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Two-particle correlations
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!"

-1
0 1 2 3 4

#"

-1.5
-1

-0.5
0

0.5
1

1.5
1

1.05

1.1

1.15

1.2

1.25

 < 2.0 20-60%
T,assoc

 < 4.0 1.0 < p
T,trig

CorrFn 3.0 < p  < 2.0 20-60%
T,assoc

 < 4.0 1.0 < p
T,trig

CorrFn 3.0 < p

 [rad]!"

-1 0 1 2 3 4

pa
irs

0.94
0.96
0.98

1
1.02
1.04
1.06
1.08

1.1
1.12 | < 0.8#"|

| < 1.6#"0.8 < |

 [rad]!"

-1 0 1 2 3 4

pa
irs

46
48
50
52
54
56
58
60

610$

| < 0.8#"|

 [rad]!"

-1 0 1 2 3 4

pa
irs

15.5
16

16.5
17

17.5
18

18.5
19

610$

| < 1.6#"0.8 < |

ALICE
performance

Same-event
 dist.

Mixed-event dist.

Same and mixed event pair distributions

Monday, April 4, 2011



Tracking in time projection chamber
Full azimuthal acceptance, |η| < 1 (but |η| < 0.8 for now)
Excellent pair acceptance/efficiency
Centrality determination with V0 and SPD
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Analysis (I): the data
12 million min-bias Pb+Pb events
High tracking efficiency 
--> small correction, small systematics
High occupancy capability in TPC

Pair effects
Contamination, two-track efficiencies, and 
merging were studied in Monte 
Carlo...negligible at high pT

Momentum resolution
Shown right for global (TPC + ITS) tracks

TPC-only* tracks used in this analysis to 
improve acceptance (so σ(pT) somewhat 
worse than shown here)

Cross-check done using global 
tracks...consistent results found
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*Silicon Pixel Detector was also included to constrain vertex
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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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Δφ: ALICE vs. STAR at high pT 
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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 @ 2.76 TeV 

0-5% Pb+Pb @ 2.76 TeV:
Larger combinatoric background (no surprise)
Away side yield is ~comparable, while near side is 3-4x larger. Why?
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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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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

-η +η
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Analysis (II): yield extraction
Handling background
The non-jet component must be 
characterized and removed
No known assumption-free methods…
Go to high pt for reduced bias
Trigger pt 8-15 GeV/c
Associated pt > 4GeV/c, always with ptt > pta

Work with several bkg. shape/
normalization schemes, compare
Differences gauge systematics
Ultimately ZYAM is used
Different “M” definitions --> sys. uncertainty

9

Below: 
zoomed & zero-suppressed

Different bkg shape ansatzes:
- v2-only 
- flat pedestal

Different ZYAM levels:
- n-lowest-bin averages
- const. fit over transverse region
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Yield modification: ICP and IAA

Compare 1/Ntrig dN/dΔφ in A+A to a 
reference

Integrate yields in selected Δφ range
Here, 0 (π) ± 0.7 for near (away) side

ICP reference:
60-90% yield

IAA reference:
 Normally p+p data, today I show pythia

10
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Benchmark 1: IAA at PHENIX
PHENIX h-h:
Away-side IAA: low-pT enhancement, high-pT 
suppression.

PHENIX π0-h:
High-pT identified π0 triggers 
RAA data, theory comparisons
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DIHADRON AZIMUTHAL CORRELATIONS IN Au+Au . . . PHYSICAL REVIEW C 78, 014901 (2008)

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].

014901-5
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FIG. 11. (Color online) Values of D determined from FIT1 (solid
circles) and FIT2 (open circles) as function of partner pT for three
trigger pT ranges in 0–20% Au+Au collisions. The error bars are
the statistical errors. The shaded bars and brackets are the systematic
errors due to elliptic flow.
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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-
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FIG. 3 (color online). Away-side IAA for a narrow head j!$%
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Calculations from two different predictions are shown for the
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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

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

- IAA ~ flat with pT, assc

- IAA increases with trigger pT

Caution:
large flow background

PRC 78, 014901 (2008)

PRL 104, 252301 (2010)
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Benchmark 2: DAuAu/DdAu from STAR
Plotted vs zT

pT, trig 8-15 GeV/c

Near-side ratios 
consistent with 1 (with low 
statistical sensitivity).

Away-side ratios near 
0.2-0.3 for 0-5%

12

STAR, PRL97,162301 (2006) 

and away-side associated hadrons. Figure 4 shows the
trigger-normalized fragment distribution D!zT", where
zT # passoc

T =ptrig
T [22]. D!zT" resembles a fragmentation

function, though its shape in p$ p collisions is deter-
mined primarily by the partonic spectrum [23]. We inves-
tigate here its dependence on partonic energy loss. The zT
range in Fig. 4 corresponds to the passoc

T range for which
dijets are observed above background (see Fig. 2). The
near-side distributions (left panels) are similar over a broad
range of zT for all three systems, consistent with fragmen-
tation in vacuum.
The similarity of the near-side fragmentation patterns

could arise from small near-side energy loss due to a
geometrical bias toward shorter in-medium path lengths
(‘‘surface bias’’), as generated in several model calcula-
tions [24–27]. However, this similarity could also result
from energy-independent energy loss generating a partonic
energy distribution that is suppressed in Au$ Au but
similar in shape to that in p$ p collisions, with the lost
energy carried dominantly by low pT hadrons. A leading-
twist calculation of medium-modified dihadron fragmen-
tation functions in similar ptrig

T and passoc
T intervals to those

studied here [28] predicts a strong increase in the near-side
associated yield for more central collisions, though no such
increase is observed in Figs. 3 and 4.
The lower right panel in Fig. 4 shows the ratio of away-

sideD!zT" for 0%–5% and 20%–40%Au$ Au relative to
d$ Au. The ratio is approximately independent of zT for

zT > 0:4, with the yield suppressed by a factor 0:25% 0:06
for 0%–5% Au$ Au and 0:57% 0:06 for 20%–40%
Au$ Au collisions. The away-side suppression for central
collisions has a similar magnitude to that for inclusive
spectra [10], though such a similarity is not expected
a priori due to the different nature of the observable. A
model calculation based on Baier-Dokshitzer-Mueller-
Peigne-Schiff energy loss predicts a universal ratio be-
tween away-side and inclusive suppressions, with the
away-side yield more suppressed [27].
The solid line in Fig. 4, upper right panel, is an expo-

nential function fit to the d$ Au distribution (slope #
&4:0% 0:6), with the dashed lines having the same ex-
ponential slope but magnitude scaled by factors 0.57 and
0.25. This illustrates the similarity in shape of D!zT" for
different systems. As discussed for Fig. 2, the width of the
away-side azimuthal distribution for high pT pairs is also
independent of centrality. To summarize our observations:
Strong away-side high pT hadron suppression is not ac-
companied by significant angular broadening or modifica-
tion of the momentum distribution for zT > 0:4.
A calculation incorporating partonic energy loss through

modification of the fragmentation function [22] predicts
the away-side trigger-normalized fragmentation function
to be suppressed uniformly for zT > 0:4 in central Au$
Au relative to p$ p collisions, in agreement with our
measurement. However, the predicted magnitude of the
suppression is '0:4, weaker than the measured value
0:25% 0:06.
Energy loss in matter could be accompanied by away-

side azimuthal broadening, due either to medium-induced
acoplanarity of the parent parton [29] or to dominance of
the away-side yield by medium-induced gluon radiation at
a large angle. An opacity expansion calculation [30] pre-
dicts that the away-side yield for large energy loss is
dominated by fragments of the induced radiation, with a
strongly broadened azimuthal distribution up to pT '
10 GeV=c. No azimuthal broadening of the away-side
parent parton is predicted, though its fragments are ob-
scured by the greater hadron yield from induced radiation.
In contrast, we observe strong away-side suppression with-
out large azimuthal broadening. However, measurements
at passoc

T < 1 GeV=c do show an enhancement of the yield
and significant azimuthal broadening of the away-side
peak [15].
Large energy loss is thought to bias the jet population

generating the high pT inclusive hadron distribution to-
wards jets produced near the surface and directed outward
[24–27], which minimizes the path length in the medium.
For back-to-back dihadrons, the total in-medium path
length is minimized by a different geometric bias, towards
jets produced near the surface but directed tangentially. A
model calculation [31] incorporating quenching weights
finds dihadron production dominated by such tangential
pairs, with yield suppression consistent with our measure-

)
T

D
(z

-110

1

| < 0.63φ∆Near side, |
d+Au min bias
Au+Au 20-40%

Au+Au 0-5%

| < 0.63π - φ∆Away side, |

0.4 0.6 0.8 1

dA
u

 / 
D

A
uA

u
D

0

1

(trig)
T

(assoc) / p
T

 = pTz
0.4 0.6 0.8 1

FIG. 4 (color online). Upper panels: D!zT" with 8< ptrig
T <

15 GeV=c, for near- (left) and away-side (right) correlations in
d$ Au and Au$ Au collisions at !!!!!!!!

sNN
p # 200 GeV. The

dashed and solid lines are described in text. The horizontal
bars on the away side show systematic uncertainty due to
background subtraction. Lower panels: Ratio of D!zT" for Au$
Au relative to d$ Au. The error bars are statistical in all panels.
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Near side ICP

Shown for two background 
shape assumptions

1. v2-only (line)
v2 estimated as uniform 
extrapolation from data - thus 
probably an overestimate

Useful especially for “historical” 
RHIC comparisons

2. Uniform bkg. (points)
Result ~same as for (1): jet S/B is 
high enough that bkg. assumptions 
are not influential

IAA ~ 1.2-1.3

Near side yield is enhanced!
Interesting.

13

(v2 from Phys. Rev. Lett. 105, 252302 (2010))
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ICP on near and away side

Enhancement on near side, suppression on away side
Flat or v2-only bkg. assumptions give same results above 5 GeV
Away side IAA ~ 0.6 at intermediate pT

Note on rise at last point: pT, trig > pT, assoc requirement in overlapping pT bin influences 
kinematics: interpret with care.

14
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Monte Carlo IAA reference
In mid-March the LHC provided a few p+p 
days @ 2.76 TeV, but too late to use for today.

For now, we use pythia 6, Perugia-0 tune.

Shape agrees closely with ALICE data at 0.9 (top) 
and 7 TeV (below).

Normalization was slightly high; required scaling by 
0.8 - 1.0 to match data.

A single scaling factor was interpolated for 2.76 TeV:
0.93 ± 0.13

This is the dominant systematic for IAA, Pythia

15
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IAA using pythia reference

Observations
Near side yields enhanced by 1.3-1.5 for pT, assoc > 4 GeV/c in central events
Some enhancement measured even in peripheral data
Away side 0.5-0.7 for central, ~1 for peripheral

16
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IAA vs. PHENIX IAA result

ALICE IAA is larger than PHENIX result.

17

PHENIX, PRL 104, 252301 (2010) 
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IAA vs. ALICE RAA result

IAA(0-20%) is much higher than RAA(0-5%)
Looks in fact more like RAA(70-80%)!
For 8-15 GeV triggers, the pT,assoc distribution is much harder than for min-bias.
Flatter spectra --> ratios closer to 1

18
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Near-side vs. away-side IAA

Consider partons losing ΔE, then fragmenting in vacuum.
Away side:

ΔE lowers parton <pt> ⇒ fewer pairs/trigger in A+A on away side.

Near side:

Including the trigger particle requires partons at higher initial energies.

19
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The nontrivial near side*
If ΔE leads to IAAnear > 1, then why wasn’t this also seen at RHIC?
1. Phase space considerations
Steeper parton production at RHIC. There, high-pt triggers have larger z, lower assoc. 
yields.

2. Parton spectral shape:
Consider a fixed ΔE
(i.e. every parton loses 1 GeV) 
For an exponential, the slope is unchanged.
Energy loss is independent of E.
 
Probing different parton energy by requiring
a trigger particle does not change the
associated per-trigger yield.

Thus IAA can be 1 even for large ΔE.
Under these conditions, surface bias 
cannot be inferred from IAA=1.

20

*Thanks to P. Jacobs for useful discussions on this topic

Solid: dN/dpT ~ exp(-pT)
Dashed:          ~ exp(-pT+1)
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The nontrivial near side*
If ΔE leads to IAAnear > 1, then why wasn’t this also seen at RHIC?
1. Phase space considerations
Steeper parton production at RHIC. There, high-pt triggers have larger z, lower assoc. 
yields.

2. Parton spectral shape:
Consider a fixed ΔE
(i.e. every parton loses 1 GeV) 
For a power law, the slope becomes flatter.
 
If phase space permits, the trigger 
requirement can lead to increased
per-trigger associated yield.

Thus IAA can be  > 1.

21

*Thanks to P. Jacobs for useful discussions on this topic

Solid: dN/dpT ~ pT-6

Dashed:          ~ (pT+1)-6
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The nontrivial near side*
Near-side fragmentation

Shower evolution for two-hadron final state is difficult theoretically. 

I know of no near side IAA / ICP calculations in the literature.

Perhaps some theorists are interested in taking this on?

22

*Thanks to P. Jacobs for useful discussions on this topic
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Summary
Near side
Significant enhancement observed at LHC, but not RHIC - different parent 
parton distribution at LHC?

Away side
Significant quenching, but IAA larger than at RHIC

Open questions
Can parton energy loss be accessed from near-side observables?

Near-side fragmentation complicated: can it be calculated?

More to come
Stay tuned for QM11

Thanks!

23
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Extras
24
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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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The slope of IAA
away-side

26

Recoil-side parent 
parton distribution 
for leading hadrons

trigger pT 8-15 GeV/c

M. Verweij - private 
communication
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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
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RAA insensitive to n
29

RHIC: n = 8 LHC: n = 6 

pT
-6 instead of pT

-8 spectrum has only small effect on RAA 

R8 ! R6 

Slide from M. Van Leeuwen
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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.

30

ALICE    arXiv:1012.1004v1
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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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