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And is there a consistent 
jet-quenching picture at RHIC?
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Outline

3

Jets as a calibrated probe: p+p and d+Au reference

Our new tool: Jets in heavy-ion collisions (RHIC)
• Background in heavy-ion collisions: fake-jets and fluctuations
• Inclusive jet spectrum and jet RAA

• Jet energy profile (R=0.2/0.4)
• Di-Jet coincidence measurements

Consistency? Connection to single/di-hadron results!?

Summary

Short intro: Jets and Jet-Finding Algorithms
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Jets connect theory and experiment
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PDF Partonic x-section

pQCD factorization/jet spectrum:

Jets are the experimental signatures 
of quarks and gluons. They reflect the 
kinematics and “topology” of partons.

Goal: re-associate (measurable) 
hadrons to accurately reconstruct 
partonic kinematics

• pQCD calculates partons

• experiments measure fragments of 
partons: hadrons

Tool: Jet-finding algorithms:
Apply same algorithm to data and
theoretical calculations
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Jet definition ⇔ Jet algorithm 

5

The construction of a jet is unavoidably ambiguous. 
On at least two fronts:
• which particles get put together into a common jet?
• How do you combine their momenta? 
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Jet definition ⇔ Jet algorithm 

5

The construction of a jet is unavoidably ambiguous. 
On at least two fronts:
• which particles get put together into a common jet?
• How do you combine their momenta? 

+ parameters (at least the cone radius/
resolution parameter R)

+ recombination scheme

Jet Definition

{pi}   →    {jk}
jet algorithm

particles
4-momenta,

calorimeter towers

jets
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Jet definition ⇔ Jet algorithm 

5

Modern Jet Finder AlgorithmsModern Jet Finder Algorithms
Sequential Recombination Cone

• bottom-up
• successively undoes QCD 

branching

• top-down
• centred around idea of an 
ʻinvariantʼ, directed energy flow

‣ kT algorithm
‣ anti-kT algorithm
‣ Cambidge-Aachen algorithm

‣ CDF JetClu 
‣ CDF MidPoint 
‣ D0 (run II) Cone 
‣ Gaussian Filter
‣ CMS Iterative Cone 

‣ ATLAS Cone
‣ PyCell/CellJet 
‣ GetJet 
‣ SISCone

The construction of a jet is unavoidably ambiguous. 
On at least two fronts:
• which particles get put together into a common jet?
• How do you combine their momenta? 
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Before we can utilize hard probes/jets (and their 
modifications/tomography) to probe the medium in 
heavy-ion collisions we first have to establish that:

1) The probe is calibrated:
    Comparison of pQCD calculations with p+p measurements   

p+p

Jet

6
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Jets (p. 4)

Introduction

Background Knowledge
Jets from scattering of partons

Jets are unavoidable at hadron
colliders, e.g. from parton scat-
tering
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STAR, PRL 97 (2006), 252001 

RHIC

Aaron Angerami, Heavy-ion physics with the ATLAS detector    (5/25/10)

ATLAS performance thus far

21

Reconstructed jet spectrum shows 

good agreement with MC

!" between two highest pT jets in an 

event shows expected back-to-back 

structure

ATLAS public results: 

https://twiki.cern.ch/twiki/bin/view/Atlas/AtlasResults

LHC
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Before we can utilize hard probes/jets (and their 
modifications/tomography) to probe the medium in 
heavy-ion collisions we first have to establish that:
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    Comparison of pQCD calculations with p+p measurements   
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2) Control experiment: 
    Measure initial state/Cold Nuclear Matter (CNM) effects;
    Probe the “cold medium” via d+Au collisions (compare to p+p)

d+Au

Jet



✓

Jörn Putschke

Before we can utilize hard probes/jets (and their 
modifications/tomography) to probe the medium in 
heavy-ion collisions we first have to establish that:

1) The probe is calibrated:
    Comparison of pQCD calculations with p+p measurements   

p+p

Jet

6

2) Control experiment: 
    Measure initial state/Cold Nuclear Matter (CNM) effects;
    Probe the “cold medium” via d+Au collisions (compare to p+p)

d+Au

Jet

Phys.Rev.Lett.91:072304 (2003)
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Before we can utilize hard probes/jets (and their 
modifications/tomography) to probe the medium in 
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2) Control experiment: 
    Measure initial state/Cold Nuclear Matter (CNM) effects;
    Probe the “cold medium” via d+Au collisions (compare to p+p)

d+Au

Jet
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Full-Jet reconstruction in HI collisions

7
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Full-Jet reconstruction in HI collisions
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Full jet reconstruction in HI collisions is a challenge 
due to the underlying background !

Phenix preliminary
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A word of caution (especially in HI): Jet Definition ⇔ Jet Algorithm
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Run-5 Cu+ Cu RAA compared to π0
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“A jet is what you ask for!”

Jet-finder based on (unmodified) jet-shapes/jet 
core ⇒ veto against modified/quenched jets !?

pT cut to minimize background
⇒ bias towards non-interacting jets !?

There are no shortcuts!
We have to deal with the full 
complexity of the heavy-ion 
background!

Good news: 
The tools are available and our 
understanding is improving!

“Anti-quenching” biases are “everywhere”!

Y. Lai QM2009

S. Salur HP08
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The challenge: Heavy-ion Background
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A jet in HI collisions schematically:

pT (Jet Measured) = pT (Jet) + HI Bkg. ± F(A)

Three main components:

1. HI background: for example determine
    energy density per unit area ρ (event-by-event)
    with A the jet area (determined by FastJet algorithm)
    ρ A ~ 45 GeV for RC=0.4 (S/B ~0.5 for 20 GeV jet)

2. “Fake jets” = signal in excess (due to jet 
    clustering) of background model from 
    random association of uncorrelated soft 
    particles (i.e. not due to hard scattering)

3. Background fluctuations: 
    A priori unknown background fluctuation 
    distribution F(A). In a gaussian (random area)
    approximation: ~ 6-7 GeV for RC=0.4 Rc
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“Fake-Jet” contribution

10

Trigger jet pT > 10 GeV 
pTcut,particle = 0.1 GeV

STAR Preliminary

Au+Au HT 0-20%

“Fake” jets: signal in excess of background model 
from random association of uncorrelated soft 
particles (i.e. not due to hard scattering)

Inclusive jet spectrum (STAR):
Spectrum of “jets” after randomizing HI event 
in ϕ and removing leading jet particle 

Di-Jet / Fragmentation function (STAR):
Background di-jet rate 
= “Fake” + Additional Hard Scattering
Estimated using “jet” spectrum at 90 deg.

PHENIX (gaussian filter):
Gaussian fake-jet rejection; use 
overall shape of jets for discrimination

Fake rejection in Cu+ Cu
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 = 0.3#Gaussian filter, 

c < 11.5 GeV/
,recT

p7.5 < 

Pedestal≈ 0.3× 10−3 translates into
1
2π

1
Nevt

dN
pTdpTdy

≈ 10−5.GeV/ c/−2,

substantial contamination for 7.5GeV/ c
17.8 .GeV/ c/2 used as standard fake rejection cut level:

) < 10% contamination at 7.5GeV/ c

(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 15 / 30

STAR Preliminary

Caveat: If quenching distorts jet-shape substantially,
danger of vetoing quenched jets!
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STAR Preliminary

Caveat: If quenching distorts jet-shape substantially,
danger of vetoing quenched jets!

Conceptual difference
between STAR and PHENIX!
(Quantitative difference !?)
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Background fluctuations
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dσAA

dpt
=

dσpp

dpt
⊗ F (A, pt)

Jet spectrum in Au+Au (schematically):

Effect of background fluctuations F(A,pt) 
⇒ substantial “feed-up” in the jet x-section 

!"#$%&'

!"#$%&'()*&+*,'

!"#$%&'-./01,*,'

F (A, pt) = Poisson((M(A)) ⊗ Γ(M(A), 〈pt〉)

Conceptually F(A,pt) for stat. independent thermal (exp.) particle emission :

“Generalized probe” embedding (conceptually the same in STAR and PHENIX)
Systematic extension of random region-to-region fluctuation estimate. Embed probes 
(single particles, pythia jets, p+p jets ...) into Au+Au/Cu+Cu events and measure the 
fluctuations spectrum (used for unfolding). Takes the effect of clustering/jet-finding 
algorithms into account; conceptually higher bound for fluctuations 
(diluted due to random embedding; has to be estimated; and what about v2!?)

Statistical description (strictly lower bound, in context of estimating systematics)

More details/first data comparison: E. Bruna (STAR), AGS Users Meeting 2010
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Conceptually F(A,pt) for stat. independent thermal (exp.) particle emission :

“Generalized probe” embedding (conceptually the same in STAR and PHENIX)
Systematic extension of random region-to-region fluctuation estimate. Embed probes 
(single particles, pythia jets, p+p jets ...) into Au+Au/Cu+Cu events and measure the 
fluctuations spectrum (used for unfolding). Takes the effect of clustering/jet-finding 
algorithms into account; conceptually higher bound for fluctuations 
(diluted due to random embedding; has to be estimated; and what about v2!?)

Statistical description (strictly lower bound, in context of estimating systematics)

More details/first data comparison: E. Bruna (STAR), AGS Users Meeting 2010

“Fakeʼs” and background fluctuation corrections 
are still work in progress! 

 
One has to discuss the conceptual differences, 

biases (concerning “fakes”) and 
their quantitative effects!

But, one also has to discuss how to estimate “conservative” 
systematic errors associated to these corrections!
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Example STAR: Spectrum Unfolding
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Corrections for smearing 
of jet pt due to HI bkg. 
nonuniformities:

1) raw spectrum

2) removal of “fake”- 
    correlations

3) unfolding (bayesian) of 
    HI bkg. fluctuations

4) correction for pT resolution
STAR Preliminary

M.Ploskon QM2009
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What do we learn from the Au+Au/Cu+Cu jet spectrum ?

13

1

Cross‐sec)on ra)o 
AuAu/pp

p+p

Au+Au

Energy shi7?

Absorp)on?

Momentum and energy is conserved even for quenched jets

If full jet reconstruction in heavy-ion collisions are unbiased 

⇒ Inclusive jet spectrum scales with Nbinary relative to p+p

 Initial state nuclear effects at large x “EMC effect” as measured in d+Au seem to be small
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Inclusive jet x-section in heavy-ion collisions

14

Au+Au collisions 0-10%

lines=unfolding 
uncertainties

STAR Preliminary

• Inclusive Jet spectrum measured in central 
Au+Au and Cu+Cu collisions at RHIC

• Extended the kinematical reach to study jet 
quenching phenomena to jet energies > 40 GeV

Run-5 Cu+ Cu spectra with fake rejection
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c = 200 GeV/NNsRun−5 Cu + Cu 

 = 0.3#Gaussian filter, 

 compared to p +  puncorrected 
background−unfolded Cu + Cu

(Yue Shi Lai, for the PHENIX Collaboration) APS DPF Meeting 2009, Heavy Ions III 19 / 35

Y. Lai QM2009

M.Ploskon QM2009

Remark: New high statistics Au+Au runs on tape (Phenix and STAR) will increase significantly the kinematic reach!
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 Jet RAA in central Au+Au and Cu+Cu

STAR sees a substantial fraction of jets in Au+Au 
- in contrast to x5 suppression for light hadron RAA 
Strong suppression (similar to single particle) 
in Cu+Cu measured by PHENIX
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STAR Preliminary

=200 GeV/cNNsAu+Au and p+p at 

Au+Au: 10% most central

kt R=0.4

anti-kt R=0.4

Inclusive RAA

M.Ploskon QM2009
Run-5 Cu+ Cu RAA compared to π0
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 = 0.3$Gaussian filter, 

(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 20 / 30

Y. Lai QM2009
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First look at the jet energy profile

16

p+p: “Narrowing” of the jet 
structure with increasing jet energy

Au+Au: “Deficit” of jet energy of 
jets reconstructed with R=0.2 

Strong evidence of broadening in the jet energy profile 

R=0.2

R=0.4
M.Ploskon QM2009
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Recoil jet spectrum RAA

17

• Selecting biased trigger jet maximizes pathlength for the 
back-to-back jets: extreme selection of jet population

• Significant suppression in di-jet coincidence measurements!

Recoil jet

Trigger jet

STAR Preliminary

E. Bruna QM2009

Remark: Compatible with a pT shift Δ = 7-8 GeV (E. Bruna, Praque WS, 2010)
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Di-jet azimuthal correlation in Cu+Cu
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Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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Figure 15: Comparison between the PHENIX Run-5 Cu +Cu at
√

sNN = 200 GeV RAA derived from unfolding (filled
symbols) and embedding (open symbols). The shaded box to the left indicates the p + p–Cu + Cu systematic uncertainty
in the jet energy scale, shaded boxes to the right shows centrality dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points indicate point-to-point systematic uncertainties, and error bars
indicate statistical uncertainties. Note that the flatness of RAA makes a comparison across different energy scales possible.

Figure 16: Comparison between the central PHENIX
Run-5 Cu +Cu at

√
sNN = 200 GeV jet RAA derived from

unfolding and the π0 RAA. The shaded box to the left in-
dicates the p + p–Cu +Cu systematic uncertainty in the
jet energy scale, shaded boxes to the right shows central-
ity dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points
indicate point-to-point systematic uncertainties, and er-
ror bars indicate statistical uncertainties. Note that while
the flatness of RAA makes a comparison across different
energy scales possible, π0 with 〈z〉 = 0.7 has a different
energy scale.

tainties, which gives us confidence that the unfolding
procedure is not significantly biasing the result. Fig-
ure 16 compares the central 20% suppression with the
π0 suppression from [2] (with the same notation as in
Figure 15). While the RAA of π0 has a different en-
ergy scale than jets, both RAA are approximately flat
with respect to pT within our accessible range and

Centrality Width

0–20% 0.223 ± 0.017

20–40% 0.231 ± 0.016

40–60% 0.260 ± 0.059

60–80% 0.253 ± 0.055

Table I Widths of Gaussian fit to the PHENIX Run-5
Cu+ Cu at

√
sNN = 200 GeV azimuthal angular correla-

tion for jets with 7.5 GeV/c < pCuCu
T < 11.5 GeV/c

therefore allows a comparison.
We observe a RAA that becomes gradually sup-

pressed with increasing centrality. The level of sup-
pression in the most central 20% centralities is at
RAA ≈ 0.5–0.6 and comparable to that of π0.

5.3. Cu+Cu jet-jet azimuthal correlations

The Cu +Cu jet-jet azimuthal correlation is ex-
tracted by correcting for the acceptance effect using
the area-normalized mixed event yield (e.g. [24]):

dN(∆φ)

d∆φ
=

1

A(∆φ)

dN raw(∆φ)

d∆φ
(10)

where A(∆φ) is the detector acceptance correction.
Using a Gaussian fit to the distribution, we extracted
the width for 7.5 GeV/c < pCuCu

T < 11.5 GeV/c. The
widths are consistent within the uncertainty across all
centrality ranges.

Figure 17 shows the azimuthal jet-jet correlation
with Gaussian fits for jets with 7.5 GeV/c < pCuCu

T <
11.5 GeV/c. Table I lists the Gaussian widths ex-

Recoil jet

Jet

Δϕ

Small kT broadening of surviving parton in Cu+Cu
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Di-jet azimuthal correlation in Cu+Cu
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Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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Figure 15: Comparison between the PHENIX Run-5 Cu +Cu at
√

sNN = 200 GeV RAA derived from unfolding (filled
symbols) and embedding (open symbols). The shaded box to the left indicates the p + p–Cu + Cu systematic uncertainty
in the jet energy scale, shaded boxes to the right shows centrality dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points indicate point-to-point systematic uncertainties, and error bars
indicate statistical uncertainties. Note that the flatness of RAA makes a comparison across different energy scales possible.

Figure 16: Comparison between the central PHENIX
Run-5 Cu +Cu at

√
sNN = 200 GeV jet RAA derived from

unfolding and the π0 RAA. The shaded box to the left in-
dicates the p + p–Cu +Cu systematic uncertainty in the
jet energy scale, shaded boxes to the right shows central-
ity dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points
indicate point-to-point systematic uncertainties, and er-
ror bars indicate statistical uncertainties. Note that while
the flatness of RAA makes a comparison across different
energy scales possible, π0 with 〈z〉 = 0.7 has a different
energy scale.

tainties, which gives us confidence that the unfolding
procedure is not significantly biasing the result. Fig-
ure 16 compares the central 20% suppression with the
π0 suppression from [2] (with the same notation as in
Figure 15). While the RAA of π0 has a different en-
ergy scale than jets, both RAA are approximately flat
with respect to pT within our accessible range and

Centrality Width

0–20% 0.223 ± 0.017

20–40% 0.231 ± 0.016

40–60% 0.260 ± 0.059

60–80% 0.253 ± 0.055

Table I Widths of Gaussian fit to the PHENIX Run-5
Cu+ Cu at

√
sNN = 200 GeV azimuthal angular correla-

tion for jets with 7.5 GeV/c < pCuCu
T < 11.5 GeV/c

therefore allows a comparison.
We observe a RAA that becomes gradually sup-

pressed with increasing centrality. The level of sup-
pression in the most central 20% centralities is at
RAA ≈ 0.5–0.6 and comparable to that of π0.

5.3. Cu+Cu jet-jet azimuthal correlations

The Cu +Cu jet-jet azimuthal correlation is ex-
tracted by correcting for the acceptance effect using
the area-normalized mixed event yield (e.g. [24]):

dN(∆φ)

d∆φ
=

1

A(∆φ)

dN raw(∆φ)

d∆φ
(10)

where A(∆φ) is the detector acceptance correction.
Using a Gaussian fit to the distribution, we extracted
the width for 7.5 GeV/c < pCuCu

T < 11.5 GeV/c. The
widths are consistent within the uncertainty across all
centrality ranges.

Figure 17 shows the azimuthal jet-jet correlation
with Gaussian fits for jets with 7.5 GeV/c < pCuCu

T <
11.5 GeV/c. Table I lists the Gaussian widths ex-

Recoil jet

Jet

Δϕ

Small kT broadening of surviving parton in Cu+Cu

Are we biasing our (di-)jet measurements towards
non-interacting jets? Or is our HI jet energy 

underestimated due to jet broadening!?

Can we test this with an independent measurement!?
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Jet-Hadron correlations (JH) 0-20% Au+Au

19

High Tower Trigger (HT): tower 0.05x0.05 (ηxϕ) with Et> 5.4 GeV

Trigger jet

Assoc.

Jet axis

Δϕ=ϕJet − ϕAssoc.

ϕJet = HT trigger jet-axis found by Anti-kt with R=0.4, pt,cut>2 GeV 
and pt,rec(jet)>20 (10) GeV

 No Δη “triangle acceptance” applied (in progress ...)
 Corrected for single particle tracking efficiencies

 Trigger jet energy: correction for tracking eff. (p+p vs. Au+Au),
 background fluctuations ~1 GeV; uncertainties: p+p=Au+Au 
 and +2 GeV in jet energy (p+p relative to Au+Au)

As an example:
2 gaus+
constant bkg. fit
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Jet-Hadron correlations (JH) 0-20% Au+Au

19

High Tower Trigger (HT): tower 0.05x0.05 (ηxϕ) with Et> 5.4 GeV

Trigger jet

Assoc.

Jet axis0.2<pt,assoc<1.0 GeV 1.0<pt,assoc<2.5 GeV

pt,assoc>2.5 GeV

Open symbols p+pOpen symbols p+p

Open symbols p+p

STAR Preliminary
0-20% Au+Au

STAR Preliminary
0-20% Au+Au

STAR Preliminary
0-20% Au+Au

Δϕ=ϕJet − ϕAssoc.

ϕJet = HT trigger jet-axis found by Anti-kt with R=0.4, pt,cut>2 GeV 
and pt,rec(jet)>20 (10) GeV

 No Δη “triangle acceptance” applied (in progress ...)
 Corrected for single particle tracking efficiencies

 Trigger jet energy: correction for tracking eff. (p+p vs. Au+Au),
 background fluctuations ~1 GeV; uncertainties: p+p=Au+Au 
 and +2 GeV in jet energy (p+p relative to Au+Au)

Increased kinematics in JH due to jet requirement!
Different systematics in bkg. correction compared 
to full-jet measurements! 
Can be used to study jet-finding biases in di-jets!

As an example:
2 gaus+
constant bkg. fit



Jörn Putschke, 5th Workshop on High-pt Physics at LHC, Mexico City, September 2010

First look at “Jet v2”

20

 All Par)cles Used to Calculate EP
 Jet Cone Removed
 Random Jet Cone Removed
 Specific Jet Cone Removed
 Jet Cone at Different η Removed

Is it possible to remove the jet 
particles from the EP calculation?
First attempts:

The presence of a jet influences the EP calculation!  

Next steps: Using forward detectors to calculate the EP (FTPC, BBC, ZDC-SMD), to suppress non-flow!  

STAR mid-rapidity (TPC+EMCal): Anti-kT R = 0.4, pT
track,tower > 2 GeV/c, pT

jet > 10 GeV/c

STAR Preliminary
Au+Au HT

A. Ohlson (STAR), JET Collaboration Summer School 

For the jet definition used: “jet v2“~ v2{2} 
(used in jet-hadron correlations; 

max v2 uncertainties: no v2 and +50% of v2Jet*v2Assoc{2})
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JH: Look on near-side first ... 

21

• Jet broadening on trigger/near-side!

• Enhancement at low pT (pT<2-3 GeV): 
   Ridge, bkg. biases, bulk effects v3 !?

Assumption: 
What if this is energy loss (ΔE~2 GeV) even on the near-side! 
➞ Compare to p+p jets (+ 3/2*ΔE)
➞ NS (and AS) low-pT enhancement balanced with high-pT  suppression

STAR Preliminary
0-20% Au+Au

STAR Preliminary
0-20% Au+Au
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JH: Away-side width and IAA

22

• Significant (gaussian) jet broadening for recoil jets 
  decreasing with increasing jet energy; ~6-9 GeV out-of-cone (R>0.4) energy

• Softening of jet “fragmentation”: 
  suppression at high pT and enhancement at low pT (pT<2 GeV) 

• Measurements/conclusions robust wrt to background subtraction

 Further studies: jet energy scale/uncertainties on near-side (Δη study), included in systematics

Remember:
This is not z!!!

STAR Preliminary
0-20% Au+Au STAR Preliminary

0-20% Au+Au
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JH: Away-side DAA vs jet energy 

23

Away-side yields enhancement/suppression not fully 
balanced, more energy at low pT in Au+Au 
But significant amount of energy ~3-4 GeV at 
low pT compensated by high-pT suppression!

Jet energy [GeV] ΔB [GeV] (stat. only)

10-15 2.3 +- 0.48

15-20 1.2 +- 0.64

20-40 1.5 +- 1.2

∆B =
∫

dpassoc
T DAA(passoc

T )

Jet-quenching at work !

DAA(passoc
T ) = YAA(passoc

T ) · passoc
T,AA − Ypp(passoc

T ) · passoc
T,pp
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“Jet-finding bias” assessment via jet-hadron correlations

24

Away-side shows broadening and softening in jet-hadron correlations
⇒ Highly biased jets seem to be modified; 
    jet-finding algorithm not only reconstructing unmodified jet!
⇒ Suppression of di-jet coincidence due to “out-of-cone energy”

STAR preliminary

pT,cut=2 GeV

STAR preliminary

pT,cut=2 GeV

E. Bruna, Praque WS, 2010
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But what about di-hadron correlations at lower pTʼs ?

25
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FIG. 3: Backrgound-subtracted azimuthal angle difference distributions for different ptrig
T (columns) and passoc

T (rows) in 0-12%
central Au+Au collisions. The open circle markers indicate results from d+Au collisions. The bands around the data points
show the systematic uncertainty from v2 determination.

of the yield in central Au+Au collisions compared to
d+Au collisions. The yield depends on the ∆η-selection
used, indicating that there is significant associated yield
at ∆η > 0.7. The relative size of the enhancement de-
pends on passoc

T and ptrig
T . With increasing ptrig

T (going
from left to right in Fig. 3), the jet-like yield as mea-
sured in d+Au collisions increases, reducing the relative
size of the enhancement in Au+Au. The associated yield
decreases with passoc

T for both d+Au and Au+Au colli-
sions, but the decrease is stronger in Au+Au, so that the

measured yields in Au+Au approach the d+Au results at
the highest passoc

T . A summary of the yields is presented
in one of the following sections, Fig. 6.

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at the largest passoc

T 2 < passoc
T < 4 GeV/c, and

ptrig
T > 3 GeV/c (bottom row of Fig. 3), where a broad-

ening is seen, while the yield is smaller than in d+Au.
For the largest ptrig

T (6 < ptrig
T < 10 GeV/c) a narrow

Increasing pt,trigger

In
cr

ea
sin

g 
p t

,a
ss

oc

0-12% Au+Au

Away-side 
structure dep. 
on pTTrig !

STAR, arXiv 1004.2377 Same observation in:
PHENIX, arXiv:1002.1077 
(PRL in publication)



Jörn Putschke, 5th Workshop on High-pt Physics at LHC, Mexico City, September 2010

A simple model: Mono-energetic Pythia jet in thermal bkg. model

26

In general: Two-component (ZYAM) approach

In simple model:

Assoc.

Jet axis

ΔR

Triggers

Two cases:
(i) hJet-h: Trigger associated to jet (ΔR<0.4)
(ii) h-h: All “trigger particles” in event  
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Simple MC model results

27
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To start: produce h-h correlations in pythia.

Add isotropic thermal background; calculate 
hjet-h.  Trigger particles are inside ΔR = RC = 0.4.
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A. Adare (STAR), RHIC AGS Users Meeting 2010 



Jörn Putschke, 5th Workshop on High-pt Physics at LHC, Mexico City, September 2010

Simple MC model results

27

 (rad)!"
-1 0 1 2 3 4

0

0.5

1

1.5

2

2.5

3

3.5

 (rad)!"
-1 0 1 2 3 4

0

0.5

1

1.5

2

2.5

3

3.5

4
Bkg. subtracted

1/
N

A
 d

N
A

B
/d
Δϕ

 (rad)!"
-1 0 1 2 3 4

32

33

34

35

36

37

 (rad)!"
-1 0 1 2 3 4

0

1

2

3

4 Bkg. subtracted

 (rad)!"
-1 0 1 2 3 4

32

33

34

35

36

37

 (rad)!"
-1 0 1 2 3 4

0

1

2

3

4 Bkg. subtracted

To start: produce h-h correlations in pythia.

Add isotropic thermal background; calculate 
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hjet-h and h-h correlations similar
at highest trigger pT!
HI “trigger” and “associated” 
background complex ...
What do we measure with di-hadrons
at lower trigger pTʼs?
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FIG. 4: The p/π+ and p̄/π− ratios from d+Au [21, 22] and
Au+Au collisions at

√
sNN = 200 GeV. The (p+p̄)/(π++π−)

ratio from light quark jets in e+ + e− collisions at
√

s = 91.2
GeV are shown as a dotted-dashed line [29]. The shaded boxes
represent the systematic uncertainties in the top 12% central
Au+Au collisions. The systematic uncertainties for 60-80%
Au+Au collisions are similar. The dotted and dashed lines
are model calculations in central Au+Au collisions [12, 13].

3 GeV/c with values close to unity, decrease with in-
creasing pT , and approach the ratios in d+Au, p+p and
peripheral Au+Au collisions at pT

>∼ 5 GeV/c. The dot-
ted and dashed lines are predictions for central Au+Au
collisions from recombination [12] and coalescence with
jet quenching and KKP fragmentation functions [13, 28]
respectively. These models can qualitatively describe the
p(p̄)/π ratio at intermediate pT but in general under-
predict the results at high pT .

At high pT , the p/π+ ratios can be directly compared
to results from quark jet fragmentation as measured in
e+ + e− collisions by DELPHI [29], indicated by the
dotted-dashed line in Fig. 4 (a). The p/π+ ratio measure-
ments in d+Au and Au+Au collisions are higher than in
quark jet fragmentation. This is likely due to a signifi-
cant contribution from gluon jets to the proton produc-
tion, which have a (p+p̄)/(π++π−) ratio up to two times
larger than quark jets [30]. A similar comparison cannot
be made for p̄ production (Fig. 4 (b)), because there is a
significant imbalance between quark (q) and anti-quark
(q̄) production at high pT in d+Au and Au+Au collisions
and the fragmentation function of q to p̄ can not be read-
ily derived from e+ + e− collisions. It is, however, known
from lower beam energies, where quark fragmentation is
dominant, that the p̄/π and p̄/p ratios from quark jets are
very small (< 0.1) [22, 31]. The large p̄/π− ratio of ≈ 0.2
seen in Fig. 4 (b) is likely dominated by gluon fragmen-
tation. This is in agreement with AKK fragmentation
functions [15] which describe the STAR data in p+p col-
lisions [22], showing that gluon fragmentation contributes
to 40% of pion production at pT # 10 GeV/c while more
than 80% of p + p̄ are from gluon fragmentation.

At high pT , the nuclear modification factor of protons

is similar to that of pions (Fig. 2) and the p/π+, p̄/π−,
and p̄/p ratios in central Au+Au collisions are similar to
those in p+p and d+Au collisions [22]. These observa-
tions indicate that at sufficiently high pT , fragmentation
in central Au+Au and p+p events is similar and that
there is no evidence of different energy loss for quarks
and gluons in the medium. The theoretical calculations
in Fig. 3 show that differences in radiative energy loss
are expected to result in measurable changes in the p̄/p
and p̄/π− ratios. Those calculations, however, do not
reproduce the measured p and p̄ spectra in p+p colli-
sions [22], indicating that the fragmentation functions for
baryon production are not well known. The determina-
tion of baryon fragmentation functions from elementary
collisions and the expected range of validity of factoriza-
tion for baryon production are areas of ongoing investi-
gation [15, 22]. In addition, there is some uncertainty
in the mechanism of energy loss. It has been postulated
that the addition of collisional energy loss to radiative
energy loss may explain the large suppression of leptons
from heavy flavor decays in Au+Au collisions [32, 33].
The latest calculations [34, 35] including collisional en-
ergy loss and path length fluctuations [36] show that the
nuclear modification factor of gluons is still expected to
be a factor of three lower than that of light quarks.

We have reported the transverse momentum spectra of
pions and protons at mid-rapidity from 200 GeV Au+Au
collisions up to 12 GeV/c. Protons and anti-protons
are less suppressed than pions at intermediate pT . At
pT

>∼ 6 GeV/c, both mesons and baryons are strongly
suppressed. However, the relative particle abundances
show no system dependence among p+p, d+Au and
Au+Au collisions. These results indicate that the par-
tonic sources of π±, p and p̄ have similar energy loss when
traversing the nuclear medium. Particle identification at
high pT provides crucial information and new challenges
to the understanding of energy loss and modified parton
fragmentation in strongly interacting matter.

We thank Dr. M. Djordjevic, R.J. Fries, R.C. Hwa,
I. Vitev and X.N. Wang for valuable discussions and for
providing the theory calculations. We thank the RHIC
Operations Group and RCF at BNL, and the NERSC
Center at LBNL for their support. This work was sup-
ported in part by the Offices of NP and HEP within the
U.S. DOE Office of Science; the U.S. NSF; the BMBF of
Germany; CNRS/IN2P3, RA, RPL, and EMN of France;
EPSRC of the United Kingdom; FAPESP of Brazil; the
Russian Ministry of Science and Technology; the Min-
istry of Education and the NNSFC of China; IRP and
GA of the Czech Republic, FOM of the Netherlands,
DAE, DST, and CSIR of the Government of India; Swiss
NSF; the Polish State Committee for Scientific Research;
SRDA of Slovakia, and the Korea Sci. & Eng. Founda-
tion.
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Secondary (n-th) hard-scattering reduces h-h 
due to different jet energy scales sampled wrt hJet-h!
If h-h is the true Au+Au “jet” correlation
⇔ dominated by semi-hard scatterings!
But there is the B/M enhancement! 
So some dilution due to “fake” triggers expected in h-h!
We can not have both!
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Secondary (n-th) hard-scattering reduces h-h 
due to different jet energy scales sampled wrt hJet-h!
If h-h is the true Au+Au “jet” correlation
⇔ dominated by semi-hard scatterings!
But there is the B/M enhancement! 
So some dilution due to “fake” triggers expected in h-h!
We can not have both!
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FIG. 6: (a) Elliptic flow, v2, and (b) triangular flow, v3, as a function of transverse momentum, pT, in bins of number of
participating nucleons, Npart, for particles at mid-rapidity (|η| < 1) in

√
sNN = 200 GeV Au+Au collisions from the AMPT

model. Error bars indicate statistical errors.

nucleons in Figures 8(a) and (b), respectively. It is ob-
served that V3/V2 increases with centrality and with the
transverse momentum of the trigger particle. Comparing
inclusive correlations from STAR and PHOBOS, it is also
observed that the value of V3/V2 is higher for STAR
measurements. We have found that the ratio V3/V2
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〈v3〉 / 〈v2〉, as a function of number of participating nu-
cleons, Npart, for particles at mid-rapidity (|η| < 1) in√
sNN = 200 GeV Au+Au collisions from the AMPT model.

Open points show different transverse momentum bins and
the filled points show the average over all transverse momen-
tum bins. Bottom: the ratio of different pT bins to the average
value. Error bars indicate statistical errors.

calculated for the same PHOBOS measurement in the
range 1.2 < |∆η| < 2 is consistent with the values
for 2 < |∆η| < 4 within the systematic uncertainties.
The difference between the STAR and PHOBOS mea-
surements is, therefore, likely caused by the difference
in pseudorapidity acceptance and the lower transverse
momentum reach of the PHOBOS detector compared to
STAR.
Also shown in Fig. 8 is the magnitude of V3/V2 in

the AMPT model with similar η, ∆η and pT selections
to the available experimental data. The calculations
from the model show a qualitative agreement with the
data in term of the dependence of V3/V2 on the
pseudorapidity region, trigger particle momentum and
centrality. Since the V3 component of two-particle
correlations in the model is known to be mostly due to
the triangular anisotropy in the initial collision geometry,
this observation suggests that triangular flow may play
an important role in understanding the ridge and broad
away-side structures in data.
A closer look at the properties of the ridge and broad

away-side is possible via studies of three particle correla-
tions. Triangular flow predicts a very distinct signature
in three particle correlation measurements. Two recent
publications by the STAR experiment present results on
correlations in ∆φ1-∆φ2 space for |η| < 1 [26] and in
∆η1-∆η2 space for |∆φ| < 0.7 [50]. In ∆φ1-∆φ2 space,
off diagonal away-side correlations have been observed
(e.g. first associated particle at ∆φ1 ≈ 120◦ and second
associated particle at ∆φ2 ≈ −120◦) consistent with
expectations from triangular flow. In ∆η1-∆η2 space, no
correlation structure between the two associated ridge
particles was detected, also consistent with triangular
flow.
In summary, we have introduced the concepts of par-

ticipant triangularity and triangular flow, which quantify
the triangular anisotropy in the initial and final states

B. Alver, G. Roland                           
arXiV:1003.0194 My take on that: At lower trigger pT we

are dominated by “bulk correlations”!

Remark: More quantitative studies needed, but I think we have all the tools/measurements to answer this unambiguously! 
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for pT < 20 GeV/c (Rhadron
AA ≈ 0.2). RJet

AA for R = 0.2 is markedly below RJet
AA for R = 0.4. Note70

the significant differences between kt and anti-kt algorithms, possibly arising from their different71

response to the heavy-ion background.72
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81

3

Run-5 Cu+ Cu RAA compared to π0

)c (GeV/pprec−
T

p
0 5 10 15 20 25 30 35

AAR

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
PHENIX Preliminary

0−20%
 = 0.7 (PRL 101, 162301)!z" 0−10%, 0#

 = 200 GeVNNsRun−5 Cu + Cu 
 = 0.3$Gaussian filter, 

(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 20 / 30

   (?)

Algorithmic
differences

STAR Preliminary

STAR Preliminary

STAR Preliminary

STAR Preliminary

!"

2.4 2.6 2.8 3 3.2 3.4 3.6 3.8

 a
re

a 
n

o
rm

al
iz

ed
 t

o
 1

!
"

/d
Nd

0

0.5

1

1.5

2

2.5

3

3.5
60−80%

40−60%
20−40%
0−20%

PHENIX Preliminary

c = 200 GeV/NNsRun−5 Cu+Cu 
 = 0.3#Gaussian filter, 

symmetric jet−jet

c < 11.5 GeV/rec

T
p7.5 < 

Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
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17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.

References

[1] K. Adcox et al., Nucl. Instrum. Meth. A499 (2003) 469–479.

[2] S.S. Adler et al., Phys. Rev. C73 (2006) 054903.
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Bias or broadening?
(can be tested with JH)

At low pT, we are
maybe not looking
at jet physics!
Methodical issues
or bulk effects (v3)!?

Methodical issues
or bulk effects (v3)!?
Initial effect !?
Tests possible with
62 vs. 200 GeV!
Ridge in JH!?
Jet shapes!

(?)
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for pT < 20 GeV/c (Rhadron
AA ≈ 0.2). RJet

AA for R = 0.2 is markedly below RJet
AA for R = 0.4. Note70

the significant differences between kt and anti-kt algorithms, possibly arising from their different71

response to the heavy-ion background.72
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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Bias or broadening?
(can be tested with JH)

At low pT, we are
maybe not looking
at jet physics!
Methodical issues
or bulk effects (v3)!?

Methodical issues
or bulk effects (v3)!?
Initial effect !?
Tests possible with
62 vs. 200 GeV!
Ridge in JH!?
Jet shapes!

(?)

Summary from RHIC: 
(Light flavor) Jet quenching measurements at 

RHIC can be (qualitatively) explained in a 
consistent picture by a significant broadening 
and softening of the jet structure caused by 

(pQCD-like) partonic energy loss in the medium!
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A word of caution: Initial state effects at LHC ...
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peripheral central

y~3 at RHIC probes similar x as at mid-
rapidity at LHC
Suppression/de-correlation at y~3 in central
d+Au collisions at RHIC! Onset of CGC !?

Can we learn more about the initial 
effects from other measurements 
before the p+Pb run?
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The “Ridge” in p+p collisions at the LHC ...
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Is the ridge in p+p caused by the CGC ? Onset of CGC at 
same x measured at forward rapidity's at RHIC ?
(for example A. Dumitru and J. Jamal @ RBRC Workshop March 2010)

CERN Seminar September 21 2010 

Results 

17 

Pronounced structure at large !" around !# ~ 0 ! 

Intermediate pT: 1-3 GeV/c 

MinBias high multiplicity (N>110) 

Figure 7 

CMS, CERN Seminar, Sept. 21, 2010
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The “Ridge” in p+p collisions at the LHC ...
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Is the ridge in p+p caused by the CGC ? Onset of CGC at 
same x measured at forward rapidity's at RHIC ?
(for example A. Dumitru and J. Jamal @ RBRC Workshop March 2010)

CERN Seminar September 21 2010 

Results 

17 

Pronounced structure at large !" around !# ~ 0 ! 

Intermediate pT: 1-3 GeV/c 

MinBias high multiplicity (N>110) 

Figure 7 

CMS, CERN Seminar, Sept. 21, 2010

Control experiment p+Pb at LHC necessary to 
measure with high precision initial state effects 
to allow an unambiguous interpretation of 
jet-quenching measurements in Pb+Pb collisions!
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Summary

33

⇒

Qualitative picture (so far) from RHIC:
Jet-quenching measurements
can be “consistently” explained
by jet-broadening/softening due
to radiative energy loss in the medium!

Large kinematical reach and precise 
(full) jet measurements at the LHC:
     Quantitative constraints on 
underlying partonic energy loss 
mechanisms (for light quarks)!

But this is just the start!
The landscape of hard probes is rich at the LHC (and RHIC II)!
Measure heavy quark energy loss (b-tagged jets), still open theoretical  
issue to describe heavy and light flavor energy loss in a consistent framework!

Landscape of hard probes:

RHIC and LHC jet measurements will be complementary!


