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Abstract

This letter presents the first measurement of the angle between different jet axes (denoted as ∆Raxis) in
Pb–Pb collisions. The measurement is carried out in the 0–10% most-central events at

√
sNN = 5.02

TeV. Jets are assembled by clustering charged particles at midrapidity using the anti-kT algorithm
with resolution parameters R = 0.2 and 0.4 and transverse momenta in the intervals 40 < pch jet

T <

140 GeV/c and 80 < pch jet
T < 140 GeV/c, respectively. Measurements at these low transverse mo-

menta enhance the sensitivity to quark–gluon plasma (QGP) effects. A comparison to models im-
plementing various mechanisms of jet energy loss in the QGP shows that the observed narrowing
of the Pb–Pb distribution relative to pp can be explained if quark-initiated jets are more likely to
emerge from the medium than gluon-initiated jets. These new measurements discard intra-jet pT
broadening as described in a model calculation with the BDMPS formalism as the main mechanism
of energy loss in the QGP. The data are sensitive to the angular scale at which the QGP can resolve
two independent splittings, favoring mechanisms that incorporate incoherent energy loss.

*See Appendix A for the list of collaboration members
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The strongly interacting, deconfined state of matter of our universe a few microseconds after the Big
Bang can be recreated in ultrarelativistic heavy-ion collisions at the Large Hadron Collider (LHC) [1,
2]. Studying the microscopic structure of this quark–gluon plasma (QGP) can elucidate the physics of
many-body strongly coupled systems [3]. Because droplets of QGP created at colliders are small and
short-lived, studying interactions within those droplets requires auto-generated probes. In this study, jets
of energetic hadrons, which arise from high-momentum-transfer (hard) collisions between quarks and
gluons (partons) in the incoming nuclei, are used. These hard-scattered particles produce showers of
secondary partons, which give rise to jets of multiple correlated hadrons (see Fig. 1, left).
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Figure 1: Left: schematic of how energetic partons split or fragment into lower-energy prongs or branches of
partons down to a scale in which hadrons emerge. An algorithm can be run over final-state hadrons to cluster
them into jets. An inverse declustering algorithm can be used to recursively explore the jet substructure. Right:
schematic showing that different jet axes (solid arrows) can be selected from a jet to construct the ∆Raxis observable.
The Standard axis (represented by a black arrow) is constrained by all the jet constituents (represented by dashed
arrows). The SD axis (represented by a dark blue arrow) is determined by the particles left in the jet after grooming
(blue and dark red arrows). Finally, the WTA axis (represented by a pink arrow) tends to be aligned with the most
energetic constituent.

When traversing the QGP, jets interact with the medium, lose energy, and are modified relative to their
structure in elementary (e.g., ee or pp) collisions. Thus, measuring the substructure of jets can provide
sensitivity to different scales within the jet modification process. The direction of a jet in rapidity (y)
and azimuth (ϕ), referred to as the jet axis, is affected by transverse modification of the partonic shower,
with varying sensitivity to soft radiation, depending on how the axis is defined [4].

This letter presents the first measurement in heavy-ion collisions of the angle between pairs of jet axes,
∆Raxis (see Fig. 1, right). This observable shows how well the QGP resolves the angular structure of the
parton shower [4] and is defined as

∆Raxis ≡
√

(yaxis,1− yaxis,2)2 +(ϕaxis,1−ϕaxis,2)2, (1)

where yaxis, i and ϕaxis, i are the rapidity and azimuthal coordinates of the axes, respectively. The axes
considered in this analysis are:

– “Standard”: coordinates in y–ϕ of the 4-vector resulting from clustering jets with the anti-kT al-
gorithm [5] using the E recombination scheme (two branches combined into one by adding their
4-momenta). In this case, all jet constituents including soft (low-transverse-momentum) and hard
radiation contribute to the axis.

– “Soft Drop” (SD): coordinates in y–ϕ of jet after soft wide-angle radiation is removed using the
Soft Drop grooming procedure [6] with the Cambridge–Aachen (C/A) reclustering algorithm [7,
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8]. The procedure stops when a splitting is found that satisfies the condition

min(pT,1, pT,2)

pT,1 + pT,2
> zcut

(
∆R1,2

R

)β

, (2)

where pT,i are the transverse momenta of each of the two branches in the splitting, ∆R1,2 is the
distance between them in the y–ϕ plane, R is the jet resolution parameter, and zcut and β are
user-set parameters.

– “Winner-Takes-All” (WTA): coordinates in y–ϕ of jet after reclustering its constituents using the
C/A algorithm and the WTA pT recombination scheme [9], which combines two jet branches into
one by giving the merged branch the total pT of the two sub-branches and the direction of the
hardest sub-branch. The WTA axis is often consistent with the direction of the hardest constituent
of the jet and is insensitive to soft radiation at the leading power of the observable [4].

Measurements of ∆Raxis are sensitive to medium-induced effects. For example, an increase in the rela-
tive fraction of quark- vs. gluon-initiated jets due to medium-induced radiative energy loss can narrow
the angular distribution, while multiple scattering of the hard-scattered parton off medium partons can
broaden it [10]. Reference 11 reported a net narrowing of the distribution in Pb–Pb collisions, quantita-
tively consistent with the former. This can be expected if the broadening was primarily in the wide-angle
radiation that grooming removes from the jet. This is tested by looking for broadening effects in an
ungroomed angular observable, such as the angle between the Standard and WTA axes.

Measurements of ∆Raxis are also sensitive to the wake created by a jet imparting some of its momentum
to the QGP. This wake is often referred to as medium response [12] and is expected to dominate at
large angles from the Standard axis. Consequently, progressively increasing the grooming intensity,
while simultaneously varying the jet resolution parameter R can uncover the medium response effect.
Comparing experimental results with different models is expected to disentangle medium response and
medium-induced large-angle radiation.

The medium resolution length, Lres, is a property of the QGP proportional to the inverse of its local
temperature [13]. It characterizes the minimum separation distance at which two color charges within
the same jet interact independently with the QGP. Certain groomed substructure observables are sensitive
to this scale [14]. In this analysis, the sensitivity of ∆Raxis to Lres is investigated.

The measured ∆Raxis distributions in pp collisions at
√

s = 5.02 TeV reported in Ref. 15 are used as
the reference for QGP-induced effects reported here. Perturbative QCD calculations [4] were found to
agree with the measurements in pp collisions within the experimental uncertainties, demonstrating good
theoretical control of the observables. The data were collected in 2018 from Pb–Pb collisions at a center-
of-mass energy per nucleon–nucleon pair of

√
sNN = 5.02 TeV with the ALICE detector [2]. A detailed

description of the detector and its performance can be found in Refs. 16 and 17. A trigger based on the
charged-particle multiplicity in the forward region [18] was used to select events in the 0–10% centrality
class [19, 20]. The events were required to have a reconstructed primary vertex within ±10 cm of the
nominal interaction point in the longitudinal direction. Beam-induced background events were removed
using two Zero Degree Calorimeters and pileup effects were removed by discarding events that contained
multiple reconstructed vertices [21]. These selection criteria yield a data sample with 92 million events,
corresponding to an integrated luminosity of ≈ 0.12 nb−1.

Charged-particle tracks reconstructed in the Inner Tracking System (ITS) [22] and Time Projection
Chamber (TPC) [23] used in the analysis were required to have a transverse momentum pT > 0.15 GeV/c
and a pseudorapidity |η |< 0.9. See the supplemental materials [24] for details. The detector performance
was estimated by propagating simulated events through a GEANT 3 [25] model of the ALICE detector.
The transverse-momentum resolution σ(pT)/pT increases linearly from≈ 1% at pT = 1 GeV/c to≈ 4%
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at pT = 50 GeV/c [17]. The tracking efficiency rapidly increases from ≈ 65% at pT = 0.15 GeV/c to
≈ 85% at pT = 1 GeV/c, and remains above ≈ 75% at higher pT. The large uncorrelated background
from the underlying event (UE) [26] in high-multiplicity heavy-ion collisions is subtracted before jet
finding using the event-wide constituent subtraction procedure from Refs. 27 and 28. The parameters
used are α = 0, Ag = 0.01, and ∆Rmax = 0.1 (0.25) when the track sample is used to cluster jets of
R = 0.2 (0.4).

Tracks included in jet clustering are assigned the charged-pion mass. Charged-particle jets are clustered
with the anti-kT algorithm, the E recombination scheme, and resolution parameters R = 0.2 and 0.4,
using FastJet [29]. Jets containing a track with pT > 100 GeV/c and jets with their Standard axis not
pointing inside the fiducial volume of the TPC (|ηjet|< 0.9−R) are discarded.

The measured distributions are unfolded to correct for detector effects as well as residual UE fluctuations
using an iterative Bayesian procedure [30, 31]. The procedure uses a 4D response matrix (RM) that
captures the correspondence between ∆Raxis and jet transverse momentum (pch jet

T ) at the generator and
detector levels. The generator-level component of the RM is modeled using generated PYTHIA 8 [32]
Monash 2013 [33] events. The detector-level component of the RM is modeled by propagating those
events through a GEANT 3 [25] model of the ALICE detector and embedding the smeared events into
measured Pb–Pb events.

Systematic uncertainties arise from the tracking inefficiency, unfolding procedure, unfolding model
dependence, UE subtraction procedure, and residual effects from combinatorial jets. The tracking-
inefficiency uncertainty is determined by repeating the analysis with an RM based on a track sample
with 4% of all tracks randomly rejected. This number corresponds to the uncertainty in the tracking
efficiency, determined by varying the track selection parameters and ITS–TPC matching criteria.

The unfolding-procedure uncertainty is determined by extending the lower and upper bounds of the pch jet
T

spectrum by 5 GeV/c, changing the detector-level ∆Raxis binning, changing the number of unfolding
iterations, and scaling the prior distribution. The four categories of variations are carried out individually
and combined into an unfolding uncertainty using their standard deviation. The uncertainty from the
model dependence in the unfolding is determined by repeating the analysis with response matrices based
on different event generators including Herwig 7 [34] and JEWEL [35] with and without the inclusion
of medium partons recoiling after interactions with the jet.

Potential bias introduced by the event-wide UE subtraction [27, 28] is quantified as the maximum dif-
ference between the nominal result and the results obtained by repeating the procedure with parameters
∆Rmax = 0.05 (0.1), which lead to an under-subtraction, and ∆Rmax = 0.5 (0.7), which lead to an over-
subtraction of the background, for jets of R = 0.2 (0.4). Deviations between the generator-level and
unfolded distributions due to residual combinatorial jets are determined with a closure test. PYTHIA 8
events are embedded into background events with no jets and analyzed identically to the measured data.
Deviations between the unfolded and PYTHIA 8 generator-level spectra are assigned as the uncertainty.

The systematic uncertainties are added in quadrature. The total systematic uncertainty is in the range
of 2–61% depending on ∆Raxis and pch jet

T . The large variation comes primarily from the background
subtraction procedure at low pch jet

T (where background effects are largest). It is small at low values of
∆Raxis, and smoothly grows in the tails of the distributions. See the supplemental materials [24] for
details. The measured distributions are normalized to the total number of jets in a given pch jet

T interval,
N, which is equivalent to reporting the self-normalized cross section:

1

N(pch jet
T )

dN
d∆Raxis

(
pch jet

T

)
≡ 1

σ(pch jet
T )

dσ

d∆Raxis

(
pch jet

T

)
. (3)

This normalization choice causes the Pb–Pb/pp ratios to go above unity at low ∆Raxis. In an absolute
cross section measurement, the ratio would be below unity as a result of jet suppression in heavy-ion
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Figure 2: Top panels: fully corrected Pb–Pb and pp ∆RWTA−Standard
axis distributions in the pch jet

T intervals [40,60]
(left), and [60,80] (right) GeV/c for jets of R = 0.2. The pp baseline is taken from Ref. 15. Central and bottom
panels: measured Pb–Pb/pp ratio in black, as well as predictions from a selection of jet quenching models.

collisions. The suppression factor was measured in Ref. 36. Thus, only the shape and not the absolute
scale of the ∆Raxis spectra is reported.

The measured WTA–Standard distributions are shown in Fig. 2 for R = 0.2 jets in the pch jet
T ranges

[40,60] and [60,80] GeV/c. The top panels show ∆Raxis spectra from Pb–Pb and pp collisions. The
vertical error bars represent the statistical uncertainties and the rectangles represent the total systematic
uncertainties. The central and bottom panels show the Pb–Pb/pp ratio, with all uncertainties assumed
uncorrelated and added in quadrature when calculating the ratio. The equivalent results for other pch jet

T
ranges, jet resolution parameters, and grooming settings are included in the supplemental materials [24].

The data are compared with several jet quenching models. These models have different implementa-
tions of the microscopic properties of the medium, its evolution, and the jet–medium interaction. The
JEWEL event generator [35] models the medium with a boost-invariant longitudinally expanding ideal
quark–gluon gas [37]. Parameters from Ref. 38, which are adequate for the kinematics of this measure-
ment, are used. The medium partons recoiling after interacting with jet constituents can be discarded
from the event (recoils off) or allowed to hadronize together with the jet (recoils on). “MATTER+LBT”
is from the JETSCAPE event generator [39, 40], implementing an in-medium parton shower with in-
teractions of high- (low-) virtuality partons with the medium described by the MATTER [41] (Linear
Boltzmann Transport [42]) model. The curve labeled “medium q/g” corresponds to a phenomenologi-
cal model in which the only difference between the Pb–Pb and pp results comes from a modification of
the fraction of quarks and gluons that initiate the jets [43, 44], highlighting that these two jet populations
lose energy differently in the medium. The “pppT broadening” calculation adds to the previous model
a pT broadening caused by incoherent multiple scatterings with the medium partons [10] following the
BDMPS approach [45–47]. This calculation uses a mean square momentum transfer coefficient between
the jet and medium constituents 〈q̂L〉 = 5 GeV2. “Hybrid” is from the hybrid model [48], which de-
scribes the weakly coupled jet showering process using the DGLAP formalism and the strongly coupled
interaction between the jet constituents and medium partons via holographic calculations of energy loss
based on AdS/CFT. The case Lres = 0 corresponds to fully incoherent energy loss, where the medium is
able to resolve the splitting immediately after the parton fragments, resulting in higher energy loss [13].
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Figure 3: Top panels: fully corrected Pb–Pb ∆RWTA−Standard
axis /R (left), and ∆RWTA−SD

axis /R with (zcut = 0.2,β = 0)
(right) distributions in the pch jet

T interval [100,140] GeV/c. Central and bottom panels: measured Pb–Pb(R =

0.4)/Pb–Pb(R = 0.2) ratio in black, as well as predictions from a selection of jet quenching models.

The case Lres = ∞ corresponds to fully coherent energy loss, where the medium is not able to resolve
splittings, and the energy loss is lower. The intermediate case Lres = 2/πT , where T is the medium local
temperature, is also included. All “Hybrid” curves include medium-response effects from Ref. 49.

The measured R = 0.2 distributions are narrower than those measured in pp collisions. Results with
R= 0.4, presented in the supplemental materials [24], are consistent with this narrowing, but also with no
modification within statistical and systematic uncertainties. The narrowing may be due to a selection bias,
as jets selected using pch jet

T (rather than the initial momentum before the jet-medium interactions, which
is not accessible experimentally) tend to lose little energy in the QGP [50]. Similarly, the experimental
result is also consistent with a quark-enhanced mixture of jets surviving the interaction with the medium
relative to the vacuum case, as expected since gluon-initiated jets couple more strongly to partons of the
QGP and thus lose more energy [11, 43, 51]. The MATTER+LBT model overall describes the data for
all considered kinematical regions.

In contrast with R = 0.2, for larger R there are significant differences in JEWEL predictions with and
without recoils. This is expected, as the medium response populates larger angles away from the Standard
jet axis. However, grooming reduces the sensitivity to the medium response. The Hybrid model does not
predict a significant effect from the medium response. See the supplemental materials [24] for details.
The inclusion of other models in which the medium response can be turned on and off (e.g. Co-LBT [52,
53]) could help clarify the sensitivity of ∆Raxis to the properties and magnitude of this effect. Narrowing
of the distributions relative to those measured in pp collisions for jets of R = 0.2 is qualitatively predicted
by all models except for “pT broadening”. This excludes the hypothesis that intra-jet pT broadening
manifests in the groomed radiation in previous measurements [11].

The data are closest to incoherent energy loss of jets in the Hybrid model (Lres = 0). The fully coherent
case (Lres = ∞) predicts significantly less narrowing. Fully incoherent energy loss better reproduces
the data than the intermediate case of Lres = 2/πT . In holographic calculations of the Debye screening
length, the intermediate case is expected to be closer to the true medium resolution scale [13].

The precision of the data at higher pch jet
T is limited by the integrated luminosity of the pp dataset, which
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only allows for an extraction of the Pb–Pb/pp results up to 100 GeV/c. However, in heavy-ion collisions,
larger pch jet

T can be studied through the ratio of (R = 0.4)/(R = 0.2) spectra, where the systematic uncer-
tainties partially cancel. This kinematic range is also important for future comparisons with results from
other experiments which cannot access the low-pT regime of this measurement. The ratio is reported as
a function of the jet angular scale ∆Raxis/R that, by construction, is independent of R. Figure 3 shows the
ratio for pch jet

T ∈ [100,140] GeV/c together with theoretical predictions. The ungroomed WTA–Standard
result is challenging to models, as can be seen in Fig. 3 (left). Grooming improves the agreement between
the models and the data (see Fig. 3 (right)), suggesting that the ungroomed result captures significantly
more of the non-perturbative aspects of jet quenching.

Comparing ∆RWTA−Standard
axis to ∆RWTA−SD

axis with different grooming settings shows that grooming does not
significantly impact the experimental results. This is similar to pp collisions, where the Standard and SD
axes were found more aligned with each other than either of them with the WTA axis. While the Standard
axis is influenced by the soft wide-angle radiation groomed away in the SD-axis case, it is dominated by
the hard radiation that remains in the SD case.

In summary, the first measurement of the angle between the WTA and Standard or Soft Drop groomed
charged-particle jet axes in Pb–Pb collisions is reported. The measurement was carried out using 0–10%
most-central collisions at

√
sNN = 5.02 TeV with the ALICE detector and for pch jet

T ∈ [40,140] ([80,140])
GeV/c for jets of R = 0.2 (0.4).

Narrowing of the ∆Raxis distribution relative to the vacuum case is found. The narrowing may be ex-
plained if the Pb–Pb distribution is dominated by quark-initiated jets, since gluon-initiated jets are ex-
pected to interact more with the medium. This is consistent with the prediction from the “medium q/g”
model. The measurement disfavors intra-jet pT broadening, as implemented in Ref. 10.

The ∆Raxis observables exhibit sensitivity to the medium resolution length. The measurement favors
incoherent energy loss of jets, where the medium resolves a splitting immediately after it happens, re-
gardless of the angular separation between the prongs. Future measurements of ∆Raxis in photon- or
Z-boson-tagged jets could provide a way to experimentally vary the fraction of quark- vs. gluon-initiated
jets.
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R. Averbeck 97, M.D. Azmi 15, A. Badalà 52, J. Bae 104, Y.W. Baek 40, X. Bai 118, R. Bailhache 63,
Y. Bailung 47, A. Balbino 29, A. Baldisseri 128, B. Balis 2, D. Banerjee 4, Z. Banoo 91, R. Barbera 26,
F. Barile 31, L. Barioglio 95, M. Barlou78, G.G. Barnaföldi 136, L.S. Barnby 85, V. Barret 125,
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V. Kozhuharov 36, I. Králik 59, A. Kravčáková 37, L. Krcal 32,38, M. Krivda 100,59, F. Krizek 86,
K. Krizkova Gajdosova 32, M. Kroesen 94, M. Krüger 63, D.M. Krupova 35, E. Kryshen 140,
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23 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
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65 Instituto de Fı́sica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
66 Instituto de Fı́sica, Universidad Nacional Autónoma de México, Mexico City, Mexico
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