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Figure 6. The ✓g-distribution obtained with Eq. (26). Including
differential energy loss results into a sharp transition in the
distributions at ✓c.

4. Path-length fluctuations

So far, we assumed that the medium is a homoge-
neous brick of fixed length. In this section we discuss
how to extend our toy theoretical model to account for
the fact that in a realistic heavy-ion collision the hard
scattering that produces the jet can take place anywhere
inside the geometric overlap area between the two col-
liding nuclei.

Note that our homogenous brick model also ignores
the rapid expansion of the medium and the fluctuations
of q̂ along different path lengths. Regarding the expan-
sion of the medium, previous studies showed that a sim-
ple Bjorken-like expansion of the medium is well cap-
tured by rescaling the jet quenching parameter q̂ of a ho-
mogeneous brick [80, 81], q̂ ⌘ ||q̂(t)||1/2, where ||f(t)||1/2
stands for the 1/2-norm of the function f(t) with com-
pact support. This scaling is a consequence of the local
nature of the medium-induced emissions in the multi-
ple soft scattering regime ! ⌧ !c.6 Since we do not
consider medium-induced emissions harder than !c, we
invoke this scaling to extend our results to the Bjorken
expansion case. Beyond the purely longitudinal expan-
sion scenario, a simple rescaling of q̂ does not capture
the medium dynamics. Overall, the impact of a more re-
alistic medium description will be studied numerically
in Sec. III.

We point out that this scaling applies for the medium-
induced emission process for which we can invoke the

6 This scaling is therefore distinct from the one discovered in Ref. [82]
that works for processes dominated by the most energetic medium-
induced emissions (! ⇠ !c). As shown in Ref. [81], it is also violated
by VLEs via a change of the phase space boundaries that we neglect
in this study.

argument of locality. It is not the case for ✓c, since this
angular scale comes from the decoherence of a color sin-
glet dipole traveling through the medium over a dis-
tance L. However, ✓c also obeys an approximate scal-
ing law that relates static and expanding medium which
amounts to the modification q̂ ! q̂(L) in the definition
of ✓c [81]. For a Bjorken expansion, this re-scaling of q̂
differs from a factor of 2 w.r.t. to the rescaling of q̂ that
describes medium-induced emissions. Since at DLA,
we do not control overall pre-factors, we decided not
to study this alternative scaling for the VLE phase space
in our qualitative analysis.

To capture the fluctuation in the path length of the jet
for central collisions, we propose the following model:
(i) the interaction region is approximated by a circle of
radius R = 4 fm around the center of the collision, (ii)
random (x, y) coordinates of hard scatterings are sam-
pled uniformly in the interaction region, (iii) each cre-
ation point is connected with a hard-scattering leading-
order matrix element from Pythia8 [83] (Monash13
tune [84]) in proton-proton collisions, assigning the 4-
momenta of the outgoing legs and (iv) the path lengths
are determined by the intersection of the path with the
edge of the interaction region. The distribution of the
resulted path lengths is shown in the left panel of Fig. 7,
centered around 4 fm, however, hLi = 3.75 fm due to the
asymmetry of the distribution. Even though this model
is over-simplistic, it is sufficient to qualitatively under-
stand the effects of the path length fluctuations on the
✓g distribution. More precise phenomenology would re-
quire to account for the nuclear thickness function and
the precise shape of the interaction region across various
centrality classes similar to Ref. [58].

The ✓g-distribution obtained with the medium-
induced branching kernel, see Eq. (17), and a fluctuat-
ing path length is presented in the right panel of Fig. 7.
The ratio to the average L result is displayed in the bot-
tom panel. The enhancement of large ✓g values is rooted
in the asymmetric nature of the path-length distribu-
tion, see left panel of Fig. 7. More concretely, shorter
than average path-lengths are more probable. This auto-
matically translates into a distribution of ✓c values that
tend to be larger than average due to the ✓c / L�3/2

scaling. Consequently, the ✓g distribution gets broader
when path length fluctuations are included.

C. Final theoretical results

Finally, we present our theoretical curves including all
the ingredients discussed in the previous paragraphs in
Fig. 8. Compared to Fig. 6, we observe that the main
effect of introducing the path length fluctuations is to
smoothen the transition (peak) around the critical an-
gle ✓c. Consequently, the peak of the medium modified
✓g distribution is shifted towards slightly smaller values
of the opening angle, however the peak still persists. It

Focus of this talk is on the perturbative evolution of jets in the QGP
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Jet evolution in the medium is a multi-scale process: 

At double-log accuracy, in-medium, vacuum-like emissions must satisfy

Phase-space for emissions in the medium at DLA
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Towards a more precise description of phase-space:

• Study the impact of hard scatterings

• Calculate the boundaries at higher 
orders in accuracy

Phase-space for emissions in the medium at DLA



Medium-induced radiation spectrum
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[Wiedemann’00]

where the effective emission kernel      is solution of a 2+1D Schrodinger equation

Fully differential medium-induced spectrum
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Model dependent elastic scattering potential for source j 

No energy transfer in each scattering: transverse t-channel gluon exchanges only
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Fully differential medium-induced spectrum
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Opacity expansion Multiple, soft scattering approx
[Gyulassy, Levai, Vitev, PRL (2000)]
[Wiedemann NPB 588 (2000) 303-344]

[BDMPS, NPB 483 (1997) 291-320]
[Zakharov, JETP Lett. 65 (1997) 615-620]
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Improved opacity expansion
[Mehtar-Tani, Tywoniuk JHEP 06 (2020) 187]
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where the effective emission kernel      is solution of a 2+1D Schrodinger equation

Small detour: resummation vs non-perturbative ingredients
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FIG. 3. Splitting rate for the medium-induced emission of a
gluon from a parent quark with energy P = 300T in an equi-
librium medium with temperature T = 500MeV as a func-
tion of momentum fraction of the radiated gluon z. Di↵erent
panels show the rate d�/dz at fixed times t = 0.4, 1, 4fm/c
from top to bottom. Di↵erent curves in each panel show the
results for the di↵erent, leading order (LO), next-to-leading
order (NLO) and non-perturbative (NP) momentum broad-
ening kernels in Fig. 1. Dashed lines (t = 1) correspond to
the (AMY) splitting rates [50] in an infinite medium [1]. The
lower panel of each plot shows the ratio to the splitting rate
for the LO momentum broadening kernel.
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FIG. 4. Splitting rate for the medium-induced emission of
a gluon from a parent quark with energy P = 300T as a
function of the evolution time t. Each panel represent a dif-
ferent gluon momentum fraction z = 0.05, 0.25, 0.5 from top
to bottom. We compare di↵erent approximations of the in-
medium splitting rate, namely the opacity expansion atN = 1
Eq.(55), the resummed opacity rate of Eq. (63) (N = X) and
the NLO expansion around the Harmonic Oscillator Eq. (68)
(NLO-HO) to the full result (T = 500MeV). Note that all
results are obtained with the non-perturbative collision ker-
nel. The lower panel of each plot displays the ratio to the full
rate.

9

equation can be solved analytically to obtain the spec-
trum [22–24]
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where we define

k2(s) =
iPz(1� z)⌦

2
[cot⌦s� tan⌦(t� s)] . (79)

When presenting numerical results for the NLO har-
monic oscillator approximation, we compute the inte-
grated spectrum in Eq. (68) and subsequently perform
a numerical derivative w.r.t. t to obtain the rate shown
in Fig. 4.

IV. NUMERICAL RESULTS

We now turn to the discussion of numerical results for
the in-medium radiation rate. We numerically obtain the
rate for the di↵erent (LO,NLO,NP) broadening kernels
C(q?) as described in detail in App. B; the software to
calculate the rates including the tabulation of the broad-
ening kernel is publicly available on GitHub [51]. We will
illustrate our results at the example of the radiation of a
gluon by a parent quark of energy P = 300T in an equi-
librium medium with constant temperature T = 500MeV
below, and refer to Appendix C for additional results
regarding the energy (P ) and temperature (T ) depen-
dence. We present our results for the rate d�/dz in Fig-
ure 2 as a function of time t for three di↵erent momen-
tum fractions z = 0.05, 0.25, 0.5 and in Figure 3 as a
function of momentum fraction z for four di↵erent times
t = 0.15, 0.4, 1, 4fm/c. Di↵erent curves in each panel of
Figs. 2 and 3 show the rates obtained using the non-
perturbatively (NP) determined C(q?), along with the
results for the leading order (LO) and next-to-leading
order (NLO) perturbative collision kernel (c.f. Sec. II).
Insets at the bottom of each graphic display the ratio to
the LO results, which are frequently employed in phe-
nomenological studies of jet quenching.

With regards to time dependence in Fig. 2, one finds
that the splitting rates exhibit a linear behavior at early
times and quickly saturate at later times where the split-
ting rate converges to the rate for an infinite medium.
We indicate the infinite medium (AMY) rate by a gray
dashed line, which can be determined entirely in impact
parameter space(c.f. [1]), and thus provides an important
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FIG. 2. Splitting rate for the medium-induced emission of
a gluon from a parent quark with energy P = 300T in an
equilibrium plasma with temperature T = 500MeV as a func-
tion of the evolution time t. Each panel represent a di↵erent
gluon momentum fraction z = 0.05, 0.25, 0.5 from top to bot-
tom. Di↵erent curves in each panel show the results for the
di↵erent, leading order (LO), next-to-leading order (NLO)
and non-perturbative (NP) momentum broadening kernels
in Fig. 1. Dashed lines correspond to the (AMY) splitting
rates [50] in an infinite medium [1]. The lower panel of each
plot displays the ratio to the LO results.

Small detour: resummation vs non-perturbative ingredients
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Scattering potential Resummation scheme[Schlichting, Soudi PRD 105 (2022) 7]
[See also,Yazdi, Shi, G

ale, Jeon  2206.05855]
Scattering potential is the dominant uncertainty on splitting rates
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Figure 7: Summary of the induced emission spectrum for gluons, combined from the three
expansion schemes at different propagation length (different panels). The black lines are
our final forms from Eq. (3.64) that uses Nr = 1 and HO+NHO. The shaded areas denote
the leading scattering process and the corresponding dotted lines are the limiting N = 1,
HO and Nr = 1 contributions. The dashed lines are the numerical solution of Eq. (3.1)
from Ref. [46].

To describe the spectrum in the whole phase space, we use (to first order)

dIFull

d!
=

(
dIROE

d! , ! < min(!BH, !̄c(t)) ,
dIIOE

d! , otherwise .
(3.64)

Based on Figs. 4–6 (and the all order expansion formulas), the first-order terms already
capture the most important effects.

To summarize, the limiting behaviour of the spectrum in different regions of the phase
space is

!
dI

d!

����
L⌧�

=

(
2↵̄L

�

�
ln !̄c

! � 1 + �E
�
, for ! ⌧ !̄c ,

⇡
2 ↵̄

L
�
!̄c
! , for !̄c ⌧ ! ,

(3.65)

for L ⌧ �, and

!
dI

d!

����
L��

=

8
>><

>>:

2↵̄L
� ln

�!BH
!

�
, for ! ⌧ !BH ,

↵̄
q

2!c
! , for !BH ⌧ ! ⌧ !c ,

⇡
2 ↵̄

L
�
!̄c
! , for !c ⌧ ! ,

(3.66)

for L � �. This agrees with the formulas from the heuristic discussion in Sec. 2. In
Fig. 7, we evaluated Eq. (3.64) (black curve) up to Nr = 1 and HO+NHO for different
times. The dotted curves are the limits of Nr = 1, HO and N = 1, shown in blue, red and
green respectively. The regions are shaded with the same colors as in Fig. 3, visualizing
the regions of the distinct scattering processes. At the transition point min(!BH, !̄c(t)), the
spectrum is not completely smooth, and the difference is expected to vanish as one goes to
higher orders in the perturbative expansion. We defined a switching function that makes
the transition smoother, which is described in App. D.

– 23 –

[Isaksen, Takacs, Tywoniuk 2206.02811]

Full analytic control over the entire phase-space. To-do: add angular dependence 
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[Barata, Sadofyev, Salgado PRD 105 (2022) 11, 114010]
[Sadofyev, Sievert, Vitev, PRD 104 (2021) 9, 094044]

[Andres, Dominguez, Sadofyev, Salgado 2207.07141]
[Fu, Casalderrey-Solana, Wang 2204.05323]

Introduction TMB in DLA Extended geometric scaling and Levy flights Sub-asymptotic behaviour: traveling waves Conclusion

TMB at one loop in a dense QCD medium

Computation at one-loop in ↵s(pT ) ⌧ 1, but to all-orders in ↵sn.
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Figure 2. TMB distribution of a high energy gluon propagat-
ing though a dense medium of size L at tree-level (dash-dotted
line) and after resummation of the leading radiative correc-
tions (solid red).The dotted black line is the scaling limit when
L ! 1 and the blue curve is our analytic result given by
Eq. (16) including sub-asymptotic corrections (color online).

scaling limit with its deviation provided by the function
G for x ⇠

p
Y and H1(x) for all x up to powers of 1/Y 2,

our final result reads

q̂(Y, ⇢) = q̂0 e⇢s(Y )�Y exp

✓
�x �

�x
2

4cY

◆

⇥


1 + �x +

bx

c2Y

✓
1 +

�(c + 4)x

6

◆
+ O

✓
1

Y 2

◆�
, (16)

with ⇢s(Y ) = cY + b ln(Y ) + const.
This solution is independent of the initial condition

(for physically relevant ones), and only depends on the
value of ↵̄s via the coefficients c, � and b. The resummed
TMB distribution displays a universal behavior inde-
pendent of the non-perturbative modeling of the tree-
level distribution often used as an initial condition for
non-linear small x evolution [44, 45]. It can therefore
provide a model-independent functional form for the
initial condition of the BK equation, that includes gluon
fluctuations enhanced by double logs, ↵̄s ln2

A
1/3, inside

the nucleus target to all orders.

SUPER-DIFFUSION AND MODIFICATION OF
RUTHERFORD SCATTERING

In this last section, we investigate the physical con-
sequences of the scaling solution (10) for q̂(k2

?) on
the TMB distribution given by Eq. (1), in particular at
large kT , where the distribution is characterized by rare
events that are sensitive to the point-like nature of the
medium scattering centers [46]. First, it is straightfor-
ward to see that in the large L limit, the TMB distri-

bution P(kT ) is only a function of kT /Qs(L). In Fig. 2,
we show the distribution as a function of kT /Qs(L) with
Y = ln(L/⌧0) = 4, for the following set-ups: (i) in dash-
dotted grey, at tree-level, using Eq. (2), (ii) after quan-
tum evolution obtain by numerically solving Eqs. (4) in
red, (iii) in blue, using the expression Eq. (16) that in-
cludes sub-asymptotic corrections to the scaling limit,
(iv) finally, in dashed black, the scaling limit Y ! 1

of Eq. (16). Interestingly, the sub-asymptotic corrections
account for the relatively large deviations between the
asymptotic curve and the exact numerical result at the
moderate value of L = 6 fm.

The kT distribution exhibits two different regimes: the
region of the peak, near Qs(L) and the large kT tail, with
kT � Qs(L). These results can be interpreted in term
of a special kind of random walk (here in momentum
space) called Lévy flight. Such a remarkable connection
with statistical physics enables us to highlight some in-
teresting features (i) self-similar dynamics (ii) super dif-
fusion (iii) power-law tail with slower decay than the
Rutherford k�4

? behavior.
In order to further the connection with the physics of

anomalous diffusion, consider the scaling limit of the
TMB distribution in the vicinity of the peak where the
shape of the distribution is controlled by the first line
in Eq. (10). Using this solution, one finds that S(x?) '

exp
h
�

1
4
CR
Nc

(|x?|Qs)2�4�
i
. In momentum space, it im-

plies that the distribution P(k?, L) satisfies a general-
ized Fokker-Planck equation, @P/@L / �(��)1�2�

P ,
where the so-called fractional Laplace operator (��)�/2

is defined by its Fourier transform |x?|
� [47, 48]. This

fractional diffusion equation (without external poten-
tial) is satisfied by the probability density for the po-
sition of a particle undergoing a Lévy flight process in
two dimension [49] with stability index � = 2 � 4� '

2 � 4
p
↵s + O(↵s).

Because of its heavy tail (to be discussed thereafter),
the mean k

2
T

of the TMB distribution is not defined.
Nevertheless, it is possible to introduce a measure of the
characteristic width of the kT distribution, and study
its behavior as a function of the medium size L. In
what follows, we shall use the median value hkT imed

of kTP(kT ) [50] which is shown in Fig. 3 for three dif-
ferent scenarios. In grey, we plot the tree-level result-
ing from Eq. (1) and (2). The median scales approxi-
mately like (L lnL)1/2, which up to the logarithmic fac-
tor resulting from the Coulomb logarithm in Eq. (2), ex-
hibits the standard diffusion scaling. The red line is
the median of the kT distribution obtained using the re-
summed value of q̂ with fixed coupling, after numerical
resolution of Eqs. (4). We then compare this result with
our analytic prediction (12) (assuming hkT imed / Qs

[51]), hkT imed / L

c
2
+ b

2
ln(Y )

Y , which is represented in blue
in Fig. 3 . Remarkably, the agreement is excellent down

[Caucal, M
ehtar-Tani, 2109.12041]
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Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration
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Figure 7: ALICE measurements of zg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].
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Figure 8: ALICE measurements of qg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].

surement of a jet substructure observable with the dynamical grooming procedure. We compared these
results to perturbative calculations that include resummation of large logarithms at all orders in the strong
coupling constant, and generally found agreement of the theoretical predictions with the data in the per-
turbative regime. This conclusion holds for all grooming settings considered. However, the soft drop
qg distributions increasingly deviate from the perturbative calculations at small qg as the grooming pa-
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4. Path-length fluctuations

So far, we assumed that the medium is a homoge-
neous brick of fixed length. In this section we discuss
how to extend our toy theoretical model to account for
the fact that in a realistic heavy-ion collision the hard
scattering that produces the jet can take place anywhere
inside the geometric overlap area between the two col-
liding nuclei.

Note that our homogenous brick model also ignores
the rapid expansion of the medium and the fluctuations
of q̂ along different path lengths. Regarding the expan-
sion of the medium, previous studies showed that a sim-
ple Bjorken-like expansion of the medium is well cap-
tured by rescaling the jet quenching parameter q̂ of a ho-
mogeneous brick [80, 81], q̂ ⌘ ||q̂(t)||1/2, where ||f(t)||1/2
stands for the 1/2-norm of the function f(t) with com-
pact support. This scaling is a consequence of the local
nature of the medium-induced emissions in the multi-
ple soft scattering regime ! ⌧ !c.6 Since we do not
consider medium-induced emissions harder than !c, we
invoke this scaling to extend our results to the Bjorken
expansion case. Beyond the purely longitudinal expan-
sion scenario, a simple rescaling of q̂ does not capture
the medium dynamics. Overall, the impact of a more re-
alistic medium description will be studied numerically
in Sec. III.

We point out that this scaling applies for the medium-
induced emission process for which we can invoke the

6 This scaling is therefore distinct from the one discovered in Ref. [82]
that works for processes dominated by the most energetic medium-
induced emissions (! ⇠ !c). As shown in Ref. [81], it is also violated
by VLEs via a change of the phase space boundaries that we neglect
in this study.

argument of locality. It is not the case for ✓c, since this
angular scale comes from the decoherence of a color sin-
glet dipole traveling through the medium over a dis-
tance L. However, ✓c also obeys an approximate scal-
ing law that relates static and expanding medium which
amounts to the modification q̂ ! q̂(L) in the definition
of ✓c [81]. For a Bjorken expansion, this re-scaling of q̂
differs from a factor of 2 w.r.t. to the rescaling of q̂ that
describes medium-induced emissions. Since at DLA,
we do not control overall pre-factors, we decided not
to study this alternative scaling for the VLE phase space
in our qualitative analysis.

To capture the fluctuation in the path length of the jet
for central collisions, we propose the following model:
(i) the interaction region is approximated by a circle of
radius R = 4 fm around the center of the collision, (ii)
random (x, y) coordinates of hard scatterings are sam-
pled uniformly in the interaction region, (iii) each cre-
ation point is connected with a hard-scattering leading-
order matrix element from Pythia8 [83] (Monash13
tune [84]) in proton-proton collisions, assigning the 4-
momenta of the outgoing legs and (iv) the path lengths
are determined by the intersection of the path with the
edge of the interaction region. The distribution of the
resulted path lengths is shown in the left panel of Fig. 7,
centered around 4 fm, however, hLi = 3.75 fm due to the
asymmetry of the distribution. Even though this model
is over-simplistic, it is sufficient to qualitatively under-
stand the effects of the path length fluctuations on the
✓g distribution. More precise phenomenology would re-
quire to account for the nuclear thickness function and
the precise shape of the interaction region across various
centrality classes similar to Ref. [58].

The ✓g-distribution obtained with the medium-
induced branching kernel, see Eq. (17), and a fluctuat-
ing path length is presented in the right panel of Fig. 7.
The ratio to the average L result is displayed in the bot-
tom panel. The enhancement of large ✓g values is rooted
in the asymmetric nature of the path-length distribu-
tion, see left panel of Fig. 7. More concretely, shorter
than average path-lengths are more probable. This auto-
matically translates into a distribution of ✓c values that
tend to be larger than average due to the ✓c / L�3/2

scaling. Consequently, the ✓g distribution gets broader
when path length fluctuations are included.

C. Final theoretical results

Finally, we present our theoretical curves including all
the ingredients discussed in the previous paragraphs in
Fig. 8. Compared to Fig. 6, we observe that the main
effect of introducing the path length fluctuations is to
smoothen the transition (peak) around the critical an-
gle ✓c. Consequently, the peak of the medium modified
✓g distribution is shifted towards slightly smaller values
of the opening angle, however the peak still persists. It
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Figure 7: ALICE measurements of zg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].
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Figure 8: ALICE measurements of qg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].

surement of a jet substructure observable with the dynamical grooming procedure. We compared these
results to perturbative calculations that include resummation of large logarithms at all orders in the strong
coupling constant, and generally found agreement of the theoretical predictions with the data in the per-
turbative regime. This conclusion holds for all grooming settings considered. However, the soft drop
qg distributions increasingly deviate from the perturbative calculations at small qg as the grooming pa-
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First measurements by the ALICE Collaboration
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Goal: describe this data through pQCD techniques
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PbPb

Jet substructure calculations in the medium are still in their infancy

[Caucal, ASO, Takacs JHEP 07 (2021) 020]
[Caucal, ASO, Takacs PRD 105 (2022) 11, 114046]
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Figure 2: Unfolded zg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Chien et al. [33], Qin et al. [35], and Pablos et al. [36, 66, 67]. Further
details can be found in Ref. [50].

5 Results

We report the qg and zg distributions in the pT, ch jet interval between 60 and 80 GeV/c for zcut = 0.2 in
central (0–10%, R = 0.2) and semi-central (30–50%, R = 0.4) Pb–Pb collisions. The distributions are
reported as normalized differential cross sections,

1
sjet,inc

ds
dzg

=
1

Njet,inc

dN

dzg
, (3)

where N is the number of jets passing the SD condition with a given pT, ch jet, Njet,inc is the number of
inclusive jets, and s ,sjet,inc are the corresponding cross sections. The analog of Eq. (3) also applies for
qg.

The zg and qg distributions are shown in Fig. 2 and Fig. 3, respectively. The distributions from Pb–Pb col-
lisions are compared with the corresponding distributions from pp collisions, with their ratios displayed
in the bottom panels. The relative uncertainties are assumed to be uncorrelated between pp and Pb–Pb
collisions, and are added in quadrature in the ratio. In Pb–Pb collisions the precision of the measure-
ments decreases as the jet resolution parameter is increased or the centrality is decreased, as the prong
mistagging probability decreases with centrality and with decreasing R.

The fraction of jets that do not contain a splitting which passes the SD condition ( ftagged) differs by
at most 1% between Pb–Pb and pp collisions. Therefore, any modifications in Pb–Pb compared to pp
collisions can change the shape of the distribution, but keep the integral approximately the same.

The zg distributions in Pb–Pb and pp collisions are consistent within experimental uncertainties for all
jet momenta, jet resolution parameters, and centralities measured.

The situation is remarkably different when comparing the groomed jet radius, qg, in both systems. For
R = 0.2 in central collisions, the data suggests a narrowing of the Pb–Pb distribution relative to the pp

5
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Goal: describe this data through pQCD techniques
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4

FIG. 3. The suppression of the quark (blue) and gluon
(green) cross sections for the lower left panel of Fig. 1 as
an example. The individual suppression (bands) can be seen
relative to the vacuum fractions (lines).

the suppression of the inclusive jet cross section. On the
other hand, the large-z suppression is compensated by
an enhancement at small-z, see also Eq. (8). We note
that the HIC jet data puts more significant constraints
on the large-z region of the Jmed

c . This is due to the con-
volution structure of the jet cross section, which forces
the phase space with a combination of small xa,b and
large z to dominate the jet production rate. A possi-
bility to constrain the small-z behavior more directly is
the measurement of the energy distribution of inclusive
subjets [64].

In Fig. 2 we also observe a significant di↵erence be-
tween Jmed

q and Jmed
g where gluon jets are significantly

more suppressed at large-z than quark jets. This be-
havior is generally expected from model calculations. In
fact, we find that it is not possible to fit the experimental
data with the same weight function for quarks and gluons
in Eq. (7), while retaining a probabilistic interpretation
(positivity) of the Jmed

c . We investigated this large dif-
ference at the level of the cross section which requires
us to define quark and gluon jets beyond leading-order.
This can be achieved by introducing the jet functions Jcd

that not only keep track of the parton c initiating the jet
but also of the flavor content d = q, g such that [65, 66]

X

d

Jcd(z, pTR, µ) = Jc(z, pTR, µ) . (10)

In Fig. 3 we show the separation of the vacuum cross
section into quark (blue line) and gluon (green line) jets
using the

p
sNN = 5.02 TeV setup (lower left panel of

Fig. 1) along with the corresponding separation in the
medium (blue and green bands). We observe that gluon
jets are significantly more suppressed than quark jets in
the medium. Some jet substructure observables indeed
support this observation, see for example [67–70]. In the
future it will be possible to better pin down di↵erences
between quark and gluon jets by including �/Z +jet [71,
72] and hadron + jet [73, 74] data in a global analysis.
We thus conclude that the leading power factorization
formalism with medium jet functions not only captures
the feature of in-medium interactions of jets with the
QGP but also allows for a clear physical interpretation.
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FIG. 4. The dependence of the Rjet
AA at

p
sNN = 5.02 TeV on

the jet radius R (upper panel), and quark and gluon jet con-
tributions �d

i /�pp with d = q, g, see Eq. (10), in the medium
i = AA (lower left) and vacuum i = pp (lower right).

An intriguing aspect of jet quenching studies is the
jet radius dependence. While the current experimental
data remains inconclusive, di↵erent model calculations
in the literature predict the Rjet

AA to either increase or
decrease with R. In general, a non-monotonic behav-
ior is expected: the Rjet

AA increases at both formal limits

R ! 0, 1. In the limit R ! 0, the Rjet
AA is expected

to approach the hadron Rh
AA which is generally above

the Rjet
AA [75]. For large R the energy lost by partons

due to medium interactions should eventually all be con-
tained in a very large cone. However, both limits are
formally not covered by the factorization formalism in
Eq. (2). For R ! 0, the jet scale µJ ⇠ pTR ! 0, and
the evolution starts at µJ ⇠ 1 GeV with a nonpertur-
bative Jc. For the experimentally accessible R values
it is thus a priori not clear if the Rjet

AA increases or de-
creases with R. In Fig. 4 we show the R-dependence
obtained within our framework at

p
sNN = 5.02 TeV.

In the vacuum the gluon fraction of the jets decreases
with smaller R, caused by more phase space to evolve
and the Jg evolving faster, which leads to the increase of
the quark fraction (lower right). In the medium, gluon
jets are more significantly quenched (lower left), which
is why the Rjet

AA (upper panel) e↵ectively inherits the R-
dependence of the quark jets. It will be interesting to see
if these findings will be confirmed by more precise data
in the future.

Conclusions. In this Letter, we proposed an approach
to phenomenologically establish QCD factorization of jet
cross sections in HIC. We considered inclusive jet pro-
duction at the LHC and found that it is indeed possible
to describe the Rjet

AA by the leading power factorization
formalism for p + p collisions with medium modified jet
functions. Our results thus support the notion of QCD
factorization in the HIC environment. Since our frame-
work operates at the parton level, it is possible to sepa-
rate quark and gluon jets. We found that gluon jets are
significantly more suppressed than quark jets; and there

[PRL(2019) 25, 252301]

Narrowing is a result of bias towards quark jets in PbPb

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.252301
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[Attems et al 2203.11241]

• Ultimately, analytical tools should become building blocks of Monte Carlo generators

• Extension to heavy-quarks for dead-cone searches/medium-enhanced production

Exception:
[M

ehtar-Tani, Pablos, Tyw
oniuk 

PRL 127 (2021) 25, 252301]

3

where k? = z(1 � z)p✓, p(k)ji (z) are the un-regularized
Altarelli-Parisi splitting functions and the phase space
constraint is given by ⇥res(p,R) = ⇥(tf < td < L).
Above, it is understood that p is evaluated at p ⌘ pT .
This distinction is necessary when solving Eq. (3) since
the initial condition also depends on pT . The non-linear
evolution equations account for the energy loss of the
multi-prong jet substructures that are generated by early
collinear splittings.

The initial conditions for the resummed quenching fac-
tors Qi(p,R) at R = 0 are the bare quenching factors
for single partons. In this work, we have Qi(p, 0) =

Q(0)

rad,i(pT )Q
(0)

el,i(pT ), where the two bare quenching factors
are the LT of the corresponding probability distributions
that describe radiative and elastic energy loss [45, 48],
For their precise definitions, see Eqs. (8) and (9) below.
The radiative and elastic energy loss are driven by the
transport coe�cients q̂ and ê [49], respectively, which are
related by the fluctuation-dissipation relation ê = q̂/(4T )
in a weakly-coupled plasma [50] (where êg = ê for glu-
ons, and êq = CF

Nc
êg for quarks). The quenching factor

due to radiative energy loss o↵ a single parton is simply
the exponential of the LT for a single inclusive gluon ra-
diative spectrum [45, 48]. For our purposes, we should
rather consider how single partons contribute to the en-
ergy loss of the jet by accounting for the energy that is
transported outside of the jet reconstruction cone. To
this aim, we exploit the wide parametric angular separa-
tion between the regime of soft emissions that undergo
a rapid turbulent cascade responsible for transporting
energy from the jet scale to the medium temperature
where dissipation forces take over, and the regime of colli-
mated semi-hard emissions, which experience broadening
through collisions with the medium constituents [51–55].

The medium-induced gluon radiation spectrum has
been computed up to next-to-leading order (NLO) within
the improved opacity expansion (IOE) in the soft limit
[56–58] and unifies both the BDMPS approach with the
GLV/higher-twist formalism [59, 60], which has proven to
be an important ingredient for phenomenological stud-
ies [61]. The IOE was also shown to be very accurate
when compared to exact numerical solutions [62]. It is
expressed as dINLO/d! = dI(0)/d! + dI(1)/d!, with

dI(0)

d!
=

2↵sCR

⇡!
ln |cos⌦L| , (4)

dI(1)

d!
=

↵sCRq̂0
2⇡

Re

Z L

0

ds
�1

k2(s)
ln

�k2(s)

Q2 e��E
, (5)

where ⌦ = (1 � i)
p

q̂/(4!), k2(s) = i!⌦

2
[cot⌦s �

tan⌦(L�s)], and the strong coupling constant runs with
the typical transverse momentum of the emission, i.e.
↵s = ↵s

�
(q̂!)1/4

�
[63]. In this expansion, the e↵ective

transport coe�cient q̂ di↵ers from the bare q̂0 by a fac-
tor that reflects the full leading logarithmic contribution,
i.e.

q̂ = q̂0 ln
Q2

µ2
⇤
, (6)
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FIG. 1. Calculation of inclusive jet RAA in PbPb collisions atp
s = 5.02 ATeV, compared to ATLAS data [65], for di↵erent

centralities.

where q̂0 = g2
med

Ncm2

DT/(4⇡) for a thermal medium in
the Hard Thermal Loop (HTL) theory and the lower cut-
o↵ scale is µ2

⇤ = m2

D exp[�2+2�E ]/4 [57, 58]. The Debye
mass mD computed at LO in a thermal medium reads
m2

D = 3g2
med

T 2/2 (for three active quark flavors). The
e↵ective medium scaleQ2 depends itself on the amount of
rescattering in the medium and can be found by solving
the transcendental equation Q4 = q̂0! lnQ2/µ2

⇤ [64]. In
our framework, the medium coupling gmed, the only free
parameter that determines energy loss, is to be extracted
from the comparison to experimental data.

We first consider semi-hard gluons that are emit-
ted within the range !s < ! . !c, where !c ⌘
q̂0 ln(q̂0L/µ2

⇤)L
2/2 corresponds to the maximum accu-

mulated energy through multiple soft scatterings, and
!s ⌘ (g2

med
Nc/(2⇡)2)2⇡q̂0L2 is the energy scale at which

emission probability is of order one, determining the on-
set of turbulent energy loss [66]. Their broadening dis-
tribution reflects the typical transverse momentum kicks
received in the plasma. The fact that the two terms
entering the full NLO spectrum are dominated by di↵er-
ent kinds of processes has to be reflected in the typical
behavior of the respective broadening distribution. In
this way, the softer gluons from Eq. (4), with ! ⌧ !c

and small transverse kicks k2? ⇠ q̂L, will experience

• However, pheno calculations are mostly based on multiple, soft approximation

• Jet substructure theory in heavy-ion collisions is at the dawn of a new era

• Outstanding progress in jet quenching theory during the last 5 years


