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Abstract
e Standand Model e sctor, st by one wesk g (st of sl
fields with a very small vacuum expectation value, is a very promising setting to

accont for neutrino masses through the so-called type 11 seesaw. In this paper we
consider the general renormalizable doublet /triplet Higgs potential of this model. We
perforn a dotiled sy of its main dynamical features that depend on five dimen-
do breaking, and
h.glmgm thc mplicationsfo the Higgs phenomenology. b parteuls, we detcrmine
1) the complete st of trc-Jvel unitariy constraints o the couplings of the poteninl
and ii) the exaet tree-level from below
couplings. When combined, mm conraintsdclinente recisely the theoretically ol
lowed parameter space domain within our perturbative approximation. Among the
seven physical Higes states of this model, the mass of the lighter (heavier) CPeven
state H (H) will always satisfy a theoretical upper (lower) bound that is reached
for a eritical value jic of i1 (the mass parameter controlling triple couplings among
the doublet /triplet Higgses). Saturating the unitarity constraints we find an upper
bound my0 < O(500 — 700GeV), 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 ju 2 jic and gt S jie. In the first regime the
g sector i typcally very beavy and oy A" which becomes SM-like could be
accessible to the LHC. In contrast, in the sccond regime, somewhat overlooked in
he ncrature,most of the Higes sceto i bt and i pasticulr the henviat state
HO becomes SM-like, the lighter states being (doubly) charged, CPoaq or a decoupled
CPexen, possibly leading to a distinctive phenomenology at the colliders
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are there hints for physics beyond the Standard Model?

» Naturalness or hierarchy problems are often overstated
» Dark matter!
» Neutrino masses? No and Yes
No: simply add a vp and a standard Yukawa coupling —
Dirac mass + perhaps a Majorana mass

— mysterious... SM singlet only gravitationally coupled !?
— more elegant (but not necessary!), vg charged under some
GUT group... e.g. spinorial rep. of SO(10)

— seesaw mechanisms

In this talk we will have in mind the type Il seesaw —
neutrinos masses without an extra vg

L yukawa O Y,LTC® ioo AL



The model

This 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:

H~(1,2,1)and A ~ (1,3,2) under SU(3). x SU(2). x U(1)y.

Y

Q:/3+§
B 5+/\@ 5+t N
A_< 50 5+/\@> and H—(¢0>

L = (D,H)Y(D"H)+ Tr(D,A) (D*A) — V(H, A) + Lyikawa + ---

V(H,A) = —miHTH+ MATH(ATA) 4 [u(H T ioo ATH) + h.c)]
+2(HTH)2 + M(HTH)Tr(ATA)

FA(TFATA) + N\ Tr(ATA)?
+MHTAATH



Electroweak symmetry breaking

@ =(uvz o) = #=(1e )

one finds after minimization of the potential the following necessary
conditions:

- 2uv3 — V2(M + M)V3ve — 222 + A3) VP
2V2v,
2
m = % —V2uv + Q1+ ) er/\“) v

8 parameters — 7 parameters with v = ,/v5 + 2v2 = 246GeV
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Electroweak symmetry breaking

— 10 scalar states: 7 massive physical Higgses, h°, H?, A%, H* H*+
and 3 Goldstone bosons

> _ V2uVE — Agv3v — 225v7
my4++ =

2v;

m

5 (Bt 2vR)Rv2u — A
HE 4vi
2 p(vg + 4v,2)
A V2y

2 ! 2 2
th,HU:E[A+C:F (A— C)? +4B2]

A V2uv2 + 4(Xs + Ag)V2
A=2F L Bl VEBus O tagwl o= YA TAe AN
Vi

— three mixing angles «, 3, 3.
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tree-level unitarity constraints from scalar and gauge boson
scattering

conditions for a bounded from below potential
absence of charge breaking minima?
metastable gauge symmetric vacuum?
tachyonless states

spontaneous CP violation?

Higgs spectrum ?



Dynamical constraints

Tree-level unitarity:

ViH el Vi H Vi H Vi H
T P «
ViH -7 Tl wH Vi H
(a) (b)
””””” *- - i
T
Vi H | Vi H Vi H |
‘ Vi i ‘ Vil
Vi H i Vi, H Vi H i
7777777777 PO [
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Tree-level unitarity:
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T > -
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Tree-level unitarity:

Vi, H Tl Vi H Vi, H Vi H Vi H
T > -

VioH -7 Sl ViH Vi H Vi H
(a) (b)
””””” B S e

Vi H | Vi H Vi H | Vi H
Vi H Vi H

Vi H Vi H Vi H | Vi, H

a 27 x 27 S matrix composed of 5 submatrices M (6 x 6),
Mo (7 x 7)), M3(2 x 2), M4(8 x 8), and Ms5(4 x 4)

partial wave analyses — |agp| < 1



Dynamical constraints

Tree-level unitarity:




Dynamical constraints

Tree-level unitarity:

A+ Ag| < Kk (1)
M| <k (2)
121 + 3\g| < 257 3)
|A] < 2k 4)
Dol < 5 5)
A2 + A3 < S (6)
[ A+ 42 +8a + /(A — 4o —BAg)2 + 162 | < drm (7)
3+ 16Xz + 1225 £ /(3X — 162 — 12)3)2 + 24(2\; + A4)2 |
<4rkm (8)
|2\ — M| < 2k 9)

3%+ Aa /(2 + Aa)2 + 4N | < i (1

o

)
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Tree-level Boundedness From Below:

» Keep only the quartic operators

VW (H,A) = %(HTH)Z + M (HTH)TF(ATA) + \o(TrATA)?

+A3Tr(ATA)? + \HTAATH
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Tree-level Boundedness From Below:

In the literature one finds only very partial answers;

e.g. field space directions where only the electrically neutral
components are non vanishing

4 A
VEY = Z16° + Oz + 20)l0° + (A1 + Ag)|6° 2160 2
lead to the sufficient and necessary conditions

A >0
M+A3 > 0

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

— it becomes more complicated in other directions!
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e.g. of a 3-field direction (¢T, 69, 617):

VO = g+ M) |84 + 2X2]°2 57 + (g + Ag) |5+
A
F M 1O+ (g +Aa) [5H P |6 P + 21671

A>0AX+ 23 >0A 1/ A(A2+A3)+ 21 >0A

(« (2 + 2g) (AN3 + A3 (g — Aa) +2M1 Aghq + A3(A2 + Ag))
A2(M + Ag)

<O0A
((/\3(2,\2+A3)>0AA1+/\4>0AA2<0)v(A2>0AA(,\2+/\3)>(/\1+,\4)2

AA + Ag < o))) V(A2 >0AA+Ag>0)V ()\()\2+/\3) > (A1 +20)2 A Ag(2hg + Ag) > 0

/\\/7>\3(2>\2 + >\3)((A1 +24)2 — A(Ap + As)) T A Ag > x2x4))
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there are 10 such 3-field directions
(up to gauge transformations) with as many different conditions
"
...and this is not exhausting all possibilities, 4—, 5—,...field dir?
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Tree-level Boundedness From Below: The most general solution

r = VHH+TAA
H'H = rfcos?y
TH(ATA) = rPsin?y
(HTAATH)/(HTHTFATA) = ¢
Tr(ATA?/(TFATA)? = ¢

r4
S (AH4(\+E) tan® y+4(Aa+(Ag) tan® )

v@(rtanvy,6,0) = ——
(r.tanv,¢,¢) 21 et

0<tanvy < 4o
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A>0 & Mo+ (A3 >0 & )\1+f/\4+'\/)\()\2+C/\3)>0,

V(¢ € [%,1],V£ €1[0,1]

A>0
A2+2A3 >0

/\3
— >
)\2—|- 5 0

M+ VA A2 +A3) >0

A
)\1+\/>\()\2+§)20

)\1+/\4+\/)\(/\2+/\3)ZO

A
)\1+/\4+\/)\(/\2+?3)20



Dynamical constraints

combining all constraints —

0§/\§§mr

A3
A+A3>0 & )\2-5-?20
)\2+2)\3§gﬂ

40 + 33 < gﬂ

5
Ao —2A3 — \/()\2 - gﬂ')(g/\g - Emr) < gﬂ'

4] < min \/()\ + 2k7)( N2 + 2)g + gw)

2
[2X1 + 4] < \/2(/\ — 5/%)(4)\2 4+ 3)\3 — gﬂ')
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Higgs mass bounds

1 2
ue) =, megy = meyy ~Va
2
§ A m(21) = %
[aV]
HO
2
M) h°
> °
Mz
y v -
I
u(c” Mgzz)
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phenomenological implications
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Preliminary conclusions

an SU(2) triplet Higgs extension of the SM could be motivated
by small neutrino masses

the doublet-triplet Higgs sector has by itself a very rich structure
and phenomenology

a very good handel on theoretical constraints (in contrast with to
two-Higgs doublet models for instance)

theoretical lower (upper) bounds in the CP-even sector
high 1. regimes, all non-SM Higgses decouple quickly
low p regimes, the SM-like Higgs is the heaviest (Hp)!

h° decouples quickly; not necessarily the lightest Higgs!
distinctive H** phenomenology ?

exclusions from existing bounds? precision tests?
model-dependence?
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