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From PHENIX to sPHENIX

Advances in Cold-QCD and Spin Physics at RHIC

ltaru Nakagawa | RIKEN / RBRC

Central theme

From evidence for gluon helicity to precision transverse-spin probes of multi-parton correlations.

PAN PACIFIC 2026 ¢ RHIC SPIN PHYSICS 1



Physics roadmap

PHENIX legacy Experimental transition sPHENIX opportunity
m° A_LL > gluon helicity Higher luminosity Neutral mesons

W=*A_L > polarized sea Full-azimuth tracking Inclusive jets

Forward n Ay 2 hadronization EM + hadronic calorimetry Isolated photons
dynamics Streaming readout Heavy flavor

Helicity structure - origin of transverse single-spin asymmetries
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RHIC: polarized proton collisions

® Longitudinal polarization probes helicity PDFs and AG.
® Transverse polarization reveals spin-momentum correlations.

e Hard probes connect measured asymmetries to QCD factorization.

Key observables

A_LL =longitudinal double-spin asymmetry
A_L = parity-violating single-spin asymmetry
A_N =transverse single-spin asymmetry
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PHENIX and sPHENIX
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PHENIX

Integrated Luminosity PHENIX and sPHENIX
Year | s [GeV] (reolanl'dpg;% F[.‘;;I]
2002 200 | -/0.15 15 SPHENTX I“tEg'atEd tUIIIIIIOSIty
2004 200 | 0.12/- 40
2005 200 | 3.4/0.2 49
2006 200 | 75/27 57
2006 62.4 | 0.08/0.02 | 48 Calorimeter data 17 124 256%
2008 200 | -/52 45
2009 200 | 16/- 55
2009 500 14/ - 39
2011 500 | 18/- 48 Tracker streaming 2.9 9.7 12.6 280%
2012 200 [ -/10 56
2012 510 32/- 56
2013 510 155/ - 56
2015|  200] -0 | 8 All detectors 13 17 30 65%
2015 | pAu@=200 -/0.2 61
2015 pAl@200 =105
Featwre | STAR PHENX eHENX
Azimuth / n =21, |n|sS1 2 x90° |n|<0.35 2i, [n|<1.1
Tracking TPC + silicon (HFT era) Drift chambers + VTX/FVTX MVTX + INTT + TPC
PID TPC dE/dx + TOF RICH + TOF + EMCal TPC dE/dx
Calorimetry BEMC / EEMC PbSc + PbGl EMCal lvcal + Hical {inner & outer)
ull jet-energy measurement
Best suited for Wide-acceptance hadrons, flow, spin e/y, quarkonia, identified probes Jets (HCal), y, heavy flavor, high-rate probes



N
PHENIX:; 1° A_LL and gluon helicity

PRD93, 011501 (2016)
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uncertain.
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AG from global QCD analyses

: DIS + SIDIS s RHIC projection. |
B 90% C I.. constraint data < 2015 4
- B DSSV 2014 mm EIC projection
| — with 90% C.I.. band Vs =78 GeV -

—

lllllllll

0
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05 _z_J_JAmL_x_x_u.lull_L_l_x_umL_x_u.uxul_lgx_Luu.L
e - = 3 2 ;
10 10 10 10 10

Integrated gluon helicity: current constraints and EIC reach
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* Significant contribution from gluon spin (at x>0.05 )
Similar conclusion from other global fits: NNPDF, JAM

* More ALL data are published: n,m=, h=, J/i, HF e
 Still large uncertainty in unmeasured region (x<0.05)
=> Will be fully resolved at EIC (no longitudinal in sSPHENIX)
« Sign needs a confirmation (see next slide)
=> Need cleaner prob, e.g. direct photons



Direct photons help test the sigh of AG

PRL130, 251901 (2023)

i - > o 0 - :
Gluon Compton Scattering 0 0q_p+p7‘+x,ﬁ51OGeV. hﬂ <°25

® Photon production reduces hadron-
fragmentation dependence.

4

0.02—
j : ' ..':'.'.'...._-,,',‘.‘..’.'.'::--—-: ¢ PHENIX data f.aVOI’ pOSitive AGinthe
= T = measured region.

-0 oau_”’*”'xm
"L == DSSV14 with DSSV,,. uncertainty

- om JAM22 Ag > 0 with JAM uncertainty
" B8 JAM22 Ag < O with JAM__ uncertainty

e Complementary to inclusive m° A_LL.

5 10 15 20
P, (GeV/c]

Source: Bazilevsky, DIS 2026, slide 6 (figure reproduced from review)
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W* A, : flavor-separated polarized sea

PRD 98, 032007 (2018)

'.(; ¥ ~ . T S——
(a) Wisl ' ] Al 2o
el e - SH0 eV » A* 0L
§ MiENIX A (2011.2012), ol » 0 GV
5 ) MIENIX AQ 20000, ¢ » eV

'

Wt -et

saasalsnsa

SSV 25 GeV

o STARACPRL 113 Q00 02300

Source: Bazilevsky, DIS 2026, slide 7 (figure reproduced from review)
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STAR+PHENIX included

e Parity-violating W production probes
helicity at Q ~ Myy.

e No hadron fragmentation functions are
needed.

® Data inform Al and Ad in global analyses.



Transverse Single Spin Asymmetry in p'+p Collision

Predicted to be small~%
Al :
L et?t ’ L.
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Transverse Spin Physics at RHIC

Initial State: Final State:
Ryotaro Koike’s Talk
b.A
» An for jets, direct ﬁhotons » Hadron azimuthal asymmetry in jet
» Ax for heavy flavor — gluon » Hadron pair azimuthal asymmetry
» Ax for W, Z, DY (Interference fragmentation function)
Sensitive to correlations Sensitive to
proton spin — parton transverse motion transversity x spin-dependent FF
Not universal between SIDIS & pp Universal between SIDIS & pp & e+e-
» Parton dynamics » Quark transversity
» 3D imaging » Tensor charge

Other mechanisms
» Diffraction (Seughwan Lee’s Talk)
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Forward n Ay: a large transverse asymmetry
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PRD 113, 071006 (2026)
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e Forward nA_Nrises with x_F;
backward A_N is near zero.

e Initial-state twist-3 calculations alone
appear insufficient.

® nand ° asymmetries show broadly similar behavior.
Suggests a limited impact from mass, isospin,
strange quark content on spin-dependent hadronization
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N ————————————————
PHENIX > sPHENIX: midrapidity meson A

Sensitive to gluon dynamics

Used to constrain gluon Sivers
Anselmino et al, PRD 74 (2006), 094011

0. 4= .
p +p — 2+ X, 15 = 200 GeV, |n|<0.35

0.0 )
™ 3.-.;&,...‘-_-.*...-1.,
0.005¢ —

D’Alesio et al, JHEP 1509 (2015), 119 0.08
Z | E ) .
< |
U_---..-‘....i.....*...._....- T U R S ——
PHENIX: °, n i 1 * +
o PRD S0, 012006 (2014)
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—ﬂ.'DEJ PR [ T T —— | EErEmT——— ——
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P, [GeV]

PRD103, 052009 (2021)
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https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01

13



Advantages of Streaming readout

Calorimeter-triggered events Tracker streaming

il st fes o ere [heisn sas s Minimally trlgger-blgsed tracking samples, enabling
: : low-p; charged particles and heavy-flavor

calorimetric energy measurement.

reconstruction.

e Different readout modes target complementary spin observables.
e D° A_Nis a promising future probe of gluon correlations.

® Streaming data do not provide the same calorimeter content as triggered samples.

Source: Seidl, DIS 2026, slide 7 (figure reproduced from review)
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From hadrons to jets: cleaner initial-state access

Inclusive hadron A_N Inclusive jet A_N
Initial-state twist-3 correlations + fragmentation-related Reduced sensitivity to hadron-specific fragmentation;
twist-3 contributions. direct reconstruction of outgoing partonic energy flow.

sPHENIX EMCal + HCal enable full calorimetric jet reconstruction at RHIC

Jet A_N constrains combinations of quark—-gluon and tri-gluon correlations; it does not isolate a single
correlator.
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sPHENIX: reconstructed jet performance

.............

10°]
=8 SPHENIX Preliminary
‘| p+pys = 200 GeV, Ljy = 166pb '
10°F ot anti-k, A =04 2
S 0% =% m"<07
Ly
G | —8x
%'" 10| —
§ 1 e
cg :
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2 | NLO pOCD (No Hadronlzation)
10 ! ] Werner Voglrlsnn; o _*4‘
gordl b L Lty : | ]
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p; [GeV]
e Anti-kTR=0.4 jets
® |n_jet|<0.7

® Jet energy corrections and unfolding

e Precision calorimetry makes inclusive
jet A_N feasible
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Jet A_N: systematics and interpretation

d S V.7 QoL 1 Method systematic
& fudicgapo Pt ) JER syslematic
o g IPASEOMEEIY — Totaidysiomatic o Key systematics: JES, JER and unfolding
F E iterations.
o I e .
= — - L _
== — =
E —— 3 . . .
E E e Relative-luminosity and square-root
N T T T T T methods agree.
10 15 20 25 30 35 40 45
Jet P, [GeV]
z 45' | 'p;g;nfk; F%g'g’f,e\) ' SPHENIX Preliminary - e A_N constrains initial-state twist-3
<4 3 00«x07 e VA SR A dynamics, including gluonic
z - Ldt=42pb" <P>=52% [ JER systématic .
< 7% global scale uncertainty 1 JES systematic correlations.
o —— Total systematic

T
I

Source: Seidl, DIS 2026, slide 14 (figure reproduced from review)
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JPS Conf. Proc. 37, 020118 (2022)
[SSA Jet Channels R
" pl+p =[8t+ 1"+ X

Vs = 200 GeV +‘
Xp >0 . + + +
* Inclusive jet o' +p-jet+x : f
- . ]
. . AR, > 0.05 LA
« Jet + hadron in jet - $ects t

* Both Transversity and Collins fragmentation function can be
accessed.

* Collins effect in pp—jet process: Azimuthal modulation

3.2% Scale Uncertainty Not Shown

depending on the proton spin relative to the jet axis e ey ¥
° DlJe'I' (" +p - jet+jet+X) - | STAR 2012+2015 p-p 200 GeV -+ u-quark
108" | 42 & z beam combined . g[:::t"'
* Direct access to parton intrinsic transverse momentum. of | PrToCVERIGHE T —watuncen,
* STAR preliminary results showed a nonzero effect for g < b . a |
5 o ' i
charge-tagged jets. < | F,E ' |
* sPHENIX will significantly contribute to dijet measurement. ot | . (average)
E 3 Mh;m-pnﬁ;naumrr _______ iy mot shown
° V'Je'r @' +p-oy+ijet+X) O R :1"’"'2 R
* Both quark/gluon Sivers functions are accessible depending (k) distribution b > jetjetX
measurement by STAR ( iv: 2305 10359)

on the rapidity selection.



Heavy Flavour TSSA

* As for direct photons, sensitive to twist-3 tri-gluon correlators and
gluon Sivers TMD

» PHENIX: Open heavy flavour through leptonic decay: p'p — e*/-X
« New with sSPHENIX: Prompt D% p'p — DO/DOX

Statistical projection for sSPHENIX

0.08'_'— p‘|+p _) e(‘l" + x & Open Heavy Flavor e0 n <Z :I LI ) ‘ T | LB ] | T TT | L | L I T | L l0| T | LR I_ n
C {s=200GeV ; = OpenHeavy Flavore - 0.03~ sPHENIX BUP2024 Projection, p'+p'—=D"D, P = 0.57 —

0.06 ;\_/Trgilh/ﬂA%UOT:SSEA Saclay T RHIC/AGS Users Meeting 05 ;g/ . L [ ] 29 pb’1 str. p+p ]

0.04— PHENIX 7 PRD78, 114013 - 002- 4 68pb'str.pep .
E. [l §  (2)=(001£003 : - Kang, PRD78, 2= A, = 0

0.11+ 0.09) GeV i 0.01— weersnsnnen Kang, PRD78, A, = -A, = 70 MeV —: .
PRD84, 014026 ' : . | 1.

P2 8 kom0t kya@sZiot “ o |i H :
-0.04— E Sk L e g
‘0'063—1 3.4% polarization scale uncertainty not included || o2k e -
1 2 3 4 5 6 7 8 N = I N B B W S ST FE R
. 05 1 15 2 25 3 35 4 45 5
pr[GeV] .
p, [GeV]
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< Gluon TMD by Direct-

pg_l_ p—oVy+t X X{ Jr
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Hints on orbital motion of gluons “%

thru Transverse Momentum
Dependence measurement.
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Summary and EIC outlook

® PHENIX established essential constraints on gluon helicity and polarized sea quarks.

® Forward hadron A_N demonstrates rich spin-dependent QCD dynamics.

e sPHENIX combines 124 pb~"' calorimeter data, full calorimetry and tracking/streaming
capabilities.

® Inclusive jet A_N reduces hadron-fragmentation ambiguities and constrains initial-state
correlations.

® The EIC will extend precision multidimensional imaging, especially at low x.

From spin asymmetries to the partonic mechanisms behind them
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Inclusive jet A_N: first sPHENIX results
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— anti-k, R=0.4
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[ Ldt=42pb”" <P>=52%
7% global scale uncertainty
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_IIII]ITII'ITIIITI

STAR: PRD 106 (2022) 072010

IIIlIllll|Illl|||lll|l|l|l|l|

-0.01

e e by o b b a1y
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i BT ETETET AT A
35 40 45
JetpT[GeV]

IsPHENIX Prl:-!iminalry
p+p Vs =200 GeV
anti-k, R=0.4
0.0 <n< 0.7
© Ldt=42pb” <P>=52%
7% global scale uncertainty

Illlllll

T [ FLEL [T EE[ T

+

ll|l|llll|l

[ ® | sPHENIX

Source: Seidl, DIS 2026, slide 15 (figure reproduced from review)
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QTAR:- PRN 1NA (2N22\ N72Nn1N

lllllll|Illl||||llllll[llll

Preliminary measurement using ~40%
of the data set.

Jet asymmetries unfolded to particle
level.

Consistent with STAR within
uncertainties.

Predominantly statistics limited.
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sPHENIX: full-azimuth jet detector

® |n| < 1.1 and full 2w azimuth

® MVTX +INTT silicon tracking

EMCAL

iHCAL

® TPC tracking and TPOT MAGNET
MinBIAS

® EMCal + inner/outer HCal

® BABAR solenoid ﬁ

® Stream readout for trackers "

PAN PACIFIC 2026 * RHIC SPIN PHYSICS L



Integrated luminosity: multiple data streams

Recorded integrated luminosity (pb~")

Calorimeter data 124
Tracker streaming 2.9 9.7 12.6
All detectors 13 17 30

These are distinct acquisition samples; totals must not be added together.

Source: Seidl, DIS 2026, slide 7 (figure reproduced from review)
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