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What is a jet?

• Originally a hard parton (quark/gluon) which 
fragments into many partons with virtuality 
down to a non-perturbative scale where it 
hadronizes
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2 2 Experimental method

Figure 1: Example of an unbalanced dijet in a PbPb collision event at √sNN = 2.76 TeV. Plot-
ted is the summed transverse energy in the electromagnetic and hadron calorimeters vs. η
and φ, with the identified jets highlighted in red, and labeled with the corrected jet transverse
momentum.

The data provide information on the evolution of the dijet imbalance as a function of both
collision centrality (i.e., the degree of overlap of the two colliding nuclei) and the energy of
the leading jet. By correlating the dijets detected in the calorimeters with charged hadrons
reconstructed in the high-resolution tracker system, the modification of the jet fragmentation
pattern can be studied in detail, thus providing a deeper insight into the dynamics of the jet
quenching phenomenon.

The paper is organized as follows: the experimental setup, event triggering, selection and char-
acterization, and jet reconstruction are described in Section 2. Section 3 presents the results and
a discussion of systematic uncertainties, followed by a summary in Section 4.

2 Experimental method
The CMS detector is described in detail elsewhere [20]. The calorimeters provide hermetic
coverage over a large range of pseudorapidity, |η| < 5.2, where η = −ln [ tan(θ/2)] and θ is
the polar angle relative to the particle beam. In this study, jets are identified primarily using
the energy deposited in the lead-tungstate crystal electromagnetic calorimeter (ECAL) and the
brass/scintillator hadron calorimeter (HCAL) covering |η| < 3. In addition, a steel/quartz-
fiber Cherenkov calorimeter, called Hadron Forward (HF), covers the forward rapidities 3 <
|η| < 5.2 and is used to determine the centrality of the PbPb collision. Calorimeter cells are
grouped in projective towers of granularity in pseudorapidity and azimuthal angle given by
∆η × ∆ϕ = 0.087× 0.087 at central rapidities, having a coarser segmentation at forward rapidi-
ties. The central calorimeters are embedded in a solenoid with 3.8 T central magnetic field. The
event display shown in Fig. 1 illustrates the projective calorimeter tower granularity over the
full pseudorapidity range. The CMS tracking system, located inside the calorimeter, consists
of pixel and silicon-strip layers covering |η| < 2.5, and provides track reconstruction down to
pT ≈ 100 MeV/c, with a track momentum resolution of about 1% at pT = 100 GeV/c. A set
of scintillator tiles, the Beam Scintillator Counters (BSC), are mounted on the inner side of the

Jets in HIC @ LHC
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• significant dijet energy 

asymmetry
• soft particles at large angles
• vacuum-like fragmentation 

of hard jets
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Jets in pp @ LHC
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!under good theoretical control!
!benchmark processes
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Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

ω
dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

ω
dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

ω
dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

=
αs

(2π)2ω2

[
Q2

aJ + Q2
b

(
Rb − J

)
+ Q2

c

(
Rc − J

)]
ω

dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

=
αs

(2π)2ω2

[
Q2

aJ + Q2
b

(
Rb − J

)
+ Q2

c

(
Rc − J

)]

coherent spectra

ω
dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum

6

• decay of a highly virtual particle
• a laboratory to study coherence effects
• contains necessary elements of 

transverse color coherence

=
αs

(2π)2ω2

[
Q2

aJ + Q2
b

(
Rb − J

)
+ Q2

c

(
Rc − J

)]

coherent spectratot. charge

ω
dN

d3k
=

αs

(2π)2ω2

[
Q2

bRb + Q2
cRc + 2Qb ·QcJ

]

a

b

c
Q = Eθbc



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Antenna spectrum in vacuum
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How is the jet modified?

7
8

No established theory of jets in medium!
• what is the relevant ordering in medium?
• is the process still Markovian?
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Easier question:
• how is the antenna spectrum 

modified in a medium?

No established theory of jets in medium!
• what is the relevant ordering in medium?
• is the process still Markovian?
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Decoherence of radiation in media

8

How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, ! > Qs-1

• resolved by ! < Qs-1



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Decoherence of radiation in media

8

Qs
-1

How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, ! > Qs-1

• resolved by ! < Qs-1



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Decoherence of radiation in media

8

Qs
-1

How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, ! > Qs-1

• resolved by ! < Qs-1

What probes the medium?

0 t

r⊥ = θtr⊥ = θt



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Decoherence of radiation in media

8

Qs
-1

How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, ! > Qs-1

• resolved by ! < Qs-1

What probes the medium?

0 t

r⊥ = θtr⊥ = θt



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Decoherence of radiation in media
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Qs
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How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, ! > Qs-1

• resolved by ! < Qs-1

What probes the medium?

0 t

r⊥ = θtr⊥ = θt
What are the typical         

dipole transverse sizes?
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Medium-induced radiation

9

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)

Longitudinal coherence
• induces a characteristic formation 
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Induced gluon spectrum

10

τf =
√

ω/q̂
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2
√
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Two step process
• quantum emission + classical broadening
• emission all along L
• collinear safe!
• basis for phenomenology!

Mehtar-Tani, Salgado, KT arXiv:1205:5739
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Figure 1. The kinematics of the gluon emission off the qq̄ antenna.

advance toward understanding interference effects in the medium we analyze the indepen-
dent component of the spectrum which is less complicated in section 5. In particular, we
derive a novel formulation of the independent component, given by eq. (5.16). The insights
gained in finding this leading behavior allow us to devise a simplified procedure, discussed
in detail in section 6, which aid considerably in simplifying the complicated structure of
the interference spectrum. We analyze this in detail in section 7 — the “dipole” regime
is discussed in sec. 7.1 and the “decoherence” regime in sec. 7.2 — and, throughout, sub-
stantiate the general picture outlined in sec. 3. The numerical results, serving to illustrate
the aforementioned features, are presented in section 8. We supplement our discussion by
including the possible non-zero total color charge of the antenna in sec. 9 and consider
briefly the implications of our findings for a parton shower in the medium. Finally, we
conclude and give a brief outlook in section 10.

2 The antenna radiation spectrum

Following closely the setup already studied in our previous works [37–39], we will analyze
the radiation spectrum of a qq̄-pair, with a given opening angle θqq̄, traversing an extended
medium of free, uncorrelated color charges. The antenna originates either from the decay
of a virtual photon or gluon. In the former case, the qq̄-pair is created in a color singlet
state while in the latter as a color octet. Assuming, for the purpose of our discussion,
that the quark and antiquark are very energetic implies a large virtuality of the initial
projectile such that we can neglect emissions prior to the qq̄-splitting, in line with the
leading logarithmic approximation (LLA), see, e.g., [42]. The spectrum of emitted gluons
with energy ω3 and transverse momentum k reads in the general, octet case,

ω
dN

d3k
=

αs

(2π)2 ω2

(
CFRsing + CAJ

)
, (2.1)

where Rsing = Rq + Rq̄ − 2J is the color singlet component. The spectrum consists of
independent radiation off the constituents, given by Rq and Rq̄, and the interferences,

3The light-cone variables, x± ≡ (x0 ± x3)/
√

2, related to the longitudinal propagation and energy are

simply denoted as t ≡ x+ and ω ≡ k+, respectively, to ease the notation. Bold-face characters, e.g. k, will

denote two-dimensional transverse vectors.

– 4 –

Multiple emitters in medium

11
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Armesto, Ma, Mehtar-Tani, Salgado, KT JHEP 1201 (2012) 019
Casalderrey-Solana, Iancu JHEP 1108 (2011) 015

• need more emitters to see coherence

• first step toward multi-gluon emissions

• calculating the interference spectrum

J = Re
∫ ∞

0
dt′

∫ t′

0
dt

(
1−∆med(t, 0)

)

×
∫

d2z exp
[
−iκ̄ · z − 1

2

∫ ∞

t′
dξ n(ξ)σ(z) + i

ω

2
δn2t

]

×
(
∂y − iωδn

)
· ∂z K(t′, z; t, y|ω)|y=δnt + sym.
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gained in finding this leading behavior allow us to devise a simplified procedure, discussed
in detail in section 6, which aid considerably in simplifying the complicated structure of
the interference spectrum. We analyze this in detail in section 7 — the “dipole” regime
is discussed in sec. 7.1 and the “decoherence” regime in sec. 7.2 — and, throughout, sub-
stantiate the general picture outlined in sec. 3. The numerical results, serving to illustrate
the aforementioned features, are presented in section 8. We supplement our discussion by
including the possible non-zero total color charge of the antenna in sec. 9 and consider
briefly the implications of our findings for a parton shower in the medium. Finally, we
conclude and give a brief outlook in section 10.

2 The antenna radiation spectrum

Following closely the setup already studied in our previous works [37–39], we will analyze
the radiation spectrum of a qq̄-pair, with a given opening angle θqq̄, traversing an extended
medium of free, uncorrelated color charges. The antenna originates either from the decay
of a virtual photon or gluon. In the former case, the qq̄-pair is created in a color singlet
state while in the latter as a color octet. Assuming, for the purpose of our discussion,
that the quark and antiquark are very energetic implies a large virtuality of the initial
projectile such that we can neglect emissions prior to the qq̄-splitting, in line with the
leading logarithmic approximation (LLA), see, e.g., [42]. The spectrum of emitted gluons
with energy ω3 and transverse momentum k reads in the general, octet case,
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=
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)
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independent radiation off the constituents, given by Rq and Rq̄, and the interferences,
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• need more emitters to see coherence

• first step toward multi-gluon emissions

• calculating the interference spectrum

J = Re
∫ ∞

0
dt′
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0
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(
1−∆med(t, 0)

)

×
∫

d2z exp
[
−iκ̄ · z − 1
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∫ ∞

t′
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2
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(
∂y − iωδn
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Three stage process:
• qq! propagation + gluon decoherence + gluon broadening
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Importance of interferences:
• condition: color correlation 

between emitters
• what is the probability that the 

pair remains correlated?
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− 1
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q̂θ2

qq̄t
3

]

decoherence parameter
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• condition: color correlation 

between emitters
• what is the probability that the 

pair remains correlated?

τd =
(
q̂θ2

qq̄

)−1/3
!

characteristic 
decoherence time

1−∆med(t, 0) " exp
[
− 1

12
q̂θ2

qq̄t
3

]

decoherence parameter

• processes at t > "d: independent radiation
• processes at short timescales sensitive to 

interferences
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What are the relevant hard scales in the medium?
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Hard scale analysis
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•                       (Dipole regime)r⊥ < Q−1
s •                       (Decoh. regime)r⊥ > Q−1

s

r⊥Θqq̄ Q−1
s

r⊥Θqq̄ Q−1
s

screening
 length∆med ≈

1
12

Q2
s r2
⊥ ∆med ≈ 1

∆med ≈ 1− exp[− 1
12

Q2
s r2
⊥]

Qs: characteristic momentum 
scale of the medium

r⊥ = θqq̄L
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Decoherence a high gluon energies
(A two scale problem)
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• Hard scale:                                    andQ ≡max (r−1
⊥ , Qs) k⊥ < Q

screening
 length∆med ≈

1
12

Q2
s r2
⊥ ∆med ≈ 1

Decoherence a high gluon energies
(A two scale problem)

• The decoherence parameter 

∆med ≈ 1− exp[− 1
12

Q2
s r2
⊥]

Q2
s = q̂ L

r⊥ = θqq̄ L

•                       (Dipole regime)r⊥ < Q−1
s •                       (Decoh. regime)r⊥ > Q−1

s

r⊥Θqq̄ Q−1
s

r⊥Θqq̄ Q−1
s

• Hard scale:                                    andQ ≡max (r−1
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1
12

Q2
s r2
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Qs: characteristic momentum 
scale of the medium
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Finite energies
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Hard scale of the problem: Qhard = max
(
r−1
⊥ , Qs, δk

)

k" > Qhard: coherence!

induced 
radiation

# > Qhard/$: coherence!

Medium scales open phase space
• “out-of-cone” radiation
• no interferences inside



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Onset of decoherence

16

Θqq̄

∆med → 0 Coherence

0 0.1 0.2 0.3 0.4

!

0

2

4

6

8

10

12

"
 d

N
/d
"

d
!

vacuum

radiation

medium-induced

radiation

!
-1

- in the soft sector

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156

$%0



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Onset of decoherence

16

Θqq̄

∆med → 0 Coherence

Θqq̄

∆med → 1 Decoherence

0 0.1 0.2 0.3 0.4

!

0

2

4

6

8

10

12

"
 d

N
/d
"

d
!

vacuum

radiation

medium-induced

radiation

!
-1

- in the soft sector

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156

$%0



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Onset of decoherence

16

Θqq̄

∆med → 0 Coherence

Θqq̄

∆med → 1 Decoherence

0 0.1 0.2 0.3 0.4

!

0

2

4

6

8

10

12

"
 d

N
/d
"

d
!

vacuum

radiation

medium-induced

radiation

!
-1

Geometrical separation!

- in the soft sector

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156

$%0



K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP”

Onset of decoherence

16

Θqq̄

∆med → 0 Coherence

Θqq̄

∆med → 1 Decoherence

0 0.1 0.2 0.3 0.4

!

0

2

4

6

8

10

12

"
 d

N
/d
"

d
!

vacuum

radiation

medium-induced

radiation

!
-1

Geometrical separation!

dN tot
q,γ∗ =

αsCF

π

dω

ω

sin θ dθ

1− cos θ
[Θ(cos θ − cos θqq̄) + ∆med Θ(cos θqq̄ − cos θ)] .

Soft gluons with long formation times
• particles radiate independently
• “memory loss”: no color correlation to parent

- in the soft sector
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Conclusions
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• spectrum governed by the hardest scale

• establishing a understanding of jet 
dynamics in medium in terms of hard 
scales

• developing a space-time picture of 
radiation inside the medium

• from multiple emitters to multiple 
emissions
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Decoherence a high gluon energies
(A two scale problem)

• The decoherence parameter 

∆med ≈ 1− exp[− 1
12

Q2
s r2
⊥]

Q2
s = q̂ L

r⊥ = θqq̄ L

•                       (Dipole regime)r⊥ < Q−1
s •                       (Decoh. regime)r⊥ > Q−1

s

r⊥Θqq̄ Q−1
s

r⊥Θqq̄ Q−1
s

• Hard scale:                                    andQ ≡max (r−1
⊥ , Qs) k⊥ < Q

screening
 length∆med ≈

1
12

Q2
s r2
⊥ ∆med ≈ 1

“Dipole” regime

19

Color transparency
• pair remains color correlated
• radiates coherently: antiangular 
• no medium-induced component!
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“Decoherence” regime

20

Two-component spectrum
• pair decorrelates rapidly
• medium induces radiation off     

each of the legs independently
• interferences scale like "d

• vacuum-radiation up to Qs!
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Ultimately, these approaches are only heuristically motivated and provide
working hypotheses for phenomenological applications. In order to establish an
consistent showering picture and, possibly, identify the corresponding ordering
variable for subsequent emission, an analysis of the interferences arising between
various emitters is essential. The rest of the paper is devoted to the study of
these interference terms in the context to antenna radiation.

3.2. Novel interference terms

In addition to the diagrams described in the previous subsection, where the
gluon is emitted and subsequently absorbed by the same emitter, we also find
novel contributions stemming from the medium-induced interference between
the two emitters of the antenna. These contributions were first discussed in [7]
and read

ω
dN interf

d3k
=

8αsCF q̂

π

∫

V(q)

∫ L+

0
dx+

{[
1− cos

(
ν + ν̄

2
· δnx+
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)]
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ν̄2 ·L −
[
1− cos

(
ν̄2

2k+
x+

)]
ν

ν2
· L̄

}
.

(3.59)

Following the vacuum decomposition, we can divide the spectrum into an inco-
herent superposition of the quark an the antiquark contribution, namely

dNmed = dNmed
q + dNmed

q̄ (3.60)

where

ω
dNmed

q

d3k
=

αsCF

(2π)2 ω2

(
Rmed

q − Jmed
q

)
. (3.61)

The independent spectrum Rmed
q was already discussed in the previous subsec-

tion and is defined in (3.57). The interferences, on the other hand, are not
as simply recovered as in the vacuum case. By looking at the phase struc-
ture in (3.59) it becomes clear that the product of Lipatov vertices in the first
line of (3.59) comes with a phase related to the pair as a whole while the two
remaining terms are dictated by the phase structure of emissions off each of
the components. Therefore, we divide the Lipatov contribution between the
two constituents and associate the remaining component which comes with the
identical phase structure, e.g., as in (3.55) for the quark, to either the quark or
the antiquark. This procedure gives

Jmed
q = −32π q̂

∫
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0
dx+
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1

2
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}

, (3.62)
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Ultimately, these approaches are only heuristically motivated and provide
working hypotheses for phenomenological applications. In order to establish an
consistent showering picture and, possibly, identify the corresponding ordering
variable for subsequent emission, an analysis of the interferences arising between
various emitters is essential. The rest of the paper is devoted to the study of
these interference terms in the context to antenna radiation.

3.2. Novel interference terms

In addition to the diagrams described in the previous subsection, where the
gluon is emitted and subsequently absorbed by the same emitter, we also find
novel contributions stemming from the medium-induced interference between
the two emitters of the antenna. These contributions were first discussed in [7]
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ture in (3.59) it becomes clear that the product of Lipatov vertices in the first
line of (3.59) comes with a phase related to the pair as a whole while the two
remaining terms are dictated by the phase structure of emissions off each of
the components. Therefore, we divide the Lipatov contribution between the
two constituents and associate the remaining component which comes with the
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Ultimately, these approaches are only heuristically motivated and provide
working hypotheses for phenomenological applications. In order to establish an
consistent showering picture and, possibly, identify the corresponding ordering
variable for subsequent emission, an analysis of the interferences arising between
various emitters is essential. The rest of the paper is devoted to the study of
these interference terms in the context to antenna radiation.

3.2. Novel interference terms

In addition to the diagrams described in the previous subsection, where the
gluon is emitted and subsequently absorbed by the same emitter, we also find
novel contributions stemming from the medium-induced interference between
the two emitters of the antenna. These contributions were first discussed in [7]
and read
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The independent spectrum Rmed
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tion and is defined in (3.57). The interferences, on the other hand, are not
as simply recovered as in the vacuum case. By looking at the phase struc-
ture in (3.59) it becomes clear that the product of Lipatov vertices in the first
line of (3.59) comes with a phase related to the pair as a whole while the two
remaining terms are dictated by the phase structure of emissions off each of
the components. Therefore, we divide the Lipatov contribution between the
two constituents and associate the remaining component which comes with the
identical phase structure, e.g., as in (3.55) for the quark, to either the quark or
the antiquark. This procedure gives
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Ultimately, these approaches are only heuristically motivated and provide
working hypotheses for phenomenological applications. In order to establish an
consistent showering picture and, possibly, identify the corresponding ordering
variable for subsequent emission, an analysis of the interferences arising between
various emitters is essential. The rest of the paper is devoted to the study of
these interference terms in the context to antenna radiation.

3.2. Novel interference terms

In addition to the diagrams described in the previous subsection, where the
gluon is emitted and subsequently absorbed by the same emitter, we also find
novel contributions stemming from the medium-induced interference between
the two emitters of the antenna. These contributions were first discussed in [7]
and read
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Following the vacuum decomposition, we can divide the spectrum into an inco-
herent superposition of the quark an the antiquark contribution, namely
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The independent spectrum Rmed
q was already discussed in the previous subsec-

tion and is defined in (3.57). The interferences, on the other hand, are not
as simply recovered as in the vacuum case. By looking at the phase struc-
ture in (3.59) it becomes clear that the product of Lipatov vertices in the first
line of (3.59) comes with a phase related to the pair as a whole while the two
remaining terms are dictated by the phase structure of emissions off each of
the components. Therefore, we divide the Lipatov contribution between the
two constituents and associate the remaining component which comes with the
identical phase structure, e.g., as in (3.55) for the quark, to either the quark or
the antiquark. This procedure gives
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!e vacuum component

22

• bremsstrahlung off accelerated charge
• after the medium 

does not resolve the medium
soft radiation (tform > L)

• early in the medium
medium does not resolve it                                               
(tform < &mfp)
can feel broadening

Usually neglected/subtracted from medium-induced spectrum.

NOTE: this regime is 
controlled by hard 

medium interactions
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Reshuffling of radiation

23

• radiation is reinstated as coming off 
the total charge

• in the soft limit:

(2π)2 ω
dN tot

g∗

d3k
=

αs

ω2

[
CF (Rsing + 2∆med J ) + CA(1−∆med)J

]

Rsing ≡ Rq + Rq̄ − 2J
2


