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LHCb is the smallest of the four experiments at the

Large Hadron Collider (LHC). Its main goal is the

indirect search for New Physics (NP) through pre-

cision measurements of CP violating phases and

rare heavy-quark decays. The measurements are

complementary to direct searches also performed

at LHC by CMS and ATLAS. Of particular inter-

est are processes that are strongly suppressed in

the Standard Model (SM), such as flavour-changing

neutral current b→ s transitions. Since CP violat-

ing asymmetries are generated by diagrams that

involve internal loops with virtual particles, they

can be very sensitive to NP contributions.

10.1 The LHCb detector

The LHCb detector[1] is a single-arm forward spec-

trometer exploiting best the forward peaked bb̄ pro-

duction cross section at the LHC. The detector cov-

ers polar angles between 15 and 300 mrad in the

bending plane of the spectrometer magnet and up

to 250 mrad in the non-bending plane. This ac-

ceptance corresponds to a pseudorapidity coverage

in the range 1.9 to 4.5. The detector has an ex-

cellent vertex and momentum resolution needed to

separate primary and secondary vertices, provides

good invariant mass resolution, and is able to trig-

ger on particles with transverse momentum, pT ,

down to a few GeV only. Two RICH detectors al-

low discrimination between pions and kaons over a

wide momentum range. The detector and its per-

formance have been described in previous annual

reports [2].

10.1.1 Detector performance and operation

LHCb was designed to operate at a centre-

of-mass energy
√
s = 14 TeV, 2622 colliding

bunches and an average instantaneous luminosity

of 2× 1032cm−2s−1. Under these conditions the

events are dominated by a single pp interaction per

bunch crossing giving an average number of vis-

ible interactions, µ, equal to 0.4. However, the

data collected in 2011 was taken at
√
s = 7 TeV

and luminosities up to 4× 1032cm−2s−1 leading to

µ ≃ 1.6. These conditions were achieved using a

process called luminosity levelling: the luminosity

delivered to LHCb was kept constant throughout

the length of a fill by gradually reducing the beam

separation in the vertical plane around the LHCb

interaction point. This automatic procedure al-

lowed LHCb to record most of the data at a lumi-

nosity around 4× 1032cm−2s−1 which is twice the

design value. A total of around 11 billion events

were collected in 2011 for physics analysis.

The experiment recorded around 1.1 fb−1 of pp col-

lisions during the 2011 run with a global opera-

tion efficiency over 90%. The polarity of the LHCb

spectrometer magnet was reversed several times to

minimise possible systematic effects due to detector

asymmetries. The LHC will run at a higher centre-

of-mass energy,
√
s = 8 TeV, during 2012 and the

target integrated luminosity for LHCb is 1.5 fb−1.

An excellent vertex resolution is required for the

high level trigger and for many physics analy-

ses. The LHCb vertex detector has an internal

alignment better than 5 µm and a single hit po-

sition resolution of 4 µm has been achieved for
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the innermost readout strips. High momentum

and invariant mass resolutions are essential for the

suppression of combinatorial backgrounds. Mea-

sured spatial resolutions in the tracking system

are close to the values expected from simulation.

The invariant mass resolution obtained for J/Ψ →
µ+µ− decays is 12.7 MeV/c2 close to the simulated

12.1 MeV/c2. The particle identification perfor-

mance has been studied using tag-and-probe meth-

ods on φ → K+K−, K0
s → π+π− and Λ → pπ

decays and agrees with the results from the simu-

lation over the full momentum range.

10.1.2 Tracker Turicensis: operation and perfor-

mance

N. Chiapolini, C. Salzmann, S. Saornil, M. Tobin

The Tracker Turicensis (TT) was designed and

built at the Physics Institute and has been de-

scribed in previous annual reports [2]. Modules

that originally had a problem with broken bond

wires were successfully repaired during the winter

shutdown 2010. During 2011 99.8% of the 143360

detector channels were operating which is the high-

est reliability figure of any silicon tracking detec-

tor at the LHC. The continued stable and efficient

operation of the TT and the monitoring of its per-

formance including ageing effects are the respon-

sibility of S. Saornil and M. Tobin. The software

alignment of the detector is performed by N. Chi-

apolini and C. Salzmann.

10.2 Physics Results

10.2.1 CP violation in B decays

Mixing in the Bs − Bs system is described by the

mass difference ∆ms, the decay width difference

∆Γs, and a single CP violating phase φs. All three

observables can substantially deviate from SM pre-

dictions if NP contributes. The LHCb experiment

recently extracted the present most accurate values

for ∆ms [3] by studying Bs → Ds(3)π and for the

other two parameters from Bs → J/ψφ [4]:

∆Γs = 0.116± 0.018± 0.006 ps−1

φs = −0.001± 0.101± 0.027 rad

in agreement with SM predictions (∆ΓSM
s =

0.087 ± 0.021 ps−1 [5] and φSM
s = 0.036 ±

0.02 rad [6])10. The 5σ deviation of ∆Γs from

0 represents the first significant observation of its

non-zero value. In addition, a long-standing sign

ambiguity in ∆Γs has been resolved by separating

the S-wave and P-wave contributions to the decay

Bs → J/ψK+K− [7].

In the Bd system the mixing phase is sizeable and

can be associated with the angle β of the Unitar-

ity Triangle, while the width difference is small.

At present there is a striking discrepancy between

the measured values of sin 2β using Bd → J/ψK0
S

and the branching ratio B(B → τν) [8, 9]. In

the SM these observables can be related through

the CKM matrix element Vub. To understand this

tension, it will be important to control the contri-

bution of doubly Cabibbo-suppressed penguin di-

agrams in the Bd → J/ψK0
S decay. Its U-spin

partner, the decay Bs → J/ψK0
S , can be used

to measure these effects. LHCb recently found

B(Bs → J/ψK0
S) = (3.29±0.51±0.33)×10−5 [10].

The photon polarisation in b → sγ transitions can

be determined by CP asymmetry measurements.

This observable probes extensions of the SM involv-

ing right-handed currents. Important milestones in

this measurement are the determination of the ra-

tio of the branching ratios [11]

B(Bd → K∗γ)

B(Bs → φ∗γ)
= 1.12± 0.08+0.11

−0.09

and the world’s most precise measurement of direct

CP asymmetry in the decay Bd → K∗γ [12].

A precise determination of the angle γ of the

Unitarity Triangle from tree level decays is an-

other crucial ingredient to test the CKM paradigm.

The angle γ is the weak phase between the el-

ements of the CKM matrix Vcb and Vub and

has been studied by LHCb in the decay B+ →
D0K+, where the D0 meson subsequently decays

10For all the results the first uncertainty is statistical and the second systematic.
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in CP-eigenstates or where the D0 meson de-

cays in the Cabibbo-favoured K−π+ and in the

doubly Cabibbo-suppressed K+π− states. LHCb

has observed the doubly Cabibbo-suppressed de-

cay B+ → (K−π+)DK
+ with 10σ significance and

has established the CP violation in B+ → D0K+

at 5.8σ [13].

The angle γ can also be determined from the

loop mediated decays Bd,s → h+h−, where h

stands for a kaon or a pion. A significant differ-

ence in the value of γ from tree level and loop

dominated decays would be a clear sign of NP.

An important milestone in the determination of

γ from loop processes is the first measurement of

the time-dependent CP asymmetry in the decay

Bs → K+K−, leading to the determination of the

direct and mixing asymmetries [14]:

Adir

KK = 0.02± 0.18± 0.04 ,

Amix

KK = 0.17± 0.18± 0.05 .

10.2.2 CP violation in Charm

Mixing in the D0 meson is induced by down-type

quarks contributing to the box diagrams, which

leads to a strong cancellation; therefore this mix-

ing process is strongly suppressed. Mixing induced

and direct CP asymmetries in charm decays are ex-

pected to be small, but can be highly enhanced by

NP contributions. CP violation in D0 mixing can

be measured by comparing the effective lifetimes of

D0 and D
0

decaying in CP eigenstates. The asym-

metry of the lifetimes defines AΓ. This analysis has

been performed with a fraction of the data, leading

to the result [15]

AΓ = (−5.9± 5.9± 2.1)× 10−3.

For the moment no sign of CP violation in this mea-

surement has been observed. The difference in the

CP asymmetry of D0 → π+π− and D0 → K+K−

has also been measured [16] :

∆ACP = (−8.1± 2.1± 1.1)× 10−3 ,

which is the first evidence of CP violation in the

charm sector. The traditional view that CP viola-

tion in these channels does not exceed 10−3 in the

SM has been questioned recently [17–19] and it is

not yet clear if this level of CP violation can be

accommodated in the SM.

10.2.3 Rare decays

Searches for the total lepton number violating de-

cay B+ → h−µ+µ+, where h is a pion, a kaon or

a D meson, resulted in todays world’s best upper

limits [20, 21].

The decays Bs,d → µ+µ−µ+µ− have branching

ratios below 10−10 in the SM but could be en-

hanced in models involving exotic scalar particles.

Searches for these decays have been performed at

LHCb for the first time, leading to [22]:

B(Bs → µ+µ−µ+µ−) < 1.3× 10−8

B(Bd → µ+µ−µ+µ−) < 5.4× 10−9

at 95% CL. The world’s best limit B(D0 →
µ+µ−) < 1.3 × 10−8 (95% CL) has also been

set [23].

The b → dll transitions are suppressed by a fac-

tor |Vtd/Vts| with respect to b → sll. Transitions

b → dll have been observed for the first time at

B(B+ → π+µ+µ−) = (2.4 ± 0.6 ± 0.2) × 10−8 in

agreement with the SM prediction. This is to date

the rarest B-decay ever observed.

10.2.4 The very rare decays B0
s → µ+µ− and

B0 → µ+µ−

A. Büchler, Ch. Elsasser, N. Serra and

O. Steinkamp

Our group is deeply involved in this key LHCb

measurement. In the decays B0
s → µ+µ− and

B0 → µ+µ− NP contributions might be of the

same order of magnitude as the contributions from

the SM. Hence, lowering the experimental uncer-

tainties in these branching fractions largely reduces

the allowed parameter space in various NP models.

The first LHCb results, based on the 2010 data

set [24], came already close to the known upper

limits set by CDF [25]. In the case of B0
s → µ+µ−

the limit was still an order of magnitude above the

SM prediction (3.2± 0.2)× 10−9 [26].
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Fig. 10.1 – Distribution of selected candidates

(black points) in the (left) B0
s → µ+µ− and

(right) B0 → µ+µ− mass window, and expec-

tations for, from the top, B0 → µ+µ− SM sig-

nal (gray), combinatorial background (light gray),

B0 → h+h′− background (black), and cross-feed

of the two modes (dark gray). The hatched area

depicts the uncertainty on the sum of the expected

contributions.

The analysis was repeated on the full 2011 data set

which corresponds to 1 fb−1. Figure 10.1 shows

as a result the mass distribution of the selected

B0
s → µ+µ− and B0 → µ+µ− candidates which

gave the following limits at 95% C.L.[27] :

B(B0
s → µ+µ−) < 4.5× 10−9

B(B0 → µ+µ−) < 1.0× 10−9 .

As the results are still in agreement with the SM

predictions, they heavily constrain NP models [28].

The main activity of our group in this analysis

is the calibration of the di-muon invariant mass

which is the main variable distinguishing signal

from background. The invariant mass resolution

for B0
s and B0 was determined by Ch. Elsasser

by interpolating between the values for the res-

onances J/ψ, ψ(2S), Υ(1S), Υ(2S) and Υ(3S)

and by considering the resolution of the exclusive

B0
(s) → h+h− decays where h± is a kaon or a pion.

These two results are in perfect agreement. An al-

ternative method, which determines an event-by-

event invariant mass error was developed by A.

Büchler. It propagates the errors on the muon

momenta and the opening angle between the two

muons obtained from the track and vertex fit to a

mass error.

Ch. Elsasser is also determining the effective

masses of B0
s and B0 as well as the impact of fi-

nal state radiation on the invariant mass distribu-

tion. Finally, exclusive B0
(s) → h+h− decays are

also used to estimate systematic uncertainties in a

classifier based on kinematical and topological vari-

ables, which is used as an alternative discriminator

between signal and background.

10.2.5 Other very rare B-decays

Ch. Elsasser, N. Serra and O. Steinkamp

Thanks to the high momentum resolution and the

efficient particle identification as well as the large

number of B-mesons LHCb reaches an unprece-

dented sensitivity to other very rare B-decays such

as B0
(s) → τ+τ− and to Lepton Flavour Violating

decays such as B0
(s) → e±µ∓ and B0

(s) → µ±τ∓

which are practically forbidden in the SM but can

be accommodated in several NP scenarios. In the

Pati-Salam model [29], for example, leptoquark ex-

change mediates these decays already at tree level.

The decay B0
(s) → τ+τ− is less helicity suppressed

than B0
(s) → µ+µ− because of the higher lepton

mass.

Our group will study these decay channels, profit-

ing from the experience gained in the B0
(s) → µ+µ−

analysis. In a first stage the focus lies on the study

of the τ -reconstruction and -selection using Monte

Carlo simulations and more frequent decays into

τ ’s such as Z → τ+τ−.

10.2.6 B0 → K⋆µ+µ−

M. De Cian, N. Serra and M. Tresch

The rare decay B0 → K⋆µ+µ− proceeds via

flavour-changing neutral currents which makes it

of particular interest as its angular distributions

and differential branching fraction are sensitive to

many potential NP contributions. The forward-

backward asymmetry AFB , described by the open-

ing angle between the µ− and the B0 in the µ+µ−

rest frame, has attracted special attention. In the

SM AFB changes sign at a well defined value of

q2, the di-muon invariant mass squared. This zero-

crossing point is essentially free of hadronic uncer-
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tainties and can therefore be very well predicted

theoretically. With the full 2011 dataset, LHCb

performed an angular analysis and a measurement

of the differential branching fraction, which yield

the worlds most precise results of all observables

involved [30] in good agreement with the SM val-

ues. The experimental precision is still statistically

limited and not yet sensitive to NP contributions.

Our group is responsible for the determination of

the zero-crossing point of AFB , which was mea-

sured for the first time [30] (see Fig. 10.2). The

result was extracted using a novel "unbinned count-

ing" technique which avoids biases introduced by

the range in which the zero-crossing point is looked

for or by strong assumptions on the shape of AFB .

This shape is in good agreement with the result

from a simple counting analysis of the same data.

The uncertainty on the zero-crossing point was es-

timated using a data-driven approach. The result

is fully compatible with predictions from the SM.

To account for possible biases introduced by de-

tector acceptance and reconstruction effects, a cor-

rection procedure was developed. Correction fac-

tors are determined using simulated events, which

)4/c2 (GeV2q
2 4 6
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Fig. 10.2 – AFB as a function of q2. The dashed

blue line corresponds to the "unbinned counting"

experiment, the turquoise band is the theoretical

prediction [31]. The data points represent the

result of counting forward and backward events

showing the statistical uncertainty only. The red

hatched region shows the observed 68% confidence

interval for the zero-crossing point.

have been corrected for known discrepancies be-

tween measurement and simulation. Ch. Salzmann

played an important role in evaluating the agree-

ment between measurement and simulation in the

kinematically similar decay B0 → J/Ψ(µ+µ−)K⋆.

This decay shares the final state with B0 →
K⋆µ+µ− but is more abundant by a factor of 50.

He studied several techniques to correct the simu-

lated distributions and, together with M. De Cian,

also determined efficiencies for particle identifica-

tion. The measurement of tracking efficiencies us-

ing a tag-and-probe approach, which was developed

independently, was needed as a further input for

the efficiency studies [32].

Due to limited statistics of the 2011 dataset, not all

possible observables could be accessed in the angu-

lar analysis. The remaining ones can be measured

using a technique similar to the one developed for

AFB . Our group is investigating how to extract

these quantities which are well predicted in the SM.

10.2.7 W , Z and low mass Drell-Yan production

J. Anderson, A. Bursche, N. Chiapolini, and

K. Müller

Measurements of W , Z and low mass Drell-Yan

production in the forward region constitute a test

of QCD at LHC energies and will provide valu-

able input to the knowledge of the parton density

functions (PDF) of the proton in a kinematic re-

gion uniquely accessible by LHCb. Measurements

at LHCb are sensitive to Bjorken-x values as low as

8×10−6 where x is the momentum fraction carried

by the struck quark. Perturbative QCD predic-

tions are available at next-to-next-to-leading order

(NNLO).

- W and Z production

W and Z production cross sections and their ratios

have been measured by LHCb using the W → µν

and Z → µµ decay channels. Results have already

been presented at conferences and are being pub-

lished [33].
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Fig. 10.3 – Pseudorapidity dependence of the

W → µνµ production cross-section. The dark

shaded bands correspond to the statistical uncer-

tainties, the light hatched band to the statisti-

cal and systematic uncertainties added in quadra-

ture. The superimposed NNLO (NLO) predic-

tions are displaced horizontally for better presen-

tation.

Our group was largely involved in these measure-

ments by determining the detection efficiencies, es-

timating background contaminations, and deter-

mining theoretical predictions. While the analysis

of the Z decaying into two muons is almost back-

ground free, there is significant background to the

W → µνµ analysis since only one muon is observed.

Backgrounds from semileptonic heavy flavour de-

cays or pions or kaons misidentified through decay-

in-flight or punch-through (QCD backgrounds) are

reduced by requiring the muon to be isolated. Fur-

ther background arises from electroweak processes.

The W → µνµ signal yield has been determined

from fits to the pµT spectra of positive and negative

muons.

Figure 10.3 shows the differential W+ and W−

cross section as a function of the muon pseudo-

rapidity. The inclusive cross-section for W+ is

larger than for W−, explained by the excess of u

over d quarks in the proton. The W cross-sections

strongly vary as a function of the pseudorapidity

of the charged lepton, and at high pseudorapidi-

ties the W− is larger than the W+ cross-section as

expected from the different helicity dependences.

The results are in agreement with theoretical pre-

dictions calculated at NNLO with the program

Dynnlo [34] with six recent parametrisations for

)]2
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Fig. 10.4 – Differential cross-section for γ⋆ → µµ

as a function of Mµµ. The dark shaded (orange)

bands correspond to the statistical uncertainties,

the light shaded (yellow) band to the statistical

and systematic uncertainties added in quadra-

ture. Superimposed are the PYTHIA predictions

and two NLO predictions.

the PDFs. Most systematic uncertainties cancel in

the ratio RW ≡ σ(W+)/σ(W−) which is measured

with a precision of 1.7% which is below the theo-

retical uncertainty.

The analysis of electroweak boson production is be-

ing extended to events containing jets in the final

state (A. Bursche). These events are sensitive to

the gluon content in the proton. The dominant

uncertainty originates in the jet energy scale. The

study of jets is new for LHCb and A. Bursche con-

tributed significantly to their definition and cali-

bration.

- Low mass Drell-Yan production

Drell-Yan cross-sections are measured in the di-

muon channel [35]; the analysis is performed by

the Zurich group (J. Anderson, N. Chiapolini, K.

Müller). While the high Mµµ region is very clean,

towards low masses QCD backgrounds set in. At

low masses there is an additional contribution from

the radiative tail of the Υ. The signal yield is ex-

tracted from a fit to the muon isolation distribution

which is defined as the fraction of the transverse

momentum of the jet which contains the muon, car-

ried by the muon. Whereas templates for the heavy

flavour and misidentification backgrounds are ex-

tracted from data, the signal and the Υ background

shapes are taken from simulation. The signal yield
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varies between 7% in the lowest and more than 99%

in the highest mass bin.

Figure 10.4 compares the measured differential

cross-section as a function of the di-muon invariant

mass with Monte Carlo predictions from PYTHIA

and NLO calculations. The NLO predictions agree

well with the measurement but PYTHIA predic-

tions are too low. Using the full 2011 dataset will

lead to a large reduction of the systematic uncer-

tainties at low masses.

10.3 Summary and Outlook

The LHCb experiment has performed very well

throughout the 2011 LHC run. About 1 fb−1

of data have been recorded, with a data taking

efficiency exceeding 90%. Key performance pa-

rameters match or are close to expectations from

simulation studies. The LHCb detector produces

high quality results which is reflected in more than

30 publications and many more conference con-

tributions to various physics topics in the past

year. LHCb has already shown some world best

and world first measurements of B-hadron branch-

ing ratios and considerably reduced the parameter

space for many models beyond the SM.
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