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Outline
• classical vs. quantum

• when is a probabilistic      
interpretation viable?

• key effects & concepts

• perspectives & challenges
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[disclaimer: devil is often in the details...]
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Courtesy: S. Prestel
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Issues in HIC:
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Courtesy: S. Prestel

• factorization?

• soft physics

• back-reaction

• showering

• final-state

• inital-state

• hadronisation

• other...new 
physics

hard 
scattering

final-state 
showering

initial-state 
showering

multiple 
interactions

hadronisation

typical pp event [à la PYTHIA, HERWIG, SHERPA]
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MC shower: primer

• factorization of   
phase-space & splitting

4

dσn+1 = dσn
dt

t

dφ

2π
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t = 2EbEc(1− cos θ) = z(1− z)E2
aθ2

ta

z, tb

1 − z, tc
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z, tb

1-z, tcp2
b , p

2
c ! p2

a ≡ t

• collinear & soft singularities

• coherence effects (soft) not discernible at 
this level yet...
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DGLAP evolution

• strong ordering in virtuality

• strong ordering in formation time

• allows for a probabilistic 
interpretation!

5

t0 ! t1 ! t2 ! . . .! Λ2
QCD

tf =
2ω

k2
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DGLAP evolution

• strong ordering in virtuality

• strong ordering in formation time

• allows for a probabilistic 
interpretation!

5

t0 ! t1 ! t2 ! . . .! Λ2
QCD

tf =
2ω

k2
⊥

Distribution of gluons with mom fraction x and virtuality Q2

t
∂fi(x, t)

∂t
=

∑

j

∫ 1

x

dz

z

αs

2π
Pij(z)fj

(x

z
, t

)

fa
st

slo
w



K. Tywoniuk (Lund University) “MCs of jet quenching: an overview”

Stochastic process

6

P (a→ b(z) + c(1− z)when t→ t + δt) =
δt

t

αs

2π
Pba(z)

δfin(x, t) =
δt

t

∫ 1

x
dx′dz

αs

2π
P (z)f(x′, t) δ(x− zx′)tap:

[space-like branching here...]
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Stochastic process
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P (a→ b(z) + c(1− z)when t→ t + δt) =
δt

t

αs

2π
Pba(z)

δfin(x, t) =
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t

∫ 1

x
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αs

2π
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[space-like branching here...]
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Stochastic process

6

P (a→ b(z) + c(1− z)when t→ t + δt) =
δt

t

αs

2π
Pba(z)

δf(x, t) = δfin(x, t) − δfout(x, t) =
δt

t

∫ 1

0
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P (z)
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1
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z
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)
− f(x, t)

)

 • evolution “time” = virtuality
virtual terms
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δt
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[space-like branching here...]
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Sudakov form factor
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∆(t1, t2) = exp

[
−

∫ t2

t1

dt

t

∫ 1−zmin(t)

zmin(t)
dz

αs

2π
P (z)

]
probability of no emission
in [t1,t2] interval
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Sudakov form factor
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∆(t1, t2) = exp

[
−

∫ t2

t1
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t

∫ 1−zmin(t)

zmin(t)
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αs

2π
P (z)

]
probability of no emission
in [t1,t2] interval
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Integral equation:
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Sudakov form factor

7

∆(t1, t2) = exp

[
−
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]
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∆(t, t′) = R1
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zmin(t′)
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P (z) = R2
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Veto algorithm:
dicing down a step in 
the ladder using two 

random numbers
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Coherence effects

8

• soft gluon radiation 
implicate large angles

• another type of evolution 
equation!

• in MC: accounted for in an 
“average” sense

• angular ordering

• good enough for 
inclusive & collinear 
observables

• inter-jet activity
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• soft gluon radiation 
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equation!
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Parton-showers in vacuum
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Q2 = t1

t2, z2

t3, z3

1− z2

t4, z4

t5, z5

1− z5

t0
t0

t0

• no reference to space-time

• large Nc-limit (planar)

• only closest dipoles can 
radiate

• multi-jet and matching

• non-perturbative effects

• color reconnections(!)

• hadronization at Q0

• Lund string model

• cluster hadronization
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Fig. 2. – Generator level comparison of various models available in Pythia 6.416. Charged
multiplicity distribution (right) and mean transverse momentum as function of the charged
multiplicity.
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Fig. 3. – Comparison of various models available in Pythia 6.416 including cuts used by CDF
(p⊥ > 0.4 GeV, |η| < 1.0) [7]. Charged multiplicity distribution (right) and mean transverse
momentum as function of the charged multiplicity. The data shown in the right plot became
available during the conference and so were not yet used directly to tune the annealing models.

been implemented in the Pythia generator since version 6.402. Alternative models, e.g.
the ones by Rathsman [21] and by Webber [22], would also be interesting to explore, but
we have so far not done this. We emphasise that both in the old models (Tune A and
cousins) as well as in the new models (Tune S0 and cousins) the colour correlations of
the underlying event affects the string topology of the hard interaction as well. In the
old model, gluons from the underlying event are sequentially “attached” to string pieces
defined by the hard interaction, and hence cause wrinkles and kinks on the existing
topology. In the new, annealing, models, more radical changes are possible, with the
colour flow of the hard interaction not necessarily preserved at all.

Briefly described, the annealing models work in the following way [20]. At hadro-

Wicke, Skands ’08
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Parton-showers in vacuum
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Q2 = t1

t2, z2

t3, z3

1− z2

t4, z4

t5, z5

1− z5

t0
t0

t0

• probabilistic interpretation 
ensured!

• PYTHIA
• virtuality (k⊥) ordered 

(veto on angular ordering)
• HERWIG

• angular ordered
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Parton-showers in vacuum
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Q2 = t1

t2, z2

t3, z3

1− z2

t4, z4

t5, z5

1− z5

t0
t0

t0

• probabilistic interpretation 
ensured!

• PYTHIA
• virtuality (k⊥) ordered 

(veto on angular ordering)
• HERWIG

• angular ordered

Issues in HIC:
• two types of radiation
• dispersion of momentum
• reference to space-time
• ...“(un)kown unkowns”
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Models: an overview
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[not comprehensive..! well of transport formulations!]

Wang, Gyulassy PRD 44 (1991) 3501, Comput.Phys.Commun. 83 (1994) 307
Lokhtin, Snigirev EPJC 45 (2006) 211, Renk, PRC 78 (2008) 034908,
Ingelman, Rathsman, Stachel, Wiedemann, Zapp EPJC 60 (2009) 617,
Stachel, Wiedemann, Zapp JHEP 1107 (2011) 118,
Schenke, Gale, Jeon PRC 80 (2009) 054913
Armesto, Cunqueiro, Salgado EPJC 61 (2009) 775, 
Armesto, Corcella, Cunqueiro, Salgado JHEP 0911 (2009) 122
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only one Comput. 
Phys. Commun!
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Standard features

12

Radiative processes Elastic processes

• 2➞3 induced radiation 
(Gunion-Bertsch)

• medium-modified 
splitting functions

• absorptive reactions

• transverse momentum 
broadening

• energy transfer, drag 
effects

• randomization of color
• back-reaction
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[pQCD] [Boltzman eq., ...]
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Radiative processes Elastic processes
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• transverse momentum 
broadening
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effects

• randomization of color
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[pQCD] [Boltzman eq., ...]
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Differences in evolution

13

Shower interacts 
Additional 
splittings

Early QCD 
Shower

Late QCD 
Shower

Modified 
splittings

Additional 
e-loss

MARTINI, Boltzman PYQUEN, I. Vitev T. Renk, JEWEL

t

t0

We need guidance from theory!

Courtesy: J. Casalderrey-Solana

Is it reasonable to assume a separation of these processes?
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Differences in evolution
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Shower interacts 
Additional 
splittings

Early QCD 
Shower

Late QCD 
Shower

Modified 
splittings

Additional 
e-loss

MARTINI, Boltzman PYQUEN, I. Vitev T. Renk, JEWEL

t

t0

Modified 
propagation

We need guidance from theory!

Courtesy: J. Casalderrey-Solana

Is it reasonable to assume a separation of these processes?
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YaJEM
• modifies PYSHOW

• implements space-time 
via formation time 
estimate

• in between splittings

• “drag”

• “broadening”

• if Q2≪∆Q2: tf is found 
iteratively

14

〈τi+1〉 =
Ei+1

Q2
i+1

− Ei+1

Q2
i

[lifetime of parton i+1]

τ0
i+1 =

i∑

j=1

τ0
j

[emergence of parton i+1]

P (τi) = exp
(
− τi

/
〈τi〉

)[smearing of lifetime]

 Renk, PRC 78 (2008) 034908
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q̂(ξ) = 2K ε(ξ)3/4
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cosh ρ(ξ)− sinh ρ(ξ) cosψ

]

∆Q2
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∫ τ0
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τ0
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dξ Dρ(ξ)

 Renk, PRC 78 (2008) 034908
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Path-dependence
• many modes

• RAD: only radiative

• DRAG: only drag

• FMED: enhanced 
singularity in vacuum 
splitting function

• ASW: ?

• YaJEM-D: enhanced 
path-length dependence

15

5

a probability distribution and since the system of equa-
tions is overdetermined for m > n errors on individual
points Ri do not have a critical influence on the outcome
any more.
Note that this ansatz leads to additional complications

in combination with the prescription to set the minimum
virtuality scale Q0 in the shower Eq. (5). This is due
to two reasons: First, in essence for short paths, energy
loss cannot be extracted reliably because the scale choice
for the vacuum part becomes only irrelevant if the vac-
uum shower is a small correction to the medium-induced
shower as discussed above. Unfortunately, for truly long
paths the second complication becomes apparent: unlike
in the light quark case, the charm mass mc rather than
Eq. (5) determines the point at which the branching is
stopped. In order to avoid the second limit, we use very
energetic c quarks to extract energy loss, thus allowing
for a larger length scale to be probed.
For these reasons, the actual effect of Eq. (5) on the

pathlength dependence of light parton energy loss is
only in a very limited way represented by evaluating
Eq. (7), and all energy loss results shown for this pre-
scription need to be treated with the appropriate amount
of caution. However, this is largely a complication of
the way energy loss is determined from an in-medium
shower result — there is no compelling reason to suspect
that Eq. (5) would be as problematic for the in-medium
shower evolution result as such or in the computation of
observables.
As a side remark, the fact that the mass of heavy

quarks largely set the scale at which the shower evolu-
tion is terminated implies that there is no substantial
heavy-quark radiative energy loss in the kinematical re-
gion of RHIC experiments in YaJEM. Without an ad-
ditional mechanism like elastic energy loss, YaJEM thus
fails (like other radiative energy loss models) to account
for the suppression of heavy quarks seen in single electron
spectra.

III. RESULTS

A. Pathlength dependence of energy loss

In Fig. 2 the mean energy loss as a function of path-
length extracted from YaJEM via Eq. (7) for a 100 GeV
charm quark as shower initiator is shown for different
options.
In the first case, the formation time of virtual states

Eq. (1) is not randomized by Eq. (2). The result is ini-
tially very well described by a quadratic length depen-
dence until (around 3 fm) finite energy corrections be-
come important and the limit of applicability is reached
and turn the curve over.
If randomization is taken into account the quadratic

dependence becomes much blurred, and the net result
can be described well by a linear growth with pathlength
until finite energy corrections and the limit of applicabil-
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const. L
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2
 /fm

FIG. 2: (Color online) The integrated mean energy loss ∆E
as a function of pathlength extracted from YaJEM for a 100
GeV shower-initiating c quark propagating through a con-
stant medium with q̂ = 5 GeV2/fm for different options
(see text), compared with a quadratical dependence on path-
length.

ity turn the result over to a constant again. This agrees
nicely with the scaling law identified in [17] and shows
that an algorithm which in principle reproduces the an-
alytical L2 dependence in the right limit may not show
this behaviour in practically relevant situations.
Finally, the last case shows the effect of a variable min-

imum virtuality scale Q0 according to Eq. (5). Note that,
following the previous discussion, certainly beyond 10 fm
the result is not characteristic for what would happen
in the light quark case as the charm quark mass rather
than Q0 determines where the branching process is ter-
minated. For a light quark, the curve would rise more
strongly.

B. Pathlength dependence of the nuclear
suppression factor RAA

In order to illustrate how pathlength effects manifest
in observable quantities, we use a realistic 3+1d hydro-
dynamical evolution model [28] for the bulk medium and
compute the dependence of the nuclear suppression fac-
tor RAA on the angle with the reaction plane in this
background. The straightforward computation is de-
scribed in detail in [16, 29]. It involves averaging the
medium-modified fragmentation function (MMFF) com-
puted from YaJEM over all possible paths through the
medium, which are in turn determined by the distribu-
tion of binary collisions in the transverse plane and the
orientation of the parton momentum vector with respect
to the reaction plane. This result is then folded with
a leading order perturbative Quantum Chromodynam-

Q0 =
√

E

L

Low pT hadron production

• looking at ξ = ln[1/z] magnifies low z particle production:

0 1 2 3 4 5
!

0

2

4

6

8

10

d
N

/d
!

vacuum

RAD, <"Q
2
> = 10 GeV

2

DRAG, <"E> = 10 GeV
FMED, f

med
 = 1.0

E = 20 GeV
d -> h

+-

• medium-induced radiation as in RAD or FMED enhance the hump-backed plateau

• a drag force in which energy is transferred to the medium does not

• picture of RAD and FMED: ’lost’ energy reappears in low PT hadron production
→ perturbative redistribution of energy in the jet cone

T.R., Phys. Rev. C 79 (2009) 054906

[stronger rise for light 
quarks & gluons]

[dynamical cut-off 
in medium]
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Q-PYTHIA

16

dN

dzdk2
⊥

=
dNmed

dzdk2
⊥

+
αs

2π

P (z)
k2
⊥

Armesto, Cunqueiro, 
Salgado EPJC 61 (2009) 775
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Summarizing, DGLAP evolution of fragmentation functions in a medium corresponds to the
usual picture of radiative energy loss through quenching weights when virtualities are ignored, and
only soft emissions are considered. This latter consideration lies at the root of all existing formalisms
for radiative energy loss. In this correspondence, the discrete part of the quenching weights maps
onto the Sudakov form factor, (A.8).
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In Appendix A we show that this procedure corresponds to the limiting case of our formalism for
very large virtualities and considering only soft emissions. Here we show in Fig. 7 the comparison
of the results of our medium-modified evolution with those using the quenching weights [11]. It
can be seen that with increasing length of the evolution, the results of both approaches get closer
and closer - specially for large values of z most relevant for phenomenological applications -, in
agreement with the discussion in Appendix A.

Figure 7: Left: Fragmentation function for gluons onto pions computed with our medium-modified
evolution (solid lines) and through the standard convolution with the quenching weights (dashed lines),
for Ejet = 40 GeV, q̂ = 1 GeV2/fm, L = 6 fm, and different Q2 = 2, 300 and 1600 GeV2. Right: Ratio of
the fragmentation function for gluons onto pions in a medium with the same characteristic as for the plot
on the left, over the fragmentation function in the vacuum, for the same values of Q2.

5. Conclusions

We have presented a new implementation of medium effects in shower evolution which takes into
account vacuum and medium-induced splittings on the same footing. We introduce a medium-
modified splitting function into a DGLAP-like evolution. By doing so, our formalism improves
previous ones, based on the Poisson approximation for the multiple gluon emission, by a consistent
implementation of kinematic constrains on every individual splitting as well as on secondary emis-
sions, which are included automatically . The explicit dependence of the virtuality in the evolution
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Figure 7: Left: Fragmentation function for gluons onto pions computed with our medium-modified
evolution (solid lines) and through the standard convolution with the quenching weights (dashed lines),
for Ejet = 40 GeV, q̂ = 1 GeV2/fm, L = 6 fm, and different Q2 = 2, 300 and 1600 GeV2. Right: Ratio of
the fragmentation function for gluons onto pions in a medium with the same characteristic as for the plot
on the left, over the fragmentation function in the vacuum, for the same values of Q2.
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4. Quenching on Jet Observables

Now we turn to evaluating the degree of quenching of the data using Q-PYTHIA. For that, we investigate the

effect of the influence of the q̂ parameter of this model, by changing its value up to 8 GeV2 fm−1 while keeping the

background fixed to σ = 10.75 GeV. By increasing q̂ in QPPYTHIA, the jet shower is accelerated with respect to

vacuum due to the increasing number of medium-induced splittings. In figure 2, one can observe the effect in the

dijet asymmetry and azimuthal correlation using jet area method to subtract the background. It seems that a q̂ = 8

GeV2 fm−1 is enough to induce a dijet asymmetry comparable to what is observed in data and the differences between

the curve with q̂ = 0 GeV2 fm−1 and q̂ = 8 GeV2 fm−1 for the dijet azimuthal correlation are in agreement with

the differences between the CMS Monte Carlo and CMS data. Moreover, Q-PYTHIA results show the same trend
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Figure 2: Jet Observables for a simulation using Q-PYTHIA with different q̂ parameters, embedded in a background with T = 0.9 (σ ∼ 11 GeV).
The red/dotted curve corresponds to a q̂ = 0 GeV2 fm−1, the black/dashed to a q̂ = 4 GeV2 fm−1 and the green/solid to a q̂ = 8 GeV2 fm−1. The

blue points are the CMS data while the purple triangles the CMS Monte Carlo simulation. The jet area method is used to subtract the background.

as the average missing transverse momentum data measured by CMS[2], as one can see in figure 3. Our toy model

simulates a system with global variables similar to those measured in the experiments: multiplicity, background level

and background fluctuations. However, the distribution of particles in space and the spatial range of their correlations

remains unconstrained. We believe that the missing p⊥ observable is extremely sensitive to this last feature, so in the

absence of a trully realstic background model, we choose to present only the results for the Q-PYTHIA simulation

without background while postponing more detailed studies which require truly realistic backgrounds. As reference

we compare the simulations without quenching, like standard PYTHIA (q̂ = 0 GeV2 fm−1) and the CMS simulation

for this observable. Our results for the missing transverse momentum outside a cone of ∆R = 0.8 around the leading

or subleading jet axis, displayed in figure 3(a), are in well agreement with the CMS simulation. By setting q̂ = 8

GeV2 fm−1 in Q-PYTHIA (figure 3(b)) we can compare our simulation with the CMS data. Again, we see that, at

least qualitatively, it is able to describe the main features of the data, i.e., in general a softest composition of the event,

and even outside the cone, the composition is still soft. It seems that a standard jet quenching model, where the

energy loss is within a close range of the parent parton, is able to explain the soft composition outside the cone, as

well as the other two observables, the dijet asymmetry and azimuthal correlation, without a compelling need of a large

angle emission mechanism. This can be interpreted as a consequence of event topology since that already in standard

PYTHIA, there are events with a large dijet asymmetry (AJ > 0.3), which are characterize by a large hard composition

outside of the cone (see figure 3(a)). This contribution can only come from an event in which the subleading jet emits

a hard parton at large angle, originating itself a third semi-hard jet. When propagating through a medium, all jets,

including this third jet, will be quenched, and consequently, their initial components are transformed into more soft

momentum particles.
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Figure 3: Average missing transverse momentum < p
‖
T
> outside of a cone (∆R > 0.8) around the leading or subleading jet axis as a function of

the dijet asymmetry, AJ for Q-PYTHIA simulation. Colored bands show the contribution to the < p
‖
T
> for five ranges of particles pT .

5. Conclusions

By comparing the two background subtraction techniques we saw that jet energy reconstruction shows sensitivity

to fluctuations of the background when using FastJet. In turn, the CMS-like method has a dependency on the pa-

rameter ET jets and presents some deviations in the angular reconstruction of the dijet pair. This can be related to the

intrinsic structure of the background, indicating that may be needed more than an effective ρ and σ to characterize

a background. As for the description of the observables with Q-PYTHIA, it seems that this model goes in the same

direction than data for the three observables addressed in this study: large jet momentum imbalance and an azimuthal

correlation which does not deviate much from the proton-proton case for a reasonable value of q̂; and the presence of

the higher amount of soft particles at large angle without the need of additional mechanisms of large angle emission.
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• neglecting final-state rescattering of vacuum 
radiation

• equivalent to radiation off asymptotic charge

• perfectly ok for ω dN/dω
• rescattering of induced radiation included in 

R(k+∑qrescat ,∑qinduced)

• veto radiation that hasn’t been formed inside 
the medium (qualitative guidance)

• dynamical determination of tf

• numerical simplification: R(k, q) ∼ δ
(
k − q

)



K. Tywoniuk (Lund University) “MCs of jet quenching: an overview”  

Space-time propagation
• define mean path lengths for 

rescattering and radiation

• emitter scatters only inelastically, 
“emitee” scatters only elastically

23

λel ≡
1

n0Vtot
λinel ≡

1
n0σinel

λel ! λinelBDMPS-Z limit:



K. Tywoniuk (Lund University) “MCs of jet quenching: an overview”  

Space-time propagation
• define mean path lengths for 

rescattering and radiation

• emitter scatters only inelastically, 
“emitee” scatters only elastically

23

λel ≡
1

n0Vtot
λinel ≡

1
n0σinel

λel ! λinelBDMPS-Z limit:

σinel ≡
αsCR

π2

∫
dωd2k

∫
d2q

(2π)2
|A(q)|2 1

ω
R(k, q)



K. Tywoniuk (Lund University) “MCs of jet quenching: an overview”  

Space-time propagation
• define mean path lengths for 

rescattering and radiation

• emitter scatters only inelastically, 
“emitee” scatters only elastically

23

S(in)el
no (L) = exp

(
− L/λ(in)el

)

λel ≡
1

n0Vtot
λinel ≡

1
n0σinel

λel ! λinelBDMPS-Z limit:

σinel ≡
αsCR

π2

∫
dωd2k

∫
d2q

(2π)2
|A(q)|2 1

ω
R(k, q)



K. Tywoniuk (Lund University) “MCs of jet quenching: an overview”  

Subtleties due to coherence
• tf establishes a “zone” 

for emission
• tf ≫ L: elastic re-

scatterings can take 
place along the 
whole (not 
remaining) path

• re-weight by (Ns)-1
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Figure 1. The average number of gluons, produced with exactly j momentum transfers from the
medium. Results are shown for some arbitrary choice of inelastic and elastic mean free path, and
total in-medium path length L. Analytical results of the BDMPS-Z formalism are compared to MC
simulations in the totally coherent and incoherent limits.

Γ-functions,

〈Ng〉
(incoh)
j = exp

(

−
L

λel

) ∞
∑

N=j

1

N !

(

L

λel

)N (

λel

λinel

)

=
L

λinel

Γ(j) − Γ(j, L
λel

)
L
λel

Γ(j)
(3.25)

One can check that the average number of incoherently produced gluons is again given by

〈Ng〉(incoh) =
∞
∑

j=1

〈Ng〉
(incoh)
j =

L

λinel
. (3.26)

Figure 1 shows analytical results for 〈Ng〉
(incoh)
j and 〈Ng〉

(coh)
j , compared to output of

the MC programs implementing the algorithms of section 3.2.1 and 3.2.2. We have tested

that the proposed algorithms reproduce the results of the BDMPS-Z formalism for a broad

– 22 –

[Ns = number of scatterings during formation]
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Limit: BDMPS-Z spectrum

• “BDMPS-Z scenario”

• only soft scattering

• only projectile is allowed 
to radiate

• spectrum is nicely reproduced 
with applied approximations

• allows to go beyond!
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Figure 2. The spectrum of medium-induced gluons as a function of gluon energy ω for different
in-medium path lengths L. To compare with the soft multiple scattering limit, results have been
calculated with extreme choices of elastic and inelastic mean free paths.

We then define operationally2

q̂ = qeff . (5.7)

In general, µ2/λel would be a poor approximation of qeff , but for the particular choice of

soft scattering centers (5.4) regulated at |q| = 2µ, 〈q2〉 = µ2 and qeff agree with µ2/λel. We

can now express the BDMPS parton energy loss formula (5.2) in terms of input parameters

of the proposed MC algorithm,

∆E =
1

4

1

fprop log (Eproj/ωmin)

λel

λinel
qeff L2 . (5.8)

It is this form of the BDMPS parton energy loss formula that we test in the MC studies

presented in this section.

2In a simplified scenario in which a fixed k
2 = µ2 is transferred per mean free path λel from the

medium to a gluon, the MC algorithm will accumulate within a length L = n λel a gluon phase ϕ ≈
1

2ω

Pn−1

j=0
j µ2 λel "

1

2ω

qeff L2

2
. This phase differs by a factor 2 from the standard analytical pocket estimate

ϕ = 〈k2〉
2ω

L " 1

2ω
q̂ L2. The reason is that the squared transverse momentum 〈k2〉∆L accumulated between

L − ∆L and L, can contribute to ϕ only with 〈k2〉∆L ∆L/2ω and not with 〈k2〉∆L L/2ω. This illustrates

that pocket formulas for ϕ (and a fortiori for ωc and Lc) should not be expected to provide numerically

accurate prefactors but identify the parametric dependencies only.
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naively assumed at least by us, but possibly also by others. In particular, a MC formula-

tion that selects gluon production processes according to an incoherent inelastic scattering

probability overestimates gluon production in the presence of interference effects. A quan-

titatively reliable implementation must correct for this overestimate, and the algorithm

proposed here is, as far as we know, the first one that does so. On general grounds,

one expects that this feature is not specific for the BDMPS-Z formalism, but persists in

more complete formulations of radiative parton energy loss. Secondly, it turns out that

the BDMPS-Z formalism cannot be implemented exactly in a formulation that interprets

formation times as deadtimes for subsequent gluon production. Technically, this can be

seen from the form of the average number of radiated quanta 〈Ng〉j as a function of the

number of active scattering centers j, discussed in subsection 3.3. (Formulations based on

a dead time interpretation would lead to expressions for 〈Ng〉j that contain terms ∝ λinel

in the arguments of exponentials.) That formation times are not dead times for subsequent

gluon production could have been expected on the simple ground that the BDMPS-Z for-

malism is based on a multiple scattering calculation with only one gluon in the final state

and therefore cannot account for the destructive interference between different gluons. It

remains to be seen whether this feature persists in more complete analytical calculations

of medium-induced gluon emission.

5 Numerical results on the gluon energy distribution

The MC algorithm of section 3 and 4 is tailored to provide a probabilistic implementation

of the opacity expansion of (2.2). At fixed order in opacity, terms in (2.2) can be pictured as

arising from interactions of the partonic projectile with afixed number of scattering centers.

This discrete picture of the medium lends itself naturally to a MC implementation, and

the proposed algorithm reproduces the analytically known distribution in the number of

scattering centers, see figure 1.

In contrast, in the multiple soft scattering limit of (2.2), information about the discrete

structure of the medium is lost. This limit is obtained from a saddle point approximation

of the path integral in (2.2), setting n σ(r) = 1
2 q̂ r2 . In this approximation, the BDMPS-Z

transport coefficient q̂ characterizes the average transverse momentum squared, transferred

from the medium to the projectile per unit path length. The medium can be pictured as

providing for the projectile a continuous transverse color field whose strength is character-

ized by q̂.

Here, we shall compare results of the proposed MC algorithm to the BDMPS-Z multiple

soft scattering approximation of (2.2) according to which the energy distribution (2.2) of

gluons emitted from a highly energetic projectile shows the characteristic 1/
√

ω-dependence

of the non-Abelian Landau-Pomeranchuk-Migdal effect,

ω
dI

dω
%

2αsCR

π

{

√

ωc/2ω for ω & ωc
1
12

(

ωc

ω

)2
for ω ' ωc

. (5.1)

This 1/
√

ω-spectrum is cut-off due to formation time effects at a characteristic gluon energy
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[see Fabio’s talk, Wed]
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WHAT WE HAVE LEARNED

Color transparency for                     or r⊥ < Q−1
s

r⊥ > Q−1
s

θjet < θc ∼
1√
q̂L3

Decoherence

QGP

L

Q−1
s

M⊥ ≡ E θjet r⊥ jet

Courtesy: Y. Mehtar-Tani
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Guidance from the antenna
Two emitters

?

1/Qs

One emitter

?

1/Qs

•Shower transverse size < 1/Qs ⇒ radiation as a single parton

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

Genuine pQCD effect: color transparency
[tunneling]

Courtesy: J. Casalderrey-Solana
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An important point...
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Figure 12. The N = 1 opacity correction to the fragmentation of a high-pT quark, interfaced with the

Lund-string hadronization routine. In the case of final state radiation (FSR, left hand side) the radiated

gluon remains color connected with the other daughter of the branching and, if sufficiently collinear, can

contribute to the energy of the leading hadron. For initial state radiation (ISR, right hand side), the

gluon results color decohered from the leading projectile fragment, independently on the emission angle;

an independent Lund string is associated to it, whose decay will contribute to an enhanced multiplicity of

soft particles.

case of Initial State Radiation (right panel of Fig. 12), the radiated gluon is color decohered from

the projectile fragment; this means that it is instead linked through an independent string to a
low-pT particle in the medium. For the following, the Lund strings in Fig. 12 are defined in terms

of the 4-momenta of their end-points and kinks. For simplicity both the leading quark fragment and
the radiated gluon are assumed to be emitted at mid-rapidity (η = 0, i.e. θ = π/2) and at relative

azimuthal angle φ. The other endpoint of the string will then be attached either to a particle from
the medium or from the beam remnant: in both cases it will sit at low-pT . Medium particles are
taken with a typical thermal energy ∼ 3T , with random event-by-event momentum orientation. For

the temperature we take the value T = 200 MeV5. For the antiquark from the beam remnant, we
choose a large momentum along the beam direction (E = 1 TeV and pT = 0). The only dependence

on E resides in the extension of the plateau in the rapidity distribution of (very soft) hadrons from
the decay of the subleading string.

Figure 13 shows examples of the distribution of hadronic fragments of the Lund strings de-

picted in Fig. 12. These results were obtained for a typical partonic configuration with a quark
at high transverse momentum pT and a radiated gluon at much smaller transverse momentum (as

an illustration we chose here and in the following kT = 0.1 pT ). In the left panel of Fig. 13 we
display, for the two different color channels, the fragmentation pattern of a hard quark branching

in the medium. The FSR case (red curve) corresponds to a vacuum-like color flow: in this case

5The results were found to have a negligible dependence on the temperature. This is consistent with the idea that
the precise position of the soft endpoint of a string is unimportant for the hadronization of hard fragments.
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Perturbative vs non-perturbative aspects of jet quenching:

Conclusions

Relevance for info on medium properties

Hadronization schemes developed to reproduce data from
elementary collisions: a situation in which most of the radiated
gluons are still color-connected with leading high-pT fragment;

In the case of AA collisions a naive convolution

Parton Energy loss ⊗ Vacuum Fragmentation

without accounting for the modified color-flow would result into a
too hard hadron spectrum: fitting the experimental amount of
quenching would require an overestimate of the energy loss at the
partonic level;

Andrea Beraudo, Hard Probes 2012

Beraudo, Milhano, Wiedemann JHEP 1207 (2012) 144 
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the “truth” is out there...
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Outlook
• generic features: energy loss & softening

• how robust are the experimental signals to:

• collisional (drag), radiative, collimation 
(broadening), NLO, non-perturbative 
(hadronization)........

• how to get a handle?

• do we need to rethink approach to the 
problem?
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