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Exploring the nucleon: a fundamental quest

Know what we
are made of !

| Understand the
ﬁ strong force:
MQCD"
Use protons as tool

for discovery
(e.g. LHC)

.Jeffersfi)n Lab



Exploring the nucleon: a fundamental quest

122 m <

proton |

Know what we
are made of !

4effersfi)n Lab



Exploring the nucleon: a fundamental quest

122 m <

proton |

Know what we
are made of !

4effersfi)n Lab



Exploring the nucleon: a fundamental quest

Know what we
are made of |

122 m <

proton |

.Jeffersfian Lab



Exploring the nucleon: a fundamental quest

Know what we
are made of |

122 m <

proton |

10" m is called femtometer = 1 fermi

Enrico Fermi (Nobel Prize 1938)

n

“for ... nulear reactions ...
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Standard model
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Standard model

el neutrino | muon neutrino |y tau neutrino y

This talk
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Quark model

Proton

Two “up”
one “down”

Two “down’
one “up”
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Quark model

Proton Charge

2/3 +2/3-1/3 = +1

Quark charges
are fractional

2/3-1/3-1/3=0

Quarks are

bound (confined)

by strong interaction
(gluons)
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Quark model

Proton
oto Charge No evidence of free quarks

observed directly in experiment
2/3 +2/3-1/3 = +1

Quark charges

are fractional Long distance - quarks

are confined in hadrons

Short distance - quarks
behave as if they were free

2/3-1/3-1/3=0 *
Asymptotic freedom -
Quarks are later in this talk!

bound (confined)
by strong interaction
(gluons)
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED QCD
Gauge theory U(1)

Force carrier:
AN photon (electrically neutral)

— electron

—— positron

. 1
Interaction ~

Gem = T
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED QCD
Gauge theory U(1)

Force carrier:
AN photon (electrically neutral)

— electron

—— positron

. 1
Interaction ~

Gem = T

Richard Feynman, Nobel Prize 1965

“for ... fundamental work in
quantum electrodynamics’
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED
Gauge theory U(1)

Force carrier:
photon (electrically neutral)

AVAVAVAW
— electron
—— positron
Interaction ey, L
137

Richard Feynman, Nobel Prize 1965

“for ... fundamental work in
quantum electrodynamics’

QCD
Gauge theory SU(3)

Force carriers:

%Y

gluons (carry color)

— quark
- anti-quark
Interaction a; ~ 0.1 strong

Gluons interact with each other
- non abelian theory

.gefferé)on Lab



Asymptotic freedom

05
o | e The coupling depends
0al) e S o 8 on the scale — consequence of
| o Heavy Quarkonia renormalizability of the theory
(Bethke (2009))
| At short distances
quarks behave as if they were
021 almost free particles!
01}
= QCD o,(Mgz)=0.1184 = 0.0007
1 | 100

" QrGev)
¢

“Long” DISTANCE “short”

“for the discovery of asymptotic freedom
in the theory of the strong interaction’

Gross, Politzer, Wilczek, Nobel Prize 2004
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Scattering as the method of study

substances"’

Ernest Rutherthord, Nobel Prize 1908

“for his investigations into the disintegration of
the elements, and the chemistry of radioactive

_\“"'h. .

1911

_.r.-;i-'—'-: TN
¢ Gold foil
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Electron Scattering

Detector of electrons '

electron

Detector of
hadrons
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Electron Scattering

Detector of electrons '

1

Doy, 2 ——
electron

Detector of
hadrons
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Electron Scattering

Detector of electrons '

Virtuality of the photon S

electron

Photon probes
distance of ~1/Q
inside of the proton.

Detector of
hadrons

<y

Asymptotic freedom -
photon scatters off a quark

.Jeffer;’on Lab




Electron Scattering: interpretation

Electromagnetic probe resolves a quark
/ ! or anti-quark with momentum k inside of
the proton of momentum P.

rBj — == — Bjorken variable

p X Gives fraction of longitudinal momentum
of the proton carried by the parton

.Jeffegon Lab



Electron Scattering: interpretation

0, (x.Q) x 2"

IGS;
m“;;_j-
m?‘:;_
mz:;

10

107

10°

Experimental data
F . o I ® HERAIe'p (prel)
x = 000008, i=20 0 Fi _
. v'::.,. x=0.00013, =19 Caie ’I:argﬁt ; 'CBB:] - 0 . ]‘ 8
s eeese  x=0.00020,i=18 H1 and ZEUS Combined PDF Fit
. x = 0.00032, i=17
P i x=0.0005, i=16
%w‘r-r‘;m".,.”u x=0.0008, i=15
x =0,0013, i=14
W x = 0.0020, =13
.::::::::::::::::::q. x = 0.0032, i=12
. x = 0,005, i=11
W x=(.008, i=10
M x= ﬂ.ﬂ13, =9

W x =002, =8

W x = 0,032, i=7

SO S—e—teseettrverrirty e x= 0.05, i=6

W&.H-_'_ X = ﬂ‘ﬂsl i.-gs

CEn OO ——wer s ea g o5 . x=0.13p=

N x=0.18, i=3
Y x=025,i=2
x =040, i=1
x = 0.65, =0
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Electron Scattering: interpretation

Y . Experimental data
= E o x = 0.000032, i=22 +
4 r x = 0.00005, i=2 ® HERA Ie p (prel.)
a: 106 : :::..-—- xnﬂ.WUUHI,F?U O Fixed Target ,CB R 0 1 8
AP e x =0.00013, =19 . : B] - .
b o _eeese  x=000020,i=18 H1 and ZEUS Combined PDF Fit

L ga® x = 0.00032, i=17
105. ""ﬁ” x =0.0005, =16
E x=0.0008, =15
W x = 0,0013, i=14
/,._..r"""."“ x = 0.0020, i=13
| .M x = 0.0032, i=12
- x=0.005, i=11
103 M x=0.008, i=10

I W x=0.013, =9
2| W x=0.02,i=8
L E W x=0.032, i=7
EOEEEE—t——ttssettrestenisiy o x=0.05, =6
10 = peeEs—E * EESESSE = x=0.08, i=5

m“:;_j-
| Behaviour is almost flat
— quarks are pointlike

i x=0.18, i=3
; =y x=025,i=2
-1 s i
10 & N * TN x=040,i=1
270 .
10 & x=0.63, =0
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Electron Scattering: interpretation

1.0

0.8

3
0.6 e

0.4 Unlike the proton itself:

0.2

EL {- . Proton size ~ 1 fm

-0.2

0 0.2 0.4 0.6 0.8 1.0 1.2
Q? [(GeV/c)?)
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What do we want to learn about
hadron structure
in the new millenium?
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Nucleon landscape

Q

50 Nucleon is a many body dynamical
system of quarks and gluons

Changing x we probe different aspects of
10f nucleon wave function

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

00-— 02 04 . 06 08 10X physics

b

radiation [ non—pert. [

_ Technically such information is encoded
N N N i into Generalised Parton

2l Distributions and Transverse Momentum
. Dependent distributions

saturation

//Jracliatix-'e "I'./.sea quarks I'I':-.’alence quarks These distributions are also referred to as
gluons/sea gluons gluons . . . . .
3D (three-dimensional) distributions

.geffekgon Lab



Nucleon landscape

A 5 Virtual photon serves as
saturation Qs(Y) a microscopic probe of
region the nucleon:

2
Larger Q probe
smaller distances —
DGLAP evolution

In 1/x

Y =

Plot from EIC whitepaper

.Jeffergon Lab



Nucleon landscape

A 5 Virtual photon serves as
, Q(Y) : .
saturation _~Z 7S a microscopic probe of
region o&e“&" the nucleon:
G;Géﬁ\@ 5
Fixing () and

changing the energy we
probe BFKL evolution

In 1/x

Y =

lan Balitsky I

Plot from EIC whitepaper
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Unified View of Nucleon Structure
Wigner function 5 D

Tansverse ) Generalized
Momentum Wixkpr) Parton
Dependent Pr Distributions
distributions 1 d’k 5

TMDs x

GPDs
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Unified View of Nucleon Structure

Wigner function 5 D

Tansverse e e Generalized
Momentum Wk r ) Parton
Dependent Pr Distributions
. . . !

distributions 1

TMDs x

Anatoly Radyushkin
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Unified View of Nucleon Structure

ngner function
Tansverse 35' kJ_, I'J_ Generallzed
Momentum

Parton

Dependent 9 5 Distributions
distributions / d°ry /d k|
Parton
/deL Distribution Form /daz
Functions

Factors

1D

.Jeffelgon Lab



Unified View of Nucleon Structure

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

Particular processes to study. Polarization is required!
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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 hew 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



JLab: 215t Century Science Questions

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

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?
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12 GeV Upgrade Project

Upgrade is designed to build on existing

facility: vast majority of accelerator and
experimental equipment have continued use New Hall

Upgrade arc magnets
and supplies

Add 5

2,

aintain capability to
deliver lower pass beam
energies: 2.2, 4.4, 6.6....

[he Frontiers of Nuclear Science:
A LONG RANGE PLAN

pgrade . =

-
o"
<
.
>
ol
u
-
-
g
/
3

k 20 cryomodules

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

cryomodules

Scope of the project includes:

* Doubling the accelerator beam energy

* New experimental Hall and beamline

» Upgrades to existing Experimental Halls

Enhanced capabilities
in existing Halls

4effer§)on Lab



12 GeV AEEroved Eerriments bx Phxsics ToEics

Hall A Hall B Hall C Hall D Total

The Hadron Spectra as Probes of QCD 1 1 2
(GluEx & heavy baryon and meson
spectroscopy)

The Transverse Structure of the 4 3 2 9
Hadrons
(elastic and transition form factors)

The Longitudinal Structure of the 2 2 5 9
Hadrons

(Unpolarized and polarized parton

distributions)

The 3D Structure of the Hadrons 5 10 3 18
(GPDs and TMDs)

Hadrons and Cold Nuclear Matter 3 2 6 11

Low-Energy Tests of the Standard 2 1 3
Model and Fundamental Symmetries

Total 16 18 16 2 52

Program Advisory Committee in the period 2006 - 2011 approved 52 experiments

.Jeffegon Lab



12 GeV Approved Experiments by Physics To

Hall A Hall B Hall C Hall D Total
The Hadron Spectra as Probes of QCD 1 1 2
(GIuEx & heavy baryon and meson
spectroscopy)

Hadrons and Cold Nuclear Matter

Low-Energy Tests of the Standard 2 1 3
Model and Fundamental Symmetries
Total 16 18 16 2 52
~ \S 1 -a ~ 1 -~ ~ - r fale
>90% Is dedicaied o nadron struciure!

.Jeffers"bn Lab



Transverse Momentum Dependent distributions

Electron Scattering in Infinite Quark passing through the gauge
Momentum Frame: field of the hadron aquires a phase
T4 o+ called gauge link

" A
y
&, @ -
PHOTON
® ‘ - >

TMDs are sensitive to gauge field! Ensures gauge invariance of
the distribution

.gefferé)on Lab



Quantum mechanics: Aharonov-Bohm effect

S — solenoid with magnetic field confined inside.
Electrons pass through vector potential
and aquire a phase

U= e 499

Electron — . S
source T

Screen

Interference pattern is observed on the screen

4effergon Lab



News about the structure

Both proton and quarks are so called spin-12
particles

Quarks are confined inside an extended proton and
move — the motion creates Orbital Angular
Momentum

Can this motion be correlated with the spin of the
proton?

4effer%on Lab



Yes, it can!

f('ma kTa ST) — fl(ﬂf,krzr) — fﬁj(m,k%)e@

Correlation of the spin and motion of the quarks

.Jeffergon Lab



Yes, it can!

engiSTj
M

f(z, kr,St) = fi(z,k7) — fir(z, kT)

Sivers function

.Jeffergon Lab



Yes, it can!

k
f(xa kTa ST) — fl(wv k'ZI‘) o flj_T(aj? k’zI‘)MX
Suppose the spin is along Y direction: St = (()’ 1)
Deformation in momentum space is: X - f(a:z + yz)

This is called “dipole” deformation.

4effergon Lab



Yes, it can!

k
2 1 2
f(z,kr,ST) = fi(z, kT) — fir(z, kT)MX
Suppose the spin is along Y direction: St = (()’ 1)
Deformation in momentum space is: X - (332 + yz)

This is called “dipole” deformation.
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Yes, it can!

k
f(a.kr,S1) = fil2, ki) — fir(e, ki) 57
Suppose the spin is along Y direction: St = (O7 1)
Deformation in momentum space is: X - f(a:z + y2)

This is called “dipole” deformation.

No correlation: Correlation:

.Jeffergon Lab



How do we extract/measure all this?
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Tomographic scan of the nucleon

u quark

Theory R
C’JH 0.5
=
g
i 0
q_\—
b
-0.5
-0. 0
Measurement %
015 0 r HERMES r
> WFL et :
:;f 015l g+ . —
£ et // :
M
.07-".¢ 7%\K | apa—g=—t:

-0.1F

L L L L C 1 I I I
0 0102 03 0405 02 04 06 08

z

0.2 04 06 0.8 1

P; (GeV)

s

0.5

-0.5

0.5

ky (GeV)

\ >

Global analysis
of the data

d quark

AP 2012

-0.5 0 0.5
& ky (GeV)
Results

0 0.2 0.4 0.6 0.8
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Tomographic scan of the nucleon

S

Internal motion of quarks is correlated with the spin of the proton!

4effer§’on Lab



Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

Prediction

Anselmino, Boglione,

D'Alesio, Kotzinian, Murgia, AP, Turk
o1 h* - - PRD75 (2007) 054032

| | | 1 1 1
1 0.26 0.5 0.74 0.98 0.5 1 1.5
X z P; (GeV)
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements
Prediction

Anselmino, Boglione,
D'Alesio, Kotzinian, Murgia, AP, Turk

$ oorl B - @ COMPASS protons 7 PRD75 (2007) 054032
.05 o - ) . B o |
° LA & e Yy
_0.05 - T ++ ~ L * ? + L \+ 1
005 | S, ; - ; + Measurement
0 ;{w-é---;* SR AN - -4 4teest "0 I COMPASS Collaboration CERN
_o0s | a @ COMPASS protons 7 PLB717 (2012) 376-382

4effergon Lab



Phenomenology

sin (¢p, - 0g)

uTt

0.2

0.2

-0.4 L

0.2

-0.21
-0.4 L

It is extremely important to test our knowledge
by predicting results of future measurements

-0.2F

0.2+ —

===

n° JLab N - 12 GeV
= =

02 04 06 08 1 0.2 04 06 08

X

Zz

0.2 0.4 06 08 1

P, (GeV)

Prediction

Anselmino, Boglione,

D'Alesio, Kotzinian, Murgia, Melis,
AP, Turk

EPJA 39 (2009) 89-100
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

: Prediction
g | Newon + Tt | AT Anselmino, Boglione,
3 0 + _+ . +~4m=+ﬂ-— D'Alesio, Kotzinian, Murgia, Melis,
> | b L AP, Turk
gf : * Light-Cone Quark EPJA 39 (2009) 89'100
.% 0.5 - . e [ R“\?“i\xial Diqua;k
S i
,‘% T Measurement
j; - X. Qian et all (JLab HALL A Coll)
.&g/ 04l ST \‘S g ST PRL 107 (2011) 072003

.Jeffergon Lab



Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

Prediction
Anselmino, Boglione,

oo | COMPASS 1 PROTON D'Alesio, Kotzinian, Murgia, Melis,
' = ——
=, AP, Turk
N T T EPJA 39 (2009) 89-100
e—l_: 0.1+ T[+ = =
M N
n 2
< L - -
0.1
0.1-I IT[’ I
0.05 F F
0 — ] - = —— |
I |
0.1 F
10° 107 101 1 02 04 06 08 05 1 15
X z P; (GeV)
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

Prediction
Anselmino, Boglione,
A I | D'Alesio, Kotzinian, Murgia, Melis,
| A L e LR AP, Turk
EPJA 39 (2009) 89-100

0.05F ® COMPASS protons b

i — Anselmino et al. Eur Phys. ].
A30 (2009) 89
= 1 L 1 1 1 1 1 1 1
£ ® COMPASS protons It
n — Anselmino et al, Eur Phys. J.
0.05F B B A30 (2009) 89 +

=

Measurement
Compass Collaboration
107 107 A 03 i E Fizika B20 (2011) 93-106
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

Prediction
Anselmino, Boglione,
A _ D'Alesio, Kotzinian, Murgia, Melis,

et )G Patet s (L AP Tun
t EPJA 39 (2009) 89-100

® COMPASS protons i

0,05 B " — Ansolmi o
A3
) ! . 1 I I 1
£
0.05F B O O

_{'_{'f T {.—i-‘ w —*i+ * —
o ]

-0.05F

=

Measurement
Compass Collaboration
Fizika B20 (2011) 93-106

1 1
102 10 0z 04 06 08 03
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Phenomenology

It is extremely important to test our knowledge
by predicting results of future measurements

Prediction
Anselmino, Boglione,
A n D'Alesio, Kotzinian, Murgia, Melis,

et )G Patet s (L AP Tun
t EPJA 39 (2009) 89-100

® COMPASS protons i

0,05 B " — Ansolmi o
A3
) ! . 1 I I 1
£
0.05F B O O

_{'_{'f T {.—i-‘ w —*i+ * —
o ]

-0.05F

=

Measurement
Compass Collaboration
Fizika B20 (2011) 93-106

1 1
102 10 0z 04 06 08 03

This is a chance To learn something new:
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Phenomenology

It is extremely important to test our knowledge
by explaining results of future measurements

TMD evolution taken into account:

0.15 TMD evolution 0.15 TMD evolution

HERMES ¢ HERMES ¢
COMPASS ¢

04l COMPASS ¢

5

h

sin (4 -d )
uT

< 0.051

Aybat, AP, Rogers, PRL 108 (2012) 242003

This is a chance To learn something new:

.Jeffergon Lab




What will be achieved? Example:

Expected result for tensor charge
extraction:

Q%=2.4 GeV?

x f5 (x, k) s _
/ ///V/V// /7
e e 0.

3
X

B /&/ 7 / .
o:s:/ % s /0.

Y 0.15
k| (GeV)

Expected accuracy of TMD profile

A. Prokudin (2012) contribution
To JLab12 white paper

1
2
3
4
5
G-
7
8
9
&

-JLab 12

- Anselmino et al., Nucl.Phys.Proc.Suppl. (2009)
- Cloet, Bentz and Thomas, Phys.Lett.B (2008)

- Wakamatsu, Phys.Lett.B (2007)

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

du=0.54" 1 6d=-023 ">

He and Ji, Phys. Rev. D (1995}

- Pasquini et al, Phys. Rev. D (2007}

- Gamberg and Goldstein, Phys. Rev. Lett. (2001)
- Hecht, Roberts and Schmidt Phys. Rev. C (2001)

JLab 12 Proton and He® targets
Su=0.5407 5d=-0.23 "

q= _[dx (h'(x) -h_:i[x]:l Statistical errors only

—

®
MmO 0 ~N & g A W N
&

0.5 1 06 -04 -0.2 0

od

o
c



What will be achieved? Exambple:

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 - He and Ji, Phys. Rev. D (1995}
=
8
9
dq

Expected result for tensor charge

extraction: - Pasquini et al, Phys. Rev. D (2007} JLab 12 Proton and He® targets
- Gamberg and Goldstein, Phys. Rev. Lett. (2001) +0.02 +0.01
- Hecht, Roberts and Schmidt Phys. Rev. C (2001} ou=0.54,0d=-023 .
kO
Q%= 2.4 GeV? _[ dx ( h{x) h'(x)) Statistical errors only
1

1

/J/X/v S “

zzi/2015 2025 and beyond

0.2
°o 02 o4 o6 os oS
k| (GeV) o 6 .
Expected accuracy of TMD profile - 0 [
8 @
- . . - . 9 | .
A. Prokudin (2012) contribution | | | | |

To JLab12 white paper 0 0.5 1 1.5 -06 -04 -0.2 0

ou od




What will happen after Jefferson Lab
127
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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.
XQ g O CTeqEsparon " W& ]
0.8:_ Q2= 5 GeV2 _ z:zg—dlstgguilc;référ;c\:;(lzc)ns mEIC :
: . NLO(94)E o E

Momentum Fraction Times Parton Density
N
o

0.6l — NLO 4 :
1.5F -
1.0) k
0.5 .
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
50r JLab 12 and future
Electron lon Collider

are complimentary

10+

s =70 GeV s =20 GeV JLab 12

0.001 0.01 0.1 1

.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
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MEZC  Medium Energy EIC@JLab

Physics driven design

Spin and 3D quark/gluon structute
of the hadron

Dynamics of color fields in nuclei

Emergence of hadrons from color charge

JLab Concept
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

Upgradable to higher energies (250 GeV)

4effergon Lab



What will be achieved? Example:

Expected result for an individual function:

. e

k| (GeV) 12

Expected accuracy of TMD profile

A. Prokudin (2012) contribution
to EIC white paper
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Conclusions
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Collaborations are important

TMDs

Experiment



Part of my collaborators is listed

E= LANL S UCONN NETHERLANDS
Znongbo Kang Peter Schweitzer Daniel Boer _-
Xin Qiang

BNL ‘ GERMANY ==
Jianwei Qiu ,5/ Werner Vogelsang
Elke Aeschenauer U Marc Schlegel

i - 4

0 %

== PENN STATE

Leonard Gamberg

ITALY ||

University of Torino
Mauro Anselmino
Stefano Melis

Elena Boglione
Vincenzo Barone

University of Cagliari

Anatoly Radyushkin
Christian Weiss

Alberto Accardi |
Harut Avakian Umberto D'Alesio
etc Franceso Murgia

- - University of Pavia
-
-Chma Alessandro Bacchetta

Stony Brook
Ted Rogers

Bo-Qiang Ma
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THANK YOU!
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