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Outline of this talk

e Introduction
* Physics at EIC

« Origin of nucleon mass and spin

e 3D structure of the nucleon and nucleus
e Gluon saturation

« Hadronization

e EIC status

« ePIC experiment
« Activities in Japan
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Electron-lon Collider (EIC)

« 2020.1.9: U.S. Department of Energy selected Brookhaven
National Laboratory to host major new nuclear physics
facility, the Electron-lon Collider

« World’s first lo_olarized electron + proton / light-ion /
heavy-ion collider

Project Design Goals

« High Luminosity: L= 1033 — 103%4cm~sec™, 10
— 100 fb-'/year

» Highly Polarized Beams: 70%

13 Me!

« Large Center of Mass Energy Range: E_, =
29 — 140 GeV

« Large lon Species Range: protons —
Uranium

Rapid Cycling
Synchrotron
(RCS)

» Large Detector Acceptance and Good
Background Conditions

Polarize

« Accommodate a Second Interaction Region
(IR)

Booster '

Polarized beam: e, p, d, 3He
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Quark-gluon structure

« Deep inelastic scattering) Lepton
(DIS) of lepton (electron) (electron)

» Large ° (¥ = -¢9) K— 2
provides a hard scale to . —q°)
resolve quarks and gluons
in the proton >

e Parton distribution Nucleon
function (PDF) of quarks /Nucleus)
and gl UONS 1 Unpolarlzed PDF Polarized PDF
+ 1D longitudinal motion of oot 1 et g o

partons 1 o3l ¢)

« x: momentum fraction of . ¥
quarks and gluons

e Significant improvement

of precision of the
polarized PDF at EIC
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Physics at EIC

« How does the mass of the nucleon arise?
« The Higgs mechanism accounts for only ~1% quark
of the mass of the proton. 6
« How does the spin of the nucleon arise?  nuceon
 The spin of the quarks accounts for only
one-third of the spin of the proton.

« \What are the emergent properties of
dense system of gluons?

 The gluon saturation describes a new state
of matter at extreme high density.

November 8, 2024 5



Mass

 The Higgs mechanism accounts for only ~1%
of the mass of proton.

« The symmetry breaking emerges the mass.

-+ Thee mniverse as explaieed by superstring thoooy
— Thee mniverse as eaplained
by e standard theony
The pressat
unkbse

sl LB Strong force

Ll 8lF [ectromagnetic force
: ! WL ILER Weak force
\ | E——Treel Gravitational force

Symmetry breaking Confinement of quarks
of the Higgs field Chiral symmetry breaking
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Origin of the nucleon spin 1/2

. $ This experiment
« EMC experiment at CERN Wt J F//
J.Ashman et al., NPB 328, 1 (1989). °°[ — otz onskarboae #{
1 1 4 1 1 Af 0.4+
dxgl(x)=—| —Au+—Ad +—As oz}
.[0 & (%) 2{9 9 9 }
~0.123+0.013(stat) £ 0.019(syst) .

-0.2
0.01

e« combining with neutron and hyperbwh (il'vécavg};dé"ta

AS = Au+ Ad +As =12 +9(stat) + 14(syst)% Proton spin puzzle’
roton spin crisis

e total quark spin constitutes a small fraction of the nucleon spin

 integration in x = 0 ~ 1 makes uncertainty

« more data to cover wider x region with more precise data
necessary

= SLAC/CERN/DESY/JLAB experiments
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プレゼンター
プレゼンテーションのノート
In 1989, EMC experiment at CERN reported their result which showed the quark-spin contribution to the nucleon spin is small, 12%+-9%(stat)+-14%(syst), and consistent with zero.
Naïvely we expected that the quark-spin contribution is dominant, but this is not true. It is called “proton spin crisis” or “proton spin puzzle”.
In order to reduce the uncertainty mainly comes from integration in quark-spin momentum fraction x = 0 to 1, more experiments have been done for more data to cover wider x region with more precise data necessary at SLAC/CERN/DESY/JLAB.



Spin
e Spin puzzle

« Origin of the nucleon spin in the
quark-gluon structure

1

1

AY/2 = Quark contribution to Proton Spin 15 d(?\’.\/”r?”fol)(.fﬂilﬁlul __
L, = Quark Orbital Ang. Mom

Integrated gluon polarization

[ DIS + SIDIS _ — dRaI-HCE%rlojection:

Ag = Gluon contribution to Proton Spin - e -
) - == DSSV 2014 m EIC projection

L; = Gluon Orbital Ang. Mom = with 90% C.L. band Vi=78GeV

« Quark-spin contribution is only %
20%-30% of the nucleon spin -

e Gluon polarization

measurement with polarized 0
DIS at EIC
« Small Bjorken-x region with QCD . [l
evolution (DGLAP equation) 0 10

X‘min
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3D structure of the nucleon

« Conclusive understanding of the nucleon spin

e Orbital motion inside the nucleon and orbital angular momenta
of quarks and gluons

« TMD (Transverse-Momentum Dependent) distribution
function
« Correlation between the (orbital) motion, spin of partons, and
spin of the nucleon ?

Polarization
TMDs

0.5

k,(GeV)
(=]

-0.5

0.5 0 7 -0.5 0 0.5
ky(GeV) k,(GeV)

« GPD (Generalized Parton Distribution)
« Spatial distribution or tomography

q(x=10"°b,Q° = 4 GeV?) q'(x=10°b,Q% = 4 GeV?)
""""""" [0.9,1.00]
15} et T | ] [0.9,0.99]
o [0.9,0.97]
1t y T N T N | 05,094)
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05 ! | A |/ e [0.7,0.80]
. A [ | [0.6,0.70]
E o f { ] [0.5,0.60]
} \\ [0.4,0.50]
[0.3,0.40]
-0.5 \ [0.2,0.30]
[0.1,0.20]
At C C E [0.0,0.10]
R [0.0,0.05]
st = + direction 1 (00,02
[0.0,0.01]

15 -1 05 0 05 1 15 15 -1 05 0 05 1 1.5
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Tomography of the nucleon / nucleus

« EIC = color dipole microscope
o Exclusive process and diffractive process

e 3D distribution: transverse spatial distribution
color dipole DVCS (Deeply Virtual Compton Scattering)

~y Y

Electron
scattering

Nucleon
Nucleus

GPDs J.+£/§e %\1_._5

. GPD (Generalized Parton Distribution)
« Spatial imaging of gluons and quarks = tomography
« HERA: 1st generation
« EIC: 2nd generation (high luminosity, heavy ion, polarization)
* Orbital angular momentum
« Ji's sum rule qu+zL ——U xdx(Hq+Eq)>
e Origin of the nucleon spm
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Generalization of the form facth

e Energy I\/Iomentum Tensor (EMT)

Energy
density

* TOl TOZ TOS

710

T =

« GPD measdlﬂrﬁement —> 3D
distribution of mass, spin,
pressure, etc. in the proton

* 1st measurement of pressure in the
proton using DVCS data from JLab
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— Shear stress

Normal stress (pressure)

m)
=

12p(r) (<102 GeV f

r (fm)

Nature, 557, May 17, 2018
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Mass of the nucleon

e Sum rule for the nucleon mass

| Relativistic Motion |

Chiral
Symmetry
Breaking

Quantum
Fluctuations

M= Lot B

Xm
i

1

X. Ji, PRL 74 1071 (1995)

‘Quark Energy ‘ ‘ Gluon Energy ‘ ‘ Quark Mass ‘ ‘Trace Anomaly ‘

« How to determine the different
contribution not yet reached

e Lattice QCD calculation

O Trace
Anomaly @ Quark
20% Energy

e arXiv:1710.09011, update by K.-F. Liu et al.
* Precision comparison of experiment

and theory in the future

 Mass, spin, pressure, radius,:--

November 8, 2024

O Gluon
Energy
34%

29%

B Quark
Mass

17%
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Gluon saturation

e Gluon emission W&zﬁ
e Divergence at small x

* Gluon recombination
« Restriction of divergence ?;%?mm

e« Gluon saturation in balanced

« Based on classical idea of the
saturation

* Discovery of quantum
collective gluon

« Saturated gluon model, %he
color glass condensate (CGC)
model, allows precision
comparison with experiments

* Precision understanding of
nucleus with the quark-gluon
picture necessary as the
Initial state of the QGP for
understanding its production
mechanism
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Hadronization in the nucleus

« Hadron and jet production from
quarks and gluons in the nucleus i
(cold nuclear matter) B

« Response of nuclear matter to fast

moving color charge passing
through it? %,:éﬁ}./

e Structure of jet?

- Mass dependence of RE===
hadronization o] R
 Energy loss by light vs. heavy 110 | |
quarks P,

« Comparison with hot nuclear
matter (QGP)

0.70

0.50]

0.01 <y<0.85 x>0.1,10"
Higher energy : 25 GeV< Q < 45 GeV, 140 GeV < v < 150 GeV
Lower energy : 8 GeVi U<c12 GeV’, 32.5 GeVc v <37.5 GeV

Ratio of particles produced in lead over proton
@
o

0.30 ; . . . .
0.0 0.2 0.4 0.6 0.8 1.0
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EIC physics vs luminosity & energy

Tomography (p/A) Transverse
Momentum Distribution and
Spatial Imaging

Spin and Flavor Structure of the
Nucleon and Nuclei

Parton
Distributions
Nuclei

QCD at Extreme Parton
Densities - Saturation

10%

Luminosity (cm2 sec™)
[N
o
w
w

40 80 120
Collision energy Vs (GeV)
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EIC Users Group

Formally established in 2016
More than 1,300 members

« 36 countries, 266 institutions
« Experiment (detector, data collection and analysis), theory, computer, accelerator
 North America 59%, Europe 25%, Asia 12%

2020: Yellow report (physics and detector design report) by EIC User Group

2020.11: Call for Expressions of Interest (EQI) from the EIC project regarding
cooperation in the EIC experimental program

« EIC-Japan group submitted one EOI from Japan
« 47 EQIs submitted in total
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E/C status

« 2019.12: CD-0 approval (approve mission need)

« 2020.1:

Site selection at BNL

« 2020: EICUG Yellow Report (physics/detector)

e 2021: Detector collaboration formation and
proposal

« 2021.6:

CD-1 approval (approve alternative

selection and cost range

« Authorization to begin the project execution phase,
starting with preliminary design

« Costrange $1.7B - $2.8B

« 2022.3:
« 2024.3:

Selection of project detector
CD-3A approval (long lead

procurements

e 2025: C
e 2026: C
e« 2027: C

November 8, 2024

D-3B
D-2/3C (performance baseline)

D-3 (start of construction)
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E/C status

« 2027: CD-3 (start of construction)

e 2029-30: Accelerator system commissioning &
pre-operations

« 2031: Detector commissioning
« 2034: early CD-4 (start of operations)

FY19 FY20 FY21 FY22 FY23 FY24 FY25 FY26 FY27 FY28 FY29 FY30 FY31 FY32 FY33 FY34 FY35 FY36
a1/azlas|as|atlaz]as|asfa1]az|az]as|a1|az]as|as|a1]az|aslas|a1|azlas|as|a1]az|az]asla1lazas|as|a1]az|as|as]atlaz]as|asla1]az|as|as]at|az]as|adla1]az|aslas]a1|azlas|ad|a1| a2] as|as]as]az|as|adai|az|as|asfai]az] as|ad
@ CD-0(A) CD-1(A) CD-3A(A) || cp-38  |ep-2/3c¢ 03 Early CD-4 cp-a
Dec 19 Jun21 Mar 24
Accelerator
Research & Systems
1
Development Detector I
Infrastructure
Design 1
Accelerator
Systems
Detector I |
1 [ [
1 1 1
Infrastructure TR I R T Possible delay due to
L L " "
Construction & Accelerator I Fabrication, llation & Test I I Sndneicinstiaints
Installation Systems | 1 1 1 1 | |
Detector &Test
.
Commissionin “;;’;,,; Eorr e s Possple delay due td
E | ! fundjng constraints
& Pre-Ops Detector Commissioning
1 | |
Data Level 0 Critical
Key (A) Actual - Completed Planned I Date Milestones " path
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eP/C detector collaboration

« 2021.3: Call for detector
proposal from the EIC

project

e 2021.12: Submission of 3
detector proposals
« EIC-Japan group
participates in the ECCE
detector consortium

« 2022.3: DPAP (Detector
Proposal Advisory Panel)
adopts the ECCE .
detector as the baseline
design for the project
detector

« Project detector
integrating ECCE and
other detector
collaborations

e 7022.7: EPIC detector
collaboration

November 8, 2024




Status of the ePIC experiment
ePIC Executive Board (EB) el
® eP|C EB fOI’med at the 20%310 TECHNICAL COORDINATION OFFICE

CoIIaboration Council (CC ety

Prakhar Garg (Yale), Deputy

C e | eCted me m ber Ba rba ra J aca k Matt Posik (Temple), Deputy
Berke e% Pa ul Newman e AT
a m Ta k u G u nJ I (TO kyo) DSL/DSTC: Marco Contalbrigo (INFN) : Lasask Rosarsewskiilasi)

Birming
hpDIRC BARREL ECAL

2024-25: TDR (T echnical Design osymse Sy ||| ooy

R e p O r S tra te gy & p u b | I C a tl O n BACKWARD RICH ; . ﬁiﬁﬁi‘éﬁ'sb:ﬁ,’}liﬁikmf
DSL/DSTC: Alexander Kiselev (BNL) [ DSTC (SciFi/Pb): Zisis Papandreou

Deputy DSL: Brian Page (BNL) (Regina)

ePIC Collaboration Meeting v | oL e

-DSL: Stefan Bathe (B h
DSL: Alex Jentsch (BNL) Co-DS5L: Stefan e (Baruch)

« 2023.7: Warsaw Uniy, Poland (joint °“§;“Sifm° ,.Jiwi, ) [
entsch ‘ |-

with EICUG meeting e coasSt Ot
« 2024.1: Argonne National Laboratory — —

. 1 1 1Al H -DSL: Ni i DSL/DSTC: Friederike Bock (ORNL)
e 2024.7: Lehigh Univ (joint with EIC Spfumanamitol, ||| Smonssta i
H (AGH Krakow) (UCR)
UG Meeting

DSTC (Pair Spectr.):
Stephen Kay (York)
2 2 1 F | | AC-LGAD TOF
rascati, ltaly os. gt
Se at ano |Hiroshima
Hléﬁﬁ?&#‘%‘&%k D 5t Mat 'eu Benaoit (ORNL),
EIC Asia Worksho oS sty [ | Mbewietsmacre
DSTC: Simon Gardner (Glasgow)

e 2022.11: |nCh0n, Korea PTTRET, GASEOUS TRACKERS

DSL: Ernst Sichtermann (LBL) - - D5??::}::(:::1:2";::;{:;:;]“}
b 2 O 2 3 " 3 . R | K E N ] .J a p a n DS1E: L auraiGonalia (Birm ngtam) DSTC: Kendo Gnanve (JLab)
DSTC: Annalisa D'Angelo

« 2024.1: NCKU, Tainan, Taiwan ostrms o) | 91t

DSTC: Carles Munhez Camache

« 2024.7: Fudan Univ, Shanghai, China Detector .
Cosl:‘at:)s:g:i':ns N\
20
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e Crystal calorimeter

e Prototype LYSO crystal
calorimeter made by Taiwan

group

e« Test beam @ ELPH, Tohoku Univ.

 Tangusten+Silicon calorimeter
« ALICE-FoCal-E technology
 FoCal test beam @ CERN-PS, SPS
e FoCal-E test beam @ ELPH
 Neutron irradiation test @ RIKEN

RANS

« Hadron calorimeter

« SiPM-on-tile technology from
eP|C forward hadron calorimeter

« Fe+Scintillator

November 8, 2024

ePIC ZDC

insulating layer
(0.007 cm)

SiPM-carrying PCB
with UV LEDs
60 cm (0.08 cm)
\
\

Yy

dowel pin —. AN ESR foil
link plate (0.015 cm)
Absorber block ————
thickness=2 cm

3D-printed
frame

00

ESR fo?lv\ scintillator tiles
(0.015 cm) radius=3.1 cm
cover thickness=0.3 cm

(0.04 cm)
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AC-LGAD

« Development of time-of-flight PID barrel section using AC-LGAD with
excellent time and position resolution

« Test board obtained that combines a sensor made at BNL and a
readout ASIC made in France

« High-performance measurement eq[uipment prepared and a test
bench set up at Hiroshima University

« Sensor development with HPK and performance evaluation of many
types of sensors and ASICs in the future

« Beginning evaluation of overall design, including effects on
momentum measurements

« Aiming to lead the construction of test and actual detectors

AC-LGAD(BNL

)
Wirebonded

EIC-ROCO | __

AC-LGAD Test Setup

ITo be provided from BNL |

Strip type

Pixel type

Pad type

ITo be prepared by users I

PC Ubuntu 22.04

Python or C/C++ | =] s e e :
TCP/IP Client s rmware (IJCLAB&Omega) ;_‘g

= »“ 7
] I

HPK LGAD development

C/C++ base DAQ software Ethernet
(IJCLAB&Omega)
Ubuntu 22.04

Xilinx XCTO/ nterface Board ($4k
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Streaming DAQ system

« Triggerless DAQ of all events with EIC
collision rate of 500 kHz

« 100 Tbps total data volume from frontend

* Online reconstruction of raw data using
FPGAs and GPUs

e Univ of Tokyo CNS cooperating with SPADI-
Alliance in Japan

 Development of online data processing systems
using hardware acceleration

 Application of Al/ML technologies
« Benchmarking for resource development

e Detailed design of stream data processing
systems
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Summary of this talk
* Physics at EIC

e Origin of nucleon mass and spin

e 3D structure of the nucleon and nucleus
* Gluon saturation

 Hadronization

« Ultra-precise electron microscope, revealing the
origin of mass and spin in three dimensions

« Discovery of emergent high-density gluon state
(gluon condensation)
« Activities in Japan
« Zero-Degree Calorimeter (ZDC)
« Barrel TOF PID with AC-LGAD
e Streaming DAQ
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