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Outline

Transverse structure of the nucleon and partonic correlations

Introduction

k-effects with unpolarized and polarized target data
*SSA measurements and “puzzles”

*Studies of 3D PDFs at JLab at 6 GeV

*Hard exclusive processes and correlations between
transverse degrees of freedom

*Studies of 3D structure of the nucleon at JLab12 and beyond
Extracting transversity from di-hadron production
Summary
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3D structure of the nucleon

Semi-Inclusive processes and

Hard exclusive processes and spatial

transverse momentum distributions distributions of partons
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Wide kinematic coverage of large acceptance detectors allows studies of
exclusive (GPDs) and semi-inclusive (TMDs) processes providing
complementary information on transverse structure of the nucleon.
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TMD Distributions: Theory

»Classification of TMDs and SIDIS and DY x-sections (Ralston,Soper 1979,
Mulders, Tangerman,Kotzinian 1995)

» The role of final state interactions in SSA (Brodsky et al,Collins 2002)

>Un|versallty of kr-dependent distribution and fragmentation functions. Sign flip
for f,-L, h, L from DY to SIDIS predicted. (Collins,Metz 2003)

»Gauge invariant definition of k;-dependent PDFs (Belitsky,Ji,Yuan 2003)

»Factorization proven for small k; (Ji,Ma,Yuan 2005)

» Complete definition of TMDs (Collins 2011 “Foundation of Perturbative QCD”)

»Evolution of TMDs, (Collins,Aybat,Rogers 2011)
»TMDs on Lattice, (Musch, Haegler et al. 2011)

»Fracture Functions and SIDIS x-sections (Trentadue,Veneziano 1974,
Anselmino, Barone, Kotzinian 2011)

»k;-dependent flavor decomposition (BGMP procedure,2011)
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Generalized Parton Distributions: Theory

»Introduction of GPDs ( D.Mueller et al 1994, X.Ji 1996, Radyushkin 1997)

»Decomposition of the OAM ( X.Ji 1997)

» Factorization for hard exclusive electroproduction of mesons in QCD
(Collins,Frankfurt & Strikman 1996)

» Transversity GPDs (Hoodbhoy & Ji 1998, M. Diehl 2001)

» Transverse space interpretation (Burkardt 2000, Ralston&Pire 2001,
Diehl 2003, Diehl & Haegler (2005)

»GPDs from DVCS and DVMP (Ji 1996, Mueller 2001,VGG 1999)

»GPDs on Lattice, (QCDSF, Haegler et al. 2006)

»GPD (CFF extraction from DVCS data ( D. Mueller, M. Guidal, H. Mutarde,...)
»Accessing transversity GPDs in DVMP ( Liuti&Goldstein 2008, Kroll&Goloskokov 2010)
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k--dependence of TMDs

Directly obtained ETQS
functions are opposite in
sign to those from k
moments “sign
mismatch”

Sivers function extracted
assuming ky distribution is
gaussian
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*With orbital angular momentum TMD can’ t be gaussian
*How to measure k;-dependences of TMDs
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TMD evolution

Up Quark TMD PDF, x = 09

- T l T l T I T
i 1
I Ot = 3 GeV — Q=V24GeV
- = Q=50GeV
o« 1F = Q=9119GeV| —
> - 3
> F
© S
S P N
2 .
& o AR ;
'.Lg E \\ = ~, -
i \ .
i \ ‘.~
\ ’\ i
001 ] | ! | ! | ] | L~
0 1 3 4 5 6
kr(GeV)
Tevatron Energies
JLab Energies matches BNLY fit
matches STM fit

Brock,Landry,Nadolsky,Yuan (2003) (BLNY)

0.1
B 0.01
e
I 0001 |
%

& 0.0001
4

1e-05 |
1e-06

1

1

Q'=v24GeV ——
Q - SGQV -]
Q = 91.19GeV .

z=0.1 8

0

2

M.Anselmino, M. Boglione, U.
D’Alesio, A.Kotzinian, S.Melis, F.
Murgia, A. Prokudin, C.Turk; 2009

Q2 evolution of Sivers asymmetry may be very significant
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SIDIS: partonic cross sections

v = (q¢P)/M o = Fyy + PiF;9sin2¢ 4+ PF; Psing. ..
QQ — (k . k‘/)2
y = (gP)/(kP)
x = Q?/2(qP)

z = (qPy)/(qP)

Transverse momentum of hadrons
in SIDIS provides access to orbital
motion of quarks

Ji,Ma,Yuan Phys.Rev.D71:034005,2005
do™ o< Y7 €2 [ a2k d®prd?l 1w, ko) DYz, 01) SUR) H(Q)8 (2 +Fr+ir—Pr)
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Azimuthal moments in SIDIS

do _
dx dy diy dz dop, def i N

quark polarization
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Extracting the moments

Moments mix in experimental azimuthal distributions

Simplest acceptance -> 1 -+ A COS gb

azimuthal acceptance
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Simultaneous extraction of
moments is important also
because of correlations!
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TMD Distributions: First experiments
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Kaon <cos2¢> @ HERMES
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Dedicated experiments to study TMDs

negative K
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Is there a link between HERMES and BRAHMS Kaon vs pion

moments (K- has the same sign as K+ and nt+, comparable with K+)?
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JLab Experimental Halls
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P--dependence studies at Hall-C

H. Mkrtchyan(DIS2011) 35 ¢
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P--dependence studies at Hall-C

H. Mkrtchyan(DIS2011)
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Data (assuming only valence quarks and only two fragmentation functions
contribute) indicate that k-width of u-quarks is larger than for d-quarks
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HT-distributions in SIDIS

Fsin 0 P o 1Y N er— HT function related to force on the
LU T ¢ N\ quark. Burkardt (2008),Qiu(2011)
N X C.Schill(DIS2011)
HT SSAs comparable at JLab and COMPASS COMPASS °Lil} (25% of 2004 data)
‘o_o_rr/}/}/ minary | ! } i
ing : it 1
LA Vs n W mGohn(Dlszoﬂ) T T N\ 720 NS S SR
) I’I\’I:'IJ,‘HI.\".-\I\’Y | PRELIMINABRX / }
o I = . |.'_.— "4 T ’ o o_lz 0.4 06 o_lso
ooz G- - nwi:l.:f-';. 'S x z
o Vo r—a . IF ] 1 S ‘g” COMPASS °Li0 (25% of 2004 data) }
002f- ' 0.02- I‘-_1,_‘-' ‘:0_05_ prel e ina ry {
04| 0.041- }{+ } }
sl [ 0sf  ——————
,ou““QLA.SAHHIH.AHH posiisi Lo bonn o Lovea Lo
0 010203040506 0 010203 040506
Factorization of higher twists in SIDIS not proved J
To study HT pdfs with dihadron SIDIS (replace H,L with IFF PRD69 (2004) ) H 1

.geff;?son Lab

H. Avakian, CERN, March 29




Forces and binding effects in the partonic medium

T
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Interaction dependent parts «== o
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“Wandzura-Wilczek approximation” is equivalent to settingfunctions with a tilde to zero.
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A, P-dependence  arxiv:1003.4549
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Kotzinian-Mulders Asymmetries
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3He Target Single-Spin Asymmetry in SIDIS

S

2<sin(¢h+¢ )> (Collins)

S

2<sin(¢h-¢ )> (Sivers)

JLab E06-010

" Neutron

| Fit
n ————7] EXp.

AT Preliminary
%—h-
—— Global Fit
anmm LCQM
s N|

0.2

.geffe’\?son Lab

B ANNNNNRNNNRNNSNNNNN NN\ N
M| 777| I 4 ¢ ¢ |j| T | I'|77|77|77|77|7T| P I M
0.1 0.2 0.3 0.4 0.1 0.2 0.3 04
Xpi ij

H. Avakian, CERN, March 29

‘He'(g €'4), h=n",n"

" A "8 |
‘é \¢\ ¢
29) ‘09 @
J J |
~87% ~8% ~1.5%

To extract information on neutron,
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Collins asymmetries
for neutron are not
large, except at x=0.34

Sivers agree with
global fit, and light-
cone quark model.
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Deeply Virtual Compton Scattering

*

Quyqrg” large P)/ P)/ The DVCS amplitude is expressed in terms of Compton Form Factors (CFF) at LO:
Mueller, Ji, Radyushkin low -t process :
(94-96) X+ € / \ x - € te<q HEt) =) el { im [HY(E, €, 1) — HI(—E,€,1)]
q
— === ! 1 1
+ 'P/ dx — H(z,&,t)
P-A/2 GPDs (x, £ ,t) P+A/2 -1 ﬁ_-’L' §+£L'

(similarly for other GPDs)

E=xp/(2-xg) k=-t/4M?

Proton

Polarized beam, unpolarized target (BSA) :
AG, |, ~ sing Im{F, 7+ E(F +F,)3 -kF,E} d¢ |:> Im {“7[1;, j—[p, Ep}

Unpolarized beam, longitudinal target (ITSA) :
AGy; ~ singIm {F, #+E(F +F,)(H + x5/2E) —EKF, E+...}do :> Im{ j[p , ﬂi) !

Polarized beam, longitudinal target (BITSA) :
Aoy ~ (A+Bcosd)Re{F, H+E(F +F,)(H + xz/2E)...} dd :> Re/{ y.[p , ﬂi) )

Unpolarized beam, transverse target (tTSA) :
Acyp ~ cosoIm{k(F,%—F,E) + ..... }d :> Im {}l;), ﬂEp}
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DVCS x-sections from CLAS

CLAS DVCS data sample at 6 GeV

x, = 0.25
Q*=224
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t=045
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epy>e’pry t=(po-ps)?
Radiative corrections and =®
contamination accounted

qualitatively agrees -

with Hall-A 0 90 180 270 ¢ (°) 0 90 180 270 o (9

* In certain region of azimuthal angles the x-section is higher than BH calculations
indicating data may be sensitive to DVCS already in JLab kinematics.
Jefferson Lab H. Avakian, INT, Feb 13




%

E{ SSAs in exclusive pion production

P

v

Transverse Ahmad,Liuti & Goldstein: arXiv:0805.3568
photon matters Gloskokov & Kroll : arXiv:0906.0460
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Recent progress with GPD-based description

Exclusive x® production

— Goloskokov&Kroll , Goldstein&Liuti . Include transversity GPDs H,and &r =2Hr + Er
Dominate in CLAS kinematics. Successfully described data.
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=g SIDIS at JLab12
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GPDs in DVCS experiments at JLab12

Nucleon Sensitivity
polarization to GPDs

E12-06-114 :y, ° (A) proton

UP fI, H, y E12-06-119 :y, x° (B) proton
E12-11-003: y, n° (B) neutron

LP II, I{’ E E12-06-119 :y, n°® (NH;) (B) proton
TP E’ H LOI12-11-105 : y, ° (HD) (B) proton
i own g(x.h )= |"Ji¢ M HOxGE=0,—A%)
Y (2m)

GPD H only contribution

-
[ ® Im H fit result : 6 GeV data
[ = Im H it result : CLAS12 pseudo data
e Limited t range
i ¥ 0.03 0.05 0.1 0.3 x
5— ¢
[ H(x. 1: §=0.2, Q=4 ) .
P $ - extrapolate to £€=0

<> =24 GeV, <xp,>=035
1 | 1 1 . )
-1 0.8 -0.6 -0.49 -0.2 o %08, _ . 0.2
-1 (GeV©) x




In general, 8 GPD quantities accessible

DVCS :
Anticipated
Leading Twist
dominance
already at low Q2

\geff;?son Lab

(Compton Form Factors)

1
Hp. = P/ dr [H(x. &, t) — H(—x,£.8)| CH{(x, £(D)
0

1
EFr. = P/ de [E(x, &, t) — E(—x.&,8)]C T (x,£)(2)
0

Erm = FE(£,&,t) — E(—&,&, 1),
Him=H(£,6.8)+ H(—&.6.t)  and

with

1 1
+

C*(x, &) =

H. Avakian, CERN, March 29

x— & x+ &

Hp. =P [ de|H(x. 6. 8) + H(—gr,{f.t)] C—(z. 43)

Epe =P [ de|EG.c.8)+ E(—x. ¢ t,)] C—(z., £14)

(3
(6)
(N
(8)

©®)
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DVCS with CLAS12 transverse target

P =
<30.5 3 -
oW . W *HERMES
04 Pl a\
- ¥ N
03F o™ }\ nle
0.2 E AN W08 -08
i‘ 5 A -08 0
¥ 08 086
0.1 E[ | o -08
-0 E \ Oo o
- A Ao 08
C 0 0. i
01 sa
-0.2 i_ * 06 086
e magnet system concept -0.3 ;—
b 35 -0.4 E L L | P
?00" r:zgﬁpht:z;e 0 02 04 06 08 1 1.2 14
b r recoi ng t

Moller

Long. correction + containment

0.5-1.0 T Transv.
saddle Coils

The Q?, xB, and t dependences

of the DVCS single and double asymmetries will be
studied in a wide range of kinematics.

Demonstrate capabilities to reconstruct protons

Vector Flelds n

Joeff;?SO" Lab H. Avakian, CERN, March 29



Extraction of GPDS from CLAS12 data

fit the BSA (A_z0) + ITSA (A_0z) + tTSA (A_Ox

with “REALISTIC” resolutions

Obs= Amp(DVC S+BH) S CFFs  +A_0y) + double asymmetries (A_zz+A_zx+A_zy)

M. Guidal

.geffe’\?son Lab
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The full set of Compton Form Factors (CFFs) can be reconstructed,
using the full set of single and double spin asymmetries

H. Avakian, CERN, March 29 30



Forward Time-of-Flight

Drift Chambers

High Threshold
Cerenkov Counter

ol Detector =

Coil Electromagnetic
Calorimeter

Inner
Blectromagnetic
Cullorimeter

Low Threshold
Cerenkov Counter

\geff;?son Lab

CLAS12

v

SIDIS at JLab12

Proton

Hall C

| Quark spin polarization |

Hall A

v

HMS
SHMS

N9 U | T
E12-06-112: r*,rv,n° L E12-09-017: w*,i, KK
£12-09-008: K, KK | | §|| U f h €12-11-102: 0
8 N
£12-07-107: r*, 70, n® 3 1. g hir
£12-09-009: K*,K,K° a 1
3
€12-11-111: e*7e,m® S 11 [ec12-11-108: mire
K*, K- z|| T fl{r g | hy hy | |
| Hy, NH3, HD | [Ha ][ NH,

}

| Quark spin polarization |

}

£12-09-017: mm, KoK | | HMS
C12-11-102:m0 SHMS
SBS-Hall A
D»

A

E10-006: ',
E12-09-018: ¥, K*,K°
SBS

N U L T
E09-008: 1t N
K, K K° 5 £ h,
E07-107: m*, 7, m° 5 1
=R 3| L g hip
&
3 1
S| @ G | e By by
|Quark spin polarization |
N9 U L T
1
s||U | h h
:
|| L
§ :
é T fllT g h hy
H. Avakian, CERN, March 2§te]
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A, P;-dependence in SIDIS (CLAS12)

(LE—13)
2.4 q—T —ZQPQ 0] 2
2q€391(@)D] (2) T (up +22ug) (W +=2413)
Aq(m) o 5 7q =T e D 0D 2
>qeqfi(x)D] " (2) |
M.Anselmino et al
o T hep-ph/0608048
- /\CLAS 5.7 GeV =0. .
0.5 2 SR kT
< CLAS12 =0, _ k7
EIC 4x60 GeV ro j_ _ - fl (z, kr) = f1 (a:)‘xp (

g1 (2, kr) = gl(x)@xp (——T)

D‘{(z,pT)=D1(Z) eXD(— )
WMD :LLD
u2=0.25GeV?
‘ up?=0.2GeV?
01 B B
| : ' Perturbative limit calculations
0 2 0 2 0 2

available for 93 (z, k7)), f1(z, kT):

P. (GeV/c)
J.Zhou, F.Yuan, Z Liang: arXiv:0909.2238

‘A, () sensitive to difference in k; distributions for f, and g,
‘Wide range in P; allows studies of transition from TMD to perturbative approach

Jefferson Lab H. Avakian, CERN, March 29 32



Quark distributions at large k+: lattice

6[ T 2
i 1 k
Dy D <w>N03 [ G (2, kr) = f1(2)—5 exp (—=5)
% 5; --N igl Gaussian 7'(‘,[1,0 ,U,O
|\/4i_\ [??‘[lStl;?Zill errorrt . 1 k%
L 1l model uncertainty
3 91 (x, k1) = g1(z)—=5exp (——5)
~3k \B.Musch et al arXiv:1011.1213 THS 15
&~ N\
Lo X 9.9=Aq=(q*-q’)/2 Higher probability to find a quark anti-aligned
,.-I-§ . with proton spin at large k; and by
LA Si———-—-———-—-—~— S
lﬁl ()i \\\\\ _________
| 00 02 04 06 08 10 12 14 B.Pasquini et al
25T T T T T T T T T T T T T 'e 8 L 'E 1
+:! :\l %
6\ 0.75 [ A
B A -
f/ al 0.5 | /
= I
N 05- 2 B 0.25
~N .
~c
S 0.0 o v v
3 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 0 PR IR SR I 0 PR P ST
ky (GeV) 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
b(fm) b(fm)

Significant correlations of spin and transverse degrees of freedom predicted

Jefferson Lab H. Avakian, CERN, March 29 33



SOLID A, on°3He

N9 U L T
N E12-11-007
U fl hl
| [ g h|l|, 3 g
- — e°He->emX
T | L g |y hy
s ' 2GeV? < Q2<3 GeV? - E
v eV Data
o 4 040<z<045 & @
i . —02 €
. 038 ‘ L5
A | &
arEEE <
1] R — . 0
041 —}— This proposal
i Nl —4— E06010[1108.0489) |
0.2 —— LC-CQM (Pasquini)  |H+0.2
i A seer " | LQ.QDM Direct (Ma) |-
o LT wnse WiAype (Prokudin) |
N L X | T T -
0.1 0.2 0.3 0.4 0.5
X

\geff./e?son Lab

P,(GeV/c)

Emo .
° » 'g
—— This proposal | 10f 48 Q22 bins |
— —— LC-CQM (Pasquini) !
1'2:_ — Looomareatme | 2GeV <Q°<3GeV’ —30'3 ;
4| === WW-type (Prokudin) 040<z<045 E’
B —_0.2 E
o8 First Neutroni &
B % 111 { 3 —0.1
061 (*He) Data :
- i 31%: i i ]
0.4_— T 0
- i s 8 3 1 % . _
0.2__ ; AU :
L figad ! —-0.1
o L ]
L | | PRI TR L
0.1 0.2 0.3 0.4 0.5
X

H. Avakian, CERN, March 29
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E12-07-107: Studies of Spin-Orbit Correlations with Longitudinally Polarized Target

NN U L T . hiD -
L

> sindpy 81 ¢h)
glL h.L dedyddsddndPZ, x St [\/26(1 + €)singpF; ;" + esin(204) Fy; ]

1L
+SLAe [\/ 1—€e2Fpp + meos(d»h)F“’“%)
GroDD @é

0.1 f T T = |
AAAAAA 4AAA++ }
0.05 |- s
0 | ik ,_I, & .
B Y K L | h -
005 | |/ - ) l % T i
e e |1 ]|
0.1 CLAS12 PROJECTED o ] ‘protoln
0 050 x 0950 0.5
¥ A, P;-dependence provides access to helicity dependence
of ky-distributions of quarks

¥ p & d data required for P;-dependence flavor
decomposition

P-r (GeVI C)

JefferSon Lab H. Avakian, CERN, March 29



CLAS12 A,; with transverse proton target

magnet system concept

(Qz) L 1 L }——l I
Stat. error for a 4D analysis
8.50 | of the n* Sivers asymmetry

on proton (x1.5 on D) target

"I

— for recoil tracking

5.75

3.75

Solenoid

LT

Ty

1

HERMES [
05 4 CLAS12 (projefted)

0 0204060 0204086 Aerogel

X

S L ' Curves from hep-ph/0507266
o T7) ~ ) o 7o) N~ ™
e - N ~ ® o™ < 0 & (x) and hep-ph/0507181
o = o o = o o o o o

JefferSon Lab H. Avakian, CERN, March 29 36



From JLab12 to EIC

TLab@12GeV (25/50/75)

—20.1<x;<0.7 : valence quarks

EIC s =140, 50, 15 GeV

=2 104<x;<0.3: gluons and quarks, higher
P and Q2.

ep' e n*X

)
%0508 i JHERMES
°’< - CLAS 12 GeV (predicted)
AEIC 4x60 GeV (predicted)
0.06 - T
0.04 g T \ ' |
II|IIlIIIIIIIIIIIIIIII | I |
Aybat,Prokudin&Rogers
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.02 - ~...‘ ..... A arX|v 1112.4423
e2 rLa pa " o S ‘ ++
02<x<03
Asin(o—¢s) _ 2qCqSir D1 0 - .
T S 279D 10 20
g5 1D Q%(GeV?)

.geff;?son Lab

*Study of high x domain requires high luminosity, low x higher energies
*Wide range in Q? is crucial to study the evolution

*Overlap of EIC and JLab12 in the valence region will be crucial for the TMD program

H. Avakian, CERN, March 29 37




ep—e'nX From JLab12 to JLab50

T \qLl
4 fllT: o )-(®
-I‘e 10 E 0.9<P;<1.1 GeV 10 * |
g 0.5<z<0.6
8 103
10 2
10
1
. ®CLAS 12 GeV (predicted)
2 0.04 !‘f A JLab 50 GeV (predicted)
» =
c 4 0.29<x<0.31 € - )
§ 10 g 0.4<P_<0.5 '6<D Qe
o 0.5<2<0.6 0.03 s
107 "ﬁx
E 0.02 B ...*....A."'A |
102: *+++
g 0.01
0.2<x<0.3
o PRI P R BT ! 0 ‘ | ! |
5 10 15 20 35 230 1 0
Q°(GeV) QZ(GeVZ)

For a given lumi (30min of runtime) and given bin in hadron z and P+, higher energy provides higher counts
and wider coverage in Q?, allowing studies of Q2 evolution of 3D partonic distributions in a wide Q? range.

Jefferéon Lab H. Avakian, CERN, March 29 38




Extracting Sivers function from asymmetries

sin(p—g¢g) __ 2.q ¢ gfl qu

AUT S e2fiD EIC with energy setting of
q°q/1 i Vs = 45 GeV and an

integrated lumi of 4 fb—1

EIC JLab
=  0.01— _ _
5 Extraction based on Gaussian
w0 Sivers, generated and then
» 9
X _0.01- / extracted with assumption of the
~0.02— same shape as used in
/ generation (unclear systematics)
-0.03
-0.04
-0.05"

107° 1072 107"
X

It is crucial to have a well defined, model-independent
procedure for extraction of k;-dependent PDFs.

J,effgm Lab H. Avakian, CERN, March 29
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SIDIS with Bessel weighting

Fyur ==} < / &pr Pky 63 (pr — kyp — Pry/z) w(pr, kr) f(z,p7) D*(2, k),

d*br
(2m)?

8 (zpr + K1 — Pp1) = / et Pyt Kr=Puri)

d|b
Fyur =z, Z / | T||bT|Jo (|br| [Phi]) fi(z,2°bT) Di(z,b7) )\P

N\

T APy |Pa| Ta(Puil br) Ju(1Pat| Br) = —5(br| —Br) = .
h = Fi (. 2203 DI (=, b3,

Fa83) = [ @pre®er f(a,p3) = 2x [ dprllprl Joorlpr) S pd)

d|br| RIANTARYANNYS
= Ty Z / |bT| .]0 Ile |Phl|) giL (I z bT) Dl(z bT) \\\\ _‘»'/_/' \\/\/j}ng ¥,

the formalism in b-space avoids convolutions
eprovides a model independent way to study kinematical dependences of TMD

\geff;?son Lab



SIDIS with Bessel weighting

Fla,b3) = / Ppy PP f(z,ph) = 2 / dipzllpe] Jo(brlipe]) f(z, p2)

2
N 7
x, kr) = e <Fr>
S, k) T < k& >
~ 1 <k2,>b2
Filz,b2) == <k:>Ne — 7

*the data analysis can be performed in the b-space.

.geffe’\?son Lab

< k% >=0.2GeV?

PEFEFETS EPETETATS SPSPETAT SPUPRTETS ASPRT A ST AAr BPAErr B B s
0 01 02 03 04 05 06 0.7 08 09 1

k(GeV)

0.06 |
0.04 |

0.02 |-




Lattice calculations and b-space

(PDFs in terms of Lorenz invariant amplitudes A
‘Musch et al, arXiv:1011.1213)

110
108
106
104
102
. _“0.0
1| (fm)
C, O,
Az 2.0186 + 0.0063 + 0.0008[1.001 £ 0.010 + 0.068
A g 1.0171 £ 0.0064 % 0.0005 | 0.975 4 0.012 + 0.063 .
T
3 S
2 ke =a
1] C202 —Gicoz :
i (kl) = e (/3
M
O.O.I‘OI.2.‘.OT4...01.6.l‘0.8 10

k.| (GeV)

Joeff;?SO" Lab Avakian, JLab Oct 14 42



FAST-MC for CLAS12

SIDIS MC in 8D (X,Y,Z,$,0s,Pr, A7)

Simple model with 10% difference
between f1 (0.2GeV?) and g1
widths with a fixed width for D1

(0.14GeV%) CLAS12 acceptance &
fo(z, k1) = fo(z) 1L 302 reSOIutiQns
mw

€ - -

m(k3) 1
Events in CLAS12

99000 F
Ssoo0 F
Srooo |
6000 F
5000 [
4000
3000 |
2000 [
1000 E
o bt i1,

Lund-MC

Counts

/

Reasonable agreement of kinematic distributions with realistic LUND

L1 A L. DI IAL AA L ra¥al
A i Py -t M. AVAKIAIl, CERIN, IVIAICIT £9
> 'simulation ’ ’
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BGMP: extraction of k-dependent PDFs

Need: project x-section onto Fourier mods in by-space to avoid convolution
Boer, Gamberg, Musch &Prokudin arXiv:1107.5294

o0 do ~0.035 —~ 0.9
/ d|Ppr| [Pny| Jo(|Pry|br]) { — , ] “a - g,
0 dzu dy dC.DS dzh d@h ‘Phi‘d’Phﬂ ~ 0.03 F ~0.85 -
E— ) ?\\ 5 0.8 '_ X=O33 .
k 0 0.025 | = | z=065
& - X _Q"O.75 —
Ni /N7 & 002f X 0.7 -
Junpt N - o 31
unpE (.. _ A : + > o7
SeE (x5, 2, brs) = Y Jo(bri Pra) /mi/ Al vi) Zoos | Y 3065 |-
' 4 - : \ 0.6 |- ¥
acceptance 0.01 1 Tl o
: X 0.55 |- K
.2 2 2 0-005 » *\_ i /,
Az,y) = — : (1 + : A 05 1 oo’
Alz,y) = 2 T . of T peet®
z,y@Q? (1 —¢) 2z, . 0.45 - generated
N _0.005 _1||1||11||1||1||11|| 0.4 |11||1||1||11||11|11
q/. 2 2 q—T 7 2 0 25 5 75 10 0 25 5 75 10
fi(x, 22b3) DI~ (2, b7) b,(GeV™) b,(GeV')
Spol+ Spol—

Au(z,br)/u(z,br) = —

unp-+ unp—
7l_P SP

-the formalism in by-space avoids convolutions — easier to perform a model
independent analysis

sprovides a model independent way to study kinematical dependences of TMD
requires wide range in hadron P

Jefferson Lab H. Avakian, CERN, March 29



BGMP: extraction of k-dependent PDFs

Need: project x-section onto Fourier mods in by-space to avoid convolution
Boer, Gamberg, Musch &Prokudin arXiv:1107.5294

27 o0
, 2J1(|P b do
/ d¢h81n¢h/ d|/Pni||Pn] 1(PuL T|)[ }
0 0

zMp|br| drdydzdgn|Pr|d|Ph |
-~ B ~1.25
N - *x, c P (GEV)
~ 1(1 Ko} S L x T
§ : 2 &% (x Z2bT)H ( )a( ,b%) 4 N2 1generated 3,1.2 A
E—‘O 3 '-‘/ 0115 | -
sin(op — 05 d ) E ' : —
s = Y [ Gl IPus) Mz Fi0 ) ), N | \ = 11 [0-3<x<0.36
o e I " ‘.:1_05 0. 5<.zfd6
Fu=a,) ¢ [ T lbr| Jo(|br| |Phi|) i (z,22b%) Di(z,b3) , ¢ -3 ‘
2 /% LT \ 1 [ :
o) = ,,Z / IbT'IbTI (lbr||Phil) Mz gip”(z,2°b7) Di(zb7) , D ‘:.* 0.95 |- 4|
sin( gy + 219\ 7 9 i 0-9 B ¥
P °~’=rnZe;_/“('!z’;r)'|brl~-m|brile ) My o, 2283) B (2, 83) )i r ves | v
FSZ?""’”’HUZC':?/ d!"_T'leP.JQ<|br|IPhu)MMhz‘zizr“”(mz%%ffr“’<2~b2r)- 10 3 | osl
91"(‘)@!.] |T| 3 1(1) (1) -||||||||||||||l||||| 075_11111111111111111
z, |br|* Ja(|br| | Pri|)MMy2? hyil(z, 220%) Hi Y (2,02) | .
ks v ‘ 0 25 5 75 10 0 25 5 75 10
FZ#”"“‘“’“’%Z";/ (!2/~.T)||brl“~fs(lbrlIPhLI)—M T w220 O 6,8 b,(GeV") br{(GeV")

» With different Bessel weights BGMP provides a model independent way
to extract k-dependences for all TMDs

-!effgon Lat *requires wide range iﬂ. c’(lan gErRN March 29 45




Transversity: single-hadron vs di-hadron

No simple way to extract transversity

sin ﬁ -k
FUT(¢h+¢S) — C [_ ]\/[hT thl_L]

t

ClwfD] =z e / d*pr ky 6®) (pr — ky — Py /2) w(pr kr) f(x,p7) D*(2, k)

Compare single hadron and dihadron SSAs M.Radici

quark

sin(op-+d¢ . ' , ﬁ
Fi.x’T(' Rr0s) =B(y) sin(¢p + ¢s) ‘Mi‘ ha(x) Hy (2, ¢, M)

In dihadron production we deal with the
product of functions instead of convolution

Jefferson Lab H. Avakian, CERN, March 29 46



Dihadron Fragmentation

Z1, 22 - fractions of energy carried by a hadrons

. . + DIFF

~ . —h1,h 2
> v TQRT DIt o R

,i:]; = Jet axis ququ

*Factorization proven
*Evolution known

planned for niK pairs

*Extracted at BELLE for niw pairs,

R = (Pl — P2)/2

Dihadron productions offers exciting possibility to access transversity distribution

Joeff;?SO" Lab H. Avakian, CERN, March 29
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Dihadron production with transversely polarized target

: o = 0.1F
| COMPASS 2010 proton data o e 0 PRD74 (2006) 114007
= 0.1 ®  h'h COMPASS 2010, x>0.032 — <t
= h*h” COMPASS 2010, x<0.032
< O pi'pi HERMES (scaled with 1/Dnn) 0.051
0.05r - - +

0.1+ - -
| | | | | | |
x z M (GeVIc?)
0.
0.
0.
0.
0. f l
i arXiv:1111.3383
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

X

o

Significant asymmetries observed at HERMES and COMPASS
Large acceptance of CLAS12 makes dihadron production a perfect tool to extract transversity




Dihadron Fragmentation

oo Q°=1GeV* Significant DiFF published by BELLE
Oe- T T T T T
2=0.25 arXiv:1202.0323 D . .
e — - A.Courtoy s oo
M,=10 GeV == =
4.0e-01 | - 20001
.Oe-
=
= _ \
2.0e-01 V4 N . 50601 | P —————— .
\ - —— =
\
0.0e+00 =1 . L L . L 0.0e+00 . . .
04 06 08 10 12 1.4 oo 04 0.6 0.8

Bly) IR| = 2. e2 h{(x) Hy 2 (2, Mp)
A(y) A[h * Zq Gg ff(l) Dtll,ss—l—pp(‘?,ﬂfh)

A?}I}(M—Hj}s)sme (z,y, 2, My, Q) =—

g , o .,
(2 GeV?) /0 (100 GeV?) = 92% + 8%
'NDl ‘nle

* Evolution effects small for DiFF/D,

* DiFF represent the easiest way to measure the polarization of a fragmenting quark
* DiFF contain information on interferences between different channels (e.g., rho and
continuum), which cannot be encoded in MC generators based on the Lund model

J,effgm Lab H. Avakian, CERN, March 29
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Dihadron production with CLAS12

[ Distribution of x_F (") vs. XF &) | 100 days of transversely

1.5

x_F (t~-)

polarized HD (proton)

13,

4eff;?s°" Lab H. Avakian, CERN, March 29

: !1:
§ £ _
- £0.15 T
- =1l 5 | acLAS12
B <0_125 | (projected) i
- g ’
N 0.1 | -
- —6( 0.075 | -
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CLAS12 will provide precision measurements of single target
asymmetries in dihadron pair production in SIDIS
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Dihadron production with CLAS12
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100 days of transversely polarized HD will allow
precision measurement of the transversity distribution.
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Summary

Current JLab data are consistent with a partonic picture:

- The data consistent with factorization (no x/z-dependence
observed in single and double spin asymmetry measurements).

- Measured spin and azimuthal asymmetries asymmetries (<sing>,
<sin(¢p+/ -¢5§,>,<sin2¢>, ..), are in agreement with theory
predictions and measurements at higher energies

Measurements of azimuthal dependences of double and single spin
asymmetries in SIDIS indicate that there are significant
correlations between spin and transverse distribution of quarks.

Sizable higher twist asymmetries measured both in SIDIS and
exclusive production indicate the quark-gluon correlations may be
significant at moderate QZ.

k+-dependent flavor decomposition is required to extract the PDFs
in multidimensional space in a model independent way

Measurements of TMDs at Jlab & JLab12 in the valence region will

provide important input into the global analysis of Transverse Momentum
Distributions (involving HERMES, COMPASS,RHIC,BELLE,BABAR)
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TMDs from different experiments

COMPASS 2010 proton data
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Data suggests Q2 evolution of
Sivers function may be significant
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Studies of the Sivers asymmetry with CLAS12

Replace the central
detector with
the transverse target
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Higher luminosity with 4.2T
magnet will provide comparable

to full acceptance coverage up to
6 GeV in Q2.
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Model predictions: transverse target
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*Models agree on a large target SSA for 7Tt pair production
*Deuteron target measurements provide complementary information on flavor dependence

H. Avakian, CERN, March 29
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TMD Correlation Functions in other experiments
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Hard Scattering Processes: Kinematics Coverage

JLab@12GeV (25/50/75)
—0.1<x;4<0.7 : valence quarks
EIC s =140, 50, 15 GeV

=2 10%<x,<0.3: gluons and quarks, higher

2
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*Study of high x domain requires high luminosity, low x higher energies
*Wide range in Q? is crucial to study the evolution

*Overlap of EIC and JLab12 in the valence region will be crucial for the TMD program

H. Avakian, CERN, March 29
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Model predictions: transverse target
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*Models agree on a large target SSA for 7Tt pair production
*Deuteron target measurements provide complementary information on flavor dependence
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Transverse Momentum Dependent (TMD) Distributions

GTMD/Wigner distribution

q_Boer-
Mulders
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pretzelosity

Transverse Momentum Distributions (TMDs) of partons describe the
distribution of quarks and gluons in a nucleon with respect to x and the
intrinsic transverse momentum k; carried by the quarks
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H. Avakian, CERN, March 29

61



SIDIS (y*p—nX) : k;-dependences
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BM TMD under intensive studies worldwide, including SIDIS
and DY experiments, model calculations, lattice simulations.
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Studies of the Sivers asymmetry with CLAS12
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the transverse target
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to full acceptance coverage up to
6 GeV in Q2.
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SSA at large X¢
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ep—e’nX Kinematic coverage
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Wider x range allow studies of transverse Wider P+ range will be important in
distributions of sea quarks and gluons extraction of ky-dependences of PDFs

For a given lumi (30min of runtime with 10°) and given bin in hadron z and P+,
higher energy provides higher counts and wider coverage in x and P+ to allow
studies of correlations between longitudinal and transverse degrees of freedom

Jefferson Lab H. Avakian, CERN, March 29 65



TMD PDF, Complete Definition: (Ted Rogers- Spin Session)
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Transverse Momentum
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Distributions (TMDs) of Y

partons describe the “Unsubtracted”
distribution of quarks and S ed U

gluons in a nucleon with
respect to x and the intrinsic
transverse momentum k; (or
the Fourier transform b)

carried by the quarks Foundations of Perturbative QCD, ]J.C. Collins.

_J/

Implements Subtractions/Cancellations

(available May 2011)

Jefferson Lab H. Avakian, CERN, March 29 66



Evolving TMD PDFs

(Ted Rogers- Spin Session)

Up Quark TMD PDF, x = .09
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(Landry et al, (2003))
(Drell-Yan)
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Dihadron production with CLAS12

Use the clasDIS (LUND based) aenerator + FASTMC to studv JUJU pairs
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Dihadron sample defined by SIDIS cuts+x->0 (CFR) for both hadrons
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Sivers and Boer-Mulders with Lattice QCD

first exploratory lattice studies

.. employ(ed) a straight gauge link
[HAGLER,BM, ET AL. EPL (’09) and arXiv:1011.1213]

0
¢ /
= No T-odd TMDs

= probably only qualitatively related to
TMDs for SIDIS and Drell-Yan

—_

(Bernhard Musch- Future of DIS Session)

Lattice studies for TMDs as in SIDIS or Drell-Yan are possible

o for ratios of Fourier-transformed TMDs

o using space-like Wilson lines
as in [AYBAT, ROGERS arXiv:1101.5057 (2011)]
and J. Collins” book (to be published)

»
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3D structure of the nucleon

Semi-Inclusive processes and transverse momentum distributions

X
U L T
Ul fi hi
z
L giL hf‘L

T (flLT i | hishir

04

-04

,up O-

-04 —-02 00 02 04
kx (GeV)

down

v4

Pasquini & Yuan

Z04 —02 00 02 04

byfm)

06

vh vliL| T
UlH £
z =R L H
H1(z,¢,1) J@u‘EP i N ) WS
H  Hy Ep By

by(fm)

Wide kinematic coverage of large acceptance detectors allows studies of
exclusive (GPDs) and semi-inclusive (TMDs) processes providing
complementary information on transverse structure of nucleon

Jefferson Lab H. Avakian, CERN, March 29

-06-04-02 0 02 04 06
b,[fm]

(QCDSF)
70



3D structure of the nucleon

Semi-Inclusive processes and transverse momentum distributions ™ e
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Wide kinematic coverage of large acceptance detectors allows studies of -
exclusive (GPDs) and semi-inclusive (TMDs) processes providing (QCDSF)
complementary information on transverse structure of nucleon 71
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o




Bessel Weighted Asymmetries (Leonard Gamberg- DIS2011)

® Propose generalize Bessel Weights-"BW”

® BW procedure has advantages

Pp| . |
Wisivers = Lig 3 sin(¢n — ¢s) @ Introduces a free parameter By [GeV '] that

A\[ . : 1
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‘ 11 al0
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aeg f{l(o) 1) D<1l(0) )

wy = 2]1(‘Phi‘BT)/ZA[BT

Undefined wlo regularization
fo subtract infinite contribution at
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Ut B 2 fa(p »2182) Ne(s 132
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fi, f#l), and D; are Fourier Transf. of TMDs/FFs

Provide access to k-dependence of TMDs

Jefferson Lab H. Avakian, CERN, March 29 2



CLAS configuration with longitudinally pol. target

Longitudinally polarized target
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Beam SSA: A, from CLAS @ JLab
A?}ri(b ~ g D1(2)

Photon Sivers Effect Afanasev & Asm ¢ ~ hl (gj)E'(z)
Carlson, Metz & Schlegel

- Beam SSA from initial
= CLAST distribution (Boer-Mulders
. L
i OLks TMD) F.Yuan using h,
: from MIT bag model
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No leading twist contributions: provides access to quark-gluon correlations
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Quark distributions at large k;: models
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Flavor-dependent azimuthal modulations in unpolarized SIDIS cross

section at HERMES Marco Contalbrigo
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Collins effect

N : .
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h]_ Hl

—}—» page ( ( - direction )
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-—.
¢¢¢¢¢

to the leading pion(into

the page)
- o )
. Sub-leading pion opposite H; %" > Hi YT
d’ to leading (double kick
;! into the page)

If unfavored Collins fragmentation dominates
measured nt- vs w+, why K- vs K+ is different?

H. Avakian, CERN, March 29
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Acos 20

Acos 2¢

Boer-Mulders function extraction by:
Barone, Melis and Prokudin Phys. Rev. D81 (2010) 114026
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SIDIS (y*p—mX) : Transversely polarized target

*Azimuthal moments in pion production in SIDIS N9 UL T
*sin(¢ —¢ g) (Sivers function f,—) and relation with GPDs| v | & by
*sin(¢ +¢ g) (Collins function H,™ and transversity h,) L 2, | b
*sin(3¢ -¢ 5) (Collins function H,™ and pretzelosity h,;) |« \ij/ g,r |l hiy

Pasquini and Yuan, Phys.Rev.D81:114013,2010

f;3(GeV™2

Jefferson Lab H. Avakian, CERN, March 29 9



A, — Py dependence
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nt A, suggests broader ks distributions for f; than for g,

v é! may require non-Gaussian k;-dependence for different helicities and/or flavors
cirerson Lab H. Avakian, CERN, March 29 i




SIDIS 1n target fragmentation region o
Aram Kotzinian

#TEFR (based on M.Anselmino, V.Barone and AK,
arXiv:1102.4214; PLB 699 (2011) 108)

Hadronization in SIDIS

S % -
i [ ’i ',"
D, 7
TFR ;
/ %

I

SIDIS: TFR

o)

7*(q)
/ S 1
q(K'.s") ; .'i
- > S / CFR

— - I
X / T

r. Lz -

Li Dh

do_f(l,/l)+N(PN S)=L()+h(P)+X X. < 0 a,zx
2 2 &7 )= 4(1+(1‘-V)2)Ze§x
dxdQ d¢,d{d P, yQ p
i o | ]
M (x.8 B} )= S, ~=My (x.¢ B )sing, = 00 +

h

LO cross-section in TFR
X

A’Dll(y)(SLAML(x’;’B'z)+ST£AM; (x’é/’PTZ)COS((bh _¢S)}

m,

81

@ The ideal place to test the fracture functions factorization and measure these new
functions are JLab12 and EIC facilities with full coverage of phase space
.geff;?son LaD




HT-distributions and dihadron SIDIS

Compare single hadron and dihadron SSAs

M o 1 Nl
Vo ze(x) HY (2, My) + = fi(z) G (2,¢,

M 1 Only 2 terms with common

17 The(e) H; (2, MP) + — gy (x) G (2, ¢, M7) | unknown HT G~ term!
Mp, 2

. . Projections for
Aurore Courtoy/Anselm Voosen - Spin session (m+K-) (K+xr") for 580 fb-

electron » 0.04 ? X. 1 1 4 242 &
~ .02 . .

E.m arXiv: 04.2425 |:..}

-0.02F 0.001f—

0.04F i WO oy
-0.06 v o ¥
-0.0B

-0.1 f— v -0.001f—
012 1.10 GeVic® < m, < 1.50 GeV/c’ 000z
-0.14F

BRSO WRSCCE WO WCE OO WO BCOCEOR e e
0.2 0.3 0.4 05 08 07 08 09 08 1 12

z'I Mlnv [GeV]

*Higher twists in dihadron SIDIS collinear (no problem with factorization)

*Bell can measure K+x- dihadrensfragmentrtiondunetions 82
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Transverse momentum distributions of partons

NJL model H. Matevosyan et al. arXiv:1011.1052 [hep-ph]

ALL

.geffe?son Lab

(PF) ~ z2(kT) + (pT)

Transverse momentum
distributions in hadronization
may be flavor dependent

=> measurements of different
final state hadrons required

ep—e'KX

| A CLAS12

K

K-

H. Avakian, CERN, March 29

0.5 1 1.5
P, (GeV/c)
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Collins effect: from asymmetries to distributions

N9 U L T
u|h P need Hf—
| hILL
f]_J:F v‘[ LT
\J
__ Sin2¢ _cos2¢
=%yL %UuUu >
u/ K+ u/K— K+ K—
BYTE gy AT - )+ (R T - )

Combined analysis of Collins fragmentation asymmetries from proton
and deuteron and for = and K may provide independent to e*e
(BELLE/BABAR) information on the underlying Collins function.

J,effgm Lab H. Avakian, CERN, March 29
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Chiral odd HT-distribution

How can we separate the HT contributions?

sin ¢ Sin ¢ ¢ty
Fro™ fur Fr s
) X
HT function related to force on
the quark. M.Burkardt (2008)
Compare single hadron and dihadron SSAs M.Radici hy
I .
M - 1 Nl
rve(x) H (2, Mi) + — f1(z) GF(2,¢, |
M, 2
v ) Only 2 terms with common
iT why(z) HE (2,6, M?) + = g1 (2) G9(2, ¢, M?) | unknown HT G~ term!
M p 2
85

J,effgm Lab H. Avakian, CERN, March 29



(arbitrary units)
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Nuclear broadening Hadronic PT-distriutions
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Large PT may have significant nuclear contribution

.geff;\?son Lab

H. Avakian, CERN, March 29
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Azimuthal moments with unpolarized target

quark polarization

N/q| U T N/q| U 1
U |(f1) hi U | J° he
L | X hi; L / fi hy,er
T | fi& hy hi fr, I7 hr,er, b, er
Acosqb - th D+ - ﬁfoDl
Uu 1 z My, \
V] /AT T LD N B -
U ((DY| Df Dr, Dy U | Dy Dir
<
T H,E HL7EL HTaETaH%7E%_ T Hf_ Hlj_L Hl HlJ_T

.geffei?son Lab

H. Avakidme BN 28larch 29
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Azimuthal moments with unpolarized target

quark polarization

N/q[ U L Nja| U !
U fl (@f) U fJ_ P h’e
L LLE[L L [J: // hLaeL
T | /% hi hL, T | fr.ft 2801 | brer, b e
H
ASS? ~ —hix + ahHi
/Z N\
[ U [ 1 T AL D
U | DT | D} Dr, Dy D, Dy
el N\
T (1Y |Hy. B, | Hr, Er, Hi B} T | H | H} |Hy Hiy

J,effE?SO" Lab H. AvakifrelCERM 28larch 29



SSA with unpolarized target

quark polarization

N/q| U T N/q| U !
U (fD hi U - P h,e
I \< hiLL L fL/, h, ey
T fﬁ hl ]’Lf‘T T 7f7J; hTaeTah%ve%
1 /
sing My, G
il U | L T a/hU | L .
U | DX | DI Dy, DX U | Dy Dy
T H,E HL7EL HTaETaH’ZLUE%_ T Hf_ Hlj_L Hl HlJ_T

J,effE?SO" Lab H. AvakifrelCERM 28larch 29



SSA with unpolarized target

quark polarization

N/q[ U L Nja| U !
U f (@f U - }e
I WL L 3 _~hyep
T ﬁ h]_ ]’Lf‘T T fT,qu; hT,@T,h%,e%
Sin ¢ 'LE 1
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U | D" | B Dr. Dy X | Da Dy
v N
N
T P(E HL7EL HTaETaH’ZLUE%_ T Hf_ HlJ_L Hl HlJ_T

.geffe’\?son Lab

H. Avakidme BN 28larch 29
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SSA with long. polarized target

quark polarization

N/q| U T N/qg| U T
U | fi | | = U | f* h,e
L Qv) hiLL L y; [J; hL,GL
T 1JC_F / hl hf_T T//fTafYJ; hTaeTah%ve%
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gh| U |/ L T a/™N, U | L T
U | DI/ D? Dr, D3 U | D, Diy
T :g Hy,E; | Hy, B, H: E7 T | Hi | Hj | Hy Hiy

J,effgm Lab H. Avakian, CERN, March 29



SSA with long. polarized target

quark polarization

N/q| U T N/q| U T

U | f e U | e

L ’@ii) L [J; hL,GL
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J,effE?SO" Lab H. Avakian, CERN, March 29
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SSA with unpolarized target

quark polarization

N/q| U T N/q| U T
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.geffe’\?son Lab

H. Avakian, CERN, March 29
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SSA with unpolarized target

quark polarization

N/q| U T N/q| U T
U f; hy U - h,e
L hl L [J: % hLaeL
T 7 1 T | fr.f3/ hr,er, hz, et
. ) /
COS hy 1l 1
gh| U | T Q/h\xg L DTL
U | DX | /DL Dr, D% U | Dy A
/f
T 7E HLaEL HTaETaH’ZLUE%_ T Hi]_ Hlji H1 Hlj_T
—/

.geffe’\?son Lab

H. Avakian, CERN, March 29
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Twist-3 PDFs : “new testament’

J)effezm‘ Lab H. Avakian, CERN, March 29



Quark distributions at large k-

0.24<X;<0.30 0.4<Z <0.7
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Higher probability to find a
hadron at large P+ in nuclei

.geffei?son Lab

H. Avakian, CERN, March 29

bigger effect at large z

Pr=pL+z)k;

I ® 0.1<z<0.3
[ W 0.3<z<05
[ A 05<z<07
L ¥ 0.7<2<0.9 féf

k-distributions may be
wider in nuclei?
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SIDIS (y*p->nX) x-section at leading twist

2 TMD PDFs

do 4drcs

da:dyddeﬁh B Q4 (1 =3 +y2/2)FUU EEE— lel

—z(1 —y) COS(2¢)F5%52¢] ——— h{—HJ—

. ] 1
h h
i~ N [
§ 20.06 | ® HERMES (preliminary) L
<< | O COMPASS (prliminary) I\‘gj s
0.04 ™ CLAS R

onzﬁﬂ ++J

i -~ I \’/
0 <+ . ::1::: - -!+
BE; . I o
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-0.04 |- ;
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X

*Measure Boer-Mulders distribution functions and probe the polarized fragmentation function
*Measurements from different experiments consistent

4eff;?s°" Lab H. Avakian, CERN, March 29
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Single hadron production in hard scattering | x>0 (current fragmentation)

/& EE |

X<0 (target fragmentation) 'ﬂ
f X -

momentum
in the CM frame

Target fragmentation Current fragmentation

semi-inclusive exclusive

semi-exclusive

FF h h
h ‘ | f\ I DA DA
- ———_PDF — PDF GPD —

| |
-1 0 T X

Fracture Functions kK-dependent PDFs Generalized PDFs

Wide kinematic coverage of large acceptance detectors allows studies

of hadronization both in the target and current fragmentation regions
Jefrersorrrap H. Avakian, CERN, March 29

98



Collins effect

-
- " ~.

/./‘_ \,\ J-[:+
Simple string fragmentation (] “ad (VA
: a5

for pions (Artru model) -+ ;

L /!

-----

O production may
produce an opposite
sign Ay

leading pion out of

page

hy H0
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1

n(into page)
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Hy ~ —5Hi

J,effe"%m Lab H. Avakian, CERN, March 29

Fraction of p in % left from enxX hep-ph/9606390
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Fraction of direct kaons may § o3 o
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Sivers effect in the target fragmentation

A.Kotzinian
7T 7T P
aCLAS1Z
— 0.1 |- — — —
z A *A
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o 2 A S
A A
A A ~
|, JoR .
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High statistics of CLAS12 will allow studies of kinematic
dependences of the Sivers effect in target fragmentation region

.geffe?son Lab

H. Avakian, CERN, March 29 100



hep:arXiv-09092238

The k) -even TMD quark distribution functions, fi(xz, k1), gip(z, k1), and hy(z, k|
be calculated from the associated integrated quark distributions [23]%. For the non-s
contributions, they are expressed as [23],

ag 1 dx 1 4 £2 o 72 (2
filzp, k1) = 55=CF Tfl(:l‘) [%4—0(1—5) (ln E_g —1)].

2m* k3 (1—=%)+ k?
- as 1 dx 1—{—52 l%(z
qiL(zp, k1) = 9W2§CP —q1L(z) [(1 o0, +0(1-¢) (hl =——1
ag 1 T 2 Th
h(ep k) = = —p | Zhe) |—=— 4 51— ¢) (1
ulzs, k1) 27772 Fl filz) [(1_£)+ +o(1-¢) (n 9 )]
where the color factor Cp = (N?—1)/2N, with N, = 3, £ = 2p/x and (? = (2v-P)? /v2.

Joeff;?SO" Lab H. Avakian, CERN, March 29
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TMDs: QCD based predictions

N9 U L T
Large-x limit - hi
L | nY
T | =3 h, h?)
Brodsky & Yuan (2006) o Burkardt (2007)
fir ~ (1 —a)* hi~(1—x)3 hip~(1-2)°

Large-Nc limit (Pobilitsa) flLu > 0, flLd > 0 hf“ < 0, hfd <0

Do not change sign (isoscalar)

J ]J__jzy < 0, ff‘jgl > (O  All others change sign

u—d (isovector)

Jefferson Lab H. Avakian, CERN, March 29 102



The Multi-Hall SIDIS Program at 12 GeV

H. Avakian, F. Benmokhtar, J-P. Chen, R. Ent, K. Griffioen, K. Hafidi, J. Huang, K. Joo, N.
Kalantarians, M. Mirazita, H. Mkrtchyan, A. Prokudin, X. Qian, Y. Qiang, B. Wojtsekhowski

for the Jlab SIDIS working group

Inclusive and semi-inclusive deep inelastic scattering (DIS and SIDIS) are
important tools for understanding the structure of nucleons and nuclei.

*Spin asymmetries in polarized SIDIS are directly related to transverse
momentum dependent parton distributions (TMDs) and fragmentation functions,
and are the subject of intense theoretical and experimental study.

*The TMDs, which depend also on the intrinsic transverse momentum of the

parton, ki, provide a three-dimensional partonic picture of the nucleon in
momentum space.

*Measurements with pions and kaons in the final state will provide important
information on the hadronization mechanism in general and on the role of spin-
orbit correlations in the fragmentation in particular.

J,effe"%m Lab H. Avakian, CERN, March 29 103



