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N. Saito,28 T. Sakaguchi,5 K. Sakashita,50,58 V. Samsonov,49 S. Sano,10,61 T. Sato,59 S. Sawada,28 K. Sedgwick,6 J. Seele,11

R. Seidl,22,51 R. Seto,6 D. Sharma,62 I. Shein,21 T.-A. Shibata,50,58 K. Shigaki,20 M. Shimomura,59 K. Shoji,32,50 P. Shukla,3

A. Sickles,5 C. L. Silva,25 D. Silvermyr,46 C. Silvestre,14 K. S. Sim,30 B. K. Singh,2 C. P. Singh,2 V. Singh,2 M. Slunečka,7
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28High Energy Accelerator Research Organization, KEK, Tsukuba, Ibaraki 305-0801, Japan
29KFKI Research Institute for Particle and Nuclear Physics of the Hungarian Academy of Sciences (MTA KFKI RMKI),

H-1525 Budapest 114, POBox 49, Budapest, Hungary
30Korea University, Seoul, 136-701, Korea

31Russian Research Center ‘‘Kurchatov Institute,’’ Moscow, 123098 Russia
32Kyoto University, Kyoto 606-8502, Japan

33Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS-IN2P3, Route de Saclay, F-91128, Palaiseau, France
34Lawrence Livermore National Laboratory, Livermore, California 94550, USA

35Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
36LPC, Université Blaise Pascal, CNRS-IN2P3, Clermont-Fd, 63177 Aubiere Cedex, France

37Department of Physics, Lund University, Box 118, SE-221 00 Lund, Sweden
38University of Maryland, College Park, Maryland 20742, USA

39Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003-9337, USA
40Institut fur Kernphysik, University of Muenster, D-48149 Muenster, Germany

41Muhlenberg College, Allentown, Pennsylvania 18104-5586, USA
42Myongji University, Yongin, Kyonggido 449-728, Korea

43Nagasaki Institute of Applied Science, Nagasaki-shi, Nagasaki 851-0193, Japan
44University of New Mexico, Albuquerque, New Mexico 87131, USA
45New Mexico State University, Las Cruces, New Mexico 88003, USA
46Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

47IPN-Orsay, Universite Paris Sud, CNRS-IN2P3, BP1, F-91406, Orsay, France
48Peking University, Beijing, People’s Republic of China

49PNPI, Petersburg Nuclear Physics Institute, Gatchina, Leningrad region, 188300, Russia
50RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan

51RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
52Physics Department, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501, Japan

53Saint Petersburg State Polytechnic University, St. Petersburg, 195251 Russia
54Instituto de Fı́sica, Universidade de São Paulo, Caixa Postal 66318, São Paulo CEP05315-970, Brazil

PRL 107, 172301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

21 OCTOBER 2011

172301-2



55Chemistry Department, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA
56Department of Physics and Astronomy, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA

57University of Tennessee, Knoxville, Tennessee 37996, USA
58Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan

59Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan
60Vanderbilt University, Nashville, Tennessee 37235, USA

61Advanced Research Institute for Science and Engineering, Waseda University, 17 Kikui-cho, Shinjuku-ku, Tokyo 162-0044, Japan
62Weizmann Institute, Rehovot 76100, Israel

63Yonsei University, IPAP, Seoul 120-749, Korea
(Received 2 June 2011; published 18 October 2011)

Back-to-back hadron pair yields in dþ Au and pþ p collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV were measured

with the PHENIX detector at the Relativistic Heavy Ion Collider. Rapidity separated hadron pairs were

detected with the trigger hadron at pseudorapidity j�j< 0:35 and the associated hadron at forward

rapidity (deuteron direction, 3:0<�< 3:8). Pairs were also detected with both hadrons measured at

forward rapidity; in this case, the yield of back-to-back hadron pairs in dþ Au collisions with small

impact parameters is observed to be suppressed by a factor of 10 relative to pþ p collisions. The

kinematics of these pairs is expected to probe partons in the Au nucleus with a low fraction x of the

nucleon momenta, where the gluon densities rise sharply. The observed suppression as a function of

nuclear thickness, pT , and � points to cold nuclear matter effects arising at high parton densities.

DOI: 10.1103/PhysRevLett.107.172301 PACS numbers: 25.75.Dw

Nuclear effects on quark and gluon densities of nucleons
bound in nuclei can be studied in collisions of deuteron and
gold nuclei at the Relativistic Heavy Ion Collider. Atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, the hadron yields in the forward-

rapidity (deuteron-going) direction were observed to be
suppressed for dþ Au collisions relative to pþ p colli-
sions [1–3]. However, the mechanism for the suppression
was not firmly established and may indicate novel QCD
effects in nuclei. Competing theoretical approaches in-
clude initial state energy loss [4,5], parton recombination
[6], shadowing effects [7,8], and gluon saturation [9].

Back-to-back dijet yields were proposed as an additional
observable to distinguish better between competing
mechanisms. The color glass condensate (CGC) frame-
work [10] predicts that quarks and gluons scattering at
forward angles (large rapidity) will interact coherently
off gluons at low x in the gold nucleus. As a result, the
rate of observed recoiling jets is expected to be suppressed
in dþ Au collisions compared to pþ p, and angular
broadening of the back-to-back correlation of jets is pre-
dicted [11,12]. Dihadron correlation measurements were
used [13,14] successfully in dþ Au collisions to select
dijet production based on the back-to-back peak at �� ¼
� between trigger hadrons and their associated hadrons.
Dihadron correlation measurements with varying kine-
matic constraints (transverse momentum pT and rapidity)
probe different x ranges in the nucleus. In particular,
measurements at forward rapidity are thought to probe
small x values in the Au nucleus.

In this Letter, we report results on the suppression in
dþ Au relative to pþ p collisions of inclusive �0’s and
back-to-back cluster-�0 pairs in the forward-rapidity re-
gion and for back-to-back �0-�0 or hadron-�0 pairs
separated in rapidity. The data were obtained from pþ p

and dþ Au runs in 2008 with the PHENIX detector and
include a new electromagnetic calorimeter, the muon
piston calorimeter (MPC), with an acceptance of 3:0<
�< 3:8 in pseudorapidity and 0<�< 2�. The clusters
are reconstructed from the energy deposit of photons in
individual MPC towers. The MPC comprises 220 PbWO4

towers of 20:2X0 depth, with lateral dimensions of
2:2�2:2 cm2, and is located 220 cm along the beam axis
from the nominal interaction point.
The dþ Au sample is separated into four centrality

classes—0–20% (most central), 20–40%, 40–60%, and
60–88% (most peripheral)—based on charge deposited in
the backward (gold direction) beam-beam counter (3:0<
��< 3:9). We determine the average number of binary
collisions hNcolli from a Glauber model [3] and a simula-
tion of the beam-beam counter; hNcolli values are 15:1�
1:0, 10:2� 0:70, 6:6� 0:44, and 3:2� 0:19, respectively.
The charged hadron (h�) and �0 analysis in the mid-

rapidity region j�j< 0:35 is identical to that for previous
measurements by PHENIX [15,16]. For the analysis in the
forward-rapidity region, a fiducial cut is applied, ensuring
that clusters are fully reconstructed within the MPC accep-
tance. Photon candidates are identified in the MPC by
comparing cluster candidates to the expected shower pro-
file for photons. The shower profile for photons is deter-
mined from the PHENIX GEANT3 [17] based detector
simulation, PISA, which was tuned to reproduce MPC
test beam data. For the pair analyses reported here, the
associated particles in the MPC are �0’s, which are iden-
tified by reconstructing the mass of their decay photon
pairs. The �0 yield is obtained after subtraction of the
combinatoric background of uncorrelated photon pairs.
The shape of the background was determined from pþ
p PYTHIA 6.4 [18] and dþ Au HIJING [19] events that are
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subsequently processed through PISA. The pT-dependent
systematic uncertainty on the associated �0 yield
extraction procedure is estimated to be 2–5% for pþ p
and dþ Au.

The closeness of the MPC to the collision vertex and the
high energy of particles emitted in the forward direction
make it difficult to reconstruct photon pairs from�0 decays
at high pT . For example, at pT ¼ 1 GeV=c, approximately
30% of the photon cluster pairs are merged and cannot be
reconstructed separately in the MPC. To extend the pT

range and the pair yield, single electromagnetic clusters
are used as trigger particles to construct cluster-�0 diha-
dron pairs in the MPC. These trigger clusters are treated
assuming that they are all �0’s. However, PYTHIA studies
indicate that* 80% of these trigger clusters are from �0’s,
with the rest being dominantly single photons from asym-
metric decays of � mesons or direct photons; thus, accord-
ing to these studies, a relatively small contamination
remains. The cluster energy was corrected to the true �0

energy to account for the merging effects of the two
photons from �0 decay. These corrections were deter-
mined by embedding Monte Carlo generated �0’s into
real data, as well as from PYTHIA tuned to match the data.

Figure 1 shows the azimuthal angle correlations between
midrapidity and forward-rapidity �0 pairs, per �0 trigger
detected at midrapidity, in pþ p, peripheral dþ Au, and
central dþ Au collisions for varying trigger �0 pT .
Figure 2 shows the same correlations for trigger clusters
where the cluster-�0 pairs are both detected at forward
rapidity. The constant pedestal, b0, was subtracted from the
correlation function. The correlations were corrected for
the forward �0 detection efficiency and for the combina-
toric background beneath the �0 peaks in the photon-pair
invariant mass spectra. This background is determined by
measurement of the azimuthal correlations for photon-pair
mass selections adjacent to the �0 mass window and from

studies of simulated jet events from PYTHIA events pro-
cessed through PISA.
For the midrapidity/forward-rapidity correlations

(Fig. 1), due to the large pseudorapidity gap of ��� 3:3
between the hadrons, only an away-side peak (�� ¼ �) is
seen. For the forward-forward correlations, a near-side
peak (�� ¼ 0) is also present (see Fig. 2). The yields
and widths of the correlated pairs are extracted by fits to
an away-side Gaussian signal shape plus a constant back-
ground (b0). The fit to the forward-forward correlations has
an additional Gaussian signal for the near-side peak. The
pedestal is determined from a fit in the midrapidity/for-
ward-rapidity correlations and is consistent with the ped-
estal level found based on the assumption that the signal
yield is 0 at the minimum of the correlation function—zero
yield at minimum (ZYAM) [20]. In the forward-forward
correlations, the ZYAM pedestal is used in the yield ex-
traction. Additional systematic uncertainties of up to 30%
(not shown in Fig. 2) are ascribed to the near-side peak due
to corrections for resonance decays that contaminate the jet
signal and due to the acceptance loss around the trigger
particle of ��� �� � 0:5� 0:5 rad, resulting from the
minimum separation cut of one tower between cluster
peaks in the MPC. The acceptance loss gives rise to the
decrease observed for the near-side peak.
Figures 1 and 2 show that the away-side peak for dþ Au

central collisions is suppressed compared to pþ p colli-
sions and peripheral dþ Au collisions. This effect is large
for the midrapidity/forward-rapidity correlations (Fig. 1)
and becomes even larger when both particles are required
to be in the forward-rapidity region (Fig. 2).
For the midrapidity/forward-rapidity correlations,

within their large uncertainties, the Gaussian widths of
the away-side correlation peak remain the same between
pþ p and central dþ Au, and the broadening predicted in
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FIG. 1 (color online). Pedestal-subtracted �0-�0 per-trigger
correlation functions for, as indicated, pþ p, dþ Au peripheral
(60–88% centrality), and dþ Au central (0–20% centrality)
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV; the associated �0’s of pT ¼
0:5–0:75 GeV=c are measured at forward rapidity (3:0<�<
3:8), and the triggered �0’s are measured at midrapidity (j�j<
0:35) for the indicated pT ranges. The subtracted pedestal values,
b0, are also indicated.
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FIG. 2 (color online). Pedestal-subtracted cluster-�0 per-
trigger correlation functions measured at forward rapidity (3:0<
�< 3:8) for, as indicated, pþ p, dþ Au peripheral (60–88%
centrality), and dþ Au central (0–20% centrality) collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV; the correlation functions are for associated

�0’s of pT ¼ 0:5–0:75 GeV=c and trigger clusters over the
indicated pT ranges. Systematic uncertainties of up to 30% on
the near side (j��j< 0:5) are not shown. The subtracted ped-
estal values, b0, are also indicated.
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the CGC framework in Ref. [11] is not observed. For
example, in dþ Au central collisions, � ¼ 0:93�
0:09stat � 0:139syst for pfwd

T ¼ 1:25 GeV=c and trigger par-
ticle momentum 2:5<pt

T <3:0GeV=c, while �¼0:97�
0:07stat�0:08syst for pþ p collisions. For the forward-
forward correlations, the measurement does not discern
whether there is appreciable broadening between dþ Au
and pþ p collisions, as the ZYAM pedestal determination
can bias the widths to smaller values.

The observed suppression is quantified by studying the
relative yield, JdA [21], of correlated back-to-back hadron
pairs in dþ Au collisions compared to pþ p collisions
scaled with hNcolli,

JdA ¼ IdA � Rt
dA ¼ 1

hNcolli
�

pair
dA =�dA

�
pair
pp =�pp

; (1)

where Rt
dA ¼ ð1=hNcolliÞð�t

dA=�dAÞ=ð�t
pp=�ppÞ is the

usual nuclear modification factor for trigger particles t,
and �, �t, and �pair are the cross sections (or normalized
yields) for the full event selection, trigger particle event
selection, and dihadron pair event selection. IdA is the ratio
of conditional hadron yields, CY, for dþ Au and pþ p
collisions:

CY ¼
R
dð��Þ½dN=dð��Þ � b0�
Nt � �a ���a � �pa

T

; (2)

with the acceptance corrected dihadron correlation func-
tion dN=dð��Þ, the number of trigger particles Nt, the

detection efficiency for the associated particle �a, and the
level of the uncorrelated pedestal in the correlation func-
tions b0. The integral is taken over the Gaussian fit of the
away-side peak. The JdA uncertainties include a systematic
uncertainty from the ZYAM pedestal subtraction. In deter-
mining this uncertainty, it was assumed that changes be-
tween dþ Au and pþ p in the Gaussian away-side width
remain below a factor two. This upper limit is based on the
small observed changes in width in the midrapidity/for-
ward-rapidity correlations and the correlations studied pre-
viously with the PHENIX muon spectrometers [14]. The
JdA is calculated from the measured IdA and Rt

dA for the

forward-rapidity trigger correlations with the new �0

RdAu ¼ Rt
dAu determined in the MPC. For the midrapidity

trigger correlations, published values for RdA from the
2003 RHIC run [15,16] were used.
Figure 3 presents JdA versus hNcolli for forward-rapidity

�0’s paired with midrapidity hadrons and�0’s and for�0’s
and clusters paired at forward rapidity. The JdA decreases
with an increasing number of binary collisions, hNcolli, or
equivalently with increasing nuclear thickness. The sup-
pression also increases with decreasing particle pT and is
significantly larger for forward-forward hadron pairs than
for midrapidity/forward-rapidity pairs. The observed
suppression of JdA versus nuclear thickness, pT , and �
points to large cold nuclear matter effects arising at high
parton densities in the nucleus probed by the deuteron,
consistent with predictions from CGC [12]. This trend is
seen more clearly in Fig. 4, where JdA is plotted versus
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FIG. 3 (color online). Relative yield JdA versus hNcolli for forward-rapidity (3:0<�< 3:8) �0’s paired with (left) midrapidity
(j�j< 0:35) hadrons and �0’s and (right) forward-rapidity (3:0<�< 3:8) cluster-�0 pairs for the indicated combinations of pT

ranges. Also plotted as inverted solid triangles are the values of the forward �0 RdA. Around each data point, the vertical bars indicate
statistical uncertainties, and the open boxes indicate point-to-point systematic uncertainties. The gray bar at the left in each panel
represents a global systematic scale uncertainty of 9:7%. Additional centrality dependent systematic uncertainties of 7:5%, 5:1%,
4:1%, and 4:8% for the peripheral to central bins, respectively, are not shown. The hNcolli values within a centrality selection are offset
from their actual values for visual clarity (see text for actual hNcolli values).
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x
frag
Au ¼ ðhpT1ie�h�1i þ hpT2ie�h�2iÞ= ffiffiffiffiffiffiffiffi

sNN
p

for all pair se-

lections in� and pT . In the case of 2 ! 2 parton scattering,
where two final state hadrons carry the full parton energy,

z ¼ 1, the variable x
frag
Au would be equal to hxAui, which is

the average momentum fraction of the struck parton in the
Au nucleus.

Because the fragmentation hadrons on average carry a

momentum fraction hzi< 1, x
frag
Au will be smaller than

hxAui. Based on previous studies by PHENIX at midrapid-
ity, the mean fragmentation hzi is expected to be between
0.5–0.75 [22]. In general, the theoretical extraction of xAu
from the measured pT and � will differ from the leading-
order QCD picture of 2 ! 2 processes used above. Also, at
modest pT’s, the interpretation of the measured correlation
functions as high energy 2 ! 2 parton scattering accessing
low x may be limited by contributions from processes with
small momentum transfer Q2. Future theoretical analysis
will be necessary to evaluate these and other contributions
from different nuclear effects [4–10] on the observed large
suppression in JdA. These analyses could additionally be
complicated by the presence of hadron pairs originating
from multiparton interactions [23] that might not probe
gluon structure at low xAu.

In summary, measurements of the inclusive �0 yield at
forward rapidity, of the back-to-back correlated yield of
cluster-�0 pairs in the forward-rapidity region, and of the
correlated yield of forward-rapidity �0’s with midrapidity
�0’s or hadrons in pþ p and dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV were presented. The correlated yields of back-to-
back pairs were analyzed for various kinematic selections
in pT and rapidity. The forward-central pair measurements
show no increase in the azimuthal angular correlation
width within experimental uncertainties. The correlated

yield of back-to-back pairs in dþ Au collisions is ob-
served to be substantially suppressed relative to pþ p
collisions with a suppression that is observed to increase
with decreasing impact parameter selection and for pairs
probing more forward rapidities.
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