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We investigate constraints on the new B − L gauge boson (ZBL) mass and coupling (gBL) in a Uð1ÞB−L
extension of the standard model (SM) with an SM singlet Dirac fermion (ζ) as dark matter (DM). The DM
particle ζ has an arbitrary B − L chargeQ chosen to guarantee its stability. We focus on the small ZBL mass
and small gBL regions of the model, and find new constraints for the cases where the DM relic abundance
arises from thermal freeze-out as well as freeze-in mechanisms. In the thermal freeze-out case, the dark

matter coupling is given by gζ ≡ gBLQ ≃ 0.016
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
to reproduce the observed DM relic density and

gBL ≥ 2.7 × 10−8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
for the DM particle to be in thermal equilibrium prior to freeze-out.

Combined with the direct dark matter detection constraints and the indirect constraints from cosmic
microwave background and AMS-02 measurements, discussed in earlier papers, we find that the allowed
mass regions are limited to be mζ ≳ 200 GeV and MZBL

≳ 10 GeV. We then discuss the lower gBL values
where the freeze-in scenario operates and find the following relic density constraints on parameters

depending on the gBL range and dark matter mass: Case (A): for gBL ≥ 2.7 × 10−8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
, one has

g2ζg
2
BL þ 0.82

1.2 g
4
ζ ≃ 8.2 × 10−24; and Case (B): for gBL < 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
, there are two separate

constraints depending onmζ . Case (B1): formζ ≲ 2.5 TeV, we find g2ζg
2
BL ≃ 8.2 × 10−24ð mζ

2.5 TeVÞ; and Case
(B2): for mζ ≳ 2.5 TeV, we have g2ζg

2
BL ≃ 8.2 × 10−24. For this case, we display the various parameter

regions of the model that can be probed by a variety of “Lifetime Frontier” experiments such as FASER,
FASER2, Belle II, SHiP, and LDMX.

DOI: 10.1103/PhysRevD.102.035028

I. INTRODUCTION

Extensions of the standard model (SM) with Uð1ÞB−L as
a possible new symmetry of electroweak interactions are
well motivated due to their connections to the neutrino
mass [1,2] and have recently attracted a great deal of
attention. Theoretical constraints of anomaly cancellation
allow two classes of B − L extensions: (i) one motivated by
left-right symmetric and SO(10) models, where the B − L
generator contributes to the electric charge of particles
[1–3] and (ii) another, where it does not [4–10]. The second
alternative is not embeddable into the left-right or SO(10)
models. Both classes of models require the addition of three
right-handed neutrinos to satisfy the anomaly constraints
and lead to the seesaw mechanism for neutrino masses
[11–15]. There is, however, a fundamental difference
between the two classes of models as regards the possible

magnitudes of their gauge couplings: in the first class of
models where the B − L contributes to the electric charge
[1–3], there is a relation between the electric charge of the
positron and the B − L gauge coupling:

1

e2
¼ 1

g2L
þ 1

g2R
þ 1

g2BL
: ð1Þ

As a result, there is a lower bound on the value of gBL:

1

g2BL
≤
cos2θW

e2
or gBL ≥ 0.34: ð2Þ

This lower bound gets strengthened to 0.416, when it is
assumed that allUð1Þ couplings in the SUð2ÞL ×Uð1ÞI3R ×
Uð1ÞB−L model are perturbative till the grand unified theory
scale [16].
In the second class of models, on the other hand, there is

no lower bound on gBL from theoretical considerations, and
as a result, it can be arbitrarily small. In this paper, we focus
on this class of models in the small gBL and small B − L
gauge boson mass (MZBL

) regions to see what kinds of
phenomenological constraints exist, once we add a Dirac
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dark matter fermion ζ to the theory. We let the dark matter
(DM) field have an arbitrary B − L charge, Q. Clearly, it is
possible to choose a B − L charge Q for ζ so that it is
naturally stable as is required for a dark matter particle. For
example, if we choose Q to be a half odd integral value,
there are no operators in the theory that will make it decay.
This class of models is completely realistic as far as its
fermion sector is concerned. There are four parameters:
gBL, gζ ≡ gBLQ plus the two mass parameters, mζ and
MZBL

, which enter into our dark matter discussion. See
Refs. [17,18] for the case where the two mass parameters
are in the multi-TeV range. We keep the masses arbitrary
and find constraints on them in our model. Although our
interest is mostly phenomenological in this paper and
therefore we do not worry about the origin and naturalness
of small gauge couplings, we do note that small gauge
couplings are motivated by a class of large volume
compactification of string theories (see, for example,
Ref. [19]). We also ignore mixings between the B − L
gauge boson and the SM gauge bosons as well as the
mixing between ZBL and the photon, for simplicity. As a
result, there are no mixing effects in the ZBL couplings. In
any case, these mixing effects are loop suppressed and
therefore smaller than the effects we have considered. The
DM particle, ζ, in our case is a Dirac fermion, as just
mentioned, and the gauge anomaly cancellation is auto-
matically satisfied. To emphasize again, ζ is stable due to
the choice of its B − L charge.
We discuss constraints that gBL and gζ must satisfy from

the requirements that the particle ζ be a viable dark matter;
i.e., it satisfies the relic density constraints as well as direct
detection constraints and other indirect detection con-
straints such as from cosmic microwave background
(CMB) and cosmic ray measurements. We consider the
following two gauge coupling parameter ranges of the
theory: (i) one where the DM relic density arises via
thermal freeze-out, and (ii) the second case where the
couplings, gBL and gζ, are so small that the DM particle ζ
was never in thermal equilibrium in the early universe with
SM particles, and it had a vanishing density at the reheating
after inflation. The DM relic abundance in the latter case
was built up via the freeze-in mechanism [20–23]. In the
first case, we find that the relic density constraint requires
that gζ ≃ 0.016

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
and the condition for thermal

equilibrium of ZBL in the early universe requires that
gBL ≳ 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
. For the freeze-in case, we

find that the product gBLgζ ≈ 2.9 × 10−12 to satisfy the
constraint of the DM relic density. This result is indepen-
dent of the dark matter mass as long as mζ ≳ 2.5 TeV ≫
MZBL

. When the dark matter mass is less than 2.5 TeV,
the so-called sequential freeze-in mechanism dominates
and the condition on couplings becomes gBLgζ ≈ 2.9 ×
10−12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ=2.5 TeV

p
(the freeze-in mechanism for a

Majorana fermion DM and gζ ¼ gBL was investigated in

Ref. [24] and their results are consistent with ours). It is
interesting that the spin-independent direct detection cross
section also depends on the product ðgBLgζÞ2μ2ζN=M4

ZBL

(where μζN is the reduced mass of the DM-nucleon system),
and therefore the ΩDM constraint also puts lower limits on
the ZBL mass. We explain the origin of these constraints and
elaborate on the details in the body of the paper.
We next comment on two more cases: Case (iiiA)

where the gζ is large enough that both ZBL and ζ were
in equilibrium with each other but not with the SM
particles; and Case (iiiB) where both gζ;BL are so small
that all three sectors were thermally sequestered from each
other. These cases do not fall into either the freeze-in or the
freeze-out scenarios and are therefore listed separately.
There are also constraints on this model from Fermi-LAT

observations that assume 100% branching ratio to either bb̄
or τþτ− [25], which are compatible with the thermal freeze-
out constraints only for mζ ≥ fewGeV. The assumption of
100% branching ratio is, however, not the case for our
model, and we have more like 20% for the branching ratio.
As a result, our bounds are weaker, and we estimate it to be
in the 2 GeV range for the freeze-out case using Fig. 9 of
the Fermi-LAT paper [25].
We note here that there are other B − Lmodels with dark

matter in the literature [26,27] as well as B − L models
without the dark matter [28]. There are also models with
dark photon [29] and dark Uð1Þ models [30] with some
similarity to B − L models. Our model is, however, differ-
ent from all of them. For example, Ref. [28] discusses
constraints gBL and MZBL

for a pure B − L model with
Dirac neutrinos without any dark matter, whereas not only
does our model have a dark matter but also the neutrinos are
Majorana particles which obtain their mass from the seesaw
mechanism resulting from B − L breaking. Furthermore,
we consider the case where the B − L gauge boson couples
to the dark matter having an arbitrary B − L charge. As far
as Ref. [27] is concerned, it uses the lightest right-handed
neutrino as the dark matter and as a result, its B − L charge
of DM is fixed by anomaly cancellation. On the other hand,
in our model, the dark fermion is separate from the usual
SM plus the right-handed neutrinos model. As a result, we
can choose its B − L charge arbitrarily consistent with
anomaly cancellation. This allows us to explore a very
different range of parameters of the B − L model. Our
model is also different from other Uð1Þ based models, e.g.,
Refs. [29,30], although they have some similarity to our
discussion, e.g., their constraints on dark photon portal
models with an MeV dark matter (see Ref. [29]). We have
used some results from this paper, e.g., the CMB bounds on
dark matter using Fig. 3 of Ref. [29] which imply the
constraint of dark matter mass of mζ ≥ 1 GeV. To be
consistent with the bounds, in this paper, we focus on the
region of dark matter mass, mζ ≥ 1 GeV.
The paper is organized as follows: in Sec. II, we outline

the details of the model. In Sec. III, we discuss the case of
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thermal freeze-out of the dark matter and the constraints on
the relevant model parameters from it. We then combine it
with the already existing indirect detection constraints to
find new allowed regions for the DM mass for different
MZBL

values. In Sec. IV, we switch to the parameter range
of the model where the relic density arises out of the freeze-
in mechanism and the constraints implied by it on the
model. We note how the FASER experiment [31] combined
with other planned/proposed experiments such as Belle II,
SHiP, and LDMX can probe the parameter range of the
model. We also comment on constraints from the SN1987A
and big bang nucleosynthesis (BBN). In Sec. V, we briefly
discuss the case where the “dark sector” with ζ and ZBL is
decoupled from the SM thermal plasma and is produced
from the inflaton decay at the end of inflation. We conclude
in Sec. VI with a discussion of implications of our results
and some additional comments.

II. THE B−L MODEL WITH DIRAC FERMION
DARK MATTER

A. Model details

Our model is based on the Uð1ÞB−L extension of the SM
with gauge quantum numbers under Uð1ÞB−L defined by
their baryon or lepton number of particles. The gauge group
of the model is SUð3Þc × SUð2ÞL ×Uð1ÞY ×Uð1ÞB−L,
where Y is the SM hypercharge. We need three right-
handed neutrinos (RHNs) with B − L ¼ −1 to cancel the
B − L anomaly. The RHNs being SM singlets do not
contribute to SM anomalies. The electric charge formula in
this case is the same as in the SM. We now add to this
model a vectorlike SM singlet fermion ζ with B − L charge
equal to Q. Being vectorlike, this fermion does not affect
the anomaly cancellation of the model. The B − L group is
assumed not to contribute to the electric charge formula as
stated in the Introduction. As a result, its couplings are
theoretically not restricted. We assume that there is a Higgs
boson with B − L ¼ þ2 which gives a Majorana mass to
the RHNs, thereby helping to implement the seesaw
mechanism for neutrino masses since the SM Higgs
doublet already provides the Dirac mass to the neutrinos.
The interaction Lagrangian in our model describing the
interaction of the B − L gauge boson (called ZBL here) is

LZBL
¼ ðZBLÞμ

�
gBL

X
f

ðB − LÞff̄γμf þ gζζ̄γμζ
�
: ð3Þ

This Lagrangian is enough to derive our conclusions. We
start with letting the values of gBL, gζ ≡QgBL, MZBL

, and
mζ as free parameters and explore the smaller mass range of
MZBL

, and as a benchmark point, we takemζ in the range of
1 GeV to few TeV range with MZBL

< mζ. Clearly this
covers a wide and interesting range of dark matter masses.

B. New Higgs bosons and other phenomenology

The only new Higgs boson in the model beyond the SM
Higgs doublet is an SM singlet field Δ with B − L ¼ 2. It
acquires a nonzero vacuum expectation value hΔi ¼ vBL.
The real part of Δ is a physical Higgs field, which we
denote by σ. It couples to the right-handed neutrinos which
we assume are heavy (in the TeV range or higher) so that σ
could be a long-lived particle. Also it has no direct
couplings to quarks and leptons, and such couplings arise
from its mixing with the SM Higgs boson. For a GeV mass
σ, we may expect this mixing to be of orderm2

σ=m2
h ∼ 10−2.

Due to this small coupling, its production cross section in
lepton as well as hadron colliders is very small. Further
discussion of the phenomenology of this new Higgs boson
is beyond the scope of this paper. In fact, in a recent paper
[32], we have argued that for some parameter ranges of the
theory, the σ particle can be a decaying dark matter of the
universe.
As far as other phenomenology of the model is con-

cerned, we note that for g2BL=M
2
ZBL

≲ 10−6 GeV−2, the
neutral current and other low energy constraints are
automatically satisfied (see Table 8.13 of Ref. [33]).
This limit broadly satisfies all the LEP constraints for
VV type current couplings. It also implies that gBL ≲
10−3MZBL

½GeV� is allowed by low energy observations,
and we seek other constraints in this domain when a dark
matter is included in the theory. There are also ATLAS
upper bounds on gBL as a function of MZBL

but this bound
for low mass ZBL is in the range of gBL ≤ 2 × 10−3 or so
[34] forMZBL

about a GeV, and it becomes weaker as we go
to higher masses. See also the review [35].
We also note that our model is different from otherUð1Þ0

models since in our case the ZBL coupling with quarks and
leptons is specified by the B − L charges of the fermions.
On the other hand, the DM field has an arbitrary B − L
charge Q, and we investigate the phenomenological viabil-
ity of our model for a wide range of the parameter space
from jQj ≪ 1 to jQj ≫ 1.

III. CASE (I): THERMAL DARK MATTER
CONSTRAINTS

A. Dark matter relic density

We first consider the case where the parameter range of
the model is such that ζ is a thermal dark matter. We will
find these parameter ranges and their possible implications
below. This is the case where both gBL and gζ have such
values that ZBL, ζ, and SM particles were all in thermal
equilibrium in the early universe, followed by the dark
matter decoupling which leads to the DM relic density.
We first note that the dark matter interacts with the SM

particle only via the B − L gauge interactions. The Higgs
boson field that breaks B − L does not couple to the dark
matter particle due to their B − L charge mismatch and
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therefore does not contribute to the thermal equilibrium
consideration between ζ and SM particles.
For the Dirac DM particle ζ to be a thermal dark matter,

whose relic abundance is determined by thermal freeze-out,
it must be in thermal equilibrium with the SM particles as
well as the ZBL in the very early universe. As the temper-
ature of the universe drops below the mζ, the Boltzmann
suppression makes the ζ particle density low and it goes out
of equilibrium. After thermal freeze-out occurs, the DM
freely expands till the current epoch and forms the dark
matter of the universe. Its current abundance is determined
by the values of gBL, gζ, and mζ.
Typically in a thermal freeze-out situation, the fact that at

one point the ζ particle was in equilibrium implies con-
straints on the parameters gζ. We have to consider different
processes that can keep ζ particles in equilibrium with the
SM particles. The first one is via direct process ζζ̄ → ff̄
mediated by ZBL, which leads to

nζðTÞhσviζζ̄→ff̄ ≥ H ¼
ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
T2

MP
; ð4Þ

where nζðTÞ ¼ 3ζð3Þ
π2

T3 is the DM number density for
T ≳mζ, g� is the effective number of degrees of freedom
for SM particles in thermal equilibrium (we set g� ¼106.75
in the following analysis), and MP ¼ 2.43 × 1018 GeV is
the reduced Planck mass. Since we are interested in a low

mass ZBL boson, we obtain hσvi ≃ g2BLg
2
ζ

4πT2 for the ζζ̄ → ff̄
process, independently of the ZBL mass. Requiring the
thermal equilibrium condition to be satisfied at T ≃mζ, we
obtain the following constraint on the gauge coupling
parameters:

g2BLg
2
ζ ≥ 43

mζ

MP
: ð5Þ

As we will see in the next subsection, the above thermal
equilibrium condition is not consistent with the direct DM
detection constraints which are very severe for low MZBL

.
The second possibility for ζ to be in equilibrium with the

SM particles is via a two step process: in the first step ZBL
comes to equilibrium with SM fermions via the process
ff̄ → ZBLγ and then ζ goes into equilibrium with ZBL and
hence with the SM fermions via the process ZBLZBL → ζζ.
The thermal equilibrium condition for the first process is

nZBL
ðTÞhσviff̄→ZBLγ

≥ H ¼
ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
T2

MP
; ð6Þ

where nZBL
ðTÞ ¼ 2ζð3Þ

π2
T3 is the number density of ZBL, and

hσviff̄→ZBLγ
≃ g2BLαe

T2 with the fine-structure constant of
αe ¼ 1=128. We require that this condition is satisfied at
T ¼ mζ (at the latest) and obtain

gBL ≥ 2.7 × 10−8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

q
: ð7Þ

The second process depends only on gζ, and the equilib-
rium condition gives a lower bound on gζ ≥ 9.2 ×

10−5ðmζ½GeV�Þ1=4 by using hσviZBLZBL→ζζ̄ ≃
g4ζ

16πT2 in
Eq. (4). Clearly if we want to get the DM relic density
right, we need a larger gζ; and therefore it is in our
acceptable range for the DM relic density, and ζ is in
thermal equilibrium with ZBL. Note that the processes
ZBL → ff and ff → ZBL, which apparently are not sup-
pressed by electromagnetic coupling, are expected to be
phase space suppressed instead; so we do not consider
them here.
Next, we discuss the DM relic density constraints on the

model. To evaluate the DM relic density, we solve the
Boltzmann equation given by

dY
dx

¼ −
hσvi
x2

sðmζÞ
HðmζÞ

ðY2 − Y2
EQÞ; ð8Þ

where x ¼ mζ=T is the inverse “temperature” normalized
by the DM mass mζ, hσvi is a thermally averaged DM
annihilation cross section (σ) times relative velocity (v),
HðmζÞ is the Hubble parameter at T ¼ mζ, sðmζÞ is the
entropy density of the thermal plasma at T ¼ mζ, Y is the
yield of the DM particle which is defined as a ratio of
the DM number density to the entropy density, and YEQ is
the yield of the DM in thermal equilibrium. Explicit forms
for the quantities in the Boltzmann equation are as follows:

HðmζÞ ¼
ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
m2

ζ

MP
;

sðmζÞ ¼
2π2

45
g�m3

ζ ;

YEQðxÞ ¼
gDM
2π2

x2m3
ζ

sðmζÞ
K2ðxÞ; ð9Þ

where K2ðxÞ is the modified Bessel function of the second
kind and gDM ¼ 4 is the number of degrees of freedom for
the Dirac fermion DM particle ζ.
The thermal average of the DM annihilation cross

section is given by the following integral expression:

hσvi ¼ g2DM
64π4

�
mζ

x

�
1

n2EQ

Z
∞

4m2
ζ

dsðσvÞs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s− 4m2

ζ

q
K1

�
x

ffiffiffi
s

p
mζ

�
;

ð10Þ

where nEQ ¼ sðmζÞYEQ=x3 is the DM number density, and
K1 is the modified Bessel function of the first kind. The
DM annihilation occurs via the process ζζ̄ → ZBLZBL for
mζ > MZBL

. In our considerations above, we have ignored
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the inverse decay process ζζ̄ → ZBL, since it is a small
contribution at high temperatures, suppressed by a very
small volume of the phase space. We have also not taken
into account the Sommerfeld enhancement. Typically,
Sommerfeld enhancement is significant if the DM speed
is very low and bound states of ζ-ζ̄ are formed with a large
gζ value. In our freeze-out scenario, the annihilation cross
section in the early universe uses the speed v ∼ 0.05 or so
and the coupling is not so large [see Eq. (13)]. Similarly, the
condition for DM bound state formation is not satisfied.
We estimate the Sommerfeld enhancement factor to be
therefore small at the freeze-out epoch. However, at the
recombination and the current epoch, the Sommerfeld
effect is significant due to very low velocities of DM
particles and leads to important constraints on the param-
eters for the freeze-out case (see below). By solving the
Boltzmann equation of Eq. (8) with the initial condition
YðxÞ ¼ YEQðxÞ for x ≪ 1, we evaluate the DM yield at
present, Yðx → ∞Þ. The relic abundance of the DM in the
present universe is then given by

ΩDMh2 ¼
mζs0Yð∞Þ
ρc=h2

; ð11Þ

where s0 ¼ 2890 cm−3 is the entropy density of the present
universe and ρc=h2 ¼ 1.05 × 10−5 GeV=cm3 is the critical
density. For the thermal DM scenario, the asymptotic
solution of the Boltzmann equation [Yð∞Þ] is known,
and with a good accuracy, the thermal DM relic density is
expressed to be [36,37]

ΩDMh2 ≃
2.13 × 108xfffiffiffiffiffi
g�

p
MPhσvi

; ð12Þ

where MP and hσvi are evaluated in units of GeV and
the freeze-out temperature of the DM particle is approxi-
mately evaluated as xf ¼ mζ=Tf ≃ lnðxÞ − 0.5 lnðlnðxÞÞ
with x ≃ 0.19

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDM=g�

p
MPmζhσvi. Since the annihilation

process occurs via s wave, we can approximate hσvi as σv
in the nonrelativistic limit. Here in our analysis, we employ
Eqs. (A5) and (A2) given in Appendix for the annihilation
processes ζζ̄ → ZBLZBL and ζζ̄ → ff̄, respectively. As we
will discuss in the following subsection, the direct DM
detection constraints are very severe, and we find that they
require gBL ≪ gζ. Thus, the contribution from the process
ζζ̄ → ff̄ is negligibly small.
In order to reproduce the observed DM relic density at

the present epoch,ΩDMh2 ¼ 0.12 [38], we obtain a relation
between the DM mass and the DM coupling with ZBL for
M2

ZBL
≪ m2

ζ , which is shown by the line in Fig. 1. The
observed DM relic density is reproduced along the line,
which we find to be well approximated by

gζ ≃ 0.016 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

q
: ð13Þ

As we expected, the thermal equilibrium condition for the
process ZBLZBL ↔ ζζ̄ we have found before [see after
Eq. (7)] is always satisfied for mζ > 1 GeV. In Fig. 2, we
show the relation between the ZBL mass and the DM
coupling with ZBL for fixed DM masses of 2 GeV (black
line), 10 GeV (red line), 100 GeV (blue line), and 500 GeV

FIG. 1. The relation between the DM mass and the DM
coupling with ZBL for the case of M2

ZBL
≪ m2

ζ . The observed
DM relic density is reproduced along the line. gζ ≃ 0.016 ×ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mζ½GeV�
p

is a good approximation formula.

FIG. 2. The relation between the ZBL mass and the DM
coupling with ZBL for fixed DM masses of 2 GeV (black line),
10 GeV (red line), 100 GeV (blue line), and 500 GeV (green
line). The observed DM relic density is reproduced along each
line. For M2

ZBL
≪ m2

ζ, the coupling is almost constant for a fixed
DM mass. The coupling rises sharply when the ZBL mass
becomes very close to the DM mass because of the phase space
effect.
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(green line). The observed DM relic density is reproduced
along each line. We can see that the coupling is almost
constant for a fixed DM mass for M2

ZBL
≪ m2

ζ and is well
approximated by Eq. (13). The coupling is sharply rising
when the ZBL mass becomes very close to the DM mass
because of the phase space/kinematic effect.

B. Direct detection constraints

Let us now turn to the direct detection constraints. In
Fig. 3, we show the current upper bound on the spin-
independent cross section (σSI) for the elastic scattering of
the DM particle with a nucleon for the DM mass of
mDM ≥ 2 GeV. For the DM mass mDM ≥ 6 GeV, the most
stringent upper bound is obtained by XENON1T experi-
ment [39] while for 2 GeV ≤ mDM ≤ 6 GeV, the upper
bound is obtained by a combination of DarkSide-50 [40],
LUX [41], and PandaX-II [42]. As is well known the
constraints are most severe for a DM mass around 30 GeV
and become weaker on either side of this mass.
In our model, the elastic scattering of the DM particle

with a nucleon ζN → ζN occurs via the exchange of
the ZBL boson. The cross section for the process is given
by [43]

σSI ¼
1

π
g2ζg

2
BL

μ2ζN
M4

ZBL

; ð14Þ

where μζN ¼ mζmN=ðmζ þmNÞ is the reduced mass for
the DM-nucleon system with mN ¼ 0.983 GeV being the
nucleon mass. Note that this cross section formula is valid
for M2

ZBL
≳MTER, where MT is a target nuclei mass and

ER is a typical recoil energy. For XENON1T experiment,
MT ∼ 100 GeV and ER ∼ 10 keV, so that we can apply
Eq. (14) for MZBL

≳ 50 MeV. As MZBL
decreases from

MZBL
¼ 50 MeV, the ZBL exchange process becomes long-

range and σSI quickly approaches a constant value as shown
in Refs. [44–47]. ForMZBL

< 50 MeV, we approximate the

constant cross section by Eq. (14) with MZBL
¼ 50 MeV

fixed. For a given mζ, say, 1 GeV, which satisfies all the
above constraints, we see that asMZBL

goes down, the cross
section rises in Eq. (14). Since gBL has a lower bound from
Eq. (7) and gζ values are already fixed, this implies a lower
bound on MZBL

depending on the ζ mass along the upper
bound on σSI in Fig. 3. This lower bound is shown as the
black solid line in Fig. 4. For example, formζ ¼ 2 GeV, we
find the minimum ZBL mass to be ≃50 MeV.

C. Indirect detection constraints

In our model, the dark matter annihilation to ZBLZBL at
late time can undergo Sommerfeld enhancement due to the
low velocity of the DM fermion. The ZBL’s can sub-
sequently decay to SM fermions, which can lead to signals
in indirect DM searches such as the CMBmeasurement and
AMS-02 antiproton searches. These constraints have been
analyzed in Refs. [30,48], and they lead to very tight
constraints on the DM mass in the range of 1 GeV to
100 GeV. Even though Ref. [30] considers a dark photon
portal, it is very similar to our B − L portal, and therefore

FIG. 3. The current experimental upper bound on the spin-
independent cross section as a function of the DM mass.

FIG. 4. The parameter regions in the ðmζ;MZBL
Þ plane that

satisfy the conditions from the spin-independent cross section
bounds and the indirect detection constraints obtained in
Ref. [30], as well as the condition for the thermal equilibrium
between ZBL and the SM particles. The region below the solid
black line is disallowed by the spin-independent cross section
constraints and the thermal equilibrium between ZBL and the
SM particles. The region above the dashed line, which
corresponds to mζ ≤ mZBL

, is not considered in the paper.
The gray region is ruled out by indirect constraints from the
CMB data and the AMS-02 results [30]. The yellowish looking
region is the extension of the green region, and only the tip of it
sticks out in the middle of the figure. The allowed region for
the freeze-out case then turns out to be the green region, i.e.,
mζ ≳ 100 GeV and MZBL

≳ 10 GeV.
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we can apply their constraints to our case. In Fig. 4, we
have combined the direct detection constraint with the
indirect detection constraints obtained in Ref. [30]. The
green region is allowed by all the constraints, and this pretty
much rules out the low mass (thermal) DM scenario
for mZBL

≲ 10 GeV.

IV. CASE (II): FREEZE-IN DARK MATTER
SCENARIO

In this case, we require the dark matter fermion ζ not to
be in equilibrium with either the SM particles or the ZBL.
There are then several constraints on the couplings gBL and
gζ that emerge in this case if ζ has to play the role of dark
matter. We discuss them below.

A. Dark matter relic density

This case arises when the gauge couplings gBL and gζ
have much smaller values than the freeze-out case so that
the dark matter particle was never in equilibrium with the
thermal plasma of the SM particles. In this section, we
assume that the ζ particle had zero initial abundance at the
reheating after inflation. Productions of ζ particles from
inflaton decay will be briefly discussed in Sec. V. There are
then two possible cases:
(A) the ZBL was in thermal equilibrium with SM

particles. This corresponds to the case where
gBL ≥ 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
, and

(B) the ZBL was not in thermal equilibrium with SM
particles, i.e., gBL < 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
.

For Case (A), we find that the most conservative
conditions for the reaction ζζ̄ ↔ ff̄ to be out of equilib-
rium till the BBN epoch is

gBLgζ ≤ 10−10: ð15Þ

This follows for MZBL
≤ 1 GeV, requiring that the above

reaction falls out of equilibrium above the T ¼ 1 GeV
epoch of the universe. For higher ZBL masses, the condition
is even weaker. Similarly, for DM mass in the low GeV
range, there is Boltzmann suppression in its number density
and the bound becomes weaker as well. Similarly, for the
process ζζ̄ ↔ ZBLZBL, the corresponding condition is

gζ ≤ 9.2 × 10−5ðmζ½GeV�Þ1=4: ð16Þ

Next, we proceed to evaluate the DM relic abundance
by numerically solving the Boltzmann equation in
Eq. (8). Note that even for the freeze-in case the
Boltzmann equation is of the same form as in the thermal
dark matter case. This is because the term proportional to
Y2
EQ in the right-hand side of Eq. (8) corresponds to the

DM particle productions from the SM thermal plasma.
The difference from the thermal dark matter case is that

we set the boundary condition for the freeze-in case to be
YðxRHÞ ¼ 0, where xRH ¼ mζ=TRH ≪ 1 is related to the
reheat temperature (TRH) after inflation. The relic abun-
dance of the DM in the present universe is given
in Eq. (11).
In evaluating the thermal average of the DM annihilation

cross section in Eq. (10), we consider two processes for
the DM particle creation, ff̄ → ζζ̄ mediated by ZBL and
ZBLZBL → ζζ̄. Note that the second process is active only
for Case (A) (except for a special case, sequential freeze-in,
that we discuss below). The corresponding cross sections
are given by those of the DM annihilation processes. In
Appendix, we list the exact cross section formulas for the
processes. Using them for Eq. (10), we evaluate the thermal
average of the cross section and then numerically solve the
Boltzmann equation of Eq. (8) with the boundary condition
of YðxRHÞ ¼ 0. In the freeze-in mechanism, the DM
particles are created mostly in the relativistic regime,
T ≫ mζ, where the annihilation cross sections are approxi-
mately given by [see Eqs. (A3) and (A6) in Appendix]

σðζ̄ζ → ff̄Þv ≃ 37

36πs
g2ζg

2
BL;

σðζ̄ζ → ZBLZBLÞv ≃
g4ζ
4πs

�
ln

�
s
m2

ζ

�
− 1

�
; ð17Þ

where we have assumed m2
b ≪ m2

ζ < m2
t and m2

ZBL
≪ m2

ζ .
Although we use the exact cross section formulas to
evaluate YðxÞ in our analysis, we find that the approxima-
tion formulas in Eq. (17) lead to almost the same results as
those obtained by the exact formulas.
In Fig. 5, fixing mζ ¼ 30 GeV, we show the resultant

YðxÞ for two cases: One is for g2ζg
2
BL ¼ 8.2 × 10−24 with

FIG. 5. The yield of the Dirac DM particle as a function of
x ¼ mζ=T for mζ ¼ 30 GeV. The solid line denotes the result for
g2ζg

2
BL ¼ 8.2 × 10−24 with g2BL ≫ g2ζ , while the dashed line

denotes the result for g4ζ ¼ 1.2 × 10−23 with g2BL ≪ g2ζ . In both
cases, ΩDMh2 ¼ 0.12 is reproduced. In this analysis, we have
used the exact formulas for the annihilation cross sections given
in Appendix.
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gBL ≫ gζ (solid line), and the other is g4ζ ¼ 1.2 × 10−23

with gBL ≪ gζ (dashed line). For the first case, the process
ζζ̄ → ff̄ dominates, while the process ζζ̄ → ZBLZBL
dominates for the second case. As we can see, YðxÞ grows
from YðxRH ≪ 1Þ ¼ 0 and becomes constant at x ≃ 1.
Using the approximation formulas in Eq. (17), this beha-
vior can be qualitatively understood as follows: In the
first case, for x≲ 1, we have hσvi ∝ g2ζg

2
BLðx2=m2

ζÞ, and
Eq. (8) can easily be solved with Y ≪ YEQ ≃ constant
and YðxRH ≪ 1Þ ¼ 0. We find a solution to be YðxÞ ∝
g2ζg

2
BLðx − xRHÞ=mζ ≃ g2ζg

2
Bðx=mζÞ. Since the DM particle

creation from the thermal plasma should stop at T ∼mζ

because of the kinematics, Yð∞Þ ∼ Yðx ≃ 1Þ ∝ g2ζg
2
BL=mζ.

Using Eq. (11), we find that the resultant DM relic density
is proportional to g2ζg

2
B while independent of the DM mass.

We have arrived at the same conclusion even for the
numerical result by using the exact cross section formulas.
We find a similar result for the second case; namely, the
resultant DM relic density is proportional to g4ζ while
independent of the DM mass.
By numerically solving the Boltzman equation, we find

that independently of mζ, the observed DM relic density of
ΩDMh2 ¼ 0.12 is reproduced in Case (A) by

g2ζg
2
BL þ 0.82

1.2
g4ζ ≃ 8.2 × 10−24 for

gBL ≥ 2.7 × 10−8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

q
: ð18Þ

In Case (B), on the other hand, there is no ZBL initially, the
condition is given by only the first term in the above
equation, i.e.,

g2ζg
2
BL ≃ 8.2 × 10−24 for gBL < 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

q
:

ð19Þ

For example, for mζ ¼ 1 GeV, the first equation implies
that gζ ∼ 10−6 or lower, whereas the second case corre-
sponds to gζ ∼ 10−4 or higher.
Very recently, it has been pointed out in Ref. [49] that in

Case (B) “sequential freeze-in” can dominantly produce the
DM particles compared to the process of ff̄ → ζζ̄ con-
sidered above. If this is the case, Eq. (19) is not the right
condition to reproduce ΩDMh2 ¼ 0.12. In the case of
sequential freeze-in, the DM particles are produced in
two steps. First, ZBL is produced from the thermal plasma
of the SM particles, and then the DM particles are produced
through ZBLZBL → ζζ̄. Let us now estimate the DM relic
density through the sequential freeze-in. The yield of ZBL
(YZBL

) is calculated by the Boltzmann equation,

dYZBL

dx
≃
hσviff̄→ZBLγ

x2
sðmζÞ
HðmζÞ

YEQ
ZBL

YEQ
γ ; ð20Þ

where YEQ
ZBL

≃ YEQ
γ ≃ 5.2 × 10−3 are the yields of ZBL and

the photon, respectively, in the thermal equilibrium, and

hσviff̄→ZBLγ
≃ g2BLαe

m2
ζ
x2. This Boltzmann equation is easily

solved from xRH ≪ 1, and we find

YZBL
ðxÞ ≃ 2.9 × 10−6

�
MP

mζ

�
g2BLx ð21Þ

for x≲mζ=MZBL
. With this YZBL

ðxÞ, we calculate the DM
density by solving the Boltzmann equation,

dY
dx

≃
hσviZBLZBL→ζζ̄

x2
sðmζÞ
HðmζÞ

Y2
ZBL

¼ hσviζζ̄→ZBLZBL

x2
sðmζÞ
HðmζÞ

Y2
EQ

�
YZBL

YEQ
ZBL

�
2

; ð22Þ

where we have used hσviZBLZBL→ζζ̄ðYEQ
ZBL

Þ2 ¼ hσviζζ̄→ZBLZBL

Y2
EQ in the second line. In our analysis here, we have

assumed that the sequential freeze-in dominates and
neglected the DM pair production process ff̄ → ζ̄ζ from
the thermal plasma.
For fixed values of gBL, gζ, andmζ, we numerically solve

Eq. (22) from xRH ≪ 1. In Fig. 6, we show the yield of
the Dirac DM particle as a function of x ¼ mζ=T for
mζ ¼ 30 GeV (solid line), along with the yield of ZBL

(dashed line). Here, we have taken gBL ¼ 5.0 × 10−10 and
gζ ¼ 6.3 × 10−4. We can see the result similar to that in
Fig. 5. As we can understand from Eq. (21) and Eq. (A4),
Yð∞Þ ∼ Yðx ¼ 1Þ ∝ g4ζg

4
BL=m

2
ζ . We find that the observed

DM relic density of ΩDMh2 ¼ 0.12 is reproduced when

FIG. 6. In the sequential freeze-in case, the yield of the
Dirac DM particle as a function of x ¼ mζ=T for mζ ¼
30 GeV (solid line), along with the yield of ZBL (dashed line).
Here, we have taken gBL ¼ 5.0 × 10−10 and gζ ¼ 6.3 × 10−4, by
which ΩDMh2 ¼ 0.12 is reproduced.
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g2ζg
2
BL ≃ 8.2 × 10−24

�
mζ

2.5 TeV

�
: ð23Þ

Comparing this result with Eq. (19), we conclude that the
sequential freeze-in dominantly produces the DM particles
for mζ < 2.5 TeV, in Case (B). For mζ ¼ 30 GeV, our
result is displayed in Fig. 7. The plots show cusps at
gBL ≃ 1.5 × 10−7, which is the boundary value to separate
Case (A) and Case (B). To simplify our analysis, we have
calculated the two cases separately by considering only the
dominant process in each case. Because of this simplifi-
cation, the cusps appear in our results, and they will be
smoothed away if we take all terms into account in the
Boltzmann equations.
Thus to summarize, for the freeze-in scenario, there are

the following constraints on parameters to reproduce the
observed DM relic density depending on the ranges of
B − L gauge coupling gBL and dark matter mass mζ. Case
(A): This constraint applies for the parameter region gBL ≥
2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
where one has g2ζg

2
BL þ 0.82

1.2 g
4
ζ ≃

8.2 × 10−24 to reproduce ΩDMh2 ¼ 0.12. Case (B): for
gBL < 2.7 × 10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
, there are two separate con-

straints depending onmζ. Case (B1): formζ ≲ 2.5 TeV, we
find g2ζg

2
BL ≃ 8.2 × 10−24ð mζ

2.5 TeVÞ; and in Case (B2): for
mζ ≳ 1.5 TeV, we find g2ζg

2
BL ≃ 8.2 × 10−24.

B. Possible laboratory probes of the freeze-in case

We now discuss possible probes of the freeze-in scenario
in the laboratory. There are several experiments that can
probe various parameter ranges of the model. This is shown
in Fig. 8. The relevant experiments are those attempting to
extend the lifetime frontier of various new weakly coupled
beyond the SM particles. They typically look for displaced
vertices. The experiments are FASER and SHiP at the

FIG. 7. The plot of gζ vs gBL (left panel) and gζgBL vs gBL (right panel) for mζ ¼ 30 GeV. The observed DM relic density is
reproduced along the solid lines. Note that since we have analyzed Case (A) and Case (B) separately, the discontinuity appears at
gBL ≃ 1.5 × 10−7 for mζ ¼ 30 GeV, where ZBL goes out of/in thermal equilibrium with the SM particles.

FIG. 8. The various horizontal lines, along which ΩDMh2 ¼
0.12 is reproduced, show the results for various Q values:
Q ¼ 2 × 10−4, 5 × 10−3, 0.1, 1.01 (black line), 5, and 50 from
top to bottom. We go vertically up as Q decreases [see Eqs. (18)
and (23)]. Here, we have chosen mζ ¼ 30 GeV. Reaches of the
various experiments are shown in different color lines. FASER
and FASER 2 in solid black lines. Orange dashed line is for SHiP
[50], purple dashed line for LDMX [51], dark-blue dashed lines
for Belle II [52], and light-blue dashed lines for LHCb [53,54].
The region to the left of the solid blue line is excluded by the
XENON1T results. The line is vertical because gBLgζ is almost
constant for gBL ≳ 10−6 (see the right panel in Fig. 7) in Eq. (18).
ForMZBL

≲ 50 MeV, σSI becomes independent ofMZBL
[44–47],

and the XENON1T bound is satisfied for gBLgζ ≲ 1.5 × 10−12.
This means that the XENON1T constraint is always satisfied for
gBL ≲ 8.9 × 10−7 in our scenario.
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LHC; Belle II andLHCb as well as LDMX experiment
proposed to search for weakly coupled light DM particles.
The planned FASER detector [55] at the LHC will probe

the low MZBL
(≤ 1–2 GeV) and low gBL region of the

theory. This is a detector which will be installed in a tunnel
near the ATLAS detector about 480 meters away to look for
displaced vertices with charged particles from long-lived
charge-neutral particles produced at the primary LHC
vertex. In the very low gBL range, our model falls into
this category since due to low gBL and low mass MZBL

, the
distance traveled by a highly boosted ZBL before decaying

is given by cτ ∼ 12πEZBL
g2BLM

2
ZBL

, and experiments such as FASER

searching for displaced vertices can give useful constraints.
In Fig. 8, the horizontal solid lines correspond to the

results for the various B − L charges of the DM particle,
Q ¼ 2 × 10−4, 5 × 10−3, 0.1, 1.01 (black line), 5, and 50
from top to bottom. Along the horizontal lines, ΩDMh2 ¼
0.12 is satisfied. Various planned and proposed experi-
ments and their search reaches are indicated (see Ref. [55]
for details) and the current excluded region is gray-shaded
[56]. The blue shaded region at the top-left corner is
excluded by the XENON1T results. As discussed in
Sec. III B, σSI becomes constant for MZBL

≲ 50 MeV,
and we find that the XENON1T bound is satisfied for
gBL ≲ 8.9 × 10−7 for any values of MZBL

. Even for the
freeze-in case, the direct DM detection experiments provide
very severe constraints and exclude a part of the open
window. From Fig. 8, we see that various Lifetime Frontier
experiments in the near future can test our freeze-in
scenario.

C. Astrophysical and BBN constraints
on low mass ZBL

If ZBL mass is less than 100 MeV, it can be produced
from eþe− and νν̄ collisions in the supernova, whose core
temperature is believed to be 30 MeV. To avoid any
constraints on gBL from energy loss considerations of
SN 1987A, we stay above ZBL mass of 200 MeV.
Coming to constraints from big bang nucleosynthesis,

we assume that the RHNs required for anomaly cancella-
tion acquire heavy Majorana mass (MNR

≥ 100 GeV or
more) so that the only new degree of freedom we have to
consider at the epoch of BBN are the three modes of the
vector boson ZBL (two transverse and one longitudinal).
We assume MZBL

to be in the 1 GeV or lower range but
above 200 MeV. For the higher mass range, as long as ZBL
is in thermal equilibrium, the ZBL density at decoupling is
already suppressed enough so that there are no BBN
constraints.
The physics of our considerations in the lower mass

range are as follows: if the gauge coupling is large enough
that the ZBL is in thermal equilibrium till T ¼ 1 MeV, then
how much it contributes to the quantity ΔNeff depends on
its mass. If its mass is larger than 10 MeV, its abundance at

T ¼ 1 MeV will be Boltzmann suppressed and its con-
tributions to energy density will be within the current ΔNeff
limits. Since we are interested in the mass range of
200 MeVor more to avoid supernova constraints, we need
not worry about the BBN constraints unless the gauge
coupling is below 10−10 GeV in which case it can survive
till T ∼ 1 MeV and affect BBN. The limit of 10−10 comes
from requiring that ΓZBL

∼HðT ¼ 1 MeVÞ.

V. CASE (III): SMALL gBL AND SECLUDED
DARK SECTOR WITH ζ AND ZBL

In this section we briefly comment on two more logical
possibilities which arise when gBL <2.7×10−8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mζ½GeV�

p
so that the SM particles are decoupled from the ζ and ZBL
sectors. There are two possibilities here: Case (iiiA) where
gζ is large enough so that the DM particle can be in
equilibrium with ZBL but not with the SM sector due to
small gBL; and Case (iiiB) where gζ is small so that all three
sectors are sequestered. Here we comment briefly on how
the relic density can arise in both of the cases.
In either of cases (iiiA) and (iiiB), the decay of the

inflaton will play a crucial role in building up the DM relic
density. Assuming the inflaton ϕ being a gauge singlet
scalar under the SM and B − L gauge groups, we can
consider couplings of the inflaton with particles in our
model such as cHϕH†H, cζϕζ̄ζ, and cZϕZ

μν
BLZBL μν, where

H is the SMHiggs doublet,Zμν
BL is the field strength of ZBL,

cH is a coupling with a mass dimension þ1, cζ is a
dimensionless coupling, and cZ is a coupling with a mass
dimension −1. After the end of inflation, the inflaton
decays to particles through these couplings to reheat the
universe, and then the big bang Hubble era begins.
Assuming that the inflaton is much heavier than any other
particles, the inflaton partial decay widths are calculated as

Γϕ→H†H ¼ c2H
8πmϕ

;

Γϕ→ζ̄ζ ¼
c2ζ
8π

mϕ;

Γϕ→ZBLZBL
¼ c2Z

4π
m3

ϕ: ð24Þ

We consider that the inflaton mainly decays to the Higgs
doublets and the reheating temperature (of the SM particle
plasma) is estimated by Γϕ→H†H ≃HðTRHÞ, so that

TRH ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γϕ→H†HMP

q
∼ cH

ffiffiffiffiffiffiffi
MP

mϕ

s
: ð25Þ

For case (ii) in Sec. IV, we implicitly assumed that the
branching ratio of the inflaton decay into the DM particles
is negligibly small so that we employed the initial condition
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YðxRHÞ ¼ 0 in solving the Boltzmann equation. Here in
case (iii), we are considering the case where the inflaton
branching ratio into the “dark sector” with ζ and ZBL is not
negligible. There are then two possible cases.
For case (iiiA), the early universe after reheating consists

of two separate plasmas: one is the thermal plasma of the
SM particles and the other is the plasma of the hidden
sector, where ζ and ZBL are in thermal equilibrium. Note
that the formula to evaluate the reheating temperature,
Γϕ→H†H ≃HðTRHÞ, means that the inflaton energy at its
lifetime is transmitted to the SM particles plasma. Thus, we
estimate the reheating temperature of the dark sector by

Tdark sector
RH ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γϕ→H†HMP

q
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BRðϕ → ζ̄ζÞ þ BRðϕ → ZBLZBLÞ

q
;

ð26Þ
where BRðϕ → ζ̄ζÞ and BRðϕ → ZBLZBLÞ are the inflaton
branching ratios to ζ̄ζ and ZBLZBL, respectively. Although
the temperatures of the SM sector and the dark sector
are not the same, unless the branching ratio is extremely
small, the evaluation of the DM relic density is similar to
Case (i) discussed in Sec. III.
For Case (iiiB), on the other hand, all three sectors are

sequestered. The energy density of the dark matter sector at
the reheating is estimated by

ρζ ≃ BRðϕ → ζ̄ζÞ × ρradðTRHÞ; ð27Þ

where ρrad ¼ π2

30
g�T4

RH is the energy density of the SM
particle plasma. For a given TRH value, we may adjust the
inflaton branching ratio into a pair of DM particles to
reproduce the observed DM relic density.
As a final comment, we note that one may identify the

inflaton field with the B − L breaking Higgs boson (Δ). In
this case, we consider couplings of the inflaton such as
λmixΔ†ΔH†H, cΔ

MP
Δ†Δζ̄ζ, and g2BLΔ†ΔZμ

BLZBL μ, where
λmix and cΔ are dimensionless coupling constants. We
can apply the above discussion by the replacements:
ϕ → σ, cH → λmixvBL, cζ → vBL=MP, and cZ → g2vBL.

VI. SUMMARY AND CONCLUSIONS

In summary, we have considered an extension of the
standard model with the gauged Uð1ÞB−L symmetry and a
Dirac fermion with arbitrary B − L charge which plays the
role of dark matter. The B − L symmetry is broken by a
B − L ¼ 2 Higgs field so that ZBL picks up a mass and it
leads to the seesaw mechanism for neutrino masses. This
provides a unified picture of neutrinos and dark matter.
Ignoring the mixings of ZBL with SM gauge bosons, we
show that in the weakly coupled B − L gauge boson case
there are constraints on the gauge couplings gBL of SM
fermions and gζ of dark matter as well as the masses of the

dark matter and MZBL
from different observations such as

Fermi-LAT, CMB, ΩDMh2, and direct dark matter detection
experiments for the case when the dark matter is a thermal
freeze-out type.We also point out that for even weaker gauge
couplings where the dark matter relic density arises via the
freeze-in mechanism, there are constraints on the above
couplings from the observed dark matter relic density as well
as from the supernova 1987A observations. We note that
parts of the freeze-in parameter range of the model can be
tested in the FASER experiment being planned at the LHC
and other Lifetime Frontier experiments.
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APPENDIX: DARK MATTER ANNIHILATION
CROSS SECTIONS TO VARIOUS FINAL STATES

In this appendix, we list the formulas that we have used
in our analysis.
For the annihilation process of ζζ̄ → ZBL → ff̄, the

cross section times relative velocity is given by

σv ¼ g2ζg
2
BL

6πs

X
f

Nf
cQ2

f

ðsþ 2m2
ζÞðsþ 2m2

fÞ
ðs −M2

ZBL
Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
f

s

s
;

ðA1Þ
where f denotes a SM fermion with mass of mf, Qf is its

B − L charge, and Nf
c is the color number in the final state

of a SM fermion: Nf
c ¼ 3 for a quark, Nf

c ¼ 1 for a charged
lepton, and Nf

c ¼ 1=2 for a SM neutrino ðmf → 0Þ. Since
we are interested in the case of mζ > MZBL

, we have
neglected the decay width of the ZBL boson in the above
formula. In the nonrelativistic limit, the cross section
formula is simplified to be

σv ≃
g2ζg

2
BL

2π

X
f

Nf
cQ2

f

2m2
ζ þm2

f

ð4m2
ζ −M2

ZBL
Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
f

m2
ζ

s
; ðA2Þ

while in the relativistic limit,

σv ≃
g2ζg

2
BL

6πs

X
f

Nf
cQ2

f: ðA3Þ

DARK MATTER CONSTRAINTS ON LOW MASS AND WEAKLY … PHYS. REV. D 102, 035028 (2020)

035028-11



For the annihilation process of ζζ̄ → ZBLZBL, the cross section times relative velocity is given by

σv ¼ g4ζ
4πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ZBL

s

s
×

�
−1 −

ð2þ a2Þ2
ð2 − a2Þ2 þ 4b2

þ 6 − 2a2 þ a4 þ 12b2 þ 4b4

2bcð1þ b2 þ c2Þ ln

�
1þ ðbþ cÞ2
1þ ðb − cÞ2

��
; ðA4Þ

where a ¼ MZBL
mζ

, b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

4m2
ζ
− 1

q
, and c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

4m2
ζ
− a2

q
. In the nonrelativistic limit, this cross section formula is simplified

to be

σv ≃
g4ζ

16πm2
ζ

�
1 −

M2
ZBL

m2
ζ

�3=2�
1 −

M2
ZBL

2m2
ζ

�−2
; ðA5Þ

while in the relativistic limit,

σv ≃
g4ζ
4πs

�
ln

�
s
m2

ζ

�
− 1

�
: ðA6Þ
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