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Quark-gluon

* Deep inelastic scattering)
(DIS) of lepton (electron
» Large (¥ = -¢°)
provides a hard scale to

resolve quarks and gluons
in the proton

e Parton distribution
function (PDF) of quarks
and gluons

structure

Lepton
(electron)

Nucleon
(/ Nucleus)

Unpolarlzed PDF Polarized PDF

« 1D longitudinal motion of
partons

e x: momentum fraction of .\

quarks and gluons

e Significant improvement
of precision of the
polarized PDF at EIC
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Nucleon structure

e Constituent-quark model

* Quarks with the effective mass
(caused by the gluon)

« Explains the magnetic moment of . ’
the nucleons

« But, the quark spln cannot explam
the nucleon spin (“spin puzzle”)

* Quark-gluon model

e Current quarks and gluon
Interaction

 [nitial state of high-energy hadron
colliders

 Understanding the differences
(or gap) of these models
e Chiral symmetry (breaking)
« Confinement
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Nucleon spin physics

e Spin puzzle
« Origin of the nucleon spin in the quark-gluon

pi(iture1
—=—AX 4+ Ag + L Orbital angular momentum
2 2 Gluon spin
Quark spin

* Quark-spin contribution is only about 30% of the
nucleon spin

 Longitudinal-spin (beam axis direction)
asymmetry measurement
e Gluon polarization measurement
« Anti-quark polarization measurement using W
boson
e Transverse-spin asymmetry measurement

« Understanding of orbital motion inside the
nucleon and orbital angular momenta of quarks
and gluons
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Polarized proton acceleration at RHIC

« Keeping and monitoring polarization from the
polarized proton source

P
Absolute Polarirré:r

(HT jet)
PHENIX

FulbHelical @ STAR
Siberian Snakes W

BRAHMS
& PP2PP

‘.
lJHIC pC

Polarimeters

Spin Rotators

Pol. H- Source
LINAC

BOOSTER

200 MeV 4 WarniPartial
Polarimeter Helical Siberian Snake

AGS Internal
Polarimeter

. AGS pC Polarimeters
Cold Partial’ "=
Helical Siberian Snake

June 16, 2025 5



Polarized proton collision experiments

[ uon Telescope nner upgrade

[ (Jnde]g N d STAR deteCtOF
: vent Plane Detector
27 coverage for
jet measurement
 barrel TPC and EMC
* endcap EMC

lectro agnetic
alorimeter
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* PHENIX detector
* limited acceptance
* high resolution central EMCal
* high-rate trigger and DAQ
« forward muon detectors

[ ELECTROMAGNETY
£ AL ERINETER
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Longitudinal polarized proton collision

» A,, (double-helicity asymmetry) measurement
« Polarized in the beam axis direction

do,, —do,_ = })<: }}

A LL — Versus

do, +d : -
e Gluon polarizatoi-gﬁ 7 ' })<:}'

« A,, measurement for gluon+gluon and gluon+quark
reactions

Midrapidity jet at STAR Midrapidity n® at PHENIX

(solid) and NNPDF 1.1 (§otted)

- L
o r - 0
< STAR p+p — Jet+X [ PP m+X [n|<0.35
—m— 2012510 GeV R=0.5 |1|<0.9 Prelim. R - B 510 GeV: Runi2-13
0.04— —e— 2009200 GeV R=0.6 |1|<1.0 A 0.02 |- 510 GeV: rel. tum. uncertainty
L Relative luminosity uncertainty 2 | @ 200 GeV: Run6-9 (PRD90,012007)
""" Lsslffa s ," = 200 GeV: rel. lum. uncertainly
. ppedeg . . L 510 GeV /200 GeV pol. scale uncert. 6.59/ 4.8%
0.02| Il - < 0.01
- - O
0 ..... l ...................
— +6.5% polarization scale uncertainty not show
|

L Theory curves: LSS10p (dashed), DSSV14
1 |

1 | | | | | | | | | | | | | | 1 1 1 1
0 0.1 0.2 0.3 0 0.05 0.1
X (= sz/ Vs) Xt (:2p-|-/ Is)
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G/luon polarization Ag

« Positive gluon polarization

. Obtained by DSSV and NNPDF F

groups with the QCD global
analysis

 including 200 GeV polarized
proton collision data at RHIC

e 2014 press releases

e gluon+gluon & quark+gluon
reactions for large yield

Skl 4 4

« STAR Jet asymmetry
« Large acceptance

« PHENIX n® asymmetry

« Limited acceptance with high-
performance EM calorimeter
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STAR jet & dijet

Phys. Rev. D 100, 052005 (2019) 0.06 — STAR, Vs =200 GeV

o - p+p — Jet+ X
« Vs =510 GeV Anti-k, R =0.6, Il < 1

Phys. Rev. D 103, L091103 (2021) .,[ ©STAR 2015 Tris work

A STAR 2009, PRL 115 (2015) 092002

e s =200 GeV ) - - DSSVi4
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Jet A, i i
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PHENIX direct photon

proton%
* A, measurement Sore U tuon

2

 Golden channel to access gluon hoton
polarization as hard interaction
mostly quark-gluon reaction

-2 or &
proton beam

Vs = 200 GeV Vs = 510 GeV
Preliminary result (unpublished) Phys. Rev. Lett. 130 (2023) 251901

- P+ p — Y +X, Vs=510 GeV, jy| < 0.25

.04 T e
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0.15F I T i [
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0.05F 7 -
= S|
[ <
c 0
-0.05 i
0.1F i
-0.15F _ > PHENIXData T8
E 0.02 | —— DSSV14 with DSSV,,. uncertainty
-0.2 = . .
.0.25F 8-3% scale uncertainty not included - B JAM22 Ag > 0 with JAM,,, uncertainty
= " B8 JAM22 Ag < 0 with JAM, _ uncertainty
03 . oy b = 0.04 [ M
6 8 10 12 14 I | L L
P (GeVic) 5 10 15 20
p_ [GeV/c]
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Anti-quark polarization

 Parity-violating A, measurement with W-boson

production
Forward rapidity Backward rapidity
Proton fhel‘icity =" Proton hehclty ="— Proton helicity ="+" Proton helicity ="—"
/ ;ﬁlz} X ‘r "E (x2) .."‘g_._f' __.-’";J{-rz} ..I\-.._*r_ __.f’;fxz} \ r
—Au(x,) Ad (x,)
u (xa ) d ('xa )

o = du(x,)d () + Ad (x, Ju(x,)
" u(x,)d (x,) +d (x,)u(x,)

W boson produced in the backward rapidity
sensitive to the anti-quark polarization
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Anti-quark polarization

e Final results of W boson data obtained by

2013 has been released
« Al > Ad suggested by the QCD global

analysis

e d > % in the unpolarized case

PHENIX: PRD9S8 (2018)

032007 STAR: PRD99 (2019) 051102
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[ransverse asymmetry measurement

Left

A, (transverse single-spin

d

symmetry) measurement
o dJLeﬁ _dO-Right

V=
dGLeﬁ + dGRight
« Azimuthal angle modulation

Large A, for forward hadron

pro

uction

e similar results in wide Vs

TMD (Transverse Momentum

Dependent) function and
higher-twist function in
p(§CD regime

e |nitial-state effect or “Sivers”

effect

e Final-state effect or “Collins”

effect

Hard scatterin
perturbative effect?
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and/or non-

Right

Phys.Rev.D 103 (2021) 092009
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Higher-twist effect

 Quantum many-body correlation among quarks and gluons
« Based on collinear factorization
« quark-gluon correlation, tri-gluon correlation, twist-3 fragmentation

« Reproducing experimental data with precision calculation of
twist-3 fragmentation function

04 0.1

STARO4 1 STAR 12 . STAR 13 (0.16 < x; < 0.24) " (024<x;<032)
383<n <4 n=3.68 30mR = ¥p=028 —
ool J 1 } N 7FO0mR e
Z 0.05¢ ¥=020 — + 1
< } - ]
RPN et B it S 4
£ | %ﬂ!ﬁi______
0 =
02 03 04 05 06 04 05 068 07 2 o . . . .
XF Xp < = " (0.32 < x; < 0.40) © T %=050 —
T T T T L i e e e e L )EF =036 —
STAR 08 n==3.7 70 -—
0.1f <n>=3.3 + 1 005} T \
=
< l jr{
i} J_ii'- - E ' 0 l T
04 02 0 02 04 060402 0 0204 06 0 > 10 0 > 10 1
AR = e b P,.. [GeVig]
F XF -
02 T T T T T T . . ~ - ~ ~ .
BRAHMS 07 6=4° n FIG. 4 (color online). Ay as function of P, for SV1 input at
ol e=23 L V'§ = 500 GeV (data from [48]).
Z i3 e T
0 S e
— T
v —3 4
0.1
03 6.95 63 015 02 025 03 . .
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FIG. 1 (color online). Fitresults thrAf{? (data from [35-37]) and PRD 89’ 1 1 1501 (2014) .

A%, (data from [38]) for the S\fﬂlhinput, The dashed line (dotted
line in the case of #7) means Hy switched off.
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PHENIX % & photon

e ¥ & M

+ Phys. Rev. D 103, 052009 004/ PHENIp'+p, i5 =200 GeV, ni<0.35
(2021> i :Di:p:nf’:;{

» Consistent with zero, et R |
significantly improved < ; _________ l + _____ J ____________________
precision BN S S ]

e Sensitive both initial and oL

final state effects p_ [GeV/o]

 Midrapidity measurement
sensitive to gluons

° D”'eCt photon 0'02: pl+p — ¥°+ X, Vs =200 GeV, |n|<0.35
-~ PHENIX
« Phys. Rev. Lett. 127, et o :
162001 (2021) < “]‘“““"*~H~—+-
e Sensitive to initial gluon S s I
dvnami t midrapidit - T 339 Contribution Mode! 1, min/max
ynamics at apidity ~0.01-, -~ 999 Contriouion Model 2, minmax
« Constrain trigluon 5776 7 8 910 11 12

correlation function p. [GeVic]
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PHENIX direct photon

« Study of orbital motion of quarks and
gluons inside the nucleon

« PHENIX experiment

e 1 meson, n meson, J/y, charged hadron, muon
& electror?(heavy ﬂav\clj)r), direct photon

 Direct photon pmmm%E

%5, gluon
2

Phys.Rev.Lett. 127 (2021) 162001 e
Sensitive to initial gluon dynamics at midrapidity

Successful measurement of gluon motion inside proton beam
the proton

Restriction to the tri-gluon correlation function

0.02— — —
_ - p'+p — Y+ X, Vs =200 GeV, [n[<0.35
- PHENIX
0.01-
. / | . I I
g?(')?(l;l;ed ﬁ polarized < C e T e — —
t/ proton e 0"“' e A wevdevee i iviiriresiesesty Sl
&= S quark ' ; =) | ssmm qgq Contribution
=1 ' . —— ggg Contribution Model 1, min/max
- -0.01 - 999 Contribution Model 2, min/max
Lo v v b v v b v b Ly

56 7 8 910 11 12
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PHENIX heavy flavor

« PHENIX open heavy flavor proton beam ;
at midrapidity S o -
e Phys. Rev. D 107 (2023) i ——
052012. SHon heavy flavor
 Gluon fusion process luggsss———
« Sensitive to initial-state gluon 2 or & ,
e efasymmetry measurement proton beam

e Lepton-decay channel
e Restriction to the tri-gluon

0.3

correlation function 02
—_ >
T / E 0.1 gg g:
0-08:_ p'+p > e"" +X . Open Heavy Flavor e* > -l
0.06 s = 200 GeV « Open Heavy Flavor e
L ml<0.35 0
0.02E- (A = (-0.01£0.03, b2 S04 004 02-02 01 0 o1 02°
Z - 0.11+0.09) GeV . A [GeV] A [GeV]
N 03— +/-
° %‘ PRD84, 014026 Alp'+p = HF(E™) +X)
—0.02¢ g 8 K- (6.0"")x10* K- (2.5'*)x10° o fs = 200 GeV
-0.04[- 3 o | < 0.35
-0.06 i 3.4% polarization scale uncertainty not included < PHENIX
T2 3 4[G V/5] 6 7 8 0% B Fi : Theory: PRD78, 114013
eVic : 3 —
pT —0.15@: %g II: '--::::sz tEt (C) AHJD oe (li’?"d)
025 -0.15 -0.05 005 0.15

A, [GeV]
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frans Versn‘y

» Quark transverse-spin o Rhln T
contribution to the
transversely polarized by S o
nucleon o

« Related to the tensor charge s x<o BOWP. 2013
of the nucleon ot . #

- Spin-dependent modulation & - _
of hadrons in jets o emssevemunytoson

Particle jet p_[GeV/c]

« Collins fragmentation

. § | STAR Preliminary 2015 B Radici et aL
fu nCtlon §5 | pl+ponT+ Xat 5=200 GeV @ Run 15, Cone <0.7
< 0.08— <pt)-s.zs GeVie

~@— Run 06, Cone <0.3

e Di-hadron correlation ", R

measurements
* Interference fragmentation
function . &
0.4 0.6 0.8 ; 1 I 1.2. 14 16;‘[:“‘:(;;19:%))
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Polarized p+A collisions

« Prediction of reduced A, in polarized p+A
collisions due to the gluon saturation

« Color Glass Condensate (CGC) calculation

« PHENIX charged hadron Ay: 14 <n <24
¢ 0.1 <x<02,18<p,<7GeV/c

. As_g_mmetries_ consistent with A/3 dependence as
initially predicted by CGC related nuclear effects

. Hovvever,grobed x and scale too large for
expected CGC effects

« S. Benic and Y. Hatta, PRD99, 094012 (2019)
e Twist-3 fragmentation + gluon saturation

« STAR®OA,:2.6 <n<4.0
« 02<x:<07,15<p,<7GeV/c
* No strong A dependence

PRD 103, 072005 (2021)

0.17<x  <0.21 0.21<x  <0.27
N
2 2r
STAR Fit to Ratio=A" E STAR Fit to Ratio=A"
1.8 1.8F
P=-0.07540.036 (Typel) [ s P=-0.058 40,010 (Typel)
1.6 M 1.6F Y
-~ — F
= = ' P=_0.049+0.042 (Type2) [ = = P=.0.05440.012 (Type2)
e " R "
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PRL 123, 122001 (2019)

=
<C 0.04- PHENIX @
I [Sun= 200 GeV
0.03 h*, 0.1<x_<0.2
0 027 1.4<n<2.4
0.01-
G_ p+Au
0.01 .
Iy
0.021- | | | ) \ | |
1 2 3 4
A3
(b)
o= 1.2170 e ~0.07cere)
1 > 3
a
0.27<x ,<0.37

2 "

_1 8 STAR Fit to Ratio=A

1 6 m— P=-0.037 £0.007 (Typel)

'é 4| T T P=002620.008 (Type2)
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iHCAL

MinBIAS
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SPHENIX physics programs

Quarkonium spectroscopy

Y (2S)

-

Pa
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sPHENIX detector Ca‘”‘”ﬁ”ﬁ“‘*‘m

« Optimized for jet reconstruction and heavy-flavor
reconstruction

 Hermetic coverage

« |nl<l.land2min ¢
« 1.4T solenoid from BaBar
« High rate DAQ

e 15 kHz for all subdetectors

e Calorimeters
« EMCal and HCal coverage with first RHIC HCal at midrapidity

e Full jet reconstruction and b-jet tagging

« Central Tracking Detectors
« MVTX (MAPS-based) (r < 5cm),
« INTT (intermediate tracker) (r < 10 cm), S
« TPC (r <80 cm), TPOT (TPC outer trackers) —F .'
* Precise tracking with tracking system in stream readout o f

 General detectors
« Forward MinBias detectors
« sEPD (event-plane detector)

« ZDC (zero-degree calorimeter) and SMD (shower-max
detector)
« Local polarimetry to monitor vertical polarization by measuri

. . | n%
transverse single-spin asymmetries of neutrons produced in the far
forward region
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sPHENIX detector

0 EMCal in position
sPHE I X 2

Hadron and EM Calorimeters

MARCH 1. 2023 | 11 MIN READ

‘-.l' . Tiny Bubbles of Primordial Soup Re-create Early
. Universe

New experiments can re-create the young cosmos, when it was a mash of fundamental

particles, more precisely than ever before

8Y CLARA MOSKEWITE

Scientific America, March 2023
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sPHENIX detector

New Trendes in High-Energy and Low-x Physics

June 16, 2025 24



e Ru

n 2024
Transversely polarized
yppT a_GO

protonp! +

olarization) col

00 GeV
Commissionin

Run 2024 & 2025

%
lision oat Vs =

with Au + Au

for 6 weeks, which was
planned for 2023, is carried
over

« Run 2025

« The PAC recommends a
Au+Au run in which
sPHENIX collects at least 7
nb-! of data as the highest
priority for Run 25

« The PAC has received beam
use requests for running p+p,
p+Au, and O+0 collision
systems, and sees all three
of these proposed runs as
fully aligned with RHIC’s core
scientific mission, and in fact
as key elements of
completing that mission

June 16, 2025

. Lo % BUP23 Detector and Beam
Physics program Luminosity Goal Conditions
Photons, jets, neutral mesons 107 pb~1 240% Calo+Global, Triggered,
(HCal unique at RHIC) Sampled "o Omrad + 1.5mrad, wide vertex
Jet+track istruc.ture, 13 pb_1 30% All sub-systems, Triggered,
quarkonia, b-jets Sampled 1.5mrad, |z| < 10 cm
Open heavy flavor 2.9 pb~! 65% Trackers, Streaming, 1.5mrad,
(RHIC-unique dataset) Recorded "u |z| < 10cm

sPHENIX Physics Target in Run-25: 7 nb~1 (50B events)

Collision Species | Cryoweeks Projected luminosity, |z| < 10 cm
Au+Au 200 GeV 20 2.4-42nb ! recorded
Au+Au 200 GeV 28 3.6-6.4nb ! recorded

If Au+Au luminosity target is met, ordered priority list for additional running:

Collision Species | Physics weeks Projected luminosity, |z| < 10 cm

1. p+p 200 GeV 8 13 pb~! sampled + 3.9 pb~! streaming
2. p+Au 200 GeV 5 80 nb~! sampled + 24 nb~—! streaming
3. 0+0 200 GeV 2 13 nb~! sampled + 3.9 nb~! streaming

25




Trig. rat

Streaming DAQ

~ 15 kHz < eff. streaming rate

e
~ 300 kHz < coll. rate ~ 1MHz

INTT timing resolution: 106 ns (sync

with RHIC clock

Uniform detection of K% peak at all

beam crossings

Clear DY peak observed after only one

hour of data

Results with early tracking calibrations

K-

June 16, 2025
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o c=89MeV ]
151 -
10F :
5- -
S— - N ]
0.4 0.45 0.5 0.55 0.6
m(r*tn) [GeV]
4/3/2025
S ST
2 A + Data
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- Early Calibration
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Yield / 2.5 GeV

Photon and jet data in Run 2024 p+p

« sSPHENIX will have kinematic reach out to ~
70 GeV for jets, kinematic overlap with the

LHC

« Sampled 107 pb-! with y/jet trigger so far

sPHENIX Simulation

10" ‘ T T T T

10°F » SPHENIX Projection p+p e
80 Years 1-3 O Jets E
:g? o aa’ O Direct Photons E
3 - {_'I(‘}. [ Charged Hadrons
10°% *= Cs, Au+Au 0-10% .
5 F O ‘ O e Jeis =
10 E’ ﬁ_-,.. 3?1{0.3.  DisctPhoions ‘E
10 - o, _'a. ce, ® ChargedHadrons 3
E 3 e 5
ol § Tofete. Tt
= s MY 1 3
= TBpe,, 0B )
10 e e E -
e L] Q* { -

1 ¥ates T,

T

0 10 20 30 40 50
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Prescale Counts

PN ATRFIr A B W | I

06/12/2024

SPHENIX Preliminary
pep - s = 200 GeV 3
— MBD >=1
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SPHENIX experiment
e Direct photon

« Sensitive to initial gluon Pmtonbﬁ&% )
dynamics at midrapidity 7o Yagluon
(2
« Successful measurement of hoton
gluon motion inside the proton 5, ¢
« Restriction to the tri-gluon proton beam .
correlation function
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e Sensitive to initial-state gluon

SPHENIX experiment

* Open heavy flavor
Gluon fusion process

« Restriction to the tri-gluon
correlation function

e efasymmetry measurement
« Lepton-decay channel

D-meson asymmetry
measurement

0.08( plyp et + X
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SPHENIX experiment
e Hadron injets p'p — jet h X

* Access to Collins fragmentation function and
transversity PDF

» Collins effect: the correlation of transverse spin of
a quark and the momentum of a hadron fragment
transverse to the scattered quark direction

* Collins asymmetry A(S’};@S_qﬁ’i’) is related to

Transversity PDF and Collins FF. . .. .. . 0. Soire e o e e s e e e e e

T
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SPHENIX experiment

 Angular correlations in di-jet and
jet+photon production

« Sivers contributions to the asymmetries
« Vogelsang and Yuan, PRD 72 (2005)
054028

* Jet+photon

T~
« Bacchetta et al., PRL 99 (2007) 212002
* Quark-gluon scattering process isolated

at leading order

e Gluon Sivers effect can be accessed

PRL 99 (2007) 212002
PRD 72 (2005) 054028 0.04 '
| y-jet A at RHIC —O<y,<1] [ 12 . 0.02
01 2<y,<34 [ i : [
I E_Ef 0
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« Polarized-p + A collisions

SPHENIX experiment

« PHENIX charged hadron A,

« Asymmetry consistent with the Al/3
dependence first predicted by the
nuclear effect associated with CGC

« STAR 70 A,

* No significant A-dependence

Zz

June 16, 2025
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Summary
« Completion of the RHIC spin program

e Data collection for the PHENIX experiment completed
in 2016

* Physics from longitudinally polarized proton collisions
almost completed

* Physics from transversely polarized proton collisions
still remains

« SPHENIX experiment

« A state-of-the-art jet detector at RHIC

o Studying QGP and cold QCD

 Fast DAQ rate, hermetic EM and hadron calorimetry,
tracking streaming readout

e Study of orbital motion of quarks and gluons inside
the nucleon

Direct photon

Open heavy flavor

TMD Sivers effect

Transversity

e Collins FF
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