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THE LHCb EXPERIMENT�Tatsuya NakadaCERN, CH-1211 Geneva 23, SwitzerlandandPSI, CH-5234 Villigen-PSI, Switzerland(Re
eived May 2, 1999)LHCb is a dedi
ated experiment to study CP violation and other rarephenomena in B-meson de
ays at LHC. The dete
tor is design to have aparti
le identi�
ation system based on the RICH dete
tors, ex
ellent massand de
ay time resolutions and a very e�
ient trigger system whi
h issensitive to both hadroni
 and leptoni
 �nal states. With those properties,the experiment will be able to fully exploit the large number of di�erentkind of B mesons produ
ed at LHC and probe physi
s beyond the StandardModel.PACS numbers: 07.05.Fb, 12.15.Hh, 13.20.He, 13.75.Cs1. Introdu
tionCP violation is one of the remaining mysteries in parti
le physi
s. Al-though the Standard Model 
an a

ommodate the observed CP violationphenomena in the neutral kaon system, no experimental pre
ision test hasbeen performed whi
h examines the 
onsisten
y of the Standard Model inCP violation.Strong interest in CP violation is not limited to parti
le physi
s. In
osmology, CP violation is one of the three ne
essary 
onditions to generatematter�antimatter asymmetry [1℄. The Standard Model however does notseem to be able to generate su�
ient CP violation so that the universe 
ouldbe dominated by matter as it is now [2℄. This 
alls for new sour
es of CPviolation beyond the Standard Model.In the kaon system, quantitative tests of the Standard Model in CPviolation are limited mainly due to the theoreti
al un
ertainties. The pres-en
e of large hadroni
 e�e
ts in the pro
ess makes pre
ise Standard Modelpredi
tions very di�
ult.� Presented at the XXVII International Meeting on Fundamental Physi
s, SierraNevada, Granada, Spain, February 1�5, 1999.(2433)



2434 T. NakadaIn the neutral B-meson systems, there exist CP violating phenomenawhere the e�e
ts of strong intera
tions are either very small or experimen-tally measurable and the Standard Model 
an make a

urate predi
ations.There are also many more de
ay modes than the kaon system that exhibitCP violation, allowing various 
onsisten
y tests. For these reasons, there isalready an extensive experimental programme to look for CP violation inthe neutral B-meson systems: BaBar, Belle, CDF, CLEO, D0 and HERA-B. However, the pre
ision test of the Standard Model will remain by farin
omplete due to the limited statisti
s and dete
tor 
apabilities in thoseexperiments, and the LHC will still play a 
ru
ial role in order to revealphysi
s beyond the Standard Model. A dedi
ated experiment is essential toexploit the potential of the LHC.2. Physi
s 
aseThe Cabibbo�Kobayashi�Maskawa quark mass mixing matrix [3℄ 
an beapproximated asVCKM = 0� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1A � V (3)CKM + ÆVCKMwhere V (3)CKM = 0� 1� �2=2 � A�3 (�� i �)�� 1� �2=2 A�2A�3 (1� �� i �) �A�2 1 1Ausing the Wolfenstein parameterization [4℄. With this parameterization, CPviolation is generated by � 6= 0 in the Standard Model. The parameter� = 0:221�0:002 [5℄ is measured from light quark de
ays. The term ÆVCKMin
ludes the 
ontributions proportional to �4 and �5 whi
h should not benegle
ted for CP violation in the neutral kaon de
ays and high pre
ision CPstudies in the neutral B-meson de
ay.A strategy to extra
t the rest of the parameters is the following. In orderto simplify the dis
ussion, we negle
t ÆVCKM. The de
ay width �b!
+W , ob-tained from semileptoni
 B-meson de
ays generated by b! 
`�, determinesjV
bj2: hen
e A 
an be extra
ted. The de
ay width �b!u+W , obtained fromsemileptoni
 B-meson de
ays generated by b! u`� determines jVubj2, i.e.�2 + �2 /p�b!u+W : (1)The frequen
y of B0-B0 os
illations, �mB0 , is proportional to jVtdj2 withhigh a

ura
y. i.e. p(1� �)2 + �2 / �mB0 : (2)



The LHCb Experiment 2435From these two relations, � and � 
an be determined. This pro
edure is inthe ��� plane and shown in �gure 1.
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Fig. 1. Illustration of how the CKM parameters � and � are determined fromb! u`� de
ays and B0�B0 os
illations.A unique solution (�KM; �KM), where �KM > 0, is obtained on
e weassume that observed CP violation in the neutral kaon system is due to theStandard Model. The phase of Vtd and Vub is thenarg Vtd = ��KM; arg Vub = �
KM;where �KM and 
KM are determined as�KM = tan�1 �KM1� �KM ; 
KM = tan�1 �KM�KMas shown in the �gure. It follows that the phase of the B0�B0 os
illationamplitude is given by argHBdBd = arg V 2td = �2�KM:Both B0 and B0 
an de
ay into J= KS . Thus, a B0 at t = 0 de
aysinto J= KS at time t by remaining as B0 or os
illating �rst to B0. Asis well known [6℄, the phase di�eren
e between the two pro
esses generatesCP violation. Sin
e V
b has no phase in the Wolfenstein parameterization,the phase of the B0�B0 os
illation amplitude 
an be extra
ted from the CPasymmetry between the initial B0 and B0 de
aying into J= KS .A 
onsisten
y test of the CKM matrix 
an then be made by 
omparing�2�KM determined from �KM and �KM with the phase of the B0�B0 os
il-lation amplitude obtained by the CP asymmetry in B0 and B0 ! J= KSde
ays.How does this 
onsisten
y test look like in the presen
e of physi
s beyondthe Standard Model? Varieties of new physi
s introdu
e new �avour 
hang-ing neutral 
urrents. While they 
ontribute little to semileptoni
 de
ays,



2436 T. Nakadathe B0�B0 os
illation 
an be quite a�e
ted. The os
illation frequen
y thenre
eives two 
ontributions, one from the Standard Model and the other fromnew physi
s. If we still extra
t � and � using equations 1 and 2, the solution(~�; ~�) no longer 
orresponds to that of the Standard Model, (�KM; �KM).The angles ~� and ~
 
al
ulated in a similar way as �KM and 
KM using ~�and ~� do not give the phases of Vtd and Vub.Sin
e the b! 
+W de
ay is hardly a�e
ted by new physi
s, CP violationin B0 ! J= KS de
ays still measures the phase of the B0�B0 os
illationamplitude. The 
ontribution from the new �avour 
hanging neutral 
urrentin the os
illation 
ould be 
omplex. The phase of the os
illation amplitudethen deviates from the Standard Model predi
tion of �2�KM. However, thisphase measured from the CP asymmetry in B0 and B0 ! J= KS de
ays
ould still a

identally agree with �2~� determined from ~� and ~� within themeasurement errors. In this 
ase, although new physi
s is present, it willnot be noti
ed.This situation 
ould be resolved, if a CP violation e�e
t is measured in B0and B0 de
aying into D�+n� and D��n�, i.e. four time-dependent de
ayrates. In the Standard Model, these de
ay modes provide 2�KM + 
KM,and together with the J= KS de
ay mode 
KM 
an be extra
ted. Evennew physi
s is present, whi
h 
annot be dis
overed by the J= KS de
aymode, the same pro
edure extra
ts 
KM. A 
omparison of this 
KM with ~
obtained from the ��� determination will then reveal new physi
s.The Bs-meson system provides further interesting information. In theStandard Model, the Bs�Bs os
illation frequen
y, �mBs , determines A2�4,i.e. it does not provide any information on � and �. However, the hadroni
un
ertainty in the determination of (1��)2+�2 
an be drasti
ally redu
ed byusing the ratio �mB0=�mBs . The phase of the Bs�Bs os
illation amplitudeis given by argHBsBs = 0 when negle
ting ÆVCKM (and 2Æ
CKM whereÆ
KM = tan�1 �2�KM if we take ÆVCKM into a

ount).With the presen
e of new physi
s, the Bs�Bs os
illation 
ould be af-fe
ted. Both the modulus and the phase of the os
illation amplitude woulddeviate from the Standard Model predi
tions. The values of � and � ex-tra
ted from �mB0=�mBs and �b!u+W would be di�erent from the CKMparameters �CKM and �CKM.The phase the Bs�Bs os
illation amplitude 
an be measured by the CPasymmetry in Bs and Bs ! J= � de
ays. This measurement 
ould still be
ompatible with the Standard Model predi
tion, if the 
ontribution of newphysi
s to the os
illation phase is small. It has to be noted that J= � 
anhave CP = +1 and CP = �1 depending on the relative angular momentumbetween J= and � and their fra
tions must be determined experimentallyin order to determine the phase of Bs�Bs os
illation amplitude from themeasured CP asymmetry.



The LHCb Experiment 2437If CP violation in Bs and Bs de
aying into D+s K� and D�s K+ are mea-sured, the four time-dependent de
ay rates provide 
KM in the StandardModel. This result remains un
hanged if the 
ontribution of new physi
s tothe os
illation phase is small. However, 
KM is di�erent from ~
 determinedfrom ~� and ~� i.e. a 
lear dis
repan
y from the Standard Model predi
tion.In summary, measurements beyond the CP asymmetry in B0 and B0 !J= KS de
ays are needed in order to reveal new physi
s.Due to the large 
ontribution from the penguin diagrams in the de
ayamplitude, the CP asymmetry in B0 and B0 ! �+�� de
ays is no longer
onsidered to be ideal to determine � + 
 even within the framework of theStandard Model. Su
h hadroni
 e�e
ts 
an be eliminated by measuring CPviolation in B0 and B0 ! �� de
ays. However, the method still assumesthat the �� pairs always behave like �. New physi
s 
ould a�e
t signi�
antlythe b ! d penguin diagrams. This 
ompli
ates analysis of CP violationmeasurements in B0 and B0 ! �� de
ays.It must be noted that additional measurements from the kaon systemsu
h as K� ! ���� and KL ! �0�� de
ays 
an provide independentinformation on � and �.3. Experimental 
onsiderationsAs shown in the previous se
tion, many of the interesting de
ay modesare with pure hadroni
 �nal states. Therefore, the trigger system must besensitive not only to the �nal states in
luding leptons but also to the purehadroni
 �nal states.For pre
ision measurements, ba
kground in the re
onstru
ted �nal statesmust be redu
ed as mu
h as possible. For some de
ay modes su
h as B0 !�+��, other two-body de
ay modes of B mesons like B0 ! K+�� are theserious ba
kground. They 
an be redu
ed only by identifying parti
les.The os
illation frequen
y of Bs�Bs is expe
ted to be very high. Fur-thermore, CP violation is measured from the amplitude of the os
illation.In order to measure CP asymmetries with small un
ertainty, a very goodde
ay time resolution is required.It is very likely that the CP asymmetry in B0 and B0 ! J= KS will bemeasured by the existing experiments at both e+e� B fa
tories and hadronma
hines. However, they 
annot measure well all the other de
ay modesdes
ribed in the previous se
tion. Expe
ted CP violation e�e
ts in B0 andB0 de
aying into D�+n� and D��n� are very small, requiring higher statis-ti
s than the existing ma
hines 
an deliver. The Bs meson physi
s at e+e�fa
tories is limited sin
e this requires a spe
ial run at � (5S) and only withlimited de
ay time resolution. D0 and CDF at the Tevatron 
ollider do nothave su�
ient parti
le identi�
ation 
apabilities.



2438 T. NakadaThe 
ross se
tion of the bb quark pairs at the LHC energy is estimatedto be � 500 �b; far larger than at any existing ma
hines. The fra
tion ofevents with b quarks, �bb=�inelasti
, is about 5 � 10�3 whi
h is similar tothe fra
tion of 
harm events in the present �xed-target 
harm experiments.Thus, LHC appears to be a very promising pla
e to perform high pre
isionCP violation measurements in B-meson de
ays. Bs, Bs, B�
 and b-baryonsare also abundantly produ
ed, in addition to B�, B0 and B0.The LHCb dete
tor is designed to ful�l all the dete
tor requirementslisted above so that the potential of the LHC 
an be fully exploited.4. LHCb spe
trometerFigure 2 illustrates the LHCb spe
trometer [7℄. It resembles a typi
al�xed target spe
trometer, 
onsists of a vertex dete
tor at the interse
tionpoint (pla
ed in �Roman pots�), a tra
king system, RICH 
ounters withaerogel and gas radiators, a large-gap dipole magnet, a 
alorimeter system,and a muon system.

Fig. 2. The LHCb spe
trometerThe 
hoi
e of the dete
tor geometry is based on the fa
t that both the b-and b-hadrons are predominantly produ
ed in the same forward 
one at highenergies. This feature is essential for the �avour tag. Figure 3 shows thepolar angles of the b- and b-hadrons obtained by the PYTHIA simulationprogramme. The polar angle is de�ned with respe
t to the beam axis in thepp 
enter-of-mass system.
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b    [rad]Fig. 3. Polar angles of the b- and b-hadrons obtained by the PYTHIA simulationprogramme.IP-8, the experimental area 
urrently o

upied by the DELPHI experi-ment, will be used for the LHCb experiment. At IP-8, the pp 
ollision pointwill be displa
ed by � 11 m so that large dete
tor 
omponents su
h as themagnet, 
alorimeters and muon system 
an be pla
ed in the already existinghall. Therefore, no extra ex
avation is required.4.1. Beam pipeA 1.8 m long se
tion of the beam pipe around the intera
tion pointhas a large diameter of approximately 120 
m. This a

ommodates thevertex dete
tor system with its retra
tion me
hani
s, and has a thin forwardwindow over the full dete
tor a

eptan
e. This part is followed by two 
oni
alse
tions; the �rst 1.5 m long with 25 mrad opening angle, and the se
ond16 m long with 10 mrad opening angle.4.2. MagnetThe spe
trometer dipole magnet is pla
ed right after RICH-1. A super-
ondu
ting magnet is 
hosen to obtain a high �eld integral of 4 Tm with ashort length. The polarity of the �eld 
an be 
hanged to redu
e systemati
errors in the CP-violation measurements that 
ould result from a left-rightasymmetry of the dete
tor. An iron shield upstream of the magnet redu
esthe stray �eld in the vi
inity of the vertex dete
tor and of RICH-1.



2440 T. Nakada4.3. Vertex dete
torA total of 19 layers of sili
on mi
rostrip dete
tors are pla
ed perpendi
-ular to the beam, of whi
h 17 layers are used as a vertex dete
tor system.The remaining two layers are dedi
ated for dete
ting bun
h 
rossings withmore than one pp intera
tions as a part of the Level-0 trigger (pile-up veto
ounter). Ea
h layer of the vertex dete
tor system 
onsists of two planeswith r and � strips respe
tively. The r-strips provide azimuthal and the�-strips radial 
oordinates. Pile-up veto 
ounters 
onsist of �-strip planesonly. These strip 
on�gurations are 
hosen to make an e�
ient trigger al-gorithm. The 
losest distan
e between the a
tive sili
on area and the beamis 1 
m. The sili
on dete
tors are pla
ed in Roman pots with 100 mm thi
kaluminium windows, whi
h a
t as a shield against RF pi
kup of the 
ir
ulat-ing beams. In order to avoid 
ollapse of the windows, a se
ondary va
uumis maintained inside the Roman pots. During the inje
tion and a

elera-tion, the Roman pot system will be moved away from the beam to avoidinterferen
e with the ma
hine operation and a

idental irradiation of thedete
tors. 4.4. Tra
king systemBe
ause of the high parti
le density 
lose to the beam pipe, the LHCbtra
king dete
tor is split into inner and outer systems. The inner tra
king
hambers have dimensions of 60 � 40 
m2. Drift 
hambers based on Strawte
hnology are 
onsidered as baseline for the outer tra
king dete
tor. Forthe inner tra
king system where high granularity is required, Mi
ro CathodeStrip Chambers (MCSC's) with Gaseous Ele
tron Multipliers (GEM's) aretaken as the base-line te
hnology.4.5. RICH dete
torsThe RICH system of the LHCb dete
tor 
onsists of two dete
tors withthree di�erent radiators in order to 
over the required momentum range,1�150 GeV/
. The �rst dete
tor uses aerogel and C4F10 gas as radiators.The se
ond dete
tor, used for high momentum parti
les, is pla
ed after themagnet and uses CF4 as the radiator. The Cherenkov light is dete
ted withplanes of Hybrid Photon Dete
tors (HPD's) pla
ed outside the spe
trometera

eptan
e. 4.6. Calorimeter systemThe 
alorimeter system 
onsists of a preshower dete
tor followed by ele
-tromagneti
 and hadroni
 
alorimeters. It also serves as the initial part ofthe muon �lter system. The 
ells of the Preshower dete
tor are made up from
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k lead plates followed by square s
intillators, 10 mm thi
k. Trans-verse dimensions mat
h the segmentation of the ele
tromagneti
 
alorimeter.For the ele
tromagneti
 part, a Shashlik 
alorimeter is used sin
e a rathermodest energy resolution is required. The hadron 
alorimeter is based ona s
intillating tile design similar to that used in the ATLAS experiment.The required energy resolution is less severe than for ATLAS. The inner a
-
eptan
e of the 
alorimeter system starts at 32 mrad from the beam in thebending plane of the spe
trometer dipole, and 27 mrad in the non-bendingplane. 4.7. Muon systemThe te
hnology 
onsidered for the muon stations are Multigap Resis-tive Plate Chambers (MRPC's) for most of the 
overage and Cathode PadChambers (CPC's) for regions where the expe
ted rate ex
eeds 5 kHz/
m2.The readout pad stru
ture is optimized for the trigger purpose.4.8. TriggerThe LHCb trigger is based on four de
ision levels. Due to the large massand the transverse momentum spe
trum of the B-meson, its de
ay produ
tshave on average higher pT than parti
les produ
ed in most of the inelasti
pp intera
tions (minimum-bias events). De
ay produ
ts of the B mesonoriginate from verti
es that are displa
ed from the primary intera
tion pointby several millimetres. The early levels of the LHCb trigger exploit thosetwo 
hara
teristi
s. Level-0 de
ision is based on high-pT hadrons or ele
tronsfound in the 
alorimeter system or muons found in the muon system. Itprovides a modest redu
tion of minimum-bias events by a fa
tor of � 10.At Level-1, data from the vertex dete
tor are used to sele
t events withmultiple verti
es. Level-1 provides a redu
tion fa
tor of � 25 for minimum-bias events. After a positive de
ision of the Level-1 trigger, data are readout to an event bu�er. Hereafter, all the dete
tor information is in prin
ipleavailable for the trigger de
ision. At Level-2, a further enhan
ement of eventswith b-hadrons is a
hieved by 
ombining di�erent dete
tor 
omponents; forexample by re�ning the re
onstru
tion of the b-hadron de
ay verti
es usingmomenta measured in the tra
king system and information from the vertexdete
tor. At Level-3, the trigger de
ision is made by re
onstru
ting thefull event. Due to the large b-hadron produ
tion rate, not all the eventswith b-hadrons 
an be re
orded. Therefore, the b-hadron �nal states arere
onstru
ted to sele
t only the de
ay modes of interest.



2442 T. Nakada5. Important 
hara
teristi
s of the LHCb dete
torThe bene�t of having parti
le identi�
ation and good invariant massresolution 
an be best demonstrated by re
onstru
ting Bs ! D+s K� de
ays.The worst ba
kground to this de
ay mode 
omes from Bs ! D+s �� de
ayswhi
h are used to study Bs�Bs os
illations. Compared to this de
ay mode,the bran
hing fra
tion of Bs ! D+s K� is suppressed by a fa
tor of 1=�2 �20. Only the invariant mass resolution and parti
le identi�
ation will helpto redu
e this ba
kground. It should be noted that momenta of K� and ��from these de
ay modes are large sin
e they are two-body de
ays.
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Fig. 4. The LHCb simulation results for the re
onstru
ted invariant mass distribu-tions for D+s K� 
ombinations without and with parti
le identi�
ation using RICH.Figure 4 shows the re
onstru
ted invariant mass distributions expe
tedwith the LHCb dete
tor for D+s K� 
ombinations without and with parti
leidenti�
ation using RICH. With the 
ombination of the good mass resolution(� = 11 MeV=
2) and RICH parti
le identi�
ation, the ba
kground fromBs ! D+s �� de
ays 
an be 
ompletely removed in the re
onstru
ted D+s K�sample. It should be noted that no CP violation e�e
t is expe
ted in theba
kground de
ay mode. The de
ay time resolution is found to be 43 fs.The LHCb trigger system is designed to 
ope with the rather small�bb=�inelasti
 of � 5� 10�3 at the LHC energies, still maintaining a high e�-
ien
y for events with b hadrons. The strategy is to spread the suppressionfa
tors evenly and not to rely on a parti
ular trigger sele
tion, in parti
u-lar at early levels where available information from the dete
tor is limited,re�e
ting in the modest suppression fa
tors of 10 and 25 for the ordinarypp intera
tion events by the Level-0 and Level-1, respe
tively. Simulationresults of the trigger performan
e 
an be relied upon for su
h a modestsuppression. By not heavily relaying on a parti
ular sele
tion 
riterion, the



The LHCb Experiment 2443trigger system is �exible and 
an be readjusted to the yet unknown running
onditions of the experiment.With the parti
le identi�
ation 
apability, an e�e
tive �avour tag 
an beobtained using the 
harged kaons from the b hadron de
ays. No lepton isrequired in the analysis for �avour tagging. Therefore, the Level-0 hadronhigh pT trigger in
reases signi�
antly the statisti
s of the sample with purehadroni
 B de
ay �nal states 
ompared with the lepton high pT triggeralone. Table I summarises the Level-0 trigger e�
ien
ies for various de
aymodes. E�
ien
ies are 
al
ulated for those events where the initial �avour isidenti�ed and the �nal state is fully re
onstru
ted with all the 
uts applied toremove ba
kground. While J= KS �nal states are mainly triggered by themuon and ele
tron high-pT triggers, the hadron high-pT trigger is essentialfor the hadroni
 �nal states. TABLE ILevel-0 trigger e�
ien
ies for re
onstru
ted and �avour tagged �nal statesDe
ay Mode Level-0 high-pT Level-0muon ele
tron hadron all 
ombinedB0 ! J= (e+e�)KS 0.17 0.63 0.17 0.72B0 ! J= (�+��)KS 0.87 0.06 0.16 0.88Bs ! D+s K� 0.15 0.09 0.45 0.54B0 ! �+�� 0.14 0.08 0.70 0.76The table also indi
ates that the Level-0 trigger e�
ien
ies are very highfor those events useful in the analysis. As a result, the LHCb experiment willrun with a luminosity of 2�1032 
m�2s�1 and still 
olle
t 2.4 k re
onstru
tedand initial �avour tagged Bs and Bs de
ays into D+s K� and D�s K+. Thisluminosity is far below the design luminosity of 1034 
m�2s�1 and should berea
hed from the beginning of the LHC operation. At this luminosity, thebun
h intera
tions are dominated by events with only one pp 
ollision. Therunning luminosity will be lo
ally tuned at the LHCb interse
tion su
h thatthe experiment 
an run with this optimal luminosity while the other LHCexperiments run at the design luminosity. It must be noted that runningat lower luminosities has an additional bene�t that the radiation damage ofthe dete
tor is redu
ed.



2444 T. Nakada6. SummaryPre
ision studies of CP violation 
ould reveal physi
s beyond the Stan-dard Model. The B-meson systems are parti
ularly suited for su
h studiessin
e theoreti
al un
ertainties in the Standard Model predi
tions 
an be wellunderstood in some de
ay modes. Hadroni
 e�e
ts are either not present or
an be measured experimentally.B0 ! J= KS is a su
h de
ay mode. However, this de
ay mode aloneis not su�
ient to test whether new physi
s is present in addition to theStandard Model. By measuring other de
ay modes su
h as B0 ! D�+n�and Bs ! D+s K�, the experiment would be
ome sensitive to new physi
s.With the 
urrent generation of experiments, pre
ise CP violation mea-surements in those de
ay modes 
annot be done due to either la
k of statis-ti
s or limitations of the dete
tors. LHC will give a su�
ient number of Bmesons. In addition, the LHCb dete
tor will be required in order to fullyexploit the large number of B mesons from the beginning of the LHC oper-ation. This is due to the e�
ient and �exible trigger, parti
le identi�
ation
apability and very good mass and de
ay time resolutions.The author thanks to the organizers of this meeting for their hospitality.R. Forty is a
knowledged for his 
areful reading of this manus
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