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The recent observation of an excess in the electronic recoil data by the XENONI1T detector has drawn
many attentions as a potential hint for an extension of the Standard Model (SM). Absorption of a vector
boson with the mass of my €(2keV,3keV) is one of the feasible explanations to the excess. In the case
where the vector boson explains the dark matter (DM) population today, it is highly probable that the
vector boson belongs to a class of the warm dark matter (WDM) due to its suspected mass regime. In
such a scenario, providing a good fit for the excess, the kinetic mixing k ~10~'> asks for a non-thermal
origin of the vector DM. In this letter, we consider a scenario where the gauge boson is nothing but the
U(1)p_L gauge boson and its non-thermal origin is attributed to the decay of the coherently oscillating
scalar of which condensation induces the spontaneous breaking of U(1)g_r. We discuss implications for
the early universe physics when the warm nature of the vector DM serves as a resolution to both the

small scale problems that ACDM model encounters and the XENON1T anomaly.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP.

1. Introduction

Recently, the XENON1T collaboration reported an excess in the
electronic recoil data for the energy regime ranging from 1keV
to 7keV [1]. Especially, the prominence of the excess for my: €
(2keV,3keV) aroused many interesting interpretations based on
various extensions of the SM. Absorption of a vector boson is
one of the plausible possibilities for the excess in which case its
suspected mass and kinetic mixing read my € (2keV,3keV) and
k ~10713 respectively [2-5]. Provided this vector boson serves as
a dominant component of DM today, its suspected mass regime
could be of interest in regard to the small scale problems (e.g.
core/cusp problem [6], missing satellite problem [7,8], too-big-to-
fail problem [9]); keV scale WDM can alleviate some of the small
scale problems if the free-streaming length traveled by the WDM
amounts to @(0.1) Mpc [10-12].

Note that, however, the dark photon (A;L) mass my € (2keV,
3keV) is actually outside of the allowed thermal WDtl}\I/grmrgllass

regimes inferred from Lyman-a forest observation mgg ™" >

5.3keV [13] and redshifted 21 c¢cm signals in EDGES observations
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mwgfnmal > 6.1keV [14,15]. Therefore in order for the dark photon
to be a candidate for WDM to address the small scale problems, it
should be a non-thermally originated one. Very interestingly, this
line of reasoning to have a non-thermal dark photon DM (DPDM)
gathers momentum when it is taken into account that a fit of
good quality for the excess can be accomplished for the kinetic
mixing « ~10~> [1-4]. Being the most direct and dangerous cou-
pling to thermalize A;L with the SM thermal bath, the observed
kinetic mixing « ~ 107! ensures that A;L can avoid to join the
SM thermal bath unless there is another significant indirect cou-
pling to the SM sector. Now there arises an interesting question:
what could be a non-thermal production mechanism that allows
the mass regime my € (2keV,3keV) consistent with the Lyman-«
forest observation? Different non-thermal production mechanisms
will be characterized by different momentum spaces for A;L. And
we will invoke the decay of a scalar in the coherent oscillation to
answer this question.

In this letter, we study the scenario where the keV-scale DPDM
with the suppressed kinetic mixing arises with a non-thermal ori-
gin. Especially for my € (2keV,3keV), the DPDM can induce the
XENON1T anomaly through absorption analogous to the photoelec-
tric effect. We identify A;L with the massive gauge boson of the
broken U(1)g_p gauge theory which is the most well-motivated
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minimal extension of the SM." When incorporated with a scalar
and three heavy right handed neutrinos, U(1)g_y gauge theory
provides us with the most elegant explanation for the origin of
the smallness of the active neutrino masses based on the seesaw
mechanism [18-20] and the leptogenesis [21,22]. In spite of this
concreteness of the model, our mechanism and result can be eas-
ily generalized to a hidden broken U (1) gauge theory, emphasizing
its usefulness in the study of the DPDM. To enable the observed
mass regime my: € (2keV,3 keV) to be consistent with the Lyman-«
forest observation, we consider the production mechanism where
the non-relativistic scalar charged under U(1)g_. produces A;L

via its decay after U(1)g_. gets spontaneously broken.” The par-
ent scalar is assumed to obtain a positive Hubble induced mass
squared greater than the scalar’s mass squared during the inflation
and later decays to A;L while going through the coherent oscil-
lation. To ensure the consistency with the Lyman-o« flux power
spectrum, we compute the free-streaming length of A;L based on
its history given in the model. We show presence of the param-
eter space in which A;L becomes the WDM candidate resolving
some of the small scale problems. For defining the WDM, we take
Ars S 1Mpc as the criterion. Especially Aps >~ 0.3 — 0.5Mpc is of
our interest since it is consistent with non-vanishing matter power
spectrum at large scales (0.5Mpc) and helps WDM candidate re-
solve the missing satellite problem (0.3 Mpc) [10-12].

2. Model

We consider the broken U(1)g_p gauge theory of which the
massive gauge boson A;L is taken to be the DM candidate in the
model. On top of the SM particle contents, we introduce a complex
scalar ® (-2) and three right-handed neutrino Weyl fields Ni—1 23
(+1) where the numbers in the parenthesis denote U(1)g_ charges
assigned to each field. These additional fields form the following
Yukawa coupling

3
1 T

CYul<=ZEYN,ij¢N(1)N(])+h-c~ , (1)

i=1
by which the right handed neutrinos acquire masses when the
condensation of ® induces the spontaneous breaking of U(1)p_L.
Stemming from the large vacuum expectation value (VEV) of &,
the heaviness of these right handed neutrino fields can explain the
tiny active neutrino masses via the seesaw mechanism [18-20].
Moreover, the out-of-equilibrium decay of the heavy right-handed
neutrinos creates the lepton asymmetry of the universe which is
converted into the baryon asymmetry later with the help of the
sphaleron transition [21].

Since A;L in the model is identified with the hypothetical vector
boson triggering the XENON1T excess, we set my = 2gp_Vp_L =~
2 —3keV where gg_; is the gauge coupling of U(1)g_L and <®>=
VB_L/x/i is defined. As will be shown in the coming sections, the
model is to be featured by a high breaking scale Vg_ 2 10'¢ Gev.
From my € (2keV,3keV), we obtain g < 0(1072%), Along with
these tiny gg_1 and «, A;L‘s interaction with other particles in the
model is extremely feeble and thus A;L is totally isolated entity in

the model. As the DM candidate, the lifetime of A;l is required to

be greater than at least the current age of the universe. Indeed,

1 Other examples of the use of U(1)s_. gauge symmetry for addressing the
XENONI1T anomaly can be found in Refs. [16,17].

2 A variety of other ways to produce the vector DM non-thermally has been sug-
gested: resonant decays from an axion-like scalar via a tachyonic instability [23-26],
production from a dark Higgs via a parametric resonance [27], decays from a net-
work of the cosmic strings [28], vector coherent oscillation [29-32], and the gravi-
tational production [33-35].
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we can see that the requirement T4 > 13.8Gyr is easily satisfied
since the above gg_1, Vg_L and my are easily satisfying either of
mi, < 10_4OV§7L GeV or gg_1 <5 x 10718 x (ma /1 kev)~1/23

On the other hand, the scalar sector of the model is described
by the following potential

Vscalar = —m%|®[* + 1| ®*
+ 2o HTHI®2 + V(H), 2)

where H denotes the SM SU(2) Higgs doublet and V(H) is the
Higgs potential in the SM. We see that there appear two new di-
mensionless couplings A and Ay, and one dimensionful coupling
me as compared to the SM scalar sector. If Aye is significant, our
purpose of producing the non-thermal DPDM might be challenged:
after U(1)p— is broken, the longitudinal component (6) of A;L
could have couplings to the radial component (¢) of ® which is in-
dependent of gg_;. Thus, once ¢ is produced from the SM thermal
bath, & becomes easily thermalized as well. To avoid this danger,
we assume a sufficiently suppressed Aye in Eq. (2) in this work.
On the other hand, differing from Apg, there is no any a priori
assumption for mge and A. In the coming next sections, we study
how these new couplings (A, mg¢) are constrained in the light of
the purpose to have A;L non-thermally produced from & decay
and become WDM which can resolve the small scale problems and
explain the XENON1T anomaly.

3. Production of the dark photon

As a scalar field present during the inflation era, ® may obtain
the Hubble induced mass much greater than its original mass. For
our model, we assume @ acquires a positive Hubble induced mass
squared during inflation so that the effective potential of ® during
inflation becomes

V(®)lgeqyy = (CH] —m3)|®[* + A|D*
~ crHE| @1 + Al D [, (3)

where aqnq is the scale factor at which the inflation ends, c; is
assumed to be a positive dimensionless coupling and #; is the
Hubble expansion rate during the inflation. V (®) reduces to the
second line form due to the assumption of Hj >> mé. Thus, it can
be seen from Eq. (3) that @ sits on the origin in the field space
during inflation.

After the inflation ends (@ > depg), V(®) returns to the form
given in the first line of Eq. (2), ie. V(®) = —m%|®% + A|®%
Then the global minima of the potential become located at |®| =
VB_L/«/fz m¢/«/ﬁ where Vg_| = m¢/ﬁ. This makes the dis-
placement of @ from the global minima at the end of inflation
amount to i, = VB_L/«/E. Until the time when the Hubble ex-
pansion rate () becomes comparable to the mass of ® is reached,
@ field stays at the origin in the field space with its energy density
po == (Mm% ®2,.)/2. From H =~ mg, we read the temperature of the
SM plasma when @ field starts its coherent oscillation at a = agsc

90 1/4 B
T(agsc) =~ (P) 8 (Aosc) 1/4\/ Mpme

—1/4 1/2
~ (0.85 x 10°) [ &2(90sc) ( Mo ) GeV,
100 1GeV

(4)

3 The last inequalities are obtained from I'(A), — f + f) < (13.8Gyr)~! where f
is a SM fermion with its mass satisfying ms > 2my.



G. Choi, T.T. Yanagida and N. Yokozaki

where Mp = 2.4 x 10'8 GeV is the reduced Planck mass and g, is
the effective degrees of freedom for the radiation. As the coherent
oscillation starts out, U(1)g_L gets spontaneously broken and the
heavy right-handed neutrinos acquire masses via the Yukawa cou-
pling given in Eq. (1). In this work, we focus on the case where a
reheating temperature Tgy is greater than T (dosc).?

Since a = aqs, the coherent oscillation of & continues in the
expanding background and eventually when the Hubble expansion
rate becomes comparable to the rate of the decay of ® to a pair
of longitudinal modes of A}, the decay of ® produces Aj,.° Note
that this A;L production time coincides with the onset of the free-
streaming of A;L thanks to the feeble interaction of A;L with other
particles. By equating the decay rate I'y_, 414 to the Hubble ex-
pansion rate during radiation dominated era, we obtain the time

(a =ags) of A;L—production

4.4 y2 o3
Qo8- 1Vs- 1My  T2(ars)
327rmd, ~ Mp

~

Lo prpn =

1/2
s T(aps) ~2.2 x 108 x V7 x (1"("‘;‘:\/) GeV,

(5)
where we used mg = x/ﬁVB,L, Qo is the U(1)g_L charge of @,
and aps is the scale factor for the onset of the free-streaming of
AL.G For the second line in Eq. (5), we used Q¢ = —2. Using
the temperature T (agw) =~ 100GeV and scale factor apw >~ 1071
at which the electroweak symmetry breaking takes place, we can
estimate ags

m -1/2
aps ~ 4.5 x 10722 x A~ 1/2 x (—"’) , (6)
1GeV
based on the entropy conservation, i.e. agwT (agw) =~ agsT (aps) and
Eq. (5).

In this section, we studied one possible mechanism of the non-
thermal production of A;L. The feeble interaction between A;L and
other particles in the model deprives A;L of any chance to be pro-
duced from the thermal plasma. Nevertheless, the presence of ®
in the model enables unexpected intriguing way of A;L—production:
the coherently oscillating homogeneous @ field decays to produce
the longitudinal mode of A;L.7 In the next section, we constrain
the parameter space (A, mg) by attributing the current DM pop-
ulation to A;t as well as by requiring A;L to travel the distance
Ars S 1Mpc with a special interest in Aps >~ 0.3 — 0.5Mpc since
production.

4. Dark photon as the WDM

Here we study physical quantities that characterize the dark
photon A;l as the WDM. These quantities include the relic den-

sity, ANeg contributed by A;L and the free-streaming length Aps of
Al
"

4 For the other case with Try < T(desc), we confirmed that presence of a viable
parameter space requires very high reheating temperature greater than 10'7 GeV.
This may make it difficult to find a consistent inflation model. Thus we restrict
ourselves to the case with Try > T (dosc).

> For another way of non-thermal DM production mechanism, see, for example,
Refs. [3,36,37].

6 For the decay rate formula, we used the mass of the radial component of ®
which is mg = V/2mg, because it is |®| that decays to the longitudinal mode of A;I.

7 The other non-thermal production of A/’L was considered in Ref. [38]. There, the
radial component of @ is non-thermally produced from the scattering among the
right-handed neutrinos via N + N — ¢ + ¢. These ¢ particles either form the dark
thermal bath or just free-stream and then A;L can be generated from the decay
of ¢. However, for this scenario, it is figured out that DPDM with mass 2 — 3 keV
cannot be consistent with the Lyman-« forest observation.
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4.1. Relic density

We assume that A;l explains the whole of DM population to-
day. The fraction of the energy density of the universe today at-
tributed to the DM reads

PoM0 _ So

Pcr,0 Pcr,0
where the comoving number density of DM, Ypm =npm/s, is the
conserved quantity since the production of the DM. From the val-

ues of so=2.21x 107" eV? and per0 = 8.02764 x 107! x h? eV4,
one obtains

QDM,O = X mMpm X Ypm = 0.27, (7)

mDM) " h?, (8)
1keV

where h is defined to be Ho = 100h km/sec/Mpc. On the other
hand, having the decay process ¢—>A;L + A;L as the origin of DM
in the model, we have the relation ny = 2ng(= 2ne). ®’s number
density can be estimated by n¢ = pg/me. Using these relations,
for the case where Try > T (aosc), We can estimate the DPDM co-
moving number density as what follows

Ypum = 9.8 x 1074 x (

nas 2ng
Ypm = =—
s s a=0osc
2
mo Pip;

(9)

= 2 P N
Z;T_5g*,s (aosc) T (Aosc)?

where s is the entropy density of the universe and ®j,; = VB,L/ﬁ
is assumed. We used the fact that the comoving number density
of ¢ remains conserved since ¢ field begins the oscillation. Thus,
using h = 0.68, equating Eq. (8) and Eq. (9) yield

Ze(os) \ /Y me \1/Z ma N\ Ve \7Z
( ) ( ) ~0.875,
100 1GeV 1keV 1013 GeV

(10)

where we used g (dosc) = 8x,5(dosc). In Fig. 1, the set of points on
(A, mg) plane obeying Eq. (10) is shown as the red solid line.

4.2. ANegr contributed by the dark photon

As the keV-scale DM candidate, A;L is the relativistic particle
during the BBN era, behaving as the radiation. Therefore, its en-
ergy density contributes to the background expansion during the
radiation dominated era, which is parametrized by its contribution
to the extra effective number of neutrinos, ANerBfN. The momen-
tum of A;L when produced is well defined to be pa (aps) = mg/2
because the mother scalar field is homogeneous and behaves like
a motionless matter. The amount of energy density of A;L at BBN

time is given by

2
Myags
popm(apeN) = \/m%M + < 4 ) x YoM

2agpN

2

2w
XEgs(aBBN)T(GBBN)37 (11)

where Ypu is given in Eq. (8) and g is the effective number of
relativistic degrees of freedom for the entropy density. In terms of
opm(agen), ANEEN is defined to be

4/3
N . Pom(agen) 8 (11
ANBEN ~ POMETBBN 2

py(agen) 7

2 (12)
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Fig. 1. The red solid line is the set of points on (i, mg) plane producing A;L which
can explain the current DM relic density. Each dotted line of different color is the
set of points (A, mg) making DPDM travel the specified free-streaming length. For

the points within the green shaded region, DPDM’s contribution to the radiation

energy density at BBN era satisfies ANSEN < 0.364. Here the relation my = v2me

for converting the constraint on my to that on mg is used.

From the constraint on ANEEN <0.364 [39] (95% C.L.), Eq. (11) and
Eq. (12), we obtain

my < (2.3 -5.2) x 10191 GeV, (13)

for my € (2keV,3 keV). The green shaded region in Fig. 1 satisfies
Eq. (13).

4.3. Free-streaming length of the dark photon

As the WDM candidate, A/M can alleviate the small scale
problems provided its free-streaming length amounts to Aps >~
O(0.1) Mpc. As mentioned in the introduction, we focus on the
parameter space which can produce Aps < 1Mpc with a special
interest in Aps = 0.3 — 0.5Mpc to make A;; DPDM WDM candi-
date addressing the small scale problems, still consistent with the
non-vanishing matter power spectrum at the large scales [10-12].

The free-streaming length is computed by

to
var(t
Aps = f widt
trs
1
_/ da <pa(ars)> ars
ars HoF (a) \/(<pA/ (ags)> aFS)Z + mZDMa2

(14)

where F(a) = \/Qrad,o +aQmo +a*Qa 0, aps is given in Eq. (6)
and <pga (aps)>= my/2. Importantly, for the case where A’ is
produced from the coherently oscillating scalar’s decay, the mo-
mentum space of A’ is expected to be almost close to the delta
function centered around mg/2 since the mother scalar field has
almost zero momentum. This makes the estimation of Ars of A),
in our model much more reliable than that for A;A with a signifi-
cant width of the momentum space distribution. Because ags is a
function of (A, mg), so is Aps in our model. In Fig. 1, we show the
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set of points producing Aps =0.1,0.3,0.5 and 1 Mpc as the dotted
yellow, blue, black and magenta lines respectively.

4.4. Combined constraints on V (®)

In Fig. 1, for the exemplary value of my = 3keV, we show
the resultant parameter space of (mg, ) obtained by applying the

constraints on ANSfoN and the free-streaming criterion. The green

shaded area shows the region where ANBEN < 0.364 is satisfied.

Each of dotted lines of different colors is a set of points on (mge, A)
plane producing each specified free-streaming length of A;L based
on Eq. (14). The red line shows the set of points which makes the
abundance of A;L explain the current DM relic density.

It can be seen from Fig. 1 that those DPDMs arising from the
decay of the mother scalar with the mass mg > 10'>GeV and the
quartic coupling A > 5 x 107% can not only explain the current DM
relic density but also resolve the small scale problems as the WDM
by traveling the distance Aps < 1Mpc since production. As such,
A;L in the model is really shown to be a non-thermally originated
WDM causing XENON1T anomaly, consistent with the various ex-
isting cosmological constraints.

From Tgry > T(Gosc) = /Mom, and the viable scalar mass
regime me 2> 103 GeV, we can infer that the model is consistent
with a reheating temperature as high as Tgy ~ 10'° GeV. If one
focuses on the regime Aps >~ 0.3 — 0.5Mpc, then consistent Tgry
becomes required to be as high as Try ~ 10! GeV.

Finally, the obtained viable range of me and A indicates the
breaking scale Vg_ >~ (O(10'%) GeV. Given this scale, we found that
the right-handed neutrino mass satisfying my < 102 GeV can be
consistent with our DM production scenario without thermalizing
¢ particle. This result, combined with the Try constraint above,
indicates that the leptogenesis is realized in the model in the ther-
mal manner (thermal leptogenesis).

5. Discussion

In this letter, motivated by the recently reported XENON1T ex-
cess, we propose a minimal model where the massive gauge bo-
son of U(1)s_. gauge theory with the kinetic mixing ~ 10~1°
can play the role of the dark photon dark matter with its mass
my € (2keV,3keV) inducing XENON1T anomaly. As the DM candi-
date with the free-streaming length of order ~ (©(0.1) Mpc, A;/, is
classified as the WDM which can address the small scale problems
that ACDM is suffering from.

Relying on U(1)g_. gauge theory which is the well motivated
extension of the SM, we introduced a scalar and three heavy right-
handed neutrinos charged under U(1)g_p in addition to the SM
particle content, which is the minimal set-up for ensuring the
successful operation of the seesaw mechanism and leptogenesis.
Imposing masses to the three-right handed neutrinos, the scalar
was shown to be able to serve as the parent particle for the
dark photon warm dark matter. Due to the non-thermal produc-
tion mechanism we assumed in the model, the gauge boson mass
of my € (2keV, 3keV) can be consistent with the Lyman-« forest
observation. Intriguingly, we figured out that for the self-quartic
interaction A > 5 x 107% and the scalar mass me > 103 GeV,
the model can produce the non-thermally originated dark photon
warm dark matter without running a foul of existing cosmologi-
cal and astrophysical constraints as a source of XENON1T anomaly.
Due to the inferred heavy mass of ®, the model is found to de-
mand a high scale inflation with #; > 0(10'3)GeV for consis-
tency. Although we focus on U(1)g_ gauge theory, our DPDM pro-
duction mechanism based on the decay of the scalar going through
the coherent oscillation can be easily applied to a hidden Abelian
gauge theory. Finally we conclude this work by leaving a com-
ment on the potential relevance to the pulsar timing data recently
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reported by the NANOGrav collaboration [41]. There has been a
trial to interpret the NANOGrav results based on a stochastic grav-
itational wave background arising from metastable cosmic strings
formed on breaking of U(1)g_ [42]. The inferred B — L breaking
scale there reads ~ ©(10'°) GeV. We note that this inferred break-
ing scale, interestingly enough, coincides with that required by our
scenario.

Note added in proof

After we finished this paper, we became aware of arXiv:
2007.02898 [hep-ph] [40]. However, the mechanism to make the
U (1)L gauge boson DM there is different from ours. See also ref-
erences in their paper for proposals related to XENON1T anomaly.
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