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Exploring the nucleon: a fundamental quest

Know what we

’ are made of !

._ Understand the
h strong force:
MQCDH

Use protons as tool
for discovery
(e.g. LHC)
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Nucleon landscape

10° ———

[ Theoretical coverage

e Nucleon is a many body dynamical
' system of quarks and gluons

EIC

Changing x we probe different

s 70 Gav aspects of nucleon wave function

\s = 20 GeV

How partons move and how they are
distributed in space is one of the
future directions of development of

JLab 12 GeV |

1 L L1l L MR | L L H
03 e e | nuclear physics
.
1 Technically such information is
caturation | | | ek encoded into Generalised Parton
LA B N = | A Distributions and Transverse
------ sty 55 Momentum Dependent distributions
These distributions are also referred
Henssea Saoharis Muenceauarks — +9 g5 3D (three-dimensional)

distributions
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Spin and QCD

”Expem:men-ts with spin have ki”ed\more theories than
\
any other s::r)g!e physical parameter

Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001)

”Pofam:sa-tz:on data has o-@-(:er) been the gra\/eya'rd 04\
@ashéonabfe theories, f«p theorists had their way they
might well \éan such measurements altoqether out ol cel{-
protection.

J. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic Processes,
St. Croix, Virgin Islands (1987).
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Spin and QCD

Consider AN in hadron hadron colliscon:

. <
ey 4

Ay =
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Spin and QCD

QCD had a very simple prediction:

Helicity -\,sz:p (s proportiond| to the small mass
ol the quark, thus

4effergon Lab



Spin and QCD

Experiment proved this prediction wrong

o4t - H__

. ¢
0.2 — ® L
_ s & ¥
‘:EZ 0O 1_..I,H.é.m§.. )
¢ - An >~ 40%
I o - |
_o.2 ® 3
0.2 s ;

] -,rro:K % 7
—0.4 w =0 ]
| i |

W ' . .
0 0.204 0.6 0.8

Xp
Ezo04 (2991)
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Spin and QCD

Asymmetry survives with enerqy

Vs =62 GeV An  pr+p—>+X at va=200 GeV
& [ PHENIX Preliminary ~— 0'15;
| 20% polarizati inty on A, scal L
0_15_1'0%::91;;3:31;::;1:::: 3:“:;::1“ sn’;ax: scale PH ENIX 0.125 T
i —iSI_AR PRELIMINARY
i 0.1k
0.4 } F 2.5<n<4
- 0.075F {
I { .00 E
n.ns__ { i i §
i 0.025F 'L
n l % ip,) = 0.56067 084 0.98 :} E [ ¥
0 T T e * sk LT S
K Opt-¢75 s
i —0.025F
| 1 1 1 | 1 1 | | 1 1 | | 1 1 | | 1 1 | | | | | | r
00555 04 0.2 0 0.2 0.4 0.6 —DOEZ""""""""""""""'
X ' -0.6 —-04 -0.2 0 0.2 04 06

XF

DHIC: STAR, BRAHMS and PHENIX
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Spin and QCD

Asymmetry survives with enerqy

—~ 0.15

_.9_

@.: HERMES ¢

c | COMPASS

= '5 0.1 Y
<

d

HERMES, JLAB and COMPASS
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Faillure of QCD?
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Not at all: better understanding of QCD
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Better understanding of QCD

2
:
PENE + %jt
O'(QJ';)OC %Nl/&

Multy parton correlations contribute to the cross section.

These correlations are called
Efremov-Teryaev-Qiu-Sterman matrix elements,

They appear at twist-3 level in cross section.
Qs
O — O'LT + aO'HT + ...
Qs

=HLT®f2®f2+EHHT@@fg@fer...

4effergon Lab




Unified View of Nucleon Structure

Wigner function 5D
Tansverse - e
Momentum eneralize
Dependent W (x, k‘_]_-, ?”J_) Parton
distributions P Distributions

"L &k |

TMDs x

.Jeffersfi)n Lab



Unified View of Nucleon Structure

ngner function 5 D GPD
:;é Wiz,ki,b)) ; ;

é Zl

Particular processes to study. Polarization is required!

.Jeffer) son Lab



Tomographic scan of the nucleon

Theory

x f, (X, k, Sp)

s
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-0.5

u quark

-0. 0
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o1 L
‘g’ O‘Oz'W—L [ M ¢
é: 015l g+ - —
~ 0.1 L
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| = E

Global analysis -

of the data

d quark

AP 2012

0.5
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Results

0.2 0.4 0.6 0.8
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How and where do we measure
all this?
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Jefferson Lab: CEBAF

e

Continuous
Electron
Beam
Accelerator
Facility

----

f\ ""J A Page 18
" AS
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Jefferson Lab: CEBAF

HALL D

HALL A
HALL B

HALL C

.Jeffergon Lab
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[ he Frontiers of Nuclear science
A LONG RANGE PLAN

12 GeV Upgrade Project

Upgrade is designed to build on existing
facility: vast majority of accelerator and
experimental equipment have continued use

‘Mrf”o New Hall

Upgrade arc magnets
and supplies

Add 5

aintain capability to

deliver lower pass beam

pgrade ..
P - energies: 2.2, 4.4, 6.6....

s
Ptas
P
.
>
P u
oo
L
L
.
.
3

The completion of the 12
GeV Upgrade of CEBAF
was ranked the highest
priority in the 2007 NSAC
Long Range Plan.

k 20 cryomodules

cryomodules

Enhanced capabilities

Scope of the project includes:

* Doubling the accelerator beam energy

* New experimental Hall and beamline

* Upgrades to existing Experimental Halls

in existing Halls

4effer§)on Lab



JLab: 215t Century Science Questions

What is the role of gluonic excitations in the spectroscopy of
light mesons? Can these excitations elucidate the origin of
quark confinement?

Where is the missing spin in the nucleon? Is there a
significant contribution from valence quark orbital
angular momentum?

Can we reveal a novel landscape of nucleon substructure
through measurements of new multidimensional
distribution functions?

What is the relation between short-range N-N correlations and the
partonic structure of nuclei?

Can we discover evidence for physics beyond the standard
model of particle physics?

4effer§’on Lab



Hall D
lead-glass calorimeter

A A A A barrel  time-of —
Ll IE / V V Vv calorimeter -flight N
bl <. FCAL

excited flux

L, /N

! start counter
{ "| photon beam
!
diamond forwxd drift
wafer chambers
centin| drift

chamber

. ! electron

electron tagger magnet beam

beam tagqger to detector distance
is not to scale

supdrconducting
magnet

9 GeV photons at a rate of 107 photons per second

.Jefferé"bn Lab



Quantum Numbers of Hvbrid Mesons

Excited :
Quarks Gluon Field - Hybrid Meson

S=0 t 1+~ 1=~
_ PC PC_
L=0 ‘ : J ){1+ J { 1++

Exotic

A ()
= +— O_+ 2_+
L=0 PO {1 JPC){

JPC =1 1=+

like Y, 1

Gluonic excitation (and parallel quark spins) lead to exotic JPC
GlueX is optimised for exotics, polarised photon beam

.geffelgon Lab



States with Exotic Quantum Numbers

+—
25 2 f E ﬁ
o- 3 ¢
o
2
> 20}
c 1+ { ]
e
£
Ner
151 previous Hadron Spectrum Collab.
' 1-* Phys.Rev.D82, 034508
=> exotics are not [ Quenched 344
o dynamical
excessively heavy
10 |]:1 0:2 0:3 0:4 Ujﬁ D:ﬁ m2 fGe\lfz

Dudek et al
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Qweak, HALLC ¢

Al

Precise determination of
the weak charge of the proton

pr — (1 - 4 Sin2 ew)

cerm 025 T \Hlllll T 1 llllll\l ! IIllIHl 1 III\HIl T lIIHII‘ T IIIIIII| T LILL
datectors QTOR magnet
0.248
; . 35cm LH, Run I (completed)
. fripbe collimatar 7 -
lumi i target 0246 E.| Anticipated QF, |
rponitors , uncertainty:
lumi - @y 0.244 L. Runl+Runll
e Monitors il
it 0.242
Q. (e)
CDE 0.24 Ta.eey I w
N 0238 1
c
o 0236

0.234

0232 MS Theory Curve : J. Erler,
M. J. Ramsey-Musolf et al.,

Tevatron

023 .
See Particle Data Group 2010 SLC
0.228 | | | ] I | |
0.0001  0.001 0.01 01 1 10 100 1000 10000
Tracking System rigger v horizonia gas electror
for OF measurements:  scintillator  deift chambers  drifl chambers  muttiplie Q (GEV)
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Halls B and A

Hall B Hall A
CLAS12 = CEBAF Large Acceptance Spectrometer SoLID — PV studies and TMD studies

/
N

Structure functions, TMD, GPD
studies

.Jeffergon Lab



What will be achieved? Exambple:

Expected result for tensor cha
extraction:

Q%=2.4 GeV?

x f5 (x, k) o
/ g /Vﬁ/
1T NS 7:1

B AN 7
0:8:/ % e / 0.3

Y 0.15
k| (GeV)

Expected accuracy of TMD
profile

A. Prokudin (2012) contribution
To JLabl2 white paper

- Pasquini et al, Phys. Rev. D (2007}
- Gamberg and Goldstein, Phys. Rev. Lett. (2001)
- Hecht, Roberts and Schmidt Phys. Rev. C (2001} ou=0. 54?;’22 5d=-0.23 00

1-JLab 12

2 - Anselmino et al., Nucl.Phys.Proc.Suppl. (2009) ou=0. 54':]:29, 5d=-0.23 008
3 - Cloet, Bentz and Thomas, Phys.Lett.B (2008)

4 - Wakamatsu, Phys.Lett.B (2007}

5 - Gockeler et al., Phys.Lett.B (2005)

6-
=
8
9
dq

-0.16

He and Ji, Phys. Rev. D {1995} 3
JLab 12 Proton and He" targets

-0.01

_[dx ( hix) -h_f[x]] Statistical errors only

1 [
2
® 3 °
° 4 °
® 5 |
O 6 O
o 7 |
8 O
* |9 | | *
0.5 1 15 06 04 -02 0

o
c



What will be achieved? Exambple:

Expected result for tensor cha
extraction:

Q%=2.4 GeV?

-X f1%r (x, k)

1

N

0.8

0.2

L I —

b 0.2 0.4 0.6 0.8 10.15
K, (GeV)

Expected accuracy of TMD
profile

A. Prokudin (2012) contribution
To JLabl2 white paper

/ Q

: 2015 - 2025 and beya

- Pasquini et al, Phys. Rev. D (2007}
- Gamberg and Goldstein, Phys. Rev. Lett. (2001)
- Hecht, Roberts and Schmidt Phys. Rev. C (2001} ou=0. 54?;’22 od=-0.23 +,:? ,f:

1-dlab 1z +0.09 +0.09
2 - Anselmino et al., Nucl.Phys.Proc.Suppl. (2009) ou=0.54,,,06d=-023
3 - Cloet, Bentz and Thomas, Phys.Lett.B (2008)

4 - Wakamatsu, Phys.Lett.B (2007}

5 - Gockeler et al., Phys.Lett.B (2005)

6-
=
8
9
dq

He and Ji, Phys. Rev. D {1995} 3
JLab 12 Proton and He" targets

Statistical errors only

]

jdxth (x) - %))

6
° 7|
8
9
|

0.5 1 1.5 06 -04 -0.2 0



Cosmology and Dark Matter

Baryans
4%

Dark sector is new physics

beyond the standard model. S
Many direct searches for dark
matter interacting with sensitive
detectors

(hints, no established signal yet...)

Signal of astrophysical positron excess.

Possible solution: a massive neutral vector boson A’
with low mass (M, <1 GeV) PR gl L5

107 y ‘ 107
‘ favored
— 100 | 1AM
Energy (GeV) 1 0_6 APEX S 1 0_6
d

Positron fraction  4(e”) / (s(e”)+ g(e )
s = o B

3 Jefferson Lab proposals g 107 Dot 107
» APEX (Hall A) — test run published o i
* HPS (Hall B) — tested with photon 1o 107

beam - -
* DarkLight (FEL) — test run complete 0.01 B B

ma (GeV)
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What will happen after Jefferson
Lab 127




Into the “sea’: Electron lon Collider

* With 12 GeV we study mostly An EIC aims to study the sea quarks, gluons,
the valence quark component and scale dependence.
B A a 0 CTEQ 6.5 parton | |

Xq

2 2 3 5F distributi : E
Q%= 5Gev? | 3 dlstgguilc:%fér;c\:}lzcms MEIC -

0.8
—-= NLO(94)

Momentum Fraction Times Parton Density
N
o

0.6 — NLO 4 :
1.5F .
1.0) 3
0.5 g
0.0001 0.001 0.01 0.1 1.0

Fraction of Overall Proton Momentum Carried by Parton

4effergon Lab



Into the “sea’: Electron lon Collider

QZ

d0r JLab 12 and future
Electron lon Collider
are complimentary
101
s =70 GeV s =20 GeV JLab 12
0.001 0.01 0.1 p X

.Jeffegon Lab



Into the “sea’: Electron lon Collider

10 3L Current data for Sivers asymmetry:
® COMPASS h™ P ;<1.6GeV, z>0.1

O HERMES % K*:P,. <1GeV,02<2z<0.7
@ JlLab Hall-A =*: P, <0.45 GeV, 0.4 <z<0.6

Planned:
102 895 JLab 12

Q° (GeVZ)

10

.Jeffegon Lab



METC Medium Energy EIC@JLab

Physics driven design

Spin and 3D quark/gluon structute
of the hadron

Dynamics of color fields in nuclei g

Emergence of hadrons from color charg

JLab Concept o'y
Initial configuration (MEIC): |
3-12 GeV on 20-100 GeV ep/eA collider | |
fully-polarized, longitudinal and transverse
luminosity: few x 1034 e-nucleons cm2 s |

Upgradabile to higher energies (250 GeV) i

4effergon Lab



Electron lon Collider

HMedium

Ensrgy

Collider
Ring

szenmivsnicr | Office of

JENERGY Sieos

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

.Jeffergon Lab



Electron lon Collider

e
New e

detector

HMedium
Ensrgy
Collider
Ring

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Zesmmmeror | Office of

ERGY | scence

.Jeffergon Lab



Electron lon Collider

New
detector

HMedium
Ensrgy
Collider
Ring

M E I Electron lon Collider:
The Next QCD Frontier
Understanding the glue

.'i'" ; that binds us all
at

Zesmmmeror | Office of

ERGY | scence

.Jeffergon Lab



Electron lon Collider
=« oelection of the site
=< to be done after

10,4 84%
1265 Gov [EE )
153 64% :
17,75 e (R )
0.2 6aV

== N approval of EIC

g
lon
e SOUINCS

HMedium
Ensrgy
Collider
Ring

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Enaray IP

12 GeV CEBAF

Office of

.Jefferﬁ’on Lab



Conclusions
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A Laboratory for Nuclear Science

! ~ Fundamental
gForces & Symmetries

Medical Imaging

Quark Confinement Hadrons from Quarks Theory and Computation

.Jeffegon Lab
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