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The ATLAS Detector
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|η|<2.7 |η|<4.9

|η|<2.5
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Integrated luminosity for 2010 Pb+Pb run

10 µb-1 delivered, 9 µb-1 recorded by ATLAS, ~8 µb-1 w/ solenoid

Pb+Pb √sNN=2.76 TeV



Survey of basic properties of heavy ions @ LHC

• What changes from RHIC to the LHC?

• What changes from midrapidity to forward rapidity?

• How do various observables, soft and hard, vary with centrality?

• We have addressed this with a large sample of minimum bias 
events
• Triggered on combination of forward scintillators and zero degree 

calorimeters

• No high pT triggers (jets, muons, etc.) used to select events
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Centrality estimation
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Data

Model

Energy sum in FCal (3.2<|η|<4.9) compared with Glauber MC ⊗ p+p data

Integrals of normalized data & MC distributions agree to 2% above & below range of 
fiducial ΣET cut, consistent with sampling f=100±2% of inelastic total cross section.

We calculate <Npart> and <Ncoll> by binning in the simulated FCal variable.



Charged particle multiplicity
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ATLAS, Pb+Pb 2.76 TeV

ALICE, Pb+Pb 2.76 TeV

RHIC Au+Au 0.2 TeV, scaled up by a factor of 2.15

ATLAS Preliminary

Pixel “tracklets” in solenoid-off
data, to measure down to pT>0 

Yield per participant pair increases
by factor of two relative to RHIC, in 

agreement with ALICE measurement

Similar centrality dependence to
that found at RHIC (which itself

was similar to top SPS energies):

Confirmation of what appears to
be a robust scaling feature in HI

for details, see talk by 
Yujiao Chen (4pm Mon.)



Flow measurements
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Elliptic flow at RHIC showed
that spatial deformations in

the initial overlap region
closely correlated with 

momentum anisotropies:

ATLAS has new measurements 
with increased η dependence,

and at high pT 

With the high multiplicities & large 
acceptance of ATLAS, we

are also studying higher order 
components of the transverse flow

Do vn directly reflect higher
order deformations in initial state?  

Higher modes should
be more sensitive to viscous effects

J. Jia



Elliptic flow measurements
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Transverse momentum dependence of v2
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Centrality and pT dependence of v2:
Rapid rise up to 3-4 GeV, less rapid decrease to 8-9 GeV,

and then weak pT dependence out to 20 GeV.
for details, see talk by Adam Trzupek (3pm Fri.)



Comparison to previous measurements
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At fixed centrality, the pT dependence seems to scale
(within large errors for PHENIX at high pT): differential parton energy loss?
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Very weak 
η dependence 
above 500 MeV

Measurements 
out to |η|=2.5 

show systematic, 
but small

decrease of v2
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Higher order Fourier coefficients
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In next iteration, have extended the event plane analysis to vn, n=2-6.
Significant resolution for v6 for the 40% most central events
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for details, see talk by Jiangyong Jia (Tues. plenary) & Adam Trzupek
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Similar pT dependence for all flow coefficients.
Weak centrality dependence observed for v3-v6

For the 5% most central events v2 < v3 

|η|<2.5



Two particle correlations
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Two-particle correlations studied using discrete Fourier transform (DFT): vn,n ~ vn2

Complementary approach to event plane, to check consistency:
at long range, no more jet & resonance correlations (but non-trivial structure)
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involved in the correlations are typically selected with different conditions. Examples of these include222

having different pT ranges (“hard-soft” correlations), different pseudorapidities (e.g. forward-backward223

correlation) or different charge sign (same-charge or opposite-charge correlation). Thus, we distinguish224

the two classes of particles by labelling them “a” and “b”. In this analysis, the two particles are charged225

hadrons measured by the ID, with a pair acceptance extending to |∆η| = 5. Figure 2a shows the correla-226

tion function for particles in 2-3 GeV for the 0-5% centrality selection.227

This analysis mainly focuses on the the shape of the correlation function in ∆φ. A set of 1-D ∆φ228

correlation functions are built from the ratio of the foreground distribution and background distribution,229

both projected to ∆φ.230

C(∆φ) =

�
Ns(∆φ,∆η)d∆η�
Nm(∆φ,∆η)d∆η

(11)

The normalization is fixed by renormalizing the counts of the mixed-event pairs to be the same as same-231

event pairs in 2 < |∆η| < 5, which is then applied for all ∆η slices. Each 1-D correlation function is232

expanded into a Fourier series233

dN
d∆φ

∝ 1 + 2
�

n
vn,n cos (n∆φ) (12)

The coefficients are calculated directly via a discrete Fourier transformation (DFT):234

vn,n = �cos (n∆φ)� =
�N

m=1 cos(n∆φm)C(∆φm)
�N

m=1 C(∆φm)
(13)

where n = 1 − 15, and N = 200 is the number of ∆φ bins. A small correction that counts for smearing235

due to finite ∆φ bin width is applied (∼ 0.15% for n = 6 and 1% for n = 15). Figure 2b shows one such236

projection for 2 < |∆η| < 5 and the corresponding contributions from individual harmonic components.237

If these modulations are due to global flow, then we expect that vn,n to be factorizable into the product238

of two single-particle flow coefficients:239

vn,n(pa
T, p

b
T) = vn(pa

T)vn(pb
T) (14)

Thus for “fixed-pT” correlation, where the two particles are selected from the same range in pT, one can240

calculate the single particle harmonic coefficient as vn =
√
vn,n. To ensure continuity, when vn,n becomes241

negative, vn is defined as vn = vn,n/
�
|vn,n|. Figure 2 illustrates the procedure step by step from a DFT242

analysis of a correlation function for one ∆η slice (2 < |∆η| < 5) (b) to vn,n spectrum (c) and vn spectrum243

(d). The full ∆η dependences for vn,n and vn are shown in panels (e) and (f), respectively. The values244

of vn,n and vn peak at small ∆η but then decrease asymptotically to approximately constant at large ∆η.245

This behaviour is expected since the single particle vn measured by the event plane method from FCal246

subevents is approximately flat in η (see later discussion in Section 5.1). This suggests that the biases247

from near-side jet fragmentation and resonance decay can be largely eliminated by the requirement of a248

large ∆η gap. In this note we use the selection 2 < |∆η| < 5.249
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Higher order coefficients from DFT
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In central events, extract 
significant non-zero 

coefficients out to v6:
in the 1% most-central 
events, v3 is the largest

for pT=2-3 GeV

v1 is extracted, but does 
not show “flow like” 

factorization:
v1 in 2PC does not 

factorize into v1(pT,a)v1(pT,b), 
unlike other modes
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Reconstructing 2PC with event plane results
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We find excellent agreement of DFT and EP results.
In fact, event plane measurements provide nearly-identical information

as 2 particle correlations: provide “ridge” and “cone” at large ∆η
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Contributions from higher harmonics
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Fourier decomposition shows interplay of even and odd contributions: 
“ridge” and “cone” appear as consequences of global event properties  
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Hard probes of heavy ion collisions

19

JA
0 0.2 0.4 0.6 0.8 1

J
) d

N
/A

ev
t

(1
/N

0

1

2

3

4
Pb+Pb Data

p+p 7 TeV Data

HIJING+PYTHIA

!"

2 2.5 3

!
"

) d
N

/
ev

t
(1

/N

0

1

2

3

4

0-10%
ATLAS Preliminary

=2.76 TeVNNsPb+Pb 
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ATLAS published
first observations of the 
centrality dependence 
of dijet asymmetries

ATLAS also first measured
suppression of J/ψ &

observed production of 
Z  bosons

The LHC provides much
higher rates of hard 

processes than provided
previously: new opportunities
for studying the microscopic

properties of the medium 

Phys. Rev. Lett. 105, 252303 (2010)

Phys.Lett.B697:294-312 (2011)



Hard probes: Ncoll scaling from W± production
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W yields extracted using an empirical fit to single muon spectra:
heavy flavor (adapted from p+p) and simulated PYTHIA W± template 

Pinned to most central events (RPC), Ncoll scaling observed.

ATLAS Preliminary
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Jet yields in HI

• First ATLAS results were an observation of asymmetric dijets, 
with a relative rate that increased with collision centrality

• Recent work involves more detailed background subtraction
• Elliptic flow 

• Iterative method to remove bias of jet on background

• Systematic comparison of jets of different sizes

• R=0.2 without flow correction used. ET (R=0.2) ~ 0.7 x ET (R=0.4)

• Extensive MC studies of jet performance
• jet energy scale (JES) and jet energy resolution (JER) based on PYTHIA 

dijets embedded into HIJING with a flow afterburner

• Centrality-dependent spectral unfolding

21

0.2 0.4

for details, see talks by Aaron Angerami (3:20pm Tues) & Brian Cole (12pm Weds)



Jet Spectra R=0.4 & R=0.2
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Scaled by Ncoll (selected bins)

23

  [GeV]TE
100 150 200 250 300

]-1
  [

G
eV

T
dE

je
t

dN  
ev

t
N1
 

co
ll

N1

-1010

-910

-810

 0-10 %

30-40 %

50-60 %

60-80 %

ATLAS Preliminary

=2.76 TeVNNsPb+Pb  
-1 bµ = 7 intL

R=0.4

  [GeV]TE
50 100 150 200 250 300

]-1
  [

G
eV

T
dE

je
t

dN  
ev

t
N1
 

co
ll

N1

-1110

-1010

-910

-810

-710

-610  0-10 %

30-40 %

50-60 %

60-80 %

ATLAS Preliminary

=2.76 TeVNNsPb+Pb  
-1 bµ = 7 intL

R=0.2

R=0.4 R=0.2



RCP vs. centrality in ET bins
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Figure 1: Results from calculation by Vitev, Zhang, and Wicks [10] of the suppression of jet spectrum in

Pb+Pb collisions at an impact parameter value, b = 3 fm, due to medium-induced radiative energy loss

as a function of jet ET for different jet radii (Rmax
). ωmathrmmin

is the minimum gluon frequency included

in the analysis; no minimum is imposed for the results in the figure.

accuracy, that hard scattering processes occur in Pb+Pb collisions at a rate correctly described by Ncoll.65

Given this, modifications of the jet production rate due to (e.g.) quenching could be observed via the66

quantity RAA defined experimentally as67

RAA =
1

Ncoll

E d
3NA−A

dp3

E d3N p−p

dp3

. (1)

68

Since ATLAS has not yet completed p+p measurements of jet spectra at
√

s = 2.76 TeV, we cannot69

yet measure RAA. However, jet quenching effects are expected to be minimal in “peripheral” collisions70

in which there is only a small overlap between the incoming nuclei and therefore only a small volume of71

hot medium created. Such peripheral collisions can provide a baseline for the jet spectrum at 2.76 TeV72

against which the jet yield in more “central” collisions can be compared. For this purpose, we define the73

analog of RAA the “central to peripheral” ratio, RCP74

RCP =

1

Ncoll
cent E d

3Ncent

dp3

1

Ncoll
periph E d3Nperiph

dp3

. (2)

In this note, we present results on the first ATLAS measurements of the jet spectrum in
√

s =75

2.76 TeV Pb+Pb collisions as a function of collision centrality using two different jet sizes, R = 0.476

and R = 0.2, with R the radius of the jet definition, for jet energies up to 200 GeV. Using these spectra,77

we evaluate RCP according to Eq. 2 to determine whether and by how much the jet yield at a given ET is78

reduced in both central and mid-central Pb+Pb collisions relative to peripheral collisions.79

Suppression characterized
by central/peripheral ratio

(pinned on 60-80%)

tends to ~0.5
in central bin 
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No appreciable ET dependence of RCP for R=0.4 & 0.2



Fragmentation Functions

26

May 21, 2011 – 16 : 43 DRAFT 18

  [GeV]TE
50 100 150 200 250 300

C
P

R

0.5

1

1.5
 0-10 %

ATLAS Preliminary

  [GeV]TE
50 100 150 200 250 300

0.5

1

1.5
30-40 % =2.76 TeVNNsPb+Pb  

-1 bµ = 7 intL
R=0.2

  [GeV]TE
50 100 150 200 250 300

0.5

1

1.5
50-60 %

1-Centrality
50 60 70 80 90

C
P

R

0.5

1

1.5  < 75 GeVT50 < E
ATLAS Preliminary

1-Centrality
50 60 70 80 90

0.5

1

1.5  < 100 GeVT75 < E
=2.76 TeVNNsPb+Pb  

-1 bµ = 7 intL
R=0.2

1-Centrality
50 60 70 80 90

0.5

1

1.5  < 125 GeVT100 < E

Figure 12: RCP for R = 0.2 jets in
√

sNN = 2.76 TeV Pb+Pb collisions. Left: RCP as a function of
jet ET for three centrality bins, 0-10% (top), 30-40% (middle) and 50-60% (bottom). Right: RCP as a
function of centrality for three ET intervals 50 ≤ ET < 75 GeV (top), 75 ≤ ET < 100 GeV (middle) and
100 ≤ ET < 125 GeV (bottom). Error bars on the data points indicate statistical uncertainties, shaded
errors represent combined systematic errors from JER, internal JES and Ncoll.

Another observable of interest is the transverse momentum of charged particles with respect to the360

jet axis, jT,361

jT = pT,part sin∆R
≈ | p̂jet × �ppart|. (14)

The jT distribution is then defined as362

D( jT)(Ejet
T ) =

1
Njet

1
jT

dN
d jT

(Ejet
T ) = (15)

=
1

Njet(E
jet
T )

1
jT

∆Nmathrmch( jT, E
jet
T )

∆ jT
. (16)

where Nch is number of charged particles within some maximum distance from the jet axis, R. The jT363

distribution has a soft core governed by non-perturbative physics and a power law tail resulting from364

hard radiation of the parton shower. Jet in-medium energy loss is expected to modify the distribution of365

hard particles associated with the jet and can be detected as a modification of the jT distribution.366

Along with observables describing the transverse and longitudinal structure of jets we also need to367

study the pT-spectra of charge particles inside jets. These are defined as368

D(pT)(Ejet
T ) =

1
Njet

dN
dpT

(Ejet
T ) = (17)

=
1

Njet(E
jet
T )

∆Nch(pT, E
jet
T )

∆pT
. (18)

Jets used in the fragmentation analysis are anti-kt R = 0.4 and anti-kt R = 0.2 jets described in Sec-369

tion 3. Tracks entering the measurement are selected based on track impact parameters measured with370

pT cut to suppress underlying event, 
and background subtracted
using region outside jet cone

Yellow bands represent uncertainties 
from background subtraction

No strong modification of 
fragmentation functions 

between peripheral and central:
surprising in a radiative
energy loss scenario?
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Figure 11: RCP for R = 0.4 jets in
√

sNN = 2.76 TeV Pb+Pb collisions. Left: RCP as a function of jet ET
for three centrality bins, 0-10% (top), 30-40% (middle) and 50-60% (bottom). Right: RCP as a function
of centrality for three ET intervals 100 ≤ ET < 125 GeV (top), 125 ≤ ET < 150 GeV (middle) and
150 ≤ ET < 200 GeV (bottom). Error bars on the data points indicate statistical uncertainties, shaded
errors represent combined systematic errors from the JER, internal JES and Ncoll.

peripheral to more central collisions. The observation of comparable suppression in the R = 0.4 and351

R = 0.2 jets contradicts the predictions shown in Fig. 1.352

6 Jet Fragmentation353

Different models of jet quenching predict different level of modification of the jet internal structure. Both
fragmentation function (longitudinal structure of the jet) and jT distribution (transverse structure) are
expected to be modified due to the gluon radiation inside the medium [11, 13, 5]. To quantify the effect
of the jet modification we measure the jet fragmentation function. The fragmentation variable, z, is the
longitudinal fraction of the jet momentum carried by the charged particles,

z =




pT,part

Ejet
T


 cos∆R, (11)

where pT,part is the particle transverse momentum with respect to the beam, and ∆R =
�

(∆η)2 + (∆φ)2354

is the angular distance between the jet axis and particle in the η, φ space. The fragmentation function is355

then defined as356

D(z)(Ejet
T ) =

1
Njet

dN
dz

(Ejet
T ) = (12)

=
1

Njet(E
jet
T )

∆Nch(z, Ejet
T )

∆z
. (13)

The interaction of the jet with the medium may lead to a softening of the fragmentation function by357

reducing the number of charged particles at large z and increasing the number of charged particles at358

small z.359
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Corrected for efficiency, secondaries, fakes, resolution.
Cutoff at 30 GeV due to small, systematic differences in 
track errors between data and MC (under investigation)
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Charged particle RCP
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Strong suppression seen in more central events via charged RCP 
No η dependence observed
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Centrality dependence of charged hadron RCP
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RCP(pT>20 GeV) shows systematic suppression, very similar to jets
(but RCP still rising with pT at 30 GeV) 

Pseudorapidity dependence dominated by statistics in 60-80% 
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Figure 10: RCP measured in individual rapidity slices. The information is displayed in the same way as
in fig. 5
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Conclusions

• Global observables
• Centrality dependence of inclusive multiplicity scales with beam energy

• Transverse momentum dependence of v2 scales out to highest pT 
(modulo large errors at RHIC)

• η dependencies of flow and multiplicity very weak within |η|<2.5

• Detailed study of higher order flow coefficients challenges ridge & cone 
interpretation.  New information to help constrain viscous hydro models.

• High pT observables
• W± production consistent with simple scaling with Ncoll

• Jet production systematic suppressed by a factor of ~2 relative to 
peripheral collision.  

• Charged hadron RCP measured out to 30 GeV: centrality dependence of 
suppression similar to jets

30
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M11
Logo idea from D. Morrison



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
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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)

34



• 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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Minimum bias triggering

• The 2010 data set was taken with a minimum bias trigger 
configuration
• Coincidence of minimum bias trigger scintillators (2.1<|η|<3.9)

• Coincidence of neutrons in Zero Degree Calorimeters

• Offline requirements of
• MBTS time difference |∆t|<3 ns

• Coincidence in ZDC

• Reconstructed vertex in Inner Detector

• Efficient rejection of
• Beam-gas events

• Inelastic photonuclear events

• No physics triggers (e.g. jets, muons) used in event selection

36



Pseudorapidity density
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ATLAS η reach extends well beyond midrapidity
but not high enough yet to address limiting fragmentation at LHC:

still does the physics change away from |η|~0?
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Underlying event fluctuations
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Figure 5: Comparison of the per-event standard deviation of summed ET for 7 × 7 groups of towers

between data and the HIJING+GEANT Monte Carlo simulated events as a function of FCal ΣET.

εjet(cent, ET) =
∆Nmatch

cent
(Etruth

T )

∆Ntrue

cent
(Etruth

T )
, (7)

where ∆Ntrue

cent
(Etruth

T ) is the number of truth jets sampled in the Monte Carlo analysis for a given centrality232

interval and ET bin and ∆Nmatch

cent
(Etruth

T ) is the number of truth jets in that centrality interval and ET bin233

matched to a reconstructed jet.234

We show in Fig. 6 the results for the JER for R = 0.4 and R = 0.2 jets in different bins of collision235

centrality as a function of jet ET. For more central collisions, the JER is better (smaller σ(∆ET/ET)) for236

the R = 0.2 jets than for the R = 0.4 jets due to the fact that the smaller jet size makes R = 0.2 jets less237

susceptible to fluctuations in the underlying event.238

Figure 7 shows the JES results obtained from the Monte Carlo simulations for both R = 0.4 and239

R = 0.2 jets. The average fractional error on the JES for the R = 0.4 jets lies within ±2% for ET >240

100 GeV for all centralities, though we observe a small (≈ 1.5%) upward shift in the JES for peripheral241

(60-80% and 50-60%) collisions and a slight downward shift ≈ −0.5% for ET < 150 GeV in the other242

centrality bins. This possible difference in the jet energy scale between different centrality bins will be243

accounted for in the systematics error estimate on the measurements presented below. For the R = 0.2244

jets we observe a shift in the jet energy scale of about −5% with a slight ET dependence. However, this245

shift is independent of centrality to better than 1% for all centrality and ET bins. This error translates to246

a ≈ 20% error on the jet yield which we account for in the Monte Carlo corrections.247

5 Jet Spectrum, yields and RCP248

We present results in this section for jet spectra as a function of centrality for R = 0.4 jets with ET >249

100 GeV, where the Monte Carlo corrections are modest and under systematic control, and for R = 0.2250

jets with ET > 50 GeV.251

Detailed look at variable-size square patches in data and MC.
After 15% adjustment of FCal ΣET scale, good agreement

over nearly full centrality range



Higher order moments vs. pT and centrality
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At all moderate pT values
(only 2-3 GeV shown here) 

weak centrality 
dependence for v3-v6

v2 is not the largest 
component for central events.
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