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Probing nucleon sl:)in structure

-
/ “Deeper \

questions about » How does QCD generate the spectrum and
QCD and hadron structure of conventional and exotic hadrons?

hysics’” from the / I
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2023 US Long [+ How do the mass and spln of the nucleon ‘ N
\Range Plan/ \\’ emerge from the quarks and gluons inside and  }
y their dynamics?

{ « How are the pressure and shear forces /
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N\ distributed inside the nucleon? _
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* How does the quark gluon structure of the
nucleon change when bound in a nucleus?
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{ » How are hadrons formed from quarks and ¢ Iuons
\ produced in hlgh energy coII|S|ons?
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Disclaimer: the references and results 1n this talk are not exhaustive. Sorry 1f I overlooked your recent result,
represented 1t wrongly, or did not cite you. Please reach out, criedl AT 1llinois DOT edu

C. Riedl (UIUC), nucleon spin structure 2 EINN2023, November 1, 2023



| essons from the first DIS experiments (SLAC-MIT late 1 960’s)

e There are two structure functions (F1, F2) parameterizing the “QCD

deep-inelastic scatt : : :
cep-inelastic scattering 0 > non-perturbative structure” of the unpolarized spin-1/2 nucleon.
lepton
2 photon virtualit d’c  Z?%a? 1 .11 2
ot Q P . y — . . 2¢ - 2 “ 2 2
b4 (~ resolution) dQdE’ AE2 Sin4(Q) COS (2) , Fy(v,Q) -I-M tan ( ) F1(v,Q%)
\—,_2/ electric effects Haenetic effects
P Rutherford > =
proton '
| | | P D ¢ Mott
longitudinal (collinear) 5
direction e The structure functions can be expressed |4 2() = - E e (q(x) +7q(x))
longitudinal momentum fraction of in terms of quark q.q
parton (x-Bjorken) (x )
. ) AN 4 1.5 < Q¥(GeV/c)? < 4
S — => parton distribution functions (PDFs) o b 5<Q¥GeVicy < 11
Fa ¥ 12 < Q% (GeV/c)* < 16
0.4 2 (GeV/c)? < Q%2 < 18 (GeV/c)2 — el
b | ﬁ* ’ o . . | JF spin-1/2
a0 1| ¢ Fa(x, O?) 1s 1n first order independent of O? (scaling) = | gL
o ) nucleons have a substructure of point-like constituents. ‘*”—‘-H-%#ﬁ r-+7 -ﬂﬁ- - -
i ﬁ% 1 | * The point-like constituents of the proton have spin-1/2 ﬁ t1
01| 9&,\ - (quarks). 05}
i .- 2xF{(x) = Fy(x)
0 I R BT B, P9 Callan-Gross relation expected for
0 0.2 0.4 0.6 0.8 __spin-1/2 Dirag particles | | |
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E:xlz)eriments with nuclear and Jor lel:)ton Polarization
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I
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e HERMES at DESY (1995-2007)
» Self-polarized 27.6 GeV electrons and

positrons in HERA storage ring

» Pure L- and T-polarized gas targets

CERN CW/'SS
\\ ._/ ‘l\\\.‘\\ ‘ P
e COMPANSS at CERN
(2002-2022)
» Secondary and tertiary beams
(M2 SPS beam line).

160 /200 GeV muons polarized via
pion decay

» Solid-state L- and T-polarized targets
(ammonia and deuterated lithtum)

And many more: the polarized
electron beams at JLab-
CEBATF, the polarized
targets at JLab, Fermilab,
LHC-spin at CERN...

L ++C

spin
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2= Fermilab
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SPHE}RIX

BROOKHIAEN

NATIONAL LABORATORY

o SPHENIX (2023-2025), STAR
(2000-2025), PHENIX
(2000-2015) at RHIC / BNL

» Collisions of L- and T-polarized
proton beams (pp & pA)
Vs =200, 500/510 GeV

» Optically pumped 10n source (OPPIS)

| X

STAR

N
PH-<ENIX
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Quark spin contribution to the nucleon spin

Global spin structure function measurements

e Measurements with longitudinal nucleon polarization at DESY, %5 1: HERMES (Q2 < 1 GeV?)
CERN and SLAC HERMES (Q° > 1 GeV?)

0.8/ E143

. . . . *
 Need additional structure functions 1if targets and/or beams are | E155
polarized. Measurement of a spin asymmetry allows accessing 0.6f SMC oroton targct
information about the spin-dependent structure function. ) 41 *
= proton spin direction

spin asymmetry 0.2

= lepton spin direction
= quark spin direction

(analogous picture for

Y* Y*
o negative beam helicity) 0 -
AH — . _ \ -cc‘; 0.4
<PB PZ > y*% Y*e — , . - l deuteron target
beam, target -+ g 1 (X ’ Q ) : wx m
polarizations F 2 okl B4
— — 1 (X ’ Q ) Z
-0.2}
* From measurements related to the spin structure function gi(x,(0?) at 0.41 LT A COMPASS

fixed-target experiments at DESY, CERN and SLAC, and a full QCD 06l
analysis, the quark spin contribution to the spin of the proton was i

determined to be AX= 1/4 ... 1/3. 107 10" x 1

[HERMES Phys. Rev. D 75 (2007) 012007]
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Gluon spin contribution to the nucleon sPin

e Measurements with longitudinal ottt — ot
polarization at RHIC - pp Ajp = AR <:3._ -
accesses directly gluonic ottt 4+ o0t
subprocesses at leading order.
e Last LL RHIC data collected , + A <:E‘-> =
2013 & 2015. - STAR jets
- STAR p+p— Jet + X
Possible production channels: .05 /S = 200 GeV: PHENIX direct photon
- Charged and neutral pions - 2009, PRL 115 092002 (2015) x l
_ - _ 004 = 2015, PRD 103 L091103 (2021) ¢ L
Isolated direct photon & S 510 GeV- T
- Inclusive jet B ,03r. * 2012, PRD 100 052005 (2019) = | 0.04
- Dijets o E % 2013, this work
(% — -- DSSVi4
S 002 > NNPDFpol1.1
: o - 0.02
* From global analysis of = 001
longitudinal double-spin E T TRk -
° 0__ e ey T, e T Y P
asymmetries: AG = 20% K 1 < 0
(& 1ndication there 1s more at lower x) —0.01 - e L L L R
_ _0.02 > TrENAR A
Parton Jet x; (—ZPT/ Is) "~ | —— DSSV14 with DSSV,,. uncertainty '
fl dXAg — 022 -+ 003 [STAR PRD 105, 092011 (2022)] - == JAM22 Ag > 0 with JAM, _ uncertainty
0.05 gluon momentum range: 0.015<x<0.25 " {5 JAM22 Ag < 0 with JAM, _ uncertainty
agree with NLO global analyses & input for better constraint on Ag shape _0-04]—"""; """" R
DSSV (2019), PRD 100 114027 5 10 15 20
White paper of the RHIC cold QCD program .. PHENIX PRL
STAR endcap dijets preliminary [STAR, DIS 2023] 130 E2023) 25,251901] pT [GeVic]

gluon momentum range: 0.02<x<0.08

| | STAR tagged J€t preliminary  [STAR, 2023] favors positive gluon-spin contributions
C. Riedl (UIUC), nucleon spin structure EINN2023, November 1, 2023



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.114027
https://arxiv.org/abs/2302.00605

Froton spin Puzzle & nucleon tomographg

* Spin decomposition of the proton: Y2 = Y2A2 + AG + L

e Experimental results from DIS and pp experiments & global QCD analysis:
» The quark spins contribute 1/4 to 1/3 to the spin of the proton.

» The gluon spins contribute some positive amount 1n the currently covered experimental range.

e Where 1s the remaining proton spin coming from? Parton orbital angular momentum?

> GTMDs <

. Transverse
Generalized parton .
. er e transverse spin momentum
distributions
(GPDs) dependent
functions (TMDs)

J

Deformation of parton's (B Deformation of parton's

longitudinal
momentum 4
spatial distribution when confined motion when

hadron is polarized K hadron is polarized

C. Riedl (UIUC), nucleon spin structurdmage from https://arxiv.org/abs/2303.02579 7 see talk by A. Metz, Thu am EINN2023, November 1, 2023



https://arxiv.org/abs/2303.02579

Outline - Probing nucleon sl:)in structure

M Introduction

@ Longitudinal DIS, structure functions, & PDFs

@ Spin-polarized experiments

& Proton spin puzzle & hadron tomography
1 TMDs

O Nucleon TMD structure and spin-orbit correlations

OTMD universal description

O Sivers TMD PDF in SIDIS and modified universality

O Gluon correlators & Sivers TMD PDF
O Sivers effect 1n di-jet production

O Collins FF 1n ee and Collins asymmetry 1n

op & SIDIS

O Di-hadron fragmentation function 1n pp and

SIDIS

O Other spin-dependent fragmentation functions in SIDIS

C. Riedl (UIUC), nucleon spin structure

JGPDs

O Hard exclusive reactions
O Chiral-even GPDs & DVCS asymmetries

O Exploring Compton form factors

O Parton orbital angular momentum & gluon GPDs

O Chiral-odd GPDs & vector mesons
O Transition DAs & transition GPDs

] Outlook & summary

EINN2023, November 1, 2023



+ parton

parton nucleon : ]Z
1‘

spin  spin

fransverse
momentum

> P
longitudinal direction

TMD structure of the nucleon

Taking into account parton intrinsic
transverse momentum, 8 TMD
PDFs are needed for a full
description of nucleon structure
(wleading order), some of which
encode spin-orbit correlations.

q
) U
number density
L
Sivers

T 4 4
g -2
CKR-20231014 L v

"> - 40 >

L I

Boer-Mulders

&3

helicity worm-gear-L

g

™

Kotzinian-Mulders

(worm-gear-T) transversity  pretzelosity
4 4 4 4 4
b -y & -3 8-¢
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.
& &
..8 =
\'/ 4 k T
Sivers TMD PDF parton transverse
momentum Boer-Mulders
nucleon parton TMD PDF
\f spin spin /
—

transversity PDF &® Collins TMD FF

collinear
chiral-odd

naive time-reversal odd
EINN2023, November 1, 2023



Observables to Probe TMD universalitg

parton distribution function @ @ fragmentation function

SIDIS

lepton lepton

proton —K \Khadﬁ)n

HERMES, COMPASS, JLab

Drell-Yan and W, Z

hadron

- lepton
T~

proton lepton

X

COMPASS, STAR, SpinQuest

e+e- annihilation

electron \ /& hadron
positron — \%— hadron

Belle, BaBar, BESIII

pp collisions

hadron

™~

proton

.

STAR, PHENIX, BRAHMS

pp collisions
VAN “left-right asymmetry”™

Transverse spin asymmetries have common
origin - simultaneous description across
different collision species possible.

¢.g. [Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin,
Rogers, Sato (JAM Collaboration), PRD 102, 054002 (2020)]

/%pion,..

Two complementary but related theoretical descriptions,
depending on what is reconstructed experimentally

C. Riedl (UIUC), nucleon spin structure
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 TMD framework - measure 2 scales with pr < Q; SIDIS,
DY, W/Z, dijjets, hadrons 1n jets

* Collinear higher-twist (HT) framework - measure

1 scale with pr=Q); single inclusive particle production in pp
(particle or jet pr); spin asymmetries from quantum mechanical
interference of multi-parton states (— qgq and ggg correlators)

EINN2023, November 1, 2023



The Sivers sign switch - modified TMD uni\/ersalitg

HERMES vs. COMPASS Sivers amplitude in SIDIS

2 COMPASS x* x<0.032 111 ]
< 0.1} ® COMPASS = 50032 . = positive pions
© HERMES x* PRL 103 (2009) C
, 514 5 &
0.05} . ¢¢¢+?i - 5 ¢+‘ | - .¢ ¢++ !
o2 §37 fﬁ ‘}é ¢
I R — + -------------------------------
e [COMPASS PLB 744 (2015) 250]
o [HERMES PRL 103 (2009) 152002]
TO'OS-U“.A T BRI - ] [ - | |
¥, -1 0.5 1 0.5 1.5
10 10 x : p" (GeVic)

STAR: An1n plp—Wr—ettv

z 1
<

0.8
0.6

0.4}
0.2F

L STAR p-p 500 GeV (L = 25 pb™)

0
-0.2
-0.4

-1

0.6}
0.8

- 3.4% beam pol. uncertainty not shown

C0.5<Py <10 GeV/e
E... ....... e ............ ‘——lw—wv—w
E W STy
f — KQ - no TMD evol.
EIKV - TMD evolved

N I B L
-0.5 0 0.5

[STAR PRL 116, 132301 (2016)] Y™

< 15 STAR p-p 500 GeV (L = 25 pb™)
0.8C9.5 <P} <10 GeV/e
0.6
0.4 p—— Y ——
- [
0.2 1
0;.. ..............................................................
02
0.4 EWW o Tv
0 6:_ — KQ - no TMD evol.
" | — EIKV - TMD evolved
-0.8 - 3.4% beam pol. uncertainty not shown
1 L ! L L | A L |
1 -0.5 0 0.5
yW
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[STAR, AUM2021]
7z 0.25¢ z 0.25¢
osF ptp o> W@ {5=510GeV < ooF
L. =350 pb’ F
0.15F it P 0.15F
0.1E 0.1E
0.05E W"’ 0.05E
1| e 0F
—0.05F T —0.05E
~0.1F inary ~0.1F
—0.15F- P ~0.15E
-0.2 E— Bury. Prokudin, Viadimirov, PRL 126 (2021) 112002 —-0.2 E—
_().25: Lo by o by oo by o by v o by v o by v v 1y | _() ‘)g:x | PR

Curves with sign-switch assumption.

COMPASS Sivers amplitude in i—pT—puX

g‘” | ® COMPASS preliminary
= O 1 | Drell-Yan, NH3 2015+2018 data
°m<F |
i sign
i switch
O -
| JHEP 02(2021)166 no
| — LFCQM sign
A SPM .t h
| 5 JAM20 SWILC
_O. 1 Torino
| | , , , M ,
—2 —1 —
4X10 10 2X10

[COMPASS PRL 119 (2017) 112002 + preliminary.]

Final publication in preparation

XN

STAR new 2017 data

llllll]llllllllll l I I

-08 =06 -04 -02 0 0.2

04 06 08 08

)

02 04 06 08
)l

-06 =04 -02 0

W.reco

With N3LO theory prediction [PRL 126 (2021) 112002]
11 based on global fit [JAM collab, PRD 102 (2020) 054002]

Modified universality
concept of Sivers &
Boer-Mulders TMDs.
The experimental data
tend to support the

Sivers sign switch, albeit

still within large experimental
uncertainties.

Important test of TMD-

QCD framework,

predicted due to the gauge
invariance of QCD.

[STAR arXiv:2308.15496]

< [ STAR

~4-7°  N°LLBuryetal. ©= NLL Bacchetta et al.

0.2

- {5 = 510 GeV, L=340 pb’’

a p+p—>Z°/y.+X, Zol"(.—>e'e‘

E 73<M,,<114 GeVIc?, pZ < 10 GeVic
F pP>25 GeVic, n*|<1

0.4 1.4% beam pol. uncertainty not shown

lll lll lllllllllllllllll

15 1 05 0 05 1 15
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Tri—-gluon HT correlations at RHIC miclrapiclitg

PHENIX 1solated direct-photon

[PHENIX PRL 127, 162001 (2021)]

PHENIX pion

[PHENIX PRD 103 (2021) 5, 052009]

PHENIX eta & nuclear

RHIC midrapidity measurements
sensitive to tri-gluon higher-twist
correlation functions <
gluon Sivers TMD

no signals, at high precision

" (p+Al) This Result
0.05

—-0.05

"+ (p+p) PRD103 052009

i PHENIX
3% Polarization scale uncertainty not included

| | | I | | | I | | | I | | | l | | | I | | | I | | | I | |

o1 P+ A - n+X, {sy, =200 GeV, n|<0.35
_ « (p+Au) This Result -

0 2 4

6

8

10 12 14 16
P, [GeV/c]

[PHENIX PRD 107 (2023) 11, 112004]

C. Riedl (UIUC), nucleon spin structure
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PHENIX open heavy flavor
0'08:_ p'+p > e +X . Open Heavy Flavor e*
0.06— Vs =200 GeV ; = Open Heavy Flavor e
[ Iml<0.35 I
0.04— PHENIX % PRD78, 114013
0.020 ¢ | (1) = (-0.01+0.03,
< - $ 0.11+£0.09) GeV
O ':“ T."i’ :';:::’"g;lﬁ':':':‘:'::' """"
- PRD84, 014026
-0.02— | p——— ) P | N |
- W o Ka=(6.0"")x10*  Kg =(25")x10*
—-0.04 [
_0'06;1 3.4% polarization scale uncertainty not included

[PHENIX PRD 107 (2023), 5, 052012

Consistent with expectation from
Burkardt sum rule over parton
transverse momenta, which
leaves little room for gluon Ar

[M. Burkardt, arXiv:0408009 [hep-ph)]
EINN2023, November 1, 2023




First observation of the Sivers eftfect in clijet Procluction

STAR pp’—jij2 X, 2012 & 2015 data

Di-jet production 1n pp! { §’I‘ - ( P x E’I‘»#O

directly probes average oéa) | STAR 201242015 p-p 200 GeV . 8E§§§
intrinsic quark and gluon = oosE. | 1 # v -tagging
transverse momenta, <kt>, () — (¢)~ é of 2 + ? s $

via the asymmetry of the A(() = 5 T-oosE | # + 1 %
spin-dependent tilt of di-jet 0:;— . (average)

opening angle, closely tied to

transv. mom. imbalance ntotal
funfolding
Jet charge tagging to o ._
~+19.3 £ 7.6 (stat.) £ 2.6 (syst.) MeV/c | STAR 2012+2015 p-p 200 GeV -+ u-quark
create u- and d-quark (KT) ~+ (stat.) (syst.) / wof. | STAR 201212015 p-p T
1 C ~ = d-quark
enhanced categories (k%) ~ -40.2 £23.0 + 9.3 MeV /¢ - | dijetp, > 6 GeV/c & 4 GeVie — statuncert.
10° 100 — [_]syst.uncert.
n 187 : : : . . =
€L d - 0 0 + Sivers partonic <kr> values for P
o r : ' e . . 50— L |
SuostaR [ umen u- and d-quarks of opposite sign & 2 i ﬂ %
wf P || egonsses similar magnitude, for sea quarks = of— i g J :
13 and gluons (combined) ~ zero. - W . I [,b
E 50— Ld
4 s — SIDIS - -
A3 - ‘ (average)
e uiE | ~100—
2 0.6E : —
§ gf’é: i | track‘ More data being E i I3..2% bfa polcl'lrizatiozlr uncert;ain?' nolt ShOWI{
53031'2 = Q = Z pjet .qt"“aCk analyzed incl. -3 "—2"”—1""o""1”'l'2”"3'"'4"
S ToE E tota
0E— = & = : ptrack|>0.8 GeV/e pet] forward upgrade N

C. Riedl (UIUC), nucleon spin structure 13 [STAR arXiv:2305.10359 (sub PRL)]  gINN2023, November 1, 2023



Collins ?ragmentation function in e*e- & Collins asgmmetrg N pp

e Collins effect: spin-dependent fragmentation of a . . (k x Pur) Belle ete-—hiha|back-to-backX
° ° K J ( 1
transversely polarized parton into a final-state Z B SOM ?
hadron — azimuthal modulations of hadron yields ™ N Sl of B S — ;
(thrust Or j et aXis) fransversity PDF @  Collins TMD FF 004‘ A':Og systematic uncertainties “: ;’ -
' 1. 0.02F 1E . ¢ _
 In pp & SIDIS generated by the coupling of the e+e- annihilation T * r,_—
Collins FF to the transversity PDF provides cleanest ; ;
. _0.02F  z:=[0.20,0.30] JE 2=0.30,0.50] .
environment to R ————— —
: : . - < 01f El3 E
new STAR pp’—jet h*X (500 GeV midrapidity) access to Collins FF | = o qf i -:
- see talk by R. Seidl, Thu am ook -
< - STAR Preliminary Poy: 1 ;
PR — pT+p—>jet+7ti+X 0.02:—$ : 8 el3 { 3
T & 0.04— ofd 1
"€ [ X>0 oo E STAR T -0.02f zelosoorol 1k i......zﬁ.‘!(? o g
i ¢ 003:—P+P—>let+“+x g P 0.1 02 0.3 0.4 05 06 0.7 01 02 0.3 0.4 05 0.6 0.7
002 f o oo | oetoey e
: .. o0t 1 T | = TSRS
O - '.,_._Q_f e .. 2003 :*# ol - [Belle (H. Li, A. Vossen et al.) PRD 100, 092008 (2019)]
- e Pas, . R v S
B g*. + = < g'gzé S DMPs2013: 1 55525 KPRY: :
i % # 001} S8 |
-0.02— = 002 L. o o oy :
& pjocy e : e T
- - | ~0.02f . -
© 5 77200 GeV (PRD 106, 072010 pyol P4 Tests of TMD universality,
_004_ o = 200 GeV( RD 106’ 072010) :ggg —;psé:‘)::lesl?::;:tamty Not Shown ) . .
_ 1.4%/3.2% Scale Uncertainty Not Shown - - ~ N A factorization breaklng (texpected for
L1 1 1 | 111 ] I L1 1 1 | 11 ] [ 11 1 I 11 ] I ] I . 5 . »
0 005 01 xG 55 055 03 200 GeV [STAR PRD 106, 072010 (2022)] hadronic interactions) and evolution
Jet x; (2pT/ \s) Also kaons and protons Model curves based on SIDIS & e+e- data

assuming Collins factorization & universality
[KPRY, PLB 774, 635 (2017)]

also 500 GeV - [STAR PRD 97, 032004 (2018)]
C. Riedl (UIUC), nucleon spin structure 14

[DMP, PLB 773, 300 (2017)]
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2 (sin(p+0g) / €y,

-0.02
-0.04

0.04
0.02

-0.02

-0.04 |
-0.06 E
-0.08 £
0.1 F
-0.12 £

0.08 F
0.06 F
0.04 F
0.02 F

Collins asgmmetrg and transversitg TMD PDF in SIDIS

HERMES & COMPASS Collins asymmetries in {NT—{h*X

o= COMPASS ,

+ ~ I :
= T ~ S 0.1F 2l |
3 < | |
L 005 4 g\?f
ST B S
3 o i
e e #bé
C —0.05— +
-
::T+ ------------------ -0.1F
f +++ raaaal roaal
3 ! 107 10~
= X
- + COMPASS positive pions x<0.032
= ® COMPASS positive pions x>0.032
=3 — O HERMES ¥ PLB 693 (2010) rescaled
e S by (1-<y>)/(1-<y>+<y>")

0.1 0.2
X| [COMPASS PLB 744 (2015) 250]

[HERMES JHEP 12 (2020) 010]

Mirror symmetry for
nt & 7 : u- and d-
quark transversity have
~ equal magnitude &
opposite signs.

C. Riedl (UIUC), nucleon spin structure

* d-quark transversity PDF less constrained
given the u-quark dominance of many of the
processes used 1n the global fits.

» Recent COMPASS 2022 transversity run on the
deuteron will improve the experimental precision
on the proton’s tensor charge, gr= 0u - 04, by a
factor of ~2.

» Further prior-to-EIC measurements of Collins

asymmetries: STAR with forward upgrade,
sPHENIX, SpinQuest, JLab12/SoLID, ...

e Alternative method to access transversity:

measure hyperon transverse polarization,
which may have been transferred from struck quark

» COMPASS and STAR. Hyperon polarization also
measured 1n unpolarized and longitudinally
polarized settings at LHCb and CLAS12, resp.

15

0.05
- _
|
9-'./.
+.[‘T
g 0
D
<
~0.05
005
=
|
9:/.
+.—"—'
O
D
<
~0.05}

COMPASS °LiD data

- 2022 (~50%, preliminary)
| -=2002-04 (NPB 765(2007)31)

New!
L1

++I+l++

|
.

| | | L ]

lel A A I Al

5
'S ' s A A -1

I

" +2022 (~50%, preliminary)
L +-2002-04 (NPB 765(2007)31)

}I by I i

. |

102 107"

Ao A A PR SR S—— A F U SN S — -

X

first shown at SPIN 2023 (talk A. Martin for COMPASS)
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Di-hadron {:ragmentation function (h*h'*) In PP and SIDIS

- STAR di-hadron asymmetry in
Transversity PDF coupled to Y ty M pp
interference, or di-hadron, £ 008l %"*{“"l see talk by B, < |
° ° . . Y | STAR 2017, ys =510 GeV, Lim = 350 pb '
fragmentation function (collinear) in i: B STAR 201 PID S Surrow, Wed pm -
SIDIS & pp as complementary probe 0.06- RO e New 500 GeV (2017 data) & 200 GeV (2015 data)
of transversity PDF . <> =13 GeVle, 17 >0 high-precision results
0.04/- STAR Preliminary e Large signal increasing linearly with pT 1n the
o . - W '
& independent measurement to e+e- _ % : § forward, small in the backward
0.021- +. L + . * Enhancement of signal around o mass
COMPASS di-hadron asymmetry in SIDIS i * # | o Crucial role 1n constraining transversity in global fits
i l:l.4‘.’u’:|STAR2017). :-IS‘} GSTAR20ll)scalculnccrlanilyl'rombcampo:arizalion(nolshown) l ° thI'e data On tape & tO be taken; kaons H Strange
~05 1 15 2 25 quark transversity
2010~ 2007 &2010 proton data 500 GeV: G. Navagyan SPIN 2023 M7 (GeV/e)
he @ 'h ¢ [ <M, >=039 GeV/c® |* n’f"}g [ <M, >=058 GeV/c? [ <M, >=0.76 GeV/c?
.4 € _0.06 [ - < - -
O CO]I?HS h_ Colllns h— 5{5 [ ] Syst.Error | [
O Collins A I i [
0.05 — 0.04 - - i
-- 5 : Interference FF = : | |
. . 0.02 [~ - =
AR Y5-(Collins[h+] + (-1)-Collins[h—]) N %fgg § o
O >§§§<§ """"""""""""""" hints to common physical origin A ] rER
Q % 5 & for Collins & IFF g 006I <M, >=096 GeV/c? [ <M, >=142 GeV/c? 4 6 Y T Gevio
1 T 55 L ¢ : '
-0.05 — di-hadron ¢ { Collins h+ ) ool i STAR Preliminary 2015
i [ p'+p — ww+Xat (s=200GeV
0.02 N _ I}] + 3% scale uncertainty from beam
B E| ® @ polarization (not shown)
010 Ll ENENEET] Ll 0_"%*2%%%"@' """"""" '"ii*?**“#'i"l? """"""
107 10”" 1 2011 data [STAR PLB 780 (2018) 332] T
[COMPASS PLB 736 (2014) 124] X 2006 data [STAR, PRL 115, 242501 (2015)] CE e Y % ¥ oo 200 Gev: B. Pokhrel DIS 2023
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Other s@mdepenc‘ent Fragmentation functions in SIDIS

COMPASS Collins asym. in p? production on p’ CLAS & CLAS12 higher-twist di-hadron BSA
Fragmentation function HirL describing First empirical evidence of a nonzero parton helicity-dependent di-pion
fragmentation of quarks in vector mesons. Investigate fragmentation function G : equivalent to the Collins FF for two pions.
the different Collins mechanisms of spin-1 vector Coupled to sub-leading twist PDF e(x) G | e h, i h,
mesons vs. pseudoscalar mesons (ordinary Collins FF). 1 = k o 9<: h
= 0-06 M, < 0.63 GeV ! 2 2
oo 04 I ~ 0.04 + [+ M; > 0.63 Go\'} [CLAS12/T. Hayward PRL 126, 152501 (2021)]
;f ' | | + s 0.02F + + e also: [CLAS / M. Mirazita PRL 126, 062002 (2021)]
55 02 1 e i + = 0.00 1 ¥ ......................... S ——
< % ! . ¢ | ﬂ ¢ | % } o oy
0% “““““““ + “““““““ %% “““ + ““““ < 0Er b4 .
: | ‘ * -0.04 -
S T ST E OV Y SR B R I S U S S N S 0.06 | | | |
10°2 {0 04 06 08 02040608 1 1.2 8 0 020 040 060 080 100
[COMPASS PLB 843, 137950 (20%63)] - Py (GeVie) P;, (GeV) More higher twist... &
. 04 Longitudinal Spin Transfer along ﬁ\. | fracture functions at JLab
CLASI2 spin transfer to A hyperons 4 mere | | CLAS(12), HERMES and COMPASS HT single-
= T " hadron SIDIS beam-spin asymmetries - sizeable
Helicity fragmentation function 0.2 I ¥ Ny ‘ recent gsyrpmetries frqm unpolarized target and
of the A S ol | | o | longitudinally polarized lepton beam [backup).
S0\ S Sa /s, ~ A ® o Fracture functions < target fragmentation
G {\ X ( _—) — () ) | s region: final-state hadrons also form from the left-
o1 T “ over target remnant, the partonic structure of which
ool - - | 1s defined by fracture functions. Complementary
One analysis example with (planned) application of graph neural 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 approach to understand SIDIS pI'OdU.CtiOH [T. Hayward, H.
networks [M. McEneaney, A. Vossen 2023 JINST 18 P06002] [CLAS12 / M. McEneaney at SPIN 2023] Z Avakian at SPIN 2023].
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Outline - Probing nucleon sl:)in structure

M Introduction

@ Longitudinal DIS, structure functions, & PDFs

@ Spin-polarized experiments

& Proton spin puzzle & hadron tomography

M TMDs

& Nucleon TMD structure and spin-orbit correlations

I TMD universal description

@ Sivers TMD PDF in SIDIS and modified universality
™ Gluon correlators & Sivers TMD PDF

& Sivers effect in di-jet production

I Collins FF 1n ee and Collins asymmetry in pp & SIDIS

@ Di-hadron fragmentation function in

op and SIDIS

@ Other spin-dependent fragmentation |

C. Riedl (UIUC), nucleon spin structure

unctions i SIDIS

JGPDs

O Hard exclusive reactions
O Chiral-even GPDs & DVCS asymmetries

O Exploring Compton form factors

O Parton orbital angular momentum & gluon GPDs

O Chiral-odd GPDs & vector mesons
O Transition DAs & transition GPDs

] Outlook & summary

18
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exclusive measurement = detection of

Hard exclusive reactions
From HERMES & JLab-6 & HERA to COMPASS & JLLab12 & RHIC to the EIC

entire final state (or assumed to be known)

E!

x, ¢: longitudinal momentum fractions of
probed quark
- skewness ¢ = xp / (2-xp) in Bjorken
limit
(O? large & xs, t fixed)

- average mom. x: mute variable, not

accessible in DVCS & DVMP (is not x-
Bjorken)

t: squared 4-momentum transfer to target

C. Riedl (UIUC), nucleon spin structure

{p — Lpy {p — {pM

Deeply Virtual Deeply Virtual
Compton Meson Production
Scattering (DVCS) (DVMP)

Standard channels to access
generalized parton distributions

Different exclusive final-state particles
allow probing different GPDs

4 chiral-even (conserve quark helicity)
4 chiral-odd GPDs (flip quark helicity)
— connection with chiral-odd TMDs

19

(@leading twist for a spin-' target

Q’ [GeV’]

1 L L II | 1 | 1 UL I
current DVCS data at colliders:

10 ° O ZEUS- total xsec O Hi- total xsec
- @ ZEUS- do/dt B HIi-do/dt
- B HI-A,

[ current DVCS data at fixed targets:
| @ HERMES- A . A Ay
| A HERMES-A,. A HERMES-A

B HERMES- A, Hall A- total xsec. A,
-, O CLAS-A,; ® CLAS- total xsec. A,
10 = | L .
- planned DVCS at fixed targ.:
-] COMPASS- do/dt. Togyy Acgyy Acsy
| ] JLABI2-do/dt. Ay Ay A

[ future colliders: EIC...

10 :£IC after 20 ’

1 lllllll

1

S A . (S Ry S WAL SR W ——

1 lllllll

1
lask Force and NdH update in 2015

L lllllll

1
BNIL. EIC Science

X

1 F e _
. . . ... Gluons |,  Sea quarks . , ,  Valence quarks, ]
10~ 10~ 10~ 10" 1
XB
flips nucleon CONSCIVES
GPD I‘;lelicit nucleon
Y helicity
does not
depend on E H F (X) JP=1-
quark helicity . .| vector mesons| Jp=1-
forward limit thO ton
—0, t—0 JP=0~
d d ~ ~ . pseudoscalar | (DVCS)
cpends on E H mesons
quark helicity g1 ()C)
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Chiral-even GPDs from deeplg virtual Compton scattering (DVCS)

) GPDs at JLab - E. Voutier, Thuam DVCS at CLAS12 - A. Hobart, Wed pm

... and how 1t 1S
going nowadays CLAS 12 beam-spin CLAS12 new

How 1t started...

First beam spin asymmetries 1n 2001

' ~ o asymmetry in the longitudinal target
at HERMES and CLAS ...how it Hall A high-precision 21’ q lry . S S
Zosl T evolved. .. extraction of C Ol’IlptOIl extended valence region Spin asymmetry
- 03 ) -
04 | b7 . form faCtOI’S from CTOSS < [ ® d:t::w.s G:V 205
20 I PR Azimuthal asymmetry t' e @ O dita-1026eV | < claSH
: 0.1/
A L # : * ¢ Sec 10ns 05 mEmn
col N || amplitudes with respect i’_@ s
i N, /|| to beam spin or beam | [o e i Tt s %) =
04 02k \ Ay . 2 @ This work: {++ 0+, —+} CFFs fit ) 7,2 0-
o6k ok charge or target spin, |~ " m i~
. . E o r 1 £ -
G2 0 Z) (ra:) 04050 100 1;;)0('12(1)()) 250 300 350 aIld Cross sections & | 5 : & [t ~-0.58 Ge\? } ‘
deg I i
| M 10.6GeV 12 )5F xg~044
® Hydrogen T Ty 1 02 ~ 5.8 GeV2 _ | | |
s FERMES - Bt T % N ST T R 100 200 300 4
) CLAS ST Wisk Az & 0 60 120 180 240 300 360
0af 1 Aur A CLAS 2006 = Y Ac " * o 6 (deg)
A HERMES 2010 A ) Y CLASI12 (G. Christiaens et al.), PRL 130, 211902 (2023)
03_— ‘ | . A‘E“"" Charge A Re "}-[
302 \;\ IR e GIDH ™ Tm H f f COMPASS t-differential cross section &
- | ! | S i : ' T ‘ B :
oaf- ! * Terpms] 8 am | ® wew. o Awvu ; | |t-slope to probe transverse extension of partons
Oi ‘ . ' Alohcs »—lﬁ ) \ ~ — é : - - 8
H AL ",y DO Target w' of T @ bw ——
0100 P PP B sinke- 8 T 0:—"""“ ‘.é ----------------- LoTrTTTT ?0 E’ T — —_—
0 02 04 06 08 1 12 14 16 b . AUT e . 1 gl el U
-1 (GeVicy A::-,::::" - qnl (,J_(_f) =— - 5 6_— +f *
p— 12 ::io-o)dno T T— 1 L ! : (\/l-\ 5
2 | e HIHERAI Ao~ 1| GPDE : 60 Jo S ¢
E{’; 10} O H1HERAI H1 :‘..?.,.J o —— R, (‘}(—f-f) ‘ ; E i
o[ opgemace ) =1 I mal ~1 by 2L }
o | s epane : w' | 1w’ @ <Q®> = 1.8 (GeV/c)
i L) LT : = 1. = - o > ¢ KM15 model —0.2
6F i ) A:::‘"°J"° : g 20f $ '-thz I <02> =10. (GueV/C)2 |
4:_0 =10 GeV *— A A —— ~ L @ ______ . P SRR S _ﬂ, _________ ] [ __<Qg>f1'8(GeWC)2}GKmode| B
e . S e UL Im H T $ ’ . <@>=10.(GeViey J " xp = 0.0025...0.15 |
S A S S _
2 0 A oy [1 GPD H~ : . ST T T R T S ] - COMPASS coverage S
0 b ia doa g o doa o a b a Ao Laaa doaa a1 Au (F) A ._‘_.__.__‘.+. ﬂe QT(. . o Xz v - . X5 55 . 100—4 | - I1IO|—3 I - .1|(I)_2 | — |1|091
0 20 40 60 80 100 120 140 AL T X, /2
— LL : _ B)
W [GeV] Crandll D 1 e s Hall A Collaboration (F. Georges et al.), NN o COMPASS: <G 16 (GoVIc)  This Analyeis
94 43 92 -0..1 ® 81 02 03 PRL 128, 252002 (2022) ’ 2012 © COMPASS:<O?>= 1.8 (Gewc)? Phys. Lett. B793 (2019) 188
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ComPton form factors < GPDs

<
2

DVCS

In DVCS, the experimentally accessed quantity 1s a

complex Compton Form Factor

imH (€, €, 1)

H(xz,&,t)

+1
dx
1

Re(Tpvcs)
integral over x

. (analysis in
progress)

_I_
do™ +do™

=

dcf<i — do

COMPASS

DVCS

asymmetries

photon circular

75
O
=
N
7p
<
—
O

forward-backward

polarization

asymmetry

/

Q"% > 2.4 GeV?2 foraranou

Ist ever
measurement

asymmetry

> 2.4 GeV?

FIBIMIR R IRI e i .
- -t .‘J.'.\.....-.-..-...‘....

12

Q

+

-+4-DATA []Tot. Syst.

-~ GK

-« BH

0.8

06 07

-« VGG

~ImH

-0.1
-0.2

0.5
-1 (GeV?)

0.4

e al ou

0.3

P

ol

0.2

0357

ar bin:
¢ [-40°, 407)

time-like Compton scattering,

TCS = time-reversal
symmetric process of DVCS.

- GK, no D-term
«-=- VGG, no D-term

-4~ DATA []Tot. Syst.
-+ BH

- VGG

06 07 08

0.5

|

CLASI12 (P. Chatagnon et al.),

03 0.4
-t (GeV?)

0.2

PRL 127, 262501 (2021)

1t
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Exploring Compton FFFs & gravitational FFs

4 Unmuting x (x# ¢ line) via Single Diffractive Hard
Exclusive Processes (SDHEP), e.g.,

- double DVCS. Small x-section & requires muon ID. LOIs:

CLASI12 upgrade, SOLID@ Hall A
- exclusive photoproduction - possibility (@Hall D

[J.-W. Qiu, Z. Yu, arXiv.org:2305.15397]
[Pedrak, Pire, Szymanowski, Wagner, PRD 96 (2017) 7, 074008]

4+ D-term D(?): related to shear forces and radial
distribution of pressure 1nside the nucleon

+1
ReH (&, t) :77/1 dx IW;?_[_(?I&) - D(t)

gravitational form factors (GFFs) of the proton
- matrix elements of QCD energy-momentum tensor (EMT)
- related to mass; angular momentum; shear force & pressure

CLAS DVCS - Linked to GPDs via x-moment

JLab DDVCS

03 ), e' ”- i
/ / / ‘\Qu

|

' -
> < u
© * v"f{

or

Bl_E
NS 1 5 TS

r’p(r) (GeV fm™)

0.015

©
o
—

0.005

-0.005

0 02 04 06 038 1 1.2 14 16 1.8 2

[Lorce, Metz, Pasquini, Rodini, JHEP 2021, 121 (2021)]

B Data before CLAS
I | CLAS

B CLAS12 proj.

L

REPULSIVE Impact on radial quark pressure distribution
PRESSURE by CLAS and expected impact by CLAS12

> [Burkert, Elouadrhiri, Girod, Nature 557, 396-399 (2018)]

n atu r e [Polyakov, Schweitzer, Int.J.Mod.Phys. A33 (2018) 1830025]

International journal of science

Related: gluonic gravitational
form factor of the nucleon from

CONFINING

PRESSURE threshold J/i photoproduction
Hall C
\ a
| N N N U N N N U | SeetalkbyS'JOOSten9Tueam J/¢-OO7

r(fm) [Duran, Meziani, Joosten, et al., Nature 615, 813—-816 (2023)]

C. Riedl (UIUC), nucleon spin structure
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GPD E and Parton orbital angular momentum

Ji sum rule links GPD E to parton 1 ; CLASI12 DVCS beam-spin
orbital angular momentum (sce nextslide | | j = Zlim [ do o [HY(z, & t) + B9z, &, t)] | asymmetries on the deuteron (neutron)
- connection with Sivers TMD PDF & 2t—0 [ 4 A [ Tt 104516
spin-orbit correlations) [Ji, PRL 78 (1997) 610] ©  Red: total systematic L2 0.07858:+001511

e CLASI12: DVCS on the neutron (LD; target with detection of active neutron),
preliminary results (A. Hobart)

e (CLASI2: on the transversely polarized proton, data to be taken
(so far available data are from HERMES)

F <Q%>=2.36 GeV? <xp>=0.17 <-t>=0.38 GeV?

| 01950 100 150 200 250 ‘3060(‘d%§g
e All so-far discussed GPDs were quark GPDs )
STAR excl. J/Psi An in UPC, gluon GPD £

. . . . L o .. g
STAR: exclusive J/Psi1 production in ultra-peripheral collisions (UPC) 2 EpTAu e'spAu (s =200GeV [yl<t
— gluon GPD E. Future new data with forward upgrade “E a STAR preliminary
#, 03t/ \ TP—J/yp
. \ —e— (p.") =0.48 GeV/c
stat. uncert.
’]./_4’(}’:;*) 02% N —— Lansberg et al.
[ 0.1 \+\ —e— Run-24 Projection
‘,v I V"b ; O.E.... ................................ > ...N.............--
p(p) 0.1
s i ‘°'2:§““1lo”“15“”210““215‘“310““35“”0
. W, (GeV3
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X | U L T

U H E7
— BM

L H  Ep

T "~/ "~/
— Sivers — trans-
CKR-20231017 VETRiTV

"""" J

—2 3 3 4 x
1 2 1 3 E&
EY = — (ZEv - _pd L Z
\/5(3 37 T J:)
1 1 £
E? = ——F54+ ——,
3 +8 T

[M. Diehl, Vinnikov, Phys. Lett. B 609 (2005) 286]

C. Riedl (UIUC), nucleon spin structure

Deeplg virtual meson Procluction

collinear
chiral-odd

naive time-reversal odd

Deeply virtual meson production allows access
to higher-twist chiral-odd GPDs, which are
related to TMD PDFs (e.g., tranversity). Mesons
act as quark flavor filter & provide different

sensitivity to gluon GPDs.

CLAS12 exclusive vector meson beam-spin asymmetries

preliminary results for p, ® (N. Trotta) and ¢ (B. Clary), gluon GPDs

[ Goloskokov, Kroll,
EPJC 74, 2725 (2014)]

COMPASS exclusive vector meson transverse target-spin asymmetries

sin (¢ — ¢g)
AUT

sin (¢ + dg)
AUT ;

Aiixl%(z O —o5)

A%I_}Q o - ‘1’5)

sin O
AUT i

cos (0 —¢g)
ALT

cos (2¢— o)
ALT i

cos O
ALT

[COMPASS PLB B731 (2014) 19]

upf — pppOs WEH) + (Er,Hr)” A
o sin(¢+9,)
uT
: BBy
—— sin(3¢-¢_)
uT
. F(Hr,H) - (ET,E)” Al
— A5
LT
° - cos(2¢-0,)
LT
el e - EEA
-02 -01 O 01 02
(4)
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Different contributions from pion pole

upt — ppw

i@

[COMPASS NPB 915 (2017) 454]
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Spin clensitg matrix elements

do i ‘
W(zp Q. t, b COMPASS & HERMES SDMEs
D L § G . s Yl
drp dQ= dt
B 0 0
self-analyzing . . . . - p- COMPASS, = p” HERMES up — HPPO
characteristic Spin density matrix elements describe L0 a0
through U . . 4 ATV = PL Yr— Pr -
decay angles how the spin components of the virtual o -
photon are transferred to the created LY
_ o o o o ersm . , APAN SO - 0 . 0 @]
Q™I S vector meson, and provide sensitivity to s’ B Interference ¥ — pr & ¥ = pr
the chiral-odd GPDs Hr and ET. I - 5
Reryg e
Re 1 C- YT“ - P:) Fe .
: : exio o can be explained
» Provide further constraints on GPD im - by non_zefo effect
parameterizations beyond cross-section and spin- o Lo of Bt and Hr
TU asymmetry measurements S *m;
» Test of s-channel helicity conservation (SCHC), :z” s ==
Ay=Avm, : only SDMESs of classes A&B are not E e .
5 - restricted to =0 if SCHC. Observed: considerable i ?
; 10:— R — GL(}/L —> V) . 0 Imri~l ’_'-j‘_,__
= R i : SCHE i y*r— oL (class C) k) =
: 070 ’(?l E: v — P .=
o* 0.4 0.4 rh ;|
= o7 } ® COMPASS -C-rs :C°r5 lmr?l L,Jan.L,JLU.1,1':.x4}3".'{.11,JLLJJL,41 e
= ¢ e [~ 100 -~ 100 a 04 03 02 01 0 01 02 03 04 05 06
i ¢ zeus 0.2 - - = B 0.2 i s *® (un)shaded: spin-(in)dependent SDME value
— 4 E665 . ¥
HERMES O - l l 0 § . | | [pO COMPASS EPJC (2023) 83, 924]
10—11111 L L1 1 1 L1 1.1 L1 1 | | I | 1
1 10 07 [(GeVIEr] 0 2.5 5 0 0.2 0.4 [p" HERMES EPJC (2009) 62, 659]

C. Riedl (UIUC), nucleon spin structure

O* [(GeVicy] pi [(GeV/icy]
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[@ COMPASS EPJC (2021) 81, 126] (not shown)
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Exclusive Pion lePtoProduction

dzav*p 1 {daT | do
dtdp

d —> 0w- 1
dzzT \/26 1+ ) cos (¢) ((Ti lt,T {p — Lpn JLab12 Hall A 70 x-section

f \ dUL:r }

|<FT>|QJ sensitivity to chiral-odd GPDs ¢ |(E7)|° F | P \/ 2¢(1 —€)sin¢

- € cos (20)

¥

o

. Example

2
(- HD - o5

do 2
5t (nb/GeV?)

L, T indices indicate

polarization of virtual [(1 —-H))® - 2¢% Re [<ﬁ>*<E>] - 4;,[2 €2|<E>|Q] £v/1—€2\/—t'Re [(HT>*(E>]

photon. Double index

= interference

Eftfects of chiral-odd - <
r * oV n * /1] /T O
GPDs Er , Hr in eV T= @ Il ) (1)« fo12)" (B) $
exclusive 0, ©* production // bsl,
0x- ’ i SIT
COsl(\)/IPASS " X-section 0 CLAS12{n0&|mt[beam-spin asymmetry
‘}‘: N A& Ta e Data - _
8 o5 N ’ B A GK2011 i—; ;).2§_<Q2>=2.58 GeV?, <x >=0.29 §_<Q2>=3.02 CeV?, <x,>=0.39 <
> =/ E v GK2016 ot + * + 0 E
S 2 = T N 201 a ot + = g Model predictions: =
N P e e =
g - * o b A 00:5 g GK, JLM 3|6 02 = 4.44 ,
/\15 - bk . 2025 T - xp = 0.36 LT LI” TT
N S A b T P % F <0%44.65 GeV?, <x >=0.37 F Q%= F <Q%-=6.64 GeV?, <x|>=0.56
o 10 7 } « |10l ook : + : 1 0 005 01 015 02 025 03
% E .."*-.\_‘ = i 0_15— ________ + _+-__- - - ++ + { t (GeVZ)
=5[ i ) I I A z_ z. [ —
*Q' O > - E o— 3 2 7 T [Hall A collaboration (M. Dlamini et al.),
= - ¢ _o0sf 3 3 \ PRL 127, 152301 (2021)]
© o —+———tr b o o o I — 0 0204 0.6 08"5"'1'2"14&'6'%'2%”) 0204 0608 1 1214 16 18,0 02040608 1 1214 1.6 1.8, : : ..
© 0 01 02 03 04 05 06 [0.08,0.64] t[GeV] t[GeVT] tiGeV] Large TT contribution — significant
~ [COMPASS, PLB 805 (2020 1354547 |11 (GeV/c)2 [n° CLAS12 (A. Kim et al), arXiv:2307.07874, submitted to PLB] role of transversely polarized

photons in excl. % production
[x* CLAS (8. Diehl et al), PLB 839, 137761 (2023)]

Dip at small |¢| indicative of large effect by chiral-odd GPD Et
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sin(¢)

<

CLAS excl. m™ beam-spin asymmetries in the backward

0.16
0.14

-
—J

0.12

0.1
0.08
0.06
0.04
0.02

forward region

AR

[CLAS (S. Diehl et al., PRL125, 182001]

C. Riedl (UIUC), nucleon spin structure

Transition DAs and transition GPDs

= 004" bin 1 (Q% = 1.95 GeV?, (x.) = 0.19) bin 2 (Q% = 2.11 GeV?, (x.) = 0.28)
=" | Q.o T Q.o T T T
< 0.0ZE : : : {, { N e
0 ] 0.1:_++ A e . . A— u 0_1:_44. : + , + . . + +_
- backward region e e oF IERE
—0.02j bo + ] - Z
_0.04. | . < 0.1 e \[ R - S -
| - K : ]
-0.06! ! b_‘ -0.2F + + + ‘ : — 0.2 + ‘ ' .
_008 L _03? N . :E-AH _: _03—_ N * i + N ' 12+?1 —

i n'n E ' en’p
-0.1 i N A S S S T B N N A A S N T
0 12; | | 0O 02040608 1 1.2 14 0 02040608 1 12 14

702 03 04 -t [GeV?] -t [GeV?

Exclusive pion production
in the backward allows
to study nucleon-to-pion

baryonic transition
distribution amplitudes
(TDAS), a further
generalization of the GPD
concept

How does nucleon
resonant excitation affect
1ts 3D structure?
Information encoded in
transition GPDs (8 chiral-
even and 8 chiral-odd).

CLAS12 excl. n~A™ beam-spin asymmetries, first ever data

bin 3 ((Q% = 3.38 GeV?, (x.) = 0.34)

_{ T T T l T T T

5

I T T T I

Py

T I T T T

-+

nne
+

I T T T I

ki

*n- A++
At n
¢1°p

lil.l ll

0O 02 04 06 0.8
-t [GeV?]

1 1.2

very forward kinematics (—t/Q?«1)

[CLASI12 (S. Diehl et al.), PRL131, 021901 (2023)]

27

EINN2023, November 1, 2023



Outline - Probing nucleon sl:)in structure

M Introduction

@ Longitudinal DIS, structure functions, & PDFs

@ Spin-polarized experiments

& Proton spin puzzle & hadron tomography
M TMDs

& Nucleon TMD structure and spin-orbit correlations

I TMD universal description

@ Sivers TMD PDF in SIDIS and modified universality

™ Gluon correlators & Sivers TMD PDF
& Sivers effect in di-jet production

& Collins FF 1n ee and Collins asymmetry 1n

op & SIDIS

@ Di-hadron fragmentation function in pp and

SIDIS

@ Other spin-dependent fragmentation functions in SIDIS

C. Riedl (UIUC), nucleon spin structure

M GPDs

™ Hard exclusive reactions
& Chiral-even GPDs & DVCS asymmetries

@ Exploring Compton form factors

@ Parton orbital angular momentum & gluon GPDs

™ Chiral-odd GPDs & vector mesons
™ Transition DAs & transition GPDs

] Outlook & summary
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Selected near future - before the EIC

e JLab 12 GeV high-luminosity facility: e STAR cold QCD with forward upgrade at RHIC:
- Has started experimental program - Tracking system of silicon & small TGC
- New generation of precision data for valence - Forward electromagnetic & hadronic calorimetry, 2.5<n<4
quarks to come from CLAS12, SoLID, et al. - midrapidity: improve statistics of Sivers via dyjet & W/Z, Collins
via hadrons 1n jets, GPD E via J/Ps1 UPC

SLID - forward rapidity: TMDs at high-x & GPD E

RHIC cold QCD program with

o SpinQuest / E1039 at FNAL (2024-++). 2024 pp? Vsxn=200 GeV run
- Transversely polarized NH3/ND3 target with E906 spectrometer )

- First polarized DY experiment with proton beam e SPHENIX cold QCD at RHIC: SPHE
- Sivers & transversity TMDs of sea quarks. - Optimized for jets, heavy-flavor measurements

| and displaced vertices with MAPS-based vertex tracker

- Gluon Sivers TMD PDF via A 1n single-photon & heavy flavor
- Di-hadron IFF / Collins asymmetry & transversity PDF
via hadron-charge tagging & hadron-in-jet

[Aschenauer, Barish, Bazilevsky, et al.,arXiv:2302.00605]

QUESS

e LHOCspin at CERN, fixed trans.polarized H2 & D2 targets e AMBER:
with LHCb as forward spectrometer, >20235, .
https://inspirehep.net/literature/1821190 - Emergence of hadron mass, pion and kaon PDES, - sessus o ewn s e
/ proton and meson radius  AMBER - see talk by
C. Quintans, Thu am
L++C ~
Spin EIC - see Mo - Thu pm parallel talks

C. Riedl (UIUC), nucleon spin structure 29 EINN2023, November 1, 2023


https://inspirehep.net/literature/1821190

sPHENIX - Prel:)aring for transverselﬂ Polarizecl pp N 2024

e Commissioning 2023 with brand new

experiment at RHIC IP &8

e Optimized for jets, heavy-flavor
measurements & displaced vertices with
MAPS-based vertex tracker

e Gluon Sivers TMD PDF via An 1n single-
photon & heavy flavor production

* Di-hadron IFF / Collins asymmetry &
transversity PDF via hadron-charge tagging

& hadrons-in-jets

Fully installed EMCal & calorimeter event display

Expected stat uncertainties for 1solated photon & heavy-flavor production
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Expect factor of ~2 less stat in 2024 than shown here
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sPHENIX Experiment at RHIC

Data recorded: 2023-07-16 00:54:00 EST
Run / Event: 21707 / 3194

Collisions: Au + Au @ VS\N = 200 GeV

S P HERIIX

First p10s in the EMCal

140F- SPHENIX internal
- Au+AU |S,, = 200 GeV Run 9457
120> ADC___ < 275,000

100

Counts

e

—_——
.....‘l}......

—.—

80

60

——
||||||||—l-0-v—|

40
cluster ADC > 500

# min A R > 0.08
" X2<10
| | | I | — | — I | | — | I 11 | — I | | — | I | — 11 I | — |

100 200 300 400 500 600 700

Di-Photon Mass [ADC]
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5ummarg - Probing nucleon sPin structure

Experiments at BNL,
JLab, CERN, DESY,
RIKEN, Fermilab, ef [
al. unravel proton and
nucleus structure

The spins of quarks and gluons contribute to
the proton’s spin and there 1s indication they
also possess orbital angular momentum.
The nucleon 1s explored via tomographic

images 1n transverse-momentum- and

position-space using data from various types

of scattering experiments.

Probes for TMD
> factorization, evolution
& universality —

—

T~

Experimental (and in some
cases lattice) data serve as
input to global fits

The Electron Ion Collider will be
the ultimate tool to precisely map
the rich spin- and multi-dimensional

structure of nucleons and nuclei
from low- to high xBjorken.

GPDs beyond chiral even;
nucleon ground state; away

OAM as pre-
requisite for Sivers
effect... and linked

to GPDs

from the x=4

extremely high precision 1n
the valence region &
bridging the region between
gluons and valence

e Skipped probably many results - €.g., unpolarized Boer-Mulders TMD

» Some of 1t covered 1n backup

e TMD Handbook, R. Boussarie et

al. for the TMD Collaboration, arXiv:2304.03302

-C line; J

e The RHIC Cold QCD Program (White Paper) - Contribution to the NSAC Long-Range Planning process, E.C. Aschenauer ef al. (RHIC SPIN

collaboration), arXiv:2302.00605

e The US Long Range Plan for Nuclear Science released in October 2023 https://nuclearsciencefuture.org/
e (CR’s 2022 arXiv https://arxiv.org/abs/2204.03684

C. Riedl (UIUC), nucleon spin structure
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Extra slides

C. Riedl (UIUC), nucleon spin structure 32 EINN2023, November 1, 2023



GOl ng, Polarizecl at Fixecl%argets experi ments

e HERMES at
(1995-2007)

» Self-polarized 27.6 GeV electrons and
positrons in HERA storage ring

» Pure L- and T-polarized gas targets. .

e COMPASS at N

(2002-2022)
» Secondary and tertiary beams

(M2 SPS beam line).
Muons polarized via pion decay

NS

» Solid-state L- and T-polarized targets

And many more: the polarized
electron beams at JLab-CEBAF,
the polarized targets at JLab,
Fermilab, LHC-spin...

C. Riedl (UIUC), nucleon spin structure

Longitudinal
o)) i

o T o ——
[ e,
| LA P

AV
ABS """"@%,,,Q 7 QW QQSI} ’e\&:’ e
seﬁ"lSQ Q% '\\%
y Q&Q TGA
\‘we’
Storage Cell

‘ Transverse
Polarimeter
Atomic Beam e:

cam

generation of nuclear
polarization
- microwave system

A
|e 4|/ D Direction
/

Target Gas Analyzer and
Breit-Rabi Polarimeter:
monitoring systems

SPS

M2 hadron
protons

absorber

400 GeV Mt
conversion target (71', K
> P)yy,

M2 beam line up to 108 particles/s
~400m
—
muons 160 / 200 GeV

hadron decay section
(~ 600m)

neg. beam: 97% =, 2% K, 1% anti-p

>
hadrons 190 GeV

33

Polarization achieved by Dynamic
Nuclear Polarization (DNP)
- dilution refrigerator: ~60mK
- dipole magnet (transverse): 0.5T
- solenoid (longitudinal): 2.5T
- microwave system

Polarization determined with Nuclear
Magnetic Resonance (NMR)

NH3. ammonia beads, 6LiD: deuterated lithium
dilution factor ~ 0.22 (NH3). 0.5 (LiD)

6 ' 80 K Thermal radiation shields
7 4.2 KThermal radiation shields

Dilution refrigerator
9) He-4 gas-liquid separator

Pulse tube cryocooler

@ He-3 precooler
@ Microwave cavity

3 Target cells
4 ) Target holder

@ Magnets

alll]
n,
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COMPASS experimental setup and future
)

SPS

M? hadron M2 beam line Pt 10 The 2022 data-taking campaign was the last run of the COMPASS
protons 3 . - absorber particles/s experiment, and the last of the exploratory study of the nucleon structure
400 GeV DMt ~400m y S S

conversion (7. k > R~ COMPASS changed from “data taking” to “data analysis” and will
target * D)+, muons 160 / 200 GeV continue for several years

hadron decay section

(~ 600m) hadrons 190 GeV |
neg. beam: 97% =, 2% K, 1% anti-p

The spectrometer will stay in the experimental hall and 1s being upgraded
and run by the AMBER Collaboration

COMPASS polarized solid-state target

@ @ He-3 precooler 6 80 K Thermal radiation shields

@ Microwave cavity 7/ 4.2 KThermal radiation shields

3 Target cells Dilution refrigerator
. . . | @ Target holder 9) He-4 gas-liquid separator i _
e Polarization achieved by L () Magnets Pulse tube cryocooler o L

(DNP)

- dilution refrigerator: ~60mK
- dipole magnet (transverse): 0.5T
- solenoid (longitudinal): 2.5T

- microwave system %

Dynamic Nuclear Polarization ﬁ L }
6

e Polarization determined with ; = 180 mrad

Nuclear Magnetic Resonance | | | [4) il me———h e ||| }
(NMR) 7

e Precise tracking (350 planes) -
SciF1, Silicon, MicroMegas,
GEM, MWPC, DC, Straw,
Muon Walls

e PID - CEDARs, RICH,

calorimeters, MWs

| | |

NH3: ammonia beads, ¢LiD: deuterated lithium

dilution factor ~ 0.22 (NH3), 0.5 (LiD)

C. Riedl (UIUC), nucleon spin structure 34 EINN2023, November 1, 2023



Collisions with Polarizecl Protons at RHIC

e Relativistic heavy 10n collider - RHIC

e Collisions of L- and T-polarized protons, Vs = 200, 500/510 GeV N?TII%'I\?AOLISAE%‘R‘!TEO"RY

e Optically pumped 10n source (OPPIS)

that transfers electron polarization to Hydrogen Jet Carbon Polarimeters
protons. Siberian Snakes to overcome Polarimeter -2
« e . . NN S
the effects of depolarizing resonances. Siberian o0
Snakes

: Siberian
SPHE | X 2 (S)PHENIX .Spm o Snakes
L @D STAR f.:’i':
v 72 T >

PH-ENIX i =8

Polarized Rotators Spin

Source Tune Jump Rotators
Booster Quads
Wy O Helical Partial
LINAC " a» Snake
200 MeV Polarimeter -
Strong |
Snake AGS pC

Polarimeter
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Accessing intrinsic transverse Parton momenta in SIDIS

Semi-inclusive DIS hadron plane detect in addition to scattered
lepton also hadron with
energy z and
transverse momentum Py

kTt Intrinsic transverse
quark momentum

lepton plane

fransverse momenta;.
Py final-state hadron (GNS) hadron

k- quark intrinsic
p, hadron wrt struck quark

photon

’\/M\/\Wk?l Sarton
............................. (

nucleon
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TMD backup
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TMD measurements - a huge exPerimental egort

! LI I ! 1 || L L L I || ! || LI I 1 1 1 L L l || 1 I LI
~ Current data for Collins and Sivers asymmetry: ]
4
107 F E
E ® COMPASS hil PhT <1.6 GeV/c Y Y YYYYYY 5
- U HERMES 2% K% P, <1GeVic i
- © JLab Hall-A n*: P, < 0.45 GeV/c ° 7
[ JLab 12 ° |
10° = ® STAR500 GeV -1 <n <1 Collins o o E
- O STAR 200 GeV -1 <n <1 Collins ]
Y _ ® STAR 500 GeV 1 < <4 Collins ]
8 - 0O STAR 200 GeV 1 < <4 Collins }
~ 102} " STAR W bosons -
o - ;
O - ]
10+ E
1L .
= v gl [ N .

1074 1073

[EIC yellow report, arXiv:2103.05419]
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Transverse single~spin asgmmetries

Transverse spin asymmetries have common
origin - simultaneous description across
different collision species possible.

¢.g. [Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin,
Rogers, Sato (JAM Collaboration), PRD 102, 054002 (2020)]

Two complementary but related theoretical
descriptions, depending on what is measured
(reconstructed experimentally)

e TMD framework when transverse momentum 1s probed
» measure 2 scales with pr « Q; SIDIS, DY, W/Z, dijjets, hadrons in jets

* Collinear higher-twist (HT) framework

» Measure 1-scale with pr= Q, single inclusive particle production in
pp (particle or jet pr)

» spin asymmetries from quantum mechanical interference of multi-
parton states (— qgq and ggg correlators)

C. Riedl (UIUC), nucleon spin structure 39

Probing with two scales
(not only here) - hard
resolves particle nature of
partons, soft reveals
emergent phenomena

pp collisions

An “left-right asymmetries”

EINN2023, November 1, 2023



SPin~orbit correlations in the proton S (5 x p3)

—

e [f TMDs describing strength of spin-orbit correlations are Sv’ : (ﬁ X k) .
non-zero: may in certain models be connected to parton [ e 210 )
orbital angular momentum (OAM). 4 . @? | . -
» No quantitative relation between TMDs & OAM 1dentified yet. f , = | # A
e Sivers effect: correlation between the nucleon transverse SIVCI‘S TMD PDF - EZ: - o
spin & parton transverse momentum in the transversely T e Boer-Mulders
polarized nucleon T ey TMD PDF
: : .. : \* spin spin
 The Sivers function was originally thought to vanish (+). A P =, i . /
nonzero Sivers function was then shown to be allowed due to :;,,_ , S T ST/ t _
QCD final state interactions (soft gluon exchange) in SIDIS ‘\r\/‘
between the outgoing quark and the target remnant ¢+). —
¢ “Chromodynamic lensing” A A st - (k X Pyr)
[M. Burkardt R 4
Nucl.Phys.A735:185-199,2004) i ol NG

transversity PDF &® Collins TMD FF

V e Collins effect: fragmentation of a transversely
(*) [J. C. Collins, Nucl. Phys. B396, 161 (1993)] mage courtesy fan Matousek polarized parton into a final-state hadron

(**) [S J. BI’OdSky ct al., Phys Lett. B530, 99 (2002)] (Spin_spin Correlation)
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The strength of distortion in
transverse-momentum space 1S
proportional to

fospr (@, kr) = fi (2, kT)

Sivers etfect

§T ' (f’x ET)

and 1s called the Sivers amplitude

1.0

1gq 2
S 0.0
0.5 -
—1.04—
2 4
4
9
PV19 fit using SIDIS T e
data from HERMES, ’
COMPASS and Hall A

[Bacchetta, Delcarro, Pisano,

§T ' (ﬁx ET)

Radici, PLB 827, 136961 (2022)]

C. Riedl (UIUC), nucleon spin structure
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produced final state well
after QCD hard interaction
(meson, jet, photon, ...)
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Semi-inclusive &eep%nebsﬁc scattering Cross section

S T = transverse

< / \ ‘ proton
k\vg;pl»(, polarization

no proton
polarization <

“~ harmonic(@, ¢s) - PDF ® FF” beam

hadron

lepton

measured observable:

/

> fragmentation function (FF)

1 NT(

Aur(9)

T ISy N

(

¢) D NV(¢) target
@) + N-

proton
(9) .

parton distribution function (PDF)

) +

Cahn-effect + BM
& Collins

\

worm-gear-L ® Collins

. 165 2 2 2
= 14+ —
o(, ¢s) dedydzdpdpsdPz  xyQ? 2(1 — ¢) ( i 2x>

‘ BM ® Collins

— {FUU,T +elyu,L +

V26(1 + €) cosp F2? e cos(2¢) F{}(ﬁ(%) + Ao [\/26(1 —¢) sing in(r]lc/b] n

longitudinal <
proton
polarization

transverse
proton
polarization

Fxviz) = structure function. X=beam, Y= target polarization,

[Z= virtual-photon polarization]. X, Y € {U, L, T}. Ae = helicity of

lepton beam. Sy and St = longitudinal and transverse target

polarization. € = ratio of longitudinal / transverse photon fluxes

C. Riedl (UIUC), nucleon spin structure

+S51, {\/26(1 + €) sing F(S}IE¢ +€ sin(2¢) F(S]iz(%)} + SLAe [\/ 1 —€2 Frr ++/2¢(1 — €) cose cmfﬂ

F157] sin(¢ = ¢s) (F(Sfi;%_%) * GFS;S%_QSS)) + € sin(¢ + ¢g) Fzs}i;(¢+¢s) + € sin(3¢ — ¢g) Fzs}i:r;@qb_%)

Sivers ® D1 /

+1/26(1 + €) singg FI2S +A/2e(1 + €) sin(26 - ¢s) F(S]i;(%_qss)]

57| Ae {\/1 — €2 cos(¢p — pg) Frosl793) 1\ /2e(1 — €) cosgs FOBPS +4/26(1 — €) cos(2¢ — ¢d) Fg‘;f<2¢‘¢s)] } ,

&

KM (worm-gear-T)
® DI

v

‘ transversity ® Collins pretzelosity ® Collins

[Bacchetta, Diehl, Klaus Goeke, Metz, Mulders, Schlegel, JHEP 02 (2007) 093]
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HERMES vs. COMPASS Sivers asymmetries

Sivers TMD PDF from SIDIS

COMPASS = x<0.032
< 0.1} ® COMPASS " x>0032 .
© HERMES = PRL 103 (2009) %

e [COMPASS PLB 744 (2015) 250]

o [HERMES PRL 103 (2009) 152002]

positive pions

O
WO
.
O
>—O—
L 4

Sivers TMD PDF

l -

| |

102 10™! 0.5

x Z
4+ Higher lepton-beam energy than at HERMES (160 GeV vs. 27.6 GeV)

|
1 0.5 1 1.5
ph (GeV/c)

HERMES TMD final compendium

4015 F = =
S Fmxt oep |
L 3;*1@ R
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Sivers signal smaller
at COMPASS than at

HERMES.

TMD evolution...?

u- and d-quark
Sivers functions

have opposite signs

O
N

2 (Sin((l)'q)s))UJ_

o

o

(&)
Illlllllllllllllllllllll

o

{ o
' ____________________

. . 0 0.5 1
P, [GeV]

43

Sivers function from COMPASS asym.

]
= E
~
= 0.05
0.00 beosssurbyranstua@BBSITTT00
T
—0.05 % &
*u,
o] dv
-0.10— | 1
1072 107! 1

[COMPASS NPB 940 (2019) 34]
[Anselmino ef al., Phys.Rev. D86 (2012) 014028]

4+ pr-weighted asymmetries: direct measurement
of TMD k12 moments that avoids assumptions

on shape of k1. Products instead of convolutions
of TMDs

Kaon amplitudes

larger than pion
~Unexpected 1f u-quark
scattering dominates.
Role of sea quarks?
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Sivers-TMD sign switch

SIDIS Drell Yan 3 B
The experimental test of the T; ( i T)
Sivers TMD PDF (and other p
naive time-reversal odd TMDs) A
sign-switch prediction is an Stvers TMD PDF
important test of TMD-QCD
framework.
Initial-state
Final-state interactions interactions
Drell-Yan COMPASS Sivers asymmetry SIDIS
COMPASS 2015 data o h” 16<0*/(GeV/c) <81
43 <M, /(GeV/c2) <85 . h (x) = 0238
. . . ] - beam hadron
W+ (S1vers), Sivers ® | lepton /
target u . — @ (11)x DI =
profon (Pretzelosity), Pretzelosity —i e
¢ ® (BM): ® Collins target
. : proton X
beam anti-u (Transversity), Transversity —— "
o ®BM). | | ®Colins S N
I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 l L1 1
02 -01 0 01 02 —0.05 0 0.05
A COMPASS measurement of
Sivers SIDIS & DY (A)

asymmetries with ~same
[COMPASS PRL 119 (2017) 112002] apparatus & in overlapping [COMPASS PLB 770 (2017) 138]

Drell-Yan (DY) 2015 data kinematics. SIDIS in the DY kinematic range
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Global TMD analgsis - Collins FF. di-hadron FF transversity TMD PDFE

o 0.6 e ”'S e d-quark transversity less constrained given the u-quark

o 04p o ::n:“t”“; o V2T g# dominance of many of the processes used 1n the global fits.

4. ol | 0.4 ¥ .

"ﬁ 0.2 ol » JAM-22 reduced uncertainties wrt JAM?20 due to inclusion of
03 0.2 lattice QCD data and Soffer bound.

» COMPASS 22 transversity run on the deuteron will improve the
= 0.0 e —— experimental precision on the proton’s tensor charge, gr= ou -
— OIS L Radici, Bacchetta ‘18 0d, by a factor of ~2.
~§ —0-? ) ;l —-= Benel et al ‘19

—05F @ --- D'Alesioetal 20 » Further prior-to-EIC measurements of Collins asymmetries
02 04 5,06 08 include STAR with forward upgrade, sSPHENIX, JLab12/SoLID,
SpinQuest.

 Transversity TMD PDF coupled
to interference, or di-hadron,
fragmentation function
» 2 collinear observables (DGLAP

evolution, not TMD) - complementary
probe of transversity TMD

Global extraction of
transversity from di-
hadron data:

pion-pair multiplicities 1n
pp needed

» interference of different channels of the
fragmentation process into the two-
hadron system (interference of S and P
states)

107! 1
X

_ . [Radici, Bacchetta, PRL 120, 192001 (2018)]
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e June - November 2022 with transversely polarized deuteron 4

The 2022 COMPASS run: uclT —hX

Coll

(6L1D) target with almost the same conditions as 2010

proton run.

* Impact on the deuteron SIDIS Collins asymmetry - the
2022 uncertainties are expected to be a factor 2 to 5 smaller.

 Impact on transversity TMD PDF and on tensor charge

J

0.05—

o.oo—-___%__}_

¢ | b

*;;{' _______________
°

¢ o pt

d 2002, 2003, 2004

it

Q

-

*‘H’ﬁé@éﬁﬂ'ﬁ

—0.05— +
Q00080210 | Oy = f dxh,*(x) | 64= f dxh{(x) | gr = 84— b4
ﬂx ﬂx I T | I | | I I I | I| |
present 0.201+0.032 | —0.189+0.108 | 0.390 + 0.087 v ’
projected 0.201 +0.019 —0.189 + 0.040 | 0.390 + 0.044 present: all p and d data
. . xh 0.4:
The work will not be over with the 2 ' o
COMPASS measurements - e y N - xh* X
precise measurements are needed @* / -E . +
. . (GeVZ) EIC y P A \ u + +
asap, 1n particular at larger x. & /| >TE : i &
;4 ,A . . 1£ | : § ‘ ‘
b 4 ®
The complementary %9{% o ~\ \_\
measurements at Jlab 12 and 20+ JefeZon Lab| . N
will allow for a more precise - o . \$ 68% GL
measurement of the tensor charge e e T " 030 o o
and, 1n the farther future, the EIC. X 04t il  Po%CL
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First look at the COMPASS 2022 data (about 10%)
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Twist-3 tri-gluon correlations - sensitivity & subprocesses

g g
g g g q
Subprocess fractions at RHIC energies
for gg, qg, qq+tqqbar
(leading order hard QCD processes)
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PHENIX charged hadrons

Ay in the very forward

p™+p, pT+Al, pT+Au ¥ h*ix

0.1 =
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0.08E ¢ —e— pl4p — h*4X :
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[PHENIX arXiv:2303.07191]

Ve \ N h + N\
Backward w":é | | Forward

Smaller An for h+at 0.1 <xr <0.2 1n pA

An(h-) small to zero at xp>0: opposite sign
of An for h- canceled partially

also - forward neutron: [PHENIX PRD 103 (2021) 3, 032007]
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RHICT very forward neutrons STAR electromagnetic jets
(n<6)
< | RHICf Preliminary 0.1
- pl4p —>n+Xat s =510GeV (6 <) < T
3 N ® X > 0
) | o | | 0.05
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¢ 070<x <085 J —0.15[~ 3.0% polarization scale uncertainty not shown
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03— e el %81 015 02 025 03 035
P, (GeVic) .|

Publication with improved background estimation in

preparation.
Increase in pr: interference between spin flip and spin non-flip amplitudes (n / ai

exchange model [PRD 84 (2011) 114012]

also - neutral pion:

[RHICf PRL 124, 252501 (2020)]
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Analysis for 510 GeV ongoing.

(1% not shown)  also - [STAR PRD 103, 092009 (2021)]

An 1ncreases with pr (for xr > 0.46 -
RHICf) & forwardness & w0 1solation
(STAR) & lower y multiplicity (STAR)

An from soft processes such as
diffractive scattering?
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TMD fragmentation function (Co”ins) from ppT—=iet h*X - kaons and protons
g PP ) P
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[STAR PRD 106, 072010 (2022)]
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More higher twist In sing|e~haclron SIDIS

CLAS(12), HERMES and COMPASS SIDIS beam-spin asymmetries

. . . . . paing _ 2M . (_h.kT (mHI [hfl GL) , B-pr ( ot Dy 4+ Mip ED
e Sizeable recent asymmetries from unpolarized target and longitudinally ot e e A Mz

polarized lepton beam. Expected to be suppressed by O(M/Q)  camee | F twist-3 FF il tgt I M I twist-3 FF
. . . twist-3 pdf :, | (;Ai“s?.-fun-gon oer-Mulders
* Provides access to so-far poorly known subleading twist-3 TMD PDFs " incton
& fragmentation functions containing information about quark-gluon
correlations in the proton and in the hadronization process
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SIDIS off Iongituclinauﬂ Polarized targets

B. Parsamyan (for COMPASS) arXiv:1801.01488 [hep-ex]
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unprecedented precision tor some amplitudes 02 e : ¢
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http://arxiv.org/abs/arXiv:1801.01488

Accessing intrinsic transverse Parton momenta in SIDIS

Azimuthal modulation of hadron yield < >

complementary

e (Cahn effect - cos¢n modulation purely due to the
presence of intrinsic transverse momenta of
unpolarized quarks in the unpolarized nucleon.

» No such modulation in the collinear case. Next-to-
leading-order effect.
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ZZPT

COMPASS preliminary
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Transverse-momentum dependent hadron multiplicities

P;
cX —
P\ " P2

(P2 = zXk2y +<{p})

A (0" = 1.25 (GeV/c)
: {x) = 0.006

(z)=0.25

dzNh(x, 0%z, P%)
dz d P%

M"'/dzd P, (GeV/c)®
T 1 LA T I]

107 F

* Double-Gauss structure 1in Pt ok

spectrum separated at ~ 1 GeV/c

e.g. Gonzales-Hernandez et al., Phys.Rev.D 98
(2018) 11, 114005

P;; (GeV/cy

[COMPASS PRD 97, 032006 (2018)]

fransverse momenta;.
Py final-state hadron (GNS)

k- quark intrinsic
p, hadron wrt struck quark

hadron

photon

............................. (
nucleon
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Transverse-momentum distributions

e Allow to gain information about intrinsic quark momentum At
by measuring transverse momentum Pt of the produced hadron.

 Important for TMD evolution studies & comparison between
experiments. Intense theoretical work ongoing to reproduce the

experimental distributions over a wide energy range.

e In Gaussian approximation, at small values of P,
the number of hadrons 1s expected to follow:

dzNh(x, 0% z, P%)
dz d Pz

(P2 = z%k +{pD

Pr

X exp

(P2

 Double Gauss structure in Pt spectrum separated at 1 GeV/c

— 2 different slopes

» Perturbative effects expected to contribute more at high Py

» Likely not sufficient to explain the high- P trend
¢.g. Gonzales-Hernandez et al., Phys.Rev.D 98 (2018) 11, 114005

e Hadron multiplicities (not shown)

» p-/p+ and K-/K+ at high z PLB 807 (2020) 135600, K-/K* at high z PLB 786 (2018) 390
» h PRD 97 (2018) 032006, K isoscalar PLB 767 (2017) 133, n and h PLB 764 (2017) 001
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Py final-state hadron in the GNS

k- intrinsic transverse momentum

p, transverse momentum of the
hadron with respect to the struck quark

nucleon

More ranges 1n z: see backup

- Normalization: first P% bin.
- Daifferent normalization for each bin and charge

16.0! COMPASS preliminary
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e 5 E ¢ o ® o e .
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3.0 1 4= F T2 3
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10 e ° (] ’ ¢
" ‘. T roton
107 ° 8 ¢ . p
. | | | | | | | | | 2016 data
1.0 ¢ 1 2 3 1 2 3 1 2 3
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' ' ' ' . >
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- Error bars correspond to the statistical uncertainty only. o, ~ 0.3 G54
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Boer-Mulders function and Cahn eftfect in SIDIS

* The Boer-Mulders function describes the
strength of the spin-orbit correlation between |
quark spin st and intrinsic transverse Azimuthal

: asymmetries
momentum & T. defined as the ratios COMPASS preliminary
o~ — ) t
St (P X k) T500% o i - - proton
cosh": o I 2016 data
;‘;‘f’h = fou 0—“""“‘"‘“"""'""“-"‘“-"‘ T B nae i T3 mmmme e
: e ® o % * i ¢
» Contributes to cos¢pn and cos(2¢n) fuyr o5 : e g o d : :} t 3 Yo : '
: : : . Bl [} $ B g ¢ - 3 é
» Strong kinematic dependences & interesting t ¢
differences between positive and negative hadrons, as 0.1 - :
observed 1n previous measurements by COMPASS on o I | | T | |
deuteron and by HERMES (u-quark dominance, s
opposite signs of Collins FF into h+ and h-) = 04l { I ; * I {
03 {
e Cahn effect Fo5 % & R : ; bty
g Cos2, _ _UU O—"—"—"}"Q"+"+“‘“‘}' I LR ____,{__,__ 3 % 5 % 2
» Contributes to cos¢n only — next slide - F ¢
Slnqb —0.05 L } .
e Higher-twist beam-spin asymmet Asm‘f’h i (backup) R | | | | | |
’ X z P (GeV/c)
® AZimuthal asymmetries fOI' hadron pairs on the The error bars correspond to the statistical uncertainty only. Oy,,; ~ O, (1D)

unpolarized proton (backup)

» Collins FF for 2 hadrons & interference fragmentation
function
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Cahn effect and quark intrinsic momentum from SIDIS

~ 0.5 Ostat (3D)

4 The error bars correspond to the statistical uncertainty only. o,
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GPD backup
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2 most recent JLab DVCS Publications - my cheat sheet
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CLASI12 (G. Christiaens et al.),
PRL 130, 211902 (2023)
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Hall-A DVCS: e | [ gav

detection

Selection of exclusive data sample

1+ detection

HERMES & COMPASS excl. o: {11-

24 <Q*<10 (GeV/c)
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2 4| )lﬂﬁ O }
= K N !
E, er S O |
> 30 4 20000 -
= ]
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20 Y L ]
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Selection of exclusive event sample - COMFASS

DVMP without recoil-proton detection:
missing energy technique assuming proton mass

= 30000
O
Exclusive pproduction 2
upH—upp® Z 20000
with simulated exclusive =
signal & SIDIS background 2
10000
0

/
// )\‘:I:
y g i

C. Riedl (UIUC), nucleon spin structure

100 -5 0 5 10 15 20

24 <Q*<10 (GeV/e)

E_ .. (GeV)

In case of transverse target
polarization: additional azimuthal
angle ¢s defined by direction of
transverse target-polarization vector

60

DVCS with recoil-proton detector (RPD):
comparison of proton kinematics measured 1n
RPD vs. expected 1n spectrometer (from py)

A = (Pcam (pspec.
= [ COMPASS preliminary
&'o woF | e u* DVCS
- ** + +
ZF s - I=p— U py
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S 2501 '
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L 100:_ I O ‘ I
E | 4 i |
50— | .o * |
- L L TTS :
q’,l.i.l.ll.l.l.llllIllllIIIIIIIIIIIIllllllll.l.l.ll.l.i.l.l’!
—%.5 -04 -03 -0.2 -0A1 0 01 02 03 04 05
Ao [rad]

+ kinematically complete event reconstruction via
kinematic event fitting
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DVCS vy N

d
DVCS

Access to CFFs at COMPASS

i

i

Bethe-Heitler (BH)

— \EH\Q =+

(TovesTenr + Toves TH)

The DVCS / Bethe-Heitler interference
term allows to disentangle
Re(tpvcs) and Im(Tpves)

magnitude and phase
of DVCS amplitude tpvcs

C. Riedl (UIUC), nucleon spin structure
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Analysis of azimuthal modulations
(HERMES- and JLab-type) on DVCS on
the unpolarized proton 1n progress

dominant at small xp
(remainder ~ 5% from KM / GK

model)
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Sign & magnitude of cosg

amplitude for beam-charge

asymmetry? (changes sign
between HERMES and HERA)

Kroll, Moutarde, Sabatié, Eur. Phys. J.
C (2013) 73:2278

Test of GPD universality: use DVMP data
to constrain GPD parameters
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Extraction of pure DVCS gield at COMPASS

|7TBH|2 + (TDVCSEKH = TSvcsEH) + |7-DVCS|2

BH reference vield: DVCS amplitude: Transverse imaging:
t N 87008:5 ¢-modulations 1n cross section ¢-integrated cross section
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C. Riedl (UIUC), nucleon spin structure portion of the 2016 data = 2x 2012 data 62 EINN2023, November 1, 2023



Extraction of pure DVCS gield at COMPASS

80 <v [GeV] < 144

=. C o
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ﬁ 400[—
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Transverse imagi ng, of the nucleon

Impact-parameter representation of parton distribution function:

_ (:IQAL . , i 5 -
¢ (x,b,) = / (27)?2 e ALOLIT (2.0, —A“i)

[Burkardt, Int. J. Mod. Phys. A18 (2003) 173]

“spatial parton density = Fourier transform of GPD”

10-3

b, 1s the impact parameter,
A, 18 the difference of 1nitial and final transverse momenta,
A2 1s related to the Mandelstam-¢

The differential DVCS cross section allows to probe the
transverse extension of partons in the nucleon:
3-dim “tomographic images” of the
nucleon 1n longitudinal momentum
and transverse position

dUDVCS
dt

X

b = “¢-slope” = average impact parameter
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Transverse imaging of the nucleon

PDF impact-parameter representation: COMPASS DVCS #-slope

I2A * Sea-quark domain between gluons and valence-quarks
T miALbL ] (2,0, — A7) e Transverse extension of partons and t-slope B:

(2m)° S
[Burkardt, Int. J. Mod. Phys. A18 (2003) 173] <7‘1 ('I Bj >> ~ 2 <B (IBj ) > h-u

([f(il.’, b_]_) —

“spatial parton density = Fourier transform of GPD”

0.01
b, 1s the impact parameter, \/ (r1) = (058 & 0.04¢a * 0.02|sys £ 0.04mode1) fm
A, 1s the difference of initial and final transverse momenta,

A2 1s related to the Mandelstam-¢

— 107
1 (GeV/cP < Q%<5 (GeV/c)

10 GeV<v <32 GeV

[y T T TTTI

Differential DVCS cross section with
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4+ Flavor separation of CFFs:
u-quark, d-quark

[Benali, Desnault, Mazouz, et al., Nature
Physics 16 (2020) 191-198]

with reggeized diquark model
(Goldstein, Liuti, et al.)

C. Riedl (UIUC), nucleon spin structure

Flavor separation of CFFs
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