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Importance of NLP TMDs & Factorization

* Importance of NLP TMD observables underscored by observation that while they are suppressed
by M/O wrt LP observables:

@ NLP/SLP TMDs can be as sizable as leading-power TMDs 1n some situations where Q 1s not that
large... not small in the kinematics of fixed-target experiments

» Their understanding 1s required for a complete description of “benchmark processes” SIDIS, DY & e™e™ ...

 Are of interest offer a mechanism to probe physics of quark-gluon-quark correlations,
provide novel information about the partonic structure of hadrons, and are largely unexplored.
® Such correlations may be considered quantum interference effects, related to average
transverse forces acting on partons inside (polarized) hadrons as well as other phenomena.

eExperimental information from SIDIS on effects related to subleading TMDs is & has been available
DESY/Zeus, Fermi-LAB, HERMES, COMPASS

®* Opportunity for SoLID TMD program large lumi & EIC with its large kinematical coverage will
be ideal for making further groundbreaking progress in this area

©NB: Iff factorization can be established beyond “tree level” & leading order
-Global analysis of NLP TMDs
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Challenges of SLP/NLP TMDs

NLP TMD observables challenging in comparison to the current state-of-the-art of leading power observables
Treatments in the literature are mostly limited to a tree-level formalism until recently

**First studies beyond tree level : Bacchetta et al. JHEP 2008, Chen et al. PLB 2017

More recently resul nd L
A.P. Chen, J.P. Ma, PLB (2017)

Bacchetta et al. PLB 2019

MIT group, Gao, Ebert, Stewart JHEP 2022

Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.13209
Vladimirov, Rodini, Scimemi, Moos, JHEP 2021, 2022, arXiv 2023
Balitsky 2023 rapidity only TMD evolution

See also Ch. 10 TMD handbook, e-Print:2304.03302 [hep-ph]

« In arXiv: e-Print:221.13209 present a systematic procedure for stress testing TMD factorization
for DY & SIDIS at NLP using CSS formalism which addresses disagreements in the literature
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From a historical perspective it is very interesting that the subleading-power cos ¢;, az-
imuthal modulation of the unpolarized SIDIS cross section was important for the development
of the TMD field, since one of the earliest discussions of transverse parton momenta in DIS is
related to this observable [290, 291, 1237]; see also Sec. 5.1 for more details. Generally, although
suppressed by A/Q with respect to leading-power observables, subleading TMD observables
are typically not small, especially in the kinematics of fixed-target experiments. In fact, the
first-ever observed SSA in SIDIS was a sizeable power-suppressed longitudinal target SSA for
pion production from the HERMES Collaboration [480]. Those measurements, which trig-
gered many theoretical studies and preceded the first measurements of the (leading-power)
Sivers and Collins SSAs, were critical for the growth of TMD-related research.

[290] R. N. Cahn, Azimuthal Dependence in Leptoproduction: A Simple Parton Model Calculation,
Phys. Lett. B 78 (1978) 269.

[1237] E. Ravndal, On the azimuthal dependence of semiinclusive, deep inelastic electroproduction
cross-sections, Phys. Lett. B 43 (1973) 301.

[480] HERMES collaboration, A. Airapetian et al., Observation of a single spin azimuthal
asymmetry in semiinclusive pion electro production, Phys. Rev. Lett. 84 (2000) 4047




Outline

*Heuristic disc. factorization-key approach to probe partonic structure of
hadrons QCD
*Predictability based on universality & evolution equation of factorized cross sections

in terms of QCFs (e.g. TMDs GPDs) and hard cross sections
*Bench-mark processes to probe partonic 3-D momentum-spatial structure of hadrons

*The beginning of TMD Physics ? “The observable” (cos ¢)
*Georgi & Cahn, PRIL. 1978. PL.LB 1978 (Ravndal. PL.B 1972) & Feynman PR 1978

Critique of the perturbative QCD calculation of azimuthal dependence 1n leptoproduction emphasize importance
intrinsic k the early days/birth of TMD physics

“Led to /Leads to...”

1. The challenge of mapping “low” to “high” transverse momentum spectrum g, or P,
2. Factorization BUT(!) @ NLP order q, ... issues ... necessary (but not sufficient) consistency checks
3.“Ongoing work™



Intro Comments Factorization

* QCD predicts hadrons are dynamical system of quarks & gluons governed by predictions of
the running “QCD” coupling displaying asymptotic freedom of interactions at
short distance, and confinement at /ong distance scales

Sept. 2013
T decays (N3LO)
[attice QCD (NNLO)
DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e” jets & shapes (res. NNLO)
Z. pole fit (N3LO)
v pp —> jets (NLO)
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Intro Comments Factorization

* The delicate interplay of confinement coexisting asymptotic freedom allows link quarks & gluons @ short time and
distance scales to hadrons measured in high energy deep inelastic scattering experiments.

*  Asymptotic freedom, makes it possible to use the formalism of QCD factorization to quantify the partonic structure &
dynamics of hadrons in terms of quantum field theoretic (universal) parton correlation functions
called “benchmark processes”
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Factorization and
scales

“TMD” physics problem characterized in terms of the 3 scales ey
namely:

othe scale of nonperturbative QCD dynamics, which we represent by the nucleon mass M ~ A qp

@the transverse momentum P, of the produced hadron,
@the hard scale of photon/probe O, which we require to be large compared with M



Intro Comments

* There are two basic descriptions for the production of particle with specified transverse momentum

qgr or P, (or P, )

i
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" ~ emi-Inclusive DIS
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l Distribution
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TMD Framework

* One framework is applicable when Ay, ~ P, < O (hard scale)

* QCD theory predicts that P,, ~ K, or p (intrinsic transverse momentum partons in hadrons),
the non-perturbative structure is given by transverse momentum dependent (TMD) parton
distribution functions (PDFs) and or fragmentation functions (FFs),

while the perturbative hard scattering cross sections probe the short distance dynamics of partons

Quark
Polarization

A

E'E

do, 'h
p—e’hX —~
h dBZ'dBPh ~ Gq—)e'q’ f]_ ®Dh/q"

Nucleon
Polarization

are 1.1: Illustration of the mo-
1itum and spin variables probed
[MD parton distributions.

OSIDIS X




Collinear Framework

» Another framework is applicable when P, ~ O > A,

* QCD theory predicts that P,, > Kk, or p,(generates transverse momentum in the final
state as perturbative radiation where the non-perturbative structure is given by collinear
(integrated) parton distribution functions (PDFs) and or fragmentation functions (FFs)

daep—w’hX

A

, N —~
E Eh d3lld3Ph ~ Geqelq/ fl ®Dh/q/‘

OSIDIS X




FFactorization and
angular distributions

A number of nontrivial issues for factorization arise when one observes the transverse momentum P,
and the angular distribution of the produced particle with respect to a suitable reference direction
Will see in context of "LP vs. NLP” factorization

Goes back to ~ 1978



TMDs @ “twist-3 “ NLP-the beginning?
Historical-context

* Georgi Politzer, PRI, 1978
Performed QCD analysis of hard gluon radiation in SIDIS to predict absolute value of final state

hadron’s P, and the angular distribution relative to lepton scattering plane (cos ¢)
*~12-15% ...clean test of QCD since such effects would not arise as a result of
limited transverse momentum associated with confined quarks
«“Measurement of (cos ¢) provide very clean test of the perturbative predictions of QCD”

Cahn, PL.B 1978. (& earlier paper by Ravndal. PL.B 1972)

Critique of the QCD calculation of azimuthal dependence 1n leptoproduction;
emphasize importance intrinsic k; ...

*“We conclude that the azimuthal dependence in vector exchange interactions is inevitable
since the partons have transverse momentum as a consequence of being confined and
such dependence certainly does not require a special mechanism like gluon bremstrahlung”
«*...Results (of Cahn78) cast doubt on the utility of such azimuthal asymmetry as a clean test
of quantum chromodynamics ” (i.e. of G&P78)



The observable (cos ¢)

No assumption of mechanism

do
dl‘H dy dZH dZPT

= A+ Bcosp+Ccos2¢p+ Dsin ¢+ & sin 2¢

do
7o (1) _ /d2p __do
/ d COS¢ T COS¢dIH dy dZH dQPT

SIDIS Kinematics dictionary
Q° =—q¢°, Pr=Pop, ¢,

—_— Q’ y_P1°<I zH_P1°P2
2P1-q’ Pl'kl’ P]'q’
and the parton variables
TH Q2 <H P1 P2
r = — z2 = — = .

& 2p-q¢ & pLog



PHYSICAL REVIEW

LETTERS

VOLUME 40 2 JANUARY 1978 NUMBER 1

Clean Tests of Quantum Chromodynamics in wp Scattering

Howard Georgi
Lyman Labovatory of Physics, Havvard University, Cambvidge, Massachusetts 02138

and

H. David Politzer

California Institute of Technology, Pasadena, California 91125
(Received 25 October 1977)

Hard gluon bremsstrahlung in pyp scattering produces final-state hadrons with a large
component of momentum transverse to the virtual-photon direction. Quantum chromo-
dynamics can be used to predict not only the absolute value of the transverse momentum,
but also its angular distribution relative to the muon scattering plane, The angular cor-
relations should be insensitive to nonperturbative effects.

'FIG. 1. Diagrams contributing to semi-inclusive
p-parton scattering to first order in @, . % (p) denotes
muon (parton) momentum. The wavy line is a virtual
photon., The curly line is a gluon,

Pert. QCD
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Volume 78B, number 2,3 PHYSICS LETTERS 25 September 1978

AZIMUTHAL DEPENDENCE IN LEPTOPRODUCTION: A SIMPLE PARTON MODEL CALCULATION*

Robert N. CAHN
Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA p arton mo d e] ar gum ent a” OWin g
Received § June 1978 for transverse momentum

in Mandelstam variables...

Semi-inclusive leptoproduction, ¢ + p — ¢’ + h + X, is considered in the naive parton model. The scattered parton shows
an azimuthal asymmetry about the momentum transfer direction. Simple derivations for the effects in ep, vp and vp scatter-
ing are given. Reduction of the asymmetry due to fragmentation of partons into hadrons is estimated. The results cast doubt
on the utility of such azimuthal asymmetry as a clean test of quantum chromodynamics.
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Two mechanisms ? Collinear Factorization

Cahn intrinsic k ) .k / P, K / P,
Georgi & Politzer %

hard gluon bremsstrahlung p7 / /
./

(pr~ ky) ~ qgr < QO WKPZ

* “TMD” region

* “Collinear ” region

1 1 2
d’o aog dx [ dz dr 1 1
S [ %[ Eirepen xo( L~ (3-1)(3-1
dxbdezdzqu%dgb 87tbeSz Q? = “J x J Z / ok 02 X Z chd « gr ~ O

See e.g. Mendez NPB 1978, Koike, Vogelsang, Nagashima NPB 2006



Cahn¢intrinsic k;

* “TMD” region
(pr ~ k) ~ qr <

do
dx dy dip dz dpy, dP?,

27

Two mechanisms? TMD Factorization

X a. e
Georgi & Politzer :2%/

hard gluon bremsstrahlung p /

N

2 2 2
84
Y (1 | B ) {FUU,T +eFyuL + \/2e(1 + €) cos ¢y, Fggcbh e cos(26y,) 5‘272¢h }

ryQ? 2(1 —¢)

M

cosgp, . <V 5| N-Pr £ e
c.g. Fop™ & 0 C[ f1D1] &

P.Mulders, R. Tangerman, NPB (1996), Bacchetta et al. JHEP 2007




Cahn intrinsic k;

Two mechanisms ? Matching ...

* “TMD” region

(pr~kr)~qr << Q

A comprehensive study of matching the hi & low O, in the overlap region

TMD
Q> Qr 2 Agep

Georgi & Politzer

hard gluon bremsstrahlung p -

[

Intermediate Q7
Q > QT > AQCD

Collinear/twist-3
Q. QT > Aqcp

\

. -~

Aacp

<< QT <<

Qr

in SIDIS was carried out by JHEP (2008) Bacchetta et al.

where attention was given to azimuthal and polarization dependence

* “Collinear ” region

chd <L qr~ Q



(Pr ~ kr) ~ g7 K< Q DATA
“TMD region??”
doep—ehX

do

= A+ Bcosp+Ccos2¢p+Dsin ¢+ & sin 2¢

chd <dgr~ 0

....... / \{/ "CO”IneCII‘ regIOﬂ77"

E665 Phys. Rev. D 48 (1993) 5057

EMC collaboration Phys. Lett. B 130 (1983) 118, & Z. Phys. C 34 (1987) 277

O] A \J LN B A A SR B

10

+] T
_—
@)
~

2 2, 4
-02 + 160 <W? <360 Gev? @® W > 300 GeVYc

10 Q% <100 GeV? Non'pert.
_03 } >0 | .

T 1

I |

e
sesrsess®t
-

_____ ... Parton Shower

Pert.?

<cos @>/f ly)

............... No hard QCD

| Ao A1 {111

O 02 05 1 2
p, [GeV]

| IIIIHI

| R lllllll

L
%
e
Fig 4 p'g dependence (pT > 50 MeV) of cos ¢ moment for -
160 < W? <360 GeV?2, 02> 10 GeV2andz > 0.15 com- o
pared with model calculatlons described in ref [8] (statistical =
errors on model curve from Monte Carlo +0 03 not shown) ;—_z

~N

| Ill”l]

In conclusion a finite {cos ¢) has been observed in ""'-.._. ++
deep 1nelastic muon scattering. The sign of the effect e
is negative and shows little Q% or W2 dependence. 10

There is a significant increase of the asymmetry as a

function of z and pt. The general trend of the data is
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trinsic momentum. A contribution from leading order 10
QCD cannot be excluded but is at present not required
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do.ep—)th

-0.10

-0.15
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COMPASS, Nucl. Phys. B 886 (2014) 1046
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More recent experiments
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do.ep—)th /\‘&l
9 = A+ Bcosp+Ccos2¢+Dsinp+ Esin2¢ . / ....... \Q /f
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2016 2017 data
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see talk of Riccardo Longo
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[do(® cos¢ + [do(t) cos ¢

(COS ¢) fda(o) + fdo_(l)

Chay, S.D. Ellis, Stirling, Phys. Lett. B (1991)

Oganessyan, Avakian, Bianchi, EPJC (1998)

a? 0
J 4= 21 S @ E Em D) exe (- )
j
1+ (1—y)? 1—y a2b? ra? 9
X 4 2 2 2 2
{ Y " yQ? | b2 + zja? + (b2+z},a2) (p; + % + z5a®)

/da(l) cos ¢ = /d2PT cos ¢ do

d:l!H dy dZH d2PT
8 a,a’ (2 — y) /1 - d d
3an ( y) 1 / x/ ZZQ2(A + B; + Cj)
rz z
Aj = — -2 [zz + (1 — z)(1 — 2)] Fj ( Qz) (f,Qz)

Simple addition ... “double counting”

0.10 ' T ' l ' T T T T T
- 0.003<zy<0.15, 0.2<2x<1.0, 0.1<y<0.85

0.05 02>3.0 GeV2, £=490 GeV -

0.00

—0.05

<cos ¢>

-0.10

—-0.15

_0'20 . A . ! n J L 1 L L 5
0.0 0.5 1.0 1.5 2.0 2.9 3.0
pc(GeV)

(cos ¢) as a function of transverse momentum cutoff
e non-perturbative Cahn-like dominate at low p.
e negligible at large values p_. because

W

intrinsic transverse momentum" in distribution &. FF
too small to produce effect P> p. (data E665 Fermi-lab).
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[do(® cos¢ + [do(t) cos ¢

(COS ¢) de'(O) + fda(l)

Chay, S.D. Ellis, Stirling, Phys. Lett. B (1991)

Oganessyan, Avakian, Bianchi, EPJC (1998)
a2 2
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do
do =/fP
/ o'/ cos¢ T COS @ 2 dydzg d2P;
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Simple addition ... “double counting”

(cos ¢) = [do(® cos¢ + [do(l) cos ¢
SO = fda(o) 4 fda(l)

2 2
0) = 97 2 . P
/da = 27rQ2 zj:QjFJ(-’I:H)DJ(ZH)exP (_b2 n :f,ﬁ)

14 (1-y)? 1—y | a2 zga? 2 -
% +4 2 4 32 4 .2 2
{ Y yQ? | b2 + 2% a? i (b2 + z}“’;az) (e + 8"+ zhe )J

do
do(D) =/ 2
/ o\’ cos ¢ d* Py cos¢dxH dydzn 2Py

Qg 2 - 13 Z
ng 2- y)"l / ’ / : ZQg(A + Bj +C;)




“W” termTheory/Pheno studies

Anselmino, Boglione,D’Alesio,

One of the “first” TMD analysis Kotzinian, Murgia, Prokudin
Role of Cahn effect in SIDIS from TMD framework

<COS (>

PRD 71, 074006 (2005)
Modeling tree level result comparing w/ E665 data
ol
>
H]
&
o
v
1l.5 é 1
P$''(GeV)
cos dn 2M C i fAL Pt D ] Wandzura Wilzeck approx in
vu 7 Q M fiDu|. TMD Bacchetta et al. JHEP 2007
d° otr—thX 277'a2e?1 (2 —y)V1 - )’<k2 )2nPr 1 2 /(P2
= xg)D"(z [1 + (1 —vy)*—4 = COS ] e Pr/(Pr)
dxpdQ%dz,d°P ; ; g7 JawPa@)| 1+ (=) (P})Q Ph | Pz
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NPB Collins & Soper(1982), & Sterman 1985

Requires systematic factorization approach

Collins 2011 Foundations of pQCD Cambridge
Fixed Order Collins Gamberg Prokudin Rogers Sato Phys.Rev.D 94 (2016)

Collinear

Eactorization + Goal to use p; (g7 data over full range &

» simultaneous fit of pdfs & TMDs

- Cross section in terms of different “regions”

- W valid for g ~ kr << Q TMD factorization

T™MD » 'O valid for k; < p;r ~ O Collinear factorization
factorization -+ ASY subtracts d.c. & in principle
- | + ASY - W, pr > c0oand ASY = FO,p; = 0
0 1 2 3 4
GeV
PrGV) om0 £@,Q) _do™(ar,@ do"qr, Q) ds*S" (g7, Q)
2 12 _ 2 12 | 2 12 2 Jm2
dydqg de dydq de m<qr<Q dydgq de m<gr<Q dydq”dp T m3er<KQ

E615 W Drell-Yan

Phys. Rev. D 39 (1989).

=W(pr,Q) + FO(pr,Q) — AY (pr, Q) + O (g)c

nb gr—0, Y=F0-0()



o3l " Fixed Order
Collinear
Factorization

TMD
factorization

d’c /dp>dzr (cm?/GeV)

10757

0 1

2
pr (GeV)

=W (pr, Q) + FO(pr, Q) — AY (pr,Q) + O (@

da(m 5 dT 5 Qa Q)
dydg?dp3.

(cos 6) = [ do(® cos ¢ + [do(1) cos ¢
PUT T Tde® § [do™

* Bacchetta, Boer, Diehl, Mulders JHEP (2008)
Mis-match/inconsistency breakdown of factorization at NLP?

“... the requirement to match the high-g; result (4.25) for P at

intermediate g can be used as a consistency check for any framework
that extends Collins-Soper factorization to the twist-three sector.”

e Bacchetta Bozzi, Echevarria, Pisano, Prokudin, Radici, PLB (2019)



v

L |
I “Mis”-matches Factorization @ sub-leading power

(cos 6) = [ do(® cos ¢ + [do) cos ¢
PO T 0@ 1 [de(™

To cure mismatch, Bacchetta et al. speculated that soft factor subtraction
from LP TMD same as NLP TMDs: PLB (2019)

What’s the soft factor ???

Advertisement TMD Handbook 2023 e-Print:2304.03302 [hep-ph]
Collins QCD book 2011, Aybat Rogers 2011 PRD, Echevarria et al. 2012 JHEP

F ] run g bTa A
Sip (@, b7, yn) = lim }l/ffr“b(:v,bT;myPyB)\/~ (b73 Y4, yn) X UV,enorm

vzt oo o | S(b13Y4,yB) S (b7 Y, YB)

runsub db™ 7

—ixPTb™
j/H (xabT;MayP _yB) — ?6 Prb <P‘¢(O)’7+Z/{[O7b]¢(b)lp>|b_|_:

JCC Soft factor further “repartitioned”

p
| 3 \ ) N S

|) cancel LC divergences in “unsubtracted” TMDs %g“ """ T

2) separate “‘right & left” movers i.e. full factorization P

3) remove double counting of momentum regions B




Conjecture of Bacchetta et al 2019 based on Matches and mis-matches 2008

777 W — AY « FO 277

5(7)
ClwfD| er /dQPT A’k d*ly 6 (pr —kr+1r+a7) X w(pr, kr) f4(z, pT) D*(z, kT/ .
hep DY(z,k,) h-k
FE =& 5 = fi(x, 1) : ~=S(1) 4 5 = xf(x, p)Dy (2, k)S(L,)

Method: Bacchetta et al. 2008

let one of p,,k, [, = g, large other small

No contribution from Soft factor term to cancel
"mis-match” term from expanding the W term at large
Offending mismatch term remains

Method: Bacchetta et al. 2019
Conjecture based on replacemen’r based on LP analysis in Fy 1

1 2

1 2Q2




Noted that this replacement
accomplish cancellation but dont need
to do this replacemen’r—very little

justification 1_  _, Q>
2L(77 ) )2 (k2 -|-CF,

1 1 2Q2
2L(’I7h ) > 2L( PJ2- )-l-CF

1 qu@flg)(x)

Unpolarized Structure function




cos @ Structure function

2qT7 «© 1
Fcosth _ 8 2
UU Q V2 222(]% ;:cea
'L(ﬂ_l) a p! a_ p g - D
X fl(x)+( qCI®f1+ qg®f1)(w) 1(2)

2
oy [ LORY) oy . G ot L T o D \fy
+ f{(x) ; D1(z) — 2Cr D] (z)—l—( | ® P, + D3 ®qu)(z)

1 8 - a a 2 a a / a p
— Qqr zﬁ‘zzz erg fi (m)Dl(z)L(Q_Q) + fi(z) (Df ®qu+D1®qu)(z)

+ (P, ® fi + P, ® f{)(z) D$(z) o \

_ e~ o~

which is not identical to the high-qr result (§.25) beca the extra term 2CF f{(x) Df

N
Il\z
N

Noted that this replacement
accomplish cancellation—conjecture

1, 1 ° Here there is no soft contribution
—L(n 1) > L(—) + CFp,

2 27\ k? to in Fo'? without some

1. 1_[2%Q? transverse momentum in tensor
§L(nh ) — QL( P ) +Cr structure of soft factor



To understand appreciate the subtleties review
Treelevel TMD @ L.P and NLP factorization

In reviewing will remind about the utility of usmg
Fierz decamp & "good and bad” LC quark fields '

Then onto Factorization at NLO address soft factor calculation



r

A
dedydUdz 2P, a0l W e “TMD” region (pr~ k) ~ qr < 0

Wi = (27104 z/d4$6_iqx<P|le(O)|h,X><h,X‘ J,,(a:)|P>,

2
do ol

2 3 Workin NLP, the current contains 2(!) contributions:
p\L ' - One with 2 partons entering from each correlation function

- Another with 3 partons entering from one correlation function
k* ~ O(1, ,12, ), pt ~ Q(,lz,l,,l) <l - & partonic kinematic power corrections-momentum scaling

An/q (2,P1,5) Illustrated at “tree level”

< /I‘b\ <
)
P
% N
A4 N
- ()<
kt——)—
T~
)




r

-
IrdydUds PP~ a0t W e “TMD” region  (Pr~ kp) ~qr < O

do o

_ ! dpeU® f X
Wi = Gy 2 [ e (PLILOIR X)(h X @) |P).

(2) (3) Working @ NLP, the current contains 3(!) contributions:
Ju( ) J ( ) + Ju (x) 4P . Onewith2 partons entering from each correlation function

- Another with 3 partons entering from one correlation function
o~ O(1, ,12, ), pt ~ Q(,lz,l,,l) <l - & partonic kinematic power corrections-momentum scaling

k ~ Q(1,4%,2), p* ~ Q(A%,1,0)




2 parton hadronic tensor can be organized contributions @ given twist by Fierz decomposition of the quark lines

Fierz decomposition of 2 parton correlation function 050,75 = Z I‘%, llustrated in Fi g,
. .l
Apjq (2,P1,Sh)
FAh/q Z,PL, 59 . @ . A,[S;] (1,pL,Sh) =Tr [Ah/q (2,p1,5h) Fb]
5 e -
b6y = 3 T2, T8 ' e —(™)—— Hard
N R DaY
: ()<
b \9




2 parton hadronic tensor can be organized contributions @ given twist by Fierz decomposition of the quark lines

Fierz decomposition of 2 parton correlation function 050,75 = Z I‘%, llustrated in Fi g,
. .l
Ah/q (Z, P, Sh)
FAh/q 2,PL, 89 . @ . A,[S;] (z1,p1,Sp) = Tr [Ah/q (z,p1,Sh) I‘b]
Okl Okl '
q k k' > @ g Hard
?, 0. /9! — ZF U : -
= : W | M “las AN é N
N\
/\ TMD

‘% q/p (:L', k_]_, $‘
) <I>[F ] (a; k S) q/p (:I;, kJ_,S) Fa]
—— ®,/p (x, kJ_,S >—’—

Factorized ! Wi = 57 ZTf [’Y“ [y fb] PP [‘I’[Pa] (z,k1,8) Al (z,m,S’h)] :
¢ a,b

CDIS [AB] — Zeg /del dsz_ (5(2) (qJ- + kJ_ +pJ_/Z) X Aq/P(m, kJ_, S) Bh/q(Z, pJ_) Sh)
q



By organizing the operators by their twists,
we arrive at the well known expression for the LP and NLP correlation functions

7
¢('x p k T) /'/ Twist 2 \\ Twist 3 Twist 4
/i 1 1 \ 11 1 1
ka zS ] k * S - ;" \
(I)Ezz/)P (m)k_L)S) - (fl _ L ]J\‘l Lj flJ'._T') %—I— ()\glL —_ J-M -Lng> ’YT,ﬁ ; %¢75’ ‘_]i_,},5¢ \’ %75’ %75 %'ﬂ’}’s, %75;&
¥ | | i
+ St h + Mo €PRLgp kik) - %kigfg Lo 505 0ok | R 37N A sk, P04k
171 M 1L M 1 M2 Lylyir 4 11k515
27V Yy 27 Tk
\ %0“’}5, 17’0
f i 5 i
|3 g VgV 0+~
Quark Polarization - \ %/
\\ N,
Un-Polarized Longitudinally Polarized Transversely Polarized =
(V)] (L) (T)
L _ _
fi=( ht =(D-O)
Unpolarized Boer-Mulders
g1 =(Or— (O | bl = (P (@) +Mulders Tangerman NPB1995
Helicity Worm-gear +Goeke Metz Schlegel PLB 2005
1 @ N é} é) Tra,{gvler;ty@— @ +Bacchetta et al 2007 JHEP
R e R
Sivers Worm-gear r= -
Pretzelosity
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-

Intrinsic

‘
e

By organizing the operators by their twists,
we arrive at the well known expression for the LP and NLP correlation functions

DO(x, k)

Subleading Quark TMIDPDF's
Quark Chirality

Chiral Even

Chiral Odd

//{j \\
Twist 2 Twist 3 '\ Twist 4
1 1 ’/{/}' 11 \ 1 1
o, gt g 513 \ s, gt
|\
1,45 1.5 1.5 1.5 A 1.5 1.5
™Y’y 177 277 27 t 27, 17
| i
_k 5 8 k | _k—.5 in5
50", iy ok 37 3 (BT 1004k
ko5 15, +
3 7% 8 Mulders Tangerman NPB1995
. /‘(

+Goeke Metz Schlegel PLB 2005
+Bacchetta et al 2007 JHEP

v

2
J__kL'SJ-fJ_ i
L M )] 2
Cki-SE 0\ Y
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r

=
£/ 14 ¢ — 1 4, . _—iqx 1
IMD™ region Waw = Gyt 2 / d'z e (P|J,(0) |h, X)(h, X| J, (2)|P)

Consider 3 partons entering from one hadron: transverse gluon leads to power suppression of order A

1 —1qx
W = T / dize <P1,P2‘(J,S3)(O) T (z) + T2 (0) J,S3)T(:v))‘P1,P2>
w3 = 3/d2kld2pl5(2)(ql-l—kl—l—pl/z)

— K y
[/dk rI‘I’[ Aq/P (CL’ CL’g,kJ_,S)")’“Ah/q(zapLash)fyi (p —¢]€g)29_|_ 7,6,7 ]

\_/

Y k-,
+/dpg Tr AAh/q(zvzgapJ_a'Sh)’Y (k_pg —|-’I,€% q/P(x kJ_a‘S)’Yu +hC]

Similar Fierzing «Wi } % DY/SIDIS tree-level diagrams relevant

Iy
() .
algorithm ® for sub-leading-power observables
| : \! o 7 . .

Get factorized m W %& &— Y diagrams "dynamical™ qgq contributions
Hadronic tensor { ﬁ» D

lekl ' 1 1 7

/ %ﬁ:ﬁlw (DA(x,xg,k_L’S)zSEgP"'(I)F(m,mg’k_L’S)

FIG. 4. Fierz decomposition of the dynamic sub-leading contribution to the ection. In this graph, m represents a
transverse Lorentz index.



I D ical I
+
namica

SIDIS tree-level diagrams relevant for
sub-leading-power observables.
diagrams “dynamical” contributions with

Subleading Quark- Gluon- Quark Generalization of
TMDPDPFs 4+Mulders Tangerman NPB 1995

Quark Chirality 4+ Boer Pijlman Mulders NPB 2003

4Bacchetta et al 2007 JHEP
Chiral Even Chiral Odd

M e . ¢ ~ e
T{ (fl —ZQL) ﬁ — (fé’ +29§“) eJ-leﬂ_

o kioSU s ek (0 kioSio ek | fg
_(Ale_ o %> lszL_z(’\gf_ M lﬁ) | (ot — i)

- k. -S - . 1
- (Ahi— = Slh%)ﬂ‘(/\éi—kl Slé%) Y175

M M




Challenges of SLP/NLP TMDs

Various sources for power suppressed terms identified and di ed in the literature from
Tree level Studies, Mulders, Tangerman (1996), Bacchetta et al. JHEP (2007)
- This includes corrections associated to kinematic prefactors involving contractions between the leptonic and

hadronic tensors, referred to as kinematic power corrections

- Another involve subleading terms in quark-quark correlators involving Dirac structures that differ from LP ones
referred to as intrinsic power corrections— e.g. Cahn function f*(x, kr), e(x, kr) ...

- Another from hadronic matrix elements of (interaction dependent) quark-gluon-quark operators,
referred to dynamic power corrections multi-parton ggq correlators

All three distributions are not required to span the NLP cross section due to EOM

in _ in dyn
(I)q/tpjj/ (z,k1,S) = (I)lg/ij/ (z,k1,8S)+ ¢q7ij/ (z,ki1,S)

8Gamberg, Kang, Shao, Terry, Zhao 2022
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Next step Factorization: express in terms of good and bad LC fields @ tree level
-

* Terms of the correlation function, traces of quark correlation functions with the I'2 operators entered,

O (3, k7, S) = Tr @ (x,,kp, S) T

di¢
(2m)3

et 5 (&) <P, g

where  @yp,j5(z,k1,8) = | S OUNO UM (©) vi(©)| P.S)

* To separate the contributions of hadronic tensor at LP & SLP, employ light-cone projections of the Dirac fields,
“‘good” and “bad (power surpressed)” X =¢q,/Q  light-cone components

) wc — XC _I_ ¢C )
@) =y@), @)= Py

* Upon expressing ¢ in terms of ¢¢ and y¢ in the correlation function, four field configurations enter into the position
space matrix elements,

2 good twist 2 1 good 1 bad twist 3 2 bad twist 4
(P, S|x5 x5 P, S), (P,S|¢5 x5|P,S), (P,S|xj #5|P,S), and (P, S|@}, ¢5| P, S)



EOMs and kinematic (Suppressed) Distributions

® Employ the QCD equations of motion to demonstrate the appearance of the
"kinematic sub-leading distributions”

Dy (€)
in - D(€)

SEGE

" Nz, kL, S) = / (;i:’;g R €5 () | (P, S |x°(0) U (0)T* UM (€) ¢°(&)| P, S) + (P, S |@°(0) UM (0) T* U™ (€) x°(€)

q/P

-

int [["® 1 d4 ik- _ _
Ok 8) = 5 [0 ) (Rs|rourorurm. ko ps)

- die ' o | ]
o)z, k1, ) = 1 /(djé &€ § (67) <P,S‘XC(O)L{T(O)FW?T(&)“ %xc(f)‘P,5> +2—i/dn‘/ (253 e*e 5 (¢T) <P,S‘xC(O)uf(O)r“uff(n)FJ*(n)u" (n™,€75€",61) w%xc(ﬁ)'P,s>
= gk ks, S) = [ 2 ckes () [(PS XSO URO)U () Xy () + Xoamy OV UPO)U () X5(6) 1y c FL e
q/Pjj’ 1 (27T)3 ’ J L - kin j kin j - - J , o - inn(g) kf+ 2X (g)




EOMs and kinematic Suppressed Distributions

* Employ the QCD equations of motion to demonstrate the appearance of the
“kinematic sub-leading distributions”

; ®y/p, (-’132 ka1, Ss)
4’_@/& (z2,ko1,S2)
. <
|

.
2,
<1 |

6 00
:

8,

Xiiin (K1) X¢(k1)
— s
q/P

where T'l@l = [Tk 14/2k"]



Subleading fields and correlator(s) Summary

Three possible sub-leading field configurations. They are related through the QCD EOM

ot(2) = (e

firk

X°(x) = 1

e (z) p°(z) = — 5 —Hx(x)

Using properties of the Wilson lines, the relevant collinear functions are given by

ont, (2, k1, S) = / (d4€ e 0 (&7) [ (P S [x5 (0)Ur () UM () 5(€)| P,S) + hec.

ddyn k,,S d d4§ Z’cfa +
Q/PJ] (m? Ly ) 77 ( § )

X <P S | X
_ d4§
(I)k/P]j (ZC,k_]_,S) — / (27’(’)3

°(0) u"(O)r“u"’f(n)F“f(n)u"( €T 3 Dxe(©

e*€ 5 (¢t) -<P,S X5 (0)U™(0) 0 Urt(€) ﬁvbciimj(f) P,S> —I—h.c.-

D " 2

RS>+h@

All three distributions are not required to span the NLP cross section due to EOM

(I)mt
q/P jj’

(2, k1, S) = @1, (2, ki, S) + @5 ., (2,k1,S)

®Gamberg, Kang, Shao, Terry, Zhao 2022




Subleading fields and correlator(s) Alternative

Three possible sub-leading field configurations. They are related through the QCD EOM

ot(2) = (@) (@) = Pyt oo(@) =% Py

Using properties of the Wilson lines, the relevant collinear functions are given by

d4
o i (, kL,S):/ < -5 (€7) | (P, S[X5(0)UT0)UMT(E) vi(€)| P,S) + hec.

3 z‘k-E ) (§+)

d4§

(I)gﬁ’u z,k1,3 /d77
. <P,s xC(O)uf(O)rauf’f(n)F*‘+(n)uﬁ (1,€7€%,6) u5x(©)| PS ) +he

. d4 ' r ~ az 1
(I)lc;l/r}’jj’(xa kJ_as) — / (27_53 ezk-&& (§+) -<P3S X;'(O)UZL( ) Z’:L J_l) unT(g) %’YzJ_Xﬁm‘](g) P,S> + h.C.-

All three distributions are not required to span the NLP cross section due to EOM

in in dyn
(I)q/thg (ZB, k,, S) (I)lc;/ng (33,1{_1_, S) + ¢q>,ij’ (ZE,k_]_, S)

‘Ebert, Gao, Stewart 2021




.

Combining these contributions and multiplying by leptonic tensor get factorized
Cahn and more..... Includes dynamical “tilde” contributions
Using “intrinsic & dynamical” basis

r) e ()
) D1]+ [ Eacps [ﬁ (pl-:zﬁl)] Cahn and more intrinsic k;

dyn zg ZQ

Zg

Slightly different setup then Bacchetta et al 2007 allows us to check RG consistency
Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.13209




To understand appreciate the subtleties review
Treelevel TMD @ L.P and NLP factorization

In reviewing will remind about the utility of using
Fierz decamp & "good and bad” LC quark fields"

Then onto Factorization at NLO address soft factor calculation



TMD Factorization beyond LO in QCD

+ Collins Soper Sterman NPB 1985

4+ Ji Ma Yuan PRD PLB ...2004, 2005

+ Aybat Rogers PRD 2011

+ Collins 2011 Cambridge Press

+ Echevarria, Idilbi, Scimemi JHEP 2012, ...
+SCET Becher & Neubert, 2011 EJPC

dO'W / dsz

ePTOTW (zp, by, Q)

dQ?dzpdp2 | (2m)2

W(zr,br,Q) = ZH%Y(Q,u,as(u))ﬂ/A(fBA,bT;CA,u)fg—/B(xB,bT;CB,N)

J

Each factor is regularized where the total cs is independent of of UV and rapidity i, { reg. scales



Unregulated divergencewhen k™ = P

g S 2
_Tl‘cTI‘D N ]_ 1 /
/dk N 4 /@o&@cggﬁ\ ask%l—g

~ y
F 1 £ g bT7 As
;}1[3('7;7 bT; M yn) = lim ju/HEUb(ZUy bT; Hsyp — ?JB) \/ ~ ( y~ yn) X UVienorm
a0 e e | S(07594, yB) S (b7 Y YB)

runsub db™ _

@ brspyp —yp) = | 5 e Y (PO U (0 P)] i




r

S
doW 27 s iy : : [ .
— HSIDIS / d bT iq'q'"-ET b (ZIZ, bT) Ch . (Z, bT)
2 b - '
4Q? dor dp} E2C Sy — (oo Y T )0, T )
N / \. /
w Vol

Pics courtesy of Andrea Simonelli



r \
Renormalization and TMD Evolution- {¢, ;| }

¥  Collins Soper Eqg.

¥  RGE for C.S. kernel

dK (br; p)

T = —os(1)

¥  RGE for TMD dIn f, (@, brs 1, ©)

= —yr(as(p), /1)

dln p

Solve simultaneously and get evolved renormalized TMD - (= Q2 » H=Ho "™ O

See Marco Radici's and Yong Zhao talks

fl(mabTanau’Q) ™~ _éfl (x/j}ab*;,u'g*au’b*aa(ub*)) X fl(f&?”’b*)_

X €Xp [_Spert(ﬂlb* (bT); Hb, 5 Qz) — SNP (bT’ Q)]




Factorization & resummation at NLO and NLP

Beyond tree level

Note first attempt Bacchetta Boer Diehl Mulders JHEP 2008

- We perform one loop calculation

- & attempt to establish renormalization group consistency: Regions hard,soft,collinear

Fnrq (.2, P ) =HTI<FQ(O 1) CDIS [%fl D, SLP
FSIS (z,z, Pn1) — P15 [q_lfl D1] _ cDIs [( k, - -’BJM) s (pl :EDJ_):| _

b k, -2 .7 o

Q Q Q > (CE J-Q mfl D p_zLmel D_L) Sint

_ d& DIS k-2 Fl ] dzg DIS Pl T =~ 1 ) ) ] -
/ z, Cdyn Xg |:(~’»C Q f Dl + 2, Cdyn Zg .fl ZQ D 9 | Q’ NJ) CDIS . kJ_Q Zr f‘l‘ Dl den
J Lg . -

dZ n .’E h
+/_9HI%)I,S(ZQ>Q5N) cPs |PE 2y DJ'de .
Zg - 2Q ]




Factorization & resummation at NLO and NLP

Beyond tree level

Note first attempt Bacchetta Boer Diehl Mulders JHEP 2008

- We perform one loop calculation
& attempt to establish renormalization group consistency:
Regions hard,soft,collinear

Kn
FBIS (CB, Z PhL) — HB?S(Qa ,LL) CDIS

e S S

— HE(Q; ) CP1S

diE dvn -
_/x_gHD)fs(-’Eg,Q;ﬂ)CDIS

g

dz dvn i
+ [ CHR G Qi) €
g _

. HEP {HM and HYmam represent LP, intrinsic NLP, and dynamic NLP hard functions.

- Additionally, StP, Sint and Sdyn denote the LP, intrinsic sub-leading power, and dynamic sub-leading power soft function
- NB if soft factors are different universality of TMDs breaks down. Global analysis w/ NLP observables hopeless



NLO-calculation-factorization
Necessary but not sufficient condition to establish factorization

Recipe

-Calculate: soft, collinear (and anti), & hard

-Renormalize
- Exploit properties of good and bad fields & power counting

Check renormalization group consistency



NLO Ingredients soft factor

The soft region

The soft function is generated through the emissions of soft gluons in the partonic cross section

S™P(b; p,v) = Zgy p(b; p, V)SP(b; p, v)

SNP(b; p, v) = Zgnpp(bs p, )SNF (B3 1, )

0
cS’NLP(b,,u, v) =TI*

NLP

0
oS (o) = gy p8 by 1)

[¥. =—7 b, u, v
S int olnv SNLP( H )

Gamberg, Kang, Shao, Terry, Zhao
arXiv: e-Print:221.13200

Soft emission from sub-leading fields vanish —> NLO + NLP soft function is half the LP one

T
& 1nt 2 SLP°’ & int o) S LP



NLO Ingredients collinear factor
Diagrams associated with the evolution of the collinear region

k1®’®’® mm
KOOOO0OOO000O0Y Y

ot | frb\ ( Wt | fr\ ‘ Renormalize TMDs: soft & UV subtraction

4’*&/1) .’L‘kuSNC/V# 4"&/1) kazJ_SUC/Vi (I)[Fa] IIZ b, S’M’C/V ) Za b (b L, C/y ) [Fb]o (;c,b,S;xP+)

0
[% = (b, v
> olnv nLp(D3 V)

> /I-‘b\ >
\./ U
q/kazJ-Sﬂ'C/V q/pil?k_LSy,C/l/




NLO Ingredients collinear factor
Differences from LP TMDs

Study the interaction of the sub-leading fields with the Wilson lines

> ; > @
N 7 ) = 0
5 g PN =
pe(k) A Y X(k)
i 0
> Q(qu;tp (z, kl,S;#,C/VZ)\) > I3 = no NLP(D; p, V)

Can show that these interactions vanish trivially

Resulting in, 17%. (4,v,0) = —F”(,u,l/ C)

8Gamberg, Kang, Shao, Terry, Zhao 2022 15



Anomalous dimension matrices

Evolution equations naturally enter as matrices due to mixing

" oot " B T T ol T C el T
Pl#°] P[7°] Pl1°] ol#°]
@[idi'*"y‘r’] q)[ial""ys] q)[iai+75] q)[iaH"ys] :
o1 ol Pl Pl1] — |
0| gb 5 0| gl % () —
‘I’ =r*| @ el | =pv| e || N
Olnp V] '] Olnv i z ;
HLY oY ol'] o] :
o[r"’] o] o’ o | ———'r, —
plic°] plic™ oo plio™ * N
-Q[id-{-—’)’s]- _@[i0‘+—’)’5 ] -Q[ia"*'_'ys]- q)[io'+_'75 —

- - > (q)Q/P (IB, kiJ_a S; 22 C/V2) >
We find operator mixing in the Collins-Soper equation. Seen before in'"!! 5

T 0 0 0 0 0 0 0 0 2L 0 0 0o 0 0 0 0 0
0o ¥ 0 0 0 0 0 0 0 0 2L 0 0 0 0 0 0 0
0 0 % 0 0 0 0 0 0 0 0 2L6} 0 0 0 O 0 0
0 0 0 T4y 0 0 0 0 0 ( 0 L 0 0 0 0 0
e —|[0 0 0 0 If 0 0 0 0| pv_ %CF 0 L 0 0 0 0
0 0 0 0 0 T5; 0 0 0 2m 0 0 L& 0 0 0
0 0 0 0 0 0 T4 0 0 0 0 0 L 0 0
00 0 0 0 0 0 ir(6e,—dsk) o 0 0 0 0 L(%,-58) 0
0 0 0 0 O 0 0 0 IS _ 0 0 0 0 0 Bl |

LP to LP LP to NLP NLP to NLP



Review Leadin wer
fi(z,b; p, C1) = fi(z, b p, 1 /v°) / SEP (b p, v)

Di(2,b; 4, G2) = Da(2,b; 1, Ca/v?) 1/ SV (b 1, )

v 1 1 74 v 1 1 74
F2+§F —_ y 2+§I‘ =O

Next to leading power

. ki -4 2 .
Qe (£ o, P e o]

ib* M2 f+ W (2, b; p, 1) = M2 f- O (2, b5 1, G /12 /S0 (b s, v)

1 .
int + 5T ine = 0 Non-trivial result

However for cross section

1"
9 v 1 1
D4 (Z, b; 22 <2) — Dl(za b; 22 CZ/V ) \/SLP (ba My V) ) - 2 = 2 FS int O
int ! %
D\(z,b;u,Cy) = Dy(2, b; pu, S /v)v S™ 17 nt




— His(Q; ) CP™

Have shown ...

Problem: Breakdown of universality different soft function for D; 2!

© -
@ -

Dl(Za b,//l, 4/2) — D](Za ba/’ta CZ/D)V Sint

NLP LP

D1 (z,b; p, C2) = D1(z, b; p, §2/v?) \/ S (b; p, v)



Other contributions ? Ingredients soft factor

The soft region

The soft function is generated through the emissions of soft gluons in the partonic cross section

Progress Report
Stay tuned ...

Contributions to the soft factor

after applying the eikonal approximation
and including the effect from the
transverse momentum contributions from
the quark propagators.




NLO Ingredients collinear factor

i —
! I
E 1 :

ool (k) (k) %e(k:)

- @/P(x,ku,s;p,g‘/VD > > Q;/P(xaki_l_as;,u'aC/VD g

Contributions to the collinear factor

from kinematic power corrections

ie including the effect from the

transverse momentum contributions from

the of the quark propagators

ngnt(//ta 1/9 é:) — Fg(l/ta 1/9 Z:) ??



do do
dlnv =0 & dln u =0

Necessary condition RRG Consistency

Taking into account this aforementioned modification of leading distribution by the
presence of the sub- leading field, we explore iff there are other contributions to rescue the
renormalization group consistency at one loop for RRG

05 v, O+ 15 (v, O + 15 (v, O+ 15 (0, )+ 1, + T =077

Necesarycondiion RG Consitenc

3hard(’u’y §)+ 31nt(’u’y é'l)_l_ 2mod(’u’y C)_l_ S int =0



Summary

We explore sub-leading power A qp / () TMDs in the context of factorization theorem

- NLP factorization based on “TMD formalism”

—extend the tree level Amsterdam formalism and beyond leading order
CSS, Ji Ma Yuan, Abyat Rogers, framework vs. SCET and Background Field Methods

- Revisit “Cahn effect” & matching related to early picture of importance intrinsic k;
- “Intrinsic’NLP TMDs related thru EOM in terms “kinematic” & “dynamical”

- Consider RG consistency of matching to collinear factorization
- Bacchetta, Boer, Diehl, Mulders JHEP 2008, Bacchetta et al. PLB 2019

- Report progress in this necessary condition NLP factorization (not yet sufficient)

* In doing so, we provide the basis for performing global analysis & phenomenology of one the earliest
observables used to study intrinsic 3-D momentum structure of the nucleon—Opportunity for
SoLID study of nucleon/pion

Thank You



