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QGP

⇒ ? (working models)

•exclusive observables
•jet substructure



Main features in HIC:
• significant dijet energy 

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

of hard jets
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What is a jet?

• a hard parton fragments into 
many partons with virtuality 

• LPHD: hadronization does not 
affect inclusive observables (jet 
shape, energy distribution etc..)
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Coherent parton evolution
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ModiÞed-Leading-Log-Approximation (MLLA)
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MLLA (angular ordering)

[Bassetto, Mueller, Ciafaloni, Marchesini, Dokshitzer, Khoze, Troyan, Fadin, Lipatov,  80’s]

Θjet

Q = EΘjetJet scale:
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Coherent parton evolution
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Θjet

Q′ = ω′θ′ ∼ ω′Θjet = zQ !  effective scale

Q = EΘjetJet scale:

• resummation of branchings

• probabilistic picture

• modifications both in the 
soft & hard sector

• basis for precision pQCD

Bassetto, Ciafaloni, Marchesini, Mueller, 
Dokshitzer, Fadin, Lipatov (80’s)

0.001 0.01 0.1 1

x

0.001

0.01

0.1

1

10

100

D
(x

,Q
)

incoh: Q = 1000 GeV 

incoh: Q = 500 GeV

coh: Q = 1000 GeV

coh: Q = 500 GeV

1

0.3

0.8

1.3

1.8

d
d logQ

D B
A (x, Q) =

! s

2"

∫ 1

x
dzPC

A (z)D B
C (x/z, zQ)+



K. Tywoniuk (Lund University) “Antenna radiation in medium”

Antenna spectrum in vacuum

5

Qa = 0 :: singlet
Qa ! 0 :: octet

• a laboratory to study coherence effects
• contains important elements of transverse 

color coherence
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A simple reasoning
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• antenna grows during the 
formation time of the gluon

• #⊥≪r⊥: gluon resolves the 
charges of antenna legs

• #⊥≫r⊥: gluon resolves the total 
charge (0 if color singlet)
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Dipole shower

7

m+1

m+1

1

1

m

k

iV

j
{ij,k}
! m

Figure 2: Pictorial representation of the dipole factorization procedure. When the partons
i and j become soft and/or collinear, the singularities are factorized into the termVij,k (the
dashed box on the right-hand side) which embodies correlations with a single additional
parton k.

Because of this structure, the factorization formulae described in Sect. 5 will be called
dipole factorization formulae. In order to explicitly construct these formulae, we should
Þrst recall the known properties [7,25] of the tree-level QCD matrix elements in the soft
and collinear limits.

4.2 Soft limit

Let us consider the matrix elementMm+1,a... and the corresponding vector (in colour +
helicity space) |1, ...., m + 1; a, ... >m+1,a.. deÞned in Eq. (3.11). Let us denote bypj the
momentum of a Þnal-state gluon inMm+1,a... . In the soft limit, which we parametrize in
terms of an arbitrary four vector qµ and a scale parameterλ:

pµ
j = λqµ , λ ! 0 , (4.2)

the matrix element squared behaves as follows [7]

m+1,a..< 1, ...., m + 1; a, ...||1, ...., m + 1; a, ... >m+1,a.. !

"
1
λ2

4πµ2! αS m,a..< 1, ..., m + 1; a, ..| [J µ(q)]† J µ(q)|1, ...., m + 1; a, ... >m,a.. .(4.3)

Here we have neglected all the contributions less singular than 1/λ2. The m-parton matrix
element on the right-hand side of Eq. (4.3) is obtained fromMm+1,a... by simply removing
the soft gluonpj . The term J µ(q) is the eikonal current for the emission of the soft gluonq.
Its explicit expression is given in terms of the momenta and colour charges of the partons
in |1, ...., m + 1; a, ... >m,a.. :

J µ(q) =
∑

i

T i
pµ

i

pi · q
+ T a

pµ
a

pa · q
+ . . . . (4.4)

The formula in Eq. (4.3) is well known. Here we limit ourselves to recalling a few
properties of Eq. (4.3), which are relevant for understanding the structure of the improved
factorization formulae that we shall introduce in Sect. 5.

17

|M m +1 |2 ! |M m |2 " V ij,k

[Bassetto, Ciafaloni, Marchesini, Mueller, Dokshitzer, Fadin, Lipatov, Seymour, Catani...]

• universal function (antenna)

• beyond the soft limit

• building block of the shower

• large-Nc: only nearest neighbor

J µ =
!

i

T i
pµi

pi · pj

V ij,k = 〈Jµ(kj)†Jµ(kj)〉

In the soft limit:
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Two types of radiation
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• in vacuum:

• bremsstrahlung off an 
accelerated charge

• in the presence of a 
medium:

• vacuum-like

• medium-induced

!dNq"! =
αsCF

π

dω

ω

dθ

θ
- driven by the virtuality

- driven by medium characteristics

...see talks by J.-P. Blaizot, Y. Mehtar-Tani
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A new scale in medium

9

How is the medium resolved
• medium fluctuates with typical 

transverse wave length Qs-1

• zero color on average, !  > Qs-1

• resolved by !  < Qs-1
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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 ! = ! tr ! = ! t
Q2

s(t) = q̂t
!  transverse momentum sq. per m.f.p. X length
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Figure 1 . The kinematics of the gluon emission off the qøq antenna.

advance toward understanding interference effects in the medium we analyze the indepen-
dent component of the spectrum which is less complicated in section5. In particular, we
derive a novel formulation of the independent component, given by eq. (5.16). The insights
gained in Þnding this leading behavior allow us to devise a simpliÞed 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 section7 Ñ the ÒdipoleÓ regime
is discussed in sec.7.1 and the ÒdecoherenceÓ regime in sec.7.2 Ñ and, throughout, sub-
stantiate the general picture outlined in sec.3. The numerical results, serving to illustrate
the aforementioned features, are presented in section8. We supplement our discussion by
including the possible non-zero total color charge of the antenna in sec.9 and consider
brießy the implications of our Þndings for a parton shower in the medium. Finally, we
conclude and give a brief outlook in section10.

2 The antenna radiation spectrum

Following closely the setup already studied in our previous works [37Ð39], we will analyze
the radiation spectrum of a qøq-pair, with a given opening angleθqq̄, 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 qøq-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 theqøq-splitting, in line with the
leading logarithmic approximation (LLA), see, e.g., [42]. The spectrum of emitted gluons
with energy ω3 and transverse momentumk reads in the general, octet case,

ω
dN

d3k
=

αs

(2π)2 ω2

(
CF R sing + CAJ

)
, (2.1)

where R sing = R q + R q̄ ! 2J is the color singlet component. The spectrum consists of
independent radiation off the constituents, given by R q and R q̄, 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.

Ð 4 Ð

Multiple emitters in medium

• antenna as a laboratory
• analogous to the vacuum case

• essential elements of transverse coherence
• necessary step toward multi-gluon 

emissions

10

Mehtar-Tani, Salgado, KT PRL106, 122002; PLB 707, 156; JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, Iancu JHEP 1108 (2011) 015
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Interferences: analysis

11

0 t
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qImportance of interferences:
• condition: color correlation 

between emitters
• what is the probability that the 

pair remains correlated?

decoherence parameter

θ0 r! = θ0t

∆med(t) = 1 ! exp

(
!

1

12
r 2! Q2

s(t)
)

Q2
s(t) = q̂t
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qImportance of interferences:
• condition: color correlation 

between emitters
• what is the probability that the 

pair remains correlated?

decoherence parameter

• at t > td: independent radiation
• at short timescales: sensitive to interferences

θ0 r! = θ0t

∆med(t) = 1 ! exp
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12
r 2! Q2

s(t)
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Q2
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Hard scale analysis
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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!! qøq Q−1
s

r!! qøq Q−1
s

¥ 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 r 2

! ]

Q2
s = q̂ L

r! = ! qøq L

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

s

r⊥! qøq Q−1
s

r⊥! qøq Q−1
s

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

screening
 length! med ≈

1
12

Q2
s r 2

! ! med ≈ 1

Qs: characteristic momentum 
scale of the medium

r⊥ = θqq̄L

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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⊥ , Qs) k⊥ < Q

screening
 length! med ≈

1
12

Q2
s r 2

! ! med ≈ 1

Qs: characteristic momentum 
scale of the medium

r⊥ = θqq̄L
! d ! L ! d ! L

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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Medium-induced radiation
Two emitters

1/Qs

One emitter
1/Qs

•Shower transverse size < 1/Qs ⇒ radiation as the total charge

•Shower transverse size > 1/Qs  ⇒ radiation as a independent partons

Revises the usual picture of energy loss!

Courtesy: J. Casalderrey-Solana
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Scale analysis

14

The vacuum-like radiation 
can be characterized 

using the hardest scale of 
the problem. k⊥ > Qhard: coherence

Qhard = max
!
zQ, r−1

⊥ , Qs

"

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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Scale analysis

14

The vacuum-like radiation 
can be characterized 

using the hardest scale of 
the problem. k⊥ > Qhard: coherence

induced 
radiation

"  > Qhard/$

• medium scales open phase space
• no interferences inside

Assume zQ is small, then:

Qhard = max
!
zQ, r−1

⊥ , Qs

"

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739



K. Tywoniuk (Lund University) “Antenna radiation in medium”

Jet modification: first steps

15

! 1

! 2

! 3

! !
2

8

Casalderrey-Solana, Mehtar-Tani, Salgado, KT in preparation...

• what does the antenna dynamics imply 
for the jet fragmentation?
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Jet modification: first steps
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QGP
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"

"
"

"

" "

"

"

"

"

"

QGP

Casalderrey-Solana, Mehtar-Tani, Salgado, KT in preparation...

• what does the antenna dynamics imply 
for the jet fragmentation?
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Antenna: in the jet

16

t0 t0+tf

" 0

∆med = 1 ! exp

(
!

1

12
r2⊥Q

2
s(tf )

)

λ⊥ < r ⊥AO:
1/Qs

! ! ! 1/k !
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Antenna: in the jet
• consider local scales
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Antenna: in the jet
• consider local scales
• r⊥≪Qs-1: unresolved

• all modes #⊥≪Qs-1

• r⊥≫Qs-1: resolved
• #⊥<Qs-1: coherence
• #⊥>Qs-1: decoherence

16

t0 t0+tf

" 0

∆med = 1 ! exp

(
!

1

12
r2⊥Q

2
s(tf )

)

λ⊥ < r ⊥AO:

!  hard modes are 
not resolved!

1/Qs

! ! ! 1/k !
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Parametric behavior

17

In terms of angles:

Generic scaling will involve the medium length L

∆med = 1 ! e−Θ2
jet/θ

2
c
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jet/θ
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jet definition (%jet=R)!θc = 1/
√

q̂L3



K. Tywoniuk (Lund University) “Antenna radiation in medium”  

Parametric behavior

17

In terms of angles:

Generic scaling will involve the medium length L

∆med = 1 ! e−Θ2
jet/θ

2
c

jet definition (%jet=R)!

%jet

" c

In central collisions: %jet > " c 

θc = 1/
√

q̂L3
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Parametric behavior

17

In terms of angles:

Generic scaling will involve the medium length L

∆med = 1 ! e−Θ2
jet/θ

2
c

jet definition (%jet=R)!

%jet

" c

In central collisions: %jet > " c 

θc = 1/
√

q̂L3

Coherent inner ‘core’
• branchings occurring inside the 

medium with "  < " c

• modes with #⊥<Qs-1 (k⊥>Qs)
• tf < L !  Qs2L < $  < E
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Relevant for LHC
• study the magnitude of the 

medium resolution @ LHC

• PYTHIA 8.150 + 3D hydro + 
FastJet (anti-kt, R = 0.3)

• substructure analysis with 
Rmed = " c

• often we only have one 
effective fragment within R!

• contains most of the jet 
energy
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T. Hirano, P. Huovinen, and Y. Nara, Phys.Rev. C84, 
011901 (2011); Phys.Rev. C83, 021902 (2011). 
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Modifications of the FF
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Modifications of the FF

• finite medium resolution power, medium sees the jet in 
terms of effective charges

• no modification of the fragmentation of collimated hard 
fragments
• all constituents lose energy coherently!

• detailed aspects: need further study
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Conclusions

21

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

• common framework for jet fragmentation & 
medium-induced radiation

• developing a space-time picture of 
radiation

• new picture of “jet quenching” dictated 
by color coherence emerges

...see also talk by Y. Mehtar-Tani
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Backup

22



K. Tywoniuk (Lund University) “Antenna radiation in medium”

Onset of decoherence
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Onset of decoherence
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Geometrical separation!

dN tot
q,γ ! =

αsCF

π

dω

ω

sinθ dθ

1− cosθ
[Θ(cosθ − cosθqøq) + ∆med Θ(cosθqøq − cosθ)] .

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

- in the soft sector

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156
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Two regimes
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r⊥-1≫Qs r⊥-1≪Qs

Mehtar-Tani, Salgado, KT 
JHEP 1204 (2012) 064, 
in preparation

tot coh.

indep.
interf.

“Dipole” regime
• antiangular spectrum 
• log enhancement 

(‘hardening’)

“Decoherence” regime
• medium-induced rad + 

antiangular spectrum
• soft sector universal


