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We present the first computation of next-to-next-to-leading order (NNLO) pure QED and mixed QCD ®
QED corrections to unpolarized and polarized semi-inclusive deep-inelastic scattering (SIDIS). Building
on our previous NNLO QCD results, these corrections are crucial for improving the theoretical precision.
The coefficient functions are derived within the QCD factorization framework using dimensional
regularization, with consistent renormalization and mass factorization. A detailed phenomenological
analysis shows that the NNLO QED and QCD ® QED terms enhance perturbative stability and reduce
scale uncertainties. These results are essential for high-precision SIDIS predictions at future facilities such

as the Electron-Ion Collider.
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Semi-inclusive deep-inelastic scattering (SIDIS), char-
acterized by the detection of a final-state hadron along with
the scattered lepton, serves as a powerful tool for probing
the internal structure of both incoming as well as outgoing
hadrons. Unlike inclusive DIS, SIDIS provides access to
both parton distribution functions (PDFs) and fragmenta-
tion functions (FFs), offering a more detailed picture of
the nucleon’s partonic structure and an opportunity for
extracting FFs. QCD factorization separates the perturba-
tively calculable coefficient functions (CFs) from the
nonperturbative PDFs and FFs and allows for the SIDIS
cross section to be expressed as a convolution of these
ingredients, PDFs, FFs, and CFs. The CFs are computed
order-by-order in perturbation theory and are known up to
next-to-next-to-next-to-leading order (N3LO) for inclusive
DIS [1-4], while for SIDIS, the CFs at next-to-next-to-
leading order (NNLO) in QCD have been completed
recently [5-11]. More recently, the impact of threshold
enhanced contributions to SIDIS using resummed frame-
work has been reported in [12], see also [13,14]. Building
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upon these developments, we present the first results on the
impact of NNLO QED and mixed QCD ® QED contri-
butions on unpolarized and polarized SIDIS. These con-
tributions are essential for enhancing the precision of
theoretical predictions, reducing uncertainties resulting
from renormalization and factorization scales, and are
particularly relevant for upcoming high-precision experi-
ments such as the Electron-Ion Collider (EIC) [15] at
Brookhaven National Laboratory.

The reaction I(k;) + H(P) — I(k}) + H'(Py) + X defines
the SIDIS process, where k;, k; (P, Py) are the momenta of
the incoming and outgoing leptons (hadrons).

In the single-photon exchange approximation the virtual-
ity of the photon is given by Q> = —¢?, with ¢ = k; — k).
For unpolarized (polarized) SIDIS, the hadronic cross
section is described by the structure functions (SFs)
Fi,3 (g1....5). The dominant quantum corrections to the
CFs of Fy, F, and g, result from QCD and they have been
extensively studied up to NNLO, see [13,14,16-20]. The
SFs of SIDIS also receive contributions from electroweak
interactions via vector bosons such as Z, W=, as well as
from additional photons, with the simplest corrections
arising from photons-namely, quantum electrodynamic
(QED) effects. There have been several studies where
QED and mixed QCD ® QED corrections are considered
for observables in DIS, see [21-29]. QED radiative cor-
rections to the leptonic part largely factorize, a fact exploited
in analytic resummations [30] and in formalisms based on
lepton distribution functions [31,32]. At the HERA collider,
these effects were systematically treated in the experimental
analysis through dedicated Monte-Carlo generators for
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QED radiation [33-35]. Nonfactorizable contributions such
as two-photon exchange and leptonic-hadronic interference
are known to be numerically negligible in DIS (well below
0.1% [36]) and lie beyond the accuracy relevant for a
factorized parton-level calculation. In this article, we incor-
porate QED as well as mixed QCD ® QED corrections to
F,, F, and g; at NNLO accuracy within the established
single-photon exchange framework used in global PDF fits
and perturbative QCD analyses.

The perturbative expansion of the SIDIS cross section in
both the strong and electromagnetic couplings is given by

6 =00 + 4,600 4 g,601)

+ @269 + 2602 4 g a,61D) + ... (1)

with  a, = a,/(4n) = ¢?/(167*) and a, = a?/4r =
e?/(162%) in terms of strong coupling g, and electric
charge e. The cross sections 6"") denote the contributions
at order O(a, o). In this work, we focus on the pure QED
corrections at O(a2) as well as the mixed QCD ® QED
contributions at O(a,a,) to the SFs Fy, F, and g;.

The differential SIDIS cross section,

VEy (5.2, 0%) + “y;”u 0%,

(2)

depends on the spacelike momentum transfer Q2, the
Bjorken variable x = Q?/(2P - q), the inelasticity y =
P-q/P-k;, and the scaling variable z =P - Py/P-q
for the fraction of the initial energy transferred to the
final-state hadron. Since we restrict ourselves to photon
mediated SIDIS, the SF F5; does not contribute. Similarly,
the spin-dependent cross section is found to be

d*c _4ﬂa§
dxdydz — Q?

&*Ac N dra?
dxdydz  Q?

(2-y)gi(x.2.0%). (3)

Note that g, does not contribute since we restrict ourselves
to longitudinally polarized hadron in the initial state.
Collinear factorization in the QCD improved parton
model allows to express the SFs as convolution of
PDFs, (A)f,/p(x.u%) and FFs, Dy (z;, %) with CFs,

(A>Cl,ab(x/x1’ Z/Zh Q27 M%‘)

Ldx
Fp=x"1 Z /xllfa/P(xlvﬂ%")

a.b=q.q.9.y
ldz, X z

X/ —DH//b(Zl,ﬂ%)Cl,ab<—,—7szﬂ%) (4)
z 2 X1 21

The corresponding expression for g; will involve polarized
PDFs Af,p and spin-dependent CFs denoted by AC, 4,
(we set I = 1). Here x is the incoming parton’s momentum

fraction with respect to the hadron H(P), i.e., p, = x| P
and z; is the momentum fraction of the final state parton b
carried away by the outgoing hadron H'(Py), ie.,
Py = 7, p,,- The above expression is subject to summation
over the initial state partons along with the photon,
collectively denoted by a, from the incoming hadron and
the final state partons that include photons, denoted by b
that fragment into the observed hadron. The CFs can be
computed in a perturbative expansion in powers of a, and
a,, cf. Eq. (1),

o]

(A)Crap = Y ai(i)al() (A)CED 3).  (5)

i.j=0

with pup, pr the factorization and renormalization scales.
The computation of the CFs starts from the parton level
cross sections denoted by d(A)6; 4,

R 1 =TT Z Pa" P
(6)

where the squared amplitude is defined as [(A)M,,|* =
(A)P}*|(A)M [5, with suitable projectors (A)P}" for the
SF under consideration [37]. The matrix elements M,
denote scattering amplitudes for the parton level subprocess
a(p,) +7r*(q) = b(py) + X with QCD, QED, and mixed
QCD ® QED corrections taken into account. For spin-
independent squared amplitudes, ¥ represents the average
over initial and the sum over final spins/polarizations, and
color quantum numbers for partons. For spin-dependent
cross sections, instead of averaging over the initial polar-
izations, we take their difference to account for the parton
spin dependence. The integration measure dPSy,, is the
phase space for the fragmenting parton » and the remaining
final-state particles X.

The spin-dependent squared amplitudes, |AMa,,|2, in
Eq. (6), involve either the Dirac matrix y5 or the Levi-Civita
tensor €,,,,, arising from helicity-dependent quark (or
antiquark) wave functions or gluon(photon) polarization
states, respectively; see, €.g., [38]. Since both y5 and €,,,,
are intrinsically four-dimensional objects, a consistent
prescription is required to define them in dimensional
regularization with d = 4 + & dimensions.

Several schemes exist for this purpose, though none fully
preserves the chiral Ward identities. In this work, we adopt
Larin’s scheme [39] to define y5 in d-dimensions as

i
m%=—g%mﬁﬂfﬁ (7)

which provides a consistent framework for handling ys
within dimensional regularization, where the product of
two Levi-Civita tensors is expressed as a determinant of
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Kronecker deltas in d-dimensions. The QCD contributions
computed in Larin’s scheme can be translated into the MS
scheme by applying a finite renormalization. The corre-
sponding renormalization constant [40-43] restores the
axial Ward identity and simultaneously transforms the
spin-dependent PDFs into the MS scheme, see also
[11,37] for a detailed discussion in SIDIS. Currently, no
analogous renormalization scheme exists for converting the
QED and mixed QCD ® QED contributions from Larin’s
scheme to the MS scheme. However, using Abelianization
we determine the finite renormalization constants for QED
and mixed QCD ® QED from those of QCD. The results
for AC; .5, upto NNLO in the MS-scheme, thus obtained are
included in the ancillary file.

Beyond leading order (LO) in perturbation theory, both
ultraviolet (UV) and infrared (IR) divergences from soft
and collinear partons appear in the computation of
d(A)6; .- The UV divergences are removed by renorm-
alization of the bare couplings a, and a, at the scale up. Let
Z,, denote the renormalization factor for the coupling a.,
where ¢ = s, e corresponds to QCD and QED. The bare
couplings a, are related to the renormalized ones as

2\ €/2
008, = ac(13) Za, (as(3). a0 (1) €) (:‘—) C®

Here p is an arbitrary mass scale introduced to make a,
dimensionless in d-dimension and S, = exp[§ (yz — In4x)]
with yp the Euler-Mascheroni constant. The Z, factors
satisfy renormalization group equations given by

d 1
2 — 2 2
Hr 7N Zo, = = v fa (as(uk). ac(uz)).  (9)
" dyg ac(ux) e
where the f functions admit expansions f, = —) [ _,
ﬁ§;>a§+2aé and f,, = -2 %, /355‘) al™at, with the coef-

ficients ﬁﬁj.) and ﬂl(;) accounting for contributions from pure
QCD, pure QED, and mixed QCD ® QED interactions. To
NNLO accuracy the relevant f-function coefficients read
Poo =4 Co = 3T myand fry) = ~4 (N 55/ ¢} + 37" o).
Here, C, = N is the quadratic Casimir in the adjoint
representation of the color SU(N) and the one for the
fundamental representation is denoted by C; = % The
trace normalization factor for the fundamental representa-
tion is Ty = % and ng, ny are the number of active quark and
lepton flavors respectively. e, and ¢; denote the electric
charges of the quark ¢ and the lepton [, respectively.
The soft IR divergences cancel among virtual and real
emission processes when all the degenerate states are
summed thanks to the Kinoshita-Lee-Nauenberg theorem
[44,45], except for the collinear ones associated with the
initial-state and the final-state fragmenting partons. These
residual divergences are factorized into (un)polarized PDFs

and FFs following the standard QCD mass factorization
procedure. In the QED and QCD ® QED framework, this
procedure extends to include the photon and charged
leptons in the evolution equations. The partonic cross
sections in Eq. (6) are factorized into spacelike Altarelli-
Parisi (AP) splitting kernels (A)['._, for (polarized)
unpolarized PDFs and timelike unpolarized AP splitting
kernels T',_, for FFs, which contain all 1/e collinear
singularities, and the finite CFs (A)C; .. This yields the
mass factorization formula at scale pp,

(A)Crap(x. 2. €)
= (A)Fa—a (x7 8) ® (A)Cl,cd(x’ Z, E)®f‘b<—d(zv 8)’ (10)

where the convolutions ®, ® run over the respective
momentum fractions. For the QCD ® QED interactions,
the AP kernels have been extended to include pure QED
and mixed QCD ® QED corrections up to two-loop order
as detailed in [21-23,46].

Beyond LO, the contributions to d(A)é ;, in Eq. (6) can
be classified into virtual (V) and real (R) corrections at
next-to-leading order (NLO) and virtual-virtual (VV), real-
virtual (RV), and real-real (RR) corrections at NNLO. The
V (VV) contributions arise from one-(two-)loop virtual
corrections to the Born process including combined QCD
and QED corrections. The R, RV, and RR contributions
incorporate all relevant real emission processes and their
interference terms involving QCD, QED, and mixed
QCD ® QED dynamics. Feynman diagrams are generated
using QGRAF [47], see Table I and algebraic manipulations,
including the application of Feynman rules, Dirac algebra,
Lorentz contractions, and color and charge factor simpli-
fications, are performed with in-house routines written in
FORM [48.,49].

TABLE 1. Partonic subprocesses contributing at NLO, and
NNLO, classified by contribution type. All the partons in final
state of process can hadronize, here ¢’ is a quark of flavor
different from gq.

Order Process Contribution type
NLO g +y" — g (1-loop) QCD, QED
g+7r" = q+g() QCD (QED)
gr)+v —>aq+q QCD (QED)

NNLO ¢ + 7* — ¢ (2-loop) QCD, QED, QCD ® QED
g+7r" = g+ g(y) (I-loop) QCD, QED, QCD ® QED
g(y) +7* = q + g (1-loop) QCD, QED, QCD ® QED

q+7v" = q+g(y)+g(y) QCD (QED)

q+rv —qtgty QCD ® QED

g+7y > q+q+3q QCD, QED, QCD ® QED
g+r —q+4qd+7 QCD, QED

gy) +r* = q+q+g(y) QCD (QED)

g(r)+7r = q+g+yr(g QCD® QED
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The evaluation of phase-space integrals here is more
involved than for inclusive DIS cross sections due to the
kinematic constraint & = <22 This constraint is imposed

via a delta function replaced by a cut propagator using the
reverse unitarity method [50,51], which enables the use of
integration-by-parts (IBP) identities [52] to reduce integrals
to a minimal set of master integrals (MIs). The IBP reduction
is carried out using the LiteRed package [53]. The master
integrals (Mls) needed for the pure QED and mixed QCD ®
QED contributions coincide with those already known from
pure QCD computations. Details of the computation have
been described in previous work [37,54,55].

After including the MIs results in the partonic cross
sections, soft divergences cancel between real and virtual
contributions and collinear divergences are removed by
mass factorization using space- and timelike AP kernels.
We apply Eq. (10) to systematically extract the collinear
finite CFs, (A)C; 4, order by order from the partonic cross
sections. The AP kernels can be expanded as a power series
in the strong coupling a, and the electromagnetic coupling
a, as follows:

(5]

Teca=8.601-8+ Y ai(2)al() T (& e),
i+j=1

(11)

where we abbreviate the AP kernels collectively by the set
e {T, AT, T'}. They satisfy renormalization group evolu-
ton equations. - e = 3 Pea(ay 1) 0. 1)) ©
Iy, in terms of splitting functions, denoted by the set
P e{P, AP, 15} consisting of unpolarized spacelike (P),
polarized spacelike (AP) and unpolarized timelike (P)
splitting functions respectively. Their perturbative expan-
L ak al I]:"Efl;j )

sion reads PP, = » 70, where i and j are the

QCD and QED indices, respectively. For removal of initial
state collinear singularities in the present study we use the
QCD spacelike (polarized) unpolarized splitting functions
(AP" with i = 1, 2 [4,43,56-64], the spacelike splitting
functions (A)Pg%j) with j =1, 2 for QED and (A)Pglb'l)
for the mixed QCD ® QED, all available in the literature
[21-23]. The timelike splitting functions needed to remove
final state collinear singularities are known for QCD
interactions [63,64]. For QED and the mixed QCD ®

QED interactions, the corresponding expressions are not
|

available in the literature. We derive them here by assuming
that mass factorization holds with QED interactions and by
requiring finite CFs. In detail, we determine the timelike
splitting functions 15537’] ), j=1, 2 for QED and szl) for
mixed QCD ® QED:

. 50.1) 5(0.1) 5(0,1) (0,1
LO: Pyt Byt Byt Byt

NLO: BB B BB B (12
The QCD CFs for the polarized SF ¢, are already known
[7,8,11]. As mentioned before, we use Larin’s prescrip-
tion for ys, with polarized spacelike splitting functions in
Larin’s scheme and unpolarized timelike splitting func-
tions in MS to obtain the QED and mixed QCD ® QED
CFs. The CFs in the MS-scheme are then derived with
the help of a finite scheme transformation
Z=1+% ;- alalzi’). The ones for QCD, Z(0)
are already known for i =1, 2. The remaining Z(-/)
ie., (i,j) =(0,1),(0,2),(1,1) relevant for QED and the
mixed QCD ® QED CFs are obtained from the former
through Abelianization, see, e.g., [21]. The set of
polarized MS splitting functions given below for QED
and mixed QCD ® QED evolution, that has been
obtained in this way, i.e., using Z for g;, is in complete
agreement with [23,46].

LO: APV APYY APSY APSY

NLO: AP, APLY AP APSNS,

(0.2)

APY (0.2)

S
~, AP,
where the superscripts NS (S) refer to the nonsinglet
(singlet) parts of the gg channel, respectively. This com-
pletes the NNLO derivation of the CFs via Eq. (10); as in
the known QCD case, the finite CFs can be expressed in
terms of double and single distributions, as well as regular
terms, cf. [37] for computational details. The convolution
of the CFs with PDFs and FFs provides (g,)F; =

D itjm0 aia{;(gl)F(li’j), such that at LO F§°’°> =>, ¢
(A)H,, (e, being the electric charge of quark g). Since
we have already presented the QCD results for F; and g,
that is, (¢;)F\"" for i = 1, 2 in [37], in the following we
give results for pure QED and mixed QCD ® QED:

gy Lyq

() F™ =D et ((0)Hy &)Y + (A)H, &)Y, + (A)H, &)Y, (13)
q
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(g0 FI" = 3 el (A Hy@(A)C 4+ (A H g ®(A)CY + (A)H, ®(A)CY + (A)H, @A) )
q

Laq. Lar Lyq
+263<Nzei+zl:el>( )H & (A 1qq +Ze <NZe +Zez> P )Cﬁ?ﬁm
q qi i
+Z;(egeg,<A>H;q,®(A)c§ 2) e (M QA + el (A)Hq‘q@(A)Cﬁ?"fq),’B])
9 q'#q
- <N2e2l_ + lzeg) ((A)HW®(A)C§?£)), (14)
qi i

() F = et ((A)H ®(A)CT:) + (A)Hg®(A)C,y + (A)H, R(A)CH, + (A)H,,&(A)CH)

A

@S]+ OB + (e ) (a8l + @ Beely). 19

where e, is the electric charge of quark (¢’) of different flavor from quark ¢ and ® denotes the convolution with (A)H , in
both variables x and z,

(A)Hgq = (8)fq(x)Dy(2) + (A)f3(x)Dg(2),  (A)Hgq = (A)f4(x)Dq(2) + (A)f3(x) Dy (2),

(B)H g = (8)f4(x)Dy(2) + (B)f3(x)Dy(2),  (A)Hg, = (A)f4(x)Dy(2) + (A)f5(x)D, (2),

(A)H,g = (A)f,(x)Dy(2) + (A)f,(x)Dg(2),  (A)H gy = (A)f(x)Dy(2) + (A)f4(x)Dg(2),

(A)H gy = (8)fy(x)Dy(z).  (A)H,, = (A)f,(x)D,(2).  (A)Hg, = (A)f4(x)D,(2).

(A)H,y = (A)f,(x)Dy(2).  (A)H, = (A)f(x)Dy (2) £ (A)f(x)Dg (2) £ (A)f3(x)Dy (2) + (A)f3(x)Dy (2).  (16)

We now illustrate the numerical impact of our (A)C;,,  after integration of y between 0.5 and 0.9 and of z between
results for various center-of-mass energies /s for a range 0.2 and 0.85. We have set both renormalization and
of x and z values. Specifically, we examine the effects of ~ factorization scale equal to central scale, up = ugp =
pure QED and mixed QCD ® QED corrections on the SFs Oy, Where Q2 = Xyyy,s. Similarly, in Fig. 2, the left
F1(g,), included alongside the pure QCD terms, providing  (right) panel presents F; (g;) as a function of z, after
a more complete description up to O(a,«,). In Fig. 1, the  integration of x between 0.1 and 0.8 and of y between 0.5
left (right) panel shows results for F; (¢;) as a function of x,  and 0.9, we set yup = pg = Quyg here, Oy = XyygVaves. We

1.012 EIC _ NLOODe O 1012 EIC _ NLQuDe o
. VS =140 GeV NLO® ' VS = 140 GeV NLGO®
S e g e A e
1.010 0.2<z<0.85 1.010 0.2<z<0.85
1.008 1008
S S
- /'/ - /‘/
y 1.006 e S 1.006 S
o e =4 e
Rt R
1.004 T 1.004 e
T I
1.002 ”,———_— 1.002 ”,—’———
1.000 1.000
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
X X

FIG. 1. Ratio of the SFs F; (left panel) and g, (right panel) with QCD ® QED contributions at NLO and NNLO to those with only
QCD corrections applied at the respective order as a function of x at the central scale y% = u% = avg for the EIC at /s = 140 GeV.
Integration ranges for y and z are indicated in the plots.
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1.012
EIC o NLOU®ED
~NLOTD
V'S =140 GeV QCD © QED
L0101 o1ck<os e NNNLA?LO‘;D
05<y<09
1.008
~ 1.006
i
4
1.004
1.002
1.000
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
z
FIG. 2.
the plots.

have used ny =3 as active number of quark and lepton
flavors for all numerical calculations. In Table II (III), we
present the results of F; (g;) from pure QCD and mixed
QCD ® QED for z = 0.15, 0.25, 0.45, 0.6, 0.75 along with
percentage error coming from varying uy and pp. Both in
the plots and in the tables, NLOQCP®QED jndicates that
contributions at order a, from QCD and at a, from QED are
added to LO; in NNLORCP®QED e have added to LO the
pure QCD contributions up to order a2, pure QED to order
a2 and mixed QCD ® QED upto a,a,. For F;, we have
used the LUXged PDF sets [65] at LO, NLO and NNLO,
extended to include QED effects. In contrast, the predic-
tions for g; have been obtained using the BDSSV24NLO

1.012

NLOQCD ©QED
NLOD

NNLOQCD 8 QED
NNLOY®

EIC —_

1.010{ YS

1.008

1.006 i

Rgl
\

1.004 P

1.002

e
-
-

1.000

0.1 0.2 0.3 0.4 0.5

Same as Fig. 1 for the SFs F; (left panel) and g; (right panel) as a functions of z and integration ranges for x and y indicated in

PDF set at LO and NLO, and the BDSSV24NNLO PDF set
[66] at the NNLO level, also incorporating QED effects. In
both cases, for F; and g;, the NNFF10PIp FF sets [67]
have been utilized at the respective orders (LO, NLO,
NNLO). The contribution coming from QED and mixed
QCD ® QED is comparable in size to the N°)LO QCD
corrections. We put the polarized PDFs and unpolarized
FFs for photons to be zero throughout. The polarized PDFs
for photons can be found in [46,68]. We observe that the
dominant contribution come from the QCD sector while
those from QED and mixed QCD ® QED are generally
small but not negligible. However, the later is expected to
be comparable in size to the N>LO QCD corrections.

TABLE 1II. Values of the SF F, at various orders at the central scale ,u% =ut = Qﬁvg and variation of scales {u3, ﬂ%}e
[QﬁVg /2, 2Q§Vg] as function of z. (See text for integration ranges of x, y).

F,
z LO NLOQCP NLOQCP®QED NNLOQCP NNLOQCP®QED
0.15 1.231191484% 1.04009 05327 1.04266 08007 0.997120-092% 0.9989410 5%
. o 341% 245% .156% .156%
0.25 0.44911 13527 0.38139" /2007 0.382571] 2557 0.338617 03557 0.3396210570%
0.45 0.08062.1 75047 0.07737 133537 0.077713575% 0.072961 05557 0.07329" 03537
0.6 0.0233913:625% 0.02469 3:558% 0.02483 34717 0.02463+1:031% 0.024791)885%
0.75 0.00651735225% 0.00682 20107 0.00687 5% 0.00699", 57% 0.00705%,-[31%
TABLE III. Same as Table II for the SF g,.
g1
z LO NLOCP NLOQCP®QED NNLOQP NNLOQCPEQED
0.15 0.5941713335% 0.454281 0911 0.45525"0487% 0.425117 1857 0.42599" 03307
0.25 0.22688 007 0.1730519-304% 0.173531 092 0.1479970-134% 0.14837+0:230%
0.45 0.0422917415% 0.037901 540377 0.03806.1) 5457 0.034301 02957 0.034431 03957
0.6 0.012325-200% 0.01236 5907 0.0124212-876% 0.011927-§28% 0.01199" 52357
.116% 4.422% 4.293% 1.414% .245%
0.75 0.00341 1350057 0.00339; 453 0.003421 737 0.00337" | G3eet 0.00340™ 2557
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In this letter, we present the complete NNLO coefficient
functions for both unpolarized and polarized SIDIS in the
MS-scheme, including pure QED and mixed QCD ® QED
corrections. We also provide the relevant timelike unpo-
larized splitting functions, the spacelike polarized splitting
functions in MS-schemes, and the renormalization constant
Z required for the scheme transformation at NNLO. These
results address a key gap in the literature and facilitate high-
precision predictions for SIDIS, supporting future global
fits of (un)polarized PDFs and unpolarized FFs. In con-
clusion, our results underscore the importance of including
QED and mixed QCD ® QED corrections in precision
studies, as they enhance the robustness and accuracy of
theoretical predictions at the EIC.

Supplemental Materials [69] are provided with this
work, including Mathematica notebooks containing the
unpolarized CFs, Cgla’; and polarized CF, ACY% in the MS
scheme, the required splitting functions and renormaliza-
tion constant for scheme transformation Z. All CFs are

simplified to eliminate the @ functions making all the
terms real-valued and continuous throughout the entire
range 0 < x',7/ < 1.
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