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Outline

1. Introduction to longitudinal and transverse spin physics in
hadronic collisions

. PHENIX detector overview
Longitudinal spin results

Transverse spin results

SN

Nuclear effects in transverse spin
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@Quark Spin
Gluon helicity with hadronic collisions (e Moo

B-ixaa e S g1 = - (-

proton quark gluon orbital angular
spin helicity helicity momentum helicity

U Quark helicity contribution constrained by polarized DIS ~ 0.3

d Longitudinally-polarized proton collisions provide leading order access to Ag through

longitudinal double spin asymmetries RHIC e mam e R
* DSSV08
A ottt ot~ x Aq Ag + Ag Ag + Ag Ag | —-g:gi:ﬂ{mqﬁo 5 .
LL o O'++—|—O'+_ q q g q 9 g E DS(QSVCPLr;hmmary :
o05F .
< [ i
:ég I ‘ ]
= 0:_. B . R—— | _:
W Inclusion of PHENIX n and STAR jet A;; — clear evidence of nonzero Ag [ e ;
_ T
1Y deAg(x) = 0.218 + 0.027 Lo’
arxiv:2302.00605

Devon Loomis | Spin physics highlights from PHENIX | GHP 2025 3/16/25



Transverse single spin asymmetries (TSSA)

d Transverse single spin asymmetries measure the left-right asymmetry of particle

production in p! + p collisions

0 Large asymmetries at high x; observed up to high +/s

O Collinear leading twist pQCD predicts the asymmetry Ay = a,m, / Vs ~0

[ Origin of Ay: Nonperturbative spin-momentum correlations described by
d Transverse Momentum Dependent (TMD) PDFs/FFs

d Collinear twist-3 multiparton correlators

p=

)

RIGHT

z 0 |>
< u E704, {s = 22 GeV T
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Generation of a TSSA

Q >> kT 2 AQCD

Sivers TMD PDF Transversity @ Collins TMD FF
fre®-0  me@-OeH -®-0
Sp Sp

Ay o fip(x, k7) - D2 (2) Ay o< hi(z) - Hi (2, k7)
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@ Quark Spin

Hadron Spin

O—» Nucleon Spin

Qa kT >> AQCD

Twist-3 multiparton correlators

PHENIX
pp—h+X
pp—y+X

vvvvvvvvvvv

Sivers-like correlator

Ay x Z 9252?})14(%17562, S1)|® dp/p(2') ® 6 © Dysn(2)

25 Transversity Collins-like correlator
— ) ~ 3
t Z hi(z,51)|® dy/p(c) ® 0’ ® Df}/)h(zla 22)
a,b,c
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Polarized physics at PH>ENIX

Relativistic Heavy lon Collider (RHIC) Recorded

Luminosity (pb™)

Year System +/s (GeV) Polarization

Absolute Polarimeter (HT j& RHIC pC Polarimeters

_ e
"o BRAHMS (ANDY) 2.4 transverse 0.02
2006 arE longitudinal 0.08
fdn Snakes 200 transverse 2.7
longitudinal 7.5
" PHENIA 2008 ptp 200 transverse 5.2
ptp 200 _ 16
2009 500 longitudinal 14
Spin Rotators 2011 + 500 longitudinal 18
Pol. H Source (longitudinal polarization) PP &
200 transverse 9.7
« Helical Partial Siberian Snake 2012 ptp 510 longitudinal 30
/ 2013 ptp 510 longitudinal 155
/'\ .
X AGS pC Polarimeter
Strong AGS Snake ptp 60
2015 ptAl 200 transverse 1.27
RHIC is the only collider in the world that can ptAu 3.97

provide high energy polarized proton beams
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'VV__
PH-<ENIX detector

Central PC%
Magnet TEC\

4 PbSc and PbGl EMCal (e,y)
O Gas Ring Imaging Cherenkov Detector (RICH) (e,n,K PID) i 2
Q Drift/Pad chambers @ !
cx VX =
d Muon arms -1.2< |n| <2.4
U Muon ID
TOF-E v
U Muon Tracker West Beam View East B
RPC3 — - RPC3
D FOI’W‘&I’d - 3-1 < |n | < 3.9 d‘b(""é/’? Central Magnet 0@@‘%@\ [
0 Beam beam counter (collision/luminosity) %"%;e, @’*‘@
d Muon Piston Calorimeter — full azimuth forward EMCal (e,y) | s J J/Mg(]; X \H |
d Far forward - || > 6.8 choui 3 S
) wip| (F)VTX MulD
[ Zero-degree calorimeter — HCal (luminosity,local polarimetry) o W vun H
South Side View North
185m= 60 ft
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Longitudinal Spin Results
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Ag Agq

N ROl O

D 11' cCt p hO ton ALL gluon helicity

d JAM collaboration: ambiguity on sign of Ag ? PRD105, 074022 (2022)

O BUT negative Ag leads to negative cross sections PpRD109, 074007 (2024)

U Direct photons dominated by qg compton scattering
O Sensitive to sign of Ag
O Negative solution disfavored at 2.80 0.4 1 SU(2) — SU(3) — SU(3)+pos

PRI.130, 251901 (2023)
- P+ p — 7 +X, /s=510 GeV, | < 0.25

0.04
0.02
=
< 0
* PHENIX Data T
=0.02[ . ; =T
L — DSSV14 with DSSV,, uncertainty
- JAM22 Ag > 0 with JAMMC uncertainty
T e JAM22 Ag < 0 with JAM rtaint
~0.04f- s . x PRD105, 074022 (2022)
5 10 15 20
P, [GeVic]
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0.15

0.1

-
= 0.05

-0.05

Pion Ay

d Ag at x < 0.05 still largely unconstrained

0 Charged pion Aj; at+/s = 510 GeV probes Ag down to low x

U Consistent with DSSV predictions
PRD 102, 032001 (2020)

T T [ T T T I T T T l T T T l T

pp — m+X [n|<0.35 PHENIX

n*: {s=510 GeV
' Vs=510 GeV

]
o
A 7w Vs=200 GeV (Phys. Rev. D 91, 032001)
v

n: Vs=200 GeV (Phys. Rev. D 91, 032001)

[]510 GeV rel. lum. uncertainty
N 200 GeV rel. lum. uncertainty

Data points for n* slightly shifted horizontally for legibility

510 GeV / 200 GeV pol. scale uncert. 6.5% / 4.8%

1 1 1 { | 1 1 1 1 1 I Il 1 1 | 1
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o
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Inl<0.35

pp = 7°+X

NLO CTEQ6M, DSS
B Solid: {s=200 GeV
F Dotted: {s=500 GeV
0 ] 1 ]
0 0.05 0.1 0.15 0.
X7 (=2pT/ \s)
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T T T | T T T |

pp — n+X [n|<0.35 Vs=510 GeV PHENIX

T T T | T T T ] T

m

e T

O n° (Phys. Rev. D 93, 011501)
— — DSSV'14 for n* (Phys. Rev. Lett.
...... DSSV'14 for w 113,
---- DSSV'14forn® 012001)

[ Rel. lum. uncertainty

Data points for n* slightly shifted horizontally for legibility
6.5% pol. scale uncertainty not shown

Il 1 1 I 1 1 1 I 1 1 Il I | 1 1 I 1 Il 1
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6 8 10 12
P, [GeV/c]
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gluon helicity
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DSSV Preliminary
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arxiv:2302.00605
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probing
quark sum (G+d)
[r— —
e- probing probing e- ]_ —

(anti-)quark helicity
polarized ﬁ <_\J unpolarized

beam beam

Wi — eia :ui AL

proton proton

collision zone

[ Flavor separation of Aq through parity violating urdg = W+ dpugr — W~

O Longitudinal singile spi mmetry AY = o —o” . Au(zi)d(zs)—Ad(z1)u(z2)
ongitudinal singie spin asy etry <L ot+o— T a(xy)d(xz)+d(z1)u(zs)
1.0p— PRD 98, 032007 (2018)
L@ WHZowte a1 Al (2012) ]
e - :\;‘{2“]3) ] T T T T T TTT] T T T T rrrr T T LI
05t T FHENIC A 05, 2aFcy ] Indication of: 0.02 1 XAT Q=10 Gev)

- positive u helicity 0.01
- negative d helicity 0

< 00}

0.3 Polarized sea -0.01
- asymmetry opposite  -0.02 = i
sign from 0.01 -

unpolarized sea

T
* STAR A[(PRL 113 (2014) 07230 t
DSSV E>25 GeV

-1.0f

" asymmetr 0
- : ' ym y _O'O]
<-] 0 0 Sl U S Ao | ] _002
NNPDFpol { ] DSSV Preliminary
- . sV e I 003~ — pssvi4 —
-05 - BﬁfiVKKP --- DSSVO0.6 --- DSSVO.5 ]
-+ DNS Kretzer ; -0.04 |- B8 DSSV 14 + RHIC _,,,,, | |
-1.0 L . L L - 3 ) 1
-2 -1 0 1 2 10 10 10 1
n X arxiv:2302.00605
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Transverse Spin Results
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Direct photon Ay

qgq correlator goo cdrrelatot
[J Photon in final state — no final state color effects

[ Clean probe of initial state quark-gluon and trigluon correlation functions

O First direct photon Ay from RHIC — 50 times reduced uncertainties from Fermilab E704

PRI 127, 162001 (2021) PLB 345,569 (1995)

0.02 -
- p'+p o y*°+X, (s =200 GeV, |<0.35
oot PHENIX
5z Z
< L
or
|z qgqg Contribution
. — — ggg Contribution Model 1, min/max
—0.01 ggg Contribution Model 2, min/max
PR I S T [N T TN TN S T T T I TN S T [N T T T T S W M| Ll

5 6 7 8 9 10 11 12
P, [GeV/c]
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Midrapidity n¥, 7 Ay

qgq correlator

d Sensitive to gluon dynamics through quark-gluon and trigluon correlation functions
1 Used to constrain gluon Sivers TMD JHEP 1509 (2015), 119

 High precision measurement: consistent with zero to sub-percent level

PRD 103, 052009 (2021)
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Cp'+p — 10+ X, Vs=200 GeV, |n|<0.35 " p'+p > n+X, Vs =200 GeV, [n|<0.35
K 0.001;-“--._—__-_:_:___-_-:7" — C 0.01 _
0015 o PHENIX|  01] 0ot
I X0} | 001, T . .
= I 2 3 4 - 5 ; 4
O e Jf e kg S S S S %+ ................... ..
- —— qggq Contribution i
I —— GPM - +
— L emeeen CGI-GPM Scenario 1 T o s. Rev.
0.01 - CGI-GPM Scenario 2 Y -0.1 - . ?EL Rl;lsu|tD90, 012006 PHENIX
> T4 6 8 10 12 14 > 4 6 8 10 12
p, [GeVi/c] p, [GeV/c]

goo correlator
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Midrapidity open heavy flavor Ay

[ Direct sensitivity to initial-state trigluon correlator ggg correlator
d Gluon-gluon fusion

d Zero gluon transversity in spin %2 nucleons

: : : : PRD 107, 052012 (2023
O First constraints on phenomenological trigluon parameters 4, Kg —

PRD 107, 052012 (2023)

0.08[~ pT+p —e 4+ X . Open Heavy Flavor e*
0.06" Vs =200 GeV = Open Heavy Flavor e
" E Ml <0.35
0.02— (Ap Ay = (-0.01£0.03, 202 04 0 01 02°
<& E L L 0.11+£0.09) GeV % [GeV]
I ikt PRDS84. 01402 Ay(p'+p — HF(e") + X)
-0 02:_ 84, 014026 {s = 200 GeV
TR LW | Ke=(BOx10%  Kg'= (25 )x10" | <0.35
-0.041 PHENIX
_0_06:—I 3.4% polarization scale uncertainty not included B Fi Theory: PRD78, 114013
A BRIy
-0.25 -0.15
pT [GeV/c] A, [GeV]
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Forward h*, n Ay

d Forward production of hadrons at high x; dominated by valence quarks qgq correlator

d probe of quark-gluon correlator g PRD 108, 072016 (2023)
F PHENIX 1.4<[n|<2.4 1.25<p <7.0GeV/c |S,=200GeV

d h*:large positive asymmetries 9% o pl4p > heX E
0.06F~ = plep o X =
- L] L] L] L] . 0-04:_ A+ _:
1 h: mix of negative © and positive K asymmetries 0.0 h E
O n: large (~20-40%) asymmetries at high xg 002 | R
1 Potential first hint of suppression at high py in xg > 0.6? 0.04E" E
-0.06[- <p>=1.6,1.7, 2.1, 2.8, 3.7 GeV/c (x_>0) =
& B P 10[ -0.08 3% scale uncertainty not shown =
i - T4+p o> n+X (Vs =200 GeV) o 15 =PRI R R R AP AP R i =
0.6/ pT+p;>n+X(\-s=2<m0eV> | 085 ‘Qnii3,4;” o 002 015 01 005 0 005 01 ‘0i5 o2
- <P =349 - PHENIX 2012 Xg
04/~ ¢ PHENIX 2012 i 0.6[— : gé:;P:gg
0_2:_ 1 0.4
i * + C } J 4
N * s 02
T h‘f” e _‘_"‘?li;?;.‘;,g;;;dz:,“ - . t
C +‘ () (GeVie)= 2.20 280 3.36 372 4.2 0.0j 77777777777 * 7777777777777777777777777777777
o2 S 3 —~
: PH: ‘ENIX o2 PH: “ENIX
04 reliminar —0af- imi
:| S.Ist%po{arizlat."an scafel uncerrainrly not shov:n p e| ‘ a y| 0'4: 34% pg{gﬁ!!gjﬂg n?n!;nymsmwn
08 06 04 02 0 02 04 06 08 .60 i - 12‘5' — { L '3‘5' - 4'1 L '4‘5' - S‘ :
Xk - ) o - P, (GeV/c)
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1006GeV/nucleon

100GeV

pl+ A o

Polarized Proton
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Midrapidity n¥, 7 Ay

O Consistent results in all collision systems

d High precision measurements of p'+p, p'+Al p'+Au

 all consistent with zero

PRD 107, 112004 (2023)

01— PT+A = 10+ X, |s,, = 200 GeV, In|<0.35

_ 0.004; — « (p+Au) This Result
B 3:1}5{» = (p+Al) This Result
0.05 " ! + (p+p) PRD103 052009
<Z :-0.0042 — 3, — 3 | 7
0 :.. .....'.........‘......‘ ....g.....%.....g......* .......%................... SOR———
B PHENIX (a)
—0.05 B 3% Polarization scale uncertainty not included
1 1 1 | 1 1 1 [ 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 ‘ 1 1 1
0 2 4 6 8 10 12 14
P, [GeV/c]

16

G0 10y Zremrem G - n-w
= Sideband Regi = jeband Regions
8" plaAu e § 70 P AU
g o g 60 ©
S S PHENIX
£ PHENIX E 40 —_—
a3 40 5 30
o s 20
R s
o 005 15 02 025 02 03 04 05 06 07 08 09
Mr, [GeVic?] M,, [GeVic?]
— 5 4/?, Peak Region . i”;% Peak Region
L 50 g0,y P S cmans g 2 85 HT—’ " - oo fogons
T > 30 P'+Al
3 40 0 Al ﬁ Fit to Background 0] Fil to Background
g 7 5%
s 30 S 59 i
S (b) 2 20 _ PHENIX
3 2 PHENIX 3 °
o 9 10
7, 10 = 5
0 005 01 015 02 025 02 03 04 05 06 07 08 09
M,, [GeV/c?] M,, [GeVi/c?]
01— PT+A = 1+ X, Sy = 200 GeV, fn|<0.35
* (p+Au) This Result
- * (p+Al) This Result
0.05+
_ + (p+p) PRD103 052009 7
2 -
0 __. ..’.+.....!F.....§......¥ .....% SECTEPTRRLRRRY ....................T.............................
- PHENIX (b)
-0.05 N 3% Polarization scale uncertainty not included
1 1 1 I 1 1 1 I 1 1 1 ‘ 1 1 1 ‘ 1 1 1 | 1 | 1 I 1 1 1 I 1 L 1
0 4 6 8 10 12 14 16
P, [GeV/c]
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Forward h* Ay

O Striking dependence of Ay on atomic mass number A PRD 108, 072016 (2023)

0.1
. . F(a) PHENIX 1.4<[n|<2.4 1.25<p <7.0 GeV/c |5,=200GeV J
O Models predict A''/3 dependence but only relevant in color oo -t 5
. v 06 p+Al— h'+ =
glass condensate regime prD 84, 034019 (2011) Emg— T AU X E
o2k ) =
0 Higher twist calculations in SIDIS predict ~A-/3 dependence < o % H-tg -.»[F,ﬁ #r—
-0.02F mre 3
) ] . PRC 81, 065211 (2011) hyw 3 3
d Dependence on A still apparent in forward h* Ay vs. xg 006 <pr=16.17,21,28,57 GeVic (x0) 3
-0.08 f_ 3% scale uncertainty not shown _f
PRL123,122001(2019) 0 )N | S N S B R B B B
02 015 -01 005 0 005 01 015 02

X

.04+ (@) PHENIX 0.04 - PHENIX (©) o ]
B . \[STM\F 200 GeV L p+p S\ 200 GeV 0_0'8'5_(b) PHENIX 1.4<p|<2.4 1[.?5;p1_<7.0 GeV/c |8, =200GeV 3
| — - E S p+p—>h+ ]
0.03 p+p h*, 0.1<x <0.2 0.03 h*, 0.1<x_<0.2 0.06F- P+l h4X =
0.02 i 1.4<n<2.4 0.02 I 1.4<n<2.4 0.04 4 pleAu > heX L
} — .02 +— 0.02F * =
i B <Z GE ‘-w #' #'T*?‘"P _.I+.‘I‘rt # E
> 0.01F <(Z 0.01p+Al -g-gjé— f | ! E
| | 40-72 0.04F- E
< -0.08F- <p>=156,1.7,2.,2.8,3.7 GeVlc (x,>0) =
0 p+AU 0 -UDBE— 3% scale uncertainty not shown _E
o o o1 ot e e T
-0.01 . —0.01+ p - 02075 0T 005 0005 07 01502

i 13 _ Ay L (N™9) = Ay F

0 02 f(A ) - (A1/3)OC O 02 coll (NAVQ)B
—U. — —U. — coll
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Far forward neutron Ay

d Negative Ay in far forward neutrons from p+p well
described by one pion exchange (OPE) model

U Initially unexpected large dependence on A (+ sign

change)

d Additional contribution from ultra-peripheral
collisions (UPC) qualitatively describes data

PRL 120, 022001 (2018)

020 pl4p > neX | p'+Alon+X | pl+Au— neX
01 PHENIX
ZDC inclusive
Q
‘w'z OKE
VSum= 200 GeV
011 x>0.5
0.3<6<2.2 mrad
-0.2F ., | L PRI IR FRRIIN BPET S EPRPRPI S B
-1 0 1 -1 0 1 -1 0 1 z
o (rad) ¢ (rad) 0 (rad) <
ZZ
A
P ! X :
g +
1T -
I S P
P n A
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0.4

0.2

PHENIX

p'+A — n+X at |5, =200 GeV
Xg>0.5,0.3 <8 <2.2mrad

3% scale uncertainty not shown

® ZDC inclusive
B ZDC®BBC-tag

A  ZDC@BBC-veto

A
L [ ]
I A
p Al Au
A A
A
i .
I 1 1 ‘ 1 1 Il |
0 100 200

A (atomic mass number)
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0.2

Weak x dependence

PRD 105, 032004 (2022)

ZDC inclusive 2015: p+p > n+X BBCTag | BBC Veto
[3] A, 0.01 < P/[GeV/c] < 0.06 - p+p - PHENIX
[ (a) r Vs =200 GeV, n>6.8 (b) r (C)
0.15-{= ] A, 0.06 < Py/[GeV/c] < 0.11 L 3.4 % Polarization scale -
"] AL 0.11 < P/[GeV/c] < 0.16 uncertainty not shown
0.1{*] A, 0.16 < P,/[GeVic] < 0.21 - -
& 0.05F - S
0 hf
[ - [ 3 == EE B ' ¥l
] % ' F 5 g p— = |
— L . ! = ] — = £ — i
o i B B S B i —l{, - L
AAAAAAAAAA —"7 :
0.1~ r -
AP I I I P P P I P P P NI PP I TS T I P
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
Xe Xe Xe
PRD 105, 032004 (2022)
04 ' PHENIX 040 <X, <055 |- BBC Veto | 055<x.<070
r - {5=200GeV, 1>6.8 F b
r § (@) T 3.4 % Polarization scale | ® & (b)
0 3:_ L] 3 :_ uncertainty not shgwh
. 02f NN e
<« E * E
1 ;I 1 Il 1 1
F =0 peporneX 0.70 < x. <0.85 |- o 085<x.<1.00
04| Mitsuka UPC+OPE = -
F o] prAl- neX (© |2 (d)
[ - Mitsuka UPC+OPE F
0'3: s | p+Au— n+X -
F Mitsuka UPC+QPE I
. 02 R . —
< | :
0.1 5 ,——-", 0 e
0.1 =
0.1

i N NN TN PR |
002 0.04 0.06 0.08 01

PRI I | IFEFET
0.12 0.14 016 0.18 02 022
[:8 [GeVic]

P, [GeVic]
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Summary

d PHENIX has had a long and successful spin physics program

d 20 years of exploration into longitudinal and transverse spin asymmetries
has advanced our understanding of hadronic spin structure and dynamics

d Final measurements will investigate Ag at low-x:
0 Midrapidity n A;; 510 GeV
O Forward rapidity cluster A;; 510 GeV

1 Additional interesting RHIC spin physics on the way
d STAR Forward Upgrade
d First sSPHENIX spin data
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