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The Quest to Understand the Fundamental Structure of Matter

Molecule 1808 Atom Electron 1874
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Matter
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What is the World Made of?

Standing on the bathroom scales tells
us our weight, i.e. quantifies our mass.

All the matter in the visible universe is
understood in terms of subatomic particles
and their constituents and interactions.

The Standard Model of Physics explains

the fundamental structure of the visible matter
in terms of quarks, gluons and
their interactions.

O
However, the mass of the quarks

Proton
—> O/©< IS much less than the mass of
. vy e the proton.

Neutron

... The gluons are massless.

How can this make sense?

+ Einstein
Gravity
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The Strange Quantum World

AHei senbergds uncertainty pr i nciples sa\
measure momentum p and position x with absolute
precision, or energy E and time t.

Heisenbergsche
Unschirferelation

1 1

Deutschland

A Consequences:

1. Particles that are bound or confined to small : :
volumes will reach near-relativistic velocities e R S DA S 0 D DD ’

C Protons inside atomic nuclei move with ~1/5 the
speed of light, and quarks inside protons move at
relativistic speeds.

2. Pairs of virtual matter and anti-matter are
continuously created and destroyed, borrowing
their mass/energy by the uncertainty principle

C They do not exist as observable entities, but their
existence is exerted on other particles as subtle
pressure, like the Casimir effect in the vacuum.

C This means that conservation of energy can be
temporarily broken, and matter/anti-matter pairs
with larger mass than the proton can live short times
inside this proton.
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Nuclear Femtography i Subatomic Matter is Unique

Most known matter has localized mass and charge centersT vast Nnope

Molecule' Crystal: Nanomaterial:

FULLERENES

@/\6-

Hydrogen
Hydrogen Oxygen

vﬁ

nWat er 0 Rare-Earth metal cwowors Carbon-based

Not so in nuclear matter! i unlike the more familiar molecular and atomic
matter, the interactions and structures are inextricably mixed up in protons
and other forms of nuclear matter, and the observed properties of nucleons
and nuclel, such as mass & spin, emerge out of this complex system.

Imaging Physical Systems is
Key to New Understanding




Nuclear Femtography - Imading

In other sciences, imaging the physical systems under study
has been key

to gaining new
understanding.

L position

\ | | u
Structure mapped / M

in ki e of proton momentum

= transverse position Also information on orbital
angular momentum: r x p
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maging Physical Systems is Key to New Understanding

Dynamical Fundamental Unknowns Breakthrough New Sciences,

System Knowns Structure Probes New Frontiers

Solids Electromagnetism | Structure X-ray Diffraction Solid state physics
Atoms (~1920) .. Molecular biology

‘0.

‘;‘. . ."'/,, ../ ‘
" /
ﬁ l\.‘v‘ﬁ .‘ ‘/

General Relativity | Quantum Gravity, Large Scale Surveys PreC|S|on

Universe :
Standard Model Dark matter, Dark | CMB Probes P Observational
e o energy. Structure (~2000) Cosmolog
9@ -9 | H
,j‘ ““3 M% g 965
S99 0
Nuclei Perturbatlve QCD Non-perturbative Electron-lon Collider | Structure &
and Nucleons |Quarks and Gluons QCD Structure (~2030) Dynamics in QCD

2017
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To o o

Fundam

Elastic electron scattering determines charge and magnetism of nucleon
Approx. sphere with <r> a 0. /
The proton contains quarks,
as well as dynamically
generated

quark-antiquark pairs

and gluons.

Quark and gluon
momentum fractions

(in specific Infinite
Momentum Frame)

well mapped out.

The proton spin

and mass have large
contributions from

the quark gluon
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........
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Proton Viewed in High Energy Electron Scattering:
1 Longitudinal Dimension

A Viewed from boosted frame,
length contracted by

2
YBreit = 1+ fw
Alnternal moti on
constituents is slowed down by
time dilation T the instantaneous
charge distribution of the proton
IS seen.
A In boosted frame x is
understood as the longitudinal

momentum fraction

Lorentz Invariants
A B2y = (p+K)2

A Q2=-(kk &) valence quarks: 0.1 <x<1
A x=Q(2p-q) sea quarks: x < 0.1
J. Bjorken, SLAC-PUB-0571
R. Milner March 1969
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a4+ 10 X a210 X a 0.3
Probe non-llnear dynamics Proberad. dominated Probe valence quarks
short exposure time medium exposure time long exposure time

SHUTTER SPEED

' R Mllner /

| |
L 1/1000 1/500 1/250 1125 1/60 1/30 1/15 178 14 12 1 i 8

Freeze action Hand held Movement blur — tripod needed



1 Longitudinal Momentum Distributions

— 1
oI Q*=1GeV?
| 1/Q ~ spatial
| —— NLO QCD fit /""/ . 7] resolution
/
0.6 - |
0.4 - g
| g7 gluons
| ST quark sea
_ 1 u,dT up, down
0.2 valence quarks

~ R.Yoshida
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Proton Viewed in High Energy Electron Scattering:

Lorentz Invariants
A B2y = (p+K)2
A Q2=-(kk &)
A x=Q?(2p-q)

=3
B ne

{

1 Longitudinal Dimension

A Viewed from boosted frame,
length contracted by

2
YBreit = 1+ fw

Alnternal moti on
constituents is slowed down by
time dilation T the instantaneous
charge distribution of the proton
IS seen.

A In boosted frame x is
understood as the longitudinal
momentum fraction
valence quarks: 0.1 <x<1

sea quarks: x < 0.1

J. Bjorken, SLAC-PUB-0571
March 1969
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Longitudinal Momentum

Structure mapped in terms of
b, = transverse position
k; = transverse momentum

ey Sy Spin!
.| T Nuclei!

Goal:
Unprecedented

215t Century Imaging
of Hadronic Matter

Direction of longitudinal
momentum normal to
plane of slide

Valence Quarks: JLab 12 GeV
Sea Quarks and Gluons:




Exploring the 3D Nucleon Structure

A After decades of study of the partonic structure of the nucleon we finally
have the experimental and theoretical tools to systematically move beyond
a 1D momentum fraction (Xg;) picture of the nucleon.

A High luminosity, large acceptance experiments with polarized
beams and targets.

A Theoretical description of the nucleon in terms of a 5D Wigner
distribution that can be used to encode both 3D momentum and

transverse spatial distributions.

A Deep Exclusive Scattering (DES) cross sections give sensitivity to
electron-quark scattering off quarks with longitudinal momentum fraction
(Bjorken) x at a transverse location b-.

A Semi-Inclusive Deep Inelastic Scattering (SIDIS) cross sections depend
on transverse momentum of hadron, P, but this arises from both intrinsic
transverse momentum (k) of a parton and transverse momentum (p)

created during the [parton A hadron] fragmentation process.

deibojwo4 resjonN

P

&



What is Needed Experimentally?

experimental measurements categories to address EIC physics:

Parton

Spin and Tomography QCD at

L . . Tomograph
Distributions in Flavor structure Transverse Extreme Parton Spgtiaﬁ) y
nucleons and of nucleons Momentum Densities - | )
. ; ) . maging
nuclei and nuclei Dist. Saturation

ek, scattered lepton
E incoming lepton
C(kp3 (-)l‘ I

virtual photo

Y ()
X (p,/) |

P®) targmnumem?imng.Breaking -'r \\P
inclusive DIS semi-inclusive DIS exclusive processes
FEmeasure scattered lepton Emeasure scattered lepton Emeasure all particles in event
Emulti-dimensional binning: x, Q2 and hadrons in coincidence Emulti-dimensional binning:

A reach to lowest x, Q2 impacts Emulti-dimensional binning: X, Q% t,Q

Interaction Region design X, Q% z, pp, Q Eproton p;: 0.2-1.3GeV
A patrticle identification over A cannot be detected in main
entire region is critical detector

A strong impact on
Interaction Region design

UL dt: 1 fo? 10 fbt 10 - 100 fb-t

N7 ¢
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3D Structure of Nucleons and Nuclel

S: center-of-mass energy squared

— 2

S—XYQ, x: the fraction of the nucleonds momentu
— Q2 resolution power
S=4EE, & oo

y: inelasticity

e) -~ .
electron

P/A(p) { xp
proton/ :< W
nucleus

need energy range to unambiguously need to resolve parton quantities (k;, b,)
resolve partons over wide range in x of order a few hundred MeV in the proton
and Q? A versatile center-of-mass A high luminosity needed: 1033-1034
energyener gy 13d4GeV2 0 (and high polarization needed)

®— partons
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U.S. Electron-lon Collider Planning 2007-18

2007 Nuclear Science Advisory Committee (NSAC) Long-Range Plan

A An EI|-lercQollider GEIC) with polarized beams has been embraced by the U.S.
nuclear science community as embodying the vision for reaching the next QCD
frontiero

2013 Electron lon Collider White Paper
(Writing committee convened by Jefferson Lab and BNL)
2013 NSAC Subcommittee on Future Facilities

Identified EIC as absolutely central to the nuclear science program of the
next decade

2015 NSAC Long-Range Plan
A We r e c o mmeana&rgy hightumigdsity polarized EIC as the highest priority

‘Lsms;w;'é..-\ for new facility construction following

e
P 2018 National Academy of Sciences (NAS) i Assessment of U.S.
X r Based Electron-lon Collider Science
féthe committee finds a compelling sciéert

guestions that an EIC will answer are central to completing an understanding of




SCIENCES - E

e A Finding 1: An EIC can uniquely address three
AN ASSESSMENT OF profound questions about nucleons & neutrons
U.S.-BASED ELECTRON-ION d 5 dh h bled
COMIDER SCIENCE and protons d and how they are assembled to

form the nuclei of atoms:

K How does the mass of the nucleon arise?
K How does the spin of the nucleon arise?

K What are the emergent properties of
dense systems of gluons?

/ A

E1afttence is SULCIMEM A Finding 2: These three high-priority science
#mely and fundamental guestions can be answered by an EIC with
highly polarized beams of electrons and ions,
Developed by NAS committee with sufficiently high luminosity and sufficient,

N

W ith broad science perspective

and variable, center-of—mass en

A3
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NAS Report on EIC Requirements

In order to definitively answer the compelling scientific questions elaborated
in Chapter 2, including the origin of the mass and spin of the nucleon and probing
the role of gluons in nuclei, a new accelerator facility is required, an electron-ion
collider (EIC) with unprecedented capabilities beyond previous electron scattering
programs. An EIC must enable the following:

e Extensive center-of-mass energy range, from ~20-~100 GeV, upgradable
to ~140 GeV, to map the transition in nuclear properties from a dilute gas
of quarks and gluons to saturated gluonic matter.

e Jon beams from deuterons to the heaviest stable nuclei.

e Luminosity on the order of 100 to 1,000 times higher than the earlier
electron-proton collider Hadron-Electron Ring Accelerator (HERA) at
Deutsches Elektronen-Synchrotron (DESY), to allow unprecedented three-
dimensional (3D) imaging of the gluon and sea quark distributions in

. LONG RANGE PLAN
nucleons and nuclei. for NUCLEAR SCIENCE

e Spin-polarized (~70 percent ata minimum) electron and proton/light-ion
Deams to explore the correlations of gluon and sea quark distributions with ,
the overall nucleon spin. Polarized colliding beams have been achieved P Coior science
before only at HERA (with electrons and positrons only) and Relativistic
Heavy Ion Collider (RHIC; with protons only).

||||||||||||||||||||

with 2013 white paper and 2015 NSAC Long Range Plan

“‘Note: C\pﬂSlSt_(;[J
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Growing Relevance of Accelerators Worldwide

Accelerators Installed Worldwide

+ Total Accelerators

m Medical linacs
=rw|ndustrial Accelerators PRELIMINARY DATA

Discovery Science Accelerators

=#=|lon Implantation

=o=E-Beam Material Processing

=s=E|ectron Beam Irradiation

===Nondestructive Inspection

Neutron Generators

Radioisotope Production

Total accelerators installed

0 r..:- ».:l = |
1968 1973 1978 1983 1988 1993 1998
Year



Worldwide Interest in EIC Physics
The EIC Users Group: /" M-a-b 0 f | nstitutionos
EICUG.ORG bl : Naaag

Formed 20161

A 1282 collaborators,

A 35 countries,

A 258 institutions

as of June 8, 2021.

Strong and Growing
International Participation.

EICUG membership @

time of EICUG Meetings

1400
1200
1000
800
600
400
200

Annual EICUG meeting
2016 UC Berkeley, CA
2016 Argonne, IL

2017 Trieste, Italy

2018 Washington, DC
2019 Paris, France

2020 Miami, FL

2021 VUU, VA & UCR, CA
2022 Warsaw, Poland

m North America = Europe = Asia

EICUG membership
(WSS Ty /N
g

South America = Africa = Oceania

W



EIC; 215t Century Laboratory of Emergent Dynamics in QCD

A Massless gluons & almost massless quarks, through their &S

Quarks Gluons
interactions, generate most of the mass of the nucleons S = ==
-V\A)rv\. -vv\)nn..

AGl uons carry ~50% of the prqitlrlqnw ﬁ?FE:me
significant fraction of the nucl‘e‘o‘s
essential for the dynamics of confinement

A Properties of hadrons i composite systems of quarks and
gluons T are emergent phenomena and inextricably tied
to the properties of the OCD vacuum. Striking examples
besides confinement are spontaneous symmetry
breaking and anomalies

A The nucleon-nucleon forces emerge from quark-gluon
interactions: how this happens remains a mystery

A The goal of the EIC is to provide us with an understanding of the internal structure
of the proton and more complex atomic nuclei that is comparable to our knowledge

of the electronic structure of atoms, which lies at the heart of modern technologies

P

U &



QCD Landscape Explored by EIC

Strong QCD dynamics creates many-body correlations between quarks and gluons
A structure of nuclear matter emerges

CTEQ 6.5 parton ;
3.5F distribution functions 3

Q% =10 GeV? ]
3.0F gluons 3

2.5F .

Momentum Fraction Times Parton Density
N
o

0 i) e p— ]
0.0001 0.001 0.01 0.1 1.0

Fraction of Overall Proton Momentum Carried by Parton

Longitudinal (1D) Momentum Fraction x

Explore QCD landscape over A EIC needed as microscope to explore
large range of resolution (Q?) the region from where a proton is
and quark/gluon density (1/x) (mostly) an up-up-down quark system

to the gluon dominated region.
A Heavy nuclei critical to explore hi




Confined Spatial Correlations; Transverse Spatial Distribution of Gluons

‘ e+p—e+p+ J/lIJ
15.8 < Q2 + M3, < 25.1 GeV?
0.12
01
: [ > 0.08
) 0.06
g PR \< 0.04
: 1\12 14 18/ 0.02
kS 3
5 H_”/ %2 1a s
5 2
: 6 0.12
S 0.1
E | 1 ., 008
E 0.06
=
= N ’ \/ 0.04
G 0.02
& 0
e | S 1.2 14 16
o
°f 0.12
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’ . ' “\( 0.04
0 U 2 U 4 U 6 U 8 1 1.2 14 16 ) 008
\ N ,_,.// 2
1.2 1.4 16
o

by (fm)

A How are gluons spatially distributed in a proton or a nucleus?

A Is the distribution smooth?

A How does it differ from the charge distribution?

A First ever tomographic images of ocean of gluons within
matter |

7N
{(“m\\\\&




x (X, kt, St)

0.5 0.5

ky(GeV)
ky(GeV)

-0.5 -0.5

0.5 0 0.5 0.5 0 0.5
ky(GeV) ky(GeV)

A Spin and the ability to look at transverse momentum together
give a powerful new window into QCD

A Transverse Momentum Distributions directly related to orbital
motion

A For example, we can explore for the first time interference

. In quantum phases due to the color force T impossible

‘ with previous purely 1D/longitudinal experiments

')

eSS 7



Mass of the Proton, Pion, Kaon

Visible world: mainly made of light quarks 7 its AMass Witho
mass emerges from quark-gluon interactions.

MeV

o ] Quiark structure: uud

0 O Mass ~ 940 MeV (~1 GeV)

@ @.90 Py Most of mass generated by dynamics.
" T - Gluon rise discovered by HERA e-p

GeV

Quark structure: ud Quark structure: us
Mass ~ 140 MeV Mass ~ 490 MeV

Exists only if mass is dynamically @ @ Boundary between emergent- @ @
generated. and Higgs-mass mechanisms.

Empty or full of gluons? More or less gluons than in pion?

For the proton the EIC will allow determination of an important term
contributing to the proton mass,theso-cal | ed AQCD t r ¢

For the pion and the kaon the EIC will allow determination of the

guark and gluon contributions with the Sullivan process.
- AC. Aguilar et al., Pion and Kaon structure at the EIC, arXiv:1907.0821




Emergent Mass and Structure Studies at the EIC

A Protons, neutrons, pions and kaons are the main building blocks of nuclear matter

If we really want to claim we understand hadron structure as relevant for the
visible world, we HAVE to understand at least the pion, kaon, proton, neutron
(and likely the Lambda) at the same level.

A Paradoxically, the lightest pseudoscalar mesons appear to be the key to the further
understanding of the emergent mass and structure mechanisms.

A These mesons, namely the pion and kaon, are the Nambu-Goldstone boson
modes of QCD.

A Unraveling their exact partonic structure and interplay with the Higgs mass
mechanism is a common goal of three independent methodologies T phenomenology
with continuum QCD based approaches, Lattice QCD, and the global analysis of
parton distributions i linked to experimental measurements of hadronic structure.

A The unique role of EIC is its access to pion and kaon structure over a versatile large
CM energy range, ~20-140 GeV. With this, the EIC will have the final word on the
contributions of gluons in pions and kaons as compared to protons, settle how many

~gluons per5|st as viewed with highest resolution, and vastly extend the x and Q3 |

. range of pion and kaor

TN




Reduction of Pion 1-D Structure Information by EIC

1.2

JAM Q> = 10 GeV? - ghe
0.4 B EIC 10 - %]1
- - e = [] 2 valence

— 03 osf [ owEs@ 02 - From EIC Yellow Report,
= oof |+ " lons 0= /é P. Barry, W. Melnitchouk,
oo 0.4 val sea g g N. Sato et al.

0.1 OQ'MM

0.0 .

Figure 7.24: Left: Comparison of uncertainties on the pion valence, sea quark and gluon
PDFs before (yellow bands) and after (red bands) inclusion of EIC data. Right: Ratio of
uncertainties of the PDFs with EIC data to PDFs without EIC data, 6F'C /4, for the valence
(green line), sea quark (blue) and gluon (red) PDFs, assuming 1.2% systematic uncertainty,

Pion form factor measurement

projections at EIC
C Assumed 5 GeV(e") x 100 GeV(p)
with an integrated luminosity of 20

fb-t/year, and similar luminosities
for d beam data

From A.C. Aguilar et al., EPJ A 55

| (2019) 10,190
\ 4 D);

g 2
{{(‘(m\

0.6}

QF, () (GeV?)

=
P
»
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T D@ Studies ongoing to enable polarized (vector and
=, /’ stmrad tensor) deuteron beams (>80% polarization).
; Collider A allows a precision measurement of the spectator nucleon.

First precision measurement of polarized (and unpolarized) neutron is possible at EIC

6% Structure function of conditional DISe +D —¢'+p + X 0.02
’ " Recoil LC fraction a;=0.98-l.05 e . Neutron spin structure with tagged DIS & + D — & + p(recoil) + X
1.02-1.06 EXtrapOIatK)n Polarized _ EIC simulation, s, = 2000 GeV’, L, =100 fb™'
1.06-1.10 = & Nuclear binding climinated through on-shell extrapolation in recoil proion momentum
04 | ] >
~§ -<—. Free neutron MEC imisin from bound tO Neutron :,; 0 Y i i j ! i!!
=] Int. luminosity 10° nb™ < | ye®® _ aF N s 131
é 03 | ; 5. CMcmrgys(;v:lO(X)GcVi ] free neutron Structure .. 154 et : . ; tartiily : i %
g 3 x=0.04-006, Q* =30-40 GeV’ % Lt . i ¥
s A1t under control AR ST L .
o -
€ o2f 385 p £ o
¥ TR, : gume 4
h?a "EERERE n z 16-25 & i
o} 1 F," can be extracted E ooy Pl
~— Kinematic limit 3 EETIE I
Estor estimates include
. e at % level accuracy oe 1
0 0.02 0.04 0.06 0.08 0.1 £0.06 1 L

o 0.001 0.01 0.1 |
Mf, -1t from recoil momentum [GeVZI

Investigate nuclear effects at the level of partons with Tensor Polarization Observables

Polarized Deuteron
Structure Function b,
Are gquarks sensitive
to the shape of the
nucleus?

Similar studies to map out polarized 3He nuclear structure in
detail, from both nucleon-meson and parton level point of view
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Figure 7.19: Impact of the EIC semi-inclusive measurements on the sea quark helicities
xA#i(x, Q%), xAd(x, Q%) and xAs(x, Q?) as a function of x at Q> = 10 GeV2.
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Timeline of the Universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern {\ Dark Ages Development of
380,000 yrs. ’ Galaxies, Planets, etc.

Il n Steven Weinber glhe s
w First Three Minutes, a modern view of the origin
& of the universe, he conveniently starts with a
BE® 0f i rst framed when the
L already cooled to 100,000 million degrees
st Kelvin, carefully chosen to be below the
% threshold temperature for all hadrons. Two
BB reasons underlie this choice, the first that the
%8| quark-gluon description of hadrons was not
8 universally accepted yet at that time, the second
that the choice evades questions on the
e emergence of hadrons from quarks and gluons.

about 400 million yrs. W

Big Bang Expansion

Inflation

13.7 billion years




Towards a QM Description of the Final State

Balancing the transverse momentum (and spin) i candles of
space-time

e
-

> T G
= g -
- & 5 @
0 & .o = ﬂti:’;’ :. " )-(";‘ !2\ \?\‘}?;\_:; ~
7 =
o g o
g = . N\, -
| [reesod] e
v From 1D to 3D fragmentation: '
e A Many more variables,
f: Many more angles
A Multi-dimensional data :
A Fine binnings Understanding of the 3D structure of

A Many Spin correlations fragmentation into a hadron I‘equil‘eS
studies of transverse momentum,
spin and hadron species dependence
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What Do We Know of Gluons uclei? Not Much!

The EIC will, for the first time, provide a complete view of the nucleus:

The Proton And much more QCD d_ynamics
Proton Proton in a nucle that can affect the identity of the
(1975) (2015) SEIEES protons and neutrons
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How does a dense nuclear environment
affect the quarks and gluons, their
correlations, and their interactions?

What happens to the gluon density in 3
nuclei? Does it saturate at high energy,
giving rise to a gluonic matter with

universal properties in all nuclear matter? gluon gluon

emission recombination

At Qg




