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PHYSICS QUESTIONS - OUTLOOK

Questions

How does the spin of the nucleon originate from its quark, anti-quark, and gluon constituents and their
dynamics?

1. How do gluons contribute to the proton spin?
2. What is the landscape of the polarized quark-sea in the nucleon?
3. What is the spin structure of nucleon at high-x?

What can transverse-spin phenomena teach us about the structure of the
nucleon and properties of QCD?

How is the nucleon spin correlated with the motion of partons?

How is the nucleon spin correlated with the spatial distribution of partons?

4. GPD-sensitive measurements

5. Quark and Gluon Sivers' function

6. Quark Collins effect (transversity + Collins Fragmentation Function)
7. Higher Twist Parton Distribution Functions

8. Unpolarized Boer-Mulders function

M. Zurek - Experimental Spin Results




PHYSICS QUESTIONS

How does the spin of the nucleon originate from its quark, anti-quark, and gluon constituents and their
dynamics?

Two established approaches to look at the compositions of the proton spin:

Jisum rule: Jaffe-Manohar sum rule:

%W— /2 %*@@*Lﬁ[_g]: 1/2

Quark heI|C|ty Quark orbital Gluon helicity and
angular orbital angular
momentum momentum

Quark helicity  Gluon heI|C|ty Quark canonical GIuon canonical
orbital angular  orbital angular

momentum momentum
» Frame independent spin sum rule « All terms have partonic interpretation
e Quark and gluon Jq (sum of A>/2 and Lq) and Jg e Ininfinite-momentum frame
can be obtained form Generalized Parton « €q and €g (Twist-3 quantities) can be extracted
Distributions (GPDs) moments from GPDs
e Phys. Rev. Lett. 78, 610-613 (1997) e Nucl. Phys. B 337, 509-546 (1990)
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PHYSICS QUESTIONS

How is the nucleon spin correlated with the motion of partons?
How is the nucleon spin correlated with the spatial distribution of partons?
Nucleon tomography

ImpaC!: parameter dependent Transverse momentum dependent
parton distribution functions f(x,b.) parton distribution functions (TMDs) f(x,k_)
Can be accessed from GPDs: H(x, § ,t) = f(x,b,) y

o Extrapolation to zero skewness £ = 0

« Fourier Transformationt © bT 051

x=0.3 004

ky (GeV)

y 3

Position space Momentum space <51

-1.0

T T T
-1.0 —0.5 0.0 05 1.0
Iy (GeV)

N A. Bacchetta, F. Delcarro, C. Pisano, M. Radici,
PLB 827 (2022) 136961, from SIDIS and DY/W data

Huey-Wen Lin, PRL 127 (2021) 18, 182001, from Lattice
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PHYSICS QUESTIONS

How is the nucleon spin correlated with the motion of quarks and gluons?
How is the nucleon spin correlated with the spatial distribution of partons?
Nucleon tomography

Three-dil

Impact parameter dependent
parton distribution functions f(x,b.)
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EXPER'MENTAL PROBES Hadron-hadron interactions

How to access nucleon spin structure?

(Semi-Inclusive) Deep Inelastic Scattering

_ q
a L1
A
7/ g
q A
q
1%
d 1 o
U I+
: (
a I
77777777777777777 g
e
d Y

+ Hard exclusive processes for GPDs (shown later)
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QUARK AND GLUON HELICITIES




LONGITUDINAL SPIN STRUCTURE

» Decades of studies in Deep Inelastic Scattering, as well as Semi-

Inclusive Deep Inelastic Scattering and proton-proton collisions

« Polarized DIS cross section studied at SLAC, CERN, DESY (HERMES), JLab
encodes information about helicity structure of quarks inside the
proton (double spin asymmetries)

Ao, (z, Q* 8ra? 2 COMPASS, PLB 753 (2016) 18
( ) — Y |:(1 _ Q — y_,.)/2> g1 (w,QZ) _ g,YZgQ (ZL', QZ)‘| T T,x=0,0036 (i=0) o e

x=0.035

SN —
Tﬁ“—‘%‘;é_*"* X=0.049

Attt pe mE—ge F—%gx }70.077  (=10)
A : Jn %, ym e 012

(%)

dz sz Q4 2 4 2 ¥ 12—};*:0»0045 A e 0 e
' No i x=0.0055 dh HeRMES @ COMPASS 160 Gev
v=F— E/ 1 5 X —egf— x=0007 O cuswascwr Ml cowpassmocev
o= o 10— x=0000 B cowmsmos
y=v/E, 7" = Qv (@) = 3 zq:eq Aq(@) L Quark helicity [ " ag w00
. . . - [ x=0.017 ¢=121-07-i
In (LO QCD) Quark Parton Model | distribution 87m s

X AU
X Ad(x)

L st —ox—mxxm—m 029
osf ) LN - GOS0 41

- - B O L So———ome—m——om X70.57

— = = - = ; : 5 : 1 | Lo - o ——o et X074
10 10" 10 1 10 10° 10 1 10 10° 100 1

T 0 n
X X X indirect way to access gluon spin 10 102
Q? (GeV?/c?)
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GLUON HELICITY

LO for illustration P+ p — jet/dijet/hadrons + X
Aipn = DB 0= SAfa @ Afy ® GaLL ® D = G
Ot + 04— Yfa® fr®6®D )

« At RHIC energies: sensitivity to qg and gg - Access to Ag(x)/g(x)
e Cross-section measurement to support the NLO pQCD interpretation of asymmetries
« STARinclusive jet A  from 2009 data at Vs =200 GeV PRL 115 (2015) 9, 092002

* Included in global pQCD analysis provided evidence for positive gluon polarization for x > 0.05 at Q% = 10 GeV

DSSV, PRL 113 (2014) 1, 012001
T

NNPDF, Nucl. Phys. B 887 (2014) 276 JAM, PRID 105, 074022 (I2(_)22)
T T T 7

Eﬂ [ New T ] XAg(x,Q*=10 GeV?) 0.1 S——
4] fé = “ g)asc\.{freginn hhhhhhhh
sTg 4 DSSV 0.0 >
0.5 1l B e\ ] b i mmarey o=
—0.1 ¢
of . . —0.2
L - 5 - NNPDFpol1.0 ] —0.3 L :
05 Q=10 GeV? g 0228 NNPOFooin.1 ] 0.01 0.1 0.5
plasawsdiaael s i@ leiinly il -1 positivity bound -
02 01 -0 01, 02 03 - €
0{)de Ag(x) x SU(S) + PoOs: 0.25+0.03 = > 0.05
NNPDFpol1.0, DSSV*: STAR 2009 jet data not included Global fit including single jet data (also STAR 2015)
NNPDFpoll.1, DSSV new fit: STAR 2009 jet data included from unpol. and pol. hadron collisions (+ DIS and DY)
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GLUON HELICITY

Inclusive Jet A |

0.08—
= Topology A
55 STAR, PRD 105 (2022) 9, 092011 gpals AR
- STAR p+p— Jet+X 004~
0.05— Vs = 200 GeV: 002
r e 2009, PRL 115 092002 (2015) =
0.04f- = 2015 PRD 103 L091103 (2021) y oF
- Vs =510 GeV: q-:‘:‘. —0.02f
003+ 2012 PRD 100 052005 (2019) o F
“YF % 2013, this work L oo
L -- DSsvi4 [a] [ Topology B
0.02— 22> NNPDFpol1.1 006 Forward - Central
F 0.04F-
0.01— I
r 0.02f—
| e % L e e o~
! o oot
005 20 20

STAR, PRD 105 (2022) 9, 092011

STAR 2013 @ 510GeV
prp-s Jet + Jet + X
Anti-k | R=0.5

A 2012, PRD 100 052005 (2018)
Jr 2013, this work
— -DSsVi4

2L NP Fpold 1

025 03
Parton Jet x; (=2p_/ \s)

Higher Vs and more forward rapidity push sensitivity to lower x
Down to ~0.004 with STAR Endcap (n < 1.8) dijets at 510 GeV (analysis being finalized)
Dijets provide stricter constraints to underlying partonic kinematics - better constraints on functional form of AG(x)

00720
Parton DijetM_ (GeV/ic?)

PHENIX, arXiv:2202.08158

P+ P — Y+ X, {s=510 GeV, | <0.25
0.04_
0.02 T
4 [ T _':____,_.._-—"‘
< O 1 1

® PHENIX Data

-0.02

r —— DSSV14 with DSS\:’Mc uncertainty
B a—

5 10 15 20

Direct photon sensitive to gg — yq LO process; clean access to Ag(x) (no hadronization)
Consistent results from both energies and both experiments

RHIC concluded the data taking with longitudinally polarized protons in 2015
The data are anticipated to provide the most precise insights in Ag(x) well into the future
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POLARIZED QUARK SEA

STAR, PRD RC 99 (2019), 051102

_ _ Af Grpawsexogex | Alemedmmo:
AW+ - A({(ml)u(mQ) — Au(ccl_)d(.rg) . 5—_ (s =510 GeV 25 < E$ < 50 GeV 005 MIAM
- d(@1)u(ws) + u(wr)d(z2) ot o= F 2 +por
A = - 0.04
AW—( ) Aﬁ(Il)d(mg) — Ad(ﬂll)ﬂ(mg) 0-+ + g r
X - :
LW @) d(w2) + (@ )u(zs) . 0
LO for illustration I B - r Asi—Ad m aam
Separation of quark flavor L R ocgl T(AT—Ad) NNPDFpolL.1
o | RS DSSY08
o WHW): predominantly u(d) and d(u) 0.5 s sramons
Maximal parity violation [ T BesviscHENLO
. . --e=e= DSSV14 RHICBOS
. \év cgugles t’_cio Ie;t—llwanded particles or right- [ et | et
an e an par C eS _l‘— . 3 I"o lea‘m p‘0 ?cale ulncelrtal‘my‘notls IOvvrll L [_]Ul i § gtz e Ul i Uld %
The decay process is calculable & 0 Lo,
e Free from fragmentation function Covered lepton n: 0.05 < x, < 0.25

Full available data set analized from STAR (shown) and PHENIX (PHENIX, PRD 98 (2018), 032007)

« Significant preference for Au over Ad = Opposite to the spin-averaged quark-sea distributions
» Evaluations from DSSV and NNPDF agree with data in sea and valence quark region
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NEUTRON SPIN STRUCTURE AT HIGH-X

Observable: The Virtual photon-nucleon asymmetry A1 = (012 — 032)/(T12 + 03)2)
Al(x, @) = |g1(x, %) — ¥ga(x, OD)| /F1(x, Q%) = g1(x)/F1(x) for large Q?
Hall C A1n experiment with polarized *He target (E12-06-110)

pQCD with pQCD with

: orbital angular W. H , JULO Meeting 2022 . . e
Mingyu Chen, Dis22 _ SPIn only momentum g 0 — = « Without radiative
It \ < [ ® Hall C 11 GeV DIS no Rad. Corr. :
[ O SLACEI42 e Pamoctal.(2015) ' 5, E08014:08) corrections
0.8 OHERMES | E Fhenscsl GO - £99117 (0IS) « Statistical uncertainties
[ ¢ SLACEI54 [] RCQM <« . v 0.05 F o £142
0.6 r Statistical — NJL o r HERMES { Only
2 [ ---LSS(BBS) --- Avakianetal. [ & E154 i
- ; T }l 1 ﬂ} : « Nuclear corrections to be
C 2 .
e F ot -
T 0f I % H i applied
C [ # 1 3He | 43He Fy P 0.014
; Cos %%i § F, [Al - 2Pyl (1- 53
—o05 Ay =
- P,Fy (1 + 2056)
04 -0.1 I B T e Al (R

01 02 03 04 05 06 07 08 09 | 0 0.2 0.4 0.6 0.8

» Explore the Q? dependence of Aln with large x value 0.61 < x < 0.77
« After combining with proton data (CLAS12), extract polarized to unpolarized parton distribution function

ratios Au/u and Ad/d for large x region
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GENERALIZED PARTON DISTRIBUTIONS




ACCESS TO GPDs

N/q u L T 4 chiral-even and 4 chiral-odd quark GPDs at leading twist
Y H _ Er for a spin-% hadron
L H E;
T E E Hy H;
: . 1. ! 1
Connection to the proton spin:  j, = : %H% dz z [HY(x, &, t) + EYx, &, t)] J= EAZ +L,
g |

Accessed via hard exclusive processes: cross section and asymmetries

» Deep virtual Compton scattering (DVCS) and hard exclusive meson production (HEMP)
e H, E accessed in vector meson production, H,E in pseudoscalar meson production

* All 4 chiral-even GPDs accessed in DVCS

Interference between DVCS and Bethe-Heitler amplitude plays key role
» Allows to determine both magnitude and phase of the DVCS amplitude
« 0 _ ~ electromagnetic form factor x Compton form factor

DVCS | Bethe-Heitler (BH) - oep epy) = | _DVC’S|2 + |BH |2 + Inter ference
\/ \/ ‘\/ ) 1 1 1
+ + H(fat):§€Q/;1dxH(m’g’t)<§—a:—is_§—|—33—i€)
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DVCS AT HALL A — See talk by S. Niccolai and M. Boer

F. Georges et al., Phys. Rev. Lett. 128, 252002 (2022)

| = Previous data [19]

Q’=3.67 GeV” t=-0.33 GeV’ Q7=5.36 GeV? t=-0.51 GeV’ 07=8.45 GeV” 1=-0.91 GeV’
o — R o . 2 @ This work {+,0+} GFFs fi 7
4 —BH 9] LN L . B T 1T
i 15| = = KM15 -\8_, - ¥ f._’ r e B HE ettt e TE
o 19 o o i [ M -
Yo ol o L
+ou 5 +Hou +lov _op —\2
ol = ol t
o *c o : '
4l r
L N L | L L ! \ _o LT L TP T Lol r %
50 100 150 200 250 300 351 50 100 150 200 250 300 350 50 100 150 200 250 300 350 r q
@ (deg) @ (deg) @ (deg) i é 1 1
A Q%=3.67 GeV? t=-0.33 GeV? Q?=5.36 GeV? t=-0.51 GeV2 o1 Q%=8.45 GeV? 1=-0.91 GeV?
i . 15
= * =
<)) Q 1
Q T s Q
.g_ 2| -g_ 0.5 i
o o ' o o — ; ” . .
e 3 ofrvest =" | 5 i ]
< X, =0.36 E o ) § 1 ; . iJ3y ! T B
F 15 + ;‘1 r é é 1 ::
E 1 1 L L ol L L L 1 L ™ L e L | 1 Op= o] '% """""""""""""" -1 4
50 100 150 200 250 300 350 50 100 150 200 250 300 35( 50 100 150 200 250 300 350 = L 15
@ (deg) @ (deg) @ (deg) r ]
5 —-5
« Helicity independent and dependent cross-section at high values s
of the Bjorken x, of o
e 2014 and 2016 data analyzed ~r Joy
. o o . o 1w
« Extraction of 4 helicity-conserving CFF of the nucleon as a 3 @ WE

function of x, A % ,,,,,,,,,,,,, R e .

« See also the Preliminary DVCS Beam Spin Asymmetries from ) . . E]
CLAS12in S. Niccolai talk
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DVCS AT COM PASS — See talk by B. Badelek

=. 200F

~
o

= . F =
700~ F
N r reliminary * 9at N F reliminary * dat o r reliminary * dat
) :COMPASS pre oY o o 18(]_COMF'ASS p s R == ) 7COMPASS pre o i
o 600l 5+ EMCincl = o F 4 EMCincl o °F B MC incl. ©°
‘a B MC excl. ©® '8) 1601~ [l MC excl. n° *c-” F (z) ~ 0.063 M MC excl. n°
C r )= U.
8 s00f S 1e0) 3 L 2 ~ 2.1 Gev?
w o f o F w
ﬁ B g 120} <€> ~ 0.020 " g a0
4001~ I Q° = 20GeV
P (z) &~ 0.0085 & 100 @
2 [ Q°~18GeV? 2 r 2 5
£ 300f 5 pof 5
[= [ [= - c
L E L r w 5
200~ i = ’ 201
+ F i
40— r
100 F i 10f
L = . 20;’ o o
_"I—F_\'—?T\IIJ‘\III\\Ill\\‘—\[‘_

o

-3 -2 -1 0 1 2 3 0—5 I -2 -1 ‘ U
¢ [rad] o [rad]

Scsu=ptc +p " =2 (do-BH +doDVCS 4 eﬂPpImI)
« Helicity dependent cross-section (unpolarized target)
e 2012 data (PLB 793 (2019) 188) + part of 2016 data
o Full 2016 dataset to be analized (~ x5 statistics) dgDVCs

« Determination of transverse extension of partons (from t-slope of cs) — & e~ bl
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TIMELIKE COMPTON SCATTERING AT CLAS12

o]

m
in
<

— See talk by P. Chatagnon

0.6
0.5
0.4
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-0.3

0.6

|
©
IS

5_ CLAS12, PRL 127 (2021) 262501

T3 S rrpeee N R S R A SRk

= |

= I

= <4-DATA [ Tot. Syst.

f_ -+ BH = GK

T R LC1C)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

__ Forward angular bin:

C ‘ 6 < [50°,807, ¢ < [-40°, 40°]

- - DATA []Tot. Syst.

N -+ BH -+ GK, no D-term

... 1....1... ... |=VGG --'VGG, noD-term
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-t (GeV?)
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TCS e () Bethe-Heitler
, e
¥(q) () e (k) K
L e*
T+ &4 ] 1r —§
GPD
-
PG T PO P P

Timelike Compton Scattering: time reversal process of DVCS

Photon polarization asymmetry

» Sensitive to Im(CFF)

e Comparison to DVCS allows to test the universality of
GPDs - especially the imaginary part of H

Forward-backward asymmetry

* Real part of the CFF and nucleon D-term

» Relates to mechanical properties of the nucleon
(quark pressure distribution)
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TRANSVERSE MOMENTUM DEPENDENT
PDFs




LEADING TWIST TMDs

Quark polarization

TMDs surviving integration over k_ ]

Unpolarized Longitudinally Polarized  Transversely Polarized p - - —
()] L m Naive time-reversal odd TMDs describing
/ \ | strength of spin-orbit correlations.
) = (3 - (4
U [ f i N ] [ l ] i
: Boer-Mulders Chiral odd TMDs
Qe - Q) |[ht= L O
L [ 9:= o Worm Gear
Helicity (Kotzinian-Mulders)
e T T
h= (1) - (1
T fut= (o - ; P .|- B .|.. Transversity
Sivers hyym (2) - (&
Worm Gear \

W

\t Pretzelosity /, /

« 8 TMD (PDFs) at leading-twist description (analog table for fragmentation functions)
» Off-diagonal part vanishes without parton’s transverse motion

» Sivers effect: correlations between the nucleon transverse spin direction and parton transverse
momentum in the polarized nucleon
« Collins effect: fragmentation of a transversely polarized parton into a final-state hadron
» Boer-Mulders effect: correlations between the parton transverse spin direction and parton transverse
momentum in the polarized nucleon
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TMD IN SIDIS MEASUREMENTS

Compendium of HERMES TMD results Sivers at COMPASS
HERMES, J. High Energ. Phys. 2020, 10 (2020) COMPASS, PLB 744 (2015) 250

COMPASS, NPB 940 (2019) 34
e TMD results with transversely polarized H target

« Refined analysis with 3D binning (x, z, P.) « Sivers signal smaller at COMPASS (27.6 GeV) than
° (Ant—i_)proton measurements at HERMES (160 GeV) -T™MD eVOIUﬁon?
Sivers sin(¢ - @.) asymmetry amplitudes « P, -weighted asymmetry amplitudes .
5 . : « Measurement of TMD k. moments that avoids
= 02F ot e KHIF + % - assumptions on shape of k_
Zosf . é - -
£ : : - s COMPASS, 940 (2019) 3
o 0.1 f i + + t * ++ii q] * +++ + g‘; 0.05—Ans|\gIFr);1Aino’:tPaBl.,iRI§)86 ()204112)014028
Noosiﬁt_, SR I—+."" 1
Yo _}! * 1t
L R et Wy PN ——" ,(%m» =
o.os.:e. ,,,,,,,,, - Eﬁ
0.1 0.2 0.5 10 0.5 1
X z P, [GeV] -0.05-
Kaon (us) amplitudes larger than pion (ud)
» Unexpected if u-quark scattering dominates a0k . N
e May point to a role of sea quarks 107 10! 1
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SIVERS FUNCTION SIGN CHANGE

Test of nonuniversality of Sivers function: Sivers__= - Sivers and TMD evolution effects

DY/W/Z

R. Longo, cPHi22 ~ COMPASS Drell-Yan STAR W Production

singg < 1 ® Lg B
A Sz ®firp DY - HM range © COMPASS, 2015 + 2018 Full Data Sample P 7 __STAR RAUM 2021
Curves from JHEP 02, 166 (2021) popoWER=ES0GY " ‘
COMPASS | Drell-Yan, NH, 43< M, /GeVic) <83 3 . Yek\m\na\ : 06
02k preliminary [ 201542018 data L L L 041 ﬁﬂﬁ v 045
> =—H . 02f . 02 yx7-
i Ojﬁgpf)z]zﬁzil)ib@’%;’; ””””””” SR (]: et 1 0: W 1 I
< —LFCQM [] 4 E @ T
—02fF - »Jsimzu F F —0.2?
e . ‘ J o  e—— | — ~04f ﬁ‘ \.m\'maﬁ
10 7= 5 To- 1 0 0204060805 I 15 2 253 4 5 6 7% L Adamozyk atal. (STAR), PRAL 116 (2016} 132301 —0.6; R v[@
Xy X Xg qT (GeV/c) Mw (GeV/cz) —— Buny. Prokudin, Viadimirou, PRL 126 (2021) 08384 _osE
4 _—O‘ﬁ —Ol.f) —()‘.4 —0‘2 (]‘ 0.‘2 l).‘4 (]A‘('y 0.‘8 _—({.8 —()‘.6 —(]‘.4 —OI.Z', (]‘ 0. (].I4 (l‘ﬁ ().‘8
3"’ | ® COMPASS preliminary Yo seen Yorsecs
g O 1 I~ Drell-Yan, NH, 2015+2018 data
mﬁ:F L ’ Bacchetta et al., Phys. Lett. B 827 (2022) 136961
r 7_*_*—*7 e ‘/ S|gn Change 0.4 a W o6l ' ]
T - i S 03 B ' 2 X more
B 0 osf ' ] Sg}ﬁgo
L — LECQM . R S -
= - <<—Nosign change 2 o o2f | —t— | | from2022
i ---Torino !
—01 T 0.0 4 0.0 ——————
s s s s P s s
-0.1
4x107* 107! 2x107! . . HPE oy S . |
_xN -0.5 0.0 0.5 -0.5 O.V(V) 0.5
. . A . y
COMPASS data favors the sign-change of Sivers TMD Extractions include SIDIS, DY and 2011 STAR data
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TWIST-3 CORRELATORS

Indirect constraint on the Sivers function via integral relationship with the Twist-3 trigluon correlator

0.02 Phys. Rev. Lett. 127, 162001 (2021) . PHENIX, arXiv:2204.12899 i STAR, PRD 103 (2021) 92009
’ = — E T B + 04— STAR p +p-> EM-jet+ X 4 200 GeV
FpT+p — ¥+ X, /s =200 GeV, |n|<0.35 <0085 plup 5 e+ X . Open Heavy Flavor e’ Ay ' et algorthm: anivk Revz 200 GeV Multplcity>2
r v 0.06 Vs = 200 GeV = Open Heavy Flavor e E p#s 2 Gews T 4 500 GeV
F : s Sl i 4 500 GeV Multiplicity>2
- PHENIX It PRD78, 114013 e +ADY 500GV
001__ . PHENIX _— glf’ ld} 4 }—0.01, 0.11) GeV o.oz_— 3.0/3.4% beam pol. scale uncertainty not shown +
L 0.02 ) — (A4 Ay =(-0.01,0.11) GeV -
L o] 9 el PRD84, 014026 «mwwewssene: n;
[ ~0.02 - Kg = 6.0x10* - Kg' = 2.5x10™ N, N
—— qgq Contribution ’ - K. =6.0x10% o K = 2.5x10™ T o [ Theory 200 Gev
L — — ggg Contribution Model 1, min/max ~0.04 G~ > G~ S s [ Theory 500 Gev
—0.01~ - 9gg Contribution Model 2, min/max : i i
il sy Crimel sspslgrnyl gys o lipis gieys glimg o, At f f = = u b . .
5 6 7 8 9 10 11 12 —-0.06 % N &24 %o polzrlzatlon;cale u;cerlam;y not |n(7:Iuded | Py | .t A. . 8 o .
pT [GeVic] P, [GeVi/c] TR A - B v R ¥ B T S

Theory curves : L. Qamberg,
* RHIC midrapidity measurements for direct photon and HF electrons sensitive to Z. Kang, A. Prokudin,

. . . PRL 110 23, 232301 (2013)
tri-gluon twist-3 = gluon Sivers TMD
« sPHENIX capabilities in mid-rapidity: direct photons and D° meson asymmetries

« STAR enhanced capabilities with forward upgrade: jet, ni° charged hadrons, photons A :
— constraint on the evolution and flavor dependence of the Twist-3 ETQS function
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TRANSVERSITY
Net density of quarks with spin aligned with the transversely polarized =

nucleon (leading twist)

« Two asymmetries A _ provide sensitivity at RHIC = Parton spin
= Nucleon spin

Spin-dependent modulation of hadrons in jets Di-hadron correlation measurements
Collins function (TMD FF) “interference FF (cplllnear frameyvork)
Correlation of transverse spin of fragmenting quark and ~ Correlation of transverse spin of fragmenting quark and
transverse momentum kick given to fragmentation hadron momentum cross-product of di-hadron pair
_ STAR, arXiv:2205.11800 STAR, DIS2021 and PRL 115 (2015) 242501
< 0.04 STAR 2012+2015 Preliminary = s e
o Tip —jet+ 4+ X I STAR Preliminary 2015 [ Radici et al.
5 5008 \/p§=:oo é::/ + %5 | p +p—nT+Xat {5=200 GeV @ Run 15, Cone <0.7
- < 0.08— { P, )y=5.125 GeV/e
r ~®— Run 06, Cone <0.3
- (pT)=GGeV1:
“‘M__ ] Syst. Error
L >0
0.04-—
u'oqg | 0 EDMP+2013: = :
0.035 Xe< = DMP+2013: © 0.02}—
0.025 B
0.01= - ®
Feszz 2. ¥ 5 % + ’L i s ensnssus s i e s s v
S B e, Pttt
-0.02 3 04 0.6 0.8 1 12 14 1.6 1.8
~0.035 T M (GeVich)
_0_04% 3.2% Scale Uncertainty Not Shown

10 15 20 2 30
Particle jet P, [GeV/c]
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TRANSVERSITY
» Net density of quarks with spin aligned with the transversely polarized =

nucleon (leading twist)
HERMES & COMPASS Collins asymmetries

_ Global extractions - Collins function and transversity
HERMES, J. High Energ. Phys. 2020, 10 (2020)

a4
cy o povremp— e
— = nselmino et al ¢
g’ E‘ ,:/ 03r === Anselmino et al ‘15 unf
= — —_ ¢ &
& E R 0.2F._._N Kang et:al 15 . 4 e Radici, Bacchetta ‘18
= ] - : 0414 /
(7] 3 y ' + L_ - e P i —:= Benel et al ‘19
Xl £t ¢ T 01p- ==E T /
N O b E--ommeveee / === D’Alesio et al ‘20
= — N 1 1 1
E 0.4 0.6 0.8 0.4 0.6 0.8
S (=S < #
E 2 Q04
H U IO | ~—
: P S 02
f = ity S
3 3 t | 0.0
3 E 02 04 06 08 & 02 04 06 08 &
Y | - — JAM Collaboration, PRD 102, 054002 (2020) === Behevarria et al ‘14
. 0 05 1 == Anselmino et al ‘17
z P, [GeV]

« uand d-quark transversity have ~equal magnitude and opposite size for favored and unfavored Collins FFs

» d-quark transversity less constrained given the u-quark dominance of many of the processes used in the global fits
« COMPASS 2021 run on the deuteron will double the experimental precision on the proton’s tensor charge g_= 6u - &d

o Further prior-to-EIC measurements of Collins asymmetries: STAR with forward upgrade, sPHENIX, JLab12/SoLID, SpinQuest
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BOER MULDERS

Unpolarized SIDIS on proton at COMPASS _ Unpolarized DY angular distribution at COMPASS
e Transverse momentum distributions and azimuthal symmetries
Cahn effect Boer-Mulders term d 3 !
B = %(3 [— (’:/Ik’) f1iD4 — (h;j;kT hiHY + ] dg i3 1 4+ 4 cos’0pg+ p 5in205 cosehes + Ecm 2005 OS2
L 2(R-kr) (RPL) krm 1= ) R. Longo, CPHI22
=cl- Tﬁ" ] g2 = = o nkap)@ niica)
A Moreth CPH|22 Boer-Mulders term 2
COMPASS preliminary > L S e e L A S D S S S S R
&, 008 o L | I e COMPASS, - 190 GeV/e, W, preliminary
£3 .k F O NAIO, =194 GeV/ie,W b
0 s S s Fygpmrmmmee | L o E615.7°252 GeVie, W N
} ...:,+ sitt g Hotes [ — DYNNLO I i
-0.05- e 5z [ WAL r L] . : I o |
R Pl
e.?(ms— % . **} * {‘}“ H ; *{'* + ::f o} ﬁl—fj—l(j/r_ i
U_H_H_.:.‘r ;‘)_i _{ ,f.ﬂ.i.}_..}..‘ * é%’%‘h“*"f’ H 0 —;Emi—af‘;—_
0.05~ - }
0.0s¢ f +[f#)° 5;& g #{it”ik . qT(GeV/C)
UERE A B .4 S B £ LA f DYNNLO pQCD calculation not enough to well
R N L | : . describe the v -dependence
v Tl > cevi e Room for a non-zero TMD Boer-Mulders effect

Rich kinematic dependences dlf'ference between positive
and negahve hadrons M. Zurek - Experimental Spin Results 26




OVERLAP WITH KINEMATIC REACH OF EIC

ILEE R L LR LR | X LR LB |
\ | current data for Collins and Sivers asymmetry:
1 e COMPASS h* P, <16 GeV
I O HERMES % K% P, <1GeV
JLab Hall-A  n*: P < 0.45 GeV
Sl Jlab 12
N;10 E » STAR500 GeV -1<n <1 Collins
[ L © STAR 200 GeV -1 <n <1 Collins
O, [ = STARS500GeV 1 <n <4 Collins
NO‘ - O STAR 200 GeV 1 <1 < 4 Collins
102 Y STAR W bosons

YYYYYYYY

— Study factorization breaking effects for TMD
observables in hadronic collisions

— Important input to study evolution of TMDs
and essential kinematic overlap in x-Q? with
future EIC

Fixed-target DIS, RHIC-spin, and EIC are truly
complementary
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SELECTED FUTURE OPPORTUNITIES

STAR Forward Upgrade: COMPASS:
« p'p", pTAuat 200 GeV 2024, p"p™ at 510 GeV 2022 « transversely polarized ‘LiD target (2021 run)
e Forward jet capability and charge-sign discrimination « d-quark transversity (and more)
* Fwd rapidities: TMD measurements at high x — See talk by
» Sivers, Transversity at high x + Collins/IFF
e Midrapidity: improve statistics of Sivers via dijet & W/Z, AMBER at the M2 beam line of CERN SPS
Collins via hadrons in jets « Approved for phase 1 (Pion PDFs, proton radius and more)
e — See talk by — See talk by
SPHENIX: SpinQuest at Fermilab:

e p'pT, pTAu at 200 GeV 2024

« Utilizing the jet, heavy flavor (MAPS-based vertex . . .
tracker) and direct photon strengths of the SPHENIX * Polarized DY experiment with proton beam
barrel to probe: e Sivers & transversity TMDs of sea quarks
« Sivers and Collins effect
e Nuclear PDFs and FF in midrapidity

« Transversely polarized NH, /ND, target

LHCspin at CERN

- See talk by  Transversely polarized H, & D, targets with LHCb, 2025+
AFTER at LHC

JLab 12 GeV: e Fix target program at LHC, 2025+
e Precision data for valence quarks from CLAS12, HallA/C, )

SoLID, ... SPD at JINR: polarized proton and deuteron beams, 2025+
« Upgrade perspectives: positron beam, higher — See talk by

luminosity and energy (JLab 20+ GeV) . .

— See talk by EicC (China), PANDA, ... 2025+
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https://indico.jlab.org/event/344/contributions/10359/attachments/8321/11881/2022_RHIC-Science-QNP2022-Gao.pdf
https://indico.jlab.org/event/344/contributions/10475/attachments/8385/11976/QNP-JFuture-battaglieri.pdf
https://indico.jlab.org/event/344/contributions/10400/
https://indico.jlab.org/event/344/contributions/10670/attachments/8291/11838/QNP_niccolai.pdf
https://indico.jlab.org/event/344/contributions/10459/attachments/8390/11984/QNPpresentation_mboer_Sept2022.pdf
https://indico.jlab.org/event/344/contributions/9926/attachments/8268/11803/badelek.pdf
https://indico.jlab.org/event/344/contributions/10427/attachments/8386/11977/Dzyuba_QNP-2022_AMBER_v3.pdf
https://indico.jlab.org/event/344/contributions/10506/attachments/8324/11923/Denisenko_QNP2022.pdf

SUMMARY

« Experiments utilizing both lepton scattering processes and hadron-hadron interactions unravel complex
nucleon spin structure

e The 3D structure of nucleon in transverse-momentum and position space is studied using data from
various types of complimentary scattering experiments

e The Electron lon Collider precision in spin structure of nucleons from low to high x

263. TMD measurements at JLab and future EIC
A Marco Contalbrigo
®05/09/2022, 15:40

249. The Electron-lon Cellider - unlocking the secrets of the glue that binds us all
A Tanja Horn

LAl Hadron Structur
iy Hadron re ©07/09/2022,07:30

257. The EPIC detector: From physics motivation 1o a viable detector concept
A Friederike Bock

© 07/09/2022, 14:25

Facilities & Methods

229. Overview of EIC Interaction Region and the Far-Forward and Far-Backward Detectors

& plexander Jentsch
©07/09/2022, 14:50

74. Cos 2 \phi asymmetry in back-to-back preduction of J/\psi and jet at the EIC
& Mr Amol Powar (78

®08/09/2022, 12:40

Heavy Flavors and Quar.

M. Zurek - RHIC Recent Results
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