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Dead-cone searches in heavy-ion collisions using the jet tree
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We explore the possibility of using the dead cone of heavy quarks as a region of the Lund plane where
medium-induced gluon radiation can be isolated and characterized. The filling of the dead cone by
medium-induced gluons is expected to be the result of the interplay between the minimum angle of such
radiation due to transverse momentum broadening and the dead-cone angle. Since the measurement of a
fully corrected Lund plane in heavy-ion collisions is currently challenging, we propose to use jet grooming
techniques to identify a particular splitting in the jet tree that is both perturbative and sensitive to the dead-
cone effect. To that end, we propose a new jet substructure groomer, dubbed Late-k;, that selects the most
collinear splitting in a QCD jet above a certain transverse momentum cutoff k, ... The role of &, is to
guarantee perturbative splittings, while selecting the most collinear splitting enhances the sensitivity to
mass effects. As a proof of concept, we study the angular distribution of the splitting tagged by Late-k, both
analytically and with Monte Carlo simulations. First, we derive the logarithmic resummation structure in
vacuum and demonstrate its capability to distinguish between inclusive and heavy-flavored jets. Next, we
extend the calculation for in-medium jets and show that medium-induced emissions lead to an enhancement
of collinear emissions below the dead-cone angle. Numerically, we demonstrate an excellent resilience of
Late-k, against uncorrelated thermal background, thus confirming this observable as a potential candidate

to unveil medium dynamics around the dead-cone regime.
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I. INTRODUCTION

One of the fundamental properties of quantum chromo-
dynamics (QCD) is the depletion of collinear radiation
when the emitter is a massive quark [1,2]. More concretely,
radiation from an energetic, massive quark is strongly
suppressed for angles smaller than the so-called dead-cone
angle, i.e.,

6o
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where m, denotes the quark mass and E its energy. Thus,
while the probability for an emission at an angle 0 diverges
in the collinear limit as « 1/6 for light quarks, the
probability of radiating a gluon off a massive quark is
collinear finite since it scales as o 6°/(6 + 63)%.
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This cornerstone property of the strong force has recently
been experimentally proven for charm quarks by the
ALICE Collaboration [3]. The measurement was based
on the method proposed in Ref. [4] and consisted in the
use of iterative declustering to build the primary Lund
plane [5,6] of jets with a fully reconstructed D meson as a
constituent. The iterative declustering allows us to select
certain nodes of the angular-ordered jet tree that are a proxy
for a splitting of the heavy-flavor quark Q and for which
the subleading prong represents the gluon emission in the
Q — Qg process. The angular distribution of such split-
tings was compared to similarly obtained splittings in
inclusive jets and a clear suppression of small angles was
observed for D-tagged jets. This suppression was found to
qualitatively satisfy Eq. (1) when using the splitting energy
as a proxy for the heavy-quark energy. To follow up on this,
ALICE has presented a prospect for the measurement of the
dead cone in B jets using similar techniques in Run3 [7]. It
is important to notice that for a precise measurement of the
dead cone in high-energy jets, the detector needs to resolve
small angles. The recent measurement of the track-based
Lund plane by ATLAS [8] demonstrates the experimental
low-angle reach by reporting splitting angles down to
0.005 rad, which is compatible with the size of the pixel
pitch of their silicon tracker.
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The successful measurement performed by ALICE lies
on three essential ingredients. First, the ability to penetrate
the jet tree down to the splittings at the smallest angles for
which quark mass effects are enhanced. Second, the ability
to suppress hadronization effects that fill the dead cone, by
imposing a minimum requirement on the hardness—k,—of
the splittings, and third, the ability to fully reconstruct
heavy-flavor hadrons. Without a full reconstruction of the
heavy-flavor hadron, the decay products interfere with the
reclustering process and distort the jet tree creating extra
splittings at small angles that darken the dead cone.

The possibility of producing a similar measurement in a
heavy-ion environment may represent a unique opportunity
to study a region of phase-space dominated by medium-
induced emissions, i.e., triggered by the interactions of the
hard propagating parton and the medium. In fact, a distinct
feature of jets embedded in a quark-gluon plasma (QGP) is
that the branching probability for medium induced emis-
sions is, in contrast to the vacuum case, collinear finite even
for massless quarks. This shielding of the collinear diver-
gence is due to the transverse momentum acquired by the
radiation during its formation time via elastic scatterings
with the QGP. However, if the propagating quark is massive
this effect is suppressed [9—13] due to the formation time of
an emission off a massive quark being reduced relative to
the emitter being massless
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where w is the frequency of the gluon. Then, one can
identify two competing mechanisms acting on the medium-
induced spectrum of massive quarks. On the one hand, the
dead cone suppresses collinear radiation just as in vacuum.
On the other hand, the reduction of LPM-like interference
effects leads to a higher intensity of the medium induced
spectrum even for angles smaller than the dead cone. Thus,
an excess of collinear emissions at angles 8 < 6, for heavy-
flavored tagged jets in heavy-ion collisions with respect to
proton-proton would serve to isolate medium-induced
dynamics.

It is important to keep in mind that the way this
comparison is made between heavy ions and pp results
is critical for a robust interpretation of the data uniquely
in terms of dead-cone effects. As an example, another
mechanism that can generate an excess of collinear split-
tings, even at the inclusive level, is color decoherence
dynamics. That is, energy loss is weaker for unresolved
splittings, i.e., branchings with opening angles smaller than
the QGP resolution angle, 8, [14-16]. Since the jet
spectrum is steeply falling, any jet analysis that imposes
a p, selection automatically favor jets that lost little energy,
i.e., narrower jets. As a consequence, any comparison
between heavy-flavor and inclusive jets in heavy-ions

and pp is subject to both dead-cone and color coherence
effects.

To be able to perform this measurement in medium,
the aim of this work is to propose an observable capable
of satisfying the three principles that made the ALICE
measurement in vacuum possible, while, at the same
time, maximizing the medium-induced region and being
relatively insensitive to color coherence effects. To
achieve this, as a first step, we introduce a new grooming
-k,—designed to be naturally
sensitive to small-angle radiation, while at the same time
being relatively insensitive to hadronization effects and/or
underlying event.

In order to highlight the properties of the newly proposed
Late-k, groomer, we compare it to other well-known
groomers. Take as an example Soft Drop (SD) [17,18],
which tags the first emission satisfying the condition
7>z, with 8 a free parameter, grooming away softer
emissions. As studied in [19], in the case of heavy-ion
collisions, one needs a relatively large z,,, ~0.2 and f =0
to reduce the sensitivity to the uncorrelated thermal back-
ground. This choice of SD parameters effectively corre-
sponds to a typical angle of 8 ~ 0.2 > 6, for jets of radius
R = 0.2 [20]. In addition to being sensitive to large angle
emissions, the k, of an SD emission can be arbitrary small
and, as a consequence, the small angle regime 6, ~ 0, is
affected by sizable nonperturbative corrections, especially
for charm-initiated jets. A logic solution to avoid this
problem is to choose f = 1, which would correspond in
practice to a k, cut. In the following we refer to this option
as Early-k,, and one can see that this choice also gives rise
to potential issues. Indeed, one then becomes sensitive to
emissions at all angles (preferentially around 6 ~ R for a
not too low value of k; .,,,), thus potentially undermining the
discriminating power between light and massive quarks.

Building up on these ideas, with Late-k, we identify the
most collinear splitting above a certain transverse momen-
tum threshold &, ., and remove all emissions that occur at
larger angles, i.e., splittings with 8 > 6,. As we show in the
rest of this manuscript, the main advantages of this groomer
is the presence of a k., which ensures that mainly
perturbative splittings prevail while keeping good purities
in the presence of the heavy-ion background. Our proposed
observable to search for dead-cone effects is then the
angular distribution of the tagged Late-k, splitting.

Grooming techniques fall in the realm of jet-substructure
calculations, which have seen wide use in both pp and
heavy-ion collisions—see Refs. [21-23] and references
therein—as they provide powerful theoretical tools for
perturbative-QCD calculations as well as for robust
theory-data comparison—see Refs. [24-33] as examples.
However, most of the recent progress in this field has been
devoted to jets initiated by massless quarks. Progress on
heavy-flavor jet substructure has been relatively slow and
only a few examples of resummed calculations for this class
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of observables exist in the literature either in vacuum
[34-36] or in medium [37]. In fact, the first NLL calcu-
lation of a heavy-flavored jet substructure observable in pp
collisions appeared only very recently [36]. Such theoreti-
cal developments are timely and relevant both for the
upcoming run of the LHC, as well as for future lepton
colliders, where heavy flavor jet production will play an
even more important role for precision studies. It is worth
pointing out that the authors of Ref. [36] proposed to use
energy correlators to expose the dead-cone effect in proton-
proton collisions. Another idea proposed in the literature is
to use boosted top-quark jets [38]. Compared to both of
these works, we take an alternative approach and opt to
minimally extend the clustering-tree-based observable that
lead to the dead-cone discovery in pp to a heavy-ion
environment.

The rest of this work studies the properties of the 6,
distribution as defined by Late-k,, and its comparison
to other groomers. We first investigate, using well-known
analytic resummation techniques, its behavior both for
the case of vacuum emissions and for in medium propa-
gation. Second, we show the resilience of this observable to
nonperturbative dynamics and to thermal background
effects in heavy-ion collisions by means of realistic Monte
Carlo (MC) simulations. Last, we report our conclusions.

II. LATE-k,

In this section we define and study the main properties of
the Late-k, groomer. It is based, similarly to many other
groomers and taggers, on a declustering procedure. In
particular, given a jet, obtained with any available jet
clustering, we start by re-clustering it with a Cambridge-
Aachen (C/A) [39,40] and identify all n splittings along the
primary branch whose transverse momentum is above a
given threshold, i.e., k, > k.. Then, among this list of
splittings we select the one with the smallest angle, i.e.,
0, = min{0,,6,, ...,0,}. All emissions occurring at larger
angles are groomed away. In practice, this corresponds to
the following algorithmic procedure:

(1) Undo the last clustering step in the angular ordered

jet to produce two pseudojets with momenta p,
and p,.
(2) Calculate the relative k, of the pair

k, = min(pt.wpt,b)Aabﬂ (3)

with A2, being the relative distance in the rapidity-
azimuth plane, i.e. A2, = (y, —y;,)> + (o — P)*.
Note that this definition coincides with the Lund-k,
variable introduced in Ref. [5].

(3) Store the value of A, only if k; > k, ., and repeat
from step 1 following the hardest branch.

(4) Finally, find the minimal value in the list of A,
values and drop all branches at larger angles, that is,
prior in the C/A sequence.

For heavy-flavor tagging we also impose, at each declus-
tering step, that the leading prong must contain at least one
heavy-flavor hadron within its constituents as it was
already done in the successful measurement of the dead
cone in pp collision [3].

As a visual example of the effect of applying this
groomer, we report in Fig. 1 the Lund plane density both
for all splittings along the primary branch, and for just the
splitting tagged by Late-k,. To obtain this plot we produce
dijet events at /s = 5.02 TeV with pYTHIA8 [41], dis-
abling B and D decays. We then reconstruct jets using the
anti-k, [42] algorithm—as implemented in FastJet [43]—
with a jet radius of R = 0.2. Further, we label ¢ or b jets
those jets having at least one D or B hadron among their
constituents, and any other jet is labeled as inclusive.
Lastly, we apply the Cambridge/Aachen algorithm to
recluster our jets. In the case of Late-k, we follow the
algorithm explained above setting k, ., = 1 GeV, while
for the primary Lund plane we record the k, and 6 values
of all splittings in the leading branch as explained
in Ref. [5].

The impact of applying the Late-k, groomer depends on
the jet flavor, as it is clearly visible in Fig. 1. In the inclusive
case, its effect is to cut low transverse momentum emis-
sions, and give more relative importance to emissions at
smaller angles. This aspect is crucial for dead-cone
searches since it is precisely in the collinear regime where
we expect largest differences between light and heavy
emitters. Since we select k, ., ~ m,, part of the dead-cone
region for charm jets is groomed away. As a consequence,
the phase-space of inclusive and charm jets are more alike
after grooming than in the plain case. However, for bottom
initiated jets the hierarchy k, ., < m,, allows us to preserve
the sensitivity to the dead cone and thus the differences
between b jets and inclusive are enhanced after grooming.
Since a full Lund plane measurement in heavy-ion colli-
sions is challenging and not yet attempted experimentally,
we dedicate the remainder of this section to study the
k;-integrated version of Fig. 1.

A. Analytic estimates

To gain some analytic insight on the sensitivity of the
0, distribution to the dead-cone angle both for vacuum and
in-medium jets, we now present analytic calculations for
the opening angle, 6, distribution of the splitting tagged by
Late-k,. Note that while the formulas presented in this work
are focused on the angle of the splitting, they can readily
be extended to other substructure observables, such as the
splitting mass, or its relative transverse momentum. We
stress that the aim of the following calculation is to discuss
the qualitative features of the 0, distribution and thus we
target modified leading-logarithmic accuracy, which
includes leading hard-collinear effects on top of purely
soft-and-collinear ones, and suffices for this purpose. We
additionally note that, for heavy quarks, the strictly
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Top: Lund plane density of the splitting tagged by Late-k, for inclusive jets (left), ¢ jets (middle), and b jets (right) obtained

with PYTHIAS at the hadron level and including underlying event. The vertical, dashed, black lines indicate the dead-cone angle of the
first splitting in the massive cases. Bottom: same as top panel but including all splittings along the primary branch.

collinear limit is shielded by the mass of the quark, and the
relevant limit is the so-called quasicollinear limit, as
defined for example in Ref. [44]. In the following we
use the two words interchangeably where no confusion
arises. Further, we consider the jet energy to be identical to
the jet transverse momentum. Since we do not consider
energy degradation, this also coincides with the energy of
the splitter and, as such, the dead-cone angle is fixed. Note
that this is not the case in a realistic parton shower, as
explained in Sec. III.

1. Vacuum

We start by considering a vacuum jet and calculate the
cumulative distribution for 0, that is, the probability to tag
a splitting with an angle below 6,. This is given by

200 = [ o0 5 @

To practically compute this, we consider the independent
emission of n collinear partons, either real or virtual, within
a jet of radius R. Our calculation is based on the modified
leading-logarithmic approximation that assumes angular
ordering, i.e., R > 6, > 6, > ... > 0,, while the energy

fractions of the emissions z; are not strongly ordered [21].
The cumulative distribution for an i = (g, g)-initiated jet
then reads

2.1 £ a,(k,
Z(gf) :Zﬁr‘[l/dem/dzm%,];t(zmvgm)

X ®(l_(t cut = Zmem)(a(ef -0 )
—Z H/w/ i) p g,
X @(9/ - m)? (5)

where a,(k,) is the strong coupling constant k; ., =
k;cu/ P, and we denote by P the branching kernel that
we specify later in this section.

The physical interpretation of Eq. (5) is the following.
Since we define 6, as the smallest angle that satisfies the
Late-k, condition, we need to ensure that all other real
emissions at smaller angles do not pass the k; . This is
encoded in the first two lines of Eq. (5). The last two lines
correspond to the virtual corrections that have opposite
sign, following the KLN theorem, and no k., condition
since a virtual emission can never trigger Late-k;. By
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FIG. 2. Angular distribution of the splitting tagged by Late-k, for inclusive jets (red), ¢ jets (purple), and b jets (green) for three
different values of the k, ., [GeV]: 0.5 (left), 1 (middle), and 2 (right). The bottom panel displays the ratio to charm jets and the vertical
dashed lines denote the positions of the dead-cone angle of the first splitting of the jet tree.

performing the sums in Eq. (5), we obtain the cumulative
distribution or, analogously, the Sudakov form factor

) e

x O(z0p, —

InX(6,) = :(z,0)

kt cut) (6)

Equation (6) is reminiscent of the Sudakov form factor
for the regular Soft Drop tagger [see Eq. (4.1) in Ref. [18]],
and could, in principle, be similarly generalized by per-
forming the following replacement

@(zép, - kt,cut) - G(Zeﬁpt - xcut)-

In doing so, it is important to stress that there is a
fundamental difference with respect to the regular Soft
Drop tagger. While Soft Drop selects the first splitting that
meets the tagging condition and therefore vetoes all
splitting at larger angles, i.e., fé dé, the Late-k, procedure
selects the most collinear splitting and consequently vetoes
all splittings at smaller angles. As such, only for # > 0 one
is guaranteed to obtain a collinear finite result for massless
splitters. For massive splitters the collinear singularity is
automatically shielded by their mass, and thus one have to
instead be careful that the value of the k., does not
interfere with dead-cone dynamics.

Equipped with Eq. (6), we can construct the normalized
probability distribution for the 6, distribution,

lda_ 1

1 -
;d—gf B (R) / dZPi(Z’ 9f>®(z9f - kthut>2(9f)’

1-2(R) Jo
(7)

where the 1 — X(R) factor arises as a result of the maximum
value of 0, being the jet radius. In order to evaluate the

previous equation, we have to specify the exact form of the
branching kernels. They are given by

a,(k,) 0
e

where P; are the unregularized Altarelli-Parisi splitting
functions that read

Pi(z,0) = Pi(z,0), (8)

1+ (1-2)? 263
T (1-g) [92 (1 )2}

and we have set the masses to zero in g — QQ splittings
since, when considering the inclusive case we treat it as
massless. Finally, within the modified leading logarithmic
approximation (MLLA), we consider the running of the
strong coupling constant at 1-loop,

©)

a 0
— —a,+2a2fyIn—=+O(a),
142y, Ins Poln + Olex)

as(kt) - (10)

with a; = a,(Q) and the hard scale chosen to be Q = p,R.
In order to avoid the Landau pole, we freeze the coupling in
the infrared below £k, .. With these choices for a; and the
branching kernels, all integrals in Eq. (7) can be done
analytically. We consider three different settings: (i) inclu-
sive, where we set §, = 0 and weight the quark and gluon
contributions by their corresponding Born-level cross
section extracted from PYTHIAS simulations, (ii) charm jets,
where we use m,. = 1.4 GeV, and (iii) bottom jets, where
we use m;, = 4.8 GeV.

The results for the 6, distribution are shown in Fig. 2 for
jets with £ = 100 GeV, cone size R = 0.2, and different
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values of k, ... We observe that, by construction, the Late-
k, tagger yields distributions peaked in the collinear regime
and that the distributions shift towards larger angles when
increasing the initiator mass, as desired. As we anticipated,
the value of &, is critical for an interpretation of the
curves in terms of dead-cone dynamics, particularly for ¢
jets. More concretely, we observe that for &, ., < m, aclear
ordering exists in the peak position of the inclusive
and c-jets curves, being the inclusive curve peaked at
smaller angles. However, when increasing the transverse
momentum threshold to k, ., = 2 GeV, the discriminating
power of Late-k, between inclusive and charm jets is
reduced. This is a consequence of the artificial infrared
cutoff @ = k, .,/ p, mimicking the charm dead-cone angle.
Regarding b-initiated jets, the difference with respect to the
massless benchmark shrinks when increasing the k; .,
although the effect is not as dramatic as for charm due to the
bottom quark mass being larger. On the other hand, as we
discuss in Sec. III, setting k, ., to very small values leads to
a strong sensitivity of this observable to hadronisation
corrections. Therefore, even if k, ., is a free parameter of
the model, only a narrow window of values around 1 GeV
maximize the sensitivity to the dead-cone angle while
keeping nonperturbative corrections under control.

2. Medium

In this section, we study the imprint of a hot, thermal
medium such as the quark-gluon plasma on the opening
angle of the splitting tagged by Late-k,. As was the case in
other jet substructure calculations [45-47], we describe the
interaction between the hard-propagating parton and the
medium in the limit of multiple, soft scatterings and leave
the study of higher-order corrections to this picture [48] for
future works. The medium is considered to be a static brick
of length L and it is characterized by the diffusion
parameter ¢. The characteristic scale of the medium is
then given by the product of the two and represents typical
transverse momentum squared acquired after propagating
through the whole plasma. We explore values of 2 < gL <
8 GeV? as was done in Ref. [49]. Finally, we only consider
gluon emissions off quark legs and restrict the calculation
to the soft (w < E) and collinear (8> ~ k7 /w* < 1) limit of
QCD, i.e., we achieve double-logarithmic accuracy, includ-
ing power corrections proportional to the dead-cone
angle. In order to have meaningful comparisons between
vacuum and medium results, results presented in this
section for vacuum are obtained in the leading-logarithmic
approximation, obtained by setting the splitting functions
P(z) = 1/z, and by fixing the strong coupling constant to
a,(p,R), thus removing hard-collinear effects.

We now consider the case in which the emission tagged
by Late-k, is medium induced. In this case, the vacuum
branching kernel in Eq. (7) needs to be replaced by the
medium-induced spectrum for a gluon emission off a hard,

massive quark leg. This was calculated almost two decades
ago in Ref. [9], where it was realized that the mass of the
emitter introduces a dead-cone factor together with an
additional oscillatory phase in the path integral. The
spectrum was calculated both in the multiple soft scattering
approximation [50,51], and following an opacity expansion
approach [52,53]. Here we stick to the former for which the
fully differential spectrum reads

d21 20 med
Tdd % {yRe/ dt/ d7eiMr(1=1)
wdk n
e iA3Bx? 4A%D
X
Pl7a —zAB) (D—iAB)® (D—iAB)

+Re/1dz ey (I !
e
0 K2 +M? ) cos*(Qt)

> eXp [4F;(::(ZQI)] } (1)

where a?led differs from its vacuum analog, and we have
introduced some auxiliary variables

k2 *m?

2 1 2

=L M= 12

T EL (122)
gL? 1—i

and some auxiliary functions

- m B =cos[Q(i-1)], (13a)
1-7 Q
b= = Iysin(Q)” (13b)

Unlike previous jet substructure calculations in the
BDMPS-Z framework [45,46], we do not take the o <«
. and k; < Q limit that leads to a simplified, factorized
formula for the spectrum but rather use the full expression.
We do so in order to avoid artificial cuts in the phase space,
e.g., generating gluons with only w < w,, that could alter
the qualitative picture we aim at. The typical formation time
of these medium-induced emissions can be estimated by
setting k7 = gty in Eq. (2) and solving for 7;. We find

l‘med vV 8qw + w494 —

2q

20 292 L0 o
2T, o). (14
=5 g\ T OEh. (19

where in the second line we have expanded in the small-0,,
limit. Note that the first term in the expansion coincides
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FIG. 3. Top: Medium-induced Lund plane density for jets initiated by either a light (left), charm (middle), or bottom quark (right). As
usual, in the heavy-flavored cases we also draw the lines corresponding to dead-cone angles of the first declustered splitting. Bottom:
same as top panel but for vacuum emissions in the double-logarithmic approximation.

with the massless limit and the corrections proportional to
the 6, come with alternating signs. We observe that, similar
to the vacuum case, the formation time is reduced by the
mass of the emitter.

In Fig. 3 we show the Lund plane density corresponding
to Eq. (11) on the top panel and for the DLA vacuum
baseline in the bottom one. Let us first focus on the purely
medium induced result. The first remark is that the quantity
represented in Fig. 3 is unphysical since a medium-induced
cascade can only develop alongside vacuum fragmentation.
Thus, the fact that the spectrum becomes negative in certain
regions of phase space simply means that medium induced
corrections reduce the vacuum branching probability in
these zones. We observe radiation clumps around the
typical transverse momentum scale acquired by diffusion
in transverse space Q2 = ¢gL. In turn, the hard-collinear
region, beyond the regime of validity of Eq. (11), is
depleted both for light and charm quarks. Regarding the
DLA vacuum result, we observe that the inclusive result is
purely homogeneous, while for heavy quarks the dead-cone
effect clearly reduces collinear radiation.

Even if no quantitative statements can be drawn from
these Lund planes due to the inherent simplifications of our
jet-medium interaction model, they are helpful to under-
stand where the signal of medium-induced gluons occurs in
phase space and consequently which challenges might have
to be faced in an experimental measurement. A key feature

of Fig. 3 is that in the case of b jets, we observe medium-
induced gluon radiation with angles 0 < 6, in regions of
phase-space where the vacuum distribution vanishes, while
this is not the case for ¢ jets. This is a result of the interplay
between the minimum angle a medium induced emission
can have due to transverse momentum broadening

(0. x 1/+/gL? in the massless case), and the dead-cone
angle.1 In the case of c jets, the dead-cone angle is very
small and, as we observe in the Lund plane, there is no
effective region of phase space between the 6 = 0, and the
z = 1 lines. Conversely, a bottom quark has a larger dead-
cone angle and thus a finite region of phase space exists
between ¢, and 6, that enables medium induced emissions
in the 6, < 6 < 6, region. This hierarchy between 6, and
0. is crucial for medium induced emissions to fill the dead
cone. For this concrete choice of medium parameters, the
dead cone is filled by relatively soft gluons. In fact, in
agreement with Ref. [13], the formation time of these
gluons is comparable with, or even exceeds, the size of the
plasma. It would be very informative to check how this
qualitative picture changes with a more accurate calculation
of the medium-induced spectrum. To that end, recent

'We note that the value of 0. receives mass corrections as was
already noted in Ref. [54]. We leave a more through study of the
mass corrections to both 6. and the so-called veto region [55] for
a separate publication.
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FIG. 4. Top panel: same as Fig. 2 but including both vacuum and medium induced emissions. The bottom panels display the ratio to
vacuum and to in-medium charm jets. The vertical dashed lines denote the positions of the dead-cone angles of the first splitting of the jet
tree. The band is generated by varying the value of gL from 2 to 8 GeV>.

efforts, both semianalytic [56—58] and numerical [59-61],
ought to be extended to the massive case.

We conclude this analytic section by examining the 6,
distribution when both vacuum and medium induced
emissions are taken into account. In this case, our tagged
emission can be either vacuum or medium induced and we
have to veto over both types of branching at angles smaller
than 0,. This is achieved by rewriting Eq. (7) as

1d 1 -

1do _ / dzP™(2,0,)0(20, — Kyou) Z™4(0,).  (15)
O'dgf 0

with

pmedymed (vaac 4 Pmie)zvaczmie, (16)
and P¥*, P™e corresponding to Eq. (8) in the z — 0 limit
and to the medium-induced spectrum given by Eq. (11)
[suitably transformed to (z, 8) coordinates], respectively.
The relation between any of the two branching kernels and
their Sudakov form factor is still given by Eq. (6).

The results of evaluating Eq. (15) for inclusive, ¢ and b
jets are shown in Fig. 4. For inclusive and charm jets, we
observe an enhancement of wide-angle emissions due to
transverse momentum broadening for all values of k, .. In
turn, b-initiated jets show a a significant excess of collinear
radiation when compared to the purely vacuum curves, in
agreement with the discussion around the Lund planes of
Fig. 3. We have thus shown that, at least within this model,
the 6, distribution can expose the filling of the dead cone
by medium induced emissions in b-initiated jets, while it

reveals transverse momentum broadening for light and
c-initiated jets.

An important aspect that we have not yet discussed is the
impact of energy loss on these results. The mass depend-
ence of both collisional and radiative energy loss has been
discussed in several works [11,62-68]. It has been shown
that collisional energy loss can be safely neglected for small
jet radius and moderately high-p, jets such as the ones
considered in this work [63,69]. Concerning radiative
energy loss, there are two facets to consider: its color
charge and its mass dependence. We propose to get rid
of the former by comparing the 6, distribution of c¢- and
b-initiated jets, instead of the standard choice of taking the
inclusive results as a baseline [70-72]. Regarding the mass
dependence, the question of whether a b-initiated jet loses
more or less energy than a c-initiated one is yet to be settled
either theoretically or experimentally.2 Again, the mass-
dependent restriction of phase space for medium induced
emissions [69,73,74] competes with the filling of the dead-
cone effect that we have described [9,13]. In addition, one
has to also take into account that the partonic spectrum of
massive quarks is less steep than that of light quarks and,
therefore, heavy quarks are less sensitive to p,-migration
effects. The absolute magnitude of energy loss for ¢, b jets
is an important piece of information, but what may change
the qualitative picture depicted in Fig. 4 is actually the

’An experimental measurement of the nuclear modification
factor, R4, for c-tagged jets has not been put forward. Only
b-tagged jets have been compared to inclusive jets in Refs. [70-72]
and, as we have already mentioned, this comparison is sensitive to
both the color charge and the mass of the radiator.
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FIG. 5. Angular distribution of the splitting tagged by Late-k, (left), Early-k, (center), and Soft Drop (right) for inclusive jets (red), ¢

jets (purple), and b jets (green) simulated with PYTHIAS at parton (dashed) and hadron (solid) level. We report in the two lower panels the
ratio of the hadronic curves to the c-jet case (top) and the ratio of hadronic jets over partonic jets (bottom).

dependence of energy loss on the opening angle of the
tagged splitting. Since narrow, unresolved splittings
(0 < 0,) are quenched less than wide ones, all 0, distribu-
tions after quenching would be narrower. This could
potentially lead to the c-jets curve also showing an enhance-
ment at small angles (despite being smaller than the b-jets
one). Then, the difference between ¢ and b could not
uniquely be attributed to medium induced emissions filling
the dead cone, but also to color decoherence dynamics. The
relative weight of these two contributions could then be
pined down with a centrality (since 6, « 1/L?) and energy
scan (since 6y o 1/E) and it is beyond the scope of
this work.

III. MONTE CARLO STUDIES

The last part of this work is dedicated to further studying
the properties of the 6, distribution with realistic
Monte Carlo simulations. We address three different ques-
tions: (i) whether the mass hierarchy observed in our analytic
results of Fig. 2 survives after including hadronization
effects, (ii) the impact of the fluctuating thermal background
on the 8, distribution and, in particular, in the dead-cone
regime, and (iii) make a quantitative comparison of the
performance of Late-k; with respect to two other grooming
strategies. On the one hand, we explore the de facto standard
groomer in jet substructure studies in heavy ions, namely,

Soft Drop with # = 0 and z, = 0.2. On the other hand, to
emphasize the importance of selecting the most collinear
splitting in the clustering sequence, we implement another
groomer, that we refer to as Early-k,, in which we tag the first
splitting that satisfies the k,.,. The simulation setup is
identical to that of Sec. II.

A. pp baseline

The angular distribution of the groomed splitting for
each of the taggers are shown in Fig. 5 for the different
flavors and both parton and hadron level. Let us first focus
on the Late-k, distributions. Both at the partonic and
hadronic level, we observe qualitative agreement with
the analytic study: at small 8, [correspondingly large
values of In(1/6,)] the inclusive distribution clearly sur-
passes that of heavy flavor, as expected from dead-cone
effects. This is further quantified in the first ratio plot where
we see that the b-initiated distribution is depleted by 80% at
small angles compared to the c-jet case. The impact of
hadronization is assessed in the second panel. The overall
size of hadronization corrections highly depends on the
angular region, i.e., it varies from being less than 20% for
0.2 <6,/R < 0.65 to 50% for emissions close to the jet
boundary in the inclusive case. For 8, < 0.2 we observe a
strong flavor dependence of the hadronization corrections,
being the b-initiated jet the one that receives the largest
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FIG. 6. Separation between c- (left), b-initiated (right) jets, and the inclusive sample as defined in Eq. (17) for all three groomers at
hadron (solid) and parton (dashed) level. The size of the colored band indicates the impact of nonperturbative corrections.

nonperturbative correction. We conclude that hadronization
corrections to this observable, despite being too large for a
pure pQCD-to-data comparison, remains sufficiently small
so as to preserve the mass ordering. We would like to
emphasize that for pp collisions, by definition, the reach of
the @, distribution to expose the dead cone is smaller than
the observable used in the ALICE analysis based on the
energy of the radiator. However, it is sufficiently good to
expose dead-cone dynamics in pp and, in addition, it is
robust to the background of a heavy-ion environment, as we
show in what follows.

Concerning the comparison to the other two groomers,
we first discuss the differences between selecting the first or
the last splitting. Naturally, the Early-k, distributions peak
at larger angles and consequently this leads to very little
discriminating power (below 10%) in the large angle region,
when taking the ratio with respect to ¢ jets. Regarding
hadronization corrections, we obtain very similar results to
that of Late-k,, with the biggest difference being the 40%
reduction on the first bin for the inclusive case. Turning to
the Soft Drop results, we find that for inclusive and charm
quarks it tags emissions at smaller angles than Late-k,, while
the bottom curve is very similar in both cases. This is
expected since the b fragmentation is relatively short and
thus less affected by which splitting is tagged. We observe
that the discriminating power for ¢ jets is significantly
reduced and that nonperturbative corrections generate an
enhancement of collinear splittings both for inclusive and
charm jets. This second fact is a particularly worrisome
feature of this groomer since it darkens the dead-cone effect.

To further characterize the performance of each tagger
we introduce a ‘““separation metric” defined as

XY

—’
1/6)2(4-63

A(x.y) = (17)

where x and y are the two jet samples under study and o
corresponds to the statistical uncertainty. The larger the
value of A(x,y) is, the more discriminating power a
tagger has. The result of evaluating Eq. (17) for the
PYTHIA samples of inclusive and heavy-flavor jets is
displayed in Fig. 6. Both for ¢ and b jets, Early-k, yields
the smallest value of A for all opening angles and thus its
performance is poor. In turn, Late-k; results into the
largest separation for opening angles larger than 6 ~ 0.03
when the jet is initiated by a charm quark. We also
note that hadronization corrections enhance the discrimi-
nating power of this groomer, while they reduce soft
drop’s performance. The situation is very similar for
b-initiated jets although the transition from Late-k; to
Soft Drop being the one with largest A occurs at slightly
larger angles 8 ~ 0.04. Overall, these plots confirm the
sensitivity of the new Late-k, groomer to mass effects
and that they are not washed out by nonperturbative
corrections.

B. Impact of thermal background

In order to test the impact of the underlying event in
heavy-ion collisions on the 6, distribution, we construct a
thermal model with global properties similar to those of a
realistic event. We generate randomly N particles from a
Gaussian distribution with average (dN/dn) = 2700,
which corresponds approximately to a 0%—10% central
collision. The p, of the particles is sampled from a Gamma
distribution.” This setting generates a fluctuating back-
ground with average transverse momentum per-unit area
(p) =270 GeV and a residuals distribution of the jet p,
with width 6(5,, ) = 6.7 GeV, similar to what is found in
data [75]. We then create hybrid events in which the

T(x) = x* e with a = 2 and § = 0.35.
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FIG.7. Same as Fig. 5 but comparing hadronic jets in p p with hadronic jets created in pp and embedded in a thermal background. We

report in the bottom panels the ratio of the embedded curves with respect to ¢ jets (top) and quantify the impact of thermal background
effects by presenting the ratio of embedded over pp jets (bottom). Note that the jet-p, selection is now done at the hadron level, while in

Fig. 5 it was done at the parton level.

PYTHIA event is mixed with the thermal background.
We first run event-wise constituent subtraction on such
hybrid events [76]. Then, we geometrically match the
original PYTHIA jets (probe jets) to the jets reconstructed
in the hybrid events (embedded jets) and study how
the thermal background distorts the observable. We
further impose a minimum transverse momentum of p, >
0.15 GeV at the particle level, to mimic realistic exper-
imental conditions.

In Fig. 7 we show the angular distribution at vacuum and
embedded level for all three groomers. In general, we find
small or negligible effects due to the residual background
fluctuations, after background subtraction. We note that the
mass hierarchy is reduced when binning in hadron jet
momentum (middle plot) as compared to binning in parton
jet momentum as in Fig. 5. We have checked that this is just
a binning artifact.

A robust way of estimating the distortion due to
underlying event is to quantify the purity of the splittings
[19], i.e., to check whether the two splitting prongs given
by a given groomer in the embedded, matched jet
correspond to the two splitting prongs in the PYTHIA
probe jet. We declare correspondence when at least 50%
of the embedded prong momentum is carried by probe
prong constituents. If the purity is too low—mostly due to

fake subleading prongs in the embedded jet due to
background, the observable cannot be corrected to the
particle level via unfolding since these fake splittings
generate nondiagonal elements in the response matrix.
More concretely, fully corrected jet substructure measure-
ments in heavy-ion collisions have been achieved for
purities larger than 80%. The resulting purities of Late-k;
are shown in the left panel of Fig. 8 as a function of the
reconstructed jet p, for different jet flavors. We also
include the purity values corresponding to a track-based
measurement scenario. Purities are above 82% (and about
10% higher for the track-based case) at 100 GeV and
increase towards 100% as the jet p, increases. The main
source of impurity are the cases when the leading probe
prong is unevenly distributed among the embedded
prongs and the cases when the whole probe splitting is
contained in the embedded leading prong. These high
purities guarantee that small residual differences due to
background on the 6, distribution observed in Fig. 7
would be corrected via unfolding together with detector
effects in the experimental measurement. As expected
from the results of Fig. 7, the purities are lower for
Early-k, and around a 5%-10% higher for Soft Drop due
to the z.,. Based on all these observations, we conclude
that Late-k;, is suited for dead-cone searches in heavy ion
collisions.
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IV. CONCLUSIONS

The long sought experimental search for the dead-cone
effect in QCD has recently come to an end [3]. The use of
modern iterative declustering techniques in heavy-flavor
jets [4] was instrumental in that discovery since they
provide access to the energy of the radiator and, therefore,
directly test Eq. (1). Because of the noisy environment of
heavy-ion collisions, such a clean measurement cannot be
replicated with the current technology and novel observ-
ables with low sensitivity to the large and fluctuating
thermal background need to be devised. Potential can-
didates must satisfy at least three criteria: (i) strong
discriminating power between light and heavy quark
results, (ii) reduced sensitivity to hadronization effects
which could potentially populate the dead cone, and
(iii) resilience to uncorrelated thermal background such
that the observable can be corrected to particle level via
unfolding.

From a theoretical viewpoint, searches of mass effects in
jet observables in heavy-ion collisions are motivated by the
fact that suppression of collinear radiation due to the dead-
cone angle can be overcome by medium induced emissions
whose formation time is of the order of the quark gluon
plasma length [9,13]. More concretely, multiple scatterings
between a highly energetic quark and the quark gluon
plasma trigger additional radiation with typical energies
and angles that are distinct from vacuum ones. In the
massive case, these medium induced emissions can appear
inside the dead cone if the minimal angle set by transverse
momentum broadening, 6., is smaller than the dead-cone
angle, i.e., 8, > .. The ordering between these two scales
depends on the properties of both the medium (g, L) and
the radiating parton (mg, Eq). Then, an experimental
measurement sensitive to the collinear regime for different
jet flavors would represent a step forward in our

understanding of the plasma properties and its interaction
with hard propagating probes.

In this paper, we propose to use jet grooming techniques
to identify a particular splitting in the jet tree that is both
perturbative and sensitive to dead-cone effects. We choose
the most collinear splitting along the jet primary branch
whose relative transverse momentum is above a certain
cutoff, k; ., ~ O(1) GeV. In the case of heavy-flavor jets
we also impose that the leading prong contains at least one
heavy-flavor hadron. Since this splitting will typically
occur deep in the declustering sequence, for a low enough
value of k; .., we dub this grooming technique Late-k,. Our
proposed observable is the angular distribution of the
splitting tagged by Late-k;, that we denote as 6,. An
important result of this paper is that selecting the most
collinear splitting instead of following the common practice
of selecting the first, e.g., as in Soft Drop, enhances dead-
cone effects. In fact, while for b-initiated jets selecting the
first or the last splitting plays a small role due to its short
fragmentation, the tagged splitting choice makes a signifi-
cant difference for charm and inclusive jets and increases
the separation between the different flavors. At the same
time, selecting the most collinear splitting reduces the
impact of uncorrelated thermal background that typically
manifests as fake large angle splittings in the clustering
sequence. We hence conclude that the 6, distribution is a
robust observable from an experimental perspective.

On the theoretical side, we analyze the resummation
structure of the 6, distribution up to modified leading
logarithmic accuracy in proton-proton collisions. A natural
concern is that tagging the most collinear splitting might
lead to collinear unsafe observables in the massless case.
However, tagging the most collinear splitting is not a
problem since we also impose a k, .. The value of this
free parameter has to be chosen with particular care since it
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can generate an angular cutoff « k, .,/ p, that can mimic a
dead cone for the inclusive case. We carry over this
exploratory study of the resummation structure of this
observable to jets in heavy-ions by including medium
induced emissions triggered by multiple soft scatterings
with the QGP. To that end, we use the differential spectrum
that was calculated in Ref. [9]. We find that the 6,
distribution for b-initiated jets is enhanced in the small
angle regime (below 6) compared to the vacuum baseline,
being a neat indication of the filling of the dead cone by
medium induced emissions. In turn, the curves for inclusive
and c-initiated jets display an enhancement at large angles
due to transverse momentum broadening. These analytic
results are not meant to be a quantitative prediction, but
rather serve the purpose of illustrating how a well-known
property of the medium induced spectrum for heavy
quarks, namely, the generation of gluons inside the dead
cone, is imprinted in a jet substructure observable that can
eventually be measured experimentally.

This paper is just the first step towards our long term goal
of bringing our understanding of jet substructure in heavy
ions to a comparable level to that of proton-proton both for
massless and massive quarks. A natural continuation of this
work would be to resum the 8, distribution to next-to-
leading logarithmic accuracy. Very recently an alternative

observable based on energy-energy correlators has been
proposed for exposing the dead-cone effect in proton-
proton collisions [36]. It would be interesting to make a
systematic comparison of the pros and cons of clustering
based observables with respect to energy-energy correla-
tors, not only for dead-cone searches, both in pp and in
heavy ions [77]. Another important piece of information
that could complement the analytic estimates presented in
this work is the result for the 6, distribution obtained from
jet quenching Monte Carlo codes that incorporate some
subset of mass effects [73,78,79].
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