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Recap of yesterday’s lecture

2

We create a             in the laboratory in HI collisions              
it is 

fantastically hot 
and has an  

incredible energy density.  
It  

 exists for only an instant 
yet shows  

many signs of being in equilibrium. 
It flows like a 

 nearly “perfect” fluid 
and appears to have 

 quark and gluon degrees of freedom 

QGP
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Defining a probe - Hard processes

 

Matter we want to study
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Defining a probe - Hard processes

 

Matter we want to study

 

 Energy released 
in A-A collision 

Detectors
 Probe Medium ⇔ Probe
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Defining a probe - Hard processes

 

Matter we want to study

 

 Energy released 
in A-A collision 

Detectors

• Photons 
• Partons (q, g) 
• High momentum particle

Medium ⇔ Probe
 

Self-generated & 
calibrated probes
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‘Hard’ processes have a large scale in calculation  → pQCD applicable: 
• high momentum transfer Q2 

• high transverse momentum pT 
• high mass m (N.B.: since m>>0 heavy quark production is ‘hard’ process 

even at low pT) 

  Early production in parton-parton  
  scatterings with large Q2 
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q

q

hadrons
leading 
particle

leading 
particle

Schematic view of  jet production

hadrons

Using “hard” particles as probes
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‘Hard’ processes have a large scale in calculation  → pQCD applicable: 
• high momentum transfer Q2 

• high transverse momentum pT 
• high mass m (N.B.: since m>>0 heavy quark production is ‘hard’ process 

even at low pT) 

  Early production in parton-parton  
  scatterings with large Q2 
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q

q

hadrons
leading 
particle

jet production in quark matter

Look for attenuation/absorption 
of probe

Using “hard” particles as probes

Direct interaction with partonic phases 
  of the reaction  

  i.e. a calibrated probe

4
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• Minimum bias particle production in p-p also well modeled.

High pT production – a calibrated probe 

STAR : PLB 637 (2006) 161
S. Albino et al, NPB 725 (2005) 181

• Jet cross-section in p-p is well described by NLO pQCD 
calculations over many orders of magnitude at RHIC and LHC 

γ

• Minimum bias γ production in p-p well modeled

 Jet and particle spectra well calculated by pQCD 

8Hard processes in pp 

In pp collisions, the following factorized approach in pQCD is used: 

ATLAS, Phys.Rev. D86 (2012) 014022

Successfully
describing 
data over 
many orders 
of magnitude!
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Looking for attenuation/absorption

Nuclear 
Modification  
Factor:

No “Effect”: 
• R < 1 at small momenta - 
production from thermal bath 

• R = 1 at higher momenta where 
        hard processes dominate 

Average number  
of p-p collisions 
in A-A collision 
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Compare to p-p at same collision energy

R<1  at high pT if QGP 
affecting parton’s propagation
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Hard process - high pT

7

Clear shape change at high pT 
for central collisions

p-p reference: 
 Interpolation of 0.9 and 7 TeV data 
7 TeV data scaled by NLO QCD calc. 

ALICE PLB696 (2011)

Even visible by eye in event 
displays at LHC
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Strong suppression of high pT particles
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High pT  hadrons hadronize 
at RHIC:  from quarks 
at LHC:    from gluons  

(larger color charge!)  

CMS 0-5/50-90%

Both quarks and gluons 
strongly coupled to 

the medium
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From p-p to A-A: what changed?

9

Nuclear PDF (nPDF) 
different from free nucleon

(anti)Shadowing
Large uncertainty at small and 

large x

Check effect using pA collisions 
(CNM) take it into account 
when interpreting the HI 
results

Hard scattering: unchanged since it happens before the medium is 
formed

Factorization: immune from the changes in PDF 

Fragmentation function

σ AA→ jet ∝ fa/p (xa ,Q
2 )⊗ fb/p (xb ,Q

2 )⊗σ ab→c ⊗Dc→ ′c → jet+X
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Initial or final state effects?

10

p+A

partonic 
energy 
loss

vs

Initial State? Final State?

gluon saturation

• A clear difference between p-p and A-A observed: 

Caused by initial state (quark/gluon shadowing) or final state 
(energy loss in plasma) effects? 

• To test need collisions where no final state effects due to plasma but 
initial nuclear state effects present:
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Initial or final state effects?

10

p+A

partonic 
energy 
loss

vs

Initial State? Final State?

gluon saturation

• A clear difference between p-p and A-A observed: 

Caused by initial state (quark/gluon shadowing) or final state 
(energy loss in plasma) effects? 

• To test need collisions where no final state effects due to plasma but 
initial nuclear state effects present:

Use p-A (d-A) 
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no suppression of photons, W, Z0 in Pb-Pb  
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Sanity checks

11

Colorless objects should 
not interact with colored 
QGP 

show no suppression 
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Sanity checks

11

Colorless objects should 
not interact with colored 
QGP 

show no suppression 

Minimum p-Pb collisions 
don’t form QGP  

RpPb  shows no 
suppression

Suppression not seen where 
suppression shouldn’t occur
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Is it Eloss or absorption?

12
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PRC 87, 034911 (2013)

Measure fractional momentum loss  
δpT/pT instead of RAA

RAA,0.200 ~ RAA,2.76 
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Is it Eloss or absorption?
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FIG. 16: (Color online) Method of calculating average frac-
tional momentum loss (Sloss ≡ δpT /pT ). Figure is for illustra-
tion only, and errors are not shown. In the order of procedure:
(1) Scale the p+p data by TAA corresponding to centrality se-
lection of Au+Au data, (2) shift the p+p points closest to
Au+Au in yield, and (3) calculate momentum difference of
p+p and Au+Au points.
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FIG. 17: (Color online) Average fractional momentum loss,
as defined in the text, between various centrality Au+Au and
TAA-scaled p+p collisions. The horizontal axis is the pT in the
p+p collision. Note that for clarity the minimum bias data
are shifted up by 0.15. δ(global) stands for the uncertainty
coming from the uncertainties of TAA. The overall normal-
ization error from the p+p measurement is 1.3%, and is not
shown here.
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FIG. 18: (Color online) Comparison of average fractional mo-
mentum loss, as defined in the text, between the

√
s
NN

=

200GeV Au+Au collisions (π0, current paper) and
√
s
NN

=
2.76TeV Pb+Pb collisions (ALICE, charged hadrons [38]).
The centrality selections are the same. δ(global) stands for the
uncertainty coming from the uncertainties of TAA. The over-
all normalization error from the p+p measurement is 1.3%
for Au+Au data, and is not shown here.

though the collision systems and center-of-mass energies
are vastly different. Figure 18 shows comparisons of Sloss.
Note that the Sloss obtained from the ALICE charged
hadron measurement is ∼30% higher than that from the
PHENIX π0 measurement. This is reasonable consid-
ering the fact that the powers (n) in the power-law fit
to the pT spectra are different between the two systems;
the power of the PHENIX p+p π0s at

√
s = 200GeV/c is

about 8, while that of the ALICE p+p charged hadrons
is about 6.

E. Model calculations, transport coefficient

In this section, RAA is compared to four different par-
ton energy loss models, following the method described
in [37]. All four models are incorporated into the same
three-dimensional relativistic hydrodynamic calculation
with an initial thermalization time τ0= 0.6 fm/c and de-
scribe the observed elliptic flow, pseudorapidity distribu-
tions, and particle spectra at low pT . The Arnold-Moore-
Yaffe formalism (AMY [9, 43]) incorporates radiative and
collisional energy loss processes in an extended medium
in equilibrium at high temperature, i.e. small coupling

constant g, where αS = g2

4π . In this approximation, a hi-
erarchy of scales of successively higher powers of the cou-
pling constant can be identified, and it becomes possible
to construct an effective theory of soft modes by sum-
ming contributions from hard loops into effective propa-
gators and vertices. The higher-twist approach (HT [10])
is based on the medium-enhanced higher-twist correc-

LHC

RHIC

δp
T/

p T

QGP at LHC and RHIC acts 
differently on hard partons

PRC 87, 034911 (2013)

Smaller coupling at LHC?

Measure fractional momentum loss  
δpT/pT instead of RAA

RAA,0.200 ~ RAA,2.76 

Need to look in more detail

but 
(δpT)LHC ≈ 1.3 (δpT)RHIC 

and  
(dN/dy)LHC ≈ 2.2 (dN/dy)RHIC
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The limitations of RAA

13

Insensitivity due to surface 
emission: 

A. Dainese et al.,  
Eur. Phys. J. C38(2005) 461 

Distributions of parton production  
points in the transverse plane
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The limitations of RAA

13

Insensitivity due to surface 
emission: 

A. Dainese et al.,  
Eur. Phys. J. C38(2005) 461 

Distributions of parton production  
points in the transverse plane

⇔

⇔

Rough correspondence:

RAA can’t go to zero even 
for the highest densities
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The limitations of RAA

13

Insensitivity due to surface 
emission: 

A. Dainese et al.,  
Eur. Phys. J. C38(2005) 461 

Distributions of parton production  
points in the transverse plane

⇔

⇔

Rough correspondence:

RAA can’t go to zero even 
for the highest densities

Need better tool
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Find this …

p-p →jet+jet 
(STAR@RHIC)

nucleon nucleon
parton

jet

jet

leading hadron

Finding a jet in a A-A event

14
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Find this … … in this

p-p →jet+jet 
(STAR@RHIC)

Au-Au →??? 
(STAR@RHIC)

nucleon nucleon
parton

jet

jet

leading hadron

Finding a jet in a A-A event

Seems almost impossible

14
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Start small: di-hadron collisions
p-p → dijet

• Trigger: highest pT track  

• Δφ distribution:

15



trigger Phys Rev Lett 90, 082302

min. bias p-p collisions
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Start small: di-hadron collisions
p-p → dijet

15



central Au-Au collisions
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Start small: di-hadron collisions
p-p → dijet

 
 
 ?

15

Δφ ≈ 0: central Au-Au similar to p-p
Δφ ≈ π: strong suppression of back-to-back    
             correlations in central Au-Au



central Au-Au collisions
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Start small: di-hadron collisions
p-p → dijet

 
 
 ?

15

Δφ ≈ 0: central Au-Au similar to p-p
Δφ ≈ π: strong suppression of back-to-back    
             correlations in central Au-Au
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Di-jet energy (im)balance: AJ

16

3.1 Dijet properties in pp and PbPb data 13
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

Energy and momentum conserved

Ideally AJ = 1
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Di-jet energy (im)balance: AJ
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

Energy and momentum conserved

Ideally AJ = 1

Using jet finder some energy missed

Even for p-p  AJ  ≠1
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Di-jet energy (im)balance: AJ
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

Energy and momentum conserved

Ideally AJ = 1

Using jet finder some energy missed

Even for p-p  AJ  ≠1

In A-A collisions energy loss to QGP 
will also affect AJ

Compare AJ in p-p and A-A for 
different thresholds and radii



38Dijet imbalance: clear signal in PbPb at LHC

AJAJAJAJ

Δφ Δφ Δφ Δφ

Momentum imbalance wrt to MC (pp) reference 
increases with increasing centrality. 
No (or very little) azimuthal decorrelation.

40-100% 0-10%20-40% 10-20%

ATLAS,  PRL 105 (2010) 252303
CMS,     PRC 84 (2011) 024906
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Di-jet momentum imbalance 

17

Little to no azimuthal decorrelation
Significant increase in momentum imbalance

increases with centrality

38Dijet imbalance: clear signal in PbPb at LHC

AJAJAJAJ

Δφ Δφ Δφ Δφ

Momentum imbalance wrt to MC (pp) reference 
increases with increasing centrality. 
No (or very little) azimuthal decorrelation.

40-100% 0-10%20-40% 10-20%

ATLAS,  PRL 105 (2010) 252303
CMS,     PRC 84 (2011) 024906

38Dijet imbalance: clear signal in PbPb at LHC

AJAJAJAJ

Δφ Δφ Δφ Δφ

Momentum imbalance wrt to MC (pp) reference 
increases with increasing centrality. 
No (or very little) azimuthal decorrelation.

40-100% 0-10%20-40% 10-20%

ATLAS,  PRL 105 (2010) 252303
CMS,     PRC 84 (2011) 024906

Energy not restored 
within cone of R=0.4
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Jet quenching = Gluon radiation: 
Multiple final-state gluon radiation off of the 
produced hard parton induced by the 
traversed dense colored medium ~ “Gluon 
Bremsstrahlung”

Medium

E
Hard
Production

ω=xE

ω=(1-x)E

λ
↔

↑qT~μ

Jet quenching/
gluon radiation in QGP

Jet in vacuum
EVacuum

Jet
Jet in medium

EMedium=EVacuum

Suppression of
high-pT particles

Enhancement of
low-pT particles

Jet broadening Jet Jet

So what’s happening
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Jet quenching = Gluon radiation: 
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Modification of the fragmentation
p and E must be conserved so quenched energy must appear 
somewhere

• MLLA: good description of 
vacuum fragmentation (basis 
of PYTHIA) 

• Introduce medium effects 
at parton splitting Borghini and 
Wiedemann, hep-ph/0506218

Prediction that the fragmentation function is modified in the 
presence of a QGP - more and softer particles produced
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presence of a QGP - more and softer particles produced

Look at A-A 
Frag. Fnc. 

especially low z
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20QM 2012, Martin Spousta, ATLAS Collaboration 34

Jet fragmentation

Jet fragmentation 

QM'2012, Washington D.C. 13/08/2012 B. Wosiek 25 

GeVphad
T 2! Rcos

p
p

z jet
T

had
T '{

• Enhancement at low z, suppression at z|0.1  
• No modification at high z 
• Similar results found for R=0.2 and 0.3 jets 

ATLAS-CONF-2012-115 

%cent)z(D )z(D/)z(DR 8060�{



Helen Caines - HCPSS - August 2016

Where does the energy go?

20QM 2012, Martin Spousta, ATLAS Collaboration 34

Jet fragmentation

Jet fragmentation 

QM'2012, Washington D.C. 13/08/2012 B. Wosiek 25 

GeVphad
T 2! Rcos

p
p

z jet
T

had
T '{

• Enhancement at low z, suppression at z|0.1  
• No modification at high z 
• Similar results found for R=0.2 and 0.3 jets 

ATLAS-CONF-2012-115 

%cent)z(D )z(D/)z(DR 8060�{

“Lost” hard particles emerge as 
multiple soft particles

-  many remain correlated to jet axis 
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Can we affect path-length of 
recoil jet? recoil jet

Trigger 
particle/jet

More energy loss of recoil jet



Helen Caines - HCPSS - August 2016

Theoretical calculations of jets at RHIC The Physics Case for sPHENIX
Jet Surface Emission Engineering
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Figure 1.17: Dijet surface bias in YaJEM for various trigger definitions. As the trigger is
changed from a single hadron (left) to a reconstructed jet with a minimum pT selection on
charged tracks and electromagnetic clusters (middle) to an ideally reconstructed jet (right),
the surface bias in the production point becomes less pronounced. sPHENIX is capable of all
three types of measurements. (Based on figure taken from [85].)

respectively. The calculated AJ distributions reproduce the CMS experimental data [71].

In Figure 1.18 (right panel) the calculation is repeated with a medium temperature ap-
propriate for RHIC collisions and with RHIC observable jet energies, ET1 > 20 GeV and
R = 0.2. The calculation is carried out for different coupling strengths as between partons
in the medium themselves and the parton probe and medium partons. The variation in
the value of as should be viewed as changing the effective coupling in the many-body
environment of the QGP. It is interesting to note that in the parton cascade BAMPS, the au-
thors find a coupling of as ⇡ 0.6 is required to describe the bulk medium flow [88]. These
results indicate sizable modification to the dijet asymmetry and thus excellent sensitivity
to the effective coupling to the medium at RHIC energies.

Figure 1.19 demonstrates the determination of the effective coupling in the model of
Coleman-Smith. The different curves in the left panel show the distribution of dijet
asymmetry for different values of the effective coupling. The data points are generated for
a particular value of the coupling strength and the uncertainties are representative of those
that sPHENIX would record. By performing a modified c2 comparison of the model to the
data, one obtains the curve in the right panel. From that curve, one is able to determine
the coupling with an uncertainty of about 5%.

Figure 1.20 (left panel) shows the temperature dependence of the dijet asymmetry, now
keeping the coupling as fixed. One observes a similar sharp drop in the fraction of
energy balanced dijets with increasing temperature to that seen for increasing the effective
coupling, and so combining these observations with constrained hydrodynamic models
and direct photon emission measurements is important. Given that the initial temperatures
of the QGP formed at RHIC and the LHC should be significantly different, this plot shows
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Probe recoil jets - large path length
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Trigger hadron 

Recoil jets 

Trigger: Charged hadron 9<pT<19 GeV/c
Recoil: Charged particle jet:

Anti-kT R=0.3
Constituent tracks: pT > 0.2 GeV/c

Recoil jet azimuth: |φ-π|<π/4
Semi-inclusive Observable: 

Recoil jets per trigger

Ensemble-averaged analysis: 
No rejection of jet candidates on

 jet-by-jet basis
No bias on recoil jet
Jet measurement is collinear-safe 

with low infrared cutoff (0.2 GeV/c)
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R=0.3 R=0.5

Preliminary Preliminary

Recoil jets are missing
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R=0.3 R=0.5

Preliminary Preliminary

Recoil jets are missing

RHIC:  Jet pT =10-20 GeV 
R=0.3:   pT,Shift ~  -6 GeV 
R=0.5:   pT,Shift ~  -4 GeV 

Energy recovered at larger angles
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R=0.3 R=0.5

Preliminary Preliminary

Recoil jets are missing

RHIC:  Jet pT =10-20 GeV 
R=0.3:   pT,Shift ~  -6 GeV 
R=0.5:   pT,Shift ~  -4 GeV 

Energy recovered at larger angles

More energy loss at LHCLHC: Jet pT =60-100 GeV 
R=0.5:  pT,Shift ~ -8 GeV
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pT = precT � ⇢⇥A

“Hard Core” jets - large path length
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

First apply constituent pT,cut>2 GeV/c


To allow access to low pT jets
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

First apply constituent pT,cut>2 GeV/c


Geom. matching

Geom. matching

Calculate |Aj| twice

with/without low pT 

constituent cut

To allow access to low pT jets

Relax constituent cut

Rerun anti-kT algorithm

match via geom. positions
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Is this random luck? 

26

Assumption:  balancing for jets with low pT constituents only due to 
background fluctuations, not correlated signal yield! 

pT,cut=2 GeV/c
pTLead>20 GeV 
pTSubLead>10 GeV

Method 1: Random Cone (RC): 
Take di-jet pair pTCut>2 GeV/c (w/o low pT)

Calculate |AJ| with 
pTCut>0.2 GeV/c  
using cone of R

the 2 Jet vectors
into a Au+Au 0-20%  
Minimum Bias event 

Embed randomly 

If balance due to random noise  
|AJ|random = |AJ|pp

3.1 Dijet properties in pp and PbPb data 13
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Balancing is NOT due to random noise 
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Anti-kT R=0.4, pT,1>20 GeV & pT,2>10 GeV with pTcut>2 GeV/c

|AJ|

Preliminary

Method 1 
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Sys. Uncertainties: 
- tracking eff. 6%  
- tower energy 
  scale 2% 

Balancing of Au-Au matched di-jets due to  
correlated signal yield in a cone of R=0.4  
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Di-jet imbalance AJ Au-Au 0-20% R=0.2 
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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R=0.4 R=0.2

Au+Au vs. p+p
pTCut>2 GeV/c X X

Matched 
Au+Au vs. p+p

(pTCut>0.2 GeV/c) O X

X = “Non-identical” AJ distribution (Au-Au vs. p-p)
O = “Identical”        AJ distribution (Au-Au vs. p-p)

Jet geometry 
engineering underway



Helen Caines - HCPSS - August 2016

Gluon radiation: Multiple final-
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produced hard parton induced 
by the traversed dense colored 
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Heavy flavor JUST as suppressed

XLII International Meeting on Fundamental Physics, 27th Jan -1st Feb Z. Conesa del Valle

Heavy Flavor Suppression

➡ Strong heavy flavor suppression
➡ Similar HF decay e (|y|<0.6) and µ (2.5<y<4.0) RAA in 0-10%
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produced hard parton induced 
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medium Medium
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Identified charm RAA

31Wicks et al, Nucl. Phys. A784 (2007) 426

Need to disentangle charm 
and bottom contributions 

Precision vertexing at LHC key 
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mass dependent energy loss 

less suppression for heavy quarks 
B < D, J/ψ  < charged particles 

ALICE: Past, Present, and Future / Dariusz Miskowiec, GSI Darmstadt / DPG meeting Frankfurt, 18-Mar-2014 43 

ALICE  JHEP 09 (2012) 112 
ALICE PLB 720 (2013) 52 
CMS-PAS-HIN-12-014 
 
compilation A. Andronic 

 b quarks 

 c quarks 
  light quarks and gluons 

b

c
u,d,
s,g

Identified charm RAA

31Wicks et al, Nucl. Phys. A784 (2007) 426

Need to disentangle charm 
and bottom contributions 

Precision vertexing at LHC key 

ΔEb< ΔEc ~ ΔEg  
c and g similar energy loss!
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What has all this taught us?

32

Different initial conditions and 
evolutionary paths: 

11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

q ~ ^ 1.2 ± 0.3
1.9 ± 0.7 GeV2/fm T=370 MeV

T=470 MeV

RHIC probes behave 
differently to LHC probes
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B.M., NPA 855 (2011) 74

Tuesday, June 21, 2011

“RHIC” scenario
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Parton ET = 30 GeV
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Figure 1.9: Jet virtuality evolution at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions
(red dashed lines) increase as the parton scatters in the medium. The total virtuality (blue
solid lines) is the quadrature sum of the two contributions. At RHIC the medium induced
virtuality dominates by 2.5 fm/c while at the LHC the medium term does not dominate until
4.5 fm/c. From Ref. [41].
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FIG. 2: (Color online) Left panels show �0 RAA for 0-5% Au+Au collisions at
�

sNN=200 GeV and predictions from PQM [4], GLV [12],
WHDG [6], and ZOWW [7] models with (from top to bottom) �q̂� values of 0.3, 0.9, 1.2, 1.5, 2.1, 2.9, 4.4, 5.9, 7.4, 10.3, 13.2, 17.7, 25.0, 40.5,
101.4 GeV2/fm; dNg/dy values of 600, 800, 900, 1050, 1175, 1300, 1400, 1500, 1800, 2100, 3000, 4000; dNg/dy values of 500, 800, 1100, 1400,

1700, 2000, 2300, 2600, 2900, 3200, 3500, 3800; and �0 values of 1.08, 1.28, 1.48, 1.68, 1.88, 2.08, 2.28, 2.68, 3.08 GeV/fm. Red lines indicate the
best fit cases of (top) �q̂�= 13.2, (upper middle) dNg/dy = 1400, (lower middle) dNg/dy = 1400, and (bottom) �0 = 1.88 GeV/fm. Right panels

show RAA at pT = 20 GeV/c.

Figure 1.10: p0 RAA for central Au+Au collisions compared to PQM Model calculations [43,
44] for various values of hq̂i [45]. The red line corresponds to hq̂i = 13.2 GeV2/fm and is the
best fit to the data.

Jet quenching (i.e., the significant loss of energy for partons traversing the QGP) was
discovered via measurements at RHIC of the suppression of single hadron yields compared
to expectations from p+p collisions [46, 47]. Figure 1.10 [45] shows a comparison between
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Why RHIC ! LHC

27

0 1 2 3 4 5 6
0

2

4

6

8

10

t �fm⇧c⇥
Q
⇤t⌅�G

eV
⇥ “LHC” scenario

T0 = 390 MeV
pT = 200 MeV

0 1 2 3 4 5 6
0

1

2

3

4

5

t �fm⇧c⇥

Q
⇤t⌅�G

eV
⇥ “RHIC” scenario

T0 = 300 MeV
pT = 30 MeV

vacuum
dominated

medium dominated

Virtuality evolution of a hard scattered parton
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B.M., NPA 855 (2011) 74

Tuesday, June 21, 2011

“RHIC” scenario
T0 = 300 GeV

Parton ET = 30 GeV

“LHC” scenario
T0 = 390 GeV

Parton ET = 200 GeV

Figure 1.9: Jet virtuality evolution at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions
(red dashed lines) increase as the parton scatters in the medium. The total virtuality (blue
solid lines) is the quadrature sum of the two contributions. At RHIC the medium induced
virtuality dominates by 2.5 fm/c while at the LHC the medium term does not dominate until
4.5 fm/c. From Ref. [41].
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FIG. 2: (Color online) Left panels show �0 RAA for 0-5% Au+Au collisions at
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sNN=200 GeV and predictions from PQM [4], GLV [12],
WHDG [6], and ZOWW [7] models with (from top to bottom) �q̂� values of 0.3, 0.9, 1.2, 1.5, 2.1, 2.9, 4.4, 5.9, 7.4, 10.3, 13.2, 17.7, 25.0, 40.5,
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best fit cases of (top) �q̂�= 13.2, (upper middle) dNg/dy = 1400, (lower middle) dNg/dy = 1400, and (bottom) �0 = 1.88 GeV/fm. Right panels

show RAA at pT = 20 GeV/c.

Figure 1.10: p0 RAA for central Au+Au collisions compared to PQM Model calculations [43,
44] for various values of hq̂i [45]. The red line corresponds to hq̂i = 13.2 GeV2/fm and is the
best fit to the data.

Jet quenching (i.e., the significant loss of energy for partons traversing the QGP) was
discovered via measurements at RHIC of the suppression of single hadron yields compared
to expectations from p+p collisions [46, 47]. Figure 1.10 [45] shows a comparison between
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What has all this taught us?

32

Different initial conditions and 
evolutionary paths: 

11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

q ~ 

Different virtuality 
evolutions: 

How/when does 
parton become  
“aware” of medium

^ 1.2 ± 0.3
1.9 ± 0.7 GeV2/fm T=370 MeV

T=470 MeV

RHIC probes behave 
differently to LHC probes



Strong high pT suppression for all observed particles   
   including charm and bottom 
        - Highly opaque medium 
        - Path length dependence evident 

Lost energy re-emerges as multiple low pT particles 
        - Modification of fragmentation functions 

  Just prying open the door to jet geometry engineering and     
      jet shape studies 
         Helen Caines - HCPSS - August 2016

Summary

33

As expected larger, denser, longer lived and more 
opaque source created at the LHC than at RHIC

Experiments and the LHC operating wonderfully

But there are still many open questions
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Our Long Range Plan

34

Lots left to do!!!!

41

DOE Shown Heavy Ion TimelineDoE and internal support for our plan

New detectors 
being designed 
and built NOW!

New accelerator 
being designed 
NOW!

40

science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf

Well worth reading for 
young people…

A roadmap for the 
future.    Note that 
large $0.5 - $1.5B 
projects take 7-15 

years at least.

Capitalize on key 
investments.

Future facilities.
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28DHC: Two ridges

0-20%       minus     60-100%      =

● Quantify the excess in high-multiplicity 
pPb by subtracting the jet-like correlations:

● The near-side is accompanied by an almost 
identical ridge structure on the away-side

ALICE, PLB 719 (2013) 29
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Ridges in p-Pb

35

32DHC: Two ridges
ALICE, PLB 719 (2013) 29

● A closer look at the two ridges:
the near- and away-side ridges

● Are essentially flat in Δη

– Slight excess on near side 
due to small residual jet peak 

● Have the same magnitude

● Projection to Δφ

● Exclude residual peak 
(|Δη<0.8| on near-side) 
exhibits a modulation

● In HIJING, the correlation 
shows no qualitative 
changes with multiplicity 

● Quantify the ridges

– Ridge yields

– Fourier coefficients

Near-side
Away-side

Flow in pPb or CGC? 

ALICE PLB 719 (2013) 29

- =
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ALI−PUB−58145

p-Pb v2

36

Collective motion in p-Pb 
systems? 

arXiv:1307.3237

Mass dependence of v2 and  
pT spectra in p-Pb very similar 
to that in Pb-Pb

Our “simple” system is 
proving very complex!
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p+Au d+Au 3He+Au)

Initial Geometry Uncertainty

IPGlasmaMC Glauber

e2
IPGlasma = 0.10

e2
Glauber = 0.23

e2
IPGlasma = 0.59

e2
Glauber = 0.54

e2
IPGlasma = 0.55

e2
Glauber = 0.50
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Testing geometry at RHIC
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Small systems scan

38

Elliptic flow seen in all systems!

Agreement with hydrodynamical calculations suggests systems really are 
flowing

Results under serious 
discussion with  theorists

Glauber +Hydrodynamics+Cascade Predictions

Romatschke, Nagle et al. , http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.112301 4

3He+Au flow (2014)

• Results of the short 2014 He3 run
• v2 and v3 in 3HeAu --- hydro at work at small system?

RUN15
RUN8
RUN16 BES RUN14

v3 only in He3-Au as expected
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Sufficient charm for regeneration?

39
  

Roberto Preghenella 40

J/ψ R
AA

 centrality dependence
Comparison with lower energy results at RHIC

PHENIX: stronger 
centrality dependence

ALICE: systematically 
larger in central events

indication of J/ψ 
(re)generation mechanism

arXiv:1211.1623 [nucl-ex]
arXiv:1210.5818 [nucl-ex]

Pb-Pb

Regeneration of J/Ψ at the LHC? 

US LHC Users Organization Meeting, Fermilab, October 18-20, 2012page S.A. Voloshin

J/ψ suppression 
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J/�!
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Suppression vs. event plane

More suppression for charged 
hadrons exiting out-of-plane 
  - longer average path length in 
the medium 

50

RAA, jet measurements (and correlations) are providing lots of 
data on partonic Eloss  


