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O Why single transverse-spin asymmetry (SSA)?
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d Twist-3 trigluon correlation functions

1 SSA of D-meson production in SIDIS

1 SSA of D-meson production in hadronic collisions

d Summary
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Single Transverse-Spin Asymmetry (SSA)

 Definition: 4 - a(s)-o(-s)
"~ o(s)+o(-s)

<{- Parity invariance: A4, =0

i=L,N

< PTinvariance: A, = (O for inclusive DIS, but
An # 0 in collisions involving two or more hadrons
< A, Vvanishes in the parton model

< Ay Is adirect consequence of parton’s transverse
motion

O TMD factorization (only Drell-Yan and SIDIS):

Spin-dependent TMD distributions, or the Sivers functions

4 Collinear factorization:
Twist-3 parton correlation functions, information beyond PDFs
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SSA in Hadronic Collisions

d Hadronic: p | +p—=a(D)X i
o 'Y :A
If partons are collinear, 4, « a,m, to be very small
A cHp —> 1"+ X ot Vs=200GeV
40 a.3p
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30 i T[_ 0'25__ & Ryp3+~RundS <n>=37
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30 - T _0'15 N <P (Gev/c) = 1.3 - 2.8
40 L1 N - L 1 M . o -015F Shibee) = 1.2 = =
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) T -Gk —04 -Gz O 0.2 04 08
E704 STAR (BRAHMS, too)

A\=\=0: Result of parton’s transverse motion or correlations!
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Single spin asymmetry corresponds
to a T-odd triple product

Ay x i, (Fx0) ;/p/ ‘41//

— the phase “¢" is required by time-reversal invariance

— covariant form: An o< 1€#¥ P Pusvlapy

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: ¢ and p can only fix a line
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SSA in the Parton Model

d transverse spin information at leading twist — transversity:

Oq (x) = ® . @ = Chiral-odd helicity-flip density

A the operator for 0 ghas even v’s > quark mass term

U the phase requires an imaginary part => loop diagram
A PyI\P AP

- .

' ' vm, — (Q

===p SSA vanishes in the parton model
connects to parton’s transverse motion

6
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TMD Factorization

1 Physical processes with two observed scales: Q and q

with the large Q to ensure a hard collision, while
the g ~ k; probes a parton’s transverse momentum

J Semi-inclusive DIS:

Both p and p’ are observed

y * _“< p'; probes the parton’s k;
g

Effect of k; is not suppressed by Q

¢(x) = @(x.k) = TMD parton distributions

Direct information on parton’s transverse momentum
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TMD parton distributions

d Transverse momentum dependent (TMD) parton
distributions: Belitsky, Ji, Yuan, 2003

+oge— g2
M, = / PTde” 81 —iaePhaisib (PSIT (€)1 (003 €).L0(00; 0)iba(0) | PS)

T (2m)?

| . 1 e |
- B [ffIDIS (l\ L-L)Amp# + SIDIS(:Uv I“"J.)eﬂva'ﬁ"\f# Pk~ S? + ...

7 47a
. Mp —
Spin-averaged Spin-dependent | | Boer, Mudlers, et al
Sivers function functions

1 Connection to normal parton distributions
g, (x)= [k f27° (x,k, )+ UVCT
 Spin-dependent TMD parton distributions

=== Sivers functions: quark or gluon
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Measure TMD parton distributions

1 Need processes with two observed momentum scales:
00

(), necessary for pQCD factorization to have a chance

Q, sensitive to parton’s transverse motion
d Very limited processes with valid TMD factorization

< Drell-Yan transverse momentum distribution: 9,4,
» quark Sivers function
> low rate

{- Semi-inclusive DIS for light hadrons: O, p;
» mixture of quark Sivers and Collins function

< Semi-inclusive DIS for heavy mesons (D’s):
» gluon Sivers function
> no Collins effect
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SSA in collinear factorization

Efremov, Teryaev, 1982, Qiu, Sterman, 1991
1 When all observed scales >> A 4p, collinear
factorization should work:

(b)

+ Leading spin dependent part of the cross section

==) [nterference between amplitudes (a) and (b) or (c)
<» The hadronic phase —the "i"

==> Re[(a)] interferes with Im[(5)] or Im[(¢)]
“ Re[(a)] x Im[(D)] o= m, 0q(s,)
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Twist-3 quark-gluon correlations

T (xl,xz)oc <1/7V+F+l1/}>
T, (xl,xz)oc <1/77/+ ﬂlj>

H\lormal twist-2 distributions
J Twist-3 correlation functions:

< Only T, (xl,x2 ) contributes to SSA due to P and T invariance
¢ Two gluonic twist-3 correlation functions:

T(f) (x1,72) and T( )(2131,5132) due two independent color contractions
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Asymmetries from the 7T-(x,x)

(FermiLab E704) \ (RHIC STAR)
N
0.6F n -

L ppat\s=20GeV E kL L 0
04t 1 —t 0.2~ P,P at \[s=200GeV I.—T[
2 | / L

0.1~
- | | I."'.T[.0
- 0
A‘M/‘/‘I Il
.-...I...I...I.1_...I...I...I-. -011-llllllllllllllllllllllll
0.2 0.4 0.6 0.8 X, 0.2 0.4 0.6 X, 0.2 0.3 0.4 0.5 0.6 XF

: . Kouvaris,Qiu, Vogelsang,Yuan, 2006
Iy (xl,xz ) only in forward region Qiu, Vogelsang

Nonvanish twist-3 function == Nonvanish transverse motion
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Collinear vs TMD factorization

1 Relation between TMD distributions and collinear
factorized distributions

spin-averaged: fdzkrfasmls (x,%, )+ UVCT (M2 ) =q, (x, u’ )
Transverse-spin: \pr / Pk qr(a, k) = Tr(a. 2)

] Relation between two factorization schemes
They are valid for different kinematical regions:

Collinear: Q.. Q, > Naco
TMD: Q; > Qz > Aqep

Common region:

Q1 >> QZ >> AQCD Ji,Qiu,Vogelsang, Yuan, 2005
where both schemes are expected to be valid
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Twist-3 trigluon correlation functions

[ Diagonal tri-gluon correlations: Ji, PLB289 (1992)

dyy dy, . -
Ta(x, ) :/ ylzﬂ‘% ¢ Pty
1 sJ_Jnn 0
X (Pusy [, (0) [T F, ()| F (y)|Posa)

4 Two tri-gluon correlation functions — color contraction:
T(f)(a:, 7) oc i fABCPARC B — pARC(TO)AB B
T((;d) (z,2) ox dABCFAFCFB = pARC(DC)AB B
Fermionic correlation: T (z,x) o< 9, F¢(T°)4;

d D-meson production in SIDIS:

<> Clean probe for gluonic twist-3 correlation functions
<> T( >(:I; z) could be connected to the gluonic Sivers function
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D-meson production in SIDIS

D Frame for SI D'S: | \ hadron p#ane Kang, QiU, PRD, 2008

1 Dominated by the tri-gluon subprocess:
' q q ' q q E q
o 4 i P o '

' vwP+ki  xiP ' vP+k. xiP wP+k.  xP

vp (x2-X)P+kyd N " (0-x)P+ko - )Pk ) (x2-X)P+ h:
(a) (b) (c) (d)

d Single transverse-spin asymmetry:

o(s1)—o(—s1) dAo(s,) /

o(s))+o(—sy) drpdydz,dP?, de d:z:dedzhd 2 do
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Phenomenology for SIDIS

4 Production rate (spin averaged):

do

s—— = 0y + oV cosp + ol cos2¢
drpdydzpdPy | do

> 6000 |- S,,=300 GeV? > 500 | S,,=2500 GeV?
8 Q=1 GeV S Q=4 GeV
S X5=0.01 S X5=0.01
o 5000 - P?IJ.=1 GeV o 400 |- P, =2 GeV
° >
24000 | ~ 2300 [
o o
3000 | =
N N 200
) =)
N 2000 [ xm100 [
% % : ......................
5 1000 | s ok e
o [ '. ------------------------------ .::‘_'._“.".".‘uw- - .
_lllllllIllllllllllllllIlllllllllllllllll _II|IIII|IllIlIIlI|IIII|IlII|IIII|IIII|II
01 0.2 03 04 05 06 0.7 0.8 01 02 03 04 05 06 0.7 0.8
z z
h h

Small ¢ dependence, reasonable production rate
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Estimation of the SSA in SIDIS

L Dependence on tri-gluon correlation functions:
D — meson o< Tg; ) 4 T(d) D — meson Tg ) T((;d)

Separate 7, ((;) and T( ) by the difference between ) and 1D

 Model for tri-gluon correlation functions:
T(f’ )(g;, x) — )\f,dG(x) )\f,d = +\p = £0.07GeV

J Kinematic constraints:

zh(l—zh)Q“

Tmin = ¢

( i 2 o 2
rp |1+ A balr ,,] : if zp + \/"‘h + —b-L > 1

mg £

— 2 . y P2
rp |1+ (Z?nz (1+\/1+ 7722)]3 1f3h.+‘\/3i22.+ 77’;? <

Note: The z;(1 — z;,) has a maximum

\

SSA should have a minimum if the derivative term dominates
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Minimum in the SSA of D-meson production
0 SSA for D° production ( A7 only):

=z B
< 0.14 |
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z
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= 0.06
< i
0.05 |
0.04 |
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Z,

“ Derivative term dominates, and small ¢¢ dependence

<+ Asymmetry is twice if 7, ((;f ) = +T((;d), or zero if 1.

<% Opposite for the D meson

(f) _ _ p(d)
_ G

“+ Asymmetry has a minimum ~z, ~ 0.5
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Maximum in the SSA of D-meson production
0 SSA for D° production ( A7 only):

z T 20.04
<0.16 | < :
i 0.035
0.14} >
0.12} 0.03 :
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D-meson production in Hadronic Collisions

Kang, Qiu, Vogelsang, Yuan, 2008

 Two partonic subprocesses:

K I R

O Quark-antiquark annihilation:
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Factorized formula for D-meson production

1 Same factorized formula for both subprocesses:

Ep, 32;; - =< Z/—Dc_»h (2) %éq/B( )/if%(eph’:;n‘ﬁ)d(§+f+a)
X [(Tq rlz,z) — TdiTq F(a, :1):) Hyg—c(3,t,0) + Ty p(z, 2)Heg—e(5, T, &)] :
En, s ;d [ S0 @) [ S Vi, (GP";"’">5(§+5+J&.)
x K:rg)(x, z) _x%:r‘”( )) HY (5,1, a) + T3 (z, 2)HS)_ (5, 7, 'a.)] ,
 Hard parts:
Hygc=H,, .., +H}: . (1 + %) HO = HIO 4 gEO (1 + %)

All Hyq— and Hy .. and HED | vanish as m? — 0

0 Hard parts change sign for 7" (z,z) when c—¢é

(f)  _ (d) d
Hgg—>c H%Lm Hgg—>c - Hfgg)—w’
f)  _ (d) _ d
Hgg—>c Hg]s;)—w’ Hgg—>6 - _Hgg)—w
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Rapidity dependence of D-meson production
d SSA atRHIC: /s = 200 GeV p = \/-n'zg +- P,fl me = 1.3 GeV

= [ = -
<025 <025

- @ eson . @ eson

02 - 0.2 E_ P, =2 GeV
0.15| 0.15F
0.1f 01k
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0 0 _
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-0.1 S -0'1 E_|.||||‘||

Solid: (1) Ay = Ag = 0.07 GeV T((;f) _ Tc(;d)

Dashed: (2) Ay =X =0 Tc(;f) _ Tc(;d) —0

Dotted: (3) /\f = _/\d — 0.07 GeV TC(}f) — _TC(,Y(D
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P.-dependence of D-meson production

O SSA at RHIC: /s =200 GeV  pu=+/m2+ P?,

me. = 1.3 GeV

20.08 20.08
< I < [
0.06 | /_\ 006 e
0.04 |- S°" 0.04 |- s°n
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0.02| 0.02|
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Dashed: (2) Ay = Ag =0 T =1 =0
Dotted:  (3) Ay = A =0.07GeV T = -1/
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Summary

 Single transverse-spin asymmetry is directly connected to the
parton’s transverse motion (P and T invariance)

— an excellent probe for the parton’s transverse motion

d Two complementary approaches:

TMD: direct k; information — two-scale observables

Collinear: net spin-dependence of all k; — single-scale observalbes

1 D-meson production in SIDIS, as well as in hadron-hadron
collisions, is an excellent observable to measure the new
tri-gluon correlation functions

QCD global analysis of twist-3 distributions: 7', ((;f)7 c(;d)

October 3, 2008 24 Jianwei Qiu



Challenge: Map out the Nucleon

Gluons
9. Ag
=)

istrib.
ang. mom.

on
Functions, ...

Several existing and upcoming experiments will help!
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Backup slides
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What is the T¢(x,x)?

Q Twist-3 correlation Tr(x, x):

Ay o pta—
o) = [ S

X (P, 57 |%q (0)y™ [/ dys €T F T (y; ) | Ya(yy )| P, 51)

 Twist-2 quark distribution:

dy, izPtTy” = - — -
1) =/ f; """ Y1 (P, 57| (0)y T Ya(yy )| P, 51)

T= (x,x) represents a net spin dependence of a quark’s
transverse motion via a gluon interaction inside
a transversely polarized proton
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What the 7-(x,x) tries to tells us?

rest frame of (p,sy)

Q Consider . St
a classical 3 1 +B
(Abelian) Z charged particle
situation: /_\
\_)
P NG, 9
L] p,“' —(1,_2/3
AP2 p=(m,0) 2m
— change of transverse momentum
d |, , _
apQ = e(Uv" X B)o = —evz B = evsFbs3

— in the c.m. frame
(m,0) - 7= (1,0,07), (1,—2) - n = (0,1,07)
— total change: |Ap, = e [dy e F +(y—)
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Quark Sivers functions

smMc, HERMES,
COMPASS, CLAS

Seen !

Nonvanishing Sivers functions
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