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Abstract: Detailed insight into the interplay between parton energy loss and the way

deconfined medium created in heavy-ion collisions expands is of great importance for im-

proving the understanding of the jet quenching phenomenon. In this paper we study the

impact of the expansion of deconfined medium on the single-gluon emission spectrum, its

resummation and the jet suppression factor (QAA) within the BDMPS-Z formalism. We

calculate these quantities for three types of expansion scenarios, namely static, exponen-

tially decaying and Bjorken expanding media. The distribution of medium-induced gluons

is calculated using an evolution equation with splitting kernels derived from the gluon emis-

sion spectra. A universal behavior of splitting kernels is derived in the regime of soft gluon

emissions when evaluated at a common effective evolution time τeff. Novel scaling features

of the resulting gluon distribution and jet QAA are discussed. For realistic spectra valid

beyond the soft-gluon emission limit, where the results are obtained by a numerical solu-

tion of the evolution equation, these features are partially replaced by a scaling expected

from considering an averaged jet quenching parameter along the trajectory of propagation.

Further we show that differences arising from different types of the medium expansion can

be to a large extent scaled out by appropriate choice of the quenching parameter. Sizable

differences among the values of the quenching parameter for different types of medium

expansion point to the importance of the medium expansion for precise modeling of the jet

quenching phenomenon.
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1 Introduction

Measurements of jets in heavy-ion collisions at RHIC and the LHC revealed many interest-

ing results. The production of inclusive jets was found to be strongly suppressed in central

heavy-ion collisions with respect to proton-proton collisions [1–4] as a direct consequence

of parton energy loss. It was shown that the fragmentation pattern of jets is significantly

modified in heavy-ion collisions and that the lost energy is transferred to soft particles, pre-

dominantly emitted away from the jet axis [5–10]. These are only few of important results

(for a review of experimental results, see e.g. ref. [11]) which however clearly demonstrate

that the rich phenomenon of jet quenching calls for an accurate theoretical description.

In this paper we study one particular aspect of the jet quenching, namely the impact

of the medium expansion on the rate of stimulated radiation and the related medium-

induced branching. The starting point of the calculations presented here is the formalism

for propagation and radiation in a dense medium within the BDMPS-Z framework [12–15].

This allows to resum multiple interactions with the medium through a Schrödinger equation

for the relevant in-medium correlator, see [16, 17]. The solution can be obtained via direct

numerical evaluation [18–21] or as an expansion in terms of the medium opacity [22–24].

Currently, we work within the approximation of multiple-soft scattering, also referred to

as the “dipole” or “harmonic oscillator” approximation [25, 26], when the resummation for

dense media can be performed analytically and that describes well the regime of typical

gluon emissions [27].1

1Improvements to account for rare emissions can also be systematically included [28–30].
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Multiple scattering in expanding media was analyzed in [31] and later in [25, 32, 33]

(see also [34] for a numerical solution in this case). These calculations indicate an important

impact of the finite expanding medium on the observable quantities such as the nuclear

modification factor of hadrons. Interesting features, such as the scaling of gluon energy

spectra in expanding media with average transport coefficient, were early identified [25, 32].

This scaling indicates that some of the main features of the medium-induced spectra remain

unchanged no matter the underlying density profile of the background medium.

These approaches have been successfully confronted with experimental data on jet

and single-inclusive hadron suppression, see for example [34–39], with the aim to reliably

extract properties of the dense medium created in heavy-ion collisions. Phenomenological

studies aim ultimately at establishing the relation between the jet quenching parameter

and the energy density of the quark gluon plasma [40] which, according to perturbative

estimates, should scale like q̂/T 3 ∼ 2(ε/T 4)3/4 [41].2 Since the energy density is expected to

change dramatically during the life-time of the system, jet modifications carry an imprint

of this evolution. This prompts us to improve the theoretical description of jet quenching

in expanding media.

In this work, rather than attempting a full phenomenological description of experimen-

tal data, we focus on shedding light on the universal features of radiative energy loss, and

deviations from them. We extend previous studies to obtain single-inclusive gluon spectra

and related in-medium emission rates, and use these to obtain the jet suppression factor

for three different types of expanding medium. However, we do not attempt to model the

fluctuations related to the production point of the jet or its substructure. The in-medium

distributions are found using numerical solution of the evolution equation for gluon emis-

sion spectra introduced in [43, 44] with the important input from a unified treatment of

expanding media derived in [45]. This allows us to study specific properties and scaling of

single-inclusive gluon emission spectra and jet suppression factor which can be compared

to recent measurements done at the LHC. While many analyses of in-medium evolution

so far have focused on static media [43, 46, 47], it is also important to establish whether

the qualitative features observed there, such as the rapid transfer of energy to low-energy

modes [48, 49], can be carried over to expanding cases.

Based on the limit of soft gluon emission, or x� 1 where x is the energy fraction of the

emitted gluon, we are able to closely match all the medium expansion scenarios in terms

of a rate that turns out to be constant in a rescaled time variable τeff which is distinct

function of the dimensionless combination
√
q̂/p L, where p is the jet energy and L is the

in-medium path length, for each case. This leads to a scaling of the resulting distribution

of medium-induced gluons when evaluated at the same effective time τeff. However, this

scaling behavior is partly washed away when the medium-induced cascade is evaluated with

the full BDMPS spectrum, valid beyond the soft gluon limit. It turns out that the scaling

properties in this case correspond more closely to the one expected from considering an

average jet quenching coefficient 〈q̂〉, which was first numerically discovered in [25, 32].3

2See also [42] for other ideas.
3It turns out that the difference between the two forms of scaling, when quantified in terms of an

“effective” q̂, amounts to an overall factor of 2.
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These features affect in turn the resulting jet suppression factor, indicating that the precise

shape of the jet spectrum is sensitive to the details of the expansion and dilution of the hot

and dense medium created in heavy-ion collisions. Furthermore, the differences of scaling

properties in the small and large-x sectors shed new light on the relation between jet

suppression and the amount of energy deposited at the temperature scale in the medium.

The paper is organized as follows. Section 2 introduces emission spectra and rate

of emissions in an expanding medium for three different types of media and discusses

their properties. Section 3 provides calculations of medium evolved gluon emission spectra

obtained using the evolution equation with input rates from section 2. In section 4, the

moments of gluon spectra are calculated allowing to obtain the jet suppression factor, QAA,

for different types of expanding media. The scaling properties of the jet QAA with respect

to the transport properties of the expanding media are discussed. Section 5 provides a

summary and outlook.

2 Emission spectrum and rate in an expanding medium

Calculations of medium-induced gluon radiation in the evolving media presented in this

paper are done in the limit of multiple soft scatterings and follow the BDMPS-Z formal-

ism [12–15]. For the purposes of this paper, we only consider gluon branching. The starting

point is the gluon emission spectrum radiated from an initial massless parton with energy

p (we only consider gluon splitting at the moment). The final expression can be cast in a

general form as [45]
dI

dz
=
αs
π
P (z) ln |c(0)| , (2.1)

where P (z) ≡ Pgg(z) = 2Nc[1− z(1− z)]2/z(1− z) is the Altarelli-Parisi splitting function.

The strong coupling constant αs runs with the typical transverse momentum accumulated

during the emission, k⊥ ∼ (z(1− z)pq̂)1/4, but in the remainder of the paper we will treat

it as a constant, αs = 0.14.

In eq. (2.1), c(t) is a function that encodes information about the medium and its

expansion [45]. It is the solution of a differential equation

d2c(t)

dt2
+ Ω2(t)c(t) = 0 , (2.2)

where Ω(t) is a time-dependent, complex frequency. For our purposes (gluon splitting),

this frequency is simply given by

Ω2(t) = −i q̂eff(t)

2z(1− z)p
, (2.3)

where the effective jet quenching parameter is given by q̂eff(t) = [1 − z(1 − z)]q̂(t). The

boundary conditions are such that c(t) approaches 1 at t → ∞; this realizes the fact that

the particle ends up in a vacuum state, i.e. q̂ → 0 and therefore Ω(t) → 0 as t → ∞. On

the other hand, t = 0 corresponds to the position of the hard scattering that produces

the hard particle sourcing the splitting. The solutions to the differential equation (2.2) are

subject to boundary conditions that, in the case of the spectrum in eq. (2.1) are given by

c(∞) = 1 and ∂tc(t)|t=∞ = 0.
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Figure 1. The time dependence of the q̂ coefficient for the different expanding scenarios considered

in this paper: a static medium (blue, solid), exponentially decaying medium (orange, dashed) and

the Bjorken expanding medium (red, dot-dashed) with t0 = 0.1fm.

We can also derive an emission rate, defined as

K(z, τ) ≡ dI

dzdτ
, (2.4)

per unit “time” τ . This is a dimensionless number defined as

τ =

√
q̂0

p
L , (2.5)

where L is the distance the initial parton travels trough the medium. The parameter

q̂0 = q̂(t0) is the initial value of the jet quenching parameter. The rate K(z, τ) is an input

to calculations of medium evolved gluon spectra, which will be discussed in section 3.

For expanding media, the quenching parameter is time dependent, q̂ = q̂(t). It was

early realized that the single-gluon emission spectrum for different medium expansion sce-

narios possessed scaling features when plotted for the same value of the (properly defined)

average transport coefficient [25, 32], where the average quenching parameter for a given

type of the expanding medium is

〈q̂〉 =
2

L2

∫ L+t0

t0

dt (t− t0)q̂(t) ≡ 2

L2
〈(t− t0)〉 , (2.6)

where t0 corresponds to the time-scale for the onset of quenching effects, i.e. q̂(t < t0) = 0.

In this work we will consider three examples of medium evolution, differing by q̂(t)

profiles and therefore with different c(0). These are the static medium, exponentially

decaying medium and the Bjorken expanding medium. The time dependence of q̂ for

these different scenarios is fully specified later in this section and summarized in figure 1.

For the former two examples we can safely put t0 = 0 while for the Bjorken scenario,

where the energy density and therefore also q̂(t) diverges at small times, we have to use
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a finite t0. Moreover, the exponentially decreasing spectrum is extending up to t = ∞,

which automatically regularizes q̂(t) at late times, and it is therefore natural to define the

average jet quenching parameter as

〈q̂〉exp =
2

L2

∫ ∞
0

dt t q̂(t) , (2.7)

in this case.

In this section, we establish the exact scaling features of the single-gluon emission spec-

trum and rate in a theoretically well-defined limit, namely the soft gluon emission regime.

Surprisingly, they turn out to be slightly different than expected from eqs. (2.6) and (2.7).

Below we will analyze how this affects the resulting distribution of medium-induced gluons

after passing through the medium. The reference values for the jet quenching parameter

at initial time and the size of the medium used in this section are q̂0 = 1.5 GeV2/fm and

L = 4 fm, respectively. Emission spectra and rates for these examples as well as their

properties are detailed in the remainder of this section.

2.1 Static medium

For a static medium, q̂(t) = q̂0 for t < L and vanishes at later times, and obviously 〈q̂〉 = q̂0

as well. In this case, Ω2(t) = Ω2
0, see below, at t < L and Ω2(t) = 0 at t > L. The spectrum

is given by [12–15]
dI

dz
=
αs
π
P (z) Re ln cos Ω0L , (2.8)

where

Ω0L =

√
−i
2

q̂0

p
κ(z)L =

1− i
2

κ(z)τ , (2.9)

and κ(z) =
√

[1− z(1− z)]
/

[z(1− z)]. Focusing on the small-z limit, z � 1, and defining

the gluon frequency ω = zp, we see that the spectrum has two regimes, namely

ω
dI

dω
' 2ᾱ


√

q̂L2

4ω for ω � q̂L2 ,

1
12

(
q̂L2

2ω

)2
for ω � q̂L2 ,

(2.10)

where ᾱ≡αsNc/π. The characteristic (hard) gluon frequency is often denoted as ωc= 1
2 q̂L

2.

The ω−1/2 behavior at low energies is a consequence of the LPM interference effect, and

applies for gluons with formation times shorter than the medium length, tf ∼
√
ω/q̂ < L.

This essential feature fundamentally impacts the resulting distribution of medium-induced

parton cascade [43, 50]. Furthermore, in this regime the spectrum is proportional to the

in-medium path length, ωdI/dω ∝ L. At long formation times, tf ∼
√
ω/q̂ > L, or ω > ωc,

the spectrum is strongly suppressed.

Returning now to finite z, in terms of the evolution variable τ , the rate then becomes

K(z, τ) =
αs
2π
P (z)κ(z) Re

[
(i− 1) tan

(
1− i

2
κ(z)τ

)]
. (2.11)

– 5 –
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It is also useful to recall the “soft” limit of this spectrum that will be used for comparison

later on. We are interested in the regime κ(z)τ ∼ τ/
√
z � 1, for large τ or for z � τ2,

where we can expand the cosine in eq. (2.8) to obtain

dI

dz

∣∣∣∣
τ�
√
z

' αs
2π
P (z)κ(z)τ , (2.12)

where the rate K(z, τ) ' αs
2πP (z)κ(z) is constant in “time”. In order to highlight the

features of the rate, and corresponding distribution of gluons emitted in the medium,

we will further simplify this expression by neglecting all z-dependence apart from the

(apparent) singular behavior in z → 0 and z → 1. In this case, the rate reads

K(z, τ)|sing =
ᾱ

[z(1− z)]3/2
. (2.13)

This can also be found by considering the limit of large times τ , conversely small z, directly

in eq. (2.11), where limx→∞ tan(1 − i)x = −i and hence the rate tends to constant, time-

independent value at large times. It turns out that the medium evolution of the gluon dis-

tribution is exactly solvable using eq. (2.13) [43], which makes it an interesting limiting case.

2.2 Exponentially decaying medium

For exponentially decaying media the profile of the jet quenching parameter is given by

q̂(t) = q̂0e−t/L. (2.14)

Note that in this case the average parameter, according to eq. (2.7), is 〈q̂〉exp = 2q̂0, i.e.

twice as big as for the static medium. This is a consequence of the fact that, although

exponentially suppressed, the quenching is allowed to take place over very long distances.

The solution of c(t) satisfying the boundary conditions at t→∞ is readily found, and

in this case the spectrum is given by

dI

dz
=
αs
π
P (z) Re ln J0(2Ω0L) , (2.15)

where J0(z) is a Bessel function of the first kind and Ω0L is given in eq. (2.9). We point

out the factor 2 appearing inside the Bessel function, that highlights some of the peculiar

features of this particular scenario. The rate then becomes

K(z, τ) =
αs
π
P (z)κ(z) Re

[
(i− 1)

J1

(
(1− i)κ(z)τ

)
J0

(
(1− i)κ(z)τ

)] . (2.16)

We notice again the ratio of Bessel functions tend to a constant value at large times

limx→∞ J1

(
(1 − i)x

)/
J0

(
(1 − i)x

)
= −i. However, given the profile defined in eq. (2.14),

this limiting value is twice as large as for the static case,

lim
τ→∞

Kexp(z, τ) = 2 lim
τ→∞

Kstatic(z, τ) . (2.17)

This mismatch can in principle be remedied by rescaling medium parameters in eq. (2.14),

e.g. L→ L/2.

– 6 –
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However, to put these insights onto firmer theoretical ground and reveal the scaling

features of the spectrum and rate, let us presently analyze the leading behavior arising in

the limit of z → 0 and z → 1. We will therefore approximate κ(z) ≈ 1/
√
z(1− z) and

P (z) ≈ 2Nc/(z(1 − z)), and employ the asymptotic form of the Bessel functions for large

arguments. With these approximations the emission spectrum (2.15) can be written as,

dI

dz

∣∣∣∣
sing

' 2ᾱ

z(1− z)

{
Re ln cos

[
(1− i)

√
q̂0L2

z(1− z)p
− π

4

]
+

1

4
ln

(
2z(1− z)p

π2q̂0L2

)}

≈ 2ᾱ

z(1− z)
Re ln cos

[
1− i

2

√
4q̂0L2

z(1− z)p
− π

4

]
, (2.18)

where in the second step we neglected the second term in the small or large z limit, as

indicated by the subscript “sing” next to the spectrum. We observe that, apart from the

factor π/4 under the cosine, there is only a factor 4 difference under the square root between

the exponentially decaying medium and a static one, cf. eq. (2.8). This is also a factor 2

bigger than the expected scaling by using the average q̂ parameter introduced in eq. (2.7).

Based on eq. (2.15), we immediately find the asymptotes of the spectrum in the soft

and hard limits. For now we will treat z � 1 with ω ≡ zp. In analogy to eq. (2.10), we find

ω
dI

dω
= 2ᾱ


√

q̂0L2

ω for ω � q̂0L
2

1
16

(
q̂0L2

ω

)2
for ω � q̂0L

2
. (2.19)

We therefore affirm that there is no unique rescaling of the medium parameters in eq. (2.19)

such as to exactly recover the static spectrum for the whole range of ω values, cf. eq. (2.10).

In particular, we notice that rewriting the exponential spectrum by means of 〈q̂〉exp results

in a constant mismatch with the static spectrum, i.e.

dIexp(〈q̂〉)
dω

/
dIstatic(〈q̂〉)

dω
=

{√
2 for ω � 〈q̂〉L2

3
4 for ω � 〈q̂〉L2

. (2.20)

On the other hand, if we instead define an effective, rescaled q̂eff = 4q̂0, the

dIexp(q̂eff)

dω

/
dIstatic(q̂eff)

dω
=

{
1 for ω � q̂effL

2

3
16 for ω � q̂effL

2
, (2.21)

where we note the perfect scaling in the soft sector. On the other hand, these results signal

the breakdown of näıve scaling laws that apply to the full kinematical range.

Turning now to the rate in (2.16), we notice that it can be approximated as

K(z, τ)|sing '
2ᾱ

[z(1− z)]3/2
Re (i− 1) tan

[
(1− i) τ√

z(1− z)
− π

4

]
,

≈ 2ᾱ

[z(1− z)]3/2
, (2.22)

– 7 –
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where in the second step we additionally assumed that z � τ2. When comparing with

eq. (2.13), we note an overall factor 2 difference of the rate. This factor can be absorbed

into a redefinition of the evolution time, by defining

τeff = 2τ . (2.23)

In terms of the re-scaled time-variable τeff, the rate is constant,

K(z, τeff)|sing =
ᾱ

[z(1− z)]3/2
, (2.24)

and, moreover, coincides with the static rate (written per unit time τeff = τ). Although

this seems to be a somewhat artificial manipulation at this stage, we will see its usefulness

in making sense out of the Bjorken scenario, discussed next.

2.3 Bjorken expanding medium

This type of the medium is motivated by the Bjorken expansion, which leads to the drop

of energy density ε(t) with proper time as ε(t) = ε(t0)(t0/t)
4/3 for massless relativistic

particles. Since q̂ ∝ ε3/4, one can therefore model the time dependence of the jet quenching

parameter as [31],

q̂(t) =


0 for t < t0 ,

q̂0(t0/t)
α for t0 < t < L+ t0 ,

0 for L+ t0 < t .

(2.25)

The α 6= 1 generalizes the above-mentioned Bjorken expansion. We find that 〈q̂〉Bjork =

2q̂0t0/L and the average value of 〈q̂〉 is in this case dependent on the ratio t0/L. For the

typical values t0 = 0.1 fm, L = 4 fm, and α = 1 we find 〈q̂〉Bjork/q̂0 ≈ 0.05, i.e. the expansion

reduces the average quenching parameter by a factor of 20.

The spectra for generic power-law expansions characterized by α were analyzed

in [25, 31, 45]. The spectrum is given by

dI

dz
=
αs
π
P (z) Re ln

[(
t0

L+ t0

)1/2 Jν(z0)Yν−1(zL)− Yν(z0)Jν−1(zL)

Jν(zL)Yν−1(zL)− Yν(zL)Jν−1(zL)

]
, (2.26)

for α < 2 with ν ≡ 1/(2− α), and where

z0 ≡ 2ν
1− i

2
κ(z)

√
q̂0

p
t0 = ν (1− i)κ(z)τ0 , (2.27)

zL ≡ 2ν
1− i

2
κ(z)

√
q̂0

p

√
t0 (L+ t0) = ν (1− i)κ(z)

√
τ0(τ + τ0) , (2.28)

where τ0 =
√
q̂0/pt0.

In what follows α = 1 (and ν = 1) implying

dI

dz
=
αs
π
P (z) Re ln

[(
t0

L+ t0

)1/2 J1(z0)Y0(zL)− Y1(z0)J0(zL)

J1(zL)Y0(zL)− Y1(zL)J0(zL)

]
, (2.29)

– 8 –
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and the rate becomes

K(z, τ) =
αs
2π
P (z)κ(z)

√
τ0

τ + τ0
Re

[
(1− i)J1(zL)Y1(z0)− J1(z0)Y1(zL)

J1(z0)Y0(zL)− J0(zL)Y1(z0)

]
. (2.30)

We point out that this rate depends explicitly on τ0 as well as on τ . The long-time behavior

of this scenario stands out compared to the other two cases analyzed above. While the

factor inside the square brackets in eq. (2.30) goes to a constant, i.e. limτ→∞Re[. . .] = 1,

the square root in front leads to a power-like decay of the rate at large times, i.e.

lim
τ→∞

K(z, τ) =
αs
2π
P (z)κ(z)

√
τ0

τ
. (2.31)

However, this can be also obtained for sufficiently small z, i.e. z � zc ≡ τ0τ . In fact, for

these small z values the properties of the Bjorken expanding and the static case, where

zc ≡ τ2 are quite similar, i.e. Kstatic(zc, τ) ≈ KBjork(zc, τ) ∝ τ−1.

Once again, we now turn to the “singular” behavior, see the previous sub-section, of

the spectrum and rate in order to extract the scaling features. We employ the asymptotic

forms of the Bessel functions to calculate the emission spectra for the Bjorken medium

eq. (2.26) in the limit of small or large z. We finally get

dI

dz

∣∣∣∣
sing

' 2ᾱ

z(1− z)
Re ln

[√
t0

L+ t0
cos

(
(1− i)

√
q̂0t0L

z(1− z)p

)]
,

' 2ᾱ

z(1− z)

[
Re ln cos

(
1− i

2

√
4q̂0t0L

z(1− z)p

)
+

1

2
ln
t0
L

]
. (2.32)

In this case, the spectrum contains an additive term when compared to its equivalent static

expression (2.8). In addition, we see a similar factor of 2 mismatch of the average q̂ as for

the exponential case.

Similarly to the derivations above, the asymptotes of the spectrum in the z � 1 limit

are found to be

ω
dI

dω
= 2ᾱ


√

q̂0t0L
ω for ω � q̂0L

2

1
16

(
q̂0t0L
ω

)2
for ω � q̂0L

2
. (2.33)

Curiously, the remaining mismatch with the static spectrum after rewriting the spectrum in

terms of 〈q̂〉Bjork are exactly the same as in the exponential case, see eqs. (2.20) and (2.21).

We note that, strictly speaking, there is no scaling law that can accommodate the behavior

of the spectrum for the full range of gluon energies.

Similarly, the rate (2.30) can be approximated as,

K(z, τ)|sing '
ᾱ

[z(1− z)]3/2

√
τ0

τ0 + τ
Re(i− 1) tan

[
(1− i)

√
τ0τ

z(1− z)

]
,

≈ ᾱ

[z(1− z)]3/2

√
τ0

τ
, (2.34)

where in the second line we additionally assumed z � τ0τ . Comparing the above equation

with (2.11), we note several differences. Overall, similarly to the exponential case, there
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is a factor of 2 difference in the argument of the tangent with respect to the static case.

Additionally, the rate depends on τ in a different way than in the static case. This is

manifested in the extra pre-factor ∼
√
τ0/τ and the factor

√
τ0τ in the argument of the

tangent. This additional factor will indeed break the näıve scaling of the Bjorken rate with

the static and exponential media.

However, the additional time-dependent pre-factor can be absorbed into a redefinition

of the evolution time. Introducing an effective evolution time

τeff = 2
√
τ0τ , (2.35)

with dτeff =
√
τ0/τdτ , we can recast the rate as

K(z, τeff)|sing =
ᾱ

[z(1− z)]3/2
. (2.36)

Generally, in this class of expanding scenarios, the effective time variable can be cast as

τeff =

∫ t

0
dt′

√
q̂(t′)

p
, (2.37)

for α < 2.4 In summary, although the rate for the Bjorken expanding medium at first glance

leads to a qualitatively different time-dependence (which primarily is not constant in time

∼
√
q̂0/p t), we can absorb these differences into a clever choice of evolution variable in the

singular case. In terms of the new time-variable τeff the rate is constant and equivalent to

the static one.

2.4 Properties of the emission spectrum and rate

We compare the spectra of medium-induced gluon in figure 2. In the left panel, we have

plotted the spectrum ω dI/dω versus ω/〈ωc〉, i.e. the energy rescaled by the maximal avail-

able gluon energy in the medium 〈ωc〉 ≡ 〈q̂〉L2/2. We see that the Bjorken model (red, dot-

dashed curve in figure 2) approximately respects the scaling, as first discussed in [25, 32].

The exponential profile, with 〈q̂〉 defined as in eq. (2.7), also obeys the scaling approxi-

mately, cf. the (orange) dashed curve in figure 2. The scaling in the soft sector is clearly

improved in the right panel of figure 2, where we re-scale by the analytically motivated

parameter ωeff, which was derived above to be

ωeff =


1
2 q̂0L

2 static medium

2q̂0L
2 exponentially expansion

2q̂0t0L Bjorken expansion

. (2.38)

Turning next to the rate of medium-induced gluons, in the left panel of figure 3, we

compare the resulting rates K(z, τ) (K(z, τ, τ0) for the Bjorken model) at fixed z = 0.01

plotted as a function of τ (left panel) and τeff (right panel). The splitting rate for the static

medium in the soft limit is constant, see (grey) dotted curves. For the exponential and full

4We thank Y. Mehtar-Tani for pointing out this relation.
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Figure 2. Spectrum of medium induced gluons ω dI/dω (in the limit z � 1) scaled by ᾱ = αsNc/π

and plotted as a function of the gluon energy rescaled by 〈ωc〉 = 〈q̂〉L2/2 (left panel) and by

ωeff = q̂effL
2/2 (right panel), see definition in the text. For the Bjorken case, we have chosen

t0 = 0.1 fm. The plotting options are the same as in figure 1.
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Figure 3. Gluon emission rate for z = 0.01 as a function of the evolution time τ (left) and τeff

(right) for different medium expansion profiles. We plot the Bjorken case for three values of τ0 (the

rate is zero for τ < τ0). The plotting options are the same as in figure 1. The dotted lines are

the asymptotic limits for the static, soft approximation, resulting from eq. (2.12), and additionally

scaled by a factor 2 to reproduce the long-time limit of eq. (2.16).

static cases, the splitting rate starts to grow from zero at τ = 0, then it saturates at τ ∼
√
z.

For the exponentially decaying medium, the rate saturates at slightly larger times compared

to the static case, which is a consequence of limiting behavior of the ratio of Bessel’s

function in eq. (2.16). In contrast, the rate for Bjorken expanding medium converges to

zero at large times. While the ratio of Bessel’s function in eq. (2.30) tends to one for

τ ∼ z/τ0, the presence of the factor
√
τ0/(τ0 + τ) leads to the dumping of the splitting

rate for τ > τ0. The values of K(z, τ) at large τ are larger for the exponential case than

for the static case due to a longer effective extent of the medium, see definition eq. (2.14).

As discussed above, this mismatch can in principle, at least for soft sector, be corrected

by the proper redefinition of the evolution time. Summarizing the results in the previous
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Figure 4. Gluon emission rate for fixed τ = 0.5 (left) and τeff = 0.5 (right) as a function of the

momentum fraction z. The plotting options are the same as in figure 1.

section, the effective evolution time reads

τeff =


τ static medium

2τ exponential medium

2
√
τ0τ Bjorken medium

, (2.39)

where, we repeat, τ =
√
q̂/p t in terms of the “real” in-medium distance t. We plot the

rate corresponding to the effective evolution time K(z, τeff) in the right panel of figure 3.

While the resulting, effective rate for the exponential case scales closely with the static

case, the Bjorken case depends strongly on the chosen value of the initial time τ0. Indeed,

the scaling properties we derived only hold for sufficiently small momentum fractions z,

also see below.

This point becomes even more clear in figure 4 where we show a comparison of K(z, τ)

(left) and the corresponding K(z, τeff) (right) for fixed τ = 0.5 and τeff = 0.5, respectively,

plotted as a function of the momentum fraction z. We observe in the left panel that, while

for high values of z the rates for different profiles differ significantly, the low-z values they

all have the same, universal slope which is a consequence of the P (z)κ(z) factor present in

splitting rates of all the profiles which diverges for z → 0 as z−3/2. We therefore expect

to recover a universal behavior of the resulting parton branching evolution for expanding

media in the soft gluon regime. The rate for fixed effective evolution time in the right panel

confirms to a large extent this expectation for the exponential case. But for the Bjorken

case, the scaling only holds for the soft sector, as expected from the scaling properties

derived for the regime z � τ0τ in section 2.3.

3 Rate equation for expanding medium

Equipped with the rate of emissions, we can now turn to the task of resumming mul-

tiple gluon emissions in the medium. In a large medium, possible interference terms are
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suppressed [51, 52], and the resummation is performed via a kinetic rate equation. The evo-

lution equation for the energy distribution of medium-induced gluons, D(x, τ) = x dN/dx,

is given by [43, 44]

∂D(x, τ)

∂τ
=

∫ 1

0
dzK(z, τ)

[√
z

x
D
(x
z
, τ
)

Θ(z − x)− z√
x
D(x, τ)

]
. (3.1)

The initial value of the D(x, τ) is a δ-function at x = 1 which characterizes the initial single

color charge entering the evolving medium. Furthermore, conservation of energy implies∫ 1

0
dxD(x, τ) = 1 . (3.2)

While this is formally violated due to the soft singularity at x = 0, this can be reinstated

by assuming the accumulation of energy at the thermal scale x ∼ T/p where elastic re-

scattering leads to thermalization [48]. For the Bjorken expansion scenario, the distribution

also depends on the initial time τ0, i.e. D(x, τ, τ0). In this section, we have fixed τ0 = 0.03.

The rate equation eq. (3.1) was solved numerically for the static medium, exponentially

decaying medium, and the Bjorken case introduced in section 2. The resulting distributions

of D(x, τ) are shown for three representative values of τ in figure 5, see figure caption

for further details. Despite the differences observed in the rates, at low x, all the D(x)

distributions converge to a universal scaling with 1/
√
x which is a consequence of the low-

x behavior discussed in section 2.4 driven by a presence of factors P (z)κ(z) in all the

splitting rates. The magnitude of the effects is different and is expected to scale with the

average parameter 〈q̂〉 which is hierarchically 〈q̂〉exp > 〈q̂〉static > 〈q̂〉Bjork (for the choice of

parameters used here). At high-x, which predominantly drives the jet suppression factor,

see section 4, the reduction of D(x, τ) is the strongest for the exponentially decaying

medium and the weakest for the Bjorken case, according to the established hierarchy of 〈q̂〉
for the parameters used here.

As a check of our numerical routine, we have also evaluated the distribution for the

static soft limit, i.e. where we use eq. (2.13) as the splitting rate. These results can be

compared with the known analytical solution [43],

Dsing(x, τ) =
ᾱτ

√
x(1− x)3/2

e−π
ᾱ2τ2

1−x , (3.3)

where the sub-script refers to the “singular” rate in eq. (2.13), see also [53]. The numer-

ical and analytical results are plotted in figure 5 as the solid (black) and dashed (black)

curves and we see a good agreement over a wide range in x and τ . In this situation, the

energy stored in the spectrum decreases exponentially with τ , E(τ) =
∫ 1

0 dxD(x, τ) =

e−πᾱ
2τ2

[43].5

Finally, in order to confirm the scaling properties uncovered in the last section, in

figure 6 we compare the resulting gluon distribution D(x, τ) using only the singular rates,

i.e. eq. (2.13) for the static case, eq. (2.22) for the exponential case and eq. (2.34) for the

5Note that the authors of ref. [43] use directly τ̃ = ᾱτ as the evolution time.
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Figure 5. Medium induced gluon distribution
√
xD(x, τ) for three different values of τ and three

types of medium expansion calculated numerically: static soft (dashed black), static (solid blue),

exponential (dashed orange), and Bjorken (dashed-dotted red). We also plot the soft limit of

the static medium calculated analytically (solid black) for reference. Left panels show the full

distribution, right panels zoom in the high-x region.
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Figure 6. Medium induced gluon distribution
√
xD(x, τ) for singular rates (left panels) and full

rates (right panels). The upper row corresponds to the distributions for different medium expansions

evaluated at equal evolution time τ . In the lower row, we have plotted the distributions at a fixed

effective evolution time τeff.

Bjorken case, to the distributions obtained with the full rates. In the upper panels, the

distributions are plotted for a fixed, common evolution time τ while below the distributions

are evaluated at fixed τeff. The distributions resulting from the singular rates in the left

panels clearly show nice scaling properties. The full distributions, plotted in the right

panels of figure 6, do not respect a scaling with τeff.

As we will illustrate next on the level of the jet suppression factor, a better scaling is

actually achieved by using the average jet quenching parameter 〈q̂〉, as defined in eqs. (2.6)

and (2.7). However, it is clear from figure 5 and figure 6 that the distributions of medium-

induced gluons produced in differently expanding media have different features at both low

and high values of x.

4 Moments of D(x, τ ) and the jet suppression factor

One of the key observables quantifying inclusive jet suppression is the jet nuclear modi-

fication factor, measured, for instance, by the LHC experiments [1–4]. The yield for the
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inclusive jet suppression can be obtained as a convolution of the D(x, τ) distribution with

the initial parton spectra,

dσAA

dpT
=

∫ ∞
0

dp′
T

∫ 1

0
dx δ(pT − xp

′
T

)D
(
x, τ ≡

√
q̂0/p′TL

) dσ0

dp′
T

, (4.1)

see e.g. [25, 37, 54]. Note that the evolution time τ now depends on the unknown initial

energy of the parton. The initial parton spectra can be approximated by a power law,

dσ0/dpT ∝p−nT . In this case, the jet suppression factor QAA(pT )=
(
dσAA/dpT

)/(
dσ0/dpT

)
, is

QAA(pT ) =

∫ 1

0
dxxn−1D(x,

√
xτ) , (4.2)

where now τ =
√
q̂0/pTL, as before. For the Bjorken model, the distribution has addition-

ally a dependence on the initial time τ0, and the distribution in the integrand in eq. (4.2)

becomes D(x,
√
xτ,
√
xτ0).

Let us focus for a moment on the analytical solution of the rate equation given by

eq. (3.3). At the present stage, it is illuminating to change variables to ε = pT (1−x), where

ε has the meaning of the energy lost by the particle due to medium-induced emissions. In

this case,

QAA(pT ) =

∫ p
T

0
dε

(
1− ε

pT

)n−1√ωs
ε3

e
−πω

ε

(
1− ε

p
T

)
, (4.3)

where ωs = ᾱ2q̂0L
2 is the scale of soft, multiple gluon emissions. In the limit of ωc � pT ,

this expression can be approximated by

QAA(pT ) ≈
∫ ∞

0
dε e−νε

√
ωs
ε3

e−
πω
ε = e−2

√
πωsν , (4.4)

where ν = (n − 1)/pT . This is nothing else than the (inverse) Laplace transform of the

energy loss distribution P(ε)=
√
ωs/ε3 e−πωs/ε. This quantity is normalized

∫∞
0 dεP(ε)=1.

We have checked numerically that the approximation in going from eq. (4.3) to (4.4) is valid

to a few percent over a large range of pT .

We will now discuss the quenching factor for two analytically available limiting cases,

namely i) the quenching weights that only account for primary medium-induced gluon emis-

sions off the jet and ii) the expectations from the distribution Dsing(x, τ) of soft emissions

eq. (3.3). Finally, we address the numerical results using the full rates.

4.1 Jet suppression from primary emissions

Since the dominant contribution to the jet quenching factor comes from large x, or small

ε/pT , one can consider a simpler scenario, where we neglect the further branching of

the primary gluons that are emitted from the leading particle. Assuming independent

emissions as before, this approximation scheme is typically referred to as the “quenching

weights” [25, 54]. It turns out that the Laplace transformed energy loss distribution in this

case, simply reads [54]

D̃(ν) = exp

[
−
∫ ∞

0
dz e−zN

(z
ν

)]
, (4.5)
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Figure 7. Scaling properties of the jet suppression factor QAA for different medium expansions in

the quenching weights approximation. In the left panel we plot the suppression given a fixed value

of ωc = q̂0L
2/2; in the right panel we plot the suppression factors for a fixed 〈ωc〉 = 〈q̂〉L2/2 for the

different media.

where N(ω) =
∫∞
ω dω′ dI

dω′ is the multiplicity of gluons carrying energy ω and above. The

resulting quenching factor is nothing else than QAA = D̃(n/pT ). The main contribution to

quenching comes from the regime of multiple, soft gluon emissions with ω ∼ ᾱ2ωc.

For the static medium, Baier-Dokshitzer, Mueller and Schiff (BDMS) [54] found a

compact formula approximating the multiplicity,

Nstat(u) = 2ᾱ

(√
2

u
− log 2 log

1

u
− 1.44135 . . .

)
, (4.6)

where u ≡ ω/ωc. The two first terms of this expression are found from the soft gluon

approximation, ωdIstat/dω ≈ 2ᾱ
(√

ωc/(2ω)− log 2
)

, while the numerical factor is found

by matching to the full spectrum. Note that a näıve application of the soft gluon limit

would not contain the two last terms on the right hand side of eq. (4.6), and would have

resulted in an overestimation of the quenching. The approximation in eq. (4.6) works

surprisingly well for realistic values of the medium parameters and results in a suppression

factor that is almost exactly the one obtained by directly using the full BDMPS spectrum

in eq. (4.5).

Following a similar logic, we have not been able to find a similar compact approximation

for the multiplicity in the exponentially and Bjorken expanding scenarios. However, one

should expect a similar dependence on an effective ratio of the gluon energy ω and a

maximal energy scale ∼ ωc. Recalling the left panel of figure 2, it is therefore natural to

expect that the optimal scaling parameter that most closely bring the spectra together is

ω/〈ωc〉. This is indeed observed in figure 7. In the left panel we have plotted the resulting

quenching factor for the different media given a fixed initial ωc = q̂0L
2/2. In the right

panel, the suppression factors are plotted for the same average 〈ωc〉. Note that the Bjorken

model additionally depends on the initial time t0, or more precisely the ratio τ0/τ = t0/L.

This gives further support for the numerical scaling laws first discussed in [25, 32].
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4.2 Jet suppression from soft scaling

Let us now return the results found in sections 2.2 and 2.3 regarding the scaling features

of the rates for the different medium profiles to gain further analytical insight into the

results for the medium-induced gluon distribution and suppression factor QAA. We have

extracted these features by only retaining the “singular” parts of the spectrum. Hence, the

full solution that includes finite-z and finite length effects should be expected to deviate.

However, we expect the qualitative features to be visible in the numerical results that will

be discussed in detail below.

For the exponential case, eq. (2.22) indicates that the solution to the rate equation is

given by eq. (3.3) with ᾱ→ 2ᾱ or q̂0 → 4q̂0, namely

D(x, τ) ≈ 2ᾱτ√
x

e−4πᾱ2τ2
, (4.7)

where we focus on the small-x regime where finite-length corrections should be smaller.

This also implies that, for the same ᾱ and q̂0, the ratio of suppression factors is,

Qexp
AA

Qstatic
AA

' exp

[
−2ᾱ

√
πq̂0L2(n− 1)/pT

]
. (4.8)

We therefore expect that all effects of the expansion can be absorbed into the proper

rescaling of the parameters.

For the Bjorken scenario, the situation is slightly more complicated. However, our

result for the “singular” rate (2.36) indicates that we can write the final solution for the

medium-induced gluon distribution as

D(x, τ) ≈
2ᾱ
√
τ0τ√
x

e−4πᾱ2τ0τ , (4.9)

in the small-x regime. We note that the evolution time is now τeff = 2
√
τ0τ rather than τ

itself. Interestingly, this gives a difference in suppression factors to the static case as

QBjork
AA

Qstatic
AA

' exp

[
−2ᾱ

√
πq̂0L2(n− 1)/pT

(
2

√
t0
L
− 1

)]
. (4.10)

Due to the additional, explicit dependence on the ratio t0/L, we conclude that in the case

of the Bjorken expansion there is not universal way of rescaling the parameters to arrive

at the results of the static medium. Instead, approximate scaling can be achieved for given

values of the medium parameters, including t0.

4.3 Numerical results on jet suppression

As a final step, we proceed to calculating the jet suppression factor based on the medium-

induced gluon distribution function obtained in section 3. To obtain the results from

numerical calculations, we include only one parton species (gluons) in the hard spectrum

with n = 5.6 [55] and a fixed αs = 0.14. The distribution D(x, τ) is found by a numerical

solution to eq. (3.1), as described in section 3. Due to above described limitations, the
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Figure 8. The jet suppression factor QAA for four types of medium expansion calculated numer-

ically: static soft (dashed line), static (blue), exponential (orange), and Bjorken (red), and the

soft limit of the static medium calculated analytically (full line). The QAA calculated using full

kernels for ωc = 100 GeV (left). The QAA calculated using singular kernels for ωc = 30 GeV (right).

Uncertainty bands correspond to 10% variation of the value of αs. ATLAS data taken from [2].

QAA calculated here is just a proxy for the nuclear modification factor, RAA, measured

by experiments. To make this explicit we use symbol QAA instead of RAA in this pa-

per. Finally, we mention that, in our current numerical implementation of the Bjorken

model, we have not implemented the exact dependence on the rescaling of initial τ0, i.e.

D(x,
√
xτ,
√
xτ0) ≈ D(x,

√
xτ, τ0). The uncertainty of the resulting distributions is calcu-

lated by varying the αs parameter by 10%.

We start our discussion by fixing a common reference value of the medium parameters.

As seen before, the amount of jet suppression depends only on the energy scale ωc ≡ q̂0L
2/2,

see section 4.1, up to a factor of ᾱ2. Hence, we fix two values of ωc for the gluon distribution

evolved in a static medium with the full and singular kernels that lead to realistic values

of the jet suppression factor for the two cases, respectively. For the distribution evolved

with the full kernel this corresponds to ωc = 100 GeV and for the distribution evolved

with the singular kernel we find ωc = 30 GeV. We show the resulting QAA distributions

in figure 8, where in the left panel we plot the jet suppression factor for different media

evolved using full kernels and, in the right panel, evolved with singular kernels. Using a

reference value of q̂0 = 0.2 GeV3, from this we can extract the path-length in the medium

to be L = 6.3 fm and 3.5 fm in these two cases. A large difference can be seen for different

media due to the varying rate of expansion in figure 8. In order to guide the eye, we have

also plotted experimental data for high-pT (anti-kt, R = 0.4) jet suppression [2]. Note that,

for the Bjorken medium, we also have to fix the ratio τ0/τ =
√
t0/L which is chosen to be

τ0/τ = 0.03.

Now, we can evaluate the scaling properties of the QAA. To explore the impact of

the soft scaling discussed in section 4.2 for the analytical calculation of the QAA we fix

the ωc value for the static case to be the same as discussed in the previous paragraph but

we replace ωc values for the exponential case and Bjorken case by ωeff values defined in

eq. (2.38). First we perform the calculation using the singular rates (eq. (2.13) for the
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Figure 9. The jet suppression factor QAA for three types of medium expansion calculated nu-

merically, static (blue), exponential (orange), and Bjorken (red), and the soft limit of the static

medium calculated analytically (full line). ATLAS data taken from [2] (full closed markers). The

QAA calculated using singular splitting kernels, the choice of ωc values is given by scaling of D(x)

distributions in the soft limit and is defined by eq. (2.38) (left). The QAA calculated using full

splitting kernels, the choice of ωc values is given by scaling of D(x) distributions in the soft limit

and is defined by eq. (2.38) (middle). The QAA calculated using full splitting kernels, the choice of

ωc values is given by χ2 minimization of deviation between the caculated QAA and the data (right).

static case, eq. (2.22) for the exponential case and eq. (2.34) for the Bjorken case). Results

are plotted in the left panel of figure 9 (ωc values are given in the plot). We can see that

the scaling of rates leads to a scaling of QAA in the soft limit. For a given choice of τ0/τ ,

this scaling approximately holds also for the Bjorken case where there is no universal way

of rescaling the parameters as discussed in section 4.2. The calculation using singular rates

can be compared with the calculation using the full rates, plotted in the middle panel of

figure 9 (ωc values are shown on the plot, their ratio with respect to the static case is the

same as in the left panel). Here the scaling is clearly broken leaving us with substantial

difference between the magnitude of the QAA for the exponential case and static case.

We can see that some deviation from the scaling is present for the Bjorken case as well,

although it is less substantial than for the exponential case.

Finally, we evaluate the optimal value of ωc for which we obtain the minimal differences

among QAA distributions. This is done by χ2 minimization procedure which minimizes the

deviation between the numerical calculations and the measured data from [2]. The result is

shown in the right panel of figure 9 along with the ωc values. Good, but not perfect scaling

of QAA is achieved by the minimization. We can see that the values of ωc naturally deviate

from those reported in the middle panel of figure 9. We can see that for the exponential

scale the optimal scaling is very close to the factor of two discovered in the “quenching

weight limit” as discussed in section 4.1. On the contrary, the value of ωc for the Bjorken

scaling is almost a factor of two smaller compared to the value obtained in section 4.1 when

scaling by the average 〈ωc〉. While this supports the previously discovered scaling by the

average 〈ωc〉 for the exponential case, it shows that the rapidly decaying Bjorken type of

the medium is very sensitive to the choice of parameters and no scaling works properly in

this case.
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q̂0 [GeV3] static exponential Bjorken

no scaling 0.2 0.2 0.2

soft scaling 0.2 0.05 1.66

optimal scaling 0.2 0.09 1.84

scaling by 〈ωc〉 0.2 0.1 3.33

Table 1. Table showing a comparison of the values of the jet quenching coefficients at initial time

t0, q̂0, for the different medium profiles and for different types of scaling discussed in section 4.

The first row corresponds to the reference values used in the left panel of figure 8. The second

row corresponds to the rescaled values using the soft scaling defined by eq. (2.38) (middle panel

of figure 9). The third row corresponds to the rescaled values obtained from the optimal scaling

defined by the χ2 minimization of the differences between the theory and the data (right panel

of figure 9). The last row corresponds to the rescaled values obtained from the scaling by 〈ωc〉
discussed in section 4.1 (right panel of figure 7). The values are calculated using the reference value

of L = 6.3 fm.

To summarize the scaling properties for different types of medium expansion we provide

in table 1 values of q̂0 calculated from ωc values for the reference value of L = 6.3 fm and

for different scaling discussed in this section.

5 Conclusions & outlook

Three types of the medium expansion were studied within the framework of multiple soft

scattering, namely the static medium, exponentially decaying medium and Bjorken-like ex-

panding medium. The spectra and rates of induced gluon emissions were evaluated and the

distribution of medium-induced gluons were calculated using the evaluation of in-medium

evolution (eq. (3.1)) with splitting kernels obtained from rates of induced gluon emissions.

Single-inclusive gluon distributions were then used to calculate the jet suppression factor

QAA, see eq. (4.2).

A universal behavior of splitting kernels is derived for different medium expansions in

the soft gluon regime (see eq. (2.13), eq. (2.22), and eq. (2.34)). Using these kernels, It

is shown that the impact of medium expansion on the resulting jet QAA in this soft limit

can be absorbed into the proper rescaling of the parameters for the exponential case (see

eq. (4.8)). For the Bjorken expansion, the onset of scaling is additionally sensitive to the

initial time t0. Therefore the resulting jet suppression will have a sensitivity to the ratio

t0/L (see eq. (4.10)).

For the full evolution in time and full phase-space of the radiation, the results are

obtained by a numerical solution of the evolution equation. The evolved distributions are

shown to obey a 1/
√
x scaling for all the studied types of expansion signaling a universal

behavior with reduced sensitivity to the details of the medium expansion. However, it

was found that the impact of the medium expansion on QAA cannot be scaled out in the

same way as in the soft limit (see figure 9 middle). A better agreement was found by

using a phenomenologically motivated value of averaged over the path length of the jet 〈q̂〉.

– 21 –



J
H
E
P
0
7
(
2
0
2
0
)
1
5
0

However, for the Bjorken expansion we are still sensitive to the onset of quenching through

the ratio t0/L, which spoils the universal scaling features. Hence, the details of the high-x

behavior of D(x, τ), that ultimately drive the quenching factor QAA, are still sensitive to

the details of medium expansion.

Values of quenching parameter at initial time q̂0 (or alternatively values of ωc for a

fixed medium length) that minimize the differences in the jet QAA among the different

types of the expansion were also found (see figure 9 right and table 1). For the exponential

expansion these optimal values are very close to the average values suggesting validity

of scaling discussed in [25, 32]. On the contrary the rapidly decaying Bjorken type of

the medium is very sensitive to the choice of parameters and no scaling works properly

in this case. These results clearly indicate the importance of taking into account the

medium expansion in precise modeling of the jet quenching phenomenon. Furthermore,

our results shed light on the relation between jet suppression and the amount of energy

deposited in the medium which are related to the high-x and low-x parts of the distribution,

respectively. These aspects could prove very important for more involved observables, such

as the suppression factor of reconstructed jets and jet substructure observables, and we

plan to study them further in the context of dynamically evolving media.

The extracted values of the initial q̂0 obtained in this paper cannot be taken at face

value, given the fitting procedure described above. Several improvements, such as including

proper quark and gluon jet fractions [55], using a comprehensive emission rate [29, 34],

accounting for quark and gluon coupled induced branching [46] and including the effect of

in-medium jet fragmentation (Sudakov suppression) [56], are planned to be included for

future phenomenological applications of other observables, such as v2 at high-pT .

Acknowledgments

We would like to thank the referee of our paper, whose comments and questions helped

improve the presentation of our results. KT is supported by a Starting Grant from Trond

Mohn Foundation (BFS2018REK01) and the University of Bergen. CAS is supported

by Ministerio de Ciencia e Innovación of Spain under project FPA2017-83814-P; Unidad
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