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Seeing beauty in the quark-gluon plasma with energy correlators
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Heavy quarks created in heavy-ion collisions serve as an excellent probe of the produced quark-gluon
plasma (QGP). The radiation pattern of jets formed from heavy quarks as they traverse the QGP exhibits a
particularly interesting structure due to the interplay of two competing effects: the suppression of small-
angle radiation, also known as the “dead-cone” effect, and the enhancement of emitted gluons by medium-
induced radiation. In this Letter, we propose a new observable, based on the energy correlator approach to
jet substructure, which will allow us to disentangle the two scales associated to these two phenomena and to
determine under which conditions the dead cone is filled by medium-induced radiation. Combined with the
forthcoming high-statistics measurements of heavy-flavor jets, this work provides a novel tool to unravel

the dynamics of the QGP.
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Introduction. Understanding quantum chromodynamics
(QCD) under extreme conditions stands as a major goal
of modern nuclear physics. In this regard, the direct
production of the quark-gluon plasma (QGP) in heavy-
ion collisions [1-4] provides a unique opportunity to
explore the dynamics of a strongly coupled relativistic
quantum field theory. For reviews see Refs. [5-7]. By
studying highly energetic partons generated in the under-
lying initial hard collisions, and their subsequent propa-
gation through the QCD medium, we can probe the
microscopic properties of the QGP. These partons undergo
radiation within the QCD matter, resulting in the formation
of hadronic jets that carry imprints of the internal dynamics
of the QGP. Unraveling these correlations is the primary
focus of the field of jet substructure, which has witnessed
impressive progress in both theoretical and experimental
aspects over the past decade [8—11].

Jets originating from a heavy quark, namely ¢ and b
quarks, are ideal probes of the properties of the QGP. Due
to their large masses, they propagate as long-lived particles
through the entire evolution of the system, as opposed to
light-quark jets which can rotate into gluon jets. As a result,
they have garnered significant attention in the literature, as
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evidenced by numerous studies [12-23], as well as reviews
and experimental measurements [24-32]. While c- and b-
jets are relatively rare compared to massless jets, the large
datasets from present and future runs at the Relativistic
Heavy Ion Collider (RHIC) and LHC will enable precision
studies of the substructure of heavy-flavor jets in heavy-ion
collisions. This motivates a renewed attention in under-
standing and characterizing their radiation patterns.

In recent years, there has been a revitalized interest in
studying the “dead-cone” effect [33], which refers to the
suppression of vacuum radiation off a heavy quark below a
certain angle known as the dead-cone angle:

Mo

o~"2, (1)
where m denotes the quark mass and E its energy. This
effect has been recently measured in p-p collisions [34]
using an approach proposed in [35] that employs iterative
declustering techniques based on the angular ordering of
collinear radiation. However, the situation becomes less
clear in heavy-ion collisions, where medium-induced gluon
radiation has been argued to fill the dead-cone region [14].
Additionally, performing the same type of measurement as
in vacuum may not be feasible in the heavy-ion environ-
ment, where medium-induced emissions do not follow
angular ordering [36] and grooming techniques are prone to
misidentify splittings [37]. Although efforts are underway
to develop grooming algorithms specifically designed for
this purpose [38], the filling of the dead cone in heavy-ion
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collisions provides an ideal setting for exploring
another kind of observable: correlations of energy flow
operators [39-43].

This approach consists of directly studying correlation
functions of energy flow operators (£(1;)...E(7iy)), where
&(i1,) measures the asymptotic energy flux in the direction
i, [43-50]. These correlation functions, commonly
known as energy correlators, provide a direct link between
the experimentally accessible macroscopic energy flux
and the microscopic parameters of the underlying field
theory. Initially, the simple behavior exhibited by energy
correlators in conformal field theories attracted consider-
able attention [43], leading to significant advancements
in understanding their theoretical properties and the devel-
opment of novel calculation techniques [48-76]. Sub-
sequently, it was realized that energy correlators possess
a key feature: their sensitivity to the presence of any
intrinsic or emergent scales, which manifest as distinctive
angular scales in their spectra. This remarkable property
has lead to a multitude of recent applications in both high-
energy and nuclear physics [73,77-85].

The study of jet substructure in heavy-ion collisions
through energy correlators was first proposed in [83,84] for
jets initiated by massless quarks. This pioneering work
showed that medium-induced radiation does not modify the
perturbative structure of the correlator spectra at small
angles yielding an enhancement above a certain scale
known as the onset angle 6,,,. For the case of heavy-flavor
jets, we anticipate the correlators to display a richer
structure due to the interplay of two competing effects.
On the one hand, vacuum radiation is suppressed below the
dead-cone angle 6, an effect which has been shown to
result in a significant depletion of the correlator spectra for
heavy-quark p-p jets below the characteristic angle 6, [85].
On the other hand, the correlator spectra is enhanced by
medium-induced emissions above the onset angle 6.

FIG. 1. A heavy-flavor jet propagating through the QGP forms
a complicated energy pattern due to an interplay of two character-
istic angular scales: the dead-cone angle 6, and the onset angle
0., These scales can be extracted from the asymptotic energy
flux using energy correlators.

The interplay of these scales manifests in subtle correla-
tions in the radiation pattern of heavy-flavor jets, which we
propose to be measured using energy correlators, as
illustrated in Fig. 1.

In this Letter, we present the first calculation of
the medium-modified two-point energy correlator
(E(ny)E(n,)) for heavy-flavor jets, which introduces the
angular scale cos @ = 7, - i1,. Following [83,84], we adopt
a simplified “brick” model, featuring a static plasma of
fixed length. Within this framework, we show the ability of
the correlator spectra to disentangle the two angular scales
0y and 6,,. These results provide first illustration of the
extraction of two competing scales using energy correla-
tors, highlighting in addition their remarkable potential in
unraveling the intricate dynamics of the QGP.

Theoretical approach. We consider the two-point energy
correlator (EEC) of a heavy-quark jet with initial energy £
as it traverses a QCD medium. We assume the heavy quark
to be long-lived, approximating an experimental setup
where the momentum of the D or B meson is reconstructed
and its decay products are removed from the jet on which
the energy correlators are measured. The effects of the
medium on the jet splitting with respect to the vacuum are
captured in the function F4. Provided that F .4 — O at
vanishingly small angles, we can express the medium-
modified EEC as [83,84]

dx 1
e (1)

déy g Hs Aqcp
Xdezz<1 Z)(1+O<E>>+O< oE ) (2)

where déy%° is the fixed order vacuum inclusive cross
section for a quark jet to split into a semihard quark subjet
and semihard gluon subjet, z is the gluon energy fraction,
and ¢\ captures the small angle vacuum resummation.
Here ji is the low scale of radiation over which do, is
inclusive [84]. We adopt the simplifying assumption of not
applying any jet algorithm in our study. If a jet algorithm
were to be used, the jet radius needs to be parametrically
large relative to the angular size of the correlations [73].
Note that by construction the two-point correlator in p-p
collisions, dX,,./d#, is achieved by setting F\,.q = 0 in (2).

To compute the function F,.4(z, &) one must choose a jet
quenching model. Following [83,84] we adopt the semi-
hard approximation [86,87] of the multiple scattering
BDMPS-Z formalism [88-91] in the main body of the
text. This specific implementation assumes that all partons
propagate along straight-line trajectories, allowing for the
resummation of multiple scatterings. We restrict ourselves
to the case of a static QGP of length L with constant linear
density of scatterings n(t) = ny®(¢ — L). In this scenario,
the onset angle, which parametrically indicates the mini-
mum angle for emissions to be sensitive to medium
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modifications, is proportional to 6;, which is the minimal
angle for which there can be emissions with a formation
time smaller than the length of the medium and for a light-
quark jet goes as 0, = 1/y/LE [84]. We model the
interactions between the partons and the medium using a
screened Coulomb-like interaction, commonly known as
Yukawa or Gyulassy-Wang model [92]. The explicit
expressions for Fp.4(z,0) can be found in Eq. (3.28)
and Eqgs. (3.36), (3.37), and (3.38) of Ref. [84]. For our
numerical calculations, we set the constant screening mass
utou =1 GeV. In our previous work [84], we compared
this approach with both the harmonic oscillator and the
single scattering approximations for the massless case, and
found consistent results. We expect the same agreement to
hold for the massive case as well. We show this agreement
in the Appendix, where we present concurrent results for
the single scattering approximation.

As compared to the massless case, the leading-log mass

dependence in Eq. (2) enters via

(1) dé35/dodz, which we compute at LO in the small
angle limit using the massive O(a,) ¢ — ¢g collin-
ear splitting function [93].

(2) Fppeq> which is now computed using massive quark
propagators. In the semihard approximation em-
ployed in this manuscript, the mass dependence
contributes to F .4 only through phase factors in the
vacuum propagators of Eq. (3.17) of [84] where we
must replace p7 — p7 + ng for the propagators of
the massive quark.1 As a result, the calculation of
F cq can be performed using the massless derivation
in [84], with the vacuum formation time replaced by
its corresponding massive version, given by

2
Iy = 5 2 . (3)
Z(l - Z)E(G + ﬁ)

We note that in (2) we have neglected energy loss effects,
since they are suppressed for large jet radii due to the
inclusivity of the correlator. However, for the process
considered here, energy loss can still induce a bias on
the energy of the heavy-ion jet, leading to a shift in the A-A
EEC toward smaller angles. This bias was not present in
previous studies of energy correlators in heavy-ion colli-
sions, since the jet could be tagged with a vector boson
[83,84]. It would be interesting to study this more quanti-
tatively, see Refs. [84,94] for recent progress.

Numerical results. In Fig. 2 we compare the EEC for
bottom, charm, and light quark initiated jets in heavy-ion

'In the derivation of F ‘med» @S explained in Appendix A of [87],
one should also modify the vertex factor coming from the Dirac
algebra of the vacuum emission. This modification is absorbed
into the mass correction to the vacuum splitting function (point 1)
and so does not change F 4.
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FIG. 2. EEC of a light-quark (blue), c-quark (orange), and
b-quark (green) jet in p-p (dashed) and heavy-ion (solid)
collisions. Different panels correspond to different jet energies
and medium parameters. All curves are normalized by the
integrated vacuum result Z,,..

and p-p collisions for different jet energies and medium
parameters. Going from top to bottom, the ratio between
the onset and dead-cone angles decreases. In the top panel
there is a clear separation between the dead-cone suppres-
sion and the medium enhancement regions for both b and ¢
heavy-ion jets. This is reflected in their medium-modified
correlator as large changes in the slope of the power-law
massless vacuum behavior (blue dashed). Since the two
angular scales are well separated, the medium-modified
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EEC for heavy-quark jets can be seen as a combination of
the enhancement at large angles obtained for the massless
QGP case in [83,84] and the depletion at small angles due
to the dead-cone seen in the massive vacuum results in [85].
In the middle panel, the separation between the two regions
disappears for the b-jet, but not for the c-jet, as its dead-
cone angle is smaller. As a result, the medium-modified
EEC of the c-jet in this panel exhibits the same behavior as
in the top panel, while for the b-jet we can clearly observe
how medium-induced radiation starts to fill the dead-cone
region. The detailed behavior of the bottom EEC in this
regime, where both scales are relevant, cannot be reduced
to either of the previously studied limiting cases. This
finding highlights the intricate interplay between the two
competing scales in the energy correlators and represents a
novel result obtained from our calculation. Finally, in the
lower panel where the separation between regions disap-
pear for the c-jet too, we observe that medium-induced
radiation has completely filled some of the angular extent
of the dead cone for the b-jet, and has started to fill the dead
cone for the c-jet. These distinct outcomes among the three
parameter sets show the remarkable ability of energy
correlators to resolve the “filling of the dead-cone” [14],
beautifully illustrating their potential in unveiling different
scales within the QGP.

A particularly clean probe for studying the radiation off
heavy-flavor jets in heavy-ion collisions is the ratio
between the EECs of jets originating from quarks with
different masses. This ratio is especially insightful when
comparing c¢- and b-jets since, in both cases, the initiating
quark can be traced through the QGP. This approach offers
additional advantages from both the experimental and
theoretical perspectives, as many experimental systematic
uncertainties are expected to cancel out in the ratio, and
the difference in mass between both quarks provides a
well-defined perturbative window for studying medium
modifications.

In Fig. 3 we show in the top half of each panel the ratio of
the EEC of a bottom-quark jet with respect to a charm-
quark jet, both in p-p and heavy-ion collisions. In the
bottom halves, we present the ratio of the EEC of bottom-
(charm-) quark jets in p-p with respect to heavy-ion
collisions in green (pink). The parameters used in each
panel agree with those of the corresponding panel in Fig. 2.
Since we are interested in the overlap between the dead-
cone depletion and the medium enhancement regions, we
have introduced colored bands in the top halves of the
panels to guide the eye towards this interplay for the b-jet.
The dashed line, located at approximately 4m,,/ E, indicates
the maximum angle at which the dead-cone effect is visible,
while the left boundary of the green region is a proxy for
the onset of the medium enhancement, set to the angle
where the A-A and p-p EECs for b-jets deviate by 15%
(where the green line in the bottom panels drops to 0.85). In
the top panel, since the dead-cone and medium-induced
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FIG. 3. Top half of each panel: ratio of the EEC of a b-jet with

respect to a c-jet in p-p (blue) and heavy-ion (red) collisions.
Bottom half of each panel: ratio of the EEC of b-jet (c-jet) in p-p
with respect to heavy-ion collisions in green (pink). The colored
bands are meant to guide the eye towards the region where the
dead cone of the heavy-ion b-jet is filled, as explained in the text.

regimes are distinctly separated for both c- and b-jets, the
overlap region is practically nonexistent and their radiation
pattern within the dead cone remains unmodified by the
medium. Similarly, for this jet energy, the medium-induced
radiation behaves as if the initial parton was massless,
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FIG. 4. Ratio of the EEC correlator of a c-jet with respect to
light-quark jet in p-p (blue) and heavy-ion (red) collisions. Each
panel corresponds to different jet energies and medium param-
eters. The colored bands are meant to guide the eye towards the
region where the dead cone of the heavy-ion c-jet is filled by
medium-induced radiation. They are defined as explained in the
text for Fig. 3 replacing bottom with charm and charm with
massless.

yielding an EEC b/c ratio in A-A identical to the p-p result
in the whole angular domain. Moving to the middle panel,
the overlap region increases and medium-induced radiation
begins to fill the dead cone for the b-jet. This phenomenon
is evident in the b/c ratio, as it transitions from the low-
angle to the green region, where it starts to deviate from the
vacuum result due to medium-induced radiation. Although
there is still a depletion of radiation due to the quark mass
in this regime, the shape of the b/c ratio is modified
compared to the vacuum scenario. At sufficiently large
angles, the A-A b/c ratio becomes close to flat, reaching a
saturated value outside the dead cone. We highlight in red
the part of this regime occurring within the dead cone,
representing the portion of the dead-cone regime that has

been replenished by the medium-induced radiation. The
boundary between the red and green regions is given by the
angle where the A-A b/ c ratio reaches 85% of the saturated
value. The fact that its saturated value is less than 1 is
indicative of the dependence of medium-induced radiation
on the quark mass. In the lowest panel, we observe a similar
behavior to the middle one, but with a larger fraction of the
dead cone filled with medium-induced radiation due to its
lower value of 6,,/6,.

Although a large sample of heavy-ion b-jets are expected
to be available in the near future, since b-jets are rarer, a
similar analysis can also be conducted using the ratio
between c-jets and massless jets. Indeed, ALICE used
charm-to-massless ratios of the splitting angle distribution
for the measurement of the dead cone in p-p [34]. This
approach will suffer some additional complexity due the ¢
dead cone being found at smaller angles than the b dead
cone and to the uncertainty in the ¢/g fraction of massless
jets. However, the leading order p-p baseline for this
observable does not depend on the ¢/g fraction [85],
and the increase of the g fraction due to energy loss in
heavy-ions is expected to lead to only mild logarithmic
modifications on the medium-modified EEC [83,84].

As this will be the first experimentally viable measure-
ment, we present the results of our calculations for this case
in Fig. 4. We observe similar features as in Fig. 3, but due to
the smaller dead cone for c-jets, the effect of the medium is
comparatively smaller. To observe the filling of the dead
cone, it will be necessary to employ lower energy jets, as
shown in the lowest panel of Fig. 4.

Conclusions. In this Letter, we propose a new observable to
search for dead-cone effects in heavy-flavor jets within heavy-
ion collisions. Our proposed observable relies on energy
correlators, which we consider to be highly suitable for this
task owing to their distinct ability to separate the perturbative
and nonperturbative regimes [77], as well as their reduced
sensitivity to soft physics. Specifically, we have analyzed the
two-point energy correlator of a heavy-flavor jet in a
simplified model and showed its sensitivity to the filling of
the dead-cone region by medium-induced emissions.
Notably, when the dead-cone depletion and medium-induced
enhancement regions overlap, the correlator displays new
structure which cannot be reduced to the sum of the two
phenomena. This analysis shows the remarkable potential of
energy correlators to disentangle different separated scales,
representing the first example where energy correlators
simultaneously resolve both an intrinsic scale, associated
with the heavy quark, and an emergent scale originating from
the interactions with the medium.

Our present work uses some simplifying assumptions,
including the use of a static brick of plasma, which will be
relaxed in subsequent studies. More comprehensive analy-
ses are required to quantitatively assess the impact of
different effects on the correlator, such as its resilience to
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the underlying background or medium response. Despite
these considerations, the results of this study are an
important first step towards understanding energy correla-
tors in a more realistic environment and should motivate
future phenomenological studies.

With the recent measurements of energy correlators in
p-p jets [95-97], and the forthcoming data on light- and
heavy-flavor jets in heavy-ion collisions at the Relativistic
Heavy Ion Collider and the LHC, we anticipate that energy
correlators will play a crucial role in unraveling their
radiation patterns, leading to new insights into the micro-
scopic nature of the QGP.
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Appendix. In this appendix we present an alternative
computation of the curves from Fig. 2 using the single
scattering approximation for F ., with a massive quark
jet. An explicit expression for F. can be easily
derived from Eq. (59) of [98]. The mass dependence in
this expression is substantially more complicated than in
the semihard approximation of the multiple scattering
BDMPS-Z formalism. Of particular note, in the limit that
the angle becomes very small, F .4 saturates to a
nonzero function of the medium parameters, whilst the
semihard approximation vanishes due to the coherent
effects among multiple scatterings. Additionally, in the
limit where the jet energy becomes small, the single
scattering  approximation becomes badly behaved
since the magnitude of F 4 grows at all points in the
emission phase-space—Ieading to negative cross sections.
Consequently, we set the lowest jet energy considered
within this approach to 100 GeV, instead of the 50 GeV
used in the semihard multiple scattering formalism. The
results for the single scattering approximation are shown
in Fig. 5. Despite the increased complexity, and the
different limiting behavior, we find qualitatively
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FIG.5. EEC of a c-quark (orange) and b-quark (green) jet in p-
p (dashed) and heavy-ion (solid) collisions. The curves were
obtained using the single scattering approximation for the
medium-induced splitting. Different panels correspond to differ-
ent jet energies and medium parameters. All curves are normal-
ized by the integrated vacuum result Z,,..

consistent results between the semihard and single
scattering approximations. In both approaches, when
Oon > my/E we see a clear separation between regimes.
Specifically, at angles ~6,, the correlator spectrum is
sensitive to the medium rather than the mass, while at
angles ~mg/E it is sensitive to the dead-cone effect and
not the medium. In contrast, when 6., ~ mo /E, the
medium’s imprint on the spectrum overlaps with the dead
cone, which can be filled. We note that the exact nature
of the filling does appears to be model dependent.
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