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The Standard Model of Particle Physics

On the 4" July of 2012...

The discovery of a Higgs-like particle is announced at CERN
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The Standard Model of Particle Physics
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However, this is not the whole story...
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Beyond the Standard Model

Scalar triplet extensions of the Standard Model

Multi-Higgs Higgs-triplet model Two-scalar-triplet model
scenario (HTM) (2STM)

Neutrino masses
Motivation in type-II seesaw
mechanism

Are neutral minima
Problem stable against charge
breaking?
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Beyond the Standard Model

Scalar triplet extensions of the Standard Model

Multi-Higgs p— Two-scalar-triplet model
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ABSTRACT: We analyse the possibility of charge breaking minima developing in the Higgs
triplet model, and under what conditions they are deeper than charge-preserving ones. N
Analytical expressions relating the depth of minima of different types are deduced. A global
symmetry of the model leads to increased stability for charge-preserving vacua. However,
if that symmetry is broken by a soft term, deeper charge-breaking minima may oceur more
casily. We identify the vev configurations most likely to produce charge breaking minima.
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The Higgs-Triplet Model

All SM fields, with the addition of an SU(2) scalar triplet
T A+/\/§ AT+
(I’((bo) _I_ A( A0 —A+/\/§)

RICHER PARTICLE SPECTRUM:
e Two CP-even scalars, h and H

* One pseudoscalar, A

* One charged scalar, H”

One doubly charged scalar, H7
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The Higgs-Triplet Model

All SM fields, with the addition of an SU(2) scalar triplet
T A+/\/§ AT+
(I)((bo) _I_ A( A0 —A+/\/§)

MODEL’S MOTIVATION:

* Smallness of neutrino masses (type-1I seesaw)
* Dark matter candidates
* Rich phenomenology
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The Higgs-Triplet Model

All SM fields, with the addition of an SU(2) scalar triplet
T A+/\/§ AT+
(I)((bo) _I_ A( A0 —A+/\/§)

DIFFERENT VACUUM POSSIBILITIES:

 (CP-breaking vacua
* Charge-breaking (CB) vacua
e Normal (N) vacua
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The Higgs-Triplet Model

All SM fields, with the addition of an SU(2) scalar triplet
T A+/\/§ AT+
(I)((bo) _I_ A( A0 —A+/\/§)

DIFFERENT VACUUM POSSIBILITIES:

+ CP-breakingaens NOT POSSIBLE!
* Charge-breaking (CB) vacua

e Normal (N) vacua
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The Higgs-Triplet Model

All SM fields, with the addition of an SU(2) scalar triplet
T AJF/\/Q AT+
() e (PN

DIFFERENT VACUUM POSSIBILITIES:

+ CP-breakingaens NOT POSSIBLE!
* Charge-breaking (CB) vacua

e Normal (N) vacua

Are neutral minima stable against charge breaking in the

Higgs triplet model?
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The Higgs-Triplet Model

Most general gauge invariant scalar potential Soft-breaking term

0
V:mQ(I)T(I)JrJMQTr(NLA)@@TiTgAT@Jrh.c.) o — e

2
A (BT D)2+ 0o [Tr(NA)] 3Ty [(ATA)Q] (TR Tr(ATA)+ A BT AATD

— Potential without soft-breaking term (4 = O  Allows for dark matter particles

., Potential with soft-breaking term v # 0 Helps generate neutrino masses
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The Higgs-Triplet Model

Three possibilities for neutral vacua

1 0 1 0 0
(®)N1 =75 (%) a <A)N1:ﬁ (’u& 0)

¢ (Can occur whether the soft breaking term is present or not
e If such term is not present, we get a massless axion

1 0 1 00
@)NQZE (,U) , (A)m:ﬁ (00)

*  Only occurs when the soft breaking term is not present
* Good dark matter candidates

1 0 1 0 0
<@)N3:ﬁ (0) : (A) N3 = 7 (v/_\. 0)

* (Can occur whether the soft breaking term is present or not
* Unphysical vacuum type (massless quarks)
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The Higgs-Triplet Model

Three possibilities for neutral vacua

1 0 1 0 0
(P)N1 =7 (%) , <A>N1:ﬁ (m 0)

1 0 1 0 0
<(I)>N3:ﬁ (0) : (A)ng = 7 (v/_\. 0)
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The Higgs-Triplet Model

Using a bilinear formalism similar to the one developed for the 2HDM, it is possible to
find analytical formulae relating the depth of the potential at different extrema of the potential
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Stability without soft-breaking

Stability of minima of type N2 Stability of minima of type N1
against charge breaking against charge breaking
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Stability without soft-breaking

Stability of minima of type N2 Stability of minima of type N1
against charge breaking against charge breaking
1 2.2 2. 2
Vol — Vine = 1 (CQ'I’I’LH’A + 63m+)
Vopo — Vg = i (C% m%;,A + C% ’m?H_)
Vops — Vg = i (c% m%’A - cg mi - c?l m?H)
Veps — Vivg = % 5 m?
Vops — Ve = i (c% mi + c3 m?H)
Veps — Vv = i c3m
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Stability without soft-breaking

Stability of minima of type N2
against charge breaking

Vol — Vine = % (c%m%LA + cgmi)

Vops — Vo = i (c3mira+csm7,

Vops — Vo :% (C%m%[,A+c§mi+c4m++
Veps — Vv = % 5 m?

Vops — Ve = i (C% mi + c3 m?H)

Veps — Vve = % c3mi
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Stability of minima of type N1
against charge breaking

2 2
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Stability without soft-breaking

Stability of minima of type N2
against charge breaking

Vol — Vine = % (c%m%LA + cgmi)

Vops — Vo = i (c3mira+csm7,

Vops — Vo :% (C%m%[,A+c§mi+c4m++
Veps — Vv = % 5 m?

Vops — Ve = i (C% mi + c3 m?H)

Veps — Vve = % c3mi
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Stability of minima of type N1
against charge breaking

2 2
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Stability without soft-breaking

Stability of minima of type N2 Stability of minima of type N1
against charge breaking against charge breaking
1 (32 7712
2.2 2.2 _ - 37+
Vepr — Vive = 1 (szH,A +cam?) Vop =t (L 2
X (1+52)
_ 2. 2 2 2
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Stability with soft-breaking

Stability of minima of type N1 against charge breaking
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Stability with soft-breaking

Stability of minima of type N1 against charge breaking

2 2 2 2
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Stability with soft-breaking

Stability of minima of type N1 against charge breaking

Vepe—Vn1 = ( )
Veps—Vni = ( )
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Stability with soft-breaking

Stability of minima of type N1 against charge breaking

Vepa—Vni =

Veps—Vni =

Vepa—VN1 =

Ves—VN1 =
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Stability so far...

CB minima c¢; # 0

STABILITY DOES NOT OCCUR

N2 minima

GUARANTEED

N1 ming STABILITY STABILITY
rinma GUARANTEED NOT GUARANTEED
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The case of the vevless doublet

oV A
=1 [m2+)\16%+74

A
— = (G+d+d)+5 2E+a3)| =0
861 2

Cl1 = 0| disconnected solution from ¢; # 0
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The case of the vevless doublet

Three possibilities for neutral vacua

1 0 1 0 0
(P)N1 =7 (%) , <A>N1:ﬁ (m 0)

1 0 1 0 0
<(I)>N3:ﬁ (0) : (A)ng = 7 (v/_\. 0)
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Six new possibilities for CB vacua
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Stability without soft-breaking

Stability of minima of type N1 against charge breaking

v:  mimy Q[Q()\Q + A3)va + (Mg + As5)vg ]

Vepr — Vit = _
CBT — VN1 o 16(A2+)\3)U 16(A2 + A3)(2A2 + A3)

2 2,2
U% my My

’U?ﬁ 16()\2 + )\3)

Veplo — VNt =

Stability of minima of type N2 against charge breaking

1 [ m? M*?
Vepr — Vv = 1 )\19)\ 1)\
2+ 93

1 (m*~ M*
Vepio — Vve = 1 (A1@)\2+)\3)

The expressions for Vopr — Vg hold for CB8, CB9 and C'B12, while the second one
also holds tor Vg1 — Vi
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Stability with soft-breaking

Stability of minima of type N1 against charge breaking

Ve — Vs — v: mimi ~ A m%  vi ~ 3[2()\2+)\3)U‘2A+()\4+)\5)1)(%]2
’U% 16()\2+)\3)U8()\2—|—)\3) 1+4’U?ﬁ ’Ui 16()\2+)\3)(2)\2+)\3)
2
Uy
. @ m?q V2 4 g+ A ’UcQIO 1 mi
2(2X2+A3) 1+% 272N+ A3) 2(A2+A3) 1+ﬁ
v3 V2
® L ¢
VooV = ’U% m%m% N Al m?q Ufl{,
v 16(Aa+A3)—"8(Aa+A3) A
2
Vg

The expressions for Vopr — Vg hold for CB8, CB9 and C'B12, while the second one
also holds tor Vg1 — Vi
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Full analytical conclusions

CB minima c¢; # 0

STABILITY DOES NOT OCCUR

N2 minima

GUARANTEED

N1 ming STABILITY STABILITY
rinma GUARANTEED NOT GUARANTEED

CB minima ¢; =0

. STABILITY
N2 minima NOT GUARANTEED DOES NOT OCCUR
N1 mini STABILITY STABILITY
mintma NOT GUARANTEED | NOT GUARANTEED
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Numerical scan without soft-breaking

e N2 minima is stable against N1 minima type

* N2 not necessarily stable against CB with
vevless doublet

*  We have identified the most likely CB vacua as
the vev combinations we dubbed CB7 and CB10
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Numerical scan without soft-breaking

1000

900

800

e N2 minima is stable against N1 minima type

* N2 not necessarily stable against CB with
vevless doublet

*  We have identified the most likely CB vacua as
the vev combinations we dubbed CB7 and CB10
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It can be shown analytically that

1
An N2 minimum is stable against charge breaking iff M? > —, /min (A2+2)\3, )\2+)\3) et

Bernardo Gongcalves - DPF21 Meeting - 13t July 2021 17



a0
=
=
av
O
-
50
&
Q
N
<=
S=
=
S
T
O
0
®
.
-
)
=
-
Z

550
500
450

250
200

N2 minima is not possible to occur

With a minimum of type N1, there are several

possible deeper CB vacua

neutral

of potentially-unstable

percentage

Large

minima

-0.5

-1.5

M? (GeV?)

2.5

x10°

In blue, all scanned points for a minimum of type N1;
in red, those points for which there exists a CB

vacuum (CB7 or CB10) lower than N1

18

Bernardo Gongcalves - DPF21 Meeting - 13t July 2021



Numerical scan with soft-breaking

550

500 -
* N2 minima is not possible to occur 450
« With a minimum of type N1, there are several w00 -
possible deeper CB vacua <
 Large percentage of potentially-unstable neutral (ﬁ 350 T
minima t 300 -
£
250 -
200 -
150
T AL Sl

* We found that for roughly 26% (48%) of the parameter space found for the globally symmetric (softly
broken) potential neutral minima had deeper charge breaking ones

* (B global minima can indeed coexist, in some cases fairly frequently, with neutral minima
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symmetry of the model leads to increased stability for charge-preserving vacua. However,
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Beyond the Standard Model

Multi-Higgs
scenario

Motivation
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Scalar triplet extensions of the Standard Model

Stability of neutral minima against charge breaking in
the Higgs triplet model
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Two-scalar-triplet model
(2STM)

Minimal triplet extension
in which spontaneous CP
violation occurs

Do we have decoupling
in the scalar mass
spectrum?
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Spontaneous CP violation in scalar-triplet models

In the Higgs-triplet model:

(o7 (6t NV2 et
(D_(qs“) + 2= (%7 )
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Spontaneous CP violation in scalar-triplet models

In the Higgs-triplet model:

(o7 (6t NV2 et
(D_(qs“) + 2= ("6" )

>‘/u,’vusin9 = O‘
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Spontaneous CP violation in scalar-triplet models

In the Higgs-triplet model:

(o7 (6t NV2 et
(D_(qs“) + 2= ("6" )

(") = ﬁa (07) = NG >‘/u,’vusin9 = O‘ 4 NO SCPV
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:
L (@ | B (i l, /\/§ (5 :
(‘?50) v ( lg(f,z —5522/\/5)

Vo =m?®T® + METr(ATA) + ML Tr(ATAL) + Mo (@T®)?
+ M [Tr(ATAD)? + A [Tr(ALA)]? 4+ A Tr(ATAL)Tr(ATA) + A Tr(AT A Tr(ALAL)
+ M Te[(ATAD?] + X Tr[(ATAL)?] + Ay Tr(ATAGATAL) + A Tr(ATALATAY)
+ MTH(ATAN)®TE + N Tr(ATAL)®TE + N @TA AT + \dT AL AT D

_|_

Ve = ME[Tr(ATAS) + Tr(ATAD] 4 (11T i Al + 10T inAld + He)
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:

01 # 6o
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:

01 # 6o

Up = ucga
uy = usg | Y (H1c586, + 1258S0,) =0

tan 8 = us/uq
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:

CP violation can be communicated to the fermion sector
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Spontaneous CP violation in scalar-triplet models

In the two-scalar-triplet model:

CP violation can be communicated to the fermion sector
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Scalar mass spectrum

Using results from matrix theory, it is possible to find analytical results, exact or up to a good
approximation, regarding the eigenvalues of the mass matrices, thus the scalar masses

e Six neutral scalars

e Three charged scalars
* Two doubly-charged scalars
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CP-conserving case

mig ~2\v? — 2\/§uﬁ, L= p1cg + H2sa

2
M2, V2 [ v? _ M V2 v
My, ~mag o~ ——2 4 + 4| (—m.uz'vz - \@Mlzzu,u) +-——2+
3.4 5,6 S92 2 uSap \ (VRlCDYe S23 2 ussp
2 w2 o2 a2 2 w2 o2 a2

e Two Goldstone bosons

* One Higgs-like particle
 All the remaining particles decouple
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CP-violating case
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CP-violating case

This result is exact!

2

migs < % |:A3 + As + (A'; — A5)625 + \/[Ag + A5 + (Ag — A5)c2ﬁ]2 + (Ai — 4A3A5) 6%5]

A; — combinations of quartic couplings
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CP-violating case

This result is exact!

2

migs < % |:A3 + As + (A'; — A5)625 + \/[Ag + A5 + (Ag — A5)c2ﬁ]2 + (Ai — 4A3A5) 6%5]

A; — combinations of quartic couplings

Two light neutral scalars!
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CP-violating case

A=
S0, —05 V2u

S0

mhg ~ 2\ v° + 2\/_u1uc/3

S 2
mig ~ mig ~ . ; [f1(B,01,02) + f2(B)] M3

5 mifl** 1A1f1(ﬁ391392)+)\2f2(18)1}
Hf = 2 4 f1(B,01,02) + f2(5)

S 2
Mg = Myee 2 = [[1(8,61,02) + fo(8)] M3
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CP-violating case

X =
Higgs-like v2u
S0

S 2
mig ~ mig ~ . ; [f1(B,01,02) + f2(B)] M3

501 —0

mhg ~ 2\ v° + 2\/_u1uc/3

5 mifl** 1A1f1(ﬁ391392)+)\2f2(18)1}
Hf = 2 4 f1(B,01,02) + f2(5)

S 2
Mg = Myee 2 = [[1(8,61,02) + fo(8)] M3
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CP-violating case

2=
Higgs-like v2u
S0
S
mig "—“’mig”—“— 2 [f1(B,601.02) + f2(B)] MA

S0, —05

mhg ~ 2\ v? + 2\/_u1uc/3

S50, —05

5 mifl** 1A1f1(ﬁ391392)+)\2f2(18)1}
Hf = 2 4 f1(B,01,02) + f2(5)

mr‘}{; ~ m?{;Jr ~ _3:629 [£1(8,01,05) + f2(B)] M3 Decoupled
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CP-violating case

X =
Higgs-like v2u
S0

S
My = mig ~ — - 929 [F1(53,61,62) + fo(B)] M3 Decoupled

S0, —05

mhg ~ 2\ v? + 2\/_u1uc/3

2
2 M+ 1 Alfl(ﬁa 01,02) + )\2f2(5),u Electroweak!
HY = 2 4 f1(B.01,02) + f2(5)

S 2
mzﬁr;r = mir;Jr ~ T 6_9 [f1(5,01,02) + f2(5)] M3

Decoupled

3
{
| 2
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Full analytical conclusions

Mass spectrum

CP-Conserving CP-Violating

Neutral

Massless - Goldstone boson

SM Higgs-like
188 Light

Decoupled

SM Higgs-like

Singly-charged H

Massless - Goldstone boson

Decoupled Electroweak

Doubly-charged
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Numerical scan

70 T T T T T I T
I @l nng
ol o h§
I myg theoretical bound
S P myg theoretical bound
s ' /7] EWPD(excluded)
3 i
lifler)
=
20
10
0
0 2 4 6 8 10
u [GeV]
5 U2
mhg‘g < ? f(A, ,3)
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Numerical scan

70 T T T T T T 600 1 I T T T T
Nt sty 7S i
60 | . hg 500
I myg theoretical bound -
S myg theoretical bound 400 L
s ' /7] EWPD(excluded) = i
il O
% 9. 300 -
= 30 ot
I
5 = 200 |
20 n
10 100 |
0 0 ST 1 ! | \ !
0 ) 4 6 8 10 0 100 200 300 400
u [GeV] my+ [GeV]
’ 2
m
u? H++
9 u 2 1
mhg,g < > f(A, ,3) mH2 ~
Analytical results confirmed!
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Numerical scan

Could such scalars have evaded detection?

Bernardo Gongcalves - DPF21 Meeting - 13t July 2021 29



Numerical

Could such scalars have evaded detection?

8 1D :
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Numerical scan

Could such scalars have evaded detection?
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Some remarks

* Lepton-flavour-violation processes can impose a lower bound on the triplet’s vev u

 (Can one simultaneously explain neutrino masses and leptonic CP violation via SCPV
in the 25TM?

* Is this true for any number of triplets?

Bernardo Gongcalves - DPF21 Meeting - 13t July 2021 30



