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Motivation

Glashow and Weinberg “The suppression of
FCNC is natural if it depends only the symmetry

and the representation content of the model”
PRD 15, 1958 (1977).




Motivation

Glashow and Weinberg “The supression of
FCNC is natural if it depends only the symmetry

and the representation content of the model”
PRD 15, 1958 (1977).

In a multi-Higgs models we have Flavor
conservation it the fermion masses are
generated by a single source.




The proposal

® We assume that the scalar sector also has three
families (there is no limit on the SM scalar sector).

® And we, also, assume that the symmetry governing
the scalar sector is the S3 symmetry.




The proposal

® Usually the discrete symmetries are used to give more
predictability in flavor problem, for example reproducing

ansateze.

o About 53 symmetry (arXiv:1003.3552v2)

Ty Y1 T1Y2 + T2
= (T + + (1Y — 2 r + )
( - )2® ( 92 )2 (z1y1 + Z2y2)1 + (Z1Y2 — T2y1 )1 ( Ty — )2

( . )2® (¥')v = ( ;f;%" )2, (41)
()1 @ (¥)r = (2'y)1.




The proposal

® Or,all permutation of S3 symmetry are represented on the reducible triplet (x1,x2,x3) as:

100 100 010
o1o0),{oo0o1], {100
00 1 010 00 1
010 00 1 00 1
oot1),{o1o], {100
100 100 010

® We change the representation using the unitary transformation:

(S
2/3 1/v3 0 + 100 10 0 1 0 0
Vari= | —v8 1/v3 —1/v3 | UTgU (o1 0] (o1 0 ) [0 -4 —£].
—1/V6 1/V3 132 001 00 —1 0 -3 1
1 0 0 1 0 0 1 0 0
0 5 -3 0 5 3 0 —% —3




The proposal

® Or,all permutation of S3 symmetry are represented on the reducible triplet (x1,x2,x3) as:

100 100 010
oto}),{oo1], 100
00 1 010 00 1
010 00 1 00 1
0oo01),lot1o], 100
10 0 100 010

® We change the representation using the unitary transformation:

c
V2/3 1/V3 0
Utribi—(_l/\/g 1/V/3 —1/\/5) U*QU (1) (1) 8 ,
—1/vV6 1//3 1//2 001
1
0

The multiplication rule Is (0
the same




The model

® However, we have two possible representations for
the singlet and the doublet:

A3 =24+1=D+8S

1
S:—(H1+H2+H3)~l.

7
D = (Dy. D) = %(2111 H, - Hs)e%(Hz - Ha)] ~2,
And B:

S:lel. D:(HZ,H3)N2.

® All the fermions are singlets of S3 (Minimum
extension of the SM).




The model
SU(3) X SU(2) X U(1) X S3
® The most general scalar potential invariant under

the symmetry is given by:

V(D,S) = piS'S + p3|D' ® D)y + A ([D' @ D|y)* + Ap[(D' @ D)y (D' @ D)y]s
+ As[(D' @ D)2(D' @ D)a| + Ag(S'S)? + As| DT @ D)1 S'S + AST (D' @ D), S
+ {M|(ST® D)2(D' @ S)als + Xs[(ST @ D)a( D' @ D)oy + Hoc.} (1)

The Yukawa Sector

-Lyukmm — L,’L(ngljgs + G:-'jlljgg) + Qu,(G?juJ‘RS' + G:‘JdJRS) + H.c.,




Model A

The constrain equations:

18t = 6u5(2v; — vy — v3) + 62V + 2(4\ + Ay + 2N — 2\/5)\8)&13

—(AX + 622 — 201 — X — V2Xs) (12 + v3) — 3(2X — 204 + N + 2V2s) (v2v3 + vo0?)
—3(4X — 204 — N — V2)Xg)vE(vy + v3) 4+ 6(2X — 2Xy + Ay + 2V2)g)vy (vF + v2)
+6(4hg + 20g — N — 2V2)s) v 0003

18ty = —6u3(vy — 20y + v3) + 612V 4+ 2(4X — 3Ny + Ay + 2N — 4/2)5)03
—(AX =204 — N — V2X) (03 4+ v3) — 3(4X + 204 + X + V2)g)v2v0;
—3(2X — 2X1 + X + 2V2)s)v2u; — 3(20s — 204 + X + 2V2))v 02
F6(2X + A2 4+ At + V2XAs) a2 + 3(4Xhg + 204 — X — 2v/2)s) 0203

—3(2X — 204 + XN 4+ 2v2X5)0102 — 6(205 — 20y — X + 2v/2)8)v1 0505




Model A

if vl =v2 = v3.
® [he mass matrix:
[ a. —b. —b, )
M2=| —b, a, —b, ., by > 0 (Or an. b, < 0)
\ —bn —ba an

Ul gy M2Ur pay = diag(ay, — 2by,. ap + by, 0y + by)

2
7o)
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Ve V2
1
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7 )

Urpym =
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Model A

if vl =v2 =v3.
® [The mass matrix:

( y —bn _bn \
M2=| —b, a, —b, | @n.bn >0 (ora,b,<0)
\ —bn —bn Iy )

Uf gay MiUr gy = diag(a, — 2bg, 0 + b, 5 + by)

an = (2/3)p2 + (204 + N)v? 6by, = 22 — 3(4\g — N )02
2 1
CP even mi, - §)\4U.29.uv mh, mi, =mp = pg + EA'tsu
= (2/3)p2 + Nv? and 6b, = 2u3 + 3\'v?

CPodd o N

=m? =2+ =N
g = MMy = Hg + G/\'vsw

6a, = 2u3+3 v and 120, = 2u3+ 3502
Cherged ! T

m? =0, ms. =m

C1




Model A

if vl = v2 = v3.
® [he mass matrix:
( ay —bn —bn\
M2=| —b, a, —b, | @n.bn >0 (ora,b,<0)
\—bn —bn an }

Uf gag M3Ur gy = diag(an — 2by,, 0y + b, an + by)
an = (2/3)p2 + (204 + N)v? 6by, = 22 — 3(4\g — N )02

2 .2 _ .2 2, ly.4
_— 3— — r A -
SM nggs M, = Mpy =My = g + 5 Vsu

= (2/3)p2 + Nv? and 6b, = 2u3 + 3\'v?

a'a
2 2 1 !
My, = Mgy, = I‘d + E’\ "SW
2 _ 2 2
C




Model A

if vl = v2 = v3.
® [he mass matrix:
( ay —bn —bn\
M2=| —b, a, —b, | @n.bn >0 (ora,b,<0)
\—bn —bn an }

Uf gay MiUr gy = diag(a, — 2bg, 0 + b, 5 + by)

= (2/3)p2 + (2X\4 + N)v? 6b, = 22 — 3(4\g — N )02

2 1-
mlzn - §)\1U§Mv mio - mia = mi : §A'v.2s.ue

= (2/3)u3 + Nv? and 6b, = 2u3 + 3\'v?

This parameter may be > 0 or < 0,
Moy = M, ‘ 5V Vsa and since it is not protected by any

symmetry.

2 _
mg, =0, m

6a, = 2u3+3X\sv? and 12b, = 23+ 3502

As o
mgl = O, mgg m2 = m2 + 12'USM




Model A

if vl =v2 =v3.
The constrain equations becomes:
ty =12 = 15 l-‘(}lf T BAQI’Z),

pt = —=3A? <0, Ay > 0.

We have to check if this choice is a minimum:
to do so first random values are assigns for the lambdas

L1l = RandomReal[{-10, 10}, 100];
L2 = RandomReal[{-10, 10}, 100];
L3 = RandomReal [{-10, 10}, 100];
L4 = RandomReal[{-10, 10}, 100];
L5 = RandomReal [{-10, 10}, 100];
L6 = RandomReal [{-10, 10}, 100];
L7 = RandomReal[{-10, 10}, 100];
L8 = RandomReal [{-10, 10}, 100];
mud2 = RandomReal [{-40, 200}, 100];

therefore, the potential now is a function of
V(musA2,v1,v2,v3)




Model A

if vl =v2 =v3.
Second, we asked for the program to find the minimum of the
function

~3.52665x 107, {vl - 45.715, v2 - 45.715, v3 > 45.715} }

|
ot

.836967849326120 x 10498, {v1 -5 1.34603x10%°?, v2 5 5.9412 x10*%*, v3 5 5.9412 x 101°1}}

|
et

.38087x 107, {v1 - 28.6058, v2 > 28.6058, v3 - 28.6058} }
.53611x 107, {vl - 30.1709, v2 - 30.1709, v3 - 30.1709} |
~2.78463x 107, {v1 - 40.622, v2 - 40.622, v3 > 40.622} }

~-2.29306195651464 x 10%13,
{v1 5 7.01408 x10%%%, v2 - -3.39999x 10%%%, v3 - -3.39999 x 101°3}}

i et ! et —t— ! et o
|
[

6.092597713811284x 10°°%, {v1 - -4.5239x 10", v2 - 1.55581x 10°°, v3 5 -1.55581x 10°°}}

{-6.96637x 10293, {v1 5 4.22274%x10°*, v2 5 1.72579x 10°', v3 - 1.72579 x 1051}}
{—1.021185565877198x 10429, {v1 5 4.62458x10%%¢, v2 > 4.62458x 10'%%, v3 - 4.62458x 1ol°4}}

1.44181x10%, (vl > 6.32409, v2 - 135.579, v3 - 135.579}}




Model A

if vl =v2 = v3.

Second, we asked for the program to find the minimum of the

function

-3.52665x 107, {vl - 45.715, v2 > 45.715, v3 - 45.715} }
~-1.836967849326120 x 10%%8, {v1 - 1.34603x10'%%, v2 5 5.9412x10'%, v3 5 5.9412x 101°1}}
-1.38087x 107, {vl - 28.6058, v2 - 28.6058, v3 > 28.6058} }

-1.53611x 107, {vl > 30.1709, v2 - 30.1709, v3 - 30.1709}}
implies restrictions to the

~2.78463x 107, {vl > 40.622, v2 - 40.622, v3 - 40.622} |
values of lambdas or mud?

~-2.29306195651464 x 10%13,
{vl- 7.01408 x 101%%, v2 5 -3.39999x 10'%%, v3 5 -3.39999 x 1ol°3}}

-6.092597713811284 x 10°*°, {v1 5 -4.5239x10%, v2 - 1.55581x 10°°, v3 5 -1.55581x 10°°}}

~-6.96637 x 10%°3, {v1 5 4.22274x10°*, v2 5 1.72579x10°%, v3 = 1.72579 x 1051}}
~1.021185565877198 x 10%2°, {v1 5 4.62458x10%%%, v2 5 4.62458x 10%%, v3 - 4.62458x% 1ol°4}}

-1.44181x 10°, {v1 > 6.32409, v2 > 135.579, v3 - 135.579}}

Almost all cases meetto vl = v2 = v3.

This result is a global minimum, we do not know if it's the only

choice, probably not.




Model A

® After diagonalize the mass matrix we obtain the
following mass eigenstates:

S=hy = &l = —(ha. hs), he = "
- 25 (3v + A + iaf) P e L5 (h) + ia})

V(h) = 3A@?hlhy + pg(hhy + hihs) + As(hhy + hihs)? + da(hihs — Rihy)?
+ As[(R3hs + hih2)® + (R3h2 — hIRs)?®] + Aa(R]R1)® + Ashihi(R3h2 + Rihs)
+ (X + A7)k} (h3ha + hihs)hy + [Ashiha(hlhs + hihy)
+ hihg(hihs + hihy) + Hel.




Model A

® After diagonalize the mass matrix we obtain the
following mass eigenstates:

Goldstones

.
S=h = . D = —(hg. hs), hy = k
F\ G+ ) (). B (%(hgﬂag))

SM Higgs
V(hi) = 3\ hlhy + pg(hlhe + hhs) + Ai(hbhy + hihs)® + Ao(hihs — hiho)®
+ As|[(hihs + hih2)® + (Riha — hIhs)?| + As(h]h1)? + Ashihi(hlhz + hihs)
+ (As + A7)hi(h3hy + hihs)hy + [Ashiha(hbhs + Rihy)
+ hihg(hihy + hihy) + Hel.




Model A

® After diagonalize the mass matrix we obtain the
following mass eigenstates:

Goldstones

+
S = hl — 3 = —(hg,h:;), h‘k - k
7‘.5(31,' + hY + }\{?) ( 71‘2"(’1'2 + iaf)

SM Higgs
V(hi) = 3A@w*hlhy + pg(hiha + hlhs) + Ay(hbha + hlhs)® + Ma(R3hs — hihy)?
+ As[(R3hs + hiha2)® + (Rih2 — hihs)?] + Aa(Rih1)? + Ashihi(hlhz + Rihs)
+ (X + Ar)R](h3ha + hihs)hy + [Ashiha(hihs + hihy)
+ hihg(hihy + hiky) + Hel.

® |t is possible to note that there are still a residual Z2
symmetry, it is the exchange of the doublets h2 and h3 still
allowed.




Model A

® Soft terms break the Z2 symmetry to avoid the
mass degeneracy:

p: HiIH. n.m =23

an —bn —bn
My =| —b - -
n n ﬂ“'f‘ﬂgg bﬂ+”?3
—b, —b,,+p§3 a+u§3

2 _ .2 __ . 2 _ .2
b = by =~y = 42 W = p5s =V s =p

h 2 "this mass matrix is god for neutrinos but not for
(285 — b, @n + ba, an + by + %) Higgs scalars sector all eigenvalues are different
from zero: there are no Goldstone bosons"




Model A

® |t is possible to explain, for example, three bosons with
mass equal |25 GeV and the charged with 308 GeV.

V = 246 / Sqrt[2]; NSolve[Mc2[- 20] == 308, L5]

Mhl = Sqrt[(2/3) *L4dxV~2];
Mh2 [mud2_] := Sqrt[mud2 + (1/2) *L*xV~2];
Mc2[mud2_] :=Sqrt[(l1/2) mud2 + (1/12) *xL5xV~2]; NSolve[Mc2[20] == 308, L5]

NSolve[Mhl == 125, L4]

[{L5 = 37.626})}

{{L5 - 37.6181})

({14 - 0.774589}} NSolve[Mc2[- 140] == 308, L5]

NSolve[Mh2[- 20] = 125, L] {{L5 > 37.6498}}

{{L-1.03411}} NSolve[Mc2[40] == 308, L5]

NSolve[Mh2[20] = 125, L] ((L5 - 37.6141}}
[{L > 1.03146}}

NSolve[Mh2[- 40] == 125, L]

[{L > 1.03543}}

NSolve[Mh2[- 140] = 125, L]

[{L > 1.04204}}




Model A

It is possible to explain, for example, three bosons with
mass equal |25 GeV and the chargeds with 308 GeV.

V = 246 / Sqrt[2]; NSolve[Mc2[- 20] == 308, L5]
Mhl = Sqrt[(2/3) *L4*xV~2];

Mh2 [mud2_] := Sqrt[mud2 + (1/2) *L*xV~2];
Mc2[mud2 ] :=Sqrt[(1/2) mud2+ (1/12) *xL5xV~2]; NSolve [Mc2[20] == 308, L5]

NSolve[Mhl == 125, L4]

[{L5 = 37.626})}

{{L5 - 37.6181})

{{p4 - 0.774589}} NSolve [Mc2[- 140] = 308, L5]

NSolve[Mh2[- 20] = 125, L] {{L5 > 37.6498}}

[{L > 1.03411}}

Ll=-1; NSolve [Mc2[40] == 308, L5]
— L2=-1;
NSolve[uh2[20] =125, 1] 12 -1 ({15 > 37.61411 )
{{L-1.03146}} L4 =0.7746;
L5 = 37.6;
NSolve [Mh2[- 40] == 125, L] L6 = -6.6
L7 = -15;
L - 1.03543 !
{{L - }} L8 = 0;

NSolve[Mh2[- 140] == 125, L] mud2 = -20;

FindMinimum[VA[ -23 438, vl, v2, v3], {vl, 53}, {v2, 53}, {v3, 53}]
({L > 1.04204})

{-1.77298x 10%, {vl1l > 100.429, v2 - 100.429, v3 = 100.429}}




Model A

® |t is possible to explain, for example, three bosons

with mass equal |25 GeV.

V = 246 / Sqrt[2];

Mhl = Sqrt[(2/3) * L4 *V~2];

Mh2[mud2 ] := Sqrt[mud2+ (1/2) *L*V~2];
Mc2[mud2 ] := Sqrt[(1/2) mud2 + (1/12) *L5 *xV~2];

NSolve [Mhl = 125, L4]
{{L4 > 0.774589}}
NSolve [Mh2[- 20] == 125, L]

{{L > 1.03411})

NSolve [Mh2[20] = 125, L] Ll=-1;

L2=-1;
{{L > 1.03146)}) L3 =-1;

L4 = 0.7746;
[{L > 1.03543}} tSf'i;f’
NSolve[Mh2[- 140] = 125, L] L8 = 0;

mud2 = -20;

[{L > 1.04204})

p; = — A

NSolve[Mc2[- 20] == 308, L5]
{{L5 - 37.626}}
NSolve[Mc2[20] == 308, L5]
{{L5 - 37.6181}}
NSolve[Mc2[- 140] == 308, L5]
{{L5 - 37.6498}}
NSolve[Mc2[40] == 308, L5]
{{L5 - 37.6141}}

12 = *
v2,, =- 0.7746* (246/Sqrt[2))"2

FindMinimum[VA[vl, v2, v3], {vl, 53}, {v2, 53}, {v3, 53}]

{-1.77298x 10%, {vl1l > 100.429, v2 - 100.429, v3 = 100.429}}




Model A

® |t is possible to explain, for
with mass equal |25 GeV.

V = 246 / sqrt[2];

Mhl = Sqrt[(2/3) *Ld *V~2];

Mh2 [mud2 ] := Sqrt[mud2+ (1/2) *L*V~2];

Mc2 [mud2 ] := Sqrt[(l/2) mud2 + (1/12) xL5*V~2];

NSolve[Mhl == 125, L4]
[{L4 - 0.774589}}
NSolve[Mh2[- 20] = 125, L]

[{L > 1.03411}}

Ll1=-1;
NSolve[Mh2[20] == 125, L] L2 =-1;

L3=-1;
({L > 1.03146}) L4 = 0.7746;

L5 = 37.6;
NSolve[Mh2[- 40] == 125, L] L6=-6.6;

L7 = -15;
({L > 1.03543}) 18 = 0y

NSolve [Mh2[- 140] == 125, L] ™mud2 = -20;

FindMinimum[VA[ -23 438, vl, v2, v

[{L > 1.04204}}

example, three bosons

NSolve[Mc2[- 20] == 308, L5]
{{L5 - 37.626}}
NSolve[Mc2[20] == 308, L5]
{{L5 - 37.6181}}
NSolve[Mc2[- 140] == 308, L5]
{{L5 - 37.6498}}
NSolve[Mc2[40] == 308, L5]

[{L5 = 37.6141})

vi=v2 =v3 = v_sm/Sqrt[3] = 246/Sqrt[6] = 100.429

{-1.77298x 10%, {vl1 - 100. , . 29,v3—>100.429}}




Model A: phenomenology

- \[’ _ ’\[f hY + ia?
—El = I/leS”(VPU\S)leJRhl -I—[ZLlS”[ [1 1\/§ 1]
_ ’\[” ’\[” hY + ia%+
+ Vi iiVirh{ + U; V; [1 + 2 L ] + H.c.,
LUS”( PMNS)ijViR LvS” R 7
‘Cga.uge - (DHS)T('DHS) + (DMD)T(D“D)

= (D) (D"H)) + (D, Hy)' (D" Hy) + (D, Ha)' (D" Ha)
Interactions with h20 and the charged ones:

(X6 + A\7)hihy, —Ashyhy, Ashshg,
—(Xe + /\7)(’1-0]12 + aoag) ?(/\6 + A7) (—h{al + hda?),

07,0 O 0 0




Model A: phenomenology

M - M hi + iay
—L; = vy, (VP’U’\:S)ZJZJRh Tl =l [1 | 1]

Vs M VSM V2
_ ’\[” ’\[” hY + iaY+
+ L, (Vemns)ijvjrhy + vib——Vig [1 + | + H.c.,
UsM UsM V2

Lowge = (D,S){(DAS) + (D, D)/ (D D)

= (D,H,)'(D"H,) + (D, H>) (D" H,) + (D, Hs)' (D" H;)

Interactions with h20 and the charged ones:
(X6 + A\pfhihy, —Ashyhy, Ashghy,
— (X6 + AT)}ﬂ{hz - aoag) i(Ae + )\7)(7/(12 — hoao)

070 0 0,0
—Agh9hy, —Agasay, Ashahs, Agasas.

the unitary gauge




Model A: phenomenology

L5=0.001 and L6=L7=0.02 and mh2 = 350 Gev
main decays

0.050 |
' —  bbs3
0.010 - g — bsm
0.005 B N o WS3
, | ~ em
0.001 | g
5% 1074 1|7 h3h3

120 125 130 135 140 145 150




Model A

L5=L6=L7=1 and mh2 = 350 Gev

maindecays

Ly

01+

z —  bbs3
001; — bsm
0.001% 3
-+ | || o
10—5é

120 125 130 135 140 145 150




Model A

L5=0.001 and L6=L7=0.02 and mh2 = 350 Gev
comparing with the standard Higgs

0.0004
0.00035 |

0.0003

0.00025 ¢




Model A

L5=L6=L7=1 and mh2 = 350 Gev
comparing with the standard Higgs

5x 1074,
1 x 1074 ¢
5x107° ;
| — s
1 x 107>+
i —_— m
5x 1076 ¢ s




Model A

® S0 we can see that:
* The decays depend on the value of the parameters lambda.

* Is possible to obtain a scalar potential that satisfies all the theoretical
conditions of spontaneous symmetry breaking to give mass to the
model spectrum.

* We can obtain decay rates similar to SM for the S3 model.

* We are analyzing the two-photon channel and it seems that it is
possible to explain the results of the LHC...




Model B

S=Hy~1, D= (HyH;s)~2. (3)
vi =vsM, 12 =v3 =10
The constrain equation implies:

2 _ »2
Hi = — AUy

L1
L2
L3
L4
L5

1;
1;
i This is a Minimum Global, is easy to check
1 that for any numerical values is possible to
L6 = 1: obtain this vacuum alignment

L7 = 1;
L8 = 0;
mud2 = -10;

FindMinimum[VB[- 100, v1, v2, v3], {vl, 5}, {v2, 0}, {v3, 0}]

{-2500., {vl > 10., v2 > 0., v3 > 0.}}




Model B

® The mass matrix is diagonal in this case, but the
masses are the same as in case of the Model A

L2

2
2 _ 2 2 _ 2 2 2 :
my, = §)\ﬂ's.uv My, = My, =My = g+ 5/\' SM -
2 2 2 _. 2,2, Lya
mg, =0 Mg, = Mg, =M, = jg+ E/\ Vs
1 A
2 _ 2 _ 02 — 2 __ 2 5,2
m,, =0, mg, = m,, = m; §ud—i—12vSM

® However the term below breaks S2 symmetry between v2
and v3 which meaning that this term should be forbidden, a

aditional Z2 symmetry is able to do so, if D -> - D.

Xs|(ST@ D)2(D' @ D)a]y + He.




Model B

L1-=-1;
L2=-1;
L3=-1;

L4 =0.7746;
L5 =37.6;
L6 =-6.6;
L7 = -15;

L8 = 0;

mud2 = - 20;

FindMinimum[VB[-23 438, vl, v2, v3], {vl, 5}, {v2, 0}, {v3, 0}]

{-1.77298x 10°%, (vl 5 173.949, v2 - 0., v3 = o.}}




Model B

[J,zunH;Hm, nm= 23

m2 0 0
M:=1 o m? +vt
0 p e, + 07

B = Pag = V" 5 pip = p°

h+
S=h = ! :
7'5(31,' + h{ + ia})

1 (_pt +
D, = vl ) Dy =
3RS + b + i(—ad + af)]

(

Do nothing

(ks +h3) _
[h2 + RS + i(a3 + af)]

[




Final Thoughts

We have a three higgs doublets model that have a
simple scalar potential.

This model remain closer to the standard model than
a 3 - higgs model without s3 symmetry.

h2 and h3 could be possible candidates to explain the
photon counts in the LHC.

Models A and B are similar or not!?




Thank you




