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Summary of CMS RAA results

Color-less probes 
are unsuppressed

Strong quenching 
for light hadrons 

13

b-quarks are 
quenched

(but not as much 
as light hadrons) arXiv:1202.2554
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Introduction

• Jets & Hadrons are suppressed at RHIC 
and the LHC

• Jets gain lose energy and gain (some) 
transverse momentum from the medium 

• Jet interactions are split into elastic and 
radiative, the strength of each is quantified 
by a transport coefficient: e-hat and q-hat. 

• Measuring or calculating these is a major 
goal of heavy-ion jet physics

• What does the current zoo of jet 
observables actually tell us about the 
physics of quenching?
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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 ��, the

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

tral events a peak is visible at higher asymmetry values
(asymmetries larger than 0.6 can only exist for leading
jets substantially above the kinematic threshold of 100
GeV transverse energy). The �⇥ 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 e⇤ects. Detector e⇤ects 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 |�| < 1 and |�| < 2, to see if there
is any e⇤ect 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 ine⌃cient or uncovered region.

To investigate the e⇤ect 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 e⇤ects
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 e⌃ciency 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 e⇤ect 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 ⇥ET = 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 e⇤ects.

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-
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VNI/BMS Jet Simulation Methodology
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The PCM

Use the VNI/BMS Parton Cascade Model 10 to simulate the evolution of a
brick of QGP matter.

Figure 3: The basic 2 ⇤ 2 processes in the PCM, all possible rotations of these graphs are included

For a medium at T = 250MeV , with an estimated mean free path of ⇥ ⇥ 1 the energy loss can be estimated to be around
�E ⇥ 80�s GeV for a medium of L = 10fm and �E ⇥ 20�s GeV for a 5fm medium. These are sizable losses, given that
�s ⇥ 0.3 at this scale. Typical values of the radiated gluon energy for this medium is ⌅ � 3GeV , so several soft emissions
are expected.

As derived this is a simplistic model, with the LPM interferences only arsing between the potential emission centers.
In the full QCD calculation [12] the gluon is allowed to rescatter after emission and analytic treatment of the radiation
spectrum relies upon the random-walk or harmonic oscillator approximation (see §5 in [12]).

There are a number of formalisms for the computation of leading parton jet-energy loss. Zakharov [20, 21] formulated
the problem in terms of a light-cone path integral, this can be shown to produce equivalent results to the BDMPS
analysis. Caron-Huot and Gale [22] have further developed the path integral formalism by converting the path integral
into an equivalent radiation rate which is more readily analysed. The DGLV [23, 24, 25] formulation is based upon an
order by order evaluation of the pQCD diagrams involved with medium-induced bremsstrahlung, including all of the
medium rescattering diagrams. An algebraic method has been developed for taking the computation to higher orders and
the results reproduce BDMPS in the correct limit. None of these formalisms include the formation of the jet through a
hard collision, in the higher-twist (HT) formulation [13, 26, 27, 9, 28] the formation of a jet, along with its subsequent
radiation and interaction with the medium are all calculated within strictly perturbative QCD. This is perhaps the most
realistic treatment of the problem but potentially also the least transparent.

3 The Parton Cascade Model

The VNI/BMS parton cascade model (PCM) [29, 30] is a Monte-Carlo model of a partonic QGP, the medium is a collection
of quarks and gluons which propagate along classical trajectories. A geometric interpretation of the total cross section for
each interaction channel determines which partons interact. The partons interact through 2 ⇤ 2 QCD elastic scattering
processes (see Fig: 3), outgoing virtual partons from a hard collision may radiate their way back on shell. The model can
be run in a box mode with periodic boundary conditions to simulate a block of infinite QGP matter or initialised by the
collision of two incoming nucleii. A jet is created by “firing” a parton, with characteristic momentum far higher than the
medium scale, into the QGP box. An attractive feature of partonic models is their treatment of the jet and medium on an
equal footing. We can measure not only leading parton observables such as transverse momentum broadening and energy
loss and the response of the medium to the passing jet via measurements of the energy-deposition and induced density
currents..

The LPM [19, 18] e⇥ect is approximately included in the PCM. The radiation by an o⇥-shell quark with virtual mass
M of a gluon with energy E takes some finite amount of time ⇤f = E

M2 in the plasma-frame. Additional scattering centers
that are within the formation-length of the radiating system cannot be separately resolved from the initial scattering
center, their momentum transfer should be added coherently to that of the emitting system.

Zapp and Wiedemann [31] proposed a Monte-Carlo implementation of the LPM e⇥ect which reproduces the leading-
parton BDMPS [10, 11, 12] energy loss result derived above (26). Whenever an inelastic scattering is initiated the
formation-time of the radiated gluon is calculated, during this formation time the radiating quark propagates but does
not interact, the radiated gluon also propagates but is allowed to scatter elastically with medium partons. Each time the
gluon re-scatters the formation time is recalculated as

⇤nf =
⌅

(k� +
�n

i=1 q�,i)2
, (29)

this simulates the emission of a gluon from n unresolved centers which transfer their momentum coherently.
Currently we have implemented this algorithm with the VNI/BMS parton cascade (Fig 4), however the radiative

process in this case is taken to be a full PYTHIA time-like vacuum shower as opposed to the Gunion Bertsch [32] 2 ⇤ 3
matrix element used by Zapp [31]. Furthermore the parton which propagates and re-scatters is always the leading parton
in the cascade, which may or may not be a gluon. This model reproduces the BDMPS leading parton result (26) see Fig
5.
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Numerically solve the Boltzmann equation for the motion of a set of
partons, all 2 ⇥ 2 elastic interactions are allowed.

pµ ⇧
⇧xµ

Fk(x , p) =
�

processes

CiF .

The collision functional is

CiFk(x , p) =
(2⇥)4

2Si

⇤ ⇥

j

d�j |Mi |2�4 (Pin � Pout)D(Fk(x , p)),

where d�j is the LIPS for the process j and the D collision flux

Numerically project partons on classical trajectories and use a geometric
interpretation of the total cross-section to pick interactions.

I.C can be a thermal QGP or initialized from a nuclear collision.
10Geiger.K, Müller.B, Nucl Phys B369 (1992)
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VNI/BMS - 2.0, a simple JET transport model

• Partonic transport via the Boltzmann equation. 
Treats medium and jet on an equal footing. 

• Interactions are tree level 2->2 scatterings and 
final-state radiation. Radiation includes 
leading order (BDMPS-Z) LPM effect.

• Medium is a box of thermal partonic QGP at a 
fixed temperature. No expansion!

• Cross sections are screened by Debye mass, 
computed using the box temperature 

• A generated jet is injected, cascade of 
interacting partons are tracked. Evolution of 
entire jet is recorded. 

��EBDMPS =
�sCR
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Zapp and Wiedemann, LPM Algorithm

• Probabilistic local implementation of coherence,
gives rise to an L^2 energy loss.

• Post Inelastic scattering, compute formation time of 
emitted gluon

• Emitting parton does not interact during this time

• Radiated gluon rescatters elastically off the 
medium, recompute modified formation time

• Repeat until formation time expires

• Quark and gluon propagate freely

• Simulates coherent emission from multiple centers
5

LPM Implementation in the PCM

In the style of Zapp & Wiedemann (Phys Rev Lett, 103 (2009), JEWEL)
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After computing a vacuum-shower, calculate the formation time of the
leading parton �f . All partons produced propagate spatially during this
time (no interactions).
The lead parton (or probe) is allowed to scatter elastically with the
medium.
The additional q�

(i) gained from these scatterings is used to compute a
new formation time.

� (n)
f =

2⇥
�
k� +

⇤n
i=0 q�(i)

⇥2

Repeat until the formation time expires, then shower and probe partons
are fully formed and propagate normally.
The vacuum shower partons do not interact with the medium until the
formation time expires, this probabilistically imposes the e�ect of
vacuum-medium interference.

⌧ (0)f

⌧ (n)f

q(1)
? q(n)

?

inelastic scattering

n elastic scatterings

Final formation time

gluon

quark

Initial formation time

...

Zapp K, Wiedemann U. Phys Rev Lett, 103 (2009) JEWEL
CCS, S.A.Bass, D.K.Srivastava, hep-ph/1101.4895
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Jet Simulation Method: Box Mode

• Insert all partons 
from each jet 
into parton 
cascade box and 
evolve for a fixed 
path length.

• Medium is 
partonic and 
static, 
temperature can 
be fixed for the 
entire evolution.

• Medium and jet 
interact on an 
equal footing, 
track all resulting 
partons

6

Leading Jet

Subleading Jet

Pythia pp & 
FastJet

Leading Jet

Subleading Jet

Pythia pp & 
FastJet

Insert all 
jet partons

Evolve for fixed length.

Generate pp 
events

Analyze final 
jet partons

A fully 
controllable 

brick of QCD 
matter

PARTON 
CASCADE
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Hadronization In VNI/BMS - 2.0

Hard Process

Color structure 
from event 
generator is 
preserved 

PARTON 
CASCADE

Color is 
tracked in 
partonic 

interactions

Pythia 8  
Lund 

Strings

Hadrons

THERMAL 
Partons

A minimal set of 
thermal  partons 

are added to 
ensure a color 

singlet final state

Tracked “jetty” Partons

Color labeling follows the Les Houches Accord
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Hadronization In VNI/BMS
100 GeV quark evolved for 4fm in a box at T=350 MeV

Hadronization contracts the 
transverse momentum distribution

Hadronization smooths the 
longitudinal distribution, peak at Z=1 is 

redistributed 
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Jet Observables - VNI/BMS - Box Mode
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Dijet Simulation Method: Circle Mode

• Vacuum shower evolution takes 
place in Pythia.

• Sample production vertices 
uniformly within a circular medium 
of some radius R. Sample jet paths 
as length of random chord 
generated from vertices to edge of 
medium. 

• Insert all partons from each jet into 
parton cascade box and evolve for 
sampled path length.

• Medium is partonic and static, 
temperature is fixed for duration of 
the evolution. 10

Leading Jet

Subleading Jet

Pythia pp & 
FastJet

Leading Jet

Subleading Jet

Pythia pp & 
FastJet

Effective Medium
Radius

Sampled Vertex

Jet Path

Jet Path

PARTON 
CASCADE

Insert all partons

Evolve for 
sampled
length.

Generate pp 
events

Sample 
production 

vertices
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LHC Dijet Results
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Circle Mode + Glauber 
Vertices can reproduce 
LHC data reasonably 
well. 

Central collisions 
(0-10%)
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Process Dependence
• T = 0.35 GeV

• Elastic only, distribution shifts to 
the left. Medium reduces the 
asymmetry 

• Jet “picks up” medium particles 
by forward scattering 

ET1 > 100GeV ET2 > 25GeV

Radiation plus elastic gives increased 
asymmetry.

Soft radiated gluons can be 
elastically scattered out of the jet 
cone

R = 3fm

R = 5fm
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Partonic Jet R_AA 

• Fixed T = 0.35 MeV, 0-10% central

• Relatively strong lengthendence. 

• Partonic, no hadronization yet.
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Di-jet Asymmetry at RHIC

• Use VNI/BMS to try and understand dependence of Aj on:

• Qhat, determined by the medium temperature: T = 250, 350 MeV

• Distance travelled by the both jets

• Cuts on leading jet energy and cone-radius:  
Elead > 20, 35, 50 GeV, R = {0.2, 0.3, 0.4}

• Interaction mechanism, elastic or elastic+rad

• Setup:

• Di-jets generated by p+p at 200GeV, with cuts / jet definition applied 

• Cuts and jet definition are applied in post-processing 

C.C-S, B.Müller, “What can we learn from Dijet suppression at RHIC”, Phys.Rev.C 86  (2012)
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Dijet Asymmetry - Varying Medium Temperature

Dijet Asymmetry is similar for partonic and hadronic 
jets 
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Increasing medium temperature increases 
asymmetry.
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Dijet Asymmetry - Varying Jet Cone Radius

Increased Cone Radius reduces asymmetry, 
captures more of the modified jet

Aj

P(
A j
)

0.
0

1.
0

2.
0

3.
0

4.
0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

R = 0.2
R = 0.3
R = 0.4
Vacuum R=0.4

partons 
T.med: 0.35 GeV
LeadCut: 20 GeV

 elastic+rad 
R.med: 5fm

Aj

P(
A j
)

0.
0

1.
0

2.
0

3.
0

4.
0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

R = 0.2
R = 0.3
R = 0.4
Vacuum R=0.4

hadrons 
T.med: 0.35 GeV
LeadCut: 20 GeV

 elastic+rad 
R.med: 5fm

16Wednesday, September 25, 13



RHIC Dijet Asymmetry - Varying Strong Coupling 

medium radius fixed at 5fmmedium temperature T = 250 MeV
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Increasing Strong Coupling increases asymmetry

C.C-S, B.Müller, “What can we learn from Dijet suppression at RHIC”, Phys.Rev.C 86  (2012)
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RHIC - Jet Shape
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Reconstruct jets with Anti-Kt at successively larger 
cone radii

Clear separation between elastic (red) and 
radiative (orange) modes

Difference between medium temperatures
is very strong, note values as R->0

C.C-S, B.Müller, “What can we learn from Dijet suppression at RHIC”, Phys.Rev.C 86  (2012)
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Jet Shape - 2, varying strong coupling
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elastic interactions only elastic+radiative
Elastic and Radiative modes show strong response to 

variation in alpha, profile shapes are qualitatively different
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RHIC-Fragmentation - Longitudinal
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z = ET /ET,Jet cos�R
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Jet Fragmentation - Transverse
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z = ET /ET,Jet cos�R
JT = ET sin�R
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What do jet transport coefficients tell us about QGP?

• Jet transport coefficients encode medium density, and 
kinematic information

• Knowing q-hat and e-hat would allow for true jet 
tomography, given a set of observed jets from an event one 
could reconstruct the density profile.

• q-hat measures transverse momentum transfer, e-hat 
measures longitudinal energy loss

• In the infinite probe momentum limit, radiation off static 
charges (q-hat) dominates energy loss 

• In the low probe momentum limit, recoil of medium from 
elastic scattering (e-hat) dominates energy loss

• The ratio of the two coefficients is proportional to the mass of 
the medium constituents seen by the jet.

Recoil - 
 Elastic Energy Loss

Transverse Kick - 
 Initiates Radiative Processes
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Thermal Masses for medium partons

• Previous results from VNI/BMS derived from a 
medium of massless partons

• Interaction cross-sections are always screened by 
the Debye mass

• Introduce asymptotic HTL masses for medium 
partons

• Introduce a dimensionless scaling  parameter  µs 
to ‘dial’ medium masses

• NB: Medium number density now scales with 
masses

m2
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6
(2Nc +Nf )g

2T 2
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= kg2T 2, k =
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C.C-S, B.Müller, “Constituent Mass Dependence of transport coefficients in a quark gluon plasma”, hep-ph/1209.3328
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Measuring Transport Coefficients in VNI/BMS

• Fix medium temperature T=350 MeV, run code without radiation or 
hadronization.

• Run events with quark probes at fixed energies

• Extract q-hat and e-hat from transverse momentum and energy loss 
accumulated by the probe

• For light probes in a massless medium 
we expect from pQCD calculations
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Elastic Energy Loss
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Q-hat / E-hat Ratio

• Ratio scales linearly with the 
medium mass scale µs.

• Experimental measurements of q-
hat and e-hat could provide 
insight into the nature of  the 
QGP as seen by jets.

• Measurements made at different 
jet scales may reveal structure in 
quasi-particle mass spectrum.

• A possible precision 
measurement of hard probes and 
the QGP  
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Dijet Response at RHIC - Aj
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Dijet Response at RHIC - Subleading Jet Shape
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Conclusions

• RHIC Dijet Asymmetry is sensitive to: strong coupling, medium radius, medium 
temperature and cone radius. Sometimes this is subtle.

• Modified jets have a softened radial profile (jet shape), partons are scattered 
transverse to the jet axis, transverse fragmentation profile softened. 

• Fragmentation distributions look similar to vacuum for narrow jets, these jets are 
still strongly modified. Fragmentation of broad jets shows strong modifications 
over vacuum

• Modified jets retain a hard core that looks like a vacuum jet, surrounded by a soft 
cloud of radiated and liberated particles. 

• Measurements of qhat/ehat ratio could provide insight into the nature of the 
medium as seen by jets. 
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How can we use what we know? 

• Experimental data gives a window into the after effects of the modification 
process

• How can we  extract the maximum information about the modification 
process from the data? 

• Typically people propose a form for the kernel and then attempt to reproduce 
observables

• Instead propose the most general meta-model for the modification kernel and 
then restrict the allowed form by requiring consistency with successively 
more difficult observables. A non-parametric model selection problem

Initial state - pQCD (pythia)

Hydro - path length and density encountered

Unknown - modification process

‘measured’ distributions of modified jets

P (Ef , pft ) =

Z
P (Ef , pft |EI , pIt , Q

2, ⇢, L, . . .)P (⇢, L|b)P (L|b)P (b)P (EI , pIt , Q
2)d . . .
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Extras
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CMS Photon - Jet Correlation CMS hep-ex/1205.0206
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VNI/BMS - 2.0 + Hydro 

Insert 
jet partons at 

binary scattering 
vertex

Generate 
pp event

PARTON 
CASCADE

Hydro 
Evolution

Compute Hydro 
Event Profile

Sample Medium Partons 
from Hydro Profile at 

each time step

Keep jetty partons at each 
time step. Discard ‘old’ 

medium partons

Analyze final 
jetty partons

Use local temperature 
(from hydro) to 

regulate PCM cross-
sections
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VNI/BMS - 2.0 Current + Future Features

• Elastic and Radiative energy loss models, with BDMPS-Z LPM effect

• Lund Stringy Hadronization with full color tracking from the initial generator.

• Fixed medium temperature in simple box mode.

• Event by event hydro background. 

• Variable medium constituent masses give control of qhat/ehat ratio.

• Integration with Pythia for hard process generation

• Jet level data analysis built in (and single hard probe)

• Relatively simple user-options 

• Modern build system (CMAKE) 
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Leading Parton Energy Distribution, E=20 GeV
gluon E=20, T=0.2, MS=0
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Leading Parton Pt Distribution, E=20 GeV
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VNI/BMS Cross-Sections

• Dominant elastic interactions 
including screening mass

g g → g g q q’ → q q’

q g→ q g q qbar→ q’ qbar’

g g → q qbar q g →q γ

q q → q q q qbar → g γ

q qbar → q qbar q qbar → γ γ

q qbar → g g

4

with

D(Fk(x, !p)) =
∏

out

Fk(x, !p) −
∏

in

Fk(x, !p) (3)

and
∏

j

dΓj =
∏

j !=i
in,out

d3pj
(2π)3 (2p0j)

. (4)

Si is a statistical factor defined as Si =
∏

j !=i
K in

a !K
out
a ! with K in,out

a identical partons of

species a in the initial or final state of the process, excluding the ith parton.

The matrix elements |M|2 account for the following processes:

gg → gg qq → qq qg → qg

qq′ → qq′ qq̄ → qq̄ q̄g → q̄g

(gg → qq̄) (qq̄ → gg) (qq̄ → q′q̄′)

(5)

with q and q′ denoting different quark flavors. The flavor changing processes in

parenthesis are optional and can be disabled to study the effect of jet flavor conversion.

The gluon radiation processes, e.g. gg → ggg are not included in this study, but will be

addressed in a forthcoming publication. The amplitudes for the above processes have

been calculated in refs. [36, 37] for massless quarks. The corresponding scattering cross

sections are expressed in terms of spin- and colour-averaged amplitudes |M|2:
(

dσ̂

dQ2

)

ab→cd

=
1

16πŝ2
〈|M|2〉 (6)

For the transport calculation we also need the total cross section as a function of ŝ which
can be obtained from (6):

σ̂ab(ŝ) =
∑

c,d

ŝ
∫

(pmin

T
)2

(

dσ̂

dQ2

)

ab→cd

dQ2 . (7)

Since our medium is in full thermal and chemical equilibrium, we can use the

effective thermal mass of a gluon and a quark in the system to regularize the cross
sections [38]:

µ2
D = παsdp

∫ d3p

(2π)3
C2

|!p|
fp(!p;T ), (8)

where dp is the degeneracy factor of a parton p and C2 isNc for gluons and (N2
c −1)/(2Nc)

for quarks. Inserting the thermal distribution yields a Debye mass of a gluon of µD = gT

in a thermal gluon system at temperature T and of µD =
√

(2Nc +Nf)/6gT for quarks

and gluons in a quark-gluon plasma. For example, the dominant elastic cross sections

thus are:
dσgg→gg

dq2⊥
= 2πα2

s

9

4

1

(q2⊥ + µ2
D)

2
, (9)

dσgq→gq

dq2⊥
= 2πα2

s

1

(q2⊥ + µ2
D)

2
, (10)

dσqq→qq

dq2⊥
= 2πα2

s

4

9

1

(q2⊥ + µ2
D)

2
, (11)µD =

q
(2Nc +Nf )/6gT
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