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Summary. — The analysis of data collected by the CMS experiment in 2010
(equivalent to an integrated luminosity of 40 pb−1) has yielded several physics re-
sults concerning the production mechanisms of heavy flavors at the unprecedented
center-of-mass energy of 7 TeV. Recostruction techniques of heavy-flavored particles
will be discussed, with particular focus on the triggers expressly designed to select
them. Measurements of the bb̄ cross-section both with jet “b-tagging” techniques
and exclusive states, such as B0, B± and B0

s , will be presented, along with com-
parisons with theoretical predictions. Charmonium and bottomonium cross-section
measurements, as well as the first determinations of the B-decay feed-down fraction
for J/ψ, will be shown.

PACS 14.40.Pq – Heavy quarkonia.
PACS 14.65.Fy – Bottom quarks.

1. – Heavy-flavor physics at the CMS experiment

The CMS detector [1] at the LHC is a multi-purpose detector, mostly focused on
direct searches for new particles: due to the versatility of the detector, especially of
the High-Level Trigger (HLT) system, and to the excellent muon resolution down to
low transverse momentum (pT ) values, however, interesting measurements in the field
of heavy-flavor physics have been obtained. Results from the analysis of proton-proton
data recorded in 2010 at a LHC center-of-mass energy of 7 TeV are presented.

1.1. The High-Level Trigger . – The CMS HLT [2] runs on a farm of commercial
CPUs on the events accepted by the Level-1 trigger decisions: it has full access to event
data, allowing for precise object reconstruction and energy/momentum evaluation, by
matching of information from different sub-detectors. At the lowest pp interaction rates,
HLT for heavy-flavor physics is only based on single low-pT muon objects and double-
muon signals at Level 1. For higher luminosities, double-muon HLT and ad hoc solutions
are adopted, where full reconstruction of both muons is not required, but particular
states (e.g. the J/ψ meson) can be selected with loose cuts on the invariant mass of a
HLT muon and a Level-1 muon, or a HLT muon and a charged track.
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1.2. Offline muon reconstruction. – In CMS muon candidates are defined as tracks
reconstructed in the silicon tracker and associated to a compatible signal in the muon
chambers. Two different muon types are available in CMS [3].

The first one (Global Muons) includes muons built as a combined fit to silicon and
muon-chamber hits, belonging to independent tracks found in the tracker and muon sys-
tems. The second muon type (Tracker Muons) achieves a better reconstruction efficiency
at lower momenta, at the expense of a slightly larger background: tracks found in the
tracker and matched to only one muon segment are accepted and not refitted. Tracker
muon identification is then provided by the angular matching between the two.

1.3. Muon efficiency determination. – Muon trigger and reconstruction efficiencies
are determined in CMS from the data using the “tag-and-probe” method, which uses
well-known dimuon decays (the J/ψ, at low momenta) to provide a sample of “probe”
objects. A well-identified muon, called “tag”, is combined with a second object in the
event and their invariant mass is computed. The tag-probe pairs are then divided into
two samples, depending on whether the probe satisfies or not the criteria for the efficiency
under consideration. The two tag-probe mass distributions contain a peak, the integral of
which is the number of probes that satisfy or fail the criteria. The efficiency is extracted
from a simultaneous unbinned maximum-likelihood fit to both mass distributions.

The statistical uncertainties in the muon efficiencies determined with the tag-and-
probe method are used as a systematic uncertainty in the analyses. The hypothesis that
the dimuon efficiency factorizes into the product of single-muon efficiencies is tested using
Monte Carlo (MC) and corresponding systematic uncertainties are assigned.

2. – Quarkonium production cross-section

From the theoretical point of view, the prompt quarkonium cross-section is a clean
probe of Non-Relativistic QCD approaches [4,5]. Charmonium is also interesting because,
at relatively high pT , a significant fraction of the J/ψ comes from b-hadron decays and, if
it can be experimentally separated from the “prompt” component, provides a direct test
of the Fixed-Order Next-to-Leading-Log (FONLL) prediction for the b → J/ψ production
cross-section [6].

Inclusive charmonium and bottomonium events in CMS are reconstructed in the
QQ̄ → μ+μ− channel. Experimentally, the differential cross-sections can be expressed as

(1)
d2σ

dpT dy
(QQ̄) · B(QQ̄ → μ+μ+) =

Nrec(QQ̄)
∫
Ldt · 〈A · ε〉ΔpT Δy

where Nrec(QQ̄) is the QQ̄ yield in a given pT -y bin,
∫
Ldt is the integrated luminosity,

〈A · ε〉 is the average value of the geometrical acceptance (determined using MC sim-
ulation) times the reconstruction efficiency (from “tag-and-probe”) of the dimuon, and
ΔpT Δy is the size of the bin. In the J/ψ case, multiplication by 1 − fB (fB) yields the
prompt (non-prompt) component of the total inclusive cross-section.

The determination of inclusive cross-sections for J/ψ [7] and Υ [8] mesons is performed
based on a similar strategy. Samples of 0.314± 0.035 (3.1± 0.3) pb−1 data, are used for
the J/ψ (Υ) analyses. Events are selected online by a double-muon trigger at Level 1.
Muon tracks are then required to pass track-quality requirements. In the Υ analysis, a
minimum muon pT is also required, depending on the muon pseudo-rapidity. A dimuon
candidate is accepted based on the χ2 probability of the dimuon vertex fit.
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Fig. 1. – Measured differential cross-sections for Υ(1S) in the full rapidity region (top), prompt
J/ψ (bottom left) and non-prompt J/ψ (bottom right) in the forward region, compared to
theoretical calculations (black/colored lines).

Reconstructed yields are determined in bins of pT -y using fits to the dimuon invariant
mass distributions. In the Υ case, due to the presence of three partially overlapping
states, some parameters are constrained to be the same for the three peaks. Empirical
(exponential or polynomial) functions are used to model the backgrounds.

Differential cross-section results for the 3Υ states are derived as a function of pT .
Figure 1 top shows the Υ(1S) result compared to the PYTHIA prediction normalized to
the data. The integrated cross-section in |y| < 2.0 is

B(Υ(1S) → μ+μ−) · σ(pp → Υ(1S) + X) = 7.37 ± 0.13(stat)+0.61
−0.42(syst) ± 0.81(lumi)nb .

In the J/ψ analysis, separation of prompt and non-prompt events is achieved using the
distribution of the “pseudo-proper decay length” �J/ψ = Lxy ·mJ/ψ/pT , where mJ/ψ is the
J/ψ mass and Lxy is the most probable transverse decay length in the laboratory frame,
computed from the positions of the primary and secondary vertex. To determine the
fraction fB of J/ψ from b-hadron decays, a simultaneous unbinned maximum-likelihood
fit to the dimuon mass and the �J/ψ distribution is performed. The decay length of the
prompt component are described by a simple resolution function, while a MC template
parameterizing the longer lifetime of B decays is used for the non-prompt signal events.
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Fig. 2. – Measured differential cross-sections in pμ
T for b → μ (left) and in pB

T for B0 → J/ψK0
s

(right), compared to MC-generator expectations (color histograms).

Differential cross-section results are derived for the prompt and non-prompt J/ψ
for three different rapidity regions, using the B-fraction values. They are compared to
theoretical and MC predictions (the FONLL prediction, the CASCADE generator [9],
PYTHIA, and the color evaporation model (CEM) [10]) in fig. 1, bottom, showing a good
agreement except for the low-pT region of the prompt cross-section. Integration over pT

and rapidity gives, for the non-prompt cross-section in 6.5 < pT < 30 GeV/c, |y| < 2.4:

B(J/ψ → μ+μ−) · σ(pp → bb̄ → J/ψ + X) = 26.0 ± 1.4(stat) ± 1.6(syst) ± 2.9(lumi)nb .

3. – Inclusive b → μ cross-section

Determinations of the bb̄ cross-section have been performed with other methods than
the B → J/ψX analysis. The first one is based on the inclusive reconstruction of a
semimuonic B decay, looking for a hadronic jet in the event and identifying it as a b-jet
using the relative trasverse momentum (prel

T ) of a reconstructed muon with respect to its
thrust axis [11].

The study is based on an integrated luminosity of 85±9 nb−1. Events are selected by
requiring a jet in the event with a “transverse energy” ET ≡ E sin θ > 1 GeV and a muon
with pT > 3 GeV/c in the HLT and > 6 GeV/c in the offline reconstruction. Standard
muon quality criteria are applied to the latter.

The fraction of genuine b-jets in the selected sample is determined with a fit to the
prel

T distribution using MC template functions for b-jets and jets from other sources (c
jets and light-quark/gluon jets). Results are then corrected for acceptance, determined
with MC simulation, and muon efficiency. The most important systematic sources are
the uncertainty on the template shapes an the amount of underlying event activity.

The resulting differential cross-section in muon pT is shown in fig. 2 left, compared
to PYTHIA and MC@NLO [12] predictions, demonstrating the better agreement with
NLO approaches. The integrated cross-section is computed to be

σ(pp → b + X → μ + X ′) = 1.32 ± 0.01(stat) ± 0.30(syst) ± 0.15(lumi) μb

in the region pμ
T > 6 GeV/c, |ημ| < 2.1.
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4. – Exclusive B cross-sections

Finally, the bb̄ cross-section has been measured using exclusive B decay modes with
well-measured branching fractions, namely: B± → J/ψK± [13], B0 → J/ψK0

s [14], and
B0

s → J/ψφ [15]. Analyses are performed on data samples with an integrated luminosity
varying from 5 to 40 pb−1.

Online and offline selection of J/ψ decays is very similar to the one discussed in sect. 2.
J/ψ candidates are then combined respectively to: a single charged track with pT >
900 MeV/c; two tracks with an invariant mass compatible with that of the K0

s , which form
a common vertex having a transverse displacement significance lxy/σ(lxy) > 5; two tracks
with an invariant mass tightly compatible with that of the φ resonance. Additional signal-
to-background rejection comes from the χ2 probability of vertices determined with all
selected tracks (except those forming K0

s candidates) and from fitting the invariant mass
and the proper decay length at the same time, to account for prompt J/ψ background.

In all these analyses, the most important systematic contributions are tracking ef-
ficiency uncertainties and luminosity. As an example, the resulting differential cross-
section in pB

T for B0 → J/ψK0
s is shown in fig. 2 right, compared to PYTHIA and

MC@NLO predictions, confirming the good agreement observed with independent mea-
surements in the latter case.
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