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Central question
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Q: how can one reconcile large and small angle (soft) 
modifications of jets in HIC?

A: separation of scales: Qjet ≫ Qmed ≫ Q0

• vacuum: splitting via (quasi-)collinear evolution

• medium: branching & broadening

Simplifications: only glue; studying limiting case, useful for 
understanding bulk effects; no dynamical medium/geometry
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M⊥ ≡ E θjet

•   Inclusive jet observables determined by two scales: 

        the jet transverse mass  

        non-perturbative scale  

M⊥ ≡ E θjet

Q0 ∼ ΛQCD

QCD jet in vacuum
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y = ln
(
xM⊥/Q0

)
≡ Y − ll = ln

(
1/x

)

• MLLA + LPHD (limiting spectrum Q0=ΛQCD)

• resums double logs and single-log corrections

• perturbative jet scale M⊥=Q=EΘjet

• color coherence ⇒ angular ordering (AO)
x

dNg

dx dM⊥
≡ G(l, y)
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[Dokshitzer, Khoze, Mueller, Troyan, Kuraev, Fong, Webber...]
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General picture
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How does this come about?

• we assume jets at sufficiently 
high-pT are collimated - the 
medium resolves only the total 

charge 〈Qjet〉≠0

• two main medium effects:

• 〈Qjet〉 induces BDMPS radiation :: 
onset of rapid branching & broadening

• coherent structure (AO) is weakened :: 
antiangular radiation (quasi-collinear 
& long form times)
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•   In medium scales? (before doing the math) 

   M⊥ ≡ E θjet

Q0 ∼ ΛQCD
+

r−1
⊥ jet ≡ (θjetL)−1

Qs ≡
√

q̂L ≡ mD

√
Nscat

•  Multiscale problem! 

QGP

L

Q−1
s

M⊥ ≡ E θjet r⊥ jet

QCD jet in medium
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New scales:

Mehtar-Tani, Salgado, KT 1009.2965; 1102.4317; 1112.5031; 1205.57397
Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765; Casalderrrey-Solana, Iancu 1105.1760

•   In medium scales? (before doing the math) 

   M⊥ ≡ E θjet

Q0 ∼ ΛQCD
+

r−1
⊥ jet ≡ (θjetL)−1

Qs ≡
√

q̂L ≡ mD

√
Nscat

•  Multiscale problem! 

QGP

L

Q−1
s

M⊥ ≡ E θjet r⊥ jet

+

Presently no available theoretical framework for describing 
the in-medium fragmentation :: working models (MC) or limits!
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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

Narrow jets

6

Mehtar-Tani, Salgado, KT 1009.2965; 1112.5031, 
Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765

Analyzed in detail in the so-called 
antenna problem, the “dilute” regime

⇒ color transparency

∆med ≈ Q2
sr

2
⊥1-(survival prob. for color coherence) =
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q

coherence

0 < ω < ωmax
k⊥ < Qhard

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)]
• geometrical separation!
• modifies MLLA @ the second splitting

• shift of the humpbacked plateau!
• introduces the medium scale λ2 = ln Qs/Q0

∆med ≈ Q2
sr

2
⊥1-(survival prob. for color coherence) =



K. Tywoniuk (UB)

Factorization of energy loss
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A “factorization” for leading medium-resolved subjet:

• separation in angles :: only the total 
charge radiates

• allows to separate the treatment of 
the two different processes

• interpretation á la AO
• genuine limit of QCD

⊗

Fluctuations:
picture improved by including the possibility of resolving 
several subjets :: solving dynamical problem of decoherence!
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Factorization of energy loss
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A “factorization” for leading medium-resolved subjet:

• separation in angles :: only the total 
charge radiates

• allows to separate the treatment of 
the two different processes

• interpretation á la AO
• genuine limit of QCD

jet produced with given 
pT, D0(x) = δ(1-x)

total charge/ancestor 
particle lose energy

vacuum showering (with 
reduced energy) starts 
w/decoherence effects

⇒ ⇒

⊗

Fluctuations:
picture improved by including the possibility of resolving 
several subjets :: solving dynamical problem of decoherence!
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Evolution of med-gluons
• probabilistic picture: evolution 

governed by rate equation
hard part :: similar to quenching 
weights (independent emissions)
soft part :: quasi-democratic 
branching (turbulence)

• generalizations

high energy jet: E > ωc

infrared regularization (Bethe-
Heitler cut-off energy)
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τ =
αsNc

π

√
q̂L2

E

Blaizot, Iancu, Mehtar-Tani arXiv:1301.6102
Talks by Y. Mehtar-Tani and E. Iancu
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xBH =
ωBH

E
:: a new scale in the problem!

(accumulation of quanta)
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Jet suppression

9

Calculating quenching factor Q(pT) for “leading sub-jet”

• follows QW expectation δpT~√pT ! Low pT 
sensitive to sub-leading resolved sujets!

• sensitivity to regularization prescription
• baseline - consistency
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Energy transport at large angles

Just a little fraction of the ‘missing energy’ is recovered when gradually
increasing the jet opening : most of the energy is lost at large angles
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What is the mechanism for energy transport at large angles ?
Hard Probes, Stellenbosh, Nov. 2013 From Jet Quenching to Wave Turbulence Edmond Iancu 5 / 23
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D(x, θ < Θjet) =

∫ Θjet d2k

(2π)2
P(k)D(x) ,

=

[
1− exp

(
−x2M2

T

Q2
s

)]
D(x)

E = 100 GeV

Application to dijet asymmetry
Average broadening (x~1, θ<θc):

• little energy is recovered up to large 
cone angles, R~0.8

• striking effect due to multiple 
branching + broadening

• sensitive to regularization prescription 
(Bethe-Heitler regime)! Full-fledged evolution for double-differential 

distribution, see talk by Y. Mehtar-Tani
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Intra-jet modification 
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l = − lnx

• MLLA distribution for pp vacuum

• medium-induced energy loss & 
broadening depletes energy inside 
the cone

• responsible for dip in the ratio

• small angle radiation due to AAO/
decoherence: novel ingredient

• soft gluons, produced with large 
formation time :: not affected by 
broadening

• responsible for enhancement at 
low l = shift of humpbacked 
plateau!
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Summary

12

• jet quenching is a powerful tool to access properties of the 
hot and dense QGP in AA
• resolved sub-jets are a consequence of color transparency 

(pQCD) 

• gives rise to simple & intuitive picture for jet modifications 
at high pT

• separation of processes: medium cascade (large angles) & 
partial decoherence (small angles)

• consistent description of three compelling observables

• many improvements in the pipeline: other observables, 
fluctuations
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Resolved effective charges
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Θjet

θc

Coherent inner ‘core’
• branchings occurring inside the 

medium with  θ < θc

• modes with λ⊥<Qs-1 (k⊥>Qs)
• tf < L ➞ Qs2L < ω < E
• the core loses energy coherently

θc = 1/
√

q̂L3

∆med = 1− e−Θ2
jet/θ

2
c
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Resolved effective charges
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FIG. 2: (Color online) Radiation rate for a 3 GeV gluon from a 16 GeV parent quark as a function of travelled length since
the birth of the jet. The medium is a uniform brick of QGP at T = 0.2 GeV (panel (a)) and T = 0.4 GeV (panel (b)), with
αs = 0.3.

a slight suppression due to the thermal masses. This suppression is known as the (thermal) Ter-Mikaelian effect and
it has been analyzed in the RHIC context in [31, 32]. We will not discuss it further here.
The single-emission probability (18) is to be exponentiated so as to maintain a reasonable ordering of events; by

our notation we do not wish to suggest that the vacuum radiation can be naturally handled as a rate. Some vacuum
radiation will occur before or overlap with the earliest medium radiation, and some will be fragmentation radiation
occurring afterwards in the confined phase. We hope to return to this question of ordering in a future work. For
the application we have in mind in this work, we return to our idealized thermal medium, and concentrate on the
radiative component dΓa

bc/dk.
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FIG. 3: (Color online) Same as Figure 2 but for a 8 GeV gluon radiated from a 16 GeV quark.

V. RESULTS AND DISCUSSION

In this section, we calculate the scattering rates in different approaches and compare the results. Specifically,
we compare results obtained with the formalism presented here, in which the formation time/length is included
explicitly, with those obtained to first order in the opacity expansion, with AMY, and in the multiple soft scattering
approximation. The first such comparison is shown in Figure 2.
AMY is seen to be valid for large times, and our results do tend to that limit as τ → ∞: A satisfying consistency

check. There is a slight overshoot at a finite time, followed by asymptotic convergence, which we interpret as a gradual
setting in of the LPM suppression. The left panel of Figure 2 shows the differential rate at which a 3 GeV gluon would
be radiated off a 16 GeV quark in a “brick” of equilibrated quark-gluon plasma at a fixed temperature of T = 0.2
GeV. The right panel represents results for similar requirements, but for a temperature of 0.4 GeV. For the coupling

Caron-Huot, Gale 1006.2379

• including finite-size 
effects in the ‘harmonic 
oscillator’ approximation

• could be improved by 
including the full rate or 
interpolate between 
N=1 and HO

q̂eff = q̂
[
(1− z)Nc − zCR

]
k2br =

√
z(1− z)p+0 q̂eff

z
dI ind

dz dL
⇒

z
dI ind

dz
=

αs

2π
zPgg(z) ln

∣∣∣∣∣cos(1 + i)

√
q̂effL2

z(1− z)p+

∣∣∣∣∣
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F(z, x; τ)√
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τ ≡ ᾱ
√
2xcxc = ωc/p

+
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k⊥ ∼ kbr < ω

ω < q̂1/3
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λmfp > 1/mD ωBH > q̂1/3⇒

tbr ∼ λmfp ⇒ ωBH = λ2
mfpq̂

∼ m2
Dλmfp

F(z, x; τ) = P̃gg(z)K(z)
sinhσ(z, x; τ)− sinσ(z, x; τ)

coshσ(z, x; τ) + cosσ(z, x; τ)

P̃gg(z) =

(
1− z(1− z)

)2

[z(1− z)]ε1

K(z) =

√
1− z(1− z)

[z(1− z)]ε2

σ(z, x; τ) =
K(z)

ᾱ
√
x
τ
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ε
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ξ(ξ − x)

(ξ − x+ xBH)2
reg1: ‘strong’

⤷ apply it only to the medium K
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ξ − x+ xBH
‘smooth’

ξ = x/z
xBH = ωBH/E


