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follow binary scaling (i.e. RAA ! 1). This is strong evidence that the suppression is not
an inital state effect, but a final state effect caused by the high density medium created
in the collision. The curve in the plot shows a theoretical prediction[ 7] using the GLV
parton energy loss model. The model assumes an inital parton density dN/dy = 1100,
which corresponds to an energy density of approximately 15 GeV/fm3. The data show
that the suppression is somewhat stronger than the prediction, suggesting that the matter
density may be even higher than these estimates.

Figure 1. Nuclear modification factor, RAA of π0 (triangles), η (circles), and direct photon
(squares).

We have observed that the matter is so dense that even heavy quarks are stopped. The
data shown in figure 2 are the nuclear modification factors, RAA, of single electrons from
heavy flavor decay. The data show that heavy quarks, mainly charm in this pT region,
suffer substantial energy loss in the matter, which results in strongly suppressed single
electron spectra. The suppression is very strong, almost as strong as that of light flavor
mesons (π0 and η).

These data provide strong constraints on and challenges to the energy loss models. The
curves in the figure are theoretical predictions[ 8, 9]. The theory curves of [ 8] are for
charm quarks only, while that of [ 9] includes the effect of beauty, which is predicted to
have smaller energy loss in the medium. If the effect of beauty is removed, the predictions
of the two approaches are quite similar. The strong suppression shown in the data requires
a large transport coefficient (as large as q̂ = 14 GeV2/fm), or correspondingly a very high
initial parton density (as high as dN/dy = 3500). Such a high parton density may be
consistent with the strong suppression observed in π0, but it is a challenge to the theories
since it is not compatible with the observed final state particle multiplicity. In addition,
the data may require a strong energy loss of beauty in the medium. This leads to a
recent suggestion that the main energy loss mechanism is not gluon radiation, but elastic
scattering[ 10, 11].

This matter is so strongly coupled that even heavy quarks flow. Figure 3 shows our
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Jets in Heavy Ion Collisions
‣ Jets provide a powerful tool for determining medium properties via jet quenching
‣ Results from the RHIC program show that high pT particle production is suppressed 

and that usual factorization of hard processes is broken in nuclear collisions
• q2 not single dominant scale
• Indirect observation of jet quenching

‣ Single particle suppression doesn’t tell us:
• Is energy being transferred to the medium?
• Or simply redistributed among w/in jet?

‣ Need to go beyond single particles, look at full jets
• Kinematics of jet directly related to parton suffering energy loss
• Sensitive to full angular pattern of medium-induced radiation



Dijet Asymmetry: Original Result
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Dijet Asymmetry: Original Result
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First direct observation of jet quenching

Momentum balance from hard process not fully 
contained in dijets

AJ =
E1

T � E2
T

E1
T + E2

T

ET 1 > 100 GeV

ET 2 > 25 GeVFrom Nov. 2010 PRL ~ 2μb-1



Beyond Asymmetry
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‣ Asymmetry sensitive to differential energy loss

‣ Can gain additional insight by considering inclusive energy loss
• Single inclusive jet spectra and central to peripheral ratio RCP



Beyond Asymmetry
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‣ Asymmetry sensitive to differential energy loss

‣ Can gain additional insight by considering inclusive energy loss
• Single inclusive jet spectra and central to peripheral ratio RCP

‣ Medium-induced radiation can distribute jet’s energy outside cone
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Figure 4: Top panel: the ET dependence of the nuclear modification factor for
different jet cone sizes R = 0, 2, 0.6 is calculated in central Pb+Pb collisions
at the LHC √sNN = 2.76 TeV. Bands represent the variation in the coupling
strength between the jet and the medium. Bottom panel: the relative contribu-
tion of cold nuclear matter effects to RAA is illustrated for R = 0.2, 0.4, 0.6, 0.8.
ALICE experimental data on charged hadron suppression in central Pb+Pb col-
lision is shown for reference.

cold nuclear matter effects. For fixed centrality, CNM effects,
here represented by initial-state energy loss, do not depend on
the jet size or jet finding algorithm and become more relevant,
relatively speaking, for large radii R. Even though on an ab-
solute scale this additional suppression is not large, it is more
significant in comparison to the Z0 or Dell-Yan production pro-
cesses [17, 32, 35]. These latter channels are dominated by
q+  q initial states and jet production discussed in this manuscript
arises primarily from g+g (and g+q(  q) at larger ET ) processes.

Initial-state CNM effects in heavy ion collisions can be min-
imized by taking the ratio of jet cross section at two different
radii [dσ(R1)/dET ]/[dσ(R2)/dET ] [13]. Since the size R de-
termines what fraction of the parton shower is reconstructed
as a jet, it affects the jet cross section. In heavy ion reactions
the cone size dependence is amplified by the fact that medium-
induced parton showers have a broad angular distribution in
comparison to the ones in the vacuum [34]. This is shown in
Fig. 5 for R1 = 0.2, R2 = 0.4 and the dashed, solid, and dot-
dashed lines correspond to three different gmed = 1.8, 2, 2.2.
As the radius varies, specific non-perturbative effects, unfortu-
nately, become more important. Typically, they are expressed
as an average momentum shift [2, 36] and related to “splash-
out”hadronization effects and “splash-in” initial-state radia-
tion/background contribution: 〈δpT 〉 = A/R + BR2. The phys-
ical effect of a momentum shift is to alter the measured cross
section and this change can be isolated in a multiplicative fac-
tor [8]. Since background effects are the dominant uncertainty
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Figure 5: Ratio of the inclusive jet cross sections in central Pb+Pb collisions at
LHC at √sNN = 2.76 TeV for two different radii R1 = 0.2 and R2 = 0.4. The
bands show results with different extrapolation of non-perturbative corrections
to small radii. The lines show effect of different coupling strength between the
jet and the medium.

in jet heavy ion, we will discuss them separately. With this in
mind, we consider a hadronization-motivated extrapolation of
the ATLAS parametrization of non-perturbative effects to small
radii: fNP = a + b/R. The application of this non-perturbative
correction to the calculation of [dσ(R1 = 0.2)/dET ]/[dσ(R2 =

0.4)/dET ] in central Pb+Pb collisions at the LHC is shown by
the cyan band in Fig. 5. Note that the non-perturbative effect
can change significantly the cross section ratio relative to the
NLO parton level result for small R. It is, therefore, critical to
constrain its magnitude as accurately as possible in the simpler
p+p reactions.

Preliminary RHIC results suggest that the jet size depen-
dence of jet attenuation has already been observed in Au+Au
and Cu+Cu reactions at RHIC [14, 15, 16]. However, before
we discuss di-jet production in heavy ion reactions, we com-
ment on the difficulties related to the measurement of jet ob-
servables. In central Pb+Pb collisions at the LHC for a typi-
cal jet size R = 0.5 on the order of 100 GeV of its energy is
interpreted as QGP background and subtracted from the total
reconstructed energy [19]. While a simple jet+uniform back-
ground model appears reasonable in heavy ion reactions, it is
not based on first-principles theory. In what follows we demon-
strate the consequences of misinterpreting 20 GeV of the jet
energy redistributed by the QGP medium inside the jet as un-
correlated soft background. This is only 20% of the typical
subtracted ET and in our approach [12] can be simulated by
choosing pmin

T = 20 GeV in Eq. (9). We note that a recent cal-
culation of the energy transmitted by a parton shower to the
medium [26] ∆E(shower→ QGP) found that for LHC condi-
tions ∆E(shower→ QGP) = 20 GeV is well within reach, es-
pecially for a gluon-initiated shower.

The result of our simulations is shown in Fig. 6 for gmed = 2,
where the default choice pmin

T = 0 GeV is illustrated by a yellow
band and the choice pmin

T = 20 GeV - by a cyan band. In the top
panel, the strong dependence of R1−jet

AA on the jet size, exempli-
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Measure single jet suppression 
with multiple jet sizes

He, Vitev, and Zhang hep-ph/1105.2566

‣ Can lost energy due to recovered by expanding jet size?

See talk by R. Rybar
Thursday, Parallel IVB



Heavy Flavor
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‣ c/b quarks much heavier do they experience same degree of quenching as 
light quarks?

• RHIC results indicate:

✦ heavy and light quarks show similar 
suppression for pT > 4 GeV

✦ RAA~0.3

‣ Additional measurements may help to resolve outstanding theoretical issues on 
heavy quark energy loss

See talk by Y. Chen
Tuesday, Parallel IIIA

Measure single inclusive muon spectrum at intermediate pT, 
which is dominated by semi-leptonic decay of heavy flavor



The ATLAS Detector
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‣Use anti-kt, R=0.2, 0.3, 0.4 and 0.5

‣ Perform event-by-event subtraction per calorimeter cell in jet

• Average, η-dependent background ET density: 𝜌

• Elliptic flow modulation: η and pT averaged v2

‣ Two-step procedure to prevent jets from biasing subtraction

• Define jet “seeds” and exclude from 𝜌 and v2 determination

Jet Reconstruction

ET
sub
j = ETj �Aj �i(�j) (1 + 2v2i cos [2 (�j ��2)])

indices:
j for cell

j  for layer



Perceived Problems with Jet Measurements
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Uncorrelated UE fluctuations present under jet even after 
subtraction

UE fluctuations from soft particles can be reconstructed as 
jets (fakes)

Quenched jets may have different particle composition and 
fragmentation than unquenched jets in MC
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Uncorrelated UE fluctuations present under jet even after 
subtraction

UE fluctuations from soft particles can be reconstructed as 
jets (fakes)

Quenched jets may have different particle composition and 
fragmentation than unquenched jets in MC
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Uncorrelated UE fluctuations present under jet even after 
subtraction

Need accurate MC description (HIJING) to:
Provide asymmetry baseline
Correct for JER/unfolding in jet spectrum
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Uncorrelated UE fluctuations present under jet even after 
subtraction

Need accurate MC description (HIJING) to:
Provide asymmetry baseline
Correct for JER/unfolding in jet spectrum

Check with fluctuations study
Use groups of towers approximately the same size as 
jets (e.g. Area R=0.4 jet ~ Area 7x7 tower group) 
Sum ET in each window and look at distribution
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Uncorrelated UE fluctuations present under jet even after 
subtraction

Check with fluctuations study
Use groups of towers approximately the same size as 
jets (e.g. Area R=0.4 jet ~ Area 7x7 tower group) 
Sum ET in each window and look at distribution

See ATLAS-CONF-2012-045
http://cdsweb.cern.ch/record/1440894

http://cdsweb.cern.ch/record/1440894
http://cdsweb.cern.ch/record/1440894
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Uncorrelated UE fluctuations present under jet even after 
subtraction

Check with fluctuations study
Use groups of towers approximately the same size as 
jets (e.g. Area R=0.4 jet ~ Area 7x7 tower group) 
Sum ET in each window and look at distribution

See ATLAS-CONF-2012-045
http://cdsweb.cern.ch/record/1440894

http://cdsweb.cern.ch/record/1440894
http://cdsweb.cern.ch/record/1440894


Perceived Problems with Jet Measurements
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Uncorrelated UE fluctuations present under jet even after 
subtraction 

UE fluctuations from soft particles can be reconstructed 
as jets (fakes)

Quenched jets may have different particle composition and 
fragmentation than unquenched jets in MC
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UE fluctuations from soft particles can be reconstructed 
as jets (fakes)

Worse for larger R, contribute up to ~80 GeV
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UE fluctuations from soft particles can be reconstructed 
as jets (fakes)

Worse for larger R, contribute up to ~80 GeV
Require additional signal of hard particle production

Reject fakes by requiring jet to match:
Track jets or EM clusters with pT > 7 GeV

Residual fake rate estimated to be ~3% at 50 GeV



19

UE fluctuations from soft particles can be reconstructed 
as jets (fakes)

Worse for larger R, contribute up to ~80 GeV
Require additional signal of hard particle production

Reject fakes by requiring jet to match:
Track jets or EM clusters with pT > 7 GeV

Residual fake rate estimated to be ~3% at 50 GeV



Perceived Problems with Jet Measurements
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Uncorrelated UE fluctuations present under jet even after 
subtraction 

UE fluctuations from soft particles can be reconstructed as 
jets (fakes)

Quenched jets may have different particle composition 
and fragmentation than unquenched jets in MC
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Quenched jets may have different particle composition 
and fragmentation than unquenched jets in MC 

Jet energy scale calibrations expect “normal” jets (vacuum 
fragmentation)
Quenching effects could introduce centrality dependence in 
jet energy scale
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Quenched jets may have different particle composition 
and fragmentation than unquenched jets in MC 

Jet energy scale calibrations expect “normal” jets (vacuum 
fragmentation)
Quenching effects could introduce centrality dependence in 
jet energy scale
Track jet energy scale independent of centrality
Use track jet/calo jet matching to provide data-driven check 
by comparing relative energy scale

<ETcalo> as function of ETtrackjet

Differences in JES < 3%, included in systematic 
uncertainties
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Quenched jets may have different particle composition 
and fragmentation than unquenched jets in MC 

Jet energy scale calibrations expect “normal” jets (vacuum 
fragmentation)
Quenching effects could introduce centrality dependence in 
jet energy scale
Track jet energy scale independent of centrality
Use track jet/calo jet matching to provide data-driven check 
by comparing relative energy scale

<ETcalo> as function of ETtrackjet

Differences in JES < 3%, included in systematic 
uncertainties
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‣Reconstruction capabilities 
evaluated using MC 
•Use PYTHIA dijets embedded into 

HIJING events
‣Validated using data, extract 

systematics
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Unfolding
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‣ UE and detector effects result in finite JER
• Jet spectrum is steeply falling
• Result is significant bin migration

‣ Use MC to generate response matrix
• Contains information about bin 

migration
‣ SVD unfolding 

• Invert response using curvature 
constraint on result to regularize 
unfolding

‣ Unfolding checks
• Apply to MC, look for bias
• “Refold” data, check refolded looks 

like input

Hocker and Kartvelishvili: 
hep-ph/9509307
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Results: RCP vs pT in Centrality Bins
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‣ Systematic errors

• Black band: fully correlated systematics
✦ all points move up/down together
✦ JES, JER, efficiency, xini, Rcoll

• Red boxes: partially correlated systematics
✦ regularization

‣ Error bars: sqrt of diagonal elements of cov 
matrix

‣ No significance to horizontal width of error bars

RCP =
1

Ncoll

1
Nevt

dN
dpT

���
cent

1
Ncoll

1
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dN
dpT
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60–80
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• Correlated: JES, efficiency, xini, Rcoll

• partially correlated: regularization, JER

• Error bars: sqrt of diagonal elements of covariance matrix

• Horizontal width of boxes, Npart uncertainty
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Fixed centrality, 
0-10%.

different pT bins

Fixed pT, 
89 -103 GeV.

different 
centrality bins
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‣ Systematic errors

• Correlated: JES, JER, efficiency,  Rcoll

• Partially correlated: regularization, xini, efficiency

‣ Error bars: sqrt of diagonal elements of cov matrix

‣ No significance to horizontal width of error bars
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Fixed centrality, 
0-10%.

different pT bins

Fixed pT, 
89 -103 GeV.

different 
centrality bins

 = 0.2R  = 0.3R  = 0.4R  = 0.5R
0

0.5

1
 < 44 GeV

T
p38 <  

0

0.5

1
 < 58 GeV

T
p50 <  

0

0.5

1
 < 103 GeV

T
p89 <  

   
  

C
P

R

0

0.5

1

1.5

2

 < 182 GeV
T

p158 <  

 = 2.76 TeVNNsPb+Pb  
-1bµ = 7 L dt ∫

ATLAS Preliminary
0-10 % Centrality



 [GeV]         
T

p

 0
.2

C
P

R/
R C
P 

R

0.8

1

1.2

1.4

1.6

1.8

2

40 50 60 70 100 200

 = 0.3R
 = 0.4R
 = 0.5R

0 - 10 %

ATLAS Preliminary

 = 2.76 TeVNNsPb+Pb 
-1bµ = 7 L dt∫

Quantitative Statement of R Dependence

31



Measuring Heavy Quarks with Muons

32

‣ Single inclusive muon spectrum dominated by semi-leptonic decay 
of heavy quarks at intermediate pT 
‣Measurements presented here: 4 < pT < 14 GeV, |η| < 1.05
‣Match tracks from inner detector (ID) and muon spectrometer (MS)
‣Background to prompt muon signal

• 𝜋/K decays in flight

• muons produced in hadronic showers in calorimeter
• fakes

‣Use discriminant variables which have different distributions for 
signal and background and separate statistically
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C =
����
�ploss

pID

���� + rS Composite  of two discriminants
r=0.07 chosen for optimal separation

Composite Distribution
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C =
����
�ploss

pID

���� + rS Composite  of two discriminants
r=0.07 chosen for optimal separation

S≣Scattering significance
Measure of angular deflection compared 
to expectation from multiple scattering
Identifies muons from decay in flight

�ploss

pID
=

pID � pMS ��pcalo(p, �,�)
pID

Fraction of momentum lost in detector 
compared to expectation

Composite Distribution
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C =
����
�ploss

pID

���� + rS

‣Shapes independent of 
centrality



Template Fitting
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‣Fit composite distribution in data 
with template
dP

dC
= fs

dP

dC

����
S

+ (1� fs)
dP

dC

����
B

‣Extract signal fraction
‣Build into fitting procedure ability to 

account for:
•MC inaccuracies in describing 

shape of dP/dC
•Momentum resolution effects 
• Included in systematic errorC
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•Use signal 
fraction to 
extract 
spectrum

•Muon 
reconstruction 
efficiency 
correction 
applied

Error bars: uncorrelated combined 
statistical+systematic
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Boxes: Fully correlated systematics
Error bars: uncorrelated combined statistical+systematic

•Generally flat 
with pT 
however 
statistical 
fluctuation in 
peripheral bin 
makes trend 
difficult to 
evaluate
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•Can evaluate 
RPC instead

•Easier to see 
very flat pT 
dependence

RPC =

1
Ncoll

1
Nevt

dN
dpT

���
periph

1
Ncoll

1
Nevt

dN
dpT

���
0–10
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Conclusions: Inclusive Jet Measurements

42

‣ In central collisions, jets suppressed by factor of two relative to 
peripheral
•Flat in pT, RCP~0.5 for 38 < pT < 210 GeV
• Roughly same as single particle RAA for pT > 30 GeV

‣R dependence
•Effect significant beyond systematic errors
•More R dependence at lower pT

✦Qualitatively consistent w/ existing calculation (Vitev et al.)
‣Centrality/Npart dependence

•Suppression turns on differently for high and low pT jets
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‣Heavy flavor suppression flat in pT, plateau at 0.45 
‣Relative to single hadron RCP heavy flavor shows:

•Less suppression by factor of ~2 at comparable pT

•Less variation with pT 
✦Different than at RHIC where heavy flavor and single 

hadron RAA had same magnitude and  pT dependence
‣Centrality (Npart) dependence

•Smooth decrease from peripheral to central collisions
•Npart  dependence similar for all pT

Conclusions: Heavy Flavor
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•Jet fragmentation measurement presented at QM2011

For the Future

z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 d
N

/d
z

je
ts

1/
N
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-110

1
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210 >100 GeVT,jetE
>2 GeV

T
R = 0.4, 0-10%, p

>2 GeV
T

R = 0.4, 40-80%, p

ATLAS Preliminary
= 2.76 TeVNNsPb+Pb 

-1bµ=7 intL

z =
pT

Ejet
T

cos �R

R=0.4

•Working to update this 
measurement using 2011 
data

•Also preparing update to 
asymmetry using this 
larger data sample



Additional Slides



Detecting Particles
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ATLAS Calorimeter
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|�| < 1.5

|�| < 1.0
0.8 < |�| < 1.7

3.2 < |�| < 4.9

1.5 < |�| < 3.2

1.5 < |�| < 3.2
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ATLAS Muon Spectrometer
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12  = 2.76 TeVNNs     ATLAS Online Luminosity
LHC Delivered (Pb+Pb)

ATLAS Recorded

-1Total Delivered: 9.69 ub
-1Total Recorded: 9.17 ub

• 2010 Pb Pb 2.76 TeV data

• All good runs/lumi blocks with solenoidal field on

• Minimum bias event selection:

• ZDC coincidence trigger

• L1_ZDC_AND or L1_ZCD_A_C

• MBTS timing: 

• Good reconstructed vertex

• After selection: 51 million events,

• Event selection cuts estimated to be 2% inefficient

• Included in centrality determination

• Solenoidal field off data not used 

Event Selection

49

�
L dt = 7µb�1

�tMBTS < 3 ns

� 1µb�1



• Sources of uncertainty

• Woods-Saxon parameters

• Inefficiency in event selection

• nucleon-nucleon cross section 
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Centrality [%] ⌃EFCal
T [TeV] Ncoll Rcent

coll Npart

low high low high hNcolli �Ncoll Rcent
coll �Rcent

coll [%] hNparti �Npart

0 10 2.423 1 1500.63 114.8 56.7 11.4 356.2 2.5

10 20 1.661 2.423 923.29 68.0 34.9 10.5 261.4 3.6

20 30 1.116 1.661 559.02 40.5 21.1 9.4 186.7 3.8

30 40 0.716 1.116 322.26 23.9 12.2 7.9 129.3 3.8

40 50 0.430 0.716 173.11 14.1 6.5 6.1 85.6 3.6

50 60 0.239 0.430 85.07 8.4 3.2 3.8 53.0 3.1

60 80 0.053 0.239 26.47 3.5 � � 22.6 2.1

Table 5.1: Centrality bins, Ncoll, Rcent
coll values and their fractional error evaluated directly

from the Glauber Monte Carlo [219].

matching has been done based on minimum distance of �R < 0.2 between the calorimeter1839

jet axis and track jet axis. Fig. 5.5 shows the calorimeter jet pT as a function of a corre-1840

sponding track jet pT both for the data and MC for the 0-10% and 60-80% centralities. The1841

mean calorimeter jet pT computed from reconstructed calorimeter jet pT > 50 GeV, hpcalo
T i,1842

as a function of the track jet pT is overlaid on top of the two dimensional distributions.1843

The centrality-dependence of this energy scale was assessed directly by constructing1844

ratios of hpcalo
T i distributions in central and peripheral collisions. Figure 5.6 compares this1845

ratio as computed in data and MC. The ratios are roughly constant for track jets with1846

pT > 50 GeV, away from the minimum calorimeter jet pT threshold, and each distribution1847

is fit to a constant in this region. The values and errors of these fit parameters, as well as1848

their di↵erences, in the di↵erence centrality bins are shown in Fig. 5.7. The comparison1849

indicates that the centrality-dependence of the calorimetric response di↵ers by no more1850

than 2% between data and MC. The jet energy scale calibration is sensitive to the particle1851

composition and fragmentation of the jet. In particular it was found in pp events that the1852

response was lower for broader jets [218]. One concern is that quenching e↵ects could result1853

in broader jets introducing a centrality dependence to the JES: a lower response in central1854

collisions relative to peripheral. However, such an e↵ect is not consistent with the results of1855
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• Determined from FCal ET distribution, which is well correlated with total event activity

Rcent
coll =

�N cent
coll �

�N60�80
coll �

• Standard centrality definitions:

• “central” :  0-60% divided into 6 10% bins

• “peripheral” 60-80%

• Ncoll, Npart  and uncertainties from Glauber

• RCP uses ratio:
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Table 5.1: Centrality bins, Ncoll, Rcent
coll values and their fractional error evaluated directly

from the Glauber Monte Carlo [219].

matching has been done based on minimum distance of �R < 0.2 between the calorimeter1839

jet axis and track jet axis. Fig. 5.5 shows the calorimeter jet pT as a function of a corre-1840

sponding track jet pT both for the data and MC for the 0-10% and 60-80% centralities. The1841

mean calorimeter jet pT computed from reconstructed calorimeter jet pT > 50 GeV, hpcalo
T i,1842

as a function of the track jet pT is overlaid on top of the two dimensional distributions.1843

The centrality-dependence of this energy scale was assessed directly by constructing1844

ratios of hpcalo
T i distributions in central and peripheral collisions. Figure 5.6 compares this1845

ratio as computed in data and MC. The ratios are roughly constant for track jets with1846

pT > 50 GeV, away from the minimum calorimeter jet pT threshold, and each distribution1847

is fit to a constant in this region. The values and errors of these fit parameters, as well as1848

their di↵erences, in the di↵erence centrality bins are shown in Fig. 5.7. The comparison1849

indicates that the centrality-dependence of the calorimetric response di↵ers by no more1850

than 2% between data and MC. The jet energy scale calibration is sensitive to the particle1851

composition and fragmentation of the jet. In particular it was found in pp events that the1852

response was lower for broader jets [218]. One concern is that quenching e↵ects could result1853

in broader jets introducing a centrality dependence to the JES: a lower response in central1854

collisions relative to peripheral. However, such an e↵ect is not consistent with the results of1855

�NN
inel

Centrality
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• Standard centrality definitions:

• “central” :  0-60% divided into 6 10% bins

• “peripheral” 60-80%

• Ncoll, Npart  and uncertainties from Glauber

• RCP uses ratio: Rcent
coll =

�N cent
coll �

�N60�80
coll �

• Sources of uncertainty

• Woods-Saxon parameters

• Inefficiency in event selection

• nucleon-nucleon cross section 

• Determined from FCal ET distribution, which is well correlated with total event activity



Jets In Heavy Ion Collisions

52

• Apply IRC safe jet definition to measured ET distribution in calorimeter

• In addition to jet signal, also have contribution from underlying event (UE)

• Define jet measurement as energy correlated with single QCD hard scattering, 
need to separate from uncorrelated UE contribution

dEtotal
T

d�d�
=

dEUE
T

d�d�
+

dEjet
T

d�d�

• Construct estimate of UE background, subtract and run jet finding

• Average depends strongly on centrality, must determine event-by-event

• Must be modulated to include flow effects

• Jets must be excluded from the estimate of the background

1 + 2v2 cos [2 (���2)]



Jet Reconstruction: First Step
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• Calculate v2

• Run anti-kt with R=0.4 on tracks pT > 4 GeV 

• Run anti-kt with R=0.2 on unsubtracted ET distribution

• Define initial seeds as all jets with:

• D=max(tower ET)/mean(tower ET) > 4

• At least one tower ET > 3 GeV

• Exclude from average background all cells within jet seeds

• Define a background, modulate by v2, to build subtracted jets

• Apply jet energy scale calibration to subtracted jets



Jet Reconstruction
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• Define average background excluding cells ΔR < 0.4 from jets

• Calculate event plane angle from FCal

�

�

�

�

�2 =
1
2

tan�1

�

���

�

k

wkETk sin (2�k)

�

k

wkETk cos (2�k)

�

���

• Calculate v2 per sampling layer:

• Average over η excluding bins within 0.4 of seeds 

v2i =

�

j�i

ETj cos [2 (�j ��2)]

�

j�i

ETj

• Also reconstruct track jets, run anti-kt R=0.4 on particles pT > 4 GeV 



Jet Reconstruction: Second Step
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• Use output of previous step to define new seeds:

• Jets with ET > 25 GeV

• Track jets pT > 10 GeV

• Define new background excluding cells ΔR < 0.4 from jets

• Define new v2:

• Calculate v2 in each η bin (0.1)

• Average over η excluding bins within 0.4 of seeds 

�

�

�

�

• Run anti-kt R=0.2, 0.3, 0.4 and 0.5 on subtracted background

• Calibrate jet energy scale



Monte Carlo Sample
• Truth jets: run anti-kt on particles from MC event generators

• Reconstructed jets: apply GEANT detector simulation, reconstruct as in data

• Jet performance studies and corrections derived from three samples

• HIJING only: used in estimates of fake rate

• HIJING+PYTHIA: Jet performance, response matrices

• HIJING events with a PYTHIA jet event embedded per event

• For each truth jet, find nearest reconstructed jet within ΔR < 0.2

• If truth jet is near a HIJING jet (ΔR < 0.8, ET > 10 GeV), exclude from sample

• Data+PYTHIA: Used to validate performance etc.,

• HIJING is v1.38b, quenching off, flow applied using parameterization from data

56



Analysis Details: Single Inclusive Jets
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• UE fluctuations of soft particles can be reconstructed as jets
•Worse for larger R, contribute up to pT~80 GeV
• Remove by requiring additional signal consistent with hard particles

• Reject fakes by requiring jet match (ΔR < 0.2):
•  track jet or an EM cluster with pT > 7 GeV

• Rate for fake jets after rejection estimated to be ~2% at 50 GeV
• For the spectrum analysis require jets to have | η | < 2.1
•Measurement performed on range 38 < pT < 210 GeV
• Total number of jets in sample:

Table 2: Total number of jets in the data set with p

T

>

40 GeV and p

T

> 100 GeV in the 0-10% and 60-80% cen-
trality bins after all event selection criteria, UE jet rejection,
and |⌘| < 2.1 cut have been applied.

p

T

> 40 GeV p

T

> 100 GeV
R 0-10% 60-80% 0-10% 60-80%
0.2 112,333 8,068 2,308 162
0.3 287,153 12,629 3,534 222
0.4 543,444 15,964 4,974 277
0.5 710,158 18,573 7,586 307

In addition to the calorimeter jet reconstruction,314

track jets were reconstructed using the anti-kt al-315

gorithm with R = 0.4 from charged tracks that316

have a good match to the primary vertex and that317

have p

T

> 4 GeV. This threshold suppresses con-318

tributions of the UE to the track jet measurement.319

Specifically, an R = 0.4 track jet has an estimated320

likelihood of including an uncorrelated p

T

> 4 GeV321

charged track of < 4% in the 0-10% centrality bin.322

The fluctuating UE in Pb+Pb collisions can po-323

tentially produce reconstructed jets that do not324

originate from hard scattering processes. In the re-325

mainder of this paper such jets will be referred to326

as “underlying event” or UE jets. A requirement327

that calorimeter jets match at least one track jet328

with p

T

> 7 GeV or an EM cluster reconstructed329

from cells in the electromagnetic calorimeter [38]330

with p

T

> 7 GeV provides a significant reduction331

in the rate of UE jets (see following section). To332

accommodate the use of track jets in the UE jet333

rejection, the jet measurements in this paper have334

been restricted to |⌘| < 2.1. The total number of335

jets above p

T

thresholds of 40 and 100 GeV in the336

data sample after event selection, UE jet rejection,337

and |⌘| < 2.1 cuts have been applied is shown in338

Table 2 for the most central and peripheral bins.339

6. Performance of the jet reconstruction340

The primary evaluation of the combined perfor-341

mance of the ATLAS detector and the analysis pro-342

cedures described above in measuring unquenched343

jets was obtained using the MC overlay sample.344

In that MC sample, the kinematics of the refer-345

ence PYTHIA “truth” jets were reconstructed from346

PYTHIA final-state particles for R = 0.2, 0.3, 0.4,347

and 0.5 using the same techniques as applied in pp348

analyses [36]. Separately, the presence and approxi-349

mate kinematics of HIJING generated jets were ob-350

tained by running R = 0.4 anti-kt reconstruction351

on final-state HIJING particles with p

T

> 4 GeV3.352

Accidental overlap between PYTHIA and HIJING353

jets may cause two high-p
T

jets from unrelated354

hard scattering processes to overlap and be recon-355

structed as a single jet. Such accidental overlap of356

jets from unrelated hard scattering processes may357

also occur at non-negligible rates in the data due to358

the geometric enhancement of hard scattering rates359

Pb+Pb collisions. However, for the purposes of this360

paper, the overlapping high-p
T

jets are considered361

part of the physical jet spectrum and not a result of362

UE fluctuations. To prevent such overlaps from dis-363

torting the performance evaluations, all PYTHIA364

truth jets within �R < 0.8 of a p

T

> 10 GeV HI-365

JING jet were excluded from the analysis.366

Following reconstruction of the overlaid MC367

events using the same algorithms that were ap-368

plied to the data, PYTHIA truth jets passing the369

HIJING-jet exclusion were matched to the clos-370

est reconstructed jet of the same R value within371

�R < 0.2. The resulting matched jets were used372

to evaluate the jet energy resolution (JER) and the373

jet energy scale (JES). The jet reconstruction e�-374

ciency was defined as the fraction of true jets for375

which a matching reconstructed jet is found. The376

e�ciency was evaluated both prior to (") and fol-377

lowing ("0) UE jet rejection. For all three perfor-378

mance measurements, the di↵erent p̂

T

MC overlay379

samples were combined using a weighting based on380

the PYTHIA cross-sections for each p̂

T

range.381

Figure 1 shows a summary of the ATLAS Pb+Pb382

jet reconstruction performance for R = 0.2 and383

R = 0.4 jets in central (0-10%) and peripheral (60-384

80%) collisions. The (fractional) JER was charac-385

terized by �[�E

T

]/E

true

T

, where �[�E

T

] is the stan-386

dard deviation of the �E

T

⌘ E

rec

T

�E

true

T

distribu-387

tion and where E

rec

T

and E

true

T

are the reconstructed388

and truth jet E

T

values, respectively. The JES o↵-389

set or “closure” was evaluated from the mean frac-390

tional energy shift, h�E

T

i/E

true

T

.391

The JER was found to be well described by a392

quadrature sum of three terms,393

�[�E

T

]
E

true

T

=
ap

E

true

T

� b

E

true

T

� c, (4)

3Due to a limitation of the embedding procedure some
particles could not be included in the HIJING jet definition
in the PYTHIA+HIJING sample. These particles are: ⇡

0,
Ks, and some hyperons. This limitation does not apply to
the HIJING-only sample.

5
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R 0 - 10 % 10 - 20 % 20 - 30 % 30 - 40 % 40 - 50 % 50 - 60 %

0.2 0.5 % 0.5 % 0.5 % 0.5 % 0.5 % 0.5 %

0.3 1.0 % 0.5 % 0.5 % 0.5 % 0.5 % 0.5 %

0.4 1.5 % 1.0 % 0.5 % 0.5 % 0.5 % 0.5 %

0.5 2.5 % 1.5 % 1.0 % 0.5 % 0.5 % 0.5 %

Table 5.6: Energy scale shifts relative to peripheral used to generate systematic uncertain-

ties.

of each centrality relative to the peripheral and are shown in Table 5.6. The MC samples2194

were processed adding an additional shift, pT ! pT + �pT, to the pT of each reconstructed2195

jet when filling out the response matrices. A constant shift was applied above 70 GeV.2196

Below the shift value was a linear function of pT, increasing to twice the high-pT value at2197

40 GeV,2198

�pT

pT
=

8
<

:
f

⇣
1 + 70�pT

30

⌘
pT < 70 GeV

f pT > 70 GeV
(5.22)

where f is the value given in Table 5.6. The data was unfolded using the new response2199

matrices resulting in a modified spectrum used to compute a new RCP. Variations from this2200

RCP from the original in each pT bin were taken as symmetric errors due to this systematic.2201

2202

5.5.4 Energy Resolution2203

To account for systematic uncertainties coming from disagreement between the jet energy2204

resolution in data and MC, the unfolding procedure was repeated with a modified response2205

matrix. This response matrix was generated by repeating the MC study but with modifi-2206

cations to the �pT for each matched truth-reconstructed jet pair. A “detector” systematic2207

was constructed to account for uncertainty between the data and MC without considering2208

the e↵ects of the underlying event. This procedure follows the recommendation for JER2209

uncertainty in 2010 jet analyses in pp. The JetEnergyResolutionProvider tool [224] was2210

used to retrieve the fractional resolution, �DET
JER as a function of jet pT and ⌘ [225]. The jet2211
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JES Validation: Track Jet Matching
• Matching between track jets and 

calo jets to study calorimetric 
response in MC and data

• Limits effects of possible 
medium-modified fragmentation 
on JES

• All values not shown 0.5%

• JES uncertainty constant above 70 GeV (table)
• Grows linearly, doubling from its nominal value at 30 GeV



JES Uncertainty
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R 0.2 0.3 0.4 0.5
0-10 0.5% 0.5% 0.5% 0.5%
10-20 0.5% 0.5% 0.5% 0.5%
20-30 0.5% 0.5% 0.5% 0.5%
30-40 0.5% 0.5% 0.5% 0.5%
40-50 0.5% 0.5% 0.5% 0.5%
50-60 0.5% 0.5% 0.5% 0.5%
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Performance: Jet Energy Resolution
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• Extract “σ” through statistical RMS or 
Gaussian fit

• Low ET: dominated by UE fluctuations

• High ET: limited by intrinsic detector 
resolution

• Described by functional form:

➡ a: sampling fluctuations

➡ c: proportional to energy e.g. holes

➡ b: UE fluctuations

centrality 
independent

centrality dependent

}
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Fluctuations Analysis

61

• Uncorrelated UE fluctuations 
underneath jet not subtracted

• Effect on jet spectrum 
corrected by unfolding
•MC must provide accurate 

description of UE 
fluctuations

• Study distributions of ET sum 
in groups of rectangular 
groups of towers 
approximately same size as 
jets (e.g. 7x7 ↔ R=0.4)
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Performance: Jet Energy Resolution
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• Fit results give a and c values in agreement for 
all centralities

• Establishes quantitative relationship between 
UE fluctuations and ΔET fluctuations (JER)

Free parameters in fit

�(�ET)
ET

=
1

ET

�
a
�

ET � b� cET

�
Fixed by fluctuation analysis
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Jet Reconstruction : Corrections

63

• Jet energy scale calibration factors obtained specifically for HI reconstruction

• Cell energies are at “EM” scale

• Response calibrated to EM deposition only

• Apply multiplicative (pT, η, R dependent) JES factor

• Derive using “Numerical Inversion” procedure, MC based

• Energy bias

• If cells in final jets were not excluded by seeds, some (or all) of the jet’s 
energy will have biased the background

• After selecting “good” jets (fake rejection) apply correction removing any 
biases these jets may have on background



Error Analysis: Statistical Errors
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• Since unfolding involves bin migration there is 
non-trivial covariance matrix

• Use toy method to estimate statistical 
uncertainty

• Construct fluctuation of data using measured 
covariance

• Unfold “pseudo experiment”

• Repeat many times, calculate statistical 
covariance

• Apply same method to include statistical 
uncertainty in response matrix from MC

• Combine two covariance matrices as 
independent sources

�ij =
Cov(Yi, Yj)�

Var(Yi)
�

Var(Yj)

 = 2.76 TeVNNsPb+Pb  
-1bµ = 7 L dt ∫0 - 10 % Centrality

ATLAS Preliminary
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0-10%

Overview of Systematic Uncertainties

65

JES: Relative energy 
scale differences 
central and peripheral
JER: Possible 
disagreement 
between data and 
MC in UE fluctuations 

•Efficiency: cover possible MC/data differences, 
5% for pT < 100 GeV

•Xini: Sensitivity to power in power law: +0.5, -0.5
•Rcoll: sensitive to centrality determination, σNN

•Regularization: Sensitivity to choice of k:+/-1



Systematic Uncertainties
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• Both JER and JES uncertainties, fill response matrix with modified 

• Unfold with new response matrix, use difference from nominal result as error

• JES: used MC closure, overlay and in-situ study

• Includes background subtraction effects and differences in fragmentation

• Change                                           , f constant pT > 70 GeV, increases 
linearly with lower pT such that 

(preco
T , ptruth

T )

preco
T � preco

T (1 + f(ptrue
T ))

f(pT = 40) = 2f(pT = 70)

preco
T � ptruth

T + (ptruth
T � preco

T )
�(b�)
�(b)

�pT = (ptruth
T � preco

T )

• JER: use fluctuation analysis, vary b→b’=b(1+g) to cover data/MC difference

• g=2.5%, 2.5%, 5%, 7.5% for R=0.2, 0.3, 0.4 and 0.5

• Use b’ to calculate a new JER σ(b’), rescale 



Discriminants: Scattering Significance 
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si � q��i/�msc

S(k) =
1�
n

�

�
k�

i=1

si �
n�

j=k+1

sk

�

�

S = max {|S(k)|, k = 1, 2, · · · }

•Evaluate deflection in each ID layer 
relative to expected contribution 
from multiple scattering

•Calculate scattering significance 
for kth layer 

•Define total significance as 
maximum deflection between 
adjacent layers

•Effective at low pT 
• Identifies in flight decays
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Two-Jet Observables: Dijet Asymmetry

68

Contributions to second peak mostly from events where second jet consistent with 
background level

Updated from 
published result
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Dijet Asymmetry: R=0.2
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Distribution flatter, peak smeared out

AJ =
E1

T � E2
T

E1
T + E2

T

ET 1 > 100 GeV

ET 2 > 25 GeV

Smaller R is
Less sensitive to 

background 
fluctuations
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Asymmetry: Energy Dependence, R=0.2

70

Increasing jet 
energy stretches 

peak out

Peak at low values 
of AJ restored in 

peripheral 
collisions

75 < ET1 <100 GeV 100<ET1 <125 GeV 125<ET1 <150 GeV 

0-10%

30-40%

60-80%



Dijet Angular Correlation
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•       distributions show 
(almost) no modification

• Contribution in tail likely 
due to combinatoric 
match with 
uncorrelated or fake low 
energy jet

• Rate is reduced for 
smaller R value, 
consistent with lower 
fake rate for these jets

R=0.4

R=0.2

��


