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Abstract. We study medium-modifications of the gluon splitting into a quark
and anti-quark pair. Applying the Baier-Dokshitzer-Mueller-Peigné-Schiff and
Zakharov (BDMPS-Z) formalism, we derive a path-integral formula for the in-
medium g → qq̄ splitting function in the close-to-eikonal limit. Our analysis
shows that there are two qualitatively different medium effects: transverse mo-
mentum broadening of qq̄ pairs and enhanced production of such pairs. We
note that both effects are numerically sizeable if the average momentum trans-
fer from the medium to the parton is at the quark mass scale. In ultra-relativistic
heavy-ion collisions, this condition is realized by charm quarks, therefore we
focus our numerical analysis on the medium-modifications of g→ cc̄ splitting.

1 Introduction
Heavy quarks are produced by high-momentum transfer processes in hadronic collisions. In
particular for a cc̄ pair to be produced, the invariant mass Q2 = (pc + pc̄)µ (pc + pc̄)µ should
satisfy 4m2

c ≤ Q2 ≤ ŝ, where mc is the charm quark mass and
√

ŝ is the partonic center of
mass energy. Since mc ≫ ΛQCD, this process is perturbatively calculable in QCD. Moreover,
most cc̄ pairs emerge back-to-back with Q2 ∼ O(ŝ) at short distances, where the Quark
Gluon Plasma (QGP) has not formed yet. That is, the total charm cross-section is mainly
determined by such high-Q2 short-distance processes and therefore almost unmodified by the
QCD medium.

In heavy-ion collisions, charm quarks produced at short distances enter the QGP, and
the dominant in-medium process is gluon radiation off a charm, c → c g at long distances.
The BDMPS-Z calculation for the c → c g splitting function indicates that charm quarks
traversing the QGP lose energy due to medium-induced gluon radiation [1–6]. This effect
has been observed as the suppression of high-pT spectra of charmed hadrons. It should be
noted however that this dominant process c → c g does not affect the total charm yield but
only modifies the charm transverse momentum distribution.

The process we are focusing on is the medium-induced charm production with Q2 ≪ ŝ
at long distances via a gluon splitting into a cc̄ pair inside the QGP. This is much rarer com-
pared to the charm production at short distances and sub-dominant compared to the medium-
induced gluon radiation, but it is a dominant process for the in-medium charm production.
We also remark two features making this process useful. First, the splitting rate depends on
the degree of momentum transfer from the medium, hence it provides a way to probe the QGP
properties. Second, the cc̄ pair emerges collinear to the gluon direction, in contrast to back-
to-back emergence in vacuum, so they are likely to remain inside the jet. Hence, splittings
are traceable with jets.
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2 Medium-modified g→ cc̄ splitting function

In the collinear limit Q2 ≪ ŝ, partonic cross-sections factorize. For example, the cross-
section for the collision of two gluons producing a cc̄ pair plus something else, say X, can
be factorized by the cross-section for producing a parent gluon and the probability that this
gluon splits into a cc̄ pair,

σ̂g g→c c̄ X Q2≪ŝ−−−−→ σ̂g g→g X αs

2π
1

Q2 Pg→cc̄(z) . (1)

Here the probability Pg→cc̄(z) is called the g → cc̄ splitting function. In the collinear limit,
the virtuality is given by Q2 =

m2
c+κ

2

z(1−z) , where κ = 1
2 (kc − kc̄) is the relative momentum of the

cc̄ pair transverse to the gluon direction, and z is the longitudinal momentum fraction carried
by the charm. The in-vacuum g→ cc̄ splitting function to leading order in αs reads [7]

(
1

Q2 Pg→c c̄

)vac

(κ, z) =
1
2

1
Q4

[(
m2

c + κ
2
) z2 + (1 − z)2

z(1 − z)
+ 2m2

c

]
. (2)

The in-medium g → cc̄ splitting function in the close-to-eikonal limit with the multiple soft
scattering approximation in the framework of the BDMPS-Z formalism reads [8]

(
1

Q2 Pg→c c̄

)med

(Eg,κ, z, q̂, L) = 2Re
1

8 E2
g

∫ L

0
dt
∫ ∞

t
dt̄ exp

[
i

m2
c

2Egz(1 − z)
(t − t̄)

]

×
∫

drout exp
[
−1

4

∫ ∞
t̄

dξ q̂(ξ, z) r2
out

]
exp [−iκ · rout]

×
[(

m2
c +

∂

∂rin
· ∂
∂rout

)
z2 + (1 − z)2

z(1 − z)
+ 2m2

c

]
K [rin = 0, t; rout, t̄] , (3)

where Eg is the gluon energy and L is the longitudinal size of the medium, and

K[x, t; r, t̄
]
=

∫ ρ(t̄)

ρ(t)
Dρ exp

[
i
∫ t̄

t
dξ
(

Egz(1 − z)
2

ρ̇2 − q̂(ξ, z)ρ2

4 i

)]
(4)

is the path-integral of a harmonic oscillator. This formula (3) describes the rate at which a
gluon born at t = 0 splits into a cc̄ pair at longitudinal positions t in amplitude and t̄ in complex
conjugate amplitude. The medium effect is encoded in the so-called quenching parameter
q̂(ξ, z) entering the absorption factor exp [· · · ] in the second line and the path-integral K in
the last line, which measures the squared momentum transferred per unit path-length from
the medium to a parton.

Medium-induced shifts in transverse momentum arise in two occasions in the evolution,
one from back-propagating the phase exp [−iκ · rout] from t̄ to ∞ in the second line, and the
other from acting the differential operator ∂

∂rin
· ∂
∂rout

on the path-integral in the last line of (3).

Evaluating (3), we find Pmed
g→c c̄ ∼ O

(
⟨q2⟩med

Q2

)
. We recall that the mass correction of Pvac

g→c c̄ is of

order O
(

m2
c

Q2

)
. Therefore, medium-modifications become comparable to this mass correction

at the scale

⟨q2⟩med =

∫ τ f

τi

dτq̂(τ) ∼ O
(
m2

c

)
. (5)

From model extraction in central PbPb collisions at
√

sNN = 5.02 TeV, we obtain 4 GeV2 <
⟨q2⟩med < 8 GeV2 [9]. That is, the condition (5) is realized for the charm mass of mc =

1.27 GeV. This is indeed why we focus on the g → cc̄ splitting although the formula (3)
applies to gluons splitting into any quark-anti-quark pairs.
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⟨q2⟩med < 8 GeV2 [9]. That is, the condition (5) is realized for the charm mass of mc =

1.27 GeV. This is indeed why we focus on the g → cc̄ splitting although the formula (3)
applies to gluons splitting into any quark-anti-quark pairs.

3 Numerical results

There are two signatures of medium-modification: transverse momentum broadening of cc̄
pairs and enhanced production of such pairs. Left panel (from [8]) of Figure 1 plots numerical
results of the medium-modification of (3) when the average squared momentum transferred
from the medium is ⟨q2⟩med = q̂L = 4 GeV2. It shows the depletion of low κ2 splittings due to
the in-medium broadening and enhanced production rate at the scale κ2 ∼ q̂ L. Qualitatively
these two phenomena can be understood as follows: A gluon originally having a virtuality
lower than the mass threshold Q2 < 4m2

c acquires transverse momentum as it traverses the
medium, and hence the virtuality reaches or exceeds the threshold Q2 ≥ 4m2

c so that the
gluon can produce a cc̄ pair, which results in the enhanced production. The charm and anti-
charm produced also get momentum transfers in the medium, which leads to the momentum
broadening.

As an experimental strategy we propose to measure the ratio of the number of D0D̄0-
tagged gluon jets to the number of inclusive gluon jets as a function of jet pT . Due to the
enhanced production of cc̄ pairs in the QGP, a larger fraction of D0D̄0-tagged jets is expected
in heavy-ion collisions than in pp collisions. Right panel (from [10]) of Figure 1 plots Monte
Carlo simulation (using Pythia) results, which reveal 10% − 40% enhancement of D0D̄0-
tagged jets in heavy-ion collisions with respect to pp collisions [10]. See the small box in
the right corner. One remark is that for a very high pT correspondingly a very high gluon
energy Eg, the enhancement is suppressed. This feature can be understood in terms of the
formation time τform of a cc̄ pair. In the rest frame of the parent gluon, τform, rest =

1
Q . In the

lab frame, the gluon is boosted with respect to the medium by a Lorentz factor γ = Eg/Q,
and hence dilated to τform, boosted =

Eg
Q2 . If the gluon energy Eg is too high, the formation time

gets too delayed such that the splitting occurs after the gluon leaves the medium and hence
no momentum transfers from the medium, i.e., no medium-induced production of cc̄ pairs.
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Figure 1. Left (from [8]): The ratio of the medium-modified splitting function to the vacuum one shows
the characteristic momentum broadening and enhanced production of cc̄ pairs. Right (from [10]): The
fraction of jets carrying a D0D̄0-tag in

√
s = 5.5 TeV mid-central pp collisions (blue line), and in

central PbPb collisions (red band). The blue dashed line is included to take into account jet energy-loss
estimated as ∆pT /pT ≈ 10% of inclusive jets.

Another remark concerns other mechanisms, besides the medium-modified g→ cc̄ split-
ting, that can affect the ratio ND0D̄0/Njets: First, jets lose energy to the QGP via the medium-
induced gluon radiation g → gg and q → qg, and as a result pjet

T decreases. We estimate
the size of this jet energy-loss by the average fractional energy-loss ∆pT /pT ≈ 10% of in-
clusive jets in central PbPb collisions [11] (blue dashed line in Figure 1 Right). Second, the
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medium-induced gluon radiation processes g → gg and q → qg change the distribution of
gluons that can split into cc̄ pairs and hence affect the rate of cc̄ production inside jets. This
effect certainly exists, however we have checked that it is numerically smaller and does not
significantly affect our main conclusion of medium-enhanced cc̄ production [10].

4 Conclusion

We have calculated the medium-modification of the QCD leading order gluon splitting func-
tion into a charm and anti-charm pair in the BDMPS-Z formalism. The result of Pmed

g→cc̄ shows
broadening of the relative transverse momentum of cc̄ pairs and enhancement of cc̄ produc-
tion in the QGP, which are sizeable if the average momentum transfer from the medium is at
the charm mass scale. As an experimental strategy for testing the enhanced g→ cc̄ splittings,
we have made a Monte Carlo study for the fraction of D0D̄0-tagged jets over inclusive jets,
which shows 10% − 40% enhancement for such measurements in heavy-ion collisions with
respect to elementary collisions.
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