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1. Introduction

The study of heavy-quark production will be a key early goal for ATLAS [1] and CMS [2],
both in terms of physics potential and in confirming the success of the detectorcommissioning
effort by measuring known physics processes. Even at a lower startup energy of

√
s = 10TeV,

the cross section forcc̄ andbb̄ production is large enough to provide on the order ofO(10000)
triggered and fully reconstructedJ/ψ → µ+µ− andϒ(1S) → µ+µ− decays andO(100) B+ and
B0 decays per pb−1. A sample of calibrated data on the order of 10 pb−1 therefore provides
an opportunity to use heavy-quark decays as one of several early checks on the detector tracker
alignment and overall performance. With larger integrated luminosities, of theorder ofO(1−
10 fb−1), the heavy-flavor physics program at ATLAS and CMS will be enrichedby the study of
the properties of b hadrons (meson and baryons), complementing the Tevatron program. The study
of rare decays and processes sensitive to new physics effects beyond the Standard Model will be
possible: the measurement of oscillations and CP violation effects in theB0

s system, the study of
Flavor Changing Neutral Current rare B decays (e.g.Bu,d → K(∗)µ+µ− andB0

s → φ µ+µ−) or
Lepton Flavor Violation processes (e.g.τ+ → µ+µ−µ+).

2. Heavy Quark Production at LHC

Three processes dominateJ/ψ hadro-production: promptJ/ψ ’s produced directly, prompt
J/ψ ’s produced indirectly (via decay of heavier charmonium states such asχc), and non-prompt
J/ψ ’s from the decay of aB hadron. It is the prompt production of quarkonia which continues to
be particularly puzzling. There are a variety of production models availablefor prompt quarko-
nium production [3, 4, 5], among which are the Color Singlet Model (CSM)and the Color Octet
Mechanism (COM). The latter owes its popularity to the fact that it is able to reproduce the CDF
J/ψ differential-pT cross section data [5, 6, 7]. However, the polarization predictions of theCOM
are in strong disagreement with measurements [8, 9]. In view of the puzzlingsituation, and given
the large yields of quarkonia which will be produced at the LHC, the early data collected by ATLAS
and CMS present an excellent opportunity to study quarkonia.

The dominantb quark production mechanism at the LHC is believed to be pair production
through the strong interaction. The QCD production mechanisms are usually divided in the follow-
ing categories:

• Flavor Creation (FC): it refers to the lowest order two-to-two QCDbb̄ production diagrams.
This process includesbb̄ production throughqq̄ annihilations and gluon fusion, plus higher-
order corrections to these processes. Because this production is dominated by two-body final
states, it tends to yieldbb̄ pairs that are back-to-back in the azimuthal angle∆φ and balanced
in pT .

• Flavor Excitation (FE): it refers to diagrams in which abb̄ from the quark sea of the proton is
excited into the final state because one of the quarks from thebb̄ pair undergoes a hard QCD
interaction with a parton from the other beam particle. Because only one of the quarks in
thebb̄ pair undergoes the hard scatter, this production mechanism tends to produceb quarks
with asymmetricpT .
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• Gluon Splitting (GS): it refers to diagrams where thebb̄ pair arises from ag → bb̄ splitting
in the initial or final state. Neither of the quarks from thebb̄ pair participates in the hard
QCD scatter. Depending on the experimental range ofb quarkpT sensitivity, gluon splitting
production can yield abb̄ distribution with a peak at small∆φ .

Predictions from next-to-leading-order (NLO) perturbative QCD [10]have historically under-
estimated both the observed inclusiveb and correlatedbb̄ production cross section at the Teva-
tron [11]. Possible explanations for the disagreement between the measured and predicted cross-
sections includeb fragmentation models [12], higher-orderbb̄ production mechanisms [13], and,
speculatively, supersymmetric production mechanisms [14]. In addition, a recent analysis [15] by
the CDF collaboration has observed a significant previously unidentified background due to long-
lived muon sources, which could account for the discrepancy betweendata and theory in analyses
relying on muons to identifyb hadrons. New data from the LHC will be a critical additional test of
NLO QCD and its ability to predict accurately the expected background ratesin searches for Stan-
dard Model processes (e.g., top production) and new particles (Higgs,SUSY, etc), beingpp → bb̄
the largest physics background for many processes.

3. Trigger

All heavy-quark physics studies reported in this paper include trigger reconstruction. Both
ATLAS and CMS rely primarily on single or di-muon triggers at the first level trigger (L1) , with
different transverse momentum thresholds. Dedicated trigger signaturesfor B-Physics have been
developed in ATLAS , based on single- and di-muon signatures with low-pT thresholds (4 GeV/c).
The ATLAS trigger system is a three stage system with each stage refining decisions of previous
stages with higher precision. The first level (Level 1) is implemented in hardware, whereas the de-
cisions of the High Level Trigger (HLT), consisting of Level 2 and Event Filter (EF), are computed
using a large computer farm. At Level 2, a fast muon reconstruction usingprecision muon cham-
bers combined with Inner Detector measurements allow for early rejection of muons from decays
in flight. In order to reduce background contributions to an acceptable level, di-muon invariant
mass cuts are available as well as fast vertex fitting algorithms. At the EF level,full event data
as well as alignment and calibration data are used to refine the trigger decision using offline-like
algorithms.

For CMS, the single mu trigger consists of a Level 1 trigger, based on the muon chamber
information, followed by a High Level Trigger (HLT) step that confirms the L1 and refines the
reconstruction adding the silicon tracker information (Level 3). Many of the CMS studies presented
in the following requires at least one Level 3 muon withpT > 3 GeV/c (HLT_Mu3), or two Level
3 muons withpT > 3 GeV/c (HLT_DoubleMu3), despite lower thresholds may be used for the first
data. For both these triggers, the distance in the transverse plane betweenthe Level 3 muon(s) and
the beam spot is required to be< 2 cm.

4. Charmonium Measurements with Early Data

The measurement of theJ/ψ → µ+µ− differential cross-sectiondσ/d pT will be already
possible with the firstO(pb−1) collected by the ATLAS and CMS detectors. providing competitive
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Figure 1: Left: ATLAS simulation of the invariant mass of di-muons from various sources, reconstructed
with a µ6µ4 trigger, with the requirement that both muons are identified as coming from the primary vertex
and with a pseudo-proper time cut of 0.2 ps. The dotted line shows the cumulative distribution without vertex
and pseudo-proper time cuts. Right: CMS simulation of the dimuon invariant mass distribution normalized
to 3 pb−1. The green (light grey), blue (black) and red (dark grey) areas are the prompt, non-prompt and
QCD background contributions, respectively.

results with respect to the Tevatron measurements over theJ/ψ transverse momenta in the range
from 5 GeV/c up to about 40 GeV/c.

For ATLAS [16], in each event which passes theµ6µ4 trigger (i.e. two identified muons at
trigger level with pT larger than 6 and 4 GeV/c, respectively) , all reconstructed muon candidates are
combined into oppositely charged pairs, and each of these pairs is analyzed in turn. The invariant
mass is calculated and, if the mass is above 1 GeV, the two tracks are refitted to acommon vertex.
If a good vertex fit is achieved, the pair is accepted for further analysis. If the invariant mass of
the refitted tracks is within 300 MeV/c2 of the nominal mass in the case ofJ/ψ , or 1 GeV/c2 in
the case ofϒ, the pair is considered as a quarkonium candidate. Fig. 1 illustrates the quarkonium
signal and main background invariant mass distributions in the mass range 2 -12 GeV/c2, with
reconstruction efficiencies and background suppression cuts taken into account. Peaks from the
J/ψ andϒ(1S) clearly dominate the background. No higherψ andϒ states were simulated in this
study. The dotted line indicates the level of the background continuum before the vertexing cuts.

For CMS [17],J/ψ candidates are reconstructed in events passing the HLT_DoubleMu3 trig-
ger by pairing muons with at least 3 GeV/c transverse momentum and opposite charge. The in-
variant mass of the muon pair is required to be between 2.8 and 3.4 GeV/c2. The two muons are
required to come from a common vertex, which is determined by the point of theirclosest approach
in space. The dimuon mass spectrum including background and signal is given in Fig. 1. The dif-
ferential cross-sectiondσ/d pT is obtained by a 1-d fit to theJ/ψ invariant mass in several different
pT intervals. The sum of two Gaussian functions is used to parameterize theJ/ψ signal and a lin-
ear poynomial for the background shape. To determine the fractionfB of J/ψ ’s from B-hadron
decays, a 2-d unbinned Maximum Likelihood fit to theJ/ψ invariant mass and the pseudo proper
time ct, defined asct = Lxy ·m(J/ψ)/pT (J/ψ) whereLxy is the distance in the transverse plane
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Figure 2: Left: The inclusiveJ/ψ differential cross section,dσ/d pT ·Br(J/ψ → µ+µ−), as a function
of theJ/ψ transverse momentum, integrated over the pseudorapidity range|η | < 2.4, corresponding to an
integrated luminosity of 3 pb−1. Right: The fitted fraction ofJ/ψ ’s from B-hadron decays, as a function of
the transverse momentum.

between the vertex of the two muons and the primary vertex of the event, andm(J/ψ) is theJ/ψ
invariant mass. Already with a small integrated luminosity of the order of 3 pb−1, the precision of
the result is limited by systematic uncertainties, and is around 15 %, where the largest systematic
uncertainties are on the luminosity measurement (10%), the dependence on the J/ψ polarization
(2-7%) and the fit technique (1-6%). Fig. 2 displays the inclusiveJ/ψ differential cross sections,
with combined systematic and statistical uncertainties, corresponding to an integrated luminosity
of 3 pb−1. The same figure also shows the result of the fits to the fraction ofJ/ψ ’s from B-hadron
decay in each bin of transverse momentum.

The uncertainty on theJ/ψ polarization can be reduced with a direct measurement of the
angular distributions of the muons produced in theJ/ψ decay. ATLAS aims to measure the polar-
ization of prompt vector quarkonium states with the firstO(10 pb−1), in the transverse momentum
range up to 50 GeV/c and beyond. The promptly producedJ/ψ mesons and those that originated
from B-hadron decays can be separated using the displaced decay vertices,as explained above.
With a high production rate of quarkonia at LHC, it will be possible to achievea higher degree of
purity of promptJ/ψ in the analyzed sample and reduce the depolarising effect fromB-decays,
while retaining high statistics.

A large fraction of promptJ/ψ is produced indirectly through, for example, radiative decays
of theχc. This feed-down may lead to a different spin alignment and hence to a possible effective
depolarization which is hard to estimate. ATLAS aims to measure the rate production of theχc by
associating a reconstructedJ/ψ with the photon emitted from theχc decay. Theµµγ system is
considered to be aχc candidate if the difference∆M between the invariant masses of theµµγ and
µµ systems lies between 200 and 700 MeV/c2, and the cosine of the opening angleα between the
J/ψ andγ momenta is larger than 0.97. Fig. 2 shows the distribution in∆M for the selectedχc

decay candidates. The expected mean positions of the peaks corresponding toχ0 ,χ1 andχ2 signals
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Figure 3: Difference in invariant masses ofµµγ andµµ systems in promptJ/ψevents (light grey) withbb̄
background surviving cuts (dark grey). The arrows represent the true signal peak positions, and the lines
show the results of the fit described in the text. Event yieldscorrespond to an integrated luminosity of 10
pb−1.

(318, 412 and 460 MeV/c2, respectively) are indicated by arrows. The grey histogram shows the
contribution from the background process ofJ/ψ production fromB-hadron decays. The solid
line in Fig. 2 is the result of a simultaneous fit to the measured distribution, with the three peak
positions fixed at their expected values, and a common resolution.

5. Exclusive B Decays

The exclusiveB+ → J/ψK+ and B0 → J/ψK∗0 decay can be measured during the initial
luminosity phase of the LHC because of the clear event topology and ratherlarge branching ra-
tio. The largepp → bb̄ production rate allows for the measurement of exclusiveb production
cross-section which have different systematic uncertainties and model dependencies (fragmenta-
tion models) from the inclusive ones. The study of these decays can serve as a reference channel
for rareB decay searches, whose total and differential cross-sections will be measured relative to
their cross-sections, thus allowing the cancelation of common systematic uncertainties. Further-
more, they can be used to estimate the systematic uncertainties and efficiencies of flavor-tagging
algorithms that are needed for CP violation measurements. Finally, the relatively large statistics for
these decays allow for initial detector performance studies. In particular,the precise measurement
of the well-known mass and lifetime [18] can be used for inner detector calibration and alignment
studies.

For ATLAS, the reconstruction ofB+ → J/ψK+ andB0 → J/ψK∗0 starts by formingJ/ψ →
µ+µ− candidates from pairs of oppositely charged muon tracks passing the cutspT > 4 GeV/c
and|η |< 2.4. Pairs containing at least one muon track withpT > 6 GeV/c were fitted to a common
vertex. Pairs are assumed to be muons fromJ/ψ decays if the vertex fit hasχ2/ndf < 6 and the
invariant mass of the muon pair falls within a 3σ window around the nominalJ/ψ mass, withσ =

6
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Figure 4: Distributions of the reconstructedB0 mass and decay time expected with an integrated luminosity
of 10 pb−1.

58 MeV. Kaon candidates are chosen among the charged tracks (excluding those already denoted as
muons) withpT > 1.5 GeV/c and|η | < 2.7. CandidateK∗0 → K±π∓ decays are reconstructed by
selecting all tracks that havepT >0.5 GeV/c and|η |< 2.5 that have not been previously identified
as muons, forming them into oppositely charged pairs and fitting them to a common vertex. These
pairs are assumed to beKπ from K∗0 decays if the fit has aχ2/ndf < 6, the transverse momentum
of theK∗0 candidate is greater than 3 GeV/c, and the invariant mass of the track pair falls within
the interval 790-990 MeV/c2, under the assumption that they were left byK±π∓ hadrons. As an
example, we show in Fig. 4 the distributions of the reconstructedB0 mass and lifetime.

The differentialdσ(B+,0)/d pT production cross-section can be obtained by a 1-d fit to the
reconstructedB+,0 invariant masses in differentpT intervals, and theB+,0 lifetime can be measured
i.e. by a 2-d fit to theB invariant mass and pseudo-proper lifetime. ATLAS aims to an accuracy of
about 9-12% on the differential cross-section and theB lifetimes with an integrated luminosity of
about 10 pb−1. Since this presentation at FPCP, a new study from CMS on exclusiveB decays has
been approved [19]. The reconstruction of the two exclusive decaysis similar to the one described
above. The differentialdσ(B+,0)/d pT production cross-section and theB+,0 lifetimes are obtained
by a 2-d fit to the reconstructedB+,0 invariant mass and pseudo-proper lifetime distributions. CMS
aims to an accuracy of about 10% on the differential cross-section and of 5% on theB+/B0 lifetime
ratio with an integrated luminosity of about 10 pb−1.

6. Measurement of the Azimuthal Correlation in bb̄ Production

The study ofbb̄ correlations is an important test of the effective contributions from higher-
order QCD processes to theb quark production that can be performed with the very first data col-
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lected by CMS [20]. Previous measurements of azimuthal correlation distributions at the Tevatron
generally agree with the shape predicted by NLO calculations, but not in thenormalization [11].
Measurements ofbb̄ production at the LHC will provide a fundamental test of the QCD predictions
in a new energy regime and with much higher statistics. The CMS experiment aims tomeasure the
total bb̄ cross section and the differential cross sectiondσ/d∆φ with respect to the opening angle
between the twob quarks with the first 50 pb−1 of collision data at

√
s = 10 TeV. The presence

of b quark decays is detected entirely through muonic signatures. The decay of oneb is tagged by
reconstructing the decayJ/ψ → µ+µ−. Events are also required to contain an additional muon
consistent with the semileptonic decay of the secondb. This approach is characterized by lower
yields with respect tob-quark identification through jet signatures, but it retains the highest sensi-
tivity for bb̄ production at small opening angles where NLO processes dominate. The final sample
is expected to be characterized by low backgrounds, and is ideal for early data analysis since it
does not rely on jets or complicated b-tagging algorithms. In addition, this analysis will be able to
provide useful inputs to the detector commissioning regarding the muon reconstruction and identi-
fication (in particular on the lowpT region of the spectrum), the trigger efficiency, and the tracker
alignment. The main background sources include events with a correctly identified J/ψ and a
misidentified muon (a hadron misidentified as a muon, e.g. punch-through hadrons, or real muons
from pion or kaon decays-in-flight), events with a correctly identifiedJ/ψ that comes from the
primary vertex, and events with a fakeJ/ψ candidate, where one or both the muons are not coming
from theJ/ψ decay. The event reconstruction starts by buildingJ/ψ candidates by vertexing every
pair of muon candidates with opposite electric charge. The vertexing is required to be successful
and the bestJ/ψ candidate event by event is selected as the one with the highest vertex probability.
A third muon in the event is then requested; in case of more than one reconstructed additional muon
candidate, the one with the highestpT is chosen. All three muons in the event must havepT > 3
GeV/c and |η | < 2.4. The yield in each of eight∆φ intervals is measured using a simultaneous
unbinned maximum-likelihood fit to theJ/ψ invariant mass, the transverse flight lengthLxy of the
J/ψ , defined as the distance in thex-y plane between the primary vertex and the common vertex of
theJ/ψ dimuon pair, and the impact parameterdxy of the third muon in the event. Since the size
of each∆φ bin is comparable to the measured resolution, an unfolding procedure is necessary to
correct the reconstructed∆φ distribution back to the originalb quarks. Fig. 5 shows the fit results
for a typical sample, corresponding to an integrated luminosity of about 13 pb−1.

The azimuthal correlation distribution is obtained from the signal yields in the different∆φ
intervals after correcting for detector effects, such as the limited acceptance, through an unfold-
ing procedure [21]. In Fig. 6 we show the comparison between the generated and unfolded∆φ
distributions. Depending on the particular∆φ bin, for an integrated luminosity of about 50 pb−1,
an accuracy of 15-25% on the differential cross-section can be obtained, combining statistical and
systematic uncertainty. An accuracy at the 10% level is expected for the integratedσ(pp → bb̄)

total cross section.

7. Search for the Rare Decay B0
s → µ+µ−

The rare decayB0
s → µ+µ− is mediated by flavor-changing neutral currents that are forbidden

in the Standard Model at tree level. The lowest-order contributions in the Standard Model involve

8
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Figure 5: Results of the three-dimensional fit for a typical Monte Carlo sample. The Monte Carlo distribu-
tions (points with error bars) a re compared to the results ofthe overall fit (solid line, blue color). The PDFs
for the different fit components are shown in different colors.
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weak penguin loops and weak box diagrams that are CKM suppressed. In extensions of the Stan-
dard Model, theB0

s → µ+µ− branching fraction may be enhanced by several orders of magnitude.
Thus, several experiments have searched for these decays. The largestB0

s samples have been col-
lected by CDF and D0 corresponding to a luminosity of 2 fb−1 but no signal has been observed.
The lowest branching fraction upper limit was set recently by CDF yieldingB(B0

s → µ+µ−) <

5.8× 10−8 @ 95% confidence level [22]. The reconstruction for this decay is similar for ATLAS
and CMS. In di-muon triggered events, pair of oppositely charged muons are selected, and required
to pass offline quality cuts (displacedµ+µ− vertex, isolation with respect other tracks, invariant
mass compatible with anB0

s candidate). Once recorded data are available, the background in the
signal region will be estimated using sidebands in the distribution of the muon pair invariant mass.
In the current studies the background was estimated using simulated events,and the background
estimate is affected by large uncertanties in the knowledge of thebb̄ production cross-section and
in the limited Monte Carlo statistics available. After the number of background events in the signal
region has been determined, the number of signal eventsNB can be determined from a compari-
son of the total number of events found in the signal region, and the estimatedbackground. For
low statistics an upper limit onNB corresponding to certain confidence level is determined using
appropriate statistical methods. OnceNB is determined, theB0

s → µ+µ− branching fraction can
be calculated using a relative normalization, e.g to the reference channelB+ → J/ψK+. While
clearly ATLAS and CMS do not expect to observe this decay during the early stages of the LHC, as
more luminosity becomes available and the understanding of the backgroundsimproves, it should
be possible to identify a signal for this process. ATLAS expects a signal of 5.7 events with a back-
ground of 14+13

−10 events for an integrated luminosity of 10 fb−1. CMS [23] expects a signal of 2.4
events with a background of 6.5±2.4 events for an integrated luminosity of 1 fb−1, corresponding
to an upper limit of about 1.6× 10−8 @ 90% confidence level.
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