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Eternal Questions we have been asking ...

J Where did we come from? Global Time: ——>
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How did hadrons are eme]*ged from the energy, the quarks and gluons?
O What are we made of?
DNA,‘

What is the internal structure and dynamics of hadrons?
O What holds us together?

Quarks

EE

proton

Leptons

How does the glue bind us all?

Goals of EIC: to help search for answers of these questions in various stages!



Going back in time?

O Relativistic heavy-ion collisions - RHIC:

Lorentz Near Quark-gluon Hadronizati = t Seen
contraction collision plasma adronization reeze-ou in the detector

Visible! “Seeing” the unseen Visible!

A virtual journey of the visible matter!



A virtual journey of the visible matter

O Relativistic heavy-ion collisions - RHIC:
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Lorentg Ngqr Quark-gluon Hadronization Freeze-out . Seen
contraction collision plasma in the detector
Visible! | o0k | 5 , Visible!
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- Structure of
o hadrons?
3 190 = initial conditions
kS of RHIC?

Emergence of
hadronic particles?
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Where we are now Nuclei Net Baryon Density




Hadron’s partonic structure in QCD

O Structure - “a still picture”

Crystal \ }é,{)) Nano-
Structure: gf_a) material:
NaCl, FeS2,
B1 type structure C2, pyrite type structure Fullerene, C60

Motion of nuclei is much slower than the speed of light!
O No “still picture” for hadron’s partonic structure!

Motion of quarks/gluons is relativistic!

Partonic _— —
Structure: Quantum “probabilities” (P, S|O(y, 1y, A¥)|P, S)

None of these matrix elements is a direct physical
observable in QCD - color confinement!

1 Accessible hadron’s partonic structure?

= Universal guantum matrix elements of quarks and/or gluons
1) can be related to good physical cross sections of hadron(s)
with controllable approximation,
2) can be calculated in lattice QCD, ...



Intellectual challenge!

4 The challenge:

No modern detector has been able to see quarks and gluons in isolation!

O Answer to the challenge:

Theory advances:

_e> o @ _p
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Physical Controllable Quantum Probabilities
Observable Probe Structure
Experimental tools:
Jets - Foolprints of energetic quarks and gluons

Quarks — Need an EM probe to “see” their existence, ...
Gluons — Varying the probe’s resolution to “see” their effect, ...

QCD factorization

Color entanglement
Approximation

Need probes with sub-femtometer resolution, and “see” the gluons!



Hard probes from high energy collisions
O Lepton-lepton collisions:

Hadrons

Electron-Positron

. aEEE <> No hadron in the initial-state
- <> Hadrons are emerged from energy
< Not ideal for studying hadron structure

J Hadron-hadron collisions:

< Hadron structure — motion of quarks, ...

pb" % Emergence of hadrons, ...

< Initial hadrons broken — collision effect, ..

Hadrons

O Lepton-hadron collisions:

Hard collision without breaking the initial-state hadron — spatial imaging, ...



Why a lepton-hadron facility is special?

O Many complementary probes at one facility:

e (kul)
Q2 —->Measure of resolution

Y = Measure of inelasticity

X = Measure of momentum fraction
of the struck quark in a proton

> X (p,/) _
P (p,) o QZ_Sxy

Inclusive events: e+p/A > e’+X
Detect only the scattered lepton in the detector
(Modern Rutherford experiment!)
Semi-Inclusive events: e+p/A - e’+h(m,K,p,jet)+X
Detect the scattered lepton in coincidence with identified hadrons/jets

(Initial hadron is broken — confined motion! — cleaner than h-h collisions)
Exclusive events: e+p/A - e’+ p’/A’+ h(w,K,p,jet)
Detect every things including scattered proton/nucleus (or its fragments)

(Initial hadron is NOT broken — tomography! — almost impossible for h-h collisions)




The Electron-lon Collider (EIC) - the Future!

0 A sharpest “CT” - “imagine” quark/gluon structure =
without breaking the hadron

- “cat-scan” the nucleon and nuclei
with a better than 1/10 fm resolution

- “see” proton “radius” of quark/gluon density
comparing with the radius of EM charge density

‘ To discover color confining radius, hints on confining mechanism!

d A giant “Microscope” — “see” quarks and gluons by breaking the hadron

1/Q
<1/10 fm

O
|
|

To discover/study color entanglement
of the non-linear dynamics of the glue!
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EIC: the World Wide Interest
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The past

Possible future



US EIC - Two Options of Realization

The White Paper g e cryomoduis

A. Accardi et al Y -
Eur. Phys. J. SN S X

A52 (2016) 268 AV — 5%

Detector Ii

100 meters
—_—

From AGS

AGS BNL-eRHIC

lon Collider Ring

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Edited by A. Deshpande
Z.-E. Meziani
J.-W. Qiu

SECOND EDITION

Electron Source

12 GeV CEBAF

100 meters

JLab-JLEIC
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US EIC - Luminosity & kinematics coverage
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US-EIC - can do what HERA could not do

0 Quantum imaging:

< HERA discovered: 15% of e-p events is diffractive — Proton not broken!
< US-EIC: 100-1000 times luminosity — Critical for 3D tomography!

0 Quantum interference & entanglement:

< US-EIC: Highly polarized beams — Origin of hadron property: Spin, ...

Direct access to chromo-quantum interference!
2

p, S k
o(Q.5) + + +o
—t~1/Q

o(s) —o(—s) mmp Quantum'interference m) 76 (2, ) OC-O\E?-

0 Nonlinear quantum dynamics: -

< US-EIC: Light-to-heavy nuclear beams - Origin of nuclear force, ...
Catch the transition from chromo-quantum fluctuation
to chromo-condensate of gluons, ...
Emergence of hadrons (femtometer size detector!),
— “a new controllable knob” — Atomic weight of nuclei



US EIC - Deliverables & Opportunities

Why existing facilities, even with upgrades,
cannot do the same?

< Emergence of hadrons
< Hadron properties:
mass, spin, ...
< Hadron’s 3D partonic structure:
confined motion, spatial distribution,
color correlation, fluctuation,
saturation, ...
< Quantum correlation between
hadron properties and parton dynamics, ...

Due to the time, only a few examples to be presented in this talk!



Emergence of Hadrons from quarks & gluons

1 Femtometer sized detector:

-+ Control of v and
>W§§ medium length!

Mass dependence of hadronization

O Apply to heavy-ion collisions:

1.50

Ratio of particles produced in lead over proton

0.30

-b
w
o

1.10J;,

0.90]

o
\l
=)

0.50,

m Pions (lower energy)
* O DO mesons (higher energy)
Pions (higher energy)

| ® DO mesons (lower energy)
) m—Nang, pions (lower energy)

0.01 <y<0.85 x>0.1,10 i’
Higher energy : 25 GeV< Q<45 GeV’, 140 GeV < v < 150 GeV
Lower energy : 8 GeVi <12 GeV’, 32.5 GeV< v < 37.5 GeV

00 02 04 06 08 1.0

z

Need the collider energy of EIC
and its control on parton kinematics




Hadron Properties: Mass & Spin, ...

O Mass - intrinsic to a particle:
= Energy of the particle when it is at the rest

< QCD energy-momentum tensor in terms of quarks and gluons

7 / Higgs Mech.

mg ~ 10 MeV
my ~ 1000 MeV

“Mass without mass”

THY = 3 GiD%y )y + 5 g*"F? — FrOFY,

< Prot ‘ ’
s )

quark

GeV <o
<I) ’])> nucleon .

O Spin - intrinsic to a particle:

= Angular momentum of the particle when it is at the rest
< QCD angular momentum density in terms of energy-momentum tensor
1

A_[u/u/ — .Tuuﬂ:/l. o .Tuuﬂ:u J.i _ _(-z'jk /d&rﬂiojk EMC found:
2 S (Mg +Ag)
< Proton spin: 1 T 0124017
S(u) = P.S|J%(u)|P.S) = = “Proton spin puzzle”
() =D _(P.S|T;(u)| P, S) = 5

If we do not understénd proton mass & spin, we do not understand QCD!



The Proton Spin

- 1
Q The sum rule: S(u) =Y (P,S|JF(u)|P,S) = 5 = Ja(w) + Jy(1)
f
* Infinite possibilities of decompositions — connection to observables?

» Intrinsic properties + dynamical motion and interactions

d An incomplete story: See H. Gao’s Plenary Talk
1

1 1
’ 5 — §AZ + AG + (Lq 4 Lg) jif;%-’l\fl.a.\nohar, 90
Proton Spin l Ty ‘

Quark helicity ' @ ‘V

Best known Gluon helicity

1 ) i ) Start to know Orbital Angular Momentum
Efdx (Au +Au+Ad+Ad+As+ AS) of quarks and gluons
~ 30% AG= / delg(z) Little known

~ 40%(with RHIC data) Net effect of partons’

transverse motion?



The Proton Spin

0 The power & precision of EIC:

10

9

2
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O Reach out the glue:
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The Proton Spin

U One-year of running at EIC:
Wider Q? and x range including low x at EIC!

R B LI j l | L S LN B B S BN B S B B B B

00s |- XAu —::—an q oos

Q*=10 GeV?

ooz [ JE Y

C v C 51 (n
‘om_-nss + & FIC $x100, 34250 -

o

sl i crintion for Ay =9
L saal o a sl

w/ EIC data

L JAgxQY) dx
]
T Ll L] T I L] T L] L} I T T T T I 1 T L] T

i} :
05 W pssv+ ]z
. 5%100 |z
B EIC 5x250 | £
EIC 20250 | &
all uncertainties for Ay’=9 ] ;
_1 SN TN SN SR [N SN WO TR N NN SR TN SO S S SN =

03 035 , 04 0.45

.[ AZ(x.Q°) dx

No other machine in the world can achieve this! 000,

O Ultimate solution to the proton spin puzzle:

<> Precision measurement of A g(x)— extend to smaller x regime
< Orbital angular momentum contribution — measurement of TMDs & GPDs!



Hadron’s 3D partonic structure

1 Cross sections with two-momentum scales observed:
Q1> Q2 ~1/R ~ Aqcp

Transverse

< Hard scale: ()1 localizes the probe
particle nature of quarks/gluons L"ﬁy

{ “Soft” scale: (2 could be more sensitive to the
structure, e.g., confined motion | o

J Two-scale observables at the EIC: L@\ ~ea,
< Semi-inclusive DIS: < Exclusive DIS:

~¥* v

+ ... @ + ..
- B
SIDIS: Q>>P- DVCS: Q2 >> |t
Parton’s confined motion Parton’s spatial imaging from Fourier

encoded into TMDs transform of GPDs’ t-dependence



Theory is solid — unified description

O Wigner distributions in 5D (or GTMDs):

Momentum Coordinate

Space . Space

TMDs f d'zby f dsz GPDs

Confined Spatial

motion distribution
f(X,kT) Two-scales observables f(X,bT)

0 TMDs & SIDIS as an example:
< Low P, 1 (P, << Q) — TMD factorization: .
hJ_]

os1018(Q, Pri, w5, 2n) = H(Q) ® Pp(w, k1) @ Dyn(2z,p1) ® S(ksy) + O [?
< High P, (P~ Q) - Collinear factorization:

1 1
oso1s(Q, Pri,TB,2n) = (Q Phi,as)® O @Dy +0O (Phj_ Q)
< Pyr Integrated - Collinear factorization: |
USIDIS(Qa IR, Zh) = H(Q7 as) ® ¢f ® Df—>h +0 (@)

< Very high P, >> Q - Collinear factorization:
OSIDIS(Q) PhJ.) IB, Zh Z Hab—>c 03¢ ¢'y—>a & ¢b @ Dc—)h + @ (

abc

1 Q)
Q" Py



Confined motion of quarks & gluons

0 Quantum correlation between hadron spin and parton motion:

Ko Observed
particle

Sivers effect — Sivers function

Polarized | Hadron spin influences
hadron \ parton’s transverse motion

0 Quantum correlation between parton’s spin and its hadronization:

e Observed Collins effect — Collins function
B particle
Transversity S— Parton’s transverse polarization
Sa T ke influences its hadronization
O TMDs and their separation at EIC:
oo u quark

0.5

150 %
G 0
100} S LSS
/ ,1'10'
i X
50 s 05
' /./ > ./ /_3
0 0.2 0.4 0.6 0.8 110 -0.5 0.5 -0.5 0 0.5

0
Quark transverse momentum (GeV) ky(GeV) ky(GeV)



Spatial imaging of quarks & gluons

d No color elastic nucleon form factor!

mm) Spatial distribution of quark/gluon densities — GPDs

d DVCS at EIC:

0 “Seeing” the glue at EIC:

,)‘

i
JIY, 0, ...

1’+£f

\* &

\q
p P

——— 0.6 T
o 5 GeV on 100 GeV
U S JLdt =10 b ] . e °° ‘
8 - Factorization E o4l _
n N
a e
5 ms) GPDs mm) 3 03 L |
(] et 1.8
5 2 '
3 Y¥+p—=>y+p * 04 101<x3<0.16
e Proton radius (10 @GevE<17q T~ )
0 02 04 06 08 1 12 14 16 0 02 04 06 O. 1 12/14 16
of quarks (x)! \_/
Itl (GeV?) q () bt (fm)

e+p—e+p+Jip
15.8 < Q2 + M3, < 25.1 GeV?2

t-dep S| %wff - 5
Proton radius | &&= 5&
Only possible at EIC! of gluons (x)! oo o



Why 3D nucleon structure?

O Spatial distributions of quarks and gluons:

Static Boosted
//-"-> T ——‘2‘__ "'..,v“}\"/\; """""""
/ @ \\, AN C
Bag| ° O OBag
.'. . / ~ . (
® / Y, 0@
A4 O

(@) o®©
Nl 90
e
®) @ o o
'-\ ; / \\\\\

Bag Model:

Gluon field distribution is wider than the
fast moving quarks.

Gluon radius > Charge Radius

Constituent Quark Model:

Gluons and sea quarks hide inside
massive quarks.

Gluon radius ~ Charge Radius

Lattice Gauge theory (with slow moving
quarks):

Gluons more concentrated inside the
quarks

Gluon radius < Charge Radius

3D confined motion (TMDs) + spatial distribution (GPDs)

Hints on the color confining mechanism
Relation between charge radius, quark radius (x), and gluon radius (x)?



Another HERA discovery

0 Run away gluon densuty at small-x?

4.0

r CTEQG. 5 parton '

3.5 distribution functions E What causes the low-x rise?
a Q* =10 GeV? ] o .
3.0f gluons : gluon radiation
2.5¢ 1 —non-linear gluon interaction

2.0F 9

What could tame the low-x rise?
gluon recombination
— non-linear gluon interaction

Momentum Fraction Times Parton Density

0 1 d
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

 Color entanglement enhanced at small-x:

DIS
Otot
=Y Crow 0/4@?/@ o)+ O(1/QR)
f \\
O Saturation: Q7 o parton density Color entangled or correlated
between two active partons

Counting single parton is meaningless
if every term is equally important! mm) Color Glass Condensate (CGC)




Another HERA discovery

0 Run away gluon densuty at small-x?

4.0

r CTEQG. 5 parton '
3.5} dlstrlbutlon functlons

F Q* =10 GeV?
3.0F gluons

2.5

Momentum Fraction Times Parton Density
N
o

0 1
0.0001 0.001 0.01 0.1
Fraction of Overall Proton Momentum Carried by Parton

 Color entanglement enhanced at small-x:

=) é @@erO/gQQ/Q )+ 0
f

 Saturation:

is a part of QCD!
Where to find it?

1.0

What causes the low-x rise?
gluon radiation
3 — non-linear gluon interaction

What could tame the low-x rise?
gluon recombination
— non-linear gluon interaction

(Q: /Q4) O(1/QR)

(2 o parton density

‘\\

Color entangled or correlated
between two active partons

Expectation: x=107° in a proton at Q?=5 Ge\/?




Can a large nucleus help!

4 The hard probe at small-x is NOT localized:

Hadron rest frame

wt Longitudinal probing size
A\ > Lorentz contracted nucleon, if %
t~5 1 m
= %)
>~ 7 — > 2R — <
n—\ 5 Zp p O TX 0.01

mm) | Hard probe can “s gluons from allnucleons
¢.m. frame at the same impact parameter, coherently!

If we only see quarks
and gluons, ...

< NO mm) Observed nuclear effect is a coherent collision effect

< YES mm) Nucleus could act like a bigger pro at small-x,

and could reaching the saturation sooner! EIC can tell!



Role of color for nuclear force?

5 Fermi motion
= T e EMC /
1 ®NMC
1-1; + E139 \
{  * E665 ;s él ;ji
oL ® -
6
vo—l= ¥ I \
"\\
Color localized ' sh)d% ing original
Inside , e I EMC finding
nucleons 001 | 0.1 1
sea quark ° X valence quark
<€ /\
Nucleus as a ‘ Color leaks
bigger proton outside
—~ nhucleons
O A simple question: Soft gluon
Will the suppression/shadowing ‘ - radius is
. —_— larger
continue to fall as x decreases?




US EIC -

d EIC Users Group — E/ICUG.ORG:

732 collaborators, 29 countries, (no students included yet!)
169 institutions... (growing, ..

Map of institution’s locations

An International Effort

)

North
Atlantic
Ocean

Venezuvela
Colombia

Brazil
Peru

Bolivia

Argentina

EIC Institutional Board

Iceland

Ukraine

‘ Kazakhstan

MQ’ »
"’ Afghanist : d-or
ghanis:
iraq Iran
Algeria Libya | EGYPL Pak >
Saudi Arabla India
" Thailand
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" DR Congo pesre dont
s
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Madagascar

Ocean
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Atlantic
Ocean
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SoutFAfrica
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Summary and outlook

d EIC is a ultimate QCD machine:
1) to discover and explore the quark/gluon structure and
properties of hadrons and nuclei,
2) to search for hints and clues of color confinement, and
3) to measure the color fluctuation and color neutralization

O EIC is a tomographic machine for nucleons/nuclei (1/10 fm resolution)
— necessarily for exploring nuclear femtography

O EIC could study major Nuclear Science issues that other existing
facilities, even with upgrades, cannot do

0 US-EIC designs explore the polarization and intensity frontier,
as well as the frontier of new accelerator/detector technology

O US-EIC is sitting at a sweet spot for rich QCD dynamics
— capable of taking us to the next frontier of Nuclear Science!

Thanks!



Backup slides



U.S. - based Electron-lon Collider

L NSAC 2007 Long-Range Plan:

“An Electron-lon Collider (EIC) with polarized beams
has been embraced by the U.S. nuclear science
community as embodying the vision for reaching

the next QCD frontier.”

0 NSAC Facilities Subcommittee (2013):

“The Subcommittee ranks an EIC as Absolutely Central
in its ability to contribute to world-leading science
in the next decade.”

0 NSAC 2015 Long-Range Plan:

“We recommend a high-energy high-luminosity
polarized EIC as the highest priority for new facility
construction following the completion of FRIB.”

O Under review of National Academy of Science:
Expect to have the committee report this year soon!

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE



The Proton Mass

0 Three-pronged approach to explore the origin of hadron mass

< Lattice QCD
< Mass decomposition — roles of the constituents
<> Model calculation — approximated analytical approach

The Proton Mass

At the heart of most visible matter. A https://phys.cst.temple.edu/meziani

Iproton-mass-workshop-2016/

- -
R - R -
*%' e Ii " I *%. e
*h A A A

EUROPEAN CENTRE FOR THEORETICAL STUDIES

IN NUCLEAR PHYSICS AND RELATED AREAS
TRENTO, ITALY

Institutional Member of the European Expert Comunittee NUPECC

mp "

http://Iwww.ectstar.eu/node/2218

A true international effort!

Castello di Trento (“Trint™), watercolor 19.8 x 277, painted by A. Durer on his way back from Venice (1495). British Muscum, London

The Proton Mass: At the Heart of Most Visible Matter

Trento. April 3 - 7. 2017



The Proton Spin

d JLab 12GeV - upgrade project just completed:

12 GeV CEBAF Upgrade Project
is just complete, and
all 4-Halls are taking data

New Hall

Upgrade arc magnets
.. and supplies

R

k 20 cryomodules
Add 5
cryomodules

“ Enhanced capabilities
in existing Halls

Plus many more JLab experiments,
COMPASS, Fermilab-fixed target expts

(Ag+AQ)/(q+q)

-1

CLAS12

e xO

sl | | | | | | | |

HERMES

Hall A E99117
CLAS 1
Projacted CLAS12 (p) + Hall C {n, 2010 update)

0

01 02 03 04 05 06 07 08 09 1
X



Best signature for gluon saturation

] Diffractive cross section:

o ) : Fraction of diffractive events
) | — off a coherent obj. 1.8 \+\+ in eAu over that in ep
: =

1 dgdsz 1 do_dsz 1.6}
ok dME [ ol aME \\Wh
25_3% o / Sa[(/faf/- S
10 — 15% 2 on
4 W wesisucerstnnes s R A B
wﬁ//
oaig < [g(z, Q%)]? d d :
diff g\, 1 szff 1 O'dsz 0.8
- off asingle hard, o M2 [ ot dMZ T e g e B O

local interaction [gp(w)] [QA@)] - —
~ 1 B § ‘—__’__—_’_’_,_,_d—'—"
9°(@) Jior L97(@) Iy e Tasimih Without Saturation

At HERA 1ol CZ=5GeV2
ep: 10-15% diffractive x=1x107 |

ALEIC eA, if Saturation/CGC T
eA: 25-30% diffractive Mass squared of produced

Early work — E665 @ FNAL: hadrons, My (GeV?)
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Electroweak physics at EIC

O Running of weak interaction — high luminosity:
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< have a real impact on testing the running of weak interaction




