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Lecture |

m Transverse spin physics: general motivations
m Transversity distribution function (collinear factorization)
m Azimuthal and single spin asymmetries (phenomenological motivations)

m Theoretical approaches
TMD generalized parton model (inclusion of spin and k; effects)
TMD color gauge invariant approach (pQCD gauge links)

Twist-three collinear factorization formalism

m Open points, possible future developments

Lecture Il: Phenomenological applications
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Transverse spin physics

It was an early common belief that transverse spin effects should play a
negligible role in high-energy hadronic reactions

In a frame where a particle with mass m is moving very fast
(with energy E > m) the transverse spin components are suppressed
with respect to the longitudinal one by a factor m/E

A
st=s+s =—p'+s =N 457 =1
m

However, this does not mean that ALL transverse polarization
phenomena are subleading. Some of them are neither
kinematically nor dynamically suppressed

In fact, there are several transverse spin effects contradicting this prejudice:
transverse single spin asymmetries, transverse hyperon polarization in unpol.
hadronic collisions; spin-spin correlations in pp elastic scattering
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Transverse spin physics

A new class of leading twist (dominant term in a 1/Q power expansion, with Q
the large energy scale) spin and transverse momentum dependent (TMD)
partonic distribution and fragmentation functions has been shown to play a
fundamental role in this game

Polarized TMD distributions are intimately related to
parton orbital motion inside hadrons,
hadron structure in the impact parameter space,

generalized parton distributions in deeply virtual Compton scattering
[Lectures by C. Weiss]

light-cone hadronic wave functions

AR

A continued careful study of these polarized observables in different
kinematical situations and in different processes will hopefully help clarifying
in much more detail the dynamical structure of hadrons
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Transversity distribution

In the collinear (transverse momentum integrated) case the leading twist
quark-quark correlator reads

O(x;P.S) = 1 { IO P+ SLg1(x)ysP + 3 () ys[$7.P1}

Unpolarized helicity transversity
distribution distribution distribution

hp(2) Ralston & Soper (1979) ATQ(ZC) — qu/pT (LC) — fql/pT (ZC)

Aqq(x) Artru & Mekhfi (1990)

hy () Jaffe & Ji (1991) 11 = (V214 £1-)

Today: hi(z), dq(x), Arq(x) [T 1)y = (1/\/5)( [+) £i]=))

In the proton rest frame there is nothing discriminating between longitudinal and transverse
spin direction = helicity distribution = transversity distribution
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Transversity distribution

Transversity is chiral-odd =decouples from transversely polarized
Deeply Inelastic Scattering

QCD and electroweak interactions |preserve helicity |in the fermion-vector boson
interaction vertex (to all orders in the coupling constant power expansion), therefore
helicity-flip terms are forbidden (m/E suppressed)

This explains why transversity is so poorly known as compared to the other two
leading twist (unpolarized and helicity) distributions accessible in DIS

; : AN, =2
In collinear configuration .l |
no analogue of transversity
for gluons in spin 1/2
+ —_
hadrons A= 1
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Are there alternative ways to measure transversity?

Double transverse spin asymmetry A in Drell-Yan dimuon production processes

prT 0T+ X, pT}jT Lt 2 X

Soon at RHIC
However in pp collisions always a sea
quark distribution is involved;
estimates indicate a very small
asymmetry

On a longer time scale
p-pbar collisions at PAX
Needs efficiently polarized antiprotons

(o fAarmmidalhla tacls laxr 1+l
(a4 1UlHHUAUIC lddSK UY 1Wlll)

ADY _ do(S11,82,.) —do(S11,—S21)
o do(S11.891) +do(S11,—S21)

sin” @ cos(2¢ — Gs, — bs,) Dy ez Apq(xg) Arq(ag) + [q < q]
1+ cos? 6 >q €0 q(xy)q(xg) + g < q]

= |S11]]S21]
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Kinematics of the Drell-Yan process in the dilepton c.m. frame

lepton plane (cm)
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Azimuthal spin asymmetries in
single particle SIDIS production,
with a chiral-odd and transverse
momentum dependent
fragmentation function
(Collins effect, see the sequel)

Azimuthal correlations in two-particle
production in SIDIS and e+e- collisions
via interference (dihadron)
fragmentation functions

(p'(P) = 0+ h(P,) + X

(p'(P) = 0 + hy(Py,) + ha(Pr,) + X

(Phl Xth)'SqJ—
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Present information on transversity

Relatively simple (non-singlet like) QCD evolution with scale
(no gluon contribution to transversity for spin 1/2 hadrons )

Hayashigaki, Kanazawa, Koike PRD 56 (1997)

3.5,\..... — 35 —

30k Au LOevolution || 5L N Au NLO evolution |_
< Q" =20GeV" "‘: Q°-20 GeV®

25 N u2= 023 Gev2| | 25 \ H2= 0.34 GeV?|T

2.0 . 2.0 N -
™~ - - | 1~. NLO input
1 5k \~.___ h}LOmput_ 1 5k \\ ,\/ _
Au N T .
1.0 ) — 10._
\

0.5 - 0.5
0.0 L 1l L L 0.0

0.1 1
(a) X (b) X

ATQ(ma ,LL) = ALQ(ma M)
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Soffer bound (preserved by pQCD evolution)

+ Arg(x)

[Q(ZC: Q) - ALQ(ma Q) ]

Do | —

Tensor charge

_q(x)f q(x) /—\-LQ('E)

(PS|Y(0)ic*ysy(0)|PS) =2gr(SHP" — S*P*)

0q(Q%) = /0 dz [ Arq(z, Q%) — Ard(x, Q) ]
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Model calculations for the transversity distribution

Relativistic MIT bag models
Colour dielectric models
Chiral quark soliton models
Light-cone models and Melosh rotation
Diquark spectator models

Problems with model scale determination

Non perturbative QCD calculations
(tensor charge)

QCD sum rules
Lattice calculations

First parameterizations by fitting spin and
azimuthal asymmetries in SIDIS
hadron production with polarized and
transverse momentum dependent
PDFs and FFs (see sequel)

Ref. [48], 3:
rules [50].

Nucleon Structure School

F. Murgia - INFN CA Torino 2009

4 ourresult

. 1 °
° 2 °
° 3 -
e 4 I
\ | | |
05 ] 15 -08 -04 -02 0
ou od

Figure 8. Tensor charge from different models
compared to our result. 1: Quark-diquark model
of Ref. [47], 2: Chiral quark soliton model of
Lattice QCD [49], 4: QCD sum
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Model calculations for the transversity distribution

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

© Soffer et al. PRD 65 (02)
2 @ Korotkov et al. EPJC 18 (01)

-—g © Schweitzer et al. PRD 64 (01)
7 © Wakamatsu, PLB B653 (07)

© Pasquini et al., PRD 72 (05)
1 © Cloet, Bentz and Thomas PLB 659

(08)

@ This analysis.
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Azimuthal and spin asymmetries in high-energy
Inclusive and semi-inclusive particle production

Theoretical exnectactions (circa 1980)

Tl i viarl UM LI LI T I (Wi VR e U

Longitudinal single spin asymmetries
Forbidden by rotational and parity invariance of strong interactions
can arise in weak processes; we will not consider them here

Transverse spin asymmetries (SSA)

Expected to be negligible in high-energy hadronic processes. In the framework of pQCD and
collinear factorization, at leading twist SSAs are related to the imaginary part of interference terms
between two elementary scattering amplitudes, off-diagonal (helicity-flip)

in the helicity indices of the involved (transversely polarized) parton

At tree level, all helicity amplitudes are real;
imaginary parts can only arise through higher-order (loop) contributions

The QCD massless quark —gluon coupling preserves helicity at all perturbative orders
Helicity flip contributions in the amplitudes must be proportional to (powers of) m /E,

P | ~ ol
do.a, b—ecd do.a, b—cd m mq

2 q
doalb—cd 1 5atb—cd X aS(S) ? ™~ Ofs(pT) D

aN =

Kane, Pumplin, Repko PRL 41 (1978)

) Nucleon Structure School
F. Murgia - INFN CA Torino 2009 14



Unexpected experimental results for pion SSAs in pp collisions
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BRAHMS Preliminary
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C. Aidala, Spin2008
see lectures on Friday
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Transverse hyperon polarization in unpolarized pN collisions
or——mmmrr——rrr

o o , oAl R Al

02f L geem T doiB—NX 4 goaAB—AX
5E [ ] T
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1991
D. Sivers suggests that the origin of the huge hadronic SSAs observed at large
positive Feynman x and intermediate hadronic p, could not be due to the
underlining partonic asymmetry. Rather, they could be related to:

A transverse momentum dependent (TMD) PDF significantly asymmetric in
the azimuthal distribution of the (un)polarized partons around the direction of
motion of the transversely polarized parent hadron
(The leading-twist TMD Sivers distribution function)

Afa/AT(ZC; k)= fa/AT (v, k) — fa/Al(xa k)= ]?a/AT(SE; k| )— fa/AT(Q?; —k,)

Chiral —even (no quark helicity-flip required, naively Time Reversal odd ( T-odd )

An azimuthally coherent [higher-twist in (k{/p;)] dependence of the unpol.
partonic cross sections from intrinsic parton momenta (k;), relevant at the
intermediate-large hadronic p; observed in the experiments (p; ~1-4 GeV)
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fq/AT(xa"_kT) > fq/AT(l“a —k)

F. Murgia - INFN CA

pq (+kT)

In the forward direction

6(0+) > 5(6o)
0, <0,

pq (_kT)

>0,

7% /4:’
/ SAT A I~ /{) 3

g(0_) < a(by)
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1993

ests that the naively T-odd Sivers distributio
vanish because of time- eversal invariance (see however the sequel!)

He proposes an alternative mechanism, acting in the fragmentation process, for
SSAs in semi-inclusive DIS with a transv. polarized proton target, Ip" — 1"h X.
This mechanism nvolves:

the TMD transversity distribution in the initial polarized hadron
(opening an alternative way to measure it!)

The partonic transverse polarization transfer from the
initial polarized parton to the final fragmenting parton

An azimuthal asymmetry around the jet axis in the distribution of the observed
(un)polarized hadrons (the Collins effect)

AﬁCf/qT(Za kL) = ﬁ()’/(ﬁ(za ki) - f)cr/ql (Z, ki) = ﬁc/qT(Za kL) — ﬁc/qT (3; _ki)
Chiral-odd, naively T-odd
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Single particle inclusive production in pp collisions
INn a QCD-inspired parton model

h(P)

EC dO.AB%C X

dgpc

= Z /d:t:adflrbdzfa/A(i?a,QQJfb/B(fEbaQQ) .

a,b.c.d
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Generalized parton model:
Leading twist TMD PD functions and FFs

Consider the doubly polarized invariant differential cross section for single-inclusive
particle production, A(S,) B(Sg) — C + X:

Er dgA-5a)+(B.5p)~C+X da, dry dz ,\
- d3 - Z 1672 : 2 ¢ d'k 1 dgkibdgkLcd(kLC'Pc) J(k.ic)
"Pc abed N} MoX T2 S

-

ASa ¢ b/B.S
X pii,X’QA fa/A,SA(ma; kj_a) PA{J:X; . fb/B,SB (;’Eb? kj_b)

IS -~ -~ -, A A
A N * - -~ H]
XMy agingx, My 0(s +E4a) DL (2 kie)

= A, B are the initial spin 1/2 hadrons, typically two protons in pure spin states S,, Sg
m C is the observed unpolarized particle, typically a pion, kaon or photon; can be extended to
polarized spin 1/2 or spin 1 hadrons (hyperons, p mesons, etc.)

m J(kic) is a phase-space kinematical factor [J(kic) — 1 for massless collinear
partons/hadrons]
m Consider the process in the hadronic (AB) c.m. frame, with hadron A moving along the +Z_,

axis and particle C produced in the (XZ).,, upper-half plane

m The notation {A} indicates a sum over all helicity indices

m X, X, Z, are usual light-cone momentum fractions

m The p’s are the helicity density matrices of partons a(b) inside the polarized hadrons A(B)
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fa/A,SA (xa)kj_a) are the leading-twist spin and transverse momentum dependent (TMD) PDF
of the unpolarized parton a inside hadron A with spin S, (analogously for b/B); they
generalize the usual partonic distributions in collinear (k-integrated) configuration

M)l, /’w'?t A, are the helicity amplitudes for the hard elementary process ab — cd
H
“ (z, kic) are the leading twist TMD fragmentation functions for the process ¢ — C + X
)L A
[for unpolarized C they are diagonal in the hadron helicity indices]

The polarization of parton a (with spin s;) is determined by the polarization state of the
parent hadron A (with spin S,, fixed by experimental conditions) and by the soft
nonperturbative processes related to the hadron structure (analogously for parton b inside B).
Complete information is encoded in

a/A.Sy . A,S4 §£ A A,S4 Aka,k’
/Ok A fa/A Sa (XG,kJ_a) Z P}LA,AA XA’}LXAF)\G,)LXA;AA MY . Z ’OKA l’ )&A k’
R Py Py —iP}y _ L1+ P PreT? Helicity Density

haky T2 P} +iP} 1P} A 2 \Pfel?sa 11— pf s Matrix of hadron A

A'CT: i - A*
)\ 3 F (Xas k1) = XA’AXAng,AXA;AA(xaakJ_a) %a)»XAﬁ»fA(xa’kJ‘a)

Related do the leading twist hadronic correlator I_D
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Due to rotational invariance

F:\IZ":\\’ (xw k_l_a) F:(Iij\\i (xa’ k_l_a) exp[i(AA o A,,ﬁl)(ba]

And to parity invariance of strong interactions | g5me parity relations
—A,— . / / AN are different for
F_/\a —A’ = (— 1)2(SA sa)( 1)(AA Ag) (X = A, )FAa i’ quarks (s,=1/2) and
A A gluons (s,=1)
There are eight independent leading twist TMD functions
++ —— +— —+ ++ —— +—
F—l——l—’ ++° F+—’ F+—= F—l——’ F—l——’ F—l——l—’ FZ
e.g. for quarks [ upper (lower) indices refer to parton (hadron) helicities ]
++ —— Obviously purely real quantities
F_|__|_ —| 4+ — Unpolarized and longitudinally polarized PDFs, f;, and g,
F—|—— F——|— Purely real(imaginary) quantities for quarks(gluons)
— — — = Contributions to the quark TMD transversity DF,: hq, th
F_|__|_ L N _ _ L These Igst 4 complex
— =44 —> Sivers function and 9117 PDF functions are not

independent; can also be

written in terms of the

+— +— | and imagi ts of
F_|__|_ i F — Boer-Mulders function and hf‘L PDF reatan t\;vrgigf'?ﬁgnpar =
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faja =
fajase =
Py faJA,SL —
Py fa.fA,ST —
Py fajas, =
P? fujase =
o fa./A,SL —
P fajase =

Amsterdam
Group
Notation

F. Murgia - INFN CA

guark sector
fajas, = (Fft +F1t)
faja + é Afassy = (FE+ FTH) + 2 [ImFf sin(¢s,
Afsnss, =2ReFf ]
Afsjse=[FfZ + Frt] cos(¢s, — ¢a)
P fura = Af.sy/SL = —2ImFy
Afs, /57 = —2ImF[ = + [F/Z — F 1] sin(¢s, — ,)
Afuuss, = (FH - F*H)
Afs,/sr =2 [ReF{ cos(¢s, — ¢a)]

fi(@a,kia) = FH+FH k;; his (2o, kia) =
e f(@aki) = —20mFfE Klagieo o
910(Taskia) = FIF —FI7 hi(Ta, k1a) =
k;; gir(€a,kia) = 2ReF}H ij%z R

Nucleon Structure School
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f, g, h:

Subscript 1:
Subscript L:
Subscript T:

Apex L :

TAafFfAa T AV aaTes 7ol =
Jalicc, Ji — Al11oLC1

unpolarized, longitudinally pol., transversely pol. quark

leading twist distribution
longitudinally polarized hadron
transversely polarized hadron

presence of transverse momenta with uncontracted
Lorentz indices

Uncontracted Lorentz indices
Transversely polarized quark \ /

A
1L

Leading twist distribution

/ \ Longitudinally polarized proton

F. Murgia - INFN CA
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9/A, 54 _

P9

L

fg/a
fe/4,57

T foja.se
T forase
TS fasas.
T3 forase
Pl fq

P:f fg/A:!ST

XA:!SL

F. Murgia

gluon sector

L ( L+ P T —iTd ) _ L ( L+ Fope —Fijne ¢ )
5 . s (A
2\ T{ +¢1; 1-F% A,S 4 2 _Plin © 1= Pl A,S g
= fg/A,sL = (FF + F1T)

- 1 A .

fg/a + b} Afg/A,ST — (Fii + Fjj) + 2 [Iij_Lf sin(¢s, — ﬁi’a)]
T fora = Af%/sl, = 2ReF

AfS s, =2ReF{T +Tm [F{Z + Fi ] sin(ps, — ¢a)

= AfZ o ——2ImFfT

— Af%fST = —Im |F[” — F "] cos(¢s, — ¢a)
= Af.fL/sL = (B —FT)

= Af? 5. =2 [ReF[™ cos(¢s, — 6a)]

Mulders, Rodrigues: PRD63 (2001) 094021
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TMD fragmentation functions into unpol. hadrons (leading twist)

Introducing the soft, nonperturbative helicity fragmentation amplitudes for the
process ¢ > C + X, the following properties hold for their products:

,._)\ ,X’ —~ —~
C *
D7\ (2 k1c) —yfx e Droagire(z:k1c) Dy 5 (2 k1c)

?'(Ac_)\i:)q}g

~A A
D)\Cxc(z kic)= )\O,\J‘C(z kic)e

» A A P
Di:)\’c(z? kJ—O) — 2 : D}.‘g ::O(z? kJ_C') — Df‘m}\;{:(z’ kJ_G)ei(/\c Ac)ﬁt'g
Ay A
Cr'C

!
DY _x(z ki) = (~1)%(=1)T*DS  (2k¢)

Quark sector Gluon sector
DS (z,k10) = D%z, k10) = Dojglz,k10) D% (2,k10) = DS (2, ki) = Doyglz,k10)
2Im DS/%(z,k1c) = AV Dg ot (2, kLc) 2Re DS/% (2, kic) = AN Dojre(z,kLc)
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TMD fragmentation functions — spin 1/2 hadrons, LT

C & /\C,/\C ’8(
pAC,)\’CDC/c,SC(ZakJ_C E D)\ by Z kJ_c)p
AcsAc

D::\\C’—_)\/\‘;C (z.kic) = (_1)2(&:—86‘) (_1)()\C+)\;)—()\c—l—)\’c) Di\ii\?’c (2,k1c)

Summary of quark and gluons

helicity fragmentation amplitudes for spin 1/2 hadrons

Dz kic) =Dt + Dt _| unpolarized FF

ANbC/CT (z,kic) = —HmDiJ_“ sin(ds, — 0F)
Collins FF mNﬁC/TC (z,k1c) = —4 P;,ReDTT cos(2¢1, — 2¢¢)

ADC/C ° Jon (Z, kic)= Dii — Di_i
ADC/C  Jor (z, kic)=2ReD{T cos(¢., — ¢a)
Af)SzC Jerss (Z kic)=—2P5,Im(DIT) sin(2¢1, — 268)
ADC/"" Jo (2 k1c) =2ReD{}
ADC/C e (Z,kJ_C) _ (D+ +D ) cos(ds, — dg)
ADSXC /le(zj kl(?) (ImD+ +1ImD7 ) sin(2¢;, — 2@51)

A-HC/e (2. k1c) = (Di: _ le) sin(¢s, — ¢ )

Sy./sT

A_DSYC P (2 ko) = (ImDi: — ImDIf) cos(2¢;, — 2@5)
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Sivers distribution function (chiral-even, naively T-odd)

A]Z/AT(% k)= fa/AT (2, k1) — fa/Al(xa k)= fa/AT(SU, ki) - fa/AT(:C; —k,)

Boer-Mulders function (chiral odd, naively T-odd)

AfaT/A(ma kJ_) = faT/A(kaJ_) _ fai/A(wv kJ_) — faT/A(kaJ_) _ faT/A(ajv _kl)

Collins fragmentation function (chiral-odd, naively T-odd)
Aﬁc/(ﬂ (35 kL) = E)C/(ﬂ (2, kL) - ﬁcf/qi (Za k)= f)c;/qT (Za kL) — LA)C'/QT (Za —kﬂ

“Polarizing” fragmentation function (chiral even, naively T-odd)

AﬁAT/q(Z,kJ_) = ﬁAT/q(Z,kJ_) — ﬁAi/q(Z,kJ_) = ﬁAT/q(Z,kJ_) — ﬁAT/q(Z, —ku_)
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Theoretical information on TMD functions

Simple positivity bounds, e.g.

Aj\lrfq/jt:'T (.C{Z,, kJ_) fq/;oT (xakl_) - fq/-pl (5{3, kJ_) <1
2 fyypla, k) Sopr(@ky) + fopi(eky)| =

Soffer bound for the k; dependent transversity distribution

Generalized positivity bounds for k. moments of TMD distribution and
fragmentation functions [Bacchetta, Boglione, Henneman, Mulders, PRL 85 (2000)]

2
L, @ = S e (A - )
|h1|55(f1+gu,)5f1 )
pPr .
=L - an=p
2 Y Y

IA

2
("7 + 7 = F5 O+ ) (1 - )

2
Pr

4M?

IA

IA

fi.
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Theoretical information on TMD functions

Burkardt sum rule for the Sivers distribution

k1) = Z kla—/dedsz_kJ_ Z Afa/w(x ki)=0

a=q.q.g a=q.q,g

Intuitively expected, the non trivial fact is the proof of its validity in presence of

final state interactions that might spoil the simple partonic interpretation
[Burkardt PRD 69 (2004)]

Schafer — Teryaev sum rule for the Collins function
[ Schifer Teryaev PRD 61 (2000)]

ZfdzzHl (l)q(z) = Z/dzfdszMA Dy 1z k1)) =0
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Theoretical information on TMD PDFs and FFs: models

[see also talk by F. Conti this afternoon]

TMD distributions:

spectator model for the nucleon with scalar and axial-vector diquarks | B
single gluon rescattering to generate T-odd distributions (Sivers, Boer-Mulders)
Different choices for the nucleon-quark-diquark form factor (point-like, dipolar, Gaussian)
MIT bag model wave functions for quarks [A]
Instanton liquid model for QCD vacuum + MIT bag model [C]

0.02

-0.02

(1
Xfis

-0.06

-0.08

-0.1
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Sivers function (first k; moment)
|| [A] Yuan PLB 575 (2003)
11 [B] Bacchetta, Schafer, Yang

PLB 578 (2004)

{| [C] Cherednikov et al PLB 642 (2006)
1| Thik lines: u quark
1| Thin lines: d quark
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Gamberg, Goldstein et al
Lu, Ma
Brodsky, Yuan
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Theoretical information on TMD PDFs and FFs: models

Boer-Mulders function

All models predict a negative BM function for both u and d quarks
[Gamberg Goldstein - Bacchetta Schéfer, Yang]
Same conclusion reached relating it with the Fourier transform of chirally odd GPDs

[Burkardt, Hannafious ,PLB 658 (2008)]

Collins fragmentation function

Different calculations modelling the fragmentation process
at tree level with insertion of one-loop corrections
pseudoscalar/pseudovector pion-quark couplings with pion/gluon loops
[Bacchetta Kundu Metz Mulders - Gamberg Goldstein Oganessyan|

PS ——

05 . . ‘
PV ———-

04+
1 | Amrath, Bacchetta, Metz

03+
\ PRD 71 (2005)
0.2+

01} e

H; /D,

0 i I I i
0 0.2 0.4 0.6 0.8 1
Z
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Helicity amplitudes for the elementary partonic process ab —» cd

All intrinsic parton motions are explicitely taken into account: all soft elementary
processes, A(B) —» a(b) + X and ¢ - C + X, and the elementary QCD process ab —» cd
(which is not planar in the hadronic c.m. frame) take place out of the hadronic production
plane (the XZ_, plane). This introduces several non trivial azimuthal phases in the PDF and
FF and in the helicity amplitudes for the elementary process. The helicity amplitudes in the
hadronic c.m. frame and those in the canonical partonic c.m. frame (no azimuthal phases)
are related in the following way [see PRD71 (2005) 041002 for details]:

y p ' ; : £ ; "
My s x = mmh;»’\mkb o—iabat Ao =2 L2 8a) o—il(Aa—A))Ea— (A=A )Ed] Li(A,—A,)0!

Well-known parity properties hold for the canonical helicity amplitudes: .

ey

ME/\ Ab = na. ﬂb nc nd (_1)3a+35_3c—8d(_1)(la—lb)—(kc—kd} M[}

5:_‘}‘&;_)“{11_ Ac?lj;‘\m:l)‘b

For massless partons there are only three independent helicity amplitudes:
My, =M, M_, _,=M)e¥, M_, ,_ = Me*s

At LO there are eight elementary contributions ab —» cd which must be considered
separately, since they get different PDF and FF weights in the phase-space integrations:

QaGv — Gc9d , qq—> 9c4d , gﬂgb_:"qq: GaGb — 9cGd
Q9 —4q9, 99 — 949, 499 — g9, 99 — 49
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Canonical helicity amplitudes for processes which only differ by the exchange of
the two initial particles, a < b, or of the two final partons, ¢ «+ d, are related as
follows:

MU, ba—)cd}\ (6) _ MO, ab—cd T — 6) e—-i?‘['(Ac—Ad)

oA Ay, AeaAgiAg A,
“r0, ab—dc 250, ab—cd _3'.”()\ _Ab)
My %N, (0) = Mfc,hd;hm(w — ) e im0

up to an overall, helicity independent, phase, which is irrelevant in the
expressions of the physical observables, where only bilinear combinations of the
helicity amplitudes occurr.

Kernels for the process A(S,)+B(S;) - C + X

E(SA:' SB )ﬂb_}cd — Zp;ii:i):fA fafA,SA (m&? kJ_a.) piii,fﬂ fbe,SB (mba kJ_b)

* ]
X My x A, MAL DA“: f‘(z,klg)

r‘hd;}"a 1-)";,
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Unpolarized cross section and SSA forpp > n + X

Ec do-(A:SA)+(B:SB) —C+X f dzg dﬂ’:b dz ) 2 3 —~
— B2k, d2k |, d3k | 6k - Pe) T(k | o)
dEPC a%;d 16?!'233(133!;225 la 1b 1c 1C LE 1
X Z(SAa SB)a (‘Tﬂ'? xhy 2,8 | qs K| by kJ_C) 5(§ + E+ ﬂ)
dot — dot
AN a4+ X)=
(pp ) dot + dot

The calculation requires the difference and sum of single-spin kernels for opposite
transverse polarizations [only q,q, — g.d. and gq — gq contributions shown]

[3(1,0) — (], 0)]% 07994 = Sivers contributions
| R . . - R .
5 Afaar @arkLa) forn (@, kis) [N + |21 + 832 | Doye(2,kec)

+ 2 [Af2 (@0, La) coslpn — p2) — AFE 1y (@0, kLa) sin(ps — ¢2)]
% ﬁf:,jﬂ (zy,k1p) MY M:‘;’ﬁcgc{z,hc) Transversity ® Boer-Mulders

_ [ﬁf:ﬁ;T(ﬂﬁa,kla) sin(p; — @s + ¢ ) — ﬁ_ﬂuﬁ(mn,kLﬂ) cos(p1 — @9 _|_¢,g)]
X forB(xp, k1s) MY MY AN Dg o1 (2, k1) Transversity ® Collins

1L = . P .
+ 5 Afajar(@a) kLa) Af; p(@s k1s) cos(pr — 3 + o5 ) My Mg AN D1 (2, kic)
Sivers ® Boer-Mulders ® Collins
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1 - - - - -
E &fy;’ﬂf(myrkl-g) quB (:t:q, kJ-q) ['Mﬂﬂ + |Mzﬂlﬂ chg (3’: kl{:‘)

+ [ﬂ_ ﬁ?‘lﬁ (T, kLg) cos(p1 — @2 +266) + &ffr /T{mga k.1g) sin(p1 — @2 + 2¢¢ )]
X quB (Zgsk1q) ﬂ;—ff MJEI!] A Dﬂfﬂ" (2,kLc)

[2(1,0) +X(],0)]d=2 7994 — “usual” collinear term

fn,ﬂ'ﬂ(murk_l_u) fb;’B (mh k_l_b) [l-'irrdyﬂl2 + |jl|:;'[ﬂ|2 +|Mﬂlﬂl f}cfc(z: klc)

+ 2Af2 ) 4(Tarkia) ASL /(@ kis) cos(ps — @2) My M3 Deyo(z,kic) | BM @ BM

t+ |fasa@askLa) A /5 (@s, ks) cos(er — ¢a + 98) D N3

+ ﬁf:,jA (Zay k1a) fb}B (zb, k1s) cos(p1 — @2 + ¢g)ﬂ}1nﬂ}20] ﬁNﬁc{a(zg kic)

Boer-Mulders @ Collins

[Z(1,0) +2(,0)]#9799 =
fya’A(myﬂ hJ-y) quB(‘“q: qu) [lMHZ + Mﬁfglz] f’)cfg(z: kJ_c:')
— &f%,A{my,klg) quB (2,,k14) cos(p1 — @2 + 268 ) MP MY &Nﬂcfﬁﬁ' (z,kic)
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TMD Color gauge invariant approach (hadronic correlators)

M

P=_  op =

The hadron tensor in semi-inclusive deep-inelastic scattering (SIDIS)

d4€

G & PSIUO) Y€ IP.S)

(D,'J;(p;P,S) =

A dé

AitksProsi) = ) Gyt ¢ L) PSiX)(PiS 1 X (€ [0)

Mulders, Boer, Pijlman, Bomhof
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Hadronic correlators as given in previous slide are not invariant under local SU (3)

YQATI1FTAOD 1'1"01"\("?[\1"1’\’101";/\1’\0 O‘;ﬂf\ﬂ ‘;1"\‘7{\]‘7D ]’\‘;]f\f‘ﬂ] 1’\1"[\/‘]11/‘1’(‘ n'P f’|1101“]f ‘p;a]r]o'
£augC ansiorinduoils, Siice 1ivoive 0110C0d1 Proauctis Of quark 1icilas,

We need to connect the quark fields by means of a path-ordered gauge link (Wilson line)
U = Pexp| —ig f - A T° |
(3¢ c

C : integration path with endpoints C and &;
P denotes path-ordering: parametrize the integration path using

nt(s) with s€[0, 1] and #(0)=7" and n# (1)=&

The properly invariant light-front (§ -n) definition of the correlator 1s therefore

d&-Pyd*ér . —
(DEH](X’PT) = f (5(22,)3 T e (P.S|yi(0) Upoeg Wi(€) IP.S) |1 g

L N Son S

N A ) L R (O B

g
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Parametrize the (color gauge invariant) hadronic correlator imposing general hermiticity, parity and
time-reversal property. One ends up with the following parameterization (leading-twist only)

OU(epriP.S) = 4{ AP P+ LhirCeph)yslSr.Pl

pr-S
+SL g, pi)ysP + = Tglr(x,p%)'ySP

M

7P preSi [#r.P]

+ 81 h (x,p7)Ys J;TM + TM i (X.p7) Vs 5?52TM
r.Pl g

+ il (x,p7)

In the collinear (transverse momentum integrated) case this parameterization of the correlator reads

O(x;P.S) = 21 AP+ SLg1 () ysP + 1 () ys[$7.P1)

Analogously, one can define a gauge invariant gluon correlator

mmajWGPM%rﬂw
pnr) e
X (P.S| Tr[ F'(0) Uy.q F7(6) Ul 11P.S) Ik

T (U U | py

(x,pr) =
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In a pQCD scheme, without proper gauge links time-reversal invariance would imply the
vanishing of the Sivers and Boer-Mulders (all T-odd) distribution functions

The same argument does not apply to the hadronic correlator for the fragmentation functions,
due to the explicit appearance of hadronic final state interactions

Historically, the Collins mechanism in the fragmentation process was introduced as an alternative way to
explain large SSAs and to measure the transversity distribution in SIDIS

Gauge invariance requirement does not restrict the gauge -link path-ordered exponential.
Wilson lines arise from resummation of gluonic initial and final state interactions between the hadronic

remnants and the current (active) quarks. They may depend on the hard elementary scattering processes
associated with the hadronic process considered

Gluonic initial and final state interactions lead to future pointing Wilson lines in SIDIS,
while they give rise to past pointing Wilson lines in Drell-Yan processes
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A pictorial representation

T T T T
U[UT:OOT] U[OOT Erl U[OOT érl U[UT-‘DOT]
n n
U coié] & I3 U[m;..f]
P ® 3

&g+ e -

- ® L >
UFO | 0 ——= An 0 Un ——= An

[0:00]
past pointing Wilson line Z/!”!

future pointing Wilson line /]

=] _ T n
Uger = Ulbisoo) Uty cor) Uleoren Ul

[cor:é7] ™~ [£005€]
. . n-Pin-P . . Er+nr
U&¢+n] Pexp| — lgfo dl n-A“(E+Aan) T UT; e = P exp [ _ ig£ dip -AG(0) T
cT

It was a common belief that gauge fields should vanish at light-cone infinity and
transverse Wilson lines could be ignored
In the axial gauge the Wilson lines U" should reduce to simple unit operators
Gauge links could be effectively omitted = vanishing of naively T-odd distributions

In 2002 Brodsky, Hwang and Schmidt showed by an explicit calculation within a spectator diquark
model of one-gluon FSI in semi-inclusive DIS that transverse single spin asymmetries can be
nonvanishing at leading twist.

Soon after Collins proved that this result is related to the proper treatment of gauge links and that
time-reversal invariance does not imply the vanishing of the Sivers function
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Instead, Sivers functions in SIDIS and Drell-Yan processes should have opposite signs

2 2
/ 1Ji" (X, P7) Iprellyan = = 1Ji"(xaPT) Jsipis

Wilson lines and the effects of gluonic initial and final state interactions are process dependent
In general the universality properties of the naively T-odd distributions can be spoiled.
For SIDIS and Drell-Yan processes a simple generalized form of universality seems to hold.

Collins and Metz have shown that inclusion of gauge links preserves universality
for the Collins fragmentation function.
Very important also from a phenomenological point of view

For basic hadronic processes, SIDIS, Drell-Yan, e+e- annihilation, the hard processes
are (at tree level) simple e.m. vertices
= only future/past pointing Wilson lines occur

For processes involving hadrons both in the initial/final states the situation is much more involved:
even simple generalized universality properties can be lost
Different partonic processes can give rise to different gauge-link factors
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Gluonic pole hard scattering cross sections (e.g. g — qg)

AT ge—qq
dt

§2+i}2{ S+0% 1 }
251 £2 N?

do [qlg—qg _
dt

gauge
Invariance
preserved!

2N

22 w0 A2 5
drag Ty 52+u2{52 Nz+1{u2 I }}

§2 251 (> N?

) Nucleon Structure School
F. Murgia - INFN CA Torino 2009 45




1.
0.
0.
0.
0.
1
) )
C. Bomhof A o A o
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Figure 4.3: Comparison of some of the unpolarized partonic and gluonic pole cross sections. We

plot their ratios for N=3 (solid line) and N—oo (dashed line) against the variable y defined in (2.8).
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pQCD Collinear twist-three approach

(an almost pictorial discussion...)

consider the reaction

AP, 57) + B(P') — h({) + X

S=(P+PP=2P-P, T={P—-(P=-2P( . 2, T—-U
U= (P —€)?=~—2P" ¢, d JS S
_ (3) /
dAoyrpcix = Zﬁb /AT(XI,XQ) Q@ dp/B(x") @ Hygp—se @ Desc(2)
abc
2 3
T Z‘sch/ll(x) ® ¢lg/)8(xlvx2) ® H +b_>c ® De—c(2)
abe
(3)
28474 () @ br/p() @ Hypy o @ D2 (21 22)
abce

Qiu — Sterman(91-98), Qiu-Vogelsang-Yuan (2006), Koike and coworkers,...
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d*k; d*ko
dAo ~ T,(ki,k)S,(ki, k
o Za:/(zn)“ ) a(ki, k2)Sq(k1, k2)

Sa(ky, ka) = Z[ —qﬁb/B(x )[dzHa+b—>c(k1 ko, x', pe)De—c(2)

k?sz“+Hl+k%ﬂlﬁp“

3 S ”A
= 5

()
Kouvaris, Qiu, Vogelsang, Yuan, PRD 74 (2006)

P,.Sr
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o, B

Expanding H,,_,. in the partonic momenta, k; and k-,
around k; = x; P and k, = x, P, respectively, we have

oH. ., .
—=(x, x0) (ky — x, P)P
Ok

H .k ky) =H . .(x),x5) +

oH , .,
_|_—ab C(XI,XZ)(kQ_XQP)p+...

dkb (8)

Nucleon Structure School
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(a)

(b)

(c)

This expansion enables us to
integrate  over three of the
four components of the two
loop momenta k;, which
reduce to convolutions over
the parton light-cone

momentum fractions X;
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_ dy Xy +\, i(xy—x, + Vo
T (kl k2) |:> TaF(ll,)»z) jl]_—we Py~ +i( )PFy;
X AP, 571, (0)y T [eT" F 7 (vy)]
X by (yIP, S7),

Additional path ordered exponentials of the gauge field rendering the matrix element
gauge invariant have been suppressed; (valid in the light-cone gauge A* = 0)

This matrix element is a symmetric function of its argument s and is real

The phases required to generate SSAs have to arise in the hard scattering functions H
Imaginary parts in H can arise even at tree level, thanks to the pole structure of the hard
scattering functions

dAo = —Z/dZDHc(Z)/—%/B(x )/dX1dX2Ta F(X1.x2)

abc
pstnn = 0
2 k5 =0

Integrations over either x, or x, can be done by using the poles in H

) Nucleon Structure School
F. Murgia - INFN CA Torino 2009 50



|
(X'P' + (xy = x))P + k)* + i€
|

i1
= + O k2 —_ — —— 5 _,T') — X
(x, — x)X'S + i€ (k7) x'S (= x1)

Soft-gluon pole

contributions
Restoring all factors ‘
&> Ao o’ I dz I dy! 1
E 3 = — f _-D(‘—h» < / ) X’,
‘ deC S {; <min 52 | C( ) 'r:nin .‘{J X’.S’ + I/Z¢’E XB( )
Ep(;.s':rnﬁ 1 d L
X+ 4o (75 ) . [R.F(x,x) — X (mTﬂ‘p(x,x))} Hyxpo(S,1,00)
1 AN A F ~ A~ A fj
Hﬂ—H}_}C = Hﬂ-i—b—u:(gf t,it) + Hf?—}—b—nr(gs fou)| 1+ IT
/' \
Initial state contributions Final state contributions
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SSAs in hadronic collisions are usually large in the forward region (large positive
Feynman x), where on the average parton a inside the polarized hadron has a large
(> xg) light-cone momentum fraction x, while parton b inside the unpolarized
hadron has a small light-cone momentum fraction x’.

all distributions vanish for large x as (I — x)ﬁ, with g > 0, (3/3x)T, F(x,x) > T, p(x,x) whenx — |
Therefore, in the forward region, terms proportional to derivatives of the distributions 7, r dominate

gg — ¢g scattering:

qq — qq scattering:
R C S 0 N- 5ii N Crr$*+0> 2+ 2 §°
HY (5. @) =—F[—7 }[1 _Ne §i } we_ i =SS + |
Ne i s Crp 1° Nc t” i~ Neti
1 S i R 1 782+a%> 2+ Nz+152
H G 10)=———| —=—— || 1 = N2> |, H _ (G.10)=— Ty _Net 15 )
q8 f{( ) Q(N%_ 1)|: il ;;:||: c z:g:| qq ‘f'( ) N%‘ 2 02 Neo ti
n 1 K Sh R 1 [24+a?7 N2-2rs2+7
HF_,- .!S\,I,IA == - = >y 1+2N2T . HF_, .:!:,f,lA = - + C
%= ) 2N§(N§_—1)[ 0 s:||: Cﬁ} g—g 5 1:1) 2NZ| P 2NZ. 0>
1 §?
N
C
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Beside soft gluon pole contributions, there are hard-scattering diagrams possessing other
poles, for which an initial quark becomes soft. These socalled “soft-fermion poles™ are
expected to play a less relevant role and are usually not considered in applications

Quite recently, Koike has investigated the role of soft-fermion poles in SSAs for pion
production at RHIC. If the corresponding twist-three quark-gluon correlation function is not
suppressed in comparison with the one associated with soft-gluon poles,
its role could be not so negligible.

Additional contributions to the collinear expansion can arise from terms linear in the parton
transverse momentum in other “hard”propagators or in the numerator of diagrams.
These terms do not lead to derivative contributions to the SSAs and
are also expected to be negligible

Contributions involving three-gluon twist-three correlation functions
were not included in the original formulation of the approach.
They could be relevant in the mid-rapidity region
Recently their role has been studied in SSAs in open charm production
at RHIC (gluon fusion channel dominant)
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dy_dy_ ixPTyT 1
T (x, x) = f‘—ze"’) (P sy (0

27T X
X [eT7"F " (v )JF*" (y)IP, s7),

qq — cc¢ channel

gg — cc channel

0.5 ;_ [_)O meson

04| P,,=2GeV

-0-1 -_I lIl“.Il”I‘“lll“ll'“l”"l‘“i"‘l""l L I Ll I | I -
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Kang, Qiu, Vogelsang, Yuan PRD 78 (2008)
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Relations between TMD and twist-three approaches

m Factorization for TMD approaches has been proven for processes where two energy scales are
present (a high perturbative scale (Q) and a low energy scale (q;) associated with some trasverse
momentum dependent observable [ Agcp ~ qr << Q ] ), e.g. SIDIS, Drell-Yan process, two almost
back-to-back particle production in pp collisions (still under some debate)

[Belitsky, Idilbi, Ji, Ma, Yuan; Boer, Bomhof, Mulders, Pijlman,...]

Factorization not yet proven for single particle production in hadronic collisions

m Twist-three collinear approach follows usual factorization theorems of pQCD, proven also for single
particle production in hadronic collisions.

m [t has been shown, for SIDIS and DY processes, that the TMD color gauge invariant approach and
the twist-three formalism are equivalent and describe the same physics in the intermediate q;region
where they applicability domains overlap [ Agcp << qp << Q]

m This gives a link among the twist-three correlation functions T(x,x) and the k; moments of the TMD
distributions related to the same physical mechanism. As an example:

2

1 P N
2Mf-1LT(1)(X) = —g¢Tr(x) flT(l)(x) = dePT TA;QfIT(x’p%)JSIDIS
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do/dq, 4

q,~Q coll. fact

—

ﬁM
T

'

—— | > q,

| [ Agep < qr < Q] |

Figure 17. Cartoon of different kinematic regions ¢ ~ Q and g1 > Aqcp relevant for the
single-spin asymmetry in the Drell-Yan process. In the region of overlap, Q > ¢ > Aqcp both
mechanisms describe the same physics [71].
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Open points

m Factorization for single particle inclusive production in the TMD approach

m Evolution with scale of TMD distribution and fragmentation functions
[Henneman, Boer, Mulders; evolution of first k; moments of TMD PDFs and FFs]
[Ceccopieri, Trentadue; Q?-evolution of unpolarized TMD distr. in SIDIS]

m Soft factors from soft-gluon radiation [neglected in all phenomenological analyses]
[Ji, Ma, Yuan; Collins, Metz; formal aspects of factorization in SIDIS and DY processes]

m Potential suppression of azimuthal asymmetries due to Sudakov factors [soft-gluon radiation]
[Boer]

m Parton off-shellness , fully unintegrated parton correlation functions
[ Watt, Martin, Riskin; Linnyk, Leupold, Mosel; Collins, Rogers, Stasto]

m Experimental tests of generalized universality for Sivers Function [pQCD prediction]

m Improved parameterizations and phenomenological constraints for the TMD PDFs and FFs

) Nucleon Structure School
F. Murgia - INFN CA Torino 2009 57



To reach the simple configuration of the canonical amplitudes: start from the
hadronic c.m. frame; perform a boost in the direction determined by q = p, +
P, [so that the boosted three-vector p’, + p'y, is equal to zero]. This will provide
us with a c.m.-like ref. frame S" where partons a and b collide head-on. Here
the parton a and the parton c [resulting from the hard interaction between a
and b] will have directions identified by (¢’,, ¢',) and (¢/., &) respectively. In
general, the parton momenta in S’ are related to the initial ones (before the
boost) by [i=a,b,c,d]:

p{:pi_ q pi'@_l_p{_]
“ C+vVe \Ve

Perform now two subsequent rotations, one around the Z axis by an angle ¢/,, and
one around the Y axis, by an angle ¢,, such that the collision axis of the two
colliding initial partons turns out to be aligned with the Z axis. We call this frame
S”. Under these boost and rotations the helicity states and consequently the
scattering amplitudes acquire phases, fmb,c,d and ‘fa,.b,c,d :

cosf, sin @, —sin f, cosf; cos(p, — @;)

0055_—; — -

sin gy

sin @, sin(¢, — ¢;)

sin ﬂqp}_

S].]lgj =
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& = +§

! !
o ~ cos 0, — cos@; cos Qp;p;
j - . Il .
sin ‘9;,-' sin QPLP}
» ! . f !
sy — sin @, sin (¢, — qu)
j . .
sin @
PLPj
- " f f
cosg!  — cos Oy sin @, — sin 6, cos 6’ cos(¢py — @)
J sin 6,/
J
" " ’l‘
sing! — — sin @, sin(¢g — qf)_?)
J sin qu;

In the S” frame the direction of the parton c is characterised by an azimuthal
angle ¢"_ given by

tan ! — sin @, sin(¢!, — ¢/,)
¢ sin@, cos(¢, — @/, ) cos#, — cosf! sinb/,
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LO helicity amplitudes for the elementary process ab — cd
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LO helicity amplitudes for the elementary process ab — cd (2)
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