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Nucleon spin structure: TMD

* 1964 Quark model pFeg b
A
« 1969 Parton model
7/
« 1973 asymptotic freedom and QCD
* 1976 large transverse single spin asymmetry in forward nt* production
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Nucleon spin structure: TMD
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Nucleon spin structure: TMD

1964 Quark model *?? A

* 1969 Parton model

» 1973 asymptotic freedom and QCD E}

N

* 1976 large transverse single spin asymmetry in forward nt* production

I
« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries l

Volume 78B, number 2,3
25 September 1978
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Nucleon spin structure: TMD

* 1976 large transverse single spin asymmetry in forward 7t* production

I
« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries m

» [
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Nucleon spin structure (twist-2): collinear approach «»TMDs

quark quark
U L T U L T
chiral-odd
q q 2 1 2
U f;[ (x) U f;[ (xy kT) hl q(xl kT)
number density number density Boer-Mulders
T-odd
S c chiral-odd
o
[<3) [<B]
— q - q 2 1lq 2
S| L 91 (X) “ S| L 91 (x, kT) hlL (X, kT)
= helicity = Helicity worm-gear L
chiral-odd
hi (x, k%)
hq (x) L1q k2 q ( k2 ) 1transversit)’lr
T 1 T | fir G kp) | gyr(x Ky 1q )
transversity Sivers Kotzinian-Mulders th (x, kT)
T-odd wont:aeanh pretzelosity

» PDFs — universal (process independent) objects; T-odd PDFs — conditionally universal

Iransverse momentum

Longitudinal momentum
kT =aPt

Longitudinal momentum
kT = 2Pt
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Nucleon spin structure (twist-2): TMDs

nucleon

quark
\ uark
U L T .
‘ U L T
number density Boer-Mulders number densty -
T-odd
ety C) ) I (i) |Gk
= ali (ch, k1) | hi; (x, k7)
Helicit worm-gear L
helicity worm-gear L = ' g
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. (‘J ) . transversity
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d-)

pretzelosity

I - spin of the nucleon; ’ - spin of the quark A - k;

See Francesco Murgia’s talk
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SIDIS x-section and TMDs at twist-2
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SIDIS x-section and TMDs at twist-2

dO_LO
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Single-polarized Drell-Yan x-section and twist-2 TMDs

dGLO .
—— oc Ry (1+c0° O ) quark
dg*dQ Y °
q ] U L T
1+D- , 4 A% coS 2¢,
[sm HCS} q 2 1q 2
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SIDIS < Drell-Yan sign-change of the
T-odd TMD PDFs
Fundamental quest: COMPASS, STAR, SpinQuest, LHCspin, etc.
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Polarized SIDIS and Drell-Yan: universality

Semi-inclusive DIS

H \L\./r/ "
Qz
' h
xP
N D X
4 June 2024

Drell-Yan process

,U+
T-odd TMD PDFs
C—)
sign change
u

B. Parsamyan
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS Drell-Yan process
T-odd TMD PDFs
C—)
sign change
>
High g — Collinear factorization qT o Q
Low gy — TMD factorization

High Xz — Current fragmentation
Low Xg — Target fragmentation
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS
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Polarized SIDIS and DY - factorization and kinematic regions

Semi-inclusive DIS
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N X

M. Bury, A. Prokudin and A. Vladimirov
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What have you done
with our data...

One persons ‘complication’ is another person's signal...

A. Vossen

A

Q* (GeV?)

JAM, JHEP 04 (2022) 084

[ TMD region COMPASS

- 4 . e
& E @ iv
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Polarized SIDIS and DY - factorization and kinematic regions

Semi-inclusive DIS S Let’s see together
& " 3 what we can do

with our data...

¢ TMD region EIC
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Main polarized SIDIS (Drell-Yan) inputs 1995-2022

Semi-inclusive DIS

Drell-Yan process

COMPASS
¢* | HERMES
(Gev?)| CLAS 6 GeV

T-odd TMD PDFs

C—)
sign change q

CLAS 12 GeV
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Beam: et, e~ 27.6 GeV/c

L- and T- polarized proton target
4 June 2024

COMPASS (data taking: 2002-2022)
Beam: p*, 160 GeV/c

L- and T- polarized NH3, 6LiD targets

B. Parsamyan

16



Main TMD tools — universality and synergies

Semi-inclusive DIS Drell-Yan process

Q2 T-odd TMD PDFs
* C—)

sign change

Fragmentation Functions Parton Distribution Functions

Y 4

Electron-positron annihilation pp, PA-scattering, jet production, etc.

e B P'2
o hy
y*
2 p .
e X P'l
Hybrid collinear-TMD approach. The wealth of pp data allows studies of:

TMD universality, evolution, expected factorization breaking
4 June 2024 B. Parsamyan 17
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Main TMD tools — list of experiments (non exhaustive)

Semi-inclusive DIS

H \L\./r/
QZ
' h
xP
N X

%&fZ .

Jefferson Lab

cla3y SeLiD

Drell-Yan process

QH@ E .ggf,f;gon Lab @ 22 GeV

Electron-positron annihilation

e+

4 June 2024

@ CERN
5Puy
JSTAR |o \‘:

pp, pA-scattering, jet production, etc.

PZ

B. Parsamyan

quz_é‘
L C & Fermilab
spin
G‘ Brookhaven
National Laborataory
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ig"’; AR PH “ENIX
| X
SPHE}RIX
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Main TMD tools — experiment overviews

Semi-inclusive DIS

1 60
@

Jefferson Lab

C|Q 1 SeliD

Drell-Yan process

~
SPiN
SSTAR o A

- .o//

| | Ques*

L C & F(e-:ﬁilab
spin

p — Catarina Quintans, Oleg Eyser, Charlotte Van Hulse
< E Jefferson Lab @ 22 GeV

Harut Avagyan, Elke-Caroline Aschenauer, Yuxiang Zhao, Stefan Diehl,
Haiyan Gao, Athira Vijayakumar, Andrea Bressan

Electron-positron annihilation

©

Anselm Vossen, Bernd Surrow, Gunar Schnell
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pp, pA-scattering, jet production, etc.

PZ

G‘ Brookhaven

National Laborataory

}QT; AR pHENIX

) N

SPHERIIX

Oleg Eyser, Bassam Aboona, Bok Jeongsu

B. Parsamyan
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« Universality (sign changes)

4 June 2024
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Sivers TMD PDF: sign change

The RHIC Cold QCD program: arXiv:2302.00605 [nucl-ex] _ STAR, arXiv:2308.15496 [hep-ex]
= 0‘25: z 0.2 E + 1.4% polarization uncertainty not shown < 04 E_STAR
02F PP W@1s=510GeV + 02 o “E4-Z°  N’LLBuryetal. £ NLL Bacchetta et al.
E L, =350 pb’ 3 i\\\_ 5
0.15:— 0.15:— STAR -
0.1 ﬁm‘ 0.1 0.2E ,
0.05E- 0.05F E
0; _______________________________ 0; O L . H:'
—~0.05E- o ~0.05- i i
—0.1F preliminary —01F F 1s=510 GeV, L=340 pb’ ﬁ
_0_]55_ projection 2017+2022 _0‘153_ preliminary 0 2§ D2y +X, 2y e TAR
—U.Z;— Bury, Prokudin, Vladimirov, PRL 126 (2021) 112002 -0.2 ;— projection 2017+2022 e E 73<va<1 14 GeV/(;zy pf <10 GeV/c
02 R 06 04 02 0 02 04 08 08 SO 06 04 S0z 002 04 06 08 E p7>25 Gevie, i<t
y\\’.rccn yW,rcco -0.4 :— 1.4% beam pol. uncertainty not shown
b : 111 1 I I A | I 11 1 |1 I 11 1 1 l 111 1 l 111
See Oleg Eyser’s talk _ ;2202005 115
. Z°
COMPASS, arXiv:2312.17379 [hep-ex ‘ y
. [hep-ex] SIDIS—Drell-Yan (W, 2)
g o . Mye[4;9]GeVic 2 in production ‘

Difficult measurement
« Low Xx-section, background

A
o

» Sivers TMD PDF
» Pioneering measurements
« COMPASS (Drell-Yan): 2015, 2018
[ = JT%%I?OO « STAR (W, Z2): 2011, 2017, 2022
=01 « COMPASS data favors the sign change
0 0.1 0.2 0.3 » Useful input to constrain the fits

AN
See Catarina Quintans’ talk
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https://arxiv.org/abs/2308.15496
https://arxiv.org/abs/2302.00605
https://arxiv.org/abs/2312.17379

Slvers eﬁect Drell-Yan and Jhy Sivers D:qTS/? q
ingg o ® 1

s
- Drell-Yan data M, €[4; 9] GeV/c?| hep-ex/2312.17379 Ar 1z IT.p

—0.1} JAM20 L LFCQM “curvesbasedon | Accepted by PRL
F Torino --- SPM - JHEP 02, (2021),166 (In production)
0.1 0.2 0.3 0 4 0. 6 0 8 0 0.5 1 2
XN Xn Xp q, (GeVic)

» The Drell-Yan Sivers asymmetry tends to be positive (~1.5 s.d.)

PHGeVie)

COMPASS, arXiv:2312.17379 [hep-ex]

&7 -« COMPASS Drell-Yan accepted by PRL m y =
\é/ i Mwe[4; 9] GeV/c? in production :

—0.1; Tofin? o « COMPASS data favors the sign change
0 0.1 0.2 0.3  Useful input to constrain the fits
AN * None of the models can be preferred

See Catarina Quintans’ talk
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https://arxiv.org/abs/2312.17379
https://arxiv.org/abs/2312.17379

Slvers eﬁect Drell-Yan and Jhy

- Drell-Yan data

Sivers DY TSA
Aﬁ'”(”s oC fq ®f

M, ,€[4; 9] GeV/c? | hep-ex/2312.17379 T.p
B -« COMPASS Drell-Yan
- Mye[4:9] GeVic?
C -~ LFCQM
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[ Torino ---SPM - JHEP 02, (2021),166 (In ?roducthn) JT/j)fr\i"nzoo
01 02 03 04 06 080 0.5 1 2 01 ST ey ey
Xy X, Xp q, (GeV/e) - . O-)?N
» The Drell-Yan Sivers asymmetry tends to be positive (~1.5 s.d.) N
o N y o I,
) » S N g
[ COMPASS | m +pl — u" +p + X | 2.85<M,,/(GeV/c2)<3.4 £ 0
0.1F O preliminary [ 2015+2018 data i i J/\V
;m : /l[]i:
2 = OF------ FETE S S LIPS S i-}-é--i --------- L SR S / |
w [ - 0.1
' 107 107 107! _‘_1 !
—0.1f ’
' l e L — ST — 030 Anselmino etal. | ' '
1072 107 110" 10 0.5 1 2 3 zslpLBTI0QOIn 02 T 7T M0GeVe
Xy Xy X g, (GeVic) I —
. . . . e 0.20f
» Jhy Sivers asymmetry is compatible with zero (within ~ 1%) E el
» Predictions for a large Sivers effect in Drell-Yan and J/\y at COMPASS 3z 0
0.10¢
» Hint that J/y production might go via gg fusion in COMPASS? Y,
0.05r '/
» Access to small gluon TMDs? 4
) ) 0'0%.0 0.1 0.2 0.3 0.4
See Catarina Quintans’ talk -
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https://arxiv.org/abs/2312.17379

Sivers TMD PDF: sign change - future

0.2\ Drell-Yan Target Single-Spin Asymmetry

ppid’) - pwX. 4<M_ < 9GeV

np

DGLAP: M. Anselmino et al,

_ JHEP04,(2017)046 = e
. B TMD-1
TMD-1: M. G. Echevarria et al, =
= 0.1 prD89,074013(2014) N TMD-2
- TMD-2: P. Sunand F. Yuan, ¢ 7.9 cm NHS3 target
| PRDS8,114012(2013) ¢ 7.9 cm ND3 target
11 l 1 11 l 1 L1 l 1 1 L1 I 1 L1 1 l 11 1
0.15 0.2 0.25 0.3 0.35

4 June 2024 xlurgvl
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See Charlotte Van Hulse’s talk
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Sivers TMD PDF: sign change - future
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Boer-Mulders TMD PDF: sign change
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Boer-Mulders TMD PDF: sign change
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« Collins and Sivers effects
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SIDIS TSAs: Collins effect and Transversity @ @
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SIDIS TSAs: Sivers effect ®®
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges
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SIDIS TSAs: Collins effect and Transversity ®®
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SIDIS TSAs: Collins effect and Transversity
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COMPASS Multi-D TSA analyses
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Electron lon Collider(s): EIC
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Electron lon Collider(s): EICc
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* High luminosity, complementary kinematic coverages, evolution studies, all TMDs, etc.
» Together with EIC/EICc - complete picture!
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SIDIS TSAs: Collins effect and Transversity @ @

d sin( ¢, + .
dXddedp?d¢ d OC(FUU.T +8FUU|L){1+...+ S eAN® “sin (g, + gy )+ }
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« Compatible results HERMES/COMPASS
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SIDIS TSAs: Collins effect and Transversity @ @
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o * Measured on P/D in SIDIS and in dihadron SIDIS
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* New deuteron data crucial to constrain d-quark transversity
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COMPASS 2022 run — highly successful data-taking!
« 27 COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
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Dihadron Collins effect and Transversity ®@

d’ o B
dcos6dMppdgrdzdxdydes
2 2 2 14 < 2
Ly q 2Mhn - 3, eé f1x) D1 4(z, Mﬁh,cosa)

sia-nY e |p;1\;h1;2| sind singgs h1(x) H,(z, M2, c059)>
q

" e 2022 (~70%, preliminary) | COMPASS °LiD data
0.05© 2002-04 (PLB 713(2012)10) [ New!
B [ F
& i i % [ l : Tr
R B e B
55 o 1 ¢ i %
~ I I I
—0.05- -
[ e A PR IR TSR RSN BT R
1072 107! 0.2 0.4 0.6 0.8
X zZ

COMPASS 2022 run — highly successful data-taking!

« 24 COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
* New results — dihadron Collins-like asymmetries

» Access to collinear transversity PDF; Non-zero trend at large x

» Precision comparable with proton results

4 June 2024 B. Parsamyan See Athira Vijayakumar’s talk 40



COM IPASS 2022 run: new unique deuteron data

proton [H neutron [*He]
%\ Jefferfon Lab
data ponnls data points
Airapetian et al., Qian et al.,
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(Same kinematic cuts applied to unpc\arized)
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14 free parameters
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Pavia group fits

Bacchetta, Delcarro, Pisano, Radici,

in preparation

analysis of statistical error
with replica method (200)
68% confidence level

xd.of

Q3[GeV?] = {EIKV=2.4,TC18=1.2,PV=1.0}

Bacchetta & Radici, PR.L. 107 (11)
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SIDIS TSAs: Kotzinian-Mulders asymmetry
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SIDIS TSAs: Kotzinian-Mulders asymmetry ®@

 p—
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First global QCD analysns of the g, TMD PDF using SIDIS data
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https://arxiv.org/abs/2403.12795

SIDIS: target longitudinal spin dependent asymmetries
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 The role of vector mesons
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Cahn effect in SIDIS

Contribution of exclusive diffractive processes to
the measured azimuthal asymmetries in SIDIS
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Cahn effect in SIDIS

COMPASS, EPJC (2023) 83 924
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Cahn effect in SIDIS
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As of 1978 — simplistic kinematic effect:
* non-zero k; induces an azimuthal modulation

As of 2023 — complex SF (twist-2/3 functions)
« Measurements by different experiments
« Complex multi-D kinematic dependences
« So far, no comprehensive interpretation

» Aset of complex corrections:

» Acceptance, diffractively produced VMs,
radiative corrections (RC), etc.
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HERMES: Sivers effect and diffractive VMs

« The asymmetry drops at large z for pion 2 dtvevm i
« Not the case for kaons S tog P
» Can it be caused by exclusive diffractive VMSs? 03k .
« The contamination indeed grows with z for pions o2} ) .
« At the level of 10% for kaons R I
“02 03 04 05 06 07 08 09,

HERMES: JHEP 12(2020)010 hep-ex/2007.07755
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HERMES: Sivers effect and diffractive VMs

The asymmetry drops at large z for pion

Not the case for kaons

Can it be caused by exclusive diffractive VMs?

The contamination indeed grows with z for pions

HERMES: JHEP 12(2020)010 hep-ex/2007.07755
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HERMES: Sivers effect and diffractive VMs

» The asymmetry drops at large z for pion

= 0.6
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* Not the case for kaons TN
» Can it be caused by exclusive diffractive VMSs? 03| :
 The contamination indeed grows with z for pions o2} o
« At the level of 10% for kaons I
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HERMES: Sivers effect and diffractive VMs

 The asymmetry drops at large z for pion 2" difectivevm i
= 05} ° pion-fraction g
* Not the case for kaons 2 alem
» Can it be caused by exclusive diffractive VMSs? 03| e
* The contamination indeed grows with z for pions o2} LI
« At the level of 10% for kaons L L
« Similar effect in COMPASS? %02 03704 05 06 07 08 09
* Not clear with Collins and sin(¢g)
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COMPASS: Exclusive p® TSAs
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» Both Collins and Sivers TSAs are small an
compatible with zero
* sin(og) is small, but possibly non zero
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Can VM pion asymmetries still be large?
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COMPASS: Exclusive p® TSAs
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Both Collins and Sivers TSAs are small an
compatible with zero

* sin(og) is small, but possibly non zero

» Can VM pion asymmetries still be large?
COMPASS has checked also the inclusive p°
Collins and Sivers asymmetries

» Both tend to be positive

 The fraction of inclusive p°in the selected

dihedron sample is below 20%
» Further checks needed, StringSpinner?
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COMPASS: Exclusive and Inclusive p® TSAs
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* Interesting twist-3 asymmetries
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SIDIS TSAs: subleading twist effects
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SIDIS TSAs: subleading twist effects

B. Parsamyan
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http://arxiv.org/abs/arXiv:1801.01488

SIDIS TSAs: subleading twist effects
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Q-suppression, TSA-mixing
Various different “twist” ingredients
Non-zero trend for h*, h- compatible with zero, clear z-dependence

M.Abele, M.Aicher, F.Piacenza, A.Schéfer, W.Vogelsang
PRD 106 (2022) 1, 014020
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» Calculations in collinear factorization
(lowest order of pQCD)
» T-odd effect for photon exchange
» Contributions from QCD loop effects
* Related to proton helicity
* To be compared to predictions within TMD formalism
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SIDIS TSAs: subleading twist effects
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http://arxiv.org/abs/arXiv:1801.01488

SIDIS TSAs: subleading twist effects
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SIDIS TSAs: subleading twist effects
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» Closing remarks
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Moving towards Open Data and Data Preservation

There is an increasing interest in making experimental data Open
Becoming more relevant for CERN
Important for CERN to be play a leading role in Open Science

o Recent Open Science policy released by CERN

The latest European Strategy report encouraged the development of internal policies on Open Data
and Data preservation

The policy has been broken down into the 4 levels of data as defined in the
DHEP study on data preservation:
o Level 1 - Scientific publications, and associated additional data
o Level 2 — Data useful for Education and Outreach
o Level 3 — Reconstruction level data useful for general physics analysis
o Level 4 - RAW data
All large-LHC experiments already release data for L1 and L2 in broadly similar ways
o L4 is not practically useful
o The discussion focused on the policy for L3 data

Any rules relating to publicly releasing L3 data need to be approved by each experiment’s
Collaboration Board

General effort to find a good balance between:
o Making data openly available
o Preserving the data
o Protecting the collaborations
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Conclusions

» Importance of careful understanding and confrontation of experimental data
from different experiments

o Different kinematic domains and phase-space limitations

o Experiments employ complex analysis techniques, Monte-Carlo simulations,
and sophisticated corrections (acceptance, VMSs, radiative corrections)

» Close collaboration between different experiments — general benefit for the field

o Knowledge transfer, comparison of the analysis techniques, tools, and
methodology, cross-analyses between different experiments

» Close collaboration between experiment and phenomenology/theory

o Flexibility in adapting on the analysis side to the choice of the observables,
phase-space selections, etc. (before publishing the data)

o Different possibilities for common paper projects, external membership
» Possibility to organize effective and fruitful collaborative work
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Spin asymmetries for quarkonium production as a probe of gluon distributions
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https://indico.cern.ch/e/COMAP-LHCspin-AMBER

Possible topics for next COMAPs

* \ector mesons

 Kinematic cuts and binning for TSAs (TMD/collinear regimes)
 Radiative corrections
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(‘Nature 2 ((]D »

Raphael “Madonna del Prato” Salvador Dali “Maximum Speed of Raphael's Madonna”
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“Nature” “multi-D " with available statistics

Raphael “Madonna del Prato” Raphael “Madonna del Prato” (poor resolution)
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Selected results for di-hadron LSAS
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Nucleon spin structure: helicity gf}d(p) (x)
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SIDIS: target longitudinal spin dependent asymmetries

do
- oo (Fyr +ERuL )] 1+
dxdydzdp;d ¢, d g, ' '
sin ¢, in 24, 0.6" -gggd::f):;gflsig&g; h* | 202 b
+S, | 2e(1+&)A " sing, + A} sm2¢h} L0 ,
— = L
< 04+ -
+s ,1[\/1 £ A, +[2e(1— ) A cos¢h} I / : /
2 - r pd
0- i
P | P | P IS B L | L
0.06 i SS preliminar + - _
Fl _ C q Dh . [ e izr;:;;EBIGZZ(ZO%S)D(y)-rescaledh i z>02 h
L =91y = = 004 % +
<t [ i
2M ﬁ M G~J‘h 0.02 - d : + E }
FUS:_Mjh = C pT thHJ—h + glL : o- - I
Q | ™, M : | Py
—0.02 .
ke[ Moo o H R T rra—
o 0.05- ® HERMES PRL 84(2000) D(y)-rescaled L
M YA S 2 T EEPRD 77, 014023(2008) i
< r _ i
O ST e
i = 1 - 9H : | - |
Ut MMh -0.05- -
L Ll L 1 | L
~ 0.1- COMPASS preliminary Wt L 2>0.1 h™
2M h . - [ [ PRD 74, 074015(2006) [
FCOS¢n ?C — MpT Xequh+—91L gj OIOS:ffNPA945(2016)|53 g
h < :
O_ sy B e . e
+ Y ngth ~005 - -
0.1 : | |
107 107" 107 107"
X X

4 June 2024 B. Parsamyan 74



SIDIS: target longitudinal spin dependent asymmetries
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» Compatible with zero, in agreement with models
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http://arxiv.org/abs/arXiv:1801.01488

SIDIS TSAs: Collins effect and Transversity
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Polarized SIDIS and DY — factorization and kinematic regions
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LHCspin
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https://arxiv.org/abs/1807.00603

RHIC / BNL

pp & pA (L- and T-polarized protons)

Vs =200, 500/510 GeV

STAR (2000-2025)

» Collins asymmetry at mid-rapidity
(200 and 510 GeV pp)

« Similar x-coverage as in SIDIS
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" current data for Collins and Sivers asymmetry:
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SIDIS TSAs: Collins effect and Transversity

(FUU.T +8FUU.L){1+”'+ Sy ‘9Aji$(w¢s)3in(¢h +¢S)+"' }

do
oC
dxdydzdpZd ¢, d e,

sin(¢@, + ﬁ
I:UT(% ¢s):C|:_ MpT hqulth:|

h

different groups

(o

Measured on P/D in SIDIS and dihadron SIDIS
Extensive phenomenological studies and various global fits by

New deuteron data crucial to constrain d-quark transversity
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COMPASS 2022 run — highly successful data-taking!
« 2" COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
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Polarized SIDIS and DY — factorization and kinematic regions

Semi-inclusive DIS Drell-Yan process

T-odd TMD PDFs
C—)

sign change

High g;— Collinear factorization
Low gy — TMD factorization

High Xz — Current fragmentation
Low Xg — Target fragmentation
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