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Constraints on the dark photon from deep inelastic scattering
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We investigate constraints on the dark photon arising from an analysis of deep inelastic scattering data.
We perform extractions of parton distribution functions with and without a dark photon being present and
allow the dark photon mixing parameter and mass to vary. We also include the effects of vector-meson
dominance to ensure the correct photoproduction limit. By considering the variation of the total y? arising
from such extractions, we infer exclusion limits on the kinetic mixing parameter of the dark photon for dark

photon mass up to 80 GeV.
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I. INTRODUCTION

Dark matter (DM) is thought to make up 85% of the
mass of the Universe and its existence has been confirmed
in a multitude of ways [1,2]. Understanding the nature and
origin of DM is one of the most important challenges in
particle physics and astronomy today. While the direct
detection of weakly interacting massive particles is an area
of very active investigation [3-5], the stringent limits from
null experiments [6—8] have motivated a number of alter-
native hypotheses for the nature of DM. In recent years, the
dark photon as a portal of interactions between DM and
Standard Model (SM) particles has been receiving consid-
erable attention. For a review of the current status of
theoretical and experimental studies on the dark photon,
see Ref. [9].

The dark photon was first proposed as an extra U(1)
gauge boson [10,11] that either can be massless or may
acquire a mass. Currently, the massive dark photon is of
particular interest as it is more readily accessible in
experimental searches. It interacts with SM particles
through kinetic mixing with hypercharge [12]

Lot p Mgy € g (1)
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Here 0y, is the Weinberg angle, F), is the dark photon
strength tensor, and € is the mixing parameter that quan-
tifies the mixing of the dark photon with the B boson of the
standard electroweak theory.
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There have been numerous experimental searches for the
dark photon [13—17]. The strongest constraints come from
the NA64 [17,18] experiment for 1 MeV <my <
250 MeV and from the BABAR [16] experiment for
250 MeV < imy <8 GeV, in which the missing-energy
events are described as invisible decays of the dark photon,
leading to € < O(1073). These constraints could be weak-
ened by taking into account the detailed structure of the
dark sector [19].

So-called “decay-agnostic” processes can also provide
constraints on the dark photon. These are independent of
the details of its production mechanism and decay modes.
Such bounds can be obtained from measurements of the
electroweak precision observables (EWPO) [20,21] and the
muon g — 2 [22]. Another “decay-agnostic” process is e~ p
deep inelastic scattering (DIS), which can potentially probe
dark photons with masses up to 100 TeV because of the
broad energy reach of experimental measurements [23].
Recently, a competitive constraint on the dark photon
mixing parameter was derived from DIS using data from
HERA [24]. The dark photon contribution to the proton
structure function leads to non-Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (non-DGLAP) scaling violations, which
were proposed as a smoking gun relevant for future
experiments [24].

However, in Ref. [24] the parton distribution functions
(PDFs) used were from the best-fit results of the HERA
analysis without consideration of the possibility of a dark
photon. When examining the consequences of the addition
of a dark photon it is desirable to extract the PDFs from the
data taking into account the changes in the PDFs which
result from including the dark photon contribution to the
scattering. The necessity of a simultaneous determination
of the PDFs and beyond-SM effects was also demonstrated
in Ref. [25], by considering representative four-fermion
operators in the SM effective field theory. Moreover, in
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analyzing DIS data, one should also take into account the
hadronic fluctuations of the SM photon [26], as well as
higher twist effects [27], both of which also have non-
DGLAP features.

In this work, we investigate the properties of the dark
photon that are consistent with data from the DIS process,
while allowing variations in the PDFs required in the
presence of the dark photon. Our analysis then places upper
limits on the allowed kinetic mixing of the dark photon as
a function of the dark photon mass. We employ a two-
component model of DIS, taking into account the transition
of the SM photon to a nonperturbative gg pair, using the
vector-meson dominance (VMD) framework. The VMD
contributions need to be included as otherwise we would be
missing important contributions that affect the parameter
space of the dark photon for masses below 10 GeV. By
refitting the DIS data in this way, we place upper limits on
the mixing parameter of the dark photon for masses up
to 80 GeV.

II. PROTON STRUCTURE FUNCTION

With the inclusion of the dark photon contribution, the
transverse structure function of the proton is given by [24]

FZ = Z Kl'Kngj, (2)

i.j=y.Z.Ap

where ; = 0%/(Q* + M7, ). At leading order (LO) in «,

i~ je e~ je/\“ig-jgq i.q-j.q

FY=> xf,(Cl,Ct,+C¢,C8,)(CE,Ch,+CE C). (3)
q

where x is the Bjorken variable and f, are the PDFs of the
quark flavors ¢ = u,it,d,d, c,c,s,5,b, b.

The couplings to the electron and quarks for the photon
are

e 2 1 .
{Cle- Gl Crat = {‘1*5"5}’ =0, (4)
while for the unmixed Z boson they are
C;sin20y = T{ — 2q,sin’0y,, C%sin 20y = T4, (5)

where

11 1
T¢ TV Td —J__ - __
{ ) 3 3} { 2727 2}7
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{4e:9u-qa} = {—1’— ——}- (6)

After diagonalizing the mixing term through field
redefinitions, the couplings of the physical Z and A to
SM particles are given by [24]

Cy = (cosa — ey sina)Cy + ey sinacot Oy, CY,

4 = (cosa — ey sina)Ce, (7)
and
Cj, = —(sina + ey cos a)CY + ey cos acot Oy CY,
C4, = —(sina + ey cosa)Cy. (8)

Here a is the Z — A’ mixing angle,

1
tana:E[l—e%V—pQ

— sign(1 = p?)\f4eh, + (1 = &, -], (9)
with
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my [ ing

p= :
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The physical masses of the Z boson and the dark photon are

’

(10)

m2
Moy = |1+ 6+

j:sign(l—pz)\/(l—l—e%v +p2)2—4p2] (11)

Given that the dark photon contribution is expected to be
small, an accurate determination of its parameters relies on
arefined analysis of the DIS data. At low 072, and hence low
resolution, the interaction of the virtual photon with the
nucleon is not well described in the parton model. For
example, it does not ensure the constraint of current
conservation in the photoproduction limit, namely, that
the proton structure function be proportional to Q? as
QO — 0. Instead, following Badelek and Kwiecinski
[28,29], this is naturally ensured by using a two-component
model of nucleon structure functions which incorporates
VMD at low Q2. In that model the photon acts on the whole
target like a virtual vector meson. Such a model was applied
to phenomenological analyses of DIS in Refs. [30-32].
Embedding Eq. (2) into this model, the proton structure
function can be written as

Fy(x, Q%) = F3MP(x, 0)
Q2

+ Q2 + M2 F2()_C’ Q2 +M(2)>’ (12)
0

where
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QR (13)

><|

The parameter M, which lies in the range 1.0-1.5 GeV?
[30], controls a smooth transition from the VMD to the
partonic regime. The VMD term has the form
2 Mo
ppw = 5 MO a0, (19)
= 2 R Ry

where V = po,a), and ¢, and the photon—vector-meson
coupling constants are

fj N azMV (15)
dr 3Ty i,

equal to 2.28, 26.14, and 1491 for p° w, and ¢,
respectively. The vector-meson—proton cross sections are

O = Oup = 5102 p) + o))
o4y = o(K*p) +o(K™p) - % lo(x*p) +o(z"p)],  (16)

where the cross sections are parametrized in the form [33]

Opp = Oup = 13.635° +31.79577,

oy, = 10.01s° + 2.72s77.
4p = 10.015€ +2.7257" 17

Here ¢ = 0.08 and = 0.45 are taken from Regge theory
and the resulting cross sections are given in units of mb.

In a phenomenological analysis, a Gaussian form factor
is often introduced [31],

Q(x, 0%) = exp(=(AE/ 1)) (18)

where 1/AE characterizes the lifetime of the hadronic
fluctuations of the photon. In the target reference frame,

M+ 0°
QZ
In this exploratory study we adopt the LO HERA

parametrization of the PDFs at an initial scale, Q3 =
1.9 GeV? [34],

AE = Myx. (19)

xg(x, 0F) = AgxPs(1 = x)%,
xu,(x, 03) = A, wa(l - x)Cw[1+E, x|,
K, (5, 03) = Ag 3P (1~ x),

xii(x, Q) = ApxBi(1 — x)C[1 + Dyx],

xd(x, ) = (1~ 0.4)AzxP(1 — ),

x5(x, Q3) = 0.4AzxBa(1 — x)%a. (20)

We evolve the PDFs to the DIS scale Q? using the APFEL
program [35]. At LO, we use a,(M ) = 0.13. The heavy
flavor thresholds are m, = 1.47 GeV, m;, = 4.5 GeV,
and m, = 173 GeV.

III. RESULTS

In our analysis, we take the HERA data [34] for the
reduced cross section with /s =318 GeV and Q% €
[3.5,30000] GeV2. We only include data points in the
region y <0.1, so that the effect of the longitudinal
structure function can be neglected. We also include
BCDMS [36] data to constrain the structure function in
the large-x region.

Bearing in mind that we use a limited data set, here we
find it necessary to constrain some parameters. Since the
structure function is less sensitive to the d-quark distribu-
tions, we fix the d, and d distributions from the HERA
analysis. The parameters A, and A, are constrained by
number and momentum sum rules, respectively, leaving
seven free parameters in the xu,, xit, and xg distributions.

We first fit the HERA and BCDMS data without the dark
photon. The fit results using Eqs. (2) and (12) are given in
Table I, respectively. It is clear that the inclusion of VMD in
the two-component model significantly improves the .
The best fit corresponds to 3 =291.79/(259 — 8) =
1.16 and Ag = 0.897 GeV, with M3 fixed at 1.0 GeV?>.
We also show the second moments of xg and xu™ at
0? =4 GeV?, which are in agreement with the latest
lattice determinations [37] and the unweighted average
of the global fit analyses [38].

We then include the dark photon contribution to the
proton structure function, with A; fixed at 0.897 GeV.
Because of the “eigenmass repulsion,” the region of the
(e.my,) plane corresponding to points near the Z-boson
mass cannot be reached [24]. Therefore, we explore the
parameter space of the dark photon with a mass up to
80 GeV. For each value of m,  in the range [1, 80] GeV, we
adjust the mixing parameter ¢ and refit the DIS data. The
minimum y? that the PDF fit could reach depends on e,
x2i(€) = x%..(€ = 0) = Ay?. The constraints on e that we
obtain correspond to Ay> =1 (68% C.L.) and Ay> =2
(95% C.L.), with respect to the total y> of the best-fit results
in Table I. We show the exclusion limits on € as a function
of m,, in Fig. 1, with a more detailed summary for the
particular choice m,, =5 GeV in Table II.

Our results, which correspond to constraints slightly
weaker than those of Ref. [24], are competitive with the
limits from electroweak precision observables [21] for the
mass region m,, <20 GeV. The upper bounds on e
increase slightly as m,, moves down towards 1 GeV,
because of the interference with VMD contributions.
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TABLE L. Refit to HERA [34] and BCDMS [36] data with Q2 € [3.5,30000] GeV?, Ngu, = 158 + 101 = 259. The individual
contributions to the total y> correspond to the HERA and BCDMS sets, respectively. The parameters A for xu, and xg are fixed by

number and momentum sum rules, respectively.

Without VMD

With VMD (4 = 0.897 GeV)

Xxg xu, xi Xxg xu, xi
A 5.3368 4.4790 0.0894 £ 0.0049 4.9008 4.4531 0.0904 £ 0.0066
B 0.0745 £0.0319  0.7441 £0.0126  —0.3020 £0.0099  0.0659 +0.0442  0.7419 £0.0190  —0.3255 £ 0.0139
C 9.4590 £0.5789  3.9314 £ 0.0495 8.9941 +£0.7648  4.1885 £ 0.0564
D
E 4.8071 £ 0.5403 6.6852 + 0.8549
x> 195.59 + 151.34 = 346.93 180.10 4+ 111.69 = 291.79
(xg™) 0.4320 0.3575 0.4277 0.3620
TABLE II. Fit results by including the dark photon with Ay?> =1 and Ay> =2 with respect to the results with VMD

(4g = 0.897 GeV) in Table I. We take the dark photon mass m,, =5 GeV as an example.

Ay? = 1(68%C.L.)

Ay? =2(95%C.L.)

(5.0,0.0205)

(5.0,0.0286)

=
5

€) xg xi, xii

xg xu, xi

4.8556 4.4424
0.0638 £0.0429 0.7411 £ 0.0181
8.9561 £0.7316  4.1894 £ 0.0430

mo QW

6.7063 £+ 0.7581
180.97 + 111.82 = 292.79
0.3617

~
[\ ]

) 0.4280

—~
=
_Q

0.0901 +£ 0.0065
—0.3258 £ 0.0136

4.8121 4.4322 0.0898 £ 0.0065
0.0617 £0.0429 0.7403 £0.0182  —0.3261 £ 0.0137
8.9198 £0.7322  4.1903 £ 0.0430

6.7263 £0.7623
181.83 + 111.96 = 293.79

0.4282 0.3614

This work
68% CL

—-= EWPO

=== 95%CL

FIG. 1. Exclusion limits on the mixing parameter ¢ with
68% C.L. (solid curve) and 95% C.L. (dashed curve) by refitting
HERA [34] and BCDMS [36] data with VMD contributions,
which are compared with the EWPO constraint [21]. The region
in grey is not accessible due to the ‘“eigenmass repulsion”
associated with the Z mass.

IV. CONCLUSION

In this paper, we carried out an exploratory investigation
of the constraints on the parameter space of the dark photon
arising from studies of deep inelastic scattering. A two-
component model was applied to the proton structure
function that incorporated vector-meson dominance to
reproduce the correct photoproduction limit, in addition
to including the dark photon. The inclusion of the VMD
contribution significantly improved the Zio.f. of the fit
before the addition of the dark photon. Indeed, without
VMD the addition of the dark photon actually reduced the
X3 The exclusion limits on the kinetic mixing parameter,
€, for the dark photon were determined by allowing
variations in the goodness of fits to the extracted parton
distribution functions. By comparison with the best-fit
results without the dark photon, we derived the constraints
on the dark photon in the ¢ —my,, plane shown in Fig. 1
with both 68% C.L. and 95% C.L. Our results are
compatible with the EWPO limits.

The present work should be regarded as exploratory,
aimed at investigating whether a full scale search based on
this approach would be justified. We conclude that more
sophisticated and accurate constraints should be obtained
using a global fit analysis that goes beyond leading order.
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