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Abstract

At the LHC new opportunities to improve our understanding of the physics of the
�

quark will be-
come available because of the high statistics data samples and the high center-of-mass energy that the
new accelerator will provide. The CMS collaboration will measure the cross section for inclusive

�
production in proton-proton collisions at � ������� TeV. A study has been performed to investigate
methods of identifying

�
jets (

�
“tagging”) in an inclusive sample of events containing jets and at least

one muon. We present the CMS capability to measure the inclusive
�

production cross section as a
function of 	 -hadron transverse momentum and pseudorapidity.
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1 Introduction
Bottom flavored hadrons can be used for CP-violation measurement, for QCD tests, for 	 decays studies, and are
an important source of background for several processes of interest. 	 tagging is a crucial ingredient of the new
physics (Higgs, SUSY, ...) searches at the LHC. At the LHC new opportunities to improve our understanding of the
physics of

�
quarks will become available because of the high statistics data samples and the high center-of-mass

energy provided. The present status of the production phenomenology at hadron colliders is the following. On
one side, the shape of transverse momentum and angular distributions as well as the azimuthal angular correlations
are reasonably well explained by perturbative QCD. On the other side, however, the observed cross-sections at
the Tevatron (Run I) are larger than QCD predictions [1, 2, 3, 4, 5, 6, 7, 8]. Similar effects are observed in ���
collisions at HERA [9, 10, 11, 12, 13, 14, 15] and in ��� interactions at LEP [16, 17]. The Tevatron Run II data have
confirmed and extended Run I heavy flavor data. In the meantime, an agreement between experiment and theory
has improved due to the evolution of latter (more precise parton density functions and proper fragmentation effects
estimate) [18, 19, 20, 21, 22, 23]. The agreement is not complete and the improvement of the phenomenological
description requires new experimental input.

	 production will be one of the most copious sources of hadrons at LHC. We performed a study on Monte Carlo
events generated with PYTHIA [24] to investigate methods in CMS of identifying

�
jets (

�
“tagging”) in an inclusive

sample of events containing jets and at least one muon. We present the capability to measure the inclusive
�

quark
production cross section as a function of the 	 -hadron transverse momentum and pseudorapidity. An important
result of our study is an estimate for the highest 	 -hadron ��� range for a cross section measurement reachable at
LHC.

Since the tagging of a
�

inside the jet is almost independent of the details of the
��� 	 fragmentation, measuring

the rate of
�

jets is a direct measurement of the
�

production rate with a small fragmentation systematics [22, 23].
In addition, large logarithms due to hard collinear gluons are avoided when all fragmentation modes are integrated.
This reduces model dependence (improves the perturbative accuracy) when comparing experimental data with
theory.

Three mechanisms contribute to the beauty production at hadron colliders: gluon-gluon fusion and � � annihilation
(flavor creation in hard QCD scattering), flavor excitation (semi-hard process) and gluon splitting (soft process).
It is important to measure the 	 -hadron ��� spectra within large range to be able to disentangle the contributions
of those mechanisms. At the Tevatron inclusive 	 spectra have been measured up to �
	�	
��������� by D0 and up to� 	�	
��������� by CDF.

2 Analysis
2.1 Event generation

Samples of QCD jets generated with PYTHIA were used in the analysis. Jets in those samples cover the full
geometrical acceptance in pseudorapidity of the tracking detector, � ����� ��� � . For the studies described in this
Note the iterative cone jet reconstruction algorithm [25] with a cone size � � �"! �$#�%'&(�)�*%+�,	 � - was used.
The jet clustering uses as an input the energy deposition in the towers from the electromagnetic and hadronic
calorimeters applying a variable noise subtraction. A calibration as deduced from the Monte Carlo simulation has
been applied to correct the raw jet energy [26, 27]. The jet response was calibrated up to 4500 ����� [26]. In the
CDF experiment, it has been shown that total energy of particles in various cones in the vicinity of a parton is well
simulated by PYTHIA, enabling the parton energy scale to be corrected to the particle-level jet energy scale via
Monte Carlo simulation derived correction factors (� � -jet / � � -parton). Those corrections are less than 5 % for jets
with . �0/ - 	1�����2��� [28]. As shown in reference [28] CMS has developed a data-driven calibration strategy that
will be used in the real analysis. This has been shown to be feasible using di-jets events up to about 1.5 TeV.

The PYTHIA generator 3 3 production includes diagrams from each production mechanism mentioned in the intro-
duction. Flavor creation refers to the lowest-order, two-to-two QCD 3 3 production diagrams. Flavor excitation
corresponds to diagrams where a 3 3 pair from the quark sea of the proton is excited into the final state due to one
of the

�
quarks undergoes a hard QCD interaction with a parton from the other proton. Gluon splitting refers to

the processes in which the 3 3 pair arises from a 4 � 3 3 splitting in the initial or final state. Neither of the quarks
from 3 3 pair participate in the hard QCD scattering in this case. PYTHIA uses the parton shower model to estimate
the effects of higher-order corrections. The exact matrix elements for all parton-parton two-to-two scatterings are
combined with initial- and final-state radiation using a probabilistic approach.
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A study of CMS capability to measure the inclusive
�

production is based on a full detector simulation. The gener-
ated events are passed through the GEANT4 [29] simulation of CMS. Pile-up corresponding to the low luminosity
LHC run ( � � ��� � 	������	��
 %
� 
�� ) is also generated and superimposed to the original event.

The CMS reconstruction program ORCA [30] was applied in the analysis. About 4 millions QCD containing
both 	 -hadrons (signal) as well as other flavour (background) events were processed, mainly with high transverse
momentum of the partons (��� / - 	1��� �1� � ). The events were processed on the LHC Computing Grid using the
ASAP (ARDA Support for cms Analysis Process) job submission and monitoring tool [31].

2.2 Event selection

The measurement of the differential cross sections is studied for 	 -hadrons produced in the fiducial volume of

� � / - 	1�����2���
� � �*� � � �

First, the events are required to pass the Level-1 (L1) trigger [32] selection for the single muon trigger stream
which accepts events with muons having ��� / ���2��� �1� � . For the High Level Trigger (HLT) selection we require
the single muon trigger to be fired by non-isolated muons with ��� / ���1�����2��� . Those thresholds correspond to
the latest CMS trigger tables. At HLT selection we require the “muon & � -jet” trigger, fired by non-isolated muons
with � �,/ ���1������� � and by jets with . �,/ - 	2��� �1� ���
� � � � � � � compatible with

�
tagging. Muon threshold

corresponds to the standard HLT single muon trigger without muon isolation requirement. Then it is combined
into cross-channel trigger with

�
-jets trigger. Details on

�
-jets trigger are in [33]. The proposed muon plus

�
-jet

cross-channel trigger has 4.3 Hz rate for the signal and 6.1 Hz total event rate. The trigger rate corresponds to
the low luminosity LHC run at � � ��� � 	 ��� ��� 
 % � 
�� . The trigger rate can be tuned with thresholds selection.
In the CMS L1 trigger menu there is “muon & jet” stream. At the time of the writing of this Note, it has been
considered with L1 muon and jet thresholds of ��� / � 	1��� �1� � and .�� /�� 	2��� �1� � , respectively. We verified
that more than 95 % of selected events would be also accepted by such trigger. The high ��� part of the spectrum is
also effectively selected by single jet trigger, the pre-scaled central single jet trigger with pre-scaling at 20 ��� ����� ,
60 �����2��� , 120 ��������� and 250 ��� �2� � . � thresholds, and unscaled single jet trigger at . � / � 	�	
������� � [34].

The efficiencies for the L1 and HLT triggers are shown in Figure 1 and Figure 2, respectively. The efficiencies are
presented as function of 	 -hadron transverse momentum and pseudorapidity for events in which the most energetic
	 -hadron is inside of the phase space defined above. The trigger efficiency is flat as a function of the 	 -hadron
pseudorapidity (the L1 trigger acceptance is limited to � ����� ��� � ), while being a rising function of the 	 -particle
transverse momentum. The average L1 trigger efficiency corresponds to the expected value of branching fractions
sum for the semileptonic

�
quark and the cascade � quark decays, about 19 % [35].

The offline selection requires a
�

tagged jet to be present in the event. 	 tagging is based on inclusive secondary
vertex reconstruction in jets [36]. The 	 -tagging algorithm combines several topological and kinematic secondary
vertex related variables into a single tagging variable to discriminate between jets originating from

�
quarks and

those from light quarks and gluons. The relatively large lifetime of 	 -hadrons ( � � � - ps) leads to secondary
vertices displaced from the primary event vertex. 	 -hadrons have a large mass, large multiplicity of charged
particles in the final state and 	 carries a large fraction of the jet energy due to the hard

�
fragmentation function.

In order to measure the differential cross sections for inclusive 	 -particle production as a function of its transverse
momentum � � and pseudorapidity � , ��� ��� ��� and ��� ����� � � , we select as reconstructed 	 -particle candidate the
most energetic

�
tagged jet. Figure 3 shows the reconstructed (dots) ��� and pseudorapidity � spectra of the most

energetic
�

tagged jet versus � � and pseudorapidity of the most energetic generated 	 -particle (histograms). Good
correspondence between the generated 	 -particle and the reconstructed

�
-tagged jet is observed. The correspond-

ing � � and pseudorapidity resolutions are shown in the Figure 4 for 	 -particles with � � / �! �	
������� � . The
resolutions are 13 % (relative resolution) and 0.04 for � � and pseudorapidity, respectively.

The efficiency of the
�

tagging in jets is shown in Figure 5 as function of the 	 -particle transverse momentum
and pseudorapidity. The efficiency decreases with increasing transverse momentum, while being rather flat as
function of pseudorapidity. The slow degradation for larger transverse momenta is caused by the worsening of
the tracking resolution with increasing ��� , an increased track multiplicity from fragmentation and more difficult
pattern recognition in dense jets. The average

�
tagging efficiency is 65 % in the barrel region, while the efficiency

is about 10 % less for the endcap region.
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To measure the cross section one needs to know the number of selected events, the integrated luminosity, the event
sample purity (signal fraction) and the signal efficiency. The signal fraction can be determined from the simulation.
In order to rely less on the absolute value prediction for the background one can extract the signal fraction using
the prediction of the signal and background shapes for some sensitive variables. A fit of the data distribution by
the simulated shapes for the signal and background is performed with a lepton tag by applying inclusive muons.

2.3 Muon tag

Muons are reconstructed in the muon chambers, matched to the tracker information and their trajectory is refitted
using both subdetectors information [28]. Each reconstructed muon is associated to the most energetic

�
tagged

jet. The muon must be closer to this
�

tagged jet than to any other jet in the event. If no muon is found or if the
muon is not associated to the

�
tagged jet the event is discarded.

Figure 6 shows the angular distance between the tagged muon and the
�

tagged jet ( ��� � ��� 
����
	�� ) as well as the
distance to the second closest jet. In most cases the tagged muon is inside the

�
jet. The muon is relatively easy to

identify inside jets as muon reaches the muon chambers after a small energy deposition in the calorimeters. The
same figure shows also the tagged muon momentum and its transverse momentum spectra.

In Figure 7 the distributions of the number of jets, number of muons and the number of
�

tagged jets in the fiducial
volume for the same data sample are presented.

The efficiency of the muon association with
�

tagged jet is shown in Figure 8. The average efficiency of associating
the muon with the

�
tagged jet is 75 %.

2.4 Results

The transverse momentum of the muon with respect to the
�
-jet axis effectively discriminates

�
events from the

background. Figure 9 shows the distributions of the muon � � with respect to the closest jet from three sources:
beauty events, charm events and light quark events. The ��� spectra are very different and are exploited to fit of the
selected events to determine the fractions of the muon sources in the sample.

Figure 10 shows an example of the fit of muon ��� with respect to the closest jet distribution by the expected shapes
for the muons from

�
, charm and light quark events. The normalization of the three contributions are left as free

parameters in the fit. The events in this plot are from a sample of QCD events generated with the PYTHIA “� � -hat”
parameter in the range � � 	 ��
��� � �� �	
��������� . Another example of the fit for the sample of the QCD events with
“� � -hat” parameter in the range

��� 	 ��
��� � � 	 	1�����2��� is shown in Figure 11. The shapes of the distributions
in both fits were fixed using an independent QCD sample generated with �! 	���
��� � ��� 	
��������� . The generated
QCD events of all samples were also combined into one sample by normalizing to the same integrated luminosity
( � 	�� 3 
�� ) and fitted. Figure 12 shows the result of this fit. We combined the “� � -hat” samples starting from

� � / � � 	���� ����� to avoid large fluctuations in small Monte Carlo statistics of the lower “� � -hat” generated range.

The fit results as well as the Monte Carlo input are quoted in Table 1. The event fractions are well reproduced
within statistical errors. In the actual experiment the shapes will be verified using data at different selection stages.
Also the light-quark background shape will be derived from the data itself by applying an anti-tag selection (

�
-

suppressed event sample).

In Table 2 the
�

purity, � � and light quark event fractions for the different QCD samples are shown. The
�

purity
changes from about 70 % down to 55 % with transition from low ��� events to the high transverse momentum
events while being only about 6 % in the initial Monte Carlo sample (before the event selection). The expected
number of 3 3 events after event selection is quoted for �
	�� 3 
�� integrated luminosity. For the phase space of� � / - 	
��� �1� � and � � � � � � � the event selection will allow

�
event statistics of about 16 million events. Our

estimate for the 	 -hadron � � range reachable at LHC with CMS detector is 1.5 � ���2��� .
The background contribution from � � events has been estimated from a sample of one million simulated events
including all decay modes. The corresponding cross section is equal to 500 pb. The total number of � � events
passing the selection amounts to 104 thousand events for � 	�� 3 
�� integrated luminosity corresponding on average
to less than 1 % background contribution. The � � background becomes more pronounced for the high � � part of
the inclusive 	 spectrum. In the region � �0/ - 	�	1��������� it amounts to 2.4 %.

The total event selection efficiency is about 5 %. By correcting for the semi-leptonic branching ratio of
�

quarks
and � quarks it amounts to about 25 % on average. It turns out that the total efficiency is almost independent of
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transverse momentum and angle of the 	 -particle. Therefore the measurement of the differential cross section is
less affected by systematic uncertainties due to bin-by-bin efficiency corrections.

2.5 Systematics Uncertainties

Several potential sources for systematic uncertainties are considered and their impact on the observed cross section
is detailed in Table 3. The largest uncertainty arises from the 3 % error on the jet energy scale which leads to a cross
section error of 12 % at .�� / - 	1��� �1� � . It drops down to 4 % for the highest ��� . Other important uncertainties
arise from the event-selection procedure and the Monte Carlo modeling of the detector response, including the
lepton identification and the detector resolution on the energy and angular variables which identify the fiducial
volume. The effect of these systematic uncertainties is estimated by varying the corresponding cuts and repeating
the fits for the newly selected event samples. It results in an uncertainty of 6 %. The expected

�
-tag systematics

for �
	 � 3 
�� integrated luminosity is 5 % [28]. The luminosity uncertainty is also 5 % [28].

The trigger efficiency will be determined from the data themselves using a set of independent triggers. Its un-
certainty varies with jet � � . We estimate this uncertainty from Monte Carlo studies to change from negligible to
3.0 % at the highest � � . The experimental uncertainties on the semi-leptonic branching ratio of b quarks [35] is
also propagated to the measurement. The impact of the detector misalignment on the CMS

�
tagging performance

has been investigated in [36]. The effect has been found to be small (2 %). Muon detection efficiency can be
determined with better than 1 % precision [28]. The � � background subtraction uncertainty is conservatively taken
as absolute value of the � � contribution to the considered phase space.

A large contribution is expected from the fragmentation modeling. We estimate the magnitude of the effect from
the DO b-jet production measurement at Tevatron [8]. This uncertainty propagates to the cross section as a 9 %
effect independent of jet . � .

The estimated statistical, systematic and total uncertainty as function of the
�

tagged jet transverse momentum with
respect to the beam line is shown in Figure 13.

3 Conclusion
The event selection for inclusive

�
production measurement at CMS will allow to study

�
production mechanisms

on an event sample of 16 million
�

events for � 	 � 3 
�� integrated luminosity. The
�

purity of the selected events
vary as function of transverse momentum in the range from 70 % to 55 %. Our estimate shows that with the
CMS detector we can reach � � - � � �1� � as the highest measured transverse momentum of 	 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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MC input, � � 	 � 
� � � �� �	1�����2��� Fit result������
2503

�  - 	�� � � ���� ��
965  �	 � � - � ����
	��
299

� � ��� ��� -
MC input,

��� 	 � 
� � � � 	�	1�����2��� Fit result������
5250

- ��� � � - 	 ���� ��
2388

� 	 - 	��  ��
���
	��
1740 ��  
 � � � �

MC input normalized to 10 � 3 
�� luminosity, Fit result,
million events million events������

11.2 �
	 � ��� � � ���� ��
4.6

- � ��� � � 	���
	��
1.2 � � � � 	 � �

Table 1: Results of the fit to the distribution of the transverse momentum of the muon with respect to the nearest
�

tagged jet. The number of beauty, charm and light quark events in the Monte Carlo input are shown together with
the fit result for those event sources.


� � , ��������� � ������ 	�� 	���� � 	
	 � 3 3 purity, � � fraction, uds fraction, �

� �
	��! 	

�
� 	
	 ,�����2��� "�3 events % % % events

50 # 80 20.9 198993 66 32 2 1.4 M
80 # 120 3.0 294986 66 32 2 6.1 M

120 # 170 0.5 291982 72 26 2 5.1 M
170 # 230 0.1 355978 71 26 3 2.4 M
230 # 300

� � � � �
	 
 % 389978 73 24 3 0.9 M
300 # 380 � � � � �
	 
 � 283983 70 25 5 0.3 M
380 # 470 � � � � �
	 
 � 191989 68 27 5 88 k
470 # 600 � � � � �
	 
%$ 190987 64 29 7 34 k
600 # 800

� � 	 � �
	 
%$ 94996 60 31 9 10 k
800 # 1000

��� � � �
	 
'& 89999 60 30 10 2.0 k
1000 # 1400 � � � � �
	 
'& 89998 55 31 14 0.5 k

Table 2: 	 purity and number of expected events after the final event selection. The expected number of 3 3 events
is quoted for � 	 � 3 
�� integrated luminosity.
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Source uncertainty, %
jet energy scale 12
event selection 6

B tagging 5
luminosity 5

trigger 3
muon Br 2.6

misalignment 2
muon efficiency 1
� � background 0.7
fragmentation 9

total 18

Table 3: Sources of systematic uncertainties on the inclusive
�

production cross section measurement. The total
systematic uncertainty is calculated by adding all contributions in quadrature.
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Figure 1: The L1 trigger efficiency for selecting events with 	 hadrons with ��� / - 	1������� � contained within� � ��� � � � . The left plot shows the efficiency as a function of the generated 	 hadron momentum. The right plot
shows the efficiency as a function of the generated 	 hadron � .
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Figure 2: The HLT trigger efficiency for selecting events with 	 hadrons with � � / - 	
��� �1� � contained within� � ��� � � � . The left plot shows the efficiency as a function of the generated 	 hadron momentum. The right plot
shows the efficiency as a function of the generated 	 hadron � . The HLT efficiency is computed on already L1
selected events.
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Figure 3: Reconstructed (dots) � � (left plot) and pseudorapidity � (right plot) of the most energetic
�

tagged jet
versus � � and pseudorapidity of the most energetic generated (histograms) 	 -particle.
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tagged jets in CMS.
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Figure 5: The
�

tagging efficiency versus � � and pseudorapidity of the generated 	 -particle. The efficiency is
computed on already triggered (both L1 and HLT) events.
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�

tagged jet (left-top plot), distance between the
tagged muon and the second closest jet (right-top plot), muon momentum (left-bottom plot) and muon transverse
momentum with respect to the beam line (right-bottom plot) distributions.
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Figure 7: Distributions for the number of jets (left-top plot), number of muons (right-top plot) and number of 	
tagged jets in the fiducial volume (right-bottom).
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Figure 8: The efficiency of the muon association with b tagged jet.
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Figure 9: Spectra of � � with respect to the closest
�

tagged jet of muons detected in the CMS muon spectrometer
from three sources: beauty events (left plot), charm events (middle plot) and light quark events (right plot).
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Figure 10: Fit of the muon � � spectrum with respect to the closest
�

tagged jet. The sample of generated QCD
events with “� � -hat” parameter in the range � � 	)� 
���0� �! 	1�����2��� is tested. The contributions of tagged muons
from

�
events (dashed curve), � events (dot-dashed curve) and light quark events (dotted curve) as defined by the

fit are shown. The solid curve is the sum of the three contributions.
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Figure 11: Fit of the muon � � spectrum with respect to the closest
�

tagged jet. The sample of generated QCD
events with “� � -hat” parameter in the range

��� 	)� 
���0� � 	 	1�����2��� is tested. The contributions of tagged muons
from

�
events (dashed curve), � events (dot-dashed curve) and light quark events (dotted curve) as defined by the

fit are shown. The solid curve is the sum of the three contributions.
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Figure 12: Fit of the muon � � spectrum with respect to the closest
�

tagged jet. The generated QCD events
of all samples with “� � -hat” parameter in the range 
��� / � � 	���� �2� � are tested. The samples are combined
by normalizing to the same integrated luminosity ( �
	 � 3 
�� ). The contributions of tagged muons from

�
events

(dashed curve), � events (dot-dashed curve) and light quark events (dotted curve) as defined by the fit are shown.
The solid curve is the sum of the three contributions.
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Figure 13: The statistical uncertainty for the cross section measurement (triangles), systematic (squares) uncer-
tainty and total (dots) uncertainty as function of the

�
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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