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Heavy ion collisions: the first 3x10-23 seconds

Initial
Nuclei

Energy Stopping & 
Hard Collisions

Hydrodynamic
Evolution

Hadron
Freezeout

t=O(10) fm/ct=O(1) fm/c
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The goal of heavy ion physics is to “rewind the movie”
to study the hot, dense medium formed in the early moments



Hadron Gas
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Quark-Gluon
Plasma
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found at RHIC (@ BNL) to be a “perfect liquid” (η/s≳1/4π):
system is strongly coupled, not a free quark/gluon gas
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Jets

J/ψ

“hard probes”:
created in the QGP

J/ψ in ATLAS

Jets in ATLAS

Quark-Gluon
Plasma
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Jet quenching in heavy ion collisions

Jet suppression was discovered at RHIC using high pT hadrons,
which are “leading particles”, high momentum fragments of jets

photons
electrons

pions

Suppression (relative to binary collision scaling) found to be large (x5) for light 
hadrons and charmed hadrons.  Photons are unsuppressed.

PHENIX data, from Jacak & Steinberg
Physics Today, May 2010
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Theoretical picture
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FIG. 3: Dashed: Inclusive parton distribution in a jet of en-
ergy ET = 100 GeV obtained by MLLA evolution from an
initial scale Q0 = ET sin(R), (R = 0.4) up to a final partonic
scale Qf = 1 GeV. Solid: same distribution obtained by a
medium modified MLLA kernel [15]. Note that due to kine-
matical constraints, there are no gluons with z < ET sin θ/Q.

to a final scale Qf is shown in Fig. 3 (dashed line). Con-

sistent with the praxis in Monte Carlo event generator we

choose Qf = 1 GeV as the lowest scale for partonic evolu-

tion. At this scale, one sees that high energy jets contain

already many soft partons. From the single inclusive dis-

tribution, the average energy fraction of the jet carried

by partons with energy fraction smaller than z is given

by

E(z)

ET
=

� ∞

log 1/z
dξ e−ξ dD

dξ
, (7)

which is shown in Fig. 4 (dashed line). As long as the

integration involves only soft components, z � 1, MLLA

provides a good approximation for E(z)/ET .

If the frequency collimation of soft partons is the sole

medium modification, we can estimate q̂ L by determin-

ing from Fig. 4 the value z for which the mean fractional

energy coincides with the bounds on energy loss, Eq. (3)

and Eq. (4). Since partons with energy ω2
= z2 E2

T ≤ q̂L
are lost from the cone, we obtain
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(8)

with ET the jet energy given in units of E0 = 100 GeV.

A generic feature of all jet quenching models is the

enhancement of small z fragmentation partons as a con-

sequence of medium induced gluon radiation. This effect
is in particular necessary for describing the strong sup-

pression of single inclusive hadron spectra measured at

RHIC and the LHC [16]. Bound Eq. (8) neglects this

effect, since it is based on a vacuum fragmentation func-

tion. By supplementing the MLLA framework with a

medium-induced enhancement of parton branching, one
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FIG. 4: Fraction of the total jet energy, ET , carried by par-
tons of energies less than ω = zET obtained from Fig. 3 via
Eq. (7) in vacuum (dashed) and both in medium (solid). The
plot does not extend to z → 1 since MLLA is only valid at
small z.

can obtain simple models for the longitudinal softening

of jet fragmentation functions [15]. An example of such a

medium-enhancement which is roughly consistent with a

factor 5 suppression of leading hadron spectra, is shown

in Fig. 3 and Fig. 4 (solid lines). Since there is a larger

fraction of the total jet energy stored in soft components,

a collimation up to the same frequency
√
q̂ L leads to a

larger energy loss. In this case, we obtain
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(9)

These estimates are subject to various uncertainties.

Amongst the model-intrinsic ones, we mention the choice

of the final resolution scale Qf that has significant im-

pact on the distributions shown in Fig. 3 and Fig. 4 (solid

lines). Moreover, there are harder partonic components

of order O
�√

q̂L/R
�
that will be partially moved out-

side the jet cone. Including these components properly

will require a discussion of fluctuations. Taking the above

estimates at face value, an extraction of q̂ demands infor-

mation about the distribution of in-medium path length.

To arrive at first reference values, we note that L ∼ 6

fm (L ∼ 10 fm) yields 5 ≤ q̂ ≤ 10 GeV
2/fm (3 ≤ q̂ ≤

6 GeV
2/fm). It is clear, that these first estimates can-

not replace detailed model studies that must account for

both the suppression of single inclusive hadron spectra

[16] and the quenching of true jets [10, 11].

6. Conclusions. In the discussion of RHIC data on

single inclusive hadron suppression, emphasis was placed

on the strong longitudinal softening of the hardest parton

in the shower. For this, radiative parton energy loss was

identified as the dominant mechanism. However, there

was little experimental constraint so far on the angular

distribution of this radiation. As a consequence, models

of radiative parton energy loss [1–6] did not focus on an

~ln(1/x)

Radiative energy loss
degrades the more energetic
fragments, softens spectrum.

Energy emitted “in cone”
(jet remains!)

Expect radiative processes,
as well as elastic (energy

lost to medium)

soft
radiation

hard
radiation
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A new era

PHENIX/STAR  @ RHIC
suppression of hadrons

ATLAS @ LHC
suppresion of jets
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Heavy Ion Collisions at the LHC

Lower luminosity than p+p, but effective luminosity enhanced
by a factor of ~40,000 (cross section x number of collisions) 

!"#"$!%&'(()$*+,-./0/)$1234%56'7)$8$!59:$./0/ .0

Early (2010/11) Nominal

sNN (per colliding nucleon pair) TeV 2.76 5.5

Number of bunches 62 592

Bunch spacing ns 1350 99.8

* m 2 3.5 0.5

Pb ions/bunch 7 x 107 7x107

Transverse norm. emittance m 1.5 1.5

Initial Luminosity (L0) cm-2s-1 (1.25 0.7) 1025 1027

Stored energy (W) MJ 0.2 3.8

Luminosity half life (1,2,3 expts.) h IBS=7-30 8, 4.5, 3

-26'2(;$2<<5='<$>'<?@3$'=?((234'
*3?(?29$?3('724(?%3$72(';$A/B0//$CD$EAB0/$CD$4'3(729$4%99?<?%3<$F$G$/ A$H=I

J0/K ?3('724(?%3L0/M<$$EJ0$=%3(NI

*3$./0/;$?3('@72('>$95=?3%<?(:$OB0/$ FB0

→128
→500

>1x108

→2-3x1025

Actual performance exceeded plans by a factor of 2-4
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Integrated luminosity

9.7 µb-1 delivered, 9.2 µb-1 recorded by ATLAS

1.7 µb-1
expected
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Jet reconstruction algorithms

Out of large variety of algorithms, ATLAS uses “anti-kt”:
consistent jet shape (e.g. R=0.4), widely used in HEP & HI 

R =
�

∆η2 + ∆φ2

Cacciari, Soyez, Salam (2008)
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• ATLAS has excellent longitudinal segmentation
• Underlying event estimated and subtracted for each layer, and in

100 slices of Δη=0.1

• ρ is estimated event by event, averaged
over full azimuth

• Remove jets from the averaging
• We use the anti-kt algorithm to remove

jets which have a large “core” region

• Cross checked with a standard “sliding window” algorithm

• NB: No jets are removed - but only real jets will have a large 
energy above the background level!

Subtracting the underlying background

ET
cell
sub Ecell

T ρlayer η Acell

D ET
tower
max Etower

T 5
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Subtraction procedure

No change in overall topological features of the event.

No jets are removed in or by the subtraction procedure. 

Before After
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Measuring centrality in ATLAS
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We use the FCAL to estimate
whether an particle collisions is:

“central” - small impact parameter (b)
“peripheral” - large b
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A peripheral event 16



A more central event 17



A very central event 18



Data analysis

• Using jets reconstructed with anti-kt, with R=0.4
• Calibration using energy-density-based cell weighting (“H1 style”)

• Event selection: “leading” (highest energy) jet with

• This gives 1693 events in a sample of integrated luminosity 1.7µb-1

• An aside: NLO pQCD calculations (W. Vogelsang) predicted 
roughly 5000 jets with this integrated luminosity & ATLAS 
acceptance & jet size
• Not a precise estimate, but useful to set scale

ET > 100 GeV, |η| < 2.8
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Measuring asymmetric dijets

• “New” variable (not in quenching literature) to quantify the dijet 
imbalance

• Subleading jet:

• The two jets are chosen to be in opposite hemispheres
• To avoid being influenced by split jets

• This is a robust observable
• Subtraction issues will cancel in the subtraction of two jet energies

• An overall scale to both jets will cancel out in the ratio

AJ =
ET1 − ET2

ET1 + ET2

ET > 25 GeV, |η| < 2.8, Δϕ12>π/2

20



Simulated comparison sample

• We use the HIJING generator as a comparison sample
• Gyulassy & Wang, 1991

• A mature generator (used in early days at RHIC) but not yet
tuned on LHC data

• Soft physics using Dual Parton Model

• Hard Physics using PYTHIA (version 5)

• “Elliptic flow” (a sin 2ϕ modulation) is added to final particles
• Extrapolation of RHIC results

21



Peripheral events
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HI data compared with 7 TeV p+p - agreement in AJ, Δϕ 22



Mid-peripheral
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Mid-central events
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Central events
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Final results
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Cross checks

• A large set of cross checks performed to identify non-physics 
sources of this asymmetry

• A partial list (included in the extra slides!):
• Calorimeter problems

• Background subtraction

• Jet size dependence

• Jet shape modifications

• Lost energy from muons

• Missing ET

• All cross checks support that there are no instrumental or 
physics effects which can induce a fake asymmetric jet signal

27



Asymmetric dijet conclusions
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ATLAS has made first observations of an asymmetry in dijet production that
increases with the centrality of the collision, not seen in p+p collisions 

First observation of an enhanced rate of these events, which
may point to an interpretation in terms of strong jet quenching 

in a hot, dense medium
28
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J/ψ suppression

Suppression factor observed to 
drop by ~2 between peripheral

and central events:
similar over x10 in √sNN

4

given by the distance from the average quarkonium ra-
dius to the top of the potential, i.e. L = rmed − 〈r2〉1/2.
From the top panel of Fig. 3 it is clear that for T > 1.1Tc

all quarkonium states have binding energy smaller than
the temperature, with the exception of the Υ(1S) state.
Their width can thus be estimated using (5). The results
are shown in the lower panel of Fig. 3. Note that all of
these states have widths larger than 200 MeV, and are
therefore likely to be dissociated in the plasma. In the
case of the Υ(1S) for T < 1.6Tc we use (4) to estimate
the width, which is found to be smaller than 40MeV.
This is in fairly good agreement with the perturbative
estimate of [24]. For temperatures T > 1.6Tc even the
1S bottomonium is in the regime of small binding, and its
width becomes very large by 2.6Tc (see Fig. 3). Note that
uncertainty in the value of U∞ in the lattice calculations,
indicated as a band in Fig. 1, leads to uncertainty in the
binding energy estimate of about 10%. When the ther-
mal width is significantly larger than the binding energy
the resonance structure seen in our calculation will not
be observable in reality. We define the dissociation tem-
perature as the smallest temperature where no resonance
structure can be seen in the spectral function. The upper
limit for the dissociation temperatures of the quarkonium
states we determine by posing the conservative quantita-
tive condition Γ(T ) ≥ 2Ebin(T ). The corresponding dis-
sociation temperatures are summarized in Table . A less
conservative criterion Γ(T ) ≥ Ebin(T ) would reduce the
dissociation temperature by roughly 10%.

state χc ψ′ J/ψ Υ′ χb Υ

Tdis ≤ Tc ≤ Tc 1.2Tc 1.2Tc 1.3Tc 2Tc

TABLE I: Upper bound on dissociation temperatures.

In conclusion, we determined quarkonia spectral func-
tions in the quark-gluon plasma using a potential model
with two choices for the potential, both motivated by lat-
tice QCD results on the free energy of a static quark anti-
quark pair. We found that, due to color screening, for
the first chosen potential most quarkonia states, except
the Υ, dissolve at temperatures close to that of decon-
finement. For the most extreme potential which is still
compatible with lattice data, resonance structure in the
spectral functions exists up to higher temperatures. This
potential provides an upper limit on the binding energy.
Using the binding energy we calculate the width of var-
ious states, and give upper bounds on their dissociation
temperatures which are significantly lower than previous
estimates. As such, the model proposed in [25], where
J/ψ suppression is due only to melting of the χc and
ψ′ states, cannot explain the nuclear modification factor
RAA measured in the experiments since color screening
dissolves the J/ψ. On the other hand, the enhancement
of the spectral function near the threshold shows that

the heavy quarks and antiquarks remain strongly cor-
related in the plasma even though they do not form a
bound state. This correlation could lead to the regenera-
tion of some quarkonium states when the plasma converts
to hadronic matter increasing RAA values above expec-
tations from screening alone. The quark and antiquark
may even reform into a higher excited state. For a quan-
titative description of RAA, a model calculation of regen-
eration effects is needed. More precise calculations of the
spectral function and detailed lattice calculations of the
static quark-antiquark correlators will also be helpful.
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Color screening predicts 
quarkonia states to melt at 

different temperatures,

At high densities, also expect 
some J/ψ regeneration (at low pT)

Mocsy & Petreczky (2007)
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muon tracks
measured in 

inner detector & 
muon spectrometer

J/ψ candidate
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Signal extraction & uncertainties

• Use pairs of opposite sign
muons with cuts:
• |η|<2.5, pT>3 GeV

• Yield extraction based on 
sideband subtraction
• [2.95-3.25] GeV center

• [2.4-2.8], [3.4-3.8] GeV
sidebands

• Cross check with unbinned
maximum likelihood fit,
with mass resolution as 
free parameter
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Yield ratios vs. Glauber predictions

• Ratios of J/ψ yields compared to 
similar ratio calculated from 
Glauber calculation

• Using simple nuclear geometry to 
predict rates assuming yield scales 
with binary collisions
• Main uncertainty is fraction of total 

cross section f=98±2% after 
stringent selection cuts
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Suppression of J/ψ
• Dividing yield ratio by ratio

of binary collisions gives the 
“normalized” yield
• Similar to “RCP” in heavy ion 

literature (ratio of central to 
peripheral)

• All ratios and errors scaled by 
measured yield in 40-80%
• Statistical & systematic errors not 

fully propagated
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Comparison with lower energy data

PHENIX data on RAA (relative to p+p) recombined and
ratios taken w.r.t. 40-93% bin, errors include uncorrelated & estimate of Ncoll errors

Centrality dependence of suppression appears invariant with beam energy
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Z reconstruction in heavy ion collisions

• Muon cuts for opposite
sign pairs:
• |η|<2.5, pT>20 GeV

• |η1+η2|>0.01 to reject 
cosmic ray muons

• [66,116] GeV mass window

• Relative yield calculation 
similar to J/ψ
• All systematics have been 

assumed to be the same as 
with J/ψ

• Conservative assumptions

• 38 Z candidates found
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Z centrality dependence

• Z’s are not expected to be 
suppressed, but might be 
affected by shadowing

• Recent calculations show 
little effect from this

• Statistics too low for any 
quantitative statements.
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Figure 7: The predicted ratio between Z boson production in PbPb and pp collisions at the
Z-pole, M2 = M2

Z with various combinations of center-of-mass energies. The green solid band
represents the prediction calculated with CTEQ6.6 without applying the nuclear effects, and
the solid black barred line with gray shade is the prediction computed by CTEQ6.6 applying
the nuclear effects from EPS09. The error bars quantify the uncertainties resulting from the
EPS09 uncertainty sets.

of the dense QCD-matter eventually being created in PbPb-collisions, the leptons from
the decays of heavy bosons should penetrate practically unaffected through this medium
(for a short summary, see [24]) justifying the interpretation based on the pQCD parton
model.

Whereas in pPb-collisions the nuclear modifications in rapidity distributions gener-
ally reflect the x-shape of the nuclear modifications in PDFs, the drawback of PbPb-
collisions is that the PDFs from small-x shadowing and large-x antishadowing are
basically multiplied making the nuclear effects in PbPb-collisions smaller than they
are expect to be in pPb-reactions. Also, due to equalness of the colliding nuclei, the

12

C. Salgado & H. Paukkunen (2010)  
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Conclusions & Outlook

• LHC had a very successful first heavy ion run
• nearly 10 µb-1 provided to the experiments

• ATLAS has made first measurements of 3 hard probes in heavy 
ion collisions
• Centrality dependent asymmetric dijets suggest jet quenching in hot, 

dense medium

• Centrality dependent suppression of J/ψ is similar to lower energies -- not 
obviously consistent with temperature dependent Debye screening

• Z bosons measured, but statistics preclude quantitative statements

• Looking forward to upcoming measurements
• Large acceptance measurements of global properties of HI collisions

• Detailed studies of jet properties
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Extra slides
(cross checks on dijet asymmetry)
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Position dependence in calorimeter
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Both leading and subleading jets are distributed uniformly
in the calorimeter acceptance
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Positions of symmetric and asymmetric dijets

• Pseudorapidity distributions of leading and subleading jets
• Selected on symmetric (AJ<0.4) and asymmetric (AJ>0.4) events

• No change in these distributions if events are symmetric or asymmetric

• In the final results, and for matching to proton-proton, only jets 
with |η|<2.8 are used
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Azimuthal dependence
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No dependence on the azimuthal direction of leading jet
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Data-driven check on subtraction procedure
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“Jet edge”:
integral from r=0.2-0.4

For all centralities, jet edge energy only depends on jet total energy,
except at very low energy (where one might expect modification)
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Different jet radii

Reconstructed events with different jet radii
Opposite of what is expected with background fluctuations
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Evolution of jet shapes
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Calculated ratio of
jet core to total energy

compared to PYTHIA
jets embedded in HIJING

Ψ(r = 0.2) =
ΣET (r < 0.2)

ET,jet

In peripheral events, leading jet shape agrees with MC.
In more central events, only small modification.

Subleading jet substantially more modified with centrality!
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around the subleading jet 47
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Muons 
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Muons associated with
100 GeV jets

Asymmetry distributions
for events with high energy µ

No indication of high energy muons creating the asymmetry!
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Missing Transverse Energy
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No anomalous missing ET seen in asymmetric events
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The first ATLAS heavy ion run

Peak Luminosity reached
3x1025 / (cm2 s)!

(cf. 1-2x1025 expected)

Integrated Luminosity reached
up to 1 µb-1/day!

(cf. 3 µb-1 total expected)
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A central event, with a split jet 52



J/ψ Yields

The J/ψ result: 
Final numbers

• Correct for “average” J/ψ efficiency RATIOs vs centrality from MC

• Relative yield: everything normalised to most peripheral bin

11

Centrality Nmeas(J/ψ) �(J/ψ)c/ Systematic Uncertainty

�(J/ψ)40−80 Reco. eff. Sig. extr. Total

0-10% 190 ± 20 0.93 ± 0.01 6.8 % 5.2 % 8.6 %

10-20% 152 ± 16 0.91 ± 0.02 5.3 % 6.5 % 8.4 %

20-40% 180 ± 16 0.97 ± 0.01 3.3 % 6.8 % 7.5 %

40-80% 91 ± 10 1 2.3 % 5.6 % 6.1 %

Table 1: The measured numbers of J/ψ signal events per centrality bin before any correc-
tion, with their statistical errors, are listed in the second column. The relative efficiency
corrections derived from the simulation are also shown, with the MC statistical error.
The last columns give the experimental systematic uncertainties on the reconstruction
efficiency and signal extraction, as well as the total uncertainty.

peripheral 40-80% centrality bin: Rc = N corr
c /N corr

40−80%. Note that the uncer-

tainties in the 40-80% bin are not propagated into this ratio for the more

central bins. Finally, the “normalized yield” is defined by scaling the rela-

tive yield by the ratio Rcoll of the mean number of binary collisions Ncoll,c,

detailed in section 3.2, in each centrality bin to that for the most peripheral

(40-80%) bin: Rcp = Rc/Rcoll.

3.1. Experimental systematic uncertainties

Several experimental systematic effects are considered. These are grouped
into those affecting the J/ψ reconstruction efficiency, and those from the

extraction of the number of signal events from the di–muon mass spectra.

Since this measurement only determines the relative yields as a function of

centrality, only the centrality dependence of these effects is relevant. Any

uncertainty on the absolute value cancels out in the ratio. The variation of

the J/ψ reconstruction efficiency with centrality observed in simulation is

mainly due to the larger occupancy in the ID. Because of the low occupancy

in the MS by the primarily-soft tracks produced in heavy ion collisions, the

fraction of muons from J/ψ decays with a reconstructed track in the MS

is independent of centrality within the MC statistical uncertainty. On the

other hand, to improve the reliability of the ID track reconstruction in the

dense environment, rather stringent track quality requirements are made,

relative to those defined for proton-proton collisions [15]. In particular, there

must be at least nine silicon hits on each track, with no missing pixel hits

and not more than one missing SCT hit, in both cases where such hits are

expected. In order to evaluate systematic uncertainties, comparisons have

7

This measurement must be interpreted as a relative 
yield within experimental acceptance: 2 muons with 
pT >3 GeV and |η|>2.5

dinsdag 8 februari 2011

Absolute efficiency not needed since defined as a
ratio relative to the most peripheral bin (40-80% here)

Statistical error on efficiency ratio from finite MC statistics

Yields within kinematic acceptance: |ηµ|<2.5, pT,µ>3 GeV
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Tracking systematics

• Efficiency varies with
collision centrality
• up to 8% between central

and peripheral collisions

• Systematic uncertainties
estimated by detailed
comparison of track 
properties vs. MC
• Tracks with <2 pixel hits

• Tracks with <6 SCT hits

• Tracks with >1 B-layer “hole”

• Tracks with >1 SCT “hole”

• Determined to be 1-3%, 
depending on centrality
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