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RESUME

Cette these est constituée de quatre articles qui ont tous été publiés. Le
sujet principal est I’étude d’asymeétries de brisure CP/T via les produits triples
dans les désintégrations des hadrons contenant un quark b (mésons B ou
hypérons A;) et ce, dans le modele standard de la physique des particules
et au-dela.

Dans le premier article, on se place au niveau des quarks. On étudie, dans
le modele standard, les asymétries de brisure T dues aux produits triples (PT)
dans le processus inclusif b — su. Ensuite on cite les applications possibles au
niveau hadronique. Seuls deux produits triples donnent des asymétries assez
larges. On trouve une asymétrie d’environ 5% pour gy (5, X §3) ou py - (5, x 53)
et entre 1% et 3% pour & - (f, x Ps). Pour les autres PT présents dans
Iamplitude au carré, les asymétries sont négligeables. Ces résultats permettent
de tester le MS et de voir, s’il y a lieu, la manifestation de la physique au-dela
du MS (la “nouvelle physique”). En effet, le premier type d’asymétries peut
étre recherché dans les désintégrations d’'un méson B en deux bosons vecteurs
et le deuxieme type, dans les désintégrations d’un hypéron A, en un hypéron
A avec deux pions. Les asymétries des PT contenant le spin du quark s sont
négligeables. La mesure d’un tel signal serait la preuve de I’existence d’une

nouvelle physique.

Dans le deuxiéme article, on calcule les asymétries de brisure T dues aux
produits triples dans les désintégrations non charmées de A;, dans le modéle
standard et en utilisant la méthode de factorisation. On s’intéresse aux modes
de désintégation de A, en un baryon léger de spin 1/2 (F) avec un méson soit
pseudoscalaire (P) soit vecteur (V). On trouve une grande asymétrie (18%)
pour le mode A, — pK~ correspondant au mode inclusif b — su@. Pour les

autres modes du type A, — F' P I'asymétrie est au plus de 'ordre de 5%. Pour
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les modes Ay — F'V, les asymétries sont trés petites, valant au plus 1%. Ceci
pousse & la recherche d’une nouvelle physique donnant lieu a de plus grands
signaux dans ces modes. C’est ce qui nous a encouragé & écrire le troisieme

article.

Le troisiéme article de cette thése concerne la recherche de signaux de
brisure T via les produits triples dans la nouvelle physique. On a construit un
lagrangien efficace pour les desintégrations non charmées de A,, contenant tous
les termes possibles de dimension 6. On a calculé la contribution de ces termes
aux asymeétries en utilisant la méthode de factorisation. Cela nous a permis de
voir quels opérateurs (donc quels modeles de la nouvelle physique) donnent de
grandes asymétries T. Ceci est intéressant surtout lorsque les prédictions du
MS sont modifiées. En effet des asymétries négligeables dans le MS sont aug-
mentées par les nouveaux opérateurs & jusqu’a 50%. Ce calcul est applicable a
n’importe quel modéle de la nouvelle physique et permet de faire un tri parmis
les opérateurs en mesurant les signaux de PT dans les désintégrations des A,.
On a appliqué nos résultats & deux modeles: la supersymétrie avec brisure de
la parité R et “FCNC’s” avec comme médiateur le Z’ leptophobique.

Le quatrieme article constitue un complément au sujet principal de cette
these. Il concerne I’étude d’asymétries de polarisation et “avant-arriere” (“for
ward-backward”) dans le mode b — s, avec les deux leptons polarisés.
Cela permet de tester le modele standard et de sonder la nouvelle physique. Ily
a un total de 31 asymétries dans ce mode dont 9 sont de I’ordre de 10% et plus,
donc mesurables. Cela permet la mesure des coefficients de Wilson et de la
masse du quark b et de tester ainsi le modéle standard. On trouve que certaines
asymétrie sont nulles dans le MS. Donc si par des mesures on les trouve non
nulles ou encore si d’autres sont trouvées plus grandes que les valeurs prédites,
ce sera un signal de présence d’une nouvelle physique. Un exemple intéressant
est 'existence d’asymétries dues & des produits triples (ce sont de faux signaux
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de brisure CP car diis seulement aux phases fortes) qui sont négligeables dans
le MS (de I'ordre de 1072%). Leur observation constituerait un signal évident
de la nouvelle physique.
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SUMMARY

This thesis is comprised of four articles, all of which have been published.
The main subject is the study, in and beyond the standard model of particle
physics, of CP/T-violation via triple products in decays of hadrons containing
a b quark (B mesons or A, hyperons).

In the first article, we study, within the standard model (SM), the inclusive
mode b — suti. We look for triple product asymmetries (TP’s), which break
T (time reversal symmetry). We then mention possible applications at the
hadron level. Only two TP’s give non-negligible asymmetries. We find an
asymmetry of about 5% for p, - (3, X ;) or gy - (5, x 53), and between 1%
and 3% for 3, - (P, x Ps). The asymmetries are negligible for all other triple
products. These results allow one to test the SM and to search for evidence of
physics beyond the SM (“new physics”). Indeed, the first class of asymmetries
can be searched for in decays of a B meson into two vector bosons and the
second class in decays of a A, hyperon into a A and two pions. Asymmetries
of TP’s containing the s-quark spin are negligible. Measuring such a signal

would be an evidence of new physics.

In the second article, we calculate, within the standard model, T-violating
triple product asymmetries in charmless A, decays using the factorization
model. We focus on modes where the A, decays into a light spin-1/2 baryon
(F) with either a pseudoscalar (P) or a vector (V) boson. We find a large
asymmetry (18%) for the decay A, — pK~, whose inclusive mode is b — sui.
The asymmetry for the other modes of the class A, — FP is at most 5%. For
the modes A, — F'V, the asymmetries are tiny, not exceeding 1%. This made
us think about new physics operators which could give larger signals in these
modes. That is the subject of the third article.
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The third article of this thesis consists of the search for T-violating signals
via triple products within the context of new physics. We constructed an
effective lagrangian for charmless A, decays, with all possible dimension-6
terms. Using factorization, we calculated the contribution of these terms to the
asymmetries. This allowed us to see which operator (hence which new-physics
model) leads to large asymmetries. The calculations are most interesting when
the SM predictions are modified. Indeed, negligible asymmetries in the SM
can be enhanced by the new operators to up to 50%. The results of this paper
can be applied to any new physics operators and allow one to determine which
operators contribute to T-violating signals and which do not. We have applied
our results to two specific models: supersymmetry with R-parity breaking and
leptophobic Z’-mediated FCNC'’s.

The fourth article is a complement to the main subject of this thesis. It
studies polarization and forward-backward asymmetries (which are not CP/T-
violating) in the decay b — st7~, with both leptons polarized. Of a total of
31 asymmetries, 9 are measurable, that is, they exceed 10%. This study allows
one to exhaustively test the SM exhaustively and to probe new physics by
extracting the Wilson coefficients and the b-quark mass. Certain asymmetries
vanish in the standard model. Hence, if one of them is measured to be nonzero,
or if others are measured to be bigger than their standard-model values, that
would be a clear signal of new physics. An interesting example is the existence
of triple product asymmetries (these are fake CP-violating signals due to strong
phases) which are negligible in the SM (~ 10~2). Their observation would be
a clear signal of new physics.
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AU NOM DE DIEU LE CLEMENT, LE MISERICORDIEUX

"Et on ne vous a donné que peu de connaissance”

[Saint Coran 17:85]



INTRODUCTION

Pendant longtemps, on a pensé que les phénoménes physiques sont invari-
ants sous les transformations de conjugaison de charge, C, de parité, P et de
renversement du sens du temps, T.

e L’opération de conjugaison de charge, C, transforme toute particule en
son antiparticule. De ce fait, le signe de la charge électrique, de méme
que celui de tout autre nombre quantique additif de la particule (nombres
leptoniques, baryonique, couleur, etc.), est inversé.

e La parité, P, n’est autre que I'opération d’inversion de 1’espace, c’est-a-
dire la symétrie par rapport 4 un point de I’espace. Elle inverse le signe
des vecteurs de position ainsi que celui de toute grandeur vectorielle mais
laisse invariantes les grandeurs pseudovectorielles (résultat du produit
vectoriel de deux vrais vecteurs) telles que les moments cinétiques et,

par cohérence, les spin.

e L’opération T consiste a inverser ’horloge, c’est-a-dire & remonter le
temps. Inversant la coordonnée temporelle, T, va ainsi inverser les
vecteurs impulsion et, de 13, inverser aussi les moments cinétiques dont
les spin.

Les physiciens pensaient, donc, que ces trois opérations constituaient de
bonnes symétries de la nature, jusqu’en 1956 ou la brisure de la symétrie
de parité dans les interactions faibles fut prédite par T.D. Lee et C.N. Yang
lorsqu’ils ont analysé les données expérimentales des désintégrations des mé-
sons K chargés [1]. Cette brisure fut mise en évidence de fagon irréfutable
en 1957 par l’expérience de C.S. Wu qui examinait la désintégration béta

du noyau de cobalt. Les électrons résultants étaient préférentiellement émis
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dans la direction opposée & celle du moment magnétique du noyau de cobalt
[2]. Une année plus tard (expérience de M. Goldhaber et son groupe [3]), on
observait que les neutrinos émis lors de désintégrations faibles étaient toujours
gauches (d’hélicité négative) alors que les antineutrinos étaient toujours droits
(d’hélicité positive). Ceci est une autre évidence de la brisure de la symétrie P
par les interactions faibles: dans une théorie invariante sous P, les deux états

d’hélicité participeraient d’égale facon & l'interaction.

La théorie de I'interaction faible de E. Fermi (1934), modifiée par R.Feyn-
man et M. Gell-Mann (1958) pour tenir compte de la brisure de la parité
(théorie V — A) et améliorée par S. Glashow (1961) — qui proposa I’existence
de trois bosons médiateurs W+, W~ et Z — est en bon accord avec toutes ces

observations expérimentales.

L’interaction faible brise aussi la symétrie C. On peut le voir dans la
désintégration du 7t en un positron et un neutrino. Ce dernier est toujours
gauche. L’opération C transforme cet événement en un 7~ se désintégrant en
un €électron et un antineutrino gauche, ce qui n’est pas observé (I’antineutrino
étant toujours droit). |

Notons que C, P et T sont toujours de bonnes symétries en physique clas-
sique ainsi que dans les interactions fortes et électromagnétiques.

Peu apres ces découvertes, Landau introduisit la combinaison CP comme
nouvelle symétrie conservée. Il avait aussi observé que l'invariance CP avait
comme conséquence la réalité des coefficients des lagrangiens des interactions
faibles. Cependant, en 1964, le groupe de J.W. Cronin et V.L. Fitch observa
la brisure de la symétrie CP dans les désintégrations des mésons K [4]. On
savait avant cette expérience que les mésons de courte durée de vie, K2, avaient
surtout des modes de désintégration en deux pions (qui représentent un état

propre de CP avec la valeur propre +1). Les mésons de longue durée de vie,



K3}, se désintégrent surtout en trois pions (représentant un état propre de CP
avec la valeur propre —1) et en 7ly,. L’invariance CP expliquait parfaitement
I'existence d'un seul mode par espéce — & savoir 77 pour K3 et mwm pour K?
— car K7 et K étaient considérés comme états propres de CP avec les valeurs
propres respectives —1 et +1. Mais dans ’expérience citée plus haut on observa
que le méson K7 se désintégrait en deux pions avec un taux d’embranchement
de 3 sur 1000. Donc I’état propre de masse (ou état physique) K? n’est pas un

état propre de CP. Ceci prouve que les interactions faibles brisent la symétrie
CP.

D’autre part, le théoreme CPT — selon lequel toute théorie quantique des
champs locale et invariante de Lorentz est invariante sous la transformation
CPT — implique que lorsqu’il y a brisure de CP il y a par conséquent brisure
de T. Cette derniére a été mise en évidence, dans les interactions faibles, dans
I'expérience CPLEAR au CERN [5], ot la probabilité d'un K° d’osciller en K°
est légérement supérieure (d’environ 6 sur 1000) & celle de l’oscillation inverse.

Depuis la découverte de la brisure CP dans le systéme des kaons, les physi-
ciens sont toujours & la recherche d’autres manifestations de ce phénomeéne
aussi bien en théorie qu’en expérience. De plus en plus de machines sont con-
struites telles que les détecteurs BaBar (du PEP II au SLAC & Stanford, USA)
et Belle (du KEK au Japon) qui viennent de fournir (2002) la premiére évidence
expérimentale de la brisure CP dans les mésons B [6], car ce phénomene restait
jusque 1a confiné au systéme des kaons neutres. On y reviendra un peu plus

loin.

Pendant que la brisure CP restait mystérieuse, la physique des parti-
cules découvrait son modeéle standard en 1968. Ce dernier, & son départ,
ne considérait que deux générations de quarks. Kobayashi et Maskawa (1973)
réalisaient qu’avec seulement deux générations, il était impossible de trouver

dans le lagrangien une phase complexe nécessaire pour la brisure CP. IIs in-
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troduisirent, donc, la troisiéme génération, et montrérent que la théorie avec
trois générations avait une phase brisant CP. Comme il y a eu la découverte
subséquente du quark b (en 1977 & Fermilab, Batavia, USA), ce modele est
devenu le modéle standard de la brisure CP. Presque deux décennies plus tard,
en 1995, la découverte du quark ¢ au Tevatron de Fermilab, donnera plus de
crédibilité a ce modele.

Il y a eu beaucoup de généralisations et d’extensions du modéle standard
pour incorporer la brisure CP, mais on ne peut pas prétendre avoir trouvé
une vraie explication a ce phénomeéne. On a développé une image assez claire
sur les différentes facons de générer la brisure CP dans une théorie donnée,
mais on est incapable de décider lequel de ces mécanismes est la source, ou
encore, la source dominante de ce phénomeéne. La brisure CP demeure 'un

des problémes les plus importants de la physique des particules.

1 LE MODELE STANDARD

Le modeéle standard de Iinteraction électrofaible est un modeéle de la théorie
des champs quantiques qui décrit et unifie les interactions faibles et électro-
magnétiques (un survol des éléments du modele standard est donné dans
Réfs. [7, 8, 9, 10, 11]). C’est une théorie de jauge locale (ol 'interaction
est dictée par une invariance de jauge locale, i.e. que le lagrangien est invari-
ant sous une transformation de phase dépendant des coordonnées), basée sur
le groupe de symétrie SU(2), x U(1)y. Les champs des particules (leptons
et quarks) sont représentés en doublets gauches (i.e. d’hélicité négative ou L,
de I'anglais Left-Handed) et en singulets droits (d’hélicité positive ou R de
I'anglais Right-Handed):
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Doublets de leptons gauches:

(&), (G2),

Singulets de leptons droits:

Doublets de quarks gauches:

Singulets de quarks droits:

UR , Cr , tR 3 dR 3 SR, bR

Les opérateurs de projection sur les états L et R sont donnés par

:1—’)’5 :1+’Ys
2 b ’YR 2

YL

et pour tout champ X on a

Xp=7X , Xgp=7rX.

(6)

La théorie des groupes nous apprend qu’a chaque groupe de symétrie corre-

spond un nombre bien déterminé de générateurs auquel correspond un nombre

égal de bosons de jauge. Par exemple, I’électrodynamique quantique {ou QED

de I'anglais quantum electrodynamics) est une théorie de jauge locale basée

sur le groupe de symétrie U(1)e,. Ce groupe a un seul générateur qui est

I’opérateur de charge électrique @, auquel correspond un seul champ de jauge

A, qui est le champ électromagnétique (le photon).

Dans le modele standard, le groupe U(1) introduit un seul boson de jauge,

B, et le groupe SU(2) en introduit trois, Wg, j = 1,2,3. Ces bosons sont



sans masse alors que les bosons médiateurs de ’interaction faible doivent avoir
des masses assez élevées pour expliquer la faiblesse de cette interaction. Donc
pour générer des masses & ces bosons S. Weinberg et A. Salam ont fait appel au
mécanisme de Higgs ou mécanisme de brisure spontanée de la symétrie (BSS)
dans lequel on donne une masse 4 un boson de jauge en introduisant des
champs annexes possédant une symétrie brisée (i.e. des états d’équilibre non
symétriques). Grace & ce mécanisme, partant de quatre bosons non massifs
(cités plus haut), on se retrouve avec trois bosons massifs W+, W~ et Z et un
photon, 7, sans masse.

Ces médiateurs de 'intéraction électrofaible sont des combinaisons linéaires
des quatre bosons de jauge cités plus haut:

1
+ .
Wi = W)
Z, = —sinfwB, +cosfy W}
Yu = cosfwB, +sinby W} (7)

et les masses que gagnent W et Z par le mécanisme de Higgs sont

37.3 GeV M,
=, My=—2 (8)

M = )
W cos By

sin 0W

Ici, 6w, appelé angle de Weinberg, est un parametre libre de la théorie. De
plus, on se retrouve avec un nouveau boson, de spin et de charge électrique

nuls, le boson de Higgs.

Le modele standard a eu un succés remarquable dans la description des
phénomenes a faible énergie. Il a prédit avec succes les propriétés des bosons
W2 et Z. En effet, les courants neutres (interactions par échange du Z)
furent découverts expérimentalement au CERN en 1973. Puis en 1983, tou-
jours au CERN, il y a eu la découverte des bosons W= et Z et on mesura
sin? = 0.232.



Il reste que ce modeéle comporte des lacunes. L’arbitrarité des masses des
fermions (générées elles aussi par BSS) et de leurs couplages, et I'arbitrarité
aussi de la masse du boson de Higgs, non observé jusqu’a ce jour, en sont les
principales. La difficulté d’observation du boson de Higgs est due & son faible
couplage aux fermions (de I'ordre de (m;/My)e). Les limites actuelles pour
sa masse sont 100 GeV < My <1 TeV.

2 MATRICE DE KOBAYASHI-MASKAWA

Plus t6t dans l'introduction, il a été mentionné que la matrice de Kobayashi-
Maskawa est devenue le modeéle standard de la brisure de CP. Voyons, de bréve
facon, comment se construit cette matrice. (Plus de détails se trouvent dans
Réfs. [8, 12, 13, 14].)

Soit le lagrangien d’interaction quarks-Higgs

3
L(g,H)= ) {Y}ijLHCQkR +Y;,.Q; Ha, + h-C} ; (9)
Jik=1
ou Y](,;) sont des constantes de couplage et “h.c.” signifie ’hermétien conjugué
de 'expression qui précéde. Ici, @;, est un doublet de quarks gauches [éq. (3)],
Gk €t gi, sont des singulets de quarks droits, respectivement “up” et “down”
[éq. (4)] et H est le doublet de Higgs défini par

(+)
H= (i(o)) (10)
avec
ot = 71—2‘(¢1+i¢2)
$O = (g0 +ids) . (1)

2

S
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Trois de ces scalaires , ¢1, @2 et ¢s, seront “mangés” (mécanisme de Higgs)
par les bosons de jauge qui deviendront massifs et ne restera qu’un seul Higgs

physique, ¢9. HC est le C-conjugué de H.
Sous la brisure spontanée de la symétrie on a
¢0 — ¢0 +uv, (12)

ou v est la valeur dans le vide de ¢g. Ainsi, le lagrangien de 1'éq. (9) devient

3
;= 1
L0, H) — = 3 {miiygen + mipd) by + he} (14 200) (19
7,k=1

v v o,
ﬁyjk ) ﬁjk

sont des éléments des matrices de masse des quarks, m pour les quarks “up”

My = — m;‘k = - (14)

et m' pour les quarks “down”. Ces matrices ne sont pas diagonales, donc les

champs q§-/)

physique, m et m’ sont complexes. Elles renferment des phases brisant CP.

ne sont pas des champs physiques. De plus, dans cette base non

Maintenant, on va diagonaliser les matrices m et m’ & I'aide de matrices

unitaires Uy, Ug, Uy, et Ug, comme suit:

m, O 0
ULmU}; = D=0 m, O ,
0 0 my
mq 0 0
UmUg = D=| 0 mg 0 |. (15)
0 0 my

Les m;, ¢ = u,c,t,d,s,b, sont les masses des quarks, correspondant & la base

physique (contenant les vecteurs propres de m et m'):

U U
e = | = Unmdurm =Uwr | €
¢ 7

L(R) L(R)



d
A -
qg’(R) = 3 = UIIJ(R qIL(R UZ(R)

L(R)

(16)

S o R

L(R)
u,C,... etc. sont les champs de quarks non-physiques, ceux participant au
lagrangien de I'éq. (9) qui va s’écrire dans la base physique

1 _ - _
LP(q, H)=- (1 + ;(f)o) [muﬂu + mccc + mytt + mgdd + mgSs + mbbb] )
(17)
Ce dernier terme conserve parfaitement la symétrie CP. On va voir que la

brisure de CP a éte transférée aux courants chargés.

Le terme de courant chargé de la partie hadronique de la densité du la-
grangien du modele standard est

=Zi:l ] GG, + hee (18)

et ce, dans la base non-physique des quarks. g, est la constante de couplage
faible aux courants chargés. Elle est reliée & la charge électrique par la relation

e = gosin By , (19)

Ow étant I’angle de Weinberg. L’expression de 1'éq. (18) dans la base physique
donne, en utilisant 1'éq. (16)

L%(q) = [ 97] EULUN P + hee.
= l \g/——]W Y Viemad" + h.c., (20)
ou
Vud Vus Vub
Vem =\ Vaa Vs Va (21)
Via Vis Vi

est la matrice de mélange des quarks connue sous le nom de matrice de
Kobayashi-Maskawa (ses inventeurs) [15].
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Iy a donc mélange de saveurs dans l'interaction & courant chargé et on voit
que ce courant chargé est toujours gauche dans le modele standard. Voyons

ce qui se passe dans les couplages aux courants neutres.

Le terme de courant neutre de la partie hadronique de la densité du la-
grangien du modele standard est, dans la base non-physique des quarks,

— | g2 0 - l‘(l_g .92 )..
Ln(q) l —\/icosewl z, [qm 5~ 350 0w )@

— 2 . .
+3r 7" (—5 sin? 0w) dr

— 1 1. -
+q’L ’Y“ (—5 + 5 SlIl2 9W> qIL

= 1. -
+qr Y (§ sin® 9W) q}g] . (22)
En utilisant les relations de ’éq. (16), ce terme donne, sachant que les quatre
matrices Ug()R) sont unitaires,

—h 1 2
Lohg) = |-—=F2 | 20 [ Ph b (— — Zsin?6 ) o
v (2) l Trcosow| Zr | g3 0w)a
-5 2
+ak' (—g sin® 9w) qg
(1 Lo iph
+q; Y —5 + gSll’l 9W qr,
_ 1 .
+qBh p (5 sin? BW) q%’h] ) (23)
De la on constate que, dans le modele standard, il n’existe pas de courants
neutres avec changement de saveur (FCNC ou “flavour-changing neutral cur-
rents”). Autrement dit, le boson Z ne couple que les quarks de méme saveur.
La matrice de Kobayashi-Maskawa n’intervient que dans les courants chargés.

De plus, les courants neutres peuvent étre droits ou gauches, contrairement

aux courants chargés qui sont toujours gauches.

Retournons a la matrice de Kobayashi-Maskawa dont les élements doivent
étre déterminés expérimentalement via les couplages W*gq'. La théorie des



1L

groupes nous apprend qu’une matrice complexe et unitaire N x N est décrite
par N(N — 1) parametres réels indépendants et IN(N + 1) phases com-
plexes. Etant donné que Vi est une matrice complexe et unitaire 3 x 3, elle
doit donc comprendre trois parameétres réels indépendants et six phases com-
plexes. Cependant, ces six phases n’ont pas toutes un sens physique. Sachant
que l'interaction de I’éq. (20) est invariante sous transformation de phases,
on peut “absorber” cing des six phases complexes de Vi, en réajustant les
phases des composantes droites des quarks. Cependant, une phase reste redon-
dante. C’est cette phase unique de Vg qui cause la brisure CP dans le modéle
standard. Ajoutons enfin que le changement de base (passage des quarks non-
physiques aux quarks physiques, décrit par I’éq. (16)) a transféré la brisure
CP des couplages quarks-Higgs aux couplages quarks-boson W.

Il existe plusieurs paramétrisations de la matrice Vs mais citons ici la plus
pratique, a savoir celle de Wolfenstein [16], qui met en relief 'ordre de grandeur
de chaque élément et la phase unique brisant CP représentée par le parameétre
n (A, p et X sont les trois parametres réels indépendants mentionnés plus haut).
Dans cette paramétrisation, la matrice Vi s s’écrit approximativement

1—-1)2 A AN3 (p —1n)
View = | —A(1+1iA%Xn) 1-1)2 AN? : (24)
AN (1—p—in) —AN? 1

ou les éléments présentent une hiérarchie en termes du parametre A (sinus de
’angle de Cabibbo). Notons qu’a I’ordre 0()A3), il y a seulement deux élements
de la matrice Vi qui ont une partie imaginaire non nulle, V,,, et Vi4. Les
mesures expérimentales ont permis de trouver [17]
A = 0.819+0.035,
A = 0.2196 4+ 0.0023 ,
pP+n? = 0.423+0.064 . (25)

Il y a trois autres parametres de la matrice Vi s qui sont souvent cités dans



n
(p,m)
Vib o Vid
AVeb AVeb
i B
(0,0) (L) »p

Figure 1: Le triangle d’unitarité.

le probléme de la brisure CP. Ce sont les trois angles du triangle d’unitarité. Ce
dernier n’est autre qu’une représentation géométrique dans le plan complexe

de la condition d’unitarité de la matrice Vi js. Soit
VauaVigy + VedVig + ViV = 0, (26)

qui peut étre réecrite en utilisant ’éq. (24) comme

u*b Wd —
AV AV

1. (27)

Cette derniére équation représente un triangle dans le plan complexe (i.e. le
plan p-7), illustré dans la Fig. 1. C’est le triangle d’unitarité. Ainsi , les
valeurs permises de p et 1 se traduisent en les formes permises du triangle

d’unitarité.

Les angles «, B et v de ce triangle sont directement reliés & la phase com-
plexe de la matrice V. En effet,

arg <——V—td—Vt*b—) ~ arctan [1—77 ] — arctan [Q] )

«
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VeaVey =1
B = ar <———C):7r—arctan[ ] ,
I ViaVip I-p
Y = arg|{—~—. | @arctan |—-| — 7. 28
( VYCd cb P ( )

Alors, il y a brisure CP (i.e., n # 0) lorsque aire du triangle d’unitarité n’est
pas nulle, autrement dit, lorsque les trois angles c, 8 et <y sont non nuls. (Dans
le modele standard, leur somme géométrique vaut 7. Ceci est un test du MS.)

De récentes mesures expérimentales (2002) dans les nouveaux détecteurs
Babar et Belle ont permis de mesurer sin 23 = 0.78 +-0.08 dans les désintégra-
tions des mésons B [6]. Ceci donne la premiére évidence expérimentale de la
brisure CP hors du systéme des kaons.

En fait, la mesure des angles «, 8 et v est la raison d’étre des “usines” &
mésons B pour trouver la moindre contradiction avec le modeéle standard. Le
modele standard explique bien le phénomene de la brisure CP observé dans les
désintégrations des kaons. Il présente un mécanisme “posé a la main”, a 1’aide

g P p ,
de la matrice de Kobayashi-Maskawa, mais il ne nous apprend rien sur ’origine
de ce phénomene. C’est pour cela qu’il faut chercher encore plus “d’indices”
p P q p
dans tous les endroits possibles en particulier dans les désintégrations des

hadrons & saveur de beauté, & savoir des mésons B et des hypérons As.

3 BRISURE CP DANS LES MESONS B

Le modéle standard prédit de grands effets de brisure CP dans les désinté-
grations des hadrons faisant intervenir les quarks b (des détails se trouvent dans
Réfs. [7, 9, 12, 18, 19, 20, 21, 22]). Ces derniers, appartenant & la troisiéme
famille, ont beaucoup de modes de désintégration en membres de familles
inférieures. Ainsi, les mésons B, comme les hypérons A, se désintégrent en une

multitude d’états finaux ou des effets d’asymétries CP peuvent étre mesurés.
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Une étude quantitative de ces asymétries conduirait soit & la conclusion que
la phase de la matrice Vi) est la seule source de brisure CP soit a des bases
expérimentales pour de nouveaux mécanismes de brisure CP, amenant ’étude
au-deld du modele standard. Donc I’étude des asymétries CP dans les hadrons
beaux (dont ’un des quarks constituants est le quark b) devrait répondre A la
question: est-ce que I'unique phase complexe de la matrice Vg, est la seule
source de brisure CP ? En outre, cette étude permettrait aussi une mesure

plus exacte des parameétres de la matrice Vi .

La présente these est une contribution & cette étude. Elle concerne la
recherche d’asymeétries de brisure CP via les produits triples. On va y revenir

dans la section suivante.

Pour le moment, intéressons-nous & un autre type de signaux de brisures
CP, les plus étudiés en littérature, soient les asymétries des taux de désinté-
gration. Ces asymétries peuvent avoir lieu dans les désintégrations des mésons
B neutres ou chargés. Dans le cas des B neutres des effets de mélange (on va
voir plus loin ce qu’on entend par effet de mélange) peuvent se manifester et
contribuer au signal. Si aucune contribution des effets de mélange n’a lieu (ce
qui est toujours le cas pour les B chargés) on parle d’asymétries de brisure CP
directe. Il peut aussi y avoir brisure CP due uniquement aux effets de mélange

ou encore combinaison de brisure directe et d’effets de mélange.

3.1 Brisure CP indirecte dans les mésons B

Dans le systéme des mésons B neutres, les états physiques (états propres de
masse et de l'interaction faible) sont des superpositions des états conjugués de
CP, B et BO. IIs s’écrivent

|Bt) = p|B°) +q|B%)

|Bu) = p|B°) —q|B°). (29)
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Les indices L et H sont pour, respectivement, “light” (1éger) et “heavy” (lourd).
En fait, pour les mésons B, c’est la différence de masse Amg = mg,, —mp, qui
domine la physique, alors que les durées de vie des deux états physiques sont
presque les mémes. Ce “mélange” de BY et B est di au fait que le nombre
quantique de beauté, b, n’est pas conservé par les interactions faibles. De plus,
la brisure de CP implique que p # ¢, car si CP était une bonne symétrie, on
aurait p = q et |BL) et |By) seraient des états propres de CP avec les valeurs
propres respectives +1 et —1. La différence entre p et g caractérise la brisure
CP due au mélange B°-B°. D’autre part, pour le systéme des mésons B, p et

g ne different que d’une phase, ¢, phase faible! de ce mélange. On a

q/pm e M (30)

Dans le modéle standard, les prédictions les plus importantes de signaux
de brisure CP qu’on trouve dans la littérature ont lieu dans les désintégrations
des mésons B neutres en états propres de CP. Ces signaux sont directement
liés aux angles du triangle d’unitarité. Voyons briévement comment.

Pour une désintégration B® — fcp, 'asymétrie CP du taux de désinté-
gration est définie par

Qfcp (t) = ) (31)
ot B%(t) (resp. Fo(t)) est un méson B neutre & l'instant ¢ qui était un B°
(resp. un B°) & I'instant ¢ = 0. On démontre que

(1= |rsp|?) cos(Ampt) — 2Imry,, sin(Ampt)

afCP (t) - 1 + |TfCP|2 ) (32)

1On veut dire par phases faibles les phases présentes dans les amplitudes de désintégration
qui ont pour origine la phase de la matrice de Kobayashi-Maskawa. Elles sont toutes reliées a
cette derniére et changent de signe entre B et B®. Les phases fortes, par contre, proviennent
des interactions fortes entre états finaux et sont les mémes pour B° et B°.
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ot Amp est la difference de masse mentionnée plus haut et le paramétre rj,,

est défini par _
_gA
TfCP = Z—)Z 5 (33)

avec A représentant ’amplitude de désintégration & t =0 de B® en fop et A

I’amplitude du processus CP-conjugué.

Dans le cas de brisure CP due seulement au mélange, on a, |rf.,| =1 car

A et A ont, dans ce cas, une méme phase faible, ¢p,
AJA = e oD (34)
et ’éq. (32) se simplifie en
afep(t) = —Imrj,, sin(Ampt) (35)
avec, en utilisant les égs. (30) et (34)

ImrfCP = —sin 2(¢M + ¢D) . (36)

On voit que I'asymétrie CP due au mélange [éq. (35)] oscille dans le temps
avec, comme fréquence, la différence entre les masses des B° physiques (Amp)
et une amplitude (Imry,, ) qui est une pure fonction des paramétres de Vi .

Voyons maintenant des exemples typiques de détermination des angles,
o, B et v, du triangle d’unitarité & partir d’asymétries du type donné dans
I’éq. (35).

On considére d’abord la désintégration B — ¢ K. Elle correspond au
sous-processus b — c¢s. Comme ce sont les couplages b-c et s-C qui sont mis
en jeu, la phase faible de désintégration [éq. (34)] n’est autre que

A Ve Vo
—2¢p =arg (—) = arg (*—”) . (37)
A cb‘/cs
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D’autre part, on démontre que la phase faible du mélange B — BY [éq. (30)]

est
arg (2) =arg (th—‘/;f> . (38)
p BY V;,‘b td
Mais il y a aussi le mélange K° — K° dans K qui correspond & la phase faible
q ‘/CS c’:i)
arg | - =arg| —=] . 39
(p) Ks I (Vchc§ (39)
Donc, la phase totale de mélange est
—2¢p = ar < . 40
w=arsf (visE) (7 o
Des éqgs. (37) et (40), on tire le parametre r;,, [éq. (36)] pour fcp = Y K:
VedVay
arg (ryxs) = —2(ép + dn) = —2arg <7d_f> =284 (41)
tdVip

La derniere égalité provenant de I’éq. (28). L’amplitude de I’asymétrie CP dans
le mode B} — %K est directement liée & ’angle 8 du triangle d’unitarité,
soit

Im (ryxs) = sin(28) . (42)

De facon analogue, on peut mesurer sin(2¢) dans la désintégration B} — 77~
et sin(2v) dans B? — pKs.

On voit de ces trois exemples comment le Modéle Standard offre la pos-
sibilité de mesurer indépendamment les trois angles du triangle d’unitarité.
L’angle 3 a été récemment mesuré dans les détecteurs BaBar et Belle [6] comme
mentionné dans le chapitre précédent et la désintégration B — %K fait par-
tie des modes étudiés dans ces expériences. On a trouvé sin 28 = 0.78 £ 0.08.

Avant de passer au sujet principal de la thése (qui est la brisure CP via
les produits triples) jetons un coup d’ceil sur la brisure CP directe dans les

mésons B.
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3.2 Brisure CP directe dans les mésons B

Pour une désintégration B — f, sans effets de mélange, I’asymétrie CP directe

est définie par )
e — I'(B— f)-T(B—f)
T"TB=N+T(B=J)’

ou B peut étre chargé ou neutre. Pour qu’une telle asymétrie ait lieu, il faut la

(43)

contribution d’au moins deux amplitudes au taux de désintégration du mode,
avec différentes phases faibles et différentes phases fortes, 4 savoir

(B —

A ) = Alei(51+¢1) +A2ei(62+¢2)
A(B -

f
7) = Alei(51—¢1)+A2ei(52—¢2) . (44)

ou les ¢; sont les phases faibles et les ¢; sont les phases fortes. L’asymétrie
[éq. (43)] va donc étre

ar X A1A2 sin ((51 — 52) sin (¢1 — (}52) . (45)

Ces asymeétries sont aussi utilisées pour tester le modeéle standard en mesurant
les angles «, B et v du triangle d’unitarité.

Le probléeme avec ce genre d’asymétries est que la phase forte relative,
(01 — 02) [éq. (45)] doit absolument étre non nulle pour que le signal de brisure
CP soit détecté. De plus cette phase forte constitue souvent un paramétre
inconnu. On va voir, dans ce qui suit, qu’il en est autrement pour les asymétries
qui nous intéressent: celles dues aux produits triples.

4 PRODUITS TRIPLES ET BRISURE CP

Les asymétries CP via les produits triples ont été trés peu étudiées compar-

ativement aux signaux de brisure CP qui ont recu le plus d’attention et qui
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sont les asymétries des taux de désintégration dans les mésons B mentionnées
dans la section précédente. La présence de produits triples dans les amplitudes
de désintégration est une manifestation directe de brisure de la symétrie T et,
en tenant compte du théoreme CPT, elle est aussi un signal de brisure de la
symétrie CP.

On entend par produit triple tout scalaire ¥ - (¥ x 73) ol chaque v; est
soit une impulsion soit un vecteur spin de 'une des particules participant
a la désintégration. On avait vu, au début de ce chapitre, que 1’opération
T inversait le signe de ces vecteurs. Ainsi, les produits triples ont toujours
leurs signes inversés par l’opération T, de sorte que leur présence dans une
amplitude de désintégration indique que cette derniere n’est pas un invariant
de la symétrie T.

On définit pour les produits triples ’asymétrie

F(ﬁl'(ﬁgx73'3)>0)—F(171'(62X173)<O)
F(Ul‘(ﬁgX173)>0)+F(271'(272X173)<0) ’

Ar = (46)

ou I est le taux de désintégration du processus étudié. Cette asymétrie indique
que le taux de désintégration dans la région de ’espace ol le produit triple
est positif differe du taux de désintégration dans la région de ’espace ol le
produit triple est négatif. Mais Ar ne représente pas en soit la brisure de
T car T ne fait pas qu’inverser les signes des spins et des impulsions mais
inverse aussi états finaux et états initiaux. Comme on n’inverse pas les états
initiaux et finaux dans Ar, on peut donc avoir A7 # 0 sans avoir de brisure
T. On parle dans ce cas d’un faux signal de brisure T (CP). On va voir plus
loin comment cela se produit et comment discerner les vrais signaux des faux
signaux. Comme Az n’indique pas si le signal est vrai ou faux, on ne I'appelle

pas encore asymétrie de brisure T mais plutét asyméirie T impaire.

Supposons qu’on ait une désintégration B — f dominée par les deux am-
plitudes de 1’éq. (44) dont linterférence contient un produit triple. Alors
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l’asymétrie T impaire va étre
Ar oc cos (8; — d;) sin (¢ — ¢p2) + sin (6; — &) cos (¢ — ¢2) . (47)

On voit bien dans 1’éq. (47) que Ar peut étre non nulle méme si la phase faible
(1 — ¢2) est nulle. C’est le faux signal dont on parlait plus haut. Il est di
a la présence des phases fortes [terme sin (§; — d3)]. Pour remédier & cela on
définit l’asymétrie de brisure T comme suit:

1 _
Ar = 5(Ar % Ar) | (48)

ol Ar est Pasymétrie T impaire du processus CP-conjugué B — f. Le signe
qu’on met entre Ar et A7 dépend du type de PT; on met un signe (+) lorsque
le nombre d’impulsions y est impair et un signe (—) lorsqu'il est pair. Ceci
provient du fait que CP inverse les impulsions, donc inverse le signe du premier
type de PT. A7 donne

Ar o cos (07 — 82) sin (¢ — ) . (49)

Il est clair que A7 n’est non nulle que lorsque la phase faible (¢, — ¢3) est non
nulle. Ar est donc un vrai signal de brisure T (CP).

D’autre part, ’avantage de cette classe d’asymétries par rapport aux asymé-
tries des taux de désintégration [égs. (43) et (45)] est que la présence de phases
fortes n’est pas nécessaire pour qu’elle ait lieu. Au contraire, le signal est ma-
ximal lorsque la phase forte est nulle [dans 1’éq. (49), Ar est maximale pour
6 — 62 =10].

Ajoutons qu’on peut définir ’asymétrie suivante (le signe qu’on met entre
Ar et Ar est opposé de celui qu’on met dans Ar):

AE = %(AT + Ar) o sin (81 — 63) cos (¢ — a) , (50)
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Dans les désintégrations oti la phase faible est nulle, AL n’est pas un vrai signal
de brisure CP; c’est le faux signal dont on parlait au début de cette section.
Il va permettre de mesurer la phase forte:

AT ((¢1 — ¢2) = 0) o sin (6; — 6) . (51)

Maintenant, voild comment se manifeste un produit triple, 7 - (7 X 3),
dans le carré d’une amplitude. Tout terme de la forme €,,,,p*viv5v{, ou
Euvpo €St le tenseur complétement antisymétrique & quatre dimensions et p*
est la quadri-impulsion de I'une des particules participant & la désintégration,
se réduit dans le référentiel propre de cette derniére au terme md, - (U X 3),
ou m est la masse de la particule.

La recherche de signaux de brisure CP via les produits triples est un do-
maine tres intéressant de la physique des particules. De plus en plus d’usines
a mésons B se construisent & travers le monde , donnant la chance de mesurer
de tels signaux, de tester la validité du modele standard et en méme temps de
diriger la recherche vers la bonne physique au-deld du modéle standard. La
présente theése vient déposer une nouvelle brique dans la construction d’une
idée claire sur ’origine du phénomeéne de la brisure CP. Les conséquences de
la compréhension de ce phénomeéne s’'étendront jusqu’en cosmologie, oli on

pourra expliquer la quasi-inexistence de ’antimatiére dans notre monde.

Le premier article de cette thése est consacré a ’étude d’asymétries de
brisure T via les produits triples [du type donné dans 1’éq. (48)] dans le pro-
cessus inclusif b — suu et ce, dans le modele standard. Les applications
au niveau hadroniques (mésons B et hypérons A,;) sont mentionnées. Trois
amplitudes contribuent a la désintégration b — su@ donnant lieu & plusieurs
produits triples dans I’amplitude totale au carré (plus précisément dauns les ter-
mes d’interférence de celle-ci). Deux seulement de ces produits triples donnent

des asymétries assez larges. L’un fait intervenir les spins des quarks u et @ avec
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soit I'impulsion de u soit celle de 4 et I’autre produit triple fait intervenir le
spin du quark b avec les impulsions des quarks u et s. Les asymétries trouvées
sont d’environ 5% pour le premier produit triple et entre 1% et 3% pour le
second. Les asymétries dues aux autres produits triples sont négligeables, en-
tre autres ceux impliquant le spin du quark s (asymétrie réduite a cause de
la suppression en 1/m;, dans ’amplitude). L’idée est que si I'asymétrie due a
un produit triple est négligeable au niveau des quarks elle doit I’étre aussi au
niveau des hadrons, ce qui permet de tester le MS et de voir, s’il y a lieu, la

manifestation d’une nouvelle physique.

La premiére asymétrie peut étre mesurée dans des désintégrations B —
ViVa, ou V; et V5 sont des mésons vecteurs. Par contre, comme la deuxiéeme
asymétrie implique le spin du quark b, elle ne peut pas étre mesurée dans des
désintégrations des mésons B; il faut utiliser des baryons A;. Ceci est étudié
dans les deuxiéme et troisieéme articles, qui constituent donc une suite logique

au premier.

Dans le deuxiéme article, on reste dans le modeéle standard et on calcule les
asymeétries de brisure T dues aux produits triples dans les désintégrations non
charmées de A, en utilisant le modele de factorisation. On trouve une grande
asymétrie (18%) pour le mode A, — pK~ correspondant au mode inclusif
b — suu. Ici la suppression en 1/m;, mentionnée plus haut, est compensée
par le terme d’accroissement chiral (“chiral enhancement’), m%/(ms + my).
Pour le mode A, — pm~, on trouve une asymétrie de ’ordre de 5% et elle est
de l'ordre de 1% pour A, — An(n'). Pour les modes A, — F'V, ou F est un
baryon léger de spin 1/2 (un proton ou un A) et V' un méson vecteur (un K*,
un p ou un ¢), les asymétries sont tres petites, valant au plus 1% pour les V
polarisés transversalement et encore plus petites pour les V longitudinaux. La
petitesse de tels signaux dans le modele standard ouvre la porte & la recherche

d’une nouvelle physique donnant lieu a de plus grands signaux dans ces modes.
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C’est ce dont traite le troisiéme article.

N.B.: Dans les deux articles cités plus haut, on n’a pas mentionné la
nuance concernant le signe entre A et Az (qui dépend du type de PT) dans
I’asymétrie de brisure T, Ar. Mais cela n’affecte en rien nos résultats car on

a calculé la bonne quantité (le vrai signal) donnée par I’éq. (49).

Dans le troisiéme article de cette theése, on s’intéresse aux produits triples
au-deld du modele standard. On construit un lagrangien efficace pour les
desintégrations non charmées de A,, ayant pour sous-processus les modes b —
sqq et b — dgq. Ce lagrangien contient tous les termes possibles de dimension
6 de la nouvelle physique. Ensuite, on a calculé la contribution de ces termes
aux asymétries T dues aux produits triples, toujours dans le cadre du modele
de factorisation. Cette méthode permet de voir quels opérateurs (donc quels
modeles de la nouvelle physique) donnent de grandes asymétries T dans des
modes ol elles sont négligeables dans le modele standard, ce qui permet de
faire un tri parmi les opérateurs de la nouvelle physique. On trouve que la
nouvelle physique change considérablement les résultats du modele standard.
Des asymétries négligeables dans ce dernier sont augmentées par les nouveaux

opérateurs jusqu’a 50%.

Le quatriéme article est un complément des trois autres. Il concerne I’étude
d’asymétries de polarisation et “avant-arriere” (“forward-backward’) dans le
mode b — s7T7~ avec les deux leptons polarisés (mentionnons que ce ne sont
pas 13 des asymétries de brisure CP). Cela permet aussi de tester le modele
standard et de sonder la nouvelle physique. En effet, il y a un total de 31
asymétries dans ce mode, dont 9 sont mesurables dans le modele standard (de
lordre de 10% et plus). Cela permet de mesurer les coefficients de Wilson
et la masse du quark b et de tester ainsi le modéle standard. Certaines des
asymétries sont trouvées carrément nulles dans le modele standard. Donc si

elles sont mesurées ou encore si d’autres sont trouvées plus grandes que les
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valeurs prédites, ce sera un signal de présence d’une nouvelle physique. Un
exemple interessant est 1’existence d’asymétries dues & des produits triples
(précisons que ce sont de faux signaux de brisure CP car dis seulement aux
phases fortes) qui sont négligeables dans le modele standard (de l'ordre de
1072). Leur observation constituerait un signal évident de la nouvelle physique.
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CONTRIBUTION DE L’ETUDIANTE
AUX DIFFERENTS ARTICLES

Ma contribution fut essentielle & chacun des articles.

e J'ai effectué tous les calculs du premier article.

e Dans le deuxieme article, j’ai fait le calcul des amplitudes au carré dont
les résultats sont représentés par les équations (6) et (42) et j’ai vérifié
le reste des calculs.

Dans le troisiéme article j’ai fais tous les calculs.

J’ai effectué la plupart des calculs du quatriéme article dont 'amplitude

au carré et les différentes assymétries de polarisation.



Fam=N

CHAPITRE I: PREMIER ARTICLE
(Publié dans: Physical Review D 64, 116003 (2001).)

T-Violating Triple-Product Correlations
in Hadronic b Decays

Wafia Bensalem! and David London?

Laboratoire René J.-A. Lévesque, Université de Montréal,
C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 8J7

Abstract

We study T-violating triple-product asymmetries in the quark-level
decay b — su@ within the standard model (SM). We find that
only two types of triple products are non-negligible. First, the
asymmetry in pi, - (5, X 53) or pz - (§, x §3) can be as large as about
5%. It can be probed in B — V;V, decays, where V; and V, are

. vector mesons. Second, the asymmetry in 5, - (5, X 7;) can be in
the range 1%-3%. One can search for this signal in decays such as
Ay = Antzw~. All other triple-product asymmetries are expected
to be small within the SM. This gives us new methods of searching
for new physics.

! wafia@Ilps.umontreal.ca
2london@Ips.umontreal.ca
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1 Introduction

These are exciting times for B physics. Measurements of sin 23 have been
made [1], and provide the first hints of CP violation outside the kaon system.
It is expected that further measurements of CP-violating rate asymmetries in
the B system will be made before too long. And in the near future, data from
HERA-B and hadron colliders will add to our knowledge of CP violation in
the B system.

The purpose of all this activity is to test the standard model (SM) expla-
nation of CP violation. In the SM, CP violation, which to date has been only
seen in the kaon system, is due to the presence of a nonzero complex phase
in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V. In this
scenario, one expects large CP-violating effects in B decays, and the above
experiments are searching for such signals.

The CP-violating signals which have been the most extensively studied are
rate asymmetries in B decays [2]. Measurements of such asymmetries will
allow one to cleanly probe the interior angles o, 8 and 7 of the unitarity
triangle, which will in turn provide important tests of the SM.

However, there is another class of CP-violating signals which has received
relatively little attention: triple-product correlations [3]. In a given decay, it
may be possible to measure the momenta and/or spins of the particles involved.
From these one can construct triple products of the form #, - (7, x 3), where
each v; is a spin or momentum. Such triple products are odd under time
reversal (T) and hence, by the CPT theorem, are also potential signals of CP
violation.

To establish the presence of a nonzero triple-product correlation, one con-
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structs an asymmetry of the form

F(l_fl . (172 X ’173) > 0) — F(’l—)'l . (’l-fz X ’173) < O)

Ar = 1
T F(’l—J‘l'('I—J'z)('l_}.;;) >0)+F(’l71(62 X’l?;;) <0) ’ ( )

where I is the decay rate for the process in question. However, there is a
complication: although the action of T changes the sign of a triple product, if
a triple product changes sign, it is not necessarily due to the T transformation.
This is because, in addition to reversing spins and momenta, the time reversal
symmetry T also exchanges the initial and final states. Thus, in a given decay,
a nonzero triple product is not necessarily a signal of T (and CP) violation. In
particular, triple-product correlations can be faked by the presence of strong
phases, even if there is no CP violation. That is, one typically finds that

A o« sin(¢ + 6), (2)

where ¢ is a weak, CP-violating phase and § is a strong phase. From this we
see that if § # 0, a triple-product correlation will appear, even in the absence
of CP violation (i.e. if ¢ = 0). In what follows, we refer to the triple-product
asymmetries of Eq. (1) as T-odd effects.

Nevertheless, one can construct a T-violating asymmetry:

AT = (AT - AT) ) (3)

BN | =

where A; is the T-odd asymmetry measured in the CP-conjugate decay pro-
cess. This is a true T-violating signal in that it is nonzero only if ¢ # 0 (i.e. if
CP violation is present). Furthermore, unlike decay-rate asymmetries in direct
CP violation, a nonzero A, does not require the presence of a nonzero strong
phase. Indeed:

Ar «x sin¢cosé (4)

so that the signal is maximized when the strong phase is zero.
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As with all CP-violating signals, (at least) two decay amplitudes are nec-
essary to produce a triple-product correlation. Such correlations have been
studied in semileptonic B decays [4]. However, since there is only a single
amplitude in the SM, any such signal can occur only in the presence of new

physics.

To our knowledge, the only study of triple products in the SM has been
made by Valencia [5], who examined the decay B — V; V3, where 1] and V, are
vector mesons. He looked at triple products of the form k- (€1 x &), where &
and € are the polarizations of ¥ and V3, respectively, and k is the momentum
of one of the vector mesons. Since the calculation was done at the meson level,
estimates of the various form factors were needed. The conclusion of this study
was that, within the SM, one could expect a T-violating asymmetry at the level

of several percent.

In this paper we re-examine the question of triple products in the SM
using a complementary approach. In particular, we search for triple-product
correlations at the quark level. The motivation is the following: if a significant
triple-product correlation exists at the hadron level, it must also exist at the
quark level. After all, given that QCD (which is responsible for hadronization)
is CP-conserving, it is difficult to see how one can generate a large T-violating

asymmetry at the hadron level if it is absent at the quark level.

Of course, the converse is not necessarily true: a large T-violating effect at
the quark level might be “washed out” to some extent during hadronization,
since the spins and momenta of the quarks may not correlate well with the
spins and momenta of the hadrons. (The most obvious example of this is if
spin-0 mesons are involved. In this case no information about the spins of
the constituent quarks can be obtained.) Thus, a quark model is required to
relate the asymmetries at the quark and meson levels. This suggests that the
study of triple products at both the quark and meson levels may allow us to
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distinguish among the various quark models.

With this in mind, in this paper we examine the inclusive decay b — sui
within the SM. If there is a large k- (€, x &) triple product in B — ViV,
there should also be a large triple product at the quark level of the form
p- (§x §), where ' is the momentum of one of the quarks, and § and & are
the spins of two of the light quarks. And indeed, we find that the quark-level
T-violating asymmetry due to the triple product p, - (5, x &) or 7 - (5, x 53) is
about 5%. This strongly supports Valencia’s conclusion that the SM predicts
a measurable T-violating asymmetry in B — V; V.

However, we also find another significant T-violating signal in b — su@. It
is due to the triple-product & - (5, x p;), which involves the b-quark spin and
the momenta of the s and u quarks. In the SM, this signal turns out to be in
the range of 1% to 3% of the total rate, which may be measurable. It might
be observable in decays such as A, — Art7n~.

Finally, it is also important to note which T-violating signals are not
present. For example, we find that there are no significant T-violating asym-
metries in the SM which involve the spin of the s-quark. Thus, should such
an asymmetry be measured, it would be a clear sign of new physics.

In Sec. 2, we compute the triple products present in the decay b — sut, and
estimate their sizes. We discuss possible hadron-level applications in Sec. 3.
We conclude in Sec. 4.

2 Triple Products in b — suu

In the inclusive decay b — sui, the amplitude has two dominant contributions:
the tree diagram (T') due to W-boson exchange and the loop-level strong pen-
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1
guin diagram (P). Furthermore, the penguin amplitude contains two dominant

terms, P, and P, [6]. These various contributions are given by:

4GF

T = 7§'Vubv1:s [a'Yu'YLb] [5’7#’7L'Uu] el )
Poo= -2 RV [st ] [atertu]
P <208 (M) g e o .

In the above, v (r) = (1 F 7;5)/2, the t* are the Gell-Mann matrices, and the
d; are the strong phases. In P, ¢ is the momentum of the internal gluon. The
factors Ff and F; are functions of (m?/M%,) and (m?/M32,), respectively, and
take the values Ff ~ 5.0 and F; ~ 0.2 for m; = 160 GeV [6]. P, and P,
are often called the chromoelectric dipole moment term and chromomagnetic

dipole moment term, respectively.

The next step is the calculation of the square of the decay amplitude. We
have:

IM[* = TP+ |P,|* + |Bs* + 2Re (T'Py) + 2Re (T'P,) + 2Re (P{B,) . (6)
The dominant term here is | P, |2.

We find triple products in all of the interference terms above (i.e. the last
three terms of |[M|?). Before giving the specific forms of these triple products,
we make the following general remarks:

e In the calculation, we neglect the masses of the light quarks s, u and 1,
but we keep the spins (i.e. polarization four-vectors) of these particles
(at least to begin with). It turns out that there are no triple products
involving the polarization of the s quark. (In other words, such terms
are suppressed by at least m;/my.) In light of this, in our results below,

we automatically sum over the s-quark spin states.
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This is an interesting result: it suggests that if a triple product involving

the s-quark polarization is observed experimentally, it is probably due
to physics beyond the SM.

e Since the B meson has spin 0, triple products in B — V;V, cannot involve
the spin of the b-quark. If one sums over the spin of the b-quark, the
only term which contains triple products is the 7' — P, interference term.
We will therefore use this term to estimate the size of the T-violating
asymmetry in B — V1V, [5].

e If the spins of the u and @ quarks cannot be measured, one can then
take them to be unpolarized, i.e. we sum over their polarizations. In this
case, only the T — P, and P, — P, interferences contain a triple product.

This unique signal takes the form 3, - (g, x 7).

e In all interference terms, there are triple products which involve the
three polarizations 3, §, and 5§;. Experimentally, such signals will be
extremely difficult to measure, and so are of less interest than the others
described here.

2.1 7T — P, interference

Keeping explicit the spins of the b-, u- and %-quarks, the T-odd piece of the
T — P, interference term is

2 e
l > 2Re (TTPl)] _ 16a.Gpfy | Vc*;VcqusV*bei(al—ag)]
T—odd

s spins 3m ¢
2
X {2(pb * 8u) € p€ pgpngsfi — 2(ps - Pu) €uvpt pstszg + my Euupfpﬁsngsg
+mp [(sb " Su) €uvpe PADLDESS — (b " Du) €uupe PEDSSHSS

_(ps 'pﬁ) €uvpt PﬁSZSﬁsz + (ps : Sﬁ) €uvpe pﬁpgs,’,’si] } (7)
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Here, p; is the 4-momentum of the i-quark and s; is its polarization four-vector.

Triple products® are found in the terms €, s vivsvivs.

In the above expression, we see that there are two categories of triple
products: those which involve s;, the b-quark polarization, and those which
do not. Those terms which include s, [the last four terms in Eq. (7)] also
include the polarizations of the u- and @-quarks (s, and sg). Since all three
spins must be measured, these triple products will be extremely difficult to
observe experimentally. Because of this, it is the first three terms of Eq. (7)

which most interest us, and we therefore isolate them by averaging over s,.

Of course, as written, the terms €,,,cvi"v5v4v5 involve only four-vectors,
and therefore do not look like triple products. In order to identify the triple
products implicit in these terms, we have to choose a particular frame of
reference. The most natural choice is the rest frame of the b-quark, in which
case Eq. (7) then takes the form

2 e .
l% Z 2Re (TTPI)} — lﬁa—sGFﬂ]m Vc‘;VcqusV*bezA”] mz
T—odd

u
b,s spins 3m

X {Sgﬁu - (Pa % 83) + Eufy - (84 X 85) + s3py, - (P ¥ 5u) + Ezpl, - (54 X _‘ﬁ)}(S)

where Ay; = §; — §;. We therefore see that there are, in fact, four distinct
triple products in the T'— P, interference term. These triple products depend
on the polarization four-vectors of the u- and @-quarks, whose most general
form is [7]

i - Pi i Pi
sf=|—— y Ui+ —0————D; ) 9
: ( m; mi(Ei +m,)p> ( )

for 1 = u,%. In the above, 7i; is the polarization vector of the i-quark in its
rest frame, and satisfies |7;| = 1.

3Note that, due to the identity 9ap €uvpe — Jop €Bupt — Jav Eufpt — Yap EpvBe — Jot Epvpp = 0,
not all terms of the form vy - vy €56V V4 vEvE are necessarily independent.
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In order to compute the size of these triple-product asymmetries, in addi-
tion to integrating over phase space, we also need estimates of the sizes of the
weak and strong phases. In the Wolfenstein parametrization [8], we can write
the T-odd combination of CKM and strong phases as

Im| VvV v, eiAl‘] = A?XS[fpcos Ay + psin Ay (10)

CP violation in the CKM matrix is parametrized by the parameter 7. As
discussed in the introduction, nonzero strong phases can fake a T-violating
signal. The term psin A, in the above expression is an example of such a fake
signal. However, by forming a true T-violating asymmetry A, [Eq. (3)}, one
can eliminate this fake signal. In this case A; o< pcos Ay;.

At present, 7 is constrained to lie in the range 0.2 < 5 < 0.5 [9]. As for
the strong phase, the tree-level phase §, is usually assumed to be small: the
logic is that, roughly speaking, the quarks will hadronize before having time
to exchange gluons. On the other hand, for the b — su# penguin amplitude,
it is often assumed that strong phases come from the absorptive part of the
penguin contribution {10]. Since P; involves an internal c-quark, it is possible
that J, # 0, which of course implies that A;; # 0. Even so, for simplicity, in
our calculation we assume that A;; is small enough that cos Ay, ~ 1 is a good
approximation. However, the reader should be aware that the asymmetries
may be reduced should this strong phase be large. (Note that the T-violating
signal is maximal when cos A;; = 1. For comparison, direct CP-violating rate

asymmetries require the strong phase to be nonzero.)

We have performed the phase-space integration using the computer pro-
gram RAMBO. In calculating the four T-violating asymmetries [see Eq. (3)]
Az, A2, A3, and A%, which correspond respectively to the four triple products
of Bq. (8): sy Pu (Pa X 83), By P~ (8u X 81), 83 Pu- (Pa X 5u), and Eg f, - (8, x 52),

we have averaged over all directions of 5, and §;. Our results are as follows.

(Ar) =0,
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2.3% < (A% £ 5.6% , (11)
where the range of .A%* is due to the presently-allowed range for 7.

Note that the triple product in B — V1V, discussed by Valencia [5] is of
the form k - (& x &). In Eq. (8), it is the terms p - (3, x ;) and 7, - (5, X 53)
which could potentially give such a triple-product signal. We have found that
the asymmetries A2 and A%, which correspond to these triple products, can be
reasonably big (< 5%). This is consistent with the results found by Valencia
at the meson level, and suggests that the SM does indeed predict a measurable
T-violating asymmetry in B — V;V; decays.

Finally, for comparison, consider the decay-rate asymmetry, calculated by
Hou for the same process [11]:

acp(b — sut) ~ 1.4% (12)

We therefore see that one expects T-violating triple-product asymmetries in
b — sut to be considerably larger than the decay rate asymmetry.

2.2 P, — P, interference

The T-odd piece of the P, — P, interference term is

2,72 1
S 2Re (PP, = G ey v el
371202 ts cb
T—odd ™4

5 spins

X {[pb “(pu —pa) (1 — 54 - Sz) — (Sa - Ds)(5u* Pa)

+ (Su : pS)(Sﬁ : pu)] €pvpt pgsgpﬁpg
2
q v
+ [(Su 'pﬁ)(pu . ps) - 3(511. : p.s)] €pvpe pgsbpgsf‘z

2
q v
+ [(5a pu)(pa - p2) = %5 (50 - Ps)] euve Pl i PSS } -9
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1
Here, if we average over the b-quark spin states, there is no T-violating signal

at all.

We note that most of the terms in Eq. (13) correspond to triple products
in which three spins must be measured. As we have already discussed, such
signals are very difficult to observe experimentally, and so do not interest us.
There is one term, however, which does not involve three spins, and it can be

isolated by summing over the u- and @-quark spin states:

1602G2 FEF. e s
[ > 2Re (PIPQ)] = AT [yt )
T—odd T™q

u,i,s spins

X Dy + (Pu — Pa) €uvpell suplDS . (14)

In the rest frame of the b-quark, the triple product takes the form m}(E, —
E3) 8y (Pu % Ps). Integrating over phase space with RAMBO, we find that the
P, — P, T-violating asymmetry is O(10~%), which is negligible.

2.3 T — P, interference

Like P, — P, interference, the T — P, interference term contains two types of
triple produts: (i) those involving a single quark polarization, s, and (ii) those
involving the three polarization four-vectors s;, s, and sz. As usual, we are
not interested in triple products involving three spins, and so we can therefore

sum over s, and sz. The T-odd piece of the T — P, interference term is then

given by
12 2 F )
9Re (T'P, = 12aGrhmy ey 1 1 gt
37Tq2 ts ub
u,i,s spins T—odd

X Ds * Du €uvpe PZLSZPZPE 3 (15)

where Ay, = 6y — 6;.
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As was the case for the T'— P, interference term, the T-violating asymmetry
Ar is proportional to ncos Ay. And, as before, we expect the 6, piece of the
strong phase Ay to be small. However, there is a difference here compared
to the T'— P, case: previously, the penguin amplitude P, involved an internal
c-quark, and so it was possible that the strong phase 6;;, which is related to the
absorptive part of the amplitude, could be sizeable. Here, the triple product
involves only the t-quark penguin contribution Py, which is purely dispersive,
and so leads to § = 0. Thus, it is an excellent approximation to set Ay ~ 0.

In the rest frame of the b-quark, the triple-product of Eq. (15) is m, ps -
Pu Sy - (Pu X Ps). Integrating over phase space using RAMBO, and using the
allowed range for 7, we find that the corresponding T-violating triple-product
asymmetry A% can be of the order of several percent:

1.3% < A8 <$3.2% . (16)
This could conceivably be measured at a future experiment.

Furthermore, if it is found that this asymmetry is considerably larger than
the above values, it is probably a signal of new physics. For example, in
some models of new physics, the chromomagnetic dipole moment F, can be
enhanced up to ten times its SM value [12]. This will clearly have an enormous
affect on the above asymmetry.

3 Applications

In the previous section, in our study of the quark-level decay b — su@ within
the SM, we found two classes of triple products whose T-violating asymmetry
is large. They are: (i) E,p; - (8, x §z) and Ezp,, - (5. % 83), and (ii) me p; -
Du 5 - (Pu X Ps). The next obvious question is then: how can one test these
results?
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The ideal way would be to make triple-product measurements inclusively.

If this were possible, then it would be straightforward to compare the exper-
imental values with the theoretical predictions. However, this may not be

experimentally feasible, in which case we must turn to exclusive B decays.

The first class of triple-product asymmetries can be studied in B — V14
decays which are dominated by the quark-level process b — su#i. Examples of
such decays include B_2 — pK*, BY — K**K*~, By — D*K*", etc. These
have been examined by Valencia, and we refer the reader to Ref. [5] for details.

Turning to the second class of triple products, it is clear that we cannot
use decays of B mesons to obtain these asymmetries: since the B-meson spin
is zero, there is no way to measure the spin of the b-quark (which is the only
spin contributing to the triple product). However, one possibility would be to
use the A, baryon, whose spin is largely that of the b quark. For example, we
can consider the process Ay, =+ Ant7n~. The triple product 8, - (P, x ps) can
be roughly equated to 3, - (Fr+ X 7).

In all cases, since the underlying quark-level process is b — sui, we expect
the branching ratios for the B or A; decays to be O(1075). However, for
certain decays, there may be a dynamical suppression, and this may affect
the expected triple-product asymmetry. For example, suppose that the 77~
pair in Ay — An*7~ comes mainly from a virtual p-meson. In this case,
due to isospin conservation, the gluonic penguin will not contribute to this
decay, which means that the branching ratio will be considerably smaller than
O(107°) [13]. More importantly, the triple-product asymmetry will vanish,
since we no longer have two interfering amplitudes. Should this occur, a better
decay mode in which to look for the &, - (p, x p,) triple product might be
Ay — AK*K~, which should not suffer a similar suppression. The main
lesson here is that it is important to search for triple products in a variety of
decays.
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For both types of triple-product asymmetries, it wi.ll be necessary to use
a quark model to make the connection between the experimental results and
the quark-level calculations. In particular, we will want to know how the
spin and momentum of a hadron is related to the spin and momentum of the
constituent quarks. Some of these relations are on relatively firm footing. For
example, it is widely accepted that the spin of the A, (A) is essentially equal
to the spin of the internal b-quark (s-quark) [14]. On the other hand, different
quark models predict different relationships between the spin of a vector meson
and the spin of its internal quarks, and similarly for the momenta of mesons
and quarks. Thus, the study of triple-product correlations may allow us to

distinguish among the various quark models which have been proposed.

Finally, we note that certain quark-level triple products are predicted to be
small in the SM. For example, triple products involving the spin of the s-quark
are suppressed by powers of its mass. Hence, if a T-violating asymmetry due
to a triple product involving the s-quark spin were found to be sizeable, this
would probably indicate the presence of new physics. The decay A, — Artn—,
which was mentioned above, can be used to test this. The spin of the A is
essentially equal to the s-quark spin, so any T-violating asymmetry involving
the spin of the A, such as 5, - (54 x pj), should be tiny in the SM.

As another example, recall that we found that T — P, interference produced
the triple products s3 7, - (Pz x §;) and s2 7, - (Pz x 5,). However, the corre-
sponding T-violating asymmetries AL and .43 turned out to be suppressed dy-
namically. Consider the decay of a B-meson to two vector mesons, B — ViVa,
where the V;, then subsequently decays to two mesons ®,®,. Roughly speak-
ing, one can relate s, - (P X §3) to €}, pv; (€, X P, ). Thus, the measurement
of a nonzero value for this latter triple-product asymmetry would be a signal
for new physics.
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4 Conclusions

We have calculated the quark-level triple-product correlations in the decay
b — su@ within the standard model. Although several such triple products are

present, we find that only two types lead to sizeable T-violating asymmetries.

The first type includes p, - (5, x 53) and pj - (8u x 83). We find that the
corresponding T-violating asymmetries can be as large as about 5%. This
triple product can be probed in B — V;V, decays, where V; and 15 are vector
mesons [5]. '

The second type is &, - (p, x P;), where 5, is the polarization of the b-
quark, and p), and p; are the momenta of the u- and s-quark, respectively. We
calculate that the T-violating asymmetry for this triple product is in the range
1%-3%, which may be measurable. There are several ways to trv to search
for this triple-product asymmetry. For example, one could study the decay
Ay — Am*7~, looking for a nonzero triple product Sn,  (Dr+ X Do)

The fact that we find only two large triple-product correlations has inter-
esting consequences. If a triple product is tiny at the quark level. it is probably
tiny at the hadron level as well. After all, the hadronization of quarks into
hadrons is a strong-interaction process, and QCD is CP-conserving. It is there-
fore difficult to see how one can generate a large triple-product correlation at
the hadron level, given that it is small at the quark level. Thus. from the point
of view of looking for physics beyond the SM, it is important to identify those
triple-product asymmetries which are expected to be small in the SM. If such
asymmetries are found to be large, this is probably a signal of new physics.
For example, we find that triple products involving the spin of the s-quark are
suppressed by powers of its mass. Thus, if, for instance, a sizeable T-violating
asymmetry of the form 5y, - (54 x px) were found in the decay .\, — Artm—

b

this would be compelling evidence for the presence of new physics, since the



41

spin of the A is due largely to the s-quark spin.
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Over the past two decades, there has been a great deal of theoretical work

examining CP violation in the B system. Most of this work has focussed on
the decays of B mesons. The main reason is that the indirect CP-violating
asymmetries in B-meson decays can be used to extract the interior angles
of the unitarity triangle (o, 8 and 7) with no hadronic uncertainty [1]. The
knowledge of these angles will allow us to test the standard model (SM) expla-
nation of CP violation. In order to make such measurements, the B-factories
BaBar and Belle have been built. These machines produce copious numbers
of B%-B° pairs, and have now provided the first definitive evidence for CP
violation outside the kaon system: sin28 = 0.78 + 0.08 [2].

On the other hand, in the coming years machines will be built which are
capable of producing large numbers of A, baryons. These include hadron ma-
chines, such as the Tevatron, LHC, etc., as well as possibly a high-luminosity
ete™ machine running at the Z pole. People have therefore started to ex-
amine the SM predictions for a variety of A, decays. This is a worthwhile
effort, since it is conceivable that certain types of new physics will be more
easily detectable in A, decays than in B decays. For example, Ap's can be used
to probe observables which depend on the spin of the b-quark, whereas such
observables will be unmeasurable in B-meson decays.

One class of observables which may involve, among other things, the b-
quar'k spin is triple-product correlations. These take the form ) - (7 x U3),
where each v; is a spin or momentum. These triple products are odd under
time reversal (T) and hence, by the CPT theorem, also constitute potential
signals of CP violation. By measuring a nonzero value of the asymmetry
I'(vy - (0 x 3) > 0) — T(0; - (%, X 73) < 0) (1)
T'(vy - (Ua x U3) > 0) + D(#; - (T2 X 73) < 0)
where I' is the decay rate for the process in question, one can establish the

A=

presence of a nonzero triple-product correlation. Note that there is a well-

known technical complication: strong phases can produce a nonzero value
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of Ar, even if there is no CP violation (i.e. if the weak phases are Zero).

Thus, strictly speaking, the asymmetry Ay is not in fact a T -violating effect.
Nevertheless, one can still obtain a true T-violating signal by measuring a
nonzero value of

AT = (AT — AT) y (2)

where A, is the T-odd asymmetry measured in the CP-conjugate decay pro-

DO =

cess.

Recently, T-violating triple-product correlations were calculated for the
inclusive quark-level decay b — sau [3]. In that calculation. all final-state
masses were neglected. Ignoring triple products which involve three spins,
only two non-negligible triple-product asymmetries were found. They are:
(i) Pu - (8u X 84) or Py - (5, x §3), and (ii) & - (F, x §;). While the former
triple product can be probed in B — 1,1} decays, where V; and 15 are vector
mesons, the latter can only be measured in A, decays, since the spin of the b
quark is involved.

In this paper we study, within the SM, the triple products in charmless two-
body A, decays which are generated by the quark-level transitions b — siu
or b — duu. These decays are of the type Ay, — F\Fy, where F, is a light
spin-% baryon, such as p, A, etc., and F, is a pseudoscalar (P) or vector
(V) meson. Such T-violating triple-product correlations, along with other P-
violating asymmetries, have been studied for hyperon decays [4]. but relatively
little work has been done to study CP violation in A, decays.

The decays Ay — F\ P are similar to hyperon decays. As we will see, there
is a triple-product correlation in such decays of the form 3}, - (5, x §), where
Sa, and §p are the polarizations of the A, and Fi, respectively, and 7 is the
momentum of one of the final-state particles in the rest frame of the A;. On
the other hand, A, decays can also include a vector meson in the final state,
which is not kinematically accesible for hyperon decays. The decay A, — F,V
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can give rise to a variety of triple-product correlations involving the spin of
the A, and/or V.

Many of these triple products involve the spin of the A,. Perhaps the easiest
way to obtain this quantity is to produce the Ay baryons in the decay of an
on-shell Z boson. This is because, in the decay Z —s bb, the b-quarks have a
large average longitudinal polarization of about —94%. According to heavy-
quark effective theory, this polarization is retained when a b-quark hadronizes
into a Ay, and recent measurements of the average longitudinal polarization
of b-flavored baryons produced in Z° decays (measured through their decay
to AclvyX) are consistent with this conclusion [5]. Thus, the so-called GigaZ
option (2 x 10° Z bosons per year [6, 7]) of a high-luminosity e*e= collider
running at the Z peak would be g particularly good environment for measuring
triple-product correlations in Ay decays. However, even if the spin of the A,
cannot be measured at a given machine, some of the triple-product correlations
in Ay -+ F1V do not involve the polarization of the initial state. Thus, triple
products can be measured at a variety of facilities in which a large number of
Ay baryons is produced.

We begin our analysis by studying the nonleptonic decay Ay — FP. The
general form for this amplitude can be written as

Mp = A(Ab - FIP) = ’iﬁpl (a + b'y5)uAb . (3)

In order to make contact with the conventional notation for hyperon decay, we
note that, in the rest frame of the parent baryon, the decay amplitude reduces
to

A(Ay - RP) = ixm (S + P& - P)Xn, (4)

where p is the unit vector along the direction of the daughter baryon momen-
tum, and S = \/QmAb(EFl +mp)a and P = —\/Zm,\b(Epl — mp, )b, where
Er, and mpg, are, respectively, the energy and mass of the final-state baryon




Vo

47

i
Fy. The decay rate and the various asymmetries are given by

-4

_ 2
O o= g ise i,
2Re(S*P) 2Im(S* P) IS2 — P2
= IV R~ =5, = — 5
R )R Ty = R A T e =T )

(Note: above, the quantities @,  and + should not be confused with the CP
phases of the unitarity triangle, which have the same symbols.)

The calculation of |[Mp|? in Eq. (3) yields

IMPI2 = (Ia|2 - IbIQ) (mFlmAb + PR - Sa, Pay * SF — PFy, " PA, SFy - sAb)
+(Ia|2 + Iblz) (pF;l "PAy — TR TMALSF, - SAb)
+2 Re(ab*) (mAprl “SA, — MEDPA, - 31’1)
+2 Im(ab*)e#,,,wp’lfq1 s',’;lpﬁbsj'\b ) (6)
It is the last term above which gives a triple-product correlation. (It cor-

responds to § in Eq. (5).) In the rest frame of the A, it takes the form

ﬁFl ' (ng X gAb)'

In order to estimate the size of this triple product, we will use factorization
to calculate Im(ab*) at the hadron level. The starting point is the SM effective
hamiltonian for charmless hadronic B decays [8]:

tqz

10
Hi, = \/—[VubVJq(Clog +08) = VpViictOd] + hec., (7)
i=3
where
Of = Gy, Lug upy*Lby , Of = gy, Luuy"Lb ,
0§(5) = qf}’uLb Z qI'YML(R)q, ) OZ(G) = ‘7a7yLbl3 Z -q_é’yﬂL(R)Q(; ) (8)
q q

3 i 3 ,
Org) = 30mLb 3 ey d " R(L)Y , Oy = 597ulbs ey T57*R(L)q;, -
q q
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In the above, g can be either a d or an s quark, depexllding on whether the
decay is a AS = ora AS = -1 process, ¢' = d, 4 or s, with ey, the
corresponding electric charge, and R(L) =1+ ~;. The values of the Wilson
coefficients ¢; evaluated at the scale y = my =5 GeV, for m, = 176 GeV and

as(mz) = 0.117, are [9]:

¢ =-0.324
5 =0.017, ¢ = —0.037

¢t =—1.24 x 10~5

c; =1.151 ,
¢; =0.010, ct=—0.045 :
g =3.77 x 1074,

¢y =—0.010 , clo = 2.06 x 10~2 |, (9)

In our analysis we wil] also consider the gluonic dipole operator in which
the gluon splits into two quarks, giving the effective operator

.GFr a; . a _ a v
Hy =i 7; %ﬁ?mb(u) cu VaVis 5(ps)0,, RT b(ps)d(p2)v*Tq(py )k , (10)

where k = p, — ps and ¢ = 0.2 [10]. It is often useful to write this in the
Fierz-transformed form

Or o) mi) NZ-1
T TR e e S Vali
2N, ..
X [aaﬁaa,ﬂ, b 1TaﬁTm,ﬂ,J ZT : (11)

where

I, = 2507 Lgpary" Ly — 450 Rqpq. Lbg: |
m mg _ _

T2 = Z_SEQ’YuRQﬂq-a’fy#Rbﬁ’ - 4~SSQLQﬁQQ'Rbﬁ' ’
my my

Po + x 5 5 7
Ty = %\b‘z)s)l‘[sa’)’#LQﬂQa’Rbﬂ’ + Saligsduy" Rbg ]

T4 = (pb;;\ps)ﬂ[igaa’u”qugq_al’}'uRbﬂ/ — i§a'y,,Lq,9q“a:a“"Rbﬂr] y (12)
b
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in which we have defined Opy = %[’)’u% = YY)

We now apply the effective hamiltonian to specific exclusive A, decays. We
will focus on those processes for which factorization is expected to be a good
approximation, namely colour-allowed decays. We begin with A, — pK~,
which is a b — sgy transition. Factorization allows us to write

A(My = pK™) = 3O (K=|010) (p| O |y . (13)
0,0’

It is straightforward to show that the operators in H:f 7 and Hy; lead to two
classes of terms in the decay amplitude: (2) (K=|5y*(1 & V5)¢0) (p| Gy, (1 £
75)b [As), and (b) (K~]3(1 + v5)u [0) (p] (1 £ ~5)b |As). For the first of these,
we define the pseudoscalar decay constant fx as

ifkg" = (K|5y*(1 - Y5)u0) (14)

where g# = p,’(b —ph = ph is the four-momentum transfer. For the second, one
can show that

- - fremi
( SATUK
<I ls(l + 7vs)u [0) F ) =

(Pl a1 £ 15)b]A,) = %@lmam)bmb). (15)

(In the second matrix element, we have neglected m,, compared to m,.) Thus,
factorization leads to the following form for the Ay — pK- amplitude:

A(Ay - pK™) = Uk q" (p| Ty, (1 — ~5)b |As) X
+ifrq" (p| Y (1 + vs)b [Ay) Yi . (16)

Like any CP-violating observable, a nonzero triple product can arise only
if there are two interfering amplitudes. This will occur only if both X, and
Yk are nonzero. Since all the operators O01-0y4 involve a left-handed b-quark,
it is clear that Xk # 0in the SM. Furthermore, though it is less obvious,
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one can also have Yx # 0. Consider, for example, the operator Og of Eq. (9).
After performing Fierz transformations, this can be written as

Os ~ 3(1 +v5)ut(l — vs)b . (17)

However, according to Eq. (15), (p| @(1 —7s)b |A;) can be related to (p| @y, (1+
¥5)b|As). Thus, Yx receives contributions from operators such as Og. We find

GF * -EK
Xk = E Hth%bVqs(aZ +afy) — VauViia (1 + - ) ,
5 .
Yy = l: > |Z8% a6+a8)+41thtsad XK » (18)
qg=u,c,t
m Qg m c
Xk =—2%__ | g=2F ( Zgﬂ )eu E (19)

(ms + my,)my 167

In the above, we have defined af = ¢ + ——‘L for i odd and af = cf + ' ==L for ¢
even. We estimate the average gluon momentum in the dipole operator to be
(m3/k?) = [ ¢x(z)m?/k2dz, where the gluon momentum in the heavy-quark
limit is k> = m2(1 ~ z) and ¢k is the kaon light-cone distribution. Choosing
the asymptotic form ¢x = 6z(1 — z), we find (m2/k?) = 3, which leads to
aqg = 0.0021.

Now, the vector and axial-vector matrix elements between the Ay and p
can be written in the general form

(playb|Ay) = @, {fw"ﬂﬁa"”qﬁ . qu] Uy,
ma, mp,
_ _ . v g
(pluy'ysb|Ay) = 4, [gw"ﬂ—gz—a“ g + = q”] Ysuy, (20)
Ap map,

where the f; and g; are Lorentz-invariant form factors. Heavy-quark symmetry
imposes constraints on these form factors. A systematic expansion of these
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form factors, including 1/m; corrections, has been calculated [11]: in the my —
oo limit, one obtains the relations

fi=a , f2=92=f3=93- (21)

Using the above expressions, we find that the parameters a and b of Eq. (3)
can be written as

2
ax = fr(Xk+Yg) [(m/\,, —mp)f1+f3;nf} ;
2

bk = fr(Xk - Yk) [(m,\b +mp)gr — 93:::] . (22)

According to Eq. 6, the triple product in A, — pK~ is proportional to
Im(agbk), which is in turn proportional to Im(XgYy). Since Xg and Yx
are both nonzero, and have different weak phases [Eq. (18)], we expect a
nonzero triple-product asymmetry in A, — pK~ of the form Dp - (5p X 8a,)-
At first sight, this appears to contradict the results of Ref. [3], since no triple
products involving two spins were found in the quark-level decay b — siiu.
However, note that Yy is proportional to g, which is formally suppressed
by 1/my. Thus, in the limit m, — oo, one has Yy = 0, so that the triple-
product correlation will vanish. This agrees with the conclusions of Ref. [3],
which neglects the masses of the final-state quarks (i.e. the limit my — oo is
implicitly assumed).

However, the key point is that, for finite my, Xk 1s not small because of the
presence of the chiral enhancement term m#% /(m, +m,). In fact, for m, = 100
MeV and m, = 5 GeV, xx ~ 1, and hence is clearly non-negligible. The triple-
product asymmetry of g, - (85 X §,) may therefore be sizeable. Note that this
triple product requires the measurement of both the A, and the p polarizations.
If the measurement of the proton polarization is not possible, one can instead
consider a final state with an excited nucleon, such as A, — N (1440)K~. In
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this case the polarization of the NV (1440) can be determined from its decay
products. (Alternatively, one can consider the decay =, — T+ K~, where =
has quark content bus.)

Note also that in Eq. (18) we have included the up- and charm-quark
penguin pieces, proportional to Vs Vi, and V, V2 respectively. These are gen-
erated by rescattering of the tree-level operators in the effective Hamiltonian
in Eq. (7). As we will see, the contributions from these rescattering terms are
very important. The coefficients associated with these terms are given by

63,5 - —62,5/NC = P;/Nc y Cz7,9 = Pl 9 cg,lo == O 3 7/ = U,C y (23)

€

where N, is the number of colours. The leading contributions to Ps",e are given
by P; = (%;)02(19_0 +G(mi’ Hy q2)) and Pel = (%:#)(NCCI +02)(1_9Q +G(mi1 H, qz))y
in which the function G(m, u, ¢%) takes the form

m? — z(1 — z)q¢?
n 2

where g is the momentum carried by the virtual gluon in the penguin diagram.

Glm, s ) =4 [ a1 = o)1 dz | (24)

Of course, we are really interested in the matrix elements of the various oper-
ators for the decay Ay — pK~, and so the coefficients in Eq. (23) should be
understood to be
E:t,c — (pK—I c;t,c(QZ)Oi lAb) ] (25)
(PK=| O; | As)

We will henceforth drop the distinction between ¢;° and ¢;°, with the under-

standing that it is the ;" which appear in the amplitude.

The analysis of other colour-allowed Ay decays follows straightforwardly
from that for Ay » pK~. For example, consider Ay — pr~, which is generated
by the quark-level decay b — diu. The amplitude for A, — pr~ is given by
Eq. (3), with

m2
Qr = f1r(X7r+Y7r) (mAb_mp)fl+f3 ”:I )
mAb



Va

N
/ \

53

{
m2
by = fao(Xe — Y;) [(mA,, +myp)g; — 93—"] , (26)
mAb
where

G °F,
X, = 7’; {mmar > VVpalad + aly) = Viy Vs )J ,

g=u,c,t mp

=u,c,t

)
)/ﬂ— = [ Z ‘/q d(a’g + ag) + Z%b‘/tzadJ X= (27)
g

with
2m?2

(ma + My)my

X = (28)

Finally, we consider the decay Ay — An(n)) [12], which is dominated
by a colour-allowed b — s penguin transition (there is also a small colour-
suppressed tree contribution). For the decay A, — An we get

m2
a = (X, 1Y) [<mA,,—mA)f1+f3 ] |

mAb
m2
b, = (X, — Y,) |(ma, + ma)g1 — gs—2L| (29)
mAb
where
GF *
X, = /2 VaViairi — Y VaVis(r1dg + 72 By)
g=u,c,t
—VaViraaq (1 + %)J ;
mp
Gr 5
G b S
with

1 1

A, = 2a§—2a§—§a$+§a3,
1 1

B, = a§+af{—a§+5a?—§ag—§a‘{o,

2

v 31
o (31)

m
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In the above, we have defined = fy/frand ry = fo/ fx, with

UaPy = (Ml @Y (1 = ys)u0) = (9] dy*(1 - 5)d |0) |
ihrn = (3" (1 - )s0) . (32)

The amplitude for A, — An' has the same form as Eq. (30) with the replace-
ment 77 — 7i'. Note that the polarization of the final-state A can be measured
via its decay A — pr—.

The above analysis has been performed within the framework of factoriza-
tion. Before turning to estimates of the size of the triple-product asymmetries,
it is useful at this point to address the issue of nonfactorizable corrections.
Nonfactorizable effects are known to be important for hyperon and charmed-
baryon nonleptonic decays, but are expected to be negligible for non-leptonic
Ay decays. An unambiguous signal for the presence of nonfactorizable effects
would be the observation of the decay Ay — ATK~(17), Ay — Xn(n'), or
Ap — X¢. This is because, for the factorizable contribution, the light diquark
in the A, baryon remains inert during the weak decay. Thus, since the light
diquark is an isosinglet, and since strong interactions conserve isospin to a very
good approximation, the above Ay decays are forbidden within factorization
(13].

One way to estimate the size of nonfactorizable corrections is by using the
pole model. In this model, one assumes that the nonfactorizable decay am-
plitude receives contributions primarily from one-particle intermediate states,
and that these contributions then show up as simple poles in the decay am-
plitude. An example of intermediate single-particle states is the ground-state
positive-parity baryons. Consider the decay A, — pK~. One nonfactorizable
contribution is described by the diagram in which there is a A, — £° weak
transition through a W exchange, followed by the strong decay £° — pK~.
The pole contribution to the parity-violating amplitude, q, in Eq. (3) is known
to be small for charmed-baryon decays [14], and we assume this to be the case



o= Y

35

here as well. For the parity-conserving amplitude, b, ir; Eq. (3), we can then
write (), Ay

bron fac ~ %qusmgzopK— ; (33)
where gso,x- is the strong-coupling vertex which will depend on the energy of
the emitted kaon. We can use heavy-quark and flavour SU (3) symmetry to set
(Z°) Hy |Ay) ~ (S| H,, |Ac). Writing the weak matrix element (ZH Hy [A) =

%—gm3, we obtain

bnon fac m m?
—_—_—~ T 0 -y 34
bfac [k (mAb - mEO)(mAb + mp)gz PK ( )

where we have chosen the tree-level term for As,.. Since the emitted kaon is
hard and since the quarks inside it are energetic, the strong coupling gsopr— ~
os(pp~ Ex ~ ms). In other words, the offshell X2° has to emit a hard gluon to
create a tu pair to form the pK ™~ final state. The matrix element m can either
be estimated using a model [14], or obtained from a fit to the charmed baryon
decay A; — %+ [15]. In both cases one obtains 7, ~ 0.1 -0.2 GeV, so that,
from Eq. (34), the nonfactorizable corrections are found to be tiny. Arguments
for small nonfactorizable effects in Ay decays can also be made based on the
total width calculations [16].

To summarize: for colour-allowed Ay — FiP decays, we find that the
triple-product correlation Im(ab*)p, - (S, % 53,) can be nonzero. The next
step is to calculate the size of the asymmetry A, in Eq. (2) for the various
decays.

We begin with A, — pK~. For this decay, we use the expressions for ax
and b found in Eq. (22). We note that the f3 (g3) term is suppressed relative
to the f; (g1) term by a factor m%/m%b ~ 0.01, and so can be neglected (and
similarly for the g, piece). Furthermore, we take J1 =g [Eq. (21)], in which
case all dependence on this form factor cancels in Ar [Eq. (1)]. The quantities
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ax and bg depend on the parameters of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, whose values are taken to be

p=017 , 1=039. (35)
For the chiral enhancement term xx [Eq. (19)], we take xx = 1.

In order to estimate the value of rescattering terms, one has to choose a
value of g2. We consider two possibilities:

Model 1: ¢% = Model 2: ¢? = —t | (36)

Taking m; = 1.4 GeV, m, = 6 MeV and mp = 5 GeV, and writing ¢§ = |5 e,
we find

Model 1: |cf| =0.02 , cil = 0.02 , §¢=51°

Model 2: |c}| =0.021 , lcgl =0.015 , 6°=0. (37)

(In accordance with CPT, we set the phase of ¢} to zero [17].)

Before presenting the numerical analysis, it is useful to anticipate the re-
sults. Referring to Eqs. (6), (22) and (18), we expect the triple-product asym-
metry to be of order

2Tm(agb?,) ~ Im(XkYR)  asaen)? = 24% (38)
joxc* + lox? + 2Re(axcie) ~ T IXxFF T agxtag M

Of course, this is a back-of-the-envelope estimate, but it does indicate that we
can expect a reasonably large asymmetry, even when the rescattering effects
are included. The fundamenta] reason for this is the following: the triple
product is due mainly to the interference of the Vu V) piece of X g (we refer
to this as T, the “tree”) and the VisVy: piece of Yy (P, the “penguin”). Like

any CP-violating quantity, the asymmetry will therefore be maximized when
the two interfering amplitudes are of comparable size. A quick calculation of
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these two quantities in Model 2 above shows that [T/P| = 0.35. The two
amplitudes are therefore similar in size, leading to the sizeable asymmetry

estimate above.

We have performed the phase-space integration for Ay — pK~ using the
computer program RAMBO. For Model 1, we find that A, = —20.8% and

Ar = +15.0%, leading to a T-violating asymmetry of APX = —17.9%. In

Model 2, since the strong phase vanishes, one necessarily has A; = —A,, and
we find 42X = —19.1%. (We note in passing that the rescattering effects are
quite important. Without them, the asymmetry would be A?K = —26.1%.

Thus, their inclusion leads to a correction in the asymmetry of about 25%.)
These numbers are all consistent with the estimate in Eq. (38). \We therefore
conclude that the SM predicts a sizeable triple-product asymmetry in the
decay Ay — pK~. (Note that, since the estimate in Eq. (38) uses only the
values of the Wilson coefficients and the CKM matrix elements, we expect a

large asymmetry even if nonfactorizable contributions are present).

There is one digressionary remark which is worth making here. From the
measurement of ex, the CP-violating parameter in the kaon system, we know
that the product Bgn is positive, where By is the kaon bag parameter and 7
is the CP-violating CKM parameter. It is usually assumed that Bg > 0, so
that 7 is also positive, and the unitarity triangle points up. However, there
is no experimental evidence yet that Bx > 0. The T-violating triple-product
asymmetry in Ay — pK~ is proportional to 7 cos(d), where § is a strong phase.
If one assumes that |§] < 90°, which is strongly favoured theoretically, then
the triple product asymmetry measures the sign of 5. This provides a cross
check to the information obtained from the kaon system.

Turning now to the decay A, — p7~, we have applied this same analysis
as above. Taking my = m, = 6 MeV, we have x, = 0.65. In this case, the
tree amplitude T' is larger than the penguin amplitude P, with |P/T| = 0.08.
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Because these two interfering amplitudes are less comparable in size than was
the case for A, — pK~, we expect a correspondingly smaller asymmetry. This
is indeed what is found. In Model 1, we have A; = 6.3% and A, = —4.5%, so
that AP™ = 5.4%. Model 2 gives a similar asymmetry: AP = 5.6%.

For the decays A, — Anand A, — An', we have to define the quark content
and mixing of the physical  and n' mesons. We use the Isgur mixing [18]:
1
(n] = ﬁ

where N = [(ui| + <dJl]/\/§ and § = (s3]. SU(3) symmetry then gives

1

('] = 7

[N-29] , [N+S], (39)

=2, fi==fR/N2, fi=f)2, v =F/V2,  (40)

where f, = 131 MeV. We also take Xn = 0.6 and x,» = 1.8. For both decays
the interfering amplitudes are very different in size: |T'/P| = 0.03 and 0.01 for
the An and A7/ final states, respectively. We can therefore expect to obtain
tiny triple-product asymmetries, and this should hold even if nonfactorizable
effects are present. For Ay — A7 we have AS" = 0.6% (Model 1) or 0.9%
(Model 2), while for A, — A7/, AM' = —0.6% (Model 1) or —0.5% (Model 2).
It is unlikely that such tiny asymmetries can be measured. However, this also

suggests that these processes might be good areas to search for new physics
[19]. .

We now turn to the decays A, — F1V. The general decay amplitude can
be written as [20]

My = Amp(Ap, — BV)
= e [Wh, TPR) @+ %) + @y, . (41)

where €,, is the polarization of the vector meson. In the rest frame of the A,,
we can write py = (Ev,0,0, |p]) and pp, = (Er,0,0,—|p]). Thus, it is clear
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that €, - (pa, +pr, ) will be nonzero only for a longitudinally-polarized V. This
will be important in what follows.

The calculation of |My|? gives the following triple-product terms:

2
,letzp = ZIm(ab*) IEV : (pAb +pF1), G#Vpaptpt'l S;'lpxbs;‘\b
+2Im (:vy*) €aBuv [EV ) sFlpg'lpﬁbsl‘(bEl{’ —E&v DR sglpibsbe?,
v SnPRSREVDR, ~ ev - pa,p el
+2ev - (pa, +Pr) €opp [Im (az” + by?) Pi sk Ph, e
+ma,Im (bz* + ay*) PE sfwl Sh,E
~Im (az* ~ by") 3, pf 54 ¥
—mp Im (ay* — bz*) sglpﬁbs,‘(be’{,] . (42)
Note that if we sum over the polarization of the vector meson, we essentially

reproduce the results found for Ay - FyP. That is, there is only one triple
product, which takes the form L SE.Ph, S2,-

As usual, we use factorization to calculate the coefficients a, b, z and Y.
Consider first the decay Ay, — pK*~. We define the decay constant G- as

mK.gK.ej; = (K*l SYU lO) . (43)
In general, factorization allows us to write
A(Ay = pK™™) = my.gg. {& (Pl av (1 — ys)b |, X
+eu (Pl B (1 + 5)b | Ay) Y- (44)
+ & (Pa + o) qu (Pl BYH(1 — 75)b|Ay) A
+¢€- (pa, +Pp) 4. (p] uy*(1 + 5)b [As) Bg-} .

The coefficients X K+ Yi+, Ag- and Bg. can be calculated using the effec-
tive hamiltonian. As noted earlier, Ax- and Bpg. are nonzero only for a
longitudinally-polarized K .
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Consider first the operators O;~04. Since all of t};ese lead to K*~ ma-
trix elements of the form in Eq. (43), none of them can contribute to Ag-
and Bge.. Furthermore, one can show that none of these give Y- # 0 either.
For example, consider again the operator Og, which led to Y, k # 0. Because
(K*715(1 + v5)u |0) = 0, Og will not contribute to V.. Thus, within factor-
1zation, if we restrict ourselves only to the operators 01010, the only nonzero
coefficient is Xg., which means that all triple products vanish, since there is
only a single decay amplitude.

In order to generate triple products in A, — pK*™, it is necessary to
consider the dipole operator O11, whose effective coefficient is rather small
(Eq. (19): a4 = 0.0021). However, there is an important observation one can
make. The contributions of Oy to Yk., Ag- and Bg- all involve the tensor
matrix element for K*~, which we define as

~igi- [expl” — eipK"] = (K| 50,0u |0) (45)

Now, in the rest frame of the Ay, we can write pg. = (Ek-,0,0, |pk-|). In the
heavy-quark limit, in which Ex. > mg., the longitudinal polarization vector
can be written approximately as

1 .
el (p‘,‘{ + K n") , (46)

with n# = (-1,0,0,1). From Eq. (45), we see that the piece of =0 which is
proportional to pk. will not contribute to the matrix element. Thus, the con-
tribution of O; to A and Bg-. is small, O(mg-/2Ek-.). Combining this with
the small value of aq, one obtains Ag. ~ By. ~ 0. Furthermore, the above ex-
pression implies that the value of Yg- fora longitudinally-polarized K~ meson
will be suppressed relative to that for a transversely-polarized K*~ by about
M- [2Eg- = 16%. As we will see, Yg- is already small for a transversely-
polarized K*~, so that Y- = 0 for longitudinal polarization. Therefore, any
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triple products in Ay = pK*~ should be largest for a transversely-polarized
K*~, although we expect even these to be small.

Considering separately the longitudinal (A = 0) and transverse (A =1)
polarizations of the final-state vector meson, we find

= G * * «Q
X;'}T = 7;: [Vubvusaz - Z quVqs(aZ +afy) - thVts?dJ ]
g=u,c,t
— GF QEK-
X = Vit~ 3 ViV (al+a%) — vy (1 “) ,
K \/E [ ubVy a2 qmz,c’t qb l]s(a4+a10). th Vs Qg + ™,
- G .
Rt = TSWthsad ;
YRl = 0, (47)
where B T
7= 2K Ik~ (48)
Mk~ Gge~

For gx. = 226 MeV and g%. = 160 MeV [21], 2 = 2.23. To a good ap-

proximation, the quantities a, b, z and y of Eq. (41) can then be expressed
as

ay. = mK-gK-i[X;\(.-i—zY,Q\.],
m,\b
bk = ~mg-ge- T2 (x2 oy
mAb
+m
The = mpegi-[f — 12 — RXR + 2V
b
mpa, —m -
Z/}\<- = —Mg-gg-[g + ;n,\ pgz][Az'\{-—ZYIQ\-]- (49)
b

There are several points to be deduced from the above results. First,
since Y270 ~ 0, the coefficients a, b, z and y all have the same phase for a
longitudinally-polarized K* Thus all triple products involving a longitudinal
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K™ are expected to vanish. Furthermore, since ey - Pa, = 0 for a transversely-

polarized K™, most of the triple products in Eq. (42) are expected to vanish
in the SM. The only potential nonzero triple-product correlations are

2Im (zy*) €app [sK- . spp;‘pﬁbsﬁbe‘}{. + Ek- - Sa, p;"sgs‘,‘{.pxb] . (50)

Since these both require the measurement of all three spins, this result is
consistent with the results of Ref. [3].

Second, and more importantly, both of these asymmetries only arise due to
the interference between the (small) dipole term Y2+ and the Va1, piece of

s

Xp=t. Thus, by analogy with Eq. (38), we estimate the size of the asymmetries

to be roughly

2Im(zy*) _ 2Im (XYoLt _ 2020412
|z[? + y|* + 2Re(zy*) ~ | X2  afM 4 a]

~2%,  (51)

which would be very difficult to measure. (Essentially, the asymmetry is re-
duced compared to that in A, — pK~ by the factor zlag/ag| = 0.11.) Fur-
thermore, the decay Ay — pK*~ is dominated by the longitudinally-polarized
K*~; the rate for the production of a transversely-polarized K*~ is suppressed
by the factor (mg-/Eg-)? = 0.1. Thus, even if the asymmetry were larger, it
would still be difficult to detect, given the small rate.

We therefore conclude that any measurement of a sizeable triple-product
asymmetry in the decay A, — pK*~ is an unequivocal signal of new physics
[19]. (As noted in the case of A, — pK~ decay, if the measurement of the
proton polarization is difficult, one can consider a final state with an excited
nucleon such as Ay — N(1440)K*~. In this case, the polarization of the
N(1440) can be determined from its decay products. Alternatively, one can
consider =, — Xt K*~, for which the above conclusions should also hold.)

The decay Ay = pp~ is similar to A, — pK *~, and its amplitude can be
obtained from Egs. (41), (49) and (47) with the replacements 1}, — V,; and
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K* — p. However, here too the asymmetry is expected to be smaller than

that in Ay — p7~ by the factor zlag/ag| = 0.11, yielding an asymmetry of
less than 1%. Finally, the pure penguin process A, — A¢, is dominated by a
single weak amplitude, so that all its triple-product asymmetries vanish [22].
(As mentioned earlier, the observation of the decay Ay — £¢ would indicate
the existence of nonfactorizable contributions and the possible presence of a
significant V,,,V.* piece in the amplitude.)

To summarize, we have examined the predictions of the standard model
for T-violating triple-product asymmetries in Ay — F\F, decays, where F s
a light spin-7 baryon, and F, is a pseudoscalar (P) or vector (V) meson. In
Ay — FiP decays, there is only a single triple product possible. In the rest
frame of the Ay, it takes the form Pr, (57, X 8p,), where Pr, is the 3-momentum
of the Fj, and Sr and §,,) are the spins of the F; and A,, respectively. On
the other hand, in A, — F\V decays, since all three particles have a non-zero
spin, there are several possible triple products.

Using factorization, we find the following results. First, for A, — FP
decays, the SM predicts a large asymmetry (~ 18%) only for A, — pK~.
This is due to the presence of the chira] enhancement term m% /(m, + my) in
the amplitude, which compensates the 1/m, suppression. The asymmetry in
Ay — pr~ is smaller (~ 5%), and for the decays A, — An, A7y, it is less than
1%. Second, for A, — F1V decays with a transversely-polarized V, the asym-
metries are quite small: for A, — pK*™ and Ay — pp~ they are O(1%) and
< 1%, respectively. The asymmetries involving a longitudinally-polarized V/
are expected to be roughly 15% smaller than those for a transversely-polarized
V, so that they are effectively unmeasurable. There are no asymmetries in
Ay — A¢ since this decay is dominated by a single weak amplitude. The fact
that, within the SM, the triple-product asymmetries in many decays are tiny
suggests that this is a good area to search for new physics.
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1 Introduction

The origin of CP violation remains one of the important open questions in
particle physics. Within the standard model (SM), CP violation is due to the
presence of phases in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix. The B-factories BaBar and Belle have been built to test this: if
the SM explanation is correct, we expect to observe large CP-violating rate
asymmetries in B decays [1]. To date, one of the CP phases of the unitarity
triangle has been measured: sin 28 = 0.78 £ 0.08 [2], which is consistent with
the SM.

Although the main focus has been on rate asymmetries, there is another
type of CP-violating signal which could potentially reveal the presence of
physics beyond the SM. Triple-product correlations of the form ) - (¥ x 73),
where each v; is a spin or momentum, are odd under time reversal (T). There-
fore, by the CPT theorem, these are also signals of CP violation. A nonzero
triple-product correlation is signalled by a nonzero value of the asymmetry

[(v1 - (¥ x T3) > 0) — T'(0; - (T2 x U3) < 0)
(v - (T2 x T3) > 0) + (¥, - (Up X 73) <0)’

pN
h.!
If

(1)

fny

where I' is the decay rate for the process in question. However, there is a
well-known caveat: strong phases can produce a nonzero value of A, even if
the weak phases are zero (i.e. CP violation is not really present). Thus, to
be sure that one is truly probing T and CP violation, one must compare the
value of Ay with that of A;, which is the T-odd asymmetry measured in the
CP-conjugate decay process.

Triple-product correlations can be measured in B — V;V, decays, where
V1 and V; are vector mesons [3]. In the rest frame of the B, the triple product
takes the form p- (¢, X &;), where p'is the momentum of one of the final-state
particles, and ¢; is the polarization of the V;. One can also consider triple-
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product correlations in A, decays. Since many such triple products involve the
spin of the Ay, this means that, in contrast to B decays, one is sensitive to the

spin of the b-quark [4], as it is expected to provide the dominant contribution
to the spin of the A,.

In a recent paper [5], we used factorization to study the SM predictions
for triple products in charmless two-body A, decays. We considered decays
which are generated by the quark-level transitions b — sgq or b — dgg. These
decays take the form A, — F}F,, where F) is a light spin-% barvon, such as
p, A, etc., and F; is a pseudoscalar (P) or vector (V) meson. There was only
one decay in which there was a large effect: the triple-product asymmetry for
Ay — pK~ was found to be 18%. For all other decays, the asymmetries are
found to be at most at the percent level.

The fact that all these triple-product asymmetries are expected to be small
in the SM suggests that this is a good area to look for physics bevond the SM.
In this paper, we examine the effect of new physics on triple products in
charmless A, decays. In order to study this, we adopt an effective-lagrangian
approach: we write down all possible dimension-six new-physics four-fermi
operators at the quark level. Then, using factorization, we compute their
contributions to the various triple-product correlations in A, decays.

There are several advantages to this approach. First, we are able to es-
tablish which triple products can be significantly affected by the presence of
new physics. Second, we can also determine specifically which new-physics
operators contribute to these triple products. Thus, by measuring a number
of different triple-product correlations, we may be able to diagnose which op-
erators are or are not present. Finally, these operators include all possible
models of new physics. Therefore one can apply our results to a specific model
by simply calculating which new-physics operators appear in that model. We
will give examples of this procedure.
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The paper is organized as follows. In Section 2, we introduce the new-
physics operators used in our analysis. We also give two examples of specific
models which generate some of these operators: supersymmetry with R-parity
breaking, and Z- and Z’-mediated flavour-changing neutral currents. We com-
pute the contributions of the new-physics operators to triple-product correla-
tions in A, decays in Section 3. Here we retain only the leading term in the
heavy-quark expansion since it is very unlikely that new physics contributes to
subleading processes without affecting the leading-order processes. In Section
4, we estimate the size of the various triple products in the presence of new
physics. By comparing triple products in A, — F,P and Ay, — F,V decays,
we examine the “diagnostic power” of this approach, i.e. the extent to which
one can determine which new-physics operators are present. We also show
how our results can be applied to the specific models of new physics discussed

previously. We conclude in Section 5.

2 New Physics

We are interested in charmless A, decays, which are governed by the quark-
level processes b — sgg or b — dgq. In what follows we will concentrate on
the b — s transitions; it is straightforward to adapt our analysis to the b — d
case.

Taking into account the two different colour structures, as well as all pos-
sible Lorentz structures, there are a total of 20 dimension-six new-physics
operators which contribute to each of the b — sgg transitions, ¢ = u,d, s.
These can be written as
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P o=,

4G _ _ ~ B
Hir = ) BZ;L . ——\/5 {£2 5avabs G Va0 + F15 57abTYs
+ 9,7 51 Vabg G V8 0 + 975 57 Yab GYu V84
+ h{T 80" Yabg G0 Y80 + hg5 50" y4b (jau,;yaq} ,(2)

where we have defined vz, = (1 +5). Note: although we have written the
tensor operators in the same compact form as the other operators, it should be

noted that those with v, # 7, are identically zero. Thus, one can effectively
set hyf = hpt =0.

All models of new physics which contribute to b — sgq will generate opera-
tors found in the above effective hamiltonian. These can arise at tree level (e.g.
supersymmetry with R-parity breaking, Z- and Z'-mediated flavour-changing
neutral currents, models with flavour-changing neutral scalars, etc.) or at loop
level (e.g. minimal supersymmetry, left-right symmetric models, four genera-
tions, etc.) [6]. In some cases one will obtain operators of the form gOb350'q,
but one can perform a Fierz transformation to put them into the form of
Eq. (2). Note that, in general, models of new physics do not lead directly
to tensor operators (hgf), since typically only vector or scalar particles are
involved. However, such tensor operators can arise when other operators are
Fierz-transformed into the above form, so they must be included in our anal-
ysis (the scalar operator gbsgq is such an example).

Because the new-physics operators are of dimension six, by dimensional
analysis we expect them to be suppressed by a factor A2, where A is the scale
of new physics. However, with the normalization in Eq. (2), the suppression
factor is only MZ. We therefore expect the size of the coefficients ais 9ot
and k77 to be naturally of O(MZ /A?) ~ 1072 for a new-physics scale of about

1 TeV.

Even so, these new-physics effects can be quite significant. In the SM,
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one finds only operators of the form 5y*vy,b v,z g, wit(h both colour assign-
ments. These operators are typically multiplied by one of two factors: either
(1) the CKM matrix elements V;,V;; times a Wilson coefficient of O(1072),
or (ii) ViV, times a Wilson coefficient of O(1). In either case, new-physics
operators with coefficients of O(1072) would actually dominate over the SM
contributions. (This is, in part, what allows us to put constraints on specific
models of new physics.) The bottom line is that the new operators of Eq. (2)
can contribute substantially to charmless A, decays.

As noted above, by construction the effective hamiltonian of Eq. (2) in-
cludes all possible models of new physics. Of course, in a particular new-
physics model, only a subset of the new operators will appear. Our general
analysis can then be applied to that specific model by retaining only the coef-
ficients of the nonzero operators. In order to show explicitly how this works,
below we give two examples of such specific models.

2.1 Supersymmetry with R-parity breaking

In supersymmetric models, the R-parity of a field with spin S, baryon number
B and lepton number L is defined to be

R= (_1)2S+SB+L . (3)

R is +1 for all the SM particles and —1 for all the supersymmetric particles. R-
parity invariance is often imposed on the Lagrangian in order to maintain the
separate conservation of baryon number and lepton number. Imposition of R-
parity conservation has some important consequences: super particles must be
produced in pairs in collider experiments and the lightest super particle (LSP)
must be absolutely stable. The LSP therefore provides a good candidate for
cold dark matter.
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Despite the above-mentioned attractive features of R—parity conservation,
this conservation is not dictated by any fundamental principle such as gauge
invariance, so that there is no compelling theoretical motivation for it. The
most general superpotential of the MSSM, consistent with SU(3) x SU(2) x
U(1) gauge symmetry and supersymmetry, can be written as

W=Wr+W;y, (4)

where We is the R-parity conserving piece, and Wjy breaks R-parity. They
are given by

WR = h,JLleE; + h:JQ1H2D; + hi;QlHlU]c 3 (5)

1 1

Here L;(Q;) and E;(U;, D;) are the left-handed lepton (quark) doublet and
lepton (quark) singlet chiral superfields, where 1, j, k are generation indices and
¢ denotes a charge conjugate field. H;, are the chiral superfields representing
the two Higgs doublets.

In the R-parity-violating superpotential [Eq. (6)], the A and X’ couplings
violate lepton number conservation, while the A" couplings violate baryon
number conservation. Ak is antisymmetric in the first two indices and i1ik]
is antisymmetric in the last two indices. There are therefore 27 X-type cou-
plings and 9 each of the A and A" couplings. While it is theoretically possible
to have both baryon-number and lepton-number violating terms in the La-
grangian, the non-observation of proton decay imposes very stringent condi-
tions on their simultaneous presence {7]. One therefore assumes the existence
of either L-violating couplings or B-violating couplings, but not both. The
terms proportional to A are not relevant to our present discussion and will not
be considered further.

We begin with the B-violating couplings. The transition b — stiu can be
generated at tree level through the t-channel exchange of the d-squark, dp,
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with strength proportional to |A\};,A}1;]. However, this péoduct of couplings is
already constrained to be ~ 1078 from n — 7 oscillations and double nucleon
decay [8]. There are therefore no significant contributions to the new-physics
operators of Eq. (2) corresponding to q = w.

Similarly, the antisymmetry of the B-violating couplings, ’\gb'k] in the last
two indices implies that there are no operators that can generate the b — s3s
transition, so that all the operators in Eq. (2) vanish for g = s.

Finally, the operators that generate the b — sdd transition are given by [9]

no\n«
11213 1 7 7 (7)

Leff = 4m% (da'YM'YRda Eﬂ’Yu’YRbﬂ - da’Yu'YRdﬂ 557#7Rba) .

Hence the only nonvanishing operators in Eq. (2) are

RR gnn — _Q)‘?m/\gfa (8)
1 d,2 GF 16777(‘2‘; .

As mentioned above, the constraint on [A]},A\]3;] is at the 1078 level. However,

the constraint on |A},A5|, 7 # 1, comes only from the nonleptonic decay

B~ — KO~ [9], and is much weaker:
[N Aifsl(i # 1) < 1.03 x 1072, (9)
where a squark mass my = 100 GeV has been assumed. We therefore find
|941] = 1943l < 7.6 x107°. (10)
We now turn to the L-violating couplings. In terms of four-component
Dirac spinors, these are given by [10]

Ly = =Ny [pidid] +dldivl + (d5)" (5)°d)

~&ydyul, — @ dhel — (d5)"(E) u]] +he. (11
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[
There are a variety of sources which bound the above couplings [8, 9]. For the
sake of brevity we will only quote the bounds and not their sources. Assuming
a commom sfermion mass of 100 GeV we find the most stringent bounds are

|NipAisl (£ 1) S L7 x 107° | | AN p A8 <4.4x 107 (12)

l/\ul*)‘,ﬁsz' <14x107* l/\211 bapl <47 x 107, |)‘311x)‘.{332| <4.7x107*

|)‘1 121| <82X]'0_ ) |’\ 221|<13x10_ ) I/\ 3211<13X10_
[MsaAihel £ 12X 1072, [AypA55| < 1.2 x 1071, |A332Ag;22| <2.3x 107!

There is a single contribution to the b — s@u transition:

! Ix
_ AlpAils
2m2

€;

Legs = UaYuYLUB 38YuYRba - (13)

Hence the only nonvanishing operator for ¢ = u in Eq. (2) is

%
RL \/— ’\112)‘113

= 14
gu,l GF 8777/;' ( )

Using the bounds of Eq. (13), we find
lgni| <2.6x 1072 . (15)

Turning now to the b — sdd transition the relevant Lagrangian is

AL A% Moo N
Lesp = ill 123(1’)’1,(1;9 ygb + 2532 md'y d5yb
m;i
/\I AI* )\ A
B ;727:3 daVu¥2dp 55VuVRbe — ~org ot daVuYrAp 557, ba - (16)
Vi P
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The nonvanishing operators in Eq. 2 are then

fir = \/_)‘132/\31 FRL = \/_/\111)‘:33
d Gr 4m,;_ » YA T o 4mz "’

951 =0a3 » 9ir= “Gr 8m2 (17)
with
|fi5] <14 %107 , |fR%] <6.6x 1073,
l9di] <2.6 107 Igd | <2.0x107°. (18)

Finally, turning to the b — s3s transition, the relevant Lagrangian is

Moo Nix Moo A
Less = ’:;:22 5YrS SyLb + —’22 23 Sv1S 5YRD , (19)
vy Vl

allowing the identification

Ix Ix
LR __ \/— ’\232’\122 RL __ \/_ ’\1.22)‘123

27 Gp 4m2 12T Gp 4m2
Vi vi

with
|fsal <07, |fi3]<08. (21)

2.2 Z- and Z'-mediated FCNC'’s

In these models, one introduces an additional vector-singlet charge —1/3 quark
h, as is found in Eg grand unified theories, and allows it to mix with the
ordinary down-type quarks d, s and b. Since the weak isospin of the exotic
quark is different from that of the ordinary quarks, flavor-changing neutral
currents (FCNC’s) involving the Z are induced [11]. The Zb5 FCNC coupling,
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which is of interest to us here, is parametrized by the inélependent parameter
o

‘CIZ’CNC = QCOS 9u 7 U 5.7"b, Zy, (22)
Note that it is only the mixing between the left-handed components of the
ordinary and exotic quarks which is responsible for the FCNC: since s, b
and hp all have the same SU(2), x U(1), quantum numbers, their mixing
cannot generate flavour-changing couplings of the Z. Models with Z-mediated
FCNC'’s will therefore generate the 955 and g.§ new-physics operators Eq. (2).
These are the same operators that appear in the SM, so that this model does
not generate new operators. (That is, these are effectively new contributions
to the electroweak penguin operators of the SM.)

The strongest constraint on U2 comes from the measurement of B(B —
£+£~X). The most recent result from BELLE gives [12]

B(B — X,ete™) <1.01 x 107% (23)
leading to the constraint
[UZl < 7.6 x 107* . (24)

With this constraint, it is straightforward to compute the maximal size of the
couplings g;5 and g;5. We find

|9u5] <2.7x 107 | |giB] <1.1x107*,
l945] = lgs5l £ 3.2 x 107, lgi2] = 1955 < 6.1 x 107°. (25)

These couplings are therefore comparable in size to those of the SM.

Of course, since no new operators are generated in this scenario, and since
the new-physics effects are about the same size as in the SM, one does not
expect large deviations from the SM predictions due to Z-mediated FCNC'’s.
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However, models of new physics which contain exotic f‘ermions also predict,
in general, the existence of additional neutral Z’' gauge bosons. If the s-, b-
and h-quarks have different quantum numbers under the new U(1) symmetry,
their mixing will induce FCNC’s due to Z’ exchange [13].

In general, as was the case for Z-mediated FCNC's, such flavour-changing
couplings will be constrained by the measurement of B(B — ¢*¢~X). How-
ever, if the Z’ is leptophobic, i.e. it does not couple to charged leptons, one
can evade the constraints due to Eq. (23). Such models were considered in
Ref. [14]. In this case, it is the mixing of the right-handed components of the
ordinary and exotic quarks which is most important, and we parametrize the
flavour-changing Z'bs coupling as

[’ilczvc = _ﬁv; Uszbl §R7ubRZL . (26)

Thus, these models will generate new operators. In particular, the coefficients

945 and g73 will be nonzero.

Even though the Z' is leptophobic, there are constraints on UZ coming
from the ALEPH limit B(b — sv#) < 6.4 x 107* [15]. In addition, in realis-
tic models, leptophobia is realized only approximately — there will always be
threshold effects which produce a small coupling of the Z’ to charged leptons,
in which case there are constraints from Eq. (23). The constraints from both
of these sources turn out to be similar in size, and lead to [14]

M?
M2

With this constraint, one can estimate how large the new-physics coefficients

Uz <6x1073 . (27)

can be. One finds
|9:8] < (1-2) x 107 ,AB = RR,RL ,q = u,d, s, (28)

which is about an order of magnitude larger than the coefficients of Eq. (25).
Thus, Z'-mediated FCNC’s can contribute significantly to charmless hadronic
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Ay decays, and can lead to significant deviations from the SM predictions for
triple products in such processes.

3 'Triple Products

In this section, we compute the contributions from the new-physics opera-
tors to triple-product correlations in A, decays. In all cases, we retain only
the leading term in the heavy-quark expansion, and neglect terms of order
m/my,, where m is the mass of the light meson. The main reason is that it
is very unlikely that new physics will contribute at subleading order, but not
at leading order. Indeed, as we will see, this situation can arise only in fine-
tuned scenarios. A secondary reason is that the subleading terms are quite a

bit smaller, e.g. mg-/my, ~ 15%.

We begin with a review of the results of the SM.

3.1 SM Results

In this subsection, we summarize the predictions of the SM for triple products
in A, decays. The discussion is somewhat cursory, and we refer to the reader
to Ref. [5] for more details.

We first consider the decay A, — F,P, whose amplitude can be written
generally as
Mp = A(Ay = F1P) = ilg (a + bys)ua, - (29)

The calculation of |M,|? yields a single triple-product term:

Im(ab*)f;wpa'p,;‘l Szlpf\b be ’ (30)
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i
where p!' and s} are the 4-momentum and polarization of particle i. In the
rest frame of the Ay, this takes the form gy, - (55 X 5,).

Within factorization, one can write

A(Ay —» FLP) = ozo:' (P|O0) (F1] O'|As)

= 2.qu# (F1| QI'Yu(l - '75)b IAb> Xp
+ifeq” (F1] @iy (14 v5)b|As) Y5 (31)

where we have defined the pseudoscalar decay constant f. as

ifpq" = (P|@7*(1 — 75)qs |0) , (32)

where ¢g* = p‘,{b — pf, is the four-momentum transfer. The key point here is
that, in order to obtain a nonzero triple-product correlation, one must have
two interfering amplitudes, i.e. X, and Y, must both be nonzero, and must
have a relative weak phase. Furthermore, the triple product will be large only
if X, and Y} are of similar size.

One can also show that the parameters a and b of Eq. (29) can be written
as

a = fP(XP + YP)(mAb - mFl)fl ,
b = fP(XP - YP)(mAb + mFl)gl ) (33)

where we have dropped terms of O(my/m,,), and f; and g; are Lorentz-

invariant form factors:

(P GbIAy) = i, lf1’)f“+i-—f—2-0"”qu+ fs
MA, A,

q" ] UA,

(F1| @iy vsb | Aw) = g, [917“+inf—20“"qu+ I3 q"] Ysua, - (34)

Ay Ay
From Egs. (30) and (33), we therefore see explicitly that the triple product in
Ay — F\ P is proportional to Im(ab*) ~ Im(X,Y}).
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In the SM, there is only one class of decays which is‘ expected to show a
significant effect [5): the triple-product correlation for A, — pK~ is found to
be ~ 18%. For decays such as Ay, = An, Ay = Ay’ and A, = nK?, the triple
product is less than 1%. The fundamental reason for this is that A, — pK~
is governed by the quark-level transition b — stiu, which has both a tree and
a penguin contribution, whereas the other decays are dominated by the b — s
penguin amplitude. Thus, for Ay = An, An',nK°, there is essentially only a
single decay amplitude, which precludes any CP- and T-violating effects.

In the above discussion, the size of the triple products has been estimated
within factorization. However, it is well-known that nonfactorizable effects
can be important in A, decays. For example, the decay A, — X*¢ has been
observed [16], and this can only proceed via a (nonfactorizable) IV-exchange
diagram. This then begs the question of whether nonfactorizable effects might
be important in A, decays. In fact, the answer is that A, decays are not ex-
pected to be significantly affected by such effects. In Ref. [17], it was found
that the W-exchange contributions to inclusive A, decays are suppressed rela-
tive to those in A, decays by O(m,/m;)®. This implies that even for exclusive
decays such nonfactorizable W-exchange terms are expected to be small. This
was confirmed in Ref. [5]: the W-exchange contributions to Ay — pK~ were
estimated using a pole model, and the ratio of nonfactorizable to factorizable
contributions was found to be tiny. For these reasons, here and below we

ignore all nonfactorizable effects in A, decays.
Turning to A, — F1V, the general decay amplitude can be written as [18]
My = Amp(As — BV)
= ane) [(Bh, +P5) (@ +bvs) + 4+ ys)| . (39)

where ], is the polarization of the vector meson. In calculating |[M,|?, one
finds many triple-product terms:
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|MV|?.p. = 2Im(ab*) [ev - (pa, +p1~*l)|2 éﬂupapifls:lpﬁ,,sﬁ,,
+21Im (zy*) €appuv [EV . splp‘:,lpﬁbs’,(bez —€v D s‘,’flp’,’;bs’,(be"’,
FEv - SA,DE, 5 EUDR, — Ev - PADY, Sﬁlfﬁsﬁb]
+2¢€y - (Pa, + Pry) €apuv [Im (az* + by*) pe, s’zlp’,‘\bs‘(,
+mp,Im (bz* + ay®) P, s‘,’;l sh,E
—Im (az* — by") p3, A, Sh, €%

—mp Im (ay* — bx*)s‘j‘,lpﬁbs’,‘\bet’,] . (36)

Similar to A, — F} P decays, using factorization, one can write

AlAs = V) = myg, {e; (F]@7*(1 — 5)b | As) X,

+eu (] @y (1 +75)b[As) Yo (37)
A

te- (pAb +pF1)qll (Fllqryﬂ(l _75)b|Ab) 2V
m3,

B
e on + ) s (R0 L+ 000 100) 25
Ap

where the decay constant g, has been defined as

mvgvf;: = (V] 27,93 0) - (38)

(Above we have included explicit factors of mf\b so that A, and B, have the
same dimensions as X, and Y,. This differs from Ref. [5]. Also, note that,
since the magnitudes of ps,, pr, and ¢ are all of order m,,, the A, and B,
operators are not apriori smaller than the X, and Y, operators.) Hence, using
factorization, the quantities a, b, z and y of Eq. (36) can be expressed as
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fa mp, — Mp

@ = moa [ Lo e vy f PSR B
B = myg, [— 9 (Xa—muglwﬁ—“me—fsm] ,

Ap mAb

m +m
l';\, = mvgv[fl - M.}%][X\,} + Y‘;\] )

m b
m —m

v = —mygvlg + —%gzl[ﬁ -Y), (39)

b

where A denotes the polarization of the final-state V, and we have again
dropped subleading terms of O(m,/mj,). If any two of the four terms in
Eq. (37) above have a relative weak phase, their interference can lead to triple
products.

In the SM, one finds that A, ~ B, = 0, and that Y, = 0 for a longitudinally-
polarized V. For a transversely-polarized V', Y, can be nonzero, but is still
quite small. Thus, Ay — F1V decays are dominated by a single amplitude
(the X, term in Eq. (37) above), so that triple products in such decays are
expected to be tiny. Specifically, one finds [5] that the triple-product asym-
metry in A, = pK*~ is O(1%) for a transversely-polarized K*~, while for
a longitudinally-polarized K*~ the asymmetry is < 1%. For A, — A¢ [19]
and A, — nK*, the asymmetries essentially vanish since these decays are
dominated by a single weak decay amplitude (the b — s penguin).

3.2 Ay — F1P: New Physics

We begin by considering the new-physics contributions to triple-product cor-
relations in A, — pK~ decays. Although this process is governed by the quark
transition b — stu, one still has to perform Fierz transformations on the op-

erators in Eq. (2) to put them in a form appropriate for this decay. Using the
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relations

ifkd” = (K|5y*(1 —7s)ul0) ,

_ ifK'mQ
K|35(1+ = — K
(K| 5(1 % s)u |0) el
i
(pla(1 £ v5)b|Ay) = %@lm(lm)bmb), (40)

we find that the new-physics contributions to Xx and Yy [Eq. (31)] are

Gr 1l 1
X = ZE[Jolin + g0k + 054 — B + 3eu]
G 1 1
Ve = JE |- qetine - gl - b0+ e — Seli] . (4D
where om2.
Xk = - , (42)

and we have defined

1 AB _— 1 AB — i
N,

AB __ AB AB AB AB AB
Q1 =Jg1 T 5702 + 91 = 9g1 F ﬁgqﬂ » Cg1 = hq,l +
[+

N hys . (43)

Note that we can obtain Y}'* from X¥*, up to an overall minus sign. simply

by changing the chiralities L < R.

As discussed in the previous subsection, within the SM the triple-product
correlation for A, — pK~ is expected to be large, ~ 18%. However, since
the new-physics operators of Eq. (2) can contribute to both X, and Yy, this
prediction can easily be modified.

We now turn to the decay Ay — An(n'), which receives contributions from
all three quark-level processes b — sgq, ¢ = u,d, s. The calculation is similar
to that above. For Ay, —» An we find
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G
Xy = 7—% [mu+md+xs +3cf,’fx,,,] ,
1
v = Tun 50082 — 0% 2)Xnu + Bl — bifa)|
Ts = T 1(a’"‘ —af® 4+ la’”t — 2081
s T Tsi5\8s2 s2 T 5% s,1) Xns
1
HOK + 85— g+ o). (44)

G
YnNP = 7% [yu +ya+ys—3 cg,lan,]] )

RR RL

1
Yud) = Tu(d) [5(—‘15&),2 + @y(a),2) Xnuwy + (b2 + ba@2)| »
1 1
wo= | 5latteah - Jatt+ 20,

1
HHEE = 0+ g — et

with )
m
=1 45
Xr’u.d,s mu,d,smb ( )
and ) .
ags = fos +~=fat ., W5 =905+ g0 . (46)
N, N,

In the above, we have defined r, g, = f2%¢/f,, where

ifyen = (M@ (1 = ¥)ul0) = (nldv*(1 —s)d0) ,
ifopy = (31— s)s|0) . (47)

‘The amplitude for Ay — A7’ has the same form as Eq. (45) with the replace-
ment 7 — 7.

Finally, we consider the decay A, — nK°, which is related by isospin to
Ay — pK~. This is a pure penguin decay, with b — sdd. This decay will be
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much difficult to detect experimentally. Nevertheless, we include it here for
completeness. We find

Gr[1 1
X = E ol + 0 + b — b + 3]
YNP _ Gp 1 LL 1 RL bRR bLR 3 LL 48
K= 5 |Tq%aXk T 501 —bay +baixk — 3eqixx |, (48)
where
2m2

(49)

For each of the decays A, — An, A, = An' and A, — nK?°, the triple prod-
uct is tiny in the SM. This is due essentially to the fact that these decays are
dominated by a single weak decay amplitude (the b — s penguin). However,
this is no longer true in the presence of new physics; on the contrary, there
may be several decay amplitudes. The new-physics operators may therefore

lead to sizeable triple products in these decays.

3.3 Ay — F1V: New Physics

We now examine the new-physics contributions to triple products in A, — F;V
decays. Before turning to specific decays, one can make some very general
observations.

First, the amplitude for the production of a transversely-polarized vector
boson V' is suppressed relative to that for a longitudinally-polarized V' by a
factor my /E,. Since E, ~ m,, /2, this means that this production amplitude
is subleading in the heavy-quark expansion, and can be neglected. In other
words, in our analysis, we will assume the vector meson in the decay A, —
F1V to be essentially longitudinally polarized. As explained earlier, this is
justified by the fact that it is very unlikely that the new physics will affect
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1
the production of a transversely-polarized V without also affecting that of a
longitudinally-polarized V.

Second, in the rest frame of the A, we can write the 4-momentum of
the final state vector meson as ¢, = (E,,0,0, |v|), so that the longitudinal
polarization vector takes the form £)=° = (1/m,)(|p\ |, 0,0, E\). In the heavy-
quark limit, Ey > m,,. Thus, in this limit, the longitudinal polarization vector
can be written approximately as

1 m2
A=0 v
€ ~ — + —n y 50
7 (‘hz 9 Ev u) ( )

my

with n, = (-1,0,0,1). In other words, to leading order in the heavy-quark

A=0

expansion, €,

is proportional to g,. This has two important consequences.

Consider first the A, amplitude of Eq. (37), which is one of the four am-
plitudes describing A, — F;V decays:

A,
mygve - (PAb +PF1) qu <F1| qm’”(l - ’)’S)b lAb) m; . (51)
Ap

Since p% = (E&,, 0,0, —[p]), one sees that €}, - (ps, + pr,) will be nonzero only
for a longitudinally-polarized V. Now, writing the quark content of the V
as 23, the operators which correspond to the V take the form (1 % s)gs,
G@27*(1 & vs5)g3 or G20 (1 + s)gs. In calculating the V matrix elements, these
yield

(V]@(1£v)g3l0) = 0,
(V@7 (1£7)g3[0) = mygve;,
(V] @0as 0) = —igl [ena, —€lqa] - (52)

Thus, we see that it is only the tensor matrix element which could potentially

contribute to A,. However, to leading order in the heavy-quark expansion,

A=0
m

€ ~ gy, so that the tensor matrix element vanishes. Thus, we have 4, =
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1
O(my /ma,), even in the presence of new-physics operators, and we neglect it.
This argument applies also to the B, amplitude of Eq. (37). (By comparison,
X, and Y, are expected to be O(1), i.e. leading order in the heavy-quark

expansion.)
Neglecting the A, and B, terms, Eq. (39) reduces to

ay = mvgv_fi[X()‘*‘Y\?\],
mMA,

bf" = —mvgv_gg_[X\/) _YVA] )
A, .
Mg + M ,
2 = mego[fi - 2L H]IX + V],
mp,
mp, — M -
P o= —myglg + ———"Lgo)[X) - Y (53)
mMp,

Note that a} and z3 now have the same weak phase, as do by and vo.

Now consider again the triple-product terms of Eq. (36). As discussed
above, to leading order in the heavy-quark expansion, only longitudinally-
polarized vector mesons need be considered, and 5;\L=° ~ g, in this limit. Thus,
we see that triple products of the form €, P7, pﬁb sh,€v are of subleading order,
and we neglect them. In fact, to leading order, there is only a single triple
product which remains:

, 4 * *
Mylt, = T—ngfaawpﬁﬁﬁbq“sa {~21m(ab*) lg - pa,|* +Im (2y") ¢ - Pa,

\

+- Pa, [(ma, +me)Im (ay*) + (ma, — me)Im (b27)]} - (54)

All other triple products are expected to be smaller, by a factor of order

my [my,.

We now turn to specific decays, and start with A, — pK*~. First, for the

tensor operators, one needs to evaluate matrix elements of the form

(V] Go0p (1 £ ¥5)a3 [0) (F| G300 (1 £ 75)b | As) (55)
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However, as we have argued above, the tensor matrix element vanishes to
leading order in the heavy-quark expansion. Therefore the tensor opera-
tors will not contribute to this decay. The same does not hold true for the

scalar/pseudoscalar and vector/axial vector new-physics operators, and we
find

: Go[ 1
YA = 7%[_§a53+b3§]. (56)

Note that, as expected, the new-physics operators contribute equally to lon-
gitudinally- and transversely-polarized V’s. It is therefore reasonable to con-
centrate on the longitudinal V’s, which dominate the decay A, — pK*~.

The expressions for the decay A, — nK?* can be easily obtained from those
above by the replacement u — d.

Finally, for A, — A¢, we have

G 1
X;VP'A - —F S 1 + S 1 + b + b

Vel 2

G 1 1 1
XM = \/inb s [ag +af +af — "2'at7 - 5“3 - ‘Q‘Gtm
c c c 1 [ 1 c 1 c
—Q3 — a4 — ag + §a7 + §a9 + 5“10 ,

G 1

Yy = 2L | Jank bt be 4 0]
.,, VAR agt + + +

YSMA ~ 0, (57)

where we have included the standard model contribution without the tiny
dipole contribution. The definitions of the various coefficients a!, as well as
their values, can be found in Ref. [5].

In all of the above decays, Y, is expected to be very small in the SM,
so that the triple products in A, — F}V are predicted to be at most O(1%).
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1
However, this can change significantly in the presence of new physics — from the
above expressions one sees that the new-physics operators can easily produce
a nonzero Yy,. The triple products in Ay, — F\V may well be sizeable in the

presence of new physics.

4 Diagnostic Power

In the previous section, we saw that the presence of new-physics operators
can significantly modify the SM predictions for triple-product correlations in
b — s Ap decays. In particular, triple products which were expected to be
tiny in the SM may now be sizeable. This is not at all surprising: most of
those triple products are vanishingly small because the decays are dominated
by a single weak b — s penguin decay amplitude. However, in the presence of
new physics, one can have several decay amplitudes and, consequently, large
triple-product asymmetries.

Although this particular result is entirely expected, the previous exercise
is still useful for several reasons. First, the pattern of nonzero triple products
provides information about the type of new-physics operators which may be
present. And second, one can apply the above general analysis to specific
models of new physics to obtain model-dependent predictions. These are the

issues we explore in this section.

We begin with the model-independent analysis. The first observation is
simple: if one sees no new effect in a particular decay, this implies that certain
new-physics operators are absent (barring fine-tuned cancellations among these
operators). For example, suppose that the triple-product asymmetry in A, —
pK™~ is found to be tiny, as in the SM. This means that Y = 0 [Eq. (56)],
so that a,;; = b}7 = 0. (Note: since Y3 ~ 0, X¥F could still be nonzero,
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since the triple product is proportional to the product of these two quantities.)
This in turn suggests that each of ff}, f%, g% and g% vanish, since they
make up azj and b55. Similarly, should no new effects be seen in A, — An,

each of the 30 operators in Y,"” [Eq. (45)] must vanish.

Of course, one can obtain more information by combining measurements,
since the same operators can contribute to more than one decay. In fact, one
can even partially test the assumption that there are no fine-tuned cancella-
tions. For example, suppose that the triple-product asymmetry in A, — pK~
is found to agree with the SM, but that in A, — pK*~ does not. The latter
result implies that a;§ and/or b} are nonzero. However, these operators also
contribute to Y,'” [Eq. (41)]. Thus, in order to obtain Y,*? = 0, there must
be cancellations among the various operators. Should such a result be found,
it would be necessary to explain these cancellations, either via a symmetry, or

by construction within a given model.

We now turn to the model-dependent analysis. The very general results
of the previous section can be applied to specific models of new physics. Of
course, in a given model, not all the operators of Eq. (2) will appear. In
addition, it may be that the coefficients of those operators which do appear
are related in some way. As examples of this behaviour, we examine those
models described in Sec. 2, but this analysis can be applied to any models of
new'physics (e.g. supersymmetry, left-right symmetric models, etc.).

Consider first supersymmetric models with R-parity breaking (Sec. 2.1).
If only B-violating couplings are present, then the only new-physics operators
are vector operators contributing to & — sdd [Eq. (8)]. This leads to a clear
pattern of predictions: no new-physics effects are expected in the decays of
a Ay to pK~, pK*~ and A¢. Indeed, if measurements of these triple-product
asymmetries disagree with the SM predictions, this particular model is ruled
out.
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On the other hand, the decays A, — An, nK® and n}? *0 can be affected in
this model. How big can these effects be? In general, they can be enormous.
As we have already noted, the new-physics contributions to these rare decays
are still allowed by data to be comparable to, or even larger than, the SM
contributions. If the two interfering amplitudes are of similar size, the triple-
product asymmetry can be as large as ~ 50% (to be contrasted with the SM
prediction of ~ 0). This also holds for the other models discussed below.

Turning to the L-violating couplings, one sees that more operators may be
present [Eqs. (14), (17), (20)]. In this case, all decays may be affected, except
Ay to pK~. This is a a quite distinctive signature for this model.

Finally, we consider leptophobic Z’-mediated FCNC’s (Sec. 2.2). There
are only six nonzero new-physics coefficients, given in Eq. (28), and these
Z'| and M, [Eq. (27)]. In this case, all A,

decays will be affected. However, note that, within this model, there are more

all depend on the parameters

observables (6) than there are theoretical parameters (2). This means that
if deviations from the SM predictions are measured, we will be able to get a
2\ and M. Conversely, if no new-physics effects are observed,

we will be able to place strong constraints on these quantities.

handle on

5 ' Conclusions

In the standard model (SM), (almost) all T-violating triple-product correla-
tions in charmless A, decays are expected to be tiny. (The one exception is
the decay Ay, — pK~, for which the asymmetry is 18%.) This is therefore a
good place to look for physics beyond the standard model.

In this paper, using an effective-lagrangian approach, we have computed
the effects of new physics on such triple products. This approach has the
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advantage of indicating which specific new-physics opérators affect each of
the A, triple-product correlations. Thus, the measurement of a number of
different triple products permits us to determine which new-physics operators
are or are not present. Furthermore, the approach is completely general —
the effects of any specific model can be obtained by simply calculating which
operators appear in that model.

The new-physics effects on triple products are calculated using factoriza-
tion. In addition, we work only to leading order in the heavy-quark expansion,
neglecting terms of order m/my,, where m is the mass of the light final-state
meson. The justification for this is that it is only in fine-tuned scenarios that
the new physics contributes at subleading order, but not at leading order.

(Also, the subleading terms are quite a bit smaller, e.g. mg-/my, ~ 15%.)

We have found that all A, triple products can be significantly modified by
new physics. Of course, this to be expected. Most of the triple products are
vanishingly small in the SM because the decays are dominated by a single weak
b — s penguin decay amplitude. Thus, in the presence of new physics, there
may be several decay amplitudes which can interfere with the SM amplitude.
However, in order to obtain a sizeable asymmetry, the interfering amplitudes
must be of similar size. We note that the constraints on the new-physics
operators are sufficiently weak that they can be comparable to, or even larger
than, the SM contributions. Thus, triple products which vanish in the SM can
be as large as ~ 50% with new physics.

We have demonstrated how the measurement of triple-product asymmetries
provides diagnostic information about the new-physics operators present. For
example, all operators which affect A, — pK*~ also affect A, — pK~, but not
vice-versa. Thus, if the triple product in Ay — pK~ is found to agree with the
SM, we would also expect no new effects in A, — pK™*~. If this were found

not to hold, then we would conclude that there must be cancellations among
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!
the operators in Ay — p/{~, and this would have to be explained in some way
(e.g. symmetry, specific model, etc.).

Finally, we have also applied this general approach to two specific models:
supersymmetry with R-parity breaking, and leptophobic Z’-mediated flavour-
changing neutral currents. In both cases, we have worked out the new-physics
operators which appear in those models, and used the previous formalism to
calculate which Ay triple products can be affected. For example, in the case of
R-parity breaking models, there is a clear pattern of effects. One such model
predicts significant new effects in the decays Ay — An, nK° and nK*°, but
not in A, to pK~, pK*~ and A¢. Any deviation from this pattern would rule

out this model. Other models of new physics can be treated similarly.
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Abstract

We study the spin polarizations of both 7 leptons in the decay b — s7+7~.
In addition to the polarization asymmetries involving a single 7, we construct
asymmetries for the case where both polarizations are simultaneously mea-
sured. We also study forward-backward asymmetries with polarized 7’s. We
find that a large number of asymmetries are predicted to be large, 2 10%.
This permits the measurement of all Wilson coefficients and the b-quark mass,
thus allowing the standard model (SM) to be exhaustively tested. Further-
more, there are many unique signals for the presence of new physics. For
example, asymmetries involving triple-product correlations are predicted to
be tiny within the SM, O(1072). Their observation would be a clear signal of
new physics.
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1 Introduction

There has been a great deal of theoretical work examining the decay b —
s¢*£~, both at the inclusive and exclusive level [1]. As usual, the hope is that,
through precision measurements of this decay, one will find evidence for the
presence of physics beyond the standard model (SM). Indeed, this decay mode
has been extensively studied in various models of new physics [2].

Some years ago, it was noted that the measurement of the polarization of
the final-state 7~ in the inclusive decay b — X,7"7~ can provide important
information about the Wilson coefficients of the underlying effective Hamil-
tonian [3, 4, 5]. Within the SM, this inclusive decay is described in terms
of five theoretical parameters: the four Wilson coefficients (C;, Cyo and real
and imaginary parts of Cy), and the mass of the b-quark, m,. In principle, all
of these theoretical parameters can be completely determined using measure-
ments of the three 7~ polarization asymmetries, the total (unpolarized) rate,
and the forward-backward (FB) asymmetry.

In practice, however, the SM 7~ polarization asymmetry along the normal
component is expected to be O(1072) [6], and is therefore probably too small to
be measured. This situation can be remedied to some extent if, in addition to
the polarization asymmetries of the 77, we also consider similar asymmetries
for the 7+ [7]. This adds one more independent observable. However, even
if the sizeable polarization asymmetries of both 7+ and 7~ can be separately
measured, there are only as many measurements as there are unknowns, so
that there are no redundant measurements to provide crosschecks for the SM.
Furthermore, this program requires that the flavor of the b-quark be tagged:
in an untagged sample, there are only four observables, since the measurement
of the FB asymmetry requires tagging. It will therefore be very difficult to

rigorously test the SM if only single 7-polarization measurements are made in
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b— X,vtr.

In this paper, we try to construct the maximum possible number of inde-
pendent observables. This is achieved by considering the situation in which
both 7+ and 7~ polarizations are simultaneously measured. As we will see, a
variety of new asymmetries can be constructed in this case. We compute the
polarization and forward-backward asymmetries for both singly-polarized and
doubly-polarized final-state leptons. A large number of these new asymmetries
do not require the tagging of the b-quark. (Note that, in an untagged sample,
while the FB asymmetry for unpolarized leptons vanishes, some of the FB
asymmetries for polarized leptons are nonvanishing.) On the other hand, if
b-tagging is possible, the measurement of these new asymmetries provides even
more information. The polarized FB asymmetries as well as the double-spin
polarization asymmetries all depend in different ways on the Wilson coeffi-
cients, so that these coefficients can be obtained in many different ways. This
redundancy provides a huge number of crosschecks, and allows the SM to be
exhaustively tested. An interesting consequence of the large number of observ-
ables, is that m; can be extracted. If the phenomenologically-obtained value
of my, were to agree with theoretical estimates [8], this would be an important
step in confirming our understanding of QCD,

In our calculations we consider only contributions from SM operators.
However, using arguments based on CPT invariance and the properties of
the SM operators under C, P and T, we derive relations between these ob-
servables which are clean tests of new physics. Some of these tests rely on
the fact that within the SM there are negligible CP-violating contributions to
the decay mode being considered. Our philosophy is to test for the presence
of new physics (NP) without considering the detailed structure of the various
operators that can contribute to NP. Should a signal for NP be seen, the con-

sideration of specific NP operators would help in determining the nature of
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NP contributions (for example, see Ref. [7]).

We begin in Sec. 2 with a discussion of the calculation of | M|, where M is
the amplitude for b —+ s7¥7~ (the results of the calculation of M are compli-
cated, and are presented in the Appendix). The polarization asymmetries and
forward-backward asymmetries are examined in Secs. 3 and 4, respectively.
We discuss these asymmetry measurements within a variety of scenarios in
Sec. 5. We conclude in Sec. 6.

In total, we numerically evaluate the differential decay rate and 31 asym-
metries as a function of the invariant lepton mass. Note that it will be ex-
tremely difficult to measure asymmetries smaller than 10%, as they would
require ~ 10'® B mesons for a 30 signal (not including efficiencies for spin-
polarization measurements and for tagging). We therefore consider only asym-
metries larger than 10% as measurable. If one can only measure an individual
7+ or 77 spin, but cannot tag the flavor of the b-quark, then there are only
two sizeable observables. If b-tagging can be done and one can measure the
spin of the 7% or 77, this increases to 6 measurable asymmetries. However,
if the polarizations of both the 7-leptons can be measured and flavor tagging
of the b is possible, we find that nine of the asymmetries constructed here are
large in the SM. Including the decay rate, this leads to 10 sizeable observables,
which allows for a redundant test of the SM.

In addition, we find that the violation of certain SM asymmetry relations
are clean tests of NP. Some of these relations are violated only in the presence
of CP-violating NP. A large numbers of these asymmetries are O(10~2) in the
SM, so that the observation of larger asymmetries would be signals of NP.
Certain combinations of these asymmetries are identically zero in the SM, and
hence are litmus tests of NP.
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We begin by considering the calculation of |M|? for b — s7*7~. Including
QCD corrections, the effective Hamiltonian describing the decay b — st+7~
[9] leads to the matrix element

M=Ty+Ty+ Ty, (1)
where C

a e * [= =

Tg = \/5: Cgff‘/tbvts [SL’)’;LbL] [7‘ ’)’“T+], (2)
oG Wl -
Ty = ﬁwaVqu[SL’YubL] [T ’7”75T+], (3)
. Osz eff . —2imy | [_ v —— i+

T7 = \/571’07 ‘/tb‘/ts [ q2 [SLUuuq bR] [T /It—,- ] : (4)

In the above, g is the momentum transferred to the lepton pair. and we have
neglected the s-quark mass. The Wilson coefficients C; are evaluated pertur-
batively at the electroweak scale and then evolved down to the renormalization
scale u. The coefficients C’;f ! and Cho are real, and take the values

Cl = 0315, Cip=—4.642 (5)

in the leading-logarithm approximation [5]. On the other hand, the coefficient
Cs?7 is complex, and its value is a function of § = g*/m3: C (1) = Cy(p) +
Y (p, 8), where the function Y (g, 8) contains the one-loop contributions of the
four-quark operators (3, 9]. An additional contribution to C¢// arises from
the long-distance effects associated with real ¢ resonances in the intermediate
states [10]. Thus, within the SM, the decay b — s7*7~ is described by four
Wilson coefficients for a given value of & Cg//, Cyg, Re(CE/f) and Im(C¢Y).

Because the expressions in |M|? are complicated, we present the actual
results of this calculation in the Appendix. Note that the polarization and
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i
forward-backward asymmetries, which will be discussed in subsequent sections,
are calculated as functions of the terms of |[M|?. Also, some signals of new
physics are derived using the C, P and T properties of the terms at the |IM|?
level.

There is one point which is worth mentioning here. In the calculation of
|M|?, there are terms which involve the imaginary pieces of the Wilson co-
efficients [e.g. the Im(C§//C}y) term in Eq. (51)]. These are the coefficients

of terms like €,,p4 p*p® sfp‘i in |M|?, which give rise to triple-product corre-

lations (e.g. p_ - (py x §_)). Naively, these triple products appear to violate
time-reversal symmetry (T) and so, by the CPT theorem, should also be sig-
nals of CP violation. However, all the amplitudes in Eq. (1) have the same
weak phase (neglecting the small u-quark contribution in the loop), so that
their interference cannot give rise to CP violation. Thus, there appears to be

an inconsistency.

What is happening is the following: a triple product is not a true T-
violating signal, since the action of T exchanges the initial and final states.
Because of this, triple-product correlations can be faked by the presence of
strong phases, even if there is no CP violation. This is the situation which
arises here — nonzero strong phases of the Wilson coefficients can lead to triple
products. Usually, it is CP violation which interests us, and we wish to elim-
inate such fake signals. However, in this case, we are interested in measuring
the imaginary parts of the Wilson coefficients in order to test the SM, so that
these fake signals will be quite useful.
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3 Polarization Asymmetries

In the computation of the various polarization asymmetries we choose a frame
of reference in which the leptons move back to back along the z-axis, with the
7~ moving in the direction +Z. The s-quark then goes in the same direction
as the b-quark, with the s-quark making an angle  with the 7=. Our specific
choices for the 4-momenta components are as follows:

pi. = {yP?+m20,0,P},
p¢+ = {\/P2+m3,0,0,—P}.,

pt = {K,0,Ksinb, K cosb} ,

py, = {yK?+m20,Ksind, K cosf}. (6)

Using the above calculation of |M|2, we can compute the decay rate for
unpolarized leptons by summing over the lepton spins and integrating over the
angular variables. As a function of the invariant mass of the lepton pair, this
decay rate is given by

dr(s) _Gymp @ o2 o 4m.?
(d_§>un | 1927347 2| Vo Vil (1= 8741 - ——4, (7)
where M, = m,/m, and
' 4 |C ff|2 m
_ eff reff* 7
A = (12Re(CH/CET) + ) (1+=7) (8)
rh

. Ta(1— 3 . )
+(ICS P + (0w (1+ 25+ =T ( - ) =)+ 6 (|5 — |Crl?)
This agrees with the earlier results 3, 4, 5, 9, 11] in the appropriate limits.

We now consider the possibility that the polarizations of the final-state
leptons can be measured. The spins of the 7% are defined in their rest frames
to be:

E“_z{O,s;,sy_,s;} , §’T‘+={O st st 3+}. (9)

YTy ¥yr vz
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One can obtain the spins of the 7% in the frame of Eq. (6) straightforwardly
by performing a Lorentz boost:

P /P2 +m2
sk = {—s' Sg18y,—————S, ? ,
m

T My
\/ P? + m?2
$¢+ = —ES:,S:,S;,#S;- : (10)
my m,

We now define differential decay rate as a function of the spin directions
of the 7%, s* and s~, where s* and s~ are unit vectors in the 7% rest frames.
This is given by

dl(s*,s™, 3 5
drsts78) 1(——‘”@) [1+ (P; sz + Py s, + P s;
d3 unpol

ds 4
" P;s:w;s;w:s:)
+ (’sz SaS; + Poysysy + Pazsts; + Py sis;
+Pyy 555y + Pysis; + Posisy + Poysisy + P, sjs;)] , (11)

where the single-lepton polarization asymmetries P¥ (i = z, y, z) are obtained
by evaluating

[gs—ﬁ_, st=i) +- dl(s— =i, s+=—i)] _ [dr(s—z-i, st=i) n dl (s~ =—1, s+=—§)]

P’:— = dr s—=d§s, st=i dl’ s—=;i,§s+=—§ dl(s— =i§§, st=i dl'(s— =j;§, st=-1)] ’
[ ( ds ) + { ds )] + [ ( ds : + ( ds )]

P{*— _ ':dl"(S_?};Z s:ii) + dF(S_ilz{, S:ii)] _ [dF(S_ j;i,gs:j:j) + dI‘(S- i}}, s:i:j)] (12
[dl"(s _dlg, st=i) + dl'(s _d;, s _1)] + [dl"(s _:i,gs =—1i) + dl'(s —dlé, st= 1)]

Similarly, the double spin asymmetries P;; can be obtained:

[dl‘(s"':-i.,s_:j) _ dF(s“’:i,s‘:—j)] _ [dI’(s‘*‘:—i,s‘:j) _ dl‘(s'*':—;,s‘:-—j)]

P = ds ds ds ds
A [dr(s+=d§,s—=j) 4 dF(s+=§,~s—=—j)] n [dr(s+=d-_i,s—=j) n dr(s+=;§,s-=—3)] ’
S S S S
(13)
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R . i
where 7 and j are unit vectors along the i and j directions. Note that both
PE and P:; depend also on 5. However, the explicit dependence on § has been
suppressed for simplicity of notation.

Before presenting explicit expressions for these quantities. it is useful to
make the following remark. With our choice of 4-momenta [Eq. (6)], the
decay takes place in the yz plane. Therefore, the only vectors which can have
£ components are the spins s* and s~. This implies that the only scalar
product which involves & components is the dot product of two spins. Thus,
any term that has only one component of spin along % (i.e. P;. Py and Py,)
must come from a triple-product correlation. This holds even in the presence
of new physics. It is therefore these quantities which probe the imaginary
parts of the products of Wilson coefficients.

The P’s take the form

37 im2

+ eff 1x eff e AN —
Pr = m(zlm( H1Ch) +Im(C57 Cfy) 8) s g1 3 (14)
4 eff12 .
Pr = szl( |C; | +2Re(C5//Cyy) + 4Re(CS CEIT
S
+ Re(C57Cty) + 1G5 2 8) i, (15)
9 4107
Pi = < (6Re(CF/Ciy) + Re(CECLy) (1 +28)) 41 - 's” (16)
Py = P; (17)
_ 37 4 C?ff 2 e * € eff*
Py = 2\/§A( | : | — 2Re(C$/Cry) + 4Re(CE )
— Re(C5!Clo) + |C5T 2 5) i, (18)

((-1+8)8+2(2+38m2)
A 5

1 eff effey T2 eff2
PII = ~ 24 Re(CT Cg ) + 4 |C7 ’
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1-38)5§+2(1+25
+(ICsH 12— |Cwol?) (-9 g( ) )) (20)
) )2
P = ZIm(GCh) (1 - 8) /1 - 22 (21)
A 8
_ eff eff 3
P = - \/_A (2Im(C57/Cty) + Im(Cs7/ Cy)) 1, (22)
7):xy = Pyz (23)
1 (24Re(CICET . 1 — §) 2
Py = A( ( 3 ) 4(|Cgff|2+|010|2)(——§)—
eff|2 2 p 67%3 :
+(C" I = |Crol®) (-1 + 3) + 3 )
41C 12 ((1-8) 3+ 22+ §) m2
+|7|(( ),2 (2+3) )) (24)
S
37T e * e * ~
sz = ;/_g—A (2 Re(C-,-fme) - IClOIZ + Re(C'gfwa) 3)
542
X1h, 1—47;” (25)
P, = —P,, (26)
37r e * e * ~
P, = Z\GA(ZR(C'7ffC’m)+|Cm|2+Re(Cgfme)s)
3,2
i, 41 4?* (27)

2 2 .\ 4|Cs 2 2+ 5) (1 - 22)

S

o1 eff reff
P, = Z(12R(C csf iy (1-

V-3
V)

+H(CS 2+ [Cool?) (1428 -

L2ucsp - |co|>(2+s>m3)
: .

(28)

The coefficient P;” was computed in Ref. [4], P;, P; and P; were obtained
in Ref. [5], and P}, P} and P} were calculated in Ref. [7]. (Note: while we
agree with the calculations of Refs. [4, 5], we disagree with Ref. [7] about
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Figure 1: The polarization asymmetries for the 7~ and 77, as functions of 3,
the invariant mass of the 7 pair, without (thick lines) and with (thin lines) the
long-distance resonance contributions.

the expression for P [the equation following their Eq. (24)].) We plot the
functions P, P, and P as functions of 5 in Fig. 1. For the purpose of
numerical computations, we follow the prescription of Ref. [5] and include long-
distance effects in C';'f / associated with real c resonances in the intermediate
states. We take the phenomenological parameter xy multiplying the Breit-
Wigner function in Ref. [5] to be unity.
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Note that our P} is the same as the longitudinal pollarization asymmetry
of the 77, P of Refs. [5, 7]. However, P} = — P}, since the 7~ moves along
the —2 axis. Similarly, P; = Py and P} = —P5. (Note: the distribution
of our Py differs from that of Ref. [5], resulting in a somewhat smaller value
of (Pn)-.) The transverse direction defined in these references lies along the
negative y-direction for both = and 77, so that P, = —P; and P} = —P7.

The double-spin polarization asymmetries are shown in Fig. 2.

Previously, we noted that it is very likely that only asymmetries larger
than 10% will be measurable. One characterization of the data is to calculate
the average values of the above asymmetries®. These are defined as

14T
P gs

__ Jam2 ds
(P) = m— : (29)
am2 d§

In Table 1 we list the average values of all polarization asymmetries. From
this Table, we see that only P;t, P., Pyy, and P, can be considered sizeable.
(Note that here, P} = P; = P,.)

In Egs. (14)-(28), there are certain relations between the P’s when the
spins st and s~ are interchanged. Some of these relations are equalities, e.g.
P; = PF, Py, = Py, ete. For other pairs of P;’s, the expressions are similar,
but only some of the terms change sign (e.g- P vs. P;). As we describe below,
it is possible to understand these relations by considering also the conjugate
process b — 77,

The processes b — st*7~ and b — 57~ 7% are related by CPT as follows

[12]:

b(pb) — S(ps)T+(p+,S+)T_(p_,S_),

®It is also possible that the average value of an asymmetry is small, but that large values
of the asymmetry are still possible for certain values of §. For example, see P,.
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(P;) = (P} 1.413 x 10~2
(Py) 0.723
(P7)=(Pf) ~0.336
(7)) —0.164
(Pze) —8.658 x 102
(Pyz) = (Pzy) 2.868 x 103
(Pez) = —(Pqz) 5.322 x 102
(Pyy) —0.168
(Psy) —0.281
(Pyz) 5.717 x 102
(P.:) —1.1254 x 102

Table 1: Numerical values of the various averaged spin-polarization asym-
metries without including the long-distance resonance contributions. We use
my = 4.24 GeV [8]. The corresponding branching ratiois BR(B — X,r+7~) =
1.192 x 1077,

b(ms) — 5(ps) 7 (s, —54) T (p-, —s5.) . (30)

In the absence of CP violation, observables which are P-odd must vanish in the
(C-even) untagged sample. Consider first the terms involving triple-product
(TP) correlations. While all triple products are T-odd, they can be either
P-even or P-odd. Triple products involving two spins are necessarily P-odd
and, in the absence of CP violation, C-odd. Because of this, in the SM,
these triple product must vanish in the untagged sample. Thus, we have
TPI{D ~°% = _TPP=°d  This relation can be violated in the presence of CP-
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1
violating new physics. On the other hand, triple products involving one spin

are P-even and C-even, so that TP{ “even — L TPF~®", in the absence of CP
violation. Thus, these triple products can survive in the untagged sample due
to the presence of the strong phases which can fake CP-violating effects.

We now apply these observations to P} and P, which involve a single spin.
As noted earlier, terms with a single spin along & must come only from a triple-
product correlation. The general triple-product term giving these quantities
can be written as eqp,, ppp2(apfsh + bp's”), where a and b are arbitrary
coefficients. For the conjugate process [Eq. (30)], the corresponding term is
~€apup DEPE (ap”s” +bph s2). Since TP =" = £ TPF ="  this implies that
a = —b (in the absence of CP violation). Using the 4-vectors of Eq. (6), it is
then straightforward to show that this results in P} = +P;. Note that this

will hold even in the presence of CP-conserving New Physics.

Similarly, the two-spin triple products, which contribute to the pairs {Pyzs
Pzy} and {P,;, P:.}, are proportional to €aBup pg’pf st s%. In the absence of CP
violation, the CP-odd combination of P,; and P,, (and of P., and P;;) will
vanish in an untagged sample. Again, a simple calculation then shows that
this implies that Py, = +P,, and P,; = —P,,.

For the other terms that do not contain triple products, and are hence al-
ways T-even, one can understand the relationship between the P’s in a similar
fashion. For example, consider ’P; and P, . Since only dot products of vari-
ous momenta and one spin are involved, the coefficients of both terms |C§f f |2
[Eq. (52)] and Re(C5//Cy,) [Eq. (54)] are T-even and P-odd. However, the
|ICE7)? term “p, - (s~ + s*)" switches sign under CPT for the conjugate pro-
cess, while the Re(C£//Cy,) term “p, - (s+ — s~)” has the same sign for the
conjugate process. Since these terms are P-odd and C-odd (in the absence
of CP violation), they must vanish in an untagged sample. This explains the
relative sign difference between the |C5//|? and Re(C&//Cy,) terms in P} and
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P, . This argument may be extended to all terms contributing to various P;’s.
In particular, in the SM, P} = +P_. On the other hand, in presence of New
Physics, while the additional terms must still be T-even and P-odd, they could

be even or odd under CPT, implying that the relation between P} and P,
could differ.

Of course, the above discussion assumes that there is no CP violation in
b — st*7~, which is the case in the SM, to a good approximation. On the
other hand, if new CP-violating physics contributes to this decay, this gives us
several clear tests for its presence. For example, any violation of the relation

P; =P (or P + P{ =0) is a smoking-gun signal of such new physics.

4 Forward-Backward Asymmetries

One observable which does not depend on the polarization of the final-state
leptons is the forward-backward (FB) asymmetry. In the frame of reference
described in Eq. (6), the forward-backward asymmetry is given by

1 2 0 2

Ad—rdcose—/ A—d—dcose
App(3) = 0 d§ dcosf -1d3§ dcosf
FBAS T & 0 4T

———dcosf ———dcos@

0o d§ dcos@ €08 +/_1 ds dcos@ €08

492
= %(ZRe(C’?ffC;‘O)—I—E*Re(C'g” )11 ’: (31)

This agrees with the result of Ref. [5] (and that of Ref. [11] when m, is ne-
glected). Note that the FB asymmetry is of opposite sign for the CP-conjugate
process b — 57777, so that A%+ ALy = 0. Thus, in order to measure the un-
polarized FB asymmetry, it will be necessary to tag the flavor of the decaying
b-quark.

If the polarization of the final-state leptons can be measured, then, in
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addition to the polarization asymmetries discussed in ﬁhe previous section,
one can also extract forward-backward asymmetries of the polarized leptons.
While the unpolarized FB asymmetry of Eq. (31) requires b-tagging, some of

the polarized FB asymmetries are non-vanishing even in an untagged sample.

We can extract the forward-backward asymmetries corresponding to vari-
ous polarization components of the 7~ and/or 7+ spin by writing:

Arp(s*,s7,3) = App(3)+ [A7s] + Aysy + Afsy
+AT sy + Afst + At st
+ Aczsts, + Azysjsy_ + Az.sts;
+ Ayesy sg + Ayysy sy + Aystsy

+ Awz87 57 + Azystsy +.Azzs';sz'] . (32)

The various polarized forward-backward asymmetries are then evaluated to be

A = 0 (33)
2 i (1= &)1, 42
AF = KRG(Cgfwa) ( \/E) 1-— (34)
+ 1 eff sy 61C5 P2 eff|2 2y ~2
A = X 6 Re(C7// Cg )——§_—3(|09 |* = 1C1ol) 7
~9 52
~12Re(C3/C) T - 6Re(C5Ct) T
3. . 2m?
— UG P +1Cu) 51 - = )) (35)
A7 = 0 (36)
- 1 e eff* 6 Ceff 2 e 3
A = Z<_ 6Re(C7”C'9ff ) — —l——;—l— —3( |C9ff|2 — |Crol?)
~ 9 52
+ 12 Re(cgffcl*o)% + 6Re(C¢! i‘o)%1
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3 2 12 ‘
- UG+ o) s - 225)) (39
Az = 0 (39)
—6 eff e eff uu \y T
Ay = K(2Im(C7 Cfo) + Im(Cg"’ Cfy )? (40)
2 (=8, 412
Ay, = KIm(c;;ffcw)T 1-= (41)
Ay = —Agy (42)
Ay = 0 (43)
glcezy 1-3)m
A, = (21012 - 7 T 44
w o= (AGT - —57) S (49)
Ae = Ag, (45)
-Azy = Ayz (46)
-3 eff s eff s\ A 4m?
Az = K(2R3(07 Clo) + Re(Cg'’ CTy) 8) 4/1 ~ B (47)
Note that, in the SM, it turns out that Apg = —A,,.
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Figure 3: Forward-backward asymmetries of the 7= and 77, as functions of
8, the invariant mass of the 7 pair, without (thick lines) and with (thin lines)
the long-distance resonance contributions.

The nonzero single-spin forward-backward asymmetries are depicted in
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Fig. 3 as functions of §, while those with both spins‘polarized are shown
in Fig. 4. Interestingly, some of the forward-backward asymmetries are identi-
cally zero within the SM: A}, AZ, A;; and A,,. Nonvanishing values of these
asymmetries would be clear signals of NP. Also, as was discussed in the case
of the polarization asymmetries, the discrete transformation properties of the
operators can once again be used to understand the relations between pairs of
forward-backward asymmetries in which the spins s* and s~ are interchanged.
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Figure 4: Doubly-polarized forward-backward asymmetries, as functions of §,
the invariant mass of the 7 pair, without (thick lines) and with (thin lines) the
long-distance resonance contributions.

The average values of the forward-backward asymmetries are defined sim-
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ilarly to Eq. (29) and are listed in Table 2. From this tai)le, we see that only
three asymmetries are expected to be larger than 10% in the SM: AT and A,,.

(AF) = (47) —1.302 x 1072
(A7) —0.148
(A7) —0.490

(Azy) = —(Ayz) 3.184 x 102

(Azz) = (Azz) —1.347 x 1073

(Ayz) = (A) 4.298 x 1072
(A::) 0.154

Table 2: Numerical values of the various average polarized forward-backward
asymmetries without including the long distance resonance contributions. We
use my = 4.24 GeV [8]. The corresponding average unpolarized forward-
backward asymmetry is (Apg) = —0.154.

5 Discussion

In the previous sections, we have discussed the polarization and forward-
backward asymmetries which can be obtained when the spins of the 7 and/or
7~ are measured. Here we consider what can be learned from these measure-
ments in a variety of scenarios.

First, suppose that the statistics are such that only a single polarization
can be measured (say that of the 7), and that no tagging is possible. In this
case only the P-even observables survive: Pf 4+ P;, Af + A and A} + A;.
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Of these asymmetries only A} + A7 is measurable within the SM. Along with
the differential decay rate, this therefore gives only two observables, which is
not enough to test the SM.

On the other hand, if the polarizations of both 7+ and 7~ can be measured,
still without tagging, then one adds another six observables: P, Pyy, Pay +
Pyzy, Przy Agy + Ay, and A;, + A,;. Of these only three — Pyyy Py +
Py, and P,, — are expected to be sizeable in the SM, the last one being
measurable only as a distribution in § (see Fig. 2). We therefore have just
enough measurements to determine the five unknowns C¢//, Cy,, Re(C¢// ),

Im(C’Sf / ), and m,. However, there are not enough measurements to provide
an internal crosscheck of the predictions of the SM.

Now suppose that it is possible to tag the flavor of the decaying b-quark. If
only a single 7-spin measurement is performed then, out of a total of thirteen
possible asymmetries, only six are sizeable within the SM: Agp, P;, P. and
Af. (Recall that P} =P; = P,))

In the best-case scenario, it will be possible to both tag the flavor of the
decaying b, and to measure the polarizations of both final-state = leptons.
In this case, one in principle has 31 asymmetries. However, within the SM
only nine of these are accessible: Apg, ’P;t, P., AE, Pyy, P,y and A,,. Even
so, if these asymmetries could be measured, this would allow us to greatly
overconstrain the SM. Ideally, we will find evidence for new physics, but if
not, these will provide precision determinations of both m;, and the Wilson
coeflicients describing the decay b — sT7~.

In Table 3 we summarize the number of possible observables, including the

differential cross-section, in the various scenarios discussed above.

Finally, we note that in some of these scenarios, it will be possible to extract

the value of m,. This is advantageous for two reasons. First, it permits a
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Untagged Sample Tagged Sample

Only one of %, 'Pﬁ*), .Al(jh), Agi) [4] %, Ars, PZ, ’P;t) 'Pék,
7% or 7~ spin Az, AT, AT [14]
measured

SM %1 Agi) [2] %1 AFBa ’P;ta Pz, Azi

[7]

BOth T+ and + P.’L‘I) Pyy, P(zy), Pzz, A.ll [32]
T~ spins mea- Azy): Az [10]
sured

SM | + Pyy, P(zy)7 P, [5] + Pyy, Pzy, P2z [10]

Table 3: The number of observables in various scenarios of initial b-flavor
tagging and 7-spin measurements. The columns represent the cases with un-
tagged and tagged samples, while the rows are for the scenarios in which only
one of the 7% or 7~ spin is measured, or when both 7+ and 7~ spins are mea-
sured. Of the possible observables, those that are sizeable in the SM are listed
separately. In the case in which both spins are measured, only the additional
observables (indicated by +) are listed. The number in the square brackets
represents the total number of observables possible in each case. P,y indicates

the sum P;; + Pj; and P = P + P;, with identical definitions for the A’s.

direct comparison with the theoretical estimates of m; [8]. Second, for some
measurements in the B system. it is necessary to input m; from theory, which
increases the systematic (theoretical) uncertainty of the measurement. By
contrast, we see that the double-spin analysis of b — s7*t7~ will not suffer
from this type of systematic error.
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6 Conclusions

In the standard model (SM), the inclusive decay b — s7+7~ is described by five
theoretical parameters: C5//, Cyq, Re(Ce/¥)(3), Im(CE7)(5) and my, where 3
is related to the momentum transferred to the lepton pair. We would like to
be able to test this description.

In this paper, we have calculated all single- and double-spin asymmetries
in the decay b — st+7~. We have shown that there are many different ways of
testing the SM description of this decay. In all, there are a total of 31 different
asymmetries. However, only 9 of these are predicted to be measurable, i.e. have
values larger than 10%. (Indeed some asymmetries are expected to vanish in
the SM.) Should any of the small asymmetries be found to have large values,
this would be a clear signal of new physics (NP). Furthermore, the SM predicts
certain relationships among the asymmetries when the spins s™ and s~ are
interchanged. Should these relations be violated, this would also indicate the
presence of NP. In fact, this could give us some clue as to whether the NP is
CP-conserving or CP-violating.

Apart from these signals of NP, whether or not the SM can be tested
depends crucially on which types of measurements can be made. For example,
if one cannot perform b-tagging, and can measure only a single individual 7
spin, then there are only two sizeable observables. This is not enough to test
the SM. On the other hand, if one can measure both 7 spins. but cannot tag
the flavor of the b, then there are a total of five measurable observables. This
is enough to determine the theoretical unknowns, but does not provide the
necessary redundancy to test the SM.

On the other hand, if one can perform b-tagging, but can only measure
a single 7 spin, then there are 7 sizeable observables. This can provide a
redundant test of the SM. The optimal scenario is if b-tagging is possible, and
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one can measure the polarizations of both the 7+ and TL. In this case, there
are a total of 10 independent measurements, which would greatly overconstrain
the SM. If new physics is not found, this would precisely determine the five
theoretical parameters.

Note that testing the SM implies that the quantity m, will be extracted
from the experimental data. This will allow us to compare the experimental
value of m; with the theoretical estimates of this same quantity. Furthermore,
as the measurements do not rely on theoretical input, the systematic error will
be correspondingly reduced.
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7 Appendix

In this Appendix, we calculate the square of the amplitude in Eq. (1), keeping
the spins of both final-state leptons. We define p,, ps, p4+ and p_ to be the
momenta of the b-quark, s-quark, 7+ and 7~, respectively, with ¢ = p, — p, =
p+ + p—. The spins of the 7% and 7~ are denoted by s, and s_, respectively.
We have

|M|2 — |T9|2+ |T10|2+ |T7|2+2Re (Tng) +2Re (TJT’() +2Re (T30T7) . (48)

Summing over the s-quark spin and averaging over the b-quark spin, We find
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b,s spins

m? — g2 2
x{—( b2 Q)(—P—'S+P+‘3—+%3+'3—+m3(1_3+'S—)>

+(12—S+-S-)(pb-mps P+ Ds Py Dy D-)
—%[pb~8+ps-s_ + D5+ 54 Db - 5]

45+ P-[Po P+ Ds - S_ + D5 Py Dy 5]

+5- P4 [P P-Ps - 5+ + D5 D_Dy - 54]

+m. |ps - (p+ + D) Do (54 +5-)

et Gurs)] | o)
2G2
> Tl = TSEVRVEPICul
b,s spins T
m2 — a2 2
X {—Q2—Q) (—p_ “ 84Dy S_ + %s+ cs_ +m2(1 — s, - s_)>

+(1+ 54 -5-) (Do P4 Ps - P— +Ps Dy D - P-)
2

q
- (2 2— -2—> [Po - s4ps-5—+ps-5ypp-5]
—S4 - D- [Pb'P+Ps'S— + Ds 'P+pb'3—]
~5_ Py [Py P-Ds -S4 +Ds DDy Sy
—m, [ps “(py —p-)po - (54 —52)
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2G2
> Re[l{Ty| = “WJIVM:IQ

b,s spins
X {2Re(C§”C{‘0) [mf[ps “S_Pp Sy — Db S—Ds- Sy
—%i(ps *P- =~ s Dy)
+Mer [Py P4 Ds - S— + Ps - PPy S
~PsP-Ps S+ = Ps P-Pp- S+]]
+Im (G5 Clo)epapy [[2mr +(ps + o) - 54| pip2sipd
~[2m. + (b, + ) - 5_]ptp3slp?
~(ps + o) - P+ P22 sL + (ps + py) - p_ phpSsls?
+(p- = p4) - ps p’ipj’.sﬁs‘f]} : (51)
22 2
3, 2 I = e

x{4mzm,[ e a- (54 o) = apy (5 + 54)]

+2mimi(m} — ¢*)[(1 - s; - s_] + ¢*mi(mE — ¢?)

—2¢° [2[195 "P-Po P+ +Ps Py D] — @Dy -ps] [(1—s4-5]

—4¢? [3+ “P-[Ps - 5- Db Py + Db+ 5_Ds - P4]

+S— p[Ps PPy -S4 + Dy P_ps - S+]]
+2¢*(m§ — ¢*) sy -p_s_ - ps
+2¢*[ps - S_py- 54+ Py 5_ps - 3+]} ) (52)
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a?’G? m?

> Re[lT] = — VaVil’—
b,s spins

>< {Re(ceff D[ - la? + 2m2 — 22, o)
—dm.[py - (p+ +p-) ps - (54 +5-)
SR RPROESS |

> Re[ThT] = Fmbvtzlﬁ’;"

b,s spins

My (ml2z - q2)

{—2Re(cxoc:ff') ST ) s s

+@*[ps - - = ps - pi] — 2mZ[ps - s_p_ 54— Py - S_Ds - 54]
+m, qus : (3+ - S_) + My PDs - (p— ——p+)(s_ D+ + S+ 'p—)

~4Im(C10C5 Veapup [ — m, p2plspf + m, p2p2 st}
+m? s*pf Sipﬁ] } : (54)

In the above, we have used the convention €g;53 = +1. Note that, as mentioned
in Sec. 2, C// and Cyg are expected to be real; only Ce!T is complex. However,
in the expressions above, for completeness we have included both real and
imaginary pieces of all Wilson coefficients.
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CONCLUSION

Les quatre articles de cette thése renferment des résultats tres intéressants
dans la recherche sur la brisure CP/T. On s’est intéressé 3 une classe d’asymétries
qui n’a pas été treés exploitée et qui est fort prometteuse. C’est celle d’asymétries
dues aux produits triples. On s’est penché sur les désintégrations des mésons
B et des hypérons non-charmés A,.

Dans le premier article on a considéré, dans le modele standard (MS),
le mode inclusif b — su@ avec tous les quarks polarisés. L’amplitude de
désintégration a trois termes dominants: I’'un provient d’un diagramme arbre
(“tree diagram”) et les deux autres d'un diagramme pingouin. On a calculé
I’amplitude au carré en négligeant les masses finales, et on a trouvé que les ter-
mes d’interférences contiennent plusieurs produits triples formés des vecteurs
spins et impulsions des quatre quarks. On ne s’est pas intéressé aux PT avec

trois spins car trop difficiles a mesurer. Voici nos résultats principaux:

e De tous les PT trouvés, deux types seulement donnent des asymétries
appréciables: ce sont 7, - (5, X §3) (ou Pz - (8, X §z)) et 8y - (Py X D).

e Pour le premier type, I'asymétrie peut atteindre les 5%. On peut la
rechercher dans les désintégrations B — V, V5 ou V] et V; sont des bosons
vecteurs. Ces modes ont été considérés dans la référence [6] de Particle

et on peut dire que nos résultats sont cohérents avec les leurs.

e Pour le deuxieme type, I’asymétrie peut atteindre les 3%. On ne peut
pas la rechercher dans les désintégrations des mésons B car ces derniers
sont sans spin et le spin du quark b intervient dans le PT. Par contre on
peut rechercher ce signal dans les désintégrations des A,;, par exemple
Ay > Antn~oulAy - AKT K.
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e Tous les termes des PT contenant le spin du quark s sont supprimés
par un facteur d’au moins (m;/m;). Donc si un signal de PT contenant
55 est détecté dans les expériences ce serait une preuve de ’existence
d’une nouvelle physique. On peut rechercher ce type de signaux dans le
mode Ay — AnT7~, via un PT faisant intervenir le spin du A puisque

ce dernier vaut grossierement celui du quark s.

e Les physiciens ne sont pas encore éclairés sur la facon dont les spins et im-
pulsions d’un hadron sont reliés & ceux des quarks qui le constituent. En
comparant nos résultats (niveau des quarks) aux résultats expérimentaux
(niveau hadronique) on peut distinguer lequel des modeles de quarks est
le plus proche de la réalité.

Dans le deuxieme article, on a cherché les asymétries de brisure T dues
aux PT, dans les modes A, —+ FP et Ay, — FV ou F est un baryon léger,
P un méson pseudoscalaire et V un méson vecteur. On a utilisé le modele
de factorisation en appliquant I’hamiltonien efficace des désintégrations des B
non-charmés dans le MS a des modes spécifiques de désintégrations de Ay. On
a tenu compte des effets 4 longue distance et on a utilisé ’approximation des
quarks lourds (“heavy-quark effective theory’). L’étude aboutit aux résultats
suivants:

e Dans les désintégrations A, — FP, il y a un seul produit triple dans
I’amplitude au carré. Dans le référentiel propre de A, il s’écrit pr -
(5F % 3p,), ou Pr et 3p sont les vecteurs impulsion et spin de F et 34,
est le vecteur spin de A,. On a considéré trois modes de cette classe de

désintégrations:

1. Le mode Ay = pK~ (qui correspond au mode inclusif b — sui) est
le plus prometteur dans le MS. L’asymétrie due au PT p,- (5, X 5a,)
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peut atteindre les 18%. Ce PT peut étre grossiérement identifié a
Pu - (8 X &) du mode inclusif. Il n’a pas été considéré dans le
premier article car il fait partie des termes comprenant un facteur
de suppression en (1/m;). Par contre, au niveau hadronique cette
suppression est compensée par le terme d’accroissement chiral (“the

chiral enhancement’) m% /(ms + my,).

2. pour le mode A, — pr~, I’étude est la méme en remplagant le quark
s par le quark d. On trouve une asymétrie d’environ 5%.

3. On a aussi considéré les désintégrations A, — An(n') qui correspon-
dent aux modes inclusifs b — sq@; ou ¢ = wu,d,s. Ici 'asymétrie
ne dépasse pas 1%. C’est un bon endroit pour chercher la nouvelle
physique.

e Dans les désintégrations A, — F'V, il y a plusieurs produits triples dans
le carré de ’amplitude dont un similaire a celui de A, — F'P. A part ce
dernier, tous les autres PT contiennent le vecteur polarisation du boson

V. La aussi on a considéré trois modes spécifiques:

1. Pour le mode A, — pK*~ les asymétries sont de 1’ordre de 1% pour
K*~ polarisé transversalement et elles sont plus petites encore pour
les K*~ longitudinaux.

2. Les asymétries sont inférieures & 1% pour le mode A, — pp~.

3. Pour le processus A, — A¢, dominé par une amplitude unique (un

pilir pingouin), les asymétries sont nulles.

On voit que pour tous les modes A, — F'V étudiés, les asymétries de
brisure T sont soit petites soit négligeables. C’est donc aussi un bon

endroit pour chercher la nouvelle physique.
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e On considere que 'utilisation du modele de factorisation dans nos calculs
est une bonne approximatioh car on a estimé que les contributions non-
factorisables sont négligeables.

Dans le troisieme article, on utilise la méme méthode et on consideére les
mémes modes que dans le deuxiéme article mais avec un lagrangien efficace
contenant tous les opérateurs possibles de la nouvelle physique. On trouve que
les nouveaux opérateurs peuvent changer considérablement les prédictions du
MS, surtout pour les modes dominés (dans le MS) par une seule amplitude
faible provenant d’un pingouin & — s. La nouvelle physique leur apporte
d’autres amplitudes et de 13 de grandes asymétries pouvant atteindre 50%.

Cette méthode a de grands avantages. Elle permet, en mesurant les differ-
ents signaux de PT, de décider quel opérateur de la nouvelle physique doit étre
présent dans I’hamiltonien et lequel doit étre supprimé et ce, indépendamment
de tout modele. Ensuite, on peut appliquer nos résultats & n’importe quel

modele spécifique. Nous en avons pris deux pour exemples:

e Le premier modele est celui de la supersymétrie avec brisure de la parité
R. Si on ne considére que les couplages brisant le nombre baryonique,
aucun effet au-deld du MS n’est prévu pour les désintégrations de A, en
pK~, pK*~ et A¢. Donc si les expériences donnent des asymétries dans
ces modes différentes de celles prédites par le MS, le modeéle en question
devra étre éliminé. Maintenant si on ne considére que les couplages
brisant le nombre leptonique, tous les modes peuvent étre affectés sauf
Ay — pK~. Des mesures d’asymétries différentes de celles prédites par

le MS dans ce mode élimineraient ce modele.

e Le deuxiéme modele est celui des FCNC’s avec le Z' leptophobique
comme médiateur. On a trouvé que ce modele affectera tous les modes
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de désintégration étudiés.

Dans le quatriéme article, on a considéré la désintégration b — stt7~ avec
les deux leptons polarisés et on a étudié, dans le MS, les asymétries de polar-
isation et “avant-arriere” (“forward-backward’). Les résultats de cette étude
permettent de tester de différentes maniéres le MS et de sonder la nouvelle
physique. En effet, il y a un total de 31 asymétries dans ce mode, dont 9
sont mesurables (de I'ordre de 10% et plus). En outre, il y a cinq parameétres
théoriques qui décrivent le processus dans le MS: quatre coefficients de Wilson
et la masse du quark b.

e Sion arrive a effectuer ’étiquetage (“the tagging”) des quarks b, on aura
la possibilité de mesurer 7 observables indépendantes dans le cas d’un
seul lepton polarisé et 10 dans le cas des deux leptons polarisés. Cela
donne assez de redondance pour tester les cinq parametres du MS, ce
qui permettra soit de trouver de la nouvelle physique, soit de donner
des valeurs plus précises & ces parameétres. Ajoutons que la mesure de la
masse du quark b réduira les erreurs systématiques dans les expériences

sur les mésons B.

e Nous avons trouvé que certaines asymétries sont tres petites et d’autres
sont carrément nulles dans le MS. Donc si on trouve dans les expériences
des asymétries plus grandes que les valeurs prédites, ce sera un sig-
nal de la présence d’une nouvelle physique. Un exemple intéressant
est ’existence d’asymétries dues & des produits triples (ce sont de faux
signaux de brisure CP car diis seulement aux phases fortes) qui sont
négligeables dans le MS (de l'ordre de 1072). Leur observation con-

stituerait un signal évident de la nouvelle physique.
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e Finalement, on a trouvé qu’il y avait certaines relations entre les asymétries
lorsqu’on permute les spins des deux leptons. Si ces relations ne sont pas
respectées en expérience, ce sera aussi une manifestation de la nouvelle

physique.

Pour conclure, on peut dire que I’étude des asymétries CP dues aux pro-
duits triples offre plusieurs maniéres de tester le MS et de rechercher la nouvelle
physique. Nous avons montré que cette étude pourrait donner de I'information

sur 'origine de la brisure CP, inconnue jusqu’a présent.
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"Et dis: O mon Seigneur, accrois mes connaissances

[Saint Coran 20:114]






