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Outline
• Introduction
– Transverse Single Spin Asymmetry
– Proton spin decomposition (Proton spin puzzle)

• Status of the proton spin puzzle
• New RHICf experiment @ STAR 
• Hypothesis to connect new and existing 

data and orbital angular momentum 
• Physics opportunity for FoCAL at RHIC by 

testing above hypothesis.
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Transverse Single Spin Asymmetry
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Pioneering Transverse Single Spin Assymmetry
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Experiment:
(E704, Fermi National Laboratory, 1991)

E704: pion single spin asymmetry AN

Naïve Theory Prediction:
Small in high energy
(Kane, Pumplin, Repko, PRL 41, 1689–1692 (1978) )
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Energy Dependence of AN

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

Non-perturbative Perturbative

E704 200GeV beam

RHIC
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persists even in 
high energy!
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Origin of Left-Right Asymmetry
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Intrinsic Transverse Momentum 
and Orbital Angular Momentum
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If a parton has a orbital angular momentum in a nucleon, the 
probability to find the parton which carries the momentum 
fraction x is different between left and right sides of nucleon

Transverse momentum kT

Quark transverse momentum distributions



Proton Spin Puzzle
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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 2" 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. 

)s/
T

 (=2pTx
0 0.05 0.1

LL
A

0

0.01

0.02

PHENIX

|<0.35d+X  |0/ App 
510 GeV: Run12-13
510 GeV: rel. lum. uncertainty
200 GeV: Run6-9 (PRD90,012007)
200 GeV: rel. lum. uncertainty

510 GeV / 200 GeV pol. scale uncert. 6.5% / 4.8%

Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted)

PRD93,011501R(2016)

Longitudinal Spin Sum Rule

Sz =
1
2
!"+!G+Lz

~25% ??25% ??~40%



Orbital Angular Momentum
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Next Generation Experiments
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!-multiplicity dependence of Forward (2<" <4) 
#0 AN

11

1!

2!

3!

4!

5!

Ejet=40_60 GeV Diffractive

Jet

60_80 GeV 80_100 GeV

!

!
JetJet

!

!
(#0)

!
!

Not from Initial Effect?
Diffractive Nature AN ?



Assymmetries in Diffractive Origin
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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 1þ S
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 " þ p ! 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).

PHYSICAL REVIEW D 84, 114012 (2011)
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Asymmetries are well reproduced by the interference between  ! and a1 Reggeon.
However, the coupling between p and a1 is model dependent assumption
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Diffractive !0 Asymmetry?
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For both calorimeters, the identi� ed neutron sample
may include K0

L. At ISR energies, the K0
L fraction to

neutrons for a similar kinematical region was estimated
to be 3-4%, from observed charged kaon samples.[3] We
have included no correction for K0

L background in the
neutron results.
Table I gives the corrected asymmetries from the east

detector for neutron, photon, and π0 forward produc-
tion and for backward production. The systematic uncer-
tainties include contributions from scattered beam back-
ground, particle misidenti� cation, and from smearing of
the hit position in the EMCal. Scattered beam back-
ground refers to an observed higher rate in the EM-
Cal towers near the beam pipe of the outgoing RHIC
beam. Whether or not the background has a spin de-
pendence, it affects the azimuthal dependence of Eq.(1).
Its contribution to the systematic uncertainty was esti-
mated from the reduced χ2 = 1 : 5 of the azimuthal � t to
An-ID(φ), where we have assigned a systematic uncer-

tainty of
√
0 : 5 × δAN (statistical). The scattered beam

background uncertainties for the photon and π0 are neg-
ligible. The particle identi� cation uncertainties were pre-
sented earlier. A hit smearing correction of 0.92 � 0.08
was evaluated using a Geant3 simulation of the EM-
Cal which described the test beam result for position
resolution. Finally, the beam polarization uncertainty,
presented earlier, scales both the asymmetry and uncer-
tainties presented in Table I, preserving the measurement
signi� cance. The scale factor is (1 : 0+0: 47

−0: 24).
All asymmetries use events with energies 20 { 100 GeV

in the EMCal and production angles 0.3 { 2.2 mrad. We
observe asymmetries consistent with zero for photon and
π0, for both forward and backward production, and for
neutron backward production, and a signi� cant non-zero
asymmetry for forward neutron production. We have also
measured the asymmetry for the photon sample obtained
from conversions near the DX magnet, where the neutron
contamination is estimated to be less than 12%. This
asymmetry is 0 : 016 � 0 : 020, consistent with zero.
In Fig. 5 we present the uncorrected multiplicity ob-

served by the beam-beam counters for the n-ID sam-
ple of the EMCal data with deposited energy >20 GeV,
where the trigger required ≥ 1 hit both forward and
backward. The vertical and horizontal slats for each ho-
doscope overlap over 67% of the area, so that a correct
estimate of the multiplicity is ∼ (uncorrected multiplic-
ity) / 1.67. As seen in the � gure, the multiplicity for
the forward beam counter, in the direction of the neu-
tron, is low, ⟨multiplicity (forward)⟩ ∼ 2. The multiplic-
ity in the backward beam counter is large, ⟨multiplicity
(backward)⟩ ∼ 7. Therefore, we observe a clear separa-
tion of beam and target fragmentation multiplicity, with
a large asymmetry for neutrons produced forward from
the polarized beam, in the direction of low multiplicity.
The backward multiplicity is large. This pattern was
con� rmed with the HCal data, where the forward and
backward beam counters are reversed. The low forward
multiplicity may be consistent with a simple exchange

Uncorrected hodoscope multiplicity
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nu
m

be
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f e
ve

nt
s

0

200

400

600

800

1000

310!
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Dashed line : Backward

FIG. 5: Uncorrected multiplicity observed by the beam-beam
counters for the n-ID sample of the EMCal data with de-
posited energy >20 GeV. The solid line shows that for the
forward counter (east) and the dotted line shows that for the
backward counter (west).

forward backward

neutron −0: 090 � 0: 006 � 0: 009 0: 003 � 0: 004 � 0: 003

photon −0: 009 � 0: 015 � 0: 007 −0: 019 � 0: 010 � 0: 003

π0 −0: 022 � 0: 030 � 0: 002 0: 007 � 0: 021 � 0: 001

TABLE I: Asymmetries measured by the EMCal. The er-
rors are statistical and systematic, respectively. There is an
additional scale uncertainty, due to the beam polarization un-
certainty, of (1: 0+0: 47

−0: 24).

process producing the forward neutron, p → n, although
the acceptance of the forward beam counter, with 43
mrad < θ < 297 mrad, covers much larger angles than
the opening angle of, for example, ∆+ → n+ π+, where
θopen < 3 mrad for an 80 GeV neutron. OPE model de-
scriptions of neutron production do not in general predict
the backward multiplicity.
In summary, we have measured the single transverse-

spin asymmetry, AN , for photon, π0, and neutron pro-
duction at very forward and very backward angles in
p↑+p collisions at

√
s = 200 GeV. The asymmetries for

photon and π0 were consistent with zero, whereas a sig-
ni� cant asymmetry was observed for forward neutrons.
The large neutron asymmetry is accompanied by a small
forward multiplicity and a large backward multiplicity.
The asymmetry for neutrons produced backward from
the polarized beam was consistent with zero. This newly
discovered asymmetry can be used for a non-destructive
polarimeter to monitor the beam polarization in colli-
sion and the physics can be explored with a dedicated
hadronic calorimeter.
We thank the staff of the RHIC project, Collider-

Accelerator, and Physics Departments at BNL and the
staff of PHENIX participating institutions for their vi-
tal contributions. We thank the staff of SLAC and the
SLAC facility for support and use of the Final Focus Test

Phys. Lett. B650 (2007) 325. 
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!0 Asymmetry Preliminary Results
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Large Asymmetry was observed pT<1GeV 18

Phys. Rev. D 90, 012006

uncertainties the asymmetries in the backward direction
xF < 0 are found to be consistent with zero, whereas in the
forward direction AN rises almost linearly with xF . The
asymmetries are of similar size compared to earlier results
at different center-of-mass energies as shown in Fig. 5.
Figure 9 presents AN , as a function of transverse

momentum pT for values of jxFj > 0.4 where AN is largest
in forward kinematics (compare Fig. 8). The asymmetry
rises smoothly and then seems to saturate above
pT > 3 GeV=c. A significant decrease of the asymmetry
as expected from higher twist calculations is not observed
[23]. Again, negative xF asymmetries are found to be
consistent with zero within statistical uncertainties.
Figure 10 shows AN as a function of pT for different

ranges of xF . These ranges are chosen to match that of an
earlier measurement of π0 asymmetries from the STAR
experiment [11]. The two measurements in general display
a good agreement. At large xF and high pT there is perhaps
a hint that the inclusive cluster asymmetries are smaller, but
with present statistics the difference is not yet significant.
We note that the STARmeasurement is for identified π0 and
the PHENIX measurement is for clusters with a mixed
composition. As mentioned previously, these clusters are
dominantly from π0’s, but also include contributions from

the decays of η and other neutral mesons, as well as a
contribution from direct photons which is increasing with
xF and pT .

D. Aπ0;η
N at

ffiffi
s

p
¼ 200 GeV and small xF

The data selection and asymmetry analysis in the
midrapidity spectrometer closely follows the procedure
of previous analyses [17]. The data set includes 6.9 ×
108 events triggered by the high pT photon trigger. Photon
clusters are selected using photonic shower shape cuts in
the electromagnetic calorimeter, the time of flight between
the collision point and the calorimeter, a minimum depos-
ited energy of 200 MeV, and a charged particle veto from
tracking in front of the calorimeter. Cluster pairs are then
chosen with an energy asymmetry [Eq. (4)] of less than 0.8
(0.7) for π0 (η) identification, and by requiring that the
photon with the higher energy fired the trigger.
The yields are taken as the number of cluster pairs in a

"25 MeV=c2 window around the mean of the π0 peak in
the invariant mass distribution ("70 MeV=c2 around the
mean of the η mass). The width of the π0 peak decreases
from 12 to 9 MeV=c2 as pT increases from 1 to 12 GeV=c
(35 to 25 MeV=c2 for the η). The background fractions in
the signal windows depend on pT and range from 29% to

0
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FIG. 10 (color online). Comparison of AN of electromagnetic clusters and π0 mesons [11] at
ffiffiffi
s

p
¼ 200 GeV as a function of pT in

different ranges of xF . Appendix Table VIII gives the data in plain text. An additional uncertainty from the beam polarization (see
Table I) is not included.

A. ADARE et al. PHYSICAL REVIEW D 90, 012006 (2014)
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Proton Spin +1/2
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Proton Spin +1/2
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Proton Spin +1/2

P-wave

Pion cloud model
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Proton Spin +1/2
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Proton Spin +1/2
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Orbital Momentum & Diffractive !0
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Pion cloud in p-wave (L=1)

Single transverse spin asymmetry of forward neutrons

B. Z. Kopeliovich, I. K. Potashnikova, and Iván Schmidt
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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 1þ S
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.
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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 " þ p ! 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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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 " þ p ! 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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Data are well reproduced by the interference between  ! and a1 Reggeon 9
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Preliminary result
• AN is quite 

large even 
near 0 deg.!!

• Systematic 
uncertainties
– Beam 

polarization
– Background
– Beam center
– Position 

smearing

Can !0 and neutron AN be same origin?

If they come from the same origin, the slope should be same but opposite sign
! Not sure if (pi+, pi0) suppose to have same orbital angular momentum.
! Above data are inclusive. Need to guarantee 2-body decay to require !"# $ -!"%

&

! Kinematic conditions are not necessarily consistent between 2 measurements.
! Etc.
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Intrinsic Orbital Motion via 
Different Means

Aren’t we measuring same orbital angular momentum in different scale? 
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New possible opportunity to extract physics by FoCAL?
28

Phys. Rev. D 90, 012006

uncertainties the asymmetries in the backward direction
xF < 0 are found to be consistent with zero, whereas in the
forward direction AN rises almost linearly with xF . The
asymmetries are of similar size compared to earlier results
at different center-of-mass energies as shown in Fig. 5.
Figure 9 presents AN , as a function of transverse

momentum pT for values of jxFj > 0.4 where AN is largest
in forward kinematics (compare Fig. 8). The asymmetry
rises smoothly and then seems to saturate above
pT > 3 GeV=c. A significant decrease of the asymmetry
as expected from higher twist calculations is not observed
[23]. Again, negative xF asymmetries are found to be
consistent with zero within statistical uncertainties.
Figure 10 shows AN as a function of pT for different

ranges of xF . These ranges are chosen to match that of an
earlier measurement of π0 asymmetries from the STAR
experiment [11]. The two measurements in general display
a good agreement. At large xF and high pT there is perhaps
a hint that the inclusive cluster asymmetries are smaller, but
with present statistics the difference is not yet significant.
We note that the STARmeasurement is for identified π0 and
the PHENIX measurement is for clusters with a mixed
composition. As mentioned previously, these clusters are
dominantly from π0’s, but also include contributions from

the decays of η and other neutral mesons, as well as a
contribution from direct photons which is increasing with
xF and pT .

D. Aπ0;η
N at

ffiffi
s

p
¼ 200 GeV and small xF

The data selection and asymmetry analysis in the
midrapidity spectrometer closely follows the procedure
of previous analyses [17]. The data set includes 6.9 ×
108 events triggered by the high pT photon trigger. Photon
clusters are selected using photonic shower shape cuts in
the electromagnetic calorimeter, the time of flight between
the collision point and the calorimeter, a minimum depos-
ited energy of 200 MeV, and a charged particle veto from
tracking in front of the calorimeter. Cluster pairs are then
chosen with an energy asymmetry [Eq. (4)] of less than 0.8
(0.7) for π0 (η) identification, and by requiring that the
photon with the higher energy fired the trigger.
The yields are taken as the number of cluster pairs in a

"25 MeV=c2 window around the mean of the π0 peak in
the invariant mass distribution ("70 MeV=c2 around the
mean of the η mass). The width of the π0 peak decreases
from 12 to 9 MeV=c2 as pT increases from 1 to 12 GeV=c
(35 to 25 MeV=c2 for the η). The background fractions in
the signal windows depend on pT and range from 29% to
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FIG. 10 (color online). Comparison of AN of electromagnetic clusters and π0 mesons [11] at
ffiffiffi
s

p
¼ 200 GeV as a function of pT in

different ranges of xF . Appendix Table VIII gives the data in plain text. An additional uncertainty from the beam polarization (see
Table I) is not included.

A. ADARE et al. PHYSICAL REVIEW D 90, 012006 (2014)

012006-10

RH
IC

f

F
(c)   0.35 < x  < 0.47

F
(d)   0.4 < x

 < 0.85
F

(f)   0.56 < x < 0.56
F

(e)   0.47 < x

0 1 2 3 4 5 0 1 2 3 4 5

(GeV/c)



sPHENIX Running schedule

7 Possible sPHENIX Run Plan 13

Table 1: Possible five-year run plan for sPHENIX. The recorded luminosity (Rec. L) and first
sampled luminosity (Samp. L) values are for collisions with z-vertex |z| < 10 cm. The final
column shows the sampled luminosity for all z-vertex values, relevant for calorimeter only
measurements.

Year Species Energy [GeV] Wks Rec. L Samp. L Samp. L (all-z)

Year-1 Au+Au 200 16.0 7 nb�1 8.7 nb�1 34 nb�1

Year-2
p+p 200 11.5 — 48 pb�1 267 pb�1

p+Au 200 11.5 — 0.33 pb�1 1.46 pb�1

Year-3 Au+Au 200 23.5 14 nb�1 26 nb�1 88 nb�1

Year-4 p+p 200 23.5 — 149 pb�1 783 pb�1

Year-5 Au+Au 200 23.5 14 nb�1 48 nb�1 92 nb�1
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Detector Location
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! Rapidity of interest is 4<!<6.
! The detector position just in 

front of DX magnet is 
optimal (z~8m from IP).

! The radius 4<r<30cm is to be 
covered.
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Summary
• Proton‘s spin sum rule has been examined
• Forward transverse single spin asymmetry has been 

considered to be sensitive to the orbital angular 
momentum.

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

• Large observed asymmetry in RHICf indicates large 
asymmetry caused by diffractive mechanism.

• New experiment is necessary to interconnect 
asymmetries between hard (pQCD) and soft 
(diffractive) nature.
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LHC forward (LHCf) Experiment
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LHCf -> RHICf
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LHC@CERN
RHIC@Brookhaven
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RHICf Collaboration
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Sampling calorimeter

n, !

! Incident particles develop showers in Tungsten
! Deposited energy is sampled by scintillators interleaved (3% for EM showers)
! Four strip detector layers record lateral distribution of showers 38



RHICf Experimental Setup
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RHICf Experiment : June 2017
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RHICf Layout at STAR 

ZDC !"#$%&'()&%$*+'",

+-''*,*-.

Roma
n Pot

RHIC
f ZDC

! RHICf was installed in front of existing ZDC
! ZDC is only capable to measure neutron, not !0

! RHICf+ZDC allows us simultaneous measurements of !0 and neutron

WestEast

ZDC
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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 1þ S
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.
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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 " þ p ! 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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