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Abstract

The Standard Model Higgs sector, extended by one weak gauge triplet of scalar
fields with a very small vacuum expectation value, is a very promising setting to
account for neutrino masses through the so-called type II seesaw mechanism. In this
paper we consider the general renormalizable doublet/triplet Higgs potential of this
model. We perform a detailed study of its main dynamical features that depend on
five dimensionless couplings and two mass parameters after spontaneous symmetry
breaking, and highlight the implications for the Higgs phenomenology. In particular,
we determine i) the complete set of tree-level unitarity constraints on the couplings
of the potential and ii) the exact tree-level all directions boundedness from below
constraints on these couplings. When combined, these constraints delineate precisely
the theoretically allowed parameter space domain within our perturbative approxi-
mation. Among the seven physical Higgs states of this model, the mass of the lighter
(heavier) CPeyen state hO (HY) will always satisfy a theoretical upper (lower) bound
that is reached for a critical value p. of p (the mass parameter controlling triple
couplings among the doublet/triplet Higgses). Saturating the unitarity bounds we
find an upper bound myo < O(0.7— 1TeV), while the upper bound for the remaining
Higgses lies in the several tens of TeV. However, the actual masses can be much
lighter. We identify two regimes corresponding to p 2 pe. and g < pe. In the first
regime the Higgs sector is typically very heavy and only h° that becomes SM-like
could be accessible to the LHC. In contrast, in the second regime, somewhat over-
looked in the literature, most of the Higgs sector is light. In particular, the heaviest
state H° becomes SM-like, the lighter states being the CP,qq Higgs, the (doubly)
charged Higgses and a decoupled kY, possibly leading to a distinctive phenomenology
at the colliders.

*corresponding author



1 Introduction

One of the major goals of the LHC is to uncover the mechanism underlying the electroweak
symmetry breaking and thereby the origin of the weak gauge boson and fermion masses.
Moreover, observation of neutrino oscillations has shown that neutrinos are massive (for a
review see for instance [1] and references therein). Such masses do not necessarily require
physics beyond the standard model (SM), since one can accommodate a (Dirac) mass
through a Yukawa coupling assuming a right-handed neutrino similarly to the other massive
fermions. However, the introduction of such a right-handed state, whose only role is to allow
for non-zero neutrino masses while being neutral under all the SM interactions, might seem
rather mysterious. Furthermore, in contrast with the other right-handed fermion states
of the SM, the right-handed neutrino allows also for a Majorana mass that is invariant
under the SM gauge group but violates lepton number. These features make plausible
the existence of new flavor physics beyond the SM associated with the neutrino sector.
Probably, one of the most attractive aspects is the ability to induce naturally the tiny
neutrino masses from this new flavor physics sector [2]. The celebrated seesaw mechanism
13, 4, 5] relating directly the smallness of the neutrino masses to the presence of a large
new scale A through m, ~ v?/A, when A > v where v denotes the electroweak scale, is
realized in a grand unified context (GUT) comprising right-handed neutrinos and often
dubbed type I seesaw. It can also be achieved without right-handed neutrinos through an
extended Higgs sector including an SU(2), triplet scalar field, type II seesaw [6, 7, 8, 9, 10],
or by including two extra matter multiplets in the adjoint of SU(2)y, type III seesaw [11],
or a hybrid type mixture of type I and type III [12, 13, 14, 15].

If such extended sectors are too heavy to be directly accessible to TeV scale experiments,
they could still be indirectly probed through distinctive low energy effective operators in
the neutrino sector [16]. In the present paper we will rather focus on the possibility
of accessing directly the Higgs sector per se of the type II scenario, studying general
dynamical constraints which originate from the potential that couples the Higgs doublet
and the Higgs triplet. However, given the present theoretical uncertainties, we do not
commit to any specific GUT or flavor physics scenarios beyond the SM. In particular
mass parameters such as p and M will not necessarily take large GUT scale values, even
though such a configuration is included in the analysis. We will even consider regimes
with very small u (< G}l/ %). As noted in [17], such a small  makes all the Higgs sector
accessible to the LHC. Here we carry out a complete study, taking into account the full
set of renormalizable operators present in the potential. The aim is to exhibit the various
possible regimes consistent with the dynamical constraints dictated by the potential and
their consequences on the phenomenology of the extended Higgs sector. Most of these
operators are often neglected in the existing phenomenological studies of type II seesaw,
based on the fact that after spontaneous symmetry breaking their effects are suppressed
by the small Higgs triplet vacuum expectation value (VEV), v;, when compared to the
electroweak scale. This is, however, not justified when studying the small p regimes just
mentioned, where p can be of order v;. In this case the detailed dynamics leads to an
interesting structure of the Higgs sector.

The paper is organized as follows: in section 2, we present the ingredients of the model,
the physical Higgs states and mass spectrum, as well as a parameterization of the po-
tential parameters in terms of the physical masses. In section 3, we discuss some of the
phenomenological and theoretical constraints on the parameters related to precision mea-
surements, the absence of tachyonic Higgs modes, as well as the presence of false vacua. In
section 4, we provide a thorough study of the boundedness from below of the potential and



establish for the first time simple necessary and sufficient conditions on the couplings that
arc valid for all field directions. The unitarity constraints are analyzed in detail in section
5, through the study of all the scalar scattering channels. In section 6, we combine in an
analytical compact form the constraints obtained in sections 4 and 5. Section 7 presents the
behavior of the CP.ye, Higgs masses as functions of the potential parameters, highlighting
theoretical upper and lower mass bounds and identifying different regimes that give better
insight into the overall Higgs sector phenomenology, as well as the determination of unitar-
ity mass bounds on the lightest Higgs. Section 8 is devoted to a short review of the salient
features of the Higgs phenomenology at the colliders as well as to specific illustrations of
our results. We conclude in section 9 and give some technical details in the appendices.

2 The model

We start by recalling the scalar potential and the main properties of the Higgs physical
eigenstates after EWSB as well as the corresponding eigenmasses and mixing angles. We
give the expressions without neglecting any of the couplings appearing in Eq. (2.4) nor
making any specific assumption about the magnitudes of p,m?% and M3 which would
originate from the unknown underlying high energy theory. The results of this section fix
the notations and will serve for the completely model-independent analysis carried out in
the subsequent sections.

2.1 The Higgs potential

The scalar sector consists of the standard Higgs weak doublet H and a colorless scalar field
A transforming as a triplet under the SU(2); gauge group with hypercharge YA = 2, so
that H ~ (1,2,1) and A ~ (1,3,2) under the SU(3). x SU(2)r x U(1)y.

Under a general gauge transformation U(x), H and A transform as H — U(z)H and
A — U(x)AUT(z). One can then write the most general renormalizable and gauge invariant
Lagrangian of this scalar sector as follows:

L = (D,H)(D"H) +Tr(D,A)(D"A) — V(H,A) + Lyukawa (2.1)
where the covariant derivatives are defined by
/
D,H = 8,H +igT"W*H + i%B,,,H (2.2)
Y,
DA = 9,A +ig[T* Wi, A + ig/TABMA (2.3)

(W2, g9), and (B, ¢') denoting respectively the SU(2), and U(1)y gauge fields and cou-
plings and T = ¢%/2, with ¢* (a = 1,2,3) the Pauli matrices. The potential V(H, A) is
given by,

V(H,A) = —m3HH + %(HTH)Q + MRTr(ATA) + [w(H o> ATH) + h.c.]

M (HTETr(ATA) + Mo (TrATA)? + XsTr(ATA)? + N HTAATH (2.4)

where T'r is the trace over 2 x 2 matrices. Lyukawa contains all the Yukawa sector of the SM
plus one extra Yukawa term that leads after spontaneous symmetry breaking to (Majorana)
mass terms for the neutrinos, without requiring right-handed neutrino states,
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Lyvukawa O —YI,LTC ®i0*AL + h.c. (2.5)

where L denotes SU(2); doublets of left-handed leptons, Y, denotes neutrino Yukawa
couplings, C' the charge conjugation operator, and we have suppressed falvor indices for
simplicity. Although part of the type II seesaw model, we will refer to the above model
Eq. (2.1) as the doublet-triplet-Higgs-Model (DTHM) since in this paper we are mainly
interested in the scalar sector, bringing up only occasionally the content of the Yukawa
sector Lyvukawa and the related neutrino masses issue.

Defining the electric charge as usual, Q) = I3+ % where I denotes the isospin, we write
the two Higgs multiplets in components as,

A= (‘%/ﬁ _55:;\5) and  H— ((5;) (2.6)

where we have used for convenience the 2 x 2 traceless matrix representation for the triplet.!

The potential defined in Eq. (2.4) exhausts all possible gauge invariant renormalizable
operators. For instance a term of the form A\s H'ATAH, which would be legitimate to add
if A contained a singlet component, can actually be projected on the A\; and \; operators
appearing in Eq. (2.4) thanks to the identity HTATAH + HTAATH = HTHTr(ATA) which
is valid because A is a traceless 2 x 2 matrix. This simply amounts to redefining A\; and
Mg such as Ay + A5 — A1, As — A5 = Aq. The potential thus depends on five independent
dimensionless couplings A and A;, (i = 1,...4) and three mass parameters, m%, Mx and
. In the present paper we will assume all these parameters to be real valued. Indeed,
apart from the p term, all other operators in V' are self-conjugate so that, by hermiticity
of the potential, only the real parts of the \’s and the m?%, M2 mass parameters will be
relevant. As for u, the only parameter that can pick up a would-be CP phase, this phase is
unphysical and can always be absorbed in a redefinition of the fields H and A. One thus
concludes that the DTHM Lagrangian is CP conserving (see also the discussion in [18]).
Moreover, V' depends on five complex (or ten real) scalar fields.

Assuming that spontaneous electroweak symmetry breaking (EWSB) is taking place at
some electrically neutral point in the field space, and denoting the corresponding VEVs by

(A) = <vt/0\/§ 8) and  (H) = <Ud/0\/§> (2.7)

one finds after minimization of the potential Eq.(2.4) the following necessary conditions :

2003 — V2(\ + ) Va0 — 2v2( g + A3)vp

M? = 2.8

A 2\/§'Ut ( )
v A+ A

m%, = % V2, + (1—24)@3 (2.9)

Even though, as we noted above, CP symmetry is realized at the level of the Lagrangian,
there remains in principle the possibility for a spontaneous breakdown of this symmetry,

!Note that the electric charge assignments for the upper and lower component fields are only conven-
tional and can be interchanged by taking YA = —2, Yy = —1, entailing an exchange of the upper and lower
components of the fermion weak doublets, without affecting the physical content. This seemingly trivial
statement is important to keep in mind when discussing possible electric charge breaking minima of the
potential.



an issue which we do not address in this paper. We can thus choose in the sequel vg and v,
to be real valued; that is, we consider only CP conserving vacua for which complex valued
vg and/or v; can always be rotated simultaneously to real values through some unphysical
phase redefinition of the fields.

These equations, to which we will refer as the EWSB conditions, ensure that the vacuum
corresponds to an extremum of the potential, [that is OV/0n;|a=(a),s=(m) = 0 for each of the
ten real-valued field components denoted here by 7;, (¢ = 1, ...10)], but one would still need
to check that this extremum is indeed a stable, albeit local, minimum. The corresponding
extra conditions are nothing else but the absence of tachyonic modes in the Higgs sector,
to be considered in a later section. We just anticipate here that the latter conditions will
enforce the signs of p and v; to be identical. We can thus choose in the sequel v; > 0,
p > 0 without loss of generality. Furthermore, the two free parameters m?, and MZX can
now be traded for vy and vy through Eqs. (2.8, 2.9). In the rest of the paper we will take
the eight parameters of the potential as being A\, \;, (i = 1,...4), u,vq and v;; requiring
the correct electroweak scale will put the further constraint v = /v2 + 207 = 246GeV on
vg, vy, reducing this set of free parameters down to seven.

Let us also note that the above EWSB conditions will not necessarily imply that the
gauge symmetric vacuum (i.e. at n; = 0) is unstable. Indeed the latter instability requires
that M% < 0 and/or m? > 0 which are not guaranteed by Egs. (2.8, 2.9). Even more
so, regimes with large p will lead through the EWSB conditions to a very narrow gauge
symmetric local minimum(!) so that metastability issues might have to be considered.
[More comments about the structure of the vacua of the model will be deferred to section
3.3.]

On the other edge of the spectrum, very small values of 1 could be favored if one requires
the lepton number not to be strongly violated. Indeed, the u term in Eq.(2.4) is the only
source of lepton number violation at the Lagrangian level and before spontaneous EWSB.
If this term is absent the Yukawa term Eq. (2.5) together with the other standard Yukawa
terms imply a conserved lepton number (where the A and H Higgs fields carry respectively
the lepton numbers In = —2 and Iy = 0).? Then, from the lepton number assignment for
H and A it follows that the p term violates lepton number by two units. However, this
violation is soft since the p-induced lepton number violating processes (corresponding either
to loop suppressed 2 — 2 processes or to propagator suppressed multi-particle processes)
will have to involve both the standard and neutrino Yukawa couplings . These features
suggest that if the two seemingly independent sources of lepton number violation, namely
the A VEV and p, are assumed to have a common origin such as some spontaneous
symmetry breaking of an underlying flavor theory, then it is natural to expect p = O(v;)
up to possible Yukawa coupling factors.

2.2 Higgs masses and mixing angles

The 10 x 10 squared mass matrix

10°V
M? = 56_772|A=(A>,H:<H) (2.10)

can be recast, using Eqs.(2.8, 2.9), in a block diagonal form of one doubly-degenerate

2The processes mediated by Eq. (2.5) and involving Higgs triplet decay or exchange are sometimes
misleadingly dubbed ’lepton number violating’. One can check that the net overall lepton number of any
process, comprising such decays or exchange, is conserved. This global symmetry will be violated only
spontaneously when A acquires a VEV, that is when the Majorana mass is induced from (2.5).



eigenvalue m?,.. and four 2 x 2 matrices denoted in the following by M3, Mgpm and
M?J'P dd*

Mass of the doubly-charged field:

The double eigenvalue m?2,.. corresponds to the doubly charged eigenstate 4=+ and could
also be obtained directly by collecting all the coefficients of 67760~ ~ in the potential. It
reads

9 V2002 — Av32v, — 2\g03
Mmyg++ =

2.11
20, (2.11)

From now on we will denote the doubly charged mass eigenstates 6%+ by H**.

Mass of the singly-charged field:
The mass-squared matrix for the singly charged field is:

e )

This matrix is diagonalized by the following matrix R, given by :

Ry = (cosﬁ’ —sinﬂ) (2.12)

sin 8’ cosf

where (' is a rotation angle. Among the two eigenvalues of M2, one is zero and corresponds
to the charged Goldstone boson G* while the other corresponds to the singly charged Higgs
boson H* and is given by

, (34 2092V — A
s = 4v
t

(2.13)

The mass eigenstates H* and G are rotated from the Lagrangian fields ¢*, §* and defined
by

G* = cos 8¢ +sing ot (2.14)

H* = —sin ' ¢F + cos 8 6+ (2.15)

The diagonalization of M?2 leads to the following relations involving the rotation angle 3':

SLIV2p — 5N = cos?B M (2.16)

= M3+ (2.17)
v V2p — %} = sin?f M7 (2.18)

These equations lead to a unique solution for sin 5, cos 8 up to a global sign ambiguity.
Indeed, Eq. (2.16) implies /24 — % > 0 in order not have a tachyonic H* statc and given
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our convention of v, > 0. Then it follows from Eq. (2.17) that sin 3" and cos 3 should have
the same sign. One finds

\/§’Ut

(%

sinfl = ey ——— , cosff =€y —o—— 2.19
P=c V3 + 207 =5 U3+ 207 (2.19)
with a sign freedom €y = +1, and
tan 3 = V2t (2.20)
Vd
Mass of the neutral fields:
The neutral scalar and pscudoscalar mass matrices read:
AB 20, —,
2 _ 2 _ t d
Mp = (B C) and  MZp =+2u <—vd vﬁ/%t) (2.21)
where
A 2003 + 4(Xg + A3)vp
A= 5’1}3, B = ’Ud(—\/gllz + ()\1 + /\4)1)15)’ C = \/_/“)d * 25} 2t 3)Ut (222)
t

These symmetric matrices are diagonalized by the following two orthogonal matrices :
[ cosa —sina _ [ cosf3 —sinf
Ra = (Sina cos o ) and = Rp = (sinﬂ cos 3 ) (2.23)

where o, 8 denote the rotation angles respectively in the CPyen, and CPoqq sectors.® Upon
diagonalization of Mg, one obtains two massive even-parity physical states h’ and H°
defined by

R = coh+5,&° (2.24)
H° = —s,h+c¢,&° (2.25)

where h and £° are the real parts of the ¢ and §° fields shifted by their VEV values,

1
¢ =—(vg+h+iZ) and 0°=

V2

The masses are given by the eigenvalues of Mg, as follows,

(v + €0 + 7). (2.26)

Sl

mio = %[A +C — /(A —-C)2+4B?] (2.27)

m = %[A + O+ /A= CP + 4B (2.28)

3Hereafter, we will use the shorthand notations, s, = sinx and ¢, = cos z, for all three angles a, 3, 3.
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so that mgo > myo. Note that the lighter state h° is not necessarily the lightest of the
Higgs sector (see section 7).

On the other hand, M%Pndd leads to onc massive physical state A° and one massless
Goldstone boson G defined by:

A’ = —s5 7 + ¢ Zo (2.29)
G’ = 57+ 852 (2.30)

with masses

2 2
vy 4+ 4v
ity = M A (2.31)
V2u,
Knowing the above eigenmasses one can then determine the rotation angles o and £,
which control the field content of the physical states, from the following diagonalization
conditions:

1. CPeyen:

C = Simio + Cim%{() (232)
in 2

B = =2 (m2y — m%0) (2.33)
A= cEmio + s2mio (2.34)

2. Cpoddi
22, = sEm’ (2.35)

sin 2
V24 = 5 ﬁmi (2.36)
2

Pl _ 2w (2.37)

\/Qvt

Of course Eq. (2.32) should be equivalent to Eq. (2.34) upon use of s2 + ¢2 = 1 and
Egs. (2.27, 2.28), and similarly for Eqgs. (2.35) and (2.37). Furthermore, s,, ¢4, 53, ¢g will
all be determined up to a global sign. There is however a difference between the two sectors.
In the CP,4q sector sz and cg must have the same sign as can be seen from Eq.(2.36) and
the fact that p > 0 (the latter being due to the absence of tachyonic AY state,Eq.(2.35)).
One then obtains unambiguously

2, dv,v4

tanﬁ = U_d and tan 26 = M (238)
from Eqgs. (2.35, 2.37), and
2
S5 = €5t Ud (2.39)

B, BT
VU2 + dv? g B«/Uﬁ—l—ﬂxvf
with a sign freedom eg = £1.

In contrast, the relative sign between s, and ¢, in the CP.en sector depends on the
values of p as can be seen from Eqs.(2.33, 2.22). While they will have the same sign and
tan a > 0 for most of the allowed p and Ay, Ay ranges, there will be a small but interesting
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domain of small p values and tan o < 0 which we discuss in detail in section 7. One obtains
from Egs. (2.32 - 2.34)

€at (A-C) .
o= ——=(1+ /2 2.40
’ \/5( \/(A—C)2+4B2> (2:40)

€a (A-0C) 1/2
= Lo 2.41
=z \/(A—C)2+4B2) (241)

where €, = +1 and € = sign|[B], and
2B

tan 2o = A-C (2.42)

Let us finally note that the angles § and § are correlated since they depend exclusively
on vg and v;. For instance one always has

tan 8 = v2tan § (2.43)

as can be seen from Eqs.(2.20, 2.38).

Lagrangian parameters from physical masses and couplings:

The full experimental determination of the DTHM would require not only evidence for the
neutral and (doubly) charged Higgs states but also the experimental determination of the
masses and couplings of these states among themselves as well as to the gauge and matter
sectors of the model. Crucial tests would then be driven by the predicted correlations
among these measurable quantities. For instance one can easily express the Lagrangian
parameters p and the A’s in terms of the physical Higgs masses and the mixing angle a as
well as the VEV’s vy, v, using equations (2.31, 2.13, 2.11) and (2.32 - 2.34). One finds

2 4 sin 2«
M=———m’+————m? (m2y — m? 2.44
! V3 4 4vf mat vﬁ + 207 M 2040; (Mo = Mo (2.44)
s2m2, + c2m? 1 v2 202
o= (T e~ e s} (245)
d t d t
—v2 202
S R L B R 2.46
3 2{ T A 5207 Mipe — Mipas b (2.46)
\ LA S (2.47)
o0 N — ) :
4 V2 + 4v? A V3 + 207 =
2
A= 2{0 mio + S2mio} (2.48)
\/—w 9
= 2.49
. v+ 4vt A 24

The remaining two Lagrangian parameters m?3, and M3 are then related to the physical
parameters through the EWSB conditions Eqs. (2.8, 2.9). To complete the determination
in terms of physical quantities one should further extract the mixing angle o from the
measurement of some couplings (see also Appendix C) and vy and v; from the W (or Z)
masses. Using equations (3.53, 3.54, 2.38) one finds
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1 sin? Oy M2, 5 tan?3  sin® Oy M3E,

2
vy = , v = 2.50
d (1+%tan26) TOQED t (1+%tan26) 47TO(QED ( )
or
1 sin 20y M2 tan? sin 20y M?2
V2 = 5 Wz 2= 52 Wz (2.51)
(1+tan®f) 2magep (1+tan® ) 8magep
or
9 Sin2 GW 9 2 9 9 SiIfl2 HLV 9 9 2
vy = (2M7, — cos* 0w My) ,  v; = 2—(cos OwMy, — My,)  (2.52)
TOQED TXQED

Using any of the above equations to substitute for vy, v, in Eqs. (2.44, 2.49) allows us to
obtain the Lagrangian parameters solely in terms of experimentally measurable quantities.
Although Egs. (2.50)-(2.52) are theoretically trivially equivalent, they involve different sets
of experimental observables and can thus lead to non equivalent reconstruction strategies
depending on the achieved accuracies in the measurement of these observables. Similarly,
trading tan 3 for tan 3" through Eq. (2.43) can be useful, depending on which of the
two quantities is experimentally better determined through some coupling measurements.
We should also note that Eqs. (2.44)-(2.52) not only allow to reconstruct the Lagrangian
parameters from the measurable Higgs masses, a, 3, Mz and/or My, but can also serve
as consistency checks among obscrvable quantities for the model when the N’s and p are
determined independently through the measurement of couplings in the purely Higgs sector
(see also Appendix C). Finally, as can be seen from Eq.(2.52), the magnitude of v; entails
the deviation of the p parameter from its SM tree-level value, a point we will discuss further
in the following section.

3 Miscellaneous constraints

3.1 Constraints from electroweak precision measurements

. _ M2,
In the Standard Model the custodial symmetry ensures that the p parameter, p = WT‘S“QGW
is equal to 1 at tree level. In the DTHM one obtains the Z and W gauge boson masses
readily from Eq.(2.7) and the kinetic terms in Eq.(2.1) as

2 2\( 2 2 20,2 2
+ ¢ (v +4v7) g% (vg + dof)
MQ — (g d t — d t 353
4 4 4 cos? Oy ( )
. 202 4 92
Mz, — 90 2%) (3.54)

4

whence the modified form of the p parameter:

2 2
v + 20;

=< — > 41 3.55

p V2 + 4v? (3.:55)

and actually p < 1 at the tree-level. Since we are interested in the limit v; < vg we rewrite
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2
pr~1—2L =144p (3.56)
Ud

with dp = —22—’2 < 0 and \/v2 420} = 246 GeV. Thus the model will remain viable
d

as far as the experimentally driven values of dp are compatible with a negative number.
The implication for the DTHM has already been studied in the literature [17]. Here we
only discuss briefly this point taking into account the latest updates of the clectroweak
observables fits as reported by the PDG [19]. One should compare the theoretical value
with the experimental value after having subtracted from the latter all the known standard
model contributions to the p parameter. The quoted number after this subtraction, py =
1.0008F5:99T obtained from a global fit including the direct search limits on the standard
Higgs boson, is not compatible with a negative dp and would exclude the DTHM. However
at the 2 o level, one obtains py = 1.0004159929 [19], which is again compatible with p < 0.
Moreover, relaxing the Higgs direct limit leads to py = 1.000870 0015, again compatible with
dp < 0. From the last two numbers one gets an upper bound on v, of order 2.5—4.6 GeV. In
the present study we will thus be contented by the conservative assumption that an upper
bound of 2.5 GeV guarantees consistency with the experimental constraints. We should
note, though, that the tree-level DTHM value of dp being of order 107, it is legitimate
to ask about the effects of radiative corrections to this quantity within the DTHM. As far
as we know, radiative corrections to dp are not available in the literature in the case of
YA = 2 that concerns us here, while several studies have been dedicated to this question in
the framework of a YA = 0 triplet Higgs [20, 21, 22, 23|, In [20], it has been shown that the
tree level bound on the triplet vev could be pushed to higher values by one-loop radiative
corrections. Whether this happens also in our case is still to be investigated and deserves
a study that is out of the scope of the present paper, including for that matter all other
LEP/SLC SM observables.

3.2 Absence of tachyonic modes

From Eq. (2.31), the requirement that m? should be positive implies pv; > 0. The same
positivity requirement in the singly charged and doubly charged sectors, Egs. (2.13, 2.11),
together with our phase convention v; > 0 discussed in section 2, lead to the following
bounds on u:

>0 (3.57)
AUy
> 3.58
=07 (3.58)
A Ay
po> 2Ll (3.59)

Vi Ve

The tachyonless condition in the CPeyep, sector, Egs. (2.27, 2.28), is somewhat more involved
and reads

V2002 + Avdv 4+ 4N + A3)vd > 0 (3.60)
—8#2111, + \/5,&(/\03 + 8()\1 + /\4)1),52) + 4()\()\2 + )\3) — (/\1 + )\4)2)’()? >0 (361)

The first of these two equations is actually always satisfied as a consequence of Eq. (3.57)
and the boundedness from below conditions for the potential (see section 4 and Eq. (4.21)).
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The second equation, quadratic in p, will lead to new constraints on g in the form of an
allowed range

o < < py (3.62)

The full expressions of u+ and a discussion of their real-valuedness are given in appendix A.
Here we discuss their behavior in the regime v, < vy. In this case one finds a vanishingly
small p_ given by

22 v}
2

Jy (()\1 + )\4)2 — )\()\2 + )\3)) TU + O(’U?) (363)
d
and a large p given by
_ A +V2(M + A)v + O(v2) (3.64)
,U“—I— 4\/§ v 1 4 ) Ut t)- .

Depending on the signs and magnitudes of the \’s; one of the lower bounds (3.57 - 3.59)
or p_ will overwhelm the others. Moreover, these no-tachyon bounds will have eventually
to be amended by taking into account the existing experimental exclusion limits. This is
straightforward for A%, H* and H**. We thus define for later reference

\/§Ut 2

Hmin = Max

A4y

V2

A4Ut

V3 + 4o}

\/§Ut

+
2V/2
A0

+V255 4

V2 + 207 (

(mA)exm

2
M+

Vg

Q5 (mH:t:I:

\/§ Ut

d

)exp7

2

Jexp

(3.65)

where (m4)exps (Mp=)exps (Mp==)exp denote some experimental lower exclusion limits for
the Higgs masses. Eqs.(3.57 - 3.59) are then replaced by

> flmin (3.66)

in order for the masses to satisfy these exclusion limits. Similar modifications on 4 taking
into account experimental exclusion limits in the CP e, sector are more involved and will
be differed to section 7 after having established the theoretical upper (lower) bounds on
the h° (H) masses. Furthermore, the upper bound g, will be instrumental in determining
the maximally allowed values of the six Higgs masses mgo, ma, my+, my++ as we will see
in section 7.

3.3 The vacuum structure

Obviously, violation of any of the constraints discussed in the previous subsection is a
signal that the would-be electroweak vacuum is not a minimum (but rather a saddle-point
or a local maximum) for the given set of values A, \;, vq, v; when p is either very small or
very large. However, since Egs.(2.8, 2.9) are non-linear in v, vy, it could still be possible
to find a different set of values v/, v}, for the same input values of m%, M3, where the
true electroweak minimum is obtained at a lower point of the potential than the previous
one. More generally, and depending on the values of the parameters of the potential,
one expects on top of the electroweak minimum a rich structure of extrema that can
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affect the interpretation and viability of this minimum and thus possibly lead to additional
constraints on these parameters. A complete study of such extrema can be very involved
since the potential depends on ten independent real fields. Here we only provide a partial
qualitative discussion.

Upon use of Egs.(2.7, 2.8, 2.9) in Eq.(2.4) one readily finds that the value of the
potential at the electroweak minimum, (V)gwsg, is given by:

1
(V)ewsp = —E(Mﬁ + 4N + A3)vf + 4vZu (M + Aa)or — V2u) (3.67)

Since the potential vanishes at the gauge invariant origin of the field space, Vy—oa—o =
0, then spontaneous electroweak symmetry breaking would be energetically disfavored if
(V)gwsg > 0. One can thus require as a first approximation the naive bound on p

V2 "

'u<,umaxf4\/— o +()\1+A4)\/§
to ensure Vegwsp < 0. As can be seen from Eq.(3.64) one has either fimax < fig O fimax > it
depending on the sign of A\; + A\4. But for all practical purposes pimax =~ p+ in the regime
vt /vg < 1, so that the proviso stated above concerning the relevance of the tachyonless
conditions is weakened for the upper bound g, which can be replaced by fimax. There is,
however, yet another critical value of ;. As mentioned at the end of section 2.1, M3 and
—m?; can be both positive for sufficiently large values of y thus making the gauge invariant

point H = 0, A = 0 a local minimum. This happens when y > py where

+ O}) (3.68)

+ M+ M)—= (3.69)

mg = 1 \/— 9 \/§

If Ay + Ay > 0then gy < pimax < p+- To delineate some consistency constraints in this case,
it would be necessary to look more closely at the decay rate from a metastable gauge invari-
ant vacuum to the EWSB vacuum, if ug < g < pimax, and vice-versa, from a metastable
EWSB vacuum to the gauge invariant vacuum when pp. < gt < py. Fortunately, however,
these configurations altogether are already excluded if we take into account the experimen-
tal mass limits on the Standard Model Higgs. Indeed, as will be shown in sections 7 and
8, the lightest CPeye, Higgs state h® becomes purely standard model-like for such large
values of p, irrespective of the values of the couplings A, A;, while m o becomes very small
for these values (e.g. myo = v/3(A\1 + Ay)v; for i = py) and thus experimentally excluded.
Nonetheless, the structure of the potential Eq.(2.4) is sufficiently rich to provide danger-
ous extrema configurations which are not excluded by the above mentioned experimental
limits. We exhibit here, without much details, one example among a manifold of pOSSlblh-
ties. There is an cxtrcmum in the ficld space direction defined by Re ¢ = Re ¢t = \/i and

Red? = —Redtt = \[, and all other fields put to zero.
This requires

«c
A4bt

= - 3.70
H NG (3.70)
1
miy = 5 (wg” + (2 = Aa)vf?) (3.71)
M3 = —Mvg? = (20 + Ag)vy? (3.72)

4We should, however, keep in mind the possibility that a long-lived metastable vacuum could still be
physically acceptable, even when (V)gwsp > 0, thus altering our constraints; these issues are not addressed
further in the present paper.
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Note that this direction, and thus the corresponding extremum, breaks spontaneously
charge conservation. We will refer to this extremum as charge breaking (CB). Furthermore,
in contrast with the EWSB point, Eqs.(2.8, 2.9), here p is not a free parameter. We
can then seck for a region in parameter space where this CB extremum coexists with an
EWSB minimum, and check what happens at the gauge invariant extremum point as well.
Requiring Egs.(2.8, 2.9, 3.70 - 3.72) to be simultaneously satisfied leads to correlations
among vq, v, vy, v;. These lead in turn to constraints on the A, \; parameter space in
order for all these vev’s to be real valued (modulo gauge transformations), together with
the immediate constraint \,v¢ < 0 originating from Eq.(3.70) and x4 > 0.5 The ensuing
correlations allow to write m,, (V)gwsg and (V)cp (the value of the potential at the CB
extremum) in the following form:

M2 = (A2 + Ag) + 202 + A1 (A — 2A1)>U;ﬁ +OW?)
4

= 2m7 + O(v}) (3.73)
<V>EWSB = —(>\(2)\2 -+ /\3) —+ 2)\2 + )\1 (/\4 — 2)\1)) X
UQ,UCQ
(A(2A2 + A3) + A (=2A1 + A1) 43 ;Z +O®P) (3.74)
,Uc4
(VYep = (402 —2X(2Xg + )\3) — Ai)i—/\ + O}) (3.75)

Various interesting conclusions can be drawn from the above equations. As can be seen from
Eq.(3.73), a physical h°, i.e. m3, > 0, implies a positive m% and thus an unstable gauge
invariant point at the origin of the fields (H = 0, A = 0). Furthermore, in the consistent
(A, ;) domain (given in footnote 2) m3, is indeed positive and, furthermore, one finds
from Eq.(3.74) that (V)gwss < 0. The EWSB vacuum is thus energetically favored over
the gauge symmetry preserving one which lies at V' = 0. It then remains to compare the
EWSB point with the CB point. Close inspection of Eq.(3.75) shows that (V)cg > 0 in
all the (A, \;) domain given in footnote 2, if and only if A\y < 0, in which case the EWSB
is energetically favored over the CB. However, if Ay > 0 (and thus vf < 0), there are
regions in the (A, );) consistent domain where (V)cp < 0, provided that 4\3 < A(2X5+ A3).
Moreover, the potential at this CB point becomes much deeper than at the EWSB point
since we are in the regime v; < |vf|. This is a dangerous configuration since it makes
the EWSB vacuum potentially very short-lived due to tunneling effects [24, 25]. We stress
here that this EWSB point is a true local minimum in this configuration, i.e. there are
no tachyonic Higgs states which could have signaled its non-relevance beforehand. [This
is easily seen from the fact that h° is non-tachyonic and is the lightest Higgs state when
o~ |vg| > vy see also section 7.] Even more so, the potential is bounded from below, as
can be shown by comparing the corresponding (A, A1) domain with the boundedness from
below constraints that we will derive in the following section. We have thus exhibited an
example of a configuration where p can be very large, consistent with the experimental
h® mass limit, and a fortiori with all the non-tachyon constraints, corresponding locally to
an acceptable EWSB vacuum, but still non-viable due to the existence of lower (charge
breaking) points akin to what happens in two-Higgs-doublet models (see for instance [26]).

We end this section with a general comment concerning the neutrino mass see-saw
mechanism. The common lore is to assume a GUT origin for p and Ma, and taking

®Working in the regime v; < vy, [v¢],|v5| and keeping only terms O(v;), the constraint in the (X, );)
space satisfying all these requirements is found to be A\; < }1()\4— V8A(2X2 + A3) + 17A2). Note that A > 0
and 2Ag + A3 > 0 for a bounded from below potential (sce section 4).
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o~ Mpa ~ O(Mgur) leads through Eq.(2.8) naturally to a tiny v,. However, as noted
in the introduction we do not commit in the present study to specific high energy physics
scenarios, so that Ma and/or pu could be smaller than a hypothetical GUT scale. It is
then interesting to note that even in this case a kind of see-saw is actually still at work
model-independently due to the dynamics of the potential. This is simply due to the form
of the p upper bound gy, Eq.(3.64): the larger is u the smaller should be v, in order to
avoid a tachyonic h°. For instance, taking A ~ 0.5 and pu, ~ 2 x 1012GeV leads to v, ~ 1eV
and Ma ~ 103GeV.

4 Boundedness of the potential

A necessary condition for the stability of the vacuum comes from requiring that the poten-
tial given in Eq. (2.4) be bounded from below when the scalar fields become large in any
direction of the field space. The constraints ensuring boundedness from below (BFB) of
the DTHM potential have been studied in the literature so far only partially (see e.g. [18]),
and at the tree-level. It would thus be somewhat premature to invoke possible quantum
modifications of these constraints before fully settling first the tree-level issue. This section
is devoted to this issue and aims at deriving, at the tree-level, the complete necessary and
sufficient BFB conditions valid for all directions in field space.’

Obviously, at large field values the potential Eq. (2.4) is generically dominated by the
part containing the terms that are quartic in the fields,

VW(H A) = 2(HTH)2 + MHTH)Tr(ATA) + Mo (TrATA)? + X\ Tr(ATA)? + M HTAATH

(4.1)
The study of VW(H, A) will thus be sufficient to obtain the main constraints. To obtain
BFB conditions it is common in the literature to pick up specific field directions or to put
some of the couplings to zero. Consider for instance the two following cases:

1. in the absence of any coupling between doublet and triplet Higgs bosons, i.e. A\ =
Ay = 0, it is obvious that

A>0 & A>0 & A3>0 (4.2)

will ensure that the potential is bounded from below.

2. if one picks up the field space directions where only the electrically neutral compo-
nents are non vanishing, one finds

A .
Vol = ZI0°1" 4 Q- 20) 07+ ( + A0 0°)? (4:3)

In order for the potential to be bounded from below in this sub-space, ‘/0(4) should be
positive for any values of |¢°] and |0°| including when one or the other is vanishing.
The latter cases imply the necessary conditions A > 0 and Ay + A3 > 0. It is then
possible to rewrite Eq.(4.3) in the form

6We will thus not address in this paper the possibility that loop corrections could lift the potential in
some otherwise unbounded from below directions, nor the issues related to metastability of the vacuum
which could relax some of the constraints. See also section 3.3.
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2

Since the first term is non-negative and vanishes in the direction
16°2/|6°) = 24/(Xa + A3)/A, then the necessary and sufficient conditions for the
BFB of the potential in this direction are

A>0
)\2+)\3>0 (45)

)\1+)\4+\/>\()\2+>\3) >0

As it will become clear later on in this section, the conditions in case 1 are sufficient but
not necessary, even for this special case. Furthermore, while the conditions in case 2 are
necessary and sufficient for the corresponding direction, they obviously remain necessary
for the general potential but it is a priori not clear whether they can be sufficient. By
looking at other special directions in 2-field and 3-field directions we will show that they
are generally not sufficient. Before doing so, let us first point out a more convenient method
to obtain positivity constraints like Eq.(4.5) directly from Eq.(4.3) rather than writing it
first in the form of Eq.(4.4). The potential Eq.(4.3) can be cast in the form

V(x) =a+bx*+cx? (4.6)

by the change of variable y = |¢°|/|6°|. Since x is by definition real valued and the moduli
|#°| and |6°| can have any value, then the problem of finding the necessary and sufficient
BEFB conditions for Eq.(4.3) is equivalent to finding the conditions on a,b,c such that
V(x) > 0 for any x € [0,00[. Since V(x) has no linear or cubic terms in x it is easy to
find these conditions by studying V() as a bi-quadratic function:

a>0
c>0 (4.7)
b+ 2v/ac > 0

Applied to Eq.(4.3) these conditions reproduce immediately Eq. (4.5). We can now easily

study other field directions. For instance, the direction where only 6™+ and ¢° are non
vanishing yields

A
V= (o 4+ Ag) [0 4+ A |6 |07 + 7 [ (4.8)
for which the BFB constraints are readily obtained from Eq.(4.7) as

)\>0&)\2+>\3>0&)\1+\/>\()\2+A3)>0. (49)

Similarly, if we consider the field direction with non-vanishing 6% and ¢*, then

A A A
V= Ot 2161+ O+ S 16 Lot + 716 (410)

and the corresponding BFB conditions read
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/\>0&/\2+%>0&/\1+%+\/>\(>\2+§)>0. (4.11)

It is then obvious that these two sets of conditions are neither equivalent nor contained
in the conditions of Eq.(4.5). This shows that the BFB conditions derived only from the
neutral direction Eq.(4.3) are neither necessary nor sufficient to ensure boundedness from
below of the full potential Eq.(2.4). In Appendix B we have listed the potentials for all the
field directions with only two non-vanishing fields together with the corresponding BFB
conditions. Adding these conditions we come closer to the real sufficient and necessary
conditions. But one can get more conditions by going now to field directions where 3 fields
are non-vanishing. We give the exhaustive list of all these 3-field directions potentials in
Appendix B. In these more complicated configurations, an iteration of the method described
above allowed to treat all of them, although the results become somewhat complicated and
not so telling. For instance the 3-field direction with non-vanishing ¢°, ¢, T, see Eq.(B.24)
yields some of the simplest BFB conditions

)\>0/\2)\2+)\3>O/\\/)\(4)\2+2>\3)+2)\1+)\4>0/\
(m(zxz FAg) > (20 + A2V 2+ Ay > o) (4.12)

where A,V stand respectively for the logical AND, OR. These conditions are obtained by
first defining the reduced variables x1 = [¢*|/|¢°], x2 = |67]/]¢"|, and then using iteratively
the constraints Eqs. (4.7). By the same method we could obtain even more complicated
BFB conditions given in Egs. (B.26 - B.35). Analyzing them numerically we confirm
that Eqgs. (4.5) are far from being the full story. However, and despite their apparently
complicated structure the intersection of the regions they delineate in the space of the
A’s has a form similar to equations (4.5) and (B.14). Moreover, the true BFB conditions
will be obtained only if all field directions are taken into account, up to some arbitrary
SU(2)xU(1) gauge transformations, but in this case the method used so far is not tractable
anymore.

To proceed to the most general case, we adopt a different parameterization of the fields
that will turn out to be particularly convenient to entirely solve the problem. Without loss
of generality we can define:

r=/HtH + TrAtA (4.13)

H'H = r?cos®y (4.14)

Tr(ATA) = r?sin?y (4.15)
Tr(ATA)?/(TrATA)? = ¢ (4.16)
(HTAATH)/(HTHTrATA) = ¢ (4.17)

(where we adopted here a parameterization similar to the one used in [27] to study two-
Higgs-doublet models, although for the latter models the problem is not fully solved by
such a parameterization). Obviously, when H and A scan all the field space, the radius r
scans the domain [0, oo and the angle v € [0, 7]. Moreover, one can show that

1
0§§§1and§§g§1 (4.18)
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With this parameterization it is straightforward to cast V®(H, A) in the following simple
form,

4

V(4) (7’7 tan -y, 5, C) = m(A + 4()\1 + 5/\4) tan2 v+ 4()\2 + CAd) tan4 7) (419)

Due to the bi-quadratic dependence in tan-<y, one can indeed consider only the range
0 < tanvy < 400 in accordance with the above stated range for v. We have thus written
V® in the form of Eq. (4.6). Boundedness from below is then equivalent to requiring
V@ > 0 for all tan~y € [0,00[ and all &, ( satisfying Eq.(4.18). Now applying directly the
conditions Eq.(4.7) one obtains

A>0 & Ao+ s >0 & M+ + VA +Chg) >0 V(e [%, 1,€[0,1]  (4.20)

Due to the monotonic dependence in ¢ and &, it is easy to show that these conditions
can be rewritten as,

)\>0&)\2+)\3>0&,)\2+%>0 (421)

& )\1+\/)\()\2+)\3)>0 & )\1+ \/)\(/\2+%)>0 (422)
)

& M+ M+1vVA o+ A3) >0 & A1+)\4+\/>\(/\2+73)>0 (4.23)

We stress here that the above conditions ensure BFB for all possible directions in
field space and thus provide the most general all directions necessary and sufficient BFB
conditions that solve completely the issue at the tree-level. Note that all the 2-field direc-
tions conditions given in Eqgs.(B.11 - B.15 ) are special cases of the above conditions. We
also checked numerically that this is the case for all the ten 3-field directions conditions
Egs. (B.26 - B.35).

5 Unitarity constraints

Constraints on the scalar potential parameters can be obtained by demanding that tree-
level unitarity be preserved in a variety of scattering processes: scalar-scalar scattering,
gauge boson-gauge boson scattering and scalar-gauge boson scattering as was initially done
for the SM [28, 29, 30]. The generalizations of such constraints to various extended Higgs
sector scenarios have been studied in the literature, see for instance [31, 32, 33, 34]. Here
we treat such constraints in the DTHM at the tree-level, limiting ourselves to 2-body scalar
scattering processes dominated by quartic interactions. This is justified by the fact that
we are interested in the leading unitarity constraints, that is in the limit where /s is much
larger than any other mass scale involved. In particular this means that we disregard
here unitarity constraints that would involve the p parameter when the latter is very
large. Indeed, this paramecter contributes to the scalar scattering processes through the
cubic interactions entering the Feynman diagrams with scalar exchange in the s,¢ and u
channels. Furthermore, the ratio p/v; controls the size of the exchanged scalar masses so

18



that some of the aforementioned diagrams can be important in the vicinity of the resonance
pole in the limit of large v/s ~ pvg/v;.

In order to derive the unitarity constraints on the scalar masses we adopt the basis
of unrotated states, corresponding to the fields before electroweak symmetry breaking.
The quartic scalar vertices have in this case a much simpler form than the complicated
functions of )\;, a and 3 obtained in the physical basis (H**, H* G*, h°, H°, A° and
G°) of mass eigenstate fields. The S-matrix for the physical fields is related by a unitary
transformation to the S-matrix for the unrotated fields. Close inspection shows that the
full set of 2-body scalar scattering processes leads to a 35 x 35 S-matrix which can be
decomposed into 7 block submatrices corresponding to mutually unmixed sets of channels
with definite charge and CP states. One has the following submatrix dimensions, structured
in terms of net electric charge in the initial/final states: S™M(6 x 6), S®(7 x 7) and
S®)(2x 2), corresponding to 0-charge channels, S® (10 x 10) corresponding to the 1-charge
channels, S® (7 x 7) corresponding to the 2-charge channels, S (2 x 2) corresponding to
the 3-charge channels and S((1 x 1) corresponding to the unique 4-charge channel. The
corresponding T-matrix submatrices 7'M, ..., T(M —with a momentum conservation factor
(27)*8*(>- momenta) properly factored out— are then easily extracted using the pure scalar
quartic interactions expressed in terms of the non-physical fields ¢, %, §**, h, £°, and
Z;(i=1,2) as listed in Appendix C.

One can then in principle extract the unitarity constraints on each component of the
T-matrix through the unitarity equation which we write here in a shorthand form as

—i(T - 1T N/“TTT” (5.1)

where [ denotes symbolically the phase space integral over each intermediate state channel
(see for instance [35]). However, it proves more efficient to define a modified matrix in
such a way that its diagonalized form still satisfies Eq. (5.1). The usual unitarity bound
on partial-wave amplitudes that is valid for elastic scattering would then apply readily
to all the eigenvalues, thus encoding indirectly the bounds on all the components of the
T-matrix.” The proper redefinition is a T-matrix having the same entries as T but with
an extra 1/y/2 factor for each initial or final state channel having two identical particles.
T now satisfies Eq. (5.1) with the same phase space for all channels and a true matrix
multiplication of 7" by TT. Its diagonalized form will thus satisfy the same equation.
Defining M,, = iTM, withn =1,---,7, we give hereafter the resulting submatrices whose
entries correspond to the quartic couplings that mediate the 2 — 2 scalar processes. These
submatrices are hermitian, thus the sought for eigenvalues will all be real-valued.

The first submatrix M corresponds to scattering whose initial and final states are one
of the following: (¢*0~,07¢~, hZs, 271, Z1 75, h€®). With the help of Appendix C one
finds,

"This, however, cannot be achieved in general by simply diagonalizing T, since on the right-hand side
of Eq. (5.1) the phase space factor is not the same for all the 2-particle channels, even in the high energy
massless limit we are considering. It picks up a factor 1/2 only for internal states with identical particles
so0 as to avoid double counting. The right-hand side of Eq. (5.1) is thus not a proper matrix multiplication
of T by T7, a fact emphasized by the quotation marks in the equation.
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1A4 1A4
- — 0 A\ 0 0
2\/5 2\/5 14
ﬂ ﬂ 0 0 AE 0
2\/5 2\/5 14
IS 0 0 A
2\/5 2\/5 14
where A& = \; = \;. We find that M; has the following 3 double eigenvalues:
1] J g g
e1 =M +M\ (53)
€y — /\1 (54)
1

The sccond submatrix My corresponds to scattering with one of the following initial

and final states: (¢T¢, 670~, 67T67—,
identical particle statistics. Again, with

given by:

~>\ ) A,
)y -
% 25 2A\)
Mo 205 4,
A 5\14 Al
M, = | 2 2L
2 2v2 V2
A1
7 \/Ni/\% V2
A du M
2v2 22 V2
A1
2= VMR V2
\/§ 23 2

72171 ZaZa hh
V2
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7\/57\/57

A A
2v2 V2
)\14
—— 2\
2/\\/5 \/_ 23
1

— V2A
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3.\,
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)\+
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f Appendix C, one finds that M, is

>
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>
N
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w >
g olEe > Hlrg

>
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214
2

Ay
2
A
Ma
2
305

(5.6)

where 5\14 = 2)\; + A4 and 5\23 = 2\ + A3. Despite its apparently complicated structure,
one can easily determine the seven eigenvalues of M, as follows:
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= (5.7)
e (5.8)
f3=2(A2 + A3) (5.9)
ai:;l[)\+4)\2+8)\3j:\/()\—4)\2—8)\3)2+16)\§] (5.10)

1
be = ZBAH 160 + 1205 % /(BA — 164, — 125)7 +- 2420 + M) ] (5.11)

The third submatrix Mj corresponds to the basis (hZ,£%Z,) and is given by:

A
M3:<§ 0 ) (5.12)

02X\

with eigenvalues k; = f; and ko = f5.

The 1-charge channels occur for two-by-two body scattering between the 10 charged
states (ho™, 29T, Z1¢T, Zypt, hoT, %91, Z16T, Zy6T, 676, 6T T¢T). The 10x10
submatrix M, obtained from the above scattering processes is given by:

A M\ N =N\
Z~ 0 o0 o o L o 22 M4 9
2 \ 2v/2 \ 2v2 2
(Z4Y
) o o 2 o 22 9 0 0
! 2V2 2v2
2 \ 2v/2 \ 2v2 2
—1UA4 4
0 0 0 ) o 22 o 0 0
WG 2v/2
0 Mg Mg 0 0 0 0 M
M ECRSW M
Mi=| | 22 \ 2v/2 2 2 (5.13)
4 —1A4
== 0 —= 0 0 225 0 0 —V2\ 0
2v2 2 2v2 A ; 1 3 A
—1IA4 4 ¥ —lAq
0 0o 2L o 0 —-Ayu O 0
N 22 \ 22 27 2
TA4 4 .
0 0 0 0 0 2\L —iv2\3 O
2\@ 2v/2 b2
— 0 %‘* 0 0 —V2\ 0 W32\ 205 0
Y 2
00 0 0 2 0 274 0 0 A

As one can see, this matrix contains many vanishing elements, and the 10 eigenvalues are
straightforward to obtain analytically. They read as follows:
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A
dr =\ -5

d:l::a'i

dl = €1 (514)
dy = ey (twice) (5.15)
ds = e3 (5.16)
di = i (5.17)
ds = f> (5.18)
dg = f3 (5.19)

(5.20)

(5.21)

The fifth submatrix M corresponds to scattering with initial and final states being one
of the following 7 sates: (¢+¢+,%,5+¢+,5++50, 0Tt Zy, 6771, 6T Th). Tt reads,

V2

% 0O 0 0 0 0 0

0 Xz 0 —Az—idg 0 0

o0 2 o o —iA — A
2 2 2

Ms=10-X 0 2, 0 0 0 (5.22)

023 0 0 2\ O 0
A

0 0 % 0 0 N 0

00 =0 0 0 A
5 1

and possesses the following 7 distinct eigenvalues:

C1 = €1 (523)
Co = €9 (524)
C3 = f1 (525)
Cy = f2 (526)
Cy — f3 (527)
Cg — d7 (528)
Cr = 2)\2 - )\5 (529)

There arc also triply-charged states. The submatrix Mg corresponding to this case generates
the scattering with initial and final states being one of the following (07T ¢™,§7T57), and
is given by :

_ (M 0
Mﬁ_( 0 2A;3) (5.30)

with cigenvalues ky = ey and ky = f3. Finally, it is casy to check that there is just one
quadruply-charged state \%5**5”““ leading to

Mz = f3 (5.31)
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with f3 as eigenvalue.
From the usual expansion in terms of partial-wave amplitudes ay, we write, following
our notations,
MED = iTyp = 16im Y (27 +1) a§ (s) Py (cos 0) (5.32)

J>0

where M*/) denotes the entries of the M matrix, the subscripts k and f run over all possi-
ble initial and final states of the above 35-state basis, 6 denotes the scattering angle of the
corresponding processes and the P;’s are the Legendre polynomials. Since we considered
only the leading high energy (massless limit) contributions that are s and € independent,
all the partial waves with J # 0 vanish and one is left with

(kf) _ _L (kf) 5.33
o 167TM (5.33)

for each channel. The S-matrix unitarity constraint for elastic scattering |agkk)| <1 (or al-
ternatively |Re(aékk))| < 1 [36, 37]) applies to the diagonal entries of M. It encodes as well
the constraints for non-elastic scattering, provided that it is applied to the eigenchannels of
the 35-state basis as noted previously. Thus, this constraint translates through Eq. (5.33)
directly to all the eigenvalues we determined above. We defer to the next section, Egs. (6.4
- 6.13) the list of all the resulting constraints.

6 Combined unitarity and potential stability constraints

Let us first recall all the constraints obtained in sections 4 and 5.

BFB:
A3
A20 & datda >0 & Ayt 520 (6.1)
/ A
& MA+AVAA+A3) >0 & A+ 14/ A+ 33) >0 (6.2)
A
& M+ M+vVA Do+ A3) >0 & A1+)\4+\/>\(>\2+§)20 (6.3)
unitarity:
A 4 M| < ki (6.4)
IAi| < ke (6.5)
12A1 + 3\ < 2k7 (6.6)
Al < 2k7 (6.7)
Aol < 57 (6.8)
Do+ Xg| < o7 (6.9)

A 40 83 /(A — dAy — 8Xa)? + 160 | < drm

130+ 1600 + 12X £ /(3X — 16 — 1203)2 + 24(20; + \)? | < dwrr
|2/\1 — )\4‘ S 2Km

|2>\2 - )\3| S R

6.11
6.12
6.13

~~ I/~ I~
~— — ~—  ~—
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where we introduced the parameter x that takes the values kK = 16 or 8, depending on
whether we choose |ag] < 1 or [Re(ag)| < 3 as pointed out at the end of section 5.
Working out analytically these two sets of BEFB and unitarity constraints, one can reduce
them to a more compact system where the allowed ranges for the \’s are casily identified.
One can obtain a necessary domain for A, A, A3 that does not depend on A; and A4, by
considering simultancously Eqs.(6.7 - 6.13) together with Eq. (6.1). It then turns out that
Eqgs.(6.8, 6.9) as well as the lower part of Eq.(6.13) are weaker than the actually allowed
domains for A\, A3, and similarly Eq.(6.7) is weaker than the constraint on A coming from
Eq.(6.11). We find,

0<A< %mr (6.14)
)\2+/\320&)\2+%20 (6.15)
Ao+ 20y < gw (6.16)
Ay +3)3 < gw (6.17)
20y — A3 < KT (6.18)

We stress here that the above constraints define the largest possible domain for A, Ay, A3 for
any set of allowed values of Aj, A4, although Eqs.(6.10, 6.11) have been used to determine
this domain. It is noteworthy that the upper bound on A\ Eq.(6.14) is reduced by a factor
3 with respect to the naive expectation Eq. (6.7). Studying further Eqs.(6.10, 6.11), one
can rewrite them in the following simple form where the dependence on A;, Ay has been
explicitly separated from that on A, \g, As:

| < min \/(/\ +2km)(\g + 20y £ gn) (6.19)

|2)\1 + )\4| S \/2()\ — gﬁﬂ)(4)\2 + 3)\3 - gﬂ') (620)

where Eqgs.(6.14, 6.18) have been used in deriving Eq.(6.20)%. Various comments are in
order here. First, to obtain the full domain for A;, A4, one has to add to Eqgs.(6.19, 6.20)
equations (6.4 - 6.6, 6.12) as well as Egs.(6.2, 6.3). Thus for each set of values of A, Ay, A3,
the allowed domain for A;, A4 is easily determined as the overlap of a set of linear bands,
as illustrated in Fig. 1.

As stated earlier, Egs. (6.15 - 6.18) define the largest possible domain for Ay, A3 allowed
by the combined unitarity and BFB constraints. The reason is seen from Egs. (6.19, 6.20)
that are the only extra constraints on As, A3 depending on the actual values of A, Aq, 4.
As one can easily check, these constraints become trivially satisfied when A\; = Ay = 0 and
thus correspond to the case of largest Ay, A3 domain. For each set of non vanishing values
for A\, Ay the domain of Ay, A3 given by Egs. (6.15 - 6.18) will be further reduced according
to Eqs. (6.19, 6.20). We illustrate the largest (A2, A3) domain in Fig. 2.

8 In writing Eq. (6.20) we relied on the fact that the minimum of \/2(/\:|: 2km) (402 + 33Xz £ &)

is given by \/2()\ — 2km)(4X2 +3X3 — §7) in all the domain allowed by A, A2,As. In contrast,
min /(X £ 2k7) (A2 + 2A3 £ 57) appearing in Eq. (6.19) cannot be written in a closed form in this domain.

24



A4 in units of k
[e=]
\
!

2+ |

4L |

A; in units of

Figure 1: An illustration of a section of the (A, A\s) domain (blue) in units of x as
determined by Egs. (6.4 - 6.6, 6.12, 6.19, 6.20), where we fixed A = Ay = A\3 = 0. Adding
the BFB constraints Eqgs.(6.2, 6.3) one obtains the reduced domain shown (light purple).

To summarize, the boundaries of the combined unitarity and general BFB domains for
the five couplings are now given by the reduced set of equations (6.2 - 6.6, 6.14- 6.20)
which moreover have an analytically simpler form. In particular, one readily finds from
Eq. (6.20) that saturating the unitarity bound on A, ie. A = %mr, reduces the two-
dimensional (A1, \;) domain to the one-dimensional (straight line) Ay = —2\;. This, as
well as other features, will be useful in determining lower and upper bounds on the Higgs

masses in the next section.

7 Higgs mass theoretical bounds

In this section we rely on the results of the previous sections to study the theoretically
allowed ranges of the Higgs masses when varying the \/s and the p parameter in their
allowed domains. Rather than assuming that p is very large, i.e. of the order of the GUT
scale together with pu ~ Mx, we will study all the phenomenologically allowed range. We
stress here that even very small values of p are consistent with a tiny value of v; necessary
for realistic neutrino masses (and O(1) Yukawa couplings) provided that we take into
account consistently Eq. (2.8).

Let us first describe qualitatively the generic behavior of the masses when p is varied.
We will show that, as a function of y, the h° mass features a maximum mj™ for a specific
value p4 = .. This maximum will translate into an upper bound on mjo when the unitarity
bound on ) is saturated. Similarly, the HY mass reaches a minimum m'5g* at a nearby value
which we momentarily denote also u = p. for the sake of the qualitative discussion. In
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Figure 2: We illustrate here the largest Ay — A3 domain allowed by the combined unitarity
and BFB constraints in units of x. This domain corresponds to Eqs. (6.15 - 6.18) and is
attained for A\; = Ay = 0 in which case Eqs. (6.19, 6.20) are trivially satisfied. As can be
seen from Eqgs. (6.19, 6.20), a smaller domain obtains as soon as A; and/or A4 are non-zero,
irrespecive of the value of \ satisfying Eq. (6.14).

the range p < ., HY is the heaviest among all the Higgses, decreasing very slowly with
increasing p towards its minimum value m %, while myo increases very quickly with p to
mys™. The other Higgs masses can have various hierarchies and in particular the unusual
one where the mpy++ is the lightest state, mpy++ < mpy+ < ma >~ mpo. In contrast, in the
range fie < [ < flmax, Mpo NOW increases quickly with g while myo decreases very slowly
from its maximal value. This sharply different behavior of myo and mpyo below and above
ie can be traced back to the smallness of v;. We illustrate numerically such a behavior in
Fig. 3 where the scemingly constant mj, for p > g and constant m,, for p < fi. is an
artifact of the very small ratio v;/vq. In fact, m3, is decreasing very slowly to the right
of p. and reaches zero when p = py, cf. section 3.2 and Appendix A, while m7,, starts
off at y = pmin decreasing very slowly until its minimum value at p = ., then increases
very slowly between g, and approximately u = i ~ Av;/v/2, and increases very quickly
afterwards. ?

More quantitatively, we find that there are two different values of p., that we dub

,u((;I), ug) that are uniquely determined in terms of vy, v; and the X’s. When one of these
a min

two critical values corresponds to m;g™* the other will correspond to mj', and vice versa,
depending on the sign of the following quantity:

9 The precise value is fi = vi(Av3 +4(4X; — Ay — A3 + 4\g)v?)/V/2(v2 + 1602). In fact fi is the common
value of p at which the slopes of the variations of m?, and m?%, as functions of p experience a sudden
change.
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V= (A + A+ )03 +4 (o + X3)0? (7.1)

Moreover, it turns out that at these extrema one of the two h° or H° states will correspond
to a purely SM-like Higgs state, and this too is controlled by the sign of V\. One can
summarize the behavior analytically as follows:

i) Yy > 0:

In this case myo reaches a maximum given by

max Av3
when p takes the value
(D = (N, & \,) L 7.3
p=pe’ =M+ M) 7 (7.3)
and m?, reaches a minimum given by
min 1
M (1) = Mig) = W<)\ vg + 1607 (A + Mg +4(Aa + A3) v7)
A
= ;’ 4 Ow?) (7.4)
when p takes the value
@ = i 2X— A — M) v2+8(2A1 420 — Ag — As)vd).
p=h = et (A= A S M 8 @A+ 2 = = A
(7.5)
Expanding the Higgs masses squared around ,ugl) one finds
max 402
mho mio 1 — Vj52 +O(5M1> (76)
A2, = (—/\+)\1+)\4)U—§+2(/\2+>\3)v?+v—§o‘ 1+ O(82) (7.7)
H 2 £ o, pl

(vi + 4v7)
\/_’Ut

,2 2 2
),UQd (2)\1+)\4) (Ud+ Ut)

AZo = (“A+ A\ + >\4) iy A+ M) o? + s 1 0@2) (7.8)

A

A, =(-A+M+= 1"‘0(531) (7.9)

2 2 \/_Ut
2 2
A2 = (=A+\) 2f’ Agv? + %% +0(82) (7.10)
Ut

max . . . max
where A2 = m2%2 — m?, denotes the various squared mass splittings from m?2,
X X R R

and 0,1 :,u—ug).
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ii) V) < 0:
In this case the reversed configuration occurs. mypo reaches a maximum, given by

Mk (3 = Mia (7.11)

at p = ,u( ), while mpyo reaches a minimum given by

at p = ugl), where m%l), mé), ugl), uﬁg) are as defined in Egs.(7.2 - 7.5),

Again, expanding around /1,9) we find
2 m2 max 47)(21 2 3
Mpo = Mpo (2) + V)\ 6#«2 + O(5u2) (713)

and the squared mass splittings

U2 U2
Afpo = (=21 = M) 2 =20+ Ag) v} + devdw +O(2)  (1.14)
t

2 2

v
A1240:(U2+—(i6v2)((>\ )\1 )\4) (2()\—)\2—)\3)—)\1—)\4)?}?)

d t

v5 +4v
L5+ 05 (7.15)
v3 3., v 11

AL = @2+—fi6@(@— A1 — §>\4) 5 + (22X =N —4Xg — 43 — 7A4)vt)

d

N (V3 + 20v7)
\/5%
2
(A=A —2)y) —d — (422 +5 X3 +8)y) v}

8z + O(8, p2> U v /v3) (7.16)
2

A2, — Y

HE2 7 (02 416 02)

Ud

b+ O ot e (7.17)

where 0,0 = 1 — ,u((f).

Noting that ut" — 42, My — mgy and V) have the same sign, and defining

min

He = min{ugl), /’L£2)} (718)
p = max{p®V, 12} (7.19)

one can recast the results of Eqs.(7.2, 7.4, 7.11, 7.12) in a more compact form as
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M = m (= ™) = min{m?yy, m%} (7.20)
mzomin _ m?{g (,u — ,uznin) — maX{m%l), mé)} (721)

with an implicit reference to the two regimes i) and ii) if one keeps in mind that m%i) is
reached for p = ugi).

The mixing pattern: for p = ugl), h° and H° become pure doublet or triplet states, since
in this case B = 0 as can be seen from Eq.(2.22). However, a close inspection of Eq.(2.40)
shows that in the regime i) (resp. ii)) one has s, = 0 (resp. s, = 1) for this value of u.
Thus, at p = ugl), h® becomes a pure SM-like Higgs in regime i), but it is H that becomes
a pure SM-like Higgs in regime ii). The fact that the SM-like state is not always associated
with the lightest CPeyen state is important when discussing the Higgs phenomenology and
interpretation of the experimental limits and is consistent with the fact that m%l) is indeed
the SM Higgs squared mass, Eq.(7.2). In fact, due to the smallness of v;/v; the behavior
of the mixing angle o over the full range of the y parameter follows closely the generic
pattern discussed above: in both regimes i) and ii) one has essentially s, ~ £1 or s, ~ 0
over most of the y range, except for a very narrow region in the vicinity of i defined in
footnote 9 and satisfying

p= 5+ p?) (7.22)

where |s,| changes quickly from ~ 0 to ~ 1. The generic dominance of no-mixing
regimes can be understood from the asymptotic behavior at small and large p values,
Le. [sinay, o =1— 2”@{%)2(03/113) + O(v}) and sin oy, = 2(vi/v4) + O(v7), together
with the fact that ds,/dp = O(v}). We illustrated this behavior in Fig. 5 adopting the
sign convention €, = +1. As seen in Fig. 5.b, s, remains positive in all the p range since
B < 0 (cf. Eq.(2.22, 2.40)). And in accordance with the asymptotic behavior, s, tends to
O(1072) at large u(> 1) where h° is nearly SM-like, and to O(1) at small u(< fi) where
HY is nearly SM-like. [Note that in this numerical example ,ugl) becomes negative and is
never reached]. In contrast, for the regime illustrated in Fig. 5.a, s, remains negative for
w< ugl), crosses zero at ugl) and again tends to a positive value O(1072) for p > ,/S).

The exact magnitude of |s,| at the three critical values of p can be summarized as
follows:
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[sa(p = pt)] = 0 : 1
1/2 1/2
| ( _)| 1 21}1; / 1 + 2Ut /
SO( prnd = —_—— —_ —_—
r=n 2 v7 + 1607 2 \/ui+1607
1 v v 1 v ) (7'23)
N S CYi ARE S; L o1
V2 Vg <U§) V2 Va ( 3)
(2) Vd 41),5
SOL ey c = P — s _—
salpe = 1) v + 1607 v3 + 1607
v? v3 v vl
= 1-8L+0(%) 4=+ O(-L)
U3 vy Vg vy

Large mixing scenarios have been discussed previously in [18, 38] while here we quantify
more precisely the regions where such a large mixing takes place.

For later analyses it is useful to characterize the y range in the large |s,| regime. One sees
from the above equations that the size of this range is O(v;). As a first approximation one
can characterize it by the interval 0 < p < g™, with g™ given by Eq. (7.18). However,
depending on the values of A\ and \; + A4, |s,| can still be very close to 1 in the range
Pt <y < [, especially that g™ is not positive definite [it becomes negative when
A1+ A < 0or 2) — (A + \y) < 0]. Tt is more sensible to base this characterization on the

amount of deviation from the value |s,| = 1. Defining £ in the vicinity of i in the form
2 3

it = i — Oxvy, with § strictly > 0, one finds |s,(f1)] =1 — k’(é)v—g + O(U—g) For each given
Yq Yd
positive value of k there corresponds a value of ji given by
N A A — )\1 — )\4 ’U?
(A A Ay g% 7.24
H(+) <\/§ \/5:]:\/% )t (U?i) ( )

The two-fold ambiguity in this expression is resolved as follows: requiring consistently
,LLIC“i“ < [i < [ to hold, one should take for V\ > 0, ft = fi—y with & > 8, and for V) <0,
fo = fiqy for any k > 0.1 In particular /i reproduces respectively ut and 4 for the
special values k = 0 and k = 8 as expected, while i cannot be reached for any finite value
of k [consistently with the fact that |s,(/1)] ~ 1 and |s,(f1)| = 1/v/2 are not perturbatively
close to each other in terms of powers of v;/v,].

With the above prescription one can characterize the u range in the large |s,| regime
by 0 < p < fi(k), where k can now be interpreted as triggering the experimental sensitivity
to the deviation of |s,| from its maximal value |s,| = 1. Equation (7.24) shows that the
lower the sensitivity to large |s,| (i.e. the larger k), the lower the sensitivity of the size of
the p domain to A\; + A\4. We will come back to the above issues in the phenomenological

10Gtrictly speaking, in the case Vy > 0 one can still choose k in the interval 2 < k < 8 if V, is sufficiently
close to zero so that to ensure that ™" < . In practice these details will not be important, since one
does not expect an experimental sensitivity to the deviation from |s,| = 1 to be better than a few percent.
A deviation of 1%, with v; = 1GeV, puts the value of k already around 600 !
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Figure 3: Illustration of the regime V) < 0 with A\ = 1%”, Ao = 10753 =2 x 107\ =

—%, A =1 =1 GeV,v =246 GeV, vy = /02 — 20}, k = 8, leading to ,&) ~ 23 GeV.

see Eq. (7.5).

discussion of section 8.

Unitarity bounds: relying on the above properties we can now easily derive the theoretical
upper bounds on the various Higgs masses. From Eq. (7.2), and using the maximal value
allowed by the tree-level unitarity constraint for A\, Eq. (6.14), and vy ~ 246GeV, we
determine an upper bound on myo,

mpo S 712 GeV (for k = 8) (7.25)
< 1TeV (for k = 16) (7.26)

If Eq. (7.11) is used instead, then the saturation of unitarity and BFB bounds on A\; + \4
should be also considered. However, due to the smallness of v;/vy, this would lead to
only a few GeV change in the above upper bounds. As far as mpgo is concerned, the
above bounds are essentially the minimally allowed values, as obvious from Eq. (7.20,
7.21), in the unitarity saturation limit. To obtain its theoretical upper bound as well as
those of the other Higgs masses, one should rather take p at its maximally allowed value,
fmax = flo = ﬁ%, since all these masses increase monotonically with p. For instance,
with the set of parameters chosen in Figs. 3, 4 and v; = 1 GeV one finds the upper bounds

mpss ~ my+ ~my >~ myo ~ 88 TeV (for k = 8) (7.27)
124 TeV (for k = 16) (7.28)

12

which are not phenomenologically compelling. Actually, somewhat lower bounds are ob-
tained when taking into account the experimental exclusion limits on a light Higgs myo but
remain too high to be useful. In contrast, phenomenologically interesting scenarios with
light charged, doubly charged, CP,qq and CP..e, Higgses are possible for small values of u.
For instance as illustrated in Figs. 3, 4, such a light spectrum occurs when p < ug) ~ 23
GeV. More generally, the analytical expressions given above for the mass splittings show
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Figure 4: Zoom on the variation of myo with p in the Vlcmlty of ,LL 2 A= 1(’” , Ao =
10750 =2x 1071\ = —5,)\4 = 1,0, =1 GeV,v = 246 GeV,v; = \/ —2vt,ﬁ =g,
leading to 1l” ~ 23 GeV. see Eq. (7.5).

that in the vicinity of p. and in particular for o < j,. the neutral CP ., h° is not necessarily
the lightest Higgs.!' The detailed patterns will depend on the actual values of the \’s and
will be studied more thoroughly in the next section, but one can already see some generic
features in regimes i) and ii) at g ~ p.. In regime i) where —A + A\; + Ay > 0 one expects
H** to become the lightest Higgs if —\+\; < 0, that is when A, < A < A; + 4. Similarly,
in regime ii) where typically A — A\; — Ay > 0 one again expects H¥* to be the lightest
Higgs when A\; + Ay < A < A\; + 2)\4. More generally, a close inspection of Egs.(2.11, 2.27)
shows that mpy++ < mpo when p < p* = (A + A\g)v,/v2 + O(v} /v2), and only if Ay > 0.12
Furthermore, it immediately follows from Eqs.(2.13, 2.31) that my++ < my+ < m,4 when
A4 > 0 so that the necessary and sufficient condition for H** to be the lightest Higgs is

[< g with Ay > 0. (7.29)

Phenomenological bounds: in order to prepare for a phenomenological study, we discussed
in section 3.2 the modification on the tachyonic bounds of  when experimental exclusion
limits are available for m 0, my+ and my++, cf. Eqgs.(3.65, 3.66). Here we address the
same question concerning myo and mpyo. Given some experimental exclusion lower bounds
(1140 )expy (T€SP. (M40 )exp) there corresponds two values p/t (resp. pX"), namely

Pl = ——— (W32 4+ 8(M + Aa)v? — 2(mi)exp

8\/_v
02

+ 2 [(my) — (M0 )exp) (M) — (M0)exp)] (1 + 16 d>%> (7.30)

(and similarly for " with (1m0 )exp replaced by (mpgo)exp ), for which myo reaches (1m0 )exp
resp. mpgo reaches (Mmpgo)exp). Note that in the limit of no experimental bounds, i.e.
p

1IWe have kept in these expressions subleading terms of O(v?) in order to handle as well the small parts
of the \;’s parameter space where the leading O(vfl) are suppressed.

12 Although this expression of u* is well-defined for A4 < 0, one finds that the splitting m? Tt — mh0
is negative only in the domain defined by p < (A + 2X4)v:/V2 + O(v] /v2) and —\gv2/(4v/2v;) + O(vy) <
< (A + A)ve/vV2 + O(v /v2), which is clearly non-empty only for )\4 > 0.
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(Mo go)exp — 0, Eq.(7.30) gives back Eq.(A.1). Furthermore, relying on the fact that
mpo has a maximum and myo has a minimum as functions of p, cf. Eq. (7.20, 7.21), the
phenomenological bounds read

max

I[,L}i() S ILL S /,L:L_O assumlng (mho)exp S th
and (7.31)
p < or ufe < assuming  (Mmpo)ep > M

Obviously (mp0)exp > M would be an inconsistent assumption, while (mgo)eq, < m5e

would be an empty assumption not leading to any constraint as far as p is concerned.
In summary, the experimental lower bounds on the various Higgs masses will typically
constrain the p parameter to lie in a finite domain defined by the combination of Egs.(3.66,

7.31).

8 Higgs phenomenology

Although previous studies in the literature assumed typically the triplet mass Ma and the
mass parameter p to be much larger than the electroweak scale, Ma > vy, attention has
been paid more recently to the possibility of having Ma,u < 1 TeV where the Higgses of
the DTHM might be accessible at the Tevatron and the LHC [17, 39, 40, 41, 42, 43, 44,
45, 46]. In this spirit, the results obtained in the previous sections help defining educated
strategies to extract constraints on the physical Higgs masses and model parameters from
experimental data, rather than performing merely blind (and CPU time consuming) scans
on these parameters. The existing experimental exclusion limits on the SM Higgs particle
are readily translated into constraints on the DTHM in the parameter space region where
h? becomes SM-like, i.e. when the mixing between the doublet and the triplet is very small.
However, even when far from this region, existing exclusion limits for an extended Higgs
sector (such as in two Higgs doublets models or in the minimal supersymmetric extension
of the SM) can also be partially adapted to h°, H°, A° and H=*, while of course H** has
a distinctive experimental search.

In this section we give a quick overview of the Higgs sector phenomenology and exper-
imental searches (for an extended overview on the phenomenology of triplet models see
Ref. [47]), followed by a preliminary analysis using our results. A detailed study taking
into account all present-day experimental limits lies out of the scope of this paper and will
be presented elsewhere.

Doubly charged Higgs

Observation of the doubly charged Higgs H** would signal unambiguously physics beyond
Higgs doublets, let alone physics beyond the SM Higgs sector. Owing to charge conserva-
tion, it is obvious that H** cannot couple to a pair of quarks, therefore, its possible decay
modes are:

i) same sign charged lepton pair H¥* — [*I* that proceed via lepton number violating
coupling,

ii) a pair of W¥ gauge bosons H** — W*W=

iii) H** — W*H*,
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iv) a pair of charged Higgs bosons H** — H*H=.

We emphasize also that the doubly charged Higgs couples to the photon and to the Z
boson through gauge couplings Eqs. (C.17, C.18), while its couplings to a pair of W= is
proportional to the triplet vev vy, see Eqs. (C.15). Therefore the decay channel ii) will be
suppressed for v; < vg. The decay channel iv) will also be suppressed for small v; as can
be seen from the form of the coupling of H** to a pair charged Higgses H*, Eq. (C.16).
Indeed, one has cos 8* ~ 1 and sin 3’ ~ v, /vq from Eq. (2.19), and furthermore, the i sin? 5’
is also of order v; due to the u upper bound p, ~ v2/v;, viz Eq. (A.1). In contrast, the
coupling H**W*H* is proportional to the gauge coupling and has no suppression factors.
The decay channel ii) will thus contribute substantially if kinematically open. Depending
on the size of the Yukawa couplings of the leptons, the doubly charged Higgs can decay
dominantly either to a pair of leptons or to W* and H*, and subdominantly to a pair of
W+ and/or a pair of H* if kinematically allowed.

In ete™ collisions, the doubly charged Higgs can be pair produced through v and Z
s-channel'® efe™ — y*, Z* — H**H7TT [48, 49, 50, 51]. One can have also access to the
associate production of H* with W¥ through s-channel Z exchange [52, 53, 54]. If the
e~e~ option is available at ILC, then the doubly charged Higgs can be produced in W*W=
fusion through e"e™ — W W™ = e"e”" H™+. Even if HT*WTWT has a v, suppression,
the rate for W*W# fusion could be substantial especially at higher energies options for
e~ e~ [49].

At the Tevatron or the LHC, the two production mechanisms with potentially large
cross sections are pp/pp — v*, Z* — HT¥THTTX or a single production through WW
fusion pp/pp — WHW** — HFEX [55 56]. The latter process as well as the s-channel
pp/pp — W+ — WTH** depend on the coupling H¥*WTIWT which is proportional
to the triplet vev. However, the suppression due to the small value of v; is somewhat
compensated by the fact that W*W® fusion could be substantial at high energy. Those
processes have to be supplemented by the associate production of singly and doubly charged
Higgs bosons pp/pp — HT¥*HT X which could have a comparable cross section to pp/pp —
H*HFFX [57], [58].

Such doubly charged Higgs have been subject to many experimental searches. At
LEP-II, the experiments L3, OPAL and Delphi [59],[60], [61] performed a search for
doubly charged Higgs boson assuming that H** decay dominantly to a pair of leptons
H** — [*[*. Four leptons final states have been analyzed at L3, OPAL and Delphi. L3
performed a search for the six possibilities: ee, uu, pe, ur, et and 77. No excess has been
found and lower limits in the range 95-100 GeV at 95% confidence level on the doubly
charged Higgs boson mass are derived. Those lower limits depend on the doubly charged
Higgs decay modes. For example, if H** — e*e® is the dominant decay, then the lower
limit is 100 GeV while if H¥* — p*7% is the dominant decay then the lower limit is about
95 GeV.

At the Tevatron, D@[62],[63] and CDF [64], [65] have searched for pp — v*, Z* — H**HTTX
with H** — [%]%. D) measurement [62] represents the first doubly charged Higgs search
with the decay H** — p*u*. Note that D) search was limited to H** — p*u* that is
an almost background free signal, while CDF explored the three final states ete®, p*u*
and e*p*. Both D) and CDF excluded a doubly charged Higgs with a mass in the range
100 — 150 GeV. We stress that all those bounds assume a 100% branching ratio for
H** — [*1* decay, while in realistic cases one can easily find scenarios where H**+ — [¥[*

Bthe t-channel mediated by a lepton is in general suppressed by the small Yukawa coupling
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is suppressed while H¥* — W+ W= is substantial [17, 39, 66, 67] which could invalidate
partially the CDF and D@ limits. However, the LHC has the capability to extend the above
limits up to a mass about 1 TeV for high luminosity option [17, 40, 56, 68]. Observation of
doubly charged Higgs bosons at the LHC and measurement of its leptonic branching ratios
will shed also some light on the neutrino mass pattern [17, 39, 51, 58, 66, 67, 69, 70, 44].

Finally, indirect limits on the mass and the bileptonic couplings of the doubly charged
Higgs boson can be extracted from low energy lepton flavor violating processes, such as
w— ey, p— 3e, T — 3l,... (see for instance [41, 45]).

Singly charged Higgs

Let us now discuss briefly the couplings of the singly charged Higgs and its decay modes.
The charged Higgs coupling to lepton and neutrino is proportional to ~ m, /v; =Y, [17]
which could be of the order O(1) if v; is very small. Similarly, the charged Higgs coupling
to a pair of quark u and d is proportional to tan 5/ which is suppressed by v;/vy [17]. In
the case of H~tb, this coupling could enjoy some enhancement from Yukawa coupling of
the top quark. The suppression of the coupling H~tb has three consequences:

e Given the suppression factor of the order v; /v,y for H~tb, the charged Higgs mass can
not be subject to b — sy constraint, similarly to the two Higgs doublet model type
I where the coupling is suppressed by 1/ tan f3.

e Some of the conventional mechanisms for charged Higgs production at Hadron col-
liders such as bg — tH™ and gg — tbH™ will be suppressed.

e Since the charged Higgs search at the Tevatron is based on the top decay ¢ — H b,
given the suppression of H'tb coupling the branching ratio of t — bH ™' would also
be suppressed. One concludes then that the CDF limit does not apply in this case.

Besides those processes which are suppressed, one can still produce charged Higgses
through the associate production of singly and doubly charged Higgs pp/pp — W* —
H**HT [57, 58] with a spectacular signature from H** — [*[*. Other mechanisms are:
the Drell-Yan process pp/pp — v*, Z* — HT HT the associate production of charged Higgs
and neutral Higgs pp/pp — W* — H=h', pp/pp — W* — HEH pp/pp — W* — HEA°
and the associate production of charged Higgs with W gauge boson pp/pp — Z* — W=HT,
Note that among the latter processes, the ones with W*HT or HTh? final states are
suppressed by a v;/v, factor as compared to the Drell-Yan and the two other associate
production processes that are controlled by gauge couplings, cf. Egs. (C.10, C.13) and
Egs. (C.11, C.12).

If the charged Higgs decays dominantly to leptons (for small v;) we can apply the LEP
mass lower bounds that are of the order of 80 GeV [71], [72]. For large v, i.e. much larger
than the neutrino masses but still well below the electroweak scale, the dominant decay is
either H* — tb or one of the bosonic decays H* — W*Z, HT — W+h?/W+A° . For the
first two decay modes there has been no explicit search neither at LEP nor at the Tevatron,
while for the H* — W+ A% decay (and possibly for H™ — WTh?/ if h° decays similarly
to A%), one can use the LEPII search performed in the framework of two Higgs doublet
models. In this case the charged Higgs mass limit is again of the order of 80 GeV [72].
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Neutral Higgses

The lighter CPeye,, Higgs boson Y is fully dominated by the doublet component (i.e the
mixing |s,| < 1) when p > fi, as discussed in section 7 and illustrated on Fig. 5. In this
case the coupling of h” to a pair of neutrinos is suppressed being proportional to s,. Such
Higgs will completely mimic the SM Higgs boson and then the LEP and the recent Tevatron
limits would apply. In this scenario of very small mixing, the other neutral Higgses H° and
AY would be fermiophobic to all charged leptons and quarks but their coupling to a pair
of neutrinos that is proportional to cos aY, ~ Y, = m, /v, could be enhanced for small v,.
Then the dominant decay mode for H® and A°, for small v;, would be a pair of neutrinos
[17].

Note that A°, being CP 44, does not couple to a pair of gauge bosons while the couplings
HZZ and H°WW in the small mixing case are suppressed by v;/vg, Eqgs.(C.4, C.6).
Thus the W and Z Higgsstrahlung productions of H" and A° are expected to be small.
Furthermore, while the H°A°Z vertex is controlled by the gauge coupling, Eq. (C.8), h’A°Z
has an extra v;/vy suppression, Eq. (C.7). This implies that in the small mixing case, one
can still produce A% and H® through the Drell-Yan process ete™/pp/pp — Z* — HYAC.
For very small v, A and H° would decay essentially into a pair of neutrinos. At LEP,
the signal would then be a photon (from initial state radiation) and missing energy in the
final state. A lower bound on mpy and my4 of the order of 55 GeV can be extracted in this
case from LEPII data, assuming mass degeneracy between A° and H° [73]. [In the non
degenerate case the lower bound translates into my + m4 > 110 GeV.] Increasing v; well
above the neutrino masses decreases significantly H°/A° — vv, and the decay channels
HY — bb, A® — bb, as well as H? — ZZ, A° — Zh° if open, see Egs. (C.4, C.7), can become
dominant. If H® — bb, A° — bb dominate, the LEPII Higgs search through ete™ — H°A°
in the two Higgs doublet Model can apply to the DTHM in this case, and the limit is
roughly mpg +ma > 185 GeV [74]. There is however a distinctive feature in the DTHM
related to the H°hh® coupling, Eq. (C.9), the latter becoming substantial for increasing
i and thus for heavier H°. The H° — h°h° decay mode would then be important in both
the large and small (with respect to the neutrino masses) v; regimes.

In the case of maximal mixing |s,| &~ 1 which occurs for u < i, see Fig. 5, the roles of
h" and H are interchanged. H? is fully doublet and A° is fully triplet. Taking into account
this interchange, the previous discussion applies here to H”. However, since h" remains
the lighter Higgs which can be now far from SM-like, one expects weaker experimental
constraints on its mass than the ones quoted above.

Top decay into charged Higgs

A light charged Higgs of the order 100 — 200 GeV is still allowed by theoretical constraints
as well as by experimental search. If the charged Higgs satisfies mpy4 < m; —m,, one could
ask whether the decay t — bH™ can have a significant branching ratio to be observed at the
LHC. As mentioned before, the coupling H*tb has a v;/v, suppression and the branching
ratio for t — bH™ is expected to be small. We perform a systematic scan over the DTHM
parameters space looking for charged Higgs masses that allow the ¢ — bH™ decay to be
open. In Fig. 6 we show the branching ratio for t — bH™ where we included t — bW
and t — sW™ decay channels and the QCD corrections. It is obvious that a large effect
on t — bH™ would appear for the largest possible values of v; that are allowed by EW
precision constraints and the theoretical constraints. Indeed for a triplet vev v; in the range
0.1 — 3.5 GeV and a charged Higgs mass less than 165 GeV, one finds Br(t — bH™) in
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Figure 5: The mixing angle as a function of p, in the regimes V, > 0 (a) and V, < 0 (b);
the other parameters are given by v, = 1 GeV, A\ = 167/3, Ao = A3 = 0.1, \; = 0.5 and
€o = +. The log scale in (b) shows the asymptotic values at large . The same asymptotic
values apply in (a); see text for further discussion.

the range 107° — 1074

However, it is well known that the LHC will act as a top factory. With low luminosity
10fb™!, 8 million ¢ pairs per experiment per year will be produced. This number will
increase by one order of magnitude with the high luminosity option. Therefore, the prop-
erties of top quarks can be examined with significant precision at LHC. For instance, it has
been shown that for top decays through flavor changing neutral processes, it is possible
to reach Br(t — cH®) < 4.5 x 1075 at the LHC [75]. For ¢ — bH™, no such studies are
available. But it is clear that if we let one top decay to bW and the other one decay to
bH with a branching ratio in the range 10=° — 107%, this would lead to 800 — 8000 raw
bW+bH~ (or bW ~bH Tevents in the case of high luminosity option which may be enough
to extract charged Higgs and measure its coupling to the top. Note also that high sensitiv-
ity to the charged or neutral Higgses of top decays through loop induced flavor changing
neutral currents, can also be attained at the ILC [76, 77, 78].

DTHM spectrum and theoretical constraints

We illustrate, in Figs. 7.a and 8.a, the correlations among p, sin o and v; for fixed values of
the \;’s and A, and in Figs. 7.b, 8.b and 8.c, the correlations among p, sin « and the CPyep,
Higgs masses (or equivalently \), for fixed values of the \;’s and v;, where we take into
account the boundedness from below and unitarity constraints discussed in the previous
sections. Note that the chosen numbers in the figures are such that V, < 0 in Figs. 7
and V) > 0 in Fig.8.a, while Figs.8.b and 8.c interpolate between these two regimes, see
Eq. (7.1). For fixed u, increasing the magnitude of v; decreases myo and increases the
mixing parameter |s,| as can be seen from Figs. 7.a and 8.a. The upper-left white areas
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Figure 6: Branching ratio for t — bH™ as a function of charged Higgs mass for three
values of the triplet vev v;.

in these plots correspond to myo < 115GeV where we took the latter value as a fiducial
lower bound for a standard-model like Higgs. Such a bound corresponds to A\SM ~ (.44,
for v; < 1GeV, while the upper bound for mye is around 120GeV, corresponding to the
value A = 0.48 chosen in the figures, cf. Eqs. (7.2, 7.4). It thus follows that the colored
areas in the plots, indicating mainly very small s, values, i.e. h? behaving like a SM Higgs,
correspond to the small Higgs mass range 115GeV < myo < 120GeV. Increasing the value
of X\, keeping A\SM fixed, would result in an increase of the Higgs mass range as well as
of the regions with larger |s,| (the red areas on the plots). In fact, there are two regions
corresponding to myo < 115GeV, the white area in the upper-left corner corresponding to
small values of 1 delimited by the red thin area, and another region at very large values of
1 (2 O(1)—0(10%)TeV), which are out of the scope of the i range shown on the plots, that
are delimited by green-blue areas. One should note that, in the former region, |s,| reaches
quickly 1, so that h® carries essentially a triplet component and is thus not excluded by a
fiducial SM-like Higgs mass lower bound, even if it is lighter than this bound. In contrast,
in the latter region where |s,| remains very small, a SM Higgs mass lower bound applies to
hP. Tt follows that such a bound does not put lower bounds on j, while it leads typically to
very large upper bounds on u as a function of v;. In the small ;i region, H° carries mainly
the SM-like component and should respect a SM Higgs mass lower bound. However, due to
the very low sensitivity to p in this regime (see Fig. 3), such a bound will translate merely
into a lower bound on A. Therefore, exclusion of very small values of i can only originate
from exclusion limits on the lightest non-SM-like CPeyen or CPoqq Higgses, which could be
extracted for instance from existing limits for the the minimal supersymmetric extension
of SM in the non-decoupling regime [79].

Complementary features, now with a fixed v, and varying A, are illustrated in figures
7.b, 8.b and 8.c. The gross features of Figs. 7.b and 8.b are in agreement with the previous
discussion on the phenomenological bounds, related to Egs. (7.30, 7.31). They illustrate
how an information on myo constrains the allowed range for p without any prior knowledge
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on \. For a given myo, the allowed range of A is theoretically bounded from below by some
Amin, in order to satisfy muo < mjt™, sce Eq. (7.31). Then for cach value of A in the
domain Apin < A < Apax = % there corresponds two values of p consistent with a given
myo, according to Eq.(7.30). Then it is easy to see, from the shape of the myo(u) plots
shown in Fig. 3, that the largest spread between Mjro and /ﬂio is reached for A = A\, since
increasing A results in shifting upwards these plots . The two branches of the envelop of
the domains in Figs. 7.b, 8.b correspond to pi (Amax). Furthermore, increasing myo with
fixed A = A\pax results in an increase of p— and decrease of ., as can be again seen from
the shape of myo(u) plots shown in Fig. 3, till the two branches join and terminate when
mypo reaches its unitarity bound Eq. (7.26). With the numbers chosen on the plots, pu is
bounded to lie between p_ ~ 0.3 GeV and py ~ 10° GeV. One can see that for small x4 < 1
GeV, mpo must be less than about 200 GeV. The latter bound on mye increases quickly
to reach the unitarity bound Eq. (7.26) when g increases from 1 GeV to 10 GeV. Above,
=10 GeV, myo can be any number between the LEP limit (114 GeV) and this unitarity
bound. As noted previously, one should take into account the actual doublet content of A"
when reading out exclusion domains from these plots. In the plot, we have illustrated the
size of |s,|. In most of the cases the mixing angle is very small (blue to green areas), which
means that h° is dominated by doublet component. In these regions where a SM Higgs
exclusion limit can be readily applied, one might still need to combine this information
with the search limits for the other charged, doubly-charged and CP,;q Higgs states, in
order to reduce further the otherwise large allowed domain for u, see Eq. (3.65). However,
due to the v; suppression in Eq. (3.65) of the lower bound piyn, such a reduction is not
expected to be significant unless the experimental lower bounds, (mpg+s)exp OF (Mprt )exp
O (M40 )exp, become sufficiently higher than the electroweak scale. In contrast, bounds
on myo alone would shrink significantly the spread of the u range whenever |s,| > 1072
(the green/red areas), reducing as well the order of magnitude of the size of ;. In such a
regime of small p one starts being sensitive to values of the \;’s, as can be seen through
the slight difference, in the green area, between Fig. 7.b and Fig. 8.b. This effect will of
course increase for higher values of the \;’s consistent with unitarity and BFB constraints.

Figure 8.c illustrates the behavior of mpyo as a function of ;1 and A which, as compared
to Fig. 8.b, shows a striking difference from the behavior of mjyo. According to the pre-
vious discussion on neutral Higgses (see also Fig. 5), |s,| is essentially either very small
or very close to 1. Thus, the red area corresponds to an H° behaving essentially like the
SM Higgs. The dual sizes of the red areas in both plots can be understood again from the
mass shapes of Fig. 3: for small u(< @), mpo changes very quickly with g while mpyo is
almost insensitive to u. It follows that a variation of A\, that amounts to shifting upwards
or downwards these mass shapes in Fig. 3, results in a small change in p for a fixed myo
and a big change in u for a fixed mpyo, whence the narrow red strip in Fig. 8.b and the
large red area in Fig. 8.c. (One can understand similarly the dual sizes of the blue and
green arcas for large u(> fi).) These features suggest a useful complementary strategy
when using present or future exclusion limits, depending on whether one interprets these
limits in the small or large |s,| regimes. We discuss this strategy only qualitatively here,
summarizing its main points as follows:

-I- in the small |s,| regime, akin to moderate to large p values, the typical Higgs spectrum

features a CPyen lightest state h° behaving like a SM-Higgs, the remaining Higgs states

being much heavier as illustrated in Fig. 3 and Fig. 9.a. Interpreting the exclusion limits
o . ) . . (SM)

within this regime amounts to applying a SM Higgs mass lower bound m, " to mye that

leads to a lower bound on A, see Eq. (7.31). To any A above this bound will correspond a
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lower, "', and an upper, uff, bound on . The lower bound g is, however, typically too
small to be consistent with the small |s,| regime and should be superseded by a larger value
O(max{u", u*)}). Furthermore, one should keep in mind that (! is extremely sensitive
to myo and decreases quickly with increasing myo. This implies the important feature
that a slight improvement of the exclusion limit m,(lsM) results in a substantial decrease of
the upper bound on p. The heavier CPeye, state HY is not expected to bring significant
constraints. Indeed, in the considered regime, this state carries essentially the triplet com-
ponent with suppressed couplings to the SM sector. Its mass can thus be bounded only by
mﬁj“)“‘SM), the exclusion mass limit on non-SM-like Higgs particles. Since such an exclusion

mass limit is expected to be weaker than the SM-like limit due to lower statistics, that is
(non—SM) SM)

my < m, ’, then taking into account that one has theoretically mpgo > 1m0, one
L —SM , . ) ) .
is trivially lead to mgnon ) < m'et which implies no new constraints (cf. the discussion

following Eq. (7.31)). As stated previously, exclusion limits on the remaining Higgs states
can also be used independently to improve the lower bound on p based on Eq. (3.65). One
can, however, get further information within the present regime depending on whether
these exclusion limits are higher or lower than mELSM). In particular if (mpzt )exp 2 méSM),
which excludes an H** lighter than h°, then one excludes all the A\; > 0 region, or else,

puts a stronger lower bound on p, namely p > p*. (see Eq. (7.29) and discussion thereof.)

In the case where (mpy=+)ep S méSM), which is the present experimental situation, there
is a small window i, < p < p* with Ay > 0, otherwise p* < u < ,u’f irrespective of
the sign of A4, and for all the allowed values of A\ discussed above. We have illustrated in
Fig. 9.b a case where H** can be the lightest Higgs state.

-II- in the large |s,| regime, akin to small p values, H? is the heaviest among all the Higgs
states of the model and behaves like a SM-Higgs. This is a rather unusual configuration
that should help constrain more efficiently, or perhaps exclude, this regime. Also in this
small p regime, and in contrast with the previous regime where only A was playing a role,
there can be now a somewhat increased sensitivity to the \;’s as well, in particular \; + \4.
The reason is that the size of the y domain is of order ji, Eq. (7.24), where in the latter
A1, Ay do not suffer a v; suppression as compared to A. However, as discussed in section
7, the parameter k will characterize the sensitivity to the deviation of H° from a pure
SM-Higgs state, which can lead, for realistic experimental sensitivities, to a significant
reduction of the sensitivity on A\; + \4.

One then has to consider two cases:

a) mELSM) < m': this case implies essentially a lower bound on A through Eq. (7.21), but
no constraint on p apart from the defining region in this regime, namely 0 < p < [,
whose size depends mainly on A and to a lesser extent on A; +A4. The latter couplings
are bounded by the combined unitarity and BFB constraints of section 6, so that
there is an indirect sensitivity to Ay and A3 as well. The red area in Fig. 8.c gives
an illustration of this least constrained case. The p domain extends over all the red
area, while the vertical boundary of this area is determined by the maximal value of
A= 1%” given by unitarity. This boundary corresponds to the unitarity upper bound
on the SM-Higgs mass as well as the one on myo, Eq. (7.26). Of course H” can escape
this bound but at the expense of switching consistently to the small |s,| regime as
seen on Fig. 8.c.

b) mf’w > mM: in this case not only do we have an upper bound on A through

~J

Eq. (7.21), but actually also a lower bound. Indeed, a too small )\, leading to a
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too low mﬁlon with respect to mgSM), will eventually put méSM) just above all the

values of mpyo corresponding to the large |s,| regime thus ruling out this regime
altogether. Furthermore, this configuration will immediately rule out the small |s,|

regime as well, since mELSM) is by definition applicable only to SM-like states and we

have mgL M) 2 miget > myo for all mye. Consequently, a too small A would exclude

the whole p parameter space. One concludes that A should lie in a very narrow
strip such that myg < méSM) < mpyo(p = 0). This strip is essentially giving the
lower bound on A of case a) and thus does not provide significantly new information.

[Note, though, that for values of \; + A4 close to its unitarity bound, and taking for

Illlll

instance mELSM) ~ 114GeV and v, = 1GeV, case b) can still reduce the lower bound
on A, from A ~ 0.43 to A >~ 0.38. But the effect will be smaller for smaller values
of v;.] One should, however, keep in mind that due to the high flatness of mpyo as a
function of v in the region 0 < p < fi, the slightest variation of A within the above
noted strip would result in the exclusion of significant parts of the 0 < p < fi region.
For instance, with A\; = 1.5, Ay = A3 = 0.1, Ay = —1 and taking the SM-Higgs lower
bound mhS S = 114GeV, if one reduces the lower bound of A\ (for which the whole
range 0 < p < i =~ 0.3 of the large |s,| regime is allowed) by just 1%, then the
SM-Higgs lower bound would imply @ < —5GeV or p > 0.3GeV thus ruling out the
whole large |s,| regime!

For all practical purposes and barring the fine-tuned effects just mentioned, the above
discussion of cases a) and b) shows that an experimental lower bound on the SM-like Higgs
mass cannot by itself cut into the large |s,|/small u regime; it either excludes it or allows
all of it, depending on whether \ is respectively below or above the value \ that satisfies

( W mBr (A = X). Thus, the size of the p domain [0, 1] that is controlled mainly
by A [but can also be sensitive to A\; + A4] for each given value of v, see Eq. (7.24), will
not be reduced by the actual value of the experimental bound m,&sml)_ Moreover, an extra
constraint from an experimental lower bound on the mass of a non-SM-like CP.,., Higgs
state would have a marginal effect since myo decreases very quickly in the region pu < fi.
An efficient reduction of the g domain can come only from experimental lower bounds on
the masses of the charged, doubly-charged and CP,qq Higgs states. Indeed, these bounds
translate into a lower bound on p typically of the same size as i , Eq. (3.65). As far as
these experimental bounds are of the same order, (mio)exp ~ (m%{i)exp ~ (m%lﬂ)exp, the
relevant bound will be given by A° (resp. H¥*) when Ay < 0 (resp. Ay > 0).

Comparing fini, and ji, one determines easily the necessary and sufficient conditions
for which the large |s,| regime would be excluded. They read:
02

(M%0)exp = (BA — 2001 4+ Ag) — V2Kk|A — A\ — A4|)m + O?), for Ay < 0, and

2

(M2 )exp = (A — Ag) — 201 — V2| — Ay — M55y 20— 2)

have taken into account the two-fold structure as discussed after Eq. (7.24).

+ O(v}), for Ay > 0, where we

9 Conclusion

We have carried out a detailed study of the renormalizable Higgs potential relevant to the
type II seesaw model, keeping the full set of the seven free parameters of the potential.
We determined analytically the unitarity constraints on the various scalar couplings and
fully solved the all directions conditions for boundedness from below. These combined
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Figure 7: (a) correlation between p and v, with mpo > mésoM) = 115GeV and A = 0.48,
(b) correlation between p and myo, scanning over A in the range 0.44 < A < 167/3, with
vy = 1GeV; color code: 107! < s, <1 (red), 1072 < s, < 107! (green), 1072 < s, < 1072
(blue) and s, < 1072 (magenta). The other parameters are \; = =Xy = 1, Ay = A3 = 0
and k = 8. V, < 0 for both figures.

theoretical constraints delineate efficiently the physically allowed regions of the parameter
space and should be taken into account in phenomenological studies. We also examined the
vacuum structure of the potential and determined general consistency constraints on the p
parameter, as well as theoretical upper (resp. lower) bounds on the lighter (resp. heavier)
CPeven, Higgs particle mass that can constrain further the phenomenological analyses. We
also identified two distinct regimes respectively for large and small p. In the first regime
the lightest Higgs particle is the h°, behaving as a SM-like Higgs, the remaining Higgses
being typically too heavy to be of any phenomenlogical relevance. In the second regime,
it is the heaviest Higgs H" that behaves as a SM-like Higgs, the lighter charged, doubly
charged and CP,q4q states become accessible to the colliders, with possibly the H** being
the lightest state, while the lighter CP,,., decouples quickly from the SM sector. We also
initiated the study of possible consequences from existing experimental exclusion limits.

Although we did not commit to any underlying GUT assumptions, thus allowing u to
vary between a few GeV and possibly the GUT scale, we do retrieve, as a consequence of
the (model-independent) dynamical constraints on p, a seesaw-like behavior that leads to
tiny vy if p is taken very large.

Finally, the results of this study having been obtained at the tree-level, one should
keep in mind that modifications due to quantum corrections to the effective potential can
possibly be substantial in some cases. The inclusion of such corrections is, however, beyond
the scope of the present paper given the non-trivial form of the constraints already at the
tree-level.
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Figure 8: (a) correlation between p and v, with mpo > mELSOM) = 115GeV and A = 0.48,
(b) correlation between p and the light CP .y, Higgs mass, (c) between p and the heavy
CPeven Higgs mass, scanning over A in the range 0.44 < X < 167/3, with v; = 1GeV;
color code: 1071 < |s,| < 1 (red), 1072 < |s,| < 1071 (green), 1073 < |s,| < 1072 (blue)
and |s,| < 1073 (white bottom area in (a)). The other parameters are given by A\; = 1.5,
A=X3 =01, A\ =—-1and Kk =8. V) > 01in (a), while in (b) and (c) V) changes sign
with increasing Higgs masses.

Acknowledgments

We would like to thank Borut Bajc, Ben Gripaios, Roberto Salerno and Goran Senjanovic
for discussions. This work was supported by Programme Hubert Curien, Volubilis, AT n° :
MA/08/186. We also acknowledge the LIA (International Laboratory for Collider Physics
- ILCP) as well as the ICTP-IAEA Training Educational Program for partial support. The
work of R.B. was supported by CSIC.

43



mh07H07A07Hi7Hii

800 800 \ 0
HO - hO

700 1 700 p S

# Ly 0
600 f" 600 |

=
500 t 2, 500 L
400 Sﬁ 400 |

<
300 1 = 300 ¢ )
200 17 W <0, A =—17 200 | Vy >0, Ay =10
100 100 !

2 4 6 8 10 12 14 2 4 6 8 10 12 14
1 (GeV) p (GeV)

Figure 9: Higgs boson masses as a function of p with v, = 1 GeV, A = 87/3, \; = 0.5,
Ao = A3 = 0.1, for V) < 0, Ay = —1 (left) and V\, > 0, \y = 10 (right), we note that in
both panels mgo = m 4o.

Appendix A.

As stated in section 3, the positivity of m}, constrains y to lie in the range p— < p < py
so as to satisfy Eq. (3.61). We give here the full expression for p:

M2 4 8(A1 + Aa)v? £ /AT + 1602 (A1 + Aa)v2 + 4(Aa + A3)v?))
Ht =
8\/§/Ut

Note that due to the negative coefficient of p? in Eq.(3.61), p+ should always be real-
valued otherwise Eq.(3.61) is not satisfied and h° is tachyonic for all values of y. As can

be seen from Eq. (A.1), this requirement leads in principle to an extra constraint on top
of Egs. (3.60 - 3.62), that is

(A.1)

However, we show here that this extra constraint is automatically satisfied due to the BFB
constraints: since A > 0, cf. Eq. (6.1), it suffices to show that (Avj] + 1602 (A1 + A\g)v3 +
4(Xg + A3)v?)) > 0. Now using the first inequality of Eq. (6.3) one obtains

()\Uﬁ + 162}?(—\/ A(Ag + )\3)1)3 + 4N\ + )\3)1}?))

)\Uzll + 16Ut2((>\1 + )\4)1}3 + 4()\2 + )\3)?}?) Z
> (VA2 =8/ (Mg + Ag)v?)? (A.3)

that proves our statement.
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Appendix B.

In this appendix we give the form of the Higgs potential in the field subspaces where only
2 or only 3 fields are non-vanishing, dubbed respectively 2-field and 3-field directions. We
identify exhaustively 10 different directions for each of these two classes and give their
corresponding BFB conditions.

The ten 2-field directions:

Vi = 2P + 16 (B1)
VA, = Ot ) 5441 (4 A 55 P 642 4 7 [ (B.2)
Vil = Ot ) 54 A [  J6O2 + 2 Jo°) (B.3)
VA = Ot 25T+ O ﬁ>|5+|2|¢+|2+5|¢+|4 (B.4)
av;:iruﬁ ) 54+ <A1+A4>|6+| 6+ 5 16" (B.5)

Vs = Qe + 5 ) 67" +2 (A2 + As) WI 6+ Qe+ A9 (81 (B6)

Vi = (ha + As) [0°% + Ay [0°2 |62 + |¢+!4 (B.7)
A
VD = ot 2) 871+ (O + 00) 9] s 2oyt (B3
2Viwo = Az Aa) [0°1° 4+ 220 J0°P (574 + (Ao + Xg) \5++|4 (B.9)
2Vinho = (Ao + A3) [8%1 +2 (g + Xg) |62 072 + (Ao 12 ) [ (B.10)
direction 1 : A > 0 (B.11)
directions 2 and 8 : A > 0, A2 + A3 > 0, A\ + A\g + v/ A(A2a + A3) >0 (B.12)
direcitons 3and 7: A > 0, Ao + A3 > 0, A\ + VA A2+ A3) >0 (B.13)
A3 A4 A
directions 4 and 5 : A > 0, A2 + 5 > 0, A\ + 5 T A(A2 + 23) >0 (B.14)
directions 6,9 and 10 : Ay + A3 > 0, A\g + % >0 (B.15)
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The ten 3-field directions:

A
Virn = Qo+ 2)[8%" + 200 + M8 PP + O+ TS+ 20|80 6+
+ 2\ + Ag) [T |6 4+ (Ao + Ag) |67

07" 0p2 544 0 (07) i
— — 1
)‘3 50 (5_)2|6 | |5 | 3 5— |6 | (B 6)
A3
Vier = Qe +22) [+ 200 + 2a) [P 167 + Qo+ T ) )6t
FOCF A PP + (A + S 15 1 + 16! (B.17)

Vins = (o +X3) [0°* + 200 + X3) [8°]7 07> + ()\2+ )I5+|4

FMIPPIGE + (ot 2516 + |¢+|4 (B.18)
3ler4 (A2 + A3) \50|4 + 2 A9 \50|2 |(5++\2 + Ay + )\3) |6++]4

T A N e P R (B.19)
sV — (O + Ag) 160 4 200|002 1012 + (Ao + Ag) |0

FMIPIGH + (a4 A 54 P [672 + 2o (B.20)

VAl = Qo t )9 + O+ A0 67 + 5 160"
FMIOPIGP + SIP It + 5 6 (B.21)
VD = (et 3)\5+|4+ 2(Na -+ Ag) 6+ W*\z (s + Ag) 57!
<A1+ 2RISR + a5 1O 4 2 ) (B.22)

V= (gt >\6+|4+2<A2+A3>|5+| 6T+ (g + Ag) [0

<A1+ OISR + A58 P + 2 10! (B.23)
ity = Oa + 22 >|6+|4 Y ﬁ>ra+|2|¢°|2+§|¢°|4

FOut 215 Pl |¢°|2|¢+|2+§|¢+4 (B.24)
Vo <A2+Ag>|5++|4+x|o++r B + 2 160

FOu AP 4 S 1P |¢+|2 ¥ 2o (B.25)
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The corresponding BFB conditions read:

direction 1: 2\ + A3 > 0A Ay + A3 > 0 A (A§ <A+ Ng)?V Ny < o) (B.26)

direction 2 :
A>0A N+ A >0A20 + A3 > 0A /A + A5) + A+ Ay > 0A (<2A(2)\2+>\3) > (2A1 + A1)

A((ﬁ\/ As(hg + As) ((2Al )2 — 20(2% + )\3)) F2h > 20 A A Ny < 0) v

((% +A8) (201 + M) (2A1 +3M) = MNDe+ Xg)) D+ 0y < 0))) NPT o) (B.27)
21 + M\

direction 3 :
A>0AX+ A3 >0A20 + A3 > 0/\\/)\()\2+)\3>+)\1 >0 A (<2)\(2)\2+)\3) > (2)\1+)\4)2/\

(200 + A3) (4)\()\2 ) — 4N Az)
20+ M

(()\2 F )20 + A —2) > 0 A ﬂ\/Ag(Az W ((2)\1 )2 — 20 (20 + Ag)) > 20\

12N (o + Ag)))) VA A > o) (B.28)

((2)\1+)\4 <0OA

<0)\/

direction 4 :
)\>0/\)\24’/\3>0/\\/)\(/\2+)\3)+)\1+)\4>0

(N2 + ) (—Mg F 20— As) + 2>\1)\2)\4)
A(( M
/\<()\2 >0/\)\()\2+)\3) > )\%/\)\1 <0) \/()\1 >0/\)\3(2)\2+>\3) > 0/\)\2 <0)))

VO > 0A N > 0)V ()\()\2 ) > A2 AN (20 + Ag) > 0

>0

/\\/)\3(2)\2 + Xs) (A(AQ 4 ) — A%) F A A+ Ag) > o)) (B.29)

direction 5 :
A>0A A+ A3 > 0A VA +A3) + XA >0A
(e + 20) (M + 2300 = Xa) + 20 25A0 + M0 + X))
(< Aa(A1 + Ay)
(()\3(2/\2+>\3) SOAM+EA>0AN<0)V ()\2 S 0A AN+ Ag) > (A1 + )2

< O0OA

A+ A < 0))) V(e >0AN+A>0)V ()\(A2+)\3) > (A + A2 A A(20 + Ag) > 0

/\\/—Ag(Q)\g ) ((A1 S = A+ A3)) AN > )\2>\4)) (B.30)
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direction 6 :

)\>0/\/\2+)\3>0/\\/)\<)\2+)\3>+/\1>0
A<A1+)\4 S0V (A(A2+)\3) > (M + A2 A M <o)) (B.31)

direction 7 :
A>0A2X0 4+ A > 0A Ao+ A3 > 0A V/A(@g + 2X3) + 20 + Ay > 0 A ((A(A2+)\3) > A2\

2A(Ag + A3)?2
A1

Ao+ Ag) > o)) VAL > 0) (B.32)

((A1(2)\2 1 30g) + 20 (e + Ag) > AN < o) v \/5\/ As(Az + As) (A% — A + As))

direction 8 :
)\>O/\2)\2+)\3>O/\)\2—|—/\3>O/\\/)\(4/\2+2)\3)+2)\1+)\4>0/\

((A(AQ F ) > (O + M)A ((ﬂ\/AB(AQ ) <()\1 F )2 — Ao+ )\3)> > Ao 4+ Ag) A g < o)

2/\()\2 + )\3)2
A+ M

\/(2)\1/\2 F 30+ Ay > A+ Mg < o))) VALE A > o) (B.33)

direction 9 :

A>0A2A + A3 >0A \//\(4/\2+2/\3>+2)\1+)\4 >0
/\(2/\(2)\2 F ) > (20 £ APV 2A + A > o) (B.34)

direction 10 :

A>0AN+ A5 > 0A VAo + Ag) + A+ A > 0A </\1 S0V A+ Ag) > A2V A >0) (B.35)
We emphasize that all the above BFB conditions are contained in the general solution
given by Egs. (6.1 - 6.3).
Appendix C.
For completeness we give in subsections C.1 and C.2 a partial list of the couplings in the

DTHM that are relevant respectively to the discussion in section 8 and to the derivation
of the results of section 5.

C.1 Higgs-gauge boson couplings & triple Higgs couplings

Shifting the neutral fields according to Eq. (2.26), and using the relations between the
physical and non-physical state bases,
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Bon() (Dm@) e
(?I) =Ry (§i> (C.2)

whith R,, Rg and R as defined in Eqgs.(2.12, 2.23), one extracts from the kinetic terms
and the covariant derivatives, Eqs. ( 2.1, 2.2, 2.3), the couplings involving Higgs bosons
and gauge bosons, and from the potential, Eq. (2.4), the triple Higgs couplings.

We list below some of the resulting Feynman rules and provide also approximate ex-
pressions in the limit of very small mixing between the triplet and doublet Higgs mul-
tiplets, (i.e s, = OV2/v2), capp = 1+ OWE/03), s5 = 2v;/vg + O(v/v3) and sp =
V20 fva+ O(2/03).

Z7Z = +iimz(ca0g +25058) G = iingw, (C.3)
Cw Cw
HZZ = —zimz(sac[; — 2C6S8)Guw élziv—ngW (C4)
Cw Cw Ug
ROWTW ™ = igewmz(caCs + Sa85) g = igmwgw, (C.5)
HOWTW™ = —igmw (SaCs — CaSp) G ~ 27ng gw, (C.6)
g v
WA°Z = =7 (Casy = 205a) (ph = Pa)u ~ —i—%ph —pa) (C.7)
CW Cw Ud
HAZ = 5 (sasﬁ +2¢0¢8) (P — PA)u & g ——(pr —PpaA)y (C.8)
Cw Cw

3
ROROH® =i ( (5)\@2 — M )Sata — 6AEcasiur + (2 — 252)(V26att — My (Sava + Caty) )

m'(fu+ (3X = 5(A1 + M)y ) + O(v?) (C.9)
hOW"‘H_ Q(CQS[j/ \/_sacﬁl)(ph pH*) ~ +Z7 (ph )M (ClO)
HWYH™ = —i (055 + V2acs) (ot — pri-)p ~ —zi(pH — P (C.11)

2 V2
AWrTH™ = g(\/éCB/05 + Sﬁ/Sﬁ)(])Ao PH- ) jﬁ(pAo PH- )M (C.12>
W H™ = gmig(easy sty = 22 (1+ 53)) g ~ —V2g" g, (C.13)
V2 Ud
H™ H™W, =igcy (pu++ — pa-)p = ig(pu++ — pu-)u (C.14)
H™W, W, = —iV20%0,9, (C.15)
H* H™H™ = —i(2usy + cg (A1 sz va — V23 cavp)) (C.16)
HY"H"VV' = 8ieyeyigu (C.17)
H™H™ "V = —2iey(pg++ — Pu—- )4 (C.18)
HYH VV' = 2ievey: g, (C.19)
H+H‘V = —iev(pH+ —pr)# (CQO)
GTGVV' = 2ieyey G (C.21)
G+G_V = —Z'6v(pG+ — pg—)ﬂ (CQQ)
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where in Egs. (C.17 - C.22) we denote by V and V' the 7 or Z gauge boson, with the
couplings satisfying e, = e and ez = ecot 20y,. We also adopted the convention that all
momenta are incoming at each vertex.

C.2 Quartic scalar couplings in the doublet-triplet basis

Here we give the complete list of Feynman rules for the quartic scalar couplings in the
unrotated basis which were used in section 5 to determine the unitarity constraints:

St Ot 0T 6 = =220+ N) Zy Zy ¢~ ¢ = —i(\)
Ft O™ 07" 0t = —2iMa+Xs) . D 2y ¢ ¢t = —idA
SHEOTT T 0 =—4i(da+X3) , o ¢ of ¢ = —id
0t 0t 6 Zy =2\ Ot 6t 577 €0 =iv/2)
6~ 6 0T Zy=—V2Xs 6= 6 0t €0 =iv2)
5= 0t Zy Zo = —2i(Na + Ns) 5t 2o €=k

Ty Ty Zy Zy = —6i( Mo + N3) 0= Zy ¢t 0= 321
5T 677 Zy Zy = —2iXy | 07 67 26" = —2i(A2 + N3)
676 Z1 Zy=—(2M+N) . 6T 6T 00 =20
5t 6 2y Zy = —i(\) Zy 7 0 €0 = =2i(Aa + N3)
Zy 7o 7y 71 = —i( A + M) Zy 7y 2 €0 = —i(M + \y)
Zy 2y Zy Zy = —3iX o= ¢t €0 €0 = —i(\)

STV 6T Zy ¢ = = £0€0 &0 &0 = —6i(Aa + N3)
T2 Zy= 2% 60T T h=1
56t Zy = A 0t o7 Zy h=—5%
T 2y 2= 2% SHoTm ot h=1

0Tt ¢t 0T ==L+ M) 0 Dyt h=32%
SO gt T = —i( A, 0T hg =~
0Tt O h=—2 Ty Zo h h = —i(As + A1)
"0t hh=—i2M+M) Zy Zy h h = —id
5§ hh=—i(\) . ot ¢~ hh=—id

hh €& =—i(h+h) hohohh=—i%

One can read off from this list the p-independent part of the triple scalar couplings, by
making the substitutions Z; — —ivg, h — vg or Zy — —ivy, €2 — v; (cf. Eq. (2.26) ) in the
appropriate vertices and modifying accordingly the symmetry factors for identical fields.
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