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Two generic properties for the in-medium jet evolution are di-
rect consequences of this effect: i) the total energy loss of the jet
is smaller than in the case of totally incoherent emission off each
of its constituent partons; ii) each of the effective emitters frag-
ments as in vacuum. In particular, the leading particles of the jet
define a coherent “inner core” of the reconstructed jet, shielded
by coherence against medium modifications of its structure and
only losing energy by induced radiation as a single parton. As will
be shown below, for typical LHC kinematics there is a significant
probability that the experimentally reconstructed jet with cone pa-
rameter R accommodates only one resolved charge which contains
the leading constituents carrying nearly all of the total jet trans-
verse energy.

2. From the antenna to the jet

The dynamics of a QCD jet in vacuum is described in terms
of the scales of the problem. The initial hardness, given by the
jet transverse mass EΘjet, where E is the jet energy and Θjet its
aperture, is distributed among several constituents in the course
of a branching process. Multiple emissions in the shower, which
become important when EΘjet/Q 0 ! 1, where Q 0 is a non-
perturbative cut-off, are governed by color coherence which can
most easily be understood in the context of the antenna radia-
tion, the soft gluon radiation off a pair of highly energetic color
correlated partons. The antenna serves as the building block for a
probabilistic scheme of jet evolution.

In the radiation process from any such antenna of opening
angle Θ , the emitted gluon transverse wavelength λ⊥ , which is
related to its transverse momentum by λ⊥ ∼ 1/k⊥ , needs to be
compared to the transverse separation of the pair at the time of
formation of the gluon, r⊥ = Θtf, with tf ∼ ω/k2

⊥ and ω the gluon
frequency. If λ⊥ > r⊥ , the gluon cannot resolve the two compo-
nents of the antenna which act coherently as a single emitter;
in the opposite case, when λ⊥ < r⊥ , the radiative spectrum is
the superposition of independent gluon emissions off each of the
antenna components. In other words, radiation with λ⊥ > r⊥ is
only sensitive to the total charge. This relation takes a particularly
simple form for the angular distribution of gluons, namely glu-
ons emitted at small angles θ < Θ resolve the individual charges
while those with θ > Θ behave as if emitted off the total charge.
This generic feature is responsible for the angular ordering con-
straint [16].

The presence of a deconfined medium introduces a new trans-
verse length scale into the problem, which we simply denote
by Λmed, defining the transverse size of the color correlations of
the plasma as seen by a probe. The response of a single, energetic
parton immersed in this environment is the radiation of modes
with k⊥ ! 1/Λmed, giving rise to an energy depletion of the pro-
jectile. The nature of this radiation has been extensively discussed
in the literature and is generically referred to as the BDMPS-Z
spectrum [17–21]. For more than one simultaneously propagating
parton, this medium-induced component will also be accompanied
by a modification of the color correlation structure among the dif-
ferent charges [9–15], which we proceed to discuss.

Let us start by the simplest case of a single antenna in a static
and homogeneous medium of length L. The maximal degree of de-
coherence, due to color randomization, of the two constituents of
the antenna is controlled by [9–15]

&med $ 1 − exp
[
− r2

⊥
12Λ2

med

]
≡ 1 − exp

[
−Θ2

θ2
c

]
, (1)

which varies between 0 (no randomization) and 1 (maximal color
randomization), see [9–15] for a further discussion. Here r⊥ = ΘL

Fig. 1. (Upper panels.) Illustration of the competition of the medium transverse reso-
lution scale and the size of the jet, appearing in Eq. (1). (Lower panels.) Substructure
analysis of a sample anti-kt jet resolved with Rmed = 0.1 (left panel) and 0.15 (right
panel), see discussion below Eq. (2). The blue histogram denotes the hardest re-
solved sub-jet, the green the next-to-hardest one, while the pink histogram denotes
soft fragments. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this Letter.)

and the medium resolution scale is given by Λmed = 1/
√

q̂L (q̂ be-
ing the well-known quenching parameter, characterizing the de-
gree of momentum broadening in the transverse plane per unit
length). It is now simple to discuss the two possible scenarios, de-
picted in Fig. 1, for a jet with opening angle Θ = Θjet.

When Θjet ' θc , the entire jet is not resolved by the medium.
In this singular case, the effects of the medium factorize from the
details of jet evolution. Therefore, all its components act as a sin-
gle emitter. This gives rise to two central consequences. Firstly, the
coherent fragmentation of the jet is unmodified and proceeds as
in vacuum. Secondly, the jet energy is depleted coherently pro-
portionally to the color charge of the jet initiator. Since medium-
induced gluons will typically be deflected to angles θ " θc due
to momentum broadening [17–22], the jet will correspondingly
reduce its total energy without altering its intra-jet structure. Ex-
plicitly, for a jet energy loss &E , each parton reduces its energy by
a constant factor 1 − &E/E , where E is the total jet energy. These
factorization properties are a manifestation of color transparency
for highly collimated jets.

When Θjet > θc the situation is more complex since some parts
of the jet can be resolved by the medium depending on the for-
mation time of the different jet fragments, see upper, left panel
of Fig. 1. Nevertheless, the partons within the jet may be reor-
ganized into a reduced effective number of emitters which replicate
the features described in the previous paragraph. In this case, the
jet energy loss is harder to estimate although one should expect
deviations of the intra-jet structure away from the vacuum base-
line.

3. An estimate of the relevance of color coherence for LHC
conditions

As a proof-of-principle study, we have analyzed the transverse
structure of vacuum jet showers in the kinematic range of the LHC.
Using PYTHIA 8.150 [23], we studied jet events at partonic level in
p + p collisions at 2.76 TeV identified via the anti-kt algorithm, as
implemented in FastJet 3.0.3 [24,25]. Since the resolution power
of the medium depends upon the geometry encountered by the
jet, we have embedded these events into an evolution model for
the plasma. Each event was assigned a production point in the
transverse plane according to the Ncoll distribution in the Glauber
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(a) Case 1 (ideal), τ = 4.9 fm/c. (b) Case 2 (viscous), τ = 4.9 fm/c.

(c) Case 1 (ideal), τ = 7.7 fm/c. (d) Case 2 (viscous), τ = 8.3 fm/c.

(e) Case 1 (ideal), τ = 10.5 fm/c (freezeout). (f) Case 2 (viscous), τ = 11.7 fm/c (freezeout).

Figure 2. Plots of gx(ηs = 0) as functions of x and y at three different proper times τ for Cases 1
(ideal fluid; left panels) and 2 (viscous fluid; right panels).
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Scaling argument for EECs: PYTHIA simulation
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Universal behavior of the transition region
virtuality ∼ pTRL

τ ≃ 1/(pTR2
L)

Scaling  by RL pch jet
T Normalizing curves

2

Scaling argument for EECs: preliminary ALICE data
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[Talks by R. Cruz-Torres and A. Tamis at HP23]
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Figure 16: Four different slices of the primary LJP density of AK8 jets compared with pertur-
bation theory calculations by A. Lifson, G. P. Salam, G. Soyez [10]. The calculations include
all-orders resummation at next-to-leading logarithmic (NLL) accuracy matched to a next-to-
leading order (NLO) fixed-order calculation, and supplemented with nonperturbative (NP)
corrections, as described in the text. The band around the theory prediction represents the
uncertainty from variations of the renormalization scale uncertainty in the perturbative cal-
culation as well as uncertainties in the NP corrections. The gray band represents the total
experimental uncertainty. The upper two plots correspond to vertical slices of the LJP for fixed
ln(R/∆R) (large angles on upper-left, small angles on upper-right). The lower two plots cor-
respond to two different horizontal slices for fixed kT interval: the lower-left plot corresponds
to low-kT splittings and spans the full range in ln(R/∆R), whereas the lower-right plot corre-
sponds to high-kT splittings, which populate mostly wide-angle radiation.

Scale of non-perturbative physics in other jet observables
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Figure 8. Left: Lund multiplicity distributions obtained from Monte Carlo simulations (upper
panel) together with the hadron+MPI/parton ratio (lower panel) used as our estimate of the
non-perturbative corrections. Results are shown for Pythia8 (with the 4C tune), Sherpa2 and
Herwig7 (with their default tune). The (green) shaded area in the bottom panel corresponds to
the envelope of the individual non-perturbative corrections. Right: prediction for the average Lund
multiplicity in LHC high-energy jets. The matched NNDL +NLO perturbative results are showed
both with (black) and without (blue) non-perturbative corrections. The bottom panel displays the
breakdown of uncertainties in their perturbative and non-perturbative contributions.

As expected from figure 8a, the effect of the non-perturbative corrections starts being
clearly visible for kt,cut values of a few GeV and below. The theoretical uncertainties
are displayed in the lower panel of figure 8b. They are dominated by the perturbative
uncertainties across the full kt,cut range, with non-perturbative corrections being negligible
for kt,cut ! 4GeV. This suggests that there is room for further theoretical developments on
the perturbative part of the calculation. This includes subleading all-order contributions
(Nk≥3DL), subleading fixed-order results (Nk≥2LO) [69, 70] or multiple running-coupling
correction effects discussed above and relevant for kt,cut " 4GeV.

5 Conclusions

A new jet observable, dubbed Lund multiplicity, has recently been introduced in ref. [1].
It provides a procedure for evaluating subjet multiplicity with the use of an IRC-safe
cutoff kt,cut in the spirit of modern Lund-plane declustering techniques [47]. In ref. [1],
the event-wide average Lund multiplicity was resummed up to NNDL accuracy in e+e−

collisions and up to NDL accuracy in colour singlet production in pp collisions. The present

– 29 –
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Similar infrared scale in other observables
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Two generic properties for the in-medium jet evolution are di-
rect consequences of this effect: i) the total energy loss of the jet
is smaller than in the case of totally incoherent emission off each
of its constituent partons; ii) each of the effective emitters frag-
ments as in vacuum. In particular, the leading particles of the jet
define a coherent “inner core” of the reconstructed jet, shielded
by coherence against medium modifications of its structure and
only losing energy by induced radiation as a single parton. As will
be shown below, for typical LHC kinematics there is a significant
probability that the experimentally reconstructed jet with cone pa-
rameter R accommodates only one resolved charge which contains
the leading constituents carrying nearly all of the total jet trans-
verse energy.

2. From the antenna to the jet

The dynamics of a QCD jet in vacuum is described in terms
of the scales of the problem. The initial hardness, given by the
jet transverse mass EΘjet, where E is the jet energy and Θjet its
aperture, is distributed among several constituents in the course
of a branching process. Multiple emissions in the shower, which
become important when EΘjet/Q 0 ! 1, where Q 0 is a non-
perturbative cut-off, are governed by color coherence which can
most easily be understood in the context of the antenna radia-
tion, the soft gluon radiation off a pair of highly energetic color
correlated partons. The antenna serves as the building block for a
probabilistic scheme of jet evolution.

In the radiation process from any such antenna of opening
angle Θ , the emitted gluon transverse wavelength λ⊥ , which is
related to its transverse momentum by λ⊥ ∼ 1/k⊥ , needs to be
compared to the transverse separation of the pair at the time of
formation of the gluon, r⊥ = Θtf, with tf ∼ ω/k2

⊥ and ω the gluon
frequency. If λ⊥ > r⊥ , the gluon cannot resolve the two compo-
nents of the antenna which act coherently as a single emitter;
in the opposite case, when λ⊥ < r⊥ , the radiative spectrum is
the superposition of independent gluon emissions off each of the
antenna components. In other words, radiation with λ⊥ > r⊥ is
only sensitive to the total charge. This relation takes a particularly
simple form for the angular distribution of gluons, namely glu-
ons emitted at small angles θ < Θ resolve the individual charges
while those with θ > Θ behave as if emitted off the total charge.
This generic feature is responsible for the angular ordering con-
straint [16].

The presence of a deconfined medium introduces a new trans-
verse length scale into the problem, which we simply denote
by Λmed, defining the transverse size of the color correlations of
the plasma as seen by a probe. The response of a single, energetic
parton immersed in this environment is the radiation of modes
with k⊥ ! 1/Λmed, giving rise to an energy depletion of the pro-
jectile. The nature of this radiation has been extensively discussed
in the literature and is generically referred to as the BDMPS-Z
spectrum [17–21]. For more than one simultaneously propagating
parton, this medium-induced component will also be accompanied
by a modification of the color correlation structure among the dif-
ferent charges [9–15], which we proceed to discuss.

Let us start by the simplest case of a single antenna in a static
and homogeneous medium of length L. The maximal degree of de-
coherence, due to color randomization, of the two constituents of
the antenna is controlled by [9–15]

&med $ 1 − exp
[
− r2

⊥
12Λ2

med

]
≡ 1 − exp

[
−Θ2

θ2
c

]
, (1)

which varies between 0 (no randomization) and 1 (maximal color
randomization), see [9–15] for a further discussion. Here r⊥ = ΘL

Fig. 1. (Upper panels.) Illustration of the competition of the medium transverse reso-
lution scale and the size of the jet, appearing in Eq. (1). (Lower panels.) Substructure
analysis of a sample anti-kt jet resolved with Rmed = 0.1 (left panel) and 0.15 (right
panel), see discussion below Eq. (2). The blue histogram denotes the hardest re-
solved sub-jet, the green the next-to-hardest one, while the pink histogram denotes
soft fragments. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this Letter.)

and the medium resolution scale is given by Λmed = 1/
√

q̂L (q̂ be-
ing the well-known quenching parameter, characterizing the de-
gree of momentum broadening in the transverse plane per unit
length). It is now simple to discuss the two possible scenarios, de-
picted in Fig. 1, for a jet with opening angle Θ = Θjet.

When Θjet ' θc , the entire jet is not resolved by the medium.
In this singular case, the effects of the medium factorize from the
details of jet evolution. Therefore, all its components act as a sin-
gle emitter. This gives rise to two central consequences. Firstly, the
coherent fragmentation of the jet is unmodified and proceeds as
in vacuum. Secondly, the jet energy is depleted coherently pro-
portionally to the color charge of the jet initiator. Since medium-
induced gluons will typically be deflected to angles θ " θc due
to momentum broadening [17–22], the jet will correspondingly
reduce its total energy without altering its intra-jet structure. Ex-
plicitly, for a jet energy loss &E , each parton reduces its energy by
a constant factor 1 − &E/E , where E is the total jet energy. These
factorization properties are a manifestation of color transparency
for highly collimated jets.

When Θjet > θc the situation is more complex since some parts
of the jet can be resolved by the medium depending on the for-
mation time of the different jet fragments, see upper, left panel
of Fig. 1. Nevertheless, the partons within the jet may be reor-
ganized into a reduced effective number of emitters which replicate
the features described in the previous paragraph. In this case, the
jet energy loss is harder to estimate although one should expect
deviations of the intra-jet structure away from the vacuum base-
line.

3. An estimate of the relevance of color coherence for LHC
conditions

As a proof-of-principle study, we have analyzed the transverse
structure of vacuum jet showers in the kinematic range of the LHC.
Using PYTHIA 8.150 [23], we studied jet events at partonic level in
p + p collisions at 2.76 TeV identified via the anti-kt algorithm, as
implemented in FastJet 3.0.3 [24,25]. Since the resolution power
of the medium depends upon the geometry encountered by the
jet, we have embedded these events into an evolution model for
the plasma. Each event was assigned a production point in the
transverse plane according to the Ncoll distribution in the Glauber
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(c) Case 1 (ideal), τ = 7.7 fm/c. (d) Case 2 (viscous), τ = 8.3 fm/c.

(e) Case 1 (ideal), τ = 10.5 fm/c (freezeout). (f) Case 2 (viscous), τ = 11.7 fm/c (freezeout).

Figure 2. Plots of gx(ηs = 0) as functions of x and y at three different proper times τ for Cases 1
(ideal fluid; left panels) and 2 (viscous fluid; right panels).
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• Precise (à la pp) theoretical calculations of jet observables in heavy-ions are, 
unfortunately, out-of-the-scope. 

• Recent proposals for new observables have been based on over-simplistic 
(mainly leading-order) predictions   disappointment once measurement is out. 

• We (as a community) have a new opportunity to do things better with EECs. 

• Keywords to avoid without a systematic study: #SmokingGun, #Unravel, 
#GoldenChannel, #PinDownCriticalAngle, #WakeDiscovery,… 

• Rest of this talk: point out a few effects beyond the leading-order picture 
[Barata, Caucal, ASO and Szafron arXiv:2312.12527]

Some (more serious) considerations

[Barata, Caucal, Monni, ASO, Szafron work in progress]
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Non-negligible impact of soft physics despite energy weight in the EEC 

Before going into analytics…a word on the role of soft physics

Eqs. (6.3) and (6.4) should also apply when considering the logarithmic correlator, EECln(RL) and the

weighted correlations, EnEC(RL).

In HYBRID, Eqs. (6.3) and (6.4) are expected to be completely verified, given the methodology

adopted for this generator; in JEWEL, some slight di↵erences are expected for lower distances, given the

systematic deviation arising from comparing di↵erent jets.

We aim to analyze the impact of the medium response on the EEC, i.e., the term EECresp.(RL).

In JEWEL, however, the comparison is being made between jets from events with response and events

without, and the latter jets possess a lower pT by a factor of Q̄AA. It is necessary to have the same pT

in order for Eq. (6.3) to make sense, given that our physical objects of interest are jets with response;

in terms of the EEC, this can be achieved by rescaling the p
jet

T
! Q̄AAp

jet

T
on jets from events without

response.

Figures 6.3a and 6.3b show the results for the EEC and the ratio between the cases with and without

response, respectively in JEWEL and HYBRID.
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Figure 6.3: Results for the medium response impacts on the EEC, for jets with pjetT 2 [200, 240]
GeV in (a) JEWEL and (b) HYBRID. For each generator, on the (left), the EEC is displayed in
the cases of with and without response, and on the (right), the corresponding ratio between each
case.
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[M. Leitão Msc. Thesis]

Eqs. (6.3) and (6.4) should also apply when considering the logarithmic correlator, EECln(RL) and the

weighted correlations, EnEC(RL).

In HYBRID, Eqs. (6.3) and (6.4) are expected to be completely verified, given the methodology

adopted for this generator; in JEWEL, some slight di↵erences are expected for lower distances, given the

systematic deviation arising from comparing di↵erent jets.

We aim to analyze the impact of the medium response on the EEC, i.e., the term EECresp.(RL).

In JEWEL, however, the comparison is being made between jets from events with response and events

without, and the latter jets possess a lower pT by a factor of Q̄AA. It is necessary to have the same pT

in order for Eq. (6.3) to make sense, given that our physical objects of interest are jets with response;

in terms of the EEC, this can be achieved by rescaling the p
jet

T
! Q̄AAp

jet

T
on jets from events without

response.

Figures 6.3a and 6.3b show the results for the EEC and the ratio between the cases with and without

response, respectively in JEWEL and HYBRID.

10�3 10�2 10�1

RL

0.0

0.5

1.0

1.5

2.0

2.5

E
E
C

w./ response

wo./response

10�3 10�2 10�1 100

RL

0

1

2

3

4

5

6

7

R
at
io

E
E
C

w
.r
e
sp

.
/
E
E
C

w
o
.r
e
sp

.

JEWEL+PYTHIA (PbPb JJ)

Anti-kT , R = 0.4
p
sNN = 5.02 TeV,0-5%

pjetT 2 [200, 240] GeV

Ratio

(a) JEWEL results.

10�3 10�2 10�1

RL

0.0

0.5

1.0

1.5

2.0

2.5

E
E
C

w./ response

wo./response

10�3 10�2 10�1 100

RL

0

1

2

3

4

5

6

7

R
at
io

E
E
C

w
.r
e
sp

.
/
E
E
C

w
o
.r
e
sp

.

HYBRID+PYTHIA8 (PbPb JJ)

Anti-kT , R = 0.4
p
sNN = 5.02 TeV,0-5%

pjetT 2 [200, 240] GeV

Ratio

(b) HYBRID results.

Figure 6.3: Results for the medium response impacts on the EEC, for jets with pjetT 2 [200, 240]
GeV in (a) JEWEL and (b) HYBRID. For each generator, on the (left), the EEC is displayed in
the cases of with and without response, and on the (right), the corresponding ratio between each
case.

46

JEWEL medium response HYBRID medium response
[See Hannah’s talk]
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Leading-logarithmic calculation of the EEC in vacuum 

ΣR(χ)
𝒪(αs)

= ᾱ∫
1

0

dθ
θ ∫

1

0
dz Pgq(z)[z2Θ(χ) + (1 − z)2Θ(χ) + 2z(1 − z)Θ(χ − θ)]

The cumulative distribution for the abelian EEC in the collinear limit at  is𝒪(αs)

ΣV(χ)
𝒪(αs)

= − ᾱ∫
1

0

dθ
θ ∫

1

0
dzPgq(z)Θ(χ)

Iterating this procedure one finds the all-orders result at leading-log accuracy

Σ(χ) =
∞

∑
k=0

(−1)k+1 ᾱk+1

(k + 1)!
lnk+1 1

χ
[γk+1

qq (3) + γk
qq(3)γgq(3)] = (−1 + χᾱγqq(3))

γgq(3) + γqq(3)
γqq(3)

where                                  are the so-called anomalous dimensionsγik( j) = − ∫
1

0
dz zj−1 ̂Pik(z)
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Effect #1: impact of phase-space constraints on VLEs

The phase-space for vacuum-like emissions affects anomalous dimensions

log(1/q)

lo
g(

k ?
=

w
q)

w
=

p?,0

t f = tmed

t f
=

L

k⊥ ≥ ̂qtf
tf ≪ tmed

f = ω/ ̂q

γmed( j, θ) = − ∫
1

0
dz zj−1 ̂P(z)[1 − Θveto(z, θ)]

Θ veto
(z, θ

)

[Caucal et al. PRL 120 (2018) 232001]

tmed
f



Effect #1: impact of phase-space constraints on VLEs

[Caucal et al. PRL 120 (2018) 232001]
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Figure 3: Left: Medium-to-vacuum ratio of the anomalous dimension for j = 3 as a
function of the splitting angle for the q ! qg channel, see Eq. (3.4). Right: the energy-
energy correlator in vacuum (both at fixed and all orders) together with the result including
the medium-modified anomalous dimensions shown in the left panel.

panel of Fig. 3 for j = 3 (the relevant case for the EEC calculation) both in vacuum
and medium for different values of the jet pt. The medium parameters are fixed to be
L = 4 fm and q̂ = 1.5 GeV2/fm, roughly corresponding to central PbPb collisions at LHC
energies. We observe that for all values of jet pt the in-medium anomalous dimension is
reduced compared to the vacuum baseline. This can be naturally understood as a result
of a reduction of the radiative phase space. In addition, the medium-to-vacuum ratio
of anomalous dimensions tends to unity with increasing jet pt, i.e., highly energetic jets
undergo a vacuum-like dominated evolution and are less sensitive to the medium scales.
A final comment concerns the sharpness on the angular dependence of the in-medium
�qq(3), which is due to the step-wise nature of the model describing ⇥veto. Higher-order
perturbative corrections and fluctuations of medium scales are expected to smooth out the
boundaries of the resolved phase space.

To end this section, we show on the right panel of Fig. 3 the impact of the medium-
modified anomalous dimensions on the EEC. Note that we have re-scaled the vertical axis
by the EEC angle such that the leading order prediction becomes a flat line, as can be
deduced from Eq. (2.6). Including resummation effects leads to deviations from this flat
line, as observed for the solid, gray line in the figure. Also note that in the leading-
logarithmic approximation and fixed coupling, the EEC is independent of the jet pt. We
find that the EEC slope is mildly modified (< 5% for this choice of parameters) in the
moderate angle region after incorporating phase-space constraints on the definition of the
anomalous dimensions.

3.2 Medium modified splitting function

Another source of medium-induced modification to the EEC results from the production
of bremsstrahlung radiation due to the interactions between hard jet constituents and the
medium, leading to an excess of soft gluons at large angles. In a perturbative approach, this

– 9 –

The phase-space for vacuum-like emissions affects anomalous dimensions
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Effect #2: in-medium matrix element

The in-medium EEC at leading order ( ) can be expressed as: 𝒪(αs)

• Semi-classical approx: see Jack and Fabio’s talks. Validity: z ∼ 1/2

• Soft approximation: BDMPS-Z spectrum. Validity: z → 0

dΣ
dθdpt

= ∑
{i,j}

∫
1

0
dz [z(1 − z)

dPvac
ij

dθdz (1 + Fij
med(θ, z))]

dσj

σjdpt

Available options for the  splitting function ( ):1 → 2 Fmed

• Exact (with all caveats that Fabio explained): only available for γ → qq̄
[Isaksen, Tywoniuk JHEP 09 (2023) 049]

Simple question: Does the    matter for the evaluation of the EEC?z → 0

[Dominguez, Milhano, Salgado, Vila EPJC 80 (2020) 1, 11]

[BDMPS, NPB 483 (1997) 291-320]
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Effect #2: in-medium matrix element ( )q → qg
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Figure 7: Jet EEC for the semi-analytic models discussed in the main text following
Eq. (3.26). The left panel neglects energy loss effects, while the right one includes the
two-prong energy loss model introduced in the main text.

where, for consistency, we disregard LL resummation for this channel since it will involve
off-diagonal terms in the (QED) anomalous dimension matrix. We have also adapted the
notation for the quenching weight to make clear that the parent parton is a photon. The
� ! qq̄ vacuum splitting function reads for nf light quark flavors10

P �
qq̄ = nf (z2 + (1 � z)2) . (3.28)

4 In-medium results for the EEC

In this section, we provide a quantitative study of the jet EEC, following the derivations
presented in the previous sections. We first discuss the results obtained using the semi-
analytic formulas for the q ! qg channel, i.e., Eq. (3.26). We then compute the exact O(↵s)

result for � ! qq̄ using the publicly available numerical routines introduced in Ref. [47].
The exact numerical result is compared against different semi-analytic estimates discussed
in Sec. 3.2. Finally, we present a Monte Carlo study, using the JetMed MC, modified to
account for balanced (i.e., z ⇠ 1/2) branchings in the medium.

4.1 Semi-analytic results for q ! qg splittings

In Fig. 7, we show the results for the evaluation of Eq. (3.26) for three different scenarios:
pure vacuum (black), in-medium using the semi-classical approximation (Eq. (3.10)) (blue)
and the result for the interpolation ansatz introduced in Eq. (3.14) (red). We show the
results for the case where energy loss is neglected, i.e., Qq = Qg = 1, on the left-hand side,
while the right-hand side plot includes the full two parton quenching weight introduced in
Eq. (3.24). We consider jets with a radius R = 0.4 and pt = 200 GeV, while the medium
parameters follow the choice made in Fig. 4, with T = 0.3 GeV. Note that for this set-up
!c = 60 GeV.

10In what follows we use nf = 1.
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Figure 5: Lund-plane representation of the differential probability distribution given in
Eq. (3.5). Left: soft approximation for the medium splitting probability as given by
Eq. (3.12). Right: ratio between the soft (Eq. (3.12)) and semi-classical approximations
(Eq. (3.10)) to the medium kernel. In both plots, we choose: q̂ = 1.5 GeV2/fm, L = 4 fm,
pt = 120 GeV, R = 1, ↵s = 0.1 and ↵med

s = 0.24.

where the correct jet quenching parameter is now in the fundamental representation, i.e.,
CAq̂F = CF q̂. The overall 1/2 factor accounts for the transformation of Pgq between the
hard and soft limits, see Eq. (2.2).

We show in the left panel of Fig. 5 the splitting probability density defined in Eq. (3.5)
using the soft approximation for the medium kernel (Eq. (3.11)). Note that in this Lund-
plane representation, the vacuum splitting probability reduces to a constant (2↵sCF /⇡) at
double-logarithmic accuracy. Therefore, any enhancement or depletion in this graph can
be attributed to medium effects. In particular, the enhancement observed for soft, wide
angle splittings corresponds to the characteristic scale of the medium z✓pt = q̂L. The right
panel of Fig. 5 shows the ratio between this soft approximation and the semi-classical limit
discussed above. We would like to remark that the quantitative interpretation of this ratio is
delicate. Nevertheless, we observe clear differences between these two approximations of the
in-medium matrix element in almost all regions of the radiative phase-space. In particular,
we confirm that the semi-classical approximation does not capture the BDMPS-Z result
neither when z ! 0 nor when z ! 1. Unfortunately, none of these approximations can be
compared to the exact matrix element since the numerical method proposed in Ref. [81] for
� ! qq̄ is not yet available for q ! qg.

To further analyze the differences between the semi-classical and soft limits, we plot the
in-medium scattering probability for fixed-angles in Fig. 6. Note that these plots contain the
full splitting probability (vacuum + medium) and not just the medium part, as was done
in Fig. 4. Both panels focus on the large-angle regime, the region of interest for medium-
modifications to the energy-energy correlator. In the BDMPS-Z case, we show both the soft
(z ! 0) and hard gluon (z ! 1) limits given by Eqs. (3.12) and (3.13), respectively. We find
that the large-angle regime is fully dominated by asymmetric splittings whose description
clearly differs when taking the soft or the semi-classical limit. The imprint of this mismatch

– 13 –
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Effect #2: in-medium matrix element ( )γ → qq̄
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Figure 8: Results for the leading order � ! qq̄ jet EEC with exact kinematics. Jet
energies are ordered from left to right and top to bottom as: pt = 10, 20, 30, 50 GeV. We
show the curves for: vacuum (black), the semi-classical approximation (blue), the semi-
analytic medium factor Fmed obtained in the large Nc limit and keeping only factorizable
terms without using the semi-classical approximation detailed in the main text (red, see [47]
for details) and the exact result extract from the numerical routine (green). We note that
the error band shown is computed by comparing the semi-analytical large Nc result with its
full numerical counterpart, following the procedure detailed in [47]. Thus, the error band
is only indicative of the size of discretization effects entering the numerical calculation.

statement regarding which effect dominates. Nonetheless, we observe that once very soft
radiation is removed from the semi-classical approximation, energy loss seems to dominate
the observable. In particular, using the EEC to determine the transition between coherent
and decoherent jet evolution in the medium is far more involved than the naive O(↵s)

calculation might suggest. We note that the sharp transition at � ⇠ 0.3 is due to the step
function form used in ⇥res; in a more realistic model, this would be smeared due to varying
medium parameters and a more accurate treatment of the phase space, see e.g. [46] for a
different energy loss prescription for the EEC.
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Figure 8: Results for the leading order � ! qq̄ jet EEC with exact kinematics. Jet
energies are ordered from left to right and top to bottom as: pt = 10, 20, 30, 50 GeV. We
show the curves for: vacuum (black), the semi-classical approximation (blue), the semi-
analytic medium factor Fmed obtained in the large Nc limit and keeping only factorizable
terms without using the semi-classical approximation detailed in the main text (red, see [47]
for details) and the exact result extract from the numerical routine (green). We note that
the error band shown is computed by comparing the semi-analytical large Nc result with its
full numerical counterpart, following the procedure detailed in [47]. Thus, the error band
is only indicative of the size of discretization effects entering the numerical calculation.

statement regarding which effect dominates. Nonetheless, we observe that once very soft
radiation is removed from the semi-classical approximation, energy loss seems to dominate
the observable. In particular, using the EEC to determine the transition between coherent
and decoherent jet evolution in the medium is far more involved than the naive O(↵s)

calculation might suggest. We note that the sharp transition at � ⇠ 0.3 is due to the step
function form used in ⇥res; in a more realistic model, this would be smeared due to varying
medium parameters and a more accurate treatment of the phase space, see e.g. [46] for a
different energy loss prescription for the EEC.
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Figure 9: Medium-to-vacuum ratio of jet EEC in the � ! qq̄ channel using the exact
matrix-element [47] for increasing values of q̂.

4.2 Leading order results for � ! qq̄ splittings

The previous section has clearly shown how different approximations of the in-medium
matrix element can lead to disparate results at the EEC level. The absence of an exact
calculation of the in-medium q ! qg probability hampers any attempt to make quantitative
statements utilizing analytic tools. The situation is less pessimistic in the case of a simplified
scenario, namely � ! qq̄, thanks to a recent computation [47]. We use the publicly available
numerical routines introduced in that paper and calculate the EEC with this exact input. 12

The result is shown in Fig. 8, which also includes the vacuum case (black), the semi-classical
approximation (blue), and a large-Nc version of the exact result where only factorizable
terms are kept, as discussed and computed in [47] (red). We note that the numerical
convergence of the exact calculation degrades when probing energetic jets and/or dense
media. That is why, in this study, we chose pt = (10, 20, 30, 50) GeV and L = 2 fm. For
the same reason, the numerical error band increases as the jet energy increases. This is
observed in the lowermost right panel when � > 0.5.

First, we note that despite the apparent simplicity of the � ! qq̄ channel compared to
the QCD one studied above, medium effects are imprinted in the EEC in a similar fashion,
i.e., vacuum evolution at small angles followed by an enhancement of large-angle splittings.
In addition, the exact (at O(↵s)) in-medium result shows a very similar trend to that of the
naive interpolation formula discussed in the previous section. Interestingly, we observe (for
the three largest energies) that the exact result (and also the large-Nc curve) predicts first
a depletion at relatively small angles, then a rise in the intermediate regime, and finally
another depletion at large angles. We would like to highlight that the fact that the medium
modified result dips twice under the vacuum line has not been observed before. In turn, the
semi-classical approximation fails to grasp the exact result qualitatively and quantitatively.

12We note that this result is still obtained in the high energy limit. Further, we do not include energy loss
since it will not be necessary for the discussion and only introduces more considerable model dependence.
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Wide-angle enhancement substantially reduced when using exact ME. 
Another indication of the importance of describing full-z dependence.

Breakdown of numerics

error band = discretization effects
Different matrix-elements Exact ME with varying ̂q
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Effect #3: better description of balanced splittings in JetMed

We modified the description of the first emission inside the medium 

+ Angular-ordered vacuum shower

+ Phase-space constraints for vacuum-like emissions

+ BDMPS-Z cascade of medium induced emissions 

+ Gaussian transverse momentum broadening
[See Paul’s talk]

αs(k⊥)
π

Pij(z)dz
dθ
θ [1 + Fmed(z, θ)]

with  an overestimate of the semi-classical matrix-elementFmed(z, θ)
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Effect #3: better description of balanced splittings in JetMed
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Figure 10: Monte Carlo calculation of the EEC as a function of � = ✓/R for a monochro-
matic initial hard spectrum with pt0 = 50 GeV (left) and pt0 = 200 GeV (right) for several
medium-modified jet evolution as discussed in the main text.

In Fig. 10, we show the EEC distribution in jets triggered by a quark with a fixed initial
pt0 = 50 GeV (left plot) and pt0 = 200 GeV (right plot) in the vacuum and the medium for
the three physical set-ups. Since the kinematic of the parton sourcing the jet is fixed and
no initial hard spectrum is included, the jet selection has no effect, and the plot compares
the EEC of the same jet population. In particular, the energy loss effect analytically
implemented in Sec. 3.3 is not present in this calculation. This allows us to understand the
impact on the EEC of intrinsic modifications of the jet shower in the medium. Another
important point is that JetMed does not account for hadronization. Therefore, the curves’
turnover is due to the shower cutoff and not confinement dynamics [37]. One first notices
that the Fmed factor computed in the semi-hard approximation is responsible for the bump
observed at large �. This bump is considerably reduced when removing the Fmed factor
and considering only BDMPS-Z emissions, in agreement with the analytic findings of the
toy model discussed towards the end of Sec. 3.2. The main message of this plot is that
without the enhancement introduced by Fmed at large angles, the intrinsic modification of
the jet evolution in the medium caused by the phase space modifications and BDMPS-Z-
like emissions leave almost no imprint on EEC distribution. As previously discussed, the
effect of Fmed is vastly overestimated since the semi-hard approximation is invalid in the
kinematic regime where the enhancement appears.

We turn now to the calculation of EEC, including a more realistic hard scattering
spectrum (generated using LO 2 ! 2 matrix elements for dijet production in pp collisions
at the LHC with

p
s = 5.02 TeV) and jet selection. Introducing a jet selection on pt enables

one to characterize the dependence of EECs on the energy loss effect. We expect this Monte
Carlo calculation to qualitatively reproduce the analytic results obtained in Sec. 3.3 with
the quenching weight method. Fig. 11 shows that this is indeed the case, as one observes a
suppression at large angles and an enhancement at small angles from the vacuum (solid red)
to the medium (solid curve) calculation. This is a combined consequence of energy loss and
jet selection since the population of jets included in the analysis differs in the vacuum and
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Figure 11: Monte Carlo calculation of the EEC as a function of � = ✓/R in dijet events
at the LHC. Selected jets have pt > 50 GeV (left) or pt > 200 GeV (right) and absolute
value of rapidity |y| < 2.1.

the medium. Jets selected in the medium are sourced by initial hard partons with a larger
pt0 resulting in EECs which are larger at small angles and smaller at large angles, as noticed
by comparing the solid red curves between the left and right plots of Fig. 10. After adding
the modification of the first splitting in the medium in the semi-hard approximation via the
Fmed factor (dashed blue line), one observes a slight enhancement at large angles. There
are two competing effects: energy loss at large angles via medium-induced emissions and
modifications of the first splitting inside the medium, which respectively cause a suppression
or an enhancement at large angles in the distribution. Given that the functional form
of Fmed implemented in the Monte Carlo should be considered as an upper limit of a
more realistic value, one can safely conjecture that the dominant effect among these two
competing mechanisms will be the energy loss.

5 Lund-based definition of the EEC

Throughout this paper, we have studied the canonical definition of the EEC in which
the energy weight is set to 1, i.e., n = 1 in Eq. (1.2). In a heavy-ion context, higher
values of n might be helpful to, for example, mitigate the overwhelming underlying event.
However, setting n > 1 leads to a collinear unsafe observable. For n = 2, it has been
shown that these divergences can be absorbed into moments of non-perturbative objects
such as fragmentation/track functions in proton-proton collisions [51, 105]. Extending this
approach to heavy-ion collisions is a challenging task for multiple reasons, the main one
being the multi-scale nature of the problem [75].13 It would be ideal to minimally modify the
definition of the EEC such that higher powers of the energy weight can be accommodated
without sacrificing perturbative calculability.

13Appendix B of Ref. [40] showed results for the jet EEC with n = 2 neglecting non-perturbative ingre-
dients.
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Instead of conclusions, a new observable! Lund-based EEC

Several reasons to allow for different energy-weights on the EEC, e.g. 
• Access higher moments of the splitting function 
• Mitigate background contamination

Possible in the canonical EEC after introducing (non-perturbative) track functions

Our approach: minimal modification without sacrificing calculability 
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