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1.	Problems	of	the	Standard	Model	

Although	the	Standard	Model	(SM)	is	the	best	theory	so	far,	
New	Physics	beyond	SM	is	strongly	suggested	by	various	
experimental	&	theoretical	points	of	view	

What	is	missing?	

	1.	Neutrino	masses	and	flavor	mixings		
	2.	Dark	matter	candidate	

New	Physics	must	supplement	the	missing	pieces	

Two	major	missing	pieces	
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	2.	Minimal	gauged	B-L	extension	of	the	SM

Based	on	

3	right-handed		
neutrinos	(RHNs)

B-L	Higgs	field		
for	the	B-L	breaking

SU(3)C × SU(2)L × U(1)Y × U(1)B−L

Marshak	&	Mohapatra,	PLB	91	(1980)	222;We^erich,	NPB	187	(1981)	343	
Masiero,	Nieves	and	Yanagida,	PLB	116	(1982)	11	+	Others
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Properties	of	gauged	B-L	extended	SM

➢ It	is	easy	(well-motivated)	to	gauge	the	global	B-L	symmetry	in	
the	SM	

➢ All	the	gauge	anomalies	cancel	in	the	presence	of	3	RHNs	

➢ New	B-L	gauge	boson	mass	&	RHNs’	Majorana	masses	are	
generated	by	the	B-L	gauge	symmetry	breaking	

➢ The	seesaw	mechanism	for	generating	tiny	neutrino	masses	is	
implemented	automatically.	

Seesaw	mechanism



DM	candidate	is	still	missing	in	the	minimal	B-L	model

Many	proposal	for	introduction	of	DM	particles	

Concise	model:	no	extension	of	the	particle	content	

NO	&	Seto,		
PRD	82	(2010)	023507		
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Example:	parity-odd	right-handed	neutrino	DM	
																	RHN	DM	+	Minimal	Seesaw

In	this	talk,	we	consider	another		possibility:	
																				the	B-L	Higgs	boson	=	DM

Φ =
1

2
(vBL + σ + iχ)

Mohapatra	&	NO,		
PRD	101	(2020)	115022
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Challenges	to	realize	the	B-L	Higgs	boson	DM

1.	Stability	&	Cosmic	Ray	constraints:	

σ − NR − NR :

σ − ZBL − ZBL :

σ − hSM mixing :

τσ ≳ 1025 sec
Suppression	for	a	single	DM	coupling	&	mixing

related	to	the	oscillation	data	via	Seesaw

related	to	

simply	dropped

gBL & MZB

It	turns	out	that	the	most	severe	constraint	is	from	the	decay	
mode	with	off-shell	B-L	gauge	bosons:			

We note that there are examples of other models in the
literature connecting neutrino mass generation mechanisms
to dark matter; see, for example, Refs. [21,22].
This paper is organized as follows: in Sec. II, after briefly

introducing the model, we discuss the lifetime of the σ dark
matter and its implications. In Sec. III, we discuss the small
gauge coupling gBL range where the dark matter lifetime is
long enough for it to play the role of dark matter. In Sec. IV,
we show how freeze-in mechanism determines the relic
density of dark matter and its implications for the allowed
parameter range of the model. We also discuss how to test
this model at the FASER and other Lifetime Frontier
experiments. In Sec. V, we show that this model can also
accommodate a PeV dark matter. In Sec. VI, we discuss the
SOð10Þ embedding of the closely allied model and in
Sec. VII, we conclude with some comments and other
implications of the model.

II. BRIEF OVERVIEW OF THE MODEL

Our model is based on the Uð1ÞB−L extension of the SM
with gauge quantum numbers under Uð1ÞB−L determined
by the baryon or lepton number of the 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 same as in the SM, i.e., Q¼ I3L þ Y

2.
We break B − L symmetry by giving a VEV to a

B − L ¼ 2 SM neutral complex Higgs field Δ, i.e., hΔi ¼
vBL=

ffiffiffi
2

p
. This gives Majorana masses to the right-handed

neutrinos (N) via the coupling fNNΔ. The real part of Δ
(denoted by σ) is a physical field. Our goal in this paper is
to show that σ has the right properties to play the role of a
dark matter of the universe. There are three challenges to
achieving this goal which are as follows:

(i) The σ field has couplings to the RHNs which in turn
couple to SM particles providing a way for σ to
decay. Also, the σ field has couplings to two B − L
gauge bosons (ZBL) which in turn couple to SM
fields providing another channel for σ to decay. In
the next section, we show that there are parameter
regions of the model where these decay modes give a
long enough lifetimes for σ, so that it can be a viable
unstable dark matter in the universe.

(ii) The second challenge is that for σ to be a sole dark
matter, it must account for the total observed relic
density of the universeΩDMh2 ≃ 0.12 [23]. We show
in Sec. IV that in the same parameter range, that
gives rise to the long lifetime of σ, can also explain
the observed relic density of dark matter via the
freeze-in mechanism.

(iii) The σ field could mix with the standard model Higgs
field h via the potential term λ0H†HΔ†Δ after

symmetry breaking. However, it turns out that if
we set λ0 ¼ 0 at the tree level, it can be induced at the
one-loop level by fermion contributions and at the
two-loop level from the top loop as shown in
Ref. [11]. These induced couplings can be so small
that they still lead to very long lifetimes for σ in the
parameter range of interest to us.

III. DARK MATTER LIFETIME

As noted earlier in Sec. II, the σ field has couplings
which could make it unstable and thereby disqualify it from
being a dark matter. However, we will show that there is a
viable parameter range of the model where this decay
lifetime is longer than 1025 seconds [24] so that it can be a
dark matter candidate. We discuss the following two
modes now:

(i) Decay mode σ → NN → lff̄lff̄: The decay width
for this process is estimated as

ΓNN ≃
ðfh2νh2SMÞ2

ð4πÞ8
m 13

σ

M4
Nm

8
h
; ð1Þ

where hν is a neutrino Dirac Yukawa coupling, hSM
is a Yukawa coupling of an SM fermion f, and m h ¼
125 GeV is the SM Higgs boson mass. For a GeV
mass σ and TeV mass RHN, the lifetime of σ
turns out to be τσ½sec& ∼ 1037=ðf2h4SMÞ, which is
quite consistent with the requirement for it to be a
dark matter. Here, we have used the seesaw formula
h2νv2EW=MN ≃ m ν with vEW ¼ 246 GeV and a
typical neutrino mass scale m ν ≃ 0.1 eV.

(ii) Decay mode σ → ZBLZBL → ff̄ff̄: The decay
width for this process is

ΓZBLZBL
≃
ð2gBLÞ4v2BLg4BLm 7

σ

ð4πÞ5M8
ZBL

¼ g6BL
256π5

m 7
σ

M6
ZBL

: ð2Þ

This mode is sensitive to the values of gBL as well as
MZBL

. The estimate of τσ due to this decay mode is
given by

τσ ≃ 5.2 × 10−20
"

1

gBL

#
6
"
1 GeV
m σ

#
7

×
"

MZBL

1 GeV

#
6

seconds: ð3Þ

Imposing τσ > 1025 seconds, this puts an upper
bound on the gBL as a function of MZBL

and m σ,

gBL ≤ 4.2 × 10−8
"

MZBL

1 GeV

#"
1 GeV
m σ

#
7=6

: ð4Þ

We find that the allowed regions where the σ field
can be a dark matter correspond to a very small gBL
coupling. For instance, for m σ ∼ 1 GeV and MZBL

∼
1 TeV, we find that gBL ≲ 4 × 10−5.
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We note that there are examples of other models in the
literature connecting neutrino mass generation mechanisms
to dark matter; see, for example, Refs. [21,22].
This paper is organized as follows: in Sec. II, after briefly

introducing the model, we discuss the lifetime of the σ dark
matter and its implications. In Sec. III, we discuss the small
gauge coupling gBL range where the dark matter lifetime is
long enough for it to play the role of dark matter. In Sec. IV,
we show how freeze-in mechanism determines the relic
density of dark matter and its implications for the allowed
parameter range of the model. We also discuss how to test
this model at the FASER and other Lifetime Frontier
experiments. In Sec. V, we show that this model can also
accommodate a PeV dark matter. In Sec. VI, we discuss the
SOð10Þ embedding of the closely allied model and in
Sec. VII, we conclude with some comments and other
implications of the model.

II. BRIEF OVERVIEW OF THE MODEL

Our model is based on the Uð1ÞB−L extension of the SM
with gauge quantum numbers under Uð1ÞB−L determined
by the baryon or lepton number of the 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 same as in the SM, i.e., Q¼ I3L þ Y

2.
We break B − L symmetry by giving a VEV to a

B − L ¼ 2 SM neutral complex Higgs field Δ, i.e., hΔi ¼
vBL=

ffiffiffi
2

p
. This gives Majorana masses to the right-handed

neutrinos (N) via the coupling fNNΔ. The real part of Δ
(denoted by σ) is a physical field. Our goal in this paper is
to show that σ has the right properties to play the role of a
dark matter of the universe. There are three challenges to
achieving this goal which are as follows:

(i) The σ field has couplings to the RHNs which in turn
couple to SM particles providing a way for σ to
decay. Also, the σ field has couplings to two B − L
gauge bosons (ZBL) which in turn couple to SM
fields providing another channel for σ to decay. In
the next section, we show that there are parameter
regions of the model where these decay modes give a
long enough lifetimes for σ, so that it can be a viable
unstable dark matter in the universe.

(ii) The second challenge is that for σ to be a sole dark
matter, it must account for the total observed relic
density of the universeΩDMh2 ≃ 0.12 [23]. We show
in Sec. IV that in the same parameter range, that
gives rise to the long lifetime of σ, can also explain
the observed relic density of dark matter via the
freeze-in mechanism.

(iii) The σ field could mix with the standard model Higgs
field h via the potential term λ0H†HΔ†Δ after

symmetry breaking. However, it turns out that if
we set λ0 ¼ 0 at the tree level, it can be induced at the
one-loop level by fermion contributions and at the
two-loop level from the top loop as shown in
Ref. [11]. These induced couplings can be so small
that they still lead to very long lifetimes for σ in the
parameter range of interest to us.

III. DARK MATTER LIFETIME

As noted earlier in Sec. II, the σ field has couplings
which could make it unstable and thereby disqualify it from
being a dark matter. However, we will show that there is a
viable parameter range of the model where this decay
lifetime is longer than 1025 seconds [24] so that it can be a
dark matter candidate. We discuss the following two
modes now:

(i) Decay mode σ → NN → lff̄lff̄: The decay width
for this process is estimated as

ΓNN ≃
ðfh2νh2SMÞ2

ð4πÞ8
m 13

σ

M4
Nm

8
h
; ð1Þ

where hν is a neutrino Dirac Yukawa coupling, hSM
is a Yukawa coupling of an SM fermion f, and m h ¼
125 GeV is the SM Higgs boson mass. For a GeV
mass σ and TeV mass RHN, the lifetime of σ
turns out to be τσ½sec& ∼ 1037=ðf2h4SMÞ, which is
quite consistent with the requirement for it to be a
dark matter. Here, we have used the seesaw formula
h2νv2EW=MN ≃ m ν with vEW ¼ 246 GeV and a
typical neutrino mass scale m ν ≃ 0.1 eV.

(ii) Decay mode σ → ZBLZBL → ff̄ff̄: The decay
width for this process is

ΓZBLZBL
≃
ð2gBLÞ4v2BLg4BLm 7

σ

ð4πÞ5M8
ZBL

¼ g6BL
256π5

m 7
σ

M6
ZBL

: ð2Þ

This mode is sensitive to the values of gBL as well as
MZBL

. The estimate of τσ due to this decay mode is
given by

τσ ≃ 5.2 × 10−20
"

1

gBL

#
6
"
1 GeV
m σ

#
7

×
"

MZBL

1 GeV

#
6

seconds: ð3Þ

Imposing τσ > 1025 seconds, this puts an upper
bound on the gBL as a function of MZBL

and m σ,

gBL ≤ 4.2 × 10−8
"

MZBL

1 GeV

#"
1 GeV
m σ

#
7=6

: ð4Þ

We find that the allowed regions where the σ field
can be a dark matter correspond to a very small gBL
coupling. For instance, for m σ ∼ 1 GeV and MZBL

∼
1 TeV, we find that gBL ≲ 4 × 10−5.
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Challenges	to	realize	the	B-L	Higgs	boson	DM

2.	Observed	DM	relic	density: ΩDMh2 = 0.12

• Due	to	the	lifetime	constraint,	the	DM	particle	must	be	
very	weakly	coupling	with	the	SM	sector	

• Freeze-out	mechanism	results	in	overabundance	

• We	consider	Freeze-in	mechanism		

Two	cases	can	be	considered:	for																					,			

			(i)										was	in	thermal	equilibrium	with	the	SM	plasma	

		(ii)	or	not

T ≳ MZBL

ZBL

small enough to be consistent with the results shown in the
right panels of Figs. 1 and 3. In this case, we consider a
cancellation of the mixing between the tree- and loop-levels
contributions.
We will now explore whether for such small parametric

values for gBL, we can generate the observed dark matter
relic density of the universe.

IV. RELIC DENSITY

A. Allowed range of gBL from preconditions to freeze-in
The first point to notice is that for GeV scale DM (σ), for

values of gBL that satisfy the lifetime constraint, the σ field
is out of equilibrium from the SM particles. Therefore, the
standard thermal freeze-out mechanism for creation of DM
relic density does not apply and one has to explore the
freeze-in mechanism. For this to work, we need the ZBL
field, whose annihilation will produce the DM, to be in
equilibrium with the SM fields. This question was explored
in Ref. [15] and it was pointed out that the most efficient
process for ZBL to be in equilibrium with SM particles is
via the process ff̄ → ZBL þ γ. The condition on gBL for
this to happen is gBL > 2.7 × 10−8ðMZBL

1 GeVÞ
1=2.

An upper bound on gBL comes from the fact that
the DM particle σ is out of equilibrium in the early
universe. The first process to consider is ZBLZBL ↔ σσ
for which the out-of-equilibrium condition is given by
nσhσvi < H . Here nσ ∼ T3 is the number density of
the DM σ, hσvi ∼ g4BL=ð4πT2Þ, and the Hubble parameter

H ¼
ffiffiffiffiffiffiffiffiffi
π2
90 g%

q
T2=MP with the reduced Planck mass

MP ¼ 2.43 × 1018 GeV and the effective total number of
relativistic degrees of freedom g% (we set g% ¼ 106.75
for the SM particle plasma in our analysis throughout
this paper). Requiring that this inequality is satisfied until
T ∼MZBL

, we find that gBL < 6.4 × 10−5ðMZBL
1 GeVÞ

1=4.
Combining with the equilibrium condition for ZBL, we
find that we have to work in the range of gBL values

2.7 × 10−8
"

MZBL

1 GeV

#
1=2

< gBL < 6.4 × 10−5
"

MZBL

1 GeV

#
1=4

ð6Þ

to generate the relic density.
There is another upper bound on gBL that arises from the

fact that the process NN → σσ should also out of equilib-
rium. The reason is that in the early universe, the right-
handed neutrinos are always in equilibrium with SM
particles via processes such as N þ t ↔ νþ t etc., and
N ↔ H l forMN > m h. IfNN ↔ σσ is also in equilibrium,
the freeze-in mechanism for relic density generation of σ
will not work. To get this upper bound on gBL using this
condition, we use nσhσNN→σσvi < H at T ∼MN and find

1

4π

"
M5

N

v4BL

#
<

ffiffiffiffiffiffiffiffiffiffi
π2

90
g%

r
M2

N

MP
: ð7Þ

Using MZBL
¼ 2gBLvBL, this leads to

FIG. 3. Left panel: the red line corresponds to DMmass m σ ¼ 1 PeV withΩDMh2 ¼ 0.12. This corresponds to the case where the DM
is produced by ff̄ → ZBLσ. The left of dashed line corresponds to the DM being in thermal equilibrium and therefore is not the area for
freeze-in case. The left of black solid line corresponds to τσ < 1025 seconds and is excluded. Right panel: the red lines represent the DM
masses from top 100 keV, 10 MeV, 1 GeV (jump of 100 times) till 100 PeV being the lowest red line. Along the red line ΩDMh2 ¼ 0.12
is satisfied. The lower black line comes from Eq. (21). The upper black line corresponds to ZBL not being in equilibrium. The condition
of vBL ≤ MP is depicted by the right diagonal black line.
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Evaluation	of	the	DM	relic	density

The	resultant	DM	relic	density	is	controlled	by	only	three	
parameters:		

Case	(i):		

Case	(ii):		

we take MN < MZBL
, or equivalently f < gBL, so that the

RHN mediated DM production becomes subdominant.
Calculations for other processes such as NN → ZBLσ
and NZBL → Nσ are also analogous, and we can arrive
at the same conclusion. We can also consider DM pro-
duction processes through Dirac Yukawa couplings (hSM)
such as NH → lσ and H l → Nσ, where H and l are the
Higgs and lepton doublets, respectively. The DM produc-
tions can be subdominant if hSM is sufficiently small; in
other words, through the seesaw formula, N is sufficiently
light. The discussion for the DM production process of
H l → Nσ is applicable even if the RHN is not in thermal
equilibrium.

V. PEV DARK MATTER FROM B−L BREAKING

So far, we have explored the lower mass range of the
dark matter. In this section, we explore the possibility that
the σ mass is in the PeV range so that one could attempt to
explain the 100 TeV to PeV neutrinos observed in IceCube
Neutrino Observatory [31] by using σ decay. We do not
attempt to explain the IceCube signal here but simply to
raise the possibility that a PeV mass σ can also qualify as
the dark matter in our model in a different parameter range.
For this purpose, let us go through all the constraints on the
model discussed above for this case.

A. Lifetime constraint

This constraint is same as in the case of light σ in Eq. (4)
except that in the right-hand side, the masses of σ and ZBL
are now higher and the new constraint can be written as

gBL ≤ 4.2 × 10−9
!
MZBL

1 PeV

"!
1 PeV
m σ

"
7=6

: ð15Þ

If we restrict the B − L breaking VEV vBL ≤ 1016 GeV,
then the lifetime constraint can be translated to MZBL

∼
1010 GeV for gBL as large as 10−5.
We note that the one-loop σ − h mixing contribution in

this case leads to a very strong upper limit on the gBL value
and much too small to generate enough relic density for the
dark matter. In this case, therefore, we fine-tune the tree-
level and one-loop σ-Higgs coupling to zero.

B. Relic density constraints

We next explore the constraints of relic density on the
heavy DM case. For such low gBL values, a heavy PeV
scale DM and the 1010 GeV or higher mass ZBL would
never have been in equilibrium. The relic density must arise
as in the first case via the freeze-in mechanism. Since ZBL is
not in thermal equilibrium, the production takes place via
the process ff̄ → ZBLσ through the SM fermion pair
annihilations in the thermal plasma. In this case, the
Boltzmann equation is given by

dY
dx

≃
hσvi
x2

sðm σÞ
H ðm σÞ

YeqYBL
eq ; ð16Þ

where YBL
eq is the yield of ZBL in thermal equilibrium and

the cross section for the process ff̄ → ZBLσ is estimated as

hσvi ¼ g4BL
4π

M2
ZBL

m 4
σ

x4: ð17Þ

Recall that the DM production stops at T ≃MZBL
due to

kinematics. Using YBL
eq ≃ 2Yeq for T ≳M2

ZBL
≫ m σ, we

integrate the Boltzmann equation from xRH to xBL ¼ m σ
MZBL

and obtain

YðxBLÞ ≃ 3.4 × 10−6g4BL

!
MZBL

m σ

"
2
!
MP

m σ

"
ðx3BL − x3RH Þ

≃ 3.4 × 10−6g4BL

!
MP

MZBL

"
; ð18Þ

where we have used YðxRH Þ ¼ 0 and xRH ≫ xBL. We now
use, as before, Yð∞Þ ≃ YðxBLÞ and estimate the DM relic
density,

ΩDMh2 ≃
m σs0Yð∞Þ

ρ0=h2
≃ 2.3 × 1021g4BL

!
m σ

1 GeV

"!
1 GeV
MZBL

"
:

ð19Þ

In order to reproduce ΩDMh2 ¼ 0.12, we find

gBL ≃ 2.7 × 10−6
!
MZBL

m σ

"
1=4

: ð20Þ

Combining Eqs. (15) and (20), we find

gBL ≳ 1.6 × 10−5
!
MZBL

1 PeV

"
1=22

: ð21Þ

We require that the ZBL is not in equilibrium which gives
the consistency condition

gBL < 2.7 × 10−8
!
MZBL

GeV

"
1=2

: ð22Þ

In Fig. 3 (left panel), we show our result for
m σ ¼ 1 PeV. The dashed line denotes the upper bound
on gBL from the out-of-equilibrium condition of Eq. (22).
The diagonal black line shows the lifetime constraint of
Eq. (4), or equivalently Eq. (15). Along the red line, the
observed DM relic density is reproduced [see Eq. (20)]. In
the figure, we find the lower bound on MZBL

¼
4.5 × 109 GeV. In the right panel of Fig. 3, we show the
results for various values of m σ. The red lines from top to
bottom correspond to the results for m σ ¼ 100 keV,
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The	main	DM	creation	processes	

gBL, MZBL
, mσ

ZBLZBL → σσ
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Results	for	Case	(i)		

(iii) We now comment on the σ-Higgs mixing effect on
the DM lifetime. To keep the lifetime above limit
τσ > 1025 seconds, we set the tree-level H − Δ
coupling in the Higgs potential to zero so that σ
and the SMHiggs field h do not mix at the tree level.
This will, for example, be true if the model becomes
supersymmetric at a high scale. The σ-Higgs mixing
in this case is loop induced as shown in Ref. [11] and
for the parameter range of interest to us, can be small
enough to satisfy the DM lifetime constraint as we
show below.

For the case when m σ ≤ m h, the dominant contribution
to the loop induced mixing comes from an RHN fermion
box diagram. This contribution is logarithmically diver-
gent. Using the Planck mass as the cutoff, we can estimate

the mixing angle to be θ ∼ f2h2ν
16π2

vEWvBL
m 2

h
∼ 1

16π2
m νM3

N
vEWm 2

h

2gBL
MZBL

.

Through this mixing, the DM particle can decay to a pair
of SM fermions with a partial decay width of
Γσ→ff̄ ∼ θ2

4π ð
m f

vEW
Þ2m σ. The lifetime constraint then translates

to a limit on gBL as follows:

gBL <2.8×10−6
!
vEW
m f

"!
1GeV
m σ

"
1=2

!
1GeV
MN

"
3
!
MZBL

1GeV

"
:

ð5Þ

With a suitable choice of MNð> m σÞ, we can see that this
limit is quite compatible with our results shown in the right
panel of Figs. 1 and 2.

For the case when m σ > m h, on the other hand, the DM
particle can decay to a pair of Higgs doublets through the
mixing, and we find that the loop induced mixing is not

FIG. 1. Left panel: the dark matter σ lifetime as a function of MZBL
. The diagonal solid lines correspond to m σ ¼ 1 MeV, 10 MeV,

100 MeV, and 1 GeV from left to right, along which the observed DM relic density ofΩDMh2 ¼ 0.12 is reproduced. Right panel: the gBL
values as a function of MZBL

from the requirement of relic density buildup. Different red lines correspond to different DM masses (m σ

starting with 10 keVat the top and as we go below, we go in steps of a factor of 10 to 100 keV, 1 MeV, etc., till 100 GeV) that satisfy the
relic density constraint, i.e., ΩDMh2 ¼ 0.12. Two diagonal black lines denote the condition of Eq. (6), and the horizontal black line
corresponds to Eq. (14).

FIG. 2. FASER reachable region of the parameter space of our
model. The black lines at the top and bottom denote the upper and
lower limits on the gBL [Eq. (6)]. The red lines correspond to
m σ ¼ 10 keV, 100 keV, 1 MeV, and 10 MeV from top to bottom,
respectively, along which ΩDM ¼ 0.12 is satisfied. The parameter
region of 10 keV≲ m σ ≲ 1 MeV and 10 MeV ≲MZBL

≲ a few
GeV can be tested by various Lifetime Frontier experiments in the
near future.
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τσ ≳ 1025 sec

Freeze-out	region	
	(overabundance)

small enough to be consistent with the results shown in the
right panels of Figs. 1 and 3. In this case, we consider a
cancellation of the mixing between the tree- and loop-levels
contributions.
We will now explore whether for such small parametric

values for gBL, we can generate the observed dark matter
relic density of the universe.

IV. RELIC DENSITY

A. Allowed range of gBL from preconditions to freeze-in
The first point to notice is that for GeV scale DM (σ), for

values of gBL that satisfy the lifetime constraint, the σ field
is out of equilibrium from the SM particles. Therefore, the
standard thermal freeze-out mechanism for creation of DM
relic density does not apply and one has to explore the
freeze-in mechanism. For this to work, we need the ZBL
field, whose annihilation will produce the DM, to be in
equilibrium with the SM fields. This question was explored
in Ref. [15] and it was pointed out that the most efficient
process for ZBL to be in equilibrium with SM particles is
via the process ff̄ → ZBL þ γ. The condition on gBL for
this to happen is gBL > 2.7 × 10−8ðMZBL

1 GeVÞ
1=2.

An upper bound on gBL comes from the fact that
the DM particle σ is out of equilibrium in the early
universe. The first process to consider is ZBLZBL ↔ σσ
for which the out-of-equilibrium condition is given by
nσhσvi < H . Here nσ ∼ T3 is the number density of
the DM σ, hσvi ∼ g4BL=ð4πT2Þ, and the Hubble parameter

H ¼
ffiffiffiffiffiffiffiffiffi
π2
90 g%

q
T2=MP with the reduced Planck mass

MP ¼ 2.43 × 1018 GeV and the effective total number of
relativistic degrees of freedom g% (we set g% ¼ 106.75
for the SM particle plasma in our analysis throughout
this paper). Requiring that this inequality is satisfied until
T ∼MZBL

, we find that gBL < 6.4 × 10−5ðMZBL
1 GeVÞ

1=4.
Combining with the equilibrium condition for ZBL, we
find that we have to work in the range of gBL values

2.7 × 10−8
"

MZBL

1 GeV

#
1=2

< gBL < 6.4 × 10−5
"

MZBL

1 GeV

#
1=4

ð6Þ

to generate the relic density.
There is another upper bound on gBL that arises from the

fact that the process NN → σσ should also out of equilib-
rium. The reason is that in the early universe, the right-
handed neutrinos are always in equilibrium with SM
particles via processes such as N þ t ↔ νþ t etc., and
N ↔ H l forMN > m h. IfNN ↔ σσ is also in equilibrium,
the freeze-in mechanism for relic density generation of σ
will not work. To get this upper bound on gBL using this
condition, we use nσhσNN→σσvi < H at T ∼MN and find

1

4π

"
M5

N

v4BL

#
<

ffiffiffiffiffiffiffiffiffiffi
π2

90
g%

r
M2

N

MP
: ð7Þ

Using MZBL
¼ 2gBLvBL, this leads to

FIG. 3. Left panel: the red line corresponds to DMmass m σ ¼ 1 PeV withΩDMh2 ¼ 0.12. This corresponds to the case where the DM
is produced by ff̄ → ZBLσ. The left of dashed line corresponds to the DM being in thermal equilibrium and therefore is not the area for
freeze-in case. The left of black solid line corresponds to τσ < 1025 seconds and is excluded. Right panel: the red lines represent the DM
masses from top 100 keV, 10 MeV, 1 GeV (jump of 100 times) till 100 PeV being the lowest red line. Along the red line ΩDMh2 ¼ 0.12
is satisfied. The lower black line comes from Eq. (21). The upper black line corresponds to ZBL not being in equilibrium. The condition
of vBL ≤ MP is depicted by the right diagonal black line.
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(iii) We now comment on the σ-Higgs mixing effect on
the DM lifetime. To keep the lifetime above limit
τσ > 1025 seconds, we set the tree-level H − Δ
coupling in the Higgs potential to zero so that σ
and the SMHiggs field h do not mix at the tree level.
This will, for example, be true if the model becomes
supersymmetric at a high scale. The σ-Higgs mixing
in this case is loop induced as shown in Ref. [11] and
for the parameter range of interest to us, can be small
enough to satisfy the DM lifetime constraint as we
show below.

For the case when m σ ≤ m h, the dominant contribution
to the loop induced mixing comes from an RHN fermion
box diagram. This contribution is logarithmically diver-
gent. Using the Planck mass as the cutoff, we can estimate

the mixing angle to be θ ∼ f2h2ν
16π2

vEWvBL
m 2

h
∼ 1

16π2
m νM3

N
vEWm 2

h

2gBL
MZBL

.

Through this mixing, the DM particle can decay to a pair
of SM fermions with a partial decay width of
Γσ→ff̄ ∼ θ2

4π ð
m f

vEW
Þ2m σ. The lifetime constraint then translates

to a limit on gBL as follows:

gBL <2.8×10−6
!
vEW
m f

"!
1GeV
m σ

"
1=2

!
1GeV
MN

"
3
!
MZBL

1GeV

"
:

ð5Þ

With a suitable choice of MNð> m σÞ, we can see that this
limit is quite compatible with our results shown in the right
panel of Figs. 1 and 2.

For the case when m σ > m h, on the other hand, the DM
particle can decay to a pair of Higgs doublets through the
mixing, and we find that the loop induced mixing is not

FIG. 1. Left panel: the dark matter σ lifetime as a function of MZBL
. The diagonal solid lines correspond to m σ ¼ 1 MeV, 10 MeV,

100 MeV, and 1 GeV from left to right, along which the observed DM relic density ofΩDMh2 ¼ 0.12 is reproduced. Right panel: the gBL
values as a function of MZBL

from the requirement of relic density buildup. Different red lines correspond to different DM masses (m σ

starting with 10 keVat the top and as we go below, we go in steps of a factor of 10 to 100 keV, 1 MeV, etc., till 100 GeV) that satisfy the
relic density constraint, i.e., ΩDMh2 ¼ 0.12. Two diagonal black lines denote the condition of Eq. (6), and the horizontal black line
corresponds to Eq. (14).

FIG. 2. FASER reachable region of the parameter space of our
model. The black lines at the top and bottom denote the upper and
lower limits on the gBL [Eq. (6)]. The red lines correspond to
m σ ¼ 10 keV, 100 keV, 1 MeV, and 10 MeV from top to bottom,
respectively, along which ΩDM ¼ 0.12 is satisfied. The parameter
region of 10 keV≲ m σ ≲ 1 MeV and 10 MeV ≲MZBL

≲ a few
GeV can be tested by various Lifetime Frontier experiments in the
near future.
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Results	for	Case	(ii)		

small enough to be consistent with the results shown in the
right panels of Figs. 1 and 3. In this case, we consider a
cancellation of the mixing between the tree- and loop-levels
contributions.
We will now explore whether for such small parametric

values for gBL, we can generate the observed dark matter
relic density of the universe.

IV. RELIC DENSITY

A. Allowed range of gBL from preconditions to freeze-in
The first point to notice is that for GeV scale DM (σ), for

values of gBL that satisfy the lifetime constraint, the σ field
is out of equilibrium from the SM particles. Therefore, the
standard thermal freeze-out mechanism for creation of DM
relic density does not apply and one has to explore the
freeze-in mechanism. For this to work, we need the ZBL
field, whose annihilation will produce the DM, to be in
equilibrium with the SM fields. This question was explored
in Ref. [15] and it was pointed out that the most efficient
process for ZBL to be in equilibrium with SM particles is
via the process ff̄ → ZBL þ γ. The condition on gBL for
this to happen is gBL > 2.7 × 10−8ðMZBL

1 GeVÞ
1=2.

An upper bound on gBL comes from the fact that
the DM particle σ is out of equilibrium in the early
universe. The first process to consider is ZBLZBL ↔ σσ
for which the out-of-equilibrium condition is given by
nσhσvi < H . Here nσ ∼ T3 is the number density of
the DM σ, hσvi ∼ g4BL=ð4πT2Þ, and the Hubble parameter

H ¼
ffiffiffiffiffiffiffiffiffi
π2
90 g%

q
T2=MP with the reduced Planck mass

MP ¼ 2.43 × 1018 GeV and the effective total number of
relativistic degrees of freedom g% (we set g% ¼ 106.75
for the SM particle plasma in our analysis throughout
this paper). Requiring that this inequality is satisfied until
T ∼MZBL

, we find that gBL < 6.4 × 10−5ðMZBL
1 GeVÞ

1=4.
Combining with the equilibrium condition for ZBL, we
find that we have to work in the range of gBL values

2.7 × 10−8
"
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#
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< gBL < 6.4 × 10−5
"
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1 GeV

#
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ð6Þ

to generate the relic density.
There is another upper bound on gBL that arises from the

fact that the process NN → σσ should also out of equilib-
rium. The reason is that in the early universe, the right-
handed neutrinos are always in equilibrium with SM
particles via processes such as N þ t ↔ νþ t etc., and
N ↔ H l forMN > m h. IfNN ↔ σσ is also in equilibrium,
the freeze-in mechanism for relic density generation of σ
will not work. To get this upper bound on gBL using this
condition, we use nσhσNN→σσvi < H at T ∼MN and find

1

4π

"
M5

N

v4BL

#
<

ffiffiffiffiffiffiffiffiffiffi
π2

90
g%

r
M2

N

MP
: ð7Þ

Using MZBL
¼ 2gBLvBL, this leads to

FIG. 3. Left panel: the red line corresponds to DMmass m σ ¼ 1 PeV withΩDMh2 ¼ 0.12. This corresponds to the case where the DM
is produced by ff̄ → ZBLσ. The left of dashed line corresponds to the DM being in thermal equilibrium and therefore is not the area for
freeze-in case. The left of black solid line corresponds to τσ < 1025 seconds and is excluded. Right panel: the red lines represent the DM
masses from top 100 keV, 10 MeV, 1 GeV (jump of 100 times) till 100 PeV being the lowest red line. Along the red line ΩDMh2 ¼ 0.12
is satisfied. The lower black line comes from Eq. (21). The upper black line corresponds to ZBL not being in equilibrium. The condition
of vBL ≤ MP is depicted by the right diagonal black line.

RABINDRA N. MOHAPATRA and NOBUCHIKA OKADA PHYS. REV. D 101, 115022 (2020)

115022-4

along	the	red	lines			ΩDMh2 = 0.12

τσ ≳ 1025 sec

small enough to be consistent with the results shown in the
right panels of Figs. 1 and 3. In this case, we consider a
cancellation of the mixing between the tree- and loop-levels
contributions.
We will now explore whether for such small parametric

values for gBL, we can generate the observed dark matter
relic density of the universe.

IV. RELIC DENSITY

A. Allowed range of gBL from preconditions to freeze-in
The first point to notice is that for GeV scale DM (σ), for
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is out of equilibrium from the SM particles. Therefore, the
standard thermal freeze-out mechanism for creation of DM
relic density does not apply and one has to explore the
freeze-in mechanism. For this to work, we need the ZBL
field, whose annihilation will produce the DM, to be in
equilibrium with the SM fields. This question was explored
in Ref. [15] and it was pointed out that the most efficient
process for ZBL to be in equilibrium with SM particles is
via the process ff̄ → ZBL þ γ. The condition on gBL for
this to happen is gBL > 2.7 × 10−8ðMZBL

1 GeVÞ
1=2.

An upper bound on gBL comes from the fact that
the DM particle σ is out of equilibrium in the early
universe. The first process to consider is ZBLZBL ↔ σσ
for which the out-of-equilibrium condition is given by
nσhσvi < H . Here nσ ∼ T3 is the number density of
the DM σ, hσvi ∼ g4BL=ð4πT2Þ, and the Hubble parameter
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ffiffiffiffiffiffiffiffiffi
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90 g%

q
T2=MP with the reduced Planck mass

MP ¼ 2.43 × 1018 GeV and the effective total number of
relativistic degrees of freedom g% (we set g% ¼ 106.75
for the SM particle plasma in our analysis throughout
this paper). Requiring that this inequality is satisfied until
T ∼MZBL

, we find that gBL < 6.4 × 10−5ðMZBL
1 GeVÞ

1=4.
Combining with the equilibrium condition for ZBL, we
find that we have to work in the range of gBL values
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to generate the relic density.
There is another upper bound on gBL that arises from the

fact that the process NN → σσ should also out of equilib-
rium. The reason is that in the early universe, the right-
handed neutrinos are always in equilibrium with SM
particles via processes such as N þ t ↔ νþ t etc., and
N ↔ H l forMN > m h. IfNN ↔ σσ is also in equilibrium,
the freeze-in mechanism for relic density generation of σ
will not work. To get this upper bound on gBL using this
condition, we use nσhσNN→σσvi < H at T ∼MN and find
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¼ 2gBLvBL, this leads to

FIG. 3. Left panel: the red line corresponds to DMmass m σ ¼ 1 PeV withΩDMh2 ¼ 0.12. This corresponds to the case where the DM
is produced by ff̄ → ZBLσ. The left of dashed line corresponds to the DM being in thermal equilibrium and therefore is not the area for
freeze-in case. The left of black solid line corresponds to τσ < 1025 seconds and is excluded. Right panel: the red lines represent the DM
masses from top 100 keV, 10 MeV, 1 GeV (jump of 100 times) till 100 PeV being the lowest red line. Along the red line ΩDMh2 ¼ 0.12
is satisfied. The lower black line comes from Eq. (21). The upper black line corresponds to ZBL not being in equilibrium. The condition
of vBL ≤ MP is depicted by the right diagonal black line.
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Prospects	for	SO(10)	embedding

Generalization	of		the	minimal	B-L	model:		
the	minimal	U(1)_X	model	

➢ The	structure	of	the	model	is	essentially	the	same	
➢ SU(5)xU(1)	GUT	embedding	is	possible	
➢ Then,	SO(10)	embedding

SU(3)c SU(2)L U(1)Y U(1)X SU(5)
qL 3 2 1/6 1/5
uc
L 3∗ 1 2/3 1/5 10

ecL 1 1 +1 1/5
dcL 3∗ 1 −1/3 −3/5 5∗

ℓL 1 2 −1/2 −3/5
N c

L 1 1 0 +1 1
H 1 2 −1/2 2/5
Φ 1 1 0 +2

Table 4: The particle content of the minimal U(1)X extended SM with Z2-parity. In
addition to the SM particle content (i = 1, 2, 3), the three RHNs (N j

R (j = 1, 2) and NR)
and the U(1)B−L Higgs field (Φ) are introduced. The unification into SU(5)×U(1)X is
achieved only for xH = −4/5, and xH is quantized in our model.

L ⊃ −
!

i,j

yijDN
c
i ℓjH − 1

2

!

k

MkN
c
kN

c
k (27)

SU(3)C×SU(2)L×U(1)Y×U(1)B−L

mZ′ = 7.5TeV gX = gZ (28)

mD M mν ≃ mT
DM

−1mD

QX = Yf xH +QB−L

xH → 0

f

f̄

Z ′

e+e− → µ+µ−

e+e− → Z h

e+e− → Z ′∗ → N N

h

−mZ gX xH
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SO(10)
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Successful	gauge	coupling	unification?	

➢With	a	suitable	set	of	extra	matters,	SU(5)	gauge	coupling	
unification	is	possible	

➢ But,	the	U(1)	gauge	coupling	is	much	smaller	than	the	SM	
ones	in	our	Freeze-In	DM	scenario

How	can	we	realize	the	successful	gauge	coupling	unification?		

5D	extension	of	the	model		

• 													compactification	
with	a	brane	at	y=0		

• 1/R=	SU(5)	GUT	scale

S1/Z2
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fifth dimension compactified on S1=Z2 orbifold with a
radius R ¼ MU

−1. In that case, if we assume that the gauge
fields are in the bulk while all the matter and Higgs fields
are on a brane at an orbifold fixed point, their Kaluza-Klein
(KK) modes contribute to the running of the SUð5Þ
coupling whereasUð1Þ̃I being Abelian its coupling running
does not get any extra contribution from the opening of
fifth dimension. The evolution of the SUð5Þgauge cou-
pling (α5) obeys

μ
dα−15
dμ

¼ 1

2π

!
43

3
−
1

6
−
5

6
ð1þ n3 þ n8Þ

þ 55

3

X

n¼1

θðμ −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

p
MUÞ

#
: ð26Þ

Here, in the parenthesis of the right-hand side, 43=3 is the
contribution from the zero-mode SUð5Þgauge boson and
the SM fermions, −1=6 from the 5-representation Higgs
field, and − 5

6ð1þ n3 þ n8Þ from one adjoint Higgs to
break the SUð5Þsymmetry and n3 þ n8 adjoint Higgs field
into which the triplet and octet scalars are embedded, and
the last term is the contribution from the SUð5Þgauge
boson KK modes. For the KK mode mass spectrum, we
have simply added the contribution from the SUð5Þ
symmetry breaking. Once the extra dimension opens, the
contribution from the KK modes changes the scale
dependence of the running gauge coupling from a log to
a power [33]. Thus, it is possible to unify the SUð5Þand
Uð1Þ̃I couplings into SOð10Þcoupling as desired. This is
shown in Fig. 4. In the figure, the SOð10Þgauge coupling
unification is achieved at MP with a unified coupling
gSOð10Þ≃ 0.1. This result corresponds to an allowed param-
eter set, m σ ≃ 100 keV and MZBL

¼ 1014 GeV, in the right
panel of Fig. 3.
As far as proton decay is concerned, the primary mode is

p → eþ þ π0 mediated by the SUð5Þgauge boson. The
proton decay amplitude gets contribution from all the KK
excitations of the SU(5) gauge fields, and we estimate
the modification of a coefficient of the four-Fermi operator
to be

1

M2
U
→

1

M2
U

!
1þ

X∞

n¼1

1

1þ n2

#
≃
2.08
M2

U
≡ 1

Λ2
: ð27Þ

Then, (ignoring threshold effects) the proton lifetime is
estimated as

τp ≃
Λ4

α2Um
5
p
; ð28Þ

where m p ¼ 0.938 GeV. Using α5ðMUÞ≃ 0.026 and
MU ≃ 6.8 × 1015 GeV from Fig. 4, we find that
τp ≃ 2.1 × 1034 years, which is consistent with the lower

bound τp ≥1.6 × 1034 years from the Super-Kamionkande
results [34]. More importantly, we would expect that p →
eþπ0 should be observable in the next round of proton
decay searches at Hyper-Kamiopkande [35] or the model
will be ruled out.

VII. CONCLUDING REMARKS

We have presented a minimal model based on a Uð1ÞB−L
extension of the standard model where the B − L breaking
Higgs field plays the role of a decaying dark matter. We
discuss two regions of the DM masses: one light mass
region in the keV to MeV range and another where the DM
mass is in the PeV range. In both cases, due to the stability
requirement of the dark matter, the freeze-in mechanism is
required to understand the observed relic density of DM.
We then discuss how the model can be tested in the FASER
and other Lifetime Frontier experiments. Finally, we show
how the model can emerge from an SOð10ÞGUT model.
Coupling unification in this case requires that the model be
part of a five-dimensional space-time with the compacti-
fication radius being of the order of the inverse of the
SUð5Þunification scale MU. This embedding reflects itself
in an enhanced decay rate for the proton due to extra gauge
KK mode contributions, which we have estimated. The
model may have TeV scale hypercharge neutral weak
isotriplet and color octet scalars, which have interesting

FIG. 4. Unification of gauge couplings in the presence of one
extra dimension. The horizontal blue line denotes α−1Ĩ , while solid
black lines from top to bottom denote α−11 , α−12 , and α−13 ,
respectively. Here, we have set the Uð1Þ̃I gauge boson mass
(corresponding to MZBL

in the previous sections) to be 1014 GeV
as an example. The red curve represents the running of α−15 in the
presence of the gauge boson KK modes. For a comparison with
four-dimensional theory, we show the dashed line for the SUð5Þ
without the KK mode contributions.
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5.	Summary

‣ We	have	considered	the	minimal	B-L	model	where	the	B-
L	Higgs	boson	play	the	role	of	a	decaying	DM	

‣ Lifetime	 &	 observed	 relic	 density	 constraints	 require	
freeze-in	DM	scenario		

‣ We	have	identified	the	allowed	parameter	region	

‣ For	 a	 low	 DM	 mass	 region,	 the	 long-lived	 B-L	 gauge	
boson	can	be	explored	by	FASER	etc	in	the	future		

‣ SO(10)	GUT	embedding	has	been	considered	in	5D	


