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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
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Wigner distribution

Our goal is to understand 3 dimensional distributions of partons,
How they move, there 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
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Wigner (1933) distribution is a possibility
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It gives both position and momenta
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Wigner distribution

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

r

Wigner (1933) distribution is a possibility

W(p,r) = /d?’n e Py (r +1/2)i(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
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Wigner distribution

Tansverse Generalized
Momentum ;3 3 Parton
Dependent Oy d P Distributions
distributions
@
2 Parton
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Wigner distribution

g i’
d?’/ Yp “

©
2

T
=

Alexei Prokudin



Transverse Momentum Dependent distributions

SIDIS

If produced hadron has low transverse
momentum

Prr ~ Agep << @

it will be sensitive to quark transverse
momentum k|

1+ P — 1, +h+ X 1MD factorization
Ji, Ma, Yuan (2002)

GAUGE: INVARIANT

de—  d? b _
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Transverse Momentum Dependent distributions
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Related: Factorization Theorems:
— Semi-Inclusiyve deep inelastic scattering. \/

— Drell-Yan.
— et/e-annihilation. \/

et ||

Related: Factorization Theorems:
Semi-Inclusive deep inelastic scattering. \/

Drell-Yan.
e*/e-annihilation. \/

p+p =wmph +h,+X




TMD and Collinear factorizations

Both factorizations are consistent in the overlap region

.

pr <K Q pr ~ Q

Collins, Mulders, Ji, Qui, Yuan, Bacchetta,
Kang, Boer, Koike, Vogelsang, Yuan etc

Collinear/twist-3

T™D factorization

Relation of multyparton correlations and moments of TMDs

2 kgr 1 2 2 1(1) _ 2 PT L 2
dkTﬁflT(xk )+ UVCT (i ) Tr(x,x,u”) fip’ = [ d%T fir(x, k7)

M2
f () 7
] . %
2
\ 3

Sivers function \

Alexei Prokudin






Sivers function

Let's consider unpolarised quarks inside
transversely polarised nucleon

DISTRIBUTION

[kTXp]°

S
M TflJ_T(CEJk’_QF)

f(xakTaS) — fl(ka’%) -

« o y "
< ? e

4! ,

7 R Al
This one is called SIVERS function
Correlation of transverse motion and transverse spin
Sivers (1990)

Usual unpolarised distribution
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Sivers function

[kTXp]°

S
M TflJ_T(CEJk’_QF)

f(xakTaS) — fl(ka’%) -

This function gives access to 3D imaging
Spin-orbit correlation
Physics of gauge links is represented

Requires Orbital Angular Momentum

EIC report, Boer, Diehl, Milner, Venugopalan,
Vogelsang et al , 2011;
Duke workshop report: Anselmino et al Eur.Phys.].A47:35,2011
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f(xakTa
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Access to 3D imaging

[kTXp]°

S) — fl(ka’_%”) —

0 05 kx 0.5 0 05 kx

K, (GeV) ky (GeV)

Dipole deformation
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M TflJ_T(CEJk’_QF)

Sivers function from

experimental data
HERMES and COMPASS

Anselmino et al 2005



What do we learn from 3D distributions?

k

flakr,S1) = filz,k7) — fir(e, k)7

Suppose the spin is along Y direction: St = (0, 1)
peformation in momentum space is: k- f(k2 + k;)

This is called “dipole” deformation.
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What do we learn from 3D distributions?

fla,ker, 1) = fulw k) — fin(@.)5)

We calculate now average shift: (kg)

(k) = / dngﬁflT(:c k%) = fip ()M

Average momentum shift is equal to the first moment
of Sivers function
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What do we learn from 3D distributions?

kx

fla,kr,S1) = falw, 1) — (o, 1) 25

The same statement in figures:

No polarisation: Polarisation: Sy, = (k,)
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What do we learn from 3D distributions?

(o, kor, 1) = fala, ) — flp(a, 1) St

The same statement in figures:

This iIs what we know from exerimental data already:
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HERMES COMPASS
ep — e X, prap = 27.57 GeV. D — pm X, pray = 160 GeV.

2002-2005
COMPASS 2003-2004

0 0102 03 04 05 02 04 06 08 02 04 06 0.8 1

X z P; (GeV)
Anselmino et al 2010 o Anselmino et al 2010




What do we learn from 3D distributions?

o, kr, S1) = fule,13) — fi (e, 1)t

The slice is at:
r =0.1

Low-x and high-x region
IS uncertain

JLab 12 and EIC will
contribute

No information on sea

quarks
05 o osk, 05 0 osk, Picture is still quite
ky (GeV) k, (GeV) | uncertain
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What do we learn from 3D distributions?

o, kr, S1) = fule,13) — fi (e, 1)t

The slice is at:
r =0.1

Low-x and high-x region
IS uncertain

JLab 12 and EIC will
contribute

No information on sea

quarks
05 o o5k 05 o 05K, In future we will obtain
ky (GeV) ke (Gev) much clearer picture
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Physics of gauge links

Colored objects are surrounded by gluons, profound consequence of
gauge invariance.

Sivers function has opposite sign when gluon couple after quark scatters
(SIDIS) or before quark annihilates (Drell-Yan)

Brodsky,Hwang,

Schmidt
+ Belitsky,Ji,Yuan
Collins
_____ e 3 ____=__ Boer,Mulders,Pijlman,
etc
1SIDIS - 1 DY
17T - 17T

One of the main goals is to verify this relation.
It goes beyond “just” check of TMD factorization.
Motivates Drell-Yan experiments

AnDY, COMPASS, JPARC, PAX etc
Barone et al., Anselmino et al., Yuan,Vogelsang, Schlegel et al., Kang,Qiu, Metz,Zhou
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TMD theoretical challenges

* Evolution and soft gluon resummation
* Global study at Next-to-Leading order

* Relation to Orbital Angular Momentum

Many more other questions

 What is the kt distributions of partons - gaussian,
powerlike, sign changing?

 What is the difference of kt distributions of quarks
and sea quarks?

e How to explore higher twist TMDs?

e How to explore distribution and fragmentation
TMDs in a satisfactory way?

* etc
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JLab
Energies

— Q=124 GeV
—-—- Q=50GeV
s Q=0119GeV

Tevatron
Energies




HERMES
COMPASS




DGLAP evolution

HERMES
COMPASS




TMD evolution

HERMES
COMPASS
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Possible relations of TMDs and OAM

Bacchetta, Radici 2011 argue that Inspired by model
Relations, not full QCD

2 @) = I(x)E(x,0,0)

So called “lensing” function
Burkardt, Metz, etc

Making direct connection to total OAM from Ji's sum rule:

1 1
Jq — 5/0 dCE‘Q?(Hq(CL‘,0,0) ‘|—Eq(ﬂf,0,0))

J, =0.266,J; = —0.012 at Q> =1(GeV?)

Asumptions based on model calculations of course, but might be
interesting.

Alexei Prokudin



Gluons distributions

* Gluon TMDs
* Linearly polarized gluons can

_>— be accessed in various channels

* Opportunities of studies at EIC,
LHeC

___ =« h? may contribute to Higgs
production, resolve its parity
Boer, Brodsky, Mulders, Pisano 2011
Qiu, Vogelsang, Schlegel 2011

Boer, den Dunnen, Pisano, Schlegel,
Vogelsang 2011

* Tri-gluon correlations, Qiu-
Sterman matrix elements,
complete classification

Koike, Tanaka

= .TMD SSA in open charm

Godbole, Misra, Mukherjee, Rawoot
2011
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TMD experimental challenges

* 4D binning of observables z,%,Q%, Phi
* Different targets: proton, neutron, deuteron

e Different final state hadrons =, K
open charm

All this helps to do correct flavour decomposition and correct
analysis.
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CONCLUSIONS

e Studies of 3D distributions represent
big part of future of nuclear physics

e EIC is an ideal place to explore GPDs and
TMDs

e Theory and phenomenology have made a
lot of progress in recent years

 We are going to see more progress in future

Alexei Prokudin
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QCD EVOLUTION 2012

http://www.jlab.org/conferences/qcd2012/

May 14 - 17, 2012 Jefferson Lab, Newport News, Virginia, USA
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HUGS 2012

http://www.jlab.org/hugs/

Summer school: 27th Annual Hampton University
Graduate Studies Program. Covers theoretical and
experimental aspects of nuclear physics.

Jefferson Lab, Newport News, Virginia
June 4 - June 22, 2012

Fellowships are available and will cover tuition,
fees, room and board

The deadline for application submittal is April 2, 2012
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HUGS 2012
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