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Outline

• Jet quenching: context
• Introduction to ATLAS
• Survey of ATLAS heavy-ion program
• Jet suppression physics
• Conclusion
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•The Relativistic Heavy Ion Collider (RHIC/BNL) has 
discovered a new state of matter in heavy ion collisions

•Experimental evidence indicates it is a hot, dense, 
strongly interacting system that behaves as a liquid 
with ultra-low viscosity

•The most compelling evidence that a super-dense 
medium is formed is jet quenching - the disappearance 
of one of the jets in high-pT two-jet events:
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Context

•The phenomenon is qualitatively  understood, 
but a number of puzzles remain

•The study of jet quenching in heavy ion 
collisions at LHC offers many new possibilities:

•Much wider kinematic range and larger 
cross sections

•Well-defined jets

•Heavy quark jets
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Introduction to the 
ATLAS Experiment
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The ATLAS 
Experiment

2700 collaborators (700 students)
7000 tons, 22 m diameter, 46 m long
Superconducting solenoid and toroid magnets
88 million detector channels
550 M CFThe ATLAS Collaboration and G Aad et al 2008 JINST 3 S08003
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ATLAS Physics 
Programme 

• B Physics

• Exotics

• Heavy Ions

• Higgs

• Standard Model

• SUSY

• Top Quark Physics
ATLAS Collaboration,
Expected Performance of the ATLAS Experiment, Detector, Trigger and Physics,
CERN-OPEN-2008-020, ISBN978-92-9083-321-5, Geneva, 2008
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Reminder: 

η=3 ⇔ θ ~ 0.1°
η=5 ⇔ θ ~ 0.001° 
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ATLAS:
channel count, readiness

Operational fraction as of 28 September 2009
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A jet event in ATLAS 
from this week!
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The ATLAS
Heavy-ion 
Program
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First Year´s Pb-Pb 
Collision Data

• Baseline measurements for 2010 HI run:
• RHIC data at ECM = 200 GeV
• ATLAS p-p data (ECM = 7 TeV➛➛ 14 TeV)

• For HI, ECM = 2.75 TeV➛➛ 5.5 TeV (per nucleon)
• Factor of up to 30 increase in energy means basic 

features are unknown; focus on:
• Global properties of collisions
• Quarkonia

• Hard probes B. Wosiek, Acta Phys. Pol. B 38 (2007) 1047-1056
P. Steinberg, J. Phys. G 35 (2008) 104151
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Measurement of impact 
parameter

Estimate impact parameter, number of collision 
participants, number of collisions via total 
energy in calorimeters

x

z

y

b
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Energy Evolution of Multiplicities (p+p & A+A)

Log linear rise is suggested by existing A+A (not p+p!) data,
CGC is preferred by theory, Landau may be relevant -- LHC is the test
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Global Event Properties

P. Steinberg, Nuclear Physics A 827 (2009) 128c–136c

Extrapolations of energy 
dependence of multiplicity
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Global Event Properties
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b=2.3 fm
Pb-Pb collisions 
5.5 TeV/nucleon

multiplicity reconstruction from pixel 
cluster for a single HIJING event

Pixel hits in 
first, second, and 

third layers 
independently 

determine 
dNcharged/dη

A. Truzpek, ATL-PHYS-PROC-2009-090
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Global Event Properties

Single event reconstruction of 
Transverse energy vs pseudorapidity
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Elliptic Flow
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EMB1

FCAL

3% 5% 10%

Sub-system η - coverage Resolution correction
for sub-events b = 10 − 12 fm b = 6 − 8 fm b = 2 − 4 fm

EM-Barell1 0.2 < |η| < 1.5 0.29 ± 0.06 0.70 ± 0.02 0.81 ± 0.01
EM-EndCaps 1.5 < |η| < 3.2 0.57 ± 0.03 0.88 ± 0.01 0.93 ± 0.01
HAD-EndCaps 1.6 < |η| < 3.2 0.25 ± 0.07 0.59 ± 0.03 0.74 ± 0.02
FCAL0 3.1 < |η| < 4.8 0.60 ± 0.03 0.89 ± 0.01 0.93 ± 0.01
Pixel, 1st layer 0.2 < |η| < 2.6 0.56 ± 0.03 0.87 ± 0.01 0.92 ± 0.01
SCT, 1st layer 0.2 < |η| < 1.6 0.36 ± 0.05 0.71 ± 0.01 0.76 ± 0.01
Reconstructed tracks 0.2 < |η| < 2.0 0.45 ± 0.04 0.85 ± 0.01 0.92 ± 0.01

Table 5.1: Resolution corrections calculated for different sub-systems for the simulated events with
different centralities and with the constant flow of 5%.

v2 =
v′2√〈

cos[2(ΨN
2 − ΨP

2 )]
〉 . (5.7)

.
As mentioned before, two separate sub-event regions, N and P , are used to find the event plane

angles, ΨN
2 and ΨP

2 (see also Table 5.1). In order to avoid autocorrelations, the flow signal, v′2 is
measured for signals recorded in the P (η > 0) hemisphere with respect to the event plane angle
determined from the N(η < 0) hemisphere and vice versa. With the suit of detectors possessing the
full azimuthal symmetry, we can reconstruct the flow with different combinations of the detectors
used for the event plane estimate and the flow signal measurement.

As an example we show the analysis in which the flow is calculated from azimuthal angles of
pixel clusters from the innermost pixel layer while the event plane angle is calculated from the energy
weighted azimuthal angles of the calorimetric cells in the first layer either of the electromagnetic barrel
or of the forward calorimeter. Fig. 5.11 shows the azimuthal angle distributions of the silicon clusters
measured with respect to Ψ2 for peripheral (b = 10− 12 fm) data samples with input v2 of 3%, 5%
and 10%. A clear flow signal can be visible, more pronounced for the samples with stronger input
flow. For these samples with the constant flow values, the reconstructed flow signal was correctly
found to be independent of the event multiplicity, pseudo-rapidity, and transverse momentum.

Method Input v2

0.03 0.05 0.10

pixel clusters (ϕ) vrec
2 0.018 ± 0.003 0.034 ± 0.002 0.070 ± 0.002

FCAL0 (Ψ2) vrec
2 /vtrue

2 0.60 ± 0.10 0.68 ± 0.04 0.70 ± 0.02
tracks (ϕ) vrec

2 0.031 ± 0.004 0.047 ± 0.003 0.100 ± 0.002
FCAL0 (Ψ2) vrec

2 /vtrue
2 1.00 ± 0.10 0.94 ± 0.06 1.00 ± 0.02

Table 5.2: Resolution corrected v2 averaged over |η| < 2.5 obtained from pixel clusters and recon-
structed tracks.

In the Table 5.2 we show the resolution corrected reconstructed flow signal from this analysis,
vrec
2 , averaged over |η| < 2.5. The ratios of the reconstructed to the true flow value are also

13
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Sub-system η - coverage Resolution correction
for sub-events b = 10 − 12 fm b = 6 − 8 fm b = 2 − 4 fm

EM-Barell1 0.2 < |η| < 1.5 0.29 ± 0.06 0.70 ± 0.02 0.81 ± 0.01
EM-EndCaps 1.5 < |η| < 3.2 0.57 ± 0.03 0.88 ± 0.01 0.93 ± 0.01
HAD-EndCaps 1.6 < |η| < 3.2 0.25 ± 0.07 0.59 ± 0.03 0.74 ± 0.02
FCAL0 3.1 < |η| < 4.8 0.60 ± 0.03 0.89 ± 0.01 0.93 ± 0.01
Pixel, 1st layer 0.2 < |η| < 2.6 0.56 ± 0.03 0.87 ± 0.01 0.92 ± 0.01
SCT, 1st layer 0.2 < |η| < 1.6 0.36 ± 0.05 0.71 ± 0.01 0.76 ± 0.01
Reconstructed tracks 0.2 < |η| < 2.0 0.45 ± 0.04 0.85 ± 0.01 0.92 ± 0.01

Table 5.1: Resolution corrections calculated for different sub-systems for the simulated events with
different centralities and with the constant flow of 5%.

v2 =
v′2√〈

cos[2(ΨN
2 − ΨP

2 )]
〉 . (5.7)

.
As mentioned before, two separate sub-event regions, N and P , are used to find the event plane

angles, ΨN
2 and ΨP

2 (see also Table 5.1). In order to avoid autocorrelations, the flow signal, v′2 is
measured for signals recorded in the P (η > 0) hemisphere with respect to the event plane angle
determined from the N(η < 0) hemisphere and vice versa. With the suit of detectors possessing the
full azimuthal symmetry, we can reconstruct the flow with different combinations of the detectors
used for the event plane estimate and the flow signal measurement.

As an example we show the analysis in which the flow is calculated from azimuthal angles of
pixel clusters from the innermost pixel layer while the event plane angle is calculated from the energy
weighted azimuthal angles of the calorimetric cells in the first layer either of the electromagnetic barrel
or of the forward calorimeter. Fig. 5.11 shows the azimuthal angle distributions of the silicon clusters
measured with respect to Ψ2 for peripheral (b = 10− 12 fm) data samples with input v2 of 3%, 5%
and 10%. A clear flow signal can be visible, more pronounced for the samples with stronger input
flow. For these samples with the constant flow values, the reconstructed flow signal was correctly
found to be independent of the event multiplicity, pseudo-rapidity, and transverse momentum.

Method Input v2

0.03 0.05 0.10

pixel clusters (ϕ) vrec
2 0.018 ± 0.003 0.034 ± 0.002 0.070 ± 0.002

FCAL0 (Ψ2) vrec
2 /vtrue

2 0.60 ± 0.10 0.68 ± 0.04 0.70 ± 0.02
tracks (ϕ) vrec

2 0.031 ± 0.004 0.047 ± 0.003 0.100 ± 0.002
FCAL0 (Ψ2) vrec

2 /vtrue
2 1.00 ± 0.10 0.94 ± 0.06 1.00 ± 0.02

Table 5.2: Resolution corrected v2 averaged over |η| < 2.5 obtained from pixel clusters and recon-
structed tracks.

In the Table 5.2 we show the resolution corrected reconstructed flow signal from this analysis,
vrec
2 , averaged over |η| < 2.5. The ratios of the reconstructed to the true flow value are also
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Sub-system η - coverage Resolution correction
for sub-events b = 10 − 12 fm b = 6 − 8 fm b = 2 − 4 fm

EM-Barell1 0.2 < |η| < 1.5 0.29 ± 0.06 0.70 ± 0.02 0.81 ± 0.01
EM-EndCaps 1.5 < |η| < 3.2 0.57 ± 0.03 0.88 ± 0.01 0.93 ± 0.01
HAD-EndCaps 1.6 < |η| < 3.2 0.25 ± 0.07 0.59 ± 0.03 0.74 ± 0.02
FCAL0 3.1 < |η| < 4.8 0.60 ± 0.03 0.89 ± 0.01 0.93 ± 0.01
Pixel, 1st layer 0.2 < |η| < 2.6 0.56 ± 0.03 0.87 ± 0.01 0.92 ± 0.01
SCT, 1st layer 0.2 < |η| < 1.6 0.36 ± 0.05 0.71 ± 0.01 0.76 ± 0.01
Reconstructed tracks 0.2 < |η| < 2.0 0.45 ± 0.04 0.85 ± 0.01 0.92 ± 0.01

Table 5.1: Resolution corrections calculated for different sub-systems for the simulated events with
different centralities and with the constant flow of 5%.

v2 =
v′2√〈

cos[2(ΨN
2 − ΨP

2 )]
〉 . (5.7)

.
As mentioned before, two separate sub-event regions, N and P , are used to find the event plane

angles, ΨN
2 and ΨP

2 (see also Table 5.1). In order to avoid autocorrelations, the flow signal, v′2 is
measured for signals recorded in the P (η > 0) hemisphere with respect to the event plane angle
determined from the N(η < 0) hemisphere and vice versa. With the suit of detectors possessing the
full azimuthal symmetry, we can reconstruct the flow with different combinations of the detectors
used for the event plane estimate and the flow signal measurement.

As an example we show the analysis in which the flow is calculated from azimuthal angles of
pixel clusters from the innermost pixel layer while the event plane angle is calculated from the energy
weighted azimuthal angles of the calorimetric cells in the first layer either of the electromagnetic barrel
or of the forward calorimeter. Fig. 5.11 shows the azimuthal angle distributions of the silicon clusters
measured with respect to Ψ2 for peripheral (b = 10− 12 fm) data samples with input v2 of 3%, 5%
and 10%. A clear flow signal can be visible, more pronounced for the samples with stronger input
flow. For these samples with the constant flow values, the reconstructed flow signal was correctly
found to be independent of the event multiplicity, pseudo-rapidity, and transverse momentum.

Method Input v2

0.03 0.05 0.10

pixel clusters (ϕ) vrec
2 0.018 ± 0.003 0.034 ± 0.002 0.070 ± 0.002

FCAL0 (Ψ2) vrec
2 /vtrue

2 0.60 ± 0.10 0.68 ± 0.04 0.70 ± 0.02
tracks (ϕ) vrec

2 0.031 ± 0.004 0.047 ± 0.003 0.100 ± 0.002
FCAL0 (Ψ2) vrec

2 /vtrue
2 1.00 ± 0.10 0.94 ± 0.06 1.00 ± 0.02

Table 5.2: Resolution corrected v2 averaged over |η| < 2.5 obtained from pixel clusters and recon-
structed tracks.

In the Table 5.2 we show the resolution corrected reconstructed flow signal from this analysis,
vrec
2 , averaged over |η| < 2.5. The ratios of the reconstructed to the true flow value are also
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Three separate reconstruction 
methods give similar results
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3% 5% 10%

Sub-system η - coverage Resolution correction
for sub-events b = 10 − 12 fm b = 6 − 8 fm b = 2 − 4 fm

EM-Barell1 0.2 < |η| < 1.5 0.29 ± 0.06 0.70 ± 0.02 0.81 ± 0.01
EM-EndCaps 1.5 < |η| < 3.2 0.57 ± 0.03 0.88 ± 0.01 0.93 ± 0.01
HAD-EndCaps 1.6 < |η| < 3.2 0.25 ± 0.07 0.59 ± 0.03 0.74 ± 0.02
FCAL0 3.1 < |η| < 4.8 0.60 ± 0.03 0.89 ± 0.01 0.93 ± 0.01
Pixel, 1st layer 0.2 < |η| < 2.6 0.56 ± 0.03 0.87 ± 0.01 0.92 ± 0.01
SCT, 1st layer 0.2 < |η| < 1.6 0.36 ± 0.05 0.71 ± 0.01 0.76 ± 0.01
Reconstructed tracks 0.2 < |η| < 2.0 0.45 ± 0.04 0.85 ± 0.01 0.92 ± 0.01

Table 5.1: Resolution corrections calculated for different sub-systems for the simulated events with
different centralities and with the constant flow of 5%.

v2 =
v′2√〈

cos[2(ΨN
2 − ΨP

2 )]
〉 . (5.7)

.
As mentioned before, two separate sub-event regions, N and P , are used to find the event plane

angles, ΨN
2 and ΨP

2 (see also Table 5.1). In order to avoid autocorrelations, the flow signal, v′2 is
measured for signals recorded in the P (η > 0) hemisphere with respect to the event plane angle
determined from the N(η < 0) hemisphere and vice versa. With the suit of detectors possessing the
full azimuthal symmetry, we can reconstruct the flow with different combinations of the detectors
used for the event plane estimate and the flow signal measurement.

As an example we show the analysis in which the flow is calculated from azimuthal angles of
pixel clusters from the innermost pixel layer while the event plane angle is calculated from the energy
weighted azimuthal angles of the calorimetric cells in the first layer either of the electromagnetic barrel
or of the forward calorimeter. Fig. 5.11 shows the azimuthal angle distributions of the silicon clusters
measured with respect to Ψ2 for peripheral (b = 10− 12 fm) data samples with input v2 of 3%, 5%
and 10%. A clear flow signal can be visible, more pronounced for the samples with stronger input
flow. For these samples with the constant flow values, the reconstructed flow signal was correctly
found to be independent of the event multiplicity, pseudo-rapidity, and transverse momentum.

Method Input v2

0.03 0.05 0.10

pixel clusters (ϕ) vrec
2 0.018 ± 0.003 0.034 ± 0.002 0.070 ± 0.002

FCAL0 (Ψ2) vrec
2 /vtrue

2 0.60 ± 0.10 0.68 ± 0.04 0.70 ± 0.02
tracks (ϕ) vrec

2 0.031 ± 0.004 0.047 ± 0.003 0.100 ± 0.002
FCAL0 (Ψ2) vrec

2 /vtrue
2 1.00 ± 0.10 0.94 ± 0.06 1.00 ± 0.02

Table 5.2: Resolution corrected v2 averaged over |η| < 2.5 obtained from pixel clusters and recon-
structed tracks.

In the Table 5.2 we show the resolution corrected reconstructed flow signal from this analysis,
vrec
2 , averaged over |η| < 2.5. The ratios of the reconstructed to the true flow value are also

13

Pixel hits

30-40% 
suppression of 
v2 reduced
with tracks

b=10.7 fm

cos(2(ϕ - Ψ))

dN/d(ϕ - Ψ) = N0 (1 + 2v1cos (ϕ - Ψ) + 2v2 cos (2(ϕ - Ψ)) + ... )
Friday, December 18, 2009



Heavy Quarkonia - 

good rate, good mass resolution - can study color 
screening through Upsilon and 
J/Ψ suppression
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 / 

35
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ATLAS Preliminary

Υ(1S) Υ(2S) Υ(3S)

cc̄,bb̄

Test predictions that different quarkonium states 
disassociate at different plasma temperatures  

J. Dolejší, Nucl. Phys, A 830 (2009) 89c
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ATLAS Physics ProspectsNathan Grau

Inclusive Jet Reconstruction

! 

dN /d" = 2700

Reconstructed spectra not corrected

for efficiency and energy resolution.

! Suppression of
background
jets using
shape analysis

! For 70 GeV
jets at dN/d! =
2700
" " = 70%

" B/(S+B) = 3%

" #$Et/Et = 25%

Top 0.5% #AA

Inclusive
Jet 

Reconstruction

M. Spousta, ATL-PHYS-PROC-2009-002.pdf

Method requires 
subtraction of 
background from 
underlying heavy 
ion event

ATLAS PRELIMINARY

April 3, 2009

ATLAS Jets

8

Nathan Grau

Cone Jet Reconstruction: HI Events
Calorimeter energy in

0.1x0.1 towers

! Embed full PYTHIA
di-jet events into
HIJING events at
5.5 TeV

! Subtract underlying
event pedestal

" event-by-event

" layer-by-layer

" ! dependent

NG QM ‘08 Plenary
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Fragmentation

M. Spousta, ATL-PHYS-PROC-2009-002.pdf
N. Grau, ATL-PHYS-PROC-2009-046.pdf

Feasible to extract accurate 
fragmentation functions
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Can extract jet quenching if it is 
of the size given by Pyquen
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Simulated gamma jet correlations

• Well-correlated γγγγ’s and jets for γγγγ-jet physics
• Can vary jet quality cuts and use γγγγ-jet correlation to 

confirm our understanding of jet reconstruction. 

Tight jet quality cuts
Loose jet quality cuts

Tight jet quality cuts
Loose jet quality cuts

See also: Nathan Grau et al. in session 6A on Friday

ATLAS Preliminary ATLAS Preliminary

Direct photons,
Gamma-Jet 

Correlations

Mark D. Baker, QM2009 14

Photon spectrum after 1 LHC run

• Standard LHC PbPb run: 0.5 nb-1

Central PbPb

ET (GeV)           

ATLAS Preliminary

The excellent ATLAS 
calorimetry permits good 
neutral hadron rejection

Clean γ-jet signal ideal for 
jet suppression studiesM. Baker, Nucl. Phys. A830:499c-502c, 2009 

Photon

Jet

Photon is ~unaffected by the medium 
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Fig. 3. (Color online) Transverse momentum spectra of heavy quarks (solid lines)
and their decay electrons (dashed lines) in central Au+Au collisions at

√
sNN = 200

GeV: (a) initial; (b) after two-body elastic scattering; (c) including also two-body
radiative scattering; (d) further including three-body scattering by quarks and an-
tiquarks with different flavors; (e) including other three-body scattering as well.
and panel (e) for further including other three-body scattering processes. Al-
though bottom quarks are negligible at low transverse momentum, they are
important at high transverse momentum as a result of their smaller momen-
tum degradation in QGP than charm quarks. The spectra of electrons from
resulting heavy mesons are shown by dashed lines in Fig.3, and they are much
softer than the spectra of heavy quarks. Because of large bottom quark mass,
electrons from their decays become dominant at high pT .
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Fig. 4. (Color online) The nuclear modification factor RAA for electrons from heavy
quark decays in central Au+Au collisions at

√
sNN = 200 GeV.

The ratio of the electron pT spectrum from final heavy mesons to that from ini-
tially produced ones, defined as the electron nuclear modification factor RAA,
is shown in Fig. 4. It is seen that the effect from two-body elastic scattering
(dotted line) is as important as that from two-body radiative scattering, simi-
lar to that of Ref.[17]. The electron RAA including both contributions (dashed

C.M. Ko, W. Liu / Nuclear Physics A 783 (2007) 233c–240c238c

Heavy Quark 
Jet Suppression

• Naive radiative energy loss 
picture predicts minimal 
suppression of heavy quarks

• Radiation and collisional losses 
in 2 and 3-body interactions 
provide only partial explanation

• This puzzle can be probed at 
LHC with much higher pT, better 
statistics, and potentially with 
directly identified heavy mesons

Ko and Liu, Nuclear Physics A 783 (2007) 233c–240c“KPS” = B. Z. Kopeliovich, I. K. Potashnikova, 
I. Schmidt,  J. Phys. G35:054001, 2008

RAA =
1

Ncoll

dN
dpT

|AA

dN
dpT

|pp
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GeV: (a) initial; (b) after two-body elastic scattering; (c) including also two-body
radiative scattering; (d) further including three-body scattering by quarks and an-
tiquarks with different flavors; (e) including other three-body scattering as well.
and panel (e) for further including other three-body scattering processes. Al-
though bottom quarks are negligible at low transverse momentum, they are
important at high transverse momentum as a result of their smaller momen-
tum degradation in QGP than charm quarks. The spectra of electrons from
resulting heavy mesons are shown by dashed lines in Fig.3, and they are much
softer than the spectra of heavy quarks. Because of large bottom quark mass,
electrons from their decays become dominant at high pT .
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quark decays in central Au+Au collisions at

√
sNN = 200 GeV.

The ratio of the electron pT spectrum from final heavy mesons to that from ini-
tially produced ones, defined as the electron nuclear modification factor RAA,
is shown in Fig. 4. It is seen that the effect from two-body elastic scattering
(dotted line) is as important as that from two-body radiative scattering, simi-
lar to that of Ref.[17]. The electron RAA including both contributions (dashed

C.M. Ko, W. Liu / Nuclear Physics A 783 (2007) 233c–240c238c

Heavy Quark 
Jet Suppression

• Naive radiative energy loss 
picture predicts minimal 
suppression of heavy quarks

• Radiation and collisional losses 
in 2 and 3-body interactions 
provide only partial explanation

• This puzzle can be probed at 
LHC with much higher pT, better 
statistics, and potentially with 
directly identified heavy mesons

Ko and Liu, Nuclear Physics A 783 (2007) 233c–240c“KPS” = B. Z. Kopeliovich, I. K. Potashnikova, 
I. Schmidt,  J. Phys. G35:054001, 2008

KPS 200 GeV
KPS 5500 GeV

RAA =
1

Ncoll

dN
dpT

|AA

dN
dpT

|pp
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Heavy Quark Jets via 
Muon-Tagging in ATLAS

• Semi-leptonic decay of 
heavy quarks can be 
tagged by muons

• Clean environment in 
standalone muon system, 
trigger by single/double 
tracks

• High purity for muon ET 
above ~50 GeV

ATLAS Preliminary
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Conclusions

• Exciting physics program for heavy ions with 
ATLAS

• ATLAS instrumentation is ideal for measuring jet 
quenching

• Methods of global event characterization are 
understood; ready for first data

• Heavy-quark jet quenching may yield new 
insights
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