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We show that the same QCD formalism that accounts for the suppression of high-pr hadron and
jet spectra in heavy-ion collisions predicts medium-enhanced production of ¢¢ pairs in jets.

Introduction. In ultra-relativistic heavy-ion collisions,
heavy flavor quarks (charm and beauty) are produced in
high-momentum transfer processes, which are calculable
in perturbative QCD (pQCD) [1]. As these heavy quarks
traverse the Quark Gluon Plasma (QGP) created in the
collision, they probe its properties. Over the lifetime of
the QGP, charm and beauty quarks are stable and can be
tagged experimentally. This makes them ideally suited
for studying quark propagation in the QCD plasma [2].

Theory predicts that energetic quarks and gluons (par-
tons) lose energy due to medium-induced gluon radiation
while traversing the QGP [3-5]. This jet quenching phe-
nomenon is observed in heavy-ion collisions as a generic
suppression of high-py single inclusive hadron and jet
spectra [6]. Here, we show that the same jet quench-
ing formalism that accounts for these suppression phe-
nomena leads to a medium-enhanced c¢ pair production
within high-pr jets.

In hadronic collisions, charm is produced in cé-pairs
of squared invariant mass Q% = (pe + pe)" (e + pe) o
bounded by the charm quark mass and the partonic cen-
ter of mass energy, 4m? < Q? < 3. Most c¢ pairs are
produced at large relative pair momentum, Q% ~ O(3).
As the QGP does not affect such large-Q? short-distance
processes, the total charm yield is (almost) unmodified
by the medium, although medium modification of the
¢ — cg splitting softens the charm transverse momen-
tum distribution [5]. Here, the “almost” refers to the
small phase space region Q? < § that is dominated by
the medium modification of g — c¢ on which this Letter
focuses.

In the collinear limit ) < 3, partonic cross sections
for c¢€ production factorize. For instance, the cross section
for gg — c¢X can be written as
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The g — cc splitting function depends on the momentum
fraction z carried by the charm quark and the virtuality
Q of the gluon,
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We use I, to denote the gluon energy and 2k the rela-
tive c¢ pair momentum transverse to the direction of the

FIG. 1. Illustration of a parton shower containing a g — c¢
splitting. This cc¢ radiation is enhanced due to the QGP,
which can be tested by measuring D°D° pairs inside jets.

gluon. For collinear splittings k < zEgy, (1 — 2)E, the
mi+x2
z(1—2) "

squared gluon virtuality is Q% =

For sufficiently high gluon energy, the gluon is boosted
with respect to the QGP by a Lorentz factor v = E,/Q,
and the formation time of the ¢¢ pair is delayed by . In
this topology, g — cc is the long-distance process that
is modified by the medium, see Fig. 1. Our calculation
will show that c¢ radiation is enhanced in the medium.
Qualitatively, this can be understood in terms of gluons
that require interactions with the QGP to overcome the
mass threshold Q2 > 4m? for splitting. While this is a
power-suppressed contribution to the total charm yield,
it can be singled out by searching for ¢¢ pairs within the
same jet.

Medium-modified g — cc splitting function. For
the ¢ = qg and g — ¢g leading-order splitting func-
tions, medium modifications have been calculated in the
BDMPS-Z formalism [3, 4, 7] and in several related set-
ups [8, 9]. These calculations resum the effects of multiple
interactions between the QCD plasma and the splitting
process in a close-to-eikonal formulation, where the en-
ergy of the parent parton is much larger than any trans-
verse momentum or mass scale. For the g — c¢ splitting
function, medium-modifications have been calculated to
first order in opacity [10, 11] as well as in the BDMPS-Z
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FIG. 2. The ratio of medium-modification over vacuum split-
ting PySee/ Py e = Pt e/ Py . — 1 shows an enhancement
of nearly 100% over vacuum baseline in a significant phase
space region (see Eq. (5)).

path-integral formalism where they read [11]
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This expression has the space-time interpretation of a
gluon that splits into a c¢ pair at longitudinal positions
t () in amplitude (complex conjugate amplitude). In
the multiple soft scattering approximation, [x, t;r, f] is
the path-integral of a harmonic oscillator with imaginary
potential
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It describes how the c¢ dipole grows from transverse
size x = 0 at ¢ to size r at t. Equation (3) depends on
the kinematics of the splitting and on a single medium
property, the quenching parameter §(§, z) along the par-
ton trajectory in the medium.

Both adjoint and fundamental color configurations
contribute in a z-dependent way to the interaction of
the g — cc splitting with the QGP [11]. This depen-
dence can be factorized from the quenching parameter,
4(¢,2) = (Crp—Ca2(1—2)) q. For small z, the quenching
parameter is hence § = Cpq, in contrast to g4 = Ca ¢

for ¢ — gg and g — g g, since the leading medium mod-
ification of these splittings is from the scattering of the
emitted gluon [3, 4, 7]. To estimate g we considered re-
cent constraints [12-16] on G4 from heavy-ion data to
determine the momentum transferred from the medium
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Here, 7;,; denote the initial and final time within which
jet-medium interactions occur. Explicit calculation of the
line integrals for the jet quenching models in [15] yields
consistently 4 GeV? < (¢%)mea < 8GeV? for the 0-5%
most central PbPb collisions at /syny = 5.02TeV. To
be conservative about possible model dependencies [12—
14, 16, 17], we consider the wider range 2GeV? <
(¥ mea < 8GeVZ We evaluate Eq. (3) for a static
medium of length L = 7 — 7; and CpgL = gL = (¢®) med
that leads to equivalent quenching (see Ref. [11] for de-
tails). With ¢L fixed, the only additional dependence on
L is through the dependence on the gluon energy. For
the phenomenological results presented here, we choose
L =4 fm.

Figure 2 shows numerical results of the medium-
modification of Eq. (3) for a momentum transfer §L =
4GeV? [18]. Medium-induced transverse momentum
broadening leads to a characteristic enhancement at the
scale k> ~ ¢ L while depleting the vacuum distribution
of ¢ pairs at very small relative momenta 2. This can
be understood in terms of transverse Brownian motion
of the charm quarks in the medium, which pushes the
collinear pairs to larger k2. Compared to the vacuum
splitting function, the medium-modified splitting can be
almost 100% larger in a range of intermediate x> for
GL = 4GeV?,

Modified c¢ yield in parton showers. To identify
the g — cc splitting in Eq. (1), one requires Q? < 3.
It is a generic feature of QCD that this scale difference
Q? < 3leads to a large logarithm that requires resumma-
tion. The right hand side of Eq. (1) is therefore written
in terms of the cross section §9979% for a gluon jet, and
the c¢ pair can arise at any stage in the branching his-
tory of that gluon. This resummation is accounted for in
a parton shower. The medium modification of c¢ pairs
in jets depends both on the medium modification itself
(Eq. (3)) and on how the parton shower distributes c¢
pairs in z, k2, and E,.

Parton showers are simulated by evaluating branching
probabilities defined in terms of parton splitting func-
tions. In principle, a medium-modified parton shower
should include the modification of all splitting functions.
Though a medium-modified parton showers based on the
BDMPS-Z multiple soft scattering formalism exists [19],
it does not include mass effects and the modification of
the g — cc splitting. Since the g — c¢ splitting is suf-
ficiently rare and to leading O(as), we expect that the
medium modification of ¢ — ¢¢ can be implemented by
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FIG. 3. (a) The probability distribution for cz relative pair momentum k? in a sample of jets with pr > 40 GeV for pp-collisions
(blue line) and after medium modification (red band). (b) The probability distribution for the angular separation r.z of ¢
pairs in R = 0.4 jets with (solid) and without (dashed) g — ¢¢ medium modification.

reweighting c€ pairs in a vacuum parton shower by the
phase-space differential weight factor [11]
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This prescription for computing the medium modifica-
tion of ¢é pairs assumes that the modification of other
splitting functions (especially g — gg) does not substan-
tially modify the phase space for producing gluons that
could produce c¢ pairs. In the Supplemental Material,
we corroborate our main results by instead including the
modification of ¢ — ¢q, g — gg and ¢ — qg splitting
functions in a simplified parton shower.

For our main results we simulate pp collisions at
VSnN = 5.5 TeV in PyTHIA 8.3 (Monash tune) [20] with
initial state radiation (ISR) off and use FastJet [21] to re-
construct anti-k; jets with R = 0.4. We select jets with
exactly one D?DY pair, which leads to a high-purity sam-
ple of jets in which the D°D° pair came from one g — c¢
splitting. Including ISR increases the total jet yield but
does not impact the ratio of D°D-tagged and inclusive
jets on which our argument is based. The probability of
having more than one g — cc splitting in a DY D -tagged
jet is below 1% for pjﬁt < 100 GeV. We compute the ef-
fect of medium modification by reweighting each g — c¢
splitting by the factor Eq. (5).

A comment on momentum broadening. In the
next section, we will elaborate on the phenomenologi-
cal signatures of the modified ¢ — c¢¢ splitting in the
enhanced yield of c¢ pairs. Here, we wish to comment
briefly on other features of the ¢ — c¢ modification. The
BDMPS-Z formalism generically predicts the broadening
of the relative momentum k, in this case of the c¢ pair,
due to medium effects. We show in Fig. 3(a) the normal-
ized probability distribution of k? in vacuum (blue) and

after medium modification (red). The g — c¢ splitting
could prove to be a clean process in which to access this
characteristic broadening, which depletes the yield of c¢
pairs at small k2. We also note that the E4-dependence
of Pgmjﬂé can be understood in terms of formation time
physics: with increasing F, the spatial position of the
g — cC vertex is boosted to larger distances/times where
the cC pair sees a smaller part of the medium, and hence
Ped. decreases [11]. We show in Fig. 3(b) the normal-
ized probability distributions for the angular separation
r.z between the ¢ and ¢ with and without medium mod-
ification, for different jet pr. In principle, changing the
jet pr gives access to formation time-dependence, since
higher jet pr generically accesses g — c¢ with higher
average F,. Observing larger broadening for lower jet
pr (smaller formation time) would be a signature of this
effect, see also [22, 23]. However, the vacuum distribu-
tion of r.z and k also change with E, (dashed curves
in Fig. 3(b)), so robust signatures of formation time-
dependence will require a more dedicated study. We
postpone this to future work and focus the rest of this
manuscript on the medium-induced enhancement of the
g — cc splitting.

Tracing g — c¢ via D°D° pairs in jets. We now
discuss one strategy for testing the enhanced g — cc
radiation experimentally. Charm quarks fragment into
DY mesons. Figure 4(a) shows the yield of jets contain-
ing a single D°DY pair at mid-rapidity (|9;et| < 1.6) ex-
pected for the projected luminosity (LEPPP = 10nb™") of
the High-Luminosity Heavy-ion LHC (HL-HI-LHC) [24].
Non-prompt contributions arising from b-quark fragmen-
tation can be removed experimentally and are not consid-
ered in the following. The two-body decay DY — K7+
can be reconstructed in ultra-relativistic heavy-ion colli-
sions, but it has a branching ratio of 3.96% [25] so only
1.6 x 1073 of all DYDY pairs decay via this channel. Fig-
ure 4(a) therefore indicates that @(1000) counts are pro-
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mid-central (|njes] < 1.6) pp collisions (blue line), and with medium modification for 2 < §L < 8 GeV? (red band). The ratio
between the medium modified value and PYTHIA is shown in the inset. As jets additionally lose energy, we also estimate the
effect of a 10% shift in jet pr in dashed blue (see text for details).

duced in this particular channel for 80 GeV < pjﬁt <
90 GeV, and larger yields are obtained for lower pl'.
While the experimental feasibility of such measurement

requires further study, this suggests that such an effect
may be measurable at the HL-HI-LHC.

In Fig. 4(b) (solid blue line), we show the fraction
Npopo/Niets of jets containing exactly one D°D° pair
compared to inclusive jets as a function of p’TBt In the
absence of a medium, this fraction ranges from 0.2% to
1% for jets between 20 and 200 GeV. In the presence of a
medium, Npopo/Nijets is modified due to several effects.
It is enhanced due to the medium-modified g — cé split-
ting, which is the effect we wish to access. As shown in
red in Fig. 4(b), this enhancement can be determined by
measuring independently Npopo/Njets in pp and PbPb
collisions. This is an observable signature of medium-
enhanced c¢ radiation.

However, even in the absence of medium-modified
g — ¢, jets lose energy to the QGP so ply.' decreases. We
estimate the size of this effect by shifting both the D°DO-
tagged and inclusive jet yields by the average fractional
energy loss Apl /plt 10% of inclusive jets in cen-
tral PbPb collisions [26] (blue dashed curve in Fig. 4(b)).
This shift is a heuristic prescription and neglects possible
differences in energy loss of D°DP-tagged and inclusive
jets. In the BDMPS-Z formalism, jet energy loss occurs
because of enhanced out-of-cone radiation from medium-
modified splitting functions. In the Supplemental Mate-
rial, we use a simple parton shower with medium modi-
fication of all splitting functions to demonstrate that the
enhancement of Npopo/Njets shown in Fig. 4(b) is pri-
marily due to the g — c¢ enhancement. In this implemen-
tation, we find that the modification of Npo 5o /Njets from
jet energy loss is small compared to that estimated from
the 10% shift in jet pr, reinforcing that the medium en-
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~

hancement of D°DY pairs in jets is significant compared
to the shift of the baseline.

Figure 4 includes jets that contain a D° and a D°
meson of any pr. Experimentally, such a measurement
amounts to accessing the D°DP yield down to arbitrarily
soft momenta where reconstruction efficiency degrades
and backgrounds are high. While experimental limita-
tions require further study, they may not be critical since
the DY and D° mesons entering Fig. 4(b) typically carry
a rather large fraction of the jet pr (data not shown) due
to the hard fragmentation of gluons into heavy quarks.

Conclusion and Outlook. The detection of
medium-enhanced c¢ production would be a qualita-
tively novel test that jet quenching arises from medium-
modified parton splitting functions. The experimental
strategy proposed here relies on the future HL-HI-LHC
program. In the longer term, this physics will benefit
from novel detector technologies that allow for highest
rates and extreme signal purities in Run 5 and 6 at the
LHC [27]. On the theory side, future work should embed
Pgm_‘i‘cié on par with all other medium-modified splittings
in a state-of-the-art jet quenching Monte Carlo. This
would make it possible to predict modified phase space
distributions of c¢ radiation that could be tested with
more differential measurements.

As alluded to in the discussion of Fig. 3, the g — c¢
splitting may provide unique phenomenological opportu-
nities beyond the scope of the present work. Jet substruc-
ture techniques tailored to g — ¢¢ [28] could be used in
the future to access the detailed kinematics of the g — c¢
splitting from the hadron level. This could provide clean
access to signatures of momentum broadening of the c¢
pair and of formation time dependence of quenching. Ad-
vances in tagging jets with a c¢ pair [29] may also make it
possible to sample the entire ¢ statistics for the study of



boosted g — cc topologies. If statistics permits, accessing
an unquenched proxy for the jet energy (for example, a Z
or isolated high-pr photon recoiling against the cc-tagged
jet) would eliminate uncertainties from out-of-cone radi-
ation discussed in the context of Fig. 4(b).
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Supplemental material. To obtain the main results
in Figs. 3 and 4(b), we have reweighted g — c¢ split-
tings generated in PYTHIA 8.3 vacuum parton showers
with Eq. (5). This reweighting procedure is correct up
to O(as) for sufficiently rare processes [11]. However, it
neglects medium modifications of ¢ — gg and ¢ — qg
that modify the distribution of gluons that can split into
c¢, and that therefore may affect c¢ production at re-
alistic couplings. A quantitative study of these effects
in our formalism requires a parton shower that includes
the medium modification of all splitting functions, in-
cluding mass effects. Here we further corroborate our
main conclusions with a simplified medium-modified par-
ton shower.

Our starting point is the public implementation of a
massless k-ordered dipole shower with final-state radia-
tion only [30, 31]. The shower is initialized with a color
neutral G or gg pair of momenta

Py = FE(1,0,1,0), p4=FE(1,0,-1,0), (6)
and it is evolved in ¢ = k? from the initial scale F?2
down to the cut-off scale t; = 1GeV2. Gluons and

Ny = 5 massless quark flavor are considered in the
evolution. For the medium modification, the ¢ — gqg,
g — gg and (massless) g — ¢¢ vacuum splitting func-
tions are supplemented with additive BDMPS-Z correc-
tions Pfot, = Pvac 4 pPmed valid in the small-z limit.

These take the form

2
K zE
Pmed E7 K2, > vac (,\y —
a%bc( ) L1 - a~>bc( ) G.L %QACLQ

21

(7)

for all splitting functions. Here, J is the universal modi-
fication factor

7 (k%) :—me/ dt/ dt/dre*'t‘ el

—1 [T dea©)r® piker /c =0,t;r,1 8

X e ax o [x r,t], (8)

which depends on the rescaled variables k2 = AKQL and

o = ;@ 75 with w = zE. The variable z denotes the
e

momentum fraction of the softer splittee, which is the
gluon for ¢ — qg and g — ¢gg and the quark or anti-
quark for ¢ — ¢g. Correspondingly, G. = G4 = C4 q for
q— qg, 9 — gg and ¢, = Cp q for g — qq.

For the g — gg and ¢ — qg splitting functions, medium
modifications of the form Eq. (7) have been implemented
previously in the Q-PYTHIA medium-modified parton
shower [19]. Extrapolating this technically simpler z < 1
approximation to all z can be justified with the domi-
nance of soft emission in ¢ — gg and ¢ — ¢qg. This
argument cannot be paralleled for the case of ¢ — ¢q.
However, using the extrapolation of the small-z expres-
sion Eq. (7) to the full z range is sufficient for illustrating

FIG. 5. The enhancement factor J (|~<2,¢D) as a function of
scaled momenta and energy. See text for details.

the possible impact of enhanced g — gg and ¢ — qg split-
ting on ¢qG pair production, which is the main aim of this
supplement.

Figure 5 shows the universal modification factor
J (|~<2, LD) As the medium-modified parton shower treats
vacuum splitting functions and their medium modifica-
tion Eq. (7) on the same footing, the factor J (k% @) is
sampled only in the range w > k and tg < K2 < tinit
available for vacuum splittings. For two different choices
of the quenching parameter and in-medium path length,
these constraints are indicated in Fig. 5. Similar to
Fig. 2, Fig. 5 shows for small k? and larger w a depletion
due to transverse momentum broadening. Significant en-
hancement is found for small w and k2 ~ §L. Moti-
vated by the maximal enhancement of J (EQ,Q) within
the kinematically-allowed region, we have oversampled
the vacuum distribution with a factor Ppax = 3 and use
a veto algorithm to implement the modification factor
147 (k% @).

Model results for medium-modified jets. For
each event we reconstruct anti-k; jets with R = 0.4.
We define qg-tagged jets as jets containing a single
qq pair that originates from the same gluon splitting.
We divide the total reconstructed inclusive and tagged
jets by 2N, where N, is the number of generated
events. This defines the average inclusive and tagged
jet spectra dN,_,;(E)/dpr per parton ¢ (quark or gluon)
with initial energy E. As we work with a simplified
medium-modified parton shower that is not part of a
hadronic event generator, we require additional informa-
tion about the hard partonic production rate of these
partons ¢ in hadronic collisions. For the relevant partonic
cross-sections do;/dE we use leading order calculations
of do/dprdy averaged over rapidity window y < 1 at
Vs =5.02TeV from Ref. [15] and we take E = pr. The
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FIG. 6. The yield of gg-tagged R = 0.4 jets per flavor as
a fraction of all jets, calculated from the simple stand-alone
dipole vacuum parton shower supplemented with Eq. (9).

jet pr spectra are then given by weighting average contri-
butions from single initial parton jets with the respective
leading-order partonic cross-section

de dE de dE de ’

We show the resulting ratio of the ¢g-tagged to inclu-
sive jet yield in Fig. 6. One may multiply the results in
Fig. 6 with the square of the ¢ — DY branching ratio
(~ 0.4% [32]) to estimate Npopo/Njets- We caution, how-
ever, that this model setup does not account for effects
of charm mass and lacks other potentially relevant ef-
fects that are included in a full hadronic event generator
like PyTHIA 8.3. While a precise quantitative compari-
son with PYTHIA is hence not meaningful, strong com-
monalities between Fig. 6 and the PYTHIA pp baseline
in Fig. 4(b) are noteworthy. In particular, both agree
in shape and, taking the branching ratios into account,
agree in magnitude within a factor of 2. To illustrate the
interplay between medium modification of all ¢ — gg,
q — qg and g — ¢q splitting functions, we therefore re-
gard Fig. 6 as a suitable baseline.

We show the nuclear modification factor R4 4 in this
simulation for inclusive and for gg-tagged jets in Fig. 7(a).
If the medium modification of all splitting functions is
included, then R}Y for inclusive jets shows the signif-
icant suppresswn characteristic of jet quenching (blue
solid). The R%, for gg-tagged jets shows a significantly
smaller suppress1on (blue hatched) since the effects lead-
ing to jet quenching in RS are partially compensated
by a characteristic rate enhancement due to medium-
modified g — ¢gq. If only the g — ¢g splitting function is
medium-modified, there is little modification of inclusive
jets (solid red) but substantial enhancement of ¢g-tagged
jets (hatched red). In Fig. 7(b) we show the double ra-
tio R%,/R}S, which helps to isolate the effects from
medlum enhanced ¢¢ production. Irrespective of whether

X XT7T X7 X7 X 7 X7 7 X X I X7 XT7X
T L XXX SAL, LR IX T X7 X7 3 XL i'i.

FAT T T T T IV T 7Y TTITTIZ
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FIG. 7. (a) Results of the simplified stand-alone parton

shower for the nuclear modification factor of inclusive (solid
band) and of gg-tagged (hatched band) R = 0.4 jets. The case
of BDMPS-Z medium-modifications to all splitting functions
(blue) is compared to the case of including g — ¢q splitting
function only (red). Results of the reweighting procedure (5)
are included (green). (b) The ratio of tagged over inclusive
jet Raa’s.

the parton shower includes medium modifications to all
splitting functions (blue band) or only modifications to
the g — ¢q splitting function (red band), a significant en-
hancement of the double ratio is observed. This signals
the dominant role of medium-enhanced g — ¢g splitting
in this enhancement.

In both panels of Fig. 7 we additionally show in green
the results of the reweighting procedure applied to this
parton shower. The reweighting is in reasonable agree-
ment with the effect of enhancing only the g — c¢ split-
ting.

Fig. 7 corroborates our main conclusions in several
ways. First, within the bands of ¢L variation, the en-
hancement of R%!,/R}S obtained from the medium-
modified dipole parton shower is comparable to the en-
hancement obtained from the reweighting procedure,
thus justifying the use of the latter in the main pa-



per. Second, inclusion of medium-modified ¢ — gg and
q — qg splitting has a numerically small effect on the
ratio Ry, /R}S (cf. Fig. 7(b)) although it affects the
nuclear modification factors R} and R%!, significantly
(cf. Fig. 7(a)). This supports our conclusion that the
enhancement of Npopo /Njets signals medium-enhanced
c¢ production. Third, since medium-modified g — gg
and ¢ — gg were not included in the simulation leading
to Fig. 4(b), we had accounted for parton energy loss
effects with a 10% pr-shift of the pp baseline. In the
present model, this shift is not inserted ad hoc, but it is
included via the calculation of R%S. We find that the
g — qg-induced enhancement of gg-tagged jets can be
identified as an enhancement of Npopo/Njets €ven in the

presence of energy loss.

The model study reported here does not replace the
development of a full BDMPS-Z medium-modified par-
ton shower (including g — ¢g for massive quarks) that is
combined with a state-of-the-art formulation of hard pro-
cesses in hadronic collisions and with a modern formula-
tion of the dynamically evolving medium with which the
parton shower interacts. However, such a tool is currently
not available and its development and phenomenological
validation will require significant further effort. Given
this, the present model study gives significant additional
support that our main conclusion remains unchanged in
refined formulations of the problem. It supports that
Npopo/Nijets will show a significant enhancement that is
indicative of medium-enhanced c¢ production.
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