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We investigate the effect of P T -broadening on jet substructure observables in heavy-ion collisions at 
the LHC. As an example, we focus on the opening angle of the two branches that satisfy the soft drop 
grooming condition in a highly energetic jet. The medium modification of the angular distribution can 
provide important information on the jet transport properties of hot QCD matter. In addition, we take into 
account a change of the overall fraction of quark and gluon jets in heavy-ion collisions. We comment on 
the comparison to a recent measurement from the ALICE Collaboration.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Hard probes, in particular, highly energetic jets have become a 
powerful tool to study the medium properties of hot QCD mat-
ter created in heavy-ion collisions at RHIC and the LHC [1–4]. 
The striking phenomenon of jet quenching has been addressed 
within different approaches to QCD parton energy loss in the lit-
erature [5–18]. For example, the approach by Baier-Dokshitzer-
Mueller-Peigne-Schiff (BDMPS) [6–8], also predicts a significant 
transverse momentum broadening (P T -broadening) of the jet due 
to multiple scatterings with the QCD medium. This P T -broadening 
effect can be quantified by the so-called transport coefficient q̂, 
where q̂L describes the typical transverse momentum squared that 
a parton acquires in the medium of length L. In the last few 
years, significant progress has been made in understanding P T -
broadening effects in hard scattering processes, including dijet, 
photon-jet, and hadron-jet correlations in heavy-ion collisions [19–
28]. The hadron-jet correlation measured by the STAR Collabora-
tion has shown P T -broadening effects at RHIC [27], whereas the 
dijet kinematics at the LHC are dominated by vacuum Sudakov 
effects and are thus not very sensitive to medium effects [20]. 
It is therefore important to search for other processes which are 
sensitive to P T -broadening effects. The goal of this paper is to 
investigate this type of physics in the context of jet substructure 
measurements.

A decade ago, jet substructure techniques were proposed as a 
method to study boosted topologies at the LHC focusing in par-

* Corresponding author.
E-mail address: fmringer@lbl.gov (F. Ringer).
https://doi.org/10.1016/j.physletb.2020.135634
0370-2693/© 2020 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.
ticular on the discrimination of a boosted Higgs or electroweak 
gauge bosons from the QCD background [29–31]. Since then sig-
nificant further developments of jet substructure techniques have 
been achieved, see for example [32]. Jet substructure observables 
also provide a unique opportunity to study various aspects of QCD 
dynamics in highly energetic jets. The substructure of jets has 
also generated great interest in the heavy-ion community where 
the experimental collaborations have for example reported results 
for several groomed observables [33–36]. Similarly on the theory 
side, jet substructure has received a growing attention [37–46]. In 
this work, we study the possible impact of P T -broadening effects 
due to multiple interactions of the particles inside the jet with 
the medium. As a first example, we focus on soft drop groomed 
jets [47] and study the modification of the opening angle of the 
two branches satisfying the grooming condition which is also re-
ferred to as the groomed radius.

When a highly energetic jet traverses the QCD medium, a P T -
broadening effect is generated due to multiple interactions. How-
ever, these effects will not affect the angular distribution of the 
two branches identified by the soft drop algorithm if the two 
branches interact coherently with the medium. Only if this interac-
tion is incoherent, the medium effects will lead to a broadening of 
the internal angular distribution of the jet substructure. Therefore, 
the experimental measurement of this effect will provide crucial 
information on the interaction of jets with the medium and shed 
light on the underlying physics mechanisms at RHIC and LHC.

In order to compare to the experimental results of the jet 
substructure measurement, we also need to consider the over-
all jet energy loss. As demonstrated for example in recent stud-
ies [48–50], the energy loss of quark and gluon jets is different 
which leads to a relative change of the quark/gluon fractions in 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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heavy-ion relative to proton-proton collisions. Since the angular 
distribution of the jet substructure observable considered here is 
different for quark and gluon jets, this change will automatically 
lead to a different shape of the substructure measurement even 
without jet P T -broadening effects due to the medium.

In the following calculations, we take into account both effects, 
and comment on the comparison to a recent measurement by the 
ALICE Collaboration. We hope this will encourage further devel-
opments on both the experimental and theoretical side to build 
a comprehensive framework to study this type of physics. The 
remainder of this paper is organized as follows. We first briefly 
review the soft drop grooming algorithm and we show results for 
the opening angle of the two branches and include a nonperturba-
tive model to account for hadronization effects. We then introduce 
P T -broadening effects induced by multiple interactions of the jet 
and the medium. Finally, we summarize our results and present an 
outlook to further investigate the effects discussed in this work.

2. Soft drop groomed jet substructure observables

We start with an inclusive jet sample pp → jet + X recon-
structed using the anti-kT algorithm [51] with jet radius R . The 
soft drop grooming procedure of [47,52] is designed to remove 
soft wide-angle radiation from the jet allowing for a more di-
rect comparison of data and purely perturbative QCD calculations. 
Hadronization and underlying event contributions are significantly 
reduced. See for example the soft drop groomed jet mass distribu-
tion [53–57]. The obtained jets are first reclustered using the Cam-
bridge/Aachen (C/A) algorithm [58,59] in order to obtain an angu-
lar ordered clustering tree. The C/A distance metric only depends 
on the distance of particles in the η-φ (rapidity-azimuthal angle) 
plane. The obtained jet is then declustered recursively where at 
each step one checks whether the two branches satisfy the soft 
drop grooming condition

min(pT 1, pT 2)

pT 1 + pT 2
> zcut

(
�R12

R

)β

. (1)

Here pT 1,2 are the transverse momenta of the two branches at 
each declustering step and �R2

12 = �η2 + �φ2 is their distance in 
the η-φ plane. There are two free parameters that define the soft 
drop declustering sequence which are the soft threshold zcut and 
the angular exponent β . Note that in the limit β → ∞ the groomer 
is removed and the ungroomed jet is recovered. Here we limit our-
selves to β = 0 which is currently the most common choice in 
heavy-ion data analyses. In principle, any jet substructure observ-
able can now be measured on the remaining constituents of the 
groomed jet. In this work, we focus on the opening angle of the 
remaining branches or the so-called soft drop groomed radius R g . 
In addition, the momentum sharing fraction of the two branches is 
denoted by zg . Their definition is given by

θg = �R12

R
= R g

R
, zg = min(pT 1, pT 2)

pT 1 + pT 2
. (2)

Both observables have interesting features making them relevant 
for an exploration in the heavy-ion environment. Up to power cor-
rections, the cumulative cross section �(θg) differential also in the 
jet transverse momentum pT and rapidity η can be written as

1

σincl

d�(θg)

dpT dη
= fq �q(θg) + f g �g(θg) , (3)

where σincl denotes the inclusive jet cross section. Here, the f i

denote quark/gluon fractions which are independent of the jet 
substructure observable θg . In proton-proton collisions they can 
be calculated in terms of PDFs, hard-scattering and jet func-
tions [60–63]. In heavy-ion collisions they get modified due to 
additional medium-induced out-of-jet radiations which can be ob-
tained using a model calculation of parton energy loss or they 
can be determined phenomenologically from data [48,64]. In gen-
eral, a significant shift toward quark jets is expected in heavy-ion 
collisions which we estimate in our numerical results below. The 
P T -broadening effects that we are going to discuss in the following 
only affect the functions �i(θg) which resum in-jet radiations. The 
result for �i(θg) at leading-logarithmic accuracy and fixed cou-
pling can be written as [47,65–68]

�i(θg) = exp
[
− Ci

π

1∫
θg

dθ

θ

1/2∫
zcut

dzαs(zθμθ ) P i(z)
]
. (4)

Here Ci are the Casimir factors for quarks and gluons and P i(z) de-
notes the respective collinear splitting functions summed over final 
states. We have also followed the prescription of Ref. [67] to in-
cluding αs running effects in the above equation, where μθ = pT R
and αs freezes below a non-perturbative scale μNP = 1 GeV. The 
θg distribution was studied in the context of the CMS Open data 
analysis of [67], which shows a large difference between per-
turbative leading logarithmic calculation and Monte Carlo results 
in the small θg region. Especially at small-θg , a nonperturbative 
contribution is required. Since the following discussion of jet P T -
broadening effects in heavy-ion collisions depends on the physics 
in the entire kinematic range, we need to model nonperturbative 
effects also in proton-proton collisions.

A source of nonperturbative contributions are hadronization 
corrections which are particularly relevant at small θg . We note 
that the underlying event contribution is expected to be very small 
due to the grooming procedure. To model hadronization effects, 
we include an additional transverse momentum kick perpendicu-
lar to the direction of each branch. We further assume that this 
effect acts independently on each of the branches with a constant 
transverse momentum squared (order of a few GeV2). We can then 
estimate the average angular deflection 〈θ2⊥〉 for one of the two 
braches as

〈θ2⊥〉R2 = Q 2
0

p2
T z2

g
or

Q 2
0

p2
T (1 − zg)2

, (5)

where pT is the jet transverse momentum which is of the same 
order as pT 1 + pT 2 of the two branches [47], zg (or 1 − zg ) is the 
momentum fraction of one of the branches, and Q 2

0 is the typi-
cal transverse momentum squared acquired by the branch due to 
the hadronization process. In the following, we assume a simple 
Gaussian distribution

d2N

d2θ⊥
= 1

π�2
s

e
− θ2⊥

�2
s , (6)

which is normalized to unity upon integration and where �2
s is 

defined as

�2
s = Ci

Q 2
0

p2
T R2

(
1

z2
g

+ 1

(1 − zg)2

)
. (7)

Note that this gaussian approximation can break down when the 
momentum broadening effect is large (e.g., see Ref. [69]). Here we 
introduced an average color factor to account for the flavor depen-
dence of the nonperturbative contribution: Cq(zg) = w(zg)(C F +
C A)/2C F for a quark and C g = C A/C F for a gluon jet, respectively. 
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Fig. 1. The normalized cross section differential in the groomed radius θg = R g/R in 
proton-proton collisions at 7 TeV including nonperturbative effects compared to re-
sults from the CMS open data analysis of [67] with R = 0.5, |η| < 2.4 and transverse 
momenta pT = 85 − 115 GeV (black) and pT = 200 − 250 GeV (orange).

For the quark jet, an additional weighting with the splitting func-
tion has been included in the average denoted by the function 
w(zg). A simple average without this weighting leads to essen-
tially the same results for the typical kinematics at the LHC in our 
calculations. The final θg distribution can be written as

dσ

dθg
=

∫
dθ0 d2θ⊥

d�(θ0)

dθ0

1

π�2
s

e
− θ2⊥

�2
s δ(θg − . . .)

≈
∫

d2θ⊥
θg

θ0

d�(θ0)

dθ0

1

π�2
s

e
− θ2⊥

�2
s , (8)

where θg =
√

θ2
0 + θ2⊥ + 2θ0θ⊥ cosφ and we left the dependence 

on pT , η and additional integrals over zg, φ implicit. Note that 
we consider hadronization effects separately for the two branches 
since in general they can have different energies.

In Fig. 1, we show a comparison of the normalized θg -
differential distribution including nonperturbative effects in com-
parison to results from the CMS open data analysis of [67] at 7 TeV. 
Jets were identified with R = 0.5, |η| < 2.4 and in two pT intervals 
pT = 85 − 115 GeV (black) and pT = 200 − 250 GeV (orange). We 
use the parameter Q 2

0 = 1.54 GeV2 for both pT intervals. With the 
nonperturbative contribution, the CMS Open data results are rea-
sonably well described. However, we note that the results are not 
corrected for detector effects.1 Our results provide the baseline for 
the studies of the θg distribution in heavy-ion collisions discussed 
in the next section.

3. Jet substructure observables in heavy-ion collisions

We assume that the heavy-ion cross section for the θg distri-
bution can be cast in a similar form as the factorization structure 
at leading power in proton-proton collisions shown in Eq. (3). As 
mentioned in the Introduction, we have to consider two effects: 
First, the quark/gluon fractions fq,g in Eq. (3) can change and, sec-
ond, the internal structure for the quark and gluon jets encoded 
in the functions �i(θg) can be different in heavy-ion collisions as 
well.

We start with the modification of the overall quark/gluon frac-
tions [72,73] due to interactions with the medium. For this, we fol-
low a recent study based on QCD factorization for inclusive jet pro-
duction in heavy-ion collisions [48]. In this paper, the in-medium 

1 We also compared to the unfolded preliminary data in pp collisions from ALICE 
at √s = 7 TeV at the LHC [70] and STAR at √s = 200 GeV at RHIC [71], and found 
reasonably good agreement as well.
Fig. 2. The θg distribution for ALICE kinematics in the vacuum (dotted blue); with 
in-medium quark/gluon fractions (dashed red) or P T -broadening effects with 〈q̂L〉 =
5 GeV2 (solid green).

quark/gluon fractions were extracted within a global analysis of 
inclusive jet production data PbPb → jet + X at the LHC using 
the same factorization structure as in proton-proton collisions. A 
significant shift toward quark jets in the final state inclusive jet 
sample in heavy-ion collisions was observed. Qualitatively such a 
shift is expected as gluons lose more energy than quarks. Several 
jet substructure observables also suggest a large shift toward quark 
jets [74–77]. The overall shift toward quark jets is illustrated in 
Fig. 2. The vacuum result is shown by the dotted blue curve for 
the ALICE kinematics of [35] at 

√
s = 5.02 GeV with jet kinemat-

ics 80 < pT < 120 GeV, |η| < 0.5 and radius R = 0.4 and the soft 
drop parameters zcut = 0.1, β = 0. Since quark jets peak at smaller 
values of θg , we observe an overall narrowing of the distribution 
(dashed red) relative to the vacuum.

Next we consider P T -broadening effects due to incoherent mul-
tiple scatterings of the two branches inside the medium, which 
generally leads to an opposite effect compared to the narrow-
ing discussed above. First of all, these two branches passing the 
soft drop criterion are separated by a distance larger than the 
Debye length (∼ 1 GeV−1), which means that they can see differ-
ent color charges in the medium. In addition, since the relative 
momentum between these two branches is much less than their 
total momentum, one can show that multiple scatterings of the 
two branches and medium can be approximately factorized into 
two independent scattering amplitudes (a similar example can be 
found in [78]). Following the BDMPS mechanism, this will lead to 
a P T -broadening effect for each of the branches for not too nar-
row branchings [79]. Therefore, the angle or distance between the 
branches will get modified accordingly. Following the arguments 
of [20,21], the effects of multiple interactions with the medium do 
not affect the QCD resummation formalism in the vacuum as dis-
cussed in the previous section. In the following, we parametrize 
the P T -broadening effects in terms of the color charge of the par-
ent jet: (C F +C A)/2 for a quark jet and C A for a gluon jet. We note 
that the P T -broadening effects occur in the direction perpendicu-
lar to the large momentum component of the branches. This effect 
is thus similar to the hadronization effect in proton-proton col-
lisions considered in the previous section. In heavy-ion collisions 
we thus replace Q 2

0 in Eqs. (5) and (7) with

Q 2
0 + f (zcut, β) 〈q̂L〉 , (9)

where we include the average transverse momentum broadening 
parametrized in terms of 〈q̂L〉. In addition, we include a function 
f (zcut, β) that parametrizes the dependence on how aggressively 
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the grooming algorithm removes soft radiation inside the jet. The 
functional dependence of f (zcut, β) could be studied more system-
atically by using the techniques developed in [80]. In Ref. [80], 
f (zcut, β) was applied to study hadronization effects for the jet 
mass distribution. However, following this method, we may be able 
to make first principles predictions that allow for the use of shape 
functions for groomed jet substructure observables. Within this 
framework, for example the change with respect to the groom-
ing parameters zcut or β can be predicted. Instead, in our work, 
the hadronization is taken into account by modeling the effect 
as transverse momentum kicks which allows for a close connec-
tion to the effect of the background medium created in heavy-ion 
collisions. In particular, the function f (zcut, β) parametrizes the 
dependence of the medium effects on the grooming parameters. 
Depending on how aggressive the grooming procedure operates, 
the medium effects are generally expected to be different. While 
we currently cannot make a prediction on how the hadroniza-
tion or the medium effects scale as a function of zcut, β we sim-
ply parametrize it by this function. However, in Ref. [81], the 
hadronization effects are much better understood since they are 
related to the nonperturbative part of the rapidity anomalous di-
mension. In this case, a prediction on the scaling behavior can be 
made. For the observable considered in this work, the behavior will 
have to be investigated in more detail in the future. In the future, 
we plan to expand this discussion by varying the functional form 
of f (zcut, β) to estimate the relevant theoretical uncertainties.

To illustrate the effect of P T -broadening on the θg distribution, 
we show the result with a typical 〈q̂L〉 = 5 GeV2 [17] in Fig. 2
(solid green) without modifying the quark/gluon fractions and we 
choose f (zcut, β) = 1 for illustrative purposes. As expected, the 
P T -broadening effects push the θg distribution toward higher val-
ues. This is a direct consequence of incoherent multiple scatterings 
of the two-branch system with the medium. Again, if the multi-
ple interactions are coherent, it will only affect the total transverse 
momentum of the system and there will be no P T -broadening ef-
fects visible in the θg distribution.

If we consider the double differential cross section in θg and 
zg , an additional test of P T -broadening effects could be obtained. 
From Eqs. (7) and (9) we see that �2

s increases with decreasing zg . 
As a result, we expect stronger P T -broadening effects for smaller 
zg values.

4. Comment on the comparison to the ALICE measurement

At the LHC, both the CMS and ALICE collaborations have re-
ported measurements of soft drop groomed jet substructure ob-
servables [33,35] focusing mostly on the zg distribution and its 
modification in the medium as well as the groomed mass [34].

However, ALICE reported the zg results for different �R12 cuts 
and provided corresponding “tagged rates” of the jets that sat-
isfy the soft drop criterion in heavy-ion collisions using different 
�R12 intervals. In this sense the ALICE measurement already con-
tains information on the θg distribution. The data from [35] can 
be classified into three θg bins: θg < 0.25 (�R12 < 0.1), θg > 0.25
(�R12 > 0.1) and θg > 0.5 (�R12 > 0.2). It is interesting to note 
that the distribution in heavy-ion collisions has significant sup-
port at large values of θg . For example, roughly half of the events 
are in the θg > 0.5 bin. Compared to Fig. 2, this may indicate P T -
broadening effects. In addition, for different zg -bins, we observe 
that the average θg decreases with zg , which may be another in-
dication of P T -broadening effects. However, as pointed out in the 
ALICE paper [35], we note that the published heavy-ion data are 
not unfolded. The data are also reasonably well described by the 
smeared results from the Jewel event generator [19], where multi-
ple interactions with the medium are included in the simulation.
In addition, the ALICE paper shows a comparison of their results 
to an embedded Pythia simulation. Given the current accuracy of 
the data this comparison suggests that P T -broadening effects are 
relatively small for this observable and the dominant effect is the 
relative change of the quark/gluon fractions in the medium.

Together with recent studies in Refs. [44,45], the above discus-
sions demonstrate that jet substructure measurements in heavy-
ion collision with and without grooming have great potential to 
reveal the underlying QCD dynamics of the interaction of a jet with 
the hot and dense medium created at the LHC. We expect that the 
experimental uncertainties can be reduced in the future and we
hope that a dedicated θg analysis can be performed in order to 
reach more definitive conclusions. In our calculation, we assume 
that the medium induced energy loss is dominated by multiple 
soft gluon radiations within the BDMPS formalism [82]. Since the 
multiple soft gluon emissions can occur in both branches, the soft 
drop condition satisfied in the vacuum is also roughly on average 
satisfied in the medium. Note also that the soft drop condition is 
always relative to the sum pT 1 + pT 2 of the two branches, not the 
total jet pT . Therefore, energy loss of the combined system does 
not affect the soft drop criterion as long as the relative energy dis-
tribution is not changed. Certainly the semi-hard medium induced 
gluon radiation can change the soft drop condition in the medium, 
but this is beyond the scope of this work. However, note that this 
is to some extent included in the change of the quark/gluon frac-
tions which take into account out-of-jet radiations. Therefore, the 
soft drop condition does not change much from the vacuum to the 
QGP medium. A more complete study of this issue can be found in 
Ref. [44].

5. Summary and outlook

We have presented a calculation of the opening angle θg of the 
two branches in a jet that pass the soft drop criterion. We find 
reasonable agreement with the CMS-open data results of the θg
distribution after including a model of nonperturbative effects. We 
investigated the impact of an overall change of the quark/gluon 
fractions in heavy-ion collisions as well as P T -broadening effects. 
The two effects lead to a narrowing or broadening of the θg distri-
bution, respectively.

With more precise data becoming available in the future it will 
be possible to reliably pin down the different medium effects. 
On one hand, the extraction of quark/gluon fractions [48] needs 
to be improved. A complementary approach to obtain in-medium 
quark/gluon fractions was developed in [50]. On the other hand, 
we expect significant new insights if the experimental collabora-
tions can provide the nuclear modification factor using different 
grooming parameters which will give a better access to the soft 
dynamics of jets in heavy-ion collisions and potentially reveal P T -
broadening effects more clearly using jet substructure observables.

Furthermore, it will be interesting if an additional observable 
can be measured such as [83] which allows for the classification of 
jets into a one- or two-prong substructure. We hope that our stud-
ies encourage further developments in this direction which may 
eventually provide an effective technique to measure 〈q̂L〉 of the 
hot and dense QCD matter created in heavy-ion collisions.
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