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We estimate the big bang nucleosynthesis (BBN) constraint on the majoron in the mass range between
1 MeV to 10 GeV which dominantly decays into the standard model neutrinos. When the Majoron lifetime
is shorter than 1 sec, the injected neutrinos mainly heat up background plasma, which alters the relation
between photon temperature and background neutrino temperature. For a lifetime longer than 1 sec, most
of the injected neutrinos directly contribute to the protons-to-neutrons conversion. In both cases,
deuterium and helium abundances are enhanced, while the constraint from the deuterium is stronger than
that from the helium. 7Li abundance gets decreased as a consequence of additional neutrons, but the
parameter range that fits the observed 7Li abundance is excluded by the deuterium constraint. We also
estimate other cosmological constraints and compare them with the BBN bound.
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I. INTRODUCTION

The analysis of the big bang nucleosynthesis (BBN) has
successfully predicted primordial abundances of light ele-
ments such as 4He, D, and 3He (see Refs. [1,2] for a review).
The primordial 4He and D abundances are precisely
measured by a few percent level accuracies [3], and they
agree well with the standard BBN (SBBN) prediction with
the baryon asymmetry input ηb ≡ nb=nγ ¼ 6.1 × 10−10

that is obtained by fitting the cosmic microwave back-
ground (CMB) data [4]. The 3He abundance was recently
measured by Ref. [5] within an agreement with SBBN
although there is a theoretical uncertainty coming from
models of the galactic chemical evolution. On the other
hand, the longstanding problem of the observed 7Li
abundance being smaller than the SBBN prediction still
remains unsolved [6–9].

The success of SBBN analysis has provided strong
constraints on new particles that (partially) decay to
standard model (SM) particles around the BBN era.
Even when a new particle dominantly decays to neutrinos
which have the weakest coupling to nucleons, the BBN
analysis gives meaningful constraints [10–16].
In this paper, we estimate the BBN constraint on a

(pseudo)scalar particle that decays to neutrinos. Motivated
by the Majoron model [17,18], we consider a model where
the Majoron J interacts with neutrinos as

Lint ¼ −
gαβ
2

JνTασ2νβ þ H:c:; ð1Þ

where να is the SM neutrino with flavor α ¼ e, μ, τ.
For simplicity, we assume the flavor universality, i.e.,
gαβ ¼ gδαβ. We expect that a dedicated analysis for the
realistic Majoron model (gαβ ≃mναβ=fJ for the B − L
symmetry breaking scale fJ and the mass matrix of SM
neutrinosmναβ in the flavor eigenbasis) would not be much
different from our results because the individual elements
of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
are all of order one [3].
The BBN constraint on theMajoron model was estimated

in Refs. [11,15,16] based on the change in the expansion
rate; the enhanced expansion rate makes neutron-proton
freeze-out earlier, which leads to an increase in the neutron-
to-proton ratio. They focused on the range of Majoron mass
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and coupling,mJ ≲ 10 MeV and g≳ 10−10, respectively, so
that majorons are in the thermal bath and contribute to the
relativistic degrees of freedom during the BBN era (see also
Ref. [19] for a comparison to other constraints).
Here, we focus on scenarios where the Majoron has

already been thermally decoupled before the BBN era.
In this case, a long lifetime of the Majoron can cause
nontrivial effects on the BBN. The lifetime of J is given by

τJ ≡ Γ−1
J ¼ ð2 × 3ΓJ→ναναÞ−1 ¼

16π

3g2mJ

≃ 0.11 sec

�
10−11

g

�
2
�
GeV
mJ

�
; ð2Þ

where ΓJ→νανα ¼ ΓJ→ν̄αν̄α ¼ g2mJ=32π is the partial decay
width of individual J → νανα, and J → ν̄αν̄α. We distin-
guish ν and ν̄ by the helicity (or chirality). Since the BBN
process starts around tνd ∼ 0.1 sec when the background
neutrinos are decoupled, our analysis is relevant for
g < 10−11ðGeV=mJÞ1=2.
The Majoron mass range in our analysis is restricted as

1 MeV ≤ mJ ≤ 10 GeV for the following reasons. Because
the neutrino decoupling temperature is about 2 MeV, if the
Majoron is lighter than 1 MeV, the injected neutrinos do not
modify the BBN process except for contributing to an
additional source of energy density. In this case, constraints
from the change in the effective number of neutrino species
(ΔNeff ) from the CMB analysis is stronger than the BBN
bound. For Majorons heavier than 10 GeV, the energy of
injected neutrinos is so high that various channels including
muons, pions, etc., must be involved. We avoid such
complexity in our analysis by restricting the mass range
of Majoron [see, e.g., Ref. [12] for the case of neutrino
injection energy higher than Oð100Þ GeV].
The Majoron initial abundance strongly depends on the

reheating temperature of the Universe and the underlying
UV model of the Majoron. For instance, if the Universe
undergoes the B − L cosmic phase transition from which
the Majorons are produced (see, e.g., Refs. [20–22] for a
relevant leptogenesis scenario), the Majoron yield YJ ¼
nJ=s is frozen at high temperature and its value at the

beginning of the BBN procedure Yð0Þ
J ¼ nJ=s at T ¼

10 MeV is given by 0.28=g�sðTB−LÞ, where TB−L is the
B − L phase transition temperature, nJ is the Majoron
number density, s is the entropy density, and g�s is the
effective degrees of freedom for the entropy density. On
the other hand, if the B − L symmetry had never been
restored, the Majorons could be produced through the
freeze-in process. To avoid too much model-dependent

discussion, we treat Yð0Þ
J as a free parameter and present

our constraints in terms of upper bound on Yð0Þ
J and τJ for

different mJ. We also provide exclusion plots projected in

the ðmJ; gÞ plane for several choices of Yð0Þ
J .

The rest of the article is organized as follows. In Sec. II,
we discuss the modifications of the BBN processes and
Sec. III is dedicated to the numerical results. Finally, we
conclude in Sec. IV. The relevant expression for the
momentum distribution of nonthermal neutrinos and
their cross sections with n, p, D, and 4He are given in
Appendixes A and B, respectively. The reaction rates for
n ↔ p conversion processes are given in Appendix C.

II. MODIFICATION OF THE BBN PROCESS

The late-time injection of neutrinos can modify the BBN
scenario in the following ways:
(1) Injected neutrinos directly contribute to nuclear

reactions via the weak interaction.
(2) Background neutrino (νbg, ν̄bg) and visible plasma

(eγB) are heated differently, modifying the relation
between their temperatures.

(3) The expansion rate is modified.
In order to correctly take into account these effects, the
evolution of injected neutrino distribution should be con-
sistently treated.
We simplify the analysis by assuming that a single

scattering or annihilation of an injected neutrino suffi-
ciently reduces its initial energy and makes it merge into
the background plasma, which means that the energy of an
injected neutrino is redistributed to the background
particles by one scattering or annihilation. As a result,
our simplified distribution contains fewer neutrinos in the
intermediate energy range compared to the actual distri-
bution of neutrinos. This leads to an underestimation of
the interaction rate with nuclei induced by injected
neutrinos because of the short-distance property of the
weak interaction and provides a conservative estimation of
the BBN constraint.
Our estimation is not too conservative because our

assumption still gives an approximately correct distribution
in high-energy regions, whose contribution to the BBN
modification is most dominant. Therefore, we do not expect
a significant difference to be made by a more realistic
analysis which may be done by solving the full Boltzmann
equation of the whole neutrinos without separating the
background neutrinos and the energetic neutrinos.
In the following subsections, we explain how we

estimate the distribution function of high-energy neutrinos,
the heating effects on eγB and νbg sectors, the modified
Hubble rate, and ΔNeff . Subsequently, we describe the
effect of these quantities on BBN.

A. Distribution function of energetic neutrinos

First, let us focus on the distribution function of non-
thermally produced energetic neutrinos with a flavor α ¼ e,
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μ, τ denoted by νnt;α (ν̄nt;α for antineutrino).1 The
Boltzmann equation for the distribution fνnt;αðt; pÞ of
νnt;α can be written as

∂fνnt;α
∂t

−Hp
∂fνnt;α
∂p

¼
X
i

Cαi; ð3Þ

with the Hubble rate H, the magnitude of the Majoron
momentum p ¼ jp⃗j, and collision terms Ci. The source term
of J → νnt;ανnt;α (J → ν̄nt;αν̄nt;α for fν̄nt;α) can be written as

CJ→νnt;ανnt;α ¼
1

E

Z
dΠJdΠνα jMJ→νανα j2fJ

× ð2πÞ4δð4ÞðPJ − P − PναÞ

¼ 2π2ΓJnJ
3E2

δ

�
E −

mJ

2

�
; ð4Þ

where Pμ ¼ ðE; p⃗Þ, and dΠi ¼ d3p⃗i=ðð2πÞ32EiÞ is the
phase space integration, we used the total decay width
ΓJ ¼ 6ΓJ→νανα , and neglected Pauli blocking factors. For a

given initial yield of Majoron Yð0Þ
J , the Majoron number

density is evolved as nJ ≃ Yð0Þ
J sðTÞe−ΓJt. Other scattering

terms with the background plasma can be written as

Cνnt;αa→bc ¼ −
S
2E

Z
dΠadΠbdΠcjMναa→bcj2fafνnt;α

× ð2πÞ4δð4ÞðPþ Pa − Pb − PcÞ; ð5Þ

where S is the symmetry factor. We do not include processes
of Cbc→aνnt;α as we consider those scattered neutrinos to be a
part of the background neutrinos (so we consider all the
elastic scattering as νnt;αa → νbga). This provides a
conservative estimation of the energetic neutrinos as we
discussed previously.
Then, using the dimensionless parameters z ¼ me=T,

ξ ¼ p=T, Eq. (3) is organized as2

∂fνnt;α
∂z

¼ Aαðξ; zÞδ
�
z −

2ξme

mJ

�
− Bαðξ; zÞfνnt;α ; ð6Þ

where Aαðξ; zÞ and Bαðξ; zÞ correspond to the source term
and the scattering term,

Aαðξ; zÞ ¼
16π4g�s
135

m2
eΓJY

ð0Þ
J

m2
J

e−ΓJ=2HðzÞ

ξz2HðzÞ ; ð7Þ

Bαðξ; zÞ ¼
7πG2

Fm
5
e

90H
ξ

z6

�
ζα1θðT −meÞ

þ
�
Tνbg

T

�
4

ðζα2 þ ζα3θðETνbg −m2
eÞÞ

�
; ð8Þ

where GF is the Fermi constant, and we take t ≃ 1=2H
approximation. The values of constants ζα1, ζα2, and ζα3 for
different flavors are summarized in Appendix A.
The solution of Eq. (6) is given by

fνnt;αðξ; zÞ ¼ Aα

�
ξ;
2ξme

mJ

�
θ

�
z −

2ξme

mJ

�

× exp

�
−
Z

z

2ξme
mJ

dz0Bαðξ; z0Þ
�
: ð9Þ

We take fν̄nt;α ¼ fνnt;α since Aα and Bα terms are the same for
να and ν̄α except for neutrino-baryon interaction rate whose
contribution is highly suppressed by the small baryon
number density compared to that of photons ηb ∼ 10−9.
On the other hand, in the Boltzmann equations for the
abundance of light nuclei, the interaction rates between νnt
and baryons are non-negligible compared to other nuclear
reaction rates and thus should be included.

B. Heating effects

The scattering/annihilation of injected neutrinos with the
background plasma heats up the standard plasma (eγB) as
well as the background neutrinos (νbg). With our assumption
of neutrino distribution, we provide a good approximation
to estimate the changes in background temperatures of
neutrinos Tνbg and photons T. Recall that our analysis
provides a conservative estimation of the constraints as we
discussed earlier.
The process of nucleosynthesis is completely insensitive

to the overall heating prior to neutrino decoupling at
t ¼ tνd (T ¼ Tνd) (except for adjusting the baryon asym-
metry parameter). When the neutrinos are injected before
the neutrino decoupling period t < tνd (T > Tνd), they get
quickly thermalized, and their energy is efficiently redis-
tributed to the background neutrinos and the electro-
magnetic plasma with a common temperature Tν ¼ T.
Therefore, we only take into account the residual decays of
Majorons after the neutrino decoupling.
Then, for t ≥ tνd (Tνbg ; T < Tνd) we have the Boltzmann

equations for the background neutrinos νbg and electro-
magnetic plasma with the assumption of the simplified
distribution of neutrinos as

1In our mass and temperature range (1 MeV ≤ mJ ≤ 10 GeV
and T ≲ 1 MeV), only the electron flavor of injected neutrinos
can induce nuclear reactions.

2We neglect corrections in the change of variables from ðt; pÞ
to ðz; ξÞ which arise when the temperature crosses the electron
threshold. The error coming from the electron threshold is
Oð10Þ%.
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ρ̇νnt;α þ 4Hρνnt;α ¼
ρJ
3τJ

−Wðνnt;α → νbgÞ

−Wðνnt;α → eÞ; ð10Þ

ρ̇νbg þ 4Hρνbg ¼
X

α¼e;μ;τ

Wðνnt;α → νbgÞ

þWðe → νbgÞ; ð11Þ

ρ̇eγB þ 3HðρeγB þ PeγBÞ ¼
X

α¼e;μ;τ

Wðνnt;α → eÞ

−Wðe → νbgÞ; ð12Þ

where ρeγB is mostly dominated by relativistic degrees of
freedom, so PeγB ≈ ρeγB=3. The Majoron energy density
evolves as

ρJ ¼ mJY
ð0Þ
J sðTÞe−t=τJ ; ð13Þ

and the energy transfer functions are given by

Wðνnt;α → νbgÞ ¼ Γðνnt;α → νbgÞρνnt;α ; ð14Þ

Wðνnt;α → eÞ ¼ Γðνnt;α → eÞρνnt;α : ð15Þ

Here Γðνnt;α → νbgÞ and Γðνnt;α → eÞ are averaged scatter-
ing rates for the energy transfer from the injected non-
thermal neutrinos νnt;α to the background neutrinos and
charged leptons, respectively (see Appendix A for their
expressions). Notice that Eq. (10) is the result of Eq. (6),
and Eqs. (11) and (12) show that background temperatures
Tνbg and T evolve differently from the SBBN. The Wðe →
νbgÞ term which already exists in the SBBN becomes small
at t > tνd, but non-negligible.
We provide analytic approximations of the temperature

changes by the leading order in the ρJ=T4 expansion.
Taking

Γα ≡ Γðνnt;α → νbgÞ þ Γðνnt;α → eÞ ð16Þ

as the averaged total rate of reducing ρνnt;α , the solution of
ρνnt;α is given by

ρνnt;αðtÞ ≃
1

3
mJY

ð0Þ
J sðTÞ

Z
t

tνd

dt0

τJ

�
sðTÞ
sðT 0Þ

�1
3

× exp

�
−
t0

τJ
−
Z

t

t0
dt00Γαðt00Þ

�
; ð17Þ

and the heating contributions to the background
densities are

Δρνbg ≃
X
α

Z
t

tνd

dt0
�
sðTÞ
sðT 0Þ

�4
3

Γðνnt;α → νbgÞρνnt;αðt0Þ; ð18Þ

ΔρeγB ≃
X
α

Z
t

tνd

dt0
�
sðTÞ
sðT 0Þ

�4
3

Γðνnt;α → eÞρνnt;αðt0Þ: ð19Þ

Here, we neglected the entropy increase effect on
aðt0Þ=aðtÞ ¼ ðsðTÞ=sðT 0ÞÞ1=3 due to the Majoron decay

which is the next-to-leading order in Yð0Þ
J expansion.

If τJ ≲ tνd, the dominant contribution is made around
t ∼ tνd, and each contribution at that time is estimated as

Δρνbg
ρeγB

≃
86

99

X
α

xακα
mJY

ð0Þ
J

Tνd
e−tνd=τJ ; ð20Þ

ΔρeγB
ρeγB

≃
86

99

X
α

xαð1 − καÞ
mJY

ð0Þ
J

Tνd
e−tνd=τJ ; ð21Þ

where the prefactor comes from sðTνdÞ=3ρeγB ¼ 86=99Tνd.
For simplicity of the formulae, we have introduced time-
dependent efficiency factors xα and κα as

xα ¼ 1 − e−Γαt; κα ¼
Γðνnt;α → νbgÞ

Γα
ð22Þ

which should be evaluated at t ¼ tνd in Eqs. (20) and (21).
For the case of τJ ≳ tνd, we should in principle take

into account continuously injected nonthermal neutrinos
from the decay of Majorons. After neutrino decoupling
(tνd ≲ t≲ τJ), the energy density of the injected neutrinos
relative to the background radiation gradually increases as
∝ ðmJ=TÞ · ðΓJtÞ. Together with Γα ∝ T4 (see Appendix A
for explicit expressions), we find that the largest heating
contribution occurs when the age of the Universe
approaches Majoron lifetime, i.e., at t ∼ τJ, although the
scattering rate Γα can be quite suppressed. Therefore, if
τJ > tνd, the additional energy densities at t ∼ τJ are
estimated as

Δρνbg
ρeγB

≃
86

99

X
α

xακα
mJY

ð0Þ
J

Tdecay
e−tνd=τJ ; ð23Þ

ΔρeγB
ρeγB

≃
86

99

X
α

xαð1 − καÞ
mJY

ð0Þ
J

Tdecay
e−tνd=τJ ; ð24Þ

where Tdecay is the photon temperature at Majoron decay
(t ¼ τJ) and xα, κα are evaluated at t ¼ τJ. The relevant
quantity for the BBN is the ratio between the background
neutrino energy density and that of the plasma (photon).
From the previous discussions, the deviation of the ratio
compared to that for the standard BBN (SBBN) is
obtained as
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ΔTνbg

Tνbg

¼
�
1þ Δρνbg=ρνbg
1þ ΔρeγB=ρeγB

�
1=4

− 1

¼
"

1þP
α
c�mJY

ð0Þ
J xακαe

−tνd =τJ

3T�

1þP
α
2.61mJY

ð0Þ
J xαð1−καÞe−tνd =τJ

3T�

#1=4

− 1 ð25Þ

for given plasma temperatures T� ≡minðTνd; TdecayÞ. c� is
estimated as 2.73(3.83) for T� > me (T� < me).

C. Corrections to the expansion rate and ΔNeff

When the universe expands dominantly by the radiation
energy density as ρrad ≃ 3H2M2

P where MP ¼ 2.43 ×
1018 GeV is the reduced Planck mass, the effective number
of relativistic neutrino species after eþe− annihilation, Neff ,
is defined as

Neff ¼
8

7

�
11

4

�4
3

�
ρrad − ρeγB

ρeγB

�
: ð26Þ

In our study,

ρrad ¼ ρeγB þ ρνbg þ ρνnt : ð27Þ

The additional effective number of relativistic degrees of
freedom is given by

ΔNeff ¼ 3

��
1þΔTνbg

Tνbg

�
4

− 1

�
þ 8

7

�
11

4

�4
3X

α

ρνnt;α
ρeγB

ð28Þ

with the information of Eqs. (17) and (25). In the
calculation of the Hubble rate, we also include the con-
tribution of Majoron energy density as ρtot ¼ ρeγBþ
ρνbg þ ρνnt þ ρJ ¼ 3H2M2

P.

D. Implementation to the BBN code

Now, let us consider the impact of νnt, ν̄nt and ΔTνbg on
the Boltzmann equations of nuclei,

dXA

dt
¼ dXA

dt

����
SBBN

−
X
B

½δΓA→BXA − δΓB→AXB�; ð29Þ

where XA ≡ nA=nb with nb the baryon number density,
ðdXA=dtÞjSBBN stands for the terms existing in the SBBN,
and A;B ¼ p; n;D;T; 3He; � � � are indices for the light
elements. The coefficient δΓA→B is given as

δΓA→B ¼ 1

2π2

Z
dEνntE

2
νntfνntðσvÞνntA→Be−

þ 1

2π2

Z
dEν̄ntE

2
ν̄nt
fν̄ntðσvÞν̄ntA→Beþ

þ �
Γ0
A→B − ΓðSBBNÞ

A→B

�
; ð30Þ

where ΓðSBBNÞ
A→B is the reaction rate of νA → Be− or ν̄A →

Beþ that exists in the standard BBN. δΓB→A can be
obtained by replacing A ↔ B. These corrections are only
included for A ¼ p; n;D, and 4He. In Appendix B, we
summarize our treatment. The last term in Eq. (30) accounts
for the increase of background neutrino temperature, which
is relevant before the neutron freeze-out. Therefore we only
include the last term for A;B ¼ n or p. The form of Γ0

A→B
for A; B ¼ n, p is given by

Γ0
n→p ¼ τ−1n þ xnp

�
ΓðSBBNÞ
n→p − τ−1n

�
;

Γ0
p→n ¼ xpnΓ

ðSBBNÞ
p→n : ð31Þ

Here τn ¼ 879.4 sec is the neutron lifetime [3], and the
explicit form of xnp and xpn can be found in Appendix C.
We take into account the modified evolution of ρeγB

which is given by Eq (12). This can be effectively done by
including the correction of N ðzÞ, the entropy transfer from
the incomplete neutrino decoupling in the SBBN [23–25]
as follows:

ρ̇eγB þ 3HðρeγB þ PeγBÞ ¼ −T4HðTÞðN ðzÞ þ ΔN ðzÞÞ;
ð32Þ

where ΔN ðzÞ ¼ −
P

α Wðνnt;α → eÞ=T4H.
This also causes a dilution of the baryon asymmetry

parameter ηb ≡ nb=nγ,

ηb;ini
ηb;fin

¼ 2.73 −
45

2π2g�sðTfÞ
Z

Tf

Tνd

W
HðTÞT2T3

νbg

dT: ð33Þ

Here we fix ηb;fin ¼ 6.1 × 10−10 and the final temperature
in our code (Tf) is taken to be 5 keV.
In summary, to obtain the final abundance, we imple-

ment the Eqs. (30), (32), and (33) as well as the modified
Hubble rate corresponding to Eq. (28) to the public code
PArthENOPE [26–28] which uses nuclear reaction rates
summarized in Ref. [29].

III. RESULTS

A. Evolutions

In the presence of the Majoron decay, the BBN procedure
is modified by an interplay of multiple effects as we
mentioned previously. First, additional nuclear reactions
are induced by energetic neutrinos, and especially p → n
conversion after the deuterium bottleneck enhances the
deuterium abundance as well as all the other elements that
can directly be produced from the deuterium. Second,
different heating of νbg and eγB sectors makes T=Tνbg

reduced. As a result, the reaction rates of neutrino induced
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n ↔ p conversion processes are modified (see Appendix C
for their expressions). These modifications result in a shift
of the n=p equilibrium value, and also change its freeze-out
temperature in comparison to the SBBN scenario. Finally,
the increased Hubble rate changes the time-to-temperature
relation, making all the reactions (including the beta decay)
less efficient.
The dominant effect is the enhancement of p → n

conversion rate induced by the energetic neutrinos, espe-
cially after the deuterium bottleneck tD at which the
modification of n → p is negligible because of the small
neutron number density compared to the proton number
density. For a large τJ, most of the energetic neutrinos
survive, and the abundances of both helium and deuterium
are increased as a consequence of additional neutrons.
The other two effects are important when τJ ≲ 1 sec. The

injected neutrinos undergo a large scattering rate expressed
by Bαðξ; zÞ in Eq. (8), which is efficient for a large T and
Tνbg . As fνnt is suppressed in this case, the heating effect
becomes more important.
To estimate our constraint, we use the values for observed

primordial abundances Yp ¼ ρð4HeÞ=ρb, D=H, and 7Li=H
recommended in Particle Data Group (PDG) [3]. We also
take the upper bound of 3He=H obtained in the recent
analysis presented in Ref. [5].

Observation Reference

Yp 0.245� 0.003 [3]
D=H × 106 25.47� 0.29 [3]
3He=H × 105 < 1.09� 0.18 [5]
7Li=H × 1010 1.6� 0.3 [3]

We exclude parameter regions where Yp, D=H, or 3He=H
is out of the 2σ range.
In our analysis, we do not include the 7Li=H data because

it requires a new physics while the Majoron cannot solve it
as will be shown later; the whole parameter range will be
excluded if the 7Li=H data were used. Likewise, Majoron
cannot explain the recent measurement of Yp by the
EMPRESS experiment which has a ∼1.8σ smaller value
compared to the PDG recommended value [30]. We do not
use it to avoid an overestimation of our constraint.
In addition, we fix ηB by the best-fit value of Ref. [4]

although including the ηB scan can, in principle, make our
constraint weaker. For instance, taking ηB to be the upper
two-sigma edge of the CMB constraint can reduce the
deuterium abundance by a few percent, and therefore the
bound can be weaker (the experimental uncertainty is also a
few percent). However, this effect is subdominant compared
to other uncertainties such as one-scattering thermalization
and instantaneous heating. Therefore, we do not scan the ηB
parameter.

In Fig. 1, we show the evolution of light element
abundances for τJ ¼ 500 sec in the upper panel and 4.4 ×
10−2 sec in the lower panel. We take the initial abundance

Yð0Þ
J ¼ 10−6 (upper) and 10−2 (lower), while we fix the

Majoron mass mJ ¼ 1 GeV. The dashed lines correspond

to the evolutions for the SBBN, i.e., Yð0Þ
J ¼ 0, while the

solid lines correspond to how they are changed when we
include the Majoron decay.
For τJ ¼ 500 sec (upper panel), the neutron number

density (depicted by the red curve) is increased compared
to the SBBN case after the deuterium bottleneck because of

FIG. 1. Variation of n=H (red), Yp (gray), D=H (olive),
T=H (blue), 3He=H (green), 7Li=H (magenta), and 7Be=H (black)
as a function of temperature T (see the upper tick for
the corresponding time). In the upper (lower) panel, we

take mJ ¼ 103 MeV, τJ ¼ 500 sec, and Yð0Þ
J ¼ 10−6 (mJ ¼

103 MeV, τJ ¼ 0.044 sec, and Yð0Þ
J ¼ 10−2). The dashed and

solid lines denote the evolution for SBBN and SBBNþ BSM,
respectively.
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the enhanced p → n conversion. It causes the enhancement
of the D abundance (olive) due to the nþ p → Dþ γ
process, and consequently, the abundances of D-sourced
elements such as T (blue), 3He (green), and 4He (gray) are
all enhanced. On the other hand, the 7Be abundance is
reduced because of the enhanced 7Beþ n → 7Liþ p reac-
tion. It accelerates the 7Liþ p → 4Heþ 4He process, and
the total 7Liþ 7Be abundance gets reduced, finally. This
effect can be sufficiently strong to fit the observed 7Li data,
but we find that the parameter space where the 7Li problem
is resolved is already excluded by the D constraint.
On the other hand, if neutrinos are injected earlier

(as depicted in the bottom panel of Fig. 1), the effect of
heating and the modified expansion rate is important, which
induces subprocesses with different directions. First, the
equilibrium value of the n=p ratio is enhanced as a result of
the increased Tνbg=T ratio. Second, the freeze-out of the n=p

ratio is delayed because the neutrino-induced reactions are
enhanced (despite the enhanced Hubble rate). These two
effects give corrections to Yp with similar size and opposite
sign. We find that the final Yp value gets enhanced, but the
impact is small due to the accidental cancellation of these
effects. Finally, the enhanced Hubble rate makes the
deuterium bottleneck and the deuterium freeze-out earlier,
which enhances D=H value. The bottom panel of Fig. 1
shows an excluded case where Yp is still within the
observed range, but D=H is increased too much.

B. Exclusion

Our constraints are summarized in Figs. 2 and 3. Fig. 2 is
in the parameter space of τJ and Yð0Þ

J for mJ ¼ 10 MeV,
100 MeV, 1 GeV, and 10 GeV, while Fig. 3 is their

projection to the mJ and g space for Yð0Þ
J ¼ 10−2, 10−5,

FIG. 2. Majoron parameter space in τJ − Yð0Þ
J plane for mJ ¼ 10 MeV (upper left), 100 MeV (upper right), 1 GeV (lower left), and

10 GeV (lower right). Shaded regions are excluded by deuterium (orange), 4He (purple), 3He (green), ΔNeff (light gray), and Majoron
domination (dark gray). We show the parameter region (depicted as a blue dotted contour) where the abundance of 7Li can be explained,
although it is ruled out by other constraints. The blue-shaded regions in the upper two panels correspond to the supernova constraint [35],
which does not exist in the lower two panels because of the heavy majoron mass.
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and 10−8. In Fig. 2, the orange regions depict the strong
constraint from the D abundance, while the green and
purple contours correspond to 3He and 4He bounds,
respectively (although they are weaker than the D con-
straint). We also show the ΔNeff constraint

3 from the CMB
analysis [4] by the light gray and the future sensitivity of
CMB Stage-4 [34] by the dashed line. TheΔNeff constraint
becomes stronger than the D constraint for a short lifetime.
Note that the wiggles/kinks represent the uncertainty of our
estimation which comes from various step functions in
our analysis. We also show the SN1987A constraint of
Ref. [35] in the figures (see also Refs. [36–44]).
Our framework breaks down when the Majoron energy

density dominates (shaded by the dark gray in Figs. 2 and
3). If this happens, the reheating temperature after
Majorons’ decay can be approximated to the decay temper-
ature of the Majoron, and therefore, Tdecay ≲MeV is
strongly ruled out. However, obtaining a precise lower
bound of reheating temperature matters formJ > GeV, as it
can happen with Tdecay ≳MeV (see Fig. 2). Although it
requires a more careful and sophisticated estimation of
neutrino distribution, we expect the result will be stronger
than the cases of radiative or hadronic channel [45–50]
because thermalization of the plasma starting from neu-
trinos should be much less efficient.
Since the initial abundance of Majoron Yð0Þ

J is sensitive
to the history of the universe, we take a wide range of

Yð0Þ
J ¼ 10−2; 10−5, and 10−8, and show the constraints in

ðmJ; gÞ plane in Fig. 3. Yð0Þ
J ¼ 0.28=g�sðTFOÞ ≃ 10−2 rep-

resents the case where the Majorons are maximally
produced and frozen-out at TFO ≫ mJ. Such a case can
easily be realized when the universe undergoes the B − L
phase transition. As shown in the top panel in Fig. 3, the
BBN and ΔNeff constraints are comparable to each other,
and the constraint from the reheating temperature of
Majoron dominated era excludes the bottom region of
the parameter space.
On the other hand, if the reheating temperature after the

inflation is much less than the B − L symmetry breaking
scale fJ, it is extremely difficult for Majorons to be fully
thermalized due to the intrinsically small coupling,

gαβ ≃mν;αβ=fJ, and Y
ð0Þ
J can be arbitrarily small depending

on the UV models (see, e.g., Refs. [51–56]). In the middle

and bottom panel of Fig. 3, we take Yð0Þ
J ¼ 10−5 and 10−8

as references of nonthermal scenarios.

IV. CONCLUSION

In this paper, we have estimated the BBN constraint on
Majoron in the mass range MeV ≤ mJ ≤ 10 GeV. When
τJ ≳ 1 sec, the decay of Majorons leaves energetic neu-
trinos, and they contribute to an additional p → n con-
version. On the other hand, the effects of heating and the

FIG. 3. Constraints on Majoron parameter space in ðmJ; gÞ
plane for Yð0Þ

J ¼ 10−2 (upper panel), Yð0Þ
J ¼ 10−5 (middle panel),

and Yð0Þ
J ¼ 10−8 (lower panel). In this work, we exclude the

shaded regions by the BBN analysis (orange), ΔNeff (light gray),
and the Majoron domination (dark gray). We also depict the
existing supernova constraint (blue) [35].

3We take the current limit on Neff as 2.99þ0.34
−0.33 at the

95% confidence level [4] while we take the SM value of Neff
by 3.04 [23,24,31–33]. Therefore, the upper bound corresponds
to ΔNeff < 0.29.
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modified Hubble rate result in a relatively mild constraint at
τJ ≲ 1 sec. We find that, in both cases, the deuterium
abundance provides the strongest constraint among the
measured primordial light elements.
The additional neutrons due to the injected neutrinos

reduce the 7Be abundance (and thus 7Li at present).
However, the parameter region that explains the present
observation on the primordial 7Li abundance is ruled out by
the strong constraint from the deuterium abundance.
We also estimate other cosmological constraints such as

the ΔNeff bound from the CMB analysis and the reheating
temperature bound onMajoron dominated scenario. For the

maximally thermalized scenario with Yð0Þ
J ≃ 10−2, the BBN

constraint is comparable to the ΔNeff bound. On the other
hand, our BBN analysis rules out a distinctive region of
parameter space for nonthermal Majoron scenarios

with Yð0Þ
J ≪ 10−2.

Exploring the higher-mass region requires more careful
consideration. First of all, one should include processes
of neutrino annihilation into heavier particles such as
νν̄ → μþμ−; πþπ−; � � �. These channels easily mess up
the neutron-to-proton ratio, and thus we expect a stronger
constraint will be put on the short lifetime. Moreover,
heavyMajorons can directly decay to SM fermions via one-
loop level [57], where the branching ratio is roughly
10−4m2

νm2
f=g

2v4h for the Higgs vacuum expectation value
vh ¼ 246 GeV, effective neutrino mass mν ∼ 0.1 eV, and
the fermion mass mf. These additional decay channels
would be more dangerous than the neutrino mode although
the branching ratio is small.
Our analysis can be further improved by a more realistic

treatment of scattered neutrinos. This is crucial, especially
for τJ ≲ 1 sec where the scattering term (8) is efficient.
However, since it takes a significantly large amount of
computational resources, we leave it for future work.
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APPENDIX A: THE SCATTERING TERM
OF INJECTED NEUTRINOS

In the estimation of Cνnta→bc in Eq. (5), we approximate
all the external particles are massless so that we can simply
factor out the energy dependence of the corresponding
cross section as

σνnt;αa→bc ¼ ζabc
G2

FE
2
cm

π
; ðA1Þ

where Ecm is the center of mass energy and ζabc is a
coefficient as we summarize in Table I which agrees with
Ref. [58]. Taking zero neutrino masses is, of course, valid
since T ≫ mν. Taking me ¼ 0 at T ≫ me is a good
approximation, but the uncertainty becomes order one
when T ≃me. At T < me, the interaction rates involving
eþ or e− are suppressed by the Boltzmann factor, so we turn
off the corresponding collision term by using the step
function.
With taking the Møller velocity [59] v ¼ ððp1 · p2Þ2−

m2
1m

2
2Þ1=2=ðE1E2Þ ¼ 1 − cos θ, E2

cm ¼ 2EνntEað1 − cos θÞ,
and fa ¼ 1=ðeEa=Ta þ 1Þ, we obtain

Cνnt;αa→bc ¼ −2fνnt;α

Z
dΠaðσνnt;αa→bcvÞEafa

¼ gaζabcG2
FEνnt

4fνnt;α
3π3

Z
dEaE3

afaðEaÞ

¼ 7π

90
G2

FEνntT
4
afνnt;αgaζabc; ðA2Þ

where ga is the spin-degeneracy gν ¼ 1, ge ¼ 2, and α ¼ e,
μ, τ. Note that the symmetry factor 1=ð1þ δaνnt;αÞ is
canceled by the coefficient of 2fνbgfνnt;α that comes from

fνfν ¼ f2νbg þ 2fνbgfνnt;α þ f2νnt;α . Then, Bαðξ; zÞ in Eq. (6)
is given by

Bαðξ; zÞ ¼
7πG2

Fm
5
e

90H
ξ

z6

�
ζα1θðT −meÞ

þ
�
Tνbg

T

�
4

½ζα2 þ ζα3θðEνntTνbg −m2
eÞ�

�
; ðA3Þ

where

TABLE I. ζabc for νe, where we take me ¼ 0. CV ¼
1
2
þ 2sin2θW , and CA ¼ 1

2
.

Process (νnta → bc) ζabc

νe þ ν̄e → νe þ ν̄e 2=3
νe þ νe → νe þ νe 1
νe þ νi → νe þ νi 1=2
νe þ ν̄i → νe þ ν̄i 1=6
νe þ ν̄e → νi þ ν̄i 1=6

νe þ e− → νe þ e− ðC2
A þ CACV þ C2

VÞ=3
νe þ eþ → νe þ eþ ðC2

A − CACV þ C2
VÞ=3

νe þ ν̄e → e− þ eþ ðC2
A þ C2

VÞ=3
νi þ e− → νi þ e− ½3ðCA þ CV − 2Þ2 þ ðCA − CVÞ2�=12
νi þ eþ → νi þ eþ ½ðCA þ CV − 2Þ2 þ 3ðCA − CVÞ2�=12
νi þ ν̄i → e− þ eþ ½ðCA þ CV − 2Þ2 þ ðCA − CVÞ2�=6

CONSTRAINING MEV TO 10 GEV MAJORONS BY BIG BANG … PHYS. REV. D 110, 015019 (2024)

015019-9



ζe1 ¼
4

3
ðC2

A þ C2
VÞ; ζe2 ¼

10

3
; ζe3 ¼

1

3
ðC2

A þ C2
VÞ; ζμ1 ¼ ζτ1 ¼

1

3
½ðCA þ CV − 2Þ2 þ ðCA − CVÞ2�;

ζμ2 ¼ ζτ2 ¼ ζe2; ζμ3 ¼ ζτ3 ¼
1

3
½ðCA þ CV − 2Þ2 þ ðCA − CVÞ2�: ðA4Þ

The interactions in the B term are directly related to Γðνnt;α → ν; eÞ of Eqs. (14) and (15). The analytical expressions of
Γðνnt;α → ν; eÞ for different flavors of νnt are given by

Γðνnt;e → νÞ ¼ hσvðνntν → ννÞ þ σvðνntν̄ → νν̄Þinν þ
1

2
hσvðνnte� → νe�Þine

≃
7π

90
G2

FEνntT
4
νbg;�

�
10

3
þ 2

3

�
T�

Tνbg;�

�
4

ðC2
A þ C2

VÞθðT� −meÞ
�
; ðA5Þ

Γðνnt;μ → νÞ ¼ Γðνnt;τ → νÞ ¼ hσvðνntν → ννÞ þ σvðνntν̄ → νν̄Þinν þ
1

2
hσvðνnte� → νe�Þine

≃
7π

90
G2

FEνntT
4
νbg;�

�
10

3
þ 1

3

�
T�

Tνbg;�

�
4

½ðCA − CVÞ2 þ ðCA þ CV − 2Þ2�θðT� −meÞ
�
; ðA6Þ

Γðνnt;e → eÞ ¼ 1

2
hσvðνnte� → νe�Þine þ hσvðνntν̄ → eþe−Þinν

≃
7π

90
G2

FEνntT�4ðC2
A þ C2

VÞ
�
2

3
θðT� −meÞ þ

1

3

�
Tνbg;�
T�

�
4

θðEνntTνbg;� −m2
eÞ
�
; ðA7Þ

Γðνnt;μ → eÞ ¼ Γðνnt;τ → eÞ ¼ 1

2
hσvðνnte� → νe�Þine þ hσvðνntν̄ → eþe−Þinν

≃
7π

90
G2

FEνntT�4½ðCA − CVÞ2 þ ðCA þ CV − 2Þ2�
�
1

3
θðT� −meÞ þ

1

6

�
Tνbg;�
T�

�
4

θðEνntTνbg;� −m2
eÞ
�
: ðA8Þ

APPENDIX B: CROSS SECTIONS OF νnt
INVOLVING NUCLEAR REACTIONS

The scattering cross section of νnt with n and p for
Eνnt < 300 MeV is given by [60]

σνntn→pe− ≃ 9.52 × 10−44 cm2
Ee

MeV
pe

MeV
; ðB1Þ

σν̄ntp→neþ ≃ 10−43 cm2
Ee

MeV
pe

MeV

�
Eνnt

MeV

�
γ

; ðB2Þ

where

γ ¼ −0.07056þ 0.02018 ln

�
Eνnt

MeV

�

− 0.001953 ln

�
Eνnt

MeV

�
3

: ðB3Þ

In (B1), Ee ¼ Eνnt þmn −mp whereas Ee ¼ Eνnt−
ðmn −mpÞ in (B2) and pe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

p
. For Eνnt ≥

300 MeV, the scattering cross sections of νnt with n and
p are given in Table II.
In our analysis, we have considered the interactions of νnt

with deuterium (D) and helium ð4HeÞ and the relevant cross
sections are tabulated in Table III and Table IV respectively.
The full tables can be found in [61,62].
For highly energetic nonthermal neutrinos, the data is not

available and in this case, we have extrapolated the
scattering cross section of nonthermal neutrinos with D
and 4He. The extrapolation has been performed using the
following formula.
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σ ¼ σðE0Þ
�
Eνnt

E0

�
2
�
E2
0 þ Λ2

E2
νnt þ Λ2

�
; ðB4Þ

where E0 is the maximum value of the nonthermal neutrino energy up to which the data is available and σðE0Þ is the cross
section at E0. Here we have considered Λ ¼ 1 GeV.

APPENDIX C: MODIFIED n ↔ p CONVERSION RATE DUE TO NEUTRINO HEATING

The quantity xnp and xpn is defined as

xnp ¼ Γnνe→pe−ðT 0
νbgÞ þ Γneþ→pν̄eðTÞ

Γnνe→pe−ðTνbgÞ þ Γneþ→pν̄eðTÞ
;

xpn ¼
Γpν̄e→neþðT 0

νbgÞ þ Γpe−→nνeðTÞ
Γpν̄e→neþðTνbgÞ þ Γpe−→nνeðTÞ

; ðC1Þ

TABLE II. Scattering cross sections of nonthermal neutrinos with nucleons in units of
femtobarn (fb).

Eνnt ½MeV� ν̄ntp → neþ νntn → pe−

300 1.48 5.37
350 1.71 6.36
400 1.93 7.22
450 2.15 7.94
500 2.36 8.53
550 2.57 9.02
600 2.77 9.42
650 2.97 9.73
700 3.16 9.99
750 3.34 10.19
800 3.51 10.35
850 3.67 10.47
900 3.83 10.57
950 3.98 10.64
1000 4.12 10.69

TABLE III. Scattering cross sections of nonthermal neutrinos with deuterium in units of
femtobarn (fb).

Eνnt ½MeV� Dðνnt; νÞnp Dðν̄nt; ν̄Þnp Dðνnt; e−Þpp Dðν̄nt; eþÞnn
4 3.07 × 10−5 3.02 × 10−5 1.58 × 10−4 0.00
10 1.10 × 10−3 1.05 × 10−3 2.71 × 10−3 1.23 × 10−3

50 5.91 × 10−2 4.52 × 10−2 0.134 7.29 × 10−2

100 0.262 0.158 0.635 0.239
170 0.706 0.330 1.82 0.425

TABLE IV. Scattering cross sections of nonthermal neutrinos with 4He in units of femtobarn (fb).

Eνnt ½MeV� 4Heðνnt; νÞp3H 4Heðνnt; νÞn3He 4Heðνnt; νÞDD 4Heðνnt; e−Þp3He 4Heðν̄nt; eþÞn3H
50 1.80 × 10−3 1.74 × 10−3 7.22 × 10−5 8.96 × 10−3 5.99 × 10−3

75 1.40 × 10−2 1.36 × 10−2 1.12 × 10−3 8.31 × 10−2 4.18 × 10−2

100 4.76 × 10−2 4.63 × 10−2 3.57 × 10−3 3.26 × 10−1 1.26 × 10−1

150 1.89 × 10−1 1.85 × 10−1 1.52 × 10−2 1.65 4.10 × 10−1

180 2.98 × 10−1 2.92 × 10−1 2.77 × 10−2 2.95 6.02 × 10−1
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where T 0
νbg ¼ Tνbgð1þ ΔTνbg=TνbgÞ. The explicit forms of the reaction rates (neglecting the Pauli blocking factor for the

final state fermion) are given by

Γnνe→pe−ðTνbgÞ ≃
1þ 3g2A
2π3

G2
FQ

5

Z
∞

1

dq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ðme=QÞ2
q2

s
q2ðq − 1Þ2

1þ e
Qðq−1Þ
Tνbg

; ðC2Þ

Γneþ→pν̄eðTÞ ≃
1þ 3g2A
2π3

G2
FQ

5

Z
−me=Q

−∞
dq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ðme=QÞ2
q2

s
q2ðq − 1Þ2
1þ e

−Qq
T

; ðC3Þ

Γpν̄e→neþðTνbgÞ ≃
1þ 3g2A
2π3

G2
FQ

5

Z
−me=Q

−∞
dq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ðme=QÞ2
q2

s
q2ðq − 1Þ2

1þ e
−Qðq−1Þ
Tνbg

; ðC4Þ

Γpe−→nνeðTÞ ≃
1þ 3g2A
2π3

G2
FQ

5

Z
∞

1

dq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ðme=QÞ2
q2

s
q2ðq − 1Þ2
1þ e

Qq
T

; ðC5Þ

where gA ¼ 1.27.
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