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Outline NLP unpolarized observables

*Discussion of NLP etfects in SIDIS

*Beyond LP tactorization Collinear P, TMD and or

o I UU,L
.The observable Ry,.=— ~ - Feynman “Photon-Hadron Phys.” 1972, Ravndal, PLB 1973
oT UU,T

*The observable (coS¢) Georgi & Cahn. PRL 1978, PLB 1978

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

Leads to..

1.The challenge of matching “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



Importance of NLP TMDs & Factorization

eImportance of NLP “"TMD-like” observables underscored while suppressed by (M/(Q)" wrt LP observables

@ NLP/SLP TMDs as sizable as leading-power TMDs in situations where Q not that large...
e.g. the kinematics of fixed-target experiments

eTheir understanding is required for a complete description of "benchmark processes” SIDIS, DY & e" e ...

eAre of interest offer a mechanism to probe physics of quark-gluon-quark correlations,

provide novel information about the partonic structure of hadrons; only recently unexplored bevond a.
@ Such correlations as quantum interference effects, related to average | §< +\<
transverse forces acting on partons inside (polarized) hadrons as well as other phenc L o —,

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

eOpportunity for EIC with its large kinematical coverage & for SoLID TMD program for making further
groundbreaking progress in this area

oNB: Iff factorization can be established beyond “tree level” @ next to leading order
-Global analysis in terms of NLP TMDs
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TMD fact at NLP w & w/o polarization (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 e-Print:2304.03302 [hep-ph]
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



TMD facterization@NILP w & w/o polarization (vast subject & incomplete ...Literature )
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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 : “Matches & Mis-matches” Bacchetta et al. JHEP 2008, Chen et al. PLB 2017

More recently
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, JHEP 2023, PRD 2024
Balitsky 2023 rapidity only TMD evolution

« 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



TMD Factorization & P, Collinear Factorization
» TMD: applicable A,-p ~ P,; < O Collinear: applicable P, ~ Q > Ayqp

* P,, ~ Kk; or pyintrinsic transverse momentum partons CS described via TMDs

* P, , > Kk, or p; generated transverse momentum in the final state as perturbative

radiation & non-perturbative structure is given by collinear pdfs & FFs
Quark
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Figure 1.1: Illustration of the mo-
spin variables probed
on distributions.




Re;ys NLP TMDs?

eNLP TMD observables challenging in comparison to the current “state-of-the-art” of LP observables
eTreatments in literature mostly limited to tree-level formalism (until recently ...)

eThe best known of these (& relatively not well understood)
is the ratio of longitudinal and transverse cross section (SIDIS)

role of longitudinal and transverse photon: power supressed (m/Q)2

Feynman 1972 Photon Hadron Interactions, Ravndal PLB 1973:

P 0L _ 4 (m*+(p1)) _ Fou

% Q- F UU,T

where (pi) IS the intrinsic parton fransverse momentum

.. For details see Cahn 1989 PRD often assumed that F;, ; is negligible at
low transverse momentum



Re;ys NLP TMDs?

In 21st century interpretation in semi-inclusive DIS (SIDIS)-TMD physics

9 I'yur
R=—> ’

% r UU,T

do oy Mulders & Tangerman 1995
dzdydzdpsden dP?, Q% 2(1—¢) {FUU’T T 5FUU,L T ... Bacchetta et al. JTHEP 2007

Fyyr= ClAD, Fyyp=CL.7.]

ClwfD]| =« Z eg/d2pT d?kp 62 (pr — kr — Ppi/z) w(pr, kp) f%(z,p7) D%(z, k)



In 20th century interpretation in collinear inclusive DIS physics

Recall the inclusive cross section can be expressed in terms of 6,and 6; and or the

structure functions F; (F, & F,) & F(F,) , the cross
sections via absorption of transverse and longitudinal photons:

JLab exp. (E99-118) Prl 2007

2242
OT F L 1 dxM T 0.6 - x=0.030 ™ E99-118 (Ros.Sep.) I x=0.050 ¢ E94-110 A EMC
R=—=—7-= F 9) 1 | — 2XF 1 e : ® E99-118 (Mod. Dep.) | O SLAC A NMC
GL FT ZXFI Q2 0.4: - : ?# \_\\v BCDMS
. 4x*M? . e
lim R~ >0,  Zero in the scaling limit
Q2—>OO Q2

Comparison of the values of R(x, Q?)
for hydrogen from the JLab exp.
(E99-118) to results of other exps.




Rerye NLP TMDs?

T T L]

0.5

| ‘ o @=4.GeV?
R ' izabl ibuti v 04j x=03, 2=05 — Q=55GeV?
- R, .. esitmate sizable contribution up to 20% 4 Gt
Bacchetta et al. (MAP) JHEP 10, 127 (2022) |  P—85GeV? |
- — @ =10.GeV?
' | | '
do o? 02 ——————
dzdydz dpg déy dPE,  zQ? 2(1—¢) {FUU,TJF&FUU’LJ“ l
0.11
. £ ratio of longitudinal and transverse photon flux ... 00 02 o4 B Y
1 5 o Ppi[GeV]
] —y—— 2.2
g = 4 4 yz _ 4M“x Fig. 18 Estimate of Rsipis = Fyy.r/Fyu, versus the hadron trans-

Q2 verse momentum Pr (Pp7) at fixed values of x and z and for different
values of Q2, compatible with JLab22 kinematics, using MAP22 TMD
analysis [134]

o _yaly2zi Lo
L — yo St oy

- Findings demonstrate F;; ; can’t be ignored, is substantial

& essential for an accurate interpretation of Fi;;; + which is
associated with leading twist TMDs.

- What is the physics here?!



Context TMD Correlator at tree level “twist 4™

K. Goeke, A. Metz, M. Schlegel PLB 2005
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Opportunity Rgp¢ & large P

—

eHowever @ large Py, Fyy  ~ Fp ) V1 — see Bacchetta et al. JHEP 2008 “Matches & Mis-matches”:

in principle hard gluon raditation — “collinear P, factorization applies CSS 1985
Catani et al. 1997-2015, Nadolsky, Vogelsang Koike ... many others

do — a2 Y cos ¢p, cos 2¢p,
dz dy dz dog déby, dP}%J_ — Q2 2(1 — ) Four +eFyurL + \/28(1 + €) cos ¢p, FUU + € cos(2¢p) FUU
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TMD Factorization & P, Collinear Factorization
» TMD: applicable A,-p ~ P,; < O Collinear: applicable P, ~ Q > Ayqp

* P,, ~ Kk; or pyintrinsic transverse momentum partons CS described via TMDs

* P, , > Kk, or p; generated transverse momentum in the final state as perturbative

radiation & non-perturbative structure is given by collinear pdfs & FFs
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Figure 1.1: Illustration of the mo-
spin variables probed
on distributions.
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do Tatyz 1

dx dy dzdgs de 4()?
0

e.g.

1 o [Ydi [Ydi (& (1-2)(1-3) al T\ mal?
four= g2 (2wz)2;““/m ?/2?5(@_ 22 )X fl(E)Dl(E)

Comments:

® {1, @5sociated with large x

implies R¢;p;¢ can provide further
constraints on large x behavior if pdfs

eTruncated moment is sig. larger than P
integrated SIDIS—indication of
a TMD contribution?
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RsIDIS

gluon contribute large uncertainty @ hi-x (see delta function)

g — (ie gluon PDF set to zero
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TMDs @ “twist-3 “ NLP

The beginning of TMD physics? (cos @)

e Georgi Politzer, PRL._ 1978 “Mecasurement (cos ¢») provides clean test of predictions of PQCD

*~12-15% ...clean test of QCD “...since such effects would not arise as a
result of limited transverse momentum associated with confined quarks...”

Cahn, PL.B 1978. (& earlier paper by Ravndal. P1.B 1972)

Critique QCD calculation of azimuthal dependence
emphasize importance intrinsic k; ...

. ..Results cast doubt on the utility of such azimuthal asymmetry as a clean test
of quantum chromodynamics ” (1.e. of G&P 78)



TMDs @ “twist-3 “ NLP

The beginning of TMD physics? (cos @)

* Georgi Politzer, PRL 1978 “Mecasurement (cos ¢) provides clean test of predictions of PQCD
Performed QCD analysis of hard gluon radiation 1n SIDIS: predict absolute value of final state
hadron’s P or P, | , and the angular distribution relative to lepton scattering plane

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

Critique QCD calculation of azimuthal dependence

emphasize importance intrinsic k... e



do

dx dy dz ds dop, dP? |

()12 Yy

z2Q?2(1—¢)

The observable (cos ¢)

No assumption of mechanism

{Fuu,T +eFyur +v/2e(1 +¢€) cos dp, F o “hoy e cos(2¢p) Frry; 20h

/da(l) COS P = /dzPT COS ¢ do

d:BH dy dZH dsz

SIDIS Kinematics dictionary
Q° = —¢°, Ppr =Pop, ¢,

— Q° y P -q ZH_P1°P2
2P - q’ Py kg’ Py -q
and the parton variables
ZH Q* ZH _ P1° P2

r —= — — —

& 2p-q & pP1-q
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Clean Tests of Quantum Chromodynamics in wp Scattering

Howard Georgi
Lyman Labovatory of Physics, Havvard University, Cambvidge, Massachusetts 02138
'FIG. 1. Diagrams contributing to semi-inclusive

and p-parton scattering to first order in @, . & (p) denotes
. . muon (parton) momentum. The wavy line is a virtual
H. David Politzer photon, The curly line is a gluon,

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- Pert. QCD aS — g2 / 4 T

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.




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 S]mple part()n m()del argument a"()W]n g
Received § June 1978 for transverse momentum in Mandelstam variables...

Semi-inclusive leptoproduction, ¢ + p > 2" + 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. |

k'




Two mechanisms ? Matching ...

Factorization & Matching collinear to TMD unpolarized/angle independent Collins Soper Sterman NPB 1985

Cahn intrinsic K Georgi & Politzer 0. B

hard gluon bremsstrahlung p

Intermediate Qr
Q> Qr > AQCD

* “TMD” region
(pr~ kp) ~qr <0

TMD Collinear/twist-3 K

p
Q> Qr 2 Aqep Q. Qr > Agcep WK °
Py

o » “Collinear ” region
chd < gr~ Q

Nacp << 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




We have explored lg g angular modulations Cahn effect & cos 2¢,

do Tatyz [ 1 1 .

sinh” 9 Fyyp — 52+ sinh® ) Fyy, 7 — sinh 20 F 75 % cos ¢ + 5 sinh® 9F;05 *% cos 2(,0]
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“ W

g1
o0 g2
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/ /
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0.0

—0.2
X1 total EEEE qg Vs =140 GeV, Q° = 10 GeV?
qq 99 qgr/Q =1, z=10.5
T e A Tk R T/ T/ A T/
X X

w/ P. Anderson, W. Melntitchok, N. Sato, R. Whitehill (JAM)
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Quark Chirality

Chiral Even Chiral Odd

TMD Handbook 308

f 1 1
10 - Subleading TMDs 9
L. Gamberg, A. Metz, I. Stewart




r N
"Mis“-Matches Factorization @ sub-leading power L

* Factorization & Matching collinear to TMD unpolarized/angle independent Collins Soper Sterman NPB 1985

Fixed Order
Collinear

. ° ° o € s »”
Eactorization I ion in terms of different “region

+ W valid for g ~ kr < Q TMD factorization
- FO valid for ky < pr ~ O  Collinear factorization

- AY subtracts d.c. & in principle,
AY - W, p, - coand AY - FO,p; — 0

TMD
factorization

0 1 2

P < < pr (GeV)
o(m < q:zr NzQ, Q) _ W (pr, Q) + FO(pr, Q) — AY (pr, Q) +
dydq*dpr

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

(cos 6) = [do(® cos¢ + [do(l) cos ¢
O T T de® + [do

Attempt to match the high-g; result for I IC]‘; P to low-g; result at intermediate g, consistency check on
factorization framework that extends CSS to NLP



Conjecture on ma’rching <COS ¢h> (see Bacchetta et al 2019 PLB)

277 W — AY « FO 277

ClwfD] Z Te /dsz ky &Ly 8% (pr — kr + 1+ a7) X w(pp, k) fa(map%) D%(z, k%) U(Z%)

schematically

Va\

h - Dz, k - k
Feod = c[ PL e p R 1y 4 e p Dy k) S

9 Z 0

Method: get AY term from TMD and match to AY from FO
let one of p,,k, [, = g, large, others small



r =
“Mis”-matches Factorization @ sub-leading power L

.

(cos 6) [do(®) cos¢ + [do'P) cos ¢
P T T T de® § [do™

To cure mismatch, Bacchetta et al PLB (2019) speculated that
soft factor subtraction
from leading power (LP) TMD same as NLP TMDs
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 ) r g bT;yAay
Sh (b pyyn) = lim fUE (2, by g, yp yB)\/~ (b73 Y4, yn) X UVeomorm

a2 e e | S(b73 Y4, yB) S (075 Y, YB)

4 -
Soft factor subtractior -3 ..f & SEED
: | |

|) cancel rapidity divergences in “unsubtracted” TMDs )
2) separate “right & left” movers i.e. full factorization
3) remove double counting of momentum regions




To address these subtleties fresh look
TMD @ at NLO & NLPfactorization

Exploit the "diaginositc tool” of using
Fierz decomp & “good and bad” LC quark fields

Focus on NLO soft factor calculation

L.Gamberg, Z.Kang, D.Shao, J.Terry, F.Zhao arXiv: e-Print:221.13209 (2022) & in prep 2025



Challenges of SLP/NLP TMDs

Various sources for power suppressed terms identified and discussed in the literature from
Tree level Studies, Mulders, Tangerman (1996), Bacchetta et al. JHEP (2007)

- Corrections associated w/ kinematic prefactors contractions between the leptonic & hadronic tensors,
referred to as kinematic power corrections

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

5 5) 1 1A 7 '
Fa€{7i wy® 1 . 5 L 7 4" 'y ,Eaij’y5,10+_’y5—l— ..... }

2979 9 9 4
Y |

LP NLP
- Another from hadronic matrix elements of (interaction dependent) quark-gluon-quark operators,

referred to dynamic power corrections multi-parton ggq correlators :
of e s
D

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

in _ in dyn
(I)q/tij’ (;1;, k,, S) = (I)g/ij, (:B,k_L, S) + q>q7ij’ (iE,kJ_, S)

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

do

drdyd¥dzd?P,,

2

saoi lwW™ e “TMD” region  (Pr~kp) ~ gy < 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 Q(1,A%,0), p* ~ Q(A%,1,]) el - & partonic kinematic power corrections-momentum scaling

Ah/q (Z, P, Sh)

[Mlustrated at “tree level”
Ah/q (Z, P, Sh)

P N TMD \ T { TMD
/f\ K ~ Q(1,4% ), pH ~ QU21,0)




.

Combining contributions and multiplying by leptonic tensor get factorized form,
Cahnand more.....
We use “intrinsic & dynamical” basis

dyn zg
~g

Different setup then Bacchetta et al 2007 allows us to check RG consistency

Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.13209 V‘ 2 <
K’ |
K

d2g op1s [fl (m'-’% EJ_)] Cahn and more intrinsic k;




Factorization & resummation at NLO SNLP

Beyond tree level
- We perform one loop calculation & attempt to establish renormalization group

consistency: Regions hard,soft,collinear

o
Fpis (2,2, Pa1) = Hpis(Q; 1) CO | 7=

Il)nfs(Q #) cP

B / dfl?g HY (2. Qs ) CP'S

. 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 problematic



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

w7 /Fb\ ( ol L 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/




Necessary condition rapidity RG Consistency

Review Leading power
filz, b, C) = fi(z, by, 1 /v?) A/ SEP(b; 1, V) e iy

= ()
Di(z,b; i, &) = D1(z, b; 1, o /v?) \/ S (b; p, v) W T -0
Next to leading power /\
dG | . A | Ap/q (Z,pl,sh;ﬂa C@
~ = HIZ(Q; ) COTS Km kL Zeip PL Ty Dl) smt] | X0
% VaVay
]. M ﬁ( 7 Xc(k)
b M2 O (@, b; 1, 1) = i M2 Oz, by p, 61 /1) /S (s p,v) =9 L3ine + 55000 =0 o (S G >
Non-trivial result
However for cross section
"
D1 (z,b; p, (2) = D1(z, b p, G2/ v?) \/SLP(b'# V) ['s - ! [ ?é 0
) p) p) ? p) b) ) p) 2 | 2 S int
1

v | 74 —
2 mod T _FSint =0

Dl(zab;ﬂaz:z) =D1(Z,b;//t,é/2/1/) Slnt‘?? 2




— His(Q; ) CP™

Have shown

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

© -
@ -

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.




Summary

We explore NLP (M/Q)" contributions in large P;and TMD regions via 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

- Considier R;p;¢ & revisit “Cahn effect” & matching related to early 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
EIC study of transverse momentum nucleon structure

Thank You



