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This Letter presents the first measurements of the groomed jet radius 𝑅g and the jet girth 𝑔 in events with an 
isolated photon recoiling against a jet in lead-lead (PbPb) and proton-proton (pp) collisions at the LHC at a 
nucleon-nucleon center-of-mass energy of 5.02 TeV. The observables 𝑅g and 𝑔 provide a quantitative measure of 
how narrow or broad a jet is. The analysis uses PbPb and pp data samples with integrated luminosities of 1.7 nb−1

and 301 pb−1, respectively, collected with the CMS experiment in 2018 and 2017. Events are required to have 
a photon with transverse momentum 𝑝γT > 100 GeV and at least one jet back-to-back in azimuth with respect 
to the photon and with transverse momentum 𝑝jet

T such that 𝑝jet
T ∕𝑝γT > 0.4. The measured 𝑅g and 𝑔 distributions 

are unfolded to the particle level, which facilitates the comparison between the PbPb and pp results and with 
theoretical predictions. It is found that jets with 𝑝jet

T ∕𝑝γT > 0.8, i.e., those that closely balance the photon 𝑝γT , 
are narrower in PbPb than in pp collisions. Relaxing the selection to include jets with 𝑝jet

T ∕𝑝γT > 0.4 reduces the 
narrowing of the angular structure of jets in PbPb relative to the pp reference. This shows that selection bias effects 
associated with jet energy loss play an important role in the interpretation of jet substructure measurements.

1. Introduction

The quark-gluon plasma (QGP) is a high-temperature, strongly in
teracting, phase of nuclear matter that is produced in ultrarelativistic 
heavy ion collisions [1,2]. The fragmentation of highly energetic jets, 
initiated by high-virtuality partons produced in the early stages of the 
collision, is intertwined with the time evolution of this hot and dense 
matter. The interactions between the jet and this medium happen over 
a wide range of energy scales, from the high virtuality of the initial 
parton of up to hundred GeV to the medium temperature of hundreds 
of MeV. These interactions are responsible for partonic energy loss in 
the QGP medium, a phenomenon generally termed as ``jet quenching.'' 
These interactions are also expected to modify the jet radiation pattern 
in lead-lead (PbPb) collisions when compared with proton-proton (pp) 
collisions. Jets produced in pp collisions, which are unaffected by the 
medium, are used as a reference for ``vacuum radiation.'' Jets are clus
tered with a finite radius, and because of the energy redistribution that 
occurs from the interaction of the jet shower with the medium, there 
is an effective energy loss with respect to their expected energy if the 
jet shower had developed in vacuum. The comparison of observables 
sensitive to medium-induced jet modfications with theoretical model 

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

predictions aims to characterize the microscopic structure of the QGP 
and its abilities to transport matter and energy [3--6].

The dominant interaction mechanism between the partons created 
in the parton branching process and the QGP at short distance scales 
is expected to be medium-induced gluon radiation, leading to a char
acteristic broadening of the parton shower [7--9]. The QGP medium 
is characterized by a ``resolution length'' [10,11], which sets the min
imum angular separation between two partons or subjets that can be 
resolved by the medium as independent color charges [12]. The addi
tional medium interactions experienced by a jet with larger number of 
resolved constituents is expected to lead to stronger quenching. The res
olution length is directly connected to 𝑞, the transport coefficient of 
the medium, which corresponds to the average transverse momentum 
given by the medium to the propagating parton per unit of path length 
[9][8][13]. A denser medium (high 𝑞) leads to stronger quenching and 
to a smaller resolution length. The importance of the medium resolu
tion length in the overall medium-induced modfication of the jet has 
not been conclusively established experimentally, although some mod
els expect it to be the dominant effect.

Another aspect of the jet-medium interaction is that the QGP is found 
to behave as a strongly-coupled liquid when probed at energy scales 
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that are of the order of its temperature. When the QGP is probed at en
ergy scales much larger than its temperature, the quasiparticle degrees 
of freedom of the QGP are expected to emerge due to asymptotic free
dom [14,15]. It is expected that jet substructure may give access to these 
properties.

Experimental results from heavy ion collisions provide evidence for 
medium-induced jet modfications [16--28]; recent reviews can be found 
in Refs. [29,30]. One of the observables that has been used to study the 
modfications of the radiation pattern of the jet is the groomed jet radius, 
𝑅g, dfined as the rapidity–azimuth (𝑦--𝜙) distance between the two sub
jets obtained using the soft-drop grooming algorithm [31,32], described 
in Section 3. With soft-drop grooming, a jet may be split into two hard 
subjets that can be used as proxies for the two most energetic partons in 
the jet shower evolution [33]. In pp collisions, jet grooming is used to 
remove soft and wide-angle radiation, allowing for a description in the 
framework of perturbation theory. In PbPb collisions, in addition to the 
removal of soft- and wide-angle radiation as in pp collisions, jet groom
ing has been proposed as a possible path to study medium-induced jet 
modfications using properties such as the hardness and broadness of the 
jet radiation pattern [34,35]. With 𝑅g, we inspect the angular distribu
tion of hard intrajet branchings in search of signatures interpretable in 
terms of medium-induced effects. These signatures include, in particu
lar, the possible manifestation of the medium resolution length [34--37].

Measurements of 𝑅g at the RHIC and LHC show a narrower jet sub
structure in heavy ion collisions compared with pp collisions for jets 
reconstructed with the same jet transverse momentum 𝑝T [27,28,38,39]. 
This narrowing of the hard intrajet angular distributions measured via 
𝑅g could be a manifestation of the medium resolution length of the 
QGP. However, before investigating such a connection, one should as
sess a potential selection bias that emerges when comparing PbPb and pp
jets with the same reconstructed 𝑝T [40--42]. Since jet energy loss may 
fluctuate jet-by-jet and the jet 𝑝T spectrum is steeply falling, a given jet 
𝑝T interval is preferentially populated by jets that are less quenched. 
The jet shower in heavy ion collisions is expected to factorize into an 
early vacuum shower, created before the medium formation, followed 
by a medium-modified showering process [36]. Selecting jets with large 
𝑅g values might preferentially isolate early vacuum radiation patterns 
that are broad in angle and thus interact more frequently with the QGP, 
which leads to stronger jet energy loss and causes jets to migrate to 
lower jet momenta, as illustrated schematically in Fig. 1. Thus, to in
terpret the modfications of the radiation pattern of the jet in terms of 
the emergence of other physical scales, such as the medium resolution 
length, selection bias effects must be understood first.

Prompt photons produced in quark-gluon Compton scattering and 
quark-antiquark annihilation processes, in which their momentum is 
balanced by a recoiling jet, provide an ideal topology to study medium
induced jet modfications. A high-momentum photon does not interact 
strongly with the QGP [43--47], so its 𝑝T can be used as a proxy for the 
𝑝T of the recoiling parton that initiates the jet shower. By selecting on 
the photon 𝑝T, selection biases associated with jet energy loss should 
be reduced. Prompt photons can be studied using photon isolation tech
niques [48,49]. Isolated photon + jet events have been used to quantify 
the jet energy loss via the measurement of the momentum imbalance, 
dfined as the ratio of the 𝑝T of the highest-𝑝T jet and the photon 
momentum 𝑥γj ≡ 𝑝

jet
T ∕𝑝γT [18,25,50]. The results show a stronger mo

mentum imbalance in PbPb collisions than in pp collisions due to the 
jet energy loss that occurs in the former. Fragmentation functions have 
been measured in isolated photon + jet events in PbPb collisions, show
ing a suppression of hard jet constituents and an enhancement of soft 
constituents relative to pp collisions [51].

In this Letter, we compare for the first time the groomed jet radius 
𝑅g of jets recoiling against isolated photons, hereafter referred to as 
“photon-tagged jets'', in PbPb and pp collisions. In addition, we mea
sure the girth 𝑔 of these jets, described in detail in Section 3, which is a 
𝑝T-weighted measure of how distant the constituents of the jet are with 
respect to its axis [23,52--54]. Since 𝑔 does not rely on organizing radi

Fig. 1. Schematic diagram of the potential selection bias due to jet energy loss 
that may occur when selecting jets based on the their 𝑝T. Broader structures are 
expected to be more quenched (thicker red line and arrow), whereas narrower 
structures are expected to be quenched less (thinner blue line and arrow). Com
bined with the steeply falling jet 𝑝T spectrum, this can lead to a preferential 
selection of narrow jets in a given jet 𝑝T interval, as indicated by the vertical 
rectangular box. The dashed curve represents the jet 𝑝T spectrum in the absence 
of medium-induced jet modfications.

ation into clusters of particles, as 𝑅g does, and since it uses all hadrons 
in the jet, it potentially highlights different aspects of the jet fragmen
tation in vacuum and in the medium. Since it uses all particles in the 
jet, it is sensitive to soft- and wide-angle radiation, in a way such that it 
complements the observable 𝑅g. The effective narrowing of the angular 
structure of jets has also been observed for 𝑔 [23]. In order to analyze 
the substructure of strongly quenched jets, but at the same time with a 
measured jet 𝑝T above the 𝑝T of the underlying event background, the 
photon transverse momentum, 𝑝γT is selected to be above 100 GeV. The 
momentum imbalance 𝑥γj is used as a proxy for jet energy loss in this 
study. We consider two categories of events: 𝑥γj > 0.4 and 𝑥γj > 0.8. 
A population of jets with varying degrees of medium modfications is 
included in the 𝑥γj > 0.4 sample, corresponding to a more inclusive jet 
selection. The selection with 𝑥γj > 0.8 is less inclusive; it selects jets that 
experience, on average, less energy loss. A comparison of these two cat
egories is used to demonstrate the effect of a strong selection bias on the 
substructure of the jet. Tabulated results are provided in the HepData
record for this analysis [55].

2. Experimental setup and event reconstruction

The analysis uses PbPb and pp data collected by the CMS experi
ment in 2018 and 2017, respectively. The PbPb and pp data samples, 
both at a nucleon-nucleon center-of-mass energy of 5.02 TeV, corre
spond to integrated luminosities of 1.70 ± 0.03 nb−1 and 301 ± 6 pb−1, 
respectively [56,57].

The CMS apparatus [58,59] is a multipurpose, nearly hermetic de
tector, designed to trigger on [60,61] and identify electrons, muons, 
photons, and (charged and neutral) hadrons [62--64]. A global ``particle
flow'' (PF) algorithm [65] aims to reconstruct all individual particles 
in an event, combining information provided by the all-silicon inner 
tracker and by the crystal electromagnetic (ECAL) and brass-scintillator 
hadron calorimeters (HCAL), operating inside a 3.8 T superconducting 
solenoid, with data from the gas-ionization muon detectors embedded in 
the flux-return yoke outside the solenoid. The reconstructed particles are 
used to build τ leptons, jets, and missing transverse momentum [66--68].

Events of interest are selected using a two-tiered trigger system. The 
first level (L1), composed of custom hardware processors, uses informa
tion from the calorimeters and muon detectors to select events at a rate 
of around 30 kHz for PbPb collisions and 100 kHz for pp collisions [60]. 
The second level, known as the high-level trigger (HLT), consists of a 
farm of processors running a version of the full event reconstruction 
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software optimized for fast processing, and reduces the event rate to 
around 1 kHz before data storage [61].

The events are required to have a primary vertex reconstructed 
within 15 cm of the nominal interaction point along the beam direction, 
and within 0.15 cm in the transverse plane. The additional collisions per 
bunch crossing have a negligible effect on the measurement.

The collision centrality in heavy ion collisions is expressed as a per
centile of the total inelastic hadronic cross section, following the Glauber 
methodology [69], and is determined based on the transverse energy 
deposited in both hadron forward (HF) calorimeters [16]. The events 
with close to 0% centrality, known as ``central'' events, have the largest 
overlap of the two colliding nuclei, whereas glancing collisions between 
the two nuclei are referred to as ``peripheral'' events. Hadronic events 
are selected by requiring at least two towers with an energy larger than 
4 GeV in each of the HF calorimeters. In order to focus on medium mod
ification effects, we restrict the analysis to the 30% most central events, 
corresponding to PbPb collisions with relatively small impact parame
ter.

Jets are clustered from the list of PF candidates using the anti-𝑘T al
gorithm [70] with a distance parameter 𝑅 = 0.2. The anti-𝑘T distance 
parameter of 𝑅 = 0.2 is a proxy for a circular jet radius of 𝑅 = 0.2 in the 
𝑦--𝜙 plane. The value of 𝑅 = 0.2, which represents a smaller jet size than 
the standard 𝑅 = 0.4 value used at the LHC, is chosen to mitigate the sen
sitivity to uncorrelated background contributions at the level of jets and 
their substructure [35], as discussed in Section 3. The four-momentum 
of the jet is determined using the vector sum of all particle momenta 
in the jet. For this analysis, jets are required to have 𝑝jet

T > 40 GeV and 
pseudorapidity |𝜂| < 2. In PbPb collisions, the constituents of the jet 
are corrected for the underlying event (UE) contribution using the con
stituent subtraction method [71], an approach that removes or corrects 
jet constituents based on the average UE density. In PbPb collisions, 
the UE comprises the multiple nucleon-nucleon interactions occurring 
in the same collision. To estimate the average UE density per event, 
the procedure described in Ref. [72] was employed using PF candi
dates. The mean value and dispersion of the transverse energies from 
the PF candidates are calculated in several 𝜂 bins for each event, as 
done in Refs. [16--19,73]. Due to region-to-region fluctuations of the UE, 
residual background fluctuations smear the jet 𝑝T and its internal struc
ture [74], which are corrected with unfolding, as described in Section 4. 
The presence of fake prongs from the combinatorial background at the 
substructure level would manifest as an additional bump-like structure 
at large 𝑅g values [35]. With the 𝑧cut = 0.2 and 𝑅 = 0.2 requirements, 
no such structure is observed at the detector level. To account for possi
ble data-to-simulation differences in the modeling of the UE by hydjet, 
a dedicated uncertainty is estimated (labeled ``Centrality'' in Section 4). 
The jets are corrected for the detector response with jet energy correc
tions derived from independent PbPb and pp simulations along with 
additional corrections for the imperfect modeling of the detector re
sponse [75] from dijet and photon + jet studies using high-luminosity 
pp data from the same LHC running period. In addition to the jet energy 
correction, the momentum resolution of jets is larger in data compared 
with simulation. Corrections to the simulation to account for the mo
mentum resolution differences are derived from dijet balancing studies 
performed in pp collisions at 

√
𝑠 = 13 TeV in 2017 and 2018 [67]. To in

corporate this effect, a Gaussian smearing is applied to the detector-level 
jet 𝑝T values in simulation to match the resolution in data. This smeared 
mapping is then applied in the unfolding procedure, as described in Sec
tion 4.

Photons in PbPb and pp collisions are reconstructed using the algo
rithms described in Ref. [62]. For this analysis, photons are required to 
have 𝑝γT > 100 GeV and |𝜂γ| < 1.44 where the photon triggers are fully 
efficient in both PbPb and pp systems. Reconstruction, identfication, 
and energy correction algorithms have been optimized to perform in the 
extreme conditions of high UE activity in central PbPb collisions [62].

The pythia 8.230 [76] event generator with tune CP5 [77] is used 
to calculate Monte Carlo (MC) corrections and for making comparisons 

with the data. For pp simulations, a second sample is generated at 
leading-order (LO) by herwig 7.2.2 [78--80] with the CH3 tune [81] 
to assess systematic uncertainties related to the modeling of the parton 
shower, hadronization, multiparton interactions, and beam-beam rem
nant interactions. All generated samples are passed through a detailed 
simulation of the CMS detector using Geant4 [82]. In pp collisions, the 
UE consists of multiparton interactions and those of beam-beam rem
nants. In PbPb collisions, the UE encompasses, in addition, the multiple 
nucleon-nucleon interactions occurring in the same PbPb collision in 
addition to the hard scattering. Thus, for the PbPb simulation, pythia8 
CP5 events are embedded into a heavy ion UE produced with hydjet
v1.9 [83], which is tuned to reproduce the global event properties of 
PbPb collisions, including the mean average density and its fluctuations. 
This was verfied with random cone studies using 𝑅 = 0.2 cone jets.

3. Analysis method

The groomed jet radius 𝑅g is the 𝑦--𝜙 distance between the two sub
jets found with the soft-drop grooming algorithm. This algorithm con
sists of first reclustering the jet constituents obtained from the anti-𝑘T
jet [70] using the Cambridge–Aachen algorithm, which is a pairwise 
clustering algorithm that clusters particles (and subjets thereafter) that 
are closer in rapidity and azimuth, imposing angular ordering [84,85]. 
Then, the Cambridge–Aachen clustering history is undone iteratively, 
always undoing the hardest subjet at each step of the iteration, until the 
first pair of subjets that satifies the condition 𝑧 > 𝑧cut𝜃

𝛽 is found. Here, 
𝑧 corresponds to the momentum fraction 𝑧 = 𝑝subT ∕(𝑝subT + 𝑝leadT ) where 
𝑝leadT (𝑝subT ) is the momentum of the harder (softer) subjet in the declus
tering step and 𝜃 the distance in 𝑦--𝜙 between the harder and softer 
subjets in the declustering procedure, which corresponds to 𝑅g for the 
pair of subjets obtained by the soft-drop algorithm. We use the param
eters 𝑧cut = 0.2 and 𝛽 = 0 for soft-drop grooming, which allows us to 
better control the large UE background of PbPb collisions [86]. These 
soft-drop grooming parameter values were also used by the ALICE and 
ATLAS Collaborations [38,39]. All the PF constituents of the original 
anti-𝑘T jet are used in the Cambridge–Aachen clustering without an ex
plicit selection requirement on their 𝑝T. The PF candidates used for the 
determination of the observables are the constituent-subtracted PF can
didates.

In addition to 𝑅g, we measure the jet girth 𝑔 [23,52--54,87,88], 
which is dfined as the sum of the product of the momentum fraction 
of the jet constituents and their distance relative to the anti-𝑘T jet axis, 
namely:

𝑔 = 1 
𝑝

jet
T

∑
𝑖 
𝑝𝑖TΔ𝑅𝑖,jet, (1)

where Δ𝑅𝑖,jet =
√

(Δ𝑦𝑖,jet)2 + (Δ𝜑𝑖,jet)2 is the distance in 𝑦--𝜙 of the 𝑖-th 
jet constituent with respect to the anti-𝑘T jet axis. For the definition of 
the observables, rapidity 𝑦 is used at both detector and particle levels. 
For other matters, such as the calibration of jets and photons, pseudora
pidity 𝜂 is a more appropriate variable in order to account for detector 
geometry dependence, so such objects are selected based on 𝜂.

This analysis requires the presence of at least one isolated photon 
with 𝑝γT > 100 GeV and |𝜂γ| < 1.44 and the presence of at least one 
anti-𝑘T jet with 𝑅 = 0.2 and |𝜂jet| < 2 carrying at least 40 or 80% of 𝑝γT
(𝑥γj > 0.4 or 0.8). The highest-𝑝T isolated photon is used in the analy
sis. The 𝑥γj > 0.4 requirement is applied so that jets have a minimum 𝑝T
of 40 GeV, whereas the 𝑥γj > 0.8 selection is motivated by the 𝑝T shift 
caused by out-of-cone radiation for jets produced in pp collisions [89]. 
The isolated photon and the jets have a separation in azimuthal an
gle dfined by Δ𝜑γ𝑗 >

2
3𝜋. The selection requirements are such that 

the reconstructed jet primarily originates from the hard scattering, and 
reduces the likelihood that the jet originates from the large UE fluctu
ations of more central PbPb collisions. The shapes of the normalized 
Δ𝜙γj distributions are compatible, within the statistical uncertainties, 
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between PbPb and pp, suggesting that the contribution of fake jets is 
negligible within the precision of the measurement. The presence of 
fake jets would manifest as an additional flat, Δ𝜙γj-independent con
tribution from pairings of isolated photons with fake jets from the UE. 
In turn, the negligible residual combinatorial background enables the 
application of unfolding corrections to the particle level that are robust 
with respect to detector smearing and the large UE background effects 
on jet 𝑝T. Overall, the small radius 𝑅 = 0.2 of the jet and the 𝑝T require
ments of the photon and jet represent a balance between managing the 
large UE activity and preserving our ability to reach lower values of 𝑥γj
using hard jets.

The UE in PbPb collisions can create spurious structures at the level 
of the jet substructure. This is mitigated with the use of a small distance 
parameter 𝑅 = 0.2, since the contribution of particles from the UE scales 
with 𝑅2 [35]. In addition, soft-drop grooming with 𝑧cut = 0.2 is used 
to further suppress these contributions [35]. The reason is that subjets 
created by the large UE tend to have a more asymmetric momentum 
balance compared with the expectation from parton branchings.

For parton energy loss studies in heavy ion collisions, a selection of 
prompt photons is desired since they provide a more reliable proxy for 
the momentum of the recoil parton that initiated the jet shower. To sup
press the contribution from nonprompt photons, a cut-based approach 
is followed, where the selection is optimized using binary trees to max
imize the signal significance squared [90]. The prompt photon signal, 
which includes both direct and fragmentation photon contributions, is 
identfied based on criteria derived from MC simulated events. We re
quire the scalar 𝑝T sum of all the particles around the photon within 
a radius of 0.4 in units of 𝜂--𝜙 to be less than 5 GeV at particle level. 
Residual inefficiencies for the signal are accounted for in the corrections 
described in Section 4. The detector-level variables used in the optimiza
tion of the photon selection are the fraction of hadronic energy around 
the photon candidate 𝐻∕𝐸, the shower shape variable 𝜎𝜂𝜂 , and the iso
lation variable  [62]. The fraction 𝐻∕𝐸 is calculated as the ratio of 
HCAL over ECAL energy within an 𝜂--𝜙 distance of 0.15 units with re
spect to the photon candidate. The 𝜎𝜂𝜂 variable quantfies the lateral 
energy spread in the ECAL cluster, which is typically wider for photons 
from neutral-hadron decays than for prompt photons. The isolation vari
able  is given by the sum of transverse energies in ECAL and HCAL and 
the transverse momenta of all tracks with 𝑝T > 2 GeV within an 𝜂--𝜙 dis
tance of 0.4 with respect to the photon candidate, which is corrected by 
subtracting the estimated average energy of the UE [43]. As described 
in Ref. [43], a rectangular area in pseudorapidity and azimuthal an
gle is used to estimate the average energy density. The  variable can 
have negative values as a result of the aforementioned UE subtraction. 
In PbPb events, we select isolated photons with  < 2.1 GeV while in pp
events the requirement is  < −0.1 GeV, which corresponds to a parti
cle level  value of less than 5 GeV for generated photons. The different 
selection requirements in the pp and PbPb samples are optimized inde
pendently such that the identfication efficiency for isolated photons is 
similar for the two systems.

The direct photon purity of the cut-based selected sample is applied 
as a correction for any photons from hadronic decay or fragmentation. 
The contribution of photon-tagged jets originating from the decays of 
neutral hadrons is taken into account via signal photon purity of the 
cut-based selected sample. The photon purity estimation is obtained 
by performing a template fit of the shower shape distribution where 
the signal template is MC-based and the background template is built 
with nonisolated (10 <  < 20 GeV) photons in the data [43]. The re
gion 10 <  < 20 GeV is depleted in signal contributions from prompt 
photons according to simulation studies.

In order to estimate the uncertainty on the photon purity, an alterna
tive matrix (``ABCD'') method is used relying on data and is independent 
of the template fit method. The ABCD method consists of dividing the 
photon + jet data sample into four mutually exclusive regions using a 
two-dimensional plane with the variables 𝜎𝜂𝜂 and . We assume that 
the selection efficiencies of 𝜎𝜂𝜂 are independent of  for the background, 

which is supported by simulation studies. Three of the four regions are 
dominated by the background (the B, C and D regions), while the fourth 
region (A) is a mixture of signal and background. The samples A, B, 
C, and D are comprised of photon-tagged jets whose photons satisfy the 
four cut combinations of the selections on 𝜎𝜂𝜂 and  used in the template 
fit. The expected yield of background events in the signal dominated 
sample A is estimated using the ratio of yields in the C and D samples 
and extrapolating it to the regions A and B following a procedure similar 
to Ref. [91,92]. According to simulation studies, it is expected that the 
amount of remaining prompt photon events in the B, C, D regions is neg
ligible with respect to the background. The signal inefficiency from the 
ABCD or templat-fit methods, which is at the per mille-level, is taken 
into account as part of the corrections described in Section 4. The esti
mated photon purities have values of 0.77±0.01 and 0.93±0.02 for PbPb
and pp collisions, respectively, where the central value corresponds to 
the photon purity obtained with the template fit method and the uncer
tainties correspond to the symmetrized difference of the photon purity 
obtained with the alternative ABCD method.

The number of reconstructed events with 𝑥γj > 0.4 (0.8) is 4717 
(1940) in PbPb collisions, and is 20636 (10796) in pp collisions. Accord
ing to simulations using LO matrix elements for the hard scattering, the 
sample of photons used in this analysis is dominated by prompt photons 
from quark-gluon Compton scattering and quark-antiquark annihilation 
processes. The contribution from Bremsstrahlung photons is about 15%, 
primarily in the 𝑥γj > 1 region [93].

4. Unfolding and systematic uncertainties

To facilitate comparisons with theoretical predictions and with other 
experiments, we unfold the detector-level distributions to the level of 
stable particles. Two unfolding corrections are performed: one set for 
(𝑥γj, 𝑅g) and the other for (𝑥γj, 𝑔). The corrections to the particle level 
account for bin-to-bin migration effects, underlying event background, 
and acceptance and efficiency corrections. To quantitatively describe 
the migration effects, a multidimensional response matrix is calculated 
using isolated photon + jet events at the particle and detector levels. Both 
isolated photons and recoiling jets at the particle and detector levels are 
matched by proximity in 𝜂--𝜙 space. The migrations in 𝑥γj are dom
inated by the smearing of the jet 𝑝T. The unfolded distributions are 
normalized to the number of jets whose substructure is analyzed and 
that pass the given 𝑥γj selection, 𝑁jet. In the case of soft-drop groomed 
jets, this includes the jets that fail the soft drop condition. This choice 
of normalization provides sensitivity not only to the shape of the dis
tribution but also to the yield of splittings passing the SD condition in 
the given jet 𝑝T range. Photon losses due to the photon 𝑝T resolution 
effects are negligible for the observables reported in the measurement, 
which are normalized per photon + jet pair. It was verfied that the un
folded solution is stable at the chosen number of iterations, within the 
statistical uncertainties. This stability test consists of comparing the un
folded solution at different subsequent iterations relative to the chosen 
iteration.

Due to the sensitivity to statistical fluctuations in the detector-level 
distribution, we use regularized unfolding. We use D’Agostini iterative 
unfolding with early stopping [94], as implemented in the RooUnfold
package [95]. Unfolding corrects the full jet 𝑝T (via 𝑥γj) and the jet 
substructure variables. Bin-by-bin matching purity and efficiency cor
rections are applied before and after the unfolding, respectively. The 
matching purity correction accounts for the fraction of detector-level 
jets that are not assigned to a generator level jet, whereas the efficiency 
correction accounts for the fraction of particle level jets that are not as
sociated with a detector-level jet. The matching purity and efficiency 
corrections are of a few percent and nearly independent of 𝑅g and 𝑔. 
The binning choice ensures a sufficiently large number of counts per bin 
for stable unfolding corrections. The number of iterations, which plays 
the role of the regularization parameter in D’Agostini unfolding, is such 
that the unfolded solution folded back to detector level is statistically 
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compatible with the input distribution, the measured one. The number 
of iterations for PbPb is seven and nine for 𝑅g and 𝑔 in the 𝑥γj > 0.4
category. It is slightly lower for 𝑥γj > 0.8 in PbPb, which is three and 
six iterations for 𝑅g and 𝑔, respectively. Fewer iterations are needed in 
pp in general, four and five (three and two) iterations for 𝑅g and 𝑔 for 
the 𝑥γj > 0.4 (𝑥γj > 0.8) category.

Theoretical and experimental uncertainties are propagated in the un
folding procedure through variations of the response matrix, as well as 
the purity, and efficiency corrections. The following sources of system
atic uncertainties are considered:

Physics model dependence: Regularized unfolding introduces a bias 
towards the input or prior MC generator-level spectrum. To assess this 
bias, we use other assumptions for the prior spectrum to cover a rea
sonable range of possibilities. In addition, this results in a change in the 
detector migration matrix itself that is used for the unfolding correc
tions.

In pp collisions, the nominal MC sample used for unfolding is
pythia8 with the CP5 tune. We use herwig7.1.4 [96,97] simulated 
events as an alternative MC sample, using the CH3 tune [81]. The her
wig7 generator has an angular-ordered shower to account for color 
coherence effects, distinct from the 𝑝T-ordered shower of pythia8. her
wig7 uses the cluster fragmentation model, different from the string 
model used in pythia8. We take the difference of the unfolding deter
mined with these variations relative to the nominal unfolded results as 
the respective systematic uncertainty. The resulting uncertainty is sym
metrized bin by bin.

For PbPb collisions, we considered a variation of the pythia8 CP5 
events with a modfication of its quark-gluon jet fraction, which is used 
as a proxy of medium-modification effects. It is expected that medium
induced jet modfications in general leads to a larger number of particles 
and momentum broadening. One way of assessing this effect in the cor
rections is by increasing the fraction of gluon jets. Quark and gluon jets 
have different shapes in 𝑅g and 𝑔; quark jets tend to be narrower than 
gluon jets on average. The modfication of the quark-gluon jet fraction 
in simulation is done by fitting the jet substructure observables at the de
tector level using a template fit with quark and gluon jet templates from 
simulated pythia8 CP5 events. The template fitting yields a sample of 
MC events with a larger fraction of gluon-initiated jets (from 45% to 
about 65%) for 𝑥γj > 0.4 while reducing the fraction of gluon-initiated 
jets (from 25% to about 12%) for 𝑥γj > 0.8 compared with the generator 
level yields, which we use to reweigh the nominal pythia8 CP5 sam
ple. This modfication of the quark-to-gluon jet fraction is one way of 
modifying the composition of broad and narrow jets in simulation. Jet 
quenching is expected to lead to modfications of the hardness and width 
of jet radiation patterns, so this is one way of mimicking such an effect. 
Because the quark and gluon jets used in the simulation are derived for 
vacuum showers of pythia8, a physical interpretation of the changes 
of the quark-gluon jet fraction is not drawn for these changes. The un
folding procedure is repeated with this variation of the pythia8 CP5 
sample using reweighted events according to the quark/gluon jet frac
tion found in the template fit. The symmetrized difference with respect 
to the nominal result is used as the respective systematic uncertainty.

Regularization bias uncertainty: To quantify the uncertainty associated 
with the choice of the number of iterations in D’Agostini unfolding, we 
consider the difference between the nominal unfolding solution and the 
unfolding solution obtained with a different number of iterations. The 
response matrix and prior spectrum are fixed for the evaluation of this 
uncertainty. The alternative number of iterations corresponds to the op
timal number of iterations obtained when unfolding with the alternative 
MC generator used to estimate the model uncertainty.

PF candidate energy scale uncertainty: To assess the impact of the in
dividual energy calibration uncertainties of the PF candidates that are 
used for the jet substructure, we scale the four-momenta of the charged 
hadron and photon PF candidates by ±1% and of neutral hadron PF can
didates by ±3% at the detector level in simulation [88]. The PF energy 
scale variations are done in an uncorrelated way, i.e., an up or down 

shift in the four-momenta for each PF candidate species at a time, such 
that six different variations of PF energy scale shifts are evaluated. The 
unfolding corrections are repeated for each variation, and the difference 
with respect to the nominal unfolding result is evaluated. This has a dif
ferent effect in 𝑅g and 𝑔. For 𝑅g, it changes the fraction of subjets that 
previously failed (or passed) the soft-drop grooming condition, and it 
mildly modfies the substructure distribution itself via smearing of the 
subjet 𝑝T. For 𝑔, since it is dfined as the sum of the products of 𝑝T of 
the constituents and their 𝑦--𝜙 distance to the jet axis, the shift has a 
direct effect on its shape and thus the effect is stronger than for 𝑅g.

Jet energy scale (JES) uncertainties: The uncertainty in the JES is eval
uated from dijet and γ+ jet 𝑝T balancing methods [67]. The uncertainty 
in the JES in pp collisions is around 3--4%, increasing as a function of |𝜂|. 
In PbPb collisions, the uncertainty is around 4%, except for the barrel
endcap transition region (1.3 < |𝜂| < 1.6), where it can become as large 
as 10%. An additional source of uncertainty in the JES is considered in 
PbPb collisions to take into account the differences in the particle mix
ture in simulation and data due to jet energy loss [18]. We construct 
an alternative set of unfolding corrections by varying the JES within its 
uncertainties. The JES uncertainty does not affect the jet substructure 
itself, since it is related to the calibration of the full jet. However, it can 
lead to migration effects via the 𝑥γj > 0.4 (0.8) threshold used in our 
selection.

Jet energy resolution uncertainties: The uncertainty in the jet energy 
resolution is evaluated from a dijet balancing method [67]. In pp col
lisions, the uncertainty in the resolution is in the range of 2--4% in the 
barrel region, but is larger in the endcap and transition regions, where 
it varies in the range of 10--20%, depending on 𝜂. To propagate the un
certainty from jet 𝑝T resolution, the data-to-simulation resolution scale 
factors are varied according to their uncertainties and the unfolding 
corrections are repeated. In PbPb collisions, there is an additional contri
bution to the jet energy resolution uncertainty because of the modeling 
of the UE in simulation with hydjet. This uncertainty is evaluated by 
comparing the energy in randomly-distributed cones in data and simu
lation. The difference in data and simulation on the energy distributions 
obtained using the random-cone method is used to estimate the effect on 
the jet resolution. To estimate this uncertainty, we shift the centrality in
terval in simulation. To account for these data-to-simulation differences, 
in practice the centrality in simulation is shifted by 4.5% for the nomi
nal results, i.e., 0--30% central events in data correspond to 4.5--34.5% 
in simulation. For the respective uncertainty, we consider the intervals 
of 3--33% and 6--36% for the down and up variations, respectively.

Photon background subtraction uncertainty: Nominally, the normaliza
tion of the photon background from neutral hadron decays is determined 
using a template fit of the 𝜎𝜂𝜂 distribution using simulated signal pho
ton + jet events and the shower shape distribution in data in a region 
dominated by background (sideband in ). As an alternative method, 
we calculate the normalization of the background using control samples 
in data via the ABCD method, as explained in Section 3. The unfolding is 
repeated after this neutral-hadron photon decay background subtraction 
variation and the corresponding difference with respect to the yields ex
tracted with the template fit is considered as the systematic uncertainty, 
which is symmetrized.

Response matrix statistical uncertainties: We consider the statistical un
certainties in the MC sample used to construct the response matrix as an 
additional systematic uncertainty, which is propagated in the unfolding 
procedure at each iteration.

The uncertainties are added in quadrature bin-by-bin for the final 
combination of systematic uncertainties. The uncertainties are consid
ered to be bin-to-bin fully correlated, except for the statistical uncer
tainties of the unfolded distributions and the response matrix statistical 
uncertainties, whose covariance matrices are determined directly as part 
of the unfolding procedure RooUnfold. The relative bin-by-bin uncer
tainties are shown in Table 1 for 𝑥γj > 0.4 and in Table 2 for 𝑥γj > 0.8
in both pp and PbPb collisions. The dominant contribution to the mea
surement uncertainty is the model dependence used in the corrections, 
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Table 1
Summary of bin-by-bin percentual relative uncertainties for 𝑥γj > 0.4.

Uncertainty source 𝑔 𝑅g

pp PbPb pp PbPb

Physics model dependence 1.3--7.5 1.2--2.5 0.2--5.3 0.9--5.4 
Regularization bias 0.1--0.7 ≲0.1--1.2 ≲0.1 ≲0.1 
Photon PF energy scale 0.4--1.5 1.8--5.1 0.2--0.6 0.1--2.9 
Charged hadron PF energy scale 0.6--4.1 0.5--5.3 ≲0.1--0.5 ≲0.1--1.6 
Neutral hadron PF energy scale 0.1--1.5 0.2--5.3 0.1--0.5 0.3--2.4 
JES 0.2--3.3 0.2--2.6 0.1--1.5 0.3--3.3 
JER ≲0.1--2.0 ≲0.1--3.7 ≲0.1--0.2 0.1--1.8 
Centrality — 0.6--4.0 — ≲0.1--2.4 
Photon background subtraction 0.1--0.3 ≲0.1 ≲0.1--0.2 ≲0.1 
Response matrix statistical 1.0--2.9 1.4--4.5 0.9--2.2 1.4--3.6

Total systematic 2.2--9.8 2.7--10.7 1.3--6.0 2.7--8.5

Total statistical 1.4--3.5 3.5--7.6 1.4--2.5 3.6--6.4 

Table 2
Summary of bin-by-bin percentual relative uncertainties for 𝑥γj > 0.8.

Uncertainty source 𝑔 𝑅g

pp PbPb pp PbPb

Physics model dependence 0.3--8.9 0.1--7.3 0.6--3.0 0.1--5.7 
Regularization bias 0.3--0.9 0.1--2.0 ≲0.1--1.6 0.6--2.9 
Photon PF energy scale 0.1--1.3 0.1--4.4 0.1--1.4 0.2--0.9 
Charged hadron PF energy scale 0.5--3.7 0.1--8.6 ≲0.1--2.5 0.1--1.3 
Neutral hadron PF energy scale 0.0--2.4 0.2--7.5 0.1--1.9 0.1--3.7 
JES 0.7--4.8 1.5--7.8 0.0--5.3 2.0--6.8 
JER ≲0.1--1.0 0.2--3.0 ≲0.1--2.1 0.3--3.0 
Centrality — 0.4--5.9 — 0.1--2.5 
Photon background subtraction ≲0.1--0.1 ≲0.1--0.1 0.1--0.1 ≲0.1--0.1 
Response matrix statistical 1.0--3.8 1.5--5.9 1.0--3.2 1.1--4.0

Total systematic 1.6--11.7 2.5--14.8 2.7--7.5 2.6--10.6

Total statistical 1.4--5.1 4.2--14.6 1.6--3.9 3.6--11.6 

with the PF energy scale uncertainty being the subleading one. The un
certainties grow at large values of 𝑔 and 𝑅g. Statistical uncertainties are 
commensurate with the systematic uncertainties for the PbPb measure
ment, whereas they are smaller than the systematic ones for pp. Since 
the radiation pattern is modfied in nontrivial ways in the case of PbPb
collisions and since the PbPb and pp data were collected in different 
years, we consider the systematic uncertainties to be uncorrelated be
tween the PbPb and pp measurements.

5. Results

The unfolded distributions of 𝑔 and 𝑅g of photon-tagged jets in pp
collisions are shown in Figs. 2 and 3 for 𝑥γj > 0.4 and 𝑥γj > 0.8, respec
tively. In pp collisions, one can use the 𝑥γj > 0.4 and 0.8 categories to 
better understand out-of-cone radiation effects, which lead to an aver
age shift in jet 𝑝T [89]. On average, gluon-initiated jets experience a 
larger 𝑝T shift from out-of-cone radiation than quark-initiated jets [89], 
so selecting events based on 𝑥γj > 0.4 and 0.8 leads to different parton 
flavor compositions.

The pp measurement is compared with MC simulation results from
pythia 8.230 CP5, pythia 8.303 with the vincia shower [98], pythia
8.303 with the dire shower [99], herwig 7.2.2 with an angular-ordered 
shower using tune CH3, and herwig 7.2.0 with a dipole shower [96,97]. 
The dire shower implements a 𝑝T-ordered color dipole shower, where 
the radiator–spectator particle pairs evolve simultaneously, and it in
cludes higher-order corrections, such as triple-collinear or double-soft 
parton emissions. The version of vincia in pythia 8.303 uses the an
tenna sector shower formalism [98,100,101]. The branching kernels, 
known as antenna functions, treat coherent sums of parton pairs with
out requiring a separation into radiators and spectators. Both vincia
and dire have their respective set of tuning parameters in pythia8. The 

dipole parton shower available in herwig7 uses the Catani–Seymour 
dipole factorization formalism [102]. We also compare the ``hybrid'' 
model predictions for vacuum radiation with the data [103], which con
sists of pythia8 generator predictions with the Monash tune as a base
line [104], but without multiple parton interactions, a slightly larger 
𝑝T cutoff for the final-state radiation, and with the PDF set NNPDF2.3 
QCD + QED LO [79]. All the predictions presented here use matrix ele
ments at LO in perturbation theory for the hard scattering.

Differences between pp unfolded distributions and the MC simulated 
predictions are of the order of 20% in the bulk of the distributions. The 
largest discrepancies are at small and large values of 𝑔 and at large val
ues of 𝑅g. This indicates that the jets measured in data are, on average, 
broader than the jets in simulation. The pythia8 CP5 predictions de
scribe the 𝑔 distribution for both 𝑥γj > 0.4 and 0.8 selections within the 
uncertainties, but not 𝑅g. The hybrid model predictions for pp have simi
lar trends as pythia8 CP5. The best global description is provided by the
herwig7 CH3 generator for both 𝑥γj > 0.4 and 0.8 categories in the 𝑔
and 𝑅g variables, whereas the herwig7 generator with a dipole shower 
tends to have the largest differences with the data. Recent measurements 
of jet substructure in Z+jet and dijet events in pp collisions [88] suggest 
that the jet substructure modeling depends on details of the quark and 
gluon jet composition of the sample. Photon + jet events are expected 
to have a larger quark jet fraction relative to inclusive jets for a sim
ilar jet 𝑝T domain. Thus, the present measurement can help constrain 
the modeling of quark jet fragmentation in simulations, which can be 
useful to improve the modeling of the vacuum shower baseline used in 
predictions for medium-induced jet modfication.

The unfolded distributions of 𝑔 and 𝑅g for photon-tagged jets in 
PbPb collisions compared with those of pp collisions are shown in Figs. 4
and 5 for 𝑥γj > 0.4 and 0.8. The ratios of the unfolded distributions of 
PbPb to pp are shown in Fig. 6 for 𝑥γj > 0.4 and in Fig. 7 for 𝑥γj > 0.8. 
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Fig. 2. Unfolded distributions of jet girth 𝑔 (upper) and groomed jet radius 𝑅g

(lower) of photon-tagged jets in pp collisions for 𝑥γj ≡ 𝑝
jet
T ∕𝑝γT > 0.4. The upper 

panels show the comparison of the observable in pp collisions and predictions 
from simulated events. The lower panels show the corresponding ratios of the 
MC calculations and data. The bands represent the total uncertainties, whereas 
the vertical bars represent the statistical uncertainties.

The ratios of PbPb to pp distributions are used to identify potential 
medium-induced modfications of the jet shower. For photon-tagged jets 
with 𝑥γj > 0.4 in Fig. 4, which corresponds to a more inclusive jet se
lection where both quenched and less quenched jets are selected, we 
observe no narrowing of the angular structure of jets produced in PbPb
collisions relative to the distributions in pp collisions within the ex
perimental uncertainties. For 𝑔, there are hints of a broadening of the 
substructure of the jet in PbPb collisions at large values of 𝑔, whereas 
𝑅g is consistent with pp within the experimental uncertainties. On the 
other hand, by selecting less quenched jets via 𝑥γj > 0.8 in Fig. 5, which 

Fig. 3. Unfolded distributions of jet girth 𝑔 (upper) and groomed jet radius 𝑅g

(lower) of photon-tagged jets in pp collisions for 𝑥γj ≡ 𝑝
jet
T ∕𝑝γT > 0.8. The upper 

panels show the comparison of the observable in pp collisions and predictions 
from simulated events. The lower panels show the corresponding ratios of the 
MC calculations and data. The bands represent the total experimental uncertain
ties, whereas the vertical bars represent the statistical uncertainties.

is a less inclusive jet selection, we observe a narrowing of the angular 
structure of jets in PbPb collisions when compared with pp collisions, 
contrary to the trend observed in events selected with 𝑥γj > 0.4. Figs. 6
and 7 compare the measurements of the ratio of the unfolded distribu
tions of PbPb to pp with the hybrid model [103]. The model is a ``hy
brid'' approach of weak and strong coupling approximations to describe 
medium-induced jet modfications. It includes the modeling of energy 
loss due to the strong coupling between the partons and the medium, 
large-angle dflections of partons transversing the QGP, referred to as 
“Moliére elastic scatterings'' [14,15], and the nonperturbative backreac
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Fig. 4. Unfolded distributions of jet girth 𝑔 (upper) and groomed jet radius 
𝑅g (lower) of photon-tagged jets in PbPb and pp collisions for 𝑥γj ≡ 𝑝

jet
T ∕𝑝γT >

0.4 (selecting both more and less quenched jets). The bands represent the total 
uncertainties, whereas the vertical bars represent the statistical uncertainties.

tion of the medium [105], also known as medium response. These effects 
are denoted as ``elastic'' and ``wake'' in Figs. 6 and 7, and the absence 
of such effects as ``no elastic'' or ``no wake.'' In the model, the medium 
resolution length is controlled by the parameter 𝐿res [106], which corre
sponds to the minimum transverse length between two color-connected 
partons for the medium to resolve them separately. Three values of 𝐿res
are considered: 𝐿res = 0, 2∕(𝜋𝑇 ), and ∞, where 𝑇 is the temperature of 
the medium in the model. The 𝐿res = 0 value corresponds to the inco
herence limit where all the radiators are resolved by the medium. The 
𝐿res = 2∕(𝜋𝑇 ) corresponds to the expectation that 𝐿res should be of the 
same order of magnitude as the Debye screening length [106] and it 
represents an intermediate scenario where only a fraction of the radia
tors interact with the medium. The 𝐿res =∞ value corresponds to the 
full coherence limit, where radiators are not resolved individually and 
the jet interacts with the medium as a single color charge. In the case 
of elastic scatterings with the medium, the present model accounts for 
them for 𝐿res = 0.

Some conclusions can be drawn from the comparison of these the
ory predictions from the hybrid model to the experimental data. First, 
the contribution of the wake is negligible, as shown in Figs. 6 and 7, 
because of the small 𝑅 parameter used in the measurement. Second, 
there is no consistent choice of parameters that can describe both the 
𝑥γj > 0.4 and 0.8 categories simultaneously. For 𝑥γj > 0.4 in Fig. 6, the 
incoherence case 𝐿res = 0 overestimates the narrowing, while the model 
describes the data better when the Molière elastic scatterings are added, 
which broaden the jet, or when the limiting case of 𝐿res =∞ is consid
ered. The 𝑥γj > 0.4 data sample alone cannot be used to separate the 
contribution of color coherence and elastic scatterings, but when used 
together with the unfolded distributions of 𝑥γj > 0.8, one can better 

Fig. 5. Unfolded distributions of jet girth 𝑔 (upper) and groomed jet radius 
𝑅g (lower) of photon-tagged jets in PbPb and pp collisions for 𝑥γj ≡ 𝑝

jet
T ∕𝑝γT >

0.8 (selecting less quenched jets). The bands represent the total uncertainties, 
whereas the vertical bars represent the statistical uncertainties.

separate the consequences of such effects, as shown in Fig. 7. The in
coherence limit 𝐿res = 0 is favored in the 𝑥γj > 0.8 category, and both 
the effects of elastic scatterings and the effect of nonzero 𝐿res values 
result in a slight overestimation of the normalized yield at large 𝑅g val
ues. For 𝑔 in Figs. 6 and 7, the results of the model comparison to the 
data are qualitatively the same as for 𝑅g, with an underestimation of 
the PbPb-to-pp ratio at large values of 𝑔 from all setups for 𝑥γj > 0.4. 
Since the categories 𝑥γj > 0.4 and 0.8 enable the selection of different 
degrees of jet energy loss, the present measurement has sensitivity on 
how the different physical mechanisms affect the radiation pattern of 
the jet as well as the jet energy loss. Thus, the present measurement can 
be used to optimize the model parameter choice together with existing 
measurements that are sensitive to other aspects of medium-induced jet 
modfications.

The measurement using photon-tagged jets is complementary to pre
vious measurements in inclusive jet events. In inclusive jet measure
ments, the comparison between jets in PbPb and pp collisions is done 
at the same reconstructed jet 𝑝T, but due to the jet energy loss that 
occurs in PbPb collisions, the comparison is not done for the same ini
tial parton energies. In contrast to the trends observed by the ALICE 
and ATLAS Collaborations for 𝑅g or 𝑔 in inclusive jet events [38,39], 
we do not observe a narrowing of the substructure of jets in 𝑅g or 𝑔
within the experimental uncertainties when selecting jets with 𝑥γj > 0.4
and 𝑝γT > 100 GeV. One possible explanation is that, after reducing the 
selection bias effect due to jet energy loss, the sample of events being an
alyzed in photon-tagged events consists not only of narrow unquenched 
jets but also of broader, and thus more quenched, jets. By selecting less 
quenched jets via 𝑥γj > 0.8, we observe an effective narrowing in the 
angular substructure of jets produced in PbPb collisions, qualitatively 
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Fig. 6. Ratio of the normalized yields of PbPb to pp data for jet girth 𝑔 (left) and groomed jet radius 𝑅g (right) of photon-tagged jets in PbPb and pp collisions for 
𝑥γj ≡ 𝑝

jet
T ∕𝑝γT > 0.4 (selecting both more and less quenched jets). The data are compared with the hybrid model predictions for 𝐿res = 0 (upper) and for nonzero 

values of 𝐿res without elastic scattering (lower). The bands around the data points represent the total experimental uncertainties, whereas the vertical bars represent 
the statistical uncertainties. The uncertainties in the PbPb-to-pp ratio have been obtained assuming the PbPb and pp measurements are uncorrelated. The bands 
around the theory predictions represent the statistical uncertainties of the prediction.

similar to the distributions measured by the ALICE and ATLAS Col
laborations [38,39]. We verfied that the conclusions of the study are 
the same even after imposing a requirement on 𝑥γj < 1 to reduce the 
contribution of bremsstrahlung photons. It should be noted that since 
quark jets are on average harder and have narrower radiation patterns 
than gluon jets in a vacuum, a substructure-dependent energy loss --as 
expected from jet quenching theoretical calculations that rely on the 
dominance of the early-vacuum shower-- would be naturally correlated 
with parton flavor.

6. Summary

In summary, we report the first measurements girth 𝑔 and the 
groomed jet radius 𝑅g of jets recoiling against isolated photons in lead
lead (PbPb) and proton-proton (pp) collisions. The analysis uses PbPb
and pp collision data, both at a nucleon-nucleon center-of-mass energy 
of 5.02 TeV. The distributions are unfolded to the particle level in or
der to facilitate comparisons between experiments and with theoretical 
predictions.

The transverse momentum 𝑝T of isolated photons (𝑝γT ) can be used as 
a proxy for the 𝑝T of the high-virtuality parton that initiates the shower 
of the recoiling jet. This enables the disentanglement of the potential 
modfication of the momentum and angular substructure of jets due to 
the interactions with the medium from the selection bias effects that can 
originate from jet energy loss. This is done using the transverse momen
tum imbalance, dfined as the ratio of the hardest recoil jet 𝑝T (𝑝jet

T ) 
and 𝑝γT , 𝑥γj ≡ 𝑝

jet
T ∕𝑝γT . It is found that jets with 𝑝jet

T ∕𝑝γT > 0.8, i.e., those 

that closely balance the photon 𝑝γT , are narrower in PbPb than in pp
collisions. Relaxing the selection to include jets with 𝑝jet

T ∕𝑝γT > 0.4 re
duces the narrowing of the angular structure of jets in PbPb relative 
to the pp reference. These observations suggest that selection bias ef
fects play an important role in the interpretation of the modfication of 
the angular scales of jets in terms of medium-induced effects. The mea
sured distributions are compared with calculations based on a hybrid 
strong and weak coupling model to describe medium-induced jet mod
ifications. According to model predictions, the 𝑅g and 𝑔 distributions 
are not very sensitive to medium response effects or to variations of the 
medium resolution length. However, changes in the modeling of Molière 
elastic scatterings have an effect of 10--40% at large values of 𝑔 and 𝑅g. 
This shows the ability of the data to constrain the impact of Molière 
scatterings in a way that is effectively factorized from the effects of the 
wake and the medium resolution length.

Medium-induced jet modfications are commonly assessed by com
paring jets and their substructure at the same reconstructed 𝑝T in PbPb
and pp collisions, which in the former case corresponds to the momen
tum of the jet after its interactions with the quark gluon plasma. These 
interactions are expected to broaden the jet and reduce its energy. Thus, 
in an inclusive jet measurement, when comparing populations of jets in 
PbPb and pp within the same measured jet 𝑝T window, a selection bias 
can lead to an effective narrowing of the angular structure of jets in 
PbPb relative to pp. One possibility is that the population of jets that 
were initially broader (hence, more strongly quenched jets) has mi
grated to lower jet energies, whereas the population of narrower jets 
(less strongly quenched jets) remains. Thus, events with high-𝑝T jets 
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Fig. 7. Ratio of the normalized yields of PbPb to pp for jet girth 𝑔 (left) and groomed jet radius 𝑅g (right) of photon-tagged jets in PbPb and pp collisions for 
𝑥γj ≡ 𝑝

jet
T ∕𝑝γT > 0.8 (selecting less quenched jets). The data are compared with the hybrid predictions for 𝐿res = 0 (upper) and nonzero values of 𝐿res without elastic 

scatterings (lower). The bands around the data points represent the total experimental uncertainties, whereas the vertical bars represent the statistical uncertainties. 
The uncertainties in the PbPb-to-pp ratio have been obtained assuming the PbPb and pp measurements are uncorrelated. The bands around the theory predictions 
represent the statistical uncertainties of the prediction.

recoiling against energetic isolated photons can be used to better con
strain genuine medium modfications of the jet shower, complementing 
measurements in inclusive jet production.
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