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INTRODUCTION

MOTIVATION 

▸ The first radial excitation 23S1  of ρ0  is considered to be the ρ1450   [PRD 
110 030001], but decays suggest it is a hybrid state [PRD 56 1584] 

▸ ρ1700 is assigned to 13D1 state - there is need for precise measurement of 
mass and width to clarify its nature [PDG - PRD 110 030001] 

▸ Questions of the ρ1450  relation to the ρ1700 have been raised    
▸ The relativistic quark model [PRD 32 189] predicts 23D1 state JPC = 1−− at 

2.15 GeV which can be identified with the ρ(2150)
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INTRODUCTION

UPC AS A GREAT PRODUCTION TOOL 

▸ Heavy Ion Collisions - large charge => large photon flux => large production 
cross section, accompanied by Coulomb excitation of the beam particles 
which emit neutrons => easy to trigger 

▸ coherent (on nucleus) and incoherent (on nucleons) 
▸ coherent photo production  
▸ final state is exclusive 
▸ easy to separate the signal from background
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I. INTRODUCTION

The electromagnetic field of a relativistic heavy nucleus can
be approximated by a flux of quasireal virtual photons using
the Weizsäcker-Williams approach [1]. Because the number
of photons grows with the square of the nuclear charge, fast-
moving heavy ions generate intense photon fluxes. Relativistic
heavy ions can thus be used as photon sources or targets.
Because of the long range of the electromagnetic interactions,
they can be separated from the hadronic interactions by
requiring impact parameter b larger than the sum of the nuclear
radii RA of the beam particles. These so-called ultraperipheral
heavy-ion collisions (UPCs) allow us to study photonuclear
effects, as well as photon-photon interactions [2].

A typical high-energy photonuclear reaction in UPCs is
the production of vector mesons. In this process, the virtual
photon, radiated by the “emitter” nucleus, fluctuates into a
virtual qq pair, which scatters elastically off the “target”
nucleus, thus producing a real vector meson. The scattering
can be described in terms of soft Pomeron exchange. The cross
section for vector meson production depends on how the virtual
qq pair couples to the target nucleus. This is determined mainly
by the transverse momentum pT of the produced meson. For
small transverse momenta of the order of pT ! h̄/RA, the qq
pair couples coherently to the entire nucleus. This leads to
large cross sections that depend on the nuclear form factor
F (t), where t is the square of the momentum transfer to the
target nucleus. For larger transverse momenta, the qq pair
couples to the individual nucleons in the target nucleus. This
“incoherent” scattering has a smaller cross section that scales
approximately with the mass number A modulo corrections
for nuclear absorption of the meson.

Because of the intense photon flux in UPCs, it is possible
that vector meson production is accompanied by Coulomb
excitation of the beam particles. The excited ions decay mostly
via the emission of neutrons [3], which is a distinctive event
signature that is utilized in the trigger decision. To lowest
order, events with mutual nuclear dissociation are described
by three-photon exchange (see Fig. 1): one photon to produce
the vector meson and two photons to excite the nuclei. All three
photon exchanges are in good approximation independent,
so that the cross section for the production of a vector
meson V accompanied by mutual nuclear dissociation can be
factorized [3]:

σV, xn xn =
∫

d2b[1 − Phad(b)]PV (b)Pxn,1(b)Pxn,2(b), (1)

where Phad(b) is the probability for hadronic interaction, PV (b)
the probability of producing a vector meson V , and Pxn,i(b)
the probability that nucleus i emits x neutrons. Compared
to exclusive photonuclear vector meson production, reactions
with mutual Coulomb excitation have smaller median impact
parameters.

The Particle Data Group (PDG) currently lists two excited
ρ0 states, the ρ0(1450) and the ρ0(1700), which are seen
in various production modes and decay channels including

two- and four-pion final states [4]. The nature of these states
is still an open question, because their decay patterns do
not match quark model predictions [5]. Few data exist on
high-energy photoproduction of excited ρ0 states in the four-
pion decay channel. Most of them are from photon-proton or
photon-deuteron fixed-target experiments at photon energies in
the range from 2.8 to 18 GeV [6–9]. The OMEGA spectrome-
ter measured photoproduction on proton targets at energies Eγ

of up to 70 GeV [10]. The heaviest target nucleus used so far
to study diffractive two- and four-pion photoproduction was
carbon with photon energies between 50 and 200 GeV [11].
These experiments observe a broad structure in the four-pion
invariant mass distribution at masses ranging from 1430 ±
50 MeV/c2 [6] to 1570 ± 60 MeV/c2 [8] and with widths
between 340 ± 60 MeV/c2 [8] and 850 ± 200 MeV/c2 [7]
that the PDG assigns to the ρ0(1700). However, data indicate
that the peak might consist of two resonances [9]. We will
use the symbol ρ ′ to designate this structure in the rest of the
text.

The measurements presented in this article extend the four-
pion photoproduction data to fixed target equivalent photon
energies of up to 320 GeV as well as to heavy target nuclei.
This represents the first measurement of four-prong production
in UPCs complementing the pioneering work on e+e−,
ρ0(770), and J/ψ production in UPCs at STAR [12–15] and
PHENIX [16].

There are at least three models for the production of
ρ0(770) mesons in ultraperipheral collisions: The model of
Klein and Nystrand (KN) [17] employs the vector domi-
nance model (VDM) to describe the virtual photon and a
classical mechanical approach for the scattering on the target
nucleus, using results from γ p → ρ0(770) p experiments.
The Frankfurt, Strikman, and Zhalov (FSZ) model [18] is
based on a generalized VDM for the virtual photon and a
QCD Gribov-Glauber approach for the scattering. The model
of Gonçalves and Machado (GM) [19] employs a QCD color
dipole approach that takes into account nuclear effects and
parton saturation phenomena. The KN model agrees best with
the available data on ρ0(770) production; the FSZ and in
particular the GM model overestimate the ρ0(770) production
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FIG. 1. Schematic view of the photonuclear production of a
vector meson V in an ultraperipheral Au-Au collision and its
subsequent decay into four charged pions. The meson production
in the fusion processes of photon γ ∗ and Pomeron P is accompanied
by mutual Coulomb excitation of the beam ions. The processes are
independent, as indicated by the dotted line.
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EXPERIMENT

STAR EXPERIMENTAL SETUP (UPC RELEVANT DETECTORS ONLY)
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▸ Solenoidal Tracker At 
RHIC 

▸ central rapidity coverage  

▸  

▸ neutron tagging  
▸ charged hadrons PID 
▸ plus electron calorimetry 

including decay topology 

▸ veto particles in the 
UPCs rapidity gap 
regions

(−1,1)
2019⏞⟶ (−1.5,1.5)



ANALYSIS

DATASETS, LUMINOSITIES AND EVENT SELECTION
▸ Online Event Selection ( “UPC_main” trigger) 
▸ number of neutrons on each side  
▸ 1 - 4.5 (Run 10) 
▸ 1 - 3.5 (Run 11) 
▸ 1 -  11 (Run 14) 

▸ 2 ≦ Track Multiplicity ≦ 6 
▸ UPC Rapidity Gap Veto  

▸ Offline Event Selection (analysis) 
▸ | Z-Pos. of collision vertex | < 130 cm from acceptance 

center 
▸ Track DCA to the vertex < 3cm 
▸ TPC PID using dE/dx: normalized |σ𝛑| < 3 
▸ #TPC track hits > 15  of 45  
▸ pT(𝛑+𝛑−) < 0.15 GeV/c  or pT(𝛑+𝛑−𝛑+𝛑−) < 0.15 GeV/c
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                         Run14  Run11  Run10 
L-1 [μb-1]                  787    523    926 
L-1 fraction in |vz|<130  0.664  0.813  0.764



ANALYSIS

𝛔TRIGGER →  𝛔NN. 

▸ UPC_main trigger does not see whole σnn 
▸ STAR added a special trigger in Run14 called “zdcmon” 

that was just ZDC coincidence (no cut on ADC, no 
hadron veto) 
▸ we analyzed these data and compared with UPC_main to 

what fraction of σnn the UPC_main trigger “see” in each year. 

▸ nOOn model [CPC 253 107181] of neutron production 
can predict neutron distribution in heavy ion collisions
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▸                                                          Run14       Run11     Run10 
▸ UPC_main trigger                         1-11n       1-3.5n      1-4.5n     
▸ fraction from zdcmon data       56.74%     37.72%   41.58%    
▸ fraction from nOOn                    63.16%     39.52%   43.52% 

we used average of 
zdcmon data and nOOn
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ANALYSIS

INCOHERENT CONTRIBUTION IN PT < 0.15 RANGE
7

Incoherent fraction for 0.9 < M(4π) < 4.0 GeV : (18.7 ± 1.2)% 
Incoherent fraction for 1.5 < M(4π) < 2.5 GeV : (16.1 ± 1.3)% 
Incoherent fraction for 0.6 < M(2π) < 2.8 GeV : (8.35 ± 0.52)% 
Incoherent fraction for 1.5 < M(2π) < 2.5 GeV : (26.8 ± 0.8)%

fit function =  
 

 (dipole form factor)

fcoh + fincoh

fcoh = exp(a + bp2
T)

fincoh =
c

d(1 + p2
T /d)2



RESULTS

▸ Main “sanity check” - cross section consistent between datasets 
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MASS SPECTRA OF  𝛑+𝛑−  AND  𝛑+𝛑− 𝛑+𝛑−  (BOTH PT < 0.15 GEV/C)
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PARAMETER       VALUE   ERROR      PDG    
Mass  ρ(1450)    1486    20.3  1465± 25                       
Width ρ(1450)   400.3    30     400± 60                             
RSP1             2.17    0.27                             
Mass  ρ(1700)    1701    15.4  1720± 20                                   
Width ρ(1700)   399.6    34.5   250±100                          
RSP2             2.39    0.37                             
δ(1700)          1.22    0.38       
Mass  ρ(2150)    2247    91.2                             
Width ρ(2150)     570   fixed     
RSP3             2.36    2.50                             
δ(2150)          0.50    0.48                             
Chi2/ndf 33.0882/41 [PDG - PRD 110 030001]
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Au+Au,  GeVsNN = 200

STAR Preliminary

                                                     

BW(ρ) ≡ (
Mρ

M )
RSP WMρ

M2 − M2
ρ + iMρW

, W = Wρ
Mρ

M ( M2 − 16m2
π

M2
ρ − 16m2

π )
3/2

Γ
dσ
dM

= A2 |BW(ρ1450) |2 + B2 |BW(ρ1700) |2 + C2 |BW(ρ2150) |2 + 2 AB ℜ [BW*(ρ1450)BW(ρ1700)eiδ(1700)]+

+2 BC ℜ [BW*(ρ1700)BW(ρ2150)eiδ(2150)] + 2 AC ℜ [BW*(ρ1450)BW(ρ2150)ei(δ(1700)+δ(2150))]

MASS(𝛑+𝛑− 𝛑+𝛑−) AND RAPIDITY COMBINED FROM ALL RUNS  



1 1.5 2 2.5 3 3.5 4
]2) [GeV/c−π+π−π+πM(

1

10

210

310

b]
µ

 <
 0

.1
5)

 [
T

/d
M

 (|
y|

 <
 0

.8
, p

xn
xn

σ
 d

Γ

Fit to Data
(1450)ρ
(1700)ρ
(2150)ρ

(1700) if.ρ(1450)ρ
(2150) if.ρ(1450)ρ
(2150) if.ρ(1700)ρ

Data
Syst. Errors

 M corrected on efficiencyπ4

[PDG - PRD 110 030001]

RESULTS 9

Au+Au,  GeVsNN = 200

STAR Preliminary

                                                     

BW(ρ) ≡ (
Mρ

M )
RSP WMρ

M2 − M2
ρ + iMρW

, W = Wρ
Mρ

M ( M2 − 16m2
π

M2
ρ − 16m2

π )
3/2

σcoh
4π,xn,xn( |y | < 0.8) = 1336 ± 15stat. ± 26syst. ± 160norm.

Γ
dσ
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= A2 |BW(ρ1450) |2 + B2 |BW(ρ1700) |2 + C2 |BW(ρ2150) |2 + 2 AB ℜ [BW*(ρ1450)BW(ρ1700)eiδ(1700)]+

Γσcoh
ρ1450,xn,xn( |y | < 0.8) = 450 ± 172stat. ± 214syst. ± 54norm.

Γσcoh
ρ1700,xn,xn( |y | < 0.8) = 325 ± 160stat. ± 170syst. ± 39norm.

Γσcoh
ρ2150,xn,xn( |y | < 0.8) = 9.3 ± 7.7stat. ± 2.4syst. ± 1.1norm.

to extrapolate to full rapidity - multiply by 2.18
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+2 BC ℜ [BW*(ρ1700)BW(ρ2150)eiδ(2150)] + 2 AC ℜ [BW*(ρ1450)BW(ρ2150)ei(δ(1700)+δ(2150))]

MASS(𝛑+𝛑− 𝛑+𝛑−) AND RAPIDITY COMBINED FROM ALL RUNS  
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Au+Au,  GeVsNN = 200

STAR Preliminary

[PRC 110 14911]

PARAMETER        VALUE    ERROR            PDG     
Mass ρ0         774.83     0.30    775.26±0.23     
Width ρ0        146.39     0.57    147.40±0.80                         
RSP ρ0            2.76     0.02                             
Mass ω          783.82     0.50    782.66±0.13                         
Width ω          16.13     0.85      8.68±0.13                      
δ(ω)              1.97     0.17                                
Mass f2        1339.26    19.63     1275.4±0.8                          
Width f2        210.35    38.30      185.8±2.8                        
Mass ρ1700.       1700.65    22.71     1720 ±  20                         
Width ρ1700      317.79    46.75      250 ± 100                        
δ(f2)             3.12     0.18                             
δ(ρ1700)           0.38     0.18 
Chi2/ndf=282.248/260

[PDG - PRD 110 030001]
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Au+Au,  GeVsNN = 200

STAR Preliminary

σcoh
ρ0,xn,xn( |y | < 0.6) = 7069 ± 28stat. ± 76syst. ± 848norm.

Γσcoh
ρ(1700),xn,xn( |y | < 0.6) = 3.35 ± 1.02stat. ± 1.47syst. ± 0.40norm.

σcoh
ρ0,xn,xn = 25883 ± 102stat. ± 279syst. ± 3106norm.

[PRC 110 14911]

σcoh
f 2(1270),xn,xn( |y | < 0.6) = 24.8 ± 14.4stat. ± 15.2syst. ± 3.0norm.
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RATIO OF THE BRANCHING FRACTIONS OF THE 𝛒1700 TO 2𝛑 AND 4𝛑
▸ comparison of yields directly from Breit-Wigner functions 

▸  in |y|<0.8  from   

▸     in |y|<0.8  from   

▸ an alternative method using an excess yield in  and yield in  in the mass window from 1.5 
to 2.5 GeV/c2 - a good proxy for ρ1700 

▸ the excess yield in  can be calculated as  data − components of the fit function excluding ρ1700 Breit-Wigner and its interference 

Γ2πσcoh
ρ1700,xn,xn = 4.42 ± 1.34stat. ± 1.67syst. π+π−

Γ4πσcoh
ρ1700,xn,xn = 325 ± 160stat. ± 170syst. π+π−π+π−

π+π− π+π−π+π−

π+π− π+π−

Excess in 1.5 < Mass < 2.5 |y|<0.8 = 6.56 ± 0.60stat.± 0.32syst.

σcoh
4π,xn,xn( |y | < 0.8, 1.5 < M < 2.5) = 612 ± 8stat. ± 21syst.

Γ2π /Γ4π( |y | < 0.8, 1.5 < M < 2.5) = 1.07 ± 0.10stat. ± 0.06syst. %

Au+Au,  GeVsNN = 200

STAR Preliminary

σcoh
4π,xn,xn/σcoh

ρ0,xn,xn( |y | < 0.8) = 14.1 ± 0.4stat. ± 0.5sys. %

σcoh
4π,xn,xn/σcoh

ρ0,xn,xn = 11.1 ± 0.3stat. ± 0.4sys. %

16.4±1.0stat±5.2syst%

13.4±0.8stat±4.4syst%

PRC 81 044901

Γ2π /Γ4π(ρ1700) = 1.36 ± 0.79stat. ± 0.88syst. %



𝛑+𝛑−𝛑+𝛑− POLARIZATION

J=1 TRANSFER TO COS𝜃 ANISOTROPY 

13

ρ(1450) + ρ(1700) → (π+π−)heavy + (π+π−)light → π+π−π+π−
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▸ Breit-Wigner fit to the heavier pair mass point to ρ0 meson.  
▸ Heavy pair polarized, but not fully 
▸ Light pair likely contains f0(500) resonance. But this resonance is supposed to be a scalar 

meson while its polarization indicates vector meson.

Au+Au,  GeVsNN = 200

STAR Preliminary

Au+Au,  GeVsNN = 200

STAR Preliminary



SUMMARY

SUMMARY
▸ STAR presented a precise measurement of 𝛑+𝛑−𝛑+𝛑− and 𝛑+𝛑− photo-production in Au+Au collisions at 

√sNN=200 GeV 
▸ ρ1450 (23S1), ρ1700 (13D1) clearly and ρ2150 (23D1) likely observed in 𝛑+𝛑−𝛑+𝛑− mass spectrum 

▸ ρ1450  mass and width consistent with the world average 
▸ ρ1700 mass consistent with the world average, but width larger => more decays modes possible, hybrid state indication? 

▸ f2(1270) and ρ1700 observed in 𝛑+𝛑− mass spectrum 
▸ f2(1270) mass larger - might contain ρ1450, but we can’t separate these states 
▸ ρ1700 mass and width consistent with the world average, width lower than in 𝛑+𝛑−𝛑+𝛑−  => existence of intermediate states in decay 

▸ resonance indicating ρ2150 (23D1) observed in 𝛑+𝛑−𝛑+𝛑−𝛑+𝛑− mass spectrum - first time at STAR 

▸  in mid rapidity and    

▸  in mid and in full rapidity 

▸ 𝛑+𝛑−𝛑+𝛑− states’ (all supposed to have J=1) decay can be separated to 2 𝛑+𝛑− pairs by their mass 
▸ the lighter pair which likely contains f0(500), a scalar meson, decays like fully polarized particle (λ = −1) 
▸ the heavier pair whose mass spectrum resembles ρ0 is partially polarized (λ = −0.3)

(ρ1700 → π+π−)/(ρ1700 → π+π−π+π−) = 1.07 ± 0.10stat. ± 0.06syst. %

σcoh
4π,xn,xn/σcoh

ρ0,xn,xn = 14.1 ± 0.4stat. ± 0.5sys. % 11.1 ± 0.3stat. ± 0.4sys. %
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MORE DETAILS ABOUT THE FITTING FUNCTION 17

dσ
dM

= σ1 |BW1 |2 + σ2 |BW2 |2 + 2 σ1σ2ℜ [BW*1 BW2eiϕ] BW(ρ) ≡ (
Mρ

M )
n ΓρMρ

M2 − M2
ρ + iMρΓρ

|BW1 |2 = BW1BW*1 = ( M1

M )
2n Γ1M1

(M2 − M2
1

μ1

)2 + M2
1Γ2

1

BW1(eiϕBW2)* = ( M1

M )
n1

( M2

M )
n2 e−iϕ Γ1M1Γ2M2

(μ1 + iM1Γ1)(μ2 − iM2Γ2)

z

To get the real part which contributes to the cross section, one needs to 
get the complex term to  form. So first, we need to expand 
the fraction so there are imaginary terms only in the nominator. 

ℜ(z) + ℑ(z)

z ⋅
(μ1 − iM1Γ1)(μ2 + iM2Γ2)
(μ1 − iM1Γ1)(μ2 + iM2Γ2)

= Γ1M1Γ2M2
(cos ϕ − i sin ϕ)(μ1 − iM1Γ1)(μ2 + iM2Γ2)
μ2

1 μ2
2 + μ2

1 M2
2Γ2

2 + μ2
2 M2

1Γ2
1 + M2

1Γ2
1M2

2Γ2
2

ℜ(z) = Γ1M1Γ2M2
cos ϕ(μ1μ2 + M1Γ1M2Γ2) + sin ϕ(M2Γ2μ1 − M1Γ1μ2)

μ2
1 μ2

2 + μ2
1M2

2Γ2
2 + μ2

2M2
1Γ2

1 + M2
1Γ2

1M2
2Γ2

2

 is then the interference term,  is the phase shift between the resonances2 σ1σ2ℜ(z) ϕ



EXPERIMENT

UTRA-PERIPHERAL COLLISIONS AT RHIC
▸ Relativistic Heavy Ion 

Collider 
▸ located in Brookhaven 

National Laboratory 
(Long Island, USA) 

▸ different species, 
energy, and proton 
polarization

18

DIS conference March 30 2023

Ultra-Peripheral Collisions at RHIC 

4

U238, Au197, Zr96 , Ru96, d2 at 200 GeV and pp at 510 GeV

quasi-real photon

collisions that don’t “collide”

A versatile program with different species, energy, and polarization. 
Kong Tu 



RESULTS ρ0

 CROSS SECTION ρ0

▸ integrated luminosity of 1100±100 
μb−1 of data collected in 2010  

▸ XnXn extrapolated from 1n1n using 
STARlight 

▸ incoherent components in  are fit 
in range  
▸  are integrals of the fits 

dσ/dt
−t = (0.2,0.45)

σincoh

19

ρ0 π+

π−
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TABLE V. Point-to-point systematic uncertainties on dσ/dy

(Fig. 6) as a percentage of the measured cross section in four
rapidity ranges. PID cut refers to uncertainty in the efficiency for
π identification via the truncated dE/dx [36]. Those cuts were
varied simultaneously in the data and simulation to determine the
uncertainty in particle identification efficiency. The fit to efficiency
is the uncertainty in the efficiency parametrization, while the number
of track hits is the minimum number of points used for fitting the
track. The TOF asymmetry is the uncertainty due to the positions of
the TOF slats.

Rapidity PID Fit to Number of TOF
cut eff. track hits asymmetry

−0.7–0.5 8.% 0.25% 0.2% 5%
−0.5–0.0 5.% 0.25% 0.05% 3.6%
0.0–0.5 5.% 0.25% 0.05% 3.6%
0.5–0.7 8.% 0.25% 0.2% 5%

how the final result varies. Table V lists the point-to-point
uncertainties in the rapidity distribution while Table VI lists
the point-to-point uncertainties for the pT distribution.

The ALICE collaboration has studied dipion photoproduc-
tion, in lead-lead collisions at the LHC [8]. They fit their
dipion mass distribution in the range from 0.6 to 1.5 GeV/c2

to a function like Eq. (2), but without the ω component, finding
masses and widths consistent with the standard values. Their
cross-section values were about 10% above the STARlight
prediction.

IV. MEASUREMENT OF dσ/dt

Figure 7 shows the efficiency-corrected differential cross
section dσ/dt for ρ0 mesons within the measured range |y| <
1, after like-sign background subtraction. The Mandelstam
variable t is expressed as t = t‖ + t⊥ with t‖ = −M2

ρ/(γ 2e±y)
and t⊥ = −(ppair

T )2. Here, γ is the Lorentz boost of the ions.
At RHIC energies, t‖ is almost negligible. The cross section
dσ/dt for ρ0 mesons is obtained by scaling the total dipion
cross section by a factor of 0.75. This factor was extracted from
comparisons between the number of pion pairs with invariant
masses ranging from 500 MeV/c2 to 1.5 GeV/c2 and the
integral of the ρ0 Breit–Wigner function extracted from fits

TABLE VI. Point-to-point systematic uncertainties for the −t

distribution shown in Fig. 8, as a percentage of the measured cross
section in three −t ranges. The PID and track selection uncertainties
are described in the text. The uncertainty in the incoherent component
subtraction was estimated by selecting the largest relative deviation
from the default value and cross sections extracted by changing the
value of the fit parameters by one standard deviation while the other
parameters remain at the default fit value.

−t [(GeV/c)2] Track sel. Pion PID Incoher. subtr.

0.00–0.02 0.2% 8% 0.5%
0.02–0.04 0.2% 8% 3.0%
0.04–0.10 0.2% 8% 8.5%

]2-t [(GeV/c)
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]2
 [m
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)
dtσd
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=0.0992
0

Extrapolated dipole FF Q
1n1n

=0.0992
0

dipole FF  Q

FIG. 7. The −t distribution for exclusive ρ0 mesons in events
with 1n1n mutual dissociation (open blue circles) and XnXn (filled
red circles). The statistical errors are smaller than the points, and the
colored bands show the total systematic uncertainties. The dipole fits
are shown by solid black lines. For XnXn, the dipole form factors are
shown extrapolated to low |t | (dotted black line line), along with the
STARlight prediction for the incoherent contribution (dashed blue
line).

in rapidity and −t bins. In all comparisons, the integrals are
performed from 2Mπ to Mρ + 5&ρ .

We separate the ρ0 t spectrum into coherent and incoherent
components based on the shape of the distribution in Fig. 7.
Because of the ZDC requirement in the trigger, and the
presence of Coulomb excitation, we cannot use the presence of
neutrons from nuclear breakup as an event-by-event signature
of incoherence [37].

The incoherent components for the 1n1n and XnXn
distributions are fit with a dipole form factor:

dσ

dt
= A/Q2

0(
1 + |t |/Q2

0

)2 , (7)

which has been used to describe low-Q2 photon-nucleon
interactions [38]. The fit is done in the range from −t =
0.2 (GeV/c)2 (above the coherent production region) to
−t = 0.45 (GeV/c)2. The upper limit for −t is chosen to
reduce the contamination from hadronic interactions. For
the events with mutual dissociation into any number of
neutrons (XnXn), the fit finds A = 3.46 ± 0.02 mb and Q2

0 =
0.099 ± 0.015 (GeV/c)2, with χ2/NDF = 19/9. For events
with mutual dissociation into single neutrons (1n1n), Q2

0 is
fixed at 0.099 GeV/c2. The fit finds A = 0.191 ± 0.003 mb,
with χ2/NDF = 15.8/10. The integrals of these fits lead to
the incoherent cross sections shown in Table VII. The coherent
component of the t distribution is then extracted by subtracting
the incoherent-component fit from the total dσ/dt .
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FIG. 6. dσ/dy for exclusively photoproduced ρ0 mesons in (top)
XnXn events and (bottom) 1n1n events. The data are shown with red
markers. The statistical errors are smaller than the symbols, the orange
band shows the quadrature sum of the point-to-point systematic
uncertainties. The red boxes at y ≈ −0.9 show the quadrature sum of
the common systematic uncertainties. The black histograms are the
STARlight calculation for ρ0 mesons with mutual dissociation. The
blue markers in the top panel show the previous STAR measurement
[7].

selection of the number of neutrons produced in mutual
electromagnetic dissociation depends on the response of the
ZDC calorimeters. We allocate a 5% uncertainty to this neutron
counting due to small nonlinearities in the calorimeters and
overlaps between one and many neutron distributions. We
assign a 7% uncertainty due to modeling of the TOF system in
the simulation, based on studies of the TOF response in more
central collisions. The uncertainty in the track reconstruction
efficiency for the STAR TPC is 3% per track [19] (6% for
two tracks), while the efficiency of the vertex finder is known
within a 5% uncertainty, driven by the effect of backgrounds.
The uncertainty in how often the BBC detectors will veto good
UPC events is due to fluctuating backgrounds. Even with use of
embedding techniques, we estimate that these veto conditions
introduce a 2% uncertainty to the results.

The same-sign pion-pair distributions are the best estima-
tors for the hadronic backgrounds for these two-track events.
The background subtraction was done at the level of raw
histograms and also after a fit to the background to eliminate
statistical fluctuations. These two procedures lead to final
results that agree within 1.5%.

The scaling from the rapidity distribution extracted from
1n1n events to the previously measured XnXn distribu-
tion uses a correction extracted from the event generator
STARlight. There is a 6% XnXn cross-section uncertainty
from the uncertainty in the neutron data used as input to
STARlight. This uncertainty is squared because we detect
neutrons in both beams but applies only to the XnXn results.

Table IV summarizes these common systematic uncertain-
ties. They are summed in quadrature to find the 18.2% overall
common uncertainty. This uncertainty is a bit higher than in
our comparable previous publication [7], largely because of
additional uncertainties associated with the pileup and the
more complex trigger that is required to deal with the higher
luminosities.

The main point-to-point systematic uncertainties in the
rapidity and pT distributions come from the track selection
and particle identification. The systematic uncertainties were
evaluated by varying the track quality cuts and PID cuts around
their central value in both the data and simulation and seeing

TABLE IV. The common systematic uncertainties present in the rapidity distribution in Fig. 6 and the −t

distributions in Figs. 7 and 8. These uncertainties are given as a percentage of the measured quantities.

Name Value Comment

Luminosity 10.0%
ZDC 5.0% ADC ch. to num. neutrons
TOF geometry modeling 7.0%
TPC tracking efficiency 6.0% 3.0% per track [19]
Vertex finder efficiency 5.0% Background driven
BBC veto in trigger 2.0% Background driven
Efficiency determination 7.0%
Conversion from π+π− pairs to ρ0 yield 2.2% Varying mass fit range
Background subtraction 1.5%
STARlight model 6.0% only for XnXn results
Quadrature sum 18.2%
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TABLE VII. The coherent and incoherent cross sections for ρ0 photoproduction within |y| < 1 with XnXn

and 1n1n mutual excitation, and their ratios.

Parameter XnXn 1n1n

σcoh. 6.49 ± 0.01 (stat.) ± 1.18 (syst.) mb 0.770 ± 0.004 (stat.) ± 0.140 (syst.) mb
σincoh. 2.89 ± 0.02 (stat.) ± 0.54 (syst.) mb 0.162 ± 0.010 (stat.) ± 0.029 (syst.) mb
σincoh./σcoh. 0.445 ± 0.015 (stat.) ± 0.005 (syst.) 0.233 ± 0.007 (stat.) ± 0.007 (syst.)

If the nuclear excitation was completely independent of ρ
photoproduction, then the cross-section ratio for incoherent
to coherent production should not depend on the type of
nuclear excitation studied. It is not; the difference could
signal the breakdown of factorization, for a couple of reasons.
One possibility is that unitarity corrections play a role by
changing the impact parameter distributions for 1n1n and
XnXn interactions. When b ! 2RA, the cost of introducing
another low-energy photon into the reaction is small. So one
photon can excite a nucleus to a GDR, while a second photon
can further excite the nucleus, leading to Xn emission rather
than 1n [18]. The additional photon alters the impact parameter
distributions for the 1n1n and XnXn channels. The XnXn
channel will experience a slightly larger reduction at small |t |
due to interference from the two production sites. This may
slightly alter the measured slopes and coherent-to-incoherent
ratios. Alternately, at large |t |, a single photon can both produce
a ρ0 and leave the target nucleus excited, breaking the assumed
factorization paradigm. The rate has not been calculated for ρ0,
but the cross section for J/ψ photoproduction accompanied by
neutron emission is significant [39]. This calculated J/ψ cross
section is noticeably less for single neutron emission than for
multineutron emission, so ρ0 photoproduction accompanied
by neutron emission might alter the XnXn incoherent-to-
coherent cross-section ratio more than that of 1n1n. The differ-
ence between the ratios for 1n1n and XnXn collisions is some-
what larger than was found in a previous STAR analysis [7].

The dσ/dt for coherent ρ0 photoproduction accompanied
with mutual dissociation of the nuclei into any number of
neutrons (XnXn) and only one neutron (1n1n) is shown
in Fig. 8 with red and blue markers, respectively. In both
1n1n and XnXn events, two well-defined minima can
clearly be seen. In both spectra, the first minima are at
−t = 0.018 ± 0.005 (GeV/c)2. Second minima are visible at
0.043 ± 0.01 (GeV/c)2. To first order, the gold nuclei appear
to be acting like black disks, with similar behavior for 1n1n
and XnXn interactions.

A similar first minimum may be visible in ALICE data for
lead-lead collisions. Figure 3 of Ref. [8] shows an apparent dip
in dN/dpT for ρ0 photoproduction, around pT = 0.12 GeV/c
[−t = 0.014 (GeV/c)2]. Lead nuclei are slightly larger than
gold nuclei, so the dip should be at smaller |t |.

These minima are shallower than would be expected for
γ -A scattering, because the photon pT partly fills in the dips in
the γ -A pT spectrum. There are several theoretical predictions
for the locations and depths of these dips. A classical Glauber
calculation found the correct depths, but slightly different
locations [40]. A quantum Glauber calculation did a better
job of predicting the locations of the first minimum [10],
although that calculation did not include the photon pT , so

missed the depth of the minimum. However, quantum Glauber
calculations which included nuclear shadowing predict that,
because of the emphasis on peripheral interactions, the nuclei
should be larger, so the diffractive minima are shifted to lower
|t | [41]. For ρ photoproduction with lead at LHC energies,
this calculation predicted that the first minima should be at
about 0.0165 (GeV/c)2 without the shadowing correction,
and 0.012 (GeV/c)2 with the correction. These values are
almost independent of collision energy but depend on the
nuclear radii. Scaling by the ratio of the squares of the
nuclear radii, 1.078, the predictions are about 0.0177 (GeV/c)2

without the shadowing correction, and 0.0130 (GeV/c)2 with
the shadowing. The data are in better agreement with the
prediction that does not include the shadowing correction.

The Sartre event generator run in UPC mode at RHIC
energies [42] produces a Au nucleus recoil after ρ0 elastic
scattering with a very good agreement with the ρ0 t distribution
presented here. That is not surprising, since it includes
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FIG. 8. dσ/dt for coherent ρ0 photoproduction in XnXn events
(filled red circles) and 1n1n events (open blue circles). The filled
bands show the sum in quadrature of all systematic uncertainties listed
in Table V and the statistical errors, which are shown as vertical lines.
The red and blue lines show an exponential fit at low t , as discussed in
the text. The inset shows, with finer binning at low pT , the effects of
the destructive interference between photoproduction with the photon
emitted by any of the two ions.
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RESULTS  IN AU+AUJ/ψ

J/  PHOTOPRODUCTION IN AU+AU UPC EVENTS AT 200 GEVψ
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▸ when  is directly related to momentum transfer Q2 ∼ 0, pT of J/ψ (t ∼ p2
T)
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FIG. 2. Invariant mass mee, transverse momentum pT,ee, and rapidity yee of the electron pair candidates from Au+Au UPCs
at

p
sNN = 200 GeV. They are shown in the left, middle, and right panel, respectively. Template fits from J/ coherent and

incoherent production, QED processes, and  (2s) are included. Only statistical uncertainties are shown as vertical bars.

sample of data based on TOF triggering and selection.
This e�ciency was also applied by weighting the simu-
lated events. The selected and weighted events were used
to create template invariant mass and pT of the pair mee

and pT distributions for each simulated process.

C. Signal extraction

Figure 2 shows the pair mass mee, transverse momen-
tum pT,ee, and rapidity yee distributions. The mass dis-
tribution shown considers only pairs at low pT < 0.15
GeV/c, where the coherent J/ and �� ! e+e� pro-
cesses dominate. The pT distribution is in the J/ mass
range of 3.0 < mee < 3.2 GeV/c2. The rapidity distribu-
tion includes the full selected data sample and shows the
bins used for further analysis: |yee| < 0.2, 0.2 < |yee| <
0.5, and 0.5 < |yee| < 1.

Shown in Fig. 2 are the process templates from the
simulation. Their sum is fit to the data mee and pT dis-
tributions by �2 minimization. It determines the fraction
of extra radiative processes; the result is su�cient to ac-
count for the extra radiative e↵ects and bremsstrahlung.
The sums of all processes are also shown in Fig. 2, demon-
strating a good description of the data. The rapidity
distribution, not used for the fitting, demonstrates the
quality of the fit.

The fit templates are used to subtract backgrounds
to the physics processes of interest. For J/ pT dis-
tributions, the two-photon and  (2s) templates are sub-
tracted from the data. For two-photon mee distributions,
templates for all other processes are subtracted from the
data. The statistical uncertainty from the fit for each
subtracted template contributes to the systematic uncer-
tainty.

The simulated distributions are also used to determine
acceptance corrections. The corrections are applied bin-
by-bin to the pT and mee distributions. The e�ciency of
the TOF � 2 hits requirement in the trigger was deter-

mined using a TOF-independent trigger, such that the
TOF requirement is a complete subset of this trigger;
the losses due to the  6 TOF hits and BBC vetoes were
measured using a sample of zero-bias events (triggered
on colliding bunch crossing only). These two factors were
applied as scale factors to the final cross sections.

J/ production is measured as a doubly di↵erential
cross section d2�/dp2T dy. The cross section for each p2T, y
bin i is calculated as:

d2�

dp2T dy i

=
Nraw,i

✏trig · corri · L · BR ·�p2Ti · 2�yi
(1)

where:

• Nraw,i is the number of data events in bin i

• ✏trig is the scale factor correction for trigger e�-
ciency

• corri is the acceptance and e�ciency correction for
bin i

• L is the total luminosity

• BR = 5.97% is the branching ratio for J/ !
e+e�[53].

• �p2Ti and �yi are the widths of p2T, y bin i; the
factor of 2 accounts for events with y < 0 and y > 0.

The QED two-photon process is measured as a di↵er-
ential cross section d�/dmee. The cross section for each
mee bin i is calculated as:

d�

dmee i
=

Nraw,i

✏trig · corri · L ·�mee,i
(2)

where �mee,i is the width of bin i.
The fit templates are also used to separate the co-

herent and incoherent components of J/ production,
as described in Section VB. The measured distributions


