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A\ = simple left-right asymmetry

AN = — =
N do! (Pr) + dot (Pr) 2 doe (Pr)
do! — dot ,
Ay = doT L dol X S:-(px Pp)xsinf

transverse Single Spin Asymmetry (SSA) -
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where it all started from ... (~1991)
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large SSAs observed in several experiments
(but not such a high energy so far...)

same trend: An increases with xr, is positive for
m*, negative for 1 (getting into the valence
quark region?)
could An be related to elementary QCD
dynamics?
could it persist at higher energies?
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Transverse single spin asymmetries in elastic scattering
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for a generic configuration:

~ do! —do!

Ay =
N7 4ot + do! >

S - (p X PT) X PTSiIl(q)S — q))

Ay is zero for longitudinal spin



Single spin asymmetries at partonic level. Example: gq' — q ¢’

An # 0 needs helicity flip + relative phase
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QED and QCD interactions conserve helicity, up to

corrections O (%>
Eq

Mg
> An X —= as  at quark level
EC]

(Kane, Pumplin, Repko, 1978)
but large SSA observed at hadron level!




Cross section for pp — 7’ X in pQCD

based on factorization theorem
(in collinear configuration)

p—@/ay A

do= Jasp(@a) @ foyp(@p) @ dg™" 7" ® D ye(2),
a,b,c,d=q,q,g I;EF l FE

pQCD elementary
intferactions



Polarization-averaged cross sections at /s=200 GeV
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good pQCD description of data at 200 GeV, at all
rapidities, down to pt of 1-2 GeV/c
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rather good agreement even at at /s=62.4 GeV
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PRD 76, 094021 (2007)
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a,b,c,d=q,q,g pQCD elemen‘rar'y FF
. SSA
transversity
Ao — do! — dot 4w o M was considered
N7 4ot + dod N E, ° almost a theorem

(Kane, Pumplin, Repko, 1978)



Good description of unpolarized cross-section, with
collinear factorization. But An is not zero ...
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p+p = n°+X at vs=200 GeV
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BRAHMS, arXiv:0801.1078
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are there SSAs in other processes?



SSAs and TMDs in SIDIS

, talks by S. Melis
¢ and G. Schnell

46 OepT —lhX

= dz, dQ? dzj, 2Py dog

d%c

p, ~Pr—zyk,

p,S

TMD factorization holds at large Q?, and Pr= k1 = Aqcp
Two scales: Pr < @Q?

TMD-PDFs hard scattering TMD-FFs

dotr—thX _ 2@7 k L@M@@(y, k@@@#ﬂ@

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz)




there are 8 independent TMD-PDFs

£ (2 .2 ) unpolarized quarks in unpolarized protons
LA L unintegrated unpolarized distribution

7 (g o2 ) correlate s of quark with S_ of proton
SAVAC RN unintegrated helicity distribution

he (2 12 ) correlate st of quark with St of proton
1T\ ™ L) unintegrated transversity distribution

S— e
gl

only these survive in the collinear limit

1LTq (z, ki) correlate k. of quark with St of proton (Sivers)

hfq(x, k%) correlate k. and st of quark (Boer-Mulders)

1 1 1
gﬂg(az‘,ki) hlf(kai) hﬂg(x,ki)

different double-spin correlations



TMD-FFs give the number density of hadrons, with
their momentum, originated in the fragmentation of a
fast moving parton, with its spin.

8¢+ (Pg X PL) “Collins effect”

there are 2 independent TMD-FFs for spinless hadrons

DI(z,p*) unpolarized hadrons in unpolarized quarks
1A 2L unintegrated fragmentation function

H:"9(z,p%) correlate p. of hadron with st of quark (Collins)
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the FéB chonTain the TMDs; plenty of Spin Asymmetries



SSA in hadronic processes: TMDs, higher-twist correlations?
Two main different (?) approaches

1. Generalization of collinear scheme
(assuming factorization)

T ~ab—cd
do!' = Z \fa’/pT (xa, kiJ_a)J@\fb/p(I‘b, ICJ_b)J@ do (kJ_aa kJ_b) & Pﬂ/c(zv pJ_T(')J

a’7b7C:q7Q7g Y Y Y

single spin effects in TMDs

M.A., M. Boglione, U. D'Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin, ...
Field-Feynman




TMD factorization

\ TMD - PDF /

non planar non planar
pQCD pQCD
dynamics dynamics

\
|
|
|
|
|
|
|

TMD - PDF

factorization assumed

(talk by C. Pisano for way of probing TMDs through
azimuthal distribution of pions inside a jet)



Phenomenology - TMD factorization

A do! — do! main contribution from Sivers
v =

do' + do! and Collins effects
Eﬂ- d p—m X E7r d p—m X
do! — dot = d‘gpw — d;fpﬂ — [do" — doVsivers + [do! — do]conins
do! —dosivers = Y / o dvvdz  op 2k, dp, 5(p, b)) J(py) 6(5+ 1+ a)
ivers 16 7_‘_2 Ty Tt 228 a 1 1 C

da,b,qc.d

X @/(aza@msqﬁa —— Sivers phase

I
< opl@s ko) 5 |IVPP + 1891 + NP Daye(zpa)
ot — docotins = Y / o dvvdz g Pl dp, 8(p, - p.) J(pL) 6(5 + 1 + 1)
Collins ey 1672 2, 7y 225 La 16 @ P O\Py "Pe) J\PL
- Collins + scattering
A a as a a
Gq Y DC (ot 91 =2t 0n) ——> phases
X fb/p xb,lﬂ_b) [MO Mo} , ; ANDW/Q (ZD
da0—(c

negligible contributions from other TMDs
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2. Higher-twist partonic correlations

(Efremov, Teryaev, Ratcliffe; Qiu, Sterman; Kouvaris, Vogelsang,
Yuan; Bacchetta, Bomhof, Mulders, Pijiman; Koike; Gamberg, Kang)

higher-twist partonic correlations - factorization OK

dAc o To(ky, k2, S1) ® foyn(ws) @ H* 7 (k1 k) ® Dise(2)

a,b,c Y .Y ,
twist-3 functions hard interaction,
not a cross section

(1)

(To o< fip7)

possible project: compute T, using SIDIS extracted Sivers functions

Phase
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Kouvaris, Q1u, Vogelsang, Yuan



sigh mismatch
(Kang, Qiu, Vogelsang, Yuan)

compare

k‘ 2
gl F(xax) = _/koL| ]\Z‘ fﬁ(xaki)\smls

as extracted from fitting An data, with that obtained by
inserting in the the above relation the SIDIS extracted
Sivers functions

similar magnitude, but opposite sign!

the same mismatch does not occur adopting TMD
factorization; the reason is that the hard scattering part in
higher-twist factorization is negative

node in the Sivers function (Boer, Kang, Prokudin...)?
Study it at large x values



Drell-Yan processes - TMDs

factorization holds, two scales, M?, and gt « M

doP™Y =3 fo(r1,k113Q%) ® fo(w2,k12;Q?) dg?7— 1

direct product of TMDs
no fragmentation process



cross-section: most general pp leading-twist expression

déo;m _ ;2(;; x S. Arnold, A. Metz and M. Schlegel, arXiv:0809.2262 [hep-ph]
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Case of one polarized nucleon only
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d4qfiQ - (I)aq {(1 + cos® 0) Iy + (1 — cos® 0) Ff; + sin 20 COS(bF(CJOw +sin? 0 cos 2¢ F 2¢

+ S5 (sin 20sin ¢ F5" ¢ + sin® fsin 2¢ F5" 2¢)

+ St [( oS 4 00329F ¢S) sin ¢ g + sin 26 (sm(¢ + ¢g) Fy sin(é+¢s)
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rcs

Collins-Soper
frame




Unpolarized cross section already very interesting

1d0_3 1
odQ 47 A+ 3

(1 + Acos® @ + 1 sin 26 cos ¢ + g sin” 6 cos 2¢)

Collins-Soper frame

naive collinear partonmodel: A =1 p=v =20



Decay angular distributions in pion-induced Drell-Yan
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Sivers effect in D-Y processes

Bsy looking at the d*a/ d4c¥cr'oss section ohe can
ingle ouT the Sivers effect in D-Y processes

do! —dot o< ¥ (AN f, i (21, B L)® fqp(x2) ® d6

27 .
ASiH(¢S—¢7) L 2f0 d¢7 [dO_T T dO’l] Sln(¢5 — ¢7)
" [T, [do + dol]

(p-p c.m. frame)
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ASin(¢s'¢h)

expected Sivers asymmetry in
D-Y@AFTER, sign change,
no TMD evolution
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AN: a simple, unexpected, single spin asymmetry
measured in many experiments

its understanding is not easy and reveals subtle
aspects of QCD dynamics

a global study of transverse spin asymmetries in
SIDIS, large Pt and D-Y processes should lead
to a better knowledge of the 3-dimensional
nucleon structure

THANK YOU!



