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1. THEORETICAL INTR ODUCTION 1

Theexplorationof physicswith
�

flavouredhadronsoffersa very fertile testinggroundfor theStandard
Model (SM) descriptionof electroweakinteractions.Oneof thekey problemsto bestudiedis thephe-
nomenonof CPviolation,which,althoughalreadydiscoveredin 1964by Christenson,Cronin,Fitchand
Turlay in the neutralkaonsystem[1], is still oneof the experimentallyleastconstrainedphenomena.
Anothermain topic is the studyof rare

�
decaysinducedby flavour changingneutralcurrent(FCNC)

transitions
���������

, whichareloop-suppressedin theSM andthusverysensitive to new-physicseffects.

During thelastfew years,B physicshasreceiveda lot of attention,bothfrom theoristsandexper-
imentalists,andwe arepresentlyat the beginning of the B factoryerain particlephysics. The BaBar
(SLAC),BELLE (KEK) andHERA-B (DESY)detectorshavealreadyseentheirfirst events,andCLEO-
III (Cornell),CDF-II andD0-II (Fermilab)will starttakingdatain thenearfuture (see[2] for a recent
experimentaloverview). Althoughthephysicspotentialof theseexperimentsis very promising,it may
well be that the “definite” answerin the searchfor new physicsin B decayswill be left for second-
generationB experimentsat hadronmachines. In the following, we will give an overview of the B
physicspotentialof theLHC experimentsATLAS, CMSandLHCb, with themainfocusonSM physics.

1.1 CP Violation in the B System

Amongthemostinterestingaspectsandunsolvedmysteriesof modernparticlephysicsis theviolationof
CPsymmetry. Studiesof CPviolationareparticularlyexciting,asthey mayopenawindow to thephysics
beyond theSM. Therearemany interestingwaysto exploreCP violation, for instancethroughcertain
rare 	 or 
 mesondecays(a very recentcomprehensive descriptionof all aspectsof CPsymmetryand
its violation canbe found in Ref. [3]). However, for testingthe SM descriptionof CP violation in a
quantitative way, theB systemappearsto bemostpromising[4, 5, 6].

1.11 TheSMDescriptionof CP Violation

Within the framework of the SM, CP violation is closelyrelatedto the Cabibbo–Kobayashi–Maskawa
(CKM) matrix [7, 8], connectingtheelectroweakeigenstates� ���������������� of thedown, strangeandbottom
quarkswith their masseigenstates� �����������

throughthefollowing unitarytransformation:���� ���� �
���� � ��� ���������� � � � ��� ���!"� � !"� ��!"� #

� � � $ %�
CKM #

� � � & (1)

1Sectioncoordinators:P. Ball andR. Fleischer.



Theelementsof theCKM matrixdescribecharged-currentcouplings,ascanbeeasilyseenby expressing
thenon-leptoniccharged-currentinteractionLagrangianin termsof theelectroweakeigenstates(1):
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wherethe gaugecoupling *�+ is relatedto the gaugegroup SU; (2) and the
68< 7 =4 fields describethe

charged
6

bosons.

In thecaseof threegenerations,threegeneralizedCabibbo-typeangles[7] anda singlecomplex
phase[8] areneededin orderto parametrizetheCKM matrix. Thiscomplex phaseallows oneto accom-
modateCP violation in theSM, aswaspointedout by KobayashiandMaskawa in 1973[8]. A closer
look shows thatCP-violatingobservablesareproportionalto thefollowing combinationof CKM matrix
elements[9]: >@?,A

�)B Im
��CED���F�G �IHCEG �JHFKD �MLON�QP �SR N�)T �U�

(3)

which representsameasureof the“strength”of CPviolation in theSM. Since
> ?,A

� V �XWZY\[�] �
, CPvio-

lation is a smalleffect. However, in scenariosof new physics[10], typically severaladditionalcomplex
couplingsarepresent,leadingto new sourcesof CPviolation.

As farasphenomenologicalapplicationsareconcerned,thefollowing parametrizationof theCKM
matrix, the“Wolfensteinparametrization”[11], which correspondsto a phenomenologicalexpansionin
powersof thesmallquantity ^ $ _ � ��� _ �Q`�a b c ?ed Y & .Z. , turnsout to bevery useful:

%�
CKM �

W ( f+ ^ + ^ gh^�i\�Mj ( L�k �
( ^ W ( f+ ^ + gh^ +

gl^�i\�XW ( j ( L k � ( gh^ + W
9 V �X^�m � & (4)

Thetermsof
V �X^ m � canbetakeninto accountsystematically[12], andwill playanimportantrôlebelow.

1.12 TheUnitarity Triangle(s)of theCKM Matrix

Concerningtestsof theCKM pictureof CPviolation, thecentraltargetsaretheunitarity trianglesof the
CKM matrix. Theunitarity of theCKM matrix,which is describedby%� 7

CKM #
%�
CKM � %W � %�

CKM #
%� 7
CKM

�
(5)

leadsto a setof 12 equations,consistingof 6 normalizationand6 orthogonalityrelations. The latter
canberepresentedas6 trianglesin thecomplex plane,which all have thesamearea[13]. However, in
only two of them,all threesidesareof comparablemagnitude

V �X^ i � , while in theremainingones,one
sideis suppressedrelative to theothersby

V �X^ + �
or

V �X^ m � . Theorthogonalityrelationsdescribingthe
non-squashedtrianglesaregivenasfollows:�����n�JH��� 9 ��� �n�oH��� 9 ��!"�p�IH!"� � Y (6)� H��� ��!"� 9 � H��� � !"� 9 � H�� ��!"� � Y & (7)

The two non-squashedtrianglesagreeat leadingorderin the Wolfensteinexpansion,i.e. at
V �X^�i � , so

that we actuallyhave to dealwith a single triangleat this order, which is usually referredto as“the”
unitarity triangleof theCKM matrix [14]. However, in theLHC era,theexperimentalaccuracy will be
sotremendousthatwe will have to take into accountthenext-to-leadingordertermsof theWolfenstein
expansion,anddistinguishbetweentheunitarity trianglesdescribedby (6) and(7), whichareillustrated
in Fig. 1. Here,j andk arerelatedto theWolfensteinparametersj andk through[12]

j $ W ( ^ +,q . j � k $ W ( ^ +\q . k & (8)
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Fig. 1: Thetwo non-squashedunitarity trianglesof theCKM matrix: (a) and(b) correspondto theorthogonalityrelations(6)

and(7), respectively.

Notetheanglesof thetriangles,in particularthosedesignatedby r , s , 3 and t 3 . Thesewill bereferred
to frequentlythroughoutthis report.Thesidesu �

and u !
of theunitarity triangleshown in Fig. 1(a)are

givenasfollows:

u � � W ( ^ +. W^
��������� � j + 9 k + � Y & v W B Y & YZw � (9)

u ! � W^
��!"���� � � �XW ( j � + 9 k + � V �XW � & (10)

1.13 Non-LeptonicB DecaysandLow-Energy EffectiveHamiltonians

With respectto testingthe SM descriptionof CP violation, the major rôle is playedby non-leptonic
B decays,which canbe divided into threedecayclasses:decaysreceiving both “tree” and“penguin”
contributions,pure“tree” decays,andpure“penguin”decays.Therearetwo typesof penguintopologies:
gluonic(QCD)andelectroweak(EW) penguins,whicharerelatedto strongandelectroweakinteractions,
respectively. Becauseof the large top-quarkmass,also the latter operatorsplay an importantrôle in
severalprocesses[15, 16, 17].

In orderto analysenon-leptonicB decaystheoretically, oneuseslow-energy effective Hamiltoni-
ans,which arecalculatedby makinguseof the operatorproductexpansion,yielding transitionmatrix
elementsof thefollowing structure:xMyz_ {

eff
_ L�|z} D8~ D �M� � xMyz_ � D �M� � _ L�| & (11)

Theoperatorproductexpansionallows oneto separatetheshort-distancecontributionsto this transition
amplitudefrom thelong-distanceones,whicharedescribedby perturbative Wilsoncoefficient functions

~ D �M� �
andnon-perturbative hadronicmatrixelements

xMyz_ � D �M� � _ L�| , respectively. As usual,� denotesan
appropriaterenormalizationscale.

In thecaseof
_ ����_ � W ,

� ~ � ��� � Y transitions,which will beof particularinterestfor the
explorationof CPviolation in theB system,we have{

eff � {
eff � ��� �)( W � 9 {

eff � ��� �)( W � 7 � (12)

where {
eff � ��� �)( W � �

�
F- . F������ � � HFK� ��FK� +

D,� f � F��D ~ D �M� � 9 fM�
DZ� i

� �D ~ D �M� � & (13)

Here � � V �M� � �
is a renormalizationscale,the

� F��D are four-quark operators,the label ����� �������
correspondsto

�h���
and

�����
transitions,and T distinguishesbetweencurrent–current� T �Q�ZW � . �Z� ,
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Fig. 2: (a): Generalbox diagramdescribingB– B mixing. (b): Specialcaseof diagram(a) with internal ® and ¯ , whose

absorptive partdetermines°²±M³ .
QCD � T �´�Zµ � &�&�& ��¶Z�Z� andEW � T �´�Zw � &�&�& � WZY �Z� penguinoperators.The calculationof suchlow-
energy effective Hamiltonianshasbeenreviewed in [18], wherethefour-quarkoperators

� F��D aregiven
explicitly, andwherealsonumericalvaluesfor their Wilsoncoefficient functionscanbefound.

1.14 B–/B Mixing

The eigenstatesof flavour,
� � � � / � � � and /� � � � � /� � ( � � �

,
�
), degeneratein pureQCD, mix on

accountof weakinteractions.Thequantummechanicsof thetwo-statesystem,with basis� _ WZ| , _ . | � $� _ � � | , _ /� � | � , is describedby acomplex,
.¸·¹.

Hamiltonianmatrix

º �¼»½( L.@¾ �
¿ ¿ f +¿ Hf + ¿ ( L. À À f +

À Hf + À (14)

with Hermitian matrices» and ¾ . The off-diagonalelementsin (14) arisefrom
��� � .

flavour-
changingtransitionswith virtual (

¿ f + ) or realintermediatestates( À f + ), in thelattercasecorresponding
to decaychannelscommonto B and /� .

Diagonalizing(14),oneobtainsthephysicaleigenstates
�ÂÁ

(‘heavy’),
�ÂÃ

(‘light’) andthecorre-
spondingeigenvalues

¿ Á � Ã (
C+ À Á � Ã

. Themassandwidth differencesread

� ¿ � $ ¿ < � =Á ( ¿ < � =Ã � . _ ¿ < � =f + _ � � À � $ À < � =Á ( À < � =Ã �
.ZÄnÅ � ¿Æ< � = Hf + À < � =f + �

_ ¿Æ< � =f + _ & (15)

� ¿
is positive by definition,

� À is definedin sucha way thata negative value2 is obtainedin theSM
for thecaseof

� �
, wherea sizeablewidth differenceis expected.In theSM, theoff-diagonalelements¿ f + and À f + inducingB mixing aredescribedby theboxdiagramsin Fig. 2.

Detailednumericalresultswill begivenSec.7.; herewe only summarizea few importantgeneral
characteristicsof

��� � .
second-orderweakprocesses.Therelative sizeof thevariouscontributions

is controlledby CKM quantitiesandquarkmasses.With ^ < � =C � � HCE� ��CE�
, anddenotingthe magnitude

in powersof the Wolfensteinparameter̂ , we have ^ < � =� Ç ^ < � =� Ç ^ < � =! Ç ^�i for
� �

, and ^ < � =� Ç ^ m ,^ < � =� Ç ^ < � =! Ç ^ +
for

� �
. Becausethebox amplitudestronglygrows with large( È�� �

) internalquark
masses� C

, proportionalto � + C
for � C È ¿ÊÉ

, it is clear, consideringtheabove CKM hierarchy, that
thetop-quarkcontribution completelydominatesthedispersivepart

¿ f + . Theremainingcontributions
(L � 0 , 1 ) aresafelynegligible for boththe

� �
and

� �
system.Since� !

,
¿ É ÈË� �

,
¿ f + is described

by an effectively local interactionalreadyat scalesfar above � �
. Externalmassscalescan thus be

neglectedandtheresulting
�Ì� � .

effective Hamiltonianis governedby a singleoperator. It acquires
thesimpleform {eÍnÎ � +

eff � � �JH!"� ��!"� � + ~ �MÏ !X� � /� �Ð��Ñ [�Ò � /� ����Ñ [�Ò (16)

with ~ theshort-distanceWilson-coefficient andÏ ! � � + ! q � + É
, whence

¿ f + is obtainedas

¿ f + � W. ¿ Î xM��_ {ÓÍnÎ � +
eff

_ /� | & (17)

2Notethatalsotheoppositesignconventionfor ÔÕ° is usedin theliterature.



For the absorptivepart À f + the situationis morecomplicated.First of all, the top contribution,
dominantfor

¿ f + , cannotcontribute to À f + , since,by kinematics,top quarksareforbiddenason-shell
final statesin B decays. À f + is thendeterminedby the (absorptive partsof) box diagramswith up and
charmquarks.Both up andcharmareimportantfor

� �
becausê

< � =� Ç ^ < � =�
. In thecaseof

� �
, theup-

quarksectoris negligible ( ^ < � =� Ö ^ < � =�
). In calculatingÀ f + , theheavy

6
bosonlinescanbecontracted

to form two local
�Ì� � W four-quark interactions(Fig. 2(b)). By contrast,0 and 1 are lighter than

the relevant scaleof the process(
Ç � �

) and cannotbe integratedout, unlike the top quark in
¿ f + .

Consequently, À f + is given as the matrix elementof a non-local(or ‘bi-local’) productof two local��� � W Hamiltonianoperators
{ ÍnÎ � f

eff , theusualeffective weakHamiltoniandescribingB decays:

À f + � W. ¿ Î xM��_ ×�Ø L � m Ï�Ù { ÍnÎ � f
eff �MÏ � { ÍnÎ � f

eff �XY � _ /� | & (18)

To lowestorderin thestronginteraction,(18) correspondsto theabsorptive part (Im) of thediagramin
Fig. 2(b). Takingtheabsorptive partinsidetheformalexpression(18), theT-productis transformedinto
anordinaryproductof thetwo factors

{ ÍnÎ � f
eff . Insertinga completesetof hadronicfinal states

y
gives

À (hadron)f + � Ú xM��_ {eÍÛÎ � f
eff

_ y | xMyz_ {ÓÍnÎ � f
eff

_ /� | � (19)

whereonerecognizesthe usualexpressionfor a decayrate,generalizedhereto the off-diagonalentry

À f + . Thisconnection,whichallowsoneto write À f + in (18)astheabsorptive partof the /� � �
forward

scatteringamplitude,is known astheopticaltheorem.À (hadron)f + does,however, escapedirectcalculation,
whichinsteadstartsfrom (18): takingadvantageof thelargemomentum

Ç � � ÈÝÜOÞ ?,ß
flowing through

the internal 0 and 1 quarklines of the box diagram,oneexpandsthe operatorproductinto a seriesof
localoperators[19]:

À (quark)f + � W. ¿ Î xM�à_�×�Ø L � m�ÏhÙ {ÓÍnÎ � f
eff �MÏ � {ÓÍnÎ � f

eff �XY � _ /� | � W. ¿ Î á ~ á
� á� xM�à_,�âÍnÎ � +á _ /� | &

(20)
Theidentificationof theexact À (hadron)f + with theapproximationÀ (quark)f + basedon theheavy quarkexpan-
sion is equivalent to the assumptionof local quark-hadronduality (‘local’ in this context refersto the
fact that the large energy scale� �

is, in practice,a fixed number, ratherthana variableallowing for
theconsiderationof some(‘global’) averagingprocedure).Whenviewedasa functionof � �

, À (hadron)f +
is expectedto includetermsof theform

Å�ã�ä � ( �M� � q ÜåÞ ?,ß � D � `�a b �X�M� � q ÜOÞ ?Zß � D �
. Suchoscillatingand

exponentiallysuppressedtermsare relatedto the openingof new decaychannelsas � �
is increased.

They arehowever completelymissedin À (quark)f + to any finite orderin theheavy quarkexpansion,which
is just a power seriesin ÜåÞ ?,ß q � �

. Of course,for asymptoticallylarge � � q ÜåÞ ?,ß � æ
, theseterms

vanishmuchfasterthanpower corrections.In any caseÀ (quark)f + � À (hadron)f + in thestrict limit � � �çæ
.

Nevertheless,for realisticvaluesof � �
thosetermsmayintroduceadeviationof À (quark)f + from thecorrect

À (hadron)f + (beyond the omissionof higherpower corrections).This error is referredto asa violation of
local duality. Theoreticalknowledgefrom first principlesaboutduality violating contributionsis so far
ratherlimited. Interestinggeneraldiscussionsandfurtherinformationcanbefoundin Refs.[20, 21, 22].

1.15 CP Violation in Neutral B Decaysinto CP Eigenstates

The descriptionof CP violation in termsof weak phasesbecomesparticularly simple for decaysof
neutral

� �
mesons( �O�è� �����é�

) into CPself-conjugatefinal states
_ y | , satisfyingtherelation

�Mê5ë � _ y | �)B _ y | & (21)

In this case,thecorrespondingtime-dependentCPasymmetrycanbeexpressedas

ì ?,A � 2 � $ À � � �� � 2 �p� y � ( À � � �� � 2 �p� y �
À � � �� � 2 �p� y � 9 À � � �� � 2 �p� y �



� .ní [�î�ï ! ìoð�ñóò?,A � � �ô� y �UõKö ` � � ¿ � 2 � 9 ìI÷øñóù?,A � � �l� y � `éa b � � ¿ � 2 �
í [�î5ú ï ûü ! 9 í [�î5ú ï ûý ! 9 ì Í î � � �ô� y � í [�î5ú ï ûü !

( í [�î5ú ï ûý ! �
(22)

where
� ¿ � $ ¿ < � =þ ( ¿ < � =; denotesthemassdifferencebetweenthe

� �
masseigenstates,and À < � =þ � ; are

thecorrespondingdecaywidths,with

À � $ À < � =þ 9 À < � =;. & (23)

In Eq.(22),wehaveseparatedthe“direct” from the“mixing-induced”CP-violatingcontributions,which
aredescribedby

ì dir
CP� � �h� y � $ W ( _ ÿ < � =Ú _ +

W 9 _ ÿ < � =Ú _ + and
ì mix

CP � � �h� y � $
.

Im
ÿ < � =Ú

W 9 _ ÿ < � =Ú _ + �
(24)

respectively. HeredirectCPviolation refersto CP-violatingeffectsarisingdirectly in thecorresponding
decayamplitudes,whereasmixing-inducedCPviolation is dueto interferenceeffectsbetween

� ��
–
� ��

mixing anddecayprocesses.Whereasthewidth difference
� À �

is negligible in the
� �

system,it may
besizeablein the

� �
system[23, 24], therebyproviding theobservable

ì Í î � � � � y � $
.

Re
ÿ < � =Ú

W 9 _ ÿ < � =Ú _ + �
(25)

which is not independentof
ì dir

CP� � �l� y �
and

ì mix
CP � � �ô� y �

:

ì ð�ñóò?,A � � ��� y � + 9 ì ÷øñóù?,A � � �l� y � + 9 ì Í î � � �h� y � +
� W & (26)

Essentiallyall the informationneededto evaluatetheCP asymmetry(22) is includedin the fol-
lowing quantity:

ÿ < � =Ú ��� í [ C�� ï F������ � � HF�� ��FK� xMyz_�� F�� _ � �� |
F������ � � F�� � HFK� xMyz_�� F�� _ � �� |

�
(27)

where � F��
$

+
DZ� f � F��D ~ D �M� � 9 fM�

DZ� i
� F��D ~ D �M� �X�

(28)

	 �è� �������
distinguishesbetween/ �Â� /� and / ��� /� transitions,and


�� �
9 . s ( � � �

)

( . t 3 ( � � �
)

(29)

is theweak
� ��

–
� ��

mixing phasewhich is relatedto thephaseof
¿ f + , Eq. (17). In general,theobserv-

able
ÿ < � =Ú suffers from hadronicuncertainties,which areintroducedby thehadronicmatrix elementsin

Eq. (27). However, if thedecay
� ��� y

is dominatedby a singleCKM amplitude,thecorresponding

matrixelementscancel,and
ÿ < � =Ú takesthesimpleform

ÿ < � =Ú ��� Å�ã�ä ( L 
�� ( 
 < Ú =
D

�
(30)



where

 < Ú =

D is aweakdecayphase,which is givenasfollows:


 < Ú =
D � ( . 3 for dominant/ � � /0�0 /	 CKM amplitudes,Y for dominant/ �Â� /1 1 /	 CKM amplitudes.

(31)

Thissimpleformalismhasseveralinterestingapplications,probablythemostimportantoneis the
extractionof theCKM angles from CP-violatingeffectsin the“gold-plated”mode

� � � > q� 	�� . In
additionto theCP-violatingeffectsin neutralB decaysinto CPeigenstatesdiscussedabove,alsocertain
modesinto non-CPeigenstates,for example

� � � 
 < H =������ and
� � � 
 �� 	 � , play an outstanding

rôle to extractCKM phases.Thesedecayswill bediscussedin moredetail in Secs.3.4and3.5.

1.16 The“El Dorado” for theLHC: the
� �

System

The
í��øí [ B factoriesoperatingatthe �å� v � �

resonancewill notbein apositionto explorethe
� �

system.
Sinceit is, moreover, very desirableto have largedatasamplesavailableto study

� �
decays,they areof

particularinterestfor hadronmachinesandwereoneof thecentraltargetsof this workshop.Thereare
importantdifferencesbetweenthe

� �
and

� �
systems:� Within theSM, a large

� ��
–
� ��

mixing parameterÏ � $ � ¿ � q À � � V � . Y � is expected,whereas
themixing phase


�� � ( . ^ + k is expectedto bevery small.� Theremaybeasizeablewidth difference
� À � q À � � V �XW���� �

, whereas
� À �

is negligible.

Themassdifference
� ¿ �

playsan importantrôle to constraintheapex of theunitarity triangleshown
in Fig. 1(a), andthenon-vanishingwidth difference

� À �
may allow studiesof CP-violatingeffects in

“untagged”
� �

rates,[25]–[28], whicharedefinedasfollows:

À ��� y � 2 �! $ À � � �� � 2 �n� y � 9 À � � �� � 2 �p� y � � PhSp
· u þ í [�î ú#" ûü ! 9 u ; í [�î ú#" ûý ! �

(32)

where“PhSp” denotesan appropriate,straightforwardly calculablephase-spacefactor. Interestingly,
therearenorapidoscillatory

� ¿ � 2
termspresentin thisexpression.Althoughit shouldbenoproblemto

resolve these
� ��

–
� ��

oscillationsat theLHC, studiesof suchuntaggedrates,whichallow theextraction
of theobservable

ì Í î introducedin (25)as

ì Í î � u þ ( u ;u þ 9 u ; �
(33)

areinterestingin termsof efficiency, acceptanceandpurity.

1.17 CP Violation in ChargedB Decays

Sincetherearenomixing effectspresentin thechargedB mesonsystem,non-vanishingCPasymmetries
of type ì

CP� � � � y � $ À � � � � y � ( À � � [ � y �
À � � � � y � 9 À � � [ � y � (34)

wouldgiveusunambiguousevidencefor “direct” CPviolation in theB system,whichhasrecentlybeen
demonstratedin the kaonsystemby the new experimentalresultsof the KTeV (Fermilab)andNA48
(CERN)collaborationsfor Re�!$ � q $ � [29].

TheCPasymmetries(34)arisefrom theinterferencebetweendecayamplitudeswith bothdifferent
CP-violatingweakanddifferentCP-conservingstrongphases.In theSM, theweakphasesarerelatedto
thephasesof theCKM matrixelements,whereasthestrongphasesareinducedby final-state-interaction
(FSI) processes.In general,thestrongphasesintroduceseveretheoreticaluncertaintiesinto thecalcula-
tion of

ì
CP� � � � y �

, therebydestroying thecleanrelationto theCP-violatingweakphases.However,
thereis animportanttool to overcometheseproblems,whichis providedby amplituderelationsbetween
certainnon-leptonicB decays.Therearetwo typesof suchrelations:



� Exactrelations,which involve
� � 
 	 decays(pioneeredby GronauandWyler [30]).� Approximaterelations,which rely on the flavour-symmetriesof stronginteractionsandcertain

plausibledynamicalassumptions,andinvolve
� � � 	 ,

�%�
, 	 	 decays(pioneeredby Gronau,

Herńandez,LondonandRosner[31, 32]).

Unfortunately, the
� � 
 	 approach,which allows a theoretically cleandeterminationof 3 , makes

useof certainamplitude-trianglesthatareexpectedto berathersquashed.Moreover, thereareadditional
experimentalproblems[33], sothatthisapproachis verychallengingfrom apracticalpointof view. The
flavour-symmetryrelationsbetweenthe

� � � 	 ,
�%�

, 	 	 decayamplitudeshave received consider-
ableattentionin theliteratureduringthelastcoupleof yearsandled to interestingstrategiesto probethe
CKM angle3 .

1.18 Outlineof theCP Violation Part

Theoutlineof thepartof this chapterdealingwith aspectsrelatedto CPviolationandthedetermination
of the anglesof the unitarity trianglesis as follows: after an overview of the experimentalaspectsin
Sec.2., we have acloserlook at thebenchmarkmodesto exploreCPviolation in Sec.3., wherewe will
discusstheextractionof s from the“gold-plated”decay

� � � > q� 	&� , theprospectsto probe r with� � � � � � [ and
� � j � modes,aswell asextractionsof 3 from

� � � 
 H �'���
and

� � � 
 �� 	 �
decays.Finally, we will alsogiveadiscussionof 3 determinationsfrom

� � 
 	 modes.

Section4. is devotedto a detailedanalysisof anotherCPbenchmarkmode,
� � � > q� 


, which
is particularlypromisingfor theLHC experimentsbecauseof its favourableexperimentalsignatureand
its rich physicspotential,allowing oneto extractthe

� ��
–
� ��

mixing parameters
� ¿ �

and
� À �

, aswell
asthecorrespondingCP-violatingweakmixing phase


 �
. SincetheCP-violatingeffectsin

� � � > q� 

aretiny in theSM, thischanneloffersanimportanttool to searchfor new physics.

In Sec.5., we focuson strategiesto extract CKM phasesthat werenot consideredfor the LHC
experimentssofar, andon new methods,which weredevelopedduringthis workshop[34]. We discuss
extractionsof theangle3 from

� � � 	 decays,whichreceiveda lot of attentionin theliteratureduring
the lastcoupleof years.Moreover, we discussextractionsof 3 thatareprovided by

� � < � = � > q� 	&�
and

� � < � = � 
 �� < � = 
 [� < � = decays,andasimultaneousdeterminationof s and3 from acombinedanalysis

of thedecays
� � � � � � [ and

� �h� 	 � 	¹[ .

Systematicerrorconsiderationsin CPmeasurementsarediscussedin Sec.6.,andthereachfor the� ��
–
� ��

mixing parameters
� ¿ �

and
� À �

is presentedin Sec.7..

1.2 RareB Decays

By rareB decays,onecommonlyunderstandsheavily Cabibbo-suppressed
��� 0 transitionsor flavour-

changingneutralcurrents(FCNC)
�����

or
�Â���

thatin theSM areforbiddenattree-level. Raredecays
areanimportanttestinggroundof theSM andoffer astrategy in thesearchfor new physicscomplemen-
taryto thatof directsearchesby probingtheindirecteffectsof new interactionsin higherorderprocesses.
Assumingthevalidity of theSM, rareFCNCdecaysallow themeasurementof theCKM matrixelements_ � !"� _

and
_ ��!"� _

andthuscomplementtheir determinationfrom
� �

– /� �
mixing. Any significantdeviation

betweenthesetwo determinationswould hint at new physics. With the large statisticsavailableat the
LHC, alsodecayspectrawill beaccessible,whichwill allow adirectmeasurementof virtual new physics
effects:in somecontrastto theinvestigationof CPviolation,wearein thelucky situationthattheimpact
of new physicson FCNCprocessescanbedefinedin a model-independentway3: at quark-level,

�â� � ,� � � �������
, transitionscanbedescribedin termsof aneffective Hamiltonianobtainedby integratingout

3Barring the possibility that new physicsinducesnew operatorsnot presentin the SM, like e.g.in a left-right symmetric
model.



virtual effectsof heavy particles(topquarkand
6

bosonin theSM):

{
eff � ��� � � �)(Âv

�)(- . ��!"���IH!"� fM�
C�� f ~ C �M� �+* C �M� � & (35)

The relevant operatorswill be specifiedin Sec.8.; herewe would like to stressthat the short-distance
coefficients ~ C �M� �

encodeboth perturbative QCD evolution betweenthe hadronicscale� Ç * �M� � �
and the scaleof heavy particles

¿ Á
and informationon the physicsat that scaleitself, containedin

~ C � ¿ Á �
. A measurementof thesecoefficientsthatsignificantlydeviatesfrom theSM expectationthus

wouldconstituteimmediateandunambiguousevidencefor new physicsbeyondtheSM.

In this report,weconcentrateon decaysthathave a favourableexperimentalsignatureat theLHC
andfor which experimentalstudiesexist at the time of writing: the exclusive decays

� �é� � � � � � [ ,� � � 	 H 3 and
� � � 	 H � � � [ . Although it is generallybelieved that theoreticaluncertaintiesdue

to non-perturbative QCD effects are larger for exclusive than for inclusive decays,the experimental
environmentof a hadronicmachinerendersit exceedinglydifficult to performinclusive measurements.
Therehas,however, beenrecentprogressin thecalculationof exclusive hadronicmatrix elements[35],
which narrows down thetheoreticaluncertainty, andaswe shallelaborateon in Sec.8., onecandefine
experimentalobservablesin whicha largefractionof theoreticaluncertaintiescancels.

1.3 Other B PhysicsTopics

TheB physicspotentialof theLHC is by far notexhaustedby theprogrammesketchedabove. Possible
further linesof investigationincludephysicswith

�
flavouredbaryons(lifetime measurements,spectra,

decaydynamicsetc.),physicsof
�

flavouredmesonsotherthan
� ��� �é� �

(radialandorbitalexcitations,
� �

),
andthe studyof purely leptonicor semileptonicdecays,

� �e� í-,
,
� �e� ¿ í-,

, where
¿

standsfor
a meson.Fromthetheorypoint of view, onemajor topic whoserelevancegoesbeyondtheLHC is the
calculationof non-leptonicdecayamplitudesfrom first principles:whereasthediscussionin Secs.3 to
5 promotesaverypragmaticapproachwhichaimsateliminating(“controlling”) theeffectsof strongin-
teractionsby measuringa largenumberof observablesthatarerelatedby certainapproximatesymmetry
principles,it remainsa challengefor theoryto provide predictionsfor non-leptonicdecayamplitudes,
bothin factorizationapproximationandbeyond.

Only a limited numberof suchtopicswere discussedduring the workshop,and so we restrict
ourselves to the presentationof selectedaspectsand review the presentstatusof the theory of non-
leptonic decaysin Sec.9., relevant for the predictionof decayratesin generaland the extraction of
weakphasesfrom CPasymmetriesin theoretically“dirty” channelsin particular;in Sec.10,we give an
overview of thephysicsopportunitiesandpredicteddecayratesin

� �
decays.

2. EXPERIMENT AL OVERVIEW 4

The LHC will representa uniqueopportunity for B physicsstudies. At a centre-of-massenergy of- � � W v TeV the productioncross-sectionfor
� �

pairswill be very high. While currenttheoretical
predictionsof theabsolutevalueareratheruncertain,it is expectedthat it will beabouta factorof five
higherthantheoneobtainableat theTevatron,runningat

- � � .
TeV. Naturally, therefore,B physics

hasbeenanimportantconsiderationin theoptimizationof theLHC experimentalprogramme.Thetwo
multi-purposeexperiments,ATLAS [36, 37] andCMS [38], have the capabilitiesto realizea rich and
competitive programmeanda dedicatedexperiment,LHCb [39], will have thesoletaskof exploiting as
widea rangeof B physicstopicsaspossible.

4Sectioncoordinator:G.F. Tartarelli.



2.1 Intr oduction

TheATLAS andCMS detectors(seeFig. 3) have beendesignedprimarily to searchfor new particles,
suchastheHiggsboson.Thedetectorsthereforeshouldbeableto operateat thehighestLHC luminosity
andbesensitive to thehighestmassscale.However, specificfeaturesrequiredfor B hadronreconstruc-
tion have beenaccommodatedin the design. Both experimentshave also put strongemphasison ‘

�
tagging’ (discriminationbetween

�
jetsandjetsfrom light quarks,which is usedin a varietyof physics

analyses),but this is notdiscussedin thischapter.

Both theATLAS andCMS detectorscover thecentralregion of the ./. interactionpoint andhave
forward-backwardandazimuthalsymmetry. Insidea super-conductingsolenoid(generatinga 2T mag-
netic field in ATLAS anda 4T field in CMS, parallel to the beamline), a multi-layer trackingsystem
(ATLAS [40], CMS [41]) covering the

_ k _10 . & � region is located.The systemhashighergranularity
detectorlayersat small radii (silicon pixel andmicro-stripdetectors)for goodimpactparameterreso-
lution andtrack separationandextendsto large radii to improve the transversemomentumresolution
(in ATLAS the trackingsystemhasalsoadditionalelectron/pionseparationasexplainedSec.2.5). In
bothexperiments,thetrackingsystemis surroundedby electromagneticandhadroniccalorimeters(AT-
LAS [42], CMS [43]) which extendup to about

_ k _ � � & Y . Finally, outsidethe calorimetersthereare
high-precisionmuonchambers(in theregion

_ k _20 . & w in ATLAS [44] and
_ k _20 . & v in CMS [45]) and

muontriggerchambersin a smallerpseudo-rapidityrange(
_ k _30 . & v in bothATLAS andCMS).

The LHCb detectoris a single-armspectrometercovering the forward region of the ./. interac-
tions. A schematicview is shown in Fig. 4. The detectorcoversthe angularregion from 10mradup
to 300mradin thehorizontalplane(the bendingplane) andfrom 10mradup to 250mradin theverti-
cal plane(thenon-bendingplane), correspondingto theapproximaterange

. & W 0 k 0 � & µ in termsof
pseudo-rapidity. Startingfrom theinteractionpoint, it consistsof asiliconvertex detector, aRICH detec-
tor anda trackingsystem;thetrackingsystemis followed by a secondRICH detector, electromagnetic
andhadroncalorimetersandby muondetectors.Thevertex detector, which is locatedinsidethebeam
pipe,alsoincludesapile-upvetocounterto rejecteventswith multiple .4. interactions.Thetrackingsys-
temis partly includedin a dipolemagnetfield with a maximumvalueof 1.1T in theverticaldirection.
The calorimetrysystemextendsfrom 30mrad to 300(250)mrad in the horizontal(vertical) direction.
Muoncoverageis assuredin theangularrange25(15)mradto 294(245)mradin thehorizontal(vertical)
direction.

2.2 Luminosity

The LHC is beingbuilt to run at a designluminosity of WZY�i m cm[ +
s[ f

to maximizethe potentialfor
discovering new, heavy particles.Fromthepoint of view of B hadronreconstruction,multiple interac-
tionsandpile-upeffectsin thedetectorsareacomplicationbothat triggerlevel andin thereconstruction
of relatively low-.25 particles.Moreover, thehigh luminositywill deterioratetheperformance(both in
termsof radiationdamageandoccupancy) of theinnermosttrackinglayerwhenthereconstructionof the
B mesonvertex positionis needed.

It is expected,however, thattheLHC will reachdesignluminosityonly graduallyin time,starting
at WZY�iXi cm[ +

s[ f
andtakingthreeyearsto reachWZY�i m cm[ +

s[ f
. ATLAS andCMS will take advantage

of this so-calledlow-luminosityperiodin orderto carryout mostof their B physicsprogramme.At this
luminosity, eachcrossingwill have anaverageof 2 to 3 pile-upeventsin thetrackingdetectorswhich,
however, have beenshown not to affect significantly the detectorperformances.It is undercurrent
investigationif it is possibleto continuecertainstudiesat higherluminosity: for somecritical channels,
like very raredecays(seeSec.8.), this hasbeenalreadydemonstratedto befeasible(bothat triggerand
reconstructionlevel).

In order to have a cleanenvironment,well suitedto B physics,the luminosity at LHCb will be
locally controlledto have a meanvalueof

.Ì· WZY i + cm[ +
s[ f

, even whenthe machineis operatingat



Fig. 3: Pictorial3D-views of thetwo centralmulti-purposeLHC detectors:ATLAS (left) andCMS(right).

Fig. 4: Schematic2D view of theLHCb detectorin thebendingplane.Theinteractionpoint is at 687:9 .



designluminosity. This valueis chosento optimizethe numberof singleinteractionbunchcrossings,
which will make up

Ç w���� of crossingswithin aninteraction,andto ensurethat radiationdamageand
occupancy problemsarenot toosevere.

In thisreportwewill presentestimatesof the
�

physicspotentialof thethreeexperimentsatvarious
integratedluminosities.Whenasimplecomparisonis needed,theresultswill benormalizedto oneyear
of running: this correspondsto

.J· WZY i pb[ f
for LHCb andto WZY m pb[ f

for ATLAS andCMS running
at low luminosity. More oftenthefull potentialof eachexperimentis presented:herewe take 5 yearsof
runningfor LHCb and3 yearsat low luminosityfor ATLAS andCMS(unlessthestudycanbeextended
into thehigh-luminosityrunningperiod). Whenever possible,the resultsof the threeexperimentshave
beenstatisticallycombinedto estimatetheultimateLHC potential.

2.3 Monte Carlo Generators,Simulation Methods and AssumedCross-Sections

For theperformancestudiespresentedin this chapter, largesamplesof B hadroneventshave beenpro-
ducedusing the PYTHIA 5.7/JETSET7.4 [46] event generator. In the ATLAS Monte Carlo (MC),
flavour-creation,flavour-excitation and gluon-splittingproductionprocesseswere included. In CMS,
flavour-creationandgluon-splittingwereincluded(seealsodiscussionin the”Bottom production”Chap-
ter of this report[47]). TheLHCb MC productionwasbasedon flavour-creationandflavour-excitation
processes,with additionalsamplesincludinggluon-splitting.TheCTEQ2L[48] setof parton-distribution
functionshasbeenused.ThePetersonfunction(with ; � � Y & YZYZw ) hasbeenusedto fragment

�
quarksto

B hadrons.TheotherPYTHIA physicsparametershave beensetto their default values.Theagreement
betweenPYTHIA predictionsandtheoreticalcalculationsis discussedelsewherein this report.

Theresponseof thedetectorsto thegeneratedparticlesis simulatedwith programsbasedon the
GEANT [49] package.Thenthe event is reconstructedin the sub-detectorsrelevant to eachparticular
analysis;event reconstructionincludesfull patternrecognitionin the trackingdetectors,vertexing and
particleidentification(muonsandelectronsand

� q 	 separation,if available).

The proceduredetailedabove is called full simulation and hasbeenusedfor the majority of
the analysespresented.In somecases,a fast simulationwhich doesnot useGEANT, but a simple
parametrizationof thedetectorresponsehasbeenused.

Theresultshavebeennormalizedassuminga total inelasticcross-sectionof <ZY mb anda
� �

cross-
sectionof �ZYZY5� b.

2.4 Proper Time Resolution

Differentdetectorlayoutsusedby thethreeexperimentsleadto differencesin theimpactparameterand
properdecay-timeresolutions.

In LHCb theimpactparameteris measuredin the u –= plane:theresolutionincreaseswith trans-
versemomentumand reachesan asymptoticvalueof about40 � m alreadyfor trackswith transverse
momenta.25?> µ GeV [39]. Particlescomingfrom B decaysaremostly above this thresholdandso
LHCb canachieve a propertime resolution(for fully reconstructedexclusive decays)of about Y & YZµZW ps
(seeFig.5).

TheATLAS andCMSexperimentsmeasurepreciselytheprojectionof thetrackimpactparameter
in the u –



plane[37, 38]. The plateauvalue(for high-.25 tracks)of the transverseimpactparameter

resolutionis about11 � m (for comparison,the asymptoticvaluefor the impactparameterin the u –=
planeis about90 � m); however, mostof the tracksfrom B decaysconcentratein the low-.25 region
wherethe resolutiondegradesdue to multiple scattering.The propertime resolutionsin ATLAS and
CMS for typical fully reconstructedB decaysarecharacterizedby a Gaussiandistribution with a width
of about Y & Y ¶ Y ps(seeFig.5).

Thepropertime resolutionestimatessummarizedin this sectionrefereitherto the
� �� � > q� 
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decayanalysisdiscussedin Sec.4. or to the
� �� � > q� 	 ��

sample(seeSec.3.1). Slightly different
valuesareestimatedaccordingto theB decaychannelunderstudy.

2.5 Particle Identification

Particleidentificationis avery importanttool in many B physicschannels.In particular,
� q 	 separation

playsa key rôle in hadronicB decays(seeSecs.3. and5.), allowing the separationof the decaysof
interestfrom similar, and indeedidentical, topologiesthat would otherwisehave overlapping(and in
somecasesoverwhelming)spectra.Moreover,

� q 	 separationis crucialfor oneof thetechniques(kaon
tagging)usedto identify the flavour of the

�
hadronat production(seeSec.2.7 for a short review of

flavour taggingmethods).

For this purpose,the LHCb detectorhasa dedicatedsystemcomposedof two RICH detectors.
Thefirst system,RICH1,locatedupstreamof themagnet,usessilicaaerogelandCm FfM� asradiators:this
detectoris intendedto identify low-momentumparticlesover the full angularacceptance.TheRICH2
detector, which usesCFm , is locateddownstreamof the magnetandcoversa smallersolid angle. The
purposeof this detectoris to complementRICH1 by coveringthehigh-endof themomentumspectrum.
Theperformanceof LHCb’s RICH is shown in Fig. 8. Pionsandkaonscanbecleanlyseparatedwith a
significanceof morethan10 U in mostof themomentumrangeW GeV

0 . 0 W��ZY GeV. Efficienciesand
puritiesareexpectedto bein excessof 90%.

In the absenceof dedicateddetectorsfor particle identification,ATLAS andCMS have studied
othermethodsfor obtainingsomelevel of pion/kaonseparation,althoughwith reducedperformance.The
CMS silicon tracker hasanalogueread-outelectronicssothat thepulse-heightinformationis preserved
andcanbe usedto estimatedE/dx. Preliminaryresultshave beenobtained[50] usinga full GEANT
simulationof theCMStrackersystemdescribedin [41]. Thisstudyestimatestheasymptoticperformance
of thedetector:a numberof effectsthatcaninfluencethedE/dxresolutionhave not beensimulatedand
will be thesubjectof future investigationswhentest-beamdatawill be available. The estimated

� q 	
separation,shown in Fig. 7 asa functionof theparticlemomentum,hasbeenusedto obtainsomeof the
CMS resultspresentedin Sec.3..

The ATLAS outer trackingsystem,which usesdrift tubes(or straws) to provide an averageof
36 hits per track, haselectron/pionseparationcapability. The spacebetweenthe straws is filled with
radiatormaterial,andtransition-radiationphotons,createdby crossingelectrons,aredetectedby using
a Xenon-basedgasmixturein thestraws anda double-thresholdread-outelectronics.This detectorcan
provide some

� q 	 separationusingdE/dx,althoughthepulse-heightis notmeasured[37]. Information
aboutthedepositedenergy is extractedfrom theoffsetandaccuracy of themeasureddrift distance,the
fraction of high-thresholdhits andthe fractionof missinglow-thresholdhits. A preliminarystudyhas
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concludedthat,by combiningall this information,a
� q 	 separationof 0.8 U for trackswith .25 Ç � GeV

canbeobtained.Theexpectedperformanceof thismethodis shown in Fig.6. Theseparationis notgood
enoughto identify individualpionsandkaons,but canbeusedonastatisticalbasis.A morerecentstudy,
incorporatingsomechangesto thereadoutformatof thestraw-trackerdata,whichprovideameasurement
of time-over-thresholdfor low-thresholdhits, improvestheseparationsignificantly.

2.6 Triggers

Triggering is the key-issuefor B physicsstudiesat the LHC. Careful trigger-strategies areneededto
extract interestingchannelsfrom inelasticcollisionsandthetrigger-strategiesusedby ATLAS [51] and
CMS [52] will bedifferentfrom thoseusedby LHCb, whosetrigger is entirelydedicatedto B decays.
For robustnessandflexibility, all threeexperimentswill usemulti-level triggersystemswith theATLAS
andCMS triggersbeingdividedinto threeandtheLHCb triggerinto four levels.

The lowest trigger level of ATLAS [53] and CMS [54], called level-1, which operatesat the
40MHz machinebunch-crossingfrequency, usesreduced-granularitydatafrom themuontriggercham-
bersand from the calorimeters. B physicsis accommodatedin thesetriggersby pushingthe lepton
transverse-momentumthresholdsdown to the minimum possible,still keepingthe output trigger rate
compatiblewith theacceptancerateof thenext trigger level, level-2. In ATLAS this is achieved by re-
quiring a singlemuonwith .�5d> ¶

GeV in
_ k _�0 . & v . Thepossibilityof usinga level-1 dimuontrigger

with k -dependentthresholdsis understudyasa meansof increasingstatistics. However, all ATLAS
studiesreportedin this chapterhave beenobtainedrequiringat leastonemuonwith .�5e> ¶

GeV. In
CMS, lower transversemomentumthresholdscanbe achieved, by addingto the single lepton trigger
(.25f>àw GeV for muonsand .25f>àW . GeV for electrons)alsodouble-leptontriggers(� � , � í

and
íí

)
with thresholdswhich vary with pseudo-rapidityandcango down to 2 or 4GeV for thetwo-muoncase
andto 5GeV for thetwo-electroncase.

Thelowesttriggerlevel in LHCb,calledlevel-0,worksat40MHz andisbasedontheidentification
of single leptons,hadronsandphotonswith high-.25 in calorimetersandmuonchambers.Becauseof
theforwardgeometry, andhighoutputrate,the‘high’- .25 thresholdcanbeaslow as1 GeV. Thehadron
triggerallows thecollectionof largeeventsamplesin raredecaychannelswithout leptons.Thelevel-0
trigger is combinedwith the pile-up veto to rejectbunchcrossingslikely to containmorethanone ./.
interaction.After thepile-upveto,therateis reducedto about9 MHz already, sothatthehigh-.25 trigger
hasto provide only an additionalreductionfactorof about10 to matchthe designlevel-0 output rate
of about1 MHz. The allocationof bandwidthbetweenthe trigger componentsandthe assignmentof



thresholdsis adjustableto matchrunningconditionsandphysicsrequirements.At presentthenominal
thresholdsfor the single particle triggersare 1 GeV for muons,2.3 GeV for electrons,2.4 GeV for
hadronsand4 GeVfor photons.

In ATLAS, thelevel-2 trigger[55] usesfull-granularitydatafrom themuonsystem,thecalorime-
tersandfrom thetrackingsystem.Thelevel-2 triggerwill confirmandrefinethelevel-1 informationand
thenlook for specificfinal statesaccordingto thephysicschannelto bestudied.Fastalgorithmswill be
usedto reconstructtracksin the trackingsystemto allow .25 andmass-cuts.Thesecond-muontrigger
thresholdwill besetto . 5 � µ GeV. ThedimuontriggercoversbothsomerareB decaysandchannels
with

> q�
’s in thefinal state. Triggerswith

> q� � íí
, with the .25 thresholdon the two electronsas

low as0.5 GeV, will alsobe available. Hadronictriggerswill be availablefor selectedchannels.The
maximumtotal level-2outputrateis limited to about1kHz. CMS will follow asimilar strategy.

In LHCb, thenext trigger-level after level-0, calledlevel-1, usesinformationfrom thevertex de-
tector. This trigger is meantto complementthe level-0 informationby exploiting thedisplacementof

�
decayvertices.Thevertex triggerwill first reconstructtheeventprimaryvertex andthenlook for track
pairswith significantimpactparameterswith respectto the primary vertex, which areclosein space.
This signatureprovides high efficiency in all B decaymodes. The total output rate is about40 kHz.
Successively, the level-2 trigger will refinethe vertex trigger by addingmomentuminformationto the
tracksforming thesecondaryverticesandreducethedatarateto 5 kHz.

In all threeexperiments,thefinal trigger decisionwill be taken by a level-3 triggerwhich feeds
full eventdatafrom all detectorsto anoffline-like algorithmto reconstructspecificfinal states.Selected
eventswill bestoredfor offline analysis.

Thetriggerperformanceof theexperimentswill besummarizedelsewherein this report,for cer-
tain importantdecaymodes.It will becomeclearthattheenormousrateof B productionat theLHC can
indeedbeproperlyexploited.

2.7 Flavour Tagging

An importantissueof many CP-violationand
� �

mixing studiesis thedeterminationof theflavour of
a

�
hadronat production.TheLHC experimentshave alreadysuccessfullyinvestigatedseveral tagging

strategies,but thestudiesarenot yet completed(ATLAS [56], CMS [57], LHCB [39]).

Taggingalgorithmscanbedividedinto two broadcategories:OppositeSide(OS)andSameSide
(SS)algorithms,accordingto whetheronestudiesthe

�
or the

�
quarkin theevent.Thenomenclature,OS

andSS,usedto distinguishbetweenthe
�

and
�

quarks,is usedfor historicalreasons(it is derived from
theLEP experiments),but it doesnot imply that the two quarksbe producedin separatehemispheres.
Indeed,for the LHCb experimentthereis no othersideandboth the

�
andthe

�
quarksareproduced

predominantlyin the sameforward-cone.Moreover, for the LHC experiments,the importanceof the
gluon-splittingmechanismfor producing

� �
pairsimpliesthatthetwo quarksbenotalwayson opposite

sides.We will thusincludein theOScategory all algorithmsthat try to deducetheinitial flavour of the
B mesonunderstudyby identifying theflavourof theother

�
hadronin theevent. In theSScategory we

includeall algorithmsthat look directly at theparticlesaccompanying theB mesonwhich hasdecayed
in thechannelunderinvestigation(alsocalledsignalB in thefollowing).

It canbeshown thatthestatisticalerrorof anasymmetrymeasurementis inverselyproportionalto
thequantity �XW ( .g � - ;ih , whereh is thetotal (untagged)numberof events,; is thetaggingefficiency
and

g
is thewrong-tagfraction.For this reason,tagger-cutsarechosenin orderto maximizethequality

factor
� � ;�
 +

, where 
 � W ( .g
is calledtagger-dilution. Approximatenumbersfor efficiencies

and dilutions for the algorithmsdescribedbelow are listed in Tab. 1. Furtherdevelopmentsand cut
optimizationmight beneededto improve theperformanceof thetaggingalgorithmsalreadystudiedand
to bringall of themat thesamelevel of understanding.Themajorityof thepresentedresultsrefersto the� �� � > q� 	 ��

sample(seeSec.3.1). Variationsfrom sampleto samplehave beenobserved. Because



of this andbecauseof differencesin thesimulationdetails,trigger-selectionsandanalysis-cuts,a direct
comparisonbetweentaggerpotentials(andexperimentalperformance)is not straightforward.

2.71 OppositeSideTagging

TheOS techniqueswhich have beenstudiedup to now by the LHC experimentsare: lepton(muonor
electron)tagging,kaontagging(LHCb only) andjet-chargetagging.

In the lepton-taggingmethod,onelooks for a leptonin theevent comingfrom the semileptonic
decayof theother

�
quarkin theevent:

� �½R
. This methodhasa low efficiency (dueto the relatively

low
�

semileptonicbranchingratioof about10%),but goodpurity, which is furtherenhancedby thefact
thatall threeexperimentsuseleptonsalsofor triggering. Themaincontributionsto themistagrateare
dueto flavour mixing of the neutralB mesonsandto cascadedecays

�Ó� 1 � R
. Wrong tagsfrom

cascadedecayscanbereducedby increasingthe lepton . 5 threshold.It hasalsobeenshown [56] that
themistagrateincreaseswith increasing.25 of thesignalB for afixedlepton-tagtransverse-momentum
threshold.For thestudiespresentedin thischapter, thethresholdhasbeensetto 5 GeVfor bothelectrons
andmuonsin theATLAS analysis,to 2 (2.5)GeVfor muons(electrons)in CMSandto 1.5GeVfor both
muonsandelectronsin LHCb.

Kaon taggingexploits the decaychain
� � 1 � �

to identify the flavour of the
�

quark from
the charge of the kaonproducedin the cascadedecay. This methodcanbe only usedby LHCb as it
requiresthe particle identificationcapabilityof the RICH detector. Candidatekaonsaresearchedfor
down to a .�5 of 0.4GeV andarerequiredto have impactparametersignificanceincompatiblewith the
reconstructedprimaryvertex at the3U level. For kaontagging(aswell asfor leptontagging),if more
thanonecandidatesurvivesall cuts,theonewith thehighest.25 is chosen.

Jet-charge taggingdeducesthe flavour of the other
�

quark in the event by looking at the total
charge of the trackswhich belongto the

�
fragmentation.At LEP, wherethis algorithmwasfirst de-

veloped,the identificationof the opposite-sidejet in j � � �
eventswasalmoststraightforward. At

the LHC, the other
�

jet may escapethe detector-acceptance andcanbe identifiedonly by dedicated
jet-clusteringalgorithms.Thesealgorithmsareusuallybasedon trackclusteringpossiblyseededby dis-
placedtracks. Oncethe jet hasbeenfound, the jet total charge,

� F�k�!
, is definedby an averageof the

tracks’chargein thecluster, weightedby a functionof theirmomenta.Theright (wrong)signeventsare
thendefinedasthosewith

� F�kK! > 9 1 (
� F�k�! 0 ( 1 ), where 1 is a tunablecut. Although investigatedin

thepast,OSjet charge is not usedin theATLAS analysespresentedin this report. TheLHCb numbers
for this taggingmethod,which arecalculatedfor eventswhereno othertypeof taghasbeenfound,are
preliminaryandarenotusedfor theresultspresentedin thischapter.

2.72 SameSideTagging

The SStechniquespresentedin this sectionexploits productionandfragmentationpropertiesof the B
mesonto deduceits flavour. Thesetechniquesarenot affectedby mistagsdueto mixing. Moreover, as
they applyto thesameB mesonwhosedecayis underinvestigation,thereis no lossof efficiency dueto
theidentificationof theother

�
jet in theevent.

During theprocessof a
�

quarkfragmentationto producea
� ��

meson,pionswhich arecharge-
correlatedto theflavourof theB meson,canbeproducedby two mechanisms[58]. The

�
quarkcanpick

up a
�

quarkfrom thequarkseato form a
� �� , thusmakingavailablea

�
quarkto form a

� �
. Another

mechanismproceedsthroughproductionof orbitally excitedstatesof B mesons,called
� HXH

, which then
decayto

� ��
:
� HXH � � < H = � � � . If a

� H �
is produced,it decaysradiatively as

� H � � � � 3 .

The B–
�

correlation method,studiedby ATLAS, exploits thesecorrelationsby searchingfor
low-.25 pions,compatiblewith comingfrom theprimaryvertex, in proximity of thedecayedB meson.
Tracksbelongingto theB decayproductsareexcludedandwhat it is calledpion is actuallya generic
charged track, asno

� q 	 separationis used. In this method,both productionmechanismsdescribed



Tagging ATLAS CMS LHCb
Method ; 
 ; 
 ; 


LeptonTag e 0.016 0.46 0.027 0.44
OS � 0.025 0.52 0.034 0.44 0.40 0.40

KaonTag n/a n/a
JetCharge n/a 0.70 0.18 0.60 0.16

B–
�

0.82 0.16 n/a n/a
SS

� HXH
n/a 0.22 0.32 n/a

JetCharge 0.62 0.23 0.50 0.23 n/a� ��
tag n/a n/a 0.11 0.34

Table1: Efficiencies(l ) anddilutions (m ) for theflavour-taggingalgorithmsdescribedin the text. Theshorthand“n/a” (not

available) meansthatonetaggereithercannotbeusedor hasnot yetbeenfully studiedby a particularexperiment.TheLHCb

numbersfor leptonandkaontaggingreferto thecombinedalgorithmdescribedin thetext.

g � ;��Xg � ; � � � ;��Xg � 9 ;�� � � ; �Xgon � �
LeptonTag

� HXH
0.06 0.215 0.275 0.26

LeptonTag SSJetCharge 0.06 0.5 0.56 0.53
LeptonTag OSJetCharge 0.06 0.7 0.76 0.72� HXH

SSJetCharge 0.215 0.5 0.715 0.56� HXH
OSJetCharge 0.215 0.7 0.915 0.76

SSJetCharge OSJetCharge 0.5 0.7 1.2 0.845

Table2: Combinedtaggingefficienciesfrom CMSMC. Thelastcolumnshows thecombinedefficiency of algorithmsA andB

whentheoverlaphasbeensubtracted:lqp�rtsuEwvx7ylqp�rzv2{]lqp�E|v2}]lip�rt~�E|v .

above contributecorrelatedpionsandnoattemptis madeto separatethesetwo contributions.

The CMS experimentprefersto concentrateon theexplicit reconstructionof the
� HXH

resonance
(
� HXH

method). In theMC, theseresonanceshavebeenmodelledaccordingto [59]. In thismethod,pions
with .�5�> W GeV arecombinedwith a

� ��
to give a

� HXH
mesonwith a massbetween5.6and5.9GeV.

As above, the charge sign of the associatedpion givesthe tag. No attemptis madeto reconstructthe
low-.25 photonwhich is presentwhena

� H �
is producedin thecascadeandto resolve thedifferentpeaks

which superimposein the
� HXH

massspectrum.It would alsobepossibleto studythemistagratefrom
thedataitself by looking at theside-bandsof themassresonance,sothatoneneednot rely only on the
MC modellingof theprocess.

Similar to the B–
�

correlationmethod,the
� ��

taggingmethod,which is underinvestigationby
LHCb, consistsin looking for a primarykaonin thevicinity of the

� ��
meson.Efficiency anddilution

for this tagger, which is notusedfor theresultspresentedin thischapter, arepreliminary.

In a differentapproach,it is possibleto usejet-chargetaggingalsoon thesameside. In this case,
similarly to theOSjet-charge tagging,thejet chargeis aweightedaverageof thechargeof thetracksin
thejet, but thetracksbelongingto theB mesondecayproductsareexcludedfrom thesum.Theweights
arefunctionsof themomentumof thetrackandareoftenwritten in theform �o�!. � D , where�I�!. � canbe
chosenasthe transversemomentum,theprojectionof the momentumalongtheB directionor a more
complicatedfunctionof them. TheparameterT controlsthe relative weightsof soft andhardtracksin
thetotal charge.

2.73 CombinedTagging

Thebesttaggingstrategy wouldcombineall taggers,weightedby theirdilutions,simultaneouslyonboth
sidesonanevent-by-eventbasis.Thisrequires,however, afull understandingof taggercorrelations.The
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Fig. 9: Feynmandiagramscontributing to E O G�H�JLK8R�� , consistingof colour-suppressedtree-diagram-like andpenguin

topologies.Thedashedlinesin thepenguintopologyrepresenta colour-singletexchange.

CMSexperimenthasperformedapreliminarystudyof thesecorrelationsfor fourof thetaggeralgorithms
describedabove (lepton tag,

� HXH
, SS jet charge and OS jet charge). The resultsare summarizedin

Tab. 2, where,for pairsof algorithms,thecombinedefficiency is shown, taking into accountoverlaps.
Correlationsaresizeable(e.g.between

� HXH
andSSjet chargetags,asexpected)andneedto beproperly

takeninto accountin combiningtaggers.

In a simplifiedapproach,overlapscanbeavoidedby applyingtaggersoneafter theother, i.e. by
applyingthesecondtaggeron thesamplenot taggedby thefirst one(andsoon). TheLHCb experiment
combinesleptonandkaontagging: if morethanonetag is presentin oneevent, thebesttag is chosen
in thefollowing order:muon,electronandkaon.Thecombinedefficiency anddilution of thisalgorithm
is reportedin Tab. 1. In ATLAS, only leptontaggingandB–

�
tagginghave beenstatisticallycombined

sofar. Leptontagging(which hasthehighestpurity) is appliedfirst andthen,on theremainingevents,
taggingpions aresearchedfor. Similarly, CMS combinesfour algorithmsin the following order (of
decreasingdilution): leptontagging,

� HXH
, SSjet chargeandOSjet charge. Eachtaggeris applied,with

its own dilution, on thesamplenot taggedby thepreviousone;in theend,thetotal numberof selected
eventsis four timesaslargeastheinitial leptontaggedsample.

3. BENCHMARK CP MODES5

This sectiondealswith theuseof benchmarkB decaysto exploreCPviolation andto extracttheangles
of the unitarity triangles. By ‘benchmark’we meanmodesthat arewell establishedin the literature.
Some,but by no meansall, of thesechannelswill beprobedby otherexperimentsbeforetheLHC starts
to operate.To bespecific,we will discusstheextractionof s from mixing-inducedCPviolation in the
“gold-plated”decay

� � � > q� 	�� , theprospectsto probe r with
� � � � � � [ and

� � j � modes,
aswell asextractionsof 3 from

� � � 
 H �'���
and

� �¸� 
 �� 	 � decays.Finally, we will alsogive a
discussionof thedeterminationof 3 from

� � 
Ó	 decays.Since
� �å� > q� 


– anotherbenchmark
CPmode– is of particularinterestfor theLHC, we have devoteda separatesectionto thediscussionof
thephysicspotentialof this “gold-plated”modefor theLHC experiments:Sec.4..

3.1 Extracting � fr om �_��� �������¡ 
Probablythe most importantapplicationof the formalismdiscussedin Sec.1.15 is the decay

� � �> q� 	�� [60], which is atransitioninto aCPeigenstatewith eigenvalue ( W andoriginatesfrom / � � /151 /�
quark-level decays.

5Sectioncoordinators:R. FleischerandG. Wilkinson.



3.11 Theoretical Aspects

In the caseof
� � � > q� 	�� , we have to considerboth current–current,i.e. tree-diagram-like, and

penguincontributions,asdepictedin Fig. 9. The correspondingtransitionamplitudecanbewritten as
follows [61]: gh� � �� � > q� 	 � � � ^ < � =� g �L¢

£Q£ 9 g �L¢
¤¦¥Q§ 9 ^ < � =� g �-¢

¤¦¥Q§ 9 ^ < � =! g !¨¢
¤¦¥Q§ �

(1)

where g �L¢£Q£ denotesthecurrent–currentcontributions, i.e. the “tree” processesin Fig. 9, andtheampli-
tudes g � ¢¤¦¥L§ describethe contributions from penguintopologieswith internal � quarks( �¹� � 0 � 1 � 2 �Z� .
Thesepenguinamplitudestake into accountboth QCD and electroweak penguincontributions. The
primes in (1) remind us that we are dealing with a / � � /� transition, and the ^ < � =� $ � �K� � H� �

are
CKM factors. Making useof the unitarity of the CKM matrix andapplying the generalizedWolfen-
steinparametrization,includingnon-leadingtermsin ^ , we obtain

gl� � �� � > q� 	�� � � W ( ^ +. ì � W 9 ^ +
W ( ^ + © � í C«ª ¢ í C�¬ �

(2)

where ì � $ ^ + g g � ¢
£Q£ 9 g � ! ¢

¤¦¥L§ and © � í C«ª ¢ $ u � g ��!¨¢¤¦¥Q§
g � ¢£L£ 9 g � ! ¢¤¦¥Q§ (3)

with g � ! ¢¤¦¥Q§ $ g � ¢¤¦¥L§ ( g ! ¢¤¦¥Q§ . Thequantity g ��! ¢¤¦¥Q§ is definedin analogyto g � ! ¢¤¦¥Q§ , andtheCKM factor g is
givenasfollows:

g $ W^ + _ ��� � _ � Y & <ZW B Y & Y ¶� (4)

thedefinitionof u � � Y & v W B Y & YZw canbefoundin (9).

It is very difficult to calculatethe“penguin” parameter© � í C�ª ¢ , which introducestheCP-violating
phasefactor

í C�¬
into the

� �� � > q� 	�� decayamplitudeandrepresents– sloppily speaking– theratio
of the penguinto treecontributions. However, this parameter, and thereforealso

í C�¬
, entersin (2) in

a doubly Cabibbo-suppressedway. Consequently, to a very good approximation,
� �� � > q� 	&� is

dominatedby only oneCKM amplitude,sothat,from (24)and(30):

ì mix
CP � � � � > q� 	 S

� � 9 `éa b � ( � 
 � ( Y �! �)(e`éa b � . s � & (5)

SinceEq. (30) applieswith excellentaccuracy to
� � � > q� 	 S, aspenguinsenteressentiallywith the

sameweakphaseastheleadingtreecontribution, it is referredto asthe“gold-plated”modeto determine
the

� ��
–
� �� mixing phase[60]. Strictly speaking,mixing-inducedCPviolation in

� � � > q� 	&� probes

`éa b � 
 � 9 
¯®¸�
, where


¯®
is relatedto theCP-violatingweak 	 �

–	 �
mixing phase.Similarmodifications

mustalsobeperformedfor otherfinal-stateconfigurationscontaining	�� or 	 ; mesons.However,

¯®

is negligible in theSM, and– owing to thesmallvalueof theCP-violatingparameter$ ® of theneutral
kaonsystem– canonly beaffectedby verycontrivedmodelsof new physics[62].

First measurementsof `éa b � . s �
from the CP asymmetry(5) have recentlybeenreportedby the

OPAL, CDF andALEPH collaborations[63]:

`éa b � . s � �
µ & . � f±° ²

[ + ° � B Y & � (OPAL Collaboration)Y & w�³ � ��° m f[ ��° mXm (CDFCollaboration)Y & ³Zµ � ��° ´ m � ��° i ´[ ��° ²+² [ ��° + m (ALEPH Collaboration).
(6)

Althoughtheexperimentaluncertaintiesarevery large, it is interestingto notethat theseresultsfavour
the SM expectationof a positivevalueof `éa b � . s �

. In the B factoryera,an experimentaluncertainty
of

� `�a b � . s � _ ¥ ù ¤ � Y & Y�� appearsto beachievable,whereastheexperimentaluncertaintyat theLHC is
expectedto beoneorderof magnitudesmaller, asdiscussedon page22.



Selectionstage ATLAS CMS LHCb� � � [ í��øí [ � � � [ í��Ûí [ � � � [ í��øí [
First triggerlevel 733k 48.9k 3485k 893k 818k 425k
Secondtriggerlevel 536k 16.8k 1394k 353k 116k 60k� �� reconstruction 160k 4.8k 384k 49k 73k 15k

Signal/Background 31 16 8 2 7 2

Table3: EwFO GIH�JLK8R FT eventyieldsatdifferentstagesof theselectionprocedureandS/Bratio for oneyear’sdata.Theevents

areuntaggedapartfrom the ATLAS H�JLKµG·¶-¸3¶3¹ samplewhich is automaticallytaggedby the level-1 trigger muon. The

ATLAS level-2 triggernumbersalsoincludethe H�JLK -reconstructionoffline-cuts.

In additionto (5), onemoreimportantimplicationof theSM is

ì dir
CP� � � � > q� 	 S

� d Y d ì
CP� � � � > q� 	 � �X�

(7)

which is interestingfor thesearchof new physics.An observationof thesedirectCPasymmetriesat the
level of 10%wouldbeastrongindicationfor physicsbeyondtheSM.

In view of the tremendousexperimentalaccuracy that canbe achieved in the LHC era, it is an
importantissueto investigatethe theoreticalaccuracy of (5) and(7), which is a very challengingtheo-
retical task. An interestingchannelin this respectis

� �Ó� > q� 	�� [61], allowing oneto control the
(presumablyvery small) penguinuncertaintiesin the determinationof s from CP-violatingeffects in� � � > q� 	 � , andto extracttheangle3 . Weshallcomebackto thisstrategy in Sec.5.2.

3.12 ExperimentalStudies

As well asbeingtheoretically”gold-plated”,thedecay
� �� � > q� 	 �º , with

> q� � � � � [ or
> q� �í � í [ is experimentallyclean,andcanbe reconstructedwith relatively low background.The
� �� �> q� 	 �º branchingratio is measuredto be �+< & ³ B W & . � · WZY [ m [64], yielding a visible branchingratio�

(
� �� � > q� � � � � � [ or

í � í [  	 �º � � � � � [  ) of W & < · WZY\[�] . For a completeaccountof eachof the
analysesdescribedbelow, seeRefs.[56, 57, 39].

Selection

In eachexperiment,theeventsamplesweregeneratedusingPYTHIA andthefull detectorresponsewas
simulatedusingtheGEANT program.For theATLAS analysis,electronandmuonidentificationeffi-
cienciesareparametrizedasafunctionof .25 andk usingseparatesamplesof fully simulatedcalorimeter
andmuonchamberdataandthenappliedto the

� �� � > q� 	 �º sample.

The trigger strategies for the threeexperimentsare summarizedin Sec.2.6: herethe triggers
relevant for the

� �� � > q� 	 �º analysisarebriefly recalled. In the ATLAS analysis,a singlemuon
with .�5?> ¶

GeV and
_ k _N0 . & v is requiredat level-1. To increasestatistics,a dimuontrigger (withk –dependentthresholds)is understudy. At level-2, thetriggerrequireseithera secondmuonwith .�5»>µ GeVandanelectronwith . 5 >�� GeVor a

í � í [ pair, with electron. 5 thresholdsof 0.5GeV. In CMS,
the following level-1 triggersareavailable: onemuonwith .25¡> w GeV, two muonswith .25¼> .

or v
GeV (dependingon k ), oneelectronwith .�5»> W . GeV, two electronswith .25½>�� GeV or anelectron-
muonpairwith .25n� í � > v & � GeV and.25Û�M� � > .

or v GeV.

Thefirst stepin reconstructing
� �� � > q� 	 �º decaysis theselectionof oppositelychargedlepton

pairsoriginatingfrom a commonvertex andwith a masscloseto the
> q�

mass.Next, 	 �º candidates
areselectedandcombinedwith the

> q�
candidatesto form

� ��
candidates.In ATLAS, thesamelepton

trigger . 5 -cutsareappliedin theoffline selection.In CMS andLHCb, no offline-cutsareappliedto the
lepton-.25 afterpattern-recognition.



ATLAS CMS LHCb� � � [ í��øí [ � � � [ í��øí [ � � � [ í��Ûí [
Massresolution[MeV/c

+
] 18 24 16 22 7 20

Propertime resolution[ps] 73 73 61 61 36 44

Table4: Massandpropertime resolutionof thereconstructedE)FO mesonafterall offline selection-cutsfor eachexperiment.
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Fig. 10: Examplesfor reconstructedE FO GÖH�JLK8R FT masspeaks(signalandbackground)for the threeLHC experiments:

(a) ATLAS H�JLKIG×¶ ¸ ¶ ¹ sampleafter 3 yearsof data; (b) CMS H�JLKIG×Ø ¸ Ø ¹ sampleafter 1 year of data; (c) LHCbH�JLKtG�Ø ¸ Ø ¹ sampleafter1 yearof data.

For the
> q� � íÙ�Ûí [ selection,both ATLAS andCMS usean asymmetricwindow for the re-

constructed
> q�

massin orderto accountfor bremsstrahlungenergy-losseswhichproducea long tail at
small invariantmasses.Cutson the

> q�
decay-lengthremove theprompt-

> q�
background.In LHCb,

to guaranteeagoodvertex resolution,thetracksarerequiredto have hits in thevertex detector.

In ATLAS andCMS,the 	 �º candidatesarereconstructedfrom all oppositelychargedtrackpairs
originatingfrom acommonvertex andwith amasscloseto thatof thekaon.In LHCb, thechargedtracks
arerequiredto beidentifiedaspionsin theRICH system.To reducecombinatorialbackground,the 	 �º
candidateverticesarerequiredto bewell separatedfrom theprimaryvertex. Theleptonsandpionsfrom
the surviving

> q�
and 	 �º candidatesare thenusedto reconstructcandidate

� �� � > q� 	 �º decays
usinga three-dimensionalkinematicfit to the four tracksandapplyingvertex andmassconstraintson
boththe lepton-leptonand

� � � [ system.Finally, the fully reconstructed
� ��

is requiredto point to the
reconstructedprimaryvertex. Table3 givesthe(untagged)eventyieldsatvariousstagesof theselection
procedure.Thefinal

� ��
massandpropertime resolutionsareshown in Tab. 4.

In eachexperiment,thedominantsourceof backgroundarisesfrom thecombinationof a true
> q�

from B decayandany other 	 �º within theevent,whichcanoriginatefrom fragmentationor from other
B decaysor be a fake 	 �º . In LHCb, thanksto the

� q 	 separationavailable in the RICH, the fake	 �º contribution is reducedandthe only significantbackgroundis dueto real
> q�

from B combined
with a real 	 �º . However, this backgroundis ratherlarge dueto the large numberof 	 �º mesonsfrom
fragmentationproducedin the forwarddirectionwithin theLHCb acceptance.ATLAS usedfastsimu-
lation programs(after carefulcomparisonwith full simulationresults)to generatelarge samplesof all
backgrounds,whereasLHCb usedsmallersamplesof fully simulatedeventsandextrapolatedto higher
statistics. CMS useda combinationof the two approaches.The signal/backgroundratiosobtainedin
the threeexperimentsafterall offline selection-cutsandbeforeany flavour tagging(exceptfor theAT-
LAS

> q� � í � í [ sample,wheretheflavour is taggedautomaticallyby the level-1 triggermuon)are
summarizedin Table3. Figure10 shows examplesfor

� ��
masspeaks(signalandbackground)afterall

offline-cuts:thebackgroundlevelsarelow in all cases.



Taggingmethod ATLAS CMS LHCb

efficiency dilution efficiency dilution efficiency dilution
electron 0.012/– 0.46/– 0.024/0.035 0.44 n/a n/a
muon 0.025/1. 0.52/0.57 0.033/0.035 0.44 n/a n/a
B–
�

(or
� HXH

) 0.82/0.80 0.16/0.14 0.21 0.32 n/a n/a
jet charge(SS) 0.64/0.71 0.17/0.12 0.5 0.23 n/a n/a
jet charge(OS) n/a n/a 0.70 0.18 n/a n/a
leptonandkaon n/a n/a n/a n/a 0.40 0.40

Table 5: Taggingefficienciesand dilution factorsfor eachof the taggingmethodsusedby the threecollaborationsin the

E FO GÚH�JQK)R FT analysis. Numbersbeforeandafter the slash(/) are for the H�JLK�GÛØ'¸/Ø1¹ and H�JLK�GÛ¶-¸3¶3¹ samples,

respectively. ATLAS usesB–Ü andCMS usesEÞÝLÝ tagging(seeSec.2.7). The shorthand“n/a” meansnot availableor not

appliedin thisanalysisby a particularexperiment.

Tagging

Someof the flavour taggingstrategies introducedin Sec.2.7 have beenstudiedin particulardetail for
the

� �� � > q� 	 �º channel.All threeexperimentsusethe leptonfrom the semileptonicdecayof the
other

�
hadronin theevent(theoppositeside

�
) to tagtheflavourof the

� ��
atproduction.In theATLAS> q� � í � í [ sample,thelevel-1 triggermuonprovidesa100%efficient tag.Usingthe

�
–K separation

providedby its RICH detector, LHCb canalsousekaonsto tagtheflavour of theopposite-side
�

quark.
In additionto theleptontag,ATLAS andCMSstudiedjet-chargetagging(bothontheoppositeandsame
side)andB–

�
correlationtagging.Thesame-sidejet-chargetagsandtheB–

�
tagsarehighly correlated.

For thisreason,ATLAS choseto useonly thehigherpurity B–
�

tag. It hasnotyetbeendemonstratedthat
thesamesideB–

�
tagmethodwill work in LHCb, sincethetrackdensitiesencounteredtherearelarge.

All threeexperimentsplan to combineall tagginginformationin eachevent in orderto obtainoptimal
statisticalprecision.Theefficienciesandmistagratesof all taggingmethodsareshown in Tab. 5. For the
LHCb study, theoverall taggingefficiency anddilution of thecombinedleptonandkaontaggingmethod
(seeSec.2.73)have beenused.

Sensitivity to �
TheCKM parameters is extractedfrom afit to themeasuredtime-dependentasymmetrywith afunction
of theform: ì:ß%à � � �� � > q� 	 �º � � 
 `éa b � . s � `éa b � � 2 �

(8)

where 
 is theoverall dilution factordueto bothtaggingandbackground.Hereany directCPviolation
is neglected,and the only free parameterin the fit is `éa b . s . The backgroundis assumedto have no
asymmetry. Figure11showsanexampleof afit to theLHCb time-dependentCPasymmetrydistribution
afteroneyearof datataking.

Table6 summarizesthesensitivity of the threeexperimentsto `éa b . s usingthedifferenttagging
methodsstudiedby eachexperiment. The ATLAS lepton-taggedeventshave beenremoved from the
B–
�

taggedsampleto yield two statisticallyindependentsamples.The four separateCMS resultsare
statisticallycorrelated. However, to obtain the final precisionfor `éa b . s , the analysiswasperformed
usingonly thoseeventsnot taggedby anothermethod,asexplainedin Sec.2.73.

All experimentsestimateastatisticalerroron `éa b . s whichis independentof theinputvaluefor s .
Combiningthestatisticalprecisionachievableafter3 yearsof runningatATLAS andCMS with 5 years
of runningat LHCb, a total statisticalprecisionfor `éa b . s of 0.005canbe obtained.This precisionis
oneorderof magnitudebetterthantheexpectedstatisticalprecisionat the

íÙ�øí [ B factories.With this
sensitivity, theexperimentscanalsoprobethedirectCPviolating contribution

ì ð�ñóòß%à �+á �ð �ãâ q�åä � � � to
theasymmetry. Fitting anadditionaltermto accountfor sucha contribution degradestheprecisionon

`éa b . s by
Ç µZY�� andgivesasimilarly smalluncertaintyon

ì ð�ñóòß%à �+á �ð �æâ q�åä � � � .
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Fig. 11: Examplefor a LHCb fit of thetime-dependentasymmetryEq.(8) with oneyear’s data.

Taggingmethod ATLAS CMS LHCbø�ù'ø�ú û�ùüûÙú ø�ùxø�ú ûÙùýûÙú ø�ùxø�ú ûÙùNû�ú
Lepton 0.039 0.031 0.031 n/a n/a
B–þ 0.026 n/a 0.023 n/a n/a
SSJetcharge n/a n/a 0.021 n/a n/a
OSJetcharge n/a n/a 0.023 n/a n/a
Leptonandkaon n/a n/a n/a 0.023 0.051

Total 0.017 0.015 0.021

Table6: Sensitivity to ÿ�������� afteroneyearof datatakingat theLHC. For theATLAS �
	�������
��� sample,leptontagshave

beenremoved from theB–� taggedsample.The four partial CMS resultsarecorrelated,but in the total sensitivity overlaps

have beensubtracted.Theshorthand“n/a” meansnotavailableor notappliedin thisanalysisby a particularexperiment.

SystematicUncertainties

In ordernot to compromisetheexcellentstatisticalprecisionobtainablefor thedeterminationof ��� ����� ,
asimilaror bettercontrolof thesystematicuncertaintiesmustbeachieved.

A detaileddiscussionof systematicerrorson CP-violationmeasurementsandstrategiesfor their
control arepresentedin Sec.6.. As theoreticaluncertaintiesareexpectedto be very small, the main
contribution to thesystematicerrorcomesfrom theinitial-stateproduction-asymmetryandfrom experi-
mentalfactors.Thelatteronesincludetagginguncertaintiesanduncertaintiesfrom background.

ATLAS have performeda preliminaryestimateof suchuncertaintiesusing � ù �"!�#�$&% ø%ø('*) ù
and �&+, � !�#�$-% ø%ø('*)/. + control samples[56]. It is estimatedthat for a statisticalerror of ��� �����102
342
5
2

(stat.),achievableafter3 yearsrunning,acorrespondingsystematicerrorof ��� �����60 2
342
2
7 (sys.),
comingfrom thelimited sizeof thecontrolchannels,canbeobtained.

3.2 Probing 8 with 9�:<; =->?=A@
AnotherbenchmarkCP modeis � , � þ ù þ ú , which allows oneto probethe CKM angle B . Unfor-
tunately, penguintopologiesrenderthe interpretationof the CP-violating � , � þ ù þ ú observablesin
termsof B difficult.
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Fig. 12: Feynmandiagramscontributing to OQPR  � � � � .

3.21 Theoretical Aspects

Thedecay�&+, � þ ù þ ú is describedby theFeynmandiagramsshown in Fig. 12,andin analogyto (1),
thecorrespondingdecayamplitudecanbeexpressedas

S % � +, � þ ù þ ú ' 0UT�V ,XWY S YZ�Z([ S Y\^]`_ [ T�V ,XWa S a\^]�_b[ T V ,XWc S c\^]`_ 3 (9)

If this modedid not comprisepenguincontributions, its mixing-inducedCPasymmetrywould allow a
measurementof ��� �A�
B , in completeanalogyto � , �d!�#�$ )�e :

f mix
CP
% � , � þ ù þ ú ' 0Ugh��� �?i g % ��� [ ��j 'lk 0Ugh��� �m�
B 3 (10)

However, this relation is stronglyaffectedby penguineffects,which wereanalysedby many authors
[65, 66]. Variousmethodsfor controllingthecorrespondinghadronicuncertaintieshave beenproposed;
unfortunately, thesestrategiesareusuallyratherchallengingfrom anexperimentalpoint of view.

Thebest-known approachwasproposedby GronauandLondon[67]. It makesuseof theSU(2)
isospinrelation

n � S % � ù � þ ù þ + ' 0 S % � +, � þ ù þ ú ' [ n � S % � +, � þ + þ + '*o (11)

andof its CP-conjugate,which form two trianglesin thecomplex plane.Thesidesof thesetrianglescan
bedeterminedthroughthecorrespondingbranchingratios,while their relative orientationcanbefixed
by measuringtheCP-violatingobservable

f mix
CP
% � , � þ ù þ úp' . Following theselines, it is in principle

possibleto take into accountthe QCD penguineffects in the extractionof B . It shouldbe notedthat
electroweakpenguinscannotbecontrolledwith thehelpof this isospinstrategy. However, theireffect is
expectedto berathersmall,and– aswaspointedout recently[68, 69] – canbeincludedthroughaddi-
tional theoryinput. Unfortunately, theGronau–Londonapproachsuffersfrom anexperimentalproblem,
sincethemeasurementof � % � , � þq+þq+ ' , which is expectedto beof r % 5
2 útsu' or smaller, is very diffi-
cult. However, upperboundson theCP-averaged� , � þ + þ + branchingratio mayalreadybeusefulto
putupperboundson theQCD penguinuncertaintythataffectsthedeterminationof B [66, 70].

Alternative methodsfor controlling penguinuncertaintiesare very desirable. One of them is
provided by � � v þ modes[71, 72], andwill be discussedin moredetail in the following subsec-
tion. As we shall seein Sec.5.4, anotherinterestingstrategy is to usetheCP-violatingobservablesof
�xw � ) ù ) ú togetherwith thoseof � , � þ ù þ ú , whichallowsasimultaneousdeterminationof � and
j withoutany assumptionsaboutpenguintopologies.

The observation of � , � þ ù þ ú wasannouncedby the CLEO collaborationin the summerof
1999[73], with abranchingratio of

� % � , � þ ù þ ú ' 0 2
3 y�z ù +�{ |l}ú +�{ |l~
� 2
345
� ��5
2 ú ~ 3 (12)



OtherCLEO resultson � � þ ) modesindicatethatQCD penguinsplay in factanimportantrôle and
definitelydo affect theextractionof B from � , � þ ù þ ú [74]. In orderto discusspenguineffectsin a
quantitative way, we useoncemoretheunitarity of theCKM matrix,andrewrite (9) asfollows:

S % � +, � þ ù þ ú ' 0 û������ [ û ú ���&��o (13)

wherethecomplex quantities

��� g�� T ,Y � S YZ�Z [ S Y\^]`_ g S a\^]`_ o �U� g�� T ,c � S c\^]`_ g S a\^]`_ o (14)

denotethe �Q+, � þ ù þ ú “tree” and“penguin” amplitudes,respectively. The CP-conjugateamplitude
canbe obtainedstraightforwardly from (13) by replacing� by gx� and j by g�j . For the following
considerations,alsotheCP-conservingstrongphase� ���Q��� % �x�A��' playsanimportantrôle. Sincethe
� +, –� +, mixing phaseis given by ��� in the SM, the unitarity relation B [ � [ j�0 5
�
2u� allows one
to expressthe CP-violatingobservables

f�������¡  % �&+, � þ ù þ ú�' and
fA¢£��¤�¡  % �&+, � þ ù þ úp' asfunctionsof

theCKM angle B , andthehadronicparameters� � � # � � � and � . Consequently, we have at our disposal
two observablesthatdependon three“unknowns”. Eliminating theCP-conservingstrongphase� , one
obtains[66]: f ¢£��¤�¡  % � +, � þ ù þ ú ' 0Ug 5 g f ������¡ ¦¥ ��� ���
B eff

o (15)

where
§©¨ � % �
B<g �
B eff

' 0
5

5 g f ������¡ ¦¥
5 g 5 g 5 g f �ª����¡  ¥ �

� ¥ (16)

with �
B eff
�«�Q�¬� gx V ,XW® � ® � .  V�¯ W° wasdefinedin Eq. (27). Thequantity �
B eff reducesto �
B if penguin

topologiesareneglected. Oncethe time-dependentCP-asymmetry(22) hasbeenmeasured,Eqs.(15)
and(16) allow oneto fix contoursin the % � � � # � � � o �
B ' plane.This plot constitutesa model-independent
representationof theexperimentaldatain termsof theSM parameters.In orderto simplify thefollowing
experimentaldiscussion,we keeponly leadingordertermsin � � � # � � � , whichyields[75]

f �ª����¡  % � , � þ ù þ ú ' 0 � �� �±� ���²��� ��B [ r %*% � � � # � � � ' ¥ '*o
f ¢£��¤�¡  % � , � þ ù þ ú ' 0 gh��� � % �
B ' g³� �� §©¨ ��� §©¨ � % �
B ' ��� �´B [ r %*% � � � # � � � ' ¥ '*o (17)

andleave theanalysisof theexactresultsgivenin [66] for furtherstudies.Unfortunately, a theoretically
reliablepredictionfor the “penguin” to “tree” ratio � � � # � � � , which would allow theextractionof B , is
very challenging.An interestingnew approachin this context wasrecentlyproposedin Ref. [76]. We
shall comebackto it in Sec.9.. Let usfinally notethatany QCD-basedapproachto calculate � � � # � � �
requiresalsoknowledgeof � µ c , # µ Y^¶ � . This input canbe avoided, if all CP-violatingweakphasesare
expressedin termsof theWolfensteinparametersv and· , allowing oneto fix contoursin the v –· plane
[66].

3.22 ExperimentalStudies

Low branchingratioandlackof any sub-massconstraintsmakethereconstructionof ¸�+� � þ ù þ ú avery
demandingtask.Isolatingthesignalfrom othertwo-bodytopologies,like ¸p+� �º¹m» þ�¼ , ¸�+½ �¾¹ ù ¹ ú ,
¸ +½ � ¹ » þ ¼ , ¿xÀ � Á þ ú and ¿xÀ � Áp¹ ú , posesadditionalproblems. Despitethesechallenges,
extensive simulationstudieshave demonstratedthesubstantialpotentialof theLHC experimentsin this
mode.Following recentmeasurements[73], thesestudieshave assumedbranchingratiosof

2
347���5
2 ú ~
for ¸�+� � þ ù þ ú and ¸�+½ �Â¹m» þ�¼ ,

5
34Ã��Ä5
2 ú ~ for ¸�+� �Â¹m» þ�¼ and ¸�+½ �Â¹ ù ¹ ú and
�´�Ä5
2 ú ~ for

¿xÀ � Á þ ú and ¿xÀ � Áp¹�ú . Notethatmuchof thefollowing discussionis alsorelevant for thetopics
dealtwith in Secs.5.1and5.4.



Selectionstage ATLAS CMS LHCb

First triggerlevel 46k 52k 149.9k
Secondtriggerlevel 4.2k 4.3k 67.5k
Two-bodyselection 2.3k 1.6k 14.5k
þ ù þ ú selection 2.3k 0.9k 4.9k

(2.6k)

Table7: Eventyieldsin Å PÆ �� � � � atvariousstagesof theselectionprocedurefor oneyear’soperation.Thefinal yieldsare

for flavour-taggedevents(analternative yield is givenfor CMS, in brackets,for a selectionassumingno dE/dxinformation).

ATLAS CMS LHCb

Massresolution[MeV/c¥ ] 70 27 17
Propertime resolution[ps] 0.065 0.060 0.04
Signal/ two-bodybackground 0.19 1.6 15

(0.33)
Signal/ otherbackground 1.6 5 Ç 1
Taggingdilution 0.56 0.56 0.40

Table8: Attributesof the Å²PÆ  � � � � samplesfor thethreeexperiments(analternative signal/two-bodybackgroundnumber

is given for CMS, in brackets, assumingno dE/dx information). Note that ATLAS performsa fit to all eventspassingits

two-bodyselection;thebackgroundlevelsshown herearefor illustration,imposinga 1 È masswindow.

Selection

The expectedevent-yieldspassingthe early trigger levels areshown in Tab. 7. In this modeLHCb in
particularbenefitsfrom thehigh efficiency of its hadrontrigger. For ATLAS andCMS, the triggering
muonwill beusedto flavour-tagtheevents,whereasfor LHCb leptonandkaontagswill beused.

Thehigherlevel triggerandreconstruction-cutsareoptimizedto fight combinatorialbackground
from other É É eventsandselectgenuinetwo-bodyB decays.In these,therequirementson thesecondary
vertex arethemostpowerful, but isolationandkinematiccutsalsoplayarôle. Thedetailsof theselection
arediscussedin Refs.[37, 38, 39]. Theeventyieldsaftertwo-bodyselectionareshown in Tab. 7.

In order to rejectnon-þ ù þ ú two-bodybackground,LHCb exploits its powerful RICH system,
demandingthat both tracksbe identifiedasa pion or lighter particle. This requirementanda window
of
�m�
2ËÊÍÌÏÎ # § ¥ aroundthe ¸�+� massreducethecontaminationby suchdecaysto 7%. As explainedin

Sec.2., CMS will achieve a certainlevel of þ –K separationfrom thedE/dx informationavailablefrom
thetracker, andthenumbersandfit resultspresentedhererely onthisassumption,althoughTabs.7 and8
containalternative numbersfor a hadron-blindselection.The requirementsthat bothparticleshave an
ionizationwithin ùÑÐú +�{ Òl~¬Ó of the expectedpion energy loss,andan invariantmasswithin ù ~*Ôú Ô*+

ÊÕÌÏÎ # § ¥
of thenominal ¸�+� mass,areexpectedto yield a final contaminationof 40%. ATLAS choosesto make
no further cuts, but ratherexploit the remainingdiscriminantinformation in a multi-parameterfit, in
particularthe limited dE/dx informationdiscussedin Sec.2.. At present,only ATLAS andthe CMS
hadron-blindanalysishave consideredthebackgroundcontribution from ¿xÀ decays.

In addition to two-body contamination,therewill be someresidualcombinatorialbackground
passingthefinal cuts,which is expectedto be dominatedby eventswith a falsevertex beingfaked by
two unrelatedhigh impactparametertracks.Thelow branchingratioof thesignal-processmakesis very
difficult to estimatethelevel of combinatorialbackground.ATLAS andCMShaveusedacombinationof
fastandfull simulationtechniques,whereasLHCbhasextrapolatedfrom alargesampleof fully GEANT-
simulatedevents. All experimentsconcludethat thecombinatorialbackgroundshouldbe smallerthan
thesignal.

Someattributesof thefinal selectedsamplesaregivenin Tab. 8, andexamplesfor masspeaksare
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shown in Fig. 13.

Fitting the CP Asymmetry

Assumingthe performancefigurespresentedabove, the experimentshave usedMC techniquesto es-
timate their expectedsensitivity to the CP asymmetries

f�¢£��¤® � ® � and
f������® � ® � from time-dependentfits,

wherethesearedefinedin theusualmanner:
f �¡  % ¸ +� � þ ù þ ú ' %lç ' 0 f �ª���® � ® � §©¨ �pè-é<ê [ f

¢£��¤® � ® � �±� ��è-é<ê 3 (18)

For thepresentstudy, LHCb hasconsideredtwo-parameterfits of
fA¢£��¤® � ® � and

f������® � ® � to ¸�+� � þ ù þ ú
candidatespassingtight cuts.Any CPasymmetryin thebackgroundhasbeenneglected,assumingthat
theseeffectscanbecontrolledwith sufficient precisionthrougha studyof separatesamplesisolatedby
theRICH system.TheCMS sensitivity with thedE/dxselectionhasbeenevaluated,alsoassumingany
background-asymmetryto beknown. Theuncertaintiesobtainablewith oneyear’s statisticsareshown
in Tab. 9: they arefound to be independentof the valuesof the true CP asymmetries,symmetricand
Gaussian.The low frequency of the oscillationsmeansthat thereis a significantcorrelationbetweenf�¢���¤® � ® � and

f��ª���® � ® � .
ATLAS have developeda sophisticatedmethodfor extracting the ¸ +� � þ ù þ ú asymmetries,

wherebythey aredeterminedfrom anunbinnedmaximum-likelihoodfit, simultaneouslywith theasym-
metriesof theothertwo-bodyclasses.Consideringtheallowed þ%þ , þ ¹ and ¹b¹ modes,¿?À � Á þ ú ,ë²) ú decaysandthecombinatorialbackgroundgive ninecoefficients.Thelikelihoodof a givendecay-
hypothesisis computedusingthe event fraction, the propertime, the invariantmassof the two tracks
underthehypothesis,themeasuredspecificionizationandtheflavour at productionanddecay-time.It
is assumedthatthebranchingratioswill beknown with fractionalerrorsof 5%andapossibleCPasym-
metryof thebackgroundis neglected.Theuncertaintiesonthe ¸ +� � þ ù þ ú coefficientswith oneyear’s
statisticsareshown in Tab. 9. Without the

2
34�Ëì þ # ) separationprovidedby theionizationinformation,
thesensitivity is about20%worse.

Sensitivity to 8
Presentstudiesto estimatethecombinedLHC precisionfor B rely onthesensitivitiesgivenin Tab. 9 and
Eqs.(17); they arepresentlyextendedto includethefull expression(16). Thesimplerexpressiongives
riseto ‘singularities’in theprecisionfor B for certainparametervalues[75] whicharenot likely to occur
with thefull treatment.



ATLAS CMS LHCbf �ª���® � ® � 0.16 0.11 0.09f�¢£��¤® � ® � 0.21 0.14 0.07
Correlationcoefficient –0.25 –0.51 –0.49

Table9: Expectedsensitivities for the Å PÆ ³� � � � CPasymmetrycoefficientsí Æ*î ïðòñ¦ð¬ó andíõô î öðòñ�ð¬ó with oneyearof data,and

correlationbetweenthefittedparameters(theCMSnumbersassumea selectionexploiting dE/dxinformation).
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Fig. 14: CombinedLHC sensitivity to ù : (a) Sensitivity to ù asa function of ù and ú for a given û ü(	`ý�ûòþ ÿ � � � ÿ � ÿ
� , for

extendedrunningat the LHC. The contourlines correspondto a sensitivity of ��� (solid), ��� (dashed),��� (dotted)and ��ÿ��
(dashed-dotted).(b) Sensitivity to ù asa function of ù , for úAþ	�`ÿ�� , û ü(	�ý�û = 0.2 after oneyear(dashedlines) and5 years

(solid lines). In bothcases,thecurvesaregivenfrom bottomto top for anuncertaintyof û ü(	�ý�û of 0.02,0.05and0.1.

Simulatedmeasurementshaveshown thatthesensitivitiesto theCPasymmetrycoefficientsquoted
in Tab. 9, estimatedfrom the 
 ¥ parabolicapproximation,describecorrectlythespreadof experimental
results.Also, thesensitivitiesdonotdependontheactualvaluesof theasymmetries,sothatthenumbers
in Tab. 9 with correlationsaresufficient to summarizetheexperimentalprecisionof themeasurements.

In contrast,thesensitivity to theparametersB and � dependson thechosensetof parametersB ,
� , � � # � � andon the theoreticaluncertaintyof � � # � � , so that thesensitivity to B canonly be given for
specificscenarios.Also, Eqs.(17)entaila four-fold discreteambiguityin B . Heresensitivities aregiven
undertheassumptionthatthisambiguitycanbecorrectlyresolved.

Figure14(a)shows the expectedsensitivity to B asa function of B and � for a given � � # � � 02
3 � �b2
342 � , afterextendedLHC running(3yearsof low luminosityrunningof ATLAS andCMScombined
with 5 yearsof LHCb). The sensitivity is around � � in the larger part of the plane,exceptaroundthe
lines correspondingto � 0 Ã
2u� and � z
2u� and B 0 y�7u� and

5
�
7u�
. For thesevaluesof � and B , the

leading-ordertermin � � # � � of themixing-inducedCPasymmetry
fA¢£��¤�
  % � , � þ ù þ ú�' vanishes,ascan

beseenin (17).

Figure14(b)shows theexpectedsensitivity to B asa functionof B for thefixedvalues�´0 �
2 � ,
� � # � � = 0.2 anddifferentvaluesof theuncertaintyon � � # � � andtheintegratedluminosities.It appears
that for valuesof B around

Ã
2 �
, thesensitivity to B is alreadylimited after oneyearif the uncertainty

on � � # � � is not betterthan10%. Theeffect of theuncertaintyon � � # � � is lessdramaticfor valuesof B
around

2u�
or
5
�
2u�

, whicharedisfavouredby currentSM fits.



3.23 Conclusions

At the LHC it shouldbe possibleto measurethe ¸�+� � þ ù þ ú CP-violatingobservableswith high
precision.Interpretingtheseobservablesin termsof theangle B , however, requiresexternalinformation
on thestrengthof thepenguincontributions. This informationhasto beratherpreciseif oneis to fully
exploit LHC’s powerful reach. Although exact conclusionsdependon the particularparameter-set, it
appearsmorepromisingto analysetheobservablesof ¸ +� � þ ù þ ú andothertwo-bodydecaysin the
context of theapproachdiscussedin Sec.5.4.

3.3 Extracting 8 fr om 9º; � = Modes

3.31 Theoretical Introduction

The analysisof the decays� , � v » þ�¼ allows, in principle, the extractionof B [77]. However, the
simplestapproach,wherethe v mesonis consideredasstableparticle, is plaguedby both high order
discreteambiguitiesandpenguinpollution, like in � +, � þ ù þ ú . To solve eitherproblem,Snyderand
Quinn[72] proposeda full three-bodyanalysisof thedecay�&+, � þ ù þ ú þq+ in the v resonanceregion,
taking into accountinterferenceeffects betweenvector mesonsof different charges. The knowledge
of the strongdecayv � þ%þ , parametrizedas a Breit-Wigner amplitude,allows the extractionof all
parametersthat describeboth the tree and penguincontributions to � , � v þ , including B , from a
multi-dimensionallikelihood-fit.

Thetwo-body � , � v þ amplitudescanbewritten as:
S » ¼ % � +, � v » þ ¼ ' 0 û ú �� � » ¼ [ � » ¼ o S +*+ % � +, � v + þ + ' 0 û ú �� � +*+ [ � +*+ 3 (19)

The CP-conjugateamplitudes
S ��� � S % � +, � v � þ � ' areobtainedby changingthe sign of the weak

phases.Thefull three-body� , � þ ù þ ú þq+ amplitudetakestheform:
S % � , � þ ù þ ú þ + ' 0 S ù%ú�� ù [ S ú%ù�� ú [ S +*+ � + o (20)

when v -dominanceis assumed.Here � � standsfor theBreit-Wigner amplitudefor thedecayof the v � ,
andis a functionof thetwo independentvariablesof thethree-pionDalitz-plot,which arechosenasthe
invariantmasses� » 0 % ë ®�� [ ë ® P ' ¥ . TheBreit-Wignerparametrizationis not unique;in thefollowing
we take: � ù�� §©¨ ��� �� ù g é ¥ � [�� é ����� o (21)

where� � is thehelicity angleof thev decaywhichis givenin termsof % � ù�o � úp' by thestandardformulae.
Thisdependenceenhancesthenumberof eventsin thecornersof theDalitz-plot,whereinterferencesare
maximal.

The time-dependentanalysisof the event distribution in the Dalitz-plot allows one to extract
� S % � +, � þ ù þ ú þ + ' � , � S % � +, � þ ù þ ú þ + ' � andIm i ¯� S&S � k asfunctionsof % � ù o � ú ' . Using (20) and
(21), it is straightforward to show that the magnitudesandthe relative phasesof the two-bodyampli-
tudes

S �� and
S ���

canbeobtained[72]; this amountsto determining11 independentparameters,taking
into accountthat oneoverall phaseis irrelevant, andincluding the overall normalization. In addition,
assumingisospinsymmetryandneglectingelectroweakpenguins,therelation[71]

� +*+ 0Ug
5
� % �

ù%ú [ � ú%ù ' (22)

allows a further reductionin the numberof independentparametersthat describe
S �� and

S ��
. These

parameterscanbechosenas B andthecomplex amplitudes� ú%ù , � +*+ , ��ù%ú and ��ú%ù . It is important
to notethat

S �� and
S ��

aredeterminedwithout discreteambiguityin thegeneralcase,suchthat both§©¨ ���
B and �±� ���
B (andthus B in i 2 o þ k ) areaccessible[72]. This resolves in particularthe ambiguity
betweenB andþ # �Ñg³B .
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3.32 ExperimentalStudies

Selection

The LHCb collaborationhasperformedfull simulationstudieson the selectionof the B+ , � þ ù þ ú þ +
channel. The charged pionsare reconstructedin the tracking devices andare identified in the RICH
detectors.At present,only þq+ s built from two resolved photonsareusedin theanalysis.Figure15(a)
shows the two-photoninvariant-massin B+ , � þ ù þ ú þ + events,for photonswith energy above 2 GeV.
The resolutionof the þq+ massvariesbetween5 and 7 MeV, dependingon the þq+ productionangle.
Theoverall efficiency for þ + reconstructionis � 7�; , with a signalto combinatorialbackgroundratio of
approximately1. Themeasuredþq+ massis usedin furtherB+ , massreconstruction.

Thebackgroundcomesfrom combinatorialsandfrom inclusive É=< É events.For its suppression,the
following qualitative selection-cutshave beenapplied:> apre-selectionfor chargedpionsandphotonswhichrequiredthemomentumor energy to exceeda

valuedependingon thepolarangleof thecandidate.For chargedpions,themomentum-cutvaried
between1 and2GeV andfor photonstheenergy-cutvariedbetween2 and6GeV;> selectionof signal-like eventsbasedon a discriminantvariablebuilt from kinematicvariablesof
þ , v andB+ , ;> selectionbasedon thereconstructedsecondaryvertex for a þ ù þ ú combination;> Dalitz-plot cuts to eliminatelow energy þq+ combinatorialbackgrounddueto particlesfrom the
primaryvertex.

Theseselectioncriteriaresultin a combinatorialbackground-suppression factorof theorderof
5
2 Ò and

give an acceptancefor triggeredandtaggedeventsof 1%. Figure15(b) shows the expectedþ ù þ ú þ +
invariantmassdistribution after oneyearof datataking. The measuredB+ , width is 50 MeV/c¥ . The
annualevent-yieldsfor triggered,fully reconstructedandtaggedeventsaregivenin Tab. 10.

Channel � + � v%ù þ ú � + � v1ú þ ù � + � v + þ +
� 44

�
10úts 10

�
10úts 1

�
10úts

EventYield 1000 200 100

Table10: Annualevent-yieldsfor O ?-Ï� decays.The branchingfractionsarecrudeestimatesusedin BABAR’s studyof

thesedecays[6].

Figure16 shows the Dalitz-plot for the B+ , � þ ù þ ú þ + channelafter acceptance-cuts.Helicity
effectsenhancethepopulationin theinterferenceregions,in particularin themostcritical v�» –v + regions,
wherethesensitivity to the B parameteris highest.The v1ù –v1ú interferenceregion is not accessibledue
to thedominanceof combinatorialbackgroundin thecorrespondingareaof theDalitz-space.



Parameter Value
B 0.9,1.35or 1.95radians� ù%ú 1.00� ú%ù 0.47� +*+ 0.14��ù%ú –0.20û�ú +�{ ~ �� ú%ù 0.15û ¥ { + �

Table 11: The threevaluesof ù and the ampli-

tudesusedin thegenerationof thestudiedsamples.

1 year 5 years
B @lB�A @ ì � A @lB�A @ ì � A

(
�
) (

�
) (

�
) (

�
) (

�
)

51.6 51.6 4.9 51.0 2.1
77.3 76.2 2.5 76.2 1.1

111.7 102.6 4.3 102.0 1.8

Table12: Themeanfitted valuesof ù , B ùDC , andthemeanerroron ù ,B ÈFE�C , for samplesapproximating1 or 5 yearsdatatakingfor LHCb at

ù = 0.90,1.35and1.95radiansGH�I� �KJ �MLONPN � � � and �I�P� � NO�RQ .
Sensitivity to 8
A stand-alonesimulationwhich introducesthe weakphaseB aswell as the relative treeandpenguin
amplitudeswasusedto generateeventsfor thefitting studies.Cutsin theDalitz-spacehave beenmade
to eliminatethe v ú –v ù interferenceregion. Furthermore,cutsareappliedto the invariantmassof a v
candidateto selectonly resonantdecays.However, thefull LHCb acceptancehasnotyetbeensimulated
andbackgroundshave notbeenconsidered.

The amplitudesusedfor thesestudiescontaina large penguincontribution andare identical to
thosestudiedby Babar[6]. Their valuesaregiven Tab. 11. Samplesof 10~ eventsweregeneratedfor
eachvalueof B . An unbinnedmaximum-likelihoodfit wasusedto extract theparameters.Theform of
theusedlikelihoodis:

gb�TS �VU 0 gm�
WYX PÆ
�HZ | S �

% � S % � ù� o � ú� o ê �O[ B ' � ¥\ % B ' ' g �
W X PÆ
�PZ | S �

% �R<S % � ù� o � ú� o ê � [ B ' � ¥\ % B ' '¬o

where ]V^ PÆ and ] ^ PÆ arethenumberof ¸�+� and ¸ +� events,respectively, and
\

is thenormalization.It

is given by % � S � ¥ [ �_<S � ¥ ' , integratedover the Dalitz-plot acceptance,andwascalculatednumerically
usingasub-sampleof 20000simulatedevents.Thefit wasperformedon75sub-samplesof 1000events,
to simulateapproximately1 yeardatataking, and15 samplesof 5000eventsto simulate5 yearsdata
taking. The meanfitted valueof B andthemeanerror aregiven in Tab. 12. The error varieswith the
truevalueof B asexpected[72], andthefitted valuesareunbiasedfor B 0 0.9 and1.35radians.The
biasof ` 0.15radiansfor B�0 1.95radianswasnot observedwhenfits weremadeto sampleswhereno
Dalitz-plot selectionwasmade.Therefore,this biasappearsto berelatedto theexclusionof the v%ù –v1ú
interferenceregion andneedsfurther investigation.Correctionfor this biaswill be requiredto extract
B from thefinal datasampleandwill introducesystematicuncertaintieswhich maybeof a magnitude
similar to thestatisticalprecision.

In Fig. 17 an exampleof a likelihood-scancurve is given for 1000fitted eventsgeneratedwith
B�0 1.35radians.Thefake mirror solutionat

®
¥ g6B givesa localminimumin thelikelihood-curve. The

differencein the likelihood,expressedas 
 ¥ % 01gb�TS �aU ' , betweenthetrueandthemirror solutionfor
the75 oneyeardatasamplesis displayedin Fig. 18(a). In approximately10%of all cases,themirror
solutionis theglobalminimumor is separatedby lessthan1

ì
from thetruesolution.Thesamequantity

for the15 five yeardatasamplesis shown in Fig. 18(b). Themirror andtruesolutionminimaarenow
well separated.

3.33 Conclusions

From the theoreticalpoint of view, the main advantageof the isospinanalysisof the decay � , �
þ ù þ ú þ + in the v -dominanceassumption,with respectto its analoguein the two-pion channel,is the
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determinationof the penguinamplitudesandthe resolutionof discreteambiguities. From the experi-
mentalside, it benefitsfrom larger branchingratios[73] andfrom interference,which entailsthat the
sensitivity of the analysisis directly proportionalto the colour-suppressedchannel� � v + þq+ . This
canbe comparedto the Gronau-Londonbranchingratio construction[67] in � , � þ%þ , which hasa
sensitivity proportionalto theamplitudesquaredof � , � þq+þq+ .

Preliminarystudiesfor LHCb have shown that ¸ +� � þ ù þ ù þ + eventscanbe reconstructedand
selectedin sufficientnumbers,sothatanunambiguousvaluefor B canbeextractedwithout theproblems
that afflict the ¸ +� � þ ù þ ú channel. It shouldbe stressedthat the fitting studiesarepreliminaryand
alsooptimistic in the sensethat the exact LHCb acceptancehasnot beenusedandbackgroundshave
not beenincluded.Also, theobservedbiasesarelikely to introducesignificantsystematicuncertainties.
Furthermore,several importantissuesremainto beconsidered,which alreadyhave beenstudiedin the
specificcontext of û�ùNû�ú B factories[78, 79, 80]. One may cite, amongothers,variouspoints: the
influenceof higherresonances(vrq , vrs . . . ), theinfluenceof theexactparametrizationof theBreit-Wigner
amplitude,the existenceof boundson the penguin-inducederror on B , whenthe v +þq+ channelis too
scarceto achieve thefull analysis,andtherôle of electroweakpenguins.All theseissueswill befurther
investigatedin thefuture.

Therearealsosometopics,yet to beinvestigated,which shouldenhancetheprecisionon B : the
determinationof thebranchingfractionsfrom û ù û ú experimentsprovideadditionalconstraintsonthefit
andtheuntaggedsamplecanbeusedto determineparametersotherthan B . It is to beexpectedthatafter
severalyearsof datatakingat û ù û ú experimentsand/orat theLHC era,theabove issueswill bemuch
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betterunderstood.

3.4 Extracting ���.��� fr om 9�:h; ���H�_���x=V� decays

Sofar, we have put a strongemphasison neutralB decaysinto final CPeigenstates.However, in order
to extract CKM phases,therearealso interestingdecaysof � ,R� w mesonsinto final statesthat arenot
eigenstatesof theCPoperator. An importantexampleis providedby thedecays� , ��� V � W » þ�¼ , which
receive only contributionsfrom tree-diagram-like topologies,andarethetopicof this subsection.

3.41 Theoretical Aspects

As canbeseenin Fig. 19, �Q+, - and � +, mesonsmaybothdecayinto � V � W ù þ ú , therebyleadingto inter-

ferenceeffectsbetween� +, –� +, mixing anddecayprocesses.Consequently, the time-dependentdecay

ratesfor initially, i.e.at time êx0 2 , present�&+, - or � +, mesonsdecayinginto thefinal state� � � V � W ù þ ú
allow oneto determinetheobservable[17]

 V ,�W° 0Ug û ú �� R S % � +, � � 'S % � +, � � ' 0Ug û ú � V � R ù � W 5 g T ¥T ¥�� ¶
� °� ° o (23)

whereasthosecorrespondingto <� � � V � W ú þ ù allow oneto extract

 V ,�W�° 0Ug û ú �� R S % � +, � <� 'S % � +, � <� ' 0Ug û ú � V � R ù � W T ¥ � ¶5 g T ¥
� °� ° 3 (24)

Here, � ¶ is theusualCKM factor(see(4)), and� ° � � � | % ø('�� | % ø(' [ � ¥ % ø('�� ¥ % ø(' � +, o � ° � � � | % ø('�� | % ø(' [ � ¥ % ø('�� ¥ % ø(' � +, (25)

arehadronicmatrixelementsof thefollowing current–currentoperators:� | 0 % <� ��� � ' V–A
% <  � É � ' V–A

o � ¥ 0 % <� ���¡� ' V–A
% <  � É � ' V–A

o� | 0 % <� �   � ' V–A
% <� � É � ' V–A

o � ¥ 0 % <� �   � ' V–A
% <� � É � ' V–A

o (26)

where B and � denotecolourindices,andV–A refersto theLorentzstructuresj�¢ % 5 g j ~ ' . Theobserv-

ables V ,�W° and  V ,XW�° allow a theoretically cleanextractionof theweakphase£ , [ j [81], asthehadronic

matrixelements
� ° and

� ° cancelin thefollowing combination:

 V ,XW° �  V ,XW�° 0 û ú ¥ � V � R ù � W 3 (27)

Sincethe � +, –� +, mixing phase£ , , i.e. ��� , canbedeterminedratherstraightforwardly with thehelpof
the“gold-plated”mode � , �º!�#�$ )¥¤ (seeSec.3.1),onemayextracttheCKM anglej from (27). As



the < É � <� quark-level transitionin Fig. 19 is doublyCabibbo-suppressedby T ¥ � ¶§¦ 2
342 � with respect
to the É �   transition,the interferenceeffectsaretiny. However, thebranchingratiosarelarge, i.e. of
order

5
2 ú�s , andthe � V � W » þ�¼ statescanbereconstructedwith agoodefficiency andmodestbackground.
Consequently, � , �¨� V � W » þ ¼ decaysoffer aninterestingstrategy to determinej , aswe will discussin
thefollowing.

3.42 ExperimentalStudies

LHCb have investigatedthe potentialof measuringj through � +, � �h� ¼ þ » with the �h� decaying
stronglyto a � + meson.As interferenceeffectsaretiny, a very largedatasampleis necessaryto extract
j with an interestingprecision.Two methodshave beenstudied:first a conventionalexclusive recon-
structionwith � + � ) ù þ ú andseconda partial reconstructionapproachin orderto booststatistics.
Thereconstructionstudyhasalsobeenextendedto �&+, �©� � ¼�ª »| decays,but sucheventshave not yet
beenconsideredfor theextractionof CKM phases.

Exclusive Reconstruction

LooseRICHcriteriawereusedtoselectthecandidate� + decayproducts.To identify � �+ú , thedifference
betweenthereconstruced�/�+ú and � + masseswasrequiredto lie within a

�
MeV wide window around

itsnominalvalueof
5�y
y

MeV, justabovethepionmass.Figure20(a)showsthesignal-peak(
ì 0 5 MeV)

with thebackgroundsuperimposedin arbitrayunits. Theusual �&+ cuts(high ër« anddetachedvertex)
wereappliedto thepioncomingfrom the � + . Thefinal � + masspeakhasawidth of

5
�
MeV. Selecting

eventswithin a window of
�m�
2

MeV resultsin 84k selectedevents(triggered& tagged)peryearwith a
S/Bof ` 5 � .
Partial Reconstruction

Insteadof reconstructingthe full decaychain,onecanobtainall necessaryinformationfrom the pion
comingdirectly from the � + ( the‘f astpion’, þ ° ) andthepion comingfrom the �/�+ú (the‘slow pion’,
þ w ). As shown below, onecanreconstructthe full �&+ momentumfrom themomentaof þ ° and þ w and
thedirectionof the �&+ . This directioncanbe inferredfrom thepositionof theprimaryvertex andthe
decayvertex of the � + , thelatterbeingdefinedby thecrossingpoint of fastandslow pion.

To reconstructthe � � (andthen �&+ ) momentumfrom this limited information,we usethe fact
that,if the þ�w momentumis known, thepossible�h� momentaarerestrictedto lie on a two-dimensional
surface.Thissurfaceis shown schematicallyin Fig.21(a).Kinematicsallowstwo possiblesolutions,but
in practicethey lie very close,andit sufficesto approximatethe truesolutionby theminimal distance
betweenthe slow pion andthe � + vectorasshown in Fig. 21(b). In order to suppressbackground,a
probabilitydistribution is cut on, which exploits theallowed rangesandexpectedcorrelationsbetween
theparametersin this reconstruction.

To further reducebackground,onecanusea cut similar to that on the massdifferencebetween
the �/�+ú andthe � + asappliedin the exclusive case.Insteadof fully reconstructingthe � + , onetries
to identify two chargeddecayproductsof the � + (¬ ù£o® ú ) andcutson thedifferenceè-é betweenthe
pseudomasses:

è-é 0 � % ¬ ù  ú þ ú ' g � % ¬ ù  ú ' 3 (28)

è-é would be the massdifferencebetweenthe � � and the � + if ¬ ù and  ú were the only decay
productsof the � + . In general,though,therewill besomemissingmomentum.Fortunatelythemissing
momentumcancelsto someextentin Eq.(28),sothatevenfor thepartiallyreconstructed� + thisremains
apowerful cut asshown in Fig. 20(b).

After all cuts,260k reconstructed,triggeredandtaggedeventsper yearareexpectedinsidethe
masswindow of

� � 2
2 MeV with aS/B ` � . Thereconstructionreturnsamasspeakof width � 2
2 MeV.
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9ÜÛ: ; � ���ÞÝ � ß
The sameinclusive analysiswasperformedfor the channel� +, � �h� ¼ ª »| , with ª »| � v + þ » , which
hasa branchingratio that is aboutthreetimes larger than that of �&+, � � � ¼�þ » . As expected,the
efficiency for thischannelis lower, asmoreparticlesneedto bereconstructed,while themassresolution
is slightly improved(

ì ¦ 5
�
2 MeV), dueto betterreconstructionof the �&+ decayvertex from 4 instead
of only 2 particles. 360k reconstructed,triggeredandtaggedeventsareexpectedwithin a

� � 2
2 MeV
masswindow peryear, with aS/B of ` y .
The yield in all analysesis summarizedin Tab. 13, with a total that assumesnegligible correlations
betweentheselections.

Sensitivity to �
For �&+, � � � ¼'þ » decaysthe parameters V ,XW° and  V ,XW�° canin principle be completelydeterminedby
fitting thetwo time-dependentasymmetries

Sáà � � %�â ' 0 �äã �&+, ��� �+ú þ ù g ��ã � +, �å� �+ú þ ù
� ã � +, ��� �+ú þ ù [ � ã � +, �å� �+ú þ ù

0
5 g  V ,XW�° ¥ §©¨ � % è-é â ' g �  V ,XW�° ��� � % g % £ , [ j ' [ è S

' ��� � % è-é â '
5 [  V ,XW�° ¥ o (29)



Channel S/B Yield

� +, ���/� ¼ þ » (excl.) 12 83k
�&+, ��� � ¼'þ » (incl.) 3 260k
� +, ���h� ¼ ª »| (incl.) 4 360k

Total 703k

Table13: ExpectedS/Bandyieldsin reconstructed,triggeredandtaggedeventsin oneyearof LHCb datataking.

Sáà �1æèç âpéëê � ã ìîíï�ð � �òñäóõô öø÷ ã ì íï ð �úù ñäóõô
÷ ã ì íï ð � ù ñ ó ô û ÷ ã ì íï ð � ù ñ ó ô

ê ü ö ýäþ ïMÿ� � ����� ç �	� âpé ö�
 ýäþ ïMÿ� �� � ç û ç £ ï û�� é û � S
é �� � ç �	� âpéü û ýFþ ïMÿ� � � (30)

where
�

S is apossiblestrongphaseshift enteringý þ ïRÿ� via � ��� � � .
Acceptance-effectscancelin eachof the two asymmetries.In practice,asthe interferenceeffect

is so tiny, � ý þ ïMÿ�� � ê ü � � ý þ ïMÿ� � needsto beconstrained.Therefore,fits have beenperformedassumingthis
parameterbeknown with a relative precisionof ��� ��� . This uncertaintytranslatesdirectly into a relative

uncertaintyon �� � ç � S ����� ï û��! é . Throughout,a plausibletrue value of � ýäþ ïRÿ�� � ê#"�$%" ü�& hasbeen
assumed;the final resolutionon � turnsout to be directly proportionalto this value(if ��� ��� ê'" ), i.e.(*),+ ü � � ýFþ ïMÿ�� � .

Using a stand-aloneMC simulationandfeedingit with the parameters,event yields (340k) and
S/B ratios( -/. ) for ì íï ð10 ù32 ó54 asdiscussedabove, thestatisticalerroron �� � ç � S �6��� ï û7�8 é is
foundto be(for �9� �:� ê;" ):

(
sin

ê "�$ 
 &<
no. of years

� (31)

independentof the input valuesfor ç � ï û7� é and
�

S. Translatingthis into � –
�

S space,the resolution

now doesdependon theinputvalues;anuncertaintyin � ýäþ ïMÿ�� � alsointroducesadependenceon �� � ç � S �
��� ï û=�8 é . Figure22 shows theerror on ç � ï û=� é asa functionof ç � ï û=� é for

�
S
ê>" , after 1 and

after5 yearsof LHCb datataking, for thecasesthat � ýäþ ïMÿ�� � is known exactly (broken lines)andthat the

uncertaintyin � ý þ ïMÿ�� � is 10%(solid lines).Assumingthat � ï canbefixedwith negligible uncertaintyfrom? í@ ðBA �9C	D í E decays,thiserrorwill applyto � itself.

Presumablythe large yield in ì íï ð 0 ù328F 4G eventscanalsobe exploited to obtainadditional
sensitivity to � . However thepresenceof two spin-1particlesin thedecaycomplicatestheextraction,
andin ordertodisentanglethefinal-stateconfigurations,anangularanalysishastobeperformed(see[27]
for thediscussionof ananalogousproblem).Thisstudyhasnot yetbeenperformed.

3.43 Conclusions

WehaveseenthatthelargestatisticsattheLHC offersthepossibilityof measuring� with veryinteresting
precisionfrom ì íï ðB0 ù32 ó ç F G é 4 decays,despitetheexpectedsmallnessof interferenceeffects.

3.5 Extracting HJILKNMOH fr om PRQTS UWVQYX;Z Decays

3.51 Theoretical Aspects

Thedecaysì\[ ð]0 4[_^ 2 receive only contributionsfrom tree-diagram-like topologiesandarethe ì\[
counterpartsof the ì ï ð 0 þ ù ÿ 4�ó 2 modesdiscussedin Sec.3.4. They probethe CKM combination
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y { ud�d~ backgroundbefore(a) andafter(b) includingtheRICH information.

� ö�
�� � insteadof �Íû 
9� in a theoreticallycleanway[82].6 Sinceonedecaypathin �Y�[ , � �[T� 0��[ ^ ô
is only suppressedby �\�_� "�$ � ü , andnot doublyCabibbo-suppressedby � � �\� , asin thecaseof �\� �0 þ ù ÿ 4�� 2 , the interferenceeffects in � [ � 0 4[ ^ 2 aremuchlarger. A similar strategy to determine� ö�
�� � is alsoprovidedby thecolour-suppresseddecays� [ � 0 � [83]. In Ref. [25], untaggeddata
samplesof thesedecayswereconsideredto extractCKM phases,andangulardistributionsof untagged
decaysof thekind � [ � 0 ù 4 ^ ù32 , � [ � 0 ù � wereconsideredin [27].

3.52 ExperimentalStudies

LHCb have investigatedtheexpectedevent yields in � [ � 0 4[ ^ 2 andthe resultingsensitivity to � –
�� � [39]. Theselectionof thismodeis experimentallychallenging,as � [ � 0 4[ � 2 eventswhichcome
with a 20 times larger branchingratio needto be rejected. Figure23 shows the event samplebefore
andafter including the informationfrom theRICH detector. It canbeseenthatwith theRICH’s � –̂
discriminationthe � [ � 0 4[ � 2 contaminationcanbe adequatelysuppressed.2.4k reconstructedand
taggedeventsareexpectedin oneyear, with a low background.

The CKM phase� –
�� � can be determinedfrom a fit to sucha sample,in a mannerdirectly
analogousto thatdescribedin Sec.3.4. Here,however, theintrinsic sensitivity is higherasthe interfer-
enceeffectsarelarger. As always,the precisionon theCKM phasedependson the valueof the input
parameters,which include

� ÷ [ � ÷ [ and
��� [ . After one year’s operation,the precisionis typically�b�g�

mean� � 
 �:� rms� for scenarioswith
�	� [�� ü��

psô G , anddegradesto - ü 
 � for
�	� [�� � � psô G .

Full tablescan be found in [39]. Assumingthat 
�� � can be constrainedfrom
?8� � A �9C � decays,

� [ � 0 4[ ^ 2 will provide avery cleanandcompetitive measurementof theangle� .

3.6 Extracting H fr om P�S U X Decays

During the recentyears,relationsamongamplitudesof non-leptonicB decayshave beenvery popular
to developstrategiesfor extractingtheanglesof theunitarity triangles,in particular� . Theprototypeof
thisapproachinvolvescharged � 4 � 0 ^ 4 decays[30].

6TheCP-violatingweak t_�u –t �u mixing phasè*u j��!� � e canbeextractedwith thehelpof thedecaytvu¡w£¢�¤¦¥�` , see
Sec.4..
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3.61 Theoretical Aspects

Thedecays� � � 0 � ^ � and � � � 0 � ^ � , which arepure“tree” decays,ascanbeseenin Fig. 24,
provide aninterestingstrategy to extract � , if we make in additionuseof thetransition � � � 0 � � ^ � .
Here, 0 � � denotestheCPeigenstateof theneutral 0 mesonsystemwith CPeigenvalue û ü , givenby

0 � � �
ü
< 
 0 � û 0 � � (32)

andleadsto thefollowing amplituderelations:< 
�¶ � � � � 0 � � ^ � � � ¶ � � � � 0 � ^ � � û ¶ � � � � 0 � ^ � � � (33)< 
�¶ � � ô � 0 � � ^ ô � � ¶ � � ô � 0 � ^ ô � û ¶ � � ô � 0 � ^ ô � $ (34)

Sincewe aredealingwith pure“tree” decaysthatarecausedby · ¸ � ·¹dº ·» � ·º�¹ ·» quark-level transitions,
we have

F�¼ ¶ � � � � 0 � ^ � � � ¶ � � ô � 0 � ^ ô �¾½À¿ �ÂÁ ) � (35)¶ ¼ ¶ � � � � 0 � ^ � � � ¶ � � ô � 0 � ^ ô � � (36)

allowing a theoretically clean determinationof � with the help of the triangleconstructionshown in
Fig. 25. Unfortunately, we have to dealwith rathersquashedtriangles,since F�¼ ¶ � � � � 0 � ^ � � is
colour-suppressedwith respectto ¶ ¼ ¶ � � � � 0 � ^ � � :

� F �
� ¶ � �

� F �
� ¶ � �

ü
�
� Ã}ÄÅ�b�
� Ã}Æ¦�b� ½

F �
F G � "�$ � ü ½ F �F G � "�$ ü � (37)

where F G and F � aretheusualphenomenologicalcolourfactors.

In 1998,theCLEOcollaborationhasreportedtheobservationof � � � 0 � ^ � [84]:

� � � � � 0 � ^ � � � � "�$ 
 ��Ç � "�$%" &�� � "�$%" . 
 �\½ ü " ôdÈ $ (38)

Usingargumentsbasedon “colour suppression”,weexpect

� � � � � 0 � ^ � �É� ü " ô � ½�� � � � � 0 � ^ � � $ (39)

While thebranchingratio � � � � � 0 � ^ � � canbemeasuredusingconventionalmethods,themeasure-
mentof � � � � � 0 � ^ � � suffersfrom considerableexperimentalproblems[33]:



Ê If the branchingratio of � � � 0 � ^ � is measuredthroughhadronicdecaysof the 0 � meson,
e.g.through � � � 0 �ÌË � ^ ô�� ��Í ^ � , wehave largeinterferenceeffectsof Î �òü � with thedecay
chain � � � 0 � Ë � ^ ôO� �ÌÍ ^ � (notethatthe 0 � decayis doublyCabibbo-suppressed).Ê All possiblehadronictagsof the 0 � in � � � 0 � ^ � will beaffectedby suchinterferenceeffects.Ê Suchproblemscanin principlebeavoidedby usingsemi-leptonictags 0 � �ÐÏ �8Ñ�ÒÔÓ [ . However,
heretherewill belargebackgroundsdueto � � �BÏ � Ñ�ÒÔÓ Æ , whichmaybedifficult to control.

Moreover, decaysof neutral 0 mesonsinto CP eigenstates,suchas 0 � � � � � � ô � ^ � ^ ô , are ex-
perimentallychallenging.Consequently, theoriginal methodproposedby GronauandWyler [30] will
unfortunatelybevery difficult in practice.A variantof thisapproachwasproposedby Atwood,Dunietz
andSoniin [33]. In orderto overcometheproblemsdiscussedabove, thefollowing decaychainscanbe
considered:

� � � 0 � Ë �ÖÕ Á Í ^ � � � � � 0 � Ë �ÖÕ Á Í ^ � � (40)

where Õ Á denotesdoubly Cabibbo-suppressed(Cabibbo-favoured)non-CPmodesof the 0 � ( 0 � ), for
instance,Õ Á � ^ ô � � , ^ ô � � � � . In orderto extract � , at leasttwo differentfinal statesÕ Á have to be
considered.In thismethod,onemakesuseof thelargeinterferenceeffects,which spoil thehadronictag
of the 0 � in the original Gronau–Wyler method. In contrastto the caseof � � � 0 � � ^ � discussed
above,herebothcontributing decayamplitudesshouldbeof comparablesize,therebyleadingto poten-
tially largeCP-violatingeffects. Furthermore,thebranchingratio � � � � � 0 � ^ � � , which is difficult
to measure,is not required,but canratherbedeterminedasa by-product.Unfortunately, this approach
is alsochallenging,sincemany channelsareinvolved, with total branchingratiosof Î �òü " ôØ× � or even
smaller. An accuratedeterminationof therelevant 0 branchingratios � � 0 � �ÖÕ Á � and � � 0 �Ù�ÚÕ Á � is
alsoessentialfor thismethod.
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Fig. 26: Feynmandiagramscontributing to thedecayst_�a w y � |�ç � andtf�a w´y�� |�ç � .
Sofar, we have only consideredcharged � 4 � 0 ^ 4 decays.However, alsoneutraldecaysof

the kind � �� � 0 ^ ù � , which areshown in Fig. 26, allow oneto extract � [85]. As thesemodesare
“self-tagging” through ^ ù � � ^ � � ô , no time-dependentmeasurementsarerequiredin this case. If
we make againuseof the CP eigenstate0 � � of the neutral 0 mesonsystem,we obtainthe following
amplituderelations:

< 
�¶ � � �� � 0 � � ^ ù � � � ¶ � � �� � 0 � ^ ù � � û ¶ � � �� � 0 � ^ ù � � � (41)< 
�¶ � � �� � 0 � � ^ ù � � � ¶ � � �� � 0 � ^ ù � � û ¶ � � �� � 0 � ^ ù � � $ (42)

Moreover, wehave

¸ ¼ ¶ � � ��,� 0 � ^ ù � � � ¶ � � �� � 0 � ^ ù � �è½�¿ �ÂÁ ) � (43)

� ¼ ¶ � � �� � 0 � ^ ù � � � ¶ � � �� � 0 � ^ ù � � � (44)



allowing oneto extract � from thetriangleconstructionshown in Fig. 27,which is completelyanalogous
to the � 4 � 0 ^ 4 case.However, thereis an importantdifference,which is dueto thefact thatboth
decays� �� � 0 � ^ ù � and � �� � 0 � ^ ù � are“colour-suppressed”, ascanbeseenin Fig. 26:

� ¶ � � �� � 0 � ^ ù � �é�
� ¶ � � �� � 0 � ^ ù � �é� �

ü
�
� Ã}Äé�*�
� Ã}Æq�*�

F �
F � � "�$ � ü $ (45)

Consequently, thetrianglesareexpectedto benot assquashedasfor � 4 � 0 ^ 4 . Thecorresponding
branchingratiosareexpectedto be of Î �òü " ôdê � . However, the detectionof the neutral 0 mesonCP
eigenstate0 � � alsoposesconsiderabledifficulties.
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Fig. 27: Trianglerelationsbetweenneutraltva¡w´y |�ç decayamplitudes.

3.62 ExperimentalStudies

Both ATLAS [37] andLHCb [39] have investigatedthepossibilityof determining� throughamplitude
relationsin the family of �Y�� � 0 ^ ù � decays. Both experimentshave demonstratedthat it will be
possibleto reconstructsamplesof suchevents,with LHCb in particularbenefitingfrom its hadrontrigger.
However, with thebranchingratiosthathave beenassumed,theyieldsarestill low, with only a few 10’s
of eventsexpectedin the 0 G ^ ù � and 0 G ^ ù � modes.At this level, severalyearsarerequiredto integrate
sufficientstatisticsfor ameaningfulmeasurement.Theexperimentswill continueto investigatethis,and
associated

? �Bë D measurements,andsearchfor possibleimprovement.

4. THE “GOLD-PLA TED” DECAY PRQ,S ìîí�ï�ð 7

Thedecay
? � [ � A �9C � shown in Fig.28is the

? [ counterpartto the“gold-plated”mode
? � �Bñ �9C ^ E

andis particularly interestingbecauseof its rich physicspotential. A completeanalysisof this decay
appearsfeasibleat theLHC, becauseof thelargestatisticsandgoodpropertime resolutionof theexper-
iments.

φ

s

B

b

W
c

s

s

c

s

ψ

ò òò ò
ò òò ò
ò ò
ó óó ó
ó óó ó
ó ó

ô ôô ô
ô ôô ô
ô ô
õ õõ õ
õ õõ õ
õ õ

ö öö ö
ö öö ö
ö ö
÷ ÷÷ ÷
÷ ÷÷ ÷
÷ ÷ c

s

B

b

s

s

s

ψ

φ

W
u,c,t

c

ø øø ø
ø øø ø
ø ø
ù ùù ù
ù ùù ù
ù ù

ú úú ú
ú úú ú
ú ú
û ûû û
û ûû û
û û

ü üü ü
ü üü ü
ü ü
ý ýý ý
ý ýý ý
ý ý

Fig. 28: Feynmandiagramscontributing to þ � u w�¢�¤¦¥�` . Thedashedlinesrepresenta colour-singletexchange.

7Sectioncoordinators:R. FleischerandM. Smizanska.



4.1 Theoretical Aspects

In the caseof
? � [�� ñ �9C � , the final stateis an admixtureof different CP eigenstates.In order to

disentanglethem,an angularanalysisof the decayproductsof
?8� � A �9C �3ÿ � ÿ ô � � � D � D ô � hasto be

performed[87, 88]. In additionto interestingstrategiesto extractthe � �[ –� �[ mixing parameters
� ÷ [ and� � [ , wemayalsoprobetheweakmixing phase� [_� ö�
�� � � öÙ
 � ��� , therebyallowing oneto measure

theWolfensteinparameter
�

[26, 88]. A particularlyinterestingfeatureof
? � [�� A �9C � decaysis that

they exhibit tiny CP-violatingeffectswithin theSM. Consequently, they representa sensitive probefor
CP-violatingcontributionsfrom physicsbeyondtheSM [62, 89]. Sincenew-physicscontributionshave
to competewith SM tree-diagram-like topologies,thenaturalplacefor any manifestationof new physics
is in CPasymmetriesinducedby � [ mixing. Illustrationsof thenew-physicseffectsin

? � [ � A �9C � for
specificscenariosof new physicscanbefoundin [90, 91] andarediscussedin moredetailbelow.

4.11 General Structure of theDecayProbabilityFunctions

For aninitially, i.e.at time � � " , present
? � [ meson,thetime-dependentangulardistributionof thedecay

chain
?8� � A �9C �3ÿ � ÿ ô � � � D � D ô � canbewritten genericallyasfollows:

Õ ����� � ��� � �	��
 ��� � � Î þ � ÿ � �:�� þ � ÿ ����� � ��� � �	� � � (1)

wherewe have denotedthe anglesdescribingthe kinematicsof the decayproductsof ñ �9C � Ï � Ï ô
and � � ^ � ^ ô by

� �
,
� � �

and � . The functions Î þ � ÿ � ��� describethe time-evolution of the angular
distribution (1), andcanbe expressedin termsof real or imaginarypartsof bilinear combinationsof
decayamplitudes.In thecaseof decaysinto two vectormesons,suchas

? � [ �]ñ �9C � , it is convenient
to introducelinear polarizationamplitudes¶ � � �:� , ¶�� � ��� and ¶�� � ��� [92]. Whereas¶�� � ��� describesa
CP-oddfinal-stateconfiguration,both ¶ � � �:� and ¶�� � �:� correspondto CP-evenfinal-stateconfigurations,
i.e. to theCPeigenvaluesö ü and û ü , respectively. The Î þ � ÿ � ��� of thecorrespondingangulardistribution
aregivenby

� ¶ � � �:�é� � with Õ�� � " ���9���  � (2)

aswell asby theinterferenceterms

Re� ¶ ù� � ��� ¶ � � �:�  and Im � ¶ ù� � ��� ¶�� � ���  with Õ�� � " ���  $ (3)

Thesequantitiesaregovernedby

ýFþ [ ÿ��� + ¿ ô Á � u � þ [ ÿ ùÄ ¶ Ä�� ����! û � þ [ ÿ ùÆ ¶ Æ �"!" û ¶ Æ!� ����! 
� þ [ ÿÄ ¶ Ä�� ����! û � þ [ ÿÆ ¶ Æ �"!" û ¶ Æ!� ����! � (4)

wherewe have usedtheunitarity of theCKM matrix, the � þ [ ÿ# aregivenby Ã # [ Ã ù# � , and ¶ Ä$� ��$�! and ¶ Æ!� ����! 
denotethedifferencesof penguintopologieswith internalup- andtop-quarkandcharm-andtop-quark
exchanges,respectively. The ¶ Ä�� ����! piecesare strongly CKM-suppressedby � � þ [ ÿÄ � � þ [ ÿÆ � � "�$%" 
 ; the
penguinamplitudesare suppressedeven further becauseof their loop and colour structure. Yet, the
“current–current”amplitudesare“colour-suppressed”, andwe maywell have

� þ [ ÿÄ ¶ Ä�����! 
� þ [ ÿÆ ¶ Æ"!" û ¶ Æ!����! � Î �òü " ôdÈ � � (5)

yielding ýäþ [ ÿ��� + ¿ ô Á � u ü ö´
&% �� � � ½�Î �òü " ôdÈ � $ (6)



Since� [ is of Î � "�$%" .�� in theSM, theremaywell behadronicuncertaintiesaslargeas Î �òü "(' � in theex-
tractionof � [ . Thesehadronicuncertainties,whichareanimportantissuefor theLHC, canbecontrolled
with thehelpof thedecay

? � �1ñ �9C*) � [93]. Moreover, theangulardistribution of this decayallows
oneto determineboth � � � � � and ����� � � , i.e. to fix � � unambiguously, andto extract � , if penguineffects
in
? � �Bñ �9C*) � aresizeable.An unambiguousdeterminationof the

? � � –� �� mixing phase� � is alsopos-
sibleby combiningthe

? � [�� A �9C � observableswith thoseof thedecay
? � �Öñ �9C � Ï � Ï ô � ^ ù � � � � ^ E �

[94]; otheralternativescanbefound in [95]. For simplicity, we assumeý þ [ ÿ��� + ¿ ô Á � u in the following
discussion,i.e. thatthe

? � [��Bñ �9C � decayamplitudesdonot involve aCP-violatingweakphase,which
impliesvanishingdirectCPviolation; thequestionof thehadronicuncertaintiesaffecting(6) is left for
furtherstudies.

4.12 Time-Evolutionof theDecayProbabilityFunctions

Forourconsiderations,thetime-evolutionof thedecayprobabilityfunctionsspecifiedin (2) and(3) plays
acentralrôle. In thecaseof (2), we obtain(seealso[89])

� ¶ � � ���é�
� � � ¶ � � " �é�

�

 �òü û ����� � [ ��¿ ô,+ o u p- � û �òü ö ����� � [ �O¿ ô,+ o u p. � û 
 ¿ ô,+ u � �� � � � � [ �:� � � � � [ � (7)

� ¶�� � ���é� � � � ¶ � � " �é� �
 �òü û ����� � [ ��¿ ô,+ o u p- � û �òü ö ����� � [ �O¿ ô,+ o u p. � û 
 ¿ ô,+ u � �� � � � � [ �:� � � � � [ � (8)

� ¶�� � ���é� � � � ¶�� � " �é� �
 �1ü ö ����� � [ �O¿ ô,+ o u p- � û �òü û ����� � [ �Ì¿ ô,+ o u p. � ö�
 ¿ ô,+ u � �� � � � � [ �:� � � � � [ � (9)

whereaswehave in thecaseof theinterferenceterms(3):

Re� ¶ ù� � ��� ¶�� � ���  �
ü

 � ¶ � � " �é�%� ¶�� � " �é� ����� � � � ö�� G �
½ �òü û ����� � [ �O¿ ô,+ o u p- � û �òü ö ����� � [ ��¿ ô,+ o u p. � û 
 ¿ ô,+ u � �� � � � � [ ��� �� � � [ (10)

Im � ¶ ù� � ��� ¶�� � ���  � � ¶ � � " �é�%� ¶�� � " �é� ¿ ô,+ u � � �� � � G ����� � � � [ �:� ö ����� � G �� � � � � [ �:� ����� � [  
ö ü 
 ¿ ô,+ o u p. � ö ¿ ô,+ o u p- � ����� � G �� � � [ � (11)

Im � ¶ ù� � ��� ¶�� � ���  � � ¶ � � " �é�%� ¶�� � " �é� ¿ ô,+ u � � �� � � � ����� � � � [ �:� ö ����� � � �� � � � � [ �:� ����� � [  ö ü 
 ¿ ô,+ o u p. � ö ¿ ô,+ o u p- � ����� � � �� � � [ $ (12)

HeretheCP-conservingstrongphases� G and � � aredefinedasfollows [88]:

� G ¼ arg ¶ � � " � ù ¶�� � " � � � � ¼ arg ¶ � � " � ù ¶�� � " � $ (13)

Thetime-evolutions(7)–(12)generalizethosegivenin [88] to thecaseof asizeable
? � [ –? � [ mixing phase

� [ , therebyallowing oneto includealsonew-physicseffects[89]; anevenmoregeneralizedformalism,
takinginto accountalsopenguincontributions,canbefoundin [93]. It shouldbenotedthatnew physics
is expectedto manifestitself only in the decayprobability functions Î þ � ÿ � ��� andthat the form of the þ � ÿ ��� � � � � � �	� � is notaffected.

Sincethemesoncontentof the ñ �9C � final statesis independentof theflavourof theinitial meson,? � [ or
? � [ , we mayusethesameangles

� �
,
� � �

and� to describethekinematicsof thedecayproductsof
theCP-conjugatetransition

? � [ �Bñ �9C � . Consequently, we have

Õ ����� � ��� � �	��
 ��� � � Î þ
� ÿ � �:�� þ � ÿ ����� � ��� � �	� � $ (14)
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Within this formalism,CPtransformationsrelating

? � [ � Ë ñ �9C � Í � to
? � [ � Ë ñ �9C � Í � ( Õ2� � " ���9���  )

aretaken into accountin theexpressionsfor the Î þ � ÿ � �:� and Î þ
� ÿ � �:� , anddo not affect the form of the þ � ÿ ��� � � � � � �	� � . Thereforethesamefunctions þ � ÿ ��� � � � � � �	� � arepresentin (1) and(14)(seealso[26]).

TheCP-conjugatefunctions Î þ
� ÿ � ��� take thefollowing form:

� ¶ � � �:�é�
� � � ¶ � � " �é�

�

 �òü û ����� � [ �O¿ ô,+ o u p- � û �òü ö ����� � [ ��¿ ô,+ o u p. � ö�
 ¿ ô,+ u � �� � � � � [ ��� �� � � [ � (15)

� ¶3� � �:�é� � � � ¶�� � " �é� �
 �òü û ����� � [ �O¿ ô,+ o u p- � û �òü ö ����� � [ ��¿ ô,+ o u p. � ö�
 ¿ ô,+ u � �� � � � � [ ��� �� � � [ � (16)

� ¶�� � �:�é� � � � ¶�� � " �é� �
 �òü ö ����� � [ ��¿ ô,+ o u p- � û �òü û ����� � [ �O¿ ô,+ o u p. � û 
 ¿ ô,+ u � �� � � � � [ ��� �� � � [ � (17)

Re� ¶ ù� � ��� ¶ � � ���  �
ü

 � ¶ � � " �é�%� ¶ � � " �é� ����� � � � ö�� G �
½ �òü û ����� � [ �O¿ ô,+ o u p- � û �1ü ö ����� � [ ��¿ ô,+ o u p. � ö�
 ¿ ô,+ u � �� � � � � [ ��� �� � � [ � (18)

Im � ¶ ù� � ��� ¶�� � ���  � ö � ¶�� � " �é�%� ¶�� � " �é� ¿ ô,+ u � � �� � � G ����� � � � [ ��� ö ����� � G �� � � � � [ �:� ����� � [  
û ü
 ¿ ô,+ o u p. � ö ¿ ô,+ o u p- � ����� � G �� � � [ � (19)

Im � ¶ ù� � ��� ¶�� � ���  � ö � ¶ � � " �é�%� ¶�� � " �é� ¿ ô,+ u � � �� � � � ����� � � � [ ��� ö ����� � � �� � � � � [ �:� ����� � [  û ü
 ¿ ô,+ o u p. � ö ¿ ô,+ o u p- � ����� � � �� � � [ $ (20)

4.13 AngularDistributions

Thefull angulardistributionof
?8� � A �9C �3ÿ � ÿ ô � � � D � D ô � involvesthreephysicalangles.Theconven-

tion usedis asfollows (seeFig. 29): the 4�5 � 4�5 5 � -axisis definedto bethedirectionof 687:9 � � 6 � � in therest
frameof the �Y�[ . Let the ; 5 � ; 5 5 � -axisbeany arbitrarily fixeddirectionin theplanenormalto the 4 5 � 4 5 5 �
axis. The <,5 � <=5 5 � -axis is thenfixeduniquely. Let

��� � ��> 5 � specifythedirectionof the ? � in the ñ �9C rest
frame,andlet

��� � � ��> 5 5¦� be thedirectionof the ^ � in the � restframe. Sincetheorientationof the ;@5
and ; 5 5 axesis a matterof convention,only thecombination� ¼ > 5@A > 5 5 of the two azimuthalangles
is physical. The full angulardistribution in termsof the threephysicalangles

��� � � � � � �	� � (normalized
suchthat B � � ¶ � � �:�é� C A � ¶�� � ���é� C A � ¶�� � �:�é� C ) is givenby

D � ��E � ��� �
F È BFHG	I(J � � FKG	I(J � � � F � �

L
& � � � � ¶ � � �:�é� C JNM O C ��� G	I(J C ��� �



A � ¶ � � ���é� C Ë ��P A G	I(J C ��� � JNM O C ��� �RQ J�M O C ��� JNM O C ��� � G	I(JTS � Í
A � ¶�� � �:�é� C Ë ��P A G	I(J C ��� � JNM O C ��� � A J�M O C ��� JNM O C ��� � G	I(JTS � Í
A S Im � ¶ � � ���VU ¶�� � ���3� JNM O C ��� JNM O C ��� � JNM OWS � Q < S Re

� ¶ U� � ��� ¶ � � ���3� JNM OXS ��� JNM OWS ��� � G	I(J �A < S Im � ¶ U� � ��� ¶�� � �:�3� JNM OXS � � J�M OYS � � � JNM O � Z (21)

wherethebilinearcombinationsof thecomplex functions ¶ � � �:� , ¶ � � �:� and ¶�� � ��� aredefinedin (7) to

(12). The angulardistribution
D\[ ��E Z �:� of the CP-conjugatetransition

? � [À� ñ �9C � is analogousto
(21),usingthebilinearcombinationsof ¶ � � ��� , ¶�� � � ) and ¶3� � �:� definedin Eqs.(15) to (20).

4.14 An Illustration of New-PhysicsEffects

As we have alreadynoted,a very importantfeatureof � [ � ñ �9C � decaysis that they representa
sensitive probefor CP-violatingcontributions to � �[ –� �[ mixing from physicsbeyond the SM. Let us
illustratetheseeffectsin thissubsection,whereweshallfollow closelyRef.[91], for aparticularscenario
of new physics,the symmetricalSU] (2) ½ SÛ (2) ½ U(1) modelwith spontaneousCP violation (SB–
LR) [96, 97]. Needlessto notethat therearealsootherscenariosfor physicsbeyondtheSM which are
interestingin this respect,for examplemodelsallowing mixing to anew isosingletdown quark,asin E_
[90].

In arecentpaper[98], theSB–LRmodelhasbeeninvestigatedin thelight of currentexperimental
constraintsfrom ^ - andB decayobservables. In a large region of parameterspace,themodelmainly
affectsneutral-mesonmixing, but doesnot introducesizeable“direct” CP violation. The sensitive ob-
servablesconstrainingthemodelarethusthemesonmassdifferencein thekaonsector̀ �ba , thosein
theB sector̀ �À� , ` � [ , the“indirect” CP-violatingparameter�ca of theneutralkaonsystem,andthe
mixing-inducedCPasymmetrydXeTfhgikj � �\� �Úñ �9C ^ E � . In particular, it wasfoundthat,for a setof fixed
CKM parametersandquarkmasses,themodelpredictsa smallvaluefor � d eTfhgikj � �\� �Úñ �9C ^ E �é� below
10%,which is in agreementat the2( level with theCDF measurement"�$ Ç(L � �Nl m G[ �Nl m�m , but at variancewith
theSM expectation"�$ Ç . � "�$ S P [99].

As waspointedout in [91], the SB–LR modelpredictsalsovaluesfor the mixing-inducedCP
asymmetriesof � [ � ñ �9C � – andsimilar modes,suchas � [ � 0l�[ 0 [[ and ñ �9C �on �qp – that largely
deviate from the SM expectationof very small CP-violatingeffects. In the caseof the latter modes,
whicharedecaysinto CPeigenstateswith CPeigenvalue A P , we simplyhave

d erfhgikj � � [ �BÕ � � JNM O � [ Z where � [ ¼ � Ets[ A �,u j[ � Q S � C � A �,u j[ Z (22)

with � u j[ originating from new physics. In Fig. 30(a),we show the allowed region for dXeTfhgikj � � [ �
Õ � � JNM O � [ and d eTfhgikj � �\� � ñ �9C ^ E � in theSB–LRmodel;thecorrespondingdirectCPasymmetries
remainvery small,sincenew contributionsto thedecayamplitudesarestronglysuppressed.Thefigure
illustratesnicely that CP asymmetriesas large as Î � �Ì"(' � may arisein the � [ channels,whereasthe
SB–LRmodelfavoursasmallCPasymmetryin �¾� �Bñ �9C ^ E .

In orderto simplify thediscussionof � [ �Bñ �9C � , let usconsidertheCPasymmetry

d ikj � � [ � �:� �Bñ �9C � � ¼ B � �:� Q B � ���
B � �:� A B � ��� �

PvQ 0w � � ��� A 0 w [ � ���
JNM O � ` � [ ��� JNM O � [ Z (23)

whereB � ��� and B � ��� denotethetime-dependentratesfor decaysof initially, i.e.at � � " , present�Y�[ - and
� �[ mesonsinto ñ �9C � final states,respectively. Theremainingquantitiesaredefinedas

0 ¼ � ¶�� � " �é� C
� ¶ � � " �é� C A � ¶�� � " �é� C and

w 4 � �:� ¼
P
S ��P � G	I(J � [ �O¿ �,x + u � 9 C A ��Pzy G	I(J � [ �O¿ [ x + u � 9 C $ (24)



-0.06 -0.02 0.02 0.06

-0.4

-0.3

-0.2

-0.1

0

-0.5 { | } ~
� � � � � � � � � � � �

� �� � � ��� �
���

(a) Allowedvaluesfor �z�R� ��N��� tva8w¢�¤¦¥ |Y�¡  and ���R� ��$� � tvu!w£¢   , with¢ j yÙ³u yW¤u , ¢�¤q¥z¥ o ¦ p .

0.5

-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

0.1 0.2 0.3 0.4

§ ¨ ©ª« ¬
®¯°
±²

D

(b) ³ �N� � tvuÙw#¢�¤¦¥�´   asa func-
tion of thehadronicparametery .

0.6 0.8 1

0.9

0.92

0.94

0.96

0.98

1

1.2µ ¶ · ¸¹ º µ ¶ » ¼¹

½¾¿À Á
Â½¾Ã Ä
Á

(c) Correlationbetween irÅRu andiÇÆ u , normalizedto their SM val-
ues.

Fig. 30: Predictionsof theleft-right symmetricmodelfor severalCPobservables.

Notethatwe have
w � � �:� � w [ � �:� � P

for a negligible width differencèÈB [ . Obviously, theadvantage
of the“integrated”observable(23)is thatit canbemeasuredwithoutperforminganangularanalysis.The
disadvantageis of coursethatit alsodependsonthehadronicquantity 0 , whichprecludesatheoretically
cleanextractionof � [ from (23). However, this featuredoesnot limit thepower of this CPasymmetry
to searchfor indicationsof new physics,whichwouldbeprovidedby ameasuredsizeablevalueof (23).
Modelcalculationsof 0 , makinguseof thefactorization-hypothesis, typically give 0 � "�$ P $�$�$"�$ � [88],
which is alsoin agreementwith a recentanalysisof the � [ �Öñ �9C � polarizationamplitudesperformed
by theCDFcollaboration[86]. In orderto extract � [ from CP-violatingeffectsin thedecay� [ �Öñ �9C �
in a theoreticallycleanway, anangularanalysishasto beperformed,asis discussedin detailabove.

Althoughthe � �[ –� �[ oscillationsarevery rapid,it shouldbepossibleto resolve themat theLHC
(seeSec.7.). The first extremal value of the time-dependentCP asymmetry(23), correspondingto` � [ � � � � S , is givento avery goodapproximationby

¶ ikj � � [ �Bñ �9C � � �
PzQ 0P A 0

JNM O � [ Z (25)

whichwouldalsofix themagnitudeof (23)in thecaseof anegligible widthdifferencèÈB [ . In Fig.30(b),
we show the predictionof the SB–LR model for (25) asa function of the hadronicparameter0 . For
a valueof 0 � "�$ . , this CP asymmetrymay be aslarge as–25%. The dilution throughthe hadronic
parameter0 is noteffective in thecaseof theCP-violatingobservablesof the � [ �Bñ �9C Ë �ÚÏ � Ï [ Í � Ë �^ � ^ [ Í angulardistribution, which allow oneto probe

JNM O � [ directly (seeSec.4.12). Predictionsfor
other � [ decaysin theSB–LRmodelhave beendiscussedin [100].

Let us finally notethat new physicsaffectsalsothe �Y�[ –� �[ massandwidth differences.In the
lattercase,we have [101] `ÈB [ � `ÈB Ets[ G	I(J � [ Z (26)

where `ÈB Ets[ � Î ��QYP�� ' � is theSM width difference[23, 24]. In Fig. 30(c),we show thecorrelation
betweeǹ � [ and `ÈB [ in theSB–LRmodel.Thereductionof `ÉB [ throughnew-physicseffects,which
is describedby (26), is fortunatelynotveryeffective in thiscase,whereasthemassdifferencè � [ may
bereducedsignificantly.

4.2 Experimental Studies

The prospective performanceof ATLAS, CMS andLHCb in analysing
? � [ � A �9C �qÊ � Ê [ � � � D � D [ �

hasbeenstudiedin [37, 103, 104, 102].

4.21 ExpectedDataCharacteristics

Despitedifferentstrategies,all threeexperimentsexpecta largenumberof eventsin this channel.With
presentstudiesthehighestyield is expectedin CMS,wherea dimuontriggeris used.At highertrigger-



level the identificationof two muonsis essentialfor A �9C � Ê � Ê [ online selectionin all threeex-
periments.The reconstructionis completedin trackingandvertex detectorsby fitting muoncandidate
trajectoriesinto a commonvertex. For reconstructing� mesons,pairsof oppositelychargedparticles
are fitted into a commonvertex and their invariant massis calculatedassumingthey are kaons. In
LHCb, theRICHesareusedto separatechargedK mesonsfrom � mesons,allowing a reductionof the
backgroundsto

? � [µ� A �9C � . As explainedin Sec.2.5, thereis a limited possibilityof chargedhadron
identificationin bothATLAS andCMS; however this hasnot beenexploitedin thepresentstudies.The
strongersolenoidalfield in CMS leadsto better

? � [ invariantmassresolutionandlower
? � [ � A �9C �

backgroundthanin ATLAS. For this channel,themostsignificantdifferencebetweentheperformance
of the threeexperimentslies in the superiorpropertime resolutionof LHCb. The expecteddataand
background-characteristics in

? � [ � A �9C �qÊ � Ê [ � � � D � D [ � , aspresentedin theworkshop,aresumma-
rized in Tab. 14. It is possiblethat the inclusionof low-thresholddimuon-triggersmay alsoboostthe
final eventyieldsin ATLAS andLHCb, ashasbeendemonstratedto bethecasein CMS.

Flavour taggingis importantto properlyexplore thephysicsof
? � [ � A �9C � decays.This study

considersonly leptonandchargedK mesonstagsfor LHCb anda jet charge methodfor ATLAS and
CMS (seeSec.2.7). CMS arepresentlyextendingtheir studyto includeothertags.Theefficienciesand
thewrongtagfractionsin thischannelaresummarizedin Tab. 14.

The studiespresentedheredo not exhaustthe whole potentialof the threeexperiments.Future
studiescanbeextendedin triggerandoffline selectionsaswell asin taggingmethods.

ATLAS CMS LHCb

Eventyields 300,000 600,000 370,000
Propertime resolution 0.063ps 0.063ps 0.031ps

- 15% - 10% - 3%
Background dominatedby dominatedby combinatorial? �@ � A �9CYD U , A �9CYD � � [ ? �@ � A �9C	D U , A �9C	D � � [

jet chargetag jet chargetag leptontag+
�è- & . ' �5-;. S ' chargedK tag

Tagging wrong . � ' wrong .�. ' �è- �Ì"('
leptontag wrong . "('
�è- & $ P '

wrong
S � '

Table14: Summaryof performanceparametersfor þ � u wË0:¤q¥ �ÍÌ ³ Ì ¤   ´ �ÏÎ ³ Î ¤   . The propertime resolutionshave been

determinedby a singleGaussianfit. Theeventyieldsassume3 yearsoperationfor ATLAS & CMS,and5 yearsfor LHCb.

4.22 Modelling
? � [ � A �9C � Decays

Thedistribution (21)containseightunknown independentparameters.Thesearetheamplitudes� ¶ � � � " �é� ,
� ¶�� � " �é� , therelativestrongphases� G and � C , thedecayratedifference,̀ÈB � � BÑÐ Q BÑ] , andmeandecay
rate B [f� � B Ð A B ] � � S of themasseigenstates

? � Ò and
? � Ó , their massdifferencè � [´� ; � � B [ and

the weak phase� [ . Theseparameterscanbe determinedfrom the measuredthreedecayanglesand
lifetimes. In the workshoptwo strategieswerestudied: themethodof momentsapproach[104] anda
maximum-likelihoodfit.

In themethodof momentsapproach[88], thetermsbilinear in ¶ in (21) aredeterminedfrom the
datausinganappropriatesetof weightingfunctions,whichseparateout thetermswith differentangular
dependences.Thequestionof information-contentlossin theangularmomentsanalysiswasinvestigated
in [105]. For theresultspresentedin this report,thelikelihood-approach is adopted.



Parameter
¶ � � � " �¶ � � " �

C ¶�� � " �¶ � � " �
C � G � C `ÈB [ P � B [ ; � � [

Value 0.64 0.14 0 � 0.15 ½ÔB [ 1.54ps 20–40 0.04–0.8

Table15: Inputvaluesof theoryparametersusedin simulating þ � u wË0�¤¦¥�´ .

ATLAS CMS LHCb

`ÈB [ 12% 8% 9%B [ 0.7% 0.5% 0.6%¶ � � 0.8% 0.6% 0.7%¶�� 3% 2% 2%
� [ (; � � S " ) 0.03 0.014 0.02

� [ (; � � �Ì" ) 0.05 0.03 0.03

Table16: Expectedstatisticaluncertaintieson þ � u wË0:¤q¥�´ parametersfor eachexperimentunderthe assumptionsgiven in

thetext. Apart from ´ u , theerrorsarerelative.

Wedefinea likelihood-functionby

Õ �
Ö
ÁØ× G

Ù
�

� � G D � �¡ÚÜÛ Z$Ý Û � A �ßÞÔà [ �¡ÚÜÛ Z$Ý Û � AâáKã [åä�æßçÍè � ) �¡ÚrQéÚÜÛ �ëê ÚÙ� �R� ì
� Ù
�
� � G D � �¡Ú Z$Ý � A � Þ à [ �¡Ú Z$Ý � AíáHã [åä�æîç � ) �¡Ú � QéÚ �ëê Ú � �ëê Ú Z (27)

where � G � � C � "�$ � for untaggedevents, � G � P3Qðï
, � C � ï

if the
? � [ is taggedasa particle,and

� G � ï
, � C � PñQéï

if the
? � [ is taggedasan anti-particle, ¸ is the level of backgroundand B � is

theaveragedecay-rateof thebackgroundasdeterminedfrom simulation.Thetime resolutionfunction) �¡ÚKQòÚÜÛ � wasapproximatedby a Gaussianof width ( � "�$%" & . ps and ( � "�$%" . P ps for ATLAS/CMS
andLHCb respectively. Theindex % runsoverall ó events.Finally, � eTf  is theminimumproperlifetime
allowedin theeventselection.

4.23 ParameterDeterminationandEstimateof Precision

The expectedexperimentalprecisionis not sufficient to allow a simultaneousdeterminationof eight
unknown parameters.Besidesthelimited statistics,thecorrelationsbetweendifferentparametersposea
problem:while in (21) theeightparametersareindependent,simulationswith themaximum-likelihood
approachshowedthatin theexperimentaldatasomeof theparametershave obviouscorrelations.There
is a strongcorrelationbetweenthetwo phases� G and � C , which precludesa simultaneousmeasurement
of both of themwith this method. Also a secondpair of parameters,` � [ and the weakphase� [ ,
shows certaincorrelationsthatdependon thevaluesof ` � [ andthetimeresolution.Consequently, the
reducedsetof parameters:̀ÈB [ , B [ , � ¶ � � � " �é� , � ¶�� � " �é� and � [ weredeterminedin thefit andtheother
parameterswerefixed. For thestrongphasesthevalues � G � " and � C � � wereusedassuggestedin
Ref.[106].8 ` � [ is assumedto bedeterminedfrom otherchannels,for instance

? � [´� 0 [ � , although
it shouldbestressedthatalso

? � [ � A �9C � is avery suitablechannelfor suchameasurement.

Thechoiceof input valuesof theunknown parameters,bothfixedandfree,basedon theexperi-
mentalresults[107, 86, 64] andtheoreticalconsiderations[88, 106, 108] is summarizedin Tab. 15.

Themainresultsof thestudyaresummarizedin Tab. 16for eachexperiment.With thismethod,the
ratedifferencèÈB [ canbedeterminedwith arelativestatisticalerrorwhichfor LHCb,CMSandATLAS
variesbetween8 and12%for `ÈB [ � B [ � "�$ P�� , Fig. 31(a).Thedifferencesbetweentheexperimentsare

8Note that this suggestionis basedon the factorizationapproximationand not expectedto hold oncenon-factorizable
contributionsaretakeninto account.
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correspondingto 63 fs, andof LHCb with 31 fs. TheNP–LRallowedregion appearssmallerthanthatof theSM, becauseit

doesnot includeall theoryuncertainties.
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small,mainlybecausetheerroris notsensitive to thedifferentpropertimeprecisionof eachexperiment,
Fig. 31(b). Thestatisticalerrorsof B
	 , � ¶��������� � and � ¶�������� � aretypically a few percent.Theprecision
to which the weakphase��	 canbe measureddependsstronglyon the propertime resolutionand ;��
(Fig. 32). Thereis a sensitivity to theSM rangeof ��	 , anda clearpotentialfor probingmodelsof new
physics,suchas for instancethe left-right symmetricmodel [91] or the isosingletdown quarkmodel
[90]. If penguincontributions arenon-negligible, the numberof parameterswill increase,which will
necessitatesimultaneousanalysesof ���	�� �"!$# � andSU(3)relatedchannelsasindicatedearlierin the
theoreticaldiscussion.The combinedLHC sensitivity to theseparameterswill be even better, but this
studyhasnot yetbeenperformed.

Studieswith themethodof momentsapproachgave resultsbroadlyin agreementwith the likeli-
hood-fits,but with certaindifferenceswhich areyet to beresolved. In particular, themomentsanalysis
indicatedthat thestrongphasescanbe extractedsimultaneouslywith theotherparametersthroughthe
separationof differentangularterms[104]. Futurework will resolve theseissues.

4.3 Conclusions

A rich varietyof physicscanbestudiedthroughthedecay�%�	&�'�(!$# � andall threeLHC experiments
will be able to performpowerful and interestingmeasurements.More work is encouragedto further
extendthe experimentalpotential,in particularby improving the sensitivity to theweakmixing phase
��	 , andto establishtheoptimumapproachfor analysingthedata.

5. NEW STRATEGIES TO EXTRACT CKM PHASES9

In additionto therefinedstudiesof theusualbenchmarkCPmodesdescribedabove, animportantgoal
of theworkshopwasto explorestrategiesfor theextractionof CKM phasesthathadnotbeenconsidered
for ATLAS, CMS andLHCb before,andto searchfor new strategies. In this section,we will discuss
extractionsof ) from * �,+.- decays,which received a lot of attentionin the literatureover the last
coupleof years[109], andnew techniques[34, 61, 93, 110], whichweredevelopedduringthisworkshop
andmake useof certainU-spin relatedB decays,whereall down andstrangequarksareinterchanged
with eachother [111]. For the “prehistory” of the useof U-spin argumentsto relatenon-leptonicB
decays,thereaderis referredto [111]–[116].

5.1 Extracting / fr om 021 354 Decays

In orderto obtaindirect informationon ) , * �'+.- decaysarevery interesting.Thesemodesarenot
justan“unwanted”backgroundfor * �6+7+ , but haveavery interestingphysicspotential.Experimental

9Sectioncoordinators:R. FleischerandG. Wilkinson.
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datafor thesemodesstartto becomeavailable: since1997,whenthefirst resultson *RQ �,+ Q - and
*TS � +VU%- Q were reportedby the CLEO collaboration,therewereseveral updatedresultsfor CP-
averaged* �W+.- branchingratiosat the X �ZY�[ level [117]. Interestingly, theseCP-averagedbranching
ratios may alreadylead to highly non-trivial constraintson ) [118, 119]. Unfortunately, the present
experimentaluncertaintiesare too large to decidehow effective theseboundsactually are. The new
resultsof the \^]_\ Y B factorieswill certainly improve this situation,so that we shouldhave a much
betterpictureby the time the LHC startsrunning. In 1999,also the first preliminary resultsfor CP-
violatingasymmetriesin charmlesshadronicB mesondecayswerereportedby theCLEO collaboration
[117], which do not yet indicateCPviolation in suchtransitions.Sofar, to probe) , thefollowing three
combinationsof * �`+.- decayswereconsideredin the literature: *RQ �a+ Q - and *TS �b+ U - Q
[118, 120, 121], * Q �'+ Q - and * Q �c+ � - Q [31, 119, 122, 68], aswell asthecombinationof the
neutraldecays*dS �e+ � -gf and *TS �e+ U - Q [68]. Sincethe first combinationdoesnot involve a
neutralpion, it is particularlypromisingfor theLHC from anexperimentalpoint of view, althoughthe
othertwocombinationswouldhavecertainadvantagesfromatheoreticalpointof view. Theexperimental
feasibility studiesthereforeput a strongemphasison thatapproach.Let usnote,beforehaving a closer
look at this strategy, that * �h+.- decaysplay not only animportantrôle to probe) , but alsoto obtain
insightsinto the world of electroweakpenguins.This interestingaspectis discussedin moredetail in
Refs.[17, 120, 68,123].

5.11 The *RQ �W+ Q - , *TS �6+ U - Q Strategy

Within the framework of the SM, the decays* ] � + ] - � and *�S � + Y - ] receive contributions
from Feynmandiagramsof the type shown in Figs.33 and34, respectively. Becauseof the tiny ratio
� i�jk	linmjko � ! � i(pq	riRmpqo �Zs ��tq��u , theQCD penguinsplay thedominantrôle in thesedecays,despitetheir loop-
suppression.UsingtheSU(2)isospinsymmetryof stronginteractionsto relateQCDpenguintopologies,
we mayderive thefollowing amplituderelations[114]:

v � * ] �6+ ] - � �Iwyx{z v � * �S �W+ Y - ] �}|y~ x�������x����� z (1)

where ��w � � � \������7\���� and x ���� wy~ x ���� \����$���� (2)

aredueto tree-diagram-like topologiesandEW penguins,respectively. The label “C” remindsus that
only “colour-suppressed” EW penguintopologiescontribute to x ���� . Making useof theunitarity of the
CKM matrix andapplyingthegeneralizedWolfensteinparametrization,includingnon-leadingtermsin�

, we obtain[114]

v � * ] �6+ ] - � �}|y~ X ~
�"�
u � � v X ��� \ ��� \ ��� � pq� z (3)
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where

� \ ��� |
�"��¬ o
X ~ � � X ~ � jl� ��� pq� t (4)

Here � pq� w � � pq� � \ ����®q¯ and � jk� describedifferencesof penguintopologieswith internaltop- andcharm-
quarkandup- andcharm-quarkexchanges,respectively, and  is dueto the annihilationtopology in
Fig. 33. It is importantto notethat � is stronglyCKM-suppressedby

�(��¬ o s ��tq��u . For theparametriza-
tion of * Q �W+ Q - and *TS �6+VU�- Q observables,it is convenientto introduce

°Pw � � �± � x � �(²
z ³ � w �

x ���� �± � x � �Z² with
± � x � � ² w X u � x � � � � x � � z (5)

aswell asthestrongphasedifferences

´ w ´�µ ~ ´ pq� z ¶ � w ´ ���� ~ ´ pq� t (6)

In additionto theratio ¬ w * � * �S �6+ Y - ] �·� * � * �S �6+ ] - Y �
* � * ] �6+ ] - � �·� * � * Y �¸+ Y - � � (7)

of CP-averagedbranchingratios,alsothe“pseudo-asymmetry”

v
� w
* � *�S �6+ Y - ] �·~ * � * �S �W+ ] - Y��
* � * ] �6+ ] - � �·� * � * Y �¸+ Y - � � (8)

plays an importantrôle in probing ) . Here, we have neglectedtiny phase-spaceeffects, which can,
however, betakeninto accountin a straightforward way (see[118]). Explicit expressionsfor

¬
and
v
�

in termsof theparametersspecifiedabovearegivenin [114]. Usingthepresentlyavailableexperimental
resultsfrom theCLEOcollaboration[117], we obtain

¬ | X tq�º¹���tq»�z v � |y��tq�$¼n¹���t X�½ t (9)

Thepseudo-asymmetry
v
� allows oneto eliminatethestrongphasé in theexpressionfor

¬
, and

to fix contoursin the ) – ° plane[114]. Thesecontours,which areillustratedin Fig. 35, correspondto
themathematicalimplementationof a simpletriangleconstruction[120], which is relatedto theampli-
tuderelation(1), andis shown in Fig. 36. In orderto determine) , thequantity ° , i.e. themagnitudeof
the “tree” amplitude� , hasto befixed. At this stage,a certainmodeldependenceenters.An approxi-
mateway to fix this amplitudeis to neglect “colour-suppressed” current–currentoperatorcontributions
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to *R] �Ï+ ] + � , andto useSU(3)flavour-symmetryto relatethe“colour-allowed” current–currentam-
plitudeof thatdecayto � :

� � ��s �VÐÒÑÐÒÓ
Ô u�Õ vÖ * ] �¸+ ] + � �lÕ×t (10)

Anotherapproachto obtaininformationon Õ �ØÕ is to use“f actorization”[124], leadingto

Õ �ÙÕ ÚÜÛ�Ý�Þd|àß5áÔ u � Õ i jlo Õ×â�ã ä �å G ~Kä �Ó ÐÒÑÎæ å Ó Ö ä �ÑèçÒé ]_ê z (11)

where æ å Ó is a quark–currentform factorand â�ã sëX theusualphenomenologicalcolourfactor. Using
theform factor æ å Ó Ö ä �Ñ çÒé ] ê | é tq» , asobtainede.g.from QCDsumrulesonthelight-cone[125, 126],
onefinds Õ �ØÕ ÚìÛ�Ý�ÞT|yâ�ã5í Õ i jko Õ»�tquîí X é Y�ï íñð�t ½ í X é

Y�ò GeV t (12)

As waspointedout in [121], alsosemileptonic*� �ó+ Y�ô ]�õÒö decaysmayplay animportantrôle to fixÕ �ØÕ with thehelpof argumentsbasedon “f actorization”.Using(11),onefinds[118]

°lÚÜÛ�Ý�ÞV| é t X�½ í�â�ãºí Õ i jko Õ»�tquní X é Y�ï
X t ½ í X é Y�[
* Ö * Q �6+ Q - ê

í ÷ å%øX tqù ps
t (13)

Makinguseof suchargumentsbasedon“f actorization”,presentdatagive °P| é t X�½ ¹ é t é�ú . Althoughthe
factorization-hypothesis [124] maywork reasonablywell for “colour-allowed” tree-diagram-like topolo-
gies[127], � maybeshiftedfrom its “f actorized”value,astheproperlydefinedamplitude� doesnot
only receivecontributionsfrom such“tree” topologies,but alsofrom penguinandannihilationprocesses
[114, 113], which arestronglyrelatedto rescatteringprocesses[113, 128, 129]. In aninterestingrecent
paperby Beneke, Buchalla,NeubertandSachrajda[76], it waspointedout that thereis a heavy-quark
expansionfor non-leptonicB decaysinto two light mesons,andthatnon-factorizablecorrections,aswell
asrescatteringprocesses,aresuppressedby û{ü �Ný !$þ o . This approachmayturn out to beusefulto fix
theparameter° , which is requiredin orderto determine) from *TS �6+VU�- Q , * Q �6+ Q - decays.

Interestingly, it is possibleto derive boundson ) thatdo notdependon ° at all [118]. To this end,
we eliminate

´
in
¬

through
v
� . If we now treat° asa “free” variable,we find that

¬
takestheminimal

value[114] ¬dÿ���� |����	� 
 � ) � X�
v
�u���� 
 )
�� ����� 
 � ) z (14)

where �g| X� � X �Ku Ö ³ � � ê���� �_¶���� Ö ³ � � ê � with �ë| X � u � ��� ��� ��� � ) ��� � t (15)

Theinequalityin (14)arisesif wekeepboth ° and
´

asfreeparameters[118].
¬ ÿ����

restrictstheallowed
rangefor ) , sincevaluesof ) implying

¬ ������� ¬ ÿ���� areexcluded. In particular,
v
�
�| é would allow

one to exclude a certainrangeof ) around é! or X�½ é! , whereasa measuredvalue of
¬ � X would

excludea certainrangearound " é  , which would be of greatphenomenologicalimportance.The first
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resultsreportedby CLEO in 1997gave

¬ | é tqù ú ¹ é t ¼ é andled to greatexcitement,whereasthemost
recentupdateis theonegiven in (9). If theparameter° is fixed,significantlystrongerconstraintson )
canbeobtainedfrom theobservable

¬
[68, 69]. In particular, theseconstraintsrequireonly

¬ �| X and
arealsoeffective for

¬21 X .
The theoreticalaccuracy of the strategies to probe ) throughthe * Q �e+ Q - , *TS � +VU%- Q

systemis limited both by rescatteringprocessesof the kind * ] � 3$+54Z- ] z +54Z- m�] zÒtÒtÒt76 � + ] -84
[128, 129], which areillustratedin Fig. 37, andby the “colour-suppressed” EW penguincontributions
describedby theamplitude x ���� [121, 129]. In (14), theseeffectsaredescribedby theparameter� . If
they areneglected,wehave �g| X . Therescatteringeffects– it cannotbeexcludedthatthey mayleadto
valuesof � aslargeas 9 Ö é t X ê – canbecontrolledin thecontoursin the ) –° planeandcanbeincluded
in the constraintson ) relatedto (14) throughexperimentaldataon *nQ;: - Q - decays,which are
theU-spincounterpartsof * Q : + Q - [114, 115]. Anotherimportantindicatorfor large rescattering
effectsarethe *TS�: - ] - Y modes,for whichtherealreadyexist strongexperimentalconstraints[130].

An improved descriptionof the EW penguinsis possibleif we usethe generalexpressionsfor
thecorrespondingfour-quarkoperatorsandperformappropriateFierz transformations[114, 120, 129].
Following theselines,weobtain

< � \��>= � w
³ �° \��@?BA � Y �DC | é tqù�ùní é

t ¼ X¬ o í�â � \��>= � z (16)

whereâ � \ �E= � |yâ eff�GF â effã is theratioof certaingeneralized“colour factors”.Experimentaldataon *H:I ? m C + decaysimply â � F â�ã5| 9 Ö é tqu ú ê . A first stepto fix thehadronicparameterâ � \ �>= � experimentally
is providedby themode * ] : + ] +54 [114]; interestingconstraintswerederivedin [69]. For a detailed
discussionof theimpactof rescatteringandEW penguineffectson thestrategiesto probe) with * Q :
+ Q - and *TS8: + U - Q decays,the readeris referredto [114, 115, 68, 131]. In orderto control these
hadronicuncertainties– in additionto thefull experimentalpictureof all *J: +.- , - - decays– also
thetheoreticalapproachfor dealingwith non-leptonicB decaysinto two light mesonsdevelopedrecently
in Ref. [76] mayplayanimportantrôle.

5.12 TheCharged *RQG: + Q - , *nQG: +54�- Q Strategy

Several yearsago,Gronau,RosnerandLondon proposedan SU(3) strategy to determine) from the
chargeddecays* Q : + Q - , + 4 - Q , + 4 + Q [31]. However, aswaspointedout by DeshpandeandHe
[132], this elegantapproachis unfortunatelyspoiledby EW penguins[133], which play an important
rôle in several non-leptonicB mesondecaysbecauseof the large top-quarkmass[15, 16]. Recently,
this approachwasresurrectedby NeubertandRosner[119, 122], who pointedout that in this casethe
EW penguincontributionscanbe controlledby usingonly thegeneralexpressionsfor thecorrespond-
ing four-quarkoperators,appropriateFierz transformations,andtheSU(3)flavour-symmetryof strong
interactions(seealso[120]).

In thecaseof * ] : + ] -84 , +54N- ] , SU(2)isospinsymmetryimpliesvÈÖ * ] : + ] - 4 ê � Ô u vÖ * ] : + 4 - ] ê | ~LK Ö �&�NM ê �àx ���5O t (17)



Thephasestructureof this relationis completelyanalogousto *R]P: + ] - 4 , * 4S : + Y - ] , ascanbe
seenby comparingwith (1) and(2):

�&�NMy| Õ �&�NMgÕ \ ����� ORQ \ ��� z x ��� |y~&Õ x ��� Õ \ ��� ��� t (18)

In orderto probe) , it is usefulto introducethefollowing observables[68]:

¬ Ý w u * Ö * ] : +54Z- ] ê � * Ö * Y : +54Z- Y ê
* Ö * ] : + ] - 4 ê � * Ö * Y : + Y - 4 ê

z (19)

v Ý
4 w u

* Ö *n]S: + 4 - ] ê ~ * Ö * Y : + 4 - Y ê
* Ö * ] : + ] - 4 ê � * Ö * Y : + Y - 4 ê

z (20)

which correspondto
¬

and
v
4 ; generalexpressionscanbe obtainedfrom thosefor

¬
and
v
4 by the

following replacements:

° : ° Ý w Õ � �TMgÕ± Õ xÄÕ � ² z ´ : ´ Ý w ´ µ ] � ~ ´ pq� z x ���� : x ��� t (21)

Usingthepresentlyavailableexperimentalresultsfrom theCLEOcollaboration[117], onefinds

¬ Ý | X tq»º¹ é t ú z v Ý4 | é tq» ú ¹ é tq»$¼
t (22)

The observables
¬ Ý and

v Ý
4 allow one to fix contoursin the ) –° � plane,in completeanalogyto the

*RQU: + Q - , *TSV: + U - Q strategy. However, thecharged *W: +.- approachhascertainadvantages
from a theoreticalpoint of view:X SU(3)flavour-symmetryallows oneto fix theparameter° �ZY Õ ���NMgÕ asfollows [31]:

�&�NM s ~ Ô u i j\[i j S
Ð Ñ
ÐÒÓ
vÖ * ] : + ] + 4 ê z (23)

where° � thusdeterminedis – in contrastto ° – not affectedby rescatteringeffects;presentdata
give ° � | é tqu X ¹ é t é ù . Thefactor ÐÒÑ F ÐÒÓ takesinto accountfactorizableSU(3)breaking.X In thestrictSU(3)limit, we have [119]

< \��>= w x ����&�NM \��@? � � � Y � � O]Q C | é tqù�ùèí é
t ¼ X¬ o z (24)

which does– in contrastto (16) – not involve a hadronicparameter. Takinginto accountfactoriz-
ableSU(3)breakingandusingpresentdatagives < | é tqù�»È¹ é t X ú .

Thecontoursin the ) –° � planemaybeaffected– in analogyto the * Q : + Q - , *TS^: +VU�- Q case–
by rescatteringeffects[68]. They canbetakeninto accountwith thehelpof additionalexperimentaldata
[114, 115, 134], andif we usetheobservable

* Ý4 w
v Ý
4 ~
* Ö *R]G: + ] - 4 ê ~ * Ö * Y : + Y - 4 ê
* Ö * ] : + ] - 4 ê � * Ö * Y : + Y - 4 ê (25)

insteadof
v Ý
4 , the termsof 9 Ö � ê , which describethe rescatteringeffects,aresuppressedby ° Ý [131].

The major theoreticaladvantageof the *R]H: + ] - 4 , + 4 - ] strategy with respectto * Q : + Q - ,
*TS�: + U - Q is that ° � and x ��� F Ö � �UM ê canbefixedby usingonlySU(3)arguments,i.e.noadditional
dynamicalargumentshave to beemployed. Consequently, thetheoreticalaccuracy is mainly limited by
non-factorizableSU(3) breakingeffects. The approachdevelopedrecentlyin [76] may help to reduce
theseuncertainties.
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Let usfinally notethattheobservable
¬ Ý mayalsoimply interestingconstraintson ) [119]. These

bounds,whichareconceptuallyquitesimilar to [118], arerelatedto theextremalvaluesof
¬ Ý thatarise

if wekeeponly thestrongphasé Ý asan“unknown” freeparameter. As theresultinggeneralexpression
is rathercomplicated[68, 131], let usexpandit in ° � [119]. If we keeponly theleading-ordertermsand
make useof theSU(3)relation(24),we obtain

¬ �r� Þ�
sut
� ¯
| X ¹àu ° � Õ ��� � ) ~v<ÀÕ t (26)

Interestingly, thereareno termsof 9 Ö � ê presentin this expression,i.e. rescatteringeffectsdo not enter
at this level [119, 122]. However, FSI processesmay still have a sizeableimpact on the associated
boundson ) . Several strategies to control theseuncertaintieswereconsideredin the recentliterature
[68, 131, 134], andalsotheapproachof Ref. [76] mayshedlight on theseissues.

Unfortunately, the neutralpions appearingin *RQJ: +54Z- Q renerthe charged approachchal-
lengingfrom the experimentalpoint of view. The strategy usingthe neutraldecays*TSw: +54�- f and
*TSd: +VU�- Q to extract ) , which wasproposedin [68], is evenworsein this respect,andwe will not
discussit herein moredetail,althoughit wouldhaveaninterestingtheoreticaladvantageconcerningthe
impactof rescatteringeffects.

5.13 SomeRemarksaboutNew Physics

Since* 4x –* 4x mixing ( <zy 3p{ zk|	6 ) is a“rare” flavour-changingneutral-current(FCNC)process,it is very
likely that it is significantlyaffectedby new physics,which mayactuponthemixing parameters¶Pä x
and ¶�} x aswell ason the CP-violatingmixing phase~ x . Importantexamplesfor suchscenariosof
new physicsarenon-minimalSUSYmodels,left–right-symmetricmodels,modelswith extendedHiggs
sectors,four generations,or � -mediatedFCNCs[10]. Since *TSw: � Fb� - f and * [ : � Fb� ~ – the
benchmarkmodesto measure~�S and ~�[ – aregovernedby current–current,i.e. “tree”, processes,new
physicsis expectedto affect theirdecayamplitudesonly in aminorway. Consequently, thesemodesstill
measure~�S and ~�[ .

In the cleanstrategies to measure) with the help of pure “tree” decays,suchas *�: I - ,
*TSN: I ? m C Q +VU or *�[�: I Q[º-ÆU , new physicsis also expectedto play a very minor rôle. These
strategiesthereforeprovide a “reference”valuefor ) . Since,on theotherhand,the *W: +.- strategies
to determine) rely on the interferencebetweentreeandpenguincontributions,discrepancieswith the
“reference”valuefor ) maywell show up in thepresenceof new physics[135, 136]. If wearelucky, we
mayevenget immediateindicationsfor new physicsfrom *�: +.- decays[137], astheSM predicts
interestingcorrelationsbetweenthe correspondingobservablesasshown in Figs.38 and39. Herethe
dottedregionscorrespondto theCLEOresultsthatwerereportedin 1999[117].

If future measurementsshouldyields resultssignificantlyoutsidethe allowed regionsshown in
thesefigures,we would have anindicationfor new physics.On theotherhand,if we shouldfind values



lying insidetheseregions, this would not automaticallyimply a confirmationof the SM. In this case,
we would be in a positionto extract a valuefor ) by following the strategiesdescribedabove, which
may well leadto discrepancieswith the “reference”valuesfor ) that are implied by the theoretically
clean“tree” strategies,or with the usualfits of the unitarity triangle. In a recentpaper[136], several
specificmodelswereemployedto exploretheimpactof new physicson *H: +.- decays.For example,
in modelswith an extra ��� bosonor in SUSY modelswith broken

¬
-parity, the resultingelectroweak

penguincoefficientscanbemuchlargerthanin theSM, sincethey arisealreadyat treelevel.

Interestingly, the presentexperimentalrangecoincidesperfectlywith the SM region in Fig. 38.
This featureshouldbecomparedwith thesituationin Fig. 39. Unfortunately, thepresentexperimental
uncertaintiesare too large to speculateon new-physicseffects. However, the experimentalsituation
shouldimprove considerablyin the yearsbeforethe startof the LHC. The strategiesdiscussedin the
following subsectionsarealsowell suitedto searchfor new physics.

5.14 ExperimentalStudies

Preliminarystudiesfor thedeterminationof ) usingthe � + decaymodesof B mesonshave beenper-
formedfor theLHCb experiment.As explainedabove, ) maybedeterminedusinganumberof strategies
that involve thefinal states� ] + Y , � 4$+ ] , � ] +54 and � 4$+54 . Experimentallyit is easiestto reconstruct
final stateswhich containchargedparticlesandhave reconstructibledecayvertices.Clearly, therefore,
thestrategy involving � ] + Y and � 4 + ] final statesprovidesthecleanestexperimentalchannelandhas
beenstudiedfirst. Futurework will involve a studyof thefeasibility of reconstructingthe ��] + 4 mode.
A cleanreconstructionof the � 4 + 4 modeis unlikely to bepossibleatLHCb.

Theexperimentalvaluesto bedeterminedarethe ratios
¬

and
v
4 given in (7) and(8) with dif-

fering final statesin numeratoranddenominator. This meansthattheratio of triggerandreconstruction
efficienciesmustbeknown for thesefinal states.This is in contrastto mostCPviolation measurements
wherethesequantitiescancelandwill be an additionalsourceof systematicerror which hasyet to be
investigated.

The principal featuresof the � + decaysusedfor reconstructionarewell separatedverticesand
large impact parameters.The particle identificationprovided by the RICH detectorsis vital for the� ] + Y modeandvery helpful for the � 4$+ ] mode.Theoverall triggerefficienciesfor thetwo channels
arearound30%each,relative to eventsdecayingin theacceptance.Thenet triggerandreconstruction
efficiency is about0.02 for the � ] + Y channeland0.01 for � 4$+ ] . The differenceis mainly due to
the detectoracceptance.With the latestCLEO branchingratio measurementsof

Ö X�½ tquR¹ ú ê í X é Y]�
for � 4$+ ] and

Ö X�½ t ½ ¹K» ê í X é Y]� for � ] + Y [73], theseefficienciesresultin about90,000eventsin the� 4 + ] and175,000eventsin the ��] + Y channelperyear. Thesenumbersareratherpreliminarysincethe
backgroundstudiesarestill in anearlystage,andit mayprove necessaryto tightenthereconstruction-
cuts.

Translatingthesenumbersinto final CPsensitivities is however not trivial. Themeasuredvalues
of theratios

¬
and
v
4 definecontoursin the ° –) planesuchasthosein Fig.35. A valuefor ) canonly be

extractedonce° is known whosevaluemustbedeterminedfrom theory. Experimentalresultsindicating
largerescatteringeffectswhich would imply largeerrorsin ° are,for example,largeCPviolation in the� ]�: � 4 + ] channelor branchingratiosfor

� ]�: �î]�� 4 and
� 4 : ��]�� Y , which arelarger than

expected.Theprecisevalueof ° will have a largeeffect on theexpectederrors.Thereis alsoa four-fold
ambiguityfor thevalueof ) . Figure40 illustratestheerrorsthatmightbeexpectedassumingavaluefor° of é t X�½ ¹ X ép� , for two of thepossiblesolutions.For oneof thesesolutionstheerroris � 2 , whereas
for theotherit is � 7 . Theseuncertaintiesaremirroredin theremainingtwo solutions.

In summary, from thispreliminarystudy, it is expectedthatLHCb will beableto providedetermi-
nationsof theratios

v
4 and
¬

for thestrategy involving � 4$+ ] and � ] + Y final stateswith errorsaround
3%. As explainedabove this cannotsimply betranslatedinto a CPsensitivity. Work on thesepromising
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�

and � � of 3%, and � 10%on � ; arrows indicatethe allowedrangefor � . Theerror on �
from thefirst solutionis ���]  ; thesecondsolutionyields ¡¢¡� �£d�¤£S¥¢¦�  . Notethatfor ourspecificchoiceof input
parameterstheallowedbandfor thesecondsolutionpartially overlapswith thatof thethird one,startingat

�¢�   .
decaysis still underway andwill beextendedto includeastudyof the � ] +54 channel.

5.2 Extracting / fr om 0�§D¨@©pªF1 «¬p®K4v¯ Decays

As we have alreadydiscussedin Sec.3.1, the“gold-plated”mode *TS�:°� Fb� -Äf playsanoutstanding
rôle in the determinationof the * 4S –* 4S mixing phase~�S , i.e. of the CKM angle ± . In this subsec-
tion, we will have a closerlook at the decay *�[²: � Fb� -Äf [61] (seealso[111]), which is relatedto
*TS³:´� Fb� -Äf by interchangingall down andstrangequarks(seeFig. 9), andmayallow aninteresting
extractionof theCKM angle) .
5.21 Theoretical Aspects

In analogyto (2), the *�[µ:¶� Fb� -gf decayamplitudecanbeexpressedasfollows:

vÈÖ * 4[ :¶� Fb� -Äf ê |y~ �  X ~Kâ \����N\���� z (27)

where
 w � � v v �Ý�Ý � v ��p�k� � and â \���� w ¬ o

v jkp�k� �v �Ý�Ý � v ��p�k� � (28)

correspondto (3). It shouldbe emphasizedthat (2) and (27) rely only on the unitarity of the CKM
matrix. In particular, theseSM parametrizationsof the * 4S ? [ C :¶� Fb� -Äf decayamplitudesalsotake into
accountFSI effects,which canbeconsideredaslong-distancepenguintopologieswith internalup- and
charm-quarkexchanges[113].

Comparing(2) with (27), we observe that the “penguin parameter”â � \ ���¸· is doubly Cabibbo-
suppressedin the * 4S :¹� Fb� -gf decayamplitude(2), whereasâ \ ��� enters(27) in a Cabibbo-allowed



way. Consequently, theremay be sizeableCP-violatingeffects in *�[d: � Fb� -Äf , which provide two
independentobservables, Vº ��»�½¼ Ö *�[T: � Fb� -Äf ê and 

ÿ�� ��½¼ Ö *�[¾: � Fb� -gf ê , dependingon the three
“unknowns” â , � and ) , aswell ason the * 4[ –* 4[ mixing phase~ [ . Consequently, in orderto determine
these“unknowns”, we needanadditionalobservable,which is providedby

¿ w X ~ �"�� � Õ  � ÕÕ ÍÕ
� ± } Ö * [ :¶� Fb� - f ê ²± } Ö *TS�:À� Fb� -gf ê ² z (29)

wherethe CP-averageddecayrates
± } Ö *�[�: � Fb� -gf ê ² and

± } Ö *TSw: � Fb� -gf ê ² canbe determined
from the“untagged”ratesintroducedin (32) through

± } Ö * x : Ð ê ² w } x K Ð
Ö é ê Ou t (30)

In (29),we have neglectedtiny phase-spaceeffects,whichcanbeincludedstraightforwardly [61].

SincetheU-spinflavour-symmetryof stronginteractionsimplies

Õ  � ÕN| Õ ËÕ and â � |yâ�z � � |��Zz (31)

we can determine â , � and ) as a function of the * 4[ –* 4[ mixing phase ~�[ by combining
¿

withVº ��»�½¼ Ö *�[v: � Fb� -gf ê and 
ÿ�� ��½¼ Ö *�[L: � Fb� -Äf ê or  A�Á Ö *�[L: � Fb� -gf ê . In contrastto certain

isospinrelations,electroweakpenguinsdo not leadto any problemsin theseU-spin relations. As we
have alreadynoted,the * 4[ –* 4[ mixing phase~�[ | ~{u ´ ) is expectedto benegligible in theSM. It can
beprobedwith thehelpof * [ :Â� Fb� ~ , Sec.4.. Strictly speaking,in thecaseof * [ :¹� Fb� - f , we
have ~�[^: ~{u ´ ) ~ ~ Ñ , where ~ Ñ is relatedto the - 4 –- 4 mixing phaseandis negligible in theSM
(seealsothecommentin Sec.3.1). Sincethevalueof theCP-violatingparameterÃ Ñ of theneutralkaon
systemis very small, ~ Ñ canonly beaffectedby very contrivedmodelsof new physics[62].

Interestingly, thestrategy to extract ) from * [ ? S C :¹� Fb� -Äf doesnot requirea non-trivial CP-
conservingstrongphase� . However, its experimentalfeasibility dependsstronglyon the valueof the
quantity â introducedin (28). It is very difficult to estimateâ theoretically. In contrastto the “usual”
QCD penguintopologies,theQCD penguinscontributing to * [ ? S C :Â� Fb� - f requirea colour-singlet
exchange,as indicatedin Fig. 9 throughthe dashedlines, andare“Zweig-suppressed”.Sucha com-
ment doesnot apply to the electroweak penguins,which contribute in “colour-allowed” form. The
current–currentamplitude

v �Ý�Ý is due to “colour-suppressed” topologies,and the ratio
v jkp�k� � F Ö�v �Ý�Ý �v ��p�k� � ê , which governs â , may be sizeable. It is interestingto note that the measuredbranchingratio

* Ö * 4S : � Fb� -¤4 ê | u * Ö * 4S : � Fb� - f ê | Ö ½ t " ¹ X tqu ê í X é Y]Ä [64] probesonly the combination � Y v � ·Ý�Ý � v ��p ·�k� � of current–currentand penguinamplitudes,andobviously doesnot allow their

separation.It would be very importantto have a bettertheoreticalunderstandingof thequantity â \ ��� .
However, suchanalysesarebeyondthescopeof thisworkshop,andareleft for furtherstudies.Letusnote
thatthemeasured* 4S :Å� Fb� -gf branchingratio implies,if we useU-spinarguments,a *�[Æ:¶� Fb� -Äf
branchingratio at thelevel of uèí X é Y�[ .

Thegeneralformalismto extract ) from * [ ? S C :Å� Fb� -gf decayscanbefoundin [61]. Although
thecorrespondingformulaearequitecomplicated,thebasicideais verysimple:if ~�[ is usedasinput,the
CP-violatingasymmetries º ��»�p¼ Ö *�[�:¹� Fb� -gf ê and 

ÿ�� ��p¼ Ö *�[�:¹� Fb� -Äf ê allow oneto fix a contour
in the ) –â planein a theoretically clean way. Anothercontourcanbe fixed with the help of the U-
spin relations(31) by combiningtheobservable

¿
with 

ÿ�� ��p¼ Ö * [ :Â� Fb� - f ê . Alternatively, we may
combine

¿
with  A�Á Ö *�[�:À� Fb� -Äf ê to fix a third contourin the ) –â plane.Theintersectionof these

contoursthengives) and â . Thegeneralformulaesimplify considerably, if wekeeponly termslinearinâ . Within thisapproximation,we obtain

Ç¢È 
 )ñs ��� 
 ~][ ��
ÿ�� ��½¼ Ö *�[z:¶� Fb� -gf êÖ X ~ ¿ ê���� � ~ [ t (32)
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Let us illustratethis approachby consideringa simpleexample. Assuminga negligible * 4[ –* 4[
mixing phase,i.e. ~�[ | é , and) |yð�ù  , which lieswithin thepresentlyallowed“indirect” rangefor this
angle,aswell as âè|yâ � | é tqu and �Ã|Û� � | » é  , weobtainthefollowing * [ ? S C :¶� Fb� - f observables:

 º ��»�½¼ Ö *�[µ:¶� Fb� -Äf ê | é tqu é z% ÿ�� ��½¼ Ö *�[z:¶� Fb� -gf ê | é tq»�»�z A�Á Ö *�[µ:Å� Fb� -Äf ê | é t " u�z ¿ | é t " ú t (33)

The correspondingcontoursin the ) –â planeareshown in Fig. 41. Interestingly, in the caseof these
contours,we would not have to dealwith “physical” discreteambiguitiesfor ) , sincevaluesof â larger
than1 would simply appearunrealistic.If it shouldbecomepossibleto measure A�Á with thehelpof
thewidthsdifference¶�} [ , thedottedline couldbefixed. In this example,theapproximateexpression
(32) yields )Ís ½ u  , which deviatesfrom the“true” valueof ) | ð�ù  by only 8%. It is alsointeresting
to notethatwe have Vº ��»�½¼ Ö *TS�:À� Fb� -gf ê | ~ é t "�½ � in ourexample.

An importantby-productof thestrategy describedabove is thatthequantitiesâ � and � � allow one
to take into accountthepenguincontributionsin thedeterminationof ~�S from *dSÚ:¶� Fb� -gf , whichare
presumablyvery smallbecauseof thestrongCabibbosuppressionin (2). However, aswe have already
notedin Sec.3.1, theseuncertaintiesarean importantissuefor the LHC becauseof the tremendously
smallexperimentaluncertaintyfor theCP-violating *TS^:Ü� Fb� -Äf observables.Using(31), we obtain
an interestingrelation betweenthe direct CP asymmetriesarising in the modes *TSÝ: � Fb� - f and
*�[Æ:¶� Fb� -Äf andtheirCP-averagedrates:

 º ��»�½¼ Ö *dSÚ:¶� Fb� -gf ê º ��»�p¼ Ö *�[Æ:¶� Fb� -Äf ê s ~
* Ö *�[Æ:¶� Fb� -Äf ê
* Ö *dSÚ:¶� Fb� -gf ê t (34)

Let us notethat an analogousrelationholdsalsobetweenthe CP-violatingasymmetriesin the decays
* Q : + Q - and * Q : - Q - [113, 114].

Beforeturningto theexperimentalfeasibilitystudies,let ussayafew wordsontheSU(3)breaking
corrections.Whereasthesolid curvesin Fig. 41 aretheoretically clean, thedot-dashedanddottedlines
areaffectedby U-spinbreakingcorrections.Becauseof thesuppressionof â � \ ��� · in (2) through

�(�
, these

contoursareessentiallyunaffectedby possiblecorrectionsto (31),andrely predominantlyon theU-spin
relation Õ  � Õr| Õ ËÕ . In the“f actorization”approximation,we have

Õ  � ÕÕ ËÕ ÚìÛ�Ý�Þ |
æ å EG Ñ E Ö ä �Þàß�á ç X Y êæ å EÓ Ñ E Ö ä �Þàß�á ç X Y ê

z (35)



wheretheform factorsæ å EG Ñ E Ö ä �Þàß�á ç X Y ê and æ å EÓ Ñ E Ö ä �Þàß�á ç X Y ê parametrizethequark–currentmatrix

elements
± -¤4 Õ Öãâ ä | êæå Y]ç Õ * 4S ² and

± - 4 Õ Örâ ä { êæå Y]ç Õ * 4[ ² , respectively [106]. Wearenotawareof quantitative
studiesof (35), which couldbeperformed,for instance,with thehelpof sumrule or latticetechniques.
In the light-conesum-ruleapproach,sizeableSU(3)breakingeffectswerefound for *TS�è [ : - m form
factors[35]. It shouldbe emphasizedthat alsonon-factorizablecorrections,which arenot includedin
(35),mayplay animportantrôle. We areoptimisticthatSU(3)breakingwill beunderbettercontrolby
thetime the *�[µ:¶� Fb� -gf measurementscanbeperformedin practice.

5.22 ExperimentalStudies

Both CMS andLHCb have performedpreliminarystudiesof thefeasibility to extracttheCKM angle)
from a measurementof the time-dependentCP asymmetryin the decay *�[�: � Fb� -Úé . From these,
andtheresultspresentedin Sec.3.1,thepotentialof ATLAS mayalsobegauged.

The *�[�:¹� Fb� -³é branchingratio is expectedto beat the level of u�t é í X é Y�[ , seeSec.5.21,
comparedto

Ö ¼
t ¼ ú ¹ é tqù ê í X é Y]Ä [64] for *TS�:¶� Fb� -Úé . The *�[ productionrateis 30%of the * 4S rate.
Assumingthe sameselectionprocedureasusedin the *dSG: � Fb� - é analysis,the * [ : � Fb� - é
event yield will thereforebe 1/74 that of the * 4S yield. Experimentallythe isolationof theseeventsis
challenging,dueto thelargecombinatorialbackgroundandtheclose * 4S peak,only 90 ê�ëkì Fp� � away.

CMS have developeda selectiontailored to *�[G: � Fb� -Úé decays.The combinatorialback-
groundcanbeheavily suppressedwith a lower í µ -cutof X t úî ëkì Fp� onthepionsfrom the � 4 f decays,A
S/B ratio of s é t ú canbeachieved,with aneventyield of 4100eventsperyear. Themassresolutionis
betterthan � u é ê�ëkì Fp� � andthussufficient to separatetheeventsfrom * 4S decays.Thereconstructed
masspeakscanbeseenin Fig. 42(a).

LHCb have not yet investigatedcutsspecificto *�[�:À� Fb� -Úé . As canbeseenfrom Fig. 42(b),
thestandard*dSï:´� Fb� -³é selectionresultsin a combinatorialbackgroundwhich is anorderof mag-
nitudeabove the *�[V:ð� Fb� -³é signal. Furtherwork will improve theselectionto suppressthis con-
tamination. The invariantmassresolutionis betterthan X é ê�ëkì Fp� � , so that the

� 4º and
� 4ñ peaksare

cleanlyseparated.

Thesestudiesindicatethata measurementof theCPasymmetryin *�[�:�� Fb� -³é is feasibleat
theLHC, sothat ) canbeextractedfrom thatdecay. For theparameter-setconsideredin Sec.5.21,CMS
estimatethataprecisionof �Û"  is achievablein 3 yearsoperation.
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5.3 Extracting 7 fr om 8 ©!¨æ§Dª.9 :<;©!¨æ§Dª :>=©p¨@§Dª Decays

Usually, ?A@CB DFE@ DHG@ decaysappearin the literatureasa tool to probethe ?JI@ –? I@ mixing phaseK1@
[4, 5, 6]. In fact, if penguinsplayeda negligible rôle in thesemodes,KL@NMPORQ could be determined
from thecorrespondingmixing-inducedCP-violatingeffects.However, penguintopologies,which con-
tain alsoimportantcontributionsfrom FSI effects,maywell besizeable,althoughit is very difficult to
calculatethemin a reliableway. The strategy discussedin this subsectionmakesuseof the penguin
topologies[61], allowing oneto determineS , if theoverall ?A@TBUD E@ D G@ normalizationis fixedthrough

theCP-averaged,i.e. “untagged” ?AVWBXD EV D GV rate,andif the ?YI@ –? I@ mixing phaseKL@ is determined
separately, for instancewith thehelpof the“gold-plated”decay?A@TBUZ\[R]6^H_ . It shouldbeemphasized
thatno `ba4Vdc oscillationshave to beresolvedto measuretheuntagged?AVJBeD EV D GV rate.

5.31 Theoretical Aspects

Thedecays?YI@gf VRh BiD E@gf VRh D G@gf Vjh aretransitionsinto a CPeigenstatewith eigenvalue kTl andoriginate

from m noB mp\p mqsr mtvu quark-level decays.Wehave to dealwith bothcurrent–currentandpenguincontribu-
tions,ascanbeseenin Fig. 43. In analogyto (2) and(27), thecorrespondingtransitionamplitudescan
bewrittenasfollows:

w r ? IV BUD EV D GV u M l.x
y{z
O

|}�~ l�k
y�z

lox y z
|� ~��������� ����� �

(36)

w r ? I@ BUD E@ D G@ u M�x y |} l.x |� � � �� � ��� � (37)

wherethe quantities
|}
,
|} ~

and
|� � � �� , |� ~ � � �� � take the sameform asfor ? V f�@ h B Z\[R]6^H_ . In contrast

to the decays? V f�@ h B Z�[R]�^ _ , thereare“colour-allowed” current–currentcontributions to ? @gf VRh B
D E@gf VRh D G@gf Vjh , aswell ascontributionsfrom “exchange”topologies,andtheQCD penguinsdo not require
acolour-singletexchange,i.e. they arenot “Zweig-suppressed”.

Sincethe phasestructuresof the ? I@ B D E@ D G@ and ? IV B D EV D GV decayamplitudesarecom-
pletelyanalogousto thoseof ?YIV B�Z\[R]�^�_ and ?JI@ BXZ\[R]�^�_ , respectively, theapproachdiscussed
in theprevioussubsectioncanbeappliedaftera straightforward replacementsof variables.Neglecting
tiny phase-spaceeffects,whichcanbetakeninto accountstraightforwardly (see[61]), we have

|� M l.x y zy z
� |} ~ �
� |} �

z���� r ?A@TB�D E@ D G@ ud���� r ?sVYBUD EV D GV ud�
�

(38)

wheretheCP-averagedratescanbedeterminedwith thehelpof (30). The ? @gf VRh BUD E@gf Vjh D G@gf Vjh counter-
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partto (32) takesthefollowing form:

¯g°R± S6²´³
µ ± K1@�x }�¶¸·º¹»½¼ r ?A@TBUD E@ D G@ ur l�x |� u¿¾ÁÀ ³ KL@

�
(39)

wherethedifferentsignof themixing-inducedCPasymmetryresultsfrom thedifferentCPeigenvalues
of the ?A@TBeD E@ D G@ and ? V BeZ\[R]�^ _ final states.

Let us illustratethe strategy to determineS , againby consideringa simpleexample. Assuming|� M |� ~ MÃÂÅÄÆl , |Ç M |Ç ~ MÈOÅlÅÂÊÉ , SËMÈÌÅÍÊÉ anda ?YI@ –? I@ mixing phaseof K1@�MÈORQÎMÈÏÅÐÊÉ , we obtainthe
following observables:

}�Ñ ·ºÒ»½¼ r ?s@�BUDHE@ DFG@ u M>xTÂÅÄÆÂÅÓÅO � } ¶¸·º¹»½¼ r ?A@�BUDFE@ DHG@ u M>ÂÅÄÆÔÅÔ and
|� M>lÅÄÆÂÅÏÅÄ (40)

In this case,studiesof CPviolation in ?A@�BÕZ\[R]�^�_ would yield ³
µ ± r ORQ u MÈÂÅÄÆÔ , which is thecentral

valueof themostrecentCDFanalysis[63], implying ORQÖM>ÏÅÐÊÉ or ORQÖM>lÅÔÅÂÊÉ×x�ÏÅÐÊÉAM>lÅOÅÌÊÉ . Thistwofold
ambiguitycanberesolvedexperimentally, for example,by combining ?AVJB�Z�[R]�K with ?s@WBeZ\[R]HØ I
[93] (for alternatives,see[95]), asnotedin Sec.4.. In this example,we obtainthecontoursin the S –

|�
planeshown in Fig.44. Sincevaluesof

|� M>Ù r l u appearunrealistic,wewouldobtainasingle“physical”
solutionof ÌÅÍÊÉ in this case.Theapproximateexpression(39)givesSÚ²>ÌÅÂÊÉ .

As in the ? V f�@ h BUZ\[R]6^H_ case,only thecontoursinvolving theobservable
|�

, i.e. thedot-dashed
lines in Fig. 44, are affectedby SU(3) breakingcorrections,which are essentiallydue to the U-spin
breakingcorrectionsto

� |} ~ � M � |} � . Within the“f actorization”approximation,wehave

� |} ~ �
� |} � Û�ÜdÝßÞ ²

r a4à « x�a4á « u aÚà « a4á « r�â Vãk®l ur aÚà / x®a4á / u a4à / aÚá / r�â @.k®l u
ä á «½å V r�â V uä á / å @ r�â @ u

�
(41)

wheretherestrictionsfrom heavy-quarkeffective theoryon the ?AæTBçDèæ form factorshave beentaken
into accountby introducingappropriateIsgur–Wise functionså æ r�â æ u with

â æ Méa àëê [ r OÅa áìê u [138].
Studiesof the light-quarkdependenceof the Isgur–Wise functionwereperformedwithin heavy-meson
chiral perturbationtheory, indicatingan enhancementof å Vg[ å @ at the level of ÏÅí [139]. Applying the
sameformalismto

ä á « [ ä á givesvaluesat the1.2 level [140], which is of thesameorderof magnitude
astheresultsof recentlatticecalculations[141]. Furtherstudiesareneededto geta betterpictureof the
SU(3) breakingcorrectionsto the ratio

� |} ~ � [ � |} � . Since“f actorization”may work reasonablywell for?AæJBeD Eæ D Gæ , theleadingcorrectionsareexpectedto bedueto (41).



Theexperimentalfeasibilityof thestrategy to extract S from ? @gf Vjh BUD E@vf Vjh D G@gf VRh decaysdepends
stronglyon thesizeof thepenguinparameter

|� , which is difficult to predicttheoretically. Thebranching
ratio for ?YI@ B D E@ D G@ is expectedto be aroundî�ïðlÅÂ GLñ level [138]; the onefor ?YIV B D EV D GV is
enhancedby lÅ[ y z ²>OÅÂ , andcorrespondinglyis expectedat the ÔWï6lÅÂ GLò level.

5.32 ExperimentalStudies

LHCb have conducteda preliminaryfeasibility studyof this analysis,consideringthemodeswheretheD decaysto ^�óôó andthe DèV to ^6^�ó . For the ?AVÚB DèVõDèV decay, only the total rate is required,
which is advantageousexperimentallyasit is neithernecessaryto resolve therapidoscillations,nordoes
flavour taggingreducethe alreadysuppressedyield in ? V events. The observables

} ¶¸·º¹»Å¼ and
} Ñ ·ºÒ»Å¼ are

extractedfrom a fit to the time-dependentCP asymmetryfor ?öB DHD decays.For this channelit is
thereforenecessaryto obtainthedecay-timeof theeventandto flavour tagthedecays.Thisanalysisthus
relieson all the fortesof the LHCb detector, namelythe specializedtrigger, the particle identification
capabilityandtheprecisevertexing.

Thefinal statesfor bothdecaysconsistof six hadrons,sothatthehadrontriggeris vital andmust
beefficientfor thelow valuesof ÷�ø , whichresultfrom thelargefinal-statemultiplicity. Thevertex trigger
is particularlyefficient for thesechannelsastherearetwo verticescontainingthreetracks( D vertices)
to be triggeredon in eachdecay. The particle identificationinformation from the RICH detectorsis
importantfor background-suppression andto eliminatereflectionsfrom ^6^�ó to ^�óôó andviceversa.

Theanalysisis at a preliminarylevel andstill underway, but thefirst resultslook promising.The
triggerefficienciesfor bothchannelsarefoundto bearound25%for eventsdecayingwithin theaccep-
tance.Thereconstructionreliesprincipally on requiringwell separatedsecondaryvertices,appropriate
invariant massesand ÷�ø -cuts. Reconstructionefficienciesfor the B and ?AV of about30% have been
found. Using productbranchingratios ? r ?ùBÕú u ïË? r ú B û u of ÐÅÄÆÍ�ïðlÅÂ GLü for ?ùB D�D andÐÅÄÆOoï�lÅÂ GLñ for ?AV.B�DèVgDèV givesaboutÐoï�lÅÂ ü eventsperyearfor ?´BUDHD , afterflavour tagging,andlÅÄÆÓýï�lÅÂ ü eventsperyearfor ?AVèBþDèVgDèV . Theseestimateshave beenobtainedby studyingsignalMC
simulationsonly. A studyof theeffect of backgroundsis currentlyunderway. TheerrorsachievableonS dependon thespecificvaluesof S and Q . For S�MÿÌÅÏÊÉ andQ®MÿÏÅÂÊÉ , anerrorof about lÊÉ is expected.
It shouldbeemphasizedthat thesenumbersarepreliminary, but it seemsthat thepotentialof LHCb in
thispromisingchannelis good.

5.4 A SimultaneousDetermination of � and 7 fr om 8�� 9 � ; � = and 8�� 9 � ; � =
In this subsection,we combinethe CP-violatingobservablesof the decay ?A@4BÕó E ó G with thoseof
the transition ?AVbB ^ E ^ G , which is theU-spin counterpartof ?A@FB ó E ó G . Following theselines,
a simultaneousdeterminationof KL@�MÃORQ and S becomespossible[110]. This approachis not affected
by any penguintopologies– it rathermakes useof them – and doesnot rely on certain“plausible”
dynamicalor model-dependentassumptions.Moreover, FSI effects,which led to considerableattention
in therecentliteraturein thecontext of thedeterminationof S from ? B óã^ decays(seeSec.5.1),do
not leadto any problems,andthe theoreticalaccuracy is only limited by U-spinbreakingeffects. This
strategy, which is furthermorevery promisingwith regardto thesearchfor indicationsof new physics
[137], is conceptuallyquitesimilar to theextractionsof S with thehelpof thedecays? V f�@ h BþZ\[R]�^�_
and ? @gf Vjh BUD E@vf Vjh D G@gf VRh discussedin Secs.5.2and5.3,respectively (seealso[111]).

5.41 Theoretical Aspects

As canbeseenfrom Fig. 12, ?A@TBöó E ó G and ?AV.BU^ E ^ G arerelatedto eachotherby interchanging
all down andstrangequarks,i.e. they areU-spin counterparts.If we make useof the unitarity of the
CKM matrix andapply thegeneralizedWolfensteinparametrization,includingnon-leadingtermsin

y
,



the ? I@ Bùó E ó G decayamplitudecanbeexpressedasfollows [110]:

w r ? I@ Böó E ó G u M ������� l�x q � � � � G ��� � (42)

where �
	 y ò w��� w��ÝßÝ k w��������� � q � � � 	 l��
w�� ������w �ÝßÝ k w �������� (43)

with
w �������� 	 w ������ x w ������ . In analogyto (42),we obtainfor the ? IV BU^ E ^ G decayamplitude

w r ? IV BU^ E ^ G u M ����� y �\~ lok l�x y zy z q ~��� � � � G ��� �
(44)

where � ~ 	 y ò w���
l�x y z [ÅO

w�� �ÝßÝ k w���� ������ and
q ~ � � � � 	 l��

w � � ������w � �ÝßÝ k w ��� ������ (45)

correspondto (43). Thegeneralexpressionsfor the ?s@HBeó E ó G and ?AV�Bi^ E ^ G observables(24)
and(25) in termsof theparametersspecifiedabove canbefoundin [110].

Since ?A@CB ó E ó G and ? V B ^ E ^ G arerelatedto eachotherby interchangingall down and
strangequarks,theU-spinflavour-symmetryof stronginteractionsimplies

q ~ M q and
Ç ~ M Ç Ä (46)

If we assumethat the ?YIV –? IV mixing phaseK1V is negligible, or that it is fixed through ?AV B Z\[R]�K ,
the four CP-violatingobservablesprovided by ?s@ Bçó E ó G and ?sV�B ^ E ^ G depend– in thestrict
U-spin limit – on the four “unknowns”

q
,
Ç
, K1@FM�ORQ and S . We have thereforesufficient observables

at our disposalto extractthesequantitiessimultaneously. In orderto determineS , it sufficesto consider}�¶ ·º¹»½¼ r ?AVTB ^ E ^ G u andthedirectCPasymmetries
} Ñ ·ºÒ»½¼ r ?AVèBç^ E ^ G u , } Ñ ·ºÒ»½¼ r ?A@�B ó E ó G u . If we

make use,in addition,of
} ¶ ·º¹»½¼ r ?s@�B ó E ó G u , K1@ canbedeterminedaswell. Thefull formulaeneeded

to implementthisapproachcanbefoundin [110].

Theuseof theU-spinflavour-symmetryto extract S canbeminimized,if we usenotonly KLV , but
alsothe ?YI@ –? I@ mixing phaseKL@ asaninput. Then,theCP-violatingobservables

} Ñ ·ºÒ»½¼ r ?A@bBUó E ó G u ,}�¶ ·º¹»½¼ r ?A@FB�ó E ó G u and
} Ñ ·ºÒ»½¼ r ?sV Bi^ E ^ G u , }ý¶¸·º¹»½¼ r ?AV Bi^ E ^ G u allow oneto fix contoursin theS –

q
andS –

q ~
planesin a theoretically cleanway. In orderto extract S andthehadronicparameters

q
,
Ç
,Ç ~

with thehelpof thesecontours,theU-spinrelation
q ~ M q is sufficient. Let usillustratethisapproach

for aspecificexample:

} Ñ ·ºÒ»½¼ r ?A@TBöó E ó G u M�kTORî í �Ú} ¶¸·º¹»½¼ r ?s@�Böó E ó G u M kAî Ä î í �} Ñ ·ºÒ»½¼ r ?AV.BU^ E ^ G u M�xTlÅÌÅí �Ú}�¶¸·º¹»½¼ r ?sVJBU^ E ^ G u M xTOÅÔÅí � (47)

correspondingto the input parameters
q M q ~ MÈÂÅÄÆÐ , Ç M Ç ~ MÃOÅlÅÂÊÉ , KLVýM Â , KL@�MÃÏÅÐÊÉ and S®MÃÌÅÍÊÉ .

In Fig. 45, thecorrespondingcontoursin the S –
q

and S –
q ~

planesarerepresentedby thesolid anddot-
dashedlines,respectively. Their intersectionyieldsa twofold solutionfor S , givenby ÏÅlÊÉ andour input
valueof ÌÅÍÊÉ . Thedottedline is relatedto

^ 	 x l�x y�zy z
} Ñ ·ºÒ»½¼ r ?A@TBöó E ó G u} Ñ ·ºÒ»½¼ r ?AV.BU^ E ^ G u

�
(48)

which canbecombinedwith themixing-inducedCPasymmetry
} ¶¸·º¹»½¼ r ?AV Bi^ E ^ G u throughtheU-

spin relation(46) to fix anothercontourin the S –
q

plane. Combiningall contoursin Fig. 45 with one
another, we obtainasinglesolutionfor S in thisexample,which is givenby the“true” valueof ÌÅÍ É .
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It shouldbe emphasizedthat the theoreticalaccuracy of S andof the hadronicparameters
q
,
Ç

and
Ç ~

is only limited by U-spinbreakingeffects. In particular, it is not affectedby any FSI or penguin
effects.A first consistency checkis providedby

Ç M Ç ~ . Moreover, we maydeterminethenormalization
factors

�
and
� ~

of the ?YI@ B ó E ó G and ?YIV BX^ E ^ G decayamplitudes(see(42) and(44)) with the
helpof thecorrespondingCP-averagedbranchingratios.Comparingthemwith the“f actorized”result

� ~� Û ÜdÝßÞ M ä&%
ä&' ( à « % r a z%*) Â E u( à / ' r a z' ) Â E u

a zà « x®a z%
a zà / x�a z'

�
(49)

we have anotherinterestingprobefor U-spinbreakingeffects.Interestingly, therelation

q ~� � ��� M q ��� � (50)

is notaffectedby U-spinbreakingcorrectionswithin acertainmodel-dependentapproach(amodernized
version[15, 142] of the“Bander–Silverman–Sonimechanism”[143]), which relieson thefactorization
approximationto estimatetherelevanthadronicmatrix elements[110]. Althoughthis approachappears
rathersimpleandmaybeaffectedby non-factorizableeffects,it strengthensour confidenceinto theU-
spin relationsusedfor the extractionof Q and S from the decays?A@ÖB ó E ó G and ?AV�B ^ E ^ G .
Furthertheoreticalstudiesalongthe lines of Ref. [76] to investigatetheU-spin breakingeffectsin the?A@ B ó E ó G , ? V Bç^ E ^ G systemwould bevery interesting.In orderto obtainfurtherexperimental
insights,the ?s@ÖB Ø E Ø G , ?sV6B ^,+ E ^
+ G systemwould be of particularinterest,allowing one to
determineS togetherwith themixing phasesK1@ and K V , andtestsof several interestingU-spinrelations
[93].

Sincepenguinprocessesplay an importantrôle in thedecays?AVbB ^ E ^ G and ?A@FB ó E ó G ,
they may well be affectedby new physics– which likewise appliesto the determinationof S , where
furthermoretheunitarityof theCKM matrixis employed. Interestingly, theSM impliesaratherrestricted
region in thespaceof theCP-violatingobservablesof the ? V B ^ E ^ G , ?A@FBþó E ó G system[137],
which is shown in Fig. 46. A future measurementof observableslying significantly outsideof the
allowed region shown in this figurewould bean indicationfor new physics.Sucha discrepancy could
eitherbe dueto CP-violatingnew-physicscontributionsto ? IV –? IV mixing, or to ?A@ B ó E ó G , ?sV�B^ E ^ G decayamplitudes.Theformercasewouldalsobeindicatedsimultaneouslyby largeCP-violating
effects in the mode ?AV4B Z\[R]6K , which would allow us to extract the ? IV –? IV mixing phaseK1V (see
Sec.4.). A discrepancy betweenthemeasured?s@�B ó E ó G , ?AV Bþ^ E ^ G observablesandtheregion
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correspondingto thevalueof K1V from ?AVWB Z\[R]YK would thensignalnew-physicscontributionsto the?A@NB ó E ó G , ?AV4B ^ E ^ G decayamplitudes.On the otherhand,if ?AV6B Z\[R]�K shouldexhibit
negligible CP-violatingeffects,any discrepancy betweenthe ?A@bB ó E ó G , ? V BÕ^ E ^ G observables
andthevolumeshown in Fig. 46 would indicatenew-physicscontributionsto thecorrespondingdecay
amplitudes. If, however, the observablesshould lie within the region predictedby the SM, we can
extract a value for the CKM angle S by following the strategy discussedabove, which may well be
in disagreementwith thoseimplied by theoreticallycleanstrategiesmakinguseof pure“tree” decays,
therebyalsoindicatingthepresenceof new physics.

5.42 ExperimentalStudies

It wasdemonstratedin Sec.3.22 that the LHC experimentscanexpect large event yields in the two-
body decay _ IÑ B ó E ó G . With an appropriatelymodifiedselection,similarly high statisticscanbe
accumulatedin _ I` B a E a G . The excellent propertime resolutionof the experimentsthen allows_ I` oscillationsto be distinguished,andthe CP asymmetrycoefficients to be measured.By usingthe
relationspresentedabove, the _ IÑ BPó E ó G and _ I` Bba E a G observablescanbeusedto cleanlyextract
CP phases,most interestinglytheangle S . The potentialof this approachhasbeeninvestigatedby all
threeexperiments.

Event Yieldsand Asymmetry Sensitivity

Apart from the final requirementson the bestparticle-hypothesisand the invariant massof the two
candidatetracks,theCMS andLHCb isolationof _ I` Bca E a G eventsis identicalto the _ IÑ B ó E ó G
selectiondescribedin Sec.3.22. After flavour tagging,LHCb expectsan annualyield of 4.6 events,
with a contaminationfrom other two-bodymodesof 15%. The equivalentnumbersfor CMS are960
and540respectively, assumingthedE/dxbasedselection.As explainedpreviously, ATLAS favoursan
approachwheretheasymmetryof all selectedtwo-bodyeventsis fitted simultaneously. In this sample,
1.4k _ I`TBba E a G eventsareexpectedwithin theone d masswindow.

Theprecisionof thefittedthe _ I` Bba E a G CPparameters
}ý¶¸·º¹e 3 e 5 and

} Ñ ·ºÒe 3 e 5 dependsnotonly
on theeventyields,but alsoon thevalueof `gf V , whichgovernstherapidityof the _ I` –? IV oscillations.
Table17 shows the precisionexpectedfor threedifferent valuesof `gf V after an extendedperiodof
running. The uncertaintiesfor oneyear’s runningscalein the expectedstatisticalmanner, except that



`gf V�hpsGKi�j ATLAS CMS LHCb

15 0.09 0.10 0.034
20 0.13 0.13 0.047
30 / 0.33 0.068

Table17: Expectedsensitivities for the k -l 0nm.3!m 5 CP

asymmetrycoefficients oqpsr tu�vXuxw and oqyzr {u�vXuxw for 3 (AT-

LAS/CMS) and5 (LHCb) years’datataking,for different

valuesof |Z} « and |�~ «[�*� .

`gf V�h psGKi�j 1 year Extendedrunning

15 3.7É 1.9É
20 4.8É 2.4É
30 7.4É 3.4É

Table18: Expectedsensitivities for the unitarity triangleangle¦ for the k[�y�� ���!�<� / k[�l � m4�xmg� analysisfor LHC run-

ning afteroneyearand3 (ATLAS/CMS) / 5 (LHCb) years,asa

functionof |Z} « andfor theparameter-setspecifiedin thetext.

ATLAS andCMSretainno sensitivity for `gf V.M>ÐÅÂ psGKi with thesmallerdata-set.

Sensitivity to the CP Violating Phases

Thesensitivity to which S canbedeterminedhasbeenstudiedby all threeexperiments,assumingthat
the _ I` B a E a G and _ IÑ B ó E ó G asymmetriesbe known to the precisiongiven in Tabs.17 and
9, respectively. With the scenariogiven in the previous subsection(

q M q ~ M ÂÅÄÆÐ , Ç M Ç ~ M OÅlÅÂÊÉ ,K1V M Â , K1@ÚMöÏÅÐ É , S M ÌÅÍ É and `gf VFM lÅÏ psGKi , ` � VHM Â andassumingan uncertaintyof 1% on

³
µ ± r ORQ u M ³

µ ± r K1@ u ), the sensitivity after oneyearat LHC is d � M ÐÅÄÆÌÊÉ , if theconstraints
q M q ~

andÇ M Ç ~
areapplied. It improves to d � MùlÅÄÆÓÊÉ after 5 years. Table18 shows how theseuncertainties

increasewith `gf V . In theconsideredrangeof parameters,thesensitivity is clearlyimpressive.

To give an indicationon how thesensitivity dependson thescenario,Fig. 47 shows theultimate
sensitivity for 5 yearsof LHC, in thescenariogivenabove but asa functionof the truevalueof S andÇ M Ç ~

. For most valuesof S and
Ç
, the sensitivity to S is betterthan î É , except in regions aroundSÚM ÓÅÂ É andS�M>OÅÂ É . Thesensitivity dependssignificantlyon theassumedvalueof

q M q ~ : it decreases
(increases)by a factorof two if

q M q ~K� Â (
q M q ~ M>ÂÅÄÆÏ ).

Thenumberof thedegreesof freedomis large enoughto allow oneto relaxoneof the two con-
straints

q M q ~ and
Ç M Ç ~ . This approximatelydoublestheuncertaintyon S , but allow oneto checkthe

U-spinflavour-symmetryrelations
q M q ~ and

Ç M Ç ~ . Figure47 shows thata typical precisionof lÅÏÊÉ
on
Ç x Ç ~ and0.1on

q x q ~ canbereached,but in regionsthatarelargely disjoint in
Ç
. Thesenumbers

alsoindicatethelevel to whichU-spinsymmetrymusthold in orderto improve theestimateof S without
biasingit.

5.5 Conclusions

Thanksto theirhighyield in two-bodydecaysandgoodpropertimeresolution,theLHC experimentsare
well suitedto performingacombinedanalysisof _ IÑ Bùó E ó G and _ëI` B�a E a G . Thisanalysisoffersa
powerful andpreciseway to determinetheangleS in amannersensitive to new-physicscontributions.

6. SYSTEMATIC ERROR CONSIDERATIONS IN CP MEASUREMENTS 10

6.1 Intr oduction

The excellentstatisticalprecisionexpectedin many CP-violationmeasurementsat the LHC demands
that therebe good control of systematicuncertainties. The challengesposedby hadroniceffects in
interpretingcertainobservablesarediscussedelsewherein this chapter;here,biasesfrom experimental
factorsandinitial stateasymmetrieswill beconsidered,andpossiblecontrolstrategiesexamined.

10Sectioncoordinators:R. FleischerandG. Wilkinson.
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Fig. 47: Sensitivity of fits to theLHC combinedk[�y � �[��K� and k��l � m4�!mg� samples.



6.2 Sourcesand Categoriesof SystematicBias

CPmeasurementsrequirethereconstructionof afinal state,andfrequentlythetaggingof theinitial state
flavour. Time-dependentrates,or branchingratios, are then combinedinto asymmetriesfrom which
CKM phasescanbeextracted.Thesemeasurementsareinherentlyrobust, in that to first orderexperi-
mentalunknowns will cancelor canbe assumedto be the samefor all processesunderconsideration.
However, certaincharge- andflavour-dependenteffectsmayexist, which canindeedbiasthemeasure-
ment:®

Production asymmetries
As explainedin theChapteron n production[47], theinitial fractionof n and m n hadronsat theLHC
is not expectedto beidentical. A productionasymmetrywill exist, andthis asymmetrywill vary
asa functionof rapidity and÷�ø , reachingvaluesof severalpercent.Furthermore,this asymmetry
canbedifferentfor eachhadronspecies.In this section,thefractionsof _Z¯Ñ � _ ¯Ñ � _�¯` � _ ¯` � _¬° and_¬± mesonspereventaredenotedby

ä ¯ � ä ¯ � ä V � ä V � ä ° and
ä ± .®

Taggingefficiency
All methodsof flavour taggingrely on measuringthe charge of oneor moreselectedtracks. If
the trackreconstructionefficiency, or particleassignment(for leptonor kaontags),hasa charge-
dependence,thena differencein the taggingefficiency for n and m n hadronswill result. Sucha
dependenceis certainly possible,for instancein LHCb wherepositive and negative tracksare
preferentiallysweptby thedipole to differentareasof thedetector. Furthermore,anasymmetric
taggingefficiency candevelop from effectssuchasa differencein interactioncross-sectionsforaN° and aB± . Thetaggingefficiency for B and mB mesonswill bedenotedby ² and ² .®
Mistag rate
Assumingaflavour taghasbeenperformed,theprobabilityof thattagbeingcorrectcanalsohave
a flavour-dependence. For instancein a leptontag,differentreconstructedmomentumspectrafor³ ° and

³ ± areconceivable.Thesewill resultnot only in differentefficiencies,but alsoin different_µ´�¶ puritiesfor thetwo samples.Themistagratesfor B and mB mesonswill berepresentedby ·
and· .®
Final stateacceptance
Clearly, in any measurementwheredifferentfinal statesarebeingcompared,the relative trigger
andreconstructionefficienciescanbedifferent.However, evenif theasymmetryinvolvesasingle
topologyin the final state,the efficiency may differ for the charge-conjugatecase,for the same
chargeacceptancereasonsasexplainedabove.

Backgroundis obviously anadditionalsourceof possiblebias,andwill requirecarefulattention.How-
ever, this is aproblemcommonto mostphysicsmeasurements,andthereforeis notconsideredhere.

Theseeffectswill have differentconsequencesfor eachcategory of measurement.The present
discussionfocuseson measurementsinvolving decaysinto CPeigenstates,suchas _ ¯Ñ ´¹¸�[R]Ua ¯ _ . Here
the observed asymmetry

}»ºz¼ ` r c u is constructedfrom the numberof flavour-tagged _�¯ and _ ¯ decays
into ¸�[R]Ua ¯ _ , asa functionof propertime. Allowing for thefactorsconsideredabove,

} ºz¼ ` r c u is related
to thetruedecaydistributions

� Þ Ò¾½ �¿ �6À ¿ �ÂÁ�Ã6ÄzÅ e � Æ asfollows:

} ºz¼ ` r c u M
r l�x®O¥· u �

Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ
r c u x Ç � ÈÇ �OÈ

r l�x®O · u �
Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ

r c u
� Þ ÒÉ½ �¿ �y Á¬Ã6ÄzÅ e � Æ

r c u k Ç � ÈÇ ��È
� Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ

r c u Ä (1)

Assumingthat the flavour-dependenteffects in taggingandproductionaresmall,
}*ºz¼ ` r c u is relatedto

thetruephysicsasymmetry

w �ËÊ6Ì r c u M
� Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ

r c u x �
Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ

r c u� Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ
r c u k �

Þ Ò¾½ �¿ �y Á�Ã6ÄzÅ e � Æ
r c u
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Fig. 48: Invariantmassdistributions(openhistograms)for kÔÓ �ÖÕ&×�Ø m Ó (left) and k �yÙ�WÕ&×�Ø m �ÛÚ (right) with superimposed

estimatedbackgroundcontributions(shadedhistograms)atATLAS after3 yearsof running.

Channel ATLAS CMS LHCb_¬Ü
´b¸�[R]UaBÜ 1700k 5100k 880k_ ¯Ñ ´�¸�[R]Ua ¯�+ 880k 2900k 800k_Z¯` ´¹Ý ` ó 3.5k 4.5k 86k

Table19: Untaggedannualevent yields in selectedcontrol channels.The ATLAS numbersassumea level-2 trigger muon

thresholdof 3GeV [56].

asfollows:

} ºz¼ ` r c u ² r l�x®O¥· u w �ËÊ6Ì r c u x l
O

ä ¯ ²ä ¯ ² x®l
r l�x w �¥Ê Ì r c u z u x ·Nx ·

l.x®O¥· r l�x w �ËÊ6Ì r c udu Ä (2)

In theabsenceof productionor taggingasymmetries,thisreducesto thewell known expression
} ºz¼ ` r c u Mr lýx O¥· u } �ËÊ6Ì r c u . Even here,therefore,the extractionof

} �ËÊ6Ì r c u requiresthat the mistagrate · be
known. In themoregeneralcaseit is alsonecessaryto know

ä ¯ [ ä ¯ , ² [² and · x · . Notebecausethere
is only a singlefinal stateinvolved, thereis no dependenceon any acceptance.In the following, we
considerstrategiesto determinethetaggingandproductionfactors.

6.3 Useof Control Channels

6.31 IntroductionandEventYields

Severalchannelsareusefulfor controllingsystematicbiasesof thetypeconsideredabove. Threewhich
arediscussedhereare _ Ü ´@¸{[R]ga Ü , _ ¯Ñ ´@¸{[R]Ua ¯�+ and _ ¯` ´@Ý ` ó . TheLHC experimentsexpect
significanteventyieldsin thesemodes,asisshown in Tab. 19,with background-levelswell undercontrol.
Sampleinvariantmassdistributionsfor _¬Ü
´b¸{[R]gaBÜ and _Z¯Ñ ´�¸�[R]Ua¬¯�+ areshown in Fig. 48.

Hereanapproachis presentedwhich shows how any flavour-dependenttagging-effectsandpro-
ductionasymmetriesmay be determinedfrom thesechannelsalone. This is to demonstratethe power
of the availableconstraints.In practiceit is envisagedthat a combinationof thesechannels,MC, and
detaileddetectorcross-checkswill be used. An exampleof the latter is the intentionof LHCb to take
data-setswith swappeddipolepolarity, therebyconstrainingany charge-acceptancesystematics.

6.32 _¬Ü
´b¸{[R]gaBÜ
By reconstructingandflavour tagging _ Ü ´Þ¸�[R]Ua Ü decays,the taggingefficienciesandmistagrates² � ² � · and · maybedirectly measured.Theexpectedeventyieldsenablethis to bedonewith annual



relative precisionof a few lÅÂ ± ò perexperiment,which is certainlyadequatefor theCPasymmetrymea-
surements.Thesefactorscanbedeterminedin binsof tag-method,trigger-category, ÷ , ÷Lø andrapidity,
in orderto accountfor correlations.

Comparingthe numberof untaggeḑ�[R]Ua ° and ¸{[R]ga ± eventsgivessensitivity to the _ ° [_ ±
productionfractions

ä °ë[ ä ± . However, whatis generallyof interestarethe _Z¯Ñ and _�¯` quantities,
ä ¯ß [ ä ¯ß

and
ä ¯V [ ä ¯V . More importantly, any observed asymmetrymaywell receive contributionsfrom directCP

violation anddetectoreffects,andthedecouplingof thesefactorswill bevery difficult. This motivates
theuseof othercontrolchannels.

6.33 _ ¯Ñ ´b¸{[R]ga ¯�+
Thefinal stateof the family of modes_Z¯ � _ ¯ ´ ¸{[R]Uaq¯�+ � ¸{[R] a ¯�+ is flavour specificto themesonat
decay, thereforeenablingtheseeventsto beusedin a similar mannerto _ Ü ´à¸�[R]Ua Ü . However, the
oscillationof themesonsbeforedecayprovidesadditionalobservableswhichmaybeusefullyexploited.

Considerthefour decayrates
� ¿ � À ¿ �ÂÁ ¿ � À ¿ � r c u of genuine_ ¯ and _ ¯ mesonsinto reconstructed_Z¯ and _ ¯ final states:

� ¿ � Á ¿ � r c u�á ä ¯ � w � z � r c u r lJk ¾ÁÀ ³ `âf c u � ±§ã � ) �
¿ �zÁ ¿ � r c u
á ä ¯ � w � z � r c u r l.k ¾ÁÀ ³ `gf c u � ±§ã � )� ¿ � Á ¿ � r c u�á ä ¯ � w � z � r c u r lJx ¾ÁÀ ³ `âf c u � ±§ã � ) �
¿ �zÁ ¿ � r c u
á ä ¯ � w � z � r c u r l.x ¾ÁÀ ³ `gf c u � ±§ã � �

where
� w �

and
� w �

representtheabsoluteratesof thedecays,whichmaybedifferentbecauseof directCP
violation, and � r c u and � r c u areacceptancefactorsfor thetwo final states.Thentheobserveduntagged
decaydistribution into _ ¯ events,

��ä Á ¿ � r c u , is:

� ä Á ¿ � r c u M � w � z � r c u r ä ¯ k ä ¯ u l k
ä ¯ x ä ¯ä ¯ k ä ¯

¾ÁÀ ³ `âf c � ±§ã � � (3)

with theconjugatedexpressionfor
� ä Á ¿ � r c u . Thereforeevidenceof any oscillationtermin theuntagged

ratessignifiesan initial stateproductionasymmetry, independentof CP violation anddetectoreffects.
Fitting this termenablestheratio

ä ¯ [ ä ¯ to bedetermined.

Informationon the flavour-dependenceof the taggingefficiency canalsobe obtained. The ob-
serveddecaydistribution for _Z¯ mesonsof initial stateflavour tagged_Z¯ and _ ¯ eventsis

� ä�åçæéè Á ¿ � r c u ,
where:

� ä åêæéè Á ¿ � r c u M � w � z � r c u r ä ¯ ²ëk ä ¯ ² u lCk
ä ¯ ² x ä ¯ ²ä ¯ ² k ä ¯ ²

¾ÁÀ ³ `gf c � ±§ã � Ä (4)

Thushere,andin the charge conjugatedcase,fitting an oscillationamplitudeto the decaydistribution
enablestheratio

ä ¯ ²�[ ä ¯ ² to bedetermined.

Finally, thereare four decaydistributions for initial statetagged _Z¯ � _ ¯ mesonsdecayingas_ ¯ � _ ¯ , denotedby
� ¿ � À ¿ � åçæéè Á ¿ � ¿ � r c u with

� ¿ �åçæéè Á ¿ � r c u M � w � z � r c u r ä ¯ ² r l�x
· u k ä ¯ ² · u l k
ä ¯ ² r l�x
· u x ä ¯ ² ·ä ¯ ² r l�x
· u k ä ¯ ² ·

¾ÁÀ ³ `gf c � ±§ã � Ä (5)

Fitting theoscillationamplitudefor
� ¿ �åçæéè Á ¿ � r c u and

� ¿ �åçæéè Á ¿ � r c u andusingthepreviousresultsenables·.[ r l�x
· u to bedetermined.Theothertwo distributionsdo thesamefor ·.[ r l�x · u . Fromtheseresults· and· canbefixed.

Theseexpressionsshow how thenecessarycorrectionfactorscanbeextractedfromdata.However,
theargumentspresentedsofar do not accountfor any propertime-dependencein theacceptance,which



Measurement _�Ü�´b¸�[R]UaBÜ _Z¯Ñ ´�¸�[R]Ua¬¯�+ë h r ä ¯ x ä ¯ u [ r ä ¯ k ä ¯ u j 0.05% 0.07%ëíì [ ì (LeptonTagging) 0.0038 0.0047ëxì [ ì (B–ó Tagging) 0.0030 0.0039

Table20: EstimatedATLAS uncertaintieson thedeterminationof theproductionasymmetry, ��î � « î � � × ��î �[ï î � � , andof the

dilution, ð �Ö£ «S��ñ , for leptontaggingandB–� taggingusing k Ó �3Õ&×�Ø m Ó and k �y �3Õ&×�Ø m �ÛÚ controlsamples,after

3 yearsof running.

is certainlynot realistic. If the time-dependenceis identicalfor � r c u and � r c u , thentheextractionsare

still possible,asit will cancelin theratiosof say,
� ä Á ¿ � r c u and

� ä Á ¿ � r c u .
A still moregeneralapproachis possible,whichdispenseswith any assumptiononthepropertime

andflavour-dependenceof theacceptance.Considertheratio

� ¿ �åçæéè Á ¿ � r c u [ � ¿ �åçæéè Á ¿ � r c u� ¿ �åçæéè Á ¿ � r c u [ � ¿ �åçæéè Á ¿ � r c u M
l�k i ± òi ° ò ¾ÁÀ ³ `gf c l�k i ±Ôòi °Ôò ¾ÁÀ ³ `gf cl�x i ±Ôòi °Ôò ¾ÁÀ ³ `gf c l�x i ± òi ° ò ¾ÁÀ ³ `gf c

�
(6)

where ó is given as ²�· ä ¯ [ ² r l�x · u ä ¯ , and ó is the conjugatedexpression. Thesefactorsmay be si-
multaneouslyfitted andcombinedwith the _¬Üô´Q¸�[R]UaBÜ resultsto extract

ä ¯ [ ä ¯ . Alternatively, they
maybeuseddirectly to extract ³

µ ± ORQ from the _ ¯Ñ ´õ¸�[R]Ua ¯ _ decayrates.Ratherthanconstructingthe
conventionalCPasymmetry, theratioof the _Z¯ taggedand _ ¯ taggeddecaysmaybeformed:

� ¿ �åêæéè Á�Ã6ÄzÅ e l� r c u� ¿ �åêæéè Á�Ã6ÄzÅ e l� r c u M ^
lox r i ± òi ° ò u ³

µ ± ORQ ³
µ ± `âf c

lok r i ±Ôòi °Ôò u ³
µ ± ORQ ³

µ ± `âf c
�

wherê is anormalizationfactorandó � ó arethefactorsdeterminedfrom (6). With thismethod,³
µ ± ORQ

canbecleanlydetermined,althoughtheneedto alsofit ^ reducesthestatisticalprecisionwith respect
to theconventionalapproach.

6.34 _ ¯` ´bÝ ` ó
In controlling taggingsystematicsin _Z¯` measurements,the valuesof ² , ² , · and · measuredin the_ ¯Ñ channelsmay be used.However, constraintsarerequiredon the productionratio

ä V [ ä V . Hereit is
impracticableto use ¸{[R]ga channels,asthesearesuppressedwith respectto the _Z¯Ñ case.Ratherit is
preferableto usethe decay _ ¯` ´ Ý ` ó , whereno CP violation is expected. Attention mustbe given
to detectoracceptanceeffectsin thefinal state,but it shouldprove possibleto control theseto thelevel
requiredby theprecisionof _�¯` measurements.

6.4 Application to the ö�÷�ø ùCú$ûNüþýÿ Sample

To give a quantitative impressionof the precisionexpectedfrom the control channels,Tab. 20 shows
the resultsof an ATLAS studyinto the expecteduncertaintiesafter 3 yearsoperationon the � ¯ß x � ¯ ß
productionasymmetry,

r ä ¯ x ä ¯ u [ r ä ¯ k ä ¯ u , andthetaggingdilution,
ì MPl�xHO¥· .

ì
hasbeenevaluated

separatelyfor leptontaggingandB–ó correlationtagging(seeSec.2.7) [56]. Uncertaintieshave been
calculatedwith both the _¬Ün´@¸�[R]UaBÜ andthe _�¯Ñ ´@¸{[R]ga¬¯�+ samples.Thestudyhasbeendonein
thecontext of the � ¯ß ´�Z\[R]Y^ ¯� analysis(leadingto theestimateof thesystematicuncertaintyon the

³
µ ± ORQ measurementgivenin Sec.3.1),but theresultsaremoregeneral.Theerrorsaresmallcompared

to theexpectedstatisticaluncertaintyof ³
µ ± ORQ .



6.5 Other Measurementsand Conclusions

Thediscussionsofarhasfocusedon _Z¯Ñ ´b¸{[R]ga¬¯ _ , sincethis is avery importantmeasurement,with an
excellentstatisticalprecisionexpected.However thereareotherclassesof measurementplannedfor the
LHC:®

Asymmetriesinvolving decaysto non-CPeigenstates
Measurementssuchasthedeterminationof S from _Z¯Ñ ´ Ý +z± ó�° involve thecomparisonof four
differentdecayrates,asexplainedin Sec.3.42.Althoughtherearetwo final stateswhichmayhave
differentacceptances,dueto detector-charge effects,theasymmetrieswhich areformedto extract
thephysicsunknowns do not comparethesestates.Thereforecharge acceptanceeffectswill not
bias the measurement.Informationon taggingfactorsandproductionasymmetriesis obtained
from theusualcontrolchannels.®
Branching ratio comparisons
Methodssuchasthe _ ¯Ñ ´öó a strategiesto determineS , describedin Sec.5.14,rely on thecom-
parisonof several branchingratios. Hereit is necessaryto know well the relative reconstruction
efficiencies,in particularthecontribution of thetrigger. Althoughchallenging,this shouldprove
possibleata level whichwill beadequatealongsidethestatisticalandtheoreticaluncertainties.

It canbeconcludedthat thereis no a priori reasonwhy taggingrelatedbiases,productionasymmetries
or detectoreffectsshouldprevent theexperimentsfrom properlyexploiting theenormousB statisticsat
theLHC.

7. B– mB MIXING 11

The physicsof B– mB mixing is of prime importancefor the studyof flavour dynamics.Today, the ex-
perimentalinformationon � ß and �AV mixing, i.e. themassdifferences̀ba ß and `baÚV , impliesalready
significantconstraintson theunitarity triangle.A precisemeasurementof `ba V , for whichonly a lower
limit existssofar, will beaninvaluablepieceof informationon theflavour sectorof eithertheSM or its
possibleextension.Evenif `baÚV is measuredbefore,LHC’s B physicscapabilitiesarelikely to remain
indispensableto fully exploit thepotentialof B– mB mixing. In additionto `baÚV , alsothelifetime differ-
encè

� V providesuswith interestingopportunities.Themeasurementof this quantityis likewisevery
difficult andwill beasuitablegoalfor theLHC B physicsprogramme.

Themaintheoryinputneededis, on theonehand,perturbative QCDcorrectionsand,on theother
hand,hadronicmatrixelementsof four-quarkoperators,schematically� �Aæ � r m� � n u r m� � ~ n u � m�Aæ � �
where

�
,
� ~

standfor therelevant combinationsof Dirac matricesand �����Åt � q�� . Whereasthepertur-
bative termsareknown to NLO in QCD [144, 23], hadronicmatrix elementscanbeobtainedfrom first
principlesusinglatticeQCD andwe startthis sectionby anoverview of therelevant latticeresults.We
thendiscussspecificallythemassandwidth differencèbaÚæ and ` � æ of the �Aæ systemandgive pre-
dictionsfor theexpectedrangesof `�a V and ` � V in theSM. Thesectionconcludeswith experimental
considerationson themeasurementof � ¯V oscillationsat theLHC.

Thenumericalresultspresentedin thissectionareobtainedusingthefollowing inputparameters:

f  Mðî ÄÆÔ GeV
� mf  r f  u MÖî Ä î GeV

� mf V r f  u M>ÂÅÄÆl GeV
� mf � r f � u M>lÅÍÅÌ GeV

�
(1)

a4à<M ÏÅÄÆOÅÔ GeV
� a4à « M ÏÅÄÆÐÅÌ GeV

� � r �AV ´öú �
	 u M>ÂÅÄÆlÅÂRî �
andthetwo-loopexpressionfor ��V with � f ü h

MS
M OÅOÅÏ MeV. Above, f  is thepolemassandthebarred

massesreferto theMS scheme.
11Sectioncoordinators:G. Buchalla,L. LellouchandP. Vikas.



7.1 Hadronic Matrix Elementsfr om Lattice Calculations

Thematrixelementsrelevantfor B mixing are

� �Aæ � r m� n u� ±�� r m� n u� ±�� � m�Aæ � 	 Ô
Ð �Aà ê r�� u ä zàëê a zàëê � (2)

� �sV � r m� n u � °�� r m� n u � °�� � m�AV � M x ÏÐ a zà « � � r�� ur mf  r�� u k mf V r�� udu z
ä zà « a zà « � (3)� Â � m� S��ÅS ü n � m�Aæ � M�� ä àëê ÷�� � (4)

which areparametrizedin termsof the leptonicdecayconstants
ä à ê andtheB-parameters� f à ê À � h r�� u .

Insteadof thescale-andscheme-dependentparameter�Aà ê , oneusuallyintroducestherenormalization-

groupinvariantparameter ��Aà ê , which to NLO in QCDis givenby [144, 18]

�� ��� ºà ê M�� à ê r�� u h � V r�� u j ±�� Ä z ò l.k � V r�� u
îÅó Z ü

� Z ü M ÏÅlÅÍÅÏ
ÐÅlÅÌRî (NDR scheme)Ä (5)

While thematrixelements(2) and(3) canbedeterminedassuchonthelattice,thedimensionlessquanti-
ties �Aà ê and a zà « � � [ r mf  k mf V u z areobtainedfrom ratiosof Euclideancorrelationfunctionsin which
many statisticalandsystematicuncertaintiesareexpectedto cancel.Thus,it is advantageousto get the
matrix elementsfrom anindependentdeterminationof theabove quantitiesand

ä àëê , combinedwith the
experimentalvalueof aÚà ê .

Becausethe n quarkwith massf �� Ï GeVhasaCompton-wavelengththatis not largecompared
to typical(quenched)latticespacings,� � r Oôx�î u GeV± i , it cannotbesimulateddirectlyasarelativistic
quarkonpresentdaylattices.Thishasledto avarietyof approachesfor studyinghadronscomposedof a
heavy quarkandlight degreesof freedom.In therelativisticapproach,calculationsareperformedwith a
discretizationof therelativistic Diracaction,for heavy quarkswith massesaroundthatof thecharmand
extrapolatedin massup to f  , usingheavy quarkeffective theoryasa guide. Therearealsoeffective
theoryapproaches,in which QCD is expandedin inversepowersof the n quarkmass.Of these,thereis
thestatic-quarkapproach,in which theheavy quarkis treatedasaninfinite-mass,spin-1/2,staticsource
of colour; a variantof this approach,in which a numberof leading lÅ[¥f  correctionsto thestaticlimit
areincludedin theaction,goesunderthenameof non-relativistic QCD or NRQCD. Finally, thereis a
hybrid approachin which results,calculatedat f  with a relativistic action,aregivena non-relativistic
interpretation. While we favour the relativistic approach,which doesnot suffer from the typical ills
of effective theories(operatorproliferation and power divergenceswhen higher-order correctionsare
taken into account),the differentapproachesshouldbe viewed ascomplementaryandany significant
disagreementamongstthemshouldbeunderstood.

An importantsourceof uncertaintyin many presentday lattice calculationsis the quenchedap-
proximation(  Ç M>Â ), in whichthefeedbackof quarksonthegaugefieldsis neglected.Moreandmore,
though,groupsaredoingaway with this approximationandareperformingfull QCD calculationswith
two flavoursof seaquarks(  Ç MÃO ), usuallywith massesaroundthatof thestrangequark. Eventhen,
thereis someway to go to reachour physicalworld wherethereare  Ç M�Ð light seaquarks:the two
very light up anddown quarks,andthemoremassive strangequark.

Becausethis is not theplacefor a full-fledgedreview, we will only very rarely quoteindividual
resultsandrathergive summarynumbers,which aremeantto reflectthepresentstateof latticecalcula-
tions.Theresultstakeninto accountarethoseobtainedasof January2000,mostof whicharereferenced
in oneof thereviews in Ref. [145].

7.11 LeptonicDecayConstants

Latticecalculationsof the leptonicdecayconstants
ä àëê have a long historyandresultsobtainedin the

quenchedapproximationwith the differentapproachesto heavy quarksdescribedabove aregradually



Quantity  Ç M Â  Ç M Oä à r MeV u lÅÌÅÏ"!®OÅÂ OÅÂÅÂ#!®ÐÅÂä à « r MeV u OÅÂÅÂ"!®OÅÂ OÅÐÅÂ#!®ÐÅÂä à « [ ä à lÅÄÆlRî$!�ÂÅÄÆÂÅÏ lÅÄÆlÅÏ"!®ÂÅÄÆÂÅÌ
Table21: Summaryof the resultsfor leptonicdecayconstantsof B mesonsfrom lattice QCD in the quenched(%'& � � )
approximationandwith two flavoursof seaquarks(%#& � � ). It is evident that thevaluesfor î)(�* aresensitive to quenching

effects,whereastheir ratio is not.

converging. The dominantsystematicerrors(quenchingaside)dependon the approachused,but they
aretypically of theorderof 10%.

In the pastyearor two, a numberof groupshave begun studyingthe effect of unquenchingon
decayconstantsby performing Ç M>O calculationswith avarietyof approachesto heavy quarks.While
thesecalculationsarestill in ratherearlystages,andshouldthereforebegiventime to mature,they nev-
erthelesssuggestan Ù r lÅÂÅx�OÅÂÅí u increasein

ä à ê . ä à « [ ä à , however, appearsto changevery little, in-
dicatingthattheoreticaluncertainties,includingtheeffectsof quenching,cancelin suchSU(3)-breaking
ratios.Becausesystematicerrorsdependon theapproachandparametersused,it is difficult to combine
systematicallyresultsfrom differentgroups.We thereforechooseto give, in Tab. 21,summarynumbers
for thequenchedandunquencheddecayconstantswhicharemeantto reflectthepresentsituation.

Becauseafinal numberis neededfor phenomenologicalpurposes,weprovide thefollowing sum-
maryof thesummaries,takingintoaccountthefactthattheunquenchedresultsarestill ratherpreliminary
andcorrespondto  Ç M>O :

ä àËM r OÅÂÅÂ#!6î Â u MeV
� ä à « M r OÅÐÅÂ#!6î Â u MeV and

ä à «ä à M>lÅÄÆlÅÏ#!®ÂÅÄÆÂÅÌ Ä (6)

Thesearethevaluesof thedecayconstantsto beusedfor numericalestimatesin thesubsequentsubsec-
tions.Theerrorswill certainlycomedown significantlyoncetheunquenchedcalculationsmature.

7.12 B-Parameters for `�a
Thelatticecalculationof theseB-parametersis lessmaturethanthatof leptonicdecayconstants.None-
theless,therehave beenanumberof calculationsover theyears.

Agreementamongstcalculationsusingtherelativistic approachis good,andrecentwork atdiffer-
entvaluesof thelatticespacing[146, 141] indicatesthatdiscretizationerrorsaresmall in this approach.
Agreementwith the NRQCD calculationof Ref. [147] is lessgood. However, in matchingthe lattice
resultsto MS, theauthorsusetheone-loopstaticinsteadof NRQCDcoefficients,therebyinducinglarge
systematicuncertainties.Thus,until the NRQCD resultsarefinalized,we chooseto usethe relativis-
tic resultsto establishour summarynumbersfor B-parameters.In any case,all methodspredict that�Aà « [+�Aà is very closeto one.

An effect thathasnot yet beenaddressedin B-parametercalculationsis theerrorassociatedwith
thequenchedapproximation:thereexist no unquenchedcalculationsof � à ê to date.However, because
theseparameterscorrespondto ratiosof rathersimilar matrix elements,their errorsareexpectedto be
smallerthanthoseof decayconstants.

Compilingtherelativistic results,we give for theB-parameters:

�Aà ê r f  u M>ÂÅÄÆÓÅl#!®ÂÅÄÆÂÅÍ � �� ��� ºà ê M>lÅÄ î Â,!®ÂÅÄÆÂÅÓ and
� à «�Aà M>lÅÄÆÂÅÂ r Ð u � (7)

wherewe do not distinguish� M q from � M t . Therenormalizationgroupinvariantparameter �� ��� ºà ê is
obtainedfrom �Aà ê r f  u using(5) with theinput parametersof (1).



ThetheoreticaldeterminatioǹbaÚVg[Å`ba ß requirescalculationof thenon-perturbative parameter� V ß (or å ), definedas `ba4V
`�a ß M

- � V- � ß
z � V ß M - � V- � ß

z aÚà «
a4à � å z Ä (8)

While thereareat leasttwo possiblewaysof obtaining
� V ß from thelattice,themostaccurateandmost

reliable,atpresent,is via: � V ß 	 aÚà «
aÚà

ä à «ä à
z �Aà «�Aà �

(9)

with
r ä à « [ ä à u and

r �Aà « [+�Aà u determinedon thelatticeand
r a4à « [×aÚà u measuredexperimentally. The

differentapproacheshave beenexploredusingrelativistic quarksby two groups[146, 141].

Becausetheresultsobtainedby thesegroupsarefully compatiblewith thevalueof
� V ß obtained

usingtheresults(6) and(7), we quotethelattervalueasoursummarynumber:

� V ß M lÅÄÆÐÅÏ r lÅÌ u or å 	 � V ß a4à
a à « M>lÅÄÆlÅÏ r Ì u Ä (10)

7.13 B-Parameterfor ` � V
No completecalculationof f z à « � � [ r mf  k mf V u z in (3) exists to date. Therehasbeenonecalculation
performedwithin the relativistic approach,but with only a singleheavy quarkwhosemassis closeto
thatof thecharm[148]. Thereis alsoanNRQCDcalculation,but wherethematchingof the lattice to
MS is performedusingtheone-loopstaticinsteadof NRQCDcoefficients[24]. Both arequenched.

Thetwo resultsare,respectively:

a zà « � � r f  ur mf  r f  u k mf V r f  udu z M>lÅÄÆÂÅÌ
r l u and lÅÄÆÏRî r Ð u r ORî u � (11)

wherethefirst wasobtainedfrom [148] usingtheconversionof [23] andthemassesin (1). Both these
numbersshouldbe consideredpreliminary, thoughthe seconddoesincludean estimateof systematic
errors.So,for themoment,we take

a zà « � � r f  ur mf  r f  u k mf V r f  udu z M>lÅÄ î
r î u Ä (12)

Thenearfuture,however, shouldbring new results.

7.2 The MassDifference.0/
In theSM the �Aæ massdifference,calculatedfrom boxdiagramswith virtual topexchange,is givenby

`baÚæJM
1 z 2 a z3
ÍRó z ó{à"4 ¯ r�5 � u aÚà ê#��Aà ê ä zà ê � - � æ � z Ä (13)

Here 4 ¯ r�5 � u , where
5 � M mf z � [×a z3 , is thetop-quarkmassdependentInami-Lim functionfor B– mB mix-

ing. To an accuracy of better than 1%, 4 ¯ r�5 � u � ÂÅÄÆÌÅÔRî 5 ¯
6 7��� . ó{à is a correctionfactor describing
short-distanceQCD effects. It hasbeencalculatedat next-to-leadingorderin [144]. With thedefinition
of ��Aàëê in (5), andemploying the runningmass mf � r f � u in 4 ¯ r�5 � u , the numericalvalueis ó{à MöÂÅÄÆÏÅÏ
(with negligible uncertainty).Notethat ó{à , beingashort-distancequantity, is independentof theflavour
contentof theB meson:it is identicalfor � ß and �AV . Thedependenceon thelight-quarkflavour � M q ,t belongsto the non-perturbative, long-distanceeffects, which are isolatedin the matrix element(2)
[144, 18].



Experimentally, `baÚæ canbemeasuredfrom flavour oscillationsof neutral �Aæ mesons.Thecur-
rentworld averageis givenby [149]

`�a ß M r ÂÅÄ î ÌÅÍ'!®ÂÅÄÆÂÅlÅÍ u ps± i � `baÚV"8>lRî ÄÆÐ ps± i:9 ÓÅÏÅí CL Ä (14)

The measurementof `ba ß canbe usedto constrain
� - � ß � via (13). While the short-distancequantityó{à,4 ¯ r�5 � u is known very precisely, large uncertaintiesarestill presentin the hadronicmatrix element�Aà ê ä zà ê . Numerically,

� - � ß � M>ÌÅÄÆÐÅÍýï6lÅÂ ± ò lÅÍÅÌ<;>=@?
mf � r f � u

¯
6 7�� OÅÐÅÌ<AB=@?ä à � �� �C� ºà �
`ba ß

ÂÅÄ î ÌÅÍED ³ ± i
¯
6 ü Ä (15)

Thetheoreticaluncertaintiesarereducedconsiderablyin theratio `ba4Vv[Å`ba ß , asgivenin (8). With the
results(14), an upperlimit on

� - � ß [ - � V � canbe inferredfrom (8). This limit alreadyrepresentsa very
interestingCKM constraint,which disfavoursnegative valuesof theWolfensteinparameterF . A future
precisionmeasurementof `ba V will bea crucial input for thephenomenologyof quarkmixing. Using� - � ß [ - � V � 8>ÂÅÄÆlÅÌ [5] andEqs.(8), (10), (14),wefind aSM predictionof

`�a4VJM r lRî ÄÆÐ – OÅÍ u ps± i Ä (16)

7.3 The Width Difference.HGr ` � [ � u à « is expectedto beoneof thelargestratedifferencesin the n hadronsector,12 with typicalsizeof
(10–20)%[19, 108]. Themeasurementof a substantial

r ` � [ � u à « would opennew possibilitiesfor CP
violation studieswith untagged�AV mesons[25, 27, 26]. Numerically, onehas,usingNLO coefficients
[23]:

� ` � �� à «JI
ä à «K ÐÅÂ:AL=@?

z
ÂÅÄÆÂÅÂÅÌ<� r f  u k�ÂÅÄÆlÅÐ K a zà « � � r f  ur mf  r f  u k mf V r f  udu z x�ÂÅÄÆÂÅÌÅÔ I ÂÅÄÆlÅl r Ì u

(17)
with theB-parametersasdiscussedin Sec.7.1. Note that theB-parametersareto betaken in theNDR
schemeasdefinedin [23]. The last term in (17), –0.078,representslÅ[¥f  corrections[108] andhasa
relativeuncertaintyof at least20%.An additional30%scale-ambiguityfrom perturbationtheoryhasnot
beendisplayedin (17).

7.4 Measurementof M1ý� Oscillations

Theprobabilitydensityto observeaninitial �U¯V mesondecayingasa � ¯V mesonat time c afterits creation
is givenby: N

à �« Á à �« r c u I
� z V x r ` � Vg[ K u zK � V � ±§ã « � ¾ÁÀ ³ O `

� VdcK k � ¾ÁÀ ³ r `�a4V�c u � (18)

where
� I xTl , `

� V I
�QP x �QR and

� V I r
�QP k �SR u [ K . If theinitial � ¯V mesondecaysasa � ¯V at timec , theprobabilitydensity

N
à �« Á à �« is givenby theaboveexpressionwith

� I k�l . Experimentally, `baÚV
canbedeterminedby measuringthefollowing time-dependentasymmetry:

w r c u I
N
à �« Á à �« r c u x

N
à �« Á à �« r c uN

à �« Á à �« r c u k
N
à �« Á à �« r c u I

¾ÁÀ ³
r `�a4V�c u¾ÁÀ ³
OBT ã « �z Ä (19)

12Thewidth differencein the U¬� systemis Cabibbosuppressed.Wethusonly considerthe U « sector.



ATLAS CMS LHCb
Channelsused: �U¯V decaychannels

ì ±V ó�° ì ±V ó�° ì ±V ó�°ì ±V � °iì ±V decaychannels V{ó ± V�ó ± V�ó ±^ +É¯ ^ ± (seetext)V decaychannel ^ ° ^ ± ^ ° ^ ± ^ ° ^ ±� °i decaychannel Ø§¯jó�°^ +É¯ decaychannel ^ ° ó ±
Assumptions: � r m n�´W� ¯V ) 0.105 0.105 0.12� r �U¯V ´ ì ±V ó�° u 3.0 ï 10± ò 3.0 ï 10± ò 3.0 ï 10± ò� r � ¯V ´ ì ±V � °i u 6.0 ï 10± ò – –� r ì ±V ´XV�ó ± u 0.036 0.036� r ì ±V ´U^ +É¯ ^ ± u – 0.033 –� r ì ±V ´e^ ° ^ ± ó ± u – – 0.04� ¯V lifetime 1.54ps 1.61ps 1.57ps
Analysisperformance:

Reconstructedsignal-eventsperyear 3457 4500 86000
Rec.andtaggedsignal-eventsperyear 3457 4500 34500� ¯V purity of taggedsample 0.38 0.5 0.95

Wrongtagprobability 0.22 0.22 0.30
Propertime resolution(Gaussianfunction(s)) 50 fs (60.5%) 65 fs 43 fs

93 fs (39.5%)`baÚV reachafteroneyearof running:
Measurablevaluesof `baÚV up to 30ps± i 26ps± i 48ps± i

95%CL excl. of `�a4V valuesup to – 29ps± i 58ps± id r `gf V u for `gf V I K Â ps± i 0.11 – 0.0115 V reachafteroneyearof running:
Measurablevaluesof

5 V up to 46 42 75
95%CL excl. of

5 V valuesup to – 47 91

Table22: Summaryof theanalysesandresultsfor U �« oscillationfrequency measurementsby theLHC experiments.

The massdifference `baÚV is
K ó times the oscillation frequency. Within the SM, one has,using the

formulaeof [23] andthematrix elementsof Sec.7.1,13 suppressinga 30%renormalization-scaleuncer-
tainty, � ` � V �

`ba V I r î ÄÆÐ#! K ÄÆÂ u ï�lÅÂ ± ò � (20)

which is independentof uncertaintiesdueto CKM matrixelements.It hasmainlyhadronicuncertainties
whichareexpectedto decreasein thefuture.Therefore,within theSM, `baÚV canin principlebeinferred
from adirectmeasurementof ` � V , althoughwith a largeerror. Smallvaluesof ` � V andlargevaluesof`baÚV aredifficult to measure.However, Eq. (20) impliesthatthesmaller ` � V is, theeasierit shouldbe
to measurèbaÚV , and,inversely, thelarger `�a4V is, theeasierit shouldbeto measurè

� V .
The effect of ` � V beingnon-zerois to dampthe � ¯V oscillationswith a time-dependentfactor.

Figure49 shows thepropertime distributionsof �U¯V ´ ì ±V ó�° candidatesgeneratedwith two different
valuesof ` � V [39]. The curves display the result of a maximum-likelihood fit to the total sample.
Thedampingof the �U¯V oscillationsdueto ` � V [ � V is not significantat theexpectedvalueof 16%,but
could be importantif ` � V turnsout to be unexpectedlylarge. The � ¯V decay-widthdifferencecanbe
obtainedby fitting propertime distributionsof untaggedsamplesof eventssimultaneouslyfor themean

13Notethataccordingto thesignconventionusedin this report,(15), |�~ « is negative in theSM.



� ¯V lifetime Ygà « I lÅ[
� V and ` � V [ � V . All threeexperimentswill usetheir � ¯V ´çZ\[R]:V eventsfor this

measurementasdescribedin Sec.4.2. In addition,LHCb will have anuntaggedsampleof �U¯V ´ ì ±V ú
eventsthanksto their low-level hadronictriggers.LHCb expectto directlyobserveandmeasurè

� V [ � V
afteroneyearof data-takingwith theiruntagged�AV ´ ì ±V ó ° sample,if ` � Vv[ � V is at least20%[39].

TheB mesonflavouratproductionanddecay-timeandthe � ¯V propertimewith goodresolutionare
theingredientsneededto measurèba4V . Thebestchannelsto make this measurementare � ¯V decaysto
exclusive, flavourspecificstateslike �U¯V ´ ì ±V ó�° . Theflavourof the �U¯V at its decayis unambiguously
taggedby thesignof the

ì ±V . The �U¯V flavouratproductioncanbedeterminedfrom thesignof thedecay
product(s)of theother n hadronin theevent. The factorswhich affect thesensitivity of anexperiment
to measurèba V are the wrong tag fraction, · �[Z]\ , the presenceof backgroundand the proper time
resolution, d � . The correspondingdilution factorsfor the time-dependentasymmetryare

ì �[Z]\ I lèxK · �[Z]\ , ì �^ \ ²_ V �`\bacZ)d [ r  V �`\ba
Z]d ke �^ \ u and
ì �Æ�`fhg ² exp

r x r `�a4Víd � u z [ K u . Here,  V �`\bacZ)d and  �^ \
arethenumberof signal-andbackground-events,respectively. Themeasuredasymmetryis givenby

w fJgiZ V r c u I w r c ukj ì �[Z)\ j ì �^ \ j ì �Æ�`fJg Ä (21)

Theamplitudefit method[150] hasbeenusedto determinetheexperimentalreachfor a `�a4V measure-
mentfrom the time-dependentasymmetry. In this method,cos

r `�a V c u is multiplied by an amplitude
parameter

w
. The valueof the parameterand its error d � aredeterminedfor each `baÚV valueby a

maximum-likelihoodfit. For ameasurementof `baÚV in a regionwell insidethesensitivity of anexperi-
ment,thestandardmaximum-likelihoodmethodis foreseen.

ATLAS [37], CMS [151, 152] and LHCb [39] have determinedtheir sensitivities to `baÚV us-
ing eventsgeneratedby PYTHIA [46] andthenpassedthroughdetaileddetectorsimulation. Table22
summarizesthe channelsused,assumptions,performanceandresultsof the threeanalyses.All three
have used �U¯V ´ ì ±V ó�° and ATLAS hasalso used �U¯V ´ ì ±V � °i followed by � °i ´ Ø§¯jó�° . Theì ±V is reconstructedvia its decayinto V�ó ± followed by VW´ ^ ° ^ ± by all threeexperimentsand
also
ì ±V ´ ^,+É¯Ê^,± followed by ^
° ó�± by CMS. CMS hasassumeda 50% efficiency of the higher

level triggersfor calculatingthe final yield of reconstructed� ¯V mesons. ATLAS also reconstructedì ±V ´ ^,+É¯Ê^,± , but did not include it in their final analysissinceafter applying the cuts neededto
obtain a reasonablerate of the level-2 trigger, the addition of this modedid not improve their limit.ì ±V decaymodesother than V�ó ± contributing to the ^ ° ^ ± ó ± final statewill alsobe reconstructed
by LHCb; for the yield presentedin Tab. 22, an effective

ì ±V ´ ^
° ^,± ó�± branchingratio of 4% is
assumed,with the sameefficiency andpurity as for

ì ±V ´ V�ó ± . For flavour taggingat production,
ATLAS andCMS have usedthe triggermuon,which primarily comesfrom thesemileptonicdecayof
theother n hadronin theevent. LHCb useidentifiedmuons,electronsandkaonsfrom thedecayof the
other n hadron.Othertaggingtechniqueswill bedevelopedin thefuture.

Figures50 and 51 from ATLAS illustrate the sensitivity of `�a4V measurementsas a function
of the integratedluminosity and the signal-contentof the sample. 1000experimentswereperformed
at each `baÚV point anda `�a4V value was considered“reachable”if 95% of the experimentsgave a
value within 2d of the input value. CMS and LHCb have definedtwo kinds of reaches— one for
a measurementand the otherone for 95% CL exclusion. Figure52 shows the result for `baÚV reach
from CMS using the amplitudemethod. The amplitude,

w
, togetherwith its error, d � , is shown for

different
5 V , where

5 V 	 `ba4Vv[ � V . 5 V valuesbelow the intersectionpoint of the 1.645d � curve and
the line

w I l areexcludedat 95%CL. CMS determinedtheir reachby a methodsimilar to thatused
by ATLAS, but anexperimentwasconsidered“successful”if the

5 V valuecorrespondedto thehighest
peakin theamplitudespectrumandwasin thevicinity of

5 trueV within thenaturalwidth ( ! 1.5 in
5 V ) of

the amplitudedistribution. The two methodsyieldedthe sameresults. Figure53 shows the statistical
significance4 I lÅ[d � of the � ¯V oscillation signal as a function of `ba4V from LHCb. The LHCb
reachfor `baÚV quotedin Tab. 22 is for 4 I Ï ( Ïd measurement)and 4 I lÅÄÆÍRî Ï (95%CL exclusion).
Accordingto thesestudies,̀baÚV canbemeasuredup to 30ps± i (ATLAS), 26ps± i (CMS) and48ps± i



(LHCb) with oneyearof data.Theadditionof morechannelsis likely to improve thereach.Thus,each
of thethreeexperimentswill beableto fully explorethe `baÚV rangeallowed in theSM, Eq. (16), after
oneyearof data-taking. In addition, the likely precisionon `�a V will be suchthat the extractionof� - � Vv[ - � ß � z will belimited by thetheoreticaluncertaintyon

� V ß (seeexpressions(8) to (10)).

8. RARE DECAYS14

Flavour-changingneutralcurrentdecaysinvolving n¬´ t or n¬´ q
transitionsoccuronly at loop-level in

theSM, comewith smallexclusivebranchingratios
��l r lÅÂ$± ü u or smallerandthusprovideanexcellent

probeof indirect effects of new physicsand information on the massesand couplingsof the virtual
SM or beyond-the-SMparticlesparticipating. Within the SM, thesedecaysaresensitive to the CKM
matrix elements

� - � V � and
� - � ß � , respectively; a measurementof theseparametersor their ratio would be

complementaryto theirdeterminationfrom B mixing, discussedin Sec.7..

Theeffective field theoryfor nq´ t rdq u transitionsis universalfor all thechannelsdiscussedhere.
Due to space-restrictions,we cannotreview all importantfeaturesof that effective theory; for a quick
overview we refer to Chapter9 of theBaBarPhysicsBook [6], wherealsoreferencesto moredetailed
reviews canbefound.Herewe simply statethattheeffective Hamiltoniangoverningraredecayscanbe
obtainedfrom theSM Hamiltonianby performinganoperatorproductexpansionyielding

m æ
eff I x î

1 2n K - �  - +� æ izi��o i
p � r�� u Ù æ� r�� u � (1)

wherethe Ù æ� arelocal renormalizedoperatorsand
- �  - +� æ areCKM matrix elementswith � I t � q . The

Wilson-coefficients
p � canbe calculatedin perturbationtheoryandencodethe relevant short-distance

physics,in particularany potentialnew-physicseffects. Therenormalization-scale
�

canbeviewed as
separatingthe long- andshort-distanceregimes. For calculatingdecayrateswith the help of (1), the
valueof

�
hasto be chosenas

� � f  in a truncatedperturbative expansion.The Hamiltonian(1) is
suitableto describephysicsin theSM aswell asin a numberof its extensions,for instancetheminimal
SUSY model. The operatorbasisin (1) is, however, not always complete,and in somemodels,for
instancethoseexhibiting left-right symmetry, new physicsalsoshows up in theform of new operators.
Thisprovisoshouldbekeptin mindwhenanalysingrareB decaysfor new-physicseffectsby measuring
Wilson-coefficients.

At present,thefollowing channelshave beenevaluatedfor LHCb, CMS andATLAS:®
purelymuonicdecays� ¯ß À V ´ � ° � ± (all experiments);®
theradiative decay� ¯ß ´U^,+ ¯ S (LHCb only);®
semimuonicdecays�U¯ß ´öØM¯ � ° � ± , � ¯ß ´e^
+ ¯ � ° � ± , � ¯V ´WVM¯ � ° � ± (all experiments).

As a reflectionof this ratherpreliminarystatusof rareB decaystudiesfor the LHC, we confinethis
section’s discussionto channelsmostof which arein principleaccessibleat

� ° � ± B factoriesandcan
alsobe studiedat the Tevatron. This appliesin particularto the radiative decay �b´ ^ + S that has
alreadybeenmeasuredat CLEO [153] andfor which at the time of the first physicsrunsat the LHC
ratheraccuratemeasurementsshouldbe available. The situationis different for ��´ � ° � ± , which
will be seenbeforethe startof the LHC only if it is enhanceddrastically, i.e. by ordersof magnitude,
by new-physicseffects. Also themeasurementof thespectraof � ´ ^,+ � ° � ± will bereserved to the
LHC, althoughthedecayitself shouldbeseenat theB factoriesbefore.In general,andin contrastto the
explorationof CPviolation, themain impactof theLHC on thestudyof raredecayswill be to provide
radicallyincreasedstatisticsratherthanopeningnew, alternative channels.

14Sectioncoordinators:P. Ball andF. Rizatdinova.
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8.1 ªH«�¬ '®�°¯
This decayis anexperimentalfavourite thanksto its uniquesignatureandat thesametime a challenge,
asits SM branchingratio is of order ±+²´³�µ . Themotivation for measuringthis decaylies mainly in its
rôle asindicator for possiblenew physicswhich might significantlyenhancethe branchingratio. The
presentexperimentalboundsfrom Tevatronarein the ±+² ³�¶ range.

8.11 Theoretical Framework

ThepurelymuonicneutralB decaysaredescribedby only threeoperators[154]:

·"¸¹»º�¼¾½¿CÀ�Á+Â�Ã ¼¾½ÄÅÀ�ÁCÄhÃÇÆ ·#¸ÇÈ¹eºÉ¼¾½¿CÀ�Á+Â�Ã ¼¾½ÄÅÄhÃÇÆ ·"¸Ê º�¼¾½¿]ÀEË�À�ÁÌÂ�Ã ¼
½ÄÅÀ Ë À�Á�ÄhÃÇÆ
with ¿ º_Í Æ@Î . In theSM, thesetransitionsproceedthroughelectroweakpenguindiagramswith Ï andÐÒÑ

exchangeas well as Ó box diagrams. IntroducingdimensionlessWilson-coefficients Ô ¸ÖÕ ¸ È¹ Õ Ê , the
branchingratio is givenby

× ¼ × ¸:Ø ÄJÙQÄ ³ Ã ºÛÚ ÜÝÞCßÉà¾áãâ Üáåä�æá ±,ç è ä Ü éä Ü á Ô ¸¹ ç ê ä éä á Ô ¸Ê
Üãë

±,ç è ä Ü éä Ü á Ô ¸ÇÈ¹ Ü ì
(2)

In theSM, thecoefficients Ô ¹ arisefrom penguindiagramswith physicalandunphysicalneutralscalar
exchangeandaresuppressedby a factor ¼ äîí�ïCäîð Ã Ü [155]. Thedecayrateis thendeterminedsolelyby
thecoefficient

Ô ¸Ê Õ ñ�ò º ó ô�õ í ô�öõ ¸÷ Þ�ßùøcú û Ü<ü]ýHþ ¼�ÿ õ ÃÇÆ (3)

whereÿ õ�� ä Ü õ ïCä Ü ð ,
ø
ú û Ü ü]ý

is theweakmixing angleandthefunction þ ¼�ÿ Ã is at leadingorderin QCD
givenby [156]

þ ¼�ÿ Ã º ÿ Þ ÿ ç èÿ ç ±
ë � ÿ¼�ÿ ç ± Ã Ü�� û ÿ ì

(4)

TheSM branchingfractionsarethengivenby (with â@á�� from (6), � ô õ	� � from (15)andä õ º ±�
�� GeV)

× ¼ × � Ø Ä Ù Ä ³ Ã º ¼ ± ì ²� ² ì	� Ã�� ±+² ³�� Ñ â@á��ê ²+²������
Ü ä õ ¼ ä õ Ã±�
�������� æ�� � Ü � ô õ	� �² ì ²+²�� è

Ü à¾á��± ì	� 
 � ø Æ (5)

× ¼ ×�! Ø Ä Ù Ä ³ Ã º ¼ � ì �� ± ì ² Ã�� ±+² ³�µ â@á �ê � ²������
Ü ä õ ¼ ä õ Ã±�
�������� æ�� � Ü � ô õ ! �² ì ² è ²

Ü à¾á �± ì	� è � ø
ì

(6)

Dueto thesetiny SM branchingratiosandthefavourableexperimentalsignature,thesedecayprocesses
areidealcandidatesfor new physicsto beobserved,for exampleflavour-changingneutralHiggses.New-
physicsscenarioshave beeninvestigatede.g.in Refs.[155, 157].

8.12 ExperimentalConsiderations

PurelymuonicB decays,so-called”self-triggering” channels,have a clearsignaturethatcanbeusedat
level-1 triggerin all LHC experiments.Only muonidentificationis necessary. Theexpectednumbersof
eventsquotedin thefollowing referto theSM branchingratios

× ¼ ×'Ñ! Ø Ä Ù Ä ³ Ã º�¼ � ì	�  ± ì ² Ã"� ±+² ³�µ
and

× ¼ × Ñ� Ø Ä Ù Ä ³ Ã º ± ì	� � ±+²´³�� Ñ , i.e. the“optimistic” endof thetheoryprediction(5).

TheCMScollaborationhasperformedadetailedstudyof theobservability of
×#Ñ! Ø Ä Ù Ä ³ [158]

atbothlow andhigh luminosity, implementingthecompletepatternrecognitionandtrackreconstruction
procedure.Both thegluon-fusionandthegluon-splittingproductionmechanismsareincludedandyield
comparablecontributions. CMS hastunedtheexperimentalselectioncriteria to optimizethesignal-to-
backgroundratioasfollows:



1. Only muonpairssatisfyingtherequirement² ì è$#&%(' é¾é # ± ì ê wereconsideredascandidatesfor×'Ñ! Ø Ä Ù Ä ³ ; the transversemomentumof themuonpair mustbe larger than12GeV and )+* of
eithermuonbelargerthan4.3GeV.

2. Theeffective massof thedimuonpair wasrequiredto bewithin a 80MeV masswindow around
thenominal

× Ñ!
mass.Only 1.1%of backgroundcombinationsareretainedafterthismass-cut.

3. Thethird setof cutsis basedon thesecondaryvertex reconstruction:thedistancebetween
×'Ñ!

and
primaryvertex in the transverseplaneis requiredto be larger than12,.-0/21 , about820 Ä m, where, -0/31 is thevertex resolution.Theangle ó betweenthe line joining primaryandsecondaryvertex
andtransversemomentumvectorwasrequiredto satisfy 465 ø ó87 ² ì	9�9�9 � . The absoluteerror of
thesecondaryvertex reconstructionwasrequiredto belessthan80 Ä m. Thedistancebetweenthe
two muons,Î Ü , hadto besmallerthan50 Ä m andtheratio Î Ü ï , ¼ Î Ü Ã smallerthan2.

4. Isolation of the dimuon pair in the tracker was required,i.e. no charged particleswith ):* 7
0.9GeVmustbefoundin thecone

';# ² ì	� � %�' é
é
ë
² ì è aroundthedimuonmomentumdirection.

Theisolationrequirementis importantfor suppressingthebackgroundinducedby gluon-splitting.
About50%of thesignal-and3%of thebackground-eventspassedthroughtheisolation-cutin the
tracker. An additionalfactor2.3of background-suppression wasobtainedby requiringisolationof
thedimuonpair in thecalorimeters,i.e. the transverseenergy in theelectromagneticandhadron
calorimeterswasrequiredto belessthan4GeV in thesametracker cone.

After applyingthesecuts,thenumberof expectedeventsdetectedby CMS after3 yearsrunningat low
luminosityis 21with lessthan3 background-eventsat90%C.L.,assumingtheSM branchingratio. CMS
will observe thischannelevenafter1 yearrunningat low luminosity. Takinginto accounttheproduction
ratio

× Ñ� ï × Ñ! º ² ì è ² ï ² ì ±+± andtheexpectedSM branchingratio (5), CMS alsoexpects,for threeyears
runningat low luminosity, to find 2.2 1.1

× � Ø Ä Ù Ä ³ eventswith againessentiallyno background.

LHCb’s sensitivity to the decay
×�! Ø Ä Ù Ä ³ hasbeenstudiedusing fully GEANT generated

samplesof bothsignal-andbackground-events. Goodquality tracksarecombinedinto a vertex if they
areidentifiedasmuontrackswith high confidencelevel andarewithin 50 Ä m in space.Thesecondary
vertex must also satisfy quality criteria and be well displacedfrom the primary vertex. The impact
parameterof thereconstructed

× !
candidateis requiredto besmallerthan35 Ä m andamasswindow of

20 MeV aroundthenominal
× !

massis applied.After all thoseselection-cuts11 signal-eventsperyear
areexpected.Sincethe initial background-samplewasvery smallcomparedto thenumberof eventsin
oneyearof LHCb operation,pionswhich area directproductof B decayswereallowed to make pairs
with muons,“f aking” thebackground-signature, in orderto increasethestatisticsof thesample.Using
this procedure,it waspossibleto estimatethe rejectionpower of the cutsin the impactparameterand
the massof the

× !
candidate,assumingthey areuncorrelatedandthat the massdistribution in a mass

window of 200 MeV aroundthe nominalvalue is flat. The expectedbackground-yieldin oneyear is
3.3 events. Studieswith high statisticssamplesof full GEANT simulationareunderway, in order to
make thebackground-estimate moreprecise.HenceLHCb will observe thedecay

× ! Ø Ä Ù Ä ³ within
1 yearof running.

The ATLAS collaborationhasmadea detailedstudy of the decaymode
× Ñ! Ø Ä Ù Ä ³ , using

fully simulatedsamples[37]. To suppressthecombinatorialbackground,cutson the quality of vertex
reconstructionandon thedecaylengthof thereconstructedB mesonwereapplied.Furtherbackground-
reductionwasobtainedby imposingcutson theanglebetweenthe line joining primaryandsecondary
vertex andthetransversemomentumvectorandon theisolationof thedimuonpair formedin thedecay
of the B meson. The massresolutionobtainedafter all selection-cutsis , ¼=< Ã º 
 Þ MeV. The mass
window Ù Ü?>³�� > wastakenfor estimatingthenumberof signal-andbackground-events.After applyingcuts,
thenumberof expectedeventsdetectedby ATLAS after3 yearsrunningat low luminosity, assumingthe
SM branchingfraction, is 27 with 93 background-events. For

×'Ñ� Ø Ä Ù Ä ³ , onecanexpect4 signal-
eventswith 93background-events.

Hence,all threeexperimentswill beableto measuretheSM branchingfractionof
×#Ñ! Ø Ä Ù Ä ³ .



Experiment ATLAS CMS LHCb
Signal 27 21 33
Background 93 3 10

Table23: Expectedsignal-andbackground-eventsfor @�A BCED�C�F after3 yearsrunningat low luminosity.

Experiment ATLAS CMS×'Ñ! Ø Ä Ù Ä ³ 92 26× Ñ� Ø Ä Ù Ä ³ 14 4.1
Background 660

#
6.4

Table24: The expectedstatisticsfor purely muonicdecays

afteroneyearrunningat high luminosity.

The numbersof eventsexpectedby the threecollaborationsafter 3 years’datacollectionaregiven in
Tab. 23.

Both ATLAS andCMS areplanningto continuethe studyof purely muonicdecaysat high lu-
minosity ±+² æ=G 4�H ³ Ü ø ³�� . This is madepossibleby the low dimuontrigger ratewhich is expectedto be
around30 Hz in ATLAS. In both experiments,the numberof minimum biaseventsacceptedtogether
with the triggeredeventsis expectedto be10 timeslarger thanat theLHC run at low luminosity. The
CMS collaborationestimatedthepossibility to detectthepurelymuonicdecayusinga high luminosity
pixel configurationthatleadsto degradationof thevertex resolution.TheATLAS collaborationassumed
thatthegeometryof theinnerdetectorwill bethesameasatlow luminosity(nodegradationin vertex and):* resolutionis expectedcomparedto thelow luminosityresults).Thesameanalysis-cutsasat low lumi-
nositywereappliedto thesignal-andbackground-eventsby bothcollaborations.Theresultingnumbers
of eventsexpectedby theATLAS andCMS collaborationsafter 1 yearrunningat high luminosity are
givenin Tab. 24,assumingtheSM branchingfraction. Thedecay

× Ñ! Ø Ä Ù Ä ³ canclearlybeobserved
after1 yearrunningat high luminosityby bothcollaborations.Concerning

×'Ñ� Ø Ä Ù Ä ³ , thesensitivity
of ATLAS to thebranchingratio will beat the level of

� � ±+²´³�� Ñ , i.e. roughlya factor3 above theSM
prediction.High luminositymeasurementsof thepurelymuonicdecayswouldsignificantlyimprove the
datato beobtainedat low luminosity.

8.2 ª ¬ I&JLK
In this subsectionwe discussthe specificsof the radiative FCNC transition

× Ø M ö À relevant for
the LHC, concentratingon non-perturbative QCD effects. For the treatmentof perturbative issues,in
particularthe reductionof renormalization-scaledependenceandremaininguncertainties,we refer to
[159, 160].

8.21 Theoretical Framework

Thetheoreticaldescriptionof the
× ØNM ö À decayis quiteinvolvedwith regardto bothlong-andshort-

distancecontributions. In termsof the effective Hamiltonian(1), the decayamplitudecanbe written
as O ¼ ½× Ø ½M ö À~Ã º ç è Ú

Ý
÷ ê ô õ í ô öõ !�P ½M ö À � Ô�Q · Q

ëSRUT é
VXWY Q Ô V Î G ÿ[Z V ¸]\_^a`cbed6fé ¼�ÿ Ã · V ¼ ² Ã=g � ½×(h Æ (7)

where
b difé

is the electromagneticcurrentand

T é
the polarizationvectorof the photon.

· Q is the only
operatorcontainingthephotonfield at tree-level:· Q º Z

±�
 ß Ü äîí ½Í ,
é_j ' Âlk é_j (8)

with
' º ¼ ±

ë À�Á+Ã ï ê . Otheroperators,thesecondtermin (7), contributemainly closedfermionloops.
Thefirst complicationis now thatthefirst termin (7) dependsontheregularization-andrenormalization-
scheme.For thisreason,oneusuallyintroducesascheme-independentlinearcombinationof coefficients,
called“effective coefficient” (see[160] andreferencestherein):

Ô effQ ¼ ÄhÃ º Ô Q ¼ ÄhÃ
ë ¶VXY æ

m V Ô V ¼ ÄhÃÇÆ (9)



wherethenumericalcoefficientsm V aregivenin [160].

Thecurrent-currentoperators

· � º�¼�½Í À éon Â�Ã ¼)½p|À é n p�ÃÇÆ · Ü º�¼�½Í À é n p�Ã ¼)½p|À éon Â�Ã (10)

give vanishingcontribution to theperturbative Â Ø Í À amplitudeat oneloop. Thus,to leadinglogarith-
mic accuracy (LLA) in QCD andneglectinglong-distancecontributionsfrom

· � Õ Ü to the Â ½Í ÀEq Green’s
functions,the ½× Ø ½M ö À amplitudeis givenby

OsrLrLtu�v ¼ ½× Ø ½M ö À~Ã º ç è Ú
Ý

÷ ê ô õ í ô öõ ! Ôaw Ñ_x effQ P ½M ö À � · Q � ½×yh ì (11)

Here, Ô w Ñ_x effQ denotestheleadinglogarithmicapproximationto Ô effQ . Theabove expressionis, however,
not the endof the story, asthe secondterm in (7) alsocontainslong-distancecontributions. Someof
themcanbe viewed asthe effect of virtual intermediateresonances½× Ø ½M ö�ô ö Ø ½M ö À . The main
effect comesfrom p ½p resonancesandis contributedby the operators

· � and
· Ü in (7). It is governed

by the virtuality of
ô�ö

, which, for a real photon,is just ç ± ïCä Ü z�{}| ç ± ï è ä Ü ~ . The presenceof such
power-suppressedterms

| ± ïCä Ü ~ hasfirst beenderivedfor inclusivedecaysin Ref.[161] in aframework
basedon operatorproductexpansion.Thefirst, andto dateonly, studyfor exclusive decayswasdonein
[162]. Technically, oneperformsanoperatorproductexpansionof thecorrelationfunction in (7), with
a soft non-perturbative gluonbeingattachedto thecharm-loop,resultingin termsbeingparametrically
suppressedby inversepowersof the charmquarkmass. As pointedout in [163], althoughthe power
increasesfor additionalsoft gluons,it is possiblethat contributionsof additionalexternalhardgluons
could remove the power-suppression.This questionis alsorelevant for inclusive decaysanddeserves
furtherstudy.

After inclusionof thepower-suppressedterms
| ± ïCä Ü ~ , the ½× Ø ½M ö À amplitudereads

O rLrLt ¼ × Ø ½M ö À~Ã º ç è Ú
Ý

÷ ê ô õ í ô öõ ! P ½M ö À �ÌÔyw Ñ_x effQ · Q
ë ±è ä Ü ~ Ôaw

Ñ_xÜ · Ý � ½×ah ì (12)

Here,
· Ý

is the effective quark-quark-gluon operatorobtainedin [162], which describesthe leading
non-perturbative corrections.Thetwo hadronicmatrixelementscanbedescribedin termsof threeform
factors,̂ � ,

n
and �n :

P ½M ö ¼ ) Ã�À � ½Í , é�j ¿ j Â � ½× ¼ ) á Ã h º
RcT é_jl� > T ö é� T ö j� { ) �á ) > ê ^ � ¼ ² ÃÇÆP ½M ö ¼ ) Ã�À � · Ý � ½× ¼ ) á Ã h º Z� 
 ß Ü

n ¼ ² Ã
T é�jc� > T ö é� T ö j� { ) �á ) >ëSR

�n ¼ ² Ã ¼ T ö� { ) á Ã ¼
T ö� ) á Ã ç ±ê ¼

T ö� { T ö� Ã ¼ ä Ü á ç ä Ü � { Ã ì
(13)

Thecalculationof theabove form factorsrequiresgenuinelynon-perturbative input. Availablemethods
include,but donotexhaust,latticecalculationsandQCDsumrules.Again,adiscussionof therespective
strengthsandweaknessesof theseapproachesis beyondthescopeof this report.Let it suffice to saythat
– at leastatpresent– latticecannotreachthepoint ¼ ) á ç�) Ã Ü º ² relevantfor

× ØNM ö À , andthatQCD
sumruleson thelight-conepredict[35]

^ � ¼ ² Ã º ² ì � Þ  ê ²�� (14)

at therenormalizationscaleÄ º è ì Þ GeV. For theothertwo form factors,QCD sumrulespredict[162]n ¼ ² Ã º�¼ ² ì	���  ² ì ±+² Ã �"��� æ Æ �n ¼ ² Ã º�¼ ² ì �� ² ì ± Ã �"��� æ ì (15)



Numerically, thesecorrectionsincreasethe decayrateby about5 to 10%. After their inclusion,one
obtains

× ¼ × Ø�M ö ÀåÃ º ó� êCß G Ú
Ü Ý � ô õ í ô öõ ! � Ü Ô w Ñ_x effQ Ü ä Ü í ¼ ä

Ü á ç ä Ü � { Ã æä æ á � ^ � ¼ ² Ã � Ü
� ±ãç ±± Þ ä Ü ~ Ôyw Ñ_xÜ

Ô w Ñ_x effQ
±äîí

n ¼ ² Ã
ë
�n ¼ ² Ã^ � ¼ ² Ãº è ì è � ±+² ³ Á ¼ ±

ë Þ � Ã (16)

for thecentralvaluesof theQCDsumrule results,whichagreeswith theexperimentalmeasurement.

Let usclosethis subsectionwith a few remarkson thedecay
× Ø�� À . Althoughat first glance

it might seemthat its structureis thesameasthatof
× Ø�M ö À , this is actuallynot thecase.Thereare

additionallong-distancecontributionsto
× Ø�� À , which areCKM-suppressedfor

× Ø�M ö À andhave
beenneglectedin thepreviousdiscussion;thesecontributionscomprise� weak annihilationmediatedby

·��� Õ Ü with non-perturbative photonemissionfrom light quarks;
thesecontributionsarediscussedin [164] andfoundto beof order10%at theamplitudelevel;� effectsof virtual � ½� resonances(� , � ,. . . ); they areoften saidto be small, but actuallyhave not
beenstudiedyet in a genuinelynon-perturbative framework, sothatstatementsabouttheir small-
nesslackproperjustification.

For theabove reasonsit is, at present,prematureto aim at anaccuratedeterminationof � ô õ ! � ï � ô õ	� � from
a measurementof

× ¼ × Ø�� À~Ã and
× ¼ × Ø�M ö ÀåÃ . A very recentdiscussionof long-distanceeffectsin× Ø ô À decayscanalsobefoundin Ref. [165].

8.22 ExperimentalConsiderations

The radiative decay
× Ñ� Ø�M ö Ñ À hasbeenstudiedby theLHCb collaborationat both theparticleand

thefull-simulationlevel [166]. Theeventselectionandreconstructioncanbesummarizedasfollows:� selection:q Ù q ³ À combinations;tracksareconsistentwith M ³ - and
ß Ù -hypotheses;� < ¼ M ³ ß Ù Ã –< ¼ M ö�Ñ Ã � # ���

MeV; clusterin theelectromagneticcalorimeterwith ��* 7 è GeV;� geometricalcuts: � Ü # 9
of secondaryvertex fit; � % ¼ Ï Ã � 7 1.5mm betweenprimary andsec-

ondaryvertex; impact parametersof both tracks 7 è ²+² Ä m; the anglebetweenthe momentum
vectorandtheline joining primaryandsecondaryvertex smallerthan0.1rad;theangle

ü
between×'Ñ�

and M ³ in the M ö�Ñ restframe �6465 ø ü � # ² ì 
 ;� )+* 7 è GeV of reconstructed
× Ñ�

.

Themassresolutionobtainedat theparticle-level studyis 67MeV. Themasswindow takenfor estimates
is 200MeV aroundthenominal

× Ñ�
mass.Assuming

× ¼ × Ñ� Ø�M ö Ñ ÀåÃ º�¼ è ì	9  ê ì ² Ã�� ±+²´³ Á , theexpected
numberof signal-eventsafter1 yearrunningis 26000,with � ï × | ± . Thiswill besufficient to measure
thebranchingfractionwith high accuracy. Theexpectedaccuracy in theCPasymmetrymeasurementis�=� ¹ º ² ì ²+± . TheSM predictsaCPasymmetryof order1%.

8.3 ª ¬ I&JÌ'®�°¯
Like with

× Ø M ö À , we canonly review the essentialsandput emphasison recentdevelopmentsin
theory and the specificsfor the LHC experiments. A slightly more detaileddiscussionand relevant
referencescan be found in the BaBar physicsbook [6]. The currentstate-of-the-artof perturbation
theoryis summarizedin Ref. [167]. Themotivation for studyingthis decayis either, assumingtheSM
to be correct,the measurementof the CKM matrix element � ô õ ! � , or the searchfor manifestationsof
new physicsin non-standardvaluesof theWilson-coefficients. A very suitableobservablefor the latter
purposeis theforward-backwardasymmetrywhich is independentof CKM matrixelementsand,dueto



extremelysmalleventnumbers,only accessibleat theLHC. Of all theraredecaychannelsdiscussedin
this section,

× Ø�M ö Ä Ù Ä ³ is definitely theonewhosedetailedstudyis only possibleat theLHC and
whichhasthepotentialfor high impactbothon SM physicsandbeyond.

8.31 Theoretical Framework

The presentationin this sectionfollows closely Ref. [168]; for other relevant recentpaperstreating× Ø�M ö Ä Ù Ä ³ , see[169].

At thequark-level, theeffective Hamiltonian(1) leadsto thefollowing decayamplitude:

O ¼ Â Ø Í ÄJÙ�Ä ³ Ã º Ú Ý ó÷ ê�ß ô öõ ! ô õ í Ô effµ ¼ÇÍ Ã�� ½Í À Ë
n Âi��� ½Ä À Ë�Ä�� ë Ô � Ñ � ½Í À Ë

n Âi� � ½Ä ÀEË�À�Á�Ä��
ç ê äîí Ô effQ ½Í R , Ë j ¿

j
Í ' Â � ½Ä ÀEË�Ä�� ì

(17)

Here,

n
ï ' º ¼ ±�� À Á Ã ï ê , ÍÒº ¿ Ü , ¿ º ) Ù

ë
) ³ , where)   arethe four-momentaof the leptons.We

neglect thestrangequarkmass,but keepthe leptonsmassive. Already the freequarkdecayamplitudeO ¼ Â Ø Í Ä Ù Ä ³ Ã containscertainlong-distanceeffectswhich usuallyareabsorbedinto a redefinition
of theWilson-coefficient Ô µ . To bespecific,we define,for exclusive decays,themomentum-dependent
effective coefficient of theoperator¡ µ º&Z Ü ï ¼ ±�
 ß Ü Ã ¼C½Í À Ë

n Â�Ã ¼¾½Ä À Ë ÄhÃ as

Ô effµ ¼ÇÍ Ã º Ô µ
ë þ ¼ÇÍ ÃÇÆ (18)

where þ ¼ÇÍ Ã standsfor matrix elementsof four-quarkoperators.Formulascanbe found in [170]. The
prominentcontribution to þ ¼ÇÍ Ã comesfrom the p ½p resonances¢ ïc£ , £�¤ , £�¤ ¤ which show up aspeaksin
the dimuonspectrum,but are irrelevant for the short-distancephysicsone is interestedin. Note that
the effective coefficient dependson the processbeing consideredand is, in particular, not the same
for exclusive and inclusive decays: in the latter ones,also virtual and bremsstrahlungcorrectionstoP Ä Ù Ä ³ Í � ¡ µ � Â h , usuallydenotedby � ¼ÇÍ Ã , areincluded,whereasfor exclusive decays,they arecontained
in thehadronicmatrixelementsto bedefinedbelow. For Í farbelow the p ½p threshold,perturbationtheory,
augmentedby non-perturbative power-correctionsin ± ïCä Ü ~ , is expectedto yield a reliableestimatefor
long-distanceeffects in Ô effµ . In contrastto inclusive decays,however, the corresponding± ïCä Ü ~ terms
have not yet beenworked out for exclusive decays. To date,one hasto rely on phenomenological
prescriptionsfor incorporatingnon-perturbative contributionsto þ ¼ÇÍ Ã [171]. Theresultinguncertainties
on Ô effµ andon variousdistributions in inclusive decayshave beenworked out in Refs. [170, 167] to
whichwe referfor adetaileddiscussion.

Otherlong-distancecorrections,specificfor theexclusive decay
× Ø�M ö Ä Ù Ä ³ , aredescribedin

termsof matrix elementsof thequarkoperatorsin (17) betweenmesonstatesandcanbeparametrized
in termsof form factors.Denotingby

T é
thepolarizationvectorof the M ö vectormeson,we define

P M ö ¼ ) Ã � ¼ ô ç¦¥ Ã é � × ¼ ) á Ã h º ç
RUT öé ¼ ä á

ë
ä � { Ã ¥ � ¼ÇÍ Ã

ëSR ¼ ) á
ë
) Ã é ¼

T ö ) á Ã ¥ Ü ¼ÇÍ Ãä á
ë
ä � {ë"R ¿ é ¼ T ö ) á Ã ê ä �

{
Í ¼ ¥ æ ¼ÇÍ Ã ç§¥ Ñ ¼ÇÍ ÃÇÃ

ë¨T é_jl� > T ö j ) �á ) > ê ô ¼ÇÍ Ã
ä á

ë
ä � { ÆP M ö ¼ ) Ã � ½Í , é_j ¿ j ¼ ±

ë À�Á+ÃÇÂ � × ¼ ) á Ã h º
RUT é�jl� > T ö j ) �á ) > ê ^ � ¼ÇÍ Ãë ^ Ü ¼ÇÍ Ã T öé ¼ ä Ü á ç ä Ü � { Ã ç ¼

T ö ) á Ã ¼ ) á
ë
) Ã é

ë ^ æ ¼ÇÍ Ã ¼
T ö ) á Ã ¿ é ç Í

ä Ü á ç ä Ü � { ¼ ) á
ë
) Ã é
(19)

with

¥ æ ¼ÇÍ Ã º ä á
ë
ä � {ê ä � { ¥ � ¼ÇÍ Ã ç ä á ç ä � {ê ä � { ¥ Ü ¼ÇÍ ÃÇÆ ¥ Ñ ¼ ² Ã º ¥ æ ¼ ² ÃÇÆ ^ � ¼ ² Ã º ^ Ü ¼ ² Ã ì



¥ � ¥ Ü ¥ Ñ ô ^ � ^ Ü ^ æk ¼ ² Ã ² ì ��� � ² ì ê+Þ+ê ² ì è �+± ² ì è � � ² ì � � 9 ² ì � � 9 ² ì ê 
+²p � ² ì 
+² ê ± ì ±�� ê ± ì	� ² � ± ì è Þ+ê ± ì	� ± 9 ² ì	� ±�� ± ì ± ê 9p Ü ² ì ê � Þ ² ì	� 
�� ² ì �+±+² ± ì ²+± � ± ì ² � ² ² ì è ê 
 ± ì ± ê+Þ
Table25: Centralvaluesof parametersfor theparametrization(20)of the @¦B§© { form factors.Renormalizationscalefor ª¬«
is C ¦®®¯ .
Theform factorŝ V arerenormalization-scaledependent.All signsaredefinedin suchawayasto render
theform factorspositive. Thephysicalrangein Í extendsfrom Í f V±° º ² to Í f³²U\ º�¼ ä á ç ä � { Ã Ü . As
describedin thelastsubsectionfor the

× Ø�M ö À form factor
^ � , theabove form factorsareessentially

non-perturbative. Lackingresultsfrom latticecalculations,wequotetheform factorsascalculatedfrom
QCD sum rules on the light-cone[126, 35], in the parametrizationsuggestedin [168], wherealso a
discussionof thetheoreticaluncertaintiescanbefound.Theform factorscanbeparametrizedas

k ¼ÇÍ Ã º k ¼ ² Ã ��´+� ¼ p �¬µÍ
ë p Ü µÍ Ü Ã (20)

with µÍ#º�Í ïCä Üá . Thecentralvaluesof theparametersp V aregivenin Tab. 25.

Let us now turn to the variousdecaydistributions relevant for the phenomenologicalanalysis.
For lack of space,we cannotgive detailedexpressionsfor decayamplitudesandspectrain termsof the
hadronicmatrix elements(19); they canbefoundin [168]. Besidesthetotal branchingfractionandthe
spectrumin thedimuonmass,it is in particularthe forward-backwardasymmetrythat is interestingfor
phenomenology. It is definedas

¥ Ý á ¼ÇÍ Ã º ±Î:¶ ï Î Í
�
Ñ Î ¼ 465 ø ü Ã Î Ü ¶Î Í Î 465 ø ü ç

Ñ
³��
Î ¼ 465 ø ü Ã Î Ü ¶Î Í Î 465 ø ü Æ (21)

where
ü

is the anglebetweenthe momentaof the B mesonandthe Ä Ù in the dileptoncentre-of-mass
system.Theasymmetryis governedby

¥ Ý á§· Ô � Ñ ¸ � Ô effµ ô ¼ÇÍ Ã ¥ � ¼ÇÍ Ã
ë µäîíµÍ Ô effQ ` ô ¼ÇÍ Ã ^ Ü ¼ÇÍ Ã ¼ ±,ç µä � { Ã

ë
¥ � ¼ÇÍ Ã ^ � ¼ÇÍ Ã ¼ ±

ë
µä � { Ã?g

ì
(22)

In theSM, ¥ Ý á exhibitsazeroat Í'º�Í Ñ , givenby

¸ � Ô effµ ¼ÇÍ Ñ Ã º ç µäîíµÍ Ô effQ ^ Ü ¼ÇÍ Ñ Ã
¥ � ¼ÇÍ Ñ Ã ¼ ±,ç µä � { Ã

ë ^ � ¼ÇÍ Ñ Ãô ¼ÇÍ Ñ Ã ¼ ±
ë

µä � { Ã
ì

(23)

Theforward-backwardasymmetryhasazeroif andonly ifø
ú ¹+û ¼ Ô effQ ¸ �hÔ effµ Ã º ç ± ì (24)

It is interestingtoobservethatin theLargeEnergy EffectiveTheory(LEET) [172], bothratiosof theform
factorsappearingin Eq.(23)haveessentiallynohadronicuncertainty, i.e.all dependenceonintrinsically
non-perturbative quantitiescancels,andonehassimply^ Ü ¼ÇÍ Ã

¥ � ¼ÇÍ Ã º
±
ë

µä � {±
ë

µä Ü � { ç µÍ ±,ç µÍ±ãç µä Ü � {
Æ ^ � ¼ÇÍ Ãô ¼ÇÍ Ã º ±±

ë
µä � {

ì
(25)

Theserelationsarefulfilled by QCD sumruleson the light-coneto 2% accuracy, which indicatesthat
correctionsto theLEET limit areextremelysmall. In that limit, onethushasa particularlysimpleform
for theequationdeterminingÍ Ñ , namely

¸ � ¼ Ô effµ ¼ÇÍ Ñ ÃÇÃ º ç ê µäîíµÍ Ñ Ô
effQ ±,ç µÍ Ñ±

ë
µä Ü � { ç µÍ Ñ

ì
(26)
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Thus, the precisionof the zeroof the forward-backward asymmetryin
× Ø M ö Ä Ù Ä ³ is determined

essentiallyby theprecisionof the ratio of the effective coefficientsand äîí andis largely independent
of hadronic uncertainties. The insensitivity of Í Ñ to thedecayform factorsin

× Ø M ö Ä Ù Ä ³ is a re-
markableresult,whichhasfirst beenobservedin [173] by scanningoveranumberof form factormodels.
LEET putsthisobservationontheoreticallymorerigorousgrounds,although(25),andconsequently(26)
areexpectedto bemodifiedby hardperturbative QCD corrections.In theSM, onefinds Í ÑÑÐ ê ì	9

GeV
Ü

at Ä º è ì Þ
GeV. FromEq. (23) it alsofollows that thereis no zerobelow the p ½p resonancesif both Ô effµ

and Ô effQ have thesamesignaspredictedin somebeyond-the-SMmodels.Thus,condition(24)provides
adiscriminationbetweentheSM andcertainmodelswith new physics.Dueto spacelimitationswecan-
notdiscussin detailthepossibleimpactof particularbeyond-the-SMscenariosonthedecaydistributions
introducedabove. To illustratethefactthatlargeeffectsareindeedpossible,weshow, in Figs.54and55,
theresultsfor thedimuonspectrumandtheforward-backwardasymmetryobtainedin [168] for several
SUSY-extensionsof theSM.

Note that the above formulasand considerationscannotimmediatelybe applied to the decay× ØÒ� Ä Ù Ä ³ , whosemeasurementcould,in principle,togetherwith thatof
× Ø¾M ö Ä Ù Ä ³ , beusedto

determinetheratioof CKM matrixelements� ô õ ! ï ô õ	� � , asanalternative to thedeterminationfrom B mix-
ing. Theproblemlies in new contributionsto Ô effµ originatingfrom light-quarkloopsandassociatedwith
thepresenceof low-lying resonances,for instance� and� , in thedimuonspectrum.Thesecontributions
areCKM-suppressedin

× Ø M ö Ä Ù Ä ³ , so that the correspondinguncertaintiescanbe neglected,but
they areunsuppressedin

× ØÓ� Ä Ù Ä ³ decays.Theproblematicpart in that is that thetheorytools that
allow oneto treat p ½p resonancecontributionsto

× ØNM ö Ä Ù Ä ³ arenotapplicableany more:perturbation
theorydoesonly work in theunphysicalregion Í # ² , andanoperator-productexpansionwhich would
indicatepotentialpower-suppressedtermsalsofails. No satisfactorysolutionto thatproblemis presently
available.

Finally, we note that the analysisof
× ! Ø Ô Ä Ù Ä ³ parallelsexactly that of

× � Ø M ö Ä Ù Ä ³ ;
thecorrespondingform factorscanbefoundin Ref. [35]. Also semimuonicdecayswith a pseudoscalar
mesonin thefinal state,e.g.

× � ØÕM Ä Ù Ä ³ and
× � Ø ß Ä Ù Ä ³ , are,from a theoreticalpoint of view,

viablesourcesfor informationon short-distancephysicsandCKM matrix elements.Their experimen-
tal detectionis, however, extremely difficult due to the overwhelmingcombinatorialbackground;no
experimentalfeasibility studiesexist to date.

8.32 ExperimentalConsiderations

As with
× Ø Ä Ù Ä ³ , thesemimuonicdecays

×'Ñ� Ø�M ö Ä Ù Ä ³ are”self-triggering” channelsthanksto
thepresenceof two muonswith high ):* in thefinal state.Particleidentificationhelpsdecisively in sepa-
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Fig. 57: @ ¤� B;© { ¤ C D C F (left), @ ¤� B8ß ¤ C D C F (centre)and @ ¤A BÊà ¤ C D C F (right) signalswith backgroundassimulated

by ATLAS. Thecross-hatchedhistogramshows the @ ¤� B&ß ¤ C D C F signal,andthehorizontallyhatchedonethereflectionof@ ¤� B§© { ¤ C D C F to @ ¤� Báß ¤ C D C F .

ratingthefinal-statehadrons.All threeexperimentsassumethebranchingratio
× ¼ × Ñ� ØNM ö Ñ Ä Ù Ä ³ Ã º± ì	� � ±+² ³�¶ for estimatingthenumberof eventsto beobserved.

ATLAS have investigatedform factoreffectson thedetectionof
× Ñ� ØâM ö�Ñ Ä Ù Ä ³ ; detailsof the

analysiscanbefoundin [174]. Two differentparametrizationsof thehadronicmatrix elements(19),GI
andISGW2,wereimplementedinto PYTHIA andthefinal numbersof expectedeventsaftertrigger-cuts
wereevaluatedfor thesetwo samplesof signal-events.Thedimuonmassdistribution is shown in Fig. 56
for the caseof the phase-spacedecay, GI and ISGW2 parametrizations.It was found that the matrix
elementspracticallydo not changethe inclusive parametersof themuonsandthe M ö�Ñ meson,which is
importantfor triggeringtheseevents.They do, however, stronglyinfluencethespectrumin thedimuon
massandtheforward-backwardasymmetry. Althoughquarkmodelcalculationsof form factorslike GI
andISGW2mayserveasroughguidelinesfor first estimates,they donot reflectthemodernstate-of-the-
artof theoreticalcalculations.For this reason,it is importantto extendexistingstudies,takingadvantage
of the recentdevelopmentsin the theoreticalcalculationof hadronicmatrix elementsasdiscussedin
Sec.8.31,andin particularto useonly suchmodelcalculationsthat reproducethe model-independent
resultsfor certainform factorratioslike (25).

TheATLAS collaborationhasstudiedthedecays
×#Ñ� Ø�� Ñ Ä Ù Ä ³ ,

×'Ñ� ØãM ö Ñ Ä Ù Ä ³ and
×#Ñ! ØÔ Ñ Ä Ù Ä ³ . All thesechannelswerefully simulatedandreconstructedin the innerdetector. As possible

background,the following reactionshave beenconsidered:
×'Ñ�

mesondecaysto ¢ ïc£ M Ññ , � Ñ Ä Ù Ä ³ ,
reflectionof

×'Ñ� Ø � Ñ Ä Ù Ä ³ and
×'Ñ� Ø M ö Ñ Ä Ù Ä ³ to other signal-channels;

×#Ñ!
mesondecaystoM ö�Ñ ¼ Ô Ã�Ä Ù Ä ³ , semimuonicdecaysof oneof the Â quarksandsemimuonicdecaysof both Â quarks.An

additionalminimumbiasof 2.4eventsin theprecisiontracker and3.2eventsin thetransitionradiation
tracker were taken into accountwhen studyingthe signal and background. The expectedresultsfor
observingthesethreechannelsareshown in Fig. 57.

Assumingthe SM to be valid, the measurementof the branchingfractionsof the decays
×'Ñ� Ø� Ñ Ä Ù Ä ³ and

× Ñ� Ø M ö Ñ Ä Ù Ä ³ gives,in principle, the possibility to extract the ratio of theCKM ele-
ments � ô õ	� � ï � ô õ ! � usingthefollowing equation:ä ¼ ×'Ñ� Øå� Ñ Ä Ù Ä ³ Ãä ¼ × Ñ� ØNM ö Ñ Ä Ù Ä ³ Ã ºçæ � � ô õ	� � Ü� ô õ ! � Ü

ì
(27)

The quantity æ � dependson form factorsand Wilson-coefficients and also on the experimentalcuts.
Although thereexist claims in the literaturethat, with propercuts, æ � may be calculatedwith small
hadronicuncertainties,seee.g.[175], thesepaperstendto underestimatetheuncertaintyassociatedwith
the impacton p ½p resonanceson thespectrum(for

× Ñ� Ø�� Ñ Ä Ù Ä ³ , therearealso � ½� resonanceswhose
contributions areoften completelyignored). Our presentknowledgeof theselong-distanceeffects in



Interval µÍ f Vè°yé ² ì ± è ² ì ± è é ² ì ��� ² ì	��� é µÍ f�²0\
ATLAS

� ¥ Ý á (3 years) 5% 4.5% 6.5%
LHCb

� ¥ Ý á (1 year) 2.4% 2.4% 5.8%
SM ¥ Ý á 10% –14% –29%

MSSM ¥ Ý á ¼ ç ±�� é ² ì	� Ã % ¼ ç � � é ç ± � Ã % ¼ ç ��� é ç ê 9 Ã %
Table26: Expectedprecisionfor asymmetrymeasurementsat ATLAS andLHCb, for 3 and1 yearsrunning,respectively, at

low luminosityandassumingSM branchingratios;theexperimentalnumbersrely on [176] andthetheoreticalpredictionson

the form factorsin the GI parametrizationandMSSM parametersasdiscussedin [177]. The kinematiclimits aregiven byêë]ì «îí ¦sïl®ðñ�ò sðó and
êë]ìõô6ö ¦�§± óø÷ sùoú¾©ûð ò ®ðó .

Ô effµ is, ashasalsobeendiscussedin thetheorysubsection,unsatisfactoryandcallsfor improvedtheory
studies.

ATLAS alsostudiedthe prospectsfor measuringthe forward-backward (FB) asymmetry¥ Ý á ,
definedin (21). Experimentally, thefollowing quantitywill bemeasured:

P ¥ Ý á h?ü !þý Õ ! ð3ÿ º
P ä Ý h ü !þý Õ ! ð3ÿ ç P ä á h ü !�ý Õ ! ð2ÿP ä Ý h?ü !þý Õ ! ð3ÿ

ë P ä á h?ü !�ý Õ ! ð2ÿ
Æ (28)

where
P ä Ý h ü !þý Õ ! ð ÿ and

P ä á h ü !þý Õ ! ð3ÿ arethe numbersof positively chargedleptons(including thosefrom
background)moving in theforwardandbackwarddirectionsof theB meson,respectively, in therange
of thesquareddimuonmassÍ � � Í � Æ Í Ü � . In Fig. 55,we show theSM predictionfor ¥ Ý á togetherwith
predictionsin several SUSY extensionsof the SM, which arecharacterizedby the possibility that the
Wilson-coefficients Ô effQ and/orÔ effµ canchangesignwith respectto theSM.As discussedin theprevious
subsection,thebehaviour of theasymmetrywith Í dependscrucially on thesesigns.For example,if the
asymmetryturnsout to benegative at small Í , thenthismeansthatthereis new physicsbeyondtheSM.

The precisionfor asymmetrymeasurementsin threedifferent Í intervals wasestimatedby AT-
LAS. Thedataarepresentedin Tab. 26, togetherwith asymmetryvaluesin theSM andoneexemplary
SUSYmodel,integratedover thecorrespondingintervals in µÍ�º Í ïCä Ü á . Theexpectedaccuracy of the
asymmetrymeasurementwith theATLAS detectorwill besufficient to distinguishbetweentheSM and
someof its extensions.It should,however, bestressedthatnew-physicseffectsnotyielding sign-flipsof
theWilson-coefficientsdonot change¥ Ý á dramaticallyascomparedto theSM.

LHCb hasalsoperformedananalysisof
× Ñ� Ø¾M ö�Ñ Ä Ù Ä ³ . Thematrix elementsreproducingthe

correctdimuonmassdistributionwereimplementedintoPYTHIA. Thedetectorresponsefor bothsignal-
andbackground-eventswassimulatedandthechargedparticleswerereconstructedin thedetector. LHCb
expectsto observe 4500

×#Ñ� ØâM ö�Ñ Ä Ù Ä ³ eventsperyear. For background-studies, thefollowing reac-
tionsweresimulatedwith PYTHIA:

×'Ñ� Ø M ö Ñ Ä Ù Ä ³ ,
×'Ñ� Ø ¢ ïc£ ¼ M ö�Ñ Æ M Ññ Æ Ô Æ M Ù Ã , with thesubse-

quentdecayof ¢ ïc£ into two muons,inclusive
× Ø è ß

, Â Ø Ä�q Æ Â Ø Ä�q and
× Ø Ä�� ¼ Ä�q»Ã q . The

totalnumberof background-eventsis expectedto be280.Thelargesignal-statisticswith very low back-
groundgivesanicepossibilityto studythischannelin detail.LHCb alsoevaluatedthesensitivity of ¥ Ý á
measurements.Theresultsareshown in theTab. 26. Promisingresultswereobtainedby LHCb for mea-
suringthepositionof thezeroof ¥ Ý á , µÍ Ñ with ¥ Ý á ¼ µÍ Ñ Ã º ² . As discussedin theprevioussubsection,
thepositionof thezerois proportionalto theratioof two Wilson-coefficients, Ô effµ ï Ô effQ , with only small
hadronicuncertaintiesfrom form factors.Note,however, that it is theeffectiveWilson-coefficientsthat
determineµÍ Ñ andthat thesecoefficientsencodebothshort-distanceSM and– potentially– new physics
effectsandlong-distanceQCD effects,which latter onesdo comewith a certainhadronicuncertainty
thatto datehasnotbeeninvestigatedin sufficientdetail.LHCb simulatedtheexpectedmeasurementsof
theasymmetry, seeFig. 58,andmadea linearfit of the”experimentalpoints”. It is shown that µÍ Ñ canbe
measuredwith 25%accuracy, which leadsto a4%errorin extractingtheratio Ô effµ ï Ô effQ .

The CMS collaborationstudiedthreerareB mesondecaychannels,
×'Ñ� Ø M ö Ñ Ä Ù Ä ³ ,

×'Ñ� Ø
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êë ¤ with ��� ó § êë ¤ © ¦�� . Squaresdenote
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	 ����� (only
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ATLAS CMS LHCb
Channel

×
Signal BG Signal Signal BG×'Ñ� Øå� Ñ Ä Ù Ä ³ 10³ Q 222 950 1050 not yet estimated× Ñ� Ø�M ö�Ñ Ä Ù Ä ³ 1.5 � 10³�¶ 1995 290 12600 22350 1400(

#
4300 95%C.L.)×'Ñ! Ø�Ô Ñ Ä Ù Ä ³ 10³�¶ 411 140 3600 not yet estimated

Table27: Expectedsignal-andbackground-statisticsfor raresemimuonicdecays,for 3 years’runningof ATLAS andCMS at

low luminosityand5 years’of LHCb. TheCMSsimulationwasdoneat theparticlelevel only.

� Ñ Ä Ù Ä ³ ,
× Ñ! ØÕÔ Ñ Ä Ù Ä ³ , at theparticlelevel. No full simulationof thesignalandbackgroundin the

CMS detectorhasbeenperformedyet. Secondaryvertex reconstructionwashowever studiedin detail.
The main sourceof uncertaintyin the CMS evaluationis the efficiency of higher-level triggering of
dimuonswith continuummassdistribution. The completeevent reconstruction,usingobject-oriented
techniques,theimplementationof varioushighertriggerlevel strategiesandtheevaluationof triggering
efficiencies,is now underway in CMS.Thesourcesof backgroundconsideredare

× Ñ Ø ¢ ïc£ ¼ Ä Ù Ä ³ Ã q ,×'Ñ Ø Ä þ Ø Ä Ä ë q , reflectionof
×'Ñ! Ø�Ô Ñ Ä Ù Ä ³ and

×'Ñ� Ø�M ö�Ñ Ä Ù Ä ³ to othersignal-channelsand
semimuonicdecaysof both Â quarks.

Thenumbersof signal-andbackground-eventsexpectedby ATLAS, CMSandLHCb aregivenin
Tab. 27.

8.4 Inclusive Decays

Theinclusive decaymode
× Ø q ! À hasreceivedmuchattentionin connectionwith its measurementat

CLEO,
× ¼ × Ø q ! ÀåÃ º ¼ � ì ± �  ² ì � �  ² ì � ê  ² ì ê 
 Ã"� ±+² ³ G [178], whichshouldbecomemuchmore

accuratewith databeingtakenat the Z Ù Z ³ B factories.A state-of-the-artreview on inclusive decayscan
befoundin thecorrespondingchapterof theBaBarphysicsbook[6]. Theexperimentalenvironmentof
a hadronicmachinemakesit very hardto measureinclusive decays.Nevertheless,theD0 collaboration
at Fermilabwasableto seta 90%CL bound

× ¼ × Ø q ! Ä Ù Ä ³ Ã # � ì ê � ±+²´³ G [179], which shouldbe
comparedto thecorrespondingCLEO [180] resultof

�+ì Þ � ±+² ³ Á andtheSM expectationof 
 � ±+² ³�¶ .
In the D0 analysis,no displacedvertex wasrequiredfor the muonpair, contraryto the CDF analysis
of theexclusive

× ØÕM ö Ä Ù Ä ³ mode[181], wherea sensitivity of order ±+² ³�¶ hasbeenreached.It is
an interestingquestionto askwhetherLHC could improve theD0 result(e.g.by requiringa displaced
vertex) andwhetherit couldpossiblyreachthesensitivity requiredfor measuringthebranchingratiosof× Ø q ! À and

× Ø q ! Ä Ù Ä ³ aspredictedin theSM.

Thetheoreticaladvantageof the inclusive decays
× Ø q ! À and

× Ø q ! Ä Ù Ä ³ over particular
exclusive channelslies in the fact that non-perturbative contributions to the inclusive modescan be



calculatedin a model-independentway with thehelpof theOperatorProductExpansion(OPE)within
the Heavy QuarkEffective Theory(HQET) [182]. Actually, this statementis true only at the leading
orderin hardstronginteractions(i.e. in ó ! ¼ äîí Ã ï ß ) andonly after imposingcertainkinematiccuts(see
e.g. [167, 163]). Even with theserestrictions,the accuracy of theoreticalpredictionsfor the inclusive
branchingratiosis expectedto bebetterthanin theexclusive case.

Thetheoreticalanalysisof ½× Ø q ! À proceedsalongthesamelinesasin the ½× Ø ½M ö À case,up
to Eq. (12),where ½M ö hasto bereplacedby any � º ç ± hadronicstateq ! . Then,themodulussquared
of theamplitudeis taken,andasumoverall thestatesq ! is performed.Theobtainedsumcanberelated
via theopticaltheoremto theimaginarypartof the ½× À Ø ½× À elasticscatteringamplitude,analogously
to what is donein the analysisof ½× Ø q � Õ ~ Z�½� [183]. After OPEandcalculatingmatrix elementsof
several localoperatorsbetween ½× mesonstatesat rest,onefindsthatthe“subtracted”branchingratio

× ¼ ½× Ø q ! ÀåÃ subtracted�������������� � × ¼ ½× Ø q ! ÀåÃ ������������� ç × ¼ ½× Ø q w � xnocharm£ Ã�� × ¼ £ Ø q w Ü xnocharm
À~Ã (29)

is givenin termsof thepurelyperturbative Â quarkdecaywidth, up to smallnon-perturbative corrections

¶ ¼ ½× Ø q ! À~Ã subtracted������������ �¶ ¼ ½× Ø q ~ Z�½� d Ã !
¶ ¼ Â Ø q ! À~Ã perturbative NLO����������� �¶ ¼ Â Ø q ~ Z�½� d Ã perturbative NLO

�
� ±

ë ¼ ¡ ¼�" Ü ïCä Ü í Ã ! ±�� Ã
ë ¼ ¡ ¼�" Ü ïCä Ü ~ Ã ! � � Ã ì (30)

Thenormalizationto thesemileptonicratehasbeenusedhereto canceluncertaintiesdueto ä Á í , CKM-
anglesandsomeof thenon-perturbative corrections.Onehasto keepin mind that (30) becomesa bad
approximationfor �$#&% /� ' ± GeV, andthatnon-perturbative correctionsgrow dramaticallywhen �(#&% /� 7ê

GeV. Moreover, non-perturbative effectsarisingat ¡ ¼ ó ! ¼ äîí ÃÇÃ arenot includedin (30). Estimatingthe
sizeof suchnon-perturbative effectsrequiresfurtherstudy, seeRef. [163]. For � #&% / º ± GeV, Eq. (30)
gives × ¼ ½× Ø q ! ÀåÃ subtracted�������������� º�¼ � ì ê 9  ² ì ��� Ã"� ±+² ³ G Æ (31)

where the dominantuncertaintiesoriginate from the uncalculated¡ ¼ ó Ü ! Ã effects and from the ratioä ~ ïCäîí in thesemileptonicdecay(around7%each).

Thecalculationof ½× Ø q ! Ä Ù Ä ³ for smalldimuoninvariantmassis conceptuallyanalogousto½× Ø q ! À , but technicallymorecomplicated,becausemoreoperatorsbecomeimportant.Here,weshall
quoteonly thenumericalestimate[167]× ¼ × Ø q ! Ä Ù Ä ³ Ã !*) ü Ñ � Ñ Á f ð¯ Õ Ñ � Ü Á f ð¯ ÿ º�¼ ± ì è 
� ² ì ± 9 Ã"� ±+² ³�¶ Æ (32)

whereonly theerrorfrom Ä -dependenceof theperturbative amplitudeis included.

8.5 Conclusions

The LHC experimentswill be able to make precisemeasurementsof rare radiative, semimuonicand
muonicB decays.ATLAS andCMS will measureraredecaysin the central + region, which will be
complementaryto thedatato betakenby LHCb. A first assessmentof LHC’s potentialto measurerare
B decayshasshown thatit will bepossibleto� observe

×'Ñ! Ø Ä Ù Ä ³ , measureits branchingratio,which is of order ±+² ³�µ in theSM, andperform
ahigh sensitivity searchfor

× Ñ� Ø Ä Ù Ä ³ ;� measurethebranchingratioanddecaycharacteristicsof
×'Ñ� ØNM ö�Ñ À atLHCb;� measurethebranchingratiosof

×'Ñ! ØNÔ Ñ Ä Ù Ä ³ ,
×'Ñ� Ø � Ñ Ä Ù Ä ³ and

×'Ñ� Ø�M ö�Ñ Ä Ù Ä ³ andstudy
thedynamicsof thesedecays;� measurethe FB-asymmetryin

× Ñ� Ø M ö�Ñ Ä Ù Ä ³ , which allows the distinctionbetweenthe SM
anda largeclassof SUSYmodels.



Studyingraremuonicdecaysathigh luminositywith theATLAS andCMSdetectorswouldsignificantly
improve theresultsthatcanbeobtainedat low luminosity.

Openquestionsto bediscussedin thefutureinclude:� assessmentof the combinedperformanceof LHC experimentson raremuonicandsemimuonic
decays;� studiesof CPasymmetriesin raresemileptonicB decaysat LHC;� evaluationof the potentialof ATLAS, CMS and LHCb to measureinclusive

×'Ñ� Õ ! Ø , Ä Ù Ä ³
branchingratios;� detectionof raredecayswith a à in thefinal state;� feasibility studyfor measuringsemimuonicdecayswith a pseudoscalarmesonin the final state,
e.g.

× � Ø ß Ä Ù Ä ³ ,
× � Ø�M Ä Ù Ä ³ .

From the theorypoint of view, the mosturgent questionleft openis the preciseassessmentof
long-distanceeffectsbothin theradiativeB decays

× Ø ¼ M ö Æ � Ã�À andin thesemimuonicones,encoded
in theeffective Wilson-coefficient Ô effµ ; the lack of knowledgeof theseeffectslimits theprecisionwith
which CKM matrix elementsandshort-distancecoefficientscanbeextractedfrom semimuonicdecays.
Othertasksremainingaretheimprovementof form factorcalculations,for instancefrom lattice,andthe
parametrizationof form factorsin a form that includesasmuchknown informationon thepositionsof
polesandcutsaspossible.Also, the possiblesizeof CP asymmetriesin semimuonicdecaysdeserves
furtherstudy;only few paperstreatthatsubject,seee.g.[184].

9. THEORETICAL DESCRIPTION OF NON-LEPTONIC DECAYS15

Exclusivenon-leptonicB decaysform animportantpartof LHC’sB physicsprogrammeandat thesame
timeposeabig challengefor theory. In thestandardapproachusinganeffectiveweakHamiltonian,non-
leptonicdecayamplitudesare reducedto productsof short-distanceWilson-coefficients andhadronic
matrixelements.Thecalculationof thelatteronesrequiresgenuineknowledgeof non-perturbative QCD
andis oftendonein theso-calledfactorizationapproximation,wherea matrix elementover typically a
four-quarkoperatoris “f actorized”into a productof matrix elementsover currentoperators,which are
mucheasierto calculate:

P ¢ ïc£ M ñ � ¼]½piÀ é p�Ã ¼C½Í À é Â�Ã � ×sh Ø P ¢ ïc£ � ¼)½p|À é p�Ã �+² h � P M ñ � ¼�½Í À é Â�Ã � ×sh ì
Thefactorizationapproximationis, of course,not exactandtheassessmentof “non-factorizablecontri-
butions”, includingFSI phases,is a fundamentalproblemof stronginteractions,which affectsboththe
extractionof weakphasesfrom CP asymmetries,like

O.-�/ ¼ × Ø ß ß Ã , andthedeterminationof CKM
anglesor new physicsfrom raredecays.Whereasin Secs.3 to 5 a pragmaticapproachhasbeenpre-
sentedwhich aimsat constrainingstrong-interactioneffectsfrom experiment,it remainsa big challenge
for theoryto predict theseeffectsfrom first principles. For this reasonwe devote a separatesectionto
review severalans̈atzefor solvingor ratherapproachingtheproblem,althoughit is to beadmittedthata
completesolutionis still far beyondour power. In threesubsectionswe discussthecalculationof non-
factorizablecontributionsto

× Ø ¢ ïc£ M w ö=x from QCDsumrulesonthelight-cone[185, 186], amethod
for obtaininginformationon thestrongphasein

× Ø ß ß
from dispersionrelations[187] and,finally, an

approachthatappliesthemethodsdevelopedfor hardexclusiveQCDreactionsto certainB decaysin the
heavy quarklimit äîí Ø10 [76]. Wewould like to stress,however, thattheproblemof how to calculate
non-factorizablecontributionsand,in particular, FSI phases,is very challengingindeedandthata lot of
theorywork remainsto bedone.We thuscanpresent,insteadof a coherentpicture,only facettes,albeit
scintillatingones.

15Sectioncoordinators:P. Ball, M. Beneke,G. Buchalla,I. CapriniandA. Khodjamirian.



9.1 Non-FactorizableContrib utions to ª ¬ 243
5ÑI76 J98
The non-factorizablecontributionsto the amplitudesof

× Ø ¢ ïc£ M w ö=x decayshave recentlybeenes-
timated[185, 186] using operatorproductexpansion(OPE) and QCD light-conesum rules. In this
subsection,we outlinethemainresultsof this study.

With theeffective Hamiltonian(1), thematrixelementof
× Ø ¢ ïc£ M w ö=x hasthefollowing form:

P M w ö=x ¢ ïc£ ��: !
eff � ×sh º è Ú Ý÷ ê ô ~ í ô ö~ ! Ô � ¼ ÄhÃ

ë Ô Ü ¼ ÄhÃ� P M w ö=x ¢ ïc£ � · ! � ¼ ÄhÃ � ×shë ± ê Ô Ü ¼ ÄhÃ P M w ö=x ¢ ïc£ � · ! � ¼ ÄhÃ � ×sh
ì

(1)

Theexplicit form of thefour-quarkoperators
· ! � Õ Ü is givenin (10). Theoperator

· ! � º�¼]½p�¶ �<; ²ê p�Ã ¼C½Í ¶ � ; ²ê ÂCÃ
with ¶ � º À � ¼ ±kç À�Á+Ã originatesfrom theFierzrearrangementof

· !Ü . In thefactorizationapproximation,
thematrixelementsof

· ! � vanishandthematrixelementsof
· ! � aresplit into theproduct

P M w ö=x ¢ ïc£ � · ! � ¼ ÄhÃ � ×sh º ±è P ¢ ïc£ � ½pl¶ � p �c² h P M w ö=x � ½Í ¶ � Â � ×sh Æ (2)

involving simplermatrixelementsof quarkcurrents:
P ²$� ½p�¶ � p �L¢ ïc£ ¼ ) Ã h º â � ä �

T �
� and

P M ¼ ) Ã � ½Í ¶ � Â � × ¼ ) á Ã h º â Ù ¼ÇÍ Ã ¼ ) á �
ë
) � Ã

ë
â ³ ¼ÇÍ ÃÇ¿ �

ì
(3)

Theform factordecompositionof thematrixelement
P M w ö=x ¼ ) Ã � ½Í ¶

� Â � × ¼ ) á Ã h canbefoundin (19). In
theabove, ¿ º ) á ç ) , Í�º ¿ Ü , â � is the ¢ ïc£ decayconstant,

T
� ,

T � { arethepolarizationvectorsof¢ ïc£ and M ö , respectively, and â   aretheform factorsfor
× Ø M . For thenumericalanalysiswe use

theform factorsascalculatedfrom QCDsumruleson thelight-cone[188, 35, 126, 168].

Theshort-distancecoefficients Ô � Õ Ü ¼ ÄhÃ andthematrix elementsentering(1) arescale-dependent,
whereasthedecayconstantsandform factorsdeterminingtheright-handsideof (2) arephysicalscale-
independentquantities.Therefore,factorizationcanat bestbeanapproximationvalid at oneparticular
scale.In fact,in both

× Ø ¢ ïc£ M and
× Ø ¢ ïc£ M ö , factorizationdoesnot work at Ä º ¡ ¼ äîí Ã andis

unableto reproducebothpartialwidthsandtheir ratioascanbeseenfrom Tab. 28. Factorizationin these
channelshasto begeneralizedby replacingtheshort-distancecoefficient Ô � ¼ ÄhÃ

ë
Ô Ü ¼ ÄhÃ ï � by effective

coefficients = Ü which aresupposedto be scale-independentand incorporatepossiblenon-factorizable
effects.Themostgeneraldecompositionof thematrix elementsin (1) includesoneeffective coefficient
for

× Ø ¢ ïc£ M andthreefor
× Ø ¢ ïc£ M w ö=x (onefor eachpartialwave):

P M ¼ ) Ã ¢ ïc£ ¼ ¿ÌÃ �>: !
eff � × ¼ ) á Ã h º ÷ ê Ú Ý ô ~ í ô ö~ ! = á � �Ü â � â Ù ä � ¼

T ö�@? ) Ã�Æ (4)

P M ö ¼ ) Ã ¢ ïc£ ¼ ¿ÌÃ �>: !
eff � × ¼ ) á Ã h º Ú Ý÷ ê ô ~ í ô ö~ ! ä � â �

T ö �� ç
R ¼ ä á

ë
ä � { Ã

T ö� { � = á � � {Ü Õ � ¥ � ¼ÇÍ Ãë"R ¼ T ö� { ? ¿cÃ ¼ ) á
ë
) Ã �ä á

ë
ä � { = á � � {Ü Õ Ü ¥ Ü ¼ÇÍ Ã

ë ê
T �?j Ë�A

T ö j� { ¿ Ë ) Aä á
ë
ä � { = á � � {Ü Õ z ô ¼ÇÍ Ã ì (5)

From experimentaldatawe obtainestimatesfor thesecoefficients as displayedin Tab. 28. Only the
absolutevaluesof = á � �Ü and = á � � {Ü Õ V ¼ R º ± Æ ê Æ ô Ã canbeextracted,whereastherelative signof = á � � {Ü Õ Ü
and = á � � {Ü Õ � turnsout to bepositive with a twofold ambiguityfor thecoefficient = á � � {Ü Õ Ü . It is important
to noticethat experimentaldatathemselvessignalnon-universalityof the = Ü -coefficients,althoughthe
accuracy still hasto beimproved.



DecayParameter (a) (b) Experiment¶ ¼ × Ø ¢ ïc£ M Ã ( in 10B sec³�� ) 1.0 é 1.5 0.15 é 0.2 5.8  0.8(
×'Ñ

)[64]
6.1  0.6(

×   )[64]¶ ¼ × Ø ¢ ïc£ M ö Ã ( in 10B sec³�� ) 3.9 é 6.0 0.6 é 0.9 9.7  1.1(
× Ñ

)[64]
9.0  1.6(

×   )[64]¶ ¼ × Ø ¢ ïc£ M ö Ã ï ¶ ¼ × Ø ¢ ïc£ M Ã 2.6 é 6.2 1.45  0.26[107]CED º ¶ D ï ¶ 0.475 é 0.465
0.52  0.08[107]
0.65  0.11[86, 107]= á � �Ü 0.14 0.055 0.31  0.02  0.03

= á � � {Ü Õ � 0.14 0.055 0.18Ù Ñ � Ñ æ³ Ñ � Ñ G  0.02

= á � � {Ü Õ Ü 0.14 0.055
0.13Ù Ñ � Ñ µ³ Ñ � � Ñ  0.01
0.69Ù Ñ � Ñ Q³ Ñ � Ñ B  0.05

� = á � � {Ü Õ z � 0.14 0.055 0.16Ù Ñ � Ñ G³ Ñ � Ñ Á  0.02

Table28: @ BGF ò&H ©JI {>K decaycharacteristicscalculatedin naive factorizationapproximation,neglectingnon-factorizable

contributionsandtaking L ýNM ðPO C © from [6] in NLO at(a) CRQ ®¯ , (b) CSQ ®¯ ò�T andcomparedwith experiment.Theintervals

of theoreticalpredictionsreflecttheuncertaintiesin the @¦B¨© and@¦B¨© { form factorstakenfrom [168].

Now we turn to describinghow thesecoefficientscanbeestimatedtheoretically. Themainnon-
factorizablecontributions to = Ü comefrom the matrix elementsof

· ! � , which areparametrizedin the
form [185] P M ¢ ïc£ � · ! � ¼ ÄhÃ � ×sh º ê â � ä � �â ¼ ÄhÃ ¼

T ö� ? ) Ã�Æ (6)P M ö ¢ ïc£ � · ! � ¼ ÄhÃ � ×sh º ä � â �
T ö �� ç

R ¼ ä á
ë
ä � { Ã

T ö� { � ¥ � ¼ÇÍ ÃëSR ¼ T ö� { ? ¿ÌÃ ¼ ) á
ë
) Ã �ä á

ë
ä � { ¥ Ü ¼ÇÍ Ã

ë ê
T �?j Ë�A

T ö j� { ¿ Ë ) Aä á
ë
ä � { ô ¼ÇÍ Ã ì (7)

= á � �Ü canbeexpressedas

= á � �Ü º Ô � ¼ ÄhÃ
ë Ô Ü ¼ ÄhÃ� ë ê Ô Ü ¼ ÄhÃ �â ¼ ÄhÃâ Ù ¼ ä Ü � Ã

ë ì[ì[ì
(8)

andsimilar expressionsfor = á � � {Ü Õ � , = á � � {Ü Õ Ü and = á � � {Ü Õ z with the ratios ¥ � ï ¥ � ¼ ä Ü � Ã , ¥ Ü ï ¥ Ü ¼ ä Ü � Ã andô ï ô ¼ ä Ü � Ã , respectively, replacing �â ¼ ÄhÃ ï â Ù ¼ ä Ü � Ã . In the above, the ellipsesdenoteneglectednon-
factorizablecontributions of

· !Ü , which are supposedto be subdominant. The non-factorizableam-
plitudes �â á � � , ¥ � Õ Ü and

ô
have beenestimatedin Ref. [186] following the approachsuggestedin

Ref. [189] and using OPE. In this report we do not have the spaceto explain the methodin detail,
but simply statethe results.At thecurrentlevel of accuracy, onepredictsthe following rangesof non-
factorizableamplitudes:

�â ¼ Ä Ñ Ã º ç ¼ ² ì ²�
  ² ì ² ê Ã�Æ (9)

¥ � ¼ Ä Ñ Ã º ² ì ²+² � ²  ² ì ²+² ê � Æ ¥ Ü ¼ Ä Ñ Ã º ç ¼ ² ì ²+² ê  ² ì ²+²+± ÃÇÆ ô ¼ Ä Ñ Ã º ç ¼ ² ì ² 9  ² ì ² è Ã ì (10)

Theseestimatesrevealsubstantialnon-universalityin absolutevaluesanddifferencein signsof thenon-
factorizableamplitudes.Although the ratiosof theseamplitudesto form factors,e.g. �â ¼ Ä Ñ Ã ï â Ù ¼ ä Ü � Ã! ² ì ± aresmall, they have a strongimpacton the coefficients = Ü becauseof a strongcancellationinÔ � ¼ Ä Ñ Ã

ë
Ô Ü ¼ Ä Ñ Ã ï � ! ² ì ² ��� , Ä Ñ º ê ä ~ º ê ì 
 GeV (which is numericallycloseto äîí�ï ê ) beingthe

relevantscalein theprocess.From(8) andthecorrespondingrelationsfor theother = Ü , we obtain:

= á � �Ü º ç ¼ ² ì ² 9 é ² ì ê � ÃÇÆ = á � � {Ü Õ � º ² ì ²�� é ² ì ² 9 Æ = á � � {Ü Õ Ü º ² ì ² è é ² ì ² � Æ = á � � {Ü Õ z º ç ¼ ² ì ² � é ² ì ê 
 Ã�Æ
(11)



wherean additional  ¼ ±+² é ê ² Ã � uncertaintyfrom the form factorsshouldbe added. Although in
comparisonwith the experimentalnumbersfor � = á � �Ü � and � = á � � {Ü Õ � � , theestimates(11) fall somewhat
short,thegapbetweennaive factorizationat Ä º äîí@ï ê andexperimentis narrowedconsiderably. Note
alsothat the sumrule estimatesfor = á � �Ü and = á � � {Ü Õ z yield negative sign for thesetwo coefficients in
contradictionto theglobalfit of the factorizeddecayamplitudesto thedata[138], yielding a universal
positive = Ü . For = á � � {Ü Õ Ü and = á � � {Ü Õ z , the estimatesin (11) arenot very conclusive in view of the large
experimentaluncertaintiesof thesetwo coefficients. Clearly, further improvementsin thesumrulesare
neededto achievemoreaccurateestimates.Nevertheless,theabovecalculationhasdemonstratedthatfor
future theoreticalstudiesof exclusive non-leptonicdecaysof heavy mesonsQCD sumrule techniques
provide new waysto go beyondfactorization.

9.2 DispersionRelationsfor B Non-Leptonic Decaysinto Light PseudoscalarMesons

Rescatteringeffectsin non-leptonicB decaysinto light pseudoscalarmesonswereinvestigatedin [187]
by themethodof dispersionrelationsin termsof theexternalmasses.Definingtheweakdecayamplitude¥ á�U ¹ ý ¹ ð º ¥ ¼ ä Ü á Æ ä Ü � Æ ä ÜÜ Ã , where

C � , C Ü arepseudoscalarmesons,onecanshow [187] thattheweak
amplitudesatisfiesthefollowing dispersionrepresentation:

¥ ¼ ä Ü á Æ ä Ü � Æ ä ÜÜ Ã º ¥ w Ñ_x ¼ ä Ü á Æ ä Ü � Æ ä ÜÜ Ã
ë ±ß w f ó ³ f ð x ð

Ñ
VXW Disc ¥ ¼ ä Ü á Æ W Æ ä ÜÜ ÃW ç ä Ü � ç

RUT ì
(12)

Thefirst termin this representationis theamplitudein thefactorizationlimit, while in thesecondterm
the dispersionvariableis the masssquaredof the mesonwhich doesnot containthe spectatorquark.
Therepresentation(12)allows oneto recover theamplitudein thefactorizationapproximationwhenthe
strongrescatteringis switchedoff, which is a reasonableconsistency condition. As shown in [187], in
thetwo-particleapproximation(12)canbewrittenas

¥ á�U ¹ ý ¹ ð º ¥ w Ñ_xá�U ¹ ý ¹ ð
ë ±ê Y ¹[Z�¹�\>] ¶ ¹ Z ¹ \_^ ¹ ý ¹ ð ½¥ á�U ¹ Z ¹ \

ë ±ê Y ¹[Z�¹�\>] ¶ ¹ Z ¹ \>^ ¹ ý ¹ ð ¥ á�U ¹ Z ¹ \ ì (13)

In thisrelation ¥ w Ñ_xá�U ¹ ý ¹ ð is theamplitudein thefactorizationlimit, ½¥ á�U ¹ Z ¹ \ is obtainedfrom ¥ á�U ¹ Z ¹ \
by changingthesignof thestrongphases,thecoefficients ¶ ¹[Z�¹�\ ^ ¹ ý ¹ ð arecomputedasdispersive integrals

¶ ¹[Z ¹�\ ^ ¹ ý ¹ ð º ±ß w f ó ³ f ð x ð
Ñ

VXW Ô ¹[Z�¹�\ ^ ¹ ý ¹ ð ¼ W ÃW ç ä Ü � ç
RUT Æ (14)

and ¶ ¹[Z ¹�\ ^ ¹ ý ¹ ð aredefinedasin (14),with thenumeratorÔ replacedby Ô ö , where

Ô ¹[Z ¹�\ ^ ¹ ý ¹ ð ¼ W Ã º ±ê V æa` æ¼ êCß Ã æ ê � æ
V æa` G¼ êCß Ã æ ê � G

¼ êCß Ã G � w G x ¼ )°ç æ æ ç æ G Ã�b ¹[Z�¹�\ U ¹ ý ¹ ð ¼ÇÍ Ædc�Ã
ì

(15)

Thestrongamplitudesb ¹[Z�¹�\ ^ ¹ ý ¹ ð ¼ÇÍ Ædc�Ã enteringthisexpressionareevaluatedfor anoff-shellmeson
C �

of masssquaredequalto
W
, at thec.m.energy squaredÍ º ä Ü á , which is high enoughto justify theap-

plicationof Regge-theory. A detailedcalculation[187] takesinto accountboththe c -channeltrajectories
describingthescatteringat smallanglesandthe � -channeltrajectoriesdescribingthescatteringat large
angles.

Let usapplythedispersive formalismto thedecay
× Ñ Ø ß Ù ß ³ , takingasintermediatestatesin

thedispersionrelation(13) thepseudoscalarmesons
ß Ù ß ³ ,

ß Ñ ß Ñ
, M Ù M ³ , M Ñ ½M Ñ , + B + B , + � + � and+ � + B .

AssumingSU(3)flavour-symmetryandkeepingonly thecontribution of thedominantquarktopologies,



Fig. 59: Theratio e Qgf �ih ò �kj f (left) andtheweakphasel (right), asfunctionsof thestrongphasedifferencem , solid curvem j Qon ò�p�T , dashedcurve m j Q � .

thedispersionrelation(13) becomesan algebraicequationinvolving treeandpenguinamplitudes,¥�*
and ¥ ¹ . With theReggeparametersdiscussedin [187], this relationcanbewrittenas

¥ ¼ × Ñ Ø ß Ù ß ³ Ã ï ¥ * º � V �
ë ' � Vrq � ³ V A

º � ³ Vrq j¥�* ¥ w Ñ_x* � V �
ë
¥ w Ñ_x¹ � ³ V A ç ¼ ² ì ²+±

ë
± ì ê �

R Ã ë ¼ ² ì � � ç ± ì ²+±
R Ã � ³ Ü?Vrq j � V �ë ' ç ¼ ± ì	9 �

ë ê ì 
 è
R Ã � Vrq ç ¼ ± ì � 9 ç ê ì ²+²

R Ã � ³ Vrq � ³ Ü?Vrq j � ³ V A ì (16)

Here ¥ w Ñ_x* and ¥ w Ñ_x¹ are the amplitudesin the factorizationapproximation,
' º � ¥ ¹ ï ¥�* � and

� º� ¹ ç � * ,
� * (

� ¹ ) beingthestrongphaseof ¥ * ( ¥ ¹ ), respectively. It is seenthattheweakanglesappear
in the combinationÀ

ëts º ß ç ó . Solving the complex equation(16) for
'

and ó , we derive their
expressionsasfunctionsof

� * and
�
. Theevaluationof theseexpressionsrequiresalsotheknowledgeof

theratios ¥ w Ñ_x¹ ï ¥ w Ñ_x* and ¥ w Ñ_x* ï ¥�* . In Fig. 59 we represent
'

and ó asfunctionsof thephasedifference�
, for two valuesof

� * , usingasinput ¥ w Ñ_x¹ ï ¥ w Ñ_x* º ² ì ² Þ and ¥ w Ñ_x* ï ¥ * Ð ² ì	9 [76]. Valuesof theratio
'

lessthanoneareobtainedfor both
� * º ² and

� * º ß ï ± ê . Thedominantcontribution is givenby the
elasticchannel,morepreciselyby thePomeron,asis seenin Fig. 59,wherethedottedcurve shows the
ratio

'
for

� * º ß ï ± ê , keepingonly thecontribution of thePomeronin theReggeamplitudes.

The above resultsshow that the dispersive formalismis consistentwith the treatmentbasedon
factorizationandperturbative QCD in theheavy quarklimit presentedin Ref. [76], supportingtherefore
thephysicalideaof parton-hadronduality. Fromapracticalpointof view, thedispersionrepresentations
in theexternalmassprovide a setof algebraicequationsfor on-shelldecayamplitudes,leadingto non-
trivial constraintson thehadronicparameters.

9.3 QCD Factorization for Exclusive Non-Leptonic B Decays

The theoryof hadronicB decaymatrix elementsis a crucial basisfor precisionflavour physicswith
non-leptonicmodes,which is oneof thecentralgoalsof theB physicsprogrammeat theLHC. A new,
systematicapproachtowardsthis problem,going beyond previous attempts,wasrecentlyproposedin
[76]. It solvestheproblemof how to calculatenon-factorizablecontributions,andin particularFSIs,in
theheavy quarklimit andconstitutesa promisingapproach,complementaryto theonediscussedin the
precedingsections.In this approach,the statementof QCD factorizationin the caseof

× Ø ß ß
, for

instance,canbeschematicallywritten as

¥ ¼ × Ø ß ß Ã º P ß � b � � ×sh P ß � b Ü � ² h ? ±
ë
¡ ¼ ó ! Ã

ë
¡ "vu -9w

ä á
ì

(17)



Up to correctionssuppressedby " u -9w ïCä á the amplitudeis calculablein termsof simplerhadronic
objects: It factorizes,to lowestorder in ó ! , into matrix elementsof bilinear quarkcurrents(

b � Õ Ü ). To
higher order in ó ! , but still to leadingorder in "vu -9w ïCä á , thereare ‘non-factorizable’corrections,
which arehowever governedby hard-gluonexchange.They arethereforeagaincalculablein termsof
few universalhadronicquantities.More explicitly, thematrix elementsof four-quarkoperatorsx V are
expressedby thefactorizationformula

P ß ¼ ) ¤ Ã ß ¼ ¿ÌÃ � x V � ½× ¼ ) Ã h º â áyUiz ¼ ¿ Ü Ã �Ñ Î ÿ ^|{V ¼�ÿ Ã~} z ¼�ÿ Ã
ë �Ñ Î�� Î ÿ Î�m ^|{_{V ¼ � Æ ÿ Æ6m Ã~} á ¼ ��Ã~} z ¼�ÿ Ã~} z ¼ m ÃÇÆ

(18)
which is valid up to correctionsof relative order " u -9w ïCäîí . Here â áyUiz ¼ ¿ Ü Ã is a

× Ø ß
form factor

[185, 126] evaluatedat ¿ Ü º ä Ü z Ð ² , and } z ( } á ) areleading-twistlight-conedistribution amplitudes
of thepion (B meson).The

^ {
Õ {_{V denotehard-scatteringkernels,which arecalculablein perturbation
theory. Thecorrespondingdiagramsareshown in Fig. 60.

Fig.60: Order ��� correctionsto thehardscatteringkernels���� (first two rows)and���P�� (lastrow). In thecaseof ���� ,
thespectatorquarkdoesnot participatein thehardinteractionandis not drawn. Thetwo linesdirectedupwards
representthetwo quarksforming theemittedpion. ���� startsat ���&������ , ���P�� at ���N�<��9� .

This treatmentof hadronicB decaysis basedon theanalysisof Feynmandiagramsin theheavy
quark limit, utilizing consistentpower countingto identify the leadingcontributions. The framework
is very similar in spirit to more conventionalapplicationsof perturbative QCD in exclusive hadronic
processeswith a large momentumtransfer, as the pion electromagneticform factor [190, 191, 192].
It may be viewed as a consistentformalizationof Bjorken’s colour transparency argument[127]. In
addition the methodincludes,for ��� �<� , the hardnon-factorizablespectatorinteractions,penguin
contributionsandrescatteringeffects.As a corollary, onefindsthatstrongrescatteringphasesareeither
of ¡o�~� !�� , andcalculable,or powersuppressed.In any casethey vanishthereforein theheavy quarklimit.
QCD factorizationis valid for caseswherethe emittedparticle (the mesoncreatedfrom the vacuum
in the weakprocess,asopposedto the onethat absorbsthe � quarkspectator)is a small sizecolour-
singletobject,e.g.eithera fast light meson(� , � , � , ��� ) or a ¢�� £ . For the specialcaseof the ratio¶ �~�G� � � � � � ¶ �~��� � � �

theperturbative correctionsto naive factorizationhave beenevaluatedin
[193] usinga formalismsimilar to theonedescribedabove. Note that factorizationcannotbe justified
in this way if theemittedparticleis a heavy-light meson( �J� �~� ), which is not a compactobjectandhas
strongoverlapwith theremaininghadronicenvironment.

9.31 Final StateInteractions

A generalissuein hadronicB decays,with importantimplicationsfor CP violation, is the questionof
FSIs. Whendiscussingthis problem,we may choosea partonicor a hadroniclanguage.The partonic
languagecanbejustifiedby thedominanceof hardrescatteringin theheavy quarklimit. In this limit the
numberof physicalintermediatestatesis arbitrarily large.Wemaythenargueon thegroundsof parton-
hadrondualitythattheiraverageisdescribedwell enough(say, upto " u -9w �� ¢¡ corrections)byapartonic
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Table29: QCDcoefficients ¾9¿ À O nµnEÁ for ÂÃÅÄ nÇÆ9n<È at NLO (renormalizationscaleÉ QoÊRË ). Leadingordervaluesareshown

in parenthesisfor comparison.

calculation.This is thepictureimplied by (18). Thehadroniclanguageis in principleexact. However,
thelargenumberof intermediatestatesmakesit almostimpossibleto observe systematiccancellations,
whichusuallyoccurin aninclusive sumof intermediatestates.

Consideragainthe decayof a B mesoninto two pions. Unitarity implies Im Ì��~�Í� �<� ��Î
Ï Ì��~�Ð� Ñ � Ì��*��Ñ�� �<� �

. The elastic rescatteringcontribution (Ñ�ÒÓ�<� ) is relatedto the �<�
scatteringamplitude,which exhibits Reggebehaviour in thehigh-energy ( ¢¡R� Ô ) limit. Hencethe
soft,elasticrescatteringphaseincreasesslowly in theheavy quarklimit [194]. On generalgrounds,it is
ratherimprobablethatelasticrescatteringgivesanappropriatedescriptionat large  ¢¡ . This expectation
is alsoborneout in the framework of Reggebehaviour, see[194], wherethe importanceof inelastic
rescatteringis emphasized.However, theapproachpursuedin [194] leavesopenthepossibilityof soft
rescatteringphasesthatdo not vanishin theheavy quarklimit, aswell asthepossibility of systematic
cancellations,for which theReggelanguagedoesnotprovide anappropriatetheoreticalframework.

Eq.(18) impliesthatsuchsystematiccancellationsdooccurin thesumoverall intermediatestatesÑ . It is worth recalling that suchcancellationsare not uncommonfor hard processes.Considerthe
exampleof Õ�Ö×Õ�Øt� hadronsat largeenergy Ù . While theproductionof any hadronicfinal stateoccurs
on a time-scaleof order Ú���ÛvÜ<Ý�Þ (andwould leadto infrareddivergencesif we attemptedto describe
it in perturbationtheory), the inclusive crosssectiongiven by the sumover all hadronicfinal statesis
describedvery well by a ÙXßÙ pair that livesover a shorttime-scaleof order Ú���Ù . In closeanalogy, while
eachparticularhadronicintermediatestateÑ cannotbe describedin termsof partons,thesumover all
intermediatestatesis accuratelyrepresentedby a ÙXßÙ fluctuationof small transversesizeof order Ú��� ¢¡ ,
which thereforeinteractslittle with its environment.Notethatpreciselybecausethe ÙXßÙ pair is small,the
physicalpictureof rescatteringis very differentfrom elastic�<� scattering– hencetheReggepictureis
difficult to justify in theheavy quarklimit.

As is clear from the discussion,parton-hadronduality is crucial for the validity of (18) beyond
perturbative factorization.A quantitativeproofof how accuratelydualityholdsis ayetunsolvedproblem
in QCD.Shortof a solution,it is worth notingthat thesame(oftenimplicit) assumptionis fundamental
to many successfulQCD predictionsin jet andhadron-hadronphysicsor heavy quarkdecays.

9.32 QCD Factorizationin �à�á�<�
Let usfinally illustrateonephenomenologicalapplicationof QCD factorizationin theheavy quarklimit
for ß�â�ã�yÖä�yØ [76]. The ß��åæ�á�yÖä�yØ decayamplitudeÌ reads

ÌçÒtè
é(êë ì  îíï(ð Ö �~ñ � ð�ò¸ó ô�õµó*öä÷ ø�¡�Õ Ø�ùrú �~û�ü ý9���<� ��þ û�üÿ ���<� ��þ û�ü� ���<� ��������� �_û õÿ ���<� ��þ û õ� ���<� ���������	�

(19)

Here ø�¡ is the ratio of CKM matrix elementsdefinedin (9), 
 is the phaseof �R�ü ¡ , andwe will useó � õ ¡
ó9Ò ñ � ñ���� ñ � ñ�ñ ì , ó � ü ¡��� õ ¡
ó�Ò ñ � ñ���� ñ � ñ ì ñ . Wealsotake ð�ò´Ò Ú��Ú MeV, ð ï Ò �~Ú��ñ�� ì ñ � MeV,ð Ö �~ñ � Ò ñ � ì� ��� ñ � ñ ì � , and ���~��å � Ò Ú � �� ps; ô�õ���� �õ å � õ ¡ . Thecontribution of û��� ���<� �
is multiplied

by
��� Ò ì   í ò ���� ¢¡���  ü þ  ¢å �~� Î ÛæÜ<Ý9Þk�� ¢¡ . It is thusformally power suppressed,but numerically

relevant since
����� Ú . The coefficients û ù areestimatedin Tab. 29. We thenfind for the branching

fraction �R� ß��åæ�á� Ö � Ø � Ò�� � �$÷ � � Ú � ö�Ú�ñ Ø � Õ Ø�ùrú þ ñ � ñ�$÷ ñ � Ú� � Õ ù�� ý í� !#" �  !�$&% í � (20)
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Thedefault valuescorrespondto û���A�B�B � Ò ñ , thevaluesin bracketsuse û���CA�B�B �
at leadingorder. The

predictionsfor the B Ö B Ø final statearerelatively robust, with errorsof theorderof � 30% dueto the
input parameters.ThedirectCPasymmetryin the B Ö B Ø modeis approximatelyD#E�F3G�H IJ
 .

As a further example,we usethe factorizationformula to computethe time-dependent,mixing-
inducedasymmetryin K�å�L B Ö B Ø decay,

M A�N � Ò ��O ö>G�H I AQPSR ïUT N ��þWV öYX9ZG AQPSR ïUT N �Q� (21)

In the absenceof a penguincontribution (definedasthe contribution to the amplitudewhich doesnot
carrytheweakphase
 in standardphaseconventions),

O Ò[G�H I ì\
(where

\
refersto oneof theangles

of theCKM unitarity triangle)and
V Ò ñ . Fig. 61 shows

O
asa functionof G�H I ì\

with theamplitudes
computedaccordingto (18) and (19). The centralof the solid lines refersto the heavy quark limit
including

\^]
correctionsto naive factorizationand including the power-suppressedterm û � ��� that is

usuallyalsokept in naive factorization.The othertwo solid lines correspondto droppingthis term or
multiplying it by a factorof 2. This exerciseshows that formally power-suppressedtermscanbenon-
negligible, but it alsoshows thatameasurementof

O
canbeconvertedinto arangefor G�H I ì\

whichmay
alreadyprovide avery usefulconstraintonCPviolation.

Morework remainsto bedone.Theproofof factorizationhasto becompleted.Powercorrections
arean importantissue,as  ¢¡ is not arbitrarily large. Thereexist ‘chirally enhanced’corrections

Î_���
.

All suchtermscanbe identified,but they involve non-factorizablesoft gluons.Thesizeof theseterms
hasto beestimatedto arriveatarealisticphenomenology. If thiscanbedone,onemayexpectpromising
constraintsandpredictionsfor a large numberof non-leptonictwo-bodyfinal states.We emphasizein
particulartheexperimentallyattractive possibilityto determineG�H I ì\

from K`L B Ö B Ø decaysalone.

10. acb PHYSICS16

The KoÖõ mesonis thelowestlying boundstateof two heavy quarks,ß � and d . TheQCD dynamicsof this
stateis thereforesimilar to thatof quarkoniumsystems,suchasthe ß �*� or ßded families,whichareapprox-
imatelynon-relativistic. In contrastto thecommonquarkonia,however, K�õ carriesopenflavour andthe
groundstateis stableunderstronginteractions.In fact, K õ is theonly hadroncombiningthesefeatures
andforming a flavoured,weaklydecayingquarkonium. Sincethe complicatedinterplayof strongand
weakforcesis thekey problemin thetheoreticalanalysisof weakdecaysof hadrons,thequarkonium-
like K�õ provides us with a very interestingspecialcaseto study sucha generalquestion. Tools for
calculation,for exampleheavy quarkexpansions,non-relativistic QCD (NRQCD),factorization,which
areimportantin many areasof heavy flavourphysics,canbetestedin acomplementarysetting.

The observation of the K�õ mesonby the CDF Collaborationin the channelKkõ3L f��8gih�j , with
16Sectioncoordinators:G. Buchalla,P. ColangeloandF. De Fazio.



measuredmassandlifetime [195]

R ïUk Ò�� � Däñl� ñ � �� (stat) � ñ � Ú� (syst)GeVmn� ïUk Ò ñ � D#� Öpo  ý�qØpo  ý � (stat) � ñ � ñ� (syst)psm (22)

openedup theexperimentalinvestigationsof the ß �ed hadronicsystem.K�õ physicscanalsobepursuedat
theLHC, whereacopiousproductionof the K�õ mesonandof its radialandorbitalexcitationsis expected
[47] (seealso[196] for a recentreview). No full experimentalstudieshave beenperformedyet,andthus
weconcentrateonabrief summaryof K�õ decayproperties,collectingusefulinformationandillustrating
a rangeof opportunitiesthatmaybepursuedin this field. We alsoshortlysummarizethepresentstatus
of experimentalstudies.

10.1 a b Lifetime and Inclusive Decays

Thetotal decayrateof the K�õ canbecomputedstartingfrom a heavy-quarkexpansionof thetransition
operator, supplementedby NRQCD.This framework is familiar from thestudyof ordinary, heavy-light� hadronlifetimes [19], with the basicdifferencethat in the heavy-light casethe rôle of NRQCD is
playedby heavy-quarkeffective theory(HQET). For Kkõ thecharacteristicfeaturesof NRQCDresultin
aparticularlyintuitive expressionfor thetotal rate:

r ï k Ò r ¡ Ú �ts í¡ì þ[r õ Ú �us íõì þ P r#v�w�þ P ryx{zîþ[| A s ÿY} � (23)

Eq. (23) is writtenasanexpansionin theheavy quarkvelocitiess , completethroughorders<~ . To lowest
order, s o , we have

r ï�k Ò r ¡ þ[r õ , thesumof thefreedecayratesof theheavy quarkconstituentsß � andd . Thefirst boundstatecorrectionsariseat
| A s í } only andareequivalentto time-dilatation.Theeffect

of binding compelstheheavy quarksto move aroundeachother, thusretardingtheir decay. At
| A s ~ }

therearetwo terms.First, a correctionfrom Pauli interference(PI) of thetwo d quarksin thefinal state
of A d } ß ��L A d } ßd>d�ß� decay. Second,a contribution from theweakannihilationof theconstituentsß �8d , either
into hadronsor into leptons,the latterdominatedby K�õ(L���j . A numericalanalysisof (23) givesthe
estimate[197]

� ïUk � Úr ï k Ò A ñ � D – ñ � � }�� G�m (24)

with a large uncertaintyfrom the heavy quarkmasses( ¢õ ), but in agreementwith the measurement
(22). Thesameframework canbeusedto calculateotherinclusive decaypropertiesof K õ , for instance
the semileptonicbranchingfraction K A K�õ�L�� Õ�j } , which turnsout to be

Î
12%. More detailsand

referencescanbefoundin [197, 198, 199].

10.2 Leptonic and Radiative Leptonic acb Decays

Thepurelymuonic K�õ branchingratio is determinedby thedecayconstantð ï k :
K A K�õ�L���j } Ò�� ï k

é í ê
� B ó � õ ¡
ó í
ð�íïUk R ~ïUk  ��R ï k

í Ú �   í �R íï k
í

Ò�� � ��F Ú�ñ Øp� R ï�k
� � ì �����>� ó � õ ¡
óñ � ñ8D

í ð ïUk
Däñ�ñ��{�>� í � ïUkñ � D#� � G � (25)

The value of ð ï k hasbeencomputedby lattice NRQCD: ð ï k Ò A D ì ñ��âÚ� } MeV [200], QCD Sum
Rules: ð ï k Ò A ���ñ�����ñ } MeV [201, 202], and variousquark modelswith predictionsin the rangeð ïUk Ò ÷ D#��ñ � � � ñ � MeV [203].

Thephotonemissionin theradiativemuonicdecayK�õ�L���j
 removesthehelicity suppressionof
thepurelymuonicmode.In thenon-relativistic limit, theradiativemuonicdecaywidth isalsodetermined
by ð ï k [204]. In this limit oneobtainstheratio

r A K�õ�L���jC
 } � r A K�õ�L���j }�� ñ � � . Correctionsto this
resultwithin a relativistic quarkmodelhave beendiscussedin [205].



10.3 Semileptonicacb DecayModes

Thecalculationof thematrix elementsgoverningtheexclusive semileptonicK�õ decaymodeshasbeen
carriedoutusingQCDsumrules[202, 206] andquarkmodels[207, 208]. Thepredictionsfor thevarious
exclusive decayratesarereported(in ratherconservative ranges)in Tab. 30,with theconclusionthatthe
semileptonicK õ decaywidth is dominatedby themodesinducedby thecharmdecay.

Channel
r A Ú�ñ
Ø ý � GeV) K

K Öõ L�K ] Õ Ö j Ú�Ú � ��Ú ÷ � � D ì � F Ú�ñ Ø ~KoÖõ L�K1 ] Õ�Ö�j ��ñ � � � ÷ ì Ú � �� � F Ú�ñ
Ø ~
KoÖõ L�KkåµÕ�ÖUj Ú � D ÷ � � ì � � F Ú�ñ
Ø ÿ
KoÖõ L�K1 å Õ�Ö�j ì � � ÷ Ú8D � D ì � F Ú�ñ
Ø ÿ
KoÖõ L¢¡µõ�Õ�ÖUj ì � Ú8D ÷ Ú8D � �� � F Ú�ñ
Ø ÿ
K Öõ L�f^£8g�Õ Ö j ì�ì � �� ÷ Ú� � ì D � F Ú�ñ Ø ~
KoÖõ L¢¡p¤õ Õ�ÖUj ñ � � � ñ � � ÷ ì � � � F Ú�ñ
Ø ÿ
K Öõ L¢g ¤ Õ Ö j Ú � ì ÷ � � Ú8D � F Ú�ñ Ø ÿ
K Öõ L�¥ o Õ Ö j ñ � ñ�Ú � ñ � ñ� ÷ � � �� � F Ú�ñ Ø �KoÖõ L�¥¦ �o
Õ�Ö�j ñ � Ú � ñ � � ÷ � � ì Ú � F Ú�ñ
Øp�

Table30: Semileptonic
Ã Æk decaywidthsandbranchingfractions(§©¨«ª¬1®¯ °C± ps).

The calculationof the semileptonicmatrix elementscanbe put on a firmer theoreticalground
taking into accountthe decouplingof the spin of the heavy quarksof the K õ meson,aswell asof the
mesonproducedin thesemileptonicdecays,i.e. mesonsbelongingto the ßd>d family (¡µõ>m>f5£8g , etc.) and

mesonscontaininga singleheavy quark( K1²  Q³] , K�²  Q³å , ¥ ²  Q³ ). Thedecouplingoccursin theheavy quark
limit (́�µ>m9´¢õS¶ÍÛ�·¸�¹ ); it producesa symmetry, the heavy quarkspin symmetry, allowing to relate,
nearthezero-recoilpoint, the form factorsgoverningthe K�õ decaysinto a ñ
Ø and Ú
Ø final mesonto a
few invariantfunctions[209]. ExamplesaretheprocessesK õ L A K ] m>K� ] } ��j and K õ L A Kkå«m>K1 å } ��j ,
wherethe energy releasedto the final hadronicsystemis muchlessthan ´�µ , thusleaving the º quark
almostunaffected.Thefinal K¼» meson( ûRÒ�½«m � ) keepsthesameK�õ four-velocity s , apartfrom a small
residualmomentumÙ . Defining ¾ ï k Ò R ï k s and¾ ï�¿ Ò R ï�¿ s þ Ù , onehas:

À K�»«m s m�ÙXó �<�¸ó Kkõ>m s5Á Ò ì R ï�k ì R ï ¿ ÷ Â » ý�s � þ û o Â »í ÙÃ� � mÀ K  » m s m�ÙCm>Ä�ó �p�4ó Kkõ>m s5Á Ò � è ì R ï k ì R ï�Å¿ û o Â »í Ä ��Æ8ÇÈ Ä   Æ Ù Ç s È mÀ K  » m s m�ÙCm>Ä�ó Ì � ó K õ m s5Á Ò ì R ï k ì R ï Å ¿ ÷ Â » ý Ä  � þ û o Â »í Ä   ö�Ù s� � m (26)

i.e. only two form factorsareneededto describethe previous transitions. The scaleparameterû o is
relatedto the K�õ Bohr radius[209]. For the K�õ transitionsinto a ßd>d meson,Kkõ3L A ¡µõ©m>f5£8g } ��j , spin
symmetryimpliesthat thesemileptonicmatrix elementscanbeexpressed,nearthezero-recoilpoint, in
termsof asingleform factor:

À ¡µõ>m s m�ÙXó �p�¸ó K�õ>m s5Á Ò ì R ïUk ì RÊÉ k P s ��m À f5£8g�m s m�Ù�m>Ä9ó ÌË� ó K�õ>m s^Á Ò ì R ïUk ì RWÌÎÍQÏcP Ä  � � (27)

Model-independentresultsexist in the heavy-quark limit for P and Â » ý at the zero-recoilpoint [209].
Additional informationon the form factors P and Â »ù is available from quarkmodels[208, 210] and
NRQCDsumrules[211]. Therelatedpredictionsareincludedin therangesreportedin Tab. 30. More-
over, spin symmetryimplies relationsbetweenK�õ decaysto pseudoscalarandvectorstates,nearthe
non-recoilpoint, thatcanbeexperimentallytestedat theLHC [210].



10.4 Non-Leptonic DecayModes

Two-bodynon-leptonicdecaysareof primeimportancefor themeasurementof the K�õ mass.In particu-
lar, decaymodeswith a f5£8g in thefinal statearesuitablefor anefficient background-rejection.

The non-leptonicKkõ decayrateshave beencomputedin the factorizationapproximation,using
variousparametrizationsof thesemileptonicform factorsanddifferentprescriptionsfor theparametersû ý and û í appearingin thefactorizedmatrixelements[207, 208, 210]. Predictionsfor thevariousdecay
modes,inducedby thebeautyandcharmquarktransitions,arereportedin Tabs.31and32,respectively,
using R ï k ÒÐ� � ì � GeV. For several modes,rangesof valuesfor the branchingfractionsarereported;
they areobtainedconsideringthespreadof predictionsby differentapproaches,andsuggestthesizeof
thetheoreticaluncertaintyfor eachdecaymode.

Channel K Channel K
KoÖõ L�¡ õ B Ö ÷ � � ì � � F Ú�ñ
Ø ÿ KoÖõ L�¡ õ>Ñ Ö ÷ ì � Ú � � F�Ú�ñ
Øp�K Öõ L�¡µõ9Ò Ö ÷ � � ��ñ � F Ú�ñ Ø ÿ K Öõ L�¡µõ Ñ  ~Ö ÷ D � ��Ú � F�Ú�ñ Øp�KoÖõ L�¡µõ�û Öý �(F Ú�ñ
Ø ÿ KoÖõ L�¡µõ Ñ Öý ��F�Ú�ñ
Øp�
KoÖõ L�f5£8g B Ö ÷ Ú � ì � F Ú�ñ
Ø ~ KoÖõ L�f5£8g Ñ Ö ÷ � � Ú � � F�Ú�ñ
Øp�KoÖõ L�f5£8g�Ò<Ö ÷ D � � � F Ú�ñ
Ø ~ KoÖõ L�f5£8g Ñ  ~Ö ÷ ì � D � F�Ú�ñ
Ø ÿ
K Öõ L�f5£8g�û Öý �(F Ú�ñ Ø ~ K Öõ L�f5£8g Ñ Öý ��F�Ú�ñ Ø ÿ
K Öõ L�g ¤ B Ö ÷ ì � � � F Ú�ñ Ø ÿ K Öõ L�g ¤ Ñ Ö ÷ Ú � ì � F�Ú�ñ Øp�KoÖõ L�gË¤,Ò<Ö ÷ � � � � F Ú�ñ
Ø ÿ KoÖõ L�gË¤ Ñ  ~Ö ÷ � � D � F�Ú�ñ
Øp�KoÖõ L�gË¤Nû Öý �(F Ú�ñ
Ø ÿ KoÖõ L�gË¤ Ñ Öý ��F�Ú�ñ
Øp�
KoÖõ L�¥JÖ ß¥�o ÷ Ú � Ú ì � F Ú�ñ
Øp� KoÖõ L�¥@Ö] ß¥�o ÷ � � � ì � F�Ú�ñ
Ø !K Öõ L�¥ Ö ß¥  �o ÷ Ú � Ú ì � F Ú�ñ Øp� K Öõ L�¥ Ö] ß¥  �o ÷ � � � ì � F�Ú�ñ Ø !KoÖõ L�¥Ó ~Ö ß¥�o ÷ � � Ú�ñ � F Ú�ñ
Øp� KoÖõ L�¥¦ ~Ö] ß¥�o ÷ � � � � F�Ú�ñ
Ø �KoÖõ L�¥Ó ~Ö ß¥Ó �o ÷ Ú � ì � F Ú�ñ
Ø ÿ KoÖõ L�¥¦ ~Ö] ß¥Ó �o ÷ � � Ú�Ú � F�Ú�ñ
Ø �
KoÖõ L�¡µõ>¥ ] ÷ � � � � F Ú�ñ
Ø ~ KoÖõ L�¡µõ>¥@Ö ÷ � � � � F�Ú�ñ
Øp�K Öõ L�¡µõ>¥  ] ÷ D � � � F Ú�ñ Ø ÿ K Öõ L�¡µõ>¥  ~Ö ÷ ì � � � F�Ú�ñ Øp�
KoÖõ L�f5£8g�¥ ] ÷ ì � � � F Ú�ñ
Ø ~ KoÖõ L�f5£8g�¥JÖ ÷ � � Ú� � F�Ú�ñ
Øp�K Öõ L�f5£8g�¥  ] ÷ � � Ú ì � F Ú�ñ Ø ~ K Öõ L�f5£8g�¥  ~Ö ÷ ì � D � F�Ú�ñ Ø ÿ
Table31: Branchingfractionsof

Ã Æk non-leptonicdecaysinducedby Ô Ä[Õ>Ö�×
transitions.

Channel K Channel K
KoÖõ L�K ] B Ö ÷ D � Ú � � F Ú�ñ
Ø í KoÖõ LØK ] Ñ Ö ÷ � � Ú ì � F Ú�ñ
Ø ~K Öõ L�K ] Ò Ö ÷ ì � � � F Ú�ñ Ø í K Öõ LØK ] Ñ  ~Ö ÷ � � � � F Ú�ñ Øp�KoÖõ L�K� ] B Ö ÷ � � � � F Ú�ñ
Ø í KoÖõ LØK1 ] Ñ Ö ÷ ì � � � F Ú�ñ
Ø ~KoÖõ L�K� ] Ò�Ö ÷ Ú8D � Ú� � F Ú�ñ
Ø íKoÖõ L�K�å B Ö ÷ ì � D � F Ú�ñ
Ø ~ KoÖõ LØKkå Ñ Ö ÷ ì � � � F Ú�ñ
Ø ÿ
K Öõ L�K�å8Ò Ö ÷ ì � � � F Ú�ñ Ø ~ K Öõ LØKkå Ñ  ~Ö ÷ D � ì ñ � F Ú�ñ Øp�KoÖõ L�K� å B Ö ÷ ì � D � F Ú�ñ
Ø ~ KoÖõ LØK1 å Ñ Ö ÷ Ú � � � F Ú�ñ
Ø ÿ
KoÖõ L�K� å Ò�Ö ÷ Ú � ì � F Ú�ñ
Ø í KoÖõ LØK1 å Ñ  ~Ö ÷ D � � � F Ú�ñ
Ø ÿ

Table32: Branchingfractionsof
Ã Æk decaysinducedby

Õ�Ä`ÙÃÖÛÚ
transitions.

10.5 acb Decaysinducedby FCNC Transitions

Among the rare K�õ decayprocessesthat have beendiscussedin the literaturearethe radiative decaysK�õÜL K1 ü 
 and K�õÜL ¥Ó ] 
 , inducedat the quark level by the dÝL Þy
 and ºßL � 
 transitions,
respectively [212]. The interestfor the former decaymodeis relatedto thepossibility of studyingthed�L�Þ electromagneticpenguintransition,which in thecharmmesonsis overwhelmedby long-distance



contributions. In the caseof K�õ , long- andshort-distancecontributions have beenestimatedto be of
comparablesize,andthebranchingfraction K A K�õ�L�K� ü 


}
is predicted,in theSM, at thelevel of Ú�ñ
Ø q .

10.6 CP Violation in acb Decays

K õ decayscangive informationaboutCPviolation andtheweakCKM phases.PromisingchannelsareK�àõ L A ßd>d } ¥¦à , in particulartheonewherethecharmoniumstateis a f5£8g , whosedecaymodeto � Ö � Ø
canbeeasilyidentified. In this case,CP violation is dueto thedifferencebetweentheweakphasesof
the treeandpenguindiagramscontributing to the decay. The CP asymmetry

M A K�àõ L f5£8g�¥Óà } has
beenestimated:

M A K àõ Láf^£8gi¥ à }�� DcF Ú�ñ
Ø ~ [213]. Interestingchannelsarealsothosewith a light
mesonin thefinal state,e.g. K õ L�¥âÒ and K õ L�¥ B . However, in thiscasethesizeablerôle playedby
theannihilationmechanismmakesit difficult to predictthedecayratesandtheCPasymmetries.Decay
modessuchas K õ Lã¥�o¥ ] canalsobeconsidered,althoughconsiderabledifficultieswould bemet in
theexperimentaldetectionof ¥ ] andin theremoval of thebackgroundfrom K ü decays.

Finally, thedecay K Öõ L K ²  Q³] h Ö j hasbeenproposedasan interestingsourceof flavour-taggedK ] mesonsfor thestudyof mixing andCPviolation in the K ] sector[198].

10.7 Experimental Considerations

ATLAS have studiedthereconstructionof K õ mesonsusingthedecaysK õ LØf5£8g B and K õ LØf5£8g�äj ,
with f^£8gãL � Ö � Ø (see[37]). For this study, the following branchingratios have beenassumed:K A K õ Låf5£8g B } Ò ñ � ì F Ú�ñ Ø í and K A K õ Låf5£8g���j } Ò ì F�Ú�ñ Ø í . It is estimatedthatafter3 yearsof
runningat low luminosity, it will bepossibleto fully reconstruct12000 K�õ�L�f5£8g B eventsand3 F 10

�
eventsin the K�õ�Læf5£8gË��j channel.Thestatisticswould allow a very precisedeterminationof the K�õ
massandlifetime.

10.8 Concluding Remarks

The Kkõ mesonis of particularinterestasa uniquecaseto studythe impactof QCD dynamicson weak
decays.Applicationsin flavour physics(CKM parameters,raredecays,K ] flavour tagging)have also
beenconsideredin theliterature.Importanttheoreticalquestionsthatneedfurtherattentionaretheissues
of quark-hadronduality for inclusive decaysand,for exclusive modes,theimportanceof correctionsto
theheavy-quarkandnon-relativistic limits, aswell ascorrectionsto thefactorizationapproximation.The
experimentalfeasibility for variousobservablesneedslikewise to be assessedin moredetail. The aim
of thepresentsectionhasbeento give aflavour of thespecialopportunitiesthatexist, from a theoretical
perspective, in studyingthe physicsof the K�õ . Someof thesearerealizableat the LHC, whereit will
bepossibleto investigatealsotheproduction,spectrum,lifetimesanddecaysof baryonscontainingtwo
heavy quarks[214]. It is to behopedthattheresultssummarizedin thissectionwill triggermoredetailed
experimentalstudies.

11. CONCLUSIONS17

The studiespresentedat and initiated by the workshophave clearly shown that the LHC is very well
equippedandpreparedto pursuea rigorous º physicsprogramme.The main emphasisin the studies
presentedherehasbeenon exploring LHC’s potentialfor measuringCP violating phenomenaand,on
thetheoryside,onenablingameaningfulextractionof informationon theunderlyingmechanismonCP
violation in theSM. Most of thepresented“strategies” aim atextractingthethreeanglesof theunitarity
triangle,

\
, ç and 
 , aswell as èé
 , in asmany differentwaysaspossible;any significantdiscrepancy

betweenthe extractedvaluesor with the known lengthsof the sidesof the triangle would constitute
evidencefor new physics.Apart from detailedstudiesof the Õ Ö Õ Ø B factory“benchmarkmodes”,also

17Sectioncoordinators:P. Ball, R. Fleischer, G.F. Tartarelli,P. VikasandG. Wilkinson.



thehadroncollider “gold-plated”mode K ] L�f^£8giê hasbeenstudied,andnew strategiesfor measuringç and 
 from K ] decays,which cannotbe accessedat Õ�Ö¸Õ�Ø B factories,have beendeveloped. We
concludethatthethreeexperimentsarewell preparedto solve the“mysteryof CPviolation” (p. 1).

Anotherimportantgoalto bepursuedis themeasurementof B mixing parameters,andthestudies
summarizedin this reportmake clearthatall threeLHC experimentshave excellentpotential.Thereis
sensitivity in oneyear’s operationto a massdifferencein the K ] systemfar beyondtheSM expectation,
andsimilarly goodprospectsfor a rapidmeasurementof thewidth difference.

The secondfocusof the workshopwasthe assessmentof LHC’s reachin raredecays.The dis-
cussioncentredondecaymodeswith thefavourableexperimentalsignatureof two muonsor onephoton
in the final state. It hasbeendemonstratedthat the decay K ] Lã�yÖë�yØ with a SM branchingratio ofÎ Ú�ñ Øpì canbeseenwithin oneyear’s running.It hasalsobeenshown thatdecayspectraof semimuonic
raredecayslike KíL Ñ  î�yÖ#�yØ areaccessible,which opensthe possibility to extract informationon
short-distance(new) physicsin a theoreticallycontrolledway. LHC’s full potentialfor raredecayshas,
however, not yet beenfully plumbed,andfurtherstudies,in particularaboutthefeasibility of inclusive
measurements,areongoing.

Of themany otherpossibleº physicstopics,only afew couldbemarkedout,andwehavereported
somerecentdevelopmentsin the theoreticaldescriptionof non-leptonicdecaysand discusseda few
issuesin K�õ physics.Theexplorationof otherexciting topics,suchasphysicswith º , baryonsor (non-
rare)semileptonicdecays,to nameonly a few, hasto await asecondroundof workshops.
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[78] S. Versillé, PhD thesis,Universit́e de Paris-Sud(April 1999).Available(in French)at the URL
http://www-lpnhep.in2p3.fr/babar/public/versille/Thesis/ .

[79] J.Charles,PhDthesis,Universit́e deParis-Sud(April 1999).Available(in French)at theURL
http://qcd.th.u-psud.fr/preprints labo/physique particule/
art1999/art1999.html.
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