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Overview

S A

We present the results of a combined TMD and twist-3
formalism analysis of single spin asymmetries in SIDIS, e*e-
annihilation into hadron pairs, and proton-proton scattering to
explore what effect evolution has on predicting Ay in pp — X

Short review of TSSAs theory & experiment

Can we explain data from RHIC on inclusive meson
production in pp scattering from Twist -3 & Twist -2
description of TSSAs?what we know

Summary Challenges-way forward



Intro Remarks

\

® TSSAs are a central observables/tool to extract essential
information to unfold “3-dimensional” partonic description
sub-structure of the nucleon

® Study through semi-inclusive and inclusive scattering process: @
JLAB-6&12, RHIC, HERMES, COMPASS, Fermi Lab-DY

® |Impact for future EIC

® See RHIC Cold QCD Plan, arXiv:1602.03922



Transverse single spin asymmetries

 QObservables that provide a window to study the 3-dim.
momentum structure of the nucleon

® Process: semi-inclusive processes (SIDIS, e*e , DY)

® Information encoded in TMD PDFs-intrinsic properties of the nucleon
® TMDs contain intrinsic information on spin orbit correlations
® Information on spin & momentum correlations in CS

® Process: single-inclusive meson production in proton-proton scattering

e.g. pp — X

® Information encoded in quark-gluon-quark correlation functions

® Some attempts to test the relation between TSSAs in these processes



What is transverse single spin asymmetry TSSAs

QCD is Parity Conserving TSSAs Scattering plane transverse to spin

Naively “T-odd”
\ need some

Ao ~iSt - (P x P )® (T — odd” QCI — phases) mechanism

dynamics

Spln Orb|t</ oo “function”




TMD factorization: Process Dependence of Sivers and Universality of transverse
momentum dependent Sivers function and Universality for Collins Function

T-odd TMDs provide info on color phase structure of the nucleon

1 1
flT(SidiS) (k1) = _flT(Dy) (@, k1)
Collins PLB 02, Brodsky et al. NPB 02, Boer Mulders Pijlman NPB 03,
1L 1
Hl(sidis) (QU, kJ‘) - H1(6+e—) (.CE, kJ‘)

Metz PLB 2002, Collins, Metz PRL 2004; L.Gamberg, A. Mukherjee, P. Mulders PRD 2008,201 |; FYuan PRL & PRD 2008; A.
Metz, S. Meissner PRL 2009, Boer, Kang,Vogelsang, Yuan-predictions on Lambda polarization in SIDIS

Motivation Use Universality of Collins and Study Process dependence of
Sivers connection between SIDIS,Drell-Yan, e*e" to study 3-D structure

RHIC, JLAB 12, Belle, BaBar in conjunction with Drell-Yan exp.
Fermi LAB DY, AnDY, Compass, JPARC, NICA -JINR, & EIC



Remarks on TSSAs

® Single inclusive hadron production in hadronic
collisions largest/ oldest observed TSSAs

® From theory view notoriously challenging from partonic picture
twist-3 power suppressed hard scale (vs. SIDIS, Drell Yan & e*e’)



Report to the NSAC sub-committee on performance measures

L/11/2008

2015 | HPI13 | Test unique QCD predictions for relations between single-transverse spin

(new) |phenomena in p-p scattering and those observed in deep-inelastic lepton
scattering

New Milestone HP13 reflects the intense activity and theoretical breakthroughs of recent years in
understanding the parton distribution functions accessed in spin asymmetries for hard-scattering
reactions involving a transversely polarized proton. This leads to new experimental opportunities
to test all our concepts for analyzing hard scattering with perturbative QCD. New Milestone




Reaction Mechanism for TSSAs

Collinear factorized QCD parton dynamics
AgPp' =7X fo® @ A6 @ DITT

* my
+ o+ + o+ = -
Im % X 3 3
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0) Interference of helicity flip and non-flip amps

1) Relative color phase require higher order correction (¥ ¢

2) QCD interactions conserve helicity up to correction
requires breaking of chiral O (m,/E,)

3) Thus, Twist three and trivial in chiral limit

Ao %Ozs — 0 chiral limit



Parton MdI. Theory striking contrast TSSAs in Inclusive Reactions

Transverse Single-Spin Asymmetries:
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AGS to RHIC Transverse SSA’s at s = 4.9 -- 500 GeV
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Figure 2-9: Transverse single spin asymmetry measurements for charged and neutral pions at different center-of-mass
energies as a function of Feynman-x.



Two methods to generate non trivial TSSA in QCD

e Depends on momentum of probe ¢° = —Q? and momentum
of produced hadron P, relative to hadronic scale

hadron
plane

P

/[Eolo077 O/(Z/7E

® ki ~P; <Q° two scales-twist 2 TMDs

Collins Soper (81), Collins, Soper, Sterman (85), Boer (01) (09) (13), Ji,Ma,Yuan (04), Collins-Cambridge University Press (11), Aybat Rogers PRD (11),
Abyat, Collins, Qiu, Rogers (11), Aybat, Prokudin, Rogers (11), Bacchetta, Prokudin (13)

AO'(Ph, S) ~ A ;_/A($, k'J_) 29 Dh/C(Z7 KJ_) X 5-parton
® |2 <« P? ~ @Q? twist 3 factorization-ETQSs
Ac(Pp,S) ~ 4 Afy4(x) @ foyp(2) @ Dpje(2) @ Gparton

Qiu, Sterman 1991,1999..., Koike et al, 2000, ... 2010, Ji, Qiu, Vogelsang, Yuan, 2005 ... 2008 ..., Yuan, Zhou 2008, 2009, Kang, Qiu, 2008, 2009 ...
Kouvaris Ji, Qiu,Vogelsang! 2006, Vogelsang and Yuan PRD 2007



QCD phases in gauge link/Wilson line of TMD “T-odd” structure

Final -state interaction in SIDIS

R
B\’ST=(.)
(& 0&
The path of gauge link +
determined by the hard —
subprocess in factorization & I future pointing

Initial-state interaction in DY

ol=] past pointing £~

Up e



Twist 3 Factorization ETQS & T-odd Structure
Agep << Pry ~ +/Q? onescale Collinear-Twist 3

\

quark-gluon-quark
correlator

L (1,
AO-Nfa@TF@Hab%cd@Dq_)h rs +ie E T (CISS)

e Phases from interference two parton three parton scattering amplitudes
Efremov & Teryaev PLB 1982

e Net asymmetry after integration over parton’s transverse momentum

e Twist three suppressed by hard scale but non-trival! Mg — My,

Qiu, Sterman 1991,1999..., Koike et al, 2000, ... 2010, Ji, Qiu, Vogelsang, Yuan, 2005 ... 2008 ..., Yuan, Zhou 2008, 2009,
Kang, Qiu, 2008, 2009 ... Kouvaris Ji, Qiu,Vogelsang 2006, Vogelsang and Yuan PRD 2007



Motivation Study Process dependence (
connection between SIDIS and inclusive

processes in part motivated by e

® relation btwn twist 2“TMD” approach and twist 3 ETQS

we study process dependence in inclusive processes

kT
gIr(z, ) = — /dQ]fT |M‘

= 2Mfi )+ v

flT (Qj kT) Boer Piljman Mulders NPB 2003

Z. Kang, J.W. Qiu, W. Vogelsang, F. Yuan Phys. Rev D 2011 “compatibility study”
L. Gamberg, Z. Kang, Phys. Lett B696 “compatibility study”

L.Gamberg, Z. Kang, A. Prokudin, Phys. Rev. Lett 2013 “compatibility study”
and others ....

Can use for a Gaussian-like/ parton model



sin (¢, -0 )

UT

Extract Sivers function from SIDIS data

CGI-GPM

1)Ingredients of Torino Model parametrization
but w/ color factors ie Gauge links

2)Use GRV98LO for spin average collinear pdf
3)Use DSS for collinear FF

4) Enforce postivitity bound on Sivers and unpol
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e/ndication on the process-dependence of the Sivers effect
L. Gamberg, Z. Kang, A. Prokudin, Phys. Rev. Lett. 110, 232301 (2013)



We calculate jet An in twist-3:

dAo(s ) a’ dx dx'
E; 3 = a,BSaP'B /— —fb/B(x)
d°P;

Twist-3 TMD relation

X [ Ty r(x, x) _Xa T, r(x, x)]

ab—c

1 A N
—HSYeS(§, 7, 2)8(8 + 7 + 4),
u

Use Sivers that describes SIDIS:
\

Gamberg, Kang, Prokudin (2013)




dAo(s ) do
3 kg 3
d’P; d’P;

Ay = E;

Compare with AnDY data:

Gamberg, Kang, Prokudin PRL (2013)

0.015'—
zoz:; This region corresponds
= I . to SIDIS kinematical region:
o i agreement is very Result is indication
oo encouraging
o | | - ¢/ TMD and twist-3
0.1 0.2 03 0.4 0.5 0.6 are COmpath|e
- v/ Sivers effect is process
ool } dependent
o 0005 Thi _ ; | o
oL Am———— | IS region relies on 1arge-x-— An Indication on the process
saed region, future JLab 12 dependence of Sivers Effect
ool measurement is important
-0.0.15- / We need Drell Yan Results
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Xg



L. Gamberg, Z. Kang, A. Prokudin, Anselmino et al.

Phys. Rev. Lett. 110 (2013) 232301 arXiv:1304.7691
w/ color factors w/o color factors
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Problem with kT moments
—

k2,
@) = [ ey (e k)

M2
(k2. + M2)

® power counting ... Sivers tail ffT(x, kr) ~

Aybat, Collins, Rogers,Qiu PRD 2012

® “First Moment” diverges but not so if you generalize
via Bessel moments Boer, Gamberg, Musch, Prokuding JHEP 201 |



Remarks

® Use the relation between Bessel Moments of Sivers
and Collins function thru TMD evolution formalism

® And use TMD evolution in b-space to express these
TMDs through the OPE

® Fit these moments from SIDIS and ee-

® We use to determine the twist three as input for An



* |ntuition from b-space interpretation--multipole
expansion in terms of br[GeV™'] conjugate to Py, |

dz, dy dogs dzy, doy, IPhL|d|Ph¢| B
2 2

Qo d|b
7502 (1y_€) (1‘|' 21 ) / (| T)|‘bT|{JO(|bTHPhJ_D]:UUT—|—8J0(|bTHPhLDFUUL

+ V21 +2) cosn A(lbrllPrl) Fp -+ =cos(26n) a(lbr| P ) g

+ Ao V/2e(1 — &) sin gy Ji(|Jbr||[Pur]) Fin®

-+ S” \/28 1—|—8) Sln¢h J1(|bTHPhJ_|) (Sjlgqﬁh —|—€Sln(2¢h) JQ(leHPh,J_D Sln2¢h:|

+ S| Ae V1= 2 Jo(brl||PaL) Frr + /2e(1 — €) cos éy J1(|bT||PhL|)7:EOLS¢h}

18| sin(én — 6s) S (br||Pas)
+ ¢ sin(ep + ds) J1<|bT||PM|> f81“<¢”¢5’

J@;}; g;h bs) _|_ F(S;;(fh ¢s)) \
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sedvemmr - *FUT(C?}L ve) = —P| lT( )Dl]
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+ /2¢e(1 —€) cos g J0(|bT||PhL|)f*LJ%§¢S
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Review of TMD factorization

*  Collins Soper (81), Collins, Soper, Sterman (85), Boer (01) (09) (13), Ji,Ma,Yuan (04), Collins-Cambridge University
Press (11), Aybat Rogers PRD (11), Abyat, Collins, Qiu, Rogers (11), Aybat, Prokudin, Rogers (11), Bacchetta, Prokudin
(13), Sun, Yuan (13),Echevarria, Idilbi, Scimemi JHEP 2012, Collins Rogers 2015 ....

* TMDs w/Gauge links: color invariant
Soft factor w/Gauge links
eHard cross section

*Divergences at one loop and higher
*Extra parameters needed to regulate light-cone, soft & collinear divergences
*Modifies convolution integral introduction of soft factor



Review of TMD factorization

dP2 ZH]] sios (s (4 M/Q)/deTeibTPT Fy i, (2,013 1, C1) Dy o (2,015 1, G2) 4+ Ysiors

In full QCD, the auxiliary parameters are exactly
arbitrary and this is reflected in the the Collins-Soper

(CS) equations for the TMD PDF and the
renormalization group (RG) equations

JCC Cambridge Press 201 |, Collins arXiv: 1212.5974, Collins, Gamberg, Prokudin, Sato,VWang



Elements of TMD Fact. Cross section

® Y term serves to correct expression for structure
function when Pt~ Q

® Evolution kernel contains both perturbative and non-perturbative content
arising from TMD factorization < » evolution

® This structure is based upon earlier CS 81 & CSS 85 formalism & new

treatment of soft factor and CSS equations.
Also see Collins & Rogers PRD 2015
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RO a0 Q) = Honrs @ =Q) e [ s Q) Dy 21 Q)

ki,p1

/ E/d2lﬂd2p¢52 (zEL +p1 —ﬁhL)
ki,p1

Fourier Bessel Moments of “Sivers Structure Function”

F(S}i;(¢h_¢3)(xazaQTaQ) —Hsiprs(@Q, ,U /_b J1(Pr1/z, b)]:UT(ZU z, b, Q2)
2 0\ .1 . .
= —Hs1p1s(Q, M —b J1(Pr1/z,b) Ve fir(xs, b Q)D1(zn, b; Q)

= HSIDIS Q :u /_b ‘]1 PhJ_/Z b) J_(l)(xBJ); Q)Dl(zh7b; Q)

Boer, Gamberg, Musch, Prokudin JHEP 201 | Bessel Moments
Also Aybat, Collins, Qiu, Rogers PRD 2012

2

0@ b:Q) = 1y o (e, :Q)
~J_(1) 21 1 5 N
@5Q) = 35y [ AFLAELY) Fire ki@



sin — F1(1
Fong' % = =Plfiz D]

Fongh =29 (2, 2,b,Q) = Hur(Q; p) Zf{-’}lj/P (2,5;Q) Dy (2,5; Q)

TMDs are defined at a scale Q

Evolution is performed in Fourier space

Over short transverse distance scales, 1/b is hard scale, and the
b dependence of TMDs can be calculated in perturbation theory



Fourier Bessel Transform

FUU(Q§PhJ_) SIDIS Q M Z /_bJO PhJ_/Z ) (CEB,b Q)Dl(zhab Q)
Fou(z,2,0,Q) = Hyy(Q; p) Zeﬁff(w,b; Q)ﬁi’(z,b; Q)
q

JCC formalism express evolution of TMDS
OPE in terms of collinear pdfs



Elements of TMD Evolution

I.) Over short transverse distance scales, 1/b 1s hard scale, and the 5 dependence
of TMDs 1s calculated 1n perturbation theory

fl (xBa b7 Q) — ];1 (ajB) b7 Mb)e—spert(b’Q)7 b << 1/AQCD
Standard CSS formalism, evolution starts from

Q° - 2
S0 = [ % A G+ Blo| = /b, ¢ =2e77

Perturbative contribution CSS NPB 85 JCC 201 |



II.) However Fourier transform space involves non-perturbative b
region where perturbation theory breaks down

hlehisQ) = [ 50k i 5:Q)

Non perturbative region treated with b™ prescription

\/l + b%./b? b Collins Soper Sterman NPB 85

Fi(@,05Q) = fi(w, by /b, )e s Srert( @)= 3SRET (@)



III.) With 1/b as hard scale, the b dependence of TMDs 1s calculated in
perturbation theory and related to their collinear parton distribution (PDFs),
fragmentation functions (FFs), or multiparton correlation functions ,, ... OPE.

Fi(,5:Q) = Ful, bus cfby)e™ ¥ Smer(@)=350n (@)

fil@,5:Q) = Cliy ® fila, . )b S (@)=58p (@D

qg<—1

. 1 dx X .
Cq<—i X fll (xBnub) = Z _Cq<—i (f?ﬂb)fll <xa /’tb)

7 Jap X

OKS n n . / . .
C = Z (—) C'™ \Wilson coefficient

s



Summary TMD Evolution of Structure Functions

ﬁUU(CU, 2 b7 QQ) — PIUU(Q?:u — Q) Z egff(xa b7 by CF)D%(Zha ba 22 CD)
q
— HUU(Qa K= Q) Z egf{]<$7 b*7 M CF)D%(Zhy b*7 M CD)e_Spert(b*’Q)_SUU (6:)
q

~ .

7 ~ ~ _ o (be,Q)— NP ,
— HUU(Q7 M = Q) Z 62 CC?(I_DiIS 0 f1 (CE, /Lb)CiI_DqIS &) Dz/j (:E’ Iub)e Spert (b+,Q) =Sy (b,Q)
q

JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs



k db .
]\jzflT(iU ki;Q) :/ o —b%J1 (k1 D) L(1)($,l?; Q)
0

With TMD Evolution with, b, & OPE

1 Sszvers

(@, 0:Q) = ACE @ FiifV (@, py)e B Svert (@) =35KF

see also Kang, Xaio,Yuan PRL 201 |
Aybat, Collins, Qiu, Rogers PRD 2012
Echevarria, ldilbi, Kang,Vitev PRD 2014



PhJ_ "PL

Fml ot (Q; Py1) = — Hows(Qu = Q) 236621/1f hi(zp, k1;Q) Hij, (20,075 Q)
1-.PL

q

Mp,

/ E/koJ_dQPJ_52 (z/ﬂ +p — ﬁm)
ki,p1

Fourier Bessel Transform

2 0

Fg;(¢h+¢s)(Q§PhL) SIDIS Q M= Q Z /_b Jl PhJ-/Z b)hl(vab Q) (Mh Ob2

)Hl (zn, b; Q)

— SIDIS Q M= Q /_b Jl PhJ_/Z b hl(xBab Q) J_(1)(27h7b Q)

JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs



JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs

Kang-Prokudin-Sun-Yuan PRD 2016

pPL 1 2. L 1 o0 db b2 collins 1(1) lSpert Q.b. _ geollins Q.b
ZMhth/Q(Z’pJ_’Q) I ;/O (27'(') Jl(pj_b/z)5cz<_q ®H1h/z (Z7/'Lb)€2 ( ) NP ( )

b-space OPE

L(1 1 bZ collins 1(1 1 . __qcollins
Hi (2,6 Q) = =500, @ Hy) (2, pp e Srer Q0 =S5 (@)



JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs

> dbb . 1 gt
hi(z, k1;Q) = / 5 Jo(k1Lb) 0Cqi @ i (x, pp)e2 Srert (@b =Sy p (Q:0)
0

b-space OPE

b

T To(k1b) 6Ces @ B (, et Srert(@0)=5p (@)
T



Coefficient functions  b-space OPE

Kang, Prokudin, Sun,Yuan PRD 2016

C
CE ) = [0 -+ % (G- -2 - )]

T

(SIDIS) _ % _
Cq(—g (-xa ,ub) T T TRx(l 'x)’ 6Cq<_q/(x, ,ub) — 5q’q[5(1 _ 'x) _|_ O(ag)]’

A

s [C
CE;E);S)(Z’MI?) =0y, [5(1 —7)+ %s (TF(l —7)=2Cpo6(1 —=2) + P, ,(2) lnz>],

T

~ (SIDIS a, (C
Cg<_q )(Z,,Ub) = ( 2FZ FP,.,(2) lnz>

~(SIDIS O o
5C§fﬂ, N(zopp) = 8,4, |6(1 - 2) + —(Piy(z) Inz)

For twist 3 keep only homogeneous or diagonal
terms in splitting kernal, Kang plb 201 |

and for Sivers, Sun Yuan PRD 2013



Kang-Prokudin-Sun-Yuan PRD 2016

NLL' extraction from the data A% BW o

Parametrizations:

Transversity (2, Qo) o Njzs(1 — )" = (filx, Qo) + 1(x. Qo)

Favoured and unfavoured Collins FF
HE) (2,Q0) = Ng2** (1 — 2)% Dyt (2, Qo)

A, (2,Q0) = N§2%4(1 — 2)*1 Dt 42, Qo)

Total 13 parameters: N N" ay,aq,by,bq, NE, NS, o, d, Bas Bus ge

SIDIS data used: HERMES, COMPASS, JLAB — 140 points

e+e- data used: BELLE, BABAR including PT dependence — 122 points

x> /d.o.f. ~ 88

details in Kang, Prokudin, Sun,Yuan PRD 2016
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JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs

pJ_ 1 2 . . 1 o0 db b2 collins J_(l) %Spert(Q,b*)_SCOHiDS(Q7b)
M, th/q(zapj_a Q) — ; /O (27T> J1 (pr/Z)5C7;<—q & th/i (Z, Nb)e N
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FIG.11. Collins FFu — z* as a function of b (a) and as a function of p | (b) at three different scales, Q> = 2.4 (dotted lines), Q% = 10
(solid lines), and Q% = 1000 (dashed lines) GeV?.



JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs
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FIG.9. Transversity u-quark distribution as a function of b (a) and as a function of k, (b) at three different scales, Q? = 2.4 (dotted
lines), 0% = 10 (solid lines), and Q% = 1000 (dashed lines) GeV?.



JCC formalism can express evolution of TMDS

OPE

Fi(2, K25 Q) =/0

fi(z,b;Q) =

in terms of collinear pdfs
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FIG. 8. Unpolarized u-quark distribution as a function of b (a) and as a function of k, (b) at three different scales, Q> = 2.4 (dotted
lines), 0% = 10 (solid lines), and Q% = 1000 (dashed lines) GeV?.



TMD Evolution of Structure Functions & TMDs

JCC formalism can express evolution of TMDS
OPE in terms of collinear pdfs
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FIG. 10. Unpolarized FF u — z™" as a function of b (a) and as a function of p, (b) at three different scales, Q%> = 2.4 (dotted lines),
0? = 10 (solid lines), and Q> = 1000 (dashed lines) GeV?.



What are evolution effects?

ete” = X

Kang-Prokudin-Sun-Yuan PRD 2016

No evolution:

............ Q% = 2.4 GeV?

NLL' evolution:
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Sivers fit Preliminary
under TMD evolution
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Metz, Pitonyak PLB 2013
Kanazawa, Koike, Metz, Pitonyak PRD 2014
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Summary

® Many interesting theory issues to address

® Are twist 2 - twist 3 Sivers/Collins
interpretation for TSSAs compatible ?

® VWhat is mechanism underlying inclusive meson
production?

o QCD Evolution workshop series has and will
play essential role in addressing these
questions. THANKYOU from an organizers



Consider direct Photon LG & Z. Kang
Phys.Lett. B696 2011
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Color factor dictates process dependence



The FT transform of the e.g. Sivers asympt. reduces to
first Bessel moment of Sivers TMD
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Prediction for Sivers asymmetry for DY lepton pair production at COM energy 500 GeV, for the
invariant mass 4<Q<8 GeV



