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1. INTRODUCTION

e Single Spin Process at RHIC:
A(p,5)+ B(p') = C({) + X

— only one initial-state hadron is polarized

— observed particle C'(£) is unpolarized, and
can be any high transverse momentum particle
™, P, 7Y, or lepton

— cross section: o (£, §)
e Single Spin Asymmetry — definition:
— Spin-avg X-section; o (£) = %[{T(fj 5) + a(4, —3)]
— Spin-dep X-section:
Ao(L,§) = 3[0(£,5) — o(¢,—5)]

- Single-spin asymmetry:

_Ao(6,5)  o(8,5) —o(t,—3F)
Hhy ) = o(l) ~ o(6,3) +a(l,—3)

— Single longitudinal-spin asymmetry: A,

particle spin §'is parallel to its momentum o

— Single transverse-spin asymmetry: A n

particle spin s'is perpendicular to its momentum 7



Even though X-section ¢ (4, 3) is finite, single spin asymmetry
can vanish due to fundamental symmetries of interactions

e Parity and time-reversal invariance
= Any =0 forinclusive DIS

— Inclusive DIS X-section:
U(:{;’T) DC LILLH W#U(ET)
— Hadronic tensor:

W (5T) o< (P, 57| 51(0) 4, (y) | P, 37)
— Parity and time-reversal invariance:

(P, 5r]5},(0) 4. (y) |P, 51)
= (P, =87/ 5}(0) ju(y) |P, — 1)
= Wu(sT) = Wy, (—57)
— Spin-dependent X-section:
Ao (&) o< L W (57) — Wy (—37)]
= L Wy (87) = Wou(3r)] = 0
because L"" is symmetric for a unpolarized lepton

— Above result is valid for any two-current correlators

e Parity conserved interactions = A; = ()
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® Single spin asymmetries correspond to 7™-odd triple
product: An o< i35, - (F % £)
— P is beam particle’s three momentum
- E is momentum of observed particle
— the phase 2" is required by time-reversal invariance

— covariant form: A ?E””““GQJMSU apﬁ

W L

j /

e Nonvanishing A_\‘ requires a phase, a spin flip, and

enough vectors to fix a scattering plan
= Inclusive DIS does not have enough vectors
Note: ¢ and p can only fix a line
® Following examples can generate nonvanishing A4 y:
— Single hadron (or photon) at high £1

— Drell-Yan lepton angular distribution

/ T

/

P

— Semi-inclusive DIS

L

LA

P




2. AN FOR SINGLE HADRON PRODUCTION

® pQCD was first used to study single transverse-spin
asymmetry by Kane, Pumplin, and Repko in 1978
\ i / — imaginary part of the loop pro-
E 3 i vides the phase

/)N

gabhng

— quark mass provides the
needed spin flip

+ce. — ANzt (p, 57[YT|p, 81)

where I' = ytysyp, ...

e The factthat A N, indicates that AN is a twist-3

effect in QCD perturbation theory

e QCD dynamics is much richer than the parton model

— twist-3 arises from “intrinsic” ko
= AN X Ty ~ (p, 87 |¢YTOr?|p, 51)
— twist-3 from interference between a quark state and a

quark-gluon state

= Ay x TAT ~ {p:. =§‘T|’¢EFA'T?MP:§T>

+C.C.




A FROM POLARIZED TWIST-3 CORRELATIONS
5 ‘f_ﬁ-—"‘_' T =y, % )‘-‘

___(‘_ : i _ [Xr?'-'ﬂf" X\ P : Xz f

—

e Unpinchedpole = id(x; — x3)

e Color gauge invariance combines 7}.. and 1'4.,. to

Tpy(z1,20) o (p, 57| Drp|p, 51)
Trp(z1,22) o« (p, S7[YTFEe|p, 57)
e Ay # 0 requires
- T(z1,22,57) #0 whenz; = 25
- T(x1,x0,87) # T(21, 20, —57)
— Combination of T'(z1, x5, §7) and partonic part is

real
= Ax x T (ry.r9) withz; = 19, and

Pl des e wde g +
Te(xy, x2) =/ ——14?_‘2 g =1 P T Yy TilF2=E) Py,
i

X (P, &rlga (07" [T F,1 (y5)] %a(y7)| P, 8
e Three field operator does not have the probability
interpretation of normal parton distributions
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AN FROM TWIST-2 TRANSVERSITY DISTRIBUTION

e Twist-3 initial-state unpolarized correlation®

e il

XF Pal’z

L

-

By
— even 7's in operator definition of dg(z) T X%
=> much smaller number of diagrams

— double suppression from d¢(.r) and chiral-odd twist-3

correlation function

— contribution to A  is a factor of 5-10 smaller than that
from polarized initial-state 7'g

e Twist-3 unpolarized fragmentation function

T , T —e— o N,
RST e ;;'E ! !" xr
Bomecan: SN o e
- St S i
\
F.r / { ':{f_P’,? , 4 ,tfor
2
Jr T .5."&{3:‘}

— Expect fo be of similar size, and much smaller than

that from polarized initial-state /-

“¥ Kanazawa and Y. Kok Phys Lett. B4390 (2000) 99
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FACTORIZABLE SINGLE TRANSVERSE-SPIN ASYMMETRIES

e Generalized factorization formula for hadronic single
transverse-spin asymmetries

Acapp(sr) = E I{Kiﬁ_('ﬂlsmmé‘r)@szﬂ(mf)

abe

® Fab—sc(FT7) ® Doyn(z)

E &?xm Z, 57)

abe

@ {fh!'}? (;r'h} ey c};b--e-c{gf-r'} & I}(-E}} (zlu 2:2)
+fw8[ 1123) ® 6y, (Fr) ® D, —m(z}}

e 7,4 and 6" are perturbatively calculable
e I’ ’—invariance — at least one function has TWO r''s

e Chiral-odd d¢(x) requires chiral-odd f f},g and D'*)

= first term is larger than the other two

e Can generalize = to convolution in k7 for both

initial-state and final-state interactions

— Initial-state k7 = Sivers effect
D. Sivers, Phys. Rev. D43 (91) 261;
M. Anselmino et al., Phys. Lett. B362 (95) 164 ...

— Final-state kT = Collins effect
J. Collins, Nucl. Phys. B396 (93) 161;
R.L. Jaffe, et al., Phys. Rev. Lett. 80 (1998) 1166; ..
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LEADING CONTRIBUTION TO THE ASYMMETRY OF PION
PRODUCTION

e Minimal approach (collinear factorization):
Acapn(5T) ~ Z Téf&q (z1,%2,87) ® foyp(a’)

{8} 5’ah-—+c(§’f‘} %4} DC_}.J.' [Z)

*C.C,

e Keep only quark fragmentation
— observed momentum: /% o zz'z%8
— parton distributions are steeply fallingas z — 1
e.0. fo(z) o (1 —2)* withax >3 —4
— quark fragmentation function falls slower as z — 1
e.g., Dy rn(2) o< (1 — 2)™ withng ~ 2

i,

—

X-section is dominated by small . ~ " and large -

e Need gluon fragmentation contribution at low / ;- and
large S
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WHAT T'r(z, ) TELLS US?

Tr(z, @) o< (P, 57|, (0)yT [ / dy; €"T°"" F 7 (y7) | %a(uy )| P, &1)

® a classical (Abelian) analog:
rest frame of (p, §7)

' S
3 = -
2 T B/ 5¢ C]nqr:ﬂed Parh‘cle
S aa S " )
Ap P “'2—.,'" (£, ~&)
2 P: (m,D)

— change of transverse momentum
d K — g — = e F

Epg = e(? X B)s = —evaBy = ev3yFay
— inthe c.m. frame

(m,0) = A =(1,0,07), (1,—%) — n=(0,1,07)

; %!}3 g esiann Fn._i_

; P — _8Tonn -+ —

- totalchange: Ap, =e [ dy 79" F +(y )

® Color field strength /™7 alone is not gauge invariant

e [+ represents a fundamental quantum correlation

between quark and gluon inside a hadron
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TECHNICAL STEPS TO CALCULATE THE ASYMMETRIES

A TEE)

— in a color covariant gauge

> A

o

VR d k,
.

) 4
PSr = “/P'"

—

Fof

expand H (k. ko) to linear in k1

H(ky, ko) —» H{zyp, z2p) +

Oka (A‘:QT — ELT}H S

convert (ko, — k1, )7A" — QAT — FoT

factorized formula:

QJ{ET} —- /d:l:l ri.‘:r:g T;‘(:Ij,mgj [iEgaTnﬁ

oH
Ok,

.

o =0

either r) or .5 is fixed by the pole in partonic part.

Pole |

Ini-h'af-s-FM:a
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CONTRIBUTION FROM INITIAL-STATE INTERACTION

Ca-xopak. XeP+ Ry

H(x, %, k) o< L ?

il (R

e Soft-gluon pole gives the needed phase:
1

Th — o1 + 1€

— —iwd(xe — 1)

e Two type contributions to partonic %‘L—’} g SXPrxp~p +k,
R: N . Ll =XIF+xi"—PC
 [S(3)-801)]
\/kr=o Uk, )
"KI?F .Y:P"‘hr x P XzP+ R
_ * SO
Ly
Xtp'e Ry xp! XP Xp ke

— phase space d-functions = derivative term
§(L3) — 8(LT) ~ &' (LY)(—2pc - k1) = oL Tr(z, x)

— hon-derivative term
(L) — (R) e il S Tr(z, )

1L

e inforward region, =T (r.a) 3 T (o r)

because T (r..r) x (1 — r)*asr — |,



CONTRIBUTION FROM FINAL-STATE INTERACTION

e Soft-gluon pole gives the needed phase:

—1 D, - ko

— —imd(ze — z1 +
FE_T]+‘—LP = i€ Pe* P

e Two type contributions to partonic ?;;
£ 7

M *[S(L) - 5]
k—r=9 TR

(")

+k, 2
M *gff*-l_)
L!

- rhr ?
— phase space o-functions = derivative term

8(L3) —8(L3) =~ & (L) (—2p. - kr) = oL Te(z,z) |

)

— non-derivative term

(L) = (R) o [2EEL 4 20207 ] o (g, )

1l £

® most contributionto A\ x /4 /u

e part of final-state effect x {+/f ~ 1/(

—+ A\ does notfall as fastas 1// as [ - increases.
/
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Leading (0/0x)Tw(z, x) contribution to the asymmetries

E oc EfTﬁTnn

a
7 Dy ynlz) & [—m-é-;TF (z, m)]

1 Z
4 :1- G(mw) & a&qg—ic + qa’(mf) 2y ‘&&qq'r—}c

qJ

® Adggycand Ady, . are perturbatively calculable

® Example, qg — g scattering

(R LIS \ feni f

S . g ) + .-
"F‘%h fr-—:rr—ﬂ; ,‘f" P __-_‘;' é
¢ J 4
I-5 -5
— initial-state:
1 3 4 G G 7

2(N2 —1) | @ 5 © 2

- final state:

1 [ 5 ﬂ} [1+2N2 §ﬂ]
: : R & 07
2NZ(NZ —-1) | @ 38 2

— unpolarized:

NZ -1 . 5 2NZ  §d

Z_W% 1 g _NE_ —1 {2

e exira gluon interaction leads to a different color factor
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MODEL FOR QUARK-GLUON CORRELATION 1w (1, 1)

e Twist-3 correlation Tr(z, z):

By ity
TF(:E,:I:)‘:/%TLEM:P vy

X(P, 57 |¢a(0)y" {/ iy TTNES (g ) | a(yy )| P, 8

e Twist-2 quark distribution:

. d'ry_ ':'..'LF_!_ o — - - i
g(x) :/ 4; 8 ¥3 (P, 5-;1]1,0,3([1)7_4_1{1{,(3;1 )| P, 5T)

e Model for 7 (2. ) of quark flavor «:
T (2,2) = Kq Aga(2)
with k,, = +1 and by = —1 for proton
e Fitting parameter A ~ O(Aqep)

e Predictive power of the factorization approach:
— extract Tr(z, 2) from one observable, say 71 or 7~
— use it to predict other observable, say 0

- (0/0x)Tr(z,x) leads to enhancement of the
asymmetries in forward region

— same partonic parts can be used for calculating the
asymmetries in production of other types of single

hadron, say in &, or p production
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COMPARE AN APPLE WITH AN ORANGE (I)

0.4

0.2

= 0.0
—~0.8
-0.4

I [ | ] | T | I I T T T 1 | I ] T T | 1 rJ
= I-'_
S e 3
I 1 .
L 1] .
. A & s
- 'fl
"

[ Vs = 20 GeV, pp .

B }‘T — “1 GE”':" %

A = 80 MeV <\:

1 | 1 i i ] | | | 1 i | i - | 1 1 I 1 I | 1 J

0 0.2 0.4 0.6 0.8
XF

Fermilab data with £1 up to 1.5 GeV
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COMPARE AN APPLE WITH AN ORANGE (I1)

Eg ht
0= | Vs = 20 GeV, pp l} -: _
I, = 4 GeV Al
A = 80 MeV ‘]' L
Y U VEI P R ST RN
0 0.2 0.4 0.6 0.8

Xp

Fermilab data with £+ up to 1.5 GeV

Theory curves fit data better if evaluated at a lower (-
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COMPARE AN APPLE WITH AN ORANGE (III)

D-S L L | I 1 1 1 1 I I 1 ! | 1 1 1 ] ] ¥ T T
- 0 -
2 T, pp I
L o === 7% Bp I
0E L= Vs = 20 GeV Al
- 1p = 4 GeV ]
[ A = 80 MeV ¢
- _:f
- & P .
-:I? 0.1 — ¥ 1; ‘/ ]
s "
' QP
Q.0 +— -
_0‘1 il | S N S | ] I SR T | l | I N [ | I I T T | .
0 02 04 06 08

Xp

Fermilab data with /7 up to 1.5 GeV



AN AT RHIC ENERGY ()

0.2 T ! 1 1 T T T T T T T T ] T T
h ot ]
0.1 T
z 0.0 F~=-===—c—c-——o— -
< | e h
i I
- ‘fl .
~i H I Vs = 200 GeV, pp “_
fi K; = 04‘ 3
: A = 80 MeV :
_02 S e |' | N T I | | I TR DO | | |
0 2 4 6
]'T

Derivative term only for partonic hard part

Non-drivative term are getting calculated by Kouvaris, Qiu,
and Vogelsang
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AN AT RHIC ENERGY (I1)

0.2 LI ] I TN TR 1 1 T LI L | e T
+ -
il
I~ o
0.1 —
z 0.0 —
¢ |-
| -
-0 :_ Vs = 200 GeV, pp i
- 1y — 4 GeV -
| A = 80 MeV [
._.0'2 LI | L1 l L 1 1 1 [ L1 1 1 I I S |
0 0.2 0.4 0.6 0.8.

Xp

Derivative term only for partonic hard part
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4, An FOR DRELL-YAN MASSIVE DILEPTON

® Process:

A(p,3) + BG) = v*(Q)[— €8] + X

e Frame:

0

o > Y

|

1

|

|

|

|

‘\‘\ I
ra

~ |
¢' xlf
S

X (ET)
e

® Single transverse-spin asymmetry in J02 a0

/7 |sin28sin¢ i
A = dexs {1—}—::0529} Q
Zq Eﬁfd:ﬂqu:m,m)@{:QE/l‘S)
4
>, [ dza(=) a(Q?/25)

@ No derivative term at the tree level!
@ In principle, there is no free parameter!

e Ay is very small and is estimated to be 2-4°,

“D. Boer and J.Q.. Phys Rev. D65 (2002) 034008, and references therein.
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5. SUMMARY AND QUTLOOK

Single transverse-spin asymmetry is a unique tool to
explore nonperturbative physics beyond parton
distributions

QCD factorization approach allows to quantify the size of

high order corrections, because of infrared safe partonic
hard parts

QCD factorization approach provides a systematic way to

calculate the asymmetries in different processes

Single transverse spin asymmetry in single hadron

production is an excellent observable to test the QCD
factorization

Data on the asymmetries provide nonperturbative

information on quark-gluon correlation

Theoretical calculation with derivative term only are
consistent with Fermilab data

A full leading order calculation will soon be available.

Drell-Yan single transverse-spin asymmetry is a clean
probe. But, the asymmetry is small

(12



