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After a short presentation of the motivations for measuring heavy
flavors in heavy ion collisions at the LHC, the three LHC experiments
ALICE, CMS and ATLAS are detailed. Then some selected physics chan-
nels are discussed.
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1. Introduction

The LHC (Large Hadron Collider) is designed to collide protons at a cen-
ter of mass (c.m.) energy /s = 14TeV and lead nuclei at /syn = 5.5 TeV.
This energy, which is nearly 30 times larger than the c.m. energy for Au—-Au
collisions at RHIC, will provide the biggest step in the history of heavy ion
collisions and will open a new era for studying the properties of strongly in-
teracting matter under extreme thermodynamical conditions. This (so far)
unexplored regime is characterized by a large energy density and a close-
to-vanishing baryonic chemical potential. Moreover, heavy-ion collisions at
LHC access unprecedented small Bjorken-x values where low-momentum
gluons are expected to be close to saturation and lead to a significant shadow-
ing effect. Another exciting aspect of this new energy regime is the massive
production of heavy quarks which allows to investigate the mechanisms of
both heavy quark production and propagation in the hot and dense medium.
Indeed, the production time scale of heavy quarks is shorter than that of the
deconfined medium whereas their lifetime is expected to be larger than the
lifetime of the medium. Therefore, heavy quarks experience the full collision
history and are sensitive probes of the medium properties. This is illustrated
by the recent observation at RHIC of a large suppression of high transverse
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momentum (p;) electrons from heavy flavor decays which is attributed to
partonic energy loss of heavy quarks. At the LHC the production rate of
heavy quarks is expected to exceed that of RHIC by a factor 10 for charm
and by a factor 100 for bottom. Thus heavy quarks at the LHC will provide
an ideal high statistics tool for a detailed characterization of the deconfined
medium.

2. Heavy flavors at the LHC

The heavy flavor sector at the LHC is subject to significant differences
with respect to RHIC energies. Some of these aspects are discussed here-
after. For more details, see [1]. As stated above, the charm and bottom
production cross-sections are significantly enhanced at the LHC. Next-to-
leading order pQCD predictions for heavy flavor production in pp collisions
at /s = 14TeV vary within a factor 2 depending on the choice of the
quark mass, the QCD renormalization and factorisation scales as well as the
PDFs [2|. In Pb-Pb collisions, the charm thermal production is expected to
reach ~ 25% of the charm initial production, although assuming a rather
high medium temperature of 700 MeV [1]. It is interesting to observe that
the uncertainty in the ratio of heavy quark cross-section at 14 TeV to that at
5.5 TeV is “only” of about 10% [3]. Therefore, a high precision measurement
of heavy quark cross-section in pp collisions at /s = 14 TeV is essential. The
experimental precision on this measurement is presented in the following. In
nucleus—nucleus collisions, the uncertainty in the production cross-section is
expected to be further enhanced due to the large uncertainty in the shadow-
ing effect [4]. The large production rate of heavy flavors allows to use new
observables for studying heavy quark quenching. The ratio of heavy to light
nuclear modification factor for charm and bottom mesons is particularly in-
teresting. It allows to probe the color charge and the mass dependence of
the heavy quark energy loss, respectively. Furthermore, the ratio of bottom
to charm nuclear modification factor allows to isolate the mass dependence
of the energy loss and its sensitivity to the medium density is reduced [1].
Another new observable is provided by the large statistics in the single lep-
ton py distribution. As shown in Fig. 1, the full p; spectrum will be available
at the LHC from very low p; up to p; ~ 80 GeV/c. This allows to use the
W signal as a reference for heavy quark energy loss.

Simulations indicate that, in central Pb—Pb collisions at the LHC, heavy
quark energy loss should result in a lower crossing-point of muons from
heavy quarks with respect to muons from W by 5 to 7GeV /c and should
suppress the muon yield by a factor 2 to 5 in the 2-20 GeV /¢ p; range [1].
Oppositely, the high p; range 20-80 GeV /¢ where muons from W dominate
is only affected by a relatively weak W* shadowing [1].
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Fig. 1. Transverse momentum differential production cross-section of single muons
in pp collisions at /s = 14 TeV [5].

3. Heavy-ion collisions at the LHC

The LHC will be operated seven months per year in pp mode and one
month per year in heavy-ion mode. The corresponding estimated effective
running time is 10”s and 108s for pp collisions and heavy-ion collisions, re-
spectively. The expected luminosity for Pb-Pb collisions is 5 x 106 cm =251
which results in a minimum-bias interaction rate of 4kHz. As described
in [6], the heavy- (and light-) ion runs include, over the first five years of
operation, one Pb—Pb run at low luminosity, two Pb—Pb runs at nominal
luminosity, one p—A run and one light ion—ion run. In the following years

different options are considered depending on the first results.

3.1. The ALICE experiment

ALICE (A Large Ion Collider Experiment) is the only LHC experiment
dedicated to the study of nucleus—nucleus collisions [3,6]. The ALICE ex-
periment is designed to ensure high precision measurements of numerous
observables based on hadrons, leptons and photons, in a broad acceptance.

The detector consists of a central barrel, a muon spectrometer and for-
ward /backward small acceptance detectors. The central barrel of ALICE
consists of four layers of detectors placed in the solenoidal field (B < 0.5T)
provided by the LEP L3 magnet. From the inner side to the outer side, these
detectors are (i) the Inner Tracker System (ITS), (ii) the Time Projection
Chamber (TPC), (iii) the Transition Radiation Detector (TRD) and (iv) the
Time of Flight system (TOF). They provide charged particle reconstruction
and identification in the pseudo-rapidity range || < 0.9, with full azimuthal
coverage and a broad p; acceptance. The ALICE central barrel will later be
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equipped with a large acceptance (|n| < 1.4, A® = 110°) Electromagnetic
Calorimeter. These large area devices are complemented by two smaller ac-
ceptance detectors: the High Momentum Particle IDentification (HMPID)
and the PHOton Spectrometer (PHOS). In the forward/backward region,
additional detectors (T0, VO and FMD) allow fast characterization and se-
lection of the events as well as charged particle measurement in the pseudo-
rapidity range —3.4 < n < 5.1. Photon multiplicity will be measured in the
Photon Multiplicity Detector (PMD). At large rapidities, spectator nucle-
ons in heavy-ion collisions will be measured by Zero-Degree Calorimeters.
A muon spectrometer covering the pseudo-rapidity range —4 < n < —2.4
complements the central barrel. It consists of a front absorber, a dipole mag-
net, ten high-granularity tracking chambers, a muon filter and four large area
trigger chambers.

Heavy flavors will be measured in ALICE in the electron channel and in
the hadron channel at mid-rapidities (|| < 0.9) and in the muon channel at
forward rapidities (—4 < n < —2.4).

3.2. The CMS experiment

CMS (Compact Muon Solenoid) is a general purpose detector designed
to measure muons, electrons, photons and jets. Although the detector is
optimized for pp collisions, a strong heavy ion program has been developed
for several years [7]. CMS is composed, from the interaction point to the
outer side, of a tracking system, an electromagnetic calorimeter, a hadronic
calorimeter and muon chambers arranged in a central barrel and two end-
caps. The central element of CMS is a 13 m long, 3 m diameter magnet
delivering a B = 4 T solenoidal field which surrounds the tracking and
calorimetric systems. The tracker covers the pseudo-rapidity region |n| < 2.5.
The electromagnetic calorimeter covers the pseudo-rapidity region |n| < 1.5
in the central barrel. This coverage is extended to |n| < 3 with the end-caps.
The hadronic calorimeter has an acceptance covering |n| < 2 in the central
barrel and reaches |n| < 5.3 with the end-caps. Two additional very-forward
calorimeters ensure coverage in the pseudo-rapidity range +3 <n <=45. The
muon system is located outside the central magnet. It consists of four layers
of detectors (three for tracking and one for trigger) covering the pseudo-
rapidity range |n| < 2.4 (|n| < 1.5 in the barrel). Very forward calorimeters,
including two Zero Degree Calorimeters (£3 <n <+5.2) and a quartz fiber
calorimeter (£5.3 <n <=+6.7) allow measurements of the collision centrality
and electromagnetic energy.

For the time being, the performances of CMS for heavy flavor detection
in heavy ion collisions have been investigated in the muon channel only.
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3.8. The ATLAS experiment

Like CMS, ATLAS (A Toroidal LHC ApparatuS) is designed for pp
physics. The detector capabilities for heavy ion physics have been recently
investigated [8]. The design of the detector is similar to that of CMS with
a tracking system, an electromagnetic calorimeter, a hadronic calorimeter
and muon chambers placed in a barrel and two end-caps. The tracking sys-
tem of ATLAS is composed of silicon pixel detectors, the SemiConductor
Tracker (SCT) made of silicon strip detectors, and the Transition Radia-
tion Tracker (TRT). It is placed inside a B = 2 T solenoidal magnet and
covers the pseudo-rapidity range |n| < 2.5. The electromagnetic calorime-
ter covers |n| < 4.9. It is surrounded by the hadronic calorimeter in the
barrel (|n| < 1.7) and in the end-caps (£1.5 < n < £3.2). Two additional
(electromagnetic and hadronic) calorimeters cover the very forward region
(£3.2 < n < £4.9). The muon spectrometer consists of a toroidal magnet
providing a B = 4 T field and several muon chambers with different tech-
nologies in the barrel and in the end-caps. The acceptance of the muon
spectrometer covers |n| < 1.0 in the barrel and extends to n = £2.5 in the
end-caps.

As for CMS only the muon channel has been investigated so far for heavy
flavor detection in heavy ion collisions.

4. Selected physics channels

4.1. Secondary J/v from B-hadron decay

The ratio of secondary J/v from B-hadron decay to direct J/1 is ex-
pected to reach 20% (in 47) at the LHC (assuming no hot medium effects).
Due to the large lifetime of B-hadrons, identification of secondary J/v is
done from the reconstruction of the invariant mass of dileptons with dis-
placed vertices. Such measurements are made possible thanks to the excel-
lent performances of the LHC detector inner tracking systems. As an ex-
ample, the left panel of Fig. 2 shows the expected performances of CMS [7].
A similar performance is reached by the ALICE experiment in the elec-
tron channel [3]. These secondary J/v can further be used to measure the
B-hadron cross-section, as it is done in CDF and DO experiments [9], to
estimate shadowing in p—A collisions, and to probe the medium-induced
b-quark energy loss in AA collisions. Indeed, it has been shown that b-quark
quenching results in a reduced yield of secondary J/1 and in a significantly
narrowing of their n distribution [10]. The latter measurement is particularly
well adapted to CMS and ATLAS detectors which have a large 1 coverage.
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Fig. 2. Left: distance between the primary and the secondary vertices of dimuon
pairs in the J/1 mass range. The solid (dashed) histogram corresponds to sec-
ondary J/v¢ from B-hadron decay (primary J/1). Right: transverse distance, or,
distribution for muon pairs from B-hadron decays (solid histogram) and for Drell-
Yan dimuons (dashed histogram) in the high mass dimuon region. From [7].

4.2. B-hadron cross-section from dileptons

The unlike-sign dilepton mass range from 10 to 70 GeV/c? consists of
dileptons from B and D hadron decays and Drell-Yan. The correlated com-
ponent is dominated by dileptons from BB decay and Drell-Yan. Dileptons
from BB decay appear with displaced vertices whereas Drell-Yan dileptons
come from the primary vertex. Therefore, assuming that the non-correlated
background can be rejected by means of appropriated techniques (e.g. the
event-mixing technique), an analysis similar to that described in the previ-
ous section but performed in the dilepton high-mass region allows to extract
the BB signal. Such an analysis has been investigated in CMS [7]. The
right panel of Fig. 2 shows the distribution of dr which is defined as the
distance, in the transverse plane, between two muon track distances to the
primary vertex. It can be seen that the ér distribution from BB decay is
rather flat whereas that of Drell-Yan is peaked at small dr values. Simu-
lations indicate that a cut at ér > 50 pum suppresses the Drell-Yan signal
by two orders of magnitude while the signal from BB is only reduced by
30% [7]. A similar analysis has been successfully performed without vertex-
ing in the dimuon channel with the ALICE detector [3]|. In this analysis, the
different components in the unlike-sign dimuon spectra are unfolded using
a combined fit.
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4.8. B-hadron cross-section from single leptons

The B-hadron inclusive differential cross-section can be extracted from
the single lepton p; distribution using a method developed by the UA1 Col-
laboration [11| and further used by the CDF and the DO collaborations at
the Tevatron. The method consists of the two following steps. First, the
number of leptons from bottom decay is estimated from the total lepton
p¢ distribution. Then, the corresponding B-hadron production cross-section
is obtained in an inclusive differential way after corrections for decay kine-
matics, branching ratio, acceptance and efficiencies. The second step of the
analysis can be achieved in a rather straightforward way by means of Monte
Carlo simulations providing detection acceptance and efficiencies are known
and modeled.

The first step of the analysis is achieved in a different way depending
on whether or not vertexing is available. If no vertexing is available (e.g.
ALICE-muon channel), after subtraction of the background, the different
components in the lepton py distributions are unravelled via a combined fit
which includes the shapes of the different lepton sources and their amplitude
as free parameters. If vertexing is available (e.g. ALICE-electron channel),
leptons from B-hadron decay are isolated by means of combined cuts on the
lepton p¢ and their distance of closest approach. Each method has its own
advantages, drawbacks and specific systematics which allows for interesting
cross-checks when performed simultaneously.
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Fig.3. Left: inclusive differential B-hadron production cross-section extracted in
pp collisions (assuming L= 103" cm~2s7! and ¢t =10°s) from single muon p; dis-
tributions in ALICE. Statistical errors are negligible. The shaded area shows sys-
tematic errors estimated to 15%. From [12]. Right: inclusive differential B-hadron
production cross-section extracted from 10° pp minimum-bias events in the single
electron channel. Statistical errors (inner bars) and quadratic sum of statistical and
pi-dependent systematic errors (outer bars) are shown. The curves correspond to
the theoretical predictions from three pQCD calculations with their uncertainties.
From [13].
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Fig. 3 shows the reconstructed inclusive differential B-hadron produc-
tion cross-section extracted in pp collisions in ALICE in the muon and the
electron channels.

4.4. Hadronic charm

In the central barrel of ALICE, heavy mesons can be fully reconstructed
from their charged particle decay products in the ITS, TPC and TOF |[3,14].
Thus, not only their integrated yields, but also their p; distributions can be
measured. The most promising decay channel for open charm detection is
the D° — K~n% decay (and its charge conjugate) which has a branching
ratio of about 3.8 % and ¢r = 124 pm. The expected rates (per unit of
rapidity at mid rapidity) for D° (and D°) mesons, decaying in a KTz pair,
in central (5 %) Pb-Pb at /s = 5.5 TeV and in pp collisions at /s = 14 TeV
are 5.3 x 107! and 7.5 x 107% per event, respectively. The selection of
this decay channel allows the direct identification of the DY particles by
computing the invariant mass of fully-reconstructed topologies originating
from displaced secondary vertices. The expected statistics are ~ 13000
reconstructed DY in 107 central Pb-Pb events and ~ 20000 in 10° pp events.
The significance is larger than 10 for up to about p; = 10 GeV/c both in
Pb—Pb and in pp collisions. The cross-section can be measured down to
pt ~ 1 GeV /c in Pb—Pb collisions and down to almost p; = 0 in pp collisions.

5. Summary

Heavy flavor production at LHC energies is a very promising tool to
investigate in deep detail the characteristics of the hot and dense medium
formed in heavy ion collisions and should allow to benchmark with precision
pQCD calculations in pp collisions. This results from the large variety of
observables which are available in the different heavy flavor channels. The
excellent expected performances of the LHC detectors will allow to fully
exploit this rich environment and ensure an exciting physics program with
heavy flavors. Details about the LHC quarkonium physics program (not
covered here) can be found in [3,7,8].
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