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1 Introduction

From the pioneering elastic scattering experiments in the 1950s that revealed the finite size
of the proton [1], to the classic deep-inelastic measurements that observed the first glimpses
of the proton’s pointlike substructure [2, 3] in the 1960s and 1970s, electron scattering has
been an indispensable tool for hadron structure studies. These experiments established
critical milestones that ultimately paved the way to the fundamental theory of the strong
interactions, Quantum Chromodynamics (QCD). The theoretical formalism of collinear
factorization, developed in the 1980s in the context of perturbative QCD [4-6], provided
a rigorous and systematic path between high-energy scattering observables, such as deep-
inelastic scattering (DIS) cross sections, and the quark and gluon (or parton) longitudinal
momentum distributions that characterize the proton’s internal structure. Over the course
of the last few decades, a wealth of experimental data has been accumulated on proton and



nuclear targets which has revealed intriguing features of the flavor and spin dependence of
the parton distribution functions (PDFs) in nucleons and nuclei [7-9].

More recently, it has been recognized that one can access also the transverse mo-
mentum distributions of quarks and gluons, which, when combined with the longitudinal
information, holds the promise of systematically mapping out the full three-dimensional
partonic structure of the nucleon in momentum space [10-15]. Charting the distributions
in the transverse plane is naturally more involved, however, requiring the development of
transverse momentum dependent (TMD) factorization in appropriate regions of kinemat-
ics [16]. Tremendous interest has been generated in recent years [17-23] by the prospects
of extracting TMD information from experiments at existing facilities such as COMPASS
at CERN and Jefferson Lab, which use lepton probes (muons and electrons, respectively),
and RHIC at BNL, which utilizes proton beams.

One of the key processes that has been embraced as a potentially rich source of infor-
mation about TMD PDFs is semi-inclusive DIS (SIDIS), where in addition to the scattered
lepton, a high-momentum hadron (typically a pion) is detected in coincidence in the final
state [24]. With the incident ¢ and scattered ¢’ lepton four-momenta defining the leptonic
plane, and the target nucleon and produced hadron four-momenta P and P defining the
hadronic plane, specific angular modulations between these planes in SIDIS can allow the
extraction of various types of TMDs that are not accessible from traditional inclusive ob-
servables. (Note that for simplicity we will refer in this paper to scattering of leptons
from nucleons, however, the results apply equally to scattering from any other hadron or
nucleus.) Here, as for inclusive scattering, the large four-momentum transfer ¢ = ¢ — ¢’
between the leptons provides the hard scale, Q? = —¢? > AéCD, for the factorization of
the SIDIS process.

A clear advantage of electrons (and other pointlike leptons, such as positrons and
muons) is that they are much cleaner probes of nucleon structure than are hadron beams,
whose internal partonic structure is typically intertwined with that of the probe and hence
more difficult to disentangle. At the same time, it has long been understood that electron
scattering at large momentum transfer can be a source of considerable photon radiation,
which can significantly distort the inferred nucleon structure if it is not properly accounted
for. In particular, the radiation can not only affect the momentum transfer ¢ from the
lepton to the nucleon, it can also alter the angular modulation between the leptonic and
hadronic planes, making it problematic to define the transverse momentum of the pro-
duced hadron, Pj7, in the true photon-nucleon frame. This in turn can induce angular
modulations which can mimic those arising from the true nucleon structure effects encoded
by the TMDs.

In the literature, modifications to inclusive DIS [25-27] and eTe™ annihilation [28-
31] cross sections induced by electromagnetic radiation have been treated in the form of
corrections to the tree-level cross sections, in some cases improved by resummation of
logarithmic-enhanced radiative effects [32-34], what are then subtracted to reveal the true
Born cross sections without radiation. Unfortunately, without accounting for all radiated
photons experimentally, some of the radiative corrections (RCs) rely on knowing the in-
variant mass of the hadronic final state and subsequent Monte Carlo simulation [35-3§],



which inherently introduces a degree of model dependence in the procedure. For processes
beyond inclusive DIS the prescription of matching to the Born cross section by removing
the radiation effects becomes increasingly difficult [39, 40]. For exclusive or semi-inclusive
cross sections, which are parametrized by 18 structure functions, the procedure becomes
effectively impractical without introducing severe approximations.

Despite the complications, several pioneering efforts have been made to address RCs in
SIDIS reactions, most notably within the covariant approach of Bardin and Shumeiko [41],
in which infrared divergences from real and virtual photon emission are shown to cancel.
Compared with the Mo and Tsai approach [25], an advantage of the covariant method
is that the expressions for the RCs do not depend on parameters introduced to separate
the photon emission on the hard and soft parts of the amplitudes. Using this approach,
the corrections to the triply-differential (transverse momentum integrated) SIDIS cross
section d®c/dxs dydz;, were considered by Soroko and Shumeiko for unpolarized [42] as
well as polarized [43] scattering, where x5 = —¢?/2P - q is the Bjorken scaling variable,
y = P -q/P - { is the energy loss of the incident electron, and z, = P - P,/P - q is the
longitudinal momentum fraction carried by the final state hadron.

This was extended by Akushevich et al. [44, 45] to the case of the angular dependent
cross section for unpolarized SIDIS, d¢/dx, dy dz, dP2 dép, where ¢y, is the azimuthal
angle between the lepton and hadron production planes, including contributions from the
exclusive radiative tail. Ilyichev and Osipenko [46] considered a higher-order background to
this five-fold unpolarized SIDIS cross section arising from exclusive lepton-pair production,
which in the region ¢; = 180° can be comparable to the SIDIS signal. Contributions from
two-photon emission, which enter at the same order, were also considered in this work.
Most recently, Akushevich and Ilyichev [47] derived within the same approach analytical
expressions for RCs to sixfold differential SIDIS cross sections for scattering longitudinally
polarized leptons from nucleons with arbitrary polarization, d®c/dxs dy dz;, dP,fT doy, dy,
where 9 is the azimuthal angle between the lepton scattering plane and the spin direction
of the incident nucleon. The calculations included the “model-independent contributions,”
proportional to log(Q?/m?), where m, is the lepton mass, associated with the emission of
real photons from leptons, along with leptonic vertex correction, and vacuum polarization.
Not considered in the analysis were corrections from real and virtual photon emissions by
hadrons, QED hadronic vertex corrections, or two-photon exchange contributions.

In a recent paper [48], we proposed a new factorized framework for SIDIS reactions,
which simultaneously treats QED and QCD radiative effects on the same footing and in a
systematically improvable manner. In this approach, the lepton-nucleon SIDIS cross sec-
tion is effectively an inclusive cross section to observe one lepton and one hadron in the
final state. It is a well-defined two-scale observable when @Q? is much larger than the mo-
mentum imbalance between the observed final-state lepton and hadron, and the imbalance
is sensitive to the collision-induced QED and QCD radiation and transverse momentum
of the active partons and leptons. Our new factorized framework for SIDIS is effectively
a hybrid factorization approach with collinear factorization for the two leptons and TMD
factorization for two hadrons when the SIDIS cross section is in the two-scale regime.

In the present work, we provide the details that justify this hybrid factorization ap-
proach, and demonstrate why the collinear factorization is a good approximation for or-



ganizing all-order contributions of collision-induced radiation from the leptons in both
lepton-nucleon DIS and SIDIS. We illustrate this with explicit examples of applications of
the factorization approach to QED radiation in inclusive DIS, and compare with existing
RC calculations. For SIDIS, we quantitatively demonstrate that the amount of transverse
momentum broadening generated by the collision-induced QED and QCD radiation from
a “point-like” lepton is much smaller than the typical transverse momentum of a colliding
parton (which could be further enhanced by QCD radiation from its intrinsic value) for all
foreseeable energies of lepton-nucleon scattering experiments. The momentum imbalance
between the observed lepton and hadron in the final state is therefore dominated by the
transverse momentum dependence of the nucleon TMDs, which makes SIDIS a particularly
useful process for TMD extraction. This finding justifies our hybrid factorization approach
to handling high-order QED and QCD contributions to SIDIS consistently, with collinear
and TMD factorization for the leptons and hadrons describing their leading nonperturba-
tive contributions via universal collinear and TMD distributions, respectively, when the
SIDIS is in the two-scale regime. In addition, our hybrid factorization approach to SIDIS
in this two-scale regime avoids having to deal with a full TMD factorization for all four
observed particles (the two leptons and two hadrons) in both QED and QCD [49].

The challenge for the traditional method of treating QED radiation as an RC factor
applied to the QED Born cross section is the difficulty in controlling the “true” momentum
transfer to the incident nucleon. Even when the momentum transfer Q2 is sufficiently large
for a perturbative hard scale, QED radiation can render the “true” momentum transfer @2
to the colliding nucleon, which has a minimum

(1-y)

0=y (1)

Enin = Q2
such that @2 < Q? when zz is small or y is large and there is a large phase space for
radiation. When the “true” momentum transfer to the colliding nucleon @2 is not in the
DIS regime because of QED radiation, high-twists and quasielastic or elastic tails could
contribute to the lepton-nucleon cross section even when Q2 is large. This could naturally
lead to model dependence of the RCs in order to remove or correct these non-DIS events,
even for the inclusive DIS measurements.

Our proposed factorization approach for both QCD and QED contributions to DIS and
SIDIS naturally maintains the “true” momentum transfer sufficiently large, Q2. >> AZp,
to ensure factorization and avoid regimes where higher-twist and non-DIS events could
be relevant. To achieve this, we systematically separate the infrared-sensitive QED parts
as me — 0 from the infrared-safe QED terms in the same way as for QCD factorization.
We include all-order QED contributions to DIS and SIDIS cross sections by resumming
infrared-sensitive terms into universal lepton distribution functions (LDFs) for the incident
leptons, and lepton fragmentation functions (LFFs) of the observed leptons. The infrared-
safe contributions are calculated perturbatively in powers of «, up to power corrections in
powers of me/Q < 1.

The key impact of QED radiation on the SIDIS cross section is from the change of
the momentum transfer to the colliding nucleon, in both its direction and invariant mass,



caused mainly by the logarithmic-enhanced collinear QED radiation. In this paper, we
extend the analysis [48] of the unpolarized SIDIS structure function to the spin-dependent
case, for the specific examples of the Sivers and Collins asymmetries. In particular, we
demonstrate a “no-go theorem” for RCs in SIDIS, which arises from the dependence of
the longitudinal and transverse polarization vectors St and St on the leptonic momentum
fractions, and forces us to consider a two-step process to account for the radiation. We note
that the same issue will affect the case of inclusive polarized DIS, in addition to SIDIS,
and the extraction of the spin-dependent g; and gs structure functions.

We begin by reviewing in section 2 the factorized formalism for inclusive DIS in the
presence of QED radiation, presenting the basic formulas for DIS cross sections in terms
of universal LDFs and LFFs. We assess the importance of the QED radiation numerically
at various kinematics relevant to Jefferson Lab and EIC energies, and compare the results
of our factorized approach with the traditional formulation of RCs in the literature. In
section 3 we generalize the factorized formalism to the case of SIDIS processes, and discuss
the specific collinear and TMD factorization for the leptonic tensor and structure functions
relevant in different kinematics. The numerical impact of QED effects on SIDIS observables
is described in section 4. To demonstrate the practicality of our approach, we illustrate the
formalism applied to unpolarized SIDIS structure functions, as well as to the azimuthal
modulations for transversely polarized nucleons associated with the Sivers and Collins
asymmetries. In particular, we quantify the effect of the mismatch between the total four-
momentum transferred from the incident lepton and the QED Born approximation on
the problem of defining a unique photon-nucleon frame, and the resulting mixing induced
between the different angular modulations. Finally, in section 5 we summarize our main
conclusions and discuss possible future extensions of this work. Several appendices give
additional details of the calculation of the NLO perturbative coefficients for the leptonic
tensor (appendix A), together with a few useful formulas (appendix B), and a set of QED
dependent kinematic expressions relevant for SIDIS calculations (appendix C).

2 Factorized formalism for inclusive DIS with QED

We begin our discussion by reviewing the more familiar case of inclusive DIS, where we
demonstrate the factorized formulation for the QED radiative effects in terms of universal
LDFs and LFFs and infrared-safe higher-order QED corrections. Most generally, the cross
section for inelastic scattering of a lepton e of four-momentum ¢ and helicity A; from a
nucleon N of four-momentum P and spin S to a scattered lepton e of four-momentum ¢
with inclusive final states X, e(¢,\¢) + N(P,S) — e(¢') + X, can be formally written in
terms of the square of its scattering amplitude My(y,)p(s)—¢x, as sketched in figure 1(a),

1

doyrnyps)—erx = %

2
’Mz(AZ)P(S)%/x’ dps, (2.1)

where s = (£ + P)? =~ 2( - P is the total collision energy, and dPS indicates the differential
phase space of the given final state, which will be specified below. Using the fact that the
QED fine structure constant o = €2 /(4r) is small in the energy regime of interest, the DIS
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Figure 1. (a) Inelastic scattering amplitude for a lepton (¢, \;) from a nucleon (P, .S) to a scattered
lepton (¢') with inclusive final states X, and (b) the same amplitude via an exchange of one virtual
photon (g).

amplitude is often approximated by the amplitude with one-photon exchange, as shown in
figure 1(b). The inclusive DIS cross section in this case can be written as

dPoyr)p(s)-ex - L(o)

L B3 Q4 %

(0,0, X)) WH (q, P, S), (2.2)

where the zeroth-order leptonic tensor given by

1
L0, 00) = Te | 5 (14 A) - £,

= 20, b+l — €0 Gy + i €ap 07 (2.3)
and €,,,0 is the totally antisymmetric tensor with €923 = 1. The hadronic tensor is
defined as

d®p;
WH(q, P, S) Z/ H o) SQZE (2m)*6™ <q+P— Zm)
1€X

x(P, S|JH0)|X)(X|J7(0)|P,S),  (2:4)

where J#(0) is the electromagnetic current coupling to quarks. In general, the hadronic ten-
sor can be expanded in terms of spin-averaged F »(z5, Q%) and spin-dependent g 2(z5, Q?)
structure functions,

~pv I 1574
Wi (g, P.8) = ~5"(0) Fi(rn. @*) + 5 PP Fafan. Q)
M

+P-q

v S
¢ o S5 1(2, @) + (S5 = 52 Ps) aalen, Q7)) (2)

where the current conserving tensor g"” and vector Pr are defined as
q"q” 5 P-q

, P“EP“—iq , 2.6
" 7z (2.6)

9" (a) = ¢ -

such that ¢, g"(¢q) = quf’“ = 0. The target nucleon spin four-vector can be written in
terms of the polarization vector S, S* = (S°, §), with P-S = 0 and normalized such that
5% = 1.



In the one-photon exchange approximation, and in the absence of photon radiation
from leptons (i.e., the QED Born approximation), the inclusive DIS cross section in eq. (2.1)
can be expressed in terms of the spin-averaged and spin-dependent structure functions by
using the leptonic and hadronic tensors in egs. (2.3) and (2.4), respectively. For example,
the unpolarized lepton-nucleon DIS cross section is given by

dPopex 4o
d3¢ sty2Q2

B 2ot P Q)+ (1 -y = 1720 ) P Q7). 21
where v = 2M x5 /Q, and we neglect hadron masses relative to the center of mass energy /s,
but keep finite mass terms with respect to Q = /Q2. The one-photon exchange expression
for the cross section (2.7) indicates that the nucleon structure functions F; and Fj can be
extracted directly from inclusive DIS data, and traditionally have often been considered
as “direct” physical observables. With a large four-momentum transfer, Q2 > AQQCD, these
structure functions can be further factorized in terms of quark and gluon PDFs [6]; for

example, for the F5 structure function,
2 ! r @ 2 AéCD
Fy(xp,Q%) = E / d5602a<, 2aa5> fa(z, p )+O( 2 )a (2.8)
@ /B Ip M Q

where the sum runs over all parton flavors a (= ¢, ¢, g), Ca, are coefficient functions calcu-

lable in QCD perturbation theory order-by-order in powers of the strong coupling «,, and
fa(x, u?) are universal PDFs of flavor a probed with active parton momentum fraction z
and factorization scale p.

In principle, any cross section with an identified hadron (in the initial or final state),
such as the inclusive DIS cross section, cannot be fully calculated within QCD perturba-
tion theory due to its dependence on the hadronic scale of the identified hadron. The
factorization formalism, as in eq. (2.8), is an approximation with the correction sup-
pressed by inverse powers of the large momentum transfer ) of the collision. Simi-
larly, other structure functions in eq. (2.5) can also be factorized in terms of univer-
sal PDFs [16]. If the factorized coefficients are calculated at leading order (LO) in oy,
the two spin-averaged structure functions are related via the Callan-Gross relation [50],
Fo(z5,Q%) = 225Fi(25,Q%) = 3, €2 ap fo(xs, Q%). With the perturbatively calculated
coefficient functions at next-to-leading order (NLO) and next-to-next-to leading order
(NNLO) in ag, precise data from inclusive DIS have provided important constraints on
QCD global analysis of PDFs [51].

2.1 Inclusive DIS with QED radiative contributions

With the large momentum transfer, Q2 > A%CD, lepton-nucleon scattering naturally trig-
gers radiation of photons (photon showers), such as those from the incident and scattered
charged leptons and quarks illustrated in figure 2 at NLO in . Without being able to
account for all radiated photons experimentally, this collision-induced QED radiation not
only changes the momentum transfer ¢ between the incident lepton and nucleon, but also
requires diagrams beyond the one-photon exchange approximation to maintain the gauge
invariance of QED (or in general electroweak) contributions to the inclusive lepton-nucleon



Figure 2. Diagrams for the first real (top row) and virtual (bottom row) QED radiative contribu-
tion to scattering of a lepton (momentum k) from a quark (p) to a lepton (k') and recoiling quark.

(b) 1%

Figure 3. Sketch of scattering amplitudes for (a) the factorized DIS process in eq. (2.9), and
(b) lowest order lepton-quark scattering.

DIS cross section. Beyond the one-photon exchange approximation, the structure functions,
along with the PDFs from eq. (2.8), cannot be uniquely determined from inclusive DIS data
without accounting for all QED radiative contributions to the measured cross section.

The traditional method to include all QED radiative contributions to the lepton-
nucleon DIS cross sections is to introduce an RC factor to the Born cross section, so that
one can still extract the structure functions from inclusive DIS data. However, this ap-
proach necessarily introduces uncertainties in handling the contributions of QED diagrams
beyond one-photon exchange, such as the virtual diagrams with two-photon exchange con-
tributions in the second row in figure 2 at NLO, and similar diagrams at higher orders.
Consistent treatment of such QED (or electroweak) contributions to the lepton-nucleon DIS
cross sections is important for precision extraction of PDFs, and especially for searches of
new physics beyond the standard model in processes such as parity-violating DIS.

Instead of treating QED radiation as a correction to the Born process, here we unify
the QED and QCD contributions to the lepton-nucleon scattering cross section in a consis-
tent factorization formalism. We consider the lepton-nucleon inclusive DIS in eq. (2.1) as
an inclusive production of a scattered lepton of four-momentum % with a transverse com-
ponent ¢, > Aqgcp in the lepton-nucleon frame, where the colliding lepton and nucleon are
head-on, as sketched in figure 3(a). Applying the factorization formalism previously devel-
oped for single-hadron production at large transverse momentum in hadronic collisions [52]
to lepton-nucleon scattering, the factorized cross section for the unpolarized inclusive DIS



Figure 4. Sketch of the lepton distribution function for finding a fermion (quark or lepton) inside
a colliding lepton of momentum ¢, where the active fermion of momentum & in the amplitude and
its complex conjugate is contracted by the cut-vertex, y*/(207) §(¢€ — k+/47T).

reaction e(¢) + N(P) — e(¢') + X can be written as

dogpex 1 /1 a¢ [t d¢ 2 2
17:— —_— —_ . .
E'— 5y 22} B o DG figel&n?)

1
<[ S ) B (€LaP[G2) + s (29)
where i, 7, a include all QED and QCD particles, and the ellipsis represents corrections
suppressed by inverse powers of ¢/.. The lower limits of the integrations in eq. (2.9) depend
on external kinematics as specified in eq. (2.24) below, and f,/y(z, ;1?) is the PDF of the
colliding nucleon N with momentum fraction = p~ /P~ carried by the active parton of
flavor a (either a quark, antiquark or gluon in QCD, or a lepton or photon in QED) [4],
where we use the light-cone vector notation v+ = (v° £v?)/v/2 for any four-vector v* with
the plus direction defined along the lepton momentum ¢. (Note that we take the nucleon
to be moving along the —z direction, with the incident lepton along the 4z direction.)

In eq. (2.9), the LDF f; (&, p?) gives the probability to find a lepton (or parton) of
flavor ¢ with momentum k ~ &£ in the incident lepton of flavor e, defined analogously to
the PDF of a hadron [4], but with the hadron state replaced by an asymptotic lepton state

le). Explicitly, for a lepton (or quark) distribution in a lepton e with momentum ¢, the
LDF is defined as

Fel& i) = [ S )0 @y i), (2:10)
where £ = k1 /0T is the light-cone momentum fraction carried by the active lepton (or
quark) of momentum k& and flavor i, as sketched in figure 4, u is a scale to renormalize the
nonlocal fermion operator, and @ -] = exp[—ie [ “dn~ At (n7)] is the gauge link with
a photon (or gluon) field A*. Similarly, the photon (or gluon) distribution function of
a lepton can be defined in the same way as the gluon distribution of a hadron, except
replacing the hadron state by a lepton state, and the gluon field by corresponding photon
field for the photon distribution function [4].

In analogy with the LDF, the LFF D, /;(¢, ©?) in eq. (2.9) describes the emergence of
the final lepton e with momentum ¢ from a lepton (or parton) of flavor j with momen-
tum k' ~ ¢'/¢. Formally, the LFF for a fermion (lepton or quark) of flavor j to decay into



the observed lepton e is defined as

D¢, p? _ < Z/ il /G
X T [y (0] 65 (0) D0 o) [e(E), X (e(), X[t (27 )Pl og|0)], (2:11)

where the plus direction is taken along the observed lepton momentum ¢'* = (¢ 0, 0r)
[note that the plus direction for the LDF in eq. (2.10) was defined along ¢]. The LFF from
a photon (or gluon) is defined analogously to the gluon fragmentation function to a hadron,
with the hadron state replaced by the observed lepton state and gluon field replaced by the
corresponding photon field for the photon fragmentation function [4]. Both the LDF (2.10)
and LFF (2.11) are defined in analogy with the quark PDF in the nucleon, fa/N(x,,uQ),
and quark to hadron fragmentation function [4], with the quark and gluon fields replaced
by lepton and photon fields, and the hadron state by a lepton state.

In eq. (2.9), the function ﬁia_m- x is the lepton-parton (or parton-parton) scattering
cross section, with all logarithmic collinear sensitivities along the direction of observed
momenta, £, ¢ and P, removed, and is therefore infrared safe and insensitive to taking the
me — 0 or mg — 0 limits. The infrared-safe fAIm%j x can be perturbatively calculated by
expanding the factorized formula (2.9) order-by-order in powers of « and s, with Hl(;n_g)
denoting the contribution at O(a™al).

The factorized inclusive DIS cross section in eq. (2.9) resums all logarithmic enhanced
contributions from collision-induced radiation collinearly sensitive to the incident lepton
into LDFs f; ., radiation that is collinearly sensitive to the scattered lepton into LFFs D, ;,
and radiation collinear to the colliding nucleon into the nucleon PDFs f, /. We stress that
our factorization approach to inclusive DIS does not require the approximation of one-
photon exchange. The factorization formula (2.9) does provide a perturbatively stable basis
for the reliable extraction of the nucleon PDFs, f,/n, from inclusive DIS cross sections,
along with the universal LDFs and LFFs, without the need for introducing the concept
of hadron structure functions. In this approach the structure functions are not direct
physical observables, but are in practice tied to the one-photon exchange approximation.
In addition, the factorized formalism in eq. (2.9) naturally accounts for all leading power
QED contributions in the m./Q expansion of the inclusive DIS cross section, order-by-order
in powers of «, such as those in figure 2, as well as the resummation of logarithmically
enhanced collinear radiative contributions into LDFs and LFFs.

As an additional approximation, if one can justify that the inclusive DIS cross section
for a lepton of momentum ¢ and helicity Ay colliding with a nucleon of momentum P and
spin S, as sketched in figure 5, is dominated by the subprocesses consistent with the one-
photon approximation, which is equivalent to setting i = j = e for the }>,; in eq. (2.9),
then the factorization formula in eq. (2.9) can be further simplified to

oy, p(s)—ex
By S0P Z/ D) [ A€ fauynn €0)

mln

d3 /
% [E/ O'k()\k)P(S)—ﬂcX 7 (2.12)

3
d°k’ L:ge, k'=0 /¢

~10 -



Figure 5.  Sketch of the kinematical variables describing inclusive DIS from a nucleon (with
momentum P and spin S), with the incident (¢) and scattered (¢') leptons defining the lepton
plane.

where A is the helicity of the lepton of momentum & that collides with the nucleon. The
cross section Gy(x,)p(s)—k'x is infrared-safe as m. — 0, with all collinear sensitive QED
radiative contributions along the lepton momenta ¢ and ¢’ resummed into f,/. and D/,
respectively. At lowest order in powers of «, effectively with one-photon exchange, the

cross section can be written as

Porops) sk x 202 o
e R K M WG, P S), (2.13)

with LES,) (k, k', \,) and WH” (G, P,S) defined in eqgs. (2.3) and (2.5), respectively. We can
express the phase space of the scattered lepton ¢’ in terms of more commonly used variables,

a3e y ) Q?
P = (22E3> dxs dQ“dy = (2113) dzp dy dy, (2.14)

where 1 is an angle between the leptonic plane and the nucleon spin plane defined by

vectors P and S, as shown in figure 5, with integration over dv giving a factor 27 for
unpolarized or longitudinally polarized DIS. Substituting the tensors in eqs. (2.3) and (2.5)
into eq. (2.13), and then substituting (2.13) into eq. (2.12), we can express the spin-averaged
lepton-nucleon DIS cross section in terms of structure functions evaluated at the shifted
variables 2z — &5 and Q% — @2,

Royp_p 1 q 1 2 5
R ~ / : nge/e(Cvuz) fe/e(é.vMQ) [ x‘|

dedy C‘min ? gmin Ip @2
dra? | <9 A A2 N PO A& A2
5 |20 (36, Q7) + (1= 9 = 20797 | Fa(d,Q7) | (2.15)
:EByQ

Here the factor [(Q?/xp) (i’B/@2)] is the Jacobian from eq. (2.14), and the variables with
carets “ ™7 are defined with respect to a virtual photon with momentum ¢* = &4 — ' /¢,
£ Q* P-g 2M

A2 ~2 2 A ~ ~
Q q CQ ) Ip ZPqu Yy Pk? Y Q ) ( )
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with Q2 = 25 ) § and § = (k + P)? ~ £s. The factorization formalism with the one-photon
exchange in eq. (2.15) resums all logarithmic enhanced QED radiative contributions to the
inclusive DIS cross section into the universal LDFs and LFFs.

We stress that the result in eq. (2.15) is derived from (2.12) with the approximation of
eq. (2.13), and should be valid so long as QED power corrections, proportional to powers
of me/ @, are small, without assuming any QCD factorization of the nonperturbative F}
and Fy structure functions. The QCD factorization of F} and F3 into expressions involving
PDFs may indeed not be valid if the “true” hard scale QZ is not in the DIS regime, or if
Zp is too close to 1 when the power corrections are large. On the other hand, eq. (2.15)
does express a valid QED factorization formalism that preserves the concept of the F; and
F5 DIS structure functions in the one-photon exchange scenario. With knowledge of the
LDFs and LFFs, eq. (2.15) allows the extraction of F; and F, as functions of Zz and @2
via global analysis of all DIS cross section data at measured z; and Q2 values, without
necessarily addressing whether they can be factorized into PDFs.

It is important also to note, as we discuss in more detail in section 2.4 below, that
the integration over the leptonic momentum fractions £ and ¢ in eq. (2.15), resulting
from the induced QED radiation, allows the “true” Bjorken variable experienced by the
colliding nucleon, Iz, to take any value between xz and 1 for any measured zz. Namely,
if one insisted on deriving an RC factor to mimic the impact of all (or the dominant)
induced QED radiation, one would require knowledge of the structure functions for all
possible values of the Bjorken variable between xz and 1, which is the quantity that we
are trying to measure in the first place. Such an RC factor, therefore, is necessarily model
dependent. Furthermore, the structure functions are nonperturbative quantities and the
validity of their factorization into PDFs requires power corrections o< 1/(1 — JEB)@Q to be
small and controllable. However, modeling the structure functions with known PDFs in
order to derive the RC factor could lead to uncontrollable systematic uncertainties, since
such power correction could be enhanced by not only #z — 1 but also the fact that Qmm
as given in eq. (1.1) is < Q2.

Under the collinear factorization approach to inclusive DIS in eq. (2.9), the active lep-
tons of momentum k and k' are in the same plane as the incoming and scattered leptons
of momentum ¢ and #. In the one-photon exchange approximation, therefore, the factor-
ization formalism in eq. (2.12) also applies to the polarized inclusive DIS cross section,

dogryps)»ex Ao p-s)—ex

dag dy dy dap dy dy
~ ! dC ! 2 2
~ A ? ngE/E(CHu )Afe/e()\g)(gnu )
Q2 4 4>\£Oé { {( _Q EA A) A A2 _}A2A N ’\2:|
[xs 02| 02 cosf| (1= 5 =279 )91(26,Q7) = 5779 92(25, Q7)

— sin f cos 1 ﬁm['g 91(Zs, QQ) + g2(Z5, @2)] } ) (2.17)

where Afe/e()\g) = [fe (Ae=1)/e(Ne) — Je )\k—fl)/e()\g)]/2 = [fe (Ae=1)/e(Xe) fe (Ae=1)/e( )\g)]/2
denotes the lepton helicity distribution, and € is the angle between the colliding lepton of
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Figure 6. Sketch of sample scattering amplitudes for inclusive DIS with (a) one-photon exchange,
and (b) one-gluon exchange.

3-momentum £ and the direction of the nucleon spin S [cos@ = M (¢-S)/(¢- P)], as shown
in figure 5.

If one wishes to include higher order QED radiative contributions that are not re-
summed into the LDFs and LFFs, one should use the more general factorization formalism
in eq. (2.9) [or in eq. (2.12) under the one-photon approximation] for the inclusive DIS
cross section. In this case all QED radiative contributions are systematically included into
the infrared-safe hard part ﬁmﬁj x, order-by-order in powers of «, and the universal LDFs
and LFFs.

2.2 Universal LDFs and LFFs

The universal LDFs and LFFs share the same operator definitions with the hadron PDFs
and FFs, as discussed above. Like the hadron PDFs and FFs, in principle the LDFs and
LFFs are nonperturbative due to the fact that they can have hadronic components from
high-order processes. For example, the colliding electron could radiate a photon, the photon
could split into quark-antiquark pair, and the quark could initiate a hard scattering to
produce the observed lepton of momentum ¢, leading to a factorized nonperturbative term
proportional to the LDF f, /. (¢, ©2). In this case one has contributions to the factorized
inclusive DIS cross section in eq. (2.9) in terms of nonperturbative quark or gluon PDFs
of a colliding electron, as well as quark or gluon FFs to the observed lepton, as illustrated
in figure 6. In addition, even the LDF f, /e(f,uz) may have nonperturbative hadronic
component from high-order processes, although the impact of its hadronic components
may be very small in the energy regime of interest.

If we could restrict the events where there is effectively no hadronic activity along the
direction of the observed lepton, we could suppress the contributions from the types of
subprocesses in figure 6(b), even though these are expected to be small. Such restriction
could be imposed on the measurements to identify “isolated lepton” events, similar to the
“isolated photon” events in hadronic collision [53]. However, such isolation could reduce the
phase space for real gluon emission to break the perturbative infrared cancellation between
the real and virtual diagrams, since the phase space for the virtual gluon loop is not affected
by the isolation requirement. This was recognized in the “isolated photon” case [54, 55|, and
has being consistently taken care of by the proposed implementation of the isolation [56].
Photon isolation is very important and needed for high energy photon production as a
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Figure 7. Examples of (a) real and (b) virtual QED diagrams contributing to the NLO lepton
distribution fe(})e

hard probe of short-distance dynamics, since there is a large background of high energy
photons from the decay of an energetic 7°. However, as discussed in section 3.3.2 below,
the hadronic content of the collision-induced shower along the direction of the lepton is
strongly suppressed by powers of a@ ~ 1072, and we expect that the leading lepton is
almost “isolated”. A detailed implementation of such “isolated leptons” is beyond the
scope of current paper.

Neglecting the hadronic contribution, the LDF f, (¢, ©?) can be calculated perturba-
tively in QED with a properly defined renormalization for the nonlocal operators. Denoting
by fe(/né) (¢, 4?) the LDF evaluated perturbatively to order O(a™), we have, for example, the

LO LDF given by fe(?i (&) = 0(¢—1). At NLO, the leading logarithmically enhanced real and
virtual contribution in the light-cone gauge are given by the diagrams in figure 7(a) and (b),
respectively, leading to the result in the MS scheme,
1 a [1+&° p
FoNEu?) = o= In

2r | 1—-¢  (1—¢&)?m? N

: (2.18)

where the standard “+4” prescription is used. As expected, the perturbatively calculated
0 1
LDF, fese(& %) = FONE 12) + f1)(€, 1), preserves lepton number, [ d€ fo/e(€, u?) = 1.
A more comprehensive derivation of this LDF, beyond our NLO QED calculation, can be
found in ref. [57]. As for the contributions to hadron PDFs; high-order logarithmically
enhanced contributions to LDFs can be systematically resummed by solving the evolution
equations for these collinearly factorized distributions, including PDFs of the lepton if we
apply collinear factorization for the collision-induced QED and QCD radiation from the
leptons [58-63]. For the flavor non-singlet evolution, for example, one has
d La¢ £
2 2\
© di/,LQfe/e(é.’M ) - A é.,Pee(é.,a
where the evolution kernel P.. is calculable perturbatively order-by-order in powers of «
and as. At O(a), from eq. (2.18) one has Pe(el)(z,oz,as) = (a/2m) [(1 4 2%)/(1 - 2)] ..
Similarly, the LFFs can also be calculated perturbatively in QED, if we neglect their
hadronic components. At LO, the LFF is given by the trivial expression Dg/))e(c ) =0(¢—-1),
while at O(«) we have analogous expression to that in eq. (2.18),
a [14¢?

(1) _a C2M2
Dol =5 |T=c M a=orme ),

a,as)fe/e@',u?), (2.19)

(2.20)
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As for the LDFs, the logarithmically enhanced high-order contributions to the LFFs can
be resummd by solving the corresponding evolution equations.

Within the collinear factorization framework, in analogy with PDFs and FFs of
hadrons, we can derive the LDFs and LFFs by solving their corresponding evolution equa-
tions with nonperturbative input distributions at an initial scale pg. Unlike PDFs or FFs of
hadrons, however, which are completely nonperturbative, we could use the perturbatively
calculated LDFs and LFFs in QED at pg as a reasonable model for the input distribu-
tions, neglecting their QCD contributions as an approximation. In practice, the input
distributions can always be improved by comparing with experimental data. We also note
that the choice of g is not unique, which impacts the size of uncalculated higher order
contributions to LDFs and LFFs in QED, as well as the size of neglected nonperturbative
QCD contributions to LDFs and LFFs. Our choice of ug will be specified in section 4, and
further discussion about this will be explored in future work.

2.3 Short-distance partonic hard parts

As with all QCD factorization approaches, the partonic hard parts ﬁm_m- x in eq. (2.9) are
infrared safe and insensitive to taking the limits m., — 0 or m; — 0. They can be calculated
perturbatively by applying the factorized formula (2.9) to lepton-parton scattering order-
by-order in powers of a and «;, and depend on the choice for the renormalization scheme
of the LDFs and LFFs, in addition to the scheme that defines the PDFs.

To compute the leading order infrared-safe hard part in eq. (2.9), we can replace the
target nucleon by a point-like quark target, q. The lepton-quark cross section can then
be expanded to a given order in a and ag, with the O(a™a?) contribution to the cross
section denoted by o(m ") = 9sE daem_:Le '«/d3¢". [Note that the subscripts on the partonic

cross section here refer to particle type, in contrast to the hadronic cross sections discussed
above, as in eq. (2.12) and subsequently, which are labeled by the leptons’ and hadrons’

momenta.] Expanding the partonic cross section to the lowest order, i.e., O(a?a?), we have
2,0) — pO) & 0 (0) 77(2,0) 77(2,0)
Uéq )= e/e f f HequX Heq%eX’ (221)

where ® indicates the convolution of momentum fractions, and the O(a?) quark distribu-
tion f; /()1 () = d(xz — 1) is also used. Evaluating the lowest order lepton-quark scattering
diagram, one finds for the hard part function
- 4o’ [ (CEws)? + (wu)®
(2,0)
HyD o = : q [ Ok } §(C&xs + zu + &), (2.22)

with Mandelstam variables s = ((+ P)?, u = (¢’ — P)? = (y—1)s, and t = ({ —{')? = —Q*.
Substituting the calculated H(q_>)eX into eq. (2.15), we then have

dogpoox 207 1od¢ ! df
EZ W - T /Cmin 472 i 6 E/e(C) fe/e(é)
bode s 22C[(¢Es)? + u?]
X /xmin ;eq fQ/N(JL‘) (ft)Q(QfS—i-u) 5($_~Tmin), (2.23)
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where the lower limits of the integrations are given by

t+u

Cmin = - s =1- (1 - $B) Yy, (224&)
S u 1—y
Emin = Gl g (2.24D)
&t _ §xpy

(2.24c)

T Tl tu T Ky -1
Choosing the leading order contributions f/.(§) ~ f e/ e(f) and D,/.(¢) = DSZ(() in
eq. (2.23), and noting that to O(al) the structure functions in eq. (2.15) are given by
Fy(zg) = 2xgFi(ap) = > eg g fg/n(25), one can reproduce the lepton-nucleon cross
section (2.15) from eq. (2.23). The key difference between eqgs. (2.15) and (2.23), apart
from infrared-safe high order QED contribution, is the resummation of logarithmic-
enhanced photon radiation for the colliding and scattered leptons into the LDFs and
LFFs, respectively.

With the factorization formalism in eq. (2.9), one can systematically improve the
“RCs” by calculating the infrared-safe hard parts H f(mn)

eq%eX
determining the lepton mass-sensitive, but universal, LDFs and LFFs. For example, at

perturbatively for m > 2, and

m = 3 one can write

FGO ;30 _ pl) 720 20
Heq—)eX - U( ) — e/e ® Heq—>eX fe /e eq—)eX fq /q eq—)eX’ (225)

(3,0)

where oeq’ is the NLO QED contribution to electron-quark scattering with a proper

collinear regularization, and is given by the diagrams in figure 2. The function H éqg)e y 1s

given in eq. (2.22), and fe(}g and DS)@ are the NLO electron distribution and fragmentation
functions of an electron in eqs. (2.18) and (2.20), respectively, if we regularize the pertur-
bative collinear divergence by the electron mass. The NLO quark distribution function
in a quark, fq(}()], is similar to fe(}z,, and its exact expression depends on how the pertur-
bative collinear divergence associated with massless quark is regularized [16]. The three
subtraction terms in eq. (2.25) involve convolutions over different momentum fractions to
remove the collinear-sensitive photon radiation from the scattered lepton, incident lepton,
and incident quark, respectively. With infrared safety, the perturbatively calculated RCs
are completely perturbative-stable and insensitive to the lepton mass m. — 0, with all m,
sensitive RCs resummed into universal LDFs and LFFs.

The effects of the QED radiation on the inclusive cross section are illustrated nu-
merically in figure 8, for typical Jefferson Lab (y/s = 4.7 GeV) and EIC (y/s = 140 GeV)
center of mass energies. The ratios of the full cross sections to the Born results show
that the effects of the QED radiation can be quite large in some regions of kinematics,
especially at larger values of 3. For the ratios with fixed Q? values, since x5y s = Q? the
large-y region corresponds to small values of xp, and lower y values correspond to larger
Zz. The minimum value of y accessible is restricted by the cut W > Wy, = 2GeV,
which excludes the nucleon resonance region, and corresponds to a maximum value of
rp < xP = Q/(W2,, — M? + Q?). At Jefferson Lab energies this places a strong re-
striction on the range of y values allowed, while at EIC energies the effect of the cut is
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Figure 8. Ratio of inclusive ep cross sections with QED radiation effects (orc) to those without
radiation (o, rc) versus y at fixed values of Q2 (top row) and fixed xp (bottom row) for Jefferson
Lab energy /s = 4.7GeV (left), and EIC energy /s = 140 GeV (right), for the resummed (“RES”,
solid lines) and fixed-order (“NLO”, dashed lines) results.

less dramatic. Note that for Q% = 1GeV?, for example, the resonance region cut corre-
sponds to a maximum value 2% ~ 0.24, while for Q? = 10 GeV?, £ = (.76, and for
Q? = 100 GeV?, 2% ~ (.97.

For the ratios at fixed values of xp in figure 8, the effects also increase at larger y, which
corresponds to larger Q? values. The minimum value of y is restricted by the @2 > 1 GeV?
cut, which is imposed to exclude regions where the factorized framework would not be
applicable. This constraint becomes more evident at smaller xz values, which again is
less dramatic at the higher EIC energies, where the limit on the y range is visible for
rp < 107%. In addition, with the collision-induced QED radiation, the hard scale of the
collision (momentum transfer experienced by the colliding nucleon) changes from @Q? to
Q2 = (¢/¢) @2, which has a minimum value of @?nin < @2 given by eq. (1.1). The induced
QED radiation could push the scattering between the virtual photon and the colliding
nucleon out of the DIS regime when the “true” probing scale @2 is less than 1 GeV?, even
though @Q? itself would be above the cut. Instead of restricting Q? > 1 GeV?, a requirement
of @ﬁlin > 1GeV? could impose a stronger constraint on the range of x5 for a given value
of y, as shown in figure 9.
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Figure 9. Available phase-space for lepton-nucleon DIS with collision-induced QED radiative
contributions at Jefferson Lab (v/s = 4.7GeV) (left) and EIC (y/s = 140 GeV) (right) kinematics.
The colored lines denote regions of fixed Q\?nin and the diagonal yellow bands represent typical
ranges of y at those facilities.

Overall, the radiative effects are positive over most kinematics, with the orc/one re
ratio dropping below unity only at the lowest y values, especially for larger xz. The effect
of the resummation is generally a decrease in the magnitude of the radiative effects relative
to the NLO calculation, except at the highest y values where it enhances the corrections.
Clearly, the effects of the QED radiation are nontrivial and will have a significant impact
on the extraction of PDF information from inclusive DIS experiments. This is especially
pertinent at large values of y and small xz, where more phase space is available for both
QED and QCD radiation, and will be of particular interest at these kinematics in future
EIC measurements.

2.4 QED radiative contributions vs. radiative corrections

Before moving to the more involved case of semi-inclusive lepton-nucleon scattering, we
conclude the discussion of QED radiative effects in inclusive DIS by comparing our proposed
factorization approach with existing approaches that isolate such contributions in the form
of QED “radiative corrections.” With a large momentum transfer, the collision-induced
QED radiation is an integral part of the experimentally measured cross section for deep-
inelastic lepton-nucleon scattering. Historically, tremendous efforts have been devoted to
isolate and remove collision-induced QED contributions from measured cross sections that
would enable one to focus purely on QCD effects in lepton-nucleon scattering. The RCs
can be represented schematically in the form

Oobs (5537 Q2) * RQED (%97 Q2§ I, true, Qi?rue) X O’Born(%s,truea Q%rue) +ox (xBa Qz)’ (2-26)

where o, is the physically measured cross section, oper, is the ideal lepton-nucleon cross
section without the collision-induced QED radiation contamination, and Rqrp and ox are
correction factors that are computed theoretically. The variables s trye and Q7 represent
the “true” or effective momentum scales that are experienced by the colliding nucleon, and
differ from the corresponding experimental z; and Q? due to the induced QED radiation.
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For the expression in eq. (2.26) to be a valid basis on which to quantitatively account
for QED radiation, there must exist some controllable approximation scheme applicable for
the full kinematic regime where the cross sections are measured. More importantly, the fol-
lowing two conditions should be met in order to isolate QED contribution in terms of RCs:

(1) the correction factors Rqep and ox should not depend on the hadron structure
that we wish to extract, and they can be systematically calculated in QED to
high precision;

(2) the effective scale Q2. for the Born cross section oo should be large enough to
keep the “true” scattering within the DIS regime.

In particular, with the one-photon approximation, the exchanged virtual photon (or vector
boson, in general), with its fully determined four-momentum under the QED Born kine-
matics, would be able to serve as a localized and well-controlled hard probe to explore the
partonic structure of the colliding nucleon.

In practice, however, the collision-induced QED radiation will change the momentum
of the exchanged photon from ¢ to §, as shown in figure 6(a) under the one-photon ap-
proximation for the hard collision. Since § is not fixed by the observed external momenta,
it must be integrated over if we cannot account for all radiated photons. The integration
necessarily includes contributions from radiation that can distort ¢ so much as to move
the collision with the nucleon out of the desired DIS regime, when @2 = —¢% < 1GeV?,
and introduce contamination from elastic scattering events. As indicated in figure 1 of
ref. [3] from over 50 years ago, and verified by numerous experiments since, the event rate
for inclusive lepton-nucleon DIS is expected to be much larger than the typical rate from
elastic scattering when the probing scale is larger than ~ 1GeV2. The collision-induced
QED radiation could make the “true” probing scale Q2. = Q2 smaller, however, effectively
enhancing the rate of non-DIS events and the size of non-factorized power corrections, even
when Q% = O(1 GeVQ) or larger. Furthermore, QED radiation from final-state nucleons in
elastic events requires a larger Q% to mimic DIS events. Since these non-DIS events involve
nonperturbative strong interaction physics that cannot be calculated reliably, QED RC
factors that aim to “correct” for this QED contamination are necessarily model dependent.
Some of these contaminations are sensitive to the very hadronic physics that we aim to
explore in the DIS and SIDIS reactions.

A further complication stems from the fact that photons are massless and the lep-
ton mass is much smaller than the typical hard scale for QCD dynamics. Consequently,
RC factors based on fixed-order QED calculations are often infrared sensitive as m, — 0,
involving infrared cutoff parameters, such as the total energy of soft photons in the treat-
ment by Mo and Tsai [25] or the minimum photon energy in the approach of Bardin and
Shumeniko [41]. These parameters need to be tuned to the data.

As will be discussed in detail in the next section, the collision-induced QED radiation
also leads to uncertainty in determining the photon-nucleon frame in which the produced
hadron momentum, the hadronic plane, angular modulations and, most importantly, the
TMD factorization of SIDIS, are defined. Consequently, hadronic model dependence is
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Figure 10. The range of the hard scale @2 experienced by the nucleon as a function of the measured
scale Q?, for fixed values of xp, at Jefferson Lab (/s = 4.7GeV) (left) and EIC (/s = 140 GeV)
(right) kinematics. The straight black lines correspond to Q2 = Q.

inevitably introduced into attempts to derive RCs for SIDIS [42, 43, 47]. In contrast,
rather than searching for more reliable RC factors with which to extract the ideal oo, in
eq. (2.26) from the experimental cross section, oops, our proposed approach is a systemati-
cally improvable and reliable way to calculate the induced QED radiative contributions to
all orders in powers of a. In analogy with the calculation of the induced QCD radiative
contributions to the measured cross sections, our factorization approach organizes all-order
contributions with respect to both QCD and QED, such as in eq. (2.9) for the inclusive
DIS cross section. Instead of the RC approach of eq. (2.26), our factorization approach can
be schematically represented as

univ 2 univ 2

Uobs(xBa QZ) == Ulep (M27 me) & Ohad (/’L27 A2QCD) ® aIR—safe(-ﬁB; Q 7”2)

2 2
+ O <A5;Dv %) ) (2'27)

where all infrared-sensitive contributions to the cross sections are either factorized into the

univ

univ o004 opniv,

lep
which are renormalization group improved with the factorization scale ;2, or neglected as

universal leptonic and hadronic distribution or fragmentation functions, o

power-suppressed corrections, and ® represents the convolution over the respective leptonic
and partonic momentum fractions.

The IR-safe and perturbatively calculable short-distance coefficient functions o1R-gafe
depend on the “true” probing scales Iz and @2 for the colliding nucleon under the one-
photon approximation, and can be systematically improved by higher-order contributions
in powers of both a and ay. As illustrated in figure 10, for a given value of Q? the true
probing scale Q2 can be in the range Q2. < Q% < Q2. , where

min max)
(1-y)
(1 — Ip y)

1

and O . P —
@ (I-y+apy)

A12nin = Q2 max (228)

are the minimum and maximum values. To obtain a single Q2. value from the range of Q?
that defines the QED RC factor Rqgp in eq. (2.26), one must model the colliding nucleon’s
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Figure 11. Comparison of our factorized results for the ratio onorc/orc versus ap with those
from ref. [27] using the FERRAD35 and TERADS6 codes for the Mo-Tsai [25] and Bardin et al. [71]
schemes, respectively, at matching kinematics (1/s = 23 GeV, y = 0.9). Our factorized results for
the resummed (RES, solid lines) and NLO (dashed lines) calculations are computed using PDFs
from the JAM global QCD analysis [70] (red lines) and using a simple model (blue lines, see text).

response at different values of @2, and such modeling could impact the quantity itself
that we wish to extract from the measured cross sections. In addition, the Bjorken scaling
variable in eq. (2.16), &5 = x5 £ y/(£¢+y—1), ranges between its minimum value, 21" = 1,
and its maximum value, 25'** = 1. With the collision-induced QED radiation, for given
values of z and @Q? from the measured lepton and nucleon momenta ¢, ¢, and P, we

actually probe the colliding nucleon over a much wider kinematic region of & € [#2", Zmax]

and @2 € [Arznin’ @Iznax]‘

In figure 11 we show the effect of radiation on the ratio of inclusive ep cross sections
as in figure 8, but inverted to match the definition used in ref. [27]. To demonstrate the
dependence of the traditional method of calculating QED contributions (as an RC factor
applied to the Born term) on the hadron structure input, we show the inclusive ratio for
two different sets of proton PDFs, namely, PDFs from the JAM global QCD analysis [70]
and using a simple model zf;/,(z) ~ z%(1 — x)?. For the latter, we choose the shape
parameters a = 0.5 and b = 3 for valence quarks, a = —0.08 and b = 7 for sea quarks, and
a = —0.08 and b = 5 for gluons, with the valence distributions normalized to 2 (1) for u (d)
quarks, and the sea quark and gluon distributions normalized with momentum fractions
(z); = {0.030,0.036,0.016,0.005,0.41} for i = {u,d,s = 5,¢ = ¢,g}. Note that for the
traditional method, the RC factor at (x5, @?) is sensitive to the input of hadron structure
function for zp € [zp,1) and Q? € [Q2;,, Q2..]. For comparison, we also show in figure 11
the results from ref. [27] using the Mo-Tsai [25] and Bardin et al. [71] schemes at matching
kinematics (v/s = 23GeV, y = 0.9). The comparison clearly shows the sensitivity of the
ratio orc/onorc to the hadronic structure input, which is problematic given that the aim
is to extract this very structure from the data.

As discussed in section 2.1, the novelty of our approach is the fact that we do not
need to assume any prior knowledge about the hadronic structures, provided that the
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power corrections are suppressed. The exact demarcation of the phase space where our
proposed factorization approach is applicable cannot be determined a priori, but can be
found through global analysis involving multiple high-energy reactions with overlapping
partonic kinematics, which can ultimately confirm and validate the universality of the
inferred structures.

In our proposed new approach to the QED radiation (2.27), all collision-induced QED
contributions to the measured cross sections are organized such that all leading power
infrared-sensitive contributions are included into the universal LDFs and LFFs. All leading
power infrared-safe contributions are included in the calculable hard parts, and the rest can
be neglected or further improved as power corrections. Although QED radiation changes
the momentum of the exchanged hard photon and introduces uncertainty in controlling the

“true” hard probe, our factorization formalism as in eq. (2.9) provides the minimum value
2

of the probing scale, @min. As shown in figure 9, the collision-induced QED radiation does
remove some phase space from the DIS regime, particularly when xz is small or y is large,
which corresponds to more phase space for radiation.

Most importantly, in our factorization approach to the collision-induced QED radiative
contributions, neither the universal infrared-sensitive LDFs and LFFs, nor the calculable
QED hard parts depend on the nonperturbative hadron structure, such as PDFs, fragmen-
tation functions, or TMDs that we aim to extract. That is, our factorization approach does
not require any modeling of hadronic physics and is not sensitive to infrared cutoffs, which
are the two main uncertainties of existing approaches to treating induced QED radiation
via RC factors.

As with all factorization approaches, on the other hand, we do not know exactly the size
of the power corrections or the precise functional forms of the universal infrared-sensitive
LDFs and LFFs in eq. (2.9). Although we could have a better control on LDFs and LFFs in
QED than for corresponding partonic functions in QCD, the global analysis of all possible
data is still needed to identify regions where the process-dependent power corrections are

small, and one can demonstrate the universality of the infrared-sensitive functions.

3 Factorized formalism for semi-inclusive DIS with QED

In this section, we expand our combined QED and QCD factorization approach to contri-
butions to the cross section for the SIDIS process, e(¢, \y) + N(P,S) — e(¢') + h(Pp) + X,
for the semi-inclusive production of a hadron h with four-momentum P, in coincidence
with the scattered lepton ¢'. As for the case of inclusive DIS in eq. (2.1) of section 2,
the SIDIS cross section can be formally written in terms of the square of its scattering
amplitude, M,p_¢p, x,

1 2
dovp—ep,x = %!sz—wph)(! dPs, (3.1)

where for convenience the dependence on the electron and nucleon polarization (Ay and S,
respectively) is suppressed. In analogy with the inclusive DIS case, we consider SIDIS as an
inclusive production of a large-#/. lepton plus a large- P, hadron (or jet) in lepton-nucleon
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Figure 12. Sketch of (a) the SIDIS process e({) + N(P) — e(¢') + h(Py) + X, and (b) SIDIS in
the one-photon exchange approximation.

collisions, as illustrated in figure 12(a). In the plane transverse to the lepton-nucleon
collision axis, the regime where the transverse momenta £/, and Pj,y are almost back-to-
back, namely, Pr = [€}. — Pur|/2 > |€} + Pyr| = Dy, is suited for TMD factorization,
while the region where P ~ Py is suited for collinear factorization.

3.1 Collinear factorization for semi-inclusive DIS with QED contributions

With an exchange of a single hard scale, Py ~ Py > Aqcp, the invariant mass of any pair
of initial-state colliding particle and final-state observed particle momenta is a hard scale,
whose absolute value is much larger than Agcp. Applying the arguments in ref. [64], we
can factorize the SIDIS cross section in the regime where P ~ Pr > Aqep as

doyp—ep, x ! d5
EE,EPHW = Z/ C2 . e/](Cz )fi/e(gauz)

min

dz
/ / 7Dh/b 2,102 foyn (@, 10°)
X Higsjox (& 2,00 /C, Pur /2, 1%) + -+, (3.2)

where the indices i, j, a, b include all QED and QCD particles, and the ellipsis represents
power corrections suppressed by inverse powers of £, and Py, or Py ~ Dy, defined in the
lepton-nucleon frame. The lower limits of the integrations depend on the collision energy
V/s and the observed lepton and hadron momenta, ¢ and Py, respectively, and are given
in egs. (2.24) in the previous section.

The functions fi/e(g,,uQ), De/j(C,MQ) and fa/N(ac,;ﬂ) in eq. (3.2) are LDFs, LFFs and
PDFs, respectively, and are the same universal functions as those in eq. (2.9) for inclusive
DIS. The function Dy, (2, 4%) in eq. (3.2) is the collinear fragmentation function (FF) to
the observed hadron h of momentum P, from a parton b of momentum p’, which is defined
in ref. [4] for b = ¢,q, g as a function of momentum fraction z = P;"/p'T. The definition
is straightforwardly extended to the case where b is a lepton or a photon, with the quark
and gluon fields replaced by the corresponding lepton and photon fields.

The short-distance hard parts ITIZ-CH]-I, x in eq. (3.2) are infrared safe and perturbatively
calculable in QCD and QED. These are equal to the partonic cross section for the sub-
process i(k)+a(p) — j(K')+b(p')+ X (k+p—k'—p'), where all perturbative collinear diver-
gences along the momentum directions of the active particles, k, p, k', and p’, respectively,
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removed and resummed into the corresponding LDFs, LFFs, PDFs and FFs, respectively.
The factorization formalism in eq. (3.2) also provides a prescription for evaluating the short-
distance hard parts .FAIm_U-b x by applying the factorization formalism to lepton or parton
states order-by-order in perturbation theory. With the requirement that P ~ P > Aqep,
the leading order contribution to fIw_>jbX is given by the 2 — 3 scattering processes. For
example, by applying the factorization formalism in (3.2) to SIDIS with the nucleon N and
hadron h each replaced by a quark, e(k) + q(p) — e(k') + q(p') + g(k +p — k' — p) at the
lowest order, one can derive ﬁeﬁi)qu at order O(a? ay).

3.2 TMD factorization for semi-inclusive DIS with QED contributions

When Pr > Pp, the transverse momentum imbalance between the observed lepton of
momentum ¢ and hadron of momentum P, becomes sensitive to the infrared-sensitive
collinear radiation from both QCD and QED. In this case, the collinear factorization for
the SIDIS cross section in this kinematic regime is no longer reliable. A TMD factorization
is instead needed to take into account the transverse momentum dependence of the active
particles (partons or leptons) probed by the hard collisions. The transverse momentum of
a colliding particle (a parton or a lepton) is generated by the induced radiation of the hard
collision plus the particle’s intrinsic transverse momentum in the bound hadron state, if
the particle is a parton. Therefore, a TMD factorization for the SIDIS process should take
into account the active particles’ transverse momentum generated by both collision-induced
QCD and QED showers (or radiation).

However, a full TMD QED and QCD factorization for the momentum imbalance of the
observed lepton and hadron in SIDIS is likely to be violated [49]. Instead of the full TMD
factorization for all four observed particles (the two leptons and two hadrons) in SIDIS,
in ref. [48], we proposed a hybrid factorization approach, with the collinear factorization
for the two leptons and TMD factorization for the two hadrons for SIDIS in the two-scale
regime. The hybrid factorization approach was motivated by the observation that the
momentum imbalance between the observed lepton and hadron in SIDIS is dominated by
the transverse momentum of active partons from the two hadrons in all relevant collision
energies. To justify this hybrid factorization for SIDIS, we demonstrate below that the
transverse momentum broadening generated by the collision-induced radiation for a “point-
like” lepton is much smaller than the typical transverse momentum of an active parton
in a colliding hadron, and argue that such hybrid factorization should be valid up to
power corrections.

With a sufficiently large momentum transfer between the leptons and hadrons, the
one-photon approximation, as shown in figure 12(b), is often adopted for evaluating the
SIDIS cross sections. To ensure this large momentum transfer, we require the transverse
momentum of the scattered lepton ¢ and the observed hadron (or jet) P, in the lepton-
nucleon frame to be the hard scales, with ¢/, > Aqcp and Py > Agep. However, as an
inclusive production of the lepton ¢ and hadron P, this large momentum transfer could
also be achieved by exchanging a virtual parton, such as a gluon, as in figure 13(b). Here,
the colliding lepton radiates a photon that turns into a quark-antiquark pair, and the quark
then undergoes the hard scattering with the colliding hadron via the exchange of a virtual

— 24 —



(b) 2

quark ~

Figure 13. Sketch for sample scattering amplitudes of SIDIS with (a) one-photon exchange,
and (b) one-gluon exchange.

(a) v

Figure 14. Illustration of (a) the general leptonic tensor, Z”V(ﬁ, ?',§), and (b) the lowest-order
contribution to L* (¢, ¢',q).

gluon. As discussed in section 2.2 in connection with the contribution from the subprocess
in figure 6(b), the type of subprocess in figure 13(b) is likely to be further suppressed if we
require the observed lepton of momentum ¢ not to have strong hadronic activity around
it. In the rest of this paper, we take the one-photon approximation to include only the
scattering amplitude in figure 13(a) for the SIDIS cross section, leaving the study of SIDIS
beyond one-photon exchange for future work.
With the approximation of one-photon exchange, we can write the SIDIS cross section
in eq. (3.1) in terms of leptonic, L* . and semi-inclusive hadronic, Wuy, tensors,
6 2 2
Eg/EphW ~ % / d'g (;2) LM (0,0',0) W (4, P, Py, S), (3.3)
where ¢ is the momentum carried by the exchanged virtual photon. The leptonic tensor
D‘”(E, 0. §), sketched in figure 14(a), is defined as

(e, 0, q) Z/H 2W32E ><e-e’-q-2ki>

i€Xy

(€13 (0)[¢'X L) (' XL|5*(0)[¢€), (3-4)
where the electromagnetic current j#(0) couples to leptons, and the sum over all final states
X1, includes radiation associated with the incoming and scattered leptons.

The corresponding semi-inclusive hadronic tensor Wuy(d, P, Py, S), representing the
colliding nucleon of momentum P and observed hadron of momentum Py, is sketched in
figure 15(a). It is defined similarly to the hadronic tensor for inclusive DIS in the one-
photon approximation in eq. (2.4),

7 d 4 ~
WNV(Q7P7Ph7 Z/ H 271' fQE )<Q+P—Ph— sz)

1€Xy,
<PvS’JM(O)|PhXh><PhXh|JV(O)’P7 S>v (3'5)
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(b) v p/ p/ 1%

p p

Figure 15. Illustration of (a) the semi-inclusive hadronic tensor, Ww(@ P, Py, S), and (b) the
lowest-order contribution to W, (4, P, Py, S).

where the electromagnetic current J,(0) couples to quarks (or charged leptons), and the
sum is taken over all final states Xj,.

The lowest order contribution to the leptonic tensor for an unpolarized lepton of mo-
mentum £ in eq. (3.4), as sketched in figure 14(b), is given by

IO (0,0, G) = 20000 + 0P — 00 gh) sV (0 — 0 — §) . (3.6)

By substituting L) (¢, ¢, §) into eq. (3.3), and using the 6 (¢ —¢' —§) function to remove
the integration over d*g, we obtain the familiar expression for the SIDIS cross section in
the Born QED approximation and a fully determined virtual photon momentum ¢* = ¢*.
On the other hand, with QED radiation, the exchanged virtual photon momentum §*
cannot be fully determined without measuring all radiated final states X . In other words,
there is no well-defined “photon-hadron frame” without having full control of the leptonic
tensor LM (0,0, q).

3.3 Leptonic tensor and lepton structure functions

The leptonic tensor L*(£,¢',§) in eq. (3.4) is in general nonperturbative and cannot be
calculated fully in QED and QCD perturbation theory. Since the QCD contribution to L
is from much higher order in «, we will first calculate the leading QED contributions to
this leptonic tensor and the transverse momentum broadening from the collision-induced
QED radiation, which is perturbatively calculable. We quantify and demonstrate the
impact of the collision-induced QED radiation on the momentum change of the exchanged
virtual photon from ¢* to ¢*, and, in particular, the transverse momentum broadening
of the ¢" in the lepton back-to-back frame where ¢ is along the +z direction while ¢ is
along the —z direction. The size of such transverse momentum broadening would directly
impact the transverse momentum distribution of the observed final-state hadron in all
SIDIS measurements.

3.3.1 Lepton structure functions

In analogy to the decomposition of the hadronic tensor in eq. (2.5), we can express the
leptonic tensor L* in terms of lepton structure functions,

o orgv g+ (g

™0, 0,4) = —g"(q) L L L 3.7
(4,0, 4q) 3" () 1ty plet st —— 4, (3.7)
where g"¥(§) is given by eq. (2.6) with ¢ replaced by ¢, and we define

=g @) e, =", (3-8)
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such that QMZ“ = QMZ’“ = 0. In eq. (3.7), the lepton structure functions L; (i = 1,2,3,4)
depend on the four independent Lorentz scalars @2, 2, and the ratios

qg-v 1 q-v
= — = . 3.9
In the lepton back-to-back frame, in which
o= (t,0,07), " =(0,0",0r), (3.10)
with ¢ = ¢~ = Q//2, the exchanged virtual photon momentum can be written as
A At 47 4 + Lo— .
q Z(q .d aQT): Epl", ——l".qr |, (3.11)
(B
where the transverse component is
. ~2  EB
G = Q> — =Q*. (3.12)
(B

We can also use (j% to replace @2 or Q2 as one of the four independent scalar variables for
all lepton structure functions. In this frame, the variable {p is effectively the momentum
fraction of the incoming lepton carried by the active lepton at the hard collision, and (p
is the momentum fraction of the scattered lepton carried by the observed lepton in the
final state. The transverse momentum of the exchanged virtual photon §r is generated by
the collision-induced radiation (mainly QED radiation, if we neglect the hadronic contri-
bution to the leptonic tensor). The amount of transverse momentum broadening gr from
QED radiation will directly impact the direction of the exchanged virtual photon and the
transverse momentum distribution of the extracted TMDs.

For the study of the gr dependence of the leptonic tensor INJ“’(E, ¢',G) and the size of
gr generated by QED radiation, it is convenient to express the tensor in eq. (3.7) in a
helicity basis of the exchanged virtual photon,

Lpo(£,0,4) = €4(q) L (£,0,4) €27 (q), (3.13)

where the polarization vectors €f(g) and €3”(g), with polarization indices p,o = 0, +, —,

depend on the reference frame and the coordinate system. We construct the coordinate
system by introducing the basis four-vectors T, X, Y, and Z, which satisfy the orthogonal
and normalization relations,

T - X=T-Y=T-Z=X-Y=X-Z=Y -Z=0, (3.14a)
°=1, X*=Y?*=27=-1. (3.14b)

Since ¢ is a space-like vector, we choose the basis vector Z* to be parallel to ¢*,

ZHh = — G~ (3.15)
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with @ = \/@2 = y/—@?% > 0. If we choose the leptonic plane, defined by ¢ and ¢, as the
X—Z plane, the other three basis vectors can be constructed from the conserved momenta,

¢ and Z’, as

/. 1 -
T = S505 "+ - (3.16a)
Q QVEsCn
xv = OVEBCE G B @ i (3.16b)
Qdr Q 4rvEsCa
YH =" Z,T,X,, (3.16¢)
where ¢r is the magnitude of the photon transverse momentum, ¢r = (j%. With the basis

vectors defined, the three independent polarization vectors can then be written as
(@) = 1", (3.17a)
Xt — —Y*H (3.17b)

This ensures that the vectors €f(q) are orthogonal to ¢, €}(4) g, = €,*(¢) 4, = 0, and

P P

orthogonal and normalized among themselves,
€(q) - ex(§) = €4.(9) - ex(4) = 0, (3.18a)
€0(q) - e0(q) =1, €i(q) - ex(q) =—1. (3.18b)

With the polarization vectors defined in the lepton back-to-back frame, we introduce the
helicity-based lepton structure functions according to

LM = egtel Log + (€€ 4+ €Me”) Ly + (€€ + €He) Ly —

- 63”(61 —€”) Loy — (€+ — ) €0 L+o (3.19a)
=THTY Lop + (X' XY + YHYY) Lpp
+ (THXY + TV XH) La + (YHYY — XFXY) LAn, (3.19Db)

where Lrr = Ly, La = (Lot + L10)/Vv2, and Laa = Ly . From these one can derive
the relations between the original L; (3.7) and helicity-based lepton structure functions,

- 1 1
Loo = Ly THT” = —Ly + Lo+, Lp, (3.20a)
2¢pCB 2 2

42 143
ar ;. £8(B 47 Ly— -2 1, (3.20b)
468CB Q2 4 o2
L a
ar ;. {BCB 4r Ls, (3.20c)
26BCB Q 2.Q

1= 1 4¢3 ¢5¢B G5 147
Lan = =L, (YFYY — XHFXY) = — L, 2221, ZLr,. 3.20d
AA 9 ;w( ) 4§BCB Q2 2 4 Q2 + - 4@2 4 ( )

1~
Lyr = 5 Lu(XPXY +YHYY) = Ly +

1~
La =5 Lu(THXY +T"XH) =

As for the original lepton structure functions L; (i = 1,...,4), the helicity-based lepton
structure functions are also functions of £5,(p, Q?, and ¢ (or equivalently, Q?).
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Without the collision-induced QED radiation, the transverse momentum, §r, of the
exchanged virtual photon in the lepton back-to-back frame should vanish. Any nonzero
transverse momentum of the exchanged virtual photon in the lepton back-to-back frame is
generated by the collision-induced radiations from both QED and QCD. If we can neglect
the QCD contributions arising at higher orders in «, the lepton structure functions could
be perturbatively calculable in QED and expanded as a power series in «,

9] N
LPO’(&B) CBv Q27 dT) = Nz;o (i) ng)(gB) CBv Q27 d’%)? (321)

where an overall factor e2

(or 47av) is factored out for our definition of the perturbative
lepton structure functions. From the lowest order leptonic tensor in eq. (3.6), we derive

the corresponding helicity-based lepton structure functions,

1 A
L) = 25(¢p — 1) 5(@ - 1) 5@ (), (3.220)
LY=o V=0 1O =0 (3.22D)

As expected from helicity conservation, apart from Lpp, all the other helicity-based lepton
structure functions vanish at lowest order, and are suppressed by powers of ¢/ @ at higher
orders. In the next subsection, we quantify the amount of photon transverse momentum
gr that can be generated by the collision-induced QED radiation in the relevant collision
energies of SIDIS.

3.3.2 TMD factorization for lepton structure functions

The collision-induced QED radiation in SIDIS can generate nonvanishing ¢ for the lep-
tonic tensor L*. As defined in eq. (3.4), the leptonic tensor has effectively the same
operator definition as the corresponding hadronic tensor Wuy(cj, P, P, S) in eq. (3.5), with
the electromagnetic quark currents replaced by lepton currents, and hadronic states re-
placed by lepton states. From studies of the factorization in SIDIS [16], it is known that
the hadronic tensor can be factorized in the hadron back-to-back frame in terms of QCD
collinear factorization when gr ~ @, and in terms of the TMD factorization when jr < @
Similarly, we can study the radiation induced ¢r dependence of the leptonic tensor LM in
the lepton back-to-back frame by applying the same factorization in QED, with TMD fac-
torization describing the low-gr region and collinear factorization for the high-gr region,
along with a proper matching procedure for the phase space in between.

The collision-induced radiation dominates the low-gr region due to the logarithmic
enhancement of the radiation in this regime. Since the lepton structure functions Lgg, La,
and Laa are power suppressed in §r/ @, we focus on the leading-power lepton structure
function Lp7 in the following to study the size of gr generated by the induced photon
shower. In analogy with the QCD factorization of the SIDIS hadronic tensor [16], we write
LTT as

Lrr(éB,CB, Q% 4%3) = Wrr(€s,(B, Q% ¢%) + Yrr(Ep, (B, Q2 47), (3.23)
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where the first term is given by a Fourier transform of an impact parameter distribution
Wrr(€g,CB, Q% br), with by = |br| the magnitude of the impact parameter by conju-
gated to qr,

d’br
(2m)2

This term is mainly responsible for the region where §r < @, including the resummation of

0T Wrr (€5, Cp, Q% br). (3.24)

WTT(§B7 CBv Q27 é%) = /

large In(Q?/ G%)-type logarithms associated with the radiations. The second term in (3.23),
Y77, provides a smooth matching to the region of collinear factorization where §r ~ Q.
The formulation in eq. (3.23) is usually referred to as the “W+Y” formalism [5]. As for the

hadronic case, the function VT/TT for the leptonic structure function can be factorized as

Wrr(€p,Cp, Q2 br) = 2 e CM[CDGB,OZ)D(C?M%;)} [Cf(gB )f(&ﬂ%)}

¢ Jes € ¢ ik
MZQ d’u/2 . MQQ ,
X exp{—/ug W [A(a(u ) lnﬁ + B(a(u ))]}, (3.25)

where we neglected the lepton flavor-changing contribution and kept only f., = f and
D,/ = D. The factorized expression for the leading leptonic structure function in eq. (3.25)
has effectively the same form as the bp-space expression of the combined QED and QCD
transverse momentum resummation for the transverse momentum (g7) distribution of Z°
bosons produced in hadronic collisions [65, 66], if we replace the leptons by hadrons, along
with proper kinematic factors and adjustment from space-like to time-like hard processes.
For Z° production in hadronic collisions, both QED and QCD radiative contributions to
the transverse momentum broadening, or to the coefficient functions A, B, Cy, and Cp in
eq. (3.25), start at leading order in « and ag, respectively. Since o < as, the transverse
momentum broadening induced by the QED shower is much smaller than that generated
by the QCD shower, and is of the order of a percent [65, 66]. However, unlike the hadronic
case, QCD radiative contributions to the transverse momentum broadening of the leptonic
tensor in eq. (3.25) start at a much higher order in a. For example, as shown in figure 16,
QCD contributions to the coefficient function, A, which is responsible for the resummation
of the leading double logarithmic effects for the broadening, starts at O(a’as), which is
an order of awg suppressed compared to the leading QED contribution at O(«). That
is, the transverse momentum broadening caused by the collision-induced radiation from a
“point-like” lepton is dominated by the QED radiation.

If we neglect the hadronic contribution to the lepton structure function WTT, all the
coefficient functions A, B, Cy, and Cp, as well as the LDF and LFF, are perturbatively
calculable in QED and valid at a scale p; that is much lower than the order of GeV in

hadronic collisions. Generally, we can expand them in a power series in «,

00 N 0o N
o N - N
A:NZ:1 (W> AW, B:Nz:jl (W) BW), (3.26a)
00 o N ) 0o a N ()
Cr=> (W) cy, Cp = (W> Cp . (3.26Db)
N=0 N=0
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Figure 16. Sample diagrams, like the virtual diagram in figure 23, responsible for the leading
double logarithmic contributions to the coefficient function A of the lepton tensor in eq. (3.25) at
(a) LO («), (b) NLO (a?), and (¢) NNLO (a?ay).

To estimate the size of ¢r broadening from induced radiation, we choose the convention
to define the factorization scales in eq. (3.25) as p, = 2¢ 78 /by and pg = /E5/Cs Q [5).
In principle, we could introduce two proportional constants of O(1) to test the uncertainty
associated with the scale choice.

With the leading order Lgro% given in eq. (3.22a), together with f(9)(¢) = §(1 — ¢) and
DO (€) = §(1 — ¢), we have for the hard coefficients

00 =sr-1), V()= 5(717 _ 1), (3.27)

with A = ¢£g/€ and n = (p/(. As presented in appendix A, at O(«) in the MS scheme we
find the following coefficient functions,

2
O = Loy = LM L AE s
N =50-N-Z |75 | I v 26(1 — \), (3.28a)
1 1 [14n2 s 2 1
W)= —(n—1)— — In-MS _ Zs5(= 1), 3.28b
AWM =1, (3.28c¢)
B = —%, (3.28d)
as well as for the “Y” term,
~ 1 2002+ 9?) + 4t +a+0) 1+ A2 /1 4>
P =gy [ ATV LD T2 5 L -y - ) - )
2m g uD An A 1O
1 [ 1422 1 1+n? 4%
- 1=+ -1 = A) —25(1 = AN)F(1 —n)In =L |, (3.29
[y T e P 1) (329

with the variables defined as t = (k—k')? = —(£/¢)Q?, @ = (k—§)* = [(€—¢B) /¢B]Q*— G2,
and o = (k' + §)? = [£€(Cs — €)/(¢(B)]Q? — ¢3. The expression in eq. (3.29) is presented
as a difference between the NLO perturbative contribution to the leptonic tensor and the
asymptotic piece of this contribution when tj% — 0.

In figure 17 we plot the impact parameter distribution of the lepton structure function,
WTT(§B, (B, Q% br), along with its Fourier transform Wrr(€p, (g, Q%, ¢2) in conjugate gz
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Q =10 GeV
B, ¢ = 0.95

WTT WTT

(arbitrary units) (arbitrary units)

1071 10! 10° 107 1071 1073
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Figure 17. Shape of the lepton structure function WTT@B,(B,Q27I)T) (in arbitrary units) in
impact parameter space (left) and the corresponding Fourier transform in transverse momentum
space Wrr(€p,(p, Q% G%) (right), evaluated at fixed @ = 10 GeV and &g = (5 = 0.95.

space, at fixed values of Q = 10GeV and {5 = (g = 0.95. The Wpr function, which is
generated by resumming the leading logarithmic enhanced QED radiation, has a very steep
and narrow peak at (j% = 0. Although the logarithms due to the hard collisions could be
large, the QED fine structure constant a ~ 1/137 is much smaller than «; in the same kine-
matic regime, which effectively makes the gr-broadening from QED radiation negligible
compared with the typical transverse momentum broadening of QCD radiation. As dis-
cussed following eq. (3.25), QCD contributions to the same gr-broadening are even smaller
than what can be generated from QED showers from the leptons, although they are much
more important, even dominant, for hadronic Z° production [65, 66]. One can therefore
safely use the collinear factorization approach to account for the leading power radiative
contributions from the leptons of the SIDIS cross section as a controllable approximation.

3.4 SIDIS cross section with collinearly factorized QED contributions

As demonstrated quantitatively in the previous subsection, the transverse momentum im-
balance generated by the collision-induced QED and QCD radiation from the leptons for
SIDIS at relevant collision energies is much smaller than the typical intrinsic parton trans-
verse momentum of hadrons. This fact ensures that contributions to the momentum im-
balance pp between the observed lepton of momentum ¢ and hadron of momentum P
are completely dominated by the active parton’s transverse momentum generated by the
collision-induced QCD shower on top of parton’s intrinsic transverse momentum from the
hadrons. The leading collision-induced radiative contributions to the SIDIS cross section
from the two leptons can therefore be systematically accounted for in terms of the collinear
factorization approach. In this case, the SIDIS cross section for a colliding lepton of mo-
mentum ¢ and helicity Ay and a nucleon of momentum P and spin S can be factorized
as [67]

dSog(n,)P(8)—0 Py X
Ey Ep, dégl B3P, " Z / C2 6/] / dg fl()\k)/e(ke)(g)
A6 P(S) = Pu X

BK EP, , (3.30)

X Ekl Eph ]
[ k=&Lk'=l'/C
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Figure 18. Sketch for the “photon-hadron frame” for SIDIS according to the Trento convention [20)].

where the integration limits (min and {min are given in eq. (2.24), and Gy (r,)P(5)—k'P, X 1S
infrared-safe as m, — 0, with all infrared sensitive collinear QED radiative contributions to
the cross section resummed into the LDFs and LFFs. (For ease of notation the dependence
on the factorization scale in (3.30) is suppressed.) With the one-photon approximation, we
set i = j = e in eq. (3.30).

In the Born approximation in QED (which is the LO contribution in «), the QED
infrared-safe cross section Gy, )p(s)—k'p, x i €q. (3.30) further simplifies to

d%ii(())x P&k X 021\~ .
dgk’d3Ph ; :25<q2> L) (k, K, ) WH (4, P, Py, ), (3.31)

Ek/Eph

where the 0%"-order leptonic tensor hard part is
L (kK i) = 2(kykl, + kukl, — k- K g + iM€unpo kK, (3.32)

and the hadronic tensor WH” (g, P, Py, S) is defined in eq. (3.5). Our factorization formula
for SIDIS in egs. (3.30) and (3.31) indicates that the impact of QED radiative contribution
to the SIDIS cross section is not only from the change of the exchanged virtual photon
momentum ¢* — ¢*, weighted by the convolution over the LDFs and LFFs, but also
from non-logarithmic and infrared-safe higher-order QED corrections to 6y, )p(s)—k P, X -
Without QED radiation, the probing scale for the hard collision — the momentum of
the exchanged virtual photon §* = ¢* — is uniquely determined from the experimental
measurement of the colliding and scattered lepton momenta, ¢# and ¢'#. On the other
hand, with QED radiation the momentum of the exchanged virtual photon ¢* is no longer
determined by direct experimental measurement, but instead is a function of the lepton
momentum fractions £ and (.

To proceed with the application of QED and QCD factorization to SIDIS hadron
production experiments, we convert the differential cross section in eq. (3.31) to more
standard kinematic variables consistent with the Trento convention [20]. In particular, we
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use the change of variables

d%i(@% YP(S)—k' P X 4% def;i?)A YP(S)—k' P X
EwE £)P(S) 2k By < 5\/52 — (4P A?) WEE) DAY 33
k' Py d3k’ d3Ph Q2 (7 hT/Q) déydg d dzy dgbth,%T ( )

where 2;, = P - ]3h /P -§ and éh is the angle from the leptonic plane to the hadronic plane
defined in the virtual “photon-nucleon frame”, as shown in figure 18. The angle ¢ is the
azimuthal angle of &’ around k with respect to the transverse spin of the nucleon. In DIS
kinematics, one has d”L/AJ ~ dqgs [68], with qASS the angle from the leptonic plane to the spin
plane, as shown in figure 18. Parametrizing the one-photon exchange cross section in terms
of the usual 18 SIDIS structure functions, F (i, @27 Zh, ]3,%T) (n=1,...,18) [10], weighted
by factors w,, that are functions of the kinematic variables, we can write the differential
SIDIS cross section in the presence of QED effects as

dSoy(r,)P(8)— 0Py x

dapdy dy dz, d¢>hdp,3T
N Z/ C2 f(Ak)/e(M)(‘S) De/j(C)
U)\k min £mm
2 A9 ,\2
xB (6] Yy N
- 5 5 (! @ F) (35, Q°, 20, P 3.34
2pEC lchng2 2(1—-2¢) ( 2:53) > 5, Q% 2, PEp) | (3.34)

where the kinematic variables with carets in the factorized expression can be written in
terms of momentum fractions &, ¢ and the measured variables without carets.

Our strategy to evaluate the lepton-nucleon SIDIS cross section with QED contribu-
tions, as in eq. (3.30), is as follows:

(1) Evaluate the SIDIS cross section without QED radiation in the “photon-nucleon
frame” (defined by the exchanged virtual photon of momentum § and colliding nu-
cleon of momentum P for a given set of momentum fractions (&, ¢)) in terms of TMD
factorization and the corresponding momentum variables {g, P, ]?’h} if ﬁhT < @,
and in terms of collinear factorization if ]3hT ~ @, along with a matching prescrip-
tion between these two regimes.

(2) Apply a (&, ¢)-dependent Lorentz transformation to change all variables of the calcu-
lated SIDIS cross section, composed of {§, P, ﬁh} and the spin vectors in figure 18 for
polarized lepton-nucleon SIDIS, to the corresponding variables in a frame suitable for
comparison with experiment, such as the lepton-hadron frame, or the experimentally
defined photon-nucleon Breit frame.

This (£, ¢)-dependent Lorentz transformation changes ]3hT and <Z>h, the angle between the
leptonic plane and the hadronic plane, in a virtual “photon-nucleon frame”, as shown in
figure 18, to be functions of &, (, and experimentally measured kinematic variables x5,
Q?, z1,, Py and ¢y, in a frame where the calculated SIDIS cross section is compared with
experimental data. This leads to a strong impact on the extraction of TMDs from SIDIS
cross section data, as we discuss in more detail in the next section.
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4 Numerical impact of QED in semi-inclusive DIS

Having derived the SIDIS cross section formulas in our combined QED + QCD factorized
approach, in this section we discuss the numerical impact of the QED radiation on the
extraction of SIDIS structure functions and asymmetries. As illustrative examples, we
consider the unpolarized SIDIS structure function, as well as the angular modulations for
scattering unpolarized leptons from transversely polarized nucleons, such as those associ-
ated with the Collins and Sivers asymmetries.

For the numerical implementation of the radiative effects on the SIDIS calculation,
we use LDFs and LFFs evolved in Mellin space and computed in momentum space via a
numerical inverse Mellin transform. One problem encountered in implementing eq. (3.34)
numerically is the accuracy of the calculation in the vicinity of the end-point regions when &,
¢ — 1. These regions contribute maximally to the cross sections, reflecting the presence of
peaks in the LDFs and LFFs. However, the end-point region contributions are numerically
inaccurate if one naively evaluates them via the inverse Mellin transform directly. Instead,
one can make use of a subtraction trick, whereby the differential cross section is first written
in the form

dSop(n) P(S) =0/ Py X B
Ty 01y i T 2 [oacf  aenuons@neo. @)

where #;;(&, ¢) contains all other factors in the integrand of eq. (3.34) that are not contained
in the LDF and LFF. The right-hand-side of (4.1) can then be written as

1

dGO'Z()\g)P(S)—M’PhX
= d¢ D, ; i (C) — g4 (1
dzpdy A dzp, dgpd P2, EJ: Conin ¢ Deyi(€) 193 (€) = 955 (V)]

Cmin — DN

where the function g;; is defined as

FM

i) [an (050, (43)

G = [ QElHiE.0) — Hi(1, Q)] + Hi (1,0

gmin(()

and FiM and DJN are the Mellin moments of the LDFs and LFFs, respectively,

Y = [ g€ £e©) (442)
V= [ D0 (4.4b)

The subtraction trick allows us to remove the numerically problematic region and evaluate
the end-point contributions accurately through convolution of the LDF and LFF moments
with simple factors 1/(M — 1) and 1/(N — 1), respectively.

With the numerical strategy in place, we proceed to quantify the radiative effects for
the SIDIS process for various channels. In our earlier work [48], we demonstrated the impact
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of QED effects on the unpolarized SIDIS cross section differential in the outgoing hadron’s
transverse momentum, Pj,7, in the Breit frame. The associated unpolarized SIDIS structure
function F{}Uj was modeled by a factorized Gaussian ansatz in the TMD framework [23],

exp(_P}%T/<P}$T>)
7T<P}%T> ’

where we adopt the notation of ref. [10] in which the first two subscripts of the structure

F(]}U,T(va Q2a Zhs PhT) = Z 63 fq/N(:EB> QZ) Dh/q(zha QZ) (45)
q

functions denote the polarization states of the lepton and nucleon, respectively, while the
third indicates the polarization of the virtual photon.

Using the fitted parameters from ref. [23], the Ppr spectrum was found [48] to be
significantly modified in the presence of QED effects. Since the fitted Gaussian ansatz for
F, gU,T is only valid for small transverse momenta, it is instructive to see how the QED effects
depend on its shape in the large transverse momentum region, where the Gaussian behavior
is expected to transform into a power law-like dependence. To explore this transition, we
augment the original function F3U7T by modifying its large- P,z behavior,

h (mod
Flyr — FU((JH;? )= Fiyr R + (1= R)Fan, (4.6)
where
qr 3 Ciail
R:exp |:_N<) :|a Fian = %7 (47)
Q @

with gr = Pur/z, and the parameters set to N = 20 and Ci,y = 0.01 GeV2. The mod-
ification mimics the enhancement of the structure function at large Ppp stemming from
hard QCD radiation, which overwhelms the effects from intrinsic transverse momentum in
this region.

In figure 19 we illustrate our modification to FgUI, showing the dependence on ¢r/Q
for fixed values of Q% = 25GeV?2, y = 0.3, and z, = 0.5, using for the unmodified FII}U,T
structure function the result extracted from the recent JAM3D20 global analysis in the
TMD framework [69]. The specific parameters used for the modification are simply il-
lustrative, but chosen to approximate a typical scenario for the large- P, region within
collinear factorization. Note that when implementing the QED effects described in the
previous sections, eqs. (4.5)—(4.7) are utilized by replacing the arguments of FgU,T with
the corresponding variables Zj, @2, 2, and ]3hT.

In figure 20 we show the impact of the QED radiative effects on the ratios of unpo-
larized SIDIS cross sections, calculated at the Born level and with RCs, as a function of
qr/Q at fixed values of /s = 140 GeV, y = 0.4 and z;, = 0.5, for Q@ = 3 and 10 GeV, typical
of those expected at the EIC. The QED radiative effects are observed to be stronger in
the absence of hard QCD radiation enhancements in F5U7T at large Py, and relatively
mild otherwise. To isolate the rotational effects induced by the QED radiation in relating
the true Breit frame transverse momentum and the one computed with external kinemat-
ics, we set ﬁhT — Pyp, but keep the other (£, ¢)-dependent variables unmodified. This
effectively removes the rotational effect, and reveals its suppressed role for the power-law
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Figure 19. Unpolarized SIDIS structure function FI’}U7T as a function g7/Q, where gy = Ppr/2,
at fixed values of Q? = 25GeV?, y = 0.4, and 2z, = 0.5. The unmodified function (dotted blue
line) is taken from the JAM3D20 global QCD analysis [69], while the additional power-law tail
contribution (dashed green line) distorts the region ¢r/Q > 0.5 by enhancing the modified F{}gf;?d)

(solid red line) to mimic QCD radiation effects in collinear factorization.
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Figure 20. Ratios of unpolarized SIDIS cross sections without radiation (“no RC”) to those

including QED effects, as a function of ¢r/Q, for the FgU’T structure function from ref. [69] using

the Gaussian ansatz in the TMD framework (left) and with the modified Fl’}[(ﬁ?d) as in eq. (4.6)

(right), for v/s = 140 GeV, y = 0.4 and z;, = 0.5, at Q = 3GeV (blue lines) and 10 GeV (red lines).
The full calculation with QED radiation (“RC+rot”, solid lines) is compared with that removing the
QED rotational effects induced to the transverse momentum in Breit frame (“RC”, dashed lines).

enhanced F| g[%?d) structure function compared with the unmodified function. The striking

dependence of the QED radiative effects on the specific behavior of F(?U’T indicates the
difficulty in establishing a universal QED correction that can be applied to extract the
pure QED, “free” SIDIS structure function from the data. Since the corrections depends
on the behavior of FngT itself, one is confronted with an inverse problem that can only be
solved within a QCD analysis framework that incorporates QED effects simultaneously.
Turning now to the QED radiative effects on the leading-twist spin modulations in
SIDIS, we note that for scattering of unpolarized leptons (U) from nucleons with trans-
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verse (T') polarization St there are three contributions that enter in the sum Y, b, F"
in eq. (3.34). These UT modulations depend on the relative angles qgh and (]35 in the
combinations given by [10]

anFrfLL(i%Ba Q2 2, ]3;%7“)‘ = |S7| [sm(th — ¢g)F, 51;(;3’1 ¢s) 4 sin(dp, + bg VFS Sln (én+ds)
+ sin(3¢n — ¢s) F; Sm (3¢n— )}, (4.8)

where the first and second terms correspond to the Sivers and Collins asymmetries, re-
spectively, and the third term contains the pretzelosity TMD function in the small- P,p
region.

Typically, the measured differential cross sections are integrated over the physical
angles ¢, and ¢g. In the absence of QED radiative effects, the Sivers asymmetry, for
instance, would be isolated via the external sin(¢p — ¢g) projecting phase,

sin(¢p—o¢s)
— /d¢h dog sin(¢p — ds)

dSoup(sp)—rpx
dzpdy dip dz, dg,dPE,.

d°0yp(sp) 0P, x
drgdy dy dzp, dPhT

(4.9)

ur,T

which at the structure function level is equivalent to the identity

ng}lgfhws negeb /d¢h dog sin(¢n — ¢g) [sm(qﬁh — ¢3)F, gln(ﬁrm)
+sin(gn + 65) Fp ) +sin(30n — 05) F 0] (4.10)

In contrast, with QED radiation eq. (4.10) no longer holds, as the projecting phases are
not orthogonal with the “internal” phases,

/d¢h dés sin(¢p, — ¢s) sin(dn + ¢s) # 0 (4.11)

for £, ¢ # 1. The external projecting phases will then not uniquely isolate the desired
structure function, but instead receive “leakage” from other modulations.

In figure 21 we illustrate this phenomenon by integrating the UT cross section (with
|S7| = 1) over the three different modulations in eq. (4.8), calculated at some typical EIC

sm(th #s) and F51n(¢h+¢s)

kinematics versus g7/Q. The structure functions Fy; are taken

from the JAM3D20 analysis [69] and F(SJI;(‘S% ¢s) i set to zero. As expected, the lowest
order QED calculations isolate only the structure function associated with the relevant
phase. In the presence of radiation, however, the modulations are no longer orthogonal,
and identification of the desired signal requires more care. The largest effect is seen for
the sin(¢p, — ¢g) modulation, where the cross section decreases uniformly across all ¢r/Q,
with no visible leakage from other modulations. For the sin(¢p + ¢s) modulation, a similar
depletion is found, but is partly compensated by leakage from the Sivers contribution.
Finally, the sin(3¢, — ¢g) modulation, which in the “true” Breit frame (at LO) is set to
zero, acquires a sizable contribution due to leakage from the Sivers sin(¢ — ¢g) effect, with
a small effect from the Collins sin(¢p, + ¢g) modulation.

As for the unpolarized SIDIS cross section, the QED radiative effects for the spin
modulations generally depend on the shape of the transverse momentum distribution of the
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Figure 21. QED radiation effects for sin(¢n — ¢g) (top), sin(én + ¢s) (middle) and sin(3¢, — ¢g)
(bottom) SIDIS UT spin modulations versus qr/Q at /s = 140GeV, zz = 0.01, 2z, = 0.5, and
Q? = 25GeV? (left) and 100 GeV? (right), with |S7| = 1. The cross sections with no QED effects
(“LO?”, dotted lines) are compared with the QED resummed cross sections (“RES”, dashed lines)
for the Sivers (green lines) and Collins (blue lines) asymmetries. The total spin modulations (solid
red lines) include the full QED contribution along with leakage effects.

structure functions. The presence of the inverse problem makes it impossible in practice to
establish a universal set of QED corrections for SIDIS. For the spin-dependent cross sections
the problem is further aggravated since the radiative effects are not even universal within
a specific type of modulation due to leakage effects. The direct and simultaneous inclusion
of QED radiation, along with QCD frameworks such as collinear or TMD factorization, is
therefore indispensable for a meaningful QCD global analysis involving SIDIS data.
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5 Conclusion and outlook

In this paper we have proposed a QCD-like factorization approach to take into account
the collision-induced QED radiative contributions to the experimentally measured cross
sections of both inclusive and semi-inclusive lepton-nucleon DIS. In this new hybrid fac-
torized approach, based on the perturbative sensitivity in the limit when the lepton mass
me/Q — 0, all-order collision-induced QED contributions to the lepton-nucleon cross sec-
tions are organized into three groups: infrared sensitive, infrared safe, and power sup-
pressed. In the limit when m./Q — 0, the infrared sensitive contributions diverge loga-
rithmically in powers of In(Q?/m?), while the infrared safe contributions are independent
of m, and can be calculated order-by-order in powers of a. The power suppressed contri-
butions (in powers of m./Q) are typically very small and can be safely neglected.

Taking advantage of the fact that the logarithmically enhanced and infrared sensi-
tive contributions from the induced radiation are process independent, we collect them
into universal LDFs and LFFs, and resum the logarithms to all orders in a by solving
corresponding renormalization group equations. Since QED contributions are in principle
perturbatively calculable in the energy regime of relevant experiments, our factorization
approach to the collision-induced radiation provides a consistent and perturbatively stable
method to include all order QED contributions to both inclusive and semi-inclusive DIS
cross sections, up to the power corrections in m./@. This provides excellent predictive
power for lepton-nucleon SIDIS cross sections, given the universality of LDFs and LFFs,
our ability to calculate the infrared-safe contributions perturbatively to all orders in «, and
the fact that m./Q@ is a small number. Although we can calculate LDFs and LFFs in QED,
they can be further improved by performing global analyses of lepton-nucleon scattering
data to include the nonperturbative QCD contributions to these lepton distributions.

We have demonstrated that the traditional approach to handling the contributions
from collision-induced QED radiation by imposing a “radiative correction” factor to the
“Born” cross section with no QED radiation will not work for semi-inclusive lepton-nucleon
processes when a final-state hadron or jet of momentum P, is measured in addition to the
scattered lepton of momentum ¢. Furthermore, without being able to account for all
radiation, the photon-nucleon frame, where the TMD factorization was proven for SIDIS,
is not well-defined. Consequently, there is no unique connection between the produced
hadron’s transverse momentum Py defined in the TMD factorization formalism and the
measured hadron’s Pyp, either in the laboratory frame, where the lepton and nucleon collide
head-on, or in the “Breit”-frame defined experimentally without taking into account the
collision-induced radiation. In addition, without knowing the “true” photon-nucleon frame,
we cannot uniquely determine the hadronic plane, and will lose all advantages of extracting
different TMDs from the different modulations of angle distribution between the leptonic
plane and the hadronic plane. Numerically, we found significant “leakage” between different
angular modulations, which could impact the precision with which TMDs can be extracted
in practice.

Our factorization approach to the inclusive and semi-inclusive lepton-nucleon DIS nat-
urally goes beyond the “one-photon approximation”. We define the inclusive DIS as an
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inclusive production of a scattered lepton of momentum ¢ with ¢, > Agcp, and the semi-
inclusive DIS as an inclusive production of a scattered lepton of momentum ¢ plus an
observed hadron of momentum P, with both ¢, and P, > Aqcp in the lepton-nucleon
frame. We demonstrated quantitatively that the collision-induced QED and QCD radiative
contributions to SIDIS from the observed leptons can be consistently treated in terms of
collinear factorization, which allows a uniform treatment of the infrared-sensitive part of in-
duced QED and QCD radiative contributions for both DIS and SIDIS, by resumming them
into universal collinear LDFs and LFFs. This factorization framework therefore provides
excellent predictive power for QED and QCD radiative contributions.

With the collinear factorization approach to the induced QED and QCD radiation for
the leptons, and the “one-photon approximation”, we can define a “virtual photon-nucleon”
frame for a given combination of lepton momentum fractions (£, (), and take advantage
of all factorization formalisms, including collinear and TMD factorization, to evaluate the
semi-inclusive virtual-photon cross sections with the observed hadronic variables defined in
the “virtual photon-nucleon” frame. A (&, ()-dependent Lorentz transformation can then
be applied to transfer these variables from the “virtual photon-nucleon” frame to a frame
(either laboratory or experimentally defined Breit frame), where the hadronic variables are
measured. Finally, the integration over (&, (), weighted by LDFs and LFFs, sums up the
total impact of the induced QED radiation on the SIDIS cross sections.

We stress that even though « is very small, the logarithmic enhanced QED radiation
could significantly alter the momentum transfer to the colliding nucleon, including the
invariant mass (which defines the hard scale), as well as the direction that impacts on
the angular distributions between the leptonic and hadronic planes, and the precision
of extracting the TMDs from lepton-nucleon scattering. Our new and renormalization
improved factorization approach allows the systematic resummation of the logarithmically
enhanced collision-induced radiative effects from observed leptons into factorized LDFs
and LFFs that are universal for all final states, applicable for DIS, SIDIS, as well as for

et

e~ annihilation and Drell-Yan lepton-pair production processes, leaving the fixed-order
QED corrections completely infrared-safe and stable in the limit as m, — 0. Our hybrid
factorization approach goes beyond the “one photon-approximation”, and provides a new
paradigm for a uniform treatment of QED radiation in the extraction of PDFs, TMDs
and other partonic correlation functions. This will have important implications for the
future analyses of hard scattering process at the EIC, in the quest to map the nucleon’s

three-dimensional structure in momentum space from lepton-nucleon collision data.
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A Perturbative coefficients of the leptonic tensor at NLO

In this appendix, we derive the NLO perturbative coefficients A1), B(), C](cl), and Cg) of

the W-term WTT and the first nontrivial Y-term Y77 in eq. (3.23) of section 3.3.2. Among
the four helicity basis lepton structure functions Loy, L7, La, and Laa in egs. (3.20),
only Lpr has a nonzero contribution at LO. With ng% given in eq. (3.22a) and the LO

LDF and LFF given by

526 = dic 61 —€), (A-la)
DO(¢) = 55601 - ©), (A.1D)
one can obtain the hard part,
2O 251 — a) 5(717 - 1) 5 (gr), (A.2)
and the C' functions,
P R () =61 =N 6(1 - ). (A.3)
As a natural choice, we set
P (A) = 6(1 - \), (A.4a)
C (n) = 8(1 —n). (A.4D)

The NLO coefficients can be extracted from the NLO lepton structure function Lgpli)p,
which can be derived by calculating the real and virtual diagrams in figures 22 and 23,
respectively. To extract the helicity basis lepton structure function Lgpl%, we contract these
diagrams with (X#X" + Y#Y")/2, and perform our calculation in D = 4 — 2¢ dimension

to regulate all perturbative divergences. Computing the amplitude squared of the real

diagrams (figure 22), we obtain the real contribution to Lg}%,

A0 _ (r2) [ 20— (@ + %) +4(1 - f(f + 4+ 0)
T 2mQ? o
14+ X2n% — (1 — An)? 2 ( B cj%)
+ — 4|5 1-M\)(1—n)— L), A5
A1 19,1 - 5 (A.5)

where the phase space factor (27)%¢/[(27)3Q?] 5([53/)(3] (1-X)(1-mn) —QT/QQ) has been

included, and the corresponding virtual contribution (figure 23),

1 2 1 A7 142
2++(1n £ —7E>
€ € € t

1 47 p? 2 3 47 p? 72
—(1 — — =1 — — —— +4. A.
+2<n ; ’YE) +2<n ; ’YE) 12+ (A.6)

V) = —(1—e)26(1 = \)6(1 — 1) 6272 (g7)
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Figure 22. Real photon emission diagrams for the calculation of the leptonic tensor at NLO.
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Figure 23. Virtual correction diagram for the calculation of the leptonic tensor at NLO. The
corresponding Hermitian conjugate diagram (omitted here) is also included in the calculation.

Note that in defining Rgpl% and Vﬁr) we follow the same convention as for the leptonic tensor
in eq. (3.21), and the variables, £, % and © are the same as those defined below eq. (3.29).
In terms of the “W+Y?” formalism in eq. (3.23), one can write the NLO lepton structure

function as the sum

7 _ @) @)

Lypp = Wer + Yoo, (A7)
where the Y-term is a regular part of E(Tl% as gr — 0. Since the virtual contribution is
proportional to §(22¢) (Gr), and is singular as gy — 0, we only need the real diagrams to
obtain the Y-term as Yj(éq) = Rg}% — Rg“l%’qT—m’ where the subtraction term is known as the
asymptotic term. Taking e — 0 for the real-term in (A.5), we obtain the Y-term as

= (1) 1 2002+ 92) + 4t +a+0) 1+ A2n? (1 q%)
Y= — Z(1=)X)(1=pn)= 2L
L[ 1+ 1 1+47° G2
— | (1 =)+ =01 = A) = 26(1 = N)5(1 —n)In “L|, (A8
<) (1_A)+( n) =) ( ) ( )6(1 =) 2 (A.8)

where the asymptotic second term has been derived using the identity in eq. (B.2) of
appendix B.

To extract the NLO coefficients A, B() C](cl), and C(Dl), we expand the resummed
expression for the W-term in (3.25) to O(a) and remove the term proportional to f() and
DO to isolate the perturbative part of the W-term in eq. (A.7),

—=(1)

Wy =0y 5@ + oy s 4+ o el s, (A.9)
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where S and SO are the first two terms in the expansion of

d;ff Aol >)1nZQ+B<< )}

1@ A<1>1 2“Q+B<1>
™ 1

S =exp

—

2
+O(a?). (A.10)

Mb

=0 ) ~1 )
To derive Wpp, we perform a Fourier transform of L. to by space using the relevant
integral formulas in appendix B. The 1/€* terms from the soft radiation exactly cancel
between the real and virtual diagrams of figures 22 and 23. The 1/¢ terms from collinear
radiation can be absorbed into the LDF and LFF. The NLO perturbative part of the
W-term can then be written

—~(1) 1 3 pl
Wy = 26(1 — [ - i? + I Q]
”MSK ) g () sa- )
—2In 0(1—mn)+ (1 — A
v) s (F) s
1 1
2[5 N + 5 (1= m)A(1 = X) = 45(1 = A1 - | @A)
By comparing egs. (A.9) and (A.11), we determine the NLO perturbative coefficients,
Wy - L 1+*2> PSS _ o5 —
COM) = 5(1- ) (1A w3 51—, (A.12a)
1 1/1+n? Ui
0(1)77:1_77_( ) In MS—251—777 A.12b
B = gy —m = (T2 ) w200 —m) (A120)
AW =1, (A.12¢)
B - —; (A.12d)

B Some useful formulas

In this appendix we collect some integral formulas which are relevant to the calculation of
the NLO leptonic tensor in appendix A. First, we consider the integral

_ovde frde 3z 4
1= [ [ G rop0rams(Ea-na-n- )

[ L) (@) (o -n-v) o

where x? = ((g4%)/(€5Q?) and F(\,n) is a smooth function of A and 7. Taking the limit
gr — 0, which corresponds to x — 04, we have

f=/;_”§ / 1/ () P om0 -

/1/(2 n) d)\/\ ;3 (53) D(?) F()\,Tl)liné(l —A) + 03
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:/5; &;fc > (C)F(A 1 +/ ﬁgf(és) (Cf)F(l,n)

~ L ien) D(Cs) FOL 1) In 2 + O()

$B
Lde L d¢ NG 1 1
= —= — D) F(A\,n) —=— 1) + 01— M
L% B rODOFOm L8 | gy 00—+ o)
—3(1=X)6(1—n)In EBQQ} + O(x?). (B.2)
When computing the Fourier transform, one needs to calculate integrals of the type
2
_ e+a— —2€ A~ —id4p- aT
I(a, k) = (42 + 1/d22q R — B.3
( ) ( ) T (q%)a M2 ( )
For k = 0, the integral can be evaluated directly,
2p2\ ot Nl—e—a)
1 e —_ B4

For positive integer values of k, one can evaluate the integral by calculating the derivative

of I(a,0),

I(a, k) = <;5>kl(a—5,0)‘ . (B.5)

6=0
Applying these results, we arrive at the following expressions for the I(a, k) integrals utilized
in appendix A,

2b2
2b2 ,Uf2b2 7.[.2 3 2
I( 0) = = B.
(3:0) =7 2 10, (B-6e)
) 9 M2b2

C QED dependent SIDIS kinematic variables

In computing SIDIS cross sections including QED effects, it is convenient to express the
Breit frame kinematical variables, such as the angular phases and transverse momenta, in
terms of lab frame variables that are directly accessible experimentally. For notations and
definitions, we follow the Trento convention as set out in ref. [10].

We define symmetric and antisymmetric tensors for projections perpendicular to the
direction of the virtual photon of momentum ¢ in the Breit frame scattering from an initial
nucleon of momentum P,

Ptg¥ PV gt 2 PrpY e

g = g — q "2_ a7 2( - 9 % )7 (C.1)
(1+92)P-q 14>\ M Q
1

e = ———— " P, q,. (C.2)

T V1I+92P g
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Here by “virtual photon” we refer to the external momentum ¢ = ¢ — ¢/, which does not
necessary coincide with the true photon momentum that enters in the hard scattering.
With these transverse projectors we can write covariant expressions for the Breit frame
transverse momenta,

0= g0, Pl =g P, (C.3)

Similarly, the angular dependence for the outgoing hadron (¢p) and the initial state spin
vector (¢g) are given by
1 1

cos ¢, = ———= €, Pp, g, singp, = ————= "V, P, e}, (C.4)
G Piir VG Piir
1 1
cos pg = ————= 1,5, ¢, sin g = ————= 1,5, €}, (C.5)

.57 V&St

where the spin vector S of the initial nucleon is decomposed into longitudinal and transverse
components,

PH—gtM?/P - q
M1+ ~2

M S-q

CVIEEP g

Note that while the expressions in egs. (C.3)—(C.6) are written in a covariant way, their

Skt =Sy + Sk, (C.6a)

S, St =g, (C.6b)

interpretation in terms of longitudinal and transverse momentum directions is true only in
the Breit frame.

The expressions above, along with the variables zj, 2, and Q?, provide the full set of
variables that characterize SIDIS for any configuration of initial state particles. With these
it is then possible to build the corresponding internal invariant variables that depend on the
momentum fractions £ and {. To that end, it is important to note that only the external
momenta ¢ and ¢ are directly connected with the QED momentum fractions via k = &/
and k" = ¢'/{, while the other external hadronic vectors, P, P, and S, do not depend on
& or (. It is only when the latter are decomposed in the Breit frame using the covariant
projectors that the QED momentum fractions play a role. For instance, in eq. (C.3) the
vector P}’ becomes sensitive to the QED momentum fractions because the projector gi”
depends on ¢, ' or ¢, rather than because the original P,’; vector is sensitive to these.

The strategy then is to simply express all the relevant invariants in terms of the scalar
products £ -V and ¢/ -V, with V = P, S or P, and include QED radiative effects via the
substitutions ¢ -V — ££-V and ¢/ -V — ¢ - V/{. For this purpose we form the scalar
products from the external kinematics through the invariants zp, 2, Q2, v and Pyr, the
angles ¢, and ¢g, and the spin projections Sz, and |Sp|. We utilize both the sine and cosine
of the phases to keep track of the signs of the modulations. Defining 9 = Q2 +4M?2x2, it
is then straightforward to verify that
g - Q@AY ~Mafy?)

y2 Q2

(Q%2n — \/Q2(Q12} — AM2a3 (m] + PEy), (C.7h)

(C.7a)

Q

P= %
9 h AM?x2
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RS
L
¢ Pu=[0-Pil—lg- Pl (C.7d)

(P, = <Q2 Py [er]y cos ¢p — (Q2 + 2M%a2 y) lq- Pn) + Q4zh(1 + %y)), (C.7¢)

For convenience, in the expressions for /- P, and ¢'- P, we have kept explicit the dependence
on {7 and q - Py, highlighted by the brackets “[...].” The QED effects on the various scalar
products can be implemented in a covariant way through the substitutions £- P, — k- Py =
EW-Pyland V' - P, — k' - P, = [I'- Py]/¢. Proceeding next to scalar products involving the
spin vector S, we have

q-S:—Q%iB\/l—S%, (C.8a)

1

0.8 = —@(Q2 [Srl[er]y cosds — (Q* +2Ma2y) [g- 5]), (C.8b)
0-S=1[0-5]—]q-8S] (C.8¢)

As for the case of Py, we can implement the scalar products involving the spin vector S in a
covariant way by making the replacements ¢-S — k-S = ¢ [¢-S]and ¢/-S — k/-S = [¢'-S]/C.

For the sinusoidal phases involving contractions of the Levi-Civita tensor with ¢ and
¢, we have the relations

€uvpe PP P = —PhT(ng[ET] sin ¢y, (C.9a)
€upo PHEEP ST = —’ST‘C;:UQ[KT] sin ¢g. (C.9Db)

These also allow us to implement the & and ¢ dependence of the sinusoidal modulations
via the substitutions

s PHVCPPY <5 €0 PURVEP BT — f leywpo PHEV £ P, (C.108)
€y PHVIPST =5 e PRRVIPST — g [ewpo PRV £757). (C.10D)

We next consider the SIDIS invariants with £ and ¢ dependence, which for the simplest
variables are

B . -1 R
T :ggijy—l’ g Z&Z‘g, Zh :‘fg?fz;é_l’ (C.11a)
-~ QMAB 2

Defining again the shorthand notation 02 = Q2 +4M22 = Q%(1+42), from eq. (C.7a) we
can write the transverse momentum of the incoming lepton that enters the hard scattering
in the true Breit frame as
o @@y - M3 )
7= — < . (C.12)
7202
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For the corresponding scalar products involving the internal § vector, we can write
q-Pp=1[k-P]-[K -P], §¢-S=[k-S]-[K-S] (C.13)

Here we use the shorthand notation “[...]” for the (§,()-dependent scalar products to
distinguish them from the (&, ¢)-independent quantities above, with the understanding that
the former are functions of (&, () and of the latter scalar products, which we can represent
schematically as “[...] = [...](&,(, [...])”. The transverse momentum of the produced hadron
can be computed using eq. (C.3) in terms of the (£, {)-dependent variables as

~ 1 o e L o
P = —@ (m,% Q* Q% - Q%3 + 2(Q4zh + 2M2x§) R Ph]]>. (C.14)

Similarly, the decomposition of the spin vector S in the true Breit frame is given by

~

Sp= L[4 9] (C.15a)

)=

22
IST!2=1—é[[c§-S]]2= 1-57. (C.15b)

Finally, the angular phases can be expressed in terms of the scalar products as

s QY2 —9)2n +2(Q* +2M2329) [q- Pu] — 292§ [k - Pu]

cos ¢, = ———— , (C.16a)
202§ [Pur][kr]
N A W 1.V 1.p DO
sin gy = — 228 Lo PPR P (C.16b)
Q Q[ Pur]lkr]
and
R 0%+ 2M2229) [6- 8] — Q%4 [k- S
cos g = (@ + fB ZA/) [[g - <791 ]], (C.17a)
Q2 [|Srlllkr]
" 24 » O_Pp v1./p Qo
sin g = — 22 [eppo PPRVKP ST (C.17b)

Q Q57 /[kr]

With these expressions, we have now completed the translation of the SIDIS invariants
expressed in terms of external degrees of freedom into their corresponding internal ones
that depend on £ and (.
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