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Central question
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• how can soft particles from the background 
“interact strongly” (i.e. give rise to strong 
flow-effects as described by vn’s) while soft 
particles from “jet-like” correlations be 
assumed to be unmodified

• can there by “flow” without “quenching”?
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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

)

• factorization properties
• jet scales :: perturbative
• angular ordering
• MLLA + LPHD (K factor)
• good description

x
dNg

dx dM⊥
≡ G(l, y)

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6

d
N
/d
l

l

OPAL data, Q = 90 GeV
ALEPH data, Q = 130 GeV

Q0



K. Tywoniuk (UB)

•   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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•   In medium scales? (before doing the math) 
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•  Multiscale problem! 

QGP

L

Q−1
s

M⊥ ≡ E θjet r⊥ jet

New scales:
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Jet scales in the medium
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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

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

k⊥ < Qhard
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Resolved effective charges

6

z
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

(z
)

u
n
re

s
o
lv

e
d

P

0.2

0.4

0.6

0.8

1

z
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

(z
)/

E
o
u
t

 E
!

0

0.1

0.2

0.3

0.4

0.5

0.6

K=1,10
pT = 100, 200 GeV

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765 :: probability of only finding one leading subjet in 
the presence of a fragment with mom frac z

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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Resolved effective charges
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⟶ the objects interacting and radiating in the 

medium are the resolved subjets (multiparticle 
states, and not single partons)...
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5.3 Jet RAA results 7
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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
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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 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)
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Factorization of energy loss

9

Let’s assume we have only one 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

9

Let’s assume we have only one 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

10

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
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∂

∂τ
D(x, τ) =

∫

C
dzF(z, x; τ)

[√
z

x
D

( z
x
, τ
)
− z√

x
D(x, τ)

]

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

• similar to the “quenching weights”

• probabilistic interpretation

• turbulent flow: no intrinsic accumulation of energy

• spectrum is self-replicating :: scaling

τ = ᾱ

√
2
ωc

E
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Evolution equation

12

• rapid depletion of leading 
probe into soft fragments

• finite-size and regularization 
play a significant role

• slows down the evolution

• important for 
phenomenological analysis

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

D0(x, τ) =
τ√

x(1− x)3/2
e−π τ2

1−x

Analytical solution (infinite length):

τ = ᾱ

√
2
ωc

E

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

Sharp regularization
BH regularization
Analytic (infinite length)
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Jet suppression
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Calculating quenching factor for “leading sub-jet”

• sensitivity to regularization prescription

• low-pT sensitive to sub-leading resolved subjets

• baseline: need more realistic collision geometry 
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Momentum broadening
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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

1

2

3

4

5

6

7

8

ξ
d

N
/

d
ξ

ωBH = 50 GeV
Qs = 2 GeV
Q0 = 0.270 GeV
Q = 30.00 GeV

0.6

0.8

1

1.2

1.4

1.6

1.8

0 1 2 3 4 5

R
a
ti

o

ξ

Vacuum limiting spectrum
Medium-modification, reg1
Medium-modification, reg2

θ ! θc

E = 100 GeV

ωc

Eo
u
t

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0 50 100 150 200

E
o
u
t

ωc

ωBH = 0.5 GeV

Qs = 2 GeV

R = 0.3-0.8

Medium-modification, reg1
Medium-modification, reg2

• strong sensitivity in the soft sector

• broadening a powerful effect: missing energy at very large angles!
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Over to pPb!
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• transverse size of the 
QGP-”drop” is very small 
~ 1fm

• jet-quenching develops 
over long times
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Fig. 27. – Cronin enhancement in high-pT hadron production in proton-nucleus collisions at FNAL [8,9,

114] (left) compared to the predictions of [117], and at FNAL and SPS [115] (right).

in the fixed-target data (Fig. 27). This peak structure is also progressively suppressed as the

rapidity of the hadrons is increased [25, 118].

Such a transverse momentum broadening of high-pT hadrons in hadron-nucleus collisions

is usually interpreted (see Section 6
.
1) as due to either (i) multiple elastic scatterings of the

incoming or outgoing parton inside the cold nuclear medium [117, 124], or (ii) recombination

at the hadronisation stage of the scattered parton with other final state partons created in the

collision [125, 126]. The larger Cronin effect for baryons than for mesons is naturally explained

by the latter mechanism: the combination of three quark momenta boosts up the final baryon

spectra more than the two-quark coalescence into mesons. The lower Cronin enhancement of

all hadrons, in general, at RHIC centre-of-mass energies compared to fixed-target results can be

explained by the steeper parton spectra at lower energies, which makes it easier to get a relatively

larger boost for the same amount of kT “kick”. The fast disappearance of the Cronin enhancement

with increasing rapidities is well accounted for by models based on non-linear QCD evolution of

the gluon densities in the nuclei [127-130]. The position of the maximum is thus connected to

Fig. 28. – Cronin enhancement in high-pT K
0
s (left) and Λ (right) production in p+A collisions measured

by HERA-B at
√
sNN = 41.6 GeV [116]. Note that α ≈ 1.05 corresponds to RpA = A

α−1 ≈ 1.2 for Ti or W

(with A = 22, 74).

The Cronin effect
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Fig. 8. Charged particle RpPbpT at
√
sNN = 5.02 TeV at η ∼ 0. (Top left) Results with more

‘standard’ shadowing (labeled EKS98, EPS08 and HKN) described in Sec. 2.7, Refs.105, 106 (la-
beled Kopeliovich) and the HIJING2.1 shadowing parameterization in Eq. (21) are compared. The
difference in the HIJING2.1 curves depends on whether the hard scatterings are coherent or not,
see Sec. 2.3. (Top Right) HIJINGBB2.0 with and without shadowing (Sec. 2.4) compared to AMPT

default and with string melting (Sec. 2.5). (Bottom) The band from rcBK saturation model cal-
culations by Albacete et al. and Rezaeian with N = 5 and varying αin

s described in Sec. 2.1 are
compared to IP-Sat calculations by Tribedy and Venugopalan in Sec. 2.2 and calculations by Vitev
et al. discussed in Sec. 2.6. (More detailed results for the uncertainties in Rezaeian’s calculation
at other rapidities can be found in Fig. 10.) The ALICE results from Ref.3 are also shown. The
systematic uncertainties are shown in blue, the statistical uncertainties are in black.

gluon fragmentation. The dipole formalism, on the light cone, is employed in the
target rest frame, leading to the factorized expression for hadron production: a
convolution of the projectile gluon PDF, the gluon fragmentation function, and the
gluon splitting, g → gg, cross section.105 The gluon splitting cross section can be

Vogt et al., arXiv:1301.3395
Kopeliovich, Nemchik, Schafer, Tarasov PRL 88(2002)232303 

What is the origin of the peak?
• anti-shadowing
• low-energy rescattering
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Estimating the system size

• strongly reduced scales of the medium

• recall jet scale r⊥=θjetL :: dilute regime

17

Bzdak, Schenke, Tribedy, Venugopalan 1304.3403
Gyulassy, Horowitz 1104.4958 , ALICE...

4

 0.5

 1

 1.5

 2

 2.5

 2  3  4  5  6  7
 r

m
a

x
 [
fm

]
(dN/dy)

1/3

 p+Pb 5.02 TeV !min = "
4

 p+Pb 5.02 TeV !min = 10 "
4

 p+p 7 TeV !min = "
4

 p+p 7 TeV !min = 10 "
4

FIG. 2. (Color online) System size in p+p and p+Pb collisions
as a function of the number of gluons to the power of 1/3,
(dN/dy)1/3, computed in the IP-Glasma model. rmax is the
maximal radius for which the energy density of the Yang-Mills
fields are above a minimal value of εmin = αΛ4

QCD, with α = 1
(filled symbols) and α = 10 (open symbols). Note different
energies for p+p and p+Pb.

should be comparable in value. Indeed, for the same
number of produced particles and comparable sizes of two
systems, leading to comparable energy densities, both
systems are very similar and we do not expect to observe
significant differences in their HBT radii. Let us note
that we do not calculate explicitly HBT radii in p+p and
p+Pb, we only compare both systems based on their sizes
and energy densities. If subsequently fluid dynamical
evolution in p+A collisions is significant relative to p+p
collisions, we would then anticipate significantly different
HBT radii in p+Pb, as recently discussed in Ref. [29].
Thus HBT radii will help to discriminate between models
of the spatial distribution of matter in the initial state
and the magnitude of radial flow experienced in each.
In Fig. 3, the ellipticity and triangularity computed in

the IP-Glasma model are plotted as a function of dN/dy,
the gluon number per unit rapidity in the model. The
ellipticities in p+p collisions are significantly lower than
in p+Pb collisions, except at very low values of the mul-
tiplicity. The triangularity ε3 in p+p collisions is very
small and is comparable to the ellipticity. The triangular-
ity in p+Pb collisions is consistently larger than in p+p,
though distinctly smaller than the ellipticity in p+Pb up
to very high multiplicities.
In Fig. 4, we plot ε2, ε3 in proton-lead collisions in

the IP-Glasma model as a function of the number of par-
ticipants Npart and compare the results to two different
realizations of the Monte-Carlo Glauber model. Com-
puting eccentricities using participant centers in a MC-
Glauber model, as done in [27], the results are along the
lines anticipated in our discussion of Fig. 1. ε2 is exactly
unity and ε3 = 0 for Npart = 2. A similar trend for ε2 at
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FIG. 3. (Color online) Eccentricities ε2 and ε3 as a function
of dN/dy in the IP-Glasma model for p+Pb (filled symbols)
and p+p (open symbols) collisions.

low Npart is observed when computing eccentricities us-
ing Gaussian energy densities (with width σ0 = 0.4 fm) in
the centers of participants (MC-Glauber 1) as a weight.
In this case the eccentricities are noticeably lower. The
MC-Glauber 1 realization of the Glauber model is similar
to the one employed in the computations of [27–29] for
proton-nucleus and deuteron-nucleus collisions.

Assigning a Gaussian distributed energy density to the
midpoint between two colliding nucleons (MC-Glauber
2), as illustrated in the middle figure in Fig. 1, reduces the
resulting eccentricities significantly, with the difference in
ε2 between models 1 and 2 being approximately a factor
of 2. We have checked that decreasing the smearing width
from σ0 = 0.4 fm increases both eccentricities.

We have used a black disk approximation of the cross-
section, meaning that nucleons are wounded whenever
their geometric distance from a nucleon of the other nu-
cleus is less than rNN =

√

σNN/π, where σNN is the
nucleon-nucleon inelastic cross section. Alternatively,
one can introduce a smooth profile of the nucleon that
determines the probability for an interaction at a given
nucleon-nucleon distance. This profile can be extracted
from the p+p differential elastic cross section data [56]
and can be approximated by a Gaussian [57–59]. Its use
has been argued to be preferable because it does not re-
sult in extremely large elastic nucleon-nucleon cross sec-
tions as the hard-sphere case. Using a smooth profile, we
find an increase in both the system size (by up to 50%)
and the eccentricities (by up to a factor of 2). Again,
it demonstrates that eccentricities in p+Pb collisions are
very sensitive to details of nucleon-nucleon interactions.

In the IP-Glasma model, both the ellipticity and tri-
angularity coincide with model MC-Glauber 2 for all but
the smallest values of Npart. This agreement is however
a coincidence for the value of σ0 = 0.4 fm chosen in the
MC-Glauber model and will not hold if this parameter

dNg

dη
∼ 125 ⇒ dNch

dη
∼ 225

q̂AA ∝ dNch/dη ∼ 1600

LpA ∼ 2 fm ∼ 1

2
LAA

q̂pA ∼ 1

7
q̂AA

ωc,pA ∼ 1

30
ωc,AA Qs,pA ∼ 1

15
Qs,AA

For the most central collisions (η=0):
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No final-state effects

• Excellent situation to extract initial-state effects
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also see H. Paukkunen’s and J. Qiu’s talks yesterday
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Dijets vs. centrality
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8 7 Summary
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Figure 5: Distributions of dijet pseudorapidity (ηdijet) defined as (η1 + η2)/2 for leading jets
with pT,1 > 120 GeV/c, subleading jets of pT,2 > 30 GeV/c and ∆φ1,2 > 2π/3. The first
panel represents the minimum bias collisions without any selection on the HF transverse en-
ergy EHF[|η|>4]

T , while the next five panels show the distributions in different EHF[|η|>4]
T classes.

Results for pPb events are shown as red solid circles, while results for the simulated pp ref-
erence are shown as blue hatched histograms. The black histograms show the results for
PYTHIA+HIJING simulated events. The arrows show the mean values of the distributions. The
error bars represent the statistical uncertainties and the total systematic uncertainties are shown
as yellow boxes.
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ηCOM = −0.46

• strong shift in COM rapidity 
as f/b activity increases

• narrowing of the 
distribution

• effect from b-dependent 
nPDF’s is only on %-level
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Some ideas
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• energy loss in glasma (synchrotron radiation)
• preliminary results, very short timescales for 

the effect

• initial-/final-state interferences
• could be important at large xF, forward 

rapidity

• ... centrality biases (underlying event activity, 
non-perturbative effects)

Zakharov 0809.0599; Zakharov, Aurenche 1205.6462

Martinez et al. 1308.2186, 1207.0984; Arleo et al. 1006.0818; Kopeliovich
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Phase-space limitations
• boosted dijet system involves large energy: 
• Ejj = p1,⊥cosh(η1)+p2,⊥cosh(η2)

• demanding large f/b activity biases toward higher 
activity in proton direction
• activity in Pb direction is cheap
• in proton direction, it strongly affects amount of 

ISR
• less energy available for hard process

• better centrality selection if HFminus is kept fixed?

21

also see G. Milhano talk in Trento 2013 and D. Gulhans talk on Friday
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A possible scenario... 
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mid-rapidity
dense,

off mid-rapidity
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“Back-of-the-envelope” model
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ηPlasma ∼ tanh−1 −4 + 8× 1.58

4 + 8× 1.58
= 0.58

ηbinary ∼ tanh−1 −4 + 1.58

4 + 1.58
= −0.46

!3 !2 !1 1 2 3 Η
5
10
15
20
Leff!fm"Leff(η) = L0 cosh (η − ηPlasma)

No boost-invariance (only z-invariance)!
Creating a boosted drop/cylinder of QGP with 

transverse size L0, expanding rapidly (v∥~c).

If the dijet system does not move with the 
flow, it also sees the longitudinal size.

As an example:
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“Back-of-the-envelope” model
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Illustrates possible effects of quenching:

• (artificially) strong rapidity dependence 
of quenching :: ωc(η)

• AA: many such cylinder-systems at 
slightly different rapidities

• biases: not present in AA, can we get a 
better handle on them in pA?
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Summary
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• 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) 

• system created in pA is small, typical scales from the 
medium are small
• do not resolve nor affect the jet fragmentation much

• getting better control of bias can help constraining 
models for longitudinal expansion

• so far, no compelling hints of jet quenching effects in pA



backup
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CNM quenching
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PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 7

Fig. 2. – Quark propagation inside a target nucleus (“cold QCDmatter”) in lepton-nucleus (left) and hadron-

nucleus → Drell-Yan (centre) collisions. Right: Hard scattered parton traveling through the “hot QCD

matter” produced in a nucleus-nucleus collision.

transverse momentum hadron production in A+A compared to proton-proton (p+ p) and hadron-

nucleus h + A collisions at RHIC [25-28] (see Sect. 5), is also indicative of a breakdown of the

universality of the fragmentation process. The standard explanation is that the observed sup-

pression is due to parton energy loss in the strongly interacting matter. This assumes of course

that the quenched light-quarks and gluons are long-lived enough to traverse the medium before

hadronising, which can be expected at large enough pT because of the Lorentz boost of the hadro-

nisation time scales. However, dynamical effects may alter this argument (see, e.g., Ref. [29]),

with hadronisation starting at the nuclear radius scale or before. In this case, in-medium hadron

interactions should also be accounted for, possibly leading to a different suppression pattern.

Such mechanisms may be especially important in the case of heavy (charm, bottom) quarks

which – being slower than light-quarks or gluons – can fragment into D or B mesons still inside

the plasma [30].

In summary, a precise knowledge of parton propagation and hadronisation mechanisms can

be obtained from nDIS and DY data, allowing one to test the hadronisation mechanism and

colour confinement dynamics. In addition, such cold QCD matter data are essential for testing

and calibrating our theoretical tools, and to determine the (thermo)dynamical properties of the

QGP produced in high-energy nuclear interactions.

1
.
3. Hadronisation and colour confinement. –

While not having a direct bearing on the traditional topics of confinement such as the hadron

spectrum, the hadronisation process nonetheless contains elements that are central to the heart

of colour confinement, as already emphasised 30 years ago by Bjorken [6]. For instance, in the

DIS process, a quark is briefly liberated from being associated with any specific hadron while

traveling as a “free” particle, and it is the mechanisms involved in hadron formation that en-

forces the colour charge neutrality and confinement into the final state hadron. The dynamic

mechanism leading to colour neutralisation, which is only implicitly assumed in the traditional

treatments of confinement based on potential models [31] or lattice QCD [32], can be studied

quantitatively using the theoretical and experimental techniques discussed in this review. As an

example, the lifetime of the freely propagating quark may be inferred experimentally from the

nuclear modification of hadron production on cold nuclei, which act as “detectors” of the hadro-

Accardi, Arleo, Brooks, D’Enterria, Muccifora arXiv:0907.3534 [nucl-th]
Wang, Wang PRL 89(2002)162301
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Fig. 5. – Left: RHIC-equivalent phase space of nuclear DIS experiments at Ee = 27.6 GeV (HERMES,
solid line), at Ee = 12 GeV (HERMES and JLab, dashed line), and at Ee = 280 GeV (EMC, dot-dashed

line). The dotted line shows the borders of the LO pQCD phase space in p, A + A at top RHIC energy,√
sNN = 200 GeV. The two arrows show the location of the midrapidity region at SPS and FNAL (p, A + A)

fixed-target experiments. The shaded regions show the region of phase-space experimentally explored at

HERMES [23, 44] and EMC [45]. Right: Hadron-hadron-equivalent EMC and COMPASS (! + A) phase
space at

√
sNN = 27.4 GeV, compared to the SPS and FNAL (p, A + A) phase spaces.

we can invert Eq. (20) to obtain the hadron-hadron variables in terms of DIS invariants:

p2T = (1 − !)Q
2

y1 = − log
(

Q
√
s

2MEtrf

(1 − !)1/2

!

)

y2 = y1 + log

(

1 − !
!

)

z = zh

(21)

with ! = ν/Etrf. Note that in DIS, the electron energyEtrf, hence the electron xe, is fixed by
the experimental conditions; this is different from hadronic collisions where the parton j has an

unconstrained fractional momentum. Changing the c.m.f. energy to
√
s′ simply results in a shift

of the parton rapidity,

y1 −−−→
s→s′

y1 + ∆y1(22)

where ∆y1 = log(
√
s/
√
s′). The value of ∆y1 compared to RHIC top energy

√
sNN = 200 GeV

is listed in Table IV for the experiments of interest in this paper.

Given a DIS phase space (say a given experiment acceptance region in the (ν,Q2) plane), we
define its hadron-hadron-equivalent phase-space as its image in the (pT , y1) under Eqs. (21). The
reason for this definition is that for both hadronic and DIS collisions we can identify the parton

f1 of Fig. 3 with the “observed” parton in hadronic and DIS collisions, i.e., the parton which

68 ALBERTOACCARDI ETC.
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Fig. 48. – Multiplicity ratio computed in the high-twist formalism for parton radiative energy loss in nDIS.

Figures taken from [58].

to overestimate the slope of RM(zh) for heavy nuclei. As discussed above in connection with the

BDMPS approach, this can be caused by a too schematic treatment of the medium geometry.

Another important remark, is that the computations of Refs. [58, 93] include only twist-4 dia-

grams, i.e., up to one parton rescattering in the medium. This might not be sufficient for large

targets such as Kr. A computation up to twist-6 (two rescatterings) has been carried out in [330],

however without comparison to experimental data. (An all-twist resummation for radiative pro-

cesses is unfortunately very hard to achieve, but the first preliminary steps have been taken in

Refs [331, 332].) Higher-twist effects on the DGLAP evolution of the fragmentation functions

have been studied in Ref. [333], and reduce the slope of RM at large zh. We should finally note

that coherent multiple parton scatterings may lead to an additional suppression of quark produc-

tion [334], which would also reduce the slope of RM .

6
.
3.3. Drell-Yan processes . – Since the lepton pair does not interact strongly with the nu-

cleus, the Drell-Yan process offers a clean probe of the initial multiple scattering of the projectile

parton (a quark to leading order in α
S
) in the target nucleus before the hard process, qq̄→ "+"−,

takes place. The effects of energy loss on the Drell-Yan cross section can be estimated from its

production cross section at leading order,

dσDY
p+A

dx1dx2
=
4πα2em
9s

x1x2

x1 + x2

∑

i

e2i

[

qi/p(x1)q̄i/A(x2) + q̄i/p(x1)qi/A(x2)
]

,(63)

where the fractional momenta x1,2 are related to the observable Feynman xF and dilepton mass

M as in Eq. (18) (see Section 2
.
1). At large x1 > 0.5 and for x2 = 0.1 − 0.3, where q̄i/D ≈ q̄i/p,

the ratio of the DY cross section on a nucleus A and on deuterium D can be approximated by

dσDY
p+A

dx1dx2

/ dσDY
p+D

dx1dx2
∼
qu/p(xA

1
)

qu/p(x1)
∼
(1 − xA

1
)η

(1 − x1)η
,(64)

where the large-x exponent is η % 3 from quark counting rules [318]. Assuming that the projectile
quark experiences an initial-state energy loss per unit length, α = −dE/dz, we can set xA

1
=

x1 +α〈L〉A/E, where E is the quark’s energy, for the sake of a qualitative discussion. Hence, one

• extremely small density but system 
of similar size as PbPb

• no effect at RHIC

q̂cold ∼ 1

50
q̂hot ∼ 0.05GeV2/fm
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Antiangular component
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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)] .

Θqq̄∆med → 0 Coherence
Θqq̄

∆med → 1 Decoherence

induced 
radiation

Qhard

ω



K. Tywoniuk (UB)
29

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

)

k⊥ < Qhard
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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

)

➙ importance of medium-resolved sub-jets!

k⊥ < Qhard
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Finite-size effects

30

9

 0

 0.005

 0.01

 0.015

 0.02

 0  1  2  3  4  5

d
!

/d
k

" [fm]

(a)

 Full
 N=1
 AMY
 H.O.

 0

 0.01

 0.02

 0.03

 0.04

 0  0.5  1  1.5  2  2.5  3

d
!

/d
k

" [fm]

(b)

 Full
 N=1
 AMY
 H.O.

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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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
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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

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


