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¥Large AN for forward neutrons discovered in pAu collisions 

¥Can electromagnetic e!ects explain positive and large AN? 
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¥Do "*p interactions have large AN? 

¥MC simulations of "*p interactions 

3. MC simulation results 

¥UPCs vs. hadronic interactions 

¥MC simulations vs. the PHENIX measurements 
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1. Introduction and Physics motivations
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Single spin asymmetry AN for very forward neutrons in pp

AN in pp at the RHIC energies are well explained 
by an one-Reggeon exchange model with the 
interference between # (spin $ip) and a1 (non$ip).

Single spin asymmetry AN for very forward neutrons in pA
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Can AN in pA be successfully explained by the #-
a1 interference? or by other mechanisms? 
→ understand forward neutron production in pA
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Kopeliovich et al. 
PRD. 84.114012 (2011)



Proton 
100 GeV

Nucleus 
100 GeV

1.1 Transversely polarized pA collisions

ZDC

¥ZDC (Zero Degree Calorimeter): hadron calorimeter 
with a 10 x 10 cm2 area (%E/E ~ 20Ð30 %) 

¥SMD (Shower Max Detector): X-Y plastic scintillator 
hodoscope (%x, %y ~ 1 cm) 

¥Charge veto counter: plastic scintillator pad at front

ZDC 2nd

SMD1.7 λB & 51 XD
x 3 ZDCs

PHENIX forward neutron detectors
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18m from IP, 10 cm x 10 cm (E>6)

! ZDC (Zero Degree Calorimeter): 

Cherenkov sampling hadron 

calorimeter ( ΔE/E = 20~30%)

! SMD (Shower Max Detector): X -Y 

plastic strip scintillator hodoscopes

(Δx, Δy	~1 cm)

! Charge veto counter: plastic 

scintillator pad at front
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Run15 pAl/pAu collisions 
Dedicated run for AN measurements 
Average pol. ~ 0.5-0.6 
(syst. uncertainty ~ 3%)

18 m
BBC 
(3.0<&<3.9) (&>6.8)
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PHENIX
  

 ZDC inclusive 

1.2 Inclusive AN for forward neutrons

Prediction before the measurement: 
weak A-dependence 
(Reggeon exc. and/or nuclear e!ects) 

Surprisingly strong A-dependence 
→ whats mechanisms do produce  
      such strong A-dependence?  
→ hint: how does AN behave with  
      the other triggers?
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 ZDC inclusive 

BBC-tag $ ZDC

BBC-veto $ ZDC

1.3 BBC correlated AN for forward neutrons

BBC correlation ! "
#$%&' ( %)
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p
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Forward neutron inclusive
• Strong A-dependence

Particle HIT at lower rapidity - BBC hit
• EM process suppressed
• “Weaker” A-dependence

Particle VETO at lower rapidity - BBC veto
• EM process enhanced
• “Stronger” A-dependence

BBC correlation ! "
#$%&' ( %)
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A

p
BBC��ZDC��

BBC�� ZDC��n
A

p
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A

p
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BBC � ZDC �n
A

p
BBC �ZDC �

Forward neutron inclusive
• Strong A-dependence

Particle HIT at lower rapidity - BBC hit
• EM process suppressed
• “Weaker” A-dependence

Particle VETO at lower rapidity - BBC veto
• EM process enhanced
• “Stronger” A-dependenceParticle veto at lower rapidities: BBC-VETO

Particle hits at lower rapidities: BBC-TAG

→ much stronger A-dependence

→ weak A-dependence
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Forward neutron inclusive
• Strong A-dependence

Particle HIT at lower rapidity - BBC hit
• EM process suppressed
• “Weaker” A-dependence

Particle VETO at lower rapidity - BBC veto
• EM process enhanced
• “Stronger” A-dependenceParticle veto at lower rapidities: BBC VETO

Particle hits at lower rapidities: BBC HIT

→ much stronger A-dependence

→ weak A-dependence

Large AN when fewer underlying particles 
Small AN when ample underlying particles

Do not only hadronic interactions 
but also electromagnetic 
interactions play a crucial role in pA?
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UPCs (aka Primako! e!ects); 
- a collision of a proton with the EM 'eld made by a relativistic nucleus  
   when the impact parameter b is larger than RA+Rp  
- fewer underlying particles unlike in 
   hadronic interactions → smaller activity at BBC

2. Ultra-peripheral collisions (UPCs)

8
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GM, EPJ. C 75, 614 (2015)
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A. Formalism for ultraperipheral67

polarized-protonÐnucleus collisions68

The di! erential cross section for single neutron pro-
duction in p! A UPCs is given by

d! 4
UPC( p! A " ! + n )

dW db2d" n
=

d3N" "

dW db2

d! " " p! " ! + n (W )
d" n

Phad (b)

(1)

whereN" " is the number of the emitted photons,W is the69

" #p! center-of-mass energy,d" n = sin #n d#n d$n with70

the neutron scattering polar angle#n and azimuthal an-71

gle $n in the " #p! center-of-mass frame,! " " p! " ! + n (W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad (b) is the probability of having no hadronic in-75

teractions in p! A collisions at given b. We calculate76

d3N" " /dW db2 and d! " " p! " ! + n (W )/d " n in Sec. II B and77

Sec. II C, respectively.78

A Þnite probability for having no hadronic interactions79

Phad (b) is introduced in order to account for a smooth cut80

o! around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ! 5 fm and RAu ! 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e! ective radii of colliding particles, and86

Phad (b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di! erential cross section in Eq. (1) based on the91

" #p! center-of-mass frame to that in the detector refer-92

ence frame. The both frames are deÞned in Fig. 1.93

B. Simulation of the virtual photon ßux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons ßux emitted by the relativistic nu-97

cleus is simulated usingstarlight which follows the98

Weizs¬acker-Williams approximation [12, 13]. The double99

di! erential photon ßux due to the fast moving nucleus100

with velocity %is written as101

d3N" "

d&rest
" " db2 =

Z 2'
( 2

x2

&rest
" " b2

!
K 2

1 (x) +
1
" 2 K 2

0 (x)
"

, (2)

where &rest
" " is the photon energy,Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ' is the Þne103

structure constant, x = &rest
" " b/" (" =

#
1 " %2

$ 1/ 2
is the104

Lorentz factor), and K 0 and K 1 are the modiÞed Bessel105

functions. In the case of a relativistic nucleus (" # 1), we106

safely disregard the contribution of the term K 2
0 (x)/ " 2

107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy &rest
" " in the proton rest frame is properly trans-110

formed to the " #p! center-of-mass energyW .111

C. Simulation of the photonÐpolarized-proton112

interaction113

In this subsection, " #p! center-of-mass frame is refer-114

enced to. The kinematics of" #p! interaction is shown in115

the right panel of Fig. 1 and is deÞned as116

" # (k) + p! (p) $ ( + (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

kµ = ( &" " , k), pµ = ( &p, " k), (4)

qµ = ( &! , q), nµ = ( &n , " q),

where the " #p! center-of-mass energy is given byW =117

&" " + &p! .118

In the right panel of Fig. 1, we introduce the polar an-119

gle #! and azimuthal angle $! of q, with reference to a120

coordinate system with 3 axis alongk and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame{ 1, 2, 3} pro-123

vides the scattering plane. The frame{ x, y, z} is deÞned124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the xÐz reaction plane, andx axis is126

given by x = y %z.127

Single neutron and pion productions from the" #p! in-128

teraction are simulated following the di! erential cross129

sections predicted by themaid2007 model. The cross130

section of the " #p! $ ( + n interaction is formed as [14]131

d! " " p! " ! + n

d" !
=

|q|
&" "

(R00
T + Py R0y

T )

=
|q|
&" "

R00
T (1 + P2 cos$! T(#! )) ,

(5)

where R00
T and R0y

T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R 00

T and Py respectively are replaced with135

target asymmetry T(#! ) and P2 cos$! . We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d! " " p! " ! + n /d " n in Eq. (1) from138

d! " " p! " ! + n /d " ! in Eq. (5) with the relation #n = ( " #!139

and $n = ( " $! .140

The photon virtuality is limited by Q2 < (1/R A )2, thus141

Q2 < 2 %10$ 3 GeV2 in p! Al collisions (RAl ! 5 fm) and142

Q2 < 6 %10$ 4 GeV2 in p! Au collisions (RAu ! 7 fm). In143

the following simulations, we ÞxQ2 = 0 GeV 2 as default144

and take into account e! ects of nonzeroQ2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147

Does "*p→#+n 
lead to large AN?

"* $ux
/ Z2UPC cross section



2.1 Do !* p interactions have large AN?

9

T(( #) is decomposed into multipoles:

T (✓! ) !
R0y

T

R00
T

" Im{E⇤
0+ (E1+ # M1+ )

# 4 cos ✓! (E
⇤
1+ M1+ )...}

Interference between E0+ and M1+ leads to large T(( #) in the %(1232) region

%(1232)

M1+

Born

E0+

"*

p n

#
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A. Formalism for ultraperipheral67

polarized-proton–nucleus collisions68

The di↵erential cross section for single neutron pro-
duction in p

"
A UPCs is given by

d�

4
UPC( p! A!! + n )

dWdb

2
d⌦n

=
d

3
N" "

dWdb

2

d�" " p! !! + n (W )
d⌦n

Phad (b)

(1)

whereN" " is the number of the emitted photons,W is the69

�

⇤
p

" center-of-mass energy,d⌦n = sin ✓n d✓n d�n with70

the neutron scattering polar angle✓n and azimuthal an-71

gle �n in the �

⇤
p

" center-of-mass frame,�" " p! !! + n (W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad (b) is the probability of having no hadronic in-75

teractions in p

"
A collisions at given b. We calculate76

d

3
N" "

/dWdb

2 and d�" " p! !! + n (W )/d⌦n in Sec. II B and77

Sec. II C, respectively.78

A Þnite probability for having no hadronic interactions79

Phad (b) is introduced in order to account for a smooth cut80

o↵ around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ⇠ 5 fm and RAu ⇠ 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e↵ective radii of colliding particles, and86

Phad (b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di↵erential cross section in Eq. (1) based on the91

�

⇤
p

" center-of-mass frame to that in the detector refer-92

ence frame. The both frames are deÞned in Fig. 1.93

B. Simulation of the virtual photon flux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons ßux emitted by the relativistic nu-97

cleus is simulated usingstarlight which follows the98

Weizs¬acker-Williams approximation [12, 13]. The double99

di↵erential photon ßux due to the fast moving nucleus100

with velocity � is written as101

d

3
N" "

d!

rest
" " db

2 =
Z

2
↵

⇡

2

x

2

!

rest
" " b

2

!
K

2
1 (x) +

1
�

2 K
2
0 (x)

"
, (2)

where!

rest
" " is the photon energy,Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ↵ is the Þne103

structure constant, x = !

rest
" " b/� (� =

#
1� �

2
�1/ 2

is the104

Lorentz factor), and K0 and K1 are the modiÞed Bessel105

functions. In the case of a relativistic nucleus (� � 1), we106

safely disregard the contribution of the term K

2
0 (x)/�2

107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy !

rest
" " in the proton rest frame is properly trans-110

formed to the �

⇤
p

" center-of-mass energyW .111

C. Simulation of the photon–polarized-proton112

interaction113

In this subsection, �⇤
p

" center-of-mass frame is refer-114

enced to. The kinematics of�⇤
p

" interaction is shown in115

the right panel of Fig. 1 and is deÞned as116

�

⇤ (k) + p

" (p) ! ⇡

+ (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

k

µ = ( !" "
, k), p

µ = ( !p,�k), (4)

q

µ = ( !! , q), n

µ = ( !n ,�q),

where the �

⇤
p

" center-of-mass energy is given byW =117

!" " + !p! .118

In the right panel of Fig. 1, we introduce the polar an-119

gle ✓! and azimuthal angle �! of q, with reference to a120

coordinate system with 3 axis alongk and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame{ 1, 2, 3} pro-123

vides the scattering plane. The frame{x, y, z} is deÞned124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the xÐz reaction plane, andx axis is126

given by x = y ⇥ z.127

Single neutron and pion productions from the�⇤
p

" in-128

teraction are simulated following the di↵erential cross129

sections predicted by themaid2007 model. The cross130

section of the�⇤
p

" ! ⇡

+
n interaction is formed as [14]131

d�" " p! !! + n

d⌦!
=

|q|
!" "

(R00
T + PyR

0y
T )

=
|q|
!" "

R

00
T (1 + P2 cos�! T (✓! )) ,

(5)

where R

00
T and R

0y
T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R

00
T and Py respectively are replaced with135

target asymmetry T (✓! ) and P2 cos�! . We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d�" " p! !! + n /d⌦n in Eq. (1) from138

d�" " p! !! + n /d⌦! in Eq. (5) with the relation ✓n = ⇡�✓!139

and �n = ⇡ � �! .140

The photon virtuality is limited by Q

2
< (1/RA )2, thus141

Q

2
< 2⇥ 10�3 GeV2 in p

"Al collisions (RAl ⇠ 5 fm) and142

Q

2
< 6⇥ 10�4 GeV2 in p

"Au collisions (RAu ⇠ 7 fm). In143

the following simulations, we ÞxQ2 = 0 GeV 2 as default144

and take into account e↵ects of nonzeroQ2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147

Polarized "*p cross sections

Equivalent to AN

MC simulations of the polarized "*p interactions are 
developed for testing T(( #), i.e. AN in pA collisions.

(Drechsel and Tiator, 
J. phys. G 18, 449 (1992))



2.2 MC simulations for ! *p interactions
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FIG. 1. Left: coordinate axes in the detector reference frame. The ! ! p" center-of-mass frame { 1, 2, 3} , detailed in the right
panel, is added for reference. Right: kinematical variables and coordinate axes in the ! ! p" center-of-mass frame.

Both baryon resonance and non-resonance contribu-148

tions are taken into account for neutron and pion produc-149

tions in maid2007. The model contains all four-star res-150

onances with masses below 2 GeV and follows the Breit-151

Wigner forms for the resonance shape. Non-resonance152

background contribution contains the Born terms as de-153

tailed in Ref. [11].154

Due to the energy range guaranteed bymaid2007, the155

minimum and maximum W values in the UPC MC sim-156

ulation are set asWmin = 1 .1 GeV and Wmax = 2 .0 GeV,157

respectively. We will discuss cross section contribution158

from outside the above energy range in Sec. IV A.159

In Fig. 2, we show T(! ! ) of the " ! p" ! #+ n interac-160

tion as function of W . Thick and thin curves respectively161

correspond the rapidity of produced neutrons$ = 6 .8 and162

8.0 in the detector reference frame. Since the neutrons163

produced into negative z axis, namely, ! ! " 0, more164

likely have large positive rapidity in the detector refer-165

ence frame, the both thick and thin curves shift to the166

large ! ! region.167

III. METHODOLOGY OF SIMULATIONS IN168

HADRONIC INTERACTIONS169

Throughout this section, we use the detector reference170

frame deÞned in the left panel of Fig. 1.171

In this study, we e! ectively obtain the di! erential cross172

section of forward neutron production in p" A hadronic173

interactions as follows. First (Sec. III A), we calculate174

the cross section of inclusive neutrons inpp collisions,175

%pp# nX , using a simple one-pion exchange model. Note176

that this calculation is performed for unpolarized pro-177

tons. One-pion exchange model has well described for-178

W (GeV)
1.2 1.4 1.6 1.8 2

 (
ra

d.
)

!"
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0.4

0.6

0.8

=6.8$

=8.0$

FIG. 2. Target asymmetry T (" ! ) of the ! ! p" ! #+ n inter-
action as function of W . Thick and thin curves respectively
correspond the rapidity $ = 6 .8 and 8.0 of produced neutrons
in the detector reference frame.

ward neutron production in pp collisions at ISR [15] and179

RHIC [2] and in ep collisions at HERA [16].180

Second (Sec. III B), the cross section of thepA ! nX181

interaction, %pA # nX , can be calculated by%pp# nX and182

the Gribov-Glauber model [17, 18]. Here we avoid an183

implementation of multiple scattering of a projectile pro-184

ton with a nucleus, and instead we multiply the pp cross185

section %pp# nX with the inelastic cross section ratio186

%pA / %pp obtained from Ref. [19].187

" *
proton

!* p center-of-mass system
transversely polarized 
proton along 2-axis

neutron

Au beam 
("*)

proton beam
( #

#+

ZDC

#+

¥MC simulations based on the MAID2007 model (Drechsel et al. 
EPJ A 34, 69 (2007)) are performed for RT00 and T(( #). 

¥T(( #)~0.8 at %(1232), ~-0.5 at N(1680) → large AN!!

T
((#
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2.2 MC simulations for ! *p interactions
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FIG. 1. Left: coordinate axes in the detector reference frame. The ! ! p" center-of-mass frame { 1, 2, 3} , detailed in the right
panel, is added for reference. Right: kinematical variables and coordinate axes in the ! ! p" center-of-mass frame.

Both baryon resonance and non-resonance contribu-148

tions are taken into account for neutron and pion produc-149

tions in maid2007. The model contains all four-star res-150

onances with masses below 2 GeV and follows the Breit-151

Wigner forms for the resonance shape. Non-resonance152

background contribution contains the Born terms as de-153

tailed in Ref. [11].154

Due to the energy range guaranteed bymaid2007, the155

minimum and maximum W values in the UPC MC sim-156

ulation are set asWmin = 1 .1 GeV and Wmax = 2 .0 GeV,157

respectively. We will discuss cross section contribution158

from outside the above energy range in Sec. IV A.159

In Fig. 2, we show T(! ! ) of the " ! p" ! #+ n interac-160

tion as function of W . Thick and thin curves respectively161

correspond the rapidity of produced neutrons$ = 6 .8 and162

8.0 in the detector reference frame. Since the neutrons163

produced into negative z axis, namely, ! ! " 0, more164

likely have large positive rapidity in the detector refer-165

ence frame, the both thick and thin curves shift to the166

large ! ! region.167

III. METHODOLOGY OF SIMULATIONS IN168

HADRONIC INTERACTIONS169

Throughout this section, we use the detector reference170

frame deÞned in the left panel of Fig. 1.171

In this study, we e! ectively obtain the di! erential cross172

section of forward neutron production in p" A hadronic173

interactions as follows. First (Sec. III A), we calculate174

the cross section of inclusive neutrons inpp collisions,175

%pp# nX , using a simple one-pion exchange model. Note176

that this calculation is performed for unpolarized pro-177

tons. One-pion exchange model has well described for-178
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FIG. 2. Target asymmetry T (" ! ) of the ! ! p" ! #+ n inter-
action as function of W . Thick and thin curves respectively
correspond the rapidity $ = 6 .8 and 8.0 of produced neutrons
in the detector reference frame.

ward neutron production in pp collisions at ISR [15] and179

RHIC [2] and in ep collisions at HERA [16].180

Second (Sec. III B), the cross section of thepA ! nX181

interaction, %pA # nX , can be calculated by%pp# nX and182

the Gribov-Glauber model [17, 18]. Here we avoid an183

implementation of multiple scattering of a projectile pro-184

ton with a nucleus, and instead we multiply the pp cross185

section %pp# nX with the inelastic cross section ratio186

%pA / %pp obtained from Ref. [19].187
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¥Solid curves indicate the ZDC acceptance. 
¥T(( #) with the weight of "* $ux = AN

GM, arXiv:1702.03834

¥MC simulations based on the MAID2007 model (Drechsel et al. 
EPJ A 34, 69 (2007)) are performed for RT00 and T(( #). 

¥T(( #)~0.8 at %(1232), ~-0.5 at N(1680) → large AN!!
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¥Neutron cross section in pAu UPCs (          ) is comparable with 
hadronic interactions, while                                      in pAl. 

¥UPC-induced AN is positive and large in both pAl and pAu.

3.1 UPCs vs. hadronic interactions

12

Expected XF and ) distributions for forward neutrons in pAu

Negative and small AN in 
hadronic interactions

Positive and large AN in UPCs

/ Z2

(OPE is based on Kopeliovich 
 et al. arXiv:1702.07708)

GM, arXiv:1702.03834

�UPC ! �HAD " 0.1
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PHENIX

  

 ZDC inclusive 

BBC-tag ⊗ ZDC

BBC-veto ⊗ ZDC

veto at BBC (3.0<|&|<3.9) 
rejects hadronic contribution

UPC+hadron sim.

Only hadron sim. (small A-dep.)

3.2 MC sim. vs. the PHENIX measurements

13

¥PHENIX measurements are well explained by the sum of UPCs and 
hadronic interactions. 

¥BBC-veto can be reasonably understood by the enhanced UPC fraction.

The subtraction of UPCs (sys.~10%) 
from the PHENIX measurements 
enables discussions on  
¥nuclear e!ects 
¥Coulomb-Nuclear Interference

Only UPC sim.
PHENIX, arXiv:1703.10941 
GM, arXiv:1702.03834



4. Summary and Future prospects

14

¥Large AN for forward neutrons in polarized pAu collisions and its 
A-dependence are discovered by PHENIX. 

¥To compared with the PHENIX data, we developed the MC 
simulations involving UPCs and hadronic interactions in polarized 
pA collisions. 

¥UPCs has large AN and the cross section is proportional to Z2. 

¥Simulation results well explain the PHENIX inclusive measurements. 
→ Large AN in pAu collisions originates in UPCs. 

¥Future prospects: pT- and XF-dependent AN is under analysis 
- detailed understanding in UPCs→ reduction of UPC sys. errors. 
- UPC subtracted AN in pA enables (almost) model-independent  
  discussion on hadronic contribution to AN.
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UPC formalism
The UPC cross section is factorized as

photon $ux (N): quasi-real photons produced by a relativistic nucleus 
* "+p→+: inclusive cross sections of "+p interactions 
Phad: a probability not having a p+A hadronic interaction.

¥Phad is calculated by using a Glauber MC 
simulation. 

¥UPCs occur only if the impact parameter b is 
larger than the sum of radii Rp and RA. 

¥Phad(b) distribution is important not only for the 
cross section but also for the energy 
distribution.

��

������

������

������

������

������

������

�����	

�����


������

��

�� �� �
 ���� ���� ����

���
�������������������������������� ������

2

A. Formalism for ultraperipheral67

polarized-protonÐnucleus collisions68

The di! erential cross section for single neutron pro-
duction in p! A UPCs is given by

d! 4
UPC( p! A " ! + n )

dW db2d" n
=

d3N" "

dW db2

d! " " p! " ! + n (W )
d" n

Phad (b)

(1)

whereN" " is the number of the emitted photons,W is the69

" #p! center-of-mass energy,d" n = sin #n d#n d$n with70

the neutron scattering polar angle#n and azimuthal an-71

gle $n in the " #p! center-of-mass frame,! " " p! " ! + n (W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad (b) is the probability of having no hadronic in-75

teractions in p! A collisions at given b. We calculate76

d3N" " /dW db2 and d! " " p! " ! + n (W )/d " n in Sec. II B and77

Sec. II C, respectively.78

A Þnite probability for having no hadronic interactions79

Phad (b) is introduced in order to account for a smooth cut80

o! around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ! 5 fm and RAu ! 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e! ective radii of colliding particles, and86

Phad (b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di! erential cross section in Eq. (1) based on the91

" #p! center-of-mass frame to that in the detector refer-92

ence frame. The both frames are deÞned in Fig. 1.93

B. Simulation of the virtual photon ßux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons ßux emitted by the relativistic nu-97

cleus is simulated usingstarlight which follows the98

Weizs¬acker-Williams approximation [12, 13]. The double99

di! erential photon ßux due to the fast moving nucleus100

with velocity %is written as101

d3N" "

d&rest
" " db2 =

Z 2'
( 2

x2

&rest
" " b2

!
K 2

1 (x) +
1
" 2 K 2

0 (x)
"

, (2)

where &rest
" " is the photon energy,Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ' is the Þne103

structure constant, x = &rest
" " b/" (" =

#
1 " %2

$ 1/ 2
is the104

Lorentz factor), and K 0 and K 1 are the modiÞed Bessel105

functions. In the case of a relativistic nucleus (" # 1), we106

safely disregard the contribution of the term K 2
0 (x)/ " 2

107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy &rest
" " in the proton rest frame is properly trans-110

formed to the " #p! center-of-mass energyW .111

C. Simulation of the photonÐpolarized-proton112

interaction113

In this subsection, " #p! center-of-mass frame is refer-114

enced to. The kinematics of" #p! interaction is shown in115

the right panel of Fig. 1 and is deÞned as116

" # (k) + p! (p) $ ( + (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

kµ = ( &" " , k), pµ = ( &p, " k), (4)

qµ = ( &! , q), nµ = ( &n , " q),

where the " #p! center-of-mass energy is given byW =117

&" " + &p! .118

In the right panel of Fig. 1, we introduce the polar an-119

gle #! and azimuthal angle $! of q, with reference to a120

coordinate system with 3 axis alongk and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame{ 1, 2, 3} pro-123

vides the scattering plane. The frame{ x, y, z} is deÞned124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the xÐz reaction plane, andx axis is126

given by x = y %z.127

Single neutron and pion productions from the" #p! in-128

teraction are simulated following the di! erential cross129

sections predicted by themaid2007 model. The cross130

section of the " #p! $ ( + n interaction is formed as [14]131

d! " " p! " ! + n

d" !
=

|q|
&" "

(R00
T + Py R0y

T )

=
|q|
&" "

R00
T (1 + P2 cos$! T(#! )) ,

(5)

where R00
T and R0y

T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R 00

T and Py respectively are replaced with135

target asymmetry T(#! ) and P2 cos$! . We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d! " " p! " ! + n /d " n in Eq. (1) from138

d! " " p! " ! + n /d " ! in Eq. (5) with the relation #n = ( " #!139

and $n = ( " $! .140

The photon virtuality is limited by Q2 < (1/R A )2, thus141

Q2 < 2 %10$ 3 GeV2 in p! Al collisions (RAl ! 5 fm) and142

Q2 < 6 %10$ 4 GeV2 in p! Au collisions (RAu ! 7 fm). In143

the following simulations, we ÞxQ2 = 0 GeV 2 as default144

and take into account e! ects of nonzeroQ2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147

Phad
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A. Formalism for ultraperipheral67

polarized-protonÐnucleus collisions68

The di↵erential cross section for single neutron pro-
duction in p

"
A UPCs is given by

d�

4
UPC(p"A!⇡+n)

dWdb

2
d⌦n

=
d

3
N�⇤

dWdb

2

d��⇤p"!⇡+n(W )

d⌦n
Phad(b)

(1)

whereN�⇤ is the number of the emitted photons, W is the69

�

⇤
p

" center-of-mass energy, d⌦n = sin ✓n d✓n d�n with70

the neutron scattering polar angle ✓n and azimuthal an-71

gle �n in the �

⇤
p

" center-of-mass frame, ��⇤p"!⇡+n(W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad(b) is the probability of having no hadronic in-75

teractions in p

"
A collisions at given b. We calculate76

d

3
N�⇤

/dWdb

2 and d��⇤p"!⇡+n(W )/d⌦n in Sec. II B and77

Sec. II C, respectively.78

A finite probability for having no hadronic interactions79

Phad(b) is introduced in order to account for a smooth cut80

o↵ around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ! 5 fm and RAu ! 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e↵ective radii of colliding particles, and86

Phad(b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di↵erential cross section in Eq. (1) based on the91

�

⇤
p

" center-of-mass frame to that in the detector refer-92

ence frame. The both frames are defined in Fig. 1.93

B. Simulation of the virtual photon ßux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons flux emitted by the relativistic nu-97

cleus is simulated using starlight which follows the98

Weizsäcker-Williams approximation [12, 13]. The double99

di↵erential photon flux due to the fast moving nucleus100

with velocity � is written as101

d

3
N�⇤

d!

rest
�⇤ db

2
=

Z

2
↵

⇡

2

x

2

!

rest
�⇤ b

2

✓
K

2
1 (x) +

1

�

2
K

2
0 (x)

◆
, (2)

where !

rest
�⇤ is the photon energy, Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ↵ is the fine103

structure constant, x = !

rest
�⇤ b/� (� =

p
1 " �

2
�1/2

is the104

Lorentz factor), and K0 and K1 are the modified Bessel105

functions. In the case of a relativistic nucleus (� # 1), we106

safely disregard the contribution of the term K

2
0 (x)/�

2
107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy !

rest
�⇤ in the proton rest frame is properly trans-110

formed to the �

⇤
p

" center-of-mass energy W .111

C. Simulation of the photonÐpolarized-proton112

interaction113

In this subsection, �⇤
p

" center-of-mass frame is refer-114

enced to. The kinematics of �⇤
p

" interaction is shown in115

the right panel of Fig. 1 and is defined as116

�

⇤ (k) + p

" (p) $ ⇡

+ (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

k

µ = (!�⇤
, k), p

µ = (!p, " k), (4)

q

µ = (!⇡, q), n

µ = (!n, " q),

where the �

⇤
p

" center-of-mass energy is given by W =117

!�⇤ + !p" .118

In the right panel of Fig. 1, we introduce the polar an-119

gle ✓⇡ and azimuthal angle �⇡ of q, with reference to a120

coordinate system with 3 axis along k and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame {1, 2, 3} pro-123

vides the scattering plane. The frame {x, y, z} is defined124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the x–z reaction plane, and x axis is126

given by x = y %z.127

Single neutron and pion productions from the �⇤
p

" in-128

teraction are simulated following the di↵erential cross129

sections predicted by the maid2007 model. The cross130

section of the �

⇤
p

" $ ⇡

+
n interaction is formed as [14]131

d��⇤p"!⇡+n

d⌦⇡
=

|q|
!�⇤

(R00
T + PyR

0y
T )

=
|q|
!�⇤

R

00
T (1 + P2 cos�⇡T (✓⇡)),

(5)

where R

00
T and R

0y
T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R

00
T and Py respectively are replaced with135

target asymmetry T (✓⇡) and P2 cos�⇡. We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d��⇤p"!⇡+n/d⌦n in Eq. (1) from138

d��⇤p"!⇡+n/d⌦⇡ in Eq. (5) with the relation ✓n = ⇡ " ✓⇡139

and �n = ⇡ " �⇡.140

The photon virtuality is limited byQ

2
< (1/RA)2, thus141

Q

2
< 2 %10�3 GeV2 in p

"Al collisions (RAl ! 5 fm) and142

Q

2
< 6 %10�4 GeV2 in p

"Au collisions (RAu ! 7 fm). In143

the following simulations, we fix Q

2 = 0GeV2 as default144

and take into account e↵ects of nonzero Q

2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147
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A. Formalism for ultraperipheral67

polarized-protonÐnucleus collisions68

The di! erential cross section for single neutron pro-
duction in p! A UPCs is given by

d! 4
UPC( p! A " ! + n )

dW db2d" n
=

d3N" "

dW db2

d! " " p! " ! + n (W )
d" n

Phad (b)

(1)

whereN" " is the number of the emitted photons,W is the69

" #p! center-of-mass energy,d" n = sin #n d#n d$n with70

the neutron scattering polar angle#n and azimuthal an-71

gle $n in the " #p! center-of-mass frame,! " " p! " ! + n (W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad (b) is the probability of having no hadronic in-75

teractions in p! A collisions at given b. We calculate76

d3N" " /dW db2 and d! " " p! " ! + n (W )/d " n in Sec. II B and77

Sec. II C, respectively.78

A Þnite probability for having no hadronic interactions79

Phad (b) is introduced in order to account for a smooth cut80

o! around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ! 5 fm and RAu ! 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e! ective radii of colliding particles, and86

Phad (b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di! erential cross section in Eq. (1) based on the91

" #p! center-of-mass frame to that in the detector refer-92

ence frame. The both frames are deÞned in Fig. 1.93

B. Simulation of the virtual photon ßux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons ßux emitted by the relativistic nu-97

cleus is simulated usingstarlight which follows the98

Weizs¬acker-Williams approximation [12, 13]. The double99

di! erential photon ßux due to the fast moving nucleus100

with velocity %is written as101

d3N" "

d&rest
" " db2 =

Z 2'
( 2

x2

&rest
" " b2

!
K 2

1 (x) +
1
" 2 K 2

0 (x)
"

, (2)

where &rest
" " is the photon energy,Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ' is the Þne103

structure constant, x = &rest
" " b/" (" =

#
1 " %2

$ 1/ 2
is the104

Lorentz factor), and K 0 and K 1 are the modiÞed Bessel105

functions. In the case of a relativistic nucleus (" # 1), we106

safely disregard the contribution of the term K 2
0 (x)/ " 2

107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy &rest
" " in the proton rest frame is properly trans-110

formed to the " #p! center-of-mass energyW .111

C. Simulation of the photonÐpolarized-proton112

interaction113

In this subsection, " #p! center-of-mass frame is refer-114

enced to. The kinematics of" #p! interaction is shown in115

the right panel of Fig. 1 and is deÞned as116

" # (k) + p! (p) $ ( + (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

kµ = ( &" " , k), pµ = ( &p, " k), (4)

qµ = ( &! , q), nµ = ( &n , " q),

where the " #p! center-of-mass energy is given byW =117

&" " + &p! .118

In the right panel of Fig. 1, we introduce the polar an-119

gle #! and azimuthal angle $! of q, with reference to a120

coordinate system with 3 axis alongk and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame{1, 2, 3} pro-123

vides the scattering plane. The frame{x, y, z} is deÞned124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the xÐz reaction plane, andx axis is126

given by x = y %z.127

Single neutron and pion productions from the" #p! in-128

teraction are simulated following the di! erential cross129

sections predicted by themaid2007 model. The cross130

section of the " #p! $ ( + n interaction is formed as [14]131

d! " " p! " ! + n

d" !
=

|q|
&" "

(R00
T + Py R0y

T )

=
|q|
&" "

R00
T (1 + P2 cos$! T(#! )) ,

(5)

where R00
T and R0y

T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R 00

T and Py respectively are replaced with135

target asymmetry T(#! ) and P2 cos$! . We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d! " " p! " ! + n /d " n in Eq. (1) from138

d! " " p! " ! + n /d " ! in Eq. (5) with the relation #n = ( " #!139

and $n = ( " $! .140

The photon virtuality is limited by Q2 < (1/R A )2, thus141

Q2 < 2 %10$ 3 GeV2 in p! Al collisions (RAl ! 5 fm) and142

Q2 < 6 %10$ 4 GeV2 in p! Au collisions (RAu ! 7 fm). In143

the following simulations, we ÞxQ2 = 0 GeV 2 as default144

and take into account e! ects of nonzeroQ2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147

where

The number of virtual photons per energy and b is formulated by the Weizsacker-Williams 
approximation or QED (Phys. Rep 364 359 Ô02, NPA 442 739 Õ85, etcÉ):

¥From the virtual photon "ux, we see that 
low-energy photons dominate UPCs.

and - rest" is the virtual photon energy in the proton rest frame.

Q2 <
1

R2
Photon virtuality is limited by . So, Q2 < 10�3 GeV2

17

Proportional to Z2 

Note that the virtual photon $ux depends on the charge of photon source as Z2.
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UPC cross sections as a function of W 5
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FIG. 4. The di ! erential cross sections of UPCs as a function of
W . Thick black curve indicates the p! Au ! ! + n interaction
and thin blue curve indicates the p! Au ! ! + ! 0n interaction.

2. The di! erential cross sections as a function of z271

In the panel (a) of Fig. 5, we show the di! erential cross272

sections as a function ofz, namely, d! /dz , for UPCs273

(dashed red line) and hadronic interactions (solid black274

line). UPCs dominate in d! /dz at z > 0.6 as under-275

stood by the total cross sections in Table I, and have a276

sharp peak aroundz = 0 .95. This peak originates from277

the " ! p" ! ! + (1232) ! #+ n channel in UPCs. As278

found in the thick black curve in Fig. 4, a " ! p" center-279

of-mass energy of1.1 < W < 1.3 GeV, a photon energy280

ranging from 0.17 < $rest
! ! < 0.5 GeV in the proton rest281

frame, corresponds to the! + (1232)baryon-resonance re-282

gion that has a larger UPC cross section compared to283

higher energy regions due to the both ample photon ßux284

and large " ! p" ! ! + (1232) cross section. Thus, low285

momentum neutrons produced by a pronounced" ! p" in-286

teraction at 1.1 < W < 1.3 GeV and emitted into %n " #287

in the " ! p" center-of-mass frame are boosted to nearly288

the same velocity of the projectile proton in the detec-289

tor reference frame. These neutrons lead to the forward290

neutrons sharply distributed around z = 0 .95. Similarly,291

the neutrons emitted into %n " 0 at 1.1 < W < 1.3 GeV292

in the " ! p" center-of-mass frame cause the second peak293

round z = 0 .65.294

3. The di! erential cross sections as a function of !295

In the panel (b) of Fig. 5, we compare the di! erential296

cross section as a function of" , namely, d! /d " between297

UPCs (dashed red line) and hadronic interactions (solid298

black line). We Þnd that d! /d " of UPCs has substantial299

positive asymmetry compared with the negative asym-300

metry of hadronic interactions due to ApA
N = # 0.05.301

The UPC-induced asymmetry can be understood as302

follows. Replacing &" with " in Eq. (5), the " -303

dependence of the UPC di! erential cross section is ap-304

proximated as305

d! UPC

d"
$ 1 + P2 cos" %T(%" )&, (11)

where %T(%" )&is an average ofT(%" ) over %" but the ra-306

pidity and z limits, ' < 6.8 and z > 0.4, are applied.307

As we Þnd in thed! UPC (p" Au ) /dW distribution in Fig. 4,308

forward neutrons in UPCs are mainly produced by the309

! + (1232) ! #+ n decay at 1.1 < W < 1.3 GeV where310

%T(%" )& is " 0.7 as shown in Fig. 3. Conversely, res-311

onances at1.5 < W < 1.8 GeV have negative %T(%" )&312

below %" " 0.5. Thus the d! /d " distribution integrat-313

ing over W su! ers from the both positive and negative314

%T(%" )&and then totally gives ApA
N = 0 .3.315

4. Model uncertainties316

Finally, we discuss the following three uncertainties in317

the present UPC cross sections: (1) contribution from318

outside 1.1 < W < 2.0 GeV, (2) contribution from the319

two-pion production process, and (3) e! ects of nonzero320

Q2.321

(1) We Þrst compare the UPC cross sections in the322

following three energy ranges: W < 1.1 GeV, 1.1 <323

W < 2.0 GeV, and W > 2.0 GeV. For the calculation324

of UPC cross sections, we use the framework in Ref. [8]325

instead of the framework developed in this paper, since326

maid2007 provides the " ! p" di! erential cross sections327

only at 1.1 < W < 2.0 GeV. In the framework in Ref. [8],328

the target proton polarization is not taken into account,329

however the cross sections integrated over polar and az-330

imuthal angles are independent of the target polarization.331

Unlike the framework developed in this paper, the total332

" ! p" cross section! ! ! p" # " + n (W ) for this comparison is333

taken from the compilation of present experimental re-334

sults [22] at W < 7 GeV and from the best COMPETE335

Þt results [22] at W > 7 GeV. The UPC cross sections336

in each energy range are summarized in Table. II. Note337

that the rapidity and z limits, ' > 6.9 and z > 0.4,338

are applied to the these cross sections. According to Ta-339

ble II, we Þnd that the cross sections atW < 1.1 GeV340

and W > 2.0 GeV are 2.1 % and 6.6 % of the cross section341

at 1.1 < W < 2.0 GeV, respectively.342

(2) The contribution of the two-pion production343

" ! p" ! #+ #0n appears above the threshold energy344

W ' 1.25 GeV. The UPC cross section in Table II is345

calculated using the2-pion maid model [24], where the346

' and z limits are not applied to neutrons. Comparing347

UPCs leading to two-pion production, 6.2 mb present in348

Table II, with those leading to single pion production,349

41.7 mb present in Table I, the former amounts to 14 %350

to the latter cross section. According to the discussions351

in (1) and (2), we Þnd that UPCs at 1.1 < W < 2.0 GeV352

leading to single neutron production dominantly con-353

tribute to the single spin asymmetry for neutrons.354

6

TABLE I. Cross sections for neutron production in ultra-
peripheral collisions and hadronic interactions at

!
sNN =

200 GeV. Cross sections in parentheses are calculated without
! and z limits.

UPCs Hadronic interactions
p! Al p! Au p! Al p! Au

0.7 mb (2.2 mb) 19.6 mb (41.7 mb) 8.3 mb 19.2 mb

TABLE II. Cross sections in ultraperipheral pAu collisions at!
sNN = 200 GeV.

pAu " nX (! > 6.9 and z > 0.4) p! Au " " + " 0n
< 1.1 GeV 1.1Ð2.0 GeV > 2.0 GeV 1.25Ð2.0 GeV

0.6 mb 27.4 mb 1.8 mb 6.2 mb

that the rapidity and z limits, ! > 6.9 and z > 0.4,344

are applied to the these cross sections. According to Ta-345

ble II, we Þnd that the cross sections atW < 1.1 GeV346

and W > 2.0 GeV are 2.1 % and 6.6 % of the cross section347

at 1.1 < W < 2.0 GeV, respectively.348

(2) The contribution of the two-pion production349

" ! p" ! #+ #0n appears above the threshold energy350

W " 1.25 GeV. The UPC cross section in Table II is351

calculated using the2-pion maid model [24], where the352

! and z limits are not applied to neutrons. Comparing353

UPCs leading to two-pion production, 6.2 mb present in354

Table II, with those leading to single pion production,355

41.7 mb present in Table I, the former amounts to 14 %356

to the latter cross section. According to the discussions357

in (1) and (2), we Þnd that UPCs at 1.1 < W < 2.0 GeV358

leading to single neutron and pion production dominantly359

contribute to the single spin asymmetry for neutrons.360

(3) E! ects of nonzeroQ2 to single spin asymmetry in361

UPCs are tested by comparing the total cross sections362

and d$/d " distributions between Q2 = 0 and Q2 #= 0.363

For the nonzero Q2 values, we useQ2 = 6 $ 10# 4 GeV2
364

in p" Au collisions and Q2 = 2 $ 10# 3 GeV2 in p" Al colli-365

sions. In both collisions, the cross section for forward366

neutron production at Q2 #= 0 is at most 2 % larger367

than those at Q2 = 0. Since d$/d " is proportional to368

1 + P2 cos" T(%! ) and T(%! ) is a function of Q2, the369

d$/d " distribution is modiÞed by Q2 depending on cos" .370

Accordingly, AUPC( pAu)
N , obtained from %T(%! )&averaged371

over W and %! , at Q2 = 1 $ 10# 3 GeV2 is ' 10 % smaller372

than that at Q2 = 0.373

The model uncertainties discussed in this subsection374

are summarized in Table III.375

B. Simulation results in p! Al collisions at376 !
s = 200 GeV377

Total cross sections for UPCs and hadronic interac-378

tions in p" Al collisions are summarized in Table I. The379

UPC cross section is$UPC( p! Al) = 0 .7 mb which is ' 10 %380

TABLE III. Summary of uncertainties in the UPC MC simu-
lation.

(1) Energy range #< 1.1 GeV / #1.1" 2.0 GeV 2.1 %
#> 2.0 GeV / #1.1" 2.0 GeV 6.6 %

(2) Two-pion production #p! Au # ! + ! 0 n / #p! Au # ! + n 14 %
(3) Q2 range #Q 2 $=0 / #Q 2 =0 < 2 %

AQ 2 $=0
N /A Q 2 =0

N # 10 %

of $HAD( p! Al) = 8 .3 mb, where UPCs in p" Al collisions381

are highly suppressed compared with those inp" Au col-382

lisions due to ( Z 2.383

In the panel (c) of Fig. 4, we showd$/dz for UPCs384

(dashed red line) and hadronic interactions (solid black385

line). We Þnd UPCs leading to sub-dominant contribu-386

tion to the d$/dz distribution at z < 0.95.387

Finally, in the panel (d) of Fig. 4, we compare d$/d "388

between UPCs (dashed red line) and hadronic interac-389

tions (solid black line). Although the UPC cross section390

is at most 10 % of hadronic interactions, the large positive391

asymmetry of UPCs eventually compensates the negative392

small asymmetry of hadronic interactions.393

V. DISCUSSIONS394

We compare the simulation results with the observed395

AN values in p" Al and p" Au collisions at
)

sNN =396

200 GeV. Figure 5 showsAN as a function of the atomic397

number Z in p" p, p" Al and p" Au collisions.398

Filled black circles indicate the AN values inclusively399

measured by the PHENIX zero-degree calorimeter [1],400

where the neutron rapidity and z ranges are limited by401

6.8 < ! < 8.8 and z > 0.4, respectively. These val-402

ues can be compared with open red circles indicating the403

sum of UPCs and hadronic interactions MC simulations,404

denoted AUPC+HAD
N . These are obtained by405

d$UPC

d"
+

d$HAD

d"
( 1 + cos" AUPC+HAD

N . (12)

For the MC simulation results, the neutron rapidity406

and z region limits, 6.8 < ! < 8.8 and z > 0.4,407

are also taken into account to be consistent with the408

PHENIX measurements. In p" Al collisions, we ob-409

tain AUPC+HAD
N = * 0.02 which is consistent with the410

PHENIX result AN = * 0.015 ± 0.005. In p" Au colli-411

sions, we haveAUPC+HAD
N = 0 .15 that can be under-412

stood by dominance of UPCs, having large positiveAN ,413

in the inclusively measuredAN value that are evident in414

Fig. 4 and Table I. Note that a model uncertainty in415

AUPC+HAD
N , estimated by taking account of nonzeroQ2

416

discussed in Sec. IV A 4, amounts 10 %.417

Filled black squares are theAN values measured by418

the PHENIX zero-degree calorimeter requiring a veto on419

the beam-beam counters (BBCs) covering 3.0 < |! | <420

3.9 [25]. Since a nucleus in UPCs coherently scatters with421

a proton and thus does not generate underlying particles,422
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TABLE I. Cross sections for neutron production in ultra-
peripheral collisions and hadronic interactions at

!
sNN =

200 GeV. Cross sections in parentheses are calculated without
! and z limits.

UPCs Hadronic interactions
p! Al p! Au p! Al p! Au

0.7 mb (2.2 mb) 19.6 mb (41.7 mb) 8.3 mb 19.2 mb

TABLE II. Cross sections in ultraperipheral pAu collisions at!
sNN = 200 GeV.

pAu " nX (! > 6.9 and z > 0.4) p! Au " " + " 0n
< 1.1 GeV 1.1Ð2.0 GeV > 2.0 GeV 1.25Ð2.0 GeV

0.6 mb 27.4 mb 1.8 mb 6.2 mb

that the rapidity and z limits, ! > 6.9 and z > 0.4,344

are applied to the these cross sections. According to Ta-345

ble II, we Þnd that the cross sections atW < 1.1 GeV346

and W > 2.0 GeV are 2.1 % and 6.6 % of the cross section347

at 1.1 < W < 2.0 GeV, respectively.348

(2) The contribution of the two-pion production349

" ! p" ! #+ #0n appears above the threshold energy350

W " 1.25 GeV. The UPC cross section in Table II is351

calculated using the2-pion maid model [24], where the352

! and z limits are not applied to neutrons. Comparing353

UPCs leading to two-pion production, 6.2 mb present in354

Table II, with those leading to single pion production,355

41.7 mb present in Table I, the former amounts to 14 %356

to the latter cross section. According to the discussions357

in (1) and (2), we Þnd that UPCs at 1.1 < W < 2.0 GeV358

leading to single neutron and pion production dominantly359

contribute to the single spin asymmetry for neutrons.360

(3) E! ects of nonzeroQ2 to single spin asymmetry in361

UPCs are tested by comparing the total cross sections362

and d$/d " distributions between Q2 = 0 and Q2 #= 0.363

For the nonzero Q2 values, we useQ2 = 6 $ 10# 4 GeV2
364

in p" Au collisions and Q2 = 2 $ 10# 3 GeV2 in p" Al colli-365

sions. In both collisions, the cross section for forward366

neutron production at Q2 #= 0 is at most 2 % larger367

than those at Q2 = 0. Since d$/d " is proportional to368

1 + P2 cos" T(%! ) and T(%! ) is a function of Q2, the369

d$/d " distribution is modiÞed by Q2 depending on cos" .370

Accordingly, AUPC( pAu)
N , obtained from %T(%! )&averaged371

over W and %! , at Q2 = 1 $ 10# 3 GeV2 is ' 10 % smaller372

than that at Q2 = 0.373

The model uncertainties discussed in this subsection374

are summarized in Table III.375

B. Simulation results in p! Al collisions at376 !
s = 200 GeV377

Total cross sections for UPCs and hadronic interac-378

tions in p" Al collisions are summarized in Table I. The379

UPC cross section is$UPC( p! Al) = 0 .7 mb which is ' 10 %380

TABLE III. Summary of uncertainties in the UPC MC simu-
lation.

(1) Energy range #< 1.1 GeV / #1.1" 2.0 GeV 2.1 %
#> 2.0 GeV / #1.1" 2.0 GeV 6.6 %

(2) Two-pion production #p! Au # ! + ! 0 n / #p! Au # ! + n 14 %
(3) Q2 range #Q 2 $=0 / #Q 2 =0 < 2 %

AQ 2 $=0
N /A Q 2 =0

N # 10 %

of $HAD( p! Al) = 8 .3 mb, where UPCs in p" Al collisions381

are highly suppressed compared with those inp" Au col-382

lisions due to ( Z 2.383

In the panel (c) of Fig. 4, we showd$/dz for UPCs384

(dashed red line) and hadronic interactions (solid black385

line). We Þnd UPCs leading to sub-dominant contribu-386

tion to the d$/dz distribution at z < 0.95.387

Finally, in the panel (d) of Fig. 4, we compare d$/d "388

between UPCs (dashed red line) and hadronic interac-389

tions (solid black line). Although the UPC cross section390

is at most 10 % of hadronic interactions, the large positive391

asymmetry of UPCs eventually compensates the negative392

small asymmetry of hadronic interactions.393

V. DISCUSSIONS394

We compare the simulation results with the observed395

AN values in p" Al and p" Au collisions at
)

sNN =396

200 GeV. Figure 5 showsAN as a function of the atomic397

number Z in p" p, p" Al and p" Au collisions.398

Filled black circles indicate the AN values inclusively399

measured by the PHENIX zero-degree calorimeter [1],400

where the neutron rapidity and z ranges are limited by401

6.8 < ! < 8.8 and z > 0.4, respectively. These val-402

ues can be compared with open red circles indicating the403

sum of UPCs and hadronic interactions MC simulations,404

denoted AUPC+HAD
N . These are obtained by405

d$UPC

d"
+

d$HAD

d"
( 1 + cos" AUPC+HAD

N . (12)

For the MC simulation results, the neutron rapidity406

and z region limits, 6.8 < ! < 8.8 and z > 0.4,407

are also taken into account to be consistent with the408

PHENIX measurements. In p" Al collisions, we ob-409

tain AUPC+HAD
N = * 0.02 which is consistent with the410

PHENIX result AN = * 0.015 ± 0.005. In p" Au colli-411

sions, we haveAUPC+HAD
N = 0 .15 that can be under-412

stood by dominance of UPCs, having large positiveAN ,413

in the inclusively measuredAN value that are evident in414

Fig. 4 and Table I. Note that a model uncertainty in415

AUPC+HAD
N , estimated by taking account of nonzeroQ2

416

discussed in Sec. IV A 4, amounts 10 %.417

Filled black squares are theAN values measured by418

the PHENIX zero-degree calorimeter requiring a veto on419

the beam-beam counters (BBCs) covering 3.0 < |! | <420

3.9 [25]. Since a nucleus in UPCs coherently scatters with421

a proton and thus does not generate underlying particles,422

¥2# channels are anyway subdominant 
in UPCs. 

¥Table I and II show the total cross 
sections in UPCs and hadronic 
interactions.
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A. Formalism for ultraperipheral67

polarized-protonÐnucleus collisions68

The di! erential cross section for single neutron pro-
duction in p! A UPCs is given by

d! 4
UPC( p! A " ! + n )

dW db2d" n
=

d3N" "

dW db2

d! " " p! " ! + n (W )
d" n

Phad (b)

(1)

whereN" " is the number of the emitted photons,W is the69

" #p! center-of-mass energy,d" n = sin #n d#n d$n with70

the neutron scattering polar angle#n and azimuthal an-71

gle $n in the " #p! center-of-mass frame,! " " p! " ! + n (W )72

is the total cross section for a single photon interac-73

tion with a proton leading to single neutron production,74

and Phad (b) is the probability of having no hadronic in-75

teractions in p! A collisions at given b. We calculate76

d3N" " /dW db2 and d! " " p! " ! + n (W )/d " n in Sec. II B and77

Sec. II C, respectively.78

A Þnite probability for having no hadronic interactions79

Phad (b) is introduced in order to account for a smooth cut80

o! around the impact parameter b = Rp + RA [9]. Rp81

and RA (RAl ! 5 fm and RAu ! 7 fm) are the radius of82

the proton and nucleus, respectively. The range of the83

impact parameter considered in the simulation extends84

from bmin = 4 fm to bmax = 105 fm. bmin is well below85

the sum of the e! ective radii of colliding particles, and86

Phad (b) rapidly approaches zero below these nuclear radii.87

For comparisons with the simulation results of88

hadronic interactions in Sec. IV and the experimental re-89

sults from PHENIX in Sec. V, we will numerically trans-90

form the di! erential cross section in Eq. (1) based on the91

" #p! center-of-mass frame to that in the detector refer-92

ence frame. The both frames are deÞned in Fig. 1.93

B. Simulation of the virtual photon ßux94

Discussion in this subsection is based on the proton rest95

frame for the sake of simplicity unless otherwise noted.96

The virtual photons ßux emitted by the relativistic nu-97

cleus is simulated usingstarlight which follows the98

Weizs¬acker-Williams approximation [12, 13]. The double99

di! erential photon ßux due to the fast moving nucleus100

with velocity %is written as101

d3N" "

d&rest
" " db2 =

Z 2'
( 2

x2

&rest
" " b2

!
K 2

1 (x) +
1
" 2 K 2

0 (x)
"

, (2)

where &rest
" " is the photon energy,Z is the electric charge102

(Z = 13 and 79 for Al and Au, respectively), ' is the Þne103

structure constant, x = &rest
" " b/" (" =

#
1 " %2

$ 1/ 2
is the104

Lorentz factor), and K 0 and K 1 are the modiÞed Bessel105

functions. In the case of a relativistic nucleus (" # 1), we106

safely disregard the contribution of the term K 2
0 (x)/ " 2

107

in Eq. (2).108

In order to substitute Eq. (2) for Eq. (1), the photon109

energy &rest
" " in the proton rest frame is properly trans-110

formed to the " #p! center-of-mass energyW .111

C. Simulation of the photonÐpolarized-proton112

interaction113

In this subsection, " #p! center-of-mass frame is refer-114

enced to. The kinematics of" #p! interaction is shown in115

the right panel of Fig. 1 and is deÞned as116

" # (k) + p! (p) $ ( + (q) + n (n), (3)

where the variables in brackets indicate the four-
momenta of each particle. We use the following notations
for these four-momenta,

kµ = ( &" " , k), pµ = ( &p, " k), (4)

qµ = ( &! , q), nµ = ( &n , " q),

where the " #p! center-of-mass energy is given byW =117

&" " + &p! .118

In the right panel of Fig. 1, we introduce the polar an-119

gle #! and azimuthal angle $! of q, with reference to a120

coordinate system with 3 axis alongk and 1 and 2 axes121

such that k lies in the 13 plane. The proton is trans-122

versely polarized along 2 axis. The frame{ 1, 2, 3} pro-123

vides the scattering plane. The frame{ x, y, z} is deÞned124

such that z axis is directed into the direction of k, y axis125

is perpendicular to the xÐz reaction plane, andx axis is126

given by x = y %z.127

Single neutron and pion productions from the" #p! in-128

teraction are simulated following the di! erential cross129

sections predicted by themaid2007 model. The cross130

section of the " #p! $ ( + n interaction is formed as [14]131

d! " " p! " ! + n

d" !
=

|q|
&" "

(R00
T + Py R0y

T )

=
|q|
&" "

R00
T (1 + P2 cos$! T(#! )) ,

(5)

where R00
T and R0y

T are the response functions for pion132

photoproduction, and Py and P2 are the proton polar-133

ization along y and 2 axes, respectively. In the third134

equation, R0y
T /R 00

T and Py respectively are replaced with135

target asymmetry T(#! ) and P2 cos$! . We assume136

P2 = 1 and P1 = 0 in this study. Note that we137

can numerically obtain d! " " p! " ! + n /d " n in Eq. (1) from138

d! " " p! " ! + n /d " ! in Eq. (5) with the relation #n = ( " #!139

and $n = ( " $! .140

The photon virtuality is limited by Q2 < (1/R A )2, thus141

Q2 < 2 %10$ 3 GeV2 in p! Al collisions (RAl ! 5 fm) and142

Q2 < 6 %10$ 4 GeV2 in p! Au collisions (RAu ! 7 fm). In143

the following simulations, we ÞxQ2 = 0 GeV 2 as default144

and take into account e! ects of nonzeroQ2 as a model145

uncertainty. The virtual photons are assumed to be fully146

unpolarized in this study.147



Target asymmetry as a function of W

MAID 2007

W (GeV)
1.2 1.4 1.6 1.8 2

 (
ra

d.
)

πθ

0

1

2

3

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

=6.8η

=8.0η

W (GeV)
1.2 1.4 1.6 1.8 2

 (
ra

d.
)

!"

0

1

2

3

0.8#

0.6#

0.4#

0.2#

0

0.2

0.4

0.6

0.8

=6.8$

=8.0$

Osaka-Argonne
z axis: T(( )

20



Hadronic interactions (one-# exchange)

4

For the ! -dependence of the di" erential cross section,188

we multiply d! pA ! nX /d # n with 1+cos ! AHAD( pA)
N in or-189

der to e" ectively take into account the single spin asym-190

metry AHAD( pA)
N (Sec. III B).191

A. Simulation of the protonÐproton interaction192

The di" erential cross section for inclusive neutrons in193

pp collisions at the center-of-mass energy
!

s as a func-194

tion of z and pT is formed in terms of the pion-exchange195

model [20] as196

z
d! pp! nX

dzdp2
T

= S2
!

" "
!

8

" 2

|t|G2
! + pn (t)|#! (t)|2

" (1 # z)1# 2" ! ( t ) ! tot
! + + p(M 2

X ),

(6)

where S2 is the rapidity gap survival factor, " ! =197

" "
! (t # m2

! ) is the pion trajectory with the slope " "
!198

and the pion massm! , t is the four-momentum transfer199

squared, G! + pn (t) is the e" ective vertex function, #! (t)200

is the phase factor [20], and! tot
! + p(M 2

X ) is the total cross201

section of the $+ p $ X interactions at the $+ p center-202

of-mass energyM 2
X = (1 # z)s. The e" ective vertex203

function is parametrized as G! + pn (t) = g! + pn eR 2
! t us-204

ing the pionÐnucleon couplingg! + pn and the t-slope pa-205

rameter R2
! . In this study, we Þx " "

! = 1 .0 GeV# 2 and206

g2
! + pn / 8$ = 13.75 which are consistent with the results207

at HERA [16, 21], and follow the best COMPETE Þt208

results [22] for ! tot
! + p(M 2

X ). Since the parametersS2 and209

R2
! have been poorly determined to date, we useS2 = 0 .2210

and R2
! = 0 .3 GeV# 2 that derive the best agreement with211

the forward neutron d! p! p! nX /dz distribution measured212

at the PHENIX experiment [2]. These best-Þt values are213

compatible with other experimental results [23].214

B. Single spin asymmetry in215

polarized-protonÐnucleus collisions216

As introduced in the third paragraph of Sec. III, we217

avoid an implementation of multiple scattering of a pro-218

jectile proton with a nucleus. On the other hand, we219

e" ectively obtain the pA cross sections! pA ! nX by mul-220

tiplying ! pp! nX in Eq. (6) with the inelastic cross sec-221

tion ratio ! pA / ! pp = A0.42 that is calculated in Ref. [19].222

Thus we obtain223

z
d! pA ! nX

dzdp2
T

= z
d! pp! nX

dzdp2
T

A0.42. (7)

Single spin asymmetry for forward neutrons in224

polarized-protonÐproton (p$p) interaction can be orig-225

inated in the interference of pion (spin-ßip) and a1-226

Reggeon (nonßip) exchanges [4] that well reproduces the227

result from the PHENIX experiment: App
N = # 0.08 ±228

0.02 [2]. Preliminary results in Ref. [5] based on the same229

approach as Ref. [4] state that single spin asymmetry for230

forward neutrons in hadronic p$A collisions is also de-231

scribed by the pionÐa1-Reggeon interference followed by232

a nuclear breakup. We omit in this paper to implement233

the pionÐa1 interference in the simulation. Alternatively,234

we multiply the pA di " erential cross section in Eq. (7) by235

1 + cos! AHAD( pA)
N , where we takeAHAD( pAu)

N = # 0.05236

and AHAD( pAl)
N = # 0.05 from Ref. [5].237

Finally, we obtain using Eq. (7),238

z
d! p! A ! nX

dzdp2
T

= z
d! pA ! nX

dzdp2
T

(1 + cos ! AHAD( pA)
N )

= z
d! pp! nX

dzdp2
T

A0.42(1 + cos ! AHAD( pA)
N ).

(8)

IV. RESULTS239

A. Simulation results in p"Au collisions at240 p
sNN = 200 GeV241

1. The total cross sections242

First, we calculate the total cross section of the243

p$Au $ nX interaction at
!

sNN = 200 GeV and com-244

pare it between UPCs and hadronic interactions. The245

total cross section for UPCs is calculated by integrating246

Eq. (1) over W , b, and # n :247

! UPC( p! Au ! ! + n ) =
#

! n

# bmin

bmin

# W max

W min

d! 4
UPC( p! Au ! ! + n )

dW db2d# n

" Phad (b)2$b dW db d# n ,
(9)

where we require a single neutron scattered into the ra-248

pidity region y > 6.9 and the longitudinal momentum249

fraction region z > 0.4. The rapidity limit corresponds250

to the acceptance of a zero-degree calorimeter at RHIC251

and the z limit is introduced to remove the contribu-252

tion of low-energy forward neutrons. These cuts are253

consistent with the RHIC measurements [2]. As ad-254

dressed in Sec. II A, we Þxbmin = 4 fm, bmax = 105 fm,255

Wmin = 1 .1 GeV, and Wmax = 2 .0 GeV. We then obtain256

! UPC( p! Au ! ! + n ) = 19.6 mb.257

For the discussions in Sec. IV A 2 and IV A 4, here258

we show the di" erential UPC cross sections at
!

sNN =259

200 GeV as a function of W in Fig. 3. The260

d! UPC( p! Au) /dW values are calculated by integrating261

Eq. (1) over b and # n . For simplicity, no kinematical262

limit is applied to such integration. Thick black curve in-263

dicates the p$Au $ $+ n interaction and thin blue curve264

indicates the two-pion production %%p$ $ $+ $0n.265

The total cross section for hadronic interaction is cal-266
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Thus we obtain223
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N = # 0.08 ±228
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approach as Ref. [4] state that single spin asymmetry for230

forward neutrons in hadronic p"A collisions is also de-231
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the pion–a1 interference in the simulation. Alternatively,234

we multiply the pA di↵erential cross section in Eq. (7) by235

1 + cos�AHAD(pA)
N , where we take AHAD(pAu)

N = # 0.05236

and AHAD(pAl)
N = # 0.05 from Ref. [5].237

Finally, we obtain using Eq. (7),238

z
d! p"A!nX

dzdp2T
= z

d! pA!nX

dzdp2T
(1 + cos�AHAD(pA)

N )

= z
d! pp!nX

dzdp2T
A0.42(1 + cos�AHAD(pA)

N ).

(8)

IV. RESULTS239

A. Simulation results in p! Au collisions at240 !
sNN = 200 GeV241

1. The total cross sections242

First, we calculate the total cross section of the243

p"Au $ nX interaction at
!

sNN = 200GeV and com-244

pare it between UPCs and hadronic interactions. The245

total cross section for UPCs is calculated by integrating246

Eq. (1) over W , b, and ⌦n:247

! UPC(p"Au!! + n) =

#

! n

# bmin

bmin

# Wmax

Wmin

d! 4
UPC(p"Au!! + n)

dW db2d⌦n

" Phad(b)2$b dW db d⌦n,
(9)

where we require a single neutron scattered into the ra-248

pidity region y > 6.9 and the longitudinal momentum249

fraction region z > 0.4. The rapidity limit corresponds250

to the acceptance of a zero-degree calorimeter at RHIC251
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consistent with the RHIC measurements [2]. As ad-254

dressed in Sec. II A, we fix bmin = 4 fm, bmax = 105 fm,255

Wmin = 1.1GeV, and Wmax = 2.0GeV. We then obtain256

! UPC(p"Au!! + n) = 19.6mb.257

For the discussions in Sec. IVA2 and IVA4, here258

we show the di↵erential UPC cross sections at
!

sNN =259

200GeV as a function of W in Fig. 3. The260
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from ⇡-ã1 interference has the form [14],

A(! ! ã1 )
N (qT , z) = qT

4mN qL

|t|3/ 2
(1 ! z)" ! (t )! " ÷a 1 (t ) (12)

"
Im ⌘"

! (t) ⌘ã1 (t)

|⌘! (t)|2

!
d�! p# ã1 p(M2

X )/dt|t=0

d�! p# ! p(M2
X )/dt|t=0

" 1/ 2 gã+
1 pn

g! + pn
.

The trajectory of the ⇡⇢ Regge cut and the phase factor
⌘ã1 (t) are known from Regge phenomenology. The ã1NN
coupling was evaluated in [14], based on PCAC and the
second Weinberg sum rule, where the spectral functions
of the vector and axial currents are represented by the ⇢
and the e! ective ã1 poles respectively. This leads to the
following relations between the couplings,

gã1 NN

g! NN
=

m2
ã1

f!

2mN f#
#

1

2
, (13)

where f! = 0.93m! is the pion decay coupling; f# =$
2m2

#/�#, and �# is the universal coupling, �2
#/4⇡ = 2.4.

The parameter-free calculations of AN in pp % nX
[14] agree well with the PHENIX data [15, 16].

B. A N in polarized pA ! nX

The single-spin asymmetry on a nuclear target due to
⇡-ã1 interference can be calculated with a modified equa-
tion (12), in which one should replace

d�! p# ã1 p(M2
X )/dt|t=0

d�! p# ! p(M2
X )/dt|t=0

&
d�! A # ã1 A (M2

X )/dt|t=0

d�! A # ! A (M2
X )/dt|t=0

(14)

This replacement leads to the single-spin asymmetry,
which can be presented in the form,

ApA # nX
N = App# nX

N "
R1

R2
R3. (15)

Factor R1 in accordance with (12) and (14) is the nu-
clear modification factor for the forward amplitude of
⇡A % ã1A coherent di! ractive transition. In the Glauber
approximation it has the form,

R1 =

#
d2bA

$#

!$

d⇣ ⇢A (bA , ⇣)

" exp

$
!

1

2
�! N

tot T! (bA , ⇣) !
1

2
�ã1 N

tot T+(bA , ⇣)

%
, (16)

where T! (bA , ⇣) =
&$

!$ d⇣%⇢A (bA , ⇣%) and T+(bA , ⇣) =
TA (bA ) ! T! (bA , ⇣).

Integrating over ⇣ analytically, we arrive at,

R1 =
1

" �

#
d2bA e! 1

2 %! p
tot TA (bA )

"
'
1 ! e! 1

2 ! %TA (bA )
(
e! 1

2 %pp
tot TA (bA ), (17)

where " � = �ã1 N
tot ! �! N

tot . As was mentioned above and
motivated in detail in [14, 18, 19], di! ractive production
of a1 axial-vector meson is a very weak signal compared
with ⇢-⇡ production, which form a rather narrow peak in
the invariant mass distribution. Therefore with a good
accuracy �ã1 N

tot = �#N
tot + �! N

tot , and " � = �#N
tot . Data for

photoproduction of ⇢ meson on nuclei agree with �#N
tot #

�! N
tot , so we fix " � at this value.
Nuclear modification, corresponding to the denomina-

tor of equation (14) is determined by Eqs. (4) - (6) and
has the form,

R2 =
2

�! p
tot

#
d2bA

'
1 ! e! 1

2 %! p
tot TA (bA )

(
e! 1

2 %pp
tot TA (bA ).(18)

The factor R3 depends on how the measurements were
done. If the BBC are fired, a proper estimate would be
R3 = �! A

tot /�
! A
in . Otherwise, if the BBC are switched

o! (inclusive neutron productions), we fix R3 = 1. The
results corresponding to these two choices are plotted in
figure 4, by solid and dotted curves respectively. All data
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FIG. 4: AN in polarized pA ! nX vs A at
"

s = 200 GeV,
#qT $ = 0 .115 GeV and #z$ = 0 .75. Full and open data points
correspond to events with either both BBCs Þred, or only one
of them Þred in the nuclear direction, respectively [20Ð22]. An
attempt to model these two classes of events is presented by
solid and dashed curves (see text).

points correspond to events with BBC fired. However
full green and open red points correspond to events with
either both BBCs fired, or only one of them in the nuclear
direction, respectively [20–22].

The di! erence between these two results reflects the
uncertainly in the physical interpretation of events with
fired of vetoed BBCs. This can be improved by applying
a detailed Monte-Carlo modelling. Nevertheless, the re-
sults of our calculations, presented in figure 4, reproduce
reasonably well experimental data [20–22].

A remarkable feature of the single-spin asymmetry AN
of neutrons produced on nuclear targets is a very weak

4

from ! -÷a1 interference has the form [14],
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"
Im " "

! (t) " ÷a1 (t)

|" ! (t)|2

!
d#! p# ÷a1 p(M 2

X )/dt |t =0

d#! p# ! p(M 2
X )/dt |t =0
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1 pn

g! + pn
.

The trajectory of the !$ Regge cut and the phase factor
" ÷a1 (t) are known from Regge phenomenology. The ÷a1NN
coupling was evaluated in [14], based on PCAC and the
second Weinberg sum rule, where the spectral functions
of the vector and axial currents are represented by the$
and the e! ective ÷a1 poles respectively. This leads to the
following relations between the couplings,

g÷a1 NN

g! NN
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2mN f #
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1
2

, (13)

where f ! = 0 .93m! is the pion decay coupling; f # =$
2m2

#/ %#, and %# is the universal coupling,%2
# / 4! = 2 .4.

The parameter-free calculations ofAN in pp % nX
[14] agree well with the PHENIX data [15, 16].

B. A N in polarized pA ! nX

The single-spin asymmetry on a nuclear target due to
! -÷a1 interference can be calculated with a modiÞed equa-
tion (12), in which one should replace
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(14)

This replacement leads to the single-spin asymmetry,
which can be presented in the form,

ApA # nX
N = App# nX

N "
R1

R2
R3. (15)

Factor R1 in accordance with (12) and (14) is the nu-
clear modiÞcation factor for the forward amplitude of
! A % ÷a1A coherent di! ractive transition. In the Glauber
approximation it has the form,

R1 =
#
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" exp
$
!

1
2

#! N
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1
2
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tot T+ (bA , &)

%
, (16)

where T! (bA , &) =
&$

!$ d&%$A (bA , &%) and T+ (bA , &) =
TA (bA ) ! T! (bA , &).

Integrating over & analytically, we arrive at,
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where " # = #÷a1 N
tot ! #! N

tot . As was mentioned above and
motivated in detail in [14, 18, 19], di! ractive production
of a1 axial-vector meson is a very weak signal compared
with $-! production, which form a rather narrow peak in
the invariant mass distribution. Therefore with a good
accuracy #÷a1 N

tot = ##N
tot + #! N

tot , and " # = ##N
tot . Data for

photoproduction of $ meson on nuclei agree with##N
tot #
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The factor R3 depends on how the measurements were
done. If the BBC are Þred, a proper estimate would be
R3 = #! A

tot / #! A
in . Otherwise, if the BBC are switched

o! (inclusive neutron productions), we Þx R3 = 1. The
results corresponding to these two choices are plotted in
Þgure 4, by solid and dotted curves respectively. All data
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FIG. 4: AN in polarized pA ! nX vs A at
"

s = 200 GeV,
#qT $ = 0 .115 GeV and #z$ = 0 .75. Full and open data points
correspond to events with either both BBCs Þred, or only one
of them Þred in the nuclear direction, respectively [20Ð22]. An
attempt to model these two classes of events is presented by
solid and dashed curves (see text).

points correspond to events with BBC Þred. However
full green and open red points correspond to events with
either both BBCs Þred, or only one of them in the nuclear
direction, respectively [20Ð22].

The di! erence between these two results reßects the
uncertainly in the physical interpretation of events with
Þred of vetoed BBCs. This can be improved by applying
a detailed Monte-Carlo modelling. Nevertheless, the re-
sults of our calculations, presented in Þgure 4, reproduce
reasonably well experimental data [20Ð22].

A remarkable feature of the single-spin asymmetryAN
of neutrons produced on nuclear targets is a very weak
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.

The trajectory of the !$ Regge cut and the phase factor
" ÷a1 (t) are known from Regge phenomenology. The ÷a1NN
coupling was evaluated in [14], based on PCAC and the
second Weinberg sum rule, where the spectral functions
of the vector and axial currents are represented by the$
and the e! ective ÷a1 poles respectively. This leads to the
following relations between the couplings,
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, (13)

where f ! = 0 .93m! is the pion decay coupling; f # =$
2m2

#/ %#, and %# is the universal coupling,%2
# / 4! = 2 .4.

The parameter-free calculations ofAN in pp % nX
[14] agree well with the PHENIX data [15, 16].

B. A N in polarized pA ! nX

The single-spin asymmetry on a nuclear target due to
! -÷a1 interference can be calculated with a modiÞed equa-
tion (12), in which one should replace
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This replacement leads to the single-spin asymmetry,
which can be presented in the form,
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Factor R1 in accordance with (12) and (14) is the nu-
clear modiÞcation factor for the forward amplitude of
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where T! (bA , &) =
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Integrating over & analytically, we arrive at,
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d2bA e! 1

2 %! p
tot TA (bA )

"
'
1 ! e! 1

2 ! %TA (bA )
(

e! 1
2 %pp

tot TA (bA ) , (17)

where " # = #÷a1 N
tot ! #! N

tot . As was mentioned above and
motivated in detail in [14, 18, 19], di! ractive production
of a1 axial-vector meson is a very weak signal compared
with $-! production, which form a rather narrow peak in
the invariant mass distribution. Therefore with a good
accuracy #÷a1 N

tot = ##N
tot + #! N

tot , and " # = ##N
tot . Data for

photoproduction of $ meson on nuclei agree with##N
tot #

#! N
tot , so we Þx" # at this value.
Nuclear modiÞcation, corresponding to the denomina-

tor of equation (14) is determined by Eqs. (4) - (6) and
has the form,

R2 =
2

#! p
tot

#
d2bA

'
1 ! e! 1

2 %! p
tot TA (bA )

(
e! 1

2 %pp
tot TA (bA ) .(18)

The factor R3 depends on how the measurements were
done. If the BBC are Þred, a proper estimate would be
R3 = #! A

tot / #! A
in . Otherwise, if the BBC are switched

o! (inclusive neutron productions), we Þx R3 = 1. The
results corresponding to these two choices are plotted in
Þgure 4, by solid and dotted curves respectively. All data
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FIG. 4: AN in polarized pA ! nX vs A at
"

s = 200 GeV,
#qT $ = 0 .115 GeV and #z$ = 0 .75. Full and open data points
correspond to events with either both BBCs Þred, or only one
of them Þred in the nuclear direction, respectively [20Ð22]. An
attempt to model these two classes of events is presented by
solid and dashed curves (see text).

points correspond to events with BBC Þred. However
full green and open red points correspond to events with
either both BBCs Þred, or only one of them in the nuclear
direction, respectively [20Ð22].

The di! erence between these two results reßects the
uncertainly in the physical interpretation of events with
Þred of vetoed BBCs. This can be improved by applying
a detailed Monte-Carlo modelling. Nevertheless, the re-
sults of our calculations, presented in Þgure 4, reproduce
reasonably well experimental data [20Ð22].

A remarkable feature of the single-spin asymmetryAN
of neutrons produced on nuclear targets is a very weak

Nuclear e!ects: 
no signi'cant e!ect to AN

Hadronic interactions (one-# exchange)
(Kopeliovich et al. arXiv:1702.07708)
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