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Importance of NLP'TMDs & Factorization

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

@ NLP/SLP TMDs can be as sizable as leading-power TMDs 1n some situations, particularly when Q 1s not that large
... nhot small 1in 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
@ 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




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

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

More recently results beyond LO

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]

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

- 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




TMDs @ “twist-3 “ NLP-the beginning?

Some 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% ...effects would not arise as a result of the nonperturbative effects due to
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 in leptoproduction;
emphasize importance intrinsic k; ...

*“We conclude that the azimuthal dependence 1n vector exchange interactions 1s 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”

“...The results (G&P78) cast doubt on the utility of such azimuthal asymmetry as a clean test
of quantum chromodynamics”



Clean tests of QCD
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Hard gluon bremsstrahlung in pyp scattering produces final-state hadrons with a large P ™

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,
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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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Cahn intrinsic k .k / P2 K / P,

* “TMD” region

(P~ kp) ~ qr < O &

T * “Collinear ” region
doo oo Z [dx/ F®D®6 X8 CI% l—l 1_1
dxbdedequ%d¢ 871'be Q2 ‘ Q2 X Z chd < QT L Q

Xmin

—

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



Georgi & Politzer ;%%/ %

hard gluon bremsstrahlung p / /

-

* “TMD” region
(pr ~ k) ~ qr < Q

do B
dx dy dip dz dgp, dP2,
o y2 14 72 FUUT+€FUUL+\/2€(1-|-€) S¢hFCOS¢h
zyQ? 2(1 —¢) 2 | | v

o8 fi"~q C[ +ecos(2¢h) Feos b }

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



Georgi & Politzer
) hard gluon bremsstrahlung p -

Cahn intrinsic k;

Intermediate Qr
Q> Q1 > Aqcp

* “TMD” region T

(pr~ky) ~qr <O

TMD
Q> Q1 2 Aqep)

Collinear/twist-3
Q. QT > Aqcp

* “Collinear ” region

Qr

Aacp << Qr << Q

chd <L qr~ Q
A comprehensive study of matching the hi & low O, in the overlap region

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

where attention was given to azimuthal and polarization dependence
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Abstract

The distribution of the azimuthal angle for the charged hadrons has been studied in the hadronic centre-of-mass system
for neutral current deep inelastic positron—proton scattering with the ZEUS detector at HERA. Measurements of the
dependence of the moments of this distribution on the transverse momenta of the charged hadrons are presented.
Asymmetries that can be unambiguously attributed to perturbative QCD processes have been observed for the first time.
© 2000 Elsevier Science B.V. All rights reserved.

Fig. 1. Definition of the azimuthal angle ¢. The incoming lepton
is denoted by e, the scattered lepton by €', the exchanged boson
by ¥ * and the outgoing hadrons or partons by 4. The dotted line
represents the intersection of the e—e’ scattering plane with the
transverse plane.
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Fig. 4. The values of {cos¢) and {cos2¢) are shown as a
function of p, in the kinematic region 001 < x <0.1 and 02 <y
< 0.8 for charged hadrons with 0.2 < z, <1.0. The inner error
bars represent the statistical errors, the outer are statistical and
systematic errors added in quadrature. The lines are the LO
predictions from ZEUS with perturbative and non-perturbative
contributions (full line), ZEUS with the perturbative contribution
only (dashed line) and Ahmed & Gehrmann (dotted line — see text
for discussion). For the case of {cos2¢), the ZEUS total and
perturbative predictions are almost identical.
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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’)
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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”
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(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

too small to produce effect P > p. (data E665 Fermi-lab).
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Anselmino, Boglione, D’ Alesio,
Kotzinian, Murgia, Prokudin

PRD 71, 074006 (2005)
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Requires systematic factorization approach

NPB Collins & Soper(1982), & Sterman 1985, Collins 2011

o(pr) ~ W(pr) + Y(pr) G (Y = F0 —AY)

da(m 5 qr SJ Qv Q)
dydq?dp?

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

Fixed Order
Collinear

Factorization

9 € l ”

r ion different “regions”-“tw

o 107 + W ovalid for Aycp ~ pr < Q TMD factorization
'~§ » FO valid for Apep < pr ~ Q  Collinear factorization
Sle
10
<_ TMD E615 W Drell-Yan
‘=‘§ factorization Phys. Rev. D 39, 92 (1989).




Fixed Order
Collinear
Factorization

I T™D
factorization

0 1

>
pr (GeV)

) _ W(pr, Q)+ FO(pr, Q) — AY (pr, Q) + O (Z) |

(cos 6) = [do(® cosé + [do(t) cos ¢
P T T de® + [do™

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

* Bacchetta Bozzi, Echevarria, Pisano, Prokudin, Radici, PLB §2019)
“... the requirement to match the high-g; result (4.25) for F,,/ %" at

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



[do(®) cos¢ + [do'P) cos ¢

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

To cure mismatch, Bacchetta et al. speculate that soft factor subtraction
oo from LP TMD same Collins 2011 into NLP TMDs: PLLB (2019)

F 1 r g bT7 A
S, brs pyyn) = lim fUE (@, b, yp — yB) \/ ~ (b3 Y4, yn) X UVoomorm
Yoo ~ _\ S(brsya,yB)S(br; yn, yB)

runsub db™

—ixPTb™ B
j/H (mabT;,uayP_yB) — %6 Pro <P’¢(O)’Y+Z/{[O,b]w(b)lp>|b+:0

JCC Soft factor further “repartitioned”
|) cancel LC divergences in “unsubtracted” TMDs

2) separate “right & left” movers i.e. full factorization
3) remove double counting of momentum regions



'To understand appreciate the subtleties / review
Treelevel TMD & LP factorization

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

Then onto Factorization at NLO



» “TMD” region (pr ~ ky) ~ gr <K Q

- Then consider factorization beyond LO and LP
via JiMa Yuan 2004,Collins, Aybat & Rogers 2011

- To do this at sub-leading power—revisited tree level build RG consistency
- 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

Subleading Quark TMDPDF's

Quark Chirality

do a’ vy et o0
_ em J 7 ) pv
dx dyd¥U dzd?Py, | & 4Q4 2 * W

Subleading Quark- Gluon- Quark
TMDPDFs

Quark Chirality

Chiral Even Chiral Odd
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* “TMD” region (py ~ kp) ~ qr < O do o,
drdydV dzd?P, 404

=L, WH"
z“W

W = (2;) i) / d*z e " (P|JL(0)|h, X )(h, X| J, ()| P),
X Workin NLP, th rrent contains 2(!) contributions:

J M(CL’) — l(L2) () + J ,83) (x) 4——Pp - One with 2 partons entering from each correlation function
- Another with 3 partons entering from one correlation function

K~ Q(1,4%, ), p* ~ QA% 1,0) e

Illustrated at “tree level Apsq (2,91, Sh)

Ah/q (Z, P, Sh

K ~ Q(1,4%, 2), p* ~ Q(A%,1,4)
k" ~ O(1,A%,2), p* ~ O(A%,1,1)




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]
8 Ok .
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?, 0. 4! — ZF U : -
= : w 5 M = 2ap AVAV 5 1 AVAV,
” ' ()
b %
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44 2’ 9 4
\ ' J \ ' \
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Factorized !! Wil = N =S [Ty T P (80 (a, k1, 8) A (2,p1, 50)]

CPS[AB] =) e / d’k d’p) 8® (aL+kiL+pL/2 x Ayp(z,k1,S)Bpy(2,pL,Sh)
q
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* In the formulation of the cross section/hadronic tensor in terms of the correlation function, traces of
the quark correlation functions with the I'2 operators entered, @™ (x;,kr,S) = Tr [cb (xl, ko, S) F“]

- [ e ncs () (s [ o0 v P.5)

where  ®y/p, jj(z, kL, 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 =g¢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|x% x5\ P, S), (P,S|%5 x5|P,8), (P,S|xj ¢j|P,S), and (P, S|¢], ¢f|P,S)



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

DO(x, k)

Subleading Quark TMIDPDF's
Quark Chirality

Chiral Even Chiral Odd
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. 1 —iqT
“TMD” region W= gy 2 | dve “(PILOIRX)(h X| @)|P),
X 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
W) =~ N.on ) el /d kid’p, 6% (g +k,+p./2)
q
+ 7 7 ¢_k9 v
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— - ) v k—¢ l‘l‘-
+/dpg Tr Ah/q(zvzgapJ_a‘Sh)’Y (k_pg) +Z€’YZ q/P(m kJ_a‘S)’Y + h.c.

Similar Fierzing

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

Y
- () .
Get factorized ® for sub-leading-power observables
Hadronic tensor m w W\ {m WY diagrams “dynamical” ggq contributions
Y
q>A/P z1, kll S)) r i 1 i
g %xl%kuw (DA(iv,ZBg,k_L,S)z:EgP+(I)F($,£Bg,k_|_,S)

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



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

ZID () 1 ciey = oo

q>g;t,9“l(x,kl,5)=/(§;§3 e €6 (¢) [ (P, S |x°(0)U™(0) UM (£) p°(&)| P, S) + (P, S |p°(0)U(0) T U T (€) x°(§)| P, S)
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Ok 8) = 5 [ @0 €) (Pslrouwrorur©m. o bheo|ps)

) de (N Ty (e
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Employ the QCD equations of motion to demonstrate the appearance of the

“kinematic sub-leading distributions”

q/P (22, ku Ss)
‘P—gqﬂ; (.'1,‘2 ko, Sz > ’
<

™)
p
5“ (D)
7
M R_/‘\,u{ the=300, SVAVEREEERAVAN
' N\
/r}\]

C

l (k1) (k1) ‘

g ks e, N T e
¢ ;mukaS)jzr (%Pe“6@ﬂ< wnlww“uﬂwx@ﬂPS> S

_—_— = e e e — %

where Tl = [Te K 7#/2kT]



Subleading fields and correlator(s) Summary

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

ot(2) = Fe(a) (@) = Fyeta) oo(a) =5 Py

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

o d4 . .5 ) - : D
lc;l/%n (z,k1,S) = / (2733 e 6 (67) <PvS 5 (0)U(0) Z; J'D urt(e) %’Yq:J'Xﬁinj(f) P,S> + h.c.

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

in in dyn
(I)q/tpjj (iU, k,, S) (I)l(;/PJJ (wa k,, S) + (I)qypjj/ (IU, k,, S)

8Gamberg, Kang, Shao, Terry, Zhao 2022




Subleading fields and correlator(s) Alternative

Three possible sub-leading field configurations. They are related through the QCD EOM
o) = oo

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

d* _ _
@i (2,k L, S) = / S5 (¢4) | (PSSO UMO) UM (€) @5(€) P.S) +hic.

<P,s

(2)°

q)dyn

/P]] (‘,‘U7 kJ_) S)

X

lc;l/r;’ g’ (2, k1,8) =

it

X“(z) = e D,

V() p(z) = =5 5 X

1
/ ir [ g e eo (e")

dig

: ] ok _
<5 (6) [ (P8 [x5 U0 25 U €) S aans©

RO UM O) T U () P () U™ (17, 67567,€1) 7 2x(©)| P s> +he.

X“(z)

RS>+hQ

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

(I)lnt
q/P 33’

‘Ebert, Gao, Stewart 2021

(2, k. ,S)=®82  (z.k,,S)+dV2  (z,k,,S)

q/P 33’ q/Pjj
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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

k. -4 5 +Bacchetta et al 2007 JHEP
it 1] e (521 o ()
_ / %C?ﬁxg Km ’ﬂQ z ]u> Dl] N / % ems, [fl (piéw DJ_>:| | Cahn and more intrinsic &k
g g

Slightly different setup allows us to check RG consistency
Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.132009




qgr ~ kr < Q

TMD Factorization

+ 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 d?br

iQaordps ~ ) @mz ¢ Wierbr,Q)

I/IN/(:UF7 br, Q) — Z H.yl_jy‘Y(Qa uaas(“))fj/A(wAa br;Ca, u)fj/B(xBa br; (B, I’l’)

J

LUwith resummation”....



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

1
FBIS(w,z,Phl)=HB})S(Q;N)CDIS qQ D15LP

. i k . T e
Si(Quu e | (o2 p Dy - PLE D) s
dz, aom K N '
P
Lg Q@ _
d ™ A
- / ZZQHgﬁ'él(zg,Q;u)CDIS L szfl Dlsdyn .
g _ N

. 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 Ingredients hard factor

v v aSCF v 2
VAV "\ +h.c. LAt e v Fpis (Qs 1) + O (af)
Xc(p)“ xé(p) Pe(p) xe(p)
&
7, M 1 “ M
’\/\/\/\/\/\zjé)l VIV ’\/\/\/\/\/\/E AYAVAVAVAVAV.
)
990.('13) Xc(k) Xc(k) | ")Zc(k)

M (K, p; 1) = @a(p) Fiisp (Q; 1) Xe (k) + Xe(0) Fhis Lp (Q; 1) @c (k)



NLO Ingredients hard factor

Xc(k)

MY (k,p; )

®-
v v o aSCF v 2
"\ +h.c. LAt e v Fois (Q; 1) + O ()
[ We have found additional contributions,
@ < we must also consider power counting
| sub-leading contributions entering
from the of the quark propagators.
Xe(p) Xe(p) xe(p)
" , "
> l NN AN AANNNAN
Xc(k) Xc(k) "Xc(k)

= @a(p) FpisLp (@5 1) Xc(k) +
)

+ Xe(P) Foisk (b1, Qs p) xc(k

Xz(P) FpisLp (@ 1) pc(k)
+ Xe(P) Fp1sp (L, Q5 1) Xc (k)



NLO Ingredients hard factor compare to LP

. @ .
: 1) 4 — 1 0 0 v(l
HI()I)S (Q;/J'):V’_L [M#()M ()+MI-L()JMT ()] .
2
MDY (ki) = “CF o (k) | 4 = 4212 —2LQ _ap, - T L4
[ P LP o Xe ()7 xc(k) 5. T2 t2Lg— — Q- 19 T
YLP (). 0 asCp |2 3 .o 4L W_Q_
MR (kypy 1) = (% + ;2 +2L3 — 2LTQ —2Lqg — ﬁ + ;) Xe (p)%f"%(k)
11 2L n2 7 i
+<—+—+2Lé——Q—2L -5 T )w(p)—t"xc(k)+dyn-
NLP € €2 € 12 2 2
NLP /). .\ _ asCp | 2 5 4. 19 7r_2_1_5
Hpis (Q;p) = o [ 2 o T Lo —dlg oLt o — 5



.  NLOIngredientshardfactor

2 Using the definition of the unsubtracted (UV divergent)
\TP/ hard function, we obtain the subtracted hard function
4 ! through multiplicative renormalization as
f\/\,zg "\ +h.c. :
| | H(Q;p) = Z(Q; p)H(Q; 1)
: LP (). ) — asCr | oo 7’_2 _
Hfs(Qip) = 1+ = [ ALY +6Lg + - 8]
sC 2 15
HYE (@Qm) =1+ =5 [—413%2 +5Lq % - 7]
Cr 2 3 4Lp
ZLP . —1 | Qg 2 Q
DIS(Q’ IJ’) 27T 62 € € | b)
NLP /. 1, @Cr | 2 5  4Lg
ZDIS (Q)u‘) - 1 ' 27T - 62 26 + € - :

Since the bare operator H is RG invariant, the RG equation of H yields the hard anomalous dimension

0
Oln u

asC' asC 5
Taip(@ip) = - (4LQ - 3) : Panee (@5 1) = - (4LQ - 5)

™ ™




NLO Ingredients soft factor

The soft region

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

dpbsh;@
) |

STP(b; p,v) = Zg 1 p(b; p, )S™(b; p, v

) (o) ) “(p) SN p,v) = Zg g pb; p, )SNE (D )
Gl Lew v Lxw  amps CR = Db n0)
| 0
dlnv CS)NLP(b’ H y) - FgNLPCS)NLP(ba M, V)
[“» =—>7 b:u,v
S int 0ln1/ SNLP( H )

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

Soft emission from the suB—leading fields vanishes. NLO-+NLP soft function is half the LP one

1 y 1
ngnt — §F§Lpa Ising = QFELP



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/




‘
Renormalization and TMD Evolution- { .| !

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

¥  RGE for C.S. kernel

dK (br; p)
dlnp

= —Vk (O‘s (/'L))

¥  RGE for TMD dIn f, (@, brs 1, ©)

= —yr(as(p), (/)

dln p

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



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



NLO Ingredients collinear factor
Differences from LP TMDs

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

— ’
: 5900(1‘7) =0
pe(k) A T Xe(K)
5 0
— 2 (0. k1, S, (/) D> I3 =57, 2vps i 1)

Can show that these interactions vanish trivially

9, 1, &) = —r”w,v o)

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



Leadin wer
Fi(@, b5 1,C1) = fr(@, b 1, G /1) 1/ SVP (B 1, v)

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

y 1 U v 1 L —
y+5T%=0, Tj+ T%=0 PN
Ah/q (Z, PL, Sk i, @

I xX°(p)

Next to leading power

AVAVAV

g v x(k)
. BIItS(Qa ,Ll,) CDIS [(.’E kJ_Q fva_ Dl . pJZ_wal D_L) Sint] o,p (x,kl,.S;,u,Q/VD—»—
ib* M2 f+ W (2, b; p, 1) = i M2 f- (2, b; p, G /12 /S0 (b s, v)
v 1, .
s + 505w =0 Non-trivial result
However for cross section .
Di (2, b: 1, Co) = D1 (2, b; 1, Co /1) \/SLP(b- ) ———p v, 1 | AN
y Uy My y Uy [y N X | 2 ' 2 S int

v 1 v
2 mod T §F8int =0

@ -
@ -

Dy(z,b;u,8y) = Dy(z, b; p, §H/v)V §™ 27




Next to leading power §

int DIS 1 1 D1 1
_ 1) C ~L & D. — D
DIS(Q,N) [(m Q f 1 zQ f1 3

Breakdown of universality different soft function for D,?!

© -
@ -l

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)



NLO Ingredients collinear factor

i - §
! I
E 0 :

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

L, v, ) =T, v, 0)



NLO 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.




dlnv dlnp

Taking into account this aforementioned modification of leading distribution by the

presence of the sub- leading field, we demonstrate renormalization group consistency at one
loop both RRG

Similarly

FIIfI int + Fg' int + ngnt + Fgmod —



Summary

We explore sub-leading power A, / () 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 improved phenomenology of one the earliest observables used to
study the intrinsic 3-D momentum structure of the nucleon—important observables EIC study of nucleon



