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The Relativistic Heavy Ion Collider 
accelerator complex 

 at Brookhaven National Laboratory 

PHENIX 
STAR 

Brahms 
pp2pp 
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PHENIX 

Brahms 
pp2pp 

STAR 

Collision Energy : 62 ~ 510 GeV 
Polarization : 50 – 60 % 
Luminosity : 10 pb-1/week �
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PHENIX� STAR �

Advantage � High resolution and 
rates �

Large acceptance and 
low mass�

Central arm � |η|<0.35, Δφ∼π |η|<1, Δφ∼2π 

   Target observables� γ, π0 and η Jet and correlation�
Forward arm� 1.2<|η|<2.4 2<|η|<4

   Target observables� µ � π0 and η �



TRANSVERSE SINGLE SPIN 
ASYMMETRY �

Forward π0 and very forward neutron �



Transverse Asymmetry Observables�
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ZDC�

very forward n 
(6<|η|<8) �

forward π 

(2<|η|<4) �

Soft Process 
(mesonic) �

Hard Process 
(partonic) �

100GeV �



Production Mechanism of 
Forward Neutron �Kinematics'for'Forward'Neutron'Production
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Neutron Energy／Proton Energy �

Well Explained by 
One-Pion Exchange �

Momentum Transfer ~ 100MeV�

< 2mrad�



AN ≈
φnon− flip
* φ flip sinδ( )
φnon− flip

2
+ φ flip

2

Unpolarized Cross Section�

p↑+p Forward Neutron AN�
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Spin flip �
Neutron �

proton �

proton �

Spin non-flip �
Neutron �

proton �

proton �

δ : phase shift�
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p↑+p Forward Neutron AN�
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Spin flip �
Neutron �

proton �

proton �

Spin non-flip �
Neutron �

proton �
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δ : phase shift�



p↑+p Forward Neutron AN�

Single transverse spin asymmetry of forward neutrons
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We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.

DOI: 10.1103/PhysRevD.84.114012 PACS numbers: 13.85.Ni, 11.80.Cr, 11.80.Gw, 13.88.+e

I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).
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The First Time Ever  
High Energy              Collisions �
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100GeV �

Au, Al �

Run15 (2015) �

Porarized Proton �

100GeV/nucleon �
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A-Dependent AN (inclusive) �
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Present Frame Work �



A-Dependent AN (inclusive) �

16/06/27 � 14�
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Absolutely Unexpected!�

Analysis by  
Minjung Kim (SNU/RIKEN) �



What is going on ? �

•  Isospin Symmetry 
•  Surface Structure of 

Nucleus 
•  QED Process 
•  Gluon Saturation 
•  Else… 

# of proton� # of neutron �

p� 1 � 0 �
Al� 13 � 14 �
Au � 79 � 118 �
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Primakoff Effect 
Electro-Magnetic �
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Primakoff Effect  
(Electro-Magnetic) �
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AN ∝2 Im φnon− flip
* φ flip{ }

Full Description of AN�

(For pp)  → 0

φ flip = φ flip
had

+φ flip
EM

φnon− flip = φnon− flip
had

+φnon− flip
EM

d1~4 : relative phase of amplitudes�

AN ∝2 Im φnon− flip
had

+φnon− flip
EM( ) φ flip

had*
+φ flip

EM*( )
= 2 φnon− flip

had φ flip
had sinδ1 +φnon− flip

EM φ flip
had sinδ2 +φnon− flip

had φ flip
EM sinδ3 +φnon− flip

EM φ flip
EM sinδ4( )
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small �large� -t �



Beam-Beam Counter �
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PHENIX Detector �

Quartz Cherenkov radiator 

ZDC�

Dipole Bending Magnet�

BBC�



Can we identify Primakoff 
events?�
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BBC�Δ� ZDC�
Dipole�

n �

π�+ �

Primakoff MC : SOPHIA 
G. Mitsuka, Eur. Phys. J.C. (2015) 75:614 �

BBC� tag � veto 　�
Primakoff � Small � Large�

Semi-Inclusive �

94% �
6% �π�+ �



AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing �

21�

A (atomic mass number)
0 50 100 150 200

N
A

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

p+p p+Al p+Au

 n+X→+A ↑p

22% scale uncertainty not shown

= 200 GeVs
>0.5Fx

<2.2 mradθ0.3<

ZDC inclusive �� ����
����������	

Inclusive �



AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing�
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AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing�
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AN ~ had *had + had *EM +EM *had +EM *EM

Coulomb-‐‑‒Nuclear Interference in 
Forward Neutron Production �
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AN ~ had *had + had *EM +EM *had +EM *EM

Non-Diffractive Events�
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Transverse Asymmetry Observables�
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ZDC�

very forward n 
(6<|η|<8) �

Soft Process 
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100GeV �

forward π 

(2<|η|<4) �
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Experiment: 
(E704, Fermi National Laboratory, 1991) 

E704: Left-right asymmetries  

Theory Expectation:  
Small asymmetries at high energies  
(Kane, Pumplin, Repko, PRL 41, 1689–1692 (1978) ) 
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Energy Dependence of AN �
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Asymmetry still 
persists even in 
high energy! �



What Could be the Cause? �

29�

• Sivers Effect 
+higher twist �

•  transverse-momentum 
dependence of partons inside the 
transversely-polarized nucleon �

• Collins Effect 
+higher twist �

•  correlation between 
transversely-polarized 
nucleon and transversely 
polarized partons inside �

•  Collins fragmentation function �



Activities around π0 �

12 April 2016 C. Dilks -- TSSA in pp/pA at STAR 5

π0 Isolation-Dependence of A
N

STAR

Steve Heppelmann – DIS 2013

More Isolated

Less Isolated

More isolated pions have greater A
N
 than those 

with nearby EM energy deposits (presence of 
E>6 GeV photon(s) outside 35mrad cone)

Pion A
N
 is therefore event topology-dependent

The more isolated π0, the larger the AN. 
Smaller AN for jet-like events? �



Event Topology: Forward TSSAs 
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Event Topology: Forward TSSAs 
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Ejet=40_60 GeV � Diffractive 
(soft)�

Jet  
(hard) �

60_80 GeV � 80_100 GeV �

(π0)

γ
γ

Collins fragmentation or/and 
diffractiveness in charge of finite AN?�



Transverse Summary�
•  Very drastic and unexpected A-dependence was 

observed in very forward neutron AN. 
•  According to MC study, EM process likely to be in 

charge of the large positive asymmetry in large A. 
•  A-dependence in strong interaction is likely to be 

moderate as existing model predicts. 

•  Forward π has been studied in pQCD framework, 
but recent data indicate possibility of soft 
process may be (partially) playing a role.  

�

So far, “diffractiveness” can be the 
common key word of both asymmetries. 



LONGITUDINAL PROGRAM�
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Proton Spin Decomposition �
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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

1

Spin structure of the proton

Polarized DIS : ~30% DIS : Poorly 
constrained 

ΔG = Δg(x)dx∫
Gluon Polarization: Quark/ antiquark Polarization :

ΔΣ = (Δu+Δd +Δs+Δu +Δd +Δs )∫ dx

• Integral was well measured in DIS but small 
(only ~30%). 

• Large uncertainty for antiquark distribution 
from SIDIS

• Large uncertainty from DIS and 
SIDIS 

• First evidence of non-zero Δg from 
RHIC 2009 data

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR

< Sp >=
1
2
=
1
2
ΔΣ+ΔG + L

Z Z

2

Longitudinal Spin Sum Rule 

ΔΣ = (Δu+Δd +∫ Δs+Δu +Δd +Δs ) dx

Proton spin = �

Quark Spin 

Sz =
1
2
ΔΣ+ΔG+Lz

1
2

Gluon Spin ΔG(x) = Δg(x)∫ dx
Sea quark �

~30% � ?� ??�



Longitudinal Spin Structure�

&./E+,?*�H*

!!"�"#$"

h
f

fXff

ba
ba

h
f

fXff
LL

fXff

ba
ba

LL Ddff

Dadff

dd
ddA

ba

baba

���

������
�

�
�

� �

��

����

����

	
	

�

�

��
��

ˆ

ˆˆ

,

,

cK*JH("HK$U<,*%<$#H")?<$"
#)V''(,+V"6MNN:"<)")($)<,<Y(",K"�!"

>?<$"%(?($%($;("

-c^"

EF@AF@ABB" BW"3G54#%#"67879:"

36�

&./E+,?*�H*

!!"�"#$"

h
f

fXff

ba
ba

h
f

fXff
LL

fXff

ba
ba

LL Ddff

Dadff

dd
ddA

ba

baba

���

������
�

�
�

� �

��

����

����

	
	

�

�

��
��

ˆ

ˆˆ

,

,

cK*JH("HK$U<,*%<$#H")?<$"
#)V''(,+V"6MNN:"<)")($)<,<Y(",K"�!"

>?<$"%(?($%($;("

-c^"

EF@AF@ABB" BW"3G54#%#"67879:"

Hadron  
Asymmetry  

Longitudinally Polarized proton-proton  

Double Helicity Asymmetry ALL  
Fragmentation Function �



Subprocess of pp�
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Latest ALL Results�

2009 Inclusive jet measurements at STAR  
Inclusive jet ALL at p+p 200 GeV 

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR

20

• Run 9 ALL measurement between 

BB10 and DSSV / Clearly above zero 

at low pT 

• Larger  asymmetry at low pT 

suggests larger gluon polarization 

compared to DSSV 

• With global analysis, ALL jet result 

provides evidence for positive gluon 

polarization for x > 0.05  
L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 115, (2015) 092002.

2009 Inclusive jet measurements at STAR  
Inclusive jet ALL at p+p 200 GeV 

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR

20

• Run 9 ALL measurement between 

BB10 and DSSV / Clearly above zero 

at low pT 

• Larger  asymmetry at low pT 

suggests larger gluon polarization 

compared to DSSV 

• With global analysis, ALL jet result 

provides evidence for positive gluon 

polarization for x > 0.05  
L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 115, (2015) 092002.

PRL115, 092002 (2015)�PRD 93, 011501R (2016) �

pp→ π 0 + X pp→ jet + X



Δg(x) extraction : Global Fit �

Δq(x), Δq(x), Δg(x) �

SIDIS �

DIS �
pp �

Global Fit �

Δg(x)dx = 0.2±0.07
0.06

0.05

0.2
∫

 10 

  
Figure 1-3: ALL vs. xT for inclusive jet production at mid-
rapidity in 200 GeV (blue circles) [6] and 510 GeV (red 
squares) [7] p+p collisions, compared to NLO predictions 
[8,9] for three recent NLO global analyses [10,11,12] 
(blue curves for 200 GeV and red curves for 510 GeV). 

Figure 1-4: ALL vs. xT for π0-meson production at mid 
rapidity with the point-to-point uncertainties in 200 GeV 
(blue circles) [13] and 510 GeV (red squares) [14] p+p 
collisions, compared to NLO predictions [15] for three 
recent NLO global analyses [10,11,12] (blue curves for 
200 GeV and red curves for 510 GeV). The gray/gold 
bands give the correlated systematic uncertainties. 

 

 

 
 
 
Figure 1-5: The running integral for Δg as a function of 
xmin at Q2 = 10 GeV2 as obtained in the DSSV global 
analysis framework. The different uncertainty bands at 
90% C.L. are estimated from the world DIS and SIDIS 
data, with and without including the combined set of pro-
jected pseudo-data for preliminary and RHIC measure-
ments up to Run-2015, respectively as well as including 
EIC DIS pseudo data (taken from Ref. [16]). 

 
The production of W± bosons in longitudinally 

polarized proton-proton collisions serves as a 
powerful and elegant tool [17] to access valence 
and sea quark helicity distributions at a high 
scale, Q∼MW, and without the additional input of 
fragmentation functions as in semi-inclusive DIS. 
While the valence quark helicity densities are 
already well known at intermediate x from DIS, 
the sea quark helicity PDFs are only poorly con-
strained. The latter are of special interest due to 
the differing predictions in various models of 
nucleon structure (see Ref. [18, 19]). The 2011 
and the high statistics 2012 longitudinally polar-
ized p+p data sets provided the first results for 
W± with substantial impact on our knowledge of 
the light sea (anti-) quark polarizations (see Fig-

ure 1-7 (left)). With the complete data from 2011 
to 2013 analyzed by both the PHENIX (see Fig-
ure 1-6 (right)) and STAR experiments the final 
uncertainties will allow one to measure the inte-
grals of the ∆! and ∆! helicity in the accessed x 
range above 0.05. The uncertainty on the flavor 
asymmetry for the polarized light quark sea 
∆! − ∆!  will also be further reduced and a 
measurement at the 2σ level will be possible (see 
Figure 1-7 (right)). These results demonstrate 
that the RHIC W program will lead, once all the 
recorded data are fully analyzed, to a substantial 
improvement in the understanding of the light 
sea quark and antiquark polarization in the 
nucleon. 
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Sea Quark Polarization �

ud →W + → l+ν
du→W − → l−ν



Single Lepton Measurement�STAR Detector

• High precision charged particle tracking and particle ID with the TPC for |η| < 1.4.

• Electromagnetic calorimetry system with 2π coverage [BEMC (|η| < 1.0) , EEMC 
(1<η<2)].

• Additional detectors (ZDC, BBC, VPD) for relative luminosity measurements and local 
polarimetry.

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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Mid-rapidity background estimation

 ———— -  Candidate track and BEMC cluster  !
             reconstructed.!
 BLUE  - EeT  > 14 GeV and EeT / E4x4T > 0.95!
 Green - EeT / E�R<0.7T > 0.88!
 Red   -  sign PT balance cut > 14 GeV

 PRL 113.072301 (2014)

Run 13 QA

• QCD background is estimated using a data-driven procedure and veto ing on EEMC 
calorimeter 

• Electroweak backgrounds (W->! + ν   and Z->e++e-) estimate using MC simulation

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR
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(MW = 80GeV) �
Backgrounds �W + → e+ +ν

Energy  
Spectra �



Single Lepton Asymmetry AL�
STAR W AL(η)

AL =
1
P1
N++ + N+− − N−− − N−+

N++ + N+− + N−− + N−+

TPC

BEMC

EEM
C

FGT

Y

Z

η=-1.1
η=-0.5

η=0

η=+0.5

η=+1.11
2 3

4

STAR W AL from 2011 + 2012 data

• AL for W+ is consistent with theoretical 
predictions constrained by polarized 
SIDIS data 

• AL for W- is larger than the prediction for 
ηe <0 ,which suggest large Δū 

• Indication of positive Δū at 0.05<η<0.2.

• In 2013 STAR recorded ~4 times as 
much data than what included in  
2012 published results 

• Expect significant reduction of the 
uncertainty  

• Extend kinematic coverage to forward 
eta using FGT

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR
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Summary�
•  RHIC spin program has been providing new insights to 

spin structure of proton 
•  Absolutely unexpected strong A-dependence in very 

forward neutron TSSA of p+A. 
•  EM process likely to be taken into account. 
•  More sophisticated measurements on forward π 

TSSA to disentangle competing effects (ISI or FSI).  
•  Diffractiveness may connects between forward π and 

very forward n. 
•  Latest data shows non-zero gluon spin fraction 
•  Ongoing W analyses will improve precision of sea-

quark polarized parton distribution 
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Event Generation of UPCs

6

Weizsacker-Williams method!
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Event Generation of UPCs 

Flux of quasi photons 

Cross section of p-γ

Event Generation of p-γ
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×
×

Flux of quasi photons 
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Eγ* : energy of photons at the proton rest frame.  
b=RPb

b~7nm 
@Eγ=0.3GeV
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The LHCf experiment

4

ATLAS/LHCf
LHCb/MoEDAL 

CMS/TOTEM

ALICE

Charged particles

Neutral particles
Beam pipe

Protons

140m

p Pb

Measurement of  

25mm 
32mm 

• Inclusive photons 
• Inclusive π0 
• Inclusive neutron 

at the zero degree of collisions 
for testing  hadron interaction 
models used in CR air shower 
simulation.

Arm2

HESZ2015, Nagoya, Japan, 11 Sep. 2015 Hiroaki MENJO / 24

Scattering Angle Distribution of Neutrons 
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LHCf Preliminary
=5.02TeVNNsLHC p-Pb, 

High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  
p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?
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Abstract We present a hadron production study in the for-
ward rapidity region in ultra-peripheral proton–lead (p+Pb)
collisions at the LHC and proton–gold (p + Au) collisions
at RHIC. The present paper is based on the Monte Carlo
simulations of the interactions of a virtual photon emitted by
a fast moving nucleus with a proton beam. The simulation
consists of two stages: the starlight event generator sim-
ulates the virtual photon flux, which is then coupled to the
sophia, dpmjet, and pythia event generators for the simula-
tion of particle production. According to these Monte Carlo
simulations, we find large cross sections for ultra-peripheral
collisions particle production, especially in the very forward
region. We show the rapidity distributions for charged and
neutral particles, and the momentum distributions for neutral
pions and neutrons at high rapidities. These processes lead to
substantial background contributions to the investigations of
collective nuclear effects and spin physics. Finally we pro-
pose a general method to distinguish between proton–nucleus
(p+ A) inelastic interactions and ultra-peripheral collisions
which implements selection cuts based on charged-particles
multiplicity at mid-rapidity and/or neutron activity at nega-
tive forward rapidity.

1 Introduction

High-energy p + A collisions can be classified into the fol-
lowing two categories depending on the impact parameter b.
In the first category, p + A collisions occur with geometri-
cal overlap of the colliding proton and nucleus, where the
impact parameter is smaller than the sum of the radii of each
particle, namely, b < Rp + RA (Rp and RA are the radius of
the proton and nucleus, respectively).

In the second category instead, the impact parameter
exceeds the sum of the two radii, b > Rp + RA, thus there
is no geometrical overlap between the colliding hadrons and
hadronic interactions are strongly suppressed. Nevertheless,

a e-mail: gaku.mitsuka@cern.ch

virtual photons emitted from one of the two colliding hadrons
may anyway interact with another hadron. This process is
usually referred to as ultra-peripheral collision (UPC, see
Ref. [1,2] for a review).

UPCs, so far, have been used for the determination of
the gluon distribution in protons and nuclei. For example,
photoproduction of quarkonium in ultra-peripheral p + A
collisions can probe a high, or possibly saturated, parton
density in protons at small Bjorken-x (i.e., small parton
momentum fraction of the momentum of protons). Indeed
measurements already exist of exclusive J/ψ photoproduc-
tion at the CERN Large Hadron Collider (LHC), namely,
p + Pb → p + Pb + J/ψ [3]. Conversely, less attention
has been paid, in UPCs, to particle production in general
photon–proton interactions, i.e., γ + p → X , but neverthe-
less such particle production should be considered as well
in the investigation of collective nuclear effects. Because a
large cross section is expected, this process in UPCs pro-
vides significant background events to pure p + A inelastic
interaction events (hereafter “hadronic interaction”, unless
otherwise noted) used for such investigations. Indeed, a siz-
able cross section was found for hadron production in ultra-
peripheral d + Au collisions [4], which amounted to ∼10 %
of the d + Au inelastic cross section. However, in Ref. [4],
only the cross section for UPCs was presented, and the dis-
cussion of the rapidity and momentum distributions of the
UPC induced events was unfortunately neglected.

In this paper, we discuss the effects of particle production
by γ + p interaction in ultra-peripheral p+A collisions com-
pared to the measurements of hadronic interactions in terms
of the rapidity and momentum distributions, especially in for-
ward rapidity regions at the LHC and the BNL Relativistic
Heavy Ion Collider (RHIC). Concerning p + Pb collisions
at

√
sNN = 5.02 TeV at the LHC, we perform the calcula-

tions assuming that the measurements of π0s and neutrons
are made with zero-degree calorimeters (ZDCs, for example,
the ATLAS-ZDCs [5]) and the LHCf detector [6], which are
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AN ~ had *had + had *EM +EM *had +EM *EM

Coulomb-‐‑‒Nuclear Interference �
π+�

π+�(CNI)�
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AN ~ 2Im φnon− flip
EM* φ flip

had sinδ2 +φnon− flip
had* φ flip

EM sinδ3{ }

Elastic AN at Coulomb Nuclear Interference 

€ 

∝ σ pC
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∝ (µp −1)
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∝αs t Pomeron 

zero hadronic  
spin-flip 

With hadronic  
spin-flip (E950) 

Phys.Rev.Lett.,89,052302(2002) 

pC Analyzing Power 

Ebeam = 21.7GeV 

(High energy & small t limit) 
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Analyzing Power: 𝐴𝑁(�⃗� + 𝐴) 23 

Atomic hydrogen polarization 𝑃 = 96% 

Molecular component 𝑅𝐻2 = 3% (by mass) 

Global uncertainty from target polarization not included 

−𝑡-range can be extended with punch-through protons 

Plot from Oleg Eyser (The 2015 PSTP workshop) �

Forward Neutron 
0.02 < -t < 0.5 (Gev/
c)2 

Run15 Au,Al beam + p target �↑�

p+p �↑�

Al+p �↑�

Au+p �↑�

•  Strong A-Dependence 
•  Flips sign of  AN in Au+p 
•  0.002 < -t < 0.014 (Gev/c)2 

�

↑�

±5%�
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Underlying Mechanism Comparison �

p �

A�
π+,a1, .. �
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52�

Pomeron �
A�

Polarimeter � Forward n �

Elastic� Inelastic�
√s = 14 GeV � √s = 200 GeV �

0.002 < -t < 0.014 � 0.02 < -t < 0.5 �
ΔI  =0� ΔI  =1�

X?�
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Interim Summary (CNI) �
•  CNI is not necessarily new. 
•  Elastic in much smaller –t than present 

neutron results observed similar 
behavior, but the asymmetry is in the 
order of  5% or less. 

•  There are possible diagram to hadron 
and EM interfere for neutron production 
as well.�
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Measurement of the Analyzing Power in the Primakoff' Process with a
High-Energy Polarized Proton Beam

D. C. Carey, ' R. N. Coleman, ' M. D. Corcoran, J. D. Cossairt, ' A. A. Derevschikov, D. P.
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The analyzing power (spin-dependent azimuthal symmetry) has been observed for the first time in the
nuclear Coulomb coherent production process, the "Primakoff process, " with the use of the newly con-
structed 185-GeV/c Fermilab polarized proton beam. We have observed a large asymmetry of this pro-
cess in the regions of ~t'~ &0.001 (GeV/c) and 1.36&M(tr p) &1.52 GeV/c', where the Coulomb
process is predominant. The measured asymmetry is consistent with the analyzing power of the existing
low-energy y+p m +p data.

PACS numbers: 13,88.+e, 13.60.Le, 13.85.Hd, 25.40.Ve

As was first suggested by Primakoff and co-workers'
the radiative decay width of hadron resonances can be
related to the cross section for resonance production for
hadrons interacting in the Coulomb field of a nucleus.
The photoproduction of n is related to the Coulomb
coherent production by a proton incident on a high-Z nu-
cleus, p+Z t5/N*+Z tr +p+Z. The general for-
mula for this relationship, including spin observables, has
been described by Margolis and Thomas. The
differential cross section with an incident polarized pro-
ton beam can be described in terms of the low-energy
photoproduction cross section with a polarized target as

der aZ F(t) t do(yp '—n'p)
dM'dtdy tr M' —m' t'

&& [1+T(8)Ptt cosP],

where M is the invariant mass of the m -p system, m is
the proton mass, t is the square of the momentum
transfer carried by the virtual photon, t'=t —(M—m ) /4PL, F(t) is a form factor for the target nu-
cleus, T(8) is the analyzing power (target azimuthal
asymmetry) for photoproduction of tr from a polarized
proton target at c.m. polar angle 8, p is the azimuthal
angle, and Pg and PL are the transverse polarization and
the momentum of the incident protons, respectively. The
photoproduction of z from a polarized target has been
studied at low energies. The observed asymmetry varies
with both photon energy and scattering angle. It is al-
most zero at the h(1232) resonance, but rises to —90%
in the photon energies ranging between 500 and 800
MeU. This kinematic region corresponds to a z -p
invariant-mass region between 1.36 and 1.52 GeV. Ac-
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The origin of  Asymmetry�
VOLUME 64, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JANUARY 1990

cording to Eq. (1), the asymmetry seen in photoproduc-
tion due to the interference between 6 and N* is expect-
ed in coherent Coulomb n production by polarized pro-
tons, using the same region of the n -p invariant mass.
Therefore this process may be used to measure the polar-
ization of the proton at high energies. Until now, there
has been no measurement of the asymmetry in the nu-
clear coherent process.
The cross section for the Coulomb coherent process

(1) has a sharp peak at t'-10 (GeV/c) and de-
creases rapidly as t'/r . The "width" of the Coulomb
peak is determined by the detector resolution. Diff'rac-
tive dissociation due to the strong interaction is also
present, but it has a much slower t' dependence.
We have measured the analyzing power (azimuthal

asymmetry) of nuclear Coulomb coherent production
from a Pb target by using the newly constructed 185-
GeV/c Fermilab polarized proton beam. The beam po-
larization is 45% and this is further described in Ref. 7.
To reduce certain systematic errors, the spin direction of
the incident proton was flipped every 10 min using a
spin-rotator system.
The setup of the experiment is shown in Fig. 1. The

apparatus consists of a 3-mm-thick Pb target surrounded
by veto counters, a lead-glass calorimeter for z detec-
tion, and a magnetic spectrometer for the scattered pro-
tons. The scattered-proton momentum resolution is
measured to be 1.1% (rms) at 135 GeV/c. The overall
resolution of the scattering angle is about 0.08 mrad,
with the predominant contribution due to multiple
scattering in the Pb target. Helium bags were placed
along the scattered proton trajectory to reduce multiple
scattering in air.
The two photons from the z decay are detected with

a finely segmented lead-glass calorimeter. The calorime-
ter consists of 156 lead-glass blocks arranged as shown in
Fig. 1. A square hole in the center allows the scattered
protons and noninteracting beam particles to pass
through. Each rectangular block has a cross section of
3.8X3.8 cm and a depth of 45 cm, corresponding to
19.1 radiation lengths. The stability of the calorimeter is
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FIG. l. Schematic view of the experimental setup. The di-
mensions transverse to the beam are not scale.

monitored to a 1/o accuracy with a xenon-flash-tube sys-
tem. A 30-GeV positron beam was used to calibrate the
calorimeter. The measured energy resolution is 3%
(rms) at 30 GeV and the position resolution is 2 mm
(rms). The measured m energies in this experiment
ranged from 25 to 75 GeV.
A set of thin plastic scintillation counters (Tpl) is

placed downstream of the magnet and provides the
trigger for the scattered protons. The set consists of four
counters arranged to distinguish protons scattered to the
left, right, up, and down. The calorimeter also has left,
right, up, and down sections, and signals from each sec-
tion are summed for the trigger. In the coherent process
where t' is almost zero, the n and scattered protons are
coplanar. Thus the trigger logic is such that the energy
deposit is larger than 25 GeV in the left half of the
calorimeter, less than 5 GeV in the right half, and a pro-
ton hits the right segment of TP1. There are four such
combinations to cover the whole range of azimuthal an-
gles. To reject the events which have any extra particle
besides a proton and n, veto counters are included in the
trigger logic.
The data were taken at an intensity of 10 protons per

20-s spill, integrated to a total number of 1.8x10' pro-
tons on the Pb target. Some data were taken with car-
bon and copper targets to study the A dependence of the
diA'ractive process. Data were also taken without a tar-
get in place, in order to estimate the background events
mainly due to scattering from the air around the target
position.
In the analysis, a proton track is reconstructed to

evaluate its scattering angle and momentum. The ener-
gy and position of a photon are reconstructed into a n
with the use of a shower table obtained from the positron
calibration data. The measured mass resolution of the
reconstructed x 's is 8.4 MeV/c (rms), which is con-
sistent with the results of a Monte Carlo simulation.
Since the Coulomb coherent process has only one pro-

ton and one n in the final state, the following criteria
are applied for the event selection: (a) There is a single
proton track with momentum from 100 to 160 GeV/c;
(b) the interaction point is within 50 cm for the target;
(c) there is no electromagnetic energy in the calorimeter
other than the ~; and (d) the sum of the longitudinal
momenta of proton and x is equal to the beam momen-
tum within ~ 10 GeV/c.
The measured invariant-mass distribution for the p-x

system at
~
t'~ & 10 (GeV/c) is shown in Fig. 2. The

prominent peak is the 6+ (1232) resonance and the
second bump is due to the N (1520) resonance. Both
resonances have rather large radiative decay widths.
The selected region of the momentum transfer is
~
r'~ & 10 (GeV/c), since the expected r' resolution

by Monte Carlo simulation is about 4&&10 (GeV/c)
and most of the Coulomb process is included in this re-
gion. Even at such a small region of t', the contribution
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Origin of  the Asymmetry�
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Comparison between two �
Fermi � PHENIX� STAR17�

Beam Energy 
[GeV] � 185� 100� 255�

√s [GeV] � 19.5� 200� 22�
Target � Pb � Au � Al/Sn/Au �
Observables�

p + π0� n ( + charged) � n ( + charged) �
π0 ?�

t' � < 0.001� 0.02 < -t < 0.5�
M� 1.36 < M(π0p)<1.52 � ?� ?�
AN� - 0.57 ± (0.12)sta+ 

0.21 - 0.18 �
 +  0.27 ± 0.003 

(BBC veto) �
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Figure 1-3: ALL vs. xT for inclusive jet production at mid-
rapidity in 200 GeV (blue circles) [6] and 510 GeV (red 
squares) [7] p+p collisions, compared to NLO predictions 
[8,9] for three recent NLO global analyses [10,11,12] 
(blue curves for 200 GeV and red curves for 510 GeV). 

Figure 1-4: ALL vs. xT for π0-meson production at mid 
rapidity with the point-to-point uncertainties in 200 GeV 
(blue circles) [13] and 510 GeV (red squares) [14] p+p 
collisions, compared to NLO predictions [15] for three 
recent NLO global analyses [10,11,12] (blue curves for 
200 GeV and red curves for 510 GeV). The gray/gold 
bands give the correlated systematic uncertainties. 

 

 

 
 
 
Figure 1-5: The running integral for Δg as a function of 
xmin at Q2 = 10 GeV2 as obtained in the DSSV global 
analysis framework. The different uncertainty bands at 
90% C.L. are estimated from the world DIS and SIDIS 
data, with and without including the combined set of pro-
jected pseudo-data for preliminary and RHIC measure-
ments up to Run-2015, respectively as well as including 
EIC DIS pseudo data (taken from Ref. [16]). 

 
The production of W± bosons in longitudinally 

polarized proton-proton collisions serves as a 
powerful and elegant tool [17] to access valence 
and sea quark helicity distributions at a high 
scale, Q∼MW, and without the additional input of 
fragmentation functions as in semi-inclusive DIS. 
While the valence quark helicity densities are 
already well known at intermediate x from DIS, 
the sea quark helicity PDFs are only poorly con-
strained. The latter are of special interest due to 
the differing predictions in various models of 
nucleon structure (see Ref. [18, 19]). The 2011 
and the high statistics 2012 longitudinally polar-
ized p+p data sets provided the first results for 
W± with substantial impact on our knowledge of 
the light sea (anti-) quark polarizations (see Fig-

ure 1-7 (left)). With the complete data from 2011 
to 2013 analyzed by both the PHENIX (see Fig-
ure 1-6 (right)) and STAR experiments the final 
uncertainties will allow one to measure the inte-
grals of the ∆! and ∆! helicity in the accessed x 
range above 0.05. The uncertainty on the flavor 
asymmetry for the polarized light quark sea 
∆! − ∆!  will also be further reduced and a 
measurement at the 2σ level will be possible (see 
Figure 1-7 (right)). These results demonstrate 
that the RHIC W program will lead, once all the 
recorded data are fully analyzed, to a substantial 
improvement in the understanding of the light 
sea quark and antiquark polarization in the 
nucleon. 
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