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The strong suppression of high-p7 jets in heavy-ion collisions is a result of elastic and inelastic energy
loss suffered by the jet multiprong collection of color charges that are resolved by medium interactions.
Hence, quenching effects depend on the fluctuations of the jet substructure that are probed by the cone-size
dependence of the spectrum. In this Letter, we present the first complete, analytic calculation of the
inclusive R-dependent jet spectrum in PbPb collisions at LHC energies, including resummation of energy
loss effects from hard, vacuumlike emissions occurring in the medium and modeling of soft energy flow
and recovery at the jet cone. Both the geometry of the collision and the local medium properties, such as the
temperature and fluid velocity, are given by a hydrodynamic evolution of the medium, leaving only the
coupling constant in the medium as a free parameter. The calculation yields a good description of the
centrality and p; dependence of jet suppression for R = 0.4 together with a mild cone-size dependence,
which is in agreement with recent experimental results. Gauging the theoretical uncertainties, we find that
the largest sensitivity resides in the leading logarithmic approximation of the phase space of resolved
splittings, which can be improved systematically, while nonperturbative modeling of the soft-gluon sector

is of relatively minor importance up to large cone sizes.
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Introduction.—Jets are collimated sprays of energetic
particles produced in collider experiments that act as
proxies of accelerated quark and gluon degrees of freedom
originating from elementary large momentum-transfer
processes or decays of massive bosons. In this context,
precision computations of QCD jet events play a crucial
role in a wide range of fundamental measurements at
colliders [1,2], including measurements of the Higgs boson
properties [3] and searches beyond the standard model.

In contrast, jet physics in heavy-ion collisions probes
the discovery frontier to potentially reveal and detail new
emergent QCD phenomena in dense partonic systems. The
creation of a short-lived, hot, and dense state of deconfined
matter, also known as the quark-gluon plasma (QGP),
leaves a strong imprint on high-pr probes [4,5]. This
phenomenon, commonly referred to as “jet quenching,”
was observed for the first time at the Relativistic Heavy lon
Collider (RHIC) [6-8] and later at the LHC [9-15].
Currently, the exact mechanisms responsible for jet
modifications, including details of the energy transport
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from high-energy to low-energy modes and color
decoherence of multipartonic states, are under intense
investigation.

The basic mechanisms of parton energy loss were
understood and formalized in the 1990s [16-20]. A number
of approximations were then necessary to allow for analytic
computations. This introduced a theoretical bias on model
calculations, absent from full numerical approaches [21-23],
that could be alleviated by incorporating the two main
scattering regimes: the Rutherford scattering regime, domi-
nated by a single hard momentum transfer (included in
earlier analytical attempts [24,25]), and the low momentum
regime where multiple scatterings contribute with order one
probability. Furthermore, with the measurements of fully
reconstructed jets at the LHC and RHIC, it was soon
recognized that higher order corrections accounted for by
parton cascades are not negligible. In parallel to the
development of Monte Carlo (MC) event generators
[26-36] tremendous conceptual progress has been made
in addressing these questions by analyzing the interference
structure of two successive splittings within the medium
[37-41]. To leading logarithmic accuracy, the in-medium
jet evolution is characterized by an early vacuum parton
cascade whose constituents are resolved by the medium due
to color decoherence, whereas unresolved splittings fac-
torize from the in-medium evolution, losing energy coher-
ently as a single color charge [42,43]. This work aims to
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address these two challenges within a first-principle ana-
lytic framework.

In this Letter, we report a first-principle calculation of the
single-inclusive jet spectrum and its cone-size dependence
in heavy-ion collisions where high density effects are
resummed to all orders. Even though jets with a larger
cone do retain a larger fraction of the lost energy, a priori
reducing jet suppression compared to a smaller one, we
show that resumming the additional energy loss induced by
the cone-size dependent jet substructure fluctuations yields
a final jet suppression that is very mildly dependent on R.
The well established connection between energy loss
dynamics and coherence effects, which determine the
actual resolved phase space of the jet in the medium,
allows us to confront our results with high-statistics
experimental data merely by constraining the strength of
the QCD coupling in the medium. Additional fluctuations
on the path and medium density explored by the jet, which
vary event by event, are taken care of by embedding our
framework into a realistic heavy-ion environment in which
the medium is described by the explosion of a liquid droplet
of deconfined QCD matter. Finally, we aim to assess what
the relative magnitude of the uncertainties associated with
describing the perturbative structure and the soft, infrared
features of medium-modified jets are as a function of
their kinematics. Providing a quantitative answer to this
question is crucial if one aims to establish the predictive
power of weak coupling techniques in jet quenching
phenomenology.

Theoretical formalism.—The spectrum of jets with cone-
size R in proton-proton collisions is given by the convolution
of the initial hard parton spectra with the corresponding
fragmentation function. The latter describes the energy
remaining within the jet at different angular resolutions
R, starting from a large value R ~ 1. For a steeply falling
initial spectrum, it can be written as [44] o”?(py,R) =

S icgo St (RIpr. Ro)3y(pr. Ro). where n = ny(pr. Ry)
is the power index of the cross-section of the hard
parton with flavor k and 6,(pr, Ry) is evaluated at lead-
ing order. The moment of the fragmentation function of an
initial hard parton with flavor £, i.e., fj(:t)/k(R|pT,R0) =
Jo dxx"fie/k(R|x. Ry), gets both quark and gluon contri-
butions, fJ‘(;>/k =D fl(;',z due to flavor conversion
during the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution [44-47].

Correspondingly, the cross section in nucleus-
nucleus collisions (AA) is convolved with a probabi-
lity distribution P(e) describing medium-induced energy
loss out of the jet cone, and reads o' (ps,R)=
Yicqq JoO dePi(€)57" (pr + €, R), where &]” corresponds
to the quark-gluon contribution to the total cross section
[the tilde serves as a reminder that the proton parton
distribution functions (PDFs) are replaced by nuclear
PDFs]. Finally, the flavor dependent resummed quenching

factors  Q;(pr.R) = [§° deP;(e)!" (pr +€)/!" (pr)=
J§° deP(e)e™|,_,,, . where in the last step we used the
approximation of large power index n, account for the
energy loss by a jet with momentum p; and size R during
the passage of a background medium [48]. This factoriza-
tion is justified by the fact that out of cone vacuum
evolution takes place at much shorter times than energy
loss and was used as a basis for the extraction of the
quenching weights from the data [49,50].

A novel ingredient of our setup are the quenching factors
0,(pr, R) that resum contributions to the total energy loss
of a jet consisting of many color charges that interact with
the medium. The magnitude of this effect can be gauged
by comparing the formation time of a splitting, 7, =
2/[z(1 = z)ps6?], to the characteristic timescale the
medium needs to resolve the product of the splitting,
namely t, = [§,6°/12]7'/3 [37-40]. Here, g, = d{k?)/dt
is the transport coefficient that encodes medium properties,
the so-called jet quenching parameter [17]. Hence, jet
splittings occurring at timescales much shorter than the
related medium timescale, that is if 7, < 7, < L, obey the
same properties as vacuum splittings [42,43]. The latter
inequality implies that a splitting with 6 < 8., where the
critical angle is 6, = (§,L>/12)~"/2, will not be resolved
by the medium. With these considerations in mind, one can
show that in the large n limit, since the convolution of
energy loss probability distributions reduces to a direct
product of quenching factors (in Laplace space), the
evolution equation for the resummed quenching weight
is [42]

00:(p.0 b ag(k
Qe 0) - [ a2 @0 (2.6)

x [Q(zp,0)0x((1 = 2)p,0)) — Qi(p,0)],
(1)
(

where k; = z(1 —z)p0, p/?(z) are the unregularized
Altarelli-Parisi splitting functions and the phase space con-
straint is given by O(p.R) = O(t; < t, < L). Above, it
is understood that p is evaluated at p = py. This distinction
is necessary when solving Eq. (1) since the initial condition
also depends on p7. The nonlinear evolution equations
account for the energy loss of the multiprong jet sub-
structures that are generated by early collinear splittings.

The initial conditions for the resummed quenching
factors Q;(p,R) at R = 0 are the bare quenching factors
for single partons. In this work, we have Q;(p,0) =

0ln@

QEB&J( pT)Qg)i( Pr), wWhere the two bare quenching factors
are the LT of the corresponding probability distributions
that describe radiative and elastic energy loss [48,51], For
their precise definitions, see below. The radiative and
elastic energy loss are driven by the transport coefficients
g and e [52], respectively, which are related by the

fluctuation-dissipation relation & = §/(4T) in a weakly
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coupled plasma (where ¢, =2 for gluons, and ¢, =
(Cp/N.)é, for quarks) [53]. The quenching factor due
to radiative energy loss off a single parton is simply the
exponential of the LT for a single-inclusive gluon radiative
spectrum [48,51], which takes into account the broadening
of emitted partons and rapid thermalization of the lost
energy [54-58].

The medium-induced gluon radiation spectrum has been
computed up to next-to-leading order (NLO) within the
improved opacity expansion (IOE) in the soft limit [59-61]
and unifies both the Baier-Dokshitzer-Mueller-Peigné-
Schift approach with the Gyulassy-Levai-Vitev (GLV)-
higher-twist formalism [62,63], which has proven to be an
important ingredient for phenomenological studies [64,65].

It is expressed as dly; o/dw = dI) /dw + dI'V /dw, with

dr®  2a,Cg
— =] QL 2
dw a0 | cos QL @)
AV aCriy . L -1 . —i3(s)
R R d 1 , 3
dw 2n /0 Skz(s) ane‘VE 3)

where Q= (1-i)\/q/(4w), k*(s) = ioQ[cot Qs—
tan Q(L — 5)]/2, and the strong coupling constant runs
with the typical transverse momentum of the emission, i.e.,
a; = a,((Gw)'/*) [66]. In this expansion, the effective
transport coefficient g differs from the bare g, by a factor
that reflects the full leading logarithmic contribution, i.e.,
q = qoIn(Q*/u3), where gy = g5 yN.mpT/(4x) for a
thermal medium in the hard thermal loop (HTL) theory
and the lower cutoff scale is u2 = m3 exp[-2 + 2y;]/4
[60,61]. The effective medium scale Q? depends itself on
the amount of rescattering in the medium and can be found
by solving the transcendental equation Q* = gy In Q?/u?
[67] (a similar idea was also presented in [68]). In our
framework, the medium coupling ¢,.q, the only free
parameter that determines energy loss, is to be extracted
from the comparison to experimental data. Note that we
work in the eikonal approximation and therefore neglect
suppressed powers of the inverse jet energy, which are
sensitive to the flow of the medium and its spatial gradients
as pointed out recently in [69-71].

We first consider semihard gluons that are emitted within
the range w, < ® < w,, where o, = g, In(goL/u>)L?/2
corresponds to the maximal energy accumulated through
multiple soft scatterings, and w; = [¢2,. N,/ (27)*|*zg,L*
is the energy scale at which the emission probability is of
order one, determining the onset of turbulent energy loss
[72]. Their broadening distribution reflects the typical
transverse momentum kicks received in the plasma.
Softer gluons, with @ < @, and small transverse
kicks k2 ~ gL, will experience Gaussian broadening, while
harder emissions, with @ > w, and typically large
transverse momenta ki > w/L > gL, are governed by a

power-law behavior, ~g,L/k*. We assume that the
effect of broadening appears as a multiplicative factor
B(wR; Q%) = (dl/dw)™! f<‘:ij)z dk? dl/(dwdk? ), repre-
senting the probability for the emitted gluon to be trans-
ported out to an angle larger than the jet cone [73], 8 > R,
where Q2 ., denotes a characteristic broadening scale. The
full out-of-cone spectrum consists of two terms, from the
IOE expansion up to NLO with their corresponding broa-
dening factors [55], such that

dl.. ar®
—= = B(wR; 0?/2) ——
= BloR0}/2)

a1
+ B(wR; max[Q?, 16w/ (7°L)]) ——. (
dw
Since emissions can take place anywhere along the in-
medium path, one also has to average over the radiation
time. This is approximated by simply setting Q%mad =
qL/2 [54,55] in the first term. The choice of scale in the
second term reproduces the correct behavior of the full
GLV spectrum in the high @ and k; regime up to a
logarithmic factor, see Supplemental Material [74] for more
details.

Soft gluons, with T < w < wy, cascade quasi-instanta-
neously to the thermal scale [72] and should effectively be
treated within hydrodynamics. Their emission rate is there-
fore not affected by transverse momentum broadening.
Assuming that their distribution becomes approximately
uniform in the solid angle around the jet, we account for the
possibility that a fraction of this energy ends up back in the
jet cone by modifying @ — @(1 — (R/R..)?), where the
recovery angle R, is a free parameter [83]. An analogous
modification is applied to the elastic quenching factor.
Emissions at @ < T belong to the Bethe-Heitler regime,
and are not relevant for our present phenomenological
application [65,88].

Putting all the pieces together, the final expression for the
radiative bare quenching factor reads

o - dl
Qigg(pT) = exp |:—/ da)d—>(1 _ e—bm)

w

o8 d](o)
— do—— (1 —
/T @ dw (

where the parton flavor index is implicit and v = n/p;. We
have approximated dlyo/dw~dI®)/dw in the soft
regime. The bare quenching factor for elastic energy loss
is 09 (pr) = exp[—2Lu(1 = (R/Ry.)?)], also with impli-
cit parton flavor dependence. It results from taking the LT
of §(e¢ — eL(1 — R*/R%.)). We shall see that our results at
small cone sizes are not very sensitive to the above
modeling of energy recovery.

252301-3



PHYSICAL REVIEW LETTERS 127, 252301 (2021)

TABLE L. Summary of the effect of relative change of R4, from
varying key parameters for cone sizes R = 0.2 — 0.6; see text for
further details.

Parameter Variation Effect
0. [6./2,26.] <20%
IOE LO/NLO ~2%
n +1 ~10%
Rrec [1 5 00] 5 10%
Wy [ws/zv 2&)‘] 58%

Numerical results.—Using the bare quenching factors
for the radiative and elastic contributions to energy loss, we
numerically solve the coupled evolution equations in
Eq. (1). The cone-size dependence of the bare quenching
factors, resulting in more energy loss for smaller R, are to a
large extent washed away by the evolution.

In our numerical computations, we fix the values of the
two free parameters of our setup, gp,eq and R... The energy
recovery parameter R,.. has been varied between R.. =
7/2 and R, = (5/6)x/2, which was estimated from a
linearized approach to model the QGP wake for [84,89]. To
constrain g,,.q we have compared our results for the widely
used nuclear suppression factor for jet production, also
known as R4y, for jets with R = 0.4 around p; =~ 100 GeV
against high-statistics experimental data from ATLAS for
the 0%—10% centrality class of PbPb collisions at /s =
5.02 ATeV [90]. In order to compute R,,, we have taken
the ratio between the nuclear and the vacuum spectra,
which comprise a weighted sum of the quark and gluon jet
contributions to the full spectrum [91]. Event-by-event in-
medium path fluctuations of a jet through the QGP have
been taken into account by embedding our framework into
a realistic heavy-ion environment as simulated in the
VISHNU hydrodynamical model [95], see Supplemental
Material [74] for further details. The value of g4 is thus
constrained by the experimental data to be within the range
Imed € {2.2,2.3}. We emphasize that the magnitude of
quenching is predominantly driven by the emission of
copious soft gluons [48], see also Table 1. The extracted
parameters yield an average value (g,) ~ 0.45 GeV?/fm in
0%-10% central PbPb collisions that is well within the
perturbative regime; see Supplemental Material [74] for
more information on the centrality dependence of key
parameters. The obtained value for the bare quenching
parameter is consistent with previous [96] and more recent
studies [97] of parton energy loss phenomenology.
However, the logarithmic corrections to the bare medium
parameters, resulting in Q% = 14.2 GeV? for the factori-
zation scale and § = 2.46 GeV?/fm, produce a relatively
large maximal medium energy scale w,~ 73 GeV. The
energy scale governing the onset of the turbulent regime is
in central collisions w,; ~ 19 GeV.

We show results for R,, as a function of jet pr
and centrality in Fig. 1, confronted against data from

1

0.8 + I
0.6 |
P
a1
04 |
0% —10%
20% — 30%
0.2 40% — 50%
R=04 60%— 70%
0
0.8 t
I;‘ i *
0.6 | o
g
E -
a1
0.4}
10% — 20%
30% — 40%
02t 50% — 60%
Vs =5.02 ATeV ATLAS Data +—e—
0 1
100 1000
Jet pr [GeV]

FIG. 1. Calculation of inclusive jet R4, in PbPb collisions at
/5 =5.02 ATeV, compared to ATLAS data [90], for different
centralities.

ATLAS [90] for R=0.4 jets. We can see that our
theoretical results, constrained to describe R, around py =
100 GeV for 0%—-10% only, give an excellent description
of both the p; dependence and centrality evolution of jet
suppression. We note that the downturn of R,, at the
highest jet py is due to the nuclear PDF modifications
imprinted in the initial hard parton spectra of PbPb colli-
sions, as already noted in [86,98,99]. Finally, we quantify
the R (in)dependence of jet suppression by taking double
ratios of the full results for R4, as in Fig. 2, with the
largest size R = 1 in the denominator. Such notably mild

1.4
V5 = 5.02 ATeV
)
— 1.2 i
Il
g
R —
~
=
<)
Zo08} R=02 |
~ R=0.4
R=06
o6  O-10% R=038 1
100 1000
Jet pr [GeV]

FIG. 2. Double ratio of inclusive jet R4 for different jet radius
R over Ry, for R = 1.0 in PbPb collisions at /s = 5.02 ATeV.
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dependence of jet suppression with R is in agreement with
ALICE results at low-py [100] and with recent experi-
mental preliminary data from CMS at high-p7 [101].

Summary and discussion.—We have provided a first,
analytical description of the cone-size dependent jet spec-
trum in heavy-ion collisions at the LHC implemented in a
realistic event-by-event setup including nuclear geometry
and hydrodynamic expansion of the quark-gluon plasma,
and demonstrated how the cone-size dependent jet spec-
trum is largely governed by the energy loss off hard,
resolved jet splittings via radiation and subsequent broad-
ening of soft gluons and elastic drag. The formalism
introduced in this work can be systematically improved
and will be applied to other jet substructure observables in
heavy-ion collisions in the future.

While the error bands provided in the plots above stem
mainly from the constraining power of the experimental
data at R = 0.4 on the medium coupling g,.q, we would
currently like to discuss the sensitivity of our results on the
various assumptions made in the setup in order to identify
the main sources of uncertainty. Our main findings
are summarized in Table I for moderate cone sizes
0.2 < R £0.6; see also Supplemental Material [74] for a
full scan of parameters and their centrality dependence.
First, the inclusion of the higher-twist radiative spectrum in
the IOE is of mild importance for this observable, since
such emissions typically occur at small angles, but it
improves the description at high p;. Furthermore, as
expected, notable bias effects can be identified through
the strong sensitivity to the power of the steeply falling
spectrum n, which point to the importance of higher order
terms in the large n expansion that can be calculated
systematically. More importantly, comparing the effect of
changing the hard phase space (through 6.) and the
parameters governing the behavior and recovery of soft
gluons (through w, and R..), we note that an increased
precision in the perturbative sector is still needed before the
sensitivity to nonperturbative effects start to dominate. For
instance, going beyond leading logarithmic accuracy to
compute 0, will be important to rigorously study the
interesting marked centrality dependence of this critical
angle. The importance of the recovery parameter R .. has
been gauged between two limiting scenarios of R.. = 1
corresponding to almost complete energy recovery for
large-R jets and R,. = oo corresponding to no energy
recovery. Surprisingly, we find relatively little sensitivity to
this parameter at these moderate cone sizes. Conversely, the
sensitivity becomes the dominant source of uncertainty
only at large-R, i.e., R~ 1, jets.

These results emphasize the importance of analytical
tools to guide more sophisticated numerical models, such
as MC parton showers that, also, are better suited to
incorporate the nonperturbative aspects of jet physics
and quenching.
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