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ª Jet Quenching has been established as a fundamental 
tool to study hot matter in HIC: already at the LHC!!! 4
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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets

(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton

data from
√
s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ∆φ, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

(asymmetries larger than 0.6 can only exist for leading

jets substantially above the kinematic threshold of 100

GeV transverse energy). The ∆φ distributions show that

the leading and second jets are primarily back-to-back in

all centrality bins; however, a systematic increase is ob-

served in the rate of second jets at large angles relative

to the recoil direction as the events become more central.

Numerous studies have been performed to verify that

the events with large asymmetry are not produced by

backgrounds or detector effects. Detector effects primar-

ily include readout errors and local acceptance loss due to

dead channels and detector cracks. All of the jet events

in this sample were checked, and no events were flagged

as problematic. The analysis was repeated first requiring

both jets to be within |η| < 1 and |η| < 2, to see if there

is any effect related to boundaries between the calorime-

ter sections, and no change to the distribution was ob-

served. Furthermore, the highly-asymmetric dijets were

not found to populate any specific region of the calorime-

ter, indicating that no substantial fraction of produced

energy was lost in an inefficient or uncovered region.

To investigate the effect of the underlying event, the

jet radius parameter R was varied from 0.4 to 0.2 and

0.6 with the result that the large asymmetry was not re-

duced. In fact, the asymmetry increased for the smaller

radius, which would not be expected if detector effects

are dominant. The analysis was independently corrobo-

rated by a study of “track jets”, reconstructed with ID

tracks of pT > 4 GeV using the same jet algorithms. The

ID has an estimated efficiency for reconstructing charged

hadrons above pT > 1 GeV of approximately 80% in the

most peripheral events (the same as that found in 7 TeV

proton-proton operation) and 70% in the most central

events, due to the approximately 10% occupancy reached

in the silicon strips. A similar asymmetry effect is also

observed with track jets. The jet energy scale and under-

lying event subtraction were also validated by correlating

calorimeter and track-based jet measurements.

The missing ET distribution was measured for mini-

mum bias heavy ion events as a function of the total ET

deposited in the calorimeters up to about ΣET = 10 TeV.

The resolution as a function of total ET shows the same

behavior as in proton-proton collisions. None of the

events in the jet selected sample was found to have an

anomalously large missing ET .

The events containing high-pT jets were studied for the

presence of high-pT muons that could carry a large frac-

tion of the recoil energy. Fewer than 2% of the events

have a muon with pT > 10 GeV, potentially recoiling

against the leading jet, so this can not explain the preva-

lence of highly asymmetric dijet topologies in more cen-

tral events.

None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or

detector-related effects.

In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector

at the LHC. In a sample of events with a reconstructed

jet with transverse energy of 100 GeV or more, an asym-

metry is observed between the transverse energies of the

Aj =
ET1 !ET 2

ET1 +ET 2

Di-jet Asymmetry 

CMS 
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ª Jet Quenching has been established as a fundamental 
tool to study hot matter in HIC: already at the LHC!!! 
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Figure 2: The pT distributions of primary charged particles at mid-rapidity (|! | < 0.8) in central (0–5%) and
peripheral (70–80%) Pb–Pb collisions at √sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ≈ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7< pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Suppression of high-pT spectrum 

ALICE 
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ª How does the medium modify a jet? 
ª Radiative energy loss of a high-energy parton 

ª Modification of the standard QCD radiation pattern 

ª Energy loss            T, ε, .. 

 

T, ε,
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ª How does the medium modify a jet? 
ª Radiative energy loss of a high-energy parton 

ª Modification of the standard QCD radiation pattern 

ª Energy loss            T, ε, .. 

 

ª Analytic existing formalisms (BDMPS/ASW/GLV, AMY, 
HT) rely on: 
ª  high-energy approximation  

ª assumptions on multiple  emissions 

T, ε,
… 

Monte Carlo 
 (PYQUEN, YaJem, Q-PYTHIA/
HERWIG, HIJING, MARTINI,…) 
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ª Vacuum (PYTHIA, HERWIG, SHERPA): 
ª Process of branching characterized by Paèbc: splitting 

functions 

ª Each parton characterized by some virtuality scale, Q2 
(t=m2, pt

2,θ: all of them equivalent at high energies) 

ª Evolution downwards in Q2 (‘time’ ordering) 

ª Color coherence effects essential 
ª Ordering of subsequent independent emissions in terms of 

decreasing angle 

α >β >γ >λ 
β >θ 

α 

θ 

β 

γ λ 
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ª Medium (Q-PYTHIA): 
ª Medium-induced gluon radiation taken as the main 

ingredient 
ª Presence of a medium 

ª Time should play a role as an ordering variable 

ª Ordering variable for multiple gluon emission? 
ª Assume Q2 = m2 but eventually correct for the finite formation 

time of the gluons 

ª Independence of multiple gluon emission when re-scattering 
with the medium as in vacuum 
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ª Medium (Q-PYTHIA): 
ª Medium-induced gluon radiation taken as the main 

ingredient 
ª Presence of a medium 

ª Time should play a role as an ordering variable 

ª Ordering variable for multiple gluon emission? 
ª Assume Q2 = m2 but eventually correct for the finite formation 

time of the gluons 

ª Independence of multiple gluon emission when re-scattering 
with the medium as in vacuum 

ª Does not consider: 
ª Recoil (elastic energy loss)  

ª Modification of the color structure of the shower by 
exchanges with the medium 

ª Back-reaction 

ª In-medium hadronization 



ª Total medium-induced radiation spectrum 
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ª Total medium-induced radiation spectrum 

 
 

ª Analogy with the soft limit of the vacuum part: define 
medium-modified part of the splitting function as: 
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ª Total medium-induced radiation spectrum 

 
 

ª Analogy with the soft limit of the vacuum part: define 
medium-modified part of the splitting function as: 

ª Extension to hard emission as in vacuum 

Q-PYTHIA: a Monte Carlo Framework for Jet Quenching 14 
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ª Implementation of the t-ordered final state radiation 
routine in PYTHIA: 
ª Probabilistic interpretation of DGLAP evolution: 

 No splitting 
between t0 and t Contribution when some finite 

amount of radiation is present 
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ª Implementation of the t-ordered final state radiation 
routine in PYTHIA: 
ª Probabilistic interpretation of DGLAP evolution: 

 

ª Sudakov form factor: probability not to branch while evolving 
from scale t0 to t1 

No splitting 
between t0 and t Contribution when some finite 

amount of radiation is present 
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ª Implementation of the t-ordered final state radiation 
routine in PYTHIA: 
ª Probabilistic interpretation of DGLAP evolution: 

 

ª Sudakov form factor: probability not to branch while evolving 
from scale t0 to t1 

No splitting 
between t0 and t Contribution when some finite 

amount of radiation is present 
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ª Medium-modified Sudakov factor 

 

 

Medium Modified Gluon Splitting Function

Liliana Apolinario

May 13, 2011

1 Medium: two scatterings
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ª Medium-modified Sudakov factor 

 

 
ª Medium parameters: 

ª Length (L) 

ª Transport coefficient (  ) 

Medium 
information 
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ª Medium-modified Sudakov factor 
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ª Length (L) 
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[Armesto, Cunqueiro, Salgado, Xiang] 

Suppression of the Sudakov: 
more radiation in medium than 

in vacuum 

Transformed  into 
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ª Q-PYTHIA is the usual PYTHIA-6.1.18 with a modified 
final-state radiation: 
ª Only modification: t-ordered FSR routine PYSHOW 

ª Additional auxiliary routines (black box) + two routines that 
can be modified by the user: 
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ª Q-PYTHIA is the usual PYTHIA-6.1.18 with a modified 
final-state radiation: 
ª Only modification: t-ordered FSR routine PYSHOW 

ª Additional auxiliary routines (black box) + two routines that 
can be modified by the user: 

ª QPYGIN0(x0,y0,z0,t0): user specifies the position and time of the 
hard scattering, to be called once per NN collision 

ª QPYGEO(x,y,z,t,βx,βy,βz,QHL,OC) computes the parameters 
(QHL,OC) for a parton located at (x,y,z,t) moving along the 
direction defined by (βx,βy,βz); medium to be specified by the 
user (some defaults available) 

Medium with: 
   QHL =  
    OC =  

QPYGIN0(x0,y0,z0,t0)  

QPYGEO(x,y,z,t,βx,βy,βz)  
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ª Usage: 
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ª Usage: 

QPYGIN0 
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ª Usage: 

QPYGIN0 
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ª Usage: 

QPYGIN0 

First call of QPYGEO 
(evaluated at L) 

Compute QHL and OC  
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ª Usage: 

QPYGIN0 

First call of QPYGEO 
(evaluated at L) 

Compute QHL and OC  

Second call of QPYGEO 
(evaluated at L-lcoh) 

Compute new QHL and OC  
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ª Usage: 

QPYGIN0 

First call of QPYGEO 
(evaluated at L) 

Compute QHL and OC  

Second call of QPYGEO 
(evaluated at L-lcoh) 

Compute new QHL and OC  

Moreover: 
Energy degradation 
considered at each 

splitting (ΔP depends 
on E) 
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ª Results at parton level: 

[Armesto, Cunqueiro, Salgado] 
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ª Results at parton level: 

[Armesto, Cunqueiro, Salgado] 

Suppresion of 
low-ξ particles 

Enhancement of 
large-ξ 

Supression of high-pT particles (E conservation) and 
enhancement of intermediate-pT 

Broadening of 
angular 

distribution 
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ª Results at hadron level: 

[Armesto, Cunqueiro, Salgado] 

Medium effects are diminished by hadronization: low 
momentum partons do not produce hadrons 
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ª Medium length and energy degradation effects on 
evolution 

[Armesto, Cunqueiro, Salgado] 

Medium effects are largest considering energy 
degradation but no evolution in length 
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ª Some on-going studies on jets: 
ª Problems/Difficulties on the theory side: 

ª Cut in pT and definition of MC truth 
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ª Some on-going studies on jets: 
ª Problems/Difficulties on the theory side: 

ª Cut in pT and definition of MC truth 

ª Background subtraction 
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ª Some on-going studies on jets: 
ª Problems/Difficulties on the theory side: 

ª Cut in pT and definition of MC truth 

ª Background subtraction 

Et2=25 GeV 

Circle subtraction 

Stripe subtraction 

See also: 
Cacciari, Salam, Soyez, 2011 

He, Vitev, Zhang, 2011 
Lokhtin, Belyaev, Snigirev, 2011 
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ª Medium-induced gluon radiation spectrum only for 
small-x 
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and the medium contribution comes from the diagram 2(b) with its own complex conjugate and
with the complex conjugate of diagram 2(a):
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K denotes the two-dimensional path-integral

Kω(x+,x⊥; y+,y⊥)
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Dr⊥(ξ) exp
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n(ξ)σ (r⊥(ξ))
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(7)

and is the result of the medium averages, a necessary step since a frozen configuration profile of
the medium is taken for the calculation. The medium dependence of the spectrum comes from the
factor n(ξ)σ(r⊥). The density of scattering centers is given by n(ξ) and its space configuration
and strength is contained in the dipole cross section,

σ(r⊥) = 2CF

∫

dq⊥

(2π)2
|a0(q⊥)|2

(

1− e−iq⊥·r⊥
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(8)

2.2 Limit of x → 1

Here, we want to compute the same contributions as derived in the previous section, but now,
assuming that x → 1. We work in the high-energy limit, which means that terms proportional to
pi⊥ , qi⊥ or ki⊥ are neglected in the numerator. As for the denominator, the propagators coming
from the initial quark and from the gluon, will be simplified to:

i /pi
p2i + iε

#
i /pi

2pi+pi− + iε
(9)

whereas for the final quark, the term proportional to qi⊥
2 is kept in the denominator,

i /qi
q2i + iε

#
i /qi

2qi+qi− − q2i⊥ + iε
(10)

Doing this we are assuming that the most energetic partons (the initial quark and the gluon) will
only acquire a color phase by crossing the medium and since the final quark is much more softer
than the other two, the contribution from qi⊥ in the denominator must be taken into account to
allow some motion in the transverse plane.

We will first compute the contribution where the gluon is emitted outside the medium. Starting
by one scattering with the medium (diagram represented in figure 3 ),
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ª Medium-induced gluon radiation spectrum only for 
small-x 

ª Medium modified splitting functions extended by 
comparison with the vacuum ones 
ª e.g: qèq 

Medium Modified Gluon Splitting Function

Liliana Apolinario

May 13, 2011
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Kω(x+,x⊥; y+,y⊥)

∫ r⊥(y+)=y⊥

r⊥(x+)=x⊥

Dr⊥(ξ) exp

{

∫ y+

x+

dξ

[

iω

2
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and is the result of the medium averages, a necessary step since a frozen configuration profile of
the medium is taken for the calculation. The medium dependence of the spectrum comes from the
factor n(ξ)σ(r⊥). The density of scattering centers is given by n(ξ) and its space configuration
and strength is contained in the dipole cross section,

σ(r⊥) = 2CF

∫

dq⊥

(2π)2
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(

1− e−iq⊥·r⊥
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2.2 Limit of x → 1

Here, we want to compute the same contributions as derived in the previous section, but now,
assuming that x → 1. We work in the high-energy limit, which means that terms proportional to
pi⊥ , qi⊥ or ki⊥ are neglected in the numerator. As for the denominator, the propagators coming
from the initial quark and from the gluon, will be simplified to:
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2pi+pi− + iε
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whereas for the final quark, the term proportional to qi⊥
2 is kept in the denominator,

i /qi
q2i + iε
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2qi+qi− − q2i⊥ + iε
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Doing this we are assuming that the most energetic partons (the initial quark and the gluon) will
only acquire a color phase by crossing the medium and since the final quark is much more softer
than the other two, the contribution from qi⊥ in the denominator must be taken into account to
allow some motion in the transverse plane.

We will first compute the contribution where the gluon is emitted outside the medium. Starting
by one scattering with the medium (diagram represented in figure 3 ),
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ª Medium-induced gluon radiation spectrum only for 
small-x 

ª Medium modified splitting functions extended by 
comparison with the vacuum ones 
ª e.g: qèq 
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K denotes the two-dimensional path-integral
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and is the result of the medium averages, a necessary step since a frozen configuration profile of
the medium is taken for the calculation. The medium dependence of the spectrum comes from the
factor n(ξ)σ(r⊥). The density of scattering centers is given by n(ξ) and its space configuration
and strength is contained in the dipole cross section,

σ(r⊥) = 2CF

∫
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(2π)2
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(
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2.2 Limit of x → 1

Here, we want to compute the same contributions as derived in the previous section, but now,
assuming that x → 1. We work in the high-energy limit, which means that terms proportional to
pi⊥ , qi⊥ or ki⊥ are neglected in the numerator. As for the denominator, the propagators coming
from the initial quark and from the gluon, will be simplified to:

i /pi
p2i + iε

#
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2pi+pi− + iε
(9)

whereas for the final quark, the term proportional to qi⊥
2 is kept in the denominator,
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q2i + iε
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2qi+qi− − q2i⊥ + iε
(10)

Doing this we are assuming that the most energetic partons (the initial quark and the gluon) will
only acquire a color phase by crossing the medium and since the final quark is much more softer
than the other two, the contribution from qi⊥ in the denominator must be taken into account to
allow some motion in the transverse plane.

We will first compute the contribution where the gluon is emitted outside the medium. Starting
by one scattering with the medium (diagram represented in figure 3 ),

S1 =
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ª Instead of extending, compute the radiation spectrum 
in the opposite limit (x~1): 
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ª Instead of extending, compute the radiation spectrum 
in the opposite limit (x~1): 

ª Similar structure to the case x~0 
ª Main differences: 

ª Fundamental representation instead of adjoint:  

ª Dependence with (1-x) 

ª Kinematic limit: goes to zero when xè1 

ª Include corrections in the Q-PYTHIA  by matching the 
two functions 
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ª Read Q-PYTHIA inputs from an external file 
ª Avoid compilation 

ª Options for QPYGIN0 (overlap) 
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ª Read Q-PYTHIA inputs from an external file 
ª Avoid compilation 

ª Options for QPYGIN0 (overlap) 

ª Implementation of several profiles of the medium 
ª Cylindrical expanding medium (a la HYDJET) 

ª Hydrodynamical model (Hirano profiles for RHIC: 
parevo3.0) 

ª PQM (overlap) geometry 
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ª Read Q-PYTHIA inputs from an external file 
ª Avoid compilation 

ª Options for QPYGIN0 (overlap) 

ª Implementation of several profiles of the medium 
ª Cylindrical expanding medium (a la HYDJET) 

ª Hydrodynamical model (Hirano profiles for RHIC: 
parevo3.0) 

ª PQM (overlap) geometry 

ª Faster Running 
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ª Inclusion of: 
ª Elastic energy loss 

ª Modification of the color structure by medium-induced 
gluon radiation 

ª Energy flow from/to the medium 

ª More than one single-inclusive spectrum 
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ª Inclusion of: 
ª Elastic energy loss 

ª Modification of the color structure by medium-induced 
gluon radiation 

ª Energy flow from/to the medium 

ª More than one single-inclusive spectrum 

ª Better modeling of: 
ª Ordering variable in the medium case 

ª Factorization 



Thanks! 
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ª Q-PYTHIA download: 
ª http://igfae.usc.es/qatmc/ 


