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1 Introduction
Jets are sensitive probes of final-state effects in heavy ion collisions. The jet quenching phe-
nomenon is understood to arise from the interaction of hard-scattered partons with the quark-
gluon plasma produced in such collisions [1]. The first observable used to probe this phe-
nomenon at the LHC was the transverse momentum (pT) balance of back-to-back jets [2–5].
Quenching imparts a net imbalance to dijets that exceeds the imbalance from QCD radiation in
vacuum, as measured in pp collisions. This additional imbalance is expected based on the dif-
ference of the in-medium path-length traversed by the two jets. However, jet-by-jet fluctuation
of the quenching may also play a role, and could even be dominant [6].

The dependence of quenching on the type of parton that initiates the jet may provide insight
into the underlying dynamics. Such a dependence could arise directly from the interaction of
the initiating parton with the medium. For example, radiative loss via gluon bremsstrahlung
is expected to be larger for jets initiated by gluons than for those from quarks. Furthermore,
for heavy quarks, radiation is expected to be suppressed in the direction of propagation [7]. A
dependence could also arise less directly, via the medium interactions of subleading partons in
the shower. For models in which quenching depends on the shower multiplicity, e.g., JEWEL [6,
8], the relatively larger average parton multiplicity of gluon-initiated jets would lead to a larger
quenching effect.

In general, the type of parton that initiates the jet is difficult to determine experimentally. A
notable exception are jets produced by the fragmentation of bottom quarks. The corresponding
b hadron may be identified, for example, by the presence of a soft lepton or a displaced vertex
inside the jet. The latter strategy was pursued in the CMS measurement of the b quark jet (“b
jet”) spectra and the corresponding nuclear modification factor in PbPb collisions at a nucleon-
nucleon center of mass energy of

√
sNN = 2.76 TeV [9]. However, there is a potential ambiguity

in that measurement. Bottom quarks may be produced not only directly in the hard scattering,
but also in the subsequent splitting of gluons into b quark pairs. Jets associated with b hadrons
may contain a significant contribution from gluon splitting, both from gluons that participate
directly in the hard scattering, as well as those that arise from final-state radiation in the parton
shower process.

One way to suppress the contribution of gluon splitting, which tends to produce pairs of b
quarks with a relatively small opening angle, is to look at pairs of b jets that are back-to-back
in azimuth. As shown in the Appendix, this configuration enhances the contribution from
primary b quarks, typically produced via the reaction gg → bb. The pT balance of such b jets
may then be compared with those of inclusive (i.e., nontagged) dijets. This paper presents the
first measurement of the pT balance of b jet pairs (“b dijets”) in PbPb, using collisions recorded
at
√

sNN = 5.02 TeV. The b dijet data are compared with that of inclusive dijets to search for a
possible dependence of the pT balance on the species of the initiating partons.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity coverage provided by the barrel and endcap detectors over the
range of about 3 < η < 5. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector,
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together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [10].

Events of interest are selected using a two-tiered trigger system [11]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors.
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing.

3 Event and object selection
This analysis is performed using PbPb and pp data recorded in 2015 at a center-of-mass energy
per nucleon pair of

√
sNN = 5.02 TeV. The PbPb and pp samples correspond to integrated lumi-

nosities of 404 µb−1 and 25.8 pb−1, respectively. Events were selected using single-jet triggers in
both pp and PbPb collisions. The jet triggers used in this analysis are fully efficient with respect
to the offline leading jet selection of pT > 100 GeV. For PbPb collisions, b tagging algorithms
are applied at the high-level trigger to reduce the data volume. This is achieved by performing
a simplified version of the charged-particle tracking and vertex reconstruction in regions of the
detector delineated by high-pT jets. The efficiency of the online b tagging with respect to the
corresponding offline algorithm is evaluated using single-jet triggers, and lies in the range of
70–90%, depending on collision centrality.

To reject noncollision processes such as beam-gas interactions, events are required to have at
least one reconstructed primary vertex and to deposit an energy of at least 3 GeV in at least
3 towers in each of the two forward calorimeters. The forward calorimeters are also used to
estimate the collision centrality, evaluated as a percentile of the total inelastic hadronic cross
section, with the most central event corresponding to a centrality of 0%.

The anti-kT algorithm [12] is used to cluster jets from objects produced by the CMS particle-flow
algorithm [13], which combines information from the various subdetector systems. A radius
parameter of R = 0.4 is used. In PbPb collisions, the heavy ion background is subtracted
event-by-event with an algorithm that is a variant of an iterative “noise/pedestal subtraction”
technique [14]. The jet energy is calibrated as a function of the η and pT following the procedure
described in Ref. [15].

The identification of b jets is achieved using the “combined secondary vertex” (CSV) discrim-
inator. This algorithm takes as input a number of properties of the reconstructed secondary
vertex (SV), such as its displacement, the number of associated tracks, and their invariant mass
(with the assumption that the tracks are originated by charged pions). For events in which
no SV is properly reconstructed, the displacement of selected tracks is used. Details of the b
tagging algorithms, and tracking and vertexing in general, can be found in Refs. [16] and [17],
respectively. Simulated data samples produced with GEANT4 [18] are used to evaluate the b
tagging performance and derive various corrections. These samples are generated with PYTHIA

version 6.423 [19], tune Z2 [20]. To compare with PbPb data, PYTHIA events are embedded in
an underlying event produced with the HYDJET generator, version 1.9 [21].

The performance of the CSV algorithm to identify b jet pairs offline is shown in Fig. 1. The
efficiency and purity are evaluated in simulation as a function of the b-tagging selection vari-
able for pp and PbPb collisions for different centrality intervals. A tight selection on the CSV
discriminator is applied in this analysis, as indicated in Fig 1, leading to a purity in the range of
85–95% for b dijets, with an efficiency in the range of about 10–35%, depending on collision sys-
tem and centrality. The degradation of the performance with increasing centrality corresponds
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to a larger mistagging rate for fixed b tagging efficiency, as also observed in Ref. [9]. These jets
are mistagged primarily due to vertices from false track combinations.

b tagging purity
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Figure 1: The b dijet purity vs. efficiency as a function of the value of the selection on the CSV
discriminator in simulation. The same CSV selection is applied to both jets. Several different
centrality intervals of PbPb, as well as pp collisions, are shown, as indicated in the legend. The
closed symbols indicate the working point used in this analysis.

4 Data analysis
The pT balance of dijets is measured using the leading and subleading jets. This balance is
quantified by the ratio of the subleading to leading jet pT, denoted xJ. Dijets are selected from
the two highest pT jets within a window of |η| < 1.5. The pT of the leading and the subleading
jets are required to be above 100 and 40 GeV, respectively. This asymmetric pT selection is
chosen to ensure sensitivity to quenching effects. The subleading jet threshold of 40 GeV is
chosen to keep the subleading jet-finding efficiency reasonably high, as will be described below.
The leading jet threshold of 100 GeV is a compromise between statistical precision, on one hand,
and maintaining a large lever-arm with the subleading jet, on the other. For the case of b
dijets, the leading and subleading jets are chosen prior to b-tagging selection. By restricting the
analysis to the two highest pT jets in the event, the contribution from gluon splitting processes
is significantly suppressed.

Pairs of jets from a single hard scattering are referred to as “signal” pairs. To enhance the con-
tribution of such pairs, the jets are required to be back-to-back in azimuthal opening angle with
the selection of |∆φ| > 2π/3. The ∆φ distributions in pp collisions for inclusive dijets and
dijets for which both the leading and subleading jets are b tagged are shown in the left panel
of Fig. 2. The b-tagged dijets show a more pronounced tail at small ∆φ, which comes from a
larger contribution of 3-jet topologies, as further discussed in the Appendix. The ∆φ distribu-
tions in central (0–10%) PbPb collisions are shown in the right panel of Fig. 2. For inclusive
dijets, an increased contribution (compared to pp collisions) at small ∆φ arises from pairs of
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jets that are not from the same nucleon-nucleon interaction. These combinatorial jet pairs tend
to bias the xJ distribution towards low values, i.e., towards large imbalance. To subtract this
contribution from the selected dijet pairs, we exploit the fact that such combinatorial pairs are
uniform in ∆φ, and subtract the contribution of pairs from a control region where combinato-
rial background dominates over the signal pairs. The region is chosen to be |∆φ| < π/3, which
is symmetric to the back-to-back region with respect to the reaction plane, and thus receives the
same contribution from elliptic flow. Higher order anisotropies are assumed to be negligible
for this range in pT. Since combinatorial jets are unlikely to pass the b tagging selection, the
near-angle contribution is smaller for b dijets than inclusive dijets.
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Figure 2: Distributions of the azimuthal opening angle (∆φ) between the leading and sublead-
ing jets for pp (left) and central (0–10%) PbPb collisions (right) for inclusive dijets and b dijets.
The small-angle region (|∆φ| < π/3), the boundary of which is indicated by a dashed line, is
used to evaluate the combinatorial contribution in PbPb collisions. The vertical bars represent
statistical uncertainties, while the horizontal bars represent the bin widths.

In addition to subtracting the combinatorial component, one also needs to correct for the con-
tribution of signal pairs that are lost when there is a combinatorial jet of higher pT than the
signal partner jet. To achieve this, an efficiency correction is derived, which is the inverse of
the probability that a partner jet of a given pT was found, i.e., not obscured by a combinato-
rial jet of larger pT. This efficiency is again estimated from data using the small-angle control
region, |∆φ| < π/3. For a given centrality class, we obtain the spectrum of the highest trans-
verse momentum (pmax

T ) partner jet in this region in each event. Assuming that all partner jets
in this region are combinatorial, one can derive the probability that a signal partner jet is ob-
scured, as a function of pT. This efficiency for detecting the signal partner jet is the cumulative
distribution function of this pmax

T spectrum:

ε(pT) ≡ 1− 1
N

∫ ∞

pT

dN
dpmax

T
dpmax

T . (1)

The efficiency is obtained from a fit to the data in fine bins of centrality, using the Gompertz
function, f (pT) = exp[b exp(cpT)], where b and c are free parameters. The fits obtained are
shown in Fig 3. For each event, the values of b and c for the given centrality are obtained by
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linear interpolation. The function with these interpolated parameters is then evaluated at the
pT of the subleading jet.
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Figure 3: The efficiency of finding a signal partner jet as function of its pT in PbPb collisions,
as evaluated from the small-angle jet pair control region. The corrections are shown in the fine
centrality bins used in the analysis.

Although the self-normalized quantities presented in this analysis do not depend on the ab-
solute b tagging efficiency, the relative efficiency as a function of the pT and η must be taken
into account. Corrections are derived from simulation for both the leading and subleading
jet. We also correct for the variation of the b tagging efficiency within the centrality selections
presented in this analysis.

In order to probe for quenching or other nuclear effects on the balance distributions, a base-
line is constructed using pp data as a reference. Since the deterioration of the jet pT resolution
with increasing collision centrality introduces an additional imbalance in the xJ distributions, a
direct comparison of PbPb and pp measurements does not solely reflect the nuclear modifica-
tions. This issue is addressed by smearing the transverse momentum of the jets in pp data by
the amount that corresponds to the additional underlying event fluctuations estimated from
HYDJET simulations that have been tuned to match the underlying event density in PbPb data.

As in Ref. [22], the jet pT resolution is parametrized according the following form, typical for
calorimeter energy resolutions.

σ(pT)/pT =
√

C2 + S2/pT + N2/p2
T (2)

In pp collisions, the constant (C) and stochastic (S) terms are 0.06 and 0.8
√

GeV, respectively.
In PbPb collisions the S term has a slightly larger value of 1.0

√
GeV, due to the underlying

event subtraction. The noise parameter (N) depends on collision centrality, according to N =
14.82− centrality (%)/5.40(GeV). This term is neglected in pp collisions.
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5 Systematic uncertainties
The sources of systematic uncertainties in 〈xJ〉 for the inclusive dijet and b dijet measurements
are summarized in Table 1 and discussed directly below.

Table 1: Absolute systematic uncertainties on 〈xJ〉 for inclusive (upper sub-table) and b (lower
sub-table) dijets.

Source pp 30–100% 10–30% 0–10%
Combinatorial subtraction — 0.001 0.006 0.014
Subleading jet finding — 0.002 0.004 0.004
Energy scale 0.001 0.006 0.010 0.013
Jet resolution 0.007 0.008 0.010 0.012
Total 0.007 0.010 0.016 0.023
Combinatorial subtraction — 0.008 0.008 0.008
Subleading jet finding — 0.002 0.004 0.004
Tagging efficiency 0.002 0.003 0.003 0.009
Signal mistagging 0.002 0.004 0.006 0.006
Jet energy scale 0.001 0.006 0.010 0.013
Jet resolution 0.007 0.008 0.010 0.012
Total 0.008 0.014 0.018 0.023

Combinatorial jet pair subtraction

The systematic uncertainty in the combinatorial background subtraction in PbPb collisions is
evaluated by varying the contribution of the near-angle control region. For inclusive dijets,
where the near-angle region is dominated by combinatorial jets, the size of the contribution
is varied by 30%, which is sufficient to cover the nonclosure of the subtraction procedure in
simulation (the difference between the output of the analysis procedure and the generated
input for the simulation). For b dijets, the number of jet pairs in the near-angle control region is
reduced by the b tagging requirement, and is much less centrality-dependent than for inclusive
dijets. Simulations based on HYDJET embedding show that the dominant contribution in this
region corresponds to signal jets from gluon splitting. We therefore use the entire yield in the
near-angle region in pp data to estimate the systematic uncertainty in the subtraction procedure
in PbPb data.

Subleading jet finding efficiency

The uncertainty on the efficiency correction for finding the subleading jet is attributed to several
effects: a contribution of signal jets in the near-angle control region (|∆φ| < π/3), the finite
centrality binning used and the imperfect description of the Gompertz fit function employed.
The systematic uncertainty associated with these corrections is evaluated from the nonclosure
in HYDJET-embedded simulated samples.

Jet energy scale

The uncertainty on the (inclusive) jet energy scale in pp collisions is evaluated from in-situ
studies to be 1% for the η range used in this analysis [15, 22]. The same jet energy scale and
uncertainty are found to apply to b jets, based on studies of Z → bb. In-situ studies were
also carried out in peripheral PbPb collisions in Ref. [4], albeit with limited statistics. A 4%
uncertainty is assigned to cover the observed difference between data and simulation. The
modification of jet fragmentation pattern due to quenching is also a source of systematic uncer-
tainty on the jet energy scale that can be as large as 5% for the most central collisions [23, 24].
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Finally, underlying event subtraction leads to an uncertainty in the jet energy scale of up to 2%
for central collisions [4, 25].

To propagate the uncertainties to the xJ distributions, the correlation between the leading and
subleading jet energy scales must be taken into account. For a given jet pair, the ratio xJ is
insensitive to an overall shift of the jet energy scale by a multiplicative factor. Such a shift does,
however, effectively change the leading and subleading jet thresholds. The total correlated shift
from the above mentioned sources was estimated to be as large as 6.5% in central events. For
b dijets, there is an additional systematic uncertainty due to the bias of the b tagging on the jet
energy scale, which was evaluated in simulation and found to be 1% in pp collisions and 2% in
PbPb collisions.

There is also a component of the systematic uncertainty that is uncorrelated between the lead-
ing and subleading jet. The subleading jet is also more sensitive to the underlying event sub-
traction systematics than the leading jet is. To be conservative, we applied the entire uncer-
tainty of 2% to the subleading jet, independently of the leading jet. In addition, to cover the pT
dependence of the modification of the fragmentation pattern due to quenching, the jet energy
scale is shifted by a fixed amount, up to 2 GeV in central events.

Jet energy resolution

The uncertainly from the jet resolution is propagated by varying the resolution parametrization
in Eq. 2. The effect on the xJ distribution is evaluated by applying these alternate smearing
parametrizations to particle-level jets. In pp collisions, the C and S parameters are varied by
0.02 and 0.2

√
GeV, respectively. For PbPb collisions, in addition, the N term is varied by 2 GeV,

which covers the difference in underlying event between data and simulation, and the variation
of the resolution within the wide centrality bins. Although the results are not unfolded for
the resolution effects, the uncertainty is fully included in the data points in order to correctly
evaluate any theoretical models that fold in the resolution effects for comparison.

Tagging efficiency (b jets only)

The tagging efficiency has a fairly flat pT dependence, such that it has only a mild effect on
the observed mean xJ values (〈xJ〉). The values of the corrections are varied by 50% as a con-
servative estimate of the systematic uncertainty in these corrections. This is sufficient to cover
possible differences in data and simulation observed with studies of the b jet tagging efficiency
in control samples in data [9, 16].

Mistagging (b jets only)

The effect of mistagging signal (i.e., not combinatorial) dijets where one or both jets is not as-
sociated with a b quark is evaluated by inverting the b tagging selection for both the leading
and subleading jets, both independently and simultaneously. The systematic uncertainty asso-
ciated with mistagging is based on the imbalance of the inverted selections, taking into account
the purity of the b dijet selection in simulation, which is around 85–90%, depending slightly on
centrality.

6 Results
The pT balance, as quantified by the distribution of xJ, is presented for both inclusive and b
dijets. Both sets of dijets use leading and subleading jet pT thresholds of 100 and 40 GeV, re-
spectively, selected from jets in |η| < 1.5. Figure 4 shows the distribution in pp collisions. The
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data are compared with simulations performed with PYTHIA 6, which was found to give an ad-
equate description of the dijet balance for inclusive jets. The agreement of PYTHIA 6 with data is
notably worse for b dijets, where the simulated distribution is broadened towards imbalanced
jet pairs. This broad feature is not observed in the b dijet data, which instead shows an xJ distri-
bution that resembles that of inclusive dijets. It was found that improved agreement could be
obtained by reweighting the contributions of heavy-flavor production processes in PYTHIA 6,
a procedure which is discussed in the Appendix. The reweighted distribution is also shown in
Fig 4. Finally, the data are also compared to simulations based on next-to-leading order matrix
elements, as encoded in the hvq package [26] of the POWHEG BOX [27] (v2) generator. Hadroni-
zation in the POWHEG method [28, 29] is performed by matching the matrix elements to parton
showers, which in this case are generated with PYTHIA 8.212 [30], tune CUETP8M1 [31]. The
POWHEG + PYTHIA 8 simulations are found to give a good description of the b dijet data.
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Figure 4: Distributions of xJ in pp collisions for inclusive dijets (left) and b dijets (right). Sys-
tematic uncertainties are shown as shaded boxes, while statistical uncertainties are shown as
vertical lines. The data are compared to simulations performed using POWHEG and PYTHIA, as
described in the text.

Figure 5 shows the xJ distributions for inclusive dijets and b dijets for three different centrality
selections of PbPb collisions. Here the data are compared to the reference obtained from pp
data by smearing the pT of each jet according to a parametrization of the resolution for the
given centrality class. Figure 6 shows the 〈xJ〉 values from these distributions, as well as the
difference between the 〈xJ〉 in PbPb and the smeared pp reference. The data are plotted as
a function of the number of participants estimated from a Monte Carlo Glauber model [32,
33]. The number of participants is weighted by the number of collisions to account for the
hard scattering bias within each bin. Both the inclusive dijet and b dijet data show a tendency
towards increasing imbalance with increasing centrality. While the reference data also become
more imbalanced because of resolution effects, the magnitude of the effect is clearly smaller.
The effect is understood to result from jet quenching, as observed in previous inclusive dijet
results [3, 34]. For inclusive dijets, a clear quenching signal is observed already for the 30–100%
centrality bin. For b dijets, on the other hand, the imbalance is compatible with the pp reference
in the 30–100% bin. In the 10–30% bin, the b dijet data point lies between the inclusive dijet one
and the pp reference, within two standard deviations of both. Only in the most central bin
(0–10%) is the b dijet quenching significant at the level of about three standard deviations, with
a value close to that observed for inclusive dijets.
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Figure 5: Distributions of xJ in PbPb collisions for inclusive dijets (left) and b dijets (right).
Systematic uncertainties are shown as shaded boxes, while statistical uncertainties are shown
as vertical lines. The top, middle and bottom rows show the 0–10, 10–30 and 30–100% cen-
trality selections, respectively. The data are compared to a reference obtained by smearing pp
according to the jet resolution for the given centrality class, as described in the text.

7 Conclusions
In this paper, transverse momentum (pT) correlations of b quark jet pairs (b dijets) have been
measured in PbPb collisions for the first time, and compared to results from pp collisions. In pp
collisions, a similar pT balance distribution was observed for inclusive dijets and b dijets. For
the latter case, POWHEG was found to give a better description than PYTHIA 6 alone (without
reweighting), suggesting that next-to-leading order effects are important for the modeling of
this observable. This should be taken into consideration for models of parton energy loss in
nucleus-nucleus collisions, which often use leading order calculations or generators as input.
In PbPb collisions the net pT imbalance was observed to be larger in the most central collisions
for b dijets, as had already been observed for inclusive dijets. This effect can be understood to
originate from the energy loss of partons in the quark-gluon plasma. In the most central bin,
the observed quenching effect is of comparable magnitude for b dijets and for inclusive dijets,
the latter of which contains a mixture of quark and gluon jets. Insofar as parton energy loss is
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Figure 6: 〈xJ〉 for inclusive (left) dijets and b dijets (center) in pp collisions and for different
centrality selections of PbPb collisions. The right panel shows the difference in the 〈xJ〉 values
between PbPb and the smeared pp reference. Systematic uncertainties are shown as shaded
boxes, while statistical uncertainties are shown as vertical lines.

thought to depend on the type of parton that initiates the parton shower, this measurement can
place constraints on the underlying dynamics of the interaction of the parton with the quark-
gluon plasma.
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A Appendix
Whereas tunes of PYTHIA 6 used to compare to LHC data give a reasonable description of the
dijet balance for inclusive jets (e.g., in Ref. [34]), they fail to adequately describe the angular
and pT correlations between b jet pairs for the kinematic range probed by this measurement,
as shown in the xJ and ∆φ distributions in Fig. 7. To understand the nature of this discrepancy
simulated bb events are separated into three categories, depending on the number of outgoing
b (or b) quarks in the 2→ 2 hard scattering. In the flavor creation process (denoted FCR), both
of the outgoing particles are b quarks. The gluon fusion reaction (gg → bb) dominates, with
a small contribution from quark-antiquark annihilation (qq → bb). In the flavor excitation
process (FEX) only one of the outgoing particles is b quark. In this case, a virtual gluon in
one of the protons has split into a bb pair and one of the b quarks enters the hard scattering.
In the process referred to here as gluon splitting (GSP), neither of the outgoing particles is a
b quark. The parent may be a gluon that participates in the hard scattering or a gluon that
appears elsewhere in the event, for example in a parton shower.
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Figure 7: The distributions of xJ (left) and ∆φ (right) in pp collisions before flavor process
reweighting. Data are shown in solid points, while the stacked histograms show the contribu-
tions of different processes in PYTHIA 6 (see text for details). The bottom set of panels show the
difference between data and simulation (MC).

The discrepancy of PYTHIA 6 with the data is driven by the poor modeling of the FEX contri-
bution, which tends to give b dijet pairs that are too asymmetric in pT. This discrepancy was
already noted by the CDF Collaboration [35], and may be understood as follows. The partner
b quark in the FEX process is treated as initial-state radiation. The PYTHIA 6 tunes require large
initial-state radiation to describe TeV scale collider data. However, such tunes over-predict the
probability that the partner b quark at mid-rapidity and enters the kinematic selections used
in this analysis. While an improved modeling of this process can be achieved by softening
the initial-state radiation, this would have an impact on other observables, in particular the
overall dijet pT balance. Instead, the contribution of the three heavy-flavor production modes
are reweighted according to the following procedure. Three exclusive categories of events are
defined, using jets within |η| < 1.5:
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• The two highest pT jets are b-tagged and back-to-back (|∆φ1,2| > 2π/3);

• The first and third highest pT jet are b-tagged and back-to-back (|∆φ1,3| > 2π/3);

• The first and third highest pT jet are b-tagged and nearby (|∆φ1,3| < π/3).

In simulation, these categories are found to be dominated by FCR, FEX, and GSP events, re-
spectively. The contribution of each process in simulation is reweighted such that the relative
abundance of these three categories of events are the same as in data. The relative contri-
butions of the three heavy-flavor production sub-processes to these categories are shown in
Table. 2. Also shown in Table. 2 are the relative occurrences of the three categories in data and
simulation. Finally, Table 3 shows the relative contribution of the three production processes
to selected b dijets before and after the reweighting. The contribution of the FCR process to
the selected b dijet events is found to be at the level of 70% in PYTHIA 6 after the reweighting
procedure is applied. Figure 8 shows the improved agreement of the xJ and ∆φ distributions
between data and simulation after reweighting.

Table 2: Relative contributions of the three heavy-flavor production sub-processes in PYTHIA 6
to the jet pair categories, as well as the relative abundance of the three categories in data and
simulation.

Category FCR GSP FEX Data Simulation
|∆φ1,2| > 2π/3 57% 17% 26% 56% 46%
|∆φ1,3| > 2π/3 11% 27% 62% 37% 49%
|∆φ1,3| < π/3 0% 83% 17% 7% 5%

Table 3: Contributions of the three production processes to selected dijets in PYTHIA 6 before
and after reweighting.

Process Default Reweighted
FCR 53% 70%
FEX 33% 9%
GSP 14% 21%



16

0

0.05

0.1

0.15

0.2

0.25

0.3

J
1/

N
 d

N
/d

x

pp data
GSP
FEX
FCR

 (5.02 TeV pp)-125.8 pb

CMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Jx

0.06−
0.04−
0.02−

0
0.02
0.04
0.06

D
at

a 
- 

M
C

 0.002± = 0.704 
pp data〉

J
x〈

 0.002± = 0.692 MC〉
J

x〈

4−10

3−10

2−10

1−10

1

10
φ∆

 d
N

/d
π

N
1/

pp data
GSP
FEX
FCR

 (5.02 TeV pp)-125.8 pb

CMS

0 0.5 1 1.5 2 2.5 3

φ∆

0.06−
0.04−
0.02−

0
0.02
0.04
0.06

D
at

a 
- 

M
C

 0.005± = 0.244 
pp data
)φ∆(σ

 0.005± = 0.269 MC)φ∆(σ

Figure 8: The distributions of xJ (left) and ∆φ (right) in pp collisions after flavor process
reweighting. Data are shown in solid points, while the stacked histograms show the contri-
butions of different processes in PYTHIA 6 (see text for details). The bottom set of panels show
the difference between data and simulation (MC).
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Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
J.-L. Agram13, J. Andrea, D. Bloch, J.-M. Brom, E.C. Chabert, C. Collard, E. Conte13, X. Coubez,
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Trento, Italy
P. Azzia, N. Bacchettaa, L. Benatoa,b, D. Biselloa ,b, A. Bolettia ,b, R. Carlina ,b, A. Carvalho Antunes
De Oliveiraa,b, P. Checchiaa, M. Dall’Ossoa,b, P. De Castro Manzanoa, T. Dorigoa, U. Dossellia,
F. Gasparinia ,b, U. Gasparinia,b, A. Gozzelinoa, S. Lacapraraa, P. Lujan, M. Margonia ,b,
N. Pozzobona,b, P. Ronchesea,b, R. Rossina,b, F. Simonettoa ,b, A. Tiko, E. Torassaa, M. Zanettia ,b,
P. Zottoa,b, G. Zumerlea ,b

INFN Sezione di Pavia a, Università di Pavia b, Pavia, Italy
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Pelayo, I. Redondo, L. Romero, M.S. Soares, A. Triossi, A. Álvarez Fernández
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
A. Bat, F. Boran, S. Cerci51, S. Damarseckin, Z.S. Demiroglu, C. Dozen, I. Dumanoglu, S. Girgis,
G. Gokbulut, Y. Guler, I. Hos52, E.E. Kangal53, O. Kara, A. Kayis Topaksu, U. Kiminsu,
M. Oglakci, G. Onengut, K. Ozdemir54, D. Sunar Cerci51, U.G. Tok, H. Topakli55, S. Turkcapar,
I.S. Zorbakir, C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey
G. Karapinar56, K. Ocalan57, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey
E. Gülmez, M. Kaya58, O. Kaya59, S. Tekten, E.A. Yetkin60

Istanbul Technical University, Istanbul, Turkey
M.N. Agaras, S. Atay, A. Cakir, K. Cankocak, Y. Komurcu

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov,
Ukraine
B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
F. Ball, L. Beck, J.J. Brooke, D. Burns, E. Clement, D. Cussans, O. Davignon, H. Flacher,



27

J. Goldstein, G.P. Heath, H.F. Heath, L. Kreczko, D.M. Newbold61, S. Paramesvaran, T. Sakuma,
S. Seif El Nasr-storey, D. Smith, V.J. Smith

Rutherford Appleton Laboratory, Didcot, United Kingdom
A. Belyaev62, C. Brew, R.M. Brown, D. Cieri, D.J.A. Cockerill, J.A. Coughlan, K. Harder,
S. Harper, J. Linacre, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous, A. Thea, I.R. Tomalin,
T. Williams, W.J. Womersley

Imperial College, London, United Kingdom
G. Auzinger, R. Bainbridge, P. Bloch, J. Borg, S. Breeze, O. Buchmuller, A. Bundock, S. Casasso,
D. Colling, L. Corpe, P. Dauncey, G. Davies, M. Della Negra, R. Di Maria, A. Elwood,
Y. Haddad, G. Hall, G. Iles, T. James, M. Komm, R. Lane, C. Laner, L. Lyons, A.-M. Magnan,
S. Malik, L. Mastrolorenzo, T. Matsushita, J. Nash63, A. Nikitenko7, V. Palladino, M. Pesaresi,
A. Richards, A. Rose, E. Scott, C. Seez, A. Shtipliyski, T. Strebler, S. Summers, A. Tapper,
K. Uchida, M. Vazquez Acosta64, T. Virdee16, N. Wardle, D. Winterbottom, J. Wright, S.C. Zenz

Brunel University, Uxbridge, United Kingdom
J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, A. Morton, I.D. Reid, L. Teodorescu, S. Zahid

Baylor University, Waco, USA
A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika, C. Smith

Catholic University of America, Washington DC, USA
R. Bartek, A. Dominguez

The University of Alabama, Tuscaloosa, USA
A. Buccilli, S.I. Cooper, C. Henderson, P. Rumerio, C. West

Boston University, Boston, USA
D. Arcaro, A. Avetisyan, T. Bose, D. Gastler, D. Rankin, C. Richardson, J. Rohlf, L. Sulak, D. Zou

Brown University, Providence, USA
G. Benelli, D. Cutts, M. Hadley, J. Hakala, U. Heintz, J.M. Hogan65, K.H.M. Kwok, E. Laird,
G. Landsberg, J. Lee, Z. Mao, M. Narain, J. Pazzini, S. Piperov, S. Sagir, R. Syarif, D. Yu

University of California, Davis, Davis, USA
R. Band, C. Brainerd, R. Breedon, D. Burns, M. Calderon De La Barca Sanchez, M. Chertok,
J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, W. Ko, R. Lander, C. Mclean,
M. Mulhearn, D. Pellett, J. Pilot, S. Shalhout, M. Shi, J. Smith, D. Stolp, D. Taylor, K. Tos,
M. Tripathi, Z. Wang, F. Zhang

University of California, Los Angeles, USA
M. Bachtis, C. Bravo, R. Cousins, A. Dasgupta, A. Florent, J. Hauser, M. Ignatenko, N. Mccoll,
S. Regnard, D. Saltzberg, C. Schnaible, V. Valuev

University of California, Riverside, Riverside, USA
E. Bouvier, K. Burt, R. Clare, J. Ellison, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson,
G. Karapostoli, E. Kennedy, F. Lacroix, O.R. Long, M. Olmedo Negrete, M.I. Paneva, W. Si,
L. Wang, H. Wei, S. Wimpenny, B. R. Yates

University of California, San Diego, La Jolla, USA
J.G. Branson, S. Cittolin, M. Derdzinski, R. Gerosa, D. Gilbert, B. Hashemi, A. Holzner, D. Klein,
G. Kole, V. Krutelyov, J. Letts, M. Masciovecchio, D. Olivito, S. Padhi, M. Pieri, M. Sani,
V. Sharma, S. Simon, M. Tadel, A. Vartak, S. Wasserbaech66, J. Wood, F. Würthwein, A. Yagil,
G. Zevi Della Porta



28

University of California, Santa Barbara - Department of Physics, Santa Barbara, USA
N. Amin, R. Bhandari, J. Bradmiller-Feld, C. Campagnari, M. Citron, A. Dishaw, V. Dutta,
M. Franco Sevilla, L. Gouskos, R. Heller, J. Incandela, A. Ovcharova, H. Qu, J. Richman,
D. Stuart, I. Suarez, J. Yoo

California Institute of Technology, Pasadena, USA
D. Anderson, A. Bornheim, J. Bunn, J.M. Lawhorn, H.B. Newman, T. Q. Nguyen, C. Pena,
M. Spiropulu, J.R. Vlimant, R. Wilkinson, S. Xie, Z. Zhang, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, USA
M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, J. Russ, M. Sun, H. Vogel, I. Vorobiev,
M. Weinberg

University of Colorado Boulder, Boulder, USA
J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, S. Leontsinis, E. MacDonald,
T. Mulholland, K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, J. Chaves, Y. Cheng, J. Chu, A. Datta, K. Mcdermott, N. Mirman, J.R. Patterson,
D. Quach, A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao, J. Thom, J. Tucker,
P. Wittich, M. Zientek

Fermi National Accelerator Laboratory, Batavia, USA
S. Abdullin, M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee,
L.A.T. Bauerdick, A. Beretvas, J. Berryhill, P.C. Bhat, G. Bolla†, K. Burkett, J.N. Butler,
A. Canepa, G.B. Cerati, H.W.K. Cheung, F. Chlebana, M. Cremonesi, J. Duarte, V.D. Elvira,
J. Freeman, Z. Gecse, E. Gottschalk, L. Gray, D. Green, S. Grünendahl, O. Gutsche, J. Hanlon,
R.M. Harris, S. Hasegawa, J. Hirschauer, Z. Hu, B. Jayatilaka, S. Jindariani, M. Johnson, U. Joshi,
B. Klima, M.J. Kortelainen, B. Kreis, S. Lammel, D. Lincoln, R. Lipton, M. Liu, T. Liu, R. Lopes
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33: Also at International Islamic University of Malaysia, Kuala Lumpur, Malaysia
34: Also at Malaysian Nuclear Agency, MOSTI, Kajang, Malaysia
35: Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico city, Mexico
36: Also at Warsaw University of Technology, Institute of Electronic Systems, Warsaw, Poland
37: Also at Institute for Nuclear Research, Moscow, Russia
38: Now at National Research Nuclear University ’Moscow Engineering Physics
Institute’ (MEPhI), Moscow, Russia
39: Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia
40: Also at University of Florida, Gainesville, USA
41: Also at P.N. Lebedev Physical Institute, Moscow, Russia
42: Also at Budker Institute of Nuclear Physics, Novosibirsk, Russia
43: Also at Faculty of Physics, University of Belgrade, Belgrade, Serbia
44: Also at INFN Sezione di Pavia; Università di Pavia, Pavia, Italy
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