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Proton Structure and QCD Effects

U Questions /

1. How do quarks, gluons and their dynamics contribute to ‘
i@t

the proton spin?
1 /d;@("’ Qj ::>

1
S =5 =508 +AG+Lgg

2. How is the transverse spin structure (6q) of the proton
distributed?
3. What do transverse-spin phenomena teach us about the

structure of the proton and properties of QCD? proton
P,

Hard collision
of partons (pQCD)

U Probing the proton structure via strong interactions
in polarized proton-proton collisions
o Sensitive to polarized parton distribution
functions (PDFs), fragmentation functions (FFs), e
spin-momentum correlations

partonb partonc

xp, P,

hadron
hadrons zp,

PDFs
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Relativistic Heavy lon Collider

U RHIC at Brookhaven National Laboratory
o World’s only polarized proton collider
o Proton collisions at center of mass

energies of 62, 200, and 510 GeV

o Transverse and longitudinal

polarization

o Polarized protons can also collide

with nuclei, e.g. d, Al, Au
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RHIC: The Main Experiments
0

U STAR STAR
o Large acceptance and PID for |n| < 1,A¢ ~ 27

Complimented with forward EM calorimetry (1 <71 < 2)
FMS (2.6 <71 < 4)

Well suited for jets and correlations il
Current upgrades: forward calorimeter and tracking = EEl.
systems N

O O O O

—
PH ENIX

O PHENIX -

o High resolution and rate capabilities
Central arms (|n| < 0.35,A¢ ~ 1) well suited for 7% and 7
Forward muon arms (1.2 < |n| < 2.4)

Final runin 2016
Being replaced by sPHENIX

o O O O
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Large energy range +/s from 4.9 to 510 GeV

Weak energy dependence

0.2

0.4~

0.3

ZGS, Ys = 4.9 GeV
AGS, (s = 6.6 GeV
E704, \s = 22 GeV

e BRAHMS, Vs = 62.4 GeV

BRAHMS, ys = 200 GeV

b J

<

U Large forward transverse single spin asymmetry (A,) puzzle
o Predicted to be small from pQCD (PRL 41, 1689 (1978) )
o FNAL E704 found large Ay — significant non-perturbative effects

o Large Ay measured by many over many years

Lo
e

arXiv: 1602.03922
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03[ zGs, ¥s=4.9Gev
. AGS, 15 =6.6GeV
[ ® E704, Vs =22 GeV
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PHENIX, Vs =62.4 GeV
STAR, 1s = 200 GeV
STAR, Vs = 200 GeV, <ip>=1.5 {

PHENIX, Vs = 200 GeV, <i>=0.!
STAR, s = 500 GeV
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Mechanisms for Ay

U Two theoretical QCD frameworks used to try to explain and reproduce A

1. Colinear/twist-3 formalism (Efremov-Teryaev’82, Qui-Sterman’91)
o Multiparton correlations and fragmentation functions Twist.3
o Describe spin momentum correlations from quantum mech. interference between
scattering off one parton verses scattering off of two.
* Two types: qgq and ggg
2. Transverse Momentum Dependent (TMD) patron distributions or fragmentations
o Depend on transverse momentum k;
o Two types of effects correlating spin and k.

= Sivers Mechanism (Sivers ‘90): Correlation between nucleon spin and parton k. in the initial state

Collins Mechanism (Collins‘93): Correlation between quark spin and k7 in the fragmentation process

¥ Sivers Effect Sp
Kiq Ivers Eftec Collins Effect
p \ P
w Sensitive to
Sensitive to proton spin — P transversity and p —
parton transverse motion TMD fragmentation S
correlations \
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Searching for Origins of Ay

Qp'p- EMjet + X
o EM-Jet Ay are considered to be sensitive to initial state effects
o Collins asymmetry, the azimuthal asymmetry of a hadron within a jet originating from the fragmentation of a
transversely polarized quark, is sensitive to final state effects is small

Qpp-n’+Xx
o lsolated m° A, much larger than non-isolated 7% Ay = not understood
* Llargerthanjet Ay

arXiv:2012.11428 (accepted to PRD)

g ; 0.25
004 STAR 'p +p->ENjet + X ’ 200 Gex Multiplicitys2 A = STAR p'+p->n®+X ¢ Isolated n° 200 GeV
Ay [ Jetalgorithm: anti-k_R=0.7 i 538 gev ultiplicity> N F b »2Gevic 4 Isolated w° 500 GeV
0.03— P> 2 GeVic e o “ETT ¢  Non-isolated ° 200 GeV
"L p0<rt<as 4 500 GeV Multiplicity>2 - 27<n<40 4 Non-isolated 7° 500 GeV
o < < J. [~
C + AyDY 500 GeV 0.15 " 3,0/3.4% beam pol. scale uncertainty not shown
0.02— 3.0/3.4% beam pol. scale uncertainty not shown ‘ -
C C [ ]Theory 200 GeV .
: 01 Theory 500 GeV P r
0.01— - _” .
C 0.05— X f . i °_ AT .
3 St
C ok 4
1 P T TP EPI TIIII BR  I -T ‘ [ | [ I |
T 6 [ ] Theory 200 GeV —_ 5— N
S S 7
[ A |:| Theory 500 GeV S 40 A N
O 4 a 8 g ¢aa
— A A ° ® L4 —_— F A 4 [ ] &
g At . ° ° ¢ s 3 L) s L] .
s oL at o © 8 f ° N d hd ®
| S N TN S SN T TN T N TN NN TN S TN SN Y TN N TN SO (NN SN TN SN S SN SO 1 2 ; | | ‘ | |
0.1 0.2 0.3 0.4 0.5 0.6 0.2 03 0.4 05 0.6
Xg X,
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Searching for Origins of Ay

PHENIX, PRD 103, 032007 (2021)

dp'p->n+X E F
0_02__ PHENIX
o Ay of n at very forward rapidity ob
o Help aid in understanding underlying n Ay —0-02;*-.\
~0.04F ", l
mechanism ~0.060
-0.08—
—04-
_0_12:_ Pol3 )
- Power Law 2015:p +p »>n+ X
- . {s = 200 GeV, 1 > 6.8
—0.14 Exponential 3.45% Polari:atic?n scale
- [=_] Unfolded A uncertainty not shown
~0-16 l e | 1
0 005 01 015 02 025 0.3
P, [GeV/c]
J§ TEMPLE 8
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Ay In pA Collisions

4 o

T
O

O-pA

Ay (pA) =—

; VS
O A, is sensitive to the environment, including initial
interactions of hard scattering partons

U STAR measured A in pp, pAl, and pAu and found
o

weak nuclear dependence

A, rises with p; (¥<5 GeV) for x. ¥~< 0.5

Isolated ¥ A is larger than non-isolated 7 (
pAl, and pAu)

A

O-pA +O'pA

or final state

Similar asymmetries amongst the three collision types —

found for pp,

0.17<x,.<0.21 0.21<x,<0.27 0.27<x,<0.37
<" 7' STAR 200 GeV
0.07 B pp notisolated
00sk | O pp isolated &

i 0.0sF 3 é +
arXiv: 2012.07146 ok ' + 0 @
Accepted to PRD | ; 8 C
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Twist-3 Correlations and Gluon Sivers Functions

O Midrapidity is sensitive to trigluon twist-3 correlation function and gluon Sivers function

Qp'p-n/a®+X

o Ay of n mesons are potentially sensitive to effects from strange quark contributions, isospin differences and/or

hadron mass

o Mid-rapidity =% and n A, are consistent with each other and zero

Q pr N yiso + X

o Sensitive to the gluon spin-momentum correlations in the proton (twist-3 trigluon correlation function)
o lIsolated direct photon A is not sensitive to hadronization effects or final-state color interactions
o Small qgq contribution is expected

PHENIX, arXiv:2102.13585

0.04- PHENIX p + p, (s =200 GeV, Inl<0.35
. pt+p = a+X
0.02- “P'+P=m +X
Fa f
L., .t% 00 1 000 SN N S S
AR B + ‘[
_0_02k L 1 L 1 L I

> 4 6 8 10 12 14
pT[GeV/c]

0.01

-0.01

PHENIX, PRD 103, 052009 (2021)

" p'+p — 0 +X, (s =200 GeV, hi<0.35

ohel PHENIX

L +
R e s .#f.. B tegutads il

- = qgq Contribution
I —— GPM

e eeeen CGI-GPM Scenario 1
B CGI-GPM Scenario 2

P IS S IR S S RS S|

2 4 6 8 10

L 1l2‘ "
P, [GeV/c]
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0.02 . —
- P +p — ¥+ X, \s =200 GeV, i<0.35
oot PHENIX
5z |
<
[ = qgq Contribution
| — — ggg Contribution Model 1, min/max
_()_()1_I ---------- 999 Colntributi?n Modlel 2, min/maxI |
5 6 7 8 9 10 11 12
P, [GeV/c]
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Sivers Effect
U Sivers Effect . ‘ .‘_

o Measures spin-dependent parton k;

o Non-zero k; leads to tilt of di-jet opening angle in the transverse plane Vs
o Tag jet based on momentum weighted track curvature — allows more sensitivity to parton .
type
iy 8 &y STAR, DNP 2020
(Sproton ¥ (pproton X kT)) *0
L STAR 2012+2015 p-p 200 GeV -+ u-quark
C ' +z & -z beam combined -+-gluon+sea
100— dijetp_>6 GeV/c & 4 GeV/c <+ d-quark
proton yT - r [ |syst.uncert.
3 N Hp-
X 50— |
'_>’ ky % E # * H
pproton E 0 C % @:
-50— [{:
o Significant n-average effects -100— (average)
o Flavor dependence - T
 wu and d quark opposite sign -150[ 4% beam polarization uncertainty nofshiwn | ...
* d quark about twice as large as average k for u quark B2 a0 :]tota. 2 3 4 > 6

. G TEMPLE 11
AF)S-GHP-20217 M. Poslk — UNIVERSITY®



U Transversity — net density of transversely polarized quarks in a transversely
polarized nucleon -
h 2y — 41 2y _ AL 2
l(x' Q ) q (X, Q ) q (X, Q )
=== Parton spin

====>> Nucleon spin

o Least known of the three leading twist colinear PDFs.

O In pp collisions, transversity couples to FF: Collins FF and Interference FF (IFF)

~
o Creates azimuthal modulations in the cross section which leads to obser ~— /7
< CoTA TN
asymmetries 8 = QRSN
1 1 1
o The transverse spin transfer to hyperons, D;; is sensitive to strange 02 04 06 08 &

guark transversity (and polarized FF)

R g@'P-AX) _ 0'p-AX)  gsaA
Dyr =

7 g@'p-A1X) L @A) doh

d6O'A ~ hl(xl) ® fb (xz) ® AG ® 8D 0.2 0.4 0.6 0.8

PRD 102, (2020) 054002
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p'+p-Jet+ht+X
N = Sivers, ¢ = ¢
¢ = Collins, ¢ > P, — Py
= Collins-Like, ¢ = s — 20y
\\ " IFFL ¢ - dps— g

sin . O'T(d)) - Ul(d))
A S8 = S o T9)

Qp'+p->Jet+ht+X
o Different modulations can be used to isolate

STAR, PLB 780 (2018) 332

- - - 10°e
wl»cunenldalafor Collins and Sivers asymmetry: Va rious CO nt ributions g E STAR values span broad
:ﬁg:’:;is :';'P:("(p‘f f‘uchv """" M . ® 3 o * STAR \s =500 GeV and overlapping regions
K e Collins o Other modulations also measured % 1075 ] . cran voc 200 cov
N;‘O" ; RHIC 500 GeV -1 <n < 1 Collins F
8§ | Imcmgmnicn ) A pEp—
Nc’wz, RS dab 12 (poumng Q P + P~ h+ h +X F| 4 compass R
o IFF 10F Lot
O RHIC Kinematics E IFF
‘ - - - - o provides large Q? coverage and broad x reach ] T
10 10 10 10 X 1 . 102 101
o complimentary to SIDIS X
@ TEMPLE 13
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Transversity: Collins Asymmetry

O Collins asymmetry STAR, DIS 2021
o K* and p(p) also measured T st AR mEas Prlminay @ =01s
- — . crl . €' 0 goC 5=200GeV
o K™ positive and similar magnitude as * (within uncertainty) o0 oy
o Other azimuthal asymmetries also measured (Sivers, Collins-Like) —= ey
-0.01= @
) . . -0.02--
o Polarized FF more sensitive to j; dependence 0,036t - 15 Gevie
STAR, DIS 2021 B p— @ =024
= 0045 STAR 201242015 Preliminary posi )
o0 0035 pl+p ojet+n+ X 01
£ 5008 5200 Gev + 0==
<002 4 50 ~0.01%-
E -0.02-
0.01=- -0.03=
B — J. """"""""" B
—0.01;— * . l 0.0 4? (2)=0.35
-0.02= 4R, >0.05 + 4 0.02—
_0‘032_ 9.1 <z< 0.8 + Of
_0'04; lT.<l.ﬂ|am.( P R T P B _0'02;
0.045_ = DMP+2013: ©* _0'04;7 3.2% Scale Uncertainty Not Shown
0.03= X <0 = DMP+2013: :
0_02;_ 0'04; s (2) =0.50
0.01= = L
werezt top to 1 ,,,,,,,,,,,,, # AAAAAAAAAAAAAAAA I
—0.01 o E e
o002= * " _::i, $ * 4
003> " “EL
—0.04= 3.2% Scale Uncertainty Not Shown 10" 1 .
5 q0 s e s e Iy [GeVic]
Particle j V/i
article jet p_ [GeV/c] TEMPLE 14
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QIFF:pT+p-ontn + X

o Large asymmetry

Transversity: IFF and Spin Transfer

o Enhancement near p mass (~0.78 GeV/c?)

Q Spin transfer Dyp: p' +p > AT+ X

o STAR can measure A through the weak decay channel

» Abp+n ,A-op+n’

D1y

STAR, DIS 2021

~ p'+p

e mOoD

0.05—

SA"+X, (5=200GeV, 0<n<1.2

PRD 98 (2018) 91103 = 0.642
PRD 98 (2018) 91103 . =-0.642
2015 a,=0.732
2015 af-o.nz

B

STAR Preliminary

[ USSR

-0.05

§ o gty %

XLS, A, SUB
XLS, A, SUB

PRI T T N T T T T T T T [N T T T T N U T T T S T S T S M|

2 3 4 5
P; [GeV/c]

6 7

8

IFF

STAR, DIS 2021

APS-GHP-2021, M. Posik

;;f .06 >0 <p,>=34GeVie | <p,>=4GeVlc | <p,>=4.7GeVie
3 -& N<0
(] Syst. Error
0.04-
0.021-
o g 3e8e seeERd
Taviles bL eI TC R I sat? 44
seT? . tetre £
_ 1 1 L 1 1 1 1 1 1 1 |
%' 00d- <p,>=57GeVre | <p,>=83GeVie s 1 L Lf (GeV/c )
0.041- HH H H STAR Preliminary 2015
HB H pT+poTT+X at {5 =200 GeV
0.021~ g E] H E +3% scale uncertainty from beam
* R @ g B g g polarization (not shown)
oL {,1 FELPSL S T ISSE TR LA s
L I 1 1 l
045 1 1. 5 0.5 1 1. 5
M. (Gewc ) M, (GeVIc )
g [ STAR Preliminary 2015 [ Radici et. al.
%f pT +p — e + X at Vs =200 GeV —&— Run 15, Cone < 0.7
%5008 (b, )=525GeVie
B —e— Run 06, Cone <03
- (p, )=6GeVic
0.06 N [ Syst.Error
L >0
0.04 —
0.02—
- ! o
O — - F
— | | 3% scale I?ncertamty l'll'om beam pollnnzntwn (not shown) | |
04 0.6 0.8 1 12 1.4 1 6 18
T (GeVie)
bW TEMPLE
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STAR Forward Upgrade

O STAR Forward Upgrade

o Tracking: Si disks and small Thin Gap FCS

ECal HCal EPDW as PreShower

Chambers

o Calorimetry: hadronic and
electromagnetic
U Ensure jet capability and charge-sign
discrimination

Forward STGC

O Cover forward rapidity 2.5 <n < 4

Forward Silicon Tracker (FST)

[ Data Taking
o /s = 510 GeV transversely polarized p+p run in 2022
o Other data (p+p, p+A) taken in parallel with sPHENIX

b TEMPLE
APS'GHP'2021, M POSIk UNIVERSITY® 16



O RHIC is playing a critical and complementary role in resolving the structure of the proton
U Investigating QCD Effects

o Ay origin at forward rapidity

* pp and pA collisions

o Constrain twist-3 correlation function (trigluon)

o Study Sivers effect using di-jets
O Transvers spin structure

o Constrain transversity through Collins, IFF, and D;; asymmetries
0 STAR forward physics program begins in 2022

L Many new and exciting results to come!

T2 TEMPLE
APS-GHP-2021, M. Posik 17



Gluon Polarization

U How do gluons contribute to the proton spin? PRL 113, (2014) 012001
— N LELELLE BRI ILRLELLE ILRLELELE IR
-..» q.- %5 [ 9% NEW FIT ]
N N . .. <] 90% C.L. region
p + p — jet/ dijet/ hadron + X N— - » [ = DSsv ]
= 32 g 90% C.L. region
- - - - © ST2 [ a4 pssv ]
o 0.5+ .
o 3 J
O
5 [
g A ~ o -
Ay, = Tt~ T4 YAfa @ Afy,®@6arr, ® D 8 0 .
Ottt 04— Xfa® Hr®6®D 2
LO for illustration r ; T
05 Q =10 GeV~ 7
l L L L L l L L1 1L l A1 l - l

© 2009 RHIC data has played a critical role in providing constraints on the — =537~ 165703
Jdx Ag(x)

polarized gluon distribution \ |
o Integral of Ag(x > 0.05) ~ 0.2 (from global analyses) High-x betherconstraint
o Need to push sensitivity to lower x
_L
1. Higher center of mass energy: x; < s 2
2. Forward rapidity: x; < exp(—n) i TEMPLE 18
APS-GHP-2021, M. Posik B Cnvensiry:



sign(n,) = sign(n,)

Normalized Yield

Normalized Yield

1=
9= 190<M<23.0 GeVic?
£ 84<p <11.7GeVic

E veen Di-jet x,

£ —— Di-jet X,
.85 . Inclusive x (/20)

Sign(n) = Sign(n,)

xGlmm

Sign(n) = Sign(n,)

fngn,| < 0.8
Vs = 200 GeV

APS-GHP-2021, M. Posik

xGluon

<019 sTAR, V5 =200 Gev
| p+p — Jet+Jet+X
| Anti-k. R=0.6
| sign(n) =sign(n,)
0.05(— 5
R (R Tt .l
L |
L # ______ Lumi. Sys.
0.00k—-sreme B T et eeennn 20122008 .
| =6.1% (2015) and + 6.5% (2009) scale uncertainty from polarization not shown
PSS SNV S S S SR S ST SR (TSNS S S NS SO ST S NS S S {
<010~ sign(n)) = sign(n,)
| 0 STAR 2015, This work
| o STAR 2009, PRD 95 (2017) 071103
| - DSSvVi4
0.05/— = NNPDFpol1.1
0.00
PR R PR " P

Gluon Polarization

U Dijets provide better control of underlying partonic kinematics
o Better constraint of the shape of Ag(x) functional form
o More forward production is sensitive to lower x (down to ~0.01)
o Including STAR EEMC allows sensitivity to x > 0.004 (analysis of high stat. 2013 data set in progress)

STAR, arXiv: 2103.05571 Submitted to PRL D.

PR R R PRI BRTRTR .|
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Parton Dijet M,,,/\s
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Gluon Polarization

U Higher center of mass pushes to lower x > 0.02

o Pions and photons provide complimentary probes

o Charged pions measured by PHENIX

o Direct photon sensitive to gluon polarization

o qg — vq (no hadronization)

-
|

<
0.15

0.1

0.05

-0.05

PHENIX, PRD 102 (2020) 032001

|IIIIIIII|ITIIIII

TR

T T

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

P ISR S AN TR ST SR AN SO SO SR NN ST Il

1 T T T

pp — 7*+X Inl<0.35

m =« Vs=510 GeV
e m:Vs=510 GeV
A« Vs=200 GeV (Phys. Rev. D 91, 032001)
v «: Vs=200 GeV (Phys. Rev. D 91, 032001)
[ 510 GeV rel. lum. uncertainty
200 GeV rel. lum. uncertainty

Data points for x* slightly shifted horizontally for legibility

| L | L T T T T T T

PHENIX

llIIIIlIIlllIIIIl

IIIIIII

0.02 0.04 0.06 0.08

xT(=20b1/ (s)

APS-GHP-2021, M. Posik

PHENIX, RAUM 2020

- Isolated direct photon ALL

T

| 3.9e-4 shift uncertainty from
| relative luminosity not included

| 6.6% scale uncertainty from
polarization not included

TN
PH -ENIX

preliminary
) L | L L L 1 |

T T7T

A pep s=s10GeV, i <0.25

DSSV14

10 15
P, [GeV/c]

20
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Quark Helicity

NNPDF pol1.1, Nucl. Phys. B887, 276 (2014)
C — — — 0.15: T —
%4 xAu(x,Q2=10 GeV?) 0af xAd(x,QP=10 GeV?)

O Sea quark helicity distributions

| IR A

03 o.osi

o Not known as well as the valence quarks : o
0.2—

o Still not well constrained from experiment, in oot

0.1— N

- -0.1F

particular the strange quark | —_— :

F ENNPDFpoli.1

u NNPDFpol1.1
02 DSSV08 Ay?=1 J

C DSSV08 Ay?=1

-0.1— __ positivity bound n r — positivity bound
c Ll R | g -0.255 el Ll !
10° 102 10" 10° 102 10" 1
. e X X
U Polarized A hyperons are sensitive to the strange .- oo
o.o{ o.oz§— xAs(x,Q%=10 GeV?)

quark helicity distribution

0.01

0.02

o contain constituent strange quark which is

= 7 B e

expected to carry majority of A spin. : R

-0.02

-0.02;
-0.03§
o Can be produce in polarized proton collisions 004

-0.04~ = NNPDFpol1.1 -0.051- ] NNPDFpolt.1

| I R IR

N 7 2_ F 7] DSSV08 Ax2=1
-> | 71 DSSV08 fy?=1 0085 o E
p + p - A + X 0067 — positivity bound [ — positivity bound
Al | Lol -0.075 Ll il
10° 102 10" 1 10° 102 10" 1
X X
0§ TEMPLE 21
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Quark Helicity

=

g P-oATX) _ (0t poATX)

dAch

A
Versus D LL

— = @

dAc® ~ Af,(x) ® f,, (x,) @ AG ® AD

o STAR can measure A through the weak decay channel
= Asp+n ,A->p+nt
o Longitudinal spin transfer, D;;, provides sensitivity to
strange quark helicity distribution and polarized
fragmentation functions.
o New STAR measurements consistent with previous.

o D;; found to be small

APS-GHP-2021, M. Posik

o @TP=AYX) 1 o p>ATX) = do

STAR, DIS 2021
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B+p— A+X, {s=200GeV, 0 <1< 1.2, STAR Preliminary
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