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Abstract

We investigate a U (1) p_;, gauge extension of the Standard Model (SM) where the gauge boson mass
is generated by the Stueckelberg mechanism. Three right-handed neutrinos are added to cancel the gauge
anomaly and hence the neutrino masses can be explained. A new Dirac fermion could be a WIMP dark mat-
ter whose interaction with the SM sector is mediated by the new gauge boson. Assuming the perturbativity
of the gauge coupling up to the Planck scale, we find that only the resonance region is feasible for the dark
matter abundance. After applying the AN,¢r constraints from the current Planck experiment, the collider
search constraints as well as the dark matter direct detection limits, we observe that the B — L charge of
dark matter satisfies | Q| > 0.11. Such a scenario might be probed conclusively by the projected CMB-S4
experiment, assuming the right-handed neutrinos are thermalized with the SM sector in the early universe.
© 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 SCOAP3.
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1. Introduction

The discovery of neutrino oscillations [1,2] indicates that neutrinos should have tiny but non-
zero masses, which can not be explained in the framework of the Standard Model (SM). One of
the compelling solutions to neutrino mass problem is to introduce three right-handed neutrinos
which directly couple to the SM sector through Yukawa interactions. At the same time, the gauge
sector can be extended with an additional anomaly free U (1) p_; . Another fact demanding the
presence of new physics is the existence of dark matter (DM) which constitutes about 27% of the
global energy budget in the universe. Therefore, it is intriguing to explain these phenomena in a
same framework.'

In this article, we investigate a Dirac fermionic dark matter in a B — L gauge extension of
the SM where the new gauge boson Z’ obtains mass via the Stueckelberg mechanism. Such a
model is first proposed by [3] and here we will give a more comprehensive study. In this model
the neutrinos are Dirac fermions and a vector-like Dirac particle x charged under U(1)p_y, is
assumed to be a WIMP dark matter candidate. In the early universe, DM is in thermal equilibrium
with the SM plasma by exchanging the Z’ boson and then freezes out when the expansion rate of
the universe excesses its annihilation rate. Finally, the current DM relic abundance needs to be
consistent with the Planck data [20].

On the other hand, since the right-handed neutrinos interact with the new gauge boson, they
are also in the thermal equilibrium with the SM sector in the early universe. When the temper-
ature goes much below the gauge boson mass, they decouple and become the hot relic. Similar
to the neutrinos and photons, they contribute to the radiation energy density which is usually
described as the effective number of neutrino species N.sr, which is predicted to be 3.043 in
the SM [21-25]. The radiation density can be probed by the observation of the anisotropies in
the cosmic microwave background (CMB), which was proposed long time ago [26]. The recent

result from the Planck satellite shows Nerr = 2.991‘8:;‘3‘, providing a strong constraint on the
extensions of SM where the massless or light particles are present. We will show that this value
already gives a very strong limit on our scenario. Particularly, it is pointed out in a recent ar-
ticle [27] that the projected CMB-S4 experiment will provide serious constraints for almost all
Dirac-neutrino models, especially those addressing the origin of small neutrino masses.

This paper is organized as follows. In Section 2, we introduce the U (1)p_; Stueckelberg
extension of the SM. Next, in Section 3, the calculation of the shift in the effective number
of neutrino species, AN,yr, and the current and future experimental bounds are discussed. In
Section 4, we examine various constraints on the parameter space of the model. At last, we draw
our conclusions in Section 5.

2. The model

The gauge group of the model is
SUB) Q) SURL QUMY QUM 5-L. )

The Stueckelberg mechanism as an alternative to the Higgs mechanism can give mass to abelian
vector bosons without breaking gauge invariance [28—37]. The Lagrangian related to the Stueck-
elberg mechanism is given by

1 In Ref. [3-19], a connection between the DM candidate and the origin of neutrino masses has been explored in detail.
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Lsi==12"MZ), = 5 (MzZ], +0,0)° )
which is invariant under the following transformation
82, = du€(x), 80 = —Mze(x). 3)

In the quantum theory, a gauge fixing term
1
Lo = —E(aﬂz’“ +EMyo)? 4)

should be added to the total Lagrangian so that the new gauge boson becomes massive while
the field o decouples. Note that the scalar field o can have Stueckelberg couplings to all abelian
gauge bosons, including the hypercharge vector boson B in the SM [38-42]. However, in this
work, we only focus on the pure Stueckelberg sector in the absence of the mass mixing of the
gauge boson B with the U (1) g_; gauge boson Z’ for simplicity. Then the B — L vector current
J' coupling to the gauge boson Z’ is given as

Lyl =—g'z, " )

where g’ is the B — L gauge coupling and J’ comes from quarks, leptons and DM.
In the Stueckelberg scenario, neutrinos are Dirac-type and their masses can be generated by
Yukawa interactions via the Higgs mechanism,

,CVZ—le_LiGQH*VR +h.c. (6)

For a sub-eV neutrino mass, the coupling ¥, should be generally smaller than 10~'2. We can add
a Dirac fermion x which only takes the B — L charge and can be a dark matter candidate (its
stability can be guaranteed if its B — L charge Q, is not equal to &1, otherwise it will mix with
the right-handed neutrino and decay). The relevant Lagrangian for the DM is then written as

Lpm=ixy"Dux —MyXxx. (7
The total Lagrangian in the model can be summarized as
Lot =Lsy + Lsi + Lgr + fg’;t+£v +Lpuy. (8)

Based on the above Lagrangian, for M, >> m ¢, DM can annihilate into el.+ei_ L Divi, diug, did;
(i denotes three families of quarks and leptons) via the gauge boson Z’. The non-relativistic form
for these annihilation cross sections is

C 2 2 4 2 2 2
B _ _NfQXQfg my ZMx+mf
ovX > == ' " e L e
T X(MX_MZ/) +M /Fz/
C2 2 dng2
Ny Q5 Q78" My

~ 9)
2 2 172
7T[(4M)2( —MZ,)2+M ’FZ’]

where v is the relative velocity of the annihilating DM pair, NJ? is the number of colors of the
final state SM fermions, O, and Q y represent the B — L charges of DM and SM fermions, and
" is the decay width of Z’ boson given by



4 C. Han et al. / Nuclear Physics B 959 (2020) 115154

T, :ZG(MZ/ —2my)
f

0%2¢’My 4m?2 2m?
+0(Mz —2my ) —~ -1+ (10)
127 M2, M2,

From Eq. (9) it can be seen that the ratio of the contribution of a quark to the total DM annihilation
cross section and the contribution of a lepton is about 1 : 3. Besides, DM is also able to annihilate
into two Z’ bosons when DM is heavier than Z’. The annihilation cross section of this channel is

32 2

0} ¢"* M2, M2,

- 12 29 X Y4 Z

ocv(xx > 272)= T>57e 1-— 72 1—2M2 . (11
X X X

Cn2,2 2 2
127 M2, M2,

3. The effective number of neutrino species in cosmology

Three additional right-handed neutrinos can be in thermal equilibrium with the SM plasma
via the exchange of Z’ boson in the early universe so that they can contribute to the expansion
rate of the universe. However, due to their weak interactions,? such particles decouple earlier
from the plasma than the left-handed neutrinos and therefore their contribution to the energy
density of the universe is suppressed compared to that of the left-handed neutrinos. The extra
radiation energy density is usually expressed in terms of an effective number of neutrinos, N,ry =
(8/7)(11/4)*3 p, / p,,. The SM prediction of this value is 3.043.

In this scenario, the extra contribution of the right-handed neutrinos to the effective number
of neutrino species is given as

_4
Tv 4 g*(Tvd“) 3
AN.rr = N, —R) =N =R - 12
ef. VR <TuL> VR <g*(TvdLeC) (12)

where N,, represents the number of relativistic right-handed neutrinos, g«(7) = gp(T) +
% gr(T) with gp, r(T) being the number of bosonic and fermionic relativistic degrees of freedom
in equilibrium at the temperature T. The second equality is obtained from taking into account of
the isentropic heating of the rest of the plasma between Tlﬁf” and TvdL“ decoupling tempera-
tures. Taking three active neutrinos, e+ and photon into account, we have g*(T‘f’L"") =43/4 at
Tidee ~ 2.3 MeV [43].

The effective number of neutrino species has a strong relation with the temperature at which
the right-handed neutrinos decouple from the SM plasma, which can be decided by

H(T) = T(Te). (13)
Here H(T) is the Hubble expansion parameter which is estimated by 1.66g}</ 2(T)A,TI—; where
g+(T) is the effective degree of freedom [44,45] including the contribution of right-handed
neutrinos. I',,(T) is the right-handed neutrino interaction rate which can be calculated by

> g (T) (o (VRvR — fHv).

2 For a dark matter mass around TeV, the dark matter relic abundance generally requires the gauge boson mass not
much beyond that.
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In our paper we examine the bounds on the parameters of the model by using present and
prospective experimental data. The current Planck CMB measurement gives the result N,sr =

2.99f8:;§ including baryon acoustic oscillation (BAO) data [20]. Combining with the data given

above, Ne%ﬁ’ = 3.043, we adopt a conservative limit AN.rs < 0.283 and then the bound with

respect to the B — L gauge coupling g’ and Z’ boson mass M is given as M7/ /g’ > 10.4 TeV.
It gives a very strong limit on the parameter space, as we will show later.

Besides, there are several experiments with better sensitivities which are underway or pro-
jected. The South Pole Telescope (SPT-3G), which is a ground-based telescope in operation at
present, will have a sensitivity of 0 (AN,rr) = 0.058 [46]. The CMB Simons Observatory (SO),
which will see first light in 2021 and start a five-year survey in 2022, is expected to reach a
similar sensitivity in the range of o (AN,rr) =0.05 — 0.07 [47]. The CMB Stage IV (CMB-S4)
experiment will have the potential to constrain AN,sr =0.06 at 95% C.L. as a single parameter
extension to ACDM [48]. Importantly, according to Eq. (12), the minimal shift in the effective
number of neutrino species in our scenario can be evaluated to acquire AN.ry > 0.141 when
TUdR"c is high enough. Hence, the future CMB-S4 experiment will be able to probe this scenario
for arbitrary decoupling temperatures conclusively as long as the right-handed neutrinos have a
thermalization with the SM plasma in the early universe.

4. Numerical results and discussions

According to the Lagrangian in Eq. (8), in the dark matter sector there are only four relevant
parameters: the U(1)p_; gauge boson mass Mz, the DM mass M,, the B — L charge of the
DM Q, and the gauge coupling g’. By definition the B — L charges of quarks and leptons in SM
are +1/3 and —1 respectively and DM could have arbitrary charge except for £1. The gauge
coupling should satisfy g’ < 2./7 to ensure the perturbativity of the theory.

In this work, we consider the constraints from the DM relic density 2 Xhz, the shift in the
effective number of neutrino species AN, sy, the dark matter direct detection limits as well as the
collider search limits for the Z'. We also require the gauge coupling to keep perturbativity up to
the Planck scale M),;.

The one-loop B function of the U (1) p_, gauge coupling is given by

3 2573
g ,_ (60+905)¢ 3
6m2 2 0 = gy = hos (14
i

where i sums over all particles that carry B — L charge and S is a function of Q, . Assuming
that the Landau pole does not occur below the Planck scale, then we get

B(g) =

1
2

g < <2ﬂoln %) (15)

with the renormalization scale u = My .

In our numerical calculation, we use LanHEP 3.2.0 [49] to generate the Feynman rules of the
model and apply MicrOMEGAs 5.0.9 [50] to compute the DM relic abundance and DM-nucleon
scattering cross-section. In Fig. 1, we show all the relevant constraints on the plane of Mz versus
M, for Q, = 1/3 (left) and 4/3 (right). In the gray region in the upper left corner the dark matter
is overabundant because the dark matter annihilation cross section is too small. It also shows that
the direct detections and collider experiments can exclude some regions where the gauge boson
mass or dark matter mass is relatively light. However, AN, s gives a stronger constraint than
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Fig. 1. Various constraints on the parameter space of M versus My for Qy = 1/3 (left) and 4/3 (right). All the regions,
except for the gray region which overproduces DM, satisfy the DM relic density, Q h% = 0.12. The solid black curve
represents different g’s that are tuned to get the correct DM relic density. The green, pink, blue and orange regions are
excluded by the Xenon 1T [51], LHC+LEP [52,53], AN,sr [20] and Landau pole, respectively. Black points satisfy
the DM relic abundance but their gauge couplings are larger than 2,/7. The remained blank region survives all these
constraints. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Same as Fig. 1, but showing M, versus Qy in the resonant region M, =2M,.

LHC+LEP and Xenon 1T. For Q, = 1/3, the cosmological constraint can give an upper bound
on Z' boson mass and DM mass: Mz <22 TeV and M « < 13 TeV, which is consistent with the
result in Ref. [3]. For a larger Q,, this constraint can be weakened because a smaller g’ can still
achieve the correct DM relic abundance. Assuming the gauge coupling perturbativity up to the
Planck mass scale which generally requires ¢’ < 0.5 for Q, = 1/3 or 4/3, the survival region is
restricted to the blank area where the DM annihilation cross-section is enlarged significantly via
the resonance Mz >~ 2M, . From this figure, we conclude that the gauge boson mass is in general
of tens of TeV after we impose the Landau pole constraint and hence the gauge boson might be
possibly accessible at the future 100 TeV hadron collider. Besides, the small bulge which can be
observed at about M, ~ 11.5(39) TeV in the left (right) panel originates from the contribution
of the x ¥ — Z'Z’ channel to the relic density.

In Fig. 2 we show the parameter space of M, versus Q, by setting Mz =2M, and changing
g’ to meet the condition Xhz = 0.12 (note that we only scanned the positive Q). It shows that
the Xenon-1T experiment has a weaker constraint than others and collider experiments mainly
restrict the lower bound on DM mass while AN,ys and the Landau pole primarily restrict the
upper bound. As Q, increases, the restrictions of collider experiments and AN,y get weakened
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due to the decrease of g’. From this plot, we can see that the B — L charge of DM must be larger
than 0.11 to evade all the constraints. For Q, = 1/3, M, should be heavier than 1 TeV. For the
region O, > 0.5, the current experimental data does not give limits on the parameter space due
to a small g’. Nevertheless, the future CMB-S4 experiment could be able to cover almost all the
parameter space of this scenario even in the resonant region.

At last, it needs to be stressed that there are several differences between our model and the
traditional B — L gauge symmetry model. Firstly, in the traditional B — L gauge symmetry
model, an additional ® with a B — L charge 2 is introduced to break the B — L symmetry,
while the right-handed neutrino can get a sizable Majorana mass through interacting with ®.
In this model, however, the light neutrinos are Dirac fermions, therefore the three additional
right-handed neutrinos can contribute to the radiation energy density of the early universe and
furtherly affect the observation of the anisotropies in the CMB. In addition, if ® is present in the
model, depending on the charge of the DM, there might be extra DM annihilation channels such
as X x — ®d*, or x x — Z'®, the parameter space of the model would be larger depending on
the spectrum. On the other hand, this kind of model could also be hard to test if all the masses
are much beyond TeV.

We also note that for a usual Dirac neutrino model, the AN,y limit can be relaxed by as-
suming the Z’ mass much heavier than the reheating temperature to avoid the thermalization of
right-handed neutrinos with SM particles. However, to realize a WIMP dark matter, such ther-
malization can not be avoided. Thus the constraint from the effective number of neutrino species
in cosmology is a unique signature of this model.

5. Conclusion

In this work, we studied dark matter in a U(1)p_; gauge extension of the Standard Model
where the B — L gauge boson gains mass via the Stueckelberg mechanism. Three right-handed
neutrinos are added to cancel the gauge anomaly and the neutrino masses can be thus explained.
A new Dirac fermion plays the role of WIMP dark matter while its interaction with Standard
Model sector is mediated by the new gauge boson. Assuming the perturbativity of the gauge
coupling up to the Planck scale, we found that only the resonance region is available for the dark
matter abundance. After applying the AN,y constraints from the current Planck experiment, the
collider search constraints as well as the dark matter direct detection limits, we observed that the
B — L charge of dark matter satisfies |Q,| > 0.11. The projected CMB-S4 experiment might
be able to probe this scenario conclusively, assuming the right-handed neutrinos are thermalized
with the Standard Model sector in the early universe.
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