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Dijet Observables at RHIC

• LHC Dijet Asymmetry Aj shows strong modification of reconstructed jets. 

• Identified jets measurements are possible at RHIC, which observables are the 
most informative? Is the dijet asymmetry the best? Are there other suitable 
intra-jet observables?

• Need to understand dependence of observables upon underlying processes 
to make useful deductions about the nature of the QGP. 

• Carry out a systematic analysis of the sensitivity of dijet observables 
at RHIC scales. Use VNI/BMS Parton Cascade Model. 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 ��, 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-

Aj =
ET1 � ET2

ET1 + ET2
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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.
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2Si
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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, a simple-enough transport model

• VNI/BMS models 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!

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

• A Jet-finder is applied in post-processing stage, 
jet development can be extracted for varying jet-
definitions. 

��EBDMPS =
�sCR

8

µ2

⇥g
L2 log

L

⇥g
.
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Dijet Asymmetry at RHIC

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

• qhat, determined by the medium 
temperature: T = 250, 350, 450 MeV

• 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
+radiative

• Generate pp events at 200 GeV using Pythia 
8, of acceptable dijet pairs using FastJet.

• Sample production vertices uniformly within 
a circular medium of some radius R. 

• Insert partonic contents of each jet into 
parton cascade box and evolve for sampled 
path length. 4

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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Dijet Asymmetry - Varying Circular Medium Radius
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Dijet Asymmetry - Varying Medium Temperature

Increasing medium temperature increases 
asymmetry.

Nevents T<0.45 ~ 4000
Nevents T=0.45 ~ 2000

medium radius fixed at 5fm
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Dijet Asymmetry - Varying Jet Cone Radius

Increased Cone Radius reduces asymmetry, 
captures more of the modified jet
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Dijet Asymmetry - Varying Strong Coupling 
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Jet Shape

0.0 0.2 0.4 0.6 0.8 1.0

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

R

E t
(R
)

E t
(1
)

Vacuum Lead
Vacuum Sub
Elastic Lead
Elastic Sub
Rad Lead
Rad Sub

Temp: 0.25 
LeadCut: 20 
R.med: 5fm

0.0 0.2 0.4 0.6 0.8 1.0

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

R

E t
(R
)

E t
(1
)

Vacuum Lead
Vacuum Sub
Elastic Lead
Elastic Sub
Rad Lead
Rad Sub

Temp: 0.35 
LeadCut: 20 
R.med: 5fm

Reconstruct jets with Anti-Kt at successively larger 
cone radii

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

subleading jets

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

Thursday, May 31, 12



Jet Shape - 2, varying strong coupling
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VNI/BMS Partonic Fragmentation - z
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VNI/BMS Partonic Fragmentation jT
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Conclusions

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

• Many jets are not modified, leading jets are strongly surface biased (this is a 
consequence of pQCD value for qhat!)

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

• Partonic fragmentation distributions are peaked at z = 1 for RHIC jets, 
fragmentation changes <N> and redistributes pt.

• Interplay of vacuum and medium evolution is clearly important for these 
observables. Working to implement a simple-enough fragmentation scheme to 
complement this analysis.
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Extra Results
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LHC Results
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LHC/RHIC Comparison. - Medium Radius
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LHC/RHIC - Varying Medium Temperature
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LHC/RHIC - Jet Shape
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LHC fragmentation - Z

R = 0.2
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LHC Fragmentation - J
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Coherence Effects in QCD Radiation

• Coherence scales with formation 
time

• Gluon scattering dominates

• Incoherent emission, Bethe-Heitler

• Individual scattering centers not 
resolved. Coherent radiation. LPM 
effect

• Coherence length exceeds 
medium, Factorization limit.

LPM Coherence E�ects 9

The typical phase between scattering centers ⇥ = �2
s

u2min
= �µ2

2
⇤
E2 , the BH

limit ⇥ > 1.

for small emission angles (small phases ⇥ ⇤ 1), the formation time ⌃f
becomes longer than the mean free path ⇤.

⌃f =
2⌥
k2
�

=
2

⌥u2
> ⇤

During ⌃f scattering centers are not individually resolved by the combined
electron/photon wavefunction.

So some ⌅ centers radiate coherently, leads to LPM suppression of the BH
spectrum.

Coherent radiation comes from an e⇥ective radiator of length ⇤⌅

⌥
dILPM
d⌥dz

⇥ 1
⌅

dIBH
d⌥dz

⇥ 1
⌅
2�
⇧⇤

C = C
�
⇧

⇥
⌥
⌅�2

s ⇧
⇤

, C � 1.

If ⌅⇤ > L the emission currents add up together. The radiation comes
from a single scattering with ↵qtot =

�N
i ↵qi , the factorization limit.

9Landau.L.D, Pomeranchuk.I Dokl.Akad.Nauk.Ser.Fiz 92 (1953), Migdal.A.B
Phys.Rev.103:1881 (1956)

Factorization

23

�f =
2⇥

q2? Bethe-Heitler

�

⌧f
gluon

quark

LPMgluon
quark

�

⌧f

Coherent Process

⌧f
gluon
quark

�E / L2

�E /
p
EL

�E / L
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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
24

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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