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We perform the first global QCD analysis of electron-nucleon deep-inelastic scattering and related
high-energy data including the beyond the Standard Model Uð1ÞB−L gauge boson, Z0. Contrary to the dark
photon case, we find no improvement in the χ2 relative to the baseline result. The finding allows us to place
exclusion limits on the coupling constant of the Z0 with mass in the range MZ0 ¼ 2 to 160 GeV.

DOI: 10.1103/PhysRevD.111.015019

I. INTRODUCTION

In searching for potential new fundamental physics
beyond the Standard Model (BSM), the gauge sector of
the electroweak theorymay be extended by introducing extra
Uð1Þ gauge fields, either through kinetic mixing in the case
of the dark photon [1–6] or anomaly-freeUð1Þ0 charges as for
heavy Z0 bosons [7–11]. Such models have received con-
siderable attention in connection with hints of possible new
physics phenomena, including the value of g − 2 for the
muon [12–14], the collider detector at Fermilab W boson
mass anomaly [15–18], and anomalies in rare kaon and B
meson decays [19–21]. These hypothetical particles are also
appealing as portals that could potentially connect the dark
and ordinary matter sectors [22–25].
Numerous experimental searches for dark bosons have

been undertaken in electron, neutrino, and proton fixed
target experiments [26,27], and at eþe− [28,29] and
hadron-hadron colliders [30–33]. No direct evidence has
so far been found. Instead, these experiments have allowed
rather strong constraints to be placed on the dark boson
parameters. Several planned experiments, including those
at the future Electron-Ion Collider [34], will also provide
opportunities to search for dark bosons [35–37].
Because of its large dataset and wide kinematic cover-

age, electron-proton deep-inelastic scattering (DIS) and
related high-energy data has been extensively applied
to constrain dark photon parameters [38–41]. While the

direct searches are important, it is crucial to remember
that they are model dependent. In particular, a BSM
force carrier may also couple to lighter BSM particles,
which would in turn increase its width and make it more
difficult to detect [42]. This would necessarily affect the
limits set in such an experiment. On the other hand,
unlike the direct searches, limits set using processes
such as DIS, which involve the t-channel exchange of
the force carrier, are independent of the width and hence
not affected by possible coupling to the dark sector. We
note that a recent global QCD analysis of world data on
DIS reported a reduction in χ2 with the inclusion of a
dark photon, which constitutes indirect evidence for its
existence in the few GeV range [43]. With this in mind,
it is worthwhile to investigate whether the improvement
in χ2 also holds when alternative Uð1Þ0 gauge bosons
are considered.
In this work, we report on the first global QCD analysis

including the Uð1ÞB−L gauge boson Z0 within the JAM
framework [44]. The B − L model is phenomenologically
interesting because the gauge boson Z0 does not mix with
the Standard Model neutral gauge bosons at tree level [10].
As a result, the Z boson mass and its couplings are not
modified. Therefore, the Z0 parameters are less constrained
by electroweak precision observables measured by the
Large Electron-Positron Collider (LEP) [45,46], unlike
the kinetic mixing models [47–49] or the E6 based Z0
models [50].
For the outline of this paper, in Sec. II we present

the proton structure functions with the inclusion of the
additional BSM Z0 boson. The global QCD analysis is
described in Sec. III, with a discussion of results for the
baseline fit as well as a fit including the Z0. Finally, in
Sec. IV we present some concluding remarks.
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II. Uð1ÞB−L SYMMETRY

In general Uð1Þ0 models where the Z − Z0 mixing is
nonzero [10,51], the Z boson couplings will be modified
and the Z0 boson has both vector and axial-vector couplings
to the Standard Model fermions. The Uð1ÞB−L model is a
special case, in which the Uð1Þ0 charges of the Standard
Model fermions are proportional to their baryon number B
minus their lepton number L. Due to anomaly cancelation
conditions, the Z − Z0 mixing angle θ0 ¼ 0 at tree level and
the Z0 axial-vector couplings to charged fermions vanish.
The anomaly free, B − L gauge invariant Lagrangian
density describing the interactions between a Z0 boson
and Standard Model fermions takes the form [10]

LB−L
int ¼ −gz

X3
i¼1

�
1

3
q̄iγμqi − liγ

μli

�
Z0
μ; ð1Þ

where qi and li denote the ith generation of quark and
lepton fields, respectively, and gz is the coupling constant.
The inclusive spin-averaged DIS cross section is usually

parametrized in terms of nucleon structure functions,
which, including electroweak and Z0 contributions, can
be written as

F̃n ¼
X

i;j¼γ;Z;Z0
κiκjF

ij
n ; n ¼ 1; 2; 3; ð2Þ

where κi ¼ Q2=ðQ2 þM2
i Þ and Mi is the boson mass. At

leading order in the strong coupling αs, the structure
functions can be simply written as
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where fq is the parton distribution function (PDF) for quark
flavor q ¼ u; d; s;… in the proton with partonic momentum
fraction x (which at leading order is equal to the Bjorken
scaling variable). The actual QCD analysis is performed at
next-to-leading order (NLO) accuracy in αs. For the photon,
the vector and axial-vector couplings to the electron, u-type
and d-type quarks are given, respectively, by

fCv
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γ;dg ¼

�
−1;

2

3
;−
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3

�
; ð4aÞ

Ca
γ ¼ 0; ð4bÞ

in units of e ¼ ffiffiffiffiffiffiffiffi
4πα

p
. The Standard Model couplings of the

Z boson are not modified by the Z0, so that in this case the
vector and axial-vector couplings are
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where θW is the Weinberg angle. The Z0 boson only has
vector couplings to charged fermions,

ffiffiffiffiffiffiffiffi
4πα

p
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�
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For the electron-nucleon DIS process, the main
differences between the B − L Z0 model and the dark
photon model in Ref. [43] are their couplings to the
Standard Model fermions. While the dark photon has
nonzero axial-vector couplings which play an important
role in parity-violating electron scattering [40], its vector
couplings dominate in the nucleon structure functions in
Eq. (3). The vector couplings of the dark photon and Z0
boson to the Standard Model fermions (electron, u-type
quark, and d-type quark) are shown in Table I in the case of
ϵ → 0, where ϵ is the kinetic mixing parameter for the dark
photon [3]. While the dark photon couplings are propor-
tional to the fermion electric charges, the Z0 boson has
universal couplings to all quark flavors [10].

III. GLOBAL QCD ANALYSIS

For our analysis of the data we use the JAM global QCD
analysis framework, which employs Monte Carlo sampling
and state-of-the-art uncertainty quantification [44]. The
PDFs are parametrized at the input scale, chosen to be the
mass of the charm quark,Q0 ¼ mc, using the standard form,

fðx;Q2
0Þ ¼ Nxαð1 − xÞβð1þ γ

ffiffiffi
x

p þ ηxÞ; ð7Þ

with free shape parameters α, β, γ, and η, and normalization
N, for each parton flavor, f ¼ q; q̄, and g (see Ref. [44] for

TABLE I. Couplings of the dark photon and Z0 boson to the
Standard Model fermions. The second column only shows the
vector couplings, as the effect of the axial-vector couplings is
negligible.

AD coupling Z0 coupling

u quark 2
3
eϵ 1

3
gz

d quark − 1
3
eϵ 1

3
gz

Electron −eϵ −gz
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further details about the parametrization, and Ref. [52] for
discussion about systematic uncertainties arising from fitting
methodologies). Along with the 36 free parameters this
introduces, there are an additional six free parameters cor-
responding to nuclear off-shell corrections (for electron-
deuteronDISdata), for a total of 42 free parameters alongside
theZ0 parametersMZ0 and gz. The hard scattering kernels and
Q2 evolution are evaluated to NLO accuracy. As in previous
JAManalyses, usingdata resamplingwe repeatedly fit to data
distorted byGaussian shifts within their quoted uncertainties
via χ2 minimization. The resulting 200 replica parameter sets
approximate Bayesian samples of the posterior, from which
confidence levels for the PDFs and Z0 parameters may be
estimated.
For a meaningful comparison with the dark photon

model, we maximally keep the same settings as those in
Ref. [43]. We therefore include an additional contribution
to the total χ2 corresponding to the value of g − 2 for
the muon, although the latest lattice calculations have
led to a prediction that differs from the experimental
result of aμ by only 0.9σ [53]. While the current value
for the anomaly, combining the latest Standard Model
prediction [54] and the improved experimental result [55] is
Δaexpμ ¼ ð249� 48Þ × 10−11, in our analysis we use the
same value for the discrepancy between theory and experi-
ment as used in Ref. [43], namely, Δaexpμ ¼ ð251� 59Þ ×
10−11 [56], in order to make the comparison systematic.
Our baseline study refers to the global fit analysis

without the Z0 boson, as reported in Ref. [43]. The inclusive
DIS datasets included consist of fixed target proton and
deuteron data from SLAC [57], BCDMS [58], and NMC
[59,60], and collider data from HERA [61]. For all DIS
datasets, we use the cuts Q2 > m2

c and W2 > 10 GeV2, as
in Ref. [44]. Other datasets that were added to constrain the
PDF parameters include pp and pd Drell-Yan data from
the Fermilab NuSea [62] and SeaQuest [63] experiments,
and Z-boson rapidity data [64,65], W-boson asymmetry
data [66,67] and jet production data from pp̄ collisions at
the Tevatron [68,69]. All of the datasets described here are
the same as those used in Ref. [43].
In contrast to the dark photon analysis in Ref. [43], no

improvement in χ2 was found with respect to the baseline
result when the Z0 boson was included in the global fit.
From this results exclusion constraints on the coupling gz to
the Z0 boson can be placed at the 95% confidence level
(CL) by imposing an upper bound on χ2 [70],

χ2Z0 ðgzÞ − χ2baseline ¼ 3.8; ð8Þ

in the case of one degree of freedom (for a given MZ0

value). To investigate the effects of potential missing
higher order uncertainties, beyond the NLO corrections
considered in this analysis, we followed the procedure
suggested by the NNPDF collaboration [71]. In particular,
we increased the experimental uncertainty on each data

point by adding in quadrature the largest variation in the
theoretical prediction obtained by varying Q2 for that point
by a factor anywhere between 1

2
and 2. Although the total χ2

necessarily decreased, there was no hint of a preference for
the Z0 and very little change in the exclusion region—the
largest change was that the exclusion limit went from 0.085
to 0.080 at 160 GeV.
In Fig. 1, we show the 95% CL exclusion limits of gz for

a Z0 boson with mass in the range between MZ0 ¼ 2 and
160 GeV. In this mass region, BABAR gave strong limits on
the mixing parameter ϵ for the dark photon with mass
below 10 GeV [28,29]. Those limits can be converted to
constraints on the coupling gz by a rescaling factor
e ¼ ffiffiffiffiffiffiffiffi

4πα
p

. The LHC constraints on the dark photon
[30] can also be converted to those of the Z0 boson [51],

gmax
z ðMZ0 ¼ mA0 Þ

¼ ϵmaxðmA0 Þe
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σðpp → A0ÞBrðA0 → μþμ−Þ
σðpp → Z0ÞBrðZ0 → μþμ−Þ

s
; ð9Þ

where ϵmaxðmA0 Þ is the upper bound of the kinetic mixing
parameter under the assumption that the dark photon only
decays to the Standard Model final states. However, one
should bear in mind that, as explained in Sec. I, these limits
could be significantly relaxed in light of the potential
couplings of the dark boson to dark matter particles [42].
Since the Z-pole observables are not modified by the Z0,

the LEP constraints at the 90% CL only come from the
cross sections of the eþe− → qq̄ and eþe− → lþl−

FIG. 1. Exclusion limits for gz at the 95% CL. The BABAR
constraints (90% CL) are derived by rescaling the limits of the
dark photon mixing parameter ϵ [29]. The LEP and the LHCb
limits are taken from Ref. [51]. The upper bound on gz from
neutrino-quark (ν − q) scattering is taken from Ref. [72]. The
exclusion constraints at the 90% CL from analyses of the
COHERENT data and the prospective FASERν2 data are taken
from Refs. [51,73], respectively.
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processes [51]. These are much weaker than our results in a
wide range of the Z0 mass.
Neutrino-quark scattering placed limits of order

MZ0=gz ≳ 1 TeV for MZ0 > 10 GeV [74], while a more
conservative bound of MZ0=gz > 0.4 TeV was adopted
in Ref. [72], taking into account systematic errors in
the NuTeV measurements [75–77]. Recent analyses of
neutrino-nucleus scattering from the COHERENT data
[73] and the prospective FASERν2 data [51] led to
improved constraints on gz. The strongest constraints on
the Z0 coupling comes from big bang nucleosynthesis,
albeit within a specific class of E6 models in which light
right-handed neutrinos couple to the Z0 boson [78]. Within
that framework the limits on gz are given by MZ0=gz >
6.7 TeV for MZ0 > 10 GeV and strengthen significantly
down to gz < 6 × 10−9 at MZ0 ¼ 1 GeV [72]. As Barger
et al. [78] observe, there are a number of ways to evade
these limits, so we do not show them explicitly in Fig. 1.
We also checked the flavored B1 − L1 model, in which

the Z0 boson only couples to the first generation of leptons
and quarks. We repeated the global fit to the high-energy
data, with the muon data playing no role in constraining the
Z0 parameters. The resulting exclusion limits on gz at
95% CL become much weaker, with the upper bounds
being of Oð0.1Þ.

IV. CONCLUSION

We have performed the first global QCD analysis of the
world’s deep-inelastic and other high-energy scattering data
with the inclusion of Uð1ÞB−L gauge boson Z0 within the
JAM PDF analysis framework [43]. Our result showed that
the inclusion of new gauge bosons does not guarantee an
improvement in the χ2 in a global QCD analysis. In
particular, no improvement in the χ2 was found with
respect to that without the Z0, implying that the B − L
model is not favored by the data, which included fixed-
target and collider DIS, Drell-Yan data, Z-boson rapidity,

and W-boson asymmetry data, as well as jet cross sections
in hadronic collisions.
Exclusion limits on the coupling to the Z0 boson, gz, were

then extracted at the 95% CL. These were stronger than the
constraints from neutrino-quark scattering and neutrino-
nucleus scattering over the Z0 mass range 10 to 160 GeV.
Given that the analysis presented in this work could
potentially be extended to other flavor-dependent Uð1Þ0
models, such as B − 3Li, Bi − Lj, and their linear combi-
nations [79], we also explored the flavored B1 − L1 model,
finding a much weaker bound on the corresponding gz.
Our consideration of the possible impact of missing

higher order effects suggested that they were not important
for the present analysis. Nevertheless, it would be worth-
while to include corrections of higher order in αs in the
calculation of the DIS and other scattering cross sections in
future work. On the experimental side, measurements at the
proposed Large Hadron electron Collider [80] and the
Future Circular Collider in electron-hadron mode [81], as
well as the Electron-Ion Collider [34], may be expected to
place stronger constraints on the Z0 parameters [38].
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