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Here, we describe in more detail the two Monte Carlo
implementations of medium-modified parton showers,
used in the main text.

Heavy quark production in JetMed. JetMed im-
plements a medium-modified parton shower based on a
factorized picture of vacuum-like and medium-induced
parton splittings. The vacuum evolution is correct at sin-
gle logarithmic accuracy in the strongly ordered collinear
limit [1–4]. It is supplemented by medium-modifications
as follows:

1. Vacuum emissions are generated by an angular-
ordered shower starting from θmax = 1, with a
minimal transverse momentum cut-off k⊥,min =
0.25 GeV. In the region k3⊥θ < 2q̂, medium-induced
emissions are dominant and vacuum emissions are
hence vetoed. Furthermore, emission with θ < θc =
2/
√
q̂L3 lose energy coherently with their emitter

and can be treated as if they were happening out-
side the medium (see step 3 below).

2. Medium-induced emissions are generated for each
parton produced in the first step. The collinear
splittings are ordered in an emission time 0 < t <
L and computed with multiple-soft splitting ker-
nels [5]. For g → gg splitting the formation time is
given by

tf =

√
2z(1− z)xE

q̂(1− z(1− z))
(1)

and the splitting rate is

d2Γmed

dzdt
=

αsP
vac
a→bc(z)√
2π

1

tf
. (2)

The coupling constant αs is a fixed model parame-
ter without scale evolution. Partons produced both
from vacuum-like and medium-induced splittings
acquire an average transverse momentum

〈
k2⊥

〉
(t, t0) =

∫ t

t0

dt′q̂(t′) (3)

while traversing the medium. The acquired trans-
verse momentum is sampled from a gaussian distri-
bution and added to the parton transverse momen-
tum (which is zero for medium-induced emissions).
Emissions at angles larger than θmax are discarded.

3. For each parton that leaves the medium after step
2, vacuum-like emissions outside the medium are
restarted with θmax. That the first emission outside
the medium does not obey angular ordering is a
consequence of the loss of coherence in the medium.
Emissions with k⊥θ > 2/L or θ > θc are vetoed.

The generated partons can then be passed to FastJet

to construct infrared and collinear safe observables. By
default, we consider R = 0.4 anti-k⊥ jets.
To include charm mass effects, we have supplemented

the JetMed evolution as follows. To logarithmic accu-
racy, the vacuum splitting functions g → qq̄ are the same
for charm quarks and massless quarks, but charm quarks
have to pass the mass threshold. This is implemented by
vetoing g → cc̄ if the generated transverse momentum
does not satisfy k2⊥ > m2

c . For medium-induced g → cc̄,
the multiple-soft splitting kernel is the κ-integrated ver-
sion of Eq. 3 in the main text to leading logarithmic
accuracy. The pair is produced collinearly and it aquires
transverse momentum in the medium as explained below
Eq. (3). In analogy to the vacuum case, the medium-
induced splitting is vetoed if the medium-induced mo-
mentum transfer is insufficient to lift the cc̄-pair above
the mass threshold k2⊥ > m2

c . In addition, gluon radia-
tion from a heavy quark is vetoed within the dead cone
angle mQ/E [6]. This procedure implements mass effects
to leading logarithmic accuracy in the vacuum parton
shower and treats the medium-induced g → cc̄ splitting
on equal footing with other medium-induced splittings in
JetMed.
Simple dipole-shower. To further establish the

robustness of our main conclusions to model assump-
tions, we additionally provide results for a simple dipole
shower supplemented with medium-modified splitting
functions. We follow the public implementation of a
massless κ-ordered dipole shower with final-state radi-
ation only [7, 8]. The shower is initialized with a color
neutral qq̄ or gg pair of momenta

pµ1 = E(1, 0, 1, 0) , pµ2 = E(1, 0,−1, 0) , (4)

and it is evolved in t = κ2 from the initial scale E2

down to the cut-off scale t0 = 1GeV2. Gluons and
Nf = 5 massless quark flavor are included in the evo-
lution. For the medium modification, the q → qg,
g → gg and (massless) g → qq̄ vacuum splitting func-
tions are supplemented with additive BDMPS-Z correc-
tions P tot

a→bc = P vac
a→bc + Pmed

a→bc. For reasons of technical



2

simplicity, we use for all splitting functions the small-z
limit

Pmed
a→bc(E,κ2, z)

∣∣∣
z≪1

= P vac
a→bc(z)I

(
κ2

q̂cL
,

zE
1
2 q̂cL

2

) ∣∣∣
z≪1

.

(5)

Here, I is the universal modification factor

I
(
κ̃2, ω̃

)
=

κ2

2ω2
Re

∫ L

0

dt

∫ ∞

t

dt̄

∫
dr e−ϵ|t|−ϵ|t̄|

× e−
1
4

∫ ∞
t̄

dξ q̂(ξ) r2 e−iκ·r ∂

∂x
· ∂

∂r
K [x = 0, t; r, t̄] , (6)

which depends on the rescaled variables κ̃2 ≡ κ2

q̂cL
and

ω̃ ≡ ω
1
2 q̂cL

2 with ω = zE. The variable z denotes the

momentum fraction of the softer splittee, which is the
gluon for q → qg and g → gg and the quark or anti-
quark for g → qq̄. Correspondingly, q̂c = q̂A = CA ˆ̄q for
q → qg, g → gg and q̂c = CF ˆ̄q for g → qq̄.
For the g → gg and q → qg splitting functions, medium

modifications of the form Eq. (5) have been implemented
previously in the Q-Pythia medium-modified parton
shower [9]. Our simple dipole-shower parallels this logic
but includes g → qq̄.
Supplementary results for the simple medium-

modified dipole shower. For each event we recon-
struct anti-kt jets with R = 0.4. We define qq̄-tagged
jets as jets containing a single qq̄ pair that originates
from the same gluon splitting. To simulate the fraction
Nqq̄/N inc/Nf of the number of qq̄-tagged over inclusive
jets of specific flavor, we require additional information
about the hard production rate of partons i (quark or
gluon) with initial energy E. For the relevant partonic
cross-sections dσi/dE we use leading order results aver-
aged over rapidity window y < 1 at

√
s = 5.02TeV from

Ref. [10] and we take E = pT . The jet pT spectra are
then given by weighting average contributions from sin-
gle initial parton jets with the respective leading-order
partonic cross-section

dσj

dpT
=

∫
dE

(
dσg

dE

dNg→j(E)

dpT
+

dσq

dE

dNq→j(E)

dpT

)
. (7)

For the ratio Nqq̄/N inc/Nf of qq̄-tagged over inclusive
jets, this modeling leads to a vacuum baseline shown in
Fig. 1.

In comparison to the vacuum baseline obtained from
JetMed (see the blue line in Fig. ??(b)), the vacuum base-
line of the ratio of qq̄-tagged over inclusive jets shown
here is a factor 1.2 (1.1) larger for pT = 200 (100) GeV
jets. In the region of pT = 20 − 50 GeV, deviations
between the baselines of JetMed and this simple dipole
shower grow larger than a factor 2. We note in this con-
text that a dipole-shower and an angular-ordered shower
agree only up to leading logarithmic accuracy. Also, the
effect of charm mass is beyond leading logarithmic accu-
racy and it is included in JetMed but not in this simple
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FIG. 1. The yield of qq̄-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. (7).

dipole shower. In general, contributions beyond leading
logarithmic accuracy can grow large if the phase space
for parton splitting becomes small which is the case for
low pT < 50 GeV. Taking this into account, we conclude
that the vacuum baselines of JetMed and of this simple
dipole-shower agree within expected uncertainties.
We show the nuclear modification factor RAA in this

simulation for inclusive and for qq̄-tagged jets in Fig. 2(a).
If the medium modification of all splitting functions is
included, then Rinc

AA for inclusive jets shows the signif-
icant suppression characteristic of jet quenching (pur-
ple solid). The Rqq̄

AA for qq̄-tagged jets shows a signifi-
cantly smaller suppression (purple hatched) since the ef-
fects leading to jet quenching in Rinc

AA are partially com-
pensated by a characteristic rate enhancement due to
medium-modified g → qq̄. If only the g → qq̄ splitting
function is medium-modified, there is little modification
of inclusive jets (solid orange) but substantial enhance-
ment of qq̄-tagged jets (hatched orange). In Fig. 2(b) we
show the double ratio Rqq̄

AA/R
inc
AA, which helps to isolate

the effects from medium-enhanced qq̄ production. Irre-
spective of whether the parton shower includes medium
modifications to all splitting functions (purple band) or
only modifications to the g → qq̄ splitting function (or-
ange band), a significant enhancement of the double ratio
is observed. This signals the dominant role of medium-
enhanced g → qq̄ splitting in this enhancement.

In both panels of Fig. 2 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 → cc̄ split-
ting.

Fig. 2 corroborates our main conclusions in several
ways. First, within the bands of q̂L variation, the en-
hancement of Rqq̄

AA/R
inc
AA obtained from the medium-

modified dipole parton shower is comparable to the en-
hancement obtained from the reweighting procedure,
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FIG. 2. (a) Results of the simplified stand-alone parton
shower for the nuclear modification factor of inclusive (solid
band) and of qq̄-tagged (hatched band) R = 0.4 jets. The
case of BDMPS-Z medium-modifications to all splitting func-
tions (purple) is compared to the case of including g → qq̄
splitting function only (orange). Results of the reweighting
procedure (??) are included (green). (b) The ratio of tagged
over inclusive jet RAA’s.

thus justifying the use of the latter in the main pa-
per. Second, inclusion of medium-modified g → gg and
q → qg splitting has a numerically small effect on the
ratio Rqq̄

AA/R
inc
AA (cf. Fig. 2(b)) although it affects the

nuclear modification factors Rinc
AA and Rqq̄

AA significantly
(cf. Fig. 2(a)). This supports our conclusion that the
g → qq̄-induced enhancement of qq̄-tagged jets can be
identified as an enhancement of ND0D̄0/Njets even in the
presence of energy loss. It is also consistent with the con-
clusion reached in a different way in our JetMed study
(see main text) that the enhanced cc̄-radiation is not due
to medium-enhanced g → gg followed by vacuum split-
ting of g → cc̄, but that it is due to medium-enhanced
g → cc̄ splitting.
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