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Motivation SaaH

Adriana Pérez

Motivation

Three-Higgs-doublet
model under the

symmetry Sg
Studies have been started in the 70’s, hoping to find global symmetry that :izsimgs
explains the mass and mixing patterns. Higgs one loop self enery

Numerical analysis in

Pakvasa et al (1978); Derman and Tsao (1979);Yahalom (1984); Wyler (1979); A. Mondragén et al (1999); Kubo et al the Higgs potential

(2004); etc
S; is the smallest flavour symmetry suggested by data.
Previous works in the quarks and neutrinos sector.

Summary

Kubo et al (2004); A. Mondragén et al (2007); F. Gonzalez (2012); etc

Extending the concept of flavour to the Higgs sector by adding two more
EW doublets.

@ Without the symmetry — 54 real parameters in the potential.
@ Low energy model

Testable model
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The potential of three-Higgs-doublets under the symmetry S;

@ The lagrangian of the Higgs sector under the symmetry S; is given as:
Ly = (DuHs)? + (DuHy)? + (DuHa)? — V(Hy, Ha, Hs). 1)
@ The potential V(Hy, Ho.Hs) more general for the three higgs doublet
model invariant under SU(3)c x SU(2), x U(1)y x Sz is the following:
vio= f (Wi ) ol (HiEs) + g (HiHs)? + b (HiHs) (W] Hy + H] Hy)
+= (M Hy o+ Hg/-rg)2 + g (Hf Hy — HgH1)2 + efk <(H;H,-) (H/THk> + h.a)

+ {(HEH) (M Hs) + (HiHp) (HiHs) ) + g {(Hj/—q - H;Hz)z G +H§H1)2}

+£ {(HEHy) (HEm) + (HEHo) (HEHo) + (HIHs) (HiHs) + (HHs) (HiHs)} . @

[SEEY

@ The three Higgs doubles of SU(2): H;, H» and Hs can be writing in the
following way:

L A _ 1 [ ¢o+igs
H17\@<¢7+/¢10) ’ HZ?\/§<¢8+i¢11) @)
H:L<¢3+i¢6>

$ T V2 \ @9 +id2

Kubo et al (2004); Felix-Beltran, Rodriguez-Jauregui, M.M (2009), Das and Dey (2014), Barradas et al (2014), Costa,
Ogreid, Osland and Rebelo (2016), etc
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The potential of three-Higgs-doublets under the symmetry S;

@ We worked in the normal minimum, where the configurations of the fields
are:

¢7:V17¢8:V27¢9:V37¢i:07 i7é778797 (4)
they must satisfy the condition v = | /v + vZ + v2 = 246 GeV.
@ The condition of the minimum fixes :

vZ=3v2, A e=0. (5)

Felix-Beltran, Rodriguez-Jauregui, M.M; Costa et al

@ The minimum of potential can be parameterized in spherical coordinates,
two angles and v.

Vi = Vvcospsinf, Vo =Vsingpsinf Vg3 = Vcosb. (6)

tang = i%, which means ¢ = /6, therefore:

1 3
tangp:1/\/§ = sin<p:§ & coswz% (7)
2 2
tan9:£ = sin@:ﬁ & cosezﬁ (8)
V3 v v
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@ The properties Higgs and Goldstone bosons have been found after
diagonalize the 12 x 12 matrix (M%) = 3 % . We took the next
! min
convention:

[Mﬁfagll =R/ M3R, I1=8,AC. (9)

@ The rotation matrix is the product of two rotations, i.e., Rj = A* B;. The
rotation matrix R which diagonalize M2 and MC is:

sinfcos¢ —singp —cosfcosp
Rac = [ sinfsingp cos ¢ —cosfsing | . (10)
cos 0 0 sin 6

The rotation matrix R which diagonalize Ms is:

sincosy —sing  — COSCOoS Y
Rs = sinasing cos¢  —cosasing | . (11)
cos 0 sina
. M2
we define the angle tan(2a) = Ve M2 .
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Higgs masses

@ The Higgs masses can be rewritten in the following way:

9
—~ev?sinfcosf
2

3 |2 02y & /O — a2

Ms =av®cos® 6 —

2

3
[(C +g)VPsin® 0 + E&"v2 sin 6 cos 9] ,
= [Sev2 sin® 0 + 2(b+f+ h)v2 sin 6 cos 9} s

ev? tan sin® 0

5
—v? [(d+g)sin20+ Eecosesine + hcos? 9}

7f(SMn9+h)

2

—%{mma+u+my

(F+

h)

5
—v? | Zesinfcosf + ~— cos
2 2

29+gsin2 0}

(14)

(1)

(16)

(17)
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Higgs Basis seaH

Adriana Pérez

@ This is the basis in which one of the Higgs’ doublets has the complete Rlciaiey
vacuum expectation value, ¢vev, and the other doubles are perpendicular ;hrse"H‘ngdgs;ghoub‘et
to the first one,1, . sy?meaeuny 23 i

@ The Higgs basis is define in the following form: e

Higgs couplings
Higgs one loop self energy

¢V6V cos ¢ sin 6 sin » sin ¢ cos H1 Numerical analysis in
Uy = —sing cos 0 Ho | . (1 8) the Higgs potential
() —cospcos —sinpcosh sinf Hs Summary

@ The doublets in the Higgs basis are given as:

G* HE HE
Pvev = 1 Py Py = 1 = o = 1 o4 0
ﬁ(v+h+/Go) ’ ﬁ(H1 +iA1) )’ ﬁ(H2+:A2)

where
H cos(a —0) 0 sin(a—0) Hj
Ha | = 0 1 0 ho | . (19)
Hp —sin(a—0) 0 cos(a—0) Ho

Das and Dey (2014)
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@ After the EWSB it remains a residual symmetry 25, that is going to have
different changes asociated with the particles from the model. We

summarize in the next table:

Das and Dey (2014)

Neutral scalar | Pseudoscalars | Charged scalars
h Odd
2 Ay | Odd H* | Odd
H | Even A Even H1i E
Hy | Even 2 2 ven

Table 1: The Z; assignment for the physical states hp, A; 2> and Hﬁg, and the
intermediate-basis states H, and Hp. In the alignment limit the last two will correspond

also to the physical states.

@ hy decoupled from gauge bosons.

@ There is an “alignment” limit, where H, is the SM Higgs boson — H; also

decoupled from the gauge bosons.
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@ On the other hand the kinetic term in this basis is given as follow:

Lkin - (D/LH1 )T(Du H1) + (D}l HZ)T(D/LHZ) + (Du HS)T(DN Hs) .

@ A summary of the couplings hg, H; and Hs, with two vector bosons and

with vector bosons and charged scalars.

cos(aw —0)  sin(a—0)
IH,wrw- IH,w+w—
9H,zz 9H,zz
9zA;Hs, 9za,H,
IwtrFr,  Iw=rFH,
Iow+rHFr,  JzwtHFm,
9ywtrFr,  IywHFHy

@ hO has no trilinear gauge couplings, only:

92A1ho> 9zw+HEry Iw=HiE R andg_ . H{E hy®
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Higgs couplings

ghO wEwF =0 9ngzz =0 (22)
2 v 2 g v
2MZ, cos(a — 0)gH 2MZ sin(o — 0)gH
w w
g = , g = ; (23)
HwEWF Y HywE wF y
2 v 2 v
M2 cos(o — 0)gt M2 sin(a — 0)gF
z z :
9Hy 2z = T 24)
v v
M2, ghv W2ghv
w z
g = A/ =4t (25)
hohoWEWF 2 hoho 22 o2
2 2
g 4 = MWgMV 1 4 _ M (26)
HyHyw=w+ 2 THpHwEWF 2
2 2
g _ Mgt _ Mz @n
HyHy 22 o2 1 HaHpZZ I
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Higgs self-couplings

@ The Higgs trilinear self-couplings are defining as:
—ie®V

Nk =~
K OH0H0Hy

@ Some of the trilinear self-couplings.

Ihghoghg = O
'0ho o 9H, Hy Hy

9A 1 A1A; = 05

9hghgHy

3
1 e
— (mf, ”29 +
VSpg 0 906

m12_,2 (cica_(., - sase)) s

IHp Ho Hy

9hghgHy =

(28)

3
1 ( 2 Sa—0
— (mf; 5 —
Vspg 0 909

’”Az-l1 (Cisafe - Soce) )

1 S,
2 +6 2
(mfy, = + Sampy, )
2vsg 0 ¢p
C,
(m,z7 ot + Ca m,z_( )
2vsg 0 ¢y 2

Per Osland et al (2008); John F. Gunion and Howard E. Haber (2003); Barradas-Guevara et al. (2014)

§3-3H

Adriana Pérez

Motivation

Three-Higgs-doublet
model under the
symmetry Sg

Higgs Basis
ggs couplings
Higgs one loop self energy

Numerical analysis in
the Higgs potential

Summary

12/22



1 4’"%0 S2(a—0)
IHp Hp Hy Hy 822,

5

>
(2520 + S2(a—0)) — 2mpy, S20,(3620,52(a— 0)
9Hg Ho Hp Hp

=383+ S29) + 2’"%12 520, (3620, (— ) + 3520 529)> )

(ca—g +2¢419)
ocj
A
i

+ m,z.,z(cica_g - Sa$9)2>,

(30)
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Couplings in scenario A seaH

Adriana Pérez

The scalar couplings are reduced in the alignment limit of scenario A as:

Motivation

sina = cosf; cosa = —sinf (31) Three-Higgs-doublet
model under the

In scenario A in the alignment limit, the Higgs boson Ho, trilinear coupling Sy G

coincides exactly with the trilinear coupling of the SM Higgs boson Agy. Higgs Basis
>
1 [ > ] 1 5o o m/-/2 s Higgs one loop self energy
g —— | Mm% sa s, = — —m = <.
Ha Ho Hyp Vspp Hp Z:%0 2v ¢y Ha 2v Numerical analysis in
the Higgs potential
1 1 1 1 1
2 2 2 2 2 Summary
= — mp  — sgm = ———F |-mh — —Spgm . (33]
9Hy Hy Hy V52 [905 hy — 56 H1] Ve2e {9 hy ~ 526 ™Hy )
2 3 3 2 m,2_12
—F 5 M, —8pCy — Cg S, = —F.
9H, Hy Hy Hy 223, Hy(=S8% — %6S0)" = 23
Some of the reduced scalar couplings for scenario A depend only on the
masses involved, and are given as:
1 1 1
Hzhohy = E(mﬁz 2. GHpA Ay = E(mﬁz MR Ghpapy = ;(’”/242 +2my).
0, xR ey, 0 4w = ey g =o. (34)
HoHEHE e firs HpH HE — e HE ) It Hp
f— us — H —
If we take cos(a — 0) = cos(F — ¢) =sine = 4, we get
2 2
m m 3
H, hy O
OHypHy = Asmin =  —=2 |(14+26%)V/1 — 62 4 83(tan 0 — cot 0) — —> 5|
2v my, 9sgCy
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S3-3H

Higgs one loop self energy
Adriana Pérez

Motivation

Three-Higgs-doublet
model under the

z;jo (s) 0 0
® & P symmetry Sg
¥?(s) = 0 N (s) thHz (s) |- (35) :‘zzz :S:ngs
U S C IR = AC)

Numerical analysis in
the Higgs potential

2 2
g 0.0 gH 040 g + .7 Summary
HnHn 39 ¢" nei &; Hnor ¢
5P _ //A2 ’152’2_27 KK52,2’2
Hn Z,: 162 O(Wfb?“,z,: 2 ol# mcb? md)?) Zk: 872 0P md)ki md)ki)
g,
+ ZMAWVHZ ””B(p ), (36)
7 1672
Masses (GeV) tan 6
light spectrum =80, my, =200, my, 2 = 80, mHi =100 1
=800 | 2.119

heavy spectrum | mp, = 800, my, = 800, ma, , = 800, mg+
’ 1.2

Table 2: Parameter values in scenario A that make the one-loop mixing parameter vanish
Py p = 0, taking into account only the scalar and gauge contributions.
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Numerical analysis in the Higgs potential

We are going to have two scenarios

Scenario A

sinfa—60)=1 so cos(aw—0)=0. (37)
Scenario B

sinf(fa —0) =0 y cos(a—0)=1. (38)
Proceeding

@ We made a scan in the parameter space, we imposed the stability and
unitarity conditions.
Das and Dey (2014), Barradas et al (2014)

@ We imposed the alignment limit, which means (o — 0) = 7. From each
scenario we imposed by hand that H, or H; takes values between
[120-130] GeV.

@ We take a precision of the 10%. i.e., £0.1, on the (« — 0) values.
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Scenario A

nario A
Sﬁ?SM—like
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Figure 1: Dependence of the neutral scalar masses, hg, Hy, Hp, on log(tan 8) € (—3, 2), for scenario
A, when (a — 0) = = /2. The first graph shows the values of hy, the second graph shows the values of
Hjy and the last one shows the values of H,.



Scenario B

| SM-like H SV
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Figure 2: Dependence of the neutral scalar masses, hy, Hy, Ho, on log(tan 8) € (—3, 2), for scenario
B, when (o« — 0) = 7 /2. The first graph shows the values of hy, the second graph shows the values of
Hy and the last one shows the values of Hy.



Precision on (a — 0)
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Figure 3: Dependence of the neutral scalar masses, Hy , H2i , Ao for scenario A. Applied with a 10%
uncertainty ((black points) and 1% uncertainty (yellow points) on (o — ). 2 The points shown comply
with the unitarity and stability conditions, and the restriction of H, as the SM Higgs.



Charged and Pseudoscalars Higgs
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Figure 4: The points shown comply with the constraints of previous figures plus the bounds on the
SM:-like Higgs boson mass for each scenario.



Summary so-aH

Adriana Pérez

@ We compute the Higgs self-couplings and the Higgs couplings with the Motivation
vector bosons. Three-Higgs-doublet
model under the
symmetry Sg
@ We found values for the parameters of the model and the angle 0, that Higgs Basis

pass all Higgs bounds and satisfy the alignment limit. HERCETEIE?

Higgs one loop self energy

Numerical analysis in

@ We are able to compute different process in order to make boundaries to i IAlEEe e il
the parameters of the model.

@ There is a residual symmetry =, as was reported. Which decouples one
of the neutral scalars hy from the gauge bosons, this raises the possibility
of treating this decoupled scalar as a dark matter candidate.

@ We obtained the analytical expressions for the one-loop corrections to the
SM-like Higgs, due to scalar and gauge bosons in the loop, and found that
the decoupling of hy remains at one-loop level.

@ The small deviation ¢ we considered of the alignment limit at tree level, is
compatible with the latest experimental results on Higgs-gauge boson
couplings

@ doi: 10.1140/epjc/s10052-021-09731-3. arXiv: 2102.02800 [hep-ph].
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