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Our knowledge of the quark-mixing matrix and of CP violation has been tremendously improved thanks to the
B factories and Tevatron: the KM mechanism is the dominant source of CP violation at the electroweak scale.
LHCb is one of the six experiments being constructed on the Large Hadron Collider accelerator at CERN. It is
a next generation of flavor-physics experiments which will perform precision tests of CP violation and study rare
phenomena to unveil physics beyond the Standard Model, if any, in the interactions of charm- and beauty-hadron
decays. The current build status of the detector is given followed by selected topics of the expected physics reach.

1. FLAVOR PHYSICS: THE QUEST
FOR NEW PHYSICS

Experimentally, six quark flavors and three lep-
tons with their associated neutrinos have been
discovered. The term “flavor” was coined by
Murray Gell-Mann, after a remark of Harald
Fritzsch [1], to distinguish it with the color quan-
tum number. Flavor physics [2] refers to the mass
spectrum and mixings of elementary fermions,
CP violation and flavor changing neutral current
(FCNC) rare decay phenomenology.

In the Standard Model (SM), the three gen-
erations appear to have identical properties un-
der the electroweak gauge interactions, they are
only distinguished by their mass and flavor quan-
tum number. Despite the fact that experimen-
tal data are, up to now, consistent with the
SM, flavor dynamics leaves open too many unan-
swered questions: why the replication of gen-
erations? Why three? Why the pattern of
the masses and mixings? What is the origin
of CP violation and the flavor structure? All
these questions are not surprising since the ori-
gin of quark and lepton masses and mixings are
among the least understood part of the SM: they
appear as free parameters through the sponta-
neous symmetry breaking mechanism. The CP-
violation magnitude described by the single non-
vanishing phase in the three-generation Cabibbo-

Kobayashi-Maskawa (CKM) quark-mixing ma-
trix (the KM mechanism or ansatz [3]) is sev-
eral orders of magnitude too small to explain the
observed baryon asymmetry in the Universe [4].
The SM electroweak theory is thus the minimal
theory of flavor dynamics. It is commonly ac-
cepted that a more fundamental theory at higher
energy scales should explain these features in-
stead of having them inserted.

Nowadays, the main purpose of the quark (B,
D and K mesons) flavor-physics program [5] is
to search for New Physics (NP) effects in flavor
mixing, CP violation and FCNC rare decays in or-
der to unveil part of this more fundamental the-
ory. This physics program is the main goal of
the second-generation b-physics experiments [6]
by pursuing the NP searches with precision mea-
surements and if NP is discovered by the so-called
energy-frontier experiments (ATLAS and CMS),
flavor physics will play a key role in constraining
the NP flavor structure. There are three main
themes to achieve this program: 1) precision de-
termination of CKM elements to seek deviations
from the SM, 2) NP via CP-violating phases, 3)
NP via FCNC rare decays. The motto is never
stop exploring.
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Figure 1. Probabilities for having from 0 to 4 pp
interactions per bunch crossing as a function of
the luminosity at LHCb.

2. THE LHCb EXPERIMENT

LHCb is one of the four main detectors (with
ATLAS, CMS and ALICE) located at the Large
Hadron Collider (LHC) collision points at CERN.
The physics program of this experiment is dedi-
cated to precision measurements of CP-violation
parameters and rare decays with beauty and
charm hadrons.

2.1. LHCb Environment at LHC
In proton-proton collisions at

√
s = 14 TeV, the

bb̄ cross section is about 500 µb. From this large
cross section will result an annual (107 s) yield of
1012 bb̄ pairs by running at the LHCb operational
luminosity of 2 × 1032 cm−2s−1, corresponding
to about 2 fb−1. This luminosity is obtained by
defocusing the beams compared to the nominal
LHC design luminosity of 1034 cm−2s−1 in order
to get a cleaner environment by maximizing the
probability of a single interaction (see Fig. 1) per
bunch crossing (so-called pile-up), thereby simpli-
fying the event reconstruction and reducing radi-
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Figure 2. Polar angle distribution with respect
to the beam direction of the b− and b̄-quark pro-
duction at LHC.

ation levels. All the b species will be produced
(B±u , B0

d, B0
s , B±c and b-baryons with a relative

ratio 4 : 4 : 1 : 0.1 : 1). However, the bb̄ cross
section is less than 1% of the total inelastic cross
section at the LHC center-of-mass energy, hence
the trigger is a major issue.

The dominant bb̄ production mechanism from
pp collisions at the LHC is through gluon fusion
resulting in a strongly asymmetric momenta of
the incoming partons: the bb̄ production is corre-
lated (both b hadrons are produced in the same
direction which is a key feature for tagging the b-
hadron flavor at production) and sharply peaked
forward backward (see Fig. 2). The LHCb detec-
tor is thus designed as a single-arm forward spec-
trometer (see Fig. 3) with a polar angle coverage
of 15-300 mrad and a pseudo-rapidity range of
1.9 < η < 4.9 (the bb̄ cross section is about 230 µb
in the forward LHCb acceptance). The average
momentum of b hadrons is about 80 GeV/c which
corresponds to a mean decay length of 7 mm,
thereby allowing a good separation between the
primary and decay vertices resulting in a good
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decay time resolution to be achieved.

2.2. The LHCb Detector and Expected
Performances

The layout of the LHCb spectrometer [7] is
shown in Fig. 3 and comprises, starting from
the interaction point which is displaced by about
11 m for a maximized use of the existing cavern,
of a Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking sta-
tions TT and T1-T3, the Scintillating Pad De-
tector (SPD), Preshower (PS), Electromagnetic
(ECAL) and Hadronic (HCAL) calorimeters and
the five muon stations M1-M5. It has been op-
timized to fulfill the requirements of b-physics:
excellent tracking and vertexing, excellent parti-
cle identification (PID) and a flexible and efficient
trigger. The overall performance of the tracking
system provides an average b-decay track resolu-
tion of about 30 µm for the impact parameter and
about 0.36% for the track momenta. The typical
b-hadron proper-time resolution is about 40 fs, an
essential feature for the study of Bs mesons, and
a mass resolution ranging from 8 to 18 MeV/c2

depending on the B-meson decays. The RICH
detectors provide a good kaon/pion separation in
their momentum coverage of 2 to 100 GeV/c: the
expected average efficiency for kaon identification
is about 95% with a pion mis-identification prob-
ability of about 5%. The expected tagging per-
formance based on selected and triggered simu-
lated events is ε(1−2ω)2 of about 7 to 9% for Bs
mesons and 4 to 5% for Bd mesons. An efficient
trigger is of crucial importance for LHCb and a
trigger system [7,8] has been designed based on
two levels: a hardware Level-0 trigger (L0) fol-
lowed by a software High Level Trigger (HLT)
running on 2000 computing nodes using com-
mercial computers. The first level is designed
to reduce the 40 MHz bunch crossing frequency
to 1 MHz. This is achieved by employing cus-
tom electronics which use information from the
calorimeters, the muon detectors and the pile-
up system of the VELO to select electrons, pho-
tons, muons or hadrons with high transverse mo-
mentum and with only one interaction per bunch
crossing. The L0 selected events are then trans-
mitted to the HLT which has access to all data

in one event and by successive application of al-
gorithms, selects and records a total of 2 kHz of
data.

The installation of the detector is complete.
The commissioning is well-underway with cos-
mic rays. The control and monitoring of the en-
tire LHCb detector and the DAQ system are in
place. LHCb is ready for the first LHC collisions.
Recently (end of August 2008), the first tracks
were recorded during the synchronization test by
LHC [9].

3. THE LHCb PHYSICS PROGRAM:
SELECTED TOPICS

The start-up of the LHC is at the corner: the
first collisions are expected in the early fall 2008.
This very early phase of running will be devoted
to complete the commissioning of the detector, to
align in time and space each sub-detector and the
overall detector, to calibrate the momenta, energy
and particle identification and finally to tune the
trigger. In 2009, it is expected to collect about
0.5 fb−1 of physics data and in the subsequent
years, reaching the stable running conditions, at
least 2 fb−1 of physics data should be collected
each year to perform the full physics program. A
brief overview of the expected physics reach with
the first years of collected data follows.

3.1. Bs Mixing Phase
The properties of the Bs meson are less well

known compared to the Bd meson. ∆ms, the
mass difference of the two Bs mass eigenstates,
has been already measured by CDF [10] at
the few percent level, but no significant infor-
mation is available yet on the mixing phase
βs = arg(−VtsV ∗tb/VcsV ∗cb) and the width differ-
ence ∆Γs is not so well known [11]. LHCb will
contribute significantly in the Bs sector with a
variety of channels at a level comparable to the
Bd sector.

The mixing phase, being λ2 suppressed, can
be predicted accurately in the SM and thus is the
first precision measurement being sensitive to NP
to be confronted with a precision prediction (the
global CKM fit gives sin 2βs = 0.0325+0.013

−0.012 [12]).
The mode B0

s → J/ψφ (the strange counterpart
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Figure 3. Schematic view of the LHCb detector.

of the B0
d → J/ψK0

S) is the golden-plated decay
to determine sin 2βs through a time-dependent
analysis. Due to the fact that both J/ψ and
φ are vector mesons, three distinct amplitudes,
two CP even and one CP odd, contribute to the
B0
s → J/ψφ decay thereby an angular distribu-

tion of the decay products is also mandatory to
disentangle the different CP components. The D0
and CDF collaborations have recently presented
their first results on the Bs mixing phase [11].
LHCb should select about 130k events with 2 fb−1

of data with a low combinatorial background
(B/S ∼ 0.1). It yields a precision on 2βs of 0.023
and on ∆Γs/Γs of 0.0092 [13]. Other pure CP
eigenstates which do not require an angular anal-
ysis, such as B0

s → J/ψη, ηcφ,DsDs, lead to the
determination of 2βs but with lower yields and
higher backgrounds thereby resulting of an ex-
pected overall precision of 0.046 with 2 fb−1 of
data [14]. With 10 fb−1, LHCb should obtain a
greater than the 3σ evidence of CP violation as-
suming the SM value.

3.2. Hadronic Penguin Decays
One promising way to search for NP is to

compare the mixing-induced CP asymmetries of
penguin-dominated and tree-dominated decays
into CP eigenstates.

One such example is the B0
d → φK0

S decay,
which is dominated by the b → sss penguin am-
plitude up to small corrections from subleading
u-quark penguin diagrams leading to an effective
angle βeff, to be compared with the B0

d → J/ψK0
S

decay dominated by the b → ccs tree amplitude
leading to the angle β. Since penguin loop contri-
butions are sensitive to physics beyond the SM,
it is important to have an unambiguous estimate
of the mixing-induced CP-asymmetry deviation
∆S ≡ Sb→sss − Sb→ccs in the SM [15] to claim
that any deviation from the SM is due to NP. 920
signal events in 2 fb−1 of data are expected with a
background-to-signal ratio B/S < 1.1 at 90% CL.
The mixing-induced CP asymmetry S = sin 2βeff
can be measured to a statistical precision of 0.23
with 2 fb−1 of data [16].

The strange counterpart of the previous de-
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cays are the penguin-dominated B0
s → φφ and

the tree-dominated B0
s → J/ψφ decays. How-

ever, one peculiar feature of the hadronic decay
B0
s → φφ is the cancellation of the weak phase in

the mixing and in the decay amplitudes in the SM
since Vts contributes in both amplitudes [17]. The
CP violation is thus expected to be very small in
the SM coming only from the subleading u-quark
penguin diagrams. This decay is thus particu-
larly sensitive to NP. LHCb expects a yield of
3100 reconstructed events in 2 fb−1 of data with
a background-to-signal ratio B/S < 0.8 at 90%
CL. To extract the mixing-induced CP asymme-
try, a time-dependent and angular analysis has to
be performed. Assuming the SM, the CP asym-
metry could be measured with a statistical preci-
sion of 0.11 with 2 fb−1 of data [18].

3.3. CKM Angles
3.3.1. sin 2β with B0

d → J/ψK0
S

The first CP measurement to be performed
will be sin 2β with the so-called golden mode
B0
d → J/ψK0

S in order to demonstrate that the
main ingredient of a CP analysis can be kept
under control, in particular the tagging perfor-
mance extraction from the flavor-specific control
sample B0

d → J/ψK∗0(→ K+π−). A saying
common among experimental physicists is ”Yes-
terday’s sensation is today’s calibration and to-
morrow’s background.” sin 2β which was a key
measurement for the B factories serves now as
a candle for LHCb. The estimated annual yield
for B0

d → J/ψ(→ µ+µ−)K0
S(→ π+π−) is 236k

events with a background-to-signal ratio of 0.6 for
bb̄ inclusive and 7.7 for prompt J/ψ background
events [19]. After 2 fb−1 of data taking, the LHCb
sensitivity to sin 2β is 0.020 (to be compared to
the 0.025 from the B factories with an integrated
luminosity of 850 fb−1).

3.3.2. Measurements of the Angle γ
The main reason of measuring the angle γ is be-

cause of its importance in the so-called reference
Unitarity Triange (UT) [20], the unitarity trian-
gle obtained from tree-only decays (no penguin
”pollution”), thereby being a key ingredient in
the search of discrepancy in the UT between the
tree-only (unlikely to be affected by NP) and loop

decays which would reveal the presence of NP.
The angle γ is measured through the interference
of tree-level dominated b→ cus (B+ → D(∗)K+)
and suppressed b → cus (B+ → D

(∗)
K+) am-

plitudes where the D meson is reconstructed in
final states accessible to both D0 and D̄0. Sev-
eral variants were proposed which can be grouped
by the choice of the D decays: CP eigenstate,
e.g., K0

Sπ
0 (GLW) [21], flavor-specific state, e.g.,

K−π+ (ADS) [22] and the many-body final state
(interference in the Dalitz plot), e.g., K0

Sπ
+π−

(GGSZ) [23]. LHCb will perform the measure-
ment of γ using these various methods [24]. The
precision on γ is expected to span from 7◦ to 15◦

with 2 fb−1 of data depending on the modes. No
naive average of γ is given since it leads to an
underestimated uncertainty on γ because of the
nuisance parameters [25] (the strong phases δ and
the ratio of the suppressed-to-dominated ampli-
tudes rB .)

3.3.3. 2βs + γ with B0
s → D±s K

∓

The decay B0
s → D±s K

∓ involves two tree di-
agrams (b → c and b → u) which interfere via
Bs mixing giving access to the phase 2βs + γ in
a theoretically clean way. It is similar to the ex-
traction of the phase 2β + γ with B0

d → D∗±π∓

decay mode, but with the advantage that the two
decay amplitudes are of the same order (O(λ3))
and therefore their ratio can be extracted from
the data (no external assumption like SU(3) fla-
vor symmetry is needed as is the case for the
extraction of 2β + γ). The main issue in this
analysis is to disentangle the B0

s → D±s K
∓ chan-

nel with the B0
s → D±s π

∓ channel which has a
much larger branching ratio. The excellent PID
performance of the LHCb detector allows to sig-
nificantly reduce the Bs → D±s π

∓ background to
15 ± 5% in the mass window. The event yield
for an integrated luminosity of 2 fb−1 is esti-
mated to be 140k events for B0

s → D±s π
∓ and

6.2k events for B0
s → D±s K

∓ with a combina-
torial background-to-signal ratio B/S < 0.05 and
B/S < 0.18 (90% CL) respectively. The expected
precision on 2βs + γ is about 10◦ with 2 fb−1 of
data [26]. Assuming that the phase 2βs can be
constrained from measurements in Bs → J/ψφ
decays, this channel thus provides a clean deter-
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mination of the angle γ.

3.4. FCNC |∆B| = 1 Rare Decays
FCNC decays involving b → s or b → d tran-

sitions are excellent probes of indirect effects of
NP being loop-mediated decays in the SM. The
most promising FCNC B decays at LHCb are
B0
d → K∗γ, B0

d → K∗0µ+µ− and B0
(s,d) → µ+µ−.

They have in general small branching ratios, of
the order of 10−6 to 10−10, but the main impact
of LHCb will be to provide a radical increase in
statistics to either significantly improve the study
of their properties or to observe them.

3.4.1. B0
d → K∗0µ+µ− Electroweak-penguin

Decay
The electroweak-penguin amplitude of the de-

cay B0
d → K∗0µ+µ− involves a virtual photon or

a weak boson encoded in the Wilson coefficients
C7, C9 and C10. This decay provides a wealth of
observables, and in spite of the hadronic uncer-
tainties on this exclusive rate from the form fac-
tors, many observables provide a clean and strin-
gent test of the SM thanks to the lepton pair in
the final state which is a clear signature of the de-
cay. The observables to be tested at LHCb are the
forward-backward asymmetry of the lepton decay
angle (angle between the momenta of the posi-
tively charged lepton and the B meson in the rest
frame of the lepton pair) AFB(s = m2

µµ), the zero
point of the forward-backward asymmetry (s0)
and the longitudinal-polarized and the transverse
asymmetries FL = |A0|2/(|A0|2 + |A‖|2 + |A⊥|2)
and A

(2)
T = (|A⊥|2 − |A‖|2)/(|A⊥|2 + |A‖|2) ob-

tained from a transversity-angular-distribution
analysis. Other observables were proposed re-
cently [27]. Within the SM, QCD factoriza-
tion [28] gives s0 = 4.31+0.31

−0.30 GeV2/c4 and
SCET [29] s0 = 4.07+0.16

−0.13 GeV2/c4.
The current experimental situation gives for

the branching ratio B(B0
d → K∗0µ+µ−) =

0.98+0.22
−0.21 × 10−6 [30] but the other quantities

are poorly known. The number of events ex-
pected to be selected by LHCb with 2 fb−1 of
data is 7200 events with a background-to-signal
ratio of 0.5. The statistical sensitivity to the zero-
crossing point is estimated to be 0.5 GeV2/c4.
For the observables based on the transversity am-

plitudes, the statistical precisions in the region
s ∈ [1, 6] GeV2/c4 where the theory calculations
are the most reliable are for an integrated lumi-
nosity of 2 fb−1 0.020 for AFB , 0.42 for A(2)

T and
0.016 for FL [31].

3.4.2. B0
s → µ+µ− Helicity-suppressed De-

cay
The purely leptonic B0

s → µ+µ− decay, apart
from being a precision test for the SM, pro-
vides potentially sensitive probes of an extended
scalar sector. In the SM, this decay is chirally
and loop suppressed with a branching ratio of
B(B0

s → µ+µ−) = 3.14+0.15
−0.25 × 10−9 [12] but

can be significantly enhanced by NP. The cur-
rent limits are far above the SM value: the best
limit is given by the CDF collaboration with
B(B0

s → µ+µ−) < 5.8× 10−8 at 95% CL [32].
Assuming the SM branching ratio, the ex-

pected number of events with 2 fb−1 of data
at LHCb is 30. The background events are
largely dominated by combinatorial background
of muons coming from two distinct b decays. This
background is suppressed using the very good
mass and vertex resolutions thanks to the ex-
cellent tracking and vertexing capabilities of the
LHCb detector. The expected sensitivity as a
function of the integrated luminosity is shown in
Fig. 4. LHCb has the potential of an observation
(3σ evidence) and a discovery (5σ observation) of
a SM signal with 2 fb−1 and about 6− 8 fb−1 of
data respectively [33].

4. CONCLUSION

The LHCb experiment will be ready to collect
data with a complete detector from the first colli-
sions eagerly waited for the early fall 2008. LHCb
will already provide very interesting results with
the first 0.5 fb−1 (should be achieved at the end
of 2009) of data from the following key measure-
ments:

• measurement of the mixing phase 2βs with
the B0

s → J/ψφ decay with a statistical pre-
cision of about 0.05,

• the potential to exclude the B(B0
s → µ+µ−)

values down to the SM value,
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Figure 4. Sensitivity expected with LHCb for the
B0
s → µ+µ− decay as a function of the integrated

luminosity.

• overtake the B factories statistics with
about 1800 events of B0

d → K∗0µ+µ−.

The final words are let to Bertol Brecht’s play
”The Life of Galileo” [Galileo speaking with
Sagredo]: ”A new era in human knowledge has
just started ... A lot has already been found, but
what is still to be discovered is more!”
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