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Transverse single-spin asymmetry (SSA)

 Consistently observed for over 35 years!
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Do we understand it?

Kane, Pumplin, Repko, PRL, 1978
2

d Early attempt:

Cross section: 0aB(pr,5) + +...

Asymmetry: ocaB(pr,5) —oap(pr, —5) =

Too small to explain available data!

J What do we need?

Ay igp . (ﬁh XﬁT) =4 ieuyaﬁphusl/pozp/hﬂ

Need a phase, a spin flip, enough vectors

d Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of SSAs

1 Two scales observables — Q, >> Q, ~ Aqcp:

TMD factorization
TMD distributions

Talks by Mulders, Yuan, ...

Collinear factorization

Twist-3 distributions

>
SIDIS: Q>>P; DY: @>>Q;
1 One scale observables — Q >> Agcp:
>
SIDIS: Q ~ P; Jet, Particle: Py
d Symmetry plays important role:
Inclusive DIS Parity

Single scale

Q Time-reversal




How TMDs generate spin asymmetry?

O Sivers’ effect — Sivers’ function:

1.9 Dijet, photon-jet not exactly back to back

Hadron spin influences
parton’s transverse motion

Photons have asymmetry
Jet vs. Photon sign flip predicted

1 Collin’s effect — Collin’s function:
op

e Transversity
P No asymmetry for the jet axis Parton’s transverse spin

- affects its hadronization
Su ka,n'

 Separation of different effects?

Best in SIDIS, at EIC




How collinear factorization generates SSA?

4 Collinear factorization beyond leading power:

2 n
ps g (%) — Expansion
0(Q,5) x <—t~_|I/Q + 4.

o(Q,st)=Hy® f.Tz (1/Q)H, @ fo ¢ fTSJr O(1/Q%)
Too large to compete! Three-parton correlation
. . Efremov, Teryaev, 82;
4 Single transverse spin asymmetry: Qiu, Sterman, 91, etc.

Ao (st) x T® (z,2) @ 67 @ D(2) + dq(z) ® 6p @ D) (z, 2)

\ [ —
T®) (2, ) O:_C’\:% /O‘ D®) (2, 2) %—(

Qiu, Sterman, 199_1,

Kang, Yuan, Zhou, 2010

Integrated information on parton’s transverse motion!



Transition from low p+ to high p+

O Two-scale becomes one-scale:

2
A AN(Q 7pT)
pr L Q pr ~ Q
~ Qs
pT
>
TMD Collinear Factorization
L TMD factorization to collinear factorization: Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan

Two factorization are consistent in the overlap region: Aqcp < pr < @

A\ finite — requires correlation of multiple collinear partons

No probability interpretation! New opportunities!



Twist-3 distributions relevant to A

L Two-sets Twist-3 correlation functions: — (
No probability interpretation! %

~ dy-dyy . opt,— o pE— — o A -
%,F — /(57)2’2 ez..l,P Uy el.lzp Ya <P’ ST’L'Q(O) T [F‘ TO }(T+(---I/2 )}uq(yl )‘P‘ ST>

Kang, Qiu, 2009
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. ) . . Role of color magnetic force!
d Twist-2 distributions: ) g
=7
= Unpolarized PDFs: q(x) o <P\¢q(0)7¢q(y)|P>
G(z) ox (P[FTH(0)F *”&y);PX—gw)

Aq() o (P, 5[, (0) 151, )|P. S))
AG(x) oc (P, Sy[FTH(0)F™ (y)| P, S)) (i€ 1)

= Polarized PDFs:

d Twist-3 fragmentation functions: See Kang, Yuan, Zhou, 2010, Kang 2010



“Interpretation” of twist-3 correlation functions

d Measurement of direct QCD quantum interference:

\ (
TG (z,2,5)) “G\% /\DF

Interference between a singlg active parton state and an active
two-parton composite state

d “Expectation value” of QCD operators:

(PO Y OIPs)  —> (PO [Vsra [ dur Fy () | w)IPs)

(P, s[B0)r ()P s) —> (P s[p(0)y* [1917 57 / dys 5™ (02) | 4p(y™)|P, s)

How to interpret the “expectation value” of the operators in RED?

— Qiu, Sterman, 1991, ...



A simple example

1 The operator in Red - a classical Abelian case: Qiu, Sterman, 1998

rest frame of (p.sy)

1 ST
3 T TB
2 /\ charged particle

=/ ) °
. S
AP‘: p=(m.0) L 211]( ! —2,3
d Change of transverse momentum:
d o
ap; — 6(’1—)" X B)2 = —ev;;Bl = 6U3F23

d In the c.m. frame:
(m,0) - n = (1,0,07), (1,—2) - n = (0,1,07)
d r a 7 I+
—> S:Po = e eTINN [

d The total change: Aph = e [[dy e’Ton | (y7)

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton



Asymmetries from the 7(x,x)

] Lowest order tree-level contribution:
(FermiLab E704)
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d A, forjet, D, ... production at RHIC and EIC, ...

Nonvanish twist-3 function » Nonvanish transverse motion



D meson production at EIC

0 Dominated by the tri-gluon subprocess: fang, G, PRD, 2008

q : q q ; q
. ;pé & '
y i A

vwP+k  xiP ' vwP+k  xiP X:P+k.  xiP

P (-\‘2--“1)P+kLE N T (0-X)P+k N )Pk (Xl‘-n)P-i-kL:
(a) (b) (c) (d)

X:P+k

= Active parton momentum fraction cannot be too large
" Intrinsic charm contribution is not important
= Sufficient production rate

d Single transverse-spin asymmetry:
o(s1) —o(—s1) dAo(s]) do
o(s))+o(—s1) drpdydz,dP? do /| dxpdydz,dP? do

= SSA is directly proportional to tri-gluon correlation functions

= Any small A discovers the tri-gluon correlation!

= Complementary to TMD approach to gluon Sivers function Yuan’s talk
» Complementary to D production at RHIC

Ay =

Kang, Qiu, Vogelsang, Yuan, 2008



Features of D meson production at EIC

 Dependence on tri-gluon correlation functions:

D — meson T 4+ TV D — meson o< T — 79
Separate T(f) and TG) by the difference between [) and D

 Model for tri-gluon correlation functions:
TSz, 2) = AraG() Arg = +Ap = £0.07GeV

d Kinematic constraints:

(
B l —+‘ (’i_];j_,n)lQu] : lf Zh + \/ 7722 '_

27 i 2
rp |1+ an (l T \/l + P mQ)] : it 2 + \/ m2 <

Note: The Zh(l — Zh) has a maximum

Tmin — <

\

SSA should have a minimum if the derivative term dominates



A minimum in SSA

0 SSA for D production ( ) only):
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A maximum in SSA

1 SSA for D production ( A, only):
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Test QCD at twist-3 level
Kang, Qiu, 2009

d Scaling violation — “DGLAP” evolution:
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d Evolution equation — consequence of factorization:
Ao(Q,s7) = (1/Q)H\(Q/ up, ag) ® [r(r) ® f3(r)

Factorization:
[olep) = Py ® [Hr(1p)

(
DGLAP for f,: , ,
oln(wp)
Evolution for f.: (—)/a = ( 0 p - ‘;”) ® [3
3 dIn(up)”- dln(uy) ! - o



“DGLAP” of twist-3 distributions for A,

Kang, Qiu, 2009
 Distributions relevant to SSA:

ad 1 a -~ a =

,ui—’fq,(t X+ Xs, i) ——[,u; — Tq,,-(_.x'.x b Xo, i, ST) 4 p.i—’fq,(t F Xa, X, L E, v,)]

s “ g o KL
N Ir , R 7
T e T'(i],(t X + X, ,u,,)Z; ,u‘-—’f}?,.(t X+ X9, g, s7) 4 ‘-—’T‘(i),(\ t Xs, X, g, ST) |,
f’#l- “ d 1 o K -
, 9 T aog r } ) lr i — Ty plx, x ) 2 T s plx 4 )-
o1 pg plX, X + X5, p) = = X, X + Xx», § £ x + X, X, st) |,
HE Dz Ag.F 25 M 3l Ki—F Y Ag.F M Es ST HF Y Agq.F MK Es ST |

TU) _ ) - 1 2 Tll) 2 Tll]

aGFX Xt xo, pp) = 5| pp—=7 s rlx, x + X2, pp, 57) ,,-— AG FX + X9, x, g, sp) |

2 a YT

d Important symmetry property:
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These two correlations do not give the gluonic pole contribution directly



“DGLAP” evolution kernels

1 Evolution kernel is process independent

since twist-3 distributions or correlation functions are universal

1 Calculate directly from variation of process independent
twist-3 distributions

p.c P.sp P,sy
p\ P p+p, AP

= ® p\ BlE*  fpp

Kang, Qiu, 2009
Yuan, Zhou, 2009

Kernel Ma, Sang, 2011
Schaefer, Zhou, 2012

1 Extract from the scale dependence of the NLO hard part
of any physical process

Weighted Drell-Yan A, at NLO

Vogelsang, Yuan, 2009
1 Renormalization of the twist-3 operators

Braun et al, 2009



Feynman diagram approach

Kang, Qiu, 2009
4 Feynman diagrams:

4 LO for flavor non-singlet channel:
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Three-gluon correlations and evolution

Kang, Qiu, 2009
1 Two possible color contributions:

dabc, ,L'fabc — T((;d};, (5[}‘1, 332), T((;{}v (371, ZEQ)
4 LO diagrams:

a,a p.c B.b p.c p.c P,c p.c
P\ pzl fP+I§ D\ pzl fp-}-g P\ Q’l fp+122 lp\ &l fp+5 ]p\, '%i fp'*'B
k\3 k| . Hk+ko k\3 k| . Tk+k k\ k| . tk+k; 2 k3 k)| . Tk+k 2 k\3 ko) Tk+ky
1]
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p,c ‘ € p.c p.c |
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Mixing in evolution

0 Gluon to quark:

a,a p,c‘ B, b p.c
p B\ p+p, P B p+p,
K ki, | fheie K3 | [k

d Quark to gluon:

p.C b
p\ B /P+P2 PANRCTE I
kéa kzl " i’k'l‘kz k\ kzl " fk+k2

0 Missing term in the original paper:

Ptp
k+k

p,¢

o\ Pl
k kzlu

Kang, Qiu, 2009

Braun et al, 2009



An example

d Quark to quark: | | |
0.c€ Por =37" 1’( z

2

)( ies-,-pmi )éq:

p pP+p,
Cut vertex and projection operator in LC gauge
" k+k2
7+ k" k” Sponi >
< V'[;CP~=21)+ 8()( G )7(')8( ~ BT )(167 [—g, ]cq

d Feynman diagram calculation:

le B r dt < (L2
A Ln s [ fiomoicocs st 4 S1229

k k|

}W/pwz s [ [ e Trieg ) o6 [ Cx (120t £
K k|
x'k”j / —>/d§/d§2 F(& €+ &) 5(5+5,—x)_["""‘[ ] (;:i)

+ virtual loop diagrams




An example

d Quark to quark:
. PP =y p(

2

1y, . i\
E )(.IGST’)"" )(q

p pP+p,
Cut vertex and projection operator in LC gauge
" k+k2
+ + +
Y k k3N, . SO N
e ’vlqd(;‘ - 2Pt 8(‘ . P+)X25(X2 . 1)-+)(I€'1 [—SU#](’Q

d Feynman diagram calculation:

By

2\ Bl 7/P+Pz 5 /dgfdgz F(§ €+ &) 8(&) % f#’dkr[ - A];zr(llt)

k k|

ﬁ/}?ﬂ% —_— /dff/d& F(& €+ &2) 5(£—x)—’[#i i";[if‘];;(% 2;::23)

HE dk‘z Cal ag

\Y"j/ —afdg/dgz e+ 5(f+f,_x)_fﬂfff*[ A EHIRES

HE dk‘z Cal ag

+ virtual loop diagrams

Missing in original publication, from end point of ¢ -integration



Leading order evolution equations

Kang, Qiu, 2009

O Quark:
OT, p(x,z, up) a, [1de 1
1 C")ln,u% = ﬂ[ ? qu(z) Tq.F(ﬁsg‘/*['F) +2Nc [(1 — 2Z)Tq,F($, L — 5) - TAq,F(x7 L — g):|

+

Ca [1+ 22 C,
24 [ =, To.r (& z pr) — Ty p (6.6, nr)] + 2 Tq.p(&l‘-ﬂp)l + 74 !TA<].F(41'~€~,UF)]

(1
+Pyy(2) (;) [Té,ff}@,e,;zp) +TR(E € pr)] } — Ou T, p(z,)

e

O Similar results for antiquark and gluons:
U Features:

< All kernels are infrared safe
<> Diagonal contribution is the same as that of DGLAP
< Quark and antiquark evolve differently — caused by tri-gluon

< Evolution equations for diagonal correlation functions are not closed!



Numerical results

d “Model” for the off-diagonal correlation functions:

For the symmetric correlation functions:

T,k (xy, xp o) = J T, p(xy, xy, pop)+ T, p(xy, Xy, pp) e - xz)z/zaz_.]’.

T((f[, (X] ‘2 ,LL}-) -[Tifi. (‘] \] /¢L}-)+ T \2,_\72, /‘LF)]() [(.xl Xz)z/2¢72],

=

] - 5 5
]'U‘d)(ﬁ X2, [.L}-) - ;[l'},}‘-ﬂ(vhxln /-Ll') + —I'U‘d)(ra X9, /Jv}r)]e_“xl_xz)./:(r]'
L X1



Scale dependence

= osF Elad 3 :
o - u-quark-gluon % - Our evolution
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4 Follow DGLAP at large x
< Large deviation at low x (stronger correlation)



QCD global analysis of SSAs — next level

 Factorization for physical observables:

A(pa,S1)+ B(ps) = hip) + X
A(pa,S1)+ B(ps) — jet(p) + X

A(pa,SL) + B(pp) = v(p) + X

4 Urgently needed — NLO hard parts:

—Beyond LO!
Ay x Ao (Q,S1) T}S)(x,x) QHr® ...

Only NLO calculation — SSA for p; weighted Drell-Yan Vogelsang, Yuan, 2009

1 A completely new domain to test QCD!

From paton’s transverse motion to direct QCD quantum interference



Summary

1 QCD factorization/calculation have been very successful
in interpreting HEP scattering data

<1/10 fm

J What about the hadron structure?

Not much!

O Experiments with a polarized hadron beam opened up
new ways to test QCD and to study hadron structure

0 Transverse spin opens a new domain to test QCD dynamics
and new observables for extracting partonic structure

d Collinear and TMD factorization give complementary
descriptions of QCD dynamics

Thank you!



Backup slices



Electron-lon Collider (EIC)
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Electron-lon Collider (EIC)

JeRRIC (BNL):  _pHIC is a triple IP collider , )
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