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QCD and hadron structure
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Go beyond 1D collinear PDFs?
3D TMDs, 1+2D GPDs, 1D multi-parton correlations, ...
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Transverse single-spin ph
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O Vanish without parton’s
transverse motion:

enomena in QCD
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==) A direct probe for parton’s transverse motion

A direct probe of QCD quantum interference




Single transverse spin asymmetry

1 SSA corresponds to a naively T-odd triple product:
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» Novanish A, requires a phase, enough vectors to fix a scattering
plan, and a spin flip at the partonic scattering

4 Leading power in QCD: Kane, Pumplin, Repko, PRL, 1978
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» A, connects to parton’s transverse motion!




Collinear vs TMD factorization

 Cover two different kinematic regions:

Collinear: Q.. Q, > Agep
TMD: Q; > Q, > Agep

Twist-3 correlation functions: Integrated effect of parton k;
i [ EER ar(e k) + UVCT(?) = Tr (a2,
p

TMDs: direct information on parton k-
— more interesting if we can measure them

d Consistent in the overlap (perturbative) region:

A AN(Q27 pT)

Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan
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Cross section with one large momentum transfer

 Collinear factorization — power expansion: Q >> Agqp
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4 Single transverse spin asymmetry:
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4 Parity and time-reversal invariance:
(p, 510(¥, A*)|p, 5) = (p, —5/PTO' (¢, AYT P~ |p, —5)

Not all operators contribute to SSA!



Inclusive DIS
Q Inclusive DIS cross section: o(§)oc LM W,,(5))
O Leptonic tensor is symmetric: L* = L""
Q Hadronic tensor: W,w(51) o (P, §l|jL(0) Jv(y) | P, 5L)

1 The difference of two cross sections:

Ao (8§ ) o< L [Wuu(g_L) - Wy (—51)]

4 P and T invariance:
(P,51]3}(0)4,(y) |P,5L) = (P,—51|0(0)j.(y) |P,—5L)

—> W) =Wou(-8) <= Ax=0



Inclusive single hadron production

0 One large scale: A(pa,S1)+ B(pg) — h(p) + X with p; >> Agep

Three identified hadrons: A(pa,S1), B(pg), h(p)

] QCD collinear factorization: Qiu, Sterman, 1991, 1998, ...
Ay xo(pr,S1) —o(pr, —51)
= T\ (2, 2,51) @ by p(2) @ 64y @ Dije(2)
+64asa(z,S1) @ Ty 7 (2, 2)) @65, ® Dyje(2)
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Leading power contribution to cross section cancels!
Only one twist-3 distribution at each term!

O Three-type contributions:
Spin-flip: Twist-3 correlation functions, transversity distributions

Phase: Interference between the real part and imaginary part
of the scattering amplitude



Twist-3 correlation functions

 Twist-3 polarized correlation functions: Efremov, Teryaev, 1982, ...
— Qiu, Sterman, 1991, ...

\ (
TGNz, 2,8,) YC/\% /O‘ Moment of Sivers function

d Twist-3 unpolarized correlation functions:

Kanazawa, Koike 2000, ...

7(30) (2',2') 5 Moment of Boer-Mulders
— ( function

d Twist-3 fragmentation functions:

Kang, Yuan, Zhou, 2010
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% Moment of Collins function?

All these correlation functions have No probability interpretation!
Quantum interference between a single and a composite state



SSAs generated by twist-3 PDFs

 First non-vanish contribution - interference:

Efremov, Teryaev, 1982, ...
Qiu, Sterman, 1991, ...

4 C.C.

JT

 Dominated by the derivative term - forward region:

dAo ] Qiu, Sterman, 1998, ...
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Vogelsang, Yuan, 2006

 Complete leading order contribution:
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Twist-3 parton distribution functions

4 Twist-2 parton distributions: fang, G, PR, 2009
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O Two-sets Twist-3 parton distribution functions:
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“Interpretation” of twist-3 correlation functions

1 Measurement of direct QCD quantum interference:

\ /
T3 (z,2,5)) “C\% ﬁ

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

d “Expectation value” of QCD operators:

(PfFO DI s) = (P a0yt |sre [ iy B ) | 9Ol

(P, s|P(0)y s (y )| Ps) —> (P, s[ip(0)y _Z’giﬁ%/ Ty By () |y )| Py s)

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

— Qiu, Sterman, 1991, ...



A simple example

 The operator in Red - a classical Abelian case:

rest frame of (p.s)

1 ST
3 T TB
2 /,_\ charged particle

%S/ B “s ,
AP pP=C(m.0) LT 1.—Z)
O Change of transverse momentum:
d _
Ep’z = 6(27’ X B)2 = —6’U3Bl — 6U3F23

O In the c.m. frame:
(m,0) - n = (1,0,07), (1,—2) - n = (0,1,07)
d .1 __ spronn I +
— me — e €°1 F(T

O The total change: Aph = e [dy e’Tom F_t(y)

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



QCD global fitting at twist-3

Kouvaris, Qiu, Vogelsang, Yuan, 2006

d Leading order global fit:
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Evolution or scale dependence of twist-3 distributions?
Role of NLO contribution?



Evolution equations and kernels

4 Evolution equation is a consequence of factorization:

Factorization: Ao(Q,s7) = (1/QVH\((Q/ pur, ag) ® fr(r) ® f3(mr)
J
: .‘) ) = P‘) ® .‘) »
DGLAP for f, TTn(n) J2lpp) = Py ® fr(jp)
) ] J _ J 1) p) :
Evolution for f;: <')111(_/.LF,)‘/3 ("’ln(w) Hy" — P; )@./3

1 Evolution kernel is process independent - prediction of pQCD:

< Calculate directly from the variation of process independent
twist-3 distributions Kang, Qiu, 2009, 2012, Yuan, Zhou, 2009
Ma, Sang, 2011, Schafer, Zhou 2012, ...

< Extract from the scale dependence of the NLO hard part
of any physical process Vogelsang, Yuan, 2009

< Renormalization of the twist-3 operators Braun et al, 2009



The Feynman diagram representation

1 Feynman diagram representation of twist-3 distributions:

P,S]' P,s‘]' ])’ST P,ST
—— o— 0

A T3
k: kzlg s ;k+k2

Different twist-3 distributions < diagrams with different cut vertices

1 Collinear factorization of twist-3 distributions:

== X p\ Bli* {p+p

Kernel

O Cut vertex and projection operator in LC gauge:
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Variation of twist-3 correlation functions

0 Closed set of evolution equations (spin-dependent):

5 0 = ~
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Plus two more equations for:
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Evolution equations

U Distributions relevant to SSA:

5 0 Ir ., a = P
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O Important symmetry property:
'I'Aq’,:(x, X, /.L,.) — fd.X'Q[.?.Tf(S(.X"‘_)_)]TAq_,:(.X', X X2, /.L,.) _— O.
Ll X, g fdh["'r()(h)]( )T(fd)(x X+ xs, pp) = 0.

These two correlation functions do not give the gluonic pole
contribution directly

YA



Evolution kernels

d Feynman diagrams:

4 LO for flavor non-singlet channel:
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Evolution of quark-gluon distributions

: ; . Kang, Qiu, PRD, 2009, 2012
4 Evolution equations: o 00s
a'.rq,p‘(.'l?, I, l1) — (s / d£
€Z+k2

Oln p2 2w J, &
‘!-p2 +p p
M\ ki3, frre =k kzl k+kz Ky kol
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9 l_z(qp(émll)_qp’(af#)-l-’ qF&.’l‘ﬂ +TAQFI£“)]

Missed —N.6(1 —2)To,r(z, z, 1) p+p P Al PP,
in original R\l fhrk Kkl flrk

paper

{ Paq(2) Tq,r (&, €, 1)

(1—-22)T, r(xz,x— &, 1) +T_\.qp:ra:—§u

*oN.

+Pz

L ks k+k, K\ ki

+ tri-gluon contributions

< All kernels are infrared safe
<> Diagonal contribution is the same as that of DGLAP



Subtleties in deriving the kernel

d Quantum interference: Kang, Qiu, 2012
\ﬂ,z 7;?,1) <— |nterference between spin-1 states
w\ el 57 kil <«— Interference between spin-1/2 states
Ty r(z, 2, 1) as [fde 1 (1
81D/.L2 Fig. 2_71' ; ?QNC (5) [(1 - 22)Tq,F(I7 Ir— 63:“’) + TAq,F(xa T — £Hu‘)]
p,c
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1 0/0 contribution for the gluonic pole:
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O 1n pi? Fig.



Three-gluon correlation and evolution

O Two possible color contributions:

qeve, gfabe T()(af; ,X2), T(f> w(T1,x2)
fk+ky PN

d Lo dlagrams
tp+p,
\ kzl Tk+k kzl
(d)

(C)
tp+p, PR lp\. l 1p+p, l tP+p,
Tk+k kzl 1k+ky ? kzl i} k+ky k* kzl 1 k+ky
(h) (1)
11%
k+k k+k k+k

p.c
V2 Ip+p,

tp+n P\ ‘5 fp+p,
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P+n
fk+k2

é%kzi

Nl'—'

p.c
Pz P+p, Pz

k+k2 k+k k+k; k+k;

(0)
<> Kernels are also infrared safe
< diagonal contribution is the same as that of DGLAP



Numerical solution

 Evolution equations for diagonal correlation functions
are not closed!

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

For the symmetric correlation functions:
Tq,F(.xl’ X2 ruf '[ q,F ‘l' A1 :U“1~)+ qu.(h, X9, ,U«f)] [y ,rz)-/za-J,
vy
Tgp)(.-\fl’-‘fz, JoF) ‘[T \1, X1, pp)+ T( F (\7 Xy, JLp)Je [(x1=x2)*/20%]
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] X f y 2 1A 2
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L X1 '
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Chiral-odd contribution to SSAs

U Role of the transversity:
Ay < o(pr,S1) —o(pr,—SL1)

=T (2,2,81) ® ¢p/p(2') @ 650 ® Dpse(2)

+0a/a(2,51) ® Tb(;);) (v/,2) ® 650 ® Dhse(2) Transversity

+04a/a (@, 51) @ dyyp(a',7) @ 64, ® D)2, 2) } to flip spin
4 Chiral-odd correlation function:

o dy, dyy ;. o
1) = [ G SR sl [0 w3 ] eI, o)

Moment of Boer-Mulders function

U Leading order contribution to SSAs: Kanazawa, Koike 2000, ...

4 Evolution equation: Zhou, Yuan, Liang, 2008
8 (o) 2 dl‘ 27 . (o)
T wa) = 52 [ 5 e oo+ 250 -9} 10

Olnp?
C, 2 - 22 (o
+ 2'4{1_ T( )(:rz,a:)— l_zTI(;)(:z:,x)}]




Revised evolution kernel

. . Kang, Qiu, 2012
O Evolution equation:

P (z,2,1) o, /ldé

- T P& 1) = 22 TP (&, €, )
Jln p2 L £

- N,
{ATqu(")T; F)‘(ﬁ & p) + 2 ! 1—_2

v [20 -1 REe - 6] |

with DGLAP kernel for transversity:

ArPy(z) = Cp [(1 Z)+ + 25(1 - z)]

O The second line of the evolution equation above is new:

ptp, p [)2 p+p, ()
k kzl k+k  k kz k+k _N 5(1 _Z)T (-T T /J«)

1
ATz
+ QNC [2(1 )Tq,F(‘T?I 67 /‘l’)]
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QCD global analysis of SSAs

 Factorization for physical observables:

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

A(pa,S1) + B(ps) = v(p) + X

1 Urgently needed — NLO hard parts:

~ «— Beyond LO!
Ay x Ao(Q,S1) o< T (w,2) @ Hy © ...

Only NLO calculation — SSA for p; weighted Drell-Yan Vogelsang, Yuan, 2009
A completely new domain to test QCD!

From paton’s transverse motion to direct QCD quantum interference



Summary

O QCD factorization/calculation has been very successful
in interpreting HEP scattering data

d Single transverse-spin asymmetry is an ideal observable for
probing partonic dynamics inside a hadron beyond the PDFs

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

Parton’s transverse motion and transverse structure

d Collinear and TMD factorization give complementary
descriptions of QCD dynamics

Thank you!



Backup slices



First hint of tri-gluon correlation

1 PHENIX data on J/psi:
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1 PHENIX data on open charm:

= 0.15
T . p+p — e +X at\Js = 200 GeV ( 2006 )
— heavy flavor decay electrons ( n] < 0.35)
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Collinear factorization:

<> tri-gluon correlation
— direct quantum
interference

Challenges:

< Jlpsi production
mechanism

< Initial- vs final-state
effect

<> Connection to Gluon
Sivers function

Collins, Qiu, Vogelsang,
Yuan, Rogers, Mulder, ...



