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Helicity PDFs, longitudinal spin
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Naive Quark Model picture: 3 valence
quarks make up the spin of the nucleon:

SR

AY + AG + L jaffe, Manohar

Quark Gluon Orbital angular
spin spin  momentum

A A f dz [(Au(z) + At(x)) + (Ad(x) + Ad(z)) + (As(z) + A5(x))]

The Spin sum rule

1/ \l
2 2

 Spin Crisis (1980s): Quark spin contributes only little

A and AG can be accessed in longitudinally polarized
(S1)DIS and pp collisions (currently for x>0.01)

 Where is the rest of the spin? Gluons? Lower
momentum fractions? Orbital angular momentum?
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NLO CTEQé6M, DSS

tted: 1s=500 GeV

9/23, Hard Probes

005

PR [N SR SR TR T N ST S T 1
0.1 0.15 0.2

* Most processes are dommated by gluon
hard interactions at RHIC energies

=>» Acccess to Gluon related spin and
transverse spin effects!

» Relative contributions different for
different final states (flavor sensitivity)

X7 (=2p,/\s) LO Feynman diagram g 0.; ;__ _ E
p+p->pion(s),eta + X o Sk — arg>ary
H g 0.6F — q¥qg->gt+y é
p+pjet(s)+ X By ra Tof
H o..1§ :E
p+p9’y + X :: O =% "% & 0 1z 14 '16'#:%&#}0
Underwood 92 Direct photons as golden
p+p—> B,D,J/y + X < channel for RHIC spin physics p
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https://inspirehep.net/literature/320799

Ag(z)
Nonzero Gluon spin: access to lower x with higher energies

< [ pp— °+X [n<0.35

| W 510 GeV: Run12-13
0 02 | 510 GeV: rel. lum. uncertainty
. @® 200 GeV: Run6-9 (PRD90,012007)

* Nonzero gluon polarization o osevreum wcorany |
established with RHIC Vs = 200 0.01-

-~ PHENIX

GeV data i | =z e

* RHIC Vs =510 GeV data (>2011) T
Confirmed it in Workhorse (jet’ O_ Thelorycu:ves:LS]S1Up(::Ias:dz)),SS\:’1 (sollid)anleNPDIl:1.1 (doott1ed)

pion) measurements Xr (=2p,/\)
PRD 93 (2016) 011501

* Extend access to lower x by
higher energy (now™ 107)

AR B IR R I R
: | '» DSSV08

2Ag(z, Q* = 10 GeV?) L e DSSV14 -

1 81 DSSV 14+RHIC, 5, -

o (90% C.L. limit cunlnun‘) b

- DSSV Preliminary

0.15F
0.10

0.05 R

0.0

—0.05F . 1 - .
DSSV Preliminal ry 05 _

7 2 2
—0.10F — DSSVH 1 - Q=10GeV
=— DSSV14 + RHIC <)
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https://arxiv.org/abs/1510.02317

First direct photon xsec and A, at 510 GeV

Ag(x)

Isolated direct photon cross section (€)

PRL 130 (2023) 251901

1032_? p+p Vs =510 GeV, n| <0.25
JAM: ambiguity* of gluon spin sign? T L staton cut condon oa PTP 2 YK, (e =510CeV, <025
g 2 Feons = | (317 + (30)° = 0. L

PRD 105 (2022) 074022 RN it 2 A [

R ' ‘ fé 10 « PHENIX Data

< | STAR 2015 Ag >0 o, = 0.02

0.06 Ag <0 o

In| € [0.0,0.5] qg 1= NLO pacD
] E (by W. Vogelsang)
0.04 - E  NNPDF3.0 PDF =
. GRVFF < 0
_ 10-1= “=P/2:P. 2, RN
0.02r I | | I .
o, 06F* @
0.00L% . ' 2|04 _qool..t.PHENIXData B
10 20 30 = § 0_2;_3.;;; ____________________________________ — 0'02_ — DSSV14 with DSSV,, uncertainty L
pr (GeV) g;'— op— 4o+ ¢t b i { % - - JAM22 Ag > 0 with JAM,__ uncertainty
_0_2;»“"', , ,1\0‘ o ,1|5, , ‘2\0, O ,2]5,7 ‘ ‘3| [ £ JAM22 Ag < 0 with JAM _ uncertainty
* Part of initial RHIC-Spin goals in the "90s b, (GeV/c) e T S O S
. 4 . 5 10 15 20
* Theoretically, the Golden channel to access gluon polarization as o [GeV/c]
.

hard interaction mostly g-g

results
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DOE Science Highlight
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Since EM process, statistically limited but consistent with global fit

Clear preference for positive gluon polarization in measured range \% .
/ ‘ ®



https://arxiv.org/abs/2202.08158
https://www.energy.gov/science/np/articles/gluon-spins-align-proton-theyre
https://arxiv.org/abs/2201.02075

Transverse Single spin asymmetries (TSSAs)

e Left-Right asymmetries :
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STAR 200 GeV, (n}=3.7
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* Relative to the polarized proton
spin direction more particles get

produced to the left than to the
right wrt. spin direction

An =

* The cross section is spin (and
azimuthal angle) dependent

* |nitially expected to be zero in
perturbative QCD (helicity-flip of
nearly massless quarks) - G. L.
Kane, J. Pumplin, and W. Repko
PRL41, 1689 (1978):
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(xp —x1)pT

TSSAs at RHIC=>Quark-gluon dynamics!
pT(P)@ p'(p)

» Sivers and Collins effects rely on an explicitly g-g correlation (<
quark Sivers)

transverse momentum dependent (TMD)

framework where two scales are observed: ’
high scale (typically Q?) and intermediate scale
(transverse momentum P; << Q?)

* In inclusive pp measurements usually only
one, hard scale accessible (transverse
momentum P )

=>»requires higher Twist, collinear framework,
contributions are multi-parton correlators (both
in initial state and final state)

* Both frameworks found to be related via |
moments over intrinsic transverse momenta g-g FF correlation (< Collins)
9

0000000

g-g correlation (trigluon <
gluon Sivers)

;
P, Sh 4 |
'

JP;,/‘Z Ra;/-’fl
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Single spin asymmetry contributions in p+p

pol proton PDF*  unpol proton PDF*  FS particle FF*

Y 64 (w1, 72, 5) ® ¢y 5(2') @ Doy (2) * Generally three pieces to p+p
a,b,c single transverse spin

3 e
S basiale, s) ® 65 (al 24) ® Desyo(z)  SYMmMetries: . |
ab e Twist three correlation functions

, (3) (quarks or gl_uons) in pc_>|arized
Z 0Ga/A(T,8) ® Po/B () @ D7 (21, 22) proton < Sivers function

a,b,¢ e Twist three correlation function in
NIVANAN unpolarized proton (with
a,b/C Iniual/final parton t1lavors .
A,B/C initial/final hadron/particle types transyerSIty) <> Boer Mulders
function
Efremov, Teryaev Phys.Left. B 348 (1995) 577 / \ .
Qiu, Sterman Phys.Rev.D 59 (1999) 014004 e Twist three correlation in
Kanazawa, Koike Phys.Lett. B 478 (2000) 121-126 fragmentation & Collins function
Metz, Pitonyak Phys.Lett. B 723 (2013) 365-370
=>» Different final states single out different contributions (via hard processes) p
-
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https://arxiv.org/abs/hep-ph/9806356
https://arxiv.org/abs/hep-ph/0001021
https://arxiv.org/abs/1212.5037

Forward eta cross sections
and Ags

* First forward n cross sections at 500 GeV > more impact
on m FFs

* Update of forward n Ay measurements with better
statistics

 Asymmetries sizeable, maybe a hint of turnaround
expectedat higher p; due to HT nature of asymmetries

z
< [
0.6— pl+p = n+ X (Vs =200 GeV)
B ¢ PHENIX 2012 (<n> = 3.49)
0.4~ t PHENIX 2008 (<n> = 3.50)
0.2— + #
0.0 -F g Wi W oo jﬁfﬁﬁ@ 77777777
B 2012: {p,} (GeVic) = 226 2.80 3.26 3.72 4.29
B 2008: (p,) (GeVic) = 135 234 2.68 3.04 341
—02+ I8 e
B N
- PH--ENIX
0.4~ preliminary
B 3.4% polarization scale uncertainty not shown
I 1 1 1 I 1 L L { L L L { L L L ‘ 1 | 1 J 1 1 1 J 1 1 1 I 1 1 1 I
—0.8 —0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
X
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3
‘7'> 10 p+p —M+X (s=500 GeV)
02
5]
2 3.0 <nf<38 ¢ PHENIX 2009 data
g 10 | Uncorrelated systematic
ﬂ:g« 1 | Correlated systematic
rﬁB | ]
= 107! o CT18 NLO pQCD (W. Vogelsang)
m
e W= P2
1072 ® e PP
. — H=b;
107 o p=2p T
4 . i
10 i e > o
AL
o PHZFENIX 3
e preliminary
9.3% global scale uncertainty not shown
I— i 1 1 1 1 l i — l 1 J il 1
a -
1% F
< 1.0:—
a
O
o
[=%
s
<
a_
Pr (GeV/c)
Lo
- p'+p — N+ X (Vs =200 GeV)
0.8— <> =3.49
PHENIX 2012
0.6— & 02<x.<0.6
- s 06<x.<08
0.4
02f +
= } |
0 el S + ------------------------ ik
- L
L TN
=E PH-<ENIX |
—04f- preliminary
- 3.4% polarization scale uncertainty not shown
i 0 1 I ! 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1
05 2 2:5 3 35 4



Forward charged hadron A s

e Also more detailed forward
(1.4<n<2.4) charged hadrons

* For proton collisions sizeable
positive asymmetries for h*,
slightly negative for h-

* h™ results expected due to mix of
pions (negative) and kaons
(positive)

* Negative kaons are enhanced
due to the absorbing material

PRD 108 (2023) 072016

0%81 - PHENIX 1.4<[n|<24 1.25<p_<7.0GeVic {Sy,=200GeV -
C —e— pl+p — h*+X =
0.06 =3 —=— pl+p - h'+X =
0.04f- ® 3
002 = [ ¢ =
ok L s = , ]
=E-0,02 = M. —
0.04F =
-0,062— <p>=16,1.7,2.1,28,3.7 GeVic (x_>0) —i
0.08 3% scale uncertainty not shown =
PRI [ I W T Bt P BT ST N T W1

I | T R R Ll
‘-6,2 -0.15  -0.1  -0.05 0 0.05 0.1 0.15

Xg

Simulation for p+p
Generation, K/n’
15 B — — Generation, K*/n*

- e Reconstruction, K/m
----- Reconstruction, K*/x*

P; (GeV/c)

0.2

[
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https://arxiv.org/abs/2303.07191

First direct photon Ays

* First direct photon A extracted
at RHIC

* Mostly sensitive to initial state
effects (no fragmentation) =2
quark-gluon and gluon-gluon
correlation functions

* Power to constrain gluon-gluon
correlation function well, since
qguark impact expected to be
small
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RIKEN Press release: https://www.riken.jp/press/
2021/20211015 1/index.html

BNL Press release:
https://www.bnl.gov/newsroom/news.php?a=119077

PRL 127 (2021) 162001

0.02

- pl+p — Y50+ X, Vs =200 GeV, [|<0.35
oot PHENIX

T ——

Aﬁl ir
i
f
1 ri
:l
J
|

| g qgg Contribution

| — — ggg Contribution Model 1, min/max

-001 -~~~ 999 Contribution Model 2, min/max
) II|IIII|IIII|III|II

58 T8 T 10 11 12

P; [GeV/c]



https://arxiv.org/abs/2102.13585
https://www.bnl.gov/newsroom/news.php?a=119077
https://www.riken.jp/press/2021/20211015_1/index.html

Heavy Flavor electron AyS  Pro107 (2023 052012

< 0.08 p'+p o> e*" + X .« Open Heavy Flavor e*
0 06:— Vs = 200 GeV = Open Heavy Flavor e
* Almost only gluon related, no "k <035 PRD78. 114013
: i 0.04~ PHENIX (A, A = (-0.01, 0.11) GeV
final state effects = tri-gluon oo — b2 2 i00T 011 Gav
correlation SE=Ld Nl
) i i PRD84, 014026
* Potential to constrain parameter .0 - Kg=8.0x10" - Kg' = 2.5x10™
5 - L] i , .
ranges in D meson A, theory ooab | Kg=6.0x10" - Kg = 2.6x10°
calculations: PRD78, 114013 —0.06; 3.4% polarization scale uncertainty not included
(Z.B. Kang, JW. Qju, W. [ R R R A
)
Vogelsang, F. Yuan) EE] agpien o bre o
 Comparison or charges provides I = B
: N\ ;_ i <0.35
further sensitivity T e
i Theory: PRD78, 114013
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https://inspirehep.net/literature/799913
https://arxiv.org/abs/2204.12899

Where to go from here? Global fits on transverse
guark-gluon structure

BRAHMS
I W

Cammarota et al, PRD 102 (2020) 054002

Transversity

Sivers
function

o ¥
"\ . irr I 3 """.
o=} [ L 1 ~~ II." . I \“'
E # Al
5\ 'y - \..__. L \ \ _— . |
N\_/ L " -.}. C ! ! [l el 1 o b2 I X ] '.I '. s . L6
= 07 i - B 5 : 4 T — — i — -~
N 0.5 0.0 05y g 3 1 L5 qr 02 0.4 F " — -
ﬂ: >l ﬂ:EH 20 * * .-:-J e Ansedming etal* 15 .F.IH
I i = — Kang et 15 "
50_‘{) + + ! + :|- I':l.:;_._' e —id .-"f Hacl®i, Hacschetis 18 \
ﬂ_+ _+ mH il . fav i —= Benelet 41719 Colllns FF
0 . . . || COMPASS . —_— ! -

—20} == [FAlasioa sl <20
‘ : 1 1
Pr 0.3 0 Theam0.1 015 Prarget

RHIC, SIDIS DY Included

I 1 1
4 {6 & = 4 1.6 & =

* Recent central rapidity PHENIX results (r,n,Heavy flavor electons,
direct photons) NOT yet included

* Impact on gluon Sivers function (tri-gluon correlator) expected
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https://arxiv.org/abs/2002.08384




Phvs.Rev.Lett. 123 (2019) 122001

A dependence of As 01 P14p > W'eX { BUAl X {Bl4Au— WX

2 U'M“M:*W KiTIIVWRLR

< ¢ PHENX | { o

Asymmetries consistent with A1/3 0.1} of e of o

dependence as (initially) predicted by R, R R B - R R B (R
?ome CG(;, related nuclear effects ¢ (rad) 0 (rad) ¢ (rad)

Hatta'17 PRD 108 (2023) 072016
NO A dependence |S rUIed Out 0%;5—(3) PHENIX 1.4<|n<2.4 1.25<p_<7.0 GeV/c |s,,=200GeV
W | LT hA :
Also consistent with suppression with oo Qi E
0.02 —
increasing numl?er of binary collisions F Oﬁﬁ . e S
Lower suppression seen by STAR for pyod 7 E
neutral pions at slightly higher x. 008 et inan 2007 cve 00 E
Probed x and scale too large for R N Tt ,ﬁ“ 05T 0T 02
expected CGC effects! (S.Benic and - ] _
Y.Hatta, PRD99(2019), 094012 - Twist- oag ) ™ oV (e 2006e1 3
3 fragmentation + gluon saturation) ok ks '
X 2:— I ¢+ L] —E
A3 dependence also suggested by & of 3 TP N -

Gao et.al PRC 81 (2010) 065211 o E
-0,052— <p>= 1.6,1.7,2.1,2.8, 3.7 GeV/c (XF>0} —2
-0.08 ;_ 3% scale uncertai nty not shown —]



https://arxiv.org/abs/1811.10589
https://arxiv.org/abs/1001.3146
http://arxiv.org/abs/arXiv:1903.07422
https://arxiv.org/abs/2303.07191

Also central p+A asymmetries PRD 107 (2023) 112004

01— PT+A — %+ X, |s,, =200 GeV, n|<0.35
. L 0.004; « (p+Au) This Result
* Recently also neutral pion and T % - (p+Al) This Result
. 0.05F ;’.T * + (p+p) PRD103 052009
eta results obtained from p+Al &[0y
and p+Au collisions at Vs 200 s e b {} ...................................
GeV " PHENIX (a)
_0'05__ 3% Polarization scale uncertainty not included
* A dependence of central SRR S L R
rapidities consistent with zero Py [GeVic]
.. i L pT+A 5 n+X, sy =200 GeV, n|<0.35
o NOt Surpr|S|ng SiNnce p+p 01:-(p+Au)ThisResuIt m )
asymmetries have previously o ogl " (P+AD This Resul
A\, . ““°I” 4 (p+p) PRD103 052009 *
been found to be zero within N T
|ess than 3 percent O gl....i ..... ¥ % ..... % ..... .
- PHENIX (b)
’0-05__ 3% Polarization scale uncertainty not included
0 II2|‘HdlflllélllélH1|OIII‘I|2III1|4H|16



https://arxiv.org/abs/2303.07190

Nuclear modification of fw/bw charged PRC 101 (2020) 034910
hadrons

« 25— T T T T T T T T T T] < 25— T T T T T T T T
= | @ p+Alsh™+X |s,,=200GeV {pg™ [ ® p+Au—h"+X |s,=200 GeV
o[ PHENIX 0%-100% centrality - o[ PHENIX 0%-100% centrality
- 2.5<p_<5 GeVic - - 2.5<p_<5 GeV/ic -
° I - Y EPPS16+PYTHIA - 4isie EPPS16+PYTHIA -
Marglnal 151 ac<< NCTEQ15+PYTHIA ] 155 2c4< NCTEQ15+PYTHIA ]
I e N LEL LT pQCD calculation ] S P B B N E T pQCD calculation ]

suppression seen in

N
i

1__-_"__ —

p-going direction, ) 1 7
 Enhancement seen " Agoing ogoing 1| Auwgoing pgoing
in Au-going direction ot
* However, n - n
suppression visible I vl ek ;

for more central '

collisions

051" p+Au, 40%-60% centrality, (N_ )=5.4

i e p+Al 0%-5% centrality, (Npart)=5.1 ]
0 i 1 | I | 1 | I | 1 | 1 i
-3 -2 -1 0 1 2 3 »

n RIK
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https://arxiv.org/abs/1906.09928

Hadron spectra in p+Al, d+Au and 3He+Au at central rapidities

e Similar suppressions seen
between d+Au and 3He+Au at
low P, but slightly more
pronounced for 3He

* Kaons at low P less suppressed
than other systems

* At high P; proton enhancement
in larger systems over p+Al

PRC 109 (2024) 054910

Iﬂ 2l ) ni<0.35, \ﬁ' 200GeV | K',;i<0.35, VSp = 200 GeV T (p+P)/2, l<0.35, \s 4 =200 GeV 1
(@ [ p+AlLN =435 (o 20%) (b) : (C)
1.5 T d+Au I\ﬁ " =15.3 (0-20%) 11 1
jr HerAu N =21.84 (o 20/) !
1 ol B . a4
rvo s kK SRR 3
ﬁ&ii;f‘“ Ry psdidass ligf“
0.5 1 -
|
22 m| 0.35, \ PTPRVELEN R inl<0.35, {8y = 200 v T (p+p)/2, |<0.35, S, = 200 GeV 1
(d) | w p+Al, Npa=2.7 (40-72%) (e) U]
1.5} T+ d+Au, N 78(4060/) T 11
1Y *He+Au, Npyr=9.51 (40-60%) gt f e
4 a:fﬂ"‘* * ¥ 7 1 ! ‘ ‘*i S Q\‘ g N |
| amaypmed®etit Rl L ' L] |
sypredd e ,-"'ﬁ-..-
0.5 T PHENIX .
05 1 15 2 25 3 05 5 25 1 2 3 4
pT(GeV/c) pT(GeWc)
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https://arxiv.org/abs/2312.09827

O3 pl4+p — n+X [ p'+Al - n+X [p'+Au — n+X
0.1 . PHENIX
ZDC inclusive
Q
N OK-—E—&_,;
\r?NN= 200 GeV
0.7 - x>0.5
0.3<f6<2.2 mrad
0.2 e b
1 0 1 -1 0 1 -1 0 1
¢ (rad) ¢ (rad) ¢ (rad)
0'4_ ® ZDC inclusive
PHENIX
[ pTeA s e at\'s, =200 GeV : zziz:zz-mg
| X >05,0.3<8<22mrad -veto
| 3% scale Y show 1
0.2t
< | t
i A
o "
A
LT .
OI ‘ ‘ ‘ ‘ 10‘0 ‘ ‘ ‘ ‘ 2(;0 ‘

A (atomic mass number)

PRL 120 (2018), 022001

SOUTH 1800 cm 1800 cm NORTH
. B X o < 5cm
“bx UL | L a DX —
Collision point Bluc Beam

Yellow Beam

[ ZDC (W-Cu alloy) [JCharge veto counter
SMD (Plastic scintillators) [JBeam-beam counter

* Unexpectedly large A dependence in
neutron asymmetries, sign change

* OPE model does not predict such a change
in asymmetries

* Coincidence with charged particle activity in
forward and backward region (BBC)
enhances hard interactions =2 asymmetries
stay negative

e Veto enhances UPC contribution = p+Al
asymmetries already positive

=»study also the actual x; and P; dependence
for actual interplay
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http://arxiv.org/abs/arXiv:1703.10941

Inclusive neutron asymmetries in p+p

PRD 105 (2022) 032004

< 0.15 PHENIX 0.40<x.<055 [ 2015: P+p =N+ X 0.55 < X < 0.70
C C ZDC inclusive
01—_ a |- Vs=200GeV, n>6.8 b
T - 3.4 % Polarization scale
F [ uncertainty not shown
0.05— C
0— =
70.05: m .......... m m :_
—01— -
| | | | | | |
& 015 Pol3 (x_avg) 0.70<x. <085 | 0.85 < X, < 1.00
Power Law(xF avg) C
01— Exponemial(xF avg) c — d
£ 5 prp— X r
0.05 ; Mitsuka UPC+OPE }
-0.1— -

clov e b b b b b b Lo b b e B
0.02 0.04 0.06 008 01 0.12 0.14 0.16 0.18 02 0.22
pT[GeV/c]

Gl bbb b by b w b b Lo Ly
0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 02 0.22
pT[GeV/c]

Dashed areas: best parameterizations of x¢
integrated asymmetries using Pol3, Power
law or Exponential

?EANO.O1<PT/GeV/c <z()9(%inclusive; 2015: p+p —n +X BBC Tag ?PHENIX BBC Veto
Eeomomomaan 3 | Ssee b ¢
;El Ay 0.1 < P,/[GeVic] < 0.16 - uncertainty not shown
. E A, 0.16 < P /[GeV/c] < 0.21 E
v R i 5
BFEEE
* Magnitude increasing with P; except for
low X
* Only weak xr dependence in hadronic
events, slightly larger in BBC vetoed
events

Comparable to (OPE dominated) model
curves

)
n
z )


https://arxiv.org/abs/2110.07504

Very forward neutron asymmetries in p+Au

PRD 105 (2022) 032004

* Large, increasing asymmetries

< [ PHENIX 0.40 <x, <055 [F  2015:p+Au —>n+X 0.55<x, <070
04 [ _ ZbCinclusive

_..|C uncertainty not shown

7 e *  seen with likely a hint of

decrease at high P; for lower x.

* Roughly similar behavior in
model seen but details shifted —
possibly due to inclusion of
single pion resonances only

Model calculations:
Mitsuka PRC95 (2017) 044908 +
Kopeliovich et al. PRD 84 (2011) 114012 (OPE)
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https://arxiv.org/abs/2110.07504
http://arxiv.org/abs/arXiv:1702.03834
https://arxiv.org/abs/1109.2500

summary

* Longitudinal spin measurements from PHENIX for various final states pin
down gluon and sea quark spins

* “Golden Channel” direct photon A, to clearly provide sign of gluon spin
contribution, also from di-jet measurements

* Improved measurements for transverse spin asymmetries in p+p collisions
will provide more information about quark-gluon and tri-gluon correlations

* nontrivial A dependence in inclusive hadron asymmetries
* More results on nuclear PDFs via forward and central hadron production

e Far forward neutron asymmetries with A dependence through UPC
contribution, now also x; and p; dependence
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