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We report on recent studies of the phenomenon of color decoherence
of jets in QCD media. The effect is most clearly observed in the radiation
pattern of a quark–antiquark antenna, created in the same quantum state,
traversing a dense color deconfined plasma. Multiple scattering with the
medium color charges gradually destroys the coherence of the antenna. In
the limit of opaque media this ultimately leads to independent radiation
off the antenna constituents. Accordingly, radiation off the total charge
vanishes implying a memory loss effect induced by the medium.
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1. Introduction

Color coherence is a key feature of jet physics in perturbative QCD. This
phenomenon is a direct manifestation of current conservation at the partonic
level. Remarkably, these features survive the hadronization process and em-
bodies some of the most striking evidences of color degrees of freedom in
collider experiments. As an example, the depletion of soft particles inside a
jet is realized in the parton shower by the angular ordering of successive par-
ton branchings. This ordering is indeed a direct consequence of the coherent
nature of the jet fragmentation [1, 2, 3, 4, 5].
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Motivated by the new measurements of jets in heavy-ion collisions at
RHIC [6] and LHC [7, 8], recently we started to investigate how QCD co-
herence is altered in the presence of a hot and dense quark-gluon plasma
(QGP) [9, 10]. Before addressing the full-scale problem of medium-induced
modifications of jet fragmentation, we started out by studying modification
of the radiation pattern of a quark–antiquark antenna traversing a hot and
dense medium in order to understand how the QGP alters color coherence
of such a system. Unexpectedly, we found a strict geometrical separation
between in-vacuum and medium-induced gluon radiation, determined by the
antenna opening angle. Additionally, a soft logarithmic divergence remains
for the medium-induced spectrum which points to the possibility of resuming
multiple gluon branchings in the cascade. In the case of an opaque medium,
dictated by unitarity, a simple and intuitive physical picture arises: the in-
teraction with the QGP leads to the gradual decoherence of the pair yielding
a universal radiation pattern which does not depend on the initial color con-
figuration of the antenna. These results are in qualitative agreement with
the recent data from the LHC and provide a starting point for further studies
on in-medium jet modifications.

2. Antenna radiation pattern to leading log accuracy

We proceed in the framework of the classical Yang–Mills equations,
[Dµ, F

µν ] = Jν , with Dµ ≡ ∂µ− igAµ and Fµν ≡ ∂µAν −∂νAµ− ig[Aµ, Aν ].
The covariantly conserved current, i.e., [Dµ, J

µ] = 0, describes the pro-
jectiles, in our case a quark and an antiquark of momentum p and p̄ re-
spectively, born at x0 = 0 inside the medium of length L. Furthermore,
we choose the Ligh-Cone Gauge (LCG) A+ = 0, where only the trans-
verse polarization contribute to the cross-section. Then the gauge field is
related to the gluon radiation amplitude (for a gluon of momentum k ≡
(ω,~k)) trough the reduction formula, Ma

λ(~k) = lim
k2→0

−k2Aaµ(k)εµλ(~k). The

current of the energetic quark (and similarly for the antiquark), of color
charge Qq, gets simply color rotated when passing through the medium,
Jµq (x) = gUp(x+, 0) δ(3)(~x− ~p/E t)Qq, where the Wilson line along the tra-
jectory of the quark in the adjoint representation, Up, is given by

Up
(
x+, 0

)
= P+ exp

ig x+∫
0

dz+T ·A−med

(
z+,

p

p+
z+

) , (1)

where Amed represents the classical medium background-field. In the strictly
soft limit, i.e., ω → 0, the current reduces in Fourier space to
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Jµ,aq (k) = −ig pµ

p · k
Uabp (L, 0)Qbq . (2)

From the CYM equations, the transverse component of the linear medium
response reads [11]

�Ai = 2ig
[
A−med, ∂

+Ai
]
− ∂i

∂+
J+ + J i . (3)

The first term in the r.h.s. of Eq. (3) contains gluon rescattering with the
medium, which screens the soft divergence [9]. The remainder corresponds to
gluon bremsstrahlung where only the quark rescatters and is infrared diver-
gent, see Eq. (2). Keeping only the bremsstrahlung contribution, the ampli-
tude for soft gluon emission off the quark and antiquark reads
(cf. Fig. 1)

Ma
λ(k) = −ig

[
κ · ελ
x (p · k)

Uabp (L, 0) Qbq +
κ̄ · ελ
x̄ (p̄ · k)

Uabp̄ (L, 0) Qbq̄

]
, (4)

where we define the gluon transverse momentum relatively to the quark
and the antiquark directions respectively, κi ≡ ki − x pi and κ̄i ≡ ki −
x̄ p̄i (i = 1, 2), along with the momentum fractions x ≡ k+/p+ ≈ ω/E
and x̄ ≡ k+/p̄+ ≈ ω/Ē. Putting Uab = δab, i.e., in the absence of the
medium, the antenna radiation pattern in vacuum is recovered. Squaring
the amplitude and summing over the polarization vectors we get the gluon
radiation spectrum at leading log accuracy,

(2π)2 ω
dNg∗

d3k
=

αs

ω2

{
CF [Rq +Rq̄ − 2(1−∆med)J ]

+CA(1−∆med)J
}
, (5)
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Fig. 1. Diagrammatic representation of the gluon radiation amplitude of an ener-
getic quark–antiquark antenna produced inside a QCD medium.
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where Rq = 2/(nq · n), and analogously for the antiquark, corresponds to
the independent radiation probabilities in vacuum, and J = κ · κ̄/[ω2(nq ·n)
(nq̄ ·n)] corresponds to the interference between the quark and the antiquark
radiation in vacuum too, where nµq = pµ/E and nµ = kµ/ω. In Eq. (5). The
first term, proportional to CF corresponds to the emission off the quark or
the antiquark and contains two contributions: vacuum one, confined inside
the pair at angles smaller than the antenna opening angle, θ < θqq̄, due to
destructive interferences at large angles; the medium induced part, propor-
tional to ∆med, occurs at large angles and is suppressed inside the antenna.
The second one describes large angle emissions by the total charge of the
pair, i.e., CA for gluon, and vanishes in the case of a virtual photon. The
spectrum, given by Eq. (5), has a simple form and offers an intuitive physical
picture: Interestingly enough, the medium parameters are fully contained in
a multiplicative factor,

∆med = 1− 1
N2
c − 1

〈
TrUp(L, 0)U †p̄(L, 0)

〉
, (6)

while the functional shape is vacuum-like. In the dilute limit, ∆med → 0, we
recover the pure vacuum spectrum, dN → dNvac. With increasing density,
the decoherence rate is controlled by the parameter ∆med. In the limit of a
completely opaque system, ∆med is bounded by unitarity so that ∆med → 1.
Then the interferences are completely washed out and the soft emissions in
the presence of a medium reduce to independent radiation off the quark and
antiquark, as if they were radiating in the vacuum. This is what we call
total decoherence of the spectrum. This implies a memory loss effect in the
medium, so that

dNg∗

∣∣∣
opaque

= dNγ∗

∣∣∣
opaque

, (7)

i.e., the antenna radiation is independent of the total color charge.
This result can be summarized as follows: two charges born in the same

quantum state, and therefore expected to radiate coherently, will become two
independent emitters when traversing an opaque medium, in effect loosing
memory of their origin. As a consequence, angular ordering in the parton
shower should be partially (or completely) destroyed.

3. Summary

In summary, we have computed the antenna spectrum to leading log-
arithmic accuracy in the presence of a QCD medium which interpolates
between the dilute and dense limiting cases and demonstrates the gradual
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onset of decoherence. The modification of the interference properties of ra-
diation off coherent quantum systems we have found are genuine properties
of the strong interaction and will therefore also affect other types of QCD
coherence, such as the drag-effect and color flow in hadronic collisions [5].

While the complete description of jet fragmentation in the presence of a
medium is still missing, our results provide a starting point for further studies
and suggest that the probabilistic nature of the fragmentation process for
soft radiation survives. This calls for a reformulation of Monte Carlo codes
which aim at describing high-pT physics in heavy-ion collisions.
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CPAN, by the European Commission and in part by the Swedish Research
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