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‘ Outline I

- Motivations: experimental evidence of SSAs.
Fromp'p — hX to ¢p! — ¢'hX

- Theoretical approaches to SSAs:

Transverse Moment Dependent approach vs. Higher-Twist formalism

- TMD approach in a parton model and in QCD

- TMD functions and their role in azimuthal and SSAs: Phenomenology
- Extraction of Sivers, Collins and transversity functions

- SSAs: From SIDIS to pp collisions

- Conclusions and outlook
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‘ SSAs: QCD expectations vs. data I
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SSAs in pQCD Kane, Pumplin, Repko 1978

da_aTb—md . dé_alb—md

an = ~ Im[Agip Apo—aj
N deeTb—ed 4 dgatb—ed [Asip Ano—sip)

requires:
- helicity flip at the partonic level but helicity is conserved in massless QCD

- relative phase between helicity amplitudes but Born amplitudes are real.

. m
= AN X Og——=

NE
T _dot :
p'p— hX: Ay = % [transverse w.r.t. production plane]
an — Ap: further dilution

pQCD: Anx ~ few % at large energy scales!

What do experimental data say?
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A data for pp — 7w X
(left) at /s = 20 GeV [E704 coll. (1991)], (right) at \/s = 200 GeV [STAR coll. (2004)]
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¢p' — 0'nX: Auyr [HERMES coll. 2006]
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Experimental observation: large SSAs!

Theoretical approaches in QCD

I. Spin and transverse momentum dependent (TMD) distributions:

azimuthal asymmetries in the soft part
2. Higher-twist functions in collinear pQCD

...a brief overview
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‘ TMD approach I

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes



Prague, July 20-26, 2008

Nucleon structure in a collinear picture: p, = xPy and S = 0, (+), (1)

three leading twist quantities = complete description of quark momentum and spin:

e unpolarized parton distribution: ¢(z) =q4 /4 +q_ /4

e longitudinally polarized distribution: Ag(x) =q4 /4 —q— /4

e transversely polarized distribution: Arq(x) =q7,1 — q; /1 [h{, 0q]

Three independent forward quark-nucleon amplitudes (N — ¢.X):

AgN,
F)\ Ny q(xr) = FY T+ F77  helicity average
q A/ : \ PV Aq(z) = FIf— F77  helicity difference
— I — Arq(z) = F[_ helicity flip
N, Ay ! N, X\
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/
FAq,Aq

A AR (z, k1) Helicity conservation, Parity, Rotational invariance

— 3 + 5 independent amplitudes i.e. — 3 + 5 spin and TMD distributions
Helicity formalism (each direction refers to the particle helicity frame)

fol k1) = (FID+F ) unpolarized

Afs (k) = (FIF—F00) helicity
Afe,/e(z, k1) = 2ReFf}
A’fsy/T(a:, ki) = (F+__ — FJ:ZL) sin(¢ — ¢q) = transversity
Afs,r(x ki) = (F/- +F;F) cos(éy — ¢q)
Afe.si( ki) = 2ReF{Z cos(¢r — ¢q),

qu/T(a:, k1) = 4ImF[ 7 sin(¢ — ¢q) Sivers
Afs,n(z,kr) = =2 ImF Boer — Mulders

NOTICE: A = difference of quark spin directions [except for Sivers funct.]

Other notation (Amsterdam group): /1, g11, hiz, hir, hiT, 11, fiz. hi

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes
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e Sivers function [ImF "] fi7 Sivers 1990

Afyr (@ ky) = fopr — fayy = AV foyr (kL) S (P x kL)

4 ok 0 ok Afyr(z, kL)
/| k. # -S z /| ki “T—(Z)dd”,
‘S N N chiral-even

e Boer-Mulders function [Iijfjf] hf Boer, Mulders 1998

Afin(@ k) = fin — fun = AN fn(z, kL) sq- (P x k1)

_Sq

q Ak q//Ak Afin(z, k)
PO N £

N N chiral-odd
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(Sivers ’90, Anselmino, Boglione, Murgia ’95): parton model with k| effects
assuming TMD factorization

do! — dot AN,
dot +do!  2dourp

dAG™ " o¢ Y A Syt (Tay ko) @ osp (@, k1p)@dE™ ™ (@, k1)@ Dr (2, kir)

a,b,c

An(pp — mX) =

0.6

n+ T T T
TCO
N +
A

AN
o
i

0.2 +

04 +

-0.6

XF

FIG. 1
Fit of E704 data: (left) leading £, (ABM), (right) full £, [UD & F.Murgia 2004]
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e TMD in the fragmentation sector (P, = zp; + k1)

spin-0 (or unpolarized): 1 + 1 FFs spin-1/2: 3 + 5 FFs (as for PDFs)
unpolarized hadron:

Dy, ;4 probability for g — h + X unpolarized FF
Aﬁh/qT = ﬁh/qT — ZA)h/ql = ANDh/qT (z,pL) 8q - (Pg X k1) Collins ’93

s gl [
q

chiral-odd

'

Sq

T-odd but safe: final state interactions between h X

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes
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SSAs in pp — C X: generalized parton model (TMD approach)

dO'T _ do’l — Z {Afa/pT ® fb/p @ d& ® Dﬁ/c SiVGI’S
a,b,c
+ 1P ® fopp @ AG @ AD, ) Collins
+ hff/p 0% Abe/p RA6® DW/C} Boer — Mulders

Complete structure and full & - kinematics in the helicity formalism

[Anselmino et al. 06].

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes
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‘ Higher-Twist approach I
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Alternative approach to SSAsin A'B — CX: Ay ~m/ /s

Twist-three formalism [Efremov-Terayev 82, Qiu-Sterman ’91, Koike et al. 2000]

do' —do' = 3¢, (e1,22) ® doy5(a’) ® H ® Deec(2)
abc

+ > hM @ @dyp@)0H @D (21, 2)
abc

b YR A @) @ e @ B @ Dol
abc

P DG, higher-twist partonic correlations (rather than PDFs or FFs)

H: elementary interactions for ab — cd process

Strong analogy to A in terms of TMD distributions.

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes
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dy~ izpTy~ oy
‘Di/)T(xl’@)N/f_we PV (P, ST, (0"

| [ g 855 05 F7 )| w07 1P S

e TWO parton momentum fractions, x1, x2, and an external gluonic field F'*” ;

®B3) — T(z1,x2) (in the twist-three factorization proof)

e H involves two terms
- §(x1 — x2): gluon momentum set to zero — Soft Gluon Pole (— x1 = x2 = x)

- 0(x;): quark momentum set to zero — Soft Fermion Pole

Ay is large at large 2 (valence region of p')
Only SGP enters with dT(x, z) /dx: leading effect if T'(x, x) ~ (1 — x)” at large x

Recent developments [Kouvaris et al. ’06, Koike et al. *07].
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Prague, July 20-26, 2008

Phenomenology of Twist-three vs. TMD approach in pp — 7X

Twist-3 collinear factorization:
- 3 valence contributions: (one from each hadron in p'p — 7 + X)
- pPQCD at NLO describes unpol. cross sections at large energies (200 GeV, RHIC),
fails at moderate energies (20 GeV, E704)
- GLOBAL fit of A data (high and low energy data): GOOD description
- using LO unpol. cross sections
- rescaling E704 calculation of An

- neglecting the potentially large contribution from chiral-odd FF.

- low energy data: problems both for the unpol. cross section and SSA description
- fit of all available data by a simple parametrization of T'(x, x)

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes 18
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Generalized parton model with k |

- no factorization proof

- Sivers effect able to describe the large x » E704 data

- fair description of low and high-energy unpol. cross section data at LO

- fit on E704 A data: GOOD description

- predictions for RHIC in terms of Sivers effect:

GOOD for neutral pions (STAR), problems for charged pions (BRAHMS)

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes 19
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Left: An (pT p — m + X) at /s = 200 GeV: Sivers effect (GPM approach, dashed
line) and twist-3 calculations (dotted line).

Right: Ax(p'p — 7% + X) at /s = 200 GeV for two scattering angles 2.3° (left)
and 4° (right). Dotted line: Sivers effect; solid line: twist-three approach.
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It seems that:
Twist-3 can describe all data; Sivers effect fails in describing high energy data.

but
TMD approach: Sivers effect from low-energy data to PREDICT high energy SSA
Twist-3 function fitted on ALL data (handling with the low energy data)

So, can the Sivers effect do a better job for high energy SSA data?
Need of a global fit: in progress...

Back on it later on
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‘ TMD approach in QCD I
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“T-odd” distributions: T-reversal invariance = A f; = —Af; — 0 (AT = 0 gauge)

Brodsky, Hwang, Schmidt 2001
final state interactions in DIS through soft

current
quark jet

gluon rescattering: leading twist effect.

final state
interaction

- Model for the Sivers asymmetry

spectator

e - Need of quark orbital angular momentum.

proton

Soft gluons < gauge link for gauge-invariant parton density [Collins, Ji, Yuan, ...]

P exp ( — 195 /Oodz fﬁ(z_, gg)

T-reversal invariance implies [modified universality]

AfT|future — —AfT|past — AJL‘T|DIS - _AfT|DY

gl‘f &L
—— P>

\ >
I e DIS

ll\r‘\AA

DY

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes 23
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e TMD factorization proved for
DY, SIDIS, [and e"e™ annihilation] processes in the two-scale regime:
- large Q° (i.e. boson virtuality)

- small g7 (lepton-pair or final hadron transverse momentum)
[Collins, Ji, Ma, Yuan, Belitsky ’04]

e gauge links — universality of Collins function (Collins & Metz '04, Yuan "08)

o [dk k3 /(2M?) fi7(z, k1) = T(x, ) [Boer, Mulders, Piljman 03]
- a step forward: equivalence of Twist-three and TMD approach for SIDIS and DY in
the region where both apply: Aqcep <K qr < Q (Ji, Qiu, Vogelsang ,Yuan *06)

e Universality breaking effects in TMD approach for pp — hh + X
(Collins-Qiu, Vogelsang-Yuan, Mulders et al. "07) [disappearing for [dk  !!!]
pp — h + X still under debate

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes

24



‘ TMD approach and SSAs: phenomenology I
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e DY processes, pp — ¢4~ + X:
do ~ 1+ \cos® 0 + usin 20 cos ¢ + g sin” 6 cos 2¢

puzzling in LO and NLO collinear pQCD, explained in TMD approach:
do ~ Boer-Mulders®@Boer-Mulders cos 2¢ g4

0.4 | -
0.35 | -

03

0.25
P 0 > 02r
, P, \\\ P, 0.15
—_— . / -
yﬁ " 0.1 r
VA
1 0.05

0 |

._.}_.

0 05 1t 15 2 25 3 35 4
ar [GeV/c]

Boer 1999

lepton plane (cm)

-0.05

DY process in the lepton c.o.m. frame (CS).

eSSAinp'p — (T4 + X:
Ay 22 ANF 1 ® fappsin( — 1) + arr Arq ® ANfy ) sin(¢ + 1)
(different azimuthal dependences — separable) NO DATA
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SIDIS

e azimuthal dependence in fp — ¢'h + X
do ~ AN f1,, ® AV D, ) 1 dAG cos 2¢n
+ fq/p @ Dy /g do cos ¢p  [Cahn effect]

e SSAinflp! — ¢h+ X
AUT ~ dO'(gbs) — dO'(qu + 71') ]
~ ANf 11 ® Dpygsin(on — ¢s) + dnnArq @ AVDy, rsin(¢n + ¢s) + - -

different azimuthal dependences — separation of Sivers and Collins effects

Asin(éntes) _ o [ dos don [do! — dot] sin(¢n + ¢s)
vT [ dos don [doT + dot]
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e Azimuthal correlations in e e~ — hih; + X: Collins effect

do ~ (1 + cos” 0) Dy, /4(21) Dh, /q(22) + sin’ HANDhl/qT (z1) ANDhQ/qT (22)

X cos (1 + 2) X cos(2¢1)

Reconstruction of the thrust axis

Experimental Program: Belle @ KEK [FIRST EVIDENCE]
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Extraction of Sivers, Collins and transversity functions
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Sivers function: u, d and sea (latest analysis) quarks
Collins function: favoured and unfavoured FFs: ©w — 7" and d — 7"
Transversity: u and d quarks

simple ansatz: Nz%(1 — x)” x [Gaussian] k dependence

Other similar analysis from Vogelsang & Yuan, Efremov et al.

U. D’Alesio Transverse Single Spin Asymmetries in hard scattering processes
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New (Anselmino et al. ’08) vs. Old (Anselmino et al. 05) fits
- larger data set and more accurate data both for Collins and Sivers asymmetries

- new FF set: from KRE (Kretzer 2000) to DSS (De Florian, Sassot, Stratman ’07)

in particular for the Sivers effect:
- old fit: up and down Sivers functions & independent large x behaviour

- new fit: up, down and sea [A{f; > A}};] & same large x behaviour

Notice: covered experimental region: x < 0.3
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DSS ....iciiinen KRE . HKNS
u d=u, s=s d
N 1t mt . '
2 2 5
o Q = 2.41 GeV s,
N - *,
0.5+ "
0
1L K+ i I
0.5+ - -
0 ;-\-E:—H" : . .""'I - "";"':‘"‘"I"'hnrgr.-q.:...

0O 02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
Y4 Z Z

Comparison of three FF sets.
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e Sivers effect in SIDIS:

NEW analysis [completed] Anselmino et al. 2008
o150 - HERMES | 2002-2005 o
0.1+ L L gn . mt " COMPASS [ 2003-2004
0.05- L l-: 0.05| L L
> s | e L R R N
= i — - -
'_: 0.15- g+ - O D-0.05- L L
£ <
c o~ O . : o1t L
‘™ D o008 y@ L L e —
< / /_e?? 0.1- T L
0 ‘ ‘ ‘ . 1 0.05( S -
0.05| L I 5
04#? ‘%—‘Egﬁ 5 5ol * ? i * e | ’
. » ! << i I I
-0.1+ J'c" ) ) = ) ) ) ) L ) ) ) ) ) L L L L L L 1 I I 1
0 0102030405 02 04 06 08 0.2 04 06 0.8 1 10° 10 10" 1 02 04 06 08 s 1 15
X z P; (GeV) X z P; (GeV)

Fit of HERMES data [Diefenthaler et al. 2006], and COMPASS data [Martin et al. 2006]

(deuterium target)
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KAON SSAs
0.2F F F DSS ......cceeen KRE .. HKNS
Ko HERMES 2002-2005

0.1+ S - preliminary - ’e?n 02

e — '
01 - = | g -
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Fit of HERMES data [Diefenthaler et al. 2006], Comparison of fits adopting different FFs
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e Collins effect in SIDIS:

NEW analysis [preliminary] Anselmino et al. 2008
0.12 —
<= o i i o Tt " COMPASS [ 2003-2004
& el T | HERMES | 2002-2005 -
+ 0.06 ? 0.05 L L + +
u') A - = |-
S oo : - = 0 L. _..3_0_¢_+_+ﬁ_¢,”ﬁ—&
S o002t L % L e c -
n 2D 0 D :-0.05w+ L L
< -0.02 L + < 0.1 F
0.02 L L L L L L L L L L L L L L ? il P PR L L L L L L L
s oA + 0.1- e L L T
< oo FTSee— £ oo k w
004 + ’ )
g -0.06- —e‘{, 0 hd h—‘”*T*f$ - ¢&¢ +
’ - [ e
£ =-008 £ F o0 +
" D o1 o D7 i
<L 412 T << o1 L
_0_14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 010203040506 02 04 06 08 1 02 04 06 08 1 102 10" 1 0.5 1 0.5 1 15
X z P; (GeV) X z P; (GeV)

Preliminary fit of [left] HERMES data [Diefenthaler et al. 2007] (hydrogen target)
and [right] COMPASS data [Alekseev et al. 2008] (deuterium target).
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e Collins effectinete™ — r + X

NEW analysis [preliminary]
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Anselmino et al. 2008

0.2 < z < 0.3

0.3< z, < 0.5

0.5<2,<0.7

0.7<Z1<1

.

02 04 06 08
Z,

02 04 06 08

Z,

Preliminary fit of data on eTe~ — hihs X from Belle Collaboration. [Ogawa et al. 2007).
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New extraction of the Sivers function (7 and K + data) Anselmino et al. 2008
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Sivers function: valence quarks

0.06—

0.04

0.02/

xANf4(x, k)

0.6

Notice:
7r(p')> 0 (HERMES)
% (D1~ 0 (COMPASS)

AUT(DT) ~ (ANfu —I—AN d)<4Du+Dd)

-0.06

-0.4

xANf4(x, k)

-0.6

0

-0.2 H\\

and similar size

=1 1 1 1
02 04 06 08 1 0

X

1 1 1 1 1
02 04 06 08 1

k, (GeV)

Burkardt sum rule [Burkardt '04]: > (k) =0 (k%) = fkoJ-kJ—fa/pT

(k%) =96 MeV (k1) = —113MeV (k) = —14 MeV

= little room for the gluon Sivers function
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Collins function [NEW preliminary analysis] Anselmino et al. 2008
ST -~ T Q’ = 2.4 GeV?
a osf 2 os 2=0.36
X N
N o6} = 06
& =)
o = 0.4
z <
< 0.2

Q%= 2.4 GeV?

0.8 z=0.36

0.6

0.4

-AND,+(2)/2D,,(2)
-AN Dunf(z! p_l_)

0.2

0 02 04 06 08 1

z p) (GeV)

Consistent with other extractions [Efremov et al. 2006, Vogelsang & Yuan 2005]
ATI(p) ~ 4AA7u ANDyyy + Apd AND

- larger | AT .| = laree and negative unfav. FF
A7 (p) = AApu AND s + Apd ANDy,, PETIATT] = lare .
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Transversity function [NEW analysis: upgrade of 2007 First extraction]
Anselmino et al. 2008

—_—
—
=
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b
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_0_2 1 L L L _0_2 L L L L 1
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X k(GeV)

Errors strongly reduced! Arw: larger;
Tensor charge: du = 0.597015 dd = —0.20700> at Q® = 0.8 GeV?
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Transversity: Comparison with models

2 Korotkov et al. 2001

3 Schweitzer et al. 2001

4 Wakamatzu 2007

5 Pasquini et al. 2005

6 Cloet et al. 2008

7 Our improved analysis
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‘ SSAs: from SIDIS to pp collisions I
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Adopting Sivers & Collins functions as in the old fits with KRE set
(Boglione, UD, Murgia "08)

o

o

o
T

pt (GeV/c) pt (GeV/c)

PREDICTIONS and comparison to STAR Ay (7”) data.

Notice: extrapolation to large x region (uncovered in SIDIS).

A better strategy: use of pp data and fit to SIDIS data.
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Sivers effect from SIDIS + pp scan (xqof >~ 1.2)

Prague, July 20-26, 2008
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Sivers

- A global description of A7, and An (in terms of Sivers effect) seems possible.
- Collins effect (reassessed!: Yuan '08): in progress (new fit and scan)

- GOAL (future): a complete global analysis of Sivers and Collins effects in SIDIS,

_|_

e"e and pp — hX.

A guidance to look for universality breaking effects (future)
- intermediate goal: disentangling Sivers and Collins effect in pp collisions

pp — jet(y) + X or pp — jet v + X (Sivers effect)
pp — jet ™ 4+ X (Collins effect) [Yuan "08, UD-Murgia ’08 (in progress)]

and naturally
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pp — L4~ + X (safe process)

Importance of Ax in DY integrated over lepton angular variables
clean access to Sivers effect: Anselmino, UD, Murgia 03, Efremov et al. ’05,
Vogelsang-Yuan ’05, Anselmino et al. 05

- modified universality (change of sign w.r.t. SIDIS): crucial test (Collins ’02)

- small and intermediate = region at RHIC
- large x region at COMPASS (uncovered in SIDIS)
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COMPASS: n p
O L
0.05 [\
Sz
< I
-0.1 “
[ Vs =200 Ge\“/‘“x,“ ------------------ -
L= smotey __E=160Gev
0 01 02 03 04 05 5 0 025 05
XF XF
sin(¢s—¢~) .
Ay for DY from fits to SIDIS (free and pp-scan fit). [¢s = 7/2]

COMPASS: 7 p': au — 016~

- Sign: definite !

- access to large x region.
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Conclusions

- Azimuthal and transverse SSAs: powerful tool, recent and important progress

- extractions of Sivers, transversity and Collins functions from SIDIS and e e :

- Collins effect as a polarimeter to access Arq. Large (negative) unfavoured FF.

- First extraction of transversity distribution: u and d smaller than their Soffer bounds

- Sizeable Sivers function for valence quarks; little room for gluon Sivers function;
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Conclusions

- Azimuthal and transverse SSAs: powerful tool, recent and important progress

- extractions of Sivers, transversity and Collins functions from SIDIS and ete™:

- Collins effect as a polarimeter to access Arq. Large (negative) unfavoured FF.

- First extraction of transversity distribution: u and d smaller than their Soffer bounds

- Sizeable Sivers function for valence quarks; little room for gluon Sivers function;
Open issues:

- Q*-evolution of TMDs
- modified universality: to be checked [A f1|pis = —Af|pvy]
- SSAs in SIDIS: binning in x, z, P and error correlation matrix
large (low) x region still uncovered [JLAB(COMPASS)]
- SSAsin p'p — CX: disentangling TMD approach and Twist-3 formalism

- SSAs in p'p — jet X universality and separation of Sivers and Collins effects
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