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Introduction

a physique de la beauté est d’une importance cruciale en physique des particules

pour plusieurs raisons. Tout d’abord, elle intervient dans un grand nombre de

modeles théoriques rencontrés: modele standard électrofaible (détermination de
ses parametres et prédictions), chromodynamique quantique, étude de la violation de C'P,
nombreux modeles phénoménologiques, etc. Ensuite, du point de vue expérimental, il existe
un grand nombre d’usines a B qui génerent une source colossale de données pour tester
ces modeles, ce qui justifie 'importance des études expérimentales des désintégrations des
mésons beaux. Enfin, la physique du B peut potentiellement constituer une source de ce
que I'on appelle « nouvelle physique » que ce soit par exemple au travers des théories super-
symétriques, ou bien encore des modeles a dimensions supplémentaires en ce qui concerne la
théorie, mais aussi au travers de découvertes expérimentales inattendues comme les récentes
mises en évidence (voir par exemple [1] et [2]) de nouvelles résonances « bizarres » X (3872)
et X (4260) par Belle, Babar, D0 et CDF.

L’objet de ce mémoire est d’adresser un (petit) nombre d’aspects théoriques relatifs a 1’en-
semble de cette physique. Il est le fruit d’une collaboration avec le Laboratoire de Physique
Théorique d’Orsay et pour une bonne partie prolonge naturellement les recherches effectuées
lors de ma these [3]. Il se présente comme suit : dans un premier chapitre, nous discuterons
de I'hypothese de dualité quark-hadron, pierre angulaire de nombreuses études des désinté-
grations des B. Puis, dans un deuxieme chapitre, nous présenterons un travail relatif a une
autre hypothese fondamentale utilisée lors des études des processus non leptoniques: I’hypo-
these de factorisation. Au cours d’un troisieme chapitre, nous reprendrons un probleme lié
a la confrontation théorie «+ expérience qui apparait lorsque 'on étudie les désintégrations
des mésons B en mésons D présentant une excitation orbitale L = 1 et déja mentionné
dans [3]. Enfin, pour essayer de lever ce probléme, un dernier chapitre décrira une étude
de faisabilité réalisée par calcul de QCD sur réseaux. Ce dernier chapitre contiendra aussi
une description du projet européen apeNEXT, projet visant a la création/fabrication de A
a Z d’un ordinateur a architecture parallele optimisé pour les calculs de chromodynamique

quantique.
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Chapitre 1

Dualité quark-hadron

Ot nous allons présenter la notion de dualite quark—haclron et voir que sa réalisation

est lice a l'existence de régles de sommes connues ou bien nouvelles.

u point de vue théorique, I'étude des désintégrations des mésons B est facilitée

par la présence du quark lourd b dont 'inverse de la masse peut servir de para-

| motre de développement perturbatif (HQET) ; par ailleurs, lorsque m;, — oo, des
symétries supplémentaires apparaissent qui contraignent les éléments de matrice de transi-
tion. Ces outils ont permis une étude poussée des désintégrations exclusives, principalement

semileptoniques, des B dans cette limite de masse infinie ainsi que des premieres corrections

en puissance de — ; le point commun dans cette approche est que l'objet considéré est le
my

hadron.

D’un autre coté, une approche différente consiste a étudier de fagon inclusive les processus

en ne se plagant non plus a I’échelle du hadron mais & 1’échelle du quark (b — ¢X par

exemple). On réalise alors un développement en produits d’opérateurs (OPE) qui, avec la

théorie effective de quark lourd, conduit également a un développement limité en puissances

de A La dualité quark-hadron est alors invoquée pour faire le lien entre les calculs réalisés
au ggeau des quarks et des gluons et le monde « réel » des hadrons: le taux de désintégration
inclusive (c’est-a-dire celui obtenu par OPE) doit coincider avec la somme des taux de
désintégration exclusive (« ce qui se passe au niveau des quarks est l'image de ce qui se

passe au niveau des hadrons »).

L’existence de la dualité est indiscutable dans les désintégrations semileptoniques B —
X v en effet, le quark ¢, dans la limite m;, — o0, possede une énergie tres grande devant
Aqcp. De fait, il se comporte a 'ordre zéro comme un quark libre et il doit donc s’hadroniser
en méson D. La question est alors plutot de savoir avec quelle précision cette hypothese de

dualité « tient la route » et quelles sont les conditions derriere sa réalisation.
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1.1 Quelques rappels

Avant de développer le sujet de ce chapitre, il serait bon de rappeler quelques généralités

et de fixer les notations.

1.1.1 Spectroscopie

Tous les mésons lourds M considérés ici sont des états liés Qg (@) quark lourd et ¢ quark
léger associé). Le moment cinétique total est J = 50 + 7 avec, dans le cadre du modele
de quarks, 7 = 0+ Sy (Z désigne le moment cinétique orbital relatif du quark léger et §
le spin). Pour des raisons d’invariance par rotation, ce J est une quantité conservée. Par
ailleurs, grace aux symétries de quark lourd (SQL), le moment cinétique de spin sg est aussi
une quantité conservée, donc J l'est également (on l'appelle « composante légere » dans la

littérature). On range alors les diverses possibilités de la fagon suivante :

» Cas £ = 0 (états S):

multiplet} valeurs J¥ } notation générique | exemple
1~ 0~ M B, D
=5
2 1~ M* D*

» Cas £ =1 (états P):

multiplet || valeurs J? || notation générique | exemple
1t 0F D;
§P == n M 2
2 1 D3
+
jP — §+ 1 M** Dl
2 2" D3

Il est important de noter que les D** appartenant a un méme multiplet sont reliés par les

symétries de quark lourd.

1.1.2 Notations diverses

Lors de I'étude des désintégrations semileptoniques de quarks lourds, il est coutume d’intro-
duire les facteurs de forme suivants pour décrire les amplitudes de transition dans la limite

mp — 00!

» Canaux élastiques 1/27 : il s’agit des transitions du type (D|J|B) et (D*|J|B) qui
s’expriment en terme d’un seul facteur de forme (au lieu de 6 pour une masse my, finie)

noté &(w) et souvent appelé « fonction d’Isgur-Wise » [4, 5, 6].
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» Canaux inélastiques 1/27 et 3/2% : dans ce cas, les éléments de matrice du type

(D™|J|B) s’expriment en terme de 2 facteurs de forme uniquement [7], 7, ,(w) pour
1+ 3t
le multiplet 5 et 7,,,(w) pour le multiplet 2 (au lieu des 14 facteurs de forme

3/2
habituels).

Le parametre w qui apparait ici est égal v - v’ ol v et v’ sont les quadrivitesses des mésons

initial et final.
La pente de £(w) au point w = 1, ¢’est-a-dire lorsque v = 0=17c' (autrement dit lorsque il

d
n’y a pas de recul), est utilisée pour définir le nombre p* = — d_) .
w w=1

1.1.3 Regles de somme de Bjorken

Les facteurs de forme précédemment introduits ne sont pas completement indépendants;

on montre que [8, 7]:

w+1 w?r—1, =
L= ——[e@)]’ + (w=1) | 3 == )P +2 [ w)P
n=1 n=1

(1.1)

+ (w12 )P
n=1

ou les exposants (n) représentent les excitations radiales des états P.

On obtient une forme plus connue de la regle de somme de Bjorken en faisant dans (1.1)

un développement limité au premier ordre autour de w = v-v’ =1 (point de recul nul) qui

n n 1
> (IFDP + 21 RR) = 0 = 5

n

donne:

1.1.4 Regle de somme de Voloshin

Une autre regle de somme se rencontre, qui relie certaines des fonctions précédentes au point

de recul nul:
A n n 2 n n 2
R = 3 (2800 + 4a0) 0F)

MM — M, est la différence d’énergie de 1’état j, n avec I’état fondamental.

N (n)
ou A J ;

1.2 Sources possibles de violation de dualité

Nathan Isgur [9] a proposé une analyse générale des causes potentielles pouvant induire des

violations de dualité d’ordre —. Nous avons déja dit que la théorie effective de quark lourd
mq
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permet de développer, en faisant un OPE, les taux de désintégration inclusifs en une somme

de termes en puissance de — ot le terme d’ordre zéro correspond au cas ou le quark lourd
mq

est libre et ot le terme d’ordre un est absent (théoreme de Luke [10]) :

A 2
Finclusif(B - XCKV) — Flibre(b_> ng) + ﬁ((—) )

mq

L’argument de N. Isgur procede comme suit : dans la limite ezacte de masse infinie (m;, —

m
0o a1 = — fixé), nous avons (E, désigne I'énergie du lepton):

me
Pl CTon’ Jot1 oo
dwdE,  dwdE, 2

# 200 =) [ (R + 25 00F) |+ o (- ”2>]

n

Alors la regle de Bjorken (1.1) assure que la dualité est bien vérifiée car la diminution

1
du canal élastique 3 lorsque w — 1 augmente est exactement compensée par ’apparition
1+ +
et I'augmentation des canaux inélastiques 3 et 5 (sachant que le seuil de création des

hadrons se situe en w = 1).

Cependant, dans le cas ou m,; est grande mais finie, cette compensation se trouve retardée
+

car il existe un domaine de valeurs de w autour de 1 pour lequel 'apparition des états 3

3+
et 3 est cinématiquement interdite. En effet, en introduisant les transferts ¢t = (¢°)? — ¢,

alors les transferts maximaux ¢** = (mp — mp)? et tmax = (mp — mp)? ne coincident

plus puisque:

tmax - t;:ax ~ 1 — me Mp= — Mp
2mpme.

A
Il est visible sur cette derniere relation que l'effet est d’ailleurs d’ordre —, ce qui semble
m

étre en contradiction avec les résultats obtenus par développement en produits d’opérateurs ;

A
en fait, il se trouve que des effets d’ordre — peuvent apparaitre lorsque ’énergie dégagée
mq
dans les transitions b — c est de 'ordre de Aqep (I'OPE « rate » la dépendance en fonction
du tranfert d’impulsion de I'ouverture de certains canaux au voisinage de w = 1, et donc
peut prendre en compte certaines résonances dans des zones ou elles sont cinématiquement
interdites — lien avec le rayon de convergence de ’'OPE) alors que lorsque 'énergie dégagée

est grande (> Aqcp), le résultat obtenu par la méthode OPE, c’est-a-dire 'absence de

termes d’ordre 1 en —, reste valide car des regles de somme « conspirent » pour assurer
mq
la dualité.
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Remarque. D’'un point de vue plus technique [11], les calculs fondés comme ici sur les
OPE sont réalisés dans 'espace euclidien : cette procédure est légitime pour des contours
d’intégration éloignés de la région physique et 'idée est de relier une intégration dans un
domaine non physique & une intégration dans le domaine physique (voir par exemple [12]);
la difficulté est que bien souvent, le contour se rapproche toujours de la région physique (celle
qui contient les poles ou les coupures) et donc les résultats obtenus par le développement en
produits d’opérateurs peuvent ne pas étre fiables. Enfin, une fois ces calculs effectués dans
I’euclidien, on réalise un prolongement analytique dans ’espace minkowskien pour aboutir
aux résultats physiques (grandeurs mesurables, regles de somme, etc...) et c’est grace a ce
prolongement que la dualité entre le calcul hadronique et le calcul au niveau des quarks

apparait !.
Pour résumer, une violation de la dualité peut physiquement provenir :

- des seuils de production hadronique (poles du contour)

- des coupures du contour

1
- de la validité ou non du développement en puissance de —
mq

1.3 Une premiére étude

Nous nous sommes demandés [13] en utilisant un modele non relativiste de quark comment
la dualité se manifeste lorsque 'on considere la description hadronique et la description
« partonique » des désintégrations semileptoniques. Pour cela, nous avons calculé d’une
part le taux de désintégration total par sommation des canaux exclusifs et, d’autre part,
le taux de désintégration a partir des quarks considérés comme libres. Enfin, nous avons

étudié le comportement de I', 400 — I'quare POUTr Une masse my, finie.

1.3.1 Cadre de ’étude

Les hadrons sont décrits par un modele de quark non relativiste dans lequel les états liés
sont des oscillateurs harmoniques; l'intérét d’un tel modele est que les différents niveaux

sont completement connus et surtout que les niveaux n > 2 interviennent avec une contri-

bution minimale d’ordre — donc négligeable pour notre étude: il suffira donc de conserver
m
uniquement les niveaux n =0 et n = 1.

Par ailleurs, nous avons pris un hamiltonien dont le terme d’énergie potentielle ne dépend

pas de la saveur. Ensuite, le couplage quark-lepton est décrit par un courant vectoriel (nous

1. De ce point de vue, parler d’hypothese de dualité est incorrect car il n’y a aucune hypothese supplé-

mentaire introduite.
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travaillons avec des quarks sans spin) et enfin, nous nous sommes placés dans la limite de
Shifman-Voloshin.

1.3.2 Limite de Shifman-Voloshin

La limite de Shifman-Voloshin [14], notée SV désormais, est la situation dans laquelle:
A< dm=my — me <my, memg ou A: échelle hadronique

L’intérét de cette limite est que les désintégrations ont lieu presque a recul nul (w ~ 1) et

donc que peu de canaux contribuent a I’ordre dominant en —
mq

1.3.3 Méthode

r -

hadron

r

En principe, les premieres corrections de masse a € doivent étre, conformément aux résultats

. , k
Considérons le terme: €= auar

quark

) 1 mp
fournis par OPE, en — (en tout cas lorsque m;, — oo avec r = — fixé: c’est ce que
m me

j'appellerai dans la suite « développement en 1/mg »). Par ailleurs, le fait de travailler

m
dans la limite SV rajoute un développement en (1 — r), c’est-a~-dire en — si bien que,
m

b
globalement, nous obtiendrons un développement dont les termes seront de la forme:

termes associés

x | aux quarks 1é-

gers d et/ou u

~~
mdvmuzA

ol A représente I’énergie du premier niveau excité. De fait, il va nous falloir non seulement

, . o . (om)P
prouver ’absence de termes en — dans €, mais aussi faire attention aux termes en (1mp)7
mp mp

. . 1 L.
qui pourraient correspondre a un terme d’ordre — dans la dénomination précédente. En

mq
(Om)”

1
5—, avec p > 0, peuvent contribuer a l'ordre 1 en — puisque

mq

effet, les facteurs du type

b
dm est grand, voire d’ordre mg, dans la limite m; — oo.

2

] m m . .
En pratique, nous avons retenu les termes en — et — (ils correspondent respectivement
m m
L\ b b
a (—) et — dans la limite de masse infinie) et montré qu’ils disparaissent dans la
mq mq
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1
largeur totale?, en ne laissant que des termes au minimum d’ordre —5 . Quant aux termes
m

Q
(0m)?
mp

p > 2 et ceux en (0m)P et , ils n’apparaissent pas dans la facon dont € est calculé.

1.3.4 Importance des regles de somme dans la dualité

Le lecteur intéressé trouvera le détail des calculs dans [13]; pour que les premieres correc-

1
tions a e soient d’ordre —- afin que la dualité soit satisfaite, il est indispensable d’avoir les
m

regles de somme de Bjorken et de Voloshin. Ce sont elles qui permettent la compensation
A m . . . p
des termes genants d’ordre —; qui apparaissent dans les expressions des largeurs de dés-
m

intégration totales du fait que les seuils de production des états excités et fondamental ne

coincident pas comme noté précédemment.

1.4 Une nouvelle régle de somme

L’étude précédente nous a permis d’appréhender le fonctionnement de la dualité par un

modele simple ; néanmoins, 1’idéal serait de se placer dans un cadre plus réaliste comme la

QCD.

Glenn Boyd et al. [15] avaient déja de fagon tres approfondie étudié la dualité dans les
désintégrations semileptoniques des B (ils se sont placés dans le cadre de la QCD et dans
la limite de Shifman-Voloshin); cependant, pour le calcul de la largeur totale en tant que
somme sur les canaux exclusifs, ils n’ont considéré que les mésons fondamentaux D et D*.
Nous avons repris ce travail et complété le calcul de la partie hadronique en rajoutant
les premieres excitations orbitales D**. Cependant, nous n’avons pris aucune correction
radiative en compte. Nous avons alors comparé la largeur totale I' obtenue a partir d'un
développement en produits d’opérateurs a celle obtenue par sommation des largeurs des

canaux B — D, B — D*, B — D**; si la dualité est vérifiée, alors on s’attend a ce que

om?  Adm

les termes d’ordre de type —- et 5
my my

(voir le paragraphe 1.3) se compensent, mais avec
quelle précision?

Apres calculs [16], nous avons établi que la regle de somme de Bjorken permet effectivement
2

. m o N . T
la compensation du terme en —-, et, en utilisant la regle de Voloshin, nous avons réalisé
m
b

o om - s 1 :
2. La disparition des termes — assure ’absence de violation de dualité & I'ordre — tandis que la

mj mQ
. dm? . e ) 1 .
compensation des termes en —5 est a l'origine du fait qu'a l'ordre zéro en ——, on obtient le taux de
m mQ
désintégration correspondant au calcul avec les quarks libres.
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Adm
mj

que la compensation des termes en impose qu’une nouvelle regle de somme soit vérifiée

(avec des notations déja explicitées) :
_ )2 2
a/JF 4 Z |: 1/2 1/2 ‘ - 3/2 ‘7_3/2 (1)| ] (1.2)

ay est un des six facteurs de forme évoqués au paragraphe 1.1 qui s’expriment en fonction
de £ dans la limite de masse infinie (il intervient dans I’écriture des amplitudes de transition

B — D* par courant axial).

Notons que cette nouvelle regle de somme, associée a des estimations théoriques extérieures
des facteurs de forme [17, 18], génere des valeurs numériques permettant une discussion

phénoménologique des processus. En particulier, la regle (1.2) produit la hiérarchie suivante :
2 n
2P <2 M

Nous avions déja remarqué cette propriété dans le cadre des modeles covariants de facteurs
de forme a la Bakamjian-Thomas [19, 3]: les processus B — D:/*2+ semblent favorisés
par rapport au canal B — D;"jﬁ. D’un autre coté, les études expérimentales apportent
la conclusion radicalement opposée... il y a donc la un mystére a résoudre... (corrections

radiatives conséquentes par exemple?)

Enfin, nous nous sommes apercus en cours d’étude qu’il était possible d’établir en plus
de (1.2) toute une classe de regles de somme supplémentaires et nous en avons donné la

méthode.

1.5 Tentative de généralisation

Au vu de 'apparition de ces régles de somme qui « conspirent » pour compenser les termes
d’ordre problématique dans les largeurs totales de désintégration, nous avons entrepris une
étude plus générale [20] de la dualité dans les désintégrations semileptoniques des mésons
B, toujours dans le cadre des modeles de quark non relativistes mais sans particulariser ces

modeles comme ce fut le cas au paragraphe 1.3.

1.5.1 Principe de ’étude

Comme précédemment, 1’'idée est de calculer les largeurs de désintégration totales de deux
fagons différentes (OPE et somme des canaux exclusifs) puis de vérifier dans quelle mesure

elles sont compatibles et a quels ordres.
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Description du modele

Nous avons choisi de considérer les processus semileptoniques B — X, /v dans la limite
SV (pour des raisons déja évoquées) en identifiant les mésons a des états liés de quarks non
relativistes sans spin (courant scalaire) soumis & un potentiel confinant a priori quelconque
dans un premier temps. La partie leptonique du processus est, elle, traitée de fagon relati-
viste. Enfin, pour des raisons de simplification, nous nous sommes placés dans le référentiel

propre du méson B.

L’intérét d’'un tel modele est qu’il nous permet d’avoir acces au spectre des états liés (ils sont
calculables) de fagon assez simple et que les facteurs de forme des transitions hadroniques en
terme des fonctions d’onde des mésons sont également connus: de fait, la somme exclusive

des largeurs peut étre obtenue sans probleme.

Calcul de T'" par développement en produits d’opérateurs

Pour résumer (le détail de la procédure est explicité dans [20]), le taux de désintégration

semileptonique intégré s’obtient a partir de:
1 . o o o =
ME = Xtv) = 5 [aglal [ o > 1) L) 7. 2)
%(q?)

sachant que L(q¢®) représente le tenseur leptonique relativiste

T(q°, ¢*) représente la partie hadronique non relativiste dont 1’expres-

sion exacte dépend du potentiel de quark considéré

€ (q*) est un contour d’intégration dans le plan ¢° complexe

Remarque. Le contour ¢ (7?) possede les caractéristiques suivantes :

plan complexe g Les cercles correspondent aux poles de T' (résonances charmées
- 5 ¢q); la ligne Ze(q°) = ||q]| sépare la région cinématiquement

axe ree A
3 @) interdite de la région autorisée (cf le terme en 6(¢° > ||q1|))

et, pour chaque valeur de ||¢]|, le point A est fixé sur 'axe réel tandis que le contour
peut étre déformé a volonté (point B) la ou 7' est analytique. Notons qu'une partie de
€ (q?) se trouve au voisinage de la région physique (poles et coupure) ce qui peut induire
des incertitudes quant a la fiabilité du calcul par OPE (cf. paragraphe 1.2). Enfin, un tel
contour sélectionne, pour chaque valeur de ¢?, les résonances physiques produites lors de la

désintégration B — X ./l v.

Ensuite, I'amplitude T" est développée en produit d’opérateurs:
T(¢,G%) = > Culg’.q%) (B|O|B)

avec 0, : opérateurs locaux de dimension croissante
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L’introduction du hamiltonien nous donne alors explicitement cette décomposition pour

obtenir un développement de T'°FF en — et pe Enfin, nous utilisons les formes non
relativistes des regles de somme (Bjorken, ifoloshin et les autres) pour traduire, dans 1’ex-
pression obtenue pour I'PF | les termes contenant les éléments de matrice des opérateurs
0, en fonction des facteurs de forme utilisés dans la description exclusive des processus
(de cette facon, nous pourrons comparer directement I'OPE § S™Texclwsily of Pon obtient

finalement une expression de la forme suivante :

"B — X, lv) = /d[qqchse} Zﬁ(qo,f,ém,mc,...) (1.3)

n=0

ou d[qqchse] représente la mesure de l'intégration et .% est une fonction dont I’expression

exacte est donnée dans [20].

Calcul de T" par sommation sur les canaux exclusifs

Cette largeur de désintégration s’obtient en sommant les différents canaux exclusifs et le

résultat s’exprime comme suit :

Mmax (q2 )

I'B — X.tlv) = /d[qqchse] Z F(¢°, %, 6m,m,,...) (1.4)

n=0

ou .Z est exactement la méme fonction que dans la formule (1.3) (ainsi que la mesure

d[qqchse]).

Résultats et commentaires

Nous voyons apparaitre ici une violation possible de dualité, dans la mesure oti, bien que les
expressions (1.3) et (1.4) soient similaires, elles different dans les bornes de la sommation
discrete : TOPE borne oo, et ', borne ny.,(¢?). Autrement dit, le développement en produit
d’opérateurs, a cause de l'introduction des regles de somme, prend en compte pour chaque
q° toutes les résonances, y-compris celles qui sont cinématiquement interdites pour ce ¢?,
alors que le calcul exclusif exclut ces états excités comme il se doit : il faudrait tronquer les
regles de somme pour avoir la correspondance. Le probleme de la violation de la dualité se

I'OPEqui lui-méme

transfere donc au probleme de la convergence de ces séries infinies dans
est lié & la forme du potentiel de quark choisi (comportement a grande et petite distances).

De facon plus générale, nous avons établi que l'erreur due & la troncation dans I'OTF est

A2 ’
d’ordre — (—) ou b est un nombre réel positif qui dépend des propriétés du potentiel.
m2 \ dm
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La encore, le role joué par les regles de somme est fondamental pour la compensation des

termes, du moins jusqu’a 'ordre ou apparaissent ces termes de violation de dualité :

2 2

m om

- Bjorken et Voloshin permettent la compensation des termes en —— et A—-
m? m?

2 /AN 1
- Les autres regles de somme permettent la compensation des termes en —, < )

2 Y
m2’ \m./) om,

etc...
Enfin, il est possible avec le méme formalisme d’étudier ce qui se passe au niveau des largeurs
différentielles, et non plus totales, afin d’appréhender comment la dualité se manifeste du
point de vue local. Raisonnons en terme de la variable ¢?, variant de facon générale entre 0
et ¢2,.; & mesure que l'on se rapproche de la valeur maximale de ¢?, les canaux produisant

les états excités se ferment les uns apres les autres pour ne laisser que 1’état fondamental

en ¢ = ¢2,.. Cet effet génere une violation de dualité au voisinage de ¢2,  d’ordre A%.
Il est intéressant de noter que, dans la largeur totale, cet ordre dangereux est compengé
par d’autres termes de méme contribution provenant de la regle de somme de Voloshin ; il
pourrait donc y avoir quelques problemes si, expérimentalement, on ne réalise les mesures

que dans une zone limitée de I’espace des phases au voisinage de ¢2,,. .

Nature du potentiel de quark

Au cours du paragraphe précédent, la nature du potentiel de quark utilisé a été présentée
comme directement reliée au probleme de la violation de la dualité car influant sur la

convergence des séries rencontrées.

Afin de clarifier ce point, nous avons étudié [21] les effets du potentiel non relativiste choisi
pour décrire les mésons ; nous avons pris les deux situations ou le potentiel présente une
singularité a l'origine et celle ou il n’en présente pas. Nous avons montré dans ce cadre

d’hypothese que:

- cas régulier : lorsque le potentiel ne présente pas de singularité a l’origine, il existe une

violation de dualité qui peut étre mise en évidence?.

- cas singulier: lorsque le potentiel est singulier a 'origine, I’étude de la convergence de
I’OPE est problématique car, au-dessus d’un certain ordre dans le développement, les
coefficients deviennent infinis. Si ’on tronque la série au dernier terme fini, alors nous
n’avons obtenu aucune indication de violation de dualité a cet ordre.

Ce cas mériterait d’étre approfondi car le potentiel effectif de QCD est singulier. Mais

nous nous sommes placés dans un modele non-relativiste ; une vraie théorie relativiste

2
m om

3. Le terme correspondant est néanmoins exponentiellement petit, d’ordre — eXp(—T)
m

C
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conduirait peut-étre alors a un développement correct, c’est-a-dire ne présentant pas

de divergences, qui permettrait de fournir une conclusion plus précise.

1.6 Conclusion

Dans ce chapitre, nous avons étudié certains mécanismes pouvant étre a l'origine de la

violation de la dualité quark-hadron.

Nous avons établi que, en ce qui concerne les largeurs totales de désintégration, des regles

de sommes* sont nécessaires qui conspirent pour compenser les termes problématiques.

. 1 .
De plus, nous avons montré 'absence de termes de violation d’ordre — en utilisant des
mq

modeles de quark, contrairement & I'analyse de N. Isgur [9].
Enfin, la situation est différente si I'on considere les largeurs différentielles pour lesquelles
les compensations entre termes sont moins évidentes puisque certains canaux ne sont pas

obligatoirement ouverts dans la zone de 1’espace de phase considérée.

4. Certaines sont connues telles les regles de Bjorken ou de Voloshin et d’autres sont nouvelles: une

méthode a par ailleurs été présentée pour en établir toute une classe.
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Abstract

We explicitly check quark-hadron duality to order (m, — m.)A/mZ for b — clv decays in the limit m,—m. < m,
including ground state and orbitally excited hadrons. Duality occurs thanks to a new sum rule which expresses the
subleading HQET form factor &, or, in other notations, a in terms of the infinite mass limit form factors and some level
splittings. We also demonstrate the sum rule, which is not restricted to the condition m, — m, < m,, applying OPE to the
longitudinal axial component of the hadronic tensor without neglecting the 1/m, subleading contributions to the form
factors. We argue that this method should produce a new class of sum rules, depending on the current, beyond Bjorken,
Voloshin and the known tower of higher moments. Applying OPE to the vector currents we find another derivation of the
Voloshin sum rule. From independent results on £, we derive a sum rule which involves only the 7{%, and 7§}, form
factors and the corresponding level splittings. The latter strongly supports a theoretical evidence that the B semileptonic
decay into narrow orbitally-excited resonances dominates over the decay into the broad ones, in apparent contradiction with
some recent experiments. We discuss this issue. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction corrections to duality only appear at second order,
namely O(A?/mZ) where A is for the QCD scale

It is well known [1] that quark-hadron duality is and m,, is one of the heavy quark masses (m, or

valid to a good accuracy in b-quark decay and
particularly in semileptonic decay. A systematic study
of the corrections to duality [2—6] using the powerful
tools of Operator Product Expansion (OPE) [7] and
Heavy Quark Effective Theory (HQET), in particular
Luke's theorem [8], has demonstrated that the first

! Alexander-von-Humboldt fellow.
2 | aboratoire associé au Centre National de la Recherche Scien-
tifique - URA D00063.

m.). For simplicity we leave aside in this letter the
O(a,) radiative corrections notwithstanding their
manifest practical relevance.

The OPE based proof is very elegant and circum-
vents the detailed calculation of the relevant chan-
nels. Precisaly this feature has generated some doubts
or a least some worries. First of al there is the
experimental problem of the A, life time which has
not yet been understood within OPE framework.
Second it has been asked if OPE could not miss
some subtle kinematical effects related with the de-

0370-2693/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0370-2693(00)00383-X
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lay in the opening of different decay channels [9].
We have shown [10] in a non-relativistic model that
the latter effect does not affect the validity of duality.

A numerica calculation of the sum over exclusive
channelsin the 't Hooft two dimensional QCD model
[11] reported a presence of a duality-violating 1,/mj,
correction in the total width [12]. Later the summa-
tion was performed anayticaly in the case of the
massless light quark [13]. Agreement between the
OPE and the exact result was found in this case
through 1,/m, order.

The “*miraculous’’ conspiracy of exclusive decay
channels to add up to the partonic result and its OPE
corrections may be expressed in terms of sum rules
which the hadronic matrix elements must satisfy in
QCD [14-17]. OPE weas first explicitly used to de-
rive Bjorken sum rule in [15].

To leading order in A/m, Bjorken sum rule
straightforwardly implies quark hadron duality for
the semileptonic widths (the differential and the total
widths). The suppression of the O(A/m,) correc-
tionsis not so direct. The authors of [18] have done a
thorough study of the exclusive contributions of the
ground state D and D* mesons up to order
O(A?/m?). They have chosen the Shifman Voloshin
(SV) [19] limit, A < m, —m, < m,, which drasti-
caly simplifies the calculation, but did not consider
the orbitally excited states, and therefore could not
check the matching between the sum of exclusive
channels and the OPE prediction to the order
O(A(m, —m,)/m?).

Our first motivation was precisely to complete
this part and add the L = 1 excited states in the sum
of exclusive channels. We will discuss in Section 3
why we neglect other excitations.

While performing this task we had a surprise. We
found that a new sum rule, Eq. (12), was needed
beyond Bjorken, Voloshin, and the known tower of
higher moment sum rules [14—17] and we found that
this new sum rule could be demonstrated from OPE.

We believe that other new sum rules can be
derived along the same line. When the form factors
are taken at leading order in 1/m,, OPE applied to
different components of the hadronic tensor, or to
different operators, always provides the unique se-
ries. Bjorken sum rule, Voloshin sum rule and higher
moments. But when the next to leading contribution
to the form factors is considered, no such unicity

holds anymore. Changing the current operatorsin the
OPE might lead to several other sum rules at order
1/m,.

In the following we will simplify our task as
much as possible. We will neglect radiative correc-
tions. We will also leave aside terms of order
O(A?/m?), which implies that operators with higher
dimension than identity may be neglected in the OPE
and consequently that the inclusive results may be
computed only via the partonic contribution.

In the next section we will show how the equality
of partonic and inclusive widths to the desired order
demands for a new sum rule. In Section 3 we will
derive the latter sum rule from OPE applied to the
T-product of currents. Finally in Section 4 we show
interesting phenomenological consequences of the
sum rule. We then conclude.

2. Inclusive semileptonic widths

We work in the SV limit [19], i.e. we assume the
following hierarchy

A< dm<m, (1)

where 6m=m,—m, and A is any energy scale
stemming from QCD, for example the hadron-quark
mass difference A =mg — my=my — m, +
O(1/m,) or the excitation energy.

From OPE [3] one expects quark-hadron duality
to be valid up to O(A?/m?) corrections, i.e. in terms
of the double expansion in ém/m, and A/m,, it
should be valid to al orders (6m/m, )" and
(dm/my)A /m,. In fact we will restrict ourselves to
check duality up to order (§m/m,)? and §mA /mz.
The terms of order §mA /m2 will turn out to be the
trickiest. Of course, in the preceding sentences we
mean orders as compared to the leading contribution.
For example the inclusive semileptonic width is of
order (8m)°, which implies that we will compute it
up to order A(8m)®/m2. In this letter the symbol =
will always refer to neglecting higher orders than
those just mentioned. From OPE the partonic
semileptonic decay width should equate the explicit
sum of the corresponding exclusive decay widths up
to O(A?/m?) terms, i.e. [18]:

r(B—X/lv)=T(b—clv)+0(A%/m}) (2)
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with the semileptonic partonic width
I'(b—-cv)=32K(sm)°

2_38m 9 (5m) ] -

where

2
E

N 19273
Using Mg =m, + A and 6M =M — M = 8m we
get

K |Vcb|2 (4)

r(B—Xlv)
=~ 32K (8M)°
2 36M 9 (M) 21 AsM
5 5Mg 3 M2 35 M2
(5
The ground state contribution is [18]
r(B—(b+D")lv)
2 36M
~32K(8M)°| = — = —
5 5 M,
11—8p2 (8M)*> 1 aDsM
+ S N (6)
35 M2 10 M2

Strictly speaking nothing compels a® to be rea and
we must read N [aP] everywhere in this letter in-
stead of @’ and N [ &,] instead of &,. The contribu-
tion of the first orbitally excited states may be
computed using results in [20]. We get

r(B—(b,+Dj)lv)
=32 K |rg,,(1)I

16 (8M)* 56 4,,,5M ;
3 MZ 35 M2 ()

for the states with total angular momentum of the
light quanta j = 3/2 and 7,(w) are the infinite mass
limit form factors B— D" * as defined in [15]. In all
this letter we use for any state n the notation

An:Mn_MO’ (8)

where 0 refers to the ground state.
r(B—(D; +Dg)lv)
= 32K |ry,,(1)I°

8 (6M)® 49 A,,8M o
3B MZ 35 M2 ©)

for the lowest j =1/2 states. It is often overlooked
that O(8mA,/mg) corrections are also provided by
L = 1 excited states but depending only on asymp-
totic form factors and level splittings.

To the order considered, quark-hadron duality of
the semileptonic decay widths implies the equality of
the r.h.s. of Eq. (5) with the sum of the r.h.s's of
Egs. (6), (7) and (9) to which we need to add the
L =1 radially excited states. Their contributions are
identical to Egs. (7) and (9) with the replacement
7, — 7" and A; — A{™. The terms proportional to
(6M/Mg)? match thanks to Bjorken sum rule
[14,15]:

1
p? = 7= L[l + 217 7] (10)
n

From now on, unless specified, it is understood that
the form factors are taken at w=1. Taking into
account Voloshin sum rule [16]

A=Y [2 40, 172 + 449, 1717 (11)
n

the matching of the terms of order ASM/MZ leads
to the requirement

aP =4 Y [ A0, 117 — AD), 74717 (12)
n

The sum rule (12) is the main result of this paper.
The preceding lines can be taken as a derivation of
the sum rule, since we simply have made explicit the
result from OPE, Eq. (5). However, one might feel
uncomfortable in view of the peculiarity of the SV
kinematics, one might fear that some exception to
OPE could happen there. Furthermore, as recalled in
the introduction, OPE has been repeatedly submitted
to various interrogations. Therefore, we will rederive
in the next section the sum rule (12) in a less
guestionable manner.

Let us note that in the vector current case, we do
not need the a, form factor. In that case, matching
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of the (6M/My)?> and ASM/MZ terms occurs
thanks to Bjorken and Voloshin sum rule only - or
conversely we can invoke duality to demonstrate
these sum rules. In particular, it gives a demonstra-
tion of Voloshin sum rule just from the same duality
requirement invoked by Isgur and Wise to derive
Bjorken sum rule: the Voloshin sum rule comes from
the matching of ASM/M2 terms.

It isin the axial case or in the V — A case (which
corresponds to the sum of vector and axia contribu-
tion) that we need the new sum rule. More precisely,
we can separate also the contributions with definite
helicity of the lepton pair. In the transverse helicity
case, there is still matching from just Bjorken and
Voloshin sum rule. In fact the need for a new sum
rule occurs in the axial current and for longitudinal
helicity. We obtain indeed for the A = 0 helicity of
the axial current:

I'(b—clv)aai-o

=~ 4K (6M)°
4 5M 4 (M) AsM
3 Mg 5 M§ Mz
(13)
I'(B=>D"1v) a0
: 5M
~4K (8M)°| = —2—
MB
4 M) 4 aPsm
+|1-=p? (—2)——*—2 (14)
5 MZ 5 M
I'(B->D""1v)a, 0
4 (6M)?
= 4K (8M)°| 2 X [IA0F + e
n B
28 5M
-5 T[4+ 2 40 ] {1
n
24 5M
- (N |(m 2| ___
+5 LA (15)

whence we get the Eg. (12) from the matching of
SM/M¢Z terms,

3. Derivation of the sum rule from OPE

The authors of [21] have derived corrections to
Bjorken and Voloshin sum rules and to the resulting
inequalities on p2. We will follow the same philoso-
phy but including the orbitally excited states in order
to derive O(A/m,) corrections, within our approxi-
mations, to the equalities resulting from the sum
rules. We will use the differential semileptonic distri-
butions [22].

Defining two currents which at present we take
arbitrary:

3(x) = (bre)(x),
Their T product is

J'(y)=(cI"b)(y). (16)

T(q) = ifd4xe"qx<§|T( I(X)J(0)IBY (17

where the states are normalised according to { p| p’)
=(Q2m)%,(p — p).

Neglecting heavy quarks in the *‘sea”’, it is clear
that x < 0 receives contributions from intermediate
states with one ¢ quark and light quanta, usualy
referred to as the direct channel, while x>0 re-
ceives contributions from intermediate states with
bch quarks plus light quanta. This will be referred to
as the crossed channel, or Z diagrams. Expanding
the r.h.s of (17) on intermediate states X in the B
rest frame,

T=(2m)°| L 8:(px+0)

y (BlJ(0)| XY X|J'(0)IB)
Mg — Qo — Ex

= L 3:(px =)

(BX'|J(0)/0)<0]J'(0)| X'B)
Mg + Go — (Ex +2Mp)

(18)

where X, X’ are charmed states. Let us call 7 the
typical virtuaity of the direct channels, Mg —q, —
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Eyx =77, we will take g, such that A <7< M.
While the direct channels (X) contribute like 1/7”
to (18), the crossed channels (X’) contribute like
1/(mgy + 77). In both cases the denominator is > A,
which allows to use the leading contribution to OPE:

T=i[d*xe " ™(BIb( x) I'S,(x,0) I""b(0)|B)

+ O(l/mﬁ) (19)

where S.(x,0) is the free charmed quark propagator
as long as O(a,) corrections are neglected. Assum-
ing as usua that the b quark has a momentum
P, =My + Kk with k, = O(A), the charmed quark
propagator in (19) has two terms, the positive energy
pole with a denominator myv, +ky— 0y — E. =7
and the negative energy one with a denominator
Myvg + Ky — Qo + Ec=m.+ 7. Varying 7° inde-
pendently of m, = m, one can check that the direct
channels sum up to the contribution of the positive
energy pole of the charmed quark propagator.

As a result, considering now only resonances
among the states X and fixing q in the following,
one gets equating the residues

Y (BII(0)In)<nlJ’(0)IB)

¢&+1

= (Blbr I''b|B) (20)

Vo
where all the three-momenta are equal to —q in the
B rest frame and

u’=i(—q q2+m2) (21)
q m, ! c

It is well known [15] that to leading order this
leads to Bjorken sum rule. Considering successive
moments, i.e. multiplying T in (17) by (g, — Ey)"
(E, being the ground state energy) leads to a tower
of sum rules [17], Voloshin sum rule when n=1,
etc.

In the following we will stick to the n=0 mo-
ment, but include the 1/m,, correction to the residues.
Let usinsist on this point. One may discover a tower
of sum rules by keeping the form factors to leading
order but considering successive moments [17]. One
may also discover new sum rules by sticking to the

lowest moment but considering the higher orders in
the form factors. This is not equivalent and leads to
different sum rules, the first moment yields Voloshin
sum rule Eq. (11), the second adds at least one new
sum rule, (12), as we shall demonstrate now. The
distinction is important since in practice both sum
rules apply to the same order in 1/m,. A significant
difference between the two types of subleading sum
rules is the following: All the currents provide via
OPE the same Voloshin sum rule because the form
factors are all related by the heavy quark symmetry.
On the contrary, when the form factors are taken at
subleading order in 1/m,, different currents have
different corrective terms depending on several inde-
pendent form factors, and OPE should yield different
subleading sum rules. In this letter we only consider
Eqg. (12) for its physical relevance, leaving other sum
rules for a forthcoming study.

We now apply Eq. (20) with J,J" substituted by
the vector current V# and the axial one A*. One
may check that Eq. (20) applied to currents projected
perpendicularly to the v,v’ planeistrivialy satisfied,
including the O(A /m,) order, by Bjorken sum rule.
Let us now consider the vector current projected on
the B meson four velocity: V-v. Among the or-
bitally excited states only the J =1 states contribute
to the wanted order. Dividing both sides of Eq. (20)
by (1 4+ w) /(2v4v,) one gets using the results of [20]
and [23]

b

1+w A
- 2 _ ()2 s
5 [E(w)] +§(w 1){2|71/”2| 1+ — }

ALM)
1+ 3””
m,

A
=1+ (w-1)— (22)

+(w+ 1)% 7,1

where we have neglected higher powers of (w— 1)
and of A/m, than the first 3 Thel.h.sisfound by a
straightforward application of [23] for the ground
state and of [20] for the excited ones. Ther.h.syields

® Remember that we take A~ A, ~ A
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(1+w,)/(1+w) which has been transformed ac-

cording to
1 1
2me 2 M2

:w+(wzn_1—b)A (23)

Wq—UU ~W+q

The leading terms in Eq. (22) simply reproduce
Bjorken sum rule as expected [15], while the
O(A/m,) terms provide Voloshin sum rule. This is
another derivation of Voloshin sum rule which does
not use higher momenta.

Anaogously the axia current projected on the D
meson velocity o', A- v’ gives, inserted in Eq. (20)
and after dividing both sides by (w— 1) /(2uv,vp),

1+w 5 4
T|§(W)| - Efs(w)g(w)

+Z{[Z(W_1)_6(W+—1)A(1n/)2 |T£9)2|2
+(w—1)(w+ 1) 7505 }
A
=1—(w+ DH (24)

b
where &, in the notations of [23] is equal to —a /2
used in [18]. The matching of the 1/m, termsin Eq.
(24) leads to the sum rule

A+ d=L(1) = +6L A0 (25)

L, being defined according to [23]. In words, this
contribution comes from the ** small components’’ of
the Dirac spinors. Eliminating A from Egs. (25) and
(11) we are left with Eq. (12).

We can check this result by using the method for
sum rules developed earlier by Bigi and the Min-
nesota group [24], which relies on a systematic 1,/m,
expansion of the moments of the Lorentz invariants
of the imaginary part of the hadronic tensor, w;.
From their Eq. (131), we read

m
JdaPwpA (e’ a?) = = (26)

the terms left over being the power corrections due
to higher dimension operators. Computing from [18]

and [20] the hadronic contribution to the same inte-
gral a gq=0i.e w=1, we get the equation (with

ro=Mp /Mg, I1,53,0= MDf/;w/MB)
Jda®w2*(q°,q? = 0)
1 f2 (1—ry)fa,
Trolamz T
(L—ry,,)" (K3, f2
+ N A — —_—
I’32/2 24 4
1 2
+4r12/2([(1+r1/2) —(1-r1,2)9]
—gi)} (27)

with al form factors taken at w= 1, and with nota-
tions for the L = 1 form factors g.,9_,ga, fa,ka, tO
be found in [20]. A sum over the L = 1 excitationsis
understood. If we now work in the SV limit, we see
that we need g,,fA,gA,kAl only in the HQET limit,
i.e. 71 ,53,,, €xcept for some algebraic factors; as for
0., itissubleading, but at w= 1, it is expressible in
terms of 7, ,, and we do not need to know any of the
new subleading form factors. In the L = 1 contribu-
tions, only the g, g_ term remains. We finally end
with the equation:

= el + o TA = 1 ()

C

which leads directly to Eq. (25).

In the preceding calculations we have systemati-
cally neglected the contributions from higher orbital
excitations or L =0 radial excitations. This can be
justified as follows. The leading B transition to
radialy excited L =0 final states or to L =2 final
states are suppressed by a factor gq?/mZ due to three
facts: first, the current operator is proportional at
leading order to the identity operator or to o, *,
second, the orthogonality of the wave functions im-
plies vanishing a¢ =0 in the B rest frame and,
third, parity implies an even power in g. This sup-

*The heavy quark spin may be factorised out thanks to HQS.
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pression leads to the well known fact that these
terms appear in the Bjorken sum rule or in the
differential widths with a (w— 1) factor as com-
pared to the ground state contribution. On the con-
trary the O(A/m,) contributions to the axial form
factors for the same type of transitions are not
suppressed as compared to the ground state because
the current operator is no more proportiona to iden-
tity neither to o,. For example the transition to
radially or orbitally excited J”=1" states other
than the D™ are in principle of the same order of
magnitude than the o a® terms mentioned above.
However, in this letter we have only considered the
terms o @ via crossed terms, i.e. via cross prod-
ucts of the leading order terms with the O(A/m,)
ones, because we have neglected al O(A?/m?)
contributions. Hence we are left with a suppression
of a factor g?/m? in the hadronic tensors or the
differential widths, i.e. a factor (w — 1) as compared
to the corresponding ground state contribution and
we can consequently neglect the L = O radia excita
tions and the L = 2 orbital ones. L = 3 contributions
are negligible simply because the total angular mo-
mentum J > 2 again leads to (w — 1) factors result-
ing from angular momentum conservation (D-waves).
All other operators which are already negligible for
the ground state and the L = 1 states are even more
so for higher excitations.

Turning now to a comparison of our different
demonstrations, we should note that it is not really
unexpected that we find consistent results according
to three approaches. imposing duality to the widths
(Section 2), imposing duality to the tensors as in
Egs. (22) and (24) and finally to the invariant tensors
Egs. (26) and (27). Indeed, at fixed q° and q thereis
a linear relation between the tensor components and
the invariant tensors. It is as well true that the
formula for the decay widths before integrating on
the q° variable is, for fixed q° and q, linear in the
tensor components.

We might worry about what happens when we
apply duality to the sum of the residues. Integration
over q° leads to a sum of residues multiplied by &
functions and the position of the polesis different for
each term in the sum and till different for the quark
contribution. As a consequence the projector which
projects out w, from the tensor residues is different
for each term since it depends on q° Still this

difference does not lead to a collapse of the sum rule
thanks to Voloshin sum rule and the tower of higher
momenta sum rules. one can expand the difference
between the intervening projectors in powers of q°
and the resulting alteration to the sum rule vanishes.
Exactly the same happens when one computes the
decay widths with the real kinematics on each term.

4. Phenomenological consequences

Eq. (25) is phenomenologically relevant as it ex-
presses the dominant correction to the zero recoil
differential B — Dlv decay width as a function of
leading form factors and level spacings. Indeed

- -1
dw (W )
1 1 \Mg—
X|1-2 + 4(1) (29)
2m,  2m, | Mg+ Mp

On the other hand, we may combine our result
with an independent estimate of the form factor &,
[25] from QCD sum rules °:

£(1) 1
(1) =~ +0(a)=06+0.2,

A

a® 2

— =3~ O(a)=-12+04 (30)

The dispersion formulation of the constituent quark
model [26] finds that &5(1) is 1/3 the average
kinetic energy of the light quark. For a light con-
stituent mass of m, = 0.25 GeV it gives

£5(1) =0.17GeV, A=05GeV (31)

in perfect agreement with Eq. (30) for a = 0.

Combining (11), (12) and (30), assuming a =0
since we have neglected radiative corrections all
along this letter, we get

2
L 4 Ir{3s

- -1
Z Ag})z |7§9)2

|H

for a;=0 (32)

® The definitions of ¢, differ by a factor A in [23] and [25].
We use the notations of [23].
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and ment with (30) is quite striking, and again Gl is
1 embarrassingly good.
Y A&% |T£9)2 =12, In more general terms, the predi ction [27] that the
n 18 B meson decays dominantly into the narrow reso-
2 nances j = 3/2 was comforted by a study within a
Y A, 75, 1? = 5 A (33) constituent quark-meson model [28] as well as by a

n

Notice that if we had, somehow inconsistently, taken
£,(1)/A = 0.6 the result would not be qualitatively
different.

Since in al spectroscopic models the mass differ-
ences between the j=1/2 and j = 3/2 states turn
out to be not so large, we conclude that the anrl(p’zl 2
are significantly smaller than the X |7{7,|%.

Interestingly enough, this hierarchy Irf/’)zl2 <
IT§‘})2|2 was a clear outcome of a class of covariant
quark models [27]. In [27] four different potentials
had been used within the Bakamjian-Thomas covari-
ant quark model framework. The potentials labeled
ISGW, VD, CCCN, and GI potentias in [27] give
respectively for the ratio [7{9,|?/I7,|* the values
0.33, 0.09, 0.01 and 0.17. As a result these models
predict a dominance of the B— D;_; ,Iv semilep-
tonic decay widths by one order of magnitude over
the B— D;_, ,,Iv. We will comment this prediction
later. The same models [27] give for the |.h.s. of Eq.
(32) 0.39, 0.166, 0.151 and 0.247 respectively for
the ISGW, VD, CCCN, and GI potentials, in reason-
able agreement with 1 /4. It might not be mere luck
if the GI model, which fits the spectrum in the most
elaborate way, yields an ailmost too good agreement
with the expectation (32) °. From Eq. (30) we expect
ther.h.s. of Eq. (12) divided by that of Eq. (11) to be
closeto —2/3. We have tested this with the numeri-
ca calculations of [27]. In al cases we find that the
sums in the r.h.s of Egs. (11) and (12) saturate very
fast to their symptotic values. At n= 3 they are a
less than 3% in al cases. For the ratios a®/A
computed from the r.h.s of Egs. (11) and (12) one
finds —0.51, —0.77, —0.79, —0.67 respectively for
the ISGW, VD, CCCN, and GI models. This agree-

® We should nevertheless remember that the potentials used in
[27] contain a Coulombic part which implies that some part of the
O(a,) corrections might be implicit in these models.

semi-relativistic study [29]. A QCD sum rule analy-
sis [30] predicted rather a rough equality between
these form factors contrarily to another one [31]
which concluded to an overwhelming dominance of
the j = 3 /2 semileptonic decay over the j=1/2.

It isfair to say that the general trend of theoretical
models is to predict 3/2 dominance and a total
semileptonic branching ratio into the orbitally ex-
cited states exceeding hardly 1 %. It is well known
that the j = 3 /2 are expected to be relatively narrow
and are identified with the observed narrow reso-
nances D,(2422) and D, (2459). As far as the decay
widths into the latter narrow resonances is consid-
ered, experimenta results [32] are in rough agree-
ment with [27] for the B — D,(2422)lv and rather
below [27] for B — D, (2422)lv. In brief, experi-
ment is rather below the theoretical models for B —
D3/ ,lv. The j=1/2 states are not easy to isolate,
being very broad. But thorough studies have been
done of the channels B — D*)zrlv and the resulting
branching fraction is very large: 3.4 + 0.52 + 0.32%
by DELPHI [33] and 2.26 + 0.29 + 0.33% by
ALEPH.

These experimental results are both welcome and
puzzling. Welcome because these B — D )7l v fill
the gap between the inclusive semileptonic decay
branching fraction of 10 - 11 % and the sum B —
(D+D*)lv=7%. They are puzzling when one
tries to understand which channel s contribute to them.
As we have just said, the j = 3/2 channels provide
no more than 1 %. The remaining 2 % can come
from the j = 1/2, from higher excitations or from a
non-resonant continuum. Higher excitations are un-
likely to contribute very much, being suppressed
both by dynamics and phase space. In [33] the
guoted b— D" *lv branching fractions are very
large, exceeding by far what is expected for example
in [27].

The results presented in this letter are doubly
relevant in the above discussion. First Eq. (32) seems
to confirm the models which find a dominance of the
3/2 channels. Of course it is mathematically possi-
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ble that that Eq. (32) is satisfied while |70, > [75),],
the higher excitations compensating for the sum rule.
Admittedly such a situation would look rather queer,
and as mentioned above, the models [27], which
agree rather well with the new sum rule Eq. (12),
aso yied |7{9,|* < 0.357%,°.

It is then hard to understand how the b—-> D" " v
branching fractions can be as large as quoted in [33]
in view of the smallness of the experimenta B —
D, ,lv branching fractions. However, the second
lesson from our study is that 1/m, corrections may
play an important role, and a further study of their
effect is wanted.

The most serious caveat to our present derivation
of a narrow resonance dominance comes from the
fact that we have neglected radiative corrections. A
priori we expect radiative corrections to provide only
corrections and our present estimate to yield the
genera trend. This is unhappily not always true. As
a counterexample see the discussion which follows
Eqg. (7.8) in [18]. It is argued that some radiative
corrections to the parameter K are parametricaly
larger than the a = 0 estimate. A careful study of
radiative corrections to our present sum rule and its
consequences would be welcome.

It is not excluded that an important fraction of the
B — D™)zlv decays observed at LEP are non-reso-
nant. Unluckily theoretical works addressing non-
resonant decays are rare, [34] find in the soft-pion
domain a resonance dominance while Isgur [35] pre-
dicts that no more than 5 % of the semileptonic
decay is non-resonant. Furthermore, if such a contin-
uum contributes significantly, it should also be in-
cluded in the sum rules [35] and we might fear that
at the end of the day the paradox would still be there.

Finaly another experimental result [36] seems to
contradict our theoretical expectation: the branching
ratio for B— D,(j=1/2)7" isfound to be =15
times larger than that of B — D,(2420)7~. Of course
the experimental error is till large, and the relation
between nonleptonic decays and the semileptonic
ones assumes factorisation.

But still there is a puzze: on one side an increas-
ing amount of theoretical evidence in favor of the
narrow resonances dominance, and on the other side
an increasing amount of experimental evidence in
the opposite direction!

5. Conclusion and outlook

We have explicitly checked quark-hadron duality
in the SV limit to order §mA /m? including ground
state final hadrons and L = 1 orbitally excited states.
We have shown that this duality implied a new sum
rule Eq. (12) which we have also demonstrated from
OPE applied to T-product of axial currents.

We have shown that this sum rule combined with
some theoretical estimates of ¢, lead to the conclu-
sion that very probably the B decay into narrow
L =1 resonances was dominant over the one into
broad resonances. This remark seems to contradict
recent experimental claims that the broad resonances
dominate. We have discussed this situation which
needs urgently further theoretical and experimental
work.

Beyond understanding this experimental puzzle,
further theoretical work is needed. For example we
might wonder if some proof of the new sum rule
along the line of [14] is possible. Some progress has
been done in this direction. The effect of radiative
corrections should also be studied.

Last but not least, other new sum rules derived
along the same line with other currents or other
components of the currents should be considered.

Acknowledgements

We thank Patrick Roudeau for many stimulating
discussions which have triggered this study. A.L,
L.O., O.P. and J.-C.R. acknowledge partial support
from the EEC-TMR program, contract N. CT98-
0169.

References

[1] G. Altardlli, N. Cabibbo, G. Corbo, L. Maiani, G. Martindli,
Nucl. Phys. B 208 (1982) 365.

[2] J. Chay, H. Georgi, B. Grinstein, Phys. Lett. B 247 (1990)
399.

[3] I. Bigi, M. Shifman, N. Uraltsev, A. Vainshtein, Phys. Rev.
Lett. 71 (1993) 496.

[4] A. Manohar, M. Wise, Phys. Rev. D 49 (1994) 1310.

[5] A. Falk, M. Luke, M. Savage, Phys. Rev. D 49 (1994) 3367.

[6] A comprehensive discussion of duality in heavy meson de-
cays can be found in B. Chibisov, R. Dikeman, M. Shifman,
N. Uraltsev, Int. J. Mod. Phys. A 12 (1997) 2075; B. Blok,
M. Shifman, D.-X. Zhang, Phys. Rev. D 57 (1998) 2691.



Section 1.7 - Publication n°1

27

128 A. Le Yaouanc et al. / Physics Letters B 480 (2000) 119-128

[7] K.G. Wilson, Phys. Rev. 179 (1969) 1499; Phys. Rep. 12
(1974) 75.

[8] M. Luke, Phys. Lett. B 252 (1990) 447.

[9] N. Isgur, Phys. Lett. B 448 (1999) 111.

[10] A. Le Yaouanc, D. Melikhov, V. Morenas, L. Oliver, O.
Pene, J-C. Raynal, in preparation.

[11] G. ’tHooft, Nucl. Phys. B 75 (1974) 461.

[12] B. Grinstein, R. Lebed, Phys. Rev. D 57 (1998) 1366.

[13] I. Bigi, M. Shifman, N. Uraltsev, A. Vainshtein, Phys. Rev.
D 59 (1999) 054011.

[14] J.D. Bjorken, Tak at Les Rencontres de Physique de la
Valee d'Aoste, La Thuile, Italy, Report No. SLAC-P UB-
5278, 1990, unpublished; J.D. Bjorken, |. Dunietz, J. Taron,
Nucl. Phys. B 371 (1992) 111.

[15] N. Isgur, M. Wise, Phys. Rev. D 43 (1991) 819.

[16] M. Voloshin, Phys. Rev. D 46 (1992) 3062.

[17] A.G. Grozin, G.P. Korchemsky, Phys. Rev. D 53 (1996)
1378.

[18] G. Boyd, B. Grinstein, A. Manohar, Phys. Rev. D 54 (1996)
2081.

[19] M.B. Voloshin, M.A. Shifman, Sov. J. Nucl. Phys. 47 (1988)
511.

[20] A.K. Leibovich, Z. Ligeti, I.W. Stewart, M.B. Wise, Phys.
Rev. D 57 (1998) 308.

[21] C.G. Boyd, Z. Ligeti, I.Z. Rothstein, M.B. Wise, Phys. Rev.
D 55 (1997) 3027.

[22] B. Blok, L. Koyrakh, M. Shifman, A.l. Vainshtein, Phys.
Rev. D 49 (1994) 3356.

[23] A.F. Falk, M. Neubert, Phys. Rev. D 47 (1993) 2965.

[24] 1. Bigi, M. Shifman, N.G. Urdtsev, A. Vainshtein, Phys.
Rev. D 52 (1995) 196.

[25] M. Neubert, Phys. Rev. D 46 (1992) 3914; Z. Ligeti, Y Nir,
M. Neubert, Phys. Rev. D 49 (1994) 1302.

[26] D. Melikhov, Phys. Rev. D 56 (1997) 7089.

[27] V. Morénas, A. Le Yaouanc, L. Oliver, O. Pene, J-C.
Raynal, Phys. Rev. D 56 (1997) 5668; V. Morenas, these a
I’ Universite Blaise Pascal, Clermont-Ferrand, 1997.

[28] A. Deandrea, Presented at 29th International Conference on
High-Energy Physics (ICHEP 98), Vancouver, Canada, 23-29
July 1998. In Vancouver 1998, High energy physics, val. 2,
1179.

[29] D. Ebert, R.N. Faustov, V.O. Gakin, Tak given at 10th
International Seminar on High-Energy Physics (Quarks 98),
Suzdal, Russia, 18-24, May 1998.

[30] P. Colangelo, F. De Fazio, N. Paver, Talk given at Interna
tional Euroconference on Quantum Chromodynamics
(QCD98), Montpellier, France, 2-8 July 1998, Nucl. Phys.
Proc. Suppl. 74 (1999) 222,

[31] Yuan-ben Dai, Ming-giu Huang, Phys. Rev. D 59 (1999)
034018.

[32] ALEPH Collaboration, D. Buskulic et al., Z. Phys. C 73
(1997) 601.

[33] DELPHI Collaboration, P. Abreu et a., CERN-EP/99-174.

[34] JL. Goity, W. Roberts, Phys. Rev. D 51 (1995) 3459.

[35] N. Isgur, Phys. Rev. D 60 (1999) 074030.

[36] CLEO Collaboration, S. Anderson et d., hep-ex /9908009.



28

Chapitre 1 - Dualité quark-hadron

Publication n° 2



Section 1.8 - Publication n° 2

29

‘H 31 August 2000

o

ELSEVIER

Physics Letters B 488 (2000) 153-161

PHYSICS LETTERS B

www.elsevier.nl /locate/npe

Duality in the non-relativistic harmonic oscillator quark model in
the Shifman—Voloshin limit: A pedagogical example

A. Le Yaouanc?, D. Melikhov P*, V. Morénas®, L. Oliver 2, O. Péne?, J.-C. Raynal @

2 Laboratoire de Physique Théorique, Université de Paris XI, Batiment 210, 91405 Orsay Cedex, France 2
® |nstitut fiir Theoretische Physik, Universitat Heidelberg, Philosophenweg 16, D-69120, Heidelberg, Germany
¢ Laboratoire de Physique Corpusculaire, Université Blaise Pascal - CNRS/ IN2P3, 63000 Aubiére Cedex, France

Received 17 May 2000; accepted 18 July 2000
Editor: R. Gatto

Abstract

The detailed way in which duality between sum of exclusive states and the free quark model description operates in
semileptonic total decay widths, is analysed. It is made very explicit by the use of the non relativistic harmonic oscillator
guark model in the SV limit, and a simple interaction current with the lepton pair. In particular, the Voloshin sum rule is
found to eliminate the mismatches of order §m/m2. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Discussions have recently arisen about the possi-
bility that expectations from OPE for some types of
semi-leptonic rates may be violated by terms of
order 1/mg. The argument of Nathan Isgur [1] is
founded on general considerations; namely the dual-
ity is obtained in the infinite mass limit through
cancellation between the falloff of the ground state
contribution and the rise of the excitations (the
Bjorken sum rule indeed relates the derivatives of
these contributions with respect to w, near w= 1),
but at finite mass there is some mismatch near zero

E-mail address: leyaouan@th.u-psud.fr (A. Le Y aouanc).
! Alexander-von-Humboldt fellow. On leave from Nuclear
Physics Institute, Moscow State University, Moscow, Russia.
2 Unité Mixte de Recherche - CNRS - UMR 8627.

recoil, which could be of order 1/m,. Indeed, in
terms of t, the quadri-dimensional transfer3:

t=(a") a2, (1)
the respective t,,, do not coincide anymore. The
argument is then given by the author further likeli-
ness by some calculations within a very simple ‘ toy’
model: the non relativistic harmonic oscillator (HO)
potential model.

In the present letter, we will not discuss directly
the issue about QCD (see our article [3]). We simply
stick to the very model used in [1], and show that
within this model, calculating the total integrated
rate I usve DY Summation on the relevant final
(bound) states, duality with free quark decay rate is

3t is we use the old standard notation t, to avoid confusion
with the tridimensional |q|®, which will be used extensively in this
non relativistic (NR) context.

0370-2693/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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in fact satisfied, in the SV (Shifman—Voloshin [2])
limit*; this means that the difference I gusve —
Ieequak COMeES out as expected, which implies in
particular (as discussed below) cancellation of terms
of relative order (6m)?/m2 and sm/mZ (by rela-
tive, we mean with respect to the free quark decay
rate; note that such terms correspond to (1/ mQ)O,
(1/my)* in the usual 1/m, expansion). Our argu-
ment is for integrated decay rates, so we do not
claim anything on possible effects in differential or
partialy integrated rates. Also, of course, we cannot
exclude by such argument that something odd may
happen in QCD.

One very interesting point raised in the discussion
of [1] is about the very specific cancellations which
are necessary for duality to hold, and about the
contributions of the various regions of phase space.
We try to analyze through our demonstration how
such cancellations occur in subleading order for total
widths. An interesting consegquence of the analysisis
that to find the required cancellations, one needs not
to consider only the sum rule of Bjorken; one has to
take into account in addition the Voloshin sum rule
(the fact that one needs the sum rules has been
suggested by the Minnesota group in their discussion
with N. Isgur [1], but is made here quite explicit; for
related discussions in QCD by the same group, see
[4]). In fact, the Voloshin sum rule is exactly what is
needed for cancellation of terms of relative order
dm/m; in the difference I usve = Lreequak- The
sum rules are trivially satisfied in the HO model, but
it is not so trivial in general. Our conclusion isnot in
contradiction with the mismatch occuring near zero
recoil, considered in [1], because the latter is very
small parametrically with respect to the terms we
consider in the total width.

Note that the use of SV limit is not essentia to
demonstrate duality in this way, and neither is the
use of an HO potential. Their choice is pedagogical.
Indeed we have aso done the demonstration for an

4 By SV limit, we do not mean simply that the recoil velocity is

small, but also, as in the original paper [2], that 22 is small; in
addition, 6m is taken large with respect to light quark parameters,
in non relativistic quantum mechanics, we assume: A= _1 <
my R?
dmandmy,ém<< my,,m., A being the level spacing. ‘

arbitrary potential ([5]) and also for fixed m,/m,
ratio. Nevertheless, the particular case considered
here is of pedagogical interest, because on the one
hand the discussion in the SV limit is much simpler,
and the similar discussion in QCD can hardly be
made beyond the SV limit, and because on the other
hand, within HO model, we can give explicit expres-
sions. Moreover, we are able to give a complete
proof that in the HO model 1/m, terms are absent
in the ratio Finclusive/rfreequark beyond the SV limit
(article to appear [6]). Note also that the demonstra-
tion is independent of the leptonic tensor, as we have
also shown elsewhere, but we choose here one spe-
cific for illustration. On the other hand, the coeffi-

cient of the terms of order _1 , which we also
RZm2

evauate, is model-dependent (inb particular it de

pends on the choice of the leptonic tensor; we choose

here one for illustration).

2. Model

@ The model for hadrons is the non relativistic
harmonic oscillator quark model (the motion of
guarks both internal and due to overall hadron are
both treated non relativistically), describing the ini-
tial (quarks b and d) and final (c and d) hadrons.
The potential is assumed to be flavor independent,
which is crucia for the demonstration. The great
advantage of the harmonic oscillator, which appears
in the summation on final states, is that very few
states contributes to the transition rates in the limited
expansion in mib which we perform (see next section).
Energy levels, for a state labelled by (nx,ny,nz),
n=n,+n,+n, write

1
/-Lb,c R%,c

E,=my.+my+(3+n)

, (2)

where u,, . are the reduced masses ™™ and the

.. . mb,c+md
radii Rf . can be written as:
2 My
Rb,C = Roc' (3)
/-Lb,c



Section 1.8 - Publication n° 2

31

A. Le Yaouanc et al. / Physics Letters B 488 (2000) 153-161 155

R, being the radius in the infinite mass limit. We
will often denote the first level excitation energy in
the infinite mass limit as:

1

A= >
my RS

(4)

For simplicity, from now on, we denote:
R, =R. (5)

@ Quarks are then coupled to lepton pairs. b —
c/v, through a quark vector current j°=1, j=0°
(or equivaently we can speak of spinless quarks),
and a leptonic tensor, which will be described by
functions denoted generically through letter L and
some arguments and indices. P and P’ are the initia
and final hadron momenta; the total energies of
hadrons are P°=E + P2/2(m, +m,),P°=FE +
P'?/2(m, + m,), with E,E' the energies at rest; bu,
in practice, we will always work in the initial hadron
rest frame: P=0; P and P’ are the initial and final
guark momenta. We denote q=P —P'= —P'". The
basic equation is then, in the initial state rest frame:

Finclusive= KZ/‘O‘Q‘max,nd|q| |q|2 I—n(|q|)
n

x X

n=n,+n,+n,

|JO—>(n ny nz)| (6)

The constant K depends only on the decay interac-
tion strength. The constant K will be omltted in the
rest of the letter. X,_, . ynlioo(nn, n)I only
depends on |q|. The angular mtegratlon has been
performed. The notations L,(|g) and |glmaxn are
explained now. A priori, after angular integration,
the leptonic tensor appears through a function of
energy loss q° and g2, L(q°%|ql?). However, for the
decay from the ground state to a h.o. state labelled

® Note that we do not claim to make a systematic non relativis-
tic expansion of a relativistic theory, but only to consider a non
relativistic Hamiltonian for the bound states; we can choose freely
the weak interaction current. The essential point is then to treat
consistently the matrix elements according to the chosen interac-
tions, in the specified SV expansion.

by (n,,n,,n,), by energy conservation, q°=P°—
P'° is just a function of lgl and (n,,n,,n,). More-
over, the energy loss g° will depend only on n=n,
+n,+n,. and we then denote as L (gD the result
of L(q°,|q|2), when the energy loss q° is assumed
to be calculated for the corresponding n, as a func-
tion of |q|. Indeed, for a state with degree of excita-
tion n:

1 1
Mp Rﬁ Me Rg

a’(n.lgl) =m, —m; +

2
1 g
/-LCRZ 2(m +md) .

—n

(7)

NOW Gy i determined by the equation t = (q°)? -
lal*=0, ¢°(aD =Iq:

|q‘max,n
) 2(m, + my)(5E) ()
2(mg + Mg) + /(Mg + my)?+2(m, + mg)(5E)
where
(8E),=q°(n,g=0)=my,—m,
3 1 1 1 9)
+ = — :
2 My RE) MCR(Z: McRg

|glmax just depends on n. L(q°,|q|2) can be taken as
an arbitrary function without spoiling any of the
general statements made below, but for definiteness
we will henceforth choose:

2
L(a%,a%) =3(a°) —lql*, (10)
inspired by a static quark approximation of the V-A
current. The corresponding free quark decay rate is.

Fee = Kfolqlmax"“zedlql lal? L(aClal?), (11)
with:
O(freell—m—m—ﬁ 12
q 1 q) - b C 2mc ! ( )
2m.ém
(13)

|q|max,free= (mc+m),

with §m=m, —m,..
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3. SV expansion and demonstration of duality

@ We have then to consider the expansion of

I; I

€= inclusive ~—  free ’ (14)
Ffree

in powers of mib and the aim is in principle to show
that it begins with order _L only, as expected from a
m2

formal OPE (the NR version of OPE will be ex-
plained in the more developed article). More pre-
cisely this holds in the limit m, — « with r = "

m,
fixed, for which we reserve for clarity the terrtr)l
‘usud 1/m, expansion’. However, we will work in
the SV (Shifman—Voloshin) limit, which corre-
sponds to making in addition an expansionin 1 —r.
Namely, with:

dm=m,—m, (15)

we write m;=m, — ém and we expand in powers

of mib keeping ém fixed, as well as the light quark

parameters, my, 1/R; then, we make a second lim-

ited expansion, taking A= _1 . small with respect
myR

to 8m. The terms have the form ™" times light
(8m)¥
quark factors. But then the aim must be more than
just showing the absence of powers® _ 1 | k<2
(mb)k

in e.
Indeed, if it is true, this would not in principle
preclude terms of the type XM (K’ > 0) in €. Such

2

m
terms would be large in practi?:e, since m is not so
small. And in fact, they would correspond, in terms
of the usua 1/m, expansion, to terms of order
(1/my)°,(1/mg), since m would be then o my,.
Such terms are not expected from OPE. We must
therefore show that such terms do not exist in the
final result, and we show it in fact. More precisdly,
we show that potentially large terms of the type

® Note that, in the present letter, we term generically as power
1 _ &l the terms which contain the factor _ 1, whatever the
(mb)k . . (mb)k
powers of m and light quantities.

(6m? = MadM \which appear in particular contribu-
m2 m2
tior?s, do fi?\ally cancel out, leaving us with terms of
the type L (terms with k' >2 simply do not
RZm?
appear in the way we calculate €, neither do terms

with power _*  or 1 - in fact, the delicate part

(mb)O M,
consists in showing the cancellation of ™°™ terms).

m?
This is all that is required by duality bWith free
quarks, as concerns the terms with power (mib)k,
k<2 We will caculate the terms of type % ,

R?m?
which do not vanish in general. Note that such terms
are small with respect to ™°™ by afactor =. In the

é&m

m
usual 1/m, expansion theljy correspond to order
1/mZ,. On the other hand, we will not calculate in
the expansion of e smaller terms having also the
power ;12 , but which contain still additional powers

b
of 2 with respect to _1 , corresponding in
RZm2

- Ffree to termS Ilke (5m)4XA , (5m)3><42 '
2 >

I,

inclusive

m m
etc.. and retain only the terms propoFti onal to I“?ree o
(8m)°. The neglected terms correspond to terms of
relative order 1/ m‘g or beyond in the 1/m, expan-
sion. For sake of simplicity, we will neither examine

further checks of duality in terms of the type Gm*
(mp)X
with k> 2. ’
In any case, we see that we do have to calculate
terms with a power 1 and not mib only, since the
ma
terms with a power L may correspond to terms of
m?

the order (1/mQ)°,(1/me)1 in the usual expansion.
The method precisely consists in writing the differ-
ence I usve — Tree @ @ sum of terms which con-

tain already a power 1, and then to demonstrate
m2
the above additional can?:ellati ons.

@® The advantage of harmonic oscillator (HO)
model is that the level n= 1 (which corresponds to
L = 1 states) appears only with apower _L , and that

m5
higher levels come only with a power L at least.
m

Since we keep terms with a power 1, i <2, we

m,
only need consider n= 0,1 states. For sake of sim-
plicity, we denote their respective contributions I7, ;.
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We have at this order, by expanding the matrix
elements:

s , ldl
Fo:fo‘q‘ '0d|Q||CI|2 La—o(ldl) (1 p W)

(16)

where p?=1m3R? is the standard Slope of the
ground state form factor with respecttow (w — 1 = 3

‘q‘ ); note that effect of non complete overlappi ng

between hadrons with b and ¢ quarks is completely
negligible here, since it contributes a order
1/R2CGM° For L =1 dtates:

my

a2

b

ry=["™dldllal* L

with 7= "R corresponding to the 7, , 5 (W= 1)
2 :

3. The other excitations do not contribute at this
order, because the matrix element < n|r|0> is non
zero only if n= 1. From the explicit expressions, we
have the relations:

p2—12=0, (18)
Ar?= —, (19)

(A being the level spacing, Eq. (4)) as non relativis-
tic analogues of the Bjorken and Voloshin sum rules.
These sum rules could then be used to generalise the
present analysis. In fact, we will try as much as
possible not to specify separately A, p,r, but to use
only the above sum rules and expressions for I, ;.

@ The dstrategy is to note that the difference
between I',+ I, and I}, can be reexpressed by
successive steps:

1) Decomposition into the same difference with
Lo1(IqD substituted by their free counterpart L, (Iql)
(contribution (1)) plus a L term (contribution (I1)).

2) Then the first contrlbutlon (1) is rewritten trivially

as a difference between two contributions having a

power 1 relative to the free quark decay integrand,
ms

further shown to be of relative order or smaler.

RZm?

3) It is dso shown that in contribution (11), which
contains manifestly a power _L , there are only terms
My

of the type or smaller.

R2mZ
@® Inafirst gtep, using the respective expressions
given above for the g°(|q))’s, and expanding it to the
required order, we find:

lql?
0 ~ _

q°(free,lql) = &m om.’ (20)

q°(n=0,/ql) = Sm(l— 4m§R2)

gl

- 21
2( mc+ md) ’ ( )
q°(n=1,q) =6m— A. (22)

Note that in our expansion, the main term in the
three quantities is ém. The main term of Q.. IS
then also dm (g, =q° a t=0). We use these
expansions to make, in the integrals for I, ;:

Lo(lal) = Liee(lal) + 66m| —

3dm  mylql?
+ ,

4R*m? 2m?
(23)

L(ldl) = Lyo(lal) + 65m(—4) +342. (24)

The second terms in the r.h.s. come from the differ-
ence between the respective q°, as a function of |ql.
Note that in the expansion of L,(|q[), one can neglect
terms in X because I'; has aready a power n_l@

2
We get F — [} = 01 + 81, with:

inclusive

b

max ,0 |q|
arl:fo'q' “dlgllql® Lfree(lql)(l p _)

M

|Gl 1 lql®
+'/;)q d|Q||Q| Lfree(|q|)7 W

b

- folq'"’a“'eedlqllqlz Lieo( 1), (25)
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and 1 . Itisthere that the second expansion,in powers

19l max,
6F.|=[oq °diql|ql* 65m| —

38m  mylql®
+
IR 2me

+ [o'q'ma*'ld|q| Iql? (B5m( — A4) + 3 A?)

Iql
T 1.
m;

X (26)

@ Contribution I. One can write it as the differ-
ence of two integrals which have already manifestly

a factor _L | i.e. the terms with power or 1

2 (mb)o My
are already cancelled (this amounts to using p? — 72
= 0, which is the particular form of the Bjorken sum

rule in the mode!):

oI = [ dial lal” Lyl Il

q ‘ max ,free

max ,0 |q|2
= [=2dlqllal? Lye(la) 72— (27)
My,

Omax 1
We first expand each integral. - One has:
1mgém 3 1 )

|q|max0 |q|max free—(sm(

2 m  4ARM
(28)
whence
1l max
[ dial a1 Lgee(lal)
‘q‘max,free
1 mdSm 3 1
=ém - ——
2 m2 4 R°mg
X (8M)? Lo |0llmax = 5M). (29)

One can make |g| = dm in the integrand, because the
integration interval contains already a power 1,/mg,
and the difference between |g| and &m contains a
further 1/m, factor.

- The second integral is more delicate, because
the integration interval has not a factor 1,/mg2; it is
just = A; the variation of |g| is not negligible. One
must do a limited expansion of the integrand in
powers of 4, so asto retain at least terms of the type

RZ2m?2
of £, enters the game :

|Glmax, lql?
[ diallal® Lye(la) 72—

|q|max 1 b

s Iql
zf m d|Q| |q| Lfree(|q|) T T 5
om—

b

2 2 m)2
= A(8m)° Lye(lgl=6m) 7 )
m,
A 8 g Ll (lal = 5
_7F%d|q|(q free(Q))(q— m).

(30)

Let us note that to estimate the relative order of the
different terms, one has to divide by a reference rate,
which will be taken to be the free quark decay rate;
now (8m)° Ly (lgl=6m), as wel as g5(qgl*
LielaD)(Igl = 6m), are of the order of the free
quark decay rate (with our choice L (Iql=dm) o
(5m)?).

Then, one can first observe that in fact not only
all the terms written in Eq. (29), (30) have arelative
power 1/mQ, but that they are more precisely of
relative order m,m/mZ at most; terms of relative
order (§m)?/m? are already cancelled. This will be
obtained more generally thanks to Bjorken sum rule.
Now, the term of relative order my;ém/mé encoun-
tered in the r.h.s. of the first integral (29) is can-
celled by the first term in the r.h.s. of the second
integral (30), just using Voloshin sum rule (19), i.e.
Ar2=my/2. All the remaining contributions are of
the type (6 m)® . We can evaluate them readily

R?m
and find them to cancel too for the particular choice
made for L(q®|q). Finally:

o1, = [ digl g/ Lye(I0)

q | max ,free

max lal®
”'°mmm|q4m0p——
b

q‘maxl

~0 (31)
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It must be emphasized that the cancellation can
occur because the difference between |qlmax,n and
|9l max.free 1S Changing sign between the ground state
and the excitations. With our assumption A < ém,
one has |Q|max,1 < |Q|max,free < |Q|max,0

@ Contribution Il. It is aso obvious that it con-

tains already a power _1 . On factorising (8 m)®, one

m3
sees that M™°™ terms are present in the first integral

m;
(second term of the bracket in the integrand):

fldmo dg g2 (68 M™% )) and in the second one (first
2m?

term of the bracket in the integrand): J{%maxo dgp-

92 (66m(— A)(72 197 ))), the rest being smaler. It is
mp

easily seen that these ™M#®™ terms cancel at this

m;
order, just using Voloshin sum rule Ar? = my/2, to
leave a smaller contribution, which is only of order

1 ; the latter is found by performing a limited
RZm?

expgnsion of the integrand as above Eq. (29) (the
interval is once more @(A)), in powers of % :

mdam ‘q‘max,o

1
2b |q|max,1 Rzmﬁ -

The other terms in the integrals are already mani-
festly of this order, and one ends with:

dlallgl* = 3(8m)° (32)

oIy, = %(8m)5

1
. 33
RZ m% ( )
This result has been checked by a systematic expan-

sion using Mathematica.
Finally, with I}, =2 (5m)®:

1
9 5
5 RZm%

_FO+F1_Ffree~ _9 1
T T im)® AR
free g(5m) My,
(34)

Let us reinsist that it is of the order expected from
OPE, unlike terms of the type (3™* or Ms®M "\which

2
mp mg

duely cancel, as has been shown.

4. Relative magnitude of Isgur contribution

@ Let us now return briefly to the very discus-
sion raised by Ref. [1]. One could be worried why it

is found there some duality violating effect, while we
do not. The contradiction is only apparent. The
answer seems to be that in totally integrated widths,
the effect considered in [1] is finally relatively small
parametrically with respect to the ones we have
considered. Let us show that. The mismatch near
zero recoil considered in [1] is the integral of the

ground state contribution over w(t) = ”‘ZS“L_’“ZD_t be-

mgMp
tween w,(t = (mg — mp)?) = 1 and the threshold for
the excited state production wy(t=(mg—my..)?)
(the variable w for the ground state contribution is
considered as a function of t, wy(t)). Let us pass
through the variable g, which is more adapted to the
NR problem, and denote as |g|,(t) the value of |q|
which corresponds to some t for a state n; the total
ground state contribution can be decomposed into
two parts:

lalo(t=0)

r,= digllql®

|q|0(t= (mB_ mD)Z)

lql?
><I-n:0(|q|) (1_p2?b)

_ /\q\o(t=0)
|

q|o(t=(mB— mD) )

_ /‘|Q|0( t=(0)
|

q|o(t: (mB_ mD)

digllal® L,_o(lal)
ammmFLPJMD

X

gl
2
~ ) (35)
In the infinite mass limit, mg — mp.. =mg — mp =
m, — m, and the functions |gle(t) and |gl«(1), as
well as |glee(t), become identical, and the functions
L(g° qg?) become also identical for all states. Then,
the first contribution egquates the free quark decay
rate, while the second one:

[qlo(t=10)
6T, = [ digllal® L,_o(lal)
lglo(t=(mg—mgp)?)
lal®
>< - 2 — 5 | 36
o (36)
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is exactly cancelled by the excited state contribution:

Iqli(t=0) —|q|

r,~ [l didllal® Ly_y(la) 7° —,
lgly(t=(mg—mp-+)?) M

(37)

due to Bjorken sum rule. Whence duality. However,
when quark masses are finite, there is a small part of
the integral (36) which is uncancelled, in spite of the
Bjorken sum rule, by the corresponding excited state
contribution, in particular because t = (mg — my - . )?
now differs from t=(mg — my)%. We estimate the
mismatch as:

8F= \q\o(t=(m3*mDH)2)

diallal® L,_o(lal)

lalo(t= (mB* mD)Z)

(38)

In this calculation, following [1], we disregard all
other sources of difference, in particular the fact that
the leptonic tensor functions are no more equal, and
neither are the functions |g|,(t) for n=0and n=1
respectively, and that also the first contribution in 35
no longer equates the free quark decay rate. Then,
our point is that this mismatch of total widthsis very
small with respect to the terms we have retained.
Indeed, the integral runs over a small part of the
phase space, but in addition the integrand is much
smaller near zero recoil, where the mismatch takes
place, first because of the leptonic factor L(g°,g?) =
3(q°)? — |gl?, second because of the factor

(—p219%). since L(g%q?) =3(q°)% g%, using
e
lalo(t = (Mg — my--)?) = /22 | glomax

2 -
P 2\ ém 5
ol = %3(5m) T|q|0,max, (39)

and, relative to the free quark decay rate (i.e. contri-
bution to €):

s p? 3 )(2A)2

Ffree:Hb_( om

, (40)

which is parametrically small, because of the factor
2437 (since A < 8m in the SV limit). In fact, in
our calculation we have not retained such terms.

Numericaly too, we find it very small, with real
physical masses. It is true, as noticed in Ref. [1], that
numerically the region of Dalitz plot which is con-
cerned is physically not very small, because one is
far from the SV limit; with our approximative for-
mula, we find around 20% of the free decay rate in
this region of phase space, not far from the 30%
estimated in Ref. [1]; but the factors considered
above nevertheless combi ne to yield a very small
effect for 2, around 10~ %2 This is due to the fact

that the factor (—p? ﬂ) is very small in this region
m2

of phase space. ’

5. Conclusion

Stimulated by the worries raised by N. Isgur, we
have noticed mismatches between the sum of exclu-
sive decays and the free quark total decay rate,
which, considered separately, could convey the im-
pression that quark hadron duality between total
widths is violated at order §m/m?, because all these
mismatches are of this order. Let us recapitulate
them:

1) The upper limit in terms of |q| (corresponding
to t = 0) of the integrals for the ground state and the
excited states contributions do not coincide. There-
fore, the contributions from the falloff of ground
state and rise of excited states do not cancel near
|Glmax (t=0).

2) The upper limit in |g| of the integrals for the
ground state contribution and the free quark decay
do not coincide for similar reasons.

3) The leptonic tensors of the various contribu-
tions are different, because the function q°(|q)) de-
pends on the transition considered.

At order @( 6m) 1) and 2) cancel between each

other, while 3) has a zero net effect, by interna
cancellation of the differences of leptonic tensors,
when integrated (taking into account the difference
in upper limits of integration in |gl, near maximum
recoil, is once more necessary).

It must be emphasized that even in this smple
model and in the SV limit, it is by no means trivial
to check duality, because the check requires to take
into account detailed effects, such as the dependence
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of ground state binding energy on the heavy quark
masses through their different radii, which itself
reflects the flavor independence of the quark poten-
tial, etc..

In both cases, the cancellation occurs because of
Voloshin sum rule. The consideration of it is abso-
lutely necessary, in addition to Bjorken one, to
demonstrate duality of total widths through summa-
tion of exclusive states at subleading order. Of course,
in the simple model considered, the two sum rules
are trivialy satisfied. Note that, if we have an inde-
pendent mean to demonstrate duality, for example by
a rigorous demonstration of OPE to the required
order, we can use the result on the sum of exclusive
states, on the reverse, to demonstrate these sum rules
in more general potentials.

Finaly a short comment should be made on the
practical relevance of the model used here, having
however in mind that our aim is not phenomenologi-
cal, but pedagogical. It is of course an oversimplifi-
cation in many respects, first of al becauseit isnot a
field theory, and not even a relativistic model, but
also for more concrete reasons concerning the poten-
tial. The harmonic oscillator model is indeed not
devised to give an accurate description of the spec-
trum, because there is no spin force, but also because
the spin-independent potential is known to be
smoother (something like logr ). Another set of sim-
plifications concerns the current operator; it is taken
to be static, which is crude for transitions to spatial
(orbital or radial) excitations; yet we have tried to
account somewhat for the V — A structure by our
choice of the leptonic tensor, which leads to an
overall reasonable total decay rate. In summary, even
with an optimised choice of the two parameters, the
light mass and R?, it is certainly a crude model as
regards phenomenological predictions.

This being said, one must emphasize that this
‘toy’ moded is doing relatively well in that it com-
bines two aspects of the model approach which are
not often simultaneously present: it is both a not too
unrealistic modelling of QCD states and transitions,
and one which allows for exact statements on dual-
ity, not bound to further approximations or adjust-
ments. Indeed, the two parameters of the H.O. poten-
tial being given, and chosen arbitrarily — therefore
we could even choose a true non relativistic situation
— hadronic widths are calculated without any approx-
imation, and the duality derives straightforwardly.
Such exact statements can also be checked numeri-
cally, as we have done, with very high accuracy due
the simplicity of the eigenfunctions.
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Abstract

Making use of the nonrelativistic potential model for the description of mesons, and working in the Shifman—\Voloshin limit,
we compare the integrated rafg B — X Ilv) calculated as a sum of the individual decay rates to the quantum-mechanical
analog of the OPE. In the case of a potential regular at the origin, we find a well-defined duality violation, which is, howeve
exponentially small. It corresponds to the charm resonances kinematically forbidden in the decay process, but apparently pic
up by the OPE. For singular potentials, we do not obtain a full OPE series, but only a limited Taylor expansion, since tt
coefficients become infinite beyond some order. In this case, we do not find an indication of duality violation: the difference |
smaller than the last term of the limited expansion. This emphasizes that the case of singular potentials, which may be relev
for QCD, deserves further study.2001 Published by Elsevier Science B.V.

PACS 13.20.He; 12.39.Jh; 12.39.Pn

The theoretical framework based on the Operator (i) the OPE series is at best asymptotically conver-
Product Expansion (OPE) determines in QCD the genteven for large absolute values of the complex
heavy meson inclusive decay rate as series in inverse (ii) the integration contour for the decay rate con-
powers of the heavy quark mass, with the coefficients tains a segment near the physical region, where the
proportional to the meson matrix elements of the OPE cannot be justified [1].
local operators of increasing dimensions [1,2]. The  This might lead to the violation of duality for the
calculation is based on representing the decay rate asdecay rate, i.e., to the difference between the OPE-
the contour integral in the compley-plane. The OPE  calculated decay rate and the result of summing the
makes the contour integrals easily calculable term by individual decay rates of the opened channels. This

term and provides the decay rate aga:} series. issue was also discussed by N. Isgur [3].
There are, however, potentially dangerous points in  In this Letter we discuss the semileptonic decay rate
this calculation: in the small velocity limit and use the nonrelativistic

potential model for the description of mesons. We per-
form a short-time expansion in operators of increas-
ing dimensions which we call OPE and which has in-

E-mail address: melikhov@thphys.uni-heidelberg.d . .
mail address: melikhov@thphys.uni-heidelberg.de deed some common features (but also important dif-

(D. Melikhov).
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ferences) with the OPE expansion in the field theory. C
We consider the two cases: regular confining poten- B

tials and singular potentials. Note that, in the past, the P!

nonrelativistic potential model has been widely used a.
in the discussion of QCD sum rules [4,5]. The ques-
tion of the distinction between regular (harmonic) and ; . )

. . . go-plane. Circles are poles, corresponding to low-lying charm
Smg_UIar (COUIomb) potentials has been emphasised bystates, and the cross marks the location of the pole in thefree:
Novikov et al. [4] (in the context of heavy quark QCD  quark transition.
sum rules).

We work in the Shifman—Voloshin (SV) limitt «
Sm = myp — m. < me,mp. In this limit both the
amplitude and thg de_cay rate can be formally o_btained T (qo, 312) — 1/dx e " (B|T(J (x), J*(0))|B)
as adoubleexpansionin 1/m. and 1/8m. We consider l
lowest orders in Lm., up to I/m?, andall ordersin (B|J|X (—))|?
1/ém. Note that this involves terms of much higher - Xx: Mg — Ex(—§) — qo
order than usually done when one expands jm &
with mj/m., or as wellsm/mg, fixed. Our double The sum in (1) runs over all hadron states with
expansion allows on the contrary to go much further the appropriate quantum numbers. The states are
in 1/8m, and this might allow to display subtle duality hormalized as followsp|p') = (27)3(p — p'), and
violations. Ex(—q) is the energy of the stat& with the total

For the regular potential we obtain the fulf§in 3-momentum-gq.
expansion, which is only asymptotic to the physical At fixed 2, T(g0.4?) has a cut in the complex
width expanded to the same order ifm.. The  go-plane along the real axis fajo < Mp — Mp —
differenc€ is of ordersm/m2exp(—sm/A), which G2/2(m¢ +my), see Fig. 1.
means exponentially small duality violation. A part of this cut for|g| < go < Mg — Mp —

For the singular potential we do not obtain the full 4 °/2(m.+mg) corresponds to the decay process. The
1/8m expansion: following the same procedure as decay rate can be represented as the contour integral in
for the regular potential leads to infinite coefficients the complexgo-plane over the contow? (G %) (Fig. 1)
beyond some order in/dm. In this case, we find P dqo ) -
that the truncated expansion satisfies duality up to this 1" (B = Xclv)=/d61 lq| / %L(Q )T (q0.4°).
order. C@G? @)

We consider the inclusive semileptonic deday-

X,Iv in the SV limit and treat mesons as nonrela- The contoutC (G %) selects at any givei® only states
tivistic bound states of spinless quarks in a confin- Kinematically allowed in the decag — X./v. Itis

ing potential (a detailed calculation is given in [6]). tightly attached to the point8.. with the coordinates
This model maximally simplifies both constructingthe (141, £i0), otherwise it can be freely deformed in the
OPE series and calculating the sum of the exclusive region where the functiofio(go. g *) is analytic.
channels. For the sake of argument we consider the The amplitude can be expanded in a series

case of leptons coupled to hadrons through the scalar 2o\ -2 ~

current. In this case the leptonic tensor is reduced to T(q0.4%) = Zci (40.4%)(BIO:|B). 3)
a scalar functiorL (¢2). The amplitudel’ depends on

the two variables, and we choose thengg@andg 2 in whereQ; are operators of increasing dimensions and
ci(go, %) are thec-number coefficients. Introducing
- the expansion (3) into (2) gives the integrated rate as
1 Aregular potential is a potential which is an analytic function an OPE series.
of 7 atr = 0. For example, the potentid (r) ~ |7| falls out of this
class.
2 As we shall see this expansion contains only a finite number of 3 The OPE series in the potential model has an important
nonzero terms. distinctions from the Wilsonian scheme in the field theory where

Fig. 1. Singularities of the amplitud& (g, 72) in the complex

the B-rest frame:

(1)

i
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1. The model 2. Sum rules

Let us proceed along the lines of Ref. [6]. We The relationship between the sum over the individ-
treat the leptonic part relativistically, but for the Y&l channelsand the meson matrix elements of the op-
description of mesons as bound states of spinless€rators is established by the sum rules. Let us intro-
quarks use the nonrelativistic potential model with duced.(q) through the relation& (q) = ep, — €5 —

a confining potential. We consider the decay in the 4 “d/2mc(mc+ma))
B-rest frame. The Hamiltonian of tii€ system at rest - - S
porestirame b 5y My — g0~ Ep, @) = m — qo— §2/2m. — 5,(@).

4
Hpa = mp +ma + hpa, Thes, (q) is the eigenvalue of the operaihl (q)
hpa = k?/2mp + k2 /2mq + Via (), Mg — Hea(§) = 8m — G?/2m, — 8H () (5)
such that with | D, (g)) the corresponding eigenstates. The sum
. rules are obtained by inserting the full system of the
(hba —€B)|B) =0, eigenstatesD, (7)) into (B| 8H(g))" |B):
(Hpa — M3)|B) =0, . 0 ‘
- o (2(0 =
(BI(SH(@)'1B) =Y _|Fa(@]| (5:(@)", (6)

Mp =mp+mg +e€p. =

The Hamiltonian of theg system produced in the  whereF, () = (B|D,(g)) is the B — D, transition

semileptonid® — clv decay reads form factor. This relation represents the sum over all
R . cd resonances in terms of tiiemeson matrix element
Hea(§) =me +ma + (k+§)%/2m, of the operator$s H (¢))' . For the potential regular at

? the originr = 0 the sum over is convergentfor any,
k2/2ma + Vea(r). : : : ;
+kS/2ma A Vea r) whereas for the singular potential both sides of Eq. (6)
The eigenstates of this Hamiltonian 4, (7)) such are convergent for small and diverge for large.
that At the moment we proceed formally and discuss this
problem in more detail in Section 5.

(Hea@ — Ep,(@)|Da(@) =0,

where 3. Duality relation for the amplitude
- -2 .
Ep,(q) =Mp, +q°/2(mc +mq), Making use of the sum rules (6), we represent the
Mp, =me+mg+ep,. amplitude as a sum of the operators:
The Qg potential can be expanded as follows: T(qo0,9)
00 =12
5 _ Z | Fn(q)| @)
VQq=VO+Vl/2WlQ+V2/2mQ+ HZOMB_qO_En(Zi)
S _ 1 3 | Fa(@1(5(@))’ @®)
contributions of distances below the scalgulare referred to the o Sm — 4% . ( Sm — g% )i
Wilson coefficients, while contributions of distances above this scale 2me — 90 n=0i=0 2m; — 90
are referred to the matrix elements. As a result, both the Wilson 1 (BI(SH((}))"DB
coefficients and the matrix elements acquire fhelependence. = = = E (9)
In the potential model, thg-product of the two currents is also om — an_u- —q0 i—0 (5m — Zch — o)

expanded in a series of operators of increasing dimensions, but the . . . . .
resultingc-number coefficients and the matrix elements in Eq. (3) 1 hiS expression is the duality relation for the ampli-
are scale independent. tude: the sum (7) runs over the infinite number of the
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charm resonances, and the sum (8) runs over the infi-we are now going to estimate the integral of expression
nite number of the operators of the increasing dimen- (7), i.e. the sum over the exclusive channels, and the
sions (the OPE series). In fact, the location of singu- integral of expression (9), i.e., the OPE prediction, and
larities in the complexg-plane in the series (7) and compare both results.

(9) is quite different: in (7) it is an infinite set of single

poles at the different locations corresponding to differ-

ent charm resonances, and in (8) it is an infinite set of 4. The OPE calculation of the decay rate

poles of the increasing order at the same point.

However, this set of equations is only a formal one; Let us first proceed with the amplitude in the
in fact, (7) is a summable series leading to a finite form (9) and obtain the OPE expression for the decay
result in all cases; on the other hand, the situation rate. We consider the leptonic tensor of the general
of Eq. (9) is more subtle. In the singular case, the form L(¢%) = (¢®". For technical reasons, it is
coefficients are infinite beyond some order, and one convenient to isolaté,, in the expression fos H(g)
must accordingly truncate the series. In the regular as follows
case, the Eqg. (9) is only an asymptotic series: notice - -
that the geometric sum ovein Eq. (8) has a domain SH(G) =hpa — €5 + kq + (i _ i) "+ V1

of convergence which is repelled to infinity with me me — mp 2
Let us illustrate it with a simple example: assume (11)
that F2 ~ ¢~ and E, ~ n. Then the analog of the  Substituting (11) in (9) and performing the necessary
above equations takes the form integrations gives a series i/ [6]
i e " _Ze_” Z(n)i“’ 1 i! (10) rOoPYB — X.lv)
—a T PR B P r'(b— clv)
e R i

S | (BIK2|B) (B|Va|B)
The last step is obtained by changing the order of =1+ “omZ QNJFS)W
summation and using the relation > je™"n' ~ i! ¢

The series (10) iri is only asymptotic and not even 2Nt . ChrZ  (B|0;|B) A25m

Borel summable. + Z =D 2N +5 m28mi ( m3 )
Such a factorial divergence appears in the example i=1 ‘ ‘ (12)

of M.A. Shifman [7]. In this example, the residues 4 \ ~ - .o

are constant with the excitation number. This would With G, = 7555 and O; = k(hpa — €p)'k. An

imply that the direct method of our Letter will give important feature of the OPE series (12) is that the
formally infinite coefficients for the expansion, which léading-order term reproduces the free-quark decay
means that it fails completely. In our example, on the ate, and the first correction emerges only in thie:d
contrary, the residues are rapidly decreasing, and all order (cf. [1,2]).
the coefficients are finite. The interest of our example
is to show that nevertheless a factorial divergence is
also appearing. 5. Summation of the exclusive channels

From the amplitudel’ under the form Eq. (7) or
Eq. (9), respectively, by integration over the same  Now let us sum the rates of the exclusive channels.
contourC, we can obtain either the width as a sum TheB — D, transition form factors have the form [6]
over the exclusive final states, or as the OPE series. , _ 929, 2 4, 2
The expression (9) is an accurate approximation to 0@ =1—00q"/m; + 0(q"/m¢)
(7) only whengo is far from the singularities of + 0 (8m?B%/m?),
T (qo, g). The contouiC can be deformed away from 2, 2.2, 2 -4, 4 2,2, 4
thef] si%gularities except near its fixed endypoints. Fr@ = pia /mc+0(q /mc)+0(5m pe/me)-
When integrating oveyyq this is a possible source of Since |g| < ém in the decay region, these expres-
discrepancy, i.e., of duality violation. Consequently, sions allow calculating the decay rate to the accuracy
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sm?/m2. Explicitly, we obtain [6]:

I'(B — Dglv)
I'(b— clv)
_1 3,03 sm? 3 my ém
T 2N+5m2 ' 21+ mg/m. m?2
B|k? 4+ V1|B
—(2N+3)< | +21| >’
2m#
I'(B — Dyulv)
I'(b— clv)
3,0,% Sm? 2 dm
= — —3(psA,)—
2N +5 m? (034) m?2
LYY D Coves Boidy) 13
m? ~ 2N+5 smi=2 "’
whereA, =e€p, — €p,.

The main contribution is given by th& — Dg
transition. Excited states contribute only starting from
the (8m)2/m? order in the SV limit. Notice thagach
of the exclusive rates contains terms of the order
sm?/m? and Aém/m2 which are absent in the OPE
series.

Summing over all opened exclusive channels gives

I'(B— X.lv)
I'(b— clv)

8m Nmax
m2 2N—|—5<'OO Zp")

I’I’ld/z nmax 2
3— wAn | — (2N +3
(BIk? + V1| B)
X 2
ZmC
+ 2§5 (_1)iC£N+5 3(ana{( 'Or%Al ) (14)
2N +5 gém’ -2

i=2

The sum over the charm resonances is truncated atX./v) —

139

6. Check of duality for regular potentials

The transition radii in the expression (14) are not
independent and related to each other through the
sum rules. These sum rules can be obtained from (6).
Expanding both sides of (6) in powers ofnity and
taking the lineag;? term gives the set of the sum rules
[6]: for i = 0 one finds the Bjorken sum rule [8], for
i =1 — the Voloshin sum rule [9], far > 2 — higher
moment sum rules:

0
pr = p3,

i =0:
mg/2
i=1: 2p,=—"
Z,O 14+mg/m.’
i>2 Z ZAl = B|k(hbd—eB)’ 2K|B). (15)

Using these relations to rewrite the OPE result (12)
as the sum over hadronic resonances, the difference
between the OPE and the exclusive sum (the duality-
violating contribution) explicitly reads

TI'OPEB — X Iv) — I'(B — X.lv)
I'(b— clv)
2N+5
sm? (=1 C2N+5
m2 (2N +5)sm

o=

Z p,,(A )

n>nm

(16)

Quite remarkablyd - happens to be equal to the sum
of the extrapolated widths for charm states beyond
the kinematical limit. A similar expression is found
in QCD, [12]. Clearly, the duality-violating effect is
connected with the charm states forbidden kinemat-
ically in the decay process. Notice thaC"5B —
I'(B — X.v) < 0, becauses,, > ém for

nmax, Which is the total number of the resonance levels n > nmax, and 2V + 5 is odd.

opened ay? = 0. For the confining potential and in
the SV limit nmax is found from the relatiom,,,,, =~
om.

To estimate the size of the duality-violation effects,
the behavior of thdranstion radii and the relation
betweenA, and nmax, Which will be given by the



44 Chapitre 1 - Dualité quark-hadron

140 A. Le Yaouanc et al. / Physics Letters B 517 (2001) 135-141

behaviour of theexcitation energies also at largen, 2 1 1\3

are needed. For quite a general form of the confin- “» < an(,Ta) 17)

ing potential we can write the following relations for _

A, atlargen A, > ACn® for n > nmaxand A, = Suchp? lead to the estimate

AC(nmax)* =~ &m, with C anda some positive num- A2/ A4\ e/

bers. In particular, this estimate is valid for the confin- 5. ~ — (_) ) (18)

ing potentials with a power behavior at largeThis mg \ dm

estimate ford,, is only depending on the behaviourof  nore generally, if the above matrix element begins

the potential at large distances. to diverge for some value= K + 1, the formulas are
The behavior of the radip? at largen are then g pe replaced by:

connected with the finiteness of the r.h.s. of the sum

rules (15): for a potential regular at= 0, the matrix ) 1 1\ K+2

elements in the r.h.s. of the sum rules are finite for any #n S plte <n_u) ’ (19)

i, which means that the radii? are decreasing with ) (K+e/a)

n faster than any power. Essentially this means that Sp ~ _(_) ' (20)

p? ~ exp(—n), and, therefore, the duality-violating m2\ 8m

effect in the decay rate in (16) is of ordéyp ~
sm?/m?exp(—8m/A). One of such examples, the
harmonic oscillator potential, is discussed in [10].

Notice that thiss is smaller than the last retained
term in the OPE series which is of ord%rzz' (%)K

Therefore, the ‘duality violation’ is just smaller than
the last retained term as for the asymptotic series. This
means in fact that there iso indication of duality
violation at this computableorder. This is independent

_ o of a, therefore of thdarge distance behavior of the
However, if the potential is singular at= 0, the potential.

situation changes dramatically. First, only a few first
number of the matrix element§|5,- |B) are finite#

We can try to proceed along the same lines but then
have to truncate the series iféln at the last finite
term. We want to estimate the difference between this
truncated series and the exclusive sum.

Let us illustrate this considering a potential wit
a Coulomb behavior at smgH, V >~ —qu, and
confining at larger. Then (Blk(hpyy — €5)'k|B) are
finite for i < 1, but diverge starting from = 2. We
then find that

7. Singular potentials

8. Conclusion

Summarizing our results, the amplitud@go, G2)

h (the T-product, Eg. (1)) can be expanded in inverse
powers of§m — g2/2m. — qo, the so-called OPE
expansion. Exact duality would mean that the OPE
series was convergent and equalfto Actually, this
is not exactly the case. Even in the favourable case of
theregular potentials (at7 = 0), the OPE series is not
convergent, it is only asymptotic to the actual For

4 The appearance of infinite coefficients in the OPE series is Singular potentials, the coefficients are simply infinite
probably due to a breakdown of the power series expansion, for heyond a certain order.

instance by fractional powers or logarithmsme} as seems to be Besides these problems concerning the amplitude,

the case in the pure Coulomb case [11]. For similar phenomenainaadditi nal problems a ar for the expansion of the
perturbation expansion, see [13]. onal problems appe expansion o

In particular, it has been noted by Novikov et al. [4] that, in the  Width, which is given by a contour integral @f in
case of the Coulomb potential, half integral powers of the expansion the go complex plane: the OPE expansion is accurate
parameter occur in the calculation of the moments of the rRtio far from the singularities i, while the contour has
However, in our case, preliminary work shows that there are not only fixed end points in the complex plane close to the
half integer powers ofA /§m, but also logarithms of this quantity. . . . . L .
In fact, we note in this respect that the full Schwinger formula singularities (Fl_g'_ 1).1n VIQW of this situation, we have
for the ratio R contains also logarithms in addition to half integer COMputed explicitly the difference between the OPE

powers [14]. and the actual width. For singular potentials, the series
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must be truncated, and the difference is found smaller

than the last retained term. have to devise new methods to obtain the above con-
As to the perspectives opened by this work, we must jectured generalized expansions.

first emphasize that singular potentials seem more in-

teresting than regular ones. Indeed, in QCD the effec-

tive quark potential is singular, a smoothed Coulomb Acknowledgements
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The quark-hadron duality in the inclusive semileptonic deBay X l» in the Shifman-Voloshin limitA
< dm=m,—m.<m,,m, is studied within a nonrelativistic potential model. The integrated semileptonic decay
rate is calculated in two ways: first, by constructing the operator product expansion, and second by a direct
summation of the exclusive channels. Sum riBjerken, Voloshin, etg.for the potential model are derived,
providing a possibility to compare the two representationsITB— X | v). An explicit difference between
them referred to as the duality-violation effect is found. The origin of this effect is related to higher charm
resonances which are kinematically forbidden in the decay process but are nevertheless picked up by the OPE.
Within the considered if2 order the OPE and the sum over exclusive channels match each other, up to the
contributions of higher resonances, by virtue of the sum rules. In particular this is true for the terms of order
sm?/mZ and A 6m/mZ which are present in each of the decay channels and cancel in the sum of these channels
due to the Bjorken and Voloshin sum rules, respectively. The size of the duality violation effects is estimated
to be of the ordeO(A?"°/m25mP®) with b>0 depending on the details of the potential. Constraints for a
better accuracy are discussed.

PACS numbes): 13.20.He, 12.39.Jh, 12.39.Pn

I. INTRODUCTION decay rate(both differential and integrat¢dhe contour al-
ways involves a segment which is close to the physical re-
The interest in inclusive decays of heavy mesons is twogion [1]. This can lead to duality-violating effects, i.e., the
fold: experimental study of such decays can provide impordifference between the exact and the OPE based results.
tant information on the weak mixing angles of heavy me- However, itis not easy to estimate the errors arising in the
sons, and a theoretical treatment of such processes whi@PE, since the exact hadron spectrum in QCD is compli-
includes also nonperturbative effects is possible. The thecsated and not exactly known. So, testing directly the accu-
retical framework based on combining the operator productacy of the quark-hadron duality is only possible in few ex-
expansionNOPE and heavy quarkHQ) expansion provides ceptional cases. Examples discussed in the literature are
decay rates and differential distributions as series in invers®@CD in the Shifman-Voloshin(SV) limit [7], and the
powers of the heavy quark mass with the coefficients proport Hooft model[8].
tional to the matrix elements of the operators of a proper In the 't Hooft model (2-dimensional QCD withN,
dimension[1-4]. A remarkable property of this expansion is —«) the spectrum is reduced to an infinite number of single
that in the leading-order this is just the free-quark decay, anthound states and known precisely so that the direct summa-
the first correction appears only at ordemé/. tion of exclusive channels is possible. First numerical analy-
On the other hand, it is understood that the quark-hadrosis of the sum over exclusive channels reported the presence
duality technically implemented through the OPE is an ap-of the duality-violating Iihg correction for the total width
proximate frameworKk5]. For example, the calculation based [9]. Later the summation was performed analytically for the
on OPE does not take into account all the details of thecase of a massless light qudrkO]. The result of the OPE
hadron spectrum which lead to the dependence of the set chlculation agreed with the exact result in this case through
open decay channels on the momentum transfer. The OPHm‘(‘? order.
ignores this fact and this inevitably yields some errors in the Duality in QCD in the SV limit[7] has been studied in
OPE resultg6]. [11,12. This limit requiresAgcp<dm=my—m,<mg. A
The theoretical description based on the OPE represeniseculiar feature of the SV limit is that a summation over
the decay rate as a contour integral in the compf&plane  exclusive channels becomes possible due to kinematical rea-
(for details see the next sectjorThe OPE can be justified sons: the process occurs near the zero recoil and thus only
only in regions of the complex®-plane away from the few decay channels contribute in the leadingnd/order.
physical region, whereas in the case of the calculation of th&he expansion of the relevant transition form factors in this
kinematical region is known and the sum over exclusive
channels can be evaluated. The absencegfy/mq correc-
*On leave from Nuclear Physics Institute, Moscow State Univer-tions to the free-quark result in the semilepto(tt) decay
sity, Moscow, Russia. rate has been demonstrated[irl]. However, to check the
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absence of\ ocp/Mg and Sm/mg corrections within the SV vanishes rapidly enough the uniform convergence is ex-
kinematics is not enough to ensure duality in thexd order pected.

in the general case, beyond the SV limit. Namely, one should The OPE provides a heavy mass expansion for the inclu-
also check that potentially large terms of orderSive semileptonic decay rate. To compare it with the result of

O(AQCngn/mg-%—l) which are present in individual decay summation over exclusive semileptonic decay channels we

rates cancel in the sum over exclusive channels. The analysij ake use of th(_a sum rules. An explicit dl_fference between
P . . the two expressions is found, both for the integrated and the
of the Aqcpdm/mg terms in the exclusive sum was per-

i X differential rates. This difference corresponds to the contri-
formed in[12] for QCD in theV—A case. It was found that |, io of the resonances kinematically forbidden in the de-
the duality within this accuracy requires a new sum rule. Thq:ay process which are picked up by the OPE. This “unphysi-
full comparison to higher orders has not yet been performed.g|» contribution is related to the poles in the complex
We study the quark-hadron duality in the SV limit within ¢0_pjane outside the physical region which however contrib-
a nonrelativistic potential model. The model has several feagte to the OPE result. The size of this duality-violation can-
tures which make it especially suitable for this purpose: théiot be estimated in all generality since it depends on the
model is self-consistent in the SV limit; the spectrum of potential and on the convergence properties of the sums over
bound states is relatively simple and can be calculated; theesonances.
exact representations of the transition form factors in terms For the integrated decay rate the OPE prediction and the
of the hadron wave functions are known. These features prssum over exclusive channels matchp to the duality-
vide a possibility to calculate the exclusive sum. We adopt aviolating contributions of higher resonancaesithin the 1im?
technical simplification of a Lorentz scalar current instead oforder: Terms of order5m2/m2Q, 5mA/m2Q, which are
the V—A current, like it is done in Ref.6]. present in any individual decay rate cancel in the sum over
The main purpose of our analysis is to check whether oall channels thanks to the Bjorkdd4] and Voloshin[15]
not the OPE result calculated to some order is equal to theum rules, respectively. For terms of orderzlmé,
sum over exclusive channels expanded to the same ord%ﬁ/mégm, etc., the agreemeriagain up to contributions of
Both series are double expansions in powers\édf. and  higher resonancesis provided by the higher moment sum
A/ém. They are asymptotic seri¢$0], and the question of ryles. The duality-violation induced by the kinematical trun-

their convergence is left for a later publicatipig]. cation of these higher resonances in general has the order
Our main results are as follows. O(A?*P/mZ5mP) whereb depends on the details of the po-
We construct the expansion of tiieproduct of the two  tenialv/(r) both at large and smail

currents in a series of local operatdtte OPE in the po- For the smeared differential distributions near maxigfal

tential model for a general form of the quark potential. Techhe violation of thelocal duality is found at the order
nically this is done by the expansion of the Lippmann- , s,/m2
..

Schwinger equation. We consider the expansion to all orders We make an explicit proof of the present results for the

i NN i :
in A/ém but neglect terms-A"/mc with n=3. This OPE  gpaia| case of the harmonic oscillator potential in RET).
series provides the expansion of the differential and intehjs is important since some demonstrations given below are
grated semileptonic decay rates in powers /ofm. and  |ather formal.

Além. In the next section we present some details of the kine-

Let us point out that the OPE series in the potential modejatics and discuss the analytical properties of the decay am-
has an important distinction from the Wilsonian scheme iNlitude. In Sec. Il the Th, expansion of the quark propa-
the field theory: Namely, in QCDperturbativg contribu-  gator is performed and the OPE series for the SL decay rate
tions of small distances below the scalg 1% referred to the  n ponrelativistic quantum mechanics is constructed. In Sec.

Wilson coefficients while contributions of large distances|y we consider the HQ expansion of the exclusive form fac-
above this scale is referred to the matrix elements of the localy,s in the potential model, and derive the inclusive sum

operators. As a result both teenumber Wilson coefficients jes(Bjorken, Voloshin, etg.which are crucial for compar-

and the matrix elements of the local operators acquire thgang the exclusive sum and the OPE result. In Sec. V we
n-dependence. In the potential model we also expand thgroyide an analytic expression for the duality-violation con-
average of theT-product of the two current operators oVer yiphytion and identify its origin. We estimate the accuracy of
the B meson in a series of local operators, but the resultinghe OPE both for the integrated rate and the smeared distri-
c-number coefficents as well as the average values of thgytion near zero recoil. A special emphasis is laid on dis-
local operatorgsee Eq(8)] do not have a scale dependence.cyssing the role of different inclusive sum rules in establish-
The OPE and the sum over exclusive channels are relatgfly the relationship between the OPE and the sum over the

to each other by sum rules, similar to the Bjor{dd], the  gxcjusive channels. A conclusion summarizes our results.
Voloshin[15], and the whole tower of higher momeiffis5].

We derive these sum rules. They involve an infinite sum of
terms corresponding to all hadronic excitations, with eacr]l KINEMATICS AND THE ANALYTICAL PROPERTIES

term having a well-defined hea_vy mass ex_pansion. The ques- OF THE DECAY AMPLITUDE
tion of the heavy mass expansion of the siimother words,
of the uniform convergence of the sepidms not been tack- We consider the inclusive SL dec8y— X.l v. The rate of

led in this paper. If the contribution of higher excitations this process reads

074007-2



Section 1.10 - Publication n° 4 49

SEMILEPTONIC INCLUSIVE HEAVY MESON DECAY: ... PHYSICAL REVIEW D62 074007
[(B—Xd ! Ol4q¢9°*Lw 1 @
=—| — >
wherelL is the leptonic tensor, and the hadronic tendbis j ,( }
defined as follows: -
. o . . FIG. 1. Singularities of the amplitud®(q°,q%) in the complex
W:; f d*px0(py) 8(px—M5)(B[I[X(p)) q° plane. Circles are hadronicq) poles which are only singulari-
ties in the confined potential model, and the cross stands for the free
X<X(5)|J+|B>54(p5_ Px—0). 2) b—c quark process. The vertical line Rg’j=|q| separates the
kinematically allowed region of the real axis from the kinematically
Here the relativistic normalization of states is implied: forbidden region. The contouE(q?) embraces all states in the
o allowed region. Poles at the left of the boundary correspond to
(plp"y=2p°27)38(p—p’'). (3)  kinematically forbidden bound states.

For the sake of clarity we assume the technical simplifi-decay ratel'(B— X l») can be represented as the contour
cation that the leptons are coupled to hadrons through thiategral in the complexg® plane over the contou€(g?)
scalar current" In this case the leptonic tensor is a scalar,ypich depends on the value gf (Fig. 1) as follows:
function of only one variableg?, and the hadronic tenstV

depends on the two invariant variabtes Pg- q/M g andg?. 1 > Omr 0 12

In the rest frame of th@-meson these arg® and g2. At I'(B—Xlv)= ﬁj dq |Q|fc(az)dq 6(a°>lal)
q°>0 and fixedq? the sum in Eq(2) runs over the hadronic

states with massell ,<Mg— /g2 The decay rate can be XL((q°)%—q)T(q%q?). (7)

written as follows: -

It is important that the left crossing of the contaD¢q?)
with the real axis in the complex® plane occurs at the point
do=|ql, otherwise the contour can be freely deformed in the
01> 2 0.2 region where the functiofo(q,q%) is analytic. We sym-
x(q">|ahL(a®)W(a®.q), ) bolically mark this constraint with &-function in the inte-
grand. The integration over such contour selects at any given
62 only physical states which can be produced in the decay
B—X.v, i.e. states with the invariant masses such that

VMZ+g?<Mg—|q|. Notice that whereas the left crossing
of the contour with the real axis is tightly fixed at the point
1 0o 1 o = Re @) =|ql, Im (q°) =0, the right crossing of the contour
WBW(Q 9% = 5 = disgeT(g%,9%), (5 with the real axis can be safely moved to the right. In the

general relativistic case there are cuts which correspond to

where other physical processes. In the SV limit these cuts are sepa-
rated from the physical decay cut by windows of the width
O(mg). In the potential quark model such cuts are absent.

The amplitudeT(q°,g?) is given by theT-product of the
. two local current operators, which is the classical case for
1 (B|IIX(—q))l|? performing the OPE. Namely, one has

= - , 6
2Mg X My—Ex(-q)—q° ©

I'(B—X |V)=if da?dqP|ql6
c 2Mg

with g?=(q°)?—g>.
Equivalently, we can usg® andg?. Let us consider the

W(q°,g? as an analytical function of® at fixed 2. One
can write the following relation:

0 52\ — 1 —igx +
TG0 = 00 | dxexp P(BITLI0.9% 0)]18)

- 1
- T(Q°.0)= g5 | dxexn—iax(BIT(0.3°(0))B)
Ex(—q)=q°+ M>2< is the energy of the state with the mass 2Mgi
My and the total 3-momenturm (i The sum ovekX in Eq. 0 22 .
(6) for T runs overall hadron states with the appropriate =; Cn(a°,9%)(B|0y|B), ®
quantum numbers. The selection of the states kinematically

alloyved in t_he decay process is made by the proper choice Qfhere O, are local operators and:n(qo,ﬁz) are the
the integration contour in the comple® plane. Namely, the ¢ nymber coefficients. Introducing the expansi8ninto Eq.
(7) gives the integrated rate as a sum over various local op-
erators.

'Recall that for the case of thé— A current and massless leptons, ~ We shall obtain the integrated SL decay rate within our
the leptonic tensor has the form,,~g,,4°—d,q,, and for the ~model by two means: first, we construct the OPE series for
scalar current. ~qg2. We consider throughout the paper the leptonic T(q%,g%), and second, we calculate directly the sum over
tensor of the generalized forin=(g?)". exclusive channels.
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!l THE MODEL A @[Dn(— @) =Ep ()IDy(—@). (14

We consider this decay in the SV limit,
In this equationEDn(q) is the nonrelativistic energy of the

A<Sm=mp—m.<m,,my. 9 . -
b e e © bound statéD,, with the 3-momentum-q

Notice that in a non-relativistic model\ refers to a fixed

. . N2
energy scale proportional to the light quark magg to the > i q 4 M
average quark momentum in the hadron rest frame Eo,(@)=Mp, 2(mg+my)’ Mo, =Mc+ Mg+ ép,.

((B|K?B))*2 to the parametes defined in Eq(24) andhyy (15
or eg to be defined in Eq(11). These parameters may be
strongly hierarchized, for example a genuine nonrelativisti
situation implies (B|k?|B))Y?<my, but all these quantities
remain constant asi.,mp,— o, they remain proportional to © 1
some fixed hadronic scale which we callby analogy with T(q%q)=>, |Fn(d)|2—go, (16)
QCD. This is to be distinguished fro@m which is taken as n Mg—Ep (9)—q

an independent parameter. Thus we consider the double limit

sm/m.—0, andA/ém—0. Notice finally thalq| is of order ~ WhereF (q) is theB— D, transition form factor,
om. - -

To avoid confusion, it is important to stress that the stan- Fn(@)=(B[J|Dn(—q)), Mg=mp+mg+eg,
dard OPE expansion assumeési/mg constant, even if _
small. So the order of a ter®(A"" ™/m(sm)™) in this and the sum runs over ald resonances. The expressid)
paper corresponds to the ord@(A™*™/m3"™) of the stan- ~ €an be also written as
dard OPE expansion.

We treat the leptonic part relativistically, but for the cal- T(qP *)=<B|J
culation of the hadronic tensor we use the nonrelativistic a9 Mg—q°—Hq(q)
potential model. The nonrelativistic treatment of the had-
ronic tensor is consistent within the SV kinematics and can hare ri (48— E1 *=G.(4.E) is the full off-energy-
be used as a tool for studying some of the aspects of quark-h I G[ Cd(c:) t'] Cd(qt’ ) f the cd svst Thg
hadron duality. We shall make use the fact that in the noniI € reenlltuorllc [ori[r)]ropaga O)bo ecdsys emf. the G
relativistic potential model we know the structure of the had- eca.y ampiitude s thus g'Ye“ y an a;/erage ot the foreen
ron spectrum and have an exact representation for thBinctionGeq(q,E) at the pointE=Mg—q" over theB me-

C;I’he expressioli6) for the decay amplitud@ now takes the
orm

3'B), @7

hadronic matrix elements of the quark currents. son. A
It is convenient to use the nonrelativistic normalization of Let us specify the transition current operaflyr,.. For
states(which is used hereafter the sake of argument we neglect the quark spin effect and
consider spinless nonrelativistic quarks and choose the quark
(plp"Y=(2m)38(p—p’), (10)  current in the form

and consider the process in the rest frame of the decaying
B-meson. TheB meson is the ground eigenstate of the

HamiltonianH 4,

3y o= j dkdk B(R)&* (K), 18

wherec(b) is the annihilation operator of the(b) quark?
A bal B)=Mg|B)=(my+my+ €g)|B). (11) For the quark currentl8) the B— D, transition form fac-
tor in the rest frame of th&-meson reads
In the B-rest frame this Hamiltonian has the form

) 2R Fa(d)= f dkqi(Ke) o | K+ %& . (19
Hbd=mb+md+2—mb+2—md+Vbd(r)Emb+md+hbd. )
(12 wherek, is the momentum of the light spectator.
For the B— X, transition we need thed bound states
with the total 3-momentur-g, which we denoteD,(—q). Notice that the standard scalar current realis,.=J(dk/
These are eigenstates of the Hamiltonian 2k (dK'/2k'9)B(K’)e* (K) and in the nonrelativistic limit takes

S o the form =fdkc*(K)dk'b(k')(1—k?/4m?)(1—k'%/4m?). Ne-
(k+a) n k_+v (r), (13  Olecting the factor (£ K¥4m2)(1—Kk'?/4m?) as done in Eq(18)
2m. 2my cdi leads to technical simplifications both in the OPE and in the exclu-

sive sum. It can be easily realized that a particular choice of the
such that current however does not touch any arguments related to duality.

F|<:c|(c_|)):mc_~’md—’_
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Similarly, for the current(18) the expressior{17) takes where the scalg3 is provided by the hadronic matrix ele-
the form ments

0 S\ — -
T(a°%.q)=(B| Ms—qo—ﬂcd(ﬁ)|8>' (20 B2=(B|k2|B)=(B|V,|B). (24

IV. THE OPE OF THE DECAY RATE ) _ )
As already mentioned3 is of the order ofA. The quantity

The main idea in constructing the OPE seriesToEQ. v, here is a part of the expansion of the potentia, in
(8), is to single outH,4 from H.4(q) in the denominator in  powers of g
Eq. (20) and to use the eigenvalue equatidd). First, let us

introduce the operatoﬁH(ﬁ) which measures the difference

of the denominator of Eq20) from the inverse Green func- 1 1 A4
tion of the free-quark transition Vog=Vo+ =—Vi+ —=V,+0| —|. (25)
Qq 2mQ m2 m3
c-iz Q Q
Mg—0°—Heq(d) = 6m—ﬁ—q°) —SH(@). (D)
o _ ¢ Equations(20) and (21) allow us to construct the expan-
Explicitly, one finds sion of T(q°,?) in inverse powers obm—qg%2m,—q° as
-5 follows:
SH(A)=Hed(@) ~Me—mg— 5 —eg. (22
Next, isolatingh,q in SH(q) we obtain - 1 ~ (B[(6H(0))|B)
T(0o.9%)= iz 2 72 |
- /1 1) . _ g0 _ —q°
SH(Q) = (hpg—€g) + 5| — — —|(K*+Vy) oM~ S, 9 (5”‘ om, )
2\m; my 26)
k-q 35m
LR o[ B0 ) @
c me Making use of Eq(23) we obtain
. 1 1 sm k-q
T(do.q ):<B|B>T+<B|(hbd_58)|8> iz 2 +(B| ﬁ(k +V1)——|[B)
_ _q0 _ _ 40 c ¢
om T q (5m m, q
3 ]
1 k'(hbd_ GB)nk' 1
X P AP IIC LT L = e oM. (@7
_ _ 40 A c _ _ 40
om 2me q ((Sm T q

The remainder has the ord&(A%/m?) if we keepg?=sm? andq, fixed.
Finally, using Eq.(11) and the relationgB|k;|B)=0 and(B|kikj|B)= %5”(B|I22|B> we find the following OPE series:

0 ;2 1 om 12
T .q)=——=—+ ?<B|k +V4|B) 7 2
_ . c _ _ 0
om om, q (5m om, q )
o (B[O, 2|B) - 1
+ 2 ——q? - a1 +O(AZ/mY), (28)
n=2 3mC 5 q 0
m 2m. g

whereO,=37_ k;(hyq— €g)"k; . Hereafter the2 symbol is omitted. We denotB|k?+V,|B)= 55, Bo=A.
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The serie$28) is a double expansion d(q° q?) in A/m, andA/(Sm— (32/2mc—q°), limited to second order iA/m; and
expanded to all orders in/(sm—qg%2m.—q°). The poles are at

N2

032y — Sm—

dc(g%)=om oy’ (29
Thefirst termin Eq. (28) givesthe free quark decay amplitud& remarkable feature of this series is that theSm and A/m,
corrections to the free-quark decay are absent thanks télEgand the relatioqB|k;|B)=0. The expansiof28) substitutes
the whole set of hadron poles by a complicated quark singularity at the qp‘bi:rxqg((iz).

Let us treat the serig®8) formally and calculate the integrated rate which is obtained as a double expangiédmirand
AlSm.

Let us rewrite the expressid28) as follows:

R (B|K?+V,4|B) 9 . < (B|O,_,/B) 1( ] )” 1
0q2y—|1_ 2 _
HCRER) (1 omg " "aom O 2, a2 nil 7am ( 7 0) (30
om— —q
2m,

This representation is very convenient for the calculation of the decay raté7Edhe integration over® is now easily
performed since

om—

. . 1 ey
fc(az)dq‘)L((qo)z—q2)0(q°>|q|) 7 =L(95(9%),6%) 6(|a| < —mg+ ymZ+2mcsm), (31
_ 0
( 2m, q)

where thef-function 0(|ﬁ|< —me+ \/mcz+ 2m.om) reflects the fact that the left crossing of the contour with the real axis in
the complexq® plane should always happen at the point & |ﬁ|. The integrated rate is then given by the expression

©

(B|k?+V,4|B) ] (B|O,_,|B) 1 g \n
OPE _|1_ _
r'*"S(B—X.v) ( 1 2m§ 5m(95m I1(5m,mc)+n§=2 3m§ o oom I3(ém,m,), (32

where
_ 2 N N N
1 8m,me) = fo met VMG 2meamy 221 i (1696212 62). (39

For the free quark decay one finds
I'(b—clv)=1,(6m,m,). (34

Let us consider the leptonic tensor of the general farfg?) = (q2)N. For semileptonic decays to massless spin 1/2 leptons
N=1. The casdN=0 corresponds to scalar leptons. Since the leptonic tensor is proportiogal itois now convenient to
introduce a new integration variabg as follows:

92=[ad(a%)1*— > (35

Then the integrated rate takes the form

3A remark is in order here. When computing the decay rate in(82).we have interchanged the derivation with respecsitvand the
integration overdq®. We can also directly integrate the expression @8) over dqP. In this case we should take into account that the

contourC(dz) in the complexq®-plane always lies on the right-hand sideHS) of the line Re®) = |d|. If we erroneously do not take this
condition into account then multiple poles in E&8) do not contribute at all since the complex integral vanishes when the multiple poles

are inside the contour as well as when they are outsiele also discussion [2]). To proceed correctly, one should replace a multiple pole,

say a double pole, by an equivalent set of two neighboring poles. Then the crossing of the boarder gives a nonvanishing result when one of
the two poles is inside the contour and the other one is outside. Integrating before taking the derivative with reSpexs to Eq.(32)
corresponds to treating in a specific way the crossing of the boarder by the multiple poles. We show eld8}tieaeboth treatments lead

to the same result.
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(BIK*+V4B) 4 o (B[On2/B) 1
Py, 5m05m|1(5m’m°)+22 —3m§ o

C

g \n
FOPE(B—>XC|1/)=F(b—>C|V)— (_(95_”]) [3(ém,m.), (36)

where we have taken into account thatém,m.) gives the exact free-quark decay rate. A simple algebraic exercise gives to
the 1m?2 accuracy

(s _sm2v+3| an [ 1 35m+155m2 +5AN 5m2+o smd
1(dm,mg)=(6m) 172 2me §m_§ 3 3/2m—g m_g ,
(37
2N+5 N om
I3(6m,m;) =(6m) Azt O —1 |,
me
where
N ! N N 3 N
Am_ fo dXXm(l—X) —B(N+1,m+1), A3/2—mA1/2, (38)
B(p,q) being the Euler function. Finally, we come to the relation
FE-Xdv) . (BKIB) <B|v1|B>+2“§(—1>"CSN+5<B|©n_2|B> A2sm 2
r(b~>C|V) - 2m(2: ( ) mg n=3 2N+5 m%&mn72 mg ' ( )

with CX=n!/k!(n—k)!. Notice that the coefficient of the Mam
N ) ] T DN - > -, QMg
term(B|k?|B) does not depend N, i.e. it does not depend (kg kg)=8(p—ko—kg) ¥

L)
. Mo+mgim, mg
on the form of the leptonic tensor.

Summing up, the OPE predicts the following features of . s . mg -
the inclusive SL decay rate. = 0(p—ko—ky)¥| kg~ mo+mg’)’ (40)
The LO term reproduces the rate of the free-quark decay a
processh—c. where|5 is the momentum of the bound state.

The 1. and 16m corrections are absent. This is due to
the fact that the average over tBestate of the operator of
the relevant dimension vanishes. ¥

Lowest-order corrections to the free-quark proces§<eme'
emerge in the 1115 order. A main part of these corrections is - T EUUr S
due to the average values of the dimension-2 operators (Ko| Qpe(a)[Ke) = 8(kyp — k= Q).

02 2 A
(B[k*[B) and (B[K®+Vy[B). Also the operatorsOn g the transition form factor is defined by the following ex-
=k;(hpq— €g)"k; contribute in the Ihg order. Their contri- Pression:

bution is however suppressed with the additional powers o

om. - = - e s 22
B(Pg)|Q(q)|D = 3(Pg—Pn— A Fn(Va—vn)?),
In the next section we shall analyze the accuracy of the (B(pe)|Qoo(@)[Da(pn)) = (Ps=Pn= A)Fn(v5=vn))

The B— D, transition form factor is the average over the
meson states of the operat@y,(q) given by the following

(41

OPE predictions. (42
with vg=pg/(Mp+m,) andv,=p,/(Mm.+m,) and
V. HEAVY QUARK EXPANSION AND THE HADRONIC m
SUM RULES V= Kk C 9 5
~ SUMRUE | SCATAR RIFALS mb+mqu)
Before proceeding with the direct summation of the ex-
clusive channels one by one we derive hadronic sum rules Q mg - 43
which are important for the comparison of the exact result X¥p,| kg™ me+ mqp” ' (43

with the OPE analysis.

A simple change of variable&y— kq+mg/(my+my)pg
makes it obvious that the decay form factor depends on the
square of the relative 3-velocities of the initial and final me-
o sons, and not on the relative 3-momentum squared as the
The wave function of th&€q bound state has the form  elastic form factor. Nevertheless in tBerest frame we write

A. Heavy quark expansion of the form factors
in the potential model
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Fn<d>:fdws<12q>%n Eq+mT“m a). (44) T 2<¢D K2+ V4| )+O| B 5—”;2) (50)
™ Mg " 2m m;
ton-::rf wave functionjigq is an eigenstate of the Hamil- The excitation energies satisfy the relation
2 1 ep,—€p, =(N=M)Xym,  App=p. (51
hQE:? m_Q+ Fq Vool 49 In terms of the wave functions, the transition form factor

. . (44) takes a simple form:
wherek is the conjugate variable to. The transition form

factorsF, has some general properties independent of the Fn(ﬁ):wfa [ o (‘5))- (52
details of the potentia¥ 5. Such properties of the transition oo

form factors are derived by performing the HQ expansion of  The expansion of the wave funcu% g reads
the Hamiltonian. To this end we apply the usual quantum

mechanical perturbation theory. o2
_|_
For our purposes it is convenient to considgy as the e = o+ E E(i_ i)<¢ao|k V1|¢Dm>
full Hamiltonian, h.q as a nonperturbed Hamiltonian, and Boo TPo " i 2im, m €p,~ €p,, Pm
U=hpg—h h ion. Th ion has th
chJ>rm bd—Ncq @s the perturbation e perturbation has the +O(sm2Emb), (59)
11 1 m such that
U=5 ———(k2+V)+o B:— ﬁz
My Me c F (6= 2 ( 1 1 ><¢D0|k +Vilyp )*
+ —_—
om . om? (@)= {0, m# My Me €0, €D,
= —(K®+V)+0| p>—|, (46) )
2m; e X o, | ¥o,(A)) + O(om? %/ mp)
where we assume the following expansion of mapoten— 5m <¢Dolk2+V1|¢D )
tial = fOn(q)+ 2 — fmn(q)
m#0 2m €D, €D,
_ 1 202
VQq=V0+ mvjﬂ' RVZ‘F SN (47) +0(ém°B /mc)u (54

where f ()= q)). By virtue of Eq. (44) one
The perturbation has the ordém/m? such that we can con- obtamsmn(q) (W, ¥, (). By a- (44

struct the HQ expansion of the wave functions and the bind-

ing energies. Let us remind the standard formulas{h,l@tn} )

be the full system of eigenstates of g, and the{ep, } the 2 (q)=1— rﬁnq—z +0(g*md),

corresponding eigenvalues. Then, the mass ofntheexci- Me

tation in the cd system readsM p,=Mc+My+ep . Let =5

{1g,} be the full system of eigenstates of thgy, and the fﬁm(ﬁ):rﬁmq—erO(ﬁ“/mﬁ), m#n, (55)
{eBn} the corresponding eigenvalues. c

The standard formulas give with r,, being numbers of order unity plus higher order

U, 1/m. corrections. We shall use the notatiog=r . Notice
e =t + 2 —ewD +O(5m2,82/mc) (48  that the radiir, describe the form factors of the transitions

m#n €p,~ between different levels in thed system Do—D,,) and so
q know nothing aboutsm.
an We now rewrite Eq(54) as follows:
|Umil? N
€g =€p TUppt Dt (49 R , 92 om <¢Do|k2+V1|¢D )
m#n €p_ "~ €p FO(q):l_r0_2+E
2mg  m#0 2m €D, €D,
wheré
R sm232
X fmo(q)+0O |- (56)
mC
4550 is justeg defined in Eq(11). We also usually writd instead _
of By. At g°=0 we thus come to the relation
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Fo(0)=1+0(8m?B%/m?). (57)

- 1/ 1 1 -,
5n(Q):An+§ me me (Dolk?+V4|Dg)

One can see that tk@(émﬁ/mg) term inF,(0) is absent.

This is a nonrelativistic analog of the Luke theorghg]. mqq? om?g3
For the squares of the form factors we obtain the follow- ~ 2me(me+my) mt | (62)
ing important relations: ¢
., - where
- q om-g Bém
2 _ 2 —
FO(Q)—l_Pom_g‘i'O e ), pe=r5+0 2| Ap=ep —e€p,- (63)
- - Notice that within the leading-order accuracy we can replace
L 5m4B ) P ﬂﬁgn) (Dolk2+ V| Do) with (BIK2+V,B).
mg m; C Another representation fog(q) is obtained by using
(58 SH(q) in the form(23):
As we shall see later the radii, (as well asr,) are not S(ﬁ):<B|(5H(EI))i|B>
independent and satisfy certain sum rules. The relaii8s
are the main result of this section. They are necessary for the K2+Vy(1 1
calculation of the decay rates. =(B| hbd egt——F— 2 mt ab)
B. Inclusive hadronic sum rules k-q B3sm !
. R . + +0 |B). (64
To obtain a nonrelativistic equivalent of the whole tower me mS

of sum rules[16], i.e., the Bjorken sum rule, the Voloshin

and the higher moments, we consider the following set ofrpis formula glve§i(q) in terms of the matrix elements of
quantities (=0,1,...): various operators over tH&meson.
> > The representation1) and (64) for S;(q) provide the
=(B|(6H '|B), 59 -
$(@)=(B|(sH(@))[B) 9 LHS and the RHS of the sum rules, respectively. Let us

. ) . . - notice that terms denoted @(,835m/m§) in Egs.(62) and
wheresH(q) is defined in Eq(21). Notice thatS(a) appear (64) do not depend om. All g-dependent terms are shown

in the expansion fof (q°,q?), Eq. (26). We shall derive two explicitly
different representations fo(q) and obtain sum rules Using Eq. (11) and the relations(B|k|B)=0 and

equating these representations. . . <B|kikj|B)=%6”(B|IZZ|B> we come to the set of sum rules.
The first representation is obtained by inserting the fLIIIIn fact each of these sum rules is equivalent to an infinite

systeﬂm of the eigenstatdﬁ)n(jﬁ)) of the Hamiltonian number of relations at different powers @f and 1m..
Hca(q) in Eq. (59). The |D,(—q)) are also eigenstates of  j=q:
the operatorsH(q) that is made obvious usingH 4(q) in

the form Eq.(22): sozi |Fn(a)|?2=1. (65

SH(a)[D (=)= 4()[Dn(—a)), o
Obviously the RHS does not depend @nAt g?=0 this is

_ az 52 an identity. Using the definitiofb68) and comparing the term
on(q)=€p o motmg)  2my’ (60 Jinear ing? we find theNR Bjorken sum rul14]
As a result of inserting the full system we find pg:nzl pﬁ. (66)
S(@)= 2 [Fa(@)[*(8,(a)). 61) i=1: The RHS of this sum rule reads
n=1
A /1 1) ,335m
Equation(49) gives the following expansion fa,(q): S1=5 m. g (B[k“+V,[B)+0 5| (67)

where we have used Eqﬂ.l) and(12). The RHS of this sum

°At any n states with angular momenta=0, ... n exist. The  ryle is also independent @. From the definition(59) and
form factorsfn(qz) and Fn(qz) are thus understood as properly using Eq.(62) as well as the SR65), we rewrite Eq(67) as
normalized sum&!_, f,.(q) and="_,F,.(q), respectively. follows:
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- - g%my B5m
2 _ (0]
nzo F“(Q)A”_ch(chr mgy) * m | (68)

Notice that the termsO(,Bzam/mg) cancel between RHS

amd LHS. Comparing the linear iﬁz term yields theNR
Voloshin sum rulg¢15]

1
md.

My

2
1+

n; paA, (69)

C

Let us notice that the RHS of the E@9) does not contain
higher-order Ith, corrections.

Combining the Bjorken and the Voloshin sum rules pro-
vides a simple constraint on the parameiéwhich is in fact
the slope of the Isgur-Wise function. Namely,

=2A, Trmgim, 24’ (70

where A, are defined in Eq(63)
i=2: The RHS of this sum rule reads

o £2)

Using Eqgs.(65) and(67) yields for the LHS

2
( gom im))
mC

=4, 2
q my

B4 5m2

m

9*(B|k?|B)
S= 2
C

am (771

q%(B|k?B)
mg

HEO F2(q)AZ=

. (72

4mZ(mg+my)?

The linearg? term yields

BZ

)

3

” 1 .
> pﬁAﬁ—§<Blk2|B>(1+o (73)
n=1

i=3:

For i=3 we find for the RHS

PHYSICAL REVIEW D 62 074007

ol )

1 qX(B| Kj(hpq— €g)k;|B)
53:§ 3

C

|

Using Eqs.(65)—(71) yields for the LHS

m

,865m3

6
C

+0

(74

m

- a 92(BJk;(hyq— €g)ki|B sm
2Fﬁ(q)A§=q< |]( bdzeB) ]| >(1+Oﬂ2 )
n=0 3mg mg
¢ [m3B%sm| qg°
+1o “ﬁz + 2 om?)
mC mC C
55m2
vol 21 ) (79
mC
The linearg? term yields
Blk;(hyq— €g)k;|B) Bom

2
C

ol )

)

2
(3

Similarly at higheri=3 one obtains at theém/mﬁ ac-

curacy

2,3_¢
nzl PR 3 m

=%<B|©1|B>(1+O (76)

1

. 1 N
—§<B|kj(hbd— es)' ~%k{|B)= §<B|Oi—2|5>-

(77

nZl paA;,

These sum rules are used in the next section for comparison
of the exact decay rate with the OPE result and for analyzing
the duality-violation effects.

VI. SUMMATION OVER THE EXCLUSIVE CHANNELS

We now proceed to the summation of the exclusive chan-
nels. As the first step, let us show that there is an explicit
difference between the exclusive sum and the OPE series.

A. The origin of duality violation

Proceeding with the sum over the exclusive channels we
write
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F(Bex1v>=i§ jdqzqu)f dq°|ﬁ|M
0 2mi 5 c(a?) Mp—q°— Eq(q)
1 < N IFn(a)|?
= doPL Zf doP =
2mi ; f TL@) @ |q|5m 2 04 5.6)
2mc q n q
1< . Fa@2 | 8n(9) ]
=>— > | d?L(g®) |  dllgl—= 1- ——=
27T| 2 2 2
n C(a?) 9, sme 9 _ g0
2m, q L 2m, q i
2 - -
1 " . |Fa(@? 5.(a)
o[ dr@ Y [ delg— ] -, 79
nJc@) S at sme 9 o
2m. a L 2m. a ]

where in the RHSq|=(q°)?—g?. Notice that the sum is truncated at the propég?) which is the maximal number of
hadron resonances kinematically allowed at a given valug’of.e., resonances satisfying the relatidn<Mg— \/? The
contourC(q?) is responsible for this selection, since only the resonances enclosed by the contour contribute into the sum. A
states which are beyond this contour do not contribute.

Finally, the serieg78) can be written in the form

n(g?)

I'(B—Xdv)= f dq?L(g?) 6(q?) J quda2|a|a«q0>2—q2—az>; IFn(q)]?

N 1o a 0 62
x| 1+6,(q )M—m+ Eén(q )(95m2+--- élq —ch—ﬁm . (79

On the other hand, the sum rulé&7)—(74) allow us to rewrite the decay ra{82) in the form

TOPEB— X v)= f da?L(g?)6(g?) f dqoda2|a|a<<q°>2—q2—52>; IFa(q)?

w| 1+ 5.(67)—2 +152 2" + sl q° i 5 80
n(Q9) 755 T 5 9n(d )aamz S L (80)
|
It is easy to see that the exact result and the result of the OPE 2 22
. e ) . - ém 3 6m° Sm°—q
are different due to contributions of highly excited stats: l[q|=+ém2—qg?| 1— to—t———
any ¢f the OPE picks up also the contribution of the reso- 2m. 8 me 8mg
nances forbidden kinematically at thi€.qrhus the accuracy (82)

of duality is determined by the accuracy of violating the sum
rules connected with the truncation of the exclusive sum, and
is therefore connected with the convergence of these sums?

The general expression f4xﬁ| in the B— Dl v transition
tq® reads

M 3 M2
> 2 2 n n
=/ — — + —
B. Sum of the exclusive channels and the accuracy of the OPE [aln= oMy =g ( 1 2(me+mg) 8 (m,+my)?
We now calculate the individual decay rates keeping 5Mﬁ—q2
terms of order A%/m?)(6m/A)" in the decay rates but ne- ] (82
glecting higher ordersf(3/m§)(5m/A)”. The necessary ex- 8(mg+my)
pressions with the relevant accuracy are given below. where SM,=Mg—M ,=dm—A,— dmpB,/(2m,) from Egs.

ﬁinte ree-quark decalg—clv at g° has the form 50) and(63).
he f k decay—cl 2 has the f (50) and(63)
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The necessary accuracy for the transition into the groundNow everything is ready for the calculation of the integrated

state is

- Bo om
o=/ om?1- 2| —gY 1-
|q|n—0 \/ m ( 2m2) q ( z(mc+md)

C

(83

SL decay rate. We again consider (q%)".

1. The integrated rate and the global duality

It is convenient to represent the results for the partial de-
cay rates in terms of their ratios to the free quark decay rate.
The latter has the form

8 m? 8m? )
C (b clo) = (m2N+3 AN [ 1 35m+155m
Recall thatB3=(B|k>+V,|B). (b—clv)=(sm) 12 2m;. 8 2
For |ﬁ|n¢0 less accuracy is enough since the contribution 5 5
of theD,,n+#0 into the SL decay rate is suppressed by the VRPN KL 88)
additional factorg?/mZ: 8" m2 m?
|a|n¢0: /—( sm—A)2— 2. (84) Making use of the relatio38) we find
With these formulas fofq| the decay rates of the exclu- I'(B—Dylv) 32 sm® 3 m sm
sive channels take the following form. o2 & 2 d T
Free quark decap—-clv: I'(b—clv) 2N+5 mZ 2 1+mg/me m?
1 dI'(b—cly) —(2N+3)ﬁ, (89)
L(g®)  dg? 2mg
2
|q|(1_5_m+ s om q_) L(B—Dyv) om? 367 [ An|"
m. 2 mZ 2m? F(b—cly) m2 2N+5|" om
2 2__ 2
= 5m2_q2(1_§5_m+1_5An; J’_E om 2q ) _ 3pﬁ 5m2 2 om 1
2m;. 8 m? 8 m ~5N+E m—§—3(PnAn)m—g+ 2
(85) 2N+5 (3p2Ak)
The B—Dglv channel X 2 (- 1)k2N+5 5N+5#'
1 dI'(B—Dglv) 4 (1 sm . 3 om? (90
2 2 =10ln=0| 1— 5 7
L(a%) dg MetMg 2 Mg Some remarks are in order.
G (1) The main part of the OPH.e., the free quark decay
~3 ) |q|n 0 (86)  is reproduced by th& (B— Dl v), within the leading and
m; the subleading if. orders. The excited states contribute
using the definitior(56). only within the (m)2/m2 and Adm/m? orders in the SV
TheB—D,lv (n#0) channel: limit. o _
(2) Nevertheless, each of the individual exclusive chan-
1 d(B—D.I nels contains potentially large terms of the or(ﬂmzlmg
- ( _>2 n V) P (( sm—A,)2-q?%¥ (g7) and Asm/mZ which are absent in the OPE series.
L(g%) dqg Now summing over all exclusive channels we find
|
P(B—Xlv) — om’ 2_”§X ,| 3 smi1 my _”mix n
T(b—clv) mz PO & Pr) 2N+ 2 1+my/m, &4 Pron
Mmax Mmax
272 24k
N 3)<B|122+V1IB> Nt 2] 2“2*5( 1)¥Chy.s (3; P ) -
- +3)———+ + + .
2m? 2m? m2sm k=3  2N+5 omk—3
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The sum over the charm resonance levels is truncated at o My
Nmax, Which is the number of the resonance levels opened at E rﬁAn:W,
g°=0. For the confining potential and in the SV limi, ., is n=1 (1+mg/me)
found from the relations,, = om. . (99
Using the sum rule$66)—(77) to rewrite the OPE result E r2(A )(k+2):E<D |k;(heg— €p.)¥K:|D )
(39) as the sum over hadronic resonances, the difference be- =1 ™ " 3\ O ed EDol BiIEOr
tween the OPE and the exclusive sitime duality-violating
contribution explicitly reads k=0,1,2....
I'OPEB— X, v)—T(B—X.lv) Hence, the behavior of the radiﬁ at largen are connected
T(b—clv) with the finiteness of the RHS of the sum rules. We can
guarantee this for the Bjorken and Voloshin sum rules,
sm2 N3 (— kK, s 800 where finite values stand in the RHtBe ground state radius

+0O(A26m/md), ro is finite for the confining potential In general, the finite-
ness of the matrix elements of the operatio@.q— eo)kkj
(92 (such as, e.g., the kinetic energy of quarks in the ground
statg depend on the properties of the potential at sméthe

mg k=0 2N+5 5mk

where ultraviolat behavioy and probably also at large(the infra-
red behavioy.” We have assumed throughout the paper that
o the average kinetic energy of the light spectator quark in the

sMW="> p3Apk ground state is finite, i.e(Do|k?|Do)=A2. This already re-

N=Nmaxt1 stricts some properties of the potential at snradind pro-

o vides convergency of one more sum rule in E9p). If, in
= > [r2+0o(Asm/m3)J(Ap. (93)  addition to this, we assume that the average values of the

N=fmaxt1 operatorsk;(heq— ep ) k; for k=1,... K over the ground

d. this dualitv-violati ibution i dstate are finite, then combining with the behavior of the en-
As expected, this duality-violating contribution is connectec ergies at large we come to the following estimate:

with the charm resonance states forbidden kinematically in

the decay process. This kinematical truncation of the higher 1 127K
resonances induces a violation of duality equal to r’< (_) . >0 (96)
[(8m)2~K/m?]6M for everyk<2N+5. nt*e\na

To estimate the error induced by the truncation and thus ] S o
the size of the duality-violation effects, we need to know theThis allows us to obtain the duality-violation originating
behavior of the excitation energies and the transition radii atom the truncation of the various sum rules:

largen. 5 5 5 K42
(1) For quite a general form of the confining potential we Bjorken: om 50— om S 2= om=[ 1
can write the following relations fod,, for large n (recall Com? M2 fmax | M2\ N2,
that in the SV limitA,, =Jm):
max A2 A K
Anmax:Ac(nmaX)a: 6m' :m_g(%) ’
(94
AHBACna, N>Nmax; i om om P om 1 Kt
Voloshin: — 6M=— > raA,=—A| —
with C anda some positive numbers. In particular, this esti- c Me Mmax M\ Nmax
mate is valid for the confining potentials with a power be- A2/ A \K
havior at larger. = _2(_) 97
This estimate fon,, is only depending on the behavior of mg om

the potential at large distances (the infrared region) o ) _

(2) The transition radi'rﬁ satisfy sum rules similar to sum Similar estimates can be done for higher moment sum rules.
One can see that the truncation error in any of the sum rules
leads to the duality-violation of the same order
w O(A?"K/m25mX). An interesting feature about these esti-

> r2=rg,

n=1

rules forpﬁ in Sec. V, namely

"We do not have a classical Wilsonian scheme where the ultravio-
let region is referred to the Wilson coefficients and the infrared
SNotice that these relations are exact and do not have any 1/ region is referred to the matrix elements of the operators, so we can
corrections. have these regions mixed.
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mates is that the dependence ahas disappeared from the recoil) is special: as we move to highgf, the excited chan-
final result. Hencethe estimates are independent of the de-nels close one after another leaving ultimately only Ehe
tails of the potential at large,rprovided the potential guar- ground state opened.
antees the confinement, i.a.js positive. Let us consider a partially integrated decay rate inghe

These are however rather crude estimates which do notgion above the threshold of tig,_; channel. In this case
take into account further possible suppressi@he, e.g., to  the relation between the OPE and the exact resutich is
the orthogonality of the wave functions of the groume O reduced in this case to the exclusiBe-Dgl v decay reads
and the excited states>0). In such a case the real accuracy
is better, and might depend on the details of the poter_1tia| . dI'(B—X,lv)
also at larger. In general, we can state that the truncation f —_

(

(duality-violaiton error occurs at the order sm—4,)? do?
sm? dI'(b—clv A;ém
AZ[ANE 08 :J~m dql—l——;——l 1+o( = ).
mg sm/ (98 (5m—44)? dq mg
(100

where the exponerth>0 depends on the properties of the
potential (in general, both at short and long distances  In this formula we have neglected a difference between the
more detailed analysis of which potentials satisfy the aboveipper boundaries of the quark and hadron channels of the
requirements is beyond the scope of this paper and is left foajrderAZ/mg, Equation(100 means that local duality near
another publication13]. maximalg? is violated at ordeO(A;S8m/m2). As we have

If we would like to have the truncation error of a higher seen, the dangerous terms of this order are cancelled in the
order in 1mg, e.g. in O(A*mY), this is not so straight. integrated rate against similar contributions of other channels

Namely, in this case we need due to the Voloshin sum rule. However, t@ A 6m/m?)
violation of the local duality might have negative conse-
Y A3 quences for the application of the method to the analysis of
ﬁ: sm2m, : (99 the experimental results. For example this happens if one

observes only a small part of the phase space near maximal

2

As we have noticed, the series f8f in the main part does q° [6].
not depend om,, so the only possibility to have the relation
(99) fulfilled in the SV limit, is to haverﬁzo starting from VIl. CONCLUSION
some numben. (Exactly this situation takes place for the . o
HO potential where alD,— D, transition radii forn>1 are We ha_ve studied qugrk-h.adron duality in qlepgys of hegvy

. mesons in the SV limit using the nonrelativistic potential
equal zerd17]). In this case for large enough valuesdn, o -
the term proportional toﬁ in Eq. (93) disappears and the model for the description of mesons @g bound states. Our

second term provides the truncation error of the ordefMain results are as follows: _
O(8m2A2/m). (1) The OPE is constructed and the followingm, and

As we are going to show elsewhere, the accuracy of dug\/cSm double series is found for the integrated decay rate:

ality of orderA3/m§ can be achieved if we keep a fixed ratio

sm/m, when m,—o. One can proceed exactly along the IOPEB—Xv) (B|k?+V,|B)
same lines, but technically a bit different treatment is neces- I'(b—cly) 0 om?
sary: namely, at several places throughout the paper terms of ¢
the ordersm®m? have been omitted, and they should be (B|K?|B)
kept if the limit Sm/m.= const is considered. This analysis +(1_C0)7

C

will be presented if13].

Finally, it is interesting to notice that all resonance levels ko
opened atj?=0 are contributing on equal footing to the sum + E o
rules and therefore to the decay rate. So, a considerable delay k=1
in opening channels with large compared to the channels
with smalln with the increasing recoil does not matter at all.
This is a very important feature which basically determines a
high accuracy of the OPE calculation of the integrated decay
rate (cf. [6,12)).

(B|k(hyp— €g) K| B)
2mZ(sm)~

+0 3

C

A%8m
|

where C, are calculable constants atg depends on the
leptonic tensor.
(2) The HQ expansion of the transition form factors in the
The situation however differs considerably if we considernonrelativistic potential model is performed. A nonrelativis-
the differential decay widths. We find it more physical to usetic analog of the Luke theorem for the exclusive transition
here the four vectog? variable. The region nezqﬁm (zero  form factor between the ground states is obtained.

2. The smeared fdistribution and the local duality
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It is shown that the sum of the squares of #e>D, v bution of the ground statB in the exclusive sum.
transition form factors are expressed through the expectation For higher order terms the agreement between the OPE
values of the operators emerging in the OPE series. Thesand the exclusive sum is a collective effect due to subtle
nonrelativistic analogs of the Bjorken, Voloshin, and highercancellations in the sum over exclusive channels:
order sum rules provide a bridge between the sum over ex- Namely, each of the individual decay ratééB— Dl v)
clusive channels and the OPE series. contain potentially large terms of the ordém?mZ and

(3) The integrated decay rate is calculated by direct sumA sm/m2. These terms cancel in the exclusive sum due to the
mation of exclusive channels. For the comparison of thi%jorken and Voloshin sum rules, respectively. The higher
directly calculated I'(B—Xclv) and the corresponding order sum rules allow us to represent the contribution of
I'OPE(B—X,lv) the sum rules are necessary. A differenceexclusive channels in terms of the average values of the op-
(duality-violation) between the two expressions is observederatorsO; over theB-meson state.
As shown explicitly by the use of the sum rules, this differ- (4 If the differential semileptonic decay widths are con-
ence is connected with the highed resonances which are sidered near maximum?, the violation of the local duality
forbidden kinematically in the decay process but are implic-occurs at ordeO(A&m/mﬁ).
itly taken into account in the OPE approach. Therefore the Clearly, in QCD the situation is more complicated be-
accuracy of the OPE is directly related to the error inducectause of the multiparticléX. states, pion emission, hybrid
by the kinematical truncation in the sum rul@jorken, Vo-  and multiquark exoti® mesons, radiative corrections. Nev-
loshin, etg. The actual error depends on the convergence ogrtheless the duality violation due to the kinematical trunca-
the series, i.e., on the nature of the potential. We have digion of the series should be quite similar to the case of non-
cussed the constraints on the latter convergence which leadlativistic quantum mechanics. Also similar is the role of
to the duality violation of orde|O(A2*b/m§5mb) with b the inclusive sum rules in obtaining the duality relations.
depending on the behavior of the potential both at the short
and long distances.
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Chapitre 1 - Dualité quark-hadron




Chapitre 2

Hypotheéses de factorisation

Ce chapitre est dedis aux désintégrations non 1eptoniques des mésons B : nous présen-
terons 1’hypothése de factorisation, le modeéle QCDF qui est une amélioration apportée
a cette hypothése et nous fiirons par une confrontation d'un ensemble de données

expérimentales aux prédictions de ce modele.

u cours du chapitre précédent, nous nous sommes uniquement intéressés aux

désintégrations semileptoniques des mésons B. Une autre classe de réactions est

formée par I'ensemble des désintégrations non leptoniques pour laquelle il est
tout aussi important d’avoir des outils capables de la décrire car les réactions de désintégra-
tion des B sont extrémement bien étudiées et analysées du point de vue expérimental (un
theme d’étude important concerne bien str la violation de C'P et la mesure des éléments
de matrice CKM du modele standard). La difficulté théorique derriere la modélisation de
ces désintégrations non leptoniques est le calcul des éléments de matrice de transition des
opérateurs a quatre fermions: historiquement, une méthode énormément utilisée fut I'hypo-
these de factorisation, appelée « factorisation naive » dans la suite (cf. paragraphe 2.2) puis,
plus récemment, une amélioration a été apportée ([22, 23, 24]) qui a conduit au modele de
« factorisation QCD » (paragraphe 2.3).

Ce modéle de « factorisation QCD » (ou QCDF) a été appliqué aux procesus B — PP
(ou P désigne un méson pseudoscalaire) et nous avons réalisé une étude similaire pour
les désintégrations B — PV (V désigne un méson vectoriel), dans le but de confronter les
prédictions théoriques de ce modele amélioré a un ensemble exhaustif de données accessibles

fournies par la communauté expérimentale (paragraphe 2.4 et suivants).
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2.1 Dynamique de la désintégration

Pour décrire les désintégrations B — PV, il nous faut calculer les éléments de matrice
(PV || B) sachant que #g est le hamiltonien effectif habituel :

G
Hog = _; ZAP(Cl QA+ C2Q8+ > CiQi+ CryQry + Chg Qgg> + h.c.

p=u.c i=3,...,10
ou C; sont les coefficients de Wilson qui contiennent les contributions a courte distance, A,
9 . ’1 7 . _ * *
s’expriment en terme des éléments de matrice CKM selon A, = Vp Vi ou ViV et Q;

désignent les opérateurs locaux :

— arbre
Q7 = (Pb)v-a(3p)v-a Q3 = (Pibj)v—a(8pi)v-a
- pPINGouIns
Qs = (Sb)v-a Zq (7q)v-a Qs = (5ibj)v-a Zq (@) v-a
Qs = (5b)y_a Zq (q0)v+a Qs = (5:0;)v_a Zq (T%:)v+a
Qr = (8b)y-a Zq 2eq(Gq)via Qs = (8ibj)v-a Zq 2eq(0¢i)vea
Qo = (8b)v-a Zq 2eq(0Q)v-a Q1o = (5ibj)v—-a Zq 2eq(q0i)v-a
- dipole
Qry = 8__;2 my 50,,(1+75)F*™b  Qsg = gTQQS My 50, (1 + 75)G*b

2.2 La factorisation “naive”

Considérons la désintégration générique B — MMy (M; et My désignent les mésons de
I’état final). Alors, dans cette hypothese, les éléments de transition des opérateurs a quatre
fermions sont écrits comme le produit de deux éléments de transition a deux fermions
(B — M) x (vide — My); autrement dit, les éléments de I’état final « ne parlent pas »

(décorrélation de couleur), par échange de gluons, entre eux et avec le reste. Par exemple :
d

c

(m D|(, d)(ey"b)|B°) = (D|e"b|B%) x (m|u~,d|0)

Cette hypothese produit en général des prédictions convenables mais il est connu qu’elle
présente plusieurs défauts comme une mauvaise dépendance en échelle de renormalisation

des résultats (due aux dimensions anomales des éléments de matrice qui sont incorrectes).
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2.3 La factorisation QCD (QCDF)

QCDF repose sur la considération suivante: lors de la désintégration B — M;Ms, ou I'un
des deux mésons finaux est un méson léger, la masse du quark b est grande devant 1’échelle
d’énergie de l'interaction forte si bien que les contributions dues aux échanges de gluons
mous dans I’état final deviennent négligeables. En conséquence, les transitions B — M M,
s’écrivent a 'aide d’éléments de matrice factorisés et de coefficients « non-factorisables »,
c’est-a-dire des termes correctifs en fait, qui peuvent étre calculés de fagon perturbative.

Autrement dit, QCDF correspond a un double développement perturbatif en:

oy : corrections QCD (gluons durs) calculables perturbativement
Agep
mp

: corrections de masse lourde (peu connues)

(Le terme d’ordre zéro redonne la factorisation « naive »)

Plus précisément, QCDF permet d’écrire 1’élément de matrice d'un opérateur local Q);

comme une somme de deux termes:

(M) Ms|Q4|B) = FlBHPT\I/,i*fV‘I)V + A(])BHVT]I{Z'*qu)P + T * fpPp * fyPy*fpPp

avec les notations suivantes:

» FB=FP AB=V. facteurs de forme des transitions B — Pet B — V
» ®,: amplitude de distribution sur le cone de lumiere des mésons B, V' et P

» x: désigne une intégration sur les fractions de quantité de mouvement des quarks consti-

tuants des mésons (en variables cone de lumiere)

» f;: constantes de désintégration des mésons B, V et P

D) correspond aux

» T et TUD : noyaux de diffusion calculés perturbativement en ay; T
diagrammes de corrections de vertex et de pingouin et TU!) correspond & l'interaction

par gluon dur avec le quark spectateur du méson B
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Une représentation graphique de ces noyaux est donnée dans la figure suivante :

noyau 7'

\g'\/ \/{ noyau 70D
| El

Finalement, en revenant aux désintégrations B — PV, les éléments de matrice dans la

limite de masse infinie s’écrivent :

o (B—PV) = G—\/g > > N d (P V|0iB), (2.1)

p=u,c 1=1

ou a; contient les effets « non factorisables » (développement en «;) et (P V|0;|B) ; est

lélément de matrice factorisé au sens de la « factorisation nalve »

Remarque. A cette expression, il faut aussi rajouter le terme suivant (appelé terme d’an-

A
nihilation) qui, bien que d’ordre 20D

, peut néanmoins recevoir une contribution non

négligeable des corrections de QCD :

™™ (B—PV) o f5 fr frY M bi
ou b; sont des parametres caractéristiques de I'annihilation.

Agep
my
pris en compte: il se trouve en effet que, dans (2.1), certains a; multiplient des éléments de

Il existe encore d’autres termes qui sont formellement d’ordre mais qui doivent étre

matrice qui sont supprimés par des puissances de rapports de la forme (par exemple pour

le canal B — K )
2m?
K K
S /N q=u,d

-
mp (Mg + my)

AQCD
my

Or, bien que rf soit littéralement d’ordre & ( >, il est numériquement plus proche

1 m?
de l'ordre €(1) car le facteur — est compensé par le terme en ——2—.
my My + M

Autre remarque. Les noyaux 77! présentent des singularités de bord qui proviennent
1

d
d’intégrales de la forme / 1_y (y est relié a I'impulsion de I'antiquark du méson formé

0
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a partir du quark spectateur du méson B initial) qui divergent logarithmiquement. On
s’attend a ce que des effets non-perturbatifs adoucissent ces singularités mais... on ne sait
pas les calculer. Aussi, nous paramétrons pour chaque méson ces intégrales par Xy =

. m
(14 pge'#)In A_B ce qui introduit deux nouveaux parametres dans le modele (pg < 1 et

la phase arbitraire ¢p).

Notons enfin qu'un phénomene similaire se produit pour les termes d’annihilation /™ et

, m
que l'on introduit également X4 = (14 pse’#4)In A—B.
h

2.4 Analyse et premiers résultats

2.4.1 Principe de ’analyse

Afin de confronter QCDF aux données, nous avons commencé par compiler un ensemble
exhaustif de résultats expérimentaux fournis par les collaborations Babar, Belle et CLEO ; en
les combinant, nous en avons déduit une valeur centrale ainsi que les erreurs correspondantes

pour chaque canal possible.

Dans le méme temps, nous avons entré dans Mathematica toutes les relations du modele
présenté dans la section précédente permettant de calculer tous les rapports d’embranche-
ment possibles (les formules utilisées sont recensées dans [25]). Les parametres importants

du modele sont :

— les facteurs de forme AB—=r, AB—w AB=K" [pB=m of pB—K
— la constante de désintégration fp

— les facteurs CKM R,, R, et v

— la masse my, I’échelle d’énergie u

— pa and @4 (nous avons pris Xy = X4 pour tous les mésons, ce qui constitue une

hypothese simplificatrice grossiere et pas vraiment justifiable physiquement)

— Ap (amplitudes de distribution)
Enfin, nous avons réalisé ’analyse proprement dite :

1° Tout d’abord, nous avons utilisé les valeurs expérimentales pour ajuster les para-
metres du modele (par minimisation de x?) en contraignant les valeurs possibles de
ces parametres théoriques dans des intervalles bien définis (le choix de ces intervalles
provient de la littérature, cf. références dans [25]). Puis, a partir de ces parametres
qui donnent le meilleur ajustement, nous avons calculé nos prédictions théoriques

(taux d’embranchement, asymétries CP).
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2° Enfin, nous avons réalisé un « test de qualité », relatif a 'accord entre les mesures et

nos prédictions, fondé sur un test de type « goodness-of-fit » a base de Monte-Carlo:

- les erreurs expérimentales de chaque mesure sont utilisées pour générer de nou-
velles valeurs distribuées autour des rapports d’embranchement et des asymé-
tries CP obtenus dans I’ajustement précédent (avec une probabilité gaussienne)

- un nouvel ajustement, du méme type que celui exécuté sur les données expéri-
mentales réelles, est réalisé en utilisant ces nouvelles données simulées: le x?
obtenu est enregistré dans un histogramme H (x?)

- finalement, on compare le x3.,, obtenu a partir des mesures expérimentales avec
le x% que I'on obtiendrait si nos prédictions étaient correctes et un niveau de

confiance C'L est calculé suivant :

3° Nous n’avons pas pris en compte les canaux faisant intervenir des processus a deux
gluons (donc rejeté les canaux contenant des mésons 7’).
2.4.2 Présentation des résultats: premier scénario

Dans ce premier scénario, tous les parametres du modele sont laissés libres; alors, 1'ajuste-

ment avec les valeurs expérimentales produit le résultat suivant :

Parametre Domaine Scénario n° 1
v (deg) libre 99.955
ms (GeV) [0.085,0.135] 0.085
w (GeV) [2.1,8.4] 3.355
pA [—1,1] 1.000
o a(deg) [—180,180] —22.928
Ag (GeV) [0.2,0.5] 0.500
B (GeV) [0.14,0.22] 0.220
R, [0.35,0.49] 0.350
R, [0.018,0.025] 0.018
AJP 0.3162,0.4278] 0.373
Fp=r [0.23,0.33] 0.330
AB— [0.25,0.35] 0.350
AB—K [0.3995,0.5405] 0.400
Fp—E [0.28,0.4] 0.333
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Notons que beaucoup de parametres prennent l'une de leurs deux valeurs extrémes. A

partir de ces parametres, les prédictions théoriques calculées sont regroupées dans le tableau

suivant :

Canaux Expérience | Scénario n° 1
Prédiction 2
BR(EB’ — ') 207£1.8% | 0132 1.1
BR(EB’ — pt ) 11.023
BR(EO — p-at) 18.374
BR(EB' — prr¥) | 25534432 | 20397 08
BR(B~ — pn) 0494257 | 9.889 0.0
BR(B~ — wr") 6.22 + 1.7 6.002 0.0
BR(B- — &n7) 0.004
BR(B~ — p~ ") 9.646
BR(B~ — K~ K°) 0.457
BR(B~ — K*K~) 0.490
BR(EB' — K 5.865
BR(B' — wK") 6.34+1.82 | 2318 4.9
BR(B' — p"K~) | 1588+4.65| 6531 4.0
BR(B® — K ) | 19.3+£5.2 0.760 3.4
BR(B~ — K% | 71+114 7.303 0.0
BR(EB’ — oK) 8724137 | 8360 0.
BR(B~ — K 7z | 12124313 | 7889 18
BR(B~ — p° K~) 8.92 4 3.6 1.882 3.8
BR(B~ — p K 7.140
BR(B~ — wK") 20924194 | 2398 0.1
BR(B~ — ®K") 8884124 | 8941 0.0
BR(EB' — K'p) 16.41£3.21 | 22807 4.0
BR(B~ — K* ) 254456 | 17.855 1.8

Nous observons que le modele fonctionne bien pour les canaux non-étranges et qu’il y a des

problémes pour les canaux étranges (a part B — ®K).

Si nous retirons de I'étude les canaux contenant un K*, alors il y a accord global entre

QCDEF et les valeurs expérimentales (cette conclusion est en accord avec [26].).
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Pour ce qui est des asymétries CP, nous obtenons les résultats regroupés dans le tableau

ci-apres:
Expérience Scénario n° 1
Prédiction X2
AC,. || 0.3840.23 0.250
Cor 0.45 4 0.21 0.019 5.1/4
er. | —0.22+£0.11| -0.015
ALK 0.19+0.18 0.060
er” | —0.21+£0.19 | -0.072 0.5
A2E™ | —0.214£0.28 | 0.029 0.7
ALK —0.05+£0.3 | -0.138 0.1
AET 0172028 | -0.186 1.6
A2K™ Il —0.05+£0.2 | 0.006 0.1
36.9
Expérience Scénario n° 1
P | —0.82+£0.31+£0.16 -0.04
A2 | —0.11£0.16 +0.09 -0.0002

Il apparait que les asymétries CP directes sont sous-estimées (surtout le canal B — p* 7w~

dont I'expérience prédit une contribution plutot importante).

Enfin, le test « goodness of fit » nous donne:

400~

3501
3001

Expériences

250
200;
150;
100;

50

NA Tl

0
0 5 10 15 20 25 30 35 40 45 50

X2

et le niveau de confiance du modele calculé est inférieur a 0.1% ce qui semble dire que les

données expérimentale excluent le modele...
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2.4.3 Résumé

Il y a des problemes avec les canaux faisant intervenir un quark étrange : ils sont sous-estimés
par le modele QCDF. De méme, les asymétries CP directes sont aussi sous-estimées dans
les canaux non-étranges. Et enfin, il y a accord avec les données expérimentales lorsque les

canaux K™ ne sont pas pris en compte.

2.5 Les “pingouins charmés”

Pour tenter de faire mieux coller les prédictions de QCDF aux données expérimentales,
il faudrait trouver un mécanisme non-perturbatif qui augmente les contributions des dia-
grammes pingouins | P| dans les canaux étranges (cela permettrait d’augmenter les rapports
d’embranchement) ainsi que le rapport |P|/|T| dans les canaux non étranges (ce qui aug-
menterait également les asymétries CP). Aussi avons-nous utilisé un modele d’interaction a

longue distance : le modele des pingouins charmés.

2.5.1 Philosophie du modele

L’idée de ce modele est que le quark ¢ n’est pas si lourd que cela et donc qu’il peut se

propager.... d’ou un opérateur correspondant non local :

=S

gﬁl

B P+V

Il y a création d’'un état hadronique intermédiaire (le systéme D, + D) qui peut se propager
a longue distance puis, finalement, la paire c¢ s’annihile par interaction forte en une paire

de quarks légers pour donner a la fin deux mésons légers.

En pratique, cela revient a ajouter a l’élément de matrice de transition B — PV une

amplitude constante, qui devra étre ajustée ; typiquement, cette amplitude est de la forme:

" (B — PV) = ZA(CGP AP +CGY AY)

Gr,,
V2
(CG': coefficients de Clebsch-Gordan de SU(3) de saveur)
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Deux parametres supplémentaires sont donc rajoutés aux modele initial : A" et AY

2.5.2 Nouveaux résultats: second scénario

Les nouvelles valeurs des parametres ajustés sont alors:

Parameétre Domaine Scénario n° 2
7 (deg) [34°,82°] 81.933
m, (GeV) [0.085,0.135] 0.085
p (GeV) [2.1,8.4] 5.971
pA [—1,1] 1.000
P4 (deg) [—180,180] —87.907
Mg (GeV) (0.2,0.5] 0.500
Iz (GeV) [0.14,0.22] 0.203
R, [0.35,0.49] 0.350
R, [0.018,0.025] 0.018
A (0.3162,0.4278] 0.377
FB=r [0.23,0.33] 0.301
AB—w [0.25,0.35] 0.326
AB—K [0.3995,0.5405] 0.469
FB—K [0.28,0.4] 0.280
Re[A”] [—0.01,0.01] 0.00253
Im[A”] [—0.01,0.01] —0.00181
Re[AY] [—0.01,0.01] —0.00187
Im[AY] [—0.01,0.01] 0.00049

Nous notons la encore que certains des parametres prennent une de leurs valeurs extrémes.
Par ailleurs, les valeurs des termes du modele des pingouins charmés sont plutot petites
(principalement & cause du canal B — ®K qui est en bon accord avec QCDF ! et donc qui

limite énormément l'introduction d’un terme de longue distance).

Quant aux rapports d’embranchement, ils sont rassemblés dans le tableau suivant :

Canaux Expérience | Scénario n° 2

Prédiction 2

BR(B® — p°n%) 207188 | 0177 1.0
BR(EB’ — ptr) 10.962
BR(EO — p-7t) 17.429

BR(B' — prn¥) | 25534432 | 28391 04

1. Bien que les canaux étranges soient généralement sous-estimés par QCDF, les canaux sss constituent

une exception.
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Canaux Expérience | Scénario n° 2
Prédiction  x?
BR(B~ — p°r1°) 049+257 | 7.879 04
BR(B~ — wr") 6.22+ 1.7 5186 0.4
BR(B~ — &r°) 0.003
BR(B~ — p~ ) 11.404
BR(B- — K* K°) 0.788
BR(B~ — K*K-) 0.494
BR(EB' — K" 8.893
BR(EB' — vk 634182 | 5606 0.2
BR(EB' — p*K-) | 1588+4.65 | 14304 0.1
BR(B’ — K* ) | 193+52 | 10787 27
BR(B~ — K* =% | 714114 8292 0.0
BR(EB' — oK) 8724137 | 8898 0.0
BR(B- — K r) | 1212+3.13 | 11.0s0 0.1
BR(B~ — p°K~) 8.92 4 3.6 5.655 0.8
BR(B~ — p~ K) 14.006
BR(B~ — wK") 2924194 | 6320 3.1
BR(B~ — ®K") 888+£1.24 | 9479 0.2
BR(B’ — K"n) 16.41+321 | 18.968 0.6
BR(B~ — K* ) 254+56 | 15543 3.1

et pour les asymétries C'P, nous obtenons :

Scénario n° 2

Prédiction X

2

Expérience

AC, | 0384023
Con 0.45 £ 0.21
Aer |l —0.2240.11
ALK 0.19+0.18
9™ | —0.2140.19
A2K™ |1 —0.21 +£0.28
ALKl —0.05+£0.3
AET 0174028
AL || —0.05+£0.2

0.228
0.092
-0.115
0.197
-0.198
0.189
-0.217

-0.158
0.005

3.9/4

0.0
2.0
0.3
1.4
0.1
20.8




74 Chapitre 2 - Hypothéses de factorisation

Expérience Scénario n° 2
P | —0.82+£031+0.16 -0.23
AT [ =011 +£0.16 £ 0.09 0.04

L’accord avec I'expérience est amélioré (comme il était prévu) et nous avons bien obtenu

une augmentation des asymétries C'P. Enfin, le test « goodness of fit » nous donne:

4501
400
350
300
250

Expériences

200
150
100

50

0 \\‘\\\\‘\\\\‘\\\\\T\/\\\‘\\\ \_lk_l‘l_l\\‘\_l\\
0 5 10 15 20 25 30 35 40 45 50

XQ

correspondant a un niveau de confiance inférieur a 7.7%. Le modele ne peut donc pas étre

exclu par les données expérimentales.

2.6 Conclusions

Au vu de I'étude précédente, il apparait qu’il est impossible de faire un ajustement correct
des données expérimentales avec le modele de factorisation amélioré QCDF ; la raison a
lorigine de cet échec est une estimation trop faible par QCDF des canaux étranges (excepté
le canal B — ®K) ainsi qu’une valeur pour les asymétries CP directes non-étranges B —
pTm~ bien plus petite que la valeur expérimentale. Par ailleurs, le test « goodness of fit »
rejette le modele (0.1%) dont les valeurs ajustées ont d’ailleurs tendance a vouloir sortir de
leur domaine de variation autorisé. Un ajustement réalisé sans les canaux K* améliore, de

fait, les résultats de maniere significante.

Afin d’augmenter les amplitudes P par rapport aux amplitudes 7', dans le but de corriger le
probleme précédemment mentionné, nous avons rajouté des termes d’interaction a longue
distance (les pingouins charmés) ; les modifications introduites ne permettent plus vraiment
d’exclure le modele (niveau de confiance du test « goodness of fit » de l'ordre de 8%)
mais un certain nombre de parametres prennent encore une de leurs valeurs limites et les
contributions des pingouins charmés ajustées sont relativement faibles. Méme si le modele

a été amélioré, ce n’est pas encore tres convaincant.
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En résumé, la situation pour QCDF vis-a-vis des données expérimentales ne semble pas
tres bonne et peut-étre faudra-t-il considérer I’évolution des mesures fournies par les ex-
périmentateurs pour affiner le test; en effet, la prise en compte de données plus récentes
concernant les canaux B — pm et B — pK de la collaboration Babar ont augmenté le

niveau de confiance de QCDF jusqu’a 1% et diminué celui du modéle « pingouins charmés »

a 3%...
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Testing QCD factorization and charming penguin diagrams in charmles8 —PV
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We try a global fit of the experimental branching ratios @B asymmetries of the charmle&— PV
decays according to QCD factorization. We find it impossible to reach satisfactory agreement, the confidence
level (C.L.) of the best fit being smaller than 0.1%. The main reason for this failure is the difficulty to
accommodate several large experimental branching ratios of the strange channels. Furthermore, experiment

was not able to exclude a large diré@P asymmetry inB°— p™ 7, which is predicted to be very small by

QCD factorization. Trying a fit with QCD factorization complemented by a charming-penguin-diagram-
inspired model we reach a best fit which is not excluded by experif@ht of about 8% but is not fully
convincing. These negative results must be tempered by the remark that some of the experimental data used are
recent and might still evolve significantly.

DOI: 10.1103/PhysRevD.67.094019 PACS nuniberl3.25.Hw

I. INTRODUCTION pared to the intrinsic scale of strong interactions. This allows
one to deduce that nonleptonic decay amplitudes in the
It is an important theoretical challenge to master the nonheavy-quark limit have a simple structure. It implies that
leptonic decay amplitudes and particulaByhonleptonic de- corrections termed “nonfactorizable,” which were thought to
cay. It is not only importanper se in view of the many be intractable, can be calculated rigorously. The anomalous
experimental branching ratios which have been measured reimension of the matrix elements is now correct to the order
cently with increasing accuracy by BaHdr-10], Belle[11—  at which the calculation is performed. Unluckily the sublead-
15], and CLEO[16-21], but it is also necessary in order to ing O(A/m,) contributions cannot in general be computed
get control over the measurement P violating param-  figorously because of infrared singularities, and some of
eters and particularly the so-called angleof the unitarity these which are chirally enhanced are not small, of order
triangle. It is well known that extracting from measured O(M2/my(m,+mg)), which shows that the inversen,
indirect CP asymmetries needs a sufficient control of thePOWer is compensated b, /(my+myg). In the seminal pa-

relative size of the so-called tré&) and penguin(P) ampli-  P€rs 0f[22,23, these contributions are simply bounded ac-
tudes. cording to a qualitative argument which could as well justify

However, the theory of nonleptonic weak decays is a dif-& significantly larger bound with the risk of seeing these

ficult issue. Lattice QCD gives predictions for semileptonic!mpre{j'(:table terms become dominant. It is then of utmost

or purely leptonic decays but not directly for nonleptonic'g%ODrgnce to check experimentally QCD factorization
ones. For a while, one has used what is now called “naive( '

factorization” which replaces the matrix element of a four- hasr':]fs a fe:/ é’gagsa’k; rf:]aes beer; ap?l'“r?edag:lzr; (fg’:;? re
fermion operator in a heavy-quark decay by the product of SS pseudos Souscays. 9 u

the matrix elements of two currents, one semileptonic matri s_that the decay to nonstrange fina_1| states is predicted to be
element and one purely leptonic. It has been noticed for lightly larger than experiment while the decay to strange

while that naive factorization did provide reasonable results inal states is significantly underestimated. [B3] it is

although it was impossible to derive it rigorously from QCD fl.a'mrfd thalt thl's cantrtlae cured bﬁ' a Valuf gf Ithe unltarli)y-
except in theN,— limit. It is also well known that the flangie angiey larger than generally €xpected, larger maybe

matrix elements computed via naive factorization have a{hiﬂ 90°. 'Ir;aIl(lr(\jg aISO.LDtO| accm;n: \t/ﬁrlousrunﬁ]er;f;untfles(t:hs
wrong anomalous dimension. authors conclude positively as for the agreement of Q

Recently an important theoretical progress has been pelgctorization with the data. I[[24,25 it was objected that the
a

formed[22,23 which is commonly called “QCD factoriza- rge branching ratios for strange channels argued in favor of
tion.” It is t;ased on the fact that the quark is heavy com- the presence of a specific nonperturbative contribution called

“charming penguin diagrams{25-30. We will return to
this approach later.

The B— PV (charmless pseudoscalar vector mesons
channels are more numerous and allow a more extensive
check. In Ref.[31] it was shown that naive factorization

*Email address: aleksan@hep.saclay.cea.fr
"Email address: giraudpf@hep.saclay.cea.fr
*Email address: morenas@clermont.in2p3.fr —-
$Email address: pene@th.u-psud.fr implied a rather smallP|/|T| ratio, for theB°—p=#* de-

IEmail address: safir@theorie.physik.uni-muenchen.de cay channel, to be compared to the larger one for Bhe
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— "o . This prediction is still valid in QCD factorization asymmetries than QCDF due to the fact that penguin contri-
ioi 0/4(80 0 butions to annihilation diagrams, claimed to be calculable in
where th(LE’Vlﬂ ratio s of about. 3%(8%) for the B PQCD, contribute to a larger amount to the amplitude and
—p 7~ (B°—p~7") channel against about 20% for the have a large strong phase. In fact, in PQCD, this penguin
BO— 7" 7~ one. If this prediction were reliable, it would put @nnihilation diagram is claimed to be of the same order,
0 . ) . O(«ag), than the dominant naive factorization diagram while
the B>—p"m channel in a good position to measure thej, OCDF it is alsoO(a) but smaller than the dominant
Cabibbo-Kobayashi-MaskawdCKM) angle a via indirect 56 factorization which iS0(1). Hence, in PQCD, this

CP violation. This remark triggered the present work: We 5rge penguin contribution with a large strong phase yields a

wanted to check QCD factorization in tile~PV sector to rge CP asymmetry[40—47.

estimate the chances for a relatively easy determination of QCD factorization is concluded to be unable to describe

the anglea. . the present data satisfactorily, while there is to our knowl-
The noncharme8— PV amplitudes have been computed ggge no theoretical argument against it, we have to incrimi-

in naive factorizatior[32], in some extension of naive fac- nate nonperturbative contributions which are larger than ex-
torization including strong phas€33], in QCD factorization pected. One could simply enlarge the allowed bound for

[34-3@, and some of them in so-called perturbative QCDinsse contributions which are formally subleading but might
[37,38. In [39], a global fit toB—PP,PV,VV was investi- pa |arge. However, a simple factor of 2 on these bounds

gated using QCDF in the heavy-quark limit and a plausibleyakes these unpredictable contributions comparable in size
set of soft QCD parameters has been found that, apart frofith the predictable ones, if not larger. This spoils the pre-
three pseudoscalar vector channels, fit well the expenment@lictivity of the whole program.

branching ratios. Recent[86] it was claimed from a global A second line is to make some model about the nonper-
fit to B—PP,PV that the predictions of QCD factorization y,rhative contribution. The “charming penguin diagram” ap-
are in good agreement with experiment when one excludegyoach [27,30 starts from noticing the underestimate of
some channels from the global fit. When this paper appearegrange-channel branching ratios by the factorization ap-
we had been for some time considering this question and OWroaches. This will be shown to apply to tR&/ channels as
feeling was significantly less optimistic. This difference o\l as to thePP ones. This has triggered us to try a
shows that the matter is far from trivial mainly because €X-charming-penguin-diagram-inspired approach. It is assumed
perimental uncertainties can still be open to some discussiof, ot some hadronic contribution to the penguin loop is non-
We would like in this paper to understand better the origin of,ertyrhative, in other words that weak interactions create a
the difference between our unpublished conclusion and theparm-anticharm intermediate state which turns into non-
one presented if86] and try to settle the present status of the charmed final states by strong rescattering. In order to make

comparison of QCD factorization with experiment. the model as predictive as possible we will use not more than

~ One general remark about QCD factorization is that ity ynkown complex numbers and use flavor symmetry in
yields predictions which do not differ so much from naive strong rescattering.

factorization ones. This is expected since QCD factorization |, sec. I we will recall the weak-interaction effective
makes a perturbative expansion the zeroth order of whichyamiltonian. In Sec. 11l we will recall QCD factorization. In

being naive factorization. As a consequence, QCD factorizagec v/ we will compare QCD factorization with experimen-
tion predicts very small dire€@ P violation in the nonstrange 5 branching ratios and dire€P asymmetries. In Sec. V we

channels. Naive factorization predicts vanishing dif€& || propose a model for nonperturbative contribution and
violation. Indeed, direcCP violation needs the occurrence compare it to experiment. We will then conclude.

of two distinct strong contributions with a strong phase be-
tween them. It vanishes when the subdominant strong con-
tribution vanishes and also when the relative strong phase
does as is the case in naive factorization. In the case of The effective weak Hamiltonian for charmless hadrddic
nonstrange decays, the peng(f) and tregT) contributions  decays consists of a sum of local operat@ysmultiplied by
being at the same order in the Cabibbo angle, the penguishort-distance coefficients; given in Table | and products
diagram is strongly suppressed because the Wilson coeffpf elements of the quark mixing m;j\tri)\,pzvpbvgS or )\")
cients are suppressed by at least one power of the strong\/pb\/;d_ Below we will focus onB— PV decays, wher®
coupling constanks and the strong phase in QCD factoriza- and\V hold for pseudoscalar and vector mesons, respectively.

tion is generated by &(as) correction. Having bottP/T  ysing the unitarity relation-\,=\,+\., we write
and the strong phase small, the dir€® asymmetries are

doubly suppressed. Therefore a sizable experimental direct

Il. EFFECTIVE HAMILTONIAN

Hog= > A
CP asymmetry inB°—p* 7~ which is not excluded by ex- SN pSic P

periment[9] would be at odds with QCD factorization. We
will discuss this later on. Notice that this argument is inde-
pendent of the value of the unitarity angje contrarily to
arguments based on the value of some branching ratios
which depend ony [23]. where QF, are the left-handed current—current operators
The perturbative QCBPQCD) predicts larger direcEP  arising fromW-boson exchangeQ; . ¢ and Q;

+C7,Q7,+CgqQsq| +H-C., (1)
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TABLE I. Wilson coefficientsC; in the NDR scheme. Input

parameters areA%zo.ZZS GeV, m(m,) =167 GeV, my(my,)
=4.2 GeV,My,=80.4 GeV,a=1/129, and sif¥,=0.23[23].

NLO (o C, Cs Ca Cs Cs
w=my/2 1.137 -0.295 0.021 —0.051 0.010 —0.065
u=m, 1.081 -0.190 0.014 —0.036 0.009 —0.042
w=2m, 1.045 -0.113 0.009 —0.025 0.007 —0.027
Csla  Cgla Cgla Cyla  C$¥ cen
w=my/2 —0.024 0096 —1.325 0331 — —
u=m, —0.011 0.060 —1.254 0223 — —
w=2m, 0011 0.039 —-1.195 0144 — —
LO C, C, Cs Ca Cs Ce
w=my/2 1.185 -0.387 0.018 —0.038 0.010 —0.053
u=m, 1117 —0.268 0.012 —0.027 0.008 —0.034
w=2m, 1.074 -0.181 0.008 —0.019 0.006 —0.022
C,la  Cgla Cyla Cyla CS" Coe
w=my/2 —0.012 0.045 —1.358 0.418 —0.364 —0.169
w=m, —0.001 0.029 —-1.276 0.288 —0.318 —0.151
w=2m, 0.018 0.019 —-1.212 0.193 —0.281 —0.136

QCD and electroweak penguin operators, &, and Qg
are the electromagnetic and chromomagnetic dipole operaquations. The essential problem obstructing the calculation
tors. They are given by

Q0=(pb)y_a(Splv-a, Q5= (Ebj)va(gjpi)VfA ,

Q3=<§b>V,A§ (AQ)v-a,

Q4:(§ibj)V7A§ (aj%)vfm

Q5=<§b>v_A§ (AQ)v s A

Q6=<§bj>vf@ (9% v+ A

Q7= (gb)V—A% 3 eq(aq)V-FAa

Qs= (gibj)va% 3 eq(ajqi)VJrAv

M,

PHYSICAL REVIEW D67, 094019 (2003

Qg=<§b>V,A§ 2eq(qq)yv-_a,

Qo= (;ibj)v—Ag 3 eq(ajqi)V—Ay

e J—
Q7,= ﬁmbsgw(l‘F ¥s)F#*D,

g _
Qgg=8—ﬂjmbs%,(1+ 5)G~7b, ®)

where @10,)v+-a=01Y.(1* vs)d,, i,j are color indicesg,

are the electric charges of the quarks in unit§edf and a
summation oveg=u,d,s,c,b is implied. The definition of
the dipole operatorQ;, and Qg, corresponds to the sign
conventioniD#=id*+ g Akt, for the gauge-covariant de-
rivative. The Wilson coefficients are calculated at a high
scalex~M,y, and evolved down to a characteristic scale
~m, using next-to-leading order renormalization-group

of nonleptonic decay amplitudes resides in the evaluation of
the hadronic matrix elements of the local operators contained
in the effective Hamiltonian.

Ill. QCD FACTORIZATION IN B—PV DECAYS

When the QCDF method is applied to the decds
— PV, the hadronic matrix elements of the local effective
operators can be written as

(PVIOIB)=FE P (O)T) by +AS (O Th o
+ T xfgDgafy Dy fpdp, 3

where @, are leading-twist light-cone distribution ampli-
tudes, and the -products imply an integration over the light-
cone momentum fractions of the constituent quarks inside
the mesons. A graphical representation of this result is shown
in Fig. 1.

Here F§~P and A5~V denote the form factors foB
— P andB—V transitions, respectivelypg(§), Py (x), and
dp(y) are the light-cone distribution amplituddsCDAS) of

FIG. 1. Graphical representation of the factor-
ization formula. Only one of the two form-factor
terms in Eq.(3) is shown for simplicity.
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E\/ }@/ \Q% \\/g FIG. 2. Orderag corrections to

the hard-scattering kernels. The
upward quark lines represent the
(a) (b) (C) (d) emitted mesons from b quark
weak decays. These diagrams are
commonly called vertex correc-

tions, penguin corrections, and
hard-spectator-scattering diagrams
ik E} ] for (a)—(d), (e),(f), and(g),(h), re-
spectively.
(e) (f) (8) (h)

valence quark Fock states f@; vector, and pseudoscalar (3). But as emphasized id0-42, the contributions from
mesons, respectivel'y".!"' denote the hard-scattering kernels, weak annihilation could give large strong phases with QCD
which are dominated by hard gluon exchange when theorrections, and hence lar@ violation could be expected,
power suppressed(Aqcp/m,) terms are neglected. So so their effects cannot simply be neglected. However, in the
they are calculable order by order in perturbation theory. Th&QCDF method, the annihilation topologiésee Fig. 3 vio-
leading terms off' come from the tree level and correspond ate factorization because of the end-point divergence. There
to the naive factorizatioiNF) approximation. The order of s similar end-point divergence when considering the chirally
as terms of T' can be depicted by vertex-correction diagramsenhanced hard-spectator scattering. One possible way is to
Figs. 2a-2(d) and penguin-correction diagrams Figs. treat the endpoint divergence from different sources as dif-
2(e),(f). T" describes th_e hard interactions between the SPeGerent phenomenological parametf28]. The corresponding
tator quark and the emitted mesbh, when the gluon virtu- - price s the introduction of model dependence and extra nu-
ality is large. Its lowest order terms a@(as) and can be  marical uncertainties in the decay amplitudes. In this work,

depicted by hard-spectator-scattering diagrams, Fi@®~2 e will follow the treatment of Ref[23] and express the
2h). Oqe of thg most interesting regu!ts of the QCDF aPyeak annihilation topological decay amplitudes as
proach is that, in the heavy-quark limit, the strong phases
arise naturally from the hard-scattering kernels at the order
of ag. As for the nonperturbative part, they are, as already
mentioned, taken into account by the form factors and the Aa(BHPV)“fopfvz Apbi, (5)
LCDAs of mesons up to corrections which are power sup-
pressed in Ih,.

With the above discussions on the effective Hamiltonian ]
of B decays Eq(1) and the QCDF expressions of hadronic where the parametels are collected in Sec. Il B, and the
matrix elements, Eq3), the decay amplitudes f@— PV in expressions for the weak annihilation decay amplitudes of
the heavy-quark limit can be written as B—P V are listed in Appendix B.

10
G
A(B—>PV)=—; > S NakPVIO|BYy. (@) A. QCD coefficientsa
p=uc i=1

We express the QCD coefficiends [see Eq.(4)] in two

The above(PV|®,|B),; are the factorized hadronic matrix Parts: i.e.,.aj=a; ;+a;, . The first terma; , contains the
elements, which have the same definitions as those in the Nfaive factorization and the vertex corrections which are de-
approach. The “nonfactorizable” effects are included in thescribed by Figs. @)—2(f), while the second pas; ;, corre-
coefficientsa; which are process dependent. The coefficientssponds to the hard-spectator-scattering diagrams Figs.
a; are collected in Sec. lll A, and the explicit expressions for2(g),(h).
the decay amplitudes d8— PV can be found in Appen- There are two different cases according to the final states.
dix A. Case | is that the recoiled mesdhy is a vector meson, and

According to the arguments if22], the contributions of the emitted mesoM, corresponds to a pseudoscalar meson,
weak annihilation to the decay amplitudes are power supand vice versa for case Il. For case |, we sum up the results
pressed, and they do not appear in the QCDF formula, Edor a; as follows:

b M
B < FIG. 3. Orderag corrections to
. the weak annihilations of charm-
: less decay8— PV.
(a) (b) () (d)
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Cra 7Cea
_ 2 F&s |:
a11|—C1+N— 1+ 4 V|, 2105 =—5—CoH(BM,M)), (6)
c Ng
mCras
ay =5 N 2C,H(BM;,M,), where Ce=(N2—1)/2N,, and N.=3. The vertex param-
C

etersVy, andV,, result from Figs. 2a)—2(d); the QCD pen-
guin parameters}, i and the electroweak penguin param-
, etersP};S" result from Figs. Be)—2(f).
The vertex corrections are given by

Cra
az,,=c2+—1[1 F SvM

Ay = C H(BMy, m 1
2! 5 (BMy,M2) VM:12In7b—18+ fodxg(x)CDM(x),
C Cra
a3‘|:C3+N_4 1+ :WSVM y m 1
¢ vgﬂ=12|n7b—6+f dxg(1—x) @y (x),
0
7TCF

BN p N2 C4H(BM1, 2)s

c

Y (i RV o O PYY 2t 20X
; Cra Co. PP g(x)= 1x nx—im i>(X)—In“x 1%
al =Cyt —2| 14+ ——Vy |+ o= -2
AN 4t 4m N’
—(3+2im)Inx—(x=1-X)|, (7)
7TCF
g =—5— 2C3H(BM;,My),
Ne where Li(x) is the dilogarithm function, whereas the con-
stants 18 and 6 are specific to the naive dimensional reduc-
_c +% 1 CFasV tion (NDR) scheme.
as1=5T N A M| The penguin contributions are
. __WCFCYSC H'(BM,.M,) PP 4Imb+2 G +<C lC)
511 — 6 1,12/, = —ln—4+ — — - —
N2 M2 13n’u 3 m(Sp) 37 5C9
8 m, 4
ap s O8] gCras|  Cras Plus X| 3In—2+ == Gu(0) =Gy (1)
6176 T N, A 4 N, K
3 3
8 C,:as + 2 C4+ C6+ Eequ-i- Eequo
g, =0, a7,|:C7‘|'N— 1- yp Vil q=9
Cc
4 my 1 Dy(x)
X|zIn— —Gy(s —2ceﬁf dx :
nCras 3"~ OulS) | 72Ce | D7
a7y =————CgH (BM;,My),
NC
p.ew PP —Cyl o212 g +c 1(:)
) = —_— n_ —_—— S _——
ab =C8+E 1R ﬂPM~3’ ma=Cagin— "+ 3= Gulsy) 3= 5Co
o N¢ 4 97 N

o B 2 0)— Gy (1
§n7+§— m(0)—Gn(1)

C Cra
a&”:O, a9’|:Cg+ N_10|:1+ F SVM
C

rZ

3 3
Eech-i- Eeqclo

7Crag
Q=" “CiH(BM,M)), 4 my 5
c §In7 — (Sq) 89 , (8)
C C,:a o Pﬁ/i?zw
Ao, = ClOJFN L Vit on N

and the electroweak penguin parametefs;”,
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2
P :(C1+N C2) |n7+ 3 M(Sp)
| Zme Gu(0)— S Guy(1
§n7 373 m(0) > m(1)

+ > (N.C3+Cy+N.Cs+Cg)

—(C3+NCy)

a=q’

3 4 my £ M(X)
Xzeq §In7—GM(sq) - Ce j dx

mb 2
Ph3'=(C1+N¢ Cz) +§_GM(5p) —(C3+NCy)

4|m +2 =Gy (0 é 1

_n7 32 m(0)— m(1)
+ > (NC3+Cy+N.Cs+Cg)

q=q’

3 4 m
Xzeq 3 ,LL (Sq) 7)/’ 9

wheres,=mj/mg, and wherey’ in the expressions fdPf) ;

and P}S" runs over all the active quarks at the scale
=0O(my), i.e., q'=u,d,s,c,b. The functionsGy,(s) and

Gu(s) are given, respectively, by

1
Gu(s)= jo dxG(s—ie,1—x)D\(X),

GM(S)=folde(s—ie,l—x)Q)’,f,,(x),

(10

(11)

G(s,x)= —4f01duu(1— win[s—u(1—-u)x]

B 2(12s+5x—3xIns)

9x

4\/4s—X(2s+X)
———————arc

3X3/2

The parametersi(BM,

X
tam/ yr— (12

M,) andH'(BM{,M

o) ina,,
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HI(BV.:F)= ABHV(O)j gf

« fldy‘bs(f) Pp(x) d)ﬁy).

X

(13

For case ll(vector meson emittgdexcept for the param-
eters ofH(BM{,M,) and H'(BM{,M,), the expressions
for a; are similar to those in case |I. However, we would like

to point out that, becausg/|(qq)s-p|0)=0, the contribu-
tions of the effective operator®g g to the hadronic matrix
elements vanish; i.e., the terms that are relateakpdisap-
pear from the decay amplitudes for case Il. As to the param-
etersH(BMy,M;) andH'(BMy,M,) in a;,,, they are de-
fined as

dg(§)

RERV)= FBHP(O)f gf Jd

Pp(y) | 2up X PR(Y)

Dy(x)
N y m, X y

X

HYBR.V)== BFB_’P O)I f fdy =

‘DP(Y) ZMPXq)(Y)
Yy Mex y |

Dy(x)
X

(14

The parametep= mP/(m1+ m,), wherem, , are the cur-
rent quark masses of the meson constituents, is proportional
to the chiral quark condensate.

B. Annihilation parameters b,

The parameters ob; in Eq. (5) correspond to weak-
annihilation contributions. Now we give their expressions,
which are analogous to those [ia3]:

bl(Ml,Mz)zmclAll(Ml,Mz),

ce
bZ(MlvMZ):FCZAll(MlaMZ)y

C

which originate from hard gluon exchanges between the
spectator quark and the emitted meddp, are written as

H(BV,P)= — Bﬂv(o)f gf

1 d
xfdy
0

g(&) Op(Xx) Dy(y)

X

Yy

Ce .
bs(Mlsz):F{C3AI1(M1,M2)"'CsAlg(Ml:Mz)
C

+[C5+NCg]AL(M1,M))},

C . _
b4(M1,M2)=N—Z{C4A'1(M1,M2)+C6A'2(M1,M2)},

c
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. .
bgw(Ml.Mz):F{CgAll(Ml,Mz)+C7AI3(M1:M2)
C

+[C7+NCg]AY(M{,M))},

C ) )
biW(Ml.Mz>=N—Z{cmA'l<M1,Mz>+csA'2<M1,Mz>}-
(o4

Here the current-current annihilation

(15

parameters
b1 A(M;,M,) arise from the hadronic matrix elements of the

effective operator®), ,, the QCD penguin annihilation pa-
rameterd; ,(M;,M;) from O;_g, and the electroweak pen-
guin annihilation parametetss;(M;,M,) from O;_1o. The

parameters ob; are closely related to the final states; they
can also be divided into two different cases according to the

final states. Case | is thd; is a vector meson anidll, is a
pseudoscalar mesdhereM, andM, are tagged in Fig.)3

Case Il is thatM 4 corresponds to a pseudoscalar meson and
M, corresponds to a vector meson. For case |, the definitions

of AL'(M{,M,) in Eq. (15) are

Al (V,P)=0,

2up 2(1+X)

1 1
ALv,P)= msj de dyd(x)DB(y) —
0 0 my

. 1 1
Al(V,P)= wasjo dxf0 dy®(x)Dp(y)

1
>< —_+
y(1—xy)

1
X%y

Xy

PHYSICAL REVIEW D67, 094019 (2003

. 1 1
A (V,P)=— Wasfo dxfo dy®(x)®p(y)

1 1
J’_

>< Pam— pu— _
X(1—xy) xy?

. 1 1
A's(V,P)=7rasf dXJ dy®(x)Pp(y)
0 0

2 2y
My xy(1—xy)
For case I,

Al AP,V)=0,

f ' '
ALP.V)= e [ ax [ dywRooayy)

2up 21+y)
My xy?2

X 1 1
APV = e x| ay@oGou(y)

1 1

>< R — _2 y
y(1—xy) X%y

. 1 1
A(P.V)= —mvsjo dxjo dy®p(X)Py(y)

1 1

>< _—_+__
X(1—xy)  xy?

TABLE II. Experimentally known data of P-averaged branching ratios for the charmiBss PV decay
modes, used as input for the global fit. The channels containingythmeson have been excluded.

BR (X 10P) BaBar[1-10] Belle[11-15 CLEO[16-27 Average
B —m*p* 28.9+5.4+4.3 20.8°8373% 27.6'84+4.2 25.53-4.32
B —mtp® 24+8+3(<39) 8.0"33+0.7 10.433+2.1 9.49+2.57
BO— 7%p° 3.6+3.5+1.7(<10.6) <5.3 1.6°29+0.8(<5.5) 2.07+1.88
B omtw 6.6°23+0.7 4.229+05 11.333+1.4 6.22+1.70
B—K*p~ - 15.8°357%34 16.0'55+2.8(<32)  15.88-4.65
BT —K*p® 10+6+2(<29) - 8.4'33+1.8(<17) 8.92+3.60
B"—K"'w 1.4°13+0.3(<4) 9.23%+1.0 3.224+0.8(<7.9) 2.92+1.94
B°—K%w 5.9°17/+0.9 - 10.0°35+1.4(<21) 6.34+1.82
BO—K* T ar~ - 26.0-8.3+3.5 16"8+2 19.3+5.2
BY —K*Oz~ 15.5+3.4+1.8 19.4'32+21735  7.6°35+1.6(<16)  12.12+3.13
BT —K* #° - - 717344+ 1.0(<31) 7.1+11.4
Bf—K**y 22.1°341+3.3 26.578+3.0 26.435+3.3 25.4+5.6
BO—K*0y 19.8"53+1.7 16.545+1.2 13.853+1.6 16.41+3.21
BT—K"¢ 9.2+1.0+0.8 10.71.0°92 5.523+0.6 8.58+1.24
B°—KO% 8.7 11+0.9 10.019799 5.4'37+0.7(<12.3)  8.72+1.37
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Experimental measured data of direCtP asymmetries for the charmle&— PV decay

Aep BaBar[1-10| Belle[11-15 CLEO[16-2] Average

B =7 o —0.01732%+0.03 - —0.340.25+0.02  —0.21+0.19
B —K w - —0.21+0.28+0.03 - -0.21+0.28
B —K* g - —-0.05"5%5+0.01 - —0.05+0.30
B—K*%y - 0.17°9%8+0.01 - 0.17+0.28
B-—K ¢ —0.05+0.20+0.03 - - —0.05+0.20

_ 1 1
A'3(P,V)=wasfo deo dy®B(x)Dy(y)

2/,Lp 2X

M (L xy) o

is crude and there is no known physical argument justifying
this assumption. We shall see below tbat gives large un-
certainties in the theoretical prediction.

IV. QCD FACTORIZATION VERSUS EXPERIMENT

In order to propose a test of QCD factorlzatlon with re-

[23]. The superscriptsandf on A"*' correspond to the con-
tributions from Figs. &),(b) and 3c),(d), respectively. The
subscriptk=1, 2, and 3 orA refer to the Dirac structures
(V-A)® (V- A) (V A)®(V+A), and
(—=2)(S—P)®(S+P), respectively. d,/(x) denotes the
leading-twist LCDAs of a vector meson, anblp(x) and

branching fractions and dired@ P asymmetries was per-
formed and is given in Tables II, Ill, and IV. This compila-
tion includes the latest results from BaBar, Belle, and CLEO.
The measurements were combined into a single central value
and error, which may be compared with the theoretical pre-
diction. First, the total error from each experiment was com-

®P(x) denote twist-2 and twist-3 LCDAs of a pseudoscalarputed by summing quadratically the statistic and systematic

meson, respectively.
Note that assuming SB) flavor symmetry implies sym-
metric LCDAs of light mesonsunderx«x), whenceA' =
— A'
tions (for case )} can be parametrized as
2

4+ 2
?'

il(V,P):l&raS( Xa—
AY(V,P)=mag [2m2—6(X5+2Xa)],

AL(V,P)=6magr (2X53—Xa), (18

WhereXA=f(1)dx/x parametrizes the divergent end-point in-

tegrals and ,=2up/my is the so-callecthirally enhanced
factor. We can get similar forms to E¢L8) for case Il, but
with AL(P,V)=—AL(V,P). In our calculation, we will treat

error: this approach is valid in the limit that the systematic
error is not so large with respect to the statistic error. Second,

when the experiment provides an asymmetric err6i‘ a

In this approximation the weak-annihilation contribu- conservative symmetric error was assumed in the calculation

by using=Max(o,05). In case of a disagreement between
several experiments for a given measurement, the total error
was increased by a “scale factor” computed fronyacom-
bining the various experiments, using the standard procedure
given by the Particle Data Grou®DG) [43].

In order to compare the theoretical predictidiy$ with
the experimental measuremerts*+ o}, the following 2
was defined:

x—y\?

=2

In the case when a correlation matrix between several mea-

Xa as a phenomenological parameter and take the sanmirements is given by the experiment, as in the case of the
value for all annihilation terms, although this approximationp™ 7 /p"K~ measurements, thg? was corrected to ac-

TABLE IV. Experimental results and correlation matrix for the
various asymmetries measured in the chanpéls*/p~“K*. The
notation is explained if9].

Correlation coefficien{%)

B°—p*m®  Measurement AL5 A% C,, AC,,
AT —-0.22-0.080.07 - 34 -118 —-104
ALK 0.19+0.14+011 34 - -13 -11
Com 0.459018+009 -11.8 —-1.3 - 23.9
AC,, 0.38030+0.11 —104 —1.1 239 -

count for it. The above? was then minimized usingINUIT
[44], letting free all theoretical parameters in their allowed
range. The quality of the minimum yielded byNnuIT was
assessed by replacing it with @d hocminimizer scanning
the entire parameter space. The theoretical predictions, with
the theoretical parameters yielding the best fits, are compared
to experiment in Table V for two scenarios to be explained
below. The asymmetries of the" 7+ channels can be ex-
pressed9] in terms of the quantities reported in Table IV.
The comparison between their theoretical predictions and ex-
periment is reported in Table VI.

Scenario 1 refers to a fit according to QCD factorization,
varying all theoretical parameters in the range presented in
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TABLE V. Best-fit values using the global analysis®f- PV decays in QCDF with free (scenario 1
and QCDF-charming penguin diagraniscenario 2with constrainedy. The C P-averaged branching ratios
are in units of 10°.

Experiment Scenario 1 Scenario 2
Prediction e Prediction e
BR(B%— p°°) 2.07+1.88 0.132 11 0.177 1.0
BR(B—p* ") 11.023 10.962
BR(BY—p~mt) 18.374 17.429
BR(B°—>piq-r:) 25.53+4.32 29.397 0.8 28.391 0.4
BR(B™—p°7") 9.49+2.57 9.889 0.0 7.879 0.4
BR(B™—wm™) 6.22+-1.7 6.002 0.0 5.186 0.4
BR(B™—K* K9 0.457 0.788
BR(B™—K*%K") 0.490 0.494
BR(B~—®77) 0.004 0.003
BR(B™—p~ 7°) 9.646 11.404
BR(B%— p°K°) 5.865 8.893
BR(B’— wK?) 6.34-1.82 2.318 4.9 5.606 0.2
BR(B®—p*K") 15.88+4.65 6.531 4.0 14.304 0.1
BR(B®—K*~7*) 19.3+5.2 9.760 34 10.787 2.7
BR(B™—K* 79 7.1+11.4 7.303 0.0 8.292 0.0
BR(B°— ®KP) 8.72+-1.37 8.360 0.1 8.898 0.0
BR(B™—K*%7") 12.12+3.13 7.889 1.8 11.080 0.1
BR(B™—p°K™) 8.92+-3.6 1.882 3.8 5.655 0.8
BR(B™—p K9 7.140 14.006
BR(B™—wK") 2.92+1.94 2.398 0.1 6.320 3.1
BR(B™—®K™) 8.88+1.24 8.941 0.0 9.479 0.2
BR(BY—K*%) 16.41+3.21 22.807 4.0 18.968 0.6
BR(B™—K* " p) 25.4+5.6 17.855 1.8 15.543 3.1
AC,, 0.38+0.23 0.250 0.228
Com 0.45+0.21 0.019 8.1/4 0.092 3.9/4
ALL -0.22+0.11 -0.015 -0.115
AL 0.19+0.18 0.060 0.197
gg' —0.21£0.19 —0.072 0.5 —0.198 0.0
Ag';’ —0.21+0.28 0.029 0.7 0.189 2.0
Ag*é*’ —0.05+0.3 —0.138 0.1 -0.217 0.3
AZK 0.17+0.28 —0.186 1.6 -0.158 1.4
Ag'é —0.05+0.2 0.006 0.1 0.005 0.1
36.9 20.8
Table VII. Even the unitarity triangle angleis varied freely dx  mg )
and ends up not far from 90 °. We have takeqn= Xy, in the XaH= j X InA_h(l+PA,HeI¢A'H)- (19

range proposed in Reff23]:

TABLE VI. Values of theCP asymmetries foB— mp decays These parameters label our ignorance of the nonperturba-

in QCDF (scenario 1 and QCDFrcharming penguin diagrams tvely calculable subdominant contribution to the annihila-
(scenario 2 The notation is explained ifg]. tion and hard scattering, defined in E4$6),(17) and Egs.

(13),(14), respectively. They do not need to have the same

Experiment Scenario 1 Scenario 2 value for allPV channels but we have nevertheless assumed

one common value since a fit would become impossible with
—0.82£0.31+0.16 —0.04 —0.23 too many unknown parameters.
—0.11+0.16=0.09 —0.0002 0.04 Scenario 2 in Table V refers to a fit adding a charming-

penguin-diagram-inspired long-distance contribution which
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TABLE VII. Various theoretical inputs used in our global analy-
sis of B—PV decays in QCDF. The parameter ranges have been f s H(x?)dy?
taken from literaturd23,34,35,4% The two last columns give the ClL< X" Xdata
best fits of both scenarios. o ) ) )
|, Hodax
Input Range Scenario 1 Scenario 2 x>0
¥ (deg) 99.955 81.933 The results of the “goodness of fit” tests are gi\(er) in Fig.
m. (GeV) [0.085.0.135 0.085 0.085 4, F_rom these tests, one may quote an upper limit for the
s A ' ' confidence level in scenario 1, Cs£0.1% and, in the case
r (Gev) [2.184 3.355 5.971 of scenario 2, C.I=7.7%.
Pa [-1.1] 1.000 1.000 In Tables Il (Ill) we give the experimentdl P-averaged
éa (deg) [—180,18Q —22.928 —87.907 branching ratios(direct CP asymmetries which we have
Ag (GeV) [0.2,0.5 0.500 0.500 used in our fits. We have also used the quantities reported in
fs (Gev) (0.14,0.22 0.220 0.203 Table IV which are related to the branching ratios &
Ry [0.35,0.49 0.350 0.350 asymmetries of th8—p* 7" channels.
R [0.018,0.02% 0.018 0.018 For the sake of definiteness let us recall that the branching
Ay [0.3162,0.4278 0.373 0.377 ratios for any charmlesB decays,B— PV channel, in the
Fe T [0.23,0.33 0.330 0.301 rest frame of théB meson, is given by
AB—e [0.25,0.35 0.350 0.326
AB—K* [0.3995,0.5405 0.400 0.469 s |pl .
8K [0.28,0.4 0.333 0.280 BR(B—PV)= QFM(BH PV)+ A3B—PV)
R AP] [—0.01,0.01 0.00253 B
Im[.AP] [—0.01,0.03 ~0.00181 +A®(B—PV)|?, (20
R AVY] [—-0.01,0.01 —0.00187 o
Im[.AY] [-0.01,0.01 0.00049 where 7g represents th&-meson lifetime(charged or un-

charged according to the cas@he amplitudes4,.42 and
AP are defined in Appendixes A, B and in Eq84) and

. . . o (25), respectively. In the case of pure QCD factorization
will be presented and discussed in Sec. V. In thisyfits (scenario 1 we take of coursed"P=0. The kinematical

constrained within the rande34°,82°]. factor|p| is written as
The values of the theoretical parameters found for the two

best fits is given in Table VII: many parameters are found to VImZ—(mp+my)Z][m2— (mp—my)?]

be at the edge of their allowed ranyén order to estimate Ip|=

the quality of the agreement between measurements and pre-

dictions, the standard Monte Carlo based “goodness of fit”

test was performed Comparison with Du et al.

(i) The best-fit values of the theoretical parameters were Qur negative conclusion about the QCD factorization fit
used to make predictions for the branching ratios @®  of theB— PV channels is at odds with the conclusion of the
asymmetries. authors of Ref[36], who have performed a successful fit of

(il) The total experimental error from each measuremenboth B— PP andB— PV channels using the same theoreti-
was used to generate new experimental values distributechl starting point. These authors have excluded from their fits
around the predictions with a Gaussian probability. the channels containing €* in the final state, arguing that

(iii) The full fit previously performed on real measure- these channels seemed questionable to them. We have thus
ments is now run on this simulated data, andRef this fit ~ made a fit without the channels containing #&, and in-
is saved in a histograr. deed we find as the authors of REgg6] that the global agree-

It is then possible to compare thg,,,obtained from the ~Ment between QCD factorization and experiment was satis-
measurement with thg? one would obtain if the predictions factory. No+t|ce thait th|+s fit was done without discarding the
were true. Additionally, one may compute the confidencech@nnels8” — ™ (K™) as done by Det al.

level of the tested model by using Notice also that the paramete@,, and theAZ: have
been kept in this fit. The disagreement between QCDF and

experiment for these quantities was not enough to spoil the
satisfactory agreement of the global fit because the experi-
mental errors are still large on these quantities.

ITable VII shows that the fit value ¢f, appears at the edge of the 1€ conclusion of this subsection is that the difference
input range,po=1. However enlarging the range pf, such as between the “optimistic” conclusion about QCDF of Du
|pal=<10, brings a large annihilation contributiop{,¢,)=(2.3, €t al.and our rather pessimistic one comes from their choice
—41°) for scenario 1 and (4.4,108°) for scenario 2. With so Of discarding the channels containing th&'s. In other
large values ofp,| the unpredictable contributions would dominate words the conclusion about the status of QCDF in Bie
the total result making the whole exercise void of signification. =~ — PV channels depends on the confidence we give to the

2mg @D
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FIG. 4. Goodness-of-fit test of the two proposed theoretical models: the arrow points at thggég,]tmmd from the measurements, and
the histogram shows the values allowed {drin the case that the models predictions are correct.

published results on these channels. SU(3) symmetry. We will assume flavor-$8) symmetry in
the decay amplitude of this hadronic state. This still leaves

V. SIMPLE MODEL FOR LONG-DISTANCE four SU(3)-invariant amplitudes since bothandV can have
INTERACTIONS an octet and a singlet component and that there exist two

octets in the decomposition 0P88. We make a further sim-

As seen in Table V the failure of our overall fit with pjifying assumption based on the Okubo-Zweig-lizuReI)
QCDF can be traced to two main facts. First the strange =

branching ratios are underestimated by QCDF. Second threLrj,Ie' Letus glve.an example: we assume Mai(sg) where
direct CP asymmetries in the nonstrange channels mighfl i @ny of the light quarksi,d,s, and thatP=(qd). Then
also be underestimated. priori this could be cured if some W€ compute the contractions between
nonperturbative mechanism were contributing |B. In- i —
deed, first, in the strange channgB| is Cabibbo enhanced ((sa)(qd)|s(uu+dd+ss)d)=1. (22
and such a nonperturbative contribution could increase the . . o —
branching ratios, and second, increasjiRgy|T| in the non- The meaning of this rule is simple. We add to the
strange channels with nonsmall strong phases could increasgiarks in our hadronic state an &) singletuu+dd+ss
significantly the direcC P asymmetries as already discussed.and compute an “overlap” making contractions so that the
We have therefore tried a charming-penguin-diagram<uarks in the singlet go into two different mesons. This latter
inspired model. We wanted nevertheless to avoid to add toeonstraint is the OZI rule. This is why the overlap in E2Q)
many new parameters which would make the fit void of sig-is 1 even ifg=d since it is forbidden to have bothquarks
nification. We have therefore tried a model for long-distancefrom the singlet in the same final meson. As an example, the
penguin contributions which depends only on two fitteddecayB— K°p° gives the following overlap coefficient:
complex numbers.

Let us start by describing our charming-penguin-diagram- _(uu—dd)| — — _— | 1
inspired model for strange final states. In the “charming pen- (sd) T s(uu+dd+ss)d) =— E (23
guin diagram” picture the weak decay ofB? (B~) meson

through the action of the operat@ [see notation in EGs.  For the » meson we will use the decomposition iB2].
(1) and(2)] creates an hadronic system containing the quarkshe overlap coefficients thus computed play the role of
s,d(u),c,c, for exampIeD(S*) + D®) systems. This system SU(3) Clebsch-Gordan(CG) coefficients computed in a
goes to long distances, tiogc eventually annihilate, a pair of Simple way. These coefficients are assumed to be multiplied
light quarks are created by a nonperturbative strong interady an universal complex amplitude to be fitted from experi-
tion and one is left with two light mesons. Let us here restrictnent. Up to now we have assumed that the active quark
ourselves to the case ofR\ pair of mesons; i.e., one of the (here,s) ended up in the vector meson. We need another
final mesons is a light pseudoscalar,K, 77) and the other a unlyersal amplitude for the case where the active quark ends
light vector mesong, »,$,K*). In this paper we leave aside UP in the pseudoscalar meson. _ _
the »’ which is presumably quite special. We are thus left with two theoretlc_ally mdepgndent and
We will picture now this hadronic system as a coherentunknown amplitudes: one with/=(sq), P=(qd), one
state which decays into the two final mesons with totalwith P=(SE), V=(q€). We shall write them respectively
strangeness-1. This state has a total angular momentumas 47 (A4") when the active quark ends up in the pseudo-
J=0. Its flavorsd is that of a member of an octet of flavor- scalar(vecto) meson.
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TABLE VIII. Flavor-SU(3) Clebsch-Gordan coefficient for

. L . - : cosfg sing
long-distance penguin-diagram-like contributions. Notice that the C|V:_8_ 0

b cosfg sind,

channelB™ —®#~ vanishes due to the OZI rule. \/E \/§ ’ \/6 \/5 ’
(26)
cI? clv
— with 6= —9.1° andfg= —22.2°.
BR(B®—p°7°) 0.5 0.5 The fit with long-distance penguin contributions is pre-
BR(BY—p* ") 1.0 0. sented in Table V under the label “Scenario 2.” The agree-
BR(B’—p ") 0. 1.0 ment with experiment is improved, and it should be so, but
BR(B™—p°m") 112 —112 not in such a fully convincing manner. The goodness of the
BR(B™ —wm) 12 1\2 fit is about 8% which implies that this model is not excluded
BR(B~—K* KO 1.0 0. by experiment. However, a quk at Table VII shows that
BR(B™—K*%K") 0. 10 several fitted parar_ne_ters are st|_II stuck at the end of the al-
BR(B~—®7) 0 0. lowed range of variation. In part.|cuII@rA=1 means that the.
BR(B~—p~ 79 12 112 uncalculable_ subleading contribution to QCDF is again
— _ stretched to its extreme.
BR(B%— p°K®) —1h2 0. Finally the fitted complex numbers which fix the size of
BR(B°— wK°) 12 0. the long-distance penguin contributigtest four lines in
BR(B°—p*K™) 1.0 0. Table VII) are small. To make this statement quantitative,
BR(B°—K* ) 0. 1.0 assuming the Iopg-distance amplitude were along, the vglues
BR(B~—K*~ 70 0. 112 for.AP and AV in Table _V correspond to branching ratios
BR(B— HK®) 0. 10 which reach at their maximum>610~° but are more gener-

_ ally in the vicinity of 2x 10 8. In part, this is due to the fact
BR(B™—K*°7") 0. 1.0 that, if some strange channels want a large nonperturbative
BR(B™—p°K") 112 0. contribution to increase their branching ratios, some other
BR(B™—p K9 1.0 0. strange channels and particularly ti®—K¢ channels
BR(B™—wK™) 12 0. which are in good agreement with QCDF cannot accept the
BR(B™—®K") 0. 1.0 addition of a too large nonperturbative penguin contribution.
BR(B°—K*%7) —0.665 0.469 This last point should be stressed: if the_strange channels
BR(B~—K*~ ) —0.665 0.469 show a general tendency to be underestimated by QCDF,

there is the striking exception of thess channels which
agree very well with QCDF and make the case for charming

Concerning theB decay into a pseudoscalar vector ~Penguins diagrams rather difficult.
meson of vanishing total strangeness, we apply the same

recipe with the same amplitudes” and.A"Y, replacing thes VI. CONCLUSION

quark by ad quark and, of course, the corresponding replace- ) ) o

ment of the CKM facto.V%, by VoV We have made a global fit according to QCD factorization
Ccs car

To summarize, the long-distance term is given by tWoof published experimental data concerning charmliB8ss

universal complex amplitudes multiplied by a CG coefficient PV decays i”C'F‘d‘”93P asymmetries‘. We have only ex-
computed simply by the overlap factor in Eg3): see Table cluded from the fit the channels containing thé meson.

VIIL Our conclusion is that it is impossible to reach a good fit. As
In practice, to the amplitudes described in the Appendixe$an Pe seen in scenario 1 of Table V, the reason for this
we add the long-distance amplitudes, given by ailure is that the branching ratios for the strange channels

are predicted to be significantly smaller than experiment ex-
cept for theB— ¢K channels, and in Table VI it can be seen

APP(B—PV)= &mg)\é(cﬂ’APJr clVAY) (29 that the direcCP asymmetry oB—p* 7~ is predicted very
V2 small while experiment gives it very large but only two sig-
mas from zero. Not only is the “goodness of the fit” smaller
for the nonstrange channels and than 0.1%, but the fitted parameters show a tendency to
evade the allowed domain of QCD factorization. One might
G wonder if we were not too strict in imposing the same scale
APP(B—PV)= —Fmé)\c(ch’A P+rCcIVAY) (25  winallterms since the value qf, representing the effect of
V2 unknown higher order corrections, could be different in dif-

ferent classes of channél§\Ve have performed several tests
for the strange channels. In Eq84) and(25), A” and AV  relaxing this unicity ofu and concluded that it affected very
are two complex numbers which are fitted in the global fit oflittle the outcome of our fit.
scenario 2 andC1” and CIY are the flavor-S(B) Clebsch-
Gordan coefficients which are given in Table VIII. For both
channels containing the we have used the formulas 2We thank Gerhard Buchalla for raising this question.
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For the sake of comparison with the authors of Ra6] Maybe, however, the coming experimental data will move
we have tried a fit without the channels containinig’a The  enough to resolve, at least partly, this discrepancy. We would
result improves significantly. The only lesson we can receivdike to insist on the crucial importance of direGtP asym-
from this is that one must look carefully at the evolution of metries in nonstrange channels. If they confirm the tendency
the experimental results, many of them being recent, beforg, pe large, this would make the case for QCDF really diffi-
drawing a final conclusion. cult.

Both the small predicted branching ratios of the strange  Finally we do not know yet the answer to our initial ques-
channels and the small predicted dir€@® asymmetries in jon: are we in a good position to study the unitarity-triangle

the nonstrange channels could be blamed on too small 5gie 4 from indirectCP asymmetries thanks to small pen-
ampl!tudes with too small *strong phases reIanngy to the guin diagrams. If experimental data evolve so as to provide a
amplitudes. We have therefore tried the addition of tWObetter support to QCDF, one could become bold enough to

charming-penguin”-diagram-inspired long-distance com- use it in estimatingr and this would reduce the errors. Else,
plex amplitudes combined, in order to make the model pre-

dictive enough, with exact flavor-§8) symmetry and the only model-indepenc_je_nt k_)ounﬁésﬁ] could be u_sed but they
07l rule. This fit is better than the pure QCDF one: with a @re not very constraining in part because of discrete ambigu-

goodness of fit of about 8% the model is not excluded by€S- _ _ _ _
experiment. But the parameters show again a tendency to NOt€ added in proofSince this paper was submitted, one
reach the limits of the allowed domain and the best fit givef us (P-F.G) has finalized a new experimental estimate of
rather small value to the long-distance contribution. The latthe —p7 andB— pK channels for the Babar Collaboration
ter fact is presumably due to tH&— ¢K which are well ~and redone the fits presented in this pagf]. As a result,
predicted by QCDF and thus deliver a message which corthe confidence level raises to 1% for the QCDF and drops to
tradicts the other strange channels. This seems to be the re3f% for the charming penquins.

son of the moderate success of our “charming-penguin’-

diagram-inspired model.

Altogether, the present situation is unpleasant. QCDF ACKNOWLEDGMENTS
seems to be unable to comply to experiment. QCDF imple- )

vincing. No clear hint at the origin of this problem is pro- sions on various aspects of this work. A.S.S. would like to
vided by the total set of experimental data. PQCD, als¢hank PROCOPE 2002 and DESY for financial support. We
calledk factorization, would predict larger dire@P asym-  thank AndreGaidot, Alain Le Yaouanc, Lluis Oliver, Jean-
metries, but we do not know if their sign would fit experi- Claude Raynal, and Christophe a&fee for several enlighten-
ment either if an overall agreement of the branching ratiosng discussions which initiated this work as well ab&egtien
with data can be achieved. Descotes at a later stage.

APPENDIX A: THE DECAY AMPLITUDES FOR B—PV

Following Ref.[32], we give the decay amplitudes for the followiBg— PV decay processes.

1. b—d processes

a1 — GF — ’ ’ ’
A(B°—p W+):Em§fPF? (m2){Njas+ (N +N)[ag+al}, (A1)
a1 - GF — ’ ' ’ T
ABY—p* )=Em§fﬂAg "(mf,){)xuaﬁ()\u+)\c)[a4+a10—rX(a6+a8)]}, (A2)
_ Gr 1 1
0 0 0y_ _ 2 B—p/m?2 P ’ ' _ = T _ =
A(B"— m°p") 2\/EmB(f,TAO (mw){)\ua2 (NHNQ)|ag 2a10 7l ae 2a8 +2(a7 ag) ]

1 3
4y~ 510 5 (a7t ay)

+pr?_’”(m§)[)\(Ja2—()\l’,+)\é)

)
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- -0 GF 2 B—p 2 ’ ’ ’ T
AB -7 p )=7mB f-A; P(Mm){Nja;+ (N +A)[as+a—ri(ast+ag)l}
1 3
+fp|:§3—>ﬂ(m§)[>\;a2+()\(,+)\g) —a,+ §a10+ E(a7+ag) H (A4)
— -0 GF 2 B—p 2 ’ ’ ! 1 T 1 3
AB™—p )= —mg|foAg (M) N@a+ Ayt he)| —ast 581071y —8sF 588 T 5 (a9~ a7)

, (A5)

+1,FE7T(mA){Njar+ (N + N D[as+agol}

— — GF — W ! ! ! o
AB -7 w):Tmé(fﬁAS (M2){\jar+ (N +N)[ag+as—rf(agtag)]}

[

1
ast+2(aztag)+ E(a7+ ag—ayg)

+wa?ﬂ”<mi>[xaa2+<x;+xé>

2. b—s processes

Gk

AB—K* 7 )= \/EméfK*F?Hw(mi*){)\ual—i'()\u"i')\c)[a4+a101}v (A7)
=0 -+ Ge 2 B—p/ 2 K
A(B"—K™p ):EmeKAO (Mi){Nar+ Nyt Ao)[az+a—ry(ast+ag)l, (A8)
. . G . 1
A(B°~K°p°>=7mé{fKA3 P(Mo) (= My=No)| 4= 5210 T'y| 86— 584
BoK, 2 §
+f,Fi (M) )\ua2+()\u+)\c)><2(ag+a7) , (A9)

G " 3
A(B—HK*—W(’):{mé[fwASﬁK (mi)[xua2+<xu+xc>x§<ag—a7>]

+ e FETTME )N s+ (N A o) (ag+ag)} |, (A10)
_ - 0 GF 2 B—p 2 K
A(B™—K"p")=—-mg| fAg (M gar+ (Nt N)[as+ap—ry(as+ag)l}
B—K 2 §
+f,F1 (M) )\ua2+()\u+)\c)><2(a9+a7) , (A11)
— — . G » 1 1
A(Bo_>K0w)=7m§(fKAg (Mao) (Mg + o) a4—§a10—r)'f a5~ 5ag
1
+f¢uF?HK(mf))[7\ua2+()\u+7\c) 2(a3+3-5)+§(a9+a7) ]), (A12)
- - Ge 2 B—w/ 2 K
AB™—K w)ZTmB fKAO (mK){)\ua1+()\u+)\c)[a4+a10_rx(a6+a8)]}
1
+wa?HK(mf,)[)\ua2+()\u+)\c) 2(ay+as)+ 5(ay+ay) H (A13)
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. G
AB™—K* ()= —Fmé

V2

() LK* 2
fk FE 7 (M@ + (g +No)(@g+aig}+ A (m )

£, 1
" ,

X ()\ua2+ )\cazf:’—Jr()\qu )\c){ 2(ag—ag)+ E(ag—a7)+r;’( )
)

1
ae_ Eag

C S

f,](r) 1 1 0 1 fn(,)
+(33_a5+ag_a7)fu tlazg—as— 5(ag—a7) tas— 5a10- 1y | 8~ 588 | 4 ,

() e

Ge

2

=0 %0 (' L) 1 K*,2
AB —K*070) =—=mg| fi FI77 (M (Nt No)| 85— 20| + 005~ (M)

0 1
X ()\ua2+ Nl —— + (At o) | 283~ as) + 5 (ag—ay) +r ")

1
ag— 5,
" 6~ 59
”

c

f”(,) 1 1 20 1 f;(r)
+(az—astag—az);—+ a3_&15_5(39_37)‘”3‘4_ 58107 F 7| s~ 53 u , (ALD)
2 ()
with r70)=2m? )/ (my+mg) (mg-+ my).
3. Pure penguin processes
- ~*0 Ge 2 B— 7/ 2 1
.A(B —ma K ):EmeK*Fl (mK*)()\u+)\C) a4_§a10, (A16)
- -0 Ge 2 B—p/ a2 K 1
AB™—p K ):EmeKAO (Mico) (Ny+Ae) a4~ 58107 M| A6~ 58g] |, (A17)
_ — %0 Gk 2 B—K/ 2 ’ ' g
A(B —K™K ):EmeK*Fl (mK*)()\u+)\c) a4_§a10, (A18)
Gk . L, 1 1
A(BiﬂK*fKO): EméfKAg"K (mio)()\u‘F)\c) as— Ealo_rl; ag— Eag , (Alg)
_ — GF 2 B/ a2 ’ ' 1
A(B~—K™ ¢)=A(B*~K’¢)
Gr 2 B—K /2 1
:Eme(ﬁFl (M) (NytAe) a3+a4+a5—§(a7+ag+alo) . (A21)

APPENDIX B: THE ANNIHILATION AMPLITUDES FOR B—PV

We give in this section the following annihilation amplitudes &+ PV already given in Ref[35] but with different
notations.
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1. b—d processes

b3(7771p+)+b4(P+:777)+b4(7771P+)

a(BO ’*=%fff 'bi(p* L+
A( —>'7TP) \/EBﬂ'p)\u l(p 177 )+()\u+)\c)

1 1
= 503 (m . p ) +bF (pT )~ S bF (w e ") (B1)
a rO G ! + — ! ! - + + — — +
AXBO = p) = ol ol a0 ) NN Dol ) bu(rp ) (o)
1 ew, — _+ ew, _+ _— 1 ew, — _+
— 503" (p7, )+ (7w pT) — 5T T | 1 (B2)

b3(p01 ,n_O) + b3( 7T01p0) + 2b4( WO:PO)

A3(BY— 7% = ;T%fafwfp{M[bl(Poﬂo)Jrbl(WO,pO)]JF(MJF)\é)
+2by(p° 7%) + %[—bgw(po,wo)—bgw 7%,p°) +bg" WO,p°)+biW(p°,7T°)]} } (B3)

A¥B —m p%)= %fsfwfp{M[bz(f,po)—bz(poyf)]+(Mﬂrké)[bs(f,po)—bs(po,f)
+03"(7,p%) —b5"(p°% 7)1}, (B4)

Ge
a(B _>7T P )_ Bfwfp{}\u[bZ(p 77.0) bZ(W P )]+()\ T )[b3(p 770) b3(7T P )

+b§W(p‘,w°)—b§W 7%p )1} (B5)

am- .~ _CF
A4B —7 w) 2f

+b§" (7, @)+ b5 (w, 7))} (B6)

gf af N [D2( 77 @) +by(w,77) ]+ (NN [bs(77,0) +bs(w,77)

2. b—s processes

_ 1
Aa(B°—>7T+K*‘)=T;foﬂfK* (Ay+ o) b3(K*‘,7r+)—Ebg""(K*‘,wU“, (B7)
a RO -+ G f f b -+ 1bEW - 4+ 8
A%B =K p )—\/— B (At No)| ba(K™,p )—5 3 (KT p ") |1, (B8)
. G _
A}(BO—K®p®) == —fafyf | (Ay +xc>[b3<K°,p°>— b§W<K°.p°>”, (B9)
. Gr _ 1
Aa(B°—>K°w):7fowa ()\u-i-)\c){bg(KO,w)—Ebgw(Ko,w) ] (B10)
Gr
A%B™—K" ®) =2 fafrfu{huba(K™ @)+ (At Ao)[ba(K™ ,0)+b3"(K™,w)]}. (B1y
_ _._Gf _ _ _
A3B™— 7K* )ZTfowa*{)\ubz(K* )+ (N g+ No)[bg(K* 7,0 + bEYM(K* ~, %)}, (B12)
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Ge
AR(B—K™p%)= = afich INuba(K™,p%) + (Mt Ao [b3(K™,p%) + b5 (K™ ,p0) T}, (B13)

_ 1
ba(K*®, (")) =5 bSH(K*®, ()

— _ GF
Aa(BOH 77(!)K*O): Efo;(,)fK*l ()\u"’ )\C)

f
7 )(b ( (r) K*O)— bew(n(/) K*O))]] (814)
o)
20
by(K* ™, 7))+ f:—bz(n(’),K*’)
)

V2

G
A3(B™— (K* )= —Ffo‘j](,)fK*[ Ay

20
ba(K* ~, 7)) +b§M(K* =, 7)) + == (bg( 7\, K* 7) + b5 7("),K* 7))

|

T (Mgt o)
7
(B15)
3. Pure penguin diagram processes
. _—o Ge S S S
A3B —m K*°)=Ef5fﬂfK*{)\ub2(K*°,7r )+ (At A)[bs(K*0, 7 )+b§W(K*°,77 )1} (B16)
ap—_.KO0, — GF w0 — w0 - ew 0 —
A3B —K% ):EfoKfP{)\ubZ(K )+ (NN [b3(K™, p™) +b3 (K, p ™) ]}, (B17)
Gk
Aa(B‘—>K‘K*°):EfoKfK*{)\l’Jbz(K*O,K‘)+()\lj+)\é)[b3(K*°,K‘)+bg""(K*O,K‘)]}, (B18)
Ge
A3(B —KXK* )= — N fafkfrr N 0o(KOK* 7))+ (N +N))[ba(KO K* ™) +b§™(KO,K* )]}, (B19
A3 B =7 ¢)=A%B°— 7%¢)=0. (B20)
ap- - Gr - - ew -
A%B™—K ¢):EfoKf¢{)\ub2(¢aK )+ (Nt A)[bs(h,KT)+b3" (b, KT}, (B21)
Ge — 1 —
A3(BO—K )= NG feffy (MH\C){ba((b,KO)—Ebgw(¢,K°)H- (B22)
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Chapitre 3

Le puzzle des états P

Ot nous discuterons de l'incohérence entre les pré(lictions théoriques et les mesures

expérimentales relatives aux canaux B — D**

3 omme il I'a déja été annoncé dans le cours du chapitre 1, un probleme se pose

il entre les prédictions théoriques et les mesures expérimentales relatives aux dés-

A intégrations des mésons B en mesons D orbitalement excités L = 1 (états P
notés D**). Dans la suite de ce chapitre, nous allons présenter deux éléments de recherche
supplémentaires spécifiques a ce probleme apres avoir rappelé quelques généralités sur la

construction d’amplitudes de transition covariantes a la fagcon de Bakamjian-Thomas.

3.1 Philosophie de la construction de Bakamjian-Thomas

L’objectif de cette construction [27, 28, 29] est d’écrire, dans le cadre des modeles de quarks,
I’amplitude de transition de n’importe quel processus hadronique de fagon covariante, et cela

quelle que soit la dynamique décrivant les états liés de quarks.

3.1.1 Hypotheses

Comme l'on veut étudier un processus du type B — D)0 il nous faut calculer des
amplitudes du style (¥'|J|¥) qui, puisque nous nous plagons dans le cadre des modeles de

quarks constituants pour les mésons, peut s’écrire selon:

dpy ﬁl dpz o - Lo
<\I[,|‘]’\Ij> = / (27_{_;3 3 Z 1,82 P1,p2) J(p{»pl)s’l,slll[sl,sg(pl,pQ) (31)
87,81,82

ou l'indice 1 repere le quark actif, I'indice 2 le quark spectateur du méson et s; désigne le

spin du quark 7. Le courant J n’agit que sur le quark actif 1 et décrit I'interaction subie

95



96 Chapitre 3 - Le puzzle des états P

lors de la désintégration. Notons que les variables p; et s; sont définies dans le référentiel du

laboratoire (qui peut étre quelconque en fait).

3.1.2 Construction a la Bakamjian-Thomas

La construction de Bakamjian-Thomas permet d’imposer une description covariante pour
un systeme formé d’un nombre fini et fixe de constituants en interaction. Pour cela, I'idée
est d'imposer les bonnes propriétés de groupe (le groupe de Poincaré en fait) dans 1’écriture
des fonctions d’onde WUy, 4, (p1,p2) ; plus précisément, on utilise les générateurs du groupe
de Poincaré pour relier les fonctions d’onde qui apparaissent dans (3.1) écrites en termes
de variables p; et s; a des fonctions d’onde qui ne dépendent que de variables internes [3]
(grace aux rotations de Wigner qui permettent de passer du référentiel du laboratoire au
référentiel interne). A la fin, nous obtenons une écriture covariante des amplitudes (¥’[.J|¥)

reposant uniquement sur des arguments cinématiques et de théorie des groupes.

3.1.3 Comportement dans la limite de masse infinie

Ce formalisme a été utilisé pour étudier les désintégrations semileptoniques B — D)%) gy
ainsi que les constantes de désintégration des états S et P dans la limite de masse infinie.

Nous avons montré [19, 3] que:

- le comportement d’échelle est correctement et naturellement reproduit : nous avons obtenu

des expressions pour les différents facteurs de forme &, 7, , et 7, ,

2
- la regle de somme de Bjorken est également naturellement satisfaite dans le cadre de ce
formalisme, ainsi qu’une régle de somme « maison » (appelée LOPR dans [3]) qui fait

intervenir les constantes de désintégration (voir la section 3.3 ci-apres).

Enfin, un choix de modeéle dynamique (nous en avons utilisé quatre) pour décrire les états
liés mésoniques nous a permis de réaliser plusieurs prédictions théoriques relatives a la

phénoménologie de ce type de réactions.

3.1.4 Apparition du puzzle des états P

Parmi les prédictions théoriques mentionnées ci-dessus, nous avons établi que les désinté-
grations B — D;‘/*QEV étaient favorisées par rapport aux canaux B — Df;ﬁl/, et ce pour les
quatre modeles considérés. D’un autre coté, les mesures expérimentales disponibles semblent
plutot aller vers la conclusion opposée: c’est le « puzzle des états P ». Dans [3], il nous est
apparu par calcul direct des 7, , et 7, , a partir des quatre modeles dynamiques , puis comme

conséquence de la regle de Bjorken.
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3.2 Regle de somme d’Uraltsev

Une nouvelle régle de somme a été établie par Uraltsev [30] de fagon complétement générale

en QCD dans la limite de masse infinie :
n n 1
SUERMP = SR OP = (32)

Cette régle de somme fait intervenir des facteurs de forme pour lesquels nous possédons des
expressions exactes dans le cadre de notre modele a la Bakamjian-Thomas [19, 3] ; en substi-
tuant dans le membre de gauche de (3.2) les fonctions 7, ., €6 T, , par nos expressions, nous

avons vérifié [31] que notre formulation covariante des facteurs de forme satisfait également

naturellement et sans hypothese supplémentaire cette nouvelle relation.

Par ailleurs, la-encore, apparait le puzzle des états P : la regle de somme suggere fortement
en effet que Y |7M(1)2 > Y |7™(1)]2

3/2 1/2
Notons enfin que cette conclusion n’est donc pas uniquement une conséquence des modeles
uitlisant la construction de Bakamjian-Thomas puisque (3.2) a été établie a partir de la

limite de masse infinie de QCD.

3.3 Une complication supplémentaire

L’étude des désintégrations non leptoniques de mésons lourds demande de connaitre un

certain nombre de constantes de désintégration et, dans la limite de masse infinie, il suffit

de connaitre les constantes! f(™, f et () ol n désigne I'excitation radiale considérée.
1/2 3/2

En imposant la dualité, deux nouvelles regles de somme peuvent étre démontrées qui relient

les constantes f et les facteurs de formes dans la limite de masse infinie [32] :

(n) fo 1
> o € =1 > Fa ) = 3 33

Ces relations sont valables en toute généralité dans la limite m¢g — oo et pour n’importe
quelle valeur de w ce qui constitue une contrainte importante. De plus, toujours dans cette

limite, les constantes f3(72) doivent s’annuler.

Dans une premiere étude il y a quelques temps [33, 3], nous avons utilisé la construction des
amplitudes de transition facon Bakamjian-Thomas pour obtenir les expressions exactes des
constantes ce qui nous a permis de vérifier que les régles de somme (3.3) étaient correctement

satisfaites par cette construction.

1. Ce sont respectivement les constantes de désintégrations des états S, des états P avec j = 1/2 et des
états P avec j = 3/2.
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A partir de ces constantes et en utilisant I'hypothese de factorisation « naive » mentionée
dans le chapitre précédent, il est également possible de faire des prédictions relatives a
certains canaux non leptoniques dans la limite de masse infinie. Dans [34], nous avons donc

poursuivi notre étude des constantes de désintégration pour aboutir aux résultats suivants :

- comme les fgf;? s’annulent dans la limite m¢g — oo, il faut s’attendre a ce que les canaux
non semi-leptoniques faisant intervenir 'émission? d’une résonance P excitée j = 3/2

solent défavorisés par rapport & ceux émettant une résonance j = 1/2; par exemple:
F(Bd — D573/2 D) < F(Bd — D871/2 D)

en utilisant ’hypothese — grossiere — de factorisation naive. Nous tombons ici sur une

hi¢rarchie inverse de celle générée par les facteurs de forme d’Isgur-Wise 7, , et 7, ,.

2

- en appliquant I'inégalité de Schwartz aux relations (3.3), les sommes suivantes divergent :

FN? AN
Z(W) 2\ 70

n n

Cette propriété de divergence de ces sommes semblent étre vérifiée par les prédictions

numériques de notre modélisation a la Bakamjian-Thomas.

3.4 Bilan

Nous avons montré qu’il existe un probleme relatif a ’étude des canaux faisant intervenir la
production d’états excités P dans la limite de masse infinie : les prédictions théoriques, que
ce soient des regles de somme sur les facteurs de forme ou des prédictions numériques dans
les modeles & la Bakamjian-Thomas, vont dans le sens d’une hiérarchie I'( B; — 12 ) K
['(By — D§72 (v). D’un autre coté, les mesures expérimentales correspondantes suggerent
plutot la hiérarchie inverse. Par ailleurs, si 'on considere les canaux d’émission d’états
excités P, on observe du point de vue théorique la hiérarchie également inverse de celle

obtenue pour les canaux de production.

Afin de lever ce paradoxe, il serait utile d’avoir acces aux parametres théoriques d’une fagon
plus fondamentale avec le minimum d’approximation : une piste évidente serait de pouvoir

réaliser les calculs des facteurs de forme d’'Isgur-Wise 7, , et 7, , directement a partir des

2
théories fondamentales, d’ou I’étude présentée dans le chapitre suivant portant sur les calculs

de QCD sur réseau.

2. Car la résonance en question est couplée au vide. Cette notion d’émission s’oppose a celle de production
pour laquelle la résonance est couplée a I’état initial comme dans les désintégrations semi-leptoniques par

exemple.
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Abstract

We show that the sum rule recently proved by Uraltsev in the heavy quark limit of QCD holds in relativistic quark models
a la Bakamjian and Thomas, that were already shown to satisfy Isgur—Wise scaling and Bjorken sum rule. This new sum rule
provides aationalefor the lower bound of the slope of the elastic IW functjgh>> 3/4 obtained within the BT formalism some
years ago. Uraltsev sum rule suggests an inequatifg(1)| > |r1,2(1)|. This difference is interpreted in the BT formalism as
due to the Wigner rotation of the light quark spin, independently of a possible LS force. In BT models, the sum rule convergence
is very fast, the: = 0 state giving the essential contribution in most of the phenomenological potential models. We underline that
there is a serious problem, in the heavy quark limit of QCD, between theory and experiment for themeedyg 1 (broad¢v,
independently of any model calculatiam.2001 Published by Elsevier Science B.V.

1. Introduction can be decomposed into symmetric and antisymmetric
partshy(e) in v, V.. The zero order moment af, (¢)

Recently, Uraltsev [1] has established, in the heavy leads to Bjorken SR [2] involving?, the slope of the

quark limit of QCD, a new sum rule. The demonstra- elastic IW functiort (w):

tion of the sum rule (SR) follows from the OPE ap- 1 ) )

plied to the scattering amplitude(e, v,v — V) inthe ~ p°= 2+ Z|r1(7;(1)| + 22|r3(7;(1)| 2)

Shifman—Voloshin limit. The functiof (s, v,v — V'), n n

wheree is the energy variables(= O for elastic tran- while the zero order moment af_(¢) leads to the new

sitions of a free quark), is the Fourier transform of the SR [1]:

expectation value

mP - Y e mmP = 2. 3
(B*(v =T (I (0] (x))|B*(0) 2ROl o

where the initial state is at rest and the final state has aFrom (2) and (3) one gets the lower bound
momentumm o (v — V'), —m oV being the momentum
transfer carried by the intermediate states. The novelty p?
in Uraltsev procedure is to allow a momentum for the
final state in (1). Then, the functiofi(s,v,v — V)

>3 )

The simple relations that come out immediately
from (2) and (3),

- 2
E-mail address: leyaouan@th.u-psud.fr (A. Le Yaouanc). Z\ ("%(1)|2 _ '0_’ (5)
1 Unité Mixte de Recherche UMR 8627—CNRS. 3/

0370-2693/01/$ — see front mattér 2001 Published by Elsevier Science B.V.
PIl: S0370-2693(01)00943-1
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26
)3 -3)
4
n
(n)

deserve a comment. One can see ﬁa,tlr3/2(1)|2 is
proportional top? and thaty", |r1(7%(1)|2 is propor-
tional to thedeviation of p? from the lower bound 3.

Then, there is little room left fod _, |r(”)(1)|2 as it
has been pointed out recently from a SR obtained for
the subleading functio&s(1) [3]:

£3(1) = 2[2 AEg/zy
(n)

- L asgepof]

This sum rule, combined with Voloshin sum rule [4]

" 1
@ = é(pz (6)

SPEN

(7)

n n n n n 2
A=23 MBI+ 42 AEg)|tap(D)|
(8)
yields
n)|_(n 1 -
Z AEg))| :5,/%(1)|2 = glA+&0] 9)
n)|_(n 1 -
> AE&/)z‘fl(/%(lﬂz = glA— 25D (10)

Ignoring short distance QCD corrections, QCD sum
rules predict, independently of all sum rule parame-
ters [5]

A
=7 (11)
giving
Y, AENT D12 1
=7 (12)

Y, AESIT (D)2

Since the LS coupling is small, we see that we have the

same trend of inequality betweén, |r§7§(1)|2 and

>, |rl(7;(l)|2 as in Egs. (5) and (6).
2. Uraltsev sum rule in Bakamjian—-Thomas
quark models

One of the aims of this note is to show that the
SR (3) follows within quark models a la Bakamijian

A. Le Yaouanc et al. / Physics Letters B 520 (2001) 25-32

and Thomas. Quark models of hadrons with a fixed
number of constituents, based on the Bakamjian—
Thomas (BT) formalism [6,7], yield form factors that
are covariant and satisfy Isgur-Wise (IW) scaling [8]
in the heavy mass limit. In this class of models, the
lower bound (4) was predicted some years ago [6].
Moreover, this approach satisfies the Bjorken SR that
relates the slope of the IW function to tifewave IW
functionsty/2(w), t3/2(w) at zero recoil [9]. In this
approach were also computed thevave meson wave
functions and the corresponding inelastic IW func-
tions [10], and a numerical study pf in a wide class

of models of the meson spectrum was performed (each
of them characterized by an ansatz for the mass oper-
ator M, i.e., the dynamics of the system at rest) [11],
together with a phenomenological study of the elastic
and inelastic IW functions and the corresponding rates
for B — D, D*, D**¢v. Moreover, the calculation of
decay constants of heavy mesons within the same ap-
proach was also performed [12].

The first demonstration of Uraltsev SR within the
BT quark models is rather short, relying on formulas
established in Ref. [10]. Two other demonstrations
will follow that will exhibit the underlying physics.
The starting point is [10]:

n P2dp (my«
W= [ G2l DFi ), (13)
where
2 m
F = 34+ —
12(p) 3J§{(p(p)m+po(+po>
de
2 ' K
+ Ppodp}
2 d(p
F = 2 _r
3/2(p) 3ﬁ{¢(p)m+p 5 70 + ppodp}
(14)

with the radial part of theL = 1 wave functions
normalized according to

1
672

andm, p = |p| and pg = / p2 +m? are the mass,
momentum and energy of the spectator quark.

prdp[pe” (p)]° = (15)
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From (13), using closure in the sectors of definite
Jj=1/2,3/2 one finds (page 325 of Ref. [10]):

) 3
Yl =g [apiE

n

(16)

From (14)—(16), the expression for the difference in

the left-hand side of (3) can be integrated by parts,

yielding, after some algebra:
Y lesp @) = 3|l

prdple(p)? = (17)

1

~ 8n2 4’
where the last equality follows from the ground state
wave function normalization [6].

Therefore, the SR (17) within the BT quark models
provides aationalefor the lower boung? > 3/4 that
was found within this class of models [6]. The sum
rule also establishes that the sum over jhe 3/2
states dominates over the one over jhe 1/2.

The second demonstration, that follows more
closely Uraltsev proof, will illustrate quark—hadron
duality. Let us first remind the proof of Bjorken SR
that was given in [9]. It was shown that tispin av-
eraged hadronic tensor in the BT formalism i) the
heavy quark limit for the active quark, identical to the
free quark hadronic tensor:

free quar

Ry (V, V) = (18)

From this relatlon, Bjorken SR follows. In Eq. (18),
the free quark tensor is

free quark(v V)y== Z[ﬁsi V) yuus, (V)]

sl,s’l

v, V).

X [ﬁs/l(v/)yvusl(v)]* (19)
and the hadronic tensor writes
- 1
N /
R (V,V) = ZJH;;P,WUM, P)
X <n,P/|J/L|P,)\'>7 (20)

where J, A are the spin and spin projection of the
hadron of momenturR.
In BT models, the hadronic tensor can be written

[9]:

huw (v, V) =

2]+1Z Z R\

s1f, Tl $1i

27
[M /(V)y\/’uﬂj (V)] f?lfvl, (21)
Wherefslfsl is the hadronic overlap:
51f~511 Zfdspz I/lglf_gz(P - p25 pZ)
X ij_,‘SZ(P - p29 p2) (22)

and (18) follows from (21) and (22). The wave
function wél (P — P2,p2) is the internal moving
ground state wave function, with the active quark
labelled 1 andi being the spin projection along
some axis. It is defined by deleting the momentum
conservings-function from the total wave function.
In the BT model, it is obtained from &-depending
transformation on theest internal wave function.

To proceed like Uraltsev, one must generalize the
hadronic tensor, allowing for different velocities and
angular momentum projections. Let us consider the
polarized hadronic tensor:

AA
o ViV V) =) Py Ap L ln, P)

n

X <n7P/|J/.L|Pia)\'i>' (23)

In the BT formalism, this tensor writes, using closure
and heavy mass limit [9%:

“f(v,,vf V')
= D (a7, )]

/
S1f,87,52

- Arhi
x [ (VY poitsy, VPO firfsss (Pis P)

with the hadronic overlap

(24)

Afhi

Ssipsu (Pi, Pr) = Z/dspz wi\igig(Pf' — P2, p2)

x Y (P — (25)
In this expressiomfsl"l.sz(P,- —p2,p2) (i — f likewise)
is the internal moving ground state meson wave
function, and the active quark is labelled 1.

Let us choose, like Uraltsev, the vector me®inas
initial and final state, witt?; =0, A; =0, Ay = +1,
and the vector current withh = v = 0. We are thus

P2, pP2).

2 The stategn, P') form a complete set of eigenfunctions at fixed
Py, In,PYn,P=1.
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considering the object (V'|V) = V400§ (v — V') but by (V'|v) =8 (v — V'),
0,+1 /Ny,
Wt Wiy vy = Y g (Vo (0] fop (V- V. Vi)
S1f,87,81 )8 i(v/x i l-v/y)
x [itg (V) youts, , (V)] "2
nog e <[e@". =P+ i=})
X fslf‘;li (07 Pf) (26) + C(1+’ J — :_;) + C(2+’ ] — §)]’ (30)
to first order inv/, vy. There are, in principle, two  where the different contributions are (a sum over a
kinds of terms contributing to this quantity: radial quantum number is implicit)
(1) Spin-flip term coming from the active quark, I
i.e., from the quark current matrix element at the C(O = ‘) =0,

2
desired orderii,; (V)yous, (V) ~ V' x vy while c(1t,j=3)=—lup@P?
ﬁsi (V") yous,; (0) cannot give a spin flip because= 0. .3 1 )
At the desired order, one can also take the hadronic C(l o= ?) = —§|T3/2(1)| )

overlap atP; =Py =0: 3
C(1%.j=3) =l (31)
0,+1 A /
hog ~ 0,V 5, V) = [i-1/2(V) you-1/2(0)] and the ground state does not contribute. One obtains,
i_1/2(V vel*
x [u 1{)2( Yvou+1/2(Vr)] hg’O“Ll(Vf,V/,Vz)
X S—]i__f:'lgl,* (O’ 0) (27) 1
_ Ev? — (" —iv"?)
One obtains V2
1 (1) (1|2 (1) (13 |2
hostt O, vy, V) = 4_ﬁ((¢|igl. W x VoI, x [2‘7372(1)! - O } (32)
n n

(28) Identifying the expressions (28) and (32), Uraltsev SR
follows.

Some words of caution about the general scope and

(2) Terms without spin-flip of the active quark. limitations of Bakamjian—Thomas quark models are
Then, to have a contribution to (26), one needs to in order here. Both zero order moment sum rules, the
appeal to a Wigner rotation of the spectator quark 2, ONes of Bjorken [9] and Uraltsev are satisfied by this
giving a contribution~ p, x P. But, by integration class of models. However, higher moment sum rules as
this term is zero, because there is no other hadron Voloshin sum rule [4] are not satlsfled_._These higher
momentum thai® ,—in the hadronic overlap there is MOMENts sum rules seem to be specific to the gauge
no dependence d#. nature of QCD. Anyhow, one limitation of BT models

We are then left with expression (28), that means S the following, as exposed in [6]. The Bakamjian—
that we have exact duality, just like in the unpolarized, Thomas scheme was formulated to describe relativis-
tic bound states with a fixed number of constituents,

where the factor 4v/2 comes from the hadronic
overlap, and 1 labels the active quark.

P; = Py case: ; i 5
‘ that form representations of the Poincaré group. How-
0,+1 / 0,+1 / ever, when one considers matrix elements of currents
hon (O, Ve, V) =|hyy (O,Vr,V 29 =0 X )
00 OVrV)=[hgy OV V) e quak (29 with one active quark (the simplest ansatz), these ma-

We need now to compute the same hadronic ten- trix elements are not covariant in general, although a
sor (23) in terms of the phenomenological Isgur—Wise main result of the formalism is that they are covari-
functionst; (w), within the same approximations. Af- ~ ant in the heavy quark limit. In the fact, one does
ter a good deal of algebra, we find, using the defini- not obtain a covariant expression for the Voloshin
tions of [14], and taking into account that the states are sum 4)_, AEé’})zhé’/’%(l)F + 2>, AE£7)2|r1(’/’%(1)|2,
not normalized according to the usual normalization reflecting the non-covariance outside the heavy quark
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limit, by contrast to the Bjorken and Uraltsev ones,
that are covariant.

3. Theroleof spectator quark Wigner rotations
Within quark models a la BT, the difference be-

tweenr?(,%(l) andrl(%(l) follows from formulas (13),
0 O

(14) (with a suitable phase conventiag,, 7; ; > 0)
732D — 715D
(0) * P
(Zﬂ)szp dp [pe;Z1(p)] praa
(33)

wheregp1/2(p) = ¢3/2(p) = goL 1(p) (assuming small
LS coupling) are the internal hadron wave functions at

rest. We assume, as it is natural, that for the ground

state!”, (p) is positive. One finds that?(,%(l) is

larger thanr(?)(l) even in the limit of vanishing LS
coupling. The difference (33) has a simple physical
interpretation, outlined in Ref. [11]: it is essentially
due to the relativistic structure of the matrix elements
in terms of the wave functions. More precisely, it is
due to the light spectatauark Wgner rotations, i.e.,

a relativistic effect due to the center-of-mass boost,
and not due to the difference coming from the spin-
orbit force between the /2 and 32 internal wave
functions at rest, which is small and has a rather
moderate effect. On the contrary, the difference (33)
is quite large, at least for the lowest= 1 states, since
for a constituent quark mass= 0.3 GeV, the quantity
p/(po+m)is of O(1).

Expression (33), that comes from a specific rela-
tivistic effect, is to be contrasted with the equality for
any non-relativistic quark model with spin-orbit in-
dependent potential [13], also used in Ref. [14], that
analizes Im ¢ corrections:

551 =7{5(D). (34)
Let us see how, in terms of internal wave functions
at rest, the Wigner rotation of thepectator quark is
responsible for the difference betwe 2 and r(7)
and for the non-vanishing of the r.h.s. of Uraltsev
SR (17) within the BT formalism. In the previous
demonstration of Uraltsev SR, the Wigner rotations
were hidden in the moving internal wave functions,

29

which themselves disappeared using completeness
relations. We will now make those explicit by using
the internal wave functions at rest, that gives a feeling
of how the dlfferenCQr(7)|2 712 comes out in

the I.h.s. of Uraltsev SR. Consider a meson with the
active heavy quark labelled 1 and the spectator quark
labelled 2. In terms of internal wave functions, the
current matrix element in the BT formalism writes
(formula (27) of Ref. [9]):

(V'[V,.(0)|v)
(pi - v)(p; V)

=Ygy [ dp——

5151 2

IS

5552

, K)[D(R;R2)] 01, (K2). (35)

In this expression we see the basic ingredients of the
model. There is a change of variables of the quark
momenta, e.g., for the initial statp1, p2) — (P, k2),
where P is the center-of mass momentum, aksl

the internal relative momentum, and likewise for the
final state(p), p,) — (P',k5). The first term under
the integral comes from the Jacobian of this change
of variables. The matrix eleme|ng/y,,dusl expresses
the fact that the quark 1 is the active heavy quark.
The relation between, e.gz andpa is glven by the
booystko =10 p2 — v p5, k3 v0p2 — vzpz, kx V=
p>”, v being the four-velocity of the |n|t|al state.
The wave functiong and¢’ are the initial and final
internal wave functions at rest, dependent only on the
relative momenta and Pauli spinors. Finally, the matrix
D(R/z‘le) is the Wigner rotation acting on the spin of
the spectator quark 2 due to the product of the boosts
on the initial and final states. Formula (35) leads to the
difference (33) and to the r.h.s. of Uraltsev SR (17).
Expanding the fourth component vector current matrix
element between the ground state dng 1 states up

to the first power ofv, v’ gives, from (35) (formula
(29) of Ref. [9]):

{(n(V)[Vo(0)|0(V))

(W —v

2( )

. i(02 X P2)

X (n| — z(pgrz—i-l’ng) + in
D2

10), (36)
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30

where|0(v)) stands for the ground state wave func-
tion in motion and likewisg0) for the internal ground
state at rest in terms of Pauli spinors. The first opera-
tor —i(pgrz + rng), wherer s is the operatoi d/9p2,
comes from the variation of the Jacobian factor and
the variation of the argumerit of the wave func-
tion, while the second operatofo, x pz)/(pg + m)

is the Wigner rotation. Eq. (36) becomes, in the non-
relativistic limit, the matrix element of the electric di-
pole operator, and leads to the difference (33) through
the latter spin-dependent term. To demonstrate Uralt-
sev SR, we are interested in the hadronic tensor

hggow sV Vi) = D (B* D )| Vo(0) [n(v))

x (n(V)|Vo(0)|B*@(vi)).  (37)

A. Le Yaouanc et al. / Physics Letters B 520 (2001) 25-32

terms between a Wigner rotation and a spin-
independent operator, and products of two Wigner ro-
tations. After some algebra, the final result reads:

1.1
hg&o(v_f, vV, v) = szf ﬁ (v/
Making explicit the stateg:), Eq. (38) shows that the
L = 1 states contribute to the left-hand side of Uraltsev
sum rule (Eqg. (32)), since the operators in brackets are
AL=1.

It may seem surprising that only a spectator quark
operator appears in Eqg. (38), giving the same result
as the previous calculation (28), where only the ac-
tive quark appeared. This is due to the fact that the
right-hand side of Eq. (28) or (39) comes out from
a combination of three termssy + S2 + P>, where

¥ —iv'?). (39)

The ground state does not contribute to the sum rule S () means theS-wave (P-wave) contribution and

over intermediate states in (37), in HQET and likewise
in BT quark models, that satisfy HQET. We have
indeed demonstrated in Ref. [6] (formulas (26)—(29))
that BT quark models in the heavy quark limit satisfy
HQET relations for all ground state form factors. More
specifically, in BT quark models, as follows after some
algebra from (35), the contributions of the active quark
(28) cancels with the one of the spectator quark for
the ground state. We are then left with tie= 1
intermediate states for which we apply formula (36).

Defining the frame v; = (1,0,0,0), vy
(v?-, 0,0, vj,.), the hadronic tensor can then be written,
at first order in the velocitieg; andv/,

h+lO

00 (Vf’ V/a Vl)

1
(B*CHD)| { —v% [—i (P22 + z2p9)

e

4
i(02 X P2)x
pg +m

]
I

(38)

~

i(02 X P2);
pg +m

X (n|{v’x |:—i(pgxz +x2pg) +

. i(02 X P2)
+ Y [—l (P9y2+ y2pd) + —5————=
py+m
x ‘B*(O)),

where theln) states ard. = 1. The spin flipB*© —
B**1D can occur because of the Wigner rotation
on the spectator light quark. Using completeness
>, Im)(n] =1, two kinds of terms contribute: crossed

1 (2) the active (spectator) quark. It turns out thiat

—S» = P, showing that one gets the same r.h.s. of the
SR within both formalisms. The first demonstration
underlines duality, since the hadronic tensor is iden-
tical to the active quark tensor. The second demonstra-
tion underlines the physical interpretation of the SR
through the Wigner rotations, since the crossed terms
AL =1,AS =1 in (38) provide the l.h.s. of the SR,
giving the difference between= 3/2 andj = 1/2.

4. Phenomenological remarks

From the calculations of Ref. [11] in the BT
formalism for a wide class of potentials, one can see
from Table 1 that Uraltsev SR converges rapidly, as
well as Bjorken’s one, and are almost saturated by the
n =0 states®

The Godfrey and Isgur potential [15] is the one that
describes the meson spectrum in the most complete
way, from light meson spectroscopy to heavy quarko-
nia. The agreement of the contribution of lowest 0
states with the right-hand side of the SR (17) is quite
striking. Within the BT class of quark models, one gets
[11] a valuep? = 1, not inconsistent with present ex-
perimental data on thé(w) slope, and also, consis-

tently, with small values forl(%(l).

3 This fast convergence of the sum rules has also been observed
in QCDy in the N, — oo limit [19].
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Table 1

Contribution of the lowesL = 1 states to the Bjorken and Uraltsev sum rules and the slope of elastic IW function in BT quark models for

different potentials

31

Quark—antiquark Godfrey, Isgur [15]

Cea, Colangelo, Isgur, Scora,

potential ©0. 04, 43) Cosmai, Nardulli [16] Grinstein, Wise [17]
T @[ 0.051 0.004 0.117
e 0.201 0.265 0.305
3+ e @[ + 2w 0.882 0.790 1.068
p? 1.023 0.98 1.283
@[ = 1% w)? 0.240 0.261 0.233

Table 2

Branching ratios in BT quark models for different potentials. The experimental BB fer D»(3/2)¢v and B — D1(3/2)¢v come from

ALEPH (a), DELPHI (b) and CLEO (c) data [18], with the errors added in quadrature. The last entry corresponds to DELPHI data for the wide

states
Quark—antiquark potential Godfrey—Isgur Ceaetal. Isgur et al. Experimental
B — Dl 2.36% 2.45% 1.94% (21+0.2)%
B — D*{v 6.86 % 7.02% 6.07% (5.3+0.8%
B — Dy(3)tv 70x 1073 6.5 x 103 7.7x 1073 (d)(24+1.1) x 103
(b) (4.4+£2.4) x 1073
(c) (3.04+3.4) x 1073
B— Dy(3)tv 45x 1073 42x10°3 49 x 1073 (@) (7.0 1.6) x 10~3
(b) (6.7£2.1) x 1073
() (5.6+1.6) x 1073
B— D1(3)tv 7 x 1074 4x10°° 1.3x 1073 (234+0.7) x 1072
B — Do(3)ev 6x 1074 4%107° 11x10°3 [Do(3) + D1(3)]

It is interesting to remark that, among the three
potential models quoted in Table 1, only the more
complete one by Godfrey and Isgur contains a LS
coupling. There are indeed in this case LS splittings
(Mé’;; different from M.\")), and the wave functions
are perturbed also by this piece of the interaction,
giving a different behavior for the wave functions
gog})z(p) and<p§7)2(p). The other models have neglected
the LS splitting, although, due to the Wigner rota-
tions, té%(w) is, of course, different frontl(;’%(w)
even for these latter potentials. However, even in the
case of the Godfrey—Isgur potential, the LS force is
small.

In Table 2 we compare the predictions of the BT
guark models for the different semileptonic decays.
While the BR for the mode®s — D>¢v and B —
D1(3/2)¢v have the right order of magnitude, and
are consistent with experiment withiro L the trend
of the ratio D1(3/2)/D2(3/2) is opposite to experi-
ment. This moderate disagreement could be explained
by 1/m¢ corrections [20]. However, in the case of
the j = 1/2 the disagreement is very strong. QCD
in the heavy quark limit predicts, according to Uralt-
sev SR, that thg = 3/2 states are dominant over the
j =1/2. This general trend could be hardly reversed
by the small hard QCD corrections to Uraltsev [1] and
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Bjorken [20] sum rules. As to the/inp corrections
[14], their magnitude is poorly known, since the nu-
merical estimate of Ref. [14], although the formalism
is completely general, relies on a large number of dy-
namical hypotheses.

Another strong experimental indication of large
branching ratios of a broad resonam@g(1/2) is the
non-leptonic decayd — D?(1/2)x which is found
larger than theB — D, (3/2)x [21]. Factorization is

reasonable in such a mode and, consequently, once

A. Le Yaouanc et al. / Physics Letters B 520 (2001) 25-32
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Abstract

In previous work it has been shown that, either from a sum rule for the subleading Isgur—-Wise fgg¢tioor from a
combination of Uraltsev and Bjorken SR, one infers fowave statesry 2(1)| < |t3/2(1)|. This implies, in the heavy quark
limit of QCD, a hierarchy for theproduction rates of P-statesI"(B; — D(1/2)¢v) <« I'(B; — D(3/2)¢v) that seems at
present to be contradicted by experiment. It was also shown that the decay consiaat8£ P-states vanish in the heavy

quark limit of QCD,fé;’% = 0. Assuming themodel of factorization in the decay8, — D¥*D, one expects the opposite

hierarchy for thesmission ratesI"(B; — D;(3/2)D) « I'(By — Dg(1/2)D), sincej = 1/2 P-states are coupled to vacuum.
Moreover, using Bjorken SR and previously discovered SR involving heavy—light meson decay constants and IW functior
one can prove that the su@n(f(”)/f(o))z, Zn(fl(%/f(o))2 (where £ and fl(% are the decay constants $fstates and

Jj = 1/2 P-states) are divergent. This situation seems to be realized in the relativistic quark models & la Bakamjian and Thom:
that satisfy HQET and predict decays constafits and fl(}g that do not decrease with the radial quantum numbér 2001
Published by Elsevier Science B.V.

In previous work [1,2] we have pointed out a prob- and the recently demonstrated Uraltsev SR [5]
lem between experiment and the heavy quark limit of

n n 1
QCD for the semi-leptonic decays d&f mesons to Z|r§/%(l)|2— Z|T1(/%(1)|2= 7 (2)
L =1 excited state®o 1(1/2), D1,2(3/2). In a few n n
words, the argument is as follows. one obtains,
From Bjorken SR [3,4] 2
(n) 2 p
Z|T3/2(1)| =3 (3
1 n
2 (1) ;a~ 12 (1) 112
pe==+ ) |t D] +2) |13,5(D) (1) my2_1f 2 3
4 Xn:| zi2®) Xn:| 52t 2 lup@l =3, -7) “)

One can see that, |=3))(1) 1% is proportional tgo?

E-mail address: oliver@qcd.th.u-psud.fr (L. Oliver). and thatzn ’71/2(1” is proportional to theleviation
1 Unité Mixte de Recherche UMR 8627, CNRS. of p? from the lower bound B4. Then, there is little

0370-2693/01/$ — see front mattér 2001 Published by Elsevier Science B.V.
PIl: S0370-2693(01)00969-8
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room left fory", |r1(’/g(1)|2, as it has been pointed out  The decay constants fSrstatesf ™ and forj = 1/2
recently from a SR obtained for the subleading func- P-states,’) are properly defined in Ref. [6]. The sum
tion&3(1) [3]. The expected hierarchy for the formfac-  rules (8), (9) are strong constraints, as they hold for
tors|r3/2(1)| > 11/2(1), that can be inferred from the  any value ofw.
precedent equations, implies thBy — D**¢v and The w-dependence in Egs. (8), (9) was obtained
By — D**m (assuming factorization, a reasonable as- by considering the two-body intermediate states of
sumption in view of the recent papers on nonleptonic the type D;D, (ground state and excited states)
decays with emission of a light meson) are dominated for the diagrams of the spectator quark type. As
by the narrow resonances explained in Ref. [6], in this kind of diagrams the
— — transitionB; — Dy;Dg — B, occurs byDg emission
I'(Ba— D12(3)ev) > I'(Ba — Doa(3)tv).  (5) andD, production by theB; (5 quark being spectator),
I'(Bqs— D12(3)7) > I'(Ba — Doa(3)7). (6) followed by D, emission and;, production by theB;.
In the heavy quark limit, the expression for the
contribution of one intermediate state is proportional
to a quantity of the typefj [£(w.)]1* where fp, is
a generic ground state or excitddy, meson decay
constant and (w.) is a generic Isgur-Wise function
£ (w), T73w) or t{}(w) [4], taken at the fixed
2.

On the other hand, it was demonstrated that the
decay constants of = 3/2 P-wave mesons vanish,
fyj =0, in the heavy quark limit of QCD [6,7].
This result can be summarized in the statement that
we expect the “broad’D** resonancesj(= 1/2) to
have a much larger decay constant than the “narrow”
ones (i = 3/2). This to be contrasted to the opposite Value ofg?=m
expected hierarchy for form factorggs o] > [11)2]

; ; m2+m?—q%  my
[1], that can be inferred from Egs. (3), (4). This ,, = 2 c — ) (10)
hierarchy in theproduction is expected to be opposite 2mpme 2m,
to the one due to the selection rlﬁgﬁ =0, Varying the ratiom,/m., the w-dependence in the

_ _ 3 _ — 1 IW functions appears. Identifying the sum over the
I'(Bs — Ds1.2(3)D) < I'(Bs — Dsoa(3)D).  (7) exclusive modes with the contribution to the quark box
where there igmission of D, (j). Of course, this is diagr.am 'having the same topolo'gy [10], one obtains,
only a qualitative statement, because factorization in COnsidering the vector or the axial weak current, the
the decays (7) is just a model and is not in a firm SUm rules (8) and (9).
status as in the light meson emission case (6) [g]. . !N an earlier paper [11], we had demonstrated that
To summarize, “broad” resonanceg £ 1/2) are indeed duallty f_or_AFBX occurs forN_C = 3 in the _
expected to be suppressed in the production, while heavy.quark limit in the particular Shifman—\Voloshin
“narrow” resonancesj(= 3/2) are expected to be CconditionsAqcp K mp —me L mp, m [12].
suppressed in the emission. The BaBar experiment ©On the other hand, the sum rules (8), (9) were
has started looking ak; — (DK)D [9] where such studied [13_]_ within the relativistic quark models.of
decays with emitted excited states might be seen, butt"€ Bakamjian-Thomas (BT) type [14], that satisfy

the statistics has to be improved. HQET relations for form factors and decay constants.
Let us now make some further remarks on decay The sum rules are satisfied for different valuesuof
constants of excited states. Imposing dualithts in although the numerical convergence becomes worst as

the BO-B Y system in the heavy, ¢ quark limit, the ¥ increases. _ , _
following sum rules have been demonstrated, in the From (8), (9), using §chwartz inequality, one can
heavy quark limit of QCD [6]: obtain the lower bounds:

(n) )\ 2
Sni o

n

fl(;g (n) 1 fo . 2
Z er/z(w) = E (9) > Z W%—( )(w) =1, (11)

n
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(n) ) 2 1
i8] Do < g5ty
f(n) 2 From (11) and (12) for any one gets
S Z T42 oy :Z_l
- £ f12(W 4

Z(f(”)>2> w+1
Considering first these inequalitiesat= 1, one can n o) -2
see, frome™ (1) = 0 for n # 0, that (11) does not PON 1
provide any useful constraint. However, from (12) at Z( 1/2> Sy (16)

(12)

w = 1 and (4) one obtains the bound for tje= 1/2 f 2
P-wave decay constants
wav y Since the Lh.s. of these inequalities is independent
fl(;’% 2 3 of w, that can be made arbitrarily large, one concludes
n 2 n 2
Z(f(O)) Z 202-3 (13) that the sums”, (F™/FO) %, (fl(/%/f(o)) must
" diverge.
that contains the IW slopg? in the right-hand side. This situation seems to be realized in quark models

Although the bound (13) is very weak, it deserves a la Bakamjian and Thomas. The decay constants
a few comments. Its r.h.s., and also its .h.s. diverge ™ and f were computed within the BT quark
as p? — 3/4 and it reflects the fact that the excited models for dlfferent quark—antiquark potentials up to
P-wave mesonso 1(j = 1/2) do indeed couple to ;= 10, and the convergence of the SR (8) and (9) was
vacuum, respectively, through the vector and axial studied for different values o [13]. The error on
currents forJ =0, 1, as was already proved from the the decay constants induced by a truncation procedure
sumrule (9)- This is to be contrasted with the selection in the calculation increases strongly with The
rule f3/2 =0 [6,7] that applies to the excited mesons gecay constantg ™ and f(;” do not decrease with
D12(j = 3/2). In the example of the nonrelativistic  jncreasingn. For the most sophisticated Godfrey—
quark model, also given as an illustration in Ref. [6], Isgur potential, that describes ajij, g0 and Q0
both sides of the inequality (13) are of @/c?), since  quarkonia, including spin dependent effects [15], one
f(") is of O(v/c) (formula (17) of [6]) andp? is obtains the decay constants of Table 1 for Shetates
of O(Cz/vz) (formula (52) of [6]). In this case, as andthej =1/2 P-states [13].
can be easily seen using completeness, the l.h.s. of In view of the values of the decay constants in Ta-
(13) is infinite, proportional to the divergent integral ble 1, besides the qualitative hierarchy (7), one expects
f0°° p*dp, two powers ofp coming from the current ~ for then = 0 states, assuming factorization, neglect-
and p? from the measuré p. ing Penguin diagrams and also the mass differences
Actually, one can demonstrate this divergence also
in field theory, in the heavy quark limit of QCD by
considering arbitrary larga. From Bjorken SR for

any value ofw [4], Table 1
Decay constantg ) 1) () for radial excitationsS-states angj =
w + 1 2 1/2 P-states in the GI S ectrosco ic model. The estimated error is
(n) _ (n) /2 P-s p p
Z|§ (w)| +w-1 |:2 Z|‘L’1/2(w)| in parentheses [13], and is the bound state mass
Radial excitation +/M @™ (Ge\3/2) «/ﬁfl("% (GeVBR2)
2
+(w+ l)ZZ|r§7;(w)| :| +.oo=1 (14) n=0 0.67(2) 0.64(2)
n - 0.73(4) 0.66(4)
one obtains, since all terms in this sum are definite _ 0.76(5) 0.71(5)
positive
= 0.78(9) 0.73(8)

Z| gm (w)|2 < i = 0.80(10) 0.76(11)
- w+1
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between theP states and the ground state: [2] A. Le Yaouanc, L. Oliver, O. Péne, V. Morénas, J.-C. Raynal,
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F(Bd — DsO(E)D*+) 1 [3] J.D. Bjorken, Invited talk at Les Rencontres de Physique de
=3 — > la Vallée d’Aoste, La Thuile (SLAC Report No. SLAC-PUB-
-
I'(Bqg — D; D*7) 5278, 1990, unpublished:
J.D. Bjorken, I. Dunietz, J. Taron, Nucl. Phys. B 371 (1992)

I'(Bs— D(3)DY)
I'(By — Dy DY)
r'(Bs— D;(3)DY)

~

12

I'(Bs — D(3)D**)

I'(Bg —> D; D) I'(Bg —> Dy D*™) [4] N. Isgur, M.B. Wise, Phys. Rev. D 43 (1991) 819.
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Chapitre 4

Calculs sur réseau

Ou seront développés le projet apeNEXT7 ordinateur a architecture paraﬂéle dedie
aux calculs de QCD sur réseau, ainsi qu7une stude préliminaire nécessaire pour la

levée du paradoxe « 1/2 > 3/2 » lors des désintégrations B — D**{v

=1 ous avons déja évoqué dans le premier chapitre que tous les modeles théoriques

phénoménologiques (modeles de quark, formulation covariante d’amplitudes fa-
g2 con Bakamjian-Thomas, regles de sommes, etc...) semblent converger vers le ré-
sultat suivant : dans ’étude des désintégrations semileptoniques des mésons B en mésons
D** (premieres excitations radiales des D) et dans la limite de masse infinie, les taux d’em-
ot
malheureusement, les données expérimentales ne confirment absolument pas cette propriété

branchement des canaux B — D** fv sont plus élevés que ceux des canaux B — D
3/2

mais vont plutot dans l'autre sens: c’est le paradoxe « 1/2 > 3/2 ».

Afin d’essayer de comprendre voire de résoudre ce paradoxe, il est nécessaire de calculer
directement & partir d'une théorie fondamentale (QCD) les facteurs de forme 7, , et 7, ,;
une facon de faire serait de réaliser le calcul sur réseau (seule fagon a I’heure actuelle de

calculer complétement de fagon non perturbative des quantités physiques).

Cela m’a conduit a m’intéresser a ce domaine que sont les calculs sur réseau, d’abord au
travers du projet apeNEXT (paragraphe 4.1) et ensuite au travers de ’étude proprement

dite du puzzle des états D** (paragraphe 4.2).

4.1 Projet apeNEXT

apeNEXT est la quatrieme génération d’ordinateur du projet « Array Processor Expe-
riment » (APE): il s’agit d’'une machine optimisée spécifiquement pour QCD et capable de

développer une puissance de calcul soutenue de plusieurs teraflops (1 flop = 1 opération par
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seconde — float operation per second).

4.1.1 Description du hardware

apeNEXT est un ordinateur 64 bit & architecture parallele de type SPMD!, ¢’est-a-dire que
chaque nceud de la machine possede sa propre mémoire, ses propres unités de calcul et de
gestion des flux de données, etc.., et exécute le méme programme que les autres nceuds mais
en manipulant des données différentes? et cela de facon asynchrone: la synchronisation est
nécessaire uniquement lorsque des échanges de données entre noeuds doivent avoir lieu3.
Ensuite, toujours dans un but d’optimisation, les opérations arithmétiques ainsi que la
communication entre noeuds peuvent avoir lieu simultanément au cours d’'un méme cycle
d’horloge. De plus, un systeme de queues permet le stockage de donnée (locales au nceud
ou bien distantes) et leur acces avec un temps de latence nul ce qui permet également

d’optimiser les acces mémoire avec les calculs et les communications inter-nceud.

Un module de base apeNEXT est constitue du processeur, nommé J&T', et de sa banque

mémoire privée. Rapidement, le processeur J&T se compose des éléments suivants:

[ Program and Data Memory (DDR-SDRAM 256 M ... 1 G) ]

Microcode

- module arithmétique : réalise tous les calculs (FPU : traite les opérations sur les nombres
flottants — double précision, 64 bits —, INT : méme chose pour les entiers, LU : réalise
les manipulations logiques et LUT : fournit des fonctions comme les racines carrées,

les exponentielles, etc...) ; les nombres sont codés sur 128 bits (2 fois 64 bits).

- module registres (register file): fournit les opérandes pour le module arithmétique et

stocke les résultats des calculs.

- module AGU : génere les adresses pour les acces mémoire.

1. Single Program Multiple Data
2. Le programme et les données sont stockées dans les banques mémoires privées de chaque noeud.
3. A ce sujet, le temps de latence associé a ce type d’échange est deux a trois fois plus court que le temps

de latence associé a un acces a la mémoire locale si bien que ce qui limite en pratique le taux d’échange de

données entre nceuds est la bande passante.
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- module acces mémoire: la mémoire contient a la fois les données ainsi que les instruc-
tions du programme ; ces dernieres sont comprimées et la décompression est réalisée en
temps réel par le hardware et un buffer dédié permet un pré-chargement du code com-
primé (dans le but d’éviter les conflits entre les données manipulées et le programme
lui-méme).

- interface réseau: cette interface contient sept liens (pour la transmission — TX — et la
réception — RX —) dont six sont utilisés pour la connection avec les nceuds adjacents et
un pour les opérations d’entrée/sortie. La bande passante théorique est de 200 MByte
par seconde et par lien (< 180 en pratique) et le temps de latence du réseau est de

I'ordre de 0.1 us.

- gestion des queues: les queues contiennent les données en provenance de la mémoire
ou du module registres jusqu’a ce que le réseau puisse les envoyer aux autres nceuds
(TX) car les acces mémoires sont beaucoup plus rapides que les acces réseau; elles
permettent aussi le stockage des données en provenance du réseau (RX) jusqu’a ce
que le processeur en ait besoin; enfin elles garantissent que les paquets de données

sont envoyés dans le bon ordre.

La table suivante résume les principales caractéristiques du module J&T':

Fréquence d’horloge 200 MHz
Performance de créte 1.6 GFlops
Mémoire 256 - 1024 MByte/noeud
Bande passante mémoire 3.2 GByte/seconde
Bande passante réseau 0.2 GByte/seconde/lien
Module registres 512 registres
Buffer d’instructions 4096 mots

Une carte apeNEXT contient 16 modules J&T arrangés topologiquement selon la structure
tridimensionnelle 4 x 2 x 24, Un bloc apeNEXT de base héberge un ensemble de 16 cartes
apeNEXT (des systemes plus gros peuvent étre réalisés en assemblant plusieurs de ces blocs
avec des cables). Enfin, un (ou plusieurs) PC joue le role d’'interface entre 'utilisateur et
une tour apeNEXT.

L’opération aritmétique de base exécutée par cette machine est 'opération, dite normale,
axb+coua,bet csont des nombres complexes 128 bits. Une opération normale peut étre
réalisée a chaque coup d’horloge ; de fait, la performance de créte® est de 1.6 GFlops par

neeud (voir la table ci-dessus).

4. 4 noeuds dans la direction = et 2 dans chacune des directions y et z.
5. On appelle « performance de créte » la situation idéale ou une opération normale est réalisée a chaque

coup d’horlage.
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En pratique, la puissance de calcul attendue pour un systeme apeNEXT est de 'ordre de 8
a 20 TFlops.

F1c. 4.1 — La photographie de gauche représente une carte apeNEXT munie d’un module
J&T et celle de droite illustre un bloc apeNEXT de base avec ses 16 cartes dans la partie

basse.

4.1.2 Software

Deux langages de haut niveau sont disponibles: le TAO, qui est le langage historique des
ordinateurs de la série APE, et le C muni d’extensions spécifiques a la parallélisation et a
apeNEXT. La chaine de compilation depuis le langage de haut niveau jusqu’au microcode

est résumée par le graphe suivant :

*,zzt

rtc *.sasm

*.masm *.masm *.nex

mpp sofan ————> shaker——>

Y

) nlcc *.sasm

*.c

rtc est le compilateur TAO et nlce le compilateur C' modifié qui génerent a partir du pro-
gramme écrit en langage compréhensible par les humains une série d’instructions en langage
assembleur encore de haut niveau, c’est-a-dire utilisant des mnémoniques pas encore fonda-
mentales. Puis ce fichier *.sasm est traité par un préprocesseur (mpp) qui traduit le code
assembleur de haut niveau en code assembleur de bas niveau (fichier *.masm). Ensuite, ce
nouveau fichier passe dans un premier optimiseur (sofan) spécifique a l'architecture ape-
NEXT qui améliore le code machine en retirant par exemple les codes « morts » superflus,
ou bien en réordonnant certaines instructions relatives aux calculs arithmétiques ou a la ges-
tion des adresses. Enfin, le shaker s’occupe du fichier *.masm créé par sofan en remettant

en ordre, comme son nom l'indique, les instructions restantes comme la construction des
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boucles, la résolution des « labels », ’allocation des registres.... Le résultat est un fichier mi-

crocode « digérable » par 'apeNEXT ou bien par un simulateur fonctionnel de apeNEXT ©.

4.1.3 Contribution personnelle

Ce projet apeNEXT est une collaboration italienne, allemande et francaise. L’équipe fran-
caise est associée a la partie software. Pour ma part, j’ai d’abord participé aux tests de
la modélisation VHDL du processeur apeNEXT (et en particulier ce qui concerne les ac-
cés mémoire) en écrivant des programmes en assembleur de bas niveau. J’ai également été
impliqué dans les débuts de 'optimiseur sofan développé a 'INRIA de Rennes et, depuis
I’existence physique de machines apeNEXT, aux tests de la chaine de compilation mention-

née au paragraphe précédent.

4.2 Facteurs de forme 7 et T,

/2 3/2
Comme annoncé précédemment, il est indispensable d’obtenir de facon non perturbative
les facteurs de forme qui interviennent dans la description des réactions B — D**{v pour
comprendre le paradoxe des états P; aussi, nous avons proposé une méthode [35] pour

calculer sur le réseau les facteurs de forme 7'1(?2)(1) et 73(?2)(1) (pas d’excitation radiale).

4.2.1 Principe de la méthode

Nous nous sommes placés dans ’hypothese ou le quark lourd des mésons B et D** a une
masse infinie ; sur le réseau, cela signifie que le quark est statique. Il nous faut donc trouver

I'élément de matrice a partir duquel nous pourrons extraire 7, , et 7, ,. Malheureusement,

2
dans la limite ou le quark lourd est au repos, les éléments de matrice entre B et D** d’un
courant électrofaible est nul sur le réseau ; pour s’en sortir, nous avons considéré les éléments

de matrice d’opérateurs suivants, qui font intervenir la dérivée covariante D,, (d’apres [36]):

(Dg(v)|h(v) viys Dy h(v)| B(v)) = i gij (Mpy — Mp) 7, ,,(1)
(D3 (v)|h(v) vivs Dj h(v)| B(v)) = —iV3 (Mp; — Mp) 7,5 (1€

)
(€7, est le tenseur de polarisation et h(v) désigne le champ de quark lourd.)
L’extraction des facteurs de forme a partir de ces relations nécessite le calcul des éléments
de matrice mais aussi des termes Mp« — Mp:

- dérivée covariante: nous avons pris une forme discrétisée symétrisée habituelle de la

dérivée covariante

6. Il s’agit d’'une émulation sur PC de I'architecture apeNEXT, la vitesse en moins.
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- champs interpolants: pour décrire les états (notation J¥) 0=, 0% et 2%, les champs
interpolants utilisés sont obtenus a partir des représentations irréductibles adéquates
du groupe de symétrie du réseau’ (la base de l'espace des représentations utilisée
est celle formée par les liens reliant deux noeuds consécutifs du réseau — mais d’autres
bases peuvent étre également utilisées) ; lorsque plusieurs solutions sont possibles, nous
avons pris celle qui correspond a ce que donne le modele de quarks (combinaison de
moment cinétique de spin et moment cinétique orbital). Pour ce qui est du champ de
quark ¢(z) associé au quark léger, nous avons introduit une fonction de « smearing »
utile pour séparer le mieux possible ’état fondamental 0~ des états excités L = 1 et

pour améliorer les champs interpolants.

- quarks lourds : les propagateurs des quarks lourds sont représentés par des liens « hypés® »

Les différences de masse entre les états L = 0 et L = 1 ont été obtenues a partir des fonctions
de Green a deux points pour ces états et les fonctions de Green a trois points donnent alors

acces aux facteurs de forme (voir [35] pour les aspects techniques).

4.2.2 Résultats

Les calculs ont été réalisés a Orsay sur une machine APEmille (la génération précedant
apeNEXT), dans approximation “quenched”, avec un volume du réseau de 16% x 40 et un
coefficient 3 = 6.0. Le parametre de “hopping” pour le calcul du propagateur du quark léger
a été pris a k = 0.1334. Les fonctions 7, /» €6 7, , au point w = 1 obtenues sont représentées
ci-apres :

0.8

(1)
—8—
=

7. Comme nous considérons des quarks lourds statiques, le groupe de symétrie considéré n’est plus le
groupe hypercubique H(4) complet mais le produit O, du groupe O des rotations tri-dimensionnelles avec
le groupe des réflexions spatiales (symétries du cube 3D).

8. L’action HQET utilisée pour décrire les quarks lourds fait intervenir des liens de jauge construits a
partir d’un « blocking hypercubique » [37]. Le principe de la méthode est le suivant : le lien « hypé » U, /IEYP (x)

est un mélange de liens de jauge appartenant aux hypercubes accrochés au lien initial considéré.
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Les plateaux prédisent les valeurs suivantes:

rO1)=0384)(?)  rO(1)=053@®)(?)  7O%1) - 7Q%(1) = 0.13(8)(?)

1/2 3/2

ou les points d’interrogation remplacent les erreurs sytématiques (volume fini, taille de la

maille, masse du quark léger,...) non calculées.

Rappelons les résultats obtenus par la construction facon Bakamjian-Thomas en utilisant
le modele dynamique le plus complet [19, 3]:

7O(1) € [0.1,0.23] 79(1) € [0.43,0.54]

1/2 3/2

Le résultat sur le réseau pour 7, , est plus grand et celui pour 7,, est compatible. D'un

2

autre coté, la prédiction de 7, , est certainement plus fiable que celle de 7, ,: il suffit de

/2
regarder la taille des plateaux sur la figure précédente pour s’en convaincre: le signal pour
le méson D3 est moins bon que celui du méson Djj. Néanmoins, il ne s’agit que d’une étude

de faisabilité et beaucoup de chose pourraient étre améliorées.

Enfin, remarquons encore que la régle de somme d’Uraltsev (3.2) est partiellement saturée
par les termes fondamentaux calculés sur le réseau et que, a moins d’'un comportement tout

a fait anormal des excitations radiales, le puzzle des états P tient toujours.

4.3 Renormalisation de I'opérateur de dérivation

Au cours de I'étude précédente, nous n’avons pas vraiment discuté des problemes de re-
normalisation des quantités introduites. En particulier, dans [35], nous avons calculé les
éléments de matrice d'un opérateur de dimension 4 (h(v)7ivs Dj h(v)); cet opérateur ne
se mélange pas avec des opérateurs de dimension 3 pour des raisons de parité?: il n'y a
donc pas de divergence en puissance. Il ne devrait également pas exister de divergences lo-
garithmiques car les courants vectoriels et axiaux en HQET ne présentent pas de dimension
anomale a w = 1. Mais il y a, a priori, des effets de renormalisation finie et ¢’est ce que nous
avons calculé dans [38]. Parallelement, nous avons également voulu savoir si l'utilisation de

liens « hypés » pour le propagateur du quark lourd a une influence sur les prédictions faites.

Pour ce faire, nous devons renormaliser puis effectuer le matching de h?(v) vivs D; hP (v),
écrit en terme du champ nu de quark lourd sur le réseau, dans le continu a — 0 (nous
avons calculé les corrections radiatives a une boucle et nous avons choisi le schéma de

renormalisation MOM). La marche a suivre est, somme toute, classique:

1° apres avoir rappelé I'action utilisée pour décrire le quark lourd sur le réseau dans la

limite HQET, nous avons établi les regles de Feynman correspondantes. Le caractere

9. Les éléments de matrice d’un opérateur de dimension 3 entre deux états de parités opposées, ce qui

est le cas ici, sont nuls.
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« hypé » ou non apparait dans les valeurs des parametres qui interviennent dans ces

regles.
2° mnous avons calculé la self-energie du quark lourd pour accéder au propagateur.

3° finalement, avec les résultats précédemment établis, nous avons renormalisé 1'opé-

rateur de dérivation (notons que ce dernier met en jeu des liens non « hypés »).

Numériquement, nous avons montré que les corrections radiatives induisent une augmenta-
tion des quantités renormalisées lorsque les quarks lourds sont décrits par des liens « hypés »
alors que, en I'absence de cette hypothese, les corrections radiatives diminuent les quantités
renormalisées. Une nouvelle estimation des facteurs de forme des états P nous donne alors :

rO1) =041(5)(7)  rO(1) = 0.57(10)(?)  r@°(1) — 7O%(1) = 0.15(10)(?)

1/2 3/2 3/2 /2

La saturation de la regle d’Uraltsev est meilleure mais 'augmentation des facteurs 7, , et

7,,, rend les prédictions des modeles a la Bakamjian-Thomas plus discutables.

/2
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Abstract

We propose a method to compute the Isgur-Wise form faetgpgl) andzz,o(1) for the decay ofs8 mesons into orbitally
excited (P wave) D** charmed mesons on the lattice in the static limit. We also present the result of a quenched exploratory
numerical simulation which shows that the signal/noise ratio allows for a more dedicated computation.

0 2005 Elsevier B.V. All rights reserved.

PACS:12.38.Gc; 12.39.Hg; 13.20.He

1. Introduction

The scalar heavy-light mesons and more generally the first orbital excitaibhdave attracted attention
since years and they still remain somehow mysterious. The recent discoverg-efcalar meson significantly
lighter than expected has renewed the interest in these §ta?gsThere have been several lattice studies of this
spectrum3,4] and a recent rather complete one compares quenched and unquisjat@dputations. Recently
the Hj — Hr transition (scalar—pseudoscalar—pion) have also been cons[@¢ered

The transitions of the typ® — D**[v raise a serious problem. In the infinite mass limit these decays are
described by the Isgur-Wise form factatg, andzz/, [8]. To make a long story short, a series of sum ried 4]
have been derived from QCD, all indicating thaf, should be significantly larger thar ». These sum rules
relate ther; form factors, as well as form factors related to excitations, to derivatives of the ground state Isgur—
Wise functioné and allow to bound the latter derivatives in an efficient and useful [@8y17] Not only does

E-mail addressbenoit.blossier@th.u-psud(B. Blossier).

0370-2693/$ — see front mattét 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2005.01.054
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the slope of¢ verify p? > 3/4 but also the curvature and even higher derivatives are bound. The limit in which

11/2 = 0 has been baptised “BPS” by Uraltgé8,19]and was proven to provide interesting hints.

However, the theoretical prediction thaﬁ; > rl(% and hence that the dec#/— D3 should be significantly

larger than theB — D is not verified by experimer{R,20]. This is the ‘Y2 > 3/2’ paradox[21]. One might
incriminate the corrections to the infinite mass limit. Another possibility could be that the sum rules are fulfilled

by higher excitations and that the ground state obeys an opposite hierarch&%.e.,rl(%.l

To answer this question one needs to compute direté%/and ‘L'J(_%. Here we propose a lattice method to do
that. We will work in the static quark limityz, . — oo, with the four vectora’ = v = (1,0, 0, 0), and we will
exhibit operators whose matrix elements allow to measure these form factors.

This Letter is meant to propose this new method and to make a feasibility study. We do not intend at this stag
to provide accurate results for these form factors but merely to describe the principle of the method and to sho
with preliminary simulations that there is good hope to make the precision calculation.

2. Principle of the calculation

We are concerned with the matrix element of an electroweak current between a pseudoscalar or vector heay
light mesonH ® and an orbitally excited on&**. However, in the conditions of the infinite mass limit on the
lattice with the heavy quarks at rest, both in the initial and final st@z&-(vk), this matrix element vanishes.

The way out is to use a series of relations derived in . In that paper it has been shown that in the case
of a matrix element which vanishes linearly with the differemte- v, whenv" — v, there are non-vanishing
forward matrix elements (for’ = v) involving the covariant derivative operatdr,. These matrix elements are
proportional to the infinite mass limit form factorg/>(1) or 73/2(1).

Let us summarise their proof using different notations: for simplicity we take (1,0, 0, 0), andv =v' + v,
wherev is spatial up to higher orders in the differen¢e- v. We assume that for some Dirac matfix

(H** )| TTh) | H® (0)) = /" v 1T (w) + -+, (1)

wherew =v-v/, j =1/2,3/2,and/,m = 1, 2, 3 are spatial indices!” is a tensor which depends on the final state
(H**) and the initial statef* or H). The dots represent higher ordersvin- v. From translational invariance in
the time direction,

—ido(H™* (v")[h(v") [ () |[H® (v)

= —i{H™* ) |h)[[1D° + DO Jh(w) [ H® (0)) = 1" v 1 Tj () (Mpres — Mpp) + -+ 2
The authors of Ref22] use the field equatioriv - D)k (v) = 0, which implies that
D°h(v) =0, DPh(v) = —(D - v))h(v), ©)
whence from(2)
i(H™ ()[R (D - v )R H® (0)) = " 1 T (W) (Mpes — Mp) + -+, 4)

which has a finite limit whem; — 0, namely

i(H** () |[h() [ D" h(0)|[H™ () = /"1, (D)(Mp= — Mp). (5)

1 There is no mathematical impossibility for the sum rules to be fulfilled with a reversed hierarchy for the ground state, but it does not seer
very likely and is not seen in models.
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Applying Eq.(1) to theJ = 0 Hy; state we get from Ref8]:

(Hg ) |h(V)yiysh(v)|H (v)) = —t1/2(w)v1s, (6)
where our states normalisation is\2M times the one used in Rd8]. From Eq.(6) it results that
(Hg ) |h()yiysDjh(v)|H () = igij(Mpz — Mi)T12(D). @)

Analogously for the/ = 2H state we have

(H; W) |h()yivsh ()| H () = V/3tap(w)e; vy j + -, 8)
wheree;"j is the polarisation tensor, whence

(H3 )| (v)yiysDjh(v)|H () = —iV/3(My — Mu)T3/2(De;. )

3. Lattice calculations

To compute the matrix elements in E§8) and (9)on the lattice we first need a discretized expression for the
covariant derivative. We choose the symmetrised form

Dih(3, 1) — %(Ui G OhGE 41,0 —U G =i, 0hE —1,1)), (10)
whereU; (%, t) is the link variable of the lattice.
3.1. Interpolating fields
The interpolating fields for orbitally excited states have been studied in[Rgf.Smearing is used not only

to improve the signal/noise ratio by better isolating the ground state, but also to produce convenient interpolating
fields for the 0", O and 2" states. Inspired by Refl25] we replace the quark fieldgx) by

Rmax 2 r ~
1 . Y
1= (r+3) o0 & {D_[lUf(x k- 1)1-)}1@ ) (1)
r= i=x,y,2 =
+ ]_[ UF (e — k) [g = iy (7D 8 1)
e ! 1 ’

where the upper (lower) expressions generate negative (positive) parity smearing functions. Thetvégsgris
introduced to generate an orbital excitation in the directiohhe wave functior (r) is a radial function chosen

to optimise the overlap with the ground state. We take) = e~"/R>, whereR), is a parameter which is fixed

by requiring the smearing to be optimal. Note that it is not necessary to normalise the wave function since the
normalisation factors cancel in the computation of matrix elements. The smearing also includes the so-called
fuzzing, see Refl23]. For convenience, we will use the following notation for the interpolating fields:

[
{i_z(x)W[x,x—i-?]ykrF(x)q(x+7)}, (12)

whereW|[x, x + 7] represents the combination of Wilson lines expressed inEq.which links the location of
the heavy quark fieldy, to the light quark’s oney + 7. It ensures gauge invarianoé(x) indicates the presence
of (£ri)8;; in Eq.(11), 7 is a generic vector for the distance between the light and heavy quark field antl
(I" = ys) for the O (0~) meson.
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Using the smeared quark fields of Efj1) we now define the interpolating fields. We concentrate on thg20)
states which correspond jo= 1/2 (j = 3/2). The 0" -state can be described according to two distinct interpolating
fields:

(@ h(x)W[x,x+7lg(x+7) and

1. afm = -

(b) ﬁh(x)W[x,x+r](y r(x))q(x+r). (13)
These two interpolating fields differ in that the Dirac matrix is diagonal (antidiagonal) €pr-¥ ) inducing the
coupling of the heavy quark to the “small” (“large”) component of the light quark field. The latter is just the quark
model combination of quark-spin 1 with orbital momentum 1 to genefate0™.

Concerning the 2 states, the same duality of interpolating fields exists. In this Letter we only consider the
quark-model type ones. This gives the five= 2 state§24] which we may write as follows:

1 - - .
@ ——F=h@Wx,x+F1[yirjx) +yjri®)]qc+7), i#j,

V2
(b) —iﬁ(x)W[x x 4+ F1[yiri(x) — yora(0) g (x +7)
ﬁ ’ Yiri yar2 q s
1 - - -
(© %h(x)W[x, xX4+r ][Vlrl(x) + yora(x) — 2y3r3(x)]q(x +r). (14)

These are, as expected, symmetric traceless tensors.
3.2. Two-point Green functions aig2-3/2 mass splitting

The 0" two-point Green function is written as

5 1
C3o= <Z Tr[Pgtx %S(?(O), 0; ¥ + 7 (x), tx; U)]>U, (15)

when we use the interpolating field in H¢.3)(a). P&x is a temporal Wilson lingcorresponding to the Eichten—
Hill action for the static quark26]:

ty—1
% - h A
PY, =8(G—7) | B ASCERZE) (16)
t,=ty
using hypercubic blockinfg7-29]
The two-point Green functions witpr; interpolating fields allow an interesting comparison betweerythe
1/2 and thej = 3/2 cases. They will contain terms of the general form

ii 5 14+ - > o
cifo = <Z Tr|:y,-rj(O)P8,x Tyoykrl(x)S(r(O), 0, X +7(x), ty: U)i|> : (17)
3 U

where(i, j) = (k, 1) for the case of interpolating field4)a) ori = j, k = for the cas€14)b), (c) and for the ®
case.J stands for the total angular momentur= 0, 2).

2 Indeed we compute the two point function using the interpolating fields in @gs.and (14)properly shifted in space so as to have the
light propagator ending at the origin.



126 Chapitre 4 - Calculs sur réseau

302 D. Bedirevic et al. / Physics Letters B 609 (2005) 298-308

After some simple algebra we can write

B 5 i 1- I

_CZJ;‘];I(O’ [x):8ij5kl< TrPgtx |:(3J'[+l€jl O'm)rj(o) Zyorl(x)S(r(o)’ 0;X+V(X),IX;U)]> 5 or
zﬁ: U

X

i, A : 1- - .
—cY0.1) = ai,(sjk<z TrPg, [(5,, —ie/™a,,)r;(0) Zyorl(x)S(r(O), 0; X +7(x), ty; U)D . (18)
2 U
X
Let us denote bY'2 s(;(0).r;(x)) aNAC2.em(r;(0).r,(x))» FESPECtively, the two terms in E(L8). Itis easy to see, using
the interpolating field in Eq13)b) that the 0 two-point Green function writes as

5 - 1 l
y-r
_Cz;o = 3 E C2,8(rj(0),rj(x)) + 3 § :[Cz,ek(r,'(O),rj(x)) + CZ,ek(rj(O),r,'(x))]
j=13 i,jk

= C2,5(1(01.r1() T [ C2.63(1(0).ro)) — C2.63(r(0).r1 (1)) ) (19)

wherei, j, k are in cyclic order and where we have taken advantage of the hypercubic symmetry in the r.h.s.
Taking now any of the 2 meson interpolating fields and using again the cubic symmetry we get
i
—C2,2=C2,5(1(0),r1(x)) — §[C2,e3(r1(0),r2(x)) — C2.63(5(0), () ) (20)
The difference between the= 1/2 and thej = 3/2 state is thus related to the relative sign and coefficient of

the e-term compared to the direct one. The effective energy is obtained by taking minus the time derivative of the
logarithm of the two-point function. The energy difference betwgenl/2 and;j = 3/2 is thus proportional to

_i<[r1(o)f2(x) ~r20AW] TP, [%%S(F(Ox 0% +F(x). ty: U)D . 1)
U

In a non-relativistic limit: = i p/m. This imaginary velocity comes from the derivation versus the imaginary time.
Then the expression in E€R1) is reminiscent of & S-term: (¥ x p) - 6 except that the operatorsand p are not
taken at the same time.in Eq.(21) acts on the heavy quark but the trace will make it also act on the light quark. It
is interesting that the coefficients of the last terms in Et@) and (20gre in the ratiq1), (—1/2) which is exactly

the ratio of theL S-eigenvalues foy = 1/2, 3/2, built up from the combination of =1 andS =1/2:

2 3 . 3 -2 . 1/2

2(L-S)—J(J+1)—Z—2_ 1° for1_3/2.
From Eqgs(19) and (20}t is obvious that if thesé& S-type terms did vanish the two-point correlatarso andCa.»

would be equal, which would then impMHZ* =Mpz.In this limit the normalisation of the interpolating fields in
Egs.(13) and (14has further ensured the equality of the multiplicative const&ats and Z2.2, where theZs. ;

are defined from

(22)

—M gty
Ca.y(ty) = (2. )% 1™, (23)

at large time,.
3.3. Three-point Green functions amg -3/ splitting

The three-point Green functions of the axial current using interpolating fieldsyyvithwill contain terms of
the general form
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jjkl
C3' 74,50 1y, 1x)
1 o 1+n - Lo >
=3 PRl yirj(O)PonTyk)@{Ul(O, )Py S(F(0), 0% +7(x) + 1,15 U)
Xy
—UN ()P S(7(0), 0% +7(x) — 1,145 U)}y5]> , (24)
T U
where we have used E€L0) in units ofa. Writing for short the term in the curly bracket &s(y) - - - 5, we find
ki 1 . o 1+
~C3 a5 1y 1) = §<Z Tr[(3jl +ie/M o) yor (0 Py, == Di(y) - ys]>U, (25)
Xy

where either(, j) = (k,l) for the 0 — 2" transition, Eq.(14) (@), ori = j, k = for the 0 — 0" one and
0~ — 2" with Egs.(14) (b) and (c). Let us defin€3 (- 1(0),D;(x)) andcg’em(,j(o)’ Dy (x)), respectively the two terms
in Eq. (25). From the interpolating field in Eq13) (b), using the fact that = j andk =/, and choosing for
simplicity k = 3, one can derive,
pP 1 i

—C305= ﬁCS,fS(rs(O),Da(x)) + 73[C3,61(r2(0),D3(x)) + C3.¢2(4(0), D3(x)) ) (26)

The axial matrix element is then given in Euclidean metric by
- Z2.022,5C3,05(0, 1y, 1)
Hg |h(v)y3ysDsh(v)|H) = " = (Mpz — Mp)71/2(1), (27)
\g| C20(0.1y) Ca5(0.1, —1,) 10 /

where we have used E€y). This leads, using cubic symmetry, to

C3,5(r3(0), D3(x)) T 21C3 c1(r9(0), D3(x))
C2;0(0» ty)CZ;S(O» Iy — ty)

(Mpz — M)V3t12(1) = 22,0225 : (28)

plus all terms deduced by cubic symmetry.
From Eq.(9), in Euclidean metric, we get

1 - 22.222.5C3.25(0, 1y, ty) 3
—(H|h D Dilh(v)|H) = ——— =,/zMpgx—M 1), 29
o HE [ yaysD2 + yarsDihWIH) = & =67 e 067 2 s = 5 (Mg = Mira(D), - (29)

where we have used the polarisation tensor

1
¢ %
e=|% 0 0o (30)
0 0 O

for the 2" state in Eq(14)@) with (i, j) = (1, 2). From the interpolating field in Eq14)a) using the fact that
@, j) = (k,1) = (1, 2) one can derive,
1 i

—C325= Todp 1221:2 C3,5(r1(0), Dy (x)) + Z—ﬁ[CiB,e?’(rl(O),Dz(x)) + C3.¢3(r5(0). D1(x)) ) (31)

and using cubic symmetry and HQ9)
C3,5(r1(0). D1(x) = 1C3 c1(r(0), Da(x))
C2;2(Oa ty)C2;5(Oa Iy — ty)

It can be checked that all the other states in @q) lead to the same formulg2) up to a cubic rotation. The
numerators in EqY28) and (32)exhibit identicalC3 s terms andCs ¢, the latter differing only by multiplicative

(Mpz — My)V/3r3/2(1) = 222225 (32)
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Fig. 1. Signals for the effective binding energies for the pseudoscalar and the scalar heavy-light mesons.
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Fig. 2. Signal for the effective binding energigss for the 2 heavy-light mesons.

coefficients which, once more, are proportional to the eigenvalues given in Eq22). Combining the results
of Egs.(19), (20), (28) and (32)ve may conclude that, if th€’; . and C3, terms did vanish, we would get
MH; = MHS al’ld‘l,'g/z = 11/2.

4. Condition and results of the ssmulation

Results presented for Isgur—Wise functiang (1) andrs/2(1) are obtained from the quenched simulation on a
16° x 40 lattice a8 = 6.0. We collected 600 independe®it)(3) gauge configurations using the non-perturbatively
O(a) improved Wilson fermion action witld'sy = 1.769. The light-quark propagator is computed with the hop-
ping parametek = 0.1334, which corresponds to a pseudoscalar “light-meson” mass of 800 MeV. For the static
quark we use the “hyp” links as written previously. filg. 1 we plot the binding energy for the scalar and the
pseudoscalar meson andFiy. 2we plot the binding energy for the™2heavy-light meson.

The scalar meson has been computed using the interpolatindifidd. (13)a): 2 (x) W[x, x +7 lg(x +7). The
tensor meson has been computed using the properly averaged interpolating fieldlih).Blfe getA = mpys —

3 This choice shows a better signal than the one usindE)(b). A comparison of these signals has been performéd]in
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Fig. 3. Signals for the ratios defined in E§3); from the fitinz/a € [4, 9] and¢/a € [3, 5], respectively, we obtain the value of , andzz,.

my =400(12) —411(16) MeV at 8 = 6.0. Only statistical errors are considered. It agrees reasonably witfERef.
whereA ~ 400(40) MeV. Our present signal for the tensor-meson effective mass is still very POQr—mpy =
0.50(8) GeV, which leads ton s —mpys = 0.10(8) GeV. The large relative error reflects the poor quality of the
plateau inFig. 2 Clearly a more refined simulation is needed here. In particular, we have not yet optimised the
wave function for the smearing of the tensor meson. Our result agrees with the rd&iltviere we read from
Table 2 ©Q3): Mmpys —my = 0.48(2) GeV, ande; —mp = 0.08(4) GeV.

Experimentally the situation is not yet clear: whereas B[@]eeportede; —mpy = 153(36) MeV,* FOCUS
[30] findsm p; —mps = 61(41) MeV. Anyway large ¥m. corrections are expected.

In Fig. 3, we plot the ratios

(1) = 1 Z2,022,5C3,05(0, 1y, 1x)
V2SI T (Mg — M) C2:0(0,1,)C25(0, 15 — 1y)°

ra/o(1) = \/? 1 Z2.2022.5C3.25(0, 1y, ty) (33)
/ 3(MH§‘ — Mpg) CZ;Z(O, ty)CZ;S(Oa Ix _ty)’

where the source operator has been fixed at 13:z. These equalities are valid on the plateaus.

5. Resaults, discussion and conclusions

In this Letter we propose a method to compute on the lattice, in the infinite mass limit, the zero recoil Isgur-
Wise form factorsry2(1) andrz/2(1) relevant to the decay of a heavy pseudoscalar meson into orbitally excited
states. The main feature of the method is contained in y&nd (9) It uses matrix elements of the axial current
multiplied by covariant derivatives.

We have also performed an exploratory lattice study in order to estimate if this method is practically usable. W
find that the signal/noise ratio is encouraging if one considers that there is still room for improvement.

4 Note, however, that in Belle experiment the narrow and btb8e= 1+ resonances, usually interpretedjas 3/2, j = 1/2, respectively,

are practically degenerate in mass; 0 = 2421(2) MeV ande/o = 242750).
1 1
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Our results are

11/2(1) =0.38(4)(?) and 73/2(1) =0.53(8)(?), (34)

where the question marks represent yet unknown systematic errors. We have also:

73/2(1)% = 11/2(1)* = 0.13(8) (7). (35)

Within 1.5¢ it saturates the Uraltsev sum r{o]: > |r3(7%(1)|2 — |r1(7;(1)|2 = 1/4. Note that an approximate sat-
uration of the sum rule by the ground states is seen in several n{8de38] although there is no strong theoretical
reason for that.

The result forry/2(1) = 0.38(4)(?) is presumably more reliable than the one®yp(1) since the two-point
signal for the @ meson is much better than the one for therieson, se€igs. 1 and 20ur result forry/2(1)
is somewhat larger than the predictions of the covariant quark models a la Bakamjian—Thom§gL{Bubich
predict, for the preferred potentiaﬂszl/z(l) €[0.1,0.23] andr3/2(1) € [0.43,0.54]. The latter agrees well with
Eq. (34). Both numbers of Eq(34) are compatible with a recent calculation based on a covariant light-front ap-
proach with simple harmonic oscillator wave functions which are not derived from a pot‘?emii@l(l) =0.31
andrs/2(1) = 0.61[33]. Itis interesting to note that both in R¢81] and in[33], 73/2(1) — 71/2(1) =~ 0.3, which
might be a general feature of BT covariant quark models (see Eq. (5.1) if®R¢§f. This is somewhat larger
than the difference between central valueg34). We also agree with an older QCD sum rule estin&®:
71/2(1) = 0.35(8).

An interesting sum rule by Uraltsev which is free fronwi, corrections (but of course not frony;, ones)
leads to the following bounfB84]:

n2 — 2 > 9A2t12/2(1), (36)

Whereuj% andué are scale-dependent expectation values of the kinetic and chromomagnetic dimension-five oper-
ators andA is the 0-—0~ mass splitting.
With our values forA (400 MeV) andry,2(1) computed on the lattice, we find 0.22(6) for the r.h.s. of 86).
An estimate by BaBaj35] found A, = —0.26+ 0.06 + 0.04+ 0.04 Ge\?, i.e.,uﬁ(l Ge\) = 0.43+ 0.09 Ge\?,
i.e. Usingué = 0.35 Ge\? from m g«—m g hyperfine splitting it leads to 0.08 for the |.h.s. of E§6). This pleads
for a lower value ofclz/z(l). Even worst, a previous valye2 = 0.31 Ge\? was derived from DelpHB6], leading
to a vanishingry/2(1). At this stage we should not worry too much, since large errors and uncertainties are still
present both for the experimental data and the theoretical predictions. Attention to this problem will be maintained.
One important question is whether some renormalisation of our result is needed. This issue is subtle and needs
more work. We have computed the matrix elements of operators of dimension 4, of thé(tym%Djh(v).
These operators do not mix with dimension 3 ones due to their parity: all dimension 3 operators have vanishing
matrix elements between positive and negative parity states whence no power divergences are to be feared. We dc
not either believe that logarithmic divergences are to be feared since the vector and axial currents in HQET have
a vanishing anomalous dimension at zero reik= 1): they are related to generators for tBe(2) flavor sym-
metry in the effective theory. More precisely, frdBv,38], the scale dependence of the matrix element in(&y.
1+ O(n(as(w))|v1]), vanishes when the limit, | — 0 is taken. In general some finite renormalisation must
be present. To settle this, a perturbative calculation is under way. We wish also to understand if the hypercubic

5 It should be stressed that the BT method provides a framework in which different potentials can be used. The physics prediction depends,
of course, on the chosen potential.

6 The covariant light-front framework is equivalent, in the infinite mass limit, to the BT one. The practical predictions depend, however, on
the chosen parameters and shape of the wave function. We worry about the use of Gaussian wave functions, whose validity may be questioned
as it neglects the short distance potential.
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treatment of the Wilson line can have some effect on the discretized covariant derivative we use. Finally a comn
plete control of systematic effects is also needed: finite volume, mass of the light quark, finite lattice spacing. |
Section3.1a duality of interpolating fields has been pointed out. A systematic comparison of the their predictions
is still missing.
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Abstract

We give the analytical expressions and the numerical values of radiative corrections to the covariant derivative operator on the static quark |
used for the lattice calculation of the Isgur—Wise form factarg (1) andrz,>(1). These corrections induce an enhancement of renormalized
quantities if an hypercubic blocking procedure is used for the Wilson line, while there is a reduction without such a procedure.

0 2005 Elsevier B.V. All rights reserved.

PACS 12.38.Gc; 12.39.Hg; 13.20.He

1. Introduction

In a previous papdi] we proposed a method to compute on the lattice, in the static limit of HQET, the Isgur—Wise form factors
11/2(1) andzz/2(1) which parameterize decays Bfmesons into orbitally excited (P wavBj* charmed mesons. Keep in mind that
the zero recoil is the only definite limit of HQET on the lattice, because the Euclidean effective theory with a nonvanishing spati
momentum of the heavy quark is not lower bounded. Then it reveals impossible to calculate directly fr@m the currents
because the matrix elements vanish at zero recoil. To compui@) andzs/2(1), we proposed to evaluate on the lattice the matrix
elements Hy (v)|h(v)y; ysDjh(v)|H (v)) and(H3 (v)|h(v)y;ysD;jh(v)|H (v)), using the following equalities:

(HE )| ) yivsD;h ()| H () = igij(Mps — Mp)T1 (1), (1)
0 2

(H3 ) |h(v)yiysDjh ()| H (v)) = —iv/3(Mp; — M)t (De;, 2)
whereD; is the covariant derivativelf; = 9; +igA;), My, M HE and M Hy are the mass of the ) 0" and 2" states respectively,
ande’; is the polarization tensor. These relations are defined between renormalized quantities. Then we have to renormalize
matrix element of the derivative operator computed on the lattice. We explained that power and logarithmic divergences are no
be feared in the zero recoil limit. However finite renormalization is present and we want to establish the one-loop contributions
the derivative operator with the hypercubic blockigg of the Wilson line.

We have to renormalize and to match onto the continuum the bare opé)rlétef}_sziy5Dth, whereh? is the bare heavy
quark field. We choose the MOM scheme whose renormalization conditions are: (1) the renormalized heavy quark propagato
equal to the free one, and (2) the renormalized vertex function taken between renormalized external legs is the tree level one.

- Corresponding author.
E-mail address: benoit.blossier@th.u-psud (. Blossier).

0370-2693/$ — see front mattét 2005 Elsevier B.V. All rights reserved.
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The r.h.s. of Eq9(1) and (2)are independent of the renormalization sqaléndeed, on the one hanMHg — My = Ay — Ag-
andMys — My = Ay+ — Ag- are physical quantities. On the other hand,
(Dolcy*y°b|B)
MBM Dy
Flr=Vw+1C3(w, wya" +vw — 1[Cg’(,u, w)v* + C3 (1, wv'#],

wherevw2 — 1a* = (v — v)*, and theCl.5’s are the matching coefficients between the QCD opem@tén °b and the HQET
operators:, y*y°b,, ¢,y vty °b, andé,v'*y°b,, respectively,

=gt +v) + g (v — V) = —110(n, w)Vw — 1F*,

(Doley*y>b|B)
~vw =1 /mgmp,

C3(1, 1) = C2(1) [3] (C2(1) = na = 0.986+0.005[4]) and the I.h.s. of3) is also independent @f: thusty 2k, 1) = 11/2(1). We
can use the same argument to prove the scale independengg(af 1). Consequently the scalewill be omitted in the following.

It is well known that the heavy quark self-energy diverges linearly fa [b], so we introduce a mass counterte$m to
cancel this divergence. Numerically it is canceled nonperturbatively in the ratio between the three-point function and the two-pi
functions to obtain a matrix element, or in the difference between binding energies of heavy-light mesons.

The bare heavy propagator on the lattice is

5o a _a —albm+ X (PI1\" _ &
S (p) - 1_e—i[)4a _I_a8m +612([7) - 1_€—ip4a ;( 1_e—ip4a = Zth (p) (4)

= —t12(, W) — 1121, DV2C3 (i, Dat. ®)

By choosing the renormalization conditions

(BP0 =iPas  Sm=—T(pa=0),

the constangy;, is then
ax

d(ipa)

The bare vertex functiolwf? (p) is defined as

Zoy=1—

ip4—>0

Vi (p) =(8%)" (p)Ze”’ CI(hB (1) 0B )1 (1)(S%) ()

(p) Ze"” (R () 0B @R ()(S7) (), (5)

where
0/(0)=Zp0f(0).
We will see below thai/iﬁ.9 (p) can be written as
V2 (p)= @+ 8V)ia(p)yiy°pju(p) = 1+ V)V (p). (6)
3V is given by all the 1PI1 one-loop diagrams containing the vertex.
We obtain(H**|0§ |H) = 251<H**|0{j |H) whereZp = Zop(1+8V) and(H**|05 |H) was computed on the lattice.
This Letter is organized as follows: in Secti@rwe recall the action we use for the heavy quark, we give the corresponding
Feynman rules and we clarify our notations; in Sectiowe give the analytical expression for the heavy quark self-energy, in

Sectiond we give the analytical expression for radiative corrections to the derivative operator in lattice HQET. We briefly conclut
in Sectionb.

2. Heavy quark action and Feynman rules

The lattice HQET action for the static heavy quark is

GHQET _ 32 {hT ) [ho) = U0 = Hhn = B] + asmh mhn)), o
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whereU"P(n) is a link built from an hypercubic blocking.
We will use in the rest of the Letter the following notations taken f{6r8]:

. d*k rd3k
42 : ipn __ =
/ /(Zn)“’ / /(Zn)3’ . ne =P, / /(Zn)“’ /_/(Zn)3’
k —7T

—r/a —r/a

h(n) = / P h(p),

p
2

Up(n) = /8040 =1 4 jagoA% ()T — A" AL ) T*T? + O(gg),

2!
N a%g?
UEYP(n) — elllgOB)/,(Vl)T _ 1+ lagOBa (n)T(l _ Z_Ba (n)Bb (n)T(lTb + O(g())
ag = [ DAL, By = [P, 1 =sinak,,

p p
a(p+p) falp+p) k [k
cﬂzcos(f“), sM=S|n<fM ., M,=co 7" ., N, =sin 7“ :
ok
W=2 (= ).
T (3)
A
In the Fourier space, the action is given at the ordc(ﬂcgg) by

SHQETzfa_lhT(p)(l—e_ip"“)h(p)—|—8th(p)h(p)~|—igo///5(q+P/_P)hT(I’)BZ(Q)Tah(P/)e_i(m-’_pi‘)%
p P p q

2
a . I\a
+% [ / / / 8(q +r+p — p)h"(p)BL(q)BL() T T h(p'ye ' PatPd3, 8)
pp qr

The block gauge fields;; can be expressed in terms of the usual gauge fields

o
B, = Z B(n),
n=1
WhereB,ﬂ") contains: factors ofA. At NLO, it was shown that we only neeﬁ;&l) [9]:

BP () = hun(R)AuK), by (k) = 8,0 Dy (k) + (1= 8,0)G (),

Dy(k)y=1—dy Y Ni+dy Y NJNZ—dsNNZNZ,

PFEI pP<0,0,0F/L
N2+ N2 N2N?
G;w(k):Nqu<d1_d2 2 +d3 3 s

d1=(2/3)a1(1+ az(1+ a3)), dz = (4/3)a102(1 + 2a3), d3 = Bajaz03.

Two sets ofw;’s have been chosen: (&) = 0.75, a2 = 0.6, a3 = 0.3 (which has been chosen in our simulation and has been
motivated in[2]) and (2)ax; = 1.0, @2 = 1.0, a3 = 0.5, motivated in[10]. We will label these two sets respectively by HYP1 and

HYP2.
The Feynman rules can be easily deduced (they must be completed by the applicatioh of

1

heavy quark propagator a(l—e P 4 ¢)77,
vertexVy ;.. (p, 1) —igoT“6#4e‘i(”4+pi‘)%,

1 . \a
vertexV“U hhge (P> P " —5085%4{#’ Tb}e—l(P4+P4)z’

gluon propagator in the Feynman gauge?®s,,,s*” (2w + a®12) ™.
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Note thatp’ and p are the in-going and the out-going fermion momenta, respectively. We also introduce an infrared regulatol
for the gluon propagator. We symmetrize the vemg‘g’hhgg by introducing the anticommutator of tist) (3) generators, normal-

ized by a factor%. The gluon propagator and the vertices are defined withitfield. The coefficien[f’:l hi. = H(Ny) will enter
as a global multiplicative factor in all the integrals expressed below. We have chosen the Feynman gauge: since one calculate
renormalization of a gauge-invariant operator, the renormalization fZgids gauge invariant.

3. Heavy quark self-energy

From(4) we haveX (p) = —(F1 + F»), whereF; and F» correspond to the diagrams showrFiig. 1(a) and (b):
4 2 H(N4) e—i(k4+2ap4) 1 2 H(N4) —i(k4+2ap4)

=380 oWy a2 1— e iCaram ¢~ 3® N2+ E21— e~i(kataps) 1 ¢
k k
1 &2 H(Na) eika+2apa) 1 2 1 H(—iE) e %aps ©
348 (Na+iE)(Na—iE)1—e—itataps) L ¢ 3% E 1+ E2 ek’ —e—iapa’

Note that Latin indices are spatial and
DL

d
H(N4)=<1 dlzN +da ) NZN? - d3N12N22N3) +N4ZN2<d1——ZN2 3]_[1\/2) ,

i<j J# J#

2)\2

E' =2argshE).

In (9) we have eliminated properly the noncovariant gale- —apa4 +ie by closing the integration contour in the complex plane
J(ks) < 0 where there is the single pal = —i E. Furthermore the integrals along the lings= £7 + ik, are equal, because the
integrand is 2 -periodic.

Finally we have in the limitipg — O:

. 42 H-E) 1 4, H(lE)|: 1 +} 1 } (10)
T3 J ATy ER L PR LC ) 2EVITE? 2(F —1)2]
We find
2
80
F1=— 12n2{fl(a’)/a+lp4[2|n( ) + falan]} (11)
The tadpole diagrany is
1485 iups [ H(Na) 14g2 . H(Ng)
Fop=—>—0piaps [ T4 =009, _ 8 (g0 ; 12
2= =53, ¢ W an0 2 3 Afa—ipa) [ — 102 (1/@ — ipa) f3(cti). (12)
k k

The factor X2 is introduced to compensate the over-counting of the factor 2 in the Feynman rule of the 2-gluon vertex wher
closed gluonic loop is computed. We can point out that the divergent part

%
1272q
of the self-energy is smaller with the sets HYP1 and HYP2 ofdhie than with the corresponding contribution without “hy-

percubic” links[5], as shown inTable 1 og(e; = 0) = 19.95, 69(HYP1) = 5.76 andog(HYP2) = 4.20, in good agreement with
computations made by the ALPHA Collaboratid®], which compares the pseudoscalar heavy-light meson effective energy with

p:rk Z p p
(a) (b)

Fig. 1. Self-energy corrections: (a) sunset diagram; (b) tadpole diagram.

Yolay) = oo(e;), oo=f1+ f3 (13)
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Table 1
Numerical values of the parametefs, fo, f3, f4, 00, 22, zq defined in Eqs(11), (12), (18), (13), (14) and (19espectively
a; =0 HYP1 HYP2
f1 7.72 164 -1.76
f2 —1225 160 958
fa 12.23 412 596
fa —12.68 —10.32 —8.18
0] 19.95 576 420
#) 24.48 252 -3.62
Zd 11.80 —7.80 —11.80
N N . 2:2 .
L L L
P p+k pt+k P P p+tk P p p

(a) (b) (c)
Fig. 2. Operator corrections.
different static heavy quark actions, and by Hasenfratz ¢14]. Qualitatively, one expects that the hypercubic blocking reduces

the radiative corrections since it amounts roughly to introduce an additional cut-off in the integrals.
The wave function renormalizatiafyy, is

pr:
Z2I1(Olz)—1+12n_ [-2In(a®A?) + z22()],  z2= f3— fa. (14)

|z2| is also reduced by the hypercubic blocking, as indicatetednte 1 zo(«; = 0) = 24.48[5], z2(HYP1) = 2.52 andz2(HYP2) =
—3.62.

4. Derivative operator in lattice HQET

We have to renormalize the operatoﬁ. =hBy;y°D;h®B. Following[6],

1 _ ~ - ~ ~
a*y 05m=a*— Zh%)yiysv,»(n)hﬂ(n + 1) =P yiy®Ul = HrP o - )

// “15(p — pYiB(p) (iiys;)h” (p>+zgo/f/8<q+p — R ()i e AU TRE (')

P p q

mgO/ / / / 8(q +r+p' = phP (DT T yiy®s; AL @ AT (RP (p). (15)

ppoqr

Note that we have chosen to not submit the covariant derivative to the hypercubic blocking.
The vertex functloriVB is obtained by ertlngVB V0 + V1 + V2 corresponding to the diagrams (a), (b) and (cfrig. 2

Vl’; () =u(p)yiy u(p)V]k(a,), k=0,1,2. The contrlbutlorvg is then given by computing

H(Ng) e—i(kat2apa)
V (Oll) = —3a / m S|n(k + aP)J (1 i(k4+ap4) + 6)2

. kg+ap,
4i 2 H(N4) F Sk iapa e_l 4+214 ?
7350 | 2w g azn2 T AP oS T T Swra 1
k
4 , H(Na) !
=222 [ (4 ap; cosk) (L~ iapa) T (16)
3a 2W + a2\ [215|n(k4+“p4)+ = 7 e)2

k
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We can get rid of the integrand proportionalftp, because it is an odd term. It remains

4. H(Ng) cosk;
i (i) 180P] | Sw 1 422 (2i Na + €My)?
k

3

The integrand has poles &y = +i E, k4 = 2iargth(5). Once again we close the integration contour around the singleNaote
—iE. Sincej is spatial, the “sail” diagram drawn dfig. 2(b) does not give any contribution, thm% = 0. There is finally the
tadpole contributiorvi which is given by computing

14 1 ig?
2 _ .2 ___9%0 .
v (ai)_——Z!:—;zgop‘,/‘Z =-1 >p;j12.23 a7
k

We have finaIIy(H**|0i’;.|H) = Z;Dl(aixH*ﬂog |H)(ct;) Where

Zp(ai) = Zan (i) [1+ 8V ()],

492 H (N4) COSk ; 1 421 [ H(—iE)cosk; 2
5V (o) = — 0 (Na) COS; 2o Bol [HIE)COS | 8 4554
3 QW +a?A2)(2iNg+ €Mg)? AW 3 2) QEBRVI+EZ 1272
k k
2
g
= 1—222[2 In(a®2?) + fa(e)], (18)
g2
Zp(e) =1+ 52, =2+ fa (19)

The numerical values af; are indicated irrable 1

Remark that infrared divergences appearingp and 14§V cancel and there is no dependence:pa further consequence of
the u independence of the matrix elememig(v’)ﬁz(v’)yi ysD;h(v)|H (v)) at zero recoil. Note also that as already mentioned the
tadpole diagram of the operator vertex is not smoothed by the hypercubic blocking; therefore it is quite large. On the other hanc
tadpole contribution to the self-energy is smoothed by the blocking. The final result is a large positive correction to the renormali
matrix element. By fixinggo = 1 (8 = 6.0), this givesZ[_,l(HYPl) =1.07 andZBl(HYPZ) =1.10, thus the discrepancy between
Z Y (HYP1) and Z ;1 (HYP2) is small (3%); without hypercubic blocking one would obtaif* (o; = 0) = 0.90. We can think of
applying a boosting procedure; in the pure HYP case the boosting plaquette correction is vef@]s(agliation 19 and below).
On the other hand we have to take into account that the covariant derivative operator involves links without hypercubic blocki
therefore one should employ a different prescription for the diagram drawRigon2(c), possibly leading to a larger tadpole
contribution from the operator tﬁBl(ai # 0), and therefore a larger positive correction. Anyhow this kind of recipe would not
lead toZ ,} («; # 0) significantly larger than 1.1.

With our exploratory lattice study and taking acco(Z@l(HYPl), we findr% (1) =0.41(5)(?), T3 (1) =0.57(10)(? andrg(l) —
rf(l) = 0.15(10), where systematics are unknown; one is then not too far (wiih)rfrbm saturating by ground states the Uraltsev
sfjm rule[12] 3", |r§”)(l)|2 - |ri”)(1)|2 = . However the relatiom? — u2 > 9A2r2(1) [13], with A = Mpys — My =0.4 GeV
[1], ,ué =0.35 Ge\/%-, leads to;é larger than B Ge\?, which is significantly above2 experimental determination by moments.

5. Conclusion

In this Letter we have calculated the radiative corrections to the covariant derivative opbriaztBDjh in lattice HQET with
an hypercubic blocking of the Wilson line defining the heavy quark propagator. This determines the renormalization of the oper:
which is used to estimate the Isgur—Wise functions between the ground state dng- thexcitations at zero recoil. We find that
there is a global, but moderate, enhancement 6f) andzs (1) with respect to the bare quantities computed on the lattice in the

2 2
case where one introduces fat timelike links, while there is a reduction with a simple Wilson line.
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Conclusion et perspectives

out au long de ce mémoire, nous avons abordé plusieurs aspects liés a la physique

de la beauté : 'hypothese de dualité quark-hadron (pour laquelle une étude fondée

; sur des modeles de quark a montré entre autres que, dans le cas des largeurs
totales de désintégration, aucun terme de violation d’ordre 1/mg n’est présent et que,
dans le cas des largeurs différentielles de désintégration, la situation n’est pas aussi claire),
I’hypothese de factorisation, introduite lors de I'étude des désintégrations non-leptoniques
des mésons B (dont une version « améliorée » a été confrontée a un ensemble de données
expérimentales avec des résultats mitigés) et finalement la production d’états orbitalement
excités D** (ol nous avons établi 'existence d’une hiérarchie dans les taux de production,

hiérarchie non vérifiée expérimentalement).

Ce dernier point est particulierement intriguant dans la mesure ou il dénonce une incom-
patibilité entre les prédictions théoriques et les données expérimentales: en fait, tous les
modeles théoriques phénoménologiques semblent prédire une situation alors que les mesures
semblent annoncer son contraire. C’est pourquoi nous avons entamé une étude montrant
qu’il est possible d’obtenir les facteurs de forme, mis en jeu dans ces processus, de fagon
fondamentale et non perturbative, par la QCD sur réseau. Cette étude de faisabilité a été
réalisée sur des machines dédiées APEmille du projet APE, dont la génération actuelle est
I’apeNEXT. Il serait donc tres intéressant de pouvoir affiner cette étude sur cette derniere
génération d’ordinateur a architecture parallele pour lever ce paradoxe; malheureusement,
la situation actuelle du systeme scientifique francgais semble compromettre tous les efforts
de voir une telle étude achevée dans la mesure ot les équipes « lattice » risquent de n’avoir
aucune puissance de calcul suffisante qui leur soit propre pour produire le moindre résul-
tat...... et ce malgré le fait que nous faisons partie de la collaboration a l'origine de la

conception /réalisation de ces machines paralleles.
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Résumé

La physique du B constitue un pan important de la physique des particules, aussi bien du point de vue
théorique qu'expérimental. L'objectif de ce mémoire est d'adresser un certain nombre d'aspects relatifs
a cette physique et, dans un premier temps, certaines hypothéses théoriques utilisées : - hypothése de
dualité : la plupart des calculs inclusifs sur les transitions entre états hadroniques repose implicitement
sur le fait que ces processus peuvent étre décrits en ne faisant intervenir que les transitions entre les
quarks constituant ces hadrons. Nous avons testé cette hypothése dans le cadre des désintégrations
semileptoniques des mésons $B$ et cherché les causes d'éventuelles violations. - hypothése de
factorisation : cette hypothése simplificatrice, couramment employée dans le domaine, permet par
exemple I'étude des désintégrations non-leptoniques des mésons B en deux autres mésons. Nous avons
réalisé une étude exhaustive comparative entre les données expérimentales disponibles et une version
améliorée de cette hypothése. Ensuite, nous présentons un probléme lié a la production des états de
moment cinétique orbital 1=1 lors des désintégrations des mésons B : les données expérimentales vont
a contre sens de tous les modeéles théoriques phénomeénologiques ; nous proposons alors une tentative
de résolution par QCD sur réseau de ce puzzle. Enfin, nous décrivons le projet APEnext (projet
européen d'ordinateur a architecture parallele dédié aux calculs sur réseau).
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