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OUTLINE
Jefferson Lab, RHIC Spin at BNL, COMPASS, Mainz, PSI

U Form Factors
» Electromagnetic and gravitational form Factors (Lepton scattering, J/psi production)
» Generalized Polarizabilities through low Q? experiments (Lepton scattering)

O Structure Functions (Inclusive DIS, Drell-Yan)
» Unpolarized structure functions
» Polarized structure functions (Inclusive DIS, Drell-Yan,...)

U Generalized Parton Distributions (GPDs)
» DVCS experiments & Compton form factors (JLab Halls A & B, COMPASS)
» DVMP experiments & differential cross sections(JLab, COMPASS, RHIC)

U Transverse Momentum Dependent Distributions (TMDs)
» SIDIS experiment with di-hadrons in the final state (JLab, COMPASS)

U Conclusion
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OUTLINE

JLab (Hall A, B, C, D), BNL (RHIC-Spin STAR), CERN(COMPASS, Mainz(Hall
A), PSI(MUSE)

COMPASS Mainz (MAMI, MESA)
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US LONG RANGE PLAN FOR NUCLEAR PHYSICS
Since EINN2021, the LRP a Major Process in the US

https://indico.mit.edu/event/538/timetable/?view=standard https://nuclearsciencefuture.org/

= September, 2022 = QOctober 2023
Hot & CoLD QCD Town Hall Meeting at MIT Release of the Long Range Plan Document
by NSAC
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https://indico.mit.edu/event/538/timetable/?view=standard
https://nuclearsciencefuture.org/

George Santayana (American philosopher, poet and cultural critic: Born in Madrid, 1863-1952)  Standard Model of
Particle Physics

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Structure

Cosmic Microwave :
formation

Background radiation
is visible

Accelerators

werse

Quantum Chromodynamics (QCD) is
responsible for most of the visible matter
in the universe providing mass and spin
to nucleons and nuclei

......

NO3DAN

ERY

W0

t = Time (seconds, years) ;(\ <
E = Energy of photons (units GaV = 1.6 x 10~10 joules) p Sl o
v
.

Key & L&:/

O quork )

B o (v 7 neutrino B ion * star N | ) Af ) t t ) t t t

e Moo L ucleon: A fascinating strong interacting system

) = of confined quarks and gluons
: oy ® baryon M photon - Plack ‘ ;
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Unified View of Nucleon Structure

Wl (x,kyrr) Wigner distributions

Transverse Momentum Dist. (TMD) Tomography Generalized Parton Dist. (GPD)
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ELASTIC ELECTRON SCATTERING & ELECTROMAGNETIC FORM FACTORS

= Elastic e p = e p scattering used for more than 60 years to investigate nucleon structure

» |n 1-photon exchange approximation:

nucleon structure parameterized by two form factors

1 1
Ai)\’ = (p + EQa /\, | ']”(0) | p— 5(], /\)
. N N
ST 1 / 2\ A ) 2y b l
= alp+ 50, X) | Q0 + B2(Q7) 50" a | ulp — 50, )
Dirac Pauli

F4 helicity conserving, F, helicity flip form factors

= |n experiments we measure the Sachs form factors

2 2 9 -
2 2 a’E'cos™ () Robert Hofstadter (1961) Nobel Prize
d—O-(E,é’) =0 [—GE + 70 +21G, tanz(g)] On = —92
4O M M ) 4E’sin* () :
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osenbluth Formula 2
o - pory o8 dOEQY,
2 GL(0) d@> '“°

Ge(Q%) = F(Q%) —1F(Q%)
Gu(Q%) = F(Q?
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JLab Hall A : Proton magnetic form factor, Gy, up to Q2=15.75

« High luminosity needed to do longitudinal-transverse separation. Electric form factor has small contribution to
cross section at large Q2

» Hard two-photon exchange effects at large Q2 quantified.
E. Christy et al.,Phys. Rev. Lett. 128 (2022) 102002
S AL A
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JLab Hall A: Nucleon Form Factors at large Q2

Red points projected errors

Neutron Magnetic Form Factor to Q2= 13.5

+ Ratio of D(e,e’n)/D(e,e’p) yield sensitive to Gy,"

« At Q%= 4.5 GeV?, data at two beam energies to
measure two-photon exchange in neutron.

+ Completed data taking in Spring 2022.

Neutron Electric Form Factor to Q2 =10 o A SV dea

« Polarized helium target with L=60cm, P =50% at 45uA. . " Chity 2022

« Beam-target asymmetries measured Gg" to Q%= 10. ¥ Kirk 1973 % Sil 1993

« Completed the Q? = 3.0 and 6.8 kinematics in Winter 2022 000 S S E—

« Presently running the Q? = 10 kinematics

* Recoil polarization by charge exchange (GEN-RP) to
measure Gg" at Q? = 4.5GeV?. Cross check with separate

technique. Run experiment in April 2024. 4 ol
Proton Electric Form Factor to Q2 =12 o

* Measure ratio of transverse to longitudinal recoil CEQLU ]
polarization in elastic scattering to extract GEp/GMp. (g-a.

« With measurement of all 4 form factors to Q2 = 10
GeV?, one can extract the up and down quark from
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~
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factors (assumption strange FF = 0). ——— Global fit (Ye 2018)[__ 5
. | {o start exper ent in Oct 2024. —ogb— .+ . . . . . M-~ §
(ZENERGY % e 0 5 10 15

10 Q? (GeV/c)?




How are charge & magnetization distributed inside the proton?

» Electric charge distribution:

Elastic electric form factor
mm) Charge distribution

by, [fm]

1.5

1

0.5

0
-0.5
-1
—15

—-15-1-050 0.5 1 15
b, [ fm]

1.5

1

0.5

0
-0.5
-1
-15

-1.5-1-0.50 0.5 1 1.5
%, U5, DEPARTMENT OF ' Argonne National Laboratory is a
(ZENERGY U5t iraiane

empirical quark transverse densities in Neutron
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EXPERIMENTAL STATUS OF THE PROTON CHARGE RADIUS
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PROTON ELECTRIC CHARGE RADIUS PROJECTIONS
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Scalar Polarizablities

Response of internal structure to an applied EM field

Interaction of the EM field with the
internal structure of the nucleon

=

E

B

"stretchability”

- -
dE induced ~ O E

External field deforms
the charge distribution

“alignability”

aM induced ~ B>B

Bpar‘a >0
Bdiam <0

Paramagnetic: proton spin alighs
with the external magnetic field

Diamagnetic: m-cloud induction
produces field counter to the
external perturbation
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Electric Generalized Polarizability (Q?)

VCS-I Experiment (E12-15-001) in Hall C

Nature 611, 265 (2022)
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Data-driven techniques:

no underlying functional
form is assumed
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Electric Generalized Polarizability (Q?) : Radius

R. Li et al. Nature 611, 265 (2022)

Electric polarizability radius

NATIONAL LABORATORY
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VCS-ll Projected Measurements : PAC51 Approved E12-23-001@JLAB

High precision measurements
combined with a fine mapping in Q2

T L E
o : e [.
= VCS-IT Projected =
w S -
5 —!
9
i
2 =
RS
[ 1 ‘ 1 1 1 0

0.8 1

systematically consistent measurements Q@ (GeVY?

throughout Q2
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JLab Hall A: Test of Chiral Effective Field Theory at Low Q?

8" 1 (@?%) puzzle” remains! 4e2M?

_ 2
« Spin observables to test QCD-based theories. Orr = Qb / z°(91 + g2)dx
» Different models predict different neutron and proton transverse-longitudinal spin polarizabilities, 6,1

V. Sulkosky et al., Nature Physics, 17, 736-741 (2021) D. Ruth et al., Nature Physics 18, 1441 (2022)

Polarized Neutron (E97-110 data) Polarized Proton (g2p data)
g 4+ 4 g2p Data
20} er -+ Hall B Model |1
Narg et .o MaA|D Mo(:ieel

Alarcon et al.
Bernard et al.

(107 fm*)

3
8,107 fm*)

A Hall A E94-010 Bernard et al. yEFT
| e Hall AE97-110 Kao et al. HByPT
-2 7 - Bernard et al. RByPT
: S-0-$-0-0-0-0-0-0-0-0-0-¢-& ¥ VU DU
0 0.05 0.10 0.15 0.20 0.25 0.30

Q? (GeV?)
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JLab Hall D GlueX Experiment: recent results

Photoproduction of yp—J/yp close to threshold

1. GlueX Coll. Ali et al, PRL 123 (2019) >170 citations

Al 5 Vg + 4+t 2. GlueX Coll. Adhikari et al, PRC 108 (2023) , (x4 data)
w1 S £ G 4
§ E +_}_++ + . g —5—1036GeV <E, < 11.44 GeV
~ ¢ e S 1§_ —5—928 GeV <E, < 1036 GeV
l - 2 F —+—820GeV <E, <928 GeV GlueX —
< T 3 471 acceptance spectrometer
-
10_1__ 107
o] o . .
e ;gr{;{u S Recent highlights
= R M.-L.Du et dl. (q,, = 1.0 GeV) -810'2— e o(E), do/dt measured
B -~~-~- M.-L.Duetal. =1.2GeV . .
1oi L M e 2 125D ] - Structure at 6(9GeV) may indicate
780 85 90 95 100 105 1o s g~ an open charm contribution at
Ey, GeV ' t, (GeV/c)? 1oVl <2 66 significance

Large theoretical interest!
Under assumptions of 2-gluon exchange, large m, factorization
« 2-gluon exchange probes the gluonic structure of the nucleon
» Relation of do/dt to gravitational form factors of the nucleon
* Relation to the EMT trace anomaly and nucleon mass
* Probing the nature of LHCb Pentaquark (P —J/yp): BR<few %
Other production mechanism proposed: open charm exchange

Precise measurements — verification of the assumptions

e Rise in do/dt at high t, close to
threshold: not a t-channel feature

Outlook
e More data are needed to study
the production mechanism
e GlueX-Il: x4 more data to expect

in 3 years
Argonne &



JLAB EXPERIMENT E12-16-007 IN HALL C AT JLAB

Near threshold
photoproduction of J/y

22

It-tnl (GeV?)

E, (éeV)
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2D J/¥ CROSS SECTION RESULTS FROM

B. Duran, et al., Nature 615, no.7954, 813-816 (2023)

10044
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DK: D, Kharzeev, Phys. Rev. D 104, 054015 (2021).
M-Z: Mamo & Zahed, 2204.08857 (2022)

S G-J-L: Guo, Ji & Liu, Phys. Rev. D 103, 096010 (2021)

S-T-Y: Sun, Tong & Yuan, Phys. Lett. B 822, 136655

| (2021)

H-R-Y: Hatta, Rajan & Yang, Phys. Rev. D 100, 014032
(2019)

23

—— ra :
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< T . i
> i
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S L ]
JEI ]
0 — —
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= Unfolded 2D cross section
results compared to various
model predictions informed
by the 2019 1D GlueX results

= All models work reasonably
well at higher energies but
deviate at lower energies

Argonne &



DIFFERENTIAL CROSS SECTIONS FROM J/¥-007 AND GLUEX

B. Duran et al. (J/y-007), Nature 615 (2023) S.Adhikari et al. (GlueX), Phys. Rev. C 108, 025201
193 iy S (#513/5225) N T o) 3 DI « 10 photon energy bins of 150 MeV in
£ —e— HallC >:9.|E!Gev
10 3 % i 8i2< ik, <-9.28GeV S y-Q07
------ S T 911<iE & 9.25GeV
e = o L, Tl !  Results for the three GlueX energy
A st : bins compared to the closest Hall C
100 \'\\ E,=(9.4, 9.55) \'\\\ E,=(9.55,9.7) %
SN Y
- o « Scale uncertainties: 20% in GlueX and
1152253354455 . . .
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| = = .
% L F3E —— Glex o85Gy |- section results
1073 E piiog —e— HallC £)=9.78 GeV |-
e .\‘\ E,=(9.7, 9.85) \;\,A__-E,=(9.ss,1o.0) e ﬁl’ hf ; o HallC E-0.93GeV |-
o ¢ *g © T 5 H H H .
500 s i | 9B<F<10.%ce ° Good agreement within errors; note
3 el g e also differences in average energies
g
1o 3 i
100] 3 E=(10.0,10.15) ?)%Ef(sz,w.s) 12
10-1 ﬁf%%‘;g f\\i{ A T ”‘4““5””6_1'06\/2
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EXTRACTED GLUONIC GRAVIATATIONAL FORM FACTORS FROM J/PSI-007

~—- JW-007 using M-Zapproach | e J/W — 007 using M-Z approach S.Prasad, ANL
~—— J/¥ —007 using G-J-L approach ~—— J/V—=007 using G-J-L approach
.......... Lattice s Lattice
0.4
Unpublished
0.3
) <
< >
0.2
0.1
1073 =107
-2
-102 - 10
< g
Q ©40-1
-107! Q
/S ~10°
- 10°
05 10 1.5 20 25 30 35 40 45
05 1.0 1.5 20 25 30 35 40 45 k? (GeV?)
k? (GeV?)
B.Duran, et al., proton, Nature 615, no.7954, 813-816 (2023) G-J-L analysis update Phys. Rev. D 108 (2023) no.3,
@ ENERGY . s 25 034003 arXiv:2305.06992 [hep-ph] Argonne o
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JLab Hall A : Precise Determination of the Nucleon F,"/F.,P at Large xg

* Electron DIS from the mirror nuclei 3H and 3He gives unique access to the neutron/proton ratio.
* Tests predictions of a wide variety of QCD models.
* Improves PDF fits at large xg which is relevant for high-energy collider data.

D. Abrams et al., Phys. Rev. Lett. 128 (2022) 132003

1.0

0.9 +

08 +

0.7 +

0.6 +

0.5 +

0.4 +

0.3

Solid data points : JLab MARATHON

Dotted curve : Tropiano et al. [64] LY
Long-dashed-curve band : Segarra et al. [52}

Short-dashed-curve band : Accardi et al. [63] *

0.9

0.1

0.1 0.3 0.5 0.7
Bjorken x

0.9

Solid circles : JLab MARATHON
Open squares : JLab BoNuS
Vertically-lined-hatched band : SLAC

0.1 0.3 0.5 0.7 0.9
Bjorken x

@x=1 FoN/FoP > 1/4 (d/u &> 0) for scalar diquarks

Fo"FoP > 3/7 (d/u - 1/5) for hard gluon exchange Argonne &
27 NATIONAL LABORATORY



HALL C: A\N@HIGH-X: PRELIMINARY RESULTS (E12-06-110)
Asymmetry A0 4 =00

T D(1+nE)  d(1+né)
with DIS W>2 GeV cut

0.04=
003 7 e
E Vi
002 & = l
: [ 3 JLab_E12-06-110 (DIS;no Rad. Corr.)
001 :_ This work l ]l } I ] {
L | JRATEE
= = oy l
001 l
-0.02|=
=k 1 [ stgtistical uncertainties pnly
-0.03F no|radiative correction _
- 0 04 :| l] I L L L l 'l H L Il I L L Il Il l L L I L INHC!e?rICOIrr:eCItI?nIS tIO Ib? ?pplled
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8

X

* Credit to Mingyu Chen (UVA)
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Preliminary Results on g,%He

. Measurement of g, and g, structure

functions and d, moments at 3 Gev2<  * T A oA
Q2 < 5.5 GeV? for the neutron using a | s el
polarized 3He target 5051 T
—O0— Q% 0.57 GeV? to 1.34 GeV? (E97-103)
. Study quark-gluon correlations (twist-3) A pipenrs Sl
and provide a benchmark test of LQCD ~ *™F
calculations.

. Completed data taking in 2020
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Interpretations of d, S S

Color polarizabilities X. Ji 95, E. Stein et al. 95)
Average color Lorentz force (M. Burkhardt 2013)
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HELICITY PDFS: AG

Golden probes for Ag:
Double spin asymmetry A, for jets, di-jets and meson-production
Increase x-range covered: go to higher Vs (200 GeV - 500 GeV)

0.08— STAR 2013 @ 510GeV
go to higher rapidity: -1<n<1 > -1 <n<1.8) oo TR €
0.045— q_ B
Di-jets: constrain the shape of the Ag(x,Q2) eE
o] e ¢ e 2 S B B i IRt
5 _0.025_ + L *
‘dl 0.08:— I I
,0.06 Phys Rev. D 105 (2022), 09201 a E  ropotoys % 4 ooy
e 006~ Forward-central ==~ "" __Dssm”wm
< o STAR pt+p— Jet + X b e
9 0.05 fs = 200 GeV: 002
0 T« 2009, PRL 115 092002 (2015) o
G 004 = 2015 PRD 1031091103 (2021) - ok
S - Vs =510 GeV: :
< o003+ 2012, PRD 100 052005 (2019)
r % 2013, this work 0.08F-
- - DSSV14 osf. e\
002__ é%NNPDFpOH'] + g E Central - Central
: 0.04:—
0.01 0021~
C o
O i —0.02F
F 006
_ Co v v by vy o by oy o Iy by by by F TopologyD
0.0 0.05 0.1 0.15 0.2 0.25 0.3 OO4E"  Forwara- Backwars
Parton Jet x; (=2p_/{s) 002f
T F
of---
-0.025—

| | L L
20 40 80

60"~ 720
U.S. DEPARTMENT OF Parton DijetM_| (GeV/ic?)

S Argonne National Laboratory is a
Y ENERGY U.S. Department of Energy laboratory Ar On
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GLUON HELICITY
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LO for illustration
At RHIC energies: sensitivity to qg and gg —Access to Ag(x)/g(x)
Cross-section measurement to support the NLO pQCD interpretation of asymmetries
Data included in global pQCD analysis provided evidence for positive gluon polarization for x > 0.05 at Q> =10 GeV?

The RHIC Cold QCD Program White Paper, arXiv:2302.00605
:cAg(z Q2 =10GeV?)
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J|.dx Ag

AG=0.218(27), x>0.05, Q=10 GeV2 (68% C.L.)
DSSV14+RHIC=<2022: newest RHIC data included (STAR jets
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Jlab Hall A: Extraction of All Four Helicity-Conserving Compton Form Factors

heﬁmunq

* DVCS is the prime reaction to determine CFFs which are convolutions of GPDs 2 Thiswork (e 0.4} G55 1 8 12
« Fit cross section data over large range of xg, Q?and t. ~ [T @'\iﬁ! -~
* Determined some poorly known CFFs. F. George et al. Phys. Rev. Lett. (2022). § e -o?
- Deep Exclusive % data published in Phys. Rev. Lett. (2021) i M 1,
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https://doi.org/10.1103/PhysRevLett.127.152301
https://doi.org/10.1103/PhysRevLett.128.252002

Hall B: First Measurement of the DVCS Process in the Extended Valence Region

G. Christiaens et al. (CLAS Collaboration), Phys. Rev. Lett. 130, 211902

(2023)

Deeply Virtual Compton Scattering: the
golden process to access GPDs

Reaction of interest: ep — ep’y

In the factorization regime —¢ <« (92
GPD describe the soft structure of the
proton

DVCS BH

Representing only 25% of the beam time
allocated to the CLAS12 experiment for
DVCS on an unpolarized proton.

ALU x Im |:F1H + §(F1 + Fg)ﬁ - #Fzg}

Addressing Compton Form Factors, constraints
on GPDs, and proton’s mechanical properties

1600 new data points

25% of the total beam time for CLAS12 DVCS
experiment on unpolarized proton
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TIME-LIKE COMPTON SCATTERING AT JLAB HALL B

First measurement of time-like Compton scattering processes from CLAS12
P. Chatagnon et al. (CLAS Collaboration), Phys. Rev. Lett. 127, 262501 (2021)

Photon polarization asymmetry
:> 0.6¢
055—
0.4F oo
03;_ - e R LI
0.2F * _+_
01;—
of- > >
01 +DATA []Tot. Syst.
_02F «BH -+ GK
/ot — b --VGG
O'(’Yp —pe e ) =0BH t0TCSs + JINT 0331702 03 04 05 06 07 08
d*ornr 1+ cos?f [cos ¢ RelT—— 4(GeV)
= Test of GPD universality via beam spin dQdtdQ sin § B Forward-backward asymmetry
asymmetry that is sensitive to the —v-sing ImM~ "], & Qi Fommeed mnguAs iR i
imaginary part of the Compton form . -
factors M~ = |F'H —§(FL+ Fo)H — 4—2F25 i
= Access to real part of Compton form . - 0'2;_ ______________________________
factors via forward/backward Ay — do™ —do OF M
asymmetry and thus to D-term in OU = dot+ + do—' o2f FOAMTE.
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the mechanlcal properties of the proton  Arp(0,¢) =




CLAS12 First Measurement of a Transition GPD in the N to A++
Reaction

» ep—epm(mt) g

= Access to d-quark content £

= No other world data

2€(1 — €) ZLL sin ¢
BSA = ( am) 70 p—
1+ \/2€(1 + €)?LE cos ¢ + €L cos 2¢
25
M- [GeV]
bin 1 (Q% = 1.95 GeV?, (x;) = 0.19) bin 2 (Q% = 2.1 GeV?, (x;) = 0.28) bin 3 (Q% = 3.38 GeV~, (x;) = 0.34)
& 0.2 ' ] S 502l i 7 o o02f e -
THom b * \r:o.*.,'f,*’} i+f\50.1*;+ by i
© 10

5 ot e “i ; c+ A
Opens a path for 3D structure of resonances A + L ot + | 04 i
from future measurements of the N — N 02 { { 1 02 1 02 b 1
DVCS process, as well as other N — N* 3 { el 03 1 s 3 { N E
DVMP channels at JLab and at the future o o |t BERY 0 iwp ||
electron ion collider (EIC) with an extension 002040608 1 1214 002040608 1 12714 002 04 0608 1 T2

-t' [GeV? -+t [GeV? -t [GeV?
to the strangeness : [ ] [ ] [ ]

sector.

S. Diehl et al. (CLAS Collaboration), Phys. Rev. Lett. 131, 021901 (2023)
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COMPASS AT CERN

COMPASS EXPERIMENTAL SETUP

ECAL1 SM2 Muon-filter
HCAL1
RICH
SM1

. COMPASS
Polarized

Target

~ Muon-filter

107

utorpnt Kt Target

T _ i / ‘ \\ N VVTWTK7 o

I \
X 400Gev Be i
i beam b P " K* (Hadron absorber)
ﬁ'om SPS pr K \
P N | ~100m | ~600m ~330m | ~100m |
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COMPASS DATA TAKING CAMPAIGNS

Beam | Target year | Physics programme
2002
. 2003 | 80% Longitudinal | 20% Transverse SIDIS
H Polarized deuteron (°LiD) 2004
2006 | Longitudinal SIDIS
Polarized proton (NH3) 2007 | 50% Longitudinal | 50% Transverse SIDIS
T | K | p LH,, Ni, Pb,W 2008 Spectroscopy

2009
2010 | Transverse SIDIS

2011 | Longitudinal SIDIS

[ Polarized proton (NH3)

T | K | p Ni 2012 = Primakoff

I LH, 2012 | Pilot DVCS & HEMP & unpolarized SIDIS
2014 | Pilot Drell-Yan

T Polarized proton 3

P (NH:) ;8 ig Transverse Drell-Yan

2016 -

I LH, 2017 DVCS & HEMP & unpolarized SIDIS

. . 2021
ur Polarized deuteron (°LiD) 2002 Transverse SIDIS

38 Argonne &




NUCLEON 3D STRUCTURE

* Transverse position by of partons

* Correlation between BT and x

* Complementary to TMD PDFs
8 generalized parton distribution

functions (GPDs)
* Contain information about parton
orbital angular momentum

* Mostly unknown
» COMPASS exclusive process

measurements:
* Deeply virtual Compton scattering
(DVCS):y+N—u+py+N
* Hard exclusive meson production
(HEMP): u+N—->u+ VM +N

with VM = a%, p(770), @X(782),..

COMPASS 2016 data (2/3)

B ((GeV/c)?)

. COMPASS: <Q*> = 1.8 (GeV/c)’  This Analysis
®  COMPASS:<Q?=18(GeVic)  Phys. Lett. B793 (2019) 188 —0-2
2 3 ZEUS: <Q%>=3.2(GeV/c)’  JHEP 0905 (2009) 108 -
A H1: <Q* = 4.0 (GeVicy } Eur. Ph )
; v H <% = 8.0 GeVIoY ur. Phys. C44 (2005) 1 —0.1
[ ] H1: <Q% =10.(GeV/c)’  Phys. Lett. B681 (2009) 391 4
0 L Lol ool L L nldp
10 107 1072 107

Longitudinal momentum
kt =2P%
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LEADING TWIST TMDS

[ TMDs surviving integration over k; ]

(Naive time-reversal odd TMDs describing]

_ i(h:- > - @ || strength of spin-orbit correlations.
U fl e la 1 \
Boer-Mulders ( .
, Chiral odd TMDs |
hyt= (L= OF
= Worm Gear
(Kotzinian-Mulders)
, N R
T fnl = (s - °) O = s B = Tra.nsversny )
Sivers hyt= (2) - (@)
Worm Gear \

\= Pw/,‘
« 8 TMD (PDFs) at leading-twist description (analog table for fragmentation functions) Off-diagonal part
vanishes without parton’s transverse motion

» Sivers effect: correlations between the nucleon transverse spin direction and parton transverse
momentum in the polarized nucleon

» Collins effect: fragmentation of a transversely polarized parton into a final-state hadron

» Boer-Mulders effect: correlations between the parton transverse spin direction and parton transverse

. mo in the polarized nucleon
lll@%l&l}l nthep 41 Argonne &
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SIDIS AT JLAB12

Proton

| Quark spin polarization |
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First Measurement of Asymmetries in Back-to-Back Dihadron Electroproduction

H. Avakian et al. (CLAS Collaboration), Phys. Rev. Lett. 130, 022501 (2023)

Unique access to longitudinally polarized quarks in unpolarized nucleons

7Lh
Ay x Cluws [ D] sin Ag
LU A
C[ulDl]
0.04
0.02 |
Ry - —r
& 00—
S -ooF B
2D —0.04f
n =
<{ -0.06[ » ' ' !
~0.10 e oy ] 1 ] ] +
00 01 02 03 04 05 06 ep —> epm X
X

= First SIDIS detection of a hadron in current-fragmentation region in coincidence with a hadron in target-
fragmentation region

= Structure function contains a convolution of fracture and fragmentation functions

= Asymmetry significant at large x, where valence quarks dominate
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4 Recent COMPASS results
COMPASS preliminary
o 0.857 = o4F .
= g3 | ® proton preliminary
dxdydzdp;d$,d g, ®<702- O deuteron NPB 886 (2014) 1046 ;
) ) 0__+Z§—¢_ __!ig_f___é .g_.i_..__.._é.i.s_‘.o_.._
[ SRR I SULA ECi AL
xy B X ’ ’ Cahn effect TO1 e o i i
o B S Lo B }
x( +/2e(1+&)A5" cos @, .. nﬁgﬁﬁgy ’ ! 'I'Q $ o i { i:l}' ! ;
b Y\J/ @ N [ ' é : $ : ¢
0.55+ o 005 t L
ST O T R i I i IR _
s s s . . Vc—0.05- 355 b g?QQ L é;
As of 1978 — simplistic kinematic effect: ot ! ! ! 21
. . . o &
* non-zero ky induces an azimuthal modulation 040 _ I : s
\ ‘ $3 L. S . N B IS B IS i
As of 2023 — complex SF (twist-2/3 functions) Tof FRETCL4E LI ; b ;
* Measurements by different experiments 0"; [ i ¢ Bi 4
« Complex multi-D kinematic dependences 0327 & go?os- \
* So far, no comprehensive interpretation “: 0‘;""6?“."5 """ Ve, ., | Q ég """ 1. 7 )
* A set of complex corrections: o) R i
* Acceptance, diffractively produced VMs, 0251 01
radiative corrections (RC), ete. %’5 ' gy Lo Lo _
+ Strong Q? dependence — unexplained Soog CCO ¥ L gsta | Bgey | fE 34
* Do not seem to come from RCs o
* Transition between TMD < collinear regions? 0.201 T N T
P (GeVie)
B. Parmasyan (SPIN2023) : ' ' ' ' >
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THE RHIC EXPERIMENTS

PHENIX

STAR

STAR Upgrades

ZDC North
[]

RPC3
A S
Central Magnet
1,
S
o
ZDCSouth |5 : B
wup)] ! I '
w I _—
”“ || :’ ‘
AL South Side View North
; 18.5m= 60 ft
-0.35<n<0.35

1.2 <|n| < 2.4 muon arms
[n| < 3 vertex trackers

e/h separation,
u, v, n¥ Identification

2000 to 2016

Rapidity coverage
-1 < n < 4

Particle Identification
e/h separation,

u, v, n¥ Identification
7,K,p PID via dE/x, ToF

Data Taking
2000 to 2025

Event Plane Detectors

Inner Time Projection Chamber
Forward Silicon Tracker
Small Strip Thin Gap Chamber

Forward
EMCal, HCal

*  Event plane detectors

*  Inner time projection chamber
*  Forward silicon tracker

»  Small strip thin gap chamber
Forward EMCal, HCal
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STAR: Phys.Rev.D 106 (2022) 7, 072010 arXiv:2205.1180

- STAR

[ p'+p —jet+ n*+X
. [
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500 GeV Vs =200 GeV

.5%/3. 2% Scale Uncertalnty Not Shown

OrTT

05 0.1

Jetx (2p/\/—) _ Py

Collins asymmetries of m* measured with extremely high
precision; agree at 0.06 <xt< 0.2, Q2 differ by a factor of 6
Collins asymmetry has a weak energy dependence in

hadronic collisions;

Collins TMD FF is sensitive to the (jt, z); z and jt
dependences of the Collins FF are closely related.
Results slightly favor the KPRY model than DMP+2013;
Sizable differences between data and both theoretical

calculations.
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CONCLUSION

Many exciting results since the last edition of EINN! Serious progress was
achieved in many fronts but still a lot to do.

01D studies still offer many opportunities to understand the structure of the
nucleon

O A lot of progress in spatial and momentum 3D imaging of the proton, still a long
road with much promise

dWe'll hear about the exciting future of the field with the EIC and opportunities for
high luminosity SoLID, positron beams & 20+ GeV upgrade at JLab.

QFinally, after 50 years of QCD we have not yet solved the confinement problem.
But some hope & positive news a “Simons Collaboration on Confinement and
QCD Strings” was recently established at Princeton. This points to the
importance of our field recognized by those who moved from it in the last 40
years.

@ ENERGY IR https://simonsconfinementcollaboration.org/ Argonne &
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