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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. "Li abundance gets decreased as a consequence of additional neutrons, but the
parameter range that fits the observed Li 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 “He, D, and 3He (see Refs. [1,2] for a review).
The primordial “He 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 7, = n,/n, = 6.1 x 1071
that is obtained by fitting the cosmic microwave back-
ground (CMB) data [4]. The *He 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 ’Li
abundance being smaller than the SBBN prediction still
remains unsolved [6-9].
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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

where v, is the SM neutrino with flavor a =e, u, .
For simplicity, we assume the flavor universality, i.e.,
Jap = 90qp- We expect that a dedicated analysis for the
realistic Majoron model (g,z =~ m,,z/f,; for the B—L
symmetry breaking scale f; and the mass matrix of SM
neutrinos m,,; 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 the Majoron 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, m; < 10 MeV and g = 1071, 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

_léx
a 392”’[]

1011\ 2 /GeV
~0.11 sec< > <L> (2)
g my

where Iy, , =T;_;; = ¢*m;/32x is the partial decay
width of individual J - v,v,, and J — 7,0,. We distin-
guish v and v by the helicity (or chirality). Since the BBN
process starts around 7,4 ~ 0.1 sec when the background
neutrinos are decoupled, our analysis is relevant for
g < 107"(GeV/m,)'/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
(ANg) 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 O(100) 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 Y; =
ny/s is frozen at high temperature and its value at the

= 1—71 = (2 X 3FJ—>D,,D,,)_1

beginning of the BBN procedure YBO) =n;/s at T =
10 MeV is given by 0.28/g,,(Ts_;), where Tp_; is the
B — L phase transition temperature, n; is the Majoron
number density, s is the entropy density, and g,, 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

(0)

discussion, we treat Y’ as a free parameter and present

(0)

our constraints in terms of upper bound on Y’ and 7, for

different m;. We also provide exclusion plots projected in

the (my, g) plane for several choices of YSO).

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 “He 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 (v, ) and visible plasma
(eyB) 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 eyB and 14, sectors, the modified
Hubble rate, and AN.y. 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 a = e,
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u, 7 denoted by vy, @y, for antineutrino)." The
Boltzmann equation for the distribution f, (z,p) of
Uniq Can be written as

af, af,
nt.a — H nta — C " 3
5 ~HP > Cu (3)

i

with the Hubble rate H, the magnitude of the Majoron
momentum p = |p|, and collision terms C;. The source term
of J = vniolnia (U = Unpalnie fOr f3, ) can be written as

1
C‘I_’I/m.a’/m.a = E/ dHJdHUa|M.]—>I/a1/a |2fj

x 2n)*¥(P;—P-P,)

Zﬂzrjl’l] my
=TI s ) 4
3E? < 2 “)

where P* = (E,p), and dIl; = d*p;/((2x)32E;) is the
phase space integration, we used the total decay width
I’y =6, and neglected Pauli blocking factors. For a

given initial yield of Majoron Y ©

density is evolved as n; ~ YSO)S(T)e‘FJ’ . Other scattering

terms with the background plasma can be written as

, the Majoron number

S
Cl’m.aa_)bc = _ﬁ dnadedHc|Mb,,a—>bc|2fafymﬂ
x 2z)*6W (P4 P, — P, — P,), (5)

where S is the symmetry factor. We do not include processes
of Cpe—au,,,, @s we consider those scattered neutrinos to be a
part of the background neutrinos (so we consider all the
elastic scattering as vy ,a = vypea). This provides a
conservative estimation of the energetic neutrinos as we
discussed previously.

Then, using the dimensionless parameters z = m,/T,
&= p/T, Eq. (3) is organized as”

af Unta
0z

2¢&m,

J

:Aa(é,z)5<z - ) —B,(¢.2)f .. (6)

where A, (&, z) and B, (¢, z) correspond to the source term
and the scattering term,

'In our mass and temperature range (1 MeV <m; <10 GeV
and 7 < 1 MeV), only the electron flavor of injected neutrinos
can induce nuclear reactions.

*We neglect corrections in the change of variables from (z, p)
to (z, &) which arise when the temperature crosses the electron

threshold. The error coming from the electron threshold is
0(10)%.

167%g,, mgFJYSO) e Tu/2H(2)

Aal£,2) = 135 m}  EPH(z) ' ™
7 GZ 5
Ble) = TbE L [cale(T —-m,)

T, \4
= () (€ +atter, -m2))].

where G is the Fermi constant, and we take t~ 1/2H
approximation. The values of constants {,;, {,», and {3 for
different flavors are summarized in Appendix A.

The solution of Eq. (6) is given by

funa(6:2) = A, (5, Zime> 9<Z B 2§me>

J my

X exp [— /f m d7' By (¢, z’)] : 9)

my

We take f; = f,  since A, and B, terms are the same for

v, and 7, except for neutrino-baryon interaction rate whose
contribution is highly suppressed by the small baryon
number density compared to that of photons 7, ~ 107,
On the other hand, in the Boltzmann equations for the
abundance of light nuclei, the interaction rates between v,
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 (eyB) as
well as the background neutrinos (). With our assumption
of neutrino distribution, we provide a good approximation
to estimate the changes in background temperatures of
neutrinos Tl,bg and photons 7. 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=t,q (T =T,) (except for adjusting the baryon asym-
metry parameter). When the neutrinos are injected before
the neutrino decoupling period t < t,q4 (T > T,4), they get
quickly thermalized, and their energy is efficiently redis-
tributed to the background neutrinos and the electro-
magnetic plasma with a common temperature 7, = T.
Therefore, we only take into account the residual decays of
Majorons after the neutrino decoupling.

Then, for t > 1,4 (Tybg, T < T,4) we have the Boltzmann
equations for the background neutrinos v, and electro-
magnetic plasma with the assumption of the simplified
distribution of neutrinos as
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. p
Pria + 4le/m.a = 37] - W(”nt,a - I/bg)
Ty
- W(ynt,(l - 6), (10)

pubg + 4Hpubg = Z W(Um.a - Dbg)

a=eu,t

+W(e = vig), (11)

Z W(Unt.a - 6)

a=e.u,t

—W(e = vyy), (12)

peyB + 3H(peyB + PeyB) =

where p,, 5 is mostly dominated by relativistic degrees of
freedom, so P, 5 = p.,5/3. The Majoron energy density
evolves as

pr=m¥Ps(T)e v, (13)

and the energy transfer functions are given by

W(l/nt a I/bg) F(ana - I/bg)pvm{, (14)

W(Vnt.a - 6) = 1—‘(I/nt,at - e)pvm_a' (15)
Here I'(vp 4 = tpg) and T'(vy, — e) are averaged scatter-
ing rates for the energy transfer from the injected non-
thermal neutrinos v, 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 Egs. (11) and (12) show that background temperatures
T,,, and T evolve differently from the SBBN. The W(e -
L) term which already exists in the SBBN becomes small
at t > t,4, but non-negligible.

We provide analytic approximations of the temperature
changes by the leading order in the p,/T* expansion.
Taking

Fa = F(’/nt,a - ng) + F(Vnt,a - e) (16)

as the averaged total rate of reducing p, . the solution of

l (0) /’d_l" s(T) 5
3mJYJ S(T) g 7 —s(T/)

/
X exp [—t—— /tdt”l“a(t”)], (17)
r/

Ty

P, 18 given by

and the heating contributions to
densities are

the background

3, =3 [t (35 Pl = e ). (19

(3
Ape}/B = Z [d dr (S(T/

>)’r<um,a Lo (7). (19)

Here, we neglected the entropy increase effect on
a(?)/a(t) = (s(T)/s(T"))"/? due to the Majoron decay
which is the next-to-leading order in Y SO) expansion.
If z; <t4, the dominant contribution is made around

t ~t,4, and each contribution at that time is estimated as

(0)
ﬂ ~ % ZxaKa M e_tbd/f./ s (20)
PeyB 99 a Tud
Ape}/B Z Ygo)
Xo

e/t , (21
peyB yd )

where the prefactor comes from s(7',q)/3p.,5 = 86/997T 4.
For simplicity of the formulae, we have introduced time-
dependent efficiency factors x, and «, as

Tt o F(Vnt,a - ybg)

S l—e T, k= 22
X, e K r (22)

a

which should be evaluated at t = 7,4 in Egs. (20) and (21).

For the case of 7; = t,4, we should in principle take
into account continuously injected nonthermal neutrinos
from the decay of Majorons. After neutrino decoupling
(t,qg St S 1y), the energy density of the injected neutrinos
relative to the background radiation gradually increases as
o (my/T) - (T;t). Together with T', o T* (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 ¢ ~ 7;, although the
scattering rate I', can be quite suppressed. Therefore, if
7; > t,q, the additional energy densities at t~7; are
estimated as

(0)
Apl/bg ~ % xaK(l my YJ e—tbd/fj7 (23)
PeyB 99 Tdecay
Ap, B mJY( )
—rerd Zx —1a/Ty , (24)
peyB decay

where T'gecqy 18 the photon temperature at Majoron decay
(t =1;) and x,, k, are evaluated at ¢t = 7;. 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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AT, _ {1 + Apy, /P, ] "
T 1 + ApeyB/peyB

Ubg

ch xrce'”d/rf 1/4
1+, — 5 ——

2.61m y ) x (1 ke Ww} -1 (25)
L3,

for given plasma temperatures 7, = min(7,q, T gecay)- C iS
estimated as 2.73(3.83) for T, > m, (T, < m,).

C. Corrections to the expansion rate and AN ¢

When the universe expands dominantly by the radiation
energy density as ppq=~3H’M?% where Mp =243 x
10" GeV is the reduced Planck mass, the effective number
of relativistic neutrino species after e™ e~ annihilation, N,

is defined as
8 (11 Prad — Pe
V=3 () (L)
7 4 peyB

Prad = PeyB + pubg + Puy- (27)

In our study,

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

AT, \4 8 (11\3x—="v
ANy =3[ 14+—2) 1| +=(— e (28
amal () S () T e

bg

with the information of Egs. (17) and (25). In the
calculation of the Hubble rate, we also include the con-
tribution of Majoron energy density as py = pe,t

Puy, + Puy + Py = 3H> M}

D. Implementation to the BBN code

Now, let us consider the impact of v, v,,; and AT,,bg on
the Boltzmann equations of nuclei,

dX, dX,

dr dr - Z[éFA—»BXA —0lp_sXp], (29

SBBN ‘B

where X, = ny/n, with n; the baryon number density,
(dX 4/ dt)|sppN stands for the terms existing in the SBBN,
and A,B = p,n,D,T,*He,--- are indices for the light
elements. The coefficient 6I"4_,p is given as

1
6FA—>B _2_/dEUmEI%mem(UU) UnA—Be~

)Z/“A—>Be+

+ —/ dEl/ntE’%mfl’m

+ (T — TSV, (30)

where Fﬁ{:iN) is the reaction rate of vA — Be™ or VA —

Be™ that exists in the standard BBN. 83_, can be
obtained by replacing A <> B. These corrections are only
included for A = p,n,D, and “He. 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 = n or p. The form of I,
for A, B = n, p is given by

Ty =7 2, (T = 771),
Ty = X Lo (31)

Here 7, = 879.4 sec is the neutron lifetime [3], and the
explicit form of x,, and x,, can be found in Appendix C.

We take into account the modified evolution of p,,z
which is given by Eq (12). This can be effectively done by
including the correction of N(z), the entropy transfer from
the incomplete neutrino decoupling in the SBBN [23-25]
as follows:

~T*H(T)(N(z) + AN (2)),
(32)

peyB + 3H(peyB + PeyB)

where AN (z) = = >, Wy — €)/T*H.
This also causes a dilution of the baryon asymmetry
parameter 1, = n,/n,,

.. 45 T
Mp ini —273— 5 f W2 S dT. (33)
Nb fin 2n g*S(Tf> T, H(T)T Tl/bg

Here we fix 7, g, = 6.1 x 107'° and the final temperature
in our code (Ty) is taken to be 5 keV.

In summary, to obtain the final abundance, we imple-
ment the Egs. (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 v}, and eyB sectors makes T'/ Tvbg
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 7, 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 7;, 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 z; < 1 sec. The
injected neutrinos undergo a large scattering rate expressed
by B,(&, z) in Eq. (8), which is efficient for a large T and
T,,bg. As f, 1is suppressed in this case, the heating effect
becomes more important.

To estimate our constraint, we use the values for observed
primordial abundances Y, = p(*He)/p,, D/H, and "Li/H
recommended in Particle Data Group (PDG) [3]. We also
take the upper bound of *He/H obtained in the recent
analysis presented in Ref. [5].

Observation Reference
Y, 0.245 £ 0.003 [3]
D/H x 10° 25.47 £0.29 [3]
*He/H x 10° < 1.09+0.18 [5]
"Li/H x 10'° 1.6 £0.3 [3]

We exclude parameter regions where Y ,, D/H, or *He/H
is out of the 20 range.

In our analysis, we do not include the ’Li/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 Y, by the
EMPRESS experiment which has a ~1.8c 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 np by the best-fit value of Ref. [4]
although including the 75 scan can, in principle, make our
constraint weaker. For instance, taking 7 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 7
parameter.

time(t)[s]

110’2 107! 100 10! 10% 10% 10*
10 : . . . .
10-1 T )
. time(t)|[s]
1073 102 107" 100 10°
0.6 : : .
° 1075 0.5
o
% :0.4
g 107 Sl N | = T3
e
< 9 0.2
10 oad NNV S [\ emmmmmm e maa—
o
107! T [MeV]
\’\\;\\
; — 10°MeV
1071 ;{33):10760 ,
7y = 500 sec
10—15

10t 10° 1072
T [MeV]
time(t)[s]
110’2 107! 100 10 102 10% 10*
10 1 : : : : : :
101 T ¥
. time(t)|s]
1073 1072 100 100 10!
0.6
o 105 05
g 0.4
jasi
_g 10771 Fos
2 ;
< g 0.2
10 0.1
. o
10 w\m\
— )3 7
10713 ;7/3{3)7:1?01&0\ |
7y = 0.044 sec
10—15 . ,
10! 10° 1072
T [MeV]
FIG. 1. Variation of n/H (red), Y, (gray), D/H (olive),

T/H (blue), *He/H (green), 'Li/H (magenta), and "Be/H (black)
as a function of temperature 7 (see the upper tick for
the corresponding time). In the upper (lower) panel, we
take m; = 103 MeV, 7, =500 sec, and ¥\” =10 (m, =
103 MeV, 7, = 0.044 sec, and Y\’ = 1072). The dashed and
solid lines denote the evolution for SBBN and SBBN + BSM,
respectively.

In Fig. 1, we show the evolution of light element
abundances for 7; = 500 sec in the upper panel and 4.4 x
1072 sec in the lower panel. We take the initial abundance
Y<jo) = 107% (upper) and 1072 (lower), while we fix the
Majoron mass m; = 1 GeV. The dashed lines correspond

to the evolutions for the SBBN, ie., Y SO) = 0, while the
solid lines correspond to how they are changed when we
include the Majoron decay.

For 7; =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

015019-6



CONSTRAINING MEV TO 10 GEV MAJORONS BY BIG BANG ...

PHYS. REV. D 110, 015019 (2024)

Decay temperature (Tiecay)[MeV]
1072

) 10° 107!
10~

1073

104

107°

SN1987A

10-6

1077

1078

Majoron initial abundance ( }0))

—— Excluded from D/H
— Excluded from Y,
------ Observed "Li

107
my = 10 MeV
100 w00 w0 10r 100 100 100 100

Majoron lifetime (7;) [s]

—10
1072

Decay temperature (Tiecay)[MeV]
1072

10° 107!

Majoron initial abundance (¥{”)

—— Excluded from D/H
—— Excluded from Y,

1079 Excluded from *He/H
Tude 3 —
------ Observed "Li my = 10" MeV
1 —10 . . . . . . .
1072 1070 100 10! 10 10° 104 10° 106

Majoron lifetime (7,7) [s]

Decay temperature (Tiecay)[MeV]
102

s 10° 107!
10725

g,
= 107
< =
£ 10 =
D
= —
B z
= 107° @
E 8
= s<3
21077 TR
o
3 8
2 40—
E 10 —— Excluded from D/H
= —— Excluded from Y,
107° Excluded from *He/H 5 1
------ Observed "Li my = 10" MeV
10-10 . . — T — .
102 10t 100 10! 10? 10° 10* 10° 106
Majoron lifetime (7) [s]
Decay temperature (Tiecay)[MeV]
10° 107! 1072
102

1073

~~
S~
S~

Majoron initial abundance (YJ(O))

—— Excluded from D/H
—— Excluded from Y,

107 Excluded from *He/H s S
------ Observed "Li
1 —10 . . . . . T T
1072 1070 107 10! 10?2 10 10 10°

Majoron lifetime (7;7) [s]

FIG. 2. Majoron parameter space in 7; — Y(JO) plane for m; = 10 MeV (upper left), 100 MeV (upper right), 1 GeV (lower left), and
10 GeV (lower right). Shaded regions are excluded by deuterium (orange), “He (purple), *He (green), AN, (light gray), and Majoron
domination (dark gray). We show the parameter region (depicted as a blue dotted contour) where the abundance of "Li 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.

the enhanced p — n conversion. It causes the enhancement
of the D abundance (olive) due to the n+p - D +y
process, and consequently, the abundances of D-sourced
elements such as T (blue), *He (green), and “He (gray) are
all enhanced. On the other hand, the "Be abundance is
reduced because of the enhanced 'Be + n — Li + p reac-
tion. It accelerates the 'Li + p — “He + “He process, and
the total "Li + "Be abundance gets reduced, finally. This
effect can be sufficiently strong to fit the observed Li data,
but we find that the parameter space where the ’Li 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 7', /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 Y, with similar size and opposite
sign. We find that the final ¥, 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 Y, 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 z; and Y (Jo) for m; = 10 MeV,
100 MeV, 1 GeV, and 10 GeV, while Fig. 3 is their

projection to the m; and g space for YSO) =1072, 1073,
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and 1078, In Fig. 2, the orange regions depict the strong
constraint from the D abundance, while the green and
purple contours correspond to ‘He and “He bounds,
respectively (although they are weaker than the D con-
straint). We also show the AN . constraint’ from the CMB
analysis [4] by the light gray and the future sensitivity of
CMB Stage-4 [34] by the dashed line. The AN ¢ 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, Tgecay S MeV is
strongly ruled out. However, obtaining a precise lower
bound of reheating temperature matters for m; > GeV, as it
can happen with T,y 2 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 Y 5()) is sensitive
to the history of the universe, we take a wide range of

Y(Jo) =1072,107°, and 1078, and show the constraints in

(my. g) plane in Fig. 3. Y\ = 0.28/¢,,(Tso) ~ 1072 rep-
resents the case where the Majorons are maximally
produced and frozen-out at Tgg > m;. 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 AN 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 f, it is extremely difficult for Majorons to be fully
thermalized due to the intrinsically small coupling,

Gap = My g/ f 1> and Y1) 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 Y'") = 1075 and 10~
as references of nonthermal scenarios.

*We take the current limit on Nz as 2.99703% at the

95% confidence level [4] while we take the SM value of N
by 3.04 [23,24,31-33]. Therefore, the upper bound corresponds
to ANz < 0.29.

v -1

BBN constraint

ANgg = 0.06 SN1987A

Majoron-neutrino coupling (g)

10715
100 10! 102 10 104
Majoron mass (m) [MeV]
(0) _ 10-5
1077 L 2D
BBN constraint
1079

SN1987A

Majoron-neutrino coupling (g)

10715.
100 10! 107 10 10
Majoron mass (m) [MeV]
©) _ 10—
L0 Y,  =10"8
s BBN constraint
2 10791
a
5 ] SN1987A
2 1011
= 10712
2,
= Z 006 s
[y ~70.29
S e =07
10° 10! 102 10 10*

Majoron mass (m) [MeV]

FIG. 3.
plane for Y§O> = 1072 (upper panel), ¥ (JO) = 1073 (middle panel),

Constraints on Majoron parameter space in (my, g)

and YSO) = 10"% (lower panel). In this work, we exclude the
shaded regions by the BBN analysis (orange), AN (light gray),
and the Majoron domination (dark gray). We also depict the
existing supernova constraint (blue) [35].

IV. CONCLUSION

In this paper, we have estimated the BBN constraint on
Majoron in the mass range MeV < m; < 10 GeV. When
7; 2 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
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modified Hubble rate result in a relatively mild constraint at
7; <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 "Be abundance (and thus 7Li at present).
However, the parameter region that explains the present
observation on the primordial ’Li abundance is ruled out by
the strong constraint from the deuterium abundance.

We also estimate other cosmological constraints such as
the AN bound from the CMB analysis and the reheating
temperature bound on Majoron dominated scenario. For the

maximally thermalized scenario with Y (JO) ~ 1072, the BBN
constraint is comparable to the AN bound. On the other
hand, our BBN analysis rules out a distinctive region of
parameter space for nonthermal Majoron scenarios
with ¥\” « 102,

Exploring the higher-mass region requires more careful
consideration. First of all, one should include processes
of neutrino annihilation into heavier particles such as
v — putyu~,xtn", .. 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,
heavy Majorons can directly decay to SM fermions via one-
loop level [57], where the branching ratio is roughly
107*m7m7/g*vj, for the Higgs vacuum expectation value
v, = 246 GeV, effective neutrino mass m, ~ 0.1 eV, and
the fermion mass m;. 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 7; <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 C,, .. 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

TABLE 1. ¢, for v, where we take m,=0. Cy =
%—f— 2sin’@y,, and C, = %

Process (vya — be) Cabe

Vo+ VU, >V, + 1, 2/3

v,+v, > v, +U, 1

Vo + Vv >V, + U 1/2

V,+0; =V, + 1 1/6

v, +0, > v+ D 1/6

Vo+e —u,+e” (C3+C4Cy +C3)/3
v,+et -uv,+et (C3 —CsCy +C2)/3
v, +b, > e +et (C3+C%)/3

vit+e —>u+e” [B(Ca+Cy =2)* +(Cs = Cy)*]/12
vitet s v +et [(Ca+ Cy =2)* +3(Cs = Cy)*)/12
Vit D= e et [(Ca+ Cy=2)* +(C4 = Cy)?]/6
G2 E2
aynl,(la—}b(’ gabc = (Al )

where E, is the center of mass energy and {,,. is a
coefficient as we summarize in Table I which agrees with
Ref. [58]. Taking zero neutrino masses is, of course, valid
since T > m,. Taking m, =0 at T>m, is a good
approximation, but the uncertainty becomes order one
when T ~m,. At T < m,, the interaction rates involving
e or e” are suppressed by the Boltzmann factor, so we turn
off the corresponding collision term by using the step
function.

With taking the Mgller velocity [59] v = ((p, - p2)*—

2m3)V2/(E\Ey) = 1 —cos0, E, =2E, E,(1—cos0),
and f, = 1/(ef+/T« 4+ 1), we obtain

Cym_aa—>bc = _2fzznm / dHa (Gunmaebcv)Eafa

4f Unta
Unt 3”3

= gué’ath%E

[ aeEisE

G2 Eym T4fvm,,gaz:abm (Az)

~ 90
where g, is the spin-degeneracy g, = 1, g, = 2, and a = e,
#, 7. Note that the symmetry factor 1/(1+6,, ) is
canceled by the coefficient of 2, f, —that comes from

Fofo = fo + 2o fun, + F2.. Then, By(¢.2) in Eq. (6)
is given by
77rGFme <
Ba<£7 ) 90H |:z:a19(T m)
T,
() Tt CatlE T = 2] (83
where
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10

4
Cel :g(cfﬁrc%/)a la=73. Ca= [(Ca+Cy =22 +(Ca = Cy)?,

W =

(Ci + C%)? éﬂl = ng =

W =

[(Ca+Cy =2)* + (Cy = Cy)?. (A4)

W | =

CﬂZ = c7:2 = 562’ €y3 = C‘r3 =

The interactions in the B term are directly related to I'(zy,, — v, €) of Eqgs. (14) and (15). The analytical expressions of
I'(vpq — v, e) for different flavors of v, are given by

1
D(vge = v) = (ov(vgy = w) + ov(vy = vb))n, + 3 (ov(vye® = ve®))n,

10 2 L\
=i, T [y 42 () (€ + ot - mo). (43)

Upgo*

1
T = ) = Tltwe = ) = (00(taw = ) + a0 = 19)), + 3 (ov(eme™ = ve))n,

10 1/ 7T, \*
=GB T [543 (1) (€ =GP 4 (€a+ & = 20T = ). (A6)
90 Ty 3 3\T,,.
1 + + — —_
F(wne = €) = 5 (ovve™ = ve))n, + (vl — ee7))n,
~—G2E T.4(C% 4 C3) ger(T )+1 Tinr 4er(E T 2 (A7)
90 Unt A 14 3 x M 3 T, Uni ™ Vogo* me)|s

1
Do = €) = Mo = €) = 3 (o0(ume™ = ve))ne + (o0(und > e*e ),

1 1 /T, \*
=~ %GZE T [(CA - Cv)2 + (CA + CV - 2)2] |:§9<T* - me) + 6 <%> 9<ED“[T%§.* - m%)] . (AS)
|
APPENDIX B: CROSS SECTIONS OF v, E,
INVOLVING NUCLEAR REACTIONS = —0.07056 + 0.02018 In (M V)
The scattering cross section of v, with n and p for E,
E, <300 MeV is given by [60] —0.0019531n { =t ) - (B3)

In (B, E,=E, +m,—m, whereas E, =FE, —

—m,) in (B2) and p, =+/E:—ml. For E, >

Une =—

E
- 2052 x 107 em? Lo Pe_gpy (M

Pt pe MeV MeV'’ 300 MeV, the scattering cross sections of v, with n and
p are given in Table IL
In our analysis, we have considered the interactions of v/
with deuterium (D) and helium (4He) and the relevant cross
sections are tabulated in Table III and Table IV respectively.
E, p. E, \7 The full tables can be found in [61,62].
MeV MeV <M eV) (B2) 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 “He. The extrapolation has been performed using the
where following formula.

~ 1043 om?2
05, pnet = 1077 cm
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TABLE II.  Scattering cross sections of nonthermal neutrinos with nucleons in units of
femtobarn (fb).

E, [MeV] Upp — net Upl = 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).

E, [MeV] D (v, v)np D (@, v)np D(vn, e™)pp D (@, " )nn
4 3.07 x 1075 3.02 x 1073 1.58 x 1074 0.00
10 1.10 x 1073 1.05 x 1073 2.71 x 1073 1.23x 1073
50 591 x 1072 452 x 1072 0.134 7.29 x 1072
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 “He in units of femtobarn (fb).

E, [MeV] ‘He(vy,v)pH  *He(vp,v)n®He  *He(vy,v)DD  “He(vy,e”)pHe  “He(iy, e*)n’H
50 1.80 x 1073 1.74 x 1073 722 x 107 8.96 x 1073 5.99 x 1073
75 1.40 x 1072 1.36 x 1072 1.12x 1073 8.31 x 1072 4.18 x 1072
100 4.76 x 1072 4.63 x 1072 3.57x 1073 3.26 x 107! 1.26 x 107!
150 1.89 x 107! 1.85 x 107! 1.52 x 1072 1.65 4.10 x 107!
180 2.98 x 107! 2.92 x 107! 2.77 x 1072 2.95 6.02 x 107!

E

2 E2 A2
o = o(Ey) [ -2 % ,
E, E, + A
where E is the maximum value of the nonthermal neutrino energy up to which the data is available and ¢(E)) is the cross
section at E,. Here we have considered A = 1 GeV.

(B4)

APPENDIX C: MODIFIED r < p CONVERSION RATE DUE TO NEUTRINO HEATING

The quantity x,,,

and

X, 1s defined as

T,

Ubg

+ Fne*—>pie (T

nv —pe”

9
nu o pe” be +Fne+—>p176 T

El

(T%,)
(T,)
,w(qnw(Tb)
(Ty,)

pv —net Tl/b

)
(T)
+ Ty, (T)
+ T e, (T)

t
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where T’Ubg = T,/bg(l + AT,/bg / Tybg). The explicit forms of the reaction rates (neglecting the Pauli blocking factor for the

final state fermion) are given by

1 + 392 I e/Q )’q
Fm/e—>pe’ (Tub ) - —4 G QS / ’
1+e T”bs

Fne*—»pﬂe (T)

l—‘pz'/e—meJr (Tl/b ) =

1+3 ) q
oo (1) = gAG 208 / (me/Q)
q 1 + eT

where g, = 1.27.

(C2)
143 m,/Q 24%(g—1)?
+ %gA GZ QS/ dq (mE/zQ) ( ) , (C3)
2 -0 q 1 + e T
1 + 393 m/Q | (m./Q) ¢’ (g~ 1)
o T3 — G QS/ dq 1- qz —0(¢-1) ° (C4)
—00 ] + e T“bg
(C5)

[1] C. Pitrou, A. Coc, J.-P. Uzan, and E. Vangioni, Precision big
bang nucleosynthesis with improved Helium-4 predictions,
Phys. Rep. 754, 1 (2018).

[2] B.D. Fields, K. A. Olive, T.-H. Yeh, and C. Young, Big-
bang nucleosynthesis after Planck, J. Cosmol. Astropart.
Phys. 03 (2020) 010; 11 (2020) E02.

[3] R.L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083CO01
(2022).

[4] N. Aghanim er al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[5] R.J. Cooke, P. Noterdaeme, J. W. Johnson, M. Pettini, L.
Welsh, C. Peroux, M. T. Murphy, and D.H. Weinberg,
Primordial helium-3 redux: The helium isotope ratio of the
Orion Nebula*, Astrophys. J. 932, 60 (2022).

[6] M. Asplund, D.L. Lambert, P. E. Nissen, F. Primas, and
V. V. Smith, Lithium isotopic abundances in metal-poor halo
stars, Astrophys. J. 644, 229 (2000).

[7] W. Aoki, P. S. Barklem, T. C. Beers, N. Christlieb, S. Inoue,
A.E. G. Perez, J. E. Norris, and D. Carollo, Lithium abun-
dances of extremely metal-poor turn-off stars, Astrophys. J.
698, 1803 (2009).

[8] L. Sbordone et al., The metal-poor end of the Spite plateau.
1: Stellar parameters, metallicities and lithium abundances,
Astron. Astrophys. 522, A26 (2010).

[9] J. Melendez, L. Casagrande, I. Ramirez, M. Asplund, and
W. Schuster, Observational evidence for a broken Li Spite
plateau and mass-dependent Li depletion, Astron. Astro-
phys. 515, L3 (2010).

[10] R.J. Scherrer, Deuterium and helium-3 production from
massive neutrino decay, Mon. Not. R. Astron. Soc. 210, 359
(1984).

[11] S. Chang and K. Choi, Constraints from nucleosynthesis
and SN 1987A on Majoron emitting double § decay, Phys.
Rev. D 49, R12 (1994).

[12] T. Kanzaki, M. Kawasaki, K. Kohri, and T. Moroi, Cosmo-
logical constraints on neutrino injection, Phys. Rev. D 76,
105017 (2007).

[13] M. Pospelov and J. Pradler, Metastable GeV-scale particles
as a solution to the cosmological lithium problem, Phys.
Rev. D 82, 103514 (2010).

[14] A. Fradette and M. Pospelov, BBN for the LHC: Constraints
on lifetimes of the Higgs portal scalars, Phys. Rev. D 96,
075033 (2017).

[15] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott,
Constraining the self-interacting neutrino interpretation
of the Hubble tension, Phys. Rev. Lett. 123, 191102 (2019).

[16] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, and D. Blas,
Refined bounds on MeV-scale thermal dark sectors from
BBN and the CMB, J. Cosmol. Astropart. Phys. 01 (2020)
004.

[17] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Are there
real Goldstone bosons associated with broken lepton num-
ber?, Phys. Lett. 98B, 265 (1981).

[18] G.B. Gelmini and M. Roncadelli, Left-handed neutrino
mass scale and spontaneously broken lepton number, Phys.
Lett. 99B, 411 (1981).

[19] J. M. Berryman et al., Neutrino self-interactions: A white
paper, Phys. Dark Universe 42, 101267 (2023).

015019-12


https://doi.org/10.1016/j.physrep.2018.04.005
https://doi.org/10.1088/1475-7516/2020/03/010
https://doi.org/10.1088/1475-7516/2020/03/010
https://doi.org/10.1088/1475-7516/2020/11/E02
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
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/10.3847/1538-4357/ac6503
https://doi.org/10.1086/503538
https://doi.org/10.1088/0004-637X/698/2/1803
https://doi.org/10.1088/0004-637X/698/2/1803
https://doi.org/10.1051/0004-6361/200913282
https://doi.org/10.1051/0004-6361/200913047
https://doi.org/10.1051/0004-6361/200913047
https://doi.org/10.1093/mnras/210.2.359
https://doi.org/10.1093/mnras/210.2.359
https://doi.org/10.1103/PhysRevD.49.R12
https://doi.org/10.1103/PhysRevD.49.R12
https://doi.org/10.1103/PhysRevD.76.105017
https://doi.org/10.1103/PhysRevD.76.105017
https://doi.org/10.1103/PhysRevD.82.103514
https://doi.org/10.1103/PhysRevD.82.103514
https://doi.org/10.1103/PhysRevD.96.075033
https://doi.org/10.1103/PhysRevD.96.075033
https://doi.org/10.1103/PhysRevLett.123.191102
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/j.dark.2023.101267

CONSTRAINING MEV TO 10 GEV MAJORONS BY BIG BANG ...

PHYS. REV. D 110, 015019 (2024)

[20] P. Huang and K.-P. Xie, Leptogenesis triggered by a first-
order phase transition, J. High Energy Phys. 09 (2022) 052.

[21] A. Dasgupta, P.S. B. Dev, A. Ghoshal, and A. Mazumdar,
Gravitational wave pathway to testable leptogenesis, Phys.
Rev. D 106, 075027 (2022).

[22] E.J. Chun, T.P. Dutka, T.H. Jung, X. Nagels, and M.
Vanvlasselaer, Bubble-assisted leptogenesis, J. High Energy
Phys. 09 (2023) 164.

[23] G. Mangano, G. Miele, S. Pastor, and M. Peloso, A
precision calculation of the effective number of cosmologi-
cal neutrinos, Phys. Lett. B 534, 8 (2002).

[24] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P.D. Serpico, Relic neutrino decoupling including flavor
oscillations, Nucl. Phys. B729, 221 (2005).

[25] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P.D. Serpico, Effects of non-standard neutrino-electron
interactions on relic neutrino decoupling, Nucl. Phys.
B756, 100 (2006).

[26] O. Pisanti, A. Cirillo, S. Esposito, F. Iocco, G. Mangano, G.
Miele, and P. D. Serpico, PArt hENOPE: Public algorithm
evaluating the nucleosynthesis of primordial elements,
Comput. Phys. Commun. 178, 956 (2008).

[27] R. Consiglio, P.F. de Salas, G. Mangano, G. Miele, S.
Pastor, and O. Pisanti, PArthENOPE reloaded, Comput.
Phys. Commun. 233, 237 (2018).

[28] S. Gariazzo, P.F. de Salas, O. Pisanti, and R. Consiglio,
PArthENOPE revolutions, Comput. Phys. Commun. 271,
108205 (2022).

[29] P. D. Serpico, S. Esposito, F. locco, G. Mangano, G. Miele,
and O. Pisanti, Nuclear reaction network for primordial
nucleosynthesis: A detailed analysis of rates, uncertainties
and light nuclei yields, J. Cosmol. Astropart. Phys. 12
(2004) 010.

[30] A. Matsumoto et al.,, EMPRESS. VIII. A new determination
of primordial He abundance with extremely metal-poor
galaxies: A suggestion of the lepton asymmetry and
implications for the Hubble tension, Astrophys. J. 941,
167 (2022).

[31] P.F. de Salas and S. Pastor, Relic neutrino decoupling with
flavour oscillations revisited, J. Cosmol. Astropart. Phys. 07
(2016) 051.

[32] J.J. Bennett, G. Buldgen, M. Drewes, and Y. Y. Y. Wong,
Towards a precision calculation of the effective number of
neutrinos N in the standard model I: The QED equation of
state, J. Cosmol. Astropart. Phys. 03 (2020) 003; 03 (2021)
AOL.

[33] M. Cielo, M. Escudero, G. Mangano, and O. Pisanti, N in
the standard model at NLO is 3.043, Phys. Rev. D 108,
L121301 (2023).

[34] K. N. Abazajian et al. (CMB-S4 Collaboration), CMB-S4
science book, first edition, arXiv:1610.02743.

[35] D.F. G. Fiorillo, G. G. Raffelt, and E. Vitagliano, Strong
supernova 1987A constraints on bosons decaying to neu-
trinos, Phys. Rev. Lett. 131, 021001 (2023).

[36] E. W. Kolb and M. S. Turner, Supernova SN 1987a and the
secret interactions of neutrinos, Phys. Rev. D 36, 2895
(1987).

[37] K. Choi, C. W. Kim, J. Kim, and W. P. Lam, Constraints on
the Majoron interactions from the supernova SN1987A,
Phys. Rev. D 37, 3225 (1988).

[38] K. Choi and A. Santamaria, Majorons and supernova
cooling, Phys. Rev. D 42, 293 (1990).

[39] Y. Farzan, Bounds on the coupling of the Majoron to light
neutrinos from supernova cooling, Phys. Rev. D 67, 073015
(2003).

[40] S. Shalgar, I. Tamborra, and M. Bustamante, Core-collapse
supernovae stymie secret neutrino interactions, Phys. Rev. D
103, 123008 (2021).

[41] K. Akita, S. H. Im, and M. Masud, Probing non-standard
neutrino interactions with a light boson from next galactic
and diffuse supernova neutrinos, J. High Energy Phys. 12
(2022) 050.

[42] K. Akita, S. H. Im, M. Masud, and S. Yun, Limits on heavy
neutral leptons, Z' bosons and majorons from high-energy
supernova neutrinos, arXiv:2312.13627.

[43] D.F. G. Fiorillo, G. G. Raffelt, and E. Vitagliano, Supernova
emission of secretly interacting neutrino fluid: Theoretical
foundations, Phys. Rev. D 109, 023017 (2024).

[44] D.F. G. Fiorillo, G.G. Raffelt, and E. Vitagliano, Large
neutrino secret interactions have a small impact on super-
novae, Phys. Rev. Lett. 132, 021002 (2024).

[45] M. Kawasaki, K. Kohri, and N. Sugiyama, Cosmological
constraints on late time entropy production, Phys. Rev. Lett.
82, 4168 (1999).

[46] M. Kawasaki, K. Kohri, and N. Sugiyama, MeV scale
reheating temperature and thermalization of neutrino back-
ground, Phys. Rev. D 62, 023506 (2000).

[47] S. Hannestad, What is the lowest possible reheating temper-
ature?, Phys. Rev. D 70, 043506 (2004).

[48] K. Ichikawa, M. Kawasaki, and F. Takahashi, The
oscillation effects on thermalization of the neutrinos in
the Universe with low reheating temperature, Phys. Rev. D
72, 043522 (2005).

[49] P.F. de Salas, M. Lattanzi, G. Mangano, G. Miele, S. Pastor,
and O. Pisanti, Bounds on very low reheating scenarios after
Planck, Phys. Rev. D 92, 123534 (2015).

[50] T. Hasegawa, N. Hiroshima, K. Kohri, R.S.L. Hansen,
T. Tram, and S. Hannestad, MeV-scale reheating temper-
ature and thermalization of oscillating neutrinos by radiative
and hadronic decays of massive particles, J. Cosmol.
Astropart. Phys. 12 (2019) 012.

[51] M. Frigerio, T. Hambye, and E. Masso, Sub-GeV dark
matter as pseudo-Goldstone from the seesaw scale, Phys.
Rev. X 1, 021026 (2011).

[52] C. Garcia-Cely and J. Heeck, Neutrino lines from majoron
dark matter, J. High Energy Phys. 05 (2017) 102.

[53] T. Brune and H. Pis, Massive Majorons and constraints on
the Majoron-neutrino coupling, Phys. Rev. D 99, 096005
(2019).

[54] Y. Abe, Y. Hamada, T. Ohata, K. Suzuki, and K. Yoshioka,
TeV-scale Majorogenesis, J. High Energy Phys. 07 (2020)
105.

[55] S.K. Manna and A. Sil, Majorons revisited: Light
dark matter as a FIMP, Phys. Rev. D 108, 075026
(2023).

[56] S.-P. Li and B. Yu, A cosmological sandwiched window for
lepton-number breaking scale, J. Cosmol. Astropart. Phys.
04 (2024) 047.

[57] J. Heeck and H. H. Patel, Majoron at two loops, Phys. Rev.
D 100, 095015 (2019).

015019-13


https://doi.org/10.1007/JHEP09(2022)052
https://doi.org/10.1103/PhysRevD.106.075027
https://doi.org/10.1103/PhysRevD.106.075027
https://doi.org/10.1007/JHEP09(2023)164
https://doi.org/10.1007/JHEP09(2023)164
https://doi.org/10.1016/S0370-2693(02)01622-2
https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1016/j.nuclphysb.2006.09.002
https://doi.org/10.1016/j.nuclphysb.2006.09.002
https://doi.org/10.1016/j.cpc.2008.02.015
https://doi.org/10.1016/j.cpc.2018.06.022
https://doi.org/10.1016/j.cpc.2018.06.022
https://doi.org/10.1016/j.cpc.2021.108205
https://doi.org/10.1016/j.cpc.2021.108205
https://doi.org/10.1088/1475-7516/2004/12/010
https://doi.org/10.1088/1475-7516/2004/12/010
https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/03/003
https://doi.org/10.1088/1475-7516/2021/03/A01
https://doi.org/10.1088/1475-7516/2021/03/A01
https://doi.org/10.1103/PhysRevD.108.L121301
https://doi.org/10.1103/PhysRevD.108.L121301
https://arXiv.org/abs/1610.02743
https://doi.org/10.1103/PhysRevLett.131.021001
https://doi.org/10.1103/PhysRevD.36.2895
https://doi.org/10.1103/PhysRevD.36.2895
https://doi.org/10.1103/PhysRevD.37.3225
https://doi.org/10.1103/PhysRevD.42.293
https://doi.org/10.1103/PhysRevD.67.073015
https://doi.org/10.1103/PhysRevD.67.073015
https://doi.org/10.1103/PhysRevD.103.123008
https://doi.org/10.1103/PhysRevD.103.123008
https://doi.org/10.1007/JHEP12(2022)050
https://doi.org/10.1007/JHEP12(2022)050
https://arXiv.org/abs/2312.13627
https://doi.org/10.1103/PhysRevD.109.023017
https://doi.org/10.1103/PhysRevLett.132.021002
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1103/PhysRevD.70.043506
https://doi.org/10.1103/PhysRevD.72.043522
https://doi.org/10.1103/PhysRevD.72.043522
https://doi.org/10.1103/PhysRevD.92.123534
https://doi.org/10.1088/1475-7516/2019/12/012
https://doi.org/10.1088/1475-7516/2019/12/012
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1007/JHEP07(2020)105
https://doi.org/10.1007/JHEP07(2020)105
https://doi.org/10.1103/PhysRevD.108.075026
https://doi.org/10.1103/PhysRevD.108.075026
https://doi.org/10.1088/1475-7516/2024/04/047
https://doi.org/10.1088/1475-7516/2024/04/047
https://doi.org/10.1103/PhysRevD.100.095015
https://doi.org/10.1103/PhysRevD.100.095015

CHANG, GANGULY, JUNG, PARK, and SHIN

PHYS. REV. D 110, 015019 (2024)

[58] S. Hannestad and J. Madsen, Neutrino decoupling in the
early universe, Phys. Rev. D 52, 1764 (1995).

[59] P. Gondolo and G. Gelmini, Cosmic abundances of stable
particles: Improved analysis, Nucl. Phys. B360, 145
(1991).

[60] A. Strumia and F. Vissani, Precise quasielastic neutrino/
nucleon cross-section, Phys. Lett. B 564, 42 (2003).

[61] N. Tatara, Y. Kohyama, and K. Kubodera, Weak interaction
processes on deuterium: Muon capture and neutrino reac-
tions, Phys. Rev. C 42, 1694 (1990).

[62] T. Yoshida, T. Suzuki, S. Chiba, T. Kajino, H. Yokomakura,
K. Kimura, A. Takamura, and D. H. Hartmann, Neutrino-
nucleus reaction cross sections for light element synthesis in
supernova explosions, Astrophys. J. 686, 448 (2008).

015019-14


https://doi.org/10.1103/PhysRevD.52.1764
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1016/S0370-2693(03)00616-6
https://doi.org/10.1103/PhysRevC.42.1694
https://doi.org/10.1086/591266

