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Overview

• PART I: Coherence effects & resolution
• what interacts with the medium: color transparency
• the simplest case: space-time picture

• PART II: Phenomenological analysis
• jet energy loss in medium
• intra-jet modifications
• out-of-cone energy flow

2

In collaboration with: C.A. Salgado, J. Casalderrey-Solana, Y. Mehtar-Tani

[...work in progress]
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Jet “quenching” in HIC
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Jet “quenching” in HIC

3

• vacuum jet evolution is 
systematically calculable within 
pQCD (large-Nc)

• resummation of soft and 
collinear divergences

• time-like evolution: angular 
ordering

M⊥ = EΘjet Q0 ∼ ΛQCD
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Jet “quenching” in HIC

3

• vacuum jet evolution is 
systematically calculable within 
pQCD (large-Nc)

• resummation of soft and 
collinear divergences

• time-like evolution: angular 
ordering

• transverse mom broadening

• induced energy-loss 

• resolution power of the medium

• space-time picture

M⊥ = EΘjet Q0 ∼ ΛQCD
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Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding
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Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding
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Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding
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Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding
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Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding

5.3 Jet RAA results 7

 (GeV/c)
T

Jet p
100 150 200 250 300

A
A

J
e
t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(a)

70-90%70-90%

BayesianCMS Preliminary

 Particle Flow Jets   R = 0.3
T

Anti-k

 (GeV/c)
T

Jet p

100 150 200 250 300

A
A

J
e
t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(d)

10-30%10-30%

    Uncertainties

TAA + Lumi

Total statistical

Uncorr statistical

Total systematics

 | < 2 !| 

 (GeV/c)
T

Jet p
100 150 200 250 300

A
A

J
e
t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(b)

50-70%50-70%

 = 2.76 TeV
NN

sPbPb         

-1
bµ L dt = 129 "

 (GeV/c)
T

Jet p

100 150 200 250 300

A
A

J
e
t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(e)

 5-10% 5-10%

 (GeV/c)
T

Jet p
100 150 200 250 300

A
A

J
e
t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(c)

30-50%30-50%

 (GeV/c)
T

Jet p

100 150 200 250 300

A
A

J
e

t 
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
(f)

 0- 5% 0- 5%

Figure 4: Bayesian unfolded jet RAA for anti-kT jets of R=0.3. Vertical lines represent the un-
correlated statistical uncertainty, thin magenta vertical bands the total statistical uncertainty,
and the wide grey bands represent the systematic uncertainty. The uncertainty from TAA and
Luminosities are represented as a green box above 300 GeV/c, as it is common to all points in a
given panel.

The statistical uncertainty is separated into the uncorrelated (thin vertical line) and the total
(including correlated) statistical uncertainty (thicker magenta vertical box). The systematic
uncertainty, described in Sec. 5.4 is indicated by a wide grey band over the whole jet pT bins.
An overall uncertainty is shown with a green box above jet pT of 300 GeV/c on the right side
at RAA = 1, combining the uncertainty of TAA and the luminosities. For the most peripheral
PbPb collisions, the nuclear modification factor is near unity. The jet RAA decreases for more
central events in the range of jet pT studied. The jet RAA increase around 160 GeV/c is seen
for all centrality bins due to a downward fluctuation of the common pp reference, and the
RAA is otherwise flat from 100 to 300 GeV/c within uncertainties, decreasing the impact of the
unfolding corrections.

The behavior of the jet RAA as function of centrality can be seen in Fig. 5. Here, the average
number of participants indicates the centrality, with the higher number of participants indi-
cating the more central collisions. The jet RAA is shown for the first, high statistics bin of
100 < pjet

T < 110 GeV/c with the closed circles. For the open boxes, the jet pT spectra are in-
tegrated from 100 to 300 GeV/c and the jet RAA constructed. The average jet RAA is consistent
with that of the individual 100 to 110 GeV/c jet RAA bin.

As a cross-check of the Bayesian unfolded jet RAA, Fig. 6 shows the comparison of jet RAA from
all methods: Bayesian unfolding, GSVD unfolding, bin-by-bin unfolding and pp smearing. The
systematic uncertainty shown in the wide grey box is calculated for the Bayesian unfolding
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Figure 6: Left: the jet RAA measured in two centrality bins for different radius parameter R of reconstructed jets measured
by CMS. Middle: the ATLAS result on the double ratio of jet RCP’s measured for jets with different parameter R [7].
Right: the ratio of the Pb+Pb and p+p jet shapes [29] measured by CMS.

large R. On the contrary, elastic losses reduce this dependence, since they lead to the random-132

ization of the transported energy by incorporating it into medium particles. The R dependence133

observed for the lower jet energies shown in the middle panel of Fig. 6 as well as the ”push”134

towards larger radii shown in the right panel favours the dominance of radiative processes [28].135

However, the same calculations predict that the difference of jet RAA with different R remains ap-136

proximately constant at high pT, which seems at odds with the measurements in the left panel of137

Fig. 6. Following these arguments, the R-independence of RAA may point towards a dominance138

of elastic process at high pT which would be counter intuitive. Additional theoretical studies are139

needed before drawing firm conclusions.140

141

Among the most interesting results presented at the conference are the first high statistical142

measurements of the jet fragmentation function [29, 30, 31] shown in the three panels of Fig. 7143

versus z = !pT
charged · !pT

jet/| !pT
jet | or versus ξ = −ln(z). The results presented by the LHC

!""#

Figure 7: Left: ratios of fragmentation functions measured by the CMS experiment in two centrality bins to the same in
p+p [29]. Middle: central-to-peripheral ratio measured by ATLAS [30]. Right: the IAA from PHENIX [31]. Data are
compared to the computations [32, 33].

144

experiments use the reconstructed pT
jet which includes the effect of jet energy loss. The y-axis145
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3.3 Overall momentum balance of dijet events 21

for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, 〈"p‖T〉, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The 〈"p‖T〉 values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (∆R < 0.8) one of the leading or subleading jet cones
(left) and outside (∆R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to 〈"p‖T〉 for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to 〈"p‖T〉 (i.e., in the direction of the leading jet)

CMS 1102.1957
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The antenna in medium

5

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

Qs: characteristic momentum 
scale of the medium

r⊥ = θqq̄L

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

the decoherence parameter
Mehtar-Tani, Salgado, KT 1009.2965; 1102.4317; 1112.5031; 1205.57397

Casalderrrey-Solana, Iancu 1105.1760

HARD SCALES FROM THE MEDIUM:



K. Tywoniuk (UB)

Onset of decoherence

6

Θqq̄∆med → 0 Coherence
Θqq̄

∆med → 1 Decoherence

In ω→0 limit, only vacuum-like:

induced 
radiation

Qhard

ω

Qhard = max
(
r−1
⊥ , Qs

) • decoherence opens phase space 
at large angles θmax=Qhard/ω

• jet spectrum unmodified at small 
anglesk⊥ < 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)] .
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One emitter
1/Qs

vacuum coherence 
(at large angles)

“medium-induced”

weak AAO, ∝∆med<1
AO completely broken, 
radiation up to k⊥~Qs

radiation as total 
charge

radiation as 
independent charges

Two emitters
1/Qs

Qhard = max
(
r−1
⊥ , Qs

)
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7

One emitter
1/Qs

vacuum coherence 
(at large angles)

“medium-induced”

weak AAO, ∝∆med<1
AO completely broken, 
radiation up to k⊥~Qs

radiation as total 
charge

radiation as 
independent charges

Two emitters
1/Qs

Qhard = max
(
r−1
⊥ , Qs

)

➙ importance of medium-resolved sub-jets!
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Resolving jet substructure

8

In terms of angles:
Generic scaling will involve the medium length L.

∆med = 1− e−Θ2
jet/θ

2
c

jet definition (Θjet=R)!

Θjet

θc

In central collisions: Θjet > θc 

θc = 1/
√

q̂L3

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

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765
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Resolved effective charges

9

• study the magnitude of the 
medium resolution @ LHC

• substructure analysis with θc

• often we only have one effective 
fragment within R!

• contains most of the jet energy 
(jet core)

z
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q̂(τ) = 2Kε3/4(τ)

K=1,10
pT = 100, 200 GeV

Hydro from: T. Hirano, P. Huovinen, and Y. Nara, 
Phys.Rev. C84, 011901; Phys.Rev. C83, 021902

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765

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

:: probability of only finding one leading subjet in 
the presence of a fragment with mom frac z
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• study the magnitude of the 
medium resolution @ LHC

• substructure analysis with θc

• often we only have one effective 
fragment within R!

• contains most of the jet energy 
(jet core)
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Hydro from: T. Hirano, P. Huovinen, and Y. Nara, 
Phys.Rev. C84, 011901; Phys.Rev. C83, 021902

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765

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

:: probability of only finding one leading subjet in 
the presence of a fragment with mom frac z
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Resolved effective charges

9

• study the magnitude of the 
medium resolution @ LHC

• substructure analysis with θc

• often we only have one effective 
fragment within R!

• contains most of the jet energy 
(jet core)
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collimation

enhanced 
resolution

K=1,10
pT = 100, 200 GeV

Hydro from: T. Hirano, P. Huovinen, and Y. Nara, 
Phys.Rev. C84, 011901; Phys.Rev. C83, 021902

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765

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

:: probability of only finding one leading subjet in 
the presence of a fragment with mom frac z



⟶ the objects interacting and 

radiating in the medium are really 
resolved subjets (multiparticle 

states) and not single partons...
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Factorization of energy loss

11

Very often we have only a leading (unresolved) subjet that carries most 
of the momentum of the full jet :: color transparency.

A “factorization” for leading medium-resolved subjet:

• separation in angles & separation in 
time :: only the total charge 
radiates

• allows to separate the treatment of 
the two different processes 

q

q
g ⊗
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Factorization of energy loss

11

Very often we have only a leading (unresolved) subjet that carries most 
of the momentum of the full jet :: color transparency.

A “factorization” for leading medium-resolved subjet:

• separation in angles & separation in 
time :: only the total charge 
radiates

• allows to separate the treatment of 
the two different processes 

q

q
g ⊗

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

total charge/ancestor 
particle lose energy

vacuum showering (with 
reduced energy) starts⇒ ⇒

Q(p⊥)
jet =

∫ 1

0
dz D(z, τ)

dσjet,vac(p⊥/z)

dp⊥

/
dσjet,vac(p⊥)

dp⊥

The ‘quenching 
factor’ for jets:
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Induced radiation

12

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996), 
Wiedemann (2000), Gyulassy, Levai, Vitev (2000), Arnold, Moore, Yaffe (2001)

Decoherence :: the virtual gluon fluctuates 
until it reaches the size ∆x⊥

2~(q∆̂t)-1 where it 
can be resolved by the medium.{

tbr = λmfpNcoh

k2br = µ2Ncoh

tbr =
√

ω/q̂

k2br =
√

q̂ω

∆x⊥ = k−1
br

:: Landau-Pomeranchuk-Migdal effectλmfp → tbr

tf =
ω

k2⊥ {

tbr

Bethe-Heitler regime

√
ωBH

q̂
= λ ⇒ ωBH = λ2q̂ ∼ λm2

D

tbr ∼ λmfp

Factorization regime

ωc = q̂L2 ∼ m2
DL2

λ

tbr ∼ L
ωBH ! ω ! ωc

LPM regime
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The rate-equation

13

∂

∂τ
D(x, τ) =

∫

C
dzF(z, x; τ)

[√
z

x
D

( z
x
, τ
)
− z√

x
D(x, τ)

]

τ = ᾱ

√
ωc

E

Jeon, Moore hep-ph/0309332
Baier, Mueller, Schiff, Son hep-ph/0009237
Blaizot, Iancu, Mehtar-Tani 1301.6102

Multiple emission regime
• independent emission
• possible in large media
• very soft radiation at large angles!

ωBH ! ω ! ᾱ2ωc

θ ! θbr ≡
(
q̂/ω3

)1/4

Blaizot, Dominguez, Iancu, Mehtar-Tani 1209.4585

• keeps track of the leading + all the fragments

• probabilistic interpretation

• turbulent flow: no intrinsic accumulation of energy

• spectrum is self-replicating :: scaling

D0(x, τ) =
τ√

x(1− x)3/2
e−π τ2

1−xAnalytical solution (infinite length):
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Finite-size effects

14

9
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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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Regularization
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d2P
dzdτ

=
1

2

F(z, x; τ)√
x

τ ≡ ᾱ
√
2xcxc = ωc/p

+
0

k⊥ ∼ kbr < ω

ω < q̂1/3

⇒

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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Regularization

15

d2P
dzdτ

=
1

2

F(z, x; τ)√
x

τ ≡ ᾱ
√
2xcxc = ωc/p

+
0

k⊥ ∼ kbr < ω

ω < q̂1/3

⇒

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

reg2:

1(
1− z

)
ε

=
ξ(ξ − x)

(ξ − x+ xBH)2
reg1: ‘strong’

⤷ apply it only to the medium K

1(
1− z

)
ε

=
ξ

ξ − x+ xBH
‘smooth’

ξ = x/z
xBH = ωBH/E
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Evolution equation
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• rapid depletion of leading 
probe into soft fragments

• finite-size and 
regularization play a 
significant role

• slows down the evolution

• important for 
phenomenological analysis

0.001

0.01

0.1

1

10

0.001 0.01 0.1 1

√

x
D
(x
,
τ
)

x

xBH = 0.005

τ = 0.1

τ = 0.5

Med-reg1
Med-reg2
Med-analytics, τ = 0.1
Med-analytics, τ = 0.5

Blaizot, Iancu, Mehtar-Tani 1301.6102
[...work in progress]

D0(x, τ) =
τ√

x(1− x)3/2
e−π τ2

1−x

τ = ᾱ

√
ωc

E

Analytical solution (infinite length):
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Jet suppression

17
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Calculating quenching factor for “leading sub-jet”

ωc = 70 GeV

L ∼ 4 fm

q̂ ∼ 1− 2
GeV2

fm

⤴• sensitivity to regularization prescription

• low-pT sensitive to sub-leading resolved subjets

• baseline: need more realistic collision geometry 

n = 5.6
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MLLA evolution
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G(l, y) = δ(l) +

∫ l

0
dl′

∫ y

0
dy′γ2

0(l
′ + y′)

[
1− aδ(l − l′)

]
G(l′, y′)

y = ln
(
xM⊥/Q0

)
≡ Y − ll = ln

(
1/x

)

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6

G
(l
,Y

)

l

OPAL data, M⊥ = 90 GeV
ALEPH data, M⊥ = 130 GeV

x
dNg

dx dM⊥
≡ G(l, y)

Eh =
√

p2h +m2
h

• LPHD (K factor)
• including mass effect:
• good description of e+e- data
• iterative procedure (αs=const):

γ0(αs) =
√

2Ncαs/π

Dokshitzer, Khoze, Mueller, Troyan “Basics of pQCD”
Ramos hep-ph/0605083

G(0)(l, y) = δ(l)

G(1)(l, y) = γ2
0y

[
1− aδ(l)

]

G(2)(l, y) = γ2
0y

[
1

2
γ2
0 ly − aγ2

0y + a2δ(l)

]

:: initial condition
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Broadening effect
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D(x, θ < Θjet) =

∫ Θjet d2k

(2π)2
P(k)D(x) ,

=

[
1− exp

(
−x2M2

T

Q2
s

)]
D(x)

0
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8

ξ
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/

d
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• strong sensitivity in the soft sector

• broadening a powerful effect: missing energy at very large angles!
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Antiangular component

20

DLA accuracy (a=0) :: affects only 2nd emissionk⊥ < 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)] .

∫

Γmed

dz

z

dθ′

θ′
=

∫

Γvac

dz

z

dθ′

θ′
+∆med

∫ Qhard
M⊥

x

dz

z

∫ Qhard
xE

Θjet

dθ′

θ′

lmax = log
Qhard

xM⊥
= λ2 − Y + l

ymax = log
Qhard

Q0
= λ2

ymin = log
xEθ0
Q0

= Y − l

Estimating the phase space for AAO emission:

G(2)(l, y)
∣∣∣
a=0

= G(2)
vac(l, y)

∣∣∣
a=0

+
1

2
∆medγ

4
0(l + λ2 − Y )(λ2

2 − (Y − l)2) ,

⤷ allows to continue resumming the vacuum emissions!

{ constants
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Full modification

21

• AAO valid for soft gluons with long 
formation times → add them on top of 
modified spectrum

• low-x enhancement inside the cone is 
delicate :: not sensitive to resolution 
scales

• sensitive to the decoherence parameter 
(in reality a dynamic quantity)
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Figure 6: Left: the jet RAA measured in two centrality bins for different radius parameter R of reconstructed jets measured
by CMS. Middle: the ATLAS result on the double ratio of jet RCP’s measured for jets with different parameter R [7].
Right: the ratio of the Pb+Pb and p+p jet shapes [29] measured by CMS.

large R. On the contrary, elastic losses reduce this dependence, since they lead to the random-132

ization of the transported energy by incorporating it into medium particles. The R dependence133

observed for the lower jet energies shown in the middle panel of Fig. 6 as well as the ”push”134

towards larger radii shown in the right panel favours the dominance of radiative processes [28].135

However, the same calculations predict that the difference of jet RAA with different R remains ap-136

proximately constant at high pT, which seems at odds with the measurements in the left panel of137

Fig. 6. Following these arguments, the R-independence of RAA may point towards a dominance138

of elastic process at high pT which would be counter intuitive. Additional theoretical studies are139

needed before drawing firm conclusions.140

141

Among the most interesting results presented at the conference are the first high statistical142

measurements of the jet fragmentation function [29, 30, 31] shown in the three panels of Fig. 7143

versus z = !pT
charged · !pT

jet/| !pT
jet | or versus ξ = −ln(z). The results presented by the LHC

!""#

Figure 7: Left: ratios of fragmentation functions measured by the CMS experiment in two centrality bins to the same in
p+p [29]. Middle: central-to-peripheral ratio measured by ATLAS [30]. Right: the IAA from PHENIX [31]. Data are
compared to the computations [32, 33].

144

experiments use the reconstructed pT
jet which includes the effect of jet energy loss. The y-axis145

6

CMS-PAS-HIN-12-013
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Summary
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Rjet

• three observables (inclusive jet 
suppression, modification of the 
fragmentation function, out-of-cone 
energy) constrain mechanisms of “jet 
quenching”

• color transparency :: resolved subjets

• decoherent radiation inside the jet 
cone :: a crucial component

• induced large-angle radiation + 
broadening :: transport out of cone

• good understanding of the data
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Summary

22

Rjet

θc

θc

• three observables (inclusive jet 
suppression, modification of the 
fragmentation function, out-of-cone 
energy) constrain mechanisms of “jet 
quenching”

• color transparency :: resolved subjets

• decoherent radiation inside the jet 
cone :: a crucial component

• induced large-angle radiation + 
broadening :: transport out of cone

• good understanding of the data



backup



K. Tywoniuk (UB)

Resolved effective charges

24
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