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Intro and Overview

« Lecturel & 2: General Overview of QCD and imaging
— Introduction and importance of nucleon structure

— From form factors to GPDs in electron scattering

« Lecture 3to Lecture 5: Valence quark imaging at JLab
— Jefferson Lab — the place to study nucleon structure

— Comments on experimental techniques, e.g., Compton
Scattering and Deeply Virtual Meson Production

— Review of results and future prospects

 Lecture 6: Future of imaging studies <«
— Opportunities at Future Facilities
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Internal Landscape of the

- - - - 100
 Hadrons in QCD are relativistic "Theoretcal’
many-body systems 0’ o
— Hadron properties encoded in the /\@ o
wave function 4 S
10 — $// S (CM energy)
* Probe the wave function by
scattering a high resolution and
high energy probe off of hadrons 7 Accessible range of energies and resolution, Qz,h\f
Probe in electron Scattering i | probing components of the hadron wave function
— ro T I |
virtual photon 0.001 0.01 0.1 x 1
— Resolution scale is given by Q? 0cD / Meiss 09]
P )
— Energy related to x saturation radiation E?gtlum
PR .
=0- | /2
 Depending on x one probes different ‘X
regimes of the wave function
— JLab 12 GeV: valence region
radiative non-pert. sea valence \
- gluons/sea quarks/gluons guarks/gluons 71

3



Nucleon Structure through
Exclusive Processes

e’ Q*>>R?
e Exclusive processes at sufficiently high Q2 \/
allow access to Generalized Parton o2 m, K. v, etc.
Distributions (GPDs)
— Factorization theorem: non-perturbative physics %

factorizes from perturbative QCD processes for
longitudinal photons [Collins , Frankfurt, Strikman 97]

pointlike ﬂ

e
N’

« GPDs are a tool for transverse imaging of N
the nucleon

— Encode information on correlations and Transverse
distribution of partons in transverse Fourier x-x’
Space [Burkardt 00]

— Moments, Form factor of local twist-2 spin-n I e
operators: EM tensor, angular momentum

[Ji 96, Polyakov 02] /;;_. X

 Tests of reaction mechanism

— Model-independent features of small-size regime / /
LA N &:0 X<E_’

— Finite-size corrections

Transverse density dd correlations

(W
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JLab 12 GeV: exclusive
reactions

s=2Em,

* Unique features:
— Center of mass energy, s=20.6 GeV?
— Luminosity 1037 cm2st (Hall A,C), 103
(CLAS12) for valence region, differential
measurements, spin asymmetries

— CLAS12 and magnetic spectrometers in
Hall A, C are complementary

1 L 1 Lo « Transverse imaging in valence region:

0.1 0.2 0.3 0.4 0.5 0.6 0 02040608 1 *
¢ — GPDs from DVCS y N> y+N
X [>Talks by F-X Girod]
CLAS12 kinematic coverage N(e,e'y)N

— Transverse charge densities from elastic
form factors [dx p(xb)

— Transverse flavor/spin distributions
from exclusive meson production

yN—>N+7,K,p,K', ¢

Scattering from ¢ or ¢ Knockout of gg pair

» Limited kinematic coverage:

THE — How to test the reaction mechanism?
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G (Yp->pp) [nb]

Meson Reaction
Mechanism: JLab 12 GeV

Vector Mesons Pseudoscalar Mesons

W[GeV] Q2 [GeV?]

[
2
Q W( . ( === p I T{;l—no
; ; | .
' | KK
I [
I —
I n, p y,
0 v+
: A, Z, Z upoleu
T T T I 103
I_i . CLAS : = i VGG GPD-based calculation
L ¥ >
L o, Cornell ZEUS I 5
E665 l e
HERMES : ~
2| 1 =
10 : . I E |
' | poll
=)
I B 10¢ 8
| ° §
o | n° has no pole ]
; P data : contribution!
10 4 6 810 20 4060 100 | 't :
I 5
[
[
[

e Understanding of reaction mechanism * Feature: pole term in GPD

— Role of ggbar pair knockout  Understand relative importance of “pole

— Finite-size corrections and “non-pole” contributions °
U Lavaaco ) 4



Imaging studies beyond
JLab

s At JLab we can learn about the three
(valence) quarks that make up the nucleon,
but the story does not end there....

+ At an Electron-lon Collider (EIC) we
can directly probe the force carriers
of QCD!




Nucleon with some
momentum

" Mayexpect % [xu(x)+xd(x)|=1

X

= Might expect the 3 valence quarks to carry all of
the momentum of the nucleon

= Actually, one gets:
> [xu(x) +xd(x)|~ 0.5

There is something else in the nucleon, which
carries at least half of the nucleon’s momentum!




Gluons

v Gluons carry a significant fraction of the
nucleon’s momentum

v Gluons are essential components of protons
and nucleons

v Gluons provide the “glue”, which keeps the
guarks inside the nucleon

— They are the carriers of the strong force
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Sea quarks

» The pion cloud around the nucleon from which we knocked out the virtual
pion is really part of the nucleon itself

» In fact, the three valence quarks
move in a sea of virtual quarks
and gluons.

» These virtual quark-antiquark
pairs carry the rest of the
nucleons momentum

» As with all virtual particles, they
exist only long enough such that
the Heisenberg principle is not
violated
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Quark Momentum
Distributions

X ~ Q?/ys
100
. "Theoretical"
 Where do we look for gluons in 0> coverage
Q
the nucleon? — at low x N
N
7 QQ
S
- - /
e This is also the place to look for 10 & = ((Ch eneliay)
strange sea quarks
| Accessible range of energies and resolution, Qz,h\f
2 4.0—————— S— probing components of the hadron wave function
@ CTEQ 6.5 parton ] 1 | |
L 3.5F distribution functions .
e Q = 10 GeV? ] 0.001 0.01 0.1 X 1
2 30F gluons E
o N ] )
7 25} 1 pQCD / [Weiss 09]
€ _ | : saturation radiation vacuum
F 20F . fluct.
= r ]
”E- 1.0 ] < :.° _:_ iy
£ 05 -; \_/
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton /
radiative non-pert. sea valence L
T gluons/sea quarks/gluons quarks/gluons
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Electron Ion Collider
(EIC)

* A next-generation facility aimed at providing unprecedented access to
gluon imaging in nucleons and nuclei

We recommend the allocation of resources to develop accelerator and detector
technology necessary to lay the foundation for a polarized Electron-lon Collider. The
EIC would explore the new QCD frontier of strong color fields in nuclei and precisely
image the gluons in the proton. [NSAC Long Range Plan 2007]

« Two possible physics goals:
» QCD at high gluon densities

» Precision imaging of sea-quarks and gluons to determine
spin, flavor, and spatial structure of the nucleon

 Candidates for the EIC are BNL and JLab
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Why an electron-ion Collider?

 Easier to reach high Center of Mass energiegl =s )

s=4E.,E for colliders (e.g., 4 x 9 x 60=2160 GeV?)
s=2E,M for fixed target experiments (e.g., 2 x 11 x 0.938)=20 GeV?)

 Spin physics with high figure of merit

Unpolarized FOM = Rate = Luminosity x Cross Section x Acceptance
Polarized FOM = Rate x (Target Polarization)? x (Target Dilution)?

No dilution and high ion polarization (also transverse)

No current (luminosity) limitations, no holding fields (acceptance)

No backgrounds from target (Moller electrons)

o Easier detection of reaction products

Can optimize kinematics by adjusting beam energies
More symmetric kinematics improve acceptance, resolution, particle ID, etc.

— Access to neutron structure with deuteron beams ( p, #0)

Tar'gef fdi lution, Pf ixed_target szzfixed_fqrgef f2p2 EIC
fixed_target
p 0.2 0.8 0.03 0.5

d 0.4 0.5 0.04 0.5




Past and Future e-p and e-A
Colliders

P ———— e ——————

MontBlanc

HERA, Hamburg, 1992-2007
27 GeV e on 920 GeV p, £=5x1031

EIC

Jefferson Lab, Newport News, VA BNL, Upton, NY
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Summary of current e-p/e-A

collider ideas

|Design Goals for Colliders Under Consideration World-wide

Max e/p Energies S Max Luminosity*

ENC@GSI 3x15 180 Few x 103
MEIC@JLab 11 x 70(100) 250-3080(4400) 1034
MeRHIC@BNL 4 x 250 1200-4000 1082

ELIC@JLab 11 x 250 11000 Close to 10%

eRHIC@BNL 20 x 325 26000 Few x 103

EIC LHeC@CERN 70 x 1000 280000 1033
ENC

LHeC




Q% (GeV?)

Kinematic Coverage Qs

== mEIC at JLab, 11'on 60 & g0 | LHEC Experiment A
104 - JLab 12 GeV %_) HERA experiments: New physiclsgon
H1 9 105 H1 and ZEUS scale§_~1-0.
= ZEUS ~ fixed-target experiments: et o tatetal
107 o == NMC Catatatatasestret
10% | c== BCDMS High precision
S (CM energy) D E665 partons in LHC .
i Lol 4 plateau Large x
102 10° S| partons
A “ ,fy ; £ ,"‘
£ e < e i , ]l:l ot
10 ﬂ\i\\\ “:\\&\;’ S =~ Nuclear
PSS 4‘%}5' i High || Structure &
,/ "‘"‘vl*' 4 e 10 | Density || Low x Parton
SRS S . < Matter |.| Dynamics
1 ' i o
/‘"f &~ 1 LSS Ee
/’rﬁ z ¥ o i'/(‘ .
-1 Y o s
10 y HERA, y=0.004 mEIC 3 on 20, y=0.004 107!
//,/
-6 -5 -4 -3 2 1 . . . .
10 10 10 10 10 10 1 { 1078 10°3 1074 1073 103 107! 1
X

Medium-energy EIC
— Overlaps with and is complementary to the LHeC (both Jlab and BNL versions)
— Overlaps with Jlab 12 GeV (Jlab version)

— Provides high luminosity and excellent polarization for the range in between
o Currently only low-statistics fixed-target data available in this region



Kinematic Coverage

o == MEIC at JLab, 11'0n 60 &
2 104 JLab 12 GeV >
:’ = ZEUS c:/ v
OARTE ©
! 7
S (CM energy) v
faa 107
> Tl /y 5
P = 2 : 10
10 = iﬁ‘«.\\\\ﬁ i
« \\ S o 10
l . 5 gt '( ./’ -
d;ﬁ{/ 575 '//'/ ]
1 2 ~ : . ;//
0 HERA, y=0.004  mEIC 3 on 20, y=0.004 107!
//,/
10 107 10t 10?107 1wt
X

High-energy EIC

X ~ Q?lys

LHeC Experiment

HERA experments:

Poots

New physics on

~10-19
1 M1 and JEUS Scale?_ 10
fimed-target axpenments: A
o
== MM AW =™
y BCDMS High precision
oD 663 partons in LHC ——
SLAC | plateau Large x
A partons
R R R RN
-'f‘: -------------------
="~ Nuclear
High < Structure &
| Density || Low x Parton
| Matter Dynamics
P e a s S sa s ey ey
107 1078 107 104 03 10 107! 1
X

— Wil move higher into the region covered by HERA (and LHeC)
— Will provide good polarization and heavy ions (which HERA did not have)

If LHeC is not built, may be the only machine that can see gluon saturation in e-A collisions



A high-luminosity EIC at
JLab

Use CEBAF “as-is” after the 12-GeV Upgrade

prebooster

lon

Sources Electron energy: 3-11 GeV
lon energy: 20-70(100) GeV

Low SRF Linac

energy IP

$=250-3080(4400) GeV?

Can operate in parallel with
fixed-target program

polarimetry J,

Low-to-
medium
colliderring

« MEIC=EIC@JLAB

— 1-2 high-luminosity detectors
—  Luminosity ~1034 cm2s
— Low backgrounds

— Special detector

Medium
energy IP

injector

12 GeV CEBAF
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Physics, Kinematic Coverage,

and Luminosity

100
"Theoretical"
coverage
0’ ”
N
QQ
\
4 N}
N\
S S
10 — $// S (CM energy)
| Accessible range of energies and resolution, Qz,h\_
| probing components of the hadron wave function
T | |

0.001 0.01 0.1 X 1

pQCD __ /

radiation vacuum

fluct.
.-'/ '.\\\'. — ./ n
< I gl '

radiative non-pert. sea valence
gluons/sea quarks/gluons quarks/gluons
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Luminosity [cm2 s1]

1033

-~ E>

1032
10 100 1000 10000 100000
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Right plot (L vs. s) is a projection on the
diagonal of the left one (Q? vs. X)




EIC@JLab Science Summary

Energies s Luminosity™
EIC@Jlab Up to 11 x 70(100) | 250-3080(4400) 1034
*without coherent electron cooling
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The spin of the proton

ambiguities arise when decomposing proton spin in gauge theories

Jaffe, Manohar: .
Bashinsky, Jaffe Ji

!
Lq

Lq

P reshuffling of ang. momentum >
between matter and gauge degrees

only AY unchanged

Ag

Intfuitive; partonic interpretation manifest gauge invariant local operators
Ag, L'y 4 local only in A*= O gauge contain interactions — interpretation ?
how to determine L', , experimentally ? L+ Aq/2,J, <» GPDs (DVCS)

" lattice results for L are for Ji's sum rule and cannot be mixed with Ag

* num. difference between L, and L, can be sizable Burkardt, BC
arXiv:0812.1605

[From M. Stratmann, INT09-43W]
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Proton Spin: two
complementary approaches

 Measure GPDs and TMDs to learn about angular momentum (Ji)
— Connected to Lattice QCD
— Exclusive measurements require high luminosity at lower energies

 Measure Ag (Jaffe et al.) over a sufficiently wide range in x

XA DY pssvagt | > At sufficiently small x, xAg is expected
TGRSV DSSVAY2%] to be small, but not clear what is
GRSV. £ i ] sufficiently small (are we there yet?)
T R0 o
. DNS i

7\ i » > The net contribution measured by

__‘/ - -
RHIC spin is close to zero
- = -0.1
[ GRSV maxg / ] i .
- GRSV ming T PN » Since all values of x contribute to the
1072 BRI final uncertainty, this will be large
: RHIC without data at small x

0.05< x < 0.2
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AZ and L, (Ji) from Lattice

LHPC Collaboration, PRD77, 094502 (2008)
(disconnected diagrams not yet included)

.

o o o
\*] w NN
—i—

HH
HEH
=l
L

=

o
—

contributions to nucleon spin

Lu+d
0 T{ 3 i ¢
I t ¢ 3 ¢
0:2 0:4 0:6 0:8
m),r2 [Ge\fz]

the non-perturbative regime

» Gives access to moments of GPDs,
experimentally extracted from deep
exclusive scattering data

— LYand LY are both ~ 0.15, but cancel

e Quark spin AX as expected

* Implications for gluon angular momentum J9
CUA
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Sea Quark Imaging at an
Electron-Ion Collider

pion
cloud
\\ . .
vacuum * Physics interest
AN = | fluet. — Transverse imaging of non-
[\ T A YA perturbative sea quarks and gluons
""" A R I R o ) — Information about meson wave
107 e/ 10 10 J X _ _
N4 e function: spin/flavor structure
- | | " « Mesons select definite charge, spin,
radiative sea Non-perturbative valence
sea quarks quarks flavor component of GPD
[Jlab 12 GeV]
J¥, ¢ gluon
pointlike

p°, v gluon + singlet quark
p*, K* non-singlet q

n, K, non-singlet Ag

- EIC enables a comprehensive program of
transverse imaging of gluons and sea quarks 24




Gluon Imaging with J/¥

» Transverse spatial distributions from
exclusive J/y, and ¢ at Q2>10 GeV?
— Transverse distribution directly from
A; dependence

— Reaction mechanism, QCD
description studied at HERA [H1, ZEUS]

0.6 ——
From exponential t-slope y+p— Jy+p |
do /dt o< exp(BJ,w 1) . .
: e Physics interest
£ ' 1 — Valence gluons, dynamical origin
% 04 '% 1 T — Chiral dynamics at b~1/M_
N:‘i e _)L’{;E‘l 1“{ } o [Strikman, Weiss 03/09, Miller 07]
s —l— I Mi I — Diffusion in QCD radiation
5 o2} -
g 2005 | « EXisting data
L s aze ¢ 1 — Transverse area x<0.01 [HERA]
“““ HUZEUS fits ] — Larger x poorly known [FNAL]
0 N AR | N IR | L AT
107* 1073 10 107! . .
[Weiss INT10-3 report] x . FII’St g|u0n ImageS Of the

nucleon at large x! 25




Gluon vs.singlet quark size

g +q singlet quarks

% » Do singlet quarks and gluons have the same
& | - cluons transverse distribution?
| 1 — Hints from HERAT  areq(q+q)> Area(g)
x — Dynamical models predict difference: pion
cloud, constituent quark picture
[Strikman, Weiss 09]
/// — No difference assumed in present pp MC
«— x<0.1 generators for LHC!
~30 days, £=1.0, £=10%* slcm2
[ . ] * EIC: gluon size from J/y, singlet quark size
- HERA HI ;‘/ 52\51:’)68\7 . from DVCS
T | ) ] — X-dependence: quark vs. gluon diffusion in
7 s 1 wave function
G r1 , L . .
— L Pooeg o Bl — Detailed analysis: LO = NLO [Mueller et al.]
o 4 b frg.
§ Jllj ) 2 -
= | 5<0°<10 GeV- ]
< 5L _
- Vs=100 GeV ] {(e] etttk
i ] Detailed differential image of
N VAR nucleon’s partonic structure
107 100 107 107!

[Sandacz, Hyde, Weiss 08+]
26



Imaging of non-singlet sea

quarks
o 5 ep—ean |
d ok L4 el E ]
* New territory for collider! ¥y | - S T A ]
10 3_— | 10'8; *** E
«—> 0.01<x<03 ++*
» Do strange and non-strange sea quarks R o2
have the same spatial distribution? B0 s I
— 7N or KA components in nucleon B e T A TR et A I
— QCD vacuum fluctuations =22 1K A° T2 L Gevy
5| e e'K*A [T _ _ A
— Nucleon/meson structure o — LGRS GRS B
1°J§ ; “’Jg‘ E \s~30 GeV
« Lower and more symmetric energies S f-*-__*: SRR D S
essential to ensure exclusivity I U U
— t-distributions, Fourier transform ; Tt f E*‘H‘ + Tt '
10 & 4 10k 4 10k H"H'f 10 L =
Imaging of strange sea quarks! S I R R mww m
e T o T S




Transverse polarization

example
Transverse
spinl
« Deformation of transverse distribution by
slower transverse polarization of nucleon
______________ — Helicity flip GPD E, cf. Pauli ff
X [M. Burkardt]
/
L/quarks move _ _ _
faster « EIC: exclusive p and ¢ production with
N transversely polarized beam
“EoL. . ... — Excellent statistics at Q2>10 GeV?
o T — Transverse polarization natural for
0 0.02 0.04 « 0.06 0.08 0.1 CO”lder
> 1.
6 05 [ e
E 0 . ] . . . . 3 .
;05_ 1 | | | _E O-T _O_¢ |m(%5 )
n T t‘) - '0.‘02' 004 006 008 04 X
< ol 4ol | H |? + corr.
0.5 ;— v v v v v v —;
5L exclusive ¢ E
1 0 a0z 004 006 008 01 :
[Horn, Weiss 09] X
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How to detect the
particles?

low-Q? central detector with endcaps hadron detection
electron detection

large aperture dipole ion quads
electron quads P m dipole
—_—— —_— e

small diameter
electron quads

3° beam (crab) crossing angle

Recoil baryons

Solenoid yoke + Muon Detector

Solenoid yoke + Hadronic Calorimeter

N% )
90‘5 []
E — ‘r"“' -
g 4§ 03 | ¢
O Tracking S g - 02 2
0.1 H
|9 # Sl = eEp—€emnn .
T = g un's 1765 177 177.5 178 1785 179 1795 180
o Neutron Scattering Angle (deg)
512
f 10 - . T o 10 p T
s~ s=31.6 GeV s e Vs=44.7 GeV ],
—~ ] —~
L i L sl ;
> 0t >
5] QL 7t
o 7 O
4 ~ &L
— £ s £
> 8 >
Pl [ o +—
) lenoid 3 0 B Y
5 m solenoi
£ ] £ s
(@) b " O ’ o
E 4 < = .
_ 1+ Mesons from exclusive production P
g 2Iu 20 ejn sn 100 ulm ﬁn 1éo “‘w'—lo h u:a z‘n 40 nln aln 1II10 ul>o 1Qo_1ép_m_.|_aq_q E

Lab Scattering angle (rad) Lab Scattering angle (rad)



Cerenkov Detectors

400—
o
0 Kaon
4 d?) e P TETUPETL EUEL PRk S YRR P PR PEL PO
™ ~1000 -800 -800 400 -200 o 200 400 600 80O
<y
P & " e “1o00f-
Mm:— o e,
J 2 @ e :

o — 200 o .
R T, Pom
M 500 400 200 Q =

Summer Students (2011): Z. Burkley, J. Walker, N. Pomata
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DIRC-based PID for the
EIC Central Detector

Refractive Index vs. Energy of
R mase Fused Silica

T
e -
s oS ~11.000
o~ PMT's )g- 6
Purified Water ~ \ )
RN °
17.25 mm Thickness /7’ Light ~ 3. 4
~(35.00 mm Width) e Cawcher - o
. ~
— Bar Box - e
rajectory - \ =]
Wedge — o
= -5l i PMT Surface //\ 2
Mirror s — 1 =
- . ]
Bar - 1 !
.
r = - L T Window —— Standoff Box — x 1

PIX 4.90m | ,Ifgn o b FROMmM o 0 5 10 15
Energy (Ev)

4 x 1.225 m
Synthetic Fused Silica
Bars glued end-to-end

EIC Generic R&D
funds project




We are on a quest..

e The proton internal structure is complex

 We have come a long way learning
about it

* New technologies and experimental
facilities provide new perspectives and
perhaps important information in this quest

» Lots of exciting new physics
opportunities in the next few decades —
perhaps you will be leading these
efforts!

We want to understand the structure of matter
The proton's substructure, including the quarks inside a proton
and the workings of the force that binds them.




FrolWod)

And by the way....

All science is either physics or stamp collecting
Ernest Rutherford
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