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By measuring production cross-sections of beauty and charm hadrons and of the heavy-flavour 
quarkonia, J/Ψ and ϒ, ATLAS and CMS will provide sensitive tests of QCD predictions of 
production in proton-proton collisions at the LHC. At the LHC new opportunities to improve 
our understanding of the physics of b quarks will be available because of the high statistics data 
samples and the high centre-of-mass energy. The capabilities to measure the inclusive and 
exclusive cross-sections and correlations at the LHC start-up luminosities (~10 pb-1) and with 
the high-luminosity runs (~10 fb -1) are presented. 
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1.Introduction 

With the start-up of the Large Hadron Collider (LHC), a new energy domain will be 
explored. This will allow testing production cross-sections of beauty and charm hadrons and 
of the heavy-flavour quarkonia, J/Ψ and ϒ, measured with the new data against the framework 
of quantum chromodynamics (QCD).  

 Two general-purpose detectors, ATLAS [1]  and CMS [2], designed to explore the 
physics at the TeV scale, have an extensive research program for heavy-flavour studies. The 
two experiments are very different in the layout chosen for the magnet system. In ATLAS, a 
solenoid provides the magnetic field for the Inner Tracker, while a system of air-core toroids 
outside the calorimeters provides the field for the Muon Spectrometer. The magnetic field in 
CMS is provided by a single very large solenoid which contains both the Inner Tracker and the 
calorimeters. The muon chambers are embedded in the iron of the solenoid return yoke. The 
magnet layout determines the weight (ATLAS is larger but lighter) of the two detectors. The 
potential of ATLAS and CMS for heavy-flavour measurements is presented for the LHC start-
up luminosities (10 pb-1 or so) and for the high-luminosity runs (10 fb -1). 

  Details of the triggers to be used in  B (heavy-flavour) physics programme by ATLAS 
and CMS can be found in [3] and [4], respectively. 

2. Quarkonia production  

2.1 Quarkonia production cross section. 

The prompt production of quarkonia continues to be puzzling. There is a variety of 
production models available for prompt quarkonium production [5], among which are the 
Colour Singlet Model (CSM) and the Colour Octet Model (COM).  

Beauty and quarkonia studies will play an important role in the early data-taking at low 
luminosity (1031 cm−2 s−1 ). A calibration method to obtain the low-pT muon trigger efficiency 
and the muon reconstruction efficiency using real data by virtue of the so-called tag-and-probe 
method with quarkonia reconstruction is developed [3,4]. With an integrated luminosity of 10 
pb−1 ATLAS and CMS will be able to register about ~105 events containing J/ψ → µ+µ− 
selected by the low luminosity trigger menu. Reconstructed events will contain J/ψ → µ+µ− 
produced both directly in proton-proton interactions as well as indirectly from decays of B 
hadrons.  

The dimuon triggers dedicated to quarkonium are: the topological dimuon trigger 
(ATLAS), corresponding to two muon candidates with pT thresholds of 6 and 4 GeV (µ6µ4 
trigger) and High Level Trigger (CMS) with pT threshold of 3 GeV for both muons. An 
additional trigger scenario is based on a single muon trigger with a higher pT  threshold. Figure 
1 shows the quarkonium signal and main background invariant mass distributions in ATLAS 
for those events which passed the trigger requirements, with reconstruction efficiencies and 
background suppression cuts taken into account. Peaks from the J/ψ and ϒ(1S) clearly 
dominate the background. 
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Figure 1. ATLAS quarkonia selection. The cumulative plot of the invariant mass of dimuons 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. 

 

 The precision tracking of ATLAS and CMS permits to disentangle the prompt J/ψ 
production from B hadron decays, and therefore allows to determine the B hadron cross 
section [3,6]. Contributions from prompt and non-prompt J/ψ’s are separated by using lifetime 
distributions. Figure 2 displays the prompt J/ψ differential cross sections in CMS [6], with 
combined systematic and statistical uncertainties, corresponding to an integrated luminosity of 
3 pb−1 . The precision of the result is limited by systematic uncertainties, and is at the 15% 
level. Fig. 3 shows the result of the Monte Carlo (MC) fits to the fraction of J/ψ’s from B 
hadron decay in each bin of pT

J/ψ. 
 
                                                                                
 
 
 
 
 
 
 
 
  
 
 
 
 
 

Figure 2. The expected prompt J/ψ 
differential cross section obtained from 
a sample of Monte Carlo simulated 
events corresponding to 3 pb−1 of data 
collected by the CMS detector. The 
cross section is plotted as a function of 
the J/ψ pT, integrated over the 
pseudorapidity range |ηJ/ψ| < 2.4 . 
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2.2 Quarkonia polarization. 

 The measurement of the quarkonia production cross section is the first step to 
investigate the mechanism of the quarkonium hadroproduction. With more data it will be 
possible to measure the prompt J/Ψ and ϒ  polarizations. Quarkonium polarization will be 
measured by analyzing the angular distribution of the muons produced in the quarkonium 
decay. The polarization measurement is important for discrimination of the production models. 
The Colour Octet Model predicts that the prompt quarkonia produced in pp collisions are 
transversely polarized, with the polarization increasing as a function of the transverse 
momentum. Other production models predict different pT  dependencies of the polarization. 
ATLAS expectations on J/Ψ and ϒ  polarization and cross section measurement with 10 pb-1 

[3], are presented in Table 1. 
 
 
 
 
 

 
 
 
 
 

 
 
 
 With the integrated luminosity of 10 pb-1  it will be possible to measure the 
polarization of J/ψ with the precision of order 0.02 − 0.06 in a wide range of transverse 
momenta. In case of ϒ, the expected precision is of order 0.20. 

 

Table 1. ATLAS prospects for J/Ψ and ϒ polarization and cross-sections measurements in slices of 
pT, for 10 pb−1 . 

Figure 3. The fitted fraction of J/ψ from 
B hadron decays obtained from a 
sample of Monte Carlo simulated 
events corresponding to 3 pb−1 of data 
collected by the CMS detector. The 
fitted fraction of J/ψ is plotted as a 
function of J/ψ pT, integrated over the 
pseudorapidity range |η J /ψ | < 2.4 . 



P
o
S
(
B
E
A
U
T
Y
 
2
0
0
9
)
0
2
3

Heavy Quark Production Valery P. Andreev 

 
     5 

 
 

3. Beauty production 

3.1 Exclusive B production. 

Further on with luminosity increase the exclusive decays of B+ → J/ψ K+, B0 → J/ψ K*0 
and B0→ J/ψ φ will be studied. These channels can be observed at LHC with the first 10 pb-1 
of data and can be used for detector performance studies. The exclusive cross section 
measurements have different systematic uncertainties and model dependencies (fragmentation) 
from the inclusive ones. The b production represents the largest physics background for many 
new physics searches, therefore its measurement is a prerequisite to any discovery. The 
feasibility study of measuring with early CMS data the differential production cross section 
dσ/dpT(B) and lifetime ratio τ(B+)/τ(B0) using fully reconstructed B+ →J/ψK+ and B0 →J/ψK∗0 

decays is presented in [7]. The J/ψ and K∗0 are reconstructed in the µ+µ- and K+π−   channels, 
respectively. The lifetime in each decay channel is determined using an unbinned maximum 
likelihood fit to the invariant mass and proper decay length of the reconstructed B candidates. 
The fit result with individual contributions from the various components is illustrated in Fig. 4. 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 
 Feasibility study demonstrated that the differential cross sections and lifetime ratio for 

the exclusive decays B+ →J/ψK+ and B0 →J/ψK∗0 can be measured to a statistical precision of 
less than 10 % on the cross section and 5 % on the lifetime ratio using as little as 10 pb−1 of 
calibrated data. The measurement of the cross section is dominated by systematics, for which 
the largest contribution is expected to come from the luminosity uncertainty. The lifetime ratio 

Figure 4. CMS distributions of MB and ct for the B+ (top) and B0 (bottom) fits integrating over all pT 
bins. Individual contributions from the various components are shown in different colors (refer to 
legend in the plots). 
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is dominated by the statistical uncertainty. Similar expected precision for the cross section 
measurement in the exclusive decay B+ →J/ψK+  has been obtained in the ATLAS study [3]. 

3.2 Correlations. 

Three mechanisms contribute to the beauty production at hadron colliders: gluon-gluon 
fusion and 

€ 

qq  annihilation (flavour creation in hard QCD scattering), flavour excitation (semi-
hard process) and gluon splitting (soft process). Flavour creation refers to the lowest-order, 
two-to-two QCD 

€ 

bb  production diagrams. Flavour excitation corresponds to diagrams where 
a 

€ 

bb  pair from the quark sea of the proton is excited into the final state due to one of the b 
quarks undergoes a hard QCD interaction with a parton from the other proton. Gluon splitting 
refers to the processes in which the 

€ 

bb  pair arises from a g → 

€ 

bb  splitting in the initial or 
final state. Neither of the quarks from 

€ 

bb  pair participate in the hard QCD scattering in this 
case. 

Correlation measurements are foreseen at LHC in order to study details of the production 
mechanisms discussed above. The angular distance Δφ between the b quark directions in the 
transverse plane is the main discriminating variable to disentangle contributions from the 
gluon-gluon fusion, gluon splitting and flavour excitation. The  Δφ distribution for gluon 
splitting is slightly peaked at small Δφ values. The angle between the two b-quarks produced 
by the gluon-fusion mechanism has a peak at 180 degrees, as expected, since in the process  gg 
→ 

€ 

bb   the b quarks are produced back-to-back in the transverse plane. For the flavour 
excitation production mechanism the back-to-back topology is preferred too.  

The MC study with the CMS detector simulation using a clean fully leptonic signature is 
presented in [8]. The decay of one b quark  is tagged by reconstructing the decay J/ψ → µ+µ−. 
Events are also required to contain an additional muon consistent with the semileptonic decay 
of the second b quark. The angular distance Δφ between the J/ψ and muon after all the 
selection criteria is shown in Fig. 5 (left). 

 
 
 
 
 
 
 
 
 
 

Figure 5. Left: J/ψ−µ ∆φ distribution after all the selection criteria. The different truth-matched 
components are stacked and shown in different colors. Right: differential cross section measurement 
dσ/d∆φ after unfolding and including systematic uncertainties. 

Fig. 5 (right) shows the differential cross section measurement as determined on a Monte 
Carlo sample corresponding to 50 pb−1. The unfolding procedure has been applied to correct 
for a significant migration of events generated in one bin of ∆φ (

€ 

bb ) and ending up in a 
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different bin of reconstructed ∆φ between the J/ψ and muon candidates. Depending on the 
particular ∆φ bin, 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 integrated total cross section. 

3.3 Inclusive B production. 

A study [9] has been performed in CMS to investigate methods of identifying of b-jets (b 
“tagging”) in an inclusive sample of events containing jets and at least one muon for a high 
statistics event sample (10 fb-1) at 14 TeV center-of-mass energy. The CMS capability to 
measure the inclusive b-quark production cross section as a function of the B hadron 
transverse momentum pT and pseudorapidity η is presented here. The measurement of the 
differential cross sections is studied for B hadrons of  pT > 50 GeV/c and within the fiducial 
volume of |η| < 2.4. The event selection requires a b-tagged jet in the fiducial volume to be 
present in the event. B tagging is based on inclusive secondary-vertex reconstruction in jets. At 
Level-1 trigger, the single-muon trigger is used. At the High Level Trigger the “muon + b-jet” 
trigger is required. The most energetic B hadron inside the phase space defined above is 
selected. Good correspondence between the generated B particle and the most energetic 
reconstructed b-tagged jet is observed. The corresponding relative resolutions for B particles 
with pT > 170 GeV/c are 13% and 6% for pT and pseudorapidity, respectively. The average b-
tagging efficiency is 65% in the barrel region, while the efficiency is about 10 % less for the 
endcap region. The signal fraction is determined from a fit to the data distribution using the 
simulated shapes for the signal and background. To do so, a lepton tag by selecting inclusive 
muons is applied. Each reconstructed muon is associated to the most energetic b-tagged jet. 
The muon must be closer to this b-tagged jet than to any other jet in the event. In most cases 
the tagged muon is inside the b-jet. The average efficiency of associating the muon with the b-
tagged jet is 75 %. The transverse momentum of the muon with respect to the b-jet axis 
effectively discriminates between b events and background.  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 6. The statistical uncertainty for the CMS inclusive b cross section measurement (triangles), 
systematic (squares) uncertainty and total (dots) uncertainty as function of the b-tagged jet transverse 
momentum with respect to the beam line. Total uncertainty comprises the statistical and systematic 
uncertainties added in quadrature. 
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Several potential sources of systematic uncertainties are considered and their impact on 
the observed cross section is detailed in [9]. The largest uncertainty arises from the 3 % error 
on the jet energy scale which leads to a cross section error of 12 % at ET > 50 GeV/c. The 
estimated statistical, systematic and total uncertainty as function of the b-tagged jet transverse 
momentum with respect to the beam line is shown in Fig. 6.  

The event selection for inclusive b production measurement at CMS will allow to study b 
production mechanisms on an event sample of 16 million b events for 10 fb-1 of integrated 
luminosity. The b purity of the selected events varies as function of the transverse momentum 
in a range from 70 % to 55 %. The estimate shows that with the CMS detector one can reach 
1.5 TeV/c as the highest measured transverse momentum of B hadrons. The results are 
preliminary, the improvements are likely as further jet calibration tunings, software and 
analysis algorithm developments are foreseen. 
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