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Dynamical scoto-seesaw mechanism with gauged B — L symmetry
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We propose a dynamical scoto-seesaw mechanism using a gauged B — L symmetry. Dark matter is
reconciled with neutrino mass generation, in such a way that the atmospheric scale arises a la seesaw, while
the solar scale is scotogenic, arising radiatively from the exchange of “dark” states. This way we “explain”
the solar-to-atmospheric scale ratio. The TeV-scale seesaw mediator and the two dark fermions carry
different B — L charges. Dark matter stability follows from the residual matter parity that survives B — L
breaking. Besides having collider tests, the model implies sizable charged lepton flavor violating (cLFV)
phenomena, including Goldstone boson emission processes.
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I. INTRODUCTION

Despite the great success of the Standard Model (SM) [1],
new physics is required in order to account for the existence
of neutrino masses [2,3] as well as dark matter [4].
A popular paradigm for neutrino mass generation is the
seesaw mechanism, while weakly interacting massive par-
ticle (WIMP) dark matter candidates constitute a paradigm
for explaining cold dark matter. Even taking these para-
digms for granted, there are many ways to realize either.
A particularly interesting possibility is provided by the
so-called scotogenic approach [5,6] in which WIMP
dark matter mediates neutrino mass generation. In the
simplest schemes, all neutrino masses arise at the one-loop
level, with a common overall scale, modulated only by
Yukawa couplings.

Rather than invoking these paradigms separately, here we
suggest a dynamical mechanism to realize naturally the scoto-
seesaw scenario [7,8] that reconciles dark matter (DM) and
neutrino mass generation to gether,1 opening the possibility of
having a loop-suppressed solar-to-atmospheric scale ratio.

We first note that the U(1);_, symmetry arises auto-
matically in the SM and is closely related to neutrino
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"There are also attempts to realize the scoto-seesaw picture by
combining it with family symmetries [9-12].
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masses. However, the presence of nonvanishing anomaly
coefficients forbids us to promote U(1)_, to a local gauge
symmetry. Adding three lepton singlets v, ~ —1 cancels
the anomaly coefficients, allowing for a local realization.
Dirac neutrino mass entries arise in such a way that a v;z-
mediated (type-I) seesaw mechanism can be triggered by
allowing for Majorana mass terms, which break B — L by
two units. In such “canonical” construction, the seesaw-
mediating v, carry identical charges so that all neutrino
masses become proportional to a single energy scale. As a
result, this fails to account for the observed hierarchy
Am2,/AmZ,, [13].

However, an alternative anomaly-free U(1)z_;
can be obtained if instead we introduce three neutral
fermions with B — L charges (f g, for, Ng) ~ (=4, —4,5)
[14,15].

We show next that, thanks to their unequal charges, f,z
and Ny couple differently to the active neutrinos and may
trigger different mass generation mechanisms, providing a
natural dynamical setup for the scoto-seesaw mechanism
and an explanation for the smallness of the ratio
Am?,;/Am2,. The neutrino-mass mediators f,; become
part of a dark sector whose stability originates from an
unbroken matter parity that survives the breaking of the
gauged U(1)z_, symmetry.

Besides having interesting dark matter features and
collider phenomenology, an interesting implication of
our model concerns charged lepton flavor violation.
Indeed, a characteristic feature to notice is the presence
of sizable cLFV processes involving Goldstone boson
emission [16—18], in addition to conventional cLFV proc-
esses, such as those involving photon emission, for
instance y — ey.
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II. GAUGED B -L EXTENSION OF THE
STANDARD MODEL

Here, we describe the essential features of our proposal.
The leptons and scalars present in the model and their
symmetry properties are shown in Table I. In addition to the
SM leptons, we introduce f,r (a = 1, 2) and N z—singlets
under the SM group but charged under U(1),_, . Besides a
SM-like Higgs doublet H, the scalar sector contains two
extra SU(2), doublets (® and #) and four singlets
(¢123.0). Note that all of the new fields are charged under
U(1)g_,. The specific roles of the extra fields will become
clear in the next sections when we discuss neutrino mass
generation, dark matter, and how these are linked to each
other in our model.

|

A U] = AM[U(1)
Ay [GraviU (1), ]

Needless to say, since these new fermions are singlets under
the SM gauge group, they do not contribute to the other
anomaly coefficients, i.e., U(1)3U(1)5_,, U(1),U(1)3_,,
SU2)7U(1)g_, and SU(3)2U(1)g_; which, therefore,
remain zero.

With the fields in Table I, we can write down the most
general renormalisable Yukawa Lagrangian as®
~Ly=Y[[LyHejr + Y Liy®Ng + Y, Liiifar

N f

Y . Y, ——
+ 5 @i(NR)'Ne+ 5 02(far) fur + He. (3)

Analogous to the SM case, once the Higgs doublet H
acquires its vacuum expectation value (VEV), the charged
fermions become massive. In contrast, neutrino mass
generation will involve the other scalar bosons, as dis-
cussed in Sec. V.

First we note that, with this field content, we ensure that
B — L is free from anomalies and hence can be promoted to
local gauge symmetry. To see this, first recall that in the
SM, the conventional B — L appears as an automatic global
symmetry that is anomalous due to the nonvanishing of the
following triangle anomaly coefficients:

AM[U},] = =3 and A [GrvU(1)y, ] = =3

(1)

By extending the SM with the fermions f,z and Ng, as
given in Table I, these coefficients vanish exactly [14,15]

o] AU ] =3 [(-4) + (-4 + (5)] =0,
= ASM[Grav?U(1)5_, | + A¥¥[Grav?U(1),

] =-3-(-4-4+5)=0. (2)

|

In the scalar sector, we assume that only neutral fields
with even B — L charges acquire VEVs. Thus, a subgroup
of U(1),_, remains conserved after spontaneous symmetry
breaking takes place. The residual symmetry is matter
parity and can be defined as

MP _ (_1)3(B—L)+2s' (4)

Therefore, only f,z, #, and o are odd under M p. Due to M p
conservation, the lightest of such fields is stable and, if
electrically neutral, will be our dark matter candidate.

III. SCALAR SECTOR

For convenience, the most general renormalizable scalar
potential is separated in two parts V = V| + V,, where

3 i<j
Z #5, DI D; + 20, (DIDy] + Y _ [A0,0,(DID)(D} D)) + I, (D] D) (D} Dy)]
i=1 i
4 k<l
+ > [1E SiSk + 45, (SiS1)?] Zzsks, (SISO(SIS) + D A, (DID;)(S[S). (5)
k=1 ik
=V, = \/E‘DT’?G + \/5501(.02(/’% + L1p1926" + 1, Heppy + Hee., (6)

where D; = H,®,n (i = 1, 2, 3) represent the SU(2), doublets and S =

@1, 02, 03,0 (k=1,2, 3, 4) the singlets, while

u3; and yz,l_ are negative. The first part, V;, contains only self-adjoint operators, while the second, V,, includes all non-self-

adjoint operators allowed by the symmetries.

For convenience, we have omitted the Yukawa interactions involving quarks and H, which are standard.
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The scalars are decomposed as follows:

H+
H:<

(o3 ;,]+
. 9, ®: . b - . 9
%(UH‘FSH‘FLAH)) <\/L§(U¢+S¢,+IA¢)) n <\/L§(S,7+IA,7))

1 1
6:_2(S0+iAa)’ Z :_(U@ +Sq0,» +iA(p,»)’

V2

with i=1,2.3, (7)

and we assume that the breaking of U(1),_, takes place well above the electro-weak scale: 1;3,1_ > viw = v} + v3. Notice
that only the electrically neutral scalars with even U(1),_; charges acquire VEVs so that matter parity (Mp), defined in

Eq. (4), remains conserved.

After replacing the field decompositions above into the potential, we obtain the following tadpole equations:

vy [Z,u%, + 24503 + Ay, vi] + Aag, 113,2 + Aag, 115,3 + 03 (Ano + /1},@)] — VoV, v,, =0
Vo [2U% + 24003 + Aoy, U3 4 Ay, Vo, + Aop, V3, + V(Ao + Aye)] — vyv,,v,, =0
Vg, (25, 4 22,3 4 A, U + A0y Vo) + Aoy Vo + Al VE) — Moy, Uy, = 0,

04,2(2/4%2 + 2/1(/,2113,2 + /IH,,,ZU%, + /Lb,,,zvé + /1,/,](/,203,[) - =0

=0

Vos (2/153 + 2/11/13 1%3 + /IHfllz U%I + )“‘bfﬂs vé + /16911/13 ’Uél) -

In the limit where g, is much larger than the other mass
scales in the model, the second tadpole equation leads to the
induced VEV
VHVy, V.
ST
Ho
Therefore, the induced VEV of the doublet @ is suppressed
as in the type-Il seesaw mechanism [19,20], and also
models with a leptophilic Higgs doublet [21,22], a natural
example of which emerges naturally within the linear
seesaw mechanism [23-25].

Due to matter-parity conservation, which survives as a
remnant symmetry, fields with different M p charges remain
unmixed. Therefore, we can separate the scalar spectrum
into a sector with fields transforming trivially under M p, the
M p-even sector, and another with those that do not, the

= Vg€ < Vy. (9)

TABLE 1. Lepton, scalar, and dark sector fields with their
symmetry transformation properties (i = 1, 2, 3 and a = 1, 2).

Fields SU12), ® U(1)y U(l)g_, — Mp
Leptons L 2,-1/2) -1 - +1
eir 1,-1 -1 - +1
Ng 1, 0) 5> +1
Scalars H 2,1/2) 0— +1
@ 2.1/2) 6 — +1
?1 1, 0) 10 —» +1
®3 1, 0 2> +1
Dark far 1, 0) —4 - -1
n 2,1/2) -3 -1
o 1, 0) 9 — —1

1] 9
1] 9

P3

Vg, (VpVe + Hav,,,)

Vg, (M VHVe + Hav,,,)

El

: (8)

|

M p-odd sector. Moreover, for simplicity, we assume that all
the VEVs as well as the couplings in V are real so that CP is
conserved.

Starting with the Mp-even sector, we have a 5 x5
squared-mass matrix for the CP-even scalars (S, So, A
Sy,-S,,), given in Eqgs. (Al) and (A2) in Appendix A.
The associated physical states S , 3 4.5 all become massive,
and one of them is identified as the 125 GeV Higgs boson,
S, = h discovered at CERN [26,27]. The other scalars are
expected to be heavier, three of them, S, 34, with masses
proportional to the B — L-breaking scale v,,. The mass of
the heaviest state, S5, will be governed by the largest scale in
the model, i.e., yg. Thus, in the limit of interest, h ~ Sy
and S 5= Sq;.

Concerning the CP-odd fields (Ay,Aq.A,.A,,.A,,),
there is another 5 x5 squared-mass matrix, given in
Eq. (A3) in Appendix A. Three of the mass eigenstates
are massless, and two of them can be written as

Gz = vgw (VA + VoAs) (10)

Gz =vp; (6vpAg+10v, A, +8v,A, +2v,.A,,).

with vy, = /60 + 10203, +8%03, +2%02,. (11)
and are absorbed by the neutral gauge bosons Z and Z'.

On the other hand, two states, A; and A,, become
massive,3 and, in the limit Vy =0, > Vg > Vg, their
masses can be written as

The exact mass expressions are given in Eq. (A4) in
Appendix A.
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> 3Kt

~

Ay 2

and  mj =~ pug. (12)

Finally, there is a remaining massless field, a physical
Nambu-Goldstone boson, G, analogous to the Majoron
[28-30].

In order to obtain its profile, we make use of the fact that
it must be orthogonal to would-be Goldstone bosons G 7/,
as well as to the massive A, fields; see Appendix A,
Eq. (A6). Within the same limit as above, we find that this
physical Goldstone lies mainly along the SU(2), singlet
directions, while its projections along the doublets are
suppressed by VEV ratios

1 3 Vo
G :—1_4 <5 UH%AH - SU—(pAcp +A4, —24, +34,, |.
(13)

This massless boson unveils the existence of a spontaneously
broken accidental symmetry, identified in Appendix B.

As we will comment below in Sec. VI, there are stringent
limits on the flavor-conserving Goldstone boson couplings
to charged leptons, mainly electrons. Moreover, as dis-
cussed in Sec. VII, there are also bounds on the flavor-
violating Goldstone boson couplings to charged leptons.

|
M2 — 1 ( X Ka(s)H1V0 )
A2\ kyive Yoy )

with X = 2py + (Apgy + Ay, )07 +

Turning now to the charged fields, (H*, ®*), we have

Yy Vg3 Voo
M2 1 /12— /1H¢,’U(D —/12U(p2 Uqh +/1H¢,1)H7)q>
2\ w0, 4+ 4 PRI
2V, Vs TAH@VHVO A2 0 oVl
(14)

After diagonalizing the above matrix, we find that one
eigenstate is massless (absorbed by the W+ gauge boson),
whereas the other, ¢*, gets a mass

1

P = m (—veH* + vy®*) with
HT Vo
2 2
mii _ (20,0, — Ao Vuve) (Vg + V) . (15)

Z’UHU(D

Notice that the dominant component of ¢ lies along the
doublet @, which gets a large mass m: =~ ug; see Eq. (9).

Turning now to the Mp-odd sector, the CP-even and
CP-odd scalars have the following mass matrices,
respectively,

(Aay + /1d>n)”<l> + ’lmﬂn nt /171(/72 » T )“’W% »3

Ya(s) - 2ﬂ0' + /IHUUH + lq"’v‘P + /140101)% + j'fﬂzﬁ"l)éﬂz + /14030115/’3 + Ka(s)zlllvfﬂl Up,

and Ka(s) = +1(—1),

(16)

when expressed in the bases (S,,S,) and (A,,A,). The matrices can be diagonalized by performing the following

rotations:

<a(5)1> B <0089a<s>
a(s), n sin 6,4

The corresponding eigenvalues are then given by

—sin @, A(S Ka(s)2H1 0
( )> < ( )”> where tan(260,(,)) = M. (17)
c0s0y(s) /) \A(S), Yos—X
X + Yoy % 5ign(X = Yo) /(X = Yo(o)? + 164303, -
. 18
4

mﬂi(ﬁ) -

Finally, the only charged scalar in the dark sector gets the following mass:

2 2
m-,. =
e Hy

1
+ 5 (AHH’U%I + j@ﬂvé + l"l‘l’l Ué] + /1'14’2 1}3,2 + /1'71/73 Uiz) :

(19)
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IV. GAUGE SECTOR: Z -Z' MIXING

As usual, to find the gauge sector spectrum, we expand
the covariant derivative terms in the scalar sector, i.e.,
LD (D,;)"(D"¢'), where ¢; denote the scalars in the
model, and”

. Oun .
D[l¢i = (5,4 — gL 2 W,l - ngYB}: - lQICIBLBL>¢i~ (20)

When the scalars acquire VEVs, the neutral gauge
bosons acquire the following squared-mass matrix, written

in the basis (W3, B, B,),”

! givéw —ngyvlzaw -12g, 4 71(21)
MZ:Z —gL9vVEw  GUEw  12dgvvy |, (21)
129,403 12¢gyv% 49702 a

where a = (2/v,,)*(9v3 + 25v2, + 1603, + v2.). In order
to determine the mixing among the fields, we diagonalize
this matrix in two steps. First, we single out the photon (A4,
by making use of the mixing matrix R;, and then we
diagonalize the resulting Z — Z' matrix with the help of R,,
namely

1 0 0 o200
R=R,xR; =0 cosd —sind —% %Y 01,
0 sind cosd 0 0 1
12 z
with tan(26) = — 99 o (22)
4g%v, a— g vgy

and ¢> = g7 + g3. It is easy to see that the Z — Z' mixing,
parametrized by &, is rather suppressed since v /v, < 1.
Thus, the mass eigenstates are given by

9y 3 gL Y
A, ==—W, +=—=B;,,
H g H g H
cos o .
Z,u = (gLW; + gyB};) — Sin 63;4,
,  sind ,
Z;t = T(QLW3” + gyBﬂ) -+ cos 53”, (23)

and the nonvanishing eigenvalues are

*Given that the model contains “large” B — L charges, gp;,
to ensure perturbativity of the associated gauge interactions,
one may adopt the conservative limit ¢f* x ¢ =10 x ¢ <1,
leading to ¢ <0.1.

We are assuming, for simplicity, that the kinetic mixing
between the Abelian fields vanishes.

1
m%,z’ =3 [49’2115”05 + gzvéw

T\ 3,0 - Pk P + (2499730, (24)

which, upon assuming v, = v, > vy > v, give my =~
gvgw/2, while mz ~ 13g'v,, is the mass of the heavy Z'.

V. DYNAMICAL SCOTO-SEESAW MECHANISM

Neutrino masses arise from the operators in Egs. (3)
and (6) and are generated by the diagrams in Fig. 1, where
the blue and the black legs denote the exchange of M p-even
and M p-odd/dark fields, respectively.

The tree-level contribution, in the basis [v;;, (Ng)‘],
leads to the following mass matrix:

0 0 0 Y%u,
1 0 0 0 Y%
My — — e (25)
V2| 0 0 0 YPue

(] D D N
Y]Uq) YZUq) Y3'U(D Y'U(/,l

Upon diagonalization, we find the seesaw-suppressed mass
matrix for the active neutrinos to be

OyDd 9
Yy ve

MY ~ ,
K 2 my

(26)

in the limit v,, > vy > ve. Here, my ~ v, YV /\/2 is the

mass of N, and vg = vye is the small induced VEV

defined in Eq. (9). The light neutrino mass matrix has only
2

one nonvanishing eigenvalue ~ — %Zi(Y?)z.

One sees that, in contrast to the conventional type-I
seesaw mechanism, in which neutrino mass suppression
follows from the large size of my with respect to the
electroweak scale (vgw ~ vy ), here, there is an additional
suppression from the small induced VEV of ®, charac-
terized by e given in Eq. (9). This feature allows us to
have moderate values for my, or v, , say around the TeV
scale, without the need for appealing to tiny Yukawa
couplings.

At this point, we also stress that, in contrast to low-scale
inverse [30,31] or linear seesaw schemes [32-34], the
presence of TeV-scale neutrino-mass-mediators does not
require the addition of extra gauge singlets beyond the
“right-handed neutrinos.” Moreover, since my is directly
associated with the spontaneous breaking of the gauged
B — L, the mass of the associated gauge boson, Z’, can also
be naturally within experimental reach, leading to rich
phenomenological implications, as we discuss below.

Concerning the other two neutrinos, their masses are
generated at one loop through the scotogenic mechanism,
namely

035023-5
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FIG. 1.
black legs represent the Mp-odd (dark) fields.

2
v(SC) _ " " :
M7 = E Yi MY, with
c=1
my; [cos’Ogm? m?  cos’0,m?
¢~ 167% |m2 — m? lnr;12- Cm2 —m2 In
51 fc f(‘ aj fc

where m; =wv,, Y’C[ / V2 are the masses of the two
dark fermions f.gr. One can easily check that when
either 1; — 0 or y; — 0, the loop-generated masses vanish.
When 4, = 0, m;, — m,, with cos?6; — cos*@, and
sin? @, — sin® @, leading to a cancellation between the first
and the second, as well as the third and the fourth terms in
Eq. (27). On the other hand, when y; — 0, we have 6,0, —
0 sothat only the first and the second terms in Eq. (27) survive;
nevertheless, these cancel out since, in this limit, m;, — m,, .

As usual in scotogenic setups, the loop mediators—
black fields in Fig. 1—are part of a dark sector from which
the lightest field is stable. This can play the role of a
WIMP dark matter candidate. In our case, the viable dark
matter candidates are the neutral fermions f.p and the
neutral scalars s;, a;. The stability of the lightest of them is
ensured by the residual subgroup of our gauged B — L
symmetry, i.e., the conserved matter parity (Mp), defined
in Eq. (4).

Lastly, since one neutrino mass is generated at tree level,
while the other two masses arise through the scotogenic
diagram at the one-loop level, we expect these masses to be
loop-suppressed with respect to the former [7,8]. Therefore,
this framework favors the normal ordering of neutrino
masses—also preferred experimentally [13]—as well as
an understanding of the origin of the smallness of the
ratio Am2/ Am?,.

VI. GOLDSTONE COUPLINGS TO FERMIONS

The effective interaction between the Goldstone boson,
G, and the fermions, F;, can parametrized as

Lorr, = GF(X]'P + X' Pp)F; + He.,  (28)

(sg‘:(d (491_)k ”,(_m) <3,0<2>.,SH>

1 /’
:‘r_'_ - —)(<SO3>
-~ - --~§ "
Q‘ ,'
U
.~
4 A}
’ AY

’ \
'n n

far virL

Cx-----4

P
1M
~

Seesaw and scotogenic contributions to neutrino masses. The fields that are even under Mp are depicted in blue, whereas the

mZ sin*Oom?  mi  sin’0,mi = m2
m> +m2 —m2 lrlm2 Com2 —m2 lnm2 ’ (27)
f.(,' SZ ‘f.(' fL' az f‘f f'('

[
where P, p are the usual chiral projectors, and foe are
model-dependent dimensionless coefficients. As seen from
Eq. (13), the Goldstone boson has projections along
of the Mp-even scalars, including the SM-like Higgs
doublet H. As a result, G couples to all of the fermions
at tree level.

For quarks and charged leptons, which get their tree-
level masses exclusively from their interactions with H, the
tree-level couplings to G arise from the projection of G into
the H, (G|H). This can be expressed as

(29)

GFji mp,
=% ' = GIH)| =35y
U

with F; = e, d, u representing the charged leptons, down-
and up-type quarks, respectively. Notice that when we
diagonalize the charged-fermion mass matrices, the G
couplings also become diagonal. In other words, flavor-
violating couplings to charged fermions are absent at
tree level.

Of particular interest are the couplings to charged
leptons, for example, electrons. Depending on the strength
of such couplings, Goldstone bosons can be overproduced
in Compton-like processes e +y — e+ G and emitted
by stars leading to excessive stellar cooling. Recently it
was noted that also the pseudoscalar couplings to the
muon can be restricted by SN1987A cooling rates [35]. The
bounds for the couplings to electrons and muons are
|£6¢¢| <21 x 1071 and |Z9%*| <2.1 x 10719, respec-
tively [35,36]. Assuming v, = v, > vy > vg, Eq. (13)
leads to v3,/(vyv,) < 7.5 x 107* or, equivalently,

035023-6
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FIG. 2. Leading contributions to the charged lepton flavor violating decays e¢; — ¢,y and ¢; — ¢;G.

2
P <19% 1075 GeV. (30)
v

@

One sees that both constraints can be satisfied through the
above restriction on the Goldstone projection into the SM-
like Higgs doublet. It is worth noticing that this effective
mass scale, v3/ v, also appears in the seesaw-suppressed
neutrino mass in Eq. (26) and should therefore be small.

Note also that the Goldstone couplings to charged
leptons also receive radiative contributions, mediated
mainly by the dark sector, via the diagram in Fig. 2 (right).
Such contributions can be calculated using the results of the
next section by taking the diagonal entries of the one-loop
couplings =¢ , in Egs. (31) and (34).

The tree-level Goldstone couplings to neutrinos emerge
from the second term in Eq. (3) involving the leptophilic
doublet @, ie., Y ?L,»L dN r- As a consequence, they are
suppressed by the product of the Goldstone projection into
@, of order vg/ v,, and the small v — N mixing, also of
order vg/v,. Dark-mediated loop contributions are also
present; however, these are expected to be very small as
they are proportional to neutrino masses, a feature remi-
niscent of Majoron models [29,30].

VII. CHARGED LEPTON FLAVOR VIOLATION

In this section, we discuss the most relevant charged
lepton flavor violating (cLFV) processes occurring in our
model, involving the first two families. For theoretical and
experimental reviews, see, for instance, Refs. [37-39].

|

An interesting characteristic feature to notice is the
presence of charged lepton flavor violation involving
Goldstone boson emission. The projected u — e conver-
sion at COMET [40] can also probe y — eG. There are
good prospects for improving the sensitivities on Goldstone
boson searches with the COMET experiment, where the
sensitivity for the cLFV process u — eG may improve
from the current limit BR(u — e¢G) =23 x 107 in
Phase-I to a sensitivity O(107®) in Phase-II, under some-
what optimistic assumptions [18].% In what follows, we pay
special attention not only to radiative cLFV processes
involving photon emission, but also to Goldstone boson
emitting processes.

A. cLFV through photon and Goldstone boson emission

We focus on cLFV decays of the form ¢; — ¢;X—with
X =y, G—which, here, receive their main contributions
from diagrams mediated by the M p-odd fields in the “dark”
sector, as shown in Fig. 2.

Other diagrams, although present, give rise only to sub-
leading contributions. For instance, analogously to Fig. 2,
diagrams mediated by the Mp-even fields ¢* and N,
instead of the Mp-odd fields ™ and f,, exist but their
contributions are significantly suppressed by the large mass
of ¢T. Likewise, charged-current contributions mediated
by the W gauge boson and N are present; however, they
are also suppressed due to the small v — N mixing.

The effective operators associated with the decays
e, > e jX, with X =y, G, can be expressed, respectively,
as follows [42,43]:

Lyee, = 220" (S'Py + Z{'Pr)e; + Ge; (277 P + £/ Pg)e; + Hee., (31)

2

where ¢* = [y#,7*] and P,  are the usual chiral projectors. Here, X7  (£¢ ;) are model-dependent coefficients with

dimension mass™' (mass®).

®In a similar fashion, the Mu3e experiment, which aims at substantially improving the bounds on the decay y — 3e, can also probe
1 — eG [41], with sensitivity 1 order of magnitude worse than the above one for COMET.
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The branching ratios for the processes of interest,
assuming m;/m; < 1, are given by [38,42-46]

3
> (IZPP 4 [ZP)  and
16xTl,,

BR(e; — ej}/) ~

m,
BR(e; = ¢,G) ~ aL

(1= + [ZR"P). (32)
In particular, we shall focus on the most constraining
processes, i.e., 4 — ey and u — e¢G, whose current limits
are BR(u — ey) <4.2x 10713 [47] and BR(u — ¢G) <
1073 [17,48,49], while future experiments are expected to
improve these bounds to BR(4 — ey) <6 x 1071* [50] and
BR(y — eG) <1078 [18].

Taking into account that m,/m, < 1, the leading con-
tribution to the first process can be approximated to

5
QoM
BR(,u—>ey)z4;1m FM |(YTF, YY) 2 with

4
et

1 —6x, +3x2 +2x) —6x2log x,
6(4r)>(1 —x,)*

(Fl)db = 511/7’ (33)

where x, = (m; /m,+)?, Gy is the fine-structure constant,
and m, ~105.658 MeV is the muon mass. Here, I', =
ISM L e ~ 3 x 10719 GeV + I is the total decay
width of the muon, with I}V representing the new
contributions to the muon decay width calculated in this
section. Similarly, for the process involving the Goldstone
boson emission, we have

m;|(Gle2)

32nv;,T,

xa(xa - 1 - IOg.Xa)
2027)2(x, —1)2 "

BR(4 — ¢G) ~ ((Y'F, Y7 )2, with

(F2)ab = (34)

where (G|p,) is the Goldstone projection along ¢,.

We would like to point out also that, despite the presence
of several new neutral scalars as well as an extra neutral
gauge boson (Z'), flavor-changing neutral currents involv-
ing charged leptons only take place at loop level. Indeed,
notice that, at tree level, two charged leptons can only couple
to a scalar via the first term in Eq. (3), governed by the Y*
matrix. The very same term leads to the charged lepton mass
matrix: M¢ = Y (H). Therefore, by diagonalizing M¢, the
charged lepton couplings to neutral scalars are also auto-
matically diagonalized. Lastly, since all the charged leptons
couple to Z’ with the same B — L charge (—1), and there is no
nonstandard charged lepton, the tree-level couplings
between the charged leptons and Z' are also diagonal.

B. Numerical results

Having discussed the main cLFV processes, as well as
the relevant bounds, we now proceed to calculate numeri-
cally the relevant contributions. Note that the Yukawa
couplings controlling the cLFV processes are also involved
in the generation of neutrino masses. Thus, in order to
estimate the cLFV contributions, we need to choose as
inputs benchmarks satisfying neutrino oscillation data.
Although we perform this task numerically, it is useful
to develop an analytical form for extracting the Yukawa
couplings from measured parameters that satisfy neutrino
oscillation restrictions, a la Casas-Ibarra [51], as this will
optimize our subsequent scanning procedure. For this
purpose, we write the sum of the tree-level (seesaw) and
the one-loop (scotogenic) neutrino masses in Eqgs. (26)
and (27) in the following compact form:

MY = MI/(SS) +MD(SC) — —YXM YT,
Y= (Y4, Y$,) and Xy, =0 (i#)).

2
forc=1,2,

with

Vo

XMee = —M,, and X33 = 2y,

(35)

with M, defined in Eq. (27). This way, the ansatz below
can be used to obtain our benchmarks

Y = iU, /mp\/ X (36)

where U, is the lepton mixing matrix, m, is a diagonal
matrix containing the active neutrino masses, and p is a
generic 3 x 3 orthogonal matrix. For the oscillation para-
meters thatenter U, and m,, i.e., the neutrino mixing angles,
CP phase, and neutrino mass splittings, we take the values
obtained in Ref. [13] within a 30 range, for the case of
normal neutrino mass ordering. Moreover, we fix some of
the free parameters present in X 4 by assuming that all the
relevant dimensionless scalar couplings are 4; = 0.1, the

100
50
_ m
10 "
m
5 g
my
1

0.000 0.005 0.010 0.015 0.020 0.025 0.030
my(eV)

FIG. 3. Neutrino mass hierarchies versus the lightest neutrino
mass, m,;, for normal ordering.
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FIG.4. Left: branching ratios for y — eG vs 4 — ey. Right: branching ratio for 4 — eG vs the masses of the dark mediators, m,+, my, ,
given as functions of v,,. The shaded red bands are excluded by the current limits on the branching ratios BR(y — ¢G) and BR(u — ey),

whereas the gray points are excluded by the limits on the diagonal couplings (X¢¢, £¢#). The dashed orange lines are the expected

experimental sensitivities, as discussed in the text. The color bar denotes the effective Yukawa defined as Y ¢ =

scenario, v, €[, 15] TeV and vq €[1,277] MeV.

bare masses for the dark scalars y, = pu, =1 GeV, while

u; = 5 TeV, and the Yukawa couplings are YV = Y'Z =0.5.
As for the lightest neutrino mass, m;, we vary it in the
range [0.005, 0.03] eV. The upper value comes from
taking the upper limit on the sum of the neutrino masses:
52] ¥;m; < 0.12 eV] together with the normal ordering
assumption [13]. On the other hand, the lower bound comes
from the radiative origin of the lighter neutrino masses, i.e.,
my, m,. In general, we expect no strong m,/m, hierarchy
or, if present, such a hierarchy would be typically milder
than the ms3/m, hierarchy, since ms has a tree-level origin.
This is seen from Fig. 3, where we show the ms;/m, and
m, /m| mass ratios versus m, for normal ordering. One sees
that this is indeed the case, as long as m; > 0.005 eV.
In what follows, we consider two scenarios. In the first,
the induced VEV w4, defined in Eq. (9), varies with varying
Vp = Uy, s which describes the B — L-breaking scale,
whereas in the second case, vg remains constant although
v, varies. The other parameters—such as the scalar
potential couplings (4;, y;) and the Yukawa couplings

(Y{;)—are assumed constant throughout the scans, as
explained below Eq. (36). This choice helps isolating the
impact of v, on the dark mediator masses and the cLFV
branching ratios. Our results for the first scenario are
presented in Fig. 4. In this case, v, varies randomly
between 1 and 15 TeV, and the induced VEV wvg, varies
with v, according to Eq. (9), which leads to vg values
roughly between 1 and 277 MeV. The red lines at 107>
(horizontal) and 4.2 x 10~!3 (vertical) indicate the experi-
mental bounds for the branching ratios of y — eG
[17,48,49] and p — ey [47], respectively, so that the points
within the shaded red areas are excluded. Moreover, the
gray points are excluded by the astrophysical constraints on
the flavor-diagonal Goldstone couplings £¢¢ and/or O+,

| S, Y2, Y ] In this

The dashed orange lines represent future experimental sensi-
tivities for both processes; i.e., BR(u — ey) <6 x 10714
from the MEG 1II experiment [50] and BR(u —
eG) S O(1078) from the COMET experiment [40], as
derived in Ref. [18]. The remaining points are colored
according to the “size” of the corresponding Yukawas,

defined as Yo = /| >, YtaY}al, as shown in the color

bar on the right. One sees from the left panel of Fig. 4 that
u — eGis avery promising cLFV channel. Indeed, in order
to comply with the existing 4 — eG limit, BR(# — ey) must
be in the 107'* range or less, which will be somewhat
challenging for the upcoming round of experiments. As can
be seen from the right panel, this implies lower bounds for
the dark mediator masses.

We now turn to a scenario in which the induced VEV vg,
is a constant, i.e., v = 50 MeV, but v,, is allowed to vary,
as previously, between 1 and 15 TeV. The plots in Fig. 5
show very different behaviors when compared to those in
the first scenario. Here, the branching ratios increase as the
mediator masses, m,+, my , increase, whereas the opposite
happens in the first scenario.

To understand this, notice first that the branching ratios in
Egs. (33) and (34) vary roughly as Y¥.(m,/v,)* and
Y (m,/v,)?.” The entries of Yo = \/| >, Yea¥a| con-
tribute to (scotogenic) solar neutrino mass generation, which
depend on vé; see Fig. 1. Thus, once we impose neutrino
oscillation data, via Eqs. (35) and (36), Y. can also be
described as a function of the induced VEV vy, In the first
scenario (Fig. 4), as vg increases with v, following Eq. (9),

In the region of interest, the dark mediator masses, mg,
(assumed to be degenerate) and m,+, vary linearly with v, in such
a way that the loop functions Fy,(m, /m,:) are approximately

constants.
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Left: branching ratios for 4 — eG vs 4 — ey. Right: branching ratio for 4 — eG vs the masses of the dark mediators, which are

both functions of v,,. Same color code as in Fig. 4. The relevant Yukawas follow the color bar on the right, with Y = /|3, YiaYial.
In this scenario, we assume v, € [1, 15] TeV, whereas the induced VEV is fixed: vg = 50 MeV.

the scotogenic loop functions M, in Eq. (27) also increase.
Consequently, to “neutralize” this increase in M., so as to
satisfy neutrino oscillation data, the relevant Yukawas
should decrease accordingly. Therefore, since both Y.
and (m,/v,) decrease with increasing v,,, the branching
ratios also decrease, as shown in Fig. 4. In contrast, in the
scenario where v4, is constant, the scotogenic loop functions
M. decrease with increasing v,, and, in turn, the Yukawas
increase to satisfy oscillation data. Therefore, while
(m,/v,) decreases, Y. ends up increasing, with v,,.
Nevertheless, it turns out that the dependence of Y. on
v,, is stronger than linear so that the branching ratios, given
as functions of Y& (m,/v,)* and Yi;(m,/v,)?, end up
increasing with increasing v,,, as shown in Fig. 5.

In short, we have seen that our model naturally leads to
detectable cLFV rates involving Goldstone boson emission.
Although we have mainly focused on the implications of
Goldstone boson emission in cLFV processes, there is a
rich phenomenology associated to Goldstone boson proc-
esses that can affect other sectors. For instance, the SM
Higgs boson can decay invisibly 7 = §; — GG [53,54] and
also the effective number of relativistic degrees of freedom
could be affected. Our model is elastic enough to satisfy
constraints such as the invisible Higgs decays [55,56] by
adequately choosing the Higgs potential parameters. For a
recent discussion on similar models, see Ref. [36].
Likewise, by properly choosing the Higgs potential param-
eters, Z' mass and couplings, one can suppress excessive
contributions to the effective number of relativistic degrees
of freedom [57] so that it can fulfill the observational
constraint [52]. Therefore, the model offers sufficient
flexibility to accommodate constraints arising from the
Goldstone boson interactions without compromising the
promising prospects of detecting cLFV through Goldstone
boson emission. A detailed analysis of the parameter space
falls outside the scope of the present work.

VIII. COLLIDER SIGNATURES
A. pp — Z' — NN Drell-Yann production

In the simplest scoto-seesaw model [7,8], the neutrino
mass mediators are unlikely to be produced at colliders. For
example, the atmospheric neutrino mass mediator, i.e., the
heavy neutral lepton N (right-handed neutrino), is inac-
cessible through the Drell-Yan mechanism. Indeed, N is
typically very heavy. Even if (artificially) taken to lie in the
TeV scale, its production would be suppressed by a tiny
doublet-singlet v — N mixing.

In the present case, however, both the neutral lepton N
and the vector boson Z' can lie in the TeV-scale. The
existence of the Z' provides a Drell-Yan pair-production
portal for the heavy neutrino. Its subsequent decays into the
SM states could potentially lead to verifiable signals. Due
to the enhanced gauge charge (5) of the right-handed
fermion N, its Z' phenomenology can differ from that of
other U(1)z_; models.

We remark that the neutrino mass suppression mecha-
nism of our scoto-seesaw model involving the induced
VEV of the leptophilic doublet @, Fig. 1, requires a rich
scalar sector compared to a vanilla U(1)z_, model.
We have an extended visible scalar sector with four more
CP-even scalars apart from the Higgs boson. Among them,
the scalar predominantly coming from the leptophilic
doublet @ is relatively heavy and beyond the LHC reach,
while the others are lighter, possibly around the TeV scale.
Moreover, there are two massive CP-odd scalars. While
one of them is heavy, as it comes mostly from ®, the other
can potentially lie at the TeV scale.

The pp — NN collision process can also proceed
through the exchange of neutral scalars. These couple to
the initial-state quarks and final-state neutral fermion pair
through the mixing of the Higgs boson with other CP-even
scalars. Nonetheless, for simplicity, we assume that this
mixing is not significant so that such decays (S; — NN) are
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TABLE 1L

Drell-Yan neutral lepton pair production through the Z' portal.

The cross section is computed with

Aii~0.1,2;;~0.01,Y; ~0.5,¢ = 0.1. The dominant contribution is through the Z" mediated process 6(pp — Z') x BR(Z' — NN).

Benchmark points

o(pp —» NN) (in fb)

BP-I: my = 1.5 TeV, my = 708 GeV (Z' decays to dark sector are allowed) 0.489
BP-II: my = 1.5 TeV, my = 708 GeV (Z' decay to dark sector negligibly small) 4.76
BP-III: my, = 2.0 TeV, my = 708 GeV 5.14
BP-IV: my = 2.5 TeV, my = 708 GeV 1.44
BP-V: my = 3.0 TeV, my = 708 GeV 0.415

not kinematically allowed, and these contributions can be
neglected. In Table II, we give estimates of the expected Z’
mediated production cross section.

Note that the neutral fermion mass is taken around
700 GeV, allowing the Z’ boson to decay to it in on shell.
For a Z' mass of 1.5 TeV, the branching ratio to Z’ — NN is
relatively low, while it peaks near 2 TeV Z' mass, and
saturates at around 25%. Therefore, o(pp — Z') x
BR(Z' — NN) increases initially up to 2 TeV, and then it
gradually decreases with increasing Z’' mass. Notice that the
heavy neutrino N will decay to SM states, such as leptons,
through v — N mixing in the electroweak currents. This
leads to leptonic final-state signatures such as dileptons plus
missing energy.8 It is not in our scope here to present a
dedicated numerical simulation of these signatures. A
detailed collider analysis of the pp — Z' - NN mode in
a slightly different scenario is performed in Ref. [58].

B. Z' Phenomenology: Dilepton search

ATLAS and CMS experiments are looking for a heavy
BSM gauge boson in different channels. The leading LHC
production mode for a Z’ with couplings to quarks [as is the
case for all U(1),_, models] is ¢g fusion. In our model, we
have many decay modes of Z' — S;A; and Z' — S,Z, where
S; and A; are the CP-even and CP-odd scalars, in both
visible and dark scalar (s;, a;) final states. As a consequence,
our Z' decay rates to the SM channels can be relatively small.

Despite such a smaller branching ratio to the SM
channels, the Z’' decay to a pair of charged leptons places
strong constraints on the Z’ mass and coupling; see Fig. 6.
The exclusion bounds on the parameters of our model at the
LHC are derived by comparing our theoretical predictions
with the experimental limits obtained from the nonobser-
vation of any BSM excess in a particular mode. Here, we
fix the gauge coupling at a value ¢ = 0.1 and compare the
theoretical cross section o(pp — Z') x BR(Z' —» ¢¢) in
our model with the upper bound obtained from the LHC
dilepton search. This way, we provide limits on the Z’ mass,
M. The Z' limit in the sequential standard model (SSM)
obtained by CMS [59] excludes any new boson below
4.4 TeV. In a similar U(1),_, model with 5, —4, —4 gauged

¥Dark sector fermions can also be produced through Drell-
Yann processes like o(pp — f,f;), with less striking signatures.

lepton number charges [60], in the presence of higher
dimensional operators, the lower bound on Z’' hovers
around m, =~ 2.5-3 TeV.

Considering the left plot, the blue line gives the strongest
constraint, excluding any Z' mass up to m, ~ 3.9 TeV. This
is the case where all scalar quartic couplings, except for 4,
chosen to fit the SM Higgs boson mass, are taken to be large
A; ~0.75, leading to a heavier scalar spectrum which
restricts Z' decays to BSM scalar modes. Likewise, all
BSM fermion Yukawa couplings are taken large Y, = 1.5 so
that also the N, f, fermions are too heavy to be produced by
7' decays, leading to a smaller branching ratio for Z' to
charged leptons, i.e., BR(Z' - £;¢;) ~ 15%. Our second
benchmark corresponding to the red line leads to weaker
constraints. In this case, the scalar quartics take values
A; ~ 0.10, making the scalar sector relatively light so that Z’
can decay to some dark scalar-pseudoscalar pair. Even in this
limit, Z’ decays to visible sector scalars are not favored,
mainly due to phase space. As for the BSM Yukawa
couplings, we assume Y, = 0.5, which opens up decay
modes like Z' — NN, f,f, with BRs in the order of 30%
and 20% each, respectively. These new decay modes
suppress the dilepton BR to BR(Z' — ¢,¢;) ~ 2-4%, lead-
ing to a weaker limit on the Z’' mass, m, > 2.7 TeV. Finally,
in the right plot, we compare our “aggressive” model
prediction to that of the U(1), model, an E6-motivated
grand unification construction [63]. We observe that the
lower bound for the Z" mass of the U(1),, model lies around
4.8 TeV, roughly 1 TeV above the limit for m, in our model.
For details regarding the collider aspects of Z' phenom-
enology, we use Refs. [60,64].

IX. DARK MATTER

In our gauged scoto-seesaw model, dark matter can be
either the lightest “dark” scalar or fermion, stabilized
through the residual matter-parity symmetry defined in
Eq. (4). Before embarking on our dark matter discussion,
we note that, for the particular benchmarks adopted in the
previous sections, the dark matter candidate is always a
scalar field. Radiative exchange of the “dark” particles
generates the solar neutrino mass scale, as illustrated in the
right panel of Fig. 1. The dark sector includes scalar dark
matter candidates that are mixtures of neutral scalars of the
SU(2), doublet 5 and the singlet o, plus the charged scalar
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FIG. 6. The left panel gives the expected ¢ x BR of the dilepton signal in our dynamical scoto-seesaw model, obtained when all exotic
channels are accessible (red line) or kinematically forbidden (blue line); see text. The black line represents the dilepton channel
measurement from ATLAS [61] (with similar results also from CMS [59]), while the green and yellow bands give 16 and 26 regions,
obtained from the LHC data repository HEPData [62]. Exclusion limits on the Z’ mass within these two extreme benchmarks are readily
obtained from the blue and red curves. The right panel compares the aggressive constraints (blue line) obtained in our model and in a
reference y model.

contributions will depend on the mixing of the CP-
even scalars &, S;. For example, singlet s, and a,
annihilation through quartic couplings like SSVV
with S = s,,a, and V = W+, Z are absent, whereas
same vertices with V = Z’ and the corresponding
annihilation channel will be present.

n=. On the other hand, the fermionic dark sector contains
two neutral Majorana fermions f,. In addition to the
standard Higgs portal mediated DM annihilation, we can
have a novel Z' mediated annihilation, along with some
new scalar mediated annihilation.

(i) Scalar dark matter

The scalar dark matter sector of our scoto-seesaw
model includes, besides the doublet #, an additional
singlet 6. The neutral components of the singlet S,
A, and doublet §,, A, mix so as to produce the
CP-even (s, s5) and CP-odd (a;, a,) DM candidates,
respectively. (In contrast, the dark scalar sector of the
simplest scoto-seesaw  scenario, analyzed in
Refs. [7,8], consists of a single scalar doublet #.)
As the doublet-singlet mixing is small, see Eq. (17),
two of the scalar DM candidates, one CP-even s, and
one CP-odd a;, are mainly doublet DM candidates.
The neutral components of the doublet 7 resonantly
annihilate through the Higgs portal. In our setup, we
can have additional resonant annihilation through
nondark CP-even Higgs bosons (S = Sg, §,,). This
may lead to enhanced annihilation and underabun-
dant relic at different DM masses mpy ~ mig/2.

In addition to the 7 mediated #-channel annihilation
to SM states £, WW, ZZ, hh, present in the simplest
scoto-seesaw (Refs. [7,8]), in our new model, there
are other r-channel contributions to scalar DM
annihilation, which can enhance the annihilation
cross section, leading to more parameter space with
an underabundant relic.

The dark singlet ¢ present in our model annihilates
through similar channels as the doubletlike dark
matter, though the relative dominance of different

(i)

035023-12

Moreover, the scalar dark sector phenomenology of
our model will be modified due to the presence of a Z’
portal. This happens because, if CP-even (s;,) and
CP-odd (a; ,) dark scalars are almost degenerate, co-
annihilation happens through a Z’ mediated s-channel
process. This coannihilation adds up to the existing
DM annihilation modes, opening up new parameter
space consistent with measured relic density.
Fermionic singlet dark matter

In our gauged scoto-seesaw model, two fermionic
dark matter candidates f, mediate the loop-induced
solar mass scale, instead of a single dark fermion in
the simplest scoto-seesaw [7,8]. These dark fermions
f, have a new Z’' portal to annihilate. In contrast to
the simplest nongauged scoto-seesaw model in
Refs. [7,8], this brings a significant enhancement
in the DM annihilation, including a resonant dip in
the relic abundance at mpy ~ my /2.

Moreover, in the simplest scoto-seesaw mecha-
nism, the dark fermion mass term is a bare mass
term. As a result, there is no Higgs-mediated
s-channel fermionic dark matter annihilation chan-
nel. In contrast, in our gauged scoto-seesaw model.
there is a singlet ¢, that provides mass to the dark
Majorana fermions f, and can act as a portal of DM
annihilation, creating a resonant dip in the relic
density.
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(iii) Constraints and dark matter detection

In the standard scoto-seesaw (Refs. [7,8]), light
doubletlike dark matter is constrained from the LEP
Z. decay measurement. In vanilla scotogenic models,
including the original one [5] and its simplest triplet
extension [6], nearly degenerate neutral CP-even
and CP-odd scalars from 7 is typically assumed in
order to implement scotogenic neutrino mass gen-
eration. In our present model, however, instead of
relying on the quasi-degeneracy of the scalar medi-
ators, the smallness of neutrino masses follows
mainly from their dependence on the (small) induced
VEV ug, Fig. 1. Consequently, here, neutrinos can
be light enough even when one has a light CP-even
DM with a heavier CP-odd counterpart, or vice
versa, avoiding constraints from the Z — §,A,
decay. Therefore, in our gauged scoto-seesaw, a
light doubletlike scalar dark matter is not as con-
strained as in vanilla scotogenic models [5,6] or the
simplest scoto-seesaw scenario [7,8]. The LEP
constraint can be completely avoided in our pro-
posed scheme.

Our dynamical scoto-seesaw model can have light
dark scalars, free from constraints that hold for a
generic doublet-only dark sector, allowing it to
harbor a viable light DM candidate. The latter can
be probed through dedicated experiments like
CDMS-lite and CRESST, along with existing ex-
periments, such as LZ, Xenon-nT, and PandaX.

Note that in our model, we have DM coannihi-
lation through a Z’ portal, the DM relic density being
fixed by Z’ related parameters and dark sector mass
degeneracy. Concerning direct detection, the scalar
DM-nucleon scattering dominantly happens through
the Higgs portal, as in generic scotogenic models.
This relaxes the inter-dependence between the DM
annihilation and detection, as they are not controlled
by the same interaction.

In the simplest scoto-seesaw scenario, for in-
stance, there is no mediator for fermionic DM
detection through DM-nucleon scattering at the tree
level. This results in a possible loop-suppressed
scattering cross section. The presence of DM-
nucleon scattering mediated at tree level by Z’

the possibility of direct detection of fermionic DM.
The fermionic DM-nucleon scattering cross section
then may reach the current sensitivity of the DM
direct detection experiments.

X. CONCLUSIONS

We have proposed a scheme where the scoto-seesaw
mechanism has a dynamical origin, associated to a gauged
B — L symmetry. “Dark” states mediate solar neutrino mass
generation radiatively, while the atmospheric scale arises a
la seesaw; see Fig. 1. Indeed the origin of the solar scale is
scotogenic, its radiative nature explaining the solar-to-
atmospheric scale ratio. The two dark fermions and the
TeV-scale seesaw mediator carry different dynamical B — L
charges. Dark matter stability follows from the residual
matter-parity that survives the breaking of B — L gauge
symmetry. Apart from the possibility of being tested at
colliders, see Fig. 6, our scoto-seesaw model with gauged
B — L has sizable charged lepton flavor violating pheno-
mena. These include also processes involving the emission
of a Goldstone boson associated to an accidental global
symmetry present in the theory; see Fig. 2. Rate estimates
for muon number violating processes are given in Figs. 4
and 5. They indicate that these processes lie within reach of
present and upcoming searches. Likewise, we also expect
sizable tau number violating processes.
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APPENDIX A: SCALAR SECTOR
ANALYTICAL EXPRESSIONS

In this appendix, we provide in full form some of the
important, but longer, analytical expressions obtained while
deriving the scalar spectrum. The 5 x 5 squared mass matrix

provides a significant advantage to our gauged for the CP- and Mp-even fields (Sy.So.S, .S,,.S,,)
scoto-seesaw model in this regard, as it enhances  is given by the symmetric matrix
|
d, * *
1 pl Vyy Vs Ay d *
R e 2
M} = ViV, A, Vo Py Aoy, ds * * |, (Al
VU, A Vi Vpy A N
UHylllzllHlﬁz ) UCDUf/'z/I‘Dle - Vo, Ufﬂz}“ﬁ”l(ﬂz T2 dy *
_ 114,11{/,2/12 _ 1JH1;¢2/12 _ Uyt )
VH Vg, /11'1403 2 Vo Uy, /ICD% Vo, 0413/1(01403 2 Vo, 1)%/14,2% m- - ds
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with
Vo Uy, Uy Ao Vg Uy, V. Ao Vg, Uy Mo
d:221 P27 @3 , d:22ﬂ P27 @3 , d:22/1 P27 @3 ,
1 VyAH +72'UH 2 Vopro +—2% 3 Vg, 4, + 20,,
~ ~2
v, i ) VyUply +
dy =22, 03 + "1’}3 , ds = 22,02, +(ZZ—’ 2 = w_ (A2)

P3

Similarly, for the M p-even but CP-odd fields, in the basis (Ay,Ag. A, .A,,. A,,), We have the symmetric matrix

@1’
Vp Uy, U,
PIRLITLCR * * *
VH
_ VH Uy Vg
121}(/,2 1](,,3 /12 —1)¢ * * *
1 U‘ﬂz 1/‘(/,3
2 _ 0 0 21 * *
MA = E Ha Vg, . (A3)
VU2V,
LoV, — —AUyV, — —Ha,, — 0,V *
vy 17¢Az+rq,l 1o
eV, AU, — —HaUy, —Uple + fHal, — 1,

v‘ﬂ3

Out of the five eigenvalues of M2, only the two below are nonvanishing

1
milz T Ao [Cl +C F \/(Cl - C2)2 + 4C%} > (A4)

41)qu,1)¢] Vi, Vs

where

_ 2,22 2,22 2,2 2 2.2 2
Ci = v, (vyvgV,, + VEVEV,, + VU, Uy, + Vg5, Vs, ),

_ 2,2 2,2 2,2 2 _ 3.3.3 (,2 _ 22
Cy = vy (v, vy, + vy, vy, + 0,,05,)  and  C3 = Aopr vy 00, (v5, — v5,)° (A5)

Finally, the exact expression for the physical Nambu-Goldstone, G, is

G = N3 {ovo(1003, + 402, + 13 )(van — ya) + vy, [S03 0% + (0} + 13) (402, — 13)]4,,

+,, [3v%,vfp — (v + v3) (503, + vi})]Aq)2 + v, 30305 + (v} + v5) (505 + 41)2,2)]A(/,3 }, (A6)

with

Ng = [9v3v} + (v} + v3) (2502, + 1602 + v2 )] [vhv3 (402 + 03 + 03) + (v} + v3) (V3 V3, + v 03, + 03 v2)].

APPENDIX B: THE ACCIDENTAL U(1)

From the Lagrangian interactions, we can derive relations amongst generic Abelian charges (Q) of the different fields in
the model. These relations can be expressed in terms of four independent charges. For instance, taking
By = (QQi, On, 0y, Q,,) as a basis of independent charges, we find the following relations:

o T
Q(/’E = Q‘ﬂ] - Qfﬂz’ Q“ = Ql}l 2 Q(pz ’ Q(D = QH - Q(pl + ZQ(pzv
3 q
0= 0u+3(00-0,) 0 =-2.  o=Z2.

3 3
QL,- = _QH +§Q(p] - 2Q(/12’ Qe,- = _2QH +§Q(p| - 2Q(/)21
Q4 = Qo, — On, Q,, = Qop, + On- (B1)
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The four independent charges are associated with
four independent global U(1) symmetries, three of which
were imposed: U(1)y, U(1)g, and U(1),. Thus, by sub-
stituting By = (1/6,1/2,0,0), By = (1/3,0,0,0), By =
(0,0,-10,-8) into Eq. (B1) we obtain, respectively, the
hypercharge, baryon number, and lepton number of all
scalars and fermions. On the other hand, the fourth
symmetry, U(1)y, was not imposed and appears acciden-
tally in the model. The presence of a massless pseudoscalar
in the spectrum tells us about the existence of such a
symmetry and that it is broken spontaneously. Note that, as
an accidental symmetry, the X-transformation properties of
the fields have not been previously defined. Nevertheless,
we can obtain such charges a posteriori by making use of
the Goldstone profile given in Eq. (A6) as well as
Goldstone’s theorem.

According to Goldstone’s theorem, the spontaneous
breaking of a continuous global symmetry leads to a
|

Xy 60%{11%1, + (v + vy) (4vy, — v3,)

Xy 0% (1003, + 403, + v3,)
X,, _ 3vivg + (vi + v3) (55, +40,)
Xy vé(lOvél + 41}?,,2 +v5,)

massless field, the Goldstone boson, which can be iden-
tified through the associated Noether’s current. In the case
of a global Abelian symmetry, such as the accidental
U(1)y, once it is broken by the vevs of a set of scalars
;= (v, +S;+iA;)/ V2, the corresponding Goldstone
boson can be written as

Gy = (B2)

J

where X; represent the charges of ¢; under U(1)y.
Comparing this expression with Eq. (A6), we can extract
the U(1)y charges of the scalar fields in terms of one of the
charges, say Xy, and the scalar vevs,

Xy, _ 3vgve — (Vi + v5) (505, +v5,)

Xy 11%,(101)3,l + 4113,2 + 113,3)
X 2
e (B3)
XH Vg

The charges of the other fields can be obtained by substituting Eq. (B3) with Eq. (B1).
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