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On the menu

* EIC machine: overview

* ePIC: the first EIC detector

 Why an EIC?
* Nucleon spin
* Multi-dimensional nucleon structure
e Saturation

e Hadronisation



The electron-ion collider (EIC)

BROOKHIAEN

NATIONAL LABORATORY




The electron-ion collider (EIC)

Injector
- Linac

Polarized
Electron
Source

Electron \
Injection //// \
41GeV Line Z

Arc

Electron Electron
Storage Cooler 4
Ring N
N

EIC

 Based on RHIC:
e use existing hadron storage ring
energy: 41-275 GeV
* add electron storage ring in RHIC tunnel
energy. 5-18 GeV

— /s =29 — 141 GeV

Electron
Gun

‘ 2 IR

Hadron
Storage ElectroV
Ring Electrons
lons
Electron -

Injector (RCS)

(Polarized)
fonSource

E !

Booster



The electron-ion collider (EIC)

Injector
- Linac

W

Polarized
Electron
Source

Electron )

Injection ///

41GeV Line A
Arc

Electron Electron
Storage Cooler 4
Ring N
N

EIC

 Based on RHIC:
e use existing hadron storage ring
energy: 41-275 GeV
* add electron storage ring in RHIC tunnel
energy. 5-18 GeV

— /s =29 — 141 GeV

o ——1

/ « ¢+ p!,d', He, unpolarised ions up to U

Electron
Gun

‘ 2 IR

Hadron
Storage Electroy
Ring
lons
Electron -

Injector (RCS)

(Polarized)
fonSource
.
EBIS

Booster O
3

~ 70% polarisation



The electron-ion collider (EIC)

Injector
e Linac

Polarized
Electron

Injection
41GeV Line

Arc

N

 Based on RHIC:
e use existing hadron storage ring
energy: 41-275 GeV

Electron Electron

Storage ooler I I

Fing X \2\\\ * add electron storage ring in RHIC tunnel
energy. 5-18 GeV

EIC
— /s =29 — 141 GeV
\ —

Sl cocvors / e ¢+ pT, d', He unpolarised ions up to U
Ring Electrons
lons
Electron - ~ 70% pOlarlsathn

Electron
Gun

Injector (RCS)
. ¥ =107"*cm—2s-1
(Polarized) > gint — 1() - 10() fb_l/year

&
EBIS
Booster O



Luminosity and centre-of-mass energy: ep collisions
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Beam-beam limited

10 MW SR limit

Luminosity [10% cm2 s]

- Space-charge limited
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Luminosity for eA similar within factor 2-3
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The electron-proton/ion collider (ePIC) detector
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The electron-proton/ion collider (ePIC) detector

hermetic coverage:
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The electron-proton/ion collider (ePIC) detector

hermetic coverage:
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The electron-proton/ion collider (ePIC) detector
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The electron-proton/ion collider (ePIC) detector
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Tracking system

URWELL

microMegas

N\

1.7 T magnet

@ Monolithic Active Pixel Sensor (MAPS)
Silicon vertexing/inner tracker

© Micro-pattern gaseous detectors

URWELL/microMegas:
timing & pattern recognition

® AC-LGAD based TOF:
PID & additional tracking point

/\

S
1




/\

Tracking system 1.7 T magnet
@® Monolithic Active Pixel Sensor (MAPS) " \
Silicon vertexing/inner tracker P Ml | | |
© Micro-pattern gaseous detectors : |
URWELL/microMegas: ! !
timing & pattern recognition
@ AC-LGAD based TOF:
PID & additional tracking point
momentum resolution
= 251 = 5F = 251
s f ® 35<n<-30 g45E g |
< 20~ . _3_0<::_25 2 4F ® 00<n<05 4 201 : gg:::gg
: _ 3.5 A 05<n<1.0 e PWG Requi t ;
15:— ~ PWG Requirement 32— -------- PWG Requirement 15:— S rt
: ° 2.5F -
10]- . ¢ of 10[- |
% o Y 1.5 - s e
_ A - A A '
S A a A - 1= » 5_.1 A A A :
i A v 0.5 E_.“. ---------- & $ E ... ................... L B o
0—1'"'1""1 ............ 1-.........-.....--..-] .............. l l 0:1 ‘ | l 1 | l O_I l l l [ l l :
0 5 10 15 0 5 10 15 0 [GoV] 0 5 10 15 p[Gzte]

L12.6, 0.1
L 12.3.0.05 TSN
5.7, 01 30’ 025

4.8,0.
—3.6,0.05 radius [cm] % radiation length

microMegas 7



/\

Tracking system 1.7 T magnet
@ Monolithic Active Pixel Sensor (MAPS) 3 \
Silicon vertexing/inner tracker FE ! |
© Micro-pattern gaseous detectors — |
URWELL/microMegas: ! 8

timing & pattern recognition

® AC-LGAD based TOF:
PID & additional tracking point

momentum resolution

= r a4.5F a |
%20__ ® 35<n<-3.0 s 4;_ s ool ® 25<n<3.0
< 20U A 30<n<-25 < = ® 00<«n<05 < B A 30<n<35
N 3.5 A 05<n<1.0 e i ‘
» - PWG Requirement - n ' - PWG Requirement ,
15— 8= e PWG Requirement 15— rt
: ° 2.5F -
“F . ’ 2E 10} |
-0 @ ° 1.5 i A |l
iy - ' A A A
5__ A A A A 1; el 5+ A )
- A A A eeees Y - O o o
T meeseeeseaeeemrensnT S 0.5 by~ é- - e e N  YRR——
L e e i e R ! - oEL— | L1 ! l ol | | ! e 1 1
0 5 10 15 2 0 5 10 15 20 0 5 10 15 2
P [Ge(e/] p [GeV] P [Ge%]

complemented with
electromagnetic calorimeter

Js
-48/005 0.0
—3.6,0.05 radius [cm] % radiation length

microMegas 7



Electromagnetic calorimeter




Electromagnetic calorimeter

Electron Endcap EMCal
PbWO, crystals

External structure & 1
cooling

Flange of the ____

beam pipe | g

cooling plates

beam pipe

Internal structure & —
cooling —

I —
- \" =

read-out boards S

PbWO, crystal &
internal support structure
universal support frame  pJrcC bars

 Backward EMCAL.:
high-precision PbWO4 + Si sensors

as——




Electromagnetic calorimeter

Electron Endcap EMCal
PbWO, crystals

External structure &
cooling

Flange of the ____
beam pipe Ll

cooling plates

Cables

beam pipe

Internal structure &
cooling

read-out boards

PbWO, crystal &
internal support structure
universal support frame  pJrc bars

AstroPix: silicon
sensor with
500x500pum? pixel
size developed for
the Amego-X NASA
mission

Backward EMCAL.:
high-precision PbWO4 + Si sensors

Barrel EMCAL:

'.**

"""""""""

[T

3D imaging with MAPS and sampling Pb/ : “““““
scintillating fibres with Si sensors T&

rrry
:::::

ScFi Layers
eersd With two-sided
eeereareren  SiPM readout



Electromagnetic calorimeter
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Hadronic calorimeter
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Hadronic calorimeter

e Backward HCAL:
steel/scintillator sandwich as tail catcher
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Hadronic calorimeter
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Particle identification

detectors based on

magne

Cherenkov radiation

for 1 GeV/c<p<50 GeV/c

- Radiator:

10

Silica aerogel



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
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Particle identification

AC-LGAD based TOF, for p < 0.5 -3 GeV/c
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Partlcle Identlflcatlc)n AC—LGADLbased TOF, forp < 0.5 -3 GeV/c
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Far-backward region
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Far-backward region
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Far-backward region
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Far-forward region
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Why an EIC?

Nucleon spin structure Nucleon multi-dimensional structure
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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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Why an EIC?

Nucleon spin structure
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The nucleon spin
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The nucleon spin

longitudinal direction
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The nucleon spin

quark
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longitudinal direction
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The nucleon spin

gluon
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The nucleon spin

quark
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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
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Gluon helicity distribution at the EIC
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Gluon helicity distribution at the EIC NS
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Sea-quark helicity distributions
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Sea-quark helicity distributions
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Sea-quark helicity distributions
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Sea-quark helicity distributions at the EIC

CVH et al., NIM A 1056 (2023) 168563
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Sea-quark helicity distributions at the EIC
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Why an EIC?
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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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Single-hadron production in semi-inclusive DIS
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Single-hadron production in semi-inclusive DIS

fragmentation function FF(z)
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Single-hadron production in semi-inclusive DIS

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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Transverse momentum dependent parton distribution functions

quark polarisation
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Transverse momentum dependent parton distribution functions
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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beam target
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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(¢ + ¢s)) i = € Fpp 0%

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2(sin(é + @)y = € Frp 7 el s

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2(sin(é + @)y = € Frp 7 el s
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2(sin(é + @)y = € Frp 7 el s

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]

isati e
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2(sin(6 + ¢s))frr = € Frp 7 el s

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
2sin(6 + 65))rr = € Fyg T s

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]

isati e
- quark polarisation lab EEh .
O .
5 v LT
R
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S . -
c| " 2 quark polarisation
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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

o

Q Qror PT

Consistent results for TMD
and CT3 in overlap region
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Spin-independent TMD PDFs at EIC

ATHENA
. EuA Fit:
- 9x471 5x100 10x100 10x275 | ‘o A. Bacchetta et al..
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Spin-independent TMD PDFs at EIC

Large lever-arm in Q2 over large x range

— Q2 evolution of TMD PDF

Q? (GeV?)
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EIC uncertainties dominated
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Sivers amplitudes: measurement

1 NT(¢,ds) — N¥ (¢, 95)
(|ST|) NT(¢, ¢s) + N+ (¢, ps)

Ayr =
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Sivers amplitudes: measurement

1 NT(¢,ds) — N¥ (¢, 95)
(|ST|) NT(¢, ¢s) + N+ (¢, ps)

Ayr =

~ sin(¢ — ¢) Z lfllT’q(x, ki) X qu (Z,p

q
flT,q(x, kl) . Sivers function é—@

qu(Z,P ) . spin-independent fragmentation function
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Sivers amplitudes

T T

L,g q
« Sivers function: & [flT XDl]

* requires non-zero orbital angular momentum
- final-state interactions — azimuthal asymmetries
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Sivers amplitudes
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Sivers amplitudes
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Sivers amplitudes
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Sivers amplitudes
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Sivers function
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Sivers amplitude and Q?

T

€ [fllT’q X qu]
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R. Seidl, A. Vladimirov et al., NIM A 1055 (2023) 168458
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Decrease of asymmetry with increasing Q2 — need high precision (<1%) to measure asymmetry at high Q2

37



Impact of EIC on Sivers TMD PDFs
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Impact of EIC on Sivers TMD PDFs
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Gluon TMDs

GLUONS | ,,0larized | circular linear
L m |
' U 8ir hiys g

39

* |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 | )
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The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )
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What are generalised parton distributions (GPDs)??

GPDs are probability amplitudes

» X=average longitudinal momentum fraction
X*Q 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

41

» 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)

IN{T(xaé-?t)

ET(xvfat)

ET(xvfat)




What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503 !
1)

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

transform for &=0

GPDs
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What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503
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What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503
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... and Its spin

longitudinally polarised nucleon proton spin

1 1

—=-) Aq+ )y LI+ JC

2 2
q q

quark spin  quark orbital gluon
angular momentum angular momentum

30% ? ?

l

1
—lim > [ dexlH(z.60) + B(x,60)

1
X. Ji, Phys. Rev. Lett. 78 (1997) 610
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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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COMPASS - arXiv:1702.06315
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Experimental access to GPDs
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-
A Y
GPDs
Y P
Deeply virtual Compton scattering (DVCS) Hard exclusive meson production
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Hard exclusive meson production

Hard scale=large Q2
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Experimental access to GPDs

Deeply virtual Compton scattering (DVCS)

Exclusive meson photoproduction
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Exclusive measurements on p with the EIC

d’c/(dt*dQ*dx,) [nb/GeV*]

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

ECCE, NIMA 1052 (2023) 168238
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Exclusive measurements on p with the EIC -

Deeply virtual Compton scattering Exclusive J/ production

— sensitive to quarks (and gluons) — excellent to probe gluon GPDs

ECCE, NIMA 1052 (2023) 168238 ECCE, NIMA 1052 (2023) 168238

= 106_—| [ PSS B B e nn e N TR B BT O s B GE S Hn § :EIXI Il_]lsll IeHJ/Il.ljlérlcl)a Iétll IH|III|III|III;
> G Triangle: Beam 18x275 GeV _ = ., ECCE }
Q. |0 ) - e e+P 18x275 GeV -
. >
O B Box: Beam 10x100 GeV 2 o \ Iy 2
S - . - g 1< Q< 50.0 GeV?
S 10% T | ; Circle: Beam 5x41 GeV - % Nﬁ”’ . ¢+ 0.0016 < x, < 0.0025°
sy . %T o8 2 B = S N + 0.016<x,<0.025 -
5 . VY ¢ (x0.001) Q2 = 2 (GeV/c)> x_=0.01 & - I Mﬁ W s+ 0.16 < X,y < 0.25 |
;c 1 O . n " " i T \/ \/ © (x0.001) @° = 3 (GeV/c)*; x,=0.01 . S ++ [§8) ¢¢¢ “M b
Iy N m N (x0.001) @ = 4 (GeV/c); x, = 0.01 - o) B *T o — -
@] " n : F " n & (x0.001) % = 5 (GeV/c)% x =0.01 - X-Q 1OE ﬂ# + +++** m < =10 fb =
;O - T " = e (x0.001) Q% = 6 (GeV/c); x, = 0.01 = c:,c : ﬁ + +*#+++ #M :
_-16- 10—1 — \/ | (x1) @°=2 (GeV/c); x,=0.003 - O 1 + + =
= ° . $ / [ (x1) Q° =3 (GeV/c); x,=0.003 E _ + +*& ® -
oob BE R . Y (x1) Q*= 4 (GeV/c)’; x_ = 0.003 . O * + +f +ﬁ f
© -3le s . ° ] (x1) @*=5 (GeV/c)* x,=0.003 o < 1:— * olo|? —
1 O —@ ® ¢ 2 G -c u * + * \ -
8 T . I [ (x1) Q°= 6 (GeV/c); x=0.003 - qﬂ ) _
B ; T I g A (x1000) @° = 2 (GeV/c)*; x,=0.0015 - i ® **T* T l ol |o i
. o A (x1000) @ = 4 (GeV/c)’; x,=0.0015 o » lete!
1 O = e T $ \I/ \t (x1000) &% = 6 (GeV/c)>; x_=0.0015 . i o“'T t?' ® ! I
L VoY A (x1000) Q* = 8 (GeV/c); x, =0.0015 . 107 T 1" ¢ 4 P -2
— A (x1000) @° =10 (GeV/c)*; x,=0.0015 = E ® N
1 0_7 ] | | | | | | | | | | | | o] | | | | = B ¢
0 0.5 1 1.5 2 2.5 3 -
_I | | | | 11 | [ | 1 | [ | 1 | | 1 | [ | | | i I] I | | | l]]
-t [GeV?] 0 02 04 06 08 1 12 14 16 18 2

45 -t [GeV?]



Why an EIC?

Gluon saturation
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Spin-independent parton distributions
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Spin-independent parton distributions

H1 PDF 2000

=== ZEUS-S PDF
0.8 CTEQ6.1

xf(x,Q°)
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Gluon splitting and recombination

splitting

=

48

In(1/x)

T~ Q% /W?



Gluon splitting and recombination

recombination f
saturation

48

In(1/x)

r~ Q7 /W3



The Oomph factor
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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
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coherent scattering
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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
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Diffractive measurements at the EIC :

A. Accardi et al., arXiv:1212.1701
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Exclusive measurements on nuclear targets with the EIC

K. Tu, DIS 2023
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Di-hadron production and jets in eA

xf(x,Q%)
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Why an EIC?

Hadronisation

4
LO



Probing space-time evolution of hadronisation

* Energy loss of parton by
medium-induced gluon radiation

—_ » Energy loss of (pre-)hadrons
Photon ‘ 0§ SE : | ° abSOFption
- rescattering (small)

Fully Formed
Hadron

» Partonic and hadronic processes:
different signature

===l probe space-time evolution of
hadron formation

» PDFs modified by nuclear medium
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Multiplicity ratios

HERMES, Eur. Phys. J. A 47 (2011) 113
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Summary

EIC with ePIC can address various aspects of the nucleon and nuclear structure through:
* Precise inclusive and semi-inclusive (spin-dependent) DIS measurements via high-resolution EM calorimeters.

* Measurements for 3D (spin-dependent) tomography in momentum space provided by
good Cherenkov-based and TOF AC-LGAD hadron PID detectors and tracking.

* Exclusive measurements on protons, using the far-forward detector system.

 Diffractive and exclusive measurements with coherent/incoherent separation via
very precise EM calorimeters and far-forward detector system.

 Measurements on a large variety of nuclei: probe gluon saturation and study the space-time evolution
of hadron formation.
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