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Abstract Parton densities are obtained from a solution of
the extended DGLAP-type evolution equation that includes
both QCD and electroweak contributions. The equations are
solved using the Parton-Branching (PB) approach, and the
evolution is performed at next-to-leading order for QCD par-
tons and leading order for electroweak bosons. The initial
QCD parton distributions are fitted to HERA deep inelas-
tic scattering data, while photon and weak-boson densities
are generated perturbatively and validated against do/d Q2.
The resulting collinear and transverse-momentum dependent
(TMD) densities are provided in LHApdf and TMDIib for-
mats for direct phenomenological use.

1 Introduction

Predictions for high-energy hadronic processes rely on the
factorization of perturbative and non-perturbative compo-
nents. The parton densities themselves consist of a pertur-
bative part (the perturbative evolution equations) and the
non-perturbative input distributions at a scale of the order of
the hadron mass. Several collaborations, such as CTEQ [1-
3], MSHT [4-7] and NNPDF [8,9] have performed precise
global fits of QCD parton densities. A public tool, xFit-
ter [10, 11], exists for the fitting framework. QCD parton and
photon densities are now determined by all groups, but heavy
boson densities are not yet available in parameterized form
(in the parton-density repository LHAPDF [12]). In this pub-
lication we describe the determination of a complete set of
parton densities' for QCD partons as well as for the elec-
troweak bosons: y, Z and W.

4 e-mail: sara.taheri.monfared @desy.de (corresponding author)
1 We use the wording parton density for partons but also for electroweak
bosons.
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The factorization framework simplifies complex hadronic
processes and offers physical insight through the picture
of parton branching. The Effective W/Z Approximation
(EWA) [13—16] involves the partitioning of collinear, initial-
state W/Z boson emissions out of matrix elements (MEs)
into collinear parton density functions (PDFs). This approx-
imation, as an extension of the Equivalent Photon Approx-
imation (EPA) [17,18] (or Weizsidcker-Williams Approxi-
mation [19,20]), offers significant computational benefits,
particularly dealing with infrared limits of phase space and
avoiding numerical instabilities in calculations when scale
hierarchies are present. A concise derivation of the equivalent
vector-boson approximation is given in Ref. [21]. The con-
cept of EWA has already been used in calculations including
weak vector boson fusion (VBF) [22-26] and heavy quark
production via Wg-scattering [22,27]. Renewed interest in
the EWA came with the discussion of high energy muon col-
liders [28].

Recently, collinear parton densities including electroweak
(EW) bosons have been discussed in more complete
approaches [29-32]. Electroweak evolution equations are
discussed in [33-35]. Splitting functions for W-emission
including a transverse momentum dependence have been cal-
culated in Ref. [36]. On the experimental side, measurements
of jets and EW bosons at the LHC [37,38] support the picture,
that at high energies the radiation of massive EW bosons from
light quarks [39] can be treated similarly to those of massless
photons or gluons.

In this study, we present a solution of the extended
DGLAP evolution equation including the photon and heavy
electroweak bosons. We apply the Parton Branching (PB)
method [40,41] for solving the evolution equation. This
method (as already implemented in the evolution package
UPDFEVOLV2 [42]) has the advantage that implementing
additional boson contributions and kinematic constraints is
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straightforward. Together with the determination of collinear
parton densities, Transverse Momentum Dependent (TMD)
densities are also calculated.

We discuss in Sect. 2 the evolution equations and introduce
the splitting functions and couplings for EW bosons. We also
discuss the treatment of heavy boson masses. In Sect. 3 we
describe the fit of the initial conditions of the strongly inter-
acting partons to precision measurements obtained at HERA
and the determination of parton distributions. We also show a
validation of the heavy boson densities, using measurements
of do/d Q% obtained at HERA for both neutral and charged
currents. Conclusions are given in Sect. 4.

2 Evolution equations for QCD partons and
electroweak bosons

The evolution of parton densities with scale u” is described
by the DGLAP equation [43—46]:

Z/ dz Py Otett(lL ), Z)

Zfb (;, ;ﬂ) : (1)

where P, denotes the regularized splitting function for the
transition b — a, which can be decomposed as (in the nota-
tion of Ref. [40]):

PRLETACNT) 3Xfa(x i)

Pup(z, cteft) =Dgp(cter)S(1 — 2) + Kap(etr)

1
(I—2)+
+ Rap(z, defr) - (2)

The splitting functions for QCD partons are known, and
summarized for NLO and NNLO in Refs. [47-57]. Photon
and heavy-boson radiation from quarks occurs analogously
to gluon emission. In the PB approach, the evolution equa-
tions are rewritten using Sudakov form factors, which replace
the plus-prescription and allow a probabilistic interpretation,
as discussed in detail in Refs. [40,41]. The coupling ot is
the effective coupling, dependent on the parton (particles)
involved, for QCD partons oeff = os.

The evolution equation in terms of Sudakov form factors
Ag (u?) is given by:

xf (1) = AS(?) xf o (x, 1)
W dg? AS(u?)
+Z/ 2 AS(qz)

f dz 5 h (o) ﬂ;( ) 3)

@ Springer

The limiting scale z in the z-integral is important in this
prescription, since to be consistent with the DGLAP equa-
tions for massless QCD partons and the photon, the integra-
tion limit zpy — 1 (for the numerical calculations we use
zM = 1 — €, with € being small). The Sudakov form factor
is given by:

AS(u?) = AS(zm, 12, 1)

_exp( Z/u dq® / Oleff P(R)( )) ’

“

In the PB-approach, the evolution equation for collinear
densities is extended to include also transverse momenta of
the partons (and bosons). After identifying the evolution scale
with a physical scale, here the rescaled transverse momentum
(coming from angular ordering), transverse momenta of the
emitted partons can be calculated, as described in detail in
Ref. [40,41].

The calculation of collinear photon densities has been dis-
cussed quite extensively in literature, see e.g. Refs. [5,58-
65]. For a complete description of the photon density, also
an intrinsic distribution of photons inside the hadron must
be included, which is relevant at small scales 12, while at
large scales the dominant contribution comes from photon
radiation off the quarks. Several groups [5,60,63] allow and
treat an intrinsic photon component inside the proton. In the
approach described here, we neglect any initial photon con-
tribution, since we are interested in the contribution at large
scales and aim for a consistent treatment of photon and heavy
boson densities. The determination of effective W densities
has already been discussed in Refs. [13-16,25,66—69] and
in recent years, these ideas have been revisited in Refs. [29—
31,35,70].

The effective coupling aefr (given in Table 4) for photons
1S teff = ®em, While for processes with Z or W it can be
obtained from the total production g; g j-cross section, and is
given by:

Uem
7 e = — 2 (y24 A2 5
eff 4sin29wc0529w( FrAY )
aem|qu|2
W : oo = —emiZaal 6
T Asin? by ©

with 6y being the Weinberg angle and V¢, A being the
vector and axial couplings of the Z-boson to the fermions,
and V,, being the CKM element.

In the massless limit, the splitting functions for EW pro-
cesses at LO are identical to the corresponding ones of QCD
partons modulo the coupling and different color factors (as
given in Table 4), and the self-coupling, which does not exist
for photons (the treatment of heavy boson masses is dis-
cussed in Sect.2.1). In Appendix B we give an overview of
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the EW splitting functions at leading order. We average over
all transverse polarization states, and neglect any longitudinal
contribution from y-, Z- and W- contribution (only in sec-
tion 3.5 for the validation with the DIS cross section, we need
to obtain W- densities with different polarization states). A
full account including different polarization states is given in
Refs. [29,31,32,35,70].

We show here explicitly the momentum weighted density
for photons, Z- and W-bosons:

5 0xf (x, 1%

! 2
3M2 = /; dz qu (aeff(ﬂ ):Z)

zaln(20) o2 (50
i Zz Zz Z Z
em ld
:azn/ ;(1+(1_Z)2>
Aen(te) ()] o
ud Z Z Z Z

1
_ Oem dZ 2
- 8nsin29Wc0320w/x z <1+(1 —2) )

(7)1 (507)+ 17 (S |®
(

2 Axf7(x, u?)
au?

20X fw— (x’llfz) Oem 2/1 dz 2
= % — (1 1-
K 3;42 8 sin29W| aq| x Z +( Z))
() (5] ©
z z z
zaxfw+(x,u2) Qem 2/1 dz 2
= V, — (1 1-
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eGe)eeCe))
z z z

where we have introduced the following combinations of the
quark densities f; (x, 0?):

xF, :xU:xu+xc,xI:"u =xU = xit + xc,

xFy=xD =xd+xs,xF; =xD = xd + x§

Y
12)

2.1 Mass treatment for heavy bosons

In the Zero-Mass-Variable-Flavor-Number-Scheme (ZMVFN)
used for QCD partons, all partons are treated massless.
Heavy-flavors are only produced, once the scale is above
the heavy flavour mass. An analogous scheme is applied for
heavy bosons. However, measurements of charged-current
cross sections in lepton-proton collisions give a non-zero

cross section for Q2 < M\z,v, suggesting the application of
2

a suppression factor i| . In an approach applying

QZ
02 +M3,
angular ordering, the mass of the emitted (or emitting) par-

ton can limit the range in z-integration by zy = 1 — %.

We now summarize three mass-treatment scenarios
(referred to as MASSCUTSCHEME):

e MASSCUTSCHEME=0: In the ZMVFN scheme, the heavy
boson mass My isincluded as a mass threshold as applied
in the EWA [28]:

— 2 2
Qeff = Qeff - O (q - MV) (13)
e MASSCUTSCHEME=1: The boson mass My is treated by

a suppression factor [29] (similar to the treatment in the
DIS cross section):

2
6]2
Ueff = Oleff - [m} . (14)

This is taken as the default scenario.

e MASSCUTSCHEME=2: In angular ordering, the boson
mass My is included via a limit in the z integrals [31]
(and thus also in aeff):

M
and zM=l——V
q

(15)

Oleff = Cleff - O (612(1 —-2)% - M\2/>

In the first two cases, zy — 1, while in MASSCUTSCHEME=2
the z-integration is limited. In all cases, the splitting functions
are taken in the massless limit.

Since the different choices of the mass treatment corre-
spond to different physical pictures, they are not included in
systematic uncertainties. The different choices will lead to
different collinear and in particular, transverse momentum
dependent distributions.

3 QCD fits of initial parton distributions

We determine the initial collinear and TMD distributions
using the PB-method, fitting to precision DIS cross-section
data from HERA [71], as detailed in Ref. [72]. The appli-
cation of the extended evolution equation Eq. (1), including
photons and electroweak bosons requires a new determina-
tion of the initial parameters, because additional radiation
of photons and electroweak bosons off quarks will lead to
a reduction of the quark densities. The determination of the
parton densities is performed under the following assump-
tions: a.) the initial photon density is ignored in order to keep
the same structure as for heavy boson densities, b.) inter-
ference of y and Z is ignored during the evolution, and c.)
the DIS structure functions are unchanged compared to the
NLO QCD case, since the electroweak contributions are con-
sidered only at LO (see discussion in Ref. [73]).

@ Springer
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We perform new fits of the initial parameters to obtain a
complete set of QCD and EW parton densities. We follow
the same strategy as in Ref. [72] and determine two different
sets of distributions, labeled as Set1? and Set2: in Set 1, we
use as(q) while in Set 2 ag(q;) is applied with ¢ being the
virtuality of the propagating parton, and ¢, is the transverse
momentum of the emitted parton with g, = g(1 — 2).

Studies of the transverse momentum distribution of DY
lepton pairs at the LHC showed, that the limit of zp =
1 —go/q with gg = 0.01 GeV as used in PB-NLO-2018 Set2
was leading to a small energy dependence of the deter-
mined intrinsic kt-distribution, while using a much smaller
go = 0.00001 GeV gave an 4/s independent intrinsic kt-
distribution [75]. For the new densities, which we label PB-
NLO-QCD+EW-2025, we take this observation into account
by consistently using zy as a technical parameter with
zM — 1 using 7y = 0.99999.

The QCD part of the evolution is treated at next-to-leading
order (NLO) in both «g and the splitting functions, while the
electroweak part (photon and electroweak boson) is taken
with leading order splitting functions. This so-called “phe-
nomenological” approach [59] is taken, since af ~ Qem, 1N
contrast to a “democratic” approach, where the same order
in the perturbative expansion is used. In the calculations we
take aem = 1/137 fixed since different scale choices for
electroweak processes are less clear and require a further
detailed study. The scheme of electroweak parameters used
is given in Appendix A. The heavy boson mass is treated with
MASSCUTSCHEME=1. The other two schemes, discussed in
the previous section, are used for comparison only.

We use the xFitter package [10] and use several advan-
tages in the new package (multi-thread, Ceres minimizer
better suited for Monte Carlo generated grid files) compared
to the fit reported in Ref. [72]. We apply the same form of
parameterization for the QCD starting distributions, same
starting scale and heavy flavor masses. Including photon and
heavy-boson evolution slightly increases x> compared to the
pure-QCD fit (Table 1). Please note, that the fit reported
here is based on HERA measurements only, the uncertain-
ties obtained for QCD partons are similar to those obtained
in HERAPDF2.0 [71], which is based on the same data set.

3.1 Uncertainties

Uncertainties of the distributions are obtained, as described
in Ref. [72]: uncertainties coming from the statistical and
systematic uncertainties of the measurements are estimated
using the Pumplin method [76] (as implemented in xFit-

2 Although, for the transverse momentum distributions of Drell-Yan
(DY) lepton pair, Set2 (with a5(g;)) describes the measurements much
better (see Refs. [74,75]), for most of the calculations using collinear
parton distributions the strategy of Setl (using as(¢)) is used.

@ Springer

Table 1 Values of x?2 for the different sets at NLO

PB NLO Set 1 (¢2)

X2 d.of x%/d.o.f
PB-NLO-QCD-2025 Setl 1361 1131 1.20
PB-NLO-QCD+EW-2025 Setl 1378 1131 1.22
PB NLO Set 2 a5(¢2)

x? dof x2/d.of
PB-NLO-QCD-2025 Set2 1388 1131 1.23
PB-NLO-QCD+EW-2025 Set2 1396 1131 1.24

ter), and model uncertainties are obtained by new fits with
changed heavy quark masses, starting values M% for the evo-
lution and ¢, for Set2, as described in Table 2. Please note
that the uncertainties quoted here follow the HERAPDF-style
approach based on HERA data and do not include additional
data that would be required for a global fit.

The most dominant part of the uncertainties of the elec-
troweak densities comes from the uncertainties of the quark
distributions at large x, both from the statistical and system-
atic uncertainties coming from the measurements as well as
from model uncertainties of the QCD partons. Additional
uncertainties of the electroweak contributions come from
uncertainties in the coupling, as well as the masses of the
heavy bosons (for the uncertainties given by PDG [77] see
Appendix A). These uncertainties are much smaller than
those coming from the uncertainties of the determination of
the QCD parton distributions. We have varied mz and mw by
40.1 GeV and calculated the distributions and found effects
much smaller than the other model uncertainties, and thus
neglected those variations.

3.2 QCD parton densities

In Fig. 1 we compare collinear quark and gluon densi-
ties at £ = 100 GeV obtained from the full set (including
QCD and EW effects, PB-NLO-QCD+EW-2025) to the one
with QCD partons only (PB-NLO-QCD-2025). The distri-
butions, including electroweak bosons, are slightly different
compared to those containing only QCD partons. The uncer-
tainties shown in Fig. 2 do not fully cover these differences.

In Fig. 2 we compare distributions obtained from PB-
NLO-QCD+EW-2025 Setl and Set2. Uncertainties, obtained
as described in Sec. 3.1, are shown in the lower panels. At
small x there are small differences in the quark distributions,
the gluon distribution differs at large x. These differences
come from the different treatment of the scale used in «y: in
Set 1 the evolution scale g is used, while in Set2 the transverse
momentum g is applied. The differences in uncertainties of
the d-quark density between the different sets comes from
weaker constraints of the d-quarks compared to u-quarks in
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Table 2 Central values and

Central Lower Upper
change ranges of parameters for value value value
model dependence
PB-NLO-QCD+EW-2025 Set 1 13 (GeV?) 1.9 1.6 22
PB-NLO-QCD+EW-2025 Set 2 /,L% (GeV?) 1.4 1.1 1.7
PB-NLO-QCD+EW-2025 Set 2 ¢1,in(GeV) 1.0 0.9 1.1
m¢ (GeV) 1.47 1.41 1.53
mp (GeV) 4.5 4.25 4.75
down, p = 100 GeV up, p = 100 GeV gluon, u =100 GeV
= 10°F T T T = 10°g T T T : = 10°g T T
= E PB-NLO-QCD+EW-Set1-2025 = F PB-NLO-QCD+EW-Set1-2025 3 = F PB-NLO-QCD+EW-Set1-2025
5/ PB-NLO-QCD-Set1-2025 ?_</ PB-NLO-QCD-Set1-2025 ] 5 PB-NLO-QCD-Set1-2025
% E E R

TMDplotter 2.2.4

TMDplotter 2.2.4
TMDplotter 2.2.4

X

0. C | | | 0. | il
10° 10 10° 102 107 10° 10 10°

il | X C il | | |
102 10" 10° 10 10° 102 107

Fig. 1 The collinear quark and gluon densities for Setl at © = 100 GeV as a function of x. The EW set together with the one containing only

QCD partons is shown. The lower panel shows the ratio between both

neutral current DIS. In Fig. 10 in Appendix C we show the
TMD distributions for quarks and gluons at © = 100 GeV
and x = 0.01.

3.3 Photon densities

The collinear photon density, obtained from the fit,> as a
function of x for different values of the evolution scales u is
shown in Fig. 3 for PB-NLO-QCD+EW-2025 Setl and PB-
NLO-QCD+EW-2025 Set2. The uncertainties shown come
from the experimental and model uncertainties, as described
in Sect. 3.1. For comparison the MSHT20qed photon den-
sities [6] are shown. The inelastic component, comparable
with the photon density described in this paper is shown sep-
arately. Rather good agreement is observed, the small differ-
ences come from o, which is taken as o, = g = 1/137
for consistency with the electroweak parameters.

In Fig. 11 of Appendix C the TMD density of photons is
shown.

3.4 Heavy boson densities

The approach to determine the photon densities within
the PB-method has been extended to determine the collinear

3 There are small differences to the one published in Ref. [58] due to
mistreatment of the number of flavors.

and TMD densities of Z and W as described in Egs. (8§-10).
The collinear densities for Z and W are shown in Figs. 4
and 5 using MASSCUTSCHEME=1. The W™ and W~ densi-
ties are different, because of the different couplings to u- and
d-quarks. The uncertainties shown come from the experimen-
tal uncertainties as well as model uncertainties as described
in Sect. 3.1. The uncertainties coming from changing the
heavy boson masses are much smaller than all the other
uncertainties, and thus are neglected. The model uncertain-
ties result from the large x-model dependence of the quark
distributions, which can become significant. The larger W-
boson uncertainties in PB-NLO-QCD+EW-2025 Set2 origi-
nate from the larger uncertainties of the quark PDFs at large
X.

The momentum fractions carried by photons, Z and W-
bosons from fol dxxf(x, ) at © = 100 GeV? are shown in
Table 3.

We now turn to the discussion of the different MASS-
CUTSCHEMES: in Fig. 6 the collinear distribution for W-
boson is shown as a function of x for different u as obtained
with the different MASSCUTSCHEMES. The TMD distribu-
tions* allow further insights into the behavior of the different
MASSCUTSCHEMES: in Fig. 7 the TMD distribution for the

4 In the TMD distributions fluctuations are visible which originate from
the number of simulated events (N = 10'9) in the forward evolution in
UPDFEVOLV2.

@ Springer
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down, p = 100 GeV up, p =100 GeV gluon, p =100 GeV
= 10° E T T T = 10° E T T T = 10° E T T T T
=3 E PB-NLO-QCD+EW-Set1-2025 = E PB-NLO-QCD+EW-Set1-2025 = E PB-NLO-QCD+EW-Set1-2025
5’ L PB-NLO-QCD+EW-Set1-2025-model ?_</ L PB-NLO-QCD+EW-Set1-2025-model 5/ k. PB-NLO-QCD+EW-Set1-2025-model
% 10%F = X 0% = S
10 E E
1 3 E
-1 i L
10'E 13 1 X 3
< E o <
L 2 L £ g
10 5 E = 5
o E o a
= E = =
1073 L I I I = = =
11 T T T T 1
1.05F - F
s ] i E 5 ]
0.95 B 0.95F — 0.95[ 5
0. | | | | | 0. /| | | | 0. | | /| |
10° 10 10° 102 107 10° 10 10° 102 10" 10° 10 10° 102 107
X X X
down, p = 100 GeV up, u = 100 GeV gluon, p =100 GeV
= 10° E T T = 10° E T T £ = 10° E T T
- E PB-NLO-QCD+EW-Set2-2025 = E PB-NLO-QCD+EW-Set2-2025 3 = E PB-NLO-QCD+EW-Set2-2025
5 E PB-NLO-QCD+EW-Set2-2025-model 5 E PB-NLO-QCD+EW-Set2-2025-model ] 3_</ PB-NLO-QCD+EW-Set2-2025-model
= = =
X 10°F E X 10°F E X 10°F
10 E 10
1 - 1E
3 107 3 10 3
o E o o
2 i 2 2
2L 2L
s 10%g s 10 s
[} E o [}
= F = =
1 0734 il | Il Il 1073,
1.1 oo T T T 1. T T T T
F . 1.05- 4 1.05F 5
1= ] 1 g - ]
0.95 9 0.95F b 0.95[ =
0.! YT ERTSRTTTY RS | 1ol " 0.9 il PETRRTTT FETTT BT TTIT B ET] 0.! PEERTTIT BT R TTTT| R awl 4l Ly
10° 10 10° 10°? 107" 10° 10 10° 102 10" 10° 10 10° 10°? 107"
X X X

Fig. 2 The collinear quark and gluon densities at © = 100 GeV as a function of x. Shown is PB-NLO-QCD+EW-2025 Set! (upper row) and
PB-NLO-QCD+EW-2025 Set2 (lower row). The uncertainty bands for experimental (red) and model uncertainties (blue) are shown separately

Table 3 Momentum fraction fol dx xf(x, ) carried by y, Z, and W for PB-NLO-QCD+EW-2025 Setl, PB-NLO-QCD+EW-2025 Set2 and

MSHT20qged_lo_inelastic at © = 100 GeV

o dx xfi (x, ) PB-NLO-QCD+EW-2025 Setl

PB-NLO-QCD+EW-2025 Set2 MSHT?20qed_lo_inelastic

i=y 0.0021
i=7 8.7-1073
i=Wwt 1.7-1074
i=W— 1.2-1074

0.0023 0.0026
8.6-1073 _
1.6-107% -
1.0-107* -

W-boson is shown for different p as a function of kt as
obtained with the different MASSCUTSCHEMES.

Please note that only MASSCUTSCHEME=1 gives a non-
vanishing heavy boson density at low scales w, while in
the other schemes there is a mass cut and even MASS-
CUTSCHEME=2 (limiting the z-integral) results in a rather
sharp threshold in k1 around the heavy boson mass (because
of z = 1 — M/q) as directly visible in Fig. 6 and Fig. 7. The
contribution at small k1 obtained in MASSCUTSCHEME=2
comes from multiple emissions which are added vectorially,
indicating that at a scale © = 500 GeV the vector-boson is
also undergoing evolution. We observe that at © = 500 GeV
the prediction from MASSCUTSCHEME=2 gives a larger den-

@ Springer

sity, compared to the one with MASSCUTSCHEME=1, because
the suppression factor is still sizeable.

For completeness, the TMD distributions for heavy bosons
with the default MASSCUTSCHEME=1 are shown in Fig. 12
of Appendix C.

In summary, the densities of heavy bosons depend over a
large range of scales p on the treatment of the heavy boson
mass: a dynamical suppression factor as used in MASS-
CUTSCHEME=1 offers a smooth description from small to
high scales. The mass treatment MASSCUTSCHEME=2, moti-
vated from angular ordering, leads to modifications of the
TMD, but also the collinear densities for scales u < mz. In
order to obtain distributions applicable over a large range of
1, MASSCUTSCHEME=1 is used as the default. Since the other
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photon, p = 50 GeV photon, p = 100 GeV photon, p = 500 GeV
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10F 107
102E 102
10°F 10°F
E < < E <
L 3 R 3 10F N
E 1] & E 1]
i 3 3 5[ 3
10°F 2 8 S 10°F 2
E = E q s E s
r = r = C =
10—6 | | 1 | 1 076 il | 1 | 10—6 | | | |
1.1 —_ 1.1+ 5 11E .
1 - 1= - 1= o
0.9F B o.9f B 0.9f B
0.8 C | | 1 | | 0. C /| | | | | 0.8 C | | | | |
10° 10 10° 102 107 10° 10 10° 102 10" 10° 10 10° 10 107
X X X
photon, p = 50 GeV photon, u = 100 GeV photon, u = 500 GeV
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Fig. 3 The collinear photon density for PB-NLO-QCD+EW-2025 Setl (upper row) and Set2 (lower row) at . = 50, 100 and 500 GeV as a
function of x including experimental (red) and model (blue) uncertainties. For comparison the prediction from MSHT?20 [6] (total and inelastic) is
shown
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Fig. 4 The collinear vector-boson densities for PB-NLO-QCD+EW-2025 Setl at = 100 GeV as a function of x including experimental (red)
and model (blue) uncertainties

MASSCUTSCHEMES do not provide a reasonable distribution ~ of DIS charged-current cross sections (as shown in the next
for ru < M which is needed for a successful description  section), we consider only MASSCUTSCHEME=1 and do not
include the other MASSCUTSCHEMES as uncertainties.
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model (blue) uncertainties
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Fig. 6 The collinear density for the W-boson for PB-NLO-QCD+EW-2025 Set2 at i = 50, 100 and © = 500 GeV as a function of x for the
different MASSCUTSCHEMES. At u = 50 GeV only MASSCUTSCHEMES=1 gives a finite contribution, the other MASSCUTSCHEMES do not contribute
due to mass constraints
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Fig. 7 The TMD density for the W-boson for PB-NLO-QCD+EW-2025 Set2 at ;© = 50, 100 and ;© = 500 GeV as a function of k for the different
MASSCUTSCHEMES. At 1 = 50 GeV only MASSCUTSCHEMES=1 gives a finite contribution, the other MASSCUTSCHEMES do not contribute due to
mass constraints

3.5 Validation of electroweak boson densities with DIS use the measurement of the DIS cross section for validation
cross sections of the obtained photon and heavy boson densities.
The single differential DIS cross section as a function of
The DIS cross section is directly related to the collinear Q? for et p — et X with y-exchange is given by:
photon- and heavy boson parton densities. The derivation 5 .
of the photon density from the DIS structure function F, has M — 27 oo d_x (1 +( - y)2)
been discussed in Ref. [59]. Here we go a different path and dQ? 0t Jo X

X (ei [xU(x, 0%) + xU(x, Qz)]
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Fig. 8 The measured DIS NC cross section [78] compared to the calculation using the collinear photon density (left) and the sum of y + Z
contribution (right). The ratio shows the prediction divided by the DIS e~ p data set. PDF uncertainties are too small to be visible

+el [xD(x, 02) + xD(x, QZ)]) (16)

with Q2, x, y being the DIS variables (for pure y-exchange
xF3 = 0 ). This equation can be written in terms of the
photon density f,, of Eq. (7):

doyc  Am2aem dx fy (Xmin, %)
dQ? 0? dQ?

The neutral current cross section coming from Z-exchange

can be written, similarly, in terms of the Z-boson density f7:

7)

donc 2ral, |: 0?

dQ? - 16 sin* Gy cos* Gy 0% (Q2+M%

/i—x(l—i-(l—y)z)

2
)} (V2+A2)

x Y (V2 +a) [xFix, 03 + xFix, 03)]) (18)
u,d
_ o VE+AT  dxfz(min 07) (19)

02 sin? Oy cos? Oy dQ?

Measurements of the DIS cross section [78] can therefore
be used to validate the boson densities obtained in the previ-
ous section, the heavy-boson PDF are not explicitly used in
the fit.

A comparison of the measurement of the neutral current
cross section dd(’”zc obtained in Ref. [78] with the calculation
using photon and Z-boson densities is shown in Fig. 8. The
DIS cross section is measured for ymax = 0.9, which is trans-

lated into a lower limit on xpj, = % For the comparison
we use the measurements with zero polarization P, = O.
The predictions at low Q2, where the photon exchange dom-
inates, are in rather good agreement with the measurements.
At larger 02, where also Z-exchange becomes important,

the agreement becomes worse, since the interference terms
included in x F3 are not treated here. The inclusion of y-Z
interference terms in the evolution will be addressed in future
work.

The densities for W as determined in Sect. 3.4 cannot be
directly used to describe the DIS cross section, since electrons
carry electroweak quantum numbers and therefore they do
not represent an inclusive summation over all initial-state
weak isospin charges (see discussion in Ref. [28]), in contrast
to quark states. Therefore, the different helicities must be
included in the splitting functions (as detailed in eq.(2.7) of
Ref. [28]). The DIS distributions f'S are obtained using
these splitting functions, instead of the unpolarized ones in
Eq. (10).

The charged-current DIS cross section for e™p — vX
with W+-exchange can be written in terms of the the W-
boson density fw (see eq. 10):

2
docc G%; M\zv /dx 1 (1 +a )2)
a0 ~ 2 | M%+ 02 x 2 Y

[xU(x, 02) +xD(x, Qz)} (20)
2
l6rad, 1 M3, dx 2
_ L Tlhra-
1287 sin Oy M, [M\%VJFQZ} / x ( i y))
[xU(x, 02) 4+ xD(x, QZ)} (1)
_ 720em ' 1 dxf\l)\)ll-f(xmin:Qz) (22)
0? sm29W dQ?

and similarly with W™ -exchange (see Eq. 10):

dx 0" (Xmin. Q%)

dQ?

docc nzaem 1

dQo? 0? sinlow

(23)
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Fig. 9 The measured DIS CC cross section [78] compared to the cal-
culation using the collinear W density. PDF uncertainties are too small
to be visible

In Fig. 9 the measurement of the charged current DIS cross
section is compared with predictions using the W-densities.
The prediction follows the general trend of the measure-
ments, especially at small Q% and the suppression at large
Q?. The predictions are within 20% for the W™ case.

4 Conclusion

We presented a unified determination of QCD and elec-
troweak parton densities using an extended DGLAP evolu-
tion, which is solved iteratively with the Parton Branching
method allowing for a treatment of kinematic relations at
each branching vertex. We apply collinear splitting functions
for QCD partons at next-to-leading order accuracy, while for
the photon and heavy bosons we use leading order splitting
functions and couplings, in the so-called "phenomenologi-
cal” scheme. Interference of y and Z during the evolution is
not considered.

The initial distributions for quarks and gluons are fitted to
DIS precision data recorded at HERA. Including photon and
heavy-boson contributions does not significantly alter the fit
parameters or the overall fit quality. The Parton Branching
method allows the simultaneous determination of transverse
momentum dependent densities for the photon and heavy
bosons as well.

The photon and heavy boson densities are applied to cal-
culate the neutral and charged current cross section in deep
inelastic scattering as a function of Q2 and the comparison
with measurements from HERA showed reasonable agree-

@ Springer

ment. This comparison favors the treatment of the heavy
boson mass as an additional propagator term, in contrast to
an approach with a sharp mass cut or those which limit the
z-integration by a mass dependent term.

The collinear and TMD densities for QCD partons as well
as for photons and heavy electroweak bosons are, to our
knowledge, the first such determinations directly fitted to
DIS precision data. The densities are available in LHAPDF
and TMDIib formats.
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Appendices
A Input parameters and input scheme

We work in the (oo, G, mz) scheme [79], with input
parameters oo, G, and the mass of the Z-boson mz. The
advantage of this scheme is that the independent parameters
are well known experimentally with high precision. In this
scheme, the weak mixing angle sin? Oy as well as the mass
of the W-boson m are derived from the input parameters,
at lowest order given by:

T

J2G,m2

(1 — sin Oy) sin’ Oy = (24)
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. m
cos’ Ow =1 — sin’ Ow, cos? Ow = v

2
mgz
1 1 T T
.2 0 2 0
sin“fyw=-— |- ———— my=——-—
2 4 \/EG”m% W «/EGM sin? Ow
(25)

We list below the EW input parameters [77]:

G, = 1.1663788(6) x 1075 GeV >

ap = 1/137.035999084(21)
My = 91.1880(20) GeV
Myw = 80.3692(133) GeV

B Electroweak splitting functions

In Table 4 we give an overview of the splitting functions at
leading order. A full account including different polarization
states is given in Refs. [29,31-33,35,70].

C Transverse momentum distributions

In Fig. 10 we show the transverse momentum distribution of
quarks and gluons at © = 100 GeV and x = 0.01, includ-
ing only uncertainties coming from the measurements, the
model uncertainties are not shown explicitly. Especially for
the bosons in Figs. 11 and 12, one can observe fluctuations
in the distributions, which come from the number of simu-
lated events (N = 10'?) in UPDFEVOLV2, applying a Monte
Carlos approach with forward evolution. This approach suf-
fers from large weight fluctuations, especially for the case
of heavy bosons, resulting in fluctuations in the differential
kr-distributions. The model uncertainties, as obtained from
the integrated distributions (see Figs. 4 and 5) are of the same
order as the statistical fluctuations obtained in the TMD dis-
tributions, and are therefore not shown.

In TMD density for photons is shown in Fig. 11,

the one for heavy bosons in Fig. 12.

Table 4 Splitting functions at leading order and a.fr for QCD and electroweak processes with the color factors Cp = 4/3,C4 =3 and Tg = 1/2

Splitting function Diagram V=g V=y V=2 V=W
P ( ) . Qeff 1+Z2 C ag,,,(sz+A2f) aem|qu|2
aq(2) = 20 T F&s Gem Isin Oy cos? Oy 4sin’ gy
|
‘ Cem (VE+AZ) Vo2
_ Qeff (2 _ 2 . ) e T em|Vgq ™
P‘IV(Z) - 2n (Z + (1 Z) ) Tras Gem 4sin? Oy cos? Oy 4sin? Oy
1
'
1
'
)
Py, (z) = % 1+(1-2)% ‘ Cra « e (V+A7) em|Vgq|®
vq2) = 75 z Fs em 4sin? Oy cos? Oy 4sin? Oy
Pyyi(@) = 42 (152 + 12 +2(1 - 9)) Caay 0 470t cot? Byy
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Fig. 10 The transverse momentum dependent quark and gluon densities at £ = 100 GeV as a function of k. Shown are PB-NLO-QCD+EW-

2025 Setl and Set2. The uncertainty band includes only uncertainties coming from the measurements,

explicitly (see text)
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