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Outline

* Why spin, why 3D
* What

* How
* Where
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* Single spin asymmetries...

puzzling in collinear pQCD

at leading twist
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Why?

 Origin of the proton spin
How the constituents of the proton contribute to the proton spin?

‘ %:%AZ+AG+L‘1+L9
/ | \

Best known How well do we know?  ???????

/ l \

Quark helicity ~ 30% Gluon helicity ~ 40%, OAM of quarks & gluons

# Gluon Spin Gluon angular momentum
« Quark Spin Quark Angular Momentum

U. D'Alesio & B. Badelek Diffraction and low x 2024



What: TMDs and GPDs

J 3D hadron structure:

NO quarks and gluons can be seen in isolation!
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3-D Imaging: Overview of Tools

Wix,b, .k, )
Wigner distributions
[db, R
N\ Fourier trf.
~ o b, <> A E=0
flx.k, ) flx,b,) = a, H(x,0,f) ‘t [ F(x,5.0)
transverse momentum impact parameter r=-4 generalized parton
distributions (TMDs) distributions distributions (GPFDs)
semi-inclusive processes exclusive processes
L4 Vo r r
fdiir- _ J. d"br Ljd-' J‘dxxu-l '
4 N -
fix) F(1) A (D+45°A (1) +....
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

(from arXiv:1212.1701)
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lattice calculations



Wigner function: importance

L2 = / da / Pkyd?bo (b x kL) W9 (2,b., k1)
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Spin-kT correlations:
quark TMDs for spin-1/2 hadrons

Leading Quark TMDPDFs O—»Nucleon Spin @Quark Spin o
* Unpol and Helicity: very good knowledge of

Quark Polarization

x dep.
Un-Polarized Longitudin?:l)y Polarized Transversely Polarized ° Unp0|: gOOd knowledge Of kT dep.
he W=D -@) odd . Slyers (T-odd) and t.ransver5|ty (chiral odd):
Unpolarized Boer-Muders fair knowledge (mainly x dep.)
g1=(0r = | iy =P =)~ * Others: some hints
e M * Tensor charge: tension with lattice
L é) L T h =1 _®
f1T= _Q 91T=®—© h: y@ @
Sivers Worm-gear Pre&efosiy - N qu/a/f/\;}
T-odd I — T
1 _
- S X
0 The Sivers function [

Tensor charge
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Spin-kT correlations:
quark TMDs for spin-1/2 hadrons

Leading Quark TMDFFs () tasonson (o) auarcson

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized hd UnpOI and HEI|C|ty. gOOd knOWIedge Of X dep.
= = * Unpol: some knowledge of kT dep.
Dy = (%) Hi =(1)-(1)| * Collins FF: fair knowledge (mainly z dep.)
o * Polarizing FF: preliminary knowledge

Gr=(Dr - [Hy s(Pr-@n| Others: Almost unknown
f

1
H] = l\—(f\l
DJ- =®_ G_L=0-—-o T rsity/ N
lTPI QFFQ v d) é H%T=®—® “ PL
Sq X
. . 1
8 TMD-FFs The Collins function H;*
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and gluon TMDs

Leading Gluon TMDPDFs () tuceonson (1e1) G157 e

Gluon Operator Polarization

Un-Polarized an::;j:jge"mc Helicity 2 * Unpol and Helicity: good knowledge of x dep.
* Unpol: some hints on kT dep.
19_ .
= () i ) @P I@d * Others: almost unknown
Unpolarized inear olarize
- Lo : * Modelling
g{y, = (o) — (o) | 1L = O (Sl Theoretical and phenom. more challenging
Helicity

H = () @m@ @ 1T—®®
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Quark GPDs

Quark Polarization

Unpolarized | Longitudinally Polarized Transversely Polarized
()] L) (T)
U H zﬁ}'_f_ +E, * GPDs encode correlations between parton
longitudinal momentum and transverse position
L H E * 8 GPDs: 4 chiral even and 4 chiral odd

*H9(x,0,0) = q(x), ﬁq(z‘.._ 0,0) = Agq(x)

T L E Hy, Hy Eris related to the proton's
anomalous tensor magnetic moment.

Mucleon Polarization

H; is related to the proton's tensor charge.

[1 dxHI(x,€,t) = Fi(t) and [T dxE9(x,&, t) = F5(t).
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What can we learn from GPDs?

* Tomography of the nucleon: the Fourier transform of the GPDs can be
interpreted as a probability density:

HYz.b,) = ﬂ —bL AL Y 0. — A2
(.’13, J.) (2?1_)26 (.’L‘, ’ J_)

* Understanding the spin composition of the nucleon (aka the “spin puzzle”)
using the |i’s sum rule:

% :._+_ Jia > Jo = ; % /;1 de ©(H%(z,£,0) + E(x,£,0)) = ; %(Aq(t) + Bi(t))

* Accessing Gravitational Form Factors by mimicking a spin-2 interaction:

/ 11 dr wH(z,€,t) = AY(t) + £DU1) /

1

dz zE(x, €, 1) = BU(t) — £2D4(1)
1

GFFs: information about internal distributions of mass, energy, pressure and shear
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How can we acces TMDs?

Semi-Inclusive DIS Drell-Yan Dihadron in ete-

Hy
ot / - Two-scale processes:
&— —d 2 2 2
;/:;% Q° > pr = Aoep
{\H];"‘ ¥

Y P,

A/ |

i3

=4 =3
Loy
Dty -/-'-\\
2730
—— /
=y

fepton plane (cm)

L4 TMD factorization proven
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Access to gluon TMDs

Quarkonium-pair production
Scarpa, Boer, Echevarria, Lansberg

Pisano, Schlegel arXiv:1920%9.05769

Higgs production

Gutierrez-Reyes, Leal-Gomez, Scimemi
Vladimirov, arXiv:1907.03780

U. D'Alesio & B. Badelek Diffraction and low x 2024



Other interesting processes

e plp—jetm X

* Jet-jet correlations

* A(pa) B(pp) — jet(pj) AT(pa) X

* Quarkonium production in ep and pp collisions

e SSAs in inclusive processes (twist-3...connection to TMDs)

e Connection to low-x physics and unintegrated PDFs (C. Marquet)
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and GPDs? Exclusive reactions

Deeply Virtual Compton
Scattering (DVCS)

>

N(P) NP’

+ Clean process

- Only sensitive to chiral even GPDs

Deeply Virtual Meson ‘
Production (DVMP)

ep — e utu"p ooves

e, . 9/.-——h\s /’ / 3

. / 0"
Ji / / / \‘-
o . T

g - © .;':LE} Tk Yr.ilJitJé'ré

£ 9/; \\\ X-E
x+5 -&
Gluon GPDs . AR
IJ/< Ll v o < GPDs(x.&t) &
- ==
- . P . * p'
HJ' HI EJ‘ E HT’ HT’ ET’ ET B .
~— — v(q) () e (k) .
+ Access to transversity degrees of freedom RLLL‘ »
described by chiral-odd GPDs r+ &t YT —§
- Distribution Amplitude (DA) is involved CPD
as additional soft non pert. quantity !
.
P(p) ! P'(p') P

Timelike Compton Scattering
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TMDs from SIDIS

de dy dv dz doy, dP? | -

i',l’2 y2 '}2 ' COS Oy
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TMD structure and factorization

hadron

Courtesy of A.Bacchetta

p :
photon -
quark
L] k -
Each convolution.... Lk proton
- e ] _q
TMD Parton # P
Distribution Functions TMD Parton

Fragmentation Functions
- o~ P2 12
Four(xz.z, Prp, Q%) /

=2 Hiyr(Q®. 17 fd'zh d*P [ (x, k35 0?) DY (2, P p®) 6(2ky — Prr + Py)
q

= Z %g},L,’T(QQ.p.Q) /f:ﬂb;rb;r.]g(bﬂph_|)ff(;r. 22b% ,H.Q) D?‘””(.:n bi:,u.g)

Analysis in Fourier-transformed space....
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Scale dependences: more complicate w.r.t. DGLAP....

(e, |br ], €) = /dzk TR £ (2 K. C)

perturbative Sudakov
form factor

¢ P:f d YE —Y K L
Fo (B g Cp) = [C ® fil(wam,) el 5 (rmm]

R lu b.

collinear PDF

I‘; resum T 9K

fi \P(i» b7 Cs. Qo)

Collins-Soper kernel
(perturbative and nonper‘turbative part
nonperturbative) of TMD

2e7E
Hp = A matching coefficients
T

(perturbative)

CSS/SCET, Rapidity divergences and all that

U. D'Alesio & B. Badelek Diffraction and low x 2024



Modified universality

Collinear PDFs: factorization ‘universality

Y
llfL"f‘. ----------- kY * o . . .
C— T, Final state interactions in SIDIS
/ g o % Initial state interactions in DY
1LSIDIS _  ¢plDY
17T — 1T
First experimental hints

T-odd TMDs: Sivers function
at STAR, COMPASS

colored gluons at work ....
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GPD..some more info

* Factorization fully proven for DVCS/TCS/Double-DVCS whereas partial
proof for DVMP only at LO for longitunally polarized photon

e GPDs are universal

* TCS to test the universality of GPDs and to access the real part of the
Compton FF
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Status

e TMDs:
- theory, phenom. and modelling (M. Radici)
- global fits, towards a precision era

e Lattice: significant progress (K. Cichy, S. Muckerijie)

* GPDs: theory and modelling. still open issues but improving fast
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Where

 Several experimental facilities/programmes:
- HERMES,
- COMPASS (B. Badelek, K. Lavickova),
- JLab (J.P. Chen),
- BaBar, Belle, BESIII,
- RHIC (R. Seidl),
- LHCspin (M. Santimaria),
- EIC (P. Nadel Turonski)]
Enjoy the SPIN session
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Backup slides

U. D'Alesio & B. Badelek Diffraction and low x 2024



What: TMDs and GPDs

4=== Parton
_ Nucleon motion
Transverse Momentum-dependent Generalized Parton Distributions
Distributions
kT =aP" =
@ \@
TMDs (z, &, GPDs (z,A)

PDFs (z) FFs (A)
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Wigner function - The “mother function”

Wigner functions (z,k..b,) (Belitsky, Ji, Yuan, 2003)

2-D Fourier Transform

(Ay)

(Meissner, Metz, Schlegel, 2009) GTMDs (x, k., A)

A:U /(FEL

TMDs (z,k, ) GPDs (., A)

/(121-.;1_
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