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Outline of Lecture One

 Single spin asymmetry - definition
d Single spin asymmetry before QCD
1 Parity and Time-reversal invariance

1 Perturbative QCD factorization

1 Single spin asymmetry within the
collinear factorization

(] Outline of Lecture Two
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Outline of Lecture Two

d Semi-inclusive deeply inelastic scattering

d K;- factorization

] Sivers effect and Sivers functions

] Collins effect and Collins functions

1 Single spin asymmetry in Drell-Yan

d Open questions and discussion
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Single Spin Scattering — (l)

1 Single hadron inclusive process:

A(p, 5)

B(y') = C(¢)

X

— only one initial-state hadron is polarized

— observed particle C' () is unpolarized, and

can be any high transverse momentum particle

T, P, 7Y, or lepton

— cross section: g (£, §)
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Single Spin Scattering — (ll)

4 Inclusive and Semi-inclusive DIS:

Neutral Current (NC) Charged Current (CC)

E‘-j(/f_? /,ﬂf) ({-I(/’CQ /VM/(A:!)

v, Z%(q) W=(q)

P(R) — P(H) —

g U\X(p!) g \J\X(p!)
negative four-momentum transfer squared Q2 = —qg°=—(h— JFLJ)Q
fraction of proton momentum r = 2?}1
inelasticity y = o7
squared cms energy s = (k ‘|‘P)2 = f—;
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Single Spin Asymmetries — (l)

0 Spin-avg X-section: o(l) =

jg(& gj + J(€: —§')
o(¢,5) —o(l,=5).

b=t B[

d Spin-dep X-section: Ag(ej gj -
d Single spin asymmetry:

— Ag(éﬁg’) _ g(fjg') —{T(f?—g)
Al,5) = o)  o(l,5)+a(l,—3)

*» single longitudinal spin asymmetry: A;

particle spin § is parallel to its momentum p
“ single transverse spin asymmetry: A
particle spin § is perpendicular to its momentum p
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Single Spin Asymmetries — (ll)

 Even though cross section J(f, 5’) is finite, single
spin asymmetries can vanish due to the difference
of the polarized cross sections and the fundamental
symmetries of the interactions

d A, vanishes for Parity conserved interactions:

A, # 0 for W= production
good for parton flavor separation

June 10, 2004 7 Jianwei Qiu, ISU



Single spin asymmetry before QCD

d Almost 40 years ago, A, in inclusive DIS was proposed
by Christ and Lee to test the Time-Reversal invariance:

In the approximation of one-photon exchange,
A, of inclusive DIS vanishes if Time-Reversal
is invariant for EM and Strong interactions

N. Christ and T.D. Lee, Phys. Rev. 143, 1310 (1966)
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Parity and Time-reversal invariance

4 In quantum field theory, physical observables are given
by matrix elements of quantum field operators

Q Consider two quantum states: |a) |3)

A Parity transformation:
lap) = Up |a) Br) = Up |B)
(ap|Bp) = (a|Up Up |B) = (alf)
 Time-reversal transformation:
lar) = Vr|a) 1Br) = Vr |B)
(ar|fr) = {a V1 V1 |B) = (alB)” = (la)
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A\ for inclusive DIS — ()

[ DIS cross section: J(gj_) oc LM W,u,u (E'TJ_)
3 Leptionic tensor is symmetric: LFV =LYV

Q Hadronic tensor:  W,,,,(5) o (P, §'l|jl(0) Juv(y) |P,51)

] Polarized cross section:
Ag(gl) oc LH [Ww(gl-) - WHF(_EJ—)}

 Vanishing single spin asymmetry:

Ay =0 <= (P,51]71(0)7.(y) |P,50)
2 <Pa _gl_l.?i(o) Jﬁﬂ(y) ‘P:l _§l>
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A\ for inclusive DIS — (ll)

*» Define two quantum states:

(B] = (P, 51]3}1(0) 4u(y) la) = |P,5.)
<+ Time-reversed states:
lar) =Vr|P,5,)=|—-P,—581)

B7) = Vr [350) 5o ()] 1P, 5L)
= (Vegb Ve ") (Vrju(0)Vi 1) | — P, —51)
* Time-reversal invariance:
(ar|Br) = (a| Vi VE B) = (alB)* = (Bl
== (=P, =51 (VrilW)Vr ") (Vriu(O)Vy ') | = P, =51)
= (P,5.]j5(0)j.(y) | P,5L)
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A\ for inclusive DIS — (lll)

 Parity invariance: |1=U;'Up =ULUp

W

(=P, =5, | (Veil)Ve ) (Vein (Ve ) | — P,

(P, =5 | (UpVrjl(y)Vy 'URY) (UpVri (0)VE 'URY)

Translation invariance: —Vl
(P, =51 75(0) ju(y) |P,—51)
= (P,51]4)(0) j,(y) |P,51)

++» Polarized cross section:

Ao (s ) o< L | ,u,u(SJ_) p:v( S51)]
= LMY [ ,uu(SJ_) VP'*(—}J—)] =0
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Single spin asymmetry corresponds
to a T-odd triple product

Ay xi§,- (7% 0)

— pis beam particle’s three momentum

— ¢ is momentum of observed particle
— the phase “2" is required by time-reversal invariance

— covariant form: Apnx o jenv ol pgsufapfﬁ

L
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Nonvanishing A n requires a phase, a spin flip, and

enough vectors to fix a scattering plan

— Inclusive DIS does not have enough vectors

Note: g and p can only fix a line

Following examples can generate nonvanishing A y:
— Single hadron (or photon) at high £+

— Drell-Yan lepton angular distribution

I}
.

— Semi-inclusive DIS > A
s 1p
2

Y
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Perturbative QCD factorization

 Perturbative pinch poles:

frinan( )t

] Perturbative factorization:

K>+ k2

Mo oo H T U H
k" =xp" +———n" +k;

2xp-n

| Pk, HO,K* = 0)
* pal

T(k,l) = oo perturbatively

o

Nonperturbative matrix element

1 ] ]
T(k,—
k2+i5j(k2—i5j ( ro)

Short-distance
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Perturbative QCD factorization (Il)

Jd K;—factorization & O Uxpn = kL Vi

O';hys = 0'2()6 k )@Tl/h(x k ) <4— Next lecture

No all-order proof of k; — factorization for an arbitrary k;

 Collinear factorization: / Leading Twist
O Uxp-n [ kp,NKE* o) =61@[l+a, + +.]OT, " (x)
Provides systematic o ) ”
ways to quantify high + §®[l+0‘s "‘a.é;\ﬁ---]@]; (x)
order corrections . perturbative

o )& ilh

Factorization fails beyond T &  tag+.L ST ()
the next-to-leading powers \
in hadronic collisions + ... Power corrections
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Spin-dependent parton correlations — (l)

*+ Hadron spin is a long-distance property, and therefore,
spin-dependence of a polarized cross section should be
in parton correlation functions:

Tpips (0551) = 6,(Q p) ®T" (p1,5.1)
=> A0}, (0.51)%6,(0,1)®| T (11,5) =T (1, ~51) |
“ Quark correlations:
Ti(2;51) = [ P58 emie P'0 (P3| §(0) Tani(y ™) P, 51)
** Real parton correlation functions:

1> ="1T; ~ ,},0 F,:F ’}’D =1

1

=> T, =1, iy, 7, Y5, o (or 0" (i7s) )
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Spin-dependent parton correlations — (ll)

+» Parton fields under P and T transformation:

Up ¥ (y0,7) Up" =" ¢ (yo, —7)
Ve (o, ¥) Vi b = (iv'®) ¥ (=0, ¥)

—>

J

=17y

(P, 51| 9(0)Tip(y~) |P,51)

= (P,=51|9(0) |7 (1]) T1]w(y) 1P, —5)

** Quark correlations contribute to polarized X-sections:
Ti(z;51) = —Ti(z;—51) = J (FI) J' =T,

I; =

June 10, 2004
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I, ys5, v" contribute to spin-avg X-sections:
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Spin-dependent parton correlations — (lll)

« Twist-2 quark helicity distribution: Ag(x)
L, = Y75 with p=+
» Twist-2 quark transversity distribution: 5q(X,S¢)

[, = ot (if%) with y=+,and v=_L

* Twist-3 quark-gluon correlation functions:

AYT AYS  iny Py il —m1) Pty
TF(iEl;ﬂ?Z):/ Yy, ay, EtmlP Y, +i(xg—xq ) P Ysy

4

X (P, 87|%a (0)y" [T F, " (y3)| va(yy)I P, 57)

Three field operator does not have the probability

interpretation of normal parton distributions
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A\ in hadronic collisions

e pQCD was first used to study single transverse-spin

asymmetry by Kane, Pumplin, and Repko in 1978

P
\ / — Imaginary part of the loop pro-
E g g e vides the phase

d \ — quark mass provides the

needed spin flip

+cc An oc%‘l(p, §T‘$F¢|p: ST)
where I' = v T y5y7, ...

Even number of y’s
e The fact that Ay o< m, indicates that Ay is a twist-3

effect in QCD perturbation theory
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Leading twist contributions to A
within the collinear factorization

** PQCD calculable partonic parts should not depend on
light current quark mass

Need even number of y’s in any quark loop trace

“ Leading twist does not contribute to the A

0q(x,s,)

U need an even number y’s: T, = 1.
1 need a gluon to contract with
the extra transverse index

Y5 .
Twist-3
o (iys) |
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A, from polarized twist-3 correlations
="

< Unpinched pole to give the phase: 4(x1 — x5)

~
St ) X

.

* Spin flip from interference between a quark state and
a quark-gluon composite state

% Observed hadron momentum provides the 3 vector
Ay cis -(pxt)
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Single spin asymmetry within the
collinear factorization

+» Generic twist-3 factorized contributions

) (@1,22,87)® fo (') )

abe

AcaBn(ST) = Z T(
/

Provides hadron spin dependence

@ﬁab—}c(gi”) '@Dc—}h(z) J

- Zﬁqa

(2)

/A €T, 'FT)

abe

a

> (1)

transversity

/ Even y’s!

Even y's | \Afwg(a: Y®6,, .. (57)® D{ , (21, 22) } (2)

(3) { 5751 75) © 5o (1) @ Demn(2)}

(1) Calculated by Qiu and Sterman, Phys. Rev. D, 1999

(2) Not yet be calculated

(3)<<(1)

(3) Calculated by Kanazawa and Koike, Phys. Lett. B, 2000
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