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Motivation discussion/preamble

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

- NLP factorization based on “TMD formalism”
—extension of tree level Amsterdam formalism and beyond leading order
CSS, Abyat Rogers, Boer Pijlman Mulders-framework
- Revisit matching: Consider consistency of matching to collinear factorization
see Bacchetta, Boer, Diehl, Mulders JHEP 2008 also in context of EOMs

- Focus on Cahn effect & matching related to early picture of importance intrinsic K;
- “Intrinsic” subleading TMDs related thru EOM in terms “kinematic” & “dyanmical”
-See recent work:

MIT group, Gao, Ebert, Stewart JHEP 2022

Vladimirov & Rodini JHEP 2022

Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.13209

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

However, its an old subject in QCD ...



Importance of SLP'TMDs

* Importance of SLP TMD observables underscored by observation that while they are suppressed
by M/Q wrt LP observables, they are not small, especially 1in the kinematics of fixed-target experiments

* Their understanding 1s required for a complete description of SIDIS, DY & e+e- ...

* They may are relevant for a proper extraction of the leading-power effects from data.

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

* They are of interest in their own right as they, offer a mechanism to probe physics of quark-gluon-quark correlations,
which provide novel information about the partonic structure of hadrons, and are largely unexplored.
@ Such correlations may be considered quantum interference effects, and they could be 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 available already.
In the future, the EIC with 1ts large kinematical coverage will be 1deal for making further groundbreaking
progress 1n this area.
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Challenges of SLP/NLP TMDs

However Theory for SLP TMD observables is 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 can be found in Bacchetta et al. 2008, Chen et al. 2017

More recently results beyond LO,

Vladimirov, Rodini, Moos, Scimemi 2002 BFM

Gao Stewart Ebert 2002 SCET,

Gamberg, Kang, Shao, Terry, Zhao, 2002 CSS factorization
Balitsky 2023 rapidity only TMD evolution

Various sources for power suppressed terms have been identified and discussed in the literature from
Tree level Studies, Mulders, Tangerman (1996), Bacchetta et al. (2008)
- This includes corrections associated to kinematic prefactors involving contractions between the leptonic and hadronic tensors,

referred to as kinematic power corrections.

- Another type involve subleading terms in quark-quark correlators involving Dirac structures that differ from LP ones
which are sometimes called intrinsic power corrections—most familiar e.g. Cahn function fl(x, kr)

- Another from hadronic matrix elements of (interaction dependent) quark-gluon-quark operators,
referred to gqgq correlators for short referred to as dynamic power corrections.

- In arXiv: e-Print:221.13209 we present a systematic procedure for stress testing TMD factorization for DY & SIDIS at NLP
using CSS formalism which addresses disagreements in the literature



Why TMDs @ twist-5 == NLP

Some History-context
* Georgi Politzer, PRL 1978
QCD analysis of hard gluon radiation in SIDIS to predict absolute value of P, 1n SIDIS

& the angular distribution relative to lepton scattering plane (cos ¢)
“Measurement of (cos ¢) provide very clean test of the perturbative predictions of QCD”’

Cahn, PLB 1978, also earlier Ravndal, PLLB 1972
“Critique of the parton model calculation of azimuthal dependence 1n 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 and special mechanism like gluon
bremstrahlung
“... The results (G&P78) can doubt on the utility of such azimuthal asymmetry as a clean test
of quantum chromodynamics”
“They (G&P78) suggested that this was a clean test of QCD since
such effects would not arise simply as a result of the limited transverse momentum
associated with confined quarks”



PHYSICAL REVIEW
LETTERS

VOLUME 40 2 JANUARY 1978 NUMBER 1

Clean Tests of Quantum Chromodynamics in up Scattering

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

and

H. David Politzer

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

Hard gluon bremsstrahlung in pyp scattering produces final-state hadrons with a large
component of momentum transverse to the virtual-photon direction. Quantum chromo-
dynamics can be used to predict not only the absolute value of the transverse momentum,
but also its angular distribution relative to the muon scattering plane. The angular cor-
relations should be insensitive to nonperturbative effects,
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'FIG. 1. Diagrams contributing to semi-inclusive
u-parton scattering to first order in ;. & (p) denotes
muon (parton) momentum. The wavy line is a virtual
photon, The curly line is a gluon,



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

Received 5 June 1978

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 »p 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.



Simple parton model argument allowing for transverse momentum

in Mandelstam variables...
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Cahn intrinsic k 0. M / "2 - / %2

* “TMD” region
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P.Mulders, R. Tangerman, NPB (1996), Bacchetta et al. JHEP 2007



Overview comments Matching

Matching studies in CSS related approaches

Intermediate Q7
Q>0 > AQCD

NPB Collins & Soper(1982), & Sterman 1985

NPB (1991) Arnold, Kauffman 1‘
PRD (1998) Nadolsky Stump Yuan
PRL (2001) Qiu, Zhang

PRD (2003) Berger, Qiu _ _
NPB (2006) Bozzi, Catani, DeFlorian, Grazzini ... 0 52"5 Aoenl- g near/wist=3
NPB (2006) Y. Koike, J. Nagashima, W. Vogelsang -
JHEP (2008) Bacchetta et al. \
arXiv (2014) Sun, Isacson, Yuan-CP,Yuan-F

JHEP (2015) Boglione, Hernandez, Melis Prokudin L
PRD (2016) Collins, Gamberg, Prokudin, Rogers, Sato, Wang Aacp << Qr << Q
PLB (2018) Gamberg , Metz, Pitonyak, Prokudin

PLB (2018) Echevarria, Kasemets, Lansberg, Pisano, Signori

EJPA (2018) Scimemi, Vladimirov . . ) d .
JHEP 05 (2019) Scimemi , Tarasov, Vadimirov.... A comprehensive study of matching the hi & low (J; in the overlap region

in SIDIS was carried out by JHEP (2008) Bacchetta et al.
where attention was given to azimuthal and polarization dependence

\ Q, QT > Aqcp

Qr

Series of papers on matching TMD and collinear ETQS transv. Spin
Ji, Qiu, Vogelsang, Yuan PRL PRD 2006, ...
Kang, Xiao, Yuan PRL 2011



. 0,
Intermediate Qr
Q > Qr > Aqcp

P

* “TMD” region T

(pr~ky) ~qr <O

TMD
Q> Q1 2 Aqep)

P2
Collinear/twist-3
Q. QT > Aqcp

‘Collinear ” region

Qr

Aaco << Qr << Q

A comprehensive study of matching the hi & low (O, in the overlap region chd <d4r~ Q
in SIDIS was carried out by JHEP (2008) Bacchetta et al.
where attention was given to azimuthal and polarization dependence



_ “mis”-Matches Factorization @sub-leading power

Intermediate Q7
Q > Q1 > Agcp

TMD
Q > Qr 2 Aqep

inear/twist-3
Q1T > Aqcp

Aacp << Qr << Q

A.Bacchetta, D. Boer, M. Diehl, P. Mulders JHEP (2008) mis-match/inconsistency breakdown of factorization at NLP?

do(1) cos ¢
(008 §) = / [do®

Attempt to address 1n
A. Bacchetta Bozzi, Echevarria, Pisano, Prokudin, Radici, Physics Letters B 797 (2019)



- [doW cos ¢

<COS ¢> T fdd(l)

Solution Bacchetta et al. is to introduce soft factor subtraction on TMD as in Collins 2011

F 7 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™ 7
j/H (2, br; i, yp — yB) = ?6 P <P|¢(O)fy+l/{[0,b]w(b)]P>|b+:0

JCC Soft factor further “repartitioned”
This is done to

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



5
. . Faciorization at sub-leading power ... revisit Treelevel

e “TMD” region (Pr~kp)~qr <O

- Factorization beyond leading order and leading power via Collins, Aybat & Rogers 2011
- 'To do this at sub-leading power; revisit tree level build RG consistency

- Develop RG and rapidity renormalization group Egs. CS equation

- The SIDIS cross section in the hadronic Breit frame

do _ em Y pv
dedyd¥dzd?P,, 4Q4 Ly W




i 8
_ facwrization at subleading power ...revisit Treelevel
e

» “TMD” region (py ~ k) ~ qr < O

_ ! dreuT f x
Wins= e 2 | d'ae™(PIILO0, X) (1, X] @) |P).

Ju(@) = I (@) + I (2)

Consider 2 parton quark current with longitudinal gluon to make gauge invariant

1
(2) _
WMV (27!')4

/ dig e <P1 P, ‘J,f?) (0) J@1 (:c)| P, ,P2>

1

1 v
W2 = A ) e /dzku d’ky1 6®) (@1 — k11 — ko1 ) X Tr [(I)q/P1 (71, k11, 81) 7" ®q/p, (T2, k21,S2) Y ]
q

di¢
(I)Q/Pljj’(xa ki, S) — / ﬁ et (§+) <Pa S

95 O U O UM () ¥5(9)| P, S)

gauge invariant

/-—' \

p— : N
—>—QI>¢1/P1 (z1, ki1, SQ > > QQ/PI (z1, k11, SQ_’_

Figure 2. Representation of how the Wilson lines enter for the quark-quark correlation function.
Left: The 7 Wilson line associated with Z™(0). Right: The 7 Wilson line associated with U™ T(¢).



5
-

The two parton hadronic tensor can be organized in terms of the contributions at a given twist by performing a Fierz decomposition of the quark lines.

Fierz decomposition of the 2 parton correlation function  0;50/;r = Z | f‘?l j This decomposition is demonstrated in Fig.
a '
Ah/q (Z, P, Sh)
A : Y

Ah/q (Z, P, Sh)

Okl E Oy

j
03 Orjr ) )

1 i

- > >
> ®,/p (z,ky,S) >
. > (I)q/P (CL', k_l_) S) >
i 1 1 _ = a b
Factorized !! WD = 3 Tr [y T2y I P |0l (2, k.1, 8) AlM) (2, p1,80)]

c
a,b



d*¢ 5 (0) UM (0) UM (E) ¢§(§)| P, S>

q)q/pljj/(:c, kJ_,S) - / (271')3 k€ s (§+) <P,S

¢ are quark fields with the momentum scaling k* ~ @ (1, A2, )\) | A= q_l_/Q kP are (n -k, n-k, kJ_)

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

,(pc — XC _|_ ¢C
@)=y, @) = Py

* Upon expressing ye< 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,S), (P,S|xj ¢j|P,S), and (P, S|g7 ¢5|P,S)



g ).
_ Factorization at sub-leading power ...revisit Treelevel
-

* 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,k,S) =Tr [cb (x1. k7, S) Fa]

Due to the idempotence of the projection operators, x(x) = 71_¢¢C(m) , ©°(x) = ?il—7i¢c(x)

each I'2 operator will be associated with a particular field configuration, and thus a particular twist which we

organize in table

Twist 2

Twist 3

Twist 4

1, Lt
iy°, 10

T
%0-’-’)’,&’}’0’_}:

2

B [
2
o
N N N NI
-2
o

3h

LY, 10

i k-5 P
%0 Y ,i"‘/O’.*.k




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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. N
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1, 144 11 L 1 1
21t 4ﬁ/ 212 \ ot gt
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D(x, k)

Subleading Quark TMIDPDF's
Quark Chirality

Chiral Even Chiral Odd

SIDIS tree-level diagrams relevant for
sub-leading-power observables
“intrinsic”

+Mulders Tangerman NPB1995
+Goeke Metz Schlegel PLB 2005
+Bacchetta et al 2007 JHEP
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r

-
“TMD” region = 42 / d“we‘“’%PlJ” Ih X><h X| J,(@)|P),

Consider 3 partons entering from one hadron

. / iz e~i90 <P1 Py \(J,g3>(0) TP (z) + T2 (0) J® ’f(a:)) | P, P2>

i —k v
X [/dk;r:[‘f[ Aq/Pl(w)xgakJ_aS)fyMAh/q(zapJ_ash)’Yi(p —¢kg)2g+ ZE’Y ]

.e’)’z'q)q/p(:v, ki,S)y"| + h.c.]

+/dpg—r:[‘r ah/q(zazgaplash)fyy

Dq/p, (172 ku S2)
Similar Frierzing algorithm ?/P o k?‘

Get factorized Hadronic tensor Fb

RORO

B DY/SIDIS tree-level diagrams relevant for
W W ™ Ex o sub-leading-power observables.

;LF : , diagrams “dynamical” ggq contributions witl
s % ;L»
@, p, (21, mg ki, S1)

FIG. 4. Fierz decomposition of the dynamic sub-leading contribution to the ection. In this graph, m represents a
transverse Lorentz index.
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SIDIS tree-level diagrams relevant for
sub-leading-power observables.
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Generalization of
+Mulders Tangerman NPB1995
4+ Boer Pijlman Mulders NPB 2003
+Bacchetta et al 2007 JHEP
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Combining these contributions and multiplying by leptonic tensor
get factorized Cahn and more....

s [fn] o (520 oo (20

dx kK, -z - dz LA~
_/{E_gccli)}}sxg [(m _LQ fl) Dl] +/Z_gc<?}}r§zg [fl (sz_Q Dl)] ’ . . .
g g Cahn intrinsic k

Gamberg, Kang, Shao, Terry, Zhao arXiv: e-Print:221.13200 V :
"
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qr ~ kr <

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

W 2 3
% / o ePTTW (zp, br, Q)

dQ2dzprdp2 | (2m)2

W(:UF’ br, Q) — Z H_B‘Y(Qa /'l”a's(/'l’))fj/A(mAa br;Ca, I'l')fj/B (mBa br; (B, /1‘)
J



NLO andNLP

Fds (7,2, Py ) = Hi1s(Q; w) CPP % D, SMF

- @i ™ [ (

k. -7 : -
o hDi-Soh Dl) sk

dx dvn
-2 [ o mdne,, @ RS, |-

Lg

dz dvn -pJ_ - I - n-
+2 [ Cori e, Qo OB, | B Drste
g . -

where H¥™ and S are the kinematic sub-leading hard and soft functions.



Ingredients hard factor

AVAV AVAVERAVAV AVAVERAVAV /v the

FIG. 9. The one loop diagrams for the hard contribution to the SIDIS cross section: the vertex correction (left), the self-energy
diagram (middle and right), as well as their hermitian conjugates (denoted as “h.c.”).



NLO and NLP hard factor

The hard region

The hard contribution can be obtained using the DY form factor ~” — F” (Q;u)

FV(Q;;L)Z’)’V (1+2lE—LQ) =t (%—4LQ+3) ?if}:ﬁ

A

v H 2 B =V
: 1 2 1 T Ry 1k 1 wn
AVAVERERAVAV — = —2L45+°Lo—~-+4+2Lo+ — —3 2Lo — — —1
i +| -2 ot Lo—_+2Lo+ 5 2 | (2Le — - 1

2 Y 1 hn” 2 an”
SOC(kl) ( /f\ ‘ -+ (4LQ — E — 3) 1 (ZLQ — E — 1) Q2 | (4LQ — E — 3) 4
~

<

>

<

[Double pole VanishesJ

The insertion of a sub-leading operator alters the divergences for one amplitude

N aSCF 2 3 4L 77T2 v _5 v IS o
H(Qsp) =1+ — [—6—2 - — —4Lg - GQ 6L + — —8] } J" = x°(x)v] x°(x) + conjugate
ANP(Qip) =1+ 22 F |2 2 o012 L 229 4 yr 4+ 7 5] i |

@) =1+ 5 | Ty Tl watg sl X°(z)y ¢ (@) + perms

Double poles differ from those at LP. Issue enters due to current.
10

Thanks to John Terry for slide



NLO andNLP

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

H—@/P (932, kor, Sa; 1, C/D-’-

yp (1, Krr, S1; p, ¢ f12) D>

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

1 1

B Ipm v TV
Lsing = §Fs LP I'sint = §Fs LP

Double poles match what is required for RG consistency from the hard contribution.

11

Thanks to John Terry for slide



Look under the hood rapidity and UV subtracted TMDs
Collins-Soper Equations determine rapidity and UV
anomalous dimensions

‘\—I“L - f “‘
LX) b
Yol @ Vel

+h.c.

To carry out analysis for intrinsic sub-leading distributions, we re-express quark fields in correlator
in terms of good and bad field components ¥ (xz) = x(x) + ¢(x)
Impacts calculation of the gauge links and soft factors at NLP



As a consequence rapidity and UV subtracted TMDs obey
Collins-Soper Equations & we can determine rapidity and UV

anomalous dimensions

+h.c.




RG consistency established =0 &

The diagrams which give rise to the soft function at NLO+LP in Drell-Yan.



‘

. Summary

* We have revisited TMD factorization beyond leading power and beyond
leading order in terms of intrinsic TMDs

* We are able to establish RG consistency and consistency of the EOM
beyond leading order

*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 for EIC study of nucleon

* Comparison of the work of Bacchetta et al. 2019 & Chen 2017 and others
Vladimirov et al. and Gao/Stewart
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