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Introduction

The biggest Single Spin Asymmetries (~ 40% ) were measured in

PP — 7X. They were thought to be negligible due to “simple”
arguments of helicity conservation in QED and QCD interactions, thus
Ay ~ asm—j. Nevertheless experimental measurements proved this
prediction to be wrong.

(cos¢) asymmetry in unpolarised SIDIS was proposed as a “clean test of
perturbative QCD” and again experimental measurements revealed that
such an asymmetry carries information on intrinsic motion of partons
inside the proton.

Experiments with polarized target and beams were always source of new
information about partonic structure of hadrons and frequently changed
our understanding of parton dynamics.

Future experimental measurements at EIC will bring us valuable
information on the structure of the proton and on the validity of our
current theoretical framework.
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Semi Inclusive Deep Inelastic Scattering
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TMD Factorization in Semi Inclusive Deep Inelastic

Scattering

/ \ TMD factorization Ji, Ma, Yuan
f{ \7% ) )

2005 is valid for soft P+ ~ Agcp

//Mq o .~- Q%> /\%\)CD and describes SIDIS
A : \\ ) cross section as convolution of

. /‘/,/ré‘ \,,\i\\ Transverse Momentum

> : \j_;_ Dependent (TMD) distribution
— and fragmentation functions.

Cross section
do oc L, WH = Z/deLcﬂpoq/p(x, ki,..)®0®Diz,pi,..)

Intrinsic transverse momenta k, and p, are of non perturbative origin.
Polarised case is explored in TMD factorization formalism Kotzinian 1995;
Mulders, Tangerman 1995; Goeke, Metz, Schlegel 2005, Bacchetta et al 2007
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Collinear Factorization in Semi Inclusive Deep

Inelastic Scattering

ollinear factorization Collins,
Soffer, Sterman 1982, Meng, Olness,
Soper 1996 is valid for hard
Pt ~ @ > Agcp and describes
SIDIS cross section as convolution
of usual integrated distribution
and fragmentation functions.
Gluon radiation generates P of
the produced hadron.

Cross section
do o< Ly, W Z/q/p J®o®Diz,..)

In polarized case multy-parton correlations play role in collinear
factorization formalism Efremov, Teryaev 1982; Qiu, Sterman 1991; Ji, Qui,
Vogelsang, Yuan 2006.
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Quark-quark Correlator

ya—
K >
v/

d* n
05(P.k.5) = [ G55 (P SITOWO.En ) ()IP.S)
Mulders, Tangerman 1995; Goeke, Metz, Schlegel 2005, Bacchetta et al 2007

Gauge link W(0,{|n_) ensures gauge invariance of the correlator.
TMD distribution functions can be found via k™ integration

O(P, k., S) = /dkcb(P, K, S)

Dirac decomposition is done by

O(P, k1, 5) = 3 TH(®(P ki, S)T)
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Quark-quark Correlator

ya—
K >
v/

0y(P.k.5) = [ osze <P SITHOWO.Eln)is(OIP.S)

Mulders, Tangerman 1995; Goeke, Metz, Schlegel 2005, Bacchetta et al 2007
Twist-2 decomposition contains 8 functions:

i

ol I(P k., S) = Ai(x, k) — v r(x k1)

O BI(P, ki,S) = Suguu(x k) — <1 T gy (x,4)

/m 1/2k§gT5 h e’kalJ-

1
M2 M h

. I M ki
olic™sl(p Kk, . S) = S’Th1+SLﬁh1lL

“Amsterdam notation" is used for the TMDs
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Parton distribution functions

@ Collinear Parton Distribution Functions:
fa/A(Xa)- Aq(xa), Atq(xa)
H,_/ N——

Transversity hy

o Transverse Momentum Dependent (TMD) PDFs

Kotzinian 1995; Mulders, Tangerman 1995; Bacchetta et al 07; Anselmino et al 06

o
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Parton distribution functions

@ Collinear Parton Distribution Functions:
fa/A(Xa)- Aq(xa), Atq(xa)
H,_/ N——

Transversity hy

o Transverse Momentum Dependent (TMD) PDFs

Kotzinian 1995; Mulders, Tangerman 1995; Bacchetta et al 07; Anselmino et al 06

© Hadron A unpolarized: f‘a/A(xa,kla), A;A‘sy/A(xa,kLa)
—_——

Boer-Mulders hlL

(2] Transversely polarised hadron Al .
Af;’;/AT (xa, k1), Afs /AT(Xaa kia), A77csy/AT (xa, k1a),
—_——

B N L .
Sivers  f+ Transversity  hy, hlLT

AF, a1 (xa,k1a)
~— —

1
81T
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Parton distribution functions

@ Collinear Parton Distribution Functions:
fa/A(Xa)- Aq(xa), Atq(xa)
H,_/ N——

Transversity hy

o Transverse Momentum Dependent (TMD) PDFs

Kotzinian 1995; Mulders, Tangerman 1995; Bacchetta et al 07; Anselmino et al 06

© Hadron A unpolarized: f‘a/A(xa,kla), A;A‘sy/A(xa,kLa)
—_——

Boer-Mulders hlL

(2] Transversely polarised hadron Al .
Af/AT (Xaa kLa) Af /AT(Xaa kla): A7fsy/AT (Xaa kla)v
—_——

Sivers f1J7'— Transversity  hy, hlLT
Afg yar(Xa k1a)
| —
&ir
© Longitudinally polarized hadron A™":
Afsz/Jr(Xaa kJ_a)u Afsx/+(xaa kJ_a)

Agq hiy
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Electron lon Collider

@ Electron lon Collider project is proposed to study Polarized SIDIS at
the medium — high energies 200 < /s < 3000 GeV? thus providing
a big spanin 1 < Q2 < 100 GeV? and 0 < Py < 3 GeV.

@ Complete spin and flavour decomposition is possible both in valence
and sea-quark region x ~ 1074,

o Possibility of high Q2 range allows to study twist-2 functions and
higher twist content of the nucleon.

@ Range of P allows to study intermediate region where both TMD
and collinear factorizations are valid.

e Changing Q2 at some fixed x provides information on Q@ behaviour
of the asymmetries and Q? evolution of TMDs.
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TMDs and Structure functions

Fuy=fH ® Dy FABsin(cos)qf)X

1 beam polarization A= U, L,
Flcjolj¢5 = a(fl ® D1 + /71l ® H1l +...) | hadron polarization B = U, L, T
and contribution to cross
tion
Fcos 2¢s _ hJ_ HJ_ sec .
uu \L/ & \i./ g X sm(cos)ox . FAB
Boer— Mulders Collins FF

sin(cos)px

Boer-Mulders destribution (Boer and Mulders 1998) describes distribution
of transversely polarised quarks in unpolarised hadron.

Measuring Fyy we access non perturabtive dynamics of parton motion.
Intermediate Pt region both TMD and Collinear factorizations are valid.
Using a simple gaussian approximation we can obtain values <ki> =0.25
GeV? (p?) = 0.2 GeV? (Anselmino et al 2007)

Where are some hints that (k2), # (k?)4 and on x and z dependence of
(k2) and (p?).
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From low to high P7 Anselmino et al 2007
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TMD oq and collinear QCD o7 cross sections are included:
do = a2 dog+ ol doy+a? doy ~
a2 dog + Kol doy
K ~ 1.5, The data are from ZEUS and E665.
Fermilab E665 Collaboration, M.R. Adams et al., Phys. Rev. D48 (1993) 5057.
M. Derrick et al, ZEUS Collaboration, Z Phys. C70 (1996) 1.
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From low to high P7 Anselmino et al 2007
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TMD o¢ and collinear QRD & tions are included:
doy + Ozg doy ~
+ Kol doy

(k?) =0.25 GeV? (p?) = 0.2 GeV?
in accordance with lattice results Musch et al, 2008

Alexei Prokudin JLAB , December 18, 2009

P; (GeVic)



From low to high P7 Anselmino et al 2007
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(k?) =0.25 GeV? (p?) = 0.2 GeV?
in accordance with lattice results Musch et al, 2008
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Boer-Mulders data
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L

cos2¢s 1 1
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Barone, Melis, AP 2009 in preparation
Twist-2 contribution is comparable to higher twist contribution at low
Q2. EIC at high Q2 allows to measure h;- ® Hi- without higher-twists.
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Fri = g1 ® Dy
Fsm2¢>5 _ h ® H1

h ; describes distribution of transversely polarized quarks in
Iongltudlnally polarized hadron.

g1L can be accessed at low x. Study of k; dependence of gy, is possible.
Is its (k3) equal to that of f;?

HERMES, JLab and COMPASS measure Fj >*S and Fy;

2 = T 53
R S S <

033;»-““ 1 s jﬂ’*‘HH 0; ‘ "
o1 A e U

0.1 . . . . . 01— [ e ——
0 05 0 05 0 05 1

P, (GeV) 0 025 0 025 0 025 05

Jlab CLASS collaboration Avakian et al 2009 preliminary
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Fsin(¢h—¢s) _ fﬁ_ ® Dy Sivers effect
FEn(d>h+¢s) hi ® H1 Collins effect

FlsjinT(3¢>r¢s) _ hf—T ® Hf— FE?-SM)F%) = glj_T ® Dy

Sivers function flLT describes distribution of unpolarised quarks in
transversely polarized hadron.

Transversity h; describes distribution of transversely polarized quarks in
transversely polarized hadron. Survives k| integration.

hLT describes distribution of transversely polarized quarks in transversely
polarized hadron, vanishes under k, integration. th =gy — hy in some
models. Some preliminary data are available from HERMES and
COMPASS.

glLT describes distribution of transversely polarized quarks in a
longitudinally polarized hadron. No experimental data are available!
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The azimuthal asymmetry AZ’;@h*d)S) arises due to Sivers function

A A

1
fopr (X, k1) = fq/p(x,/@)juEAqu/pT(x,kL) S.-(Pxky)
Sivers 90

AZ’;£¢H_¢S) ~ Aqu/pT (X7 kJ_)® Dh/q(z’ pJ‘) J

S. - (P x k) - correlation between the spin and angular momentum
implies non zero contribution < L$9 >0

Data are available from HERMES and COMPASS.

First hints on nonzero sea quark Sivers functions.
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HERMES and COMPASS DATA

HERMES COMPASS

ep — en X, pp = 27.57 GeV. uD — pwX, pap = 160 GeV.
oasf 10 HERMES 2002-2005 o
o1 e [ ™ COMPASS 2003-2004
005 % M . 0.05-
2 g = S
¢ T s [T e
& 0B T F F @ D005k
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w<D ous—@ L / 2 o -
v 0.9
o g 4 4] PR + * .
PP e ___ £ Koo 0 gf w w
Y < .
-Ublu 0102 0304 05 02 04 06 08 0204 0608 1 100 107 10 1 02 0 oo oo R
X P; (GeV) X z P; (GeV)

Ipt — IntX ~ ANy ® Dyjrt >0
Ip' = Im=X ~ 4ANu @ D, - + ANd @ Dy ~ 0
IDT — Int X ~ (ANu+ ANd) ® Dy ~ 0
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HERMES and COMPASS DATA

HERMES COMPASS

ep — eKX, ppp = 27.57 GeV. uD — KX, pap = 160 GeV.
0.2]
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Kaon data allow for light antiquark Sivers function extraction.
M. Anselmino et al 2009

K*(us), K~ (us)
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Sivers functions
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PREDICTIONS

COMPASS on PROTON

up — purX, pap = 160 GeV. preliminary COMPASS data
arXiv:0808.0086
0.5 ™ COMPASS PROTON > 01 ~
oo = _—— ai g
5 |
2 0.1 Y}‘ T 1
& o v F E o5
< [ [ af
0.1 < 0.05/
0.05f w i ua@ TS -
____— \\I — o {§ ‘TII *'Y\f\ t l *f *l T
ruiwa 10° 100 1 02 04 06 08 05 1 15 04 L .
z P; (GeV) 00 107 10 02 04 06 08 05 1 15
X z [ (GeV/c)

Mismatch of COMPASS and HERMES results on Sivers asymmetry
COMPASS data — @2 dependence of the asymmetry. Not supported by
HERMES data. Wider region of Q? at fixed x is needed.
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Constraint on Gluon Sivers Function

Burkardt sum rule

Z/dxd ki ki fopr(x, k) =) (ki) =0

M. Burkardt Phys.Rev.D69:091501,2004

(k9 ) is related to the first moment of the Sivers function.

(ki) = 96738 (MeV) (k{) = —113%5) (MeV)

The sum rule is almost saturated by v and d quarks at Q% = 2.4 GeV?:

(ki) + (k) = —17730 (MeV) (KDY + (k) + (kS) + (KT) =
~14782 (MeV).

thus leaving little room for the gluon Sivers function

—10 < (k) < 48 (MeV)

Agrees with Anselmino et al 06; Brodsky, Gardner 06

But SIDIS measurements cover restricted region in x: 0.01 < x < 0.4

Still to be investigated... EIC will widen the region of x.
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Collins effect: SIDIS and eTe™ annihilation

Collins effect gives rise to azimuthal | Collins effect gives rise to azimuthal
Single Spin Asymmetry asymmetry, g and g Collins func-

é} é) tions are present in the process:
AND T(ZL QZ)
_ = A7q(x, Q2 h/q )
R ANDy a1 (22, Q2)

R.Jacob and P. J. Mulders Nucl

N 5 D. Boer,
@ - Q = A"Dy/q1(z, Q) | Phys. B504 (1997) 345

J. C. Collins, Nucl. Phys. B396 (1993) 161
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Description of the data

sin(pp+o sin(pp+ops+m
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: + L s 4 b ¢0+$
i : Ca ottty - A
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X z P (GeV) X z P; (GeV)
ep — en X, pap = 27.57 GeV. uD — pwX, pap = 160 GeV

M.Anselmino et al, Nucl.Phys.Proc.Suppl.191:98-107,2009
HERMES, M. Diefenthaler, (2007),arXiv:0706.2242
COMPASS, M. Alekseev et al., (2008), Phys.Lett.B673:127-135,2009

Alexei Prokudin JLAB , December 18, 2009 27



Description of the data

Predictions for COMPASS operating on PROTON target

y sin(pp+os+m)
COMPASS AZ’;S(bh-i-(ﬁs—l-ﬂ) COMPASS AUT

o h* COMPASS
preliminary
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Comparison with preliminary
COMPASS data arXiv:0808.0086

Anselmino et al 2009
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Transversity vs. helicity

@ Solid red line — transversity
distribution

ATq(x)

this analysis at Q> = 2.4 GeV?.
@ Solid blue line — Soffer bound

q(x) + Aq(x)

X A u(x)

= 2
©
=] GRV98LO + GRSV98LO
= © Dashed line — helicity

02— e distribution

X
Aq(x)
GRSV98LO
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X Ar u(x)

X Ar d(x)

-0, P —
1 0 02 04 06 08 1

X k| (Gev)

Alexei Prokudin

JLAB , December 18, 2009

This is the extraction of
transversity from existing
experimental data.
Anselmino et al 2009
Aru(x) >0 and
ATd(X) <0

[ATa(x)] <[Ag(x)].
EIC will allow study of
Q? dependence of h;
and provides wider
region of x for tensor
charge extraction.



Transversity, comparison with models

New extraction is close to most models.

O Barone, Calarco, Drago PLB
390 287 (97)

@ Soffer et al. PRD 65 (02)

@ Korotkov et al. EPJC 18
(01)

© Schweitzer et al. PRD 64
(01)

5 © Wakamatsu, PLB B653 (07)

02 04 06 08 1 @ Pasquini et al., PRD 72 (05)

o

Cloet, Bentz and Thomas
PLB 659 (08)

@ Anselmino et al 2009.
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Tensor charges

1
Sq= [ ac(arg-ara)= [
0

A7u=054"3%,

—

0
Ard = —0.23759%2

1
dxArqg

o

o

our result 7A77
1t °
. 2 .
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| | | | |

Alexei Prokudin
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at Q2 = 0.8 GeV?

Quark-diquark model:
Cloet, Bentz and Thomas
PLB 659, 214 (2008), Q@2 =0.4 GeV?

CQSM:

M. Wakamatsu, PLB 653 (2007) 398.

Q2 =10.3 GeV?

Lattice QCD:

M. Gockeler et al.,

Phys.Lett.B627:113-123,2005 ,

Q% =4 GeV?

QCD sum rules:

Han-xin He, Xiang-Dong Ji,

PRD 52:2960-2963,1995, Q2 ~ 1 GeV?

Constituent quark model:

B. Pasquini, M. Pincetti, and

S. Boffi, PRD72(2005)094029 and

PRD76(2007)034020, Q% ~ 0:8 G&V?
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Some snapshots of EIC

EIC /s =20 GeV EIC /s =35 GeV

0.01 <y <0.8,0.1<z<1,Nocut on W? (should we have one
W2 > 10 GeV? to avoid resonance region?) Other SIDIS cuts?
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CONCLUSIONS

@ EIC will be a powerful tool to study parton dynamics and TMDs.
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CONCLUSIONS

@ EIC will be a powerful tool to study parton dynamics and TMDs.

THANK YOU! J*

@ Range of Py will allow to study intermediate region where both
TMD and collinear factorizations are applicable.

o Q2 range at some fixed x will provide information on Q? behaviour
of the asymmetries and Q? evolution of TMDs.

@ Full flavour and spin decomposition of TMDs can be attempted at
EIC.
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