PROCEEDINGS

OF SCIENCE

Asymmetry measurement of far-forward neutral
particles in the RHICf experiment

Itaru Nakagawa®"* for the RHICf collaboration
“RIKEN,

2-1 Hirosawa, Wako, Saitama, 351-0198 Japan
bRiken BNL Resarch Center,

20 Pennsylvania Avenue, Upton, NY 11973, U.S.A.

E-mail: itaru@riken. jp

Transverse single-spin asymmetries (TSSA) in forward and very forward neutral hadrons generated
in transversely polarized p+p collisions at high energy provide us unique and rich testing grounds
for deeper understanding of the production mechanism in terms of perturbative and nonperturba-
tive strong interactions. Ever since the large TSSAs were discovered in FNAL four decades ago,
the phenomena inspired remarkable developments in perturbative regime. On the other hand, such
a large TSSA was also discovered even in very forward neutron production at RHIC where nonper-
turbative mechanism suppose to play a key role. The origin of these observed TSSAs have been
studied separately in different theoretical frameworks so far due to the applicable limits of these
theoretical regimes. In 2007, the RHICS collaboration installed an electromagnetic calorimeter
in the zero-degree region of the STAR detector at the Relativistic Heavy Ion Collider (RHIC)
and measured neutral 7° and neutrons produced at pseudorapidity larger than 6 in transversely
polarized p+p collisions at 4/s = 510 GeV. This new experiment will bridge our understandings
of TSSA for the meson in forward and the neutron in very forward productions.

XXX International Workshop on Deep Inelastic Scattering and Related Subjects (DI1S2025)
24-28 March, 2025
Cgpe Town, South Africa

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).

All rights for text and data mining, Al training, and similar technologies for commercial purposes, are reserved.

ISSN 1824-8039. Published by SISSA Medialab. https://pos.sissa.it/


mailto:itaru@riken.jp
https://pos.sissa.it/

Asymmetry measurement of far-forward neutral particles in the RHICf experiment Itaru Nakagawa

1. Introduction

Transverse single spin asymmetry (TSSA) is a measurement in high-energy physics that quanti-
fies how the production of particles is affected by the transverse (sideways) spin of a single colliding
proton. Substantial TSSAs have been observed in various measurements, which provided stringent
testing ground of the quantum chromodynamics.

A large left-right asymmetry Ay of the very forward neutron production (pseudorapidity 7 > 6)
in transversely polarized p+p collision at 1/s=200 GeV was discovered at RHIC[1]. The neutron was
emitted at almost zero degree with respect to the transversely polarized proton beam direction. The
absolute asymmetry Ay glows as a function of the transverse momentum or the collision energy[2]
as shown in Fig. 1. The cross section of the unpolarized very forward neutron production is well
reproduced by one-pion exchange model[3]. The model introduces an interference between spin-flip
7 and spin-nonflip a; exchange between the two protons under the Regge theory framework[4].
The observed asymmetries are well reproduced by the model calculation.
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Figure 1: Ay for the very forward neutron production at 4/s = 62,200, and 500 GeV|[2], respectively as a
function of transverse momentum of neutron. Theoretical predictions[4] are superimposed to the plot.

On the other hand, similar large TSSAs are observed in forward pion productions in transversely
polarized p+p collisions by E704 experiment in FNAL[6], PHENIX][7] and STAR[S8] as shown in
Fig. 2. These pions are detected forward direction (1 < n < 4), but not as very forward ( > 6) as
aforementioned neutrons and have higher transverse momentum. Thus these pion productions have
been studied in hard process regime unlike the neutron case. Perturbative QCD models calculates
these large asymmetry in transverse momentum dependent[9, 10] and higher-twist multi-parton
correlations[11-13].

Presently, the asymmetries of the very forward neutron and forward pion productions have
been interpreted in soft and hard regimes, respectively. As such, these asymmetries are regarded
as totally different origins due to the applicable limit of kinematics in each regimes. Here we
proposed a new experiment which possibly bridge these theoretical interpretations by exploring the
pion TSSA in very forward direction ( > 6) where substantial neutron asymmetries are already
observed[2]. A question arises if the large asymmetries in forward pion production persists in very
forward direction as well with respect to these of forward (1 < 7 < 4) pions. In order to investigate
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Figure 2: From left panel, existing data of single-spin asymmetries Ay of forward 7+, 7=, 7% productions,
respectively in polarized p+p collision at various center of mass energies[5], plotted as a function of Feynman-
X, XE.

the mechanism of TSSA in non-perturbative regime further by exploring 7° channel and expanding
the kinematic coverage of neutron channel as well, a new RHICf experiment was proposed in STAR
experiment at RHIC.

2. RHICf Experimental Apparatus

The RHICT detector comprised of sampling type electro-magnetic calorimeter, i.e. the formar
LHCf Arm1 detector[14] and now dubbed the RHICS detector. It was installed at 18 meters down
stream of the STAR interaction region in front of the zero-degree calorimeter (ZDC) detector [15]
as shown in the Fig. 3. At RHIC, the proton bunches rotating clockwise are referred to as blue beam
and counterclockwise as yellow beam. The RHICT detector is located in the downstream side of the
blue beam.
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Figure 3: Geometry of the RHICT detector and the STAR interaction region.

The RHICT detector consists of the two position-sensitive sampling calorimeters with square
shape in the transverse plane, called TS (small tower, with a 20 mm size) and TL (large tower, with
a 40 mm size) as shown in Fig. 4. Each detector consists of 17 tungsten absorbers with a total of
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44 radiation lengths (or 1.6 nuclear interaction lengths), 16 sampling layers of GSO scintillators,
and 4 X-Y pairs of the position layers with multianode photomultiplier tube readout. Each pair of
position layers is composed of 20 (for TS) or 40 (for TL) 1-mm-wide GSO bars[16]. The RHICf
detector has an energy resolution of 2 to 3% and position resolution of 100-150 um for 100-250
GeV photons. The two photons from 7” decays can be detected in two different towers (type I)
or within one tower (type II)[17]. For 7°’s, the energy resolution at energies of 100-250 GeV is
2.5-3.5% and the pT resolution in 0.0 < pt < 0.8 GeV/c is 3.0-4.5 % for both types.

In order to cover a wide kinematic range of 0.0 < pt < 1.0 GeV/c, the data were taken at three
vertical positions of the detector where the beam enters (1) the center of the TL, (2) the center of
the TS, and (3) 24 mm below the center of the TS.
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Figure 4: (left) A photo of the RHICT detector. The bottom part is the sampling type shower counters, which
consisted the TS and TL, respectively. (right) Schematic drawing of the RHICf detector installed in front of
the ZDC[ 15] with the direction of the blue beam. The entire RHICf detector is lifted up and down to span
broader kinematic range.

The RHICf experiment was executed during the RHIC operation in 2017. The polarization
vector of of proton beams was oriented radially and their polarization were ranged from 53 to 59%
with a systematic uncertainty less than 0.02. The center-of-mass energy was 510 GeV with large
B* value of 8 m to make the angular beam divergence small. 1.1 x 10% events and an integrated
luminosity of about 700 nb~! were accumulated in total.

3. Analysis

The hit positions of photons were estimated by fitting a Lorentzian-based function to the energy
deposit distribution in the GSO bars. The photon energy was reconstructed based on the correlation
between the energy deposit in the detector and its incident energy simulated by GEANT4 MC.
Figure 5 shows the reconstructed invariant mass distribution of the two photons and a clear 7° peak
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at 135 MeV/c? is observed. Most of the background (> 80%) comes from accidental coincidences

between photons from different 7%’s.
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Figure 5: Reconstructed two photon invariant mass distribution of type I in xg > 0.25 and 0.0 < pt < 1.0

GeV/e.

The neutron events are mainly measured by the shower trigger that is activated when the energy
deposits of any three consecutive GSO plates are larger than 45 MeV. Since the shower trigger is

sensitive not only to the neutron events but also to the photon events, the neutron candidates are
identified by using the variable L,p, defined by Lop = Loggg, — 0.15Lo0q, (Fig. 6 (a)) where L,q, is
defined by the longitudinal depth for the measured integrated energy deposition in the GSO plates
to reach x% of the total in units of the radiation length (Xy). Figure 6 (b) shows the 1 dimensional
projection of Fig. 6 (a) on Lygq, axis in a Monte Carlo (MC) sample, where the p+p collisions were

generated by QGSJET II-04[18].
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Figure 6: (a) Loy, versus Loy and (b) Lop distributions of neutron and photon events in the QGSJET II-04
sample[18]. The black lines correspond to the threshold to select a neutron candidate, which is Lop = 21Xj.
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4. Physics Results

The resulting Ay for 7° and neutron are presented in this section, and each of which is discussed
details in [19] and [20], respectively. Figure 7 (left) shows that Ay of the very forward 79°s increases
with pr, reaching about 0.2 at ~0.8 GeV/c, where the production mechanism is mainly governed
by nonperturbative QCD. Figure 7 (right) shows that the backward Ay distributions are consistent
with zero. Similarly, the forward Ay is consistent with zero in pt < 0.07 GeV/c, though it starts to
increase as a function of xp at higher pr.
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Figure 7: Ay of the very forward 75 as functions of (left) pr for several xg ranges and (right) xg for several
pr ranges. Only forward Ax was presented in (left). Error bars represent the statistical uncertainties, and the
boxes represent the systematic uncertainties.

The new results of Ay of 70 are compared with existing data in FNAL (E704)[6], PHENIX[7]
and STAR[8] in Fig. 8. Note that the kinematics between RHICf and existing data are different and
thus they are not apple-to-apple comparison. Although, the RHICf kinematics is considered as the
soft QCD regime, the highest pt data (0.5 < pt < 0.69 GeV/c) Ax show same sign and similar
trends in the slope and the amplitude with existing data which have been considered as hard QCD
regime. It is not clear yet though, this may imply the asymmetry can be arose from the same origin,
though interpreted differently in two theoretical regimes.

Figure 9 left panel shows the neutron Ax’s as a function of pr in three different xg ranges. In
the low-xp range, the neutron Ay reaches a plateau at low pt. In the high-xp range, the plateau does
not seem to be reached yet, while the absolute value of the Ay explicitly increases in magnitude with
pr. This trend is in good agreement with the Reggeon exchange model calculations[4] presented
in Fig. 1. Figure 9 right panel shows the Ax’s as a function of xg in five different pt ranges. Clear
xr dependence is observed, which is not predicted by the Reggeon exchange model. The backward
An’s are all consistent with zero, similar to that of 70 case.

For high xp category data of both 7° and neutron channels, the observed asymmetries are
similar at given pr, for instance, |An| ~ 0.1 around pt of 0.4 or so, but opposite sign. It may
be a coincidence, but it may be interesting to investigate if the oversimplified picture like isospin
symmetry mechanism in two body decay p — n + n* or ¥ + p drives the origin of the asymmetry.
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Figure 8: Comparison of the RHICf data with the previously measured Ay in FNAL (E704)[6], PHENIX[7]
and STAR[8] of the forward 7°’s as a function of xp.
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Figure 9: Ay for forward neutron production as a function of (left) pr and (right) xg. Error bars corre-
spond to the statistical uncertainties, and the boxes represent the total systematic uncertainties. Theoretical
calculations[4] shown in Fig. 1 are also superimposed in the left panel.

5. Summary

In summary, the single-spin asymmetries of very forward 7°°s and neutrons have been measured
by the RHICS detector at the zero-degree area of the STAR detector at RHIC in polarized p+p
collisions at /s=510 GeV. Large Ay values up to ~ 0.2 were observed in the very forward region
for pT < 0.8 GeV/c and empirical xg scaling was also observed in pr > 0.19 GeV/c in 7° channel.
For neutron channel, the resulting Ay increases in magnitude with pt in the high-xg range which is
consistent with the Reggeon exchange model predictions. However, the observed trend that reaches
a plateau in the low—xp range, prompts development of the theoretical interpretation.
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