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Electron-lon Collider

» Decades long efforts to build the science case since ~2000, and another
decade to construct

» 2018 NAS: “The science questions that an
EIC will answer are central to completing
an understanding of atoms as well as being
integral to the agenda of nuclear physics
today.”

> 2023 NSAC LRP: “We recommend the
expeditious completion of the EIC as the | o e
h|ghest priority for faC|||ty Construction_” hitps:/lwww energy.qov/science/articles/electron-ion-collider-achieves-critical-decision-1-approval
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https://www.energy.gov/science/articles/electron-ion-collider-achieves-critical-decision-1-approval

EIC’s science mission

» Study internal landscape of nucleons and nuclei, and underlying
dynamics

Y

How do mass and spin come about?

How do the confined hadronic states
emerge from quarks and gluons?

» How are partons distributed in
momentum and coordinate space?

1980s 1990s to 2000s 2030s? » What are the emergent properties of
https://www.bnl.gov/newsroom/factsheets/files/pdf/eic-science-overview.pdf d e n S e Syste m Of g I u O n S ?
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https://www.bnl.gov/newsroom/factsheets/files/pdf/eic-science-overview.pdf

How to achieve that?

S. Diehl, et. al., arXiv:2504.01236

» High polarization: P ~ 70%
> Wide range of energy: v/s ~ 29 — 100 GeV ’
» Variety of ion species: proton — Uranium 1 R
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How to achieve that?

S. Diehl, et. al., arXiv:2504.01236
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» High polarization: P ~ 70%
> Wide range of energy: /s ~ 29 — 100 GeV °
» Variety of ion species: proton — Uranium |t
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> State-of-the-art detector: ePIC
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EIC project

FULL PROJECT SCOPE (FPS)

o
HSR 41 GeV
Bypass

» Different components
» Accelerator Storage Rings (ASR)
» Detector
» Interaction Region
» Electron Injector (EIN)
» Integrated Performance (IP)

» Reuse:
» lon injection and acceleration

lon Source HSR 24 GeV

systems (Linac, Booster, AGS)

Low-Energy Electron Cooler

Electr:k

2" Interaction Region | Rapid Cycling

SRF

\ Hadron Storage Cryomodules Electrons
\ Ring (HSR)

=====Accelerator Storage Rings (ASR)

@ Detector (DET)
===== |nteraction Region (IR)
=====Electron Injector (EIN)
=====_Project & Integrated Performance (IP)

> Polarized ion/proton sources <9 °
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Project timeline

» RHIC operation ended on 02/06/2026; removal started on 04/01/2026
» Aim to start construction in FY27, and first beam in FY35

0 [ UJ L&
| FY = Oct 1st through Sep 30th ‘
FY24 | FY25 | FY26 | FY27 FY28 FY29 | FY30 | FY31 FY32 FY33 FY34 FY35 | FY36 | FY37
a1|az|as|a¢| a1]az|as| as|a1]az|as|a¢| a1]az] as|as|az]az|as]as| a1]az] as|as|a1]az|as|as|as]az|as] as |a1|az]as|as| a1]az|as]as|as]az|as|as| ai]az] as]as|az]az|es|as|asaz]as]as
New York State Scope dsite Prep Starts
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Accelerator Storage Rings (ASR)
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Detector (DET)

Interaction Region (IR)

Key Prelim.lnary Final - Procurement/Installation/ Data Date : e-A Collisions <> e
Design Des ign Testing/Acceptance/ - mmmm Critical Path

Electron Injector (EIN)

Integrated Performance (IP)
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ePIC: electron-Proton/lon Collider

Zero Degree Calorimeter

electron beam

eam . s e
Luminosity p/A b = | ‘ o Kgesaazniil
== % —

System Low-Q2 Taggers ‘ P PN

BO Magnet Roman Pots (RPs) and
Spectrometer  Off-Momentum Detectors (OMDs)
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ePIC: electron-Proton/lon Collider

Zero Degree Calorimeter

electron beam

p/Abeam__

Luminosity

System Low-Q2 Taggers N\

BO Magnet Roman Pots (RPs) and
Spectrometer  Off-Momentum Detectors (OMDs)

Hadronic
Calorimeters

» 1.7 T superconducting solenoid
» Large acceptance (|n| < 3.5)
Calorimeters . .
» Excellent tracking, secondary vertexing,
calorimetry and particle identification
~ Tracking
() Brookhaven | ] 5



ePIC Collaboration

» Founded in July 2022
» International: 1100+ collaborators, 180+ institutions, 26 countries
» ePIC is a CERN recognized experiment
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Imaging: momentum space
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? Brookhaven EIC white paper: arXiv:1212.1701
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Constrain nPDF with DIS
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Constrain nPDF with DIS

EIC yellow report: arXiv:2103.05419
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» Constrain nPDF across the board
G‘Brookhaven
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Constrain gluon nPDF with charm

» Leading-order: photon-gluon fusion - sensitive probe of gluons
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Constrain gluon nPDF with charm

» Leading-order: photon-gluon fusion - sensitive probe of gluons

M. Kelsey et. aI PRD 104 (2021) 054002
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» Complimentary to inclusive measurements,

I (& Brockhaven especially at high x -

National Laboratory



Charm hadron reconstruction

» Use helix swimming to reconstruct decay topology

STAR, PRC 102 (2020) 014905
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Charm hadron reconstruction

» Use helix swimming to reconstruct decay topology

Simu campaign: 10/2025
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~ > Excellent resolution for D° decay vertex
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Charm hadron reconstruction

» Use ML to improve signal significance

ep, 10x100, Q2 > 1 GeV? eAu, 10x100, Q2 > 1 GeV?

Simu campaign: 10/2025 Simu campaign: 10/2025
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Imaging: coordinate space
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Image quarks

» DVCS: Deeply Virtual Compton Scattering

I L? Bronkhaven
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Image quarks

» DVCS: Deeply Virtual Compton Scattering

§ ePIC Performance 25.10.2, 10x100 GeV
YAt _ -1

§ 10° ep — epYy, mej—Sfb
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» t construction method varies in different ranges

» Fourier transfer to obtain impact parameter
dependence
G‘Bmﬂkhaven » Challenging for heavy nuclei o1

National Laboratory




Image gluons

» Exclusive Vector Meson Production

» Exchange Pomeron (two-gluon object)
» Coherent: gluon spatial distribution

» Incoherent: gluon spatial fluctuations
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Image gluons: challenges

. . . eAu 18x110 GeV ATHENA

» Challenge 1: limited resolution L om | —corerentwn | ]
7 7 10 1 1<Q®°<10GeVv? Incoherent truth =

In measur’ng | tl = ) O<01 © o Coherent reco' w. Method. L =

CE v * Residue incoherent reco' ]

» Diffractive patterns are largely 10E b ater vetos by P-6 FF cetectors
washed out, making Fourier - ]
transformation very difficult

k? Brookhaven
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Image gluons: challenges

3 i . eAu 18x110 GeV ATHENA
» Challenge 1: limited resolution ST P B
in measuring || G oo Mathod L

#* Residue incoherent reco'

» Diffractive patterns are largely 10E b ater vetos by P-6 FF cetectors
washed out, making Fourier - ]
transformation very difficult

» Challenge 2: incoherent
background

> Still overshadows 2"9 and 3rd

minima after detector vetos 1075 0.05 01 015

It | (GeV?)
< Brookhaven
I k' National Laboratary 24




Image gluons: projective imaging

» Challenge 1: limited resolution in measuring |[f|

» Solution: restrict to the normal direction of the scattering plane to minimize the
effect of momentum resolution

Scattering Plane Production Plane Decay Plane

/;%1, S
[

M. Kesler, et. al., arXiv: 2502.15596

¢ Brookhaven
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Image gluons: projective imaging

» Challenge 1: limited resolution in measuring |[f|

» Solution: restrict to the normal direction of the scattering plane to minimize the
effect of momentum resolution
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Image gluons: projective imaging

» Challenge 1: limited resolution in measuring |[f|

» Solution: restrict to the normal direction of the scattering plane to minimize the
effect of momentum resolution

Coherent production
Truth
-------------- 25 MeV/c res. w. 0, = /2

. 9:
c' %
= X
[ LL( c 1 % )
no8 X+ = : e 25 MeV/c res. W. 0, = /12
10 A T
e/ N e, g
VM 1A . e )
—2 " N
> < = 10 . L L < -
* _ - A X , o ~,.~ oy o
e il o 1 073 RYA . e <=
Y N\ /-
“ " ~!.
AW o
/ W AR
. .~
“‘ O"

Scattering Plane Production Plane Decay Plane -~ 10

1074
10°°

10°°
1077
M. Kesler, et. al., arXiv: 2502.15596 108
107°

e+Au — e'+Au'+VM

11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 111 I 111
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Itl [GeV?/c]

¢ Brookhaven
National Laboratory 27




Image gluons: spin density matrix
» Challenge 2: incoherent background

» Solution: utilize VM's decay pattern to statistically separate coherent and
Incoherent components

STAR, Sci. Adv. 9, abq3903 (2023)

B STAR Signal rt*n- pairs vs. Models
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> UPC

» Coherent: ~100% spin transfer from
photon to VM

» Incoherent: little spin transfer




Image gluons: spin density matrix

» Challenge 2: incoherent background

» Solution: utilize VM’s decay pattern to statistically separate coherent and

Incoherent components

STAR, Sci. Adv. 9, abq3903 (2023)

B STAR Signal rt*n- pairs vs. Models
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> UPC
» Coherent: ~100% spin transfer from
photon to VM
» Incoherent: little spin transfer

ZEUS, EPJC 12 (2000) 393
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» DIS

» Coherent: ~100% spin transfer
» Incoherent: not known
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Image gluons: spin density matrix

>
>

>
>

Challenge 2: incoherent background

Solution: utilize VM’s decay pattern to statistically separate coherent and
Incoherent components

Coherent
» VM inherits the virtual photon polarization
» Non-trivial decay patterns w.r.t. to photon polarization

Incoherent

» Assume no spin transfer from virtual photon to VM or should this be the new definition?
» No particular decay patterns

Separate them apart on an ensemble basis in addition to detector veto
This approach is being actively pursued: M. Kesler, et. al., arXiv: 2502.15596
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Summary

» Electron-lon Collider: a unique opportunity to provide 3D imaging
of nucleons and nuclei
» Complete reconstruction of scattering kinematics

» Currently on track to be baselined; aim to start construction in ~FY27 and
deliver first beam in ~FY35

» €ePIC: general-purpose detector equipped with modern technology
> nPDF: inclusive DIS, semi-inclusive DY
» Gluon spatial distribution: exclusive VM production

» Critical constraints of initial conditions for heavy-ion simulations

¢ Brookhaven
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