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Transverse single spin asymmetry (𝑨𝐍) 
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𝑨𝑵 =
𝑵𝑹↑ 𝑵𝑳↓ − 𝑵𝑳↑ 𝑵𝑹↓

𝑵𝑹↑ 𝑵𝑳↓ + 𝑵𝑳↑ 𝑵𝑹↓

l The transverse single-spin asymmetry (𝑨𝑵) represents a left-right asymmetry in particle 

production and reflects the underlying spin–momentum correlations in a transversely 

polarized proton.

l Definition
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Transverse single spin asymmetry (𝑨𝐍) 
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l These frameworks are related to spin structure and orbital angular momentum

l Sivers and Collins frameworks can predict the large 𝐴" (pQCD prediction ~ 0)

l Theoretical framework
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Transverse single spin asymmetry (𝑨𝐍) 
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𝝅𝟎
l Measurements

lNon-zero 𝐴# for 𝜋± and 𝜋% in forward region

R. D. Klem et al., Phys. Rev. Lett. 36, 929 (1976)
D. L. Adams et al., Phys. Lett. B264, 462 - 466 (1991)
C. E. Allgowe et al., Phys. Rev. D 65, 092008 (2002)
I. Arsene et al., Phys. Rev. Lett. 101, 0420010 (2008)

(STAR) J. Adam et al., PRD 103, 092009 (2021)
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Motivation
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STAR, PRD 103, 092009 (2021) 

l 𝐴! for forward 𝜋" (2.7 < 𝜂 < 4) and for RHICf 𝜋" ( 𝜂 > 6) 

exhibit similar 𝑥# scaling behavior

l RHICf particles are expected to be dominated by the diffractive processes, 

but contribution from non-diffractive processes is also possible

l Diffractive processes could contribute the large 𝐴! in RHICf coverage

l We want to find out the origin of 𝐴! of 𝜋" with RHICf+STAR studies

Figure 7 shows the TSSA of these two types of π0.
Although the asymmetries of both types increase with xF,
their magnitudes are significantly different. The asymme-
tries for the isolated π0 are clearly larger than the asym-
metries for the nonisolated π0. This result suggests there
could be different mechanisms in play to explain the large
asymmetries shown in Fig. 4. The nonisolated π0s are
considered to be part of a jet, which has fragmented from a
parton, while the underlying subprocess for the isolated
ones is not yet clear. One possible explanation is that a
significant part of the isolated π0s are from diffractive
processes [52], which needs further confirmation. The
theoretical descriptions mentioned in the introduction
would mainly apply to the TSSA of the nonisolated π0s,
which usually assume all the π0s come from parton
fragmentation, for example in a recent global analysis
[51]. A recent measurement of TSSA for very forward π0 in
transversely polarized proton-proton collisions by the
RHICf experiment also indicates that the diffractive process
could give a sizable asymmetry [5].
To understand the contributions from isolated and non-

isolated π0 to the overall π0 TSSA, Fig. 8 shows the
fractions of each type in the overall π0 sample. It is noted
that these fractions are background corrected to ensure the
fractions represent the π0 signal only. It can be seen that, for
each data set, the isolated π0 plays an important role in the
high xF region where the asymmetry is significantly larger.
In Ref. [35], a somewhat different isolation criterion was

used, but the same conclusion was obtained that the
isolated π0 have larger TSSA than the nonisolated π0 in
pþ Al and pþ Au collisions in addition to proton-proton
collisions.

C. The Jet TSSA

Figure 9 shows the results of the jet TSSA as a function
of xF for both data sets. The solid symbols in the figure
represent the results that have no limitation on the photon
multiplicity when reconstructing the jet, while the open
symbols represent the results that required the observed
photon multiplicity in the jet to be greater than 2. The
asymmetries are nonzero and increase with xF, similar to
the π0 TSSA. The consistency of the 200 and 500 GeV jet
asymmetries in the overlap region suggests a weak energy
dependence. However, the jet asymmetries are much
smaller than the π0 ones in Fig. 4 for the same xF.
Theoretically, the jet asymmetry is believed to be domi-
nated by initial-state effects related with the Sivers
function.
Since a single photon or two photons can be recon-

structed as a jet, the isolated π0 sample described earlier is
part of the jet sample and therefore enhances the overall jet
TSSA. The open symbols in Fig. 9 show the TSSA for jets
with a measured photon multiplicity greater than 2. The jet
TSSAs with a minimum multiplicity requirement are
smaller than the ones without this requirement, while the
pT at each xF of the two samples is almost the same. The
200 GeV results are significantly larger than zero, while the
500 GeV results are consistent with zero within uncertain-
ties, which may indicate a stronger energy dependence than
what was observed for the π0 TSSA.
The black crosses in Fig. 9 represent the results from the

ANDY Collaboration at RHIC [28] with transversely polar-
ized proton-proton collisions at 500 GeV. The ANDY

FIG. 7. The transverse single-spin asymmetry as a function of
xF for the isolated and nonisolated π0 in transversely polarized
proton-proton collisions at

ffiffiffi
s

p
¼ 200 and 500 GeV. The error

bars are statistical uncertainties only. A systematic uncertainty up
to 5.8% of AN for each point is smaller than the size of the
markers. Theory curves based on a recent global fit [51] are also
shown. The average pT of the π0 for each xF bin is shown in the
lower panel.

FIG. 8. Fractions of isolated and nonisolated π0 to the overall
inclusive π0 sample in the mass region 0–0.3 GeV=c2, after
background subtraction. The missing fraction mainly includes the
events between the isolated cuts: 0.9 < zem < 0.98.

J. ADAM et al. PHYS. REV. D 103, 092009 (2021)

092009-10

STAR, PRD 103, 092009 (2021) 
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Diffraction in 𝒑 + 𝒑 collisions
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Diffractive process: 

l Color Singlet Exchange (Pomeron exchange)

l Large Rapidity Gap 

l Final state proton

l Color Singlet (such as photon or pomeron) exchange could contribute to the 𝐴"
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𝑨𝐍 with diffraction
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(STAR) Xilin Liang, DIS2025

l It shows the 𝐴2 with diffractive process 
within 𝑝3 > 2.0 GeV/c , 2.8 < 𝜂 < 3.8

l 𝐴2 for diffractive process is consistent 
with inclusive process
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NA

0

0.05
 3≥Photon multiplicity 

STAR Preliminary
= 510 GeVs + p ↑p

1.1% polarization scale uncertainty not shown
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RHICf experiment
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ZDC

BBC

East West

l RHICf detector installed in the far forward (𝜂 > 6) region of the STAR detector to collect 

transversally polarized 𝑝 + 𝑝 collisions at 𝑠 = 510 GeV

l RHICf detector consists of a large tower (TL, 40mm) and a small tower (TS, 20 mm),

Each tower is composed of 4 position layers (1 mm) and 16 scintillating plate
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RHICf experiment
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l RHICf Collaboration has successfully measured the 𝐴! of 𝜋" and 𝑛
in 𝑃# < 1.0 GeV/c and  𝜂 > 6

RHICf 𝝅𝟎 RHICf neutron

RHICf, PRL 124, 252501 (2020) RHICf, PRD 109, 012003 (2024) 
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Event classification method
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uCondition definition 

Legend:

Always signal

signal or not

No signal

l Detector signal on-off cut is determined by min-bias trigger events

l Event classification method are based on the large rapidity gap 
in diffractive process
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(Non-)Diffractive-Likely-Event (DLE)
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SDLE

DDLE

NDLENon
Diff.

Single
Diff.

Double
Diff.

l We classified the three different processes with detector correlations
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𝝅𝟎 measurement
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u Definition of RHICf 𝝅𝟎 type

Type-1 𝝅𝟎

𝜸

𝜸
𝝅𝟎

𝜸
𝜸

𝝅𝟎

Type-2 𝝅𝟎

Two 𝜸 invariant mass 𝒑𝐓 and 𝒙𝐅 correlations for 𝝅𝟎

l 𝜋! candidates are selected based on the two-gamma invariant mass

l Background estimation and its fitting has been conducted using Gaussian Process Regression method

l Energy resolution 𝜎" ~3.5% and transverse momentum resolution 𝜎#! ~4.5% for 𝜋! are observed
RHICf, PRL 124, 252501 (2020) 
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𝑨𝐍 calculation 

INPC202513 2025. 5. 30.

𝐴# =
1

𝑃 𝐷0
𝑁1↑ − 𝑅 𝑁1↓

𝑁1↑ + 𝑅 𝑁1↓

𝑷 = Beam polarization

𝑫𝝓 = Dilution factor

𝑹 = Relative luminosity

𝑵𝑹
↑,↓ = number of spin up and down for 𝜋& event 

l 𝐴" was calculated using the luminosity-based formula

l A dilution factor was applied to correct for the 𝜙 modulation of 𝜋$

due to the finite detector acceptance
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Background 𝑨𝐍 subtraction 
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𝐴#6 = 1 +
𝑁7
𝑁6

𝐴#687 −
𝑁7
𝑁6

𝐴#7

𝑨𝐍𝑺)𝑩 = Signal + background 𝐴+ withtin 3𝜎

𝑨𝐍𝑩 = Background 𝐴+ in 5𝜎 away from mass peak

𝑨𝐍𝑺 = Subtracted 𝐴+

𝑵𝑩(𝑺) = Integrated counts of background (signal) within 3𝜎

l Background subtraction was performed using 𝐴"% and the background-to-signal ratio (B/S ratio)
   within the 3𝜎 of the mass peak

l 𝐴"% was estimated from background events located more than 5𝜎 away from the mass peak.

Bkg. region Bkg. region
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Results
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l We observed the non-zero 𝐴"
under the SDLE, DDLE and NDLE conditions

l The SDLE and DDLE show similar behavior 
and exhibit a more enhanced 𝐴" compared to the inclusive

l NDLE condition shows a suppressed 𝐴"
relative to the inclusive result
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Results
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l 𝐴, under (N-)DLE conditions exhibit different 𝑥- scaling behavior

l Diffractive process may contribute the large 𝐴, in 𝜂 > 6 region
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Summary
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l 𝐴" was measure for (non-)diffractive like events in 𝑝↑ + 𝑝 collision at 𝑠 = 510GeV

at RHICf and STAR experiments

l Non-zero 𝐴" were observed across all classified event types

l 𝐴" for SDLE and DDLE show an enhancement relative to the inclusive event 
In contrast, 𝐴" for NDLE is suppressed compared to the inclusive event

l These results suggest that diffractive processes may contribute to the large 𝐴"
observed in the very forward region.


