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Preamble Motivation

Owing to the kinematic & dynamical mechanisms driving TMD SIDIS, the extraction of the independent
structure functions from measured cross sections—& their interpretation in terms of the nucleon's nonperturbative
partonic structure presents significant experimental and phenomenological challenges.

A quantitatively reliable description requires among other things
* consistent control of power corrections,

* QED radiative effects,

* & the matching between the small & large-P,, | regimes within QCD factorization.

Regarding the latter, a unified treatment of
* low-P;, region governed by transverse momentum factorization, &
* high-P, region described by collinear factorization,

necessitates a controlled implementation of small & large--transverse-momentum matching “ W+ Y *



Preamble

Entails discussion factorization: TMDs & collinear factorization
o Collinear M < g ~
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CSS formalism Catani et. al match in “AY” region

Scale separation: FF = W + FO — ASY W term probes intrinsic transverse motion
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Two mechanisms ? Matching ...

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

K

Cahn intrinsic k; Georgi & Politzer .. N / RN / o?.
hard gluon bremsstrahlung pT

Fixed Order
Collinear
Factorization
: o,
TMD DWK

factorization

; (éev) * “Collinear ” region
T

cha’ < gqr~ Q
Comprehensive study of matching the hi & low O, in the AY (overlap) region

in SIDIS was carried out by Bacchetta, Boer, Diehl, Mulders JHEP (2008)
attention was given to azimuthal and polarization dependence
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Preamble

Within this context an important and comparatively underexplored ingredient is the
contribution of longitudinally polarized virtual photons to the unpolarized SIDIS cross section from F;, ;

Esp. given the substantial difficulty of describing the unpolarized SIDIS cross section across the
full transverse-momentum range, our limited quantitative understanding of longitudinal photon
contributions introduces additional systematic uncertainties.

These could directly impact precision extractions of unpolarized TMDs which to reliably constrain without
dedicated measurements and an improved phenomenological treatment.

Therefore imperative to extend global SIDIS analyses to incorporate longitudinal photon effects in a consistent
factorization framework spanning the entire transverse-momentum range.
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Preamble

Multiplicity: SIDIS cross section normalized to DIS

dxdQ?

d40h(Q2aX727 Ph_l_)

Mh(Q29X727 Ph_l_) =

d20P15(Q2, x)

MAP Bacchetta et. al., arXiv:2206.07598v2 [hep-ph] (2022)
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W term describes “large” P, data surprisingly well ?

Richard Whitehill — DIS2026 [WGS5] (05/05/2026)
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FO theory does not describe “large” P, data so well



Preamble

Entails discussion factorization: TMDs & collinear factorization
o Collinear M < g ~ Q
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2.Discussion: power counting & 3 a resummation formalism generaized CSS?
3.Challenge of Factorization at LP NLP NNLP in the hard scale (



Literature on NLP

*First prelim SIDIS studies beyond tree level:
"Matches & Mis-matches” Bacchetta et al. JTHEP 2008, Chen & Ma PLB 2017
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Focus on two related NNLP unpol. observables

G F

L UU, L

O FUU,L & RSIDIS__ ™~ I
% UU, T

® F;;ngb” —> <COS th) n.b. L/T inteference

Georgi & Cahn, PRL 1978, PLB 1978
oCritique of perturbative QCD calculation of azimuthal dependence in SIDIS

eEmphasize importance intrinsic k; the early days/birth of "TMD physics”




Focus on two related NNLP unpol. observables
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Feynman "Photon-Hadron Phys.” 1972, Ravndal, PLB 1973




Focus on two related NNLP unpol. observables

o, Tyur

Feynman "Photon-Hadron Phys.” 1972, Ravndal, PLB 1973

®Interesting opportunity to study hadron structure, age old topic:
Ratio of longitudinal and transverse }/}k/L cross section (here in SIDIS)

2
classic power supressed ~ (I/Q) in DIS ..



Focus on two related NNLP unpol. observables

L TouL
o Fyyr & Rgpg=—~ - P
T vu, T

Feynman "Photon-Hadron Phys.” 1972, Ravndal, PLB 1973

®Interesting opportunity to study hadron structure, age old topic:
Ratio of longitudinal and transverse }/}k/L cross section (here in SIDIS)

2
classic power supressed ~ (1/ Q) in DIS ... e,

e Suggested extension beyond DIS: Feynman 1972 "Photon Hadron Interactions”
& Ravndal PLB 1973, Cahn 1989 PRD 1989:

P oL _ 4 (m2+<l7i>) :"> E 2 Fyu L
OT Q- Fr FUU,T

(p?) intrinsic parton transverse momentum




R¢iprs What do we know

O F

L UU, L

O FUU,L & RSIDIS_ - I
% UU, T

oOften assumed Rp;¢ & Rgp;g however is independent of 7, Py, and ¢

e Few measurements of Fy; ;(X,2,97) Jlab Hall C

¢ In TMD pheno @ low transverse momentum often assumed negligible



20t century interpretation collinear DIS physics

Recall inclusive cross section: o7 and oy
or structure functions F; (F, & F|) & F'(F) ,

via absorption of longitudinal vs. fransverse photons JLab exp. (E99-118) Prl 2007
g 0.6 :‘x=o,030 B E99-118 (Ros. Sep.) :‘x=0.050 g 594-1102 EMC
- . - LAC NMC
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21st century interpretation: from DIS to SIDIS
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Does 1 TMD observable for F;; ; ?

Tree level TMD factorization mulders et al. NPB 1996 Bacchetta et al. THEP 2007
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Reminder: recall Quark correlator LP, NLP

W\ l
n.b. tree level” wuder Tangerman 1996 Bacchetta 2007
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Reminder: recall Quark correlator LP, NLP, NNLP

W\ l
n.b. tree level” wuder Tangerman 1996 Bacchetta 2007

| Sti€'pr; M v, M?
CD(x,pT)=5{f1%+ffT At ey (LR +flﬁ... F o) 7?7 ...

Subleading Quark TMDPDF's

Quark Chirality

Leading Quark TMDPDF's O—v Nucleon Spin @ Quark Spin

Quark Polarization

Chiral Even Chiral Odd

Un-Polarized Longitudinally Polarized Transversely Polarized

() (L) (T)

fy = @ hi = @ B @
Unpolarized Boer-Mulders
g1 =@ =@ | b ==

Helicity Worm-gear

= (1)~ @
flJf_Z" - é _ @ glJf_l" _ @ B @ Transversity
. it
Sivers Worm-gear 1'r

Pretzelosity




Context TMD Correlator at tree level NNLP “twist 4"

Goeke, Metz, Schlegel PLB 2005

Leading lek TMDPDFs Q—> Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
(V)] (L) (T)

fi= () hi =(D-®)
Unpolarized Boer-Mulders
g1=(r = | hip ==

Helicity Worm-gear
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flJf_Z"' ] @ —_ @ gl%T - é . é Transversity
- e -
Sivers Worm-gear 1T ]

Correlator at tree level @ “"twist” 4
previously of academic interest
factorization relatively unexplored
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Context TMD Correlator at tree level NNLP “twist 4"

NNLP: some discussion in Bacchetta et al.

NNLP: Matches and mismatches JHEP 2008
' & recent discussion w/ M. Cerruti

——
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Correlator at tree level @ "twist” 4
previously of academic interest
factorization reldTiVvety-unoxplarag——"
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R¢ip;s NLP TMDs ?

R

... €sitmate MAP sizable contribution up to 20%

do B o’ y
dxdydzdpsdd,dP,,  xQ2 2(1 — ¢)

{FUU,T + gFUU,L ¢ o0

4M? | p?
Fyy,L = 02 C|—= D,

¢ ratio of longitudinal and transverse photon flux

1
8 1 1 p }/
Rl r? e £

AM?x?
02

2

e Findings demonstrate [, ; cant be ignored

e substantial & essential for an accurate interpretation of F UU.T

e which is associated with LP TMDs
e SIDIS normalization in TMD factorization ?

Bacchetta & Cerruti MAP Eur. Phys. J. A (2024) 60:173
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Estimate of Rg;p¢ = Fy1 1/ F 7 versus hadron transverse

momentum P, @ fixed x and z and for values Qz2, compatible
with JLab22 kinematics, using MAP22 TMD analysis



Recent wk. on NNLP contributions in W term

> i
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To learn more we consider |g g7 F,,, (x.z.4,.0)

P
Take “granular” look: consider both @ small & large ¢g; = L structure functions

Z
o Fyy 71X, 2,97, 0) &

o I'yy, 1 (X, 2,47, Q) Key to understanding predictive power in SIDIS & global analysis
IS whether the low & high g+ physics due to common mechanism ?

e Explore thru factorization low & high g, “matching”

i) consider power counting: necessary conditions for match
ii) direct calculation: sufficient conditions for match

e.g. Allows extension of simulataneous fits of colliner pdfs & TMDs
W+ FO

fOe, b, ) = [C ® fl(x, bys g, &) X e3Crttos £ (x, by)



Matching of TMD & FO-large g =~ P,;/Z Rigorous proof @ Leading power

e Factorization & Matching unpolarized collins Soper Sterman NPB (1985), Bozzi Catani Floraian Grazzini NPB (2006), Bacchetta, Boer, Diehl, Mulders JHEP (2008)
Collins, Gamberg, Prokudin, Rogers, Sato, Wang PRD (2016) ....

e N.B. Transverse polarization Ji, Qiu, Vogelsang Yuan PRL (2006); PRD (2006)

> ol E‘;‘ﬁﬂfgf o - Cross section in terms of different “regions”

NQ | Factorization + W valid for g; ~ k; << O TMD factorization
= + FO valid for k; < p;y ~ Q  Collinear factorization
o . . .

\: 10-35} » AY subtracts d.c. & in principle,

3 AY - W, pr > coand AY - FO,p; — 0
~

C’\%‘m—%r - Y=—- FO—-AY

~ | TMD

c,:lg factorization

10797

| 2
pr (GeV)

dU(m S pT S Qa Q)
dy dq*d’pr

M C
= W(pr, Q) — AY(pr, Q) + FO(p;, Q) + O <E)



Explore thru factorization low & high ¢ “matching”

i) consider power counting: necessary conditions for match




Power counting in regions

Bacchetta et al. JHEP 2008

Power counting Fyy , Fyyr & Fyyr ..

e Low TMD factorization

Leading power

M~aq<Q  MF,, ~F :lel:

M1, |1 Sub sub leading

2 -
MFUU,L Q2L/r_ooooo

¢ High collinear factorization

M<qgr~0 Q°Fyy,r = aF |iDy Leading power

Q°Fyy,. = a;F |hDy Leading power




Power counting in "intermediate region

Power counting F; ;

e High collinear factorization @—— M <K g7 K< (J «<— o Low TMD factorization

2 2 2 2
M2F M<g;<Q o ﬂ%gz’[‘fD ] MZF M<g;<0 o %ﬂg[fD ]
vu.L 02 g L Yqp 02

34 Match

1
Fyun ~ 02 as F|f1D1)



An aside Power counting in "intermediate region

Power counting F (C]%Sﬁb

e High collinear factorization @—— M <K g7 K< (J «<— o Low TMD factorization

2

2
MZFCOS p M<g,<(Q qT M 9 D MZFCOS p M<g,<0 M ng D
UU ~ U Q qz [fl 1] UU ~ O q2 [fl 1]
I I

34 Match

COS 1
FUU¢h ~ Qar as]:[lel]




Explore thru factorization low & high ¢ “matching”

ii) direct calculation: sufficient conditions for match




Consider Fy; 1 & Rgp;g @ large P

e @large Py, Fyy ~ F,, 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 NPB 2005 ... many others

do o’ y

= F + e F + ...
dxdydzdg,dP,,  xQ? 2(1 — ¢) { vuLt UU, L

b.

b b b :'O :
q p q P 1 P 08 | % A EIC5x41
K
Qo . oJLab24/HERMES
Pa Pa Pa g 0-6 B O
(a) (2) (c) N
L0
0.4 - JLAB12
q q q - 0O
% % :;;Ji oo © H. Avakian Dec 2024 Frascati
Pa Pb Pa Pb Pa Pb : —
. X=U.
(b) (1) (©) 0 L | 0.3 §
0 50 190

Q



Large ¢~ P,;/z well established factorization Leading POWER
M<KLqgr~ 0

1 o T Ldz td: (¢ (1—2)1-32)
eo ° F p— 8 2 - - 5 T
. TOTT Q2 (2m2)? » xe“/x z / z (Q2 Tz )

< |72 (3) s (5) i + 12(%) D2 (5) ol + 12(%) D3 (5) ol

Z Z T 2

* 99 R = ACkis,
q Db q Db q Db
% * 79— 9q Cop ™" = 4Crp# (1 - 2),
p p . p ® g qi  Ciy " =8Tri(1-3),



Power behavior Fy;, ; & Fyyy 7 in AY region, M < g < QO

M<Kqgr ~
N ‘. o [ [ 0=0-3
T @ erz =", & ), 2 \@? Py

«[n(5) ()t (5) () e+ 1(3) o1 () ™

s /

'l TMD
factorization

2

See e.g. Berger Qiu Zhang, PRD D65 (2002)



Probe for sub-leading physics

Large —% intermediate —¥ low g, regions

* Fyyr(%, 2,91, Q) & Fyyp(x,2,97, Q)

* Collinear SIDIS vs. truncated moments

the dashed line for F;;, ; is a leading power
statement

0F max
J F(xa <y Qza PhT)

2 2
P hTmin/ <

«Fyy | truncated moment converges "P; integrable”
o[,y + truncated moment as expected diverges

eSmall TMD contribution ? Small power corrections ?

§§
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Probe for sub-leading physics

Truncated moments of R¢;p;¢ from large p;

(1—#)(1 = 3)
e.g. fuur=g 2%222:66/33 :1:/ ( i3 )
afl L a —
<[r)m) i nG) o
R _ L7 F(FO) 2P FFO) 0.4
SIDIS — UU,L hT = Uu,T
Py Py
0.3t

SIDIS truncated moments

4T max
2
J F(X,Z,Q 9PhT)
Pz, . [72

hT min

Nb: Bands are generated by computing the
observable on subset of JAM replicas
(from recent W+charm analysis) & taking

the mean * standard deviation

P (G) ot (5 o™ + 1 5) (3 o™

\/s =140GeV, x=0.3, 2= 0.5

—— Q% =4 GeV*

Q? =10 GeV* o
—— Q*=15 GeV* X
—— Q? =20 GeV*?

— SIDIS (truncated)
DIS
SIDIS (collinear)

r=0.3, 2=05




Probe for sub-leading physics

Truncated moments of R¢;;,¢ from large p;

1« o [1dZ [Ydi [(q¢a (1—2)(1-3)
o = o2 (%z)Q%:xe“/x ?/ ?5(622 35

< |72 (5) e (G) i + 12(3) D2 (5) b + £2(3) D8 (5) ol

XL A i A

FO
R — ﬂ \/E= 14OG6V,X:O.3,Z=O,5
SIDIS = 1, 0.4
UU, T —— @Q*=4GeV’ SIDIS (truncated)
Q% =10 GeV®? o DIS
Comments: 0.3f —— Q2=15Gev? x SIDIS (collinear)

— @Q@*=20GeV® . _03 =05

eTruncated moment is sig. larger than P
integrated SIDIS—indication of

epower corrections ?

eTMD contribution ?

W-term is important for Rqips!

What role does sub-leading [ l%)L play?



Since W + Y not feasible phenomenologically yet ...
— approximate ASY by interpolating W & FO
— use intersection points between W & FO to separate scales

— ensure analyticity point-by-point

. M\
_ [M~q,<Q] M<q,~0] _’

Where w; is-transition function

M?  pZ .
[M~ ] _ T [M<<q~Q] _
Fou LQT<<Q =—C [—2 lel] Fooi —=F ixed order



Building our moael

0.08F

Since W 4+ Y not feasible phenomenologically yet ...

=
-
S

Four

— approximate ASY by interpolating W & FO

-
-
N

— use intersection points between W & FO to separate scales 0.02]

— ensure analyticity point-by-point 0.00f

F = w(g) W + [1 — w(gp)] FO
1 ar < gV

(1) (2)

< dqr < qr
(1)

W(QT) — finterp(QY(’C)’ 6) dr
0 dr > 4y

Richard Whitehill — DIS2026 [WGS5] (05/05/2026)



Uncertainty quantification

Use same interpolation for £, 71 0.07 -
’ 0.060 Fourn |
0.26}
— 0.05¢ \
k2 k2 0.24}
I I 0.04 z=01,2=05 |0.22
W = — ™ when ky ~0 | coior | 8
ks + Q-/4 40 - |
0.02¢ 0.18}
— 4 types of uncertainty: 001l 0.16/
0.14¢
0.00—. .

(1) interpolation between W & FO
(2) Scale variation

(3) TMD replicas
(4)

qr/Q

4) Collinear hessian sets

Richard Whitehill — DIS2026 [WGS5] (05/05/2026)



Pheno impacts/opportunities

COMPASS Kinematics

Rqpig predictions at Compass kinematics “

— full error budget

— trends with increasing 0 3
| > 2.65
(1) Magnitude of Rqipis(¢r — 0) decreases
(2) Rsipis(gr = 0) ~ (g7/0)
(3) Uncertainty decreases "
How do theory & experimental uncertainties compare?

1.3

0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4
X

Richard Whitehill — DIS2026 [WGS5] (05/05/2026)




Pheno cont.

Fyyy 1, predictions @ Compass kinematics
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Summary

Longitudinal Structure function £, ; Progress in sub-leading TMD physics:

— indispensable to probe transverse proton — JLab experiments: E12-06-104, E12-09-017,
structure E12-09-002

— |ots of challenges in formal/ — theory: Balitsky & Prokudin, Piloneta &

phenomenological description of g, spectrum  Vladimirov

This work:

— pheno estimates with uncertainties of F;;,; ; and Rqpg considering interplay of W & FO

— Future — impacts on multiplicities/collinear SIDIS



* gluon contribute large uncertainty ] de
@ hix (see delta function) FO =Y ¢? / : — H(§) fo(&, 1) dg(C(8), 1) + O(e§) + O(m?/q?)
* g — 0 gluon PDF set to zero

* Rgpg could be useful to pin down the g@ [g x

04 TN full
9= U - a7 Tz
1l + Attention: (Q'% 15 a:) <EK1
‘é) + large g1 probes large £ in PDFs
Q?O-Q — Can be useful in collinear global fits
0 Q* = 100 GeV?
| r=0.3
P z = 0.5

5 6 7
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Rgpis & oy ~ Fyyyp atlarge pr

Jlab 11 GeV x=03&z7z=0.5

0.3}

0.0

—— Q? =2 GeV? —— SIDIS (truncated)
—— @*=4GeV? o DIS
—— Q%2 =6 GeV? X SIDIS (collinear)

0.8

0.3}

0.21

0.11

0.0

Jlab22GeV x=03 & z=0.5

—— Q% =4 GeV? SIDIS (truncated)
—— (*=6GevV? o DIS
—— (% =8 GeV-* x  SIDIS (collinear)
L Q% = 10 GeV?
®
1.0




