the detection of
electromagnetic and hadronic energy deposits or missing transverse energy in the LAr calorime-
ter [36]. For events with missing transverse energy of 20 GeV, the trigger efficiency is ~ 90%
and increases to above 95% for missing transverse energy above 30 GeV. Events containing an
electromagnetic deposit (electron or photon) with an energy greater than 10 GeV are triggered
with an efficiency close to 100% [37]. Events with two or three jets of transverse momentum
larger than 20 GeV are triggered with an efficiency of nearly 100%.

In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in 2z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied [38].

In a first analysis step, calorimetric energy deposits and tracks of the event are used to look
for electron, photon and muon candidates. Electron and photon candidates are characterised
by compact and isolated electromagnetic showers in the LAr calorimeter. The identification of
muon candidates is based on a track measured in the inner tracking systems associated with sig-
nals in the muon detectors [39,40]. Calorimeter energy deposits and tracks not previously iden-
tified as electron, photon or muon candidates are used to form combined cluster-track objects,
from which the hadronic energy is reconstructed [41,42]. Jet candidates are reconstructed, with
a minimum transverse momentum of 2.5 GeV, from these combined cluster-track objects using
an inclusive kr algorithm [43,44] with a Pr weighted recombination scheme in which the jets
are treated as massless. The missing transverse momentum P} of the event is derived from all

2This device was installed in 1995, replacing a lead-scintillator “sandwich” calorimeter [30].
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detected particles and energy deposits in the event. In events with large PH5, a neutrino can-
didate is reconstructed. The four-vector of this neutrino candidate is calculated assuming trans-
verse momentum conservation and the relation _,(E* — P!) + (E” — P?) = 2E? = 55.2 GeV,
where the sum runs over all detected particles; P, is the momentum along the proton beam axis
and E? is the electron beam energy. The later relation assumes that no significant losses are
present in the electron beam direction.

In a second step, additional requirements are applied to ensure a clear identification of par-
ticles. For electrons and photons, the hadronic energy within a distance in the pseudorapidity-
azimuth (7 — ¢) plane R = /An? + A¢? < 0.5 around the electron (photon) is required to be
below 3% of the electron (photon) energy. Furthermore, each electron (photon) must be isolated
from jets by a minimum distance in pseudorapidity-azimuth of R > 0.5 to any jet axis. In the
polar angle region 6¢ > 35° electrons must be associated to a charged track and be isolated from
any other track by a minimum distance of R > 0.5. In the central region (§” > 20°), photons are
selected only if no track points to the electromagnetic cluster neither within a distance of closest
approach (DCA) of 30 cm nor within R < 0.5. In the forward region (67 < 20°) only photon
candidates with no good quality track with a DCA to the cluster below 12 cm are accepted.
In this region, the calorimetric isolation of the photon candidate is tightened by requiring that
the hadronic energy within R < 1, instead of R < 0.5, around the photon be below 3% of
the photon energy. In addition, it is required that no hit in the CIP be associated to the photon
candidate. A muon should have no more than 5 GeV deposited in a cylinder, centred on the
muon track direction, of radius 25 cm and 50 cm in the electromagnetic and hadronic sections
of the LAr calorimeter, respectively. Additionally, the muon is required to be separated from
the closest jet and from any track by R > 1 and R > 0.5, respectively.

Specific selection criteria applied in each decay channel are presented in the following sub-
sections.

5.1 g7 Resonance Search

The signature of the ¢*—¢y decay channel consists of one high Py isolated electromagnetic
cluster and one high Pr jet. SM background arises from radiative NC DIS and prompt pho-
ton events. As decay products of a massive particle have large transverse momenta and are
boosted in the forward region, events are selected with a photon with transverse momentum
PJ > 35GeV in a polar angle range 5° < 67 < 90°. The events are required to have at least
one jet in the polar angle range 5° < @ < 80° with a transverse momentum larger than
20 GeV. Photoproduction background events typically have low values of the Bjorken scaling
variable, z,, calculated from the hadronic system using the Jacquet-Blondel method [45, 46].
Their contribution is reduced by a factor of two by requiring z;, > 0.1. Finally, to further re-
duce the background from NC DIS, it is required that no electromagnetic deposit with an energy
larger than 10 GeV with an associated track is present in the LAr.

After this selection, 44 events are found in the data compared to a SM expectation of 46 + 8
events. The errors on the SM prediction include model and experimental systematic errors
added in quadrature (see section 5.5). The remaining dominant SM background contributions
are prompt photon (66%) and radiative NC DIS (26%) events. The invariant mass of the ¢*
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candidate is calculated from the four-vectors of the photon and the jet candidate of highest
Pr. The invariant mass distribution of the ¢* candidates and the SM background expectation is
presented in figure 2(a). From Monte Carlo studies, the selection efficiency is 35% for M, =
120 GeV, increasing to 45% for M, = 260 GeV. The total width of the reconstructed ¢* mass
distribution is 6 GeV for a generated ¢* mass of 120 GeV, increasing to 12 GeV for a ¢* mass
of 260 GeV.

5.2 qqq Resonance Search

The signatures of the ¢*—¢W —qqq and ¢*—qZ—qqq decay channels are similar to each other
and consist of three high transverse momentum jets. The SM background is dominated by
multi-jet photoproduction and NC DIS events. Events are selected with at least three jets in the
polar angle range 5° < #%°* < 120° with transverse momenta larger than 50, 30 and 15 GeV,
respectively. In each event, a W or Z boson candidate is reconstructed from the combination of
the two jets with an invariant mass closest to the nominal W or Z boson mass. The reconstructed
mass of the W or Z candidate is required to be larger than 70 GeV and smaller than 100 GeV.
From MC studies, in decays of ¢* of large mass, the highest Py jet often does not originate from
the boson decay. Therefore, only events in which the highest Py jet is not associated to the /'
or Z boson candidate are selected. This requirement is particularly effective in suppressing the
photoproduction background at high ¢* masses. However, it reduces the ¢* selection efficiency
at low masses.

After this selection, 341 events are observed while 326 + 78 are expected from the SM. The
remaining dominant SM background contributions are photoproduction (52%) and NC DIS
(39%) events. The invariant mass of the ¢* candidate is calculated from the highest Py jet and
W or Z candidate four-vectors. The invariant mass distributions of the ¢* candidates and of
the SM background are presented in figure 2(b). The selection efficiency in this channel is 5%
for M, = 120 GeV, increasing to 35% for M, = 160 GeV and to 55% for M, = 260 GeV.
The total width of the reconstructed ¢* mass distribution is 11 GeV for a generated ¢* mass of
120 GeV, increasing to 25 GeV for a ¢* mass of 260 GeV.

5.3 gev and quv Resonance Searches

The signature of the ¢*—¢W —qev and ¢*—qW —quv decay channels consists of one ener-
getic lepton, a prominent jet and missing transverse momentum. Events with this topology
correspond in the SM to single W production [47]. Other SM background processes that may
mimic the signature through misidentification or mismeasurement are NC and CC DIS, photo-
production and lepton pair production.

In the search for ¢*—qW —qev, events with PPs5 > 25 GeV, one electron with P§ >
10 GeV and one jet with P}e * > 20 GeV are selected. The electron and the jet must be detected
in the polar angle range 5° < 6% < 100°. Furthermore, the electron must be isolated from
jets by a minimum distance of R > 1. The ratio V,,/V}, of transverse energy flow anti-parallel
and parallel to the hadronic final state [45] is used to suppress photoproduction and NC DIS
events. Events with V,,,/V,, > 0.25 are rejected. The invariant mass of the 7 boson candidate,
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reconstructed from the four-vectors of the electron and neutrino candidates, is required to be
between 55 and 100 GeV. After this selection six data events remain, while 6.0 + 0.8 SM
events are expected, of which 82% are from single W production. The invariant mass of the
¢* candidate is calculated from the jet and W candidate four-vectors. For this calculation,
the W candidate four-vector is scaled such that its mass is set to the nominal I/ boson mass.
The invariant mass distribution of the ¢* candidates and the SM background is presented in
figure 2(c). The selection efficiency in this channel is ~ 20% for M,- = 120 GeV, increasing to
30% for M, = 260 GeV. The total width of the reconstructed ¢* mass distribution is 10 GeV
for a generated ¢* mass of 120 GeV, increasing to 20 GeV for a ¢* mass of 260 GeV.

In the search for ¢* —¢W —quv, events with PR > 25 GeV, one muon with Py > 10 GeV
and one jet with P}Ct > 15 GeV are selected. The muon and the jet must be detected in the polar
angle ranges 5° < 0" < 100° and 5° < 6t < 160°, respectively. To reduce the background
contribution from SM W production, the Pr of the jet is required to be larger than 25 GeV
in the polar angle range *** < 60°. A W candidate is reconstructed from the combination of
the four-vectors of the muon and neutrino candidates and its mass is required to be larger than
40 GeV. After this selection five data events remain, while 4.4 + 0.7 SM events are expected, of
which 90% are from single W production. The invariant mass of the ¢* candidate is calculated
from the jet and W candidate four-vectors. For this calculation, the W candidate four-vector is
scaled such that its mass is set to the nominal W boson mass. The invariant mass distribution of
the ¢* candidates and the SM background is presented in figure 2(d). The selection efficiency
in this channel is ~ 20% for M, = 120 GeV, increasing to 40% for M, = 260 GeV. The total
width of the reconstructed ¢* mass distribution is 14 GeV for a generated ¢* mass of 120 GeV,
increasing to 30 GeV for a ¢* mass of 260 GeV.

5.4 gee and gup Resonance Searches

The signature of the ¢*—qZ—gqee and ¢*—qZ—quu decay channels consists of two high Pr
leptons and an energetic jet. The production of lepton pairs constitutes the main background
contribution from SM processes [40].

In the search for ¢*—qZ—qee, events with two electrons and one jet of high transverse mo-
menta are selected. Events are selected with two electrons in the polar angle range 5° < ¢ <
100° and transverse momenta larger than 20 and 10 GeV. A jet with a transverse momentum
larger than 20 GeV must be detected in the polar angle range 5° < 6t < 100°. To reduce the
background from QED Compton and NC DIS processes, each electron must be associated to a
good quality track also in the forward region (5° < §° < 35°). A Z candidate is reconstructed
from the combination of the two electrons and its reconstructed mass is required to be compat-
ible with the nominal Z boson mass within 7 GeV. After this selection no data event remains,
while 0.44 4 0.08 SM events are expected.

In the search for ¢*—qZ—quu, events with two muons and one jet of high transverse mo-
menta are selected. Events are selected with two muons in the polar angle range 5° < 6* < 160°
and transverse momenta larger than 15 and 10 GeV, respectively. A jet with a transverse mo-
mentum larger than 20 GeV must be detected in the polar angle range 5° < 6t < 100°. A Z
candidate is reconstructed from the combination of the two muons and its reconstructed mass is
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required to be larger than 50 GeV. After this selection no data event remains, while 0.87 £ 0.11
SM events are expected.

In both channels, the selection efficiency is ~ 30% for events with m,- > 120 GeV. The
total width of the reconstructed ¢* mass distribution in the gee (q/¢) channel is 5 GeV (25 GeV)
for a generated ¢* mass of 120 GeV, increasing to 20 GeV (30 GeV) for a ¢* mass of 260 GeV.

5.5 Systematic Uncertainties

The following experimental systematic uncertainties are considered:

o The uncertainty on the electromagnetic energy scale varies between 0.7% and 2% de-
pending on the polar angle [48]. The polar angle measurement uncertainty is 3 mrad
for electromagnetic clusters. The identification efficiency of electrons is known with an
uncertainty of 3%.

o The efficiency to identify photons is known with a precision of 10% for photons with
Pr > 10 GeV [48].

o The scale uncertainty on the transverse momentum of high P muons amounts to 2.5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad. The identifica-
tion efficiency of muons is known with an uncertainty of 3%.

e The hadronic energy scale is known within 2% [48]. The uncertainty on the jet polar
angle determination is 10 mrad.

o The uncertainty on the trigger efficiency is 3%.

o The luminosity measurement has an uncertainty of 3%.

The effect of the above systematic uncertainties on the SM expectation and the signal ef-
ficiency is determined by varying the experimental quantities by +1 standard deviation in the
MC samples and propagating these variations through the whole analysis chain.

Additional model systematic uncertainties are attributed to the SM background MC gen-
erators described in section 3. An error of 20% is attributed to NC DIS, CC DIS and photo-
production processes with at least two high Py jets. It includes uncertainties from the proton
distribution functions, from missing higher order QCD corrections and from hadronisation. The
error on the elastic and quasi-elastic QED Compton cross sections is conservatively estimated
to be 5%; the error on the inelastic QED Compton cross section is 10%. The errors attributed
to lepton pair and W production are 3% and 15%, respectively. The total error on the SM back-
ground prediction is determined by adding the effects of all model and experimental systematic
uncertainties in quadrature.

The theoretical uncertainty on the ¢* production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from v/3 /2 to 2v/3. The resulting uncertainty depends on the ¢* mass and is 5% at
M, = 100 GeV, increasing to 12% at M, = 300 GeV.
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6 Interpretation and Limits

The event yields observed in all decay channels are in agreement with the corresponding SM
expectations and are summarised in table 1. The SM predictions are dominated by photoproduc-
tion and NC DIS for searches in the ¢y and ggg channels and by SM W production in the gev
and guv channels. The observed invariant mass distributions are in agreement with those of the
SM background as shown in figure 2. No data events are observed in channels corresponding
to leptonic decays of the Z boson, in agreement with the low SM expectations.

Since no evidence for the production of excited quarks is observed, upper limits on the ¢*
production cross section and on the model parameters are derived as a function of the mass of
the excited quark. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [49].

Upper limits on the product of the ¢* production cross section and of the ¢* final state
branching ratio are shown in figure 3. The analysed ¢* decays into W and Z gauge bosons
are combined. The resulting limit on f/A after combination of all decay channels is displayed
as a function of the ¢* mass in figure 4, for f; = 0 and the conventional assumption f = f’.
Under the assumption f/A = 1/M,- excited quarks with masses below 252 GeV are excluded.
The individual limits from different ¢* decay channels are also shown in figure 4(a). At low
mass, the combined limit on f/A is dominated by the ¢*—¢~y channel, while the ¢* — ¢\ and
q* — qZ channels start to contribute for masses above 150 GeV and dominate for masses above
200 GeV. These new results extend the previously published limits by H1 [2] and ZEUS [3]
by a factor of two to five in f/A. Constraints on ¢* masses beyond the HERA kinematic
limit are set. Excited quarks with masses below 380 GeV are excluded for coupling values
f/A > 0.03 GeV~! (see figure 4(b)). The exclusion limit obtained at LEP by the DELPHI
Collaboration [4] assuming that the branching ratio of the ¢* — ¢ is equal to 1 is also shown
in figure 4(b) and is considerably weaker than the present result.

The sensitivity of this analysis to non-zero values of f, and its complementarity to results
obtained at the Tevatron is also studied. The limit on f obtained for two example values of f
and under the assumptions f = f" and A = M- is presented in figure 5. This limit is derived
using the v, W and Z decay channels of excited quarks. The ¢* — qg decay channel gives rise
to a dijet resonance. It was verified in a complementary analysis [50] that no resonance from
two high Py jets is observed in the present data. Due to the overwhelming dijet SM background,
the total limit on ¢* production is not improved if the ¢* — ¢g decay channel is included. The
present limit is compared to the limit obtained by the CDF Collaboration for f; = 0.1 and the
same assumptions [S]. For f; < 0.1 and for M, < 190 GeV, the present analysis probes a
domain not excluded by Tevatron experiments. In the case f = f' = f, = 1 and A = M.,
Tevatron experiments are able to exclude excited quark masses up to 870 GeV [7,8].

7 Conclusion

A search for the production of excited quarks is performed using the full e*p data sample col-
lected by the H1 experiment at HERA with an integrated luminosity of 475 pb~!. The excited
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quark decay channels ¢*—gqv, ¢*—qZ and ¢*—¢W with subsequent hadronic or leptonic de-
cays of the IV and Z bosons are considered and no indication of a signal is found. Improved
limits on the production cross section of excited quarks are obtained. Within gauge mediated
models, an upper limit on the coupling f/A as a function of the excited quark mass is estab-
lished for the specific relations f = f’ and f, = 0. For f/A = 1/Mg excited quarks with a
mass below 252 GeV are excluded at 95% confidence level. The results presented in this paper
extend previously excluded domains at HERA and LEP and are complementary to ¢* searches
performed at the Tevatron.
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H1 Search for g* at HERA (475 pb~1)

Channel Data SM Signal Efficiency [%]
T —qy 44 46+ 4 £7 35-45
¢*—qW/Z—qqq 341 326+ 48 +62 5-55
¢ —qW —qev 6 6.0+0.2 £0.8 20 -30
¢ —qW —quv 5 44+£02 £0.7 20-40
q*—qZ—qee 0 0.44 £ 0.06 £+ 0.04 15-30
G —qZ—qup 0 0.87£0.10 £ 0.04 15-30

Table 1: Observed and predicted event yields for the studied ¢* decay channels. The first and
second errors on the SM predictions correspond to experimental and model systematic errors,
respectively. Typical selection efficiencies obtained from MC studies for ¢* masses ranging
from 120 to 260 GeV are also indicated.

17

ovI

V¥YIH 1€ suoisi|jo) do ul syJeny) pallox3 Joj Yd4eag - ©) axauuy



Search for q* at HERA (475 pb™) Search for q* at HERA (475 pb™)

(2] F [//] F
- r o H1Data - F o H1Data
ch 12: H1 = sm 5120:—H1 == sm
|.|>J 10 r i1 q* signal M=240 GeV |.|>J 100 F ! gq* signal M=240 GeV
E q*—>qy F q*—>qW/Z-qaq
8 80
: (@) . (b)
6 60—
aF a0
2f , 20F
R T s N T T i
50 100 150 200 250 300 350 50 100 150 200 250 300 350
q* Mass [GeV] q* Mass [GeV]
Search for g* at HERA (475 pb™) Search for g* at HERA (475 pb™)
[} E (/)] F
b F e H1Data - o e H1 Data
S F H1 == sm S T H1 == sm
> 10k q* signal M=240 GeV > 10F 777 g~ signal M=240 GeV
w E g —>qW-qev w * g >qW o quv
L © 1 d
10" 10'F
10.2....\””,};‘”\”” il P P IR I PP B -
50 100 150 200 250 300 350 50 100 150 200 250 300 350

q* Mass [GeV] q* Mass [GeV]

Figure 2: Invariant mass distribution of the ¢* candidates in the ¢*—qy (a), ¢*—qW/Z—qqq
(b), ¢*—qW —qev (c), and ¢*—qW —quv (d) search channels. The points correspond to the
data and the histograms to the SM expectation after the final selections. The error bands on
the SM prediction include model uncertainties and experimental systematic errors added in
quadrature. The dashed line represents the reconstructed mass distribution of MC ¢* signal
events with M. = 240 GeV, with an arbitrary normalisation.
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Figure 3: Upper limits at 95% CL on the product of the ¢* cross section and decay branching
ratio, o x BR, in the three types of final states for ¢* events as a function of the excited quark
mass. The ¢* decay channels into the W and Z bosons are combined. Values above the curves
are excluded.
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Figure 4: Exclusion limits at 95% CL on f/A as a function of the mass of the excited quark
with the assumptions f = f” and f, = 0. The individual contributions of the ¢* decay channels
are presented in (a). Values of the couplings above the curves are excluded. The excluded
domain based on all HI e*p data is represented in (b) by the shaded area. It is compared to the
exclusion limit obtained at LEP by the DELPHI Collaboration [4] (dashed line), assuming that
the branching ratio of the ¢* — ¢ is equal to 1. The curve f/A = 1/M,- is indicated in (b).
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Abstract

Multi-electron production is studied at high electron transverse momentum in positron-
and electron-proton collisions using the H1 detector at HERA. The data correspond to an
integrated luminosity of 115 pb~!. Di-electron and tri-electron event yields are measured.
Cross sections are derived in a restricted phase space region dominated by photon-photon
collisions. In general good agreement is found with the Standard Model predictions. Howe-
ver, for electron pair invariant masses above 100 GeV, three di-electron events and three
tri-electron events are observed, compared to Standard Model expectations of 0.30 + 0.04
and 0.23 £ 0.04, respectively.



1 Introduction

In this paper we describe the first measurement of multiHelegiroduction at high transverse
momentum Pr) in electrof—proton interactions at HERA. Within the Standard Model (SM),
the production of multi—lepton events dp collisions proceeds mainly through photon—photon
interactions; photons radiated from the incident electoth proton interact to produce a pair of
leptons;yy — £7¢~ [1]. At large invariant masses, multi—lepton production rbaysensitive to
new phenomena, for instance the production of a doubly elabirtiggs boson [2] or processes
involving bileptons, generic bosons carrying two unitsegfton number [3].

The analysis presented here is based on data recorded ir 2@33 by the H1 experiment.
Electrons of 27.6 GeV collided with protons of 820 or 920 GeV, esponding to centre—of—
mass energieg/s of 301 GeV or 319 GeV, respectively. The total integrated lwsity of
115.2 pb! consists of 36.5 pb' of e™p collisions recorded ay/s = 301 GeV and 65.1 pb
recorded at 319 GeV, as well as 13.6 plf ¢ p collisions recorded ays = 319 GeV. A related
study of muon pair production is presented in [4].

2 Standard Model Processes and their Simulation

The main SM processes contributing to multi—electron petidn at HERA are summarised in
figure 1. The dominant contribution, shown in diagram 1a, is thuelectron pair production
through the interaction of two photons radiated from thédeot electron and proton. Electron
pairs can also originate from internal conversion of a phdtd or aZ° boson, radiated either
from the electron line (diagram 1b) or from the quark lineagtam 1c). The pole due to the
electron propagator in diagrams 1a and 1b corresponds to@ninteraction in which one
of the electrons is emitted from a photon radiated from thegqor. This mechanism is called
the Cabibbo—Parisi process. Its contribution is one orflenagnitude lower than the photon-
photon contribution, except at high transverse momenturarevitis more significant due to
channelz® boson production (diagram 1b). In diagram 1c, the pole dtiegtquark propagator
corresponds to the Drell-Yan procegg,— ee~. Its contribution is small compared with the
photon—photon and Cabibbo—Parisi processes [5].

If the photon coupled to the incoming electron has a higtuslity, the incident electron
can scatter through a large angle and with high transverseemiom. If the scattered electron
is observed in the detector, it is indistinguishable from plair—produced electron of the same
charge.

The Monte Carlo generator GRAPE [6] simulates lepton pair petdn in ep collisions
using the full set of electroweak matrix elements at the tesel| with the exception of the
Drell-Yan pole contribution. GRAPE is based on the automatinRen graphs calculation
program GRACE [7]. Initial and final state radiation procas§@ED and QCD parton showers)
are simulated in the leading log approximation. The praduacbf 7 lepton pairs and their
subsequent electronic decay is also simulated with GRAPE amgases about 2% of the
multi—electron event sample. The Drell-Yan contributiosimulated using the PYTHIA [8]

1in this paper the term “electron” is used generically to réseboth electrons and positrons.
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event generator. Its contribution is found to be very snmathie phase space relevant here and
is neglected in the following.

In GRAPE the proton interaction is divided into in three phgssce regions: elastic, quasi—
elastic and inelastic. In the case of elastic scatteripg,~ eetep, the proton vertex is de-
scribed in terms of dipole form factors. The quasi—elasbimdin is defined by requiring that
the mass of the hadronic final statéy < 5 GeV or that the virtuality of the photon coupled to
the protonQ‘f, < 1 Ge\ . In the regionMx < 2 GeV a resonance parameterisation [9] is used
for the proton vertex. In the remaining quasi—elastic ptspsee, a fit to photoproduction and
deep inelastic scattering data is used [10]. The inelasgre corresponds to electron—quark
interactions withMx > 5 GeV anng > 1 GeV2. In this case, the proton structure is pa-
rameterised using the CTEQS5L parton distributions [11]. ffagmentation and hadronisation
processes are simulated using the SOPHIA program [12] in thasiglastic and PYTHIA [8]
in the inelastic regime.

The uncertainty attributed to the GRAPE calculation in thialgsis is 3%. This value
results mainly from the uncertainties in the QED matrix elemealculation (1%), the
parameterisation of the structure functions and the phzessesseparation between quasi-elastic
and inelastic processes.

The GRAPE prediction is cross—checked using the LPAIR genefhsd, which contains
only the photon—photon process. When restricted to thisqe® the total and differential
cross sections produced with LPAIR and GRAPE agree at the pemeit The additional
diagrams in GRAPE increase the predicted cross section by 19&gevage in the phase space
considered here. The increase is more pronounced (up to 30r%)-Hepton masses which are
either very low (photon internal conversions) or around 9% G&° resonance production).

The main experimental backgrounds to multi—electron pctido are processes in which,
in addition to a true electron, one or more fake electronsr@renstructed in the final state.
The dominant contribution arises from neutral current Deegalstic Scattering (DIS) events
(ep — eX) in which, in addition to the scattered electron, hadronsagdiiated photons are
incorrectly identified as electrons. QED Compton scattefipg— eyX) can also contribute if
the photon is misidentified as an electron. The DIS and el@stiapton processes are simulated
using the DJANGO [14] and WABGEN [15] generators, respectively.

All generated events are passed through the full GEANT [16] basedlation of the H1
apparatus and are reconstructed using the same programestfair the data.

3 Experimental Conditions

A detailed description of the H1 detector can be found in [TTfje components essential for
this analysis are described briefly here.

A tracking system consisting of central and forwAadtift chambers is used to measure
charged particle trajectories and to determine the interagertex. The central tracker is com-
posed of two concentric cylindrical drift chambers with ativecdetection region starting at a

2The origin of the H1 coordinate system is the nomigainteraction point. The direction of the proton beam
defines the positive—axis (forward direction). Transverse momenta are medsaréhe z—y plane. Polar{)
and azimuthal ) angles are measured with respect to this reference systém pJeudorapidity is defi ned as
n = —logtan(6/2).
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radius of 22 cm. The angular rang@° < 6 < 144° is covered by both chambers. The inner
drift chamber provides full acceptance for particles iniduege22° < 6 < 159°. Particles at

f = 20° cross 83% of its acceptance region. Transverse moméhfaafe determined from
the curvature of the particle trajectories in a magneticlfafl1.15 Tesla. The central tracking
system provides transverse momentum measurements witblaties of o p,. /P2 = 5 x 1073
GeVL. The tracking is complemented in the regitin< # < 25° by a system of drift chambers
perpendicular to the beam axis.

Hadronic and electromagnetic final state particles are absdan a highly segmented liquid
argon calorimeter [18] covering the rangfe< 6 < 153°. The calorimeter is 5 to 8 hadronic in-
teraction lengths deep, depending on the polar angle andrhelectromagnetic section which
is 20 to 30 radiation lengths deep. Electromagnetic showengés are measured with a pre-
cision ofo(E)/E = 12%/+/E/GeV @ 1% and hadronic shower energies with a precision of
o(E)/E = 50%/+/E/GeV & 2%, as measured in test beams [19]. The electromagnetic energy
scale is known to 0.7% in the central region and to 3% in the fodwagion. The hadronic
energy scale is known to 2%.

In the backward region, energy measurements are provideal lepd/scintillating—fibre
calorimetet [20] covering the range55° < 6 < 178°. The calorimeter system is surrounded
by a superconducting coil with an iron yoke which is instruneentvith streamer tubes. The
electron and photon taggers located downstream of the atiengpoint in the electron beam
direction are used to determine the luminosity through tleasorement of the Bethe-Heitler
ep — e7yp pProcess.

The trigger used relies on the liquid argon calorimeter aigiand has an efficiency which
is greater than 95% for events in which an electron of energyat0 GeV is detected.

4 Data Analysis

4.1 Multi—electron event selection

The multi—electron event selection is based on a proceduighviddesigned to minimise the
contribution of fake electrons, while keeping a high efficigfor identifying true electrons and
allowing reliable monitoring of the overall selection eféincy.

As a first step, electron candidates with energies above 5 GelMeméfied in the liquid
argon and backward calorimeters, in the rafge< 6 < 175°. Electromagnetic showers are
identified with an efficiency of better than 98% using pattetognition algorithms based on
the geometric profiles expected for electrons. The remgicatiorimeter clusters are attributed
to hadronic activity and are combined into jets using anusiek k7 algorithm [21], with a
minimum jet transverse momentum of 4 GeV. Electron candiate required to be isolated by
demanding that they are separated from other electronssdnyeat least 0.5 units in the— ¢
plane. In addition, the total hadronic energy within 0.75 sty — ¢ of the electron direction
is required to be below 2.5% of the electron energy.

3This device was installed in 1995, replacing a lead—stamtit “sandwich” calorimeter [17].
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In the region of angular overlap between the liquid argonraaleter and the central drift
chambersZ0° < ¢ < 150°), the calorimetric electron identification is complemehiy track-
ing conditions. In this region it is required that a high dyerack be geometrically matched to
the electromagnetic cluster with a distance of closest ambreo the cluster centre of gravity
of less than 12 cm. The starting radius of the measured tdeflged as the distance between
the first measured point in the central drift chambers and##en axis, is required to be be-
low 30 cm in order to reject photons that convert in the cértecker material beyond this
radius. The transverse momentum of the associated fPg¢lkand the calorimetric transverse
momentumP. are required to satisfy the conditiaf P+ — 1/P5 < 0.02 GeV~*. No other
high quality track is allowed within 0.5 units in — ¢ of the electron direction. These addi-
tional constraints strongly reduce the contribution oEfgkectrons from misidentified photons
and hadrons. The resulting electron finding efficiency is 8&ectrons selected in this polar
angular range are called ‘tentral electrons” hereinafter.

Due to the higher material density in the forward regidh £ 6 < 20°) the electrons are
more likely to shower and therefore no track conditions ageired. The same applies in the
backward regionl(c0° < 6 < 175°). The forward electron energy threshold is raised to 10 GeV
in order to reduce the number of fake electrons arising fradrdns in DIS events.

The final multi—electron event selection requires thateh® two central electron candi-
dates, of which one must havé. > 10 GeV and the otheP} > 5 GeV. Additional electron
candidates are identified in the central and backward regigth £¢ > 5 GeV and in the for-
ward region withE® > 10 GeV. The electron candidates are ordered according to dacgea
Pr, Pl > Pit.

The selected events are classified as 2e” if only the tworaketectron candidates are
identified and ‘3e” if exactly one additional electron catate is identified. A subsample of
the 2e”sample, labelled”, is selected in order to measure the pair production cressm
in a well defined phase space region dominated by photon—phaibtsions with low back-
ground. In this subsample, the two electrons must be of apdsarge and a significant deficit
compared to the initial state must be observed in the diffeg& — P, of the energy and longi-
tudinal momentum of all visible particle€(— P, < 45 GeV)“. These two conditions ensure
that the incident electron is lost in the beam pipe afterathaj a quasi—real photon of squared
four—-momentund)? lower than 1 GeV.

4.2 Background studies

DIS and Compton processes can contribute to the selected-eiatttron sample if a photon or

a particle from the hadronic final state is misidentified aglactron. In order to quantify the
uncertainty on the background prediction and test the pediace and reliability of the electron
identification procedure, several samples in which theskgraaond processes are enhanced are
studied.

4For fully contained events or events where only longitudimaimentum along the proton directios £) is
undetected, one expecs— P, = 2E? = 55.2 GeV, whereE? is the energy of the incident electron. If the
scattered electron is undetected, the threshbld P, < 45 GeV corresponds to a cut on the fractional energy loss
y=(E—P,)/2E < 0.82.
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o Electron misidentification in the central region is invgatied by measuring the probabil-
ity of selecting a second electron in addition to the scatteslectron in DIS candidate
events when the track quality criteria are relaxed. From gpéuf 244980 DIS candi-
dates, 1563 events with a second electromagnetic centsi¢chre selected if no tracking
conditions are applied to this cluster. The fake electraagpeedominantly photons from
DIS or Compton events (figure 2a). This contribution is gsetiuced by requiring a ge-
ometrical track—cluster match (figure 2b). The remainingge consists of 250 events.
The fake electron background is described by the simulatiche 20% level.

Electron misidentification in the forward region affectdyothe ‘3e”selection. The dom-
inant contribution to this background is the misidentificatof a hadron as an electron.
The fake electron background in this region is studied with[hS event sample in an
analysis similar to that described above. Fake electrorerforward region are also
searched for in an inelastic Compton event sample with orereleand one photon in
the central region. The fake electron background in the dodwegion is described by
the simulation at the 20% level.

Detailed studies of photon conversions are performed ussagmgple enriched with elastic
Compton events, selected by requiring one central elepitma second central electro-
magnetic cluster (photon candidate) and no significantmedil energy in the calorime-
ters. Distributions of the charged tracks associated witlptigton candidate are shown
in figures 2c and 2d. The number of tracks (figure 2c) and theitisg radius (fig-
ure 2d) are well reproduced by the simulation. In figure 2d cevaral tracker structure
is visible as peaks in the distribution, corresponding totph conversions in the tracker
walls. The first peak is populated by tracks associated with éectrons and by tracks
from conversions which occur before the active tracker valuithe second peak is due
to photon conversions in the dead material between the imtkpater central trackers.
These conversions are described by the simulation to libtiar20%.

Based on those studies, the uncertainty on the backgroomdagion is estimated to be 20%.

4.3 Systematic uncertainties

The systematic uncertainties are related to the measutesfiehe electron pair production
process, to the theoretical description of this procesgatite background simulation.

The main measurement uncertainty is due to the trackingitionsl in the electron iden-
tification procedure. The electron track association eficy is measured with a DIS sample
selected with — P, > 45 GeV and a single electromagnetic cluster in the calorimettr ai
transverse momentum above 10 GeV in the polar angle inteevat § < 150°. The measured
average track association efficiency is 90% and varies dightl/ with the track momen-
tum and polar angle. This efficiency, measured to a precisioging from 3% for polar angles
aroundd0° to 15% at the forward edge of the angular acceptance of theat&acker ¢ = 20°),
is well described by the simulation. Uncertainties on the gynecales of the calorimeters, on
the trigger efficiency and on the luminosity measuremenatse taken into account. The total
measurement uncertainty is typically 7% for the “2e” setecand 10% for the ‘3e” selection.
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The theoretical uncertainty on the pair production proegsss section, calculated with
GRAPE, is 3%, as explained in section 2. The uncertainty on timeg@an and DIS background
contributions is 20%, deduced from the studies presenteekitos 4.2.

The error on the event yields predicted by GRAPE (section 5.4%aius all measurement
and theoretical errors added in quadrature. The uncertaimtthe total SM prediction also
includes the errors on the Compton and DIS backgrounds.

The error on the extracted cross sections (section 5.2)deslall measurement and back-
ground errors as described above. Theoretical errors aledpgo the GRAPE prediction of
the cross sections.

5 Results

5.1 Multi-electron event samples

The multi—electron event yields are summarised in tablehk dbserved numbers of 2e”and
‘3e” events are in agreement with the expectations, as is tingber of events in they*”
sample. No event is found with four or more identified electrons

The distributions of longitudinal momentum balari¢e- P., missing transverse momentum
Ppiss and hadronic transverse momentutfféo"s are presented in figure 3. The ‘3e” events
accumulate at/ — P, values around 55 GeV, as expected if the scattered electrasilide in
the detector. The ‘2e” events show a tail at lowier- P ., due to the scattered electron being
lost in the beam pipe, corresponding to the domingnttopology. The missing transverse
momentumP;** is taken to be the modulus of the vector sum of the transvemseenta of
all visible particles. TheP s distributions are consistent with the expectation for nossinin
of undetected particles with substantial transverse mamenThe spectrum of the transverse
momentumpPledrons of all visible particles except identified electrons is alell described by
the SM prediction.

The distributions of the individual electron transversenmeata Py’ are steeply falling as
shown in figure 4. The 2e” and ‘3e” samples are in good ovemgleament with the SM,
except for three 2e” events withR ;! above 50 GeV, where the SM expectation is small.

The distribution of the invariant mass of the two high&stelectrons in the event\{;,)
and the correlation with the scalar sui' + P;? are shown in figure 5. The agreement with
the SM prediction is good at low/;,. However, three ‘2e” and three ‘3e” events are seen
with invariant masses/,, above 100 GeV, where the SM expectation is small. The three ‘2e”
events are the same as those observed atAjgh The invariant massel/;;, Moz and Mia3
of the other possible electron combinations in the ‘3e” sanape shown in figure 6. No event
is seen with an unexpectedly high;; or My;. The three highl/,, events also give rise to
the largest tri—electron massgf,3;. The comparison of the observed events with madsgs
above 100 GeV with the SM expectations is presented in tablé@s@ events are discussed in
detail in section 5.3.
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5.2 Cross section measurement

Using the selectedy’” sample, electron pair production cross sections are medsu the
kinematic region defined by

20° < 02 < 150°, Pyl > 10GeV, PP >5GeV, y <082, Q*<1GeV?.

For this measurement, the data samples collectesaB01 GeV and 319 GeV are combined
taking into account their respective luminosities. Assugraniinear dependence of the cross
section on the proton beam energy, as predicted by the SMeghiting cross section corre-

sponds to an effective/s = 313 GeV.

After background subtraction, the observed number of evienterrected for acceptance
and detector effects to obtain the cross section. The gemée&®RAPE is used to calculate the
detector acceptancé for this region of phase space. The acceptance accountefectibn
efficiencies and migrations. The cross section is thus

_ Naata = Niga
LA ’

whereNg,. is the number of events observed,,q is the number of events expected from
background processes (DIS and Compton) Aiglthe integrated luminosity of the data sample.

Theep — eete™ X cross section, integrated over the phase space defined, &ove
o = (0.59 £ 0.08 £ 0.05) pb,

where the first error is statistical and the second systenudtiained as described in section 4.2.
This result agrees well with the SM expectation(0f62 + 0.02) pb, calculated with GRAPE.
The differential cross sections as a functionPyf, A, and Predrons are shown in figure 7 and
table 3. The measurements are in good agreement with thetespgoss sections.

5.3 Discussion of high mass events

All six events withM;, > 100 GeV were recorded during positron—proton collisions. Fos¢he
events, displayed in figure 8, all available detector infation supports the interpretation of the
electron candidates as being true electrons. The electpostia shower shapes are checked in-
dividually and found to be similar to those expected fromdhlerimeter response to electrons.
All central tracks yield a specific ionisation in the centreftcchamber as expected for single
electrons. The measurements of the central electron marbgrthe tracker and the calorimeter
are compatible within errors. The forward electron candisla the ‘3e” events 4, 5 and 6 all
have at least one track pointing to the calorimetric enehgster, although no such requirement
is made in the identification procedure.

Although classified as 2e”, event 1 also contains a thirdtedeccandidate with energy
below the identification threshold. Similarly, event 3 hasoapact electromagnetic energy
deposit located at the forward boundary of the liquid argalorimeter, outside the electron
identification fiducial volume. This event also contains\a Energy converted photon radiated
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close to electrom,. With the exception of event 6, which has a high energy forverdronic
jet, the events show no hadronic activity in the detectoshtiuld be noted that the high mass
di—electron topology differs for the observed events diggkas ‘2e” and ‘3e”. In the former
case, the high—mass is formed from two central highelectrons, whereas in the latter it is
formed from one forward and one central electron, both @rimediate”; (figure 5).

The event kinematics of the six high mass events are presémt@ble 4. The electron
energy, electron polar angle and forward and backward relecizimuthal angles are mea-
sured from the calorimetric deposits. For the central edest the azimuthal angle is measured
from the associated track, which yields a better precisidre dlectric charge of the electrons,
measured in the central region from the associated trackature, is given in table 4 if the sig-
nificance of its determination exceeds two standard dewiatiAll events are compatible with

the presence of one” and twoe in the final state, as expected from pair production process.

Imposing longitudinal and transverse momentum cons@mwaé constrained fit can be per-
formed to improve the kinematic measurement. This corredpdo an adjustment of particle
observables (energy, polar and azimuthal angles) withierxgntal errors in order to achieve
E — P, = 552 GeV andPy** = 0 GeV. In event 2 only two electrons are visible and the
measured” — P, value is significantly lower than 55 GeV. For this event it is goged that
the scattered electron has escaped down the beampipe aefbtegheE — P, constraint is
removed in the kinematic fit. Th&/;, values obtained from the kinematic fit are indicated in ta-
ble 4. They are consistent with the direct measurements. ffoesere reduced by more than a
factor of two with the exception of event 2. Té per degree of freedom of the kinematic fit is
in the range 0.7 to 1.7 for the six events, showing that the kitiemaf the six high mass events
are well understood within the measurement errors. Whgvalues are incompatible with the
interpretation of the six high mass electron pairs as thayleta single narrow resonance. The
same is true for th/,,; values in the ‘3e” high mass events.

6 Summary

High—Pr multi—electron production is measured for the first timezjinscattering at HERA.
The di—electron and tri—electron event yields are in googfa@lagreement with the SM pre-
dictions. No events are observed with more than three idethgfiectrons, again in agreement
with the SM expectation. Differential cross sections for &l@t pair production are extracted
in a restricted phase space region dominated by photonespliteractions and are found to
agree with the predictions.

Within the di- and tri—electron samples, the invariant mafsthe two electrons with the
highest transverse momenta is studied. For masses abo@eM)three events classified as di—
electrons and three events classified as tri—electrondaseed, compared to SM expectations
of 0.30 £ 0.04 and0.23 £ 0.04, respectively.
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\ Selection Data SM Pair Production (GRAPE) DIS + Compton
2e” 108 |117.1+8.6 91.4+£6.9 25.7+5.2
‘3e” 17 |203+2.1 20.24+2.1 0.1+0.1
‘4e” or more 0 0.12£0.04 0.12£0.04 < 0.02 (95% C.L.)
"vy"subsample| 42 | 44.9+4.2 43.7+4.2 1.2+04

Variable range

Measured cross section

Pair Production (GRAPE) cross section

Table 1: Observed and predicted multi—electron event yieldthe samples described in the
text. The analysed data sample corresponds to an intedwateédosity of 115.2 pb~!. The
errors on the predictions include model uncertainties apam@mental systematic errors added
in quadrature.

(GeV| (pb/GeV [pb/GeV
do/dPg!
10< Pft <15 0.092 £+ 0.016 £ 0.009 0.090 £ 0.003
15 < P < 20 0.021 £ 0.008 £ 0.002 0.023 £+ 0.001

20 < Pft <25 0.0053 £ 0.0037 £ 0.0007 0.0065 £ 0.0002
do /dMis

15 < Miyp < 25 0.030 £ 0.007 £ 0.003 0.027 £ 0.001

25 < M5 < 40 0.015 £ 0.004 £ 0.001 0.017 £ 0.001

\ Selection Data SM

Pair Production (GRAPE

DIS + Compton

‘2" M 1, >100GeV | 3
‘3e"M 5 >100GeV | 3

0.30 £ 0.04
0.23 £0.04

0.214+0.03
0.23 £0.03

0.09 +0.02
< 0.02(95%C.L)

40 < M5 < 60

0.0020 £ 0.0012 4 0.0002

0.0026 £ 0.0001

hadrons
do/dP}:

Table 2: Observed and predicted multi—electron event yfeldsasses\/;; > 100 GeV for the
samples described in the text. The analysed data sampésponds to an integrated luminosity
of 115.2 pb~!. The errors on the predictions include model uncertairdied experimental
systematic errors added in quadrature.
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0.087 £ 0.003
0.018 = 0.001
0.0041 £ 0.0001

0 < Phadrons < 5 0.079 £ 0.014 £ 0.009
5 < Phadrons < 12 0.028 £ 0.011 £ 0.002
12 < Phadrons < 95 | (0.0032 £ 0.0023 £ 0.0005

Table 3: Differential cross sectiods /d P, do /dM,, anddo /d Phe®rons for the processp —
eete” X in a restricted phase space (see text). The differentiascsections are averaged
over the quoted intervals. The first error is statistical trdsecond is systematic. Theoretical
predictions with GRAPE are also shown.

et et eT et eT et
/7
vy et e” vy q
e
q
Y e~ 7 et et
/2"
p X p e~

X 4
a) b) c)

Figure 1: The main processes involved in lepton pair pradoctExamples of Feynman di-
agrams are shown for: a) photon—photon interaction; b) ang’ £y boson conversion. The
hadronic final state (X) can be a proton (elastic process) @teehmass system (quasi-elastic
and inelastic processes).
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Particle H E [GeV] | 0 [degrees] ‘ ¢ [degrees] ‘ Charge (signifi cance}
Multi-electron Event1  (2e)
Run 83507 E — P, =54.0+1.1GeV Pps=3.1+ 1.8 GeV
Event16817 M, =111.2+ 2.4 GeV Mt =111.3+ 0.4 GeV
e 90.3+3.1 | 36.6+0.2 | 98.48+0.05 - (40)
e 53.6+ 1.4 | 69.6+0.3 | -77.05+ 0.05 undetermined
low energy e 4.4+0.3 443+ 0.3 | -155.46+ 0.03 +(700)
Multi—electron Event2  (2e)
Run 89256 E — P.=43.9+ 0.8 GeV Ppriss=1.94+ 1.8 GeV
Event 224212 M, = 130.0+ 2.6 GeV le;' =129.3+ 2.4 GeV
e 132.4+ 4.3 | 28.6+0.1 8.73+0.06 undetermined
(=5 82.4+1.8 | 48.4+0.2 | -171.50+ 0.03 - (60)
Multi-electron Event3  (2e)
Run 254959 E — P,=57.3+14GeV Pps=3.5+ 2.0 GeV
Event17892 M, =112.5+ 2.4 GeV M3t =109.5+ 1.0 GeV
e 96.9+ 3.3 | 34.6+0.3 | 52.66+0.02 +(100)
(=) 46.1+1.1 | 80.1+0.9 | -125.62+ 0.01 +(150)
fwd em cluster|| 7073 45+0.1 | -132.7+1.0 undetermined
photon 1.1+£0.1 | 132.0+55 39.8+7.3 0
“ this error includes the uncertainty due to energy loss irbemnpipe
Multi—electron Event4  (3e)
Run 168058 E — P,=557+1.4GeV Pp#=1.1+ 0.8 GeV
Event42123 M, = 137.4+ 2.9 GeV M{}' =138.8+ 1.2 GeV
e 35.84+0.9 | 115.6+ 0.9 | -5.98+ 0.02 +(180)
e 173.0+£5.5| 6.6+0.1 -159.1+ 0.5 undetermined
€3 448+1.7 | 21.8+0.2 | 139.10+ 0.03 - (120)
Multi-electron Event5  (3e)
Run 192864 E — P, =53.8+1.4GeV Pp#=0.7+ 0.6 GeV
Event 123614 M, = 118.1+ 2.6 GeV M{;’ =121.94+ 0.6 GeV
(= 138.9+4.5| 10.2+0.1 44,1+ 0.6 undetermined
=) 28.1+0.8 | 134.7+ 0.3 | -95.85+ 0.01 +(250)
€3 35.3+15 | 26.6+0.1 | 172.71+ 0.05 + (50)
Multi-electron Event6  (3e)
Run267312 E— P,=57.4+1.6GeV Ppiss=2 4+ 0.8 GeV
Event 203075 M, = 134.7+ 3.1 GeV Mt =132.3+ 1.4 GeV
e 186.0+5.9 | 7.11+0.05 -71.3+0.4 undetermined
=) 25,54+ 0.8 | 148.8+ 0.2 | 120.25+ 0.02 +(320)
(=N 8.5+ 0.5 69.7+ 0.3 | 164.90+ 0.01 + (570)
hadron& 123.2+£6.7| 6.1+1.1 535+ 1.1
> mass of the visible hadronic system: 24:@.5 GeV

Table 4: Reconstructed kinematics of the six multi-eletgvents withAM/;, > 100 GeV (see
text). F is the particle’s energy amland¢ its polar and azimuthal angles, respectively . The
charges of the electron candidates are also given, if theyreasured with a significance of
better than two standard deviations. The six events wereédedanc™p collisions.
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Electron misidentification study using a DIS event selection
[2]

No track requirement a) c..2
e H1 data glO ]

Pair production [T}
(GRAPE)

DIS
Compton 10 ¢

Loose track requirement b)

Events
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Photon conversion study usingan elastic Compton event selection

\ C) d)
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Figure 2: (a and b) Distributions associated with misidertiéectrons for a DIS event se-
lection. Transverse momentum spectrum of second electdemsified with either no track
requirement (a) or a loose track requirement (b) compareld exipectations. (c and d) Study
of photon conversions using an elastic Compton event setectumber (c) and starting radius
(d) of the tracks associated with the photon candidates cardpeith expectations.
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‘3e” (bottom), compared with expectations.
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the data points represent the statistical error, which datesithe measurement uncertainty.
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bands represent the one standard deviation uncertairtg iSM prediction.
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Figure 8: Displays of the three ‘2e” events (left) and the ¢hr8e” events (right) with

My, > 100 GeV in theR — = view. The reconstructed tracks and the energy depositsin th
calorimeters are indicated (see text and table 4). The beaitrgns enter the detector from the

left and the protons from the right.
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Annexe 1

Multi-Lepton Production at High
Transverse Momenta in ep Collisions at
HERA

F.D. Aaron et al. [H1 Collaboration],
Phys. Lett. B 668 (2008) 268,
arXiv:0806.3987

Abstract

Processes leading to a final state with at least two high transverse momentum leptons
(electrons or muons) are studied using the full e*p data sample collected by the H1 expe-
riment at HERA. The data correspond to an integrated luminosity of 463 pb~!. Di-lepton
and tri-lepton event classes are investigated. Cross sections of the production of ete™ and
e~ pairs are derived in a restricted phase space dominated by photon-photon collisions.
In general, good agreement is found with Standard Model predictions. Events are observed
with a total scalar sum of lepton transverse momenta above 100 GeV where the Stan-
dard Model expectation is low. In this region, combining di-lepton and tri-lepton classes,
five events are observed in e*p collisions, compared to a Standard Model expectation of
0.96 + 0.12, while no such event is observed in e~ p data for 0.64 + 0.09 expected.



1 Introduction

Within the Standard Model (SM) the production of multi-lepton events in electron!—proton
collisions proceeds mainly via photon—photon interactions, vy — ¢*¢~, where photons are
radiated from the incident beam particles [1]. The clean experimental signature and the pre-
cise SM prediction of this process provide a high sensitivity to searches for new phenomena
producing multi-lepton final states. For example, the production of a doubly charged Higgs
boson [2,3] or processes involving generic bosons carrying two units of lepton number (bilep-
tons) [4], could lead to multi-lepton events of large invariant mass. Measurements of both multi-
electron [5] and muon pair [6] production at high transverse momentum (Pr) have already been
performed by the H1 Collaboration using a data sample corresponding to an integrated lumi-
nosity of 115 pb~!. Events with high invariant mass M, of the two highest Py electrons were
measured. Three events with two electrons and three events with three electrons were observed
in the region M7, > 100 GeV, where the SM prediction is low [5].

In the present paper a measurement of multi-lepton production at high Pr using the complete
e*p HERA collider data of the H1 experiment is presented. The data are recorded at electron
and proton beam energies of 27.6 GeV and 820 GeV or 920 GeV, corresponding to centre-of-
mass energies /s of 301 GeV or 319 GeV, respectively. The total integrated luminosity of
the data is 463 pb~!, which represents a factor of four increase with respect to the previous
published results. The data comprise 178 pb~! recorded in e~ p collisions and 285 pb~!ine*p
collisions, of which 35 pb~! were recorded at /s = 301 GeV. While previous measurements
were performed mainly using e*p data, an e p data set with more than a ten-fold increase in
integrated luminosity is now analysed. The current analysis is extended with respect to those
presented in [5, 6], such that all event final states with at least two high Pr leptons, electrons
(e) or muons (1), are now investigated. In addition, differential cross sections of the production
of eTe™ and 't~ pairs are measured in a restricted phase space dominated by photon-photon
collisions.

2 Standard Model Processes and their Simulation

Multi-lepton events are simulated with the GRAPE [7] generator, which includes all elec-
troweak matrix elements at tree level. The production mechanisms include vvy, vZ, ZZ in-
teractions, internal photon conversion and the decay of virtual or real Z bosons. Different
approaches for the cross section calculation are followed depending on the virtuality Q? of the
photon coupled to the proton and on the mass IV of the hadronic final state. In the elastic region,
ep — e (T p, the proton vertex is described in terms of dipole form factors. The quasi-elastic
domain is defined by W < 5 GeV or Q% < 1 GeV2. In the region W < 2 GeV, a resonance
parametrisation [8] is used for the proton vertex. In the remaining quasi-elastic phase space,
a fit to photoproduction and deep inelastic scattering data is used [9]. In the inelastic regime,
corresponding to electron-quark interactions with W > 5 GeV and Q% > 1 GeV?, proton par-
ton densities taken from the CTEQSL [10] parametrisation are used. Initial and final state QED

'In this paper the term “electron” is used generically to refer to both electrons and positrons, if not otherwise
stated.

radiation is included. The hadronic final state is simulated via interfaces to PYTHIA [11] and
SOPHIA [12] for the inelastic and quasi-elastic regimes, respectively. GRAPE predicts cross
sections for ep — e u"pu~ X and ep — e eTe” X processes, leading to eup and eee final states.
Events with only two leptons (uu, ep or ee) are observed if the scattered electron or one lepton
of the pair is not detected. The ep — e 777~ X process with subsequent leptonic tau decays is
also simulated with GRAPE and its contribution to the studied final states is found to be at most
4%.

Experimental backgrounds to ee and ece final states arise from events in which, in addition
to a genuine electron, one or two fake electrons are reconstructed. Neutral current (NC) deep-
inelastic scattering (DIS) events (ep — eX) in which hadrons or radiated photons are wrongly
identified as electrons constitute the dominant background contribution. QED Compton scatter-
ing ep — ey X may also contribute if the photon is misidentified as an electron. Background to
the ey final state may arise from NC DIS events if hadrons are misidentified as muons. The NC
DIS and Compton processes are simulated using the RAPGAP [13] and WABGEN [14] Monte
Carlo (MC) generators, respectively.

Generated events are passed through the full GEANT [15] based simulation of the H1 appa-
ratus, which takes into account the running conditions of the different data taking periods, and
are reconstructed and analysed with the same program chain as is used for the data.

3 Experimental Conditions

A detailed description of the H1 experiment can be found in [16]. Only the detector components
relevant to the present analysis are briefly described here. The origin of the H1 coordinate sys-
tem is the nominal ep interaction point, with the direction of the proton beam defining the posi-
tive z-axis (forward region). Transverse momentum is measured in the xy plane. The pseudora-
pidity 7 is related to the polar angle 6 by 7 = — In tan(#/2). The Liquid Argon (LAr) calorime-
ter [17] covers the polar angle range 4° < 6 < 154° with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of o(E)/E = 12%/+/E/GeV & 1% and
hadronic energies with o (E)/E = 50%/+/ E /GeV ©2%, as measured in test beams [18,19]. In
the backward region, energy measurements are provided by a lead/scintillating-fiber (SpaCal)
calorimeter [20] covering the range 155° < 6 < 178°. The central (20° < # < 160°) and for-
ward (7° < 6 < 25°) inner tracking detectors are used to measure charged particle trajectories,
to reconstruct the interaction vertex and to complement the measurement of hadronic energies.
The LAr calorimeter and inner tracking detectors are enclosed in a super-conducting magnetic
coil with a field strength of 1.16 T. From the curvature of charged particle trajectories in the
magnetic field, the central tracking system provides transverse momentum measurements with
aresolution of op,./Pr = 0.005Pr/GeV @ 0.015 [21]. The return yoke of the magnetic coil is
the outermost part of the detector and is equipped with streamer tubes forming the central muon
detector (4° < 6 < 171°).

The luminosity is determined from the rate of the Bethe-Heitler process ep — ep~y, mea-
sured using a photon detector located close to the beam pipe at z = —103 m, in the backward
direction.

9GT1
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Events having an electromagnetic deposit in the LAr with an energy greater than 10 GeV are
detected by the LAr trigger with an efficiency close to 100% [22]. The muon trigger is based on
single muon signatures from the central muon detector, combined with signals from the central
tracking detector. The trigger efficiency is about 90% for di-muon events with muon transverse
momenta larger than 10 and 5 GeV. A combination of the LAr and muon triggers is used if an
electron and a muon are both present in the final state, resulting in an efficiency close to 100%
for electron and muon transverse momenta above 5 GeV.

4 Data Analysis

4.1 Particle Identification

Electron candidates are identified in the polar angle range 5° < 6 < 175° as a compact and
isolated electromagnetic shower in either the LAr or SpaCal calorimeter. The electron energy
and angular direction are measured by the calorimeters. The electron energy threshold is 5 GeV
in the polar angle range 20° < 6 < 175° and is raised to 10 GeV in the forward region (5° <
6 < 20°). The calorimetric energy measured within a distance in the pseudorapidity-azimuth
(n — ¢) plane R = \/An? + A¢? < 0.75 around the electron is required to be below 2.5% of
the electron energy. In the region of angular overlap between the LAr and the central tracking
detectors (20° < 0 < 150°), hereafter referred to as the central region, the calorimetric electron
identification is complemented by tracking information. In this region it is required that a
well measured track geometrically matches the centre-of-gravity of the electromagnetic cluster
within a distance of closest approach of 12 cm. The electron is required to be isolated from
any other well measured track by a distance R > 0.5 to the electron direction. Furthermore,
the distance from the first measured track point in the central drift chambers to the beam axis
is required to be below 30 cm in order to reject photons that convert late in the central tracker
material. In addition, in the central region the transverse momentum of the associated electron
track P;** is required to match the calorimetric measurement Pj such that 1/Pj** — 1/Pf <
0.02 GeV~! in order to reject hadronic showers. Due to a lower track reconstruction efficiency
and higher showering probability, no track conditions are required for electron candidates in
the forward (5° < 6 < 20°) and backward (150° < 6 < 175°) regions. In these regions,
no distinction between electrons and photons is made. The resulting electron identification
efficiency is 80% in the central region and larger than 95% in the forward and backward regions.

Muon candidates are identified in the polar angle range 20° < ¢ < 160° with a minimum
transverse momentum of 2 GeV. Muon identification is based on the measurement of a track in
the inner tracking systems associated with a track segment or an energy deposit in the central
muon detector [6,23]. The muon momentum is measured from the inner track curvature in the
solenoidal magnetic field. A muon candidate should have no more than 3.5 GeV deposited in a
cylinder, centred on the muon track direction, of radius 25 cm and 50 c¢m in the electromagnetic
and hadronic sections of the LAr calorimeter, respectively. Misidentified hadrons are strongly
suppressed by requiring that the muon candidate be separated from any jet and from any track
by R > 1. The efficiency to identify muons is ~ 90%.

Calorimeter energy deposits and tracks not previously identified as electron or muon can-
didates are used to form combined cluster-track objects, from which the hadronic energy is

6

reconstructed [24,25]. Jets are reconstructed from these combined cluster-track objects using
an inclusive kp algorithm [26,27] with a minimum transverse momentum of 2.5 GeV.

4.2 Event Selection

In order to remove background events induced by cosmic rays and other non-ep sources, the
event vertex is required to be reconstructed within 35 cm in 2 of the nominal interaction point.
In addition, to remove non-ep background topological filters and timing vetoes are applied.

Multi-lepton events are selected by requiring at least two central (20° < 6§ < 150°) elec-
tron or muon candidates, of which one must have P4 > 10 GeV and the other P- > 5 GeV.
Additional lepton candidates are identified in the detector according to the criteria defined in
section 4.1. All lepton candidates are required to be isolated with respect to each other by a min-
imum distance in pseudorapidity-azimuth of R > 0.5. Lepton candidates are ordered according
to decreasing transverse momentum, Py > Pff“. Final states with all possible combinations
of lepton candidates are investigated. Selected events are classified into independent samples
according to the flavour and the number of lepton candidates (e.g. ee, ey, efiye).

In order to measure the lepton pair production cross section in a well defined region of phase
space, sub-samples of ee and pu events dominated by photon-photon collisions are selected,
labelled (7). and (y7),, respectively. In these subsamples the two leptons are required to be
of opposite charge and a significant deficit compared to the initial state must be observed in
the difference> E — P, of the energy and the longitudinal momentum of all visible particles,
E — P, < 45 GeV. These two conditions ensure that the incident electron is lost in the beam
pipe after radiating a quasi-real photon of squared four-momentum Q2 lower than 1 GeV2.

4.3 Systematic Uncertainties

The following experimental systematic uncertainties are considered:

e The uncertainty on the electromagnetic energy scale varies depending on the polar angle
from 0.7% in the backward and central region to 2% in the forward region. The polar
angle measurement uncertainty of electromagnetic clusters is 3 mrad. The identification
efficiency of electrons is known with an uncertainty of 3 to 5%, depending on the polar
angle.

o The scale uncertainty on the transverse momentum of high Pr muons is 2.5%. The un-
certainty on the reconstruction of the muon polar angle is 3 mrad. The identification
efficiency of muons is known with an uncertainty of 5%.

o The hadronic energy scale is known within 2% at high transverse momentum and 5% for
events with a total hadronic transverse momentum below 8 GeV.

2For fully contained events or events where only longitudinal momentum along the proton direction (+2) is
undetected, one expects E — P, = 2EY = 55.2 GeV, where E? is the energy of the incident electron. If the
scattered electron is undetected, the threshold E — P, < 45 GeV corresponds to a cut on the fractional energy loss
y=(E - P.)/2E? < 0.82.
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o The uncertainty on the trigger efficiency is estimated to be 3% if at least one electron
candidate is detected, and 6% if only muons are present in the final state.

e The luminosity measurement has an uncertainty of 3%.

The effect of the above systematic uncertainties on the SM expectation is determined by
varying the experimental quantities by £1 standard deviation in the MC samples and propagat-
ing these variations through the whole analysis chain.

Additional model systematic uncertainties are attributed to the SM Monte Carlo generators
described in section 2. The theoretical uncertainty on the lepton pair production cross section
calculated with GRAPE is 3%. The uncertainty on the QED Compton and NC DIS back-
ground is 20%, as deduced from dedicated studies [5]. The total error on the SM prediction
is determined by adding the effects of all model and experimental systematic uncertainties in
quadrature.

5 Results

5.1 Multi-Lepton Event Samples

The observed event yields are summarised in table 1. Only classes for which at least one data
event is selected are shown. In all other classes, no event is observed and the SM prediction is
also negligible. The observed numbers of events are in good agreement with the SM expecta-
tions. The eee and ee channels are dominated by electron pair production. The ey, p10 and ep
channels contain mainly events from muon pair production. The ey channel is populated if the
scattered electron and only one muon of the pair is selected. Four data events are classified as
eef, compared to a SM expectation of 1.43 4 0.26, dominated by the production of muon pair
events where one muon is lost and the second electron candidate is due to a radiated photon.
One event with four electron candidates is observed compared to a prediction of 0.33 &£ 0.07.
According to MC simulations, this signature is due to tri-electron events with a radiated photon.

The distributions of the invariant mass M, of the two highest Pr leptons for the ece and
e samples are shown in figures 1(a) and (b), respectively. The distributions of the invariant
mass M, of the two leptons in the di-lepton event classes are presented in figures 1(c), (d) and
(e). An overall agreement with the SM prediction is observed in all cases.

High invariant mass events (M, > 100 GeV) are observed in the data. The corresponding
observed and predicted event yields are summarised for all channels in table 2. The three ee,
three eee and one pip0 high mass events have already been discussed extensively in previous H1
publications [5,6]. No additional events in these classes are observed in the new data. One ey
and two ey high mass events are observed in the new data. The ey event with the largest
invariant mass My, = 127 £ 10 GeV is presented in figure 2. In this event, M5 is formed by
the electron and the highest Pr muon. In the other ey event, M5 is formed by the two muons.
No ecee or eeps event is observed with a di-lepton invariant mass above 100 GeV, in agreement
with the corresponding SM expectations below 0.01.
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The results for e*p and e~ p data are shown separately in table 2. The di-lepton (ee, ey and
up) and tri-lepton (eee and ejuy) events at high mass M, > 100 GeV are all observed in e p
collisions whereas no such event is observed in the e~ p data.

The topology of the multi-lepton events can be further investigated using the scalar sum of
the lepton transverse momenta » , Pr. This variable indicates the “hardness” of the event and
also offers a good sensitivity for new physics searches [28]. Figure 3 presents the correlation
between Y, Pr and the invariant mass M2, separately for di-lepton and tri-lepton events. It can
be seen that tri-lepton events may have a large M5 but only intermediate Y Pr. In such cases,
the high mass is formed by one forward and one backward lepton. However, for di-lepton event
classes high M, values also imply a large 3 Pr.

The quantity > Pr can be used to select the most energetic events and allows the combina-
tion of different topologies of di-lepton and tri-lepton events with electrons and muons. Figure 4
presents the distributions of > Pr of the observed multi-lepton events compared to the SM ex-
pectation. A good overall agreement between the data and the SM prediction is observed. For
Z Pr > 100 GeV, five events are observed in total, compared to 1.60 £ 0.20 expected from
the SM (see table 3). These five events were all recorded in the e*p data, for which the SM
expectation is 0.96 & 0.12. Furthermore, the events correspond to the three ee and the two eppt
events observed with M5 > 100 GeV.

5.2 Cross Section Measurements

Cross sections of the production of electron and muon pairs from photon-photon collisions are
measured using the selected (). and (), samples. The kinematic domain of the measure-
ment is defined by 20° < #%2 < 150°, P > 10 GeV, P2 > 5 GeV, Q? < 1 GeV? and
y < 0.82. The data samples collected at /s = 301 GeV and 319 GeV are combined taking
into account their respective luminosities. Assuming a linear dependence of the cross section
on the proton beam energy, as predicted by the SM, the resulting cross section corresponds
to an effective /s = 318 GeV. The total numbers of observed (y7). and (y7), events are in
agreement with the SM expectations, as summarised in table 1. In the (7). sample, the contam-
ination from NC DIS and QED Compton background events is 2%. No significant background
is present in the (y7), sample.

The cross section is evaluated in each bin ¢ using the formula

data nTber

;= uy 1
LA

where N9t js the number of observed events in bin i, N®" the expected contribution from
background processes in bin 4, £ the integrated luminosity of the data and A; the signal accep-
tance in bin 7. The signal acceptance is calculated using GRAPE MC events, as the ratio of the
number of events reconstructed in bin ¢ divided by the number of events generated in the same
bin. It accounts for detection efficiencies and migrations between bins. The mean signal accep-
tance is 45% for ep — e eTe™ X events and 60% for ep — e pupu~ X events. The systematic
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error of the measured cross section is determined by repeating the analysis after applying the
appropriate variations to the MC for each systematic source, as described in section 4.3.

The measured ep — e eTe™ X cross section integrated over the phase space defined above
is 0 = 0.67 £ 0.06 £ 0.05 pb, where the first error is statistical and the second systematic.
The measured cross section for muon pair production, ep — e u*p~ X, in the same phase
space is 0 = 0.63 £ 0.05 = 0.09 pb. The results are in agreement with the SM expectation
of 0.63 & 0.02 pb calculated using the GRAPE generator. Combining the di-electron and di-
muon samples, an average lepton pair production cross section of o = 0.65 & 0.04 = 0.06 pb is
measured.

The differential cross sections of lepton pair production as a function of the transverse mo-
mentum of the leading lepton Pé‘, the invariant mass of the lepton pair My, and the hadronic
transverse momentum Pj are listed for each sample in table 4 and shown in figure 5 for the
combined electron and muon samples. The measurements are in good agreement with the SM
cross sections.

6 Conclusion

The production of multi-lepton (electron or muon) events at high transverse momenta is studied
in e*p and e p scattering. The full e*p data sample collected by the H1 experiment at HERA
with an integrated luminosity of 463 pb~! is analysed. The yields of di-lepton and tri-lepton
events are in good agreement with the SM predictions. In each sample distributions of the
invariant mass M, of the two highest Pr leptons and of the scalar sum of the lepton transverse
momenta Y , Pr are studied and found to be in good overall agreement with the SM expectation.

Events are observed in the di-lepton and tri-lepton channels with high invariant masses
M, above 100 GeV. All such events are observed in e™p collisions. Five of them have a
> Pr > 100 GeV, whereas the corresponding SM expectation for e*p collisions is 0.96 £ 0.12.

Differential cross sections for electron and muon pair production are measured in a restricted
phase space dominated by photon-photon interactions. The measured cross sections are in
agreement with the SM expectations.
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Multi-Leptons at HERA (463 pb~1)

Selection Data SM Pair Production (GRAPE) NC DIS + Compton
ee 368 390 £ 46 332 £ 26 58 £ 30
o 201 2114+ 32 211 £ 32 < 0.005
ep 132 128 +9 118 +£8 10.0 £ 2.5
eee 73 0+7 69.8 £ 7.0 0.2+£0.1
epup 97 102+ 14 102+ 14 < 0.005
eep 4 1.43 £0.26 1.18 £0.20 0.25+0.14
eeee 1 0.33 £0.07 0.33 £0.07 < 0.005
(77)e 146 138 +12 135+ 11 3.0£1.0
() 163 162+ 24 162 +24 < 0.005

Table 1: Observed and predicted event yields for the different event classes. The errors on the
predictions include model uncertainties and experimental systematic errors added in quadra-
ture. The limits on the background estimations correspond to the selection of no event in the
simulated sample and are quoted at 95% confidence level.

Multi-Leptons at HERA (463 pb™—1)

Ajlg >100 GeV

Selection Data SM Pair Production (GRAPE) NC DIS + Compton
All data (463 pb~1)
ee 3 1.34 £0.20 0.83+0.11 0.514+0.13
o 1 017+0.07 0.17 £ 0.07 < 0.005
ep 1 0.59+0.06 0.59 £+ 0.06 < 0.005
eee 3 0.66+0.09 0.66 £+ 0.09 < 0.005
e 2 0.16+0.05 0.16 £+ 0.05 < 0.005
e*p collisions (285 pb~1)
ee 3 0.76+0.11 0.49 +0.07 0.27 £ 0.07
up 1 0.10£0.04 0.10+£0.04 < 0.005
el 1 0.35£0.04 0.35+0.04 < 0.005
eee 3 0.394+0.05 0.39 + 0.05 < 0.005
epup 2 0.0940.03 0.09 +0.03 < 0.005
e~ p collisions (178 pb~1)
ee 0  0.584+0.09 0.34+0.04 0.24 +£0.07
up 0 0.07+0.03 0.07 £ 0.03 < 0.005
ep 0 0.2440.03 0.24 +£0.03 < 0.005
eee 0 0.274+0.04 0.27 £ 0.04 < 0.005
efuiL 0 0.07+£0.03 0.07£0.03 < 0.005

Table 2: Observed and predicted multi-lepton event yields for masses M5 > 100 GeV for the
different event classes in all analysed samples. The errors on the predictions include model
uncertainties and experimental systematic errors added in quadrature. The limits on the back-
ground estimations correspond to the selection of no event in the simulated sample and are
quoted at 95% confidence level.
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Multi-Leptons at HERA (463 pb™1)

S~ Py >100 GeV

Data sample  Data SM

Pair Production (GRAPE) NC DIS + Compton

e'p(285pb~t) 5 0.96+£0.12 0.78 +0.09 0.18 £ 0.05
e p(178pb~1) 0  0.64+0.09 0.51 £+ 0.07 0.13+0.04
All (463 pb™1) 5 1.60%0.20 1.29 £0.15 0.31 4+ 0.09

Table 3: Observed and predicted multi-lepton event yields for > Pr > 100 GeV. Di-lepton and
tri-lepton events are combined. The errors on the predictions include model uncertainties and
experimental systematic errors added in quadrature.

Multi-Leptons at HERA (463 pb—!)

Variable Measured Measured Measured Pair Production
range (ete) () (average) (GRAPE)
[GeV] [fb/GeV] [fb/GeV] [fb/GeV] [fb/GeV]

Pi do/d Py

[10,15] 108 =10 =£8 95 £9 14 101 +£7  £9 92 £3

[15,20] 16 +4 £2 23 £4 +4 20 +3  +£2 22 =+1

20, 25] 74 £25 +£0.6 3.7 £1.7 £0.5 55 £1.5 £0.5 6.6 £0.2

(25, 50] 0.60 £0.30 +0.06 0.70£0.304+0.10 0.70 £0.20+0.07 0.86 £0.03

A/[M dO’/d]\/fu

(15,25 34 +£4 +£3 29 £3 4 32 +£3 +£3 28 +£1

(25, 40] 16 +£2 +£2 17 +£2 +£3 17 +£2 £2 18.0+0.5

[40, 60] 2.7 £0.8 £0.2 1.7 £0.6 £0.3 2.2 £05 £0.2 2.9 £0.1

(60,100 0.20£0.154+0.02 0.40 £0.20 +£0.07 0.30£0.134+0.04 0.24+£0.01

P¥ do/dP¥

[0, 5] 95 +£9 +£8 94 £8 +14 94 +£6 +£9 93 £3

[5,12] 25 £6 +2 13 +4 +£2 18 +£3 +£2 15.44+0.5

[12,25] 28 +£1.3 +£0.3 42 +£1.2 £0.6 3.8 £09 +04 3.8 £0.1

[25, 50] 0.20£0.30+0.03 0.50£0.30 = 0.09 0.40 £0.20 +0.06 0.20£0.01

Table 4: Differential cross sections do /dPL, do/dMy, and do/dPy averaged for each quoted
interval for the process ep — ef*{~ X in a restricted phase space dominated by the photon-

Multi-Leptons at HERA (463 pb™)

[ e (2] F
= 10 e H1 Data - L e H1 Data
s H1 = All SM S 1E H1 2 All SM
> Pair Prod. > E Pair Prod.
w w E e
10 (228
(®)

Multi-Leptons at HERA (463 pb™)

100 120 140 160 180  10°0° 20 40 60 80 100 120 140 160 180
M,, [GeV] M,, [GeV]
. Multi-Leptons at HERA (463 pb™) Multi-Leptons at HERA (463 pb™)
o 10°E (2] E
- E ® H1 Data - 3 ® H1 Data
qC, E H1 == AlSM qC, u H1 == AlSM
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w ee w i
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5 102 H1 == Allsm
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photon process (see text for details). Cross sections are measured for e™e™ or u* ™ pairs. The
cross section obtained from the combination of ete™ and = channels is also presented. The
first error is statistical and the second is systematic. Theoretical predictions, calculated with
GRAPE, are shown in the last column.
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Figure 1: The distribution of the invariant mass of the two highest Py leptons for events classi-
fied as eee (a), eyt (b) and ee (c), ppe (d) and ep (e). The points correspond to the observed data
events and the open histogram to the SM expectation. The total error on the SM expectation
is given by the shaded band. The component of the SM expectation arising from lepton pair
production is given by the hatched histogram.
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P5=63GeV .

el 1
I

& Pl=61GeV

Figure 2: Display (side view) of the ey u event observed with the highest M5 invariant mass.
Indicated are the reconstructed tracks and the energy depositions in the calorimeters. The beam
positrons enter the detector from the left and the protons from the right.

Multi-Leptons at HERA (463 pb™) Multi-Leptons at HERA (463 pb™)
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Figure 3: Correlation of the invariant mass Mo with the scalar sum of the transverse momenta
>~ Py for di-lepton (a) and tri-lepton (b) events. The bold dots represent the data while the
small points represent the pair production (GRAPE) prediction for a luminosity ~ 1000 times
higher than that of data.
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Multi-Leptons at HERA (e*p and e'p, 463 pb™)
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Figure 4: The distribution of the scalar sum of the transverse momenta Y Py for combined
di-lepton and tri-lepton event samples for all data (a) as well as for e™p (b) and e~ p (c). The
points correspond to the observed data events and the open histogram to the SM expectation.
The total error on the SM expectation is given by the shaded band. The component of the SM
expectation arising from lepton pair production is given by the hatched histogram.
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Multi-Leptons at HERA (463 pb™)
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Figure 5: The measured cross section for lepton pair production in a restricted phase space dom-
inated by the photon-photon process as a function of the leading lepton transverse momentum
Pf? (a), the invariant mass of the lepton pair My, (b) and the hadronic transverse momentum
P (c). The differential cross section is averaged over the intervals shown. The inner error bars
represent the statistical errors, the outer error bars the statistical and systematic errors added in
quadrature. The bands represent the SM prediction with its one standard deviation uncertainty.
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Multi-Leptons with High Transverse
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Abstract

Events with at least two high transverse momentum leptons (electrons or muons) are
studied using the H1 and ZEUS detectors at HERA with an integrated luminosity of
0.94 fb~!. The observed numbers of events are in general agreement with the Standard
Model predictions. Seven di- and tri-lepton events are observed in e™p collision data with
a scalar sum of the lepton transverse momenta above 100 GeV while 1.94 +0.17 such
events are expected. Such events are not observed in e”p collisions for which 1.19 £+ 0.12
are predicted. Total visible and differential di-electron and di-muon photoproduction cross
sections are extracted in a restricted phase space dominated by photon-photon collisions.



1 Introduction

According to predictions of the Standard Model (SM) the production of multi-lepton final states
in electron!-proton collisions proceeds mainly via photon-photon interactions [1]. The clean
experimental signature of leptons with high transverse momenta, Pr, together with the precisely
calculable small SM cross section provides high sensitivity to possible contributions of physics
beyond the SM. Measurements of multi-lepton production at the HERA collider have already
been performed by the H1 [2-5] and ZEUS [6] collaborations using data samples corresponding
to an integrated luminosity of ~ 0.5 fb~! per experiment. Events with high invariant mass M,
of the two highest Pr leptons or high scalar sum of transverse momenta of all leptons > Pr
were measured by both experiments in a region where the SM expectation is low. The yields of
multi-lepton events were found to be in general agreement with the SM predictions in both H1
and ZEUS analyses.

A combination of the H1 and ZEUS results which exploits the complete e*p data samples
of both experiments is presented in this paper. Total yields and kinematic distributions of multi-
lepton final states with electrons or muons are measured and compared to the SM. The two-fold
increase in the available data statistics allows a more stringent test of the SM in the high mass
and high ) Pr regions. In addition, total visible and differential photoproduction cross sections
of eTe™ and ptpu~ pairs are measured in a restricted phase-space region dominated by photon-
photon collisions.

The analysed data were collected between 1994 and 2007 at the HERA electron-proton
collider using the H1 and ZEUS detectors. The electron and proton beam energies were re-
spectively 27.6 GeV and 820 GeV or 920 GeV, corresponding to centre-of-mass energies /s of
301 GeV or 319 GeV. The data correspond to an integrated luminosity of 0.94 fb~!, comprising
0.38 tb~! of e~ p collisions and 0.56 fb~! of e*p collisions, with 8% of the total collected at
/s = 301 GeV.

The H1 and ZEUS detectors are general purpose instruments which consist of tracking sys-
tems surrounded by electromagnetic and hadronic calorimeters and muon detectors, ensuring
close to 47 coverage of the ep interaction point. The origin of the coordinate system is the
nominal ep interaction point, with the direction of the proton beam defining the positive z-axis
(forward region). The x — y plane is called the transverse plane and ¢ is the azimuthal angle.
The pseudorapidity 7 is defined as 7 = —In tan(0/2), where 0 is the polar angle. Detailed
descriptions of the H1 and ZEUS detectors can be found elsewhere [7, 8].

2 Experimental Method

For this analysis, a common phase-space region is chosen according to the individual perfor-
mances of the H1 and ZEUS detectors, such that both detectors have high and well understood
acceptance. The common phase-space region is somewhat smaller than those used by the re-
spective collaborations [5,6] and is described in the following.

"Here and in the following, the term “electron” denotes generically both the electron and the positron.

The event selection proceeds in two steps. Electron or muon candidates are first identified
using a wider angular range and lower energy thresholds allowed by the detectors. In a second
step, in order to minimise the background present in some of the event topologies, at least two
central (20° < 0 < 150°) lepton candidates are required.

Electron candidates are identified in the polar-angle range 5° < 6 < 175° as compact and
isolated energy deposits in the electromagnetic calorimeters. The electron energy threshold is
10 GeV in the range 5° < 6 < 150° and 5 GeV in the backward region 150° < 6 < 175°.
Compared to the published H1 analysis [5], the electron energy threshold is here raised in the
central region 20° < ¢ < 150° from 5 to 10 GeV. Muon candidates are identified in the range
20° < 0 < 160° with a minimum transverse momentum of 2 GeV. Muon identification is
based on the measurement of a track in the inner tracking system associated to a track segment
reconstructed in the muon chambers or an energy deposit in the calorimeter compatible with a
minimum ionising particle. Only tracks associated with the primary event vertex are used in
the analysis. Detailed descriptions of electron and muon identification criteria used by the H1
and ZEUS experiments are given in the individual publications [5, 6]. For the H1 experiment,
the resulting electron identification efficiency is 80% in the central region and larger than 95%
in the forward and backward regions, while for the ZEUS detector the electron identification
efficiency is 90%. The lower electron identification efficiency in the H1 analysis is mainly due
to a tight matching requirement between the transverse momenta measured by the tracker and
the calorimeter [3, 5]. The efficiency to identity muons in the H1 and ZEUS analyses is 90%
and 55%, respectively. The lower muon identification efficiency for ZEUS is due to a lower
performance and a smaller fiducial volume of the muon system and a low efficiency of the track
trigger for low multiplicity events [6].

Multi-lepton events are selected by requiring at least two central lepton candidates, of which
one must have P% > 10 GeV and the other P% > 5 GeV. Additional leptons identified in the de-
tector according to the criteria defined above may be present in the event. All lepton candidates
are required to be isolated with respect to each other by a minimum distance of at least 0.5 units
in the  — ¢ plane. No explicit requirement on the charge of the lepton candidates is imposed.
Lepton candidates are ordered according to decreasing transverse momentum, Pfl > Pfl“.
According to the number and the flavour of the lepton candidates, the events are classified into
mutually exclusive topologies.

The production cross section of eTe™ and p*p~ pairs is measured in the photoproduction
regime, in which the virtuality Q2 of the photon emitted by the beam electron is low. Subsam-
ples of ee and 1« events, dominated by photon-photon collisions, labelled (7). and (y7),, are
selected by requiring the difference E/ — P, between the energy and the longitudinal momentum
of all visible particles to be lower than 45 GeV. This requirement selects events in which the
scattered electron is lost in the beampipe and corresponds to cuts on Q? < 1 GeV? and on the
event inelasticity, y = (E — P,)/2E. < 0.82, where E, is the electron beam energy.

The GRAPE [9] Monte Carlo (MC) event generator is used to calculate SM production cross
sections, dominated by photon-photon interactions, vy — ¢*¢~, and to simulate multi-lepton
events. GRAPE predicts cross sections for ep — e ptp~X and ep — e ete™ X processes,
leading to epp and eee final states. Events with only two leptons (uu, ep or ee) are observed
if the scattered electron or one lepton of the pair is not detected. The ep — e 77~ X process
with subsequent leptonic tau decays is also simulated with GRAPE.
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Experimental background contributions from various SM processes to the selected multi-
lepton topologies were studied [5,6]. Backgrounds to the ee final state arise from neutral current
(NC) deep inelastic scattering (DIS) events (ep — eX) in which, in addition to the scattered
electron, hadrons or radiated photons are wrongly identified as electrons, and from QED Comp-
ton (QEDC) events (ep — ev.X) if the photon is misidentified as an electron. Background to the
e final state arises from NC DIS events if hadrons are misidentified as muons. The background
contributions to eee, epp and pp final states are negligible.

The combination of the results of the H1 and ZEUS experiments is performed both on the
number of observed events and at the cross section level. Distributions of data events and of MC
expectations are added bin by bin. Experimental systematic uncertainties are treated as uncor-
related between the experiments. A detailed list of all experimental systematic uncertainties of
both experiments can be found in the individual publications [5, 6]. The theoretical uncertainty
of 3% on the total lepton pair contribution calculated from the GRAPE MC is considered to be
correlated between the experiments. Cross sections measured by H1 and ZEUS are combined
using a weighted average [10].

3 Results

The total number of selected events in the data are compared to SM predictions in Table 1 for
the ee, up, ep, eee and epp topologies and for the v+ subsamples. The observed numbers of
events are in good agreement with the SM expectations. The ey, 0 and ey topologies are
dominated by muon pair production while the eee and ee topologies contain mainly events from
electron pair production. The contribution from tau pair production is ~ 4% in the e topology,
negligible in the others, and is considered as signal. The NC DIS and QEDC processes give
rise to a sizeable background contribution in the ee topology where the H1 and ZEUS analyses
have slightly different background rejection capabilities. The contribution from NC DIS and
QEDC processes to the total SM expectation amounts to 24% for ZEUS and 11% for H1 due
to the tighter electron identification criteria. Most of the events in the ey topology arise from
muon pair production at high 2, in which the beam electron is scattered at a large angle in the
detector, while one of the muons is outside the acceptance region. In this topology, the NC DIS
background contributes ~ 10% in both the H1 and ZEUS experiments.

The distributions of the invariant mass M2 of the two highest Pr leptons for the different
topologies are shown in Fig. 1. An overall agreement with the SM prediction is observed in
all cases. Events with high invariant mass (M, > 100 GeV) are observed in the data. The
corresponding observed and predicted event yields are summarised for all topologies in Table 2.
One ee and two eee high mass events are observed by ZEUS [6]. Nine high mass events are
observed by H1. Compared to the HI results [S], one ece high mass event is not selected in
this combined analysis due to the increased electron energy threshold of 10 GeV in the central
region. The results for e*p and e~ p data are also shown separately in Table 2. All high mass
events observed by both experiments originate from e™p collisions. Several of these events also
have high 3 Pr values.

Figure 2 presents the distributions of > Pr of the observed multi-lepton events compared
to the SM expectation. Good overall agreement between the data and the SM prediction is
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observed. For ) Pr > 100 GeV, seven events are observed in total, compared to 3.13 £ 0.26
expected from the SM (see Table 3). These seven events were all recorded in the e p data,
for which the SM expectation is 1.94 £ 0.17. The events correspond to the four ee and the
two eup events observed with M, > 100 GeV, together with one eee event observed with
AJ]Q =93 GeV.

Total visible and differential cross sections for di-electron and di-muon production are mea-
sured using the selected (). and (77y), subsamples. The kinematic domain of the measure-
ment is defined by 20° < 042 < 150°, P > 10 GeV, P2 > 5 GeV, Q? < 1 GeVZ, y < 0.82
and Dﬁ‘f/‘f > 0.5, where fof;‘f is the distance in the 7 — ¢ plane between the two leptons.

The effect of the D:;Lf; requirement is small (< 1%). The data samples at /s = 301 GeV
and 319 GeV are combined. Assuming a linear dependence of the cross section on the proton
beam energy, as predicted by the SM, the resulting cross section corresponds to an effective
/s = 318 GeV. The effect of final-state radiation on the cross sections was found to be negli-

gible.

The total numbers of observed (y7). and (), events are in agreement with the SM expec-
tations, as summarised in Table 1. In the (7). sample, the contamination from NC DIS and
QEDC background events is 2%. No significant background is present in the (), sample.
The contribution from 7 pair production is negligible in both the (y7). and (y7), subsamples.

The total visible and differential cross sections for electron and muon pair production are
evaluated bin by bin as the weighted mean of the values measured by the two collaborations.
The same binning is used by both experiments. The signal acceptance is defined as the number
of events reconstructed in a bin divided by the number of events generated in the same bin and is
calculated using GRAPE MC events. For ep — ¢ ete™ X events, the mean signal acceptances
in the H1 and ZEUS experiments are 45% and 60%, respectively. In case of ep — e pTp~ X
events, it is 60% for H1 and 30% for ZEUS.

The total visible ep — eete™ X cross section is o = 0.68 + 0.04 & 0.03 pb, where the
first uncertainty is statistical and the second systematic. The total visible ep — ept X cross
section is 0 = 0.63 £ 0.05 £ 0.06 pb. The results are in agreement with the SM expectation,
dominated by photon-photon collisions, of 0.69 £ 0.02 pb calculated using the GRAPE gen-
erator. Since the muon and electron cross sections are compatible, as expected, they are com-
bined into a single measurement, leading to a measured lepton pair production cross section
of 0 = 0.66 £ 0.03 £ 0.03 pb. This result is in agreement with the individual H1 and ZEUS
measurements [5, 6].

Differential cross sections of lepton pair production as a function of the transverse momen-
tum of the leading lepton PT/‘} and of the invariant mass of the lepton pair My, are listed for
each sample in Table 4 and shown in Fig. 3 for the combined electron and muon samples. The
measurements are in good agreement with the SM predictions.

4 Conclusion

The production of multi-lepton (electron or muon) events at high transverse momenta was stud-
ied using the full e*p data sample collected by the H1 and ZEUS experiments at HERA, cor-
responding to a total integrated luminosity of 0.94 fb~1. The yields of di-lepton and tri-lepton
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events are in good agreement with the SM predictions. Distributions of the invariant mass M,
of the two highest Py leptons and of the scalar sum of the lepton transverse momenta » , Pr are
in good overall agreement with the SM expectation.

Events are observed in ee, piu, ey, eee and ey topologies with invariant masses M5 above
100 GeV, where the SM expectation is low. Both experiments observe high mass and high 3, P
events in e*p collisions only, while, for comparable SM expectations, none are observed in e~ p
collisions. Seven events have a > Pr > 100 GeV, whereas the corresponding SM expectation
for e p collisions is 1.94 £ 0.17.

The total and differential cross sections for electron and muon pair photoproduction are
measured in a restricted phase space dominated by photon-photon interactions. The measured
cross sections are in agreement with the SM predictions.
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Multi-Leptons at HERA (0.94 fb~1)

Sample Data SM Pair Production (GRAPE) NC DIS + QEDC
ee 873 895 £+ 57 724 £+ 41 171 + 28
JLhL 208 320+ 36 320 + 36 <05
ep 173 167+ 10 152+9 15+3
eee 116 11947 117+£6 <4
epp 140 147415 147 £ 15 <05
(vy)e 284 293 £18 289 + 18 4+1
(vy). 235 247+26 247 £+ 26 <05

Table 1: Observed and predicted event yields for the different event topologies and for the vy
subsamples. The uncertainties on the predictions include model uncertainties and experimental
systematic uncertainties added in quadrature. The limits on the background estimations are
quoted at 95% confidence level.

Multi-Leptons at HERA (0.94 fb—1)

My >100 GeV

Pair Production (GRAPE) NC DIS + QEDC
et p collisions (0.56 fb—1)

Sample Data SM

ee 4 1.68 +0.18 0.94+0.11 0.74+0.12
w1 0.3240.08 0.32 + 0.08 <0.01
e 1 0.40 4+ 0.05 0.39 +0.05 < 0.02
eee 4 0.79 +£0.09 0.79 +0.09 < 0.03
e 2 0.16 £ 0.04 0.16 + 0.04 < 0.01
e~ p collisions (0.38 fb~1)
ee 0 1.254+0.13 0.71+0.11 0.54 +0.08
a0 0 0.234+0.10 0.23 +0.10 < 0.01
efl 0 0.26 £ 0.03 0.25 4+ 0.03 < 0.02
eee 0 0.49 +0.07 0.49 +0.07 < 0.03
ef 0 0.14+0.05 0.14 +£0.05 < 0.01
All data (0.94 fb—1)

ee 4 2.934+0.28 1.65 £ 0.16 1.28 +0.18
o 1 0.554+0.12 0.55 +0.12 < 0.01
ef 1 0.65 4+ 0.07 0.64 + 0.06 < 0.02
eee 4 1.27+0.12 1.27+£0.12 < 0.03
eup 2 0.3140.06 0.31 = 0.06 <0.01

Table 2: Observed and predicted multi-lepton event yields for masses M, > 100 GeV for the
different event topologies, for all data and divided into e*p and e~ p collisions. The uncertainties
on the predictions include model uncertainties and experimental systematic uncertainties added
in quadrature. The limits on the background estimations correspond to the selection of no event
in the simulated topology and are quoted at 95% confidence level.
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Multi-Leptons at HERA (0.94 fb~1)

S Pr >100 GeV

Data sample  Data

SM Pair Production (GRAPE) NC DIS + QEDC

ep(0.56fb7 1Y) 7
e p(0.38fb7Y) 0
All(0.94fbY) 7

1.944+0.17 1.524+0.14 0.42 £0.07
1.19 £0.12 0.90 £ 0.10 0.29 £0.05
3.13 £0.26 242+0.21 0.71+£0.10

Table 3: Observed and predicted multi-lepton event yields for Y Pr > 100 GeV. Di-lepton and
tri-lepton events are combined. The uncertainties on the predictions include model uncertainties
and experimental systematic uncertainties added in quadrature.

Multi-Leptons at HERA (0.94 fb~1)

Variable Measured Measured Measured Pair Production
range (ete) () (average) (GRAPE)
[GeV] [fb/GeV] [fb/GeV] [fb/GeV] [fb/GeV]

Ph do/dPf

[10,15] 101.1+£7.1 £5.5 97.7+7.7 £9.2 99.9+5.3 £4.9 101.3+3.1

[15,20] 224+3.1 £1.3 15.9+3.2 +1.7 194+23 £1.0 23.94+0.7

[20, 25] 50£15 £0.6 49+1.6 +0.6 50+1.1 £04 7.3+0.2

[25,50] 0.56 +0.224+0.05 0.754+0.29+£0.09 0.634+0.18£0.04 0.93+0.03

My, do/dMy

[15,25] 27.3+28 +£1.5 31.9+29 +£3.0 29.0+21 +1.5 30.04+0.9

[25, 40] 184+1.6 £1.1 149+1.8 £1.4 16.9+1.2 +£0.9 19.5+0.6

[40, 60] 3.4+0.6 +0.2 2.0+0.5 +£0.2 26+04 +£0.2 3.1+0.1

[60,100] 0.174+0.09 +0.03 0.324+0.154+0.04 0.21£0.08 =0.02 0.26 +0.01

Table 4: Differential photoproduction cross sections do/dP5 and do /d My, averaged for each
quoted interval for the process ep — e/ ¢~ X in a restricted phase space (see text for details).

Cross sections are measured for ete

or utp~ pairs. The average is also shown. The first

uncertainty is statistical and the second is systematic. Theoretical predictions, calculated with
GRAPE, dominated by the photon-photon process, are shown in the last column.
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Fig. 1: The distribution of the invariant mass of the two highest Py leptons for events classified
as eee, efufL, ee, (1 and ey The points correspond to the observed data events and the histogram
to the SM expectation. The total uncertainty on the SM expectation is given by the shaded
band. The component of the SM expectation arising from lepton pair production is given by the

hatched histogram.
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deviation uncertainty in the SM prediction, dominated by the photon-photon process.
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Production at HERA

A. Aktas et al. [H1 Collaboration],
Phys. Lett. B 638 (2008) 432,
arXiv:hep-ex /0604027

Abstract

A search for the single production of doubly-charged Higgs bosons H** in ep collisions
is presented. The signal is searched for via the Higgs decays into a high mass pair of
same charge leptons, one of them being an electron. The analysis uses up to 118 pb~!
of ep data collected by the H1 experiment at HERA. No evidence for doubly-charged
Higgs production is observed and mass dependent upper limits are derived on the Yukawa
couplings h.; of the Higgs boson to an electron-lepton pair. Assuming that the doubly-
charged Higgs only decays into an electron and a muon via a coupling of electromagnetic
strength he, = /AT Qe = 0.3, a lower limit of 141 GeV on the H** mass is obtained at
the 95% confidence level. For a doubly-charged Higgs decaying only into an electron and a
tau and a coupling h., = 0.3, masses below 112 GeV are ruled out.



1 Introduction

Doubly-charged Higgs bosong/(*) appear when the Higgs sector of the Standard Model
(SM) is extended by one or more triplet(s) with non-zero ligharge [1-3]. Examples are pro-
vided by some Left-Right Symmetric models [4], or their sigyenmetric extensions, which
are of particular interest since they provide a mechanisgetterate small non-zero neutrino
masses. Such models can lead to a doubly-charged Higgs bgebenough [5] to be pro-
duced at the existing colliders. The Higgs triplet(s) maygbepled to matter fields via Yukawa
couplings which are generally not related to the fermionsaeas A non-vanishing coupling
of a doubly-charged Higgs to an electron would allow its Engroduction inep collisions at
HERA. This possibility is investigated in this paper with easch for doubly-charged Higgs
bosons decaying into a high mass pair of same charge lepoesf them being an electron.

An analysis of multi-electron events was already presehtethe H1 collaboration [6]. Six
events were observed with a di-electron mass ali60eseV, a domain in which the Standard
Model prediction is low. In the present paper the compatybdf these events with the hy-
pothesis of a doubly-charged Higgs coupling:tds addressed and a further search fdf &t
boson coupling tey ander is performed. The analysis is basedeprdata collected by the H1
experiment betweet94 and2000, which amount to a luminosity of up tol8 pb~!.

2 Phenomenology

At tree level, doubly-charged Higgs bosons couple only targed leptons and to other Higgs
and gauge bosons. Couplings to quark pairs are forbiddemange conservation. The cou-
plings of a doubly-charged Higgs to charged leptons can bergelly described by the La-
grangian:
L= hHI L PLpl;  + he., ()
v

where! are the charged lepton field$,denote the charge conjugate fields; are generation
indices, and’, r = (1 Fv5)/2. The Higgs fieldsH }, coupling to left-handed or right-handed
leptons correspond to different particles and not all megdetdict their simultaneous existence.
The Yukawa couplings;; = i/, are free parameters of the model.

The phenomenology of doubly-charged Higgs production aRBkvas first discussed in [7].
For a non-vanishing couplinlyf,’R the single production of a doubly-charged Higgs boson is
possible at HERA irey* interactions via the diagrams shown in Fig. 1, where a phéton
radiated off the proton or one of its constituent quarks. pheon may remain intact or be
broken during this interaction, leading to an elastic ofldsgc reaction, respectively. With
longitudinally unpolarised lepton beams, as were delivdsg HERA until 2000, the H*++
production cross section does not depend on whether thesidiggples to left-handed or right-
handed leptons. Hence a generic case is considered heremfbdy-etharged Higgs boson
which couples to either left-handed or right-handed leptamd thel, R indices are dropped in
the following.

e+ H++ e+ |-
—_— - | SEETEEE —»—Q—»—
| H:
_,_7 H
v I
P p (X) p p (X) p p (X)

Figure 1: Diagrams for the single production of a doublyrglkd Higgs boson in* p collisions
at HERA via theh,, coupling. The hadronic final state is denotedbyX) in the elastic
(inelastic) case, where the initial proton remains intaisqociates). The contribution &f

exchange can be safely neglected.

Within the mass range considered in this analysis, it israssuthat decays of th&** into
gauge bosons and other Higgs particles are not allowed ldtieafly such that the doubly-
charged Higgs only decays via its Yukawa couplings into tolepair.

Indirect upper bounds on the Yukawa couplings of a doubbrgid Higgs to leptons are
reviewed in [8]. The coupling:.. of a doubly-charged Higgs to an electron pair is con-
strained by the contribution of virtu@f ** exchange to Bhabha scatteringeine™ collisions.

A recent OPAL analysis [9] sets the constraint < 0.14 for a doubly-charged Higgs mass
My = 100 GeV. From low energy*e™ data, coupling values aP(0.1) are allowed fori,,,
and h., for a Higgs mass of00 GeV [10]. Taking these indirect constraints into account,
the production of a doubly-charged Higgs mediated:hy k., or k., might be observable at
HERA. The Higgs signal would manifest itself as a peak in thaiiant mass distribution of
same chargee, ep or et leptons, respectively. For the range of masses and cousptiraped

in this analysis, the Higgs decay length is vanishingly $ioat its width remains negligible
compared to the experimental resolution on the mass of fitereair.

3 Simulation of the Signal and Standard Model Backgrounds

The calculation of the cross section for doubly-chargedjsligroduction, as well as the simula-
tion of signal events, relies on a dedicated Monte Carloanogleveloped for this analysis. The
differential cross sections are integrated using the VE@A&age [11]. Different approaches
are followed depending on the photon virtualy and on the mas#’ of the hadronic final
state:

e in the inelastic regioniy’ > m, + m,, with the proton mass, and the pion mass
m,) and when the photon virtuality is larg€t > 4 Ge\?), the interaction involves
a quark inside the proton. The squared amplitude of the psace; — eTH**q is
evaluated using the CompHEP package [12, 13]. The partositdenin the proton are
taken from the CTEQA4L [14] parameterisation and are evadliat the scalg/Q?. The
parton shower approach [15] based on the DGLAP [16] evaigiguations is applied to
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simulate QCD corrections in the initial and final states, #nechadronisation is performed
using PYTHIA 6.1 [15].

for the elastic regionl{’ = m,) and the inelastic region at lo®* (W > m, + m,,
Q? < 4 Ge\®), the squared amplitude is calculated using the FORM progid]. The
hadronic tensor is parameterised in terms of the usuakreteegnetic structure functions
Fi(z, Q%) and Fy(z, Q*) of the proton, where = Q*/(W? + Q* — m2). For the elastic
process these structure functions are expressed in tertig efectric and magnetic form
factors of the proton. For the lo®? inelastic region they are taken from analytical
parameterisations [18]. The simulation of the hadronicl fatate for lowQ? inelastic
events is performed via an interface to the SOPHIA progre®h [1

For a Yukawa coupling.. or k., of electromagnetic strength (= /4ra.,,, = 0.3) the total
cross section amounts €39 pb (0.04 pb) for a Higgs mass af00 GeV (150 GeV). The low
Q? (high Q?) inelastic contribution is found to be 30% (~ 20%) of the total cross section in
the mass rang&0 — 150 GeV. The cross section for producing a doubly-charged Higgs
couplingh,. is lower by aboutt0% due to the non-negligible mass of théepton produced in
association with the Higgs.

The theoretical uncertainty on the cross sections obtamtaken to bel% in the mass range
considered. This is derived from an assessed uncertaity ain the proton form factors [20]
and from the uncertainty on the scale at which the partonitiesfor the inelastic contribution
are evaluated. The latter uncertainty is estimated fromvération of the computed cross
section as this scale is changed fre/©?/2 to 2,/Q2.

Separate signal event samples corresponding to the prodwitd decay of a doubly-charged
Higgs via a coupling,., h., andh.. have been produced for Higgs masses ranging between
80 and150 GeV, in steps ol 0 GeV.

Di-electron production, which proceeds mainly via two-fghointeractions, constitutes an ir-

reducible background foge final states. The production of muon or tau pairs constitates
background for theu ander analyses when the scattered electron is detected. Theligabib
Parisi procesge — ~,Z — I, in which the incoming electron interacts with an electron
emitted from a photon radiated from the proton, contribatdsgh transverse momentum only.

The Drell-Yan process was calculated in [21] and found to egligible. All these processes

are simulated using the GRAPE Monte Carlo generator [22]chvhalso takes into account

contributions from Bremsstrahlung with subsequent phatmmversion into a lepton pair and

electroweak contributions.

Experimental backgrounds come dominantly from Neutralr€htrDeep Inelastic Scattering
(NC DIS) where a jet is misidentified as an electron, a muon taua Compton scattering is
also a source of background fer final states when the photon is misidentified as an electron.
These processes are simulated with the DJANGO [23] and WAB(zE] generators.

All generated events are passed through the full simulatidche H1 apparatus and are recon-
structed using the same program chain as for the data.

4 The H1 Detector

A detailed description of the H1 experiment can be found i].[20nly the H1 detector
components relevant to the present analysis are brieflyrideschere. Jets and electrons
are measured with the Liquid Argon (LAr) calorimeter [26]high covers the polar andle
range4® < 6 < 154°. Electromagnetic shower energies are measured with asfyeodf
o(E)/E =12%/+/E/GeV&1% and hadronic energies with E)/ E = 50%/+/ E/GeV&2%,

as determined in test beams [27]. In the backward regiondideitillating-fioré (SpaCal)
calorimeter [28] covers the randé5° < 6 < 178°. The central Z0° < 6 < 160°) and for-
ward (° < 6 < 25°) tracking detectors are used to measure charged partigétories, to
reconstruct the interaction vertex and to supplement thesorement of the hadronic energy.
The LAr and inner tracking detectors are enclosed in a sopeducting magnetic coil with
a strength ofl.15 T. The return yoke of the coil is the outermost part of the ceteand is
equipped with streamer tubes forming the central muon thatét® < 6 < 171°). In the for-
ward region of the detectoB{ < # < 17°) a set of drift chamber layers (the forward muon
system) detects muons and, together with an iron toroidgneta allows a momentum mea-
surement. The luminosity measurement is based on the B&ghiker processp — epy, where
the photon is detected in a calorimeter located downstrdaheadnteraction point.

5 Data Analysis

The analyses ofe andey final states use the fuli*p data set recorded in the periad94-
2000, which corresponds to an integrated luminosity of pb™. The analysis ofr final states
makes use of the*p data collected in the yeai$96-1997 and 1999-2000, which amount to
a luminosity of88pb™!. The HERA collider was operated at a centre-of-mass engfgpf
300 GeV in1994-1997 and o0f318 GeV in 1998-2000.

Events are first selected by requiring that the longitudbeaition of the vertex be withig5 cm
around the nominal interaction point. In addition topotadifilters and timing vetoes are ap-
plied to remove background events induced by cosmic shaavet®ther norep sources. The
main triggers for the events are provided by the LAr calotenand the muon system.

5.1 Lepton Identification

An electrori candidate is identified by the presence of a compact andésbédectromagnetic
energy deposit above GeV in the LAr or SpaCal calorimeter. The energy of the etattr
candidate is measured from the calorimetric informatiorthe angular rang20° < 6 < 150°

the electron identification is complemented by trackingditons, in which case the direction

The origin of the H1 coordinate system is the nomigainteraction point, with the direction of the proton
beam defining the positive-axis (forward region). The transverse momenta are medsuorthezy plane. The
pseudorapidity) is related to the polar angteby n = —In tan(6/2).

2Before1995 a lead-scintillator calorimeter was used.

3Unless otherwise stated, the term “electron” is used inghjger to generically describe electrons or positrons.
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of the electron candidate is given by that of the associatzkt Electron candidates in the
forward region° < 6 < 20°, are required to have an energy abaveGeV.

A muon candidate is identified by associating an isolatecktia the forward muon system
or in the inner tracking system with a track segment or anggnéeposit in the instrumented
iron. The muon momentum is measured from the track curvatuiiee toroidal or solenoidal
magnetic field, respectively.

Tau leptons are preselected as described in [29] by reguartrack with transverse momentum
aboveb GeV measured in the inner tracking detector. The leptoniaiecaysr — evv and

T — pvv are reconstructed by matching the selected track to anifiéehélectron or muon.
Tracks that are not identified as electrons or muons ardatitd to hadronic tau decays if at
least40% of the track momentum is reconstructed in the LAr calorimatematched clustered
energy. In that case it is moreover required that the tradtinigeto a narrow jet: no other
track should be reconstructed withinl5 < R < 1.5 around the track direction, where =

VAR + Ag? with An and Ay being the distances in pseudorapidity and azimuthal angle,

respectively. The transverse momentum and the directidineaf candidate are approximated
by those of the associated track.

5.2 Analysis of theH — ee Decay

This analysis is based on the published H1 measurement ¢fehettron production [6]. The
event selection requires at least two cent?af (< 6° < 150°) electron candidates, one of them
with a transverse momentuf?g! > 10 GeV (ensuring a trigger efficiency close 160% [30])

and the other one witl?s?> > 5 GeV. After this preselection,25 events are observed, in good
agreement with the SM expectationl®7.4+10.7. In each event, the two higheB} electrons,
one of those being possibly outside the central region,ssigiaed to the Higgs candidate. The
distribution of their invariant masa!/.. is shown in Fig. 2a. Atlow mass a good agreement is
observed between data and the SM expectation which is yadgehinated byy~ contributions.
Six events are observed &f.. > 100 GeV, compared to the SM expectation(o$3 + 0.08.

Further selection criteria are then applied, which aregiesi to maximise the sensitivity of

the analysis to a possiblé** signal. The charge measurement of the two leptons assigned

to the Higgs candidate is exploited. drip (¢~ p) collisions, whereld *+ (H~~) bosons could
be produced, events in which one of the two leptons is rgliabkigned a negative (positive)
charge are rejected. The charge assignment requires ¢hatitbature: of the track associated
with the lepton be measured with an erdarsatisfying| x/dx | > 2. The precise calorimetric
measurement of the electron transverse momenta is furthb@ied by applying an additional
M,. dependent cut on the sum of the transverse momenta of theléatwans assigned to the
Higgs candidate. The lower bound is optimised to ke&f of the signal and varies between
45 GeV and120 GeV. This cut suppresses events coming frepprocesses. The efficiency for
selecting signal events varies frait% for a H** mass oB0 GeV to35% for a H** mass of
150 GeV. In this mass range the resolution ), varies betweef.5 GeV and5 GeV.

After these requirements,events are observed &f.. > 65 GeV, in agreement with the SM
expectation 0f.45+0.11 events. Amongst the six eveht M,, > 100 GeV, only one satisfies
the final selection criteria.

40ut of these, three do not fullfill th&/.. dependenPr cut, and two do not satisfy the charge requirement.
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Figure 2: Distribution of (a) the invariant mads.. of the two highestr electrons for multi-
electron events, (b) the electron-muon invariant mess, and (c) the electron-tau candidate
invariant mass\/.,. The data (symbols) are compared with the Standard Modelatation
(histogram). The distributions are shown at the preselpdével (see text).

5.3 Analysis of theH — eu Decay

Events having one electron and one muon with minimal tra~s@v@omenta oPy. > 10 GeV
andPk > 5 GeV are selected. The polar angle of electron candidatestisated t®0° < 6° <
140° to reduce the large background arising from NC DIS event® fTifange for muon can-
didates extends towards low anglé8; < 0* < 140°, which increases the efficiency for high
H** masses. The minimum transverse momentum required foretecandidates ensures a
trigger efficiency close td00% for these events. After this preselectid, data events are
observed compared to a SM expectatioa®f + 3.4. The distribution of the invariant mass of

the electron and the mua¥,, is shown in Fig. 2b. A good agreement is observed between the

data and the SM expectation, which is dominatedyontributions.

For the final selection off — eu candidates the charge of theind ;. is exploited using the
same criteria as used in section 5.2. The efficiency for segsignal events varies froft%
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to 40% for a H** mass betweef0 GeV and150 GeV. The resolution o/, varies between
3 GeV and8 GeV. ForM,, > 65 GeV one event is observed whilel7 + 0.44 events are
expected from the SM.

5.4 Analysis of theH — et Decay

The search for &+ boson decaying inter is performed in three final states, depending on
whether ther decays into an electron, a muon or hadronically Details of this analysis can
be found in [29]. Events are selected which contain either éfectrons 4e), or an electron
and a muondy), or an electron and a hadroniccandidate €2) as defined in section 5.1. The
two leptons, or the electron and the hadronicandidate, should have a transverse momentum
above5 GeV, be in the angular rang®° < 6 < 140°, and be separated from each other by
R > 2.5 in pseudorapidity-azimuth. One of them must have a trasgveromentum above
10 GeV, which ensures a trigger efficiency ab®#5 in all three classes. For events in the
class the polar angle of the electron candidate is requiréeé belowl 20°.

A significant amount of missing transverse and longitudmamentum is expected due to the
neutrinos produced in thedecays. Events in the: class are required to have a missing trans-
verse momentunky¥s* > 8 GeV. For theeh class, which suffers from a large NC DIS back-
ground, itis required tha;ss > 11 GeV, that the energy deposited in the SpaCal calorimeter
be belows GeV, and that the variablg’, E* — P!, where the sum runs over all visible particles,
be smaller tharl9 GeV. For fully contained evenfs, E' — P! is expected to peak at twice the
lepton beam energ¥, = 27.5 GeV, i.e.55 GeV, while signal events are concentrated at lower
values due to the non observed neutrinos. In totavents are preselected, in agreement with
the SM prediction of’.8 + 1.5.

In each class, ther invariant mass\/., is reconstructed by imposing longitudinal momentum
and energy conservation, and by minimising the total moararitmbalance in the transverse
plane. Tau leptons are assumed to decay with a vanishingrapangle. This method yields a
resolution of about GeV on the mas8/... Figure 2c shows ther invariant mass distribution
of the selected events together with the SM expectation.

For the final selection, events are rejected if the track@ated with one of the Higgs decay
product candidates is reliably assigned a negative chapg®site to that of the incoming lepton
beam. The signal efficiencies depend only weaklyésn. The fractions of simulated — er
events which are reconstructed in the various classesa i table 1, for an example mass
of My = 100 GeV. The total efficiency on the signal amounts to alas(t.

The final event yields are also shown in table 1. Only one efierthe eh class) satisfies the
final criteria, while2.1 £ 0.5 events are expected.

5.5 Systematic Uncertainties

The systematic uncertainties attributed to the Monte Cardalictions for thece analysis are
detailed in [6]. The dominant systematic uncertainty is thu¢he electron-track association
efficiency, which i90% on average with an uncertainty increasing with decreasitay @ngle
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Event H™ — ™7™ final selection
class || N, Nicieg Signal fraction
ef 0 | 0.27+:0.02 6 %
eh 1 |1.66+0.48 12 %
ee 0 0.14+ 0.04 7%
total 1 | 2.07+:0.54 25 % \

Table 1: Number of observedV(,,) and expectedX,.,) events in each event class which
satisfy all criteria to selecH** — et7t candidates with a mas¥,, > 65 GeV. The last
column shows the fractions of tHé¢ — er Monte Carlo events which are reconstructed in the
various classes, for a massidof GeV.

from 3% to 15%. Systematic errors due to the uncertainty on the electroetagenergy scale
(known at the0.7% to 3% level in the central and forward regions of the LAr calorieret
respectively) and on the trigger efficiengf/) are also taken into account.

For theey analysis, the dominant additional systematic uncertéstiue to the muon identi-
fication efficiency known withir§% [31]. The uncertainty due to the reconstruction efficiency
of the central tracking detector for central muons contgbwan additiona3%. The muon mo-
mentum scale is known withif%, and the trigger efficiency faru final states is known within
3%.

The same systematic uncertainties affect the SM expentaitithece andey classes of ther
analysis. The uncertainty of the hadronic energy scalearLéhr calorimeter {%) constitutes
another source of uncertainty due to the cuts applied offti& andd ", F — P, variables. For
theeh event class the dominant uncertainties on the SM expentat@ning mainly from NC
DIS processes, are due to the uncertaintg%fof the track efficiency, to that of the hadronic
energy scale, and to that of the hadronisation model.

The luminosity measurement leads to a normalisation uaicgytof 1.5%.

For both the expected signal and the predicted backgrobadsystematic uncertainties result-
ing from the sources listed above are added in quadrature.

6 Interpretation

With the final Higgs selection no significant excess over thiesRpectation is observed. Upper
limits on the H** production cross section times the branching ratio forfié to decay into
one of the analysed final states are derived as a functioneaf/th* mass and are shown in
Fig. 3a. The limits are presented at $i&% confidence level and are obtained using a modi-
fied frequentist approach [32]. Statistical uncertainteesswell as the influence of the various
systematic uncertainties on both the shape and the noatiafisof the mass distributions for
signal and background events, are taken into account. Bteeesitivity is obtained for A/*+
produced and decaying via,, with upper limits around.05 pb.
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Figure 3: (a) Upper limits at the5% confidence level on thé/** production cross section
times the branching ratio for thE** to decay intcee, ey or er, as a function of the Higgs
mass. (b)-(d) Upper limits on the couplifg, assuming that thé/** couples only (b) tae,
(c) toep or (d) toer. Regions above the curves are excluded. The constrairamebtfrom
pair production at LEP and at CDF and from single productioc@RAL are also shown.

Assuming that only one Yukawa couplirig; is non-vanishingly small, these constraints are
translated into mass dependent upper limits on the couplings shown in Fig. 3b-d.

If the doubly-charged Higgs boson couples only to an elecpar (Fig. 3b) thece analysis
rules outH ** masses below3s GeV for a coupling,. of the electromagnetic strength,. =
0.3. The result is compared to the bounds obtained from seafohés** pair production at
LEP [33] and by the CDF experiment [34], and to both the iratied direct limits obtained by
the OPAL experiment [9], the latter being the most string@he OPAL experiment has also set
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similar stringent constraints dn.. independently of the Higgs decay mode. These constraints
also exclude a sizeablé** production at HERA via:.. followed by theH** decay viah,,,

or h.., which is consistent with the non-observation of a resoaasignal in theuy [31] and

77 [29] final states in the present H1 data.

Assuming that the doubly-charged Higgs boson couples anbntelectron-muon (electron-
tau) pair, theep (er) analysis allows masses belawl GeV (112 GeV) to be ruled out for
hey = 0.3 (he; = 0.3), as shown in Fig. 3c (Fig. 3d). The H1 limits extend the edelll
region in the electron-muon and electron-tau channels &sewthat are beyond those reached
in previous searches for pair production at LEP [33] and #heairon [34].

7 Conclusion

A search for the single production of doubly-charged Higgsdms coupling tae, ey or et

is presented. In a previous model independent multi-elaanalysis, H1 observed six events
with a di-electron mass abovié)0 GeV, a region where the Standard Model expectation is
small. Out of the six events, only one is compatible with tlgnature of a doubly-charged
Higgs boson. No electron-muon or electron-tau event isddnrhis mass domain.

This analysis places new limits on tiEt** mass and its Yukawa couplingg; to an electron-
lepton pair. Assuming that the doubly-charged Higgs bosay oouples to electron-muon
(electron-tau) pairs, a limit of41 GeV (112 GeV) is obtained on the Higgs mass, for a coupling
hey = 0.3 (her = 0.3) corresponding to an interaction of electromagnetic sitfen
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Abstract

A model-independent search for deviations from the Standard Model prediction is perfor-
med in e"p and e p collisions at HERA using H1 data corresponding to an integrated
luminosity of 117 pb~'. For the first time all event topologies involving isolated electrons,
photons, muons, neutrinos and jets with high transverse momenta are investigated in a
single analysis. Events are assigned to exclusive classes according to their final state. A
statistical algorithm is developed to search for deviations from the Standard Model in
the distributions of the scalar sum of transverse momenta or invariant mass of final state
particles and to quantify their significance. A good agreement with the Standard Mo-
del prediction is observed in most of the event classes. The most significant deviation is
found for a topology containing an isolated muon, missing transverse momentum and a jet,
consistent with a previously reported observation.



1 Introduction

At HERA electron$ and protons collide at a centre-of-mass energy of uplfoGeV. These
high-energy electron-proton interactions provide a testing ground for the Standard Model (SM)
complementary te*e~ andpp scattering. It is widely believed that the SM is incomplete and
that new physics signals may appear below energigslelV. Many extensions to the SM have

been constructed during the last decades predicting various phenomena which may be visible
at high energies or large transverse mome#}gd.(HERA data have been used to test some of
these models of new processes by analysing their anticipated experimental signatures and limits
on their parameters have been derived [1].

The approach described in this paper consists of a comprehensive and generic search for de-
viations from the SM prediction at large transverse momenta. All Rigfinal state configura-
tions involving electronsd), muons (), jets (j), photons ) or neutrinos ) are systematically
investigated. The analysis covers phase space regions where the SM prediction is sufficiently
precise to detect anomalies and does not rely on assumptions concerning the characteristics of
any SM extension. Such a model-independent approach might discover unexpected manifesta-
tions of new physics. Therefore it addresses the important question of whether evidence for new
physics might still be hidden in the data recorded at collider experiments. A similar strategy for
a model-independent search was previously presented in [2].

All final states containing at least two objects £, j, v, v) with Pr > 20 GeV in the polar
anglé rangel0° < @ < 140° are investigated. The complete HERA | data samé4 —2000)
is used, corresponding to an integrated luminositylafpb~. All selected events are classified
into exclusive event classes according to the number and types of objects detected in the final
states and allow an unambiguous statistical interpretation of deviations. All experimentally
accessible combinations of objects have been studied and data events are fuofitirem.

In a first analysis step the global event yields of the event classes are compared with the SM
expectation. The distributions of the invariant magg, and of the scalar sum of transverse
momentay |, Pr of high Py final state objects are presented. New physics may be visible as an
excess or a deficit in one of these distributions. Therefore, in a second step these distributions
are systematically investigated using a dedicated algorithm which locates the region with the
largest deviation of the data from the SM prediction. The probability of occurrence of such a
deviation is derived, both for each event class individually and globally for all classes combined.

This paper is organised as follows. Sectibdescribes the Standard Model processes at
HERA and their Monte Carlo simulation. The H1 detector, the event selection and measurement
procedure are described in sectibrilrhe event yields and distributions for each event class are
presented in sectiof. The search strategy and results are explained in segtid®ection6
summarises the paper.

LIn this paper “electrons” refers to both electrons and positrons, if not otherwise stated.

2 The origin of the H1 coordinate system is the nomigalnteraction point, with the direction of the proton
beam defining the positive-axis (forward region). The transverse momenta are measured irythiane. The
pseudorapidity; is related to the polar angteby = — In tan(6/2).

2 Standard Model processes and Monte Carlo generation

Several Monte Carlo event generators are combined to simulate events for all SM processes
which have large cross sections or are expected to be dominant for specific event classes, avoid-
ing double-counting. All processes are generated with an integrated luminosity significantly
higher than that of the data sample and events are passed through a full detector simulation [3].
At high transverse momenta the dominant SM processes are the photoproduction of two jets
and neutral current (NC) deep-inelastic scattering (DIS). In the following the abbrevidtion
represents all reaction products other than the Iiglobjects considered.

Photoproduction of jets and photons To simulate the direct and resolved photoproduction

of jetsep — j;j X, prompt photon productionp — ~;jX and the resolved photoproduction

of photon pairsep — X, the PYTHIA 6.1 event generator [4] is used. Light and heavy
flavoured jets are generated. The simulation contains the Born level hard scattering matrix
elements and radiative QED corrections.

Neutral current deep-inelastic scattering The Born, QCD Compton and Boson Gluon Fu-
sion matrix elements are used in the RAPGAP [5] event generator to model NC DIS events. The
QED radiative effects arising from real photon emission from both the incoming and the outgo-
ing electrons are simulated using the HERACLES [6] generator. Hence the NC DIS prediction
contains the processes — ¢j X, ep — ¢jjX and also models final states with an additional
radiated photon.

Charged current deep-inelastic scattering Charged current (CC) DIS events are simulated
using the DJANGO [7] program, which includes first order QED radiative corrections based on
HERACLES. This prediction contributes to the final states— vj X, ep — vjj X and to final
states with an additional radiated photon.

QED Compton scattering Elastic and quasi-elastic Compton procesges- ey X are sim-
ulated with the WABGEN [9] generator. The inelastic contribution is already included in the
NC DIS RAPGAP sample.

Electroweak production of lepton pairs Multi-lepton eventsde, uu, 77) are generated with

the GRAPE [10] program, which includes all electroweak matrix elements at tree level. Multi-
lepton production vig~y, vZ, Z Z collisions, internal photon conversion and the decay of virtual
or real Z bosons is considered. Initial and final state QED radiation is included. The complete
hadronic final state is obtained via interfaces to PYTHIA and SOPHIA [11] for the inelastic and
guasi-elastic regimes, respectively.

W production  The production ofV bosonsep — WX andep — W ;X is modelled using
EPVEC [12]. Next-to-leading order QCD corrections [13] are taken into account by reweighting
the events as a function of the transverse momentum and rapidity @f theson [14].
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Processes with the production of three or more jets,@.g- jjjX orep — jjjj X, are ac-
counted for using leading logarithmic parton showers as a representation of higher order QCD
radiation, with the exception of CC DIS, where the colour-dipole model [8] is used. Hadronisa-
tion is modelled using Lund string fragmentation [4]. The prediction of processes with two or
more high transverse momentum jets, eg— jj X, ep — ejjX, is scaled by a factor of.2
to normalise the leading order Monte Carlos to next-to-leading order QCD calculations [15].

3 Experimental technique

3.1 The H1 detector

The H1 detector [16] components relevant to the present analysis are briefly described here.
Jets, photons and electrons are measured with the Liquid Argon (LAr) calorimeter [17], which
covers the polar angle rangé < 6 < 154° with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precisien{ Bj/E = 12%//E/GeV ® 1% and
hadronic energies withr(E)/E = 50%/+/E/GeV @ 2%, as measured in test beams. The
central and forward tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to supplement the measurement of the hadronic energy.
The innermost proportional chamber CIfP? (< 6 < 171°) is used to veto charged particles

for the identification of photons. The LAr and inner tracking detectors are enclosed in a super-
conducting magnetic coil with a strengtholl5 T. The return yoke of the coil is the outermost

part of the detector and is equipped with streamer tubes forming the central muon detector
(4° < 6 < 171°). Itis also used to supplement the measurement of hadrons. In the forward
region of the detectoB{ < 6 < 17°) a set of drift chamber layers (the forward muon system)
detects muons and, together with an iron toroidal magnet, allows a momentum measurement.
The luminosity measurement is based on the Bethe-Heitler pregessep~, where the photon

is detected in a calorimeter located downstream of the interaction point.

The main trigger for events with high transverse momentum is provided by the LAr calorime-
ter. The trigger efficiency is close 0% for events having an electromagnetic deposit in the
LAr (electron or photon) with transverse momentum greater #taGeV [19]. Events trig-
gered only by jets have a trigger efficiency ab®0&; for Pi* > 20 GeV and nearlyi00%
for P%"t > 25 GeV [20]. For events with missing transverse momentum above 20 GeV, deter-
mined from an imbalance in the transverse momentum measured in the calorimeter, the trigger
efficiency is~ 90%. The muon trigger is based on single muon signatures from the central
muon detector, which are combined with signals from the central tracking detector. The trigger
efficiency for di-muon events is abot% [21].

3.2 Event selection

At HERA electrons or positrons with an energy2at6 GeV collide with protons at an energy of
920 GeV resulting in a centre-of-mass energy6f = 319 GeV. Before1998 the proton energy
was820 GeV resulting in a centre-of-mass energy6f = 301 GeV. The event sample studied

3

consists of the fulll994—2000 HERA | data set. It corresponds to an integrated luminosity of
36.4 pb~!in e*p scattering at/s = 301 GeV and13.8 pb~! in ¢~ p scattering and6.4 pb~ in
et p scattering at/s = 319 GeV.

The data selection requires at least one isolated electromagnetic cluster, jet or muon to be
found in the detector acceptance. Energy deposits in the calorimeters and tracks in the in-
ner tracking system are used to form combined cluster-track objects, from which the hadronic
energy is reconstructed. To reduce background it is demanded that the event vertex be re-
constructed withirB5 cm in = of the nominal positiohand that}", (E; — P.;) < 75 GeV,
whereFE; is the particle energy ang, ; is thez component of the particle momentum. Here,
the index: runs over all hadronic energy deposits, electromagnetic clusters and muons found
in the event. Due to energy-momentum conservation events are expected to have a value of
> (E;— P.;) = 55.2 GeV, twice the electron beam energy, if only longitudinal momentum
along the proton beam direction is unmeasured. Events with topologies typical of cosmic ray
and beam-induced background are rejected [22]. Moreover, the timing of the event is required
to coincide with that of thep bunch crossing.

The identification criteria for each type of particle are based on those applied in previous
analyses of specific final states [15, 19, 21, 23]. Additional requirements are chosen to ensure
an unambiguous identification of particles, whilst retaining high efficiencies. The following
paragraphs describe the identification criteria for the different objects and give the identification
efficiencies for the kinematic region considered in the analysis.

Electron identification The electron identification is based on the measurement of a com-
pact and isolated electromagnetic shower in the LAr calorimeter. The hadronic energy within
a distance in the pseudorapidity-azimuth- ¢) planeR = /(An)? + (A¢)? < 0.75 around

the electron is required to be belds% of the electron energy. This calorimetric electron
identification is complemented by tracking conditions. A high quality track is required to geo-
metrically match the electromagnetic cluster within a distance of closest approach to the cluster
centre-of-gravity ofl2 cm. No other good track is allowed withiR < 0.5 around the electron
direction. In the central regior2((° < 6 < 140°) the distance between the first measured point

in the central drift chambers and the beam axis is required to be 38lom in order to reject
photons that convert late in the central tracker material. In addition, the transverse momentum
measured from the associated trd¢k* is required to match the calorimetric measurenieht

with 1/Pj* — 1/P¢ < 0.02 GeV~1. In the region not fully covered by the central drift cham-
bers (0° < 6 < 37°) a wider isolation cone of = 1 is required to reduce the contribution

of fake electrons from hadrons. In this forward region the identification is completed by the
requirement of associated hits in the CIP, which reduces the contamination from neutral parti-
cles showering in the material of the forward region. The resulting electron finding efficiency
is 85% in the central region ant)% in the forward region.

Photon identification The photon identification relies on the measurement of an electromag-
netic shower and on the same calorimetric isolation criteria against hadrons as for the electron
identification. In addition, photons are required to be separated from jetshjfith> 5 GeV

3 This is not required for the event classes containing only photons or photons and a neutrino.
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by a distance of? > 1 to the jet axis. Vetoes are applied on any charged track pointing to the
electromagnetic cluster. No track should be present with a distance of closest approach to the
cluster below24 cm or within R < 0.5. An additional veto on any hits in the CIP is applied.

The resulting photon identification efficiency as derived using elastic QED Compton events is
90%.

Muon identification The muon identification is based on a track in the forward muon system

or in the inner tracking systems associated with a track segment or an energy deposit in the
central muon detector [23]. The muon momentum is measured from the track curvature in the
toroidal or solenoidal magnetic fields. A muon candidate should have no more {GaV
deposited in the LAr calorimeter in a cylinder of radius in (n — ¢) space, centred on the

muon track direction. In di-muon events, the requirement of an opening angle between the
two muons smaller thah65° discards cosmic ray background. Beam halo muons are rejected
by requiring that the muons originate from the event vertex. Finally, misidentified hadrons are
almost completely suppressed by requiring that the muon candidate is separated from the closest
jetwith P2 > 5 GeV by R > 1. The efficiency to identify muons is greater th#; [23].

Jet identification Jets are defined using the inclusive algorithm [24, 25]. The algorithm

is applied in the laboratory frame with a separation parametérasfd using aPr weighted
recombination scheme [24] in which the jets are treated as massless. The jet algorithm is run
on all combined cluster-track objects not previously identified as electron or photon candidates.
The scattered electron may fake a jet. This effect is important for multi-jet events, especially at
high transverse momenta. To reject these fake jets, the first radial moment of the jet transverse
energy [26, 27] is required to be greater titad2 and the quantityW“/P%“ must be greater

than 0.1 [15, 27]. The invariant masa/’* is obtained using the four-vector of all objects
belonging to the jet. If the fraction of the jet energy contained in the electromagnetic part
of the LAr calorimeter is greater thah9, the above criteria are tightened @d®4 and0.15,
respectively. The jet selection efficiencydig’.

Neutrino identification A neutrino candidate is defined in events with missing transverse
momentum above0 GeV. The missing momentum is derived from all identified particles and
energy deposits in the event. Fake missing transverse momentum may also arise from the
mismeasurement of an identified object. This effect is reduced by requiring that the rfeutrino
be isolated from all identified objects with a transverse momentum alib@eV. Requiring

> (E; — P.;) < 48 GeV discards neutrino candidates from NC processes where the missing
transverse momentum is caused by energy leakage in the forward region. If exactly one electron
or muon object is found, a neutrino object is only assigned to an evai(if — X,,;) < 170°,
whereA¢(l — X, is the separation in azimuthal angle between the leptomd the direction

of the systemX,,,; built of all hadronic energies.

4 The four-vector of the neutrino is calculated under the assumpfo(; — P, ;)+(E, — P.,) = 55.2GeV.

Event classification The common phase space for electrons, photons, muons and jets is de-
fined by10° < 6 < 140° and Pr > 20 GeV. The neutrino phase space is defined by missing
transverse momentum aboe GeV and)_, (E; — P.;) < 48 GeV. These values are chosen

to retain a high selection and trigger efficiency. All particles with > 20 GeV, including

the neutrino defined by its reconstructed four-vector, are required to be isolated compared with
each other by a minimum distanéeof one unit in they — ¢ plane. The events are classified,
depending on the number and types of objects, into exclusive event classes. Events with an
isolated calorimetric object in the considered phase space which is not identified as a photon,
electron or jet are discarded from the analysis in order to minimise wrong classifications.

Based on these identification criteria, purities can be derived for each event class with a
sizeable SM expectation. Purity is defined as the ratio of SM events reconstructed in the event
class in which they are generated to the total number of reconstructed events in this class. Most
purities are found to be abo%e% and they are close 0% for thej-7, e-7, j-v andu-p event
classes.

3.3 Systematic uncertainties

This section describes the sources of experimental and theoretical systematic uncertainties con-
sidered. Experimental systematic uncertainties arising from the measurement of the objects are
listed in table 1 (for more details see [20,27,28]).

The electromagnetic energy scale uncertainty varies bet@&éh and 3% depending

on the particle’s impact point on the LAr calorimeter surface [19]. The polar angular
measurement uncertainty of electromagnetic clusters varies dependihheiweenl

and3 mrad [19]. The identification of electron and photon candidates depends on the
tracking efficiency, which is known with a precision ranging frafi for polar angles
above37° to 7% in the forward region.

e The hadronic energy scale of the LAr calorimeter is know2%0o The uncertainty on the
jet polar angle determination fsmrad for¢ < 30° and10 mrad forf > 30°.

The uncertainty on the transverse momentum measurement for muons amoiffits to
The uncertainty on the polar angle3isnrad. The muon identification efficiency is known
with a precision of 5%.

The trigger uncertainties for each class are determined by the object with the highest
trigger efficiency. The uncertainty on the trigger efficiency is estimated t&/bé the

event is triggered by a jet or missing transverse momentund#nidlit is triggered by a
muon. For electrons and photons the uncertainty on the trigger efficiency is negligible.

The uncertainty in the integrated luminosity results in an overall normalisation error of
1.5%.

The uncertainty in the reconstruction i, (E; — P.;) and the missingr for the neu-
trino classification are obtained by propagation of the systematic errors for other objects.
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Depending on the generator level production process, different theoretical uncertainties are
used as listed in table 2. The errors attributed to the predictionspfer ;5 X, ep — j7X,
ep — juvX,ep — jeX,ep — jjvX, ep — jjeX andW production include uncertainties in the
parton distribution functions and those due to missing higher order corrections [15, 23,27, 28].
The error attributed tep — pupX andep — eeX results mainly from the limited knowledge
of the proton structure [21,29]. The error on the QED Compton cross section is estimated to
be 5% for elastic and 10% for inelastic production. An additional theoretical err@nf is
applied for each jet produced by parton shower processes (e.g. 20% foythevent class).
An uncertainty of50% is added to the prediction for NC DIS events with missing transverse
momentum above0 GeV and a highPr electron. This uncertainty is estimated by a compar-
ison of the missing transverse momentum distribution between NC DIS events with/&-low
electron Pr < 20 GeV) and the SM prediction.

All systematic errors are added in quadrature and are assigned to the SM predictions. For
example, the resulting total uncertainties éef events ard 0% and35% at low and high in-
variant mass\/,;;, respectively. In thg-j event class the errors are typicall9% and reach
40% — 50% for M, and) ", Pr values aroun@50 GeV.

4 Eventyields

All possible event classes with at least two objects are investitjaliée event yields subdivided

into event classes are presented for the data and SM expectation in figure 1. All event classes
with a SM expectation greater thar)1 events are shown. No other event class contains data
events. The distributions of the scalar sum of transverse momérta and of the invariant
massM,;; of all objects are presented in figures 2 and 3 for classes with at least one event.

The dominant highP- processes at HERA, i.e. photoproduction of jets, NC and CC DIS,
dominate in thej-j, e-j andj-v event classes, respectively. Events are observed with-
and )M, values as large a0 GeV. A good description of the data spectra by the prediction is
observed. The prediction for the event classgsy ande-j-v is dominated by photoproduction
and NC DIS processes with the radiation of a photon, respectively. There is good agreement
between the data and the prediction. No event is observed in the radiative CC clasand
j-v-7, consistent with the expectation2fi + 0.3 and1.0 £ 0.1, respectively. Thg-j-j, e-j-7,
e-j-j-7, j-j-v andj-j-j-v event classes correspond to processes with additional jet production
due to higher order QCD radiation. The yields of these event classes are also well described by
the SM prediction.

Thee-v event class is dominated by QED Compton scattering processés dhdandM,;,
values up tal60 GeV are measured. A good agreement with the SM is observed. The prompt
photonj-v event class extends up id,; ~ 150 GeV and is well described by the prediction.
The purity in this class is moderaté)(— 50%) due to the high background from misidentified
electrons in NC DIS. Backgrounds where hadrons are misidentified as photons are small. One

5Theu-v event class is discarded from the present analysis. It is dominated by low transverse energy photo-
production events in which a poorly reconstructed muon gives rise to missing transverse momentum, which fakes
the neutrino signature.

event is observed in they event class for an expectation of 110.5, which is dominated by
theep — ey X process, where the electron is misidentified. Contributions of higher order QED
processes, which could lead to two high transverse momentum photons, are negligible.

Lepton pair production from~y processes dominates in event classes with several leptons.
Thee-e event class contairsevents for an expectation @i.2 + 1.4. In this channel, a dis-
crepancy with the SM expectation was previously reported for high masses by the H1 collabo-
ration [29]. All multi-electron events mentioned in [29] and located in the phase space of this
analysis are found. In the regiov,; > 100 GeV, 3 events are observed and 6 + 0.25 are
expected. The higher SM prediction compared with the predictidn3oiih [29] is due to the
extended polar angle range in the forward region. This leads to an additidhadlbackground
events from fake electrons ard0.4 events from thep — eeX processes. Thee-e class con-
tains no events. None of the tri-electron events of [29] are selected here due to the requirement
of high transverse momentum. The predictions fordheand - event classes are dominated
by muon pair production from two-photon reactions. g event class is populated if the
scattered electron and only one of the muons are selected. kthedass,4 events are ob-
served compared with an expectationtaf + 0.6. A slight excess is observed in they event
class wheré events are found ariti7 4 0.6 are expected. Muon pair production processes also
contributex 85% in the u-j event class, where a good agreement is found. Ir-{agu-, and
u-j event classes the, Pr and M, values of the data lie betwe&fl and100 GeV.

The prediction for the event classes-v ande-j-v consists mainly of highP, W produc-
tion with a subsequent leptonic decay. A discrepancy between the data and the SM expectation
is observed in thg-j-v event class, whergevents are observed for an expectatiof.8t0.2.
The Y~ Pr values reachi 70 GeV and the)M,,; values200 GeV. In this event class less than
0.002 background events are expected from the photoproduction of jets via QCD processes.
Such a deviation was previously reported in [23] and will be further discussed in Section 5. In
the e-j-v event clas® data events are observed for an expectation.®ft 0.2. Some of the
e-j-v events mentioned in [23] have an electron with a transverse momentumtie®ey and
are therefore not selected @3- events in the present analysis. The event topotegys also
expected to contain events arising fréfhproduction together with background from NC DIS.
In thee-v event class) data events are observed compared with an expectatioh®f- 4.5.

A slight excess of the data compared with the prediction is observed if+thg; event
class, with10 data events observed ahd + 2.2 expected. One event is observed in the
e-j-j-j-j event class, to be compared with an expectatiofi.@#6 + 0.011. This event has
a ) Pr of 207 GeV and an invariant mas¥/,; of 262 GeV. The NC DIS expectation for
M, > 260 GeV is(9 + 6) - 10~° as derived using RAPGAP. The energy flow of the event in
then — ¢ view is presented in figure 4. The NC DIS and photoproduction SM predictions have
been tested using a samplejef-j-j events withP" > 15 GeV ande-j-j-j-j events with
Ps > 10 GeV andP}”” > 5 GeV. An adequate description of tif€ Pr and M, distributions
of the data is obtained within the quoted SM uncertainties. Since the NC DIS prediction for
M, > 260 GeV is only of order 0.001 fb, rare SM processes not considered in this analysis
such agV pair production may be dominant in this kinematic domain.

No events are found in any other event class, in agreement with the SM expectation (see
figure 1).
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5 Search for deviations from the Standard Model

5.1 Search algorithm and strategy

In order to quantify the level of agreement between the data and the SM expectation and to
identify regions of possible deviations, a new search algorithm is developed. Detailed studies
have shown that/,; and}_ Pr have a large sensitivity to new physics (see appendix and [28]).
The algorithm described in the following locates the region of largest deviation of the data from
the SM in these distributions. The calculation of the significance of this deviation is inspired

by [2].

Definition of regions A region in the} Pr and M, distributions is defined as a set of con-
nected histogram bifisvith a size of at least twice the resolution. All possible regions of any
width and at any position in the histograms are considered. The number of data &Vgnts (
the SM expectationXs,,) and its total systematic uncertaintys,,) are calculated for each
region.

Determination of the most interesting region A statistical estimatop is defined to judge
which region is of most interest. This estimator is derived from the convolution of the Pois-
son probability density function (pdf) to account for statistical errors with a Gaussian pdf,
G(b; Nsar, 0Nsar), with meanNg),, and widthd Ny, to include the effect of non negligible
systematic uncertainties. The estimator is defined via

AT dbG(H; Noas,6Nsa) 30 2 if Ny > Noys
0 i=Nops
p= Nops

Afdb G(b, ANSMJSNSM) Z Ejbl
0

=0

if Nops < Nspr

oo

7 by
with A=1/ / dbG(b; Noar, 6Nsar) 3 i,b
/ .

=0

The factorA ensures normalisation to unity. @& is replaced by a Dirac delta functiorb —

Ngy) the estimatop becomes the usual Poisson probability. The valyegifes an estimate of

the probability of a fluctuation of the SM expectation upwards (downwards) to at least (at most)
the observed number of data events in the region considered. The region of greatest deviation is
the region having the smallegtvalue,pmin. Such a method is able to find narrow resonances

and single outstanding events as well as signals spread over large regions of phase space in
distributions of any shape [28].

6 In order to minimise binning effects, a bin size smaller than or comparable with the resolution of the studied
quantity is used. A 5 GeV bin size is used for all distributions. Further reduction of the bin size has a negligible
effect on the results.

Significance per event class The probability that a fluctuation withyavalue at least as small
aspmin 0occurs anywhere in the distribution is estimated using the following method. Many
independent hypothetical data histograms are made by filling each bin with an event number
diced according to the pdfs of the SM expectation (again a convolution of Poisson and Gaussian
pdfs). For each of these hypothetical data histograms the algorithm is run to find the region of
greatest deviation and the correspono}bﬁ% is calculated. The probabilit{?’ is then defined

as the fraction of hypothetical data histograms Witbtf]rﬁir’1 equal to or smaller than thgnin

value obtained from the dataP is a measure of the statistical significance of the deviation
observed in the data. If the event classes are exclusivé? thidues can be used to compare the
results of different event classes. Depending on the final statgpavalue of5.7 - 1077 (“50™)
corresponds to a value eflog;, P betweerb and6.

Global significance The overall degree of agreement with the SM can be further quantified
by taking into account the large number of event classes studied in this analysis. The probability
of observing an event class with a givErvalue or smaller can be calculated with Monte Carlo
(MC) experiments. A MC experiment is defined as a set of hypothetical data histograms (either
in M,y or in 3" Pr) following the SM expectation with an integrated luminosity of 117 pb

on which the complete search algorithm and statistical analysis are applied as for data. This
procedure is repeated many times. The expectation faPth@lues observed in the data is then
given by the distribution 0?5 values obtained from all MC experiments. The probability

to find a P value smaller than the minimum observed in the data can thus be calculated and
guantifies the global significance of the observed deviation.

5.2 Search results

The final P values obtained for event classes having at least one observed event are summarised
in table 3. The regions selected by the algorithm are presented in figures 2 and 3.

The most significant deviation of the analysis is found inthgv event class. This class
has P values 0f0.010 (M,;;) and0.001 (3" Pr). The mass regionl(5 < M, < 200 GeV)
contains3 data events for an expectation®i9 + 0.05. In the choser}_ Pr region (145 <
> Pr < 170 GeV) three data events are found while ofl§7 + 0.03 are expected. This event
topology was studied in [23] where this deviation at highwas already reported.

A P value 0f0.019 is found in thee-¢ event class in a region at high transverse momenta,
100 < >~ Pr < 130 GeV where 3 events are observed for an expectatidniéf+ 0.08. The
deviation is less prominent in the region selected in the invariant mass distribution due to a
higher background from NC DIS events. This corresponds to the excess of data events also
identified in [29].

A deficit is observed in the-j event class in thé_ Pr distribution in the region80 <
>~ Pr < 210 GeV. For a SM expectation &fl.2 & 5.0 only 12 data events are observed. The
derivedP value is0.021.

Due to the uncertainties in the SM prediction in th-j-j ande-j-j-j-j event classes at
the highest\/,;; and> " Pr, where data events are observed (see section 4), no reftalzkies
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can be calculated for these classes. Consequently, these event classes are not taken into account

to determine the overall degree of agreement between the data and the SM.

The P values for event classes with no data event observed and a small SM expectation
arel. This remains the case if an additional contribution is added from a possible further rare
process not included here. Such classes can thus be considered in the calculation of the global
significance.

The P values observed in the data in all event classes are compared in figure 5 with the
distribution of 5™ obtained from the large set of MC experiments, normalised to one experi-
ment. The comparison is presented for the scans oMheand . Pr distributions. Most?
values lie abov@.01, corresponding to event classes where no significant discrepancy between
the data and the SM expectation is observed. The global probabilities to find at least one class
with a P value smaller than the observation in fxg- channel ar&% and28% for the> Pr
and M, distributions, respectively (see appendix for details).

To test the dependence of the analysis onalpgiori defined Pr cuts, the whole analysis
is repeated with two other objeéy cuts. TheP; cut was raised ta0 GeV for all objects
and lowered tal5 GeV. In the latter case it was still required that at least one object has a
Pr larger than20 GeV in order to maintain a high trigger efficiency. The analysis was also
repeated separately on theép andep data samples. In these four test scenarios a similar
overall agreement with the SM is observed. Th¢-v event class remains the one with the
smallestP value in the scenario with a lowerd@, cut in thee™p data sample and no new
discrepancy is observed. When raising the cut to 40 GeV, it is mainly the two particle
event classes containing jets that are still populated and the largest deviation is observed in the
e-¢ class withP = 0.01.

6 Conclusions

The data collected with the H1 experiment during the y&89d—2000 (HERA 1) have been in-
vestigated in a search for deviations from the SM prediction at high transverse momentum. For
the first time all event topologies involving isolated electrons, photons, muons, neutrinos and
jets are investigated in a single analysis. A good agreement between the data and the SM ex-
pectation is found in most event classes. A better knowledge of rare processes may be required
to search for deviations from the SM in final states with four jets at the highest invariant mass
or transverse momentum. The distributions in the invariant mass and scalar sum of transverse
momenta of the particles in each event class have been systematically searched for deviations
using a statistical algorithm. The most significant deviation is found inthies event class, a
topology where deviations have also been previously reported. 856(28%) of hypothetical

Monte Carlo experiments would produce a deviation in at least one event class which is more
significant than that observed in the corresponding sum of transverse momenta (invariant mass)
distribution of the topology with a jet, a muon and a neutrino.
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Appendix

Signals for new physics may appear either as a single deviation or a small set of deviations.
The following outlines how a significant deviation might be defined and presents tests of the
sensitivity of this analysis to specific signals for new physics.

The probability P2 to observe in the data alog,, P greater thanX in at leastn event
classes is given by the fraction of MC experiments having at leastent classes with a
—log,, PSM > X. The P} values obtained for this analysis are presented in table 4. Gp to
event classes are considered. Since very siii{avalues are found for th&/,,, and} Pr dis-
tributions, averaged values are presented. For exampté \alue smaller than.0005, which
might be considered to represent a significant deviation, could be obtained from one event class
with a —log,, P > 5, two event classes with a log,, P > 3.5 or three event classes with a
—logy, P > 3. It was found that one of these cases occurs eithédjn or > Pr in around
0.1% of all MC experiments.

A set of pseudo data samples has been produced to test the sensitivity of the analysis pro-
cedure to some dedicated signals for new physics. The prediction of a specific model for new
physics is added to the SM prediction and this new total prediction is used to generate pseudo
data samples. Again a Monte Carlo technique is used to vary the distribution of signal events
and generate many MC experiments. The complete algorithm is run on those MC experiments
and the mean value of log,, P in all of them is derived as a measure of sensitivity of this
analysis.

The exotic production of top quarks via a flavour-changing neutral current is first investi-
gated. The decay — bW with subsequent leptonic and hadrohit decays has been consid-
ered. The(— logy, P) values obtained are displayed in figure 6 (top) as a function of the cross
section for producing a top when the proton beam energy is 920 GeV. Wheréas,, P) is
around0.43 if no signal is present, the value increases if a top is produced. Ii-jhgevent
class a(—log,, P) of 2 is obtained for a cross-sectien,, of ~ 0.5 pb. This value can be
compared with thé)5% confidence level exclusion limit on the top production cross section
atoy,, < 0.48 pb already derived by the H1 experiment using the hadronic top decay channel
only [30]. A deviation with three event classes witlf-alog,, ﬁ’) > 3 would be found in this
example foroy,, ~ 1.5 pb.

The second test concerns the production of leptoquarks (LQs) [$1}.;, andV; ;, type
leptoquarks have been considered, which would mainly manifest themselves dry tard
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j-v channels. A\ coupling 0f0.05 has been assumed and the sensitivity of the present analysis
was tested for various LQ masses. Thelog, 15) values obtained from searches in the;,
distributions are summarised in figure 6 (bottom), for both$he ;, and1; ;, LQ appearing in

thee-j ande-j-j as well as thg-v andj-j-v channels, respectively. This analysis is sensitive to
both types of leptoquarks up to masseg41f — 250 GeV. These values can be compared with
95% confidence level limits a265 GeV for S, ;, LQs and240 GeV for V; ;, LQs, determined

by dedicated analyses [32]. As for the case of single top production, the general search is thus
found to have a sensitivity to leptoquark production which is comparable with that of dedicated
searches.
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Object | Energy Scale ¢ Identification
(mrad) | efficiency

Jet 2% 5-10 —
Electron 0.7-3% 1-3 2-7%
Photon 0.7-3% 1-3 2-7%
Muon 5% 3 5%

Table 1: Systematic uncertainties attributed to the measurement of energies and polar angles
and to the identification efficiencies of particles.

Process Uncertainty
ep — 77X andep — jy X 15%
ep — jvX andep — jeX 10%
ep — jjvX andep — jjeX 15%
ep — ppX andep — eeX 3%
ep — WX andep — WjX 15%
ep — ey X andep — evj 10%
ep — eyp 5% n| P | Ps| P Ps Py Pys Py Pys by
] . ] ] ] ] 1|95%| 65%| 28% | 9% 3% 0.9% | 0.2%| 0.1% | <0.05%
Table 2: Theoretical uncertainties attributed to the simulation of different SM processes. 2179% | 28%| 4% | 0.6% | 0.1% | <0.05%| — — —
3 |53%| 8% | 0.4% | 0.05% | <0.05% — — — —
Table 4: The probability”} to find at least: event classes witha log P value greater thaiX .
| Mo | 3 Pr | The values are applicable to both thg and$" P, analyses.
event class| P Neps | Nsu £ 6Ngm P P Novs | Nsmv  +  6Nsm P
J-J 0.38 1] 0035 =+ 0.017 | 0.036 0.12 1] 0.013 =+ 0.006 0.013
e-j 0.94 111 139 + 21 0.12 0.021 12 312 + 51 0.0028
g 0.67 3 107 + 0.25 | 0.098 0.29 3 0.70 =+ 0.23 0.040
jv 0.34 83 116 + 14 | 0.028 0.22 20 36.7 =+ 6.2 0.023
e-v 0.94 5 106 =+ 4.4 0.17 0.77 0 21 =+ 0.8 0.17
e-e 0.32 3 056 =+ 0.17 | 0.023 0.019 3 018 =+ 0.08 0.0013
e-ju 0.21 4 093 =+ 0.12 | 0.016 0.56 0 26 =+ 0.5 0.080
e 0.069 2 014 + 0.04 | 0.010 0.036 2 011 + 0.03 0.0060
i 0.52 3 108 =+ 3.7 | 0.052 0.77 0 25 + 1.0 0.13
ey 0.38 9 192 + 20| 0.014 0.64 8 157 + 19 0.040
vy 0.47 1 016 =+ 0.09 0.15 0.31 1 011 =+ 0.09 0.12
3-j-J 0.41 12 59 =+ 2.0 | 0.050 0.58 14 78 =+ 25 0.077
e-j-j 0.69 39 596 =+ 10.7 | 0.058 0.085 9 239 =+ 4.4 0.0072
Jjv 0.62 5 179 =+ 0.41 | 0.043 0.51 5 1.74 + 0.45 0.040
e-j-v 0.090 2 019 =+ 0.05 | 0.016 0.16 2 0.28 =+ 0.06 0.034
9.7-1073 3 019 =+ 0.05 | 0.0011 || 1.0-1073 3| 0068 =+ 0.029 | 7.5-1075
0.27 1| 0074 =+ 0.048 | 0.076 0.36 1 015 =+ 0.10 0.15
0.47 1 57 =+ 1.6 | 0.050 0.39 1 56 =+ 1.4 0.045
0.98 0 16 =+ 0.5 0.23 0.87 1 0.18 =+ 0.06 0.17
0.33 1 0.084 =+ 0.045 | 0.083 0.20 2 031 =+ 0.14 0.044

Table 3: TheP values, the number of data everi¥s,, and the SM expectatioiVs,, for the
region derived by the search algorithm using g, and ) Pr distributions for event classes
containing at least one event and taken into account in the statistical procedurevdlbe in
the selected region is also presented.
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Figure 1: The data and the SM expectation for all event classes with a SM expectation greater
than0.01 events. The analysed data sample corresponds to an integrated luminosity of 117 pb
The error bands on the predictions include model uncertainties and experimental systematic
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Figure 2: The number of data events and the SM expectation as a funcfiorPeffor classes
with at least one event. The shaded areas show the regions of greatest deviation chosen by the
search algorithm. No search is performed for thej-j ande-j-j-5-;7 classes.
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A General Search for New Phenomena
at HERA

F.D. Aaron et al. [H1 Collaboration],
Phys. Lett. B 674 (2009) 257,
arXiv:0901.0507

Abstract

A model-independent search for deviations from the Standard Model prediction is perfor-
med using the full e*p data sample collected by the H1 experiment at HERA. All event
topologies involving isolated electrons, photons, muons, neutrinos and jets with transverse
momenta above 20 GeV are investigated in a single analysis. Events are assigned to ex-
clusive classes according to their final state. A dedicated algorithm is used to search for
deviations from the Standard Model in the distributions of the scalar sum of transverse
momenta or the invariant mass of final state particles and to quantify their significance.
Variables related to angular distributions and energy sharing between final state particles
are also introduced to study the final state topologies. No significant deviation from the
Standard Model expectation is observed in the phase space covered by this analysis.



1 Introduction

At HERA electrons' and protons collide at a centre—of-mass energy of up to 319 GeV. The
collected luminosity of high—energy electron-proton interactions gives access to rare processes
with cross sections of the order of 0.1 pb, providing a testing ground for the Standard Model
(SM) complementary to e*e™ and pp scattering.

A large variety of possible extensions to the SM predicts new phenomena which may appear
at high energies. Searches for new physics often compare the data to the predictions of specific
models. A complementary approach is followed in signature based searches by looking for
differences between data and SM expectation in various event topologies. As an advantage,
such model independent analyses do not rely on any a priori definition of expected signatures
for exotic phenomena. Therefore, they address the important question of whether unexpected
phenomena may occur through a new pattern, not predicted by existing models. Following this
approach, final states corresponding to rare SM processes such as single W boson or lepton
pair production have already been investigated at HERA [1-5]. Model independent analyses
are also performed at the Tevatron [6, 7].

The present paper reports on a general analysis of all high transverse momentum (Pr) final
state configurations involving electrons (e), muons (u), jets (j), photons () or neutrinos ()
in e*p collisions. This analysis searches for deviations from the SM prediction in phase space
regions where the SM prediction is reliable. All final states containing at least two particles?
(e, p1, §, 7> v) with Pp > 20 GeV in the polar angle® range 10° < # < 140° are investigated.
The present analysis follows the strategy of the previous H1 publication [8]. Selected events are
classified into exclusive event classes according to the number and types of particles detected
in the final state (e.g. e-j, pu-v-j, j-j-j-j). In a first step the event yields are compared with
the SM expectation. In a second step kinematical distributions are systematically investigated
using a dedicated algorithm [8] which locates the region with the largest deviation of the data
from the SM prediction.

The complete ep data sample collected by the H1 experiment at HERA is used. The data
are recorded at an electron beam energy of 27.6 GeV and proton beam energies of 820 GeV or
920 GeV, corresponding to centre—of-mass energies +/s of 301 GeV or 319 GeV, respectively.
The total integrated luminosity of the data is 463 pb~!, which represents a factor of four increase
with respect to the previously published result [8]. The data comprise 178 pb~! recorded in e~p
collisions and 285 pb~! in e*p collisions, of which 35 pb~! were recorded at /s = 301 GeV.
While the previous general search was dominated by e p collision data, a large data set recorded
in e~ p scattering is now also analysed.

'In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.

2In this context a high Pr jet is also called particle.

3The origin of the H1 coordinate system is the nominal ep interaction point, with the direction of the proton
beam defining the positive z—axis (forward region). The transverse momenta are measured in the xy plane. The
pseudorapidity 7 is related to the polar angle § by n = — In tan(6/2).

2 Standard Model Processes and their Simulation

A precise estimate of all processes relevant at high transverse momentum in ep interactions is
needed to ensure a reliable comparison to the SM. Several Monte Carlo (MC) generators are
therefore combined to simulate events in all classes.

At high transverse momenta the dominant SM processes are photoproduction of two jets
and neutral current (NC) deep—inelastic scattering (DIS). Direct and resolved photoproduction
of jets and prompt photon production are simulated using the PYTHIA [9] event generator. The
simulation is based on Born level hard scattering matrix elements with radiative QED correc-
tions. The RAPGAP [10] event generator, which implements the Born, QCD Compton and
boson gluon fusion matrix elements, is used to model NC DIS events. QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [11] program. In RAPGAP and PYTHIA, jet production from higher
order QCD radiation is simulated using leading logarithmic parton showers. Hadronisation is
modelled with Lund string fragmentation [9]. The leading order MC prediction of photopro-
duction and NC DIS processes with two or more high transverse momentum jets is scaled by
a factor of 1.2 to account for the incomplete description of higher orders in the MC genera-
tors [8, 12]. Charged current (CC) DIS events are simulated using the DIANGO [13] event
generator, which includes first order leptonic QED radiative corrections based on HERACLES.
The production of two or more jets in DJANGO is accounted for using the colour—dipole—
model [14]. Contributions from elastic and quasi—elastic QED Compton scattering are simu-
lated with the WABGEN [15] generator. Contributions arising from the production of single
W bosons and multi-lepton events are modelled using the EPVEC [16] and GRAPE [17] event
generators, respectively.

All processes are generated with at least ten times the integrated luminosity of the data
sample. Generated events are passed through the GEANT [18] based simulation of the H1
apparatus, which takes into account the running conditions of the different data taking periods,
and are reconstructed and analysed using the same program chain as is used for the data.

3 Experimental Conditions

A detailed description of the H1 experiment can be found in [19]. Only the detector components
relevant to the present analysis are briefly described here. The Liquid Argon (LAr) calorime-
ter [20] covers the polar angle range 4° < 6 < 154° with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of o(F)/E ~ 11%/+/E/GeV & 1% and
hadronic energies with o(E)/E ~ 50%/+/ E /GeV &2%, as measured in test beams [21,22]. In
the backward region, energy measurements are provided by a lead/scintillating—fibre (SpaCal)
calorimeter [23] covering the range 155° < 6 < 178°. The central (20° < 6 < 160°) and
forward (7° < # < 25°) inner tracking detectors are used to measure charged particle trajec-
tories and to reconstruct the interaction vertex. The innermost central proportional chamber,
CIP [24,25] (9° < 6 < 171°) is used together with tracking detectors to veto charged particles
for the identification of photons. The LAr calorimeter and inner tracking detectors are en-
closed in a super—conducting magnetic coil with a field strength of 1.16 T. From the curvature
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of charged particle trajectories in the magnetic field, the central tracking system provides trans-
verse momentum measurements with a resolution of op,/Pr = 0.005Pr/GeV & 0.015 [26].
The return yoke of the magnetic coil is the outermost part of the detector and is equipped with
streamer tubes forming the central muon detector (4° < 6 < 171°). In the forward region
of the detector (3° < 6 < 17°) a set of drift chambers detects muons and measures their
momenta using an iron toroidal magnet. The luminosity is determined from the rate of the
Bethe—Heitler process ep — epy, measured using a photon detector located close to the beam
pipe at z = —103 m, in the backward direction.

The main trigger is provided by the LAr calorimeter [27]. Events with an electromagnetic
deposit (electron or photon) in the LAr with an energy greater than 10 GeV are detected by the
LAr trigger with an efficiency of almost 100% [28]. Events are also triggered by jets only, with
a trigger efficiency above 95% for P%e' > 20 GeV and nearly 100% for P¥’ ' > 25 GeV [29].
For events with missing transverse energy of 20 GeV, the trigger efficiency is about 90% and
increases above 95% for missing transverse energy above 30 GeV [30]. The trigger for events
with only muons is based on single muon signatures from the central muon detector, combined
with signals from the central tracking detector. The trigger efficiency is about 95% for di-muon
events with muon transverse momenta larger than 15 GeV [5].

4 Data Analysis

4.1 Event Reconstruction and Particle Identification

In order to remove background events induced by cosmic showers and other non—ep sources,
the event vertex is required to be within 35 cm in z of the nominal interaction point. In addition,
topological filters and timing vetoes are applied [31].

Calorimetric energy deposits and tracks are used to look for electron, photon and muon
candidates. Electron and photon candidates are characterised by compact and isolated elec-
tromagnetic showers in the LAr calorimeter. The identification of muon candidates is based
on a track measured in the inner tracking systems associated with signals in the muon detec-
tors [1]. Calorimeter energy deposits and tracks not previously identified as electron, photon
or muon candidates are used to form combined cluster—track objects, from which the hadronic
final state is reconstructed [29, 32]. Jet candidates with a minimum transverse momentum of
2.5 GeV are reconstructed from these combined cluster—track objects using an inclusive krp
algorithm [33, 34] with a Pr weighted recombination scheme in which the jets are treated as
massless. The missing transverse momentum P of the event is derived from all detected
particles and energy deposits in the event. In events with large P}, a neutrino candidate is
reconstructed. The four—vector of this neutrino candidate is calculated assuming transverse mo-
mentum conservation and the relation >_,(E* — P!) + (E — PY) = 2E? = 55.2 GeV, where
the sum runs over all detected particles, P, is the momentum along the proton beam axis and
E? is the electron beam energy. The latter relation holds if no significant losses are present in
the electron beam direction.

Additional requirements are applied to ensure an unambiguous identification of particles,
while retaining good efficiencies. Strict isolation criteria are applied in order to achieve high
purities in all event classes.

For electrons, the calorimetric energy measured within a distance in the pseudorapidity—
azimuth (7, ¢) plane R = /An? + A¢? < 0.75 around the candidate is required to be below
2.5% of its energy. In the region of angular overlap between the LAr and the central tracking
detectors (20° < 6 < 140°), hereafter referred to as the central region, the calorimetric electron
identification is complemented by tracking information. In this region it is required that a
well measured track geometrically matches the centre—of—gravity of the electromagnetic cluster
within a distance of closest approach (DCA) of 12 cm. Furthermore, the distance from the first
measured track point in the central drift chambers to the beam axis is required to be below
30 cm in order to reject photons that convert late in the central tracker material. In the central
region, the transverse momentum of the associated electron track Pj** is required to match
the calorimetric measurement P§ such that 1/Ps* — 1/P% < 0.02 GeV~! in order to reject
hadronic showers. In the forward region (10° < ¢ < 20°), a wider calorimetric isolation cone
of R < 1is required to reduce the contribution of fake electrons from hadrons. In this forward
region, at least one track is required to be present with a DCA < 12 cm. The presence of at least
one hit in the CIP, associated to the electron trajectory, is also required. Finally, the electron
is required to be isolated from any other well measured track by a distance R > 0.5 (R > 1)
to the electron direction in the central (forward) region. The resulting electron identification
efficiency is ~ 80% in the central region and ~ 40% in the forward region, determined from
NC DIS events.

The identification of photons relies on the same calorimetric isolation criteria as used in
the electron identification. Vetoes on any track pointing to the electromagnetic cluster are ap-
plied. No track with a DCA to the cluster below 24 cm or within R < 0.5 should be present.
An additional veto on any hits in the CIP associated to the electromagnetic cluster is applied.
Furthermore, each photon must be isolated from jets by R > 0.5. The resulting photon identi-
fication efficiency as derived using elastic QED Compton events is ~ 95% in the central region
and ~ 50% in the forward region.

A muon should have no more than 5 GeV deposited in a cylinder, centred on the muon
track direction, of radius 25 cm and 50 c¢m in the electromagnetic and hadronic sections of the
LAr calorimeter, respectively. Misidentified hadrons are strongly suppressed by requiring that
the muon be separated from the closest jet and from any further track by R > 1. In di-muon
events, the opening angle between the two muons is required to be smaller than 165°, in order
to remove muons originating from cosmic rays. The efficiency to identify muons is ~ 90% [5].

The scattered electron may be misidentified as a hadron and reconstructed as a jet. To reject
fake jet candidates, the first radial moment of the jet transverse energy [35,36] is required to be
greater than 0.02 and the quantity Mt/ P%Ct greater than 0.1 [12,36], where the invariant mass
Me* is obtained using the four—vector sum of all particles belonging to the jet. If the fraction of
the jet energy contained in the electromagnetic part of the LAr calorimeter is greater than 0.9,
the above criteria are tightened to 0.04 and 0.15, respectively. These requirements are fulfilled
by ~ 97% of the jets [36].

Missing transverse momentum, which is the main signature for neutrinos, may arise from
mis—measurement of particles. By requiring Y, (E* — P?) < 48 GeV, fake neutrino candidates
from NC DIS processes are rejected. If exactly one electron or muon candidate is found, a
neutrino is only assigned to an event if Ag(_x,) < 160°, where A¢(_x,) is the difference in
azimuthal angle between the lepton [ and the direction of the hadronic final state X,.
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4.2 Event Selection and Classification

The common phase space for electrons, photons, muons and jets is defined by 10° < 6 < 140°
and Pr > 20 GeV. The neutrino phase space is defined as missing transverse momentum above
20 GeV and Y_, (B — P!) < 48 GeV. All particles with Pr > 20 GeV, including the neutrino
defined by its reconstructed four—vector, are required to be isolated with respect to each other
by a minimum distance R > 1. The particles satisfying these requirements are referred to
as bodies. The events are sorted depending on the number and types of bodies into exclusive
event classes. All possible event classes with at least two bodies are investigated. Only the
u-v event class is discarded from the analysis. This class is dominated by events in which a
poorly reconstructed muon gives rise to missing transverse momentum, which fakes the neutrino
signature.

Based on these identification criteria, purities have been derived for each event class. Purity
is defined as the ratio of SM events reconstructed in the event class in which they are generated
to the total number of reconstructed events in this class. Most purities are found to be above
60% and are close to 100% for the j-j, e-7, v-j and u-u event classes.

4.3 Systematic Uncertainties

The following experimental systematic uncertainties are considered:

e The uncertainty on the electromagnetic energy scale varies depending on the polar angle
from 0.7% in the central region to 2% in the forward region. The polar angle measure-
ment uncertainty of electromagnetic clusters is 3 mrad. The identification efficiency of
electrons (photons) is known with an absolute uncertainty of 3% (5%) to 5% (10%), de-
pending on the polar angle.

e The scale uncertainty on the transverse momentum of high Pr muons is 2.5% [5]. The
uncertainty on the reconstruction of the muon polar angle is 3 mrad. The identification
efficiency of muons is known with an absolute uncertainty of 5%.

e The jet energy scale is known within 2% [30]. The uncertainty on the jet polar angle
determination is 10 mrad.

o The absolute uncertainty on the trigger efficiency is estimated to be 6% if only muons are
present in the final state and 3% in all other cases.

o The luminosity measurement has an uncertainty of 3%.

The effects of the above uncertainties on the SM expectation are determined by varying
the experimental quantities by £1 standard deviation in the MC samples and propagating these
variations through the whole analysis chain.

Additional model uncertainties are attributed to the SM Monte Carlo generators described
in section 2. An error of 10% is attributed to NC and CC DIS processes with only one high
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Py jet. To account for the uncertainty on higher order QCD corrections, an error of 15% on
the NC DIS and photoproduction processes with at least two high Pr jets is considered. The
uncertainty of CC DIS processes with at least two high Py jets is estimated to be 20% [30].
The errors include uncertainties from the proton parton distribution functions and from missing
higher order QCD corrections. For each additional jet produced by parton shower processes, a
further theoretical error of 20% is added [37], for example 20% for the j-j-j event class.

The error on the elastic and quasi—elastic QED Compton cross sections is conservatively
estimated to be 5%. The error on the inelastic QED Compton cross section is 10%. The errors
attributed to lepton—pair and W production are 3% and 15%, respectively. An uncertainty of
30% on the simulation of radiative CC DIS events is considered to account for the lack of
QED radiation from the quark line in the DJANGO generator. This uncertainty is estimated
for the specific phase space of the analysis by a comparison of the DJANGO result to the
calculated cross section of the e~ p—1,vX process [38]. An uncertainty of 50% is added to the
prediction for NC DIS events with measured missing transverse momentum above 20 GeV and
a high Pr electron. This uncertainty is estimated by a comparison of the missing transverse
momentum distribution of data events containing a low Py electron (P < 20 GeV) with the
SM prediction [37].

The total error on the SM prediction is determined by adding the effect of all model and
experimental systematic uncertainties in quadrature.

5 Results

5.1 Event Yields

The event yields for all event classes are presented for the data and SM expectation in fig-
ures 1(a) and 1(b) for e™p and e~p collisions, respectively. All event classes with observed
data events or with a SM expectation greater than 0.01 events are shown. The corresponding
observed and predicted event yields for all e*p data are summarised in table 1. Events are ob-
served in 27 classes and a good description of the number of observed data events by the SM
prediction is seen in each class.

The j-j, j-j-j and j-j-j-j event classes are dominated by photoproduction processes. No
event with five jets is observed. The SM prediction of the e-j, e-j-j, e-j-j-j and e-j-j-j-7 event
classes is dominated by NC DIS processes. One event, already discussed in a previous H1
publication [8], is observed in the e-j-j-j-j event class and compares to a SM prediction of
0.134+0.06. The v-j, v-j-j, v-j-j-j and v-j-j-j-j event classes mainly contain events from CC
DIS processes. One event is observed in the v-j-j-j-7 event class compared to a SM expectation
of 0.05 £ 0.02.

Events from QED Compton processes populate the y-e event class as well as the y-e-j event
class in the case of inelastic events. The -5 event class corresponds to prompt photon events.
The purity in this class is moderate (~ 50%) due to the high background from misidentified
electrons in NC DIS. A slight deficit of data events is observed in the radiative CC DIS classes
~v-v and y-v-j.
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Lepton pair production from -+ processes dominates in event classes with several leptons
(e-e, pi-pt, e-p and e-e-e). Compared to the results of a previous study of multi-lepton topolo-
gies [5], the phase space of the present analysis is restricted to higher Pr and extended to
forward polar angles down to 10°. All multi-lepton events mentioned in [5] and located in the
phase space of this analysis are found. The e-e event class contains 7 events with an invariant
mass M., > 100 GeV compared to a SM expectation of 3.4 & 0.5 of which 69% are from
lepton pair processes. The e-e-e event class contains one event compared to a SM expectation
of 0.22 £ 0.04.

The prediction for the event classes u-v-j and e-v-j consists mainly of high Pr single W
production with subsequent leptonic decay. In the u-v-j (e-v-j) event class 5 (4) events are
observed, with a SM expectation of 2.8 + 0.5 (3.2 = 0.5). Two events classified as p-v-j in the
previous analysis [8] now migrate to -7 and v-j event classes, respectively, due to improve-
ments in the energy and momentum reconstruction. Events arising from W production also
enter in the e-v event class. In this class 16 events are observed compared to an expectation of
21.5 % 3.5, of which about 90% is due to W production processes.

5.2 Event Topology

The distributions of the scalar sum of transverse momenta Y . Pr and of the invariant mass M,y
of all bodies are presented in figures 2 and 3, respectively, for classes with at least one event.
The data are in agreement with the SM prediction. In particular, multiple jets topologies, which
are sensitive to QCD radiation, are well described by the simulation.

The final state topologies are also evaluated in terms of angular distributions and energy
ratios, which are sensitive to spin and decay properties of hypothetical high mass particles.
Variables used to study the decomposition of the final states, inspired by topological analyses
of multi—jet events [39], are defined in the following. In each event a leading body is selected
according to the following priority list between bodies of different types: v, e, u, v, j. This
order of preference allows a better separation of SM background from events originating from
a new resonance decaying to a photon or a lepton. If two bodies of the same type are present,
the one with the highest transverse momentum Py, relative to the incident proton in the centre—
of-mass frame defined by all bodies, is selected. For classes with exactly two bodies of the
same type, the leading body is taken as the one with the highest Pr in the laboratory frame. The
variable cos 0y, is then defined as the cosine of the polar angle of the leading body relative to
the incident proton in the centre—of—mass frame defined by all bodies. The variable Xjc.q is the
energy fraction of the leading body and is defined for systems with three or more bodies as

2El*c d
o ()]
2 B

where the sum runs over all bodies, and E}, ; and £ are calculated in the centre—of-mass frame
of all bodies. For events with two bodies, the cos 6y, distribution is related to the underlying
2 — 2 matrix element. Therefore, the angular distribution of a particle coming from the decay
of a new resonance may be markedly different from that of particles produced in SM processes
(see for example [40]). For final states with more than two bodies, Xje,q is a Dalitz variable

KNiead =

10

and related to the dynamics of a possible multi-body decay of a new particle. The sensitivity
of these two variables cos 6}, 4 and Xje.q to new physics is tested using different MC samples
of exotic processes, for example leptoquarks, excited fermions, or anomalous top production. It
has been verified that SM and exotic events exhibit different spectra in these two variables, two
examples of which are given in figure 4.

The distributions of cos 6}, and Xj.q are presented in figure 5 for event classes with only
two bodies and for event classes with more than two bodies, respectively. A good overall agree-
ment with the SM prediction is observed in all cases. This illustrates that the event topology

and kinematics, as well as the global variables Y Pr and My, are well described by the SM.

5.3 Search for Deviations from the Standard Model

In order to quantify the level of agreement between the data and the SM expectation and to
identify regions of deviations in the ) Pr, My, cos Oy, 4 and Xie.q distributions, the search
algorithm developed in [8] is used. A region is defined as a set of connected histogram bins
with at least twice the size of the resolution. A statistical estimator p is defined in order to judge
which region is of largest interest. This estimator is derived from the convolution of the Poisson
probability density function (pdf) to account for statistical errors and a Gaussian pdf to include
the effect of systematic uncertainties [8]. The value of p gives an estimate of the probability
of a fluctuation of the SM expectation upwards (downwards) to at least (at most) the observed
number of data events in the region considered. The region of greatest deviation is the region
having the smallest p—value, pyi,. The regions selected by the algorithm in > Pr and M,y
distributions of each class are presented for all e*p data in figures 2 and 3, respectively. The
corresponding selected regions for cos 6}, ; and Xe,q distributions are shown in figure 5.

The fact that the deviation could have occurred at any point in the distribution is taken
into account by calculating the probability P to observe a deviation with a p—value pp;, at
any position in the distribution. P is a measure of the statistical significance of the deviation
observed in the data. The event class of most interest in the search for anomalies is the one with
the smallest P value. Values of P larger than 0.01 indicate event classes where no significant
discrepancy between data and the SM expectation is observed. The P values measured in each
of the event classes are listed in table 1. Due to the uncertainties of the SM prediction in
the j-j-j-j, e-j-j-j-j and v-j-j-j-j event classes, no reliable P values can be calculated for
them [8] and they are therefore not considered in the search for deviations from the SM.

The overall agreement with the SM can further be quantified by taking into account the
large number of event classes in this analysis. Among all studied classes there is some chance
that small P values occur. This probability can be calculated on a statistical basis with MC
experiments. A MC experiment is defined as a set of hypothetical data histograms following
the SM expectation with an integrated luminosity equal to the amount of data recorded. The
complete search algorithm and statistical analysis are applied to MC experiments analogously
as to the data. The expectation for the P values observed in the data is then given by the
distribution of P values obtained from all MC experiments.

The P values observed in the data in all event classes are compared in figure 6 to the dis-
tribution of P obtained from a large set of MC experiments. The comparison is presented for
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the scans of the M,y and > Pr distributions for all e*p data and also separately for e”p and
e*p data. The distribution of P values measured in the data is in agreement with the expec-
tation from MC experiments. Using all e*p data, a lowest P value of 0.0044 is found in the
e-j-j event class in a region at high transverse momenta, 175 < > Pr < 200 GeV, where 27
events are observed for an expectation of 11.6 £ 1.2. In e~ p data, the lowest P value is 0.0071
and corresponds to the e-e-e event class where one data event is observed compared to a low SM
expectation. The most significant deviation from SM predictions is measured in e*p collisions
in the e-¢ event class with P = 0.0035. In the corresponding region (110 < M,; < 120 GeV)
five data events are found while 0.43 &+ 0.04 are expected. The global probability to find in the
e'p data at least one class with a P value smaller than observed in the e-¢ event class is 12% as
deduced from MC experiments.

In case of the cos 6},,4 and Xje.q distributions, no significant discrepancy between the data
and the SM expectation is found. The lowest P value is 0.017, observed in the X; lead distribution
of the v-j-j-j event class. In event classes where the SM contribution is high (> 100 events),
the correlation between M, or Y, Pr distributions and cos 6};,,; and X)e.q is further exploited.
The variables cos 8}, 4 and Xje.q are used to select events in a phase space region where the SM
contribution is reduced and exotic event topologies may be favoured. Events where the leading
body is emitted in the forward direction are selected by requiring cos 6;;,,; > 0. The variable
Xiead 18 used in three bodies event classes to select topologies corresponding to a sequential
resonance decay by requiring 0.75 < Xjeaqa < 0.9, as deduced from the study of different
MC samples of exotic processes. After a cut on these variables, an overall good agreement
between the data and the SM is still observed in M,y and Y Pr distributions. The complete
search procedure and statistical analysis is applied to these distributions, the results of which
are summarised in table 2. No significant deviation is observed in the reduced event samples.

The full analysis is also performed at lower and higher transverse momenta by changing the
minimum Pr of particles to Pr > 15 GeV and Pr > 40 GeV, respectively. A good overall
agreement with the SM is also observed with these cuts. With a cut P > 15 GeV, all spectra
are well described by the MC, including the multi—jet event classes. The lowest P value is 0.01,
observed in the e-j-j event class. When raising the Py threshold to 40 GeV, mainly event classes
containing jets remain populated and the largest deviation is observed in the e-j-j-7 class with

P =0.01.

6 Conclusion

The full e*p data sample collected by the H1 experiment at HERA is investigated in a general
search for deviations from the SM prediction at high transverse momenta. This analysis en-
compasses all event topologies involving isolated electrons, photons, muons, neutrinos and jets
with transverse momenta above 20 GeV. Data events are found in 27 different final states and
events with up to five high Pr particles are observed. In each event class deviations from the
SM are searched for in the invariant mass and sum of transverse momenta distributions using
a dedicated algorithm. In addition, the final state topologies are also evaluated in terms of an-
gular distributions and energy sharing between final state particles. A good agreement with the
SM expectation is observed in the phase space covered by this analysis. The largest deviation
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is found in the e-e event class, in e*p collisions, at high invariant masses and corresponds to
a probability of 0.0035. The probability to observe a SM fluctuation with that significance or
higher for at least one event class is 12%. This comprehensive analysis demonstrates the very
good understanding of high Py SM phenomena achieved at the HERA collider.
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H1 General Search at HERA g p, 463 pb—1)

Eventclass  Data SM PZ Pr pMau Peoso;.,, leea "
J-j 156724 153278 + 27400 0.57 0.33  0.98
e-j 125900 127917 +15490 0.090  0.99  0.40
i 21 19.5+ 3.0 0.30 046  0.024
v-j 11081 111824+ 1165  0.33 0.31  0.25
e-v 16 21.54+3.5 0.13 0.084 0.62
e-e 36 40.0+3.7 0.35 0.041  0.52
e-ji 19 21.0+2.1 0.46 0.83 0.81
J- 18 17.5£3.0 0.31 0.50  0.88
~-j 563 538 + 86 0.31 021 0.77
v-e 619 648 + 62 0.93 0.99  0.10
V-t 0 0.22 £0.04 1 1 1
y-v 4 9.6+28 0.076  0.33  0.22
¥y 1 1.1£0.6 0.66 0.35  0.11
J-j-j 2581 2520 + 725 0.54 0.65 0.18
e-j-j 1394 1387 £ 270 0.0044  0.70 0.28
p-j-j 1 0.4640.18  0.12 0.072 0.99
v-j-j 355 338 + 62 0.80 0.48 0.62
e-e-j 0 0.31£0.04 1 1 1
e-e-v 0 0.06 £0.01 1 1 1
e-e-e 1 0.224+0.04  0.15 0.031 0.14
Ji-p-j 0 0.16 +0.03 1 1 1
e-fi-ju 0 0.37£0.07 1 1 1
Ji-pi-v 0 0.010£0.005 1 1 1
e-fi-j 0 0.16 +0.04 1 1 1
e-v-j 4 3.2+£0.5 0.24 0.57 0.095
pi-v-j 5 2.8+0.5 0.27 0.30 0.35
e-ji-v 0 0.0540.01 1 1 1
-j-j 5 6.7+1.3 0.41 0.25 0.91
v-e-j 12 19.4+4.0 0.31 0.28 0.53
v-v-j 1 45+1.5 0.35 0.62 0.47
e-j-j-j 19 224+6.5 0.84 0.80 0.14
v-j-j-j 7 52414 0.47 0.39 0.017
y-v-j-j 0 0.16 0.07 1 1 1
e-v-j-j 0 0.154+0.09 1 1 1
y-e-j-j 0 0.22+£0.07 1 1 1
e-e-v-j 0 0.10 £ 0.06 1 1 1
-v-j 0 0.084+0.05 1 1 1

40 33+13

1 0.1340.06

1 0.0540.02

0 0.1440.09

Table 1: Observed and predicted event yields for all event classes with observed data events
or a SM expectation greater than 0.01 for all e*p data. Each event class is labeled with the
leading body listed first. The errors on the predictions include model uncertainties and experi-
mental systematic errors added in quadrature. The P values obtained in the scan of > Pr, Moy,

cos 0,4 and Xjeaq distributions are also given.
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H1 General Search at HERA e*p, 463 pb—?)

Event class  Selection Data SM 152 Pr 15Ma”
J-7 cosyq >0 83155 82800 £15610 0.46  0.44
e-j cosb,q >0 6532 6603 = 783 0.23  0.033
v-j cosbq >0 2177 2076 % 240 0.61  0.75
v-J cosb,q >0 123 118 £20 0.15  0.016
v-e cosb,q >0 227 260 £ 25 0.12  0.19
J-3-7 cosb,q >0 1359 1218 4 340 0.36  0.63
e-j-j cosb,q >0 65 74£13 0.75  0.37
v-j-j cosb,q >0 58 53+ 12 0.62  0.26
J-j-j 0.75 < Xjeaa < 0.9 1672 1658 £ 482 0.096  0.40
e-j-j 0.75 < Xjeaa < 0.9 419 419 £81 0.018 0.07
v-j-j 0.75 < Xjeaa < 0.9 133 109 £ 22 026  0.19

Table 2: Observed and predicted event yields for considered event classes after a cut on the
topological variables. Each event class is labeled with the leading body listed first. The errors
on the predictions include model uncertainties and experimental systematic errors added in
quadrature. The P values obtained in the scan of > Pr and M, distributions are indicated in
the last two columns.
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H1 General Search at HERA (e’p, 285 pb™) H1 General Search at HERA (e'p, 178 pb™)
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Figure 1: The data and the SM expectation for all event classes with observed data events or a
SM expectation greater than 0.01 events for ¢ p collisions (a) and e~ p collisions (b). The error
bands on the predictions include model uncertainties and experimental systematic errors added
in quadrature.
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with at least one event. The shaded areas show the regions of largest deviation identified by the
search algorithm. No such search is performed for the j-j-j-7, e-j-j-j-j and v-j-j-j-j classes.
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Figure 3: The number of data events and the SM expectation as a function of M,y for classes
with at least one event. The shaded areas show the regions of largest deviation identified by the
search algorithm. No such search is performed for the j-j-j-7, e-j-j-j-j and v-j-j-j-7 classes.
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Figure 5: The distribution of cos 6}, for event classes with two bodies (top) and of Xje,q for
event classes with more than two bodies (bottom). The points correspond to the observed data
events and the open histograms to the SM expectation. Only event classes with at least one data
event are presented. The shaded areas show the regions of largest deviation identified by the
search algorithm. No such search is performed for the j-j-j-j, e-j-j-j-j and v-j-j-j-j classes.
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Figure 6: The —log;, P values for the data event classes and the expected distribution from MC
experiments as derived with the search algorithm by investigating the M,y distributions (left
column) and ) Py distributions (right column). The results of the scan are presented for all
data (a and b), and separately for e~ p (c and d) and e"p (e and f) data.
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