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The Question

d How to probe the hadron structure beyond the PDFs?
beyond the probability distributions?

0(Q,s7) = Ho @ f2@ fo+ (1/Q) H1 ® fo @ f3 + O(1/Q?)
? ¢

Too large to compete! Three-parton correlation

1 ldea:

Take a difference of the cross sections, and
Hope that the leading power term cancels

Ao(Q, ST) — [U(Qa ST) —0(Q, _ST)]/2
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Asymmetry in hadronic collisions
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SSA in collinear factorization

Efremov, Teryaev, 1982, Qiu, Sterman, 1991

d When all observed scales >> Ay, collinear
factorization should work:

(b)
+ Leading spin dependent part of the cross section

==) [nterference between amplitudes (a) and (b) or (c)

nm:n

* The hadronic phase —the "1
==> Re[(a)] interferes with Im[(5)] or Im[(¢)]
“ Re[(a)] x Im[(D)] o= m, 0q(s,)
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Twist-3 three-parton correlations

d Set | Qiu, Sterman, 1991, 1998
. Ji, 1992, Kang, Qiu, 2008

~t

T dy—dy— izPTyT i Ty A ! ni — , _
’]:LF :/ Wﬁj x Py, e x2P "y, <P, 3T|1,+"/'q(0) 7 [68T0' 1Fa+(y2 )} f‘?”"q(yl )‘P, '5'T>

. Wy dy; _
107'= / (?é ()yf (P g Sy Pt F77(0) [T (4 )] 2 IP, sr)(=gp)
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1 Set ll:

/'\.'+/'\'5

_ Ay, dys o opty— ive P+ — Y Y r S L
TAQ’F:./ (;W)QQ eI g (P, 57[14(0) 2/ i 57 F, (v )] Yalyr )P, st)

=(f.d) dyy dyy s, p+ iy Pt Y _ B |
Tac.r / o e yﬂﬁw st[F4(0) [i 57 F,*(93)] FH 1) |P. s ) (ie )

Two possible color contractions: if,, ., d_, .
Two possible tri-gluon correlation functions
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Connection to Twist-2 PDFs

d Set |:
Spin-averaged twist-2 PDFs + an operator Insertion

/d”ljz_ eiI2P+y2— [EsTanﬁ Fg+(y2_)] — i\/dlieilap_*_yg— [Z ef)LU STPF +(

27 2T 7 yQ_)]

4 Set ll:

Spin-dependent twist-2 HDFs + an operator Insertion

i/ dzyQ e (57 P ()]
0

O Extra ‘i’

Phase needed for the nonvanishing SSAs

Do not contribute to parity conserving double-spin asymmetry!
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Feynman Diagram Representation

1 Diagrams:
P,sr P, st P, st P, sy

d Cut vertices in the light-cone gauge:

VLC . A)"+ S5 »r— k+ o0 | 160 — A;_ (Z GsTanﬁ) [_ ] C
q.F opP+ & P+ L2 L2 P+ 4 Yop q>
LC \ k™t - k; . _sronn (f,d)
Ver = 2(@+22)(—gap)d | 2 — )2 oz — Pr (i€ ) [=904] Cy”
VIS = el oz — —k+ 190 | 22 — —k2+ (—=s7) [=goul C
Aq,FF — 2P+ - P+ ) 2 L2 P+ 27 Yo q

2| ( I k+
| . Ba\ ¢ S g "
VECG,F = 2(x + x3) ('Z-G_L ) 0 (a’. — ﬂ) r9 0 (Q’Q - p_2+> (—=s7) [—9oul Cg(;f‘d)
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Evolution Equations

4 Perturbative change of the correlation functions:
P»ST P,ST

P p

kY k) . k+k
 Evolution equation for the flavor non-singlet channel:

o ~
2 ———————— > » Bl >
HE 52 T r(x, 2 + 22, uF, ST)
F

— /(lﬁ d€2 [Ij:],F(fa f + 529 HEF, 'ST) ]((1(](575 + 525 r,T + T2, QS)

+7—Aqu(€5 £ + 523. HE ST) [{qu(ga f + 52_«. r,T + Tro, as)]

Plus all flavor singlet channels
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Evolution Kennels

d Feynman diagrams:
p,c

p 61 p+p2

k kzl " k+k

4 Leading order:

p+p, p+p, p+p,
k+k kzl k+k k kz k+k k kZl
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(c)
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LO Evolution Equations - |

 Diagonal contribution - Quarks:

Ty r(z, 2, 0F) _ &/Iﬁ
Oln p%, o2r ), &

{PQQ(’Z) TQ,F(f, 57 /-LF)

Ca[14 22

TS| T2 [Tq,F(gail“-,#F)—Tq,F(&f,,uF)]+qu,p(£,:r.,pF)]

Cal

+T TAqF(f’f,MF)]

+Pyy(2) (%) [Tc(:(f)p(&&up) + Tc(:{%* (3 f*”F)] }

Oln % 2 ), &

{PQQ(Z)TQ,F(Sv 63 /J“F)
C'a [1 + 22

9 1— » [anF(gﬂ xr, /J“F) - quF(ga 63 /J’F)] + 2 TQ,F(f,I, /J’F)]

Ca

+T [TAQ,F(Ia 6% /J’F)]

1
+P() (5) [TE0E ) - T h € €our)] |

Feature of evolution kernels, Difference in quark and antiquark!
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LO Evolution Equations - Il

 Diagonal contribution - gluons:

TS p(x,z,up)  ay [1de

— s (f)
Oln p%, T o), € {ng(z)TG (&, & 1r)

C'a 2 1—2
+2 o (o i a0 0) [T - Tk € Sor)

1—2
+2 (1 — =2 z)) Tk (€, p,F)]

e (]
N2
+Pgq(2) (N2 = 1) > [Tor(&.6 nr) — Tor (€€ 1r)] } ;

MG p(@eur) _ o, ['dg
Ol p%, o), €

{ P& T )

C 2 1—2
+= |2(1_z +— +z(1—z)) (T8 (& 2 mr) = TS, 6,1

+2 (1 — % —2z(1— 2)) Tg?(&r,w)]
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-I-T l(l + 2) TXlC):,F(ma &, ﬂF)]

N2 —4
+Po(2) (5= ) S War (€. €onr) + Tar (€. Eonr)] |-

Difference from the TMD PDFs!
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Q2-Dependence of Correlation Functions
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Example: Asymmetries from the 7 ,(x,x)

(FermiLab E704)

A (RHIC STAR)
N
" P at\s=20GeV "t * L 0
g E 0.2+ PP at\s=200GeV I.—’T
0.1-‘

-0-1-11111111111lllllllllllll
02 03 04 05 06 x

i . Kouvaris,Qiu, Vogelsang,Yuan, 2006
T, (x,,x, ) only in forward region Qiu, Vogelsang

Nonvanish twist-3 function == Nonvanish transverse motion
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Physics of the T, ¢(x,x)?

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

du. . + . —
T (e, ) = / U gerty;

47

(P, 57 |0 (0)7F [ / dys T B F (y5) | e (W), 51)

d Twist-2 quark distribution:

dy, iz PT - 1.7 — —
q(:,,.):/ e T (P, 5110 (0)yT a ()P, 5r)

1 Second set - helicity PDFs with the insertion:

s . _
i/ S e P [ ()]
27
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What the 7, -(x,x) tries to tells us?

rest frame of (p,sy)

O Consider
a classical
(Abelian) 2
situation:

1 ST
3 T TB
/-\ charged particle

~— < D

=) S A

> p=(m,0) 2m

— change of transverse momentum

d
dt

—p'2 = e('ﬁ" X B)o = —ewvzB1 = evz Fa3s

— Iin the c.m. frame

(m,0) - n = (1,0,07), (1,—2) - n = (0,1,07)

d _r __ sSsTonn -+
:ap2—€€’r Fa‘

— total change:
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Summary

O After more than 20 years of effort, the universality
of PDFs has been well-tested

1 Single transverse-spin asymmetry offers another testing
ground for QCD dynamics and hadron structure beyond
the probability distributions

 RHIC has polarized proton beams and root(s)=500 GeV!
Additional SIDIS measurements
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Backup slices
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Model for off-diagonal Correlations

d Symmetry:

_(-“':1—-"':2)2

[Tq,F(fl,.Tl,/.LF) - Tq,F(il?Q,(lT-z,/.l.F)] e = 202

S:r] —:r:z)2
I:T(f )(.'171 s, /.LF) + TC‘(;"fi:‘d) (1725 Iy, ,UF)] e 2

Ty r(z1, 22, uF) =

bo| = B =

T3 (21, 22, pp) =

1 [z )2
» (f ) (21,20, up) = 5 [T(f )(lfl,ilfl,#p)-i——T(f )(:lfl-z,itg,/,l.p)] e 202

o = 1/4 (solid) and o = 1/8 (dashed)
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