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Collinear parton distributions

Strong interactions decrease at short distances (large

Q?) and partons can be considered free. Long living T
partonic state k? ~ 0 is needed to ensure interaction | }
on a parton.
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where fa/p(a:,QQ) is parton distribution function, describes the probability to
find a parton “a” that carries fraction x of the proton momentum.
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Collinear parton distributions
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where fa/p(a:,Q2) is parton distribution function, describes the probability to
find a parton “a” that carries fraction x of the proton momentum.
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Factorization theorem

Factorization theorem separates short and long distances, hard and soft part.

q q
Lkra "R
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N H1and ZEUS
= Q*= 19Gev?
Hard part is calculated perturbatively 04—y’ “T E:L:T:;‘
Soft part contains parton distribution functions .| B pramcizaionun

that can be extracted from experimental data.
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Parton intrinsic motion

Partons are confined inside the proton. Thus they have intrinsic transverse
motion (kr) ~ 1/R there R ~ 1 fm. We can expect

(k) ~ 300 MeV. Transverse component does not change if we boost the
proton along Z.

/// ) \\
/ kT
/ \
| / 7
N

: P~ (P*,07,07)
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where P* = N

2

ke~ (zPt, —L_ kr)~zP+k
(l‘ 9 21’P+7 T) T + T
k* ~2kTk™ — k% =0, k~ is suppressed.
Transverse Momentum Dependent (TMD) distributions depend both on z
and kr and kr dependence is very important for understanding spin structure of

the proton and the spin phenomena in Semi Inclusive DIS.
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Collinear and TMD factorizations

TMD factorization describes the structure of the hadron in terms of Transverse
Momentum Dependent distribution functions and valid for Pr ~ Agcp << Q)
while

Collinear factorization employs multyparton correlators, in particular twist-three
Qiu-Sterman matrix elements, and Pr ~ Q) >> Agep.

TMD factorization Collinear factorization
LS £ & )

q7 \
E k
P T P
> >
Ji, Ma, Yuan 2005 Collins, Soper, Sterman 1982; Qiu, Sterman 2000

do o<y / fopp(@ ki) ®o @ D)(z,p1) @SSP (Pur — 2k —pi —£1)
g
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Quark-quark Correlator and TMDs
AR

-
4
B0, P.5) = [ 1RSI OWO. ) (OIP.S)

Mulders, Tangerman 95; Goeke, Metz, Schlegel 05, Bacchetta et al 07
Gauge link W(0,&|n") ensures gauge invariance of the correlator. Gauge link

direction change in SIDIS and DY and provides non trivial relation among T-odd
functions. TMD distribution functions can be found via p~ integration

o(pr, P, S) = /dp*CID(p,P7 S)|$:ZB
Dirac decomposition is done by projecting onto the basis of Dirac matrices

ol (pp, P, S) = %TT(‘I)(ppP, S\
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Quark-quark Correlator and TMDs
AR

-
4
B0, P.5) = [ S SPSITOWO.En ) OIP.S)

Mulders, Tangerman 95; Goeke, Metz, Schlegel 05, Bacchetta et al 07
Twist-2 decomposition (= leading terms in PT expansion) contains 8 functions:

ij
€ PTi ST

M flJ_T(‘rap%)

q)[’7+](pT’P, S) = fl(xap%) -

+ pr - S
o) (pr, P,.8) = Spgur(x,pF) — = gir (¢, PT)

ij
ErPT;
M

PTPr —1/2P797 ¢ 41
M2 Tj'ir

ol ") (pr, P, 5) = SZTh1+SLpMThfL— hi

“Amsterdam notation” is used for the TMDs
Kotzinian 95; Mulders, Tangerman 96; Barone, Drago, Ratcliffe 02; Bacchetta et al 07; Anselmino
et al 06
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Transverse Momentum Dependent distributions

Spin structure of spin-1/2 nucleon is described by 8 TMDs. Each of them
depend on two indipendent variables = and k| .

q
N U L T
U ﬁl ) - Kotzinian 1995;
Mulders, Tangerman 1995; Boer and
L
L & l—glE Mulders 1997; Bacchetta et al 2007
. +
T ﬁ g |y By

t time-reversal odd

Plot courtesy of B. Musch

T-odd TMDs — Sivers and Boer-Mulders functions survive due to Final State
Interactions.
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Polarised Semi Inclusive Deep Inelastic Scattering

Asymmetry in v*p cm frame of {p — ('hX

TMD functions can be studied in asymmetries
do! — do!

Ayr = — %9
YT T(do! + do)

Unpolarised electron beam, Transversely polarised
proton. Azimuthal dependence on ®; and ®g singles
out different combinations.

Contributions at leading twist

do! —do! x flLT ® do ® Dy yq sin(¢n — ¢s) + Kotzinian 1995;

g Mulders, Tangerman 1995; Boer and
Sivers effect &

+h® AGT ® HlL Sill(éh + OS) + Mulders 1997; Bacchetta et al 2007

Collins effect

AFoce
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Sivers function: process dependence

Sivers function Sivers 1990 can be measured in both SIDIS and DY processes.

S (Pxk
e (ks 8) = i) = Z IR g g
s -
Drell Yan ATB — [T~ X —_——
AGR®O ) o DY (2 k)8 fplapy) |
i Y
_f /'h(z\’&x \
siois (P! — ('hX o, (R
Asin(dr—ds) FESIDIS (o k)@ Dy jo(2,p1) . oW P
urT iy vl h/q JDLJ > g 5
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Modified universality

Sivers function is process dependent. Collins 2002

LDY _ _ fLSIDIS
iw = —Jir J

Let’s consider a simple model of Final State Interactions as in Brodsky, Hwang,
Schmidt 2002,
proton = quark® + antiquark™

SIDIS - attractive DY - repulsive
e Experimental test of this relation is fundamental for our understanding of the
origin of the correlation between parton angular momentum and the spin of the
proton and the gauge link formalism itself.
Experimental DY data are not available, experiments are planned.
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TRANSVERSITY

Helicity distribution: }):i }lji
+ positive helicity and - negative helicity.

g1 = h1 in non-relativistic limit.
In helicity basis [1(])) = —5(/+) £i[-))
Transversity is a chiral-odd function. _'/&
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TRANSVERSITY
Transversity cannot be studied in DIS as QED o+ -
and QCD interactions conserve helicity up to ] ; E

corrections O(m,/E). I
+ 27 - i* - X-
Transversity can be measured if coupled with |
another chiral-odd function. This can be done 711(;//\—\;[‘5
in Semi Inclusive DIS (SIDIS), quark fragments i
into unpolarised hadron. It couples to so called + b .
Collins Fragmentation function that describes 7 o {
how a polarised quark fragments into + | -
unpolarised hadron. P
> _gon
Ay
to study transversity is proton 7 -/ i,, \+ )
- antiproton double spin asymmetry at GSI > i

AN o< hyyp(z)hg p(). S
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How to measure transversity? SIDIS and e*e™ annihilation

Collins effect gives rise to azimuthal Sin-
gle Spin Asymmetry

é} - é} = Arq(z, Q%)

@ = AA“VD/I,/(]'T (Z, Q2)

T

Alexei Prokudin

Collins effect gives rise to azimuthal
asymmetry, ¢ and ¢ Collins functions
are present in the process:

AH’Dh/qW (21,Q%)

AR Dh /a1 (22, Q?)

D. Boer, R.Jacob and P. J. Mulders Nucl. Phys.
B504 (1997) 345




Experimental data
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HERMES, M. Diefenthaler, (2007),arXiv:0706.2242
COMPASS, M. Alekseev et al., (2008), Phys.Lett.B673:127-135,2009
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Description of the data

Predictions for COMPASS operating on PROTON target
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Comparison with preliminary
COMPASS data arXiv:0808.0086

Anselmino et al 2009
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Transversity vs. helicity

X A u(x)

x A d(x)

-0.15—

Alexei Prokudin

@ Solid red line — transversity
distribution

Arq(x)

this analysis at Q% = 2.4 GeV2.
@ Solid blue line — Soffer bound
q(z) + Aq(x)
2

GRV98LO + GRSV98LO
© Dashed line — helicity distribution

|Arg(z)| <

Ag(w)

GRSV98LO
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This is the extraction of
transversity from existing
experimental data.
Anselmino et al 2009
Apu(z) >0 and

Apd(z) <0

|Arq(x)] < |Aq(x)].

JLab @ 12 GeV will provide
wider region of x for tensor
charge extraction.



Transversity, comparison with models

New extraction is close to most models.

= 05 @ Barone, Calarco, Drago PLB
o 390 287 (97)
=0 Q@ Soffer et al. PRD 65 (02)

x 03 @ Korotkov et al. EPJC 18 (01)
0z © Schweitzer et al. PRD 64 (01)
0.1y Q@ Wakamatsu, PLB B653 (07)

OR @ Pasquini et al., PRD 72 (05)
-0.1 L L L ‘ @ Cloet, Bentz and Thomas PLB
02 04 06 08 1 659 (08)
X @ Bacchetta , Conti, Radici, (08)
@ Anselmino et al 2009.
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Tensor charges

1 1
(5Tq = / dx (hlq — hlq) = / dx hlq
Spu = 0.547099 67d = —0.237592 at Q% = 0.8 GeV?

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

Q@ CQSM:

M. Wakamatsu, PLB 653 (2007) 398.
L ° 1t . Q* =0.3 Gev?
(3] Lattlce QCD:
2 . Gockeler et al.
PhyS.Lett.B627.113 123,2005 ,
Q? =4 GeV?

i o 5t < @ QCD sum rules:

Han-xin He, Xiang-Dong Ji,
PRD 52:2960-2963,1995, Q% ~ 1 GeV?

@ Constituent quark model:

B. Pasquini, M. Pincetti, and S. Boffi,
r o 3| ° PRD72(2005) 094029 and PRD76(2007)034020,
L 0 1 Q% ~ 0.8 Gev?

o ourresult I —

Spin-flavour SU(6) symmetry
L. Gamberg, G. Goldstein,
o, u 6, d Phys.Rev.Lett.87:242001,2001 Q> ~ 1 GeV?
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sin(pn—o¢s)

The azimuthal asymmetry A arises due to Sivers function (Sivers 90)
S - .i) X }CJ7
fq/pT (33, kL) = fq/p(xv kL) - f#](xv kL) %

Spin sum rule:
1
2
EMC result on AY. = quq Aq ~ 0.3 triggered so called “Spin crisis” — only
30% of the spin of the proton is carried by quarks.

Leader, Anselmino ‘‘A Crisis In The Parton Model: Where, Oh Where Is The Proton’s Spin?’’
Z.Phys.C41:239,1988

1 _
=§AZ+AG+<LZ"1>+<L§>

S, - (P x k) - correlation between the spin (S,.) and parton motion implies
non zero contribution < L%7 >=£ ()

Data are available from HERMES and COMPASS. « and d Sivers functions are
non zero thus L, 4 # 0.
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HERMES and COMPASS DATA.

HERMES COMPASS

ep — en X, prap = 27.57 GeV. D — pur X, prap = 160 GeV.
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HERMES and COMPASS DATA.

HERMES HERMES

ep — en X, piap = 27.57 GeV. ep — en X, Pigp = 27.57 GeV.
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Sivers functions

ANf (@) = [ d ke i ANfy i (k1) = = fip (@)

0.05 [ l @6\
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=
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SRE HERMES and COMPASS data.
s, ANf, >0, ANf; <0, first hints
oot on nonzero sea quark Sivers
o functions.
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Sivers function comparison with models

There is a number of model calculations of Sivers function

Light-cone quark model Barbara Pasquini and Feng Yuan 2010

Diquark model Alessandro Bacchetta et al 2010, Leonard Gamberg, Gary Goldstein, and Marc Schlegel 2008 etc

MIT bag model Feng Yuan 2003, H. Avakian, A.V. Efremov, P. Schweitzer, F. Yuan 2010 etc

Pasquini and Yuan 2010 Alessandro Bacchetta et al 2010

] Owd
xf xf

T 0.15 1T

S
\

-005} o1 o

\ \

\ \
-04f 3 0.05 \
- \
/ N

-0.15
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0
0 02 04 06 08 Xl

Pasquini and Yuan arXiv:1001.5398

-005

X )

x5 )

I~

] 02 04 06

Bacchetta et al arXiv:1003.1328

Reasonable agreement of the extracted Sivers functions anseimino et af 2000 and Coliins et al 2005

and model calculations.
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Electron lon Collider

Future facility Electron lon Collider is proposed by EIC Collaboration — more
than 100 physicists from over 20 laboratories and universities

Two working groups in JLab, USA and BNL, USA
http://web.mit.edu/eicc/index.html

Electron — lon Collider at medium — high energy of /s ~ 20 = 70 GeV will allow
high precision measurements with polarised proton and ion H, D, He2, possibly
Li beams. Luminosity up to £ ~ 103* sm~2s~ 1.

Working “titles” are ELIC at JLab and eRHIC at BNL.

JLAB: hadron part should be added to existing facility CEBAF.

RHIC: electron part should be added to existing facility RHIC.

Proton/lon

2

= 12 Gev
ﬂh’ CEBAF
3
;
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Three dimentional picture of the proton

The proton moves along —Z direction (into the screen) and St is along Y.

s A
///y rp |
(t 3 a?n.s— o !n.s— / 2 / - X “‘
(6 !
e ..
z g dul o Lul This is the three dimentional
% view of the proton as “seen” by
3 the virtual photon.
“r i Red color — more quarks. Blue
L o Fa . . .
Q g Fup "Rty color — less quarks. Distributions
g of o of quarks are not symmetrical
7 s s and shifted due to final state
05 0 sk, (GeV) 05 0 o5k, (GeV) interactions.
z=0.2
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Three dimentional picture of the proton

The proton moves along —Z direction (into the screen) and St is along Y.

& B f”_ o 05 . .
b Sivers functions for u, d and sea
:F o . . o L] quarks are extracted from
? 05 05 HERMES and COMPASS data.
L < Red color — more quarks. Blue
q |= 05 — |-U 05~ .
X Color — less quarks. Sivers
o ) y " functions is a left — right

o asr asymmetry of quark distribution.
E " "2.5 F ™ ;u.s- x = 0.01
0n . .
g of o More information on sea quarks.
7] il a5 EIC will contribute.

05 0 05 Ky (GeV) -05 0 [ kx(GeV)
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CONCLUSIONS

@ 8 Transverse Momentum Dependent functions describe spin structure of
the proton at twist-2.
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uriversdiity, LISy CHdIgT DI UL 0110 W I .

e HERMES, COMPASS, JLAB, RHIC, and BELLE provide lots of
experimental data for TMD extraction.

@ Model and lattice QCD calculations of TMDs are possible and match well
with TMDs extracted from the experimental data.

o Future facilities sucha s JLab @ 12 GeV, Electron lon Collider and GSI will
contribute to unravel three dimensional structure of the proton.
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