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The physics questions

Vo = Vo AX + Lq +Jg

Spin puzzile

How do quarks & gluons, and their dynamics,

* so-called Ji decomposition.

make up proton spin? There is also the Jaffe &
. . . Manohar decomposition, %2 =
quark spin quark orbital gluon spin VAS +AG + Lo + Lo, but
' translations are not straight
Az ~ VS anQUIar & Orbltal angL”ar forward - see e.g. Matthias
momentum momentum Burkardt arXiv:1011.2466
How is the proton spin correlated with Nucleon tomography How does the proton spin influence the spatial

the motion of quarks/gluons? distribution of partons?

= 3D
Deformation of parton’s confined motion Deformation of parton’s spatial

when hadron is polarized : . . ,
Transverse Momentum Generalized Parton | /°tr°ution when hadron is polarized
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EIC “White Paper” arXiv:1212.1701, based on M. Anselmino A. Bacchetta, U. D'Alesio, M. Diehl, and C. A.

et al., J. Phys. Conf. Ser. 295, 012062 (2011) Miller, Phys. Rev. D70, 117504 (2004)

C. Ried| (UIUC) - Spin-polarized experiments - DIS2021 S0 [Ent izl oy 12, PEseilnl Vol &l Il euEet:



Deep Inelastic Scattering: {N—£(h)X

inclusive

=

lepton
Kkt

photon Q2

virtuality
(~ resolution)

P
proton

longitudinal direction

longitudinal momentum fraction
of parton (x-Bjorken)

add spin... for example, inclusive DIS:
“spin structure” or “helicity” function
of the proton

- 2 =P proton spin

g1 (*LJ Q ) —»> quark spin
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intrinsic transverse quark momentum

SIDIS

semi-inclusive DIS

hadron energy

hadron transverse momentum
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The DIS cross section contains non-perturbative, non-
calculable objects: Parton Distribution Functions
(PDFs) encoding information about the momentum-
dependent distribution of quarks inside the proton.

proton = 1 quark

n
HERA I+II inclusive, jets, charm PDF Fit
1
‘ Q’ =10 GeV’ z
—— HERAPDFL.7 (prel.) =
08 I exp. uncert. X
[ ] model uncert. 1

[ ] parametrization uncert

. proton = 3 quarks

HERAPDF1.6 (prel.)

04

|

HERAPDF Structure Function Working Group

02 U3 l; X
‘ proton = 3 quarks + gluons
spin-independent from X
DESY (H1 ’ ZEUS) proton 3 valence quarks
4 + gluons
Sk ] + sea quarks
spin-dependent
from SLAC, CERN, L FN
DESY (HERMES), o l
JLab /3 1 4



https://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2016_plb753_018.pdf

SIDIS cross section parameterized by structure functions

“~ harmonic(¢p, ¢s) - PDF ® FF”

fragmentation function FF
hard scattering cross section o
distribution function PDF

hadrons

Cahn-effect +

Worm-gear (Kotzinian-Mulders) ®

Collins

BM ® Collins

O-(¢7 QSS),}

dSo

BM ® Collins

= dzdydzdédpsd

2 2 . 7_2
Pz xyQ?2(1 —¢) 2x

{FUU,T -+ GFUU,L -+ \/26(1 -+ E) COSQ F((}(;?qb

+S5T [\/26(1 + €) sing F(S]?b +

-
o

€ cos(2¢) Fgﬁ(%)

+ Ae {\/26(1 — €) sing in(r}¢] +

€ sin(2¢) F(S]iz(zqﬁ)}

+|S7! lsin(¢ — ¢g) (Ffjg;f?‘(bs) + eFS;ff‘(bS)) +He sin(¢ + ¢g) FEmOHos) e sin(3¢ — pg) FrmEo=9s)

+ S7 e [\/1 — €2 Frr + \/26(1 — €) cosg cmzsqs]

Sivers ® D1 "/

+/26(1 + €) singg FIP% +A4/2¢(1 + €) sin(26 - ¢s) F(S};W‘qbs)}

—I—‘ST])\G m cos(qS — ¢S) FE?(¢—¢5)

!

Worm-gear ® D1

Bacchetta, Diehl, Klaus Goeke, Metz,
Mulders, Schlegel, JHEP 02 (2007) 093

- Fxviz = structure function. X=beam, Y= target polarization,
[Z= virtual-photon polarization]. X, Y € {U, L, T}

- Ae = helicity of the lepton beam Unpolarized
- S| and St = longitudinal and transverse target polarization Longitudinally
Transversely

- € = ratio of longitudinal and transverse photon fluxes
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Transversity ® Collins

+/2e(1 —€) cospg FERPS +A4/2e(1 — €) cos(2¢ — bd) Fz(;?(2¢_¢5)} } :

v

Pretzelosity ® Collins

polarization

S T = transverse proton

type of experimental observable:

_ 1 NT(¢) - N*(¢)
f57 NT(¢) + N+(9)

(more complicated in reality)




Transverse momentum dependent (TMD) PDFs

Q nucleon (N)
O

unpolarized

U L

parton (Q)

Tl quark spin

nucleon spin
STﬂ P

quark

f1

number
density

O,

. transverse
kT mf)\mentum

P

(longitudinal direction
= movement of nucleon)

T
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O D

- 8 TMD (PDFs) needed at leading-twist description.
- Analog table for fragmentation functions (capital letters except for UU=D1)
- Flavor indices and kinematic dependences skipped for simplicity

pretzelosity

O-&

TMDs surviving
integration over Kr.
“Collinear analysis”

Naive time-reversal
odd TMDs describing
strength of spin-orbit

correlations.

chiral odd TMDs

Exist because of chiral

symmetry breaking of

the QCD nucleon wave
function




TMD effects in unpolarized SIDIS

New prelim COMPASS pr dependences & azimuthal asymmetries
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see talk by A. Moretti, Thursday, 12:35

4+ pt distributions provide

complementary

information to cos(¢)
Boer-Mulders & Cahn

and cos(2¢) Boer-
Mulders azimuthal

asym metries (not shown)

[COMPASS PRD 97, 032006 (2018)]
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P;; (GeVlc)

>

Modern multi-dimensional
binnings in pr. Q2, x, z, W allow for
TMD evolution studies &
comparison between experiments

New data will help to clarify the

double-Gauss structures in pr
- Real <kt2> underestimated

- Importance of vector-meson decays (CLAS12)

« exp (— P—%)
(PT)

(Pr) = z*(k7) +(p1)

d*N"(x, Q% z, P%)
dz dP%

Towards a more complete
mapping of the SIDIS landscape -

current vs. target fragmentation
Phenomenological approximation for gr works
well for new COMPASS data.

gt = P1/z to validate region of TMD formalism
[Boglione et al., JHEP10 (2019) 122]

1GeVic)
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Prelim CLAS12 pion multiplicities
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Flavor composition of the sea

New SeaQuest Drell-Yan dbar / ubar

4+ More anti-down than anti-up quarks in the proton

from Drell-Yan with 120 GeV proton beam on liquid
hydrogen and deuterium targets. The finding is in agreement

with meson-cloud and statistical models.

25—
E &:— SeaQuest/ES06
50 B Systematic uncertainty
- Nusea/eses e
15— el
s F e T
S
- Alberg & Miller o
— i Bassoetal. :
05— . . |
- weem CT18, NLO, SeaQuest kinematics
%= CTEQ6m, SeaQuest kinematics //
0 B l 1 L | 1 l L 1 1 L l l
0 0.1 0.2 0.3 0.4
X
Target proton
[SeaQuest Nature 590, 561-565 (2021)] "
d
see talk by K. Nagai, Thursday, 9:12 ®
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C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

New STAR weak boson dbar / ubar

O

4+ Cross section ratio W+/W- (dbar-u / ubar-d fusion) in
proton-proton collisions at \/s=500 GeV

4+ Complementary to the SeaQuest result, at large
momentum scale Q2 = Mw? & complementary
(@higher x) also to LHC results

Flavor

asymmetric sea
dbar(x) > ubar(x)

p

« Wt (W—) g
—_—
p

ow+ _ u(z1)d(z2) + u(xs)d(z1)

Ow-—

~/

d(iEl)ﬂ(ClTQ) -1- d(ﬂ?g)ﬂ(xl)

12

10

- STAR p+p, L =350 pb™, Vs =510 GeV
- Wf ety

L 25 GeV < E$ <50 GeV * STAR (2011+2012+2013)

— CT14MC2nlo
+ -~ CT14MC2nlo Reweighted

lllllllllllllll'll
——

[STAR PRD 103 (2021) 012001]

see talk by S. Fazio and talk by J. Nam, Thursday,
9:30 including new preliminary results


https://indico.bnl.gov/event/9726/contributions/46585/author/53927

Quark helicities from longitudinally polarized protons O -

Final HERMES SIDIS valence quark helicities STAR & PHENIX W+/W- sea quark helicities
4+ Hadron charge-difference double-spin asymmetry AwL 4+ Longitudinal spin asymmetry in weak-boson production
provides direct extraction of valence-quark helicities
under isospin symmetry ——r : :
s erreeiEten AT i | [ s 4+ Recent data allow improvement of NNPDF fits.
functions. 0.6 | | e HERMES +
04l 1 ¢ COMPASS ¢ : N N
? — W+ X 5> et +X
Pr dependence foundtobe | oz, il Strong evidence for R X
weak and consistent with o} 5 bty 1 | | flavor-symmetry breaking 05 |- oW
Iin”cﬂirs'ﬂzvtv’ﬁ,’ ﬁe?g;'PASS & CLAS e — |- in the polarized sector Z i s
08 al Opposite to unpolarized sector! : & | .]& e
0.6 - L
! - Aubar(x,Q?) > Adbar(x, Q2) A o I
2 **H** _ - . h}
0Or T — |~ —' 7 — = 7 - i
L T . 0.08 Sea Asymmetry - ' & i
0.01 0.1 04 0.01 0.1 0.4 - . —_ 05 | % 3 +
[HERMES PRD 99, 112001 (2019)] X - X(AT - Ad) _ v
0.06 A OOO .
0.8E 'Uv' | N E ¢ ¢ STAR2013 w+
0.6 X9 91 ¢ aference asymmety- 0.04] s RN R LT L phenPRD 9 018 002007
E_ { & purity method . :.J‘wv‘,.u:é\:":&."\""? sl SONGA ‘i:::) _1F, , 3.3% beam pol scale uncertainty not shown
i H* | 0.02B BRI 1 0 1
02 ﬁ}* il e n,
: | . 0 o T
oF ST - -1 T ##F{y -H 37 7 : [STAR PRD 99 (2019) 051102]
02f 1 ' o002k Q° = 10 (GeV/c)
1 ' f ] b [ S NNPDFpol1.1 with [PHENIX PRD 98 (2018) 032007]
0.4 | —— l_———-- — —l_——-r- _0.0a #====% NNPDFpol1.1rw
0.04 0.1 0.4 0.04 0.1 0.4 ~2 - e 1 * —
X 10° 1()); 1

see talk by D. Veretennikov, Thursday, 12:15
C. Riedl (UIUC) - Spin-polarized experiments - DIS2021 [INNPDF Collaboration Nucl. Phys. B887, 276 (2014)] 9



Gluon helicity from longitudinally polarized protons

RHIC longitudinal double-spin asymmetries

+ PHENIX charged—pion ALL

0.04

0.02

=
<« 001
0

-0.01

0.03 :

—0.02—

—

o ntt

o T

0 n°(Phys. Rev. D 93, 011501)
— — DSSV’14 for nn* (Phys. Rev. Lett.
------ DSSV'14 for 113,

-- DSSV’'14 forn®  012001)
[ Rel. lum. uncertainty

pp — n+x |n|<o 35 F =510 GeV PHENIX%

Data points for n* slightly shifted horizontally for legibility

6.5% pol. scale uncertainty not shown
| I | 1 1 I | 1 | I 1 | | I | | 1 I 1

6 8 10 12 14
P, [GeV/c]

IPHENIX PRD 102 (2020) 3, 032001]

4+ PHENIX ALLin isolated direct-photon
cleanest probe, hard interaction ~ qg

—

see talk by Z. Ji, Wednesday, 12:51
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Spin-polarized experiments - DIS2021

&

4+ STAR: ALL in di-jet and inclusive jet production

Direct access to gluon helicity via
proton-proton collisions (indirect in
DIS). At RHIC, gqg & gg dominate.

Recent high-precision mid-rapidity data
consistent with global QCD fits that indicate
non-zero positive and large (60%) gluon-

spin contribution to the proton spin in

the region 0.05 < x < 0.2.

~
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< 0.06}
0.04}

0.02—

STAR, Vs = 200 GeV

p+p — Jet + X

Anti-k . R =0.6, || <1

0 STAR 2015, This work
A STAR 2009, PRL 115 (2015) 092002
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STAR, Vs =200 GeV
ptp — Jet + Jet + X
Anti-k . R = 0.6
sign(n ) = sign(n_)

-
- "
- "
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| +6.1% (2015) and £ 6.5% (2009) scale uncertainty from polarization not shown
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| 0 STAR 2015, This work
| 4 STAR 2009, PRD 95 (2017) 071103
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.

-
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Parton Dijet M, /Vs
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- +6.1% (2015) and % 6 5% (2009) scale uncertainty from polarization not shown
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Parton Jet x; = 2p_/s

[STAR arXiv:2103.05571]

see talk by M. Zurek, Wednesday, 12:33 4,



Spin-orbit correlations in the proton

If TMDs describing strength . Sivers effect: correlations between the

of spin-orbit correlations v nucleon transverse spin direction &
are non-zero: indicates n function parton transverse momentum in the
parton orbital angular polarized nucleon

momentum (OAM).

No quantitative relation
between TMDs & OAM
identified yet.

Tl quark spin . a

§T?¢ nucleon spin @ @ - k y P )
® ® quark & ol

The Sivers function was originally thought to

ETtI‘aHSV- mom. Transversity Collins function vanish (.
ﬁ chiral-odd PDF chiral-odd FF
(ongitudinal direction (spin-spin correlation) A nonzero Sivers function was_then shown
= movement of nucleon) to be allowed due to QCD final state
“Collinear analysis” Collins effect: fragmentation interactions (soft gluon exchange) in SIDIS

between the outgoing quark and the target

of a transversely polarized
remnant (**).

parton into a final-state hadron

(*) [J. C. Collins, Nucl. Phys. B396, 161 (1993)]
(*) [S. J. Brodsky et al., Phys. Lett. B530, 99 (2002)]

C. Ried! (UIUC) - Spin-polarized experiments - DIS2021 sketch courtesy Jan Matousek / COMPASS 11



Sivers TMD 1n SIDIS Sr - (P x

Final HERMES Sivers asymmetries COMPASS Sivers asymmetries
4+ Final compendium of HERMES TMD results. Refined S
analysis, multi-dimensional binnings, first (anti-)proton measurements. “‘; 0.05
HERMES JHEP 12 (2020) 010
— C . . e
“0 0.2 - m 0 e K - . . %
S o1s b 3 i 3 amplitudes have different % % el
- : larger than pion signs ~0.05- % :
\([} 0.1 - + — +++ i — + + ~g p g .
~ . + i + * - * TR - ++ . + Unexpected if u- S
005 i ‘. }' o _+ Ny quark scattering o101 '
: - : dominates. Role of T T
sea quarks? X
[COMPASS NPB 940 (2019) 34]
[Anselmino et al., Phys.Rev. D86 (2012) 014028]

4+ pr-weighted asymmetries: direct measurement of TMD
kT2 moments that avoids assumptions on shape of k.

oS - : Products instead of convolutions of TMDs
2 o1 : s .. .
= oo O Gol + e | | positive pions
N Sivers S|gna| © HERMES x PRL 103 (2009) !
-0.05 [ - : I , ! * é‘
0.1 C N i Sma”er at 0.05k- é ¢¢q? i i . é é+l l i .é ¢+ i l + ®
o = COMPASS ¥ A #,4 !
g P 3 I than at 1 - +¢+ --------------------------
0.2 | - =
il I : | ® [COMPASS PLB 744 (2015) 250]
0.1 jII.L | |_ | | |1, 3 ol HERMES' T™MD o [HERMES PRL 103 (2009) 152002]
N 1'1'_"___1 SRR |6 L evolution...? -0.05 . 1 = ! = ! | .
: | -I : Er | . 1““1_2 . raaag - ezl 05 1 G 1 13
= 01 02 " I_IWO?JIOEI N . N * ‘ P}} bl
X 2 Py [GeV] 4+ Higher lepton-beam energy than at HERMES (160 GeV vs. 27.6 GeV)

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021 12



Experimental TMD probes @ @

SIDIS Drell-Yan and W, Z 4+ Measuring TMD observables in
different scattering processes
V4 allows to probe TMD universality.
lepton —_ lepton hadron —— o lepton

4 The naive time-reversal odd TMD
PDFs - Sivers and the Boer-

N
pmtonm khadmn proton ™~ lepton Mulders - are expected to switch
sign when measured in SIDIS vs.
Drell Yan. The experimental test of

HERMES, COMPASS, JLab COMPASS, STAR, SpinQuest this prediction is an important test
of TMD-QCD framework.

ete- annihilation pp collisions

electron % hadron hadron _% /%pion,..
positron — \K hadron proton—K N

Belle, BaBar, BESIII STAR, PHENIX, BRAHMS

adapted from A. Prokudin et al.

SIDIS Drell Yan

lepton |
Final-state Initial-state

interactions Interactions

sketches courtesy Jan Matousek / COMPASS

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021 13



The Sivers sign switch

COMPASS Drell-Yan Sivers

| = DGLAP
- == TMD-1 P e '
|- TMD-2 /"—_\ >Sl'gn
: . switch
: no
5 :J sign
: ) switch
: | . | , I \
-0.5 0 0.5 (*)

Xp

gr-weighted result including 2018
preliminary, 50% of avail. stat.

> s " COMPASS 2015+18, preliminary
& - e binsin x
g . 0.4F 5 bins combined
" < - projection from SIDIS

0.2F
I
b

4+ COMPASS measurement of Sivers SIDIS & DY asymmetries with ~same
apparatus & in overlapping kinematics.

4+ Also other TMDs measured in DY, including Boer-Mulders and Lam-Tung
relation on tungsten. see talk by Y-S. Lien Tuesday, 12:20

SIDIS in the DY kinematic range

Drell-Yan (DY) 2015 data

|

l

COMPASS 2015 data
43 <M, /(GeV/c?) <85

!
’_.—n

L

oh’ 16<0°/(GeV/c)y'<81
ah (x) = 0238
(Sivers)p Sivers ® :
® (fl )n Dl
(Pretzelosity)p Pretzelosity —h e
® (BM) ® Collins
(Transversity), Transversity — —
® (BM)x ® Collins

-02 0.1

0 01 02
[COMPASS PRL 119 (2017) 112002]
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[COMPASS PLB 770 (2017) 138] { A ) (¥)

005 0 005

STAR W=/Z An

e @

[ STAR p-p 500 GeV (L = 25 pb™)
0.8F0.5<P) <10 GeVre

EIKV - TMD evolved

0.8 3.4% beam pol. uncertainty not shown

1
< [ STARp-p 500 GeV (L = 25 pb")

0.8 0.5 <P} <10 GeV/e

0.6

0.4 T T l—l—ﬁ
0.2 Yt
_____1,—-——/

o.:. TP TP I T T T e T T T T T T T T T T e

02k ¢

_0_45_ W oly
0 6:— — KQ - no TMD evol.
F EIKV - TMD evolved

-0.8 - 3.4% beam pol. uncertainty not shown

| S B S —— | S B S S —
-0.5 0 0.5 -0.5 0 0.5
y" y"
[STAR PRL 116, 132301 (2016)]
4+ STAR: Anin pTp—2W:—et+v

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

switch, albeit still within

large experimental
uncertainties.

“TMD 2” P. Sun and F. Yuan, PRD 88, 114012 (2013).

*

Curves with sign-change assumption.

Both collaborations currently
working on the analysis of
more data for the same
channels.

STAR measured first flavor-tagged di-
jet Sivers asymmetries in polarized pp
that flip with charge sign. Connection
between di-jet opening angle and k.
[see DNP2019]

“DGLAP” M. Anselmino, M. Boglione, U. D’Alesio, F. Murgia, & A. Prokudin, JHEP 04 (2017) 046.
“TMD 1” M. G. Echevarria, A. Idilbi, Z.-B. Kang, and I. Vitev, PRD 89, 074013 (2014).
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Left-right asymmetries

4+ The simultaneous description of left-right asymmetries An across
multiple collision species indicates that all An have a common
origin that is related to multi-parton correlations.

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

4+ TMD factorization vs. collinear twist-3 factorization
Example: the kt moment of the Sivers TMD is related to the twist-3 Efremov-

z o no
< | E704, s = 22 GeV

O

0.2 @ PHENIX, Vs =62.4 GeV

| STAR, Vs = 200 GeV

L % STAR, Vs = 200 GeV, <p>=1.5
O PHENIX, Vs =200 GeV, <1>=0.2]

0.15f
I STAR, ¥s = 500 GeV

Teryaev-Qiu-Sterman (ETQS) function. ) 1:_ [ +
2 |k]?_| 1.q 2 : *
Tq,F(wa'E) =—[d kJ__flT (xak_L)|SIDIS -
M 0.05[- A %
: : *  Nearly independent of
AvfromTMD | An from spin-momentum T 1 [ilh  over~Sorders ofmagnitat
. correlations or *
meChanlsm. —O- (ng ggg) : l | 1 I | 1 I l 1 1 | l 1 1 1 I | 1
TMD factorization dPr collinear Collinear twist-3 factorization A
1-scale problem Xp
2'Sca|e prOblem f(x; 02) [The RHIC spin program - achievements and future opportunities,
E. Aschenauer et al. arXiv:1304.0079
f(X! kT; 02) ]
single inclusive particle
SIDIS, DY, W/Z, dijets, production in pp (particle or jet pr) Continuation of
hadrons In Jets The 2 factorization schemes are related and measurements is
equivalent in the overlapping kinematics. important to further the
[Ji,J. Qiu, Vogelsang, Yuan, PRL 97, 082002 (2006)] understandi Nng of the
physical origin of An
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Twist-3 tri-gluon correlations & gluon Sivers @

New PHENIX isolated direct-photon An RHIC midrapidity New PHENIX pion and eta An
. measurements sensitive to ; 0 = .
4+ Direct photons as clean probe i aluon fwist.3 At ﬁ@;:_:_:f f 200 GieV, Inf<0-35
- first measurement in ~ 30 years, with higher pr r-giuon WIS, correlation 0.01F 000‘:3‘ S S | PHENIX
reach and ~50x better uncertainty functions < > 2T L 1
<C 0 P‘“_-__,»_*“'"vt“_—--...{'u -
0.02 : . - — ontribution
i pT +p > 70+ X, /s = 200 GeV, In|<0.35 g|u0n SIVGFS TMD [ 77 ggquC tributi T
i —0.01 - CGI-GPM Scenario 1 "
. _ i CGI-GPM Scenario 2 -
oof PHENIX l No signals, at high precision 56810 1214 | Daesio, Flors, Murgi
S5z [ T e T ..., P, [GeV/c] Pisano, Taels, PRD 99,
< i colhder 4 :1-1;(;1}1:}\ Sivers & Collins 036013 (2019)]
0__. ’ ' : / L @ small pr \\ + Twist-3 [PHENIX PRD 103 (2021) 5, 052009]
- i '(m an o domina s‘\1 ominate S —
©  mE 490 gontrigution / 122 d qg do ted 1 qq d ated § 0.6_  ae B
L tribution Model 1, \ - RANG—
~0.01- - gog Contribution Model 2. m::,:zzi Y N L N\ | Subprocess
L el L I ) R >(n)i §..[ X .
5 6 7 8 9 10 11 12 @(— | :—-2: /- 9@ A fractions at RHIC
[PHENIX arXiv:2102.13585] p; [GeVie] \ J) | /ey L@ T e | |ENErgIes for gg,
. T, SR i pou 99, q9-+qqbar
see talk by N. Lewis, Tuesday, 9:43 0.2 NLO CTEQGSM, Des
4+ How do these results relate to the non- _ N
zero SIDIS results from COMPASS? L sy
- Photon-gluon fusion with signature of 2 high-pt 0 0.05 0.1 0-15 (=2p /\2)-2
hadrons, p+d: Asiv = -0.23 + 0.08(stat) + 0.05(sys), LT
PLB 772 (2017) 854 " PHENIX p' + p, Vs =200 GeV, nj<0.35| | AAN TTI0 vS. N:
4+ Yet another gluon probe: PHENIX - Exclusive J/Psi production in SIDIS on p: 004 .pT+p_'°mofx #-200 G disgntanglenpossibb
heavy-flavor AN to be released at DIS 21 Asiv=—0.28 £ 0.18, preliminary 0.02] "PTHP M +X effects of
heavy flavor An: see talk by D. Fitzgerald, Tuesday, 10:01 | | | - < . , $ ' ]l strangeness, isospin,
4+ Sivers asymmetry in J/Psi production in TR H """"""""" ] """" or mass. Improvement
pion-proton collisions at COMPASS. N S I by factor of 3 in stat.
Analysis in progress. > 6p cevia | uncertainty

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021 16



Ax in the very forward

-----------------------------------------------------------------------------------------------------------------

/S(us & Collms\

gluon Sivers
@ small pr

gg and qg dominated \

$

PHENIX

/

+ Twist-3

-

L=

I(ugeA\

4+ Detection of very forward

Nneutrons using a zero-degree
calorimeter (ZDC)
~20m from PHENIX IP

qq dominated /

%@5\

RHICf

+ RHle(orward) calorimeter 18m from STAR IP

o in elmag jet, 2.8 <y < 4.0

002 PHENIX
of
0.2
~0.04% [ &
= . .
= R P . B ........ 0 | P .
- —-0.06— i i
< -
-0.08—
-0.1—
~0.12F Pol3 1
- Power Law /s = 200 GoV, 1. o8
-0.14 [ e Exponential 3.4 % Polarization scale
0 16: [= ] Unfolded AN uncertainty not shown
) —1 L1 1 J 11 1 1 l 11 1 1 l | I l L1 1 1 l 11 1 1
0 0.05 0.1 0.15 0.25
P, [GeV/c]

0.3

P
<L

0.2

- pl4+p o 1o%4+X
- RHICf n° 6<n Vs=510 GeV 0.00<p_<0.07 GeV/c
0.15- RHICf 0.07<p, <0.19 GeV/c A
i v  RHICf 0.19<pT<0.30 GeV/c
| 4 RHICf 0.50<p <0.69 GeV/c A
- O PHENIX n° 3.1<n<3.8 s=62.4 GeV }
0.1 | E704 10 {5=19.4 Gev
- % STAR n° <n>=3.3 (=200 GeV t % le
B 4
0.05_— llé‘} ﬁ
: o i
|
TS S L R S S
- et v by v g by s by by oy by by
0 01 02 03 04 05 06 07 0.8
Xg

[PHENIX PRD 103 (2021) 3, 032007]

C. Ried! (UIUC) -

Spin-polarized experiments - DIS2021

[RHICf PRL 124, 252501 (2020)]
see talk by M. Kim, Wednesday, 10:00

AN Increases with pt &
forwardness & 1tV isolation
(STAR) & Y multiplicity (STAR)

AN from soft processes such
as diffractive scattering?

0.04— STAR p'+p->EM-jet + X
Ay - Jetalgorithm: anti-k_R=0.7
0.03:

STAR

4+ m0and electromagnetic jets
using Forward Meson Spectrometer

N

0.1

{p,) [GeV/c]

0.25

0.2 __pT >2 GeV/c
— 27<n<4.0

~ STAR p +p->°+X

Non-isolated n° 200 GeV
4+ Non-isolated n° 500 GeV

0. 15_3 0/3.4% beam pol. scale uncertainty not shown

— [1Theory 200 GeV
~ [1Theory 500 GeV

¢ Isolated n° 200 GeV
4 Isolated n° 500 GeV
|

d;'>2eewc
- 29<n*"<38

o A >
§ I
A

® =

[ ] ~ e
03 04 05

X

¢ 200 GeV

b 200 GeV Multiplicity>2
4 500 GeV

4 500 GeV Multiplicity>2
+ A,DY 500 GeV

0. 02— 3.0/3.4% beam pol. scale uncertainty not shown $

=)
L e

|| Theory 200 GeVv

o | | Theory 500 GeV
L .
N s 4 ° ¢ - ¢
L Al o ©
| R B | | IR |
0.1 0.2 0.4 0.5 0.6
Xg

ISTAR arXiv:2012.11428]
see talk by Z. Zhu, Tuesday, 9:25

° <
0.6
0.02 - -
- STAR -> EM-jet + 1° + X
Ay [ AR LR $ 200 Gev
— Jet algorithm: anti-k_ R=0.7
0.015—"" T
- P> 2GeVic 4 500 Gev
0.01 r29< I]M <3.8,27< n,< 4.0
I 3.0/3.4% beam pol. scale uncertainty not shown
0.005|—
0 : !’:4 e T ?' _~ L‘.T._'.._"-U‘
0.005—
= [/]Theory 200 GeV “3 Theory (Evo.) 200 GeV
0.01~ [ Theory 500 Gev Theory (Evo ) soo GeV
T A B L1 PR
0.3 0.4 0.5 0. 6 0. 7 0.8

zem

0.9

N

Collins asymmetries small...
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Collins asymmetries 0} 0

STAR hadrons in jets (midrapidity) 'STAR PRD 97 (2018) 032004]
O sxhn

St -(ﬁx/ZT)

Sivers function

Collins asymmetry Calculations based on SIDIS & e+e- data  First experimental constraint on Collins-like asymmetry,

‘ assuming Collins factorization & universality [PLB 773 (2017) 300]  sensitive to linear gluon polarization (gluon analog to quark FF)
- - ]
9 ) Transversity Collins function T S X =500 Gov = in jot S e e
. . — V<M < pTlet - Sxie B i < Z)=0.
chiral-odd PDF chiral-odd FF e oo~ | Mal<? @701
- . - 14
: O|STAR 2011~ & - i N\
® di-hadron ~ B S l \ \\\ \W\ N\
interference FF £5 g, o it
. . _ _ : \\
Collins effect: spin-dependent fragmentation of - Model Curves Posiive: = -0.02 [~ £ OMP-+Kretzer
' ' ' -005 =7 [C)m;i;gizﬂvfzt- KPRY === KPRY-NLL i i ELSTAR ?011 1 A A | | DDIMHD?S
a transversely polarized parton into a final-state T OMPR0IS TOKPRY SRKPRYNL | o I T ol
hadron — “quark polarimeter” 0.1 02 03 o4 05 08 Particle-jet p_ [GeV/c]
charged-pion pair in jet
4+ Coupling of Collins to + Two hard scales allow 5 [T Radic, etal. 15 = 500 GeV
transversity TMD leads for TMD interpretation: RHIC results enable Collins-dihadron- < o0 ® STAR V= 500 Gov
to azimuthal pt of jet tests of TMD , I B el
modulations of jT of hadron in jet ] . Interferenc_e_ B ] (p,) =13 GeVic for s =500 GeV
charged-hadron yields universality and fragmentation 0.05— (B, = 6 GoVic for 1% =200 GeV
around the jet axis factorization breaking asymmetry vs. di- | | sty
% *i o : pion invariant mass in - E ? due to beam polarization
0 ,!,.1.,!_| =H il (expepted for hadronic highest pr bin. I M l% ?
W\ U/ / interactions) [STAR PLB 780 (2018) 332] _ } 1 :
L
2
0. . PRI I T SN T T SO T (NN TN S ST S N S S N
Not shown today: FFs measured in ete- at 0.5 ! 15 2 2
M. (GeVic?)
. Belle, Barbar, BESII|
5 Belle back-to-back pairs of charged and neutral mesons: 4+ More STAR data analyzed in multi-
/ see talk by A. Vossen, Thursday, 11:12 dimensional binning & kaons / protons:

see talk by B. Pokhrel, Wednesd -1
C. Ried! (UIUC) - Spin-polarized experiments - DIS2021 y ’ ay, 8:18 18



Collins asymmetries in SIDIS «N'—th@m)X @ - @

- HERMES & COMPASS Collins asymmetries

Global extractions - Collins function:

- 0 COMPASS o o . i 0.0 -
103; I(---:f:'imiﬁ.;\ 0..0.. =2 012 F + T, . r— -
E ;STAR \'s = 500 GeV o o° iu 0.1 E— TC Anselmino et al ‘15 /.’\ un
- 0. 0. “» 0.08 F . —-— Kanget al ‘15 ‘ . ‘
%l § 006 | Mirror symmetry for i+ & 1 . S | // /7 Radich Bacchetta s
o o o = 0.04 F , e
s | 2k O 5 om by u- (8u) and d-quark | /- DAlsioctal
ok 0 ° o N o E T transversity (00) have ~ ' - 8z 0406 08 2
o0 0 S a%8 e B equal magnitude & - transversity: == a0 T 0N
T oos b opposite signs for favored
IR A I 002 T and unfavored Collins FFs. | & 04
. -0 Hf---4-q------------ ~—
- COMPASS -0.02 j“ +++ S 02
201 ’ / ’ -0.04 ;—+ i Transversity = valence-quark effect 8
= ' i 0.06 £ (increase with x). | - - - - - - - -
A | -0.08 |- + 02 04 06 08 & 02 04 06 , 08 &
0.05F 11 ég{ 001; 3 [JAM Collaboration, PRD 102, 054002 (2020)]
) — l
> 0102
O—-v---9-& ? - %—""c% ----- X
écbé [HERMES JHEP 12 (2020) 010]
—0.051 + Ra d—q uark transversity less constrained given the u-quark dominance of many of the processes used in the global
0.1 (compass PLB 744 (2015) 250 | fits. COMPASS 2021 transversity run on the deuteron will double the experimental precision

> ~ on the proton’s tensor charge gr= Oy - Od [CERN-SPSC-2017-034]

| 10 10 v - Further prior-to-EIC measurements of Collins asymmetries: STAR with forward upgrade, sPHENIX, JLab12/SoLID, SpinQuest
COMPASS positive pions x<0.032
COMPASS positive pions x>0.032

HERMES * PLB 693 (2010) rescaled 4 Check of TMD universality: COMPASS Collins asymmetries SIDIS vs. Drell-Yan.

by (1-<y>)/(1-<y>+<y>")

Oe

4+ Alternative methods to access transversity: measure hyperon transverse polarization, which may have been transferred from
struck quark

- COMPASS: SIDIS on trans.pol protons, to be submitted to PLB

- STAR: see talk by Y. Xu, Thursday, 10:00
C. Riedl (UIUC) - Spin-polarized experiments - DIS2021 19




Novel spin-dependent fragmentation functions

New COMPASS Collins asymmetry in p° production New CLAS12 higher-twist di-hadron beam-spin asymmetry

4+ Fragmentation function H1L describing
fragmentation of quarks in vector mesons.

4+ First empirical evidence of a nonzero parton helicity-
dependent di-pion fragmentation function G 1

- Encodes spin-momentum correlations in hadronization

4+ Investigate the different Collins mechanisms of - Equivalent to the Collins FF for two pions
-1 tor mesons vs. bseudoscalar mesons In thg P-mass region, can be use_d to test predictions by the Artru model about the
Spm_ veClo : . P relative size of Collins asymmetries of vector and scalar mesons
(ordinary Collins FF). czyzewski model, Artru, string+3P0 model - Data also allow for a point-by-point extraction of the collinear-twist-3 PDF ¢(x)
y | 1 x .
4+ Collins (and also Sivers) asymmetry for p° production on transversely doru < W, sin(¢r, ) (513(3(173)H1<I (2, Mp) + —f(il?)G<I (2, lwh))
polarized proton target will be shown <

see talk by A. Kerbizi, Thursday, 12:51

First
measurement
of that BSA;
sensitive to e(x)

sing

New CLAS higher-twist di-hadron

T S =
Gi v h, h,

beam-spin asymmetry 0.06

0.10

0.06}

« 0.04 }

-

< 0.02f
0.00}
-0.02}

-0.04}

..................................
: * 0.04
-
- r - -
< -
0.08F
-

. 0.00
: | “F o002k .

omr | ] ] | {

sin {:(,-")h —(f\')[g_L )

; ~0.04

—0.06 | | | |
0.00 0.20 0.40 0.60 0.80 1.00

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

e invariant di-pion mass <0.63 GeV "N X7
: P, (GeV)

010 015 020 025 030 035 040 0.45 B invariant di-pion mass >0.63 GeV

[CLAS12 / T. Hayward arxiv:2101.04842]

[CLAS / M. Mirazita PRL 126, 062002 (2021) & arXiv:2010.09544]

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

see talk by C. Dilks, Thursday, 13:27 20



More higher twist in single-hadron SIDIS

New CLAS12 and HERMES SIDIS beam-spin asymmetries

e | DM h-kr i . B h-pr , M . i B
pang _gn sl zeH . zg-D hiZx
¥ T o ( M, (f" ST WG gl o TN e,

4+ Sizeable recent asymmetries from unpolarized target and Il ,, QT et
. . . 4 . twist- " twist-
longitudinally polarized lepton beam. Expected to be suppressed by 6(M/Q) AR Wt wEt3todd  oarMuidrs
‘ Ist. funcion
unpolarized dist.
function
4+ Provides access to so-far poorly known subleading twist-3 TMD
PDFs & fragmentation functions containing information about quark-
gluon correlations in the proton and in the hadronization process
ga -t/ : ggygAsshx :ol_;iEDRMESX
3008_111r__IIlllll__IIIIlll_ < 0.05:— ; — HLE —=H — 3% scale uncertainty
L N T T 4 N N I O 2 O O O O O i thart Lty st L
-%LLB Ry v 1 é o r T N [ [ i +
004% “-I . : T - ?;"‘. .v. . v ® —0.05:‘ ——— _ I_‘—__ R
3 IR B N EEER SN R i :
i ¥ RN ] i vl il o e s B e s
000! ] 1 s I | o ; 0055 ++ ; +++ 7L % j{? i
0.04 _EE__;E_ A _~ O.OO;_ _______ §_+____£_;__-+ ______ * ______ ;_ _____ _+__+__+_—
| : A l l 1 l l ::llllllllLllil;l"illlLillllikllliL::lllllll;lljlllil11111;111111lilllkl;lllil: _005;_ —__;_ ___]——;4
0O 01 02 03 04 05 06 0.1 02 03 04 05 06 0.7 0.2 0.4 0.6 0.8 : - -
Xg Z P [GeV] SO0l B e e e B T )
1072 10 02 04 06 08 0.5 1.0
Xg z P., [GeV]
B [CLAS12/ S. Diehl arXiv:2101.03544] sin ¢ HERMES PLB 797 (2019) 134886
7 [HERMES PLB 797 (2019) 134886 Asin — V2e(1 =€) Fpy

V¥V [CLAS Phys. Rev. D 89, 072011 (2014)]
V [COMPASS Nucl. Phys. B 886, 1046 (2014)]

Fvuvr + €Fuu.L

C. Ried! (UIUC) - Spin-polarized experiments - DIS2021 see talk by S. Diehl, Thursday, 13:09 21



Hard exclusive processes

E!

X, & longitudinal
momentum fractions of
probed quark
- skewness & = xg / (2-xB)
In Bjorken limit
(Q2 large & xs, t fixed)

- average mom. x: mute
variable, not accessible in
DVCS & DVMP

t: squared 4-momentum
transfer to target

From HERMES & JLab-6 & HERA to COMPASS & Jl.ab12 & RHIC to the EIC

orrrTh ' Coor T ' L ' 4
Current DVCS data at colliders:
tp — £py tp — £pM 10%Q e § trom S —
- : : L Current DVCS data at fixed targets: |
& Deeply Virtual Deeply Virtual L HERMES A & HERMES: A
- A = Ay, AuL Al
Compton Meson Production A HERMES-Aur * - Hall A- CFFs
. — 102__ LU N = AUL
Scatterlng (DVCS) (DVM P) c\'> - Planned DVCS at fixed targ.:
O - COMPASS- do/dt, Acsy, Acst
Q) JLAB12- do/dt, ALy, AuL, ALL
A
Standard channels to access °
generalized parton distributions :
are DVCS & DVMP
4 chiral-even & g S | A | :
4 chiral-odd GPDs e g e 10" 1
[JHEP 1309 093 (2013) X
flips nucleon | “ON°CVES 1 4 chiral-even quark GPDs
GPDs Helic nucleon g )
elicity helicity @leading twist for a spin-'2 target
does not JP=1-
depend on E H T q(x)
quark helicity forward fimit ‘I vector mesons | jp=1-
§—0,t-0 s photon
~ ~ d DVCS)
depends on —— AQq(x (
quark helicity E H 69| pseudoscalar
mesons

+ 4 chiral-odd GPDs: Ht < transversity TMD; (2Ht + ET) < Boer-Mulders; ET

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021



Transverse imaging of the nucleon

10-3

4+ Determination of transverse extension of partons

- in the Bjorken-x domain of COMPASS between valence quarks and gluon
- 2012 DVCS data on LHo target (10% of 2016/17) with recoil-proton detector CAMERA

J{(r2) =(0.58 £ 0.04g © O

01
025

dO.DVCS

dt

X

COMPASS DVCS t-slope

b = “t-slope” = average impact parameter

loys £ 0.04moder) fm

dgAL
(2m)°

at <Q2>=1.8GeV? & <xgj>=0.056
— 23 —
‘16 L (a) 0.6
S 7 i —
O | T + 05 &y
O 6f -
= | + 8 + v
@ 5} 0.4
4r + 10.3
3_
| ® COMPASS: <Q?> = 1.8 (GeV/c)? this work 10.2
ol ¢ zEus: <Q*> = 3.2 (GeV/c)? JHEP 0905 (2009) 108
A HL === 4.0 (Gevicr Eur. Phys. C44 (2005) 1 10.1
1+ ¥ HL: <Q?’> = 8.0 (GeV/c)?
| W H1: <Q*> = 10. (GeV/c)? Phys. Lett. B681 (2009) 391
O ol ol : ) L L O
107 107 1072 107
[COMPASS PLB 793 (2019) 188] XBJ- /2

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

Impact-parameter representation:

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

e MALbLITI (2.0, — A7)

Entries / 0.39 rad

(o]
o
o

1400

Entries [ 0.02 GgV/c
2
o

n
o
o

1000}

800F
600
400}
200?

AR

DVCS

Bethe—Heitler (BH)

2 2
= |7]3H| + (TDVCS?EKH + Tf)kVCS,EBH) + ‘TDVCS|
DVCS amplitude:
¢-modulations Iin

Ccross section
32 <v[GeV] <80

BH reference
yield

Transverse imaging:
¢-integrated cross

section

80 <v[GeV] < 144 10 < v [GeV] <32

3
x10 300

. o = o ,
3T COMPASS © 900- COMPASS ® [ COMPASS
L ¢ data g)) i ® data % [ ¢ data
g ) 800F ) ,
25" o ¥ MC BH o ! t MC BH o 2505 — MC BH
- Xy = 0.0085 M mc incl. = @ 700p(x,) = 0.020 | MC incl. =° @ Xy =0.063 ' [l MCincl. 0
i MC excl. 1° = MC excl. n° s 200- MC excl. °
(@)= 1.8 (Geviey Bl G Pfe® = 2.0 Geviey i aimele & L@ =21(Gevicy B v excl.
N
L 400 i +
i _ }
| 300 ¥ l +
Le i ’ ‘ ' + *
i [ 200 ' —
0.5'_ B ] ‘
T . ™ o, , e 20 4 o
Naasai J T TR N AN LT otlrovr o b b bywna by A NEN
-3 2 2 0 1 2 3 -3 -2 - 0 1 2 3 0
o [rad] ¢ [rad] o [rad]
¢YY distributions BH + measured & simulated n° subtracted
Ca Spec

] o “f::;;‘ new: 2016/17 DVCS data (~25% of available
y 1 data, 2 times more than 2012 data) on LHz
target with recoil-proton detector CAMERA
S [

g | ;J’ IL | see talk by B. Ventura (N. D’Hose), Thursday, 8:54

3 1 " " | exclusivity ensured by

armadie OO L L [y fr- b

TR recoil-proton detector
Ap_ [GeV/c]
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Exploring Compton Form Factors

4+ Experimental access to GPDs via CFFs.
Access to different (parts of) CFFs via different experimental configurations:
(target polarization, beam polarization, beam charge, and their combinations.

Im(tovcs)

Ix|<§
DDVCS

possibility at JLab Halls B&C investigated
4+ Flavor separation of CFFs: u-quark, d-quark

Hall A
neutron
DVCS

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

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

AT,
nas,
O
T

W
O TR
s ‘

J
o

.". (:":

&

o
o
o

T11)

CFF
H(Et) =P

41
dx
1

H(xz,&,t)

z—§

example: access via COMPASS
beam-spin&-charge asymmetries

_I_

o —do™

COMPASS DVCS
asymmetries

dU<i + do™

4+ Dispersion relation with D-term D(1): related to

Re(#,,)

Re(#,,)

Re(£,,)

-100

-50 I+

ReH

ImH |

-@- u quark (HT)
-@- dquark (HT) A
-4~ u quark (NLO)

LI ReE

1
-0.4 -0.3 -0.2
t(GeV?)

Inside the nucleon

*Hwl

|

access at CLAS12 e.qg.
via TCS = time-reversal
symmetric process of

DVCS. First results from fall
2018 data expected very soon.

CLAS12 TCS

("H)w)

(" w

+1
ReH(E,1) = P / da
1

CLAS12 proton DVCS

analysis in progress, GPD H

C. Ried! (UIUC) - Spin-polarized experiments - DIS2021

Re(tpvcs)
integral over X

ImH(z,t)

T —¢

shear forces and radial distribution of pressure

results to come
Im(tovcs) (rest )
X=
"g - B Data before CLAS
= 0075r 3 CLAS
> -
S B CLAS12 proj.
g oorf
—

namre

International journal of science

. 0.005
Impact on radial

pressure
Time-like Compton I+ distribution by
scattering (TCS) CLAS and 2
y ) | expected impact EONFINING
Q by CLAS12 PRESSURE
M\L\ v -0.005 <
x4+ x—&
/ \\ | N N 1 S U U |
0O 02 04 06 08 1 12 14 16 18 2
GPDs A
[V.D. Burkert, L. Elouadrhiri, FX. Girod,
p ’ Nature 557, 396-399 (2018)]
[Polyakov, Schweitzer, Int.J.Mod.Phys. A33 (2018) 1830025]
[P. Chatagnon / CLAS 2020 J. Phys.: Conf. Ser. 1643 012185] 24



GPD E linked to orbital angular momentum

Ji sum rule for the nucleon: [Ji, PRL 78 (1997) 610]

1 1
Jq: 5%1%/ dZEI‘[Hq(ZIZ,f,t)—l—Eq(:C,f,t)]
—YJ -1

4+ CLAS12: DVCS on the neutron (LD2 target with neutron detector), analysis in progress
4+ CLAS12: on the transversely polarized proton, data to be taken

4+ All so-far discussed GPDs were quark GPDs

4+ STAR: exclusive J/Psi production in ultra-peripheral collisions (UPC) — gluon GPD E

Significant improvement of precision expected with the upgrades (iTPC & forward), more data will be taken

4+ RHIC with UPC and COMPASS with high-energy muon beams at CERN will
provide first results of sea quarks and gluons at small xg.
C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

GPD E

CLAS12 DVCS beam-spin
asymmetries on the deuteron
(neutron)

CLAS12 DVCS target-spin
asymmetries on the
transversely polarized proton

STAR excl. J/Psi Anx in UPC, GPD
E of the gluon
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Exclusive 0 & ;t* production

COMPASS excl. 79 cross section
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[COMPASS PLB 805 (2020)]

C. Ried! (UIUC) - Spin-polarized experiments - DIS2021

CLAS12 excl. m0 beam-spin asymmetry

Analysis In progress, to be released very soon.

CLAS12 excl. m+ beam-spin asymmetry
to improve the extraction on Hr

Analysis In progress

GPDs HT & ET

—
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Spin density matrix elements in {p—{pVM

do

drp dQ? dt

W(...) parametrized
by Spin Density
Matrix Elements

(SDMEs)

T

self-analyzing

characteristic
through JT

[decay angles

AA

0

i,

2

Y

if SCHC (Ay-=Avm)

125 ¢

Spin density matrix |
elements describe
how the spin
components of the
virtual photon are

0.75

05

0.25

- ﬁ % 0 (a) po, proton (total)
o(s) po, deuteron (total)

-
LI
==
=
---------

= (a) @, proton (total)
e (v) ®, deuteron (total)

transferred to the o
created vector meson

Test of hierarchy of helicity amplitudes

Evaluation of unnatural-parity-exchange transitions

& longitudinal-to-transverse cross-section ratio.

Q* [GeV7]

[HERMES EPJC 74 (2014) 3110]
[Goloskokov, Kroll EPJ A (50 2014) 146]

Test of hypothesis of s-channel helicity conservation (SCHC)

Determination of phase differences between helicity amplitudes

- Constraints on GPD parameterizations beyond cross section and

spin-asymmetry measurements.

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

GPDs HT & ET

New COMPASS w and p SDMEs (unpol. proton target)

measured
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More exclusive measurements

New CLAS coherent DVCS

4+ For the first time, DVCS beam-spin asymmetry
in the coherent channel measured to be larger
than the in incoherent proton channel, thanks

to measuring the helium recoils using a radial

TPC.
Recoil in nuclear DVCS at HERMES was not detected

Coherent DVCS
allows to study if the
DVCS amplitude rises
with A and if there is a

‘generalized EMC

effect’
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4+ More measurements planned at CLAS12

coherent

C. Riedl (UIUC) - Spin-polarized experiments - DIS2021
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New CLAS excl. nt beam-spin
asymmetries in the backward

backward region
02 03 0.4

Xg

Exclusive pion
roduction in the

%3 016 forward region 530'04:
< 0.14 < 0.02
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backward allows to
study nucleon-to-

pion baryonic

transition distribution
amplitudes (TDAs), a
further generalization

the GPD concept

7 of
[CLAS / S. Diehl

PRL125, 182001]

see talk by S. Diehl, Wednesday, 10:18
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Selected near future - before the EIC

+

CLAS12: see talk by M. Battaglieri, Wednesday, 8:00
SoLID: see talk by JP. Chen, Wednesday, 8:25

+

+

JLab 12 GeV high-luminosity facility:
- Has started experimental program
- New generation of precision data for valence

quarks to come from CLAS12, SoLID, et al. SLID

STAR cold QCD with forward upgrade at RHIC
- 2022/24, p'pt & p'A, /snn=200 & 500 GeV i &
- Tracking system of silicon & small TGC

- Forward electromagnetic & hadronic Calorlmﬂetry, 2*K5‘<n<4
- midrapidity: improve statistics of Sivers via dijet & W/Z, Collins via hadrons in

jets, GPD E via J/Psi UPC +

- forward rapidity: TMDs at high-x & GPD E
- and more, https://drupal.star.bnl.gov/STAR/files/ForwardUpgrade.v20.pdf +

see talk by O. Tsai, Tuesday, 12:25

sPHENIX cold QCD program at RHIC: A

- 2024, p'p' & p'A, Jsnn=200 GeV, n=+1.1  SPHERIX .
- Design optimized for heavy-flavor measurements

with jets and displaced vertices with MAPS-based vertex tracker

- Gluon Sivers TMD via An in single-photon & heavy flavor ~

- Di-hadron IFF / Collins asymmetry & transversity TMD
via hadron-charge tagging & hadron-in-jet
- and more, sPHENIX-note sPH-cQCD-2017-002

see talk by A. Bazilevsky, recorded flash talk

+

C. Ried! (UIUC) -

SpinQuest / E1039 at FNAL (2021++):

- Transversely polarized NH3z/NDs3 target with E906 spectrometer (
- First polarized DY experiment with proton beam |

- Sivers & transversity TMDs of sea quarks. QuES®
Spin-polarized experiments - DIS2021 see talk by M.Yurov, Wednesday, 9:26

4+ COMPASS transversity run 2021

- transversely polarized 6LID target for d-quark transversity et al.

AMBER / NA66 at the CERN M2 beamline:

- Beam time approved for phase 1 after 2021 after the end of the COMPASS
d-quark transversity run, no time window yet.

- Pion structure in phase | with pion beams

- Kaon structure in phase Il with kaon beams

- TMDs with i, K, anti-proton beams

- and more (e.g., proton radius in elastic yp scattering), https://ngf-
mZ2.web.cern.ch

see talk by D. Banerjee, Thursday, 12:40

J-PARC, meson & anti-proton beams, https://j-parc.jp/Hadron/en/index.html

L++C

spin

LHCspin at CERN, fixed trans.polarized H2 & D2 targets
with LHCb as forward spectrometer, >2025,
https://inspirehep.net/literature/1821190

see talk by M. Santimaria, Wednesday, 8:50

AFTER @LHC, CERN fixed target, >2025,
https://doi.org/10.1016/].physrep.2021.01.002

FTE
SPD at NICA, JINR: collider experiment with
polarized proton and deuteron beams, >2025,
http://spd.jinr.ru/

:_l
see talk by A. Korzenev, Tuesday, 10:51

PANDA at FAIR, fixed target with anti-proton beams,

https://panda.gsi.de/article/panda-physics C ﬁmﬂ @[l =2

EicC (China) at HIAF, > 2025, arXiv:2102.09222
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Summary and outlook

4+ Experiments at BNL, JLab, FNAL, CERN, DESY, RIKEN, JPARC, et al. unravel proton and nucleus
structure.

4+ The spins of quarks and gluons contribute to the proton’s spin and there is indication they also

possess orbital angular momentum. The nucleon is explored via tomographic images in
transverse-momentum- and position-space using data from various types of scattering experiments.

In transverse-momentum space (kx, ky):

density distribution of unpolarized u-quark in transversely
polarized proton at x=0.1 and Q2=4 GeV?

pg 1 . -
40 In impact-parameter space (b_,x):
position of up quarks in an unpolarized proton at t = —0.3 GeV2 and Q2 = 2 GeV?
- 3.5
0.5
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~ — 0.25 <
-
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- 0
- . fO'Z 10-1 100
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_ PARTONS fits 2018-1 using world data of elastic form factors and DVCS proton data from HERMES, CLAS, Hall A and COMPASS
[B hetta. Delcarro. Pisan (proton moving - 2
S S, out of plane) [Moutarde, Sznajder, Wagner, EPJ C78, 890 (2018)]
Radici, arXiv:2004.14278] I . l
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4+ The Electron lon Collider will be the ultimate tool to precisely map the rich spin- and multi-dimensional structure
of nucleons and nuclei from low- to high xgjorken.

_ _ _ _ Thank you: Vincent Andrieux, Harut Avakian, Marco Battaglieri, Alexander Bazilevsky, Pierre Chatagnon, Nicole D’Hose, Markus Diefenthaler, Pasquale Di Nezza, Oleg Eyser, Renee Fatemi, Matthias Grosse Perdekamp, Alexey Guskov,
C. Riedl (U|UC) = Spln—polarlzed experlments - DIS2021 Andrey Kim, Minho Kim, Riccardo Longo, Nick Lukow, Anna Martin, Jan Matousek, Luciano Pappalardo, Bakur Parsamyan, Milap Patel, Jen-Chieh Peng, Matt Posik, Alexei Prokudin, Gunar Schnell, Ralf Seidl, April Townsend 30



