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Outline

*Heuristic comments factorization-key concept in QCD
*Use 1n high energy scattering process to probe partonic structure of hadrons
*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. PRL 1978. PLLB 1978 (Ravndal. PL.LB 1972) & Fevnman PR 1978
Critique of the perturbative QCD calculation of azimuthal dependence 1n leptoproduction
emphasize importance intrinsic k the early days/birth of TMD physics

I.ed to /Leads to

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



Intro Comments QCD

* QCD predicts that hadrons are dynamical system of quarks and gluons (partons) governed by
the 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)
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e'e |€I\ & shapes (res. NNLO)
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Intro Comments Factorization

The delicate interplay/coexistence of confinement mechanism coexisting with asymptotic freedom allows us link quarks
and gluons at short time and distance scales to hadrons measured in high energy deep inelastic scattering experiments.

Asymptotic freedom, makes it possible for use the theoretical formalism of QCD factorization to quantify the partonic
structure and dynamics of hadrons in terms of quantum field theoretic (universal) parton correlation functions

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

* ...whichin turn this allows us to link quarks and gluons at short time and distance scales to
hadrons measured in high energy deep inelastic scattering experiments.

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
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Intro Comments Factorization

* Among the most important processes to which this concept can be applied are processes where one or more particles
are produced with a specific transverse momentum with respect to a specified direction/scattering plane:
e.g. semi-inclusive deep inelastic scattering (SIDIS) in lepton-nucleon scattering, two-particle or dijet inclusive

production in e* e~ annihilation, & Drell-Yan (DY) lepton pair production via a photon or electroweak gauge boson in
hadron-hadron collisions

*So called ‘“benchmark processes’

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
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Intro Comments

* For example in semi-inclusive process where transverse momentum ¢, or P,, (or P, ) of the produced
particle with respect to a suitable reference direction (see figure for SIDIS)
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SIDIS and the parton model factorization |

Hand Bag” diagram >

q :
(7", €) (k, p) (k, ')

(P, )

0) Consider the limit where (?1s large

*
1) Parton model assumption: virtual photon strikes quark inside nucleon / assumed to

scatter incoherently off constituents

2) A“DIS” reaction where hadron in current region is detected in final: state-rapidity sep.
between the target remnant and the current hadron

3) In case of SIDIS the tagged final state hadron comes from fragmentation of struck quark
Hand Bag’ diagram

4)The scattering process can be “factorized” into two non-perturbative hadronic parts
connected by a hard scattering piece



The parton model factorization-handbag drag. |

One can deduce the parton model TMD from “free QFT": electron arrives from the left a highly time-dilated and
Lorentz contracted proton arrives from the right symbolized as squashed blob with 3 dots inside.
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A definition of quark pdf’s results that can be readily interpreted when light-front quantization is
used to define annihilation and creation operators

1 1 (Pla(xP* kp; Da(xP*, kr; A)| P)
f(’xa kT) — 2
x (273) (P|P)

A labels the helicity of a parton, and i flavor

1 (db=d’b, . . _ _
i, k) =5J o — e PP (0,67, by) 7 Hp(0) | P)

Field operator definition of TMD  Light like 57 =0



Factorization and
scales

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

- 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 a particle with specified transverse momentum

qgr or P, (or P, )
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Intro Comments TMD Framework

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

* QCD theory predicts that P, , ~ K, or p (the intrinsic transverse momentum of partons inside
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 the partons.
Quark
d o-ep e’ hX Polarization

h dBZ’dSPh ~ 6q—>e'q' f]_ ®Dh/q"

E'E

Nucleon
Polarization

OSIDIS X

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




Intro Comments 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 by perturbative radiation where the non-perturbative structure is given by collinear
(integrated) parton distribution functions (PDFs) and or fragmentation functions (FFs)

ClUHC, +Hy, —I1+X
szdequ




Intro Comments Factorization Universality

* Factorization & evolution equations enable us to exploit the universality of these correlation functions to unfold the three
dimensional (1 and 3-D) (longitudinal and transverse momentum degrees of freedom) partonic structure of hadrons across
available energy scales of experiments in terms of the both collinear parton distibution functions (PDFs) & transverse
momentum dependent parton distributions (TMDs), transverse momentum weighted TMDs, and collinear multi-parton

correlations functions.

E'E

do, 'h
p—e’hX A —~
h d3l’d3Ph ~ Gq—)B'q’ fl ®Dh/q"

OSIDIS X




Factorization 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



TMDs @ “twist-3 “ NLP-the beginning?

Historical-context
* Georgi Politzer, PRL. 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, PLLB 1978. (& earlier paper by Ravndal, PLLB 1972)

Critique of the QCD calculation of azimuthal dependence in 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)



Whatis (coso)

do
de dy dZH dQPT

= A+ Bcos¢dp+Ccos2¢p+ Dsin ¢+ £ sin 2¢

do
do(D) _ /dzp ___do
/ o'/ cos ¢ T Cos¢dxH dydon &2P;

SIDIS Kinematics dictionary
Q°=—q¢*, Pr=Pap, ¢,

Q° y = Py -q ZH=P1'P2
2P, - ¢’ Py -k’ Py-q

Ty =
and the parton variables

Ty _ Q% _zm _ PP

r =

& 2p-q¢ & pog



Clean tests of QCD?

PHYSICAL REVIEW
LETTERS

/k2
Py
Ko
P2
7

+
' 2
k k
b. ! 1
- 0,
VOLUME 40 2 JANUARY 1978 NUMBER 1
Py Py
Clean Tests of Quantum Chromodynamics in wp Scattering C "
: 0,
Howard Georgi
Lyman Labovatory of Physics, Havvard University, Cambvidge, Massachusetts 02138
Py
and FIG. 1. Diagrams contributing to semi-inclusive
. ) p-parton scattering to first order in @.. % (p) denotes
H. David Politzer muon (parton) momentum. The wavy ﬁne is a virtual

California Institute of Technology, Pasadena, California 91125 photon. The curly line is a gluon.,

(Received 25 October 1977)
| | | Pert. QCD
Hard gluon bremsstrahlung in pyp scattering produces final-state hadrons with a large
component of momentum transverse to the virtual-photon direction. Quantum chromo- VN
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,

— Q2-yWl-y
L+(1-y)*




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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From a talk of
Ted Rogers 2015 JLab

The beginning of TMD physics ?

Types of Transverse Momentum
Dependence

= Deam and Target Jets <p>#0
- QUATKS

~ gluons

- {b) Type II: "Effective’ k, due to Bremstrahlung
G 4 Trigaer Quork

2~=3 5ubprocess}\ i

X L W«/E:'!osic 22 subprocess
Lo-‘ v | BN —
. o~ — il Nt o) — - -
z  Proton Beam - 4y Gp Proton Target

N Away Side “There has been much speculation
about how much of the dimuon k;

. | spectra shown in Fig.7 is due to the
FIG, 6, (a) Iliustration of the nonperturbative compx

. . ave function (Tvpe I) and how much
nent of the transverse momentum of quarks within prc w f ( yp )

that is intrinsic to the wave function of the proton. O1 Is explained by QCD perturbation

expects this trangverse momentum to be balanced by | : »
remaining constituents in the proton which can, in tux calculations (Typ € II) .

ragment 't into particles at high X, The away-side con _
siow wr the recoiling quark ¢; and two slightly shifted - R. Feynman, R. Field, G. Fox
jets, one from the beam and one from the target. &) Phys.Rev. D18 (1978) 3320

IMlustration of the perturbative component fo the frans

‘ﬁrii momiﬂtum of a ﬂuark with a hadron which iﬁ dﬂ
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Two mechanisms ? Collinear Factorization

Cahn intrinsic k Georgh & Bolizer K / Py K / Ps

X hard gluon bremsstrahlung p :2%/ * %

* “TMD” region

(Pr~ kp) ~ qr < Q o | s

----- J * “Collinear ” region
d56 o2 fdx [ de 5 gr (1 YA 8 o 0
— es wA “i D A - L o
dxpidQ2dzsdq?do Snxngeszz;Ak/ X / Z [7®D @0k X (QZ (i )(2 )) gcd dr
Xmin Zf

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



Cahn intrinsic k

* “TMD” region

(pr~kr)~qr << Q

do B
dx dy dip dz dpy, dP?,
az y2 - ,72
ryQ? 2(1 —¢) 2
CoS @p, M i';,
c.g. FUU¢ “%C[_ ]é,)T

Two mechanisms? TMD Factorization

Georgi & Politzer ; k /
2 1 Po

x hard gluon bremsstrahlung p - ' %

Fyyr = C|f1D1]

) {FU —+ 5FUU,L —+ \/2 8(1 -+ 8) COS ¢h F{}(zf-(bh

f 1D1] —

, ~ +ecos(2¢n) Fyypr 2Ph }
P.Mulders, R. Tangerman, NPB (1996), Bacchetta et al. JHEP 2007



Cahn intrinsic k;

* “TMD” region
(pr ~ k) ~ qr < Q

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

Two mechanisms ? Matching ...

Georgi & Politzer
hard gluon bremsstrahlung p -

Intermediate Qr
Q > Qr > Aqcp

TMD
Q> Qr 2 Aqgep

<< Qr <<

Collinear/twist-3
Q. QT > Aqcp

Qr

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

where attention was given to azimuthal and polarization dependence

0'

K

AN

TR
e

7

e

* “Collinear ” region

chd <L qr~ Q



(pr ~ kp) ~ qr < Q DATA

“TMD region??”
daep—)th

do

= A+ Bcosp+Ccos2¢p+Dsin ¢+ & sin 2¢

chd <dgr~ 0
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pared with model calculatlons described in ref [8] (statistical
errors on model curve from Monte Carlo +0 03 not shown)

In conclusion a finite {cos ¢) has been observed in ++
deep 1nelastic muon scattering. The sign of the effect LN
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
reproduced by a model containing a large effective in-
trinsic momentum. A contribution from leading order 10
QCD cannot be excluded but is at present not required
by the data.
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daep—)th

-0.10
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do

COMPASS, Nucl. Phys. B 886 (2014) 1046

DATA

More recent experiments
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TMD observables in unpolarised Semi-Inclusive DIS at COMPASS, July 21, 2021
Andrea Moretti on behalf of the COMPASS Collaboration
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[do(® cos¢ + [do(t) cos ¢

(COS ¢) fClO'(O) + fda(l)

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

Oganessyan, Avakian, Bianchi, EPJC (1998)

2 2
do(©® = ox S 2. D. N
[ =2 2 Gh Do (s
14+ (1-y)? 11—y a’b? zya? 2
" { Y 4 yQ? | b2 + zZa? M (62 + zira"’) (e + 0%+ 2ga’)

do
do =/£P
/ o'/ cos¢ T COS @ 2 dydzg d2P;

g’ - dz dz
gQg 2- y)‘/l_—/ d / - }:Qg(A + B; + Cj)

\/(1-x)(1—z)[”z+(1"”)(l“z)]F( Q) 0; (£.@7)

Simple addition ... “double counting”

0.10 v 1 ' I v | v i ¥ T
- 0.003<zy<0.15, 0.2<2x<1.0, 0.1<y<0.85
0.05 Q2>3.0 GeV2, £=490 GeV -
0.00 } -
A\
S
2 —0.05 F .
Q
V -
-0.10 )
-0.15 -
-0.20 . 1 " | . | !
0.0 0.5 1.0 1.5 2.0 2.5
pc (GeV)

(cos ¢) as a function of transverse momentum cutoff

- non-perturbative Cahn-like dominate at low p,

- negligible at large values p_because

“Intrinsic transverse momentum® in distribution &. FF

3.0

too small to produce effect P > p. (data E665 Fermi-lab).



[do(® cos¢ + [do(t) cos ¢

(cos @) = fcla(o) n fda(l)

Chay, S.D. Ellis, Stirling, Phys. Lett. B (1991)
Oganessyan, Avakian, Bianchi, EPJC (1998)

2 2
(0) — 97 & 2 g . p
/d" =T ;QjF:(l‘H)DJ(ZH)GXP (—b2 n :}2702)

14+ (1—y)? 1—y a2b? rra? 9
X 4 2 2 2 2
{ y N sz b2+z}ia2 + (b2+2?{02) (pc +b +ZHCI )

/ do(1) cos ¢ = / d? Py cos ¢ . dyCZH 2P,

g’ - dz dz
ng (2= y)‘/l_—/ d / - }:QQ(A + Bj + Cj)

Aj = - a -:;zl ) [zz + (1 — z)(1 - 2)] F} (%,Qz) D; (%,Qz)

Simple addition ... “double counting”
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Fig. 2. {(cos ¢) for (a) Q=10 GeV and (b) Q=100 GeV.



Anselmino, Boglione, D’ Alesio,
Kotzinian, Murgia, Prokudin

PRD 71, 074006 (2005)
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d’c /dprdzr (cm?/GeV)

10—37

NPB Collins & Soper(1982), & Sterman 1985

Requires systematic factorization approach

Fixed Order
Collinear

Factorization

TMD
factorization

>
pr (GeV)

E615 nW Drell-Yan
Phys. Rev. D 39 (1989).

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

+ Goal to use p; (g7) data over full range &
» simultaneous fit of pdfs & TMDs

» Cross section different “regions”-“two scales”

- W valid for Ayep ~ pr < Q TMD factorization
+ FO valid for Ayep < pr~ Q  Collinear factorization



TMD
factorization

NPB Collins & Soper(1982), & Sterman 1985

Requires systematic factorization approach

Fixed Order
Collinear

Factorization

da(m 5 qr 5 Q7 Q) _dOW(QTa Q)

dydq?dp?

+ Goal to use p; (g7) data over full range &
» simultaneous fit of pdfs & TMDs

- Cross section different “regions”-“two scales”

- W valid for Ayep ~ pr < Q TMD factorization
» FO valid for Ayep < pr~ Q  Collinear factorization

o 2
dydq*dpy UONT R ®

— W (pr, Q) + FO(pr, Q) — AY (pr, Q) + 0 (

do"®(qr, Q)

 dydq2dp?

m<KLer SQ

™m

Q

dUASY (QT, Q)

:

dydq?dp?

mSqr<K¥Q



do(m <

—

qT SJ QvQ)

dydq?dp?

24 |

Fixed Order
Collinear

Factorization

TMD
factorization

AY (pr, Q) + O (m>

o(pr) ~ W(pp) + Y(p;) €——— (¥ = FO — AY)
= W(pr, Q) + FO(pr, Q) =

Q

» Goal to use p; (g7) data over full range

r ion in terms of different “regions”

- W valid for g ~ kr < Q TMD factorization
+ FO valid for k; < p;y ~ O Collinear factorization

+ ASY subtracts d.c. & in principle
+ ASY - W, pp = c0oand ASY = FO,p; = 0
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10-35

d’o
dedXF

10-36

10-%7

E615 DY Data

nmnwbDY

Key Elements

- Normalization control Thru W term

- Syp,while S, preserved

fi(z,br, Q% ng) ~ [é'fl (z/%,bu; p,» v, (p6.)) ® f1(&, ub*)]

X exp [—Spert(ﬂ'b* (bT); HMb, 5 Qz) o SNP(bT’ Q)]

- FO from Barryetal. f, (x,u) @pu = pp/2



da(m 5 qr 5 Q7 Q)

Fixed Order
Collinear
Factorization

I T™D
factorization

0 1

>
pr (GeV)

dydq®dp

=Wi(pr,Q) + FO(pr, Q) — AY (pr, Q) + U (Z) |

(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 F;,; 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, PLLB (2019)
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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 results beyond LO
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



arXiv:2304.03302v1 [hep-ph] 6 Apr 2023
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O‘I‘ M D Preprints: JLAB-THY-23-3780, LA-UR-21-20798, MIT-CTP /5386

Collaboration 10 - Sub]eading TMDs L. Gamberg, A. Metz, I. Stewart

TMD Handbook 10 Subleading TMDs 308

Renaud Boussarie!, Matthias Burkardt?, Martha Constantinou?®, William Detmold*, Markus Ebert*~, 10.1 Introduction . . . . . . . . . e e e e e e e e e e e e e e e 308

Michael Engelhardt?, Sean Fleming®, Leonard Gamberg’, Xiangdong Ji®, Zhong-Bo Kang?, 10.2 Observables for Subleading TMDs . . . . . . ... ... ... ... ... ..... 309]

Christopher Lee', Keh-Fei Liu'!, Simonetta Liuti'?, Thomas Mehen'?, Andreas Metz®, John Negele*, 10.3 Subleading TMD Distribution Functions . . . . .. .. ............... 310
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Phiala Shanahan, Peter Schweitzer”’, lain W. Stewart’, Andrey Tarasov*'*, Raju Venugopalan'®, 10.3.2 Subleading quark-quark correlators and equations of motion . . . . . . . 314

Ivan Vitev'?, Feng Yuan®, Yong Zhao**1® 10.4 Factorization for SIDIS with Subleading Power TMDs . . . . ... ... ... .. 318

10.4.1 Status of SIDIS factorization at next-to-leading power . . . . . . . . ... 318

10.4.2 SIDIS structure functions in terms of next-to-leading power TMDs . . . 1320

10.5 Experimental Results for Subleading-Power TMD Observables . . . . . . . . .. 324]

10.6 Estimating Subleading TMDs and Related Observables . . . ... ... ... ..

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




fda(o) cos ¢ + fda(l) Cos ¢

(cos @) = fda(o) + f do(1)

To cure mismatch, Bacchetta et al. speculate 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
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JCC Soft factor further “repartitioned”
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|) cancel LC divergences in “unsubtracted” TMDs % """"" 2t
2) separate “right & left” movers i.e. full factorization p

3) remove double counting of momentum regions




'To understand appreciate the subtleties / review
Treelevel TMD @ I.P and NL.P factorization

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

Then onto Factorization at NLLO



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, k) ...

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



» “TMD” region (pr ~ ky) ~ gr <K Q

»'To do this at sub-leading power—revisited tree level build RG consistency
- Then consider factorization beyond LO and LLP

via JiMa Yuan 2004,Collins, Aybat & Rogers 2011
- Develop RG and rapidity renormalization

Processes we consider

- Consider SIDIS cross section in the hadronic Breit frame
- Consider DY cross section in Gottfried Jackson lepton COM
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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
o~ O(1, ,12, ), pt ~ Q(,lz,l,,l) <l - & partonic kinematic power corrections-momentum scaling

Anjg (2, P15 Sh) Illustrated at “tree level”
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IrdydUds PP~ a0t W e “TMD” region  (Pr~ kp) ~qr < O
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_ ! dpeU® f X
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(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
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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 : -
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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
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By organizing the operators by their twists,
we arrive at the well known expression for the LP and NLP correlation functions
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“TMD” region Wi = 42 / d"*ve‘“-’”%PIJ’r I X><h X[ J(@)|P),

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

1 :
(3) — 4,. o —1q% (3) (2) 1 (2) (3) 1
W = G /d ze™ (P, Py |(J(0) I @) + IP(0) I (@) ) | Pr, o)
1
3) _ 2 2 2 2
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Similar Fierzing

algorithm «Fw ke S} % DY/SIDIS tree-level diagrams relevant

Y
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Get factorized ® for sub-leading-power observables
Hadronic tensor m w W\ { O WY diagrams “dynamical” ggq contributions
q>A/P z1, kll S)) r i 1 i
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FIG. 4. Fierz decomposition of the dynamic sub-leading contribution to the cross section. In this graph, m represents a
transverse Lorentz index.
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r .
Next step Factorization: express in terms of good and bad LC fields @ tree level
= =

* In the formulation of the cross section/hadronic tensor in terms of the correlation function, traces of
the quark correlation functions with the I'* operators entered, ™ (x,,k,,S) = Tr [cb (x1. k7, S) F“]

d¢ . _ _ _
where  @yp, 5 (z, kL, S) = / (2753 6 (6%) (P, S |05 ) U O) U™ (€) y5(€)| 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 x51P,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”

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

-

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

int [ L [ & ke g (o 0V 247 () T4 747 1 P e + 39 [ g d'¢ et 5 (¢T) <Ps"-0(0)uv"”‘(o‘)r;”u"*( ) U™ (57,6756, 61) c(5)'Ps>
q/PA (CL’ kJ_ S) /( 7'(') 5(§ )<P,S‘X (O)UL (O)F LIL (é‘)]él §X (g)‘P,S> k+ n (27_‘_)3 ) X L e 7 n n ) S L ’szx )
= 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 (5)




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§
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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§
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. d4 ' r ~ az 1
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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
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Combining these contributions and multiplying by leptonic tensor get factorized
Cahn and more..... Includes dynamical “tilde” contributions
Using “intrinsic & dynamical” basis

+Mulders Tangerman NPB1995
+Goeke Metz Schlegel PLB 2005

X .3 +Bacchetta et al 2007 JHEP
P (2,2 Pu) =0 [ Loy —evo [ (o B2 1) by gy (22D
—/%CEJEX Km oL j]”) Dl] +/dﬁcg}1§2 [fl (m '”A”EL)] | Cahn and more intrinsic k
Tg : Q Zg g 2Q

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
Tree level TMD & LP factorization

In reviewing will remind you about the utility of using
“oood and bad” LC quark fields “

Then onto Factorization at NLO



qgr ~ kr < Q

TMD Factorization beyond LO in QCD

+ Collins Soper Sterman NPB 1985

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

+ Aybat Rogers PRD 2011

+ Collins 2011 Cambridge Press

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

dO’W - d2bT
dQ?dzpdp2  J (2m)2

ePTOTW (25, br, Q)

W(mFa br, Q) — Z HEY(Qa /'lfaa'S(l'l’))fj/A(mAa br;Ca, /’l’)fj/B(va br; (B, H)

J

... With resummation”....see Patrick Barrys and Andrea
Simonelli talks



fda(o) cos ¢ + fdo(l) Cos ¢

(cos @) = fcla(o) + f do(1)

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

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
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Renormalization and TMD Evolution- { .| !

3 Collins Soper Eq.  dWnfj/u(z,br;pn,¢) -
pertq e = K

¥  RGE for C.S. kernel

dK (br; p)

d1n 1 = —Yk(as(p))
¥  RGE for TMD dln f; 51z, br;
Rl ) (a0, ¢ /)
Solve simultaneously and get evolved renormalized TMD — (= Q2 » H=Ho "™ O

...see Patrick Barrys talk for details, solutions and explicit TMDs



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
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Q Q Q > (CE J-Q mfl D p_zLmel D_L) Sint
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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
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NLO Ingredients collinear factor
Differences from LP TMDs

Study the interaction of the sub-leading fields with the Wilson lines
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Can show that these interactions vanish trivially
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Anomalous dimension matrices

Evolution equations naturally enter as matrices due to mixing
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Review Leadin wer
fi(z,b; p, C1) = fi(z, b p, 1 /v°) / SEP (b p, v)
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Next to leading power
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However for cross section
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Have shown ...

Problem: Breakdown of universality different soft function for D; 2!
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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
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Contributions to the collinear factor

from kinematic power corrections

ie including the effect from the

transverse momentum contributions from

the of the quark propagators
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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
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Importance of NLP TMDs & Factorization

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

@ NLP/SLP TMDs can be as sizable as leading-power TMDs 1n some situations, particularly when 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.

* Also, experimental information from SIDIS on effects related to subleading TMDs 1s & has been available
HERMES, COMPASS, DESY/Zeus, Fermi-LAB
@ In the future, the EIC with 1ts /arge kinematical coverage will be 1deal for making further groundbreaking
progress 1n this area

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




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—important observables EIC
study of nucleon. Opportunity for utilizing modern methods of data science /extractions of NLP QCFs






NLO Ingredients hard factor
Exploit properties of good and bad fields
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NLO Ingredients hard factor
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NLO Ingredients hard factor compare to LP
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NLO Ingredients hard factor
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Using the definition of the unsubtracted (UV divergent)
hard function, we obtain the subtracted hard function
through multiplicative renormalization as

HQ;p) = Z(Q; ) H(Q; 1)
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Since the bare operator H is RG invariant, the RG equation of H yields the hard anomalous dimension
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