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Luminosity and centre-of-mass energy: ep collisions
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The electron-ion collider (EIC)
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The electron-proton/ion collider (ePIC) detector
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Kinematic coverage of central detector
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Electromagnetic calorimeter
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Hadronic calorimeter
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Hadronic calorimeter
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Hadronic calorimeter
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Hadronic calorimeter

e Backward HCAL:
steel/scintillator sandwich as tail catcher
 Barrel HCAL.:

steel/scintillator sandwich: detection of
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Kinematic coverage and hadron momentum reach
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Particle identification

1. Support electromagnetic calorimeters in providing e*/n* separation: suppress 7+ contamination down to 10-4
2. Provide hadron identification (i, K, p) over a wide rapidity and momentum range
15



Particle identification
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Particle identification
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Particle identification
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Particle identification
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Particle identification
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Particle identification

AC-LGAD based TOF, for p < 0.5 -3 GeV/c
L
Yy =

tstop ~ Lstart

L
1
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PartiCIG identifiCatiOn AC—LGADLbased TOF, for p < 0.5 -3 GeV/c
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Far-backward and far-forward systems
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Far-backward and far-forward systems
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Far-backward and far-forward systems
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Far-backward and far-forward systems

Low-Q2 taggers:
detect the lepton scattered
under very small angles

Luminosity monitor side view: 4,5 m
required absolute precision: 1% brems. y's

required relative precision: 0.01%

exit window/

converter
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Far-backward and far-forward systems

BO detector

B0 system: trackers+electromagnetic
calorimeters inside magnetic field
to detect protons and photons

1l

Low-Q2 taggers:
detect the lepton scattered
under very small angles

E.

Luminosity monitor side view: 10 m

required absolute precision: 1% bams.y's] [} "
required relative precision: 0.01% exit window/

converter W

B )
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Far-backward and far-forward systems

BO detector

B0 system: trackers+electromagnetic
calorimeters inside magnetic field
to detect protons and photons

z T
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. , ; Roman pots and off- momentum detectors:
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s reconstruct far-forward protons
U\II 4== l/\// "' X ( (and other charged particles+light ions)
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detect the lepton scattered
under very small angles
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required absolute precision: 1%
required relative precision: 0.01%
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exit window/ \ I

converter
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Far-backward and far-forward systems

BO detector

Zero-degree calorimeters:

detection of neutrons and
B0 system: trackers+electromagnetic photons

calorimeters inside magnetic field
to detect protons and photons

= \\‘:I/III:IAU Roman pots and off-momentum detectors:

- “ :T reconstruct far-forward protons
\N\/\::[/:II:IM (and other charged particles+light ions)

Low-Q2 taggers:
detect the lepton scattered
under very small angles
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required absolute precision: 1% brems.y'sy || —7 A M
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Deep-inelastic scattering (DIS) of electrons and nucleons/nuclel
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Kinematic coverage at the EIC
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Nucleon spin structure
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The nucleon spin

longitudinal direction
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The nucleon spin

longitudinal direction
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The nucleon spin

quark
spin ~ 30%

longitudinal direction
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The nucleon spin

quark
spin ~ 30%

longitudinal direction
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The nucleon spin

quark
spin ~ 30%

longitudinal direction
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Helicity structure of the nucleon

 longitudinally polarised proton
» longitudinally polarised e beam

- count... DEEMEIN
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Helicity structure of the nucleon

* longitudinally polarised proton » flip proton spin and count... CEEMIMN
» longitudinally polarised e beam
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Helicity structure of the nucleon

* longitudinally polarised proton » flip proton spin and count... CEEMIMN
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Helicity structure of the nucleon

» longitudinally polarised proton - flip proton spin and count... CEEME
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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
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Single-hadron production in semi-inclusive DIS
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Single-hadron production in semi-inclusive DIS

fragmentation function FF(z, O?)
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Sea-quark helicity distributions

Semi-inclusive measurements
— access to sea-quark spin
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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, ET, EL)
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The nucleon multi-dimensional structure

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

Wigner distributions W (z, ET, EL)
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The nucleon multi-dimensional structure

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

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

Wigner distributions W (z, k1, b | )
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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

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

Wigner distributions W (z, k1, b | )
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Single-hadron production in semi-inclusive DIS

fragmentation function FF(z, Q?)

o d Y
0’ =-¢’ | p(P) < 7

\

lab Ej, (9,‘{—' ’\J@N\/\J @
- “(a)
Y

3

parton distribution function PDF(xz, O°)
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Transverse-momentum-dependent (TMD)

parton distribution function PDF(xp, k,, O°)
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Transverse-momentum-dependent (TMD)

fragmentation function FF(z,p,, Q%)
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Transverse-momentum-dependent (TMD)
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Single-hadron production in semi-inclusive DIS
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Transverse-momentum-dependent parton distribution functions

quark polarisation
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Semi-inclusive DIS cross section /’ 3

o"'(p,0s5) = oy {1 +2(cos(¢)) i cos(¢) + 2(cos(2¢))y cos(2¢)
+ N 2(sin(¢))h sin(o)

+ Sy, |2(sin(¢))p,, sin(g) + 2(sin(2¢))}, sin(2¢)

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

+ S [2(sin(¢ — ¢5))irp sin(¢ — ps) + 2(sin(p + ¢s)) i sin(¢ + )

(3¢ — ¢s))ur sin(3¢ — ds) + 2(sin(ps)){r sin(¢s)
n(2¢ — ¢s))pr sin(2¢ — @s)
+ A (2(cos(¢ — ¢s)) i cos(¢ — ¢s)

+  2(cos(pg)) " cos(pg) + 2(cos(2¢ — ¢g)) )} cos(2¢ — ¢S))” B

+ 2(sin
2(si
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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 erietond
e

8p[2(sin())l, sin(6) + 2(sin(2)) 1, sin(20)
\; (2<COS(O¢)>LL cos(0¢) + 2(cos(¢))}; COS(@)}
82 2(sin(6 — 05))frr sin(9 — bs) + 2(sin(6 + @s))fir sin(o + 6s)

(3¢ — ¢s5))prr Sin(3¢ — dg) + 2(sin(Ps)) 7 sin(¢s)
+  2(sin(2¢ — ¢S)>UT Sin(2¢ — ¢s)

Dolzcreiig’:ion T A (2<COS(¢ ¢s)) 11 cos(¢ — bs)
+  2(cos(ds)) i cos(ps) + 2(cos(2¢ — ¢g)) 7 cos(2¢ — ¢5))]}

/

beam target
polarisation polarisation

+  2(sin
i
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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
Y
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(sin(¢ + ¢g)) iy = € Fpm#19s)
/TMD

hga

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

quark polarisation

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

S

'(.% U L T

KL

g U

o, -

CC?- L ke, quark polarisation
0

o T 2 U ] T

[ S

- ©° D 1
-
O
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Spin-independent TMD PDFs at EIC

ATHENA
. E.A1 . Fit:
- Ox471 5x%100 10x100 10x275 ° | ‘o A. Bacchetta et al..
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Spin-independent TMD PDFs at EIC

ATHENA
T Fit:

o - 9x41 5%100 10x100 10x275 | ‘o A. Bacchetta et al..
= 105 JHEP 06 (2017) 081,
i = o JHEP 06 (2019) 051 (erratum)
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oL - Global Fit %
S
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Impact of EIC on Sivers TMD PDFs

€ [fl’q X Dq]

UT—Gl 1T 1

ol + ol

o sin( — hs) Y €2 % |f57(x,ky) X DGz, py)|
q

NIM A 1055 (2023) 168458
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Gluon TMDs

GLUONS | ,spolarized | circular linear
: g b
! fir 81 hiys by’

35

* |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
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B DL .
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parton distribution functlons ~* . ,
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The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

2p S
d"b d2Fr
i ” | impact-parameter

transverse-momentum b, :

,"J % ' — <
dependent (TMD) il AVAVAS > > dependent PDFs
parton distribution functlons ~* . |
(PDFs) . £ PRD 92 (00) 071503 Fourier
§ Int. J. Mod Phys. A 18 (03) 173 | trgnsform
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Generalised parton distributions (GPDs)

GPDs are probability amplitudes

» X=average longitudinal momentum fraction

X+‘t’* fx_a » 2&=longitudinal momentum transfer
GPDs(x£,1) * t=squared momentum transfer to hadron
h(p) » experimental access tot and ¢
e
t P * In general: no experimental access to x
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Generalised parton distributions (GPDs)

GPDs are probability amplitudes

X+§* YX-G

—

GPDs(x & 1)

» 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

37

» 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)




Experimental access to GPDs

S

GPDs
P P
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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
= 1,1/{( Y

—

GPDs

P P

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

e
e {;iigj/ﬂ . e

Y
GPDs
P 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
=— 1{{{ g e

Y
GPDs
P 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
— 1{{( g e

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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Measurement of exclusive processes

o
\k
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Measurement of exclusive processes: including the far-forward s;/stem
B2pf

Roman Pots -
]

B0 detector

SiPM-on-tile HCAL

Focusing quadrupoles

Off-Momentum
Detectors

BOpf combined function magnet



The tfar-forward system and proton detection for exclusive processes

ECCE Excluswe productlon on proton

oton in BO oton in BO
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The tfar-forward system and proton detection for exclusive processes

ePIC Simulation ep 10x100 GeV
> 5 " ' 2 > 2
8 10 Gap pOSItIOﬂ EpICep—>pX,Q >1 GeV
2
~ P ton <0.3 GeV
S — depends on proton
o -
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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
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Exclusive measurements on p with the EIC el

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

Exclusive J/ production
— excellent to probe gluon GPDs
ECCE, NIMA 1052 (2023) 168238
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Gluon saturation
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Spin-independent parton distributions
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Spin-independent parton distribution§

—
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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

45

In(1/x)

r~ Q7 /W3



The Oomph factor

Oomph factor: A3 enhancement of saturation effect

46



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 quantum state.

—saturation, nuclear GPDs
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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 quantum state.

—saturation, nuclear GPDs

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

EX.: target dissociation, excitation
— saturation, fluctuations in transverse position

47

yfm]

£l
o

— Ay = [0.0,1.8,3.5,5.37—

1T 0 1
z|fm]

T 0 1

x|fm]

H. Mantysaari and B. Schenke.

Phys. Rev. D 98, 034013 (2018)
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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 quantum state.

—saturation, nuclear GPDs

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

EX.: target dissociation, excitation
— saturation, fluctuations in transverse position

47
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Diffractive measurements and saturation
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Exclusive measurements on nuclear targets with the EIC

K. Tu, DIS 2023
eAu 18x110 GeV EPIC

| | | | |
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Exclusive measurements on nuclear targets with the EIC
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eAu 18x110 GeV

Reconstruction of the coherent signal
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Suppression of the incoherent signal

ePIC Simulation
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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 Al/3

Away-side suppression

ATHENA
1.0
M e+A 18x110 GeV
No saturation =
0.6
= i .
<q§ Dihadron cuts:
- Dijet cuts: p,, >2 GeV/c
Saturation P; . >5 GeVic P, >p,,>1GeVic
Priet >Prer>4GeVic z,>02,2z,<04
0.31 —  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
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Probing space-time evolution of hadronisation

* Energy loss of parton by
medium-induced gluon radiation

. . * Energy loss of (pre-)hadrons
Virtual _ | - absorption
Photon g b B | Sl :

D LAY » 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
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Nuclear PDFs
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Nuclear PDFs at EIC

N. Armesto et al.,

Uncertainty on gluon distribution in Au/p PRD 109 (2024) 054019
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constrain of nuclear PDF one single nucleus!
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Luminosity and COM E needs for physics topics
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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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Close out
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