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Résumé

Ce travail de thèse est dédié à l’étude de la structure interne des nucléons. Il s’inscrit
dans le cadre de la physique hadronique et comprend deux parties, une phénoménol-
ogique et une expérimentale, liées aux mesures des facteurs de forme électromag-
nétiques des hadrons respectivement dans les régions temps et espace. La struc-
ture électromagnétique du nucléon, liée á la dynamique interne des courants élec-
trique et magnétique, apporte des contraintes sur les modèles des nucléons et se
paramétrise en terme de facteurs de forme.

Partie 1 : étude phénoménologique de l’annihilation p̄p en une paire de mésons
légers

Un programme expérimental de mesure des facteurs de forme électro magné-
tiques (EM) du proton dans la région temps est prévu auprès du futur complexe ac-
célérateur FAIR (Facility for Antiproton and Ion Research) à Darmstadt, Allemagne,
avec le détecteur à large acceptance PANDA (anti-Proton ANnihilation at DArm-
stadt) via les réactions d’annihilation p̄p ! e+e� et p̄p ! µ+µ� dans le domaine en
énergie 2.25(1.5) 

p
s (pLab)  5.47(15)GeV (GeV/c)1.

p
s (pLab) est l’énergie totale

dans le système du centre de masse (l’impulsion du faisceau dans le système du
laboratoire). Dans de telles réactions, la difficulté majeure est d’extraire le signal
d’intérêt du large bruit de fond issu des voies hadroniques, principalement la pro-
duction d’une paire de pions chargés. La production d’une paire de mésons légers
dans l’annihilation p̄p est l’un des sujets de cette thèse.

Le but est double : mieux évaluer le bruit de fond hadronique et améliorer notre
connaissance sur la structure interne des hadrons car une telle réaction contient par
elle-même des informations utiles sur le contenu en quarks des hadrons. Un modèle
de mésons effectif a été développé pour évaluer la section efficace d’annihilation p̄p
en une paire de mésons légers dans le domaine en énergie correspondant à l’expérie-
nce PANDA.

• Chapitre 1 : ce chapitre introduit les projets au complexe accélérateur FAIR et
le programme de physique prévu avec le détecteur PANDA. Après une revue bib-
liographique des expériences et des modèles liés à l’annihilation p̄p en une paire
de pions chargés, les relations entre les variables cinématiques sont derivées dans
les systèmes du laboratoire et du centre de masse. Sur la base de la revue de la
littérature associée, les sections efficaces et les distributions angulaires nécessaires
aux études de faisabilité des mesures des facteurs de forme EM du proton dans

1Nous utilisons les unités naturelles, ~ = c = 1.
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la région temps sont collectées. Pour accroître le nombre de données dans le do-
maine d’intérêt pour PANDA, on considère aussi la diffusion élastique pion-proton
liés par symétrie de croisement et les expressions des relations entre les réactions
d’annihilation et de diffusion sont dérivées.

• Chapitre 2 : un modèle de Lagrangien effectif basé sur les diagrammes de Feyn-
man est developpé pour calculer la section efficace différentielle pour la réaction
p̄p ! ⇡⇡. On considère l’échange du nucléon et du � dans les voies t et u et du
méson ⇢ dans l’état s. Les amplitudes de cette réaction dépendent de deux variables
cinématiques indépendantes. Le rôle relatif de ces amplitudes varie avec la région
cinématique. A l’avant la contribution dominante est l’échange du nucléon tandis
que le �++ contribue principalement à l’arrière. On néglige la différence de masses
entre le proton et le neutron ainsi qu’entre les différents états de charge des pions
et des isobars de la résonance �. La diffusion à cos ✓ = 0 est sensible à l’échange
de mésons vecteurs dans la voie s. Nous nous limitons à la contribution du méson
⇢. Les amplitudes correspondant aux diagrammes considérés sont calculées ana-
lytiquement en suivant les règles de Feynman. Les traces ont été calculées et/ou
verifiées à l’aide du program FORM et les expressions obtenues ont été simplifiées
avec MATHEMATICA. D’autres calculs de graphes ont été réalisés à l’aide des
logiciels C++ et ROOT. Pour la première fois, pour prendre en compte la nature
composite des hadrons en interaction, un facteur de forme logarithmique est intro-
duit à la place d’autres fonctions utilisées dans la littérature.

Les effets de l’interaction forte dans l’état initial, entre les antiprotons et les pro-
tons, provenant de l’échange de mésons vecteurs et (pseudo) scalaires sont essen-
tiels. La plus simple structure que nous pouvons considérer pour un méson est un
monopôle et pour un baryon un dipôle. L’étude de différentes paramétrisations de
facteurs de forme a montré que, dans la région d’énergie intermédiaire, la forme
logarithmique est préférable pour tenir compte de la nature composite des baryons
en interaction.

La comparaison de toutes les données existantes de production de pions chargés
avec les prédictions des distributions angulaires et de dépendances obtenues avec
notre modèle sont présentées dans le domaine en énergie
3.362 (5) 

p
s (pLab)  4.559 (15)GeV (GeV/c). La dépendance en énergie est aussi

discutée et comparée avec la règle de comptage des quarks à 90� dans le système du
centre de masse. La stabilité de notre modèle a également été testée en variant la
valeur des paramètres de ± 10%. En utilisant la symétrie de croisement nous avons
appliqué notre modèle à la diffusion élastique ⇡ p. Les données sont en générale bien
reproduites. En appliquant la symétrie SU(3) nous avons reproduit les données exis-
tantes sur la production d’une paire de kaons chargés. En intégrant les distributions
angulaires résultant de notre modèle, on donne des valeurs de sections efficaces to-
tales dans le domaine d’intérêt pour l’expérience PANDA. Quatre paramètres sont
suffisants pour reproduire les données considerées.
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• Chapitre 3 : bien que la réaction p̄p ! ⇡0⇡0 ait une section efficace dix fois plus
faible que la production d’une paire de pions chargés, elle représente aussi un bruit
de fond important pour les voies finales électromagnétiques et contient également
des informations sur le mécanisme de la réaction régi par la chromodynamique
quantique. Pour décrire cette réaction, nous avons étendu le formalisme utilisé
précédemment dans le cadre de notre modèle de Lagrangien effectif en adaptant
le mécanisme de réaction. Pour adapter notre modèle à la production de mésons
neutres identiques, les diagrammes de Feynman ont été symétrisés dans les voies t
et s et, dans la voie s, la particule échangée est un méson de moment angulaire pair,
f0 ou f2, car deux mésons identiques doivent être dans une onde relative paire.

Un terme exponentiel a été introduit au niveau du paramètre du facteur de forme
logarithmique pour compenser un excès de section efficace dans la région de basse
énergie. Notre modèle étendu reproduit de manière satisfaisante les données de
sections efficaces différentielles obtenues dans l’expérience E835 (FERMILAB, USA)
dans le domaine d’énergie 2.911 

p
s  3.68GeV . Les mésons ⇡0 et ⌘ sont tous

deux pseudo-scalaires. Les mésons ⌘ et ⇡0 font partie du même multiplet et sont liés
par les symétries du modèle en quark. Nous utilisons cette proprieté pour appliquer
notre modèle aux réactions p̄p ! ⌘⌘ et p̄p ! ⌘⇡0.

ll est nécessaire d’adapter les cinématiques et les masses en conséquence. Dans
le cas de l’état final ⌘ ⇡0, qui n’est pas symétrique, il suffit d’introduire un angle de
mélange au méson ⌘. En appliquant la symétrie SU(3) et en tenant compte de la
différence de cinématiques due aux masses, sans réajustement des paramètres, les
distributions angulaires des réactions ⌘⌘ et ⌘⇡0 dans le domaine en énergie 2.911 p
s  3.617GeV sont bien reproduites.

Partie 2 : contribution à l’éxpérience ALPOM2 : mesure des pouvoirs d’analyse
protons et neutrons

L’effort expérimental pour mesurer précisément le rapport G
E

G
M

entre les facteurs
de forme EM du proton dans la région espace repose, depuis une vingtaine d’années,
sur la méthode dite de polarisation du nucléon de recul dans la diffusion élastique
électron polarisé - proton qu’on réalise au Jefferson Laboratory (Newport News,
VA, USA). Ce programme expérimental sera très prochainement étendu jusqu’à des
quadri-moments transférés au carré de 10 GeV 2 pour le proton et sera également
appliqué au neutron. Cette méthode requiert de mesurer très précisément la po-
larisation de la particule de recul, le proton ou le neutron. Dans le cadre de la
conception et de l’optimisation des polarimètres dans la région du GeV , il est es-
sentiel, pour limiter la durée des prises de données, d’optimiser l’efficacité et le
pouvoir d’analyse, quantités combinées dans la figure de mérite associée à chaque
polarimètre. Dans ce contexte j’ai contribué à l’expérience ALPOM2 (JINR Dubna,
Russia), la seule capable actuellement de mesurer des pouvoirs d’analyse pour des
protons et des neutrons dans le domaine en impulsion d’intérêt pour les expéri-
ences réalisées au Jefferson Laboratory et permettant de considérer différents types
de cible.
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Dans le cadre de l’expérience ALPOM2, les faisceaux de protons et neutrons po-
larisés d’impulsion 3.00, 3.75 et 4.20 GeV/c sont obtenus par cassure du faisceau
de deutons polarisés d’énergie jusqu’à 13 GeV délivré par le Nuclotron et on dé-
tecte les fragments chargés issus de la collision avec les cibles de C, CH2, CH et Cu.
Pour les neutrons, dans le domaine d’impulsion entre 1 et 6 GeV/c, deux proces-
sus sont à considérer pour déterminer les pouvoirs d’analyse : la diffusion élastique
~n+p ! ~n+p et la réaction avec échange de charge ~n+p ! p+~n. En comparant les
figures de mérite associés à chacun de ces processus, il apparaît que la réaction avec
échange de charge est plus efficace pour la polarimétrie à haute énergie, au-delà de
4.8 GeV/c. Le dispositif expérimental et les résultats préliminaires sont présentés.

• Chapitre 4 : ce chapitre présente un historique des méthodes de mesures des
facteurs de forme EM des nucléons, depuis la méthode traditionnelle de Rosen-
bluth à la méthode de double polarisation proposée par Akhiezer et Rekalo. Dans
l’approximation de Born, échange d’un photon virtuel, les extractions des facteurs
de forme, dans les régions temps et espace, sont discutées. Dans la région temps,
accessible expérimentalement par réaction d’annihilation auprès de collisionneurs
électrons - positrons ou antiprotons - protons, les facteurs de forme sont complexes
et les phénomènes de polarisation sont particulièrement importants. Dans la ré-
gion espace, accesible expérimentalement par diffusion élastique, la contribution
du terme électrique est inversement proportionnelle au quadri-moment transféré
carré Q2. En utilisant la méthode de séparation de Rosenbluth, à grand Q2, ceci
conduit à une grande incertitude sur le facteur de forme électrique. La méthode de
double polarisation consiste à faire diffuser élastiquement un faisceau d’électrons
polarisés sur une cible d’hydrogène non polarisée. La mesure du rapport GE/GM

des facteurs de forme EM s’obtient en mesurant le rapport des composantes de po-
larisation transverse et longitudinale du proton de recul. Par cette méthode, les
erreurs systématiques sont réduites et cela rend possible la détermination précise
du rapport des facteurs forme EM jusqu’à des grands Q2. Cette méthode est partic-
ulièrement intéressante pour le neutron car le facteur de forme électrique est petit.

• Chapitre 5 : au Jefferson Laboratory, les expériences basées sur la méthode de
double polarisation requièrent de mesurer les composantes de polarisations de pro-
tons et de neutrons de plusieurs GeV . Expérimentalement, il s’agit de mesurer
dans un polarimètre hadronique de plan focal l’asymétrie azimutale de la diffusion
secondaire des nucléons de recul sur une cible riche en hydrogène. La première
étape pour optimiser la polarimétrie protons et neutrons est de réaliser l’expérience
ALPOM2.

Dans le cas des neutrons, deux réactions permettent la mesure du pouvoir d’anal-
yse : la réaction élastique et la réaction avec échange de charge, c’est-à-dire où le
neutron est diffusé vers l’arrière. Les figures de mérite associées à ces deux réac-
tions ont été calculées et comparées. Un modèle de pôles a été utilisé pour estimer
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les sections efficaces et les données de pouvoirs d’analyse disponibles ont été collec-
tées pour l’évaluation de l’expérience ALPOM2. La conclusion est que la réaction
avec échange de charge est recommandée pour des impulsions supérieures à 4.8
GeV/c.

• Chapitre 6 : ce chapitre présente le dispositif expérimental de l’expérience ALPOM2
et les résultats préliminaires des analyses des prises de données de novembre 2016
et février 2017.

Les faisceaux polarisés de protons et de neutrons sont obtenus par cassure des
deutons polarisés. Les deutons polarisés sont produits par une nouvelle source
d’ions polarisés (CIPIOS) établie au Nuclotron. Il est attendu que la source CIPIOS
délivre des faisceaux de deutons polarisés de haute qualité avec une intensité de 5
mA et d’énergie jusqu’à 6.5 GeV/nucléon. Après la source, un accélérateur linéaire
de type Alvarez DTL (Drift Tube Linac) LU-20 est utilisé pour comme injecteur pour
le Nuclotron, un synchrotron supraconducteur. La mesure précise de la polarisation
du faiceau de deutons est essentielle car elle intervient directement dans la détermi-
nation du pouvoir d’analyse. Dans ce but, plusieurs polarimètres de faisceaux sont
placés sur la ligne. Ils permettent aussi de contrôler d’éventuelles dépolarisation du
faisceau durant les phases de transmission et d’accélération. Durant l’expérience
ALPOM2, on utilise principalement le polarimètre de haute énergie F3 car son in-
formation est enregistrée en ligne avec les données, pour chaque paquet de faisceau,
assurant un contrôle relatif continu de la polarisation du faisceau. Les protons po-
larisés sont produits par cassure des noyaux de deutérium diffusés sur une cible de
CH2 puis les protons sont séparés des neutrons et des deutons par un aimant dipo-
laire. Les neutrons sont produits par cassure du deutérium lors de l’interaction avec
une cible de carbone, les protons et les deutons sont déviés magnétiquement.

Le dispositif ALPOM2 dérive d’une mise à niveau de l’expérience ALPOM. Un
calorimètre hadronique a été ajouté en aval de la ligne faisceau afin de sélection-
ner les événements par leur dépôt d’énergie. En outre, comme le pouvoir d’analyse
devient de plus en plus petit quand l’impulsion augmente, ce calorimètre est aussi
utilisé pour identifier les particules chargées aux petits angles, ce qui a pour ef-
fet d’accroître la précision sur le pouvoir d’analyse. Les détecteurs de l’expérience
ALPOM2 sont principalement des scintillateurs et des chambres à dérive. Les scin-
tillateurs servent de trigger et les chambres à dérive enregistrent les trajectoires des
particules. Pendant les mesures de novembre 2016 et février 2017, des données ont
été acquises pour des protons et des neutrons polarisés à trois valeurs d’impulsion,
3.00, 3.75 et 4.20 GeV/c sur des cibles de C, CH , CH2 et Cu. L’analyse et les résul-
tats préliminaires obtenus pour la cible CH2 sont présentés et comparés aux résul-
tats précédents. Pour le proton, les résultats sont en accord avec ceux obtenus lors
des précédentes campagnes de mesure. Pour le neutron les mesures de pouvoirs
d’analyse réalisées à Dubna jusqu’à une impulsion de 4.2 GeV/c sont les premiéres
données obtenues sur des cibles complexes, plus lourdes que l’hydrogène.
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Abstract
This thesis work, in the framework of hadron physics, reports on a phenomeno-

logical and an experimental study dedicated to the nucleon internal structure, both
related to hadron electromagnetic form factor measurements in the time-like and in
the space-like regions.

At the future Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Ger-
many, an experimental program aiming to determine the proton electromagnetic
form factors in the time-like region is planned at the PANDA (anti-Proton Anni-
hilation at Darmstadt) large acceptance detector through the annihilation reactions
p̄p ! e+e� and p̄p ! µ+µ� in the energy range 2.25(1.5) 

p
s(pL)  5.47(15) GeV

(GeV/c)2, where
p
s(pL) is the total energy in the center of mass system (the antipro-

ton beam momentum in laboratory frame). In such reactions, the main difficulty will
be to extract the signal of interest from the huge background coming from hadronic
channels, mainly charged pion pair production. Meson pair production in p̄p annihi-
lation is one of the subjects of this thesis. The goal is two-fold: to better evaluate the
hadronic background and to improve our knowledge on the hadron internal struc-
ture as such reaction contains by itself useful information on the hadron quark con-
tent. An effective meson model has been developed to evaluate the cross section of
p̄p annihilation into light meson pairs, in the energy domain relevant to the PANDA
experiment. A logarithmic form factor is introduced to account for the composite
nature of the interacting hadrons. A comparison with the data for charged pion
pair production and predictions for angular distributions and energy dependence
are presented in the range 3.362(5) 

p
s(pL)  4.559(10.1) GeV(GeV/c). The model

is applied to ⇡p elastic scattering, using crossing symmetry, and to charged kaon
pair production, on the basis of SU(3) symmetry. The model is extended to different
neutral channels ⇡0⇡0, ⌘⌘, ⌘⇡0. The results are presented and successfully compared
to the data.

In the space-like region, the experimental effort, dedicated to precise measure-
ments of the proton electromagnetic form factor ratio with the recoil polarization
method in electron-proton elastic scattering at Jefferson Laboratory (JLab-Newport
News, VA, USA), will be pursued up to higher momentum transfer squared, above
10 GeV2, and will be also applied to neutron. This method requires an accurate
measurement of the polarization of the recoil particle, the proton or the neutron. In
order to design and optimize the polarimetry in the GeV region, the determination
of the efficiency and the analyzing powers, that combine into the Figure of Merit, is
mandatory to conceive a polarimeter, as polarization experiments are very lengthy.
In this context I contributed to the ALPOM2 experiment (JINR Dubna, Russia), the
only experiment right now able to measure proton and neutron analyzing powers
in the momentum range of interest for JLab experiments and allowing to consider
different types of target. Experimentally, in the framework of ALPOM2, from the
Nuclotron polarized deuteron beam (up to 13 GeV energy), polarized proton and

2We use natural units, ~ = c = 1, but in the expression of the momentum c is kept.
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neutron beams at 3.0, 3.75 and 4.2 GeV/c were obtained by deuteron break-up and
the charged fragments from the collisions with C, CH2, CH and Cu targets were
measured. For neutrons, in the range from 1 to 6 GeV/c, two processes have been
considered to determine the analyzing power: the elastic scattering ~n + p ! ~n + p
and the charge exchange reaction ~n+ p ! p+ ~n. From the comparison of the Figure
of Merit associated to each of these two processes, the charge exchange reaction ap-
pears to be more efficient for polarimetry at high energy. Neutron analyzing powers
for the charge exchange reaction on CH , and Cu targets have been measured up to
4.2 GeV/c for the first time. For the proton, more precise analyzing power data have
been obtained. The experimental results obtained from a preliminary analysis are
presented.
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Introduction

This work reports on selected aspects in the frame of hadron physics dealing with
a phenomenological and an experimental parts. Hadron physics is the branch of
physics that investigates the matter at distances smaller than 10�15 m, i.e. 1 fermi, the
dimension of the nucleon. The nucleons (proton and neutron) are hadrons that are
bound by the strong force and are fundamental constituents of the atomic nucleus,
which constitutes more than 99 % of the ordinary matter of the Universe. They are
the objects that link nuclear and particle physics.

In particle physics, the Standard Model classifies the elementary particles as
fermions (spin 1/2 particles) as the quarks and the leptons, and elementary bosons
(with integer spin). The quarks are submitted to the strong interaction. There are
six types of quarks that differ by flavors: up, down, strange, charm, bottom and top.
The leptons are submitted to the electromagnetic interaction. Three leptons: elec-
tron, muon and tau are accompanied by the corresponding neutrinos ⌫e, ⌫µ, ⌫⌧ . Four
elementary gauge bosons are the mediators for the four types of fundamental forces,
weak (the W and Z bosons) and electromagnetic (the photon), strong (the gluon)
and gravitation. Quarks and gluons are the building blocks of the hadrons (baryons
and mesons) and obey to Quantum Chromodynamics (the theory of the strong in-
teraction, QCD). QCD is a predictive theory for kinematical conditions where it is
possible to define a “hard scale”, where the running coupling constant ↵s should be
small enough to use perturbative methods. At the energy scale of the W boson, 80
GeV, ↵s ' 0.12. In elementary processes involving electrons and/or nucleons, the
transferred momentum from the projectile to the target sets the scale. It is related
to the range in the nucleon that is probed by the interaction. In the range 1-5 GeV2,
corresponding to internal distances of 0.1-0.2 fm, quark effects should be dominant.
Quarks can not be observed as free particles, confinement is a property of QCD,
understood from the statement that the colour force grows with the distance.

The pion is the lightest meson, i.e., a quark - antiquark bound state and the
longest range mediator of nuclear forces. Understanding the pion properties will re-
veal the basic features of colour confinement and chiral symmetry breaking. Adding
the strange quark dimension, a new symmetry of the quark model appears, the SU3

symmetry and the next heavier mesons, the kaons, can be similarly described. We
will apply the SU(3) symmetry to meson production extending our model and test-
ing its validity on existing data.

Nucleons are the lightest and the most stable baryons (the lifetime of the proton
is longer than 1032 years, and neutron, it is less than 15 minutes). The development
of particle physics comes along with the understanding of nucleon structure since
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they were believed to be elementary particles until the 1960’s. Now it is known
that they are made of three valence quarks and quark-antiquark pairs and gluons.
However, the fundamental properties of the proton and neutron, as the mass, the
size, and the origin of the spin still remain not well understood.

The discovery of the Higgs boson [1, 2] tells us the origin of the fermion mass.
However, the mass of the light quarks constitutes only few percent of the nucleon
mass. Another intrinsic property of a particle, the spin, is object of intensive study.
It is known that the proton has spin 1/2, however the experiment showed that only
about 30% of the proton spin is carried by the quarks [3] including a very small con-
tribution from the quark-antiquark sea. Efforts have been undertaken to measure
the part of the spin that is carried by the gluons, the first results of RHIC (Relativis-
tic Heavy Ion Collider) data until 2008 [4] show that this fraction is close to zero, the
preliminary result of gluon polarization from COMPASS (COmmon Muon Proton
Apparatus for Structure and Spectroscopy) is also very small but positive at Bjorken
scale x ⇠ 0.1 and the analysis of new world RHIC data [5] and lattice QCD calcula-
tion [6] suggest a significant contribution [7] at x ⇠ 0.05. At present, the contribution
of the internal orbital angular momentum can not be accessed directly by an experi-
ment, but only through a model. Another puzzle is related to the size of the proton,
measuring the charge radius. Recent measurements of the Lamb shift in muonic
hydrogen [8] give a smaller value (about 5.5 �) of the proton charge radius than re-
ported in the CODATA 2014 [9] compilation from the weighted average world data
of hydrogen spectroscopy and elastic ep scattering. With a precise measurement of
the proton electric form factor Gp

E at low momentum transfer, Q2, one can extract
the root mean squared charge radius as:

< r2p >= �6
dGp

E(Q
2)

dQ2
|Q2!0 .

Several low energy experiments aim at a very precise determination of the elastic ep
cross section. The PRad experiment [10] was successfully performed in May-June
2016 in the Hall B at JLab (Newport News, USA) at very low Q2 (10�4-10�1GeV2) and
the collected experimental data is currently under analysis, the MUSE experiment
[11] (PSI, Switzerland) will simultaneously measure elastic electron and muon in
both charge states scattering on the proton. The low energy ep scattering experiment
ProRad is also planned at the PRAE platform [12]. At the Mainz Microton, following
a series of measurements [13, 14], the simultaneous detection of the proton and the
electron has recently been proposed [15], with the measurement of the absolute cross
section at a per mille absolute precision.

The electromagnetic structure of the nucleon related to the internal dynamics of
the electric and magnetic currents, brings unique constrain to nucleon models and it
is parametrized in terms of nucleon form factors. Experimentally, nucleon form fac-
tors can be accessed through elementary reactions involving electrons and protons,
assuming that the interaction occurs through one photon exchange. The reactions
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are: polarized and unpolarized electron proton elastic scattering (in the space-like
region of the momentum transfer squared), investigated at electron facilities such as
JLab and MAMI (Mainz, Germany) and the annihilation reactions (time-like region)
e+e� ! pp̄ studied by the BaBar (Stanford,USA) and the BES III (Beijing, China)
collaborations. The time reversal related reaction pp̄ ! e+e�, that was investigated
at LEAR (Geneva, Switzerland ) and FermiLab (Chicago, USA) in the past, will be
studied with the PANDA experiment with the antiproton beams of the future Facil-
ity for Antiprotons and Ion Research (FAIR) at Darmstadt, Germany.

Electron-hadron or hadron-hadron collisions at small momentum transfer squared
are usually considered as soft processes. Understanding the dynamics of the forces
at the scale of the nucleon belongs to the domain of “non-perturbative” QCD. How-
ever, the situation is not so simple. Even in the high transfer momentum region,
the reactions are not purely hard. One usually factorize the process into a hard
process which is assumed to be scattering on a quark, and a soft part where the
non-perturbative aspects are parametrized in terms of hadron structure functions
and fragmentation functions. The phenomenological approaches to describe these
processes are based on effective Lagrangian theory. To compute the observables,
the effective degrees of freedom relevant to the problem are extracted and the cor-
responding Lagrangian is built. Parameters as masses and coupling constants are
known either from experiment or theory, or are considered as fitting parameters.
The electromagnetic channels are very difficult to detect in a hadronic reaction, be-
cause hadrons are produced orders of magnitude more copiously than leptons. For
the detection of a lepton pair, charged pion pair production is the main background.
It is necessary to know precisely the full distribution in energy and angle of the pro-
duced pions. The processes involving pions and more generally, mesons, are also
interesting by themselves, as they bring stringent tests of fundamental QCD prop-
erties.

In the space-like region, precise measurements of proton and neutron electro-
magnetic form factors have been recently done, through double polarization exper-
iments that need a high intensity, highly (longitudinally) polarized electron beam
and the measurement of the recoil nucleon polarization. The method, suggested in
the 1970’s by A.I. Akhiezer and M.P. Rekalo has allowed precise determination of
the form factor ratio up to 9 GeV2 transferred momentum.

To do such precise measurement, it is necessary to measure the polarization of
few GeV protons and neutrons. Dedicated polarimeters have to be built. The best
analyzing reaction, i.e., the reaction with the best efficiency and the highest analyz-
ing powers has to be determined at each energy. The measurement of analyzing
power is only possible at a polarized proton (neutron) accelerator, in the energy
range of interest. Presently, the Nuclotron accelerator complex of the Joint Insti-
tute for Nuclear Research (JINR) in Dubna delivers polarized deuterons beams up
to 13 GeV/c momentum, from which polarized neutron and proton beams can be
produced.
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This thesis concerns on a phenomenological and an experimental work. The
outline of the thesis is the following:

The first part is a phenomenological study of the annihilation of p̄p into light
meson pairs.

• Chapter 1: the kinematic relations for the proton and antiproton annihilation
into a light meson pion pair are derived. A general review of the data and
the associated literature is detailed. The information on angular distributions
and cross sections, necessary for the modelization of the PANDA experiment
has been collected. In addition, crossing symmetry has been discussed and the
correspondence between elastic scattering and annihilation data is illustrated.

• Chapter 2: a model based on tree level Feynman diagrams, has been built
to calculate the differential cross section for charged pion pair production.
All available sets of angular distribution data have been described within the
model, and an extrapolation of the energy dependence of the model is also dis-
cussed. According to SU3 symmetry, the model is also successfully applied to
the charged kaon pair channel. A study of different parametrizations of form
factors has shown that logarithmic form is preferable. The results of this chap-
ter have been published in Ref. [16] during the preparation of this manuscript.

• Chapter 3: the model has been adapted to neutral light meson production
⇡0⇡0, ⌘⌘, ⌘⇡0. The content presented here is the object of the work reported in
Ref. [17].

The second part reports on my contribution to the experiment ALPOM2, ded-
icated to the measurement of analyzing powers of protons and neutrons on dif-
ferent targets: C, CH , and CH2.

• Chapter 4: the history of nucleon form factor measurements based on ep elastic
scattering is presented, from the traditional Rosenbluth method to the Akhiezer-
Rekalo double polarization method. The extraction of form factors is dis-
cussed in the scattering region, as well as in the annihilation region accessible
at electron-positron or antiproton-proton colliders.

• Chapter 5: polarization experiments require the measurement of the polariza-
tion of few GeV protons and neutrons. Hadron polarimetry is based on the
measurement of the azimuthal asymmetry in a secondary scattering on a hy-
drogen rich target.

In case of neutrons, for the pre-experiment of nucleon form factors, two ways
of measuring the analyzing power have been compared according to the figure
of merit. A pole model is used to estimate the cross section and available data
of analyzing powers are collected for the evaluation of ALPOM2 experiment.
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Part of this results have been published in Ref. [18] as a contribution to the
XXIII International Baldin Seminar on High Energy Physics Problems.

• Chapter 6: after an introduction of the history and activity of the joint institute
of nuclear research in Dubna where the experiment took place, the produc-
tion and acceleration of polarized deuteron beams at the Nuclotron accelerator
complex are introduced. The ALPOM2 experimental setup, its detectors and
targets, are described. Data with polarized proton and neutron beams at 3.0,
3.75 and 4.2 GeV/c were collected. The preliminary analysis and the results of
the analyzing powers are presented.
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Part I

Light meson productions in p̄p
annihilation
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Chapter 1

Annihilation of p̄p into light mesons

1.1 Introduction
Large experimental and theoretical efforts have been going on since decades in or-
der to understand and classify high energy processes. We consider here hadronic
reactions and focus in particular to two body processes in the energy range of the
PANDA experiment at FAIR [19] (see Fig. 1.1). Let us mention that FAIR will in-
vestigate also other domain of physics, where physics communities gathered in
four large collaborations: APPA (Atomic Physics, Plasma and Applied sciences),
CBM (Compressed Baryonic Matter experiment), NUSTAR (Nuclear structure, As-
trophysics and Reactions) and PANDA (Antiproton annihilation at Darmstadt).

The experiment will use antiproton beams created by colliding high intensity
protons with a copper target, and then will be collected and pre-cooled in FAIR ac-
celerator complex. The beams will be injected into the High Energy Storage Ring
(HESR) and will collide with the fixed target inside the PANDA detector. The beam
energy range will be 2.25(1.5) 

p
s(pL)  5.47(15) GeV (GeV/c). The outgoing

particles, neutral and charged, will be recorded with a full 4⇡ acceptance high reso-
lution detector.

At the PANDA experiment antimatter and matter will annihilate and produce
a fireball of energy in a gluon rich environment according to the Einstein’s equiva-
lence between matter and energy. A systematic study of the produced particles will
provide a way to understand the secret of mass generation from the strong interac-
tion, and the glueballs purely made of gluons may be observed. The high luminosity
antiproton beams on a proton or a nuclear target and a full solid angle acceptance
are the main assets of the PANDA experiment. The PANDA collaboration gathered
more than 450 physicists from 49 institutions in 17 countries since 2002, and the
experiment will collect data after the year 2020.

In this chapter we discuss one reaction of PANDA experiment, antiproton-proton
annihilation into two charged pions:

p̄(p1) + p(p2) ! ⇡�(k1) + ⇡+(k2), (1.1)
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➸

N

PANDA

CBM

APPA

NuSTAR

FAIR

FIGURE 1.1: Illustration of the FAIR Accelerator Complex, including
the four collaborations: APPA (Atomic Physics, Plasma and Applied
sciences), CBM (Compressed Baryonic Matter experiment), NuSTAR
(Nuclear structure, Astrophysics and Reactions) and PANDA (Antipro-
ton annihilation at Darmstadt).
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(where the momenta of the particles are indicated in parenthesis) as well as the
relation with the crossed reactions of pion-proton elastic scattering

⇡� + p ! ⇡� + p, (1.2)
⇡+ + p ! p+ ⇡+. (1.3)

A beam of antiprotons is a very peculiar probe, due to the fact that scattering and an-
nihilation may occur in the same process, with definite kinematical characteristics.
This process has been studied in the past, in connection with experiments at Low
Energy Antiproton Ring (LEAR) in CERN and FermiLab, where antiproton beams
were available. Annihilation occurs mostly through the production of several pions,
five pions being the most probable channel. We focus on the annihilation reaction
induced by antiprotons on a proton target, with production of two charged pions.
At low energies the annihilation into light meson pairs is dominated by a few par-
tial waves and the angular distribution shows a series of oscillations. Experimental
data are analyzed with the use of Legendre polynomials [20]. This regime was also
studied with the aim to look for resonances in the p̄p system.

A change of behavior appears above
p
s=2 GeV, where the angular distributions

become typical for peripheral processes. They are peaked at forward and backward
angles, corresponding to small values of t or u, respectively (s, t and u are the Man-
delstam variables). The differential cross section, d�/dt, and the integrated cross
section show a power-law behavior as a function of the energy [21, 22]. At even
larger energies, the total cross section becomes asymptotically constant, reaching a
regime where d�/dt is function of t only, being independent on s.

According to the foreseen performances of the experiment PANDA, a large amount
of data related to light meson pairs production from p̄p annihilation is expected in
the future. The best possible knowledge of light meson production is also requested
before the experiment takes place, as pions constitute an important background for
many other channels. The development of a realistic model working in the few GeV
region is necessary, in particular for the program program on time-like form fac-
tor measurements [23]. This program requires the detection of a lepton pair, and
will benefit from a reliable estimation of the hadronic background. Pion pair pro-
duction has five or six orders of magnitude larger cross section: pions should be
effectively detected and identified [24, 25]. For this aim, the model should repro-
duce the gross features of the data, and should be expressed in a convenient form to
be implemented in MonteCarlo calculations.

For the considered reaction, p̄p ! ⇡+⇡�, few calculations of cross section and
angular distributions exist in the literature, at lower energies than those of inter-
est here. A baryon (N and �) t-channel exchange model has applicability below 1
GeV/c beam momentum [26, 27, 28]. Potential models [29] and sophisticated cou-
pled channel calculations [30] become too involved to be extended to higher en-
ergies, among others, due to the opening of several channels and contributions of
many resonances [31, 32, 30]. Final state interaction has been discussed in several
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works, as [33]. Microscopic quark models were developed to predict relative two-
body branching ratios, dynamical selection rules, or consequences of SU(2)/SU(3)
symmetry (see, for example [34, 35]). Within a quark model, the authors of Ref.
[36] show that relativistic effects accounting for higher partial waves contributions,
should be taken into account to reproduce satisfactorily the data from Ref. [37].

The phenomenology added to take into account non-perturbative effects at low
energies, is, however, not unique and gave rise to different approaches (for a review,
see [38, 39]). The domain of applicability of the above calculations does not exceed
2 GeV.

At high energies, a constituent interchange quark model was developed in Ref.
[40]. The energy and angular dependencies can be predicted for large angle scatter-
ing and elastic or quasi-elastic processes.

The multi-gluon exchange model of Donnachie and Landshoff [41, 42] describes
high-energy elastic scattering in terms of various exchange processes. At small |t|
elastic ⇡p scattering is assumed to be driven by single pomeron exchange, with a
non-negligible contribution from double pomeron exchange. The pomeron itself
represents a multi-gluon exchange between a pair of quarks, and it is described by a
combination of Regge theory and the Chou-Yang geometrical model. The pomeron
exchange picture provides an adequate description of small t (|t|  0.7 GeV2) ⇡�p
data at 200 GeV. Large t elastic ⇡p scattering is described in terms of gluon exchange
between valence quarks [53] (the multiple scattering model). The leading diagram
is found to be a 2 gluon exchange between the pion quarks and two nucleon quarks.
One of the latter goes far off-shell and scatters the third nucleon quark via a gluon
exchange. The diagram leads asymptotically to the energy-independent behavior
as d�/dt ⇠ s�7(t/s)�7. Higher-order QCD corrections could modify the result, and
the inclusion of energy dependence cannot be excluded. Moreover, these models
can not predict at which values of s and t the gluon exchange mechanism starts to
dominate. However these predictions are important, as they give a frame for the
comparison with experimental data. Extensive review of testing of QCD manifesta-
tions with antiproton beams can be found in Ref. [43].

The Regge model has proved to be very successful in reproducing the gross fea-
tures of peripheral reactions in the intermediate and high energies domains. The
concept of duality comes from the observation that a Regge amplitude, extrapolated
into the low energy region, gives a ‘true’ description, in average, of the amplitude.
This has been interpreted in the sense that the s-channel resonances are equivalent
to t- channel Regge exchanges. A manifestation of duality is that diffractive meson
production can be described by multi-peripheral diagrams, where only pions and
nucleons appear. The known mesonic and baryonic states can be placed on Regge
trajectory, which are approximately linear in the square of the masses.

An effective Lagrangian model was recently developed at larger energies, in-
cluding meson exchanges in s�channel, which qualitatively reproduces a limited
set of angular distributions [44]. Parameters include cut off and normalizations
of form factors. It is assumed that Regge poles dominate the small as well as the
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particle Momentum Lab CMS
p̄ p1 (EL, ~pL) (E, ~p)
p p2 (Mp, 0) (E,�~p)

⇡� k1 ("L1 ,
~kL
1 ) (",~k)

⇡+ k2 ("L2 ,
~kL
2 ) (",�~k)

TABLE 1.1: Notation of four-momenta in the laboratory (Lab) and Cen-
tre of Mass (CMS) reference frames.

large |t| regions. An ad hoc parametrization of the nucleon Regge trajectory, which
saturates at large, negative t, ensures the transition between soft and hard regimes.
However, the authors warn against the application of this approach to neighboring
energies, which is possibly related to the specific extrapolation of Regge trajectories
in the region t < 0.

We have developed a model with meson and baryon exchanges in s, t, and u
channels for PANDA experiment. Data are scarce at this region, and do not fill with
continuity a large angular or energy range [45, 46, 47]. In order to consolidate the
model, we take into account other data sets on the crossed reaction ⇡±p elastic scat-
tering and on p̄p annihilation into charged kaons [46] in a comparable energy range
[48, 49]. It is known that first order Born diagrams give cross sections much larger
than measured, as Feynman diagrams assume point-like particles. Form factors are
added in order to take into account the composite nature of the interacting particles
at vertexes. Parameters as coupling constants or cutoff are adjusted to reproduce
the data. It is straightforward to extend the model to charged kaon pair production,
with suitable replacements of the masses of the particles. At the considered ener-
gies, one can also rely on SU(3) symmetry, which gives a prescription to connect
charged kaon and pion pair production from p̄p annihilation. The comparison of
the results with the existing angular distributions and energy dependencies shows
that the model successfully reproduces the available data.

1.2 Kinematics of p̄ + p ! ⇡� + ⇡+

Let us consider the reaction (1.1). The four momenta are given in Table 1.1. The
scheme of the reaction in the laboratory (Lab) and centre of mass (CMS) reference
frames is illustrated in Fig. 1.2. In the GeV energy range, one can in principle neglect
the pion mass, doing an error of the order of a percent in the kinematical variables.
However, let us consider the complete formulas, here, because specificities appear
according to the size of the emitted particles.

For convenience the invariant Mandelstam variables are introduced: the total
energy s, the momentum transfer from the antiproton to the negative pion (or from
the proton to the positive pion) t, and the momentum transfer from the antiproton
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FIGURE 1.2: Scheme of the reaction (1.1) in the Lab and CM systems.

to the positive pion (or from the proton to the negative pion) u. They are calculated
in the center of mass (CM) system as:

s = (p1 + p2)
2 = (k1 + k2)

2 = 2M2
p + 2p1 · p2 = 2M2

p + 2E2 + 2~p2 = 4E2, (1.4)
u = (p1 � k2)

2 = (k1 � p2)
2 = M2

p +m2
⇡ � 2E2(1 + ��⇡ cos ✓1), (1.5)

t = (p1 � k1)
2 = (p2 � k2)

2 = M2
p +m2

⇡ � 2E2(1� ��⇡ cos ✓1), (1.6)

where cos ✓1 is the cosine of the angle between the momenta of the initial antiproton
and the produced ⇡�, � =

q

1�M2
p/E

2, and �⇡ =
p

1�m2
⇡/"

2 are the CMS veloc-
ities of the (anti)proton and pion, Mp(m⇡) is the proton(pion) mass. The following
relation holds: s+ t+ u = 2M2

p + 2m2
⇡.

Let us note as "
L(+)
1 ("L(�)

1 ) of a negative pion emitted forward(backward). From
the conservation laws of energy and momentum one finds the relation between the
angle and the energy of the emitted ⇡� meson as:

"
L(±)
1 =

MpW
2 ±

q

p2L cos
2 ✓L1

⇥

W 2(M2
p �m2

⇡) +m2
⇡p

2
L cos

2 ✓L1
⇤

(W 2 � p2L cos
2 ✓L1 )

, (1.7)

where W = EL + Mp is the total energy, EL(pL) is the energy (momentum) of the
incident antiproton, ✓L1,2 are the angles of the emitted ⇡�, ⇡+, with respect to the di-
rection of the antiproton beam in Lab system. The energy of a pion, "L, as a function
of its emission angle, ✓L, is illustrated in Fig. 1.3, for pL = 1.9 GeV/c in the Lab sys-
tem. The calculation red(green) line, corresponding to the two solutions Eq. (1.7)
"L(+)("L(�)), is compared to the pion spectra from the FRITIOF (FTF) MonteCarlo
generator [50]. This program, often used in high energy experiments, implements
the Lund string dynamics model for hadron-hadron, hadron-nucleus and nucleus-
nucleus collisions. Here it is only used for illustrative purposes.

The energy of the correlated pion that is emitted at corresponding angles, sat-
isfies energy conservation. The sum of the ⇡+ and ⇡� energies is conserved and is
equal to the total energy W = EL +Mp. This is illustrated in Fig. 1.4.
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FIGURE 1.3: Energy of the ⇡± meson as a function of the emission angle
for pL = 1.9 GeV/c in Lab system. The black points are the events
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FIGURE 1.4: Energy of ⇡+-meson as a function of the energy of ⇡�-
meson for incident momentum pL=1.9 GeV/c in Lab system. The black
points are the events from the FTF generator and the solid red line is
the calculation of kinematics.
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As the final particles have the same mass, the kinematics (and MonteCarlo gen-
erator as well) show that the angles of the two emitted particles have a symmetric
relation (Fig (1.5). When one pion is emitted at small forward angle, the other pion
can only be detected backward (red part). When the angle increases, both pions
run forward (green part). When the angle becomes larger than ⇡/2, the other pion
moves to the forward region (blue part).

)+π(
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θ
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)-
π(

L
θ
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3
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L

FIGURE 1.5: Correlation between the angles of the ⇡±-mesons for inci-
dent momentum pL=1.9 GeV/c. The black points are the events from
the FTF generator. The blue line represents a ⇡� moving forward (⇡+

moving backward), the red line is for the opposite. The green line
shows the central region of the emitted pions.

In CMS, the pion pair is emitted back to back and each pion carries half of the
total energy. To a pion emitted at a given angle # and with a given CM energy,
in the Lab system corresponds a pion of opposite charge emitted at ⇡ � #, with
complementary energy. As in Eq. (1.7), the forward(backward) pion corresponds to
"
L(+)
1 ("L(�)

1 ).
The correspondance between the CMS (✓1) and Lab (✓L1 ) angles is:

cos ✓1 =
E2 � E"

L(±)
1 (1� �L

p �
L
⇡ cos ✓L1 )

E2�L
p �

L
⇡

, (1.8)

where �L
p =

q

1�M2
p/E

2
L, and �L

⇡ =
p

1�m2
⇡/("

L)2 are the Lab velocities of the
corresponding particles and it is shown in Fig. 1.6.



1.3. Existing experimental data for p̄+ p ! ⇡� + ⇡+ 19

Labθcos
-1 -0.5 0 0.5 1

C
M

S
θ

co
s

-1

-0.5

0

0.5

1

L
1

1

FIGURE 1.6: CM emission angle (✓1) of ⇡� meson as a function of the
Lab angle (✓L1 ) at antiproton Lab momentum pL = 1.9 GeV/c.

1.3 Existing experimental data for p̄ + p ! ⇡� + ⇡+

In this section we collect the existing data on p̄p annihilation into pions, or, more
generally binary channels, and note the measured observables. We comment the
main goals and findings of the experiments. A summary is given in Tables 1.2, 1.3,
1.4.

The two body final state reactions induced by p̄p annihilation have been widely
studied at all accelerators delivering antiproton beams, in particular at the cooled
antiproton beam of LEAR, constructed in 1982 at CERN.

Antiprotons were produced by focusing 23 GeV/c incident proton beams from
the CERN Proton Synchrotron (PS) on a nuclear (Be) target. The LEAR facility pro-
vided antiproton beams in the momentum range from 105 MeV/c to 2 GeV/c, with
low emittance and momentum spread of �p/p = 0.1%.

1.3.1 Differential cross sections
• Summary of Refs. [51, 72]. The highest energies where the measurement of the

angular distribution of reaction (1.1) can be found in Ref. [51]. Upper limits
of the cross section at incident momenta of 20 GeV/c, 30 GeV/c and 50 GeV/c
measured by the WA7 collaboration at CERN SPS and covering the momen-
tum transfer range 0.5 GeV2 < �t < 8 GeV2 are reported. The elastic channels
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Ref. Reaction
p
s pL Obs. Comments and Summaries

[GeV] [GeV/c]

[45] p̄p ! ⇡�⇡+ 2.015 - 2.578 0.79-2.43
d�

d⌦
Complete angular
distribution.

⇡�p ! ⇡�p 1.8955 1.43
d�

d⌦

[46] p̄p ! ⇡�⇡+ 3.68 5, 6.21
d�

dt
Rapid change with energy.
Successful test of crossing
symmetry.

[47] p̄p ! ⇡�⇡+ 3.362 5.0
d�

dt
Complete angular
distributions. Comparison
of annihilation and
scattering channels.

⇡�p ! ⇡�p 3.207 5.0
d�

dt

[51] p̄p ! ⇡�⇡+ 7.62 30
d�

dt
Similarity between ⇡p and
Kp: differential cross
sections as geometrical
scaling (|t| < 2.8 GeV2).

⇡�p ! ⇡�p 6.198 20
d�

dt

⇡�p ! ⇡�p 9.731 50
d�

dt

[52] p̄p ! ⇡�⇡+ 4.559 10.1
d�

dt
Crossing symmetry test. The
higher energy points show
an energy dependence
characteristic of baryon
exchange.

⇡�p ! ⇡�p

TABLE 1.2: (Part I) Collection of experimental data for the reactions:
p̄+ p ! ⇡�

+ ⇡+, ⇡�
+ p ! ⇡�

+ p, ⇡�
+ p ! p+ ⇡�.
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Ref. Reaction
p
s pL Obs. Comments and Summaries

[GeV] [GeV/c]

[53] p̄p ! ⇡�⇡+ 3.627 6.0
d�

dt
Observation of large dip.
Crossing symmetry fails.

[54] p̄p ! ⇡�⇡+ 2.767 3.0
d�

dt
s-dependence compatible
with baryon exchange.
Drastic change from the
s�10 dependence observed
at low energies.

p̄p ! ⇡�⇡+ 3.077 4.0
d�

dt

p̄p ! ⇡�⇡+ 2.767 3.0
d�

du

p̄p ! ⇡�⇡+ 3.077 4.0
d�

du
[55] p̄p ! ⇡�⇡+ 1.92-2.045 0.416-0.888 � Ratio between

electromagnetic and
hadronic channels. 1st
extraction of |GM | and
|GE|.

[56] p̄p ! ⇡�⇡+ 1.884 - 1.894 0.173-0.266 � Low energy total cross
section compatible with
1/� (velocity)
dependence.

p̄p ! ⇡�⇡+ 1.883 - 1.896 0.158-0.275 �(cos ✓)

[57] p̄p ! ⇡�⇡+ 1.917 - 1.98 0.403-0.670 � Fine search for S-meson.

[58] p̄p ! ⇡�⇡+ 1.915 - 2.012 0.390-0.780 � Complete angular
distributions. Search for
baryonium state.

p̄p ! ⇡�⇡+ 1.915-2.015 0.390 -0.790
d�

d⌦

[59] p̄p ! ⇡�⇡+ 4.285 8.8 � Comparison of
annihilation and elastic pp
channels.

[60] p̄p ! ⇡�⇡+ 2.541 2.295-2.345 � Bubble-chamber.
Topologycal and
individual cross section
for multiparticle final
states.

[61] p̄p ! ⇡�⇡+ 1.899 0.28-0.32 � Spark chamber. First
measurements of cross
section into hadron pairs.

TABLE 1.3: (Part II) Collection of experimental data for the reactions:
p̄+ p ! ⇡�

+ ⇡+, ⇡�
+ p ! ⇡�

+ p, ⇡�
+ p ! p+ ⇡�.
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Ref. Reaction
p
s pL Obs. Comments and Summaries

[GeV] [GeV/c]

[62] p̄p ! ⇡�⇡+ 2.257 - 2.735 1.51-2.9 � Hydrogen bubble
chamber. Search for
enhancement in N̄N cross
section.

[63] p̄p ! ⇡�⇡+ 2.534 2.3 � Hydrogen bubble
chamber. Comparison of
five channels with two
meson final states.

[64] p̄p ! ⇡�⇡+ 1.985 - 2.114 0.686-1.098 � Hydrogen bubble
chamber. No evidence of
direct-channel resonances
in pion channel, but
possible in kaon channel.

Legn

[65] p̄p ! ⇡�⇡+ 2.665 2.69 � Hydrogen bubble
chamber. Data point
consistent with previous
result.

[66] p̄p ! ⇡�⇡+ 1.909 5.9
d�

dt
Measurement of cross section
for 20 reactions at 90�.

[67] p̄p ! ⇡�⇡+ 1.909-2.005 0.362-0.760 d�(✓)
d⌦ + Folded angular

distribution of ⇡ and K
pairs.

d�(⇡�✓)
d⌦

[68] p̄p ! ⇡�⇡+ 1.876 0.00 �(⇡,K)

�(X)

p̄p annihilation into ⇡ and
K pairs from atomic
states.

[69] p̄p ! ⇡�⇡+ 4.934 12
d�

du
, � s�10 dependence of the

differential cross section.
Crossing symmetry
confirmed.

⇡�p ! ⇡�p 4.107-4.934 8, 12 �

[70] p̄p ! ⇡�⇡+ 2.081 1.0 POL Spark chamber data.
Polarization parameter for
p̄p annihilation into pion
and kaon pairs close to 1.

[71] p̄p ! ⇡�⇡+ 1.994 - 2.64 0.7-2.4
d�

d⌦
Spark chamber data.
Interpretation with
Legendre polynomials.

TABLE 1.4: (Part III) Collection of experimental data for the reactions:
p̄+ p ! ⇡�

+ ⇡+, ⇡�
+ p ! ⇡�

+ p, ⇡�
+ p ! p+ ⇡�.
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⇡±p and Kp (angular and energy dependence) are discussed in terms of geo-
metrical scaling (GS). Assuming that the scattering amplitude is purely imag-
inary: ⇢ = ReF/ImF = 0 at t = 0, GS implies that ImF (s, t) = ImF (s, 0)�(⌧).
�(⌧) should be a universal function for all channels with constant ratio �el/�tot

and ⌧ = �t�tot is the scaling variable. If �tot ⇠ (ln s)2 the GS behavior can be
derived by first principles [72]. GS predicts a universal behavior of the scatter-
ing data when plotted as (1/�2

tot)d�/dt versus �t�tot. Data of ⇡p and Kp from
this experiment exhibit a deviation above |t| ⇡ 2.8 GeV2.

For ⇡p elastic scattering, lowest order QCD predicts a behavior of the differen-
tial cross section as d�/dt ' s�8(t/s)�7 which means a s�8 dependence at fixed
angle t/s ' (1� cos ✓). Ref. [51] suggests that the data at 20 GeV/c and at 200
GeV/c exhibit an approximate lowest-order QCD behaviour for |t| � 10 GeV2

and |t| � 5 GeV2, respectively, while 50 GeV/c data up to |t| ' 8 GeV2 have
not yet reached a QCD regime. This could be interpreted as a decrease of the
QCD t-threshold with increasing energy, a behaviour implying the transition
of the 50 GeV/c data to a |t|�7 dependence around |t| = 8 GeV2.

• Ref. [52] reports on the differential cross section of the reaction (1.1) at 10
GeV/c (

p
s = 4.559 GeV) at forward angles, in the range 0.15 GeV2 < �t  1.5

GeV2. The six measured values show a good agreement with elastic ⇡+p at
backward angle with crossing symmetry. The data can be fitted by a function:

d�

dt
(s)

�

�

�

�

�t=0.3 GeV2

= const · s�↵ (1.9)

with ↵ = 4.7± 0.2 (2.7± 0.5) for pL < (�) 3 GeV/c.

• In Ref. [53], a comparison of the reactions (1.1) and (1.2, 1.3) at 6 GeV/c is
given. Precise forward angular distributions are compared. Crossing symme-
try is not verified by the forward slopes and the position, shape of the dips.
The energy dependence is inconsistent with the Regge model predictions. The
paper concludes in failure of line reversal and Regge models.

• In Ref. [46], 23 points are given for the angular distribution of the reaction
(1.1) at pL=6.21 GeV/c, corresponding to s = 13.5 GeV2, in a region near the
kinematical limits �t = 0.063 and 11.68 GeV2.

• Ref. [47] gives 26 points of angular distribution for reaction (1.1) at 5 GeV/c
momentum (s =11.3 GeV2). A comparison is made with the results of Ref. [73]
and Ref. [74] where ⇡p elastic scattering was measured at similar s values.
It concludes in failure of applicability of crossing symmetry for deriving the
corresponding matrix elements.
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• Ref. [54] reports the values of the differential cross section for the forward
and backward ⇡p elastic scattering at incident momenta of 3 and 4 GeV/c. An
evidence for a change of behavior of d�/du from s�8 to s�2 is highlighted.

• Summaries of Refs. [69, 75, 76, 77]. The highest energy (0.980 TeV) and inten-
sity (L = 1030 cm�2 s�1) antiproton source was built at Fermilab. Experiments
as E760 [78] and E835 [76, 77], provided data for hadronic and leptonic final
channels. In Ref. [69], the backward total cross section at incident antiproton
momentum of 12 GeV/c, in the laboratory system, was measured for differ-
ent channels. Besides the reactions (1.1,1.2,1.3), elastic K� + p ! p +K� and
p̄ + p ! p̄ + p scattering was measured at 8 and 12 GeV/c (corresponding top
s=4.934 GeV) in the range -1.5 GeV2  u  -0.05 GeV2. Differential cross

sections for two-body neutral final states at 2.911 GeV 
p
s  3.686 GeV, in

the central angular region, bringing information on resonances which couple
to pp̄, are reported in Ref. [75].

1.3.2 Total cross sections
• Summaries of Refs. [55, 56]. The annihilation reactions into pions and kaons

were measured by the PS170 collaboration, Ref. [55], which primary goal was
to collect as high statistics as possible for the measurement of the time-like
electromagnetic form factors. Data for the total cross sections in the momen-
tum range 416 MeV/c  pL  888 MeV/c are given, as well as the coeffi-
cients of polynomial fit to the known total cross section data between 200 and
1600 MeV. Cross section measurements, including angular distributions and
fits with Legendre polynomials for the reaction (1.1) at lower energy (for 158
MeV/c  pL  275 MeV/c) can be found in Ref. [56].

• Ref. [57], the total cross section for p̄p annihilation into 2-, 4- and 6-prong
topologies, and exclusive charged particles ,was measured at Brookhaven Na-
tional Laboratory (BNL) in the incident momentum range 374 MeV/c to 680
MeV/c. A small enhancement of the cross section was observed at 490 MeV/c
corresponding to the S meson mass.

• Ref. [58] reports data for p̄p annihilation into charged pion and kaon pairs
at incident momenta of 390, 490, 590, 690, and 780 MeV/c to search for reso-
nances. An enhancement of cross section was also observed at 490 MeV/c.

• In Ref. [59], the data for different exclusive annihilation processes for 8.8
GeV/c p̄p interactions were measured. The comparison between the non-annihilation
cross section and pp interaction is discussed. The value of the total cross sec-
tion of annihilation into ⇡+⇡� at backward angles (u = 0) is given. The cross
sections have been normalized assuming a total p̄p annihilation cross section
of 55.9 mb.
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• In Ref. [60], the p̄p interaction at 2.32 GeV/c was measured by the POLLY
II system. Based on inclusive cross section for annihilation into ⇢+pions and
the assumption of the equivalence of ⇢+, ⇢�, ⇢� states, concludes that most
production of charged pions comes from ⇢ mesons.

• Ref. [62] is dedicated to a system study of p̄p and p̄d interactions between 1.51
and 2.90 GeV/c. Topological and reaction cross sections are given to study the
enhancements at energies of 2190, 2350 and 2375 MeV in the N̄N system.

• In Ref. [63] data for the total cross section of p̄p into meson pairs are collected at
2.3 GeV/c. The comparison with the dual model shows qualitative agreement.

• Ref. [64] reports on proton-antiproton annihilation into ⇡+ ⇡� and K+ K�

from 700 to 1100 MeV/c, with focus on one direct-channel resonances. No evi-
dence of any direct-channel resonances in pion production channel was found
but possibly in the kaon channel between 800 and 1000 MeV/c.

• Ref. [65] presents data on ⇡+⇡�, K+K� and K̄� + K� final states for the p̄p
annihilation at 2.7 GeV/c.

1.3.3 High energy region
• Summaries of Refs. [51, 41, 42]. The prediction of the |t|�7 dependence from

the multi-gluon exchange model of Donnachie and Landshoff [41, 42] and
the comparison with QCD quark counting rules is discussed in Ref. [51]. The
weak t dependence of the 20 and 50 GeV data (|t|�3) seems to rule out the gluon
exchange diagram as the dominant mechanism at lower energies, while the
200 GeV data do not exclude such a mechanism. The faster fall-off indicated by
the 20 GeV data at very large |t| hardly signals the onset of the gluon exchange
mechanism, since the fixed angle energy dependence between these data and
the extrapolated (|t|�7) 200 GeV data is stronger (s�8) than the predicted s�7

dependence. The conclusion is that the multi-gluon exchange model applies
to ⇡�p data at large t and for energies above 200 GeV.

1.3.4 Low energy region
• In Ref. [45], complete angular distributions for p̄p annihilation into charged

pion and kaon pairs between 0.79 GeV/c and 2.43 GeV/c are reported. The
data are described by Legendre polynomial series. With a Breit-Wigner model
including the resonant states and a constituent interchange model plus res-
onances, three resonances are suggested. They should be confirmed by an
experiment measuring polarization observables.



26 Chapter 1. Annihilation of p̄p into light mesons

• Summaries of Refs. [38, 39, 79]. The annihilation at rest is object of extensive
studies at LEAR by the Obelix collaboration, and summarized in extensive re-
views [38, 39]. The most probable number of emitted pions is five, and this
number increases with energy for in flight annihilation. Let us mention Ref.
[79], with the observations on p̄ d annihilation at rest into two pions. The an-
nihilation on a deuterium target brings interesting information of the isotopic
properties of the partial waves contributing to the cross section.

• Ref. [80] gives a measurement of the branching ratio �(p̄p ! e+e�)/�(p̄p !
Total) in p̄p annihilation at rest. The annihilation into hadron pair as well
as lepton pairs was observed, with the aim of extract proton electromagnetic
time-like form factors.

• Summaries of Refs. [67, 81, 82, 64]. Low energy experiments with complete
angular distributions in Refs. [67, 81] aimed to search for resonant structures.
Other measurements of the cross section for ⇡+⇡� production at rest are listed
in Ref. [68], and a search for the XI(2.2) resonance formation in p̄p can be found
in Ref. [82]. The angular distributions for p̄p annihilation into pion and kaon
pairs are given, with the description in terms of a Legendre polynomial series
(e.g. Ref. [64]).

1.3.5 Polarized experiments
• In Ref. [83] the asymmetries in the differential cross sections for p̄p ! p̄p and
p̄p ! ⇡�⇡+ at 1.64 GeV/c and 2.55 GeV/c using a polarized proton target were
measured at BNL. Differential cross section data are fitted with a partial-wave
expansion. The use of a polarized target at LEAR allowed the measurement of
analyzing powers at 20 beam momenta from 360 to 1550 MeV/c, for p̄~p annihi-
lation into charged pion and kaon pairs. The results show that the analyzing
power is close to unity above 1 GeV/c. At lower energies large variations are
observed with energy and angle [37].

• In Ref. [70] measurements of one spin polarization parameter for p̄p annihi-
lation into charged pion and kaon pairs with a transversely polarized target,
at momentum between 1.0 GeV/c and 2.2 GeV/c at LEAR are presented. The
cross section shows large oscillations and the single-spin polarization observ-
able is close to unity for both channels in the studied kinematical range.

1.3.6 Central collisions
• In Ref. [75], two body neutral final channels were reported. Angular distribu-

tions show a flattening around 90� CM angle. The s dependence of the cross
section was discussed in frame of quark counting rules and and Landshoff
parametrization, including Sudakov corrections.
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• In Refs. [84, 66], few values of the cross section at ✓ = 90� are reported, for sev-
eral binary reactions, with the AGS antiprotons, in the momentum range 6-10
GeV/c and discussed in terms of color transparency. In this paper it is noticed
that the reactions which allow quark exchange show energy dependence as
predicted by quark counting rules. Reactions with mesons in final state which
do not go through quark exchange, have cross sections smaller by one order
of magnitude than the others. These results were later extensively discussed
in Ref. [66], as a test of short distance interaction dynamics. The cross sections
at 90� in the CM (large t values) are reported for 3.4 GeV 

p
s  3.6 GeV,

for 20 exclusive reactions induced by p̄p annihilation. Discussion in terms of
valence quark scattering concludes that among the considered mechanisms
(gluon exchange, quark-antiquark annihilation followed by pair creation, and
quark interchange between hadrons) this last one dominates.

1.4 Relation with the crossed processes
Let us consider the processes of proton-antiproton annihilation into a pion pair
Eq. (1.1), Fig. 1.7 and the elastic scattering Eq. (1.2).

The experimental data are often plotted as d�/dt or d�/du as a function of t or

u. The conversion factor is:
d�

d cos ✓
=

d�

dt

�

�

�

�

dt

d cos ✓

�

�

�

�

= 2E2��⇡
d�

dt
, and similarly for

d�/du.
The general expression for the differential cross section of a binary process, in

CMS is (see derivation in Section 2.2.1):

d�

d⌦
=

|M|2|~p|
64⇡2W 2|~k|

, (1.10)



28 Chapter 1. Annihilation of p̄p into light mesons

Annihilation Scattering
p̄(p1) + p(p2) ! ⇡�(k1) + ⇡+(k2) ⇡�(�k2) + p(p2) ! ⇡�(k1) + p(�p1)

sa = (p1 + p2)
2 ss = (�k2 + p2)

2

ta = (p1 � k1)
2 ts = (�k2 � k1)

2

ua = (p1 � k2)
2 us = (p1 � k2)

2

sa = 4E2 = 4(M2
p + |~pa|2) ss = m2

⇡ +M2
p + 2E 0

2"
0
2 + 2|~ks|2

�a =
1

4

|Ma|2
64⇡2s

|~ka|
|~pa|

�s =
1

2

|Ms|2
64⇡2s

|~ks|
|~ps|

TABLE 1.5: Correspondence between variables in the crossed scattering
(s) and annihilation (a) channels.

where M is the matrix element which depends on the reaction and on the dynam-
ics of the process. Here p and k are the momenta in the initial and final channels,
respectively, and W is the total energy.

The reactions (1.2,1.3) are the crossed channel of the reaction (1.1). If crossing
symmetry holds, their cross sections can be derived from Eq. (1.10) with the replace-
ment ~p $ ~k. This means that the amplitudes of the cross processes are the same, but
the variables span different regions of the kinematical space, i.e., the matrix element
M(s, t) is the same, at corresponding s and t values.

Many attempts to verify the validity of crossing symmetry were done in the 70’s,
concluding that in general, one can not drive reliable predictions based on crossing
symmetry. The validity of crossing symmetry implies that the underlying reaction
mechanism is the same, at corresponding kinematics.

In order to compare scattering and annihilation cross sections, at the same s, one
has to find the corresponding incident beam energy or momentum. Let us con-
sider CM system and discuss the meaning of corresponding kinematics. Scattering
and annihilation channels are defined as in Table 1.5. In order to apply crossing
symmetry, moving from left $ right, a particle becomes antiparticle and its four-
momentum changes sign.

Note that the coefficients 1/2 and 1/4 in the cross section formulas are the spin
factors: (2S⇡ + 1)(2Sp + 1) and (2Sp̄ + 1)(2Sp + 1) for the scattering and annihila-
tion channels, respectively, where S⇡, Sp and Sp̄ are the spins of pion, proton and
antiproton, i.e., the corresponding initial particles. The incident momentum in the
annihilation channel for a given value of the invariant s is: |~pa| =

q

s/4�M2
p . From

the equality sa = ss, the CMS momentum for ⇡�p scattering, |ks|, is evaluated at the
same s value:

|~ks|2 =
1

4s

⇥

m4
⇡ � 2m2

⇡(M
2
p + s) + (M2

p � s)2
⇤

, (1.11)
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and the amplitudes are assumed to be the same at this point. Then the cross sections
for the two crossed processes are related by:

�a =
1

2

|~ks|2

|~pa|2
�s. (1.12)

If the scattering cross section is measured at a value ss = s1 different from sa = s, at
small t values one should rescale the cross section, using the empirical dependence:
�s ' const · s�2 [46]. Therefore:

�s(s) = �s(s1) ·
s�2

s�2
1

. (1.13)

Let us show those data from the compilation above that can be compared as they
lie in the similar energy range for annihilation and scattering. As an example we
plot in Fig. 1.8 the data from Ref. [46]. The ⇡�p data at 6.73 GeV/c are compared
to the p̄p data at 6.2 GeV/c. They are first scaled to s=13.53 GeV2, according to the
proportionality and then multiplied with the crossing factor, Eq. (1.12), f = 0.589.
It appears that the data are qualitatively consistent, in slope and absolute value, for
t  1 GeV2.

Another example is shown in Fig. 1.9. The scattering data for ⇡�p at 5.8 GeV/c
[48] and the annihilation p̄p data for s = 13.53 GeV2 are compared. According to Eq.
(1.12), one finds f = 0.438.

We see that the slope is consistent among the sets of data, up to t = 1 GeV2.
Therefore we can state that crossing symmetry works relatively well at low t where
one nucleon exchange diagram dominates, but fails at larger t values, where several
diagrams as s-channel exchange including the contribution of resonances start to
play a role.

These data, however, do help when developing the model, as they fill very for-
ward or backward angles, where annihilation data are scarce. The comparison in
this region put constraints on the model parameters.
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Chapter 2

Calculation of p̄p annihilation into
charged light meson pairs

2.1 Introduction
From the collection of the experimental data previously presented, one can foresee
the difficulty for a coherent description of the annihilation into light mesons.

The difficulties are related to different aspects:

• the most probable reaction mechanism is changing with the energy and the
angle;

• data are very scarce not allowing to constrain parameter models;

• model independent considerations based on crossing symmetry or T-invariance,
which may help to connect the relevant reactions, can not always be consid-
ered as predictive [53].

A generator in frame of PANDARoot, the framework devoted to the PANDA
experiment, was built [87] using two different parametrizations. In the “low" energy
region, pL < 5 GeV/c, the parameters of Legendre polynomials up to the order of
ten have been fitted to the data from Ref. [45]. In the higher energy region pL � 5
GeV/c, the Regge inspired parametrization from Ref. [44], previously tuned on the
data from Refs. [47, 46, 66, 69], was applied. A smooth interpolation connected the
two regions. The angular distributions for the reaction (1.1) are shown in Fig. 2.1
for different values of the total energy larger than 2 GeV. The functions used in the
pion generator are shown in comparison to the data sample. One can see that a fair
agreement is obtained for two data sets [46] (solid circles, black, solid line), and [47]
(open blue circle, blue dash-dotted line).

The total cross section can also be calculated and compared to the data. Few
points exist in the literature, mainly at lower momenta. The data are shown in Fig.
2.2 as a function of the antiproton momentum, pL. One can see that the data are
scarce over pL= 4 GeV/c, poorly constraining the generator (red, solid line). The
value at pL= 12 GeV/c from ref. [69] is a measurement of the backward cross section
and should be considered a lower limit. For comparison, the parametrization from
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and 4 GeV(open red crosses, red thick dashed line) from ref. [54]; 6 GeV
[53] (black triangles-down); 6.21 GeV [46] (solid circles, black, solid
line); 13.5 GeV [47] (open blue circle, blue dash-dotted line); 20.8 GeV
[52] (green triangles, green dotted line); 24.3 GeV [69] (cyan square,
cyan short-dashed line); upper limits at 30 GeV (yellow open triangles)
and 50 GeV (yellow open squares) from [51]. The lines are from the
generator [87].
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the compilation in Ref. [24], which reproduces the low momentum data, is also
shown (black, dashed line).
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FIGURE 2.2: Total cross section for the reaction p̄ + p ! ⇡+
+ ⇡�, as a

function of the beam momentum in Lab system pL. The data are from:
[56] (black, full squares) [55] (black, full circles) [58] (black, full triangle
up) [57] (magenta, full triangle down) [59] (black, full circle) [60] (cyan,
full cross) [88] (black, open triangle up) [62] (red, full diamond) [64]
(grey, full star) [65] (blue, open star) [69] (green, full square). The solid
line is the result from the generator, where the transition between the
two regimes is visible.The dashed line is the result of the compilation
from [24].

The generator is based on the effective Lagrangian model developed in [44] that
considers p and � exchanges in t and u channels and ⇢-exchange in s channel.
Dipole form factors are added at vertices and a specific extrapolation to the time-like
region was introduced for the Regge factors. The authors warn about extrapolation
outside the considered data sets. As one can see from Fig. 2.2, different parametriza-
tion give different results and they are not constrained by the data. Moreover, the
results are available only in numerical form.

Therefore it appeared useful to develop an effective meson model, with mesonic
and baryonic degrees of freedom in s, t, and u channels that has predictability in a
larger kinematical region. This model should have minimal ingredients and calcu-
late the basic features of neutral and charged pion production in the energy range
that will be investigated by the future experiment PANDA at FAIR. To get maxi-
mum profit from the available data, we consider also existing ⇡±p elastic scattering
data and apply crossing symmetry in order to compare the predictions based on the
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annihilation channel, at least in a limited kinematical range. The main requirement
is that the model should be able to reproduce charged pion production from annihi-
lation, and ⇡±p elastic scattering without readjustment of the parameters. Moreover,
SU(3) symmetry gives a prescription to relate p̄p annihilation into charged kaon and
pion pairs. The model should be adapted also to neutral pion production, after suit-
able changes of the reaction mechanism and of the exchanged particles.

The results presented in this chapter have been published in Ref. [16]. The data
used in the analysis are reported in Appendix A.1.

2.2 Formalism for p̄ + p ! ⇡� + ⇡+

2.2.1 Derivation of the invariant cross section
We consider the annihilation reaction 1.1 in the center of mass system (CMS). The
following notations are used: qt = (�p1 + k1), q2t = t, qu = (�p1 + k2), q2u = u and
qs = (p1 + p2), q2s = s, s + t + u = 2M2

N + 2m2
⇡, MN (m⇡) is the nucleon(pion) mass.

The useful scalar product between four vectors are explicitly written as:

2p1k2 = 2k1p2 = M2
N +m2

⇡ � u, 2p1k1 = 2k2p2 = M2
N +m2

⇡ � t,

2p1p2 = s� 2M2
N , 2k1k2 = s� 2m2

⇡,

p21 = p22 = M2
N = E2 � |~p|2, k2

1 = k2
2 = m2

⇡ = "2 � |~k|2. (2.1)

The relativistic invariant expression for the cross section of the process (1.1), which
holds in any reference system is:

d� =
1

(2Sp + 1)(2Sp̄ + 1)I |M|2d�, (2.2)

where I is the flux of colliding particles. With the notations as in Table 1.1, the
invariant form for the flux of the binary process (1.1) is:

I =
p

(p1p2)2 �M2 = 2s�p, � =
p

E
=

r

1� 4M2

s
. (2.3)

It is an invariant expression: it can be evaluated in any reference system. The phase
space for the (binary) process (3.1) is:

d� =
d3~k3

1

(2⇡)32"1

d3~k3
2

(2⇡)32"2
�4(p1 + p2 � k1 � k2)(2⇡)

4

=
1

(2⇡)2
d3~k3

1

2"1

d3~k3
2

2"2
�4(p1 + p2 � k1 � k2). (2.4)
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Using the condition on four momentum conservation d4k2�
4(p1 + p2 � k1 � k2) = 1:

d3~k2
2"2

= d4k2�(k
2
2 �m2

⇡). (2.5)

Using the relations |~k1|2 = "21 �m2
⇡, |~k1|2d|~k1| = 2|~k1|d|~k1| = 2"1d"1 , one finds:

d3~k1
2"1

=
|~k1|2d|~k1|d⌦

2"1
=

|~k1|
2

d"1d⌦. (2.6)

Replacing Eqs. (2.5, 2.6) in Eq.( 2.4), the element of phase space becomes:

d� =
|~k1|

2(2⇡)2
d"1d⌦�(k

2
2 �m2

⇡). (2.7)

Using that k2
2 = (p1 + p2 � k1)

2 = s+m2
⇡ � 4"1E

�(k2
2 �m2

⇡) = �(s� 4"1E). (2.8)

We may integrate over "1, using the property of � function, for any function �:

��(x) =
1

|�0(x0)|
�(x� x0) !

Z

�(s� 4"1E)dE =
1

4"1
�
⇣

"1 �
s

4E

⌘

dE, (2.9)

from where we find the condition for the energy conservation:

�
⇣

"1 �
s

4E

⌘

= 1 ! "1 =
s

4E
. (2.10)

Finally the phase space for the binary reaction (3.1) has the expression:

d� =
1

25⇡2

|~k1|
4"1

d⌦ =
1

25⇡2
�⇡d⌦, (2.11)

and the general expression for the differential cross section is:

d�

d⌦
=

1

28⇡2

1

s

�⇡

�p

|M|2, d�

d cos ✓
=

1

27⇡

1

s

�⇡

�p

|M|2. (2.12)

2.2.2 Calculation of the matrix element
In order to calculate |M|2, one needs to specify a model for the considered reaction.
The following contributions to the cross section, Fig. 2.3, are considered:

• baryon exchange:

– t-channel nucleon (neutron) exchange, Fig. 2.3.a,
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effective meson Lagrangian approach.

– t-channel �0 exchange, Fig. 2.3.b,

– u-channel �++ exchange , Fig. 2.3.c;

• s-channel ⇢-meson exchange, Fig. 2.3.d.

We will neglect the difference of masses between the nucleons as well as between
different charge states of the pion and of the �. Coupling constants are fixed from
the known decays of the particles if it is possible, otherwise we use the values from
effective potentials as [89]. Masses and widths are taken from [90].

After the calculation of the coupling constant and matrix elements, the total ma-
trix element squared averaged over the spin states of the initial particles, is obtained
as the sum of the squared of matrix element for the individual contributions and the
interferences among them:

|M(p̄p ! ⇡+⇡�)|2 = |Mn|2 + |M�0 |2 + |M�++ |2 + |M⇢|2 + (2.13)
2Re[MnM⇤

�0 ] + 2Re[MnM⇤
�++ ] + 2Re[MnM⇤

⇢] +

2Re[M�0M⇤
�++ ] + 2Re[M�0M⇤

⇢] + 2Re[M⇢M⇤
�++ ].

Taking into account the phase space and the flux, the expression for the differential
cross section is:

d�

d⌦
(p̄p ! ⇡+⇡�) =

1

28⇡2

1

s(t�M)2
�⇡

�p

|M(p̄p ! ⇡+⇡�)|2. (2.14)

For any binary process, the amplitudes depend on two kinematical variables, for
example s, t or E, ✓. The relative role of these amplitudes therefore depends on the
kinematical region. The dominant contribution in forward direction is N exchange,
whereas �++ mostly contributes to backward scattering. We neglect the difference
of masses between the nucleons as well as between different charge states of the
pion and of the �-resonance. Scattering around cos ✓ = 0 is sensitive to s-channel
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exchange of vector mesons, with the same quantum numbers as the photon. Al-
though several resonances are present in these region, no one appears to be dom-
inant outside its peak region. Adding resonances brings new parameters and un-
known relative phases. Therefore, we limit this contribution to ⇢-meson exchange.
Assuming ⇢ as dominant contribution, in our approach is equivalent to give more
weight to P-wave. Far from their maximum, all the L = 1 resonances give pro-
portional contributions, and one can consider that they are effectively taken into
account. The significant test of the contributing L�values is contained in the exper-
imental angular distributions. These are well reproduced by our model. We neglect
the difference of masses between the nucleons as well as between different charge
states of the pion and of the �. Large angle scattering is driven by s-channel ex-
change of vector mesons, with the same quantum numbers as the photon. We limit
our considerations to ⇢-meson exchange.

The amplitudes corresponding to the considered diagrams are calculated below,
following Feynman rules. The calculation has been done analytically. Sometimes
the trace was calculated and/or checked with the help of the FORM program and,
if necessary, the resulting expression simplified with the help of MATHEMATICA.
Further calculations and graphs are done in frame of C++ and ROOT packages.

The common ingredients are the four-component spinors of the proton, u(p2),
and antiproton, v̄(p1), which obey the Dirac equation. The corresponding density
matrices are

us(p)ū
s(p) = pµ�

µ +Mp = p̂+Mp,

vs(p)v̄
s(p) = p̂�Mp. (2.15)

2.2.3 t-channel neutron exchange
The specific ingredients for the diagram Fig. 2.3.a are:

• the vertex ⇡NN : �ig⇡NN(i�5)(2⇡)
4, where g⇡NN is the pion-nucleon coupling

constant and �5 is the Dirac matrix, accounting for the pseudoscalar nature of
the pion.

• the nucleon propagator,
i

(2⇡)4
q̂t +Mp

q2t �M2
p

, where qt = �p1 + k1 = p2 � k2 is the

momentum of the exchanged neutron, with q2t = t.
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The amplitude is written as:

Mn = � i

(2⇡)4
v̄(p1)[�ig⇡NN�5(2⇡)

4]
i

(2⇡)4
q̂t +Mp

q2t �M2
p

[�ig2⇡NN�5(2⇡)
4]u(p2)

=
g2⇡NN

q2t �M2
p

v̄(p1)�5(q̂t +Mp)�5u(p2)

=
g2⇡NN

q2t �M2
p

v̄(p1)(�q̂t +Mp)u(p2). (2.16)

For the matrix element squared we find:

|Mn|2 = MnA
⇤(a) =

g4⇡NN

(q2t �M2
p )

2
Tr

⇥

(p̂1 �Mp)(q̂ +Mp)
2(p̂2 +Mp)

⇤

. (2.17)

Calculating the trace:

|Mn|2 = 2
g4⇡NN

(t�M2
p )

2

⇥

�t2 � t(�2M2
p � 2m2

⇡ + s)� (M2
p + 2m2

⇡) +M2
p s
⇤

, (2.18)

or, equivalently,

|Mn|2 = �2
g4⇡NN

(t�M2
p )

2

⇥

m4 + (M2
p � t)(M2

p � s� t+ 2m⇡)
⇤

. (2.19)

2.2.4 t-channel �0 exchange
The specific ingredients for � exchange (Fig. 2.3.b) are related to the spin 3/2 nature
of the �-resonance :

• the �-spin-vector, U� : we take the expression from book [91], where the den-
sity matrix is

Pµ⌫ = U�
µ (p�)Ū

⇤�
⌫ (p�) = �gµ⌫ +

1

3
�µ�⌫ +

�µP⌫ � �⌫Pµ

3M�
+

2

3

PµP⌫

M2
�

. (2.20)

• the vertex �⇡N is written as:

� i(2⇡)4g�⇡Nk
µ
1 , (2.21)

• and the �-propagator :
i

(2⇡)4
q̂t +M�

q2b �M2
�

Pµ⌫ , (2.22)

where qt = k1 � p1 = p2 � k2, M� is the weighted mass of the � resonance, g�⇡N is
the coupling constant for the vertex � ! ⇡N (see Eq. (2.25)).
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The matrix element for the diagram Fig. 2.3.b is:

M�0 = � i

(2⇡)4
v̄(p1)[�ig2�⇡Nk

µ
1 (2⇡)

4]
i

(2⇡)4
q̂t +M�

q2t �M2
�

Pµ⌫(qt)[�ig�⇡Nk
⌫
2(2⇡)

4]u(p2)

= � g2�⇡N

t�M2
�

v̄(p1)(q̂t +M�)Pµ⌫(qt)u(p2)k
µ
1k

⌫
2 . (2.23)

Squaring the amplitude and taking the trace one has

|M�0 |2 =
g4�⇡N

(t�M2
�)

2
kµ
1k

⌫
2k

↵
1 k

�
2Tr [(p̂1 �Mp)(q̂t +M�)Pµ⌫(qt)

(p̂2 +Mp)P̃↵�(qt)(q̂t +M�)
i

. (2.24)

which is further processed by FORM giving a lengthy expression of the form: |M�0 |2 =
f(s, t,M,m,M�) .

• The �N⇡ coupling constant

The decay width of the � in the system where the � is at rest (see Fig. 2.4) is given
by:

�(� ! N⇡) =
1

2M�
|M(� ! N⇡)|2�2, �2 =

|~p|
4⇡M�

, (2.25)

where �2 is the integrated phase space for two particle production. In the system
where the � is at rest the four vectors of the particles are:

p� = (M�, 0), pp = (E, ~p), k⇡ = (",~k), with M� = E + ",

and

|~p| = |~k| =
⇤1/2(M2

�,M
2
p ,m

2
⇡)

2M�
, " =

M2
� �M2

p +m2
⇡

2M�
, E =

M2
� +M2

p �m2
⇡

2M�
. (2.26)

Taking the expression of the vertex � ! N⇡ as in Eq. (2.21), the matrix element is

M�N⇡ = ū(p)(�i)(2⇡)4g�N⇡k
µUµ(p�)

(�i)

(2⇡)4
= g�N⇡ū(p)k

µUµ(p�), (2.27)

where Uµ is the four-vector describing the � spin 3/2 baryon.
Squaring the matrix element and summing over spin states one finds:

|M(� ! N⇡)|2 = g2�N⇡ū(p)k
µk⌫Tr [(p̂+Mp)(p̂� +M�)P

µ⌫(q�)] , (2.28)

with P µ⌫(q�) given by Eq. (2.20).
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Calculating the trace after few simplifications , using the following scalar prod-
uct (pp�) = (M2

� +M2
p �m2

⇡)/2 one finds:

|M�N⇡|2 =
g2�N⇡

3M2
�

�

[(M2
� +M2

p )�m2
⇡]

2[(M2
� �M2

p )�m2
⇡]
 

. (2.29)

The experimental value for M� (mixed charges) is from 1230 to 1234 (⇡ 1232)
MeV and for the Breit-Wigner full width �� (mixed charges) is from 114 to 120 (⇡
117) MeV [92]. The experimental width corresponds to four initial and six final
states:

�++ ! p+ ⇡+,

�+ ! p+ ⇡0, n+ ⇡+,

�0 ! p+ ⇡�, n+ ⇡0,

�� ! n+ ⇡0,

therefore a factor 3/2 is added in the expression of the full width for an individual
state. From

�� =
3

2

~p

32⇡M2
�

|M(� ! N⇡)|2 (2.30)

we find g�N⇡ = 15.7± 0.4 GeV�1, or g�N⇡/m⇡ = 2.18± 0.05 (dimensionless)1.

q

)
∆

(p∆

(k)π

N(p)

FIGURE 2.4: Diagram for � ! N⇡ decay.

2.2.5 u-channel �++ exchange
The diagram in Fig. 2.3.c corresponds to ⇡� emitted at backward angle involves the
exchange of �++ and can be obtained from (Fig. 2.3.b) with the replacements: t $ u

1Note on units: |M�N⇡|2 ! [GeV2] implies g�N⇡ ! [GeV�1].
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and k1 $ k2. Explicitly we write:

M�++ = � g2�⇡N

u�M2
�

v̄(p1)(q̂u +M�)Pµ⌫(qu)u(p2)k
µ
2k

⌫
1 , (2.31)

with qu = k2 � p1 = p2 � k1, and q2u = u.

2.2.6 s-channel ⇢ meson exchange
The largest contribution to meson exchange in s-channel, Fig 2.3.d, is given by the
⇢-meson. It is an isovector particle, with spin one and negative parity as the photon.
Its branching ratio into two pions is ⇠ 100%.

• The ⇢- propagator is

� i

(2⇡)4

2

6

6

4

gµ⌫ �
qµs q

⌫
s

m2
⇢

q2s �m2
⇢ + i

p

q2s�⇢(q2s)

3

7

7

5

, (2.32)

where gµ⌫ =
1

2
[�µ�⌫ + �⌫�µ] is the metric tensor (symmetric), qs = p1 + p2 =

k1 + k2, q2s = s.

• the ⇢⇡⇡ vertex (see Eq. (2.38)):

� ig⇢⇡⇡(k1 � k2)
⌫(2⇡)4, (2.33)

where g⇢⇡⇡ is the constant for the decay ⇢ ! ⇡⇡;

• the ⇢NN vertex :
� ig⇢NN�

µ(qs)(2⇡)
4, (2.34)

where �µ(qs) includes the proton structure:

�µ(qs) = F ⇢
1 (q

2
s)�µ(qs) +

i

2Mp

F ⇢
2 (q

2
s)�µ⌫q

⌫
s , (2.35)

with �µ⌫ =
i

2
[�µ�⌫ � �⌫�µ], antisymmetric tensor. Due to the isovector nature

of the ⇢, this vertex is similar to the electromagnetic vertex �NN , however the
two form factors F ⇢

1,2(q
2
s) are different from the proton electromagnetic FFs.
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The matrix element is written as:

M⇢ = � i

(2⇡)4
v̄(p1)[�ig⇢NN�

µ(q)(2⇡)4]u(p2)

8

>

>

<

>

>

:

� i

(2⇡)4

gµ⌫ �
qµq⌫
m2

⇢

[q2 �m2
⇢ + i

p

q2�⇢(q2)]

9

>

>

=

>

>

;

[�ig⇢⇡⇡(k1 � k2)
⌫(2⇡)4]

=
g⇢ppg⇢⇡⇡

[s�m2
⇢ + i

p
s�⇢(s)]

[v̄(p1)�
µ(q)u(p2)](k1 � k2)

⌫

⇢

gµ⌫ �
qµq⌫
m2

⇢

�

. (2.36)

Squaring the amplitude:

|M⇢|2 =
g2⇢NNg

2
⇢⇡⇡

[s�m2
⇢ + i

p
s�⇢(s)]2

(k1 � k2)
µ(k1 � k2)

⌫

✓

gµ⌫ �
qsµqs⌫
m2

⇢

◆✓

g↵� �
qs↵qs�
m2

⇢

◆

Tr [(p̂1 �Mp)�
µ(qs)(p̂2 +Mp)�

↵(qs)] . (2.37)

• The ⇢⇡⇡ coupling constant

The ⇢ is a spin one meson with mass m⇢=775.26 ± 0.25 MeV and full width �(⇢) =
149.1 ± 0.8 MeV. The branching ratio into two pions is ⇡ 100%.

The decay width of the ⇢ meson in the system where it is at rest (see Fig. 2.5) is
given by:

�(⇢ ! ⇡⇡) =
1

2m⇢

|M(⇢ ! ⇡⇡)|2�2, �2 =
|~k|

4⇡m⇢

, (2.38)

where � is the integrated phase space, with

|~k| = ⇤1/2(m⇢,m⇡,m⇡)

2m⇢

=

p

m2
⇢ � 4m2

⇡

2
. (2.39)

With the vertex ⇢ ! ⇡⇡ as in Eq. (2.33), the matrix element is

M(⇢ ! ⇡⇡) = � (�i)

(2⇡)4
(�i)g⇢⇡⇡(k1 � k2)

µ(2⇡)4eµ = �g⇢⇡⇡(k1 � k2)
µeµ, (2.40)

where eµ is the four-vector describing the spin one ⇢-meson. Squaring the matrix
element and summing over the spin states:

|M⇢⇡⇡|2 = �g2⇢⇡⇡eµe
⇤
⌫(k1 � k2)

µ(k1 � k2)
⌫ = �g2⇢⇡⇡gµ⌫(k1 � k2)

µ(k1 � k2)⌫

= g2⇢⇡⇡(k
2
1 + k2

2 � 2k1k2) = g2⇢⇡⇡(m
2
⇢ � 4m2

⇡), (2.41)
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where we used: m2
⇢ = (k1 + k2)

2, 2(k1k2) = m2
⇢ � 2m2

⇡. Replacing Eq. (2.41) in (2.38),
finally we find for the total width:

d� =
4

3

g2⇢⇡⇡
16⇡m2

⇢

(m2
⇢ � 4m2

⇡)
3/2, (2.42)

where we added a factor 4/3 to take into account that the three possible initial states
of the ⇢ meson and the four possible charged decays. Inverting Eq. (3.27), the value

q

(q)ρ

)
1

(k
-

π

)
2

(k+
π

FIGURE 2.5: Diagram for ⇢ decay into a pion pair

of the coupling constant is g⇢⇡⇡=5.175± 0.017.
The estimated error on is obtained from quadratic error propagation on the er-

rors on the masses and widths as given by PDG. the interferences are given below.
The general expressions for the interference are given below. They are further pro-
cessed with FORM.

2.2.7 The interferences
The matrix element squared (see Eq. (3.31)) contains the coherent sum of the indi-
vidual amplitudes, i.e., not only the amplitudes square, but also their interferences.
Their expressions are listed below.

2.2.7.1 The �0 �N interference

2Re[MNM
0
�] = 2Re

⇢

g2⇡NNg
2
�⇡N

(t�M2
p )(t�M2

�)
(2.43)

Tr [(p̂1 +Mp)(�q̂t +Mp)(p̂2 +Mp)] P̃µ⌫(qt)(q̂t +M�)k
µ
1k

⌫
2

o

.
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2.2.7.2 The �++ �N interference

2Re[MNM
++
� ] = 2Re

⇢

g2⇡NNg
2
�⇡N

(u�M2
�)(t�M2

p )
(2.44)

Tr [(p̂1 +Mp)(�q̂t +Mp)(p̂2 +Mp)] P̃µ⌫(qu)(q̂u +M�)k
⌫
1k

µ
2

o

.

2.2.7.3 The �++ ��0 interference

2Re[M⇤0
� M++

� ] = 2Re

⇢

g4�⇡N

(t�M2
�)(u�M2

�)
(2.45)

Tr
h

(p̂1 �Mp)(q̂t +Mp)Pµ⌫(qt)(p̂2 +Mp)P̃↵�(qu)(q̂u +M�)
i

kµ
1k

⌫
2k

↵
2 k

�
1

o

.

2.2.7.4 The N � ⇢ interference

2Re[M⇤
nM⇢] = 2Re

⇢

g⇡NNg⇢⇡⇡g
2
⇢NN

[s�m2
⇢ + i

p
s�⇢(s)](t�M2

p )

Tr
h

(p̂1 �Mp)�
µ(qs)(p̂2 +Mp)P̃↵�(qt)(�q̂t +Mp)

i

k↵
1 k

�
2 (k1 � k2)

⌫

✓

gµ⌫ �
qµq⌫
m2

⇢

◆�

. (2.46)

2.2.7.5 The �0 � ⇢ interference

2Re[M�⇤0M
⇤
⇢ ] = 2Re

⇢

g⇢NNg⇢⇡⇡g
2
�⇢N

[s�m2
⇢ + i

p
s�⇢(s)](t�M2

�)

Tr
h

(p̂1 �Mp)�
µ(qs)(p̂2 +Mp)P̃↵�(qt)(�q̂t +M�)

i

k↵
1 k

�
2 (k1 � k2)

⌫

✓

gµ⌫ �
qµq⌫
m2

⇢

◆�

. (2.47)

2.2.7.6 The �++ � ⇢ interference

2Re[M�⇤++M⇢] = 2Re

⇢

g⇢NNg⇢⇡⇡g
2
�⇢N

[s�m2
⇢ + i

p
s�⇢(s)](u�M2

�)

Tr
h

(p̂1 �Mp)�
µ(qs)(p̂2 +Mp)P̃↵�(qu)(�q̂u +M�)

i

k↵
1 k

�
2 (k1 � k2)

⌫

✓

gµ⌫ �
qµq⌫
m2

⇢

◆�

. (2.48)
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2.2.8 Form factors at vertices
The effects of strong interaction in the initial state, between proton and antiproton,
coming from the exchange of vector and (pseudo)scalar mesons are essential. The
most simplified structure of meson is considered as a monopole and baryon as a
dipole. More physical way is to construct the asymptotic behaviour of baryonic
form factors following from the renormalization group. There are two categories of
behaviours, one is power law like from the Regge pole theory and one is logarithm
like within the Sudakov-type suppression. The Regge theory is valid in the very for-
ward or very backward region |s| � |t| where the gluon exchange dominates. Regge
factors have been applied to annihilation reactions in PANDA energy region in two
recent calculations [44, 93] with ad-hoc parameters. For the first time in hadronic
reactions, we suggest to use s and t dependent logarithmic behavior. The limit of
logarithmic behaviour is that |t| should be large compared with the mass in a large
angular region. We make a comparison among these options that can be found in
the literature.

2.2.8.1 Angular and energy dependencies of different form factors and Regge
factors

The composite nature of the hadrons should be taken into account in the calculation
of the diagrams. As different choices for form factors exist in the literature, in order
to find the best description of the data in a wide energy and angular ranges, I studied
the angular and energy dependencies of different functional forms. In the literature,
different functions and parameters may be justified by the scarce knowledge of the
non-perturbative structure of the hadrons.

We studied the following dependencies for the form factors:

• Monopole form factor:

FM(x) =
p2M

|p2M � x| , (2.49)

• Dipole form factor:

FD(x) =
p4D

(p2D � x)
2 , (2.50)

• Exponential form factor:

FE(x) = e
�
����
x�M

2

p

2
E

����
, (2.51)

• Logarithmic form factor:

FL(x) =
N ·M4

0
"

(x� ⇤2) log
(x� ⇤2)

⇤2
QCD

#2 , M0 = 3.86, ⇤QCD = 0.3 GeV. (2.52)
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Factor parameters value
F s
M,D,E(x) psM,D,E 0.8

F h
M,D,E(x) phM,D,E 1.4
RN(x) sN0 , rN 1, 0.7
R�(x) s�0 , r� 1.5, 1.4

TABLE 2.1: Parameters of the monopole, dipole, exponential form fac-
tors for a soft (s) and a hard (h) choice, as well as for Regge parametriza-
tion for n and �, used for the calculation illustrated in Fig. 2.6.

Parameter Value
Np 0.361 ± 0.006
N� 0.041 ± 0.003
⇤2

p 2.25 ± 0.09
⇤2

� 1.05 ± 0.04

TABLE 2.2: Summary of the parameters for the logarithmic form fac-
tors, Eq. (2.52, 2.56).

The monopole, dipole and exponential form factors have been compared for a
soft and a hard choice, characterized by a parameter equal to 0.8 and 1.4, respec-
tively.

In the logarithmic function Eq. (2.52), M0 = 3.86 GeV is a scale parameter, that
has been inserted to conserve units, ⇤QCD = 0.3 GeV is the QCD scale parameter;
NN,(�) = 0.361 ± 0.006(0.041 ± 0.003) is a normalization constant fitted on the data,
⇤N,(�) = 2.25 ± 0.09(1.05 ± 0.04) is a “slope" parameter fitted on the data (in GeV
units). A summary of parameters is listed in Table 2.2 for nucleon and � exchange.

The effects of the strong interaction in the scattering channel effectively lead to
the Regge form of the amplitudes, and to a suppression the t and u diagrams, by
applying to the amplitudes a general Regge factor R(x), x = u, t, in the following
form:

R(x) =

✓

s

s0

◆2[↵(x)�1]

, ↵(x) =
1

2
+ r

↵s

⇡

x�M2

M2
, x = t, u; (2.53)

where r and s0 have been chosen from the literature [94]. In the following numer-
ical applications we take sN0 ' 1 GeV2 and rN = r↵s/⇡ ' 0.7. This Regge factor
incorporates in principle infinite number of resonances, (i.e. �(1232) and others).
The trajectory for the � resonance is known to be different from the nucleon. The
parameters are fixed in this case as: s�0 ' 1.5 GeV2 and r� = r↵s/⇡ ' 1.4. The pa-
rameters are reported in Table 2.1, M(M�) is the mass of the nucleon (�) and x = t
or u. The functions are illustrated in Fig. 2.6 for s=10 GeV2 as a function of t, and for
cos ✓=0.1 as a function of s.
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Let us discuss the energy and angular dependence for the chosen set of parame-
ter. Energy dependence

The two upper(lower) inserts of Fig. 2.6 show the s(cos ✓)-dependence of the
functions, the left figures illustrate monopole, dipole and exponential functions,
whereas the right inserts concern Regge and logarithmic parametrization. When
s increases, the form factors and the Regge factors decrease. The smaller the pa-
rameter, the faster they drop. From the formulae and the plots, it is easy to be seen
that for the same parameter, the Monopole, Dipole and Exponential parametrization
produce, in the order, a larger suppression.

At low energy (< 3 GeV), the hard variants (with parameter 1.4) of the dipole
and exponential form factors do not differ essentially. In all the energy region, the
monopole and the dipole functions show a smooth decrease with increasing s, and
they are not as sensitive as the exponential to the parameter value, that, in this case,
appears in the exponent.

As the Regge factor has a power structure, compared to form factors, it falls
dramatically when s increases. It can produce a suppression larger than 10�10 whenp
s � 4.5 GeV. Regge factors comparatively decrease faster with the same parameter

and smaller mass, as well as for the same particle and a smaller parameter.
The slope of logarithmic form factor is more mild, between the dipole and the

exponential. But the suppression of the logarithmic form factor at small energy (
3.5 GeV) is larger than for the other formulae except the Regge form factor for the
nucleon. At large energy, the suppression is smooth.

Angular dependence

From backward to forward angles, the form factors and the Regge factor increase
with different slopes and become smaller and smaller at the very forward angle
(cos ✓ = 1). Around cos ✓=0.5, an inversion takes place between dipole and exponen-
tial in the hard form. This also happens for Regge factor between different masses.

The logarithmic form factor shows a milder increase than monopole and dipole,
but with a more efficient suppression. Compared with exponential and Regge forms,
it has more stable angular dependence and suitable suppression.

The energy and angular dependencies of different form factors, and the Regge
factors are shown in Fig. 2.6 with the parameters in Table 2.1 and Table 2.2.

2.2.8.2 The ⇢NN form factor

The ⇢NN vertex includes the proton structure in the vector current form with two
form factors (FF) F ⇢

1,2:

�µ(qs) = F ⇢
1 (q

2
s)�µ(qs) +

i

2MN

F ⇢
2 (q

2
s), �µ⌫q

⌫
s , (2.54)
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FIGURE 2.6: Energy dependence (top) and angular distribution (bot-
tom) of form factors (left) and Regge factors (right) for soft (s, solid
lines) and hard (h, dashed lines) parameters (see Tables 2.1 and Ta-
ble 2.2). The notations for nucleon and � form factors (left side) are:
monopole (black), dipole (red), exponential (green). In the right side
the logarithmic function is shown in blue(magenta) for nucleon(�).
The Regge factor is shown in black(red) for nucleon(�).
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where �µ⌫ =
i

2
[�µ�⌫ � �⌫�µ] is the antisymmetric tensor. Due to the isovector na-

ture of the ⇢, the ⇢NN is similar to the electromagnetic vertex �NN . However the
two form factors F ⇢

1,2(q
2
s) are different from the proton electromagnetic ones. We do

not attempt new parametrization, but prefer to fix the form, the constants and the
parameters of F ⇢

1,2(s) according to [89, 95, 96] as:

F ⇢
1 (s) = g⇢NN

⇤4
⇢

⇤4
⇢ + (s�M2

⇢ )
2
, F ⇢

2 (s) = ⇢F
⇢
1 (s), (2.55)

with normalization F ⇢
1 (M

2
⇢ ) = g⇢NN , where the constant g⇢NN corresponds to the

coupling of the vector meson ⇢ with the nucleon (g2⇢NN/(4⇡) = 0.55) , ⇢ = 3.7 is the
anomalous magnetic moment of the proton with respect to the coupling with ⇢, and
⇤⇢ = 0.911 is an empirical cut-off.

To take into account the composite nature of the pion, in principle, a monopole
type ⇢⇡⇡ form factor may be introduced: F⇢⇡⇡ = A⇡/(s� A⇡)

2, where A⇡ is a pa-
rameters to be adjusted on the data. In the present case F⇢⇡⇡ was set to one. The ⇢
amplitude is in principle complex. After a study of the s-dependence of the cross
section, a relative phase has been added: � = ei⇡�⇢ . Finally �⇢ was set to unity. It
was not necessary to add or adjust a relative normalization of the ⇢ diagram.

2.3 Results and comparison with the data
Following different attempts of fitting with different form factors as illustrated above,
we found that the best solution in this energy range, is to parametrize the form fac-
tors at the p̄p vertices, with the logarithmic function of x (where x = s or t or u) (2.52).
This choice is based on a QCD derivation from Refs. [97, 98] that relates the asymp-
totic behavior of form factors to the quark contents of the participating hadrons. It is
also known that a logarithmic dependence of the p̄p cross section reproduces quite
well the background for resonant processes [99, 100].

It turns out that the logarithmic function (2.52) acts as a very convenient form
factor with the parameters summarized in Table 2.2. The procedure is the following:
first we apply the form factor FL

N,� which depends on momentum transfer (t or u)
to take into account the composite nature of the particle in the interaction point.
Second, we use the factor FL

N,�(s) which effectively takes into account pre-Regge
regime excitations of higher resonances in the intermediate state. This leads to an
effective form factor as the product:

eFN,�(s, t) = FL
N,�(s)F

L
N,�(t) (or eFN,�(s, u) = FL

N,�(s)F
L
N,�(u)), (2.56)

containing the same set of parameters for the s and t(u) dependencies, but different
for N and � exchanges. The fit does not require independent parameters for s and
t(u) dependencies.
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2.3.1 Angular distributions
The results for the the cos ✓ dependence of the annihilation reaction p̄+ p ! ⇡�+⇡+

are shown for the available data at four values of the total CMS energy (Laboratory
antiproton momentum):

p
s(pL) = 3.362(5) GeV(GeV/c) [47], 3.627(6) GeV(GeV/c)

[53], 3.680(6.2) GeV(GeV/c) [46], and 4.559 (10.1) GeV(GeV/c) [52]. The calculation
from the present model is compared to the predictions from the constituent inter-
change model of Ref. [40].

In the fitting procedures, only the data taken at the CERN proton synchrotron,
from Refs. [46, 47, 52] were included, getting a �2/ndf = 2.16 (ndf is the number
of degrees of freedom). The data from Ref. [53], taken at the Brookhaven National
Laboratory multi particle spectrometer (MPS), were excluded from the fit, due to
several neighboring points that bias the fit. The results in this plot are therefore
given with the parameters fitted on the other data sets.

The data Ref. [46] (black solid circles) are from Ref. [47] (red open circles) are
shown in Fig. 2.7, together with the results of the present calculation for the corre-
sponding energies, solid black line and dashed red line, respectively. The calcula-
tion from the constituent interchange model of Ref. [40] is also reported, as a dotted
black line and a dash-dotted red line, respectively.

For the two sets of annihilation data, from Ref. [53] and Ref. [52], few points
are available at forward angles. For the sake of clarity, a reduced angular region is
shown in Fig. 2.8.

The available data from the annihilation reaction do not cover the full ✓ range,
especially in the backward region data are scarce. As the PANDA detector will
cover 4⇡ solid angle, we rely on the data from ⇡p elastic scattering with the help
of crossing symmetry to fill this region. The results for elastic scattering ⇡ + p !
⇡ + p are shown in Fig. 2.9. The data correspond to very backward angles of the
⇡ emission. No other rearrangement of the parameters was done for the elastic
scattering data bringing an additional test of the reliability of the model and of the
validity of crossing symmetry, at least in the kinematical region where one diagram
dominates. The agreement is very good for all data sets.

The angular distribution for
p
s= 3.680 GeV is shown in Fig. 2.10. The total

result (black, solid line) gives a very good description of the data from Ref. [46]
(red open circles), that here can be appreciated in log scale. For this single data set
�2/ndf = 1.69.

All components and their interferences are illustrated in Fig. 2.10. n exchange
in t channel dominates at forward angles, followed by �0 exchange. �++ represent
the largest contribution for backward angles. The interferences affect the shape of
the angular distribution, some of them being negative in part of the angular region.
The ⇢ s�channel exchange is small, but its contribution, as well as the interferences
with the other diagrams, help in saturating the cross section around cos ✓ = 0, being
relatively more important in the region �0.5  cos ✓  0.5.
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FIGURE 2.7: Angular dependence for the reaction p̄+ p ! ⇡�
+ ⇡+, forp

s = 3.680 GeV from Ref. [46] (black solid circles) and for
p
s = 3.362

GeV from Ref. [47] (red open circles). The present calculation is shown
by a long-dashed red line, and a solid black line at the corresponding
energies. The calculation from the constituent interchange model of
Ref. [40] is also reported, as a dash-dotted red line, and a dotted black
line respectively.
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FIGURE 2.8: Angular dependence for the reaction p̄+ p ! ⇡�
+ ⇡+ forp

s = 3.627 GeV [53] (red open circles), and 4.559 GeV [52] (black solid
circles). The data from Ref. [53] were excluded from the fit, but the are
well reproduced ’a posteriori’. Lines as in Fig. 2.7.
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FIGURE 2.9: Data from the elastic reactions ⇡+p ! ⇡+p at
p
s = 3.463

GeV from Ref. [48] (red open circles), and at
p
s = 3.747 GeV from Ref.

[49] (black solid circles). Lines as in Fig. 2.7.
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The necessary number of parameters is very limited: two for the proton and two
for the � form factor. The phase between the s channel (⇢ exchange) and the u, t
channels, �⇢, after fitting, is set to unity. The relative normalization of the ⇢ diagram
is also found consistent with unity and is set to unity.
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FIGURE 2.10: Angular distribution for p̄+ p ! ⇡�
+ ⇡+ for

p
s = 3.680

GeV. The data are from Ref. [46]. The total function (black solid line)
and all components are shown in log scale: n exchange (yellow thick
short-dashed line) dominates at forward angle, followed by �

0 (read
thick dotted line) �

++ (green thick dash-dotted line) represents the
largest contribution for backward angles, ⇢ channel (blue thick long-
dashed line) has a larger contribution for cos ✓ ' 0, relatively to the
dominant components. The interferences are n�0 (thin black short-
dashed line), and n�++ (thin red dotted line), visible at forward angles,
�

0
�

++ (green thin short dash-dotted line), n⇢ (blue thin long-dashed
dotted line) , �0⇢ (blue thin dash-triple-dotted line), �++⇢ (blue thin
long-dashed line), contributing at backward angles.

The dominance of the nucleon and �++ exchanges in the forward and backward
angles, may point out to the presence of nucleon and �++ poles in the unphysi-
cal region. At lower energies, this phenomena is similar to the peak arising from
charged pion exchange (pion pole) in the charge exchange neutron-proton scatter-
ing (backward peak) and in the proton-antiproton to neutron-antineutron scattering
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(forward peak) [101]. At larger energies, the pion pole model has been also success-
fully applied for neutron proton scattering in Ref. [102].

2.3.2 Energy dependence
We checked that the results are quite stable against a change of the parameters in
a reasonable interval. In Fig. 2.11 the s-dependence of the cross section is shown
for cos ✓ = 0. The long (short) dashed line corresponds to a change of +(�)10% of
the parameters, that increases (decreases) the total function. The sensitivity of the
function to these changes is s-dependent, becoming negligible over 4.5 GeV. QCD
gives predictions for the cross section of exclusive processes, formulated in terms of
quark counting rules [21, 22], that in our case is proportional to s�8. Our model is
reasonably consistent with these prediction in the considered energy range.

We may integrate the calculated differential cross section, and give the following
values �(p̄ + p ! ⇡+ + ⇡�) = 4.2 ± 2.1 mb at

p
s = 3.362 GeV, � = 1.4 ± 0.8

mb at
p
s=3.680 GeV, and � = 1.0 ± 0.5 mb at

p
s=4.559 GeV, where, for safety, we

overestimate the error propagation on the fit parameters by 50%.
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FIGURE 2.11: s-dependence for p̄+ p ! ⇡�
+ ⇡+ for ✓ = 90

0. The total
function (black solid line), two functions with parameters changed to
110% (black long-dashed line) and 90% (short-dashed line) from the
fitted values are shown in log scale, compared with quark counting
rules result from Refs. [21, 22] (red triple dot-dashed line).
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2.3.3 Total cross section
As shown above, the differential cross section for p̄+p ! ⇡++⇡� is well described by
the model based on the t (N and �0), u (�++) and s (⇢) diagrams, with logarithmic
form factors in the considered energy range. However, the total cross section can
not be reproduced in the low energy region ( s  3 GeV2). The description of the
data can be improved by adding an exponential term to s-dependent part of the
logarithmic FFs (2.52), where the s dependent part becomes:

N (s)p,� ! N (s)p,� � e
p

N
p,�(s)
p

s ,

⇤(s)2p,� ! ⇤(s)2p,� � e
p

⇤
p,�(s)
p

s . (2.57)

 [GeV/c]
L

p1 10

 b
]

µ [
σ

3−10

2−10

1−10

1

10

210

310

FIGURE 2.12: The collected data for the total cross section for reaction
p̄p ! ⇡+⇡� as a function of the beam momentum in Lab system pL
(same data as in Fig. 2.2). Three new points (full, purple square) are
obtained from the integration of the angular distribution data [47, 46,
52]. The present model with form factor parameters (Listed in Table
2.3) is shown as solid red line. The dashed black line is the modified
parametrization from Eq. (2.58) with parameters in Table 2.4 from Ref.
[24], the solid black line is from the generator [87].

The parametrization used in Ref. [24] was not constrained in the higher energy
region. We may add further constrains by adding three new ‘experimental’ points,
estimated by integrating the angular distributions (according to our model). One
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Parameter Value
Np 0.361 ± 0.006
N� 0.197 ± 0.064
⇤2

p 2.25 ± 0.09
⇤2

� 1.574 ± 0.238
pNp -0.260 ± 0.156
pN� -5.000 ± 1.083
p⇤p 1.378 ± 0.097
p⇤� 0.788 ± 0.376

TABLE 2.3: Summary table for the parameters for the s-dependent form
factor reproducing the total cross section.

Parameter Value
a 4.848 ± 0.154
b 0.398 ± 0.155
b1 0.530 ±0.084
b0 -4.935 ±0.090
c 17.306±4.169

TABLE 2.4: Parameters for the modified parametrization formula from
Ref. [24].

can modify the parametrization [24], by adding higher order term to the pL polyno-
mial to describe the region pL > 3 GeV/c. The suggested parametrization has the
form:

� = a · e�(b·p
L

+b1·p2
L

+b0) +
c

pL
, (2.58)

with the parameters as in Table 2.4.
The data and the parametrization are illustrated in Fig. 2.12. We note that the

existing model for the PANDARoot generator underestimates the total pion produc-
tion from momentum pL about 3 GeV/c. This is partly due to the difficulty to repro-
duce backward-forward scattering by the modified Regge parametrization, but, as
seen from the angular distributions, Fig. 2.1, the scarce data in the central region are
also underestimated by a factor of (<) 10. The study of Ref. [25] is based on a re-
jection factor of 10�9, therefore the conclusions should not be affected. The PANDA
experiment will collect a huge amount of data on pion production, and the analysis
will be refined on the basis of the developed tools.
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2.4 Comparison with the existing data on p̄+ p ! K�+
K+

A similar model, based on corresponding diagrams can be built for charged kaon
pair production, changing the mass of the produced and exchanged particle, and
replacing the coupling constants. Another possibility is to rely on SU(3) and test its
prescription.

Having built the matrix element for p̄+ p ! ⇡� + ⇡+, we may calculate the cross
section of p̄+ p ! K� +K+, by applying a global factor, following Ref. [103] :

�(⇡�⇡+) : �(K�K+) = 1 :
4�

3
, where � = 0.4.

In the considered energy range, one set of data for the angular distribution exists
at

p
s = 3.680 GeV [46]. The results are reported in Fig. 2.13, showing a very good

agreement with these data, without need of adjusting the parameters.
We may evaluate the integrated cross section, as
�(p̄+ p ! K+ +K�) = 2.1± 0.8 mb at

p
s=3.680 GeV.

 θ cos

-1 -0.5 0 0.5 1

 [
n

b
]

θ
/d

co
s

σ
d

10

210

310

410 Model
Model (90% par)

Model (110% par)

FIGURE 2.13: Angular distribution for p̄+p ! K+
+K� for

p
s = 3.680

GeV. The result of the model (black solid line), as well as the result
where the parameters have been overestimated (long dashed line) or
underestimated (dotted line) by 10% are shown in log scale. The data
are from Ref. [46].
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2.5 Summary
We have developed an effective Lagrangian model to describe proton-antiproton an-
nihilation in a charged pion pair. At the PANDA experiment at FAIR, light mesons
will be copiously produced in the considered energy range. PANDA will use an
antiproton beam on a proton target. One important line of research will be the mea-
surement of time-like form factors through p̄+ p ! e++ e� [23, 24] or µ++µ� [104].
Namely the annihilation into ⇡+⇡� constitutes the largest background to lepton pair
production [105, 25].

A comparison with data from elastic ⇡±p ! ⇡±p, using crossing symmetry pre-
scriptions shows a good agreement and bring additional constraints at very back-
ward angles. Discussion about validity of crossing symmetry can be found in Refs.
[47, 48, 53]. The present results verify that crossing symmetry works at least at back-
ward angles, where one diagram is dominant. Moreover, applying SU(3) symmetry,
one recovers the existing data on the angular distribution for p̄ + p ! K+ +K� in
the corresponding energy range.

The logarithmic expression of the form factors implemented here is typically
used for hadron electromagnetic form factors, in the annihilation region. In the scat-
tering region it corresponds to the dipole form, and follows quark counting rules
[21, 22] allowing the description of crossed reactions. In recent works it has been
suggested that it enters into the early q̄ � q pair formation from the quantum vac-
uum [106, 107]. In the present work it is applied for the first time to fully hadronic
reactions, providing the first description of the considered reactions in the FAIR-
PANDA energy range.

An application of this work is foreseen to be the implementation into Monte-
Carlo simulations for predictions and optimization of the future measurements in
PANDA.
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Chapter 3

Annihilation into neutral light meson
pairs

3.1 Introduction
In this section we give the main lines of the calculation of the reaction p̄p ! ⇡0⇡0.
Although this reaction has cross section ten times less than charged pion pair pro-
duction, it contributes a large background for several channels and contains the
information on different charge states of quark pairs produced in the annihilation.

We consider here the reaction:

p̄(p1) + p(p2) ! ⇡0(k1) + ⇡0(k2), (3.1)

where the notation of four momenta is indicated in the parenthesis. We extend the
previous formalism in frame of effective Lagrangian model according to the con-
venient reaction mechanism. We give the analytical formula and numerical results.
The results are compared to the existing data.

3.2 Calculation of the matrix element
The reaction mechanism for neutral pion production takes into account even angu-
lar momentum meson exchange in s channel, as it is forbidden from J=1 ⇢-meson
decaying into two identical pions by bosonization.

The following contributions to the cross section, Fig. 3.1, are considered:

• Exchanged particles:

– nucleon (proton) and �+ exchange, Fig. 3.1a,
– symmetric exchange of nucleon (proton) and �+, Fig. 3.1b,
– f0, f2 exchange, Fig. 3.1c.

The total matrix element squared is written as the coherent sum of all the ampli-
tudes. As the produced backward and forward particles are both ⇡0 that can not be
distinguished, we need to add crossed leg diagrams.
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|M|2 = 1p
2
|Mp +M�+ +Mf |2. (3.2)
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FIGURE 3.1: Diagrams of different exchanged particles for reaction p̄+
p ! ⇡0

+ ⇡0.

The amplitudes corresponding to the considered diagrams are calculated below,
following Feynman rules. The calculation has been done analytically. Sometimes
the trace was calculated and/or checked with the help of the FORM program and,
if necessary, the resulting expression simplified with the help of MATHEMATICA.
Further calculations and graphs are done in frame of C++ and ROOT packages.

The calculation for proton and Delta exchange is the same as for charged pion
production. The new part is the scalar meson exchange and its interferences.

3.2.1 s-exchange of neutral scalar mesons: the f
0

contribution
The largest contribution to meson exchange in s-channel, Fig 3.1.c, is given by the
scalar particles from Ref. [90], as:

f0(500)I
G(JPC) = 0+(0++) M(400� 550) MeV, �(400� 700) MeV

f0(980)I
G(JPC) = 0+(0++) M(990± 20) MeV, �(40� 100) MeV

f2(1270)I
G(JPC) = 0+(2++) M(1275.5± 0.8) MeV, �(186.7± 2.5) MeV (3.3)

Let us start from f0(500) also called � meson, the lowest isoscalar scalar particle,
with spin zero and positive parity, that decays ⇠ 100% into two neutral pions.
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• The f0- propagator is taken as a Breit-Wigner function

1

q2s �m2
f0
+ i

p

q2s�f0(q
2
s)
, (3.4)

qs = p1 + p2 = k1 + k2, q2s = s.

• the f0⇡⇡ vertex �igf0⇡⇡, where gf0⇡⇡ is the constant for the decay f0 ! ⇡⇡ (See
Eq. (3.7));

• the f0NN vertex : �igf0NN where gf0NN = 5.0 GeV is the coupling constant
from [89].

The matrix element is written as:

iMf0 = [v̄(p1)(�igf0NN)(�i)u(p2)](i)
1

q2s �m2
f0
+ i

p

q2s�f0(q
2
s)
(�i)gf0⇡⇡

= � gf0NNgf0⇡⇡

q2s �m2
f0
+ i

p

q2s�f0(q
2
s)
v̄(p1)u(p2). (3.5)

Squaring the amplitude:

|Mf0 |2 =
g2f0NNg

2
f0⇡⇡

|q2s �m2
f0
+ i

p

q2s�f0(q
2
s)|2

Tr[v̄(p1)u(p2)ū(p2)v(p1)]

=
g2f0NNg

2
f0⇡⇡

|q2s �m2
f0
+ i

p

q2s�f0(q
2
s)|2

2(s� 4M2
p ). (3.6)

• The f0⇡⇡ coupling constant

The decay width of the f0 meson in the system where it is at rest is given by :

d�(f0 ! ⇡⇡) =
1

2mf0

|M(f0 ! ⇡⇡)|2d�2, (3.7)

with the phase space:

d�2 =
⇤1/2(mf0 ,m⇡,m⇡)

25⇡2m2
f0

d⌦, ⇤1/2(mf0 ,m⇡,m⇡) = m2
f0

s

1� 4m2
⇡

m2
f0

. (3.8)

Therefore:

�2 =
1

23⇡

s

1� 4m2
⇡

m2
f0

. (3.9)

The matrix element for the decay f0 ! ⇡⇡ is

M(f0 ! ⇡⇡) = � (�i)

(2⇡)4
(�i)gf0⇡⇡. (3.10)
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FIGURE 3.2: Diagram for f0 and f2 decays into a pion pair.

The final expression for the width is:

� =
1

16mf0⇡
g2f0⇡⇡

s

1� 4m2
⇡

m2
f0

. (3.11)

Taking the value: � = 0.550 GeV, one finds gf0⇡⇡ = 4.08± 0.44 GeV.

3.2.2 The f
0

interferences
The interferences between the N -f0 and �-f0 channels are listed below.

3.2.2.1 The N � f0 interference

2Re[M⇤
NMf0 ] = 2Re

gf0NNgf0⇡⇡g
2
⇡NN

[s�m2
f0
� i

p
s�f0(s)](t�M2

p )

Tr [(p̂1 �Mp)(�q̂t +Mp)(p̂2 +Mp)] . (3.12)

3.2.2.2 The �� f0 interference

2Re[M⇤
�Mf0 ] = 2Re

gf0NNgf0⇡⇡g
2
�NN

[s�m2
f0
� i

p
s�f0(s)](t�M2

�)

Tr
h

(p̂1 �Mp)(�q̂t +M�)P̃↵�(p̂2 +Mp)
i

k↵
1 k

�
2 . (3.13)
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3.2.3 s-exchange of neutral scalar mesons: the f
2

contribution
Let us consider f2(1270) with spin 2 and positive parity, that decays ⇠ 100% into
two neutral pions.

• The f2- propagator is
�µ⌫�↵�

[q2s �m2
f2
+ i

p

q2s�f2(q
2
s)]

, (3.14)

where the width of the f2 is taken into account by the Breit-Wigner function
and the transferred momentum is qs = p1 + p2 = k1 + k2, q2s = s.

• the f2NN vertex : �igf2NN

where f2NN = 1 is the coupling constant set to unity.

The vertex f2 ! pp is written:

(�i)gf2pp�µ(p1 � p2)⌫�
µ⌫ . (3.15)

The symmetric tensor �µ⌫ has the following properties:

�µ⌫ = �⌫µ, �µ⌫g
µ⌫ = 0, �µ⌫q

⌫ = 0; �µ⌫�↵� =
1

2
(⌘↵⌫⌘⌫� + ⌘µ�⌘⌫↵)�

1

3
⌘µ⌫⌘↵�,

(3.16)
with ⌘µ⌫ = �gµ⌫ +

qµq⌫
q2

.

The Lagrangian is written as:

Lf2p̄p = gf2ppp̄(�µi@⌫ + �⌫i@µ +
2

3
⌘µ⌫i@̂)pT

µ⌫ , (3.17)

that is equivalent to:

Lf2p̄p = �igf2ppg[�µ(ip1 + ip2)⌫ + i�⌫(ip1 + ip2)µ + i
2

3
⌘µ⌫(ip̂1 + ip̂2)⌫ ]T

µ⌫ . (3.18)

The last term in Eq. (3.18) vanishes as it is the product of an antisymmetric
and a symmetric tensor.

• The Lagrangian for the f2⇡⇡ vertex is:

M(f2 ! ⇡⇡) = � �1

(2⇡)4
(�i)gf2⇡⇡�

µ⌫⇥⇡
µ⌫ , (3.19)

where gf2⇡⇡= 19 GeV�1 is the constant for the decay f2 ! ⇡⇡ (See Eq. (3.23)),
and

⇥⇡
µ⌫ =

1

2
⌘µ⌫(@↵⇡)

2 � (@µ⇡)(@⌫⇡), (3.20)
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which results in:

(�i)
1

2
gf2⇡⇡�

µ⌫



2
1

2
⌘µ⌫(k1k2)� k1µk2⌫ � k1⌫k2µ

�

=

i

2
gf2⇡⇡�

µ⌫ [k1µk2⌫ + k1⌫k2µ � (k1k2)⌘µ⌫ ] . (3.21)

The matrix element for f2 s�channel exchange in p̄p ! ⇡0⇡0 is :

iMf2 = [v̄(p1)(�i)gf2pp�µ(p2 � p1)⌫u(p2)]⇥

i
�µ⌫�↵�

s�m2
f2
+ i

p
s�f2

i

2
gf2⇡⇡[k1↵k2� + k1�k2↵ � (k1k2)⌘↵�],

Mf2 =
gf2ppgf2⇡⇡

2
[v̄(p1)�µ(p2 � p1)⌫u(p2)]⇥

F µ⌫↵�

s�m2
f2
+ i

p
s�f2

[k1↵k2� + k1�k2↵ � (k1k2)⌘↵�],

M⇤
f2

=
gf2ppgf2⇡⇡

2
[ū(p2)�⇢(p2 � p1)�v(p1))]⇥

F ⇢���

s�m2
f2
� i

p
s�f2

[k1�k2� + k1�k2� � (k1k2)⌘��],

where F µ⌫↵� = �µ⌫�↵� . The matrix element squared is:

|Mf2 |2 =
g2f2ppg

2
f2⇡⇡

4

F µ⌫↵�F ⇢���

|s�m2
f2
+ i

p
s�f2 |2

⇥

Tr[(p̂1 �M)�µ(p2 � p1)⌫(p̂2 +M)�⇢(p2 � p1)�]⇥
[k1↵k2� + k1�k2↵ � (k1k2)⌘↵�][k1�k2� + k1�k2� � (k1k2)⌘��]. (3.22)

• The f2⇡⇡ coupling constant

The decay width of the f2 meson in the system where it is at rest (see Fig. 3.2) is
given by :

d�(f2 ! ⇡⇡) =
1

2mf2

|M(f2 ! ⇡⇡)|2d�2, (3.23)

with the phase space:

d�2 =
⇤1/2(mf2 ,m⇡,m⇡)

25⇡2m2
f2

d⌦, ⇤1/2(mf2 ,m⇡,m⇡) = m2
f2

s

1� 4m2
⇡

m2
f2

. (3.24)

Therefore:

�2 =
1

23⇡

s

1� 4m2
⇡

m2
f2

. (3.25)
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The matrix element for the decay f2 ! ⇡⇡ is (Fig. 3.2):

|M(f2 ! ⇡⇡)|2 =
g2f2⇡⇡
4

F µ⌫↵�F ⇢���

|s�m2
f2
+ i

p
s�f2 |2

[k1↵k2� + k1�k2↵ � (k1k2)⌘↵�]⇥

[k1�k2� + k1�k2� � (k1k2)⌘��]. (3.26)

The final expression for the width is:

� =
1

16mf2⇡
|M(f2 ! ⇡⇡)|2

s

1� 4m2
⇡

m2
f2

. (3.27)

Taking the value: � = (0.1867± 0.0025) GeV, one finds gf2⇡⇡ = (19± 0.26) GeV�1.

3.2.4 The f
2

interferences
The interferences between the N -f2, f0-f2 and �-f2 channels are listed below.

3.2.4.1 The f0 � f2 interference

2Re[M⇤
f0
Mf2 ] = �Re

gf0NNgf0⇡⇡gf2NNgf2⇡⇡
[s�m2

f0
� i

p
s�f0(s)][s�m2

f2
+ i

p
s�f2(s)]

⇥

F µ⌫↵�(k1↵k2� + k1�k2↵ � (k1k2)⌘↵�)⇥
Tr [(p̂1 �Mp)�µ(p2 � p1)⌫(p̂2 +Mp)] . (3.28)

3.2.4.2 The N � f2 interference

2Re[Mf2M⇤
N ] = Re

gf2NNgf2⇡⇡g
2
⇡NN

[s�m2
f2
+ i

p
s�f2(s)](t�M2

p )
⇥

F µ⌫↵�(k1↵k2� + k1�k2↵ � (k1k2)⌘↵�)⇥
Tr [(p̂1 �Mp)�µ(p2 � p1)⌫(p̂2 +Mp)(�q̂t +Mp)] . (3.29)

3.2.4.3 The �� f2 interference

2Re[M⇤
�Mf2 ] = �Re

gf2NNgf2⇡⇡g
2
�N⇡

[s�m2
f2
+ i

p
s�f2(s)](t�M2

�)
⇥ (3.30)

F µ⌫↵�(k1↵k2� + k1�k2↵ � (k1k2)⌘↵�)⇥
Tr [(p̂1 �Mp)�µ(p2 � p1)⌫(p̂2 +Mp)P⇢�(q)(q̂t +M�)] k

�
1k

�
2.
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Parameters Value
pNp (s) -3.013 ± 0.210
pN� (s) -5.959 ± 0.205
p⇤p (s) 4.047 ± 0.019
p⇤�(s) 3.141 ± 0.002

TABLE 3.1: Parameters for the s�dependent term of the logarithmic
form factors for p̄p ! ⇡0⇡0 .

3.2.5 The total contribution
After the calculation of the coupling constants and matrix elements, the total matrix
element squared averaged over the spin states of the initial particles, is obtained as
the sum of the squared of matrix element for the individual contributions and the
interferences among them: Explicitly:

|M(p̄p ! ⇡0⇡0)|2 = |Mf0(s)|2 + |Mf2(s)|2 +
1

2

n

|Mp(t)|2 + |M�(t)|2 +

|Mp(u)|2 + |M�(u)|2 + 2Re[Mp(t)
⇤Mp(u) +Mp(t)

⇤M�(t) +

Mp(t)
⇤M�(u) +Mp(u)

⇤M�(t) +Mp(u)
⇤M�(u)]

o

+
p
2Re[M⇤

f0
(s)Mf2(s) +Mp(t)M⇤

f0
(s) +Mp(u)M⇤

f0
(s) +

M�(t)M⇤
f0
(s) +M�(u)M⇤

f0
(s) +M⇤

p(t)Mf2(s) +

M⇤
p(u)Mf2(s) +M⇤

�(t)Mf2(s) +M⇤
�(u)Mf2(s)]. (3.31)

Taking into account the phase space and the flux, the expression for the total cross
section is:

d�

d⌦
(p̄p ! ⇡0⇡0) =

1

28⇡2

1

s

�⇡

�p

|M(p̄p ! ⇡0⇡0)|2, (3.32)

and
d�

d cos ✓
(p̄p ! ⇡0⇡0) =

1

27⇡

1

s

�⇡

�p

|M(p̄p ! ⇡0⇡0)|2. (3.33)

3.3 Results for p̄ + p ! ⇡0 + ⇡0

For neutral pion pair production, the first attempt was to apply the same model for
the form factors and the same parameters as for the charged pion data. However,
the behavior of the total cross section for charged and neutral pion pairs is very dif-
ferent. It turns out that the s�dependent part of the logarithmic form factors needs
to be adjusted by adding an energy dependence as in Eq. (2.57). The parameters for
the modified parts are fixed as in the Table 3.1. The form factors for the f0NN vertex
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Parameters Value
Ff0 1.17 ± 0.051

�2/ndf 109

TABLE 3.2: Parameters of the f0NN form factor for ⇡0⇡0 production in
the energy range 2.911 GeV 

p
s  3.686 GeV.

is taken as:

FFf0(s) =
F 2
f0

F 2
f0 + (M2

f0 � s)
, (3.34)

with the parameter listed in Table 3.2. In addition, similarly to the charged pion
calculation, the phase �f = ei⇡�f is added for the exchanged meson in s-channel
with �f set to unity.

The fitted plots and data [75] are shown in the Fig. 3.3, in the energy range 2.911
GeV 

p
s  3.686 GeV. The data used in the analysis are reported in Appendix

A.2. The data were measured in regular intervals; with a gap between 3.097 GeV
and 3.524 GeV which separates the data into the ‘lower energy region’ (2.911 GeV


p
s  3.097 GeV) and ‘higher energy region’ (3.524 GeV 

p
s  3.686 GeV).

In the lower energy region, a bump produced by J � 4 resonances appears around
cos ✓ = 0. It can not be reproduced by the f0 and f2 mesons considered in s�channel,
and it disappears at higher energies. Therefore we did not attempt to add higher
resonances. The resulting �2

L/ndf = 218 for the low energy region is not satisfactory,
while in the higher energy region, one obtains �2

H/ndf = 12. A global �2/ndf = 110
is obtained.

The s�dependence for neutral pion production from 5 GeV to 25 GeV is shown
in Fig. 3.4. The data from Ref. [75] are integrated in the available angular range.
The calculation is presented with the integration covering the angle from cos ✓ = 0 to
0.66, which is the maximum value of the existing data. We notice that the calculation
well reproduced the integrated points at the higher energy region, but overestimates
the data in the lower region. This can be explained as the data in the lower region
have narrower angular distribution (maximum cos ✓ = 0.48 at s = 8.4739 GeV2)
and the very forward and backward regions give very large contribution to the total
cross section.

• The higher energy set

The case of the set of data at
p
s =4.274 GeV is peculiar. The data correspond to the

higher energy available, and show a discontinuity with respect to the other sets. In
particular the bump for cos ✓=0 evolves into a dip, and an oscillation appears. To
reproduce this dip, the J = 2 meson f2 is added. The form factor of f2NN is taken
as a monopole, Eq. (3.34), similarly to f0 and the relative phase is also taken as unity.
Concerning the high energy, the contribution from f0 meson of smaller mass results
suppressed by the fitting procedure. The parameters for s�channel are listed in the
Table 3.3.
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FIGURE 3.3: Angular distribution for the reaction p̄p ! ⇡0⇡0 in CMS in
the energy range 2.911 GeV 

p
s  3.686 GeV. From (a) ! (u), they

correspond to the energy
p
s = 2.911(a), 2.950(b), 2.975(c), 2.979 (d),

2.981(e), 2.985(f), 2.990(g), 2.994(h), 3.005(i), 3.050(j), 3.097(k), 3.524(l),
3.526(m), 3.556(n), 3.591(o), 3.595(p), 3.613(q), 3.616(r), 3.619(s), 3.621(t),
3.686(u) GeV. The data (black circles) are from Ref. [75] and the param-
eters of the calculation (red line) are given in Table 3.2.
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s [GeV] 
5 10 15 20 25

 [n
b]

σ

1

10

210

310
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FIGURE 3.4: Integrated cross section for the reaction p̄p ! ⇡0⇡0. The
data are obtained by the integration of the partial differential cross sec-
tion from Ref. [75]. The present calculation (red solid line) covering the
range 0  cos ✓  0.66 is shown in log scale.

parameters Value
Ff0 0.870 ± 0.014
Ff2 0.187 ± 0.001

�2/ndf 0.787

TABLE 3.3: Parameters of form factors for f0 and f2 mesons at
p
s =

4.274 GeV.

The different components are visible in Fig. 3.5. One can see that the oscillation
and the dip can be very well reproduced by the f2 contribution. The Delta contribu-
tion overcomes the Nucleon term. The angular distribution is limited and one can
not draw firm conclusions on the t and u channel interplay of the different contri-
bution. A very good agreement is obtained by fitting this set of the data with the
present model.

Applying SU(3) symmetry, one can connect other neutral channels. As we see in
next section, it works relatively well at all energies except at

p
s =4.274 GeV.
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3.4 Results for p̄ + p ! ⌘ + ⌘ and p̄ + p ! ⌘ + ⇡0

We consider here annihilation reactions at energy
p
s above 2.9 GeV, and focus on

two neutral meson production. We discuss the annihilation reaction of antiproton-
proton into ⌘ + ⌘, ⇡0 + ⌘, ⇡0 + ⇡0:

p̄(p1) + p(p2) ! ⇡0(k1) + ⇡0(k1), (3.35)
p̄(p1) + p(p2) ! ⌘(k1) + ⌘(k2), (3.36)
p̄(p1) + p(p2) ! ⌘(k1) + ⇡0(k2), (3.37)

where the momenta of the particles are indicated in parenthesis.
The two body channels (3.35, 3.36, 3.37) involve mesons that are related by SU(3)

symmetry, as ⇡, ⌘ and ⌘0 are members of a single nonet. SU(3) allows to predict re-
actions (3.36, 3.37) from (3.35) using the known quark composition of these mesons:

⌘ ⇡ (uū+ dd̄)/
p
2 + ss̄.

In principle p̄p does not couple directly to ss̄:

|qq̄ >= cos⇥|⌘ > +sin⇥|⌘ >,

|ss̄ >= � sin⇥|⌘ > +cos⇥|⌘ >,

where q = (uū+ dd̄)/
p
2 and ⇥ = 37÷ 42 is the pseudoscalar mixing angle [108].

Having a model that reproduces consistently angular distributions and cross sec-
tions for ⇡0 + ⇡0, based on s, t, and u channels, the amplitudes for the decay to the
channels (3.35, 3.36, 3.37) are related by SU(3), that gives a prescription to renormal-
ize the amplitudes. As an example, replacing ⇡0 by ⌘, for the decay of a meson M , if
gM⇡⇡ = g1, then gM⌘⌘ is g2 cos2(⇥) where g2 ⇡ g1, and gM⇡⌘ is ⇡ g1 cos(⇥).

Evidently, the kinematics and the masses have to be changed correspondingly.
In case of reaction (3.37) the fact that the final state implies a backward forward
asymmetry.

In particular the final particles mass-shell conditions fix the energies E1,2, the
velocity and the modulus of the momentum ~k of the final particles:

E1,2 =
s+M2

1,2 �M2
2,1

2
p
s

,

�1,2 =
�1/2(s,M2

1,2,M
2
2,1)

s+M2
1,2 �M2

2,1

,

|~k| =
1

2
p
s
�1/2(s,M2

1 ,M
2
2 ), (3.38)
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where �(x, y, z) is the so called triangle function:

�(x, y, z) = x2 + y2 + z2 � 2 xy � 2 xz � 2 yz. (3.39)

Applying SU(3) symmetry and taking into account the kinematics difference due
to the masses, without readjusting the parameters, the model is applied in the en-
ergy range 2.911 GeV

p
s  3.617 GeV. The result is shown for the reactions (3.36,

3.37) in Fig. 3.6 and Fig. 3.7, respectively. The corresponding tables are reported in
Appendix A.2.
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FIGURE 3.6: Angular distribution for p̄p ! ⌘⌘ (black circle) [75] in the
energy range 2.911 GeV

p
s  3.617 GeV. From (a) ! (m), they corre-

spond to the energy
p
s = 2.911(a), 2.950(b), 2.975(c), 2.979 (d), 2.981(e),

2.985(f), 2.990(g), 2.994(h), 3.005(i), 3.050(j), 3.526(k), 3.592(l), 3.617(m)
GeV. The model calculation (red solid curve) is based on the symmetry
of the quark model.
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FIGURE 3.7: Same as Fig. 3.6, for the reaction p̄p ! ⌘⇡0 in the energy
range 2.911 GeV

p
s  3.617 GeV. From (a) ! (m), they correspond to

the energy
p
s = 2.911(a), 2.950(b), 2.975(c), 2.979 (d), 2.981(e), 2.985(f),

2.990(g), 2.994(h), 3.005(i), 3.050(j), 3.526(k), 3.592(l), 3.617(m) GeV.
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The model is able to reproduce the data in the backward and forward regions.
Similarly to ⇡0⇡0 it is expected that the bump in the central region is missed by the
model.

For the higher energy
p
s = 4.274 GeV, the data of ⌘⌘ and ⌘⇡0 have large er-

rors bars and few points are measured. Precise data are expected from the PANDA
experiment to fill this region.
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Part II

Proton and neutron analyzing power
measurements
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Chapter 4

Introduction on electromagnetic form
factors

In 1933, Otto Stern measured the proton magnetic moment and found it anoma-
lously larger than a point-like particle which indicates that proton is not an elemen-
tary particle [109], µp = 2.792847356(23)µN . 20 years later, in a series of electron
nucleon scattering experiments [110] (Robert Hofstadter shared the Nobel Prize in
Physics in 1961“for his pioneering studies of electron scattering in atomic nuclei and for
his thereby achieved discoveries concerning the structure of the nucleons"), the elastic ep
cross section was measured and form factors (FFs) were extracted according to the
method suggested by M.N. Rosenbluth [111]. It consists in the measurement of the
unpolarized cross section at fixed momentum transfer, Q2, and at different angles of
the scattered electron.

Polarization observables contain unique and precise information on the reaction
mechanism and on the underlying interaction, as they are sensitive to interferences
of the amplitudes and their relative phases. One important achievement of polar-
ization techniques was, for example, to prove the Parity violation in weak decays.
The experiment was led by Ms. Wu in 1956 [112], and consisted in the measure-
ment of � rays and electron angular distribution from polarized 60Co decaying by
electromagnetic and weak interaction into the ground state of 60Ni.

We are concerned here by the recoil polarization method in ep elastic scattering.
It was suggested by A.I. Akhiezer and M.P. Rekalo [113, 114]. It allows to extract the
electric and magnetic form factors by the measurement of the recoil proton polar-
ization in elastic ep scattering, using a longitudinally polarized electron beam.

In a semi-classical framework, from quantum mechanic considerations, the ini-
tial incident particle and the final scattered particle are represented by plane waves.
When this plane wave scatters on a charge object at some point it generates spher-
ical waves which can be observed as a plane wave at a large distance. The cross
section can be factorized in two terms: the Mott cross section for the scattering on
a point-like object and a term that contains the structure of the composite particle,
expressed in terms of form factors. From a Parity and Time invariant theory, the
necessary number of form factors is decided by the spin (S) of the particle. A parti-
cle with spin S is described by 2S+1 form factors. Schematically, for small values of
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momentum transfer, form factors probe the size of the hadron and give information
on the nucleon radius. At large momentum transfer, form factors contain the infor-
mation of the short distance interaction, driven by the quarks and gluons inside the
hadron.

q

)
1

e(k )
2

e(k

)
1

N(p )
2

N(p

(q)
*

γ

FIGURE 4.1: Diagram for ep elastic scattering through one photon ex-
change.

Under the assumption of one virtual photon exchange, the ep elastic scattering
process (shown in Fig. 4.1) contains the electron vertex ee �, the propagator of the
virtual photon of four momentum q2, and the pp� vertex, that can be written in terms
of F1 and F2, the Dirac and Pauli form factors. In the most general case, the nucleon
electromagnetic current at the proton vertex is described by two independent spin
structures.

The amplitude corresponding to the diagram (4.1) M is explicitly written as:

M =
e2

q2
`µ|µ,

`µ = ū(k2)�
µu(k1), (4.1)

|µ = ū(p2)
h

F1(q
2)�µ �

�µ⌫

2M
F2

i

u(p1),

where �µ⌫ = �
µ

�
⌫

��
⌫

�
µ

2 (� are the Dirac matrices), `µ, |µ correspond to the electron
and nucleon currents, respectively, and ū (u) is the spinor describing each external
line in the diagram (4.1). It is convenient to introduce the Sachs form factors, the
electric GE and the magnetic GM . They are linear combinations of F1 and F2 form
factors (4.2):

GM = F1 + F2,

GE = F1 � ⌧F2, with ⌧ = � q2

4M2
p

. (4.2)

In the Breit frame (defined as a system where the initial and final nucleon energies
are the same) GE and GM can be interpreted as Fourier transforms of electric charge
and magnetization spatial densities.
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Form factors can be accessed in both the Time-like (TL) and the Space-like (SL)
region of the momentum transfer squared, by suppress elementary annihilation and
scattering experiments. The TL region, where q2 > 0, is presently investigated by
the running experiment BESIII, at the BEPCII collider (Beijing), using the reaction
e� + e+ ! p + p̄ [115] and in the next future, by the PANDA experiment at FAIR,
Darmstadt, which will make use of antiproton beam and will measure p + p̄ !
e� + e+ [23, 116, 25] and study this process from different time directions of the
annihilation reactions. In the SL region where q2 < 0 (Q2 = �q2 > 0), experiments
are planned and ongoing with high intensity, highly polarized electron beam at the
Jefferson Laboratory (JLab) at large momentum transfer, and at MAMI in Mainz at
lower beam energy, measuring polarized and unpolarized cross section in ep elastic
scattering. Using crossing symmetry, and assuming that form factors are analytical
function, one can in principle connect SL and TL regions.

4.1 Form factors in the time-like region
In TL region, two annihilation channels e�+e+ ! p+p̄ and p+p̄ ! e�+e+ contain the
same �⇤NN vertex, under the one-photon exchange assumption. The unpolarized
cross section depends on the moduli squared of form factors, as form factors are
complex functions due to unitarity. The expression of the total cross section is [117]:

�(e�e+ ! pp̄) = �2�(pp̄ ! e�e+) =
4⇡2↵2�

3q2

✓

1

⌧
|GE|2 + 2|GM |2

◆

, (4.3)

where � =
p

1� 1/⌧ .

 (E, k)-e

(E, - k)+e

p (E, -p)

p(E, p)

CMS

�θ

FIGURE 4.2: Reaction of p+ p̄ ! e� + e+ in CMS.

The CMS is more convenient for expressing the annihilation differential cross
section ([117]):

d�

d cos ✓
(p ¯p ! e�e+) =

⇡↵2

2q2�
[(1 + cos2 ✓)|GM |2 + 1

⌧
sin2 ✓|GE|2], (4.4)
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corresponding to the reaction illustrated in Fig. 4.2, from where one can see that
a precise measurement of the angular distribution allows the individual extrac-
tion of GE and GM . Other annihilation channels into heavier leptons, like µ and
⌧ pairs, assuming lepton universality, also contain the same physical information
on the hadron structure, but, taking into account the lepton mass, the cross sections
contains extra terms, as for example a particle mass fourth power term. In TL re-
gion, form factors are complex, therefore polarization phenomena are particularly
important: for example, a single spin observables as the analyzing power contain
information on the relative phase of form factors [118].

4.2 Form factors in the space-like region
In SL region, form factors can be extracted from two sorts of experiments. One way
is from the measurement of the differential cross section in unpolarized ep scattering
at fixed q2. This method is traditionally called the Rosenbluth separation. The calcu-
lation of the unpolarized cross section, squaring the matrix element (4.2), summing
over the initial particle polarization and averaging over the final particle polariza-
tions leads to the Rosenbluth formula [111]. The differential cross section d�/d⌦✓

e

(4.5) is factorized in the cross section for a point-like particle d�M/d⌦✓
e

(Mott cross
section) and a term that contains the proton structure parametrized in terms of form
factors that are functions only of q2. The differential cross section for elastic ep scat-

e(�1, k⃗1) e(�2, k⃗2)

, 0)pp(M

p(E2, p⃗2)

Lab

θe

FIGURE 4.3: Illustration of ep elastic scattering in the Lab system.

tering, illustrated in Fig. 4.3 in the Lab system, is written as:

d�

d⌦✓
e

=
d�M

d⌦✓
e



2⌧G2
M tan2(✓e/2) +

G2
E + ⌧G2

M

1 + ⌧

�

,

d�M

d⌦✓
e

=
↵2

�q2
(
✏2
✏1
)2
cos2(✓e/2)

sin2(✓e/2)
, (4.5)

where ✏1,2 is the energy of the incident and outgoing electrons in Lab system, ✓e
is the electron scattering angle and ↵ = e2/4⇡ ' 1/137 is the electromagnetic fine
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structure constant. It is convenient to define a reduced cross section �red as:

�red(✓e, q
2) = ⌧G2

M + "G2
E, (4.6)

where " = [1 + 2(1 + ⌧) tan2(✓e/2)]
�1.

From Eq. (4.6), it appears that the reduced cross section at the fixed transfer
momentum Q2 and at different scattering angles ✓e, is a linear function of " only. The
slope of the reduced cross section is the electric FF, GE , and the intercept is related
to the magnetic FF, GM . When ✓e = ⇡ or at large Q2 the magnetic FF saturates the
cross section. One big limitation of this method is the precision for the extraction of
GE in these conditions. At large transferred momentum Q2, ⌧ becomes large, and as
a consequence, the electric contribution to the cross section becomes proportionally
very small. Then the experiment will give very large error bars for the electric FF.
In the neutron case, as it has smaller magnetization and is a neutral particle, the
Rosenbluth separation even at small Q2 can not be obtained with the same precision
as for the proton.

An alternative method, first suggested by A.I. Akhiezer and M.P. Rekalo [113,
114], requires double polarization experiments: a longitudinally polarized electron
beam on an unpolarized target and the measurement of the polarization of the recoil
protons, or with a transverse polarized target measuring the asymmetry induced by
the polarization of the beam [119]. Recent experiments prove that the method with
~e� + p ! e� + ~p allows to reach larger values of Q2, due to the fact that a polarized
target can not sustain high intensity beam for a long time.

Under the assumption of one-photon exchange, as form factors are real in the
SL region, the single polarization observables vanish (this is not true in TL region,
where form factors are complex). The ratio of form factors is related to the ratio
of the longitudinal and transverse polarization of the scattered proton, when the
electron beam is longitudinally polarized:

Pt=x

P`=z

= �2 cot(✓e/2)
Mp

✏1 + ✏2

GE

GM

. (4.7)

The double polarized technique gives more precise results than the unpolarized
method, because measuring the ratio of the two polarization components reduces
the systematic uncertainties, as it is (at the first order) independent on the electron
polarization and on the analyzing powers of the polarimeter.

The world data of the form factors ratio with two methods are compared in
Fig. 4.4. The data from the double polarization experiments are presented as full
symbols and the unpolarized data are in open symbols (green). Double polar-
ized experiments were made possible by the development of highly polarized and
intense electron beams, hadron polarimeters in the GeV range, polarized targets
and large acceptance spectrometers. Since then several experiments have been per-
formed at JLab following the Akhiezer-Rekalo method, to measure the form factors
ratio, first up to Q2 = 3.5 GeV2, then extended to 5.6 and 8.5 GeV2 [120, 121, 122, 123].
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Before polarization experiments became possible, the common understanding of GE

and GM for the proton was that they had a similar dependence on Q2, following the
dipole behavior GD = [1 + Q2[GeV2]/0.71]�2, as well as the neutron magnetic FF,
whereas the neutron electric FF was considered to be equal to zero. It is clearly
accepted that the polarized data are more precise. To describe the FF ratio, sev-
eral models have been developed to reproduce the linear decreasing of Q2. One
of the interesting questions for protons is if the FF ratio will become negative with
the transferred momentum growing. For neutron, the behaviours of the models are
very different above 4 GeV2. All these phenomena motivate the experimentalists to
explore the FF structures to the higher Q2 regions of the proton and the neutron.

FIGURE 4.4: The collected data of the proton (left) and neutron (right)
form factor ratio µpGE/GM by Perdrisat and Punjabi [124]. The data
in the left figure from polarized experiments are from Refs. [120, 121]
(full circles), Refs. [122, 125] (full squares), and Ref. [123] (full tri-
angles), respectively. The data from unpolarized cross section (green
symbols) are: open triangles [126], circles [127], and diamonds [128].
The theoretical predictions are given by Ref. [129] (solid red), Ref. [130]
(short-dashed blue), [131] (dash-dot orange), [132] (dash green), and
Ref. [133] (short dash-dot magenta). The data in the right figure for
neutron FF ratio are from Refs. [134, 135, 136, 137, 138, 139] (red), Refs.
[140, 141, 142, 143] (blue), and Refs. [144, 145] (black) and Ref. [146]
(green).

The upgrade of JLab, doubling the maximum beam energy from 6 to 12 GeV (11
GeV Halls A, B, C, and 12 GeV Hall D) allows future experiments with polarized
beams for measuring proton and neutron form factors. Indeed, several experiments
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are planned at JLab to measure all four nucleon form factors up to the highest mo-
mentum: proton, neutron, electric and magnetic. For example in Hall A a new spec-
trometer, the Super Bigbite Spectrometer (SBS) will have a very large acceptance and
a new polarimeter. This experiment is expected to reach Q2 = 15 GeV2, and needs a
large investment to guarantee a detection covering the whole focal plane, including
a polarimeter that supports a large background particle rate [147].

In order to optimize the measurements, different analyzer materials at different
thicknesses are being investigated. Measurements of the polarization of protons had
been taken in Saclay, using the Saturne accelerator up to the available highest mo-
mentum, 3.2 GeV/c and a Carbon or a CH2 target with different thicknesses (for
more details see Ref. [148] and references therein). At larger momenta, the Dubna
Synchrophasotron at the JINR-VBLHE (Dubna) allowed the measurements of the
analyzing powers with a CH2 target at the proton momenta pp = 3.8, 4.5 and 5.3
GeV/c [149], with different target thicknesses, indicating that CH2 provides larger
analyzing powers than carbon. More precise measurements are required in the
known energy region as well as their extension to higher momenta.

Polarization measurements are even more important for neutron, as the electric
neutron form factor is expected to be small. The analyzing reaction has to be care-
fully optimized. We denote elastic scattering the reaction np ! np meaning that
the neutron is detected forward and charge exchange the reaction np ! pn mean-
ing that a proton is detected forward. Both reactions are considered for polarimetry.
Analyzing powers strongly depend on the energy and angle of the detected particle.
When the incident neutron momentum increases, it appears that analyzing powers
decrease (increase) for a neutron detected forward (backward). In present work,
we investigate the energy range where each reaction is more favorable. Moreover,
different targets have been used as no measurement exists for heavier targets than
hydrogen.
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Chapter 5

Calculation of cross sections,
analyzing powers, efficiency and
figure of merit

The results presented in this chapter have been published in Ref. [18]. Hadron
polarimetry in the GeV region is requested for modern experiments. As it will be
explained in detail later, a polarization measurement consists in the measurement of
the azimuthal asymmetry in a secondary scattering on a polarimeter target. There-
fore the set up needs to measure precisely the incident and outgoing trajectories,
in order to reconstruct the azimuthal distribution. For unpolarized particles, this
distribution is flat, for polarized particles it contains an asymmetry (the left-right
asymmetry is sensitive to the normal polarization, the up-down asymmetry is sen-
sitive to transverse polarization. The longitudinal polarization can be measured
only deflecting the particle in the vertical plane.) The quantity that allows to mea-
sure and compare the performance of a polarimeter is the Figure of Merit (FoM).
Two ingredients need to be known:

• the polarimeter efficiency,

• the analyzing powers.

The secondary reaction (the polarimeter target as well as the detection) is cho-
sen according to the following criteria: maximize the polarimeter efficiency and the
analyzing powers. The polarimeter efficiency is defined as the number of useful
events over the number of the incident events. Useful events means events issued
from a reaction that carries a polarization information, i.e., very sensitive to the spin
dependent terms of the interaction, that translates into large analyzing powers. For
example, events issued from multiple scattering, or non-interacting events (that are
the majority) do not carry polarization information.

Proton polarimetry has revealed to be a unique way to access the electric to mag-
netic proton form factor ratio, as the GE/GM ratio can be directly measured from the
ratio of the transverse to longitudinal polarization of the recoil proton in the scat-
tering of longitudinally polarized electrons [113, 114]. In particular at JLab the GEp
collaboration measured this ratio up to q2 ' 8.5 GeV2 ([123] and references therein)
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shown in Fig. 4.4). It is planned to extend proton and neutron FF measurements up
to the largest Q2 following the 11 GeV2 upgrade of the JLab accelerator. The mea-
surement of proton analyzing powers was done by ALPOM at beam momentum
1.75 to 5.3 GeV/c [149]. In Dubna, presently, it is possible to extend this measure-
ment to 7.5 GeV/c.

In case of neutrons, the polarization method is mandatory due to the smallness
of the neutron electric FF. To study the neutron analyzing power, elastic np scattering
has been used as polarizing reaction up to momenta of 3 GeV/c [150]. It appears that
the neutron analyzing power becomes smaller and smaller at forward angles with
increasing energy, whereas it becomes large and negative when the outgoing neu-
tron is detected at backward angles [151]. The latter situation corresponds to charge
exchange reactions and gives a new opportunity to extend neutron polarimetry to
high energies. In Dubna, a neutron beam momentum up to 4.2 GeV/c is available.

The purpose of this chapter is to give an estimation of the expected FoM of a
polarimeter based on the reactions:

• n + p ! n + p: this elastic reaction is described by t-channel exchange of a
neutral pion, so it will be denoted ‘zero-exchange’, meaning zero charge ex-
change.

• n + p ! p + n: this reaction is described by t-channel exchange of a charged
pion, so it will be denoted ‘charge-exchange’.

In the final channel the detected particle is written first. Note that for a neutron
detected forward the diagram for zero-exchange is dominant, whereas for a proton
detected forward the charge-exchange diagram is dominant. The two reactions can
be considered contributing both to the cross section, and their balance depends on
the scattering angle of the detected particle.

This study is based on the calculation from Ref. [152], tuned on existing data,
with the aim to determine at which incident momentum elastic and charge-exchange
reactions become competitive in terms of FoM.

5.1 Performance of a polarimeter
The performance of a polarimeter is expressed in terms of the total FoM square, F2.
For a given configuration, i.e., target thickness and acceptance, it is defined as:

F2 =

Z

✓

"(✓) A2
y(✓) d✓, (5.1)

where the integration is performed over the angular range where the polarimeter
is efficient. In Eq. (5.1), "(✓) is the differential efficiency of polarimeter for different
processes, defined as the differential cross section for the useful reaction over the
total cross section, �tot. The polarimeter efficiencies for the considered processes are
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calculated from the cross sections, assuming an ideal system with 100% efficiency of
detectors, as the ratio of the relevant cross section, �i(✓) over the total cross section:

"(✓) =
�i(✓)

�tot

. (5.2)

The notation Ay(✓) is used for the analyzing power, the single spin polarization ob-
servable when the beam is polarized. The total np cross section in the energy range
of interest is quite constant and it is taken as �(N + N ! anything) ' 40 mb. We
can estimate the cross section on a CH2 target as follows:

�tot(N +CH2 ! anything) = 2�(N +N)+A2/3�(N +N) ' (80+ 200)mb = 280mb.
(5.3)

The statistical error on the polarization, �P , is related to F2 as:

�P =

r

2

NincF2
(5.4)

The knowledge of FoM allows to estimate the number of incident events, Ninc, nec-
essary to obtain a given error �P on the polarization measurement. It allows to
estimate the duration of the experiment. The larger is the FoM, the shorter is the
running time to get the same error on the polarization. Typically, a number of inci-
dent particle equal to 106 can be obtained (including 40% experimental inefficiency)
with a beam intensity of 104 particle per second during a spill of 4 s each 10 s mea-
suring for one hour per beam polarization state (total 3 hours). In these conditions,
typical for the ALPOM2 setup, an error on the polarization equal to 0.02 can be
obtained with F2=0.0049.

5.1.1 Kinematics of np scattering
The zero-exchange and charge-exchange reactions with four momenta in Lab and
CM systems as in Fig. 5.1, are defined as:

n(k1) + p(k2) ! n(k3) + p(k4) zero� exchange, (5.5)
n(k1) + p(k2) ! p(k4) + n(k3) charge� exchange.

The Mandelstam variables are defined in terms of four momenta as:

t = (k1 � k3)
2 = (k2 � k4)

2,

u = (k1 � k4)
2 = (k2 � k3)

2,

s = (k1 + k2)
2 = (k3 + k4)

2. (5.6)
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FIGURE 5.1: Scheme of the reaction np ! np(pn) in Lab and CM sys-
tems.

Here we use the same mass for neutron and proton Mn = Mp = M . The following
relation holds:

s+ t+ u = 4M2. (5.7)

In the Lab system, defining the kinetic energy as T = EL �M , where EL is the total
energy of the incident particles (s = 2M(EL +M)), we get the relations:

s = 4M2 + 2TM, T =
s� 4M2

2M
=
q

p2L �M2 �M. (5.8)

Then we get:

E2
L = p2L +M2,

EL +M = E3 + E4,

~PL = ~k3 + ~k4,

|~PL| = |~k3| cos ✓L1 + |~k4| cos ✓L2 .

As we do not distinguish neutron and proton, and according to energy momentum
conservation, no neutrons going to backward directions in the Lab system. The
kinematical relation between the angles in CM and Lab systems is shown in Fig. 5.2
for different momenta: 3 GeV/c, 3.75 GeV/c, 4.2 GeV/c, 5.3 GeV/c, 7.5 GeV/c. In the
legend, the transferred momentum Q2 for eN elastic scattering necessary to obtain
the same nucleon momentum is also shown. The maximum detection angle for the
ALPOM2 experiment is ✓L2 < 17�. It corresponds to a CMS angle ✓2 < 49� (70�) for
beam momentum equal to 3 (7.5) GeV/c.
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FIGURE 5.2: CMS versus Lab angle for the emitted neutron at differ-
ent Lab momenta. The corresponding Q2 for electron scattering is also
indicated.

5.1.2 Angular distributions of np scattering
The pole model for np ! np(pn) scattering, illustrated in Fig. 5.3, was derived in
Ref. [152].

The t�dependent differential cross section is:

d�

dt
=

1

64⇡sq2
(|M⇡(u) +M⇢(u)|2 +

1

4
|M⇡(t) +M⇢(t)|2 + |MP (t)|2), (5.9)

where q2 = s/4 � M2 and M⇡/⇢,P are the amplitudes corresponding to ⇡, ⇢, and
pomeron-like exchanges respectively. This formula assumes that the reaction np !
np where the neutron emitted forward is predominantly driven by the diagram Fig.
5.3.a, whereas if the proton is detected forward the diagram Fig. 5.3.b dominates.
As the two diagrams act in two different kinematic regions, their interferences are
neglected. The matrix element square is parametrized as:

• for the charge exchange reaction, Fig. 5.3(a):

|MCE(u)|2 =

✓

Fu
uA⇡

u�m2
⇡

Fu

◆2

+

�

�

�

�

Fu
uA⇢e

i'

u�m2
⇢

Fu

�

�

�

�

2

+

2

✓

Fu
uA⇡

u�m2
⇡

Fu

◆✓

Fu
uA⇢e

�i'

u�m2
⇢

Fu

◆

, (5.10)
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FIGURE 5.3: Feynman diagrams for the pole model of np ! np(pn)
scattering.

• for the elastic scattering (zero-exchange), Fig. 5.3(b):

|MZE(t)|2 =
1

4

"

✓

Ft
tA⇡

t�m2
⇡

Ft

◆2

+

�

�

�

�

Ft
tA⇢e

i'

t�m2
⇢

Ft

�

�

�

�

2

+

2

✓

Ft
tA⇡

t�m2
⇡

Ft

◆✓

Ft
tA⇢e

�i'

t�m2
⇢

Ft

◆�

+ (AP e
�b|t|)2, (5.11)

A monople form factor at each vertex has been introduced, with the replacement
t $ u corresponding to zero-exchange or charge-exchange:

Ft =
⇤

⇤+ |t| , Fu =
⇤

⇤+ |u| , (5.12)

where ⇤ is a cutoff parameter. In Ref. [152], ⇤ is taken equal to the nucleon mass
squared as ⇤ = M2=0.88 GeV2, and the masses of ⇢ and ⇡ mesons are, m⇢= 0.775
GeV, m⇡= 0.1396 GeV.

The s-dependent amplitudes corresponding to the exchanged particles A⇢, A⇡

and the pomeron-like particle AP are (Ref. [152]):

A⇡ = �111.1 + 102.8
p
s, A⇢ = �34.4 + 71.3

p
s, ' = 0.91 + 0.44

p
s,

AP = �1008.4 + 568.0
p
s, b = 3.713[1� e�2.258(

p
s�1.792)], (5.13)

where the parameters are fitted on the data as illustrated in Fig. 5.4, for zero-
exchange reaction at different incident neutron beam momenta. The pole model
gives a good description for all values of the beam momentum at small t, but starts
to deviate at large t. In order to reproduce the charge-exchange process, we refitted
the data and we found the parameters of Eq. (5.13) to be:

A⇡ = 99.6� 65.4
p
s, A⇢ = �100.2 + 72.3

p
s, ' = 0.53 + 0.52

p
s,

AP = �1408.4 + 568.0
p
s, b = 10[1� e�7.371(

p
s�0.076)]. (5.14)
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The results are illustrated in Fig. 5.5 for the data from charge-exchange process.
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FIGURE 5.4: Top figures: data are from Ref. [153], corresponding to
different incident beam momenta: pL=2.2 GeV/c (left), 3.3 GeV/c (mid-
dle), and 4.3 GeV/c (right). Bottom figures: data are from Ref. [154]
and correspond to beam momenta: pL= 3.1 GeV/c (left), 3.6 GeV/c
(middle), 6.1 GeV/c (right). The model prediction with Eq. (5.13) from
Ref. [152], is also shown (black thick solid line) together with the zero-
exchange (red solid line) and charge-exchange (blue dotted line) con-
tributions.

The zero-exchange process is dominant at forward angles, while the charge-
exchange is dominant for backward angle. This is also seen in Fig. 5.7 where the
s-dependence of the cross section calculated for t = 0 is illustrated (left). The total
cross section, integrated over all the angular range, is shown in Fig. 5.7 (right).

The plot at t = 0 gives larger value in a smaller pL region compared to Fig. 5.7
of Ref. [152]. However our Fig. 5.4 shows that the model is consistent with the data
at small t. Concerning the total cross section (right plot), the difference with the
original paper comes from the contribution of charge-exchange reaction for pL �
6 GeV, but from the the plot corresponding to pL = 6.12 GeV, in Fig. 5.4, one can
see that the calculation reproduces the experimental data fairly well. We can also
see from Fig. 5.7, that, as the total cross section decreases when the momentum
increases, the difference of the charge-exchange and zero-exchange contributions
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FIGURE 5.5: The differential cross sections of the charge-exchange pro-
cess (np ! pn) at different beam momenta from 2.375 GeV/c to 8
GeV/c. The data are from the Refs. [155, 156, 157] and the curves are
from the calculation of the pole model with refitted parameters as in
Eq. (5.14).
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becomes larger and larger. This means that charge-exchange reactions become far
more difficult to detect than elastic scattering at high energy.

 [GeV/c]
L

 p
0 5 10 15

/d
t [

m
b]

|t=
0

σd

0
10
20
30
40
50
60
70
80
90

100 Total
charge-exchange
zero-exchange

 [GeV/c]
L

 p
5 10 15

 [m
b]

σ

0

5

10

15

20

25

30

35

40 Total
charge-exchange
zero-exchange

FIGURE 5.6: (Left: differential cross section as a function of pL, accord-
ing to Eq. (5.9) for t = 0. Ref. [152]. Right: total cross section as
a function of pL (black solid thick line), zero-exchange (thin red solid
line), and charge-exchange (blue dotted line).

5.1.3 Analyzing powers
Analyzing powers have been measured in Ref. [151] for the interesting kinematical
range of charge-exchange process, for neutron beam incident momenta from 2 to 12
GeV/c and neutron detection in the range 0.01  |t| 1.0 GeV2. We have fitted the
points with a series of polynomials:

Ay = a(p)t+ b(p)t2 + c(p)t3, (5.15)

with the parameters indicated in Table 5.1. The data only cover a small range of an-

pL [GeV/c] a b c
3 ± 1 -1.964 1.910 4.749
5 ± 1 -1.60 2.122 0
7 ± 1 -2.482 4.363 -2.384
9 ± 1 -2.086 1.846 0
11 ± 1 -2.627 9.161 5.251

TABLE 5.1: Parameters of Eq. (5.15) for the charge-exchange process
illustrated in Fig. 5.7.
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FIGURE 5.7: Data (red symbols) of analyzing powers for the charge-
exchange process (np ! pn) is from Ref. [151]. The red curves are
fitted to the data following Eq. (5.15 and a green asterisk is added to
constrain the function passing through zero at zero. The parameters
are listed in Table 5.1.
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pL [GeV/c] a b c
2 2.861 -8.161 6.209
3 1.047 -2.374 1.345
4 6.129 -1.097 3.252
6 2.879 -7.448 3.885

TABLE 5.2: The parameters for zero-exchange process of Eq. (5.15) cor-
responding to the data in Fig. 5.8.

charge-exchange y = 0.141 + 0.045x
zero-exchange y = 0.365 � 0.061x

TABLE 5.3: Zero-exchange and charge-exchange functions correspond-
ing to Fig. 5.9.

gles. From these data at the same t value, with the incident momentum increasing,
the absolute value of the analyzing power of charge-exchange process increases.
Analyzing powers for the zero-exchange process can be found in Ref. [158, 159].
They are plotted in Fig. 5.8 where the lines are the results from Eq. (5.15) with pa-
rameters as in Table 5.2. Differently from charge-exchange, when the momentum
increases, the analyzing power shows a decreasing behaviour.

To compare the analyzing powers of charge-exchange and zero-exchange reac-
tions, in Fig. 5.9 we plot the maximum absolute value of the analyzing powers as
a function of the incident momentum, and assume a linear function to extrapolate
to the higher momentum region. The results have to be considered upper limits.
With increasing momentum, the maximum analyzing powers for zero-exchange
and charge-exchange have an opposite behavior. While the zero-exchange ana-
lyzing power decreases with increasing momentum, the charge-exchange analyz-
ing power increases, which may compensate the cross section contribution of the
charge-exchange reaction.

5.2 Calculation of polarimeter efficiency and maximum
figure of merit

We define the maximum differential FoM squared (F(Max)) (for charge-exchange and
zero-exchange reactions) as:

F2
(Max) =

Z ✓=17�

✓=0�
A2

y(Max)
· "(✓)d✓. (5.16)

We calculate the integrated FoM (see Fig. 5.10) for the angular acceptance of
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FIGURE 5.8: Data (red symbols) of analyzing powers for the zero-
exchange process (np ! np) is from Ref. [160]. The red curves are
fitted to the data following Eq. (5.15) and a green asterisk is added to
constrain the function passing through zero at zero. The parameters
are listed in Table 5.2.
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from charge-exchange (blue dotted line) from Ref. [151] and zero-
exchange (red solid line) from Ref. [160] with the parameters as in Table
5.3.

ALPOM2 within 17� in Lab. As discussed above, the cross section of both reac-
tions decreases with increasing momentum, but charge-exchange is less probable
than zero-exchange in the low momentum region, and the analyzing powers can
not compensate this effect. So, in this momentum region, zero-exchange has larger
FoM. For pL larger than 4.8 GeV/c, the analyzing power has a more important role
compared to the cross section. Then, the charge-exchange reaction gives larger FoM,
which is more effective for polarimetry. For the same running time, the measure-
ment will be more precise, having smaller errors. In Fig. 5.10 the red empty circles
are reported from the MonteCarlo simulation of JLab proposal PR-09-006 [161].

Quantitatively, for ALPOM2, at momenta of 3.75 GeV and higher, with number
of incident particle � 106, the uncertainty of the polarization (�P) can be estimated
to 0.045 (zero-exchange) and 0.030 (charge-exchange), in spite of the fact that the to-
tal cross section for zero-exchange is larger than for charge-exchange. With increas-
ing beam momentum, FoM of zero-exchange decreases dramatically while charge-
exchange stays about constant, then the charge-exchange becomes preferable, under
the present assumptions of an ideal experimental environment. However our calcu-
lation is reliable for elastic scattering only up to 6 GeV/c, as elastic analyzing powers
have been measured only up to 6 GeV/c.
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Chapter 6

The ALPOM2 Experiment at
Nuclotron accelerator of the Joint
Institute for Nuclear Research

6.1 Introduction
This chapter describes the experiment ALPOM2 that takes place at the Nuclotron
complex accelerator of the Joint Institute for Nuclear Research in Dubna and aims
to measure analyzing powers for protons and neutrons useful for polarimetry in the
GeV energy range. After a brief discussion of the JINR and its history, and a brief
focus on a major project in high energy physics that is under construction, NICA,
I’ll describe the experimental setup starting from the polarized deuteron source put
in operation for this experiment, the different elements of ALPOM2, the data tak-
ing procedure as well as the data analysis. My participation includes help in the
preparation of the experiment, in data taking, and in the analysis and interpreta-
tion of the data. Moreover, as shown above, I collected existing data and predicted,
with the help of a pole model, the cross section and the analyzing power for elastic
and charge exchange neutron-proton reactions. The analyzing powers measured in
this experiment will be very useful for electron scattering experiments planned at
Jefferson Laboratory to measure proton and neutron electromagnetic form factors.

6.2 Short presentation of the Joint Institute for Nuclear
Research

This historical introduction is aimed to describe the laboratory where the experi-
ment took place. I want to stress two aspects: the discoveries and the role that the
institute played since its foundation, and the present availability of the polarized
deuteron beam up to 13 GeV. This beam is unique in the world, and it is necessary
for the experiment described here. The opportunity of the deuteron beam is results
from the funding of a major project, the NICA project, which is supposed to gather
large parts of the physics community in next future.
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Dubna, as well as the JINR were built at the end of the World War II. The aim
of the institute, when it was established, was -similarly to CERN- to federate the
scientific and material potentials of the Member States for investigations of the fun-
damental properties of matter. JINR consists of eight laboratories, including the
largest theoretical institute in the world, the Bogoliubov Laboratory of Theoretical
Physics (BLTP), the Veksler and Baldin Laboratory of High Energies (VBLHE) where
our experiment is performed, and a University centre.

Nowadays, the main activities of JINR are theoretical and experimental studies
in elementary particle physics, nuclear physics, condensed matter physics, biology
and computing technologies. The research policy of JINR is advised by the Scien-
tific Council, which consists of eminent scientists from 18 Member States as well
as known researchers from world institutions. More than 800 scientific centers and
universities in 62 countries are involved in collaborative work. Since the Institute
was built, many important discoveries were recognized in different fields of physics.
I mention few of them:

• Discovery of super-heavy elements with atomic mass 262. A team from JINR
first reported to have produced this element, later baptized Dubnium in 1967.
In 1970, the Russian team together with a team from Lawrence Berkeley Na-
tional Laboratory confirmed the discovery [162]. The existence of four new
elements was confirmed in January 2016 and they were named Nihonium,
Moscovium, Tennessine and Oganesson.

• High energy neutron pairs exchange (1998) [163]:
Observation of two-neutron exchange in the 6He + 4He reaction, searching for
the “di-neutron" configuration of 6He.

• World recognized advances in ultra-cold neutrons (1975) [164].

• Quark counting rules in QCD (1973) [21].

Among the outstanding personalities who spent most of their career in Dubna and
are well known, we can mention Bruno Pontecorvo, N.N. Bogolyubov and A. M.
Baldin, who is the founder of the Nuclotron accelerator.

The NICA project
The NICA project [165] (see Fig. 6.2) includes the upgraded accelerator Nu-

clotron, that will provide variety of beam species ranging from protons and po-
larized deuterons to very massive gold ions. Two collision points in a new ring are
foreseen at NICA: one for heavy-ion studies with the MultiPurpose detector (MPD)
detector and another one for polarized beams for the Spin Physics Detector (SPD)
experiment.

The accelerated beams and their characteristics are as follows:



6.2. The Joint Institute for Nuclear Research 103

• Polarized proton p"p" at pspp=12 ÷ 27 GeV (5 ÷ 12.6 GeV kinetic energy).

• Polarized deuteron d"d" at
p
sNN=4 ÷ 13 GeV (2 ÷ 5.5 GeV kinetic energy).

• Heavy ions will be accelerated up to kinetic energy of 4.5 GeV per nucleon.

• The average luminosity will be Laverage ⇡ 1⇥ 1032 cm�2s�1.

To accelerate polarized beams (proton and deuteron) the following elements of the
collider will be operated:

• SPI (Polarized ion source) ! LU - 20 (light ion linear accelerator) ! Nuclotron
! NICA collider.

Out of the Linac, the injection energy for the protons is 20 MeV and for the deuteron
is 5 MeV/u [166].

The accelerated polarized deuterons, d" can reach up to 5.6 GeV/u without un-
dergoing depolarization by spin resonances in the ring. They have been produced
in the past by the Synchrophasotron with the polarized source POLARIS (the first
depolarizing resonance is above 10 GeV/c momentum). Polarized proton beams
p", can not be accelerated due to depolarizing resonances, but polarized proton and
neutron beams have been obtained from deuteron break-up. To produce p" beams
up to 13.5 GeV, it will be necessary to add a dynamic solenoid (Siberian Snake) in
the Nuclotron, to accelerate the protons first up to 5 - 6 GeV, then to transfer them to
the collider ring for storage and stochastic cooling to be accelerated up to 13.5 GeV.
The critical field of the Nuclotron magnet is B = 2 T, with dB/dt = 4 T/s. The physics
of the NICA project is based on the search for a particular state of nuclear matter,
the ‘mixed phase’, Fig. 6.1. The suggestions for the physical program are collected
in a white physics book, based on the contributions of the world community [165].
They investigate fundamental physics problems:

• The strong interaction between the elementary constituents (quarks and glu-
ons) within the Standard Model;

• Phase transition between hadronic matter, QGP, and new phases of baryonic
matter;

• Basic properties of vacuum and QCD symmetries in strong interactions.

The specificity of NICA is to access a region of the phase diagram with high
density and low temperature where quarks, meson and baryons are predicted to
coexist. Moreover, it will be a unique world facility for polarized particles and light
ions in the GeV range.
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FIGURE 6.1: Physics region, in the plane Temperature as a function of
the baryon density, explored at the Nuclotron-based Ion Collider facil-
ity (NICA Complex).

6.3 Description of the experiment
The experiment ALPOM2 follows the upgrade of ALPOM [149], which was a po-
larimeter located on the ALPHA beam line of the Nuclotron accelerator. ALPOM
was built as the upgrade of part of the POMME polarimeter moved from Saclay,
after closing Saturne (1997) [167].

The main goal of the ALPOM2 experiment is to measure analyzing powers for
neutron and proton induced reactions in the GeV energy range in view of optimiz-
ing polarimetry for experiments in hadron and electromagnetic physics. For pro-
tons, it is planned to measure the reaction ~p + CH2 ! one charge particle + X
using a polarized proton beam at momentum 5.3 GeV/c and 7.5 GeV/c on a target
with high hydrogen content: CH2. For neutrons, beam momenta of 3.0, 3.75, 4.2 and
5.3 GeV/c, and a CH and/or an active scintillator target are used and the relevant
reactions are elastic scattering and charge exchange.

Polarized neutron and proton beams are produced from the breakup of polar-
ized deuterons after the acceleration and extraction from the Nuclotron accelerator.
The beams hit the polarimeter target and the outgoing particles are detected. Their
azimuthal distributions for each beam polarization state are analyzed. The asym-
metry is directly related to the product of the analyzing powers (that are extracted)
and the beam polarization that is measured in a dedicated polarimeter.

Before the main beam time, two test runs have been done to check the quality of
the beam, the beam line and the setup. The first test run of the ALPOM2 experiment
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was done in February 2015. At that time only unpolarized beam was available. This
allowed to tune the beam line at the relevant momenta, to study the efficiency of the
apparatus, the acceptable counting rates, as well as eventual experimental asymme-
tries. The second test run was done in June 2016, as a commissioning of the new
polarized source and of the injection beam line. In November 2016 a polarized pro-
ton beam up to 4.2 GeV/c and a neutron beam up to 4.2 GeV/c were available. The
experiment received 2 weeks of data taking. The information on the experimental
runs is summarized in Table 6.1 and in Table 6.2, which include the details of the
beam types, running time, beam momentum, and the information on the target.

Date Nucleon kinetic energy beam on target (pL ) target
[GeV] [GeV/c] [cm]

2015.02.16 2.94 pD = 7.5 GeV/c
unpolarized pN = 3.75 CH, 6 x 5

pP = 3.75 CH2, 20-40
2015.02.25 5.15

unpolarized pN,P = 6 - 7.2 CH2, 40

2016.06.25-27 2.94 pP = 3.75 CH2 ,CH, p
unpolarized pN= 3.75 CH
2016.11.19-30 2.20 pP,N = 3.0 CH2 30 - 40

polarized 2.94 pP,N= 3.75 CH2, C 30
3.36 pP,N = 4.2 CH 6 x 5

2017.02.24-27 2.94 pP,N= 3.75 CH2, C 30 , Cu
polarized

TABLE 6.1: Information on the runs of the ALPOM2 experiment: run-
ning time, the beam kinetic energy, the beam type, the beam momen-
tum, and the nature of the target.

6.3.1 The experimental setup
6.3.1.1 The beam

Essential to the experiment are the polarized proton and neutron beams. They are
produced from the breakup of a deuteron beam produced from the Cooler Injector
Polarized IOn Source (CIPIOS), preaccelerated in a potential of 100-150 keV LU-20
injector, and accelerated by the Nuclotron (See Fig. 6.2).

The source of polarized deuterons - CIPIOS
The polarized deuterons necessary for the ALPOM2 experiment are produced

from a new source called CIPIOS, received from Bloomington (Indiana, USA) and
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run No. Target proton neutron
Nov. 2016 [GeV/c] [GeV/c]

38-47 CH2 3.75
50-57 CH2 3.75
58-67 CH2 3.75
68-84 C 3.75
85-98 CH2 3.75

100-138 CH 3.75
140-159 CH2 3.75
164-176 CH2 3.0
177-197 CH2 3.0
199-213 CH2 4.2
214-228 C 4.2
229-251 CH2 4.2

Feb. 2017
5-10 CH2 3.75
39-45 CH2 3.75
55-61 CH2 3.75
62-65 Cu 3.75
66-76 C 3.75
77-78 C 3.75
80-86 Cu 3.75
88-98 CH2 3.75

99-112 Cu 3.75

TABLE 6.2: Detailed information for the runs in 19-31 November 2016
and 24-27 February 2017: the run number, the target, the beam type and
its momentum.
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recently upgraded. The existing source of polarized deuterons (0.4 mA D+ cryo-
genic source POLARIS) cannot satisfy the requirements of intensity and polariza-
tion. CIPIOS is a pulsed, cold nozzle atomic beam polarized ion source with a
plasma (H, D) charge-exchange ionizer.

Polarization Method
The principle to polarize particles through adiabatic transitions between two hy-

perfine structure levels was established by A. Abragam [168, 169]. The Hamiltonian
of the system can be decomposed in three parts: the kinetic energy, potential en-
ergy, and the angular kinetic energy. For deuteron atoms, the angular kinetic part
induces six hyperfine structure states. The quantum numbers of the molecular deu-
terium (F ), of the electron angular momentum (J) and of the naked deuteron atom
angular momentum (I) are illustrated in Fig. 6.3, together with the substates, as a
function of the magnetic field. They can be separated by applying different strengths
of the magnetic field. In a radially-symmetric magnetic field B, increasing with the
distance in the perpendicular direction with respect to the beam line, the deuteron
energy of the mJ = +1/2 states increases, so the particles feel a focusing strength
towards the beam line. On the opposite, the deuterons in the mJ = �1/2 states are
pushed away from the beam line direction.

The Atomic Beam Source (ABS), Fig. 6.4, provides high-intensity beams of hy-
drogen or deuterium atoms with high degree of polarization [170]. The different
elements are described here:

1. Dissociator: the dissociator breaks-up the chemical bond of deuterium molecules
to produce deuteron atoms.

2. Cooler: the nozzle cooler to cool down the newly produced deuteron atoms.
The cooling system for atomic beams is called the cryo-cooler.

3. 1st set of permanant Sextupoles: it is a set of radially-symmetric |B| strength
magnets (see Fig. 6.5). The magnetic field is |B| = Bm(

r
r
m

)2. As shown in Fig. 6.3, the
energies of deuteron atoms in the six different states are separated into two groups.
The atoms with electron spin mJ=-1/2 will be stripped away from the axis of beam
direction. On the contrary, the atoms of state mJ=+1/2 will be focused to the beam
line. Finally the three (mJ=+1/2) states are selected out of six.

4. Radio-frequency transition units: three units of different frequencies (Table.
6.3) can transfer the three (mJ=+1/2) states to the deuteron tensor or vector polar-
ization states with different frequency.

5. 2nd sextupoles: a conventional electromagnet sextupole is set as an analyzing
device to tune the states. Then the positive hydrogen and the neutrally polarized
deuteron meet up at the resonant charge-exchange ionizer (the polarized ions are
formed at resonant charge-exchange of the polarized atoms and unpolarized ions in
plasma).
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FIGURE 6.3: Quantum numbers of hyperfine structure of deuteron. The
quantum numbers of molecular deuterium, electron angular momen-
tum, and the naked deuteron atom angular momentum are presented
as F , J and I .

Frequency mJ mI mJ mI

10.8 Hz 1/2 +1 (1) !(4) -1/2 -1
1/2 0 (2) !(3) 1/2 -1
-1/2 0 (5) !(6) -1/2 1

343 Hz 1/2 0 (2) !(5) -1/2 0
1/2 -1 (3) !(6) -1/2 1

415 Hz 1/2 0 (2) !(6) -1/2 1

TABLE 6.3: RF units frequency to transfer the atoms states.
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FIGURE 6.4: Layout of the ABS (Atomic Beam Source) : pulsed dis-
sociator, beam cooler, sextupoles magnets for focusing, RF (radio-
frequency) transition units for polarization, and TOF (time of flight),
MS (mass spectrum) from Ref. [170].

|B| increases 
with r increasingr |B| = B   (r/r  )m m

2

rmBm
J=+1/2

J= -1/2

J= -1/2

FIGURE 6.5: Scheme of the radial-symmetric magnetic sextupole that
selects atoms by electron spin state. The magnetic field |B| increases
with r increasing, and rm is the radius of minimum |Bm|.
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The positive polarized deuteron particles of CIPIOS are produced through the
process:

~D0 +H+ ) ~D+ +H0.

The CIPIOS source is expected to produce high-quality polarized deuteron beams
with intensity 10 mA and energy up to 5 GeV/u. The maximal values of the vector
(+1,-1) and tensor (+1,-2) polarizations will be approached. It is planned to increase
the beam intensity up to 1010 deuterons/pulse after the first stage of operation. In
order to increase intensity of polarized beams of D+ and H+, reducing the back-
ground current of the H+

2 ions, a storage cell will be used.
Negatively charged polarized deuterons are also planned to be produced in or-

der to enhance the beam intensity. It can be expected only after the stripping injec-
tion to be developed.

Modernized linac LU-20
After SPI, an Alvarez-type DTL (drift-tube linac) linear accelerator LU-20 [166]

is used as an injector for the Nuclotron. It was first built as a proton injector for
the Synchrophasotron with output energy of 20 MeV in 1974. Now it is operated as
an injector of light ions, polarized protons and deuterons of 20 MeV energy and 5
MeV/u energy, respectively.

Along the beam direction, the LU-20 consists in a pre-injector, a buncher, a res-
onator, a debuncher, followed by the transport channel.

1. A high voltage electrostatic pre-injector with uniformly space quadrupole fo-
cusing has been designed, manufactured and successfully launched in May 2016
[171]. It allows to decrease the potential in the high-voltage platform to minimize
the beam losses on the residual gas. It provides proton and light ion beam acceler-
ation at currents up to 10 mA up to energy 150 KeV/nucleon with the subsequent
injection to the existing linac LU-20 and the Nuclotron.

2. Buncher: increases the accelerated beam intensity.
3. LU-20 resonator: is the main part to accelerate the beam prior to the main ring.
4. Debuncher: is used to decrease the dispersion of the beam before the injection

into Nuclotron.
5. Transport channels with bending magnets are added to change the beam di-

rection. Vertically polarized beams are injected to the Nuclotron.
Later on it is planned to replace LU-20 by a new superconducting linac accel-

erator [172]. The new accelerator is expected to reach the energy 25 MeV for pro-
tons and up to 7.5 MeV/u for deuterium. It usually uses RF cavities to charge the
cylindrical conductor. The conductor should change the charge positive and nega-
tive alternately, in order to increase the velocity of the particles. The solenoids or
quadrupoles magnets will be located between cavities to focus the beam. Unlike
the old LU-20, the superconducting cavities will be phase independent within the
allowed phase slipping value.
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The Nuclotron accelerator The Nuclotron, a superconducting synchrotron, was
constructed during the years 1987-1992, to accelerate light nuclei and multi-charged
heavy ions [173].

The principle of the synchrotron is a time variation of the magnetic field strength
based on the circulation time of the charged particles, avoiding beam energy losses,
in order to accelerate the particles in the same ring. It usually has two separated
parts, the injection and the booster. It is composed of radio frequency cavities for
direct acceleration, dipole magnets (bending magnets) for deflection of particles (to
close the path), and quadrupole / sextupole magnets for beam focusing.

The perimeter of the accelerator is 251.5 m. The ring comprises 96 dipole mag-
nets (1.5 m long), 64 quadrupole lenses (0.45 m long), 28 multipole correctors (0.31
m long) with 3 or 4 types of windings in each, twelve 6 kA helium-cooled current
leads, 234 leads of 100 A current for correcting windings and special-purpose mag-
nets, 32 special units for beam injection, acceleration, diagnostics, and extraction,
and also about 600 sensors of cryogenic temperatures.

The main parameters of the Nuclotron are listed in the Table 6.4 [173].

Parameters Designed Obtained
Accelerated particles 1< Z<92 1< Z<36

Energy, GeV/amu 6 (A/Z=2) 4.2
Magnetic field, B 2.0 1.5

Injection energy, MeV/amu 5 5
Vacuum pressure, Torr 1·10�10 1·10�10

Repetition rate, Hz 0.5 0.2
Velocity of the field increase,Tl/s stand testing 4 4.1

in the ring 2 1.0
Intensity (d") 3·1010 3·107

TABLE 6.4: The main parameters of Nuclotron.

6.3.1.2 On-line beam polarimeters

The accurate measurement of the beam polarization is very important, as its value
will be directly used in the extraction the analyzing power in ALPOM2. The error
on the beam polarization is the main source of the systematic error on the analyzing
power.

The polarized beam is tagged with its three polarization states, up (plus, +),
down (minus, -), and unpolarized (zero, 0). As we are interested in proton and
neutron (spin 1/2 particles) analyzing power, we consider only vector polarized
deuterons.
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Several beam polarimeters are set along the beam line in order to measure the
deuteron beam polarization and to control the eventual depolarization during the
transmission and the acceleration.

A low energy polarimeter at the exit of the source has measured deuteron vector
and tensor polarization at energy of 10 MeV in 2016 [174].

During the acceleration, at the internal target station, a polarimeter, based on d, p
elastic scattering can be used [175]. It can not be used during the run, as it needs a
specific beam focussing.

During the ALPOM2 experiment, mainly the high energy polarimeter F3 (Fig.
6.6) was used, as the information can be recorded on line, for each beam burst, and
collected together with the data, insuring a continuous relative monitoring of the
beam polarization.

F3 is an on-line beam polarimeter to monitor the vector polarization of the deuteron
beam after the accelerator and before the breakup target. The measurement of the
vector deuteron polarization is based on the asymmetry of the quasi-elastic pp reac-
tion with vector beam polarization [176]. The scattered and recoil particles from the
reaction on hydrogen in a polyethylene (CH2) or carbon targets are measured sym-
metrically in left and right arms. The layout of the F3 polarimeter is shown in Fig.

IC

by Shindin Roman

37

IC

FIGURE 6.6: The F3 polarimeter (courtesy of Shindin Roman). IC is
an ionization chamber. The F3 left, right forward and backward arms
have three scintillation counters at the angles a and b with respect to
the beam-line.

6.6. An ionization chamber (IC) is set as a beam intensity monitor for normalization.
F3 has two arms, left and right. Each arm has three sets of scintillator counters at
✓=10.8� with respect to the beam-line, and a bigger size scintillator at ✓=60�. A coin-
cidence between the two arms and IC is also used as a trigger of the data acquisition
system.The counting rates (N±

L and N±
R ) of the scattered particles are recorded by

the left and right arms. The numbers of events are related to the beam polarization
P and analyzing power A by:

N±
L = N0

L(1 + P± · A(cos ✓)),
N±

R = N0
R(1� P± · A(cos ✓)).
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The superscript ± is corresponding to the beam polarization states “+1" and “-1".
The analyzing power depends on the amplitudes of the reaction, which, in turn,
depends on incident energy and scattering angles. The detectors should be set at
the angles where the analyzing power of pp elastic scattering for a given energy
is maximum. The relation between the maximum analyzing power and the angle
at high momentum (1.45 - 4.5 GeV/c) can be found from a summary of previous
experiments [177], and parameterized into a simple function,

A(pL, t) = a ·
p
�t · (1 + b · t+ c · t2), (6.1)

where a, b, and c are functions of the beam momentum with parameters fitted from
data (detail in Ref. [176]), and t is the Mandelstam variable. According to the func-
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FIGURE 6.7: Correlated angles for the emitted and recoil particles in pp
quasi-elastic scattering at the relevant proton momenta: 2.1, 3.75, 4.2
and 7.5 GeV/c.

tion (Eq. 6.1), adjusted to the experimental data, the maximum analyzing power for
a proton momentum in the range 2-6 GeV/c is around 10�, changing slightly with
increasing momentum. So the forward scintillator counters are set at about 10�. The
scintillator detecting the recoil particle in coincident is set at around 60�, that is the
corresponding angle from the pp elastic kinematic, as shown in Fig. 6.7, in order to
maximize the coincidence counting rate.

The largest analyzing power and angles at each momentum can be known from
previous experiments [178]. From the counting rates of the detectors, we derive with
the help of Eq. (6.1) the polarization of the d, (and consequently of the n, p) beams.
We assume pp elastic scattering, after correction for the carbon content of the target,
and 100% transfer of polarization from the deuteron to the proton or neutron.
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6.3.1.3 Deuteron breakup

The deuteron beam undergoes a breakup reaction in a 25(30) cm thick CH2(C) target
for protons(neutrons), installed upstream of the ALPOM2 polarimeter separately.
The protons and neutrons produced by the deuteron breakup reaction have the
same polarization as the deuteron beam as shown in Fig. 6.8 when the momentum
is half of the deuteron beam momentum. The breakup reactions are

dp ! (pp)n (charge exchange breakup),

dp ! (pn)p (charge retention breakup),

the last one corresponding to charge exchange in the deuteron. The polarization
of the deuteron is almost fully transferred to the fragments. From previous mea-
surements [179] it is known that the polarization transfer coefficient (K0) equals to 1
until k = 0.15 GeV/c as illustrated in Fig. 6.8. k is the internal momentum of proton
inside the deuteron, which is defined as,

k =

s

m2

4↵(1� ↵)
�m2,

with
↵ =

Ep + p||
Ed + pd

,

where Ep and p|| are the energy and longitudinal momentum of proton. Ed, pd are
deuteron beam energy and momentum. m is the nucleon mass.

FIGURE 6.8: World data for the p(d, p)X and C(d, p)X reactions for the
vector to vector polarization transfer coefficient (K0) ats a function of
the internal proton momentum k from Ref. [179].

The break-up protons emitted at zero angle from the deuteron beam are sepa-
rated by two dipoles of the beam transport line [180]. The neutron beam is selected
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by bending the charged particles in another direction with a magnetic field. A mag-
net switched on/off allows to deviate or not the particles and inject them in the
ALPOM2 line: a proton or a neutron beam. Then the beam is focused on the po-
larimeter target. The acceptance of the beam transfer line is about �⌦ ⇠ 10�4 sr, and
�Pp/Pp ⇠ 3 %. The elements of the ALPOM2 beam line do not change the proton
or neutron polarizations up to the target.

6.3.2 Setup for the test run
The detectors of the ALPOM2 setup are mainly scintillator counters and drift cham-
bers. An active target, described below, is used also as a detector for neutron. The

FIGURE 6.9: The setup of the test run in ALPOM2 experiment during
2015 [180]. M1,2: beam monitors. S1: scintillator counter, DC0,1,2: drift
chambers, AT1�6: active target. HCAL: hadron calorimeter.

beam hits first the scintillator counter, which gives a very fast response signal. This
signal is used as a trigger: it decides if the signal from the chambers will be recorded
or not.

6.3.2.1 Drift Chamber

The drift chambers are taken from the STRELA experiment [181]. As seen in Fig. 6.9,
there are two series of drift chambers (DC0,1,2) of different sizes. Two small size
modules DC0, of dimensions 12.5 ⇥ 12.5 cm2, are located upstream of the target and
two large chambers of dimensions 25 ⇥ 25 cm2 DC1,2 are located downstream of the
target. Each module of small or large sizes, consists of X and Y coordinates planes
in one gas enclosure. The small DC0 have 4 planes (2X and 2Y), and the large DC1,2

have 8 planes (4X and 4Y). Each plane has five signal wires spaced by 4.2 cm, and
the contiguous planes are shifted by half of a space. The shift of wire space helps to
remove the left-right ambiguity in the reconstruction of the particle tracks. The total
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material, considering the eight planes, is 0.141 g/cm2 and the sensitive area is 0.008
radiation lengths.

To determine the position of the particle going through the chamber, one mea-
sures the drift time differences between two wires. The time difference depends not
only on the position but also on the velocity of the electron through the gas in the
chamber. This is mainly related to the components of the gas and the pressure, the
strength of electric field, as well as to the temperature of the experimental environ-
ment and the geometry design [182].

In ALPOM2, each chamber contains a two-component gas mixture of Argon-
Methane (Ar2CH4), which allows a mode of constant electron drift velocity and a
high linear dependence of the drift time on the track coordinate throughout the
chamber at an electric field strength of 1.5 kV/cm. The signals are collected by the
wires of each chamber. Chip cards amplify, shape, and discriminate the input signals
given by the signal wires. Then the analogic signals go to time to digital converter
(TDC) modules and convert to digital signals. The drift velocity can be expressed
as:

vd(t) =
R

Ntot

· dN
dt

,

where R is the length of the drift gap (21 mm), and Ntot is the total number of events.
The TDC time spectrum of the channel No. 72 is shown in Fig. 6.10. The minimum

T-min T-max

N

Complete - TDC

TDC

FIGURE 6.10: The Online TDC time spectrum of a wire of a drift cham-
ber during the ALPOM2 expeiment. Tmin and Tmax are the drift times.

and maximum drift time for each channel (a wire) are Tmin and Tmax. Integrating
the drift velocity on the drift time, we convert the drift time to a distance r(t) which
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is the position with respect to the center:

r(t) =

Z T
max

T
min

vd(t
0)dt0 =

R

Ntot

Z T
max

T
min

dN

dt0
dt0. (6.2)

6.3.2.2 Track reconstruction

Each wire gives the position of the crossing particle, in one coordinate. Then, the
information from the wires of all the planes allow to trace the track of the particle.
In order to reconstruct a trajectory, one event must have three hits or more, i.e., three
planes at least, must fire. The track of the particle at each plane can be decomposed
in xz coordinates as illustrated in Fig. 6.11. The track in a plane perpendicular to

FIGURE 6.11: An example for the reconstruction of a track in the drift
chamber of X-Z coordinate from the STRELA experiment [181].

the wires of one drift module can be parameterized as a linear function:

X = aZ + b, (6.3)

where a and b are parameters. We assume the incident particle has hit N wires, and
the distance di of the ith wire can be written as:

di =
azi � xi + bp

1 + a2
. (6.4)

The values of a and b are obtained by minimizing the �2 function:

�2 =
1

N � 2

N
X

i

[|di|� siri]
2, (6.5)

where si = ±1 according to the relative position between the track and the wire, and
ri is the distance (6.2) of the ith wire.
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During this experiment, all drift chambers have been tested under beam. It has
been found that the spatial resolution is less than 0.1 mm which guarantees an an-
gular resolution better than 0.4 mrad.

6.3.2.3 Polarimeter target

In order to optimize the analyzer of the experiment, different materials and thick-
nesses of the polarimeter target were used for different analyzing processes, at dif-
ferent beam momenta of protons and neutrons.

The angular distribution of the emitted protons and neutrons with CH2 and CH
targets at 3.75 GeV/c are shown in Fig. 6.12 (left). The plot shows that the number
of the detected particles for a neutron beam with a CH2 target is larger than for the
CH target. It indicates that higher hydrogen content material, CH2, corresponds to
a larger efficiency.

With the same target material, the neutron beam has a larger number of events
than the proton beam in the region ✓ = 0.02 to 0.16 rad which is the sensitive region
for the analyzing power measurement. This is the region where the proton beam
has nuclear interactions with the active target, as shown in Fig. 6.12 (right). In a
cone around the beam line with opening ✓ < 0.02 rad the neutron beam produces
more events that protons, that go through the target directly without scattering with
the nuclei of the materials.

The number of events decreases when ✓ increases from 0.02 to 0.16 rad, when the
beam scatters off carbon and hydrogen nuclei. If the beam momentum increases to
7.5 GeV/c, even less particles undergo a nuclear reaction with the target.

FIGURE 6.12: Figures from the test runs by the ALPOM2 group of JINR.
Left: dependence of the angular distribution of incident protons and
neutrons on 30 cm targets, CH2 and CH, at 3.75 GeV/c. Right: angular
distribution for protons on a 40 cm CH2 target at 6 GeV/c where the
the angular regions for the different processes are highlighted.
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For a proton beam, the polarimeter analyzer (CH2 target) consists of 11 blocks
of polyethylene of dimension 300 ⇥ 300 ⇥ 51 mm3. The density of the material is
⇢ = 0.919 ± 0.002 g/cm2. Increasing the beam momentum, the average interaction
point corresponds to a larger path of the beam particle in the target. The acceptance
angle of the outgoing particles corresponding to the geometry may change from 120
to 240 mrad.

For a neutron beam, the polarimeter analyzer (active target CH) consists of 8
blocks of scintillators of dimension 500 ⇥ 150 ⇥ 50 mm3. This material has density
⇢ = 1.032 g/cm3. Two photomultipliers, connected directly to the scintillator collect
and amplify the signal. They participate to the trigger in coincidence to sign the
neutron interaction with the scintillator material.

6.3.2.4 Hadron calorimeter

The reason to add a hadron calorimeter in ALPOM2, is primarily to decrease the
trigger rates by selecting the useful events. The events corresponding to a proton
beam scattering on a CH2 target can be classified in four types (Fig. 6.13), accord-
ing to the number of produced charged particle: no interaction with the target, no
charged particle (1 ! 0), one charged particle (1 ! 1), and two charged particles
(1 ! 2). The most suitable reaction to measure the proton analyzing power involves
one charged particle production, protons or pions (1 ! 1).

When the proton beam momentum increases from 3.75 GeV/c to 6 GeV/c, the
proportion of one charged particle events decreases dramatically. Other processes,
like unscattered events coming from the beam and events with two or more charged
particles decrease by less than one half, which decreases the total asymmetry. The
neutron induced reactions have a similar behavior when the beam momentum in-
creases. The hadron calorimeter helps identifying the useful reaction. This is shown
in Fig. 6.13, where the number of events corresponding to each type is shown as a
function of the sum of the energy deposited in the calorimeter, at 3.75 GeV/c (left)
and 6.0 GeV/c (right) for a CH2 target. Such study is particularly important for
the forthcoming JLab experiments. The new large acceptance spectrometer built for
the future GEp-V experiment at high transfer momenta (up to 15 GeV2) will have
extremely large particle rates [147].

Moreover, as the analyzing power becomes smaller and smaller when the mo-
mentum increases, the calorimeter can be used to select the leading protons at small-
est angles, which has the effect to increase the analyzing power. The hadron calorime-
ter makes it possible to select high momentum particles through their energy de-
posit.

The hadron calorimeter consists of 28 modules, built in Dubna for the COMPASS
experiment at CERN and made available for the present experiment [183, 184]. It
is located downstream the polarimeter. It is a sampling calorimeter composed of



6.3. Description of the experiment 121

0 5000 10000 15000 20000 25000

0

2x10
4

4x10
4

6x10
4

8x10
4

e
v

e
n
t
s

cal.sum

 1 -> 1

 unsc. beam

 1 -> 0

 1 -> 2

0 5000 10000 15000 20000 25000

0

1x10
5

2x10
5

e
v
e

n
ts

cal.sum

 0->1      

 0->0      

 0->2 + 

10.3*10^6 trigs

0 10000 20000 30000 40000

0

20000

40000

B

cal.sum

 1 -> 1

 unsc. beam

 1 -> 0

 1 -> 2

3.75 GeV/c protons 6.0 GeV/c protons

3.75 GeV/c neutrons HBC, 3.83 GeV/c
protons & pions

A.Yu. Troyan

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0

50

100

150

200

250

300

 

 

ev
en

ts

Tkin, GeV

CH2 CH2

CH H2

0 5000 10000 15000 20000 25000

0

2x10
4

4x10
4

6x10
4

8x10
4

e
v

e
n
t
s

cal.sum

 1 -> 1

 unsc. beam

 1 -> 0

 1 -> 2

0 5000 10000 15000 20000 25000

0

1x10
5

2x10
5

e
v
e

n
ts

cal.sum

 0->1      

 0->0      

 0->2 + 

10.3*10^6 trigs

0 10000 20000 30000 40000

0

20000

40000

B

cal.sum

 1 -> 1

 unsc. beam

 1 -> 0

 1 -> 2

3.75 GeV/c protons 6.0 GeV/c protons

3.75 GeV/c neutrons HBC, 3.83 GeV/c
protons & pions

A.Yu. Troyan

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0

50

100

150

200

250

300

 

 
ev

en
ts

Tkin, GeV

CH2 CH2

CH H2

ev
en

ts

ev
en

ts

3.75 GeV/c 6.0 GeV/c

FIGURE 6.13: Data selection of different processes induced by proton
on CH2 target at 3.75 GeV/c (left) and 6.0 GeV/c (right) as a function
of the sum of the energy deposited in the calorimeter (courtesy of the
ALPOM2 group of JINR).

interleaved plates of plastic scintillator and iron. As the particles should loose all
their energy in the detector, the iron plates are used to slow down the hadrons,
allowing to have a compact detector.

The strong interaction in the iron plates should be taken into account in the re-
construction of the energy of the particles. The hadronic interactions undergo two
stages: 1. hard collision between the primary hadrons and nuclei which mainly
depends on the incident hadron type, 2. spallation of the nucleus with absorption
of the fast hadrons, which mainly depends on the binding energy of the nucleus.
During these stages a number of secondary particles can be produced by the pri-
mary particles. Parts of these secondary, even tertiary, nuclear reactions compose
the hadronic cascade.

One module of a sampling calorimeter is shown in Fig. 6.14 [183, 184]. It is
composed of scintillator and iron plates which are contained in a module container.
The produced photons are transported through a shifter, a light guide, and ampli-
fied by the photomultiplier. The collected signal gives information on the energy
(amplitude) and time, that is recorded for further analysis.

The main characteristics of the calorimeter to be studied are:

1. The energy resolution �
E

for pions from Dubna and COMPASS are shown in
Fig. 6.15. The spatial resolution �x,y strongly depend on the production tech-
nology of the scintillators, on the wavelength-shifting light guide to the PM,
and high voltage dividers;
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FIGURE 6.14: One module of the hadron calorimeter: 1. scintillator,
2. iron plates, 3. wavelength-shifting guide, 4. modules container, 5.
Photomutipler, 6. magnetic shield, 7. high-voltage divider, 8. optical
connector. The figure is from ALPOM2 proposal [180].

FIGURE 6.15: Energy resolution versus kinetic energy for the COM-
PASS pion data (red) and for 6Li, 4He, deuteron beams (black) during
June 2016 test. Open points and yellow curve are the Monte-Carlo sim-
ulations and the fit corresponds to protons. The figure is from ALPOM2
proposal [180].
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2. e/⇡ ratio of response between electron-induced and pion-induced shower am-
plitudes;

3. the cross section and thickness of iron and scintillator plates, which should be
sufficient to guarantee the full absorption of the hadron energy.

The scintillator plates absorb a portion of the cascade particles, convert into pho-
tons to be detected by a photomutiplier tube. The amplitude of a PMT pulse is
proportional to the energy deposit in the scintillator. The pulse heights are recorded
by the analog-to -digital convert system. Through coefficients that calibrate the am-
plitudes of the module signals, the amplitude spectra are converted into energy
spectra. The energy spectra of pions are typically Gaussian distributions.

FIGURE 6.16: View of the hadron calorimeter setup (left) and of the
scintillators in each module (right).

The total weight of the calorimeter is 2.5 t. Fig. 6.16 shows the moduli of the
hadron calorimeter and the structure, which are composed of different material and
are of different geometries. The calorimeter is designed with moduli of different size
and composition at a different distance around the beam axis, as shown in Fig. 6.17.
The geometry is optimized to have similar counting rates in each modulus, as most
of the particles hit the central moduli and less particles are scattered at larger angles.
The angular and energy distributions follow an almost cylindrical symmetry, so the
calorimeter employs the same material at the same distance from centre.

• In the centre there are 4 moduli which are composed by 4 ⇥ 75 ⇥ 75 mm2

blocks. Each modulus has 50 layers of 10 mm Pb + 10 mm scintillator.

• In the intermediate part around the central part, there are 8 ⇥ 150 ⇥ 150 mm2

moduli with two components. The first part is constituted of 18 layers with 10
mm lead and 10 mm scintillator, the second part has 20 layers (20mm Fe+10
mm scintillator + 1 reserve).
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FIGURE 6.17: Geometrical layout of hadron calorimeter and its differ-
ent moduli from ALPOM2 group of JINR.

• In the peripheral region there are 16 ⇥ 150 ⇥ 150 mm2 moduli. Each of them
has 34 layers (20 mm Fe + 10 mm scintillator), and the total length is 34 ⇥
(20+10)=102 mm.
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6.3.3 Online data acquisition system and analysis
The results presented here were mostly collected during the beam time attributed to
ALPOM2 in November 19-30, 2016. A polarized deuteron beam was available at 6.0,
7.5 and 8.4 GeV/c momentum. A beam time of few days took place in Feb. 2017 with
neutron beam at 3.75 GeV/c. It was mostly devoted to different checks of the beam
and the apparatus as well as to a measurement of neutron analyzing powers on a
Cu target. The intensity in the accelerator was 2-5 x 108 particles per spill and was
reduced by a factor of 3 after the extraction. The beam spill structure was of 4 s every
12 s. Following the deuteron break-up on the beryllium target, the recorded number
of trigger of protons and neutrons (at about half deuteron momentum) impinging
on the target was around 7000/spill. The polarization was different for the two
states, for one state around +70%, and for the other -25%.

The setup of the experiment in the November 2016 run with polarized beams is
shown in Fig. 6.18. Compared to the test run, a pair of up-down counters was set
before the HCAL as the trigger for neutron beam.

targetDC0
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Hadron Calorimeter

S0 S1
DC2

Sup

Sdown
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y

z

ALPOM2 setup

Trigger for neutron beam:  
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(CH2 Cu)
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FIGURE 6.18: The setup of ALPOM2 for polarized neutron and proton
beams in November 2016 run. S0,1and Sup,down are scintillators, cor-
responding to Table 6.5. DC0 and DC1,2 are the small and large drift
chambers before and after the target. The last element downstream is
the hadron calorimeter.

The data acquisition (DAQ) system of ALPOM2 setup is adapted from the STRELA
experiment [181]. It is based on the VMEbus standard, which assumes high speed
modular computing systems on a unified bus and has a high versatility and ex-
tendibility [185].

The system consists of 8 modules of 4 types, Trigger (TRIG), Time-to-Digital Con-
verter (TDC), MSC, and TQDC. The TDC modules are used to convert (digitize) the
time of shaped pulse signals from the drift chambers. The online system records the
raw time of all hits. The TQDC is a multi-hit time-stamping TDC, and a waveform
digitizer. It is used to measure the arrival time, the charge, and the shape of the
pulse.

Trigger: The wait time of per spill is 0.001 s, the duration is 5.000 s and the
repetition time is 2.000 s. The TRIG signal shaper time is 3 ⇥ 50 ns with internal
trigger generator pulser 100 Hz. The trigger logic is based on the LEMO method.



126 Chapter 6. The ALPOM2 Experiment

The read out triggers in the TRIG event statistics (410 out 411) is about 99.76 %, and
the trigger bits of 6 LEMO in 410 read out triggers is 100 %.

FIGURE 6.19: The deuteron beam intensity (yellow) and the magnetic
field strength of the Nuclotron (green) during the November 2016 run
during one spill time.

Important elements for controlling and event detection for this beam run are:

1. Beam Monitor: to check the accelerated field, beam intensity, polarization,
stability, duration, momentum. The accelerated field is monitored. In Fig.
6.19 the magnetic field and the beam intensity in the Nuclotron accelerator are
shown.
The intensity of the extracted deuteron beam is measured at the level of the F3
polarimeter, with the ionization chamber as a monitor. The beam polarization
is visualised and checked online from the F3 polarimeter. The counting rates
are illustrated in Fig. 6.20 for the left arm of the polarimeter, corresponding to
a deuteron beam momentum of 7.5 GeV/c. The reaction of interest here is pp
elastic scattering at momentum 3.75 GeV/c. In the bottom of Fig. 6.20 the left-
right asymmetry calculated by the F3 polarimeter at proton momentum 3.75
GeV/c is shown as a function of run number. One can see that the asymme-
try is different in the two polarization states, moreover a residual asymmetry
lower than 2 % remains in the unpolarized state. According to the value of
analyzing power Ay= 0.2 with 8 % uncertainty from Ref. [186] and Eq. (6.1)
the beam polarizations are estimated as

P+ = 0.642± 0.005,

P� = �0.511± 0.006.
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FIGURE 6.20: Counting rate spectra (top) in the left arm of the F3 po-
larimeter for the 3 beam states (+, 0, -) normalized to the total events
recorded by the F3 ion chamber. Left-right asymmetry (bottom) as a
function of run number calculated by the F3 polarimeter at proton mo-
mentum 3.75 GeV/c. Figures are from F3 polarimeter online system.



128 Chapter 6. The ALPOM2 Experiment

2. Tracking and reconstruction system: in Table 6.5, typical counting rates for

Online Monitors
1 S0 647
2 S1 503
3 Sup 3867
4 Sdown 5102
5 F3left 468
6 F3right 370
7 F3 IC 603
8 Trigger 2874

11 Monitor1 3268
12 Monitor2 3102

TABLE 6.5: Online acquisition monitor system. Typical counting rates
for the different elements.

the different elements are reported. S0, S1 are the triggers for proton beam
which determine the acceptance of the setup and produce a signal that opens
the time window that collects the signals from the drift chambers and starts the
DAQ system. For neutrons, an active target and an up-down counter which
is set behind the drift chambers are used in coincidence for the trigger system.
The beam positions for proton (left) and neutrons (right) at the level of the two
triggers are shown in the Fig. 6.21. in the XY-plane. The Z-axis corresponds to
the longitudinal direction along the beam, the X- and Y-axis are in the horizon-
tal and vertical plane respectively and form an orthonormal system. The zero
of the Z-axis is fixed at the S1 scintillator. The proton beam appears slightly
vertically decentered, while the neutron beam is better centered. This may be
due to the magnet field in the dipole set after the deuteron beam breakup to
separate the charge and neutral particles. A possible angular misalignment
has been checked in the February 2017 run. The effect has been studied and
the correction for the track reconstruction has been implemented.

The neutron beam interaction with the target as reconstructed from the de-
tected charged emitted particles in forward region is shown in Fig. 6.22. The
first interaction region corresponds to the 30 cm CH2 target. From the XZ and
YZ - axis contours, the interaction does not occur preferentially in the central
region. This effect on the asymmetry of the � distribution will be reduced
when normalized to the unpolarized state. The interactions on the wires of the
last plane of the chamber are also visible.
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FIGURE 6.21: The proton (left) and the neutron (right) beam positions
in the XY-plane at momentum 3.75 GeV/c (courtesy of the ALPOM2
group of JINR).

FIGURE 6.22: Neutron particles interaction in the XZ-(left) and YZ-
(right) dimensions at momentum 3.75 GeV/c, reconstructed from the
detection of charged particles in forward direction (courtesy of the
ALPOM2 group of JINR). The wires of the last plane of the wire cham-
ber are visible.
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6.4 Extraction of analyzing powers
In this section, we select data corresponding to one track at beam momentum of 3.75
GeV/c as a sample of events to extract the analyzing power.
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FIGURE 6.23: The (✓,�) distribution for proton (top) and neutron (bot-
tom) on CH2 target at beam momentum 3.75 GeV/c of polarization
states “+” and “-”.

The ingoing and outgoing trajectories are reconstructed from the small and large
chambers, as described in Sec. 6.3.2.2. The azimuthal and polar angles are calculated
and their histograms are built. The (✓,�) distribution of proton and neutron on CH2
target at beam momentum 3.75 GeV/c for the polarization states “+” and “-” are
shown in Fig. 6.23. The difference in asymmetry appears after normalizing the
polarized spectrum to the unpolarized one. The number of events detected in a
unit solid angle around the direction of the scattered particle, for beam polarization
states “+" and “-", N±(✓,�), is:

N±(✓,�) = N0(✓,�)(1 + P±
y Ay(✓) cos�). (6.6)

The azimuthal spectra in the two beam polarization states normalized to the counts
in the unpolarized state are shown in Fig. 6.24. They correspond to polarized proton
beam at 3.75 GeV/c on a CH2 target, with the detection of one forward charged
particle.
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FIGURE 6.24: � asymmetry for proton (right) and neutron (left) at mo-
mentum 3.75 GeV/c.
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I extracted the asymmetry following two methods.

1. If we had the same value for the up and down polarizations, |P+| = |P�| = P ,
we could write for the counting rates:

N+(✓,�) = N0(✓,�)(1 + PA(✓) cos�),

N�(✓,�) = N0(✓,�)(1� PA(✓) cos�),

and find:
N+(✓,�) +N�(✓,�) = 2N0(✓,�),

N+(✓,�)�N�(✓,�) = 2N0(✓,�)A(✓)P cos�.

Integrating on the relevant ✓ domain (or choosing a specific ✓ bin), one can
extract the asymmetry ✏ = AP cos� from a fit on a cos� distribution, where A
is the average analyzing power (or A(✓) for a specific bin):

N+ �N�

N+ +N� = AP cos� = ✏, (6.7)

If |P+| 6= |P�|, the asymmetry ✏ becomes:
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FIGURE 6.25: �-asymmetry spectra for proton (left) and neutron (right)
at beam momentum 3.75 GeV/c on CH2 target analysis according to
Eq. (6.8), integrated in the ✓ range 0.09 to 0.15.

✏ =
A cos�(|P+|+ |P�|)

2 + A cos�(|P+|� |P�|) , (6.8)

and the results are plotted in Fig. 6.25. Propagating the statistical error on the
counting rate, one finds �✏ ' 1/

p
N . For 106 collected events, this means a

10�3 statistical error, to be compared to the expected asymmetries that are of
the order of few percent in the high energy range. It appears that the largest
source of error is the systematic error. The main systematics are related to ex-
perimental asymmetries, that can be evaluated from the data, and to the error
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on the beam polarization, that is typically 2 or 3%. Such error affects glob-
ally the distribution, therefore it enters in the absolute value of the analyzing
power, not in the extraction of the asymmetry.

2. In our case the beam polarization is quite different in the two polarized beam
states. We may normalize the spectra corresponding to P± to the unpolarized
spectrum to take into account spill by spill, the eventual instabilities of the
beam:

N+ �N�

N0
= A(|P+|+ |P�|) cos� = ✏, (6.9)

In this way, we cancel the experimental asymmetries due to the setup or the
beam misalignment, that are equally present in all the beam states. The results
are plotted in Fig. 6.26.
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FIGURE 6.26: �-asymmetry spectra for proton (left) and neutron (right)
at beam momentum 3.75 GeV/c on CH2 target analysis with Eq. (6.9).
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Comparing the analyzing powers obtained from Eq. (6.8) and Eq. (6.9), we find re-
sults that are compatible within the errors (see Fig. 6.27). The errors are similar as
they reflect the statistics only.

With the same procedure as for the beam momentum 3.75 GeV/c and Eq. (6.9),
the asymmetry of proton and neutron at 3.0 GeV/c and 4.2 GeV/c are obtained and
presented in Fig. 6.28.

As discussed in the previous section, there is no large difference between the
different methods of the asymmetry calculation. Thus, here we only show the results
from Eq. (6.9).

In order to derive the analyzing powers, the beam polarization has to be known
from the F3 polarimeter. For beam momentum at 3 GeV/c, the analyzing power is
taken as Ay= 0.25 ±0.02 at the scattering angle of 10.5� while the recoil particle is
emitted at an angle of 68�. The beam polarization for the two states “+" and “-" is
P+ = 0.652 ± 0.004 ± 0.052 and P� = -0.343 ± 0.005 ± 0.027.

For the beam momentum at 4.2 GeV/c, the analyzing power is taken as Ay= 0.179
with 8% uncertainty at a scattering angle of 8� while the coincident recoil particle
angle is 67.5�. Then the beam polarization for the two states “+" and “-" are P+ =
0.538 ± 0.005 ± 0.043 and P� = -0.298 ± 0.005 ± 0.024.

FIGURE 6.28: � asymmetry spectra for proton (blue) and neutron (red)
at 3.0 GeV/c (left) and 4.2 GeV/c (right) on CH2 target in Eq. (6.9) (cour-
tesy of the ALPOM2 group of JINR).

Following Eq. (6.9), we can estimate that the average of the proton (neutron)
analyzing powers corresponding to Fig. 6.28 is 0.0965 (0.0422) and 0.0861(0.0371)
for the momentum 3 GeV/c and 4.2 GeV/c. Such values for proton are consistent
with the existing data, and for neutron it is the first time that has been able to extend
to 4.2 GeV/c.

The collective data of proton analyzing powers for 3.0, 3.75 and 4.2 GeV/c as a
function of the Pperp = pL · sin ✓ are shown in Fig. 6.29 with full symbols. The data
from the previous ALPOM experiment at 3.8 and 4.5 GeV/c are also plotted (empty
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menta: 3.8 GeV/c (red empty squares) and 4.5 GeV/c (green empty
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symbols). It is clear that the present data are more precise and have better system
atic consistency.

In Fig. 6.30 the world data for proton analyzing powers on different targets are
shown as a function of the inverse of the incident momentum. It was previously
observed that the maximum analyzing power follows an almost linear behavior de-
creasing as a function of this variable [187]. The present data are shown as full blue
stars and fit well in the existing systematics.

The data in Fig. 6.29 were collected in series of measurements during several
years. The first complete study and optimization of the target thickness for a C tar-
get was done in Saturne National Laboratory, with the POMME polarimeter and
reported in Ref. [188]. The data are collected in Ref. [148] for a similar measurement
at higher energies. After closing Saturne, the polarimeter POMME was moved to
Dubna, where the polarized deuterons were available from the Synchrophasotron
and set at the ALPHA set up. The data on CH2 from Ref. [149] have been ob-
tained in the first ALPOM experiment. Low energy data on Carbon are from Ref.
[189]. At JLab, although no hadron beam is available, from the recoil polarization
experiments one may assume that the proton polarization is known, and extract the
effective analyzing powers of the polarimeter. The data from [190, 121, 125] have
been obtained in this way. This may explain that in particular the data from the
PhD thesis [125] are systematically higher than the other data on CH2. This ten-
dency is underline by the linear fit by the corresponding color. From the figure it
appears that a target with high hydrogen content as CH2 is preferable, although the
difference should disappear at high energies where quasi free pp scattering dom-
inates. One can confirm that polarization measurement are doable for the JLab12
proposed measurements, with Ay ' 5 %.

6.5 Summary of experimental results
The possibility to accelerate polarized deuterons up to 13 GeV at the Dubna Nu-
clotron accelerator complex opens unique opportunity to have polarized proton and
neutron beams. This allows, as discussed in this work, to optimize proton and neu-
tron polarimetry at higher energies, what is necessary for the new form factor exper-
iments at the upgraded JLab facility. Optimization includes the choice of the most
efficient secondary reaction, producing the largest analyzing powers.

In the ALPOM2 experiment with polarized proton and neutron beam at 3.0, 3.75
and 4.2 GeV/c in November 2016 the data were taken for 12 days on different targets,
C, CH2, CH and Cu. The proton analyzing powers up to 3.75 GeV/c have been
measured. I have presented a preliminary analysis on part of the collected data.

This analysis already shows that the present data are more precise and consis-
tent with the data previously measured. It is known that the semi-inclusive reaction
p + C,CH2 ! 1 charge particle +X, that was used at lower energies due to its de-
tection simplicity, is not ideal when the proton momentum increases. One reason is



6.5. Summary of experimental results 137

-1 [GeV/c]-1
L

p
0 0.1 0.2 0.3 0.4 0.5 0.6

M
ax

yA

0

0.05

0.1

0.15

0.2

0.25

0.3 Proton
Azhgirey CH2
Gayou CH2
Alekseev C
Bonin C
Chung C
Punjabi C
Puckett 
ALPOM2 CH2

FIGURE 6.30: World data for the maximum analyzing power (Aymax)
for the reaction p+CH2/C ! charged particle + X on different targets
CH2 (red and black symbols), C (cyan symbols)(see text). The results
from the present work are shown as blue stars. A linear fit of the corre-
sponding color is also plotted.
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that the proportion of one charged particle events decreases dramatically with in-
creasing momentum. In order to identify the useful reaction, a hadron calorimeter
was added, and it was indeed observed that the analyzing power changes when a
selection of the energy deposit in the calorimeter is done.

The neutron analyzing power has been first measured on heavy targets. The new
idea for neutron polarimetry was to compare charge exchange reactions to elastic
scattering. It is known, for ~np ! np, that when the momentum increases, the ana-
lyzing power decreases at forward angles, while becoming negative and increases
at backward angles. The analyzing powers for neutrons on different targets, have
been measured up to 4.2 GeV for the first time, confirming the feasibility of neutron
form factor proposal [161].
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Conclusion

The first part of this work is devoted to a phenomenological description of the
antiproton-proton annihilation reactions into light meson pairs in the energy do-
main that will be explored by the PANDA collaboration. No existing model at-
tempted to reproduce the full set of existing data and can be extrapolated at higher
energies in a reliable way.

We have built an effective Lagrangian model including mesonic and baryonic
degree of freedom, with Born level s, t, u channel Feynman diagrams. A logarith-
mic parametrization of the form factors takes into account the structure of baryons
and shows to be very effective in this non-perturbative domain where the Regge
parametrization does not apply consistently.

Coupling constants and necessary parameters are fixed on existing data. As data
are scarce in this energy region, we collected annihilation and elastic ⇡p scattering
data. The kinematic relations of the proton and antiproton annihilation into a light
meson pion pair were derived in terms of invariants. This helped to find the cor-
responding results on ⇡p from crossing symmetry. These data were useful to fill
the incomplete angular distributions for very forward of backward angles, and con-
strain the model, in a region where the cross section is the largest. Our conclusion on
crossing symmetry is that it can be safely applied when one diagram is dominant.

The comparison with four sets data measured at the same accelerator, the CERN
proton synchrotron, gives a �2/ndf ' 2.16 that reduces to �2/ndf = 1.69 for one in-
dividual set corresponding to the most complete angular distribution at

p
s = 3.680

GeV. Not only the angular distribution is well reproduced, but also the energy de-
pendence is naturally consistent with quark counting rules. Compared with a quark
exchange model, the description of the data is more satisfactory, also considering the
very limited number of parameters. We checked that the model has a reasonable sta-
bility while a parameter change of ± 10% larger. Within the SU(3) symmetry of the
quark model, our calculation is applicable to charged kaon pair production. Adding
a smooth s-dependence of the form factors parameters, the ⇡0⇡0 channel can be rea-
sonably described. SU(3) symmetry helps to extend successfully the model to other
neutral meson pair productions: ⌘⌘, ⌘⇡0.

Besides, to understand the hadron structure and reaction mechanism in the non-
perturbative region is also intrinsic interest of this reaction. Our model, that is de-
rived in analytical form, can be used in MonteCarlo generator, for comparison with
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the large amount of data expected from PANDA. We stress that hadronic reactions
are orders of magnitude larger than electromagnetic channels, therefore they consti-
tute the largest background for electromagnetic channels. In particular the extrac-
tion of electromagnetic channels that contain the information on electromagnetic
proton form factors in the time-like region, as p̄p ! e+e� and p̄p ! µ+µ�, will
benefit from the deep understanding of the meson production channels. The data
collected and used in this part are all from Durham HEPDATA Database.

The second part reports on my participation and on the results of the experi-
ment ALPOM2, on the measurement of analyzing powers for proton and neutron
on different targets: C, CH , and CH2. The experimental contribution is devoted
to optimization of hadron polarimetry at the high energies, requested for the form
factor program at the upgraded Jefferson Laboratory accelerator facility.

The possibility to accelerate high energy polarized deuteron beams at the Nu-
clotron accelerator complex in Dubna, gives unique opportunity to measure the
proton and neutron analyzing powers on different targets and with different con-
figurations.

Based on a pole model, we compared the figure of merit of two reactions, the
elastic ~n + p ! n + p (with a forward neutron detected) and the charge exchange
reaction ~n + p ! p + n (with a forward proton detected). We defined the energy
region where the reactions are competitive and shown that for pL > 5 GeV/c the
charge exchange reaction becomes more favorable.

In the ALPOM2 experiment with polarized proton and neutron beam at 3.0, 3.75
and 4.2 GeV/c in November 2016 the data were taken for 12 days on different targets,
C, CH2, CH and Cu. I participated to three runs: the first with unpolarized beams,
was useful to check the experimental set up, calibrate the hadron polarimeter, and
align the transport beam line. One run was mostly devoted to commissioning of
the new source and new injector line. The last run was dedicated to polarization
measurements. The original request will be completed in a future run. Polarization
measurements have been based on the measurement of the azimuthal asymmetry
in a secondary scattering, choosing the most efficient reaction, but simple for the
detection. At high energies the final channel ‘one charged particle +X’ becomes
proportionally very low, compared to multitrack events. In the present experiment
a hadron calorimeter was added, to allow selection on the energy deposit of the final
particles. From a preliminary analysis, it appears that this information is useful to
increase the effective analyzing power.

The proton analyzing powers up to 3.75 GeV/c have been measured and are
consistent to the data previously measured. The neutron analyzing power has been
first measured on heavy targets.

The preliminary analysis, based on one track events, shows that an asymmetry
of several percent is indeed observed, and the conclusion can be drawn that the
polarization method can be extrapolated to higher energies.

The data presented here are preliminary. The following corrections should be
agreed in the collaboration and implemented before making the data finals.
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• We gave an average number for the beam polarization. As it is monitored
burst by burst, a more refined correction can be done with the data collected
from the F3 polarimeter.

• The efficiency, in particular in the neutron case will have to be evaluated, tak-
ing into account the number of the incident deuterons (known from the IC of
the F3 polarimeter) and the acceptance of the line. For this aim, in the Febru-
ary 2017 run, dedicated measurements were taken with the beam impinging
on the ALPOM line with different angles.

• The study of multiple track events should be performed. Part of these events
may be included in the final analysis if it is proved that they have large ana-
lyzing powers, further increasing the figure of merit.

• The experimental asymmetries may reach 15%. They are mostly due to a mis-
alignment of the beam. They are canceled in the measurement of the analyzing
power, by the normalization with the unpolarized beam. An effect could how-
ever still be present at the percent level.

This will allow to give a more reliable figure of merit and to conclude definitely if
heavy targets as Cu are more convenient in neutron polarimetry.

Further measurements for proton at higher energies are expected in near future.
The comparison of different targets suggests that at 4.2 GeV/c a Cu target, that is
more compact and easily handable could be used and give similar analyzing powers
as hydrogen-rich targets, showing that the most probable reaction is on a quasi-free
nucleon.

During this work I had the opportunity to participate to different faces of the
work of a physicist. During the phenomenological work, carried in collaboration
with Yury Bystritsky, from the JINR -BLTP Institute, I learned the basics of rela-
tivistic kinematics, Feynman diagrams and traces calculations. I also learned things
beyond physics itself, for example the methodology and the methods to progress,
in particular in the fields where I did not have enough background, due to the fact
that my Master degree was focussed on nuclear physics. It made me realize how
important it is to have clear ideas of the result to be reached and of the goals to be
achieved, otherwise one can never reach the destination. The opportunity to partici-
pate to an experiment at an accelerator forced me to look deeply in every step of the
experiment, not only to the data analysis, that was the part where I took the main
role.

I understand that the difficulty of hadron physics is related to the complexity
of the nucleon, in the intermediate energy domain, where the relevant degrees of
freedom should be first understood. For the experiment, the relevant reactions and
observables should be first calculated, simulated and compared.
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Collection of experimental data
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A.1 Charged meson pair production

Differential cross section of the reaction p̄+ p ! ⇡� + ⇡+ (I)

Ref. [47],
p
s=3.362 GeV Ref. [53],

p
s=3.627 GeV

�t [GeV2] d�/dt [nb/GeV2] �t [GeV2] �tmin �tmax d�/dt [nb/GeV2]

0.45 2.9 ± 0.7 0.09 0.03 0.15 1.69 ± 0.33
0.55 3.4 ± 0.6 0.15 0.09 0.21 1.37 ± 0.30
0.65 2.7 ± 0.5 0.21 0.15 0.27 0.98 ± 0.28
0.75 3.1 ± 0.5 0.27 0.21 0.33 0.74 ± 0.27
0.85 2.2 ± 0.4 0.33 0.27 0.39 0.55 ± 0.25
0.95 2.3 ± 0.4 0.39 0.33 0.45 0.68 ± 0.26
1.05 1.5 ± 0.3 0.45 0.39 0.51 0.76 ± 0.29
1.15 1.7 ± 0.3 0.52 0.44 0.60 0.86 ± 0.25
1.25 1.4 ± 0.3 0.6 0.52 0.68 0.73 ± 0.21
1.35 1.4 ± 0.4 0.68 0.60 0.76 0.80 ± 0.25
1.5 0.57 ± 0.15 0.81 0.63 0.99 0.70 ± 0.15
1.7 0.62 ± 0.17 1.00 0.80 1.20 0.48 ± 0.15
1.9 0.86 ± 0.20 1.25 0.95 1.55 0.68 ± 0.21
2.1 0.73 ± 0.19 Ref. [52],

p
s=4.551 GeV2.3 0.60 ± 0.21

2.5 0.95 ± 0.32
2.8 0.83 ± 0.31 0.175 0.150 0.200 0.51 ± 0.29
4.0 0.049 ± 0.025 0.24 0.20 0.28 0.31 ± 0.18
6.0 0.035 ± 0.018 0.36 0.28 0.44 0.21 ± 0.12
7.7 0.035 ± 0.016 0.52 0.44 0.60 0.34 ± 0.17
8.5 0.20 ± 0.09 0.80 0.60 1.00 0.18 ± 0.09
8.7 0.48 ± 0.13 1.25 1.00 1.50 0.046 ± 0.046
8.9 0.63 ± 0.16

9.05 1.7 ± 0.4
9.15 1.7 ± 0.4
9.25 1.9 ± 0.5

TABLE A.1: (Part I) Differential cross section data for the reactions: p̄+ p ! ⇡�
+ ⇡+.
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p̄+ p ! ⇡� + ⇡+ (II)

Ref. [46],
p
s=3.68 GeV

�t [GeV2] �tmin �tmax d�/dt [nb/GeV2]

0.65 0.55 0.75 0.94 ± 0.16
0.75 0.65 0.85 0.83 ± 0.15
0.85 0.75 0.95 0.70 ± 0.14
0.95 0.85 1.05 0.59 ± 0.13
1.05 0.95 1.15 0.60 ± 0.14
1.15 1.05 1.25 0.52 ± 0.14
1.3 1.1 1.5 0.274 ± 0.070
1.5 1.3 1.7 0.172 ± 0.055
1.7 1.5 1.9 0.149 ± 0.055
1.9 1.7 2.1 0.141 ± 0.055
2.1 1.9 2.3 0.157 ± 0.063
2.3 2.1 2.5 0.064 ± 0.045
2.7 2.1 3.3 0.038 ± 0.022
9.1 8.3 9.9 0.016 ± 0.012

9.75 9.25 10.25 0.020 ± 0.014
10.25 9.75 10.75 0.048 ± 0.020
10.6 10.4 10.8 0.097 ± 0.040
10.8 10.6 11.0 0.117 ± 0.047
11.0 10.8 11.2 0.094 ± 0.039
11.2 11.0 11.4 0.180 ± 0.047
11.45 11.15 11.75 0.180 ± 0.039

TABLE A.2: (Part II) Differential cross section data for the reactions:
p̄+ p ! ⇡�

+ ⇡+.
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Elastic scattering: ⇡� + p ! ⇡� + p

Ref. [49],
p
s=3.747 GeV

�t [GeV2] �tmin �tmax d�/dt [mb/GeV2]

0.15 0.05 0.025 2.4 ± 0.4
0.25 0.15 0.35 1.6 ± 0.3
0.40 0.20 0.60 0.70 ± 0.15
0.60 0.40 0.80 0.35 ± 0.15

Ref. [48],
p
s=3.463 GeV

0.893 0.737 1.049 0.218 ± 0.03924
0.743 0.599 0.887 0.300 ± 0.042
0.626 0.536 0.716 0.396 ± 0.0594
0.539 0.455 0.623 0.56100 ± 0.07293
0.458 0.380 0.536 0.9100 ± 0.0819
0.382 0.309 0.455 1.1800 ± 0.0944
0.312 0.245 0.379 1.7300 ± 0.1211
0.248 0.187 0.309 1.8200 ± 0.1274

TABLE A.3: Collection of differential cross section data for the reaction:
⇡�

+p ! ⇡�
+p. These data are compared to annihilation into charged

pion pair assuming crossing symmetry.
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Differential cross section p̄+ p ! K� +K+

Ref. [46],
p
s=3.68 GeV

�t [GeV2] �tmin �tmax d�/dt [nb/GeV2]

0.35 0.25 0.45 0.940 ± 0.230
0.45 0.35 0.55 0.920 ± 0.170
0.55 0.45 0.65 1.060 ± 0.200
0.65 0.55 0.75 0.274 ± 0.094
0.75 0.65 0.85 0.490 ± 0.130
0.85 0.75 0.95 0.630 ± 0.150
0.95 0.85 1.05 0.310 ± 0.110
1.05 0.95 1.15 0.460 ± 0.130
1.20 1.00 1.40 0.134 ± 0.051
1.40 1.20 1.60 0.110 ± 0.045
1.75 1.25 2.25 0.028 ± 0.016
2.25 1.75 2.75 0.026 ± 0.018

TABLE A.4: Collection of differential cross section data for the reac-
tions: p̄+ p ! K�

+K+. These data are compared to the model in SU3
symmetry.
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Total cross section p̄+ p ! ⇡� + ⇡+

Ref. pL [GeV] � �� [mb] Ref. pL [GeV] � �� [mb]

[55] 0.416 0.574 0.009 [63] 2.3 0.049 0.004
0.505 0.491 0.007 [64] 0.686 0.325 0.080
0.581 0.453 0.007 0.772 0.427 0.068
0.681 0.428 0.008 0.861 0.394 0.059
0.888 0.401 0.010 0.943 0.381 0.057

[56] 0.173 1.530 0.200 1.037 0.326 0.052
0.198 1.060 0.16 1.098 0.261 0.064
0.216 1.130 0.16 [68] 2.69 0.028 0.009
0.231 1.170 0.16 [69] 12.0 0.00010 0.00003
0.243 0.940 0.14 [59] 8.8 0.004 0.002
0.266 0.800 0.10 [60] 2.32 0.049 0.004

[58] 0.390 0.899 0.054 [80] 0.3 0.94 0.18
0.490 0.868 0.035 [62] 1.51 0.087 0.021
0.590 0.599 0.026 1.65 0.071 0.017
0.690 0.416 0.021 1.8 0.052 0.016
0.780 0.362 0.025 1.95 0.063 0.019

[57] 0.403 0.543 0.059 2.15 0.006 0.005
0.480 0.366 0.044 2.45 0.030 0.013
0.537 0.407 0.046 2.6 0.017 0.01
0.584 0.340 0.047 2.75 0.015 0.01
0.630 0.283 0.041 2.9 0.022 0.013
0.670 0.365 0.049

TABLE A.5: Collection of total cross section data for the reactions: p̄ +
p ! ⇡�

+ ⇡+. These data are compared to the integration of the model.
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A.2 Neutral meson pair production

p̄+ p ! ⇡0 + ⇡0 (I)

cos ✓1
d�/dcos ✓ [nb]p

s=2.911 GeV
p
s=2.950 GeV

p
s=2.975 GeV

p
s=2.979 GeV

0.0125 262.48 ± 18.61 225.17 ± 8.76 172.11 ± 5.31 149.72 ± 7.40
0.0375 240.52 ± 16.48 194.89 ± 8.07 148.17 ± 4.85 147.35 ± 7.69
0.0625 186.43 ± 14.43 150.23 ± 6.85 129.85 ± 4.54 114.60 ± 6.64
0.0875 140.74 ± 12.96 136.6 ± 6.71 103.82 ± 3.98 88.20 ± 5.49
0.1125 131.70 ± 12.18 80.37 ± 4.84 67.34 ± 3.17 68.76 ± 4.99
0.1375 102.38 ± 10.19 71.20 ± 4.52 50.08 ± 2.68 42.24 ± 3.70
0.1625 102.96 ± 10.00 49.88 ± 3.54 34.89 ± 2.19 30.10 ± 3.04
0.1875 135.32 ± 12.46 72.26 ± 4.53 40.07 ± 2.31 37.18 ± 3.33
0.2125 187.29 ± 14.54 111.08 ± 5.74 79.53 ± 3.38 77.30 ± 5.18
0.2375 254.03 ± 16.61 172.77 ± 7.04 149.22 ± 4.77 142.61 ± 7.12
0.2625 481.14 ± 24.15 293.3 ± 9.3 238.54 ± 5.96 230.68 ± 9.10
0.2875 525.95 ± 25.13 463.10 ± 12.06 360.85 ± 7.34 359.37 ± 11.35
0.3125 838.84 ± 31.86 604.53 ± 13.79 500.44 ± 8.83 485.18 ± 13.60
0.3375 1035.52 ± 35.15 787.60 ± 15.75 654.99 ± 9.96 643.04 ± 15.44
0.3625 1435.23 ± 43.79 1023.72 ± 18.37 817.64 ± 11.30 796.47 ± 17.29
0.3875 1667.79 ± 47.75 1226.85 ± 20.81 977.88 ± 12.73 977.87 ± 20.08
0.4125 1864.32 ± 52.94 1311.65 ± 21.75 1089.53 ± 13.79 1014.17 ± 20.80
0.4375 2034.9 ± 60.75 1459.26 ± 24.27 1131.32 ± 14.36 1067.47 ± 21.84
0.4625 2113.91 ± 75.31 1532.84 ± 28.8 1303.57 ± 17.49 1285.92 ± 27.19
0.4875 1897.16 ± 102.29 1616.50 ± 37.81 1353.97 ± 21.95 1397.69 ± 35.10
0.5125 1414.55 ± 54.81

TABLE A.6: (Part I) Collection of angular distribution data for the reaction: p̄ + p ! ⇡0
+ ⇡0

from Ref. [75].
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p̄+ p ! ⇡0 + ⇡0 (II)

cos ✓1
d�/dcos ✓ [nb]p

s=2.981 GeV
p
s=2.985 GeV

p
s=2.990 GeV

p
s=2.994 GeV

0.0125 167.49 ± 5.65 144.95 ± 6.89 140.51 ± 4.27 139.55 ± 5.46
0.0375 150.99 ± 5.44 154.17 ± 7.37 136.77 ± 4.38 129.83 ± 5.39
0.0625 122.40 ± 4.67 120.04 ± 6.25 117.11 ± 3.99 112.99 ± 5.07
0.0875 97.53 ± 4.12 80.14 ± 4.89 80.64 ± 3.18 84.66 ± 4.13
0.1125 66.85 ± 3.47 52.68 ± 3.90 59.93 ± 2.72 55.51 ± 3.33
0.1375 40.61 ± 2.61 42.32 ± 3.49 40.19 ± 2.20 28.78 ± 2.25
0.1625 29.52 ± 2.08 26.21 ± 2.53 20.71 ± 1.45 25.06 ± 2.11
0.1875 33.16 ± 2.14 31.48 ± 2.79 31.97 ± 1.85 32.94 ± 2.38
0.2125 71.45 ± 3.42 61.18 ± 4.18 64.01 ± 2.81 58.06 ± 3.35
0.2375 133.94 ± 4.78 137.05 ± 6.43 123.90 ± 3.96 107.16 ± 4.62
0.2625 228.63 ± 6.23 226.95 ± 8.44 207.40 ± 5.14 203.04 ± 6.48
0.2875 354.74 ± 7.88 325.05 ± 9.95 321.41 ± 6.33 296.14 ± 7.64
0.3125 489.14 ± 9.48 466.64 ± 12.15 432.05 ± 7.49 421.49 ± 9.41
0.3375 621.29 ± 10.58 621.95 ± 14.22 545.99 ± 8.40 564.29 ± 10.92
0.3625 774.10 ± 11.76 752.67 ± 15.47 700.25 ± 9.50 690.83 ± 12.13
0.3875 977.09 ± 13.88 925.67 ± 17.88 866.98 ± 10.99 848.53 ± 13.89
0.4125 1059.71 ± 14.60 989.42 ± 18.95 945.52 ± 11.72 934.08 ± 14.94
0.4375 1111.99 ± 15.46 1072.81 ± 20.27 973.21 ± 12.16 993.25 ± 15.71
0.4625 1260.93 ± 18.34 1188.49 ± 23.56 1134.76 ± 14.51 1108.17 ± 18.23
0.4875 1342.39 ± 23.28 1333.10 ± 30.54 1274.57 ± 18.87 1237.84 ± 23.34
0.5125 1286.67 ± 35.10 1267.93 ± 44.31 1287.62 ± 27.53 1163.08 ± 32.10

TABLE A.7: (Part II) Collection of angular distribution data for the reaction: p̄ + p ! ⇡0
+ ⇡0

from Ref. [75].
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p̄+ p ! ⇡0 + ⇡0 (III)

cos ✓1
d�/dcos ✓ [nb]p

s=3.005 GeV
p
s=3.050 GeV

p
s=3.097 GeV

p
s=3.524 GeV

0.0125 118.81 ± 6.77 42.89 ± 6.06 54.09 ± 3.04 24.79 ± 0.50
0.0375 131.63 ± 7.40 87.51 ± 10.61 42.86 ± 2.60 25.86 ± 0.48
0.0625 99.60 ± 6.18 53.67 ± 7.17 36.76 ± 2.43 25.79 ± 0.49
0.0875 62.15 ± 4.57 34.65 ± 5.48 28.74 ± 2.14 23.84 ± 0.50
0.1125 32.22 ± 2.87 12.85 ± 2.87 18.33 ± 1.60 24.63 ± 0.47
0.1375 22.04 ± 2.45 7.48 ± 1.76 4.29 ± 0.58 22.78 ± 0.43
0.1625 8.3 ± 1.1 5.98 ± 2.12 3.97 ± 0.60 24.07 ± 0.47
0.1875 15.77 ± 1.94 6.38 ± 2.60 8.00 ± 0.92 21.08 ± 0.45
0.2125 46.71 ± 3.74 26.84 ± 4.82 25.52 ± 1.89 22.17 ± 0.42
0.2375 96.09 ± 5.76 58.18 ± 7.33 41.38 ± 2.36 19.75 ± 0.39
0.2625 202.14 ± 8.81 107.38 ± 10.06 90.67 ± 3.85 17.92 ± 0.38
0.2875 271.01 ± 9.84 137.16 ± 11.63 143.08 ± 4.81 18.75 ± 0.40
0.3125 397.38 ± 12.38 233.43 ± 15.46 185.72 ± 5.38 19.82 ± 0.41
0.3375 512.76 ± 14.10 297.59 ± 18.28 229.83 ± 5.99 18.79 ± 0.39
0.3625 636.28 ± 15.77 374.42 ± 20.40 282.20 ± 6.83 22.62 ± 0.49
0.3875 766.29 ± 17.48 513.77 ± 24.63 339.67 ± 7.51 24.95 ± 0.54
0.4125 863.65 ± 19.29 505.10 ± 25.13 378.08 ± 7.98 30.94 ± 0.62
0.4375 934.48 ± 20.42 477.79 ± 24.54 424.89 ± 8.67 36.25 ± 0.76
0.4625 1042.69 ± 23.26 528.94 ± 26.38 464.32 ± 9.29 40.07 ± 0.86
0.4875 1127.80 ± 29.09 645.03 ± 33.49 570.94 ± 10.98 50.36 ± 0.97
0.5125 1222.92 ± 41.34 793.88 ± 46.94 766.99 ± 15.24 55.18 ± 1.14
0.5375 882.73 ± 21.92 68.75 ± 1.39
0.5625 88.79 ± 1.58
0.5875 118.08 ± 2.03
0.6125 174.09 ± 2.19
0.6375 247.08 ± 1.58

TABLE A.8: (Part III) Collection of angular distribution data for the reaction: p̄ + p !
⇡0

+ ⇡0 from Ref. [75].
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p̄+ p ! ⇡0 + ⇡0 (IV)

cos ✓1
d�/dcos ✓ [nb]p

s=3.556 GeV
p
s=3.591 GeV

p
s=3.595 GeV

p
s=3.613 GeV

0.0125 22.50 ± 1.33 21.84 ± 1.25 23.47 ± 1.34 22.76 ± 1.17
0.0375 24.55 ± 1.48 21.69 ± 1.32 25.41 ± 1.48 19.90 ± 1.11
0.0625 24.14 ± 1.47 23.76 ± 1.40 20.03 ± 1.34 23.97 ± 1.28
0.0875 21.82 ± 1.33 23.96 ± 1.37 23.88 ± 1.42 24.22 ± 1.24
0.1125 25.42 ± 1.47 25.04 ± 1.38 24.54 ± 1.43 26.26 ± 1.27
0.1375 22.02 ± 1.40 23.43 ± 1.38 24.27 ± 1.46 24.53 ± 1.25
0.1625 23.52 ± 1.45 24.45 ± 1.39 27.86 ± 1.57 25.33 ± 1.27
0.1875 20.93 ± 1.31 24.31 ± 1.37 23.78 ± 1.41 24.08 ± 1.20
0.2125 21.16 ± 1.32 23.39 ± 1.32 23.19 ± 1.37 21.41 ± 1.11
0.2375 19.84 ± 1.31 21.96 ± 1.31 23.25 ± 1.41 23.23 ± 1.20
0.2625 17.90 ± 1.21 23.83 ± 1.35 25.46 ± 1.48 21.87 ± 1.15
0.2875 16.96 ± 1.12 21.00 ± 1.21 20.79 ± 1.28 22.77 ± 1.16
0.3125 16.41 ± 1.13 21.78 ± 1.23 21.10 ± 1.27 21.73 ± 1.10
0.3375 21.39 ± 1.33 20.24 ± 1.24 21.07 ± 1.33 20.95 ± 1.13
0.3625 21.67 ± 1.32 21.09 ± 1.23 21.56 ± 1.33 20.78 ± 1.12
0.3875 21.98 ± 1.29 19.33 ± 1.13 22.98 ± 1.30 20.46 ± 1.06
0.4125 25.97 ± 1.46 24.62 ± 1.35 22.01 ± 1.32 21.81 ± 1.12
0.4375 27.42 ± 1.5 31.95 ± 1.54 28.19 ± 1.52 28.40 ± 1.31
0.4625 36.32 ± 1.66 35.30 ± 1.55 32.53 ± 1.58 29.59 ± 1.31
0.4875 39.35 ± 1.83 39.47 ± 1.66 36.21 ± 1.69 36.59 ± 1.45
0.5125 47.81 ± 2.00 41.59 ± 1.74 42.27 ± 1.86 42.19 ± 1.60
0.5375 62.30 ± 2.28 51.37 ± 1.89 49.68 ± 1.96 46.03 ± 1.62
0.5625 77.13 ± 2.66 68.77 ± 2.31 65.54 ± 2.35 60.09 ± 1.89
0.5875 110.37 ± 3.32 92.95 ± 2.78 84.94 ± 2.79 84.27 ± 2.40
0.6125 164.49 ± 4.54 129.89 ± 3.47 117.05 ± 3.46 111.30 ± 2.84
0.6375 245.61 ± 7.41 180.27 ± 5.15 180.75 ± 5.45 165.65 ± 4.23
0.6625 227.43 ± 8.16

TABLE A.9: (Part IV) Collection of angular distribution data for the reaction: p̄ + p ! ⇡0
+ ⇡0

from Ref. [75].
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p̄+ p ! ⇡0 + ⇡0 (V)

cos ✓1
d�/dcos ✓ [nb]p

s=3.616 GeV
p
s=3.619 GeV

p
s=3.621 GeV

p
s=3.686 GeV

0.0125 19.87 ± 1.16 23.59 ± 1.77 20.37 ± 1.06 16.65 ± 1.21
0.0375 19.73 ± 1.18 20.48 ± 1.63 19.73 ± 1.06 16.48 ± 1.19
0.0625 23.46 ± 1.32 22.21 ± 1.68 23.33 ± 1.21 16.49 ± 1.18
0.0875 23.25 ± 1.30 21.87 ± 1.69 24.07 ± 1.19 20.46 ± 1.36
0.1125 21.24 ± 1.19 23.70 ± 1.73 22.71 ± 1.15 17.03 ± 1.23
0.1375 20.22 ± 1.18 24.56 ± 1.76 22.38 ± 1.14 20.74 ± 1.31
0.1625 23.90 ± 1.31 24.88 ± 1.83 23.77 ± 1.20 23.40 ± 1.41
0.1875 22.64 ± 1.25 23.50 ± 1.73 23.08 ± 1.18 22.80 ± 1.45
0.2125 24.83 ± 1.27 23.29 ± 1.68 24.51 ± 1.17 22.89 ± 1.38
0.2375 21.62 ± 1.22 23.59 ± 1.73 22.74 ± 1.17 22.76 ± 1.36
0.2625 22.63 ± 1.24 24.00 ± 1.75 27.04 ± 1.27 23.34 ± 1.41
0.2875 22.13 ± 1.21 20.95 ± 1.59 21.63 ± 1.11 19.56 ± 1.30
0.3125 18.36 ± 1.07 21.89 ± 1.59 21.43 ± 1.07 19.30 ± 1.25
0.3375 17.59 ± 1.07 21.18 ± 1.63 20.39 ± 1.08 19.69 ± 1.24
0.3625 18.63 ± 1.10 21.93 ± 1.64 19.73 ± 1.06 18.49 ± 1.24
0.3875 18.55 ± 1.05 25.00 ± 1.69 21.93 ± 1.08 21.07 ± 1.32
0.4125 23.81 ± 1.23 22.93 ± 1.65 25.30 ± 1.18 19.58 ± 1.22
0.4375 21.77 ± 1.18 26.22 ± 1.80 26.01 ± 1.22 18.00 ± 1.18
0.4625 27.04 ± 1.30 34.17 ± 2.02 28.24 ± 1.23 20.81 ± 1.29
0.4875 27.72 ± 1.30 34.97 ± 2.04 32.34 ± 1.31 24.30 ± 1.38
0.5125 36.82 ± 1.54 40.95 ± 2.28 41.50 ± 1.55 25.68 ± 1.39
0.5375 46.95 ± 1.73 47.75 ± 2.39 46.44 ± 1.61 34.78 ± 1.71
0.5625 57.33 ± 1.95 65.12 ± 2.86 59.95 ± 1.86 47.74 ± 1.96
0.5875 78.09 ± 2.40 84.32 ± 3.43 78.72 ± 2.23 59.80 ± 2.30
0.6125 111.28 ± 2.99 106.29 ± 4.01 109.35 ± 2.73 88.88 ± 3.02
0.6375 149.25 ± 4.22 159.21 ± 5.95 155.16 ± 3.93 130.39 ± 4.07
0.6625 212.49 ± 7.89 193.04 ± 10.17 213.72 ± 7.16 180.87 ± 6.51

TABLE A.10: (Part V) Collection of angular distribution data for the reaction: p̄ + p !
⇡0

+ ⇡0 from Ref. [75].
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p̄+ p ! ⌘ + ⌘ (I)

cos ✓1
d�/dcos ✓ [nb]p

s=2.950 GeV
p
s=2.975 GeV

p
s=2.979 GeV

p
s=2.981 GeV

0.025 193.12 ± 18.01 158.74 ± 11.31 182.41 ± 19.44 147.10 ± 10.93
0.075 230.23 ± 19.96 176.09 ± 12.04 193.42 ± 20.28 163.81 ± 11.55
0.125 246.47 ± 20.76 196.39 ± 12.92 177.14 ± 19.21 180.71 ± 12.21
0.175 282.37 ± 22.54 220.93 ± 13.95 170.62 ± 19.08 160.57 ± 11.56
0.225 283.60 ± 23.31 219.63 ± 14.33 229.78 ± 23.21 171.87 ± 12.15
0.275 290.78 ± 24.66 218.71 ± 14.85 202.50 ± 22.36 188.12 ± 13.37
0.325 376.97 ± 30.18 283.18 ± 17.95 248.42 ± 26.19 237.59 ± 16.09
0.375 485.65 ± 37.25 345.39 ± 21.80 391.53 ± 36.20 368.88 ± 21.97
0.425 600.43 ± 47.62 618.08 ± 32.99 525.96 ± 48.01 640.66 ± 33.17
0.475 905.62 ± 76.00 818.67 ± 47.34 872.67 ± 76.54 876.45 ± 47.60
0.525 1393.89 ± 157.83 936.16 ± 76.44 1200.29 ± 135.91 1126.67 ± 83.06
cos ✓1

p
s=2.985 GeV

p
s=2.990 GeV

p
s=2.994 GeV

p
s=3.005 GeV

0.025 167.80 ± 16.78 124.97 ± 9.50 140.00 ± 12.47 135.82 ± 16.23
0.075 161.01 ± 16.61 151.64 ± 10.75 139.74 ± 12.50 113.17 ± 14.99
0.125 170.08 ± 17.01 155.45 ± 10.65 149.47 ± 12.91 98.49 ± 14.07
0.175 187.62 ± 17.81 153.74 ± 10.84 159.55 ± 13.53 148.79 ± 17.78
0.225 169.69 ± 17.32 154.19 ± 11.31 133.47 ± 12.73 138.36 ± 17.43
0.275 154.57 ± 16.77 162.88 ± 11.88 128.63 ± 12.99 124.40 ± 17.25
0.325 231.27 ± 22.05 220.53 ± 15.18 210.86 ± 17.76 203.51 ± 23.19
0.375 391.62 ± 32.63 335.00 ± 20.39 289.22 ± 22.38 299.89 ± 30.77
0.425 600.45 ± 45.65 558.20 ± 30.54 507.61 ± 34.07 508.31 ± 46.40
0.475 821.20 ± 64.32 854.50 ± 45.42 767.85 ± 51.30 808.86 ± 71.49
0.525 1163.81 ± 117.56 1016.55 ± 72.80 961.70 ± 85.34 1176.03 ± 124.66

TABLE A.11: (Part I) Collection of angular distribution data for the reaction: p̄+p ! ⌘+⌘ from
Ref. [75].
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p̄+ p ! ⌘ + ⌘ (II)
p
s=3.097 GeV

p
s=3.526 GeV

p
s=3.617 GeV

cos ✓1 d�/dcos ✓ [nb] cos ✓1 d�/dcos ✓ [nb] cos ✓1 d�/dcos ✓ [nb]
0.025 42.30 ± 4.64 0.025 6.58 ± 0.57 0.025 4.25 ± 0.57
0.075 39.79 ± 4.59 0.075 9.06 ± 0.68 0.075 3.65 ± 0.52
0.125 46.39 ± 4.94 0.125 12.26 ± 0.79 0.125 3.86 ± 0.53
0.175 41.18 ± 4.63 0.175 13.02 ± 0.82 0.175 4.56 ± 0.59
0.225 37.99 ± 4.54 0.225 12.60 ± 0.81 0.225 4.93 ± 0.63
0.275 43.37 ± 5.08 0.275 11.10 ± 0.76 0.275 4.79 ± 0.63
0.325 77.42 ± 7.25 0.325 11.33 ± 0.80 0.325 4.70 ± 0.64
0.375 191.65 ± 12.40 0.375 13.19 ± 0.89 0.375 4.87 ± 0.68
0.425 304.63 ± 17.08 0.425 20.82 ± 1.18 0.425 6.47 ± 0.81
0.475 484.60 ± 25.33 0.475 38.71 ± 1.75 0.475 11.35 ± 1.13
0.525 602.23 ± 36.72 0.525 69.45 ± 2.62 0.525 20.16 ± 1.67
0.575 961.94 ± 84.37 0.575 115.25 ± 4.02 0.575 37.45 ± 2.66

0.625 197.53 ± 7.15 0.625 76.24 ± 5.03
0.675 328.57 ± 19.20 0.675 88.80 ± 9.31p

s=2.911 GeV
p
s=3.592 GeV

0.05 287.44 ± 36.21 0.05 4.76 ± 0.63
0.15 428.42 ± 44.67 0.15 5.32 ± 0.67
0.25 439.82 ± 48.28 0.25 5.18 ± 0.67
0.35 589.90 ± 66.37 0.35 4.22 ± 0.64
0.45 1203.85 ± 136.31 0.45 10.18 ± 1.09

0.55 31.40 ± 2.44
0.65 116.34 ± 8.82

TABLE A.12: (Part II) Collection of angular distribution data for the reaction: p̄+p ! ⌘+⌘
from Ref. [75].
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p̄+ p ! ⇡0 + ⌘ (I)

cos ✓1
d�/dcos ✓ [nb]p

s=2.950 GeV
p
s=2.975 GeV

p
s=2.979 GeV

p
s=2.981 GeV

-0.475 730.04 ± 31.74 541.67 ± 16.93 571.02 ± 27.41 511.62 ± 15.91
-0.425 388.63 ± 16.77 307.20 ± 9.91 334.72 ± 16.91 284.20 ± 9.44
-0.375 223.91 ± 11.49 148.31 ± 6.21 186.55 ± 11.19 156.38 ± 6.38
-0.325 168.10 ± 9.55 110.40 ± 5.91 107.46 ± 8.44 100.94 ± 5.02
-0.275 178.03 ± 9.73 125.03 ± 5.61 132.57 ± 9.40 130.98 ± 5.70
-0.225 201.10 ± 10.47 163.07 ± 6.48 132.98 ± 9.27 159.60 ± 6.37
-0.175 244.69 ± 11.41 196.40 ± 7.22 176.72 ± 10.68 186.47 ± 6.94
-0.125 260.33 ± 12.12 216.11 ± 7.67 229.61 ± 12.82 229.26 ± 7.85
-0.075 274.07 ± 12.52 224.68 ± 7.75 202.52 ± 11.73 225.75 ± 7.84
-0.025 290.65 ± 13.14 225.83 ± 7.95 241.82 ± 13.17 228.91 ± 7.91
0.025 263.27 ± 12.34 227.88 ± 7.92 232.19 ± 12.86 238.78 ± 8.09
0.075 251.74 ± 12.31 238.33 ± 8.42 247.84 ± 13.64 242.72 ± 8.41
0.125 260.76 ± 12.82 223.65 ± 8.12 208.10 ± 12.35 199.49 ± 7.43
0.175 233.82 ± 12.14 195.19 ± 7.64 192.75 ± 12.07 180.31 ± 7.25
0.225 220.66 ± 12.11 168.40 ± 7.37 130.37 ± 9.83 154.57 ± 6.77
0.275 157.05 ± 10.45 107.12 ± 5.69 122.81 ± 9.80 114.50 ± 6.04
0.325 150.24 ± 10.81 100.47 ± 5.65 129.00 ± 10.50 107.88 ± 5.99
0.375 214.19 ± 14.41 173.87 ± 8.68 147.55 ± 12.21 146.95 ± 7.60
0.425 376.64 ± 22.75 266.88 ± 12.08 345.02 ± 22.90 263.46 ± 12.18
0.475 646.67 ± 38.04 463.97 ± 20.13 565.58 ± 36.28 559.55 ± 23.40

TABLE A.13: (Part I) Collection of angular distribution data for the reaction: p̄+p ! ⇡0
+⌘

from Ref. [75].
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p̄+ p ! ⇡0 + ⌘ (II)

cos ✓1
d�/dcos ✓ [nb]p

s=2.985 GeV
p
s=2.990 GeV

p
s=2.994 GeV

p
s=3.005 GeV

-0.525 716.65 ± 53.57 534.22 ± 51.17
-0.475 522.18 ± 22.64 539.90 ± 16.28 432.96 ± 16.55 395.36 ± 20.87
-0.425 245.24 ± 12.32 299.40 ± 9.69 264.06 ± 10.71 253.56 ± 14.07
-0.375 152.42 ± 8.79 158.67 ± 6.61 138.28 ± 7.26 114.40 ± 8.60
-0.325 99.48 ± 6.86 108.62 ± 5.27 79.99 ± 5.29 84.04 ± 7.34
-0.275 117.69 ± 7.76 114.23 ± 5.37 93.39 ± 5.60 88.56 ± 7.28
-0.225 142.51 ± 8.27 153.74 ± 6.31 128.24 ± 6.67 107.60 ± 7.87
-0.175 185.2 ± 9.77 178.28 ± 6.67 170.49 ± 7.71 161.27 ± 10.06
-0.125 205.56 ± 10.53 204.16 ± 7.39 198.51 ± 8.62 155.87 ± 10.00
-0.075 207.08 ± 10.39 200.25 ± 7.35 205.47 ± 8.88 158.82 ± 10.27
-0.025 233.18 ± 11.31 219.12 ± 7.80 198.16 ± 8.67 182.44 ± 11.00
0.025 226.21 ± 10.9 223.73 ± 7.97 187.67 ± 8.38 188.63 ± 11.70
0.075 214.13 ± 11.09 223.68 ± 8.02 195.16 ± 8.65 196.65 ± 11.88
0.125 186.98 ± 10.25 197.73 ± 7.55 184.32 ± 8.58 161.45 ± 10.49
0.175 182.93 ± 10.56 183.72 ± 7.46 161.35 ± 8.06 168.55 ± 11.26
0.225 150.36 ± 9.53 144.71 ± 6.72 126.68 ± 7.17 117.31 ± 9.25
0.275 114.52 ± 8.24 107.09 ± 5.89 88.23 ± 6.00 103.98 ± 9.23
0.325 106.52 ± 8.56 102.82 ± 6.01 79.24 ± 5.83 64.54 ± 6.92
0.375 152.05 ± 11.09 152.65 ± 8.17 127.18 ± 8.54 113.17 ± 10.37
0.425 247.17 ± 16.06 282.95 ± 12.97 224.68 ± 12.82 218.68 ± 16.67
0.475 548.61 ± 31.83 520.04 ± 22.00 425.16 ± 22.07 409.81 ± 28.48
0.525 802.27 ± 47.77 696.90 ± 53.93

TABLE A.14: (Part II) Collection of angular distribution data for the reaction: p̄ + p !
⇡0

+ ⌘ from Ref. [75].
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p̄+ p ! ⇡0 + ⌘ (III)

cos ✓1
d�/dcos ✓ [nb]p

s=3.097 GeV
p
s=3.526 GeV

p
s=3.617 GeV

-0.675 60.60 ± 2.01
-0.625 23.82 ± 1.01
-0.525 389.29 ± 14.17 28.31 ± 0.82 7.12 ± 0.49
-0.475 231.15 ± 7.63 10.13 ± 0.46 4.42 ± 0.36
-0.425 109.47 ± 4.72 12.49 ± 0.52 4.97 ± 0.41
-0.375 51.52 ± 3.03 14.31 ± 0.55 5.82 ± 0.42
-0.325 38.38 ± 2.65 14.07 ± 0.54 5.69 ± 0.43
-0.275 51.90 ± 3.05 12.29 ± 0.50 4.24 ± 0.37
-0.225 73.64 ± 3.61 10.61 ± 0.48 3.44 ± 0.34
-0.175 88.08 ± 4.10 6.73 ± 0.38 2.42 ± 0.26
-0.125 82.78 ± 3.95 4.41 ± 0.30 1.83 ± 0.22
-0.075 88.51 ± 4.18 3.45 ± 0.26 1.76 ± 0.24
-0.025 94.98 ± 4.30 2.64 ± 0.23 1.55 ± 0.22
0.025 94.39 ± 4.36 2.61 ± 0.22 1.54 ± 0.21
0.075 86.45 ± 4.10 3.57 ± 0.27 1.50 ± 0.20
0.125 97.22 ± 4.47 5.52 ± 0.33 1.57 ± 0.22
0.175 91.33 ± 4.32 7.03 ± 0.38 2.05 ± 0.24
0.225 76.82 ± 4.11 9.63 ± 0.45 3.22 ± 0.33
0.275 54.50 ± 3.41 12.63 ± 0.53 3.72 ± 0.34
0.325 39.77 ± 3.00 14.01 ± 0.55 5.40 ± 0.42
0.375 48.00 ± 3.50 13.67 ± 0.57 5.29 ± 0.42
0.425 108.53 ± 5.92 11.45 ± 0.52 5.10 ± 0.42
0.475 222.83 ± 10.15 12.81 ± 0.58 4.88 ± 0.42
0.525 410.95 ± 17.44 27.97 ± 0.92 8.34 ± 0.59
0.575 703.08 ± 43.19 86.77 ± 1.97 23.80 ± 1.12
0.625 200.01 ± 3.91 59.19 ± 2.23
0.675 402.65 ± 11.82

TABLE A.15: (Part III) Collection of angular distribution data for the
reaction: p̄+ p ! ⇡0

+ ⌘ from Ref. [75].
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p̄+ p ! ⇡0 + ⌘ (IV)
p
s=2.911 GeV

p
s=3.592 GeV

cos ✓1 d�/dcos ✓ [nb] cos ✓1 d�/dcos ✓ [nb]
-0.45 888.33 ± 53.47 -0.65 98.66 ± 4.30
-0.35 364.91 ± 23.03 -0.55 18.68 ± 0.91
-0.25 262.13 ± 18.77 -0.45 4.80 ± 0.41
-0.15 323.37 ± 21.61 -0.35 5.29 ± 0.42
-0.05 330.18 ± 21.96 -0.25 4.65 ± 0.40
0.05 300.48 ± 21.52 -0.15 1.53 ± 0.22
0.15 254.71 ± 20.26 -0.05 1.72 ± 0.23
0.25 199.68 ± 17.86 0.05 1.82 ± 0.24
0.35 246.02 ± 22.84 0.15 2.23 ± 0.27
0.45 750.50 ± 63.89 0.25 3.94 ± 0.37

0.35 5.85 ± 0.46
0.45 5.85 ± 0.51
0.55 19.22 ± 1.03
0.65 110.20 ± 4.49

TABLE A.16: (Part IV) Collection of angular distribution data for the
reaction: p̄+ p ! ⇡0

+ ⌘ from Ref. [75].
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A.3 Table of acronyms

Acronyms Full name
CM Centre of Mass

Lab/L Laboratory
IC Ionization Chamber
DC Drift Chamber
Ay Analyzing power

FoM Figure of Merit
SL Space-Like
TL Time-Like
FFs Form Factors

TABLE A.17: Table of the acronyms(left) for the full name(right).
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!  

Titre :Etude des réactions d'annihilation proton-antiproton et contribution expérimentale à la 
polarimétrie hadronique  

Mots clés : physique hadronique, phénoménologie, polarimétrie 

Résumé : Ce travail de thèse s'inscrit dans le cadre de la physique hadronique et consiste en des 
études phénoménologiques et expérimentales dédiées à la structure interne des nucléons et reliées aux 
mesures des facteurs de forme des hadrons dans les régions temps et espace. 
Un programme expérimental dont le but est la mesure des facteurs de forme électromagnétiques du 
proton dans la région temps est prévu auprès du détecteur de grande acceptance PANDA (anti-Proton 
Annihilation at Darmstadt) à partir des réactions d'annihilation  pbar p -> e+ e-   dans l'intervalle en 
énergie 2.25(1.5) <sqrt(s)(p L ) < 5.47(15) GeV (GeV/c). Un modèle effectif de mésons a été 
développé pour évaluer la section efficace d'annihilation pbar p en une paire de pions légers,dans le 
domaine en énergie d’intérêt. Un facteur de forme logarithmique a été introduit pour modéliser la 
nature composite des hadrons en interaction. Ce modèle s'applique aussi à la diffusion élastique pion 
proton, par symétrie de croisement, et à la production d'une paire de kaons chargés, suivant la 
symétrie SU(3). Le modèle a été ensuite étendu à différentes voies neutres telles pi0-pi0, eta-eta, pi0-
eta. Les résultats obtenus sont présentés et comparés aux données existantes.  
Dans la région espace, j’ai contribué à l'expérience ALPOM2 (JINR Dubna, Russie), la seule 
expérience actuellement capable de mesurer les pouvoirs d'analyse protons et neutrons pour les 
mesures à JLab avec plusieurs types de cibles. Expérimentalement, un faisceau polarisé de protons ou 
de neutrons de 3.0, 3.75 et 4.2 GeV/c est obtenu par cassure du faisceau de deutons polarisés du 
Nuclotron et les fragments chargés issus des collisions avec les cibles de C, CH2, CH et Cu sont 
mesurés. Les résultats expérimentaux de l'analyse préliminaire sont présentés.
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Abstract : This thesis work, set in the framework of hadron physics, reports on a phenomenological 
and an experimental studies dedicated to nucleon internal structure, both related to hadron 
electromagnetic form factor measurements in the time-like and in the space-like regions. 
An experimental program aiming to determine the proton electromagnetic form factors in the time-
like region is planned with the PANDA (anti-Proton Annihilation at Darmstadt) large acceptance 
detector through the annihilation reaction  pbar p -> e+ e- in the energy range 2.25(1.5) <sqrt(s)(p L ) 
< 5.47(15) GeV (GeV/c). An effective meson model has been developed to evaluate the cross section 
of pbar p annihilation into light meson pairs, in the energy domain relevant to the PANDA experiment. 
A logarithmic form factor is introduced to account for the composite nature of the interacting hadrons. 
The model was also applied to pi p elastic scattering, using crossing symmetry, and to charged kaon 
pair production, on the basis of SU(3) symmetry. The model has then been extended to different 
neutral channels pi0-pi0, eta-eta, eta-pi0 relying on SU(3) symmetry. In the range 3.362(5) <sqrt(s)(p 
L ) < 4.559(10.1) GeV (GeV/c), the results obtained are presented and compared to existing data. 
In the space-like region, I contributed to the ALPOM2 experiment (JINR Dubna, Russia), the only 
experiment right now able to measure proton and neutron analyzing powers in the momentum range 
of interest for Jefferson Lab measurements and allowing considering different types of target. 
Experimentally, in the framework of ALPOM2, from the Nuclotron polarized deuteron beam, 
polarized proton and neutron beams at 3.0, 3.75 and 4.2 GeV/c were obtained by deuteron break-up 
and the charged fragments from the collisions with C, CH2, CH and Cu targets were measured. 
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