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We discuss a class of theories for Majorana neutrinos where the total lepton number is a local gauge
symmetry. These theories predict a dark matter candidate from anomaly cancellation. We discuss the
properties of the dark matter candidate and using the cosmological bounds, we obtain the upper bound on
the lepton number symmetry breaking scale. The dark matter candidate has unique annihilation channels
due to the fact that the theory predicts a light pseudo-Goldstone boson, the Majoron, and one can obtain the
correct relic density in a large fraction of the parameter space. In this context, the seesaw scale is below

the O(10?) TeV scale and one can hope to test the origin of neutrino masses at current or future colliders.
We discuss the lepton number violating Higgs decays and the possibility to observe lepton number

violation at the Large Hadron Collider.
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I. INTRODUCTION

The origin of the charged fermion and gauge bosons
masses in the Standard Model (SM) of particle physics is
well understood. After the discovery of the Brout-Englert-
Higgs (BEH) boson at the Large Hadron Collider we know
that spontaneous symmetry breaking plays a fundamental
role in nature. It is well known that the SM does not provide
a mechanism to generate neutrino masses and one needs to
look for a more complete theory. Today, we know nothing
about the nature of neutrinos; they could be Majorana or
Dirac fermions. In the case of Majorana neutrinos the total
lepton number (£ =7, + ¢, + £, in our notation) sym-
metry has to be broken in two units, while in the Dirac case
the total lepton number is conserved or broken in more than
two units.

One of the leading ideas for the origin of neutrino masses
is related to the canonical seesaw mechanism [1-4], where
the SM is extended including at least two copies of right-
handed neutrinos. In this context, the SM neutrino masses
are suppressed by a new mass scale, M, ~ YTM'Y,v3/2,
where Y, is the Yukawa coupling between the SM
neutrinos and the new right-handed neutrinos, My defines
a new Majorana mass scale and vy, = 246 GeV is the
constant value of the BEH field. This simple mechanism
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does not predict the scale where the new mass scale M is
generated; it could be My ~ 10'%13 GeV if ¥, ~ 1. If the
origin of neutrino masses is related to the so-called
canonical scale, M.y ~ 10'* GeV, there is no way to
have direct access to the mechanism of Majorana neutrino
masses at current or future collider experiments.

The scale for total lepton number violation could be
around the TeV scale if ¥, ~ 107% and one could hope to
test the origin of Majorana neutrino masses at colliders. In
this case one can look for lepton number violating (LNV)
signatures with same sign leptons and multijets as pointed
out in Ref. [5]. See Ref. [6] for a detailed discussion about
lepton number violation at colliders and Ref. [7] for a
discussion of different ideas in physics beyond the Standard
Model that could predict lepton number violation.

The total lepton number is a key symmetry to under-
standing the origin of neutrino masses. In the SM the total
lepton symmetry is a conserved global symmetry at the
classical level but broken by the SU(2), instantons in three
units. One can promote the total lepton number to a local
gauge symmetry to understand the link between spontaneous
symmetry breaking and neutrino masses. In Refs. [8—10] the
authors studied simple anomaly-free theories based on local
U(1),. See also Ref. [11] for an earlier discussion. The
simple theories in Refs. [9,10] predict the following:

(1) a new sector needed for anomaly cancellation,

(2) a dark matter candidate from anomaly cancellation,

(3) the total lepton number must be broken below the

multi-TeV scale, and

(4) possible lepton number violating signatures at

colliders.
In this article, we study for the first time a simple theory
based on local total lepton number with Majorana neutrinos.

Published by the American Physical Society
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We discuss in detail the properties of the dark matter
candidate discussing each annihilation channel. This theory
predicts the existence of a pseudo-Nambu-Goldstone boson
(Majoron) associated with the spontaneous breaking of
lepton number [12]. We show that the dark matter candidate
can annihilate through different channels containing the
Majoron and one can satisfy the relic density constraints
in different regions of the parameter space compared to the
study in Ref. [13]. Using the cosmological bounds on the
dark matter relic density we point out the upper bound on
the mass of the new neutral gauge boson associated with the
total lepton number gauge symmetry.

Since the new symmetry breaking scale is below the
O(10%) TeV scale, we discuss the possibility to observe
lepton number violation from Higgs decays at the Large
Hadron Collider. In the case of the SM-like Higgs one can
have a large number of LNV events because the branching
ratio, BR(h — NN), could be relatively large. We also
show the predictions for the LNV signatures from the other
Higgs decays. In this case, one cannot have many events at
the LHC due to the fact that the production cross section is
small if one uses the bounds on the mixing between the
SM-like Higgs and the new Higgses coming from direct
detection dark matter experiments. The theory studied in
this article provides an interesting correlation between the
origin of neutrino masses, the nature of dark matter, and
possible exotic signatures at colliders.

This article is organized as follows: In Sec. II we discuss
a simple theory for Majorana neutrino masses where the
total lepton number is a local gauge symmetry sponta-
neously broken at the low scale. In Sec. III we discuss the
main properties of the fermionic dark matter candidate
predicted from anomaly cancellation in the theory. The
lepton number violating Higgs decays at the Large Hadron
Collider are discussed in Sec. IV, and we summarize our
main findings in Sec. V.

II. LEPTON NUMBER AS A LOCAL
GAUGE SYMMETRY

We can have a simple theory for massive neutrinos based
on the gauge symmetry [8—10]

SUB)e ® SU(2), @ U(1)y ® U(1),,

where U(1), is defined as the local total lepton number. It is
well known that the total lepton number is a symmetry
conserved in the Standard Model at the classical level but
broken by three units at the quantum level by SU(2),
instantons. In order to define an anomaly-free theory based
on the above gauge symmetry, we need to add new
fermions together with right-handed neutrinos (vp). In
Table. I we list the extra fermions needed for anomaly
cancellation as proposed in Ref. [9]. See also the other
possibilities in Refs. [8,10].

TABLE 1. Fermions needed for anomaly cancellation with £; —
‘, =-=-3[9]
Fields SU(3)c SU(2), U(l), U(l),
o ) 1 2 -1 7\
¥, = L 2
(3

(" 1 I
= (‘PR>
nNr 1 1 -1 I/ﬂl
nr 1 1 -1 fz
XR 1 1 fl
XL 1 1 fz

The Lagrangian of this theory is given by

L = Loy + ivgdvg — g, (CLy" €1, + exy'er + vrr*vr)Z,

1
_Zziyzf,ﬂV+£§(+£{‘,—V(H, S). (1)

Here ¢; ~ (1,2,—1/2,1) and ex ~ (1,1, -1, 1) are the SM
leptonic fields, Lgy is the SM Lagrangian, and V(H, S)
contains the new terms in the scalar potential. Here we
neglect the kinetic mixing term between the two Abelian
gauge symmetries for simplicity. The kinetic terms for the
new fields can be written as

ﬁ% = llilLDlPL + l\i’RDlPR + li]LDi’]L + lF]RDT’]R
+ i71Py1 + iirBPyr + (D,S)"(D*S), (2)

and the new Yukawa interactions read as

—LY =y, Y Hng + y,WrHnp + y3 ¥ Hyg + 4 ¥rHy,
+ yo ¥ YRS + y,iirneS* + v irxr ST +He. (3)

Here H ~ (1,2,1/2,0) is the Standard Model Higgs, and
H = io,H*. Here we do not consider the case when 7, #
—¢, and assume 7; # +1. Notice that when we have
fractional values for £; one makes sure that higher-
dimensional operators do not affect the stability of our
dark matter candidate. The case ¢} = —¢, = -3/2 is
interesting but less generic. In this case the Yukawa
interactions y;y;S* and ypyrS are allowed by the gauge
symmetry, and the dark matter candidate is a Majorana
fermion. In this article we focus on the most generic cases
with?, — ¢, = =3, # —¢, and £; # 1. Notice that the
condition #; # %1 is needed to avoid the mixing between
the y;, yr and the right-handed neutrinos.

The new Higgs quantum numbers are determined by
anomaly cancellation condition, ¢ — ¢, = —3, and the
above Yukawa interactions. Therefore, the new Higgs
transforms as
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S~(1,1,0,3). (4)

For some studies in this context see Refs. [8,13—17].
In this theory we can generate Majorana neutrinos using
the following interactions:

—L, DY, £, Hug + AgvkCorg + H.c. (5)

Here ¢~ (1,1,0,-2) is a new Higgs field needed to
implement the seesaw mechanism. After the local lepton
number symmetry, U(1),, is broken, the theory has an
accidental global U(1) symmetry:

lPL = eialIlL, \PR i eialPR,
i0 i0

np — eng, Nr = €"NR,
i0 i0

XL =~ €7°XL, XR = €7XR-

Therefore, the lightest field in the new sector is stable. In
order to have a consistent scenario for cosmology we
assume that the lightest new stable field is the neutral
Dirac field: y = y; + yx. Therefore, one can say that this
theory predicts a cold dark matter candidate from anomaly
cancellation and its stability is a natural consequence
from spontaneous symmetry breaking. Notice that field
¥ =49+ 99 is ruled out as a dark matter candidate
because it has a large coupling to the Z gauge boson and
one cannot satisfy the dark matter direct detection
constraints.

A. Higgs sector
The Higgs sector is composed of the SM Higgs, H, and

the new Higgses, S and ¢. The scalar potential in this theory

is given by

V(H,S,¢) = —m}H H + A(H'H)> — m2S7S + A,(S7S)?
—myp' + 24(¢*P)* + 4 (H'H)S'S
+h(H H)P ) + 13(STS)p' . (6)

Notice that this scalar potential has the global symmetry

O(4)y ® U(1), ® U(1)s. The scalar fields in this theory
can be written as

h+
= <ﬁ (v + ho)e'/™ ) 7
1 iog/v
§= E(Us + hy)elo s, (8)
and
1 icy/v,
¢:ﬁ(1j¢+h¢)e (2N (9)

After the spontaneous symmetry breaking, the constant part
of the scalar potential can be written as

A 1 A
V(vg, vp,v4) = —Em%{v% +Zv4 —§m§v§ —I—ZSU‘S‘
1 A A
_Emévﬁ,—i—fv;—i—zlvgvf
A A
—1—221)%1)35 —l—fvév?, (10)

and the minimization conditions read as

1 1
—m%,vo—l—/lvg—i-i/llv%vo—l—ilzvévo =0, (11)

1 1
—m%ﬁv(ﬁ +/1¢7127 + 5127}(2)7}45 + 5/1371?1)(]5 = 0, (12)
and
v, 4 A S AR+ S dsvd e, = 0 (13)
mgvg sUs D) 1V Vs 7 3U(/;Us_ .

In this theory, the mass matrix for the CP-even Higgses, in
the (hg. h,., h,) basis, can be written as

2/1”% ﬂll VoVy /121]01}4)
Mo = | Aivgvs 24,05 Aoy | (14)
hvovy Avvg 205,

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

ho h
h | =U| H, |. (15)
hy H,

There are three CP-odd Higgses in this theory; two of them
are Goldstone’s bosons eaten by the neutral gauge bosons.
Notice that the CP-odd Higgses, o, and o, masses are
protected by the a shift symmetry, 6; — 6; 4+ ¢, where cis a
constant. This shift symmetry is broken by the dimensional
five term in the scalar potential:

VH.S.0) > iy o0

+He. (16)

This term is allowed by all the symmetries of the theory
and tells us that there is only one Nambu-Golstone boson in
the new sector. Notice that this term breaks the global
symmetry, U(1), ® U(1)g, to a new U(1) symmetry. The
CP-odd mass matrix in the (6,, 6,4) basis can be written as
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, 21)3) 3vsvé
Moa =5~ ; (17)
V2A 3v,05, S50

with eigenvalues

Mg =0 and Mj = ? (4p vy +913).  (18)

\fA

In this theory, the Z, mass can be written as
M3, = gz (9v; + 40}). (19)

Notice that the mass of the leptophilic gauge boson can be
used as the seesaw scale in this theory because it tells us
about the scale where the lepton number is spontaneously
broken.

Using Egs. (18) and (19) one can estimate the Majoron
mass as a function of the ratio between the new gauge
boson mass and gauge coupling: M3 = AyM3_ cosf/
(4v/2g3A). One finds that M; ~ 10 GeV when 4, ~ 1,
My, /g, ~10 TeV, cos f ~ 1, and A ~ Mp;, with Mp, being
the Planck scale. As we will discuss, in our case the seesaw
scale will be below O(10%) TeV. Therefore, the Majoron
will decay fast into neutrinos and it cannot be a dark matter
candidate. See for example Ref. [18] for a detailed
discussion of the Majoron properties. For the cosmological
bounds on the Majoron interactions with neutrinos, see for
example Refs. [19,20].

The CP-odd Higgs eigenstates are defined by

(as>_<co.sﬂ sinﬂ)(G,;) (20)
Oy —sin f cos J

120,04
tan 2ﬁ = m .
s

where

(21)

B. Fermionic Fields

1. Neutral Dirac fermions

The mass matrix for the neutral fermions can be written,
in the (y? ¥?) and (y% %) basis, as

0
w0 X
—L£ 2 (Y ng)M()(ng > +Hec., (22)
L
where

1 [y,vs Y30p
My =——= ( “ ) (23)

V2 \yavo  yeu,

One can diagonalize the mass matrix as follows:

MGPE = Ni MN,. (24)

where the neutral fields are related by the N; and Ny
mixing matrices as given by

0 0
v )(zL Ve ZzR

In the limit when v, > v;, the mass of the dark matter
candidate is given as M, = y, v,/ V2.

2. Charged fermions

The mass matrix for the charged fermions can be written

in the (nzW¥%) and (7¥;) basis as
LD (ﬁ‘y,;)/vlc< L > +Hec., (26)
L9
where
L [ yyvs  Yivo
Me=— ( ! ) (27)
V2 \yro vy

In our notation, the mass matrix can be diagonalized as
follows:

MEPE = Vi MV, (28)

while the physical charged fields are related by the V; and
Vx matrices

() () o () w(2) @
Y7 221 Yr X2R

3. Neutrino masses

In this theory, the neutrino masses are generated through
the type I seesaw mechanism and the SM neutrino mass
matrix is given by

2
M, = % Y, My YT, (30)
where
Ap M
My = \/E/IRU,/, = 7% gjf cos f3. (31)

Here we wused v, =wvcosf/2 and wv;=wvsinf/3.
Therefore, in this theory the upper bound on the seesaw
scale is determined by the ratio Mz, /g, and the perturba-
tive bound on the Yukawa coupling 1.
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Zy

FIG. 1.

III. DARK MATTER CONSTRAINTS

We have discussed above that this theory predicts a dark
matter from anomaly cancellation. In this context, the dark
matter is a Dirac fermion, y = y; + yp. After symmetry
breaking y; and yp have the same quantum numbers. The
dominant dark matter annihilation channels are

Jx — eepw, Lol HH;, Z,H;,Z,J,JH,.

Notice that the existence of the annihilation channels
containing the pseudo-Goldstone boson J, the Majoron,
is quite unique. These channels will allow us to obtain the
correct relic density in regions of the parameter space far
from the Z, resonance.

One can compute the relic density using [21]

1.05 x 10° GeV~!

Qpuh? = , 32
DM J(.Xf)MP] ( )
where the function J(x) can be written as
o /2
J(xp) = / ge 0N <x)<2"”>(x) dx, (33)
x; X

where g, is the total number of degrees of freedom at
freeze-out and the thermal average cross section times
velocity is given by

XX = Zed
50

* g0=0.83
40+ ¢ gy, = 0.5
* g=01
30+

M, [TeV]

100

M,[TeV]

Zy
H, fﬁ

Feynman graphs for the annihilation channel yy — Z,J.

(o) (x) = " 6 x (s — 4M2) /5K, G\f) ds.

X
8M)5(K% ()C) AM;Z( z
(34)

Here x = M,,/T, K, (x), and K, (x) are the modified Bessel
functions. The freeze-out parameter x; can also be com-
puted by using

(0.038 gMlex<av>(xf))
.X'f =In s
\/g*xf

where g is the effective number of degrees of freedom of the
dark matter particle and Mp, = 1.22 x 10'° GeV. In order
to understand the importance of each annihilation channel,
we study the contribution of each channel independently,
and later taking into account all relevant annihilation
channels we find the upper bound on the lepton number
symmetry breaking scale.

In this theory, we have unique annihilation channels
since the dark matter can annihilate into a light Majoron, J.
Then, we start our discussion taking into account only the
annihilation channel yy — Z,J. This channel has three
contributions, see Fig. 1.

In Fig. 2 (left panel) we show the allowed region when
only this channel is included in the calculation of the relic
density. As one can appreciate, there is an upper bound on
the Z, mass around 30 TeV. This annihilation channel can

(35)

XX — H,J
50

¢ g, =083
40 gr = 0.5
® gy = 0.1

My, [TeV]

80
M,[TeV]

FIG. 2. Allowed regions by the cosmological bounds on dark matter relic density [22] and perturbative bound on the y, coupling. In
the left panel, we have the annihilation into Z,J, while in the right panel one has the H,;J channel. We show the results for different
values of the gauge coupling g, and assume that the mass of the new Higgses are equal to 1 TeV.
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XX — vv

* g = 0.83
® g, =05 s "

401 ® 9e=0.1

50F

My, [TeV)

0.1 5 10 15 20 25 30
M, [TeV]

FIG. 3.

Vv +o
XX ?eie

60}
* go=0383
50 ® g, =0.5

40}

30F

Mz, [TeV]

20}

0.1 5 10 15 20 25 30
My [TeV]

Allowed regions by the cosmological bounds on dark matter relic density [22] and perturbative bound on the y, coupling,

when only the annihilation into leptons is included. In the left panel we consider the annihilation into neutrinos, while in the right panel

we have the annihilation into charged leptons.

give us the correct relic density in a large fraction of the
parameter space. We show the results for three different
values of the gauge coupling, g, = 0.83 (in orange), g, =
0.5 (in purple), and g, = 0.1 (in blue). Notice that when we
decrease the value of the gauge coupling g, from 0.83 to
0.1, the allowed region is smaller because the cross section
for the process yy — Z,J is smaller for smaller g, and one
obtains the correct relic density only in a reduced region of
the parameter space. For all numerical examples, we use the
values Z; = 1/2 and ¢, = 7/2. The main results are very
similar if we choose different values for #; and ¢, charges.
This channel is important because one can have a large
annihilation cross section when M, > M, /2 because the
Majoron mass is very small and one does need to rely on a
resonance to achieve the correct relic density. We show
similar results for the annihilation channel yy — H;J in the
right panel in Fig. 2. However, in this case one has also the
allowed solutions when you are close to the Z, resonance
because one of the processes is yy — Z; — H;J, and then
when M, ~ M, /2 one can have the large contribution of

xXx — H;H;
30
¢ g = 0.83
25 4 4 =05
20} ® Ge= 0.1

M, Zs [T(:‘V]

-0.1 10 20 30 40 50 60
M,[TeV]

the Z, resonance. The different colored regions correspond
to the different values of the gauge couplings as in the left
panel. The maximal value of g, is determined by the
perturbative bound on the S'SZ,Z, coupling, which gives
us that g, < 0.83.

In Fig. 3 we show the allowed parameter when we
include only the dark matter annihilation into leptons. In
the left panel we have the annihilation into neutrinos, while
in the right panel we have the annihilation into charged
leptons. These channels can give the correct relic density
only when one has the Z, resonance, i.e., M, ~M;, , /2.
The different colored regions correspond to different values
of the gauge coupling. As one expects, when the gauge
coupling is smaller it is more difficult to find solutions
allowed by the relic density constraints because the
annihilation cross section is smaller and one typically
obtains too much relic density for smaller couplings.
Therefore, when the coupling is smaller one has allowed
solutions only when the dark matter mass is very close
to My, /2.

XX = ZeZy
30
* g, =083
25 o g, =05
20| ® g = 0.1

My,[TeV]

M, [TeV]

FIG. 4. Allowed regions by the cosmological bounds on dark matter relic density [22] and perturbative bound on the y, coupling,
when only the annihilation into two Higgses or two gauge bosons are included. In the left panel we consider the annihilation into two
Higgses, while in the right panel we have the annihilation into two gauge bosons. Here we use My, = My, =1 TeV.
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XX = ZeHr
140
120L © 9= 0.83
® =05 -
100+ -

M. Ze [T(')V]

60

M, [TeV]

FIG. 5.

XX = ZeHo

120
® g = 0.83

1001 4 5 a

M Zs [TeV]

60

M, [TeV]

Allowed regions by the cosmological bounds on dark matter relic density [22] and perturbative bound on the y, coupling when

only the annihilations into a Higgs and a gauge boson are included. In the left panel we have yy — Z,H,, while in the right panel we
show the results for 7y — Z,H,. Here we use My = My, =1 TeV.

In Fig. 4 we show the same results for the H;H; and
Z,Z, annihilation channels. When these channels are
kinematically allowed, one can have a relic density in
agreement with experiments in a large fraction of the
My, — M, plane. The main contributions for the annihila-
tion cross sections for these channels are from the u and ¢
channels. Since the masses of Z, and the new Higgses must
be well above the electroweak scale, these processes are
mainly relevant when the dark matter mass is above the
electroweak scale.

In Fig. 5, we show the allowed parameter space when
one has only the Z,H (left panel) or the Z,H, (right panel)
channels. In this case, one has two main regions, the
region around the Z, resonance and the region when
2M, > My, + My.. Here we show the allowed solutions
by the relic density constraints only for two values of the
gauge couplings, g, = 0.5 (in orange) and g, = 0.83 (in
purple), because there are no allowed solutions when
g, = 0.1. Notice that in this case one has two main regions;

xx = JJ

o g =083

e g =05

e g, =0.1

M, Z [TGV]

0.1 5 10 15 20
M, [TeV]

below the Z, resonance and the u and ¢ channels allow us to
obtain solutions far from the resonance.

In Fig. 6 the allowed M, — M, plane is shown by
considering only the yy — JJ (left panel) and yy - NN
(right panel) annihilation channels. In this theory, the
xx — JJ annihilation channel is velocity suppressed, and
the allowed parameter space by the relic density does not
satisfy the collider bounds on the Z, mass. The yy - NN
channel can satisfy both the relic density and collider
bounds only in the resonance region. These channels are
clearly unique because they are present in the theory
predicts the existence of the Majoron and the right-handed
neutrinos. The colored regions correspond to the same
values of the gauge couplings as in the previous figures.
Notice that in the case when we study the annihilation into
two Majorons, one has only the u and ¢ contributions. For
the annihilation into two right-handed neutrinos we have
also yy — Z; - NN, and then we can have also the
allowed region close to the Z, resonance.

XX = NN
20
g =083
15k e gr=0.5
e go=0.1

0.1
0.1 2 4 6 8

M, [TeV]

FIG. 6. Allowed region by the cosmological relic density [22] and perturbative bound on the Yukawa coupling y, . In the left-panel we
show the annihilation to Majorons, while in the right panel we have the annihilation into right-handed neutrinos. For illustration, we

used My =1 TeV.
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1401 ¢ 2 =083
120} .
100}

80

Mg,[TeV]

60|
40t

20+

40 60
M, [TeV]

6
0.1 10 20 100

FIG. 7. Allowed region by the cosmological relic density [22]
and perturbative bound on the Yukawa coupling y,. Here we
include all relevant annihilation channels. For illustration, we
use My, = My, =1 TeV, and the mixing between the heavy
Higgses is 0y = 7 /6.

» »
N > >

FIG. 8. Feynman diagram for the dark matter—nucleon cross
section mediated by the SM-like Higgs boson.

Finally, in Fig. 7 we include all annihilation channels
discussed above and show the allowed parameter space by
the relic density constraints. As one expects, there are two
main regions: (a) The Z, resonance (less generic) and
(b) the region when the dark matter is far from the Z,
resonance and the annihilation channels with the Majoron
and the new Higgses are allowed. The second region is
more generic because it does not rely in any particular
relation of the masses of the fields involved. Clearly, if we

think about the most generic allowed solutions the upper
bound on the leptophilic gauge boson mass is around
30 TeV. See Appendix B for the Feynman graphs for each
different annihilation channel. The numerical results in
Fig. 7 are in agreement with the perturbative unitarity
bounds [23]. Notice that these results tell us that the seesaw
scale in this theory is below the O(10?) TeV scale and one
can hope to test the origin of neutrino masses at colliders.

In this theory, the main contribution to the spin-
independent dark matter—nucleon cross section is mediated
by the SM-like Higgs as we show in Fig. 8. This cross
section is given by

72 Gy g;Mysin® 0 Mymy,

=— 36
ost V2 M} M3 sin® B (M, + my) (36)

2
2fN'

Here my is the nucleon mass, G is the Fermi constant, and
fn =0.3 [24] is the effective Higgs-nucleon-nucleon
coupling. Here sin @ = U, U}, where the U;; are the
elements of the mixing matrix in Eq. (15). 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. See Ref. [25] for the calculation of this
cross section at one-loop level. 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 6. In this theory,
the new gauge boson Z, mediates the dark matter—electron
scattering but it is very suppressed by the ratio g,/M, .
In Fig. 9 we show the numerical results for the spin-
independent dark matter-nucleon cross section for different
values of g, and sin 6. In the case when g, = 0.83, the
orange and green lines represent the spin-independent cross
section for sin @ = 0.01 and sin @ = 0.1, respectively.
Notice that all numerical results presented in Fig. 9 are
valid for the different values of the input parameters, g,
M,, and My,, where one obtains the correct relic density,

e g¢ = 0.83, sinf = 0.01

o g¢=0.83, sinf =0.1

10—41 L
LZ(2022)
10—/13 L
NE ”‘._....---
S,
g> 10-45 /:____,f
10747 L
10—49 I I I
0.1 2 4 6 8 10
M, [TeV]

FIG. 9. Numerical values for the spin-independent cross section for dark matter—nucleon scattering. The red shaded region is excluded
by the LZ experiment [26]. For g, = 0.83, orange and green lines represent the spin-independent cross section for sin # = 0.01 and
sin® = 0.1, respectively. We have used sin g = 0.54 (when v; = vy) and fy = 0.3.
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ie., thz = 0.12. As one can appreciate, in this simple
theory, one can satisfy the LZ experimental bounds [26]
when sin € is below 0.01, which is also in agreement with
the experimental bounds of the SM Higgs mixing angle,
sin@ < 0.3. Therefore, one can easily satisfy the current
experimental bounds from direct detection experiments.

IV. LEPTON NUMBER VIOLATING SIGNATURES
AT THE LHC

As we have discussed above, in this theory the seesaw
scale can be below the O(10%) TeV scale in agreement with
the cosmological bounds on the dark matter relic density,
and one can hope to test the mechanism responsible for
Majorana neutrino masses at colliders. In this article, we
will focus on the testability at the Large Hadron Collider
(LHC). The collider bounds on the leptophilic gauge boson,
Z,, are very strong and it will be very difficult to produce it
at the LHC. However, the Standard Model-like Higgs and
new Higgses, H; and H,, decays can give rise to lepton
number violating signatures. For a previous study of lepton
number violating signatures from Higgs decays see for
example Refs. [27,28].

One can produce the Higgses at the LHC through gluon
fusion and look for the decays into right-handed neutrinos
that give rise to lepton number violating signatures with
two same-sign charged leptons and four jets:

pp—»h,Hi—>Nka—>ejEe,,i,4j. (37)

A. LNV signatures from 4 decays

The SM-like Higgs can decay into two right-handed
neutrinos, if kinematically allowed, through the mixing
between the Higgses. The decay width can be written as

3 M3 g2sin® 6 4M3\ 32
I'(h — NN) :_MM - N (38)
4z M3 cos®

and the branching ratio is given by

I'(h — NN)

BR(h — NN) = .
(h = NN) cos?OTgy +T'(h = NN)

(39)

Here we are assuming for simplicity that all right-handed
neutrinos have the same mass. In this case, we can estimate
the number of events as given by

Ny(efedj)=Lxo(pp—h)xBR(h—NN)x2

x BR(N — efjj) xBR(N = ejj).  (40)
In Fig. 10 we show the number of LNV events from the
SM-like Higgs decays using the HL-LHC luminosity

L =3000 tb~!, o(pp — h) =547 pb, cos = 0.84,
and sin @ = 0.01. Notice that the mixing angle 6 has to

pp = h = Np N — ejie,i,,jj

107 & ; : , ,

106; —— sinf =0.3,£L=138 fb~' |

@ — sinf = 0.01, £ = 3000 fb~ "

g8 10°¢ ]
) F

ks ]04;/—_\_
g
el [

£ 1000¢ ]

100 1

]O-w s s L s 1 s s L 1 s L 1 1
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A/[N[Ge\/]

FIG. 10. Lepton number violating events from the SM-like
Higgs decays as a function of right-handed neutrino masses
(My). The red line shows the predictions when the luminosity
is £ =3000 fb~!, cos f=0.84, BR(N; — eifjj)=0.5, and
sin @ = 0.01. The blue line corresponds to the case when
£ =138 fb~! and sin § = 0.3.

be small, sin 8 < 0.01, to be in agreement with the dark
matter direct detection constraints. The branching ratio
BR(h — NN) is around 107> in the scenarios shown in
Fig. 10. Since the dark matter direct detection bounds are
only valid in a fraction of the parameter space, we show in
Fig. 10 the number of events when the luminosity £ =
138 tb~! and sin @ = 0.3. This simple estimation tells us
that the HL-LHC could have access to a large number of
LNV signatures coming from the SM-like Higgs decays.
These signatures can be quite exotic because the light right-
handed neutrinos can be long lived and then the LNV
decays can give rise to displaced vertices. Clearly, these
signatures are quite unique but the predictions depend on
the mixing angle € between the Higgses that could be
smaller. The main reducible background for these signals is
pp — titW* — WEW= jjbb but by using a set of kinematic
cuts one can reduce the background quite effectively. See
for example the discussion in Ref. [29] for details.

B. LNV Signatures from H; decays

The new Higgses can be produced at the LHC though the
mixing with the SM-like Higgs and their decays can give
rise to LNV signatures. In this case the number of events is
given by

Ny(eFeitd)) = Lx o(pp — H;) x BR(H; > NiNy) x 2
x BR(N; - ejiW”F) x BR(N, = e WT)
x BRZ(WT = jj), (41)
where the hadronic decay of the W boson is

BR(WT — jj)~2/3. The right-handed neutrino decay
width for N; — ¢; W™ is given by
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9% 2143 M%v
M2 2
><< ——W> . (42)

The matrix V defining the mixing between the right-handed
and left-handed neutrinos can be written as [30]

V = Vpuns m2RM~/2, (43)

where Vpyns 1S the Pontecorvo-Maki—Nakagawa—
Sakata (PMNS) mixing matrix, m = diag(m,, m,, m3)
is the matrix of the Ilight neutrino masses, and

|

M = diag(My,,My,,My,) is the matrix for the heavy
neutrino masses, and the R matrix is complex and orthogo-
nal. For a detailed study of the BR(N;, — e*WT) taking
into account the neutrino constraints and using the freedom
in the matrix R, see Ref. [31].

The cross section reads o(pp — H;) = sin’ c(pp —
H;)gm, Where 6(pp — H;)g, is the predicted cross section
in the Standard Model changing the Higgs mass. Since this
cross section is suppressed by the mixing angle and
sin 8 < 0.01, to be in agreement with dark matter direct
detection constraints, one cannot expect a large number of
events even at the HL-LHC.

In the above equation, the branching ratio for the Higgs
decays into two right-handed neutrinos is given by

[(H; — N¢Ny)

BR(Hl —)Nka) -

where H; - SMSM are the decays into SM particles
excluding the SM-like Higgs. Since in our case sinf <
0.01 these decays are very suppressed. The decay width for
H, - N;N, is given by

3 M2 92U2' 4AM?2 )\ 3/2
[(H; - NyNy) = — N3y (1-—S8 )
( Vi) A M3 cos’p M3
(45)
the decay width for H; — jyy is
pp — Hy = Ny N — efeﬁjj
1.0 ‘ T
X
=
Him
T
Z
=4
M
0.4+ | ‘ u
200 300 400 500 600

My, [GeV]

(44)

[
9 M:giU3, 4M2\ 32
(H. yy) = — —XIC 20 gy 1 — 4% . (46
( z_))()() 8ﬂM%{)Sin2ﬂ H;( M%I,) ( )

and the decay width for H; — hh is

B (Mz\2 1 4M2\ 1/
T(H; — hh) = ”f’”l( Zf) P (1—M2’1> (47)
i H,‘

32z \ 6g,
where

)VH’_hh = 2)«1 U2i sin ﬂ + 3/12U3i COoS ﬁ

pp — Hy = Ny N — efeﬁjj

041, | ]
200 300 400 500 600

My, [GeV]

FIG. 11.  Number of lepton number violating events as a function of heavy Higgs masses (My,) and Br(N; — eji WT). Here we used
luminosity £ = 3000 fb~!' and cos = 0.84, My = M, =100 GeV, sin § = 0.01, sin 8y = 0.5, and M, /g, =7 TeV.
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In Fig. 11 we show the predictions for the LNV events at the
HL-LHC as a function of heavy Higgs mass, My , and
Br(N; — ¢*WT). For illustration, we use £ = 3000 fb~!,
cosff=0.84, My =M, =100 GeV, and sin@ = 0.01.
Here we neglected the decays into two SM-like Higgses
to show the most optimistic scenarios. Unfortunately, the
number of events from the heavy Higgses are not too large
at the LHC due to the fact that the production cross section
is suppressed. Therefore, the best hope at the LHC is to
look for the lepton number violating signatures from the
SM-like Higgs decays into two right-handed neutrinos.

V. SUMMARY

The origin of neutrino masses is one of the most pressing
issues in particle physics. In this article, we discussed a
class of theories for Majorana neutrinos where the total
lepton number is a local gauge symmetry. In order to define
an anomaly-free theory based on the total lepton number
one needs to add extra fermions including the right-handed
neutrinos. These theories predict a fermionic dark matter
candidate from anomaly cancellation. The properties of the
dark matter candidate were discussed in great detail taking
into account all annihilation channels. The dark matter
candidate has unique annihilation channels due to the fact
that the theory predicts a very light pseudo-Goldstone
boson, the Majoron, and one can obtain the correct relic
density in a large fraction of the parameter space. Using the
cosmological bounds on the dark matter relic density we
pointed out the upper bound on the total lepton number
symmetry breaking scale.

These theories provide a unique scenario predicting a
low scale seesaw mechanism for Majorana neutrino masses
since the seesaw scale is below the O(10%) TeV scale. We
have shown that one could hope to test the origin of
neutrino masses at current or future colliders. We discussed
the lepton number violating Higgs decays and the pos-
sibility to observe lepton number violation at the Large
Hadron Collider. We have shown that the SM-like Higgs
decays can provide a unique window to the origin of
neutrino masses if the lepton number violating decays can
be observed in the near future.
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APPENDIX A: FEYNMAN RULES

In our study, the dark matter candidate is the Dirac
spinor, y = y; + yr. Neglecting the mixing between y and

the neutral components of the fermionic SU(2) doublets,
we list the simplified Feynman rules relevant to study the
dark matter annihilation channels and direct detection cross
section:

IXZe: —igey"(€2P + € Pg), (A1)
3g,M, Us;
. i%.—z’, (A2)
z, sinf3
s 1290 prs (A3)
2M,,
Z4HJ: i(2P))(3gssin pUy; + 2g,cos fU3;),  (A4)
.. 90 pious
NNJ: Py, A5
l2sz Wy (AS)
wd: — i plymys, (A6)
2M,,
78 i9L s A7
wZp: iy, (A7)
NNZ:: — il pmys (A8)
" 2 }/ 7/ )
eeZl: —igyrt, (A9)
. geMy
H,NN Us,, A10
i lMZf cos ﬁ 3i ( )
HiZfo: 2ingZ/(2U3iCOS ﬂ + 3U2i sin ﬂ)g}w. (All)

We have used v; = {vsinfand vy = 1 v cos f§ to obtain the
above Feynman rules. Here we are neglecting the small
mixing angle between the SM neutrinos and the right-
handed neutrinos. 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 = €02y p, (A12)
eg — e 1%/ 2ep, (A13)
£; — e /g, (A14)
21 — €0/ 2y, (A15)
Yr = e/ (A16)

Notice that the Majoron, defined as J = cos fio, + sin fo,,
couples to fermions as a pseudo-Goldstone boson.
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APPENDIX B: DARK MATTER ANNIHILATION CHANNELS

The annihilation cross sections were calculated using FEYNCALC [32-34]. Our dark matter candidate has the following
annihilation channels:

(1)
* XX > eiei
X €; X €
Zﬂ h>Hi
X €; X €;
(i1)
e XX VYV
X v X v
Zt A
X v X v
(iii)
. YX — Zng
X Zy
X —<4— Zy X —— Zy
H;
A A v T
X —»— Zy X —p»— Zy X Zy
(iv)
o XX — Z¢H;
Y ——— Z;
A
X—»—------- H;
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(v)
o Xx = JJ
X —€— - J X —— J
A A \\x ’
X —p—L e J X —»—+ J
(vi)
e Xx — H;Hj
X H;
X—e——7F------- H; X ——— H; 7
N // h: Hk ,’
A N .
X—»—L o H; X —»— H; X H;
(vii)
o« Xx = NN
X N X N X N
J Zp H;
X N X N X N
(viii)
o XX — ZpJ
X Ze
X —e— Ze X ——
H;
A A x0T N
X—» - J X —»— X J
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(ix)
. Xx - HiJ
X H;
X ———T------- H; X —e— H; o
\\\ //, Zﬂ ’//
A A .
X—»—"-------- J X —»— J X J
(x)
o XX 2> ZZ
X Z
h,H;
X A
(xi)
* XX —qq
X q
}L, Hi
X q
(xii)
o Yx > WTW-
X w+t
h, Hi
X w-
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