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Majorana neutrinos and dark matter from anomaly cancellation
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We discuss a simple theory for neutrino masses where the total lepton number is a local gauge symmetry
spontaneously broken below the multi-TeV scale. In this context, the neutrino masses are generated through
the canonical seesaw mechanism and a Majorana dark matter candidate is predicted from anomaly
cancellation. We discuss in great detail the dark matter annihilation channels and find out the upper bound
on the symmetry-breaking scale using the cosmological bounds on the relic density. Since in this context
the dark matter candidate has suppressed couplings to the Standard Model quarks, one can satisfy the direct
detection bounds even if the dark matter mass is close to the electroweak scale. This theory predicts a light
pseudo-Nambu-Goldstone boson (the Majoron) associated to the mechanism of neutrino mass. We discuss
briefly the properties of the Majoron and the impact of the big bang nucleosynthesis bounds.
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I. INTRODUCTION

The origin of neutrino masses is one of the most pressing
issues in particle physics. It is well-known that the Standard
Model of particle physics is one of the most successful
theories of nature but it does not provide a mechanism to
understand the origin of neutrino masses. The Standard
Model neutrinos could be Dirac or Majorana fermions. The
most popular idea to explain the smallness of Majorana
neutrino masses is based on the seesaw mechanism [1-4].

In the context of the canonical seesaw mechanism, the
neutrino masses are suppressed by the mass of the hypo-
thetical heavy right-handed neutrinos. Unfortunately, the
relevant scale for the seesaw mechanism can be as large as
10'-10'5 GeV. We could test directly the origin of
neutrino masses if the mechanism is realized at energy
scales that one can reach at colliders or other experiments. In
this article, we discuss a simple theory where the seesaw
scale is below the multi-TeV scale and one can hope to test
the origin of neutrino masses in the near future.

One can consider a simple theory for Majorana neutrino
masses based on the spontaneous breaking of the total
lepton number [5-7]. In this theory, the total lepton number
is a local gauge symmetry. Since the total lepton number is
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not an anomaly-free symmetry in the Standard Model, one
needs to add extra fermionic fields to cancel all anomalies
and study the spontaneous breaking of this symmetry.
Different solutions have been proposed to this issue in
Refs. [5-7], see also Ref. [8] for an earlier discussion. In
most of these solutions one predicts a fermionic dark matter
candidate from anomaly cancellation. Therefore, a simple
theory for Majorana neutrino masses predicts a candidate
for the cold dark matter in the Universe. See Fig. 1 for the
main idea that defines the connection between the origin of
neutrino masses, anomaly cancellation and the existence of
a fermionic dark matter candidate.

Recently, we started the study of a new class of theories
for Majorana neutrinos [9]. In this study, we investigated
the case where the fermionic dark matter is a Dirac fermion
and using the cosmological bounds on the dark matter relic
density we found an upper bound on the symmetry
breaking scale in the multi-TeV energy scale. In Ref. [9]
we provided a detailed analysis of these theories, we
discussed the dark matter annihilation channels and the
possibility to look for lepton number violating signatures
from Higgs decays at the Large Hadron Collider.

Cor )+

FIG. 1. Relation between the origin of neutrino masses,
anomaly cancellation and dark matter.
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In this article, we study a simple theory where both, the
Standard Model neutrinos and the new fermionic dark
matter candidate, are Majorana fermions. We discuss in
detail the theoretical framework, and the relation between
the seesaw scale and the new symmetry breaking scale. We
investigate all dark matter annihilation channels and point
out the channels that are velocity suppressed. Since the dark
matter is a Majorana fermion, it has a vector-axial coupling
to the new gauge boson associated to the spontaneous
breaking of the total lepton number, and several annihila-
tion channels are velocity suppressed. This is a blessing
because the relic density constraints imply that the upper
bound on the mass of the new gauge boson has to be much
smaller than in the case studied in Ref. [9], where the dark
matter is a Dirac fermion. In the most generic region of the
parameter space (outside the Z;-resonance) one predicts
that the upper bound on the symmetry breaking scale is
below 30 TeV. Therefore, one can hope to test this theory at
colliders.

This theory predicts a light pseudo-Nambu-Goldstone
boson associated to the origin of neutrino masses, the
Majoron [10]. Since this new field is typically very light,
one can achieve the correct dark matter relic density in
regions of the parameter space where the new gauge boson
is not very heavy. We study in detail the properties of the
Majoron and point out that apart from the couplings to the
Standard Model neutrinos, the couplings to photons is
generated at one-loop level where inside the loop we have
the new electrically charged fermionic fields needed for
anomaly cancellation. We study the Majoron decays and
investigate the impact of the cosmological bounds from big
bang nucleosynthesis, showing that one can rule out a large
fraction of the parameter space for the Majoron mass and
its lifetime.

This article is organized as follows: In Sec. II we discuss
the theory for Majorana neutrinos based on local lepton
number, we discuss the anomaly cancellation, the main
features of the Higgs sector, and the connection between the
canonical seesaw scale and the symmetry breaking scale. In
Sec. III we discuss the main features of the Majorana dark
matter candidate, pointing out the velocity suppressed
channels, and we show the allowed parameter space where
each independent annihilation channel is contributing to the
relic density. Including all annihilation channels, we find the
upper bound on the symmetry breaking scale. We also
discuss the direct detection bounds. In Sec. IV we discuss
the main properties of the pseudo-Nambu-Goldstone boson
and the bounds from big bang nucleosynthesis. In Sec. V we
summarize our main results.

II. LOCAL LEPTON NUMBER

In order to understand the origin of neutrino masses one
can consider a simple theory for the spontaneous breaking
of the total lepton number. This theory is based on the
gauge symmetry [5-7,9],

SUB)c ® SU2), @ U(1)y ® U(1),,

where U(1), is the gauge group for total lepton
number. Here the total lepton number is defined in the
standard way; ¢ = ¢, + ¢, +¢,. In this context, using
the Standard Model leptonic fields, £; ~ (1,2,—1/2,1)
and eg~ (1,1,—1,1), one can estimate the different
anomalies,

A(SU@2)1U(1),) =3/2,
AUFU(1),) = =3/2,
A(U(1)yU(1)7) = 0.
AU(1)}) =3, and A(U(1),) =3

The last two anomalies, A(U(1)3) and A(U(1),), can be
canceled if one adds three copies of right-handed neu-
trinos, vg ~ (1, 1,0, 1), needed to implement the canonical
seesaw mechanism.

There are mainly two simple ways to cancel all anoma-
lies listed above without spoiling the anomaly cancellation
in the Standard Model:

(i) Adding vectorlike leptons [5,6];

(i) Adding four extra fermionic representations [7].

In both cases one always predict a dark matter candidate
from anomaly cancellation. In the first case, the dark matter
candidate can be a Majorana or Dirac field, while in the
second case, it has to be Majorana. In this article, we will
investigate the case when the fermionic dark matter
candidate is a Majorana fermion. For some studies in this
context see Refs. [5,11-16].

The relevant Lagrangian for our discussion can be
written as

LDt Pt + iegPer + ivgPur + iy Py
— (Yl Heg + Y, CLicoH vy
+ ArvkCurep + A x1 Cx1S* + Hoc.)
—V(H.S, ). (1)

Here the H is the Standard Model Higgs doublet which
transforms as H ~ (1,2,1/2,0), and the new Higgses, S
and ¢, transform as S ~ (1,1,0,3), and ¢ ~ (1,1,0,-2).
The field y; transforms as y; ~ (1,1,0,3/2). In the above
equation the covariant derivatives are defined as

. 1 )
Dt =9t +igpWVe, — lingfL +igelel s
Deg = deg —igBeg + igeZser.
Pvg = gug + igsZ,vg, and
Prr = +ingelexe,
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where n, =3/2 as predicted by anomaly cancellation.
Once U(1), is spontaneously broken, the Majorana dark
matter candidate, y = y; + ()€, stability is protected by
a Z, symmetry,

xL ==y (or x——y).

Therefore, the stability of our dark matter candidate is a
natural consequence from the spontaneous breaking of
local lepton number.
(1) Higgs sector: The most general scalar potential in
this theory is given by

V(H,S,¢) = -m4H'H + A(H H)?> —m?S'S
+ A (STS)? —mi' b + 24 (")
+ M (H'H)S™S + 2, (H'H)¢' ¢
+43(S7S)g" p. (2)

The scalar fields in this theory can be written as

ht
"= (%(Uo + hy)eioo/vo )’ (3)
1 iog/v
§ =5 (0t hoje )
and
1 icy/v
¢=;50w+hwe¢¢- (5)

Notice that this scalar potential has the global
symmetry O(4),; ® U(1), ® U(1)s.

In our notation the physical CP-even Higgses,
(h,H, H,), are defined as

ho h
hs =U Hl . (6)
hy H,

There are three CP-odd Higgses and two of them are
Goldstone’s bosons eaten by the neutral gauge
bosons. The gauge symmetry of this theory allows

115030-3

(i)

V(H.S.$) D Ay % +He. (7)

This term breaks the U(1), ® U(1); symmetry of
the potential and one gets a pseudo-Nambu-Gold-
stone boson, the Majoron J. The CP-odd Higgs
eigenstates are defined by

o5\ cosf sinf G, 8
<a¢)<—sinﬂ cosﬁ)<J>’ ( )
where

120,04

tan2f = ——.
4 41}2—91}%

©)

For a detailed discussion of the Higgs sector
see Ref. [9].

Canonical seesaw: One can generate Majorana
neutrino masses using the interactions in Eq. (1).
Thus the neutrino masses are generated through the
type I seesaw mechanism and the Standard Model
neutrino mass matrix is given by

2
M, = %Y,,M;,l Y7, (10)
where
g Mz
My = V2gvy = X "2 cos . 11
N RY¢ \/E 9 ( )

In the above equation, v, = 246 GeV, is the vacuum
expectation value of the Standard Model Higgs and
we used v, = vcos #/2 and v; = vsin /3. One can
write M7, = g,v. From Eq. (11) one can see that the
upper bound on the seesaw scale is mainly deter-
mined by the ratio M, /g, and the perturbative
bound on the Yukawa coupling Ap.

ITII. MAJORANA DARK MATTER

We pointed out that the dark matter candidate is a
a five-dimensional term in the potential, Majorana candidate, y = y; + (y.)€.
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€ X € X €i
Z,e bl H’L
= + -- -
€; X €; X €i

X ,o"] X - X o
= + KN
X “ X ----J X ©J

X . Hi ) ) X * Hi
R X -=-==H,; X . "o H; h,Hk "o
- + o+ -
Y ~‘Hj X ----Hj X ‘Hj X ~‘Hj
Zy
H;
AN 7
ZZ .
s J

The main dark matter annihilation channels in this model are

xx — Z¢Zs,eje;, v, NN,JJ, H;H|,
Z,H,,Z,J, HJ,ZZ, W W™, qq.

The Feynman graphs for the most important channels are listed in the figure above. Notice the presence of the light pseudo-
Nambu-Goldstone boson, the Majoron, which allow us to obtain the correct relic density in a large fraction of the parameter
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TABLE I. Classification of dark matter annihilation channels
according to their velocity dependence. Here we work in the limit
where we neglect the SM neutrino, charged lepton and Majoron
masses.

Channel v-suppression
xx = epe; Yes
XX — v Yes
XX = ZiZs No
xx = Z/H; No
= JJ Yes
xx — H:H; Yes
xx = NN No
xx =2l No
xy — HJ No
xx — ZZ Yes
XX = 4aq Yes
= Wrw- Yes

space. Since our dark matter candidate is a Majorana
fermion, most of the annihilation channels through the
Z, gauge boson are velocity suppressed. See Table I for the
classification of the dark matter annihilation channels
according to their velocity dependence. The relevant
parameters in this model for the relic density calculation are
9o My My .Mz, ,My,M;,sinfg, and U,
See Appendix A for the Feynman rules. Performing the
standard freeze-out calculation for the dark matter relic
density [17], in Fig. 2 we show the allowed parameter
space by the cosmological bounds, Qxhz <0.12 [18],
when our dark matter candidate annihilates only into
the Standard Model charged leptons. Here we use g, =
0.8 which is basically the upper bound on the gauge
coupling in this model. The maximal value of g, is
determined by the perturbative bound on the SSZ,Z,

XX — € €e;

14}
® g =08
12}

10+

Mz, [TeV]

0.1 2 4 6 8 10
M, [TeV]

FIG. 2. Annihilation into charged leptons.

XX — vv
10
f.
9 e ge = 0.8
S 7t
6 L
5 1 1 1
1 2 3 4 5 6 7
M, [TeV]
FIG. 3. Annihilation into the SM neutrinos.

coupling, which gives us that g, <0.83. As one can
appreciate, we obtain the correct relic density only when
the process, yy — Z; — e/ e;, occurs through the Z,-
resonance. In Fig. 3 we see a similar situation, but in this
case we have only the annihilation into neutrinos, i.e.,
xx — Z, — vv. In both cases showed in Figs. 2 and 3, the
annihilation cross sections are velocity suppressed.

In Fig. 4 we show the allowed parameter space when the
dark matter annihilates only into the right-handed neutrinos
assuming that their masses are 1 TeV. In this case one can
achieve the correct relic density when M, ~ M, /2. 1i.e., in
the resonance region. In Fig. 5 we show the viable
parameter space to achieve the correct relic density when
one has yy — Z,H,. As one can see, there two main
regions, the Z,-resonance region and the other region
where M, > M, /2, which is more generic. For illustra-
tion, we assume that the H| mass is 1 TeV. In Fig. 6 we
show similar results as in Fig. 5. In this case the dark matter
annihilates into the Z, and the second new Higgs H, with

xXx = NN
9
e =028 .
8 -
'%
& 4
=
6L
5 1 1 1 1 1
0.1 1 2 3 4 5 6
M, [TeV]

FIG. 4. Annihilation into right-handed neutrinos.
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— Z/H
25 XX ed1y

e g,=08
20p

A [ZI [T(‘?\’Y]

60

M, [TeV]

FIG. 5. Annihilation into Z,H .

mass 1 TeV. As in the previous case, the regions allowed by
the relic density constraints have similar features, the only
difference is basically the maximal allowed value for the
gauge boson mass. In Fig. 6 the Z, mass is always below
10 TeV, while in Fig. 5 one can reach 15 TeV.

The existence of the Majoron opens up new possibilities
for dark matter annihilation. In Fig. 7 we show the results
for the allowed parameter space when one has only
the annihilation, yy — Z,J. As one can appreciate, in this
case, one can achieve the correct relic density without the
need of a resonance and generically the Z, does not need to
be very heavy. In Fig. 8 we show similar results when one
has the annihilation into two new gauge bosons. In this
case the annihilation cross section is also not velocity
suppressed, one can easily achieve the correct relic density
and the gauge boson mass is always below 8 TeV. In all
these results we are imposing the collider bounds on the
new gauge boson, i.e., Mz, /g, > (6-7) TeV [19]. The
allowed parameter space when the dark matter annihilates
only into the new two Higgses is shown in Fig. 9. Since
this annihilation channels are velocity suppressed one can

XX = ZeH>

12| © 9=08

0.1 10 20 30 40 50
M, [TeV]

FIG. 6. Annihilation into Z,H,.

My, [TeV)

M Zy [T(’V]

A [Z; [T(‘,\"Y]
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XX — ZeJ
30

® g = 0.8

20+

M, [TeV]

FIG. 7. Annihilation into Z,J.

XX — ZiZe

e g,=08

5 10 15 20 25 30
M, [TeV]
FIG. 8. Annihilation into Z,Z,.

xXx — HiH;
40

35

=08

M, [TeV]

FIG. 9. Annihilation into H;H ;.
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xx — H;J

60

My, [TeV)

1 10 20 30 40 50 60 70
M, [TeV]

FIG. 10. Annihilation into H,J.

achieve the correct relic density even when the gauge
boson is heavy, with mass below approximately 25 TeV.
There are two viable regions when the dark matter
annihilates into the new Higgses and the Majoron, see
Fig. 10. Since this annihilation cross section is not velocity
suppressed the Z, mass can be large when one has the
Z,-resonance. The last channel we have is yy — JJ which
is velocity suppressed and we show the results in Fig. 11.
In this case the allowed values for the Z,-mass is always
below 8 TeV. The annihilation channels yy - WW,ZZ, qq
are velocity suppressed and their contribution to the relic
density is negligible compared to other annihilation
channels. Therefore, we do not include these channels
in our discussion.

The previous discussion is very useful to identify the key
properties of each dark matter annihilation channel, and
then we can now show the allowed parameter space
including all annihilation channels. In Appendix B we
also show the branching ratios for the different annihilation
channels to understand the contribution of each channel in
different regions of the parameter space.

xx = JJ

® g=038

My, [TeV)

10 15 20 25 30 35

M, [TeV]
FIG. 11. Annihilation into JJ.

Majorana DM
60

gg::QS
501

QOh% < 0.12

401

301

M Zy [TeV]

201

0.1 20 40 60 80 100
M, [TeV]

FIG. 12. Allowed parameter space by the relic density con-
straints when g, = 0.8. The area below the allowed region is
excluded once we impose the perturbative bound on the Yukawa
coupling 4,.

We show in Fig. 12 the viable parameter when all the
dark matter annihilation channels are included. As we
expect, there are two main allowed regions, the resonance
region which is not very generic and the other region where
the gauge boson mass is always below 30 TeV. Even in the
resonance region, the gauge boson mass is below approx-
imately 50 TeV. It is remarkable that the upper bound on the
symmetry breaking is just 30 TeV in the most generic
region. Therefore, one can be optimistic about the pos-
sibility to test this theory at colliders. We have used the
value for the gauge coupling, g, = 0.8, which is basically
the upper bound coming from perturbative to show the
most conservative values for the upper bound on the gauge
boson mass allowed by the cosmological bounds. However,
the gauge coupling can be smaller and the upper bound
could be even lower.

In Fig. 13 we show again the allowed parameter space
but in this case g, = 0.3. As one can see, the most generic
region, outside the Z,-resonance, tell us that the upper
bound on the gauge boson mass is always below 10 TeV.

20 Majorana DM

154 ’

gr=10.3

Qh? <0.12

My,[TeV]

100

M, [TeV]

FIG. 13. Allowed parameter space by the relic density con-
straints when g, = 0.3.

115030-7



HRIDOY DEBNATH et al.

PHYS. REV. D 109, 115030 (2024)

The most important result in this section is that as in the
Dirac case studied in Ref. [9], the cosmological bounds on
the dark matter relic density implies an upper bound on the
symmetry breaking for the spontaneous breaking of total
lepton number in the multi-TeV region and one can hope to
test the mechanism for Majorana neutrinos in the near
future.

In the Dirac case studied in Ref. [9] the upper bound on
the symmetry breaking scale is larger than in the Majorana
case because in the Majorana case studied in this article we
have many annihilation channels that are velocity sup-
pressed. In particular, the annihilation channels mediated
by the new gauge boson, such as yy - Z, —» vv;, e/ e,
are velocity suppressed and one cannot satisfy the cosmo-
logical bounds on the relic density when the symmetry
breaking scale is above 50 TeV. In the Dirac case studied in
Ref. [9] the upper bound on the symmetry breaking scale is
approximately 100 TeV.

In this theory, the dark matter-quark interactions are
mediated only by the Higgses because the Z, gauge boson
couples only to leptons at tree level. Here we are neglecting
the kinetic mixing between the hypercharge and leptophilic
gauge boson. The dark matter-nucleon spin-independent
cross section can be written as

. _9V2Gp giMpsin’ 0 MM,
M M} MY sin?p (M, +M,)

sf (12)

where sin@ = U, U;;. In the above equation, M, is the
nucleon mass, and f,, = 0.3 is the effective Higgs-nucleon-
nucleon effective coupling [20]. Notice that the cross section
is suppressed by the mixing angle, 8, which is the mixing
angle between the Standard Model Higgs and the new
Higgses. The mixing angle is naturally small when the new
Higgses are heavy. Notice that if we include the kinetic
mixing between the two Abelian gauge groups the new
neutral gauge boson can also mediate this scattering process.
This contribution to the cross section for the dark mater-
nucleon scattering is highly suppressed by the mass of the
new gauge boson but it is independent of the mixing angle
between the Higgses. In this theory, the new gauge boson Z,
mediates the dark matter-electron scattering but it is very
suppressed by the gauge boson mass.

In Fig. 14 we show the prediction for the dark matter-
nucleon cross section for different values of the gauge
coupling and the mixing angle 8. Here we use sin # = 0.54
for illustration. As one can see, one can satisfy the
experimental bounds when the mixing siné < 0.01.
Notice that in this theory, one can have a viable dark
matter candidate with mass even very close to the electro-
weak scale. See Fig. 15 for the Feynman graph describing
the interaction between the DM candidate and nucleons.

One can consider different signatures for indirect detec-
tion experiments. For example, one can have the annihila-
tion to charged leptons, yy — e; e;, but since these

LZ(2022)
10781

e A

0o o8 @0 f
: o odee Smcoe e

@y Peegose e e 0 oo

1071
v @ecemssseees & .o wetond
.

e N e e

osr [em?)

e " o
107471
® gy=0.3,sin6 = 0.1 ® g, =0.3,sin6 = 0.01
* g, =0.8,sin6 = 0.1 ® g, =0.8,sin6 =0.01

1(]*-1" I I I I
0.1 2 4 6 8 10

M, [TeV]

FIG. 14. Spin-independent dark matter-nucleon cross section.

annihilation channels are velocity suppressed the theoretical
predictions are very far from the current and future
experimental bounds. One can consider also gamma line
signatures but in this theory these cross sections mediated
by the new gauge boson are also suppressed. For example,
xyx — vy mediated by the Z, is very suppressed by the large
Z, gauge boson mass. We will study these signatures in
detail in a future publication.

IV. J DECAYS AND INTERACTIONS

In this theory, the Majoron mass is given by

2 _ Am M%f
eI

Notice that M;~10"* GeV when Ay~1, M,/
ge~ 10 TeV, cosfp~1, and A~ Mp, with Mp being
the Planck scale. Of course, the cutoff A can be much
smaller than the Planck scale and the Majoron could be
much heavier. For a detailed discussion of the Majoron
properties see for example Ref. [21].

The effective coupling of the Majoron to photons is
generated at one-loop level where inside the loop we have
the new electrically charged fermions needed for anomaly
cancellation. See Table II for the new fields needed for the
anomaly cancellation. The effective J(p) —y(p) — y(p2)

cos fi. (13)

TABLE 1I. Fermions needed for anomaly cancellation with
¢ — ¢, = =3 [6]. In the Majorana case | = —¢£, = —3/2.
Fields SU(3)¢ SU2), U(l), u(l),
(my 1 2 4 4
= ( 192 )
e 1 2 -3 2
= (‘PR>
nr 1 1 -1 ¢\
nr 1 1 -1 fz
XR 1 1 0 2
XL 1 1 0 ‘s
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X L X

FIG. 15. Spin-independent nucleon-dark matter scattering
mediated mainly by the Standard Model-like Higgs A, and the
new Higgses H; and H,.

coupling can be written as

Cf e%

Jiyy = Z )

f

(1+ 2mj2£C0(s, mg)), (14)

where c; is the coupling between J and the charged
fermion with electric charge e, and mass m inside the
loop. In this case s = (p; + p,)*> = p?, where p; and p,
are the momenta associated to the photons and p is the
Majoron momentum. In this model, ¢, = 3g,/2M;,, while
cy = —=39,/2My,. See Appendix for more details. The
loop function Cy(s,m) can be written as

Co(s,m):%hﬂ(zmz_s—'— S(S_4m2)). (15)

2m?

We have used Package-X [22] to perform the one-loop
calculation. The coupling between the Majoron and (on
shell) neutrinos reads as

2gt’mu,»

= ) 16
gJu,-v,- sz ( )

One can set strong bounds on the Majoron couplings to
neutrinos using the constraints from big bang nucleosyn-
thesis, see Refs. [23,24], when the Majoron is very light. As
we will discuss below, the bounds on the couplings of the
Majoron to photons are stronger, and one can rule out a
large fraction of the parameter space.

Using the Majoron couplings in Egs. (14) and (16) one can
predict the decays of the Majoron. In Fig. 16 we show the
numerical values for the Majoron couplings. We show the
value for the coupling to neutrinos when m, = 0.05 eV,
while the coupling to two photons is very small for most of the
Majoron mass values. Only, when the Majoron mass is above
1 GeV, the couplings to photons is larger. Of course, the exact
value of the coupling to photons depend of the new charged
fermion masses. Notice that here we show the numerical
values of the Majoron couplings to neutrinos in the case where
the neutrino spectrum is quasidegenerate. Since the lifetime of
the Majoron does not change too much if we assume the
normal hierarchy or inverted hierarchy, we show the cou-
plings to neutrinos only in the quasidegenerate case.

In Fig. 17 we show the branching ratios for the
Majoron decays using M, /g, =10TeV, M, =2.5TeV,

]O—H L

107131

GIviv;

10715}
107171

]0—19_

Majoron Couplings

10—21 [

10723 .
1074 0.001

0.010  0.100 1 10
M;[GeV]

FIG. 16. Majoron couplings to neutrinos (in red) and to photons
(in blue). Here we use My, /g, = 10 TeV, M,, = 2.5 TeV, and
M, =2 TeV and m, = 0.05 eV.

M, =2TeV, and Y} 'm, =0.1eV. One can see that
the decays to neutrinos dominate when the Majoron is
light, while the branching ratio to photons is larger when
the Majoron mass is above 1 GeV.

In Fig. 18 we show the values for the lifetime of the
Majoron. In most of the parameter space, the Majoron
decays after big bang nucleosynthesis. Therefore, the
cosmological bounds are very important to set bounds
on the Majoron mass and couplings to the Standard Model
fields. In Fig. 18 we show the bounds from big bang
nucleosynthesis as discussed in Ref. [25]. The region in
red is excluded by the N constraints, the region in cyan is
excluded by helium overproduction, the region in yellow is
excluded by the deuterium photodissociation, the region in
gray is excluded by helium photodissociation, while the
region in green is excluded by hadronic cascades. As one
can appreciate, these bounds can exclude a large fraction
of the allowed values for the Majoron lifetime and mass.
We show the predictions for the Majoron lifetime in two
cases; the blue line shows the prediction when we use
My, /g, =10 TeV, M, =2.5TeV, M, =2TeV, and

0.100¢

0.010

Br(J)

0.001 ¢

1074L
0.1

M,[GeV]

FIG. 17. Branching ratios for the Majoron decays vs. the
Majoron mass when M,, =2.5TeV and M, =2 TeV, and
>3, m, =0.1eV.
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-4
0.1 0.5 1 5 10
M, [GeV]
FIG. 18. Majoron lifetime vs mass. For illustration we use

My,/g, =10 TeV, M, =25TeV, M,=2TeV, and

3 m, =0.1¢eV for the blue line and M /g, =6 TeV,
M, =300 GeV, M, =250 GeV, and Z?:1 m,, = 0.1 eV for
the red line. Here the color shaded regions are excluded by
different bounds discussed in the text.

>3 m, = 0.1 eV and the red line corresponds to the
case when My /g, =6 TeV, M, =300 GeV, M, =
250 GeV, and > 3 ; m, = 0.1 eV. The first case is basi-
cally ruled out when the Majoron mass is below 10 GeV,
while in the second case one can satisfy the bounds when
the Majoron mass is above 3 GeV.

V. SUMMARY

We have discussed a simple theory for Majorana neu-
trinos where the total lepton number is a local gauge
symmetry spontaneously broken below the multi-TeV scale.
Since the total lepton number is not anomaly-free in the
Standard Model, one needs to add new fermions to define an
anomaly-free gauge theory. This type of theories predict a
cold dark matter from anomaly cancellation with specific
properties related to the origin of neutrinos masses.

We discussed the case where the dark matter is also a
Majorana fermion and studied in detail all annihilation
channels to predict the region of the parameter space where
one can obtain the correct relic density in agreement with all
experimental constraints. This theory predicts a pseudo-
Nambu-Goldstone boson that modify the annihilation
channels in such way one can find the correct relic density
when the dark matter is not very heavy. Since the dark
matter is a Majorana fermion most of the annihilation
channels through the new gauge boson are velocity sup-
pressed and as a consequence the upper bound on the gauge
boson mass is not very large. In the most generic region of
the parameter space (outside the Z;-resonance) one predicts
that the upper bound on the symmetry breaking scale is
below 30 TeV. Therefore, one can hope to test this theory for
neutrino masses at current or future collider experiments.

We have discussed the direct detection constraints and
since the dark matter Majorana fermion interacts mainly to

charged leptons through the new gauge boson, the exper-
imental bounds allows us to have scenarios where the dark
matter mass is very close to the electroweak scale when the
mixing between the Standard Model Higgs and the new
Higgses is small.

We discussed the predictions for the Majoron couplings
to neutrinos and photons. The Majoron in this theory is
very long-lived but it cannot be a dark matter candidate.
The Majoron couplings to photons is generated at one-loop
level where inside the loop one has the new charged
fermions needed for anomaly cancellation. We discussed
the predictions for the J couplings and the bounds from big
bang nucleosynthesis, showing that these bounds rule out a
large fraction of the parameter space for the Majoron mass
and its lifetime.
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APPENDIX A: FEYNMAN RULES AND DECAYS

Here we list all interactions used in this article;

3
ozt 1S90 (A1)
wZy: =gty (A2)
NNZ:  iger'y’, (A3)
eeZlt  igert, (A4)
3M,g, Uy,
H.: ] ¥ L s A5
2 Gn g (AS)
29,M
HNN: 290N g (A6)
My, cosf
H,Z07%: —i2g,M7 (2Us;cos f + 3Uy; sinf)g,,. (A7)

Notice that we are working in the basis where the
J-interactions are invariant under the shift symmetry. We
redefine the fields as follows:

vg = €_i6¢/21}¢l/R,

(A8)
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er = e/ 2Vep, (A9)
t; — e, (A10)
Y = ey, (A11)
Y = ey (A12)
The Majoron coupling to photons reads as
J(P)A*(p1. A)AY (P2 o) = igy, € prapap.  (A13)

The couplings of the Majoron with the neutral fields are
given by

39,
2My,

)((pbsl))((p%SZ)J(p): i pﬂyﬂysv (A14)

Z5(p1. A)H (p2)J(p): 2ip,(2g,cospUs;+3g,sinfUy;),

(A15)
. . 9
N(pl’sl)N(p2’s2)J(p)' _le pﬂyﬂy5’ (A16)

Zs
. . 9r WS
vilprsuvi(pa. ) (p): iy = Py (A17)
Zs

In order to compute the Majoron coupling to photons we
need to use a specific model for anomaly cancellation. The
Yukawa interactions for the fields needed for anomaly
cancellation listed in Table II are given by

—L% =y, Y Hng + y,WrHny + y3 ¥ Hyg + y4¥rHy,
+ yo L YRS + y,iirneS* + v, irxrS*

+ At CrrS* + A xkCyrS + Hec.. (A18)

In the simple theory discussed in Ref. [9] the physical
fields, n~ =n; +nx and ¥~ =¥} + ¥}, couple to the
Majoron in the following way:

3ig,
I a,S
2MZK pﬂy 7 ’

J(p)n~(p1.si)n (P2, s2): (A19)

3lgf
2M,

J(p)¥~ (p1.s) ¥ (pa.52): (A20)

Pur'r

We work in the basis where we redefine the extra fields as
follows:

ng — €70/ (A21)
N, — e/, (A22)
W, oo/, (A23)
Wy — el0s/20 (A24)

The decay widths for the Majoron are given by

3 2 3 2

M]g 4m ;

rJ-w)= E I'J-vyy) = 471'M2f g m%” [1— M; ,
i=1 Zs i=1 J

)

(A25

9% g2
4753M%f
- Mg/CO(M39M1//)|2'

L(J —=yy)=

M;|M;Co(M7. M)

(A26)

APPENDIX B: BRANCHING RATIOS
FOR THE DM ANNIHILATION CHANNELS

In order to appreciate the contribution of the different
dark matter annihilation channels we show here the
branching ratios for the different channels in some repre-
sentative scenarios. In Fig. 19 we show the branching ratios
when M, =5 TeV, g, =0.8, My = My, =1 TeV, and

— , o
XX —* € €

! _ XX 2w
0.5007
1 — xx = JJ
= 0.100
£ 0.050 — XX~ ZZ
5 — Xxx — HH;
0.010
0.005 — xx = HiJ
0.001 XX ZeH;
0.1 0.5 1 5 10
—_ XX ZJ
M, [TeV|
— xx—= NN

FIG. 19. Branching ratio of the thermal average cross section
for the dominant annihilation channels as a function of
dark matter mass. Here we use M, =35TeV, g, =023,
My =My =1 TeV, and the freeze-out temperature x; = 25.
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—_— vy + o=
XX —* € €

] — \\ - Vv
0.5001
] - xx = JJ
= 0.100
§ 0.050 — XX~ ZZ
Qm: — xx — H:H;
0.010
0.005 — X = HJ
0.001 o 4
0.1 05 1 5 10 50
—_ XX = Z¢J
M, [TeV|
= xx = NN

FIG. 20. Branching ratio of the thermal average cross section
for the dominant annihilation channels as a function of
dark matter mass. Here we used M, = 15 TeV, g, = 0.8,
My =My, = 1TeV, and the freeze-out temperature x; = 25.

the freeze-out temperature,x, = 25. In Figs. 20 and 21 we
show the branching ratios when M, =15 TeV and
My, =25 TeV, respectively. We use the same values for
the other parameters as in Fig. 19. Notice that in all these

— + o
XX —* € €

1 - XX =W
0.5001
| - xx = JJ
= 0.100
§ 0.050 — x4
=
- xx — H:H
A 0.010 ’
0.005 = xx > HiJ
0.001 — Xx — ZH;
0 0.5 1 5 10 50 100
—_— X Z]
M, [TeV] ke e
= xx =&+ NN
FIG. 21. Branching ratio of the thermal average cross section

for the dominant annihilation channels as a function of
dark matter mass. Here we use M, =25 TeV, g, =0.8,
My =My, =1 TeV, and the freeze-out temperature x; = 25.

scenarios the annihilation into charged leptons dominate at
low DM mass, while at large values of the DM mass the
annihilation into the new Higgses is the most important
annihilation channel.
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