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We study the minimal type-III seesaw model in which we extend the standard model by adding two
SU(2), triplet fermions with zero hypercharge to explain the origin of the nonzero neutrino masses. We
show that the naturalness conditions and the limits from lepton flavor violating decays provide very
stringent bounds on the model parameters along with the constraints from the stability/metastability of the
electroweak vacuum. We perform a detailed analysis of the model parameter space including all the
constraints for both normal as well as inverted hierarchies of the light neutrino masses. We find that most of
the regions that are allowed by lepton flavor violating decays and naturalness fall in the stable/metastable
region depending on the values of the standard model parameters.
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I. INTRODUCTION

The discovery of the Higgs boson [1,2] at the Large
Hadron Collider (LHC) has confirmed the mode of gen-
eration of the masses of the fundamental particles via the
mechanism of electroweak (EW) symmetry breaking and
has put the standard model (SM) on a solid foundation.
However, despite its success in explaining most of the
experimental data, the SM cannot address certain issues.
One of the most important experimental observations that
necessitates the extension of the SM is the phenomenon of
neutrino oscillation. The solar, atmospheric, reactor, and
accelerator neutrino oscillation experiments have shown
that the three neutrino flavors mix among themselves, and
they have very small but nonzero masses, unlike as
predicted in the SM.

Among the various beyond the standard model scenarios
that are proposed in the literature to explain the small
neutrino masses, the most popular one is the seesaw
mechanism. This is based on the assumption that the
lepton number is violated at a very high energy scale by
some heavier particles. The tree level exchange of these
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heavy particles generates the lepton number violating
dimension-five Weinberg operator kLLHH [3]. This gives
rise to small neutrino masses once the EW symmetry is
broken. Here, L and H are the lepton and Higgs doublets,
respectively, and x is a proportionality constant with
negative mass dimension and is inversely proportional to
the energy scale at which the new physics enters.
Depending on the nature of the heavy particles added
for the ultraviolet completion, one can have three types of
seesaw mechanisms. If the seesaw is generated by adding
extra neutral fermionic singlets, it is called a type-I seesaw
mechanism [4—7]. Similarly, a type-II seesaw mechanism is
generated by adding a triplet scalar [8—11] to the SM,
whereas the addition of fermionic triplets gives rise to the
type-III seesaw mechanism [12]. It is known that in order to
get a neutrino mass of the sub-eV scale, one has to take the
new particles to be extremely heavy or else take the new
couplings to be extremely small. This spoils the testability
of the theory. However, there are various TeV scale
extensions of the canonical scenarios proposed in the
literature [13—17], which can be probed at the collider
experiments (for recent reviews, see, for instance, [18,19]).
In the case of type-I and type-III seesaw models, one can
also have large Yukawa couplings and new fermions of
masses in the TeV scale by choosing some particular
textures of the neutrino Yukawa coupling matrix [20-22].

An important aspect to be considered while studying the
seesaw models is the issue of naturalness. It is well known
that the Higgs mass gets large corrections from the higher
order loop diagrams due to its self-interaction as well as the
couplings with gauge bosons and fermions. The theory is
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perceived unnatural if a severe fine-tuning between the
quadratic radiative corrections and the bare mass is needed
to bring down Higgs mass to the observed scale. It is well
known that although the dimensional regularization can
throw away the quadratic divergences, the presence of other
dangerous logarithmic and finite contributions can cause a
similar naturalness problem. In the case of seesaw models
in which the new particles couple to the SM Higgs, this
naturalness problem is enhanced [23-33]. Demanding the
correction to the Higss mass to be of the order of TeV can
bring down the seesaw scale.

Another aspect of low-scale seesaw models which has
received attention lately is the implications of such scenar-
ios for the stability of the EW vacuum. It is to be noted that
the observed value of the Higgs mass of 125.7 = 0.3 GeV
is quite intriguing from the viewpoint of the EW vacuum
stability. The measured values of the SM parameters,
especially the top mass M, and strong coupling constant
ay, suggest that an extra deeper minima resides near the
Planck scale, threatening the stability of the present EW
vacuum [34,35], since this may tunnel into that true
(deeper) vacuum. The decay probability has been calcu-
lated using the state-of-the-art next-to-next-to-leading-
order corrections, and it suggests that the present EW
vacuum is metastable at 3¢, which means that the decay
time is greater than the age of the Universe. It is well known
that the scalar couplings pull the vacuum towards stability,
whereas the Yukawa couplings push it towards instability.
Thus, in the case of seesaw models, the Yukawa couplings
as well as the masses of the new fermions will also get
bounded by the constraints from the stability/metastability
of the EW vacuum [36—49]. In particular, in Ref. [50], the
authors have discussed the implications of vacuum stability
and gauge-Higgs unification in the context of the type-III
seesaw model, and Ref. [45] has discussed the EW vacuum
metastability in the context of type-1 as well as type-III
seesaw models. In Ref. [32], the authors have studied the
implications of naturalness and vacuum stability in a
minimal type-I seesaw model. Similarly, the naturalness
and vacuum stability in the case of the type-Il seesaw
model have been studied in Ref. [31].

In this paper, we study the consequences of naturalness
in the minimal type-III seesaw model, in which we extend
the SM by adding two SU(2), triplet fermions with zero
hypercharge to explain the origin of the nonzero neutrino
masses and mixing. To give mass to all three light active
neutrinos, one needs three triplet fermions. Hence, in the
minimal type-III seesaw model, the lightest active neutrino
will be massless. We use the Casas-Ibarra (CI) paramet-
rization for the neutrino Yukawa coupling matrix [51,52],
and by choosing the two triplets to be degenerate, we have
only three independent real parameters, namely, the mass
of the triplet fermions and a complex angle in the CI
parametrization. We study and constrain the bounds on
these model parameters by demanding that the theory be

natural. In addition, we also study the bounds on the model
from the EW vacuum metastability as well as lepton flavor
violating (LFV) decays.

The rest of the paper is organized as follows: In Sec. II,
we review the minimal type-III seesaw model and the
parametrization used for our studies. In Sec. III, we discuss
the implications of naturalness in the minimal type-III
seesaw model, and in Sec. IV, we discuss the constraints
from the LFV decays. After this, we discuss the effective
Higgs potential in the presence of the extra fermion triplets
and the renormalization group (RG) evolution of the
different couplings and present a detailed discussion of
the results. Finally, we summarize in Sec. VI.

II. THE MINIMAL TYPE-III SEESAW MODEL

We extend the standard model with two fermionic triplets
Y, i =1, 2 having zero hypercharge, which can be
represented as

_[=RIV2 %
S —IR/V2

i i
Zio

N

R (2.1)

where X} = (X F iX%)/V/2. The parts of the Lagrangian
that are relevant to neutrino mass generation are

o 1 -
—Ly = ®TELV2YL + S THERMEG] + He.  (22)

where the generation indices have been suppressed. In the
above equation, L = (v,17)7 is the lepton doublet and ® =
io,®@* (0, is the second Pauli matrix). For simplicity, we
consider the scenario in which the Majorana mass matrix M
is proportional to the identity matrix so that the heavy
fermions have degenerate masses denoted by My. Once the
Higgs field ® acquires a vacuum expectation value (VEV),
the neutral fermion mass matrix can be written as

0 M
My:< D).
M, M

Here, Mj, = Ysv/v/2, where v = 246 GeV is the VEV of
the SM Higgs. The given mass matrix can be diagonalized
by a unitary matrix Uy, as

(2.3)

UgMyUO :Msiag :diag(ml,mz,m3,Mz,M2), (24)

where M is the mass of the heavy triplet fermions. Note that
the lightest neutrino is massless in this scenario. We can
write the matrix U as [53]
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(1-leyu My(M")Ug
-M~'MpU  (1-1€)Ug

_ <UL T )

\S uy/)
Here, W brings the full 5 x5 mass matrix to the block
diagonal form, and U and Uy diagonalize the light and
heavy neutrino mass matrices, respectively. In our case, Up
is a 2 x 2 identity matrix. U, is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix with a small

nonunitary correction. The nonunitarity is characterized
by € and ¢ and is given by

Uy = WU, ~

(2.5)

e=TT = ML(M™ MM,

€ =SSt =M MM (M1)*. (2.6)

In the limit M > M p, the light neutrino mass matrix can be
written as

mlight = —MIT)M_lMD. (27)

C12C13

_ . i
U= —cpsip — s23513¢12€"

i5
$23812 — €23513C2€

where ¢;; = cos 0;;, 5;; = sin6;;, and the phase matrix P =
diag(e™™, e*@ 1) contains the Majorana phases.

In our numerical analysis, we have used the values of
mass squared differences and mixing angles in the 3¢
ranges as shown in Table I [54] and varied the phases 6 and
a between —r to +7. It has been shown in Ref. [52] that the
matrix R can be parametrized as

0 cosz
0 ] ¢ (NH),
R— sin z coS z (2.11)

{sinz O) (IH).

cosz
—sinz {cosz O

{sinz

TABLE L. The oscillation parameters in their 3¢ range for both
NH and IH as given by the global analysis of neutrino oscillation
data with three light active neutrinos [54].

Parameter NH IH
Am%l/lo‘5 eV? 6.80 — 8.02 6.80 — 8.02
Am%,/lO’3 eV? +2.399 - 493 —-62 - —2.369
sin%6;, 0.272 — 0.346 0.272 — 0.346
sin%6,; 0.418 —» 0.613 0.435 - 0.616
sin%6;5 0.01981 — 0.02436 0.02006 — 0.02452

We use the Casas-Ibarra parametrization [51,52] for the
Yukawa coupling matrix Yy, such that the constraints on the
light neutrino mixing angles as well as the mass squared
differences as predicted from the oscillation data are
automatically satisfied. In this parametrization,

(2.8)

2 .
Ys —%«/DZR«/DDU‘,

where Dy = diag(My, Mx), D, = diag(m, m,, m3), and R
is an arbitrary complex 2 x 3 orthogonal matrix which
parametrizes the information that is lost in the decoupling
of the triplet fermions. The light neutrino masses for the
normal hierarchy (NH) and inverted hierarchy (IH) are
given by

my =0, my=,/ Amgol’ mz =/ Angtm (NH)

my =+/Am2,,, m,= Amg01 +Am2,,, my=0(IH).
(2.9)

We use the following parametrization of the PMNS matrix U,

—io

$12€13 S13€
. is
C€23C12 — 8§23513512€ spci3 | P, (2~10)
is
—823C12 — €23513512€ C€23C13

I
where z is a complex parameter and { = £1. We fix the
value of { to be +1 for our entire analysis, and this does not
change any of our results. Thus, the only free parameters in
the model are the mass of the triplet fermions My and the
complex number z. z can take any value in the complex
plane.

Note that in this model, the charged components of the
triplet fermions mix with the SM charged leptons. This is
governed by the Lagrangian [55]

L=—(Iy qu)(x/’;AllD ;) (;LL)JFHC (2.12)

where we have defined

Y =3+ 3. (2.13)

The charged fermion mass matrix given in the above
equation can be diagonalized by a biunitary transformation.

Since the additional heavy triplet fermions have the SU(2)
gauge interactions, they can be produced and detected
in the collider experiments through the process(es) pp —
It2" = mj +nl+ E; (m, n are integers). The collider
study of extra triplet fermions was first explored in
Ref. [56] in the context of an SU(5) grand unified model.
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Since then, a lot of work has been done on the phenom-
enology of the type-III seesaw model in the context of the
LHC [57-64]. The experimental searches performed by the
CMS and ATLAS Collaborations have put lower bounds on
the triplet masses. CMS [65] has set a lower limit of 430 GeV
on the triplet mass with the data from the /s = 13 TeV run,
whereas depending on the various scenarios studied, the
ATLAS results rule out masses in the range below 325-—
540 GeV [66]. Recently, the authors of Ref. [67] have studied
the phenomenology of the type-IIl seesaw model in the
context of high energy e*e™ colliders.

III. NATURALNESS

One of the problems associated with the high-scale
seesaw models is that the associated heavy particles give
very large corrections to the Higgs mass making the theory
unnatural. Here, we shall see the implications of natural-
ness in the context of the type-III seesaw scenario. The tree
level SM Higgs potential is given by

V= —,uz(dﬁd)) +/1(d>fd>)2, (3.1)
where
1 G*
b =— . 3.2
V2 (v +h+ iG°> (32)

Here, the VEV v =246 GeV, and this will give the
physical Higgs particle with tree level mass as
m? = 2Jv%. For the naturalness of the Higgs mass, the
heavy right-handed neutrino loop corrections to the mass
parameter x should be smaller than O(TeV?). In the MS
scheme, the correction is given by

o 6u%<(5 Tev)?2

© ou2<(1 Tev)2
u?<(0.5 Tev) 2

o 6u2<(0.2 Tev)?2

© ou2<(0.1 Tev) 2

« ou2<(0.05 Tev) 2

512 <(0.01 GeV)?2

i
1.0x107  1.5x107 2.0x10’
M5 (GeV)

0 5.0x 10°

(a) Naturalness contour for NH

3 T

Note that we have taken the quantity (ln[%] —1) to be
unity (where pp is the renormalization scale). Now, using
the parametrization in Eq. (2.8), we get

32
3
= 3&cosh(ZIm[z])

27202

\/Amzol + \/Amgtm (NH)v

. . . (3.4)
VAm2,,, 4+ /Am2, + AmZ,, (IH).

From the above expressions, we can see that the only
unknown parameters are My and Im[z].

In Fig. 1, we have presented the naturalness contours in
the Im(z]-My plane for both NH and IH. In the shaded
regions, du’ is demanded to be less than p% of 1 TeV?
where p = 500, 100, 50, 20, 10, 5, 1 (from top to bottom).
The unshaded regions are disfavored by naturalness. From
these plots, we can see that higher the mass of the
triplet, the smaller the allowed values of the Im[z]. For
instance, demanding &u® < (1 TeV)? implies that My <
1.84 x 107 GeV for Im[z] = 0 and My < 3 x 10 GeV for
Im[z] = 6. These bounds become even more stringent as
we demand Su? to be smaller as can be seen from the plots.
Also, from Eq. (3.4), we can see that the u” values for NH
and IH differ roughly by a factor of one-half (Am2,, >
Am? ). This effect can be seen from the fact that for a given
value of Im(z), the maximum allowed value of My for NH
is slightly higher than that for IH.

o su%<(5 Tev)?
o su?<(1 Tev)?
5u2 <(0.5 Tev) 2 .
o 6u2<(0.2 Tev)?2
© ou2<(0.1 Tev) 2
o 6u2<(0.05 Tev) 2

5 pu?<(0.01 Gev)?

1.0x107 1.5x10" 2.0x107

My (GeV)

5.0x 10°

ol

(b) Naturalness contours for TH

FIG. 1. Naturalness contours in the Im[z]-My plane. Plot (a) is for NH, and plot (b) is for IH. In the shaded regions, Su? is less than p%
of 1 TeV? where p = 500, 100, 50, 20, 10, 5, 1 (from top to bottom). The unshaded regions are disfavored by naturalness.
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IV. CONSTRAINTS FROM THE
LEPTON FLAVOR VIOLATION

The decay widths and the branching ratios for the various
lepton flavor violating decays in the context of the type-III
seesaw model have been worked out in Ref. [55]. This model
can have the decays y — ey and 7 — [y at the one-loop level
and u — 3e as well as the 7 — 3/ processes at the tree level
due to the charged lepton mixing. However, among all the
LFV decays, the most stringent bound is the one coming from
the p to e conversion in the nuclei. The 4 — e conversion rate
to the total nucleon muon capture rate ratio (R*~¢) puts a
bound on ¢,,. For the 33Ti nuclei, we have [68]

R <43 x 10712 (4.1)
and the bound from this is the most stringent among all the
LFV bounds in the triplet fermion model and is given as [55]

€ < 1.7x 1077, (4.2)

We present the constraints on z and My from this bound
in Fig. 2 for both the NH and IH. The regions above the
blue dotted line are disallowed by the LFV bounds,
whereas the regions to the right of the purple, magenta,
and brown solid lines are disallowed by the naturalness
bounds depending on the naturalness condition used. We
can clearly see that the naturalness bounds restrict larger
values of My, whereas the LFV bound constrains the larger
values of Im(z) corresponding to the smaller values of M.
The unshaded region is the one that is allowed by both LFV
as well as the naturalness bounds. One can notice from
these plots that for both the NH and IH, the maximum
allowed value of Im(z) is ~10, which corresponds to a

20

16 ——
-\o\a“?f.\. """" 2
out N 517< (0.2 TeV)
61°< (1 TeV)?
pl NC\ 81P< (5 TeV)?
O
E |
8
4
0
200 10° 10* 10° 108 107 108 10° 100
Ms [GeV]
(a) NH

triplet mass of ~10* GeV. In generating these plots, we
have varied the light neutrino mass squared differences and
mixing angles in their 30 ranges, the Dirac and Majorana
phases are varied in the range 0 — 7, and we have presented
the most stringent bounds.

V. VACUUM STABILITY

In this section, we discuss how the stability of the EW
vacuum is modified in the presence of the extra fermionic
triplets if we assume that there is no other new physics up to
the Planck scale. It is well known that if we have extra
fermions, they tend to destabilize the EW vacuum. We aim to
quantify this effect and obtain constraints in the context of the
model outlined. In the following, we discuss the theoretical
background and tools needed in the stability analysis of the
EW vacuum up to the Planck scale such as the Higgs effective
potential which determines the instability, metastability,
stability, and perturbative-unitary scales, the proper matching
conditions which give the initial values of the model
parameters at the EW scale, the RGEs delineating the running
of the couplings, and the other parameters from the EW scale
up to the Planck scale Mp,.

The SM one-loop effective Higgs potential in the MS
scheme and the Landau gauge can be written as

M:(h)
(1)

where the index i is summed over all SM particles,
M?(h) = k;(t)h*(t) — k(1) and ¢; 6 =3/2, cwz =5/6
[69-73]. n; is the number of degrees of freedom of the
particle fields. The values of n;, k;, and « are given in

5
V) = 3 g M)

— - ¢, (5.1)
— 647> }

20

61°< (0.2 TeV)?
o1°< (1 TeV)?
1< (5 TeV)?

0
200 10° 10 10° 10° 107 108 10° 100
Ms [GeV]

(b) IH

FIG. 2. Bounds on z from lepton flavor violation (blue dotted line) and naturalness (purple, magenta, and brown solid lines). Plot (a) is
for NH, and plot (b) is for IH. The unshaded region is allowed by both LFV as well as naturalness bounds.
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Eq. (4) in [69]. The above contribution comes with a
positive sign for the gauge and scalar bosons, whereas
it is negative for the fermion fields. The running
energy scale u is related to a dimensionless parameter ¢ as
u(t) = Mzexp(1).

Following the method outlined in [38,49,74], the addi-
tional contribution to the one-loop effective potential from
the fermionic triplet is given as

_ 3(My(Mp()E [, (M (B)Mp(h)); 3
Vi) == {1“ W0 ‘5]
SN, o), ]
3277 w2 (1) 2]’
(5.2)

where Mp(h) :Y—EZh, and i, j run over the three light
neutrinos and the two triplet fermions, respectively. In this
analysis, we use the two-loop contributions to the effective
potential for the SM particles, whereas the contribution due
to the extra fermion triplet is considered up to one loop
only. For high field value h(z) > v, the effective potential
can be approximated as V3 > = . (h) ”74. The one- and
two-loop SM expressions for A (h) can be found in
Ref. [35]. The contribution due to the extra fermionic
triplet is obtained as

3efh) (YiYs)y 3
b _ f 2 ¥ 2
j’eff(h) - 3271'2 ((YZYZ)II <ln 2 2)

:
+ (Ye¥y);; 3
+ (YY) <lnT” -2)).

where the factor I'(h) = |; AZ, y(u)dInp indicates the wave

function renormalization of the Higgs field. Here, y(u) is
the anomalous dimension of the Higgs [69-73], the
contribution to which from the fermion triplet at one loop
is3Tr(YyY 1). We also assume that 4 = 4. In this choice, all
the running coupling constants ensure faster convergence
of the perturbation series of the potential [75].

We compute the RG evolution of all the couplings to
analyze the Higgs potential up to the Planck scale. We first
calculate all the SM couplings at the top mass scale M,,
taking care of the threshold corrections [76-79]. We use
one-loop RGEs to calculate SU(2) and U(1) gauge
couplings ¢,(M,) and g;(M,)." For the SU(3) gauge
coupling g3(M,), we use three-loop RGEs considering
contributions from the five quarks and the effect of the
sixth; i.e., the top quark has been taken using an effective
field theory approach. We also include the leading term in
the four-loop RGE for a,. The mismatch between the top

(5.3)

'Our result will not change significantly even if we use the
two-loop RGEs for ¢g; and g,.

pole mass and the MS renormalized coupling has been
taken care of by using the threshold correction

v(M,) = @ (14 6,(M,)), where §,(M,) is the matching
correction for y, at the top pole mass. We use A(M,) =

%(1 + 6y (M,)) for the Higgs quartic coupling 1. To
calculate this at the scale M,, we have included the
QCD corrections up to three loops [80], electroweak
corrections up to one loop [81,82], and O(aa,) corrections
to the matching of top Yukawa and top pole mass [77,83].
We have reproduced the SM couplings at M, as in
Refs. [35,79] by using these threshold corrections. We
evolve them up to the heavy fermionic mass scale using the
SM RGEs [84-87]. The extra contributions due to the
femionic triplets are included after the threshold heavy
fermionic mass scale [88]. Then we evolve all the couplings
up to the Planck scale to find the position and depth of the
new minima at the high scale.

It is well known that if the EW vacuum of the Higgs
potential is not the global minimum, then a quantum
tunneling to the true vacuum may occur. This happens
because the RG running can make the quartic coupling 4
negative at a high energy scale. However, this does not pose
a threat to the theory if the decay time is greater than the
lifetime of the Universe 7, ~ 107 sec [89], and in such a
case, we say that the EW vacuum is metastable. The decay
probability of the EW vacuum to the true vacuum at the
present epoch has been computed using the bounce
solution of the Euclidean equations of motion of the
Higgs field [35,90,91],

A4 872
Py =0.15-L 505 where S(Ap) = ————.
0= 01574 (Ae) = 3y

(5.4)

Here, H is the Hubble constant, and S(Aj) is the minimum
action of the Higgs potential at the bounce size R = Aj!,
which gives the dominant contribution to the tunneling
probability P,,. The metastable EW vacuum implies that the
decay probability Py < 1. This can be translated into a
bound on the Higgs effective quartic coupling A, which
can be read as [79,91,92]

—0.06488
Actt > Actt min(Ag) = :
eir > Aot min(An) 1 —0.009861n (v/Ap)

(5.5)

Aeti(AB) < Actr min(Ag) corresponds to the unstable region,
and the EW vacuum is absolutely stable at A (Ag) > 0.
Also, the theory violates the perturbative unitarity at
Aeit(Ag) > 4 [93].

In Fig. 3, we show the running of the Higgs quartic
coupling for four different sets of benchmark points for the
minimal type-III seesaw model. In the left plot, the purple
and gray lines correspond to M, = 171.3 and 174.9 GeV,

075012-6



CONSTRAINING THE MINIMAL TYPE-III SEESAW MODEL ...

PHYS. REV. D 99, 075012 (2019)

Mp=125.7 GeV, as=0.1184, Trace[y]ys]¥=0.283
0.10
M;=171.3 GeV
M;=174.9 GeV
0.05
~<
0.00f
Metastable
-0.05¢
105 108 10" 10™4 10'7
Running RGE Scale p[GeV]
FIG. 3.

Mp=125.7 GeV, M;=173.1 GeV, as=0.1184

0.10} L
Trace[yys17=0.283

Trace[y]ys17=0.636

0.05¢

0.00

Metastable

-0.05¢

1011 1014 1017

10° 108
Running RGE Scale p[GeV]

RG evolution of the Higgs quartic coupling. The plot on the left side shows the running of 1 for different values of M, with

fixed My and Tr[Y ; Y52, whereas the plot on the right side shows the running of 2 for different values of Tr[Y; Ys)? with My and M,
fixed. For both plots, we have taken My, = My, = My = 107 GeV.

respectively, with the value of Tr[Y1Yy]? fixed as 0.283 and
My =107 GeV. For the first case, we can see that the
Higgs quartic coupling A remains positive up to the Planck
scale; i.e., the EW vacuum is absolutely stable up to the
Mp,. For M, =174.9 GeV, we can see that A~ Ay
becomes negative at the energy scale ~10° GeV, the
so-called instability scale A;, and remains negative up to
Mp,. However, we find that the beta function of the Higgs
quartic coupling 3,(=dV (h)/dh) becomes zero around the
energy scale ~10'7 GeV, which implies that there is an
extra deeper minima at that scale, and we have checked that
the EW vacuum corresponding to this point is metastable.
Similarly, in the right plot, we have given the running of the
quartic coupling for two different values of Tr[Y; Ys)? with
fixed M, and Mys. We notice that as the value of the
Tr[YLYy] is increased from 0.283 to 0.636, the EW vacuum
shifts from the metastable to the unstable region. In this
way, the conditions of stability and metastability can put

constraints on the allowed values of Tr[Y ;Y 2]%.

A. Phase diagram of vacuum stability

As we have already discussed, the present central values
of the SM parameters imply that an extra deeper minima
exists near the Planck scale. Hence, there is a possibility
that the EW vacuum might tunnel into that true (deeper)
vacuum. In the type-III seesaw model, depending upon the
new physics parameter space, the stability of the EW
vacuum is modified compared to that in the SM, and there
are two effects contributing to this. The first one is the
negative contribution to the running of 1 as well as to
the effective Higgs potential due to the triplet fermion
Yukawa coupling [see Eqs. (5.3) and (A1)]. The second one

is through the modified RGE for the SU(2) gauge coupling
> [Eq. (A3)], which in turn gives a positive contribution to
the running of A. These effects have also been discussed
in Ref. [45].

In Fig. 4, we have given the phase diagram in the
Tr[Y;YE]% — M5 plane for the central values of the SM
parameters M, = 173.1, M, = 125.7, and a, = 0.1184.
Here, the horizontal red solid line separating the unstable
region (red) and the metastable (yellow) region is obtained
when f;(u) =0 along with A(4) = Ayin(Ag). From this plot,
we can see that the parameter space with Tr[YLYx]? > 0.64

R 0.5¢ Metastable 2n f:ﬂ-i_”_i—f;‘_d;f_‘-;t_;\/_l;n
< ]
%ﬁ' 617< (0.2 TeV)?
£ 61°< (1 TeV)?
0.4 &< (5 TeV)?
0.05
Allowed
0.01H
200 10° 10% 10° 106 107 108

Ms [GeV]

FIG. 4. The phase diagram in the Tr[Y}Yy]:-My plane for NH.
Here, we have used the central values of M,, M;, and a,. The
color coding of the lines (blue, purple, magenta, and brown) is
the same as in Fig. 2. The horizontal red solid line separates the
unstable and the metastable regions of the EW vacuum.
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i 05 2" mimiman ]
4_2 Stable
B3 S2< (0.2 TeV)?
= o Su< (1 TeV)?
‘ 61P< (5 TeV)?
0.05
Allowed
0.01
200  10° 104 10° 108 107 108
M [GeV]

<
(&)

iy Metastable 8P (0.2 Tev? |
e 6P (1 TeV)?
Q
2 512< (5 TeV)?

0.1

0.05

Allowed
0.01r
200  10° 10* 10° 108 107 108
M [GeV]

FIG.5. The phase diagram in the Tr[Y’ g Y z]%-M s plane for NH. The plot on the left (right) side gives the most liberal (stringent) bound
from vacuum stability with minimum (maximum) value of M, and maximum (minimum) values of M;, and «;. The color coding of the
lines (blue, purple, magenta, and brown) is the same as in Fig. 2. The horizontal red solid line separates the unstable and the metastable

regions of the EW vacuum.

with the heavy fermion mass scale 200-10% GeV is
excluded by instability of the EW vacuum. The gray
dashed line corresponds to the points for which the beta
function of the quartic coupling 4 is zero at the Planck
scale; i.e., the second minima is situated at that scale. Also,
we can see a very small green region for the lower values of
masses and couplings for which the EW vacuum is
absolutely stable. However, this region is disfavored from
the LFV constraints as shown by the blue dotted line. The
region to the right of this line is allowed by the current
bounds from LFV as given in Eq. (4.2). We have also given
the bounds from naturalness in these figures as shown by
the slanted solid lines corresponding to three different
values of 5u. Thus, one can see that the area that is allowed
both by naturalness as well as LFV falls in the stability/
metastability region.

In Fig. 5, we have again plotted the phase diagram in the
Tr[Y{Ys]-My plane for the NH, but with different values
of SM parameters. The panel on the left (right) side gives
the most liberal (stringent) bound from vacuum stability
with minimum (maximum) value of M, and maximum
(minimum) values of M, and a, from their allowed 3o
ranges. Clearly, with the smallest value of M, and the
largest values of M}, and «a, the stability region increases,
as is shown by the green region in the panel on the left-hand
side. On the other hand, in the right panel with the highest
value of M, and lowest values of M} and «,, no region of
stability is found. In this case, the parameter space with
Tr[YLYs]? > 0.68 (0.58) is disfavored from the instability
condition in the left (right) panels.

Figure 6 gives the phase diagram in the M,-Tr[Y" ;YZ]%
plane for the NH with the central values of M), and «,. The
dashed lines separate the metastable and the unstable

regions, whereas the solid lines separate the stable and
the metastable regions. The red, blue, and purple colored
lines correspond to the representative values of My as 10%,
107, and 10'? GeV, respectively. The two vertical lines give
the LFV and the naturalness (> < 1 TeV?) bounds for

200

Metastable )
= Allowed
[0
G, 170F -
s ]
Stable ©
s O
160} 1, E
: o
£ vi
g 3
150
140 : : : : : : :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Treelyd ysl:

FIG. 6. The phase diagram in the M,-Tr[Y]Ys]? plane for the
NH for the central values of M, and a,. The dashed lines separate
the metastable and the unstable regions, whereas the solid lines
separate the stable and the metastable regions. The three colors
are for three different values of Ms. The two vertical lines give
the LFV and naturalness bounds for My = 10* GeV, and the
region on the left of the LFV line (red) is allowed by both.
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FIG.7. The phase diagram in the M,-M,, plane for two different values of Tr[Y; Y 2]% and My = 10* GeV. The ellipses correspond to

the allowed values of M, and M), at 1o, 20, and 3o.

My = 10* GeV, and the allowed region is to the left of the
red vertical line. The horizontal shaded gray region denotes
the 3o allowed range of M,. It is seen that in this region, the
vacuum is metastable for lower values of Tr[Y3Y ]z, while
for higher values, the vacuum is unstable. Once we consider

the bounds from LFV, Tr[Y;Y 2]% is less than 0.18 and the
vacuum is in the metastable region.

In Fig. 7, we have shown the phase diagram in the
M ,-M,, plane for My = 10* GeV. The red dashed lines
correspond to the 3¢ variation in a,. The figures on the left-
and right-hand sides correspond to Tr[Y$Ys]? = 0.20 and
0.40, respectively. The ellipses correspond to the allowed
values of M, and M, at 1o, 20, and 3¢. From this figure, we
can clearly see that higher values of M, and Yy affect the
stability of the EW vacuum negatively, whereas a higher
value of M, has a positive effect on the stability. For

Tr[Y{Ys]2 = 0.20, some areas of the parameter space fall in
the stable region when M, and M, are taken in the 3¢

ranges, whereas for Tr[Y;YE]% = 0.40, all the allowed
parameter space is in the metastable region.

It is also important to look at the change in the confidence
level at which the (meta)stability is excluded or allowed
[79,92,94] in the context of the minimal type-IIl seesaw
model. The confidence level plot(s) will provide a quanti-
tative measurement of the (meta)stability for the new physics
parameter space. In Fig. 8, we show how the confidence
level at which EW vacuum is allowed (excluded) from the

metastability (instability) depends on new Yukawa couplings
of the heavy fermions for the type-IIl seesaw model for
different values of My and a,. To plot these, we have
considered the variation of M, (from 160 to 180 GeV)
and M, (from 120 to 132 GeV) in the M, — M, plane for
fixed values of a,. We draw the metastability line and an
ellipse to which the metastability line is the tangent and the
point corresponding to the central values of M, and M,
(M, =173.1 GeV, M, = 125.7 GeV) as the center (see
Fig. 7, for instance). Then we calculate the confidence level

__aof theellipse __ b of the ellipse
as confidence level = 1o error of M, ~ 1o error of M}’

and b are the lengths of the major and minor axes of the
ellipse. Figures 8(a) and 8(b) are plotted with the triplet
masses as My = 10* and 10'> GeV, respectively. In both
cases, the EW vacuum is metastable for smaller values of the
new Yukawa coupling. We can see that the confidence level at
which the EW vacuum is metastable (yellow region)
increases with the increase of Tr[Y;YZ]%. Also, one can
see that the confidence level at which the EW vacuum is
metastable increases with the increase in the mass of the
fermion triplets. We can also see the effect of @, on the
confidence level. The dashed, solid, and dotted red lines
correspond to the values of oy as0.1177,0.1184, and 0.1191,
respectively. Clearly, the confidence level at which the EW
vacuum is metastable decreases with the increase in «;.
This is because a; has a positive effect on the stability of the
EW vacuum, and the increase in @ increases the confidence
level at which the vacuum is stable, thereby decreasing the

where a
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FIG. 8. Dependence of confidence level at which the EW vacuum stability is excluded/allowed on Tr[YyYy]? for different values
of a, and M.

confidence level at which it is unstable. The EW vacuum
becomes metastable for Tr[Y]Yy]? = 0.646 + 0.008 and
Tr[Y]Y5]2=0.648+0.011 corresponding to a;=0.1184 +
0.0007 for My = 10* and 10'?> GeV, respectively. The
demarcations between the stable and the metastable regions
in the plots are only for the central values of a;.

VI. SUMMARY

In this paper, we have analyzed the implications of
naturalness and the stability of the electroweak vacuum in
the context of the minimal type-III seesaw model. We have
also studied the constraints from lepton flavor violating
decays. We have found that the lighter masses of the
fermionic triplets My ~400 GeV are disallowed for all
values of Yy by the constraints from the 4 — e conversion
in the nucleus. At the same time, the heavier triplet masses
are disfavored by naturalness. For instance, if we demand

the correction to the Higgs mass to be less than 200 GeV, it
will put an upper bound of ~10° GeV on the masses of the
triplets. Also, the maximum value of Tr[YLYy]? that is
allowed is 0.1, corresponding to My ~ 10* GeV. Another
important result is that in the parameter space which is
allowed by both the LFV as well as naturalness constraints,
the EW vacuum is stable/metastable depending on the
values of Tr[Y;YZ]% and the standard model parameters
used. Hence, one does not really have to worry about the
instability of the vacuum in this model. The major part of
the allowed parameter space lies in a region that could be
tested in the future collider experiments.
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APPENDIX: RENORMALIZATION
GROUP EQUATIONS

The beta functions for the various couplings are defined

as
8)(' 1 (2)
br= dlnp 16z zﬂl’ (1622)2"*
For the running scale y < My,
19
Bo=BN A =-Cd md p =0

and for 4 > My, the one-loop RGEs for 4, y,, ¢, and Yy are

as given below

3, 3 9
b= 891 + 49192 + ggé — 3031 — 934 + 2422 + 124y?

—6yF + 12ATr (YY) = 10Tr(YgYiYsYy),  (Al)

ﬂy,:y,< y?—8g3 — g2 g2+3Tr YZYE)> (A2)
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ﬂgz = __g%’ (A3)

5 33, 3 .
Py, =Ys <§YZY£+3%2—ZQ%—ZQ%+3TY<YZY2)> . (A4)

Two-loop RGEs used in this work have been generated
using SARAH [95]. In our work, we have taken only the top-
quark contributions. The other SM-Yukawa couplings are
comparatively smaller, and their inclusion does not alter our
result.
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