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The sPHENIX experiment is a new experiment and its new detector of Relativistic Heavy Ion
Collider (RHIC) in the Brookhaven National Laboratory. It is an upgrade of the PHENIX
experiment. The sPHENIX is to complete the scientific mission of RHIC in the study of
QGP and the spin structure of the proton. The sPHENIX detector provides precision ver-
texing, tracking and electromagnetic and hadronic calorimetry in the central pseudorapidity
region |n| < 1.1, with full azimuth coverage, at the full RHIC collision rate, delivering un-
precedented data sets for hard probe tomography measurement at RHIC. The sPHENIX was
commissioned using Au + Au collision in 2023, and took physics data with transversely po-
larized proton+ proton collisions at the center-of-mass energy of /s = 200 GeV in 202/4. The
status of detector commissioning and achieved physics targets of the proton spin program using
the sPHENIX detector will be discussed.
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1. Introduction

The sPHENIX][1][2] is a second generation experi-
ment and its detector at Relativistic Heavy Ion Col-
lider (RHIC) in Brookhaven National Laboratory
(BNL). It is an upgrade of the PHENIX experi-
ment [3] which was decommissioned in 2016. The
sPHENIX is to complete the scientific mission of
RHIC in study of QGP and the spin structure of the
proton. The physics goals of SPHENIX are illustrated
in Fig. 12. They are:

1. Measurement of hadron jets, direct photons, and

heavy quarks and the study of parton energy loss in
the QGP.

2. Measurement of the Upsilon particles and tem-
perature of the QGP.

3 Measurement of jet substructure and the study
of parton QGP interaction.

4. Study of the spin structure of the proton.
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The primary focus of this document is the spin
structure study of proton at sSPHENIX. The RHIC is
the only polarized proton collider in the world, pro-
viding unique testing ground for the proton spin. By
colliding polarized protons against each other at high
energies, one can study how the spin of a proton is
carried by its constituent quarks and gluons. Prior to
the RHIC, it was known that only 1/3 of the proton
spin is carried by quark spin. Previous works at the
RHIC have revealed that gluon spin also contributes
to proton spin. However, the quark and gluon spins
together do not appear to be sufficient to explain
100% of the proton spin. If there is any remainder,
it is the orbital angular momentum of the partons
within the proton.

There are numerous attempts have been made in
the last decades in order to reveal the origin of the
exexpectedly large transverse single spin asymmetry
Ap observed in inclusive hadron productions at for-
ward rapidity regions in transversely polarized pro-
ton + proton collisions in wide range of center-of-
mass energies \/s. The theoretical frameworks that

I This work is based on the results presented at the 2024 “New

Trends in High-Energy and Low-x Physics” Conference.
2 The scientific illustration by Misaki Ouchida (Hokkaido Uni-
versity).
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(2) Quarkonium spectroscopy
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Fig. 1. Nlustration of physics goals of the sSPHENIX

explain this puzzle include the twist-3 contributions
in collinear factorization framework, the transverse-
momentum-dependent contributions from the initial-
state quark and gluon Sivers functions, and/or final
state final-state Collins fragmentation functions. He-
reby Sivers functions are considered to be associated
with the orbital motion of partons in the proton.

The sPHENIX will investigate the contribution of
the orbital mortion of partons in the proton spin,
as illustrated in the bottom left image of Fig. 1 us-
ing transversely polarized proton + proton collisions
at /s = 200 GeV.

2. sPHENIX Detector

The sPHENIX]2] is a new state-of-art jet detector at
the RHIC. The construction of the detector complex
was completed by the end of April 2023 as shown in
Fig. 23. The concept of sPHENIX follows the geom-
etry of typical collider detectors, depicted in Fig. 3,
covering the full azimuth and pseudo rapidity range
of —1.1 < n < 1.1, with a tracking system con-
sisting of a pixel detector (MVTX) based on mono-
lithic active pixel sensor technology, a silicon strip
intermediate tracker (INTT), and a time projection
chamber (TPC). The calorimeter stack includes a
tungsten /scintillating fiber electromagnetic calorime-
ter (EMCAL) and a steel/scintillator tile hadronic

3 Courtesy of Brookhaven National Laboratory
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calorimeter (HCAL), divided into inner and outer
parts. The inner HCAL sits inside a 1.4 T supercon-
ducting solenoid, which was refurbished from the de-
commissioned BaBar detector [4].

The tracking system consisting of the MVTX, the
INTT, and the TPC is the well-established detector
formation of modern particle collider detectors such
as STAR [5,6] and ALICE [7]. Each detector is excel-
lent in position, timing, and momentum resolution,
respectively and, thus, an essential component of a
desirable high-energy collider detector.

The data acquisition (DAQ) of the sSPHENIX is de-
signed to handle a trigger rate of 15 kHz. The Felix
server system developed in ATLAS [8] was employed
as a part of the DAQ system for tracking detectors,
which enables the processing of data in a stream read-
out mode as well.

A minimum bias trigger is provided by the pair of
minimum bias detectors (MBDs) implemented 2.5 m
downstream of the collision point along a beam pipe
in both directions. They are constructed from the
reuse of the PHENIX beam beam counter (BBC),
consisting of Cerenkov detectors made of a 3-cm-thick
quartz radiator readout with mesh dynode photomul-
tipliers. The collision vertex position along the beam
axis is determined from the observed hit-timing dif-
ference between the MBD pair. The MBD has tim-
ing resolution of 50-60 ps for a single hit, which is
translated to the reconstruction position resolution
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of <2 cm for proton+ proton collisions and of few
mm for Au+ Au collisions.

A pair of event plane detectors (EPD) is imple-
mented further downstream of the MBD exploits
1.2-cm-thick scintillators with wavelength shifting
fibers. Each EPD consists of two wheels of 12 sec-
tors with 31 optically-isolated tiles. The EPD pro-
vides significant improvement in the event plane res-
olution of the Au+ Au collision.

The Zero Degree Calorimeter is a Cherenkov light
sampling calorimeter. The ZDCs are located in se-
ries at £18 m away from the collision point, each
side of the beam direction. Mechanically, each arm
of the ZDC is subdivided into 3 identical modules
with 2 interaction length each. The active medium
is made from clear PMMA fibers interleaved with
Tungsten absorber plates. This sandwich structure is
tilted at 45 degree to the beam to align the optical
fibers with the Cherenkov angle of forward particles
in the shower. The energy resolution of the ZDC for
100 GeV neutrons is 21%.

The SMD is an X-Y scintillator strip detector in-
serted between 1st and 2nd ZDC modules. This loca-
tion corresponds (approximately) to hadronic shower
maximum position. The horizontal x coordinate is
sampled by 7 scintillator strips of 15 mm width each,
while the vertical y coordinate is sampled by 8 strips
of 20 mm width each, tilted by 45 degrees. The ac-
tive area covered by SMD is 105 mm x 110 mm. The
SMD position resolution depends on energy deposited
in the scintillator and varies from around 10 mm at a
small number of charged particles crossing the SMD
to values smaller than 3 mm, when the number of
particles exceeds 100. For comparison, the spread of
neutrons due to of nucleon Fermi motion is about
2.2 cm at 100 GeV. A pair of scintillator paddles with
matching acceptance with ZDC was implemented up-
stream and down- stream of ZDC, respectively. It is
called charge veto counters.

3. Projected Errors

Photons, jets and heavy-quark flavors have been con-
sidered as the “golden probes” for the decomposition
of proton spin components. However there are short
of existing measurements of these observables due to
their small cross section and technical difficulty in
their measurements. The sPHENIX detector is thus
designed to measure heavy flavor mesons, hadron
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Fig. 3. The engineering drawing of the sSPHENIX detector

jets, high transverse momentum (pr) hadrons, high-
energy photons over a wide energy range. The broad
kinematic range of py covered by the sPHENIX is
depicted in Fig. 4.

The TSSAs in direct photon and heavy-flavor pro-
duction probe the gluon dynamics within a trans-
versely polarized nucleon, described by the tri-gluon
correlation function in the collinear twist-3 frame-
work, which is connected with the gluon Sivers TMD
parton distribution function (PDF). This is yet well
known. The Sivers function correlates the nucleon

801



I. Nakagawa for the sPHENIX Collaboration

< 12— T T T T T T
@ + SPHENIX Projectiorl lJ 0-10% Au+Au, Years 1-3 -
P PR .62 pb”' samp. p+p .

+ TTTl' 21 nb'rec. Au+Au E

L or 32 nb” samp. Au+Au |

0.8[ -=- directy I

[ - jet ]

0.6~ - ‘ ‘ ]
0.2 :#%%I R

0' ] ] ] 1 ! ] ! i

0 10 20 30 40 50 60 70 80

p, [GeV]

Fig. 4. Kinematic coverage in tranverse momentum pr of
sPHENIX detector [1]
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metry for direct photon Ay at sSPHENIX compared with the-
oretical model predictions
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Fig. 6. Projected errors of the transverse single spin asymme-
try Ax of DY meson production

transverse spin with the parton transverse momen-
tum. Therefore it is an important step forward to un-
derstand the orbital angular momentum components
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Fig. 7. Projected errors of the transverse single spin asymme-
try Ay of dijects production

of proton spin. Shown in Fig. 5 and Fig. 6 are the pro-
jected errors of the transverse single spin asymmetry
for direct photon and D° mesons Ay compared with
theoretical model predictions [10].

The EMCal-based high-energy cluster trigger en-
ables us to collect high statistical samples of direct
photon in mid-rapidity region. The new capability of
the streaming readout of sSPHENIX tracking system
also enables a high precision measurement of Dy me-
son TSSA.

The sPHENIX is the first jet detector with fully
implemented hadron calorimeters in the mid-rapidity
at RHIC. Therefore it allows the inclusive jet TSSA
measurement in high precision to the level of a few
times 10~%. The opposite sign contribution of up and
down quarks to Sivers asymmetry is expected from
existing semi-inclusive deep inelastic scattering ex-
periments. By tagging the leading hadron charge in
sPHENIX will allow Sivers asymmetry measurements
in flavor separated manner, since they preferably en-
hance the contribution from fragmenting up or down
quarks. Without the tagging, the asymmetries of the
overall jet can be canceled out due to the hadron
asymmetries in opposite signs.

As a trade off of the statistics with respect to
the inclusive jet measurement, dijet measurements
certainly provides the advantage in the direct ac-
cess to parton intrinsic transverse momentum k1. Re-
cent STAR measurement showed nonzero effect for
charged tagged jets. As a dedicated detector for jet
and photon measurements, SPHENIX is expected to
contribute to dijets measurements as shown projected
errors of dijet Ay in Figure 7 [10].
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Fig. 8. Observed transverse single spin asymmetries of neutron production in zero
degree at /s = 200 GeV with respect to North (a) and South (b) going polarized

proton beams, respectively

Full jet measurement with hadron calorimeters also
allows detailed measurement of the Collins mech-
anism, which correlates the transverse polarization
of a fragmented quark to the angular distribution
of hadrons within a jet. This gives access to the
transversity distribution in the proton which can
be interpreted as the net transverse polarization of
quarks within a transversely polarized proton. Along
with the unpolarized PDF and helicity PDF, tranver-
sity is one of three leading-twist PDFs. The integral
in x over the valence quark transversity distribution
defines the tensor charge, a fundamental value calcu-
lable in lattice QCD, therefore enabling the crucial
comparison of experimental measurements with ab
initio theoretical calculations. Unlike semi-inclusive
DIS measurements, p + p collisions are more sensitive
to the d-quark transversity and its tensor charge.

4. Run24 Performance

In this section, some selected detector performance
plots observed in polarized proton + proton collision
in Run24 are presented. Plots are results of first semi-
online analyses and the resolution will be improved in
later careful calibrations.

The polarization of proton beams are measured by
the proton-carbon and hydrogen jet polarimeters im-
plemented at 12 o’clock region of the RHIC ring. In
order to pursue the spin program at sSPHENIX, it is
important to monitor the spin vector of the polar-
ized beam locally at sSPHENIX throughout the pro-
ton + proton run. Since the asymmetry analysis will
be pursued assuming the spin vector to be perfectly
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Fig. 9. Turn on curves of the minimum bias 1 (black) and

photon triggers for threshold of 2 (red), 3 (green), 4 (blue)

(a). Ratio of photon triggers with respect to the minimum

bias trigger (b)

803



I. Nakagawa for the sPHENIX Collaboration

06/10/2024
§ L SPHENIX Preliminary
= 1400 pyp Vs = 200 GeV
-g C B =0T
2 1200— Data(Rund1349)
o [ mean™TT = 1.6 [cm]
r oNTT=12 [cm]
10007 meants0 - 1.9 [cm]
L oMBD =13 [cm]
BOO_—
600—
400—
200—
Caaaldeoaly, , P IR PP PO M IR
950 T80 60 —40 20 O 20 40 60 80 100
Z&I," [le

Fig. 10. The reconstructed collision vertex distribution along
the beam axis using observed tracklets in INTT detector in
p -+ p collision at /s = 200 GeV
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Fig. 11. The reconstructed invariant mass of 70 and 7 mesons
observed in p + p collision at /s = 200 GeV

vertical, any deviation from it would be accounted as
the systematic error.

The sPHENIX local polarimeter relies on the
nonzero transverse single spin asymmetry of very
forward neutrons produced from collisions of trans-
versely polarized and unpolarized protons, p'+p. The
magnitude of the asymmetry is proportional to the
beam polarization, with a roughly 2-3% negative
asymmetry expected at nominal beam polarization
of 50-60% [11]. Shown in Fig. 8 are azimuthal mod-
ulation of the forward neutrons of the blue beam
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Fig. 12. The reconstructed invariant mass of KO meson ob-
served in p + p collision at /s = 200 GeV

observed by the North ZDC/SMD and the yellow
beam by the South ZDC/SMD detectors. The ob-
served asymmetries are consistent with the published
results.

In order to accumulate high energy jet and pho-
ton events, jet and photon triggers were implemented
in sPHENIX. The photon trigger was formed by the
clusters in EMCAL. The photon triggers for thresh-
old of 2 (red), 3 (green), 4 (blue) established decent
rejection powers with respect to the minimum bias
trigger 1 (black), respectively (Fig. 9).

Presented in Fig. 10 is the reconstructed collision
vertex distribution along the beam axis using ob-
served tracklets in INTT detector without magnetic
field in sSPHENIX. The collision vertex was nicely cen-
tered around zero and width of the distribution recon-
structed by two independent detectors, i.e. INTT and
MBD are consistent to each other within 1 cm.

Shown in Fig. 11 is the reconstructed mass spec-
trum of photon pairs using EMCAL. Distinctive 7°
and n mass peaks can be observed on above combina-
tory backgrounds which is represented by blue curve.

Figure 12 shows the invariant mass spectrum of
7+ and 7~ pair detected by TPC. A clear K%-meson
mass peak appears as expected around 0.5 GeV, al-
though no distortion corrections are applied yet.

1. An Upgrade Concept from the PHENIX Collaboration.
arXiv:1207.6378v2 (2012).

2. Technical Design Report of sPHENIX (2019).

3. K. Adcox et al. PHENIX detector overview. Nucl. Instr.
Meth. A 499, 469 (2003).

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11



Spin Physics Program of New Generation sPHENIX Detector at RHIC

4. B. Aubert et al. The BABAR detector. Nucl. Instr. Meth.
A 479, 1 (2002).

5. M. Anderson et al. The STAR time projection chamber: A
unique tool for studying high multiplicity events at RHIC.
Nucl. Instr. Meth. A 499, 659 (2003).

6. G. Contin et al. The STAR MAPS-based PiXeL detector.
arXiv:1710.02176 [physics.ins-det] (2018).

7. The ALICE Collaboration, CERN-LHCC-2012-013/
LHCC-P-005, ALICE-UG-002 (2012).

8. M. Wu (ATLAS TDAQ Collaboration). FELIX: Readout
upgrade for the ATLAS Trigger DAQ system in HL-LHC.
Nucl. Inst. Meth. A 1048, 167994 (2023).

9. C. Aidala et al. The PHENIX forward silicon vertex detec-
tor. Nucl. Instr. Meth. A 755, 44 (2014).

10. Central Au + Au data event recorded in the sPHENIX
calorimeter system. In: sPHENIX Beam Use Proposal
(2023).

11. A. Adare et al. PHENIX Collaboration. Inclusive cross sec-
tion and single transverse spin asymmetry for very for-

ward neutron production in polarized p + p collisions at
v/s =200 GeV. Phys. Rev. D 88, 032006 (2013).

Received 21.10.24

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11

1. Haxazasa 610 imeni xonrabopauii sSPHENIX

ITPOI'PAMA ®I3NKU CIIIHY
IJId JETEKTOPA sPHENIX HOBOI'O
ITOKOJIIHHS HA KOJIAVJIEPI RHIC

Exkcniepument sPHENIX — 1me woBuii eKCIIepUMEHT Ha HO-
BOMY [JIeTEKTOpI pPeJIATUBICTUYHOrO KoJlaiijepa BayKKHX io-
uis (RHIC) y BpykxeiiBeHCbKiil HamioHaJbHIH J1aGopaTOpil.
sPHENIX mae 3aBepmuTu HaykoBy Micito kosaiigepa RHIC —
BUBYEHHSI KBaPK-IJIIOOHHOI IIJIA3MH i CIIHOBOI CTPYKTYpPH IIPO-
ToHa. /lerekrop sSPHENIX 3a6e3neuye TouHe BUBHA4YEHHS BeEP-
IIMH, TPEKIB i €JIEKTPOMArHiTHY Ta raJIpOHHY KaJOPUMETPilo B
HneHTpaJbHiil obsacti ncesgoxyTkocrti |n| < 1,1, 3 noBHEM a3u-
MYTaJIbHUM IIOKDUTTSIM, IIDU TOBHIN IIBHUIKOCTI 3iTKHEHb Ha
konaitnepi RHIC, mo mae 6e3nperienenTHi Habopu JaHUX JJIsi
2kopcrkol Tomorpadii na RHIC. sPHENIX Gyso BBesieHO B eKc-
ILUIyaTallio 3 BUKOPUCTAHHSM 3iTkHeHb Au+ Au y 2023 por, i
y 2024 pomi Ha IBOMY JETEKTOPi OTPUMAaHO €KCIEPUMEHTAJIb-
Hi gaHi AJ1s 3ITKHEHDb IIONEPEYHO IMOJIAPU30BAHUX IIPOTOHIB i3
IpOTOHAMU 3 eHeprieo nearpa mac /s = 200 I'eB. B po6ori
0OrOBOPIOETHCSI CTAH BBEJEHHS JETEKTOPA B €KCILIYaTAIiI0 Ta
nocsaruyTi i3udHi 11l B paMKaxX MpOrpamMu JOCJIIPKEHHSI CITi-
HY IIPOTOHA 3 BuUKopucTaHHsiM jerekropa sPHENIX.

Karwwosi caosa: konaitnep RHIC, nerekrop sSPHENIX, xo-
JIOZHA KBAPK-TJIIOOHHA IJIa3Ma, CIIIH IPOTOHA, [IOIIEPEYHA ACH-
MeTpisi, KyTOBUI MOMEHT.
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