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Forward Transverse Single Spin AsymmetryIntroduction – Transverse Single Spin Asymmetry (AN)

1/15/21

Forward neutron AN is a left-right cross section asymmetry in polarized p + p 
collision.

-------------------
-------------------

---

----------

Polarized proton
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,-↑ ,-↓ is production cross section when proton is polarized up (down) 

RHIC measurements have shown a large forward neutron AN, which could not be 
justified by a simple OPE model. 

Origin of this large forward neutron single spin asymmetry need to be well understood.
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RHIC measurements have shown 
a large forward neutron AN

pa →nX

AN in p↑+p is produced by interference of 
!+ and and a1 amplitude (Regge theory)  

(R=π, ρ, a2 and Pomeron-π)
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TABLE V: The results of the xF dependence of AN for neu-
tron production in the ZDC trigger sample of p+p collisions
at

√
s=200 GeV. First and second uncertainties show statis-

tical and pT -correlated systematic uncertainties, respectively.
Scale uncertainties from the asymmetry measurements and
the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.776 -0.0059±0.0252±0.0095 11.6/7

-0.682 -0.0219±0.0255±0.0035 6.833/7

-0.568 -0.0050±0.0303±0.0076 9.252/7

0.568 -0.0503±0.0263±0.0076 7.012/7

0.682 -0.0625±0.0221±0.0035 2.68/7

0.776 -0.0772±0.0217±0.0095 5.38/7

TABLE VI: The results of the xF dependence of AN for
neutron production in the ZDC⊗BBC trigger sample of p+p
collision at

√
s=200 GeV. First and second uncertainties show

statistical and pT -correlated systematic uncertainties, respec-
tively. Scale uncertainties from the asymmetry measurements
and the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.749 0.0035±0.0117±0.0082 2.672/7

-0.664 -0.0093±0.0106±0.0037 2.915/7

-0.547 -0.0033±0.0115±0.0096 6.783/7

0.547 -0.0629±0.0097±0.0096 13.27/7

0.664 -0.0657±0.0090±0.0037 5.425/7

0.749 -0.0667±0.0099±0.0082 5.003/7

ror bars and pT -correlated systematic uncertainties are
shown as brackets. Scale uncertainties from the asym-
metry measurements and the beam polarization are not
included.
We observe significant negative AN for neutron pro-

duction in the positive xF region and with no energy
dependence within the uncertainties, both for inclusive
neutron production and for production including a beam-
beam interaction requirement. No significant backward
neutron production asymmetry is observed.

V. DISCUSSION

The measurement of the cross section for the p+p pro-
duction of neutrons at

√
s=200 GeV has been presented

here, and it is consistent with xF scaling when compared
to ISR results. These cross sections are described by the
OPE model in Regge calculus [4–10]. Therefore, the ob-
served large asymmetry for neutron production at RHIC,
as presented in [1] and here, may arise from the inter-
ference between a spin-flip amplitude due to the pion
exchange and nonflip amplitudes from other Reggeon ex-
changes. So far our knowledge of Reggeon exchange com-
ponents for neutron production is limited to the pion.
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FIG. 17: The xF dependence of AN for neutron produc-
tion in the ZDC trigger sample (top) and for the ZDC⊗BBC
trigger sample (bottom). The error bars show statistical un-
certainties and brackets show pT -correlated systematic uncer-
tainties. Systematic scale uncertainties listed in Table IV and
polarization scale uncertainties are not included.

Under the OPE interpretation, the asymmetry has sen-
sitivity to the contribution of all spin nonflip Reggeon
exchanges, even if the amplitudes are small. Recently
Kopeliovich et al. calculated the AN of forward neutron
production from the interference of pion and Reggeon ex-
changes, and the results were in good agreement with the
PHENIX data [21].

We can also discuss our results based on the meson-
cloud model [22]. This model gives a good description
for the result from a Drell-Yan experiment at FNAL,
E866[23]. In this model, the Drell-Yan process is gen-
erated by the interaction between the d quark in one
proton and the d̄ quark in the π+ of p → nπ+ state
for other proton. In this model the neutron should be
generated with very forward kinematics, possibly simi-
lar to the kinematics of the results presented here. The
meson-cloud model was successfully applied to neutron
production in the ISR experiment [8] and we expect it is
applicable to our AN and cross section measurements for
higher energy p+p collisions.

Large asymmetry for a single spin in p↑+p scattering10

The mean values of the simulated pT distributions in
each energy region are also listed in Table I. The cross
section was obtained after the correction of the energy
unfolding and the cut efficiency.

TABLE II: Systematic uncertainties for the cross section
measurement. The absolute normalization error is not in-
cluded in these errors. The absolute normalization uncer-
tainty was estimated by BBC counts to be 9.7% (22.9±2.2
mb for the BBC trigger cross section).

exponential pT form Gaussian pT form

pT distribution 3 – 10% 7 – 22%

beam center shift 3 – 31%

proton background 3.6%

multiple hit 7%

total 11 – 33% 16 – 39%

Table II summarizes all systematic uncertainties evalu-
ated as the ratio of the variation to the final cross section
values. The absolute normalization error is not included
in these errors. It was estimated by BBC counts to be
9.7% (22.9±2.2 mb for the BBC trigger cross section).
The background contamination in the measured neu-

tron energy with the ZDC energy from 20 to 140 GeV
for the acceptance cut of r < 2 cm was estimated by
the simulation with the pythia event generator. The
background from protons was estimated to be 2.4% in
the simulation. The systematic uncertainty in the exper-
imental data was determined to be 1.5 times larger than
this as discussed in section II B 3. Multiple particle de-
tection in each collision was estimated to be 7% with the
r < 2cm cut.
In the cross section analysis, we evaluated the beam

center shift described in Appendix A as a systematic un-
certainty. For the evaluation, cross sections were calcu-
lated in the different acceptances according to the result
of the beam center shift while requiring r<2 cm, and the
variations were applied as a systematic uncertainty.

B. Result

TABLE III: The result of the differential cross section
dσ/dxF (mb) for neutron production in p+p collisions at√
s=200 GeV. The first uncertainty is statistical, after the

unfolding, and the second is the systematic uncertainty. The
absolute normalization error, 9.7%, is not included.

〈xF 〉 exponential pT form Gaussian pT form

0.53 0.243±0.024±0.043 0.194±0.021±0.037

0.68 0.491±0.039±0.052 0.455±0.036±0.085

0.83 0.680±0.044±0.094 0.612±0.044±0.096

0.93 0.334±0.035±0.111 0.319±0.037±0.123
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FIG. 13: (color online) The cross section results for forward
neutron production in p+p collisions at

√
s=200 GeV are

shown. Two different forms, exponential (squares) and Gaus-
sian (circles), were used for the pT distribution. Statistical
uncertainties are shown as error bars for each point, and sys-
tematic uncertainties are shown as brackets. The integrated
pT region for each bin is 0 < pT < 0.11xF GeV/c. Shapes of
ISR results are also shown. Absolute normalization errors for
the PHENIX and ISR are 9.7% and 20%, respectively.

The differential cross section, dσ/dxF , for forward neu-
tron production in p+p collisions at

√
s=200 GeV was

determined using two pT distributions: a Gaussian form,
as used in HERA analysis, and an exponential form, used
for ISR data analysis. The results are listed in Table III
and plotted in Fig. 13. We show the results for xF above
0.45 since the data below 0.45 are significantly affected by
the energy cut-off before the unfolding. The pT range in
each xF bin is 0 < pT < 0.11xF GeV/c from Eq. (2) with
the acceptance cut of r < 2 cm. The absolute normaliza-
tion uncertainty for the PHENIX measurement, 9.7%, is
not included.
Invariant cross sections measured at the ISR exper-

iment were converted to differential cross sections for
the comparison with the PHENIX data. The conver-
sion formula from the invariant cross section Ed3σ/dp3

to dσ/dxF is described with the approximation in the
forward kinematics as

dσ

dxF
=

2π

xF

∫

Acc.

E
d3σ

d3p
pTdpT , (8)

where Acc. means the pT range of the PHENIX accep-
tance cut; 0 < pT < 0.11xF GeV/c for the r < 2 cm cut.
As a pT shape, we used an exponential form exp(−4.8pT )
which was obtained from the 0.3 < xF < 0.7 region from
the ISR results [2, 3].
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xF >  0.45 
0 < pT < 0.11xF  GeV/c 

The cross sections for large xF neutron 

production for p↑+p collisions are 

described by a pion exchange 

mechanism. 

The observed asymmetry expected to appear due interference

between the spin-flip amplitude due to the pion exchange and

nonflip amplitudes from all Reggeon exchanges

ü need to be understood

ü need to explicitly measure the pT dependence
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TABLE V: The results of the xF dependence of AN for neu-
tron production in the ZDC trigger sample of p+p collisions
at

√
s=200 GeV. First and second uncertainties show statis-

tical and pT -correlated systematic uncertainties, respectively.
Scale uncertainties from the asymmetry measurements and
the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.776 -0.0059±0.0252±0.0095 11.6/7

-0.682 -0.0219±0.0255±0.0035 6.833/7

-0.568 -0.0050±0.0303±0.0076 9.252/7

0.568 -0.0503±0.0263±0.0076 7.012/7

0.682 -0.0625±0.0221±0.0035 2.68/7

0.776 -0.0772±0.0217±0.0095 5.38/7

TABLE VI: The results of the xF dependence of AN for
neutron production in the ZDC⊗BBC trigger sample of p+p
collision at

√
s=200 GeV. First and second uncertainties show

statistical and pT -correlated systematic uncertainties, respec-
tively. Scale uncertainties from the asymmetry measurements
and the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.749 0.0035±0.0117±0.0082 2.672/7

-0.664 -0.0093±0.0106±0.0037 2.915/7

-0.547 -0.0033±0.0115±0.0096 6.783/7

0.547 -0.0629±0.0097±0.0096 13.27/7

0.664 -0.0657±0.0090±0.0037 5.425/7

0.749 -0.0667±0.0099±0.0082 5.003/7

ror bars and pT -correlated systematic uncertainties are
shown as brackets. Scale uncertainties from the asym-
metry measurements and the beam polarization are not
included.
We observe significant negative AN for neutron pro-

duction in the positive xF region and with no energy
dependence within the uncertainties, both for inclusive
neutron production and for production including a beam-
beam interaction requirement. No significant backward
neutron production asymmetry is observed.

V. DISCUSSION

The measurement of the cross section for the p+p pro-
duction of neutrons at

√
s=200 GeV has been presented

here, and it is consistent with xF scaling when compared
to ISR results. These cross sections are described by the
OPE model in Regge calculus [4–10]. Therefore, the ob-
served large asymmetry for neutron production at RHIC,
as presented in [1] and here, may arise from the inter-
ference between a spin-flip amplitude due to the pion
exchange and nonflip amplitudes from other Reggeon ex-
changes. So far our knowledge of Reggeon exchange com-
ponents for neutron production is limited to the pion.
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FIG. 17: The xF dependence of AN for neutron produc-
tion in the ZDC trigger sample (top) and for the ZDC⊗BBC
trigger sample (bottom). The error bars show statistical un-
certainties and brackets show pT -correlated systematic uncer-
tainties. Systematic scale uncertainties listed in Table IV and
polarization scale uncertainties are not included.

Under the OPE interpretation, the asymmetry has sen-
sitivity to the contribution of all spin nonflip Reggeon
exchanges, even if the amplitudes are small. Recently
Kopeliovich et al. calculated the AN of forward neutron
production from the interference of pion and Reggeon ex-
changes, and the results were in good agreement with the
PHENIX data [21].

We can also discuss our results based on the meson-
cloud model [22]. This model gives a good description
for the result from a Drell-Yan experiment at FNAL,
E866[23]. In this model, the Drell-Yan process is gen-
erated by the interaction between the d quark in one
proton and the d̄ quark in the π+ of p → nπ+ state
for other proton. In this model the neutron should be
generated with very forward kinematics, possibly simi-
lar to the kinematics of the results presented here. The
meson-cloud model was successfully applied to neutron
production in the ISR experiment [8] and we expect it is
applicable to our AN and cross section measurements for
higher energy p+p collisions.
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Polarized RHIC collider and the PHENIX detector Relativistic Heavy Ion Collider and the PHENIX Detector

Relativistic Heavy Ion Collider (RHIC) - BNL Side view of the PHENIX detector system at RHIC
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Relativistic Heavy Ion Collider and the PHENIX Detector

Relativistic Heavy Ion Collider (RHIC) - BNL Side view of the PHENIX detector system at RHIC
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Relativistic Heavy Ion Collider (RHIC) - BNL 

Side view of the PHENIX detector system at RHIC 
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Zero Degree Calorimeter (ZDC) : neutron detection

with an additional global uncertainty of 3% from the
polarization normalization [36,37].
The experimental setup using a zero-degree calorimeter

(ZDC) [38] and a position-sensitive shower-maximum
detector (SMD) is similar to the one used for pþ p data
[39]. The ZDC comprises three modules located in series
at "18 m away from the collision point. The ZDC has an
acceptance in the transverse plane of 10 × 10 cm2, with a
total of 5.1 nuclear interaction lengths (or 149 radiation
lengths), and an energy resolution of ∼25%–20% for
50–100 GeV neutrons. The SMD comprises x-y (horizon-
tal-vertical) scintillator strip hodoscopes inserted between
the first and second ZDC modules (approximately at the
position of the maximum hadronic shower) and provides a
position resolution of ∼1 cm for 50–100 GeV neutrons.
These detectors are located downstream of the RHIC DX
beam splitting magnet, so that near beam-momentum
charged particles from collisions are expected to be swept
into the beam lines and out of the ZDC acceptance
(see Fig. 1).
To accommodate asymmetric pþ A collisions of beams

with different rigidity, the DX magnets were moved
horizontally [40]. In this special setup for the present
measurement, the proton beam was angled off axis by
∼2 mrad relative to the nominal beam direction at the
collision point, with a crossing angle with the Au (Al) beam
of 2.0 (1.1) mrad. Correspondingly, the ZDCwas moved by
3.6 cm (2 mrad) to keep zero-degree neutrons at the ZDC
center (see Fig. 1).
The data were collected with triggers employing the

ZDC and beam-beam counters (BBCs) [41]. Only the north
ZDC detector, facing the incoming polarized proton beam,
was used in this analysis. Two BBCs are located at
"144 cm from the nominal collision point along the beam
pipe and are designed to detect charged particles in the
pseudorapidity range of "ð3.0–3.9Þ with full azimuthal
coverage. The ZDC inclusive trigger required the energy
deposited in the ZDC to be greater than 15 GeV. The
ZDC ⊗ BBC-tag trigger in addition required at least one

hit in each of the BBCs, and the ZDC ⊗ BBC-veto trigger
required no hits in both BBCs. The latter two sets represent
mutually exclusive but not complete subsets of the ZDC
inclusive triggered data.
As described in detail in Ref. [39], event selection and

neutron identification cuts include (i) a total ZDC energy
cut of 40–120 GeV, (ii) at least two SMD strips fired (above
threshold) in both x and y directions and a nonzero (above
threshold) energy in the second ZDC module (to reject
photons), and (iii) an acceptance cut of 0.5 < r < 4.0 cm
for the reconstructed radial distance r from the determined
beam center (to reduce the impact of the position resolution
and edge effects in the asymmetry measurements).
The raw asymmetry [ϵNðϕÞ] is calculated using the

square-root formula [39] for each azimuthal angle (ϕ)
bin. The polarization normalized Afit

N is then extracted from
the fit to a sine function

ϵNðϕÞ ¼ PAfit
N sin ðϕ − ϕ0Þ; ð1Þ

where P is the proton beam polarization and ϕ0 is the
polarization direction in the transverse plane.
Figure 2 compares ϵNðϕÞ=P results for ZDC inclusive

samples from pþ p, pþ Al, and pþ Au collisions and
shows the nuclear dependence of Afit

N , including a sign
change from negative in pþ p collisions to positive in
pþ Au collisions. The Afit

N was measured separately in
each PHENIX data-taking segment, typically 60 min long,
and then the weighted average was calculated. The obtained
Afit
N is then corrected for backgrounds and detector

responses. The main background contribution comes from
protons, generated by elastic, diffractive, and hard
processes.
Protons from elastic and diffractive reactions travel close

to the beam line and are swept by the DXmagnet to the right
(toward negative x in Fig. 1). Only a small fraction of such
protons scattered by large angles, larger than 4–5 mrad, fall
in the ZDC acceptance. Because the cross section for these
reactions falls sharply with the scattering angle, these
protons contribute mainly on the right side of the ZDC.
This contribution was evaluated from the particle position
distribution as measured by the SMD and found to be 9%
and 32% in the inclusive ZDC and ZDC ⊗ BBC-veto

FIG. 1. ZDC location and beam orbits of a proton (blue) beam
and a heavy-ion (yellow) beam in the special stores used for this
analysis; the z axis shows the nominal beam direction, and the
dashed line represents the zero-degree neutron trajectory. DX and
D0 are the RHIC beam bending dipole magnets.
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Neutron Measurement - Zero Degree Calorimeter (ZDC) 

Shower max detector (SMD, & ~ 1 cm): neutron position
ZDC’s energy resolution is ~ 20% for 100 GeV neutrons.

Beam-beam counter
Charge veto counterZDC (W-Cu alloy)

SMD (Plastic scintillators) 

1800 cm1800 cm

1/15/21

! = ∑!"#$$ % & ! %
∑!"#$$ %(Centroid method)

§ 3 modules
§ 10 x 10 cm2

§ 1.7 nuclear interaction 
length/module

§ 51 radiation lengths

SMD

ZDC

7 strips for x-position
8 strips for y-position
'%&' ∼ 1 *+

Measured variables are smeared due to limited acceptance and resolution of ZDCs. 
Thus AN as a function of pT need to be corrected for smearing induced by ZDCs using unfolding.   

Proton
Polarized
proton
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ZDC :  3 modules, 10x10 cm2, 1.7 interaction length/module, 51 radiation length
SMD : 7strips for x-position, 7strips for y-position. "pos = 1cm

(ZDC’s energy resolution is about 20% for 100 GeV neutrons)
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p↑+A

For p↑+A collisions where due to the different rigidities 
there is a beam angle and in p+p it is straight.



Neutron Selection

• RequiredEZDC2/ETot > 3%(photon elimination) 

ETot = EZDC1 + EZDC2 + EZDC3

ZDC total energy cut: 40 GeV to 120 GeV 

• Acceptance cut: 0.5 cm < r < 4.0 cm
0.5 cm to counteract left-right ambiguity
!pos of SMD ~ 1.0 cm.
4.0 cm used to reduce detector edge effect

• SMD threshold cut
Photon rejection
Required Nx and Ny > 1  (above 0.003 GeV) 
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Neutron Selection For Unfolding of the Obeserved AN
qRequired EZDC2/ET > 3% (photon elimination)

ZDC is composed of 3 modules: ZDC1, ZDC2 and ZDC3
ET = EZDC1 + EZDC2 + EZDC3

ZDC total energy cut: 40 GeV to 120 GeV

qAcceptance cut: 0.5 cm < r < 4.0 cm
0.5 cm to counteract left-right dilution
&94;. of SMD ~ 1.0 cm.
4.0 cm used to reduce neutron edge dilution

qSMD threshold cut 
Photon rejection
Required Nx and Ny > 1 fired above 0.003 GeV
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Neutron Selection For Unfolding of the Obeserved AN
qRequired EZDC2/ET > 3% (photon elimination)

ZDC is composed of 3 modules: ZDC1, ZDC2 and ZDC3
ET = EZDC1 + EZDC2 + EZDC3
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Benard : Workshop on forward physics and 
QCD wit LHC, EIC and cosmic rays (2021)



Unfolding : Actual AN from measured
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Zero Degree Calorimeter Smearing Response Matrix
ZDC smearing response matrix was obtained as generated (Gen) pT–f index  versus 
reconstructed (Rec) pT-f index.  Mapping to 1D pT-f index (I) was done according to:

Transverse momentum (pT) binned
as:
[0.01-0.06],[0.06-0.11],
[0.11-0.16],[0.16-0.21].

Azimuth (f) binned into 6 bins
spanning a full range, i.e. (0 – 2p).

SVD of response matrix was finally executed to correct off-diagonal smearing in pT and azimuth (f)

1/15/21 JLAB Workshop Jan 20-22, 2021 Benard Mulilo (Korea Univ./RIKEN) 13/20

I = pT(i) * fnbin + fi
Position and Azimuth Angle (f) Smearing

Position and azimuth angle are correlated:
f = .#)51 @

A
f = azimuth angle
x, y = forward neutron positions in SMD

1/15/21 JLAB Workshop Jan 20-22, 2021 Benard Mulilo (Korea Univ./RIKEN)

Azimuth angle smearing was checked by the 
correlation of measured and generated f.

11/20

Transverse momentum (pT) Smearing

Position and transverse momentum 
are related:

)# = *$+,-.$ = *$
/

/% + 1%
≈ *$

/
1

En = neutron energy
r = radial distance = !: + /:

pT dependent AN must be corrected 
for pT and azimuth angle (f) smearing 

1/15/21 JLAB Workshop Jan 20-22, 2021 Benard Mulilo (Korea Univ./RIKEN) 12/20• ZDC smearing response matrix was obtained as generated (Gen) pT–ϕ index versus reconstructed 

(Rec) pT-ϕ index (I=pT(i) *ϕnbin +ϕi) 
• Executed unfolding via TSVD in CERN’s  ROOT using weighted smearing matrices : Reweighting 

done using : Polynomial function(Pol3), Power law, Exponential

• Composition, energy, momentum, etc. for forward region not well understood. Sampled 5 MCs to 

gauge impact on the unfolded asymmetries DPMJet, PYTHIA6(8), OPE, UPC 

Benard : Workshop on forward physics and QCD wit LHC, EIC and cosmic rays (2021)
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V. RESULTS

The inclusive neutron asymmetries obtained from the
average of all parametrizations and MC generators are
displayed in Fig. 3 as a function of the true transverse
momentum. The final results are tabulated in Table I.
The absolute values of the asymmetries are consistent

with an increase with transverse momentum but show an
indication of leveling off at higher transverse momenta.
A simple linear dependence as suggested by [10], as well
as the central values of transverse momentum integrated
asymmetries at different collision energies [4,18], seems
not necessarily to be preferred by the data. However, a
simple linear dependence cannot be excluded within uncer-
tainties either. From the MC reweighting exercise no
substantial differences between the different MC generators
have been seen.

Taking into account the indication of very different
asymmetries in ultraperipheral collisions in proton-nucleus
collisions [12,13] and in particular a different sign, it
appears that the UPC contribution to the proton-proton
collisions is limited in this pT region. This is expected
given the electromagnetic nature of the interaction being
proportional with Z2. However, in these inclusive results
some contribution from UPC events may remain, which
could alter the transverse momentum behavior in compari-
son to the purely hadronic theoretical calculations.

VI. SUMMARY

In summary, the PHENIX experiment has measured for
the first time the transverse momentum dependence of
very forward neutron single spin asymmetries in proton-
proton collisions at a center of mass energy of 200 GeV.
With these measurements the first reliable tests of the
suggested mechanisms producing such forward neutron
asymmetries can be performed. While the uncertainties
from the unfolding are very sizable, a simple linear trans-
verse momentum dependence as suggested in [10] is not
inconsistent; however, the asymmetries appear to level off
at higher transverse momenta. Instead, a much slower rise
of the asymmetries or even a turnaround at larger transverse
momenta is favored when considering the best parametri-
zations. To understand the mechanisms in even more detail,
the correlations with other detector activity will be useful.
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FIG. 3. Neutron transverse single spin asymmetries as a
function of the true transverse momentum. The data points
represent the unfolded asymmetries obtained via the average
over all parametrizations and MC generators. The uncertainty
boxes represent the systematic uncertainties due to the para-
metrization, functional form, MC generator, and unfolding
procedure.

TABLE I. Neutron single spin asymmetries as a function of
transverse momentum after unfolding transverse-momentum and
azimuthal-angular smearing. ΔAN corresponds to the statistical
uncertainties while the last two columns specify the upper and
lower systematic uncertainties δAN .

hPTi (GeV=c) AN ΔAN δAN

0.043 −0.039 !0.003 þ0.014 −0.014
0.085 −0.050 !0.002 þ0.013 −0.013
0.132 −0.055 !0.002 þ0.022 −0.014
0.180 −0.053 !0.001 þ0.017 −0.017

TRANSVERSE MOMENTUM DEPENDENT FORWARD NEUTRON … PHYS. REV. D 103, 032007 (2021)

032007-7

• Data points are unfolded AN obtained  
from average over all parameterizations 

• Boxes are total uncertainties arising from 

the unfolding, MC generators and 

parameterizations 

• The absolute values of the asymmetries 

are negative with leveling of higher 

transverse momenta 

• MC reweighting exercise no substantial 

differences between the different MC 

generators have been seen. 

PHYSICAL REVIEW D 103, 032007 (2021) 
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AN in p↑+p, p↑+Al and p↑+Au collisions at √s= 200 GeV

• Neutrons were detected either inclusively or in (anti-)correlation with 
detector activity (BBC) related to hard collisions

• AN observed with transverse momentum (pT) of the neutron as well as its 
longitudinal momentum fraction (xF)

(Understanding interplay of different mechanisms : hadronic interactions or ultra-
peripheral collisions, UPC)

ü !*p↑ interaction depends on the azimuthal angle of the 
scattered neutrons relative to the proton polarization 

ü Large AN for forward neutrons
ü UPCs : comparable cross section with the hadronic interactions at 

forward rapidity and strongly depends on the charge of nuclei.   p↑

(UPC evet) A

Phys. Rev. C 95, 044908
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The analyzed data correspond to the neutron sampled pT
in the range smaller than 0.25 GeV=c peaked at about
0.1 GeV=c, which is defined mainly by detector accep-
tance and which is affected by detector resolutions.
Because of the varying contribution of different processes
to neutron production, the sampled pT distribution may
vary in different collision systems and in different triggered
data. Figure 3 shows the differences in the radial distribu-
tions, which is related to the neutron production cross
section dσ=dpT by pT ∝ r [39]. From a comparison with
the simulation assuming different slope parameters b, in the
parameterization dσ=dpT ∼ e−b·pT , the data were found to
be consistent with b ¼ 4 ðGeV=cÞ−1 for all collision
systems in ZDC ⊗ BBC-tag triggered data and b ¼ 4, 6,
and 8 ðGeV=cÞ−1 in pþ p, pþ Al, and pþ Au collisions,
respectively, in a ZDC ⊗ BBC-veto triggered sample, with
uncertainty σb ¼ 1 ðGeV=cÞ−1 reflecting its sensitivity to
SMD gain calibration and thresholds. These variations lead
to a difference in the average pT sampled in different
collision systems and triggers by as much as 10%. As can
be also judged from Fig. 3, due to the small detector
acceptance, the sampled pT distribution shows a very
modest dependence on the slope of the input pT distribu-
tion, particularly at low pT (or r), which is most responsible
for the dilution of the measured asymmetry. As a conse-
quence, the variation of the correction factor Cϕ due to
different slope parameters b discussed above was less
than 1%.
Figure 4 and Table I summarize the results for AN in

forward neutron production in pþ p, pþ Al, and pþ Au
collisions, for ZDC inclusive, ZDC ⊗ BBC-tag, and
ZDC ⊗ BBC-veto samples. In addition to the 3% scale
uncertainty from polarization normalization, common to all
points, the other part of the polarization uncertainty is
correlated for different triggers in a particular collision
system. The presented asymmetries in pþ p collisions are
consistent with our previous publication [39], albeit with
larger systematic uncertainties in these data due to a larger
background (unlike this measurement, the charged veto
counter was used in Ref. [39] to suppress the background)
and larger variations due to the uncertainty of the beam
position on the ZDC plane.

From Fig. 4, the A dependence of AN for inclusive
neutrons is strong. Compared to the AN of pþ p collisions,
the observed asymmetry in pþ Al collisions is much
smaller, while the asymmetry in pþ Au collisions is a
factor of 3 larger in absolute value and of opposite sign.
This behavior is unexpected, because the theoretical
framework using π and a1-Reggeon interference can
predict only a moderate nuclear dependence, and there is
no known mechanism to flip the sign of AN within this
framework [34].
The asymmetries requiring BBC hits are remarkably

different. Once BBC hits are required (ZDC ⊗ BBC-tag),
the drastic behavior of the inclusive AN vanishes and its
sign stays negative, approaching AN ¼ 0 at large A. In
contrast, the strong A dependence is amplified once no hits
in the BBC are required (ZDC ⊗ BBC-veto). While the
BBCs cover a limited acceptance, the requirement (or veto)
of hits in the BBC should place constraints on the activity
near the detected neutron and thus the corresponding
production mechanism.
One possibility to explain the present results is a

contribution from EM interactions, which have been
demonstrated to be important for reactions with small
momentum transfer, e.g., in ultraperipheral heavy ion
collision at RHIC [44–47] and Large Hadron Collider
[48–51], including forward neutron production in pþ A
collisions [52], and polarization observables in fixed target
experiments [53,54]. Although it was ignored in the
interpretation for the pþ p data [34], EM interactions
become increasingly important for large atomic number (Z)

(a) (b)

FIG. 3. The r distribution of the (a) ZDC ⊗ BBC-tag sample
and (b) ZDC ⊗ BBC-veto sample for three collision systems.

 (atomic mass number)A
0 100 200

N
A

0

0.2

0.4

uAlAp

3% scale uncertainty not shown

=200 GeVNNs n+X at →+A ↑p
 < 2.2 mradθ > 0.5, 0.3 < Fx

PHENIX
 ZDC inclusive 

BBC-tag⊗ ZDC

BBC-veto⊗ ZDC

FIG. 4. Forward neutron AN in pþ A collisions for A ¼ 1 (p),
27 (Al), and 197 (Au), for ZDC inclusive, ZDC ⊗ BBC-tag, and
ZDC ⊗ BBC-veto triggered samples; color bars are systematic
uncertainties, and statistical uncertainties are smaller than the
marker size; the 3% scale uncertainty (not shown) is from the
polarization normalization uncertainty. Data points are shifted
horizontally for better visibility.

PHYSICAL REVIEW LETTERS 120, 022001 (2018)

022001-6

A distinctly different behavior of AN in two oppositely trigger-
enhanced data sets : a contribution of EM interactions and 

diffractive scattering need to be well understood.

Unexpectedly strong A  dependence in AN with +ve value (Au)

ü ZDC ⊗ BBC-tag sample may be explained by the conventional 

pion and a1 -Reggeon interference mechanism

ü the ZDC ⊗ BBC- veto triggered sample could be explained by 

contributions from interference with EM amplitudes 

PRL 120, 022001 (2018)
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FIG. 1: Single spin asymmetries AN for very forward inclusive neutrons in p+p collisions as a function of transverse momentum
pT , in bins of xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent
the theory calculations. The three colored lines and shaded regions display the asymmetries from the reweighted MC that best
describe the measured asymmetries integrated over all xF bins.

theory calculations that match the data very well. In the399

lowest xF bin there is an indication that at higher pT the400

asymmetries become smaller again which actually is well401

described by the combined theory calculations and thus402

indicates some residual contribution from UPC. In p+Au403

collisions the asymmetries are generally smaller and only404

are slightly negative at intermediate xF . This indicates405

that some UPC events do remain in p+Au collisions and406

dilute the predominantly hadronic asymmetries.407

In the case of the BBC-vetoed asymmetries the con-408

tributions from UPC are enhanced while those from409

hadronic interactions are reduced but not eliminated. In410

p+p collisions these two contributions mostly cancel each411

other out as can be seen in Fig. 5 where most kinematic412

regions are close to zero. A hint of a negative asymmetry413

at lower transverse momenta is still visible but the asym-414

metries become smaller as the transverse momentum in-415

creases. In p+Al collisions, the larger UPC contribution416

now switches the sign of the asymmetries to become pos-417

itive and rising in transverse momentum, reaching up to418

10% at the higher transverse momenta. The pT depen-419

dence is again mostly similar for all xF bins, but at lower420

xF the asymmetry in the highest transverse momentum421

appears to be dropping similar to the inclusive p+Au422

collision case. The theory calculations are again qualita-423

tively comparable with the data, including this drop at424

higher transverse momenta.425

In the BBC-vetoed neutron asymmetries of p+Au col-426

lisions the UPC contributions are even further dominant427

and the resulting asymmetries are even less diluted by428

the hadronic interactions. This can be seen by the asym-429

metries now even exceeding 30%. Given the impact of430

the produced nucleon resonances on the decay kinemat-431

ics, here the largest dependence on xF can be seen with432

slightly higher asymmetries at low xF than in higher bins.433

The drop of the asymmetries at high pT at lower xF noted434

already in the inclusive p+Au and the BBC-vetoed p+Al435

asymmetries is also visible here.436

To look more closely at the xF dependence, Figs. 6 to 8437

display the same asymmetries as a function of xF in bins438

of transverse momentum. In the p+p collisions, within439

uncertainties, very little dependence on the longitudinal440

momentum fraction can be seen overall. The only trends441

can be seen at low transverse momenta for either inclusive442

and BBC-vetoed neutron events where the magnitude of443

the asymmetries becomes smaller with increasing xF . For444

the BBC-tagged p+p asymmetries, the magnitude for the445

lowest xF bin is smaller at higher transverse momenta.446

For neutrons in p+Al collisions, the inclusive neutron447

asymmetries appear to be getting smaller in magnitude448

as a function xF for all transverse momentum bins. This449

could be an indication that the relative contribution of450

UPC events become stronger with xF . A similar behav-451

ior is also visible for BBC-tagged neutrons, at least for452

ü Negative AN with slightly 

increasing magnitude with 

increasing pT (except for the 

lowest xF).

ü In p+p the interactions 

dominated by the hadronic 

processes and hence the 

theory calculations are mostly 

negative and increasing in 

magnitude.

Gaku Mitsuka - theory calculations
Phys. Rev. C 95, 044908

arXiv:2110.07504

https://arxiv.org/abs/2110.07504
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FIG. 2: Single spin asymmetries AN for very forward inclusive neutrons in p+Al collisions as a function of transverse momentum
pT , in bins of xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent
the theory calculations. The three colored lines and shaded regions display the asymmetries from the reweighted MC that best
describe the measured asymmetries integrated over all xF bins.

smaller transverse momenta while higher transverse mo-453

menta are again mostly flat in xF .454

In p+Au collisions, the neutron asymmetries show455

again generally a weak dependence on xF . Only in456

the BBC-vetoed events a clear trend can be seen for457

lower transverse momenta where the asymmetries de-458

crease with increasing xF . At higher transverse momenta459

the uncertainties become too large to tell whether this460

trend continues. As mentioned previously, since the UPC461

based asymmetries closely rely on the resonances that can462

be formed, this is where one can expect the largest vari-463

ation of the asymmetries with either kinematic variable.464

VI. SUMMARY465

In summary, the PHENIX experiment has measured466

single transverse spin asymmetries of very forward neu-467

trons as a function of transverse momentum and longi-468

tudinal momentum fraction xF . The asymmetries were469

extracted in p+p, p+Al and p+Au collisions and for470

neutrons that were either inclusively extracted or in471

(anti)correlation with hard collision-sensitive detectors.472

The asymmetries show a strong dependence on the col-473

lision system which can qualitatively be described by474

interplay of hard interactions and ultra-peripheral col-475

lisions which strongly depend on the charge of the col-476

liding nucleus. These indications were corroborated by477

the (anti)correlated results that either enhance or reduce478

the contributions of the two competing processes. The479

asymmetries in hadronic processes appear to be negative480

and increase in magnitude with increasing transverse mo-481

mentum to up to 10% while hardly any xF dependence482

is visible. The UPC related asymmetries in contrast are483

positive and reach more than 30% of magnitude. Those484

are also initially rising with transverse momentum while485

for low xF a subsequent decrease of the asymmetries is486

seen. Also at lower transverse momenta some di↵erences487

in xF are visible that in the model calculations originate488

from the di↵erent nucleon resonances contributing. The489

precision and the multi-dimensional dependence of these490

measurements will greatly improve the general under-491

standing of how hadronic and photon-induced processes492

create single spin asymmetries at very forward rapidities493

and small observed transverse momentum scales.494
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ü AN are slightly negative and 

are often consistent with zero 

ü UPC (+ve) and hadron (-ve) 

contributions cancel out to a 

large part 

ü The theory calculations are 

again describing the data 

mostly well 

arXiv:2110.07504

Gaku Mitsuka - theory calculations
Phys. Rev. C 95, 044908

https://arxiv.org/abs/2110.07504
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ü AN become positive 

ü AN rising with increasing pT in 

all xF and reach more than 20% 

ü Lower xF there is an indication 

of the asymmetries saturating 

or even falling again

ü The Drop qualitatively also 

seen in the theory predictions 

(AN drop : moving away from 

the ∆ resonance)
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FIG. 3: Single spin asymmetries AN for very forward inclusive neutrons in p+Au collisions as a function of transverse momentum
pT , in bins of xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent
the theory calculations. The three colored lines and shaded regions display the asymmetries from the reweighted MC that best
describe the measured asymmetries integrated over all xF bins.

new data is released will be added later by Brant499
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Generally, a large fraction of hadronic events fire the 
BBCs as there is activity in a wide range of rapidities.

UPC interactions, where photons at relatively small 
scales only excite the proton to a ∆ resonance or 
another nucleon states very little activity other than 
the decay products of these states is expected : UPC 
events do not show any activity in the BBCs.

BBC Veto

(Would be talking about two contributions - hadronic and UPC)
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ü AN for p↑+p and the p↑+Al are 

negative : increasing in magnitude 

more than the inclusive neutron 

asymmetries (reach to -10%)

ü In p↑+Au collisions the asymmetries 

are generally smaller and only are 

slightly negative at intermediate xF

8

FIG. 4: Single spin asymmetries AN for very forward neutrons in BBC tagged events in p+p (blue triangles and boxes), p+Al
(green squares and boxes) and p+Au (red circles and boxes) collisions as a function of transverse momentum pT , in bins of
xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent the theory
calculations. The three colored lines represent the theory expectations for p+p (blue lines), p+Al (green dashed lines) and
p+Au (red dotted lines) as discussed in the text.

arXiv:2110.07504

https://arxiv.org/abs/2110.07504


BBC-vetoed for p↑+p, p↑+Au and p↑+Al collisions 
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ü p↑+p : the two contributions mostly 

cancel each other  (AN ≃ 0)

ü p↑+Al : the larger UPC contribution 

now switches the sign of the AN (to 

+ve) with rising in transverse 

momentum (reaching up to +10%)

ü p↑+Au : the UPC contributions 

strongest (AN > +30%)

drop of the asymmetries at high pT at 

lower xF p↑+Al and p↑+Au

9

FIG. 5: Single spin asymmetries AN for very forward neutrons in BBC vetoed events in p+p (blue triangles and boxes), p+Al
(green squares and boxes) and p+Au (red circles and boxes) collisions as a function of transverse momentum pT , in bins of
xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent the theory
calculations. The three colored lines represent the theory expectations for p+p (blue lines), p+Al (green dashed lines) and
p+Au (red dotted lines) as discussed in the text.

FIG. 6: Single spin asymmetries AN for very forward neutrons in p+p collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.

arXiv:2110.07504

https://arxiv.org/abs/2110.07504
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FIG. 5: Single spin asymmetries AN for very forward neutrons in BBC vetoed events in p+p (blue triangles and boxes), p+Al
(green squares and boxes) and p+Au (red circles and boxes) collisions as a function of transverse momentum pT , in bins of
xF . The error boxes represent the systematic uncertainties of the asymmetries while the blue dashed lines represent the theory
calculations. The three colored lines represent the theory expectations for p+p (blue lines), p+Al (green dashed lines) and
p+Au (red dotted lines) as discussed in the text.

FIG. 6: Single spin asymmetries AN for very forward neutrons in p+p collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.

10

FIG. 7: Single spin asymmetries AN for very forward neutrons in p+Al collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.

FIG. 8: Single spin asymmetries AN for very forward neutrons in p+Au collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.
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FIG. 7: Single spin asymmetries AN for very forward neutrons in p+Al collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.

FIG. 8: Single spin asymmetries AN for very forward neutrons in p+Au collisions as a function of xF , in bins of transverse
momentum pT (blue triangles, green squares, red circles, and purple crosses in ascending order). The error boxes represent the
systematic uncertainties of the asymmetries. The left panel displays inclusive neutron asymmetries, the middle panel displays
BBC-tagged neutron asymmetries and the right panel display BBC-vetoed neutron asymmetries.

ü p↑+p : inclusive and for BBC vetoed

ü p↑+Al : inclusive and BBC tagged 

small pT bin (UPC events become 

stronger with xF)

ü p↑+Au :BBC-vetoed at low pT

(very little dependence in general)

Few exceptions where AN becomes 
smaller with increasing xF

SPIN2021-Mriganka M Mondal

arXiv:2110.07504 p↑+p

p↑+Al 

p↑+Au 

ZDC-Inclusive           BBC-Tag                  BBC-Veto
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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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ü Preliminary data points for 62GeV 500GeV AN
exists

ü In the process to complete the analysis : 

intergraded over pT

ü 500 GeV may extend relatively larger pT region 

compared to 500 GeV 



Summary

• The origin of Large Forward Transverse Single Spin Asymmetry measured at PHNIX is 
needed to be well understood.
• Different sign asymmetry in p↑+A  collisions appears to be from UPC contribution.

• Unfolded AN for p↑+p @200GeV  are consistent with an increase with transverse momentum but 

show an indication of leveling off at higher transverse momenta (UPC contribution is limited in 

this pT region)

• AN is shown for p↑+p, p↑+Al and p↑+Au at 200GeV  in correlations BBC  to separate out 
hadronic and UPC contributions: 
• Hadronic processes : AN is  –ve and increase with pT to up to 10% with hardly any xF dependence 

• UPC: AN is  +ve and reach more than 30% of magnitude with pT. For low xF a subsequent decrease 

at high pT is consistent with the model calculations which originate from the different nucleon 

resonances contributing. 

• To further understand asymmetries beyond current results, study of AN at different 
energies will also be performed.
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Results from p+p 200GeV 
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Unfolded AN based on Pol3
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At higher transverse momenta above 0.2 GeV=c, the
sensitivity is very limited for all functional forms despite
a nonzero smearing into the observed range. As such, the
slightly rising, constant or even diminishing asymmetries at
high transverse momenta can describe the measured data
reasonably well.
In a second step, the spin-dependent data yields that are

two-dimensional in reconstructed transverse momentum and
azimuthal angle are unfolded using the spin-dependent,
weighted smearing matrices obtained for each set of para-
meters, functional form and MC generator set. For the
unfolding itself, the TSVDUnfold package of ROOT [23]
based on a regularized singular value decomposition [24]
was used.After the unfolding, the asymmetries are calculated
from the unfolded yields as described above. The best
parametrization for each functional form and MC generator
is used to obtain the central point of the unfolded asymme-
tries and statistical uncertainties. The impact of the variation
of parameters is evaluated by obtaining the root mean square
(rms) of the spread of unfolded asymmetries which are
weighted by the inverse of their respective χ2 to take the
quality of a parameter set into account. These uncertainties
are also displayed in Fig. 1, together with the unfolded
asymmetries using the OPE generator.
The variation of the unfolded asymmetries is displayed

in Fig. 2 for each transverse momentum bin and para-
metrization, while spreads from the different MC gener-
ators had been combined equally. The central values from
these distributions have been taken as the final asymmetry
values while the rms value is taken as the uncertainty due to
the various parametrizations.
In addition to these uncertainties, further systematic

uncertainties are studied by varying the regularization
parameter in the TSVDUnfold method as well as the
uncertainties due to the statistical uncertainties on the
smearing matrices themselves. However, most of these

values are within the boundaries of the uncertainties
obtained from the variation of parameters and functional
forms. Only those systematic contributions that exceed
the aforementioned uncertainties have been added in
quadrature.

FIG. 1. True asymmetry parametrizations as a function of transverse momentum for (a) a third order polynomial dependence “Pol3,”
(b) a power-law dependence “Power Law,” and (c) an exponential dependence “Exponential.” The shaded regions represent the regions
where the χ2 between the smeared asymmetries related to this parametrization and the asymmetries reconstructed from data (solid [blue]
squares) is below 10 units. The dashed lines represent the best matching parametrizations. Also displayed are the unfolded asymmetries
(a) solid [dark green] squares, (b) solid [orange] circles, and (c) solid [red] hyphens, as obtained from the best parametrizations of the
OPE generator. The rms ranges of unfolded asymmetries are visualized as shaded boxes for the various MC generators.

FIG. 2. Relative likelihood distributions of unfolded asymme-
tries for each transverse momentum bin for all sets of parameters
of each functional form weighted by the inverse of its χ2. All
different MC generators distributions have been combined in
these panels. The distributions of the third order polynomial
parametrization (shaded [light green] area “Pol3”), power law
behavior (vertically hatched [light orange] area “Power Law”) and
exponential (horizontally hatched [light red] area “Exponential”)
have been stacked in these figures. The overall central and rms
values are also displayed.

U. A. ACHARYA et al. PHYS. REV. D 103, 032007 (2021)
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The shaded regions represent the regions where the χ 2 is 

below 10 

The dashed lines represent the best matching 

parametrizations 

The rms ranges of unfolded asymmetries are visualized as 

shaded boxes for the various MC generators 

UPC used to sample EM process
(Minimal in p+p & its errors fall within errors from HAD process for 
PYTHIA6(8), DPMJET and OPE). 
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Unfolded AN based-on Power Law and Exponential
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At higher transverse momenta above 0.2 GeV=c, the
sensitivity is very limited for all functional forms despite
a nonzero smearing into the observed range. As such, the
slightly rising, constant or even diminishing asymmetries at
high transverse momenta can describe the measured data
reasonably well.
In a second step, the spin-dependent data yields that are

two-dimensional in reconstructed transverse momentum and
azimuthal angle are unfolded using the spin-dependent,
weighted smearing matrices obtained for each set of para-
meters, functional form and MC generator set. For the
unfolding itself, the TSVDUnfold package of ROOT [23]
based on a regularized singular value decomposition [24]
was used.After the unfolding, the asymmetries are calculated
from the unfolded yields as described above. The best
parametrization for each functional form and MC generator
is used to obtain the central point of the unfolded asymme-
tries and statistical uncertainties. The impact of the variation
of parameters is evaluated by obtaining the root mean square
(rms) of the spread of unfolded asymmetries which are
weighted by the inverse of their respective χ2 to take the
quality of a parameter set into account. These uncertainties
are also displayed in Fig. 1, together with the unfolded
asymmetries using the OPE generator.
The variation of the unfolded asymmetries is displayed

in Fig. 2 for each transverse momentum bin and para-
metrization, while spreads from the different MC gener-
ators had been combined equally. The central values from
these distributions have been taken as the final asymmetry
values while the rms value is taken as the uncertainty due to
the various parametrizations.
In addition to these uncertainties, further systematic

uncertainties are studied by varying the regularization
parameter in the TSVDUnfold method as well as the
uncertainties due to the statistical uncertainties on the
smearing matrices themselves. However, most of these

values are within the boundaries of the uncertainties
obtained from the variation of parameters and functional
forms. Only those systematic contributions that exceed
the aforementioned uncertainties have been added in
quadrature.

FIG. 1. True asymmetry parametrizations as a function of transverse momentum for (a) a third order polynomial dependence “Pol3,”
(b) a power-law dependence “Power Law,” and (c) an exponential dependence “Exponential.” The shaded regions represent the regions
where the χ2 between the smeared asymmetries related to this parametrization and the asymmetries reconstructed from data (solid [blue]
squares) is below 10 units. The dashed lines represent the best matching parametrizations. Also displayed are the unfolded asymmetries
(a) solid [dark green] squares, (b) solid [orange] circles, and (c) solid [red] hyphens, as obtained from the best parametrizations of the
OPE generator. The rms ranges of unfolded asymmetries are visualized as shaded boxes for the various MC generators.

FIG. 2. Relative likelihood distributions of unfolded asymme-
tries for each transverse momentum bin for all sets of parameters
of each functional form weighted by the inverse of its χ2. All
different MC generators distributions have been combined in
these panels. The distributions of the third order polynomial
parametrization (shaded [light green] area “Pol3”), power law
behavior (vertically hatched [light orange] area “Power Law”) and
exponential (horizontally hatched [light red] area “Exponential”)
have been stacked in these figures. The overall central and rms
values are also displayed.
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Relative spread of unfolded asymmetries
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At higher transverse momenta above 0.2 GeV=c, the
sensitivity is very limited for all functional forms despite
a nonzero smearing into the observed range. As such, the
slightly rising, constant or even diminishing asymmetries at
high transverse momenta can describe the measured data
reasonably well.
In a second step, the spin-dependent data yields that are

two-dimensional in reconstructed transverse momentum and
azimuthal angle are unfolded using the spin-dependent,
weighted smearing matrices obtained for each set of para-
meters, functional form and MC generator set. For the
unfolding itself, the TSVDUnfold package of ROOT [23]
based on a regularized singular value decomposition [24]
was used.After the unfolding, the asymmetries are calculated
from the unfolded yields as described above. The best
parametrization for each functional form and MC generator
is used to obtain the central point of the unfolded asymme-
tries and statistical uncertainties. The impact of the variation
of parameters is evaluated by obtaining the root mean square
(rms) of the spread of unfolded asymmetries which are
weighted by the inverse of their respective χ2 to take the
quality of a parameter set into account. These uncertainties
are also displayed in Fig. 1, together with the unfolded
asymmetries using the OPE generator.
The variation of the unfolded asymmetries is displayed

in Fig. 2 for each transverse momentum bin and para-
metrization, while spreads from the different MC gener-
ators had been combined equally. The central values from
these distributions have been taken as the final asymmetry
values while the rms value is taken as the uncertainty due to
the various parametrizations.
In addition to these uncertainties, further systematic

uncertainties are studied by varying the regularization
parameter in the TSVDUnfold method as well as the
uncertainties due to the statistical uncertainties on the
smearing matrices themselves. However, most of these

values are within the boundaries of the uncertainties
obtained from the variation of parameters and functional
forms. Only those systematic contributions that exceed
the aforementioned uncertainties have been added in
quadrature.

FIG. 1. True asymmetry parametrizations as a function of transverse momentum for (a) a third order polynomial dependence “Pol3,”
(b) a power-law dependence “Power Law,” and (c) an exponential dependence “Exponential.” The shaded regions represent the regions
where the χ2 between the smeared asymmetries related to this parametrization and the asymmetries reconstructed from data (solid [blue]
squares) is below 10 units. The dashed lines represent the best matching parametrizations. Also displayed are the unfolded asymmetries
(a) solid [dark green] squares, (b) solid [orange] circles, and (c) solid [red] hyphens, as obtained from the best parametrizations of the
OPE generator. The rms ranges of unfolded asymmetries are visualized as shaded boxes for the various MC generators.

FIG. 2. Relative likelihood distributions of unfolded asymme-
tries for each transverse momentum bin for all sets of parameters
of each functional form weighted by the inverse of its χ2. All
different MC generators distributions have been combined in
these panels. The distributions of the third order polynomial
parametrization (shaded [light green] area “Pol3”), power law
behavior (vertically hatched [light orange] area “Power Law”) and
exponential (horizontally hatched [light red] area “Exponential”)
have been stacked in these figures. The overall central and rms
values are also displayed.

U. A. ACHARYA et al. PHYS. REV. D 103, 032007 (2021)

032007-6

All different MC generators distributions 

have been combined in these panels 

“Pol3” power law behavior and exponential 

have been shown in these figures : the 

spread of AN in each pT bin

The overall central and rms values are also 

displayed 
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