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Abstract: The LHCb experiment at the LHC is fully
installed, its commissioning is being completed. Com-
missioning of the detector with cosmic rays and the
first experience with the LHC particles is reported.
Prospects of the LHCb experiment to study rare phe-
nomena in charm physics sector are discussed.

Introduction

LHCb is an experiment dedicated to studies of rare phe-
nomena in b and c decays in order to precisely constrain
the Standard Model parameters and search for signatures
beyond [1]. The b and ¢ hadrons are produced from the
collisions of the LHC p beams with nominal center of mass
energy Ecpr = 14 TeV. The LHCD operation is foreseen at
a reduced LHC luminosity of 2 x 1032 cm~2 s~!, tuneable
by defocusing beams in order to maximize a single interac-
tion probability per beam crossing. Using a 107 s effective
annual operation time and assumed o,; = 1.04 mb and
0.z = 8.31 mb cross sections, this translates into the inte-
grated luminosity of 2 fb~! and samples of 10'2 bb pairs
and 6 x 102 c¢ pairs annually produced. Throughout the
paper this is referred to as a nominal year of LHCb opera-
tion.

During 2010, the first year of LHC operation, the ma-
chine is expected to operate at the reduced energy start-
ing from Ecjps = 7 TeV, which then will be substantially
increased. The luminosity in 2010 is foreseen to be sig-
nificantly lower than that hoped for in previous years, and
a data sample of around 100-200 pb—' is expected. The
projections for the first LHCb year, done below, imply the
energy Ecpy = 10 TeV corresponding to 0,5 = 0.67 mb
and 0.z = 6.26 mb cross sections, and an integrated lumi-
nosity of 100 pb~!. Taking into account the variation in
production cross section with energy, which is greater for
bb events, this corresponds to samples of 7 x 100 bb pairs
and 6 x 10! ¢ pairs.

Charm physics studies at LHCb can exploit two differ-
ent production mechanisms. The cleanest approach is to
reconstruct charm from b-quark decays with well displaced
(on average 7 mm) b-decay vertex. The event sample, con-
taining secondary charm hadrons, is, however, suppressed
by the b vertex reconstruction efficiency and b-decay ver-
tex from the pp interaction vertex separation cut efficiency.
The sample purity for D° mesons [2] can conveniently
be enhanced by selecting the chain of B — D*'(—
D7) X with a powerful cut on AM = M (D%xF) —
M (D). In this case, however, the additional suppression

* barsuk@lal.in2p3.fr
 Laboratoire de 1’ Accélérateur Linéaire, Université Paris-Sud 11, Bat.
200, 91898 Orsay, France

by BR(B — D**X)/(BR(B — D**X)+ BR(B —
D*X)) x BR(D** — D ") ~ 0.18 is introduced. An
alternative approach is to select prompt charm hadrons. In
this case other properties of the reconstructed decay must
be used to cope with the combinatorial background. For ex-
ample, DY and DJfg mesons travel about 3 mm and about
10 mm respective%y, so that the D decay vertex can be re-
constructed. The prompt D*t decays to D7+ can also
be used. In 2010 the integrated luminosity means that all
charm studies will exploit the prompt production only.
LHCb is well suited to charm physics. It benefits from
its good track and precise vertex recontruction, its powerful
particle identification, its large rapidity coverage, and an-
ticipated very high statistical yields. However, the analysis
has to cope with high event multiplicities, forward detector
geometry which prevents full event reconstruction, and a
trigger compromise between b and ¢ physics targets.

The LHCDb Detector

The LHCD detector (Fig. 1) is a single-arm forward spec-
trometer, covering 10-300 (15-250) mrad acceptance for
x(y) projections. It provides efficient charged particle track-
ing and neutral particle reconstruction, precise vertex mea-
surement, particle identification and robust trigger. Pass-
ing from the pp interaction region, particles meet a vertex
locator (VELO), a 4 Tm warm dipole magnet, a tracking
system, two ring imaging Cherenkov detectors (RICH), a
system of calorimeters and a muon detector.

The VELO system comprises 21 stations of two semicir-
cular silicon sensors each yielding polar coordinates mea-
surement. The sensors are retractable in order to provide
safe conditions during injection and until the stable beams
are achieved. At the closed position, the sensitive area of
the VELO detectors is as close as 8 mm to the beam axis.
In addition to VELO, the LHCb tracking system comprises
four planar tracking stations, trigger tracker (TT) upstream
of the dipole magnet and T1-T3 stations downstream of the
magnet. While TT and the region close to the beam pipe of
T1-T3 employ silicon microstrips, the straw tubes are used
for the outer region of T1-T3.

A track reconstruction efficiency of 95 % is expected for
track momenta p > 5 GeV. Momentum measurement reso-
lution is expected to be Ap/p ~ 0.4 % and is dominated by
multiple scattering up to 80 GeV/c (Fig. 2). Primary vertex
position resolution is typically 8 um in the transverse, x or
y, direction, and 44 pm along the beam axis. The impact
parameter measurement has a resolution of o;p ~ 30 pm,
and is dominated by the effect of material before the first
measured point (Fig. 3).

A system of two Cherenkov detectors is used for K/x
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Figure 1: Side view of the LHCb detector from inside of the LHC machine loop
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Figure 2: Momentum resolution as a function of track mo-
mentum. For comparison the momentum spectrum of B
decay particles is shown in the lower part of the plot

separation. The RICH1 detector is aimed at the identifica-
tion of lower momenta particles and so it is installed up-
stream of the magnet. It covers a momentum range from 1
to about 70 GeV/c in the 25 to 250 (300) mrad vertical (hor-
izontal) acceptance, and uses silica aerogel and Cy4Fig as
radiators. RICH2 provides identification for particles of 15
to about 100 GeV/c momenta in the 15 to 100 (120) mrad

Figure 3: Impact parameter resolution as a function of
1/pr. For comparison the 1/pr spectrum of B decay par-
ticles is shown in the lower part of the plot

vertical (horizontal) acceptance, and is positioned down-
stream of the magnet. It employs a C'F); radiator.
Excellent K/ separation is expected in the momentum
range between 2 and 100 GeV/c with the average m — K
misidentification rate of 4 % for the K identification effi-
ciency of 96 % (Fig. 4).
The identification of electrons, photons and hadrons as
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Figure 4: Kaon-pion separation as a function of parti-
cle momentum. Top curve shows kaon identification ef-
ficiency, and bottom curve describes pion rejection

well as measurement of their energy and position is pro-
vided by the calorimeter system. The LHCb calorimeter,
however, is essentially a trigger tool, which, along with the
muon detector, initiates the trigger search. The calorime-
ter system comprises scintillator pad detector, pre-shower,
electromagnetic and hadronic calorimeters, all employing
the sampling technology with the light, produced in the
plastic scintillator, and read out to the photomultipliers via
wavelength-shifting fibers.

The muon detector performs the offline identification of
muons and initiates trigger search for the muon based trig-
ger alleys, and is implemented in five stations, interleaved
with the concrete absorber. The MWPC technology is used
throughout the muon detector, except for the busy inner-
most region of the muon station in front of the calorimeter,
where the GEM technology has been chosen.

The lowest (LO) trigger level of LHCb is implemented
in hardware and uses the information from the calorime-
ter, the muon detector and VELO. A high pr candidate is
searched for in the h™, u®, ptp~, e*, v and 7 alleys
to initiate the further trigger search. A pr cut varies from
about 1 GeV for muons to about 4.5 GeV for 7°. In addi-
tion, it is possible to veto very complicated events, compat-
ible with more than one pp interaction, using the informa-
tion from upstream hodoscope counters or scintillator pad
detector. The LO is fully synchronous, runs at 40 MHz, and
reduces the 10 MHz input event rate to the rate of 1 MHz
output to the high level trigger (HLT). The HLT is fully
implemented on a farm of processors, and uses full event
information. First, it confirms the LO candidate with the
tracker and VELO measurement (HLT1). Then, inclusive
selections run on the globally reconstructed event (HLT?2).
The HLT reduces event rate to a 2 kHz output for storage.
A set of inclusive trigger selections, looking for displaced
vertices, J /1) candidates and muons with significant impact
parameter with respect to primary vertices, will result in a
high yield in events containing D mesons. For a detailed
description of the LHCb trigger see e.g. [3].

A more detailed discussion of the LHCb detector can be
found elsewhere [4].

The Detector Commissioning

The detector is fully installed and the commissioning
program is being completed. The detector commisioning
has exploited cosmic ray muons, particles produced from
stopped beams during injection tests, and beam-gas events
from the brief period with the first circulating beam in
2008.

Although the LHCb geometry is not ideal for exploit-
ing cosmic ray muons, nonetheless many useful studies can
still be performed with such a source. More than one mil-
lion calorimeter triggered tracks has been collected. The
calorimeter detectors gain was increased in order to ensure
a measurable MIP signal with these tracks. This sample
of reconstructed MIP tracks has been used for the com-
missioning of the large surface tracking detectors, which
include the outer tracker and the muon detector, and the
calorimeter. Using this sample of cosmics is difficult or
impossible for the inner tracker because of its small size,
for the trigger tracker because of the large extrapolation
distance, and for the VELO because of both of the above
reasons. Readout of consecutive samplings gives a pow-
erful tool for time alignment. The feasibility of the time
alignment to about 1 ns precision has been shown.

The LHCb recorded events from the two LHC sec-
tor tests with the beam, dumped on the injection line
beam stopper about 340 m downstream of the LHCb de-
tector. These induced high muon flux events contained
O(10) particles’cm? in the shower center, and O(0.1)
particles/cm? in the region of VELO. About 700 tracks, re-
constructed in VELO per sector test, served for the spatial
alignment of all the LHCb tracking detectors. Fig. 5 shows

Velo tracks,
August 22, 2008

Figure 5: Sector test event. Tracks reconstructed in VELO
from the r and ¢ hits in the VELO sensors

VELO tracks (in green), reconstructed from the hits in the
r and ¢ sensors (in orange). With these data VELO mod-
ule alignment precision was found to be 3.4 um for x, y
translation and 200 prad for z rotation. Residual measure-
ments for r and ¢ sensors confirm the previous measure-
ments (Fig. 6, 7). Extrapolated VELO tracks were found
in the TT within a 300 um of the expected position. Ex-
trapolation to the inner tracker by a distance of 7 m results,
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Figure 6: r residuals measured from the sector test recon-
structed tracks, as compared to the previous measurements
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Figure 7: ¢ residuals measured from the sector test recon-
structed tracks, as compared to the previous measurements

however, in a large combinatorial background due to high
multiplicity of the beam dump events.

The first LHC beam yielded a few low multiplicity beam
gas events with about 50 reconstructed tracks per event
(Fig. 8), and a few busy events with beam, hitting a col-
limator (Fig. 9).

Figure 9: The beam-collimator event collected from the
first LHC beam circulation

After this extensive commissioning phase, the LHCb de-
tector is ready for data taking after the LHC restart in au-
tumn 2009.

Charm Physics Goals

In the remainder of the article, the LHCb reach in the
charm sector is illustrated by the simulation studies of mix-
ing and CP violation using D° — h*th~, h*h=h*h~,
rare D meson decays, Bj studies, charmonium production
and charmonium-like states.

The expected number of D° — h*h~ from B decays in
one nominal LHCb year is shown in Table 1.

Table 1: The expected number of D° — hth~ from B
decays in one nominal LHCD year

channel # of events
DY - K—rt 124M
DV S KK+ 1.6 M
DV — =gt 0.6 M
DY — Ktn— 0.05M

As mentioned above, the luminosity in 2010 is fore-
seen to be significantly lower compared to the nominal
one, and a data sample of around 100-200 pb~! is ex-
pected. This low luminosity brings, however, some ben-
efits. For example, it will prove possible to lower the pr
and I P thresholds in the trigger and significantly boost
the efficiency for charm, in particular for prompt events.
The expected prolific production of prompt D° mesons
is illustrated by the Fig. 10, where the invariant mass of
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Figure 10: Reconstructed invariant mass of the K 7+
combinations in the minimum bias sample at Ecy =
10 TeV passing the LO and HLT1 trigger. A cut has
been imposed on the reconstructed AM = M (D7 F) —
M (D). The sample corresponds to about 15 minutes of
data taking in the conditions expected for 2010

the K~7T combinations is shown for the minimum bias
sample at Ecps = 10 TeV passing the LO and HLT1
trigger, with a cut imposed on the reconstructed AM =
M (D°zt) — M(DP). The sample corresponds to about
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Figure 8: The beam-gas event collected from the first LHC beam circulation

15 minutes of data taking in the conditions expected for
2010. In total, in 2010 around 30M triggered, selected
flavour tagged D° — K 7T decays are expected. Also
for 2010, around 2.5M of the triggered, selected flavour
tagged D — Kt K~ decays, essential for the ycp pa-
rameter determination from lifetime measurements, should
be collected. The expected event yield in 2010 exceeds
significantly the number of about 110k D — K+ K~ de-
cays, collected by BELLE experiment with an integrated
luminosity of 540 fb—!. The D° — h*h~ decays will be
selected by two parallel analyses, one optimised for physics
measurements, using the RICH, and the other with no par-
ticle identification criteria and with tigher kinematical re-
quirements. The events from the latter selection will be
invaluable for calibrating the RICH system. In addition,
around 0.5M flavour tagged D° — K+ K 7~ decays,
up to a million flavour tagged D° — Kgnt 7~ decays and
a few million D¥ — KTK 7" events are expected in
2010.

One of the most sensitive ways to access the D D mixing
comes from the ycp variable,

7(D° — K—77)
Ycp = -
(D = K+K-)

-1,

determination from the lifetime measurement for D® —
K*K~and D° — K—7t decays. The present HFAG av-
erage is yop = (1.107 + 0.217)% [5]. However, so far
no single 50 evidence of a non-zero value of the yop pa-
rameter exists, e.g. BELLE obtained [6] yocp = (1.31 £
0.32 £ 0.25)% with an integrated luminosity of 540 fb—1.
Under the operation conditions expected for 2010, with the
prompt D meson sample corresponding to 0.1 fb~! inte-
grated luminosity, the statistical error of the yc p measure-
ment at LHCD is expected to be 0.07%.

From the D° — KK~ sample also the CP violating
parameter Ar can be measured,

A — (D - K~K*)—7(D° - K-K%)
e 7(D® - K-K*)+7(D° - K-K+)~

In the Standard Model Ar < 1073, while it can be as
large as 1% with the New Physics contribution. The present

HFAG average is Ap(D° — KTK~) = (-1.6 £2.3) x
1073 [5]. In 2010 with the prompt D meson sample cor-
responding to 0.1 fb~! integrated luminosity, the expected
LHCb statistical error is 0.9 x 1073,

The DD mixing can also be studied measuring the
wrong sign combinations, K ™7~ corresponded to the ini-
tial D°. The mixing followed by Cabibbo allowed de-
cay, D — D% — K*r—, is disentangled from doubly
Cabibbo suppressed mode, D° — K7, using the time
dependence,

des
dt

B a:,2—|— 2 1242
th(izy 5 +Dhes+Dposy'Tt).

~

The study yields 2’ and y’ mixing parameters. The proper
time resolution curve for DY — h*h~ from B decays can
be fit with two Gaussians, o1 ~ 45 fs and o9 ~ 111 fs for
53% and 47% of entries correspondingly, Fig. 11. Fig. 12
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Figure 11: Proper time resolution curve for D® — hth~
from B decays

shows proper time distribution for the mixing, doubly
Cabibbo suppressed decay, interference and background
contributions from a toy Monte-Carlo study with the ex-
pected signal to background ratio of 0.4. In one nomi-
nal LHCb year the expected statistical error is 1.4 x 10~*
and 1.9 x 1073 for 2’2 and 3’ correspondingly. These sta-
tistical uncertainties are smaller than the statistical errors
in the published results of B-factories with 400 fb~! for
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Figure 12: Proper time distribution for the wrong sign de-
cays from a toy Monte-Carlo study with the expected sig-
nal to background ratio of 0.4. Contributions from mixing,
doubly Cabibbo suppressed decay, interference and back-
ground are shown separately

BELLE [7] and 384 fb~! for BaBar [8], and CDF [9] with
1.5fb~ 1.

Possible C'P violation studies using the D° —
K+ K77~ mode have been addressed in detail in [10].
The four-body final state gives access to additional observ-
ables, which can be accessed to search for C'P violation in
either a full amplitude analysis or a study of 7-odd corre-
lations. In one nominal LHCb year a sample of around 2M
of the triggered and selected D° — K™K~ 7t7~ decays
with D° coming from B — D*¥(— D% %)X is expected.
The D° — K+ K~y ™ is the most direct analogue of the
kaon decay K, — w7~ e*e™ in which T-odd assymetry
measurements were first pioneered. The measurement of
BR(D° — K*tK~putp~) can thus probe suppression
mechanisms that can provide large 7-odd asymmetry for
the D° — KT K7t~ study. In one nominal LHCb year
around 1k triggered and selected D — K+ K~ ptpu~ de-
cays with D° coming from B — D**(— D%7) X are ex-
pected for branching ratio of BR(D® — KT K~ putpu=) ~
10—, for smaller values sensitivity can be limited by de-
cays in flight from the D° — K+K~7nt7~ mode. For
both D° — KTK-ntn~ and D° — KTK putu~
modes, additional events from prompt D mesons can be
exploited. In 2010 around 0.5M triggered, selected flavour
tagged D° — KT K w71~ decays are expected, while a
corresponding yield for D° — K+ K~ pu*p~ is around a
few hundred events.

Theoretical aspects of rare charm decays are addressed
e.g. in [11]. The branching ratio of the decay,
DY — ptp~, highly suppressed in the Standard Model
(BR(D® — p*tp~) < 10712), can be significantly en-
hanced by many new physics models, in particular R-parity
violating SUSY [12]. For BR(D° — putu~) ~ 1077, be-
low the BELLE limit [13] of BR(D® — putp™) < 1.7 x
10-7@90%C L with an integrated luminosity of 659 fb—1,
LHCb already expects to have sensitivity down to the 10~8
level with the 2010 dataset. Other rare D decays, e.g.
D+ — XTI+]~, are being studied.

The BF mesons production rate at the LHC energy

of Ecpy = 14 TeV exceeds that at the Tevatron,
0(Be) e /o (Be)Tevatron ~ O(10). Thus about 4 x 108
B mesons will be produced per 1 fb~! at LHCb, so that
production cross section, mass and lifetime will be mea-
sured. The BF mass measurement will use about 310
B. — J/¢¥(— pTp7)m decays with the resolution of
about 17 MeV/c?. Fig. 13 shows .J/t 7 invariant mass dis-
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Figure 13: .J/v m invariant mass distribution, with the ex-
pected B signal and background corresponding to 1 fb~!
sample

tribution, with the expected B signal and background cor-
responding to 1 fb~! sample. The expected statistical error
is 1.7 MeV/c?. Thus the best-to-date result of CDF [14]
based on 2.4 fb~! sample can be improved. For the life-
time measurement about 360 B, — J/¢(— putu~)w de-
cays can be used. The proper time resolution is expected
to be o, ~ 25 fs. The 1 fb~! sample will thus yield sta-
tistical error on the lifetime measurement of 0.027 ps. This
is smaller than the best-to-date result of DO [15] based on
1.3 fb~! sample.

The study of production of charmonium states [16] at
the LHCD takes advantage of the unique (pr,7) coverage.
Good separation between the prompt charmonium and the
charmonium, coming from B decays, is achieved by using

the ¢ value:

t:ﬁXmJ/w

T )
pZ/w

which is very close to the b quark lifetime (Fig. 14). Fig. 15
shows the J/v signal over the background, dominated by
the decays in flight, using the sample containing 19M mini-
mum bias events after LO trigger. The resolution of the J /1)
mass peak is 0 = 11 MeV/c?, and signal to background
ratio is about 4. Fig. 15 corresponds to 1.1 s LHCb op-
eration at nominal luminosity. Early in the 2010 run even
with a very small integrated luminosity, such as 5 pb~1,
several million of .J/4 containing events will be available
for study. The sample will be used to measure the pro-
duction cross section, both of the prompt J/1, and of b
events through the secondary production, and to determine
the J/v polarization, thus yielding an important tool to
probe charmonium production mechanisms [17]. The sys-
tematic error from the luminosity measurement is expected
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to dominate the precision of the charmonium production
studies.

Tevatron measurements show about 30% of .J /1) coming
from the .12 radiative decays. The relative production of
J /v from Xc1,2 and the relative .1 to X2 production will
be studied in LHCb. Fig. 16 shows AM = M (J/v¥ ) —
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Figure 16: Mass difference AM = M (J/v~v)—M(J/¢).
Signal corresponds to the radiative x., , — J/1 decay

M(J/4) distribution for pr > 0.5 GeV/c, with a peak
corresponding to the radiative x., , — J/v~ decay. The

mass resolution of o ~ 27 MeV/c? is smaller than the mass
difference M (xc2) — M(xc1) = 55 MeV/c?, so x.1 and
X2 separation should be feasible.

The power of the hadron machine to access new
charmonium-like states was proven by CDF [18]. In ad-
dition, CDF concludes that about 84% of the X(3872)
state comes from prompt production [19].  Trigger-
ing on dimuons from primary vertex with their invari-
ant mass around M (J/¢) and M (1)(2S5)) will give ac-
cess to the X(3872),Y(4010),Y(4260) — J/¢ 7w and
Y (4350),Y(4660) — (2S) wm charmonium-like state
decays correspondingly.

The access to the clean sample of X (3872) from B de-
cays relies on the reconstruction of BT — K1 X (3872),
followed by X (3872) — J/¢ w7, with a branching
fraction of about 8 x 1076, Note that the topology of
this decay chain is similar to the core channel B® —
J/YKs — J/wntn~, and so trigger and reconstruc-
tion efficiencies are close. The expected event yield for
X (3872) from B decays is thus about 10k events in one
nominal year.

The charged Z1(4430) state is accessed via B —
K~7%(4430) — K~ ¢(2S)r" — K pTp 7t with a
branching fraction of about 3 x 10~7, and also topologi-
cally similar to B® — J/9YKg — ptu~nT7~. The ex-
pected event yield for Z1(4430) from B decays is about
10k events in one nominal year.

Conclusions

In summary, the LHCb experiment will enter the pre-
cision charm physics study club soon after the startup of
LHC. Already with an integrated luminosity of 5 pb~!,
the sample of about 3M J/1 will be explored to attack
measurements such as the prompt J/v cross section, J/
polarization, x.,, and 1(2S) production, and X (3872)
charmonium-like state. By the end of 2010, with about
100 pb~! integrated luminosity, a large number of signal
events should be available for majority of the channels. Al-
ready with 100 pb~! LHCb has the possibility to make
world best measurements of quantities such as yop. Fi-
nally, thereafter, LHCb will systematically deliver unprece-
dented precision to many studies of rare charm effects, with
a nominal integrated luminosity of 2 fb~! per year.
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