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cture of matter: Microscopes to Femtosc

Light Microscope SLAC,EMC,NMC,E665,BCDM
Wave length: 380-740 nm : S,

Resolution: > 200 nm HERMES,JLab, COMPASS@‘
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Electron Accelerator

X(p,/)

Electron Microscope -1
Wave length: 0.002 nm (100 *
Resolution: > 0.2 nm

HERA,
EIC,LHeC

Fixed Target Particle Collider Experiments

Accelerator Experiments
) Wave Length: 0.0001 fn
Wave length: 0.01 fm (20 GeV)(lo GeV + 100 GeV)

Resolution: ~ 0.1 fm Resolution: 0.01-0.001




Science case for an EIC

A study of origins in four acts:
the essential mystery, what we know,
what we would like to know, and...how to get there



Act 1: The mysterious gluon
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Gluons, the force carriers of the strong force,

are a fundamental building block of the standard model



Discovery of the gluon

] ALEPH == e meme

EVIDENCE FOR A SPIN-1 GLUON IN THREE-JET EVENTS

High-energy e”e -annihilation events obtained in the TASSO detector at PETRA have been used to determine the spin
of the gluon in the reaction e*e™ = qge. We analysed angular correlations between the three jet axes. While vecior
gluons are consistent with the data (55% confidence limit), scalar gluons are disfavoured by 3.8 standard deviations, corre-
sponding to a confidence level of about 104, Chur conclusion is free of possible biases due to encertainties in the fragmenta-

tion process or in determining the qqg kinematics fro m the observed hadmpthysics Letters B. 15 December 1S
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Quarks

Mass =1.78x1026 g

\ Proton
y  Mass = 168x1070 g

Gluons are massless...yet their dynamics is responsible for
(nearly all) the mass of visible matter

The Higgs “God particle” is responsible for qguark masses
~ 1-2% of the proton mass.



Higgs from Gluon fusion




Asymptotic freedom: the role of glue

Bege. 2013

o \ v Tdecays (WLO)
S{Q} % ® Lattice QCD (NNLO)
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03l o Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® 7 pole fit (NLO)
v PP —> jets (NLO)
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screening correction antiscreening correction

David Gross David Politzer  Frank Wilczek

2|f-interaction (of color charged) gluons is fundamentally responsible fo
ymptotic freedom of quarks and gluons in Quantum Chromodynamics (



Quark (and Gluon) confinement: the

uarks experience force of 16 tons at
istances of ~ 1 Fermi (101> m)
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The essential mystery

“*(Nearly) all visible matter is made up of quarks and gluons
“But quarks and gluons are not visible

“All strongly interacting matter is an emergent consequence of
many-body quark-gluon dynamics.

Example: Mass from massless gluons and (nearly) massless
quarks

“*There is an elegance and simplicity to nature’s strongest force we
do not understand

“Understanding the origins of matter demands we
develop a deep and varied knowledge of this emergent dynamics



Act 2. Quantum Chromodynamics:
The Power and the Glory

N
Nexw Quantum Numpers The Quarks: Fractional Charge Trplets | Thinll(inlg About Real Qs — | Asfﬁptc Freedom 3 Quar =Partors
The Eigtfold Way/ Unitary Symmetry ~~ Are They Real? (Constituents of Hadrons| Sin/Statisis Problem - Parfermion Promotion of Color to the Essence of
Mesns-8 Banons= 8410 AveThey lstaathematc Sortend?  Color N SUS) — ore Shorthand? Strong Dynamics; Gluons a Color 8
FundamentalRepresentaton Absent Reatonshipto Weak Cutens? o Dyvnics; onnement MY ) the heor ofStrong Iteraction

From Gell-Mann’s 8-fold way to QCD: A lepidopteral

metaphor Jeffrey Mandula, Creutz-Fest 2014, B



Quantum Chromodynamics

)CD - “nearly perfect” fundamental guantum theory of quark
nd gluon fields F.wilczek, hep-ph/9907340

4 Theory is rich in symmseifi@sties dictate interactions” - C.N Yang

SU(3). x SU3), x SUB)r x U(1)4 X U(l)g
i (& ~ / \ ~
1 i
i) Gauge “color” symmetry: unbroken but
confined

ii) Global “chiral” symmetry: exact for
massless quarks

iili) Baryon number and axial charge (m=0) are

¢ chiral, .6%@“’2%‘9'@\,%#&%%%'@ Bt ToP e B 0%n

vacuum/ogiagum effects - "emergent” phenomena

4 InherenE in Cffbezta?ecfﬁe de [Xes{'"aspeg'ts of relativistic Quantum
Field Theories (confinement, asymptotic freedom, anomalies,
spontaneous breaking of chiral symmetry)




Numerical realization: Lattice QCD
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CUBIC LATTICE

Kenneth G. Wilson
yttice reqgularization (UV&IR) of QCD

S e

rst principles treatment of static
roperties of QCD: masses, moments,

iermodynamics at finite T (& g ?7) \&




Numerical realization: Lattice QCD
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(192)

CUBIC LATTICE

Kenneth G. Wilson

Formidable computational problem
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Very challenging for dynamical HHH

pProcesses...




Precision QCD on the lattice
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Budapest-Marseille-Wuppertal (BMW) Coll., arXiv:1406.4



The deeply inelastic scattering (DIS)

., 1§mEessoRs
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The deeply inelastic scattering (DIS)
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The deeply inelastic scattering (DIS)

femtoscone

I (CE)DA = + 2GeVZ<Q2< 18 Gev?2
From SLAC fixed targe : _iﬁ
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The deeply inelastic scattering (DIS)

femtosc
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Perturbative QCD: now benchmark for
new physics

ructure functions meagetedt®ds-sections: proton-proton collisions (RHI(
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The study of the strong interactions is now a
meture subject - we have a theory of the
fundamentas* (QCD) that is correct* and
conplete*,

In that sense, it Is akin to atomic physics,
condensed metter physics, or chemistry. The
iInmportant questions involve emergent
phenomena and “gpplications”.

F. Wilczek , “Quarks (and Glue) at the Frontiers
of Knowledge”
Talk at Quark Matter 2014

Are we done ?



Act 3. Frontiers of our ignorance



Scattering in the strong interactions

OF (GeV®)
A
E Quarks and
s Gluons
8 ﬁ
- Strongly Correlated \)&d /
Cuark-Gluon Dynamics
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& f}p Pamearons
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> 1/x arXiv:1708.01527

Parton Density
Perturbative QCD describes only a small part of the total cross-section

Lattice QCD is of very limited utility in describing scattering

Effective theories: how do quark and gluon degrees organize themselv
to describe the bulk of the cross-section ?



What does the proton look like ?

Bag model:

 Field energy distribution is
wider than the distribution of
fast moving light quarks

Constituent quark model:

» Gluons and sea quarks “hide”
inside massive quarks

« Sea parton distribution similar
to valence quark distribution

Lattice gauge theory:

 (with slow moving quarks)

« gluons are more concentrated
than quarks

Static pictu res

Glue dominated
boosted proton

r:“w



The boosted proton

QCD, the proton is made up of quanta that fluctuate in and out of existe
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Low Energy \ Y N
or large x ° A — >
P ASNE V ARN
RV ~ vmwr ~
Wathdhd %W AT _‘r\’&.”up A%
.\ N "U%N\N T >
: N ac
High Energy ° LY $+-sd i MU W VY
or small x o e AN — Loy
el W\WUUUM
Wee parton fluctuations time ® T aemew

dilated on strong interaction
time scales

Long lived gluons can radiate
further small x gluons...

Is the proton a runaway
popcorn machine at high



The boosted proton




Boosted protons: classical coherence
from quantum fluctuations

1ergent dynamical saturation
ale grows with energy

w
Low Energy ~
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High Energy

>1/Q52
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Powerful " Wilsonian” RG equat
describe evolution in this landsc

satu’ ati0"

‘f? @ ‘

Q2 -~ Al/SL

203

» log (Q7)

> How does this happen? What are the right degrees of

freedom?

> How do correlation functions of these evolve?

> Is there a universal fixed point for RG evolution? Does the

coupling run with Q_.2?



a new

Many-body high energy QCD

frontier

A3 enhancement
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opens win



The proton’s spin puzzle

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

o =

Approximate Current Contributions
to the Proton Spin

far, Fixed target deep inelastic scattering experime

0% of the proton’s spin
Gluon Quark e

Spin Spin . - . -
pin crisis” - a failure of the quark model



The proton’s spin puzzle

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

o =

Approximate Current Contributions e B I
to the Proton Spin x 1
2P o [ ¥8& NEWFIT
90% CL_region
“é—' : . ?ﬁ%‘{h*mpm
S=E I . pssv
05 -
Gluon Quark [
Spin Spin of .
05 Q*=10GeV*
I 11 1 1 I IIIIIIII |

02 -0.1 -0 01, 02
dx Ag(x
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D. De Florian, R. Sassot, M. Stratmann, W. Vogelsang, PRL 113 (2014)



Imaging distributions of quarks and
gluonS ? Leading Twist TMDS (") nuckonspn (o= quarcson

L 91L=@" - @" h* =®-> - @-»

Helicity

t t h=

O - Ola® - @ g

Sivers 1
h11'

Nucleon Polarization

Transverse momentum dependent (TMD

distributions

[ @sy
4

e b
Q)

Generalized parton distributions (GPDs)

® Differential images correlating the spin, momentum and spatial
distributions will provide fundamental insight into quark-gluon

Avrimmairvailiece 1 Mmti~lamnmms ~Fvri~F1 1A



Nuclear glue: terra incognita
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Quark (Gluon) distributions In nuclei- not simple
superpositions
of nucleon Quark (Gluon) distributions



Nuclear glue: terra incognita
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Quark (Gluon) distributions In nuclei- not simple
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>-w-:—:§f::::‘.?—i’ What is the quark-gluon nature of

nuclear short-range correlations ?



Act 4. EIC: the ultimate QCD
machine?

e world’s first polarized electron-polarized proton col
e world’s first electron-heavy ion collider
minosities: a hundred to up to a thousand times HER|

1e resolution inside proton down to 10-'2 meters



Electron-lon Colliders: accelerator desi
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Add e Rings to RHIC facility: Ring-
Ring (alt. recirculating Linac-Ring)

Electrons up to 18 GeV
Protons up to 275 GeV (porzed
Vs=30-140 (Z/A) GeV S~
L =~ 1x1034 cm-2s-1 at Vs=105 GeV y—

JLEIC (JLab)
Figure-8 Ring-Ring Collider, use of
CEBAF as injector

Electrons 3-10 GeV 12 ooviit—
Protons 20-100 GeV
e+A up to Vs=40 GeV/u P el B
e+p up to \Vs= 64 GeV et

= 34 -2 -1 =
L~ 2x10% cm2 s at \s=45 GeV eRHIC: arXiv:1409.1633, JLEIC: arXiv:1504.07961

8 GaV Booster
len Source

Electron Source

eC at CERN - center-of-mass energies of 1.2 TeV (4 times HERA)

electron-ion collisions; no polarized protons



Select measurements

The Electron-lon Collicer

of Key Measurements

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

arXiv:1212.1701v3 arXiv:1708.01527



Resolving the proton’s spin puzzle
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Money plot
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and orbital contributions to the proton’s

spin



R"Y(x, @%=5 GeV?)

Current knowledge on distributions of quarks

Entering terra-incognita in nuclei
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Entering terra-incognita in nuclei

(Pb)
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€ Dramatic improvement in precision extraction of nuclear
gluons and sea quarks
- factors of 4 - 8 reduction in present uncertainties...



The Transubstantiation of Quarks and
Glue into mesons and baryons

.
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Diffraction for the 21st Century
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actron hits a nucleus (binding energy of 8 MeV/nucleon)

L: prediction: nucleus remains intactin atleast1in5



Diffraction for the let Century
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Short-range nucleon-nucleon

correlations
[opic of much interest:

ng data on p-n versus p-p and n-n correlations from Jlab

2N-SRC

A

repulsive core

short range attraction

po = 0.16 fm=

Sciavilla, Wiringa, Pieper, Carlson PRL,2007

¢ — AVISUIX ‘He
© === AV6' 'He

AV ‘He
-~ AVI8 H

:Dominance of tensor component of
Nucleon-Nucleon potential?



Probing short-range NN interactions
with EIC

Miller, Sievert, Venugopalan, PRC93 (2016), 04520.

Exclusive process: | [) — ¢ -+ J/\I/ +n—+p

ron process With T = A2 = -A;? = -Ayp?2 and p’';2>> Ayp?
1 and neutron produced with large back to back transverse mon



Short-range nucleon-nucleon
mteractlon with

er,Eevert RV,in preparation

q— A

I/

 separation of scales of upper vertex
 high energy Regge” limit: / Prds [

dnz(l-2) | —
ﬂwo(l) &_ﬂwo(i) AI_?MN()(E) "
pqq m‘2 pj’- *Mz pt_af 8
A.T_;r AT :-2} Axim dG—D o 1 ﬂ:: / dﬂb& d(b;_ |A(& / &I) 2
dTdtdy,  (Ar)B3l1—«o' ) 27 2n |72
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Short-range nucleon-nucleon
interactions with EIC

da” 1 o d*r dz a,m? 2
— 2 g .
dTdtdy,  (Am)l—o /Lm -2 {ZMW ) (Wi (1,2)) ] x —5 11 Hip) (2,0, T50)
. . o = pi"/pt
HI(z,0,T:t) = 2= [ @r—eioProir . . 1
2apt Transition Generalized Parton Dist.

FH“(—%T)FH“ (—I—%T’]

X <p(p1) n(p+ A —pj)

D))

ider kinematics, T-GPD factorizes in the Light Front Framework




Short-range nucleon-nucleon
mteractlons with EIC

O LT - - - -
p | e 7 JFactorization of time scales
— also occurs for lower vertex
\_/Il(l—c:): - n

u[ -|-OG+: 0+] [ F—t’a F+z’a](0+) ‘\ QN (QN:\"D T.'iJD_}NN (QNN)

out {i'\'r ® P"T| [FH&FHE](U_) |D}m :idﬂ‘ww ® N

Deuteron light fro =" = (N @ N| U[0*, —c™] | D)

wave function: = lim (N ® N| expl+i(Hgep)gs-a*] expl—i(Hy)g+-27] |D)

A dov d’p, g+_ N
g ) — dr— TP 9+-1
Hip)(2,0,T31) / dra(l — a) (2m) 3 Vo TpCr Q?rp— / he

1"‘\."\

X <pg (1) nor, (P + A —ph)

X <pn

Po, (P1) N, (P — pl}ﬂ

F””‘( r)FT% (41 57)




Short-range nucleon-nucleon
interactions with EIC

. dﬂ' aﬂpl [ g, _ / N
g , — _drpTgi_n

HP D-;rl

Lf.""." N

n :
p N

p%@ﬂn%@—pﬂ>]

x<%ﬂﬂﬁhﬂﬂ+ﬂ—pn
X <-pn

relative transverse momenta, p’;> >> A,? perturbative expan:

FH& ( —%T’)FHR(-I-%T)

The EIC can therefore provide information about
the gluon structure of short range nuclear forces!

: previous discussions of - multi-pomeron” contributions to short range forces
d neutron star masses Rikjen et al. , arXiv: 1406.4332, 1308.2130



Concluding Thoughts

Ir knowledge of the fundamental structure of matter is clouc
e vast fog of our ignorance
ugh there are bright gems that shine through

the heart of the matter is the confining dynamics of QCD -
s many-body dynamics with gluons playing a lead role.

dressing this requires deep and varied knowledge
EIC enables unique and unprecedented measurements.
nistory of DIS informs us that surprises may be anticipated
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PARTICLE PHYSICS

that

Physicists have known for decades that particles
called gluons keep protons and neutrons intact
and thereby hold the universe together. Yet the details
of how gluons function remain surprisingly mysterious

By Rolf Ent. Thomas Ullrich and Raju Venugopalan

42 Sciemific AmcTican, May 2015 I rarion by Mari Corar

£ M5 Sclentific Amesican

D 2015 Scientific American




EIC Project Status

2015: Long Range Plan of U.S. nuclear physics community
recommends an EIC as the highest priority for new facility
construction.

2016: Organize EIC Users |7 w0 ™
Group (http://www.eicug.org)

L
| R 2 3‘;‘3 5o 7490
2017: National Academy of =

Sciences Review of EIC 2 e

rrrrr

* Assess the scientific TUS;membermq"“gQ s g <

O A

justification for a US EIC 162 institutions -
» Expect report around )l
March 2018

2018: CD-0*
* Indicated by T. Hallman, Associate Director for NP of the Office of

Science at DOE at the EIC Users’ Group Meeting in Trieste in
July 2017
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