QCD Factorization
and
Transverse Single-Spin Asymmetry
in
ep collisions

Jianwei Qiu
Brookhaven National Laboratory

Based on work with many people

Theory seminar at Jefferson Lab, November 7, 2011
Jefferson Lab, Newport News, VA



Outline of my talk

O Transverse single-spin asymmetry in ep collisions

Ideal observable to go beyond the leading power collinear factorization

0 Role of fundamental symmetries

1 QCD TMD factorization approach

1 QCD collinear factorization approach
 Connection between these two approaches

O Predictive power of QCD factorization approach

d Summary



Electron-proton collisions

[ Cross sections:
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< Every parton can participate the hard collision!

< Cross section depends on matrix elements of all possible fields

O Approximation - single large momentum transfer: Q >> 1/fm
2

Q) = 0P (Q) + % NP Q)+ SaNT(Q) 4 01P(Q)

U Leading power QCD factorization - approximation:
0(Q) = o™ (Q) x 6(Q) ® (p, s[¢T (k) (k) |p, ) +

\ Universal parton distributions
Hadron’s partonic structure!

1 How good the approximation is?



Inclusive DIS cross section

d From HERA:
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Inclusive single jet hadronic cross section

J To Tevatron:

Tevatron Jet Cross Sections
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QCD is successful in last 30 years — we now believe it



Fact and questions

4 FACT:

< LP QCD collinear factorization/calculations have been very
successful in interpreting HEP scattering data if Q> 2 GeV

< QCD should be correct for the asymptotic
regime: r<1/10 fm!

<1/10 fm

d QUESTIONS:

<> How much have we learned about
hadron’s partonic structure?

Collinear PDFs, Helicity PDFs, ...

But, Not enough for the structure, ...

< How to test/explore QCD beyond the leading power formalism?

Parton’s transverse motion, and multiparton correlation beyond 1/10 fm?



Go beyond the LP collinear factorization

1 Recall:

q q q
i, TS = e
—_>—t

< LP collinear term dominates the single scale cross section

U Need additional parameter — the LP term is not sensitive to:

< Nuclear A-dependence:

— result of multiple scattering and multiparton correlations
Ra(Q) =04(Q)/on(Q),  AlgF)a = {a7)a — (g7)N, -

< Transverse-spin:

— power of fundamental symmetries — cancels the LP collinear term

AN(Q7 ST) X 0(@7 ST) o O-(Q) _ST>7
AN(Q,qr,sT) x 0(Q,qr,sT7) — 0(Q,qr, —ST), ...



Transverse SSA in collinear parton model

1 SSA corresponds to a naively T-odd triple product:

Ay = o(p,st) = al(p,—s1)\/|o(p, s1) + o(p, —s7)] i ./l/

—

AN iy (Fx b)) = 1€ pus,lapls / P p"/

Novanish A, requires a phase, enough vectors to fix a
scattering plan, and a spin flip at the partonic scattering

H Leading power in QCD Kane, Pumplin, Repko, PRL, 1978

O_AB(pTag) X + _|_

Need parton’s transverse motion to generate the asymmetry!



Power of fundamental symmetries

1 Factorized cross sections — asymmetries:
A x o) (@, 5) = onp)(Q, =8) o< (p, 5|0 (g, A¥)|p, 5) — (p, =810 (tbq, A*)|p, —5)
e.g- O, A) =¢(0)Ty(y™)  with I = I,95,9", 757", 0
4 Parity and Time-reversal invariance:
(p, 510(y, AM)|p, 8) = (p, =8IPT O (¢, A*)T P~ *|p, —5)
QIF: (p, —5PTO (¢, A)T 1P~ p, —5) = £(p, =510(v), A")|p, =)
or (p,s0(y, A")|p, ) = £(p, =5]0(¢, A¥)|p, —5)

Operators lead to the “+” sign == spin-averaged cross sections

Operators lead to the “-” sign === spin asymmetries

H Example: O, A*) = §(0) v 9(y™) = q(x)
O, A*) = (0)y s ¥(y~) = Ag(x)
O, A¥) = PO0) v 11 (y™) = Sq(z) — h(x)
O, AF) = —— F(0)[—izag] F**(y) = Ag(s)



A\ =0 forinclusive DIS

[ DIS cross section: o(Q,sT) o< LMW, (Q, sT)

U Leptionic tensor is symmetric:
" = L
O Hadronic tensor:
W (Q, s7) o< (P, 57|55 (0)j, ()| P, s7)
O Polarized cross section:
Ac(Q,sr) o< L [W(Q, sT) = Wi (Q, —sT)]
4 P and T invariance:

<P7 STU/];(O)jV(yHP? 5T> — <P7 _ST|ji(0>jM(y>|P7 _ST>

— AN(QasT)DIS =0



Advantage of SIDIS

L Dominated by events with two different scales:

01, 50) + A(Pa, s) — £'(I') + hipn) + X

{ Alarge momentum transfer: Q=+/—(1—1)2 > 1/fm

Localized probe, suppress contribution of complicate matrix elements

< A small momentum scale: prr ~ 1/fm

Sensitive to parton’s motion inside a hadron — TMD distributions

d Power of varying pnr ~ 1/fm — ppr ~ Q

< Change from a two-scale problem to an one-scale problem

Transition from TMD factorization to Collinear factorization

. (p—CthX / "
O Two natural scattering planes:

< Separation of various TMDs

and spin states




TMD factorization - SIDIS

* Collins’ book

o< LM W,ul/(QapBTa ST)

WH = Z M (Q; )™ /dzkrr d*kor Fy/pt (2, ki, S; p; () Diy £ (2, 2kor; p; (p) 8P (ki + gt — ko)
f

FY(Qar) + O(A/Q)") =m0y @z, 1) © Dz, 1) (psr)
CF = ]\-112_-,17262(91’—1;3)

d TMD parton distribution: (o = (M2 /%) 2@ =)

koan v
’}/+ kl_ 5 VCFCD = Q2
Ff/PT (CL’, le; S; My CF) = Treotor IrDirac / P,
2 27 Ja

0 TMD fragmentation function: Gauge links

Iy
Trcolor TrDirac ")/+ ko k &%

zZ Vg

J TMDs are more fundamental if we can measure them:

Carry more information on hadron’s partonic structure



Color flow — gauge links

1 Gauge link — QCD phase:

Summation of leading power gluon field contribution
produces the gauge link:

B, (00,5~ ) = P exp (—ig /OO dn - A(An))

Gauge invariant PDFs: ’

dy~ . 4+ _ _ .
6(o.p.5) = [ D s 0),T 5 (00, 00 0.y y )

Collinear PDFs: “Localized” operator with size ~ 1/xp ~ 1/Q

) i “localized” color flow
 Universality of PDFs:

Gauge link should be process independent!



TMD parton distributions

O Quark TMD distributions:
LLY* .‘ Y;}J kQ
/ W \ kH = xpt + 5

nt + kb
xp™ T

dedk+5(x _kt/PT)

€uu ,,,') n* kf ST k,-Sp,
bz, k1) = @m +(Fiig) = (S,'+ L2 Gi) 2 e
) 5 1 av k, - T % n“k"
* "”’“’7 "4 St (S" hi)t = "lT) M

N\ Ouvk! N
* (nh']l) [ | 4:|

M
Total 8 TMD quark distributions
d Gluon TMD distributions, ...

Production of quarkonium, two-photon, ...



Most notable TMDs

4 Sivers function - transverse polarized hadron:

/ Sivers function

1 A
fq/p,S('xak_L) = f;]/p(xakl)+5Aqu/pA (x,kl) S-(pxk))

k A
= qu/p(xski)_ﬁlfi_]]:q(x’k_L) S-(pxk))

1 Boer-Mulder function — transverse polarized quark:

1 1 . A
fq,sq/p(x3k_L) = _f;;/p(x’kl)_*__ANfT/p(x’k_L) sq‘(Px k)

1 "‘L b Gk, (k)

™~

_fq/p(x k,)-

Boer-Mulder function

Affect angular distribution of Drell-Yan lepton pair production



Most notable TMDs - |

4 Collins function — FF of a transversely polarized parton:

_ P
=Dy, (z,p,)+ ZA;

h

1 .
D, ., (zp,)=D,,(z,p,)+ EANDW (z,p,)s, (P,x D)

Hl_Lq(Z9p_L)sq' (ﬁqxﬁ_l_)

™~

Collins function

O Fragmentation function to a polarized hadron:

1

1

D,

= EDh/q(Zapl) + M

A

lg
DlT

1 -
DA,SA /q(Z’PL) = EDh/q(z’pl) + EANDA‘/(](LPJ_) SA ) (Pq X PL)

(p.) S, (B, % P.)

Unpolarized parton fragments into a polarized hadron - A



TMDs and spin asymmetries

d Sivers’ effect — Sivers’ function:
Sp

K1 Dijet, photon-jet not exactly back to back

Hadron spin influences
parton’s transverse motion

Photons have asymmetry :
Jet vs. Photon sign flip predlcted

 Collin’s effect — Collin’s function:

o Transversity
No asymmetry for the jet axis Parton’s transverse spin
— affects its hadronization

S, XKT Separation of different effects?

1 TMD factorization is relevant for two-scale problems in QCD:
Q1> Q2 ~ Aqgep



SIDIS is ideal for studying TMDs

[ SIDIS has the natural kinematics for TMD factorization:

U(se) +p(sp) = £+ h(sp) + X

Natural event structure:
.S high Q and low p; jet (or hadron)

1 Separation of various TMD contribution by angular projection:

Lepton plane vs. hadron plane

I N'-N'
AUT((p}llﬂ(lpé) =;N1~ +NJ’

. . Sivers
_ Ag;llms Sin(¢h + ¢S) + Ag?jem Sin(¢h _¢S) — AUT 0.6 <Sln(¢h — ¢S)>UT ¢ ﬁT ®D
+ A7 sin(3g, — @) Ay o (sin(3¢, — ) > o« f @ HF

A" o (sin(g, + ), , o« @ H'



Our knowledge of TMDs

O Sivers function from low energy SIDIS:

0.15- i ’ |
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EIC can do much better job in extracting TMDs
1 NO TMD factorization for hadron production in p+p collisions!

Collins and Qiu, 2007, Vogelsang and Yuan, 2007, Mulders and Rogers, 2010, ...



Critical test of TMD factorization

O TMD distributions with non-local gauge links:

n
' g Ay~ d* YL ipptu—ik: v p
fq)/hl (‘r- k_L. AS) :/ F-I"rp y lk_L Y1/

(27)3 (p, S|(0~, 0 )|Gauge link "_Ty"(:y—.y Llp, S)

B

-

L
< YL . >
: I
— e < =
— 00 0 [é :

* For a fixed spin state:

f;/I}E)TIS(J;ak_LaS') 7é f;/’}ﬁ (;I"ak_l_as:)

4 Parity + Time-reversal invariance:

Si SIDIS Si DY
) St (@, kL) = = fonn (@, kL)

The signh change is a critical test of TMD factorization approach



Another critical test of TMD factorization

0 Predictive power of QCD factorization:

< Infrared safety of short-distance hard parts
< Universality of the long-distance matrix elements

< QCD evolution or scale dependence of the matrix elements

1 QCD evolution:

If there is a factorization/invariance, there is an evolution equation

1 Collinear factorization - DGLAP evolution:

. d
ophy (@, Aqcp) & Zaf(QaM) ® ¢r(, Agep) — @aphy(Q,AQCD) =0
f

Scaling violation of nonperturbative functions

Evolution kernels are perturbative — a test of QCD



Evolution equations for TMDs

Boer, 2001, 2009, Idilbi, et al, 2004

4 Collins-Soper equation: Aybat, Rogers, 2010
b k TMD with v* Kang, Xiao, Yuan, 2011
— D-Space quar with 'y Aybat, Collins, Qiu, Rogers, 2011
OF; pr(z, by, S; u:Cp) - . ) (b 1. —
f/Pt\L, DT, 05 5 CF K(b . - 1o S(bT:ysa OO)
= K(br;p)Fy pr(z,br,S;0:(F)  K(bpip)=-—1In| 2
dIn/Cr P (brip) = 55, 1o S(br; 400, 95)
4 RG equations:
dK (br; dF; pt(z, br, S; 3 Cr) .
dROTSE) _ (o)) £/ = vp(9(1); Cr /12) Fy pr (2, b, S 115 Cr).

dlnp dlnp

O Evolution equations for Sivers function:
ki SI
Fypt(z, kr, S; 1, Cr) = Fyyp(, ke p, Cp) — Fif (2, kr; 1, Cr) JA};

o/ L f . ~
cs: 9WnFyp (z,br;pCr) OF ! (z,br; . Cr)

= K (br; p) i (2, br; p, Cr) =

dln+/(r obr
. gL f . -
RGs: dFyy " (2,605 CF) oy (g(w); Cr i) ElE f (2, brs oy Cr)
dinp
dK (bp; ) dvr(g(p); Cr/ 1)

i =—vk(9(p)) =) W = —yk(g9(n)),



Scale dependence of Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
O Kernel is not perturbative for all b:

bT C'1
CSS prescription: b. = NV Ho =3
(not unique)

K (br; p) = K (ba; ) — / #d—ﬁf,ﬂrx (1) —gx (br)

b

d Qz-dependence of Sivers function:

P (@,brs 1 ) = B! (b uo,%)exp{m R i) + [ L el )~ L g0
A VCE ) — VG
+LD In 2 (g (1) = grc(br) In Y3 }
Fir/ (z,krip, Cp) = 5o kl oodb;r brJi(krbr)Flpf (z,br;p,¢r)  — Evolved Sivers function
d Small-b perturbatlve contribution — match to twist-3:
. M L di#y di L
Flz 1 (z,br; p, CF) = PbT 2 T:QCJ%'/‘;“S 1,22, be; i, v, g(s)) Tr 5/ p (81, E2, o)
exp {1n R 0m) + / ko [w(g(u) D =0 )] } x oxp {55, r) - om0 L

Kang, Xiao, Yuan, 2011



Gaussian ansatz for input distributions

. . Aybat, Collins, Qiu, Rogers, 2011
O Up quark Sivers function:

— TR
| A | ! | A _‘a
4 6 8 10
[ ' [ ' [ ' =
g
E
_—. — _ =
| ! | \ | ! -a
4 6 8 10
K, (GeV)

Very significant growth in the width of transverse momentum



From low p+ to high p;

. . . . . Ji,Qiu,Vogelsang,Yuan,
L TMD factorization to collinear factorization: Koike, Vogelsang, Yuan

A AN(QQa pT)

Two factorization are
pr K Q pr ~ Q consistent in the overlap
region where

~ Qs
Pr Aqep < pr < Q
TMD Collinear Factorization
J QCD collinear factorization: Efremov, Teryaev, 82; Qiu, Sterman, 91, etc.

2
0(Q,5) :§< :(§< %\/ =o""(Q >+%0NLP(Q 5) +
<—t~1/Q 7 Q ,

Ao (s7) o T (z,2) ® 67 @ D(2) + dq(z) @ 6p @ DP)(2,2) + ...

T(3) (2, ) —C)\——?— D(S)(Zaz> X

Qiu, Sterman, 1991 ) e Kang, Yuan, Zhou, 2010




Twist-3 correlation functions

Kang, Qiu, PRD, 2009

O Twist-2 parton distributions:

a() o< (P[ih,(0) L wq(y)|>
G(z) o <P|F+“(0)F+”(y)IP>(—9uu)

_ B
Aq(x) (P, S)[,(0) 54, (1) P, S))
AG(x) x (P, S||\F+“(O)F+”(y)\P Sy (T 1)

< Unpolarized PDFs:

<> Polarized PDFs:

1 Two-sets Twist-3 correlation functions:

e dy_dy_ i +y- i tus A o8l sTonn o (=] .7 —
Iy F = /éT);ep i glraPTa (P, STI"‘#’q(O)"T[F TE (y2) | e (ur)| P st)

~ dy;y dys . p+, - ira PT 1 onmn .
T = [ HBS et P (P s |[F ()67 () FR )Pt (—g)

(2m)?
5 QY1 dYy  ixpty; izsPtyy — o
TA‘*sz e ¢ e (P (0) —5 (17 By (u5)]Yaur) PosT)

~ d _d -~ ir +.,— ir + .= 1 A N _ .
TAL = / % P et P s — (Pt |FY(0) 05 F, (v ) 4 (ur)|Posr) (ieLpn)

Role of color magnetic force!



Evolution equations and kernels

4 Evolution equation is a consequence of factorization:

Factorization: Ao(Q,s7) = (1/Q)H(Q/ up, ag) ® fr(r) ® [f3(F)
)
DGLAP for f,: —fop) = Py ® f5(p)
dln(wp)
: . J . J (1) _ p) :
Evolution for f;: (.)ln(w)./g (f"ln(w) Hy" — P, )@./3

 Evolution kernel is process independent:

< Calculate directly from the variation of process independent
twist-3 distributions Kang, Qiu, 2009
Yuan, Zhou, 2009
< 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



Variation of twist-3 correlation functions

0 Closed set of evolution equations (spin-dependent): “ang, Qiu, 2009

-~

,ui )#_ ’.T VX + Xo, g, ST) = fdfdfo[’f,,,(f E+ Eo g, sT)K (& &+ &, x, x + X, )
’:
i+ ’TAq Pl E+ Eo g sp)Kgag(€ €+ o x, x + X0, )]
fddeO[Tt(:)l. E E + E') Mg, YI)K(’)(E_. f+ fz, X, X -+ X2, QS)
%
+ Tg)(;.r(f» E+ &pp SI)K:;.)LQ(E & xxtx a)l
#%#tjﬂ(?r(f X+ X3, g, ST) ‘/.dgdf"[’rg)r (& E+ &a g sPKE(E E+ Ea X, X + Xa, )
F i=f.d

+ T r(& &+ & pp sp)KID (& € + En,% x + x5, )]
+ f d.fdfz[Tq.F(f, E+ &g g sPIKIE E+ Epxx + Xy, @)
q

+ T pgrE €+ & g sPK €+ E2,5, %+ X, )]

gldg

Plus two more equations for:

“ () = (') (i)
/i;-TTAqr(Y x + xg g, S7) and #i-vTic,r(Y x + X, pp, S7)
F OML p



Ty e(XX,u)
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< Large deviation at low x (stronger correlation)
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A sigh “mismatch”

1 Sivers function and twist-3 correlation:

d “direct” and

9T r(z, x)

IMI

- fen

Kang, Qiu, Vogelsang, Yuan, 2011

i (z, k% )|siDis + UVCT

indirect” twist-3 correlation functions:

Calculate T, (x,x) by using the measured Sivers functions

[ Q=2 GeV
" indirect
- direct
:— u-quark

1 I l 1 1 I 1 L 1 I 1 L L
0 0.2 04 06 08

=
-

—T_ T T 1

Q=2 GeV

indirect

d-quark

O 1 T 1 T 13
.’\‘
~

W
= g
e

0.6 0.8 1



Possible interpretations

2

d A node in k;-distribution: 5

& Like the DSSV’s A G(x) -

1
IT

< HERMES vs COMPASS
<> Physics behind the sign change?

EIC can measure TMDs
for a wide range of k;

(x,k

0

Kang, Qiu, Vogelsang, Yuan, 2011

=

\

COMPASS

“

HERMES

d Large twist-3 fragmentation contribution in RHIC data:

If Sivers-type initial-state effect is much smaller than fragmentation

effect and two effects have an opposite sign

Can be tested by A, of single jet or direct photon at RHIC

1 A node in x-dependence of Sivers or twist-3 distributions

Physics behind the node if there is any

Boer, ...



Propose new observables for ep collisions

. Kang, Metz, Qiu, Zhou, 2011
O Process: e({) + h(p) — jet(pj)(or m,...) + X

Lepton-hadron scattering without measuring the scattered lepton

Single hard scale: p;T  inlepton-hadron frame

d Complement to SIDIS: ¢(¢) + h(p) — €'(¢) + jet(p;)(or 7, ...) + X

Twoscales: (), pr in virtual-photon-hadron frame

4 Key difference in theory treatment:

Collinear factorization for e(¢) + h(p) — jet(p;)(or 7,...) + X

TMD factorization for e(0) + h(p) — €' (£') + jet(p;)(or m,...) + X

Test the consistency between TMD and Twist-3 to SSA
in the same experimental setting
Jlab, Compass, Future EIC, ...



Analytical formulae

. . . . Kang, Metz, Qiu, Zhou, 2011
O Factorization is valid:

Same as hadron-hadron collision to jet + X
ab—)Jet(PJ)

do [h— jet( PJ)Y p a/l b/h ,
iPrrdy / xf," (z,p /d:r (', ;1 Py (z,z', Prr,y, p)
a=1,7449
b=4q,4q,9

1 Leading order results:

o
PY = em { Hyr AIA H
I 5P Zs-}—t z) Hyu + Aidp g1 (z) HLr
T d S
oM 45 PI | T8 (z, 2) — z =T S
+2mM EpSp Ly - F(z, ) Tz ol )‘tﬁ vv
o - d_., .\ 3 L2
+N2M St - Fyr || §°(2) —2—-4%(2) | == HLL + 2 97(2) =
! T tu t

AL, Ap Lepton, hadron helicity, respectively

St :  Hadron’s transverse spin vector



Numerical results

0 Asymmetries:

OLL ouT OLT
App = —, Ayr = : Apr =
ouu ouu ouvu
U Double spin asymmetries — very smaill:
4 003 3 -
< E P, =3GeV < 003
0025 F T : -0
: 0025F °F
002 F -
002
0015 -
: 00158 /5 =50 GeV
001 F ~ 001 E
0.005 - T 0.005 E ____,,—/'/\/g = 100.GeV
0;_llllllllllllllllllllllllllllllllll-l-l-l-l-l_l-l-lll 0I:_ll::‘-:_-l'l—l-l-;:-l-l‘l-l_;l-llllllllllllllllllllllll
04030201 -0 01 020304 1 15 2 25 3 35 4 45 5
Xp Prp

Wandzura-Wilczek approximation:

. 1 4
gr(z) ~/ — q1(y g(fv)%r/ %gl(y) — Arp ~ 0.001



Good probe of Sivers function

4 Independent check of the “sign mismatch”:

5 - 5 ;
< o1E  Vs=50GeV < o1b  Vs=100GeV
F Pp=3GeV o E Pp=3GeV —
005F - 005 F -
oo | SR
005F 005
01F 01
:|||||||||||||||||||1||||||||||||||||||||||||| :|||||||||||||||||||||||||||||||||||||||||||||
04030201 0 010203 04 04030201 0 01020304
Xg Xg

Red line: Tr(x,p) extracted from fitting SSA in hadronic collisions

—o

Blueline: 7Tp(z,z) = /d2 fir(z, kF) s Sivers function

2‘\[2

Excellent test for the mechanism of SSA
possibly at Jlab, surely at future EIC



More on future directions

O RHIC spin, JLab at 12 GeV, possibly at Compass, ...

d Future EIC:
— a dedicated QCD machine for the visible matter

Yellow book on EIC physics from INT workshop is available:
arXiv: submit/0295324 [nucl-th]

O A white paper on EIC physics:
— a writing group appointed by BNL and Jlab is working hard

O Physics opportunities at EIC:

< Inclusive DIS - Spin, F, ...
SIDIS - TMDs, spin-orbital correlations,
One jet or particle inclusive — multiparton quantum correlation, ...

GPDs - parton spatial distributions



Summary

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

<1/10 fm

J What about the hadron structure?

Not much!

d RHIC spin, Jlab12, a future EIC with a polarized hadron
beams opens up many new ways to test QCD and to study
hadron structure: TMDs, GPDs, ...

d The challenge for theorists:
— to indentify new and calculable observables that
carry rich information on hadron’s partonic structure
— to make measureable predictions

Thank you!



Backup slices



EIC Kinematics

. . 2 __ 2
 DIS kinematics: e— Q" =-¢ =zpys
ko — J Q2
(xP+q) B = D - q
pP-q
J y = .
P p-
. _ 2
4 EIC (eRHIC - ELIC) basic parameters: S =(p+k)
. Q% (GeV?) _
10° —— %> FE.=10 GeV (5-30 GeV available)
I HERA
lpedaret DS 4 ¢ B, =250 GeV (50-325 GeV available)
03l EIC SR
| %\ ¢ V/8 =100 GeV (30-200 GeV available)
02 \ i;k\ R .
RN ¥ “localized” probe: Q?>1 GeV
o | ¥ Tmin ~ 107°
‘ \ < Luminosity ~ 100 x HERA
0% 10 < Polarization, heavy ion beam, ...




“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



