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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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Transverse Momentum Dependent distributions

If produced hadron has low transverse
momentum

Prr ~ Agep << @

it will be sensitive to quark transverse
momentum k|

1+ P — 1, +h+ X TMmD factorization

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

SIDIS

GAUGE INVARIANT
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Transverse Momentum Dependent distributions

dé—  d? o _
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A
SIDIS in Infinite Momentum Frame: Gauge link
T4 + J_A
o '
% L
® | . >

- _

.. PHOTON

Transverse separation is due to
presence of transverse parton
momentum

Struck quark propagates in the gauge
field of the remnant and forms gauge link
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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, Qiu, Yuan, Bacchetta,

Metz, Kang, Boer, Koike, Vogelsang, Yuan
etc

Collinear/twist-3

T™D factorization

Relation of multyparton correlations and moments of TMDs

k2 1(1) _ k2
[ o (1) + UVOT(R) = Te(xx?) 147 = [ a3

f () 7
. Y
: /')_
\ 3

ff_T (X7 k’zI‘)

Sivers function \
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Sivers function

Let's consider unpolarised quarks inside
transversely polarised nucleon

DISTRIBUTION

[kTXp]°

S
M TflJ_T(CEJk’_QF)

f(xakTaS) — fl(ka’%) -

@ J 0 rY "
Py ? g7

4! ,

7 R Al
This one is called SIVERS function
Correlation of transverse motion and transverse spin
Sivers (1990) Boer, Mulders (1998)
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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

Alexei Prokudin
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f(xakTa

-0.5

Access to 3D imaging

[kTXp]°

S) — fl(ka’_%”) —

0 05 kx 0.5 0 05 kx

K, (GeV) ky (GeV)

Dipole deformation

Alexei Prokudin

S
M TflJ_T(CEJk’_QF)

Sivers function from

experimental data
HERMES and COMPASS

Anselmino et al 2005
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What do we learn from 3D distributions?

fla,ker, 1) = fulw k) — fin(@.)5)

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

This is so-called “dipole” deformation.

3D
picture:

Tomography:

4
7
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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) = / dg’ka—flT(:c k%) = fip ()M

Average momentum shift is proportional to
the first moment of Sivers function

Alexei Prokudin 14



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
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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 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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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)

T ™~

+ Drell-Yan is at much different
/ § resolution scale Q.
————— e C R EEEE EIC will operate at higher Q. el
What do we know about evolution
1J_TSIDIS __ | of TMDs?

_

ion.
orization.

One of the main goals is to verify
It goes beyond “just” check of TM
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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s =70 GeV s =20 GeV JLab 12




Evolution of TMDs

One needs a unique definition of TMDs

Foundations of perturbative QCD
Collins 2011

W= |Hp (@ ™
f
X /d2k1Td2k2TFf/P1 (@1, Kar; 1, Cr) Fg ) py (@2, Kors 1, Cr)

<03 (k17 + kor — ar) + Y(ar, Q)

Ff/P1 (331, ki7; 1, CF) TMD distribution of partons in hadron
4 >

- Rapidity divergence regulator
Renorm group (RG) renormalization
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Evolution of TMDs

One needs a unique definition of TMDs

Foundations of perturbative QCD
Collins 2011

Infinite rapidity of the gluon creates
so called rapidity divergence

In collinear PDFs this divergence is
cancelled between virtual and real
gluon diagrams

It is not the case for TMDs
Thus new regulator CF Is needed

Ftip (21, ks, Cr)
4 >

- Rapidity divergence regulator
Renorm group (RG) renormalization
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Evolution of TMDs

Evolution of TMDs is done in coordinate space bT

1 e T
Ff/P(:CakT;:UW CF) — (27_‘_)2 fd2bT6 = bTFf/P(:U7bT;u7 CF)
Colins Soper 1982

Foundations of perturbative QCD Collins 2011

Why coordinate space?

Convolutions become simple products: Collins, Soper 1982
_ Collins, Soper, Sterman 1985
WH — Z |Hf(Q2, 1M Idilbi, Ji, Ma, Yuan 2004
T Boer, Gamberg, Musch, AP 2011

X / dszeiquTFf/Pl (z1, br; 1, CF)Ff/Pl (2, br; 1, Cr)

In principle experimental study of functions in coordinate space
|s possible

Boer, Gamberg, Musch, AP 2011
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Evolution of TMDs

Evolution of TMDs is done in coordinate space bT
1 S
Fy/p(@JerinGr) = Gy [ dPbre™ ™ Fy (e, bri o)

Colins Soper 1982
Foundations of perturbative QCD Collins 2011

Complicated in case of Sivers function Aybat, Collins, Qiu, Rogers 2012

Lf Eij/{%ﬂsj
Fypr(z,kr, Sty 1, Cr) = Fyyp(2, ks, Cr) — Fip (2, k75 1, CF) —
Y%

Unpolarised part:
Ep p(z, b p, Cp) = (27r)/ dkrkrJo(krbr)F¢/p(x, ki 1, CF)
0

Sivers function:

Pyt oy brs s Ge) = —(2m) [ ekt (krbr) i (o 1 G
0
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TMD evolution

Energy evolution

C?lnﬁ’(x,bb,u, ()

— K (b,
Renormalization group equations

dl;(fni’ﬁ) = —yx(g(p))

dln F(z,b , u,
Efln: S9N —vr(g(1),¢)

Alexei Prokudin

» Collins-Soper kernel in
coordinate space

TMD:

Collins 2011

Rogers, Aybat 2011

Aybat, Collins, Qiu, Rogers 2011
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TMD evolution

Energy evolution

C?lnﬁ’(x,bb,u, ()

— K (b : » Collins-Soper kernel in
Oln+/C (bL; 1) coordinate space

: TMD:
At small b7 perturbative treatment T
IS possible

Rogers, Aybat 2011
Aybat, Collins, Qiu, Rogers 2011
o OésOF
K(bT7 /L) -

- (111(#219%) —In4 + 27E> + O(a?)

Large bT nonperturbative - matching via 1t)>[< Collins Soper 1982

br
b,.(b1) =
o) = e

Alexei Prokudin 29






TMD evolution

Energy evolution

C?lnF(x,bL,,u, C) _ f((bJ_ ,U) » Collins-Soper kernel in
O1n+/C ’ coordinate space

Large bT nonperturbative - matching via b,. Collins Soper 1982

~ . - Always perturbative
K (br,p) = K(bs, p) — gK(QT)
~ Non perturbative
br) = ! b3
gK( T) - 592 z This function is universal for

, different partons!

Brock, Landry, Nadolsky, Yuan 2003
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TMD evolution

Relation to collinear treatment:

T

_ Ydi - sz .
Ff(.CU, bT,M, C) — Z 7 Cj/f (_7 anu'? C) fj(xnu’) =+ O(AQC'DbT)
] T

Valid at small bT , lowest order:

~

X X
Ciys(5,bry 1, Q) = 856 (Z = 1) + Ola)

Higher order for TMD PDFs
Aybat Rogers 2011

Higher order for Sivers function

Kang, Xiao, Yuan 2011

Alexei Prokudin

Collins Soper 1982
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TMD evolution

Solution Rogers, Aybat 2011
Aybat, Collins, Qiu, Rogers 2011

ﬁ’f/p(a:, br; Q,(r) = Ff/P(xa br; Qo, Qg) \

r " Non perturbative
x exp | — gk (br)In @]
Q- @ du’ J, : Q / )
coxp [In 5D R b ) + [ 0 [relo(u): 1)~ (o0 |
du © :
[ I o9 J

Perturbative

Typically for TMDs:

Ff/p(x,bT;Q()an) — Ff/P(x’QO) CXp ( a 4 b%)
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Energies

— Q=124 GeV
——- Q=50GeV
== Q=9119GeV

Tevatron
Energies




HERMES
COMPASS




TMD evolution

HERMES
COMPASS




QZ
=2
A
(GeV
2
)

Qz
=3
.6
(GeV
2,
)




RHIC: p'

Y5=200 GeV V=200 GeV Oyl —— s=200 GeV
4=M=0 Gy O=y<3 4=M=0 GeV
O=y=3







CONCLUSIONS

* Three dimensional parton picture is achievable
with GPD and TMD measurements

* TMD phenomenology is possible with evolution

* HERMES and COMPASS data are compatible with
TMD evolution

* Future measurements at Electron lon Collider and
Drell-Yan experiments are important for both
confirmation of sign change of function and TMD
evolution effects.

Alexei Prokudin
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QCD EVOLUTION 2012
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Deadline registration April 23th! Register soon!
Alexei Prokudin
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