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Outline of the talk

¢ Introduction to Majoron and Standard BBN (SBBN)

e Effect of Majoron on BBN

e Summary
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Lepton number breaking
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Lepton number breaking

Consider an SM gauge singlet complex scalar o with lepton number -2

Lrvew = (N " 0,N;, ( W N, o+, c) ~ G2y N, ® + 1) + V(@ 0)

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Lepton number breaking

Consider an SM gauge singlet complex scalar o with lepton number -2
Lrvew = (N " 0,N;, ( W N, o+, c) ~ G2y N, ® + 1) + V(@ 0)

|
0 = —— (@ +f+ iJ) breaks global U(1); symmetry spontaneously

V2

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Lepton number breaking

Consider an SM gauge singlet complex scalar o with lepton number -2
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0 = —— (@ +f+ iJ) breaks global U(1); symmetry spontaneously

V2

J is a Nambu-Goldstone boson, which is known as Majoron and it can be massive

via explicit symmetry breaking terms. We treat the mass of Majoron as a free
parameter.
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Lepton number breaking

Consider an SM gauge singlet complex scalar o with lepton number -2

Lrvew = (N " 0,N;, ( W N, o+, c) ~ G2y N, ® + 1) + V(@ 0)

|
0 = —— (@ +f+ iJ) breaks global U(1); symmetry spontaneously

V2

J is a Nambu-Goldstone boson, which is known as Majoron and it can be massive

via explicit symmetry breaking terms. We treat the mass of Majoron as a free
parameter.

m
Majoron only couples with the SM sector via %]I/_LCI/L +H.C where g ~ —

[Noturally suppressed coupling with the S sector]
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Majoron Phenomenology

m
l Snowmass 2021, arXiv: 2203.01955
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Majoron Phenomenology
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Big-Bang Nucleosynthesis: Formation of light elements

Most abundant light elements
are Hydrogen ( ~ 75%) and
Helium ( ~ 25%)
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Most abundant light elements

are Hydrogen ( ~ 75%) and
Helium ( ~ 25%

680 NATURE

THE EVOLUTION OF THE
UNIVERSE

By Dr. G. GAMOW
George Washington University, Washington, D.C.

HE discovery of the red shift in the spectra of

distant stellar galaxies revealed the important
fact that our universe is in the state of uniform
expansion, and raised an interesting question as to
whether the present features of the universe could
be understood as the result of its evolutionary
development, which must have started a few thousand
million years ago from a homogeneous state of ex-
tremely high density and temperature. We con-
clude first of all that the relative abundances of
various atomic species (which were found to be
essentially the same all over the observed region of
the universe) must represent the most ancient
archeeological document pertaining to the history of
the universe. These abundances must have been
established during the earliest stages of expansion
when the temperature of the primordial matter was
still sufficiently high to permit nuclear transforma-
tions to run through the entire range of chemical
elements. It is also interesting to notice that the
observed relative amounts of natural radionctive
elements suggest that their nuclei must have been
formed (presumably along with all other stable
nuclei) rather soon after the beginning of the universal
expansion. In fact, we notice that natural radio-
active isotopes with the decay periods of many
thousand million years (such as uranium-238,
thorium-232 and samarium-148) aro comparatively
abundant, whereas those with decay periods moas-
uring only several hundred million years are ex-
tremely rare (as uranium-235 and potassium.40).
If, using the known decay periods and natural
abundances of these isotopes, wo try to calculate the
date when they have been about as abundant as
the corresponding isotopes of longer life, we find
that it must have been a few thousand million years
ago, in general agreement with the astronomically
determined age of the universe.

The early attempts to explain the observed relative
abundances of the elements'.* were based on the
assumption that the presont distribution represents
& ‘frozen equilibrium state’ corresponding to some
very high temperature and density in an early stage
of universal expansion. Such equilibrium theories
lead, however, to the result that the logarithm of the
relative abundance must be a linear function of the
nuclear binding energy, which in its turn is known
to be a linear function of atomic weight. Thus,
according to that picture, we would expect a rapid
exponential decrease of relative abundances all the
way from hydrogen to uranium, in direct contra-
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tion fly beyond any limit) as the result of hypothetical
universal collapse preceding the present expansion.
In fact, the extremely high pressures obtaining near
the point of complete collapse (singular point at
t = 0) would have squeezed the free electrons
into the protons, turning the matter into the
state of over-heated noutron fluid. When the ex-
pansion began, and the density of neutron gas
dropped, the neutrons would be expected to begin
decaying again into protons, and more and more
complex nuclear aggregates could bo built up as the
result of the union bstweon the newly formed protons
and the neutrons still remaining. Such a building-up
process must have started when the temperature of
the neutron-proton mixture droppasd below a few
times 10'° ° K., which corresponds to the mutual
binding energies of these nuclear particles., The
equations governing such a gradual building-up pro-
cess can ovidently be written in the form :

L. ; 2,
dt = My ey — Mn (6 =1,2,3,...), (1)
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Big-Bang Nucleosynthesis: Formation of light elements

But where did the elements
come from?????

Thermonuclear Reactions in the
Expanding Universe

R. A. ALPHER AND R. HERMAN
Applied Physics Laboratory,* The Johns Hopkins University,
Silver Spring, Maryland
AND

G. A. Gamow
The George Washington University, Washington, D. C.
September 15, 1948

T has been shown in previous work!™3 that the observed

relative abundances of the elements can be explained
satisfactorily by consideration of the building up of nuclei
by successive neutron captures during the early stages of
the expanding universe. Because of the radioactivity of
the neutron, and also because neutrons are used in forming
the elements, the building up process must have been
completed essentially in a time of the order of several
neutron decay periods, i.e., about 103-10% sec. It should
be noted that following the essential completion of the
main element forming process, the temperature prevailing
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Assumptions of SBBN
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Assumptions of SBBN

Universe is homogeneous and isotropic.

ST 7) dr
Friedmann equations: H* = =~ and — = + 3
q M3, 4 3 Mgz (Ptot ptot)
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Assumptions of SBBN

Universe is homogeneous and isotropic.

|

ST 7) 47

Friedmann equations: i and — = (
M3, a 3M?
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Assumptions of SBBN

Universe is homogeneous and isotropic.

|

ST 7) 47

Friedmann equations: i and — = (
M3, a 3M,

ptot 3 3]7 tot)

Energy density of the Universe is dominated by radiation

a4 X t1/2

All the nuclear reaction raters are calculated based on the Standard Model
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SBBN timescales

Temperature
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SBBN timescales

Temperature

Ty
T,> 1.293MeV BBN starts: n, ~n, = =
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SBBN timescales

Temperature
0.7 MeV n and p freeze-out
T
T, > 1.293 MeV BBN starts: n, ~ e ——
7
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SBBN timescales

Temperature

Deuterium bottleneck and

0.1 MeV formation of light elements
begins
0.7 MeV n and p freeze-out
T
T.> 1.293 MeV BBN starts: n, ~n, = =
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SBBN timescales

Temperature

0.03 MeV BBN ends

Deuterium bottleneck and

0.1 MeV formation of light elements
begins
0.7 MeV n and p freeze-out
T
T.> 1.293 MeV BBN starts: n, ~n, = =
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SBBN timescales

Temperature

0.03 MeV BBN ends , ]
Deuterium production

n+p—->D+y
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0.1 MeV formation of light elements
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0.7 MeV n and p freeze-out
T
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SBBN timescales

Temperature

0.03 MeV BBN ends , ]
Deuterium production

n+p—->D+y

Deuterium bottleneck and

0.1 MeV formation of light elements
begins
/
0.7 MeV n and p freeze-out
4
T, > 1.293MeV BBN starts: n, ~n, = 7 Photo dissociation of D

D+y—-n+p
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SBBN timescales

Temperature Binding energy of D (B)) ~2.2MeV

0.03 MeV BBN ends , ]
Deuterium production

n+p—->D+y

Deuterium bottleneck and

0.1 MeV formation of light elements Fop-ny ~ 10-10B0/T ~ 1
begins e
;- when
/
f T ~ 0.09 MeV
0.7 MeV n and p freeze-out
4
T, > 1.293MeV BBN starts: n, ~n, = — Photo dissociation of D
7
D+y—-n+p
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Time Evolution
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Time Evolution

TR n = (6.104 +0.058) x 1071
n, p freeze-out bottleneck, 7, =879.4%£0.6s
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Current status

baryon density parameter Q2gh?

SBBN prediction: 0.24691 = 0.00018
Observation: 0.245 £ 0.003

SBBN prediction: (2.57 = 0.13) X 107>
Observation: (25.47 =0.29) x 107°

SBBN prediction: (10.03 = 0.90) x 107°
Observation : < (1.09 +0.18) x 107

2203.11256

SBBN prediction: (4.72 +0.72) x 1019
Observation: (1.6 = 0.3) x 10~1°

Curve width corresponds to the theoretical baryon-to-photon ratio n = ny/n-
uncertainty in the nuclear cross sections 1912.01132, PDG 2022
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Neutrino injection from Majoron
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Neutrino injection from Majoron

i Energetic }

! neutrinos }
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Neutrino injection from Majoron

Scattering with
the background
plasma,

| Energetic }
I neutrinos |
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Neutrino injection from Majoron

Scattering with
the background
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evolution
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Neutrino injection from Majoron

Scattering with
the background
plasma,

| Change background “’
temperature 3'\
evolution

| Energetic }
I neutrinos }

~ Direct |
i scattering with §
'- nuclei y

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 11



Neutrino injection from Majoron

Scattering with
the background
plasma

| Change background |
temperature 3'\
evolution

Alters BBN
prediction

| Energetic }

~ Direct |
i scattering with §
'- nuclei y
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Framework

l
D Interaction of SM neutrinos with Majoron is governed by & = — Egii;gvi]
® we + - 0 =
e treat the Majoron abundance | Y;~ = at the onset of BBN as a free
S
parameter

@ Majoron couplings with SM-neutrinos are flavor universal

D Three free-parameters: YJ(O), my, T; where 7; is the lifetime of Majoron

D Our analysis is restricted between 1 MeV < m; < 10GeV

* for m; < 1 MeV, injected neutrinos from Majoron decay cannot
affect the BBN processes

* for m; > 10 GeV, muons and pions can be produced from the
scattering of v . with background plasma. We avoid such complexity

by restricting our analysis up to m; = 10 GeV
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Treatment of non-thermal neutrinos
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Treatment of non-thermal neutrinos

@ We separate the momentum distribution function of v by fybg T

® Highly energetic non-thermal neutrino reduces its energy and merges into the
background plasma by a single scattering
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Treatment of non-thermal neutrinos

@ We separate the momentum distribution function of v by fybg + fvm

® Highly energetic non-thermal neutrino reduces its energy and merges into the
background plasma by a single scattering

afl‘/nt afl./nt H
e — Hp > — [J — z/ntvnt] —[Scattering between v, and (vbg, )
P

Less number of neutrinos in the intermediate energy range with respect to the
actual scenario.
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Treatment of non-thermal neutrinos

@ We separate the momentum distribution function of v by f,/bg T

® Highly energetic non-thermal neutrino reduces its energy and merges into the
background plasma by a single scattering

a‘][‘Vnt afl‘/nt H
= — Hp A — [J — yntvnt] —[Scattering between v, and (vbg, )
P

Less number of neutrinos in the intermediate energy range with respect to the
actual scenario.

However it gives correct momentum-distribution at high-energy limit which is
relevant for the 1 -nuclei scattering since these cross sections are proportional to

the energy of v,
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Effect of Majoron on BBN
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Effect of Majoron on BBN

* Injected neutrinos (v,,) enhance
p — n conversion and as a result, the

abundance of n will increase. v, also
scatters with other light elements.
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Effect of Majoron on BBN

* Injected neutrinos (v,,) enhance JX
A

p — n conversion and as a result, the 7 = I'sgpn + 2 (XB ol'g_a — X4 5FA_>B>
B

abundance of n will increase. v, also
scatters with other light elements.

-7 o)
5FA—>B T 2 y [ dEUnt«fl/ntEI/ntGI/ntA—)B
= Jo
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Effect of Majoron on BBN

* Injected neutrinos (v,,) enhance JX
A
p — n conversion and as a result, the 7 = l'sgpn + 2 (XB ol'p 4 — Xy 5FA_>B)
abundance of 7 will increase. v, also o

scatters with other light elements.
m;l2
* Injected neutrinos can heat-up the 1 i )
= = 1d) E
background neutrinos and it will change Ola-p 22 J'O ¢ Untf’/nt v PvnA—B

the equilibrium value of n/p ratio as

well as the neutron freeze-out
temperature.
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Effect of Majoron on BBN

* Injected neutrinos () enhance JX
A
p — n conversion and as a result, the 7 = l'sgpn + 2 (XB ol'p 4 — Xy 5FA_>B)
abundance of 7 will increase. v, also o

scatters with other light elements.

mi/2
* Injected neutrinos can heat-up the 1 U )
I = — E E

background neutrinos and it will change 0 A—B 22 J'O d Untf’/nt Vv A—B

the equilibrium value of n/p ratio as

well as the neutron freeze-out . ( 4 FSBBN)
temperature. A—B A-B

Non-zero only for n — p
conversion
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Effect of Majoron on BBN

* Injected neutrinos () enhance JX
A
p — n conversion and as a result, the 7 = l'sgpn + 2 (XB ol'p 4 — Xy 5FA_>B)
abundance of 7 will increase. v, also o

scatters with other light elements.

mi/2
* Injected neutrinos can heat-up the 1 U )
I = — E E

background neutrinos and it will change 0 A—B 22 J'O d Untf’/nt Vv A—B

the equilibrium value of n/p ratio as

well as the neutron freeze-out . ( 4 FSBBN)
temperature. A—B A-B

* Modify the Hubble parameter

Non-zero only for n — p
conversion
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Evolution 1in presence of Majoron

SBBN +Majoron
U decays = = = = SBBN
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Evolution 1in presence of Majoron
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BBN with Majoron @ SSU 2024 Aug. 1, 2024

Effect of U heating

15



SBBN +Majoron
= = = = SBBN
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SBBN +Majoron
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o
O
-
A
o
-
-
el
<

m; = 103MeV I
Y =106
77 = 500 sec

102

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



SBBN +Majoron

o AR pBN Majorown decags

o
O
-
A
o
-
-
el
<

m; = 103MeV I
Y =106
77 = 500 sec

102

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



SBBN +Majoron

o AR pBN Majorown decags

o
O
-
A
o
-
-
el
<

m; = 103MeV I
Y =106
77 = 500 sec

102

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



SBBN +Majoron

o AR pBN Majorown decags

o
O
-
A
o
-
-
el
<

Y =106
77 = 500 sec

102

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Majoron parameter space In 7; — YJ(O) plane

BBN with Majoron @ SSU 2024 Aug. 1, 2024

17



Majoron parameter space In 7; — YJ(O) plane

Decay temperature (Tgecay)|MeV]

101 102
102

1073
1074

107°

SN1987A

1076
10~7

1078

/
O
>~
D)
(&)}
g
]
®)
-
=
)
(av]
3
:“j
g
-
@)
Sy
@)
e
<

Excluded from D/H
—— Excluded from Y,
Observed “Li

1077

1071
102 100t 107 10 10 10° 10 10°
Majoron lifetime (77) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 17



Majoron parameter space In 7; — YJ(O) plane

Majoron dominates the Universe

Decay temperature (Tyeeay)[MeV] §

&9

10~7

1078

2 107! 1
10~ i
1073
= g0
S -
- _
§ 105 % ANeﬁr from CMB
=
= 106 = ANeff from
=
£ CMB-S4
E
3
=y
=

Excluded from D/H
—— Excluded from Y,
Observed “Li

1077

1071
102 100t 107 10 10 10° 10 10°
Majoron lifetime (77) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 17



Majoron parameter space In 7; — YJ(O) plane

Majoron dominates the Universe

Decay temperature (Tyeeay)[MeV] §

&9

10~7

1078

2 107! 1
10~ i
1073
= g0
S -
- _
§ 105 % ANeﬁr from CMB
=
= 106 = ANeff from
=
£ CMB-S4
E
3
=y
=

Exclufled from D/H
—— Excluded from Y,
Observed “Li

1077

1071
102 100t 107 10 10 10° 10 10°
Majoron lifetime (77) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 17



Majoron parameter space In 7; — YJ(O) plane

Majoron dominates the Universe

Decay temperature (Tyeeay)[MeV] §
10! 1

&9

- AN, from CMB
7 AN, ¢ from
CMB-S4

/
O
>~
D)
(&)}
g
]
®)
-
=
)
(av]
3
:“j
g
-
@)
Sy
@)
e
<

107 10° 10* 10°
Majoron lifetime (77) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 17



Majoron parameter space In 7; — YJ(O) plane

Majoron dominates the Universe

&9

Decay temperature (Tyeeay)[MeV] §
10! 1

;E AN, from CMB
z , \ ANeff from
Solution of Lithium CMB-S4

probLem, excluoed bg the
over abundance of D

/
O
>~
D)
(&)}
g
]
®)
-
=
)
(av]
3
:“j
g
-
@)
Sy
@)
e
<

my = 10 MeV

107 10° 10* 10°
Majoron lifetime (77) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 17



Majoron parameter space In 7; — YJ(O) plane

BBN with Majoron @ SSU 2024 Aug. 1, 2024

18



Majoron parameter space In 7; — YJ(O) plane

Decay temperature (Tgecay)[MeV] Decay temperature (Tiecay) MeV]
107! 1072 ‘ 10° 107!

)

0)

#(0)
Majoron initial abundance (}](U )

J

SN1987A

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

Observed “Li Observed “Li

Excluded from D/H

—— Excluded from Y},

Majoron initial abundance (Y

10° 10! 107 10° ° ! 10" 10° 10! 102 10°
Majoron lifetime (7;) [s] Majoron lifetime (7;) [s]

Decay temperature (Tgecay)[MeV]
10° 1071 1072

— = —
S 9 9
~ w v

ot

H
T
!

Excluded from D/H
—— Excluded from Y,

Excluded from *He/H

Observed "Li

Majoron initial abundance (YJ(O))
[
(e
&

10710 -
10 1000 100 10! 102 10°
Majoron lifetime (7;) [s]

BBN with Majoron @ SSU 2024 Aug. 1, 2024 18



Majoron parameter space 1n m; — g plane

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Majoron parameter space 1n m; — g plane

>
QD
=
2,
-
QO
)
®
-
=
+
=
)
T
-
O
—
=1
=

10! 10° 10°
Majoron mass (my) [MeV]

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024

19



Majoron parameter space 1n m; — g plane

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Majoron parameter space in m; — g plane

Y\ =105

—_
T
|

—_
T
Ne

=

a0

=

2

-

Q

)

o

- —11
£ 10
+>

-

)

&IZ.‘

-

Qo

—

=l

v

=

Constraints on Majoron from BBN @ CTPU

BBN constraint

SN1987A

10° 10°
Majoron mass (my) [MeV]

Sept. 30, 2024




Majoron parameter space 1n m; — g plane

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024



Majoron parameter space 1n m; — g plane

y " =108

)
QD
=
a.
—
)
-
®
-
=
+
-
>
g
-
)
—
2,
=

BBN constraint

SN1987A

Constraints on Majoron from BBN @ CTPU

i
Majoron mass (my) [MeV]

Sept. 30, 2024




Summary

Constraints on Majoron from BBN @ CTPU

Sept. 30, 2024

2



Summary

Constraints on Majoron from BBN @ CTPU

Assumption: Majoron coupling with
the neutrinos are flavor universal

Sept. 30, 2024

We consider

1 MeV <m; < 10GeV

2



Summary

Constraints on Majoron from BBN @ CTPU

Assumption: Majoron coupling with
the neutrinos are flavor universal

Majoron §
{ with initial
i abundance |
" ) .

Sept. 30, 2024

We consider

1 MeV <m; < 10GeV

2



Summary

Assumption: Majoron coupling with
the neutrinos are flavor universal

Majoron §
¢ with initial
. abundance |
" (0) -

non-thermal
neutrinos

Vnt

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024

We consider

1 MeV <m; < 10GeV

2



Summary

non-thermal
neutrinos

Vnt

Constraints on Majoron from BBN @ CTPU

Assumption: Majoron coupling with
the neutrinos are flavor universal

| Majoron §
{ with initial
. abundance |

Sept. 30, 2024

We consider

1 MeV <m; < 10GeV

Increase
Ty/ Ty

ratio

2



Summary

Assumption: Majoron coupling with We consider
the neutrinos are flavor universal 1 MeV <m; < 10GeV

| Majoron 1§
{ with initial |
abundance |

0) .

Increase
Ty/ Ty
ratio

non-thermal
neutrinos

Vnt

- increase in |
} FO i
i

N/ Peq

and

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 22



Summary

Assumption: Majoron coupling with We consider
the neutrinos are flavor universal 1 MeV <m; < 10GeV

| Majoron 1§
{ with initial |
abundance |

0) .

Increase
Ty/ Ty

non-thermal
neutrinos

ratio

Vnt

- increase in |
} FO i
i

N/ Peq

and

Light element
abundance
increases

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 22



Summary

Assumption: Majoron coupling with We consider
the neutrinos are flavor universal 1 MeV <m; < 10GeV

| Majoron 1§
{ with initial |
abundance |

0) .

Increase
Ty/ Ty

non-thermal

neutrinos
ratio

Vnt

. Produce | ' increase in |
{ neutron via } (FO '
, g np

N/ Peq

Light element g

abundance
increases

| (S DISTRI
| conversion }

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 22



Summary

Assumption: Majoron coupling with We consider
the neutrinos are flavor universal 1 MeV <m; < 10GeV

| Majoron 1§
{ with initial |
abundance |

0) 3

Increase
Ty/ Ty

non-thermal

neutrinos
ratio

Vnt

Produce | increase in

{ neutron via § . , R el
I Light element Light element [

: s abundance abundance n/Peg
} conversion § . .

SOR—— increases increases

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 22



Summary

Assumption: Majoron coupling with We consider
the neutrinos are flavor universal 1 MeV <m; < 10GeV

| Majoron 1§
{ with initial |
abundance |

0) .

Increase
Ty/ Ty

non-thermal

Scattering with background v
neutrinos

Light element abundance ' ratio
increases ‘

?

Change Hubble

Vnt

Produce

- increase in |

{ neutron via § . , R el
I Light element Light element [

: s abundance abundance n/Peg
} conversion § . .

SOR—— increases increases

Constraints on Majoron from BBN @ CTPU Sept. 30, 2024 22



Continue..

In the Majoron mass range between 1MeV to 10 GeV, we show in a model
independent manner that non-thermally produced Majoron can have
significant effect on the BBN and a significant region of Majoron parameter
space can be excluded by BBN.

For Majoron abundance Y](O) = 1072, BBN constraint is comparable to the
AN, constraint. However, for YJ(O) = 107>, BBN constraint is stronger than

AN, constraint.
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In the Majoron mass range between 1MeV to 10 GeV, we show in a model
independent manner that non-thermally produced Majoron can have
significant effect on the BBN and a significant region of Majoron parameter
space can be excluded by BBN.

For Majoron abundance YJ(O) — 10_2, BBN constraint is comparable to the
AN, constraint. However, for YJ(O) = 107, BBN constraint is stronger than

AN, constraint.

Thank You for your attention 1
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