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Prospectsfor CPviolationmeasurementswith ATLAS andCMS
M. Konecki���
� CERN,Geneva,Switzerland

Very high LHC luminositywill resultin �����	����� -particlesproducedperyearallowing generalpurposedetectorsATLAS
andCMS to contribute to theexplorationof phenomenain � physics.A review of simulationstudiesmadeby ATLAS and
CMS � -physicsgroupsis given.Theexpectednumbersof reconstructedevents,sensitivities to CPviolatingparameters,the �� 
measurements,andpossibilitiesto observe very rare� -decaysarediscussed.

1. INTRODUCTION!
-physicsis regardedasa possibleway to clarify

in the nearfuture the mechanismof CP violation. It
offersawayfor testingthedescriptionof electroweak
interactionsin the StandardModel. Unfortunately,
clearsignaturesof CP violation areexpectedin rel-
atively raredecays,anda specialexperimentaleffort
is requiredto ensurethe statisticalsignificance.One
way is to usededicated"$#%"'& ! -factories. Another
way is to use high luminosity hadronicmachines.
Both waysarefollowed. TheBaBarandBELLE ex-
perimentsat

!
-factories(PEP-II andKEKB) would

acquire (�)+* – (�)-, low background.�/. eventsper year.
Higher statistics(but with muchhigherbackground)
areavailablefor experimentsatexistinghadronicma-
chines: 01(�) , .2/ . /year in HERA-B, up to 01(�)4323.$/ . /year for Tevatron experiments(generalpurpose
CDF/D0anddedicatedfor

!
-physicsBTEV).

The LHC proton-protoncollider with centre of
massenergy of 14 TeV and expectedinitial lumi-
nosity of (�)+5�5 cm&76 s& 3 (one year correspondsto8:9<;>= (�)+? pb& 3 ) offers an uniqueway to explore
CPviolationeffects.Sincethepredictedcross-section
for a . / . pairproductionis large( 0@)	A B mb)oneshould
expect BDCE(F) 3 6G.�/. eventsper yearat designedinitial
luminosity, offering even to generalpurposeexperi-
ments- ATLAS andCMS- possibilityto measureCP
violationeffectswith significantaccuracy. At LHC all
kindsof . -particleswill beproducedsoCPviolation
canbe studiedeffectively not only with

!>H
mesons

but alsowith
!>I

, which arenot producedat JLKNM	OQP
R
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!
-factories.With the largenumberof LHC . -events

severalrare
!

-decayswith averysmallbranchingra-
tio will bereachable,offeringanotherinterestingtest
of the StandardModel and a way to look for New
Physics.

The resultspresentedin this article are basedon
simulationstudiesmadeby theATLAS andCMS

!
-

physicsgroupsfor TheWorkshopon Standard Model
Physics(andmore) at theLHC publishedin [1] with
laterupdates2.

2. ATLAS AND CMS

2.1. An overview

ATLAS [3] andCMS[4] aregeneralpurposeLHC
detectors.They aredesignedfor thehigh luminosity
modeof LHC operationto searchfor new particles
andphenomena.

The ATLAS magnetsystemconsistsof air-core
toroids in barrel and endcapssupplementedwith a
barrel solenoidproviding 2 Teslamagneticfield for
the inner tracking detector. The toroids are sur-
rounded by muon chambersfor muon identifica-
tion and measurement( S T�SVUXWEANY ). The electro-
magneticcalorimeteris a samplinglead-liquidargon
calorimeterwith a10%stochasticterm.Thehadronic
calorimeteris asamplingcalorimeterwith theresolu-
tion of Z\[-]_^`B+)4aG[+b ]dce)	A )+f . Both calorimeters
areoutsidethemagneticfield.

The CMS collaborationchosena solenoidalmag-
netic field formed by a large solenoid. The in-g
Theauthor’s contribution to CMS h -physicsstudiescanbefound

in [2].



ner tracker and calorimetersoperatein the 4 Tesla
magneticfield. The CMS electromagneticcalorime-
ter is a PbWO? homogeneouscalorimeter(stochas-
tic term 2–5%) with a preshower. The sam-
pling hadronic calorimeter has a resolution ofZ\[+]i^@j-Bkal[mb ]dcn)EA )-B . The CMS muon system
( S T�SEUoW	A M ) consistsof 4 muonstationspositionedin-
sideaniron returnyoke(1.8Tesla).

Although ATLAS andCMS arenot optimisedfor!
-physicswherethe reconstructionof low momenta

( 0 1 GeV) particlesis important, someof the fea-
turessupporting

!
-physicsstudieswere accommo-

datedinto thedesign.Themostimportantaspectsof
detectorsperformancerelatedto

!
-physicsaregiven

in thefollowing subsections.

2.2. Triggering

The LHC bunch collision frequency will be
40 MHz. With the inelastic prqsp cross-sectionof
80mbonemayexpectof theorderof tenp-p collisions
in eachbunchcrossingfor high luminositymodeand
a few p+p collisionsat (F)-525 cm&t6 s& 3 . Thustriggering
is a key issuefor all the LHC studies,including low
luminosity

!
-physics.

The first level triggers of ATLAS and CMS are
partly programmablehard-wiredsystemsoperating
on reducedgranularitydatafrom muon systemand
calorimeters. They will reducethe LHC event rate
down to 50-100 kHz storing the output in readout
memories.The higher level triggersof the LHC de-
tectorsconsistof a setof CPUswherethe full infor-
mationfrom muonsystem,calorimeters(ratereduc-
tion down to 1 kHz) and finally inner tracking de-
tectorswill be accessible(they will reducethe event
recordingrateto 100Hz).

The relatively soft spectrumof particlesfrom de-
caysof

!
mesonsfavourslow p7u triggering.For this

reason,it is extremelyimportantto keepthelevel one
thresholdsas low as possible,still keepingthe out-
going rate capableby level two. The baseATLAS
triggeris asinglemuontriggerwith a ptu thresholdof
6 GeV. TheCMSthresholdfor singlemuonsis higher
but CMSacceptsalsosingleelectrontriggerandgen-
eral di-lepton ones. In the caseof the most effec-
tive di-muontrigger the (T -dependent)p u threshold
is limited by themuonpenetrationlength. Sincethat
type of trigger appearsto be very efficient the pos-

sibility of di-muontrigger is understudyby ATLAS.
All triggertypesandthresholdsusedby CMSandAT-
LAS for

!
-physicsstudies(low luminosity)arelisted

in Table1.

Table1
Triggertypesusedfor

!
-physics studies.

ATLAS p7u cut [GeV/c]
onemuon 6
di-lepton understudy
CMS
onemuon 7
di-muon 2–4
singleelectron 12
di-electron 5
electronc muon 5 c 2-4

2.3. Tracking

To collect the maximalnumberof eventsonehas
to pushdown the cutson transversemomentaof fi-
nal stableparticles,resulting in a needfor efficient
reconstructionof low p7u (hadronic)tracks.Themin-
imal ptu varies(it is channelanddetectordependent)
from a few hundredsMeV up to a few GeV. Thelowp7u trackmeasurementsneededfor reconstructionof
invariantmassesandsecondaryvertexesrely on the
InnerTrackers.

TheCMS innerdetectorconsistsof 3 layersof Sil-
icon Pixels(theminimal distancefrom thebeampipe
is 4.3 cm) followedby layersof Silicon Microstrips.
TheATLAS detectorhasalsoSiliconPixels(down to
5 cm) andSiliconStrips,but in additionalsotheTRT
(TransitionRadiationTracker) at largerradii. Dueto
thesmallermagneticfield theATLAS momentumres-
olution is worse. However the TRT allows "v[Fw dis-
tinction anddE/dx basedxy[�w separation(the latter
onenotveryaccurate,but usedin

!Gz w\wnxex likeli-
hoodstudies.)

ATLAS and CMS measureaccuratelythe impact
parameterin the { - | plane (seeFig. 1). The highp7u plateaufor ATLAS and CMS transverseimpact
parameterresolutionis about(F)~} m. It is muchworse
for low p u particlesdueto multiple scattering.

Anotherparameterrelatedto
!

-physicsstudiesis
thepropertimeresolution,which is crucialespecially
for time-dependentanalysesin the

! I
-mesonsys-
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Figure 1. Resolutionof the Impact Parameter(AT-
LAS) asa functionof pseudorapidity. Thetransverse
momentavaluesrelevant for

!
-physicsstudiesare0 1 GeV.

tem. Both experimentswill beableto reconstructthe
properdecaytimewith aresolutionof about60–70fs.

2.4. Tagging

To measureCP violation asymmetries,onehasto
countthenumberof produced

!
and /! mesonsde-

cayingto thesameCPeigenstate.Theflavour of the
initial

!
-mesonhasto be provided from elsewhere.

This is thepurposeof tagging.Thequalityof tagging
canbeexpressedin termsof taggingefficiency � (the
fractionof eventsselectedby a giventechnique)and
asymmetrydilution. The dilution factor ���N�F� is de-
fined as ���N�F� = (�qoW'� where � is the fraction of
wrong assignmentsof the flavour at productiontime
of the

!
which decaysin thechannelof interest.

Since . quarksareproducedin pairsonemay tag
the flavour of signal

!
by measuringthe flavour of

the associated. -particle. This classof tagging is
called OppositeSide tagging. Another category is

SameSide taggingwherethe flavour of signal
!

is
determinedby looking at signal

!
andparticlesin its

neighbourhood.
SeveraltaggingtechniqueswerestudiedbyATLAS

andCMS(seeTable2).
Theleptontaggingmethodcanbeappliedto events

wherean additionalleptonis produced.This lepton
is assumedto comefrom semileptonicdecaysof as-
sociated. -particle( . z@� &�� / . z�� # ). Themostimpor-
tant fractionsof mistaggingscomefrom cascadede-
cays( . z@��z@� #�� / . z /�<z@� & ) andmixing (if theassoci-
ated . formsneutral

!
). The ptu thresholdfor a tag-

ging leptonusedby ATLAS is 5 GeV (the samefor
muonsandelectrons)while CMSusesa2–5GeV (T -
dependent)cut for muonsand2.5 GeV cut for elec-
trons. The lepton taggingis the purestone but has
ratherlow efficiency dueto thesmall . z@� branching
ratio ( ^�(F)4a ).

Thejet taggingtechniquesdeducetheflavourof the
signal

!
from thetotal chargeof tracksbelongingto

thefragmentationof eithertheassociated. (opposite
side jet tagging) or signal . (sameside jet tagging).
Thejet chargeis a weightedaverageover thecharges
of tracksin a jet (in thesamesidetagging,thedecay
productsof signal

!
areexcludedfrom thesum).Jet

taggingtechniquesareefficientbut polluted.
In the

!
–w correlation tagging method(ATLAS)

theflavour of signal
!

is determinedfrom thecharge
of thehadronaccompanying the signal

!
(exploring

thecorrelationbetweenthem).A similar techniqueis
usedbyCMS(

! �$� tagging) but with strongerrequire-
mentsfor thechargedhadron(assumedto bea pion),
which is expectedto comefrom the

! �$� . The pion
is combinedwith the

!%H
to give an invariantmassin

thewindow 5.6–5.9GeV. Themasswindow is wide
becauselow p7u photonsproducedin

! �$� decaysare
not reconstructed.

3. SIMULATION!
-events were producedwith the Monte-Carlo

generatorPYTHIA 5.7/JETSET7.4 [5] undercon-
trol of steeringpackagesdevelopedespeciallyfor the
ATLAS and CMS . -physicsgroups. The CTEQ2L
structurefunctionswith Petersonfragmentation( ��� =)	A )+)4Y ) wereused.Both gluonsplitting andgluonfu-
sion– themain .�/. productionprocesses– weresimu-



Table2
Taggingmethodsstudiedby ATLAS andCMSandtheir quality (

! H z@� [���xG� sample)
ATLAS CMS

Method efficiency dilution efficiency dilution} tagging 0.025 0.52 0.034 0.44" tagging 0.016 0.46 0.027 0.44
jet charge(OS) – 0.70 0.18

B-w / B �2� 0.82 0.16 0.22 0.32
jet charge(SS) 0.62 0.23 0.50 0.23

latedexplicitly by ATLAS andCMS.
Theproductsof thesimulationat theparticlelevel

werereconstructedwith fastparametrisationsof the
detectorresponseandpassedto detailed,GEANT [6]
basedreconstructionpackages(in somestudiesonly
a fastsimulationbasedon detectorparametrisations
has beenused). The detailedevent reconstruction
includesfull patternrecognitionin the tracking de-
tectors,secondaryvertex reconstructionandparticle
identification(ATLAS).

Theeventswerenormalisedto the .$/. crosssection
of 0.5mb.

4.
!%Hmz�� [���x � CHANNEL

With the
! H z@� [���xG� decayonecanprobe �����%W¡ 

of the Unitary Triangle. This can be doneby mea-
suring the time-dependentor time-integratedasym-
metry betweenthe numberof

!�¢H and /!�¢H decaying
to
� [���x � :

£ K ; P = q¤�2�¥��KNW' %Pv�2�¥�lK§¦ H C ; [�¨�P (1)© = q ¦ H
(>ª«¦ 6H �2���>W¡  (2)

Sincethe mixing parameter¦ H is rathersmall both
methodsleadto similaraccuraciesfor the �2�¥�>W'  mea-
surement.

Both experimentsare looking for final statesig-
natures of two hadrons of opposite charge as-
suming they are pions ( x � z w�#¬w& ) and leptons
(
� [�� z }�#�}& , "2#>"'& ). The most difficult step in the

event analysisis the x � reconstruction(Fig. 2). To
studytheefficiency of thealgorithmslargenumberofx � from

!>Hmz@� [���x � decayswere fully simulated
using GEANT baseddetectorsimulations. For the
track reconstructionat least6 hits were requiredby
ATLAS (5 by CMS).To form the xG� all thecombina-
tionsof oppositechargedhadronswith p u¯® )	A B GeV

Figure2. Reconstructedx � masspeak(CMS).

in ATLAS or p u`® )	A§Y GeV in CMS werecombined
andfit to acommonvertex, andtheinvariantmasswas
computed.Only eventswith thevertex in apredefined
volume(1 cmU`{°U 37cmin ATLAS and{ ® 1 cmin
CMS) andin the x � masswindow ( ±%f	Z in ATLAS
and ±%WEA BEZ in CMS) werekept. The reconstruction
efficiency dependson T and on the location of thex � decayvertex. The obtainedoverall efficiency is
about40%in caseof ATLAS and35%in CMS.

The x � is combinedwith the
� [�� reconstructed

from its leptonic decay products to form the! H
(Fig. 3). Massconstraintson xG� and

� [�� are
usedto obtainresolutions16–24MeV onthe

! H
mass

(Tab. 3). Thepropertime resolutionis about61 fs in



Table3! H z�� [���xG� reconstruction:numberof (non tagged)eventsfor
8²9F;�= (F)-? pb& 3 , signal/backgroundratio and

massresolution.Theeventnumbersfor
� [�� decayingto }�#�}& and "$#>"'& differsdueto triggeraspects.

ATLAS CMS}�#�}& "$#"'& }�#�}& "$#>"'&
Reconstructed

! H z�� [���xG� ev. 160k 4.8k 384k 49 k
Signal/Background 31 16 8 4
B
H

massresolution[MeV/c6 ] 18 24 16 22

CMS and73 fs in ATLAS. Themainsourceof back-
groundcomesfrom (real)

� [�� from
!Gz�� [��Q³ decays

combinedwith accidental(real) xG� .
Theexpectedsensitivity to �2�¥�>W'  is 0.017in case

of ATLAS and0.015for CMSfor
8:9<;>= (�)-? pb& 3 ,

correspondingto oneyearof LHC datataking. The
sensitivity will improve to approximately0.01 for
threeyears.
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Figure3.
!>H-zo� [���x � : the

!>H
invariantmassspec-

trum of "$#%"'&	w�#¬w& with
� [�� and x � masscon-

straints(ATLAS).

5.
!%I¡z�� [���µ CHANNEL

The
! I z�� [���µ decaychannelis of central inter-

est for the LHC experiments. It is sensitive to new

physicsscenariosandwill not be studiedwith large
accuracy beforeLHC.

At a first glance
! I z�� [���µ looks very similar to! H z@� [���x¶� but the StandardModel predictsa very

tiny asymmetryof W	·+6<T (where · and T are pa-
rametersof Cabibbo-Kobayashi-Maskawa matrix in
Wolfensteinparameterisation)whichisexpectedto be
about0.03.

The extraction of the CP violating parameteris
complex. Unlike

!>H
, the

!>I
mesonmasseigenstates

may differ significantly in decaywidths ( ¸ (15%)).
The

!%I
oscillatesrapidly (¦ I 0 20–40). Moreover,

the
� [���µ final stateis an admixtureof differentCP

eigenstates.To fully exploit the physicsinformation
one has to perform a time-dependentangularanal-
ysis of the decayproducts(Fig. 4). One can apply
themethodof momentsanalysis[7] (CMS) or a gen-
eral maximal likelihoodfit to the expecteddistribu-
tion (ATLAS).

Figure 4. Physicalangles¹��ºF» and ºF» » usedin the
angularanalysisof the

!>I¡z�� [���µ decay.

The final state signature consists of two lep-
tons (

� [�� z }�#�}& , "$#>"'& ) and two hadronsof op-
posite charges that are assumedto be x²#>x¯&
( µ z xy#>x¼& ). The expectednumberof events for



8:9<;>= f�C+(F)-? pb& 3 (3yearsof initial LHC luminos-
ity) is 300000in caseof ATLAS and700000in CMS
(althoughthe CMS triggerusedin thestudywasnot
optimised[8]).

The four final stateparticlescomefrom the same
decayvertex giving anadditionalconstraintto back-
groundreduction(Fig 5) andpropertime resolution
(about63 fs for both detectors). The expectedsig-
nal to backgroundratio is 7 (ATLAS) or 10 (CMS)
with main contribution coming from real

� [�� (from!¶z@� [��½³ ) combinedwith real µ . The taggingas-
pectsare identical to

!%Hmz�� [���x � but
! �2� method

cannotbeused.
The large statisticsallows CMS to measurethe

CPviolating term W	·+6FT with accuraciesof 0.014(for¦ I = W-) ) down to 0.03(¦ I = M-) ). Thecorresponding
ATLAS reachis 0.03and0.05respectively.

Figure 5. The example of
! I

mass peak from!>Ivz@� [���µ reconstructionwith thebackgroundreduc-
tion dueto vertex constraints(CMS).

6.
! H z w�#�w& AND

! I z x²#>x¼& CHANNELS
(ATLAS)

The time dependent asymmetries in!%Hmz w�#¬w& decayprovide a way to measure�����>WE¾
of the Unitary Triangle. The asymmetryis given
by [9]:

£ K ; P = © H�¿�À4Á<Â ��K�¦ H C ; [F¨�P�ª ©Ã ¿¥Ä �����lK�¦ H C ; [F¨�P (3)

where(neglecting ¸ ( S¥Å>[�Æ¶S 6 ) terms):

© H�¿�ÀÇ= W	S ÅÆ S��2����Èk�2�¥�L¾© Ã ¿¥Ä = q¤�����>WE¾yqeW4S ÅÆ S
Á�Â ��È Á�Â �tW	¾��2�¥�L¾

Therearethreeunknowns: ¾ of the Unitarity Trian-
gle,theratioof penguinto treeamplitudesS�Å>[FÆ¶S , and
the strongphaseÈ . Only two of theseparametercan
befittedwhile one(presumablyS�Å>[FÆ¶S ) hasto bepro-
videdby theory.

The
! H z w # w & channel3 is experimentally

very difficult due to its small branching ratio
(BR(

! H z w�#¬w& ) ^1)EA BnC~(F)4&7É ), triggering aspects
(alsoathigherlevel) andlackof intermediateparticle
constraints. The final stateconsistsof two charged
hadronsand a tagging(and triggering) muon. The
backgroundis not only combinatorial.TherearealsoÊ � and

!>I
reflections(Fig. 6). A precisionrecon-

structionof the
!%H

mass(theATLAS massresolution
in this channelis 70 MeV), a high quality

!%H
decay

vertex reconstructionandstrongisolationcriteriaare
of primaryimportancefor thischannel.Theresultsof
an event by event likelihoodfit (taking into account
the availableinformationon x²[�w separation)shows
that the

© H�¿¥À
and

© Ã ¿�Ä
termsmay be reconstructed

with accuraciesof 0.09 and 0.12 respectively [10].
Thesensitivity to ¾ dependson choseninput param-
etersandtheirerrors(seeFig. 7).

A combined
!>Ivz x²#>x¼& and

!>H-z w�#¬w& analy-
sis can be usedto measurethe angle Ë of the Uni-
tarity Trianglebecausethe direct andmixing asym-
metries in both channelsare related, once isospin
symmetryis applied[11], to four unknown variables
(one of them is Ë ). Experimentallythis channelis
very similar to

!>Hmz w # w & . The ATLAS reach[10]
is È © Ã ¿�Ä = È © H�¿¥À = )EAN(-( . The sensitivity to Ë
� Theresultsof simulationpresentedin this sectioncomefrom AT-
LAS studyonly
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Figure6.
!>H+z w�#�w& reconstruction(ATLAS)

strongly dependson input parameterswith a mini-
mumof aboutÑÓÒ (for

8:9<;>= f�C+(F)-? pb& 3 ).
7.
!%I

OSCILLATION STUDIES AND RARE
DECAYS

The
!%I

mixing parameter ¦ I = Ô Ã�ÕÖ can
be measured by analysing the time-dependent
transition probabilities PK !>I K ;2= )kP z /!%I K ; P×P and
PK ! I K ;2= )4P zo! I K ; P�P i.e. the probabilities that the
initially produced

! I
changes(or not) its flavour at

the decaytime. Thebestway is to look at the decay
channelswhere the flavour of decayproductstags
the flavour of

! I
at the decaytime. The tagging

of the productionflavour (t=0) hasto be donewith
a muon which hasto provide also the trigger. The
ATLAS andCMS groupsanalysed(for recentCMS
studiessee[12]) the

!%I¡z ��ØI w�Ù and
!%Ivz ��ØI £ Ù 3

channelswith ��ØI decayingto µ+w�Ø . The expected
ATLAS (CMS) measurementlimit is ¦ IV= M-j (43)
for

8²9F;�= (F)-? pb& 3 .
Rare

!
-decaysarenot relateddirectly to CPviola-

tion studies,but allow for interestingtestsof theStan-
dardModel. Thesemi-muonicdecays

! H zÛÚÓ¢ }�#�}& ,! H z x¼� ¢ }�#�}& and
! I z µ ¢ }�#�}& areexamplesof

FCNC with rathersmall branchingratios (valuesof(ÜC7(�)k&7* , ('A BGCÓ(F)4&tÝ , (ÜC7(�)k&7Ý wereusedin thesimu-
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Figure7. The ¾ resolutionin
!>H+z w�#¬w& channelfor

strongphaseÈ = f-)ÓÒ and S¥Å>[�Æ°S = )EA W . The solid
anddashedcurvescorrespondto oneandthreeyears,
respectively. In bothcasestheresolutionis estimated
for (from bottomto top) È-K×S�Å>[FÆ¶S�P = )E��)EA )-WE��)EAN( .

lation for the above channels,respectively). ATLAS
andCMSexpect £�ß "���C�(F)-6 up to £�ß "���C�(F)-5 events
(channeldependent)during 3 yearsof operationin
low luminosity modewith signal to backgroundra-
tios of 0.2–14.

Reachable statistics and data quality al-
low to test theoretical predictions for!Gà K !>H+z x¼� ¢ }�#�}&~Pá[ !là K !>HmzrÚ7¢ }�#�}&~P .

StandardModel predictions(optimistic) for purely
leptonic decays

!>I¡z }�#�}& and
!>Hmz }�#�}& are MyC(F)4&tâ and (¡A B«C�(�)k& 3 ¢ , respectively. Self triggering

signaturesandan easilyidentifiedfinal stateenables
searchingfor the above decaysat LHC in the high
luminositymode.Theextremelytiny branchingratios
requirecarefulbackgroundreduction.Strongprimary
and

!
-decayvertex cutssupplementedwith isolation

requirementsfrom trackerandcalorimeterscanbeap-
plied. The event yields for branchingratios given
aboveareshown in Table4.



Figure8. The resultof an amplitudefit for an input
valueof ¦ I�= f-) . CMSstudy

Table4
Expected performancefor purely muonic decays! H-ã I z }�#¬}& for oneyearof LHC operationin high
luminositymode.

1 year@ (�)-52? ATLAS CMS!>Ivz }�#¬}& 92 26!>H+z } # } & 14 4.1

background 660 U 6.4
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