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General Introduction



© A collider to provide kinematic reach
well into the gluon dominated regime,

® Electron beams provide the unmatched
precision of the electromagnetic inter-
action as a probe,

® Polarized nucleon beams to determine
the correlations of sea quark and gluon
distributions with the nucleon spin,

©® Heavy lon beams to access the gluon-
Electron lon Collider: saturated regime and as a precise dial to
QR X1 OCD Frontier study propagation of color charges in

Fri e nuclear matter.
® Facility concepts at BNL and at JLab,
re-use of existing, significant investment
(BNL has since been site-selected).

Eur. Phys. J. A52 (2016) no.9, 268

See also Rept.Prog.Phys. 82 (2019) 024301 E. Sichtermann (LBNL) CNFS-CTEQ23



® How are the sea quarks and gluons,
and their spins, distributed in space
and momentum inside the nucleus?

® Where does the saturation of gluon
densities set in?

s e olider: ® How does the nuclear environment
e Next QCD Frontier i ) !

affect the distribution of quarks and
gluons and their interactions in nuclei?

Eur. Phys. J. A52 (2016) no.9, 268

See also Rept. Prog Phys. 82 (2018) 024301 E. Sichtermann (LBNL) CNFS-CTEQ23



Organized around four themes:

© Proton spin,
quark and gluon helicity distributions,
orbital motion

®Imaging of nucleons and nuclei
TMDs, GPDs, Wigner functions

® Saturation
Non-linear evolution,
Color-glass condensate,

Electron lon Collider:
The Next QCD Frontier

® Hadronization and fragmentation,
in-medium propagation,attenuation

Identified measurements and impact.
Eur. Phys. J. A52 (2016) no.9, 268

See also Rept.Prog.Phys. 82 (2019) 024301 .
E. Sichtermann (LBNL) CNFS-CTEQ23
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Collider Energy Scenarios

Q° vs xg landscape

N% % Build on knowledge from
o L
0103_ other colliders
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i Fixed targets
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Kinematic reach and QCD Landscape

Q° vs xg landscape

Rich physics program

%
8 E sea valence
o L saturation
0103 radiation ERBL
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Position, Spin, Energy, Momentum
distributions of quarks and gluons

Origin Mass, Confinement, xSM
QCD and Gravity

Gluon saturation, jet radiophysics
QCD Bremsstrahlung

Nuclear Modifications
EMC Effect, SRC



Confinement Mechanism(s?)

Hadrons are singlets under SU(3)color : No net color charge in asymptotic particle

T T - T T
Rapid acquisition of mass is
_ effect of gluon cloud

M(p) [GeV]
°
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-+ AdS/QCD with
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__ AdS/oCD
LF Holography
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O a,/nworld data
- GDH limit
0270 a/nOPAL
A a/nJLab CLAS
Wi Hall AICLAS
0[-® LaticeQCD ¥ o /n
.

04

w0’ J

10
0(Gev)

states

Linear growth of the static quark-antiquark pair
Area-law falloff for the Wilson loop
Gribov Confinement for light quarks

Analytical properties of the propagators in the infrared
Instability of the vacuum above a supercritical charge

ch:gtD = 137 for a point-like nucleus

~ 180 for a finite size nucleus

acrit 2
B {17\/j ~ 0.137
™ 3

Light-Front AdS/QCD

quark and gluon chiral condensates confined!

—condensates contribution to the cosmological constant
already included in hadron mass

Mass-Gap Millenium problem and Yang-Mills existence
$1M from the Clay Mathematical Institute



Gravity and QCD

In some fundamental sense a graviton can be thought
of as a pair of vector bosons: Gravity amplitudes appear
as squared Yang-Mills amplitudes in the
Color-Kinematics Duality

Understanding the deeper origin of these dualities is at
the heart of string theory. Here a graviton (closed
string) happens naturally as a pair of vector bosons
(open strings). The duality between Gravity in the bulk
and QCD on the boundary of AdS space, also called
holographic principle is the currently the all time most
cited high energy physics publication

Gravitational Form Factors from QCD bound states are
observables of choice to test these dualities. Most
promising avenue to understand the non-perturbative
structure of gauge theories.

Z. Bern et al.
Gravity as the Square of Gauge Theory
Phys. Rev. D82 065003 (2010)

J. Maldacena

The Large N limit of superconformal field theories
and supergravity

Int. J. Theor. Phys.38 1113 (1999)

(13k citations as of June 2018)
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Interference pattern

Diffraction and Imaging

Huygens-Kirchhoff-Fresnel principle

G=k— K
The interference pattern is given by the
superposition of spherical wavelets
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Fourier imaging




Rutherford Scattering

~5 MeV

Ernest Rutherford,
Nobel Prize 1908

Count rate

N
g
<

3 Pointlike nucleus
10°

2
:_;; =( )2 [4?; ] +w\ 0 o5 %0 05 10
n ) SI (0/2 ) Scattering angle

Scattering off a hard sphere; rnucieus ~ (104 .1 atom) ~ 10-*m E. Sichtermann (LBNL) CNFS-CTEQ23



Elastic scattering

Form Factors

Probing deeper using virtual photons

Jem
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Electron Scattering
from Hydrogen
188 MeV (LAB)

Anomalous
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Mott
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Hofstadter Nobel prize 1961

"The best fit in this figure indicates
an rms radius close to 0.74 £ 0.24 x 10~ 13 c¢m

Imaging in transverse impact parameter space



Deeply Inelastic Scattering e e S e

Parton Distributions o
Optical theorem :\-\ T Wz ey

The total cross section is given by

the imaginary part of the forward amplitude o3l \ ELasTic
- \_SCATTERING
VE N Q? - AN 1
=E» B = N . -
2Mv i ~
ams(xB,/QZ) — scaling, point-like constituents L B e e
q? (GeV/c)2

Discovery of quarks, SLAC-MIT group, 7-18 GeV electron
Friedman, Kendall, Taylor, Nobel prize 1990

olim oois XB)—/CMX:'Ca (EB S)

1-D distribution in longitudinal momentum space



Deep Exclusive Scattering

. o PP
Generalized Parton Distributions vp = p, vip = { wp'
op'

Bjorken regime :
Q% — oo, xg fixed

t fixed <<Q2,§—>2j—BXB
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3-D Imaging conjointly in transverse impact parameter and longitudinal momentum



GPDs and Transverse Imaging

(xg, t) correlations

d2A |

ax(x,b1) = o2 [H( 0,t) —

Target polarization
—_—

Uy(x.b))

dx(x,b_L)

E(x0.t) 91 ik, 5,
2M  Oby,

Lattice calculation
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Generalized Parton Distributions

Pt — xPty= s + 5
o (P 19g(0)y™ (1 +~7”)¥(y)|p)
= W) [, 07"+ BTG, i 2
o 2M

.

- . A
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Parton longitudinal momentum fraction distributions

1 T
= [ dy™ T (pldg (0 T () Ip) = fy(x)

47

HI(x, & =0, t =0) = fo(x)

Form Factors - Fourier transform of transverse spatial distributions
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/ dx H(x, &, t) = qu(t) First x-moment
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[ aEe 0= F
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GPDs and Energy Momentum Tensor

(x, &) correlations

Form Factors accessed via second x-moments :

P TIpy = M(p') | M3(e) 7+ J9(e)

Angular momentum distribution

1
J9(¢) = %Aldxx[Hq(x,g,t)+ E9(x, £, 1)]

Mass and force/pressure distributions

1
Mg(t)+gd1(t)§2 = %‘/1dxxH‘7(x,£7 t)

+ () | Nep)

Distribution of pressure

r’p(r) in GeV fm’!
001 [ /°° o 2p(r) = 0]

0.005

-0.005




Deeply Virtual Compton Scattering

The cleanest GPD probe at low and medium energies

ep — epy
DvCS

Bjorken regime :
Q% = 0o, v — oo, xg fixed
. C(ep—epy) <
£ 27'35

Diehl, Gousset, Pire, Ralston (1997)
Belitsky, Miiller, Kirchner (2002, 2010)
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Deeply Virtual Compton Scattering

The cleanest GPD probe at low and medium energies
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Deeply Virtual Compton Scattering

The cleanest GPD probe at low and medium energies
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Observables sensitivities to GPD

DVMP
Meson Flavor
Ho| Aw o at Au— Ad
| Au HE 0 2Au + Ad
ALL, AT
£ Ayt n 2Au — Ad + 2As
pt u—d
H.E pD 2u+d
w 2u—d
) s

A global analysis is needed to fully disentangle GPDs



Electron-lon Collider

J/V electroproduction as a probe of the glue distribution

0
\\ Glue tomography 5qp=1000GeV2, L=10% em? 5™, 16 weeks
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Unified view of hadron structure
Wigner Distributions

FFs, PDFs, GPDs, TMDs, inflation of acronyms all related to the same Wigner
distribution

» Most general one-parton
density matrix

GPD(z, ) » Not known how to
measure

» Provides a unifying
description

» Constraints for model
—— A=0 .
- Jdr building
e [Py

Unified framework for GPDs and TMDs within a 3Q LC picture of the nucleon
C. Lorcé et al, arXiv:1102.4704, JHEP 1105:041,2011




Overview of the nucleon structure

Unpolarized quark in unpolarized nucleon

Py L/[(GeV-fir)] o Py /(GeV*-for)]
A, =0.3 Gev
0.5 0.5
T, E,
s .- 2
-0.5 -0.5
-1.0 1.0
=10 =05 0.0 0.5 .0 =10 -0.5 0.0 05 1.0
by [fin] by Lfin]
Py 1[(GeV- fin)] oty 11/(GeV- fin?)]
5 s
g g
& £

—04 —02 0.0 02 04 —0.4 -02 00 02 04
ke [GeV] ke [GeV]

Quadrupole deformation of transverse position for quarks at large transverse momentum
Intuitive from a semi-classical picture of confinement

C. Lorcé et al, arXiv:1106.0139



Two Approaches to Imaging

TMDs GPDs

2+1 D picture in momentum space 2+1 D picture in impact-parameter space
— l 0 08—~ -
~ N o4l i | 57
g E 02: 5~_
s N | s
| 2
s — — { 4 | Y} Z:_ up C' :)
04 02 00 02 04 v - - - -
Px (GeV) b, [fm]
Baoshetta, Contl, Radial QCDSF collaboration
« intrinsic transverse motion * collinear but long. momentum transfer
* spin-orbit correlations = indicator of OAM » indicator of OAM; access to Ji's total J
» non-trivial factorization « existing factorization proofs
- accessible in SIDIS, DY (and at RHIC) + DVCS, exclusive vector-meson production

currently no direct, model-independent relation known between TMDs and GPDs
E. Sichtermann (LBNL) CNFS-CTEQ23



CLAS12 CFF Impact Projections



Projected CLAS12 impact on CFFs

Q%) =
H(x,E=x,t)
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Projected CLAS12 impact on CFFs
@ H(x,E=x,t)

7.50 i

5.75

3.75 " f

Using simulated data Mol i CLAS12 el b
based on VGG model. N \ projections
Input GPD H extracted 359 b 4 -
with good accuracy & \ ENeNENe
e Mg Y g VGG kS cccacs
1.75 X 2 ¥¥ ’ o
) N
ENRRRERED I TS nHi €
.
0 011 022 038 0.52 0.67 g =
1.35 A\
‘ 1
BB e i R |

| | |
011 0.15 0.20 0.27 0.32 0.37 0.44 0.49 0.50 057<x>



Projected CLAS12 impact on CFFs
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Projected CLAS12 impact on CFFs

@) H(x,E=x,t
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Projection for the Nucleon transverse profile

~
2

Model profile Q2 = 3.75 GeV?

Projected
error band

a(b IXB)1
(fm? |

0.8
0.6 ’

0.4

0.2 0.2

Cl(bJ:XB) = FT[Hxz=xt ]

% o2 04 06  0s

b, (fm)

Precision tomography in the valence region



Q% = 3.75 GeV?

0.5
0.45

0.4

Aq(b fW 77 0.35
0.8 Xg

/ 0.25
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0.4
L 0.2
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0 0.2 0.4 0.6 0.8 1

Precision tomography in the valence region



Proton Pressure distribution results

The pressure at the core of the proton is ~ 103° Pa
About 10 times the pressure at the core of a neutron star

Positive pressure in the core (repulsive force)
Negative pressure at the periphery: pion cloud

REPULSIVE Pressure node around r =~ 0.6 fm
PRESSURE
=5

?p(r) (GeV fm")

Stability condition : [ dtr?p(r) =0
0

F.N.NG Rooted into Chiral Symmetry Breaking

PRESSURE

PP World data fit
m CLAS 6 GeV data
Projected CLAS12 data E12-16-010B

02 04 06 08

12 14



CFF local Fits at EIC



EIC proton DVCS Observables

l

[

Jc

[ Observables  Acp l

unpolarized | 200 fb—T g ALy N = [LxoxKPS
L polarized | 100 fb—1! AuL AL KTDV;MS: AxgAQ2AtA
T polarized | 100 fb—! AuTx Aury, Ak Ay
et 100 fb—1 AT AEU
Ao _
TU - Nevents %

Q% vs xg with E, = 275 GeV x E, = 18 GeV

2

AApy = V e LU @ 3A3relat|ve Pe = 70%
1 17P;2:A%JL 0 0
AAyL = Py N @ 3%relative Pp =70%
[ 1—-P2P2A2
AA = ﬁ %LL 2] 3%relative 2] 3%relative
ep
1-A2 o
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N.B. assumption on the luminosity
1 year = 365 days x 24 hours/day x 3600 s/hour = 3.15 x 107 s ~ % x 108 s
L£=10* cm 2571 =10%® m~2s7!

1
/E =103 em 257! x 1 year ~ 3 x 10* m—2

lbarn = 1072 m?
1fb = 1079 m?
1fb~r = 10¥ m2
100 fb~! = 10*¥ m?

100 b7l «— 1 year at 103 cm—2s~! with contingency (=~ 3)
<= 10 years at 103 em 271

Luminosity is a potential challenge for exclusive reactions




275 GeV x 18 GeV o

Q7
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275 GeV x 18 GeV
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275 GeV x 18 GeV
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275 GeV x 18 GeV xg = 0.08 £ 0.02 Q? = 329 + 175 GeV?

uL o UTx E /_NETy : y,»l\ “ LU

i
N
/1

‘ I : i uJ'HiL
W,Li i P e

Not shown here: Aj| A1« ALty are small
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275 GeV x 18 GeV xg = 0.08 + 0.02 Q? = 329 + 175 GeV? — ¢t =0.054+ 0.05 GeV?
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note: statistics and systematics included



Locally extracted Im CFF 275 x 18 GeV?
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Locally extracted Re CFF 275 x 18 GeV?
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High and Low energies runs

Kinematical coverage complementarity

Local extraction results:

xg X ImH xg X Re H
I B I
E 5N Bt
2 PRy e
40 Ry Jow E E S low E
F N owE 05F RS
3F = £ :
- \\\ 0F
2; sw _05E
j —1E
= i i 71.5:. i i
107 1072 107" Xg 107° 1072 107" Xg

Better Strategy:
global fit using DR and parameterizations for Zm# and D(t)
note: subtraction constant: same for H and &, none for # and &



Towards Ji’s sum rule

xgX(ImH+ImE)

1 1 w E
(0= [ dexHixg 0+ EfGb ] £ ¥
—1 T
E 34
independent of £ but at fixed ¢ z o
x
of
DVCS measures £ :
' 0102 03 04 05 06 07 08 09 1
ke function H(x,x,t) / H(x,0.t)
ZmH(f, t) — TI'H(f,f, t) , 10- skewness function H(x,x,t) / H(x,0.t)
g of |
g vt
- |
o
5E
need another process to access the skewness aE
— especially crucial at large xg 3t
2
DDVCS? ; i

=
JLab 12 luminosity upgrade? 0203 04 05 06 07 08 09 |



Impact of the positron beam
Enhanced sentivity to the Real part of the amplitude

Local extraction results:

low E: 40 GeV x 5 GeV

xg xImH xg X Re H
I E I E
£ 5 o155
E &'k
e 3 1: \\~..
4- L \
E S 4 050 R
3 L
F — o AN
2F = 5 \
%?\“ﬁ\::;\; 05
E —1F
o~ 155
107° 102 107! X 107 102 107! g

Improved sensitivity, and systematic checks
Also, in general opens up access to new physics (---)



Pressure and Shear Sensitivities

Propagate uncertainties estimated with local fits using dispersion relation

— ~ 005
E C 275 GeV x 18 GeV i3 275 GeV x 18 GeV
> 0.02— 40 GeV x 5 GeV > 40 GeV x 5 GeV
3 r S 004
£ 0-015:* € o003

0.02
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Relevance of the large xg region to the dispersion analysis
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Nucleon structure for hadron-hadron colliders

transverse size in
soft interactions )
»  MultiParton Interaction first suggested in 1975

.7 quarks/gluons (Landshoff & Polkinghorne)

with x > 102
» Evidence in :

> high pr at the CERN/ISR and Tevatron
> intermediate pt : underlying event in Dijet and

. ,,,,,,,,,,,,,, Drell-Yann at CFD Run | and Il, and at CMS

» Found to be necessary to tune low pr Pythia and

b Herwig

"generic” » MPI more important at LHC is expected to challenge
. """ many new physics search
hard » MPI can also be better studied at LHC for itself !
process

z ! ’ 1

b Iy‘ ~ Jdb o b x TH”‘

Z2

"central"

C. Weiss, L. Frankfurt, M. Strikman, Ann.Rev.Nucl.Part.Sci. 55 (2005) 403-465
Diehl, Ostermeier, Schafer, “Elements of MPI in QCD"”, DESY 11-196



Summary



Summary
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A unified framework for nucleon tomography

The first 6 GeV results suggested precocious dominance of small configurations
Accuracy of 12 GeV era in the valence region at moderate momentum transfer
Long range plan extends naturally to EIC

Interplay between spin and flavor decompositions requires all reactions

The EIC will expand the reach and probe the sea and gluons

Other future measurements planned at CERN/Compass and DESY /Panda

EIC will be essential for QCD backgrounds at LHC and beyond

Complementarity




Outlook
Supplementary slides



Impact parameter space

GPD o eff X+E x-E

2 n g2 2 b 1% 1L b
I RS R S 1T 1
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GPD modelling and Dispersion relations

1
CFF(xg, @ 1) = / dx 2 _GPD(x.&,t,Q?)
1 &2 —x2—je

Im CFF(xg, Q?,t)

mGPD(¢, €, t, Q%)

Re CFF(xg, @2, t)

/ dx 5 GPD(x,x,t, Q%) % D(t, Q%)

“Holographical” models for global fitting strategies
Parameters are direct observables



Model dependent extraction of J,

and Jd

0.8-

| JLab Hall A/n-DVCS '

® AHLT GPDs
| mlLattice QCDSF (quenched)
-0.2- [JLattice QCDSF (unquenched)

I COLHPC Lattice (connected terms)

0.4 W A.W. Thomas
-0.6|~  GPDs (Double Distributions from véa)
-0.8[-
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