
Conformal B−L and pseudo-Goldstone dark matter

Rabindra N. Mohapatra 1 and Nobuchika Okada 2

1Maryland Center for Fundamental Physics and Department of Physics, University of Maryland,
College Park, Maryland 20742, USA

2Department of Physics, University of Alabama, Tuscaloosa, Alabama 35487, USA

(Received 22 March 2023; accepted 5 May 2023; published 16 May 2023)

We show that a conformal extension of the standard model with local B − L symmetry and two complex
scalars breaking B − L can provide a unified description of neutrino mass, origin of matter, and dark matter.
There are two hierarchical B − L breaking vacuum expectation value (VEV) scales in the model, the higher
denoted by vB and the lower by vA. The higher breaking scale is dynamically implemented via the
Coleman-Weinberg mechanism and plays a key role in the model since it induces electroweak symmetry
breaking as well as the lower B − L breaking scale. It is also responsible for neutrino masses via the seesaw
mechanism and origin of matter. The imaginary part of the complex scalar with lower B − L breaking VEV
plays the role of a pseudo-Goldstone dark matter (DM). The DM particle is unstable with its lifetime
naturally longer than 1028 seconds. We show that its relic density arises from the freeze-in mechanism for a
wide parameter domain. Due to the pseudo-Goldstone boson nature of the DM particle, the direct detection
cross section is highly suppressed. The model also predicts the dark matter to be heavier than 100 TeVand it
decays to two high energy neutrinos which can be observable at the IceCube, providing a test of this model.
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I. INTRODUCTION

Understanding the origin of the electroweak scale is a
fundamental puzzle of the standard model (SM). In usual
discussion of the SM, it is customary to put the scale by
hand in the form of a negative mass squared for the Higgs
field. A more satisfactory approach, extensively discussed
in the literature (see for some examples [1–18]) is to
consider conformal extensions of the SM where the mass
terms vanish due to conformal symmetry and the mass
scales arise dynamically via the Coleman-Weinberg radi-
ative correction mechanism [19]. This approach when
implemented in the SM leads to a very small mass for
the Higgs boson and is ruled out by experiment. However,
it can be implemented generally in the context of many
extensions of the SM (see for instance [1–18]). It is
important to explore such models and pinpoint their tests.
The goal of this paper is to present the phenomenological
possibilities for dark matter in one such model.
Local B − L extension of the SM [20–22] has been

discussed as a very highly motivated minimal scenario for
neutrino masses via the seesaw mechanism [23–27] and the
origin of matter. Phenomenology of these models has been

also extensively discussed in the literature; see for some
examples [28–37]. While most phenomenological discus-
sion of the B − L models have been done in connection
with neutrino masses and collider physics, we recently
pointed out another virtue [35] of these models and showed
that the real part of the SM singlet Higgs field that breaks
B − L can be a perfectly viable candidate for decaying dark
matter. This dark matter model works only for very small
values of the gauge coupling and low mass of the dark
scalar (with masses in the MeV to a few keV range). The
dark matter relic density in this case arises via the freeze-in
mechanism [38] and has interesting experimental tests. The
FASER experiment [39] for example is ideally suited for
testing this model. Here we present a different approach
where we impose conformal invariance on this theory so
that we can understand the origin of masses and explore if
there is a dark matter candidate. We find that we need to
extend the minimal B − L model by enlarging the Higgs
sector to include two complex SM singlet scalars which
carry B − L quantum numbers. In this case, the imaginary
part of one of the two B − L breaking scalars can be a
viable dark matter candidate. In fact the model predicts
which particle can be the dark matter. It turns out that the
dark matter is a pseudo-Goldstone boson [40–49], which
explains why it has escaped direct detection.
The two B − L nonsinglet scalars in our model have

different VEVs. The higher scale B − L breaking, which
we call the primary breaking scale in the theory, arises
from the Coleman-Weinberg mechanism by dimensional
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transmutation. The neutrino masses and the electroweak
symmetry breaking [9] as well as the lower scale B − L
breaking VEVare all induced dynamically by the high scale
B − L breaking VEV. We show that in a wide parameter
range, the imaginary part of the second B − L breaking
complex scalar is constrained to have a very long life [50–52]
and plays the role of darkmatter. An interesting prediction of
the model is that the dark matter mass is more than 100 TeV
with its dominant decay mode being to two neutrinos. The
model can therefore be tested by observation of TeV
neutrinos by the Ice cube experiment. The baryon asymmetry
of the universe in this model is generated by the leptogenesis
mechanism [53].
The paper is organized as follows: after briefly intro-

ducing the model and discussing B − L symmetry breaking
in Sec. II. We discuss the pseudo-Goldstone dark matter (σ)
in Sec. III and its lifetime in Sec. IV. We show that the
lightest B − L breaking scalar is naturally long lived
enough for it to play the role of dark matter. In Sec. V,
we show how the freeze-in mechanism determines the relic
density of dark matter and the various constraints which

imply on the parameter space of the model. In Sec. VI, we
discuss the constraints on the parameter space of the model
and in Sec. VII, we give some tests and comment on other
aspects of the model, such as leptogenesis. In Sec. VIII we
summarize our results and conclude.

II. BRIEF OVERVIEW OF THE MODEL

Our model is based on the localUð1ÞB−L extension of the
SMwith gauge quantum numbers of fermion underUð1ÞB−L
defined by their baryon or lepton number. The full gauge
group of the model is SUð3Þc × SUð2ÞL ×Uð1ÞY×
Uð1ÞB−L, where Y is the SM hypercharge. We need to
add three right-handed neutrinos (RHNs) with B − L ¼ −1
to cancel the B − L gauge anomaly. The RHNs being SM
singlets do not contribute to SM anomalies. The electric
charge formula in this case is same as in the SM.
For the Higgs sector, in addition to the SMHiggs doublet

H which has zero B − L, we include two SM singlet Higgs
fields:ΦB with B − L ¼ −2 andΦA with B − L ¼ þ6. The
tree level potential is given by

VðH;ΦA;ΦBÞ ¼ λHðH†HÞ2 þ λAðΦ†
AΦAÞ2 þ λBðΦ†

BΦBÞ2 þ λHAðH†HÞðΦ†
AΦAÞ þ λHBðH†HÞðΦ†

BΦBÞ
þ λmixðΦ†

AΦAÞðΦ†
BΦBÞ − λABΦAΦ3

B þ H:c: ð1Þ

Note that there are no mass parameters in the potential
neither any mass terms in the fermion sector of the
Lagrangian making the theory conformal invariant.
We break the B − L symmetry in stages: the first

stage is by giving VEV to the B − L ¼ 2 field ΦB, with
hΦBi ¼ vB=

ffiffiffi
2

p
; at the second stage, ΦA acquires a lower

scale VEV, hΦAi ¼ vA=
ffiffiffi
2

p
. As we will see, vA is induced

by the VEV vB. We will show that vB ≫ vA naturally.
The second VEV is induced by the high scale VEV via the
λAB term in the scalar potential. To induce the SM
electroweak symmetry breaking, we choose the potential
parameter λHB < 0 and adjust jλHBjv2B to be of order

of the electroweak VEV squared [9]. Similarly, for the
model to lead to a dark matter will imply further
constraints on the parameters of the model. We discuss
all these below.

III. SYMMETRY BREAKING AND
PSEUDO-GOLDSTONE DARK MATTER

The first stage of the symmetry breaking is induced by
the Coleman-Weinberg mechanism as follows: We write
the one-loop potential involving the B − L breaking fields
ΦA;B near the ΦB VEV as

V1−loop ¼ 3g4BL
16π2

ð36jΦAj2 þ 4jΦBj2Þ2
�
ln

�
36jΦAj2 þ 4jΦBj2

μ2

�
−
5

6

�
: ð2Þ

Now if we choose λB ∼ g4BL and λA ≫ g4BL, then the fieldΦB

will acquire VEV (hΦBi ¼ vB=
ffiffiffi
2

p
) whileΦA will have zero

VEV. We choose the value of gBL ∼ 0.01 as a typical value,
which requires that λB ∼ 10−8. This leads to mφB

∼ 8×
10−5vB. The contributions to the effective potential from
other couplings such as λHB, fN (Yukawa coupling of the
right-handed neutrinos to ΦB) and λAB are much smaller.
Note that now, if λHB < 0, it will induce a negative mass

term for the SM Higgs field H and will generate a VEV for

H which will break the electroweak symmetry. The
magnitude of this VEV is adjusted by choosing the value
of λHB appropriately depending on what we choose for vB.
For example, for vB ∼ 1011 GeV, we need λHB ∼ 10−18.
This is a very small number but being a renormalizable
coupling, we are free to adjust its value. In any case, the one
loop radiative corrections to this coupling does not come
from gauge loops but only the Right-handed neutrino loop

and is of order f2h2ν
32π2

. For fN ∼ 10−5 and hν ∼ 10−4 required
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to get the neutrino masses of right order, we find this
leading one loop correction to be ∼10−20, which is smaller
than the required value. Thus, we see that the origin of the
electroweak scale can be explained in our model though not
its magnitude. At the three loop level, the leading con-
tribution with a SM fermion loop in the middle is of order
g4Yg

4
BL

16ð16π2Þ3 ∼ 10−18, which is of the same order as our assumed

value of λHB for gBL ≃ 0.01.
To induce the ΦA VEV, we minimize the effective

potential below the vB scale. We write ΦA ¼
1ffiffi
2

p ðφA þ iχAÞ. Assuming λmix very small and neglecting

quantum corrections to λA, the effective potential below the
mass scale vB can be written as

Veff ¼ −
λAB
2

v3BφA þ λA
4
ðφ2

A þ χ2AÞ2: ð3Þ

Minimizing this effective potential, we find that

vA ≃
�
λAB
2λA

�
1=3

vB;

mφ0
A
≃

ffiffiffiffiffiffiffi
3λA

p
vA; mσ ≃

ffiffiffiffiffi
λA

p
vA; ð4Þ

where φ0
A ≃ φA þ βφB and σ ≃ χA þ αχB are the mass

eigenstates with β, α being of order vA
vB

≪ 1, obtained
through the mixing with φB and χB defined by
ΦB ¼ 1ffiffi

2
p ðvB þ φB þ iχBÞ. Note that σ is a pseudo-

Goldstone boson. To see the pseudo-Goldstone boson
nature of σ, note that in the limit of λAB ¼ 0, the theory
has global Uð1Þ ×Uð1Þ symmetry and there are two
massless Nambu-Goldstone bosons; however once the
λAB term is switched on, the symmetry reduces to only
one, the Uð1ÞB−L gauge symmetry and the σ field picks up
mass proportional to λAB. It has the lowest mass among
the B − L breaking scalar fields and is a pseudo-
Goldstone boson.
Now adjusting λAB we can make the vA much lower than

the primary B − L breaking scale vB. What we need for the
model is that vA=vB < 10−6 to get the desired lifetime for
the dark matter (see later). This requires that the coupling
λAB ≤ 10−18 for λA ∼ 1. Again, we note that this is a very
small number but being a renormalizable coupling, we are
free to adjust its value. However in our model, in any case,
the one loop corrections to this coupling are proportional to
λAB. As a result, if the tree level λAB is small, the loop
corrections are also small. There is indeed a symmetry
ΦA → −ΦA with all other fields unchanged, in the model
when λAB ¼ 0. This is like a chiral symmetry in fermionic
theories. We therefore feel that the small value of λAB is
stable under radiative corrections and is not unnatural.
From the mass calculation, we see that σ is the lighter of

the two particles φA and σ and can be the dark matter of the
universe as we see in detail in the next section. It is a

pseudo-Goldstone dark matter [40–47]. In this discussion
we have neglected the mixing between the χA and χB which
will occur when both vA and vB are nonzero. This mixing is
proportional to α ∼ vA

vB
, which we take into account in our

discussion below. The linear combination of fields χ0B ≃
χB − αχA becomes the longitudinal mode of the B − L
gauge boson Z0 and the orthogonal combination σ ≃ χA þ
αχB becomes the dark matter. This is an unstable dark
matter, and we study its detailed properties in the next
section.
Note that the Yukawa coupling fNNNΦ†

B gives mass to
the right-handed neutrinos of magnitudeMN ∼ fNvB imple-
menting the seesaw mechanism for neutrinos. Unlike the
model in [35], the real part ofΦB field decays rapidly as the
universe evolves. The out-of-equilibrium decay of RHNs in
our model is responsible for leptogenesis.

IV. DARK MATTER LIFETIME

As noted above, the field σ can play the role of dark
matter of the model, if it satisfies the lifetime constraints.
There are two lifetime constraints: one from the search for
cosmic ray neutrinos from decaying dark matter with
IceCube [51]. This puts a lower bound on τDM≳1028 sec
for the mass of decaying dark matter in the range of
104 < mDM½GeV� < 109. A second limit comes from the
Fermi-Lat search for gamma rays from dwarf spheroidal
galaxies [50]. There are also limits from deep gamma ray
survey from Perseus Galaxy Cluster by MAGIC collabora-
tion [52]. As we will see below, the first one is directly
applicable to our case and not the others. Those limits of
τDM ≥ 1026 sec. apply to bb̄, WþW−, τþτ−, and μþμ−

modes while we have τDM ≥ 1024 sec, for the γγ decay
mode.
The dark matter interactions are given by the following:

Lσ ¼ 6gBLZ0
μðσ∂μφA − φA∂

μσÞ þ 18g2BLσ
2ðZ0

μÞ2

þ 18g2BLðZ0
μÞ2ðvA þ φAÞ2 þ fN

vA
vB

σNN

þ λAHvA
2

ffiffiffi
2

p σhhþ H:c: ð5Þ

Note that σ does not couple to SM fermions at the tree
level. Also, the Higgs coupling of σ is given by λAHvA can
be chosen to be very small (see below). To estimate its
lifetime, we first study its decay properties. We consider the
following decays which are the dominant ones for our
choice of parameters.
In our model, it is natural that MN > mσ, since MN ∼

fNvB and mσ ≃
ffiffiffiffiffi
λA

p
vA with vA ≪ vB. The possible decay

modes of σ are as follows:
(i) σ → NN → νν (see Fig. 1). Here, the N is a virtual

state. The decay proceeds via the mixing of χA with
χB proportional to α ∼ vA

vB
in amplitude. It is followed
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by the mixing between N and ν through the seesaw
mechanism ∼mD=MN , where mD is the neutrino
Dirac mass. The decay width in this case can be
estimated to be

Γσ→νν ≃
1

4π

�
mν

vB

�
2
�
vA
vB

�
2

mσ: ð6Þ

Here, we have used the seesaw formula for the light
neutrino mass, mν ∼m2

D=MN . For mσ ∼ 105 GeV,
fN ∼ 10−5,MN ∼ 106 GeV, we find the lifetime of σ
dark matter to be 1028 sec. as required by astro-
physical constraints.

(ii) A second important decay mode is σ → hh, whose
amplitude is proportional to λHAvA. We choose the
tree level coupling to be zero by setting λHA ¼ 0
since it is a renormalizable coupling. Again, λHA can
be induced at the one loop level by a combination of
λmixλHB and is given by λindHA ∼ λmixλHB

32π2
. For λHB ∼

10−18 needed to get the weak scale right and for
λmix ∼ 10−8, we find λindHA ∼ 10−28. The gauge loops
do not contribute at the one loop level since the SM
Higgs field H has zero B − L. This leads to
τσ ∼ 1028 sec, which is compatible with the astro-
physical bounds on DM lifetime from gamma decay
mode of dark matter.

(iii) Another possible mode is σ → φ0
A þ Z0 → NNff̄ →

ννff̄, which is highly suppressed compared to Γσ→νν

as is found to be

ΓZ0
σ→ννff̄

≃
1

ð4πÞ5
�
mν

vB

�
2
�
vA
vB

�
2m5

σ

v4B
: ð7Þ

The bottom line of the above discussion is that λABλA ∼
ðvAvBÞ3 must be very small for σ to be a viable dark
matter. We also have assumed that λAH is very small.

(iv) Another mode which arises via φA mixing with φB
and φB mixing with h is highly suppressed. This
decay channel leads to σ → ff̄ff̄ and has an
amplitude given by

Aσ→ff̄ff̄ ≃
�
vA
vB

��
vw
mφB

�
2
�
vw
vB

�
2

∼ 10−42 ð8Þ

which is very small indeed giving Γσ→ff̄ff̄ ≪ Γσ→νν.

V. DARK MATTER RELIC DENSITY

In order to discuss how relic density of DM arises in this
model, we use the freeze-in mechanism [38]. The require-
ment for the freeze-in mechanism is that the dark matter
must be out of equilibrium with the cosmic soup of the SM
particles. We first require that the reheat temperature of the
universe after inflation TR < MZ0 . This is to avoid a
resonance enhancement of the dark matter production by
the Z0 mediated process which leads to an over DM
production unless the B − L gauge coupling (gBL) is
extremely small.
For m2

σ; m2
φ0
A
≪ s ≪ M2

Z0, the DM annihilation process
with φ0

A to a pair of SM fermions (ff̄) is given by

σDM ≡ σσφ0
A→ff̄ ≃

g4BLs
12πM4

Z0
Q2

ΦA

�X
f

NfQ2
f

�
; ð9Þ

where ðQf;NfÞ ¼ ð1=3; 3Þ for a quark, ð−1; 1Þ for a
charged lepton, and ð−1; 1=2Þ for an SM neutrino, and
QΦA

¼ 6. Counting all SM fermions and RHNs for the final
states (

P
f NfQ2

f ¼ 8) and using MZ0 ≃ 2gBLvB, this
reduces to

σvrel ≃
3s
πv4B

; ð10Þ

where vrel is the relative velocity of the initial particles. For
a temperature of the early universe m2

σ; m2
φ0
A
≪ T2 ≪ M2

Z0 ,

the thermal average of the above cross section is found to be

hσvreli ≃
36T2

πv4B
¼ 36m2

σ

πv4B
x−2; ð11Þ

where x≡ mσ
T .

The freeze-in build-up happens via the reaction ff̄ →
σφ0

A via Z0 exchange and the DM yield Y obeys the
Boltzmann equation:

dY
dx

≃
hσvreli
x2

sðmσÞ
HðmσÞ

Y2
eq; ð12Þ

where Yeq ¼ neqðTÞ
sðTÞ with the DM number density in thermal

equilibrium neqðTÞ ≃ T3

π2
, and the entropy density of the

FIG. 1. Dominant decay mode of the dark matter σ in the model
to two neutrinos is shown. The decay proceeds through the
mixing ∼vA=vB of the dark matter with χB and the mixings of
right-handed neutrinos to light neutrinos in the seesaw mecha-
nism ∼mD=MN .
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universe sðTÞ ¼ 2π2g�
45

T3, and HðTÞ ¼
ffiffiffiffiffiffiffiffiffi
π2

90
g�

q
T2

MP
is the

Hubble parameter with the reduced Planck mass MP ¼
2.43 × 1018 GeV and the effective degrees of freedom of
the thermal plasma g� (we set g� ¼ 106.75 in our analysis).
We solve the Boltzmann equation from xR ¼ mσ=TR ≪ 1
to x ¼ 1 with YðxRÞ ¼ 0. Note that for T < mσ ∼
mφ0

A
¼ ffiffiffi

3
p

mσ , or equivalently x > 1, the production of
DM particles is no longer effective since the averaged
kinetic energy of the SM particles in the thermal plasma

becomes lower than mσ . Using
sðmσÞ
HðmσÞ ≃ 13.7mσMP, Yeq ≃

2.16 × 10−3 and Eq. (11), we get

YðxÞ ≃ 2.45 × 10−4
MPm3

σ

v4B

�
1

x3R
−

1

x3

�

→ Yð∞Þ ≃ Yðx ¼ 1Þ ≃ 2.45 × 10−4
MPT3

R

v4B
: ð13Þ

Note that the resultant Yð∞Þ value is determined by the
reheating temperature, and this result is valid as long as
1=x3R ¼ ðTR=mσÞ3 ≫ 1. We then use the formula for the
current dark matter abundance to be

ΩDMh2 ¼
mσs0Yð∞Þ
ρcrit=h2

; ð14Þ

where s0 ≃ 2890=cm3 is the current entropy density, and
ρcrit=h2 ≃ 1.05 × 10−5 GeV=cm3. Using Eqs. (13) and
(14), we find

TR ≃ 9.02 × 10−9vB

�
vB
mσ

�
1=3

ð15Þ

to reproduce the observed DM relic abundance of
ΩDMh2 ¼ 0.12 [54].
Let us now consider the out-of-equilibrium condition for

the dark matter σ. The observed DM relic abundance
ΩDMh2 ¼ 0.12 leads to Yð∞Þ ≃ Yð1Þ ≃ 4.36×10−10

mσ ½GeV� .
Considering the fact that YðxÞ is a monotonically increas-
ing function for xR ≤ x ≤ 1 [see Eq. (13)], we conclude that
YðxÞ ≤ Yð∞Þ < Yeq for mσ½GeV� > 2.01 × 10−7. This
means that as long as mσ satisfies this lower bound, the
yield YðxÞ starting from YðxRÞ ¼ 0 can never reach Yeq and
therefore, the dark matter σ has never been in thermal
equilibrium.

VI. SUMMARY OF CONSTRAINTS ON THE
MODEL AND PARAMETER SCAN

In this section, we summarize the constraints on the
parameters of the model that add to the constraint in
Eq. (15) from the observed DM relic density. The two

main constraints that we have discussed are from the reheat
temperature and the DM lifetime.

A. Constraint from the freeze-in mechanism

For the freeze-in mechanism to work, we need,

mφ0
A;σ

< TR < MZ0 : ð16Þ

B. DM lifetime constraint

We next give the constraint from the dark matter lifetime:

Γσ→νν ≃
1

4π

�
mν

vB

�
2
�
vA
vB

�
2

mσ < 6.58 × 10−53 GeV; ð17Þ

corresponding to the IceCube constraint [51] on
τσ > 1028 sec for 104 < mσ½GeV� < 109. Note that this
constraint implies vA ≪ vB.

C. φ0
A lifetime constraint

In addition to (A) and (B), we consider the constraint
coming from the lifetime of φ0

A. The main decay mode of
φ0
A is φ0

A → σZ0 → σff̄ via off-shell Z0. This three-body
decay width is calculated to be

Γφ0
A→σff̄ ¼ g4BL

24π3
Q2

ΦA

�X
f

NfQ2
f

��
mσ

MZ0

�
4

mφ0
A
CI; ð18Þ

where

CI ¼
Z m2

φ0
A

þm2
σ

2m
φ0
A
mσ

1

dzðz2 − 1Þ3=2 ≃ 0.0115; ð19Þ

for mφ0
A
¼ ffiffiffi

3
p

mσ. The partial decay width of φ0
A → ff̄ff̄

via virtual Z0Z0 is very highly suppressed compared to the
above mode.
Note that Γφ0

A→σff̄ ∝ ðvA=vBÞ4 from M0
Z ≃ 2gBLvB and

mσ ∝ vA, and φ0
A can be long lived for vA ≪ vB, which is

required by the DM lifetime constraint. If φ0
A decays after

the big-bang nucleosynthesis (BBN), the energetic final
state SM fermions may destroy light nucleons successfully
synthesized. To avoid this danger, we impose the following
constraint that φ0

A decays before the BBN era, at which the
age of the universe is τBBN ≃ 1 sec.

Γφ0
A→σff̄ ≃ 4.84 × 10−4

�
mσ

vB

�
4

mσ > 6.58 × 10−25 GeV;

ð20Þ

where we have used Q2
ΦA

¼ 6,
P

f NfQ2
f ¼ 8,

MZ0 ≃ 2gBLvB, and mφ0
A
¼ ffiffiffi

3
p

mσ in evaluating Γφ0
A→σff̄.
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Imposing the conditions in Eqs. (15)–(17) and (20), we
perform the parameter scan for two free parameters in the
range of 100 GeV ≤ vA, vB ≤ 1019 GeV. In this analysis,
we set mσ ¼ vA for simplicity, and TR > 3mσ for the
validity of Eq. (13). Figure 2 shows the allowed region in
(vA, vB)-plane. Note that mσ ¼ vA ≪ vB is satisfied in the
allowed region and the DM mass is constrained to be in the
range of 105 GeV≲mσ ≲ 1013 GeV. In Fig. 3, we show
the range of the DM lifetime and vA;B. We can see that the
IceCube constraint on τσ > 1028 sec is most severe for
mσ ∼ 105 GeV. Figure 4 shows the allowed range of the
reheating temperature and vA;B. The condition TR ¼ MZ0

sets the minimum value of gauge coupling gBLjMin for a
chosen values of ðvA; vBÞ.

In Table I, we give a typical benchmark parameter choice
for our model from the Figs. 2–4 for vB ∼ 1011 GeV. While
we have given only a single benchmark point, there is a
broad range of parameters where the model works as can be
seen from Figs. 2–4. For example, vA goes from 105 GeV
up to about 1011 GeV as vB is increased and as other
parameters are varied. In particular, from Eqs. (15) and
(16), we conclude that gBL has a minimum value of around
10−6 when TR ¼ MZ0 (see right panel of Fig. 4) and a
maximum value of 10−2 for the Coleman-Weinberg mecha-
nism to work.

VII. COMMENTS AND PHENOMENOLOGY

In this section we make a few comments on the model.
(i) We first note that the model can explain the origin of

matter via the usual leptogenesis mechanism. The
temperature at which lepton asymmetry is generated
depends on the particle spectrum of the model. For
instance, note the important requirement of the
model that TR < MZ0 . So if vB ∼ 109 GeV and
gBL ≲ 0.3 to avoid the coupling blowing up before
the Planck scale, then the RHN mass must be less
than TR, which is too light to generate the observed
baryon asymmetry by the usual leptogenesis. Thus,
our scenario must use resonant leptogenesis mecha-
nism [55,56].

(ii) Through the B − L gauge interaction, RHNs can
stay in thermal equilibrium with the SM particle
plasma. As a result, the generation of lepton asym-
metry is suppressed until the B − L interaction is
frozen. To avoid the suppression, we impose
neqhσvreli < H at T ∼MN , where neq ≃ 2M3

N=π
2

is the RHN number density, and hσvreli is the
thermal averaged cross section for the process
NN ↔ ff̄ via a virtual Z0, roughly given by

FIG. 2. Allowed values of vA and vB parameters in the model
are shown as the shaded region.

FIG. 3. Allowed range of the DM lifetime τσ and vA;B.
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hσvreli ≃
g4BL
4π

M2
N

M4
Z0
≃

M2
N

64πv4B
: ð21Þ

We then find the condition,

MN < ð32π3Þ1=3
�
π2

90
g�

�
1=6

vB

�
vB
MP

�
1=3

≃ 10.3 × vB

�
vB
MP

�
1=3

: ð22Þ

In Fig. 2, we have found the lower bound on
vB ≳ 1011 GeV, for which the condition reads
MN ≲ 3.54 × 109 GeV. For the successful (reso-
nant) leptogenesis scenario, the lightest RHN must
be in thermal equilibrium for TR ≥ T > MN. Our
result shown in Fig. 4 indicates that the condition of
Eq. (22) is satisfied for the resultant TR.
IfMN > mφ0

B
, the generation of lepton asymmetry

can be suppressed by the process, NN ↔ φ0
Bφ

0
B

[57]. To avoid this suppression, we impose this
process to be decoupled at T ∼MN . The thermal
averaged cross section for this process is given by

hσvreli ≃
f4

4πM2
N
≃

M2
N

4πv4B
: ð23Þ

This formula is the same as Eq. (21) up to a factor, so
that the resultant constraint is similar to Eq. (22).
The similar processes, NN ↔ φ0

Aφ
0
A, σσ, have no

effect, since they are suppressed by the mixing
vA=vB ≪ 1 and ϕ0

A and σ are out-of-equilibrium.
(iii) One possible test of the model is that the dark matter

decays into two neutrinos with energy Eν ¼ mσ
2
for

each neutrinos and for dark matter masses in the
multi-TeV range, there will be high energy mono-
energetic neutrinos from the DM decay with a
probability of τU=τσ , where τU ∼ 1017 sec is the
age of the universe.

(iv) We also note that due to the pseudo-Goldstone
nature of the DM, direct detection cross section
arises only at one loop level and is highly sup-
pressed. At the tree level the DM behaves like an
inelastic dark matter since Z0 exchange by incident
DM connects to a φ0

A field which is
ffiffiffi
3

p
times

heavier. This explains why the DM has not been
seen in the laboratory experiments.

(v) This model can be extended to allow the real part of
the ΦB field to play the role of inflaton while
maintaining conformal invariance, as has been shown
inRef. [58–60]. In this case aswell as in general, there
is an upper limit on the reheat temperature coming
from the power spectrum and upper limit on the
tensor-to-scalar ratio r ≤ 0.036 at 95% confidence
level [61]. Typically,TR ≳ 6 × 1015 GeV is ruled out,

FIG. 4. Allowed range of the reheat temperature TR and vA;B.

TABLE I. This table provides a benchmark set of parameters
drawn from the allowed regions in Figs. 2–4. As explained in the
text, the small numbers for the couplings λHB, λAB are radiatively
stable up to two loops in the model.

λA ∼1
λB ∼10−8
λHB 10−18

λHA 0
λAB 10−18

gBL ∼0.01
vB 1011 GeV
vA ∼mσ 105 GeV
fN 10−5

MN 106 GeV
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assuming the total inflaton energy is transmitted to the
SM thermal plasma right after inflation.

(vi) Finally, we note that the consistency of the model
requires certain couplings in the potential to be small
so that the lifetime of the dark matter is long. These
small couplings are however radiatively stable or
guaranteed by symmetries in the theory. The model
is therefore technically natural.

VIII. SUMMARY

In this brief note, we have presented a minimal con-
formal B − L extension of the standard model with two SM
singlet Higgs fields which explains the neutrino masses,
origin of matter and dark matter that is produced in the

early universe by the freeze-in mechanism. We have
presented the allowed set of points where the model works
and a table with one benchmark set of parameters. We find
that the dark matter, which is a pseudo-Goldstone boson,
must be heavier than 100 TeV in order to ensure that its
scalar partner φ0

A must decay before the big bang nucleo-
synthesis. The model predicts energetic neutrinos from
dark matter decay (with Eν ≥ 50 TeV) which can be
observed at the IceCube experiment, providing a test.

ACKNOWLEDGMENTS

The work of N. O. is supported in part by the U.S.
Department of Energy Grant No. DE- SC0012447.

[1] W. A. Bardeen, Report No. FERMILAB-CONF-95-391-T,
Fermilab, 1995.

[2] R. Foot, A. Kobakhidze, K. L. McDonald, and R. R. Volkas,
Phys. Rev. D 77, 035006 (2008).

[3] Thomas Hambye, Phys. Lett. B 371, 87 (1996).
[4] R. Hempfling, Phys. Lett. B 379, 153 (1996).
[5] K. A. Meissner and H. Nicolai, Phys. Lett. B 648, 312

(2007).
[6] K. A. Meissner and H. Nicolai, Phys. Lett. B 660, 260

(2008).
[7] K. A. Meissner and H. Nicolai, Phys. Rev. D 80, 086005

(2009).
[8] R. Foot, A. Kobakhidze, and R. R. Volkas, Phys. Lett. B

655, 156 (2007).
[9] S. Iso, N. Okada, and Y. Orikasa, Phys. Lett. B 676, 81

(2009).
[10] M. Holthausen, M. Lindner, and M. A. Schmidt, Phys. Rev.

D 82, 055002 (2010).
[11] Thomas Hambye and Alessandro Strumia, Phys. Rev. D 88,

055022 (2013).
[12] R. Foot, A. Kobakhidze, K. L. McDonald, and R. R. Volkas,

Phys. Rev. D 89, 115018 (2014).
[13] P. Humbert, M. Lindner, and J. Smirnov, J. High Energy

Phys. 06 (2015) 035.
[14] T. Hambye, Alessandro Strumia, and D. Teresi, J. High

Energy Phys. 08 (2018) 188.
[15] V. Brdar, Y. Emonds, A. J. Helmboldt, and M. Lindner,

Phys. Rev. D 99, 055014 (2019).
[16] S. Iso, N. Okada, and Y. Orikasa, Phys. Rev. D 80, 115007

(2009).
[17] W. F. Chang, J. N. Ng, and J. M. S. Wu, Phys. Rev. D 75,

115016 (2007).
[18] A. Ghoshal, N. Okada, and A. Paul, Phys. Rev. D 106,

055024 (2022).
[19] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7, 1888

(1973).
[20] R. E. Marshak and R. N. Mohapatra, Phys. Lett. 91B, 222

(1980).

[21] R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44,
1316 (1980); 44, 1644(E) (1980).

[22] A. Davidson, Phys. Rev. D 20, 776 (1979).
[23] P. Minkowski, Phys. Lett. 67B, 421 (1977).
[24] R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44,

912 (1980).
[25] T. Yanagida, in Workshop on Unified Theories and Baryon

Number in the Universe, edited by A. Sawada and A.
Sugamoto (KEK, Tsukuba, 1979).

[26] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity,
edited by P. Van Niewenhuizen and D. Freedman
(North Holland, Amsterdam, 1980).

[27] S. L. Glashow, NATO Sci. Ser. B 61, 687 (1980).
[28] L. Basso, A. Belyaev, S. Moretti, and C. H. Shepherd-

Themistocleous, Phys. Rev. D 80, 055030 (2009).
[29] A. A. Abdelalim, A. Hammad, and S. Khalil, Phys. Rev. D

90, 115015 (2014).
[30] A. Das, N. Okada, and N. Papapietro, Eur. Phys. J. C 77,

122 (2017).
[31] N. Okada and S. Okada, Phys. Rev. D 93, 075003 (2016).
[32] A. Biswas, S. Choubey, and S. Khan, J. High Energy Phys.

08 (2018) 062.
[33] A. Das, N. Okada, S. Okada, and D. Raut, Phys. Lett. B 797,

134849 (2019).
[34] R. N. Mohapatra and N. Okada, Phys. Rev. D 102, 035028

(2020).
[35] R. N. Mohapatra and N. Okada, Phys. Rev. D 101, 115022

(2020).
[36] N. Nath, N. Okada, S. Okada, D. Raut, and Q. Shafi, Eur.

Phys. J. C 82, 864 (2022).
[37] D. Borah, S. Jyoti Das, and A. K. Saha, Phys. Rev. D 106,

055010 (2022).
[38] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,

J. High Energy Phys. 03 (2010) 080.
[39] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, Phys.

Rev. D 97, 035001 (2018).
[40] C. Gross, O. Lebedev, and T. Toma, Phys. Rev. Lett. 119,

191801 (2017).

RABINDRA N. MOHAPATRA and NOBUCHIKA OKADA PHYS. REV. D 107, 095023 (2023)

095023-8

https://doi.org/10.1103/PhysRevD.77.035006
https://doi.org/10.1016/0370-2693(95)01570-1
https://doi.org/10.1016/0370-2693(96)00446-7
https://doi.org/10.1016/j.physletb.2007.03.023
https://doi.org/10.1016/j.physletb.2007.03.023
https://doi.org/10.1016/j.physletb.2007.12.035
https://doi.org/10.1016/j.physletb.2007.12.035
https://doi.org/10.1103/PhysRevD.80.086005
https://doi.org/10.1103/PhysRevD.80.086005
https://doi.org/10.1016/j.physletb.2007.06.084
https://doi.org/10.1016/j.physletb.2007.06.084
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1103/PhysRevD.82.055002
https://doi.org/10.1103/PhysRevD.82.055002
https://doi.org/10.1103/PhysRevD.88.055022
https://doi.org/10.1103/PhysRevD.88.055022
https://doi.org/10.1103/PhysRevD.89.115018
https://doi.org/10.1007/JHEP06(2015)035
https://doi.org/10.1007/JHEP06(2015)035
https://doi.org/10.1007/JHEP08(2018)188
https://doi.org/10.1007/JHEP08(2018)188
https://doi.org/10.1103/PhysRevD.99.055014
https://doi.org/10.1103/PhysRevD.80.115007
https://doi.org/10.1103/PhysRevD.80.115007
https://doi.org/10.1103/PhysRevD.75.115016
https://doi.org/10.1103/PhysRevD.75.115016
https://doi.org/10.1103/PhysRevD.106.055024
https://doi.org/10.1103/PhysRevD.106.055024
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1007/978-1-4684-7197-7_15
https://doi.org/10.1103/PhysRevD.80.055030
https://doi.org/10.1103/PhysRevD.90.115015
https://doi.org/10.1103/PhysRevD.90.115015
https://doi.org/10.1140/epjc/s10052-017-4683-2
https://doi.org/10.1140/epjc/s10052-017-4683-2
https://doi.org/10.1103/PhysRevD.93.075003
https://doi.org/10.1007/JHEP08(2018)062
https://doi.org/10.1007/JHEP08(2018)062
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1103/PhysRevD.102.035028
https://doi.org/10.1103/PhysRevD.102.035028
https://doi.org/10.1103/PhysRevD.101.115022
https://doi.org/10.1103/PhysRevD.101.115022
https://doi.org/10.1140/epjc/s10052-022-10801-3
https://doi.org/10.1140/epjc/s10052-022-10801-3
https://doi.org/10.1103/PhysRevD.106.055010
https://doi.org/10.1103/PhysRevD.106.055010
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1103/PhysRevD.97.035001
https://doi.org/10.1103/PhysRevD.97.035001
https://doi.org/10.1103/PhysRevLett.119.191801
https://doi.org/10.1103/PhysRevLett.119.191801


[41] T. Alanne, M. Heikinheimo, V. Keus, N. Koivunen, and K.
Tuominen, Phys. Rev. D 99, 075028 (2019).

[42] D. Karamitros, Phys. Rev. D 99, 095036 (2019).
[43] X. M. Jiang, C. Cai, Z. H. Yu, Y. P. Zeng, and H. H. Zhang,

Phys. Rev. D 100, 075011 (2019).
[44] Y. Abe, T. Toma, and K. Tsumura, J. High Energy Phys. 05

(2020) 057.
[45] N. Okada, D. Raut, and Q. Shafi, Phys. Rev. D 103, 055024

(2021).
[46] Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu, Phys. Rev.

D 104, 035011 (2021).
[47] N. Okada, D. Raut, Q. Shafi, and A. Thapa, Phys. Rev. D

104, 095002 (2021).
[48] R. N. Mohapatra and N. Okada, Phys. Rev. D 105, 035024

(2022).
[49] M. Frigerio, Thomas Hambye, and Eduardo Masso, Phys.

Rev. X 1, 021026 (2011).
[50] M. G. Baring, T. Ghosh, F. S. Queiroz, and K. Sinha, Phys.

Rev. D 93, 103009 (2016).
[51] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C

78, 831 (2018).

[52] V. A. Acciari et al. (MAGIC Collaboration), Phys. Dark
Universe 22, 38 (2018).

[53] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986).

[54] N. Aghanim et al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020); 652, C4(E) (2021).

[55] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B692, 303
(2004).

[56] P. S. B. Dev, P. Millington, A. Pilaftsis, and D. Teresi, Nucl.
Phys. B897, 749 (2015).

[57] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, J. High Energy
Phys. 03 (2018) 122.

[58] S. Oda, N. Okada, D. Raut, and D.-s. Takahashi, Phys. Rev.
D 97, 055001 (2018).

[59] N. Okada and D. Raut, Phys. Rev. D 103, 055022
(2021).

[60] S. Kawai, N. Okada, and S. Okada, Phys. Rev. D 103,
035026 (2021).

[61] P. A. R. Ade et al. (BICEP and Keck Collaborations), Phys.
Rev. Lett. 127, 151301 (2021).

CONFORMAL B − L AND PSEUDO-GOLDSTONE DARK MATTER PHYS. REV. D 107, 095023 (2023)

095023-9

https://doi.org/10.1103/PhysRevD.99.075028
https://doi.org/10.1103/PhysRevD.99.095036
https://doi.org/10.1103/PhysRevD.100.075011
https://doi.org/10.1007/JHEP05(2020)057
https://doi.org/10.1007/JHEP05(2020)057
https://doi.org/10.1103/PhysRevD.103.055024
https://doi.org/10.1103/PhysRevD.103.055024
https://doi.org/10.1103/PhysRevD.104.035011
https://doi.org/10.1103/PhysRevD.104.035011
https://doi.org/10.1103/PhysRevD.104.095002
https://doi.org/10.1103/PhysRevD.104.095002
https://doi.org/10.1103/PhysRevD.105.035024
https://doi.org/10.1103/PhysRevD.105.035024
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevD.93.103009
https://doi.org/10.1103/PhysRevD.93.103009
https://doi.org/10.1140/epjc/s10052-018-6273-3
https://doi.org/10.1140/epjc/s10052-018-6273-3
https://doi.org/10.1016/j.dark.2018.08.002
https://doi.org/10.1016/j.dark.2018.08.002
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.nuclphysb.2015.06.015
https://doi.org/10.1016/j.nuclphysb.2015.06.015
https://doi.org/10.1007/JHEP03(2018)122
https://doi.org/10.1007/JHEP03(2018)122
https://doi.org/10.1103/PhysRevD.97.055001
https://doi.org/10.1103/PhysRevD.97.055001
https://doi.org/10.1103/PhysRevD.103.055022
https://doi.org/10.1103/PhysRevD.103.055022
https://doi.org/10.1103/PhysRevD.103.035026
https://doi.org/10.1103/PhysRevD.103.035026
https://doi.org/10.1103/PhysRevLett.127.151301
https://doi.org/10.1103/PhysRevLett.127.151301

