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Two-particle correlations
Finding patterns in violent nuclear collisions
This talk: triggered correlations
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Primary physics topics
Diverse range of accessible physics

High momentum
Radiative and collisional parton energy loss
Di-jets in a new kinematic frontier: broadening, suppression

Intermediate and low momentum
Bulk and transport properties
Initial-state conditions
Ridge properties & evolution
Hydrodynamics vs. quenching
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Triggered Correlations at RHIC
A few milestones*

2001 - Jet quenching! 
Unexpectedly large suppression

2004 - Away-side shape modification
v2 + ZYAM paradigm: the “Mach cone era”

2008-10 - Pushing to higher pt
No obvious mach cone for high pT,trig x low 
pT,assoc?

2010 - The vn revolution (?)
Flow/nonflow decomposition remains an 
unsolved problem
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(Npart) are determined using the beam-beam counters
(BBCs) and zero degree calorimeters [11].

Relative azimuthal distributions Ysame!!!" between
‘‘trigger’’ hadrons with 2:5<pT < 4 GeV=c and ‘‘asso-
ciated’’ hadrons with 1<pT < 2:5 GeV=c are formed. We
correct for the nonuniform azimuthal acceptance of the
PHENIX central arms by using the mixed event pairs
Ymixed!!!" from the same data sample [10]:

 C!!!" # Ysame!!!"
Ymixed!!!"

R
Ymixed!!!"d!!R
Ysame!!!"d!! : (1)

Extensive Monte Carlo simulations were performed to
ensure that the true pair distribution shape is recovered.

In Au$ Au and Cu$ Cu collisions, hadrons have an
azimuthal correlation with the reaction plane orientation
"RP which is proportional to 1$ 2v2 cos%2!!&"RP"'.
This generates a significant correlated background to our
dijet source J!!!" of azimuthal correlations:

 C!!!" ( b0%1$ 2hvassoc
2 ihvtrigg

2 i cos!2!!"' $ J!!!":
(2)

The charged hadron hv2i at midrapidity (j"j< 0:35),
where ‘‘h i’’ signifies an event average, was measured
through a reaction plane analysis using the BBCs (3<
j"j< 4) [10,12]. The large rapidity gap between the
BBCs and the central arms substantially reduces nonflow
contributions to hv2i, in particular, dijet induced.

There also exists a much smaller fourth order azimuthal
correlation with the reaction plane orientation. Its effect
was studied with the Au$ Au data at 200 GeV by includ-
ing the corresponding 2hvassoc

4 ihvtrigg
4 i cos!4!!" term in

Eq. (2), where hv4i has also been measured by the reaction
plane analysis [12]. No significant v4 systematic effects on
the shape of the dijet correlations were found.

The background subtraction generates point-by-point
(!! dependent) systematic errors from hvassoc

2 ihvtrigg
2 i un-

certainty and an overall (!! independent) systematic error
from b0 uncertainty. The sources of hvassoc

2 ihvtrigg
2 i uncer-

tainty are the hv2i systematic error [10], dominated by the
reaction plane resolution uncertainty, the hv2i statistical
error, and the systematic error from the hvassoc

2 vtrigg
2 i )

hvassoc
2 ihvtrigg

2 i factorization approximation made in
Eq. (2). The latter is estimated to be 5% of the hv2i product
for the most central events, where it is the largest.

The b0 uncertainty is estimated by using three in-
dependent methods to calculate b0. The first method is
independent of the measured C!!!". We calculate b0 (
#$hntriggihnassoci=hnsamei with hadron production rates
measured from all events within each centrality class and
scaled by the same-event pair rate hnsamei. The pair-cut
correction $ lowers the combinatoric pair multiplicity for
pair loss due to proximity cuts in tracking detectors. A
residual multiplicity correlation factor, # ( hntriggnassoci=

hntriggihnassoci, corrects for averaging production rates over
events of different multiplicity within the same centrality
class, estimated from Glauber Npart and Ncoll distributions
[11,13]. In the second method a functional form for J!!!"
is added to the background, and the sum fitted to the
measured correlation with b0 as a free parameter.
Motivated by the theoretical ideas discussed above, we
use a function with a near-side Gaussian, and two sym-
metric away-side Gaussians:

 J!!!" ( G!!!" $G!!!&%&D" $G!!!&%$D":
(3)

While the choice of this functional form is not unique, it
does provide a reasonable fit to the measured correlations,
as shown by the dotted line in Fig. 1. The parameter D, or
peak angle, is motivated by an attempt to describe the
away-side dijet correlation in terms of its symmetry around
!!* %. We note that it also tends to absorb any non-
Gaussian character of the dijet correlation. The third
method, called zero yield at minimum (ZYAM), assumes
that there is a region in !! where the dijet source of
particle pairs is negligible. b0 is varied until the back-
ground component in Eq. (2) matches the measured corre-
lation C!!!" at some value of !!.

As shown in Table I for the Au$ Au data at 200 GeV,
there are slight b0 variations depending on which method is
used to extract its value. However, the dijet correlation
shape is essentially independent of these variations.

Figure 1 summarizes the ZYAM extraction of the dijet
correlations using the central (0%–5%) Au$ Au data at
200 GeV: the measured correlation is shown with squares,
the background term with a full line, and the background
subtracted dijet correlation with circles for values and
boxes for the point-by-point systematic errors. The system-
atic errors are correlated since they depend on the same
parameter—the hv2i uncertainty. For clarity, J!!!" is
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FIG. 1 (color online). The measured correlation C!!!"
(squares) and the dijet correlation J!!!" (circles with boxes
for point-to-point systematic errors) in central Au$ Au colli-
sions at

!!!!!!!!
sNN

p ( 200 GeV. The full line shows the background
term and the dotted line shows a C!!!" fit with Eqs. (2) and (3).
The left axis shows the measured correlation amplitude and the
right axis shows the dijet correlation amplitude.
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*unapologetically biased & incomplete.

ton’’ triggered pþ p events and 1:78" 109 minimum-bias
Auþ Au events were used in this analysis.

Neutral pion triggers are reconstructed from photon
clusters measured by lead-glass and lead-scintillator elec-
tromagnetic calorimeters in the two central arms of
PHENIX, covering j!j< 0:35 and 2" 90# in azimuth
[18]. Neutral pions are identified in each event through
2" decay by pairing all photons satisfying a minimum
energy threshold cut and requiring the reconstructed
mass to lie near the #0 mass peak. More restrictive cuts
are used in more central events and for lower-pT #0s to
reduce the rate of random associations and preserve a #0

identification signal-to-background ratio (S/B) larger than
4:1 for central Auþ Au and 20:1 in pþ p. A systematic
uncertainty of<1%–6%, depending on S/B, is included for
the #0 signal extraction.

Charged hadron partners are reconstructed in the central
arms using the drift chambers (DC) with hit association
requirements in two layers of multiwire proportional
chambers with pad readout (PC1 and PC3), achieving a
momentum resolution of 0:7% $ 1:1%p (GeV=c). Only
tracks with full and unambiguous DC and PC1 hit infor-
mation are used. Projections of these tracks are required to
match a PC3 hit within a%2$ proximity window to reduce
background from conversion and decay products.

All trigger-partner pairs satisfying the identification re-
quirements within an event are measured. These pairs are
corrected for the PHENIX acceptance through a process of
event mixing, and then background pairs which are corre-
lated through the reaction plane are subtracted. The condi-
tional jet pair multiplicity per trigger particle is thus
determined by:

1

Nt

dNpair

d!%
¼ Na

2#&a

!
dNpair

same=d!%

dNpair
mix=d!%

' 'ð1þ 2hvt
2v

a
2i

" cosð2!%ÞÞ
"
; (1)

where Nt (Na) is the number of trigger (associated) parti-
cles [5]. The background modulation accounts for quadru-
pole anisotropy only, and is assumed to factorize such that
hvt

2v
a
2i * hvt

2ihva
2i [3]. The elliptic flow coefficients, v2,

are taken from recent PHENIX measurements of neutral
pions [19] and charged hadrons [20]. The background
level, ', is determined in Auþ Au collisions using the
absolute background subtraction method [21]. A pedestal
subtraction employing the zero-yield-at-minimum
(ZYAM) method is used in pþ p. In certain cases, e.g.,
very broad jets, the ZYAM method could lead to an over-
subtraction by removing signal pairs. The effect is typi-
cally small in pþ p where an additional 6% global scale
uncertainty is applied. Charged hadron acceptance and
efficiency corrections, &a, are calculated via full detector
simulations [5].

Figure 1 shows the resulting per-trigger jet pair yields
for selected trigger-partner combinations in pþ p and the
20%most centralAuþ Au collisions. On the near side, the
widths in central Auþ Au are comparable to pþ p over
the full pt

T and pa
T ranges, while the yields are slightly

enhanced at low pT , matching pþ p as pT increases. On
the opposing side, qualitatively one observes that for low
pt
T and low pa

T the Auþ Au jet peaks are strongly broad-
ened and non-Gaussian. In contrast, at high pt

T and high p
a
T

the yield is substantially suppressed, but the shape appears
consistent with the measurement in the pþ p case (as has
been previously reported in much broader pT ranges for
unidentified charged hadron triggers [4,5]). Here we quan-
tify the trends in the shape and yield between these two
extremes.
First, we have performed a fit to the away-side distribu-

tion over the range j!%' #j< #=2 to a simple Gaussian
distribution. Figure 2 shows the results. In pþ p colli-
sions, the away-side width narrows at higher trigger and
partner momentum as expected from the angular ordering
of jet fragmentation. For pt

T > 7 GeV=c, the widths are
consistent within uncertainties between pþ p and Auþ
Au at all pa

T . There is no evidence of large jet broadening
from in-medium scattering [14] or from initial state effects
[22], expected for surviving partons produced in the inte-
rior rather than the surface of the medium. However, it is
also possible that for high pt

T the broadening is modest for
the leading parton and its fragmentation products and the
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FIG. 1 (color online). Per-trigger jet pair yield vs !% for
selected #0 trigger and h% partner pT combinations (pt

T + pa
T)

in Auþ Au and pþ p collisions. Depicted Auþ Au systematic
uncertainties include point-to-point correlated background level
and modulation uncertainties (gray bands and open boxes,
respectively). For shape comparison insets show away-side dis-
tributions scaled to match at !% ¼ #.
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Charged hadrons in the ALICE TPC
TPC ideal for tracking in Pb+Pb
- high occupancy capability
- good momentum resolution
- excellent pair acceptance
potential to measure |Δη|<2.0, even beyond 
(although only |η|<0.8 currently reconstructed)
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obtain this value in the final setup will require very accurate
alignment of the detectors. The basic ingredients of the
simulation, e.g. diffusion and pad response function, have
already been verified in test measurements with cosmic rays
and laser tracks.

The field cage and the series production of the readout
chambers were completed in 2004. In 2005 the complicated
sequence of operations in the space frame for the assembly
of the ITS was exercised with the final components except
for a dummy ITS. After this, the readout chambers were
installed. This was a rather delicate operation as the
geometry of the ROCs is such that they have to be
mounted from the inside of the field cage. This geometry
minimizes the dead area between chambers; it requires,
however, a chamber mounting tool that allows to insert the

ROCs on a long arm completely into the drift volume, turn
them parallel to the end plate and then retract them to their
mounting points from the inside. In the first quarter of
2006 the front-end cards were installed into the readout
chambers, completing the installation phase.
Commissioning of the TPC is done above ground before

the TPC goes into the cavern, foreseen in fall 2006. In April
2006, the gas system was started. After reaching the final
gas mixture, the drift high voltage (100 kV) was applied,
and readout and front-end electronics commissioning
started. Each sector will be verified with cosmic rays
triggered by ACORDE [6] and laser tracks.

4. Conclusion

In summary, the hardware of the ALICE TPC is fully
assembled and currently being commissioned. The first
results indicate a performance as anticipated in the
simulations. Installation in the ALICE underground area
will commence in fall 2006 and the detector should be
ready for first collisions in 2007.
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Status update from ALICE
Triggered Correlations in Pb+Pb 
Trigger pt 1-15 GeV/c, assoc. pT < trigger pT

Data
(Almost) full 2.76 TeV dataset used ( ~8 Million events after 
physics selection)
TPC-only tracks, also use ITS info to improve vertex resolution
Current offline reconstruction requires |η| < 0.8
Soon hope to have |η| < 1.0

Correlation function
Pair-wise (vs. event-wise) normalization:
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Δφ-Δη distributions - intermediate pT

3-4 GeV/c triggers, central Pb+Pb: 
Prominent near-side ridge
Near side jet emerges with rising associated pT

Broad, flat away side
correlation strength does not rise with assoc. pt 
(compared to near side)
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Δφ-Δη distributions - high pT

8-15 GeV/c triggers, central Pb+Pb:
Near-side jet dominates
Ridge difficult to resolve at this scale

Away-side jet signal very weak!
Does not strongly reappear (relative to 
near side) as assoc. pT rises.
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Azimuthal projections
Central Pb+Pb and 7 TeV p+p (pT,assoc. 2-6 GeV/c)
From an early subset of Pb+Pb data (~4M events)
Broadened away side at lower pt, indistinct away-side peak at high pt
Note - Pb+Pb background not removed
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ALICE vs. STAR at high pT 
10

STAR @ 200 GeV  PRL 97, 162301 (2006)

DOI: 10.1103/PhysRevLett.97.162301 PACS numbers: 25.75.Gz

Nuclear collisions at high energy may produce condi-
tions sufficient for the formation of a deconfined plasma of
quarks and gluons [1]. The high-density QCD matter [1,2]
generated in these collisions can be probed via propagation
of hard scattered partons, which have been predicted to
lose energy in the medium primarily through gluon brems-
strahlung [3–6]. The medium alters the fragmentation of
the parent partons, providing experimental observables
that are sensitive to the properties of QCD matter at high
density.

The study of high transverse momentum (pT) hadron
production in heavy ion collisions at the Relativistic Heavy
Ion Collider (RHIC) has yielded several novel results [7],
including the strong suppression relative to p! p colli-
sions of both inclusive hadron yields [8–11] and back-to-
back azimuthal (!) correlations [12]. Azimuthal correla-
tions of high pT hadrons reflect the fragmentation of out-
going partons produced dominantly in 2 ! 2 hard
scattering processes (‘‘dijets’’ [13]). The back-to-back
correlation strength has shown sensitivity to the in-medium
path length of the parton [14], while the distribution of low
pT hadrons recoiling from a high pT particle is broadened
azimuthally and softened in central collisions [15], quali-
tatively consistent with dissipation of jet energy to the
medium. However, those correlation measurements re-
quired large background subtraction, and quantitative
study of the properties of the away-side jet has been
limited. Previous correlation measurements also were con-
strained to a pT region in which the hadron flavor content
and baryon fraction exhibit substantial differences from jet
fragmentation in elementary collisions [16–18].

In this Letter, we present measurements of azimuthal
correlations of charged hadrons in Au! Au collisions at!!!!!!!!
sNN

p " 200 GeV over a much broader transverse momen-
tum range than previously reported. The pT range extends
to the region where previous studies suggest that particle
production is dominated by jet fragmentation [16–18].
Increasing pT reduces the combinatoric background and,
for all centralities, reveals narrow back-to-back peaks in-
dicative of dijets. A quantitative study of the centrality and
pT dependence of dijet fragmentation may provide new
constraints on partonic energy loss and properties of the
dense medium (e.g., [19]).

The measurements were carried out with the STAR
experiment [20], which is well-suited for azimuthal corre-
lation studies due to the full azimuthal (2") coverage of its
time projection chamber. This analysis is based on 30#
106 minimum-bias and 18# 106 central Au! Au colli-
sions at

!!!!!!!!
sNN

p " 200 GeV, combining the 2001 data set
with the high statistics data set collected during the
2004 run. 10# 106 d! Au events collected in 2003 are
also included in the analysis. Event and track selection are
similar to previous STAR high pT studies [10,21]. This

analysis used charged tracks from the primary vertex with
pseudorapidity j#j< 1:0.

As in our original studies of high pT azimuthal correla-
tions [12], transverse momentum-ordered jetlike correla-
tions are measured by selecting high pT trigger particles
and studying the azimuthal distribution of associated par-
ticles $passoc

T < ptrig
T % relative to the trigger particle above a

threshold pT . The trigger-associated technique facilitates
jet studies in the high-multiplicity environment of a heavy
ion collision, where full jet reconstruction using standard
methods is difficult. A particle may contribute to more than
one hadron pair in an event, both as trigger and as asso-
ciated particle, though for the high pT ranges considered
here, the rate of contribution to multiple pairs is small. The
pair yield is corrected for associated particle tracking
efficiency, with an uncertainty of 5% that is highly corre-
lated over the momentum range considered here. The
effect of momentum resolution on the pair yield is esti-
mated to be less than 1%, and no correction for it was
applied. A correction was also applied for nonuniform
azimuthal acceptance, but not for the effects of the
single-track cut j#j< 1:0. The single-track acceptance is
independent of pT and uniform on # for pT > 3 GeV=c
and j#j< 1. The near-side (!!& 0) correlated yield at
large j!#j is negligible.

Figure 1 shows dihadron azimuthal distributions nor-
malized per trigger particle for central (0%–5%) Au!
Au collisions. ptrig

T increases from left to right, and two
passoc
T ranges are shown. The height of the background

away from the near- (!!& 0) and away-side (j!!j&
") peaks, which is related to the inclusive yield, is similar

Au+Au, 0-5%
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FIG. 1. Azimuthal correlation histograms of high pT charged
hadron pairs for 0%–5% Au! Au events, for various ptrig

T and
passoc
T ranges. In the lower left panel, the yield is suppressed due

to the constraint passoc
T < ptrig

T . All pT values in this and succeed-
ing figures have units GeV=c.

PRL 97, 162301 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
20 OCTOBER 2006

162301-3

ALICE 
(performance plot)

No strong emergence of away-side peak compared to RHIC
Many caveats: non-identical pt bins, no acceptance or efficiency correction, 
partial statistics...
Even so, away-side / near-side ratio appears smaller for 2.76 TeV Pb+Pb! Why?
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Quenching vs. kinematics
ATLAS
Direct observation of quenched recoil jet in Pb+Pb

But also:
Beam rapidity gaps differ at LHC vs. RHIC

For fixed hadron pt, different parton energies are sampled, different z 
represented

11

2

FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.

|η| < 3.2. The hadronic calorimetry in the range |η| < 1.7
is provided by a sampling calorimeter made of steel and

scintillating tiles. In the end-caps (1.5 < |η| < 3.2),
LAr technology is also used for the hadronic calorime-

ters, matching the outer |η| limits of the electromag-

netic calorimeters. To complete the η coverage, the LAr

forward calorimeters provide both electromagnetic and

hadronic energy measurements, extending the coverage

up to |η| = 4.9. The calorimeter (η,φ) granularities are

0.1 × 0.1 for the hadronic calorimeters up to |η| = 2.5
(except for the third layer of the Tile calorimeter, which

has a segmentation of 0.2×0.1 up to |η| = 1.7), and then

0.2× 0.2 up to |η| = 4.9. The EM calorimeters are longi-

tudinally segmented into three compartments and feature

a much finer readout granularity varying by layer, with

cells as small as 0.025×0.025 extending to |η| = 2.5 in the

middle layer. In the data taking period considered, ap-

proximately 187,000 calorimeter cells (98% of the total)

were usable for event reconstruction.

The bulk of the data reported here were triggered

using coincidence signals from two sets of Minimum

Bias Trigger Scintillator (MBTS) detectors, positioned

at z = ±3.56 m, covering the full azimuth between

2.09 < |η| < 3.84 and divided into eight φ sectors and two

η sectors. Coincidences in the Zero Degree Calorimeter

and LUCID luminosity detectors were also used as pri-

mary triggers, since these detectors were far less suscep-

tible to LHC beam backgrounds. These triggers have a

large overlap and are close to fully efficient for the events

studied here.

In the offline analysis, events are required to have a

time difference between the two sets of MBTS counters

of ∆t < 3 ns and a reconstructed vertex to efficiently

reject beam-halo backgrounds. The primary vertex is

derived from the reconstructed tracks in the Inner De-

tector (ID), which covers |η| < 2.5 using silicon pixel and

strip detectors surrounded by straw tubes. These event

selection criteria have been estimated to accept over 98%

of the total lead-lead inelastic cross section.

The level of event activity or “centrality” is char-

acterized using the total transverse energy (ΣET ) de-

posited in the Forward Calorimeters (FCal), which cover

3.2 < |η| < 4.9, shown in Fig. 2. Bins are defined in cen-

trality according to fractions of the total lead-lead cross

section selected by the trigger and are expressed in terms

of percentiles (0-10%, 10-20%, 20-40% and 40-100%) with

0% representing the upper end of the ΣET distribution.

Previous heavy ion experiments have shown a clear cor-

relation of the ΣET with the geometry of the overlap

region of the colliding nuclei and, correspondingly, the

total event multiplicity. This is verified in the bottom

panel of Fig. 2 which shows a tight correlation between

the energy flow near mid-rapidity and the forward ΣET .

The forward ΣET is used for this analysis to avoid biasing

the centrality measurement with jets.

Jets have been reconstructed using the infrared-safe

anti-kt jet clustering algorithm [9] with the radius pa-

rameter R = 0.4. The inputs to this algorithm are “tow-

ers” of calorimeter cells of size ∆η×∆φ = 0.1× 0.1 with

the input cells weighted using energy-density dependent

factors to correct for calorimeter non-compensation and

other energy losses. Jet four-momenta are constructed

by the vectorial addition of cells, treating each cell as an

(E, �p) four-vector with zero mass.

The jets reconstructed using the anti-kt algorithm con-

tain a mix of genuine jets and jet-sized patches of the un-

derlying event. For each event, we estimate the average

transverse energy density in each calorimeter layer in bins

of width ∆η = 0.1, and averaged over azimuth. In the

averaging, we exclude jets with D = ET (max)/�ET �, the
ratio of the maximum tower energy over the mean tower

energy, greater than 5. The value Dcut = 5 is chosen
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Kinematics at the LHC vs. RHIC
Near-side correlations
Requiring a trigger particle means pT,parton > pT,trig + pT,assoc.

On the recoil side
No trigger: pT,parton > pT,assoc.
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Figure 3: Average parton transverse momentum (pparton
t ) as a function of the

associated hadron transverse momentum for ptrig
t > 8 GeV in pp collisions at√

s = 200 GeV and
√

s = 5500 GeV.

away-side associated hadrons, that zT covers different parton energy regions.
One directly observable effect is the kinematic suppression of the nearside

peak seen in the STAR d-Au data. For increasing passoc
t , the amplitude of

the near-side peak decreases relative to the away-side peak. The azimuthal
correlation functions for ptrig

t > 8 GeV and passoc
t > 6 GeV as obtained from the

Pythia simulations are shown in Fig. 4. Comparing the amplitude of the peaks
at

√
s = 200 GeV to

√
s = 5500 GeV one observes that the near-side peak rises

by a factor of ≈ 7, whereas the away-side peak decreases by a factor of ≈ 1.3.
The rise of the near-side peak is mainly due to the difference in the partonic

production spectra for the two different energies. Since the difference between
near-side and away-side 〈pparton

t 〉 is smaller at LHC the rise of the away-side
peak due to the same effect is smaller. In addition, there are at least two effects
that are expected to lead to the suppression of the away-side peak at LHC
energies relative to RHIC.

• Broadening of the pseudorapidity correlations due to the smaller Bjorken
xB ∼ 1/

√
s leads to a reduction by a factor of 2.4 for |η| < 1|.

• Broadening of the azimuthal correlations due to the increased contribution
from higher order QCD processes. The width of the away-side peak is by
a factor of two larger at LHC energies.

4

Parton pT vs. associated pT - pT,trig > 8 GeV/c:
- Near side samples higher pT,parton than away side
- At fixed pT,trig & pT,assoc, much larger pT,parton at LHC

Pythia 6.2

A. Morsch, 
hep-ph/0606098v2trigger
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Pythia acceptance study
Compare dihadron 
correlations between 
RHIC and LHC

Want to understand 
differences due to 
kinematics in absence 
of quenching.

Generated events in several 
pT,hard bins

Combine results, weighted 
by cross section.
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Low pt: large uncorrelated component
At Low pt, the LHC produces a much higher combinatorial 
background than at 200 GeV.
More independent hard scatterings per event, stronger NLO effects
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Intermediate to high pt
The away side yield is comparable between the two energies, but 
the near side yield is much larger.
Also, away-side jet is broader (kt effects and radiation)
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Pythia conditional yields
Full PYTHIA correlations (no bkg. subtraction)
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Pythia conditional yields
Zero-yield-at-minimum applied to PYTHIA correlations
Affects yields at low-int. pt. Brings away-side yields to closer agreement.
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Next steps
Near side analysis
After subtracting the ridge, what does 
the near side look like?

In STAR, vacuum-like fragmentation is 
recovered.

Away-side: what to subtract
We are trying several scenarios. In any 
case we plan to make the un-subtracted 
yield information available.
flat background
v2 only (traditional)
v2+v3+v4 (under study, how to avoid removing 
the away-side jet?)
The Different ansatzes strongly affect 
the shape and yield at low pt

At high pt, results are less sensitive (jet 
signal dominates over Vn)

19
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Subtracting the ridge: vacuum fragmentation (?)

Subtraction of !"-independent !ridge-yield" 

recovers centrality-independent jet yield

p+p like (vacuum) fragmentation after energy loss? 

zT = pT,assoc/pT,trig
zT = pT,assoc/pT,trig

STAR preliminary

STAR preliminary

Jet+Ridge Jet in d+Au“Jet” in Au+Au

M. Horner (STAR), QM’2006  and arXiv:1004.2377v2
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M. Horner (STAR), QM’2006  and arXiv:1004.2377v2

STAR Au+Au / d+Au yield ratio:
Ridge-subtracted peak matches 
vacuum-like fragmentation
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Benchmark: IAA at RHIC
PHENIX h-h:
Away-side IAA: low-pT enhancement, high-pT 
suppression.

PHENIX !0-h:
High-pt identified pi0 triggers 
RAA data, theory comparisons

20
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can be characterized by JAA, which is defined as

JAA

(
pa

T , pb
T ,!φ

)
= JPYA+A

〈Ncoll〉 JPYp+p

= 1
σA+A

d3σA+A
jet ind

dpa
T dpb

T d!φ

/

× 〈Ncoll〉
σp+p

d3σ
p+p
jet ind

dpa
T dpb

T d!φ
. (4)

In the absence of nuclear effects, both the single-hadron and
dihadron cross sections from jets are expected to scale with
〈Ncoll〉. Therefore, RAA and JAA should be equal to unity.

The medium modifications of jets are also characterized by
the per-trigger yield and its corresponding modification factor
IAA, that is,

IAA

(
pa

T , pb
T

)
=

YA+A
jet ind

(
pa

T , pb
T

)

Y
p+p
jet ind

(
pa

T , pb
T

) . (5)

In general, the value of IAA depends on modifications to
both the hadron-pair yield and the trigger yield. For high-pT

correlation measurements, the per-trigger yield is a convenient
choice, since each jet typically produces at most one high-
pT trigger. Because of the steeply falling parton spectrum,
the probability of having a high-pT parton that produces
multiple trigger hadrons is small. Thus the per-trigger yield
effectively represents the per-jet yield in p + p collisions, and
IAA represents the modification of the partner yield per-jet.
For intermediate and low pT , however, jet fragmentation
is not the only source of triggers, and this can lead to an
artificial reduction of the per-trigger yield (see discussion in
Sec. IV E). For such situations, JAA is a more robust variable
for correlation analysis since it is only sensitive to the
modification of jet-induced hadron pairs.

JPY and JAA are symmetric with respect to pa
T and pb

T .
By contrast, the per-trigger yield and IAA are not because of
the appearance of the normalization factor Na in Eq. (2). This
normalization factor is the only distinction between triggers
and the partners in this analysis. In addition, JPY can be
expressed in terms of the per-trigger yield and the inclusive
yield as

JPY
(
pa

T , pb
T

)
= Yjet ind

(
pa

T , pb
T

) dNa

Nevtsdp
a
T

= Yjet ind
(
pb

T , pa
T

) dNb

Nevtsdp
b
T

. (6)

Similarly, JAA can be expressed in terms of RAA and IAA as

JAA

(
pa

T , pb
T

)
= IAA

(
pa

T , pb
T

)
RAA

(
pa

T

)

= IAA

(
pb

T , pa
T

)
RAA

(
pb

T

)
. (7)

Thus, IAA(pb
T , pa

T ) can be calculated from IAA(pa
T , pb

T ),
RAA(pa

T ), and RAA(pb
T ).

In the current analysis, the in-medium modifications of
the jet shape and yield are characterized via comparisons
of the per-trigger yield and hadron-pair yield in Au+Au
and p + p collisions, i.e., via IAA and JAA. As discussed
earlier, these quantities are defined in their differential form in

!φ, pa
T , and pb

T . Operationally, this means that the hadron-
pair yields and the per-trigger yields are measured in a finite pT

range and/or integrated over a limited !φ range. IAA and JAA

are then obtained from these integrated yields.

III. EXPERIMENTAL ANALYSIS

A. Dataset and centrality

The results presented in this article are based on three
datasets collected with the PHENIX detector [45] at

√
sNN =

200 GeV, during the 2004–2005 RHIC running periods. The
first is comprised of a minimum-bias (MB) Au+Au dataset
triggered by the beam-beam counters (BBCs) and the zero-
degree calorimeters (ZDCs) and taken in 2004. The second is
a MB p + p dataset triggered by the BBCs and taken in 2005,
and the third is a level-1 triggered (LVL1) p + p dataset also
obtained in 2005. The level-1 trigger requirement is an energy
threshold of 1.4 GeV in 4×4 electromagnetic calorimeter
(EMC) towers in coincidence with the BBC trigger [46]. The
MB and LVL1 p + p datasets serve as baseline measurements
for the Au+Au dataset; they are used to select triggers for
pT < 5 and pT > 5 GeV/c, respectively.

The collision vertex along the beam direction, z, was
measured by the BBCs. After making an offline vertex cut of
|z| < 30 cm and selecting good runs, a total of 840 million
or 136 µb−1 Au+Au events were obtained. This is a 30
times higher than obtained in a previous analysis [18]. The
total statistics for MB p + p and LVL1 p + p datasets are
equivalent to 73 nb−1 and 2.5 pb−1 sampled luminosities,
respectively.

The event centrality was determined via cuts in the space
of BBC charge vs ZDC energy [47]. The efficiency of the
MB triggered events is estimated to be 92.2+2.5

−3.0% of the total
Au+Au inelastic cross section (6.9 b) [6]. To optimize the
pT reach of our results, relatively coarse centrality selections
of 0–20%, 20–40%, 40–60%, and 60–92.2% were chosen.
However for pT < 4 GeV/c, excellent statistical significance
of the measurements allows the results to be presented in fine
centrality selections of 0–5%, 5–10%, 10–20%, 20–30%, 30–
40%, 40–50%, 50–60%, 60–70%, and 70–92.2%.

A Glauber model Monte Carlo simulation [48,49] that
includes the responses of the BBCs and ZDCs was used to
estimate the average number of binary collisions 〈Ncoll〉 and
participating nucleons 〈Npart〉 for each centrality class. These
values are listed in Table I.

B. Tracking and background estimation

Charged hadrons were reconstructed in the two central arms
of PHENIX, each covering −0.35 to 0.35 in pseudorapidity
and 90◦ in azimuth. Tracks were measured outside the
PHENIX central magnetic field by the drift chambers, located
at a radius of 2.0 m from the vertex, and two layers of multiwire
proportional chamber (PC1 and PC3), located 2.5 and 5.0 m,
respectively, from the vertex [47]. The momentum resolution
was determined to be 0.7% ⊕ 1.0% p (GeV/c) [6].
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the Au+Au data are enhanced in the SR for low pT , and
suppressed in the HR for high pT . The shape of the Au+Au
spectra in the HR is also quite different from that for p + p.
For pa,b

T
<∼ 4 GeV/c, the spectra for Au+Au are steeper than

those for p + p. For higher pT , both spectra have the same
shape (parallel to each other), but the yield for Au+Au is
clearly suppressed.

To quantify this suppression/enhancement, we use the
per-trigger yield ratio IAA, the ratio of per-trigger yield for
Au+Au collisions to that for p + p collisions [cf. Eq. (5)].
Such ratios for the HR and the HR+SR are shown as a function
of pb

T for four different pa
T selections in Fig. 13. For triggers

of 2 < pa
T < 3 GeV/c, IAA for HR+SR exceeds unity at low

pb
T , but falls with pb

T and crosses unity around 3.5 GeV/c. A
similar trend is observed for the higher pT triggers, but the
enhancement for low pb

T is smaller, and the suppression for
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FIG. 14. (Color online) Same as Fig. 13, but for 60–92% Au+Au
collisions.
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radiated energy results in only very low pa
T hadrons

(mostly with pa
T < 0:5 GeV=c).

For pt
T < 7 GeV=c, the away-side widths are signifi-

cantly wider than in pþ p, except at the highest pa
T .

Note that for pt
T < 7 GeV=c and low pa

T , the best fit
!away values are larger than "=2 radians. These trends in

shape are further quantified with the use of a #2 test to
examine the hypothesis that the central Auþ Au jet shape
on the near and away side is the same as the pþ p jet
shape. For pt

T > 7 GeV=c, agreement is found for all pa
T .

However, for pt
T at 5–7 ð4–5Þ GeV=c, the agreement wor-

sens sharply for pa
T < 3ð4Þ GeV=c as the away-side jet

becomes increasingly broad. For example, the p values
for agreement between the pþ p and Auþ Au shapes
for pa

T ¼ 1% 2 GeV=c are very small (<10%4) for pt
T ¼

4–5 and 5–7 GeV=c, but indicate reasonable agreement
(0.33 and 0.16) for pt

T ¼ 7–9 and 9–12 GeV=c, respec-
tively. The statistical precision of the experimental data
does not allow conclusion of a sharp transition in the shape;
however, there is a clear indication of a trend towards
either much smaller modification or unmodifed jet shapes
for higher pt

T at all pa
T . To confirm this finding, we com-

pared the away-side distributions in Auþ Au central
events for pt

T5–7 GeV=c with pt
T7–9 GeV=c for

pa
T1–2 GeV=c (see Fig. 1) and find the probability that

they have a common shape is small (p-value <0:07).
The lack of large away-side shape modification for pt

T >
7 GeV=c and pa

T < 3 GeV=c is surprising as medium
response effects are not generally expected to decrease at
larger pt

T . In descriptions where the medium-induced en-
ergy loss (!E) is nearly proportional to the initial parton

energy (E) [23], and where the lost energy produces a
medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statistical
precision, no evidence for this is seen; rather, the opposite
is found. However, should !E=E fall steeply with increas-
ing parton pT , an increased contribution from partons
which have lost little energy could make an observation
of the medium response more difficult. In alternative mod-
els of fluctuating background correlations [12,13], the
modification is predicted to diminish at higher trigger pT

as the background contribution drops, in agreement with
observations.
In addition to the shape modification measurement, the

away-side integrated yield is determined. Away-side jet
yield modification in central collisions, shown in Fig. 3,
is measured by IAA (the ratio of conditional jet pair yields
integrated over a particular range in !$ in Auþ Au to
pþ p). The IAA uncertainties include uncorrelated errors
(!stat), point-to-point correlated errors from the back-
ground subtraction (!syst), and a normalization uncertainty
from the single particle efficiency determination.
Away-side IAA values for pt

T > 7 GeV=c tend to fall
with pa

T for both the full away-side region (j!$% "j<
"=2) and for a narrower ‘‘head’’ selection (j!$% "j<
"=6) until pa

T & 2–3 GeV=c, above which they become
roughly constant. The yield enhancement at pt

T >
7 GeV=c and pa

T < 2 GeV=c is modest and occurs without
significant shape modification (Fig. 2). When pt

T is de-
creased, the away-side IAA differs between the two angular
selections as the shape becomes modified.
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FIG. 2 (color online). Away-side jet widths from a Gaussian fit
by h' partner momentum for various "0 trigger momenta in pþ
p, midcentral 20%–60% Auþ Au, and central 0%–20% Auþ
Au collisions. For comparison, an interpolation of the pþ p is
depicted (curve). In cases where the best fit !away > "=2 radi-

ans, the point is off the plot.
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FIG. 3 (color online). Away-side IAA for a narrow head j!$%
"j< "=6 selection and the entire away side, j!$% "j< "=2
vs h' partner momentum for various "0 trigger momenta.
Calculations from two different predictions are shown for the
head region in applicable pT ranges. A point-to-point uncorre-
lated 6% normalization uncertainty applies to all measurements.
For comparison, "0 RAA [24] bands are included where pt

T >
5 GeV=c.

PRL 104, 252301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
25 JUNE 2010

252301-5

Conclusions:
 Focus on pt,trig > 5 and pt,assc > 2 GeV
- IAA > RAA

- IAA ~ flat with pt, assc

- IAA increases with trigger pt

Caution:
Bkg.-dominated!

PRC 78, 014901 (2008)

PRL 104, 252301 (2010)
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Suppression at RHIC vs. LHC
PHENIX RAA:
 ~flat at 0.2

ALICE RAA:
sharp rise above 6 GeV

Caveat:
Identified mesons at PHENIX, non-
PIDed hadrons in ALICE.

Anticipating IAA, ICP measurements to see if 
trend persists in triggered correlations as 
well….
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Energy loss and spectral ratios
Trends in IAA, RAA, ICP, etc. depend strongly on source shapes  
A power-law example: use A/(pT - ΔpT)n to check 3 scenarios:
1. constant yield loss - reduce normalization A (i.e. all-or-nothing “punch-thru” E-loss fluctuations)
2. constant per-particle energy loss - leftward shift by ΔpT 

3. softening of spectra - increase n

Top:
Red curve - “p+p” reference
Blue curves - “A+A” spectra

Bottom:
Ratio of blue/red

Ratio shape depends on 
nature of energy loss

IAA,RAA have different 
source shapes
comparison constrains models!
arXiv:1101.0290v1
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Summary
ALICE in ideal position to push understanding of QGP state to the 
next stage from RHIC

Early look at correlation fns. shows qualitatively that the away side 
correlation strength is weaker than at RHIC
Some of this is expected due to kinematics at LHC

Much work in progress for quantitative measurements - stay 
tuned!
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