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Jets in p+p
• A measurement of full jets 

in p+p is in good agreement 
with NLO QCD model

• Midpoint cone algorithm 
used (R=0.4)

• Both TPC tracks and EMC 
towers used in the 
measurement 

• Higher-statistics 
measurement (with greater 
coverage in η), is underway
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Jets in p+p vs Au+Au

• Heavy-ion collisions have much greater multiplicity than in p+p

➡ Jet-finding in heavy-ions at RHIC is a very difficult task!
3
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Jet Reconstruction in Heavy Ion Collisions

p+p Au+Au

● extremely challenging task – due to high multiplicity environment 

● large and fluctuating background

● discrimination between hard jets and “combinatorial” fake jets:

 not strictly possible on event-by-event basis

● jet quenching over a wide kinematic region can only be studied on an 

ensemble-averaged basis
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High-pT in Au+Au
• Jet physics measurements in Au+Au collisions are 

motivated by 2 distinct proxy measurements in STAR:

➡ The measurement of RAA

- Ratio of single particle spectra relative to p+p

- Shows a suppression at high pT in the more 
central collisions

- Can only be described by energy loss

➡ Back-to-back correlations of high-pT hadrons 

- Show a loss on the away-side in central Au+Au 
collisions.  

- Correlation persists in d+Au collisions 

• Final-state effect

• In order to quantify the energy loss on a partonic level, 
need to measure the jet quenching with real jets
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Jets in A+A Collisions
• One of the biggest difficulties in jet 

finding in A+A collisions is the 
large background - have to 
subtract correctly

• Use the Fastjet reconstruction 
algorithms (Eur. Phys.J C72 1896 
(2012))

• Jet reconstruction uses the anti-kT 
algorithm

• Correction for background energy:

➡ density: 

5

● infrared and collinear safe reconstruction algorithms 
(FASTJET [Cacciari, Salam, Soyez : Eur.Phys. J. C72 (2012) 1896])

● clustering algorithms: 
● k

T
- starts clustering from low-p

T
 particles; irregular jet shapes

● anti-k
T
 - starts clustering from high-p

T
 particles; 

cone-like jet shapes

ρ=med {
pT ,i

Ai

}

pT ,corr= pT−A jet×ρ

● correction for background energy 

density 
 

● jet reconstruction: anti-k
T
 algorithm

key steps:

Jet Reconstruction Algorithms
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T
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kT algorithm starts clustering from low-pT particles

anti-kT algorithm starts clustering from high-pT particles
pT,corr = pT - Ajet x ρ

⇢ = med{pT,i

Ai
}

Sim
ulation: Cacciari - arXiv:0906.1598 

mailto:macl@bnl.gov


macl@bnl.gov: Moriond QCD 2015

Existing Preliminary Results
• STAR has existing results for Full-

Jet RAA

➡ Large systematic uncertainties 
make it difficult to make a 
conclusion

• Higher statistics have since been 
recorded 

➡ Smaller uncertainties

• New techniques have since been 
developed

➡ First attempt in the new analysis 
uses only TPC charged tracks

6

9

Full jet R
AA

Nucl.Phys.A830:255c-258c,2009

Full jet reconstruction in Au+Au collisions at STAR

● STAR: first experiment to perform full jet reconstruction in HI collisions

● Run 7 data

● Baseline: Run 6 p+p data

● R
AA

 inconclusive - large systematic 

errors

● Higher statistics recorded, 

    new techniques developed since than

Nucl. Phys. A 830, 255c, (2009) 
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Inclusive Jet Spectra (i)

• Combinatorial background can be reduced by applying a cut on the 
leading hadron pT in the jet candidate

➡ This introduces a bias, although the jet can still contain many soft 
particles

7

unbiased

biased

10

leading hadron

Inclusive Jet Measurement

● combinatorial background reduced by a cut on leading hadron p
T

[G. de Barros et al, Nucl. Phys. A910:314-318, 2013]

● induces bias (however jet can still contain many soft constituents)
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Inclusive Jet Spectra (ii)

• Measured spectra are corrected using Bayesian unfolding
• Different radii contain differing amounts of the jet energy

➡ Ideally, a high radius is wanted but this is determined by the stability of the unfolding
• RAA is a work in progress

➡ Work ongoing on p+p baseline
➡ Full systematic uncertainty study is underway 

8

11

R=0.3R=0.2

● Measured spectra corrected via Bayesian unfolding
● Jet energy scale resolution:  roughly 5% (mainly due to track. eff. uncertainty)
● R

AA
: Work in progress: further systematic uncertainties, pp baseline

Inclusive Charged Jet Spectra

11

R=0.3R=0.2

● Measured spectra corrected via Bayesian unfolding
● Jet energy scale resolution:  roughly 5% (mainly due to track. eff. uncertainty)
● R

AA
: Work in progress: further systematic uncertainties, pp baseline

Inclusive Charged Jet Spectra

mailto:macl@bnl.gov


macl@bnl.gov: Moriond QCD 2015

Semi-inclusive Recoil Jets

• STAR analysis:
➡ Recoil jet azimuth: |Δφ-π| < π/4
➡ No rejection of jet candidates on jet-

by-jet basis

➡ Collinear safe jet measurement with 
low infra-red cutoff (200 MeV/c)

➡ Background subtraction:
- Mixed events 

9

Semi-inclusive Recoil Jets

Observable: 
Recoil jets per trigger

13

1

N trig

h

dN jet

dpT , jet

=
1

σ AA→h+ X

d σ AA→h+ jet+X

dpT , jet

Measured Calculable in NLO pQCD

Trigger: high-p
T
 hadron => selects hard event

Recoil jet: no further cuts => unbiased

Trigger
 hadron

Recoil
jet

1

Nh
trig

dNjet

dpT,jet
=

1

�AA!h+X

d�AA!h+jet+X

dpT,jet

Trigger: high-pT hadron 
                        ⇒ selects hard events 

Recoil jet: no further cuts 
            ⇒ unbiased 

Observable:
Recoil jets per trigger 

Measured Calculable in NLO pQCD
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Semi-inclusive Recoil Jets - background estimation

10

Mixed event

Real events

Event #1 Event #3Event #2 Event N

Sample number of tracks
from real event distribution
in each centrality, event plane 
angle and z-vertex bin

Pick one random
track per real event
and add to mixed
event

Run jet-finder on mixed
events …
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Semi-inclusive Recoil Jets: same- and mixed-event

• Normalisation performed at negative pT,corr

➡ Mixed event describes the combinatorial background well
• Signal = Same Event (SE) - Mixed Event (ME)

11

Semi-inclusive Recoil Jets: Same Event and Mixed Event

Mixed Event describes combinatorial background well

Signal => (SE-ME) distribution 16

peripheral central

Semi-inclusive Recoil Jets: Same Event and Mixed Event

Mixed Event describes combinatorial background well

Signal => (SE-ME) distribution 16

peripheral central
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Semi-inclusive Recoil Jets: same- and mixed-event

• PYTHIA reference is smeared by a simulation of detector effects and background fluctuations
➡ Unfolding is on the way

• Central collisions show a strong suppression with respect to the peripheral collisions
12
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Semi-inclusive Recoil Jets (SE-ME), p
T

trig>9 GeV/c, R=0.3

● PYTHIA smeared by simulation of detector effects and BKG fluctuations

● Central collisions show strong suppression with respect to peripheral 
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Summary and Conclusions
• Using the high-acceptance of the STAR experiment, it is possible to 

measure jets in high-multiplicity Au+Au collisions at √sNN = 200 GeV

• Inclusive charged-jet spectrum extracted

➡ Work ongoing to calculate the RAA ratio

• Semi-inclusive recoil charged jets:

➡ New technique using mixed events for the background estimation

➡ Central Au+Au collisions show a strong suppression compared to 
PYTHIA, peripheral collisions are comparable to PYTHIA

• Also made a measurement of the di-jet asymmetry, Aj (not shown due to 
lack of time)

• Will extend the analyses to full-jets, including the calorimeter information.

13
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Di-jet 
imbalance
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AJ at the LHC

• Significant di-jet momentum imbalance is observed for high-pT 
jets in central Pb+Pb collisions

16

S. CHATRCHYAN et al. PHYSICAL REVIEW C 84, 024906 (2011)
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FIG. 9. (Color online) Fraction of events with !φ12 > 3.026 as a
function of Npart, among events with pT,1 > 120 GeV/c and pT,2 >

50 GeV/c. The result for reconstructed PYTHIA dijet events (blue
filled star) is plotted at Npart = 2. The other points (from left to right)
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10%–20%, and 0%–10%. The red squares are for reconstruction of
PYTHIA + DATA events and the filled circles are for the PbPb data,
with statistical (vertical bars) and systematic (brackets) uncertainties.

PbPb results at
√

s
NN

= 2.76 TeV, this discrepancy seen in
the higher-energy pp comparison is included in the systematic
uncertainty estimation. It is important to note that the PYTHIA
simulations include events with more than two jets, which
provide the main contribution to events with large momentum
imbalance or !φ12 far from π .

Figures 8(b)–8(f) show the dijet !φ12 distributions for PbPb
data in five centrality bins, compared to PYTHIA + DATA simula-
tions. The distributions for the four more peripheral bins are in
good agreement with the PYTHIA + DATA reference, especially
for !φ12 ! 2. The three centrality bins spanning 0%–30%
show an excess of events with azimuthally misaligned dijets
(!φ12 " 2), compared with more peripheral events. A similar
trend is seen for the PYTHIA + DATA simulations, although
the fraction of events with azimuthally misaligned dijets is
smaller in the simulation. The centrality dependence of the
azimuthal correlation in PYTHIA + DATA can be understood
as the result of the increasing fake-jet rate and the drop in jet
reconstruction efficiency near the 50 GeV/c threshold from
95% for peripheral events to 88% for the most central events.
In PbPb data, this effect is magnified since low-pT away-side
jets can undergo a sufficiently large energy loss to fall below
the 50 GeV/c selection criteria.

Furthermore, a reduction of the fraction of back-to-back
jets above !φ12 ! 3 is observed for the most central bin.
This modification of the !φ12 distribution as a function of
centrality can be quantified using the fraction RB of dijets
with !φ12 > 3.026, as plotted in Fig. 9, for pT,1 > 120 GeV/c
and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds
to the median of the !φ12 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 Sec. II C. This observable is not sensitive to
the shape of the tail at !φ12 < 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
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FIG. 10. (Color online) Dijet asymmetry ratio AJ for leading jets of pT,1 > 120 GeV/c, subleading jets of pT,2 >50 GeV/c, and !φ12 >

2π/3 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.

024906-10

CMS: Phys. Rev. C. 84 (2011) 024906
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AJ in STAR

17

pT = precT � ⇢⇥A

pT,cut=2 GeV/c
pTLead>20 GeV 
pTSubLead>10 GeV
ΔΦLead,SubLead > 2/3 π

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)

Calculate Aj with constituent pT,cut>2 GeV/c
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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)

Calculate Aj with constituent pT,cut>2 GeV/c

Geom. matching

Geom. matching

Calculate “matched”  
|Aj| with constituent 
pT,cut>0.2 GeV/c.

Re-run jet-finding algorithm

anti-kT on these events ...
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