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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
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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 transv. spin effects contradicting this prejudice:

quark transversity distribution

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 terms in a 1/Q power expansion,
with Q the large energy scale) spin and transverse momentum dependent
(TMD) partonic distribution and fragmentation functions
can 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

light-cone hadronic wave functions
[ violation of helicity conservation rules in QCD exclusive processes]

The study of transversely polarized observables in different kinematical
situations and in different processes will hopefully clarify in much more
detail the dynamical structure of hadrons
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Single spin asymmetries in high-energy inclusive and semi-
inclusive particle production at moderately large p+

Transverse (left-right) single spin asymmetries (SSA), Ay (AR)
Not forbidden by parity invariance of strong interactions
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Single spin asymmetries in high-energy inclusive and
semi-inclusive particle production

Theoretical exnectactions (circa 1980)
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Transverse single spin asymmetries (SSA), Ay

Expected to be negligible in high-energy hadronic processes
Transverse 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
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At tree level, all helicity amplitudes are real
Imaginary parts can only arise through higher-order (loop) contributions
The QCD massless g—g coupling preserves helicity at all perturbative orders
Helicity flip contributions in the amplitudes must be prop. to (powers of) m,/E,
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Kane, Pumplin, Repko PRL 41 (1978)
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Unexpected experimental results for pion SSAs in pp collisions
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Fermilab E704: Ay (p'p — 7X)
Vs =20 GeV, 0.7 < pp < 2.0 GeV

rp =2pr/Vs

Ay pr+p— m°+X at vs=200 GeV
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More RHIC results for SSAs

p+p —> 7°+X at vs=200 GeV
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Good description at 200 GeV over all rapidities
down to p;of 1-2 GeV/c
Warning:

Presently we are able to calculate SSAs at leading-twist
or even twist-three accuracy BUT only at the LO level
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Transverse hyperon polarization in unpolarized pN collisions
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Azimuthal asymmetries in
semi-inclusive deeply
inelastic scattering (SIDIS)

Ip > I’h+X

FIG. 1 (color online). Three-dimensional kinematics of the
SIDIS process, according to Trento conventions [14]. The pho-
ton and the proton collide along the Z-axis, while the leptonic
plane defines the Xz plane. The fragmenting quark and the final
hadron h are emitted at azimuthal angles ¢ and ¢, and the
proton transverse spin direction is identified by ¢g.
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Azimuthal asymmetries in SIDIS - HERMES results
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Figure 1: Collins amplitudes (left column) and Sivers amplitudes (right column) for m-
mesons (as labelled) as function of x, 2 and Py, ;. The error bands represent the maximal
systematic uncertainty; the common overall 8.1% scaling uncertainty is due to the target
polarisation uncertainty.
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Azimuthal asymmetries in
SIDIS
HERMES and COMPASS results
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Azimuthal asymmetries for inclusive hadron pair

production in e*e-

(cos(pr + ) °2F

02
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FIG. 2: Definition of the azimuthal angles ¢, and ¢2 of the
two hadrons, between the scattering plane and their transverse
momenta Py around the thrust axis 72. The angle # is defined
as the angle between the lepton axis and the thrust axis.

Notice: large scale here
is approx. M2 = 100 GeV?
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FIG. 18 (color online). Light quark (uds) A, asymmetry
parameters as a function of z, for 4 z; bins. The UL data are
represented by triangles and the systematic error by the upper
error band. The UC data are described by the squares and their
systematic uncertainty by the lower error band.
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Azimuthal asymmetries in (un)polarized Drell-Yan processes
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In the “naive” collinear parton model: A =1 and uw=v =0
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Inclusive single particle production in pp collisions
In the “collinear” QCD-inspired parton model

h(Py)
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Unable to explain the large azimuthal and single spin asymmetries observed
In this scheme they originate entirely from the underlying partonic process
m
q
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Generalized parton model in the helicity formalism:
Polarized leading-twist TMD PDFs and FFs

Consider as an example the doubly polarized invariant differential cross section for
inclusive single particle production, A(S,) B(Sg) — C + X:
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Related to the leading twist hadronic correlator }_P

F. Murgia - INFN CA QCD@Work 2010 16




Rotational invariance

ﬁi:ﬁii (xa’ kJ_a) = /){ f{f (xa’ kLa) GXP[I(AA o A )(lb ]

Parity invariance of strong interactions

F_’\a’_/\'it — (_ 1)2(5,4_5(,)(_ 1)(AA_AH)+(A; - )F/\“

—Aa— X, WA

Some parity relations
are different for
quarks (s,=1/2) and
gluons (s,=1)

Angular momentum conservation in the forward direction (ky —» O)

M

N N A I
a’™Na a a’a
)\A:)\iq (SEa,k’J_a) ~ )\A’XA

(ajaa kJ_a,)

We end up with 8 independent leading twist TMD functions (e.g. for quarks)

nj
H_

— —

Obviously purely real quantities
= Unpolarized and longitudinally polarized PDFs, f; and g,

|

I

| l+— — Purely real(imaginary) quantities for quarks(gluons)

I '3 — IZI: F — — Contributions to the quark TMD transversity DF,: hq, th

Fi_j— :|: F_;__ —> Sivers function and g]_LT PDF

independent; can also be
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+— +— mao
F_|__|_ :l: F__ —> Boer-Mulders function and hf‘L PDF real and imaginary parts of

These last 4 complex
functions are not

two of them

F. Murgia - INFN CA QCD@Work 2010

17



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:

Y _
o \C . x
D;‘ x. (ko) yfx P AeArgid(Z k1) D/‘E:J\X?Aé(z’kid
= A, A (X — )\ ¢5H
D,\Cxc(z kic) = Acxc(z k1 o) e

~ A o
Diaxc(z’ kJ—C) = Z D;\SAEO(Z:' kJ_C') — Di,)\;c(z, kJ_O)e?’(/\c }‘c)¢’g
AcAo

!
DYy (zki0) = (~1)(=1)’FTDS (2 k)

Quark sector Gluon sector
D%z, k.1c) = D%/(z,k1 ) =D k DC9(z,k1c) =D%(z,kic) =D k
+(Z= 10) ++ (2,k1c) = Doyg(z,kic) ++ (z,k1c) ++ (2,k1c) = Doyg(2,k10)

2Im D/ (2, k1) = AY De gt (2, ki) 2Re DS/% (2, kic) = AN Doyre(2,k 1)

Notice: for spin 1/2 hadrons (A’s,...) in analogy with the PDF case
there are again 8 independent TMD FFs

F. Murgia - INFN CA QCD@Work 2010 18



The most phenomenologically relevant for SSAs are

Sivers distribution function (chiral-even, naively T-odd)

Afa/AT (33', kL) = fa/AT (:Ea kL) o fa/Al (33, kL) — fa/AT (SE’, kL) o fa/AT (33, _kL)

Transverse SSAs in polarized AB —» C+X, SIDIS, DY

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

Afurja(@ky) = farja(z k) = forja(@ k) = fora(, k) = farjalz, —kL)

Azimuthal Asy.s in unpolarized AB —» C+X, SIDIS, DY

Collins fragmentation function (chiral-odd, naively T-odd)
ADC‘/QT(Zv k)= D(;/qT(,?:, ki) - DC/ql('z: k)= DC’/QT(Z? ki)— -DC/qT(za —k,)

Azimuthal and transv. Asy.s in (un)polarized AB —» h+X, SIDIS, DY, e+e- > h h X

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

AﬁAT/q(ZokJ_) = ﬁAT/q(Z, ki)— ﬁAi/q(Z, k)= ﬁAT/q(Z, ki) — ﬁAT/q(Zv —k1)

Transv. Hyperon polarization in unpolarized AB —» C+X, SIDIS
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Fits of data and parameterizations

Transversity and Sivers distribution - Collins F.Function

Work in collaboration with

M. Anselmino, M. Boglione, A. Kotzinian (Torino)
U. D’Alesio (Cagliari)
E. Leader (London)
S. Melis (Alessandria,ECT*)
A. Prokudin (Jlab)

Sivers function: PRD 72, 094007 (2005) - EPJ A 39, 89 (2009)
Transversity & Collins FF: PRD75 054032 (2007) — NPB Proc. Suppl 191, 98 (2009)

F. Murgia - INFN CA QCD@Work 2010 20




Azimuthal asymmetries in
semi-inclusive deeply
iInelastic scattering (SIDIS)

Ip > I’h+X

FIG. 1 (color online). Three-dimensional kinematics of the
SIDIS process, according to Trento conventions [14]. The pho-
ton and the proton collide along the Z-axis, while the leptonic
plane defines the Xz plane. The fragmenting quark and the final
hadron h are emitted at azimuthal angles ¢ and ¢),. and the
proton transverse spin direction is identified by ¢g.
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TMD generalized parton model
Fits to SIDIS [HERMES and COMPASS] Sivers Asymmetry
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Azimuthal asymmetries in
SIDIS
HERMES and COMPASS results
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Azimuthal asymmetries for inclusive hadron pair
production in e+e- collisions (Belle)

02

hrust axis n

FIG. 2: Definition of the azimuthal angles ¢, and ¢2 of the
two hadrons, between the scattering plane and their transverse
momenta Py around the thrust axis 72. The angle # is defined
as the angle between the lepton axis and the thrust axis.

Notice: large scale here
is approx. M2 = 100 GeV?
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FIG. 18 (color online). Light quark (uds) A, asymmetry
parameters as a function of z, for 4 z; bins. The UL data are
represented by triangles and the systematic error by the upper
error band. The UC data are described by the squares and their
systematic uncertainty by the lower error band.
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Fits to transversity distribution and
Collins fragm. function from a combined

analysis of Belle asymmetry in e+e- -5nn X

and of Collins asymmetry in SIDIS
[HERMES, COMPASS]
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Parameterizations of transversity distribution
and Collins fragmentation function
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Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV?: we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

First ever available fit
for transversity
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Figure 6. Favoured and unfavoured Collins frag-
mentation functions as determined by our global
fit, at Q2 = 2.4 GeV?2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].
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What about the results for pion SSAs in pp collisions?
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Pion SSAs in polarized pp collisions

Potentially can be described by both Siver and Collins effects separately
No direct way to discriminate between Sivers and Collins effect

SSAs are huge in the forward Feynman X region
SIDIS data used to parametrize the transversity and Sivers functions
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cover only the region xg < 0.3

They almost do not constrain the parameterizations
in the region of interest for pp collisions
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Summary of interesting accessible processes and effects involved

SIDIS *KxKx* *xHK*x
Drell-Yan 2 ° ° KKk Kk KX Kxk
e*e~—h h,X 2 ° ° KAk Kxk KA Kxxk
AB - h X 3 ° ° ° ° *x H X
AB —» v X 3 ° *xx *KxKx*x
AB — h;h,X 2 ° ° ° ° * kX * kX
AB —» | X 3 ° ° * P T S
AB — j(h)X 3 ° ° ° ° KKk x E o
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Open points, outlook

m Factorization for particle inclusive production in the TMD approach

m Evolution with scale of TMD distribution and fragmentation functions
[Henneman, Boer, Mulders; Ceccopieri, Trentadue; Cherednikov, Stefanis]

m Soft factors from soft-gluon radiation (spin independent?)
[Ji, Ma, Yuan; Collins, Metz; formal aspects of factorization]

m Potential suppression of azimuthal asymmetries due to Sudakov factors
[D. Boer]

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

m Experimental tests of universality (breaking?) for TMD PDFs and FFs

s Improved parameterizations and phenomenological constraints
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