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Kinematic coverage at the EIC
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Nucleon spin structure
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Helicity structure of the nucleon
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Helicity structure of the nucleon
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Helicity structure of the nucleon: existing measurements
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Gluon helicity distribution at the EIC
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Gluon helicity distribution at the EIC «9+
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Sea-qguark helicity distributions
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Sea-quark helicity distributions at the EIC
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Nucleon multi-dimensional structure
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The nucleon multi-dimensional structure

Wigner distributions W (z, k1, b | )
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The nucleon multi-dimensional structure
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The nucleon multi-dimensional structure
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The nucleon multi-dimensional structure
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The nucleon multi-dimensional structure

Wigner distributions W (z, k1, b | )

/dQ/

fransverse-momentum
dependent (TMD)
parton distribution functlons

(PDFs)

-
/d\TA PDFs

zp |

P. impact-parameter
- dependent PDFs

Int. J. Mod Phys. A 18 ('03) 173 transform

forward limit generalised parton
<+——— (distributions (GPDs)

. PRD 92 ('00) 071503 l Fourier

xf(x,Q°)

——— H1 PDF 2000
=" ZEUS-S PDF
——1 CTEQG6.1




Single-hadron production in semi-inclusive DIS

fragmentation function FF(z)
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Single-hadron production in semi-inclusive DIS
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ad -
0= ¢ p(P) <
Ag = 2P g PhT
lab By, @ —d C |
7 v (q)

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k)
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Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)
fragmentation function FF(z,p,, 0

ad -
0= ¢ p(P) )
Ap = 2P g PhT
lab By, @ —d C |
— > .
T v (q)

| | TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xp, k, Qz)
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Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)
fragmentation function FF(z,p,, 0

d T
Q°=-¢q’ p(P) \ .
Ap = o
X A e
ZlibEh @_d |

| | TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)
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Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)

A

fragmentation function FF(z,p,, Q%)

d T
Q°=-¢q’ p(P) \ .
Ap = o
X A e
ZlibEh @_d |

| | TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)
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Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)

A

fragmentation function FF(z,p,, Q%)

d T
Q°=-¢q’ p(P) \ .
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X A e
ZlibEh @_d |

| | TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)
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Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)

A

fragmentation function FF(z,p,, Q%)

d T
Q°=-¢q’ p(P) \ .
Ap = o
X A e
ZlibEh @_d |

| | TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)
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Transverse-momentum-dependent parton distribution functions

quark polarisation

U L T
-
O
b U f1
©
S
- L giL
@)
D
&)
2 T hit

survive integration over parton
transverse momentum
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Transverse-momentum-dependent parton distribution functions

quark polarisation

U L T
-
: N
b U J1 hy
ks
@)
=L gL | hiy
5
O 1 1
-
c T 17T a1 hir hir
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Semi-inclusive DIS cross section

0" (¢, ¢5) = UUU{1+2<COS(¢)>ZU cos(¢) + 2(cos(2¢))(ry cos(20)
+ N 2(sin(¢))}, sin(¢)

- Sp | 2(sin(@))f, sin(¢) + 2(sin(26))f;, sin(2¢)

+ A (2(cos(09)), cos(0) + 2(cos(¢))}, cos(¢))]

St [2(sin(¢ — ¢s)) i sin(¢ — ¢s) + 2(sin(¢ + ¢s)) iy sin(¢ + ¢s)

2(sin(3¢ — ¢s))r sin(3¢ — ds) + 2(sin(¢s))pr sin(es)
2(sin(2¢ — ¢s)) 7 sin(2¢ — ¢s)
A (2(cos(¢ — b)) cos( — bs)

+  2(cos(pg)) " cos(pg) + 2(cos(2¢ — ¢g)) )} cos(2¢ — QSS))”
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Semi-inclusive DIS cross section

o"(6,05) = of {1+ 2(cos()) gy cos(9) + 2(cos(29))y cos(20)

+ N 2(sin(¢)) 1y sin(¢)
i ierietond
e

+ 185 2(sin(9))l, sin(@) + 2(sin(20))},, sin(20)
09))7 1, cos(0) + 2{cos(¢))};, cos())
in(¢ - <bs>>@T sin(e — ¢s) + 2(sin( + ¢))ip sin(6 + ds)

2
N\
DO
-
O
N
—~

7 20 — ¢S)>UT sm(ng ds)
be_am_ ) + A (2<COS(¢ ¢S)>LT cos(¢ — ¢s)

polarisation
+ 2(@08(&9)}% cos(pg) + 2(cos(2¢ — ¢S)>%T cos(2¢ — ¢5))]}

/

beam target
polarisation polarisation
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2(sin(¢ + ¢s)) i = € Fpp 0%
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :

2(sin(¢ + 6s)) i = € Fpg* 0%
/TMD
o
Fxy o C[TMD PDF(z,k, ) X TMD FF (z,p,)] i /
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :

2(5in(¢ + ¢s)) oy = € Fppn 0705
/TMD

;2

Fxy  C[TMD PDF(z,k,) x TMD FF (z,p.)]

quark polarisation

5
'..c_.;tg U L T
E U J1 hf
®)
QL 9L | hyy
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| 1 1 1
% T 1T gir |hrhip
-
-
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :

2(sin(¢ + ¢g)) iy = € Fpm#19s)
/TMD

;2

Fxy  C[TMD PDF(z,k,) x TMD FF (z,p.)]

quark polarisation

S
'..c_.;tg U L T
E U J1 hi
2 |5 sat
o L giL | hipg A=, quark polarisation
o U
f 1 1L )
% T ir | gir hrhyy - . L '
9 o
- Sl U Dy H1L
-
O
e,
U
-
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :

2(sin(¢ + ¢g)) iy = € Fpm#19s)
/TMD

éZ

Fxy  C[TMD PDF(z,k,) x TMD FF (z,p.)]

quark polarisation

chiral even x chiral even

-
O
m
2.
& U
O -
CC?- L X, quark polarisation
@
% T L L T
2 L 1
- o Hl
-
O
L
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :

2(sin(¢ + ¢g)) iy = € Fpm#19s)
/TMD

%Z

Fxy  C[TMD PDF(z,k,) x TMD FF (z,p.)]

quark polarisation

chiral even x chiral even . .
chiral odd x chiral odd

S

'..c..T5 U L T

L,

& U

o, -

CC?- L 2 quark polarisation
0

§ T L U L T

O @

= Sl U Dy Hi-
-
O
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Validity of TMD description

An

TMD
2 characteristic scales:

small Pnt and |arge Q2

T3) PDFs.
Ird scale, e.qg., Pnt

\

Aqep << Q.orP; << Q QrorPr

Consistent results for TMD
and CT3 in overlap region
21



Impact of EIC on Sivers TMD PDFs _@

4 [fl’q X Dq]

ol — o 1T 1

ol + ol

x SIn(¢ — ¢y) Z 35 14 [filT’q(xa ki) X qu(ZaPl)]
q

R. Seidl, A. Vladimirov et al., NIM A 1055 (2023) 168458
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Gluon TMDs

GLUONS |, polarized | circular linear
L m |
! firt g7 hs byt

23

* |n contrast to quark TMDs,
gluon TMDs are almost unknown

* Accessible through production of dijets,
high-Pt hadron pairs, quarkonia



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

J e / : f
vl P,
B DL .

transverse-momentum b, e impact-parameter
dependent (TMD) o AVAVAS S — — — =" dependent PDFs

parton distribution functlons ~* . |
(PDFs) . PRD 92 ('00) 071503 Fourier

Int. J. Mod Phys. A 18 ('03) 173 transform

forward limit generalised parton
PDFg < distributions (GPDs)

. . . . . . 10 -05 00 05 10 -10 -05 00
—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0 b)( {fl'ﬂ} bx {fl‘l‘l)
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The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

2 —
/d/ v. kT L.

transverse-momentum b, i

_ A Impact-parameter
dependent (TMD) L\ T LT T dependent PDFs
parton distribution functlons ~* ¢ |
(PDFs) . # PRD 92 ('00) 071503 Fourier
f Int.J. Mod Phys. A 18 (03) 173 | transform
o ' sorward limit generalised parton
d”kr PDFS | «————— distributions (GPDs)

J.
L J

1% 05 00 05 10 10 05 00 05 0
gy ) by (fm) 4




What are generalised parton distributions (GPDs)?

GPDs are probability amplitudes

» X=average longitudinal momentum fraction
Xﬂ 1X5 » 2¢=longitudinal momentum transfer
» t=squared momentum transfer to hadron

» experimental access tot and ¢
* In general: no experimental access to x
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What are generalised parton distributions (GPDs)?

GPDs are probability amplitudes

X+§* YX-G

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(z, &, t) E(x,&,t)

H(z,&,t) E(x,,t)

proton helicity non flip| proton helicity flip

parton-spin independent

parton-spin dependent

25

» X=average longitudinal momentum fraction
» 2&=longitudinal momentum transfer
» t=squared momentum transfer to hadron

» experimental access tot and ¢
* In general: no experimental access to x

Four parton helicity-flip twist-2 GPDs

HT(xafat)

ﬁT(ZE,f,t)

ET(mvat)

ET(xvfat)




What GPDs tell us about the nucleon

e 3D parton distributions

2« , : : 1.0/,
M. Burkardt, PRD 92 ('00) 071503 | !

Int. J. Mod Phys. A 18 ('03) 173 1 | o5
| R £ |
impact-parameter dependent distributions: = 0] 1€ o0
. : a | 1 g
probability to find parton (x,br) Il |
'* -0.5
Fourier ol » .
transform for ¢=0 o 05 00 o5 10
oFDs GPDs H+E
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What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503

=

0

probability to find parton (x,br)

transform for &=0

o GPDs
e pressure distributions

GPDs
/dxa:

gravitational form factors

Fourier
transform

pressure distributions 26

Int. J. Mod Phys. A 18 ('03) 173 1
impact-parameter dependent distributions: = 0|

Fourier ol
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|
[

-0.5
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-1.0
-1.0

05 00 05
b, (fm)

GPDs H+E




What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503

1.0

Int. J. Mod Phys. A 18 ('03) 173 1| 05|
. . £ |
impact-parameter dependent distributions: = 0] 0.0
“ye . @) b
probability to find parton (x,br) 1
l -0.5
Fourier ol N
— LU . . , i H 14
transform for &=0 SAE N "R
GPDs GPD H GPD
e s H+E
e pressure distributions
GPDs . . p(r)
radial pressure tangential pressure A
/ (Goviim) 4 ) (Gevim] e pdn) Pr(r)
d.flj‘ XL ; q+G 0.15F q+G A= et
0.30F [ A
-/ ) ot0f N T ) r/// > pi(r)
0.25;- e —— = G I —_——— G ‘l
) ) 5 0.05
gravitational form factors vor | /N -
015F [ SN oYy  te. 15 .- rim
- . U N\ T
Fourier o0k f N S
: 2 S~ e 010}
transform Y T~ Tuine o \
T e e as 20 B C. Lorcé, H. Moutarde, A. P. Trawiriski

pressure distributions

Eur. Phys. J. C 79 ('19) 89



... and Iits spin

longitudinally polarised nucleon proton spin
decomposition

quark
spin ~ 30%
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... and Its spin

longitudinally polarised nucleon

3| angular momentum
ONS

()

proton spin
decomposition

CS

quark
spin ~ 30%

.

gular momentum
guarks
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... and Its spin

Jotal angular momentum

of gluens
longitudinally polarised nucleon proton spin gluon
decomposition spin

quark
spin ~ 30%

Ji relation Jotal angular momentum

) of all'quarks

dr x [H(x,&,t) + E(x,&,1)]

X. Ji, Phys. Rev. Lett. 78 (1997) 610




Experimental access to GPDs

GPDs
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Experimental access to GPDs

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2
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Experimental access to GPDs

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2
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Experimental access to GPDs

e e
. / e
- *
7" (q) 0l
Je-
A Y
GPDs
Y P
Deeply virtual Compton scattering (DVCS) Hard exclusive meson production
Hard scale=large Q2=-qg2 Hard scale=large Q2

28



Experimental access to GPDs

e
e
. / .
- *
7" (q) 0l
Je-
A Y
GPDs
Y P
Deeply virtual Compton scattering (DVCS) Hard exclusive meson production
Hard scale=large Q2=-qg2 Hard scale=large Q2
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Experimental access to GPDs

e
e
. / .
- *
7" (q) Y
-
A Y
GPDs
P P
Deeply virtual Compton scattering (DVCS) Exclusive meson photoproduction
Hard scale=large Q2=-q2 Hard scale = large charm/bottom-quark mass
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Exclusive measurements on p with the EIC s
- L
’

Deeply virtual Compton scattering
— sensitive to quarks (and gluons)

EplC DVCS + EICROOT

104 ¢ —
’ 10 GeV x 100 GeV Corrected for
*ee, L =10 fb acceptance
103 3 “ea .y
_g : . nll'. ]
% ® s a -
— LI !!j‘!t?s
o 10° R
g » \S Ty T eel EII
= 101 I il | L7
- xg=0.020 Te T i f I o) l
. QP=7.3 Ge\? L] I
100 . . : . L . N . N 1 N . . . I . . . . 1 : . :
0 0.25 0.5 0.75 1 1.2
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Exclusive measurements on p with the EIC el

Deeply virtual Compton scattering
— sensitive to quarks (and gluons)

EplC DVCS + EICROOT

104 N —
| 10 GeV x 100 GeV ~ Corrected for
| e, L =10 fb acceptance
103 3 e g
_Q : ¢ '!I'. |
% L S .
— LI !!5‘!3?;
o 107 B N
Q ¢ it
= N | p o~ U S
; 101} It IIIIE TlIl I
= xg=0.020 s1 Ll e I o
=73 GeV? L] f |
100 R T T T S T .
0 0.25 0.5 0.75 1 1.2
-t [GeV?]
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Exclusive J/y production

— excellent to probe gluon GPDs
ECCE, NIMA 1052 (2023) 168238

%l :EI)(I IlJISII Iel I‘J/Llj Idrlcl)ld I(\l-tll I I | o | L1 | [ I;
© ~, ECCE i
S - . 37\153 18x275 GeV -
O 10w \ 1< QF <50.0 GeV? -
S ™, W + 0.0016 < x, < 0.0025-
- i M’n " ¢ 0.016 <x, <0.025 -
- 4 ", %& + 0.16<x,<025
F ook M ™ z-10f -
X O + KU ;
g i ++ ++++++++ +*+ :
| "W by b

i ol? I Sl & ! il
10" E_ ? o.. o o(le8 _e@
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Gluon saturation

\\\\\p,l
7
2

"

ey

LTS

-

* YW

(!

|
o\
\
W\

N
N

N

////)))

-

MWW

M

!
AT

30



Spin-independent parton distributions

05
04 F

0.3

0.2

0.1

H1 PDF 2000
ZEUS-S PDF
CTEQ6.1
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Spin-independent parton distribution§

H1 PDF 2000

=== ZEUS-S PDF
CTEQ6.1
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Gluon splitting and recombination

In(1/x)

splitting

~ QZ/WQ

X
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Gluon splitting and recombination

recombination : splitting

=

saturation

32

In(1/x)

r~ Q7 /W3



The Oomph factor

Oomph factor: A3 enhancement of saturation effect
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Exclusive/diffractive measurements on nuclei

What object are we probing?
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Exclusive/diffractive measurements on nuclei

What object are we probing?

coherent scattering

Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.
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Exclusive/diffractive measurements on nuclei

What object are we probing?

coherent scattering

Incoherent scattering

Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.

Incoherent interaction: interaction with constituents inside target.
~ target does not remain in same quantum state.

EX.: target dissociation, excitation
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Exclusive/diffractive measurements on nuclei

What object are we probing?

coherent scattering

Incoherent scattering

Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.

Incoherent interaction: interaction with constituents inside target.

~ target does not remain in same quantum state.
EX.: target dissociation, excitation

34
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Diffractive measurements and saturation

dol® AU e+ AU+ /4t (nb/GeV?)
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Exclusive measurements on nuclear targets with the EIC

Reconstruction of the coherent signal

eAu 18x110 GeV EPIC
[ | [ | [ | [
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Exclusive measurements on nuclear targets with the EIC
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Suppression of the incoherent signal
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Di-hadron production in €A collisions

» Complementarity region covered by
dihadron and jet production

# correlated back-to-back hadron pairs in
e+Au/e+p scaled by A1/3

Away-side suppression ATHENA

e+A 18x110 GeV

No saturation

=
<q§ Dihadron cuts:
- Dijet cuts: p,, >2 GeV/c
Saturation P; . >5 GeVic P, >p,,>1GeVic
Priet >Prer>4GeVic z,>02,2z,<04
0.3 —  Phys.Rev.D 89, 074037 model, dihadron uncertainties
— Pythia6 w/ nPDF, dihadron uncertainties
— Pythia8 w/ nPDF, di-jet uncertainties
1 1 1 | Ll 1.l | | 1 | | L1l 1.l | | 1 |
10 102 107




Hadronisation

parton

38



Probing space-time evolution of hadronisation

* Energy loss of parton by
medium-induced gluon radiation

» Energy loss of (pre-)hadrons
Virtual 2 | - absorption
Photon L0 0 O :

7 P - - » rescattering (small)

Fully Formed : :
Hadron » Partonic and hadronic processes:

different signature

) probe space-time evolution of
hadron formation
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Multiplicity ratios

h
(NN ) HERMES, Eur. Phys. J. A 47 (2011) 113
DIS - - -
RZ — A - Ne - Kr - Xe
N 1.0 | : :
N 0.8 fIxXyYle i
D15 D - t [ XX'vv - vy
: : el b el
0.6 4 v=412Gev Ay dlyy
04 Y V=12-17 GeV o o A
v =17-23.5 GeV T
1.5 | | | | | | | | | |
1.0 NEETES X v
- §a¥§ - x*X§§% - i‘fi
i i 1l Hi?
0.5 j K+
1.5 - L
i i X i Y
B v | v r Y - iy
1.0 ¢ Ay .
i “i I * 3 i I ‘
B 1 B ‘SY$ i d ‘K§
0.5 NE B ‘ % At highest z:
i e s L i P e N hadronic absorption
0.5 1 0.5 1 0.5 1
lab Eh
Z=—>I<
40 E”



Nuclear PDFs

- Fermi

§antishadowing§ motion

g EMC
shadowing

0.1 0.3 0.8 X
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Nuclear PDFs at EIC

N. Armesto et al.,

Uncertainty on gluon distribution in Au/p PRD 109 (2024) 054019

1:|- ': L : c ' ' L
0.8 — : ! _ _
¢<>'~ 06 f— EIC simulation
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O e | :
o 0.2 — I l
F.\ |
X 0
g -02 : :
o 04 -
Q — I I
4 —0.6:
—-0.8 | |
1k ' . ] ] e
107% 10°° 1072 107! 1
X

Inclusive e-Au data only:

constrain of nuclear PDF one single nucleus!
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Early science programme

- Luminosity/nucleon T ST
Species Energy (GeV) ber year (fb-1) Electron polarization p/A polarization
YEAR 1 e+Ru or e+Cu 10 x 115 0.9 NO. . N/A
(Commissioning)
e+D 11.4 NO
YEAR 2 e+p 10130 4.95- 5,33 LONG TRANS
YEAR 3 e+p 10 x 130 495 -5.33 LONG TRANS and/or LONG
e+Au 10 x 100 0.84 N/A
YEAR 4 e+p 10 x 250 6.19 - 9.18 LONG TRANS and/or LONG
e+Au 10 x 100 0.84 N/A
YEAR S e+3He 10 x 166 8.65 LONG TRANS and/or LONG
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J. Lajole,

Early Science Workshop

April 24-25, 2025




Summary

EIC with ePIC can address various aspects of the nucleon and nuclear structure through:
* Precise inclusive and semi-inclusive DIS measurements to probe the parton spin contribution to the nucleon spin.

* Measurements for 3D (spin-dependent) tomography in momentum space and position space.

 Measurements on a large variety of nuclei:
» understand nuclear structure

* probe gluon saturation
 study the space-time evolution of hadron formation.
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