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m Consider scattering of atransversely-polarized
spin-1/2 hadron (S, p) with another hadron,

observing a particle of momentum k
X

|

The cross section can have aterm depending on the azimuthal

angle of k
ds ~SXp k)
which produce an asymmetry Ay when S flips
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Sample Exp. Data
m A Bravaretal, E704, PRL77, 2626 (1996)
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FIG.3. Ay data as a function of xp for w— and #* for
pr = 0.5 GeV/c. Ay data for 7% in a similar p; range are
also shown [5]. The first #— and 7™ data points are offset by
—0.01 and +0.01 xp units, respectively.
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STAR Collaboration, Phys.Rev.Lett.92:171801,2004; hep-ex/0412035
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PHENIX Collaboration, hep-ex/0410003

PHENIX Preliminary
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BRAHMS Collaboration, talk by Videbaek

BRAHMS preliminary
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<e>~ -0.035 => +-0.005 <e>~ +0.022 => +-0.005
+-[0.015] in 0.17 < xF < 0.32 +-[0.015]-in 0.17 < xF < 0.32
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m Systematics

m Ay IS significant in the fragmentation region of
the polarized beam

= Ay and Its sign show a strong dependence on

the type of polarized beam and produced
particles
= A related phenomenon: the transverse
polarization of spin-1/2 particle in unpolarized
hadron scattering.

= G. Bunce et. al, PRL36, 1113 (1976).
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m Single Spin Asymmetry Is proportional to
Im (My, * M)
where My, Is the normal helicity amplitude
and Mc is a spin flip amplitude

m . one must have a reaction
mechanism for the hadron to change its helicity (in a
cut diagram)

m . to generate a
phase difference between two amplitudes

The phase difference is needed because the structure
S «(p x k) formally violate time-reversal invariance




m If the underlying scattering mechanism is hard,
the naive parton model generates a very small
SSA: (G. Kane et al, PRL41, 1978)

= The only way to generate the hadron helicity-flip Is

through quark helicity flip, which iIs proportional to
current quark mass my

= To generate a phase difference, one has to have
PQCD loop diagrams, proportional to as

Therefore a generic pQCD prediction goes like
Ay ~ asmy/Q less than 0.1 per cent




= The hadron helicity flip can be generated by
other mechanism in QCD
= Quark orbital angular momentum (OAM):

Therefore, the hadron helicity flip can occur without
requiring the quark helicity flip.

sz [1/2-1

1/2

Beyond the naive partoni model in which quarks are collinear
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m A collinear gluon carries one unit of angular
momentum because of its spin. Therefore, one
can have a coherent gluon interaction

Quark-gluon quark correlation function!
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m The correlations effect replaces the current
quark mass by a typical QCD scale ? ¢,

which now has a size at percent level.

= How to generate phase?
= Perturbative QCD loops

= A new possibility: through the tree diagrams. Scattering
of Initial and final state partons in the Coulomb field
of the polarized nucleon.
Ay ~ 7 QCD/Q
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Coulomb
gluon

No loop is heeded to generate the phase!

Efremov & Teryaev. 1982 & 1984
Qiu & Sterman: 1991 & 1999
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Comparison With Data

Ve = 20 GeV, pp
I = 4 GeV
A 80 MeV
L I L L I L L L L L L L
0 0.2 0.4

X

Qiu & Sterman, PRD59, 014004 (1999)
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In Deep Inelastic Scattering, HERMES, A. Airapetian et al.,
hep-ex/0408013,

T
uT

2 (sin(o - dg))

<Q?>=2.41GeV?, <P,>=0.41GeV
0.023<x<0.4, 0.2<z<0.7
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Probe additional information
Including the transverse
distribution

e The function leads to SSA In order of 1 In the
scaling (Bjorken) limit, I.e., twist-2 effect
e Transverse momentum could be small on the order

of L ocp, require new factorization theorem.

Jan. 13, 2005 RBRC Seminar




Q(ma kJ_) — qS(ma kJ_) + Sin(¢k - qu)Qt(xa kJ_)

m Sivers function is the asymmetric part of k,
distribution In a transversely polarized hadron

m It generates novel In SIDIS and hadron-
hadron collisions
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Non-perturbative hadron structure involving

m Hadron helicity flip
guarks can be In S- and P-waves
m Final state interactions (FSI)

= The hadron structure has no FSI phase, therefore Sivers
function vanishes by time-reversal (Collins, 1993)

m There is final state interaction leading to single spin
asymmetry at leading twist in SIDIS (Brodsky et al. 2002)

= FSI can arise from the scattering of jet with background
gluon field in the nucleon (Collins, 2002)
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Parton distributions with full gauge link
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= [ he gauge invariant definition

1 / d€"d*¢, —i(¢ kt—€ k)
2 (27)3

X(PS[P(&™,£1)LE (€7)7 T Lo(0)1(0)|PS)

Light-cone gauge:
Additional Gauge link
at x=81

JI, Yuan (02)
Belitsky, Ji, Yuan (03)
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At leading power of 1/Q

do o« (1-
_(1_

y+ 1y 2epFyy
y)rg cos(Q(bh)F%

—\-/\g/\y(l — y/Q)ITBFLL
+44/S1[y(L ~ y/2)zp cos(gn — §s)Fir

+A(1
M
51
51
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Four possible regions for the gluon
momentum K:

K IS collinear to  (

< Is collinearto  (

K 1S soft ( )

K IS hard (
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Three reagions for the gluon momentum k
1) k is collinear to ( )
2) k is collinear to )

3) k is soft ( )
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Bag model calculation of
The Sivers function, F. Yuan
Phys. Lett. B575, 45 (2003):

In the bag model, quarks are
In S- and P-wave states, and
The quark orbital angular
Momentum contributes to 40%
Of the proton spin




m Sivers function from Qiu-Sterman mechanism

1, e JI, Ma, Yuan, in progress
4 N

Quark-gluon correlations

m It is not suppressed by 1/Q, but by

m eRHIC and/or EIC can measure this asymmetry,
plus many others, and provide information. on
quark-gluon correlations in nucleon




= Compare different region of P,

W HERMES
®CLASM, > 1.1
OCLASM, >1.4

Perturbative region
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Quark Sivers function

m SSA for Drell-Yan: Sivers function has opposite
sign, - , because of the gauge link
changing direction.

Gluon and quark Sivers function

m Di-jet correlation (Boer & Vogelsang, 2003)
m Heavy quark/quarkonium

m Di-photon, di-hadron, hadron+photon, ...
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Boer, Vogelsang, PRD69:094025,2004
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Quark Orbital Angular Momentum

e.g, Siver’s function ~ the wave function
amplitude with orbital angular momentum!

Friends:

> Pauli Form Factor F,(t)

> Spin-dependent structure function g,(X)

> Generalized Parton Distribution E(x, ?, t)
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= All distributions can be calculated using the
wave function. The amplitudes are not real
because of FSI. Siver’s function:

griz, k) = F_‘* d[1)d[2)d[3]v/x1 225225 Im[F,] .
v,

The functions Fj for the u-quark is

|,1£ l,-ial l,-hl

23 8® (k — k)i (1,2, 3)95Y (1, 2,3) — 6@ (k — ka)ipy (1,2, 3)4))

/ L

"(2,1,3)

= Similar expressions for F,(Q), g,(x) and E(xt)
Ji, Ma, Yuan, Nucl. Phys. B (2003)

Jan. 13, 2005 RBRC Seminar 35




[di;|[dy;] [x3Palzy, 2o, 3)Te (i, 4:) + 21V a2, 21, 23)Tw(xi, 1:)] Palws)

aoney It predicts that F, goes like
= (InfQ?)/Q° and hence
" F./F;, ~ (InPQ?)/Q?
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Belitsky, J & Yuan,
PRL, 2003
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= Pin down the L,? 0 component of the proton
wave function Is very important. It can help us
to determine how much of the nucleon spin Is
carried by orbital angular momentum.

m It also help to determine to what extent, the
proton Is not spherically symmetric (or
deformed).
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= SSA In hadronic reactions provides much more
iInformation about nucleon structure: especially
the quark orbital angular momentum, and the
quark-gluon quark correlations.

s A QCD factorization has been proved for Semi-
Inclusive DIS

= Two mechanisms generating SSA in QCD
merge at large P, SSA in SIDIS or Drell-Yan
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m [ he definition

dg_dQSJ_ e—iajp+£_+iEJ_°€J_

7k N —
R

x (PIFu(¢™, 600, L1(67,€1)£(0,0 ) FLT(0)| P)

Fann:ﬂ mAan _ﬂn Aam_gf Amb Anc

abc

Gauge Link
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