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Abstract. We present an analytic framework for jet quenching in dense QCD
matter that unifies medium–induced branching with vacuum collinear evolution.
Energy transported outside the jet region is governed by a non–linear rate equa-
tion that resums arbitrary–angle gluon splittings, each enhanced by the medium
length L. We show that for asymptotically large energies the energy loss dis-
tribution for a single hard parton exhibits an exponential (generalized Poisson)
behavior that provides the initial condition for a non–linear, DGLAP–like evo-
lution that resums collinear logarithms associated with early in-vacuum frag-
mentation and with the medium’s angular resolution. This framework allows a
systematic resummations of parton branching contributions to jet energy loss.

1 Introduction

The suppression of high-pT hadrons and fully reconstructed jets at RHIC and the LHC (see
Ref. [1] for a review and references therein) has established jet quenching as one of the
clearest signatures of the quark–gluon plasma. A theoretical description must consistently
account for multiple scattering, medium–induced parton showers [2–6], and the interplay of
quantum interference and decoherence [7–10].

Color coherence and its eventual loss play a central role in determining the fate of en-
ergetic jets. In vacuum, angular ordering ensures that successive emissions remain coherent
until they are resolved at smaller and smaller angles. In a medium, multiple scatterings in-
duce transverse momentum broadening that can disentangle the color correlation between
branches. Once color decoherence sets in, daughter partons radiate independently, dramati-
cally enhancing the efficiency of energy transport away from the jet core [10]. The competi-
tion between coherence at small angles and decoherence at large angles defines the medium’s
resolution scale, θc ∼ (q̂L3)−1/2, which will be central in what follows.

Radiative energy loss is the dominant mechanism behind jet quenching. Because of its
non–local nature, gluon emission is sensitive to multiple scattering during the formation time
t f ≃

√
ω/q̂. This interference leads to the well–known Landau–Pomeranchuk–Migdal (LPM)

suppression of hard gluons and introduces the characteristic scale ωc = q̂L2 [11, 12]. At the
same time, repeated emissions give rise to turbulent cascades that redistribute energy self–
similarly toward the medium’s soft scales [13]. Beyond inclusive energy loss, however, a
complete understanding of quenching requires tracing how energy crosses the jet boundary.
Radiation that leaves the jet cone may subsequently radiate back inside, leading to a subtle
interplay that is reminiscent of non–global observables in vacuum QCD [14]. Substructure
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measurements and recent Monte Carlo studies have begun to expose these dynamics experi-
mentally.

The aim of this work [15] is to construct a unified analytic description of out–of–cone
energy flow that naturally incorporates the onset of decoherence, resums medium–induced
branchings, and matches onto collinear vacuum evolution above the medium’s resolution
angle. As a first step, we introduce the energy–loss distribution S loss(ϵ, E), which specifies
the probability that a parton of initial energy E loses an amount ϵ of energy to the medium.
The inclusive jet spectrum can then be written as

dσjet

dpT
=

ˆ ∞
0

dE
ˆ ∞

0
dϵ δ(pT − E + ϵ) S loss(ϵ, E)

dσvac
jet

dE
, (1)

which makes explicit how the medium correction enters through a convolution with the vac-
uum cross section. This factorized form will serve as the starting point for our analysis.

2 Non–linear evolution of jet energy loss

The Laplace transform provides a natural representation of Eq. (1), as it eliminates the convo-
lution structure and renders the evolution local in ν. At high energies, the medium contribu-
tion becomes nearly independent of E, which simplifies the analysis. Hence, it is convenient
to work with the quenching factor [16, 17]

Qν(E) =
ˆ ∞

0
dϵ e−νϵS loss(ϵ, E) . (2)

The physical picture is as follows. The medium resolves color charges only at angles
larger than θc, while at smaller angles radiation remains coherent. This divides the dynamics
into two stages: a medium–induced cascade that resums (αsL)n contributions at arbitrary
angles, and a vacuum–like collinear cascade that resums logarithms of R and R/θc. The
matching between the two occurs at the medium resolution angle θc = (q̂L3)−1/2, marking the
point where color decoherence sets in and partons begin to radiate independently [8, 10, 17,
18].

Elastic broadening keeps the leading parton inside the cone with high probability when
E ≫ α2

sωc, so the dominant out–of–cone energy flow arises from radiation. Successive split-
tings create branches that, after decoherence, evolve independently and contribute additively
to the energy flow. This independence is encoded in the non–linear master equation [15],

Qν(t; E) = Qel
ν (t; E) + αs

ˆ t

0
dt1

ˆ 1

0
dz K(z, E)

[
Qν(t−t1; zE) Qν(t−t1; (1−z)E) − Qν(t−t1; E)

]
,

(3)
where K(z, E) is the in-medium splitting rate [3]. This equation resums arbitrary branchings
with exact energy sharing, enforces unitarity through the subtraction term, and admits the
thermal fixed point Qth

ν (E) = e−νE , which corresponds to total energy loss S loss(ϵ) = δ(ϵ − E).
The initial condition of the above evolution is given by Qel

ν (t; E) which encodes the physics
of energy leakage out of the cone due to elastic scattering [15].

In the single-hard parton regime, where we neglect early collinear DGLAP evolution,
Eq. (3) reduces to an exponential form in Laplace space, corresponding to a generalized
Poisson distribution of energy loss. The independent–emission ansatz of Baier et al. [16] is
thus recovered as a limiting case (R→0). In the regime R ≫ θc, achieved in a dense or large
media, the cascade matches to a non–linear DGLAP–like evolution that resums collinear log-
arithms, organizing large contributions in αs ln(R/θc), and (αsL)n through the initial condition
given by the solution to Eq. (3).
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3 Summary and Outlook

The framework makes explicit how L, q̂, and R govern the balance between in– and 
out–of–cone energy flow. Increasing either L or q̂ enhances the number of resolvable emis-
sions and drives the system toward the thermal fixed point. In contrast, reducing R increases 
the leakage of a single color charge but simultaneously decreases the number of effective 
emitters due to the vacuum collimator. The R dependence therefore reflects the competition 
between these two effects. This interplay has been analyzed and confronted with data, which 
show only a weak R dependence [6].

Because radiation may both leave and reenter the cone, the problem is inherently non–
global. The nonlinear equation (3) captures this non–global structure in a probabilistic form: 
once decoherence occurs, daughter partons evolve independently and their energy losses add. 
This framework is directly applicable to substructure observables, including groomed jets 
and subjet multiplicities, and provides a natural platform for incorporating medium response 
at soft scales. In particular, the probabilistic picture offers a new handle on the role of soft ra-
diation that may be absorbed by or returned from the medium, a long–standing open problem 
in connecting perturbative descriptions with hydrodynamic response. Leading NLO correc-
tions to q̂ and to splitting kernels [19] can be incorporated as renormalizations of the rate 
and broadening inputs without altering the structure of Eq. (3). Time–dependent q̂(t) can 
account for expansion or inhomogeneities, while quark channels follow through simple color 
substitutions. Phenomenology can proceed by solving Eq. (3) with realistic medium profiles. 
Importantly, the master equation provides an analytic counterpart to Monte Carlo Event Gen-
erators such as JetMed [4], clarifying their approximations and highlighting which higher–
order effects are systematically included. This resummation program has recently been recast 
into a factorized effective field theory framework [20], enabling systematic higher-order cal-
culations of jet observables.

In summary, we have developed a unified description of jet quenching built on three el-
ements: a non–linear master equation for medium–induced cascades, a consistent matching 
to vacuum collinear evolution governed by decoherence, and a generalized Poisson structure 
that clarifies asymptotics and simplifies computation. This formulation provides a clear orga-
nizational principle for higher–order jet studies in heavy–ion collisions and a natural bridge 
to future phenomenology at the Electron–Ion Collider. Beyond its immediate applications, 
it opens the way to systematic precision studies of jet quenching, where controlled perturba-
tive inputs are embedded into a framework flexible enough to incorporate medium dynamics. 
In this sense, the approach provides both a theoretical anchor for existing observations at 
the LHC and RHIC, and a roadmap for interpreting future measurements at high luminosity 
and new facilities, ultimately connecting the microscopic dynamics of parton cascades with 
macroscopic properties of hot and dense QCD matter.
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