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ABSTRACT: We study the right-handed neutrino (RHN) dark matter candidate in the
minimal U(1)p_1 gauge extension of the standard model. The U(1)p_; gauge symmetry
offers three RHNs which can address the origin of the neutrino mass, the relic dark matter,
and the matter-antimatter asymmetry of the universe. The lightest among the three is
taken as the dark matter candidate, which is under the B — L gauge interaction. We
investigate various scenarios for this dark matter candidate with the correct relic density
by means of the freeze-out or freeze-in mechanism. A viable RHN dark matter mass lies
in a wide range including keV to TeV scale. We emphasize the sub-electroweak scale
light B — L gauge boson case, and identify the parameter region motivated from the dark
matter physics, which can be tested with the planned experiments including the CERN
SHiP experiment.
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1 Introduction

In understanding nature, the gauge symmetry and its spontaneous breaking play a core
role. The standard model (SM) of particle physics is an extremely successful model so
far in explaining the data. Needless to say, its beauty is ascribed to the gauge principle
which not only regulates the interactions among particles but also organizes the content of
particles by means of the anomaly cancellation conditions.

There are, however, various issues that the SM fails to address. For instance, although
the existence of the dark matter (DM) is quite certain to explain many independent as-
trophysical observations, it is convinced that the dark matter does not belong to the SM,
and its identity has been still unknown. Due to the fact that the neutrinos are massive,
there plausibly exist their chiral partners, the right-handed neutrinos (RHNs), which are
also not a part of the SM. Unlike the other SM fermions, they can be Majorana particles
which can exploit the seesaw mechanism to explain their small masses [1-4]. Through the
seesaw mechanism, the RHN can stay effectively as a sterile neutrino, decoupled from the
active neutrinos.

The RHN, which is neutral under the SM gauge symmetries, has a potential to be a
viable dark matter candidate. This has been realized in the v minimal standard model
(vMSM) [5, 6],1 which sets the lightest RHN (N;) mass around keV scale such that it can
be naturally long-lived against its decay, N1 — v+, induced through the mixing between

1For some reviews of the ¥MSM and the light sterile neutrino dark matter physics, see refs. [7-9].



N; and active neutrinos, where the mixing angle is conventionally denoted by ;. The
framework of the YMSM can also address the baryon asymmetry of the universe (BAU) [6]
through the GeV scale RHNs and active neutrino oscillations [10].

In the vMSM, the sterile neutrino DM can be produced through the mixing between
the N7 and the active neutrinos, which is known as Dodelson-Widrow mechanism [11] (see
also refs. [12, 13]). However, the non-observation of the X-ray signal from the N; decay
(N1 — v7v) [14] and the phase space density constraint on the N; mass [15] excluded this
simple approach (for the Lyman-« forest constraint, see, e.g., ref. [16]) except for turning to
the resonant effect which requires an anomalously large lepton asymmetry [17]. As another
way out, introducing extra interactions can provide a viable dark matter production mech-
anism that is independent of the mixing angle #;. For instance, the N; can be produced
by the decay of a scalar particle [18-28] through the freeze-in mechanism [29, 30]. (For a
discussion on the freeze-in scenario for the hidden sector dark matter that communicates
with our sector through the kinetic mixing and/or the scalar mixing, see refs. [31, 32].)

In this paper, we present the minimal U(1)p_1 gauge extension of the SM with the
RHN dark matter candidate, which we call the U(1) g1, extended vMSM or the UrMSM.
We also explore a comprehensive picture of the sterile neutrino DM candidate in this model.
In the light of the success of the gauge principle in the SM, the U(1)p_1 gauge symmetry
is expected to play a similar role for the DM.? In fact, due to the anomaly cancellation
conditions, the U(1)p_r regulates the number of the RHNs to be three. The lightest
RHN can be a DM candidate with its mass scale from keV to TeV, or even higher. The
other two RHNs may be responsible for the BAU, which will be studied elsewhere. The
interaction can be mediated by both a B — L gauge boson Z’ and an associated scalar S
that is associated with the spontaneous symmetry breaking. To gain the control in the
number of free parameters, we will consider only the Z’ interaction in this work, unless
specifically stated, which is valid in the limit the S is heavy enough and/or inefficiently
communicate with the SM sector so that its contribution to the DM production is greatly
suppressed. The new gauge interaction can play an important role in the sterile neutrino
production especially via the Z’ mediated freeze-in mechanism, and provide distinguishable
implications that can be tested experimentally.

There are some related works such as refs. [38—40]. They impose a Zy protective
symmetry on some sterile neutrino while requiring two others to accommodate realistic
neutrino phenomenology. In this scenario, the sterile neutrino can be an ordinary cold DM
candidate around the weak scale, i.e., it has a weak interaction (say, the U(1)p_; gauge
interaction) and gains a correct relic density via the conventional freeze-out mechanism. In
our study, the most interesting case (also the main case) actually is a very light RHN which
does not necessarily call for a Zs protective symmetry, although for the sake of a global
picture we also include the heavy RHN dark matter case, which then may require a flavor
symmetry as in refs. [38-40]. We also exploit the freeze-in mechanism to account for correct
relic density for the RHN DM. A scalar DM candidate in a similar framework was studied

2The U(1)p—r gauge symmetry is also attractive for asymmetric dark matter scenarios (for instance,
see refs. [33-37]).



in ref. [41]. We also note a larger gauge group SU(3)c x SU(2)r, x SU(2)g x U(1) p—r, based
on the Left-Right gauge symmetry was considered before [42, 43]. Heavy gauge bosons
(I/Vf%E and Z') and usual freeze-out production method with a dilution was used, which is a
different approach from ours.

The rest of this paper is organized as follows. In section 2, we describe our framework,
the UvMSM. In section 3, we discuss possible DM production scenarios and the relevant
constraints on the model. In section 4, we discuss implications for various phenomena
including the SHiP experiment. In section 5, we summarize our study.

2 The framework of the UvrMSM

Following the success of the gauge principle in the SM, we consider a model with the
U(1)p—r gauge symmetry as a minimal choice in terms of the matter contents, which
offers three RHNs N;, a U(1)p_1, gauge boson Z’, and a single scalar ®g being responsible
for spontaneous breakdown of U(1)p_r. The Lagrangian of the UvrMSM is given by

L= Lsy +iN;IPN; — (yaizaN,'(i)H + %CI)SNiZCNi + h.C.)

1 €
ZZ;WZ”“’ + 5Z/’WBW, (2.1)

+|D,@s|? — V(®p, Ps) —
where o = e, pu,7, i = 1,2,3, and D, = 0, — igp-1Q'Z, with gg_, and Q' being the
B — L gauge coupling and B — L charge (Q' = —1 for the SM leptons and N’s, Q' = 1/3
for the SM quarks, Q" = 2 for ®g). Z;,, is the field strength of the Z'. We take four-
component fermion notations, by which N; represents a four-component fermion having
only the right-handed part.

The gauge kinetic mixing of (¢/2)Z,,, B*” is highly constrained, and for the simplicity
we take it zero in this paper. The gauge kinetic mixing [44] has been a great source of
research interests in the past decade [45] and also branched out some variant forms such
as the one in ref. [46]. See ref. [47] for the details of the physics related to this term in the
gauged B — L model.

The Higgs potential is given by

A As
V(@ ®s) = T(1ul* —vi)* + T (|2s]* — 03)°
+Ams(|®nl? — vi)(|@s]® —v3), (2.2)
where &y and ®g develop the vacuum expectation values (VEVs), (®y) = vy and

(Pg) = vg, so that the electroweak and the B — L gauge symmetries are spontaneously
broken. After diagonalizing the mass matrix, we obtain the masses

M3 ~ 2\ — 2 gsvpvsh, (2.3)
Mgv o~ 2)\511% + 2Agsvgvst, (2.4)



for the physical states H and S, respectively, where the mixing angle is given by tan 26 =
2)\HSUHUS/()\HU%{ — )\svg). The VEV of &g gives the mass of Z’ and N; as follows:

9 9 9
Mz =8gp_rvs,

My, = K;vs.

The coupling k; is in general a complex value. Our following discussion is, however, in-
dependent from its CP phases, and thus we take x; as a real parameter in what follows.
The Ns and N3 are not directly related to the DM production and their masses are not
bounded by the DM relic density as in the ¥YMSM, as the resonant production through the
large lepton asymmetry is not necessary in this model.

The dominant decay mode is N1 — 3v given by [48, 49]

GRMR,

W Sin2 0]_. (27)

FN14)3I/ =

Requiring the N7 lifetime is longer than the universe age (7 ~ 13.7 x 10? years), we get

MNI s Za |ya1‘2
(keV) (5.5 x10-16 ) =1 (28)

where we have used 07 ~ > |ya1|*0% /MJQ\,1 from the the see-saw mechanism. Thus, the

the following constraint.

low mass of the N7 (not too larger than the eV scale) can satisfy the DM lifetime constraint
easily, but the heavier Ny would require Y |ya1|? < 1 to be sufficiently stable.

Although the heavier the N; DM may mean the less natural setup, we will include the
heavier N in our study that expands the relevant phenomenology significantly (e.g., see
section 4). As a matter of fact, the Ny will be stable as long as the >__ |ya1|*> ~ 0. In this
limit, which might invoke a flavor symmetry like refs. [38-40], the lightest neutrino would
be massless (m,, = 0) or almost massless, which is still consistent with the experimental
constraints [50]. Throughout the rest of this paper, we will discuss in the zero N; mixing
angle (/1 = 0) limit, which also allows us to leave out of account the constraints from the
X-ray observations with the N7y — v + v process.

3 Dark matter production and constraints

We now turn to discussing how the B — L gauge boson Z’ makes an impact on the N dark
matter production. The dark matter scenario drastically changes, depending on whether
the Z’ can decay into the dark matters (Mz > 2Mpy,) or not (My < 2Mpy;,).

In the rest of this section, we will approach the dark matter issues from very general
points. First, we will discuss how and where the Ny and Z’ can be thermalized (section 3.1).
Then, we will discuss various constraints including the Big Bang nucleosynthesis (BBN), lab
experiments, and astrophysical bounds (section 3.2) before we discuss the dark matter relic
density. Although some of the discussions and constraints may not be directly relevant to
the parameter region that gives the right relic density for the N7, it might be still instructive



to have them as they might be relevant when we consider somewhat altered scenario such as
the late time entropy injection. In section 3.3, we briefly go over the issues for the keV scale
N; dark matter for the thermal production. We discuss mainly the non-thermal N; dark
matter production for the Mz > 2Mpy, (Mz < 2Mpy,) case in section 3.4 (section 3.5).

3.1 Thermalization of the N; and Z’

Before heading towards the production of the correct relic density of the Ni, we describe
how the dark sector, the dark matter as well as its portal Z’, is thermalized. For the ther-
malization of the N1 and Z’, the relevant reactions among the Ny, Z’ and the SM particles
are (a) N1N1 <> ff, (b) Z'Z" <+ ff, and (c) N1N1 <+ Z'Z’, of which the reaction rates are
denoted by 74, 5, and 7., respectively. The relevant formulae are given in appendix A. If
r; (i = a,b,c) is larger than the Hubble expansion parameter, H = (g,m2/90)"/2(T?/Mp))
with Mp; ~ 2.4 x 10'® GeV being the reduced Planck mass, at some time, the N; and/or 7’
enter the thermal bath (reaching the relative chemical equilibrium of the SM sector and/or
dark sector). In the following discussion, we take the numbers of degrees of freedom for the
energy density and the entropy density to be the same value g, since they are very close,
and g, is evaluated as a function of the temperature according to refs. [51, 52].

It should be noted that N1 N <+ Z’'Z’ mediated by s-channel S also exists. As we will
discuss later, however, S can be always heavier than the N and Z’ in the parameter regions
of our interest, and this process will be suppressed as we will take a very heavy S. For other
possible processes, NoNo, N3N3 <+ NiN; mediated by S may become significant when &;
is strong. In such a case, SS <> N;N; may also be relevant for the thermalization. On
the other hand, as we will see, we can take My, , Mz < Mpy,, Mn,, Mg in the parameter
region of our interest, and these processes can be omitted by taking a specific reheating
temperature Tr as max{Mn,, Mz} < Tr < min{My,, Mn,, Ms}. In what we follow we
take this case for the sake of simplicity. In order to focus on the Z’ interaction, we turn
off the other possible reactions involving scalars, such as HH, SS, SH «+ N1N1, by taking
S very heavy and Apg vanishingly small in a similar way to refs. [18—-21].

Figure 1a shows whether the N7 is thermalized or not depending on the Z’ mass and
coupling, where we take My, = 10keV for an illustration purpose. In the deep blue regions,
the N; never enters the thermal bath; in the other regions, the N; becomes thermal at
some time. For the thermal Ny, there are two distinct regions depending on if the N; is
relativistic (hot or warm dark mater case) or non-relativistic (cold dark matter case) at
its decoupling temperature T]‘éﬁc which is evaluated by ra’b(TJ%'iC) =H (T](\iﬁc). In the light

dec

yellow region, the N; satisfies My, / TN < 1, namely, it is a relativistic particle, while in
the light green region, the N is a non-relativistic particle.

In thermalization of the N1, the reaction rate r, is the dominant contribution to
take the Nj into the thermal equilibrium with the SM particles.> As mentioned in the
beginning of this section, the DM production is sensitive to the critical line Mz ~ 2Mpy;, .

When Mz > 2Mp,, 74 is enhanced by the on-resonance contribution, and thus the V; is

31f Z’ is thermalized via the reaction (b), the N; can be also thermalized via the reaction (c). This con-
tribution is, however, subdominant for Mz, > 2My, as the reaction (a) with the on-resonance enhancement
dominates.
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Figure 1. The production of the V; of 10keV depending on the B — L gauge boson mass and
coupling (a) without and (b) with various experimental constraints (including the DM relic density)
imposed. In the (a), the non-relativistic (light green), the relativistic (light yellow), and the non-
thermal (deep blue) regions are indicated. The blue curves indicate the points where the DM relic
density Qn, h? = 0.12 is satisfied.

thermalized even when gp_j is very small; there is also a region in the bottom right corner
of the parameter space where the N7 is not thermalized because the mediator Z’ is too heavy
and suppresses the reaction rate. On the other hand, r, gets suppressed for My < 2My;,
since the process (a) becomes off-resonance, and the required gp_j for thermalization
becomes larger. Figure 1a would not change even if there is a late time entropy injection,
and clearly illustrates the distinction between My < 2Mpy, region and Mz > 2Mp, region.

3.2 Collecting relevant constraints

In figure 1b, we collect relevant constraints in the gp_; and My parameter space, for
a choice of My, = 10keV (which is considered to be a conservative value for the lowest
My, [15]). The constraint from Big Bang nucleosynthesis (BBN) can eliminate a large
part of the parameter space shown in dark blue. The existence of additional relativistic
degrees of freedom can speed up the expansion of the universe, which leads to the earlier
decoupling of the active neutrinos, and hence a higher yield of “He and so on. The extra
radiation density is included in the conventional parametrization of

7/ 4 4/3
pP= Neffé (ﬁ) Prys (3.1)

where p, is the photon energy density, and Neg counts 3 for three active neutrinos.

“Here we ignore the flavor dependence of the neutrino decoupling temperature, and take T9%° ~ 1 MeV.
In reality, v, and v, might decouple before v., which would induce a small correction to Neg-.



In our case, the deviation from 3 contains the contributions from the Ny and Z’ (if it
is relativistic at 79¢¢ ~ 1 MeV), which is given by

ec 4/3 ec 4/3
AN~ 12 [g*md >] P enre) 52)
7 Lg.(1g) (T3]

where g,(79¢) = 10.75. By demanding AN < 1 [53], we obtain the exclusion region
shaded in dark blue for the range of 1MeV < Mz < 10MeV in figure 1b. For masses
2Mn, S Mz < 1MeV, we impose that the N enters the thermal bath after T ~ 1 MeV so
that the Ny does not affect the SM neutrino decoupling [54, 55|, which leads to the bound
for the coupling, gp_r = 3 x 1079-10719.5 For Mz < 2My, and gp_1, < several x 1079,
only the thermal Z’ contributes to AN.g because the Ny is non-thermal.

The other individual constraints shown in figure 1b are following.6

1. LEP experiments. The high mass regions are sensitive to the LEP experiments which
give the exclusion limit depicted by the brown region [56]. The constraint for the
contact interactions [57] is valid only for the Mz much larger than the collision energy
at LEP, 209 GeV, while the initial state photon radiation process, e*e™ — yvi [58],
can be used for the My lower than the collision energy.

2. BABAR experiments. For 20 MeV < Mz < 10 GeV, the BABAR experiments give
the stringent bound from ete™ — vZ’ followed by Z' — ete™ /utu~ at around T
resonances [59], which is represented by the purple region.

3. Beam dump (BD) experiments. The orange regions are excluded by the electron
and proton BD experiments, where the regions from top to bottom correspond to
E774 [60], E141 [61], Orsay [62], v-Cal I (proton bremsstrahlung) [63], E137 [64],
respectively. The black solid curve shows the expected reach of the SHiP experiment
based only on the proton bremsstrahlung [8, 65], which we will discuss in section 4.
We have followed the method in ref. [66] to calculate the bounds from the electron
beam dump experiments. For the proton beam dump experiments, the relevant
calculation is shown in refs. [63, 65].

4. v — e scattering at Borexino. The Borexino experiment has reported the interaction
rate of neutrino-electron scattering from 867keV “Be solar neutrinos [67]. The ob-
served value is consistent with the SM prediction, which gives the bound denoted by
the dark gray region, by imposing that the ratio between the cross section involv-
ing Z’ and the SM contributions should not exceed the maximum error [68]. This
constraint is very powerful as it applies to a wide region of My/. See also ref. [69]

SWhen the thermalization temperature of the N is lower than the temperature at which the BBN is com-
pleted, observations of the light elements can not give any constraints. On the other hand, when the ther-
malization of the Ny occurs after the recombination (7' ~ 0.1eV), the thermalized N1 may leave an imprint
on the cosmic microwave background. This temperature range is beyond the scope of this paper though.

5We did not take into account the Z’ — N; N; branching ratio for the BABAR, BD, SHiP, LEP bounds,
which depend on it, and these bounds are taken as the same as figures 2-3. The change will be small
nevertheless.



for the similar level of the constraint from the v — e scattering based on the reactor
experiments.

5. v — q scattering at NuTeV. The mass range of Z’' above 10 GeV is constrained by
the neutrino-nucleon scatterings. The NuTeV experiment measured v,(7,) — ¢ scat-
tering, where v, and 7, were provided by the beamline at the Fermilab [70]. Since
there is relatively large systematic errors, we take a conservative limit: My /gp_1 >
0.4 TeV [55, 71], which is depicted by the light yellow region.

6. Horizontal-branch (HB) stars. For the lighter Z’, the energy loss rate of the stars in
the globular clusters gives the more restrictive constraints, where the larger energy
loss shortens the lifetime of the stars, and hence the observed population of the stars
would be changed [72]. Here, we show the constraint from HB stars represented by
the red region [73].

7. Supernova 1987A (SN1987A). The green region shows the constraint from the su-
pernova explosion. The extra light particle taking energies from the center of the
supernova can affect the signal duration of the neutrinos [72], in which the energy
loss argument puts the bound [74]. An updated constraint [75], although not taken
in our paper, is similar to the one in ref. [74] for the parameter regions we plot. (Cf.
for a discussion on the potential way out, called the Chameleon effect, see ref. [76].)

The latest LHC bound on the Z’ through the Drell-Yan process comes into the region above
TeV scale [38], which is beyond the region of our interest, and we omit it in the figure.

3.3 Thermal production of the keV scale N1

As a warm-up, we first consider a well-known case that the Nj is around the keV scale,
specifically 10keV, which can be a candidate for a warm dark matter.” As one can see
from figure la, the N; can be thermalized in the bulk space of the Mz — gp_1, plane, and
we concentrate on this case.

The N7 that once entered the plasma can be a warm or cold relic, depending on its
mass and the decoupling temperature. The light yellow region in figure la indicates that
the Ny is relativistic (My, /TR < 1) at T3, while it is non-relativistic (My, /TR > 1) in
the light green region, where T’ ]C\lﬁc is the decoupling temperature of the N;. When the V;
is non-relativistic, Tf\l,?c is lower than TSGC, and the BBN constraint excludes this region.
(The HB and SN1987A bounds also ruled out some part of this region independently.)

When the Nj is relativistic at T ]‘\%C, the relic abundance of the Nj is given by

QN1h2 = SOMi\;I % N1
pch s Tgic
My 10.75
~ 110 L 3.3
8 [mkev] 9. (TE) | (3:3)

"A dedicated analysis on whether the N; is warm, by calculating its free stream, can be found in
refs. [22-28].



where ny, is the number density of the relativistic Ny, ny, = (3/2)(¢(3)/7?)T3, and
pe = 1.05368 x 1075h2 GeV cm 2 is the critical density of the universe. s = (27/45)g.T?
and sy = 2889.2cm ™3 are the entropy density and its present day value. In this case,
the abundance of the N; exceeds the observed value of the dark matter abundance
Opah? ~ 0.12 [53], and the universe is overclosed. This parameter space is depicted by
the gray region above the dashed curve in figure 1b, excepting the non-relativistic region.

Such a large abundance could be diluted if we take into account the late time entropy
production by, e.g, the decay of Ny 3 as studied in refs. [42, 43] although they employed
a different gauge extension.® We note large parameter regions including a new window
much below the weak scale can be viable in the case of the dilution, which has low energy
laboratory implications. This can be compared to the refs. [42, 43] where only the weak
scale or above was considered. This is manifest in figure 1b, which shows that BBN, BD and
BABAR already excluded a large portion of the parameter space, and the SHiP experiment
is able to cover more space.

3.4 Mz > 2Mp, case

We here discuss the case of Mz > 2My;,. It is well known that when the N is around the
electroweak scale while the Z’ is at TeV scale, the Ny can be a thermal relic dark matter.
This scenario was addressed in the context of the classically conformal models [77, 78], and
collider signatures of such a heavy Z’ were studied in, e.g., refs. [38, 79]. We do not purse
to study the thermal N7 DM with a heavy Z’ in this paper.

On the other hand, there is another possibility that the Ny is produced by the freeze-
in mechanism [29, 30], where the Z’ is produced as an on-shell state, and subsequently
decays into a pair of the N;. In this scenario, the N7 never enters the thermal bath, and
is produced by the annihilations of a pair of the SM particles and also a pair of the Z’ if
it is thermalized. This implies that the Z’ gauge coupling is very small compared to the
thermal dark matter scenario.

We also require that the N7 does not exist at the time when the universe is reheated
up to the temperature Tr after the inflation, namely ny, (Tr) =~ ny, (00) = 0, and thus the
Boltzmann equation for ny, is given by

T o0

+3Hnn, = — ds ov(s —4M3 )25 K1 (v/s/T), (3.4)
6471'4 4M]2\I !

1

where /s is the center of mass energy. (K is the modified Bessel function of the first kind.)

For the annihilation cross section ov, the process (a) is the dominant contribution,
which is given by

2

8 , S— 4AM,

oV~ —
3

93-LW‘5(3 - M%), (3.5)

8Now the new singlet Higgs boson S might be another candidate for late entropy production. In order
for this scenario to work, a careful analysis of the decay modes of the S is necessary since the S can decay
into a pair of the N1, which increases the N1 number density.



where we have utilized the narrow width approximation.” Substituting eq. (3.5) to the
right hand side of eq. (3.4), we obtain

3/2

dY; 45V/59% _; Mp M2,
Ny _ ng—L Pl ’ (3.6)

1—

dT 8\/5775 gf/QFZ/T

where we have used the yield Yy, = ny,/s and d/dt = —HT d/dT, and take g, as a
constant in the following. By replacing 7" with x = My, /T and integrating x from 0 to co

SKI(MZ’/T)

in eq. (3.6), we end up with the non-thermal abundance

My, YRt
nt 72 SOMN Iy
QN1h - pch—Q :
100127 g 127 77[f()
~0.12 L R P A 3.7
X[g*} [5.1><10—12] [CJ [0.19}’ (87)

where f(7) = 7(1 — 72)%/2 with 7 = 2My, /My taking 0 < 7 < 1, and f(7) takes the
maximal value f(7) ~ 0.19 at 7 = 2/5. We also approximate the total decay width
as Iz ~ Crg%_;/(121) Mz where Cy is a coefficient in taking massless limit for final
state particles. If Z’ decays into all the SM fermions (and Np), Cy becomes 7. We will
approximate our results using C'y = 7, and the parameter region where the right DM relic
density is satisfied will be slightly changed if we use the exact values.

In figure 1b, we also depict the region of Qrﬁl h? > 0.12 as the gray region below the
dashed curve. Therefore, the gauge coupling should be extremely small in order to obtain
the observed dark matter abundance in this case, and it is quite challenging to test such a
feebly interacting Z’ experimentally.

3.5 Mz < 2Mp, case

Next, let us further focus on a possible dark matter scenario for My < 2My;,, where the
BBN bound gets relaxed significantly because the reaction (a) is suppressed. This can be
seen in the region Mz < 20keV in figure 1b, where the BBN bound on the gauge coupling
becomes weak since the Nj is hardly thermalized. In our setup, there are two scenarios
for the dark matter depending on whether the relic abundance is produced in a thermal or
non-thermal way.

Figure 2 shows the N; relic density for a couple of examples of the My < 2Mp, case.
In the region above dashed curves in figure 2, the N7 comes into the thermal bath at some
time. In this parameter region, we find numerically the N; is always non-relativistic at the
decoupling temperature T]‘\ifjc, and thus, we can evaluate the dark matter abundance in the
same way as the usual cold dark matter case, which is given by

soMp, P
Qb p? = 70;; i (3.8)
45 17V TR
1/ = [W] /0 g (gv)ar, (3.9)
Pl

9We here consider the case that Tx is sufficiently large compared to the masses of the Ny and Z’. As
another possibility, the scenario with Tr < My, was discussed in refs. [80-83].
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Figure 2. The N; dark matter abundance and various constraints on the gauge coupling and the
mass of the Z’ for a couple of My, > Mz//2 cases: (a) My, = Mz and (b) My, = 100Mz/. The
N7 becomes thermal in the region above the dashed lines, and non-thermal in the region below the
same lines. The blue curves indicate the points where the DM relic density Qy, h? = 0.12 is satisfied.

where the thermally averaged annihilation cross section, (ov), includes the processes (a)
and (c). The gray regions above the dashed curves in figure 2 show the parameter space
of Q%‘l h? > 0.12, where we have given two benchmark cases, My, = My [figure 2a] and
My, = 100My [figure 2b]. In both cases, however, the thermal dark matter scenario is
ruled out by various experiments such as the Borexino.!"

As a viable dark matter scenario, let us consider the non-thermal case where the Ny
is produced by the freeze-in mechanism discussed earlier. By demanding the condition

nn, (Tr) ~ ny, (c0) = 0, we obtain the abundance given by

soMpy, Y2
QN h = ——— 1
A, (3.10
. 45 1712 12,

An important feature of this case is that the abundance is almost independent from
the N1 mass. To see this, let us approximately derive the analytical expression of the relic
abundance. Since we consider the off-resonance reactions here and only the reaction (a) is
sufficient in most of the cases, we can take ov ~ g5 _; /(3ms). Substituting ov to the right
hand side of eq. (3.11), we obtain

dYy 45V10 gp_ MpIM%,
= T 7 K7 (Mp,/T). (3.12)
3278 gy

10The thermal N; dark matter scenario is still viable for M 7z > 2M N, case as mentioned in section 3.4.
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It should be noted that the right hand side of eq. (3.12) takes the maximum value around
T ~ Mp,, and thus, the produced number density is not sensitive to higher temperatures.
Because of this, it turns out to be Yy, o< 1/My, after integrating over the temperature,
and hence the abundance is independent of My,. By replacing T" by x = My, /T and
integrating over x from 0 to oo in eq. (3.12), we end up with the non-thermal abundance

o 100 3/2 - 4
QN h* ~0.12 x <g > (4.5><106) . (3.13)

This estimate well coincides with our numerical calculation shown as the gray regions below

the dashed curves in figure 2, where the small fluctuations are caused by the temperature
dependence of g, whose value is roughly given by ¢.(T ~ max{ My, My, }).

We briefly comment on the BBN bound in figure 2, which is depicted by the dark
blue regions. Since the BBN bound is sensitive only for the relativistic spices at around
the neutrino decoupling temperature, it can eliminate up to My,, My < TS, Below
gB—1 ~ 1075, the thermalization temperature of the Ny and Z’ is below T9°° or they never
come into thermal bath, and thus the BBN can not constrain this region.

Before closing this section, we note perturbative unitarity on the coupling k; for i =
2,3, which can be expressed as rk; ~ gp_r(Mpn,/Mn,)(Mn, /M), and k1 < kg, k3 should
hold as the Nj is the lightest among the three in our setup. By demanding k; < 4m,
the masses of Ny and N3 are bounded from above as My, /My, < (47/gp—r)(Mz /Mn,).
This is relevant in the case of My, = 100My for instance, where we have My, /My, <
0.13/gp—r. Namely, when gp_1 becomes gp_1, > 0.1, our assumption of taking My, <
My, , My, would be no longer valid.

4 Implications

In the non-thermal scenario for 2My, > My, the dark matter abundance given by
eq. (3.13) implies the B — L breaking scale. Since the Z’ mass is given by eq. (2.5),
substituting eq. (3.13) we end up with the B — L breaking scale vg:

012 \"* 7100\
2 4 2 :
0%~ (7.9 x 10*M ) <Q?thh2> ( . ) . (4.1)

It turns out that, e.g., for the mass regions 500keV < Mz < 1MeV and My 2 0.1 GeV,
the scalar mass is at most 200 GeV < Mg < 400 GeV and Mg 2 4 TeV, respectively, when
we take the perturbatively allowed maximum value Ag = 4m. Although scrutinizing the

effect of the S is beyond the scope of this paper, our analysis is valid when we take Apg
vanishingly small so that the S does not come into the thermal bath and the non-thermal
production of the N; through the decay of the S is sufficiently small [18-21].

For direct searches of the dark matter, the scattering between the Ny and a nucleon can
be induced by the Z’ and S mediated processes. However, since an effective operator of the
7' mediation is given by (N17°v*N1)(g7,q), the scattering cross section is suppressed by
velocity or momentum in the non-relativistic limit [84], which makes the measurement of
this process difficult. We do not consider the S mediated process [39, 40] as this interaction
is turned off by taking Agg ~ 0 in this paper.
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Figure 3. The parameter space around the beam dump constraints and the SHiP sensitivity.
The dark matter abundance and other various constraints were imposed. (a) In the blue area, the
correct relic density is achieved for Mz > 2My, (My, = 10keV, 100keV, 1MeV, 10 MeV are
shown by the blue curves), where we utilized eq. (3.7) taking Cy = 43/6 and g. = g.(Mz/). (b)
To show the blue band, which results in the correct relic density, we utilized the estimate given in
eq. (3.13), varying My, for all values larger than My, /2. The (a) reflects partially some properties
shown in figure 1, and the (b) reflects some properties shown in figure 2.

Next, let us discuss possible experiments to test the freeze-in region with the right relic
density (roughly, gp_1, ~ 1079 region) in figure 2. Beam dump experiments are a powerful
tool to look for the small coupling regions. We estimate the expected reach of the SHiP
experiment [8] using only the proton bremsstrahlung mode. The SHiP experiment utilizes
the CERN SPS 400 GeV proton beam, where the Z’ can be produced via bremsstrahlung
in proton scattering off the target. The SHiP is designed to have a 60 m muon shield and
a 50 m detector area, and the Z’' decaying into the dileptons inside the detector may be
observed. To estimate the signal events, we take the same kinematic parameters shown in
ref. [65]. Following a similar approach to ref. [65], we take no background, in all figures 1-3
we show the expected region with the signal events more than three, which is depicted by
the black solid curves.!!:12

Figure 3 shows the region around the BD constraints. In the blue area in figure 3a,
the non-thermally produced N; can explain the correct relic density with the N; with
My, < Mgz /2. The SHiP might barely have a chance to test this case when the My, is
near 10keV. The blue band in figure 3b shows the case that the Ny with My, > My /2
can explain the whole amount of the observed DM abundance. The bottom side of this
band is determined by taking My, ~ Mz /2, and the top side by taking My, > M.

" The actual SHiP experiment sensitivity curves will be somewhat different from the ones given in our
figures for the higher Z’' mass region as they should include additional production channels and the parton
level analysis.

12A study on how the decaying N2 3 signals with the B — L gauge boson can appear in the experimental
searches at the LHC and the SHiP can be found in ref. [85].
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As a result, for the freeze-in region, the SHiP is expected to cover the mass range of
1MeV < My < 200MeV. The two cases in figure 3a and figure 3b are distinguishable
in the sense that the Z’ decaying into a pair of the light DM is applicable in the former
but not in the latter. While the blue area in the former case is not easily accessible with
the planned experiments, the blue band in the latter case is quite well accessible partly
because its coupling is larger.

There are some other forthcoming experiments that might be sensitive to our scenario.
The NA64, one of the beam dump experiments at the CERN SPS looks for a missing energy
carried away by a light gauge boson [86], and it may be sensitive to the Mz < 2M, region
too as the Z’ can decay into the neutrinos in the B— L model. Also the Belle II experiments
using the mono-photon trigger has a sensitivity that can cover 10 times smaller than the
BABAR results in terms of the gauge coupling [87]. Detailed analysis for these experiments
and developing methods to cover the whole blue regions in figure 3 are called for.

5 Summary and outlook

Success of the SM has been astonishing and it is amazingly consistent with high precision
experiments. Yet, there are reasons to believe the complete description of nature requires
the SM to be extended.

Following the success of the gauge principle in the SM, we have investigated the mini-
mal gauge U(1)p_1, extension of the SM, where three RHNs, a U(1) p_1, gauge boson, and
a singlet scalar are introduced. In particular, we have discussed the possibility that the
lightest RHN Nj is a dark matter candidate. Due to the presence of the Z’ interaction,
the production mechanism of the dark matter does not need to rely on the mixing between
active and sterile neutrinos, i.e., Dodelson-Widrow mechanism, and thus the X-ray bounds
can be evaded.

For the keV scale dark matter, the U(1) 5_1, gauge interaction can bring the N; into the
thermal bath, and thus the dark matter abundance is determined by the freeze-out mecha-
nism. The produced N is, however, relativistic at its decoupling in most parameter regions,
which requires extra entropy production to dilute the overproduced number density. Note
that even if the Nj is never thermalized, non-thermal production such as the freeze-in
mechanism can work. However, the produced number density is fairly small in this case.

As another viable possibility, we have considered heavier mass scales for the Ny DM
candidate based on two different relative mass spectrum: 2Mpy, < Mz and 2Mpy, > My.

For the 2Mpy, < My case, we have discussed the freeze-in production of the N;, and
found that extremely small gp_j is required for the correct number density for the DM
candidate, which makes it difficult to be covered by the planned experiments except for a
tiny region in the parameter space.

For the 2Mpy, > My case, the N can be produced either in a thermal or non-
thermal way depending on the parameter region. In the parameter region where the Ny
is thermalized, it is always non-relativistic at its decoupling, and thus becomes thermally
produced cold dark matter in a typical way. The thermal abundance, however, requires a
rather large gauge coupling, and such regions are already excluded by various experiments
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(Borexino, etc.). On the other hand, a non-thermal production is still allowed for a smaller
gauge coupling. We found that the appropriate value of the DM abundance can be obtained
for gg_1, ~ 1079 largely independent of the N mass. Interestingly, this parameter region
(indicated as the blue band in figure 3b) can be sensitive to the planned beam dump
experiments, and we found this freeze-in scenario can be tested by the light gauge boson
searches at the SHiP experiment up to Mz ~ 200 MeV.

We recall that the muon g — 2 favored parameter region (of the mass and coupling) in
the dark photon scenario [88-90] has been a target of the active experimental searches in the
past decade [45]. The parameter space was completely excluded by 2015 through the collab-
orative efforts of many different experiments [91]. The blue band in our study is specifically
determined parameter region in our scenario (for the case the Z’ does not decay into a pair
of the light DM), and some part of it is testable with the planned experiments. It would be
worth investigating the possible ways to completely cover this parameter region of the B—L
gauge boson, motivated by the the relic dark matter, the neutrino mass, and the BAU.

We have not scrutinized the interaction through an additional Higgs singlet assuming
that Apg is vanishingly small so that it does not contribute to the dark matter production.
We also have not discussed the effect of the 6, taking it negligibly small. The effect of
these additional contributions will be discussed elsewhere.

A Reaction rates

We summarize the formulae used to calculate the relic abundance. The relevant pro-

cesses are
(a) NiNi« ff, (A1)
(b) 2'7" & ff, (A.2)
(C) Nlﬁl 727 (A3)

The squared amplitudes of these processes are given by

2 4 2 2 4

494_ Q,2NCS2
S M=

spins (S_M%’)2+M2/F2Z/ 52 S S 52 )
(A.4)
ZW |2—w 1_ 23t+u_M§/+4M2,M§+M;} o
spins ne (t B M?)Z ! tu tu
1695 [Qfs" [2MZ, + M} (Mg, +2M7)M; .
Tt M3)(u- M) +2 2 : (A.5)
3 M gh ptu [ o 19t—u  Mj —12MZ MY, +17M}, o
Ta—Mm2e | o u
spins ‘ (t o M12\71)2 M tu tu
295_1s° 2MZ, —3M% _(6M3%, — MZ)M%
" (t — M3, ) (u— MZ) s +2 2 ; (A.6)
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where M represents the SM particle masses, s, t, u are the Mandelstam variables, and N¢
is the color factor (N¢ = 3 for quarks, otherwise No = 1). All the squared amplitudes are
summed over spins. For the left-handed neutrinos, we take the massless limit in our numer-
ical analysis. In particular, under this limit, the squared amplitudes of N1 N < v and
7'Z" < v become a half of eq. (A.4) and eq. (A.5), respectively. It should be mentioned
that the full expression of the | M.|? would contain both the longitudinal component contri-
bution which diverges in the high energy region, and the S contribution which cancels the
divergence. Since the dark matter production discussed in this paper is not sensitive to the
high energy behavior of M., we did not include them in eq. (A.6). They will be presented
and discussed in the subsequent work when we discuss the S contribution in detail.

The total decay width of Z’ is written by I'z; of which the hadronic decay channel
is obtained by I'(Z’ — hadrons) = I'(Z' — p"u~)R(s = M%,) with R(s) being the usual
R ratio (at a collision energy +/s) defined by R(s) = o(ete” — hadrons)/o(ete” —
ptu™) [92, 93]. The partial decay widths are given by

2 ) 2 271/2
9% NeQ?My 2M AM
T(Z — ff) = 127rf 1+ M2f 1- sz : (A.7)
A z'
3/2
_ 2 My 4M?
I(Z — N\N) = gB;ZW z [1 — M;Vl] . (A.8)
ZI

For the decay of Z’ into three massless neutrinos, its partial decay width becomes
[(Z' — vv) = 3g%_; My /(247).

The reaction rates can be defined by using thermally averaged cross sections. For in-
stance, the reaction rate of the process N1 N1 — ff is given by r, = (cv(N1 N1 — ff)) x n?\(}l
where n{? = g;(2n?) "L M?T K5(M;/T) is the number density of particle i (having the mass
M; and the degrees of freedom g;, e.g., gy = 2 and gz = 3) in the equilibrium state. (Ko
is the modified Bessel function of the second kind.)
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