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9Charles University, Ovocný trh 5, Praha 1, 116 36, Prague, Czech Republic76

10Chonbuk National University, Jeonju, 561%–756, Korea77

11Science and Technology on Nuclear Data Laboratory, China Institute of Atomic Energy, Beijing 102413, P. R. China78

12Center for Nuclear Study, Graduate School of Science, University79

of Tokyo, 7%–3%–1 Hongo, Bunkyo, Tokyo 113%–0033, Japan80

13University of Colorado, Boulder, Colorado 80309, USA81

14Columbia University, New York, New York 10027 and Nevis Laboratories, Irvington, New York 10533, USA82

15Czech Technical University, Zikova 4, 166 36 Prague 6, Czech Republic83

16Dapnia, CEA Saclay, F-91191, Gif-sur-Yvette, France84
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I. INTRODUCTION145

Collisions of deuterons with gold nuclei (d+Au) are of significant interest in the study of the strongly coupled146

Quark Gluon Plasma (QGP) produced at the Relativistic Heavy Ion Collider (RHIC) [1, 2]. The highly asymmetric147

collisions of a small projectile and a large target nucleus provide a way to investigate the initial state of a nucleus-148

nucleus collision experimentally, potentially disentangling effects due to QGP formation from the cold-nuclear-matter149

effects. The latter include modification of the parton distribution functions (PDFs) in the nucleus relative to those150

in the nucleon [3], initial-state energy loss [4], and the so-called Cronin effect. The Cronin effect refers to the151

enhancement of high-pT particle production in p+A collisions relative to that in p+p collisions scaled by the number152

of binary collisions and is often attributed to multiple scattering of the incoming parton inside the target nucleus [5–8].153

In addition, results from recent p(d)+A collisions at the Large Hadron Collider and RHIC suggest that long-range154

correlations, either present in the initial state or induced by the evolution of the medium, play an important role even155

in these small collision systems [7–20]. Detailed studies of particle production systematics in d+Au at RHIC may156

inform this question [21–26].157

PHENIX has measured the production of identified particles, such as π, K and p, at midrapidity in d+Au and158

Au+Au collisions and has found intriguing similarities between the K/π and p/π ratios in peripheral Au+Au and159

central d+Au collisions [24]. However, it was observed that the ratio of spectra in peripheral Au+Au to those in160

central d+Au starts above one at low-pT and trends to a constant value of ∼ 0.65 for all identified particles at high pT .161

One explanation for the low-pT rise is a relative deficit of midrapidity soft particle yield in d+Au collisions compared162

to Au+Au, which could be due to the participant asymmetry in the d+Au collisions producing a rapidity shift in the163

peak of particle production [9]. Consequently, measuring identified particles in different regions of rapidity provides164

a more complete picture of d+Au collisions and sheds light on the relationship between p+p, d+Au and Au+Au.165

Measuring identified particle production at forward rapidity also enables access to the low-x region where nuclear166

PDFs (nPDFs) are not well known and where one expects parton-saturation effects to begin to manifest in modified167

particle production.168

The yield of φ mesons in high energy heavy ion collisions provides key information about the QGP, as the yield169

is potentially sensitive to medium-induced effects such as strangeness enhancement [27], a phenomenon associated170

with soft particles in bulk matter which can be accessed through the measurements of φ meson production [28–37].171

PHENIX measures φ meson production over a wide rapidity range and for various collision systems such as p+p,172

d+Au and Au+Au. The production of φ mesons has already been measured in p+p, d+Au, Cu+Cu and Au+Au at173

midrapidity [30, 36, 38] and in p+p at forward and backward rapidities [39] over a wide range in pT .174

In this paper, the production of φ mesons is determined at forward and backward rapidities via dimuons detected175

in the PHENIX muon spectrometers and at midrapidity via dielectrons detected in the PHENIX central arms. Mea-176

surements of the φ meson nuclear-modification factor (RdAu) in d+Au collisions versus rapidity and versus pT are177

presented. The results presented here are based on d+Au collisions at
√
s
NN

= 200 GeV recorded in 2008. The178

luminosity used in φ → µ+µ− analysis corresponds to 60 nb−1 which is equivalent to a nucleon-nucleon integrated179

luminosity of 24 pb−1, while the luminosity used in φ→ e+e− analysis corresponds to 71 nb−1 which is equivalent to180

a nucleon-nucleon integrated luminosity of 28 pb−1.181

II. EXPERIMENT182

Figure 1 shows a schematic of the PHENIX detector, which is described in detail in Ref. [40]. The detectors relevant183

for the analysis of the φ meson in the dilepton channels are the central arms, two muon spectrometers and the two184

beam-beam counters.185

The PHENIX central arms measure particles by using drift chambers (DC) and pad chambers for the tracking186

and momentum measurement of charged particles, ring imaging Čerenkov detectors (RICH) for the separation of187

electrons up to the π meson Čerenkov radiation threshold at 5 GeV/c, and an electromagnetic calorimeter (EMCal)188

for the measurement of spatial positions and energies of photons and electrons. The EMCal comprises six sectors of189

lead-scintillator calorimeter and two sectors of lead-glass calorimeter.190

The muon spectrometers, located at forward and backward rapidity, are shielded by absorbers composed of 19 cm191

of copper and 60 cm of iron. Each spectrometer comprises the muon tracker (MuTr) immersed in a radial magnetic192

field of integrated bending power of 0.8 T·m, and backed by the muon identifier (MuID). The muon spectrometers193

subtend 1.2 < |η| < 2.2 and the full azimuth. The MuTr comprises three sets of cathode strip chambers while the194

MuID comprises five planes of Iarocci tubes interleaved with steel absorber plates. The momentum resolution, δp/p,195

of particles in the analyzed momentum range is about 5%, independent of momentum and dominated by multiple196

scattering. Muon candidates are identified by matching tracks reconstructed in the MuTr to MuID tracks that197
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FIG. 1. (color online) A schematic side view of the PHENIX detector configuration in the 2008 data-taking period.

penetrate through to the last MuID plane. The minimum momentum of a muon to reach the last MuID plane is198

∼2 GeV/c.199

Beam-beam counters (BBC), comprising two arrays of 64 Čerenkov counters covering the pseudorapidity range200

3.1 < |η| < 3.9, measure the collision vertex along the beam axis (zvtx) with 0.5 cm resolution in addition to providing201

a minimum-bias (MB) trigger.202

III. DATA ANALYSIS203

This section describes the details of the measurement of the φ meson in φ→ µ+µ− and φ→ e+e− decay channels.204

A. φ→ µ+µ−measurement205

The dimuon data set for this analysis was collected in 2008 using a MB trigger that requires at least one hit in each206

of the BBC detectors in conjunction with the MuID Level-1 dimuon trigger. Also, at least two tracks were required207

to penetrate to the last layer of the MuID. The MB trigger measures 88± 4% of the total d+Au inelastic cross section208

of 2260 mb [21].209

A set of cuts was employed to select good muon candidates and improve the signal to background ratio. Event210
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selection requires the BBC collision z vertex to be reconstructed within ±30 cm of the center of the interaction region211

along the beam axis. The MuTr tracks are matched to the MuID tracks at the first MuID layer in both position and212

angle. The track is required to have at least 8 of 10 possible hits in the MuID.213

The invariant mass distribution is formed by combining muon candidate tracks of opposite charge. In addition to214

low mass vector mesons, the invariant mass spectra in the region of interest contain uncorrelated and correlated back-215

grounds. The uncorrelated backgrounds arise from random combinatoric associations of unrelated muon candidates216

while the correlated backgrounds arise from open charm decay (e.g., DD̄ where both mesons decay semileptonically217

to muons), open bottom decay, η and ω Dalitz decays and from the Drell-Yan process. The correlated background218

is much smaller than the uncorrelated background for all centralities. It is also established from simulation that the219

background is dominated by the uncorrelated contribution from decays, such as K,π → µν, that occur in front of220

and inside the absorber. A smaller contribution to the background comes from hadron decays in the muon tracker221

volume. When combined into track pairs, these pairs produce a broad distribution of invariant masses and also a222

broad distribution of χ2
vtx, the parameter resulting from fitting the two muon tracks with the BBC measured event223

vertex position. This procedure separates the foreground and background spectra by applying a cut of χ2
vtx < 4.0224

to extract foreground spectra and a cut of χ2
vtx > 4.0 to extract background spectra. The cut value, χ2

vtx,cut = 4.0,225

is selected such that it retains as much of the signal as possible within the foreground, while still allowing sufficient226

statistics in the background sample. This procedure is described in detail in Ref. [39].227

To extract the φ meson signal, the background pairs are subtracted from the foreground pairs. Because the pairs228

with χ2
vtx > 4.0 represent only the uncorrelated part of the background the shape of their mass distribution is229

slightly altered to account for the contribution of correlated pairs, which have much smaller contribution according230

to simulation results. This is done by fitting a fourth order polynomial to the ratio of the foreground to background231

distributions in the nonresonance region (0.3 < Mµ+µ− < 0.5 GeV/c2 and 1.5 < Mµ+µ− < 2.5 GeV/c2). The232

background distribution is then multiplied by the polynomial in the entire mass range. Figure 2 shows the resulting233

foreground and renormalized background distributions.234
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FIG. 2. (color online) The unlike-sign dimuon invariant mass spectrum (solid red points) and the renormalized background
spectrum (open blue circles).

In the mass range 0.3 < Mµ+µ− < 2.5 GeV/c2, the resulting distribution after subtraction has contributions from235

three mesons: ω, ρ, and φ mesons. The distribution is fitted with the sum of two Gaussian functions and the Breit-236

Wigner function convoluted with a Gaussian. The Gaussian functions are used to fit the ω and φ mesons while the237

Breit-Wigner convoluted with a Gaussian is used to fit the ρ meson. Figure 3 shows the results.238

The parameters of the fit are fixed to the world average values of the masses and widths of the three mesons [41]239

and the widths of the Gaussian distributions, which account for the detector mass resolution, are constrained by the240

values obtained from the simulation. The φ meson mass resolution is ∼85 MeV/c2. Because the invariant mass peak241

of the φ meson is partly resolved in the plot, while ω and ρ meson peaks cannot be resolved, only an estimate of the242

combined yield of these two mesons is allowed. In the fit, the ratio of the ω and ρ mesons, Nρ/Nω, is set to 0.58,243

derived as the ratio of their corresponding production cross sections, σρ/σω = 1.15 ± 0.15, consistent with values244

found in jet fragmentation [42], multiplied by the ratio of their branching ratios [41].245
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FIG. 3. (color online) The fitted unlike-sign dimuon spectra after background subtraction.

The yield extraction is performed in bins of pT over the range 1 < pT < 7 GeV/c for the rapidities 1.2 < |y| < 2.2,246

in bins of y for the pT range 1 < pT < 7 GeV/c, and in different centrality classes.247

The acceptance and reconstruction efficiency (Aεrec) of the muon spectrometers, including the MuID trigger effi-248

ciency, is determined by passing pythia 6.421 (default parameters) [43] generated φ mesons through a full geant [44]249

simulation of the PHENIX detector. The pythia simulation output is embedded into real d+Au data events and250

then reconstructed in the same manner as data. Identical cuts to those used in the data analysis are applied to this251

embedded simulation.252
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FIG. 4. (color online) The Aεrec as a function of rapidity (x-axis) and pT (y-axis) for φ mesons.

Figure 4 shows the Aεrec as a function of pT and rapidity for φ mesons. The Aεrec reaches a few percent at high-pT253

and rapidly decreases at low momentum limiting this study to pT > 1 GeV/c.254
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B. φ → e+e−measurement255

The dielectron data set for this analysis was recorded in 2008 using a MB trigger that required at least one hit in256

each of the BBC detectors with an ERT (EMCal-RICH trigger). The ERT requires a minimum energy deposit of 0.6257

and 0.8 GeV/c in a tile of 2 × 2 EMCal towers matched to a hit in the RICH. The trigger efficiencies are described258

in detail in Ref. [45].259

A set of quality assurance cuts is applied to the data to select good electron candidates and improve the signal260

to background ratio. Event selection requires the BBC collision z vertex to be reconstructed within ±30 cm of the261

center of the interaction region along the beam direction. Charged tracks are reconstructed using the DC and pad262

chambers and requiring pT > 0.2 GeV/c. Electrons are identified mainly by the RICH detector. Furthermore, an263

electron candidate is required to have a good match to a cluster in the EMCAL, and the energy, E, of the cluster264

must satisfy the requirement E/p > 0.5, where p is the momentum measured by the DCs. The RICH and EMCal265

combined provide an e/π rejection factor of order 104.266

Electrons and positrons reconstructed in an event are combined into pairs. The resulting mass spectrum contains267

both the signal and an inherent background. The uncorrelated part of the background is estimated via an event-268

mixing technique [46], which combines electrons from different events within the same centrality and vertex class. To269

extract the φ meson raw yield, the subtracted mass spectrum is fitted by a function consisting of several contributions.270

The φ and ω meson peaks are approximated by a Breit-Wigner distribution convolved with a Gaussian distribution.271

Parameters of the Breit-Wigner part are set to the global averaged values [41] and the width of the Gaussian part is272

to account for the detector mass resolution. Because the production ratio of ρ meson to ω meson is assumed to be273

1.15, their ratio in the fit is given by the ratio of their branching ratios to e+e− in vacuum. The φ meson yield is274

then extracted by summing up the bin contents in a ±3σ window, where σ is extracted from the fit, and subtracting275

the background determined by integrating the polynomial over the same window.276

Figure 5 shows an example of the fit to the mixed event subtracted mass spectrum. The mixed events were277

normalized in the mass range between 0.7 to 1.5 GeV/c2. The stability of the results was checked by varying the278

normalization region, and the difference was included in the systematic errors. The ratio of real to normalized mixed279

events was found to be flat in the region of interest for this analysis indicating the validity of the normalization.280

Complete details describing the estimation of the systematic uncertainty on the raw yield extraction by varying the281

background normalization, fitting functions, range and counting method can be found in Ref. [45].282
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FIG. 5. (color online) pT -integrated unlike-sign e+e−mass spectrummeasured by the PHENIX central arms after subtracting the
uncorrelated combinatorial background in the minimum-bias d+Au collisions. The dotted-line shows the ρ meson contribution
and the dashed line is the polynomial background, which describes the residual correlated background. The insert shows the raw
spectrum before subtraction, overlaid with the normalized combinatorial background, which is estimated using the mixed-event
technique.

The detector acceptance and reconstruction efficiency, as well as trigger efficiency were determined using a283

geant [44] based simulation of the PHENIX detector that tuned the detector response to a set of characteris-284

tics (dead and hot channel maps, gains, noise, etc) that described the performance of each detector subsystem. The285
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φ→ e+e− decays were generated with a realistic pT distribution of φ mesons, within |y| < 0.5 in rapidity, and in full286

azimuth. The simulated φ meson mean and width of the invariant mass peak were verified to match the measured287

values in real data at all pT . More details are given in Ref. [38].288

C. Calculation of invariant yields and nuclear-modification factors289

The dilepton φ meson invariant yield in a given rapidity, pT , and centrality bin is290

Bll

2πpT

d2N

dydpT
=

1

2πpT

1

∆y∆pT

cNφ

εtotNevt
, (1)

where Bll is the φ → l+l− branching ratio, Nφ is the measured φ meson yield, Nevt is the number of sampled MB291

events in the given centrality bin, ∆y is the width of the rapidity bin, ∆pT is the width of the pT bin, , and c is the292

BBC bias correction factor [21, 47]. εtot includes trigger efficiencies, acceptance and reconstruction efficiency [45, 48].293

The data points are corrected to account for the finite width of the analyzed pT bins [49].294

To gain insight into nuclear medium effects and particle production mechanisms in d+Au collisions, the ratio of the295

φ meson yields in d+Au collisions to p+p collisions scaled by the number of nucleon-nucleon collisions in the d+Au296

system, Ncoll [21], is calculated as:297

RdAu =
d2NdAu/dydpT

Ncoll × d2Npp/dydpT
, (2)

where d2NdAu/dydpT is the per-event yield of particle production in d+Au collisions and d2Npp/dydpT is the298

per-event yield of the same process in p+p collisions. The p+p invariant yield used in the RdAu calculation for299

the µ+µ− decay channel is the p+p differential cross section from Ref. [39] divided by the p+p total cross section,300

42.2 mb. The measured p+p differential cross sections for e+e− and K+K− decay channels are consistent [38] and the301

p+p reference used in the e+e− RdAu calculations is extracted from a Tsallis function fit of the combined e+e− and302

K+K− spectra.303

D. Systematic uncertainties304

The systematic uncertainties associated with the measured invariant yields and nuclear modification factors can305

be divided into three categories based upon the effect each source has on the measured results. All uncertainties306

are reported as standard deviations. Type-A: point-to-point uncorrelated uncertainties that allow the data points to307

move independently with respect to one another and are added in quadrature with statistical uncertainties. Type-B:308

point-to-point correlated uncertainties that allow the data points to move coherently within the quoted range. Type-309

C: correlated uncertainties that allow the data points to move together by a common multiplicative factor, a global310

uncertainty.311

At forward and backward rapidities, a 5% type-A uncertainty is assigned to signal extraction, which corresponds to312

the average variation between the results from the different yield extraction fits. Type-B uncertainties, point-to-point313

correlated uncertainties to some degree in pT , include a 4% uncertainty from MuID tube efficiency and 2% from314

MuTr overall efficiency. An 8% uncertainty on the yield is assigned to account for a 2% absolute momentum scale315

uncertainty, which was estimated by measuring the J/ψ mass.316

A 9% (8%) uncertainty is assigned to the −2.2 < y < −1.2 (1.2 < y < 2.2) rapidity bins due to the uncertainties in317

the Aεrec determination method itself. The Aεrec at the lowest pT bin is small and sensitive to variations in the slope318

of the input pT distribution which affects the differential cross section calculations at this pT bin. To understand319

this effect, the pT dependent cross section is fitted by three commonly used fit functions (Hagedorn [50], Kaplan [51],320

and Tsallis [38]) over the pT range, 2 < pT < 7 GeV/c, and the fitted functions are extrapolated to the lowest pT321

bin, 1 < pT < 2 GeV/c. The differences between the values extracted from these fits and the measured one at322

the lowest pT bin is within 8%, hence an additional 8% systematic uncertainty is assigned to the lowest pT bin to323

account for these differences. For the pT integrated and rapidity dependent invariant yields the 8% uncertainty is324

assigned to all data bins. Type-B systematic uncertainties are added in quadrature and are shown as boxes. Finally,325

an overall normalization uncertainty of 10% (0.1%–5.8%) for p+p (d+Au) is assigned to the BBC bias correction (c)326

uncertainties and are labeled as type-C [23]. The BBC bias correction uncertainties for d+Au vary with centrality327

and are considered as type-B for centrality dependent spectra.328

For the nuclear modification factor, the type-A systematic uncertainties arise from the quadratic sum of type-A329

systematic uncertainty in p+p and d+Au invariant yields [39]. Systematic uncertainties including MuID and MuTr330



10

TABLE I. Systematic uncertainties included in the invariant yield and the nuclear modification factor calculations at forward
and backward rapidities. As explained in the text, there is an 8% type-B systematic uncertainty due to small acceptance that
impacts the low-pT region only which is not listed below.

Source Value (%) Type

Signal extraction 5 A

MuID efficiency 4 B

MuTr efficiency 2 B

Aεrec [north/south] 8 / 9 B

Absolute momentum scale 8 B

Total Type-B 13 B

BBC bias correction for p+p (d+Au) 10 (0.1–5.8) C

Ncoll 5–7 C

TABLE II. Systematic uncertainties included in the invariant yield and the nuclear modification factor calculations at midra-
pidity.

Source Value (%) Type

Signal extraction 8–15 A

ERT trigger efficiency 1–7 B

Acceptance correction 7 B

Electron ID 9 B

Absolute momentum scale 1–5 B

Quadratic sum of (B) 11–14 B

BBC bias correction for p+p (d+Au) 10 (0.1–5.8) C

Ncoll 5–7 C

efficiencies and absolute momentum scale are the same between the d+Au and p+p invariant yields and cancel out.331

A 9% (7%) systematic uncertainty in the Aεrec at −2.2 < y < −1.2 (1.2 < y < 2.2), that is carried over from p+p,332

is added in quadrature to type-B systematic uncertainties listed in Table I. The acceptance limitation at the lowest333

pT bin is the same between d+Au and p+p data because it is collected using the same detector and the associated334

type-B systematic uncertainty cancels out. Type-C systematic uncertainties for the nuclear modification factor are335

the quadratic sum of the type-C systematic uncertainties for the invariant yields of p+p and d+Au collisions and the336

uncertainty associated with Ncoll. The systematic uncertainties are listed in Table I.337

At midrapidity, the main contribution to the systematic uncertainties of type-A is the uncertainty associated with338

the raw yield extraction, 8%–15%. This uncertainty is calculated by varying the background normalization, fitting339

functions, range, and counting methods. Type-B systematic uncertainties, point-to-point correlated uncertainties in340

pT , include uncertainties in the ERT trigger efficiency (1%–7%) and electron identification (9%), which are estimated341

by varying the analysis cuts. The acceptance correction uncertainty is 7% and the momentum scale uncertainty is342

1%–5%. An overall normalization uncertainty, type-C, was assigned for the p+p (d+Au) BBC bias correction, which343

amounts to 10% (0.1%–5.8%).344

For the nuclear-modification factor, the electron identification and branching ratio uncertainties are the same345

between p+p and d+Au and cancel out. As for the rest of the systematic uncertainties, the uncertainties for each346

type are added in quadrature between p+p and d+Au. Additionally, the Ncoll uncertainty is added in quadrature to347

the rest of type-C uncertainties. The systematic uncertainties are listed in Table II.348

IV. RESULTS349

Figure 6 shows the φ meson invariant yields in d+Au and p+p as a function of pT in the Au-going direction350

−2.2 < y < −1.2, in the d-going direction 1.2 < y < 2.2, and at midrapidity |y| < 0.35. The invariant yields measured351

at forward and backward rapidities for all centralities are significantly different from each other. At midrapidity, the352

magnitude of the invariant yield is close to353

that of the backward rapidity, in contrast to what was observed in p+p collisions [38] where the forward and backward354
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FIG. 6. (color online) φ meson invariant yields as a function of pT in the Au-going direction (solid blue squares) and in the
d-going direction (solid red points). The φ meson invariant yields at midrapidity are shown as solid green triangles. The
vertical bars represent the statistical uncertainties and the boxes represent type-B systematic uncertainties. The ±6% global
uncertainty is the associated type-C uncertainty.

rapidities have the same invariant yields and both are smaller than the midrapidity invariant yield.355

Figure 7 shows the invariant yields as a function of pT for the different centrality intervals measured in p+p and356

d+Au collisions. The d+Au data are presented in different centrality classes: 0%–20%, 20%–40%, 40%–60%, and357

60%–88%, which are determined using the BBC over the pseudorapidity range 3.1 < |η| < 3.9, for the 1.2 < |y| < 2.2358

and |y| < 0.35 regions. The three panels describe the three rapidity regions. The same centrality definition is used as359

in Ref. [47]. The wide rapidity coverage of the full PHENIX detector over an extended pT range is demonstrated.360

Figure 8 shows the RdAu for φ mesons measured in all centralities as a function of pT at forward and backward361

rapidities and at midrapidity, also compared with RdAu measured in the φ → K+K− decay channel [36]. The φ362

meson RdAu behavior measured in the three different rapidity regions is not the same. In the Au-going direction,363

the RdAu is consistent with unity at the lowest measured pT and increases to RdAu ∼ 2 at pT = 2.7 GeV/c. It then364

decreases to unity at the highest measured pT . In the d-going direction strong suppression is observed at the lowest365

measured pT and then the RdAu increases to unity at higher pT . At midrapidity, where the measurement starts at366

pT =0, the yield of the φ meson is suppressed below 1 GeV/c and RdAu is consistent with unity above that. The367

RdAu measured in the φ → K+K−channel agrees with the measurement of φ → e+e−within uncertainties in the pT368

region where the measurements overlap. The enhanced yield observed in the Au-going direction at intermediate pT369

is characteristic of the Cronin effect [5]: enhancement of high pT particle production in d+Au collisions relative to370

scaled p+p collisions with a corresponding depletion at low pT . The φ enhancement in the Au-going direction and371

the suppression in the d-going direction are consistent with what is observed by ALICE in p+Pb collisions at
√
s
NN

372

=5.02 TeV in −4.46 < y < −2.96 and 2.03 < y < 3.53 [53].373

Figure 9 shows the RdAu of the φ meson as a function of rapidity, summed over the pT range 1 < pT < 7 GeV/c and374

integrated over all centralities. The RdAu is enhanced in the Au-going direction, shows no modification at midrapidity375

and is suppressed in the d-going direction.376

Figure 10 shows that the φ meson nuclear modification factor, measured as a function of rapidity, is consistent with377

that of leptons coming from decays of heavy flavor particles [22, 26]. This similarity is interesting given that heavy378

flavor quark production is expected to be dominated by hard processes over the accessed pT range. In contrast, one379

expects a significant contribution to φ meson production from soft processes, particularly at low pT where the yield380

is dominant. This backward/forward enhancement/suppression in d+Au collisions is also observed in d+Au charged381

hadron density results measured by PHOBOS [10]. The charged hadron result is often considered as a rapidity shift382

in the Au-going direction via soft processes.383

Figure 10 also shows the J/ψ RdAu [52]. In the case of the J/ψ, the relative RdAu modification as a function of384

rapidity is similar to that of the φ meson and heavy flavor decay leptons. However, the J/ψ suffers from additional385

suppression at backward and midrapidity, which could be due to a larger break up cross section or effects in the386
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FIG. 12. (color online) The φ meson RdAu as a func-
tion of pT for the centralities (a) 0%–20%, (b) 20%–40%,
(c) 40%–60%, and (d) 60%–88% in the Au-going direction
(solid blue squares) and the d-going direction (solid red cir-
cles). At midrapidity, the upright black triangles are from
φ → K+K− [36] while the upside down triangles are from
φ → e+e−. The vertical bars represent the statistical un-
certainties and the boxes represent type-B systematic uncer-
tainties. The ±12%–13% global uncertainty is the associated
type-C uncertainty.
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higher-energy-density backward-rapidity region.387

At midrapidity, PHENIX measured the nuclear-modification factors of protons and of several mesons from the light388

(π) meson up to the φ meson with a mass similar to that of protons. The results show no significant dependence389

of RdAu on the mass of the particle [24], whereas the measurements reveal a significant dependence of RdAu on the390

number of valence quarks. All mesons show no or very small enhancement in comparison to protons in the low to391

medium pT region.392

Figure 11 shows the RdAu integrated over the pT range 1 < pT < 7 GeV/c as a function of centrality for three393

rapidity intervals: −2.2 < y < −1.2, 1.2 < y < 2.2 and |y| < 0.35. The RdAu is integrated over the pT range394

1 < pT < 7 GeV/c and the rapidity ranges −2.2 < y < −1.2, 1.2 < y < 2.2 and |y| < 0.35. In the Au-going direction,395

the RdAu shows an indication of enhancement with Ncoll and in the d-going direction shows a strong suppression at396

high Ncoll. At midrapidity, the RdAu for φ mesons reconstructed in e+e− is consistent with unity at all centralities.397

This is also consistent with the measurement done in the K+K− decay channel.398

Figure 12 shows RdAu as a function of pT in different d+Au centrality classes for three rapidity regions covered by399

the PHENIX detector: backward, mid, and forward rapidities. In the most peripheral collisions (60%–88%), shown400

in the lowest panel of the figure, the nuclear-modification factor measured in all three rapidity regions is consistent401

with unity at all measured pT . In the more central collisions the RdAu remains at unity only in the midrapidity region402

for pT above 1 GeV/c. This is consistent between the measurements done in the e+e− and in the K+K− decay403

channels. In the Au-going direction, the RdAu reaches a maximum at pT close to 2.7 GeV/c with an amplitude that404

grows towards more central collisions. At higher pT the RdAu diminishes, approaching unity in all measured centrality405

classes. In the d-going direction, all points above 2.7 GeV/c are consistent with unity. Below pT =2.7 GeV/c Fig. 12406

shows RdAu < 1, with more suppression in the most central collisions compared to other centralities.407
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The enhancement at backward rapidity is consistent with nuclear pT broadening at moderate pT and gluon anti-408

shadowing, while the suppression at forward rapidity may suggest gluon shadowing and/or partonic energy loss. The409

RdAu enhancement (suppression) at backward (forward) rapidity in the most central collisions decreases gradually410

from central to peripheral collisions where for the most peripheral collisions RdAu shows no overall modification.411

Whether the φ meson is dominated by soft or hard processes remains an open question.412

V. SUMMARY AND CONCLUSIONS413

PHENIX has measured the production of φ mesons in d+Au collisions at
√
s
NN

= 200 GeV via their decay to414

dimuons and dielectrons. The φ meson is measured in the forward, d-going direction, 1.2 < y < 2.2 in the pT range415

from 1 to 7 GeV/c, at midrapidity |y| < 0.35 in the pT range below 7 GeV/c, and in the backward, the Au-going416

direction, −2.2 < y < −1.2 in the pT range from 1 to 7 GeV/c.417

The measurements reveal that the φmeson yields in d+Au compared to binary collision scaled p+p at pT > 2 GeV/c418

are suppressed in the d-going direction and enhanced in the Au-going direction. The yield measured at midrapidity419

is consistent with binary collision scaled p+p. No significant modification of φ meson production is observed in420

the most peripheral d+Au collisions. With centrality increasing from semi-peripheral events to central the RdAu421

shows more pronounced suppression in the d-going and more increasing enhancement in Au-going direction. In that422

rapidity region, the RdAu has a pT dependence, which is characteristic of a Cronin-type effect. A similar enhancement423

(suppression) was observed by ALICE in p+Pb collisions at
√
s
NN

= 5.02 TeV [53]. The rapidity dependence of424

the RdAu in φ-meson production is similar to the open heavy flavor modification [26] which may indicate a general425

rapidity shift compared to the symmetric system and/or similar cold-nuclear matter effects are present in both the φ426

meson and open heavy-flavor production.427
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APPENDIX447

Tables III–VI show the numerical values of the measured invariant yields and RdAu that are plotted in Figs. 6–12.448

As noted in each caption, the first uncertainty is statistical and the second is type-B systematic.449
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TABLE III. Invariant yields of φ meson production as a function of pT at different d+Au centrality classes. The first uncertainty
is statistical and the second is type-B systematic.

pmin
T pmax

T

Bll
2πpT

d2N
dydpT

(GeV/c)−2

(GeV/c) 0%–100% 0%–20% 20%–40% 40%–60% 60%–88%

−2.2 < y < −1.2

1.0 2.0 (4.35±0.41±0.65)×10−7 (1.01±0.12±0.15)×10−6 (6.56±1.32±0.98)×10−7 (4.94±0.83±0.74)×10−7 (1.89±0.32±0.28)×10−7

2.0 2.5 (8.70±0.75±1.13)×10−8 (1.95±0.19±0.25)×10−7 (1.12±0.17±0.15)×10−7 (5.47±0.87±0.71)×10−8 (2.32±0.44±0.30)×10−8

2.5 3.0 (3.09±0.25±0.40)×10−8 (7.35±0.68±0.95)×10−8 (3.68±0.62±0.48)×10−8 (2.23±0.32±0.29)×10−8 (7.05±1.51±0.92)×10−9

3.0 4.5 (2.70±0.22±0.35)×10−9 (5.95±0.82±0.77)×10−9 (3.79±0.49±0.49)×10−9 (1.87±0.29±0.24)×10−9 (6.52±3.22±0.85)×10−10

4.5 7.0 (6.35±1.72±0.83)×10−11 (1.10±0.39±0.14)×10−10 (9.61±3.51±1.25)×10−11 (4.28±2.40±0.56)×10−11 (2.59±1.04±0.34)×10−11

1.2 < y < 2.2

1.0 2.0 (2.00±0.25±0.30)×10−7 (3.37±0.65±0.51)×10−7 (2.93±0.61±0.44)×10−7 (3.47±0.76±0.52)×10−7 (1.82±0.31±0.27)×10−7

2.0 2.5 (3.80±0.54±0.49)×10−8 (9.30±1.59±1.21)×10−8 (5.47±0.73±0.71)×10−8 (4.42±0.71±0.57)×10−8 (2.07±0.44±0.27)×10−8

2.5 3.0 (1.68±0.18±0.22)×10−8 (3.47±0.56±0.45)×10−8 (2.18±0.37±0.28)×10−8 (1.60±0.25±0.21)×10−8 (6.52±1.07±0.85)×10−9

3.0 4.5 (1.48±0.14±0.19)×10−9 (2.60±0.63±0.34)×10−9 (1.80±0.60±0.23)×10−9 (1.44±0.24±0.19)×10−9 (6.24±1.33±0.81)×10−10

4.5 7.0 (6.23±1.51±0.81)×10−11 (1.16±0.27±0.15)×10−10 (7.13±3.73±0.93)×10−11 (5.55±1.78±0.72)×10−11 (2.39±1.40±0.31)×10−11

|y| < 0.35

0.00 0.25 (9.81±2.88±3.01)×10−6 (1.93±0.76±0.55)×10−5 (1.23±0.53±0.33)×10−5 (8.92±4.22±2.42)×10−6 (4.87±2.74±1.26)×10−6

0.25 0.50 (7.18±0.74±1.57)×10−6 (1.23±0.22±0.23)×10−5 (1.03±0.16±0.22)×10−5 (5.46±1.02±1.05)×10−6 (4.28±0.81±0.81)×10−6

0.50 0.75 (3.49±0.35±0.71)×10−6 (6.11±1.00±1.30)×10−6 (4.52±0.69±0.90)×10−6 (3.96±0.54±0.69)×10−6 (2.18±0.36±0.39)×10−6

0.75 1.00 (2.19±0.18±0.42)×10−6 (3.54±0.46±0.70)×10−6 (3.13±0.36±0.58)×10−6 (1.54±0.20±0.25)×10−6 (1.28±0.17±0.22)×10−6

1.00 1.25 (1.18±0.09±0.21)×10−6 (2.16±0.24±0.40)×10−6 (1.51±0.17±0.27)×10−6 (7.44±1.13±1.21)×10−7 (5.70±0.93±0.93)×10−7

1.25 1.50 (6.20±0.49±1.08)×10−7 (1.26±0.14±0.22)×10−6 (8.92±0.99±1.51)×10−7 (4.87±0.67±0.77)×10−7 (2.37±0.38±0.39)×10−7

1.50 1.75 (2.75±0.24±0.46)×10−7 (6.32±0.78±1.08)×10−7 (3.13±0.45±0.51)×10−7 (1.90±0.30±0.30)×10−7 (1.65±0.26±0.27)×10−7

1.75 2.00 (1.59±0.15±0.26)×10−7 (3.31±0.43±0.55)×10−7 (2.34±0.30±0.37)×10−7 (1.32±0.21±0.21)×10−7 (4.11±1.03±0.67)×10−8

2.00 2.50 (9.22±0.62±1.48)×10−8 (2.01±0.18±0.32)×10−7 (1.29±0.12±0.20)×10−7 (7.15±0.85±1.13)×10−8 (3.60±0.56±0.59)×10−8

2.50 3.00 (3.19±0.24±0.49)×10−8 (7.12±0.71±1.10)×10−8 (3.54±0.44±0.53)×10−8 (2.84±0.39±0.44)×10−8 (1.10±0.22±0.18)×10−8

3.00 4.00 (6.17±0.49±0.94)×10−9 (1.15±0.14±0.18)×10−8 (8.92±1.10±1.36)×10−9 (5.52±0.81±0.88)×10−9 (1.94±0.44±0.33)×10−9

4.00 5.00 (9.45±1.25±1.47)×10−10 (2.27±0.37±0.37)×10−9 (1.27±0.26±0.20)×10−9 (8.74±2.06±1.57)×10−10 (1.87±1.10±0.34)×10−10

5.00 7.00 (1.02±0.19±0.17)×10−10 (1.46±0.45±0.25)×10−10 (1.98±0.50±0.03)×10−10 (8.27±3.16±1.59)×10−11 (4.79±2.74±0.90)×10−11

TABLE IV. RdAu as a function of rapidity of φ meson summed over the pT range, 1 < pT < 7 GeV/c for 0%–100% centrality.
The first uncertainty is statistical and the second is type-B systematic.

ymin ymax RdAu

-2.2 -2.0 1.23±0.12±0.20

-2.0 -1.7 1.30±0.13±0.21

-1.7 -1.1 1.34±0.13±0.21

-0.35 0.35 1.02±0.11±0.07

1.2 1.7 0.90±0.11±0.13

1.7 2.0 0.79±0.07±0.11

2.0 2.2 0.44±0.06±0.06

TABLE V. RdAu vs Ncoll of φ meson at 1 < pT < 7 GeV/c. The first uncertainty is statistical and the second is type-B
systematic.

RdAu

Centrality 〈Ncoll〉 −2.2 < y < −1.2 1.2 < y < 2.2 |y| < 0.35

0%–20% 15.1±1.0 1.26±0.21±0.21 0.73±0.12±0.12 1.03±0.11±0.09

20%–40% 10.2±0.7 1.25±0.20±0.20 0.65±0.10±0.11 1.00±0.10±0.09

40%–60% 6.6±0.4 1.18±0.20±0.19 0.80±0.11±0.13 0.86±0.09±0.08

60%–88% 3.2±0.2 1.24±0.22±0.20 0.95±0.17±0.16 1.04±0.11±0.09
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TABLE VI. RdAu and pT at different d+Au centrality classes. The first uncertainty is statistical and the second is type-B
systematic.

pmin
T pmax

T RdAu

(GeV/c) 0%–100% 0%–20% 20%–40% 40%–60% 60%–88%

−2.2 < y < −1.2

1.0 2.0 0.92±0.10±0.12 1.07±0.14±0.14 1.03±0.22±0.13 1.20±0.22±0.16 0.94±0.17±0.12

2.0 2.5 1.57±0.16±0.19 1.78±0.20±0.18 1.51±0.25±0.15 1.14±0.19±0.11 1.00±0.20±0.10

2.5 3.0 2.19±0.22±0.26 2.63±0.29±0.26 1.95±0.35±0.19 1.83±0.28±0.18 1.19±0.26±0.12

3.0 4.5 1.66±0.17±0.20 1.84±0.28±0.18 1.74±0.25±0.17 1.33±0.22±0.13 0.95±0.47±0.10

4.5 7.0 1.03±0.30±0.12 0.90±0.33±0.09 1.17±0.44±0.12 0.80±0.46±0.08 1.00±0.41±0.10

1.2 < y < 2.2

1.0 2.0 0.42±0.06±0.05 0.36±0.07±0.05 0.46±0.10±0.06 0.84±0.19±0.11 0.91±0.16±0.12

2.0 2.5 0.69±0.10±0.08 0.85±0.15±0.08 0.74±0.11±0.07 0.92±0.16±0.09 0.89±0.20±0.09

2.5 3.0 1.20±0.14±0.13 1.24±0.21±0.12 1.15±0.21±0.12 1.31±0.22±0.13 1.10±0.19±0.11

3.0 4.5 0.91±0.10±0.10 0.80±0.20±0.08 0.83±0.28±0.08 1.02±0.18±0.10 0.91±0.20±0.09

4.5 7.0 1.01±0.26±0.11 0.95±0.24±0.10 0.87±0.46±0.09 1.04±0.35±0.10 0.92±0.55±0.09

|y| < 0.35

0.00 0.25 0.70±0.29±0.18 0.69±0.33±0.18 0.65±0.33±0.16 0.73±0.40±0.19 0.82±0.51±0.21

0.25 0.50 0.72±0.18±0.08 0.62±0.17±0.07 0.76±0.21±0.08 0.63±0.18±0.07 1.00±0.28±0.11

0.50 0.75 0.74±0.18±0.07 0.65±0.19±0.06 0.71±0.19±0.07 0.97±0.24±0.10 1.10±0.29±0.11

0.75 1.00 0.71±0.15±0.07 0.58±0.14±0.06 0.75±0.16±0.07 0.57±0.12±0.06 0.98±0.21±0.10

1.00 1.25 0.86±0.20±0.09 0.80±0.20±0.08 0.82±0.20±0.08 0.63±0.16±0.06 0.99±0.26±0.10

1.25 1.50 0.89±0.22±0.09 0.91±0.23±0.09 0.95±0.24±0.09 0.81±0.21±0.08 0.81±0.22±0.08

1.50 1.75 0.75±0.18±0.07 0.87±0.22±0.08 0.63±0.16±0.06 0.60±0.16±0.06 1.10±0.28±0.10

1.75 2.00 0.82±0.19±0.08 0.86±0.22±0.08 0.89±0.22±0.09 0.78±0.21±0.08 0.50±0.17±0.05

2.00 2.50 1.20±0.26±0.12 1.30±0.30±0.13 1.20±0.28±0.12 1.10±0.26±0.10 1.10±0.29±0.11

2.50 3.00 1.30±0.29±0.13 1.50±0.34±0.14 1.10±0.26±0.10 1.30±0.33±0.13 1.10±0.31±0.10

3.00 4.00 1.20±0.27±0.13 1.20±0.28±0.12 1.30±0.32±0.13 1.30±0.33±0.13 0.94±0.30±0.09

4.00 5.00 1.30±0.33±0.14 1.60±0.43±0.17 1.30±0.39±0.14 1.40±0.47±0.15 0.63±0.40±0.07

5.00 7.00 1.80±0.54±0.21 1.30±0.52±0.15 2.70±0.91±0.30 1.70±0.80±0.19 2.10±1.30±0.23



18

[1] K. Adcox et al. (PHENIX Collaboration), “Formation of dense partonic matter in relativistic nucleus-nucleus collisions at450

RHIC: Experimental evaluation by the PHENIX Collaboration,” Nucl. Phys. A 757, 184 (2005).451

[2] J. Adams et al. (STAR Collaboration), “Experimental and theoretical challenges in the search for the quark gluon plasma:452

The STAR Collaboration’s critical assessment of the evidence from RHIC collisions,” Nucl. Phys. A 757, 102 (2005).453

[3] J. J. Heckman, J. Seo, and C. Vafa, “Phase Structure of a Brane/Anti-Brane System at Large N,” J. High Energy Phys.454

0707, 073 (2007).455

[4] I. Vitev, “Initial state parton broadening and energy loss probed in d+Au at RHIC,” Phys. Lett. B 562, 36 (2003).456

[5] J. W. Cronin, H. J. Frisch, M.J. Shochet, J.P. Boymond, R. Mermod, et al., “Production of Hadrons with Large Transverse457

Momentum at 200 GeV, 300 GeV, and 400 GeV,” Phys. Rev. D 11, 3105 (1975).458

[6] A. Accardi and M. Gyulassy, “Cronin effect versus geometrical shadowing in d+Au collisions at RHIC,” Phys. Lett. B459

586, 244 (2004).460

[7] A. Adare et al. (PHENIX Collaboration), “Quadrupole Anisotropy in Dihadron Azimuthal Correlations in Central d+Au461

Collisions at
√
s
NN

=200 GeV,” Phys. Rev. Lett. 111, 212301 (2013).462

[8] A. Adare et al. (PHENIX Collaboration), “Measurement of long-range angular correlation and quadrupole anisotropy of463

pions and (anti)protons in central d+Au collisions at
√
s
NN

=200 GeV,” Phys. Rev. Lett. 114, 192301 (2015).464

[9] B. B. Back et al. (PHOBOS Collaboration), “Pseudorapidity distribution of charged particles in d+Au collisions at465 √
sNN=200 GeV,” Phys. Rev. Lett. 93, 082301 (2004).466

[10] B. B. Back et al. (PHOBOS Collaboration), “Scaling of charged particle production in d+Au collisions at
√
sNN=200 GeV,”467

Phys. Rev. C 72, 031901 (2005).468

[11] I. Arsene et al. (BRAHMS Collaboration), “Centrality Dependence of Charged-Particle Pseudorapidity Distributions from469

d+Au collisions at
√
s
NN

=200 GeV,” Phys. Rev. Lett. 94, 032301 (2005).470

[12] B. I. Abelev et al. (STAR Collaboration), “Systematic measurements of identified particle spectra in pp, d+Au, and471

Au+Au collisions at the STAR detector,” Phys. Rev. C 79, 034909 (2009).472

[13] S. Chatrchyan et al. (CMS Collaboration), “Observation of long-range near-side angular correlations in proton-lead colli-473

sions at the LHC,” Phys. Lett. B 718, 795 (2013).474

[14] G. Aad et al. (ATLAS Collaboration), “Observation of Associated Near-Side and Away-Side Long-Range Correlations in475 √
sNN=5.02 TeV Proton-Lead Collisions with the ATLAS Detector,” Phys. Rev. Lett. 110, 182302 (2013).476

[15] S. Chatrchyan et al. (CMS Collaboration), “Multiplicity and transverse momentum dependence of two- and four-particle477

correlations in pPb and PbPb collisions,” Phys. Lett. B 724, 213 (2013).478

[16] G. Aad et al. (ATLAS Collaboration), “Measurement with the ATLAS detector of multi-particle azimuthal correlations in479

p+Pb collisions at
√
sNN=5.02 TeV,” Phys. Lett. B 725, 60 (2013).480

[17] B. B. Abelev et al. (ALICE Collaboration), “Long-range angular correlations of π, K, and p in p-Pb collisions at
√
sNN481

= 5.02 TeV,” Phys. Lett. B 726, 164 (2013).482

[18] G. Aad et al. (ATLAS Collaboration), “Measurement of long-range pseudorapidity correlations and azimuthal harmonics483

in
√
sNN = 5.02 TeV proton-lead collisions with the ATLAS detector,” Phys. Rev. C 90, 044906 (2014).484

[19] B. B. Abelev et al. (ALICE Collaboration), “Multiparticle azimuthal correlations in p-Pb and Pb-Pb collisions at the485

CERN Large Hadron Collider,” Phys. Rev. C 90, 054901 (2014).486

[20] L. Adamczyk et al. (STAR Collaboration), “Long-range pseudorapidity dihadron correlations in d+Au collisions at487 √
sNN=5.02 GeV,” Phys. Lett. B 747, 265 (2015).488

[21] A. Adare et al. (PHENIX Collaboration), “Transverse-Momentum Dependence of the J/ψ Nuclear Modification in d+Au489

Collisions at
√
sNN=200 GeV,” Phys. Rev. C 87, 034904 (2013).490

[22] A. Adare et al. (PHENIX Collaboration), “Cold-nuclear-matter effects on heavy-quark production in d+Au collisions at491 √
sNN=200 GeV,” Phys. Rev. Lett. 109, 242301 (2012).492

[23] A. Adare et al. (PHENIX Collaboration), “Υ(1S + 2S + 3S) production in d+Au and p+p collisions at
√
sNN=200 GeV493

and cold-nuclear matter effects,” Phys. Rev. C 87, 044909 (2013).494

[24] A. Adare et al. (PHENIX Collaboration), “Spectra and ratios of identified particles in Au+Au and d+Au collisions at495 √
sNN=200 GeV,” Phys. Rev. C 88, 024906 (2013).496

[25] A. Adare et al. (PHENIX Collaboration), “Nuclear Modification of ψ′, χc, and J/ψ Production in d+Au Collisions at497 √
sNN=200 GeV,” Phys. Rev. Lett. 111, 202301 (2013).498

[26] A. Adare et al. (PHENIX Collaboration), “Cold-Nuclear-Matter Effects on Heavy-Quark Production at Forward and499

Backward Rapidity in d+Au Collisions at
√
sNN=200 GeV,” Phys. Rev. Lett. 112, 252301 (2014).500

[27] P. Koch, B. Muller, and J. Rafelski, “Strangeness in Relativistic Heavy Ion Collisions,” Phys.Rept. 142, 167 (1986).501

[28] A. Shor, “Phi meson production as a probe of the quark gluon plasma,” Phys. Rev. Lett. 54, 1122 (1985).502

[29] B. Alessandro et al. (NA50 Collaboration), “Phi production in Pb-Pb collisions at 158 GeV/c per nucleon incident mo-503

mentum,” Phys. Lett. B 555, 147 (2003).504

[30] S. S. Adler et al. (PHENIX Collaboration), “Production of phi mesons at mid-rapidity in
√
sNN=200 GeV Au+Au collisions505

at RHIC,” Phys. Rev. C 72, 014903 (2005).506

[31] S. Afanasiev et al. (PHENIX Collaboration), “Elliptic flow for phi mesons and (anti)deuterons in Au + Au collisions at507 √
sNN=200 GeV,” Phys. Rev. Lett. 99, 052301 (2007).508

[32] B. I. Abelev et al. (STAR Collaboration), “Partonic flow and phi-meson production in Au+Au collisions at
√
sNN =509

200 GeV,” Phys. Rev. Lett. 99, 112301 (2007).510



19

[33] D. Adamova et al. (CERES Collaboration), “Modification of the rho-meson detected by low-mass electron-positron pairs511

in central Pb-Au collisions at 158-A GeV/c,” Phys. Lett. B 666, 425 (2008).512

[34] C. Alt et al. (NA49 Collaboration), “Energy dependence of phi meson production in central Pb+Pb collisions at
√
sNN=6513

to 17 GeV,” Phys. Rev. C 78, 044907 (2008).514

[35] B. I. Abelev et al. (STAR Collaboration), “Energy and system size dependence of phi meson production in Cu+Cu and515

Au+Au collisions,” Phys. Lett. B 673, 183 (2009).516

[36] A. Adare et al. (PHENIX Collaboration), “Nuclear modification factors of φ mesons in d+Au, Cu+Cu and Au+Au517

collisions at
√
sNN=200 GeV,” Phys. Rev. C 83, 024909 (2011).518

[37] R. Arnaldi et al. (NA60 Collaboration), “A Comparative measurement of φ → K+K− and φ → µ+µ− in In-In collisions519

at the CERN SPS,” Phys. Lett. B 699, 325 (2011).520

[38] A. Adare et al. (PHENIX Collaboration), “Measurement of neutral mesons in p+ p collisions at
√
s= 200 GeV and scaling521

properties of hadron production,” Phys. Rev. D 83, 052004 (2011).522

[39] A. Adare et al. (PHENIX Collaboration), “Low-mass vector-meson production at forward rapidity in p+p collisions at523 √
s = 200 GeV,” Phys. Rev. D 90, 052002 (2014).524

[40] K. Adcox et al. (PHENIX Collaboration), “PHENIX detector overview,” Nucl. Instrum. Methods Phys. Res., Sec. A 499,525

469 (2003).526

[41] J. Beringer et al. (Particle Data Group), “Rev. of Particle Phys. (RPP),” Phys. Rev. D 86, 010001 (2012).527

[42] W. M. Yao et al. (Particle Data Group), “Review of Particle Physics,” J. Phys. G 33, 1 (2006).528

[43] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna, and E. Norrbin, “High-energy physics event generation529

with pythia 6.1,” Comput. Phys. Commun. 135, 238 (2001).530

[44] GEANT 3.2.1 Manual (1994), CERN W5013.531

[45] A. Adare et al. (PHENIX Collaboration), “Production of ω mesons in p+p, d+Au, Cu+Cu, and Au+Au collisions at532 √
sNN = 200 GeV,” Phys. Rev. C 84, 044902 (2011).533

[46] A. Adare et al. (PHENIX Collaboration), “Detailed measurement of the e+e− pair continuum in p+p and Au+Au collisions534

at
√
sNN=200 GeV and implications for direct photon production,” Phys. Rev. C 81, 034911 (2010).535

[47] A. Adare et al. (PHENIX Collaboration), “Centrality categorization for Rp(d)+A in high-energy collisions,” Phys. Rev. C536

90, 034902 (2014).537

[48] S. S. Adler et al. (PHENIX Collaboration), “J/ψ production and nuclear effects for d+Au and p+p collisions at538 √
sNN=200 GeV,” Phys. Rev. Lett. 96, 012304 (2006).539

[49] G. D. Lafferty and T.R. Wyatt, “Where to stick your data points: The treatment of measurements within wide bins,”540

Nucl. Instrum. Methods Phys. Res., Sec. A 355, 541 (1995).541

[50] R. Hagedorn, “Statistical thermodynamics of strong interactions at high-energies,” Nuovo Cim. Suppl. 3, 147 (1965).542

[51] D. M. Kaplan et al. (FNAL-E288 Collaboration), “Study of the High Mass Dimuon Continuum in 400 GeV Proton-Nucleus543

Collisions,” Phys. Rev. Lett. 40, 435 (1978).544

[52] A. Adare et al. (PHENIX Collaboration), “Cold Nuclear Matter Effects on J/ψ Yields as a Function of Rapidity and545

Nuclear Geometry in Deuteron-Gold Collisions at
√
sNN=200 GeV,” Phys. Rev. Lett. 107, 142301 (2011).546

[53] J. Adam et al. (ALICE Collaboration), “phi-meson production at forward rapidity in p+Pb collisions at
√
sNN=5.02 TeV547

and in p+ p collisions at
√
s=2.86 TeV,” arXiv:1506.09206.548


