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Abstract. We present measurements of azimuthal correlations between photons (from π0 decay) and
charged hadrons in d+Au collisions at

√
sNN = 200 GeV. We use di-hadron correlations to study parton

fragmentation in d+Au collisions at RHIC. Specifically, the near-side and away-side peaks of the azimuthal
angular difference distribution are used to measure the root-mean-squared (RMS) fragmentation transverse

momentum
√
〈j2T〉 and the mean intrinsic parton transverse momentum 〈|kTy |〉. The measurements with

leading photons are compared to results using leading charged particles.

PACS. 25.75.-q

1 Introduction

In nuclear collisions at the maximum RHIC energy of√
sNN = 200GeV, most of the produced particles at high-
pT are expected to originate from hard scattering pro-
cesses. Hard scatterings of partons in the initial state pro-
duce pairs of high-pT partons that fragment while travers-
ing the medium. This fragmentation generates clusters of
particles called jets. The structure of a jet can be modified
by the hot and dense medium created in the heavy-ion col-
lision, resulting in a softer fragmentation function or even
the complete absorption of the parton [1–3]. Evidence for
this has been seen both in the suppression of particle spec-
tra at large pT in central Au+Au collisions compared to
p+p collisions [4, 5] and in the suppression of the away side
jet in central Au+Au collisions [6].
In low-multiplicity collisions, such as p+p and d+

Au, event-by-event topological reconstruction of jets can
be used to study jet production and fragmentation [7].
This approach however is not feasible in high-multiplicity
Au+Au collisions and instead di-hadron azimuthal cor-
relations of high-pT particles are used. Such correlation
measurements have been shown to reveal a clear di-jet
structure in Au+Au collisions [5, 6, 8]. Experimentally,
the two jets are not perfectly back-to-back. This effect is
thought to be due to intrinsic transverse momentum of
the colliding partons. At ISR energies, the mean intrinsic
transverse momentum kT was found to be approximately
1 GeV/c [9].
To characterize the jet properties we use two param-

eters: the transverse momentum (jT) of a particle with
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respect to the jet axis and the transverse momentum (kT)
of the parton that enters the hard scattering process.
Correlation measurements are a powerful tool to study

di-jet structures in p+p, p+A and A+A collisions. Prop-
erties of di-jets can be studied by measuring the yield and
width of the correlation peaks. From these observables it
is possible to extract jT and kT, and thus provide a more
complete insight into the fragmentation function and the
partonic intrinsic momenta.

2 Experiment and data

STAR [10] is a large acceptance detector at RHIC, ded-
icated to the study of the properties of the quark gluon
plasma. The detector is composed of several sub-systems
placed inside a large solenoidal magnet. The main detec-
tor components used for this analysis are the barrel elec-
tromagnetic calorimeter (BEMC) and the time projection
chamber (TPC).
The BEMC [11] is a lead-scintillator sampling calorime-

ter that consists of 21 radiation lengths of material and
has an energy resolution of ∆E/E ∼ 16%/

√
E(GeV). It

has a radius of 2.3m and a full azimuthal coverage in the
pseudorapidity range−1< η < 1. For the present analysis,
only one half of the detector was operational (0< η < 1).
The calorimeter consists of 120 modules, each of them di-
vided into 40 projective towers. Each tower has transverse
dimensions of approximately (10× 10) cm2 which corres-
pond to an interval (∆η, ∆φ) = (0.05, 0.05 rad) in pseudo-
rapidity and azimuth. The towers were calibrated using
minimum-ionizing particles and electrons.
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The TPC [12] also has full azimuthal coverage in the
pseudo-rapidity range |η|< 1. The TPC provides up to 45
independent spatial and specific ionization dE/dx meas-
urements of tracks within the acceptance. The momen-
tum resolution is ∆k/k � 0.0078+0.0098pT (GeV/c) [12],
where k is the track curvature, proportional to 1/pT.
The minimum bias trigger required at least one neu-

tron in the zero degree calorimeter (ZDC) in the gold beam
direction. For this analysis, a special sample of events is se-
lected with an on-line trigger arrangement where at least
one BEMC tower is above predefined threshold. Two dif-
ferent on-line thresholds were used the highest threshold
was set at nominal ET > 4.5GeV and the lower thresh-
old at 2.5GeV. The highest threshold was chosen such
that all events satisfying the trigger requirement could be
recorded, while for the lower threshold a fraction of events
was randomly sampled.

3 Analysis

The first step in calculating a two-particle azimuthal cor-
relation, is to select a leading (trigger) particle. For each
event the most energetic tower is selected as leading par-
ticle; clusters are made around the highest tower, including
a maximum of 4 neighboring towers. The transverse energy
ET of the cluster must be included in the selected energy
bin, EminT < EtriggerT < EmaxT . If the most energetic tower
does not satisfy this condition, the event is rejected. In the
case of charged di-hadron correlation, all the tracks are
considered potential trigger. Tracks with transverse mo-
mentum greater than a selected threshold but smaller than
trigger energy (pthresholdT < passociatedT < EtriggerT ) are used
as associated tracks. Several pT (ET) cuts have been used
both for the trigger and the associated particles.
The azimuthal distribution between trigger and associ-

ated particle is defined as

D(∆φ) =
1

Ntrigger

1

ε

∫
N(∆φ,∆η)d∆η (1)

where ∆φ= φtrigger−φassociated, Ntrigger is the number of
trigger particles, and ε is the reconstruction efficiency of
the TPC for the associated particles. For this analysis, the
reconstruction efficiency is ε= 89%, independent of pT and
centrality [13].
Malfunctioning towers were tagged as bad and removed

from the analysis. To remove contributions from charged
particles in the trigger sample, all charged tracks in the
events were extrapolated to the calorimeter surface and the
event was rejected if one of the extrapolated tracks hits the
trigger tower. A GEANT simulation [14] shows that, after
applying this cut, in the selected ET range the number of
triggers caused by charged particles is less than 1%. A non-
uniformity of the BEMC can produce systematic errors. To
avoid that, towers which give too many trigger compared
to the average are tagged as hot tower and then eliminated.
The remaining sample of trigger towers is dominated by

signals from π0 decay photons in the relevant energy range.
For EtriggerT > 4.5 GeV the opening angle between the two

photons is small, so almost all the energy of the initial par-
ticle is collected by the highest tower or cluster of tower.
Simulations show that from 87% to 93% of the π0 energy is
collected, and this inefficiency has been taken into acount
in the further results. A similar analysis method was used
in an ISR experiment [15].
The following criteria were used to select the TPC

tracks: (i) at least 25 points are used to fit the track, (ii)
the distance of closest approach to the vertex along beam
direction is smaller than 1 cm and (iii) the track is in the
range−1< η < 1.

4 Results

The raw correlation distribution, corrected for the effi-
ciency and divided by the number of trigger, is fit by two
Gaussian functions plus a constant

D(∆φ) =ANe
− 12

(
∆φ
σnear

)2
+AF e

− 12

(
∆φ−π
σaway

)2
+B , (2)

where the first term represents the near side peak, the sec-
ond the away side peak, and the third (B) is a constant
term to describe the uncorrelated background.
Figure 1 shows the azimuthal correlation function after

background subtraction. Panel (a) shows the correlation
function for 4.5<EtriggerT < 6.5 GeV and passociatedT greater
than 2, 3 and 4 GeV/c and always smaller than EtriggerT .
In panel (b) the lower threshold for passociatedT is fixed at
2 GeV/c while EtriggerT varies in the bins
4.5–6.5 GeV, 6.5–8.5 GeV or 8.5–10.5 GeV. All errors are
statistical only.
There is a significant systematic uncertainty in the ver-

tical scale of Fig. 1. Backgrounds from upstream interac-
tions of the beam with material in the accelerator lead
to a measurable fraction of the BEMC high tower trig-
gers [16]. A more detailed study of the systematic uncer-
tainties due to these backgrounds is still in progress.
The correlation distribution shows the behavior ex-

pected for di-jets event, with a near side peak centered at
∆φ= 0 and an away side peak at ∆φ=π. The peak height
decreases with passociatedT and it increases with EtriggerT
while the widths are more sensitive to passociatedT . The
observations are in qualitative agreement with expecta-
tions from di-jet fragmentation, in which most energetic
particles lie closer to the leading one, and thereby the
width decreases with passociatedT ; on the other hand, higher
EtriggerT tags more energetic jets so a greater multiplicity is
expected.
The near and away-side peaks widths σnear and σaway as

determined from a fit of the assumed correlation shape (2)
to the measured distributions is shown in Fig. 2 and com-
pared to results for charged particles. The near side peak
is narrower than the away-side peak in each EtriggerT and
passociatedT bin. The correlation peak widths for γ-charged
hadron and charged di-hadron correlations are similar.
As observed for the raw distributions, the peak width
decreases with passociatedT : high pT particle are closer to
leading particle. The peaks get narrower with increasing
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Fig. 1. Preliminary results for γ-charged correlation function after background subtraction. Panel a shows the correlation distri-
bution as a function of passociatedT ; panel b shows the correlation as a function of EtriggerT

Fig. 2. Preliminary results for gaussian widths for near side
a and away side b peak as function of EtriggerT . The bins

for passociatedT are indicated. Open symbols are for charged di-
hadron, close for γ-charged. The data points for charged di-
hadron correlations are artificially shifted by 0.1 GeV/c for
a better view. Errors are statistical only. EtriggerT for trigger
photons are plotted after correction for leakage factors

Fig. 3. a
√
〈j2T〉 and b 〈|kT|〉〈ztrigger〉 for γ-charged and

charged di-hadron correlations as a function of pT of associated
particles. The data points for charged di-hadron correlations
are artificially shifted by 0.1 GeV/c for a better view
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EtriggerT . This is consistent with the idea of getting more en-
ergetic associated particle in the more energetic jets. More-
over, for higher-pT triggers, the trigger particle is closer to
the jet axis and than it narrows the trigger-associated cor-
relation peak.
The figures show only statistical errors; the errors in-

crease at large EtriggerT and passociatedT because of the re-
duced statistics.

4.1 Jet properties

To further quantify the jet shape information from the di-
hadron correlation measurements, we calculated the RMS
fragmentation transversemomentum using the relation [17]

√
〈j2T〉 ≈

√
π

2
σNear

〈EtriggerT 〉 〈passociatedT 〉
√
〈EtriggerT 〉2+ 〈passociatedT 〉2

. (3)

The effective transversemomentum of the colliding par-
tons can also be studied with di-hadron correlations. Its
average can be approximated as

〈|kTy |〉〈ztrigger〉 ≈
〈ztrigger〉〈E

trigger
T 〉

√
σ2Far−σ

2
Near√

π
. (4)

Since 〈ztrigger〉 is unknown, the quantity 〈|kTy |〉〈ztrigger〉 is
studied. In Fig. 3

√
〈j2T〉 is shown as a function of E

trigger
T .√

〈j2T〉 shows no significant dependence on p
associated
T ,

as expected. 〈|kTy |〉〈ztrigger〉, however shows a slight de-
pendence on associated passociatedT , which could be due
to a dependence of 〈ztrigger〉 on passociatedT . The results
from charged di-hadron correlations and gamma-charged
hadron correlations are in qualitative agreement. A more
detailed investigation of systematic uncertainties and the
energy scale corrections for gamma-charged hadron corre-
lations is in progress.

5 Conclusion and outlook

We observed back-to-back structure of γ-charged hadron
and charged di-hadron azimuthal correlation , which
agrees with production of di-jet events.
It has been observed that the away side peak is always

wider than the corresponding near side peak. If EtriggerT is

fixed, when passociatedT increases the width of the peaks de-
creases, indicating that particle with larger pT tend to lie
closer to the leading one. The dependence on EtriggerT is less
strong.
The values for

√
〈j2T〉 obtained from di-hadron correla-

tions are in agreement with values obtained from full jet
reconstruction [15].
Within current statistical and systematic uncertainties,

no differences between di-hadron correlations with lead π0

and leading charged particles are seen. Assuming that the
leading charged particles are dominantly pions, this is con-
sistent with the expected isospin symmetry.

Parallel analysis on p+p data will give a more complete
description of the system and a solid reference for further
Au+Au analysis.
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