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Nucleon landscape

Nucleon is a many body dynamical
system of quarks and gluons

Changing x we probe different
aspects of nucleon wave function

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

Technically such information is
encoded into Generalised Parton
Distributions and Transverse
Momentum Dependent distributions

See talk by Christian Weiss

These distributions are also referred
to as 3D (three-dimensional)
distributions



Fundamental knowledge from 3D distributions

3 Dimensional partonic picture
gives us insights on the dynamics of
the confined system of quarks and

Cosmic Microwave Background 9/uons.
is the source of information on _ _ _
history of our universe, inflation, It also gives information on

distribution of matter, dark matter ~ fundamental properties of the
ote nucleon

Spin is one of these properties

Alexei Prokudin 3



Hadron tomography

Conventional inclusive processes are sensitive to longitudinal
momentum fraction of hadron momenta, they give no information
on spatial or momentum 3D distribution of partons
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- xu(x) ] Parton
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However large-x behavior

0 has still large uncertainties
0.5 - Data from JLab 12 will be
~ 7% E relative err. important
C ] | |||||| L |
0.01 0.1 1
X
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Wigner distribution

Our goal is to understand 3 dimensional distributions of partons,
How they move, where they are located inside a nucleon

Wigner distribution (1933) is a possibility

W(p,r) = /d?’n e' P1*(r 4+ 1/2)ih(r —n/2)

It gives both position and momenta

Alexei Prokudin 5



Wigner distribution

Our goal is to understand 3 dimensional distributions of partons,
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Wigner distribution (1933) is a possibility
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Wigner distribution

Our goal is to understand 3 dimensional distributions of partons,
How they move, where they are located inside a nucleon

Wigner (1933) distribution is a possibility

W(p,r) = /d?’n e' P1*(r 4+ 1/2)ih(r —n/2)

It gives both position and momenta

Can it be measured? PROBABLY NOT'
ApAr > h/2

No simultaneous knowledge on position
and momenta

Alexei Prokudin 7



Wigner distribution

Tansverse Generalized
Momentum ;3 3 Parton
Dependent Oy d” D pistributions
distributions
2 Parton
d kJ_ Distribution Form d.ﬁl;'
Functions

Factors
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Wigner distribution
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Transverse Momentum Dependent distributions

If produced hadron has low transverse
momentum

Prr ~ Agep << Q

it will be sensitive to quark transverse
momentum k|

1+ P — 1, +h+ X TMD factorization

Ji, Ma, Yuan (2002)
Collins (2011)

GAUGE INVARIANT

SIDIS

de—  d? b _
(I)z'j(xakJ_) — / (257'(') (2:;_2 esz 5 —faube <P7 Sp‘¢](O)U(O,€)¢z(£)|P, SP)
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Transverse Momentum Dependent distributions

dé— d? .l _
(I)ij (x,kJ_) — / (;ﬂ) (25;—2 6wcP E —ki &) <P, SP|¢3’(O)U(O,£)¢Z’(£)|P, SP>|§+:0
A
SIDIS in IMF: Gauge link
'l T La
K | &L ® -~
® | - »
§ B

U(a, b; ’n,) — e 9 [P dAn-Aq (An)tq

Ensures guage invariance of
the distribuion
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TMDs

q 8 functions in
N U I_ T total (at leading

Twist)

Each represents
different aspects of

partonic structure

Each function is to
be studied

Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)
Alexei Prokudin 12



Twist-2 collinear PDFs

Quark-quark correlator can be decomposed by means of
3 Parton Distributions Functions (PDF) in collinear (kt integrated) case

®(z; P, S) = % {f1(33) P+ Spgi(z)ys £+ %hl(w)75[/8T7 /D]}
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Twist-2 collinear PDFs

Quark-quark correlator can be decomposed by means of
3 Parton Distributions Functions (PDF) in collinear (kt integrated) case

B(a; P,S) = & {fl(w) P+ S £+ hi(@)sl S, /PJ}

i

Unpolarised PDF
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Twist-2 collinear PDFs

Quark-quark correlator can be decomposed by means of
3 Parton Distributions Functions (PDF) in collinear (kt integrated) case

B(a; P,S) = & {fl(w) P+ (s £+ hi(@)sl S, /PJ}

i

Unpolarised PDF

Helicity distribution
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Twist-2 collinear PDFs

Quark-quark correlator can be decomposed by means of
3 Parton Distributions Functions (PDF) in collinear (kt integrated) case

B(a; P,S) = & {fl(w) P+ S £+ (@)l S, /PJ}

i

Unpolarised PDF

Helicity distribution

Transversity distribution
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@ Unpolarised PDFs

Good knowledge of H1 and ZEUS

I iGN 7
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) .
Unpolarised PDFs

Good knowledge of % 0~ 1.9GeV?
unpolarised _ '
Parton 08 - —— HERAPDFL.0

Distribution ' B exp. uncert

Fu nCtionS : E model uncert. xu,

|S a CqUIred at HER A 0.6 parametrization uncert. y

0.4

0.2
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Helicity distributions
are well known

Helicity distributions
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LTt /)

Helicity distribution Transversity distribution

R o T Lo
+ | + + | g | T "

Distribution of transversely polarised
quirks inside transversely polarised
nucleon
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Helicity distribution  Transversity distribution

'@M@ o @ >

Boost and rotation do not commute - helicity and
transversity are different and difference a relativistic
effect

21



Helicity distribution Transversity distribution

o - T Lo

S T i~ A,
T | T 7 T

2005 first data on transversity
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Helicity distribution Transversity distribution

P

N e N e
+ | vt | + |

T T 7 T
2005 first data on transversity

207172, hundred points from HERMES and COMPASS
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Why it is difficult to measure transversity
distribution?

1
Transversity in helicity basis | T,]) = —=(|+) £ i|—))

V2
T oo +

ST A

+
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Why it is difficult to measure transversity

distribution?

Transversity in helicity basis | Ta l)

T oo

.

b
7

(I+)

+i[—))

-+

s

Chiral Odd!
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Transversity distribution

Chiral &dd: it cannot be measured in Deep Inelastic

Scattering process
HT

+ | _

_l_ I -

Needs another chiral odd function to be measured
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Transversity distribution

QCD Eveolution: no gluon contribution in the evolution
K
+ _

hi(z, Q%) is suppresed at low T

JLab 12 is an ideal place to measure transversity — as

JLab explores high x region
27



Transversity distribution

Bounds on transversity distribution: The Soffer Bound

hi(z)| < 5 (fu(@) + g1(2))

DO | M

Valid at LO QCD, Barone 97, Bourelly et al 98

Valid at NLO QCD, Vogelsang 98

28



Transversity how to measure?

Transversity needs another chiral odd function to be
measured

Semi Inclusive DIS (SIDIS) Drell-Yan

29



Transversity how to measure?

Transversity needs another chiral odd function to be
measured

Semi Inclusive DIS (SIDIS) Drell-Yan

Collins fragmentation function Transversity or Boer-Mulders function

HlJ_(vaJ—) hl(w) hi_(kaJ—)

30



Transversity how to measure?

Another way to measure transversity is via dihadron
fragmentation functions

SIDIS

| — |

f hi(x)

Dihadron fragmentation function
I_IfI (Za Mh)

31



Transversity from SIDIS

First extraction in 2007, Anselmino et al 07

L
ASin((I)h+CI)5) X Z eghcll ® Hl !
o > eafi © D
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Transversity from SIDIS

First extraction in 2007, Anselmino et al 07

L
ASin((I)h+CI)5) X Z eghcll ® Hl !
o > eafi © D

Two unknowns, transversity h(z)
Collins Fragmentation Function Hi(z)

o=

Fortunatelly information on Hi(z) is available from e

1 1lag
A+ .- X Zengq@)Hl_q
o > e2Di @ Df
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Transversity

Anselmino et al 09

34



Transversity

— Soffer Bound

4

HeIicity Anselmino et al 09
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- Barone et al., {1997)

e Compari ith model
- Korotkov et al.,

- Schweitzer et al., (2001) O p a rl S O n W I t O e S
- Wakamatzu, (2007)

- Pasquini et al., (2005)

- Cloet et al., (2008)

- Bacchetta et al., (2008)
- Anselmino et al., (2008)

W00 =N bl b -

d o’=24(GeV?
0.2 ™ | | | |

0.2 0.4 0.6 0.8 1
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x hy(x)

W00 =N bl b -

- Barone et al., {1997)

- Soffer et al., (2002)

- Korotkov et al., (2001)

- Schweitzer et al., (2001)
- Wakamatzu, (2007)

- Pasquini et al., (2005)

- Cloet et al., (2008)

- Bacchetta et al., (2008)
- Anselmino et al., (2008)

Comparison with models

Good agreement with
models in sign and size
of transversity.

High uncertainty
especially in high-x region

0.2 —

d o’=24(GeV?

0.4 0.6 0.8 1
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Tensor charge

Transversity is the only source of information
on tensor charge

ba= | do(h(z) - hi(@)

Fundamental quantity, as fundamental
as vector or axial charges

Caveat: no sum rules

38



- Anselmino et al., Nucl.Phys.Proc.Suppl. (2009) ou= ﬂ.ﬁdﬂfé’, od=-0.23 ::f: Te n S O r C h a rg e

- Cloet, Bentz and Thomas, Phys.Lett.B (2008)

- Wakamatsu, Phys.Lett.B {(2007)

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

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

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

- Gamiherg and Goldstein, Phys. Rev. Lett. (2001)

3 q=l dx ( hj(x) - h(x))

= & tn e L B3 =

— e 1 — e
o 2 L o
o 3 o
® 4 | .-
o d o
o 6 | o
e 7 o
0.5 1| 1|5 -ol.s -o|4 0.2 cln

ou od 39
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- 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)

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

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

- Gamiherg and Goldstein, Phys. Rev. Lett. (2001)

Q =I dx ( hj(x) - h(x))
o

5u=0.54""% 5d=-0.23 0% TenSOr Cha rge

— . 1 S Precision is not enough
5 to discriminate among
¢ i ¢ different calculations
° 3 ®
® 4 | .-
o 9 0
® 6 | ®
e 7 o
| | | | |
0.5 1 1.5 -0.6 -0.4 -0.2 0

od 40



Tensor vs axial charges

Ag = / dz(g?(z) + gi(z)) g = / d(hi(z) — hi(x))

Axial, DSSV Tensor, Anselmino
u 0.82 0.54
d -0.45 -0.23
S -0.11 0
sum 0.26 0.39
Q =1,0.9(GeV)

DSSV: De Florian, Sassot, Stratmann, Vogelsang (2008) "



Transversity from dihadron fragmentation

Torino's fit  Anselmino et al 09

ty oy X pdy
o X h,y Uﬂ_f hy* (%) / \ X h;'" (XHX h?" (%)
0.6

04]  Preliminary N Prelimina
i 04[
03; -' [ : i

[ 02t
0.2} :
1)) | S—— Fe SR

it | e TH‘

=T

0.0— [
_04l . | —0.4f
In-3 2 1 1 . s
10 10 10 103 102 10" 1
X X
Bacchetta et al. PRL 107,012001 (2011) Bacchetta et al.,arXiv:1206.1836
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Transversity from dihadron fragmentation

Torino's fit  Anselmino et al 09

ty oy X pdy
o X h,y Uﬂ_f hy* (%) / \ X h;'" (XHX h?" (%)
0.6

04]  Preliminary Sl Prelimina

¥ / 04!
0.3f TN i {

: AR 0.2} s Y
0.2 } [ : I l

; # "\ S SRR S S T RN
o1 13- H o ; [Tt
0.0 J { ‘9-2; 1
01! L ~0.4!

N 1 . .

X
X
Bacchetta et al. PRL 107,012001 (2011) Bacchetta et al. ,arXiv:1206.1836

Good qualitative agreement of two methods of extraction
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What do we expect from
JLab 127

Alexei Prokudin



12 GeV approved experiments

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

See talk by Bob McKeown
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12 GeV approved experiments

Hall A Hall B Hall C Hall D Total

The Hadron Spectra as Probes of QCD
(GluEx & heavy baryon and meson

spectroscopy)
The Transverse Structure of the 4
Hadrons
(elastic and transition form factors) M 3D STRUCTURE
The Longitudinal Structure of the 2
Hadrons
(Unpolarized and polarized parton

distributions)

Hadrons and Cold Nuclear Matter

Low-Energy Tests of the Standard 2 1 3
Model and Fundamental Symmetries
Total 16 18 16 2 52

>30% is dedicated to 3D structure! >¢c'/<by BobMckeomn



Kinematics

2 m~/
Kinematics &~ == szy

QZ

50r 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

Alexei Prokudin 47



Kinematics

2 ~
Kinematics &° =~ sxy

50 JLab 12 and future
Electron lon Collider
are complimentary

JLab and EIC are going to
provide fine 4D binning
of the data.

Alexei Prokudin 48



sin (0, +0)

Ut

What do we expect at JLab?

JLAB 12

0.12

P = I X

0.1 V5 = 4.63922 (GeV)

0.08 —

0.06 —

0.04 —

0.02—

-0.02 : ' ' '
0.2 0.4 0.6 0.8

X

Prediction for JLab 12 kinematics based on Anselmino et al 09
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sin (0, +0)

Ut

What do we expect at JLab?

JLAB 12

0.12

P = I X

0.1 V5 = 4.63922 (GeV)

_ HERMES data

0.06 —

0.02—

0.04 — + + +

nnnnnnnnnn
----------

-0.02 : ' ' :

Estimates of experimental error for JLab 12

Alexei Prokudin
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sin (0, +0)

Ut

What do we expect at JLab?

JLAB 12
0.01 P 1" X
V5 = 4.63922 (GeV)
0.005 —
o+ % % % %

-0.005—
-0.01 : | | :

0.2 0.4 0.6 0.8

X

Estimates of experimental error for JLab 12

Alexei Prokudin

lLess than .25 %

6V‘Y‘0Y‘.’
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sin (0, +0)

Ut

Generate pseudo-data

JLAB 12
0.01 P it X
5 = 4.63022 (GeV)
0.005 —
Cenerite
0 bbbt oo % % % pseudodata
a'r‘aur)c:/ our
-0.005 — - -
predictions
_001 | | | |
0.2 0.4 0.6 0.8
X

Estimates of experimental error for JLab 12

Alexei Prokudin
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sin (0, +0)

Ut

0.12

0.1

0.08

0.06

0.04

0.02

-0.02

Generate pseudo-data

\5 = 4.63922 (GeV)
Cenerite
pseudodats
1-—0 zround our
predictions
0.2 0.4 0.6 0.8
X

Based on Anselmino et al 09

Alexei Prokudin

53



sin (0, +0)

Ut

0.12

0.1

0.08

0.06

0.04

0.02

-0.02

Fit the pseudo-data

\E = 4.63922 (GeV)
Fit the
pseudodats
and estimate the
error
0.2 0.4 0.6 0.8
X

Based on Anselmino et al 09

Alexei Prokudin
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sin (0, +0)

Ut

Generate pseudo-data

0.12

0.08 —

0.06 —

0.04 —

0.02—

JLAB 12
P = I X

V5 = 4.63922 (GeV)

Compare the error
to the existing one

-0.02 ' '
0.2 0.4

Based on Anselmino et al 09

0.6

0.8
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-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)

- He and Ji, Phys. Rev. D (1995)

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

- Gamlberg and Goldstein, Phys. Rev. Lett. (2001)

B~ MW k=

5 q=f dx ( h(x) - hi(x) )

- +0.09 - +0.09
5u=0.547"7 5d=-0.23 0%

JLab 12 Proton and He® targets

Su=0.54"%5d=.023 0"

ou

2 0.02* -0.01
1 |
2
Py 3 | P
® 4 ®
® 5 |
0 6 S
® 7 |
8 0
| | | | |
0.5 1 15 06 -04 -02 0

od

Alexei Prokudin

Tensor charge
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-JLab 12
- Anselmino et al., Nucl.Phys.Proc.Suppl. (2009) ou= 0.54':';];, od=-0.23 ::'J'D:
- Cloet, Bentz and Thomas, Phys.Lett.B (2008) ) '

- Wakamatsu, Phys.Lett.B (2007)

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

- He and Ji, Phys. Rev. D (1995)

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

- Gamlberg and Goldstein, Phys. Rev. Lett. (2001)

Tensor charge

B~ MW k=

JLab 12 Proton and He® targets

—-— q - H
0= | ax (K0 -0 5u=054"%2 5d=.023 "0

1 [
2
° 3 | o Enough precision
4 to discriminate
9 @ ’
among models!
° 5 |
0 6 .
° 7 |
8 O
| | | | |
0.5 1 1.5 -0.6 -0.4 -0.2 0

ou od
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Alexei Prokudin

CONCLUSIONS
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Messade
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_CONCLYSIONS™

Messade

* Transversity has clear operator structure

(@ v v59)

* Transversity is equally important part

of the nucleon

structure as the other two leading twist distributions

250

* Title “transversity” 200
in the literature 15

100

0
< 1995 < 2000 <2005 < 2012

"

* JLab 12 promises unprecedented accuracy +5%

Alexei Prokudin
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