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1. THEORETICAL INTRODUCTION?

Theexplorationof physicswith b flavouredhadronsoffers a very fertile testinggroundfor the Standard
Model (SM) descriptionof electraveakinteractions.Oneof the key problemsto be studiedis the phe-
nomenorof CPviolation,which, althoughalreadydiscoreredin 1964by ChristensonCronin, Fitchand
Turlay in the neutralkaon system[1], is still one of the experimentallyleastconstrainedgohenomena.
Anothermain topic is the study of rareb decaysinducedby flavour changingneutralcurrent(FCNC)
transitionsh — s, d, which areloop-suppresseid the SM andthusvery sensitve to nenv-physicseffects.

During thelastfew years,B physicshasrecevedalot of attention bothfrom theoristsandexper
imentalists,and we are presentlyat the beginning of the B factoryerain particle physics. The BaBar
(SLAC), BELLE (KEK) andHERA-B (DESY) detectorhave alreadyseentheirfirst events,andCLEO-
[l (Cornell), CDF-Il andDO-II (Fermilab)will starttakingdatain the nearfuture (see[2] for arecent
experimentaloverview). Althoughthe physicspotentialof theseexperimentss very promising,it may
well be that the “definite” answerin the searchfor newv physicsin B decayswill be left for second-
generationB experimentsat hadronmachines. In the following, we will give an overviewv of the B
physicspotentialof theLHC experimentsATLAS, CMS andLHCb, with themainfocuson SM physics.

1.1 CP Violation in the B System

Amongthemostinterestingaspect&ndunsohed mysterieof modernparticlephysicsis theviolation of
CPsymmetry Studiesof CPviolationareparticularlyexciting, asthey mayopenawindow to thephysics
beyondthe SM. Thereare mary interestingwaysto explore CP violation, for instancethroughcertain
rare K or D mesondecayqa very recentcomprehense descriptionof all aspect®of CP symmetryand
its violation canbe found in Ref. [3]). However, for testingthe SM descriptionof CP violation in a
guantitatve way, the B systemappear$o be mostpromising[4, 5, 6].

1.11 TheSMDescriptionof CP Violation

Within the framework of the SM, CP violation is closelyrelatedto the Cabibbo—Kbayashi-Maskaav
(CKM) matrix[7, 8], connectingheelectraveakeigenstatesd’, s’, t’) of thedown, strangeandbottom
quarkswith their masseigenstateéd, s, b) throughthefollowing unitarytransformation:
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Theelementof the CKM matrixdescribechaged-currentouplings,ascanbeeasilyseerby expressing
thenon-leptonicchaged-curreninteractionLagrangiann termsof the electraveakeigenstategl):

di
EI(I:\’]? = _92 ( u., c, fL ) fy“ VCKM SL WJ + h.C., (2)
V2 b

wherethe gaugecoupling g» is relatedto the gaugegroup SU(2) andthe W,ST) fields describethe
chaged W bosons.

In the caseof threegenerationsthreegeneralizedCabibbo-typeangles7] anda singlecomple
phas€8] areneededn orderto parametrizeghe CKM matrix. This complex phaseallows oneto accom-
modateCP violation in the SM, aswas pointedout by Kobayashiand Maskava in 1973[8]. A closer
look shaws that CP-violatingobsenrablesareproportionalto the following combinationof CKM matrix
elementg9]:

Jop = 1m (Vi Vi Vi) - (i # 5, 1 # k), (3)

which representa measuref the “strength” of CPviolationin the SM. Since.Jop = O(10~?), CPvio-
lationis a smalleffect. However, in scenario®f new physics[10], typically seseraladditionalcomple
couplingsarepresent]eadingto new sourceof CPviolation.

As farasphenomenologicalpplicationsaareconcernedihefollowing parametrizatioof the CKM

matrix, the “Wolfensteinparametrization[11], which correspond$o a phenomenologicaxpansionn
powersof thesmallquantity A = |V,,s| = sin f¢ =~ 0.22, turnsoutto bevery useful:

) 132 A AX3(p —in)
Vekm = Y — A2 AN? + O\Y). (4)
AN (1 —p—in) —AN? 1

Thetermsof O(\*) canbetakeninto accounsystematically12], andwill play animportantrole below.

1.12 TheUnitarity Triangle(s)of the CKM Matrix

Concerningestsof the CKM pictureof CPviolation, the centraltamgetsarethe unitarity trianglesof the
CKM matrix. Theunitarity of the CKM matrix, which is describedy

VCTKM . VCKM - i - VCKM . VCJ{(Ma (5)

leadsto a setof 12 equationsgconsistingof 6 normalizationand 6 orthogonalityrelations. The latter
canberepresenteds6 trianglesin the comple plane,which all have the samearea[13]. However, in
only two of them,all threesidesareof comparablenagnitude®()\?), while in the remainingones,one
sideis suppressedelative to the othersby O(\?) or O(\*). The orthogonalityrelationsdescribingthe
non-squashettianglesaregivenasfollows:

Vaud Vi + Vea Vo +ViaVyy, = 0 (6)
VaaVid + Vs Vis + Vi Vi = 0. )

The two non-squashettianglesagreeat leadingorderin the Wolfensteinexpansion,i.e. at O(\3), so
that we actually have to dealwith a singletriangle at this order which is usually referredto as“the”

unitarity triangleof the CKM matrix [14]. However, in the LHC era,the experimentalaccurag will be
sotremendoushatwe will have to take into accountthe next-to-leadingordertermsof the Wolfenstein
expansionanddistinguishbetweerthe unitarity trianglesdescribedy (6) and(7), which areillustrated
in Fig. 1. Here,p and7 arerelatedto the Wolfensteinparameterg andrn through[12]

5= (1 —/\2/2) p, W= (1 —/\2/2) " (8)
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Fig. 1: Thetwo non-squashednitarity trianglesof the CKM matrix: (a) and(b) correspondo the orthogonalityrelations(6)
and(7), respectiely.

Notethe anglesof thetriangles,in particularthosedesignatedby «, 3, v andé~y. Thesewill bereferred
to frequentlythroughouthis report. ThesidesR;, and R; of the unitarity triangleshavn in Fig. 1(a)are
givenasfollows:

A2\ 1|V,
= [1-2 ) 22| = /52472 = 0.41 +0.
Ry ( 2>)\Vcb 22472 =0 0.07, (9)
1| Vig —
R = — |2 = ./(1=2)2+72 = O(1). 10
t N, (1-P2)%+7 (1) (10)

1.13 Non-Leptonid Decaysand Low-Enegy EffectiveHamiltonians

With respectto testingthe SM descriptionof CP violation, the major rdle is playedby non-leptonic
B decayswhich canbe divided into threedecayclasses:decaysreceving both “tree” and“penguin”
contributions,pure“tree” decaysandpure“penguin”decays.Therearetwo typesof penguintopologies:
gluonic(QCD)andelectraveak(EW) penguinswhicharerelatedto strongandelectraveakinteractions,
respectiely. Becauseof the large top-quarkmass,alsothe latter operatorgplay animportantréle in
severalprocessefl5, 16, 17].

In orderto analysenon-leptonicB decaygheoretically oneusedow-enegy effective Hamiltoni-
ans,which are calculatedby makinguseof the operatorproductexpansion,yielding transitionmatrix
elementf thefollowing structure:

(fHet|?) ch (F1Qr () . (11)

The operatomproductexpansionallows oneto separatehe short-distanceontritutionsto this transition
amplitudefrom thelong-distancenes which aredescribedy perturbatre Wilson coeficient functions
C%(p) andnon-perturbatie hadronicmatrix elements f|Qr (1) |i), respectiely. As usual, denotesan
appropriateenormalizatiorscale.

In thecaseof |AB| = 1, AC = AU = 0 transitionswhich will be of particularinterestfor the
explorationof CPviolationin the B systemwe have

Hest = Heff(AB = —1) + Heg(AB = —1)T, (12)
where

Heff (AB - —

Jj=u,c
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Herep = O(my) is arenormalizationscale,the Q{f are four-quark operatorsthe label ¢ € {d, s}
corresponds$o b — d andb — s transitionsandk distinguishedbetweercurrent—currentk € {1,2}),
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Fig. 2: (a): Generalbox diagramdescribingB—B mixing. (b): Specialcaseof diagram(a) with internalu andc, whose
absorptie partdetermined;».

QCD (k € {3,...,6}) andEW (k € {7,...,10}) penguinoperators.The calculationof suchlow-
enegy effective Hamiltonianshasbeenreviewedin [18], wherethe four-quarkoperators);? aregiven
explicitly, andwherealsonumericalvaluesfor their Wilson coeficient functionscanbefound.

1.14 B-B Mixing

The eigenstatesf flavour, B, = (bq) and B, = (bq) (¢ = d, s), degeneraten pure QCD, mix on
accountof weakinteractions.The quantummechanicf the two-statesystemwith basis{|1), |2)} =
{|B,), |B,)}, is describedby acomple, 2 x 2 Hamiltonianmatrix

i M Mo i I Iy
H=M-_-T= — = 14
> ( Mp, M ) 2 ( & T ) (14)
with Hermitian matricesM andI'. The off-diagonalelementsin (14) arisefrom AB = 2 flavour

changingransitionswith virtual (A7) or realintermediatestateqI';2), in thelattercasecorresponding
to decaychannelssommonto B and B.

Diagonalizing(14),oneqbtainsthephysicaleigenstategH (‘heavy’), By, ('light’) andthecorre-
spondingeigevaluesMy 1 — 51"y, L. Themassandwidth differencesead
_ 2Re(M;3"T}9)

(15)
M)

AM, = M - M? =2MP|,  Ar =1 -1

ADM is positive by definition, AT is definedin sucha way thata negative valuée is obtainedin the SM
for the caseof B, wherea sizeablewidth differenceis expected.In the SM, the off-diagonalelements
M4 andI';2 inducingB mixing aredescribedy thebox diagramsn Fig. 2.

Detailednumericalresultswill begivenSec.7.; herewe only summarizeafew importantgeneral
characteristicef AB = 2 second-ordeweakprocessesThe relatve sizeof the variouscontritutions
is controlledby CKM quantitiesand quark masses.With )\EQ) = V3 Vis, anddenotingthe magnitude
in powers of the Wolfensteinparameter\, we have A&d) ~ /\gd) ~ A§d> ~ A3 for By, and Agf) ~ X4,
A~ A A2 for B,. Becausehe box amplitudestronglygrows with large (> my) internalquark
massesn;, proportionalto m? for m; > My, it is clear consideringthe abave CKM hierarchy that
thetop-quarkcontritution completelydominateghe dispesive part M15. Theremainingcontrikutions
(7 = u, c) aresafelynegligible for boththe B; and B system.Sincem;, My > my,, Mis is described
by an effectively local interactionalreadyat scalesfar abore m,. Externalmassscalescan thusbe
neglectedandtheresultingA B = 2 effective Hamiltonianis governedby a singleoperator It acquires
thesimpleform

Hei" =2 = (Vi Vin)*C (1) (@b) v —a(@b)v—a (16)
with C theshort-distancéVilson-coeficient andz, = m?/m#,, whenceM;, is obtainedas
1 _
My = —— (B|H&"=?|B).
112 2MB< Hei~ "I B) (17)

2Notethatalsothe oppositesigncorventionfor AT is usedin theliterature.



For the absorptivepart I'15 the situationis more complicated.First of all, the top contrikution,
dominantfor M5, cannotcontribute to I';5, since,by kinematics,top quarksareforbiddenason-shell
final statesn B decays.T'15 is thendeterminedby the (absorptie partsof) box diagramswith up and
charmquarks.Both up andcharmareimportantfor B, because\’) ~ A\ In the caseof Bg, theup-
quarksectoris neggligible (/\Ef) < /\ES)). In calculatingl'12, theheary W bosonlines canbe contracted
to form two local AB = 1 four-quarkinteractions(Fig. 2(b)). By contrast,u andc arelighter than
the relevant scaleof the process(~ m;) and cannotbe integratedout, unlike the top quarkin M.
Consequentlyl'; is given asthe matrix elementof a non-local(or ‘bi-local’) productof two local
AB =1 HamlltonlanoperatorSHAB 1, theusualeffective weakHamiltoniandescribingB decays:

o= —— L B|Imz/d4:pTHAB Yz)HEP=1(0)|B). (18)
2Mp

To lowestorderin the stronginteraction,(18) correspondso the absorptye part(Im) of the diagramin

Fig. 2(b). Takingtheabsorptre partinsidethe formal expression(18), the T-productis transformednto

anordlnaryproductofthetwofactorsHAB 1. Insertinga completesetof hadronicfinal statesf gives

TV =S (BIHG £)(fHa ' B), (19)
f

whereonerecognizeghe usualexpressionfor a decayrate, generalizechereto the off-diagonalentry
I'12. Thisconnectionyhich allows oneto write T';5 in (18) astheabsorptie partof the B — B forward
scatteringamplitude is known asthe opticaltheoremI'{?*°" does however, escapalirectcalculation,
whichinsteadstartsfrom (18): takingadwantageof thelargemomentum~ m;, > Aqcp flowing through
the internalu and ¢ quarklines of the box diagram,one expandsthe operatorproductinto a seriesof
local operator:{19]:

1 Cn AB=2 |
5ty 2B 1@ B,
(20)
Theidentificationof the exact {129 with the approximation” %" basedon the heary quarkexpan-
sionis equialentto the assumptiorof local quark-hadrorduality (‘local’ in this contet refersto the
fact thatthe large enegy scalem;, is, in practice,a fixed numbey ratherthan a variableallowing for
the consideratiorof some(‘global’) averagingprocedure) Whenviewed asa function of m,, {12dm
is expectedto includetermsof theform exp(—(my/Aqcep)*) sin((my/Aqep)”). Suchoscillatingand
exponentiallysuppressedermsare relatedto the openingof new decaychannelsasm;, is increased.
They arehowever completelymissedin %™ to ary finite orderin the heary quarkexpansionwhich
is just a power seriesin Aqcp/my,. Of course for asymptoticallylarge m;/Aqcp — oo, theseterms
vanishmuchfasterthanpower corrections.In ary casel" {32 _, p{adonin the strict limit m;, — .
Neverthelessfor realisticvaluesof m;, thosetermsmayintroducea deviation of I3 from the correct
r{hadron (heyond the omissionof higher pawer corrections). This error is referredto asa violation of
local duality Theoreticaknowledgefrom first principlesaboutduality violating contritutionsis sofar
ratherlimited. Interestinggeneraldiscussiongandfurtherinformationcanbefoundin Refs.[20, 21, 22].

r{guan) _ (B |Imi / &'z THAP= (z)HAP=1(0) | B) =
2MB

1.15 CP Molationin Neutal B Decaysinto CP Eigenstates

The descriptionof CP violation in termsof weak phasesbecomesparticularly simple for decaysof
neutralB, mesongg € {d, s}) into CPself-conjugatdinal states f), satisfyingtherelation

(CP)If) = £1f)- (21)
In this casethe correspondindgime-dependentP asymmetrycanbe expresseds
T(By(t) = f) =T(BY(t) = f)

Acrlt) = TBo) =+ r@m = f)




A%ill;(Bq — f) cos(AM,t) + Ag‘ligx(Bq — f)sin(AM,t)

26—th
(9) (9) (9) (@)
e t'nt e 't + Aar(B, — f) (e‘FH e o t)

. (22

whereAM, = MI({‘D - Mﬁ‘” denotegshemasdifferencebetweerthe B, masseigenstatese;ndl“g{)L are
the correspondinglecaywidths, with
@l

rp=———1. (23)

In Eq.(22),we have separatethe“direct” from the“mixing-induced” CP-violatingcontrikutions,which
aredescribedy

(9)

. 1— [l _ 21m {&?'}
AL B, - f)=——1 — and AWB, > f)=——21 2, (24)

o 1+ ¢! ? o L+ [

respectrely. HeredirectCP violation refersto CP-violatingeffectsarisingdirectlyin thecorresponding
decayamplitudeswhereasnixing-inducedCP violation is dueto interferenceeffects betweent—B_g
mixing anddecayprocessesWhereaghe width differenceAl’; is negligible in the B; system,it may
besizeablen the B, system[23, 24], therebyproviding the obserable

2Re (¢
.AAF(Bq — f) = W7 (25)
whichis notindependenof AIL(B, — f) and AZX(B, — f):
dir 2 mix 2 2
(A% (B, — 1)+ [AZB(B, — )] + [Aar(B, = f)] = 1. (26)

Essentiallyall the informationneededo evaluatethe CP asymmetry(22) is includedin the fol-
lowing quantity: o
2 VEVi(f1Q7|BY)

6f) = Feritn T (27)
! > Vi VilflQmBY)
Jj=u,c
where
) 2 ) 10 )
QT =>"Q1 Cr(p) + D Q@ Crlp), (28)
k=1 k=3
r € {d, s} distinguishedetweerb — d andb — s transitionsand
_ ) 128 (¢=4d)
%0 = { 20y (g=3) (@9)

is theweakBg—B_g mixing phasewhichis relatedto the phaseof M2, EqQ.(17). In generalthe observ-

ablegj(f’) suffers from hadronicuncertaintiesyhich areintroducedby the hadronicmatrix elementsn
Eq. (27). However, if thedecayB, — f is dominatedby a single CKM amplitude,the corresponding

matrix elements:ancel,andg;q) takesthe simpleform

€9 — o [i (6, — 60)] . o)



wheregi),(gf ) is aweakdecayphasewhichis givenasfollows:

f) —2y for dominanth — @ w7 CKM amplitudes,
D — (31)

0  for dominanth — ¢c# CKM amplitudes.

This simpleformalismhasseveralinterestingapplicationsprobablythe mostimportantoneis the
extractionof the CKM angle from CP-violatingeffectsin the “gold-plated”mode B; — J/¢ Kg. In
additionto the CP-violatingeffectsin neutralB decaydnto CPeigenstatediscusse@bove, alsocertain
modesinto non-CPeigenstatesfor example B; — D®*x¥F and B, — DFKT, play an outstanding
role to extract CKM phasesThesedecayswill bediscussedn moredetailin Secs3.4and3.5.

1.16 The"“El Dorado” for the LHC: the B, System

Theete™ B factoriesoperatingatthe Y (4.5) resonancaill notbein apositionto explorethe B, system.
Sinceit is, morewer, very desirableo have large datasamplesavailableto study B, decaysthey areof
particularinterestfor hadronmachinesandwereoneof the centraltamgetsof this workshop. Thereare
importantdifferencedetweerthe B; and B, systems:

e Within the SM, a large BY—B? mixing parameter:, = AM, /T’y = O(20) is expectedwhereas

themixing phasep, = —2\? is expectedto bevery smalll.

e Theremaybeasizeablewidth differenceAl's/I's = O(15%), whereasAT'; is negligible.
The massdifferenceA M, playsanimportantrole to constrainthe apex of the unitarity triangle shavn
in Fig. 1(a), andthe non-vanishingwidth differenceAl's may allow studiesof CP-violatingeffectsin
“untagged”B, rates[25]-[28], which aredefinedasfollows:

T, [f()] = D(BY(t) — f) + T(BU(t) — f) = PhSpx |Rue "6t + Rye ™|, (32)

where“PhSp” denotesan appropriate straightforvardly calculablephase-spacéactor Interestingly
therearenorapidoscillatoryA Mt termspresentn this expression Althoughit shouldbeno problemto
resohe theseB’—BY oscillationsat the LHC, studiesof suchuntaggedates which allow the extraction
of theobsenable Aar introducedn (25) as

_ Ru- Ry
- Ry + Ry’

areinterestingn termsof efficiengy, acceptancandpurity.

Aar (33)

1.17 CPMolation in ChargedB Decays

Sincethereareno mixing effectspresentn thechagedB mesorsystemnon-vanishingCPasymmetries
of type
- Bt — f)—I(B~ —
Ace(Bt - J) = B 2 B D) (34
(Bt — f)+ (B~ — )

would give usunambiguougvidencefor “direct” CPviolationin the B systemwhich hasrecentlybeen
demonstratedn the kaonsystemby the new experimentalresultsof the KTeV (Fermilab)and NA48
(CERN)collaborationdor Re(e’ /) [29].

TheCPasymmetrie$34) arisefrom theinterferencéetweerdecayamplitudeswith bothdifferent
CP-violatingweakanddifferentCP-conservingtrongphasesin the SM, theweakphasesrerelatedto
the phase®f the CKM matrix elementsywhereashe strongphasesreinducedby final-state-interaction
(FSI) processedn generalthe strongphasesntroducesereretheoreticaluncertaintiesnto the calcula-
tion of Acp(B* — f), therebydestrging the cleanrelationto the CP-violatingweakphasesHowever,
thereis animportanttool to overcometheseproblemswhichis providedby amplituderelationsbetween
certainnon-leptonidB decays.Therearetwo typesof suchrelations:




e Exactrelationswhichinvolve B — DK decayqpioneeredy GronauandWyler [30]).

e Approximaterelations,which rely on the flavoursymmetriesof stronginteractionsand certain
plausibledynamicalassumptionsandinvolve B — 7K, mr, K K decaygpioneerecy Gronau,
Herrandezl ondonandRosnel31, 32)).

Unfortunately the B — DK approachwhich allows a theoetically cleandeterminatiorof v, makes
useof certainamplitude-trianglethatareexpectedo berathersquashedMoreover, thereareadditional
experimentaproblemdq33], sothatthis approachs very challengingrom apracticalpointof view. The
flavoursymmetryrelationshetweenthe B — 7K, nr, KK decayamplitudeshave receved consider
ableattentionin theliteratureduringthelastcoupleof yearsandled to interestingstratgjiesto probethe
CKM angley.

1.18 Outlineof the CP Violation Part

Theoutline of the partof this chapterdealingwith aspectselatedto CP violation andthe determination
of the anglesof the unitarity trianglesis asfollows: after an overvien of the experimentalaspectsn
Sec.2.,we have acloserlook atthe benchmarknodesto explore CP violationin Sec.3., wherewe will
discusshe extractionof 3 from the “gold-plated”decayB,; — J/v Ks, the prospectgo probea with
By — 7T~ andB — pr modesaswell asextractionsof v from B; — D**7F andB, — DfK¥
decaysFinally, we will alsogive adiscussiorof v determinationérom B — DK modes.

Section4. is devotedto a detailedanalysisof anotherCP benchmarkmode,B;, — J/v ¢, which
is particularlypromisingfor the LHC experimentshecausef its favourableexperimentalsignatureand
its rich physicspotential,allowing oneto extractthe B—B? mixing parameters\ M, andAT,, aswell
asthecorrespondin@P-violatingweakmixing phasep;. Sincethe CP-violatingeffectsin B; — J/1 ¢
aretiny in the SM, this channebffersanimportanttool to searchfor new physics.

In Sec.5., we focuson stratgiesto extract CKM phaseghat were not consideredor the LHC
experimentssofar, andon nev methodswhich weredevelopedduring this workshop[34]. We discuss
extractionsof theangley from B — w K decayswhichrecevedalot of attentionin theliteratureduring
the lastcoupleof years. Moreover, we discussextractionsof v thatareprovidedby B, — J/¢ Ks
andBys) — DI(S)D;(S) decaysandasimultaneousleterminatiorof 3 and~ from acombinedanalysis
of thedecaysB; — ntn~ andB, — KT K.

_ Systemati@rrorconsiderationsn CPmeasurementrediscussedh Sec.6., andthereachfor the
BY-BY mixing parameterd\ M, and Al is presentedn Sec.7..

1.2 RareB Decays

By rareB decayspnecommonlyunderstandieavily Cabibbo-suppresséd— u transitionsor flavour-
changingneutralcurrentyFCNC)b — s orb — d thatin theSM areforbiddenattree-level. Raredecays
areanimportanttestinggroundof the SM andoffer a stratgy in the searckor newv physicscomplemen-
taryto thatof directsearcheby probingtheindirecteffectsof new interactionsn higherorderprocesses.
Assumingthevalidity of theSM, rareFCNCdecaysallow themeasuremerdf the CKM matrixelements
|Vis| and|Vz4| andthuscomplementheir determinatiorfrom B°-B° mixing. Any significantdeviation
betweenthesetwo determinationsvould hint at newv physics. With the large statisticsavailable at the
LHC, alsodecayspectrawill beaccessiblewhichwill allow adirectmeasuremertf virtual nev physics
effects:in somecontrasto theinvestigationof CPviolation, we arein thelucky situationthattheimpact
of naw physicson FCNC processesanbe definedin amodel-independentay?: atquark-level, b — ¢,
q = (d, s), transitionscanbe describedn termsof an effective 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(top quarkandW bosonin the SM):

10
Hen(b = 0) = =4 £ Valiy Y ClwOL ) (35)
=1

Therelevant operatorswill be specifiedin Sec.8.; herewe would like to stressthatthe short-distance
coeficients C; (1) encodeboth perturbatre QCD evolution betweenthe hadronicscaley ~ O(my)
andthe scaleof heary particlesMy andinformation on the physicsat that scaleitself, containedin
C;(Mpy). A measuremertf thesecoeficientsthatsignificantlydeviatesfrom the SM expectationthus
would constitutemmediateandunambiguougvidencefor new physicsbeyondthe SM.

In thisreport,we concentrat®n decayghathave afavourableexperimentakignatureatthe LHC
andfor which experimentalstudiesexist at the time of writing: the exclusive decaysB;, — putp~,
By — K*y andBy — K*u*u . Althoughit is generallybelieved that theoreticaluncertaintiesiue
to non-perturbatie QCD effects are larger for exclusive than for inclusive decays,the experimental
environmentof a hadronicmachinerenderst exceedinglydifficult to performinclusive measurements.
Therehas,however, beenrecentprogressn the calculationof exclusive hadronicmatrix elementg435],
which narravs down the theoreticaluncertaintyandaswe shall elaborateon in Sec.8., onecandefine
experimentalbbsenablesin which alarge fraction of theoreticaluncertaintiexancels.

1.3 Other B PhysicsTopics

The B physicspotentialof the LHC is by far not exhausteddy the programmesketchedabove. Possible
further lines of investigationinclude physicswith b flavouredbaryons(lifetime measurementspectra,
decaydynamicsetc.),physicsof b flavouredmesonstherthanB,, 4 s (radialandorbital excitations,B.),
andthe studyof purely leptonicor semileptonicdecays,B, — ev, B, — Mev, whereM standsfor
a meson.Fromthetheorypoint of view, onemajortopic whoserelevancegoesbeyondthe LHC is the
calculationof non-leptonicdecayamplitudesrom first principles: whereaghe discussiorin Secs.3 to
5 promotesa very pragmaticapproactwhich aimsateliminating(“controlling”) the effectsof strongin-
teractiondy measuringalarge numberof obserablesthatarerelatedby certainapproximatesymmetry
principles,it remainsa challengefor theoryto provide predictionsfor non-leptonicdecayamplitudes,
bothin factorizationapproximatiorandbeyond.

Only a limited numberof suchtopics were discusseduring the workshop,and so we restrict
ourseles to the presentatiorof selectedaspectsand review the presentstatusof the theory of non-
leptonicdecaysin Sec.9., relevant for the predictionof decayratesin generaland the extraction of
weakphasegrom CP asymmetriesn theoretically“dirty” channelsn particular;in Sec.10, we give an
overview of the physicsopportunitiesandpredicteddecayratesin B,. decays.

2. EXPERIMENT AL OVERVIEW 4

The LHC will representa uniqueopportunityfor B physicsstudies. At a centre-of-mas®negy of
Vs = 14 TeV the productioncross-sectiorfor bb pairswill be very high. While currenttheoretical
predictionsof the absolutevalueareratheruncertain,it is expectedthatit will be abouta factorof five
higherthanthe oneobtainableat the Tevatron,runningat /s = 2 TeV. Naturally therefore B physics
hasbeenanimportantconsiderationn the optimizationof the LHC experimentalprogramme Thetwo
multi-purposeexperiments ATLAS [36, 37] and CMS [38], have the capabilitiesto realizea rich and
competitve programmeanda dedicatedexperiment,LHCb [39], will have the soletaskof exploiting as
wide arangeof B physicstopicsaspossible.

“Sectioncoordinator:G.F. Tartarelli.



2.1 Intr oduction

The ATLAS andCMS detectorgseeFig. 3) have beendesignedprimarily to searchfor new particles,
suchastheHiggsboson.Thedetectorghereforeshouldbeableto operateatthe highestLHC luminosity
andbe sensitve to the highestmassscale.However, specificfeaturegequiredfor B hadronreconstruc-
tion have beenaccommodatedh the design. Both experimentshave also put strongemphasison ‘b

tagging’ (discriminationbetweerb jetsandjetsfrom light quarks,which is usedin a variety of physics
analyses)but thisis notdiscussedh this chapter

Both the ATLAS andCMS detectorsover the centralregion of the pp interactionpointandhave
forward-backvard andazimuthalsymmetry Insidea superconductingsolenoid(generatinga 2T mag-
neticfield in ATLAS anda 4T field in CMS, parallelto the beamline), a multi-layer tracking system
(ATLAS [40], CMS [41]) coveringthe |n| < 2.5 region is located. The systemhashighergranularity
detectorlayersat small radii (silicon pixel and micro-stripdetectors¥or goodimpactparametereso-
lution andtrack separatiorand extendsto large radii to improve the trans\ersemomentumresolution
(in ATLAS thetrackingsystemhasalsoadditionalelectron/pionseparatiorasexplainedSec.2.5). In
bothexperimentsthetrackingsystemis surroundedy electromagnetiandhadroniccalorimeterqAT-
LAS [42], CMS [43]) which extendup to about|n| = 5.0. Finally, outsidethe calorimeterghereare
high-precisiormuonchambergin theregion |n| < 2.7 in ATLAS [44] and|n| < 2.4 in CMS[45]) and
muontriggerchambersn a smallerpseudo-rapidityange(|n| < 2.4 in bothATLAS andCMS).

The LHCb detectoris a single-armspectrometecovering the forward region of the pp interac-
tions. A schematicview is shawvn in Fig. 4. The detectorcoversthe angularregion from 10mrad up
to 300mradin the horizontalplane(the bendingplane andfrom 10mradup to 250mradin the verti-
cal plane(the non-bendingplang, correspondindo the approximaterange2.1 < n < 5.3 in termsof
pseudo-rapidityStartingfrom theinteractionpoint, it consistf asiliconvertex detectora RICH detec-
tor anda trackingsystem;the trackingsystemis followed by a secondRICH detectoy electromagnetic
andhadroncalorimetersand by muondetectors.The vertex detector which is locatedinsidethe beam
pipe,alsoincludesapile-upvetocounterto rejecteventswith multiple pp interactions.Thetrackingsys-
temis partly includedin a dipole magneffield with a maximumvalueof 1.1T in the vertical direction.
The calorimetrysystemextendsfrom 30mradto 300(250)mrad in the horizontal(vertical) direction.
Muon coveragds assuredn theangularange25(15)mradto 294(245)mradin the horizontal(vertical)
direction.

2.2 Luminosity

The LHC is beingbuilt to run at a designluminosity of 103* cm—2 s~! to maximizethe potentialfor
discovering new, heavy particles. Fromthe point of view of B hadronreconstructionmultiple interac-
tionsandpile-upeffectsin thedetectorsarea complicationbothattriggerlevel andin thereconstruction
of relatively low-pr particles. Moreover, the high luminosity will deterioratehe performancegbothin
termsof radiationdamageandoccupang) of theinnermostrackinglayerwhenthereconstructiorof the
B mesonvertex positionis needed.

It is expectedhowever, thatthe LHC will reachdesignluminosityonly graduallyin time, starting
at10%3 cm2 s~! andtakingthreeyearsto reach10?* cm=2 s~!. ATLAS andCMS will take adwantage
of this so-calledlow-luminosityperiodin orderto carryout mostof their B physicsprogramme At this
luminosity eachcrossingwill have anaverageof 2 to 3 pile-up eventsin the trackingdetectorswhich,
however, have beenshavn not to affect significantly the detectorperformances.lt is undercurrent
investigationif it is possibleto continuecertainstudiesat higherluminosity: for somecritical channels,
like very raredecayqseeSec.8.), this hasbeenalreadydemonstratetb befeasible(bothat triggerand
reconstructiorievel).

In orderto have a cleanervironment,well suitedto B physics,the luminosity at LHCb will be
locally controlledto have a meanvalueof 2 x 1032 cm™2 s~!, even whenthe machineis operatingat
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designluminosity This valueis chosento optimizethe numberof singleinteractionbunch crossings,
whichwill make up ~ 75% of crossingswithin aninteraction,andto ensurethatradiationdamageand
occupang problemsarenottoo severe.

In thisreportwewill presenestimate®f theb physicspotentialof thethreeexperimentsatvarious
integratediuminosities.Whena simplecomparisoris neededtheresultswill benormalizedto oneyear
of running: this correspondso 2 x 103 pb~! for LHCb andto 10* pb~! for ATLAS andCMS running
atlow luminosity More oftenthefull potentialof eachexperimentis presentedherewe take 5 yearsof
runningfor LHCb and3 yearsatlow luminosityfor ATLAS andCMS (unlessthe studycanbeextended
into the high-luminosityrunningperiod). Wheneer possible the resultsof the threeexperimentshave
beenstatisticallycombinedto estimatethe ultimate LHC potential.

2.3 Monte Carlo Generators,Simulation Methods and AssumedCross-Sections

For the performancestudiespresentedn this chapterlarge samplesof B hadroneventshave beenpro-
ducedusingthe PYTHIA 5.7/JETSETY/.4 [46] event generatar In the ATLAS Monte Carlo (MC),
flavour-creation, flavour-excitation and gluon-splitting productionprocessesvere included. In CMS,
flavour-creationandgluon-splittingwereincluded(seealsodiscussiorin the”Bottom production”Chap-
ter of thisreport[47]). The LHCb MC productionwasbasedon flavour-creationandflavour-excitation
processesyith additionalsamplesncludinggluon-splitting. The CTEQ2L[48] setof parton-distrilntion
functionshasbeenused.The Petersoriunction (with ¢, = 0.007) hasbeenusedto fragmenth quarksto
B hadrons.TheotherPYTHIA physicsparametersiave beensetto their default values. Theagreement
betweerPYTHIA predictionsandtheoreticalcalculationds discusseelsavherein thisreport.

The responsef the detectordo the generategarticlesis simulatedwith programsbasedon the
GEANT [49] package.Thenthe eventis reconstructedn the sub-detectorselevantto eachparticular
analysis;eventreconstructiorincludesfull patternrecognitionin the tracking detectorsyertexing and
particleidentification(muonsandelectronsand=/ K separationif available).

The proceduredetailedabove is called full simulationand hasbeenusedfor the majority of
the analysegpresented.In somecasesa fast simulationwhich doesnot use GEANT, but a simple
parametrizatioof the detectoresponséiasbeenused.

Theresultshave beennormalizedassuminga total inelasticcross-sectioof 80 mb anda bb cross-
sectionof 500 ub.

2.4 Proper Time Resolution

Differentdetectordayoutsusedby the threeexperimentdeadto differencesn theimpactparameteand
properdecay-timeresolutions.

In LHCb theimpactparameters measuredn the R—z plane:theresolutionincreasesvith trans-
versemomentumand reachesan asymptoticvalue of about40 um alreadyfor trackswith transwerse
momentapy > 3GeV [39]. Particlescomingfrom B decaysare mostly above this thresholdand so
LHCDb canachiere a propertime resolution(for fully reconstructe@xclusive decays)f about0.031 ps
(seeFig.5).

The ATLAS andCMS experimentsneasurgreciselytheprojectionof thetrackimpactparameter
in the R—p plane[37, 38]. The plateauvalue (for highp; tracks)of the trans\erseimpactparameter
resolutionis about1l1 ym (for comparisonthe asymptoticvalue for the impactparametein the R—z
planeis about90 pm); howvever, mostof the tracksfrom B decaysconcentratdn the low-pr region
wherethe resolutiondegradesdue to multiple scattering. The propertime resolutionsin ATLAS and
CMS for typical fully reconstructe® decaysarecharacterizedy a Gaussiardistribution with a width
of about0.060 ps (seeFig.5).

The propertime resolutionestimatessummarizedn this sectionrefer eitherto the BY — .J/1¢
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decayanalysisdiscussedn Sec.4. or to the BY — J/¢K? sample(seeSec.3.1). Slightly different
valuesareestimatechccordingto the B decaychannelunderstudy

2.5 Particle Identification

Particleidentificationis a very importanttool in mary B physicschannelsin particular 7/ K separation
playsa key role in hadronicB decays(seeSecs.3. and5.), allowing the separatiorof the decaysof
interestfrom similar, and indeedidentical, topologiesthat would otherwisehave overlapping(andin
somecaseverwhelming)spectraMoreover, 7/ K separations crucialfor oneof thetechniquegkaon
tagging)usedto identify the flavour of the b hadronat production(seeSec.2.7 for a shortreview of
flavour taggingmethods).

For this purpose the LHCb detectorhasa dedicatedsystemcomposedf two RICH detectors.
Thefirst systemRICH1, locatedupstreanof the magnetusessilicaaerogebndC,F( asradiatorsithis
detectoris intendedto identify low-momentumparticlesover the full angularacceptanceThe RICH2
detector which usesCFy, is locateddowvnstreamof the magnetand coversa smallersolid angle. The
purposeof this detectoiis to complemenRICH1 by coveringthe high-endof the momentunspectrum.
The performanceof LHCb's RICH is shawvn in Fig. 8. Pionsandkaonscanbe cleanlyseparatedavith a
significanceof morethan10¢ in mostof the momentunrangel GeV < p < 150 GeV. Efficienciesand
puritiesareexpectedo bein excessof 90%.

In the absenceof dedicateddetectordor particleidentification,ATLAS and CMS have studied
othermethoddor obtainingsomelevel of pion/kaonseparationalthoughwith reducegerformanceThe
CMS silicon tracler hasanalogueread-outelectronicssothatthe pulse-heightnformationis presered
and canbe usedto estimatedE/dx. Preliminaryresultshave beenobtained[50] usinga full GEANT
simulationof theCMStracler systendescribedn [41]. Thisstudyestimatesheasymptotigoerformance
of the detector:a numberof effectsthatcaninfluencethe dE/dxresolutionhave not beensimulatedand
will be the subjectof future investigationsvhentest-beandatawill be available. The estimatedr/ K
separationshavn in Fig. 7 asafunction of the particlemomentumhasbeenusedto obtainsomeof the
CMSresultspresentedn Sec.3..

The ATLAS outertracking system,which usesdrift tubes(or strawg to provide an averageof
36 hits pertrack, haselectron/pionseparatiorcapability The spacebetweenthe straws is filled with
radiatormaterial,andtransition-radiatiorphotons createdby crossingelectronsare detectedoy using
a Xenon-basegasmixturein the stravs anda double-thresholdead-outelectronics.This detectorcan
provide somer /K separatiorusingdE/dx,althoughthe pulse-heighis not measured37]. Information
aboutthe depositecenepy is extractedfrom the offsetandaccurag of the measuredirift distancethe
fraction of high-thresholdhits andthe fraction of missinglow-thresholdhits. A preliminarystudyhas
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concludedhat,by combiningall thisinformation,ar /K separatiorof 0.8¢ for trackswith p; ~ 5 GeV
canbeobtained.The expectedpberformancef this methodis shavn in Fig. 6. The separatioris notgood
enoughto identify individual pionsandkaons but canbe usedon a statisticalbasis.A morerecentstudy
incorporatingsomechangeso thereadouformatof thestrav-tracker data,which provideameasurement
of time-overthresholdfor low-thresholdhits, improvesthe separatiorsignificantly

2.6 Triggers

Triggeringis the key-issuefor B physicsstudiesat the LHC. Carefultriggerstratgies are neededo

extractinterestingchanneldrom inelasticcollisionsandthe triggerstratg@iesusedby ATLAS [51] and
CMS [52] will bedifferentfrom thoseusedby LHCb, whosetriggeris entirely dedicatedo B decays.
For robustnessandflexibility, all threeexperimentswill usemulti-level triggersystemswith the ATLAS

andCMS triggersbeingdividedinto threeandthe LHCDb triggerinto four levels.

The lowest trigger level of ATLAS [53] and CMS [54], called level-1, which operatesat the
40MHz machinebunch-crossindrequeny, usesreduced-granularitgatafrom the muontriggercham-
bersandfrom the calorimeters. B physicsis accommodatedh thesetriggersby pushingthe lepton
transerse-momentunthresholdsdowvn to the minimum possible,still keepingthe outputtrigger rate
compatiblewith the acceptanceateof the next triggerlevel, level-2. In ATLAS this is achiezed by re-
quiring a singlemuonwith p; > 6 GeVin |n| < 2.4. The possibility of usingalevel-1 dimuontrigger
with n-dependenthresholdss understudy asa meansof increasingstatistics. However, all ATLAS
studiesreportedin this chapterhave beenobtainedrequiringat leastone muonwith p;y > 6GeV In
CMS, lower transyersemomentumthresholdscan be achieved, by addingto the single leptontrigger
(pr > 7GeV for muonsandp; > 12 GeV for electrons)lsodouble-leptortriggers(uu, pe andee)
with thresholdsvhich vary with pseudo-rapidityandcango down to 2 or 4 GeV for thetwo-muoncase
andto 5GeV for thetwo-electroncase.

Thelowesttriggerlevelin LHCb, calledlevel-0,worksat40MHz andis basedntheidentification
of singleleptons,hadronsand photonswith high-pr in calorimetersand muonchambers.Becauseof
theforward geometryandhigh outputrate,the ‘high’-p, thresholdcanbeaslow as1 GeV. Thehadron
triggerallows the collectionof large eventsamplesn raredecaychannelsvithout leptons. The level-0
triggeris combinedwith the pile-up vetoto rejectbunchcrossingdikely to containmorethanone pp
interaction.After thepile-upveto,therateis reducedo about9 MHz alreadysothatthehigh-p trigger
hasto provide only an additionalreductionfactor of about10 to matchthe designlevel-0 outputrate
of aboutl MHz. The allocationof bandwidthbetweerthe trigger componentand the assignmenbf



thresholdds adjustableéo matchrunningconditionsandphysicsrequirementsAt presenthe nominal
thresholdsfor the single particle triggersare 1 GeV for muons,2.3 GeV for electrons,2.4 GeV for
hadronsand4 GeV for photons.

In ATLAS, thelevel-2 trigger[55] usedfull-granularity datafrom themuonsystemthe calorime-
tersandfrom thetrackingsystem.Thelevel-2triggerwill confirmandrefinethelevel-1informationand
thenlook for specificfinal statesaccordingto the physicschannelo be studied.Fastalgorithmswill be
usedto reconstructracksin the trackingsystemto allow pr andmass-cuts.The second-muortrigger
thresholdwill besetto pr = 3 GeV. Thedimuontrigger coversbothsomerareB decaysandchannels
with J/¢’sin thefinal state. Triggerswith .J/¢» — ee, with the py thresholdon the two electronsas
low as0.5 GeV, will alsobe available. Hadronictriggerswill be available for selectecchannels.The
maximumtotal level-2 outputrateis limited to aboutl kHz. CMS will follow a similar strateyy.

In LHCDb, the next triggerlevel afterlevel-0, calledlevel-1, usesinformationfrom the vertex de-
tector This triggeris meantto complementhe level-0 informationby exploiting the displacemenof b
decayvertices.The vertex triggerwill first reconstructhe eventprimary vertex andthenlook for track
pairswith significantimpact parametersvith respectto the primary vertex, which are closein space.
This signatureprovides high efficiency in all B decaymodes. The total outputrateis about40 kHz.
Successely, the level-2 triggerwill refinethe vertex trigger by addingmomentuminformationto the
tracksforming the secondaryerticesandreducethe datarateto 5 kHz.

In all threeexperimentsthe final trigger decisionwill be taken by a level-3 trigger which feeds
full eventdatafrom all detectorgo anoffline-like algorithmto reconstrucspecificfinal states.Selected
eventswill bestoredfor offline analysis.

Thetrigger performanceof the experimentswill be summarizeclsavherein this report,for cer
tainimportantdecaymodes.t will becomeclearthattheenormousateof B productionatthe LHC can
indeedbe properlyexploited.

2.7 Flavour Tagging

An importantissueof mary CP-violationand B mixing studiesis the determinatiorof the flavour of
a b hadronat production. The LHC experimentshave alreadysuccessfullyinvestigatedseveral tagging
strat@ies,but the studiesarenotyet completed ATLAS [56], CMS [57], LHCB [39]).

Taggingalgorithmscanbe divided into two broadcateyories: OppositeSide(OS) andSameSide
(SS)algorithms accordingo whetheronestudiesheb or theb quarkin theevent. ThenomenclatureQS
andSS,usedto distinguishbetweerthe b andb quarks,is usedfor historicalreasongit is derived from
the LEP experiments) put it doesnot imply thatthe two quarksbe producedn separatdhemispheres.
Indeed,for the LHCb experimentthereis no otherside andboth the b andthe b quarksare produced
predominantlyin the sameforward-cone. Moreover, for the LHC experimentsthe importanceof the
gluon-splittingmechanisnfor producingbb pairsimpliesthatthe two quarksbe not alwayson opposite
sides.We will thusincludein the OS cateyory all algorithmsthattry to deducetheinitial flavour of the
B mesonunderstudyby identifying the flavour of the otherb hadronin theevent. In the SScateyory we
includeall algorithmsthatlook directly at the particlesaccompaying the B mesonwhich hasdecayed
in thechannelunderinvestigation(alsocalledsignal B in thefollowing).

It canbe shawvn thatthe statisticalerrorof anasymmetrymeasuremeris inverselyproportionalto
thequantity (1 — 2w)v/eN, whereN is thetotal (untaggednumberof events e is thetaggingefficiengy
andw is thewrong-tagfraction. For this reasontaggefrcutsarechoserin orderto maximizethe quality
factor Q = eD?, whereD = 1 — 2w is calledtaggerdilution. Approximatenumbersfor efficiencies
and dilutions for the algorithmsdescribedbelov arelisted in Tah 1. Furtherdevelopmentsand cut
optimizationmight be neededo improve the performancef thetaggingalgorithmsalreadystudiedand
to bring all of thematthe samdevel of understandingThe majority of the presentedesultsrefersto the
BY — J/¢K? sample(seeSec.3.1). Variationsfrom sampleto samplehave beenobsered. Because



of this andbecausef differencesn the simulationdetails,triggerselectionsandanalysis-cutsa direct
comparisorbetweertaggerpotentials(andexperimentaperformance)s not straightforvard.

2.71 OppositeSideTagging

The OS techniquesvhich have beenstudiedup to now by the LHC experimentsare: lepton(muonor
electron)tagging,kaontagging(LHCb only) andjet-chagetagging.

In the lepton-taggingnethod,onelooks for a leptonin the event comingfrom the semileptonic
decayof the otherb quarkin theevent: b — [. This methodhasa low efficiency (dueto therelatvely
low b semileptonidoranchingratio of about10%), but goodpurity, which s furtherenhancedy thefact
thatall threeexperimentsuseleptonsalsofor triggering. The main contritutionsto the mistagrateare
dueto flavour mixing of the neutralB mesonsandto cascadelecaysb — ¢ — [. Wrong tagsfrom
cascadelecayscanbe reducedoy increasinghe leptonpy threshold.It hasalsobeenshavn [56] that
the mistagrateincreasesvith increasingp of the signalB for afixedlepton-tagtranserse-momentum
threshold.For thestudiegpresentedh this chapterthethresholdhasbeensetto 5 GeV for bothelectrons
andmuonsin the ATLAS analysisto 2 (2.5) GeV for muons(electrons)n CMS andto 1.5GeV for both
muonsandelectronsn LHCDb.

Kaon taggingexploits the decaychainb — ¢ — s to identify the flavour of the b quarkfrom
the chage of the kaonproducedin the cascadedecay This methodcanbe only usedby LHCDb asit
requiresthe particle identificationcapability of the RICH detector Candidatekaonsare searchedor
down to apy of 0.4 GeV andarerequiredto have impactparametesignificancencompatiblewith the
reconstructegbrimary vertex atthe 3o level. For kaontagging(aswell asfor leptontagging),if more
thanonecandidatesurvivesall cuts,the onewith the highestpr is chosen.

Jet-chage taggingdeduceghe flavour of the otherb quarkin the event by looking at the total
chage of the trackswhich belongto the b fragmentation.At LEP, wherethis algorithmwasfirst de-
veloped,the identificationof the opposite-sidget in Z — bb eventswas almoststraightforvard. At
the LHC, the otherb jet may escapehe detectoracceptane and can be identified only by dedicated
jet-clusteringalgorithms.Thesealgorithmsareusuallybasedn track clusteringpossiblyseededy dis-
placedtracks. Oncethe jet hasbeenfound, the jet total chage, @, is definedby an averageof the
tracks’chagein the cluster weightedby afunctionof theirmomentaTheright (wrong)signeventsare
thendefinedasthosewith Qc; > +c (Qjer < —c), Wherec is atunablecut. Althoughinvestigatedn
the past,0OSjet chageis notusedin the ATLAS analysegpresentedn this report. The LHCb numbers
for this taggingmethod ,which arecalculatedor eventswhereno othertype of tag hasbeenfound, are
preliminaryandarenot usedfor theresultspresentean this chapter

2.72 SameSideTagging

The SStechniquegpresentedn this sectionexploits productionandfragmentatiorpropertiesof the B
mesonto deducdts flavour. Thesetechniquesarenot affectedby mistagsdueto mixing. Moreover, as
they applyto the sameB mesonwhosedecayis underinvestigationthereis no lossof efficiency dueto
theidentificationof the otherb jet in theevent.

During the processof a b quarkfragmentatiorto producea BY meson pionswhich are chage-
correlatedo theflavour of the B mesoncanbeproducedy two mechanism§s8]. Theb quarkcanpick
up ad quarkfrom the quarkseato form a BY, thusmakingavailablea d quarkto form a7*. Another
mechanisnproceedshroughproductionof orbitally excited statesof B mesonsgalled B**, whichthen
decayto BY): B** — B™Or+ If a B** is producedit decaygadiatiely asB** — B'%.

The B—r correlation method, studiedby ATLAS, exploits thesecorrelationsby searchingfor
low-pp pions,compatiblewith comingfrom the primary vertex, in proximity of the decayed meson.
Tracksbelongingto the B decayproductsare excludedandwhatit is called pion is actuallya generic
chagedtrack, asno /K separatioris used. In this method,both productionmechanismslescribed



Tagging ATLAS CMS LHCb
Method € | D € | D € | D
LeptonTag | e || 0.016| 0.46 | 0.027| 0.44
(0N || 0.025| 0.52| 0.034| 0.44| 0.40| 0.40
KaonTag n/a n/a
JetChage n/a 0.70 [ 0.18| 0.60] 0.16
B—r 0.82 | 0.16 n/a n/a
SS | B** n/a 0.22 | 0.32 n/a
JetChage 0.62 | 0.23| 0.50 | 0.23 n/a
BY tag n/a n/a 0.11] 0.34

Table1: Efficiencies(e) anddilutions (D) for the flavour-taggingalgorithmsdescribedn thetext. The shorthand'n/a” (not
available meanghatonetaggereithercannotbe usedor hasnotyetbeenfully studiedby a particularexperiment.The LHCb
numberdor leptonandkaontaggingreferto the combinedalgorithmdescribedn thetext.

\ A \ B | €(4) | e(B) | e(A) +€e(B) | (AUB) |
LeptonTag B** 0.06 | 0.215 0.275 0.26
LeptonTag | SSJetChage | 0.06 | 0.5 0.56 0.53
LeptonTag | OSJetChage | 0.06 | 0.7 0.76 0.72

B** SSJetChage | 0.215| 0.5 0.715 0.56
B** OSJetChage | 0.215| 0.7 0.915 0.76
SSJetChage | OSJetChage | 0.5 0.7 1.2 0.845

Table2: Combinedtaggingefficienciesfrom CMS MC. Thelastcolumnshavs the combinedefficiency of algorithmsA andB
whenthe overlaphasbeensubtractede(A U B) = ¢(A) + ¢(B) — ¢(AN B).

above contritute correlatecoionsandno attemptis madeto separatéhesetwo contritutions.

The CMS experimentprefersto concentraten the explicit reconstructiorof the B** resonance
(B** method. In the MC, theseresonancebave beenmodelledaccordingto [59]. In this method pions
with p; > 1 GeV arecombinedwith a B to give a B** mesorwith a massbetweerb.6 and5.9 GeV.
As aborve, the chage sign of the associategbion givesthe tag. No attemptis madeto reconstructhe
low-p7 photonwhichis presentvhena B*" is producedn thecascad@andto resole thedifferentpeaks
which superimposeén the B** massspectrum.It would alsobe possibleto studythe mistagratefrom
the dataitself by looking atthe side-band®f the massresonancesothatoneneednotrely only onthe
MC modellingof theprocess.

Similar to the B—r correlationmethod,the BY taggingmethod,which is underinvestigationby
LHCDb, consistsin looking for a primary kaonin the vicinity of the B meson.Efficiengy anddilution
for thistaggerwhichis notusedfor theresultspresentedn this chapterarepreliminary

In adifferentapproachit is possibleto usejet-chage taggingalsoon the sameside In this case,
similarly to the OSjet-chage tagging,the jet chageis a weightedaverageof the chage of thetracksin
thejet, but thetracksbelongingto the B mesondecayproductsareexcludedfrom the sum. The weights
arefunctionsof the momentunof thetrack andareoftenwritten in theform w(p)*, wherew(p) canbe
chosenasthe transersemomentumthe projectionof the momentumalongthe B directionor a more
complicatedunction of them. The parametek controlsthe relative weightsof soft andhardtracksin
thetotal chage.

2.73 CombinedTlagging

Thebesttaggingstratgly would combineall taggersweightedby their dilutions,simultaneouslyn both
sidesonanevent-by-&entbasis.This requireshowever, afull understandingf taggercorrelationsThe



Fig. 9: Feynmandiagramscontrituting to B4 — J/¢ Kg, consistingof coloursuppressedree-diagram-lik and penguin
topologies.Thedashedinesin thepenguintopologyrepresena coloursingletexchange.

CMS experimenthasperformedapreliminarystudyof thesecorrelationgor four of thetaggeralgorithms
describedabove (leptontag, B**, SSjet chage and OS jet chage). The resultsare summarizedn
Tah 2, where,for pairsof algorithms,the combinedefficieng is shawvn, taking into accountoverlaps.
Correlationsaresizeablge.g.betweenB** andSSjet chagetags,asexpectedlandneedto be properly
takeninto accountin combiningtaggers.

In a simplified approachpverlapscanbe avoided by applyingtaggersoneafterthe other i.e. by
applyingthe secondaggeron the samplenot taggedoy thefirst one(andsoon). The LHCb experiment
combinedeptonandkaontagging:if morethanonetagis presenin oneevent,the besttagis chosen
in thefollowing order: muon,electronandkaon. Thecombinedefficiengy anddilution of this algorithm
is reportedin Tah 1. In ATLAS, only leptontaggingandB—r tagginghave beenstatisticallycombined
sofar. Leptontagging(which hasthe highestpurity) is appliedfirst andthen,on the remainingevents,
taggingpions are searchedor. Similarly, CMS combinesfour algorithmsin the following order (of
decreasinglilution): leptontagging,B**, SSjet chage andOSjet chage. Eachtaggeris applied,with
its own dilution, on the samplenot taggedby the previous one;in the end,the total numberof selected
eventsis four timesaslarge astheinitial leptontaggedsample.

3. BENCHMARK CP MODES®

This sectiondealswith the useof benchmarkB decaygo explore CP violation andto extracttheangles
of the unitarity triangles. By ‘benchmark’we meanmodesthat are well establishedn the literature.
Some but by no meansll, of thesechannelswill be probedby otherexperimentdeforethe LHC starts
to operate.To be specific,we will discusghe extractionof g from mixing-inducedCP violation in the

“gold-plated”decayB,; — J/v Kg, the prospectgo probea with B; — 77~ and B — pr modes,
aswell asextractionsof v from B; — D**7F andB, — DI KT decays.Finally, we will alsogive a

discussiorof the determinatiorof v from B — DK decays.Since Bs — .J/1 ¢ —anothemenchmark
CPmode-is of particularinterestfor the LHC, we have devoteda separatesectionto the discussiorof

the physicspotentialof this “gold-plated” modefor the LHC experiments:Sec.4..

3.1 Extracting 8 from B — J/¢¥ Kg

Probablythe mostimportantapplicationof the formalismdiscussedn Sec.1.15is the decayB; —
J/v Kg [60], whichis atransitioninto a CPeigenstatevith eigervalue—1 andoriginatefromb — ¢c s
quark-level decays.

SSectioncoordinatorsR. FleischerandG. Wilkinson.



3.11 Theoetical Aspects

In the caseof B, — J/v¢ Kg, we have to considerboth current—currentj.e. tree-diagram-lie, and
penguincontritutions, asdepictedin Fig. 9. The correspondingransitionamplitudecanbe written as
follows [61]:

A(BY = J/p Ks) = A (A% + Afe, ) + 20 Ay + M7 Al (1)
whereAg’C denoteghe current—currentontrikutions, i.e. the “tree” processe Fig. 9, andthe ampli-
tudesA?, = describethe contritutions from penguintopologieswith internalq quarks(q € {u,c,t}).

pen

Thesepenguinamplitudestake into accountboth QCD and electraveak penguincontrikutions. The
primesin (1) remind us that we are dealingwith a b — 3 transition, and the /\gs) = VsV, are
CKM factors. Making useof the unitarity of the CKM matrix and applying the generalizedNolfen-
steinparametrizationincluding non-leadingermsin A, we obtain

A2 A2 o
A(BY — J/y Ks) = <1 - 3> A1+ (1 - A2> a'e” e”] : 2)
where
/ 4 10’ Augn
A = \2A (Agc + Affen) andd'e” =R, <m> 3)

with A = A< — AY . Thequantity A*" is definedin analogyto A<, andthe CKM factor A is

pen — “‘pen pen* pen pen’

givenasfollows:
1
A= 2 Vap| = 0.81 £ 0.06; 4)
thedefinitionof R, = 0.41 4+ 0.07 canbefoundin (9).

It is very difficult to calculatethe “penguin” parameter’e’’, which introducesthe CP-violating
phasefactore’ into the BY — .J /1 Kg decayamplitudeandrepresents- sloppily speaking- theratio
of the penguinto tree contritutions. However, this parameterandthereforealsoe?, entersin (2) in
a doubly Cabibbo-suppresseday. Consequentlyto a very good approximation,BY — J/i Kg is
dominatedby only oneCKM amplitude sothat,from (24) and(30):

AZE(Bg — J /1 Ks) = +sin[— (¢4 — 0)] = —sin(2) . (5)

SinceEq. (30) applieswith excellentaccurag to B; — J/¢ Ks, aspenguinsenteressentiallywith the
sameweakphaseastheleadingtreecontritution, it is referredto asthe“gold-plated”modeto determine
the BY-BY mixing phasg60]. Strictly speakingmixing-inducedCPviolationin B; — J/v Kg probes
sin(pg+ox ), wherep is relatedto the CP-violatingweak K °—K 0 mixing phase Similar modifications
mustalsobe performedfor otherfinal-stateconfigurationcontainingKg or K1, mesonsHowever, ¢ i
is negligible in the SM, and— owing to the small valueof the CP-violatingparametet i of the neutral
kaonsystem- canonly be affectedby very contrived modelsof new physics[62].

First measurementsf sin(23) from the CP asymmetry(5) have recentlybeenreportedby the
OPAL, CDF andALEPH collaborationg63]:

32738 +0.5 (OPAL Collaboration)
sin(23) = ¢ 0.79704 (CDF Collaboration) (6)

0.9370:04+0-36  (ALEPH Collaboration).

Althoughthe experimentaluncertaintiesarevery large, it is interestingto notethat theseresultsfavour

the SM expectationof a positivevalue of sin(23). In the B factory era, an experimentaluncertainty
of Asin(28)|,,, = 0.05 appeargo be achieable,whereaghe experimentaluncertaintyat the LHC is

expectedo beoneorderof magnitudesmaller asdiscussean page22.



Selectiornstage ATLAS CMS LHCb

ptu” lefe” [ ptp” [efe | ptp [ efe”
Firsttriggerlevel 733k | 48.9k | 3485k | 893k | 818k | 425k
Secondriggerlevel | 536k | 16.8k | 1394k | 353k | 116k | 60k
BY reconstruction || 160k | 4.8k | 384k| 49k | 73k| 15k

| Signal/Background| 31 | 16 | 8 | 2 | 7 | 2 |

Table3: B — J/v K2 eventyieldsatdifferentstagesf theselectiorprocedureandS/B ratio for oneyearsdata. Theevents
areuntaggedapartfrom the ATLAS J/¢) — e e~ samplewhich is automaticallytaggedby the level-1 trigger muon. The
ATLAS level-2 triggernumbersalsoincludethe J/v-reconstructioroffline-cuts.

In additionto (5), onemoreimportantimplicationof the SM is
AZN(Bg — /Y Ks) = 0 & Acp(BT — J/i K™), (7)

whichis interestingfor the searchof new physics.An obsenration of thesedirectCPasymmetriegtthe
level of 10% would bea strongindicationfor physicsbeyondthe SM.

In view of the tremendousxperimentalaccurag that canbe achieved in the LHC era, it is an
importantissueto investigatethe theoreticalaccurag of (5) and(7), which is a very challengingtheo-
retical task. An interestingchannelin this respects B; — J/¢ Kg [61], allowing oneto control the
(presumablywery small) penguinuncertaintiesn the determinationof 5 from CP-violatingeffectsin
By — J/v¢ Kg, andto extracttheangley. We shallcomebackto this stratgy in Sec.5.2.

3.12 ExperimentalStudies

As well asbeingtheoretically’gold-plated”,thedecayBY — J/v K¢, with J/¢p — ptp~ or J /¢ —
ete™ is experimentallyclean,and can be reconstructedvith relatively low background. The BY —
J/¥KY branchingratio is measuredo be (8.9 + 1.2) x 10~ [64], yielding a visible branchingratio
B(BY — J/i[— pTp~orete”] K2[— ntm~]) of 1.8 x 1075. For acompleteaccountof eachof the
analyseglescribedelow, seeRefs.[56, 57, 39).

Selection

In eachexperimenttheeventsamplesveregeneratedisingPYTHIA andthefull detectoresponsavas
simulatedusingthe GEANT program. For the ATLAS analysis,electronand muonidentificationeffi-
cienciesareparametrize@dsafunctionof p; andn usingseparatsamplef fully simulatedcalorimeter
andmuonchambedataandthenappliedto the B} — J/¢ K3 sample.

The trigger stratgies for the three experimentsare summarizedn Sec.2.6: herethe triggers
relevant for the B — J/¢ K2 analysisare briefly recalled. In the ATLAS analysis,a single muon
with pr > 6GeV and|n| < 2.4 is requiredat level-1. To increasestatistics,a dimuontrigger (with
n—dependenthresholds)s understudy At level-2, thetriggerrequireseithera secondnuonwith p, >
3 GeVandanelectronwith pr > 5 GeVorae™e™ pair, with electronp; thresholdsf 0.5GeV. In CMS,
the following level-1 triggersareavailable: onemuonwith p;y > 7 GeV, two muonswith p; > 2o0r4
GeV (dependingpnn), oneelectronwith p > 12 GeV, two electronswith pp > 5 GeV or anelectron-
muonpairwith pr(e) > 4.5 GeVandpr(u) > 20or4 GeV.

Thefirst stepin reconstructing3) — J/1 K3 decayss theselectiorof oppositelychagedlepton
pairsoriginatingfrom a commonvertex andwith a masscloseto the J/¢» mass.Next, K candidates
areselectecandcombinedwith the J/¢ candidateso form BY candidatesin ATLAS, the samelepton
triggerpr-cutsareappliedin the offline selection.In CMS andLHCDb, no offline-cutsareappliedto the
leptonyp afterpattern-recognitio.



\ H ATLAS \ CMS \ LHCDb \
pru” | efe | ptp” | efe | ptp”
Massresolution[MeV/c?] 18 24 16 22 7 20
Propertime resolution[ps] 73 73 61 61 36 44

Table4: Massandpropertime resolutionof thereconstructed3? mesorafterall offline selection-cutfor eachexperiment.
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Fig. 10: Examplesfor reconstructed3 — .J/v K% masspeaks(signal and background)or the threeLHC experiments:
(@) ATLAS J/v — ete™ sampleafter 3 yearsof data; (b) CMS J/v»p — utu~ sampleafter 1 yearof data; (c) LHCb
J/¢ — utu~ sampleafter1 yearof data.

For the J/¢» — eTe™ selection,both ATLAS and CMS usean asymmetricwindow for the re-
constructed/ /) massin orderto accountfor bremsstrahlungnegy-lossesvhich producealong tail at
smallinvariantmassesCutson the /1) decay-lengtlremove the prompt-J/ /¢ background.In LHCb,
to guarantee goodvertex resolution thetracksarerequiredto have hitsin the vertex detector

In ATLAS andCMS, the Kg candidatesrereconstructedrom all oppositelychagedtrackpairs
originatingfrom acommonvertex andwith amasscloseto thatof thekaon.In LHCb, thechagedtracks
arerequiredto beidentifiedaspionsin the RICH system.To reducecombinatoriabackgroundthe K2
candidateverticesarerequiredio bewell separatedrom theprimaryvertex. Theleptonsandpionsfrom
the surviving .J/+» and K2 candidatesarethenusedto reconstructandidateB) — J/¢ KY decays
usinga three-dimensionafinematicfit to the four tracksandapplyingvertex and massconstrainton
boththe lepton-leptonand 77~ system.Finally, thefully reconstructed3! is requiredto pointto the
reconstructegrimaryvertex. Table3 givesthe (untaggedpventyieldsat variousstageof the selection
procedureThefinal BY massandpropertime resolutionsareshavn in Tah 4.

In eachexperimentthedominantsourceof backgroundarisesfrom thecombinatiorof atrue ./«
from B decayandary other K within the event, which canoriginatefrom fragmentatioror from other
B decaysor be a fake K2. In LHCb, thanksto the /K separatiorevailablein the RICH, the fake
Kg contribution is reducedandthe only significantbackgrounds dueto real .J/¢» from B combined
with areal K2. However, this backgrounds ratherlarge dueto the large numberof K mesonsrom
fragmentatiorproducedn the forward directionwithin the LHCb acceptanceATLAS usedfastsimu-
lation programg(after carefulcomparisorwith full simulationresults)to generatdarge sampleof all
backgroundswheread HCb usedsmallersamplesof fully simulatedeventsandextrapolatedo higher
statistics. CMS useda combinationof the two approachesThe signal/backgroundatios obtainedin
the threeexperimentsafter all offline selection-cutandbeforeary flavour tagging(exceptfor the AT-
LAS J/v — ete” samplewherethe flavour is taggedautomaticallyby the level-1 trigger muon)are
summarizedn Table3. Figure 10 shavs examplesfor BY masspeaks(signalandbackgroundpfterall
offline-cuts:thebackgroundevelsarelow in all cases.



| Taggingmethod|| ATLAS \ CMS \ LHCb |

efficiengy | dilution efficiengy | dilution | efficiengy | 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—r (or B**) 0.82/0.80| 0.16/0.14 0.21 0.32 n/a n/a
jetchage(SS) 0.64/0.71| 0.17/0.12 0.5 0.23 n/a n/a
jetchage (0OS) 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 tagging methodsusedby the three collaborationsin the
BY — J/¢ K2 analysis. Numbersbeforeand after the slash(/) arefor the J/¢p — pTp~ and.J/v — e*e™ samples,
respectrely. ATLAS usesB—r andCMS usesB** tagging(seeSec.2.7). The shorthand’n/a” meansnot available or not
appliedin this analysisby a particularexperiment.

Tagging

Someof the flavour taggingstratgiesintroducedin Sec.2.7 have beenstudiedin particulardetail for
the B) — J/1 K2 channel.All threeexperimentsusethe leptonfrom the semileptonicdecayof the
otherb hadronin theevent(the oppositesideb) to tagtheflavour of the B} atproduction.In the ATLAS
J/1 — ete” samplethelevel-1triggermuonprovidesa 100%efficient tag. Usingthe 7=—K separation
providedby its RICH detector LHCb canalsousekaonsto tagthe flavour of the opposite-sidé quark.
In additionto theleptontag,ATLAS andCMS studiediet-chagetagging(bothontheoppositeandsame
side)andB—r correlationtagging. The same-sidget-chage tagsandthe B—r tagsarehighly correlated.
ForthisreasonATLAS choseto useonly thehigherpurity B—r tag. It hasnotyetbeendemonstratethat
the samesideB—r tagmethodwill work in LHCDb, sincethetrackdensitiesencounteredherearelarge.
All threeexperimentsplanto combineall tagginginformationin eacheventin orderto obtainoptimal
statisticalprecision.Theefficienciesandmistagratesof all taggingmethodsareshavn in Tah 5. For the
LHCb study theoveralltaggingefficienoy anddilution of thecombinedeptonandkaontaggingmethod
(seeSec.2.73)have beenused.

Sensitvity to 3
TheCKM parametep is extractedfrom afit to themeasuredime-dependerasymmetrywith afunction

of theform:
Acp(BY — J/K3) = Dsin(23) sin Amt, (8)

whereD is the overall dilution factordueto bothtaggingandbackgroundHereary direct CPviolation
is neglected,andthe only free parameteiin the fit is sin 2. The backgrounds assumedo have no
asymmetryFigurellshavs anexampleof afit to the LHCb time-dependentPasymmetnydistribution
afteroneyearof datataking.

Table6 summarizeshe sensitvity of the threeexperimentso sin 23 usingthe differenttagging
methodsstudiedby eachexperiment. The ATLAS lepton-taggedventshave beenremored from the
B—r taggedsampleto yield two statisticallyindependensamples.The four separateCMS resultsare
statistically correlated. However, to obtainthe final precisionfor sin 23, the analysiswas performed
usingonly thoseeventsnottaggedoy anothemethod,asexplainedin Sec.2.73.

All experimentsestimatea statisticalerroronsin 23 whichis independentf theinputvaluefor 5.
Combiningthe statisticalprecisionachiezableafter 3 yearsof runningat ATLAS andCMS with 5 years
of runningat LHCDb, a total statisticalprecisionfor sin 23 of 0.005canbe obtained. This precisionis
oneorderof magnitudebetterthanthe expectedstatisticalprecisionat the e*e~ B factories.With this
sensitvity, the experimentscanalsoprobethe direct CP violating contritution A% (BS — J/4K2) to
the asymmetry Fitting an additionaltermto accountfor sucha contritution degradesthe precisionon
sin 23 by ~ 30% andgivesa similarly smalluncertaintyon A3L, (BS — J/4KQ).



CP asymmetry
o
N

-0. 2| Input parameter +
| 8 =20.0°
| Fitted parametel
[0 =19.6°+0.8°
;O-sinQﬂ =0.021

0 1 2 3 4 5 6 7

Proper time (ps)

Fig. 11: Examplefor aLHCh fit of thetime-dependerdsymmetryEq. (8) with oneyears data.

| Taggingmethod ||  ATLAS | CMS \ LHCb \
prp Jefe” [ ptp” [ete | ptp™ | efe”
Lepton 0.039 | 0.031 0.031 n/a n/a
B—r 0.026 | n/a 0.023 n/a n/a
SSJetchage n/a n/a 0.021 n/a n/a
OSJetchage n/a n/a 0.023 n/a n/a

Leptonandkaon || n/a n/a n/a 0.023 | 0.051

| Total | 0017 [ 0015 | 0021 |

Table6: Sensitvity to sin 23 afteroneyearof datatakingatthe LHC. Forthe ATLAS .J/v) — p* 1~ sample)eptontagshave
beenremoved from the B—m taggedsample. The four partial CMS resultsare correlated but in the total sensitvity overlaps
have beensubtractedThe shorthandn/a” meansotavailableor notappliedin this analysisby a particularexperiment.

SystematicUncertainties

In ordernotto compromisehe excellentstatisticalprecisionobtainablefor the determinatiorof sin 23,
asimilar or bettercontrolof the systematiaincertaintiesnustbe achieved.

A detaileddiscussiorof systematierrorson CP-violationmeasurementandstratgiesfor their
control are presentedn Sec.6.. As theoreticaluncertaintiesare expectedto be very small, the main
contrikution to the systematierrorcomesfrom theinitial-stateproduction-asymmetrgndfrom experi-
mentalfactors.Thelatteronesincludetagginguncertaintiesanduncertaintiesrom background.

ATLAS have performeda preliminary estimateof suchuncertaintiesising Bt — J/9(up) K+
and BY — J/v(up)K* control sampleg56]. It is estimatedthat for a statisticalerror of sin 23 =
0.010 (stat.),achiezableafter3 yearsrunning,acorrespondingystematierrorof sin 25 = 0.005 (sys.),
comingfrom thelimited sizeof the control channelsgcanbe obtained.

3.2 Probing a with Bg — wwtn—

AnotherbenchmarkCP modeis B; — w7, which allows oneto probethe CKM anglea. Unfor-
tunately penguintopologiesrenderthe interpretationof the CP-violatingB; — 77~ obsenrablesin
termsof « difficult.



Fig. 12: Feynmandiagramscontritutingto B — 7+ 7.

3.21 Theoetical Aspects

ThedecayBY — = x~ is describedy the Feynmandiagramsshavn in Fig. 12, andin analogyto (1),
thecorrespondinglecayamplitudecanbe expresseds

A(Bg - 7T+7T?) = )‘gd) (Agc + Agen> + Agd)Achen + >‘i(5d) A;en : (9)

If this modedid not comprisepenguincontritutions, its mixing-inducedCP asymmetrywould allow a
measuremertf sin 2¢, in completeanalogyto By — J/¥ Kg:

ADX(By — ntn™) = —sin[—(28 + 2v)] = —sin 2a. (10)

However, this relationis strongly affectedby penguineffects, which were analysedoy mary authors
[65, 66]. Variousmethoddor controllingthe correspondingnadronicuncertaintiehave beenproposed;
unfortunatelythesestratgiesareusuallyratherchallengingfrom anexperimentapoint of view.

The best-knavn approachwasproposedy GronauandLondon[67]. It makesuseof the SU(2)
isospinrelation

V2ABY — nt7%) = AB} — ntn) + V2 A(BY — n%79), (11)

andof its CP-conjugatewhich form two trianglesin the complex plane.The sidesof thesetrianglescan
be determinedhroughthe correspondindranchingratios, while their relative orientationcanbe fixed
by measuringheCP—vioIatingobser‘abIeAQ‘Fi‘(Bd — mt7™). Following theselines, it is in principle
possibleto take into accountthe QCD penguineffectsin the extractionof «. It shouldbe notedthat
electraveakpenguinscannotbe controlledwith the helpof thisisospinstratgy. However, their effectis
expectedto berathersmall,and— aswaspointedout recently[68, 69] — canbeincludedthroughaddi-
tional theoryinput. Unfortunatelythe Gronau—Londomapproactsufersfrom anexperimentalbproblem,
sincethe measuremerdf B(B,; — 7'7"), whichis expectedto be of O(10~¢) or smaller is very diffi-
cult. However, upperboundson the CP-averagedB,; — 7" branchingratio may alreadybe usefulto
putupperboundson the QCD penguinuncertaintythataffectsthe determinatiorof « [66, 70].

Alternatve methodsfor controlling penguinuncertaintiesare very desirable. One of themis
providedby B — pm modes[71, 72], andwill be discussedn more detail in the following subsec-
tion. As we shallseein Sec.5.4, anothernnterestingstratgy is to usethe CP-violatingobserablesof
Bs; — K* K~ togetherwith thoseof B; — 77—, whichallows a simultaneousieterminatiorof 3 and
~ withoutany assumptionsboutpenguintopologies.

The obseration of B; — 77— wasannouncedy the CLEO collaborationin the summerof
1999[73], with abranchingratio of

B(By— rtn ) = (0475018 £0.13) x 107, (12)



OtherCLEOresultson B — 7w K modesindicatethatQCD penguingplay in factanimportantrdle and
definitely do affect the extractionof o from B; — 77— [74]. In orderto discusspenguineffectsin a
guantitatve way, we useoncemorethe unitarity of the CKM matrix, andrewrite (9) asfollows:

ABY) = rtr) = T4 e P P, (13)
wherethe complex quantities
T= _|AZ| {Au + Agen AIc)en] ’ pP= _‘/\d| { pen Agen:| ) (14)

denotethe BY) — nt7~ “tree” and“penguin” amplitudesrespectiely. The CP-conjugateamplitude
can be obtainedstraightforvardly from (13) by replacingg by —3 and~ by —~. For the following
considerationsalsothe CP-conservingtrongphase) = Arg(PT™*) playsanimportantrdle. Sincethe
Bo—ﬁ mixing phaseis given by 2 in the SM, the unitarity relationa + 5 + v = 180° allows one
to expressthe CP-violatingobserables AYL (B — ntn~) and ABX(BY — #+7~) asfunctionsof
the CKM angle«, andthe hadronicparameters$P|/|T'| andd. Consequentlywe have at our disposal
two obsenablesthatdependon three“unknowns”. Eliminating the CP-conservingtrongphased, one

obtaing[66]:
BY - atn )= /1 - Ad“ sin 2aef , (15)

cos (20 — 20 ) = 1 [1 - (1 1— Adr )

V1 Ad?

with 2aef = Arg [—gfi)ﬂ,}. gfﬂ) wasdefinedin Eq. (27). The quantity2aef reducedo 2« if penguin
topologiesare ngglected. Oncethe time-dependenCP-asymmetry22) hasbeenmeasuredEgs. (15)
and(16) allow oneto fix contoursin the (| P|/|T’|, 2«) plane.This plot constitutesa model-independent
representationf the experimentaldatain termsof the SM parametersin orderto simplify thefollowing

experimentaldiscussionye keeponly leadingordertermsin | P|/|T|, whichyields[75]

le(

where

] (16)

AJL (B, ptr) = 2'% sindsin o + O((|P|/|T])2),

WX(Bg — nTnT) = —sin(2a) —2 ‘g cos & cos(2a) sin o + O((|P|/|T))?), 17)

andleave theanalysisof theexactresultsgivenin [66] for furtherstudies.Unfortunately atheoretically
reliable predictionfor the “penguin” to “tree” ratio | P|/|T|, which would allow the extractionof «, is
very challenging.An interestingnew approachn this context wasrecentlyproposedn Ref. [76]. We
shallcomebackto it in Sec.9.. Let usfinally notethatary QCD-basedpproacthto calculate|P|/|T|

requiresalsoknowledgeof |V;4/V,3|. This input canbe avoided, if all CP-violatingweak phasesare
expressedn termsof the Wolfensteinparameterg and7, allowing oneto fix contoursin the p— plane
[66].

3.22 ExperimentalStudies

Low branchingratioandlack of ary sub-masgonstraintsnake thereconstructioof B} — 77~ avery

demandingask. Isolatingthe signalfrom othertwo-bodytopologiesjike B} — K*7F, B! — KtK~,

B! — K*rF, A, — pr— andA;, — pK~, posesadditionalproblems. Despitethesechallenges,
extensve simulationstudieshave demonstratethe substantiapotentialof the LHC experimentsn this

mode. Following recentmeasurementd 3], thesestudieshave assumedbranchingratiosof 0.5 x 10~

for B} — 77~ andB? — K*7¥, 1.9 x 107° for B} — K*#F andB? — K*K~ and8 x 107° for

Ay — pr~ andAp, — pK~. Notethatmuchof thefollowing discussioris alsorelevantfor thetopics
dealtwith in Secs5.1and5.4.



| Selectiorstage | ATLAS | CMS | LHCb |

Firsttriggerlevel 46k 52k | 149.9k
Secondriggerlevel 4.2k 4.3k | 67.5k
Two-bodyselection || 2.3k 1.6k | 14.5k
7T selection 2.3k | 0.9k 4.9k
(2.6k)

Table7: Eventyieldsin BS — 7+ 7~ atvariousstagef the selectionprocedurdor oneyear’s operation.Thefinal yieldsare
for flavourtaggedevents(analternatve yield is givenfor CMS, in braclets,for a selectiomssumingio dE/dxinformation).

| [ ATLAS [ CMS [ LHCD |

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 >1
Taggingdilution 0.56 0.56 | 0.40

Table8: Attributesof the B — 77~ sampledor thethreeexperimentganalternatve signal/two-bodybackgrounchumber
is given for CMS, in braclets, assumingno dE/dx information). Note that ATLAS performsa fit to all eventspassingits
two-bodyselectionthe backgroundevels shavn herearefor illustration,imposinga 1 ¢ masswindow.

Selection

The expectedevent-yieldspassingthe early trigger levels are shavn in Tah 7. In this modeLHCb in
particularbenefitsfrom the high efficiengy of its hadrontrigger For ATLAS and CMS, the triggering
muonwill beusedto flavour-tag theevents,whereador LHCb leptonandkaontagswill beused.

The higherlevel triggerandreconstruction-cutareoptimizedto fight combinatoriabackground
from otherbb eventsandselectgenuinetwo-bodyB decaysin thesetherequirement®n thesecondary
vertex arethemostpowerful, but isolationandkinematiccutsalsoplay ardle. Thedetailsof theselection
arediscussedn Refs.[37, 38, 39]. Theeventyieldsaftertwo-bodyselectiomareshavnin Tah 7.

In orderto rejectnonsr™ 7~ two-body background LHCb exploits its powerful RICH system,
demandinghat both tracksbe identifiedasa pion or lighter particle. This requirementanda window
of £30MeV /c? aroundthe BY massreducethe contaminatiorby suchdecayso 7%. As explainedin
Sec.2., CMSwill achiere a certainlevel of 7—K separatiorfrom the dE/dx informationavailablefrom
thetracker, andthenumbersandfit resultspresentedhererely onthis assumptionalthoughTabs.7 and8
containalternatve numbersfor a hadron-blindselection. The requirementghat both particleshave an
ionizationwithin *5%.  of the expectedpion enegy loss,andan invariantmasswithin *32 MeV /c?
of the nominal B} mass,areexpectedto yield a final contaminatiorof 40%. ATLAS choosego malke
no further cuts, but ratherexploit the remainingdiscriminantinformationin a multi-parametefit, in
particularthe limited dE/dx informationdiscussedn Sec.2.. At present,only ATLAS andthe CMS
hadron-blindanalysishave consideredhe backgroundtontrikution from A}, decays.

In additionto two-body contamination therewill be someresidualcombinatorialbackground
passingthe final cuts,which is expectedto be dominatedby eventswith afalsevertex beingfaked by
two unrelatechighimpactparametetracks.Thelow branchingatio of the signal-procesmalesis very
difficult to estimatethelevel of combinatoriabackground ATLAS andCMS have useda combinatiorof
fastandfull simulationtechniqueswheread HCb hasextrapolatedrom alargesampleof fully GEANT-
simulatedevents. All experimentsconcludethatthe combinatorialbackgroundshouldbe smallerthan
thesignal.

Someattributesof thefinal selectedsamplesaregivenin Tah 8, andexamplesfor masspeaksare
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Fig. 13: 777~ invariantmasspeaksassimulatedby ATLAS andLHCb. The LHCb plots shaw the spectrabeforeandafter
the applicationof RICH information,with signalindicatedby thelight shading.The ATLAS plot alsocontainsA; decaysand
combinatoriabackground.

shovnin Fig. 13.

Fitting the CP Asymmetry
Assumingthe performancdigurespresentedbore, the experimentshave usedMC techniquedo es-
timate their expectedsensitvity to the CP asymmetries4™>* _ and A%f__ from time-dependenits,
wherethesearedefinedin the usualmanner:

Acp(B) — 7tr7)(t) = AM __ cos Amt + APX  sin Amt. (18)

ntm ntmo

For the presentstudy LHCb hasconsideredwo-parametefits of Ajfi’; _ and Afriir toBY — 7t
candidatepassingight cuts. Any CP asymmetnyin the backgrounchasbeenngglected,assuminghat
theseeffectscanbe controlledwith sufficient precisionthrougha studyof separatesampledsolatedby
the RICH system.The CMS sensitvity with the dE/dx selectionhasbeenevaluated alsoassumingary
background-asymmetty be knowvn. The uncertaintieobtainablewith oneyears statisticsare shovn
in Tah 9: they arefoundto be independentf the valuesof the true CP asymmetriessymmetricand
Gaussian.The low frequeng of the oscillationsmeansthat thereis a significantcorrelationbetween
AR and AJT

ATLAS have developeda sophisticatednethodfor extractingthe B — 7+~ asymmetries,
wherebythey aredeterminedrom anunbinnedmaximume-likelihoodfit, simultaneouslyvith theasym-
metriesof the othertwo-body classes.Consideringthe allowed 77w, 7K and KK modes, A, — pn—,
pK~ decaysandthe combinatoriabackgroundjive nine coeficients. Thelikelihoodof a givendecay-
hypothesidgs computedusingthe event fraction, the propertime, the invariantmassof the two tracks
underthe hypothesisthe measureapecificionizationandthe flavour at productionanddecay-time.It
is assumedhatthe branchingratioswill beknown with fractionalerrorsof 5% anda possibleCPasym-
metry of thebackgrounds neglected.Theuncertainties)ntheBg — T~ coeficientswith oneyears
statisticsareshavn in Tah 9. Withoutthe 0.8 0 7/ K separatiorprovided by theionizationinformation,
the sensitvity is about20%worse.

Sensitvity to

Presenstudieso estimatehe combined_HC precisionfor « rely onthesensitvities givenin Tah 9 and
Eqgs.(17); they arepresentlyextendedto includethefull expression(16). The simplerexpressiorgives
riseto ‘singularities’in theprecisionfor « for certainparametevalues[75] whicharenotlikely to occur
with thefull treatment.



| [ ATLAS [ CMS [ LHCb |

Adr 0.16 | 0.11] 0.09
mix 021 | 0.14| 0.07

o

Correlationcoeficient || —0.25 | —=0.51| —-0.49

Table9: Expectedsensitvities for the B — 77~ CPasymmetrycoeficients. A4 andAf}:;_ with oneyearof data,and

ntn—

correlationbetweerthefitted parametergthe CMS numbersassumea selectionexploiting dE/dxinformation).
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Fig. 14: CombinedLHC sensitvity to a: (a) Sensitvity to « asa functionof « andé for agiven|P/T"|= 0.2 &+ 0.02, for

extendedrunning at the LHC. The contourlines correspondo a sensitvity of 2° (solid), 3° (dashed)5° (dotted)and 10°

(dashed-dotted)(b) Sensitvity to « asa functionof «, for § = 30°, |P/1’| =0.2 afteroneyear(dashedines) and5 years
(solidlines). In bothcasesthe curvesaregivenfrom bottomto top for anuncertaintyof | P/T’| of 0.02,0.05and0.1.

Simulatedneasurementsave shavn thatthesensitvities to the CPasymmetrycoeficientsquoted
in Tah 9, estimatedrom the y? parabolicapproximationdescribecorrectlythe spreadf experimental
results.Also, thesensitvities do notdependntheactualvaluesof theasymmetriessothatthenumbers
in Tah 9 with correlationsaresufiicientto summarizehe experimentabprecisionof the measurements.

In contrastthe sensitvity to the parametersr andé dependsn the chosensetof parametersy,
d, |P/T| andon the theoreticaluncertaintyof | P/T’|, sothatthe sensitvity to « canonly be given for
specificscenariosAlso, Eqgs.(17) entailafour-fold discreteambiguityin «. Heresensitvities aregiven
undertheassumptiorthatthis ambiguitycanbe correctlyresohed.

Figure 14(a) shavs the expectedsensitvity to « asa function of o and¢ for a given |P/T'|=
0.240.02, afterextended_HC running(3 yearsof low luminosityrunningof ATLAS andCMS combined
with 5 yearsof LHCb). The sensitvity is around2° in the larger part of the plane,exceptaroundthe
lines correspondingo 6 = 90° and270° anda = 45° and 135°. For thesevaluesof § and«, the
leading-ordetermin | P/T'| of the mixing-inducedCP asymmetryAZiX (B, — 77 ) vanishesascan
beseenin (17).

Figure14(b) shavs the expectedsensitvity to « asa functionof « for the fixedvaluesé = 30°,
|P/T'| = 0.2 anddifferentvaluesof the uncertaintyon | P/7’| andtheintegratedluminosities. |t appears
thatfor valuesof o around90°, the sensitvity to « is alreadylimited after oneyearif the uncertainty
on|P/T| is notbetterthan10%. The effect of the uncertaintyon | P/T'| is lessdramaticfor valuesof «
around0°® or 180°, which aredisfavouredby currentSM fits.



3.23 Conclusions

At the LHC it should be possibleto measurethe B} — 77~ CP-violatingobserableswith high
precision.Interpretingtheseobsenrablesin termsof theanglea, howvever, requiresexternalinformation
on the strengthof the penguincontritutions. This informationhasto be ratherpreciseif oneis to fully
exploit LHC’s powerful reach. Although exact conclusionsdependon the particularparameteset, it
appearsnore promisingto analysethe obserablesof B} — w7~ andothertwo-bodydecaysin the
contet of theapproactdiscussedn Sec.5.4.

3.3 Extracting a from B — pm Modes
3.31 Theoketical Introduction

The analysisof the decaysB; — p* =T allows, in principle, the extractionof « [77]. However, the
simplestapproachwherethe p mesonis consideredas stableparticle, is plaguedby both high order
discreteambiguitiesand penguinpollution, like in B} — 77~. To solwe eitherproblem,Sryderand
Quinn[72] proposed full three-bodyanalysisof thedecayB) — =+ 77" in the p resonanceegion,
taking into accountinterferenceeffects betweenvector mesonsof different chages. The knowvledge
of the strongdecayp — =, parametrizeds a Breit-Wigner amplitude,allows the extraction of all
parametershat describeboth the tree and penguincontritutionsto B; — pm, including «, from a
multi-dimensionalik elihood-fit.

Thetwo-body B; — pm amplitudescanbewritten as:
ATF(BY — pnT) = e7TEF 4 pEF AY(BY — pO7Y) = e7te 0 1 PO (19)

The CP-conjugateamplitudesA” = A(BY — pin7) areobtainedby changingthe sign of the weak
phasesThefull three-bodyB; — 77~ 7" amplitudetakesthe form:

ABg—rtral) = AT fr+ A+ Ay, (20)

when p-dominances assumedHere f; standsfor the Breit-Wigner amplitudefor the decayof the p,
andis afunctionof thetwo independenvariablesof the three-pionDalitz-plot, which arechoserasthe
invariantmasses® = (p,+ + p,0)2. TheBreit-Wigner parametrizatioris not unique;in thefollowing

we take:
cos 0*

f+ x

st —m?2+im,l',’ (21)
wheref* is thehelicity angleof the p decaywhichis givenin termsof (s, s~) by thestandardormulae.
Thisdependencenhancethe numberof eventsin the cornersof the Dalitz-plot, whereinterferencesire
maximal.

The time-dependenanalysisof the event distribution in the Dalitz-plot allows oneto extract
|A(BY — ntn~n%)], [A(B] — nt7~7°)| andIm [T AA*] asfunctionsof (s*,s™). Using (20) and
(21), it is straightforvard to shav that the magnitudesandthe relatve phasef the two-body ampli-
tudesA” andA"” canbe obtained72]; this amountgto determiningl1 independenparameterstaking
into accountthat one overall phaseis irrelevant, andincluding the overall normalization. In addition,
assumingsospinsymmetryandneglectingelectraveakpenguinstherelation[71]

1
2

PY = (Pt~ 4+ P71 (22)
allows a further reductionin the numberof independenparametershat describeA” and A”. These
parametersanbe choserasa andthe complex amplitudes?—+, 7%, P+~ and P~*. It is important
to notethat A and A" aredeterminedwithout discreteambiguityin the generalcase suchthat both
cos 2 andsin 2« (andthusa in [0, 7]) areaccessibld72]. This resolesin particularthe ambiguity
betweem andz /2 — a.
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Fig. 15: The invariantmassfor (a) 7° candidatesn By — n+n~x° events; Fig. 16: The Dalitz-plot for B} —

(b) BY — pr candidateseconstructedh LHCh. The combinatoriabackground 7+7~7° decaysafter acceptance-cuts

comesmainly from inclusive bb events. for events generatedusing the stand-

alonesimulation.

3.32 ExperimentalStudies
Selection

The LHCDb collaborationhasperformedfull simulationstudieson the selectionof the BY — 77— 7Y
channel. The chaged pions are reconstructedn the tracking devices and are identifiedin the RICH
detectors.At presentonly 7%s built from two resohed photonsare usedin the analysis. Figure 15(a)
shaws the two-photoninvariant-massn B — =7~ 7" events,for photonswith enegy abore 2 GeV.
The resolutionof the 7 massvariesbetween5 and 7 MeV, dependingon the 7° productionangle.
The overall efficiengy for 7 reconstructions 25%, with a signalto combinatoriabackgroundatio of
approximatelyl. Themeasured’ massis usedin furtherBY) massreconstruction.

Thebackgrounccomesfrom combinatorialandfrom inclusive bb events.For its suppressiorthe
following qualitatve selection-cuthiave beenapplied:

e apre-selectiorior chagedpionsandphotonswhich requiredthemomentunor enegy to exceeda
valuedependingn thepolarangleof the candidate For chagedpions,themomentum-cuvaried
betweerl and2 GeV andfor photonghe enegy-cutvariedbetweer2 and6 Ge V.

o selectionof signal-like eventsbasedon a discriminantvariablebuilt from kinematicvariablesof
m, pand BO:

¢ selectionbasednthereconstructedecondaryertex for an 7~ combination;

e Dalitz-plot cutsto eliminatelow enegy 7° combinatorialbackgrounddueto particlesfrom the
primaryvertex.

Theseselectioncriteriaresultin a combinatoriabackground-suppssin factorof the orderof 107 and
give an acceptancéor triggeredandtaggedeventsof 1%. Figure 15(b) shavs the expectedr 7~ 7"
invariant massdistribution after oneyearof datataking. The measured width is 50 MeV/c?. The
annualevent-yieldsfor triggered fully reconstructedndtaggedeventsaregivenin Tah 10.

Channel BY = ptr= | B — p=nt | BY — g7
B 44 % 1076 10x 1076 1x 106
EventYield 1000 200 100

Table 10: Annual event-yieldsfor B — pm decays.The branchingfractionsare crudeestimatesisedin BABAR's study of
thesedecayq6].

Figure 16 shaws the Dalitz-plot for the B, — 7+~ 7" channelafter acceptance-cutsHelicity
effectsenhancehepopulationin theinterferenceegions,in particularin themostcritical p=—p° regions,
wherethesensitvity to the o parameteis highest.The p™—p~ interferenceaegionis not accessiblelue
to thedominanceof combinatoriabackgroundn the correspondin@reaof the Dalitz-space.



Parameter Value 1year 5years
«Q 0.9,1.350r 1.95radians a (@) | (oa) (a) (0q)
T : 1.00 ) ) ) ®) )
T 0.47 516 51.6] 49 || 51.0] 2.1
T 0.14 77.3|| 76.2| 25 | 76.2| 1.1
L 0260051 ) . . . )
P : ) 111.7| 102.6| 4.3 || 102.0| 1.8
Pt 0.15¢2:01
Table 11: The threevaluesof a and the ampli- Table12: The meanfitted valuesof «, (a), andthe meanerroron

tudesusedin thegeneratiorof thestudiedsamples. ~ {(7«), for samplesapproximatingl or 5 yearsdatatakingfor LHCb at
a =0.90,1.35and1.95radians(51.6°, 77.3° and111.7°).

Sensitvity to

A stand-alonesimulationwhich introducesthe weak phasex aswell asthe relative tree and penguin
amplitudesvasusedto generateeventsfor thefitting studies.Cutsin the Dalitz-spaceénave beenmade
to eliminatethe p~—p™ interferenceregion. Furthermorecutsareappliedto the invariantmassof a p
candidatedo selectonly resonantlecays However, thefull LHCb acceptanclasnotyetbeensimulated
andbackground$ave not beenconsidered.

The amplitudesusedfor thesestudiescontaina large penguincontrikution and are identical to
thosestudiedby Babar[6]. Their valuesaregiven Tah 11. Samplesof 10° eventsweregeneratedor
eachvalueof . An unbinnedmaximum-likelihoodfit wasusedto extractthe parametersTheform of
theusedlikelihoodis:

N—

4 |A(s], 57, ti;0))? i |A(sT, s7,tj;a)?
—2InL = -2 In( %% 0 i & ) =2 In( R RRC
i=1 j=1

N(a)

WhereNBg and N7 arethe numberof BY andB_g events,respectiely, and\ is the normalization. It

is given by (| AJ? +d|A|2), integratedover the Dalitz-plot acceptanceand was calculatednumerically
usinga sub-sampl®f 20000simulatedevents. Thefit wasperformedon 75 sub-samplesf 1000events,
to simulateapproximatelyl yeardatataking, and 15 samplesof 5000 eventsto simulate5 yearsdata
taking. The meanfitted value of o andthe meanerroraregivenin Tah 12. The error varieswith the
true valueof a asexpected[72], andthefitted valuesareunbiasedor o = 0.9 and1.35radians.The
biasof ~ 0.15radiansfor o = 1.95radianswasnot obsered whenfits weremadeto samplesvhereno
Dalitz-plot selectiorwasmade.Therefore this biasappearso berelatedto the exclusionof the p™—p~
interferenceregion and needsfurther investigation. Correctionfor this biaswill be requiredto extract
« from thefinal datasampleandwill introducesystematiauncertaintiesvhich may be of a magnitude
similarto the statisticalprecision.

In Fig. 17 an exampleof a likelihood-scarcurwe is given for 1000fitted eventsgeneratedvith
a = 1.35radians Thefake mirror solutionat § — o givesalocal minimumin thelikelihood-cure. The
differencein the likelihood,expressedasx? (= —21n £), betweerthe true andthe mirror solutionfor
the 75 oneyeardatasampleds displayedin Fig. 18(a). In approximatelyl0% of all casesthe mirror
solutionis theglobalminimumor is separatetby lessthanl o from thetrue solution. The samequantity
for the 15 five yeardatasampleds shavn in Fig. 18(b). The mirror andtrue solutionminimaarenow
well separated.

3.33 Conclusions

From the theoreticalpoint of view, the main adwantageof the isospinanalysisof the decayB; —
7Tm~ 70 in the p-dominanceassumptionwith respecto its analoguen the two-pion channel,is the
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Fig. 18: Thedifferencen —21n £ betweerthetrueandmirror solutionminima.

determinationof the penguinamplitudesandthe resolutionof discreteambiguities. From the experi-
mentalside, it benefitsfrom larger branchingratios[73] andfrom interferencewhich entailsthatthe
sensitvity of the analysisis directly proportionalto the coloursuppressed¢hannelB — p°z°. This
canbe comparedo the Gronau-Londorbranchingratio construction[67] in B, — =, which hasa
sensitvity proportionalto theamplitudesquaredf B; — 7070,

Preliminarystudiesfor LHCb have shavn thatB} — n+7 =¥ eventscanbe reconstructed@nd
selectedn suficientnumberssothatanunambiguousaluefor o canbeextractedwithouttheproblems
thatafflict the B} — 7" x~ channel.It shouldbe stressedhatthe fitting studiesare preliminaryand
alsooptimistic in the sensethat the exact LHCb acceptancéasnot beenusedand backgrounds$ave
notbeenincluded.Also, the obsered biasesarelikely to introducesignificantsystematiancertainties.
Furthermoreseveralimportantissuesremainto be consideredwhich alreadyhave beenstudiedin the
specificcontext of ete™ B factories[78, 79, 80]. One may cite, amongothers,various points: the
influenceof higherresonance§’, p3...), theinfluenceof the exactparametrizatiomf the Breit-Wigner
amplitude, the existenceof boundson the penguin-inducedtrror on o, whenthe p°7° channelis too
scarceto achieve the full analysisandtherdle of electraveakpenguins All theseissueswill befurther
investigatedn thefuture.

Therearealsosometopics,yet to beinvestigatedwhich shouldenhancehe precisionon a: the
determinatiorof the branchingractionsfrom e*e~ experimentgprovide additionalconstrainton thefit
andtheuntaggedsamplecanbeusedto determingparameterstherthanc. It is to be expectedhatafter
several yearsof datatakingate*e™ experimentsand/orat the LHC era,the above issueswill be much



Fig. 19: Feynmandiagramscontrituting to B, B — D)7,

betterunderstood.

3.4 Extracting 23 + ~ from By — D®)*xF decays

Sofar, we have put a strongemphasion neutralB decaysnto final CP eigenstatesHowever, in order
to extract CKM phasesthereare alsointerestingdecaysof B;, mesonsnto final statesthat are not
eigenstatesf the CPoperator An importantexampleis provided by thedecaysB; — D™®)*xF, which
receve only contritutionsfrom tree-diagram-lik topologies andarethetopic of this subsection.

3.41 Theoetical Aspects
As canbeseenin Fig. 19, BY- andB_g mesongnay bothdecayinto D*)* 7~ therebyleadingto inter-
ferenceeffectsbetweent—Bg mixing anddecayprocessesConsequentlythe time-dependentlecay

ratesfor initially, i.e. attimet = 0, presentB)- or B} mesonslecayingnto thefinal statef = D*)* 7~
allow oneto determinegheobserable[17]

€D —ivaABI= ) i) (1 — V) @, (23)

ABY = /) R, ) M7

whereaghosecorrespondingo f = D™~ = allow oneto extract
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Here, R, is theusualCKM factor(see(4)), and
My = (f|01(1)C1 (1) + 0a(1)Ca(w)|BY), My = (F|O1(1)Cx (1) + Oa(w)Co ()| BY)  (25)
arehadronicmatrix elementf the following current—currentperators:

O1 = (daug)vn (Eba)yen> O2 = (datia)v-n (Cabs)y_p (26)

o
O1 = (dacg)v-a (ugba)y_p, O2 = (daca)v-n (Usbg)y_a -

wherea and g denotecolourindices,andV—A refersto the Lorentzstructuresy,, (1 — vs). Theobserv-
ablesgj(cd) andg}d) allow atheoetically cleanextractionof theweakphasep; + v [81], asthehadronic
matrix elements\ ¢ and M7 cancelin thefollowing combination:

€0 x £ — e~2il6at), @27)

Sincethe Bg—B_g mixing phaseyy, i.e. 23, canbe determinedatherstraightforvardly with the help of
the“gold-plated’modeB; — J/v Kg (seeSec.3.1),onemay extractthe CKM angley from (27). As



theb — u quark-level transitionin Fig. 19 is doubly Cabibbo-suppresseday \?R;, ~ 0.02 with respect
totheb — c transition,theinterferenceeffectsaretiny. However, the branchingratiosarelarge,i.e. of
order10~—*, andthe D*)*7F stateanbereconstructesvith agoodefficienay andmodesbackground.
ConsequentlyB; — D®*7xF decaywffer aninterestingstratey to determiney, aswe will discussn
thefollowing.

3.42 ExperimentalStudies

LHCb have investigatedthe potentialof measuringy through B} — D*Tr* with the D* decaying
stronglyto a DY meson.As interferenceeffectsaretiny, avery large datasampleis necessaryo extract
~ with aninterestingprecision. Two methodshave beenstudied:first a corventionalexclusive recon-
structionwith DO — K*7~ andseconda partial reconstructiorapproachin orderto booststatistics.
Thereconstructiorstudyhasalsobeenextendedto Bg — D*jFait decayshut sucheventshave not yet
beenconsideredor the extractionof CKM phases.

Exclusive Reconstruction

LooseRICH criteriawereusedo selecthecandidateD? decayproducts Toidentify D*~, thedifference
betweerthereconstruced)*~ and D? massesvasrequiredto lie within a3 MeV wide window around
its nominalvalueof 144 MeV, justabore thepionmass.Figure20(a)shavsthesignal-peako = 1 MeV)

with the backgroundsuperimposedh arbitrayunits. The usual B° cuts(high p; anddetachedertex)

wereappliedto the pion comingfrom the B°. Thefinal BY masspeakhasawidth of 13 MeV. Selecting
eventswithin awindow of £30 MeV resultsin 84k selectedevents(triggered& tagged)peryearwith a
S/Bof ~ 12.

Partial Reconstruction

Insteadof reconstructinghe full decaychain,onecanobtainall necessarynformationfrom the pion
comingdirectly from the B ( the ‘fastpion’, 7 ) andthe pion comingfrom the D*~ (the ‘slow pion’,
7). As shawvn belowv, onecanreconstructhe full B momentunfrom the momentaof my andm, and
the directionof the B". This directioncanbe inferredfrom the positionof the primary vertex andthe
decayvertex of the BY, thelatter beingdefinedby the crossingpoint of fastandslow pion.

To reconstructhe D* (andthen B) momentumfrom this limited information, we usethe fact
that,if the, momentunis known, the possibleD* momentaarerestrictedto lie on a two-dimensional
surface. This surfaceis shavn schematicallyn Fig. 21(a).Kinematicsallows two possiblesolutions but
in practicethey lie very close,andit suficesto approximatehe true solutionby the minimal distance
betweenthe slow pion andthe B° vectorasshovn in Fig. 21(b). In orderto suppressackgrounda
probability distribution is cut on, which exploits the allowed rangesand expectedcorrelationshetween
the parametern thisreconstruction.

To further reducebackgroundpne canusea cut similar to that on the massdifferencebetween
the D*~ andthe DO asappliedin the exclusive case. Insteadof fully reconstructinghe D?, onetries
to identify two chageddecayproductsof the DO (X, Y ~) andcutson the differenceAm betweerthe
pseudanasses:

Am=MXtY " n7) - M(XTY"). (28)

Am would be the massdifferencebetweenthe D* andthe D° if X+ andY ~ werethe only decay
productsof the DY. In generalthough,therewill be somemissingmomentum Fortunatelythe missing
momentuntanceldo someextentin Eq.(28), sothatevenfor thepartially reconstructed? thisremains
apowerful cutasshawvn in Fig. 20(b).

After all cuts, 260k reconstructedtriggeredandtaggedeventsper year are expectedinsidethe
masswindow of £200 MeV with aS/B ~ 3. Thereconstructiometurnsa masspeakof width 200 MeV.
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Fig. 21: Sketch of the kinematicsin the BY — D*Fx* decay shawing in (a) the two possiblesolutionsandin (b) the
approximatiorthatis actuallyusedin theanalysis.

BY — D*Faf

The sameinclusive analysiswas performedfor the channelB) — D*qcait, with ait — pO7%, which
hasa branchingratio that is aboutthreetimes larger thanthat of B — D*Tn*. As expected,the
efficiengy for this channels lower, asmoreparticlesneedto bereconstructedyhile themassresolution
is slightly improved (¢ ~ 180 MeV), dueto betterreconstructiorof the B® decayvertex from 4 instead
of only 2 particles. 360k reconstructediriggeredandtaggedeventsare expectedwithin a +200 MeV
masswindow peryear with a S/B of ~ 4.

Theyield in all analysess summarizedn Tah 13, with a total that assumesegligible correlations
betweertheselections.

Sensitiity to

For BY — D*¥n* decaysthe parameteri}d) andﬁ}d) canin principle be completelydeterminedoy
fitting the two time-dependerdsymmetries

[, (BY— D*~7%) - I, (B_g — D*_7T+>

A *— (T) = —
Y [ (By — D*=+) + T (B] — D*=r+)

<1 — ‘f}d) ‘2> cos(Amt) — 2 ‘f}d)‘ sin (— (¢g + v) + As) sin(Amr)
_ : L (@9)
=




Channel | S/IB | Yield |

BY — D*¥r* (excl) | 12| 83k
BY — D*Fx* (incl) | 3| 260k
BY — D*Faf (incl) | 4| 360k
Total 703k

Table13: ExpectedS/B andyieldsin reconstructedriggeredandtaggedeventsin oneyearof LHCb datataking.

r; (B_g — D*+7T_> ~ T, (BY — D*"n7)
I, (B_g — D*+7r_> + s (BY — D*t7~)

Ap«t (1) =

<1 — ‘fj(cd) ‘2> cos(Amt) — 2 ‘5}’1)‘ sin (+ (¢qg + v) + As) sin(Amr)
= 5 , (30)
1+ ||

whereAs is apossiblestrongphaseshift enteringgj(cd) via Mf/M?.

Acceptance-é¢cts cancelin eachof the two asymmetriesln practice,asthe interferenceeffect
is sotiny, |§J(?d)| = 1/|§§£d)| needgo be constrained.Therefore fits have beenperformedassuminghis
parametebe known with arelative precisionof €¢|. This uncertaintytranslateglirectly into a relative

uncertaintyon sin(As + {¢4 + 7}). Throughout,a plausibletrue value of |£§d)\ = 0.016 hasbeen

assumedthe final resolutionon + turnsout to be directly proportionalto this value (if ¢ = 0), i.e.
d
oy o< 1/|€0).
Using a stand-aloneViC simulationandfeedingit with the parametersgvent yields (340k) and
S/Bratios(~ 3) for B} — D*Tx* asdiscussedibove, the statisticalerroron sin(As + {¢q + 7}) is

foundto be (for ¢¢| = 0):
0.26
7sin = " /no. ofyears’ (31)
independenof the input valuesfor (¢4 + v) andAs. Translatingthis into y—Ags spacethe resolution
now doesdepencdbn theinputvalues;anuncertaintyin |£J(zd)| alsointroducesadependencensin(Ag +
{¢a + ~}). Figure22 shaws the erroron (¢, + ) asafunctionof (¢4 + v) for Ag = 0, after1 and

after5 yearsof LHCb datataking, for the casesthat\f}d)| is known exactly (brokenlines) andthatthe
uncertaintyin |£§fd)\ is 10% (solid lines). Assumingthat¢, canbefixedwith negligible uncertaintyfrom
BY — J/¢K$ decaysthis errorwill applyto v itself.

Presumablythe large yield in B — D**a? eventscan also be exploited to obtain additional
sensitvity to . However the presencef two spin-1particlesin the decaycomplicateshe extraction,
andin orderto disentanglé¢hefinal-stateconfigurationsanangularanalysishasto beperformedse€g27]
for thediscussiorof ananalogougproblem).This studyhasnot yet beenperformed.

3.43 Conclusions

We have seerthatthelargestatisticsaatthe LHC offersthepossibilityof measuringy with veryinteresting
precisionfrom BY — D*Fr(a;)* decaysdespitethe expectedsmallnesf interferencesffects.

3.5 Extracting v — 28~ from B, — D K¥ Decays
3.51 Theoetical Aspects

ThedecaysB, — DI KT receve only contritutionsfrom tree-diagram-lik topologiesandarethe B,
counterpart®f the B; — D™®*7F modesdiscussedn Sec.3.4. They probethe CKM combination
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known perfectlyor upto 10%.

v — 287 insteadof v 4 23 in atheoktically cleanway [82].8 Sinceonedecaypathin BY, B0 — D K~
is only suppressebdly R;, ~ 0.41, andnot doubly Cabibbo-suppresséday \?R;, asin the caseof B; —
DWEr¥F | theinterferenceeffectsin B, — DE KT aremuchlarger A similar stratgy to determine
~ — 24~ is alsoprovided by the coloursuppressedecaysB; — D¢ [83]. In Ref.[25], untaggeddata
sampleof thesedecayswvereconsideredo extract CKM phasesandangulardistributionsof untagged
decay=f thekind B, — D** K*¥, B, — D*¢ wereconsideredn [27].

3.52 ExperimentalStudies

LHCb have investigatedhe expectedeventyieldsin B, — DF KT andthe resultingsensitvity to v—
20~y [39]. Theselectionof this modeis experimentallychallengingas B, — DIz T eventswhich come
with a 20 timeslarger branchingratio needto be rejected. Figure 23 shavs the event samplebefore
andafterincluding theinformationfrom the RICH detector It canbe seenthatwith the RICH's 7—K
discriminationthe B, — DFx¥ contaminatiorcanbe adequatelysuppressed2.4k reconstructednd
taggedeventsareexpectedn oneyear with alow background.

The CKM phasey—24+ canbe determinedfrom a fit to sucha sample,in a mannerdirectly
analogougo thatdescribedn Sec.3.4. Here,hawever, theintrinsic sensitvity is higherasthe interfer
enceeffectsarelarger As always,the precisionon the CKM phasedependson the value of the input
parameterswhich include AT'; /T’y and Amg. After oneyears operation,the precisionis typically
8° (mear + 2°(rms) for scenariowith Am, = 15pst, anddegradesto ~ 12° for Amg = 45ps!.
Full tablescanbe foundin [39]. Assumingthat 25y canbe constrainedrom By — J/v¢¢ decays,
By, — DT KT will provide avery cleanandcompetitve measurementf theangley.

3.6 Extracting v from B — DK Decays

During the recentyears,relationsamongamplitudesof non-leptonicB decayshave beenvery popular
to develop stratgiesfor extractingthe anglesof the unitarity triangles,in particulary. The prototypeof
this approachinvolveschaged B* — DK* decayq30].

®The CP-violatingweak B9-B? mixing phasep, = —2d~ canbe extractedwith the help of thedecayB, — .J/v ¢, see
Sec4..



Fig. 24: Feynmandiagramscontrituting to thedecaysB™ — DOK* andBT — DK™,
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Fig. 25: Trianglerelationsbetweerchaged B* — DK* decayamplitudes.

3.61 Theoetical Aspects

ThedecaysBT — DOK+ andB* — DYK™, whicharepure“tree” decaysascanbe seenin Fig. 24,
provide aninterestingstratey to extract+y, if we make in additionuseof thetransitionB+ — DQKJF.
Here, DY denoteghe CP eigenstat®f theneutral D mesonsystemwith CPeigevalue+1, givenby

D) = 5 (2% + [P7)), (32

andleadsto thefollowing amplituderelations:
V2A(B* = DYK*) = A(BT — D°K*) 4 A(BT — DOK™), (33)
V2A(B~ — DYK~) = A(B~ — DYK~)+ A(B~ — D°K™). (34)

Sincewe aredealingwith pure“tree” decayshatarecausedy b — ¢u 5, @c 5 quark-leel transitions,
we have
a = ABY - D'KT) = A(B™ — DK™) x e*7, (35)
A = ABY - DK*) = A(B~ — D°K"), (36)
allowing a theoetically clean determinationof + with the help of the triangle constructionshavn in

Fig. 25. Unfortunately we have to dealwith rathersquashedriangles,sincea = A(B* — DK ™) is
coloursuppressewith respecto A = A(BT — DVK™):

|a\ |a‘ 1 ‘%b' ao ao
= ~ — x — =041 x — = 0.1, 37
|A‘ | | A |Vcb‘ al ajq ( )

wherea; andas, aretheusualphenomenologicatolourfactors.
In 1998,the CLEO collaboratiorhasreportedthe obserationof Bt — DOIK+ [84]:

B(BT — DUK ) = (0.257 4+ 0.065 + 0.032) x 1073, (38)

Usingamgumentsbasedon “colour suppression™we expect
B(B* — D°KT)~ 102 x B(B" — DOK™). (39)

While thebranchingratio B(Bt — DYK*) canbemeasuredisingcorventionalmethodsthemeasure-
mentof B(Bt — D°K™) suffersfrom considerabl@xperimentalproblemg33]:



e If the branchingratio of B — DK™ is measuredhroughhadronicdecaysof the D" meson,
e.g.throughB* — D°[— K n*] K+, we have largeinterferenceeffectsof O(1) with thedecay
chainB* — DY[— K~—z*] K* (notethatthe DO decayis doubly Cabibbo-suppressed)

e All possiblehadronictagsof the D° in BY — DYK* will beaffectedby suchinterferenceffects.

e Suchproblemscanin principle be avoidedby usingsemi-leptonidagsD? — I+, X,. However,
heretherewill belargebackgroundslueto B+ — I+, X.., which maybedifficult to control.

Moreover, decaysof neutral D mesonsinto CP eigenstatessuchas D} — ntr—, KTK~, areex-
perimentallychallenging. Consequentlythe original methodproposedoy GronauandWyler [30] will

unfortunatelybe very difficult in practice.A variantof this approachwasproposedy Atwood, Dunietz
andSoniin [33]. In orderto overcomethe problemsdiscusse@bove, the following decaychainscanbe

considered: L
Bt = DV[— fi]KT, Bt —D[- fi]KT, (40)

where f; denotesdoubly Cabibbo-suppresse€abibbo-avoured) non-CPmodesof the DO (DY), for
instance,f; = K—n*, K- m*x". In orderto extract, atleasttwo differentfinal statesf; have to be
consideredIn this method,onemakesuseof thelarge interferenceeffects,which spoil the hadronictag
of the D" in the original Gronau-\Wler method. In contrastto the caseof B* — DY K* discussed
above, hereboth contrituting decayamplitudesshouldbe of comparablesize,therebyleadingto poten-
tially large CP-violatingeffects. Furthermorethe branchingratio B(B+ — D°K™), whichis difficult
to measureis not required,but canratherbe determinedasa by-product. Unfortunately this approach
is alsochallenging,sincemary channelsareinvolved, with total branchingratiosof ©(10~") or even
smaller An accuratedeterminatiorof therelevant D branchingratios B(D° — f;) andB(DY — f;) is
alsoessentiafor this method.

Fig. 26: Feynmandiagramscontrituting to thedecaysBS — DOK*° andBY — DO K*°,

Sofar, we have only considerechaged B+ — D K#* decays.However, alsoneutraldecaysof
thekind BY — DK*, which areshavn in Fig. 26, allow oneto extract~y [85]. As thesemodesare
“self-tagging” through K*° — K*+7~, no time-dependenmeasurementare requiredin this case. If
we male againuseof the CP eigenstateD?. of the neutral D mesonsystem,we obtainthe following
amplituderelations:

V2A(BY — DOK*) = A(B) — DOK*0) + A(B) — D°K*9), (41)

V2A(B) — DYK*) = A(BY — D'K*) + A(B) — DOK™). (42)
Moreover, we have

b= A(BY — D°K*%) = A(BY — DVK*) x &7, (43)
B=A(B} - D'K*) = A(B}— D'K"), (44)



allowing oneto extract~ from thetriangleconstructiorshavn in Fig. 27, whichis completelyanalogous
to the B* — D_Ki case.However, thereis animportantdifference which is dueto the factthatboth
decaysB) — DYK*? andB) — D"K*" are“colour-suppress#, ascanbeseenin Fig. 26:

A(BY — DOK*0 1
|A(BY — DOK*0)| A |Vip| a2

Consequentlythe trianglesareexpectedto be not assquashedsfor B+ — DK*. Thecorresponding
branchingratios are expectedto be of ©@(10~°). However, the detectionof the neutral D mesonCP
eigenstateDS)r alsoposesconsiderabldlifficulties.

B.

B=B
Fig. 27: Trianglerelationsbetweemeutral B, — DK™ decayamplitudes.

3.62 ExperimentalStudies

Both ATLAS [37] andLHCb [39] have investigatedhe possibility of determiningy throughamplitude
relationsin the family of B} — DK*? decays. Both experimentshave demonstratedhat it will be
possibleo reconstrucsample®f suchevents with LHCb in particularbenefitingfrom its hadrortrigget
However, with the branchingratiosthathave beenassumedthe yieldsarestill low, with only afew 10’s
of eventsexpectedn the D; K** and D, K *0 modes At thislevel, severalyearsarerequiredto integrate
sufiicient statisticor ameaningfulmeasuremeniThe experimentswill continueto investigatehis,and
associated — DK measurementsndsearchfor possibleimprovement.

4. THE “GOLD-PLA TED” DECAY B, — J/v ¢’

ThedecayB? — J/1¢ shavnin Fig. 28is the B, counterparto the“gold-plated”modeB,; — J/v Ks
andis particularlyinterestingbecauseof its rich physicspotential. A completeanalysisof this decay
appearseasibleatthe LHC, becaus®f thelarge statisticsaandgoodpropertime resolutionof the exper
iments.

Fig. 28: Feynmandiagramscontritutingto B2 — .J/4 ¢. Thedashedinesrepresent coloursingletexchange.

"SectioncoordinatorsR. FleischerandM. Smizanska.



4.1 Theoretical Aspects

In the caseof B! — J/v ¢, the final stateis an admixtureof different CP eigenstates.In orderto

disentanglehem, an angularanalysisof the decayproductsof By — J/4(1717) ¢(KTK~) hasto be

performed87, 88). In additionto interestingstrateiesto extractthe B—B? mixing parameteral', and

A M, we mayalsoprobetheweakmixing phasep, = —25y = —2\?5, therebyallowing oneto measure
the Wolfensteinparameter [26, 88]. A particularlyinterestingfeatureof B? — J/+¢ decaysis that

they exhibit tiny CP-violatingeffectswithin the SM. Consequentlythey represent sensitve probefor

CP-violatingcontrilutionsfrom physicsbeyondthe SM [62, 89]. Sincenew-physicscontritutionshave

to competeawith SM tree-diagram-lik topologiesthe naturalplacefor ary manifestatiorof new physics
isin CPasymmetriesnducedby B, mixing. lllustrationsof the new-physicseffectsin BY — J/2¢ for

specificscenario®f new physicscanbefoundin [90, 91] andarediscussedn moredetailbelow.

4.11 Geneal Structue of the DecayProbability Functions

For aninitially, i.e.attimet = 0, presenBB? mesonthetime-dependerangulardistribution of thedecay
chainBs — J/¢(1717) ¢(K*TK™) canbewritten genericallyasfollows:

F0,0", ;) =Y 0W(1) gk @, 0", y), (1)
k

wherewe have denotedthe anglesdescribingthe kinematicsof the decayproductsof J/¢ — [T~
and¢ — KTK~ by ®', ©” andy. Thefunctions©*)(t) describethe time-evolution of the angular
distribution (1), and canbe expressedn termsof real or imaginarypartsof bilinear combinationsof
decayamplitudes.In the caseof decaysinto two vectormesonssuchasBY — .J/1 ¢, it is corvenient
to introducelinear polarizationamplitudesAy (t), A (t) and A, (t) [92]. WhereasA, (t) describesa
CP-oddfinal-stateconfigurationpoth A (t) and A (¢) correspondo CP-evenfinal-stateconfigurations,
i.e.totheCPeigewvalues—1 and+1, respecirely. TheO(k)(t) of thecorrespondingngulardistribution
aregivenby

|Af(t)‘2 with  f € {0, |, L}, (2)

aswell asby theinterferenceerms
Re{Ap(t)A)(t)} and Im{A%(t)AL(t)} with fe{0,]}. (3)
Thesequantitiesaregovernedby

A aut A (Ag + A

—ids pen pen

At + 0 (Ag + Agt)

pen

) x e (4)

wherewe have usedthe unitarity of the CKM matrix, the /\((f) aregivenby ViV, and Agé’n and Affén

denotethe differencesof penguintopologieswith internalup- andtop-quarkandcharm-andtop-quark
exchangesrespectiely. The Agf,’n piecesare strongly CKM-suppressedy |/\1(f) / /\ES)| ~ 0.02; the
penguinamplitudesare suppressedven further becauseof their loop and colour structure. Yet, the
“current—currentamplitudesare“colour-suppress#’, andwe maywell have

’)\Sj)Aut

pen

A (g + A

= 0(1073), (5)
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Sinceg; is of 0(0.03) in the SM, theremaywell behadronicuncertaintiegslargeasO(10%) in theex-
tractionof ¢,. Thesehadronicuncertaintieswhichareanimportantissuefor theLHC, canbecontrolled
with the help of thedecayB,; — J/v p” [93]. Moreover, the angulardistribution of this decayallows
oneto determinebothsin ¢4 andcos ¢4, i.e.to fix ¢, unambiguouslyandto extract~, if penguineffects
in By — J/1 p° aresizeable An unambiguousleterminatiorof the B)—BY mixing phasep, is alsopos-
sibleby combiningthe BY — J /¢ obserableswith thoseof thedecayB,; — J/¢(1117) K*(°K5s)
[94]; otheralternatvescanbefoundin [95]. For simplicity, we assumefq(ﬁ) o e~ s in thefollowing
discussioni.e. thatthe BY — .J /4 ¢ decayamplitudesdo notinvolve a CP-violatingweakphasewhich
implies vanishingdirect CP violation; the questionof the hadronicuncertaintiesaffecting (6) is left for
furtherstudies.

4.12 Time-Evolutionof the DecayProbability Functions

For ourconsiderationghetime-esolution of thedecayprobabilityfunctionsspecifiedn (2) and(3) plays
acentralrble. In the caseof (2), we obtain(seealso[89])

o |Ao(0))? ¢ _ 1y . .
|Ao(t)|* = — (14+cosgs)e™ L "+ (1 —cosgs)e  H '+ 2 sin(AM;t)singg |, (7)
Ay (0)]? s s
|A||(t)|2 = % {(1 + cos ¢y) e TLt + (1 — cos ¢s) e it + 2¢ Tt sin(AM,t) sin ¢S} , (8)

2 S s
|AL (t)]? = 1AL OF {(1 — COS ¢s) e Tt + (1 4 cos ¢y) e Tt 9Tt sin(AMt) sin ¢s:|a 9)
whereasve have in the caseof theinterferencaerms(3):
. 1
Re{A5()4) (1)} = 5140(0)[|4y(0)] cos(d2 — d1)
X {(1 + cos ¢s) e TLt + (1 — cos ¢s) e Til't + 2¢ T sin(AM,t) sin (f)s} (10)

Im{A}()AL()} = [4)(0)]|AL(0)] {e_Fst {sin d; cos(AM;t) — cos 01 sin(AM;t) cos ¢s }

—% (e‘rg>t — e_F(LS)t> cos 41 sin qi)s}, (11)
Im{A5(t)AL(t)} = |Ap(0)]|AL(0)] {efrst {sin d2 cos(AMjt) — cos da sin(AMt) cos ¢s }
1 s s
—3 (6_F§I>t - e_F£)t> cos 0 sin %}- (12)

Herethe CP-conservingtrongphase®; andd, aredefinedasfollows [88]:
b = ag{A)(0)° AL (0)}. 6 = ag{A(0)° 4, (0)}]. (13)

Thetime-evolutions(7)—(12)generalizehosegivenin [88] to thecaseof asizeableB’-BY mixing phase
¢, therebyallowing oneto includealsonew-physicseffects[89]; aneven moregeneralizedormalism,
takinginto accountalsopenguincontritutions,canbefoundin [93]. It shouldbe notedthatnew physics
is expectedto manifestitself only in the decayprobability functionsO(k)(t) andthatthe form of the
g (@",0", x) is notaffected.

Sincethemesorcontentof the.J /v ¢ final statess independentf theflavour of theinitial meson,
BY or BY, we mayusethe sameanglesd’, ©" andy to describethe kinematicsof the decayproductsof
theCP—conjugateransitionB_g — J/1 ¢. Consequentlywe have

76,0" x;1) =3 0" (1) gM(©',0", ). (14)
k
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Fig. 29: Angularcorventionsfor thedecayB? — J /1 ¢.

Within this formalism, CP transformationselatingBY — [J /1 @] to B — [J/¢ ¢; (f € {0,]],L})
aretakeninto accountin the expressiongor the O (t) ando® (t), anddo not affect the form of the
g®(©",0", x). Thereforethesamefunctionsg®) (0, 0", x) arepresenin (1) and(14) (seealso[26]).
The CP-conjugatéunctions@(k) (t) take thefollowing form:

— e [Ao(0))? . . S YU .
|Ao(t)]* = 5 (1+cosps)e L "+ (1 —cosgps)e  H 2e sin(AM,t)singg |, (15)
Aj(0)[2 s s
A t) = # {(1 +cosds) e TEE 4 (1 cosgs) e Tt — 2eTot sin(AM,t) sin @} . (16)
A 2 s s
A, (1) = % {(1 — cos Ps) e Tt + (1 + cos ¢5) it + 2¢ st sin(AM,t) sin ¢S] , (A7)

e 1
RE{7T,(£)70) (1)} = £ Ao(0)]14(0) cos(2 — &)
X {(1 + cos ¢s) e Tt + (1 — cos ¢5) e Ti't e Tt sin(AM;t) sin ¢s} , (18)

Im{Zﬁ(t)ZJ_(t)} = —|A;(0)[|AL(0)] [efrst {sin 61 cos(AMjt) — cos 91 sin(AMt) cos ¢s }

+% (e_rg>t — e_Fis)t> cos 91 sin gbs}, (19)
Im{Ay(t)AL(t)} = —|A4p(0)]|AL(0)] [e_rst {sin 3 cos(AMst) — cos da sin(AMst) cos ¢s }
+% (erg>t — eFi”t) cos do sin (;55} (20)

4.13 AngularDistributions

Thefull angularistributionof By — J/4(1717) ¢(KTK™) involvesthreephysicalangles.Thecorven-
tion usedis asfollows (seeFig. 29): the 2'(z")-axisis definedto bethedirectionof p 7, (py) in therest
frameof the BY. Let thea/(2")-axisbe ary arbitrarily fixed directionin the planenormalto the 2/ (2")

axis. They/(y")-axisis thenfixed uniquely Let (©', ') specifythedirectionof the /* in the J /1) rest
frame,andlet (0", ¢") bethedirectionof the K+ in the ¢ restframe. Sincethe orientationof the z”

andz” axesis a matterof convention,only the combinationy = ¢’ + ¢ of thetwo azimuthalangles
is physical. The full angulardistribution in termsof thethreephysicalangles(@’, @",x) (normalized
suchthatl’ = |Ag(t)|? + [4)(t)|* + |AL(t)]?) is givenby

d*T 9

Q1) = =
W) dcos® dcos®” dy 64w

{4|Ao(t)|2 sin? @' cos? @



+[A4(t) 2[(1 4 cos?>©')sin® O —sin? O sin? O cos 2]
HAL®))P[(1 +cos?0)sin® O +sin® O sin® O cos 2y]
+2Im(Aj (1) AL(t)) sin? 0 sin? 0" sin 2y — ﬁRe(AS(t)A” (t)) sin 20" sin 20" cos ¥

+ V2IM(AG (1) AL () 5in 26 sin 20" sin x |, (21)

wherethe bilinear combinationsof the complex functions Ao(t), A (t) and A, (t) aredefinedin (7) to

(12). The angulardistribution W (€2, ) of the CP-conjugatedransitionB? — .J/7 ¢ is analogougo
(21), usingthehbilinearcombinationsof A(t), A (t) andA  (¢) definedin Egs.(15)to (20).

4.14 Anlllustration of New-PhysicEffects

As we have alreadynoted,a very importantfeatureof By — .J/1 ¢ decaysis that they representl
sensitve probefor CP-violatingcontritutionsto B’—BY? mixing from physicsbeyond the SM. Let us
illustratetheseeffectsin this subsectionwherewe shallfollow closelyRef.[91], for aparticularscenario
of new physics,the symmetricalSU (2) x SUg(2) x U(1) modelwith spontaneou€P violation (SB—
LR) [96, 97]. Needlesdo notethattherearealsootherscenariogor physicsbeyondthe SM which are
interestingn this respectfor examplemodelsallowing mixing to anew isosingletdown quark,asin Eg
[90].

In arecentpapen98], the SB—LRmodelhasbeeninvestigatedn thelight of currentexperimental
constraintfrom K- andB decayobserables. In alarge region of parametespace the modelmainly
affects neutral-mesomixing, but doesnotintroducesizeable‘direct” CP violation. The sensitve ob-
senablesconstraininghe modelarethusthe mesonmassdifferencein the kaonsectorA My, thosein
the B sectorAM,, AMg, the“indirect” CP-violatingparametet i of the neutralkaonsystemandthe
mixing—inducedCPasymmetryAlélng(Bd — J/¢ Kg). In particular it wasfoundthat,for a setof fixed
CKM parameterandquarkmassesthe modelpredictsa smallvaluefor | AT (B, — J/v Ks)| belov
10%, which is in agreemenat the 2o level with the CDF measuremert.797)-4}, but at variancewith
the SM expectation).73 £+ 0.21 [99].

As was pointedout in [91], the SB—LR model predictsalso valuesfor the mixing-inducedCP
asymmetriesf B, — .J/1 ¢ — andsimilar modes suchas B, — D} D7 and.J/¢ 1) —thatlargely
deviate from the SM expectationof very small CP-violatingeffects. In the caseof the latter modes,
which aredecaysdnto CPeigenstatewith CPeigewvalue+1, we simply have

X(B, — f) = sin ¢, Whereg, = ¢SM + ¢ = —2x\2p 4 NP, (22)

with ¢ originating from new physics. In Fig. 30(a), we shawv the allowed region for ALY (B; —

f) = sin g5 and AR (B, — J/v Ks) in the SB-LRmodel; the correspondinglirect CP asymmetries
remainvery small, sincenew contrilbutionsto the decayamplitudesarestronglysuppressedThe figure

illustratesnicely that CP asymmetriesaslarge as O(40%) may arisein the B, channelswhereaghe

SB-LRmodelfavoursasmallCPasymmetryin B; — J/v Kg.

In orderto simplify thediscussiorof By — J/v ¢, let usconsideithe CPasymmetry

() -T)

r(t) 1-D
t)+T()

(t) [F+(t) +DF_(t)

Acp(By(t) — J /1 d) = ; sin(AM,t) singy,  (23)

wherel'(¢) andI'(t) denotethetime-dependentatesfor decaysof initially, i.e.at¢ = 0, presentB{- and
BY mesonsnto J /1) ¢ final statesrespectiely. Theremainingquantitiesaredefinedas

AP
D= 120 114,0)

5 and L (t) = [(1 + cos ¢ ) etATH2 4 (1 F cos @) e_Arst/Q} . (24)

DN | =
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Fig. 30: Predictionsof theleft-right symmetricmodelfor several CP obserables.

Notethatwe have F', (t) = F'_(t) = 1 for anegligible width differenceAT';. Obviously, theadwantage
of the“integrated”obsenrable(23)is thatit canbemeasuredvithoutperforminganangularanalysis.The
disadwantagds of coursethatit alsodepend®nthehadronicquantity D, which precludestheoretically
cleanextractionof ¢4 from (23). However, this featuredoesnot limit the power of this CP asymmetry
to searchor indicationsof new physicswhichwould be provided by a measuregizeablevalueof (23).
Modelcalculationof D, makinguseof thefactorization-hypdtess, typically give D = 0.1... 0.5 [88],
whichis alsoin agreementvith arecentanalysisof the B; — .J /1 ¢ polarizationamplitudegperformed
by the CDF collaboratior[86]. In orderto extract¢, from CP-violatingeffectsin thedecayB; — J/v ¢
in atheoreticallycleanway, anangularanalysishasto be performedasis discussedn detailabove.

AIthoughtheBS—B_Q oscillationsarevery rapid,it shouldbe possibleto resohe thematthe LHC
(seeSec.7.). Thefirst extremal value of the time-dependenCP asymmetry(23), correspondingo
AM t = /2, is givento avery goodapproximatiorby

1

- D
Ace(B. = J/66) = ({5 ) sinén. (25

whichwouldalsofix themagnitudeof (23)in thecaseof anegligible width differenceAT’,. In Fig. 30(b),
we shav the predictionof the SB-LR modelfor (25) asa function of the hadronicparameterD. For
avalueof D = 0.3, this CP asymmetrymay be aslarge as—25%. The dilution throughthe hadronic
parametetD is not effective in the caseof the CP-violatingobserablesof the By — J/¢[— IT17] ¢[—
K* K] angulardistribution, which allow oneto probesin ¢, directly (seeSec.4.12). Predictionsfor
other B; decaydn the SB-LR modelhave beendiscussedn [100].

Let us finally notethatnew physicsaffectsalsothe B’-B9 massandwidth differences.In the
lattercasewe have [101]

AT, = ATM cos ¢, (26)

where ATSM = O(—15%) is the SM width difference[23, 24]. In Fig. 30(c), we shav the correlation
betweemA M andAT s in the SB—LRmodel. Thereductionof AT throughnew-physicseffects,which
is describedy (26), is fortunatelynotvery effective in this case whereagthe massdifferenceA M; may
bereducedsignificantly

4.2 Experimental Studies

The prospectie performanceof ATLAS, CMS andLHCDb in analysingB? — J /v (utpu=)¢(KTK™)
hasbeenstudiedin [37, 103 104, 102.

4.21 Expecteddata Characteristics

Despitedifferentstratgies,all threeexperimentsexpecta large numberof eventsin this channel . With
presenstudiesthe highestyield is expectedn CMS, wherea dimuontriggeris used.At highertrigger



level the identificationof two muonsis essentiafor J/¢) — p™p~ online selectionin all three ex-
periments.The reconstructions completedn trackingandvertex detectordy fitting muoncandidate
trajectoriesinto a commonvertex. For reconstructings mesonspairsof oppositelychaged particles
are fitted into a commonvertex and their invariant massis calculatedassumingthey are kaons. In
LHCDb, the RICHesareusedto separatechagedK mesondrom = mesonsallowing a reductionof the
backgroundso BY — J/1¢. As explainedin Sec.2.5, thereis alimited possibility of chagedhadron
identificationin both ATLAS andCMS; however this hasnot beenexploitedin the presenstudies.The
strongersolenoidalfield in CMS leadsto betterBY invariantmassresolutionandlower BY — J /¢
backgroundhanin ATLAS. For this channelthe mostsignificantdifferencebetweerthe performance
of the threeexperimentslies in the superiorpropertime resolutionof LHCb. The expecteddataand
background-chargeisticsin B? — J/v(utu~)¢(K+TK™), aspresentedn theworkshop,aresumma-
rizedin Tah 14. It is possiblethat the inclusion of low-thresholddimuon-triggeramay alsoboostthe
final eventyieldsin ATLAS andLHCb, ashasbeendemonstratetb bethe casein CMS.

Flavour taggingis importantto properly explore the physicsof B! — J /+¢ decays.This study
considersonly leptonand chaged K mesongagsfor LHCb anda jet chage methodfor ATLAS and
CMS (seeSec.2.7). CMS arepresentlyextendingtheir studyto includeothertags. The efficienciesand
thewrongtagfractionsin this channelaresummarizedn Tah 14.

The studiespresentecheredo not exhaustthe whole potentialof the threeexperiments. Future
studiescanbe extendedn triggerandoffline selectionsaswell asin taggingmethods.

\ H ATLAS \ CMS \ LHCb \
Eventyields 300,000 600,000 370,000
Propertime resolution 0.063ps 0.063ps 0.031ps
~ 15% ~ 10% ~ 3%
Background dominatedby dominatedoy combinatorial
BY — J/yYK*, J/YKTn~ | B — J/9K*, J/pKtr~
jetchagetag jet chagetag leptontag +
€~ 63% e~ 32% chagedK tag
Tagging wrong 38% wrong 33% € ~ 40%
leptontag wrong 30%
€~ 6.1%
wrong 28%

Table 14: Summaryof performanceparametersor BY — J/4(utp™)o(KTK™). The propertime resolutionshave been
determinedy a singleGaussiarfit. Theeventyieldsassumes yearsoperatiorfor ATLAS & CMS, and5 yearsfor LHCh.

4.22 ModellingBY — J/+¢ Decays

Thedistribution (21) containseightunknavn independenparametersThesearetheamplitudeg A (0) |,

|A1(0)], therelative strongphases$; andd., thedecayratedifference AT’y = I'y — I', andmeandecay
ratel’s = (I'y + ') /2 of the masseigenstateB% andB{ , their massdifferenceA M, = z, /Ts and
the weak phase¢;. Theseparametersanbe determinedirom the measuredhree decayanglesand
lifetimes. In the workshoptwo stratgjieswere studied: the methodof momentsapproaci104] anda
maximume-likelihoodfit.

In the methodof momentsapproact{88], thetermsbilinearin A in (21) aredeterminedrom the
datausinganappropriatesetof weightingfunctions,which separat@ut thetermswith differentangular
dependenced.hequestiorof information-contentossin theangulamomentsanalysiswvasinvestigated
in [105]. For theresultspresentedh thisreport,thelikelihood-approdtis adopted.




A0 [ AL(0)
Pa t 41 | O AT 1/T s s
rameter ‘AO(O) 'AO(O 1 | 92 / x 10)
Value 0.64 0.14 O | m | 0.15xI'y | 1.54ps | 20-40| 0.04-0.8

Table15: Inputvaluesof theoryparametersisedin simulatingB? — J /2.

\ | ATLAS | CMS | LHCb |

AT, 12% | 8% | 9%
r, 0.7% | 0.5% | 0.6%
A 0.8% | 0.6% | 0.7%
A, 3% | 2% | 2%
¢s (zs =20) | 0.03 | 0.014| 0.02
¢s (xs =40) | 0.05 | 0.03 | 0.03

Table 16: Expectedstatisticaluncertaintieson B — J/v¢ parametersor eachexperimentunderthe assumptiongiven in
thetext. Apartfrom ¢, theerrorsarerelative.

We definealik elihood-functionby

(W (t;, 1) + e W= (15, 2;) + be Tot)p(t — t;) dt
ftmm (S (W (6, 2) + eaW—(t,2) + be Tot)p(t’ —t)dt’)dt’

(27)

wheree; = e; = 0.5 for untaggedevents,e; = 1 — w, eo = w if the B? is taggedasa particle,and
61 = w, e = 1 —w if the BY is taggedas an anti-particle,b is the level of backgroundandI'y is
the averagedecay-ratef the backgroundasdeterminedrom simulation. Thetime resolutionfunction
p(t — t;) wasapproximatedy a Gaussiarof width o = 0.063 psando = 0.031 ps for ATLAS/CMS
andLHCb respeciiely. Theindex i runsoverall N events.Finally, ¢, is theminimumproperlifetime
allowedin theeventselection.

4.23 ParameterDeterminationand Estimateof Precision

The expectedexperimentalprecisionis not suficient to allow a simultaneousdeterminationof eight
unknavn parametersBesideghelimited statisticsthe correlationsetweerdifferentparameterposea
problem:while in (21) the eightparametersreindependentsimulationswith the maximum-likelihood
approactshavedthatin the experimentaldatasomeof the parametersiave obvious correlations.There
is a strongcorrelationbetweenthe two phase9, andds, which precludesa simultaneousneasurement
of both of themwith this method. Also a secondpair of parametersAM; andthe weak phasegs,
shaws certaincorrelationghatdependn thevaluesof A M, andthetime resolution.Consequentlythe
reducedsetof parametersAT's , I's, [4)(0)], [A1(0)] and¢s weredeterminedn thefit andthe other
parametersverefixed. For the strongphaseshe valuesy; = 0 andd, = 7 wereusedassuggestedn
Ref.[106].8 AM, is assumedo bedeterminedrom otherchannelsfor instanceB? — D,r , although
it shouldbe stressedhatalsoB? — J/v¢ is avery suitablechanneffor sucha measurement.

The choiceof input valuesof the unknavn parametershoth fixed andfree, basedon the experi-
mentalresults[107, 86, 64] andtheoreticalconsideration§88, 106, 108 is summarizedn Tah 15.

Themainresultsof thestudyaresummarizedn Tah 16for eachexperiment.With thismethodthe
ratedifferenceAT’, canbedeterminedvith arelative statisticalerrorwhichfor LHCb, CMSandATLAS
variesbetweerB and12%for AI'y /T's = 0.15, Fig. 31(a). Thedifferencedetweertheexperimentsare

8Note that this suggestioris basedon the factorizationapproximationand not expectedto hold once non-factorizable
contritutionsaretakeninto account.
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Fig. 33: Feynmandiagramscontritutingto BY — 7 K°.

small,mainly because¢heerroris notsensitve to the differentpropertime precisionof eachexperiment,
Fig. 31(b). The statisticalerrorsof T', [A}(0)| and|A_ (0)| aretypically afew percent.The precision
to which the weak phaseg, canbe measuredlependsstrongly on the propertime resolutionand
(Fig. 32). Thereis a sensitvity to the SM rangeof ¢, anda clearpotentialfor probingmodelsof nen
physics,suchasfor instancethe left-right symmetricmodel [91] or the isosingletdown quark model
[90]. If penguincontritutions are non-ngligible, the numberof parametersvill increasewhich will
necessitatsimultaneousinalysesf B — J/1¢ andSU(3)relatedchannelsasindicatedearlierin the
theoreticaldiscussion.The combinedLHC sensitvity to theseparametersvill be even better but this
studyhasnotyetbeenperformed.

Studieswith the methodof momentsapproactgave resultsbroadlyin agreementvith thelikeli-
hood-fits,but with certaindifferencesvhich areyetto beresohed. In particular the momentsanalysis
indicatedthatthe strongphases<anbe extractedsimultaneouslywith the otherparametershroughthe
separatiorof differentangularterms[104]. Futurework will resole theseissues.

4.3 Conclusions

A rich variety of physicscanbe studiedthroughthedecayB? — J/1¢ andall threeLHC experiments
will be ableto perform powerful and interestingmeasurementsMore work is encouragedo further
extendthe experimentalpotential,in particularby improving the sensitvity to the weakmixing phase
¢s, andto establisithe optimumapproactor analysinghe data.

5. NEW STRATEGIES TO EXTRACT CKM PHASES’

In additionto the refinedstudiesof the usualbenchmarkCP modesdescribedabove, animportantgoal
of theworkshopwasto explore stratgiesfor theextractionof CKM phaseshathadnotbeenconsidered
for ATLAS, CMS andLHCb before,andto searchfor new strat@ies. In this section,we will discuss
extractionsof v from B — wK decayswhich receved a lot of attentionin the literatureover the last
coupleof yearg109], andnew technique$34, 61, 93, 11(, whichweredevelopedduringthis workshop
andmale useof certainU-spinrelatedB decayswhereall down andstrangequarksareinterchanged
with eachother[111]. For the “prehistory” of the useof U-spin agumentsto relate non-leptonicB
decaysthereaderis referredto [111]-[116].

5.1 Extracting v from B — wK Decays

In orderto obtaindirectinformationon~, B — w K decaysarevery interesting. Thesemodesarenot
justan“unwanted”backgroundor B — 7, but have avery interestingphysicspotential. Experimental

9SectioncoordinatorsR. FleischerandG. Wilkinson.



Fig. 34: Feynmandiagramscontritutingto BS — =~ K.

datafor thesemodesstartto becomeavailable: since1997,whenthefirst resultson B* — 7+ K and
B, — nTK#* werereportedby the CLEO collaboration,therewere several updatedresultsfor CP-

averagedB — wK branchingatiosatthe 10~° level [117]. InterestinglytheseCP-averagedbranching
ratios may alreadyleadto highly non-trivial constraintson v [118, 119. Unfortunately the present
experimentaluncertaintiesare too large to decidehow effective theseboundsactually are. The new

resultsof the ete~ B factorieswill certainlyimprove this situation, so that we shouldhave a much
betterpicture by the time the LHC startsrunning. In 1999, also the first preliminary resultsfor CP-

violating asymmetriesn charmles$adronicB mesondecayswverereportedoy the CLEO collaboration
[117)], which do notyetindicateCP violation in suchtransitions.Sofar, to probe~y, the following three
combinationsof B — 7K decayswereconsideredn the literature: B* — 7t K andB; — nTK*

[118, 120, 121], B* — n*K andB* — 70K+ [31, 119 122 68], aswell asthe combinationof the
neutraldecaysB; — n°Kg and B; — nFK* [68]. Sincethe first combinationdoesnot involve a
neutralpion, it is particularlypromisingfor the LHC from an experimentalpoint of view, althoughthe
othertwo combinationsvould have certainadvantage$rom atheoreticapointof view. Theexperimental
feasibility studiesthereforeput a strongemphasion thatapproach Let us note,beforehaving a closer
look atthis stratgyy, that B — 7 K decaysplay notonly animportantrdle to probe+y, but alsoto obtain
insightsinto the world of electraveak penguins. This interestingaspects discussedn more detail in

Refs.[17, 120, 68,123.

511 TheB* — 7n*K, B; — nTK™* Statay

Within the framework of the SM, the decaysB*T — 7" K and BY — 7~ K™ receve contritutions
from Feynmandiagramsof the type shavn in Figs. 33 and 34, respectrely. Becauseof the tiny ratio
VusViil/|Vis Vig| = 0.02, the QCD penguingplay the dominantrole in thesedecaysdespitetheir loop-
suppressionUsingthe SU(2)isospinsymmetryof stronginteractiondo relateQCD penguintopologies,
we mayderwve thefollowing amplituderelations[114]:

ABB* =K% =P, AB§—r K*)=—[P+T+PS], 1)
where o o
T =|T|e”Te”™ and PS = — |PS |eew (2)

aredueto tree-diagram-lie topologiesand EW penguinsyrespectrely. Thelabel“C” remindsus that
only “colour-suppressd” EW penguintopologiescontritute to PS,. Making useof the unitarity of the
CKM matrix andapplyingthe generalizedNolfensteinparametrizationincluding non-leadingermsin
A, we obtain[114]

2
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HereP;. = \Ptc|ei5tc andP,. describedifferencesf penguintopologieswith internaltop- andcharm-
qguark and up- and charm-quarkexchangesrespectiely, and. A is dueto the annihilationtopologyin

Fig. 33. It isimportantto notethatp is stronglyCKM-suppressetly \? R, ~ 0.02. For the parametriza-
tion of B*¥ — 7+ K andB,; — n T K* obserables,it is corvenientto introduce

where

7] | P

1 _
r= . o= — with (|P)%) =5 (IPI* +[P]?), (5)
VA{IPI?) VAIP[?) 2 ( )
aswell asthe strongphasedifferences
§=0p — O, Ac=0S, — . (6)

In additionto theratio .
BBY — 7 K*)+ B(B) - 7"K")

R= — @)
B(Bt — ntK% + B(B~ — 7~ K")
of CP-areragedbranchingatios,alsothe “pseudo-asymmetry”
Ay = B(BY - 7~ KT) - B(BY — 1K) ®)

B(B* — 7+K% + B(B~ — n~K9)

plays an importantrdle in probing~. Here, we have negglectedtiny phase-spaceffects, which can,
however, betakeninto accountin a straightforvard way (see[118]). Explicit expressiongor R and Ay

in termsof the parameterspecifiedabove aregivenin [114]. Usingthe presentlyavailableexperimental
resultsfrom the CLEO collaboration117], we obtain

R=1.0+03, Ay=0.04+0.18. (9)

Thepseudo-asymmetry, allows oneto eliminatethe strongphase’ in theexpressiorfor R, and
to fix contoursin the v —r plane[114]. Thesecontourswhich areillustratedin Fig. 35, correspondo
the mathematicaimplementatiorof a simpletriangleconstruction120], which is relatedto the ampli-
tuderelation(1), andis shavn in Fig. 36. In orderto determiney, the quantityr, i.e. the magnitudeof
the “tree” amplitude?’, hasto befixed. At this stage,a certainmodeldependencenters.An approxi-
mateway to fix this amplitudeis to neglect“colour-suppressédcurrent—currenbperatorcontritutions
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Fig. 36: Triangleconstructiorto determiney from the By — n¥ K+, B¥ — 1t K systemin thecaseof p = ec = 0. Here
wehae A = A(B — n~K*)andA = A(BY — =" K~); notethatp = 0 impliesP = P = A(B~ — =~ KO).

to B — 770, andto useSU(3) flavoursymmetryto relatethe “colour-allowed” current—currenam-
plitude of thatdecayto 7"

|T| ~ AJ;—K\/§|A(B+ — 7ra0)]. (10)
Anotherapproacho obtaininformationon |T'| is to use“f actorization”[124], leadingto
Gr
V2

where F'g,: is aquark—currenform factoranda; = 1 theusualphenomenologicatolourfactor Using
theform factor Fip. (M2;07) = 0.3, asobtainede.g.from QCD sumruleson thelight-cone[125, 126,
onefinds

[Tliact = = AVisl a1 (M3, — MZ) frc Fion(M507), (11)

|Vub|
3.2 x 1073

As waspointedoutin [121], alsosemileptonicBY — 7~i*y; decaysmay play animportantrole to fix
|T'| with the help of agumentshasedn “factorization”.Using(11), onefinds[118]

Vo) } { 1.8 x 10-° [ B }
act = 0.18 ps’ +
Mtact T {3.2 <1073) \ [B(B* = 7*K)| * [T6ps )

T |fact = a1 X { } x 7.8 x 1077 GeV. (12)

Making useof suchargumentdbasedn “f actorization” presentdatagive r = 0.18 +0.05. Althoughthe
factorization-hypoteds [124] maywork reasonablyvell for “colour-allowed” tree-diagram-lik topolo-
gies[127], T' may be shiftedfrom its “factorized”value,asthe properlydefinedamplitudeZ” doesnot
only receve contritutionsfrom such“tree” topologies put alsofrom penguinandannihilationprocesses
[114, 113, which arestronglyrelatedto rescatteringprocessefl13, 128 129. In aninterestingrecent
paperby Benele, Buchalla,Neubertand Sachrajdd76], it waspointedout thatthereis a heary-quark
expansiorfor non-leptonid decaysnto two light mesonsandthatnon-factorizablecorrectionsaswell
asrescatteringprocessesaresuppressetdy Aqcp/my. This approachmay turn out to be usefulto fix
the parameter, whichis requiredin orderto determiney from B; — 7T K+, B* — 7K decays.

Interestinglyit is possibleto derive boundson + thatdo notdependon » atall [118]. To thisend,
we eliminated in R throughAg. If we now treatr asa“free” variable,we find that R takesthe minimal
value[114]

.2 1 AO 2 .92
Rmin = Kk sin®y + — - > K sin” 7y, (14)
K \ 2 sin~y
where )
K=—5 [1+2(ecw)cosAc+ (ecw)Q} with w = \/1 +2p cosfcosy + p2. (15)
w

Theinequalityin (14) arisesf we keepbothr andd asfreeparameter§l18]. R, restrictstheallowed
rangefor v, sincevaluesof v implying Rex, < Rmin areexcluded.In particular Ay # 0 would allow
oneto exclude a certainrangeof + around0° or 180°, whereasa measuredsalue of R < 1 would
excludea certainrangearound90°, which would be of greatphenomenologicaimportance. The first



Fig. 37: Rescatteringrrocessontributingto B+ — =+ K°.

resultsreportedoy CLEOin 1997gave R = 0.65 + 0.40 andled to greatexcitementwhereaghe most
recentupdateis the onegivenin (9). If the parameter- is fixed, significantly strongerconstrainton ~
canbe obtainedirom the obserable R [68, 69]. In particular theseconstraintgequireonly R # 1 and
arealsoeffective for R > 1.

The theoreticalaccuray of the stratgiesto probe~ throughthe B* — 7+ K, By — nTK*
systemis limited both by rescatteringprocessesf the kind B* — {r'K* 7°K** ...} — 77K
[128, 129, which areillustratedin Fig. 37, andby the “colour-suppress¢édEW penguincontritutions
describedby the amplitude P, [121, 129. In (14), theseeffectsare describedoy the parameters. If
they arengglectedwe have k = 1. Therescatteringffects— it cannotbe excludedthatthey mayleadto
valuesof p aslargeas®(0.1) — canbe controlledin the contoursin the y—r planeandcanbeincluded
in the constraintson v relatedto (14) throughexperimentaldataon B+ — K* K decayswhich are
the U-spin counterpart®of B* — 7+ K [114, 115. Anotherimportantindicatorfor large rescattering
effectsarethe B; — KK~ modesfor whichtherealreadyexist strongexperimentakonstraint§130].

An improved descriptionof the EW penguinsis possibleif we usethe generalexpressiongor
the correspondindour-quark operatorsandperformappropriateFierz transformationg114, 120, 129.
Following thesdines,we obtain

/, , 0.41 -
QC eLwC = GTC eL(Acié) = 066 X |:7 X ac ezwc’ (16)

b

whereac ¢ = aS" /aS™ is theratio of certaingeneralizedcolour factors”. Experimentatlataon B —

D™z decaysmply as/a; = ©(0.25). A first stepto fix the hadronicparametenc e“¢ experimentally
is provided by themode B+ — n 7 [114]; interestingconstraintsverederivedin [69]. For adetailed
discussiorof theimpactof rescatterin@ndEW penguineffectson the stratgiesto probey with B+ —

7*K andB; — nT KT decaysthereadeiis referredto [114, 115, 68, 131]. In orderto control these
hadronicuncertainties- in additionto thefull experimentalpictureof all B — 7K, KK decays- also
thetheoreticabpproacHor dealingwith non-leptonid3 decaysnto two light mesonslevelopedrecently
in Ref.[76] may play animportantrdle.

5.12 TheChamed B* — n*K, Bt — m0K™* Stratay

Several yearsago, Gronau,Rosnerand London proposedan SU(3) stratgy to determiney from the

chageddecaysB* — 7t K, 70K*, 797+ [31]. However, aswaspointedout by DeshpandandHe

[132), this elegantapproachis unfortunatelyspoiledby EW penguing133], which play animportant
role in several non-leptonicB mesondecaysbecausef the large top-quarkmass[15, 16]. Recently

this approachwasresurrectedy NeubertandRosner{119, 122, who pointedout thatin this casethe

EW penguincontrikutions canbe controlledby usingonly the generalexpressiongor the correspond-
ing four-quark operatorsappropriate~ierz transformationsandthe SU(3) flavour-symmetryof strong

interactiongseealso[120)).

In thecaseof BT — 7+ K°, 70K+, SU(2)isospinsymmetryimplies
ABY - 7K + V2ABY - 7K = — (T + C) + Puy]. (17)



The phasestructureof this relationis completelyanalogougo Bt — 7t K°, B} — 7~ K*, ascanbe
seerby comparingwith (1) and(2):

T + C = |T + C‘ 6i6T+C 6i77 Pew = - |P€W|eiéew ° (18)

In orderto probey, it is usefulto introducethefollowing obserables[68]:

B "
B(BT —» ntK") + B(B- — 1~ K")
¢ _ B(Bt - 7°K*) - B(B~ — YK ™) (20)
0 B(B+ — ntK% + B(B- — 1~ K0) |’

which correspondo R and Ay; generalexpressionsan be obtainedfrom thosefor R and A, by the
following replacements:

1T+
(PP’

Usingthe presentlyavailableexperimentakesultsfrom the CLEO collaboration117], onefinds

6 — 0 = 0140 —0er  PS, — Py (21)

r—Te =

R.=13+05, A5=0.35+0.34. (22)

The obserables R, and Af allow oneto fix contoursin the y—r. plane,in completeanalogyto the
B* - n*K, B; — nTK* stratgy. However, thechaged B — 7K approacthascertainadvantages
from atheoreticalpoint of view:

e SU(3)flavour-symmetryallows oneto fix theparameter. « |1 + C| asfollows [31]:

Vas fic

Vud f7T
wherer. thusdetermineds — in contrastto » — not affectedby rescatteringeffects; presentdata
giver. = 0.21 + 0.06. Thefactor fx/ f, takesinto accountactorizableSU(3)breaking.

e In thestrict SU(3)limit, we have [119]

T+C~—V2 A(BT — 770, (23)

‘ Pew

0.41]
T+C

e'Gew=0r+0) — (.66 x {—

i 24)

which does—in contrastio (16) — notinvolve a hadronicparameterTakinginto accountfactoriz-
ableSU(3)breakingandusingpresentatagivesq = 0.63 4+ 0.15.

The contoursin the y—. planemay be affected— in analogyto the B* — 7K, B; — nTK¥* case-
by rescatteringeffects[68]. They canbetakeninto accounwith the helpof additionalexperimentaldata
[114, 115 134, andif we usethe obserable

B(B* — 7tK% — B(B~ — 7~ K9)
B(Bt — 7+ K% + B(B~ — 7~ KY)

Bj = Aj — (25)

insteadof Af, the termsof O(p), which describethe rescatteringeffects, are suppressedy r. [131].

The major theoreticaladvantageof the Bt — 7t K9 70K+ stratgy with respecto B* — 7+ K,

By — nT K+ isthatr. andP.,, /(T + C) canbefixedby usingonly SU(3) argumentsj.e. no additional
dynamicalagumentshave to be emplg/ed. Consequentlythe theoreticalaccurag is mainly limited by

non-factorizableSU(3) breakingeffects. The approachdevelopedrecentlyin [76] may helpto reduce
theseuncertainties.
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Let usfinally notethattheobserable R. mayalsoimply interestingconstrainton [119]. These
boundswhich areconceptuallyquite similarto [118], arerelatedto the extremalvaluesof R, thatarise
if we keeponly the strongphase’. asan“unknown” free parameterAs theresultinggenerakxpression
is rathercomplicated68, 131], let usexpandit in r. [119]. If we keeponly theleading-ordetermsand
malke useof the SU(3)relation(24), we obtain

Rext Lo
¢ s

=14 2r.|cosy—q|. (26)

Interestingly thereareno termsof O(p) presentn this expressionj.e. rescatteringffectsdo not enter
at this level [119, 127. However, FSI processesnay still have a sizeableimpact on the associated
boundson v. Several stratgiesto control theseuncertaintiesvere consideredn the recentliterature

[68, 131, 134, andalsothe approactof Ref.[76] mayshedlight ontheseissues.

Unfortunately the neutralpions appearingn B* — #%K* renerthe chaged approachchal-
lengingfrom the experimentalpoint of view. The stratgy usingthe neutraldecaysB; — 7Kg and
By — wF K¥ to extract~y, which wasproposedn [68], is evenworsein this respectandwe will not
discusst herein moredetail,althoughit would have aninterestingheoreticabdwantageconcerninghe
impactof rescatteringeffects.

5.13 SomeRemarksaboutNew Physics

SinceBg—B_g mixing (¢ € {d, s}) isa“rare” flavour-changingneutral-currenfFCNC)processit is very
likely thatit is significantlyaffectedby new physics,which may actuponthe mixing parameters\ M,
and AT'; aswell ason the CP-violatingmixing phaseg,. Importantexamplesfor suchscenariosof
new physicsarenon-minimalSUSY models left—right-symmetrianodels,modelswith extendedHiggs
sectorsfour generationspr Z-mediated=CNCs[10]. SinceB; — J/¢ Ks and By — J/1 ¢ —the
benchmarkmodesto measurep, and ¢, — aregovernedby current—currenti.e. “tree”, processes)ew
physicsis expectedo affecttheir decayamplitudesonly in aminorway. Consequentlythesemodesstill
measurep; andes.

In the cleanstratgiesto measurey with the help of pure“tree” decays,suchas B — DK,
B; — D®*rF or B, — DFfKT, nav physicsis also expectedto play a very minor rdle. These
stratgiesthereforeprovide a “reference”valuefor ~. Since,ontheotherhand,the B — 7K stratgies
to determiney rely on the interferencebetweentree and penguincontritutions, discrepanciesvith the
“reference’valuefor v maywell shawv upin the presencef new physics[135, 134. If we arelucky, we
may even getimmediateindicationsfor newv physicsfrom B — 7K decayq137], asthe SM predicts
interestingcorrelationsbetweenthe correspondingbserablesasshavn in Figs. 38 and39. Herethe
dottedregionscorrespondo the CLEO resultsthatwerereportedn 1999[117).

If future measurementshouldyields resultssignificantly outsidethe allowed regions shavn in
thesefigures,we would have anindicationfor new physics.Onthe otherhand,if we shouldfind values



lying inside theseregions, this would not automaticallyimply a confirmationof the SM. In this case,
we would be in a positionto extracta valuefor v by following the stratgies describedabore, which
may well leadto discrepanciesvith the “reference”valuesfor ~ thatareimplied by the theoretically
clean“tree” stratgies, or with the usualfits of the unitarity triangle. In a recentpaper[136], several
specificmodelswereemplo/edto exploretheimpactof new physicson B — w K decaysFor example,
in modelswith anextra 7’ bosonor in SUSY modelswith broken R-parity, the resultingelectraveak
penguincoeficientscanbe muchlargerthanin the SM, sincethey arisealreadyattreelevel.

Interestingly the presentexperimentalrangecoincidesperfectly with the SM region in Fig. 38.
This featureshouldbe comparedwith the situationin Fig. 39. Unfortunately the presentexperimental
uncertaintiesare too large to speculateon new-physicseffects. However, the experimentalsituation
shouldimprove considerablyin the yearsbeforethe startof the LHC. The stratgies discussedn the
following subsectionarealsowell suitedto searchfor new physics.

5.14 ExperimentalStudies

Preliminarystudiesfor the determinatiorof + usingthe K= decaymodesof B mesonshave beenper
formedfor theLHCDb experiment.As explainedabove, v maybedeterminedisinganumberof strategies
thatinvolve thefinal statesK 7, K7+, K*7" andK%#%. Experimentallyit is easiesto reconstruct
final stateswhich containchaged particlesand have reconstructibledecayvertices. Clearly, therefore,
the strategyy involving K*7— andK%# final stategprovidesthe cleanesexperimentalkchannelandhas
beenstudiedfirst. Futurework will involve a studyof the feasibility of reconstructinghe K* =" mode.
A cleanreconstructiorof the K7 modeis unlikely to be possibleat LHCb.

The experimentalvaluesto be determinecarethe ratios R and A givenin (7) and(8) with dif-
fering final statesn numeratomnddenominatar This meanghattheratio of triggerandreconstruction
efficienciesmustbe known for thesefinal states. Thisis in contrasto mostCP violation measurements
wherethesequantitiescancelandwill be an additionalsourceof systematicerror which hasyetto be
investigated.

The principal featuresof the K7 decaysusedfor reconstructiorarewell separatederticesand
large impact parameters. The particle identification provided by the RICH detectorsis vital for the
K*7~ modeandvery helpful for the K7+ mode. The overall trigger efficienciesfor thetwo channels
arearound30% each,relative to eventsdecayingin the acceptanceThe nettrigger andreconstruction
efficiengy is about0.02 for the K*7— channeland0.01 for K°z*. The differenceis mainly dueto
the detectoracceptance With the latest CLEO branchingratio measurementsf (18.2 & 5) x 10~°
for Ko7+ and(18.8 £ 3) x 10~ for K* =~ [73], theseefficienciesresultin about90,000eventsin the
K°7* and175,000eventsin theK+ 7~ channeperyear Thesenumbersareratherpreliminarysincethe
backgroundstudiesarestill in anearly stage andit may prove necessaryo tightenthe reconstruction-
cuts.

Translatingthesenumbersnto final CP sensitvities is however not trivial. The measured/alues
of theratios R and A, definecontoursn ther—y planesuchasthosein Fig. 35. A valuefor v canonly be
extractedoncer is known whosevaluemustbe determinedrom theory Experimentalesultsindicating
large rescatteringffectswhich would imply large errorsin r are,for example,large CP violation in the
Bt — K% channelor branchingratiosfor Bt — K*K? andB” — K*K~, which arelargerthan
expected.The precisevalueof r will have alarge effect ontheexpectederrors.Thereis alsoa four-fold
ambiguityfor thevalueof ~. Figure4O0illustratesthe errorsthatmight be expectedassuminga valuefor
r of 0.18 + 10%, for two of the possiblesolutions.For oneof thesesolutionsthe erroris ~ 2°, whereas
for theotherit is ~ 7°. Theseuncertaintiegaremirroredin the remainingtwo solutions.

In summaryfrom this preliminarystudy it is expectedhatLHCb will beableto provide determi-
nationsof theratios Ao and R for thestratgy involving K7+ andK* 7~ final stateswith errorsaround
3%. As explainedabove this cannotsimply betranslatednto a CP sensitvity. Work onthesepromising
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Fig. 40: An experimentalstudy of the contoursin the v—r plane(seealsoFig. 35): the top plot correspondso
R = 1.0, Ag = 0.1 andr = 0.18; in the blow-up plots, the bandsindicatethe spreadof the centralcontourfrom
correlatederrorson R and A, of 3%, and+ 10% on r; arrons indicatethe allowed rangefor . Theerroron v
from thefirst solutionis +-2°; thesecondsolutionyields77° < v < 93°. Notethatfor our specificchoiceof input
parametershe allowedbandfor the secondsolutionpartially overlapswith thatof thethird one,startingat 83°.

decayss still undervay andwill be extendedo includeastudyof the K+ 7% channel.

5.2 Extracting v from Byq) — J/ Kgs Decays

As we have alreadydiscussedn Sec.3.1,the “gold-plated”mode B; — J/v Kg playsanoutstanding
role in the determinationof the B9—BJ mixing phases,, i.e. of the CKM angle 3. In this subsec-
tion, we will have a closerlook atthe decayB; — J/¢ Kg [61] (seealso[111]), which is relatedto

By — J/v Kg by interchangingall down andstrangequarks(seeFig. 9), andmay allow aninteresting
extractionof the CKM angle~.

5.21 Theoetical Aspects
In analogyto (2), the B; — J /v Kg decayamplitudecanbe expressedsfollows:

A(BY = JJi Ks) = =X A[1 - aee], (27)
where
2 c ct 60 __ Aan
A = )\ A (ACC + Apen) andae = Rb m (28)

correspondo (3). It shouldbe emphasizedhat (2) and (27) rely only on the unitarity of the CKM
matrix. In particular theseSM parametrizationsf theBg(s) — J/1 Kg decayamplitudesalsotake into
accountFSl effects,which canbe consideredislong-distancgenguintopologieswith internalup- and
charm-quarlexchange$113).

Comparing(2) with (27), we obsere that the “penguin parameter’a’e?’ is doubly Cabibbo-
suppresseth the BY — J/¢ Kg decayamplitude(2), whereas: e enters(27) in a Cabibbo-allaved



way. Consequentlytheremay be sizeableCP-violatingeffectsin B; — J/¢ Kg, which provide two
independenbbserables, AL (B; — J/v Ks) and ABX(Bs; — J/v Ks), dependingon the three
“unknowns” a, 6 and-, aswell ason the B—BY mixing phasep,. Consequentlyin orderto determine
these'unknowns”, we needanadditionalobserable,whichis provided by

A2 |A| J (TU(Bq — J/1 Ks))’

wherethe CP-averageddecayrates(I'(B;, — J/v Kg)) and(I'(By — J/v Kg)) canbe determined
from the“untagged’ratesintroducedn (32) through

L,lf(0
(T'(By — f))y = [2( )]. (30)
In (29), we have neglectedtiny phase-spaceffects,which canbe includedstraightforvardly [61].
Sincethe U-spinflavoursymmetryof stronginteractionamplies
|A'| = |Alandd’ = a, 6 =0, (31)

we can determinea, 6 and~y as a function of the BY—BY mixing phase¢, by combining H with
AML(B, — J/¢ Kg) and ABX(By — J/v Ks) or Aar(Bs — J/i Ks). In contrastto certain
|sosp|nrelat|ons electraveak penguinsdo not leadto ary problemsin theseU-spin relations. As we
have aIreadynoted,theBS—B_g mixing phasep; = —24+ is expectedto be nggligible in the SM. It can
be probedwith the helpof B; — J/v ¢, Sec.4.. Strictly speakingin the caseof B, — J/¢ Kg, we
have ¢, — —20v — ¢, wheregy is relatedto the K9—K0 mixing phaseandis negligible in the SM
(seealsothecommenin Sec.3.1). Sincethevalueof the CP-violatingparametee x of theneutralkaon

systemis very small,¢ x canonly beaffectedby very contrved modelsof new physics[62].

Interestingly the strat@y to extracty from B, — J/¢ Ks doesnotrequirea non-trvial CP-
conservingstrongphasef). However, its experimentalfeasibility dependsstrongly on the value of the
guantity e introducedin (28). It is very difficult to estimatea theoretically In contrastto the “usual”
QCD penguintopologiesthe QCD penguinscontrituting to B, ;) — J/1 Ks requirea coloursinglet
exchange asindicatedin Fig. 9 throughthe dashedines, and are “Zweig-suppressed”.Sucha com-
ment doesnot apply to the electraveak penguins,which contrikute in “colour-allowed” form. The
current—currenamplitude A¢. is due to “colour-suppress# topologies,and the ratio A%, /(AS, +
Affen) which governsa, may be sizeable. It is interestingto note that the measuredranchingratio
B(BY — J/w K% =2B(BY — J/¢ Ks) = (8.9 +1.2) x 10™* [64] probesonly the combination
A ( + At ) of current—currenaind penguinamplitudes,and obviously doesnot allow their

pen

separation.It would be very importantto have a bettertheoreticalunderstandingf the quantitya e .
However, suchanalysesrebeyondthescopeof thisworkshop andareleft for furtherstudies Let usnote
thatthemeasured3 — J/¢ Kg branchingratioimplies, if we useU-spinagumentsa B; — J/v Kg
branchingratio atthelevel of 2 x 107°.

Thegeneraformalismto extracty from B, ;) — J/ Kg decaysanbefoundin [61]. Although
thecorrespondln@ormulaeareqwtecompllcatedthebaS|C|dea|s verysimple:if ¢, isusedasinput,the
CP-violatingasymmetriesAdL (B, — J /v Ks) and AZX(Bs — J/v Ks) allow oneto fix a contour
in the y—a planein a theoetically cleanway. Another contourcan be fixed with the help of the U-
spinrelations(31) by combiningthe obserable H with AZX(B; — J/v Ks). Alternatively, we may
combineH with Aar(Bs — J/v Kg) to fix athird contourin they—a plane. Theintersectiorof these
contourghengivesy anda. Thegeneraformulaesimplify considerablyif we keeponly termslinearin
a. Within this approximationwe obtain

sin ¢ + ABX(B; — J/¢ Kg)
(1 — H)cos ¢s '

tany ~

(32)



2.0

18} |
w6l
14l
12}
@ 1.0
08 |
06 |

0.4

0.2 -

00 e
0 15 30 45 60 75 90 105 120 135 150 165 180

y [deg]

Fig. 41: Contoursin they—a planefixedthroughthe B4y — J/9 Ks obserablesfor anexamplediscussedn thetext.

Let usillustratethis approachby consideringa simple example. Assuminga nggligible BS—B_Q
mixing phasej.e. ¢, = 0, andy = 76°, which lies within the presentlyallowed“indirect” rangefor this
angleaswell asa = o’ = 0.2 andf = ¢’ = 30°, we obtainthefollowing B4 — J/1 Kgs obserables:

AdL(Bs — J/¢ Kg) = 0.20, ABX(B, — J/¢ Kg) = 0.33,

Anr(Bs — J/ib Ks) = 092, H — 0.95. (33)

The correspondingontoursin the v—a planeareshavn in Fig. 41. Interestingly in the caseof these
contourswe would not have to dealwith “physical” discreteambiguitiesfor ~, sincevaluesof a larger
than1 would simply appearunrealistic. If it shouldbecomepossibleto measuredar with the help of

the widths differenceAl’;, the dottedline could be fixed. In this example,the approximateaxpression
(32)yields~y ~ 82°, which deviatesfrom the “true” valueof v = 76° by only 8%. It is alsointeresting
to notethatwe have A% (B, — J /v Kg) = —0.98% in our example.

An importantby-productof the stratg)y describedabove is thatthe quantitiesa’ andé’ allow one
to take into accounthe penguincontritutionsin thedeterminatiorof ¢, from B; — J/v¢ Kg, whichare
presumablyery smallbecausef the strongCabibbosuppressioin (2). However, aswe have already
notedin Sec.3.1, theseuncertaintiesare animportantissuefor the LHC becausef the tremendously
small experimentaluncertaintyfor the CP-violatingB; — .J/v Kg obserables.Using (31), we obtain
an interestingrelation betweenthe direct CP asymmetriesarisingin the modesB; — J/¢ Kg and
Bs; — J/¢ Kg andtheir CP-areragedates:

A¥L(By — J/Y Ks)  B(By — J/1 Kg)

Ad5 (B, - J/UKs) BBy — JJYKs)’ (34)

Let us notethatan analogougelation holds alsobetweenthe CP-violatingasymmetriesn the decays
B* — r*K andB* — K*K [113 114.

Beforeturningto theexperimentafeasibility studies)et ussayafew wordsonthe SU(3)breaking
corrections Whereaghe solid curvesin Fig. 41 aretheoetically clean the dot-dashe@nddottedlines
areaffectedby U-spinbreakingcorrections Becausef thesuppressionf a’¢’ in (2) through)2, these
contoursareessentiallyunafectedby possiblecorrectiondo (31),andrely predominantlyon the U-spin
relation|.A’| = |A|. In the“factorization"approximationwe have

AT Fpogo(M3,,517) (35)
|A ot FBgﬁ(M§/¢§ 1=)’




wheretheform factorsFBgKo (Mf/w; 17) andFBoﬁ(Mﬁ/w; 17) parametrizeéhe quark—currenmatrix

elementsg K°|(bs)y_a|BY) and(K70|(bd)y_a|BY), respectiely [106]. We arenotawareof quantitatve
studiesof (35), which could be performedfor instancewith the help of sumrule or lattice techniques.
In the light-conesum-ruleapproachgsizeableSU(3) breakingeffectswerefoundfor B; , — K* form
factors[35]. It shouldbe emphasizedhat alsonon-factorizablecorrectionswhich are notincludedin
(35), may play animportantrdle. We areoptimisticthat SU(3) breakingwill be underbettercontrol by
thetimethe B, — J/v¢ Kg measurementsanbe performedn practice.

5.22 ExperimentalStudies

Both CMS andLHCb have performedpreliminarystudiesof the feasibility to extractthe CKM angley
from a measurementf the time-dependen€P asymmetryin thedecayB; — J/¢ Ks . Fromthese,
andtheresultspresentedn Sec.3.1,the potentialof ATLAS mayalsobe gauged.

The B, — J/v Ks branchingratio is expectedto be at the level of 2.0 x 10~°, seeSec.5.21,
comparedo (4.45+0.6) x 10™* [64] for B, — J/v Ks . The B, productionrateis 30%of the B rate.
Assumingthe sameselectionprocedureasusedin the B; — J/v Kg analysisthe B, — J/1 Kg
eventyield will thereforebe 1/74 thatof the BY yield. Experimentallythe isolationof theseeventsis
challengingdueto thelarge combinatoriabackgroundandthe close BY peak,only 90 MeV /c? away.

CMS have developeda selectiontailoredto B, — .J/1) Kg decays. The combinatorialback-
groundcanbeheaily suppressedith alower py-cutof 1.5 GeV /c onthepionsfrom the K& decaysA
S/Bratio of =~ 0.5 canbe achiezed,with aneventyield of 4100eventsperyear The massresolutionis
betterthan< 20 MeV /c? andthussufiicient to separatehe eventsfrom BY decays.Thereconstructed
masspeakscanbe seenin Fig. 42(a).

LHCb have notyetinvestigatectutsspecificto B; — J/¢ Kg . As canbeseernfrom Fig. 42(b),
thestandardB; — J/1) Kg selectionresultsin acombinatoriabackgroundvhich is anorderof mag-
nitudeabove the B; — J/¢ Kg signal. Furtherwork will improve the selectionto suppresshis con-
tamination. The invariant massresolutionis betterthan 10 MeV /c2, sothatthe BY and B! peaksare
cleanlyseparated.

Thesestudiesindicatethata measuremertf the CPasymmetryin B, — J/v¢ Kg is feasibleat
theLHC, sothaty canbeextractedfrom thatdecay For the parametesetconsideredn Sec.5.21,CMS
estimatethata precisionof ~ 9° is achievablein 3 yearsoperation.
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5.3 Extracting ~ from B,y — D(‘;(S)D;(s) Decays

Usually B, — D} D7 decaysappearin the literatureasa tool to probethe BJ-BY mixing phasegp,
[4, 5, 6]. In fact,if penguinsplayeda negligible rdle in thesemodes,¢; = 26 could be determined
from the correspondingnixing-inducedCP-violatingeffects. However, penguintopologieswhich con-
tain alsoimportantcontritutionsfrom FSI effects, may well be sizeable althoughit is very difficult to
calculatethemin a reliableway. The stratgy discussedn this subsectiormakes useof the penguin
topologieg61], allowing oneto determiney, if theoverall B; — D7 D normalizationis fixedthrough
the CP-averagedj.e. “untagged”B;, — D7 D rate,andif the Bg—B_g mixing phaseyp, is determined
separatelyfor instancewith thehelpof the“gold-plated”decayB; — J/v Ks. It shouldbeemphasized
thatno A Mt oscillationshave to beresohedto measureheuntaggedB; — DI D; rate.

5.31 Theoetical Aspects
The decayng(S) — D;(_s) Dd‘(s) aretransitionsinto a CP eigenstatevith eigewvalue +1 andoriginate

from b — ¢cd (5) quark-lerel decaysWe have to dealwith both current—currenandpenguincontritu-
tions,ascanbe seenin Fig. 43. In analogyto (2) and(27), the correspondingransitionamplitudescan
bewritten asfollows:

0 +1-) 7/\_2 il \? ~1 i iy
AB; - DD;) = (1 5 A1+ Tz )de e’ (36)

A(B} = DFD7) = —AA[1 —aee], (37)

wherethe quantitiesA, A’ anda e, @ e’ take the sameform asfor By, — J/i Ks. In contrast
to the decaysB, 4y — J/1 Ks, thereare“colour-allowed” current—currentontritutionsto By, —

Dj(s) Dd_(s), aswell ascontritutionsfrom “exchange’topologies andthe QCD penguingdo notrequire
acoloursingletexchangej.e. they arenot“Zweig-suppressed”.

Sincethe phasestructuresof the B — DJ D; andBY — D} D, decayamplitudesarecom-
pletely analogougo thoseof BY — .J/v» Kg and B — .J/v Kg, respectiely, the approactdiscussed
in the previous subsectiorcanbe appliedafter a straightforvard replacementsf variables.Neglecting
tiny phase-spaceffects,which canbetakeninto accountstraightforvardly (se€[61]), we have

o 1—/\2 ‘./ZV| 2<F(Bd—>D+D_)>
" ( A ) (W) (B, = DD (38)

D-

d(s) counter

wherethe CP-averagedatescanbe determinedvith the helpof (30). The B,y — Dj(s)
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Fig. 44: Contoursin they—a planefixedthroughthe B,y — Dd(s D obsemblesfor anexamplediscussedn thetext.

partto (32) takesthe following form:

sin g — AZX(By — D DY)
(1 — H) cos pg

tany ~ , (39)
wherethe differentsign of the mixing-inducedCP asymmetryresultsfrom the differentCP eigervalues
of the B — D D; and B, — J/v K final states.

Let usillustratethe strat@y to determiney, againby consideringa simple example. Assuming
a=a =0.1,0=0 =210°~ = 76° anda B}—BY mixing phaseof ¢, = 23 = 53°, we obtainthe
following obserables:

ASL(By — D D7) = —0.092, ABX(B; — DiD7) =088 and H =105 (40)

In this case studiesof CPviolationin B; — .J/1 Kg wouldyield sin(23) = 0.8, which s the central
valueof themostrecentCDF analysig63], implying 23 = 53° or23 = 180°—53° = 127°. Thistwofold
ambiguitycanberesoled experimentally for example,by combiningB, — J/v ¢ with By — J /v p°
[93] (for alternatves,see[95]), asnotedin Sec.4.. In this example,we obtainthe contoursin they—a
planeshavnin Fig.44. Sincevaluesof a = O(1) appeaunrealisticwe would obtainasingle“physical”
solutionof 76° in this case.Theapproximatexpression39) givesy =~ 70°.

Asinthe B, — J/1 Kg casepnly thecontoursinvolving theobserable 7, i.e. thedot-dashed
linesin Fig. 44, are affectedby SU(3) breakingcorrections,which are essentiallydue to the U-spin
breakingcorrectiongo | A'| = |.A|. Within the“f actorization”approximationyve have

A (Mg, = Mp,) v/Mp, Mp, (ws +1) fp, &(ws) 41)
Al ooy  (Mp, — Mp,) /Mp,Mp, (wg +1) fp,&a(wa)’

wheretherestrictionsfrom heary-quarkeffective theoryonthe B, — D, form factorshave beentaken
into accountby introducingappropriatesgurWise functions, (w,) with w, = Mp, /(2Mp,) [138].

Studiesof the light-quarkdependencef the Isgu-Wise function were performedwithin heary-meson
chiral perturbatiortheory indicatingan enhancementf &, /¢, at the level of 5% [139]. Applying the
sameformalismto fp,/fp givesvaluesatthe 1.2 level [140], which is of the sameorderof magnitude
astheresultsof recentlattice calculationg141]. Furtherstudiesareneededo geta betterpictureof the
SU(3) breakingcorrectionsto the ratio | A’|/|A|. Since“factorization’may work reasonablywell for

B, — Dqu—, theleadingcorrectionsareexpectedo bedueto (41).




Theexperimentafeasibility of thestratey to extracty from B,y — D ; o Dy decayslepends
stronglyonthesizeof the penguinparametet:, whichis difficult to predicttheoreticaﬁy Thebranching
ratio for B} — D7 D7 is expectedto be around4 x 10~ level [138]; the onefor BY — D} D is

enhancedby 1/A? ~ 20, andcorrespondinglys expectedatthe8 x 103 level.

5.32 ExperimentalStudies

LHCb have conducteda preliminaryfeasibility studyof this analysis,consideringghe modeswherethe
D decaysto Knrm andthe D, to K K. Forthe B — D,D; decay only the total rateis required,
whichis adwantageougxperimentallyasit is neithernecessaryo resohe therapidoscillations nordoes
flavour taggingreducethe alreadysuppressegfield in B events. The obserables ABL and ASE are
extractedfrom a fit to the time-dependenCP asymmetryfor B — DD decays.For this channelit is
thereforenecessaryo obtainthe decay-timeof theeventandto flavour tagthedecays.Thisanalysighus
relieson all the fortesof the LHCb detector namelythe specializedrigger, the particleidentification

capabilityandthe precisevertexing.

Thefinal statedor bothdecaysconsistof six hadronssothatthe hadrontriggeris vital andmust
beefficientfor thelow valuesof p;, whichresultfrom thelargefinal-statemultiplicity. Thevertex trigger
is particularlyefficient for thesechannelsastherearetwo verticescontainingthreetracks(D vertices)
to be triggeredon in eachdecay The particle identificationinformation from the RICH detectorss
importantfor background-suppsgon andto eliminatereflectionsfrom K K« to K andvice versa.

Theanalysiss ata preliminarylevel andstill undervay, but thefirst resultslook promising. The
trigger efficienciesfor bothchannelsarefoundto be around25% for eventsdecayingwithin the accep-
tance.Thereconstructiorreliesprincipally on requiringwell separatedecondaryertices,appropriate
invariant massesand pp-cuts. Reconstructiorefficienciesfor the B and B, of about30% have been
found. Using productbranchingratios B(B — X) x B(X — Y) of 3.6 x 107 for B — DD and
3.2 x 10~* for B, — D,D, givesabout3 x 10° eventsperyearfor B — DD, afterflavourtagging,and
1.9 x 10° eventsperyearfor B, — D,D,. Theseestimatesave beenobtainedby studyingsignalMC
simulationsonly. A studyof the effect of backgroundss currentlyundervay. The errorsachieableon
~ dependon the specificvaluesof v and 3. For~ = 75° and = 50°, anerrorof about1® is expected.
It shouldbe emphasizedhatthesenumbersarepreliminary but it seemdhatthe potentialof LHCb in
this promisingchanneis good.

5.4 A SimultaneousDetermination of 3and~ from By — ntn—and B, — KT K~

In this subsectionye combinethe CP-violatingobserablesof the decayB; — 7~ with thoseof

thetransitionB, — K+ K, whichis the U-spin counterparbf B; — n 7. Following theselines,
a simultaneousleterminatiorof ¢; = 23 and~y becomegossible[110]. This approactis not affected
by ary penguintopologies— it rathermakes useof them— and doesnot rely on certain“plausible”
dynamicalor model-dependergssumptionsMoreover, FSl effects,which led to considerablattention
in therecentliteraturein the contet of the determinatiorof v from B — 7K decayqseeSec.5.1),do
not leadto ary problems,andthe theoreticalaccurayg is only limited by U-spin breakingeffects. This
stratgy, which is furthermorevery promisingwith regardto the searchfor indicationsof new physics
[137], is conceptuallyquite similar to the extractionsof v with the helpof thedecaysB; 4y — J/v Ks

andBys) — D;f(s)D(;(s) discussedn Secs5.2and5.3,respectiely (seealso[111]).

5.41 Theoetical Aspects

As canbeseenfrom Fig. 12, B; — n+t7— andB; — K™ K~ arerelatedto eachotherby interchanging
all down andstrangequarks,i.e. they are U-spin counterparts.If we make useof the unitarity of the
CKM matrix andapply the generalizedNolfensteinparametrizationincluding non-leadingermsin A,



the BY — 77~ decayamplitudecanbe expressedasfollows [110]:

A(BY) = ntnm)=¢eC [1 - dewe_i"’} , (42)
where
C=NAR, (AL + Al det® = 1 Apen 43
= b ( pen) ) e = Fb m ( )
with A4 = At — Al . Inanalogyto (42),we obtainfor the B — K+ K~ decayamplitude
ABY = K K-) = e |14 (1225 e e 44
( s 7 )—8 + AQ e e ) ( )
where "
NAR, | AS
f= [ ) (AY 4 A dde?® = — [ P 45

correspondo (43). The generalexpressiondor the B; — 77~ and B, — KK~ obsenables(24)
and(25) in termsof the parameterspecifiedabore canbefoundin [110].

SinceB; — nt7~ andB, — K™K~ arerelatedto eachotherby interchangingall down and
strangequarks the U-spinflavoursymmetryof stronginteractionamplies

d=d and ¢ =0. (46)

If we assumehatthe BS—B_Q mixing phaseg; is negligible, or thatit is fixed throughB; — J /4 ¢,
the four CP-violatingobserablesprovidedby B; — 77~ and B, — KK~ depend-in the strict
U-spinlimit — on the four “unknowns” d, 6, ¢4 = 26 and~y. We have thereforesuficient obsenables
atour disposalo extracttheseguantitiessimultaneouslyln orderto determiney, it sufiicesto consider

& (Bs — KK ™) andthedirect CPasymmetriesAlit (B; — KTK ™), AL (By — 7). If we
male use,in addition,of AZX(B; — 7 77), ¢4 canbe determinecaswell. Thefull formulaeneeded
to implementthis approactcanbefoundin [110].

The useof the U-spinflavoursymmetryto extracty canbe minimized,if we usenotonly ¢, but
alsotheBO—B0 mixing phasep,; asaninput. Then,the CP- V|0Iat|ngobser‘ablesAdlr (Bg — nrm™),
X (By — 7r+ “)and AYE(Bs — KTK ™), ABX(B; — K*K~) allow oneto fix contoursin the
~v—d andy—d’ planesin atheoetically cleanway. In orderto extracty andthe hadronicparameterd, 6,
0" with the help of thesecontoursthe U-spinrelationd’ = d is sufficient. Let usillustratethis approach
for a specificexample:

AdL(By — ntr) +24%, ABX(Bg— 7tnT) = +4.4%,
Adlr (Bs = KYK~) = —171%, ABX(B; — KtK~) = —28%,

(47)

correspondindo theinput parametere = d’ = 0.3, 0 = 0’ = 210°, ¢, = 0, ¢4 = 53° andy = T76°.
In Fig. 45, the correspondingontoursin the y—d andy—d’ planesarerepresentetby the solid anddot-
dashedines,respectrely. Theirintersectioryieldsatwofold solutionfor ~, givenby 51° andourinput
valueof 76°. Thedottedline is relatedto

B 1— )2 AML(By — ntm)
K= _< )\2 > [A%%(Bs —>K+K_) ’ (48)

which canbe combinedwith the mixing-inducedCP asymmetry. le(B — KT K ) throughthe U-
spinrelation (46) to fix anothercontourin the y—d plane. Combiningall contoursin Fig. 45 with one
anotherwe obtainasinglesolutionfor « in this example,whichis givenby the“true” valueof 76°.
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Fig. 45: Thecontoursin they—d(/) planesfixedthroughthe CP-violatingB; — =7~ andB, — K K~ obserablesfor a
specificexamplediscussedhn thetext.

It shouldbe emphasizedhat the theoreticalaccurag of v and of the hadronicparametersi, 6
and®’ is only limited by U-spin breakingeffects. In particular it is not affectedby any FSI or penguin
effects. A first consisteng checkis providedby 6 = ¢’. Moreover, we may determinghe normalization
factorsC andC’ of the BY — =7~ and BY — K+ K~ decayamplitudeg(see(42) and(44)) with the
helpof the correspondin@gP-areragedoranchingratios. Comparinghemwith the“f actorizedresult

fact B f7r FBdW(M%;0+) M%d - Mﬁ ’

we have anotheiinterestingorobefor U-spinbreakingeffects. Interestingly therelation

C/
C

d'e? =de? (50)

is notaffectedby U-spinbreakingcorrectionswithin acertainmodel-dependersipproaci{amodernized
version[15, 142 of the “BanderSilverman—-Sonmechanism’[143]), which relieson the factorization
approximatiorto estimatetherelevanthadronicmatrix elementg110]. Althoughthisapproachappears
rathersimpleandmay be affectedby non-factorizableeffects, it strengthensur confidencento the U-
spin relationsusedfor the extractionof 3 and~ from the decaysB; — ntn~ andB; — KTK™.
Furthertheoreticalstudiesalongthe lines of Ref. [76] to investigatethe U-spin breakingeffectsin the
By — ntn~, Bs — KT K~ systemwould be very interesting.In orderto obtainfurtherexperimental
insights,the B; — p™p~, B, — K** K*~ systemwould be of particularinterest,allowing oneto
determiney togethemwith the mixing phases); and¢,, andtestsof severalinterestingU-spinrelations
[93].

Sincepenguinprocesseplay animportantrdle in thedecaysB, — K+K~ andB; — w7,
they may well be affectedby nen physics— which likewise appliesto the determinationof -, where
furthermoreheunitarity of the CKM matrixis employed. Interestinglythe SM impliesaratherrestricted
region in the spaceof the CP-violatingobserablesof the B, — K*K~, B; — n"r~ system[137],
which is shavn in Fig. 46. A future measuremendf obserableslying significantly outsideof the
allowed region shawn in this figure would be anindicationfor new physics. Sucha discrepang could
eitherbe dueto CP-violatingnew-physicscontritutionsto B'—B9 mixing, orto By — 77—, By —
KT K~ decayamplitudes Theformercasewouldalsobeindicatedsimultaneouslypy large CP-violating
effectsin the mode B, — J/v ¢, which would allow us to extractthe BE—B—Q mixing phasegp; (see
Sec.4.). A discrepang betweerthemeasured3; — ntn~, B, — KK~ obsenablesandtheregion



Fig. 46: The allowed region in the spaceof A = A%L (B, — KTK™), A® = ABX(B, — KTK~) and
Ad = AdL(By — ), characterizing3, — KK~ andBy — ntn~ in theSM (¢, = 0).

correspondingdo thevalueof ¢, from By — J/¢¢ would thensignalnew-physicscontritutionsto the
By — 7tn~, By — K™K~ decayamplitudes. On the otherhand,if B, — J/ ¢ shouldexhibit
negligible CP-violatingeffects,ary discrepang betweerthe B; — n*7n~, B, — K™K~ obserables
andthe volumeshawvn in Fig. 46 would indicatenew-physicscontrilkutionsto the correspondinglecay
amplitudes. If, however, the obserablesshouldlie within the region predictedby the SM, we can
extract a value for the CKM angle~ by following the stratgy discussedabove, which may well be
in disagreementvith thoseimplied by theoreticallycleanstratgies makinguseof pure“tree” decays,
therebyalsoindicatingthe presencef new physics.

5.42 ExperimentalStudies

It wasdemonstratedn Sec.3.22thatthe LHC experimentscan expectlarge eventyieldsin the two-
body decayB} — 77 ~. With an appropriatelymodified selection,similarly high statisticscan be
accumulatedn B! — K*K~. The excellent propertime resolutionof the experimentsthen allows
BY oscillationsto be distinguished andthe CP asymmetrycoeficientsto be measured.By usingthe
relationspresentedbove, theBY — 77~ andB? — K+ K~ obserablescanbeusedto cleanlyextract
CP phasesmostinterestinglythe angle~. The potentialof this approachhasbeeninvestigatedoy all
threeexperiments.

Event Yields and Asymmetry Sensitvity

Apart from the final requirementson the bestparticle-hypothesigind the invariant massof the two

candidateracks,the CMS andLHCb isolationof B! — K*+K~ eventsis identicalto the B} — 77~

selectiondescribedn Sec.3.22. After flavour tagging,LHCb expectsan annualyield of 4.6 events,
with a contaminatiorfrom othertwo-body modesof 15%. The equivalentnumbersfor CMS are 960
and540respecirely, assuminghe dE/dxbasedselection.As explainedpreviously, ATLAS favoursan
approachwherethe asymmetryof all selectedwo-bodyeventsis fitted simultaneouslyIn this sample,
1.4kB? — KTK~ eventsareexpectedwithin theones masswindow.

Theprecisionof thefittedthe B — K™K~ CPparametersi®*. and Al dependsiotonly
ontheeventyields, but alsoon the valueof Am,, which governstherapidity of the B’-B? oscillations.

Table 17 shaws the precisionexpectedfor threedifferentvaluesof Am, after an extendedperiod of
running. The uncertaintiedor oneyears running scalein the expectedstatisticalmanney exceptthat



| Amg[ps!] || ATLAS | CMS | LHCb | | Am,[ps!] | 1year| Extendedrunning |

15 0.09 | 0.10 | 0.034 15 3.7 1.9
20 0.13 | 0.13 | 0.047 20 4.8 2.£
30 / 0.33 | 0.068 30 .8 3.4

Table17: Expectedsensitiities for the B — KTK~ CP  Table18: Expectedsensitvities for the unitarity triangle angle
asymmetrycoeficients AZ%, _ and A%T  _ for 3 (AT- 7 for the Bg — nn~ /B — K*K™ analysisfor LHC run-
LAS/CMS) and5 (LHCb) years'datataking, for different ning afteroneyearand3 (ATLAS/CMS)/ 5 (LHCb) years,asa
valuesof Ams andAT's = 0. functionof Am, andfor the parametesetspecifiedn thetext.

ATLAS andCMS retainno sensitvity for Am, = 30 ps~! with the smallerdata-set.

Sensitvity to the CP Violating Phases

The sensitvity to which v canbe determinechasbeenstudiedby all threeexperimentsassuminghat
the B! — KTK~ andB} — w7~ asymmetriesoe known to the precisiongiven in Tabs.17 and
9, respectiely. With the scenariogivenin the previous subsectiond = d’ = 0.3, 6 = ¢’ = 210°,

s = 0, pg = 53°, v = 76° andAm, = 15pst, Al'y, = 0 andassumingan uncertaintyof 1% on

sin(20) = sin(¢q)), the sensitvity afteroneyearat LHC is o., = 3.7°, if the constraints! = d’ and
6 = 0" areapplied. It improvesto o, = 1.9° after5 years. Table 18 shavs how theseuncertainties
increasawith Am,. In theconsideredangeof parameterghesensitvity is clearlyimpressie.

To give anindicationon how the sensitvity dependsn the scenarioFig. 47 shavs the ultimate
sensitvity for 5 yearsof LHC, in the scenariogiven above but asa function of the true value of v and
0 = ¢'. For mostvaluesof v and#, the sensitvity to v is betterthan4°, exceptin regionsaround
~ = 90° andy = 20°. Thesensitvity dependsignificantlyontheassumedalueof d = d’: it decreases
(increaseshy afactorof twoif d = d' ~ 0 (d = d' = 0.5).

The numberof the degreesof freedomis large enoughto allow oneto relax oneof the two con-
straintsd = d’ andé = ¢’. This approximatelydoublesthe uncertaintyon ~, but allow oneto checkthe
U-spin flavoursymmetryrelationsd = d’ andé = #'. Figure47 shavs thata typical precisionof 15°
onf — 0" and0.1ond — d’' canbereachedbut in regionsthatarelargely disjointin #. Thesenumbers
alsoindicatethelevel to which U-spinsymmetrymustholdin orderto improve theestimateof v without
biasingit.

5.5 Conclusions

Thanksto their highyield in two-bodydecaysandgoodpropertime resolutionthe LHC experimentsare
well suitedto performinga combinedanalysisof B — 77~ andB? — K*K~. Thisanalysisoffersa
powerful andpreciseway to determingheangley in amannersensitve to new-physicscontritutions.

6. SYSTEMATIC ERROR CONSIDERATIONS IN CP MEASUREMENTS 10
6.1 Intr oduction

The excellent statisticalprecisionexpectedin mary CP-violationmeasurementat the LHC demands
that there be good control of systematicuncertainties. The challengesposedby hadroniceffects in
interpretingcertainobserablesarediscussealsavherein this chapter;here,biasesrom experimental
factorsandinitial stateasymmetriesvill be consideredandpossiblecontrol stratgiesexamined.

105¢ctioncoordinatorsR. FleischerandG. Wilkinson.
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(a) Sensitvity to ~ for 5 yearsof LHC, with the con-
straintsgs = 0, d = d’ andd = 6 assumingan
uncertaintyof 1% on sin(2(3), and with input values
d=d = 0.3, andgg = 53°, Am, = 15ps ! and
AT's = 0. Thecontourlinescorrespondo sensitvities
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(b) Sensitvity to & — 6’ for the saméfit asin (a) except
therelaxed® = ¢’ constraint. The contourlines corre-
spondto sensitvities of 10° (solid), 15° (dashed)20°
(dotted)and50° (dotted-dashed).
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(c) Sensitvity to d — d’ for thesaméfit asin (a) except
therelaxedd = d’ constraint.The contourlinescorre-
spondto sensitvities of 0.05 (solid), 0.1 (dashed)f.2
(dotted)and0.4 (dotted-dashed).

Fig. 47: Sensitvity of fits to the LHC combinedBY — n+7~ andB? — K™K~ samples.



6.2 Sourcesand Categoriesof SystematicBias

CPmeasurementequirethereconstructiorof afinal state andfrequentlythetaggingof theinitial state
flavour. Time-dependentates,or branchingratios, are then combinedinto asymmetriesrom which
CKM phasesanbe extracted. Thesemeasurementareinherentlyrobust, in thatto first orderexperi-
mentalunknavns will cancelor canbe assumedo be the samefor all processesinderconsideration.
However, certainchage- andflavourdependeneffects may exist, which canindeedbiasthe measure-
ment:
e Production asymmetries
As explainedin the Chapteron b production[47], theinitial fractionof b andb hadronsatthe LHC
is not expectedto beidentical. A productionasymmetrywill exist, andthis asymmetrywill vary
asafunctionof rapidity andp, reachingvaluesof several percent.Furthermorethis asymmetry
canbe differentfor eachhadronspeciesIn this section thefractionsof BY, BY, B?, B?, B+ and
B~ mesongereventaredenoteddy fo, fo, fs, fs, [+ andf_.
e Taggingefficiency
All methodsof flavour taggingrely on measuringhe chage of one or more selectedracks. If
thetrack reconstructiorefficiengy, or particleassignmengfor leptonor kaontags),hasa chage-
dependencethen a differencein the taggingefficiengy for b andb hadronswill result. Sucha
dependencés certainly possible,for instancein LHCb where positve and negative tracksare
preferentiallysweptby the dipole to differentareasof the detector Furthermorean asymmetric
taggingefficiency candevelop from effects suchasa differencein interactioncross-sectionor
K+ andK~. Thetaggingefficiengy for B andB mesonswill bedenotedby e ande.
e Mistag rate
Assuminga flavour taghasbeenperformedthe probability of thattagbeingcorrectcanalsohave
aflavourdependencefFor instancein aleptontag, differentreconstructeenomentunspectrafor
[T andl~ areconcevable. Thesewill resultnotonly in differentefficiencies,but alsoin different
B — 1 puritiesfor thetwo samples The mistagratesfor B andB mesonswill berepresentetly w
andw.

e Final stateacceptance
Clearly in ary measuremenwheredifferentfinal statesare beingcomparedthe relative trigger
andreconstructiorefficienciescanbe different. However, evenif theasymmetryinvolvesasingle
topologyin the final state,the efficiency may differ for the chage-conjugatease for the same
chage acceptanceeasongasexplainedabove.
Backgrounds obviously an additionalsourceof possiblebias,andwill requirecarefulattention.How-
ever, thisis a problemcommonto mostphysicsmeasurementgndthereforels not consideredhere.

Theseeffectswill have differentconsequence®r eachcategyory of measurementThe present
discussiorfocuseson measurementsvolving decaysinto CP eigenstatessuchasBY — J/¢K{. Here
the obsered asymmetry,A°"s(¢) is constructedrom the numberof flavourtaggedB® andB° decays
into J /4K?, asa function of propertime. Allowing for the factorsconsideredabove, A°> (t) is related

ictri i true .
to thetruedecaydlstrlbutlonsRBoE_}J /6K asfollows:

_ true _ JoE(1 _ o=\ ptrue
Aobs (t) _ (1 2w)RBg_’J/T/’Kg (t) foe (1 2w)RB8—>J/«¢Kg (t) M
= =
Bt O o B g )

Assumingthat the flavour-dependeneffectsin taggingand productionare small, A°>(¢) is relatedto
thetrue physicsasymmetry

Rtrue t) — RtLue t

APhy (t) _ BgHJ/ng( ) BgHJ/ng( )
T ptrue true

RBg—>J JYKS (t) + RB_3—> 3 /K (t)
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Fig. 48: Invariantmasgdistributions(openhistogramsjor B* — J /¢y K* (left) andBS — J /K" (right) with superimposed

estimatedackgroundtontritutions(shadechistogramsat ATLAS after 3 yearsof running.

Channel ATLAS | CMS | LHCD
B* — J/yK* | 1700k | 5100k | 880k
BY — J /K™ 880k | 2900k | 800k
BY — Dy 3.5k 4.5k | 86k

Table 19: Untaggedannualeventyields in selectedcontrol channels. The ATLAS numbersassumea level-2 trigger muon
thresholdof 3GeV[56].

asfollows:

w—w
1—2w

A (1) & (1 — 2w) lAphy(t) _ % (E - 1) (1— AP (1)) — (

foe

In theabsencef productionor taggingasymmetrieghisreducesgo thewell known expression4° (t) =
(1 — 2w) AP™ (t). Even here,therefore,the extraction of AP (¢) requiresthat the mistagratew be
known. In themoregenerakaseit is alsonecessaryo know fy/ fo, €/¢ andw — @. Notebecausehere
is only a singlefinal stateinvolved, thereis no dependencen ary acceptance.ln the following, we
considerstratgiesto determinghetaggingandproductionfactors.

) a-am). @

6.3 Useof Control Channels
6.31

Severalchannelsareusefulfor controlling systematidiasesof thetype consideredborve. Threewhich
arediscussedereare B+ — J/yK*, B} — J/¥K* andB? — Dyr. The LHC experimentsexpect
significanteventyieldsin thesemodesasis shavn in Tah 19, with background-feelswell undercontrol.
Samplenvariantmassdistributionsfor B¥ — J/z/;Kianng — J /7K areshavn in Fig. 48.

Herean approachs presentedvhich shavs how ary flavourdependentagging-efectsandpro-
ductionasymmetriesnay be determinedrom thesechannelsalone. This is to demonstrateéhe power
of the available constraints.In practiceit is ervisagedthata combinationof thesechannelsMC, and
detaileddetectorcross-checksvill be used. An exampleof the latteris the intentionof LHCb to take
data-setsvith swappeddipole polarity, therebyconstrainingarny chage-acceptancgystematics.

Introductionand EventYields

6.32 BT — J/yK*

By reconstructingandflavour taggingB* — J//K* decaysthe taggingefficienciesandmistagrates
€, €, w andw may be directly measuredThe expectedeventyields enablethis to be donewith annual



relative precisionof afew 10~3 perexperimentwhichis certainlyadequatdor the CPasymmetrymea-
surementsThesefactorscanbe determinedn bins of tag-methodfriggercatayory, p, pr andrapidity;
in orderto accountfor correlations.

Comparingthe numberof untagged] /4 K* andJ /'K~ eventsgivessensitvity to the B* /B~
productionfractionsf*/f~. However, whatis generallyof interestarethe B} andB? quantities,f/ /9
and f0/f9. More importantly ary obsered asymmetrymay well recevve contritutionsfrom direct CP
violation anddetectoreffects,andthe decouplingof thesefactorswill be very difficult. This motivates
the useof othercontrolchannels.

6.33 BY — J/yK*

Thefinal stateof the family of modesB?, B0 — J/WK, J /4K is flavour specificto the mesonat
decay thereforeenablingtheseeventsto be usedin a similar mannerto B* — J/¢)K*. However, the
oscillationof the mesonseforedecayprovidesadditionalobserableswhich maybe usefullyexploited.

Considerthe four decayratesRBO’@HBov@(t) of genuineB’ andBY mesonsnto reconstructed
BY andB? final states:

RP=B(t) o folAPPalt) (1 +cos Amt)e™"; RP=B(t) o fo[APa(t) (1+ cos Amt)e T
RB=B(1) « folAPRa(t) (1 —cos Amt)e T RB™B%(t) o Fy|Al2a(t) (1 — cos Amt) e Tt

where| A| and| A| representheabsoluteratesof thedecayswhich maybedifferentbecausef directCP
violation, anda(t) anda(t) areacceptancéactorsfor thetwo final states.Thenthe obsered untagged
decaydistribution into B® events, RX—B°(¢), is:
RXB(1) = |APa(t) (fo+ fo) |1 + 1010 o5 Amit| T, 3)
fo+ fo

with theconjugatedxpressiorfor RX—’F(t). Thereforeavidenceof ary oscillationtermin theuntagged
ratessignifiesaninitial stateproductionasymmetryindependenof CP violation and detectoreffects.
Fitting this termenablegheratio £,/ fo to be determined.

Informationon the flavourdependencef the taggingefficieng/ canalsobe obtained. The ob-
seneddecaydistribution for B® mesonf initial stateflavourtaggedB® andB? eventsis RXts—B" (¢),
where:

RXtas—B° (t) = |A]%a(t) (foe + foe) ll + f();éf oS Amt} et 4)
Joe+ foe
Thushere,andin the chage conjugatectase fitting an oscillationamplitudeto the decaydistribution
enablegheratio fye / foe to bedetermined.

Finally, thereare four decaydistributions for initial statetaggedB®, B® mesonsdecayingas

BY, BY, denotecby RB"B%=s—B"B’ (1) with

foe(l —w) — forw
foe(l — w) + %@

RBlag—B’ (t) = |A]%a(t) (foe(1 —w) + foew) [1 + oS Amt] et (5)

Fitting theoscillationamplitudefor RB%—5" (¢) and R®%s—5° (¢) andusingthepreviousresultsenables
w/(1 — w) to bedeterminedThe othertwo distributionsdo the samefor w/(1 — @). Fromtheseresults
w andw canbefixed.

Theseexpressionshov how thenecessargorrectionfactorscanbeextractedrom data.However,
theargumentgresentedofar do notaccountor ary propertime-dependencia theacceptanceyhich



| Measurement | B* — J/yK* | B} — J/yK*

8[(fo — Jo)/(fo + fo)] 0.05% 0.07%
0D /D (LeptonTagging) 0.0038 0.0047
0D /D (B—m Tagging) 0.0030 0.0039

Table20: EstimatedATLAS uncertaintiesn the determinatiorof the productionasymmetry(fo — fo)/(fo + fo), andof the
dilution, D = 1 — 2w, for leptontaggingandB—r taggingusingB* — J/¢K* andBY — J /4K controlsamplesafter
3yearsof running.

is certainlynot realistic. If thetime-dependencs identicalfor a(t) anda(t), thenthe extractionsare
still possibleasit will cancelin theratiosof say RX—5°(t) and RX—5° (¢).

A still moregenerabpproachs possiblewhich dispensesvith ary assumptioronthe propertime
andflavourdependencef theacceptanceConsidertheratio

RBlag—B (t)/RBcag—’BO t) [1 + H_ﬁ cos Amt} {1 + 1+n cos Amt}

(6)

RBlag—B° (t)/RBLag*)BO (t) [1 — 17, cos Amt} {1 — L:_i cos Amt]
wheren is given asew f/e(1 — @) fo, and7 is the conjugatedexpression. Thesefactorsmay be si-
multaneouslyfitted andcombinedwith the B* — J /4 K* resultsto extract fy/fo. Alternatively, they
may be useddirectly to extractsin 2 from the B} — J/4 K¢ decayrates.Ratherthanconstructinghe
conventionalCP asymmetrytheratio of the B taggedandB° taggeddecaysnaybeformed:

RBlag /UKy (t) {1 - (rﬁ) sin 23 sin Amt-l
} ) sin 23 sin AmtJ ’

RBs /915 () [1 + (

Jdl

whereK is anormalizatiorfactorandn, 77 arethefactorsdeterminedrom (6). With this methodsin 23
canbe cleanlydeterminedalthoughthe needto alsofit K reduceghe statisticalprecisionwith respect
to the corventionalapproach.

6.34 BY — Dy

In controlling taggingsystematicsn BY measurementghe valuesof ¢, €, w andw measuredn the
Bg channelsnay be used. However, constraintsare requiredon the productionratio f,/f;. Hereit is
impracticableto useJ /4K channelsastheseare suppresseaith respecto the B} case.Ratherit is
preferableto usethe decayB? — Dy, whereno CP violation is expected. Attention must be given
to detectoracceptanceffectsin the final state,but it shouldprove possibleto controltheseto the level
requiredby the precisionof B measurements.

6.4 Application to the B4 — J /K2 Sample

To give a quantitatie impressionof the precisionexpectedfrom the control channels,Tah 20 shavs
the resultsof an ATLAS studyinto the expecteduncertaintiesafter 3 yearsoperationon the BY — Fg
productionasymmetry(fo — fo)/(fo+ fo), andthetaggingdilution, D = 1-2w. D hasbeenevaluated
separatelyfor leptontaggingandB—r correlationtagging(seeSec.2.7) [56]. Uncertaintieshave been
calculatedwith boththe B* — J/»K* andthe B} — J/¢K% samples.The studyhasbeendonein
the context of the BY — J/¢ K2 analysis(leadingto the estimateof the systematiaincertaintyon the
sin 28 measuremergivenin Sec.3.1), but theresultsaremoregeneral. The errorsaresmallcompared
to the expectedstatisticaluncertaintyof sin 25.



6.5 Other Measurementsand Conclusions

Thediscussiorsofar hasfocusedon B — J/4K3, sincethisis a veryimportantmeasurementyith an
excellentstatisticalprecisionexpected However thereareotherclasse®f measuremerglannedfor the
LHC:

e Asymmetriesinvolving decaysto non-CP eigenstates
Measurementsuchasthe determinatiorof  from B} — D*~ = involve the comparisorof four
differentdecayratesasexplainedin Sec.3.42. Althoughtherearetwo final statesvhich mayhave
differentacceptancesjueto detectorchage effects,the asymmetriesvhich areformedto extract
the physicsunknavns do not comparethesestates.Thereforechage acceptanceffectswill not
bias the measurementinformation on taggingfactorsand productionasymmetriess obtained
from the usualcontrolchannels.

e Branching ratio comparisons
MethodssuchastheBg — 7K strat@iesto determiney, describedn Sec.5.14,rely onthecom-
parisonof several branchingratios. Hereit is necessaryo know well the relative reconstruction
efficiencies,in particularthe contritution of thetrigger Although challengingthis shouldprove
possibleatalevel whichwill be adequat@longsidethe statisticalandtheoreticaluncertainties.

It canbe concludedhatthereis no a priori reasorwhy taggingrelatedbiasesproductionasymmetries
or detectoreffectsshouldpreventthe experimentsrom properlyexploiting the enormousB statisticsat
theLHC.

7. B-B MIXING 11

The physicsof B-B mixing is of prime importancefor the study of flavour dynamics. Today the ex-

perimentainformationon B; and B; mixing, i.e.themassdifferencesA M,; and A M, impliesalready
significantconstrainton the unitarity triangle. A precisemeasuremeraf A Mg, for which only alower
limit existssofar, will beaninvaluablepieceof informationon theflavour sectorof eitherthe SM or its

possibleextension.Evenif AM; is measuredefore,LHC’s B physicscapabilitiesarelikely to remain
indispensabléo fully exploit the potentialof B-B mixing. In additionto AM,, alsothe lifetime differ-

enceATl, providesuswith interestingopportunities.The measuremerdf this quantityis likewise very
difficult andwill beasuitablegoalfor the LHC B physicsprogramme.

Themaintheoryinputneededs, ontheonehand,perturbatre QCD correctionsand,on the other
hand,hadronicmatrix elementsof four-quarkoperatorsschematically

(Bq | (aU'b)(qL"d) | By),

wherel’, I standfor the relevantcombinationf Dirac matricesandq € {s,d}. Whereashe pertur

bative termsareknown to NLO in QCD [144, 23], hadronicmatrix elementanbe obtainedfrom first

principlesusinglattice QCD andwe startthis sectionby anoverview of the relevantlattice results.We

thendiscussspecificallythe massandwidth differenceA M/, and AT, of the B, systemandgive pre-
dictionsfor the expectedrangesof AM, andAI's in the SM. The sectionconcludeswith experimental
considerationsn themeasuremertf BY oscillationsatthe LHC.

Thenumericalresultspresentedn this sectionareobtainedusingthefollowing input parameters:
my = 4.8 GeV, mb(mb) =4.4GeV, ms(mb) =0.1GeV, mt(mt) = 167GeV, QD
Mp =5.28GeV, Mp, =5.37GeV, B(B, — Xev)=0.104,

andthe two-loop expressiorfor o with A% = 225MeV. Above, m; is the pole massandthe barred
masseseferto theMS scheme.

UsectioncoordinatorsG. Buchalla,L. LellouchandP. Vikas.



7.1 Hadronic Matrix Elementsfrom Lattice Calculations
Thematrix elementselevantfor B mixing are

<Bq | (qb)V—A(qb)V—A | Bq>

Il
wl 0o

B, (1) f3,M3, . )

_ 5 M3B
(B, | @)ssr@)sir | B = —3 = BES g agp @
(O] qvusb | Bq> = B, Py (4)

which areparametrizedn termsof the leptonicdecayconstantsfp, andthe B-parameters3 s, ¢(11)-
Insteadof the scale-andscheme-dependeparameter z, , oneusuallyintroducesthe renormalization-

groupinvariantparameteBBq, whichto NLO in QCD s givenby [144, 18]

BY? = B, ()lo ()]~ |1+ O‘Z—Eﬁ‘)ﬂ . J =207 (NDR scheme) (5)
While thematrix elementg2) and(3) canbedeterminedassuchonthelattice,thedimensionlesguanti-
tiesBp, andMl%sBs/(mb + m,)? areobtainedrom ratiosof Euclideancorrelationfunctionsin which
mary statisticalandsystematiancertaintiesareexpectedto cancel. Thus,it is advantageouso getthe
matrix elementdrom anindependentleterminatiorof the above quantitiesand f,, combinedwith the
experimentavalueof Mp, .

Becausegheb quarkwith massn;, ~ 5 GeV hasaCompton-vavelengththatis notlargecompared
to typical (quenchedlatticespacingsga ~ (2 —4) GeV™!, it cannotbesimulateddirectly asarelativistic
guarkonpresentay/lattices.This hasled to avariety of approachefor studyinghadronscomposeaf a
heary quarkandlight degreesof freedom.In therelativisticapproachgalculationsareperformedwith a
discretizatiorof therelatwistic Dirac action,for heary quarkswith massesroundthatof thecharmand
extrapolatedn massup to my, usingheary quarkeffective theoryasa guide. Therearealsoeffective
theoryapproachesn which QCD is expandedn inversepowersof theb quarkmass.Of these thereis
the static-quarkapproachin which theheary quarkis treatedasaninfinite-massspin-1/2,staticsource
of colour; a variantof this approachjn which a numberof leading1/m; correctiongo the staticlimit
areincludedin the action,goesunderthe nameof non-relativistic QCD or NRQCD Finally, thereis a
hybrid approachn which results,calculatedat m; with arelatvistic action,aregivena non-relatvistic
interpretation. While we favour the relativistic approachwhich doesnot suffer from the typical ills
of effective theories(operatorproliferation and power divegenceswhen higherorder correctionsare
taken into account),the differentapproacheshouldbe viewed as complementaryand ary significant
disagreemeramongsthemshouldbe understood.

An importantsourceof uncertaintyin mary presentday lattice calculationsis the quenchedap-
proximation(V; = 0), in which thefeedbaclof quarksonthe gaugefieldsis neglected.More andmore,
though,groupsaredoing away with this approximatiorandare performingfull QCD calculationswith
two flavoursof seaquarks(N; = 2), usuallywith massesroundthat of the strangequark. Eventhen,
thereis someway to go to reachour physicalworld wherethereare Ny = 3 light seaquarks:the two
very light upanddown quarks,andthe moremassve strangequark.

Becausehis is not the placefor a full-fledgedreview, we will only very rarely quoteindividual
resultsandrathergive summarynumberswhich aremeantto reflectthe presenstateof lattice calcula-
tions. Theresultstakeninto accountarethoseobtainedasof January2000,mostof which arereferenced
in oneof thereviewsin Ref.[145].

7.11 LeptonicDecayConstants

Lattice calculationsof the leptonicdecayconstantsfp, have along history andresultsobtainedin the
guenchedapproximationwith the differentapproacheso heary quarksdescribedabore are gradually



Quantity Nf =0 Nf =2
f5 (MeV) || 175+£20 | 200+ 30
Fu, (MeV) || 200£20 | 23030

IB,/fB 1.14 £0.05 | 1.15 £ 0.07

Table 21: Summaryof the resultsfor leptonic decayconstantof B mesonsfrom lattice QCD in the quenched Ny = 0)
approximatiorandwith two flavoursof seaquarks(\Ny = 2). It is evidentthatthe valuesfor fz, aresensitve to quenching
effects,whereagheirratiois 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
decayconstantdy performing/V; = 2 calculationswith avarietyof approache® heary quarks.While
thesecalculationsarestill in ratherearly stagesandshouldthereforebe giventime to mature they nev-
erthelessuggesan O(10—-20%) increasen fp,. fp,/fs, however, appeardo changevery little, in-
dicatingthattheoreticauncertaintiesincludingthe effectsof quenchingcancelin suchSU(3)-breaking
ratios. Becausesystematierrorsdependon the approactandparametersised,it is difficult to combine
systematicallyesultsfrom differentgroups.We thereforechooseto give, in Tah 21, summarynumbers
for thequenche@ndunguenchedecayconstantsvhich aremeantto reflectthe presensituation.

Becauseafinal numberis neededor phenomenologicgiurposeswe provide thefollowing sum-
maryof thesummariestakinginto accounthefactthattheunquenchedesultsarestill ratherpreliminary
andcorrespondo Ny = 2:

B 4154007, (6)

B

f5 = (200 + 40)MeV, fg, = (230 +40)MeV and

Thesearethevaluesof thedecayconstant$o be usedfor numericalestimatesn the subsequergubsec-
tions. Theerrorswill certainlycomedown significantlyoncethe unquenchedalculationamature.

7.12 B-Parametesfor AM

Thelattice calculationof theseB-parameterss lessmaturethanthatof leptonicdecayconstantsNone-
thelesstherehave beena numberof calculationsovertheyears.

Agreementimongstalculationaisingtherelatvistic approachs good,andrecentwork atdiffer-
entvaluesof thelattice spacing146, 141] indicatesthatdiscretizatiorerrorsaresmallin this approach.
Agreementwith the NRQCD calculationof Ref. [147] is lessgood. However, in matchingthe lattice
resultsto MS, theauthorsusethe one-loopstaticinsteadof NRQCD coeficients,therebyinducinglarge
systematicuncertainties.Thus, until the NRQCD resultsarefinalized, we chooseto usethe relatiis-
tic resultsto establishour summarynumbersfor B-parameters.In ary case,all methodspredictthat
Bp, /Bp is very closeto one.

An effectthathasnot yet beenaddresseth B-parametecalculationds the errorassociatedvith
the quenchedapproximation:thereexist no unquencheaalculationsof Bp, to date. However, because
theseparametergorrespondo ratiosof rathersimilar matrix elementstheir errorsare expectedto be
smallerthanthoseof decayconstants.

Compilingtherelatwistic results we give for the B-parameters:

Bp,
B

and

Bg,(m;) =0.91£0.06, BpE° =1.40 £0.09 =1.00(3) , 7)

wherewe do notdistinguishg = d from g = s. Therenormalizatiorgroupinvariantparameteri?gl;’ is
obtainedfrom Bp,(m;) using(5) with theinput parametersf (1).



Thetheoreticaldeterminatiom\ M, / A M, requirescalculationof the non-perturbatie parameter
R, (or &), definedas

AMy | Visl*p  |Vis[* (M5, 2 (8)
AMd ‘/td Wd MBd ‘
While thereareat leasttwo possiblewaysof obtainingR,; from thelattice,the mostaccurateandmost
reliable,at presentjs via:
Mp f8.\° (BB
m= (i) (5) (5) ;
I Mp /B Bp ®)

with (fp./fB) and(Bp,/Bg) determinednthelatticeand(Mp, /M) measure@xperimentally The
differentapproacheblave beenexploredusingrelatvistic quarksby two groups[146, 141].

Becauseheresultsobtainedby thesegroupsarefully compatiblewith the valueof R, obtained
usingtheresults(6) and(7), we quotethelattervalueasour summarynumber:

M
Ry =135(17) or &= /Ry <—B
Mg,

> — 1.15(7) . (10)

7.13 B-Parameterfor AT,

No completecalculationof m%SBS/(mb + m,)? in (3) exists to date. Therehasbeenonecalculation
performedwithin the relatvistic approachput with only a single heary quarkwhosemassis closeto
thatof the charm[148]. Thereis alsoan NRQCD calculation,but wherethe matchingof the lattice to
MS is performedusingthe one-loopstaticinsteadof NRQCD coeficients[24]. Both arequenched.

Thetwo resultsare,respeciely:

M3 _Bs(my)

(75 (m0) + 02(mg))2 =1.07(1) and 1.54(3)(24), (11)

wherethe first wasobtainedfrom [148] usingthe corversionof [23] andthe massesn (1). Both these
numbersshouldbe consideredoreliminary thoughthe seconddoesinclude an estimateof systematic
errors.So,for themomentwe take

M3 Bg(my)

(my(my) + ms(mp))? 1.4(4). (12)

Thenearfuture,howvever, shouldbring new results.

7.2 The MassDifferenceA M
In the SM the B, masddifference calculatedrom box diagramswith virtual top exchangeijs givenby

G My

AMy = =55

n8S0(zt) Mp,Bp, [3, [Vig|*. (13)
HereSo(z¢), wherez; = m?/M?,, is thetop-quarkmassdependentnami-Lim functionfor B—B mix-

ing. To an accuray of betterthan 1%, So(z;) ~ 0.78429-7. np is a correctionfactor describing
short-distanc&CD effects. It hasbeencalculatedat next-to-leadingorderin [144]. With the definition
of BBq in (5), andemplgying the runningmassm;(m;) in Sy(x¢), the numericalvalueis ng = 0.55

(with negligible uncertainty) Notethatr, beinga short-distancguantity is independenof the flavour
contentof the B meson:it is identicalfor B; and B;. Thedependencen thelight-quarkflavour g = d,

s belongsto the non-perturbatie, long-distancesffects, which are isolatedin the matrix element(2)

[144, 18].



Experimentally AM, canbe measuredrom flavour oscillationsof neutral B, mesons.The cur
rentworld averageis givenby [149]

AMy = (0.476 £ 0.016)ps 1, AM, > 14.3ps ! @95% CL. (14)

The measurememf AM,; canbe usedto constrain|V;,| via (13). While the short-distancejuantity
neSo(x:) is known very precisely large uncertaintiesare still presentin the hadronicmatrix element
Bqugq. Numerically

|Vig|l = 7.36 x 1073 {Mr'm [ 237 MeV { AM, }0.5 a5
' 7 » -1
me(my) de@ 0.476 ps

Thetheoreticaluncertaintiesrereducecconsiderablyn theratio AM, /A M, asgivenin (8). With the
results(14), an upperlimit on |V;4/V;s| canbeinferredfrom (8). This limit alreadyrepresents very
interestingCKM constraintwhich disfavours negative valuesof the Wolfensteinparametep. A future
precisionmeasurementf AM; will be a crucialinputfor the phenomenologwyf quarkmixing. Using
|Via/Vis| > 0.17 [5] andEgs.(8), (10), (14), wefind a SM predictionof

AM, = (14.3—-26) ps L. (16)

7.3 The Width Difference AT

(AT'/T) g, is expectedo beoneof thelargestratedifferencesn theb hadronsectoy*? with typical sizeof
(10-20)%][19, 108. The measuremertf a substantial AI'/T") 5, would opennew possibilitiesfor CP
violation studieswith untaggedB; mesong25, 27, 26]. Numerically onehas,usingNLO coeficients
[23]:

AT (s Y M3, Bs(my) B
<T>Bs = (m> l0.007B(mb) +0.132 O 0.078| = 0.11(7)
(17)

with the B-parametersisdiscussedn Sec.7.1. Note thatthe B-parameterareto betakenin the NDR
schemeasdefinedin [23]. Thelasttermin (17),—0.078,representd /m,, correctiong108] andhasa
relative uncertaintyof atleast20%. An additional30%scale-ambiguityrom perturbatiortheoryhasnot
beendisplayedn (17).

7.4 Measurementof B? Oscillations

Theprobabilitydensityto obsere aninitial BY mesordecayingasaB_Q mesonattime afterits creation

is givenby:

F? - (AFS/2)2 —I'st
or,

wherey = —1, ATy =Ty —T'p andl’y = (g + ') /2. If theinitial BY mesondecaysasa B! attime
t, theprobability density Pzo_. po is givenby theabove expressiorwith p = +1. Experimentally A M,
canbedeterminedy measuringhefollowing time-dependerasymmetry:

ATt
PBQ—)B_g(t) = cosh — + pcos(AMgt)| , (18)

PBg_,BgJ(t) - PBg_,B_g<t) _ cos(AM,t) (19)
PBg—>Bg (t) + PBgﬂB_g(t) cosh % '

12Thewidth differencein the B, systemis CabibbosuppressediVe thusonly considerthe B sector

A(t) =




| || ATLAS | CMS | LHCDb |
Channelsused:

BY decaychannels| D;nt Dynt Dynt
D7 af
D7 decaychannels T T T
KK~ (seetext)
¢ decaychannel KTK~ KTK~ KtK~
a; decaychannel POt
K*0 decaychannel K*trn—
Assumptions:
B(b — BY) 0.105 0.105 0.12
B(B? — Dy7*) || 3.0x107% | 3.0x107% | 3.0x107?
B(B? — D;af) || 6.0x1073 - -
B(D; — ¢m™) 0.036 0.036
B(D; — K*K™) - 0.033 -
B(D; - KTK—n7) - - 0.04
BY lifetime 1.54ps 1.61ps 1.57ps
Analysisperformance:
Reconstructedignal-@entsperyear 3457 4500 86000
Rec.andtaggedsignal-e&entsperyear 3457 4500 34500
BY purity of taggedsample 0.38 0.5 0.95
Wrongtag probability 0.22 0.22 0.30
Propertime resolution(Gaussiafunction(s)) || 50fs (60.5%) 65fs 43fs
93fs (39.5%)
A M, reachafteroneyearof running:
Measurablevaluesof AM, upto 30ps~! 26ps! 48pst
95%CL excl. of AM, valuesupto - 29ps~! 58ps~!
a(Amy) for Am, = 20ps! 0.11 - 0.011
x, reachafteroneyearof running:
Measurablevaluesof =, up to 46 42 75
95%CL excl. of x5 valuesupto - 47 91

Table22: Summaryof theanalysesindresultsfor B oscillationfrequeng measurementsy the LHC experiments.

The massdifferenceAM; is 2 timesthe oscillationfrequeng. Within the SM, one has, using the
formulaeof [23] andthe matrix elementof Sec.7.11 suppressing 30%renormalization-scalencer
tainty,

AT,
‘AM| = (4.3 +£2.0) x 1073, (20)

whichis independenof uncertaintieslueto CKM matrix elementslt hasmainly hadronicuncertainties
which areexpectedo decrease thefuture. Thereforewithin the SM, A M canin principlebeinferred
from adirectmeasuremerdf AT, althoughwith alargeerror Smallvaluesof AT andlarge valuesof
A M, aredifficult to measureHowever, Eq. (20) impliesthatthe smallerAl’; is, the easielit shouldbe
to measureA M, and,inversely thelarger A M is, the easielit shouldbeto measureAl’;.

The effect of AL’y beingnon-zerois to dampthe BY oscillationswith a time-dependentactor
Figure49 shaws the propertime distributionsof BY — D 7+ candidategeneratedvith two different
valuesof Al'; [39]. The curves display the result of a maximume-likelihood fit to the total sample.
The dampingof the B? oscillationsdueto AT, /T, is not significantat the expectedvalue of 16%, but
could be importantif AI'y turnsout to be unexpectedlylarge. The BY decay-widthdifferencecan be
obtainedby fitting propertime distributions of untaggedsamplef eventssimultaneouslyor themean

BNotethataccordingto the sign conventionusedin this report,(15), AT is negative in the SM.



B! lifetime 75, = 1/I's andAT/Ts. All threeexperimentswill usetheir BY — J /¢ eventsfor this
measuremerdsdescribedn Sec.4.2. In addition,LHCb will have anuntaggedsampleof BY — D, X
eventsthanksto theirlow-level hadronictriggers.LHCb expectto directly obserne andmeasureAT’; /T’
afteroneyearof data-takingwith theiruntaggedB; — D; 7 samplejf Al's/T, is atleast20%[39).

TheB mesorflavouratproductionanddecay-timeandthe B propertime with goodresolutionare
theingredientsneededo measureA M;. Thebestchanneldo make this measuremerdre B! decayso
exclusive, flavour specificstatedike BY — D, n+. Theflavourof the B! atits decayis unambiguously
taggedby thesignof the D . The B! flavour at productioncanbe determinedrom the signof thedecay
product(s)of the otherb hadronin the event. The factorswhich affect the sensitvity of an experiment
to measureA M are the wrong tag fraction, w4, the presenceof backgroundand the propertime
resolution,o;. The correspondinglilution factorsfor the time-dependenasymmetryare D;,, = 1 —
2wtag- Dbk’g ~ signal/(Nsignal + ka’g) and Dyjme =~ exp (*(AMsUt)2/2)- Here-Nsignal andka’g
arethe numberof signal-andbackground-eents,respectiely. The measurecisymmetryis givenby

Amea,s (t) = A(t) ' Dta,g ' Dbkg : Dtime- (21)

Theamplitudefit method[150] hasbeenusedto determinehe experimentalreachfor a A M, measure-
mentfrom the time-dependenasymmetry In this method,cos(AM,t) is multiplied by an amplitude
parameterd. The value of the parameterandits error o4 are determinedfor eachA M, valueby a

maximume-likelihoodfit. For ameasuremertdf A M, in aregionwell insidethe sensitvity of anexperi-

ment,the standardnaximum-likelihoodmethodis foreseen.

ATLAS [37], CMS [151, 152 and LHCDb [39] have determinedtheir sensitvities to AM; us-
ing eventsgeneratedy PYTHIA [46] andthenpassedhroughdetaileddetectorsimulation. Table 22
summarizeghe channelsused,assumptionsperformanceand resultsof the threeanalyses.All three
have usedB? — D, 7+ andATLAS hasalsousedB? — D, af followed by af — p°z*. The
Dy is reconstructedia its decayinto ¢~ followed by ¢ — K+ K~ by all threeexperimentsand
alsoD,; — K*°K~ followedby K*7~ by CMS. CMS hasassumed 50% efficiengy of the higher
level triggersfor calculatingthe final yield of reconstructed3? mesons. ATLAS also reconstructed
Dy — K*9K—, but did notincludeit in their final analysissinceafter applying the cuts neededo
obtain a reasonableate of the level-2 trigger, the addition of this modedid not improve their limit.
D, decaymodesotherthan ¢n— contrituting to the K K7~ final statewill alsobe reconstructed
by LHCDb; for theyield presentedn Tah 22, aneffective D, — K™K = branchingratio of 4% is
assumedwith the sameefficieney and purity asfor D — ¢n~. For flavour taggingat production,
ATLAS andCMS have usedthe trigger muon,which primarily comesfrom the semileptonicdecayof
the otherb hadronin the event. LHCb useidentifiedmuons,electronsandkaonsfrom the decayof the
otherb hadron.Othertaggingtechniquesvill bedevelopedin thefuture.

Figures50 and 51 from ATLAS illustrate the sensitvity of AM,; measurementas a function
of the integratedluminosity and the signal-contenbf the sample. 1000 experimentswere performed
at eachA M, point anda A M, value was consideredreachable”if 95% of the experimentsgave a
value within 20 of the input value. CMS and LHCb have definedtwo kinds of reaches— one for
a measuremenand the other onefor 95% CL exclusion. Figure 52 shaws the resultfor AM, reach
from CMS usingthe amplitudemethod. The amplitude, A, togetherwith its error, o 4, is shavn for
differentz,, wherez, = AM;/I's. x5 valuesbelow the intersectionpoint of the 1.6450 4 curve and
theline A = 1 areexcludedat 95% CL. CMS determinedheir reachby a methodsimilar to thatused
by ATLAS, but an experimentwas consideredsuccessful’if the z valuecorrespondedb the highest
peakin the amplitudespectrumandwasin the vicinity of 2" within the naturalwidth (+ 1.5in z) of
the amplitudedistribution. The two methodsyieldedthe sameresults. Figure 53 shawvs the statistical
significanceS = 1/04 of the B? oscillation signal as a function of AM; from LHCb. The LHCb
reachfor AM; quotedin Tah 22isfor S = 5 (50 measuremen@ndS = 1.645 (95% CL exclusion).
Accordingto thesestudies A M, canbe measuredipto 30ps ! (ATLAS), 26ps ! (CMS)and48ps!



(LHCb) with oneyearof data. The additionof morechannelss likely to improve thereach.Thus,each
of thethreeexperimentswill be ableto fully explorethe AM, rangeallowedin the SM, Eqg. (16), after
oneyear of data-taking.In addition, the likely precisionon AM; will be suchthat the extraction of
|Vis/Vza|? will belimited by thetheoreticaluncertaintyon R,,; (seeexpressiong8) to (10)).

8. RARE DECAYS!

Flavour-changingneutralcurrentdecaysnvolving b — s orb — d transitionsoccuronly atloop-level in

the SM, comewith smallexclusive branchingatios~ O(10~?) or smallerandthusprovide anexcellent
probe of indirect effects of nev physicsandinformation on the massesand couplingsof the virtual
SM or beyond-the-SMparticlesparticipating. Within the SM, thesedecaysare sensitve to the CKM

matrix elementgV;;| and|V,4|, respectiely; ameasuremertf theseparametersr their ratio would be
complementaryo their determinatiorfrom B mixing, discussedn Sec.7..

The effective field theoryfor b — s(d) transitionss universalfor all thechannelgliscussedhere.
Due to space-restrictionsye cannotreview all importantfeaturesof that effective theory; for a quick
overvien we referto Chapter9 of the BaBarPhysicsBook [6], wherealsoreferenceso moredetailed
reviews canbefound. Herewe simply statethatthe effective Hamiltoniangoverningraredecaysanbe
obtainedfrom the SM Hamiltonianby performinganoperatomproductexpansionyielding

e et
Heg = —T; ViV > Ci(p) O (), (1)
=1

wherethe O] arelocal renormalizecbperatorsandV,, V;; areCKM matrix elementswith ¢ = s, d. The
Wilson-coeficients C; canbe calculatedin perturbationtheoryandencodethe relevant short-distance
physics,in particularary potentialnen-physicseffects. Therenormalization-scaly canbe viewed as
separatinghe long- and short-distanceegimes. For calculatingdecayrateswith the help of (1), the
valueof u hasto be chosemasu ~ m; in atruncatedperturbatre expansion. The Hamiltonian(1) is
suitableto describephysicsin the SM aswell asin a numberof its extensionsfor instancethe minimal
SUSY model. The operatorbasisin (1) is, however, not always complete,andin somemodels,for
instancethoseexhibiting left-right symmetry new physicsalsoshavs up in the form of new operators.
This proviso shouldbekeptin mind whenanalysingareB decaydor newv-physicseffectsby measuring
Wilson-coeficients.
At presentthefollowing channelshave beenevaluatedfor LHCb, CMS andATLAS:

. purelymuonicdecayngl{S — ptu (all experiments);

o theradiative decayB) — K*y (LHCb only);

e semimuonidecaysBy — p’utp~, BY — K*%utu~, BY — ¢°utp (all experiments).
As a reflectionof this ratherpreliminary statusof rare B decaystudiesfor the LHC, we confinethis
sections discussiorto channelamostof which arein principle accessiblat e™e~ B factoriesandcan
also be studiedat the Tevatron. This appliesin particularto the radiatve decayB — K*+ thathas
alreadybeenmeasuredat CLEO [153] andfor which at the time of the first physicsrunsat the LHC
ratheraccuratemeasurementshouldbe available. The situationis differentfor B — p*u~, which
will be seenbeforethe startof the LHC only if it is enhancedirastically i.e. by ordersof magnitude,
by new-physicseffects. Also the measurementf the spectreof B — K*u*p~ will bereseredto the
LHC, althoughthe decayitself shouldbe seeratthe B factoriesbefore.ln generalandin contrasto the
explorationof CPviolation, the mainimpactof the LHC on the studyof raredecayswill beto provide
radicallyincreasedtatisticsratherthanopeningnew, alternatve channels.

l4sectioncoordinatorsP. Ball andF. Rizatdinoa.



=

o
o
T

o
)

I
~

o
N}

o 1

o
o

o
)

I
~

o
N}

Fraction of events tagged as having oscillated per 0.0%
<)

o
o
[N
N =

Fig. 49: Fractionof eventstaggedashaving oscillatedasa function of propertime for two differentvaluesof AT's/Ts, for
AM, = 10 ps~' [39]. Thecurwesdisplaytheresultof the maximum-likelihoodfit to thetotal sample.

P"g I * 25% bettewo,
‘%‘ |- ® nominalo,
8 60 [—m 50% worses,
s B
< - *
| . *
40 — * °
[~ [ ]
- * [
n
[ ° n
20 |— -
[ n
0 | I | ‘ | | | L1
0.3 0.5 1 2 3 5 7

Integrated luminosity10 fb]

Fig. 50: AM; reachof ATLAS asa function of the inte-
gratedluminosityfor variouspropertime resolutionss:.

a

pIitHde

Am
o 9
o o

025) oS

-0.25F
-0.5
-0.75

50
Xs

Fig. 52: Theamplitudewith its error, o 4, for aninputvalue

of xs = 30 from CMS.

-1
AM  reach[ps’]

60

40

20

0

| e 30f5t
| o 10f5t
i .
[
I [ ]
°® o
L . °
L ° ) o
| o
o
\\\\‘\\\\‘\\\\‘\\\\‘\
0 0.25 0.5 0.75 1
Nsigna( N!olal

Fig. 51: AM; reachof ATLAS asafunction of thesignal-
contentof the samplefor nominal propertime resolution
andintegratediuminositiesof 10fb~* and30fb 1.

Significance ¢)

=
(53]

[
o

100
AM, (ps™)

Fig. 53: Statisticalsignificanceof the B? oscillation sig-
nal asa function of AM;. The banddelimitedby the two
cunesreflectsthe 1o statisticaluncertaintyon the proper

time resolutionof o; =

(43+ 2)fs.



81 B — utp~

This decayis an experimentalfavourite thanksto its uniquesignatureandat the sametime a challenge,
asits SM branchingratio is of order10~°. The motivation for measuringhis decaylies mainly in its

role asindicatorfor possiblenen physicswhich might significantlyenhancehe branchingratio. The

presenexperimentaboundsfrom Tevatronarein the 10~ range.

8.11 Theoetical Framavork
ThepurelymuonicneutralB decaysaredescribedy only threeoperatorg154]:

O% = (qvsb) (arys ), 0}13, = (qvsb)(ap),  O% = (av*vsb) (a5 1),

with ¢ = s,d. In the SM, thesetransitionsproceedhroughelectraveak penguindiagramswith Z and
H° exchangeaswell as W box diagrams. Introducing dimensionles$Vilson-coeficients C}é’"ﬂl, the

branchingratiois givenby
2 1 4m12, Cq/ 2 2
ol G et @

- G% 2.3 4mj, 2my,
B(By — pp7) = gTBmeB 1 - mzl: 'C?D - _m; i

In the SM, the coeficientsCp arisefrom penguindiagramswith physicalandunphysicaineutralscalar
exchangeandaresuppresseby afactor(m;/my)? [155). Thedecayrateis thendeterminedsolely by
thecoeficient

aV, Ve
Cq _ tb tq Y , 3
ASM = Ry (2) 3)

wherez; = m?/m¥,, sin? 9,, is theweakmixing angleandthefunctionY () is atleadingorderin QCD
givenby [156]

Y(z)==

x {:p —4 3x1)2 lnz] ) (4)

The SM branchingfractionsarethengivenby (with fz_ from (6), |Vi4| from (15) andm; = 167 GeV)

2y 1312 2

B - Vidl B
B(Bg— ptp™) = (1.0£0.5) x 10 10{ JB, } {mt(mt)} {‘td } ( ’ ) .
(Ba = w7w7) = ) x 200MeV | |167GeV 0.0074) \156ps)’ &

o, 12 [mtm) r’-” { |Vis| r< 75, ) )
230 MeV 167 GeV 0.040 1.54ps) "
Dueto thesetiny SM branchingratiosandthe favourableexperimentakignaturethesedecayprocesses

areidealcandidate$or new physicsto be obsered,for exampleflavour-changingneutralHiggses.New-
physicsscenariohiave beeninvestigatece.g.in Refs.[155, 157].

x—1 (z—

B(By, — ptp™) = (3.7+1.0) x 107° [

8.12 ExperimentalConsideations

PurelymuonicB decaysso-called’self-triggering” channelshave a clearsignaturehatcanbe usedat
level-1triggerin all LHC experiments Only muonidentificationis necessaryT he expectecnumbersof
eventsquotedin thefollowing referto the SM branchingatios B(B? — utp~) = (3.5 £1.0) x 10
andB(BY — ptp~) = 1.5 x 10719, i.e.the“optimistic” endof thetheoryprediction(5).

The CMS collaborationhasperformeda detailedstudyof the obserability of B — ptu~ [158]
atbothlow andhighluminosity implementinghe completepatternrecognitionandtrackreconstruction
procedure Both the gluon-fusionandthe gluon-splittingproductionmechanismsareincludedandyield
comparableontributions. CMS hastunedthe experimentalselectioncriteriato optimizethe signal-to-
backgroundatio asfollows:



1. Only muonpairssatisfyingtherequirement.4 < AR, < 1.2 wereconsiderediscandidategor
BY — ptu~; thetransersemomentumof the muonpair mustbe largerthan12GeV andpy of
eithermuonbelargerthan4.3GeV.

2. Theeffective massof the dimuonpair wasrequiredto be within a 80MeV masswindow around
thenominal BY mass.Only 1.1%of backgrounccombinationsareretainedafterthis mass-cut.

3. Thethird setof cutsis basedn the secondaryertex reconstructionthedistancebetweenB? and
primary vertex in the transwerseplaneis requiredto belargerthan12s.,, about820 um, where
ovix IS the vertex resolution. The anglea betweenthe line joining primary andsecondaryertex
andtransersemomentumvectorwasrequiredto satisfycos o > 0.9997. The absoluteerror of
thesecondaryertex reconstructiorwasrequiredto belessthan80 um. The distancebetweerthe
two muonsd,, hadto be smallerthan50m andtheratio ds /o (dy) smallerthan2.

4. |solation of the dimuon pair in the tracker was required,i.e. no chaged particleswith pp >
0.9GeV mustbefoundin theconeR < 0.5x AR,,,+0.4 aroundhedimuonmomentundirection.
Theisolationrequirements importantfor suppressinghe backgroundnducedby gluon-splitting.
About50% of the signal-and3% of the background-eentspassedhroughtheisolation-cutin the
tracler. An additionalfactor2.3of background-suppssion wasobtainedby requiringisolationof
the dimuonpair in the calorimetersj.e. thetranserseenegy in the electromagnetiandhadron
calorimetersavasrequiredto belessthan4 GeV in thesametracler cone.

After applyingthesecuts,the numberof expectedeventsdetectecdby CMS after 3 yearsrunningat low

luminosityis 21 with lessthan3 background-eentsat90%C.L., assuminghe SM branchingatio. CMS

will obsere thischannekvenafterl yearrunningatlow luminosity Takinginto accountheproduction
ratio BY/BY = 0.40/0.11 andthe expectedSM branchingratio (5), CMS alsoexpects,for threeyears
runningatlow luminosity to find 2.21.1 B; — ™~ eventswith againessentiallyno background.

LHCb's sensitvity to the decayB, — u*p~ hasbeenstudiedusing fully GEANT generated
sampleof both signal-andbackground-eents. Goodquality tracksarecombinedinto a vertex if they
areidentifiedasmuontrackswith high confidencdevel andarewithin 50um in space.The secondary
vertex must also satisfy quality criteria and be well displacedfrom the primary vertex. The impact
parametepof thereconstructed3, candidatds requiredto be smallerthan35um anda masswindow of
20 MeV aroundthe nominal B; masss applied.After all thoseselection-cutd.1 signal-&entsperyear
areexpected.Sincetheinitial background-samplerasvery smallcomparedo the numberof eventsin
oneyearof LHCb operation pionswhich area direct productof B decayswereallowed to make pairs
with muons,“faking” the background-signate, in orderto increasehe statisticsof the sample.Using
this procedurejt waspossibleto estimatethe rejectionpower of the cutsin the impactparameteand
the massof the B; candidateassuminghey areuncorrelatecandthat the massdistribution in a mass
window of 200 MeV aroundthe nominalvalueis flat. The expectedbackground-yieldn oneyearis
3.3 events. Studieswith high statisticssamplesof full GEANT simulationare undervay, in orderto
malke the background-estimatmoreprecise.HenceLHCb will obsere thedecayB, — ™t~ within
1 yearof running.

The ATLAS collaborationhas madea detailedstudy of the decaymode BY — u*u~, using
fully simulatedsampleqg37]. To suppresshe combinatorialbackgroundcutson the quality of vertex
reconstructiorandon the decaylengthof thereconstructed® mesorwereapplied.Furtherbackground-
reductionwasobtainedby imposingcutson the anglebetweerthe line joining primary andsecondary
vertex andthetransersemomentumvectorandon theisolationof thedimuonpair formedin the decay
of the B meson. The massresolutionobtainedafter all selection-cutss o(M) = 68 MeV. The mass
window tfg wastakenfor estimatinghe numberof signal-andbackground-eents. After applyingcuts,
thenumberof expectedeventsdetectedy ATLAS after3 yearsrunningatlow luminosity assuminghe
SM branchingfraction, is 27 with 93 background-eents. For B} — u*p~, onecanexpect4 signal-
eventswith 93 background-eents.

Henceall threeexperimentswill be ableto measurehe SM branchingfractionof BY — utu.



Experiment | ATLAS | CMS
Experiment || ATLAS | CMS | LHCb BY — putu~ 92 26
Signal 27 21 33 BY — ptu~ 14 4.1
Background 93 3 10 Background 660 | <6.4

Table23: Expectedsignal-andbackground-eentsfor B; —  Table24: The expectedstatisticsfor purely muonicdecays
't~ after3 yearsrunningat low luminosity. afteroneyearrunningat high luminosity.

The numbersof eventsexpectedby the threecollaborationsafter 3 years’datacollectionare givenin
Tah 23.

Both ATLAS and CMS are planningto continuethe study of purely muonicdecaysat high lu-
minosity 103*cm~2s~1. This is madepossibleby the low dimuontrigger ratewhich is expectedto be
around30 Hz in ATLAS. In both experiments the numberof minimum bias eventsacceptedogether
with thetriggeredeventsis expectedto be 10 timeslargerthanat the LHC run at low luminosity The
CMS collaborationestimatedhe possibility to detectthe purely muonicdecayusinga high luminosity
pixel configurationthatleadsto degradationof the vertex resolution. The ATLAS collaboratiorassumed
thatthegeometryof theinnerdetectomwill bethesameasatlow luminosity (no degradationn vertex and
pr resolutionis expectedcomparedo thelow luminosityresults). Thesameanalysis-cutasat low lumi-
nositywereappliedto the signal-andbackground-eentsby both collaborationsTheresultingnumbers
of eventsexpectedby the ATLAS and CMS collaborationsafter 1 yearrunningat high luminosity are
givenin Tah 24, assuminghe SM branchingfraction. ThedecayBY — u*pu~ canclearlybe obsered
after 1 yearrunningat high luminosity by both collaborationsConcerningBY — " u~, thesensitvity
of ATLAS to the branchingratio will beatthelevel of 3 x 10710, i.e. roughlyafactor3 above the SM
prediction.High luminositymeasurementsf the purelymuonicdecaysvould significantlyimprove the
datato beobtainedat low luminosity

82 B — K*y

In this subsectionwe discussthe specificsof the radiatve FCNC transition B — K*~ relevant for
the LHC, concentratingon non-perturbatie QCD effects. For the treatmentof perturbatie issues,n
particularthe reductionof renormalization-scaldependencand remaininguncertaintiesywe refer to
[159, 160.

8.21 Theoetical Framevork

Thetheoreticadescriptionof the B — K*~ decayis quiteinvolvedwith regardto bothlong-andshort-
distancecontritutions. In termsof the effective Hamiltonian(1), the decayamplitudecan be written
as

_ _ 4G _
A(B = K*y) = = ZEVyVi (R|Cr0r + it Y G [ d'ae ™ T ()0 0HB) . (7)
\/_ 1£T
where ;" is the electromagneticurrentande,, the polarizationvectorof the photon. O is the only
operatorcontainingthe photonfield attree-level:

O; = mp50,, ROFM (8)

16 1672
with R = (1 4 v5)/2. Otheroperatorsthe secondermin (7), contribute mainly closedfermionloops.
Thefirst complicationis now thatthefirsttermin (7) depend®ntheregularization-andrenormalization-
schemeFor thisreasonpneusuallyintroducesascheme-independelinearcombinatiorof coeficients,
called“effective coeficient” (see[160] andreferencesherein):

8" () +Zyz 7 ©)



wherethe numericalcoeficientsy; aregivenin [160].
Thecurrent-currenbperators

Oy = (s9"Lb)(eyuLle), Oz = (5y,Lc)(cy"Lb) (10)

give vanishingcontritution to the perturbatire b — s~ amplitudeat oneloop. Thus,to leadinglogarith-
mic accurayg (LLA) in QCD andneglectinglong-distanceontritutionsfrom O » to thebsy X Greens
functions,the B — K*~ amplitudeis givenby

4G (0)eff

AGH (B — K*y) = = = Vg VG (K07 B). (11)

Here,(]éo)‘Efr denoteghe leadinglogarithmicapproximatiorto C¢". The above expressioris, however,

not the end of the story, asthe secondtermin (7) also containslong-distancecontritutions. Someof

themcanbe viewed asthe effect of virtual intermediateresonance$3 — K*V* — K*y. Themain
effect comesfrom c¢ resonanceandis contrituted by the operatorsD; andOs in (7). It is governed
by the virtuality of V*, which, for a real photon,is just —1/m$}.. ~ —1/4m?2. The presencef such
powersuppresseterms~ 1/m? hasfirst beenderivedfor inclusive decaysn Ref.[161] in aframevork

basedn operatomproductexpansion.Thefirst, andto dateonly, studyfor exclusive decaysvasdonein

[162]. Technically oneperformsan operatorproductexpansionof the correlationfunctionin (7), with

a soft non-perturbatie gluon beingattachedo the charm-loop resultingin termsbeingparametrically
suppressetby inversepowers of the charmquarkmass. As pointedout in [163], althoughthe power

increasedor additionalsoft gluons, it is possiblethat contritbutions of additionalexternalhardgluons
could remove the power-suppression.This questionis alsorelevant for inclusive decaysanddeseres
furtherstudy

After inclusionof the power-suppresseterms~ 1/m?, the B — K*vy amplitudereads

1
4dm

_ 4G _
AVA(B s Koy) = - ZE v vk | 00, +
V2
Here, O is the effective quark-quark-glun operatorobtainedin [162], which describeghe leading
non-perturbatie corrections Thetwo hadronicmatrix elementsanbe describedn termsof threeform
factors, 1, L andL:

5 C0r | B). (12)

<K* (p)’)/|§0'quyb‘B(pB)> = iéuupaé;#e*Ku*pPBpUZTl(o):
[ D, € X ¥V (e
(B (p)|0r|B(p5)) = 555 |LO)epupoes/'eitevp

L { Eepp)€pm) — 5 () — i) ] (13)

The calculationof the above form factorsrequiresgenuinelynon-perturbatie input. Availablemethods
include,but do notexhaust/attice calculationsandQCD sumrules. Again,adiscussiorof therespectie

strengthsandweaknessesf theseapproachess beyondthe scopeof this report.Let it sufiice to saythat

— atleastat present- lattice cannotreachthe point (pp — p)? = 0 relevantfor B — K*+, andthatQCD

sumrulesonthelight-conepredict[35]

T1(0) = 0.38 £ 20% (14)
attherenormalizatiorscaley = 4.8 GeV. For the othertwo form factors,QCD sumrulespredict[162]

L(0) = (0.55 £ 0.10) GeV?,  L(0) = (0.7 0.1) GeV?3. (15)



Numerically thesecorrectionsincreasethe decayrate by about5 to 10%. After their inclusion, one
obtains

a9 c2 | (02 o (mE — mie)? 2
gt GV VI |57 | == 1 (0)
o1 ¢ 1 L(0) + L(0)

18m§ Céo)eﬁ my T1(0

= 4.4 x 107°(1 + 8%) (16)

B(B — K*y) =

for the centralvaluesof the QCD sumrule results which agreeswith the experimentaimeasurement.

Let us closethis subsectiorwith a few remarkson thedecayB — p~y. Although atfirst glance
it might seemthatits structureis the sameasthatof B — K*~, thisis actuallynotthe case.Thereare
additionallong-distancecontritutionsto B — py, which areCKM-suppressetbr B — K*~ andhave
beenngylectedin the previousdiscussionthesecontritutionscomprise

e weakannihilationmediatedby O}, with non-perturbatie photonemissionfrom light quarks;
thesecontritutionsarediscussedn [164] andfoundto be of order10%atthe amplitudelevel;

o effectsof virtual ua resonanceép, w,...); they areoften saidto be small, but actually have not
beenstudiedyetin a genuinelynon-perturbatie framavork, sothat statementgabouttheir small-
nesdack properjustification.

For theabove reasonsdt is, at presentprematureo aim atanaccuratedeterminatiorof |V,|/|V;4| from
ameasurementf B(B — py) andB(B — K*v). A veryrecentdiscussiorof long-distanceeffectsin
B — V-~ decayxanalsobefoundin Ref.[165].

8.22 ExperimentalConsideations

Theradiatve decayBY — K*%~ hasbeenstudiedby the LHCb collaborationat both the particleand
thefull-simulationlevel [166]. Theeventselectionandreconstructiortanbe summarizedasfollows:

e selection:X ™ X ~~ combinationsfracksareconsistenwith K —- and=*-hypotheses;
|M(K~nt)-M(K*)| < 55 MeV, clusterin theelectromagneticalorimetemwith £ > 4 GeV:

e geometricalcuts: x> < 9 of secondaryertex fit; |A(Z)| > 1.5mm betweenprimary and sec-
ondaryvertex; impactparameter®f both tracks > 400um; the angle betweenthe momentum
vectorandtheline joining primaryandsecondaryertex smallerthan0.1rad;theangled between
BY and K~ in the K* restframe| cos 8| < 0.6;

e pr > 4GeV of reconstructed).

Themasgesolutionobtainedat the particle-level studyis 67 MeV. Themasswvindow takenfor estimates
is 200MeV aroundthenominal B mass AssumingB(BY — K*%v) = (4.942.0) x 1075, theexpected
numberof signal-eentsafter1 yearrunningis 26000,with S/B ~ 1. Thiswill besuficientto measure
thebranchingfractionwith high accurag. Theexpectedaccurag in the CPasymmetrymeasuremeris
d0cp = 0.01. The SM predictsa CPasymmetryof order1%.

83 B— K*utu~

Likewith B — K™*v, we canonly review the essentialand put emphasi®n recentdevelopmentsn
theory and the specificsfor the LHC experiments. A slightly more detaileddiscussionand relevant
referencescan be found in the BaBar physicsbook [6]. The currentstate-of-the-arbf perturbation
theoryis summarizedn Ref.[167]. The motivationfor studyingthis decayis either assuminghe SM
to be correct,the measuremendf the CKM matrix element|V;,|, or the searchfor manifestationf
new physicsin non-standardaluesof the Wilson-coeficients. A very suitableobserablefor the latter
purposds theforward-backvard asymmetrywhichis independendf CKM matrix elementsand,dueto




extremelysmalleventnumberspnly accessiblatthe LHC. Of all theraredecaychannelsliscussedn
this section,B — K*u™ .~ is definitely the onewhosedetailedstudyis only possibleat the LHC and
which hasthe potentialfor high impactbothon SM physicsandbeyond.

8.31 Theoetical Framevork

The presentationin this sectionfollows closely Ref. [168]; for otherrelevant recentpaperstreating
B — K*utu—, see[169).
At thequark-level, the effective Hamiltonian(1) leadsto thefollowing decayamplitude:
Gra

Al = sun7) = 5V {81 (6) 996 [19° 1] + Cro [57aLb] [y 151

—2my, CE" {giaaU%Rb} [,Ewa,u]}. 17)

Here,L/R = (1 ¥ 75)/2, s = ¢*, ¢ = p+ + p_, Wherep.. arethe four-momentaof the leptons. We
neglectthe strangequarkmass,but keepthe leptonsmassie. Already the free quarkdecayamplitude
A(b — su*p~) containscertainlong-distanceeffects which usually are absorbednto a redefinition
of the Wilson-coeficient Cy. To be specific,we define,for exclusve decaysthe momentum-dependent
effective coeficient of the operatorOg = €2 /(1672) (5, Lb) (ay* 1) as

CeM(s) = Cy + Y (s), (18)

whereY (s) standsfor matrix elementwf four-quark operators.Formulascanbe foundin [170]. The
prominentcontritution to Y (s) comesfrom the c¢ resonanced/«, ¢, 1" which shav up aspeaksin
the dimuon spectrum,but areirrelevant for the short-distancghysicsoneis interestedn. Note that
the effective coeficient dependson the processbeing consideredandis, in particular not the same
for exclusive andinclusive decays:in the latter ones,also virtual and bremsstrahlungorrectionsto
(ut = s|Og|b), usuallydenoteddy w(s), areincluded,whereador exclusive decaysthey arecontained
in thehadronicmatrix elementgo bedefinedbelon. For s farbelow thece thresholdperturbatiortheory
augmentedy non-perturbatie pover-correctionsin 1/m?, is expectedto yield a reliable estimatefor
long-distanceeffectsin C§™. In contrastto inclusive decays however, the correspondind /m? terms
have not yet beenworked out for exclusive decays. To date, one hasto rely on phenomenological
prescriptiondor incorporatingnon-perturbatie contritutionsto Y (s) [171]. Theresultinguncertainties
on cgff andon variousdistributions in inclusive decayshave beenworked out in Refs.[170, 167] to
which we referfor a detaileddiscussion.

Otherlong-distancesorrectionsspecificfor theexclusive decayB — K*u*p~, aredescribedn
termsof matrix elementf the quarkoperatorsn (17) betweenmesonstatesandcanbe parametrized
in termsof form factors.Denotingby ¢,, the polarizationvectorof the K* vectormesonwe define

* - % . " 42(5)
(K*(p|(V — A)ulB(pr)) = —zeu(mB +mp+)A1(s) +i(ps + p)u(€pB) s
s * 2mK* . o 2‘7 s
Zq#(G pB) (A3(5) — AO(S)) + €uvpo€ ppo #* ,

(K™ (p)|s0yq” (1 + 75)b| B(pB)) = i€uwpoc™ Ppp” 2T1(5)

+T5(s) {GZ(W% —m¥k-) — (¢'pn) (P +p)u} + T5(s)(e*pB) {qu - m%%rrﬂ (rB +p)u}

2
(19)



Al A2 AO |4 T T T3

F(0) || 0.337 0.282 0.471 0.457 | 0.379 0.379 0.260
c1 0.602 1.172 1.505 1.482|1.519 0.517 1.129
&) 0.258 0.567 0.710 1.015|1.030 0.426 1.128

Table25: Centralvaluesof parameterfor the parametrizatiorf20) of the B — K™ form factors.Renormalizatiorscalefor 7;
is 1 = my.

Theform factorsI; arerenormalization-scaldependentAll signsaredefinedin suchaway asto render
theform factorspositive. The physicalrangein s extendsfrom s, = 010 50z = (mp — mg+)?%. As

describedn thelastsubsectiorior the B — K*~ form factor77, theabove form factorsareessentially
non-perturbatie. Lackingresultsfrom lattice calculationswe quotethe form factorsascalculatedrom

QCD sumruleson the light-cone[126, 35], in the parametrizatiorsuggestedn [168], wherealsoa

discussiorof thetheoreticaluncertaintiexanbefound. Theform factorscanbe parametrizecs

F(s) = F(0)exp(c18 + cp8%) (20)

with 5§ = s/mZB. The centralvaluesof the parameters; aregivenin Tah 25.

Let us now turn to the variousdecaydistributions relevant for the phenomenologicahnalysis.
For lack of spacewe cannotgive detailedexpressiongor decayamplitudesandspectran termsof the
hadronicmatrix elementq19); they canbefoundin [168]. Besideghetotal branchingfractionandthe
spectrumn thedimuonmassiit is in particularthe forward-backvard asymmetrythatis interestingfor
phenomenologyit is definedas

1 0
1 d*T d*r
A g ) _—_— _—
rB(8) = s (0/ dleos ) G Teosd /1 d(cos e)dsdcos¢9>’ (21)

whered is the anglebetweenthe momentaof the B mesonandthe i in the dileptoncentre-of-mass
system.Theasymmetnyis governedby

App o Cio {Re (C§") V() A (s) + % CEF {(V ()Ta(s) (1 — =) + A1(s)T1(s) (1 + mK*)}} .

(22)
Inthe SM, Arp exhibitsazeroat s = sg, givenby
of My e [ T2(s0) . Ti(so) . }
= — 1 —_— * 1 * . 2
Re (05" (s0)) = ~ 2 0% {Al(s())( i)+ g (L4 ) (23)
Theforward-backvard asymmetryhasa zeroif andonly if
sign(CS"™Re CEM) = 1. (24)

It isinterestingo obsenrethatin theLargeEnegy Effective Theory(LEET) [172], bothratiosof theform
factorsappearingn Eqg. (23) have essentiallyno hadronicuncertaintyi.e. all dependencenintrinsically
non-perturbatie quantitiescancelsandonehassimply

To(s) 1+ g (1 8 ) T1(s) 1 (25)

T 1w, V(s) 1+mge

Al(S) N 1 —‘r"l’h%(* — 3§
Theserelationsarefulfilled by QCD sumruleson the light-coneto 2% accurag, which indicatesthat
correctiongo the LEET limit areextremelysmall. In thatlimit, onethushasa particularlysimpleform
for theequationdeterminingsgy, namely

A~

mpy eff 1—§0

A~

Re(CSM (s0)) = —2 U
*(Cy" (50)) S0 1+ mi. — s

(26)
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Thus, the precisionof the zero of the forward-backvard asymmetryin B — K*u™p~ is determined
essentiallyby the precisionof the ratio of the effective coeficientsandm,; andis largely independent
of hadionic uncertainties The insensitvity of s, to the decayform factorsin B — K*u*pu~ is are-
markableresult,which hasfirst beenobseredin [173] by scanningoveranumberof form factormodels.
LEET putsthis obserationontheoreticallymorerigorousgroundsalthough(25),andconsequently26)
areexpectedto be modifiedby hardperturbatie QCD corrections.In the SM, onefinds sg ~ 2.9 GeV?
atpy = 4.8GeV. FromEq. (23) it alsofollows thatthereis no zerobelav the c¢ resonances both Cgefr
andC§efr have the samesignaspredictedn somebeyond-the-SMmodels.Thus,condition(24) provides
adiscriminationbetweerthe SM andcertainmodelswith new physics.Dueto spacdimitationswe can-
notdiscussn detailthepossiblempactof particularbeyond-the-SMscenario®nthedecaydistributions
introducedabore. Toillustratethefactthatlarge effectsareindeedpossible we shaw, in Figs.54 and55,
theresultsfor the dimuonspectrumandthe forward-backvard asymmetryobtainedin [168] for several
SUSY-extensionof the SM.

Note that the above formulas and considerationcannotimmediatelybe appliedto the decay
B — pu™p~, whosemeasuremertould,in principle,togethemwith thatof B — K*u*u~, beusedto
determingheratioof CKM matrixelementsV;, /V;4|, asanalternatve to thedeterminatiorirom B mix-
ing. Theproblemliesin new contritutionsto Cgﬁ originatingfrom light-quarkloopsandassociateavith
thepresencef low-lying resonancedor instancep andw, in thedimuonspectrum.Thesecontrikutions
are CKM-suppresseth B — K*u+u~, sothatthe correspondingincertaintiecanbe neglected,but
they areunsuppresseith B — pu™p~ decays.The problematicpartin thatis thatthe theorytoolsthat
allow oneto treatcz resonanceontritutionsto B — K*pu* .~ arenotapplicableary more:perturbation
theorydoesonly work in the unphysicakegion s < 0, andan operatofproductexpansionwhich would
indicatepotentialpower-suppressetermsalsofails. No satishctorysolutionto thatproblemis presently
available.

Finally, we notethatthe analysisof B, — ¢u™p~ parallelsexactly thatof By — K*utp~;
the correspondindorm factorscanbefoundin Ref.[35]. Also semimuoniadecayswith a pseudoscalar
mesonin thefinal state,e.g. B; — Ku™p~ andBy; — mutu~, are,from atheoreticalpoint of view,
viable sourcedor informationon short-distancehysicsand CKM matrix elements.Their experimen-
tal detectionis, however, extremely difficult due to the overwhelmingcombinatorialbackground;no
experimentafeasibility studiesexist to date.

8.32 ExperimentalConsideations

As with B — p*u~, thesemimuoniadecaysB) — K*uTu~ are’self-triggering” channelghanksto
thepresencef two muonswith high p in thefinal state.Particleidentificationhelpsdecisvely in sepa-
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By — K*°u*p~ to B — p°utp~.

ratingthefinal-statehadrons All threeexperimentsassumehebranchingatio B(B) — KOutp=) =
1.5 x 1076 for estimatingthe numberof eventsto be obsered.

ATLAS have investigatedorm factoreffectson the detectionof B — K*'u+,~; detailsof the
analysiscanbefoundin [174]. Two differentparametrizationsf the hadronicmatrix elementg19), Gl
andISGW2,wereimplementednto PYTHIA andthefinal numberf expectedeventsaftertriggercuts
wereevaluatedor thesetwo samplesf signal-eents. Thedimuonmasdistribution is shavn in Fig. 56
for the caseof the phase-spacdecay Gl and ISGW2 parametrizationslt wasfound that the matrix
elementgpracticallydo not changethe inclusive parametersf the muonsandthe K*° mesonwhichis
importantfor triggeringtheseevents. They do, however, stronglyinfluencethe spectrumin the dimuon
massandthe forward-backvard asymmetry Although quarkmodelcalculationsof form factorslike Gl
andISGW2maysene asroughguidelinedor first estimatesthey do notreflectthe modernstate-of-the-
artof theoreticakalculations For thisreasonit is importantto extendexisting studiestakingadwantage
of the recentdevelopmentsin the theoreticalcalculationof hadronicmatrix elementsas discussedn
Sec.8.31,andin particularto useonly suchmodelcalculationsthat reproducethe model-independent
resultsfor certainform factorratioslike (25).

The ATLAS collaborationhasstudiedthe decaysB) — p’u*p~, B — K*%uty~ and B —
¢°utu~. All thesechannelswerefully simulatedandreconstructedn the inner detector As possible
background the following reactionshave beenconsidered: B} mesondecaysto J/¥ K2, w®utpu~,
reflectionof BY — pu*p~ and BY — K*%u*u~ to othersignal-channelsB? mesondecaysto
K*(¢)u*p~, semimuoniadecaysof oneof the b quarksandsemimuoniadecaysof bothb quarks.An
additionalminimum biasof 2.4 eventsin the precisiontracker and 3.2 eventsin the transitionradiation
tracker were taken into accountwhen studyingthe signal and background. The expectedresultsfor
observinghesethreechannelsareshavn in Fig. 57.

Assumingthe SM to be valid, the measurementf the branchingfractionsof the decaysB) —
Pptu— andBY — K9t~ gives,in principle, the possibility to extractthe ratio of the CKM ele-
ments|V;4|/|Vis| usingthefollowing equation:

N(B) = p'ptp™)
N(BY = KOtu)

|Vial?

k .
! Vis?

(27)

The quantity k; dependson form factorsand Wilson-coeficients and also on the experimentalcuts.
Although thereexist claimsin the literaturethat, with propercuts, k; may be calculatedwith small
hadronicuncertaintiesseee.g.[175], thesepaperdendto underestimatéhe uncertaintyassociateavith
theimpacton c¢c resonancesn the spectrum(for Bg — p%utpu~, therearealsouu resonancewhose
contritutions are often completelyignored). Our presentknowvledge of theselong-distanceeffectsin



Intenal Smin — 0.14 0.14 +0.33 0.55 + Smax
ATLAS §Arp (3years) 5% 4.5% 6.5%
LHCb §Arp (1year) 2.4% 2.4% 5.8%
SM Arpp 10% -14% -29%
MSSM Arp (=17 +0.5)% | (=35 +—13)% | (—33 + —29)%

Table 26: Expectedprecisionfor asymmetrymeasurementat ATLAS andLHCDb, for 3 and1 yearsrunning,respectiely, at
low luminosity andassumingSM branchingratios;the experimentalnumbersrely on [176] andthe theoreticalpredictionson
the form factorsin the Gl parametrizatiorand MSSM parameterasdiscussedn [177]. The kinematiclimits are given by

8min = 4m},/m% andmae = (mp — mx+)?/m%.

Cge“ is, ashasalsobeendiscussedn thetheorysubsectionunsatisfctoryandcallsfor improvedtheory
studies.

ATLAS alsostudiedthe prospectdor measuringthe forward-backvard (FB) asymmetryArg,
definedin (21). Experimentallythefollowing quantitywill bemeasured:

<NF>[S1,82] - <NB>[31,52]
<NF>[51,32] =+ <NB>[31,52] ’

(AFB)[s;,50] = (28)

where(NF)(y, s,] and(Np)[s, s,] arethe numbersof positively chaged leptons(including thosefrom
background)noving in the forward andbackward directionsof the B meson respectrely, in therange
of the squareddimuonmasss € [s1, so]. In Fig. 55, we shav the SM predictionfor A5 togethemwith
predictionsin sereral SUSY extensionsof the SM, which are characterizedby the possibility thatthe
Wilson-coeficients C£" and/orCE" canchangesignwith respecto the SM. As discussedh theprevious
subsectionthe behaiour of theasymmetrywith s dependsrucially on thesesigns.For example,if the
asymmetryturnsoutto be negative at small s, thenthis meanghatthereis new physicsbeyondthe SM.

The precisionfor asymmetrymeasurementms threedifferent s intenals was estimatedby AT-
LAS. Thedataarepresentedn Tah 26, togethemwith asymmetrywaluesin the SM andone exemplary
SUSY model,integratedover the correspondingntenalsin § = s/m%. The expectedaccurayg of the
asymmetrymeasuremenwith the ATLAS detectomwill besufiicientto distinguishbetweerthe SM and
someof its extensionslt should,however, be stressedhatnewn-physicseffectsnotyielding sign-flipsof
the Wilson-coeficientsdo not changeA rp dramaticallyascomparedo the SM.

LHCb hasalsoperformedananalysisof B} — K*u* . Thematrix elementseproducinghe
correctdimuonmasdistribution wereimplementednto PYTHIA. Thedetectoresponséor bothsignal-
andbackground-eentswassimulatedandthechagedparticleswerereconstructeéh thedetector LHCb
expectsto obsere 4500BY — K*u*u~ eventsperyear For background-studigshe following reac-
tionsweresimulatedwith PYTHIA: BY — K*0utu=, BY — J/¢(K*0, K2, ¢, K*), with the subse-
quentdecayof .J /v into two muons,inclusve B — 4w, b — uX,b — puX andB — puD(uX)X. The
total numberof background-eentsis expectedo be 280. Thelarge signal-statisticsvith very low back-
groundgivesanicepossibilityto studythis channelin detail. LHCb alsoevaluatedhesensitvity of Az
measurementd.heresultsareshavn in the Tah 26. Promisingresultswereobtainedby LHCb for mea-
suringthe positionof the zeroof Arp, $o with Arpp(s9) = 0. As discussedn the previous subsection,
the positionof the zerois proportionalto theratio of two Wilson—coeﬁcients,C’g“/Ceﬂ, with only small
hadronicuncertaintiegrom form factors.Note, however, thatit is the effectiveWilson-coeficientsthat
determines, andthatthesecoeficientsencodeboth short-distanc&M and— potentially— new physics
effectsandlong-distanceQCD effects, which latter onesdo comewith a certainhadronicuncertainty
thatto datehasnot beeninvestigatedn suficientdetail. LHCb simulatecthe expectedmeasurementsf
theasymmetryseeFig. 58, andmadea linearfit of the "experimentalpoints”. It is shavn that s, canbe
measureavith 25%accuray, which leadsto a4% errorin extractingtheratio C§" /CeF.

The CMS collaborationstudiedthreerare B mesondecaychannels,B) — K*u*pu=, BY —
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ATLAS CMS LHCb
Channel B Signal | BG || Signal || Signal | BG
BY — pOutu~ 107 222 | 950 || 1050 notyet estimated
BY — K*0ptp~ | 1.5%x 1076 | 1995 | 290 | 12600 [ 22350 1400(< 4300 95%C.L.)
BY — ¢Outp 10°6 411 | 140|| 3600 notyet estimated

Table27: Expectedsignal-andbackground-statistider raresemimuoniadecaysfor 3 years’runningof ATLAS andCMS at
low luminosityand5 years’of LHCh. The CMS simulationwasdoneat the particlelevel only.

Putp~, BY — ¢'utu~, attheparticlelevel. No full simulationof the signalandbackgroundn the

CMS detectorhasbeenperformedyet. Secondaryertex reconstructiorwashowever studiedin detail.

The main sourceof uncertaintyin the CMS evaluationis the efficiengy of higherlevel triggering of

dimuonswith continuummassdistribution. The completeevent reconstructionusing object-oriented
techniguestheimplementatiorof varioushighertriggerlevel stratgiesandthe evaluationof triggering
efficienciesjs now undervay in CMS. Thesourcef backgrounctonsideregre B® — J/v(utp=)X,

BY — uY — up + X, reflectionof BY — ¢°u*p~ andBY — K*0u* i~ to othersignal-channeland
semimuoniaecayf bothb quarks.

Thenumberof signal-andbackground-eentsexpectedby ATLAS, CMS andLHCb aregivenin
Tah 27.

8.4 Inclusive Decays

Theinclusive decaymode B — X+ hasreceved muchattentionin connectiorwith its measuremerst
CLEO, B(B — X,y) = (3.15 4 0.35 4+ 0.32 4 0.26) x 10~* [178], which shouldbecomemuchmore
accuratevith databeingtakenatthee e~ B factories.A state-of-the-anteview oninclusive decayscan
befoundin the correspondinghapterof the BaBarphysicsbook[6]. The experimentalernvironmentof

a hadronicmachinemakesit very hardto measurenclusive decays.Neverthelessthe DO collaboration
at Fermilabwasableto seta 90% CL boundB(B — X,utpu~) < 3.2 x 10~* [179], which shouldbe
comparedo the correspondingCLEO [180] resultof 5.8 x 10~° andthe SM expectationof 6 x 10~°.

In the DO analysis,no displacedvertex wasrequiredfor the muon pair, contraryto the CDF analysis
of theexclusive B — K*utpu~ mode[181], wherea sensitvity of order10~% hasbeenreached.It is

aninterestingquestionto askwhetherLHC could improve the DO result(e.g. by requiringa displaced
vertex) andwhetherit couldpossiblyreachthe sensitvity requiredfor measuringhe branchingratiosof

B — X,yandB — X,u*p~ aspredictedn the SM.

Thetheoreticaladwvantageof theinclusive decaysB — X,y andB — X, u*pu~ over particular
exclusive channeldies in the fact that non-perturbatie contritutions to the inclusve modescan be



calculatedn a model-independemway with the help of the OperatorProductExpansion(OPE)within

the Heary Quark Effective Theory (HQET) [182]. Actually, this statements true only at the leading
orderin hardstronginteractiongi.e. in as(my)/7) andonly afterimposingcertainkinematiccuts(see
e.g. [167, 163). Evenwith theserestrictions,the accurag of theoreticalpredictionsfor the inclusive

branchingratiosis expectedo bebetterthanin the exclusive case.

Thetheoreticalanalysisof B — X, proceedslongthe samelinesasin the B — K*v caseup
to Eq. (12), where K* hasto bereplacedby ary S = —1 hadronicstateX,. Then,themodulussquared
of theamplitudeis taken,anda sumover all the statesX is performed.Theobtainedsumcanberelated
via the opticaltheorento theimaginarypartof the By — By elasticscatteringamplitude analogously
to whatis donein the analysisof B — X, .ev [183]. After OPE and calculatingmatrix elementsof
severallocal operatorsdetweenB mesonstatesat rest,onefindsthatthe “subtracted’branchingratio

H b H B, 1 2
B(B = X325 = B(B = X7)5,> B — BB = X\gtnamt?) % B = X{eiparmt) (29)
is givenin termsof the purelyperturbatre b quarkdecaywidth, up to smallnon-perturbatie corrections

> subtracted) perturbatie NLO
(B — Xs’Y)EW>EcuL - b — Xs’Y)EpEcuL

F(B N XCEDe) - F(b N Xceye)perturbaﬂe NLO

X [1+ (0N /m}) ~1%) + (O(A*/m2) ~ 3%))| (30)

X

Thenormalizationto the semileptoniaatehasbeenusedhereto canceluncertaintiesiueto my, CKM-
anglesandsomeof the non-perturbatie corrections.Onehasto keepin mind that (30) becomesa bad
approximatiorfor Eg“t < 1 GeV, andthatnon-perturbatie correctiongrow dramaticallywhenE;ut >
2 GeV. Moreover, non-perturbatie effectsarisingat O(as(my)) arenotincludedin (30). Estimatingthe
sizeof suchnon-perturbatie effectsrequiresfurtherstudy seeRef.[163]. For E..; = 1 GeV, Eq.(30)
gives

B(B — X7) 305 = (3.20 £0.33) x 107, (31)

where the dominantuncertaintiesoriginate from the uncalculated®(a?) effects and from the ratio
m./my in the semileptoniacdecay(around7% each).

The calculationof B — X ut i~ for smalldimuoninvariantmassis conceptuallyanalogougo
B — Xy, but technicallymorecomplicatedbecausenoreoperatordorecomemportant.Here,we shall
guoteonly thenumericalestimatg167]

B(B = Xyt i) seoomm 0:25m3) = (1:46 £ 0.19) x 1077, (32)

whereonly the errorfrom p-dependencef the perturbatre amplitudeis included.

8.5 Conclusions

The LHC experimentswill be ableto male precisemeasurementsf rare radiatve, semimuonicand
muonic B decays. ATLAS and CMS will measurearedecaysin the centralyn region, which will be
complementaryo the datato betaken by LHCb. A first assessmerf LHC’s potentialto measureare
B decayshasshawvn thatit will bepossibleto

e obsere BY — u*pu~, measuréts branchingratio, whichiis of order10~? in the SM, andperform
ahigh sensitvity searchfor B — pu*u—;

e measurehebranchingratio anddecaycharacteristicef B} — K*0v atLHCb;

e measurehebranchingatiosof BY — ¢°u*u~, BY — p°utp~ andB) — K*9utu~ andstudy
thedynamicsof thesedecays;

e measurdhe FB-asymmetryin Bg — K*0u% 1~ which allows the distinction betweenthe SM
andalarge classof SUSY models.



Studyingraremuonicdecaysathigh luminositywith the ATLAS andCMS detectorsvould significantly
improve theresultsthatcanbe obtainedat low luminosity

Openquestiongo bediscussedn thefutureinclude:

e assessmertf the combinedperformanceof LHC experimentson rare muonic and semimuonic
decays;
o studiesof CPasymmetriesn raresemileptonidB decaysat LHC;

¢ evaluationof the potentialof ATLAS, CMS and LHCb to measurenclusive BS,S — Xptp~
branchingratios;

o detectionof raredecayswith a7 in thefinal state;

o feasibility studyfor measuringsemimuonicdecayswith a pseudoscalamesonin the final state,
e.9.By — mutpu, By — Kutu~.

From the theory point of view, the mosturgentquestionleft openis the preciseassessmeruf
long-distanceeffectsbothin theradiatve B decaysB — (K™, p)~ andin thesemimuonimnes,encoded
in the effective Wilson-coeficient CS™; the lack of knowledgeof theseeffectslimits the precisionwith
which CKM matrix elementsandshort-distanceoeficientscanbe extractedfrom semimuoniadecays.
Othertasksremainingaretheimprovementof form factorcalculationsfor instancdrom lattice,andthe
parametrizatiorof form factorsin a form thatincludesas muchknown informationon the positionsof
polesandcutsaspossible. Also, the possiblesize of CP asymmetriesn semimuonicdecaysdeseres
furtherstudy;only few paperdreatthatsubject,seee.g.[184].

9. THEORETICAL DESCRIPTION OF NON-LEPTONIC DECAYS?'®

Exclusve non-leptonid decaydorm animportantpartof LHC's B physicsprogrammeandatthesame
time poseabig challengdor theory In thestandardpproactusinganeffective weakHamiltonian,non-
leptonic decayamplitudesare reducedto productsof short-distancaVilson-coeficients and hadronic
matrix elementsThecalculationof thelatteronesrequireggenuineknowledgeof non-perturbatie QCD
andis oftendonein the so-calledfactorizationapproximationwherea matrix elementover typically a
four-quark operatoris “factorized”into a productof matrix elementsover currentoperatorswhich are
mucheasierto calculate:

(J/VKs | (eyu0)(59%0) | B) — (J/4 | (eyuc) | 0) x (Ks | (s7"'b) | B).

Thefactorizationapproximations, of course hot exactandthe assessmerntf “non-factorizablecontri-
butions”, including FSI phasesis a fundamentaproblemof stronginteractionswhich affectsboththe
extractionof weakphasesrom CP asymmetrieslike Acp(B — =), andthe determinatiorof CKM
anglesor new physicsfrom raredecays.Whereasn Secs.3 to 5 a pragmaticapproachhasbeenpre-
sentedwvhich aimsat constrainingstrong-interactioreffectsfrom experiment,it remainsa big challenge
for theoryto predict theseeffectsfrom first principles. For this reasonwe devote a separatesectionto
review severalanstzefor solvingor ratherapproachinghe problem,althoughit is to be admittedthata
completesolutionis still far beyond our power. In threesubsectionsve discusshe calculationof non-
factorizablecontritutionsto B — J/¢ K *) from QCD sumruleson thelight-cone[185, 186, amethod
for obtaininginformationonthestrongphasen B — 7« from dispersiorrelations[187] and,finally, an
approachhatappliesthe methodslevelopedfor hardexclusive QCD reactiondo certainB decaysn the
heary quarklimit m; — oo [76]. Wewould like to stresshowever, thatthe problemof how to calculate
non-factorizablecontributionsand,in particular FSI phasesis very challengingndeedandthata lot of
theorywork remainsto be done.We thuscanpresentjnsteadof a coherenpicture,only facettesalbeit
scintillatingones.

15gectioncoordinatorsP. Ball, M. Benele, G. Buchalla,|. CapriniandA. Khodjamirian.



9.1 Non-Factorizable Contrib utionsto B — J /K ™)

The non-factorizablecontritutionsto the amplitudesof B — J/¢K*) decayshave recentlybeenes-
timated[185, 186 using operatorproductexpansion(OPE) and QCD light-conesumrules. In this
subsectionye outlinethe mainresultsof this study

With the effective Hamiltonian(1), the matrix elementof B — .J /1)K *) hasthefollowing form:

GF
\/5

+ 5 Calp) (KO T/ i) B>]. @

Ca(p)

(KO0 | Hey | B) = 3

VcbV;[ (Cl(u) + ) (KW J/y | O3 (u) | B)

Theexplicit form of thefour-quarkoperator€)s , is givenin (10). The operator

~. )\ )
O] = (cfpic) (sI‘,,?b)

with T, = 7, (1 —~5) originatesrom theFierzrearrangemerdf O3. In thefactorizationapproximation,
the matrix elementf Of vanishandthe matrix elementf OF aresplitinto the product

(KWJ/4 | Of(p) | B) = i (J/t | elPe | O)(K™ [ sLyb| B) 2

involving simplermatrix elementsf quarkcurrents:(0 | cl'Pc | J/v¢(p)) = fwmq/,e@ and

(K(p) | sTwb | B(pp)) = f+(s)(PBp + Pp) + [ (5)dp- (3)

Theform factordecompositiorof the matrix element K *) (p) | s | B(pp)) canbefoundin (19). In
theabore,q = pp — p, s = ¢2, fy is the J /¢ decayconstantg,, , ex~ arethe polarizationvectorsof
J/v¢ and K*, respectiely, and f arethe form factorsfor B — K. For the numericalanalysiswe use
theform factorsascalculatedrom QCD sumruleson thelight-cone[188, 35, 126, 169.

Thesshort-distanceoeficientsC; 2 (1) andthe matrix elementsentering(1) arescale-dependent,
whereadhe decayconstantsaindform factorsdeterminingthe right-handsideof (2) arephysicalscale-
independenguantities. Therefore factorizationcanat bestbe an approximationvalid at one particular
scale.In fact,in bothB — J/¢ K andB — J/¢ K*, factorizationdoesnotwork at . = O(m;) andis
unableto reproducebothpartialwidthsandtheir ratioascanbeseenfrom Tah 28. Factorizationn these
channeldhasto begeneralizedy replacingthe short-distanceoeficient C; (1) + Ca(p) /3 by effective
coeficients a» which are supposedo be scale-independerand incorporatepossiblenon-factorizable
effects. Themostgeneraldecompositiorof the matrix elementsn (1) includesoneeffective coeficient
for B — J/i K andthreefor B — J/¢K*) (onefor eachpartialwave):

(K (p)J/4(q) | Hes | B(pp)) = V2GrVaViay ™ fufrmy(e) - p) (4)
* S G *
(K*(p)J/4(q) | Heg | B(pB)) = TVcchsmfm [— i(mp +mie e pap T Ais)
(k- -q)(pB+D)p BwK €pvap€rt-q™p” BYK*y,
As 22— -~ g . (5
o mp + Mg+ (s) + mp + Mg~ 2.V (8)} ®)
From experimentaldatawe obtain estimatedor thesecoeficients as displayedin Tah 28. Only the
absolutevaluesof oy andal {™" (i = 1,2, V) canbeextracted whereashe relative signof ay§ "~

anday (™" turnsout to be positive with a twofold ambiguityfor the coeficientaj’y™ . It is important

to noticethat experimentaldatathemseles signalnon-unversality of the a»- coeﬂments,althoughthe
accuray still hasto beimproved.



DecayParameter (@) (b) Experiment

T(B — J/YK) (in10°sec’) | 1.0+ 15| 0.15+ 0.2 {gfi 8-2%1))[3%

9.7+ 1.1(B")[64]
9.0+ 1.6(B*)[64]

I'(B— J/4K*)(in10®sec?!) || 3.9+-6.0| 0.6+0.9 {

T'(B — J/yK*)/T(B — J/¥K) 2.6 6.2 1.35; 0.62%[;[02]]
, 52+ 0.08[1
PL=T./T 0.475- 0.465 { 0.65.4 0.11(86 107
"] 0.14 0.055 | 0.31+0.02+0.03
g™ 0.14 0.055 | 0.189%3+0.02
ByK* 0.137095+0.01
DK 0.14 0.055 | 0.16'09:+0.02

Table28: B — J/wK(*) decaycharacteristicgalculatedin naie factorizationapproximationneglecting non-factorizable
contritutionsandtakingC1 2 (1) from [6] in NLO at(a) u = ms, (b) 4 = ms /2 andcomparedvith experiment. Theintervals
of theoreticabredictionsreflectthe uncertaintiesn the B — K and B — K* form factorstakenfrom [168].

Now we turn to describinghow thesecoeficientscanbe estimatedheoretically The mainnon-
factorizablecontributions to as comefrom the matrix elementsof OF, which are parametrizedn the
form [185]

(KJ/¢ | OF(n) | B) = 2fymuf ()€}, - p), (6)
(K T/ | O(p) | B) = myfyelf | — i(mp + muce)eie., s (s)
(ex- 0B+ D)y £ €prap€itaq°p” o
+i KmB e Aa(s) + 2 V(s)). ©)
aPYE canbeexpressedhs
BYK _ 1) | o0 fw) 3
CL2 1(:“) + 3 + Q(iu) f+(m12/)) + ( )

andsimilar expressiongor a7{"*", a2’y anday ™" with theratios 4, /A; (m3), Ay/Az(m?) and

V/V(mi), respectiely, replacing f(x)/f+(m2). In the above, the ellipsesdenoteneglectednon-
factorizablecontritutions of O3, which are supposedo be subdominant. The non-factorizableam-
plitudes de,K, ﬁl,g and VV have beenestimatedin Ref. [186] following the approachsuggestedn
Ref. [189] and using OPE. In this reportwe do not have the spaceto explain the methodin detalil,
but simply statethe results. At the currentlevel of accurag, one predictsthe following rangesof non-
factorizableamplitudes:

f(po) = —(0.06 +0.02), ©)
Aq (o) = 0.0050 £ 0.0025, Aa(po) = —(0.002 +0.001), V(o) = —(0.09+0.04) . (10)

Theseestimateseveal substantiahon-unversalityin absolutevaluesanddifferencein signsof thenon-
factorizableamplitudes. Although the ratios of theseamplitudesto form factors,e.g. f(u)/ f+(mfj,)
~ (.1 aresmall, they have a strongimpacton the coeficients a; becausef a strongcancellationin
C1(po) + Co(po)/3 ~ 0.055, ug = 2m, = 2.6 GeV (which is numericallycloseto m;/2) beingthe
relevantscalein the processFrom (8) andthe correspondingelationsfor the otheras, we obtain:

ay "™ = —(0.09+0.23), ag?™" =0.07+0.09, aPy" =0.04+0.05, agt” = —(0.05+0.26),
(11)



wherean additional +(10 + 20)% uncertaintyfrom the form factorsshould be added. Although in
comparisorwith the experimentalnumbersfor |aB”’ | and |aB”’ |, the estimateg11) fall somevhat
short,the gapbetweemaive factorizationat . = my,/2 andexperlmentis narraved considerablyNote
alsothat the sumrule estimategor a3*** andajy™" yield negative sign for thesetwo coeficientsin
contradictionto the global fit of thefactorizeddecayampIitudesto thedata[138], yielding a universal
positive ay. For ayy™" anda)y", the estimatesn (11) arenot very conclusie in view of the large
experimentaluncertalntlesof thesetwo coeficients. Clearly, furtherimprovementsn thesumrulesare
neededo achieze moreaccurateestimatesNeverthelesstheabove calculationhasdemonstratethatfor
future theoreticalstudiesof exclusive non-leptonicdecaysof heary mesonQCD sumrule techniques

provide new waysto go beyondfactorization.

9.2 DispersionRelationsfor B Non-Leptonic Decaysinto Light PseudoscalatMesons

Rescatteringeffectsin non-leptonicB decaysdnto light pseudoscalamesonsvereinvestigatedn [187]

by themethodof dispersiorrelationsin termsof theexternalmassesDefiningtheweakdecayamplitude
Ap_pp, = A(mQB, m%, m2) whereP,, P, arepseudoscalanesonspnecanshav [187] thattheweak

amplitudesatisfieghe following dispersionrepresentation:

(mp—mg)?

i 2 2
Al mt,m) = AO (b mi,md) + = [ 4z 2EAREIE) gy
T ) z — ml — 1€

Thefirst termin this representatiors the amplitudein the factorizationlimit, while in the seconderm
the dispersionvariableis the masssquaredof the mesonwhich doesnot containthe spectatorquark.
Therepresentatiofil2) allows oneto recover the amplitudein thefactorizatiomapproximatiorwhenthe
strongrescatterings switchedoff, which is a reasonableonsisteng condition. As shavn in [187], in
thetwo-particleapproximation12) canbewritten as

1 _
Ap—pP P, :Ag)_ﬂ& + = Y TepreprAp-pei+= Y, TepeppApoppe.  (13)
{P3P4} { P3Py}

In this reIationAS:?)_)P1 Py istheamplitudein thefactorizatiorlimit, Ap_, p, p, is obtainedrom Ag_ p, p,
by changinghesignof thestrongphasesthecoeficientsI p, p,. p, p, arecomputecasdispersie integrals

e —
P3Py PPy (2
FP:sPA,;PlPQ - E dz - 3_ ;anl _2 je (14)
1

0

andT p, p,. p, p, aredefinedasin (14), with the numeratoiC' replacedoy C*, where

- Py Ak,
2/ (27)32ws (27)32uwy

Crypypip, (2 (2m)*6™W (p — ks — k) Mpyp,—pipy(5,1) . (15)
ThestrongamplitudesM p, p,. p, p, (s, t) enteringthis expressiorareevaluatedor anoff-shellmesonP;
of masssquaredequalto z, atthec.m.enegy squarecs = m%, which is high enoughto justify the ap-
plicationof Regge-theoryA detailedcalculation[187] takesinto accountboththe t-channelrajectories
describingthe scatteringat smallanglesandthe u-channetrajectoriesdescribingthe scatteringat large
angles.

Let usapplythe dispersie formalismto thedecayB? — =7, takingasintermediatestatesin

thedispersiorrelation(13) thepseudoscalanesonsr ™7 —, 7070, K*K , KOKO, ngng, n1m andn;ns.
AssumingSU(3) flavoursymmetryandkeepingonly the contritution of the dominantquarktopologies,
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Fig.59: Theratio R = |Ap/Ar| (left) andtheweakphasex (right), asfunctionsof the strongphasedifferences, solid curve
or = 7/12, dashedturve 67 = 0.

the dispersiorrelation (13) becomesan algebraicequationinvolving tree and penguinamplitudes,Ar
andAp. With theReggeparametersliscussedn [187], thisrelationcanbewrittenas

A(B® — ntn7)/Ap=e" + Re¥e

—idT ) ‘ | |
:eA [A(T0>ew + A§9>e—zﬁ] —~ {(0.01 +1.274) + (0.75 — 1.014) e—mT} o
T

+R | (197 +2.647) ¢ — (1.79 — 2.00i) e~ o207 | ¢~ (16)

HereAgg) and A§S> are the amplitudesin the factorizationapproximation,R = |Ap/Ar| anddé =
op — o7, o7 (0p) beingthestrongphaseof A1 (Ap), respectrely. It is seenthattheweakanglesappear
in the combinationy + § = m — a. Solving the complex equation(16) for R and«, we derie their
expressionasfunctionsof o andé. Theevaluationof theseexpressionsequiresalsothe knowledgeof
theratiosAgg)/A(TO) andAgf))/AT. In Fig. 59 we represeni? anda asfunctionsof the phasedifference

0, for two valuesof dr, usingasinputAgg)/A(TO) =0.08 andAg))/AT ~ 0.9 [76]. Valuesof theratio R
lessthanoneareobtainedfor both; = 0 anddy = 7/12. The dominantcontritution is given by the
elasticchannelmorepreciselyby the Pomeronasis seenin Fig. 59, wherethe dottedcurve shavs the
ratio R for 67 = /12, keepingonly the contritution of the Pomerorin the Reggeamplitudes.

The above resultsshav that the dispersie formalismis consistenwith the treatmenthasedon
factorizationandperturbatie QCD in the heary quarklimit presentedn Ref.[76], supportingtherefore
the physicalideaof parton-hadromuality Froma practicalpoint of view, thedispersiorrepresentations
in the externalmassprovide a setof algebraicequationgor on-shelldecayamplitudes)eadingto non-
trivial constraintsn the hadronicparameters.

9.3 QCD Factorization for Exclusive Non-Leptonic B Decays

The theory of hadronicB decaymatrix elementss a crucial basisfor precisionflavour physicswith
non-leptonicmodeswhich is oneof the centralgoalsof the B physicsprogrammeatthe LHC. A new,
systematicapproachtowardsthis problem,going beyond previous attemptswasrecentlyproposedn
[76]. It solvesthe problemof how to calculatenon-factorizablecontributions,andin particularFSis,in
the heary quarklimit andconstitutesa promisingapproachcomplementaryo the onediscussedn the
precedingsections.In this approachthe statemenbf QCD factorizationin the caseof B — =, for
instancecanbe schematicallywritten as

A(B — 7m) = (il B) (aljalo) - |1+ O(a) + 0 (222 7)



Up to correctionssuppressethy Aqcp/mp the amplitudeis calculablein termsof simpler hadronic
objects: It factorizesto lowestorderin oy, into matrix elementsof bilinear quarkcurrents(j; 2). To
higher orderin s, but still to leadingorderin Aqcp/mp, thereare ‘non-factorizable’ corrections,
which are however governedby hard-gluonexchange.They arethereforeagaincalculablein termsof
few universalhadronicquantities. More explicitly, the matrix elementof four-quark operators); are
expressedy thefactorizationformula

_ 1 1
(n()m ()| Qi B(p)) = f777(¢?) /0 dz T} (2)Pr(2) + /0 dédedy T} (€, 2, y) DB (€) Pr (2) Px(y),
(18)
which is valid up to correctionsof relative order Aqcp /my,. Here f8=™(¢%) isa B — = form factor
[185, 126 evaluatedat¢®> = m?2 = 0, and®, () areleading-twistlight-conedistribution amplitudes
; i1 . . . :
of the pion (B meson).The T, """ denotehard-scatterindernels,which are calculablein perturbation

2

theory Thecorrespondingliagramsareshawvn in Fig. 60.
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Fig. 60: Ordera; correctiongo thehardscatteringkernelsr? (firsttwo rows)and7; ! (lastrow). In thecaseof T/,
the spectatoiquarkdoesnot participatein the hardinteractionandis not drawn. Thetwo lines directedupwards
representhetwo quarksforming the emittedpion. 7}/ startsat O(a?), TH atO(al).

This treatmentof hadronicB decayss basedon the analysisof Feynmandiagramsn the heary
quarklimit, utilizing consistenfpower countingto identify the leadingcontritutions. The framevork
is very similar in spirit to more corventionalapplicationsof perturbatie QCD in exclusive hadronic
processesvith a large momentumtransfey as the pion electromagneti¢orm factor [190, 191, 197.
It may be viewed as a consistentformalizationof Bjorken’s colour transparenc argument[127]. In
additionthe methodincludes,for B — =z, the hard non-factorizablespectatorinteractions,penguin
contributionsandrescatteringffects. As a corollary onefindsthatstrongrescatteringphasesreeither
of O(«y), andcalculablepr powversuppressedn ary casethey vanishthereforan theheary quarklimit.
QCD factorizationis valid for caseswherethe emitted particle (the mesoncreatedfrom the vacuum
in the weak processasopposedo the onethat absorbgshe b quark spectatorjs a small size colour
singletobject, e.g. eithera fastlight meson(r, o, K, K*) or a J/+. For the specialcaseof the ratio
I'(B — D*r)/T(B — D) the perturbatie correctionsto nawve factorizationhave beenevaluatedin
[193] usinga formalismsimilar to the onedescribedabore. Note thatfactorizationcannotbe justified
in thisway if the emittedparticleis a heary-light meson(D ™)), which is not a compactobjectandhas
strongoverlapwith theremaininghadronicervironment.

9.31 Final Statelnteractions

A generalissuein hadronicB decayswith importantimplicationsfor CP violation, is the questionof
FSIs. Whendiscussinghis problem,we may choosea partonicor a hadroniclanguage.The partonic
languagecanbejustified by the dominanceof hardrescatteringn the heavy quarklimit. In thislimit the
numberof physicalintermediatestatess arbitrarily large. We maythenargueon the groundsof parton-
hadronduality thattheiraveragds describedvell enough(say upto Aqcp/my, correctionspy apartonic



ay (mm) ay (mm) a§(nm) ak (mm)ry
1.038 + 0.0187 | —0.029 — 0.0157 | —0.034 — 0.0087 -

(1.020) (—0.020) (—0.020) (—0.030)

Table29: QCD coeficientsa? (r7) for B — 77~ atNLO (renormalizatiorscaley = my). Leadingordervaluesareshavn
in parenthesifor comparison.

calculation. This is the pictureimplied by (18). The hadroniclanguagés in principle exact. However,
thelarge numberof intermediatestateanakesit almostimpossibleto obsere systematicancellations,
which usuallyoccurin aninclusive sumof intermediatestates.

Consideragainthe decayof a B mesoninto two pions. Unitarity impliesIm A(B — 7m) ~
>nA(B — n)A*(n — =wm). The elasticrescatteringcontritution (n = =) is relatedto the nn
scatteringamplitude,which exhibits Regge behaiour in the high-enegy (m; — oo) limit. Hencethe
soft, elasticrescatteringphasancreaseslowly in theheary quarklimit [194]. Ongeneralgroundsit is
ratherimprobablethatelasticrescatteringyivesan appropriatedescriptionat large m,,. This expectation
is alsoborneout in the frameavork of Regge behaiour, see[194], wherethe importanceof inelastic
rescatterings emphasizedHowever, the approactpursuedn [194] leavesopenthe possibility of soft
rescatteringphasedhat do not vanishin the heary quarklimit, aswell asthe possibility of systematic
cancellationsfor which the Reggelanguagedoesnot provide anappropriateheoreticaframewvork.

Eq.(18)impliesthatsuchsystematicancellationslo occurin thesumover all intermediatestates
n. It is worth recalling that such cancellationsare not uncommonfor hard processes.Considerthe
exampleof eTe~ — hadronsat large enegy g. While the productionof any hadronicfinal stateoccurs
on a time-scaleof order1/Aqcp (andwould leadto infrared divergencesf we attemptedo describe
it in perturbationtheory), the inclusive crosssectiongiven by the sumover all hadronicfinal statesis
describedsery well by a ¢g pair thatlivesover a shorttime-scaleof order1/q. In closeanalogy while
eachparticularhadronicintermediatestaten, cannotbe describedn termsof partons,the sumover all
intermediatestateds accuratelyrepresentedby a ¢g fluctuationof smalltrans\ersesizeof order1/my,,
which thereforeinteractdittle with its environment.Notethatpreciselybecausehe ¢g pairis small,the
physicalpictureof rescatterings very differentfrom elasticr7 scattering- hencethe Reggepictureis
difficult to justify in theheavy quarklimit.

As is clearfrom the discussion parton-hadrorduality is crucial for the validity of (18) beyond
perturbatre factorization A quantitatve proof of how accuratelyduality holdsis ayetunsohed problem
in QCD. Shortof a solution,it is worth noting thatthe same(oftenimplicit) assumptions fundamental
to mary successfuQCD predictionsn jet andhadron-hadromphysicsor heary quarkdecays.

9.32 QCD Factorizationin B — nr

Let usfinally illustrateonephenomenologicapplicationof QCD factorizationin the heary quarklimit
for B — ntn~ [76]. The B; — 7" 7~ decayamplitudeA reads

A= i%m?gh(o)ﬁrlkcl - [Rpe™ (ag (wm) + ai(mm) + ag(wm)ry) — (af(7m) + ag(wm)ry)]. (19)
Here R, is the ratio of CKM matrix elementsdefinedin (9), v is the phaseof V;;, andwe will use
V| = 0.039 £ 0.002, |V /Vip| = 0.085 + 0.020. We alsotake f, = 131 MeV, fp = (180 + 20) MeV,
f+(0) = 0.275 £ 0.025, and7(By) = 1.56 ps; A\, = V.5 Vi, The contritution of af(77) is multiplied
by ry = 2m2/(my(my + ma)) ~ Aqgep/me. It is thusformally power suppressedout numerically
relevantsincer, ~ 1. The coeficientsq; are estimatedn Tah 29. We thenfind for the branching
fraction )

B(By— ntn)=6.5[6.1] - 1076 \ e +0.09[0.18] ¢#127 [6-7)° (20)
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Fig. 61: Coeficientof — sin(AMp,t) vs. sin 2a. sin 23 = 0.7 hasbeenassumedSeetext for explanation.

The default valuescorrespondo ag () = 0, thevaluesin bracletsusea(7) atleadingorder The
predictionsfor the 7+ 7~ final statearerelatively robust, with errorsof the orderof 4+ 30% dueto the
input parametersThedirect CPasymmetnjin the 7+ 7~ modeis approximatelyt% x sin +.

As a further example,we usethe factorizationformulato computethe time-dependentnixing-
inducedasymmetnjin B; — 77— decay

A(t) = =S -sin(AMp,t) + C - cos(AMp,t). (21)

In the absenceof a penguincontrikution (definedasthe contritution to the amplitudewhich doesnot
carrytheweakphasey in standardghasecorventions),S = sin 2a (wherea refersto oneof theangles
of the CKM unitarity triangle)andC' = 0. Fig. 61 shavs S asafunction of sin 2« with the amplitudes
computedaccordingto (18) and (19). The centralof the solid lines refersto the heary quark limit
including o5 correctionsto nawve factorizationand including the powver-suppressederm aer, thatis
usuallyalsokeptin nawve factorization. The othertwo solid lines correspondo droppingthis term or
multiplying it by a factorof 2. This exerciseshavs thatformally powver-suppressetermscanbe non-
neggligible, but it alsoshawvs thatameasurementdf S canbeconvertedinto arangefor sin 2o which may
alreadyprovide a very usefulconstrainton CP violation.

More work remaingto bedone.The proof of factorizatiorhasto be completed Pover corrections
areanimportantissue,asmy, is not arbitrarily large. Thereexist ‘chirally enhancedtorrections~ r,.
All suchtermscanbeidentified,but they involve non-factorizablesoft gluons. The size of theseterms
hasto beestimatedo arrive atarealisticohenomenologyf this canbe done,onemayexpectpromising
constraintsand predictionsfor a large numberof non-leptonictwo-bodyfinal states.We emphasizen
particularthe experimentallyattractve possibilityto determinesin 2o from B — = +7— decaysalone.

10. B.PHYSICS!®

The B} mesonis thelowestlying boundstateof two heary quarks,b andc. The QCD dynamicsof this

stateis thereforesimilar to that of quarlonium systemssuchasthebb or cc families,which areapprox-
imately non-relatvistic. In contrasto the commonquarlonia, however, B, carriesopenflavour andthe

groundstateis stableunderstronginteractions.In fact, B, is the only hadroncombiningthesefeatures
andforming a flavoured,weakly decayingquarlonium. Sincethe complicatednterplay of strongand
weakforcesis the key problemin thetheoreticalanalysisof weakdecaysof hadronsthe quarlonium-

like B. providesus with a very interestingspecialcaseto study sucha generalquestion. Tools for

calculation,for exampleheary quarkexpansionsnon-relatvistic QCD (NRQCD), factorizationwhich

areimportantin mary areaof heavy flavour physics,canbetestedn acomplementargetting.

The obsenration of the B, mesonby the CDF Collaborationin the channelB. — J/lv, with

165ectioncoordinatorsG. Buchalla,P. ColangelcandF. De Fazio.



measureadnassandlifetime [195]
Mp, = 6.40 £ 0.39 (stat)+ 0.13 (syst)GeV, 75, = 0.467015 (stat)+ 0.03 (syst)ps  (22)

openedup the experimentainvestigationsof the bc hadronicsystem.B,. physicscanalsobe pursuedat
theLHC, wherea copiousproductionof the B. mesorandof its radialandorbital excitationsis expected
[47] (seealso[196] for arecentreview). No full experimentaktudieshave beenperformedyet, andthus
we concentrat®n abrief summaryof B.. decaypropertiescollectingusefulinformationandillustrating
arangeof opportunitieghatmay be pursuedn this field. We alsoshortly summarizehe presenstatus
of experimentaktudies.

10.1 B. Lifetime and Inclusive Decays

Thetotal decayrate of the B. canbe computedstartingfrom a heary-quarkexpansionof the transition
operatoy supplementetty NRQCD. This framework is familiar from the studyof ordinary heary-light
b hadronlifetimes [19], with the basicdifferencethatin the heary-light casethe role of NRQCD is
playedby heary-quarkeffective theory(HQET). For B, the characteristideaturesof NRQCDresultin
aparticularlyintuitive expressiorfor thetotal rate:
1}2 1)2

FBC =1 (1— ?b> + T, <1— é) +AFPI+AFWA+O(U4) (23)
Eq. (23)is written asanexpansionin theheary quarkvelocitiesv, completethroughorderv?. To lowest
order v%, we have I'g, = Iy, + I, the sumof the free decayratesof the heary quarkconstituents and
c. Thefirst boundstatecorrectionsariseat O(v?) only andareequivalentto time-dilatation. The effect
of binding compelsthe heary quarksto move aroundeachothey thusretardingtheir decay At O(v?)
therearetwo terms. First, a correctionfrom Pauli interferencePl) of thetwo ¢ quarksin thefinal state
of (¢)b — (c)ecs decay Seconda contritution from the weakannihilationof the constituentsdc, either
into hadronsor into leptons,the latterdominatedby B. — 7v. A numericalanalysisof (23) givesthe

estimatd197] .

I'p,
with a large uncertaintyfrom the heary quark massegm.), but in agreementvith the measurement
(22). The sameframavork canbe usedto calculateotherinclusive decaypropertiesof B., for instance
the semileptonicbranchingfraction B(B. — Xev), which turnsout to be ~ 12%. More detailsand
referencesanbefoundin [197, 198 199.

TB, = (0.4-0.7) ps, (24)

10.2 Leptonic and Radiative Leptonic B. Decays
Thepurelymuonic B. branchingatiois determinedy thedecayconstantf,:

o o = oo 2 (1 )
™

Mp, Mg
s Msp 2% /B 2 18
= 6.8x107° c < S 25
528 Gev (0.04) (400Mev) 0.46 ps (25)

The value of fp. hasbeencomputedby lattice NRQCD: fp. = (420 + 13) MeV [200], QCD Sum
Rules: fp, = (360 + 60) MeV [201, 202, and variousquark modelswith predictionsin the range
fB. = [430 — 570] MeV [203].

Thephotonemissionin theradiatve muonicdecayB,. — uv~y removesthehelicity suppressionf
thepurelymuonicmode.In thenon-relatvistic limit, theradiatve muonicdecaywidth is alsodetermined
by fg, [204]. In thislimit oneobtainstheratioI'( B, — uvvy)/I'(B. — pv) ~ 0.8. Correctiongo this
resultwithin arelativistic quarkmodelhave beendiscussedn [205].



10.3 Semileptonic B. DecayModes

The calculationof the matrix elementgyoverningthe exclusive semileptonicB,. decaymodeshasbeen
carriedoutusingQCD sumrules[202, 206 andquarkmodelq207, 208. Thepredictiongor thevarious
exclusive decayratesarereported(in ratherconserative rangesjn Tah 30, with theconclusionthatthe
semileptonicB, decaywidth is dominatedoy the modesinducedby thecharmdecay

Channel (10~ GeV) B
B} — Bgetv 11 —61 [8 —42] x 1073
Br — Bretv 30 — 79 [21 — 55] x 1073
Bf — Baetv 1—4 [7—28] x 10°%
Bf — Bietv 2—6 [14 — 42] x 1074
BY — neetv 214 [14 — 98] x 1074
Bf — J/etv 22 — 35 [15 — 24] x 1073
B+ — nletv 0.3 0.7 [2 5] x 107%
Bj — ety 1-2 [7—14] x 1074
BF — DYty 0.01 — 0.09 [7—63] x 107°
Bf — D*ety 0.1-0.3 [7—21] x 1077

Table30: SemileptonicB, decaywidthsandbranchingfractions(rs, = 0.46 ps).

The calculationof the semileptonicmatrix elementscan be put on a firmer theoreticalground
taking into accountthe decouplingof the spin of the heary quarksof the B. meson,aswell asof the
mesonproducedn the semileptoniadecaysj.e. mesondelongingto the cc family (»., J/1, etc.) and
mesonsontaininga single heary quark(Bé*), Bc(l*)' D®). Thedecouplingoccursin the heary quark
limit (my, m. > Agcp); it producesa symmetry the heary quarkspin symmetry allowing to relate,
nearthe zero-recoilpoint, the form factorsgoverningthe B. decaysnto a0~ and1~ final mesonto a
few invariantfunctions[209]. Examplesarethe processes3. — (B, B} )uv andB. — (By, Bj)uv,
wherethe enepgy releasedo the final hadronicsystemis muchlessthanm;, thusleaving the b quark
almostunafected.Thefinal B, meson(a = d, s) keepsthe sameB, four-velocity v, apartfrom asmall
residualmomentumy. Definingpp, = Mp_ v andpg, = Mp,v + ¢, onehas:

<Ba: U7 Q‘VM|BC7 v) = \/ 2MBC2MBa Ql ’U# + aO QQ qu]
(Bysv,q,€|Vy|Be,v) = —i /2Mp 2Mp: ag 25 €pape™ q” VP
(By:v,q,€|A,|Be,v) = \/2Mp.2Mp: [Q] 6 +ao Q5 € - qul, (26)

i.e. only two form factorsare neededto describethe previous transitions. The scaleparametei is
relatedto the B. Bohr radius[209]. For the B, transitionsinto a ¢c meson,B. — (1., J/¥)uv, spin
symmetryimpliesthatthe semileptonianatrix elementsanbe expressednearthe zero-recoilpoint, in
termsof asingleform factor:

(Mes v, q|Vu|Beyv) = \/2MB 2My, A v, (J/¥,v,q,€|A,|Be,v) = \/2Mp.2M )y A€, . (27)

Model-independentesultsexist in the heary-quarklimit for A and 2§ at the zero-recoilpoint [209].
Additional information on the form factorsA and ()} is available from quarkmodels[208, 210 and
NRQCDsumrules[211]. Therelatedpredictionsareincludedin therangeseportedn Tah 30. More-
over, spin symmetryimplies relationsbetweenB,. decaysto pseudoscalaand vector states,nearthe
non-recoilpoint, thatcanbe experimentallytestedatthe LHC [210].



10.4 Non-Leptonic DecayModes

Two-bodynon-leptoniadecaysareof primeimportanceor the measuremerdf the B. mass.In particu-
lar, decaymodeswith a .J /% in thefinal statearesuitablefor anefficient background-rejectin

The non-leptonicB,. decayrateshave beencomputedin the factorizationapproximation,using
variousparametrizationsf the semileptonidorm factorsanddifferentprescriptiondor the parameters
a1 anday appearingn thefactorizedmatrix elementg§207, 208 210. Predictiongor thevariousdecay
modesjnducedby the beautyandcharmquarktransitions arereportedn Tabs.31and32, respecirely,
usingMp, = 6.28 GeV. For several modes,rangesof valuesfor the branchingfractionsarereported,
they areobtainedconsideringhe spreadof predictionsby differentapproachesandsuggesthe size of

thetheoreticauncertaintyfor eachdecaymode.

Channel B Channel B
BY — ner™ [3—25 x107* | Bf — n.KT [2—17] x 107
BY — n.pt [7—60] x 107* || Bf — n.K**+ [4—31] x 107°
Bf — neaf 9x 107 || Bf — n.K{ 5x 1077
BY — J/ynt 1—2]x1073 || Bf - J/yKt | [T—17] x 107°
Bf — J/¢pT [4—7] x1073 || Bf — J/YK*T | [2—4] x107*
Bf — J/vaf 5x 1073 || Bf — J/YK; 3x107*
Bf = /nt 2-3]x107* || Bf = ¢/'K* [1—2] x 107"
Bf — /p* [5—8 x 1074 || Bf — /K*+ [3—4] x 1077
Bf — 'af 6 x 1074 F =YK 3x107°
BY = DtDY | [1-12 x107° || Bf - DfD" | [6—62] x 1077
Bf = DtD* | [1-12] x107° || Bf — D}ID*® | [6—62] x 1077
Bf — D**D" | [8—~10] x 107° | Bf — D:*D° [5—6] x 1076
Bf = D**D* | [1 -2 x107* | BXf - D:*D* | [8 —11] x 1076
BY — n.Dj 517 x103 || Bf — n.D*t [5—8 x 1077
Bf — n.D? [4—6] x 107* || Bf — n.D** [2 6] x 107°
Bf — J/4 Dy 2—-3]x1073 || Bf - J/4yDT | [5—-13] x 107°
Bf — J/yD: | [6—-12] x 1073 || Bf — J/yD* | [2—4] x 107*

Table31: Branchingfractionsof B non-leptoniadecaysnducedoy b — ¢, u transitions.

Channel B Channel B

BY - Byt | [4-17x1072 | Bf - B,KT | [3—-12] x 1073
B} — Bgp* 27 x1072 || Bf - BsK** | 59 x107°
Bf — Birt 3-7x102% || Bf = B} K* | [2—-5]x1073
B — Bip*t | [14 —19] x 1072

BY — Bynt 2—-4x103 | Bf = B;KT | [2—-3]x107*
B — Bgp* [2—7 x 1073 || Bf — ByK** | [4—20] x 107°
Bf — Byt [2—4x1073 || BY - BjK* | [1-3]x1074
Bf — Bjp* 1-2x1072 || Bf - B;K** | [4—-6]x107*

Table32: Branchingfractionsof B decaysnducedby ¢ — s, d transitions.

10.5 B, Decaysinduced by FCNC Transitions

Amongtherare B, decayprocesseshat have beendiscussedn the literatureare the radiatve decays
B. — By and B. — D}~, inducedat the quarklevel by the ¢ — wy andb — s transitions,
respectrely [212]. Theinterestfor the former decaymodeis relatedto the possibility of studyingthe

¢ — u electromagnetipenguintransition,whichin thecharmmesonss overwhelmedoy long-distance



contritutions. In the caseof B., long- and short-distanceontritutions have beenestimatedo be of
comparablesize,andthe branchingfraction B(B. — By) is predictedjn the SM, atthelevel of 108,

10.6 CP Violation in B, Decays

B. decayscangive informationaboutCP violation andthe weak CKM phasesPromisingchannelsare
BF — (éc)D#*, in particularthe onewherethe charmoniumstateis a J /1, whosedecaymodeto p 1~

canbe easilyidentified. In this case,CP violation is dueto the differencebetweernthe weak phasef
the tree and penguindiagramscontrituting to the decay The CP asymmetryA(Bf — J/vD*) has
beenestimated:A(BX — J/9D*) ~ 4 x 1073 [213]. Interestingchannelsarealsothosewith alight
mesonin thefinal statee.g. B. — Dp andB. — Dm. However, in this casethe sizeabla®le playedby
theannihilationmechanismmalesit difficult to predictthe decayratesandthe CP asymmetriesDecay
modessuchas B, — DD, canalsobe consideredalthoughconsiderablelifficulties would be metin

theexperimentaldetectionof D, andin theremoval of thebackgroundrom B,, decays.

Finally, thedecayB} — Bg*)lﬁ/ hasbeenproposedasan interestingsourceof flavourtagged
B, mesondor thestudyof mixing andCPviolationin the B, sector{198].

10.7 Experimental Considerations

ATLAS have studiedthereconstructiorof B, mesonsusingthedecaysB. — J/¢m andB. — J/¢/lv,
with J/¢p — ptp~ (see[37]). For this study the following branchingratios have beenassumed:
B(B. — J/¥7) = 0.2 x 1072 and B(B. — J/1uv) = 2 x 1072, It is estimatecthatafter 3 yearsof
runningatlow luminosity it will be possibleto fully reconstructi2000B,. — J /7 eventsand3 x 1P
eventsin the B. — .J/¥ur channel.The statisticswould allow a very precisedeterminatiorof the B,
massandlifetime.

10.8 Concluding Remarks

The B. mesonis of particularinterestasa uniquecaseto studythe impactof QCD dynamicson weak
decays.Applicationsin flavour physics(CKM parameterstare decays,B; flavour tagging)have also
beenconsideredn theliterature.Importanttheoreticaljuestionghatneedfurtherattentionaretheissues
of quark-hadrorduality for inclusve decaysand,for exclusive modestheimportanceof correctionso
theheary-quarkandnon-relatvistic limits, aswell ascorrectiongo thefactorizatiorapproximationThe
experimentalfeasibility for variousobserablesneeddikewise to be assesseth moredetail. The aim
of the presentsectionhasbeento give a flavour of the specialopportunitieghatexist, from atheoretical
perspectie, in studyingthe physicsof the B.. Someof thesearerealizableat the LHC, whereit will
bepossibleto investigatealsothe production,spectrumlifetimesanddecayf baryonscontainingtwo
heary quarkg214]. It is to behopedthattheresultssummarizedn this sectionwill triggermoredetailed
experimentaktudies.

11. CONCLUSIONSY/

The studiespresentedat andinitiated by the workshophave clearly shawvn that the LHC is very well
equippedand preparedo pursuea rigorousb physicsprogramme. The main emphasisn the studies
presentecherehasbeenon exploring LHC's potentialfor measuringCP violating phenomenand,on
thetheoryside,on enablinga meaningfulextractionof informationon the underlyingmechanisnon CP
violationin the SM. Most of the presentedstratagies” aim at extractingthe threeanglesof the unitarity
triangle,«, 8 and~y, aswell asdy, in asmary differentwaysaspossible;ary significantdiscrepang
betweenthe extractedvaluesor with the known lengthsof the sidesof the triangle would constitute
evidencefor new physics.Apart from detailedstudiesof thee™e~ B factory“benchmarkmodes”,also

17sectioncoordinatorsP. Ball, R. FleischerG.E Tartarelli,P. VikasandG. Wilkinson.



thehadroncollider “gold-plated”’mode B; — J/v¢ hasbeenstudied andnew stratgiesfor measuring
3 and~ from B, decayswhich cannotbe accessedt ete~ B factories,have beendeveloped. We
concludethatthethreeexperimentsarewell preparedo solve the “mysteryof CPviolation” (p. 1).

Anotherimportantgoalto be pursueds themeasuremeraf B mixing parametersandthe studies
summarizedn this reportmake clearthatall threeLHC experimentshave excellentpotential. Thereis
sensitvity in oneyears operationto a massdifferencein the B, systemfar beyondthe SM expectation,
andsimilarly goodprospectdor arapid measuremertf thewidth difference.

The secondfocusof the workshopwasthe assessmerdf LHC's reachin raredecays. The dis-
cussioncentredon decaymodeswith thefavourableexperimentakignatureof two muonsor onephoton
in thefinal state. It hasbeendemonstratedhat the decayB; — .t~ with a SM branchingratio of
~ 1079 canbeseenwithin oneyears running. It hasalsobeenshovn thatdecayspectreof semimuonic
raredecayslike B — K*u*u~ areaccessibleywhich opensthe possibility to extract informationon
short-distancénew) physicsin atheoreticallycontrolledway. LHC’s full potentialfor raredecayshas,
however, notyet beenfully plumbed,andfurther studies,in particularaboutthe feasibility of inclusive
measurementgreongoing.

Of themary otherpossibleb physicstopics,only afew couldbe markedout, andwe have reported
somerecentdevelopmentsin the theoreticaldescriptionof non-leptonicdecaysand discussedh few
issuesn B, physics.The explorationof otherexciting topics,suchasphysicswith b, baryonsor (non-
rare)semileptonicdecaysto nameonly afew, hasto await a secondoundof workshops.
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