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The LHCb [1] experiment is the smallest of the
four large experiments at the Large Hadron Col-
lider (LHC) and is dedicated to b-physics. The
main goal of the experiment is the indirect search
for New Physics (NP) through precision measure-
ments of CP violating phases and rare heavy-quark
decays. Of particular interest are processes that are
strongly suppressed in the Standard Model (SM),
such as flavour-changing neutral current b — s
transitions. In these loop mediated processes, NP
can lead to significant deviations from SM predic-
tions through additional amplitudes involving new
heavy particles.
the discovery potential for new particles to a mass

These indirect searches extend

range far beyond that accessible in direct searches.
Moreover, observing the pattern of deviations from
SM predictions will give insights into the underly-
ing dynamics of the NP and will permit the param-
eters of New Physics models to be constrained.

The analysis strategies for six selected key measure-
ments have been described in detail in the LHCb
“roadmap” document [2]. They comprise measure-
ments of the CKM angle v from B — DK tree de-
cays and from penguin-mediated charmless charged
two-body B decays, the measurement of the BY BY
mixing phase ¢, the determination of the branch-
ing fraction of the very rare decay BY — pu*tpu~,
measurements of angular distributions in the rare
decay B® — K*utpu~, and measurements of radia-
tive b — sy decays.

10.1 The LHCDb detector

To exploit best the strongly forward peaked bb pro-
duction cross section at the LHC, the LHCb detec-
tor is laid out as a single-arm forward spectrometer.
Its acceptance covers polar angles from 15 mrad to
300 mrad in the bending plane of the spectrometer
magnet and 250 mrad in the non-bending plane.
This corresponds to a pseudo-rapidity coverage of
about 1.9 < 1 < 4.9. LHCb captures almost 40%
of the bb production cross section at the LHC while
covering only about 4% of the solid angle. An addi-
tional benefit of measuring at small polar angles is
the possibility to trigger on low-pr particles down
to transverse momenta pp of only a few GeV. The
detector has been described in previous annual re-
ports [3] and in [1].

10.2 Detector performance and
first running experience

The LHCD experiment was fully operational from
the first day of LHC collisions at a centre of mass
energy of 0.9 TeV end of autumn 2009, except for
the computing farm for the higher-level triggers
(HLT), which was only partially installed. About
37 pb~! of pp collisions at 7 TeV were collected
during the 2010 LHC run, with a data taking ef-
ficiency of more than 90%. The polarity of the
LHCb spectrometer magnet was reversed several
times to minimise possible systematics due to de-
tector asymmetries.

LHC running conditions and the instantaneous
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luminosity provided by the accelerator evolved
rapidly throughout the 2010 run. As the LHC lu-
minosity increased, trigger conditions were gradu-
ally tightened such that the available readout band-
width and CPU in the HLT farm were fully ex-
ploited. Data were taken at the highest luminos-
ity available from LHC at all times, although dur-
ing the later part of the run this meant operating
the experiment at significantly higher numbers of
pp interactions per bunch crossing than foreseen
under nominal conditions. Peak instantaneous lu-
minosities close to the LHCb nominal luminosity
were achieved towards the end of the 2010 run, but
with only 344 instead of 2622 colliding bunches.
These running conditions corresponded to an aver-
age number of visible interactions per bunch cross-
ing, i, of up to 2.4, where nominal LHCb operating
conditions correspond to 4 = 0.4. The HLT farm
has been completed over the 2010/2011 Christmas
break.

The instantaneous luminosity will gradually in-
crease in in 2011 running period and about 1 fb~!
are expected to be delivered until the end of 2011.
For many of the key physics channels at LHCb,
significant measurements can already be expected
from the 2010/2011 LHC run. The collaboration
has already published three papers [4-6] and pre-
sented many new results at conferences [8-28].

An excellent vertex resolution is essential for the
high-level trigger and for many physics analyses.
To minimise extrapolation errors from the first
measurement points to the vertex position, the
LHCDb vertex detector is installed inside the LHC
vacuum vessel. The sensitive area of the detector
starts at a distance of only 8 mm from the beam
axis during data taking. The detectors have to be
retracted by 3 cm during beam injection. An in-
ternal alignment of better than 5 um of the vertex
detector has been obtained. Fill-to-fill variations
in the position of the detectors are also as small as
5 pm. A single-hit resolution of 4 ym has been mea-
sured for the innermost readout strips. The mea-
sured track impact parameter resolution is slightly
worse than expected from simulation, possible rea-
sons for this are being investigated.
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Good momentum and invariant mass resolutions
are crucial for the rejection of combinatorial back-
grounds. Measured spatial resolutions in the track-
ing system are approaching those expected from
test beams and simulation. Small differences are
remaining from residual misalignments. Since the
acceptance of the LHCDb tracking system for cos-
mics is negligibly small, its spatial alignment re-
lies entirely on beam data. The good progress
in the understanding of the alignment is demon-
strated by the invariant mass resolution obtained
for J/¥ — pTp~ decays, which was 17.1 MeV in
May 2010 and had reached 13.3 MeV in December
2010. From simulation, an invariant mass resolu-
tion of 12.1 MeV is expected. Figure 10.1 shows a
utpu” invariant mass distribution in the mass range
of the T(1s), T(2s) and T(3s) resonances. An in-
variant mass resolution of 47 MeV is obtained, here,
and the three resonances are clearly resolved.

An excellent kaon/pion separation over a wide mo-
mentum range is another important ingredient for
many analyses. Two RICH detectors with three
different radiators cover momenta down to about
2 GeV, needed to identify kaons for B flavour tag-
ging, and up to 100 GeV, required for a clean sep-
aration of two-body hadronic B decays.

The particle-identification performance has been
studied with data using tag-and-probe methods
on ¢ - KTK-, K — ntn—
cays and is found to be close to expectations from

and A — pm de-

simulation over the full momentum range. The
importance of kaon/pion separation for two-body
hadronic B decays is illustrated in Fig. 10.2. The
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Fig. 10.2 — Left: B — h™h™ invariant mass distribution where the pion mass hypothesis was applied for both
final-state particles. Right: Bgs — K*7F using only loose kaon and pion identification criteria.

left plot shows a B — hTh'~ invariant mass spec-
trum before particle-identification cuts, where the
pion mass hypothesis was applied for both final-
state particles. Despite the good invariant mass
resolution, the contributions from B? — =tn—,
B — K*n% and B — KTK~ cannot be sep-
arated kinematically. The right plot shows the
invariant mass spectra for B? — KTK~ after
particle-identification cuts have been applied. A
clean signal with excellent invariant-mass resolu-
tion of 23 MeV is observed here as well as for the
other two decay modes.

Finally, the performance of the electromagnetic
calorimeter in electron and photon reconstruction
is illustrated in Fig. 10.3, which shows an ete~
invariant mass distribution with a clear .12 —
J /1y signal.
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Fig. 10.3 — e e~ invariant mass distribution showing
a Xe1,2 — J/(uTp” )y signal.

10.2.1 Tracker Turicensis: operation and perfor-
mance

The Tracker Turicensis (TT) was constructed at
the Physics Institute and has been described in
previous annual reports [3]. After its installation
in LHCb the detector was operated with high effi-
ciency during the entire data taking period. By the
time of the LHC turn on in October 2009 more than
99% of the 144’000 detector channels were fully
operational. The average hit detection efficiency
was found to exceed 99%. During 2010 some of
the readout channels were lost due to broken bond
wires. All affected modules have been repaired in
Zurich during the Christmas shutdown. S. Saornil
and M. Tobin are in charge of maintaining a stable
and efficient operation of the TT and monitoring
its performance while N. Chiapolini is responsible
for its alignment.

10.3 Physics results
10.3.1 J/1 production and bb cross section

Measurements of differential cross sections for
prompt J/v and b — J/¢¥X production have been
performed using 5.2 pb~! of data [29]. The mea-
surement was performed in two-dimensional bins
of pseudo-rapidity from 2 < 1 < 4.5 and transverse
momentum from 0 < pr < 14 GeV. To separate
prompt J/¢ and J/v from b decays, the pseudo
proper time t, = Az - My, /p. was used, where
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Fig. 10.4 — Distribution of the J/v “pseudo proper
time” ¢, in one of the (pr,n) bins used in the mea-
surement of differential J/1) cross sections.

Az is the displacement of the J/1 vertex from the
primary vertex along the beam axis, M/, is the
J/¢ mass and p, is the component of the J/1 mo-
mentum along the beam axis. The distribution of
t. in one of the (pr,n) bins used in the analysis
is shown in Fig. 10.4. Combinatorial backgrounds
in the tz distribution were estimated by combin-
ing J/4 vertices from one event with primary ver-
tices from a different event. The dominating un-
certainty on the prompt J/¢ cross section is due
to the still unknown J/t polarisation in prompt
production. Its measurement in LHCb requires a
larger data sample. The differential cross section
assuming unpolarised J/v production is shown in
Fig. 10.5. The results are in good general agree-
ment with recent theoretical calculations at high
pr, although the uncertainties on these predictions
are still rather large.

The LHCb Monte Carlo simulation, based on
PYTHIA 6.4 [30] and EvtGen [31], was used to
extrapolate the measured b — J/¢X cross section
from the LHCb acceptance to the full polar angle
range. Using the average b — J/vX branching
fraction for inclusive b-hadron decays to J/1 mea-
sured at LEP [32], a bb production cross section
of o(pp — bbX) = 288 & 4 4 48 pub is calculated.
This result is in excellent agreement with an earlier
LHCb measurement of the bb production cross sec-
tion that was based on 15 nb™! of data and used
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Fig. 10.5 — Prompt J/¥ production cross-section as
a function of pr in bins of y, assuming no polarisa-
tion of the prompt J/v.

BY — D%~ X decays [5]. In this analysis, the
impact parameter of the reconstructed D momen-
tum with respect to the primary vertex was used
to identify D mesons from b decays and wrong-sign
D%t combinations were used to estimate back-
grounds. Here, a bb production cross section of
o(pp — bbX) = 284+20+49 ub was calculated for
the full polar angle range, in good agreement with
the newer and more precise measurement. Prior to
these measurements, simulation studies assessing
the LHCb physics reach had assumed a bb produc-
tion cross section of 250 ub at /s = 7 TeV.

10.3.2 Direct CP violation in charged charm-

less B decays

A measurement of direct CP violation in charged
charmless hadronic two-body decays is ongo-
ing [13]. Competitive results with previous mea-
surements from the B factories and the Tevatron
can be expected from the 2011 data sample. An in-
variant mass distribution for By ;, — K= decays
was already shown in Fig. 10.2 above. Separating
the event sample further into Bg, BY — K*n~ and
Bg, BY — K~ a clear difference in event yields
is visible in the invariant mass spectra shown in
Fig. 10.6. The raw asymmetry between the B°
and B yields deviates from zero at the level of
three standard deviations and is compatible with
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the known world average CP asymmetry. An asym-
metry is also visible in the BY vs. BY event yields
although the effect is not yet statistically signifi-
cant, here. The distributions are not corrected for
production and detection asymmetries. These cor-
rections, however, are expected to be small.

10.3.3 BY B? flavour oscillations

The ability to resolve the fast BY B? flavour oscilla-
tions is an important ingredient for several LHCb
key measurements. A measurement of the BYBY
oscillation frequency in B — D7 (3)7 decay modes
has been presented. Despite the still limited statis-
tics, a competitive measurement with existing re-
sults from the Tevatron is obtained due to the ex-
cellent proper-time resolution of the experiment.
Another important ingredient for oscillation mea-
surements is the ability to tag the initial flavour
of the B meson at production. Opposite-side lep-
ton, kaon and vertex-charge tags make use of dis-
tinctive signatures from the decay of the accompa-
nying b hadron in the event to imply the flavour
of the B meson under study. Same-side tags di-
rectly determine the flavour of the B meson under
study, using the charge of a pion, in the B case,
or a kaon, in that of the BY, from the b quark
fragmentation chain or from the decay of excited
B states. Flavour-specific decay channels such as
Bt — J/WYK*T, B — J/YK*(K+tn~) and B® —
DOt v, are employed to optimise and calibrate the
flavour-tagging algorithms. As an example of the
tagging performance, Fig. 10.7 shows the observed
flavour asymmetry as a function of the B meson
proper time for decays B® — D°utv,. The initial
flavour at production was determined using oppo-
site side lepton and kaon tags, the flavour at de-
cay is given by the charge of the final state muon.
The flavour oscillation is clearly visible and in good
agreement with the known B°B° oscillation fre-
quency Amyg.
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BY,BY — K*n~ (top) and BY,B? — K—nt
(bottom). Red: fitted signals from BY and BY de-
cays; green: BY and B? decays; yellow: background
from mis-identified three-body decays; grey: com-
binatorial background. No corrections were made
for production- and detector asymmetries.
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Fig. 10.7 — Flavour asymmetry as a function of the
B proper time in B — Duv,, decays. Opposite-side
lepton and kaon taggers were used to tag the initial
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was obtained fixing Amg to its PDG value [38].
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10.3.4 The rare decay B; — pup

A. Biichler, Ch. Elsasser, J. van Tilburg, N. Serra
and O. Steinkamp are deeply involved in this key
LHCb measurement. The present best upper limits
on the branching fraction, reported by the Tevatron
experiments [34; 35], are still an order of magnitude
above the SM prediction (3.35 4 0.32) x 10~ [33]
leaving room for a clear NP signal. On the other
hand, reducing the current limits would severely
constrain the parameter space for NP models [36].
An upper limit close to the best limits reported by
the Tevatron experiments is obtained already from
the relatively small data set. This first LHCb re-
sult has been shown at conferences and is accepted
for publication [37]. For 1 fb=! collected in 2011,
a 90% exclusion limit approaching the SM branch-
ing fraction is expected if no signal is observed.
A 50 observation of the SM value will require 6-
10 fb~'. The analysis strategy is described in detail
in Ref. [2]. An important feature is the extensive
use of control channels in order to reduce the de-
pendency on simulation. Here, the analysis profits
from the large samples of hadronic two-body B de-
cays that LHCb collects.

One of the fields of activity of our group is the cali-
bration of the invariant mass likelihood. The p*u™
invariant mass is the main variable distinguishing
signal from background. The invariant mass reso-
lution for B, was studied by Ch. Elsasser by in-
terpolating the resolution for the resonances J/ ¥,
T(25), T(1S), T(25) and Y(3S5). The result was
found in good agreement with the invariant mass
resolution extracted from B — hh decays.

An alternative method which is expected to reduce
the background is studied by A. Biichler. In her
thesis she determines an event-by-event invariant
mass error for each u*pu~ candidate by propagat-
ing the errors on the muon momenta and the open-
ing angle between the two muons obtained from the
track and vertex fit. The method corrects for biases
in the errors given by the track and the vertex. It is
calibrated and tested using other two-body decays
such as J/¥ — putp=, J/V — ptp~ and B — hh.
At hadron colliders the luminosity and the produc-
tion cross section are generally poorly known so

it is more convenient to do relative measurements.
There are several well known By, branching ra-
tios measured by B-factories which can be used.
In particular the BT — J/WK™ branching ratio
is known at 3% level. This mode has a similar
trigger and the same particle identification as the
B, — ptu~ decay. The dominant uncertainty with
this strategy will be the ratio of fragmentation frac-
tions fs/fa., which was measured to about 12%
precision at LEP [39].

A method for determining fs/fq in a model inde-
pendent way using the relative yields of Bg,s —
Dyt and By, — Dy KT measured by LHCb
has been proposed [40]. A precision of 6-9% on
fs/fa from this analysis is expected by summer
2011. Preliminary results with a precision close
to the world best were presented at winter confer-
ences [12].

10.3.5 Lepton Flavour Violating B-decays

Given the large number of B-mesons, the high mo-
mentum resolution and efficient particle identifica-
tion, LHCD has the potential to greatly improve the
sensitivity to Lepton Flavour Violating B-meson
decays, e.g. By — e*uT and B, — p*7F. These
decays are forbidden in the SM but they are allowed
in several of its extensions, the simplest of these be-
ing the Pati-Salam model [41], where a leptoquark
exchange can mediate these decays at tree level.

Here we can profit of our groups experience in rare
decays, in particular B, — pTp~. Ch. Elsasser,
collaborating with N. Serra and O. Steinkamp, will
focus on the study of these decay channels using
2011-2012 data.

103.6 B — K*utp~

Angular distributions in the rare decay B —
K*u*u~ give rise to several observables that are
sensitive to NP contributions [42]. Very promising
is the forward-backward asymmetry App, defined
by the angle between the p~ direction and the di-
rection of the B® measured in the rest frame of the
uwtu~ system. First measurements of Appg as a
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Fig. 10.8 — Kmpp invariant mass distribution show-
ing a clear BY — K*utpu~ signal.

function of the dilepton invariant mass squared g2
have been published by the BaBar [43], Belle [44]
and CDF [45] collaborations. All three experiments
observed a flipped sign of Appg in the low ¢2 region,
larger than predicted by the SM although the sta-
tistical precision is still too low for definitive con-
clusions.

Already with the 37 pb~! of data accumulated in
2010, LHCD observes a clear B® — K*utu~ sig-
nal, as shown in Fig 10.8. With only 100 pb~! of
data, LHCb will reach a sensitivity to App that
is similar to the current measurements from the
B factories and CDF. Assuming the same central
value as measured by Belle, a 5 ¢ deviation from
the SM could be measured by LHCb with about
1 fb~! of data.

One of the most critical aspects of the analysis are
possible biases on the angular distributions due to
detector acceptance and selection cuts. J. Ander-
son, M. De Cian, Ch. Salzmann and N. Serra play
a key role in this aspect of the analysis. Given the
good agreement between measurement and simu-
lation demonstrated with 2010 data we intend to
make event-by-event corrections based on the sim-
ulation. The procedure will be validated on the
control channel B® — J/¥(u*p~)K* which has
the same final state as the B® — K*utu~ but
about 50 times more statistics. A similar strategy
will be used to evaluate systematics uncertainties.
Ch. Salzmann has shown how this validation can
be performed using B® — J/WK* data collected

in 2010. The correction uses several inputs such as
the particle identification efficiencies. M. De Cian
is studying how to extract these efficiencies from
the measurement using a tag and probe method.

10.3.7 Forward electroweak physics

J. Anderson, A. Bursche, N. Chiapolini, and K.
Miiller are involved in measurements of W, Z
and Drell-Yan production in the forward region
which provide an important test of the SM. The-
oretical predictions are known to next-to-next-to
leading order in perturbative QCD [46] and the
uncertainties vary between 3% and 10% depending
on rapidity, where the dominant uncertainty is
due to the knowledge of the parton distribution
functions (PDFs) of the proton.
of the differential cross sections for electroweak

Measurements

bosons decaying into muon final states and the
ratios of these cross sections can probe the parton
density functions at low x where the PDFs are
hardly constrained by previous measurements and
also test the QCD predictions in a previously
unexplored region. Preliminary results on differ-
ential cross section measurements and ratios of W
and Z production based on 16.5 pb~! have been
presented at several conferences [19].

The results are summarised in Fig. 10.9 for final
state muons having transverse momenta larger

LHCb Preliminary using 16.5pb™ of data.
Theory: FEWZ at NLO for Z; MCFM at NLO for W.
Kinematic cuts: charged leptons p-r>2° GeV, 2<n<4.5.
Uncertainty band combines NLO and MSTW2008 90% uncertainties.
——————
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Fig. 10.9 — Summary of W and Z production cross
sections and cross section ratios with muons in the
pseudo-rapidity range 2 < 7, < 4.5 and transverse
momentum larger than 20 GeV. The vertical band
indicates the theory prediction with its error.
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than 20 GeV and lying within pseudorapidities
2 <1, < 4.5. In addition, the invariant mass of
the two muons from the Z boson decay must be be-
tween 81 < mz < 101 GeV. All cross sections and
ratios are in good agreement with next-to-leading
order predictions [47]. The precision will signifi-
cantly improve with a more precise determination
of the luminosity. The cross section ratios which
are independent of the luminosity and where some
of the systematic errors cancel will constitute a very
precise test of the SM with increased statistics. Al-
ready by the end of 2011 all these measurements
will be limited by systematics.

A key ingredient is the determination of various ef-
ficiencies from the measured data. Here, our group
is making significant contributions. A. Bursche has
developed techniques to monitor the trigger effi-
ciency for W and Z which both require one muon
with high transverse momentum in the trigger and
also for Drell-Yan events which are triggered by the
di-muon trigger. The offline tracking efficiency was
determined by M. De Cian using a tag and probe
method. The same method is used to measure the
tracking efficiency in J/¥ or T decays. A tag and
probe method is also used by J. Anderson to de-
termine the muon reconstruction efficiency.

In future it is planned to study in more detail the
backgrounds for the W analysis and to extend the
measurements to events with jets accompanying
the electroweak boson (A. Bursche). A detailed
understanding of the dominant background (kaons
or pions and muons from semileptonic decays) is
crucial for the reduction of the systematic error.
A measurement of the cross section for jets plus
an electroweak boson will be sensitive to the gluon
content in the proton. Low mass Drell-Yan will
allow to probe PDFs down to Bjorken-x values as
low as 10~°. Here, the PDFs are basically not con-
strained by previous experiments. N. Chiapolini
will study Drell-Yan production.

10.4 Summary and outlook

The LHCb experiment has performed very well
throughout the 2010 LHC run. About 37 pb~!
of data have been recorded, with a data taking effi-
ciency exceeding 90%. A number of early analyses
have demonstrated the ability of the LHCb detec-
tor to produce high quality results under harsher
conditions than the experiment was designed for.
Key performance parameters match or are close to
expectations from simulation studies. Further im-
provements are still expected from better calibra-
tion and alignment. In addition to what has been
discussed in this report, LHCb has already made
some world best and world first measurements of
B-hadron branching ratios. In several key analy-
ses, sensitivities approaching those of existing mea-
surements can already be expected from the 2010
data sample. With the much larger data sample
expected for 2011, LHCb will be able to probe for
New Physics signatures.
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