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The first study of the shapes of jets arising from bottom (b) quarks in heavy ion collisions is presented. 
Jet shapes are studied using charged hadron constituents as a function of their radial distance from the 
jet axis. Lead-lead (PbPb) collision data at a nucleon-nucleon center-of-mass energy of √sNN = 5.02 TeV
were recorded by the CMS detector at the LHC, with an integrated luminosity of 1.69 nb−1. Compared 
to proton-proton collisions, a redistribution of the energy in b jets to larger distances from the jet axis is 
observed in PbPb collisions. This medium-induced redistribution is found to be substantially larger for b
jets than for inclusive jets.
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1. Introduction

A hot dense partonic state of strongly interacting matter was 
discovered in relativistic heavy ion collisions over two decades 
ago [1–4]. Since then, its properties have been under intense study. 
One of the most exciting windows into this system (commonly 
called the quark-gluon plasma, QGP), and its properties, is revealed 
by using jets as tomographic probes of the created medium. Jets, 
collimated streams of particles produced by hadronization of hard-
scattered partons, have long been studied in proton-proton (pp) 
collisions. In the case of lead-lead (PbPb) collisions, energetic par-
tons are known to lose energy while traversing the QGP, leading to 
modified jet spectra as compared to those from pp collisions. Sim-
ilarly, interactions of the initial hard-scattered and the fragmen-
tation partons with the medium have been found to modify the 
final-state jet showers [5–8]. These phenomena, collectively called 
“jet quenching”, provide invaluable input to theoretical calcula-
tions of medium properties. Substantial progress has been made in 
understanding the experimental results. Of particular interest are 
unsettled questions involving details of the jet quenching, specifi-
cally the color-charge, flavor and parton mass dependence of the 
energy loss. There are also open questions about the details of the 
medium response to the evolving jet. Thus, jets initiated by bot-
tom quarks (b jets) provide unique experimental means to investi-
gate the mass and parton flavor dependence of quenching effects. 
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Recent measurements show that the suppression of heavy-flavor 
mesons and jets in heavy ion collisions, with respect to a pp col-
lision reference scaled by the average number of binary nucleon-
nucleon interactions per PbPb collision, is different from that from 
inclusive (all flavors) measurements [9–11]. These results confirm 
theoretical expectations that the energy loss depends on the type 
of parton involved. As jet shapes are especially sensitive to the de-
tails of the parton shower evolution, such measurements for b jets 
provide an opportunity to further explore parton transport and en-
ergy loss in the medium.

The transverse momentum profile of charged particles in the 
jets is defined as

P (�r) = 1

�rb − �ra

1

Njet
�jets�trk∈(�ra,�rb) ptrk

T , (1)

where the radial distance between a track and the jet axis is 
defined in pseudorapidity (η) and azimuthal angle (φ) as �r =√

(ηjet − ηtrk)2 + (φjet − φtrk)2, �ra and �rb are the edges of rings 
in �r, defining the radial binning for the analysis, and ptrk

T is the 
charged particle’s transverse momentum (pT) with respect to the 
beam. This profile is normalized to unity within the measured 
range of �r < 1 to produce the jet shape:

ρ(�r) = P (�r)

�jets�trk∈(�r<1)ptrk
T

, (2)

which indicates how the pT of charged particles is distributed with 
respect to the jet axis. Jet shapes are measured by the jet-track 
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correlation technique, which can reliably separate the jet structure 
from the underlying event (UE) and extend the measurement from 
the jet cone region (�r < 0.4) to a larger �r region (0.4 < �r <

1) [6,12].
This Letter reports the first bottom-quark jet shape measure-

ment with charged particles studied in the QGP environment cre-
ated by relativistic heavy ion collisions. The study is performed us-
ing PbPb collisions at a center-of-mass energy per nucleon-nucleon 
pair of 

√
sNN = 5.02 TeV. Data, corresponding to an integrated 

luminosity of 1.69 nb−1, were collected in 2018 using the CMS 
detector [13–15] at the CERN LHC. Results reported in this Letter 
are also compared with shapes of inclusive jets, and with b jet 
shapes measured in pp collisions at the same center-of-mass en-
ergy [16]. Tabulated results are provided in the HEPData record for 
this analysis [17].

2. CMS detector

The CMS apparatus is a multipurpose, nearly hermetic detec-
tor, designed to trigger on [18,19] and identify electrons, muons, 
photons, and charged and neutral hadrons [20–23]. A global re-
construction “particle-flow” (PF) algorithm [24] combines the in-
formation provided by the all-silicon inner tracker and by the 
crystal electromagnetic, and brass and scintillator hadron calorime-
ters, operating inside a 3.8 T superconducting solenoid, with data 
from gas-ionization muon detectors interleaved with the solenoid 
flux-return yoke, to build τ leptons, jets, missing transverse mo-
mentum, and other physics objects [25–27]. Events of interest are 
selected using a two-tiered trigger system: a hardware-based level-
one trigger, and High-Level Trigger, which uses partial online event 
processing for relevant physics objects (such as jets, in this case) 
[18,19]. The primary vertex (PV) is taken to be the vertex with the 
highest particle multiplicity, evaluated using tracking information 
alone, as described in Section 9.4 of Ref. [28]. The hadron forward 
(HF) calorimeter uses steel as an absorber and quartz fibers as the 
sensitive material. The two halves of the HF are located 11.2 m
from the interaction region, one on each side, and together they 
provide coverage in the range 3.0 < |η| < 5.2. The HF calorimeters 
are azimuthally subdivided into 20◦ modular wedges and further 
segmented to form 0.175×0.175 (�η×�φ) “towers”. They also 
serve as the luminosity monitors.

3. Event selection and analysis technique

The PbPb data used in this analysis were selected with two 
calorimeter-based triggers that use an anti-kT jet clustering al-
gorithm [29,30] with a radius parameter of R = 0.4. These two 
triggers require at least one jet with pT greater than 80 GeV or 
100 GeV, respectively, after subtracting the UE background con-
tribution iteratively [31]. The data selected by these two triggers 
combined are used to extract the P (�r) signals. Additional data 
collected with a minimum bias trigger [32] are used to correct for 
the limited jet and track acceptance via an event mixing technique, 
which correlates jets with tracks from different events and thus 
produces a reference correlation containing only detector and ac-
ceptance effects [6]. Vertex and noise filters [33,34] are applied to 
reduce contamination of noncollision events, including calorime-
ter noise and beam-gas collisions. These filters require that at least 
one HF tower on each side of the interaction point have energy 
above 4 GeV and that the PV position along the beam direction 
lies within 15 cm of the nominal interaction point. The collision 
centrality, expressed as a percentile of the total inelastic hadronic 
cross section, is determined based on the total energy deposited in 
both HF calorimeters [34]. The events with 0% centrality have the 
largest overlap of the two colliding nuclei.

Monte Carlo (MC) simulated event samples are used to evaluate 
the performance of the event reconstruction, the track reconstruc-
tion efficiency, and the jet energy response and resolution. The
pythia (version 8.226) event generator [35] with the CP5 tune [36]
and parton distribution function set NNPDF3.1 at next-to-next-to-
leading order [37] was used to simulate the hard scattering, the 
parton showering, and the hadronization of the partons, as well 
as the UE. For comparison to PbPb data, these PYTHIA events are 
embedded into samples from the hydjet event generator [38] to 
simulate the background contribution for heavy ion events. The jet 
flavors in simulations are determined at the event generator level 
by the presence of b or c hadrons in the jet cone [39]. Those jets 
containing at least one b hadron are defined as b jets, therefore, 
the jets from the gluon splitting processes (GSP) which generate bb̄
pairs are also considered as b jets. The Geant4 [40] toolkit is used 
to simulate the CMS detector response. An additional reweighting 
procedure is performed to match the distribution of the PV along 
the beam direction to that observed in the data to ensure the best 
possible agreement between data and simulations.

In both data and simulation, charged particles are reconstructed 
using an iterative tracking method [23] based on hit informa-
tion from the silicon subdetectors, permitting the reconstruction 
of charged particles within |η| < 2.4. The tracking efficiency ranges 
from approximately 60 to 90%, depending on kinematic region and 
collision centrality, with higher values in more peripheral events 
and for higher pT particles. Tracks with pT > 1 GeV and |η| < 2.4
are used in this study.

Jets are reconstructed offline from PF candidates [24], clustered 
using the anti-kT algorithm with a radius parameter of R = 0.4
and a constituents merging scheme that sums their 4-momentum 
directly (E-scheme). Simulation-derived corrections have been ap-
plied to the reconstructed jets to correct for the measured en-
ergy distortion arising from the limited detector resolution [26,41]. 
Dedicated background subtraction iterations are applied to sub-
tract the soft UE from the measured jet energy in PbPb colli-
sions [42]. Furthermore, a different jet axis definition, known as 
the “winner-takes-all” (WTA), is used for the jet shape analysis. 
The WTA axes are defined primarily by the leading constituents 
and reconstructed by reclustering the E-scheme jets using the WTA 
combination rules [43,44]. The default E-scheme axis definition is 
not optimal for studying jet-track correlations because of an ar-
tificial feature that results in a substantial depletion of particles 
just outside the jet cone radius. The choice of the WTA axis defini-
tion avoids the need to correct for this artifact, thereby leading to 
smaller uncertainties.

A combined secondary vertex (CSV) discriminator is used to se-
lect b jet candidates from the inclusive jets that have pT > 120 GeV
and |η| < 1.6. This discriminator is a multivariate classifier that 
makes use of information of reconstructed secondary vertices and 
the associated tracks to discriminate b jets from charm and light-
flavor quark jets, as well as gluon jets [23,39,45]. The working 
point selected for this analysis leads to an overall 75% b jet se-
lection efficiency and 45% purity (i.e. true b jet fraction of the 
tagged sample) as determined from an inclusive multijet sample. 
The selection is motivated by the balance between statistical and 
systematic uncertainties.

The b jet shapes ρb(�r) are extracted following the jet-track 
correlation method [16] for six bins of ptrk

T with boundaries 1, 2, 3, 
4, 8, 12, and 300 GeV, which are the same as the binning scheme 
used in Ref [16]. Corrections for detector and jet-track pair ac-
ceptance effects are derived by using the event-mixing technique. 
The background is then subtracted from measured correlations in 
a data-driven manner using the measured signal in a data side-
band far from the jet axis in a large-�η region [6]. The purity of 
the b jets is evaluated using MC simulations with adjustment by 
a data-to-MC difference evaluated from a negative-tagging tech-
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Table 1
Systematic uncertainties in percentage for jet shape measurements for the various sources and collision centralities. Columns corre-
spond to different centrality selections as marked. Where an uncertainty range is given, the upper edge of the range corresponds to 
the bin with the smallest ptrk

T values. The sources from the decontamination and tagging bias are exclusive for b jets.

Sources
b jets Inclusive jets
Centralities Centralities

30–90% 10–30% 0–10% 30–90% 10–30% 0–10%

Trigger efficiency 3.0 3.0 3.0 3.0 3.0 3.0
Tracking efficiency 5.8 5.8 5.8 5.8 5.8 5.8
Tagging bias corrections 5.0 5.0 5.0 — — —
Decontamination procedure 8.0 8.0 8.0 — — —
Jet energy scale/resolution 4.2 4.2 4.2 4.2 4.2 4.2
Pair-acceptance corrections 1.0–2.0 1.0–4.0 1.0–5.0 1.0–2.0 1.0–3.0 1.0–4.0
Background subtraction 1.0 2.0 3.0 1.0 2.0 3.0

Total 12.3–12.4 12.3–12.9 12.3–13.2 7.8–8.0 7.8–8.3 7.8–8.7

nique [39]. The residual contamination of light-flavor and c jets 
mistagged as b jets is removed using the templates derived from 
the measured inclusive jet shape signals ρincl.(�r), as described in 
Ref. [16]. Inefficiencies and nonlinearities in the tagging algorithm 
result in differences between the samples of all b jets and tagged
b jets. The effects of this selection bias are estimated as functions 
of ptrk

T , �r, and centrality using the MC samples, and the result-
ing three-dimensional weighting is used to correct the raw b jet 
shapes. Finally, simulation-based corrections are derived and ap-
plied following the method described in Refs. [6,46] to account for 
the jet axis resolution, tracking reconstruction efficiency, and back-
ground fluctuations.

4. Systematic uncertainties

Several sources of systematic uncertainties are considered, in-
cluding trigger efficiency, tracking efficiency, b tagging bias cor-
rections, light flavor decontamination procedure, jet reconstruction, 
pair acceptance corrections, and underlying event background sub-
traction. The systematic uncertainties, summarized in Table 1 as 
a function of centrality, are treated as uncorrelated, and the to-
tal systematic uncertainty is calculated by adding the contribu-
tions from individual sources in quadrature. The evaluation of each 
source of uncertainty is discussed below.

The jet trigger is not fully efficient for jets with pT < 160 GeV
and about 5% of jets with 120 < pT < 160 GeV are lost in PbPb col-
lisions. To estimate the uncertainty due to this trigger inefficiency, 
the analysis was repeated by using the data selected by a trigger 
with a threshold at 60 GeV. A 3% uncertainty, which is the maxi-
mum observed difference relative to the nominal jet shape results, 
is assigned for this source.

Comparing the tracks associated with inclusive jets, more tracks 
from b jets are far from a PV, which caused at most 4% worse 
tracking reconstruction efficiency for b jets. The full magnitude of 
the observed difference is assigned as a conservative estimate of 
the tracking reconstruction uncertainty. An additional uncertainty 
of 4% accounts for data-to-simulation track reconstruction differ-
ences, and is estimated from a study of D meson decays [47]. These 
two tracking-related uncertainties are added in quadrature, leading 
to a combined value of 5.8%.

The fraction of b jets originating from the gluon splitting 
mechanism in MC is less than what was observed in data by 
15–20% [39,48]. This is the dominant source of uncertainty for cor-
recting the bias induced by the CSV discriminator. Varying the GSP 
fraction in the jet candidates by 20% leads to less than a 5% differ-
ence in the results, which is propagated as the uncertainty. Using 
the negative-tagging method, the uncertainty in the purity scale 
factor, caused by differences between data and simulated events, 
is estimated and ranges between 10–20%, depending on the jet 
pT region. This uncertainty is propagated to the final observables, 

resulting in an 8% uncertainty for the decontamination procedure 
described in Ref. [16]. The overall jet energy scale (JES) is sensi-
tive to the sample’s relative fraction of quark and gluon jets. The 
differences of the JES for quark and gluon jets were studied, and 
the jet energy scaling for inclusive jets has been varied by the 
largest observed differences in the JES corrections. For b-tagged 
jets, the largest observed difference between inclusive and tagged 
jets was used. The differences found in the measured correlation 
distributions, defined by Eq. (2), are assigned as the systematic 
uncertainties due to this quark/gluon effect. These uncertainties 
are found to be below 3%, since the in-jet multiplicity and the 
jet fragmentation function change slowly with the jet pT. A sim-
ilar procedure is used for the b-to-inclusive jet shape ratios, and 
the observed 1.5% difference is assigned as the JES uncertainty. The 
jet energy resolution (JER) data-to-simulation difference, based on 
γ +jet studies [41], is 20% or below. The corresponding uncertainty 
was evaluated by smearing the reconstructed jet pT to worsen the 
JER by the maximum value of 20% and repeating the study. The re-
sulting yield variation compared to the nominal results was found 
to be below 3%. A similar study is made for b-to-inclusive jet shape 
ratios. It shows that the JER uncertainty is fully correlated and 
hence is canceled in the ratios. In total, the JES- and JER-related 
systematic uncertainties assigned for the b jet shapes (extracted 
using the particle yields) and b-to-inclusive ratios are 4.2 and 1.5%, 
respectively.

The uncertainties of the pair acceptance correction are esti-
mated from the difference between positive and negative �η side-
band regions. Theoretically, there should be no �η dependence 
in the regions 1.5 < |�η| < 2.5, which are far away from the jet 
axis. Any deviations from this expectation are used to quantify 
the related systematic error. This uncertainty amounts to 1.0–5.0%, 
depending on the centrality, the track ptrk

T bin, and the �r bin. 
Uncertainties associated with the background subtraction are eval-
uated by considering the variations between the two sideband 
regions (1.5 < |�η| < 2.0 and 2.0 < |�η| < 2.5) on each side of 
the detector after the background subtraction. The statistical un-
certainties on the background level determination are also added 
in quadrature to get the final background subtraction uncertainty 
ranging from 1.0 to 3.0%, depending on the centrality.

5. Results

The shapes of b jets and inclusive jets, measured using charged 
particles with ptrk

T > 1 GeV from PbPb collisions, are shown in the 
upper row of Fig. 1. For comparison, the results from pp collisions 
in Ref. [16] are also shown in each panel. The b jets are observed 
to have a broader shape than that of inclusive jets. In pythia stud-
ies, this difference could be primarily explained by contributions 
from the GSP producing b jet pairs. The ratios of jet shapes mea-
sured in PbPb collisions to those from pp data from Ref. [16] are 
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Fig. 1. Upper row: jet shape distributions ρ(�r) for inclusive (solid red squares) and b jets (solid blue circles) with pT > 120 GeV in three centrality bins (left to right) for 
PbPb collisions at √sNN = 5.02 TeV, as well as in pp collisions (open red and blue symbols) from Ref. [16], which are identical in all three panels. Second row: ratio of PbPb 
to pp jet shape results for inclusive (red) and b jets (blue). Third row: the difference between the charged-particle transverse momentum profile, defined by Eq. (1), between 
PbPb and pp collisions for 1 < ptrk

T < 4 GeV for inclusive (red) and b jets (blue). Lower row: ratio of b to inclusive jet shapes for several PbPb centrality bins (green), as 
well as pp collisions from Ref. [16] (gray), which are identical in all three panels. In all panels, the vertical bars and shaded boxes represent the statistical and systematic 
uncertainties, respectively.

shown in the second row of Fig. 1. Both the b and inclusive jet 
shape ratios show a redistribution of the transverse momentum 
of jet constituents from small to large distances from the jet axis. 
This is evident in the depletion of charged-particle tracks in the 
range of about 0.05 � �r � 0.4, followed by a strong enhancement 
above �r ≈ 0.4 seen for both ratios. For PbPb collisions, the ob-
served large �r enhancements are centrality dependent and are 
most significant in central collisions, consistent with expectations 
based on jet-medium interactions for partons traversing the QGP. 
Fig. 1 shows an even larger PbPb to pp ratio for b jets than for 
inclusive jets in the large-�r region. This QGP-induced excess of 
transverse momentum at large �r could result from the response 
of the medium to the propagating jet, with the excited portion of 
the medium hadronizing into additional particles around the jet 
direction. The presented measurement may then imply that b jets 
can cause a larger medium response than inclusive jets. We find 
that charged particles with 1 < ptrk

T < 4 GeV carry almost all of the 
observed momentum excess. The differences of the transverse mo-
mentum profiles (as opposed to the ratios of the shapes) between 
the PbPb and pp measurements characterize the magnitude of the 
measured excess momentum and are plotted in the third row of 

Fig. 1 for both the b and inclusive jets. Unlike b-to-inclusive jet 
shape ratios, which could be affected by the changes in both the 
numerator and denominator, the difference of the momentum pro-
files represents an absolute change in the momentum from pp to 
PbPb data. A more significant absolute momentum excess in PbPb 
collisions with respect to the pp reference is found for b jets than 
for inclusive jets.

To quantify the difference between the shapes of b and inclu-
sive jets within a given system, the lower row of Fig. 1 presents 
the shape ratios for b jets divided by inclusive jets for both pp
and different centralities of PbPb collisions. Previous studies in 
pp collisions [16] have demonstrated that the b jet shapes are 
broader than inclusive jet shapes in the case of vacuum fragmen-
tation (no QGP). For comparison, PbPb ratios are overlaid with the 
pp baseline measurement from Ref. [16]. These ratios also show 
a centrality-dependent enhancement of the large-�r distributions 
for b over inclusive jets. The small �r region shows another inter-
esting finding: a depletion is seen in the b to inclusive jet ratios 
for roughly �r � 0.05 for all centrality bins without apparent cen-
trality dependence. It is argued that in pp collisions this dip could 
be interpreted as a manifestation of the “dead-cone” effect, result-
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ing from a larger suppression of collinear parton radiation from 
a heavy bottom quark than from light partons [16]. Comparing 
PbPb to pp results, no significant difference is seen in this small 
�r dead-cone-like structure at any centrality.

6. Summary

In summary, the first jet shape measurements for bottom quark 
(b) jets in lead-lead (PbPb) collisions at a nucleon-nucleon center-
of-mass energy of 

√
sNN = 5.02 TeV are presented. A jet-track 

correlation technique was used with b jets of pT > 120 GeV and 
charged particles of transverse momenta ptrk

T > 1 GeV to measure 
jet shapes as a function of radial distance �r between the jet axes 
and particle tracks. The measured b jet shapes show a depletion 
of transverse momenta at small radial distances from the jet axis 
compared to inclusive jet shapes. This depletion is already present 
in proton-proton (pp) events at the same center-of-mass energy 
and does not notably change looking at PbPb collisions at different 
centralities. This observation may provide a quantitative measure-
ment of the expected dead-cone effect for b jets. Comparisons of 
jet shapes from PbPb and pp data show that the presence of the 
quark-gluon plasma modifies the energy flow around b jets. These 
modifications include a depletion of the transverse momenta in the 
range of about �r � 0.4 and an enhancement at larger radial dis-
tances from the jet axis. Furthermore, the large �r enhancement is 
found to be greater than that previously reported for inclusive jets 
in PbPb collisions. This observation is consistent with an increased 
medium response to the propagation of a heavier quark. The en-
hancement is centrality dependent and is largest in the most cen-
tral collisions. This measurement provides new constraints for the-
oretical calculations of parton flavor dependence of energy loss and 
jet-medium interactions in the quark-gluon plasma.
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