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1 Introduction

Despite the enormous success of the Standard Model (SM) of nuclear and particle physics,
it remains an incomplete theory, not least because of its inability to explain dark matter.
One relatively simple addition that could be made to at least provide a portal to the dark
sector would be to introduce a new massive U(1) gauge boson [1–3], referred to as the dark
photon. Here the dark photon is chosen to mix kinetically with the SM hypercharge boson,
requiring the additional Lagrangian terms [4],

L ⊃ −1
4F
′
µνF

′µν + m2
A′

2 A′µA
′µ + ε

2 cos θW
F ′µνB

µν , (1.1)

where A′ denotes the unmixed version of the dark photon. The parameter ε describes the
degree of mixing between the dark photon and the B boson of the standard electroweak
theory, θW is the Weinberg angle, and F ′µν is the dark photon field strength tensor. After
electroweak symmetry breaking and diagonalizing the kinetic terms and gauge boson masses,
three physical vectors remain which couple to the SM fermions: the massless photon γ, the
massive Z boson, and the physical dark photon, labelled AD.

Many accelerator-based searches for the dark photon have been undertaken [5–8], with
none observing a signal to date. Large regions of parameter space with mixing parameter
ε > 10−3 in both light and heavy mass regions have been ruled out [9], with a few gaps,
which are significant in the light of our results, associated with the production of resonances,
such as the J/ψ and its excited states. Further competitive constraints have recently been
placed on the dark photon from “decay-agnostic” (independent of decay modes or production
mechanism) processes, such as the muon g − 2 anomaly [10, 11], the electroweak precision
observables (EWPO) [12–14], e±p deep-inelastic scattering (DIS) [15–17], parity-violating
electron scattering [18, 19], rare kaon and B-meson decays [20, 21], and high-luminosity
LHC projections [22].
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Figure 1. Kinetic mixing of the dark photon AD with SM mediators γ and Z in e±p DIS [15].

The dark photon contributes to DIS processes coherently along with photon and Z boson
exchange, as illustrated in figure 1. It has also been shown to be necessary to simultaneously
extract the parton distribution functions (PDFs) from the data when incorporating beyond
the SM (BSM) physics into proton structure [23–27]. A recent exploratory study [16]
included an extraction of the PDFs alongside the dark photon contribution, although that
analysis limited itself to a subset of the existing HERA and BCDMS data and employed
only a basic leading order (LO) analysis of DIS hard scattering to extract PDFs.

Here we report the first global QCD analysis including a dark photon within the JAM
next-to-leading order (NLO) analysis framework. This approach employs modern Monte
Carlo techniques and state-of-the-art uncertainty quantification, taking into account power
corrections and nuclear effects in the case of the deuteron [28]. We perform two different
analyses in this paper. In the first, we assume that the SM is the correct theory of Nature
and present an exclusion limit in the plane of the dark photon mass and mixing parameters.
In the second, we allow for the possibility that the dark photon may improve the likelihood
for experimental observables relative to the SM, and simultaneously determine the optimum
set of PDFs, as well as the preferred dark photon parameters. In scanning the parameter
space, we consider all possible values for the dark photon mass, and do not make any
assumptions about its numerical value. We then perform a hypothesis test against the SM
to quantify the improvement at the best fit point. Having identified a preference for the
dark photon model, we test the stability of this conclusion against the inclusion of power
corrections, an increase in the lower cutoff in Q2 from m2

c to 10GeV2, and an estimate of
missing higher order uncertainties following ref. [29].

In section 2 we begin by reviewing the modifications to the F2 proton structure function
with the addition of a dark photon contribution. Section 3 outlines the methodological
details of the global QCD analysis performed within the JAM framework. Our results are
presented in section 4, first placing exclusion limits on the dark photon parameters, and
then exploring possible improvements of the global fit with the inclusion of the dark photon.
Finally, in section 5 we summarize our conclusions and discuss the implications and future
extensions of this work.
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2 Dark photon background

The F2 and F3 proton structure functions, including the electroweak and dark photon
contributions, are given by [15]

F̃ 2 =
∑

i,j=γ,Z,AD

κiκjF
ij
2 ,

F̃ 3 =
∑

i,j=γ,Z,AD

κiκjF
ij
3 ,

(2.1)

where κi = Q2/(Q2 +m2
i ). At LO in the strong coupling αs, one has

F ij2 =
∑
q

(Cvi,eCvj,e + Cai,eC
a
j,e)(Cvi,qCvj,q + Cai,qC

a
j,q)xfq,

F ij3 =
∑
q

(Cvi,eCaj,e + Cai,eC
v
j,e)(Cvi,qCaj,q + Cai,qC

v
j,q)xfq,

(2.2)

where x is the parton momentum fraction, and fq is the PDF for quark flavor q in the
proton. The vector and axial vector couplings to the electron and quarks for the photon are

{Cvγ,e, Cvγ,u, Cvγ,d} =
{
−1, 2

3 , −
1
3

}
, Caγ = 0, (2.3)

while for the unmixed Z boson the couplings are

C
v
Z sin 2θW = T f3 − 2qf sin2 θW , C

a
Z sin 2θW = T f3 , (2.4)

where T f3 is the third component of the weak isospin, and qf the electric charge. After
diagonalizing the mixing term through field redefinitions, the couplings of the physical Z
and AD to SM particles are given by [15]

CvZ = (cosα− εW sinα)CvZ + εW sinα cot θW Cvγ ,

CaZ = (cosα− εW sinα)CaZ ,
(2.5)

and
CvAD

= −(sinα+ εW cosα)CvZ + εW cosα cot θWCvγ ,
CaAD

= −(sinα+ εW cosα)CaZ .
(2.6)

Here α is the Z̄–A′ mixing angle,

tanα = 1
2εW

[
1− ε2W − ρ2

− sign (1− ρ2)
√

4ε2W + (1− ε2W − ρ2)2
]
,

(2.7)

with εW given in terms of the free mixing parameter ε,

εW = ε tan θW√
1− ε2/ cos2 θW

, (2.8)
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and ρ is defined by

ρ = mA′/mZ̄√
1− ε2/ cos2 θW

. (2.9)

The physical masses of the Z boson and dark photon then become

m2
Z,AD

=
m2
Z̄

2
[
1 + ε2W + ρ2

± sign (1− ρ2)
√

(1 + ε2W + ρ2)2 − 4ρ2
]
,

(2.10)

with Z̄ the unmixed version of the SM neutral weak boson. In our analysis we include the
two dark parameters, ε and the mass mAD

, amongst the fitting parameters.

3 Methodology

Our baseline study uses the JAM QCD analysis framework, employing Monte Carlo sampling
and fixed order perturbation theory at NLO accuracy in the QCD coupling, αs. To accurately
characterize the PDFs and their uncertainties, as well as the dark photon parameters, the
global analysis was performed 200 times using data resampling, repeatedly fitting to data
that were distorted by Gaussian shifts within their quoted uncertainties via χ2 minimization.
The resulting replica parameter sets approximate Bayesian samples of the posterior, from
which confidence levels for the PDFs and dark parameters may be estimated [30]. Starting
from the replicas of the previous JAM fit [28], our global analysis incorporates the JAM
multi-step strategy, whereby data are sequentially added one step at a time, as an efficient
way of locating the minimum χ2 for a given shuffling of the data. This in turn ensures we
obtain a good approximation to the posterior over the 200 replicas.

For inclusive DIS, QCD factorization theorems allow us to write the F2 and FL structure
functions as sums of convolutions of hard scattering functions, nonperturbative quark and
gluon PDFs, and higher twist power corrections,

F2(x,Q2) =
(∑

q

e2
q [C2q ⊗ q+] + [C2g ⊗ g]

)
(x, q2)

(
1 + CHT

2 (x)
Q2

)
, (3.1a)

FL(x,Q2) =
(∑

q

e2
q [CLq ⊗ q+] + [CLg ⊗ g]

)
(x, q2)

(
1 + CHT

L (x)
Q2

)
, (3.1b)

where q+
N = qN + qN , and the hard scattering coefficient functions Cij (i = 2, L; j = q, g)

are computed in fixed order perturbation theory at NLO accuracy in the QCD coupling,
following the “track B” approach of refs. [31, 32]. At this order, the leading contributions
to C2j are of order O(α0

s), while CLj enters at order O(αs). We parametrize the PDFs at
the input scale Q2

0 using the standard form,

f(x,Q2
0) = Nxα(1− x)β(1 + γ

√
x+ ηx), (3.2)

so that each individual fit determines 30 free proton PDF parameters. For the heavy
quarks, in our analysis we use the zero mass variable flavor scheme. The CHT

i (x) higher
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twist coefficients can in principle be different for protons and neutrons, and are determined
phenomenologically from low-Q2 data by introducing a further 6 free parameters to be
fitted. In this analysis, we assume a multiplicative ansatz for the coefficients CHT

i , with the
higher twist parameters taken to be the same for the longitudinal structure function FL
as for F2. The definitions of the structure functions in eqs. (3.1) also contain target mass
corrections implemented within the collinear factorization as described in refs. [33, 34].

In the nuclear impulse approximation at x� 0, the scattering takes place incoherently
from individual (off-shell) nucleon contributions in the nucleus. As such, we can write the
nuclear PDFs as a sum of on-shell and off-shell contributions [35–37],

qA(x,Q2) =
∑
N

qN/A(x,Q2) =
∑
N

[
q

(on)
N/A + q

(off)
N/A

]
(x,Q2), (3.3)

where qN/A refers to the PDF of a quark q in a nucleon N , as modified within a nucleus A.
We introduce 6 more free parameters to account for these off-shell contributions, which for
our chosen datasets only takes the form of small corrections to the deuterium data. Overall,
this results in a total of 42 free PDF parameters in our baseline analysis.

The DIS datasets included in this analysis consist of fixed target proton and deuteron
DIS data from SLAC [38], BCDMS [39], and NMC [40, 41], and collider data from HERA [42].
For the fixed target DIS data the F2 structure function is provided, while for the HERA
data the reduced cross sections are presented. At lower x and Q2 values, the longitudinal
contribution to the cross section should be taken into account, while in the kinematics of
the HERA data included in our analysis the FL contribution to the reduced cross sections,
computed using eq. (3.1b), is negligible. However, we still include the FL contribution,
especially in a precise determination of the dark photon parameters whose effect is also
expected to be small. For all DIS datasets, a Q2 cut of 1.69GeV2 and a W 2 cut of
10GeV2 were employed, as in ref. [28]. Other datasets that were added to constrain
the PDF parameters include pp and pd Drell-Yan data from the Fermilab NuSea [43] and
SeaQuest [44] experiments, Z-boson rapidity data [45, 46],W -boson asymmetry data [47, 48],
and jet production data from pp̄ collisions at the Tevatron [49, 50].

The modifications required to include the effects of the dark photon were then added
to the underlying JAM theory, allowing the two additional dark parameters, mAD

and ε, to
be fitted alongside the PDF parameters. After repeating the global fits, we then compared
the 200 replicas obtained with and without the dark photon. In global QCD analyses the
agreement between the fitted results and the data is assessed through the reduced χ2, which
computes the difference between the theory predictions averaged over the replicas and the
actual data.

Because of its particular sensitivity to a dark photon, we included an additional
contribution to the total χ2 corresponding to the value of g − 2 for the muon, for which
there is currently an anomaly [51, 52]. The SM predicts a result for g − 2 that differs from
the experimental measurement by (251 ± 59) × 10−11 (which has a significance of 4.2σ).
While there are indications from lattice QCD [53] for a somewhat higher SM value, there
is no consensus on this in the lattice community, nor a successful reconciliation with the
dispersion relation method. We therefore use the value reported in ref. [54] and quoted
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not excluded
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Figure 2. The excluded region in the dark photon parameter space, assuming that the SM is the
correct theory of Nature.

in refs. [51, 52]. In the dark photon scenario the correction to g − 2 scales as m2
` ε

2/m2
AD

(with m` the lepton mass) [10], meaning that the experimental measurement can act as a
powerful constraint on the dark photon parameters.

4 Global QCD analysis results

We first explore the region of parameter space where a χ2 analysis forbids the existence of
the dark photon, assuming that the SM is the true theory. This is accomplished by not
allowing the χ2 to be lower than that obtained with the best fit SM hypothesis, and is
similar to the “capped likelihood” treatment followed in ref. [55]. The excluded region is
shown in figure 2, where we see that, for mAD

> 20GeV, ε must be less than ≈ 0.08. In the
region around 10GeV, the mixing parameter ε is allowed to be notably larger due to the
dark photon fitting anomalies in some datasets, whilst being penalized by others sufficiently
to give the same quality of fit as the SM. This weakens the excluded range of ε.

We also note that the exclusion limits over the whole mass range for ε in figure 2
are somewhat weaker than those reported in earlier analyses of DIS data [15, 16]. We
first observe that the strong constraints derived in ref. [15] are mainly driven by: (i) the
input PDFs were fixed at the values resulting from the best fit results of a HERA analysis,
leaving no room for the potential effects of new physics on the extracted PDFs; (ii) the
uncertainties in the reduced neutral current (NC) cross section σNC

red were assumed to be at
most 0.3%–0.4%, which is approximately 4 times smaller than those of the raw data [42].
Moreover, the longitudinal structure functions were neglected in ref. [15], which is a good
approximation only when y = Q2/xs is small. In our work, we have analyzed the original
HERA data including both the transverse and longitudinal structure functions, and have
allowed the PDFs to adjust to the presence of the dark photon. Compared with ref. [16], the

– 6 –



J
H
E
P
0
9
(
2
0
2
3
)
0
9
6

reaction χ2
dof(dark) χ2

dof(base) Ndof
fixed target DIS 1.01 1.05 1495
HERA NC 1.02 1.03 1104
HERA CC 1.13 1.18 81
Drell-Yan 1.18 1.16 205
Z rapidity 1.08 1.05 56
W asymmetry 1.04 1.07 97
jets 1.16 1.15 200
total 1.03 1.05 3283

Table 1. Comparison of the χ2 values per degree of freedom, χ2
dof , with (“dark”) and without

(“base”) dark photon modifications for various datasets, taking into account a correction for missing
higher order uncertainties (see text).

2 4 6 8

mAD
(GeV)

0.025

0.050

0.075

0.100

0.125

ε

dark best fit

6σ contour

5σ contour

4σ contour

Figure 3. Results of an hypothesis test for the likelihood that the SM is the correct theory to
describe this data, compared with the case where a dark photon is included. The hypothesis that
the SM is the correct theory is excluded at 6.5σ for the best dark photon fit at the red point.

dataset used here is considerably larger and the restrictions imposed on the PDF parameters
in that work have been removed.

Next, we present results of a fit where the dark photon is allowed to improve the fit
to the experimental observables. A comparison of the χ2 per degree of freedom between
the baseline average theory and the dark photon average theory for the different datasets
included is given in table 1. There is a clear improvement in the reduced χ2 for the fixed
target DIS and HERA datasets with the inclusion of the dark photon. This improvement
was essentially independent of the number of replicas considered. All the datasets, other
than the Drell-Yan, Z rapidity and jet data, exhibit a slightly lower χ2 with the dark
photon, although no modifications were made to the underlying theory for those observables.
In fact, electroweak corrections to the Drell-Yan cross sections are small and generally
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Q
2

(G
e
V

2
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residual difference > 0.3

residual difference < 0.3

Figure 4. Points in DIS kinematics (Q2, x) exhibiting the greatest improvement in residuals (> 0.3
in red, < 0.3 in blue) between dark and baseline average theory.

omitted in global PDF analyses. However, as a check, we did include the dark photon
contribution, which yielded a negligible improvement in χ2 of 0.003 per degree of freedom
for that dataset. The sheer number of DIS data points means that the total χ2 shows a
substantial improvement. The best fit including the dark photon also reduces the difference
in the anomalous value of g − 2 between the SM prediction and experiment from 251×10−11

to 91× 10−11, which in turn reduces the statistical significance of the discrepancy in that
observable from 4.2σ to 1.5σ.

In order to assess the statistical significance of this χ2 improvement, we performed an
hypothesis test of the dark photon hypothesis against the SM-only hypothesis. Since these
hypotheses are nested we can make use of the log-likelihood test statistic, defined as

t = −2
[
lnL(ν̂,mAD

, ε)− lnL(ν̂, m̂AD
, ε̂)
]
, (4.1)

where L(ν̂,mAD
, ε) is the likelihood for the SM-only hypothesis (or “baseline”), meaning

a choice of mAD
= ∞ and ε = 0, maximized over the nuisance PDF parameters ν̂. The

likelihood L(ν̂, m̂AD
, ε̂) is then maximized over the dark parameters, in addition to the

PDF parameters. Using our choice of likelihood function L = exp
(
−1

2χ
2
)
, the test

statistic reduces to the difference of the χ2 values between the baseline and dark best fits,
t = χ2

base − χ2
dark. The results of the fit are shown in figure 3, and applying Wilks’ theorem

to the t test statistic, the difference in total χ2 for the best fit corresponds to a p-value
of ∼ 3.8 × 10−11 or ∼ 6.5σ. We checked the validity of applying Wilks’ theorem to our
results, confirming that we do indeed have a χ2-distributed likelihood ratio test statistic.
This implies that the quoted p-value should be a good approximation.

There is no localized region of kinematics which contains the greatest difference in
residuals, as seen in figure 4. The marker size of the data points corresponds to an
improvement in the absolute value of the residual less than 0.3 set to a very small size
and shown in blue, while an improvement larger than this is shown by a larger point in
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red. The improvement associated with the inclusion of the dark photon covers most of the
range of Q2 values for each given x, as shown by the spread of red points in figure 4. This
indicates that the improvement in χ2 seen with our dark photon modifications is unlikely
to be explained by some missing element in the QCD theory that contributes via a specific
region of Q2 or x.

The inclusion of next-to-next-to-leading order (NNLO) corrections has been shown
to improve the fit for HERA data [56] to an extent that could be comparable with that
reported here by including the dark photon modifications. As a quantitative test of the
potential effects of higher order corrections, or so-called missing higher order uncertainties
(MHOU), we follow the procedure developed by the NNPDF Collaboration [29]. That
is, we add in quadrature to the experimental uncertainty on each data point the largest
variation in the theoretical prediction obtained by varying the Q2 for that point by a factor
of anywhere between 0.5 and 2.0. This reduced the total χ2 by roughly 250, but still left a
very significant improvement when the dark photon was added. The results for the χ2 per
degree of freedom shown in table 1 include this additional uncertainty.

As a test of the effect of power corrections on the improvement in χ2 associated with
the dark photon, we repeated the analysis with power corrections turned off. The total χ2

increased by around 16, but the reduction associated with the dark photon was unchanged.
To check the effects of data at relatively low-Q2, we also repeated the analysis with a lower
bound of 10GeV2 instead of 1.69GeV2. This reduced the number of data points significantly
but the improvement in χ2 was still such as to favor the existence of the dark photon by 5σ.

In figure 5 we compare the PDFs from the dark photon and baseline replicas. The dark
PDFs overlap with the baseline PDF uncertainty bands most of the time, particularly for the
valence quark distributions that are best constrained by existing data. We also found that
both the dark and baseline PDFs are similar to the most recent JAM22 unpolarized PDF
results [28], up to some small differences in the W 2 cut used in that analysis. This suggests
that the dark photon results are indeed consistent, within uncertainties, with existing PDF
analyses, albeit with small but potentially interesting shifts in the central values.

Figure 6 illustrates the profile likelihood in the ε–mAD
plane, with contours indicating

1σ, 2σ, 3σ and 4σ levels. The ranges of the dark parameters favored by the data give a
dark photon mass mAD

= 4.8+1.5
−1.2 GeV and mixing parameter ε = 0.096+0.028

−0.028 at the 95%
confidence level. This value of ε appears somewhat high, as ε > 10−3 has been largely
excluded for a wide range of mass values [9]. On the other hand, there do exist regions of
parameter space within this mass range which cannot be excluded because of the presence
of other particles, notably the J/ψ and its excited states between ≈ 3GeV and 4.5GeV.

The preferred value for the dark photon mass has an uncertainty range that is wide
enough to encompass these unconstrained regions, meaning that our fitted values for the
dark parameters are not inconsistent with existing experiments. In fact, the improvement
in χ2 is so substantial that if we perform the hypothesis test at the point ε = 0.05 and mass
mAD

= 3GeV, the SM-only hypothesis is still excluded with a significance above 5σ.
Finally, it is interesting to comment on the parameters preferred in this analysis in

comparison with other existing constraints. Constraints from EWPO [12, 13] typically
require a mixing parameter for a dark photon somewhat below our preferred range, in the
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Figure 5. A comparison of the PDF replicas with (“dark”, red bands) and without (“baseline”,
blue bands) the dark photon modifications at the input scale, Q2 = 1.69GeV2.
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Figure 6. Profile likelihood for the dark photon mass mAD
versus the mixing parameter ε.
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relevant mass region. This needs a careful reanalysis taking into account allowed variations
in key SM parameters, as well as new information on the W -boson mass [57, 58]. In the
case of g−2 for the electron our results give no significant change to the current satisfactory
situation of experiment versus theory [59, 60], with the uncertainty in αem being dominant.

5 Outlook

In summary, we have mapped out the region of dark photon parameters excluded by existing
high energy scattering data. Compared with earlier analyses, the present work constitutes
a clear improvement, using all of the available data and allowing for variations in the PDFs
associated with the introduction of the dark photon.

On the other hand, introducing the possibility of a dark photon yields a preference for
the dark photon model of 6.5σ. The inclusion of the dark photon also leads to a significant
reduction in the size of the muon g − 2 anomaly. We have tested the viability of this
hypothesis against possible missing higher order uncertainties, as well as the treatment of
power corrections and the lower cutoff applied on Q2, with the result that none of these
qualitatively change the conclusions.

In the future our analysis could be improved by systematically computing all ob-
servables at next-to-next-to-leading order (NNLO) instead of the next-to-leading order
accuracy employed in the current analysis. We plan to also implement different heavy-
quark scheme for the discussion of charm and bottom quark production data. The most
important improvement would, however, be direct searches in the mass region suggested by
our analysis.

This analysis suggests that studies of DIS data, in conjunction with other experimental
constraints, provide a promising means of probing BSM physics. Given its significance,
as well as the importance of precise nucleon PDFs as input in the determination of many
physical quantities, including the W -boson mass [61] and weak couplings [62], or searches
for physics beyond the SM at the LHC, it is important to explore the effect which we have
observed in more detail.
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