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Abstract

In the inverse seesaw model (ISS), the smallness of the neutrino masses is related to the smallness of a lepton
number violating mass term whilst the seesaw scale is naturally close to the TeV scale, which allows for large effects in
lepton flavor and universality violating observables. With the ongoing and planned measurements of the Higgs boson
properties at the LHC, we found timely to investigate the possibility of having large lepton flavor violating Higgs
decay (LFVHD) rates within the context of the ISS, considering the most generic case where three additional pairs of
massive right-handed singlet neutrinos are added to the Standard Model particle content. We present a full one-loop
computation of the LFVHD rates and analyze in full detail the predictions as functions of the various relevant ISS
parameters, which are required to be compatible with the present neutrino data and the present experimental bounds
for the three LFV radiative decays, and also consistent with other constraints, like perturbativity of the neutrino
Yukawa couplings. At the end, we conclude on the maximum allowed LFVHD rates within the ISS, which may reach
maximal values of order 1073 for the H — e7 and H — uT channels, close to the expected future LHC sensitivities.
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1. Introduction beyond the SM. In that sense, we consider here one of
the simplest and most appealing extensions of the SM,
the Inverse Seesaw Model (ISS) [4, 5, 6], which extends
the SM particle content by adding pairs of right-handed
(RH) neutrinos with opposite lepton number. The see-
saw mechanism that produces the small light physical
neutrino masses in the ISS is associated to the smallness
of the Majorana mass model parameters and it allows
for large Yukawa neutrino couplings while having at the
same time moderately heavy RH neutrino masses at the
O(TeV) energies which are reachable at the present col-
liders, like the LHC. In addition, these RH neutrinos can

The fact of considering the discovered scalar particle
at the CERN-LHC as the Higgs particle of the Stan-
dard Model (SM), with very similar properties and a
measured mass of m1“4% = 125.5 + 0.6 GeV [1] and
m™S = 125.7 £ 0.4 GeV [2], has at present reached a
broad consensus.

On the other hand, there is also a major consensus
about the fact that the SM must be modified to include
the neutrino masses and oscillations in agreement with
present data [3], which are nowadays quite impressive

and call for an explanation from a theoretical framework
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produce non-negligible contributions to processes with
Lepton Flavor Violation (LFV) via radiative corrections
that are mediated by the sizable neutrino Yukawa cou-
plings, therefore leading to some hint of these rare pro-
cesses, which are totally absent in the SM .

Combining Higgs physics with LFV, we study, within
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the ISS context with three extra pairs of RH neutrinos,
the Higgs decays into lepton-antilepton pairs H — I;1,,
with k # m (LFVHD), which are being currently ex-
plored at the LHC [7]. We refer the reader to our
main article [8] for more information and details about
the full one-loop computation of the LFV partial decay
widths, the complete set of references and our full nu-
merical results.

2. The Inverse Seesaw Model

The ISS supplements the SM with pairs of RH neu-
trinos, denoted here by vg and X, with opposite lep-
ton number. We consider a generic model containing
three pairs of fermionic singlets, extending the SM La-
grangian with the following neutrino Yukawa interac-
tions and mass terms:

s ey _ L ige

Liss = =Y, L,‘(DVRJ‘ - MR VRin - EuXXi Xj +h.c., (D)
where L is the SM lepton doublet, ® is the SM Higgs
doublet, ® = 10,®*, with o, the corresponding Pauli
matrix, Y, is the 3 X 3 neutrino Yukawa coupling matrix,
My, is a lepton number conserving complex 3 X 3 mass
matrix, and py is a Majorana complex 3 X 3 symmetric
mass matrix that violates lepton number conservation
by two units. After electroweak symmetry breaking, the
9 X 9 neutrino mass matrix reads, in the electroweak
interaction basis (vg , Vg, X),

0 nip 0
Miss=| m, 0 Mg |, 2
0 M,€ Hx

with the 3 x 3 Dirac mass matrix given by mp = Y, (D),
and the Higgs vacuum expectation value taken to be
(D) =v =174GeV.

In the one generation case, which allows us to illus-
trate more simply the dependence on the seesaw param-
eters, there would be just three ISS model parameters,
Mg, ux and Y,, and there would be just three physical
eigenstates: one light v and two heavy Ny and N,. In the
limit uy < mp, Mg, the mass eigenvalues are given by:

2
m, = Lux, 3)
m12) + MI%

MZHX

R

my, N, = + MIZQ + sz + s (4)
v 2m + M2)

with the light neutrino mass m, being proportional to
Hx, thus making it naturally small, and the two heavy

masses my, n, being close to each other. As a conse-
quence in this ux < mp, Mg limit, these two nearly
degenerate heavy neutrinos combine to form a pseudo-
Dirac fermion. A similar pattern of neutrino mass eigen-
values occurs in the three generation case, with one light
and two nearly degenerate heavy neutrinos per genera-
tion.

We will consider first the simplest ISS scenarios with
diagonal pxy and My matrices (case I). In order to imple-
ment easily the compatibility with present neutrino data
in these scenarios, we use here the helpful Casas-Ibarra
parametrization [9] that can be directly applied to the
ISS case, giving:

mb = V'diag(\/M,, VM, , \M3) R
x diag(ym,, , \/m,, , va.z)UleNS’ ®)

where V is a unitary matrix that diagonalizes M =
Mpgpx' ME according to M = Vidiag(M,, M, , M3)V*
and R is a complex orthogonal matrix that can be writ-
ten in terms of three arbitrary complex angles ) > 3. The
input ISS parameters that have to be fixed in this case I
are the following: m,,,,, tx,,,, Mg,,,, 6123 and the en-
tries of the Uppyns matrix.

On the other hand, given the interesting possibility
of decoupling the low energy neutrino physics from the
LFV physics in this ISS model by the proper choice of
the input parameters, we will take into account specific
ISS scenarios with non-diagonal uy while keeping di-
agonal My (case II) which can provide the largest LFV
Higgs decay rates. Once some specific inputs are pro-
vided for Y, and Mg, the proper px matrix that ensures
the agreement between low energy neutrino predictions
and data can be easily obtained by solving ISS equa-
tions, which leads to:

1o -1
Hx = M,€ mD1 Upnns!v U ;MNS mLT) Mg (6)

with mp = vY, and m, = diag(m,, ,m,, ,m,,). It should
be noted that for a generic Y, texture, this uy will be
in general non-diagonal. Therefore, the most relevant
input ISS parameters in the case II are Y, and My (in
addition to the input parameters that are relevant for low
energy neutrino physics, m, and Uppns ).

3. Remarks on the LFVHD Computation

In our one-loop computation of the LFV rates we
work in the mass basis for all the particles involved,
with diagonal charged leptons, and take into account
the contributions from all the nine physical neutrinos.
As for the gauge choice, we choose the Feynman-
t’Hooft gauge. The full set of contributing one-loop
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diagrams can be found in [8], and we have adapted
the complete one-loop formulas for the I(H — [;],,)
partial decay width, taken from [10], to the ISS case.
We have focused on the decays H — uf,eT,eit and
have not considered their related CP conjugate decays
H — tj,te,ue which, in the presence of complex
phases, could lead to different rates. All the formulas
for the LFVHD have been implemented into our pri-
vate Mathematica code. For the numerical predictions
of the BR(H — [l,) rates, we use my = 126 GeV
and its corresponding SM total width is computed with
FeynHiggs [11, 12, 13] including two-loop corrections.

In order to ensure the validity of the Casas-Ibarra
parametrization, we have imposed that the error on the
light neutrino masses estimated with it, meaning the dif-
ferences between the input m,,,, and the output m,,,,
masses, was below 10% and that the 9 x 9 rotation ma-
trix exhibited the required unitarity property. Further-
more, since a given set of input parameters can gener-
ate arbitrarily large Yukawa couplings, we enforce their
perturbativity by setting an upper limit on the entries of
the neutrino Yukawa coupling matrix, given by

|Y;;1?

1.5, 7
ar < )

fori,j=1,2,3.

At the same time that we analyze the LFVHD, we
also compute the one-loop /,, — Iy decay rates within
this same ISS framework (using the analytical formu-
las provided in [14] and [15]) and for the same input
parameters, and check that these radiative decay rates
are compatible with their present experimental 90% CL
upper bounds:

BR(u — ey) < 5.7 x 10713[16], (®)
BR(1 = ey) <33 x 1078 [17], 9)
BR(t — puy) < 4.4 x 1078 [17]. (10

Regarding the Higgs total width, we focus on the
scenario where the new fermionic singlets have a mass
above 200 GeV, thus they do not contribute to new in-
visible decays. To avoid potential constraints from lep-
ton electric dipole moments, we assume that all mass
matrices are real, as well as the PMNS matrix. Addi-
tional constraints might also arise from lepton univer-
sality tests [18, 19]. Nevertheless, in the scenario that
we consider where the sterile neutrinos are heavier than
the Higgs boson, points that would be excluded by lep-
ton universality tests are already excluded by ¢ — ey.
At the end, we found that the most stringent constraints
for our study are by far y — ey and the Yukawa cou-
pling perturbativity limit of Eq. (7).

BR(H =l
1076, T T T ’ - 7
| BR(H-u7)
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Figure 1: Predictions for the LFV decay rates as functions of Mg in
the degenerate heavy neutrinos case. The dotted lines in both panels
indicate non-perturbative neutrino Yukawa couplings. The horizontal
dashed lines in the lower panel are the present (90% CL) upper bounds
on the radiative decays: BR(t — uy) < 44 x 1078 [17] (blue line),
BR(t — ey) < 3.3 x 1078 [17] (dark brown line), BR(u — ey) <
5.7 x 10713 [16] (red line).

4. LFV Rates in the Inverse Seesaw: Case I

We study first the LFV rates as functions of the
most relevant ISS parameters within the case I, trying
to localize the areas of the parameter space where the
LFVHD can be both large and respect the constraints on
the LFV radiative decays. The results will be presented
in two generically different scenarios for the heavy neu-
trinos: 1) the case of (nearly) degenerate heavy neutri-
nos, and 2) the case of hierarchical heavy neutrinos.

The case of (nearly) degenerate heavy neutrinos is
implemented here by choosing degenerate entries in
Mg, = Mg and ux, = pux (i = 1,2,3). First we show
in Fig. 1 the results for all LFV rates as functions of
the common RH neutrino mass parameter My for all
LFVHD channels (upper panel) and for the LFV radia-
tive decay channels (lower panel). As expected, we find
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Figure 2: Comparison of the full one-loop and approximate rates for
the radiative decays /,, — Iy in the degenerate heavy neutrinos case.
Dotted lines indicate non-perturbative neutrino Yukawa couplings.
The other input parameters are set to uy = 1077 GeV, my, = 0.1eV
andR = I.

that the largest LFVHD rates are for BR(H — u7) and
the largest radiative decay rates are for BR(t — uy).
We also see that, for this particular choice of input pa-
rameters, all the predictions for the LFVHD are allowed
by the present experimental upper bounds on the three
radiative decays for all explored values of My in the in-
terval (200, 107) GeV. Besides, it shows clearly that the
most constraining radiative decay at present is by far
the 4 — ey decay. This is so in all the cases explored
in this work, so whenever we wish to conclude on the
allowed LFVHD rates we will focus mainly on this ra-
diative channel.

Regarding the My dependence shown in Fig. 1, we
clearly see that the LFVHD rates grow faster with My
than the radiative decays which indeed tend to a con-
stant value for Mg above ~ 10° GeV. In fact, the
LFVHD rates can reach quite sizable values in the
large My region of these plots, and yet stay allowed by
the constraints on the radiative decays. For instance,
BR(H — ut) ~ 107 for Mz = 4 x 10° GeV. How-
ever, our requirement of perturbativity for the neutrino
Yukawa coupling entries does not allow for such large
My, values leading to too large Y, values in the frame-
work of our parametrization of Eq. (5). Indeed, the ex-
clusion region for My from perturbativity of Y, forbids
these large My values. For the specific input parameter
values of Fig. 1, the forbidden values are for My above
3 x 10* GeV, and this leads to maximum allowed values
of BR(H — ut) ~2x 107!, BR(H — e7) ~ 1072 and
BR(H — efi) ~5x 1071,

The qualitatively different functional behavior with

2
BRE = 1077 (V[ M&) (Y, Y{),5 =5.7 (o I Y, Vi) |
10°-
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Figure 3: Comparison between the predicted rates for BR(H — ut)
taking: 1) the full one-loop formulas (dashed lines); 2) only the contri-
butions from dominant diagrams (solid lines), and 3) the approximate
formula of Eq. (12) (dotted lines).

Mpg of the LFVHD and the radiative rates shown by
Fig. 1 is an interesting feature that we wish to explore
further. As it is clearly illustrated in Fig. 2, the radiative
decay rates can be well approximated for large My by a
simple function of |(Y‘,YV+)km|2 given by:

V2

, __m’ (GeV?)
BR/™"™ = 8x107"7— —
2M2

2
S , (11
Iy T, (GeV) an

(Yv YJ )km

which provides very close predictions to the exact rates
for Mg > 10° GeV. Then we can understand the final
constant behavior of all the radiative decay rates with
Mp, since the I(YVYJ)kaZ elements grow with Mg ap-
proximately as Mfe in the parametrization used here of
Eq. (5). This simple behavior with My is certainly not
the case of the LFVHD rates, and we conclude that these
do not follow this same behavior with |(Y,, YI Vel

In order to understand the different functional behav-
ior of LEVHD rates with Mg, we have tried to find an
approximate simple formula that could explain the main
features of these rates. As we have already said, in con-
trast to what we have seen for the LFV radiative decays
in Eq. (11), a simple functional dependence being pro-
portional to |(Y,,Y{," )a3/% is not enough to describe our re-
sults for the BR(H — uT) rates. Considering that, in the
region where the Yukawa couplings are large, we have
looked for a simple expression that could fit properly the
contributions from the dominant diagrams. From this fit
we have found the following approximate formula:

) 4 2
BRI = 10‘7% (Y, YD = 57XV, Y|
R
(12)
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which turns out to work reasonably well. In Fig. 3 we
show the predicted rates of BR(H — ut) with 1) the
full one-loop formulas; 2) taking just the contributions
from dominant diagrams, and 3) using Eq. (12) (dotted
lines). We see clearly that this Eq. (12) reproduces ex-
tremely well the contributions from dominant diagrams
and approximates reasonably well the full rates. The
approximation is pretty good indeed for the My region
above the dips. The change of functional behavior with
Mp, in the two different My regions, from nearly flat with
Mp in the approximate result to fast growing as ~ Mf;,
also gives a reasonable approach to the full result, as
well as the appearance of dips. The location of the dips
is however not so accurately described by the approxi-
mate formula, since in the region where the cancellation
among the dominant diagrams takes place the other dia-
grams (not considered in the fit) also contribute. Overall
we find the approximate formula given by Eq. (12) very
useful for generic estimates in the ISS, which could be
also applied to other parametrizations of the neutrino
Yukawa couplings.

Next we study the dependence of the LFV rates on
ux. The behavior of BR(H — ut) and BR(u — ey)
as functions of uy, for several values of Mg, m,, = 0.1
eV and R = I, are displayed in Fig. 4. Both LFV rates
decrease as uy grows; however, the functional depen-
dence is not the same. The LFV radiative decay rates
decrease as ;1)‘(2, in agreement with the approximate ex-
pression (11), while the LFVHD rates go as /1;(4 when
the Yukawa couplings are large. For a fixed value of uy,
the larger My, is, the larger BR(H — uT) can be reached,
while the same prediction for BR(u — ey) is obtained
for any value of M. We have already learnt this inde-
pendence of the LFV radiative decays on My from the
previous figure, which can be easily confirmed on the
lower panel of Fig. 4, where all the lines for different
values of My are superimposed. We observe again the
existence of dips in the upper panel of Fig. 4. We see in
this figure that the smallest value of uy allowed by the
BR(u — ey) upper bound is ux ~ 5 x 107 GeV, which
is directly translated to a maximum allowed value of
BR(H — u7) ~ 10711, for Mg = 10* GeV.

Once we have studied the behavior of all the LFV
observables considered here with the most relevant pa-
rameters, we next present the results for the maximum
allowed LFVHD rates in the case of heavy degenerate
neutrinos. The plot in Fig. 5 shows the contour lines
of BR(H — uT) in the (Mg, ux) plane for R = [ and
m,, = 0.1eV. These contour lines summarize the pre-
viously learnt behavior with My and py, which lead
to the largest values for the LFVHD rates in the bot-
tom right-hand corner of the plot, i.e. at large My and

1075 T m
10 R - 0.1leV |
= 10735 1
T 10201 1
T | —Mg=10°Gev
—25
X 1077 Mg =10°Gev
1000 — Mgr= 10% GeV
s —Mr= 10% GeV
100 108 100 104 107 1
ux (GeV)
—8[_ T : ;
10 m,= 0.1eV
R=l
s S N ]
)
3108 __Mg=10°Gev ]
o Mg =10°GeV
10580 —Mg=10"GeV ]
— Mg=10°GeV

10710 1078 10°° 10 1072 1

ux (GeV)

Figure 4: Branching ratios of H — ut (upper panel) and 4 —
ey (lower panel) as functions of uy for different values of Mg =
(106, 10°, 10%, 103) GeV from top to bottom. In both panels, m,, =
0.1 eV and R = I. The horizontal red dashed line denotes the
current experimental upper bound for 4 — ey, BR(u — ey) <
57 x 10713 [16]. Dotted lines represent non-perturbative neutrino
Yukawa couplings.

small puy. We also notice the appearance of dips in
the (Mg, ux) plane which correspond to the dips com-
mented before in the previous figures. The most impor-
tant conclusion from this contour plot is that the max-
imum allowed LFVHD rate for this simple hypothesis
of diagonal and degenerate uy and My matrices is ap-
proximately BR(H — u7) ~ 107!% and it is found for
Mg ~ 2 x 10*GeV and puy ~ 5 x 1078 GeV. We have
found similar conclusions for BR(H — eT).

The case of hierarchical heavy neutrinos refers here
to hierarchical masses among generations and it is
implemented by choosing hierarchical entries in the
Mp = diag(Mg,, Mg,, Mg,) matrix. As for the uxy =
diag(ux, , x,, Hx,) matrix which introduces the tiny
splitting within the heavy masses in the same genera-
tion we choose it here to be degenerate, ux, ,, = px. We
focus on the normal hierarchy Mg, < Mg, < Mk, since
we have found similar conclusions for other hierarchies.

Figure 6 shows the contour lines of BR(H — ut)
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10°
Mg (GeV)

Figure 5: Contour lines of BR(H — u7) in the (Mg, ux) plane for
R = I and m,; = 0.1eV. The shaded pink area is excluded by the
upper bound on BR(uz — ey). The shaded blue area is excluded by
the perturbativity requirement of the neutrino Yukawa couplings.

in the (Mg,, ux) plane for R = [ and m,, = 0.1eV. Itis
clear from this contour plot that the behavior of the LFV
rates in the hierarchical case with respect to the heavi-
est neutrino mass Mg, is very similar to the one found
previously for the degenerate case with respect the com-
mon Mpg. Again, there are dips in the BR(H — uT) rates
due to the destructive interferences among the contribut-
ing diagrams. We have found, for this hypothesis of
degenerate uy and hierarchical Mg, an enhancement of
the LEVHD rates by approximately one order of mag-
nitude as compared to the degenerate case in most of
the explored parameter space regions, where the max-
imum allowed BR(H — u7) rates reach values up to
about 10~° for Mg, = 900GeV, Mg, = 1000GeV,
Mg, =3 x10*GeV, uy = 1077 GeV, and R = I.

5. LFV Rates in the Inverse Seesaw: Case 11

In the line of thinking of increasing H — eT and
H — ut rates, while reducing the predictions of t — ey
rates, which is the most restrictive constraint together
with the Yukawa perturbativity, we propose in this sec-
tion more general scenarios with non-diagonal yx and
diagonal and degenerate Mg. In order to localize the
class of scenarios leading to large and allowed LFEVHD
rates, we first make a rough estimate of the expected

1074

1075

-8 R = |
1077 m,=0.1 eV
Mg, =900 GeV
M,=1000 GeV
10-9 I
10° 104 10° 108
MR3 (GeV)

Figure 6: Contour lines of BR(H — u7) in the (Mg,,ux) plane for
R=1,m, =01eV, Mg, = 900GeV and Mg, = 1000GeV. The
shaded pink area is excluded by the upper bound on BR(uz — ey). The
shaded blue area is excluded by the perturbativity requirement of the
neutrino Yukawa couplings.

maximal rates for the H — u7 channel by using our
approximate formula of Eq. (12) which is given just in
terms of the neutrino Yukawa coupling matrix Y, and
Mp. The most constraining observables in our study
are the LFV radiative decays, which limit the maximal
value of the non-diagonal (Y, Y) j entries. By using our
approximate formula of Eq. (11) and the present bounds
in Eq. (10), we obtain:

VYYD My~ 2.5% 107, 13)
VYYD /M~ 0.015, (14)
V(YYD My~ 0.017. (15)

Then, in order to simplify our search, and given the
above relative strong suppression of the 12 element,
it seems reasonable to neglect it against the other off-
diagonal elements. In that case, Eq. (12) for the H — ut
decay mode reads as

4
7V 2
BRiT: = 107 (4] (16)
R

2
x |1 =570V, Yo + (X ¥)s][

This equation clearly shows that the maximal BR(H —
uT) rates are obtained for the maximum allowed values
of (Y, Y )23, (Y, Y} )2, and (Y, Y, )33. By setting the maxi-

mum allowed value for vz(YvYVT T /M12e to that given in
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Eq. (15) and fixing the values of (YVYI)zg and (Yij)33
to their maximum values allowed by Eq. (7),

(YY) = (Y, Y™ = (v, Y™™ = 187,  (17)

we obtain our approximate prediction for the maximal
rates:

BRJ™ - =107, (18)

The same procedure can be applied to the H — e7 chan-
nel, leading to similar results on its maximal branching
ratios. These maximal H — u7T and H — eT rates are
much more promising than the ones obtained in the pre-
vious section under the simple hypothesis of diagonal
ux and Mp, since they are closer to the expected LHC
sensitivity for these channels (see for instance [20, 21])
which will be surely improved in the forthcoming runs
of the LHC.

Assuming this kind of Yukawa matrix which gives
rise to the maximal BR(H — u7) and BR(H — e7),
the issue now would be to find the possible wxy matrices
that keep the agreement with neutrino data. This fact
will be always possible by means of Eq. (6) and because
of the possibility of decoupling the low energy neutrino
physics from the LFV physics in the ISS model. This
means that, for a given input Y,, Eq. (6) tells us which
ux keeps the agreement with neutrino data. We address
the reader to our main article [8] for more details on this
case II and for some illustrative examples of Yukawa
textures producing these maximal LEVHD rates.

6. Conclusions

We have studied the LFVHD within the context of
the ISS where three additional pairs of massive RH sin-
glet neutrinos are added to the SM particle content. The
most relevant ISS parameters have been found to be Mg
and Y,. We have required that the input ISS parame-
ters be compatible with the present neutrino data and
other constraints, with the perturbativity of the neutrino
Yukawa couplings and the present upper bounds on the
LFV radiative decays being the most restrictive ones.
The largest maximum LFVHD rates are BR(H — e7T)
and BR(H — u7) and under the hypothesis of diagonal
iy and My they can reach at the most values of 107'°
for the degenerate heavy neutrino case and 10~ for the
hierarchical case. Going beyond this simple hypothesis,
we find more general ISS scenarios with non-diagonal
px in which BR(u — ey) is extremely suppressed and
BR(H — e7) or BR(H — u7) are larger while respect-
ing the BR(t — ey) and BR(r — puy) upper bounds.
These rates reach maximal values of 107>, being very
promising for LFEVHD searches at the LHC.
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