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Higgs Boson in the Standard Model

Higgs Boson in the Standard Model

In the Standard Model, one SU(2) doublet Higgs Field is included
for the symmetry breaking of the SU(2) x U(1) gauge groups.

¢(X)°

the parameter A must be positive to produce a stable vacuum.
the parameter p can be either sign. In fact if the sign of the
quadratic term is negative namely ;2 > 0, at the origin the
potential has a maximum, hence, the stable vacuum state
corresponds to a non-zero value of the ¢ field.

V(®) = —p2[02 + A[®* where &(X) = <¢(X)+>
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Higgs Boson in the Standard Model

@ The states satisfying
[6(X)F 2+ [6(X)°)? = p?/2X = v?/2
are degenerate minima of the potential.

@ We can choose the vacuum expectation value in the
<P >= v/\@ direction.

@ There is one important prediction of this model, one scalar
particle appears in the physical spectrum which is called the
Higgs boson.

@ The mass of the Higgs boson is given by my = v2Av, the W
and Z masses are myy = (g/2) v, mz = (\/g +g’2/2)

@ Through the Yukawa couplings, the Higgs gives mass to the
quarks and leptons ms = Yrv/v/2.
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Higgs Boson in the Standard Model

@ Prior to the introduction of the Higgs boson, and mass terms
the Lagrangian of the Standard Model is chiral and invariant
with respect to any permutations of the left and right quark
and lepton fields < S(3) flavour symmetry.

o If we assume that the S(3) permutational symmetry is not
broken, the Higgs in the S. M. is an 5(3) singlet and only one
fermion can acquire mass.

@ Altough the Higgs potential is very simple and sufficient to
describe a realistic model of mass generation, we believe that
this is not the final form of the theory but rather an effective
description of a more fundamental theory.

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui Conditions for vacuum stability in an S(3) extension of the Sta



The S3 flavour symmetry

The S3 flavour symmetry

The ingredients of the extension of the Standard Model are the
following:
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The S3 flavour symmetry

The S3 flavour symmetry

The ingredients of the extension of the Standard Model are the
following:

@ To extend the flavour and family concepts to the Higgs sector
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The S3 flavour symmetry

The S3 flavour symmetry

The ingredients of the extension of the Standard Model are the
following:

@ To extend the flavour and family concepts to the Higgs sector

@ To asociate each family to an irreducible representation of the
flavour group
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The S3 flavour symmetry

The S3 flavour symmetry

The ingredients of the extension of the Standard Model are the
following:

@ To extend the flavour and family concepts to the Higgs sector

@ To asociate each family to an irreducible representation of the
flavour group

@ To construct a Lagrangian invariant under the action of the
SU(3)c x SU(2) x U(1) x Sfgroup
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The S3 flavour symmetry

S3 irreducible representations

The group S3 has two one dimensional irreducible representations
(singlets ) and a two dimensional irreducible representation
(doublet)

@ One dimensional representations: 1, antisymmetric singlet,
1. symmetric singlet
@ Bi - dimensional: 2 doblet

Direct product of an S3 irreducible representations

ls®ls:157 ls®1A = 1A7 1A®1A:157

1,2 =2, 1,©2=2

202=1,01,02
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The S3 flavour symmetry

Direct product of two doblets

PDX®Ap = rsDradrp

PD1 dp1
= and =
PD <P02> qao <QD2>
it has two singlets, rs and r4, just one doublet rg

rs = pp19p1 + PD29D2 which is invariant,
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The S3 flavour symmetry

Direct product of two doblets

PDX®Ap = rsDradrp

PD1 dp1
= and =
PD <P02> qao <QD2>
it has two singlets, rs and r4, just one doublet rg

rs = pp19p1 + PD29D2 which is invariant,

ra = pp19p2 — Pp29p1 it is not invariant
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The S3 flavour symmetry

Direct product of two doblets

PDX®Ap = rsDradrp

PD1 dp1
= and =
PO <P02> qao <QD2>
it has two singlets, rs and r4, just one doublet rDT

rs = pp19p1 + PD29D2 which is invariant,
ra = pp19p2 — Pp29p1 it is not invariant

/T (Pquoz + PD2qD1)
PD19D1 — PD29D2
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The S3 flavour symmetry

The Higgs sector is modified
(D - H — (q)aaq)ba(bC)T

H is a reducible representation to 15 & 2 of S3

1
1 H1 ﬁ(q)a - (Db)
Hs:%<¢a+¢b+¢c)v =
H, Tg(®a+ &y —20)

The Quark, lepton and Higgs fields are given by

QT = (UL,dL),UR,dR, LJr = (VL,eL),eR,VF\»7 H

All the fields have three species (Flavours) and belong to a
representation reducible to 1® 2 de S3
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Quarks
Ly, = —YQ/Hsdir — Y{Q3Hsdsr
— Y[ QiriyHhdir + QmiyHad g |
YAQsH dir — Y& Q Hdsg + h.c
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Quarks
Ly, = —YQ/Hsdir — Y{Q3Hsdsr
— Y[ QiriyHhdir + QmiyHad g |
— Y{QsHidir — YEQ/H dsg + h.c
Ly, = =Y{Qiio2)Héur — Y3 Qs(io2)Héusr

— Y3 Qirylioa)Hiusr +nQumu(ic2)Hyuyr |
— Y4UQ3(i02)H7U[R— Y5qu(i02)H7U3R+h.C.,

Singlets carry the index s or 3, and doublets carry indices
I, J=1,2
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Quarks
Ly, = —YQ/Hsdir — Y{Q3Hsdsr
— Y[ QiriyHhdir + QmiyHad g |
— Y{QsHidir — YEQ/H dsg + h.c
Ly, = =Y{Qilio2)Hsur — Y3 Qs(io2)Hsuzr

— Y3 Qirylioa)Hiusr +nQumu(ic2)Hyuyr |
— Y4UQ3(i02)H7U[R— Y5qu(i02)H7U3R+h.C.,

Singlets carry the index s or 3, and doublets carry indices
I, J=1,2
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Leptons

LYE == *YleZ/Hse/R — Y3EZ3H563R
Y5[ LikyHiesr + LimyHoeyr |
— Y4eZ3H,e/R — Y5eZ/H/e3R + h.C.,
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Leptons
LYE = *YleZ/Hse/R — Y3EZ3H563R
— Y5[ LikyyHesr + LimiyHaeyr |
— Y4eZ3H,e/R — Y5eZ/H/e3R + h.C.,
ﬁyy = —Yl”f,(iag)ng,R — Y§Z3(I’O'2)H§V3R

Y2V[ Z[H/J(I'UQ)HTVJR + Z/?][J(I'O'Q)H;I/JR ]
- Y4VZ3(I'0'2)H71//R — YSVZ[(I'O'Q)HI*Z/:),R + h.c.,
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The S3 flavour symmetry

Sz invariant Yukawa Lagrangian

Leptons
LYE = *YleZ/Hse/R — Y3EZ3H563R
— Y5[ LikyyHesr + LimiyHaeyr |
— Y4eZ3H,e/R — Y5eZ/H/e3R + h.C.,
ﬁyy = —Yl”f,(iag)ng,R — Y§Z3(I’O'2)H§V3R

Y2V[ Z[H/J(I'UQ)HTVJR + Z/?][J(I'O'Q)H;I/JR ]
- Y4VZ3(I'0'2)H71//R — YSVZ[(I'O'Q)HI*Z/:),R + h.c.,

Furthermore, we add the mass terms for the Majorana neutrinos
T T

C is the charge matrix.
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The S3 flavour symmetry

The Higgs sector
Lo = [DuHs)*+[D.Hi) + [DMH2]2 — V(Hy, Ha, Hs)

where D, = (0, — égTA — ég'Bu

from here we obtain the W and Z mass

, & (Vi+vi+vi) , (82487 (P +v+v)
Mw = 4 ’ Mz = 4
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S3 invariant Higgs Potential

S3 invariant Higgs Potential

The most general Higgs Potential invariant under
SU3)¢c x SU(2). x U(1)y x S3 can be writen as :

Vo= 42 (HTH1 n HgHz) + (H}Hs) +a (H}Hs)2

(
(
{ (Hir) (/-/THs)2 (Hik:) (HiHs))
g{{ (HiH = HiHR) + (HIH2+H§H1>}+

+
+ d(HiH, - H*Hl) +ef,-,-k((H§H,-) (H}Hk))
n
+
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S3 invariant Higgs Potential

The SU(2), Higgs doublets with a flavour index 1,2, S are

H1:<¢1+i¢2) H2:(<Z>3+f¢4> HS:<¢5+i¢6>
¢7 +ig10)’ ¢g +ig11)’ $9 + iP12

(2)
Introducing the following notation :

x1 = HIHi, xo=HiHs, x3=HLHs,
s = Re(HlH). xs=im(HH:), x=Re(H[Hs),

x; = Im (HIHS) . xg=Re (H;Hs) . xg=Im (H;‘HS)
(3)
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S3 invariant Higgs Potential

The most general Higgs potential invariant under the exact
simmetry SU(Q)L X U(l)y X S3

1
V(X)=ATX + 5xTBx (4)
with
T T 2 2 2
X" = (x1,x2, X3, cveverne ,x9), A" =(pi,pi,16,0,0,0,0,0,0) (5)
and
2(c+g) 2(c—g) b 0 0 0 0 2e 0
2(c—g) 2(c+g) b 0 0 0 0 —2e 0
b b 2a 0 0 0 0 0 0
0 0 0 8g 0 4e 0 0 0
B= 0 0 0 0 —8d 0 0 0 0 (6)
0 0 0 de 0 2(f + 2h) 0 0 0
0 0 0 0 0 0 2(f — 2h) 0 0
2e —2e 0 0 0 0 0 2(f + 2h) 0
0 0 0 0 0 0 0 0 2(f — 2h)
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S3 invariant Higgs Potential

Stationary Points

We assume that Hs does not break the electric charge nor CP. (
Recall H; — ®gsp). This potential has three types of stationary
points:
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S3 invariant Higgs Potential

Stationary Points

We assume that Hs does not break the electric charge nor CP. (
Recall H; — ®gsp). This potential has three types of stationary
points:

@ The normal Minimum with the following field configuration:

¢7:V17¢8:V27¢9:V37¢f:07 ’7&77879

@ The stationary point which breaks the electric charge, here
two of the charged fields ¢ aquiere a non zero vev's :

$7 = Vi, d8 = Vo, 09 = v3,¢1 = o, ¢3 = 3,
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S3 invariant Higgs Potential

Stationary Points

We assume that Hs does not break the electric charge nor CP. (
Recall H; — ®gsp). This potential has three types of stationary
points:
@ The normal Minimum with the following field configuration:
¢7=vi, 98 =v2,¢09 =v3,¢0; =0, i #7,8,9
@ The stationary point which breaks the electric charge, here
two of the charged fields ¢ aquiere a non zero vev's :

$7 = Vi, d8 = Vo, 09 = v3,¢1 = o, ¢3 = 3,

@ The CP breaking minimum, where two imaginary components
of the neutral fields ¢ acquiere a non zero vev's.

¢7 = vi, g = V3, P9 = V5,10 = 6, P11 = 7,
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S3 invariant Higgs Potential

A. The normal minimum

From the definitions above ,

Xj = v,-2 fori=1,2,3 x4 =viva, X6 = V1V3, X3 = Vo3, Y
X5 = X7 = x9 = 0.

We can write the minimization conditions as

oV AV dx;
—0 G0 i=1,23 j=1,2,.9 (7

Y0 2 —
av; 0x; Ov;
this are a set ot three coupled equations. The solution to this
equations implies
e=0
or

vi=3v3
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S3 invariant Higgs Potential

Let us define the vector (V) = (V' |x,); = 9¥, evaluated in the

i

minimum. In this notation the minimization conditions gives

(Vi) (Vi)
/ _ 4.2 N/6 2
(VN)l - 2V1 Vo v2 2V1 V3 v (8)
(Viv) (Vi)
( N>2 2V1V2 g 2V2V3 v (9)
(Vi) (Vi)
! _ 6 .2 N/8 2
(VN)3 N 2V1 V23 "1 2V2 V3 g (10)
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S3 invariant Higgs Potential

From here it follows that:

ov oV 1 ’ /
T Ve T 5.3 ) 500 (Vs 2 | =(V)s 2
vy v, S| (2 e
Ay’ = v — — 4 8,2
Ox4 1 Ixg 3 ) 2v; 2viv i 2V V- V3
ov, L ov, 1 ~(V 2 ~(V 2
Oxg /1 Oxg "2 ) 2vs 2vi o3 1 2wvy 2
oV \V4
; a0 o 4
N = 86(4 = 0
oV (Vs
Oxg
0 0
/
ov (Vs
8X8 O
0

(11)
it is clear from this expression that the first three entries in V/,
. L), — (V). —(V
h.ave the same sign if the ratios 2(‘/1\/24, 2(‘/1\/26, 2(‘/2\/28
signs too.

have equal

Conditions for vacuum stability in an S(3) extension of the Sta
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S3 invariant Higgs Potential

The stationary point is given by the conditions impossed in

equation (7) . Analizying the second derivatives of the Higgs

potential V' we obtain the minimum conditions, these are given by

the matrix of the squared scalar Higss masses. Particularly, for the

scalar charged Higgs we have the squared masses m,2_li as given in
1,2

equation (42): m? HE = =Vi+Vi+ V£

N VI — (AVIVA 4 4VIV] + AVAVE + V21 V2 1 V2
The normal minimum exists if m,z_li > 0. From equation (11) we

1,2
can read (V)i , its clear from it that the first three entries in V)
has the same sign as we mantioned before and the squared masses
(Vs =(V)s =(V)

8
vivo ' 2vivz ' 2wvs are

are possitive if the sign of the ratios —
positive too.
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S3 invariant Higgs Potential

The normal minimum exists if m,2_li > 0.
1,2
+
H1,2

my = % [TrM%i (TrM2.)2 —4x2} >0 (12)

from here we have that

[TrM]Z > (TrMZ) > L [TrM]7 (13)
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S3 invariant Higgs Potential

In the normal minimuim we get
v =A+BXy XV =0 (14)

where XN =X ’normal min -
In this notation, the potential evaluated at the normal minimum

can be written as:

1 1
Vy = —EX,EBXN = EATXN (15)
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S3 invariant Higgs Potential

B. Charge breaking minimum

In this case, the S3 CB doublet of the Higgs field: ¢7 = v,
$s = V5, P9 =3y ¢1=q, ¢3=0.

The vector X¢p can be written as:

a? 4 vi?

Xcg = 0 (16)

Direct analizis of the potential gives for this stationary point

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui
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S3 invariant Higgs Potential

The potential evaluated at the CB minimum can be written as:
1,7 1.7

From this equation and the normal minimum, we can compare the
potential evaluated at the two different minima

1
Veg — Vv = 5 (XEBV?\/ — Xg /CB) (19)

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui Conditions for vacuum stability in an S(3) extension of the Sta



S3 invariant Higgs Potential

) L (VY —(V)s —(V ..
If the signs of the ratios 2(\/ )4, 2( )6, 2( )s are positive, the
1V2 viv3 V2 Vv3

normal minimum exists and the following product is also positive:

T s/ (V;\I)G 2 2 ’ / 2 (V;\I)B 2 2 / 7 \2
XegVy = — [a vz + (vyvz — v3v1) ] - — [ﬂ v + (vpv3 — vzwo) }
2viv3 2vav3
(V;\/)4 2 ’ / 2
=2 (aw, — Bn)’ + (v — i)’ - (20)
2vivy
(21)

If the product :

/ 2
Wepls {(vza —v13) + % (B - Véo‘)} (22)

Xives = (e
3

vanishes the normal minimum is the deepest one.
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S3 invariant Higgs Potential

Possible scenarios

First, the two S(3) doublets Higgs fields acquires equal vevs:

viovy o o«
vooovp B

the normal and the electric charge violating minima have an
accidental 5(2) symmetry vi = vp, v{ = v, o« = 3. Or

r V2 % B %
V3 = V3 75 V{ (24)

o3
V) 8

The second case realizes when the (V/-5)s vanishes, that is

g2 (afB+ vivp) + evivy =0 (25)
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S3 invariant Higgs Potential

C. CP breaking

The CP breaking stationary point is given by the following vevs:
¢7 = V{, qbg = Vé, qbg = Vé, ¢10 = 5 and ¢11 =7. Then,

2 112
0+ vi

2 112
Y+ wv
Vél2
mn_1n
Iy +vi'v
Xep=| vWWy—-w'é
/i
Vo V3
—6v4/
vy vy

1"
—Vv3

(26)

We obtain
X&pV'cp =0 (27)

and

1
Vep = AT Xcp + EXEPBCPXCP

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui
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S3 invariant Higgs Potential

In this case, the potential evaluated in the normal minimum and
the CP violating minimum can be compared as follows:

1
Vep =V =3 (XEPV/N - X 'cp)

(29)

That is, the normal minimum is the deepest one if XCT-PV' is
—(V’ —(V’ ‘e
Vs ~Vs are positive,

.\ . . —(V),
positive. The signs of the ratios Tive ' v e
! /
XEPV;\I _ 7(VN)6 [62v32 +(V1”V3 _ vé'vl)z} _ (VN)S [72v32 +(V£/V3 _ Vé/vz)z}
2vivy 2vov3
/
~ e [(6v2 = ) + (' v2 = ')’ (30)
2vivy
and the normal normal minimum is the deepest one if the
following vanishes
(31)

/7 2
~Wepk [(Vl’Y — v20) + v‘% (v'1y — V"25)]

Ty’
XnVep

thatis: vi =w vy =90 v'1 = Vv").
Conditions for vacuum stability in an S(3) extension of the Sta
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Higgs Mass matrix

Higgs Mass matrix

If we want to know the nature of the stationary points, it is
necesary to compute the second derivatives of the Higgs potential.
These are given by

Vv B al 8%x + 9’V BX/%
8(25,'8@' - 3X/ 8¢i8¢j 6x/8xm 8¢,’ 8(;5,-

(32)
Defining:

Y% v
/ _ _
(V)f‘a& B“]_amaxn

oxX; . ,
Cl. =22 i=1,2..,9 j=12.,12 (33)
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Higgs Mass matrix

For a positive defined matrix B we have a minimum, for a negative
defined matrix B the critical point is a maximum; if the matrix B
is nither positive or negative defyned we have a saddle point.

If the determinants of the submatrices are all different from zero,
but the B matrix is nither positive defined or negative defined, the
critical point is a saddle point. In the model we found that B is
positive defined if

b2 2
c>0,g>0 2>, d<0,f+2h>eE f>2h  (34)
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Higgs Mass matrix

Mass matrix

The Higgs mass matrix has the form

(M?] = % (v + c7BC) (35)

The first term in the right hand side is taken from equation (32) is

oV %X 02X,
M2 p= _ Vl
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Higgs Mass matrix

In the normal minimum

[M7] = ( Nfl ,\,%2 ) (37)

where M2, y M2, are 6 x 6 matrix.

2v}’ % Ve 0 0 0
% A 2v}’ 0 0 0
2 _ v, o2vy vy 0 0 0
M1l = 0 0 0 2v}’ % %4 (38)
0 0 0 % 4 2v;f
0 0 0 v, 2vy Vi
2v}’ vy Ve 0 0 0
v, 2 V?_’ 2V¢ 0 0 0
27 Ve Vg 2v o 0 0
Mi] = 0 0 0 2v}’ vy %4 (39)
0 0 0 % 2 \/?’ Vg
0 0 0 Ve Vg 2vg

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui
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Higgs Mass matrix

The entries in the matrix B are given by the second derivatives of
the Higgs potential. Defining the 9 x 12 matrix Cj; = 0x;/0¢; as:

2¢1 0 0 o 0 o0

0 0 203 0 0 0

0 0 0 o 0 o0

¢3 0 o1 0 0 0

=] o —¢3 0 ¢ 0 0
0 0 0 0 ¢1 O

0 0 0 0 0 ¢

0 0 0 0 ¢3 O

0 0 0 0 0 &3

2¢7
0
0
or]
11
P9
0

0
0

0 0 2¢10 0 0
2¢g 0 0 2¢11 0
0 2¢g 0 0 0
¢7 0 P11 10 0
—¢10 0 —¢g 97 0 (40)
0 7 0 0 10
0 —¢10  —¢9 0 b7
P9 (o] 0 0 P11
0 —é11 0 —¢9 g

Evaluated at each of the different stationary points, only the fields
7, P8, o, P1,P3, s and @12 appear, the remaining fields are zero

at the stationary points.

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui
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Higgs Mass matrix

Hence, the mass matrix of the cuadratic masses can be computed
from (35)-(44), it takes the following form

diag(MZ, MZ, M3, M3) (41)

Mj; is the charged Higgs mass matrix, the mass of the physical
charged Higgs can be expresed as

m, = VW+Vi+Vj
H1,z

£ (Vi V92— (A 4V + AV 4 V2 4 V2 4 V)
(42)
The mass matrix of the scalar and pseudosclar Higgs fields are
given by M% and Mf; respectively these are block diagonal matrix.
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Higgs Mass matrix

In the normal minimum e = 0, so, the mass matrix of the scalar
and pseudosclar Higgs fields are given by M% and Mf, respectively
these are block diagonal matrix.

4(c + g2 4c+gv 2(b+ f +2h)vyv3
[Msg] = 4(c+ g)viva —12evpv3 + 4(c + g)v22 2(b+ f + 2h)vovs (43)
2(b+ f + 2h)vyvs 2(b+ f + 2h)vav3 4av2
-~ 2 2
8 {hV3 +(g+ d)vz} 8(g + d)vivy + devivs 4hvyvs
[Mp] = 8(g + d)viva -8 {hv32 + (g + d)vlz} 8hvovs (44)
4hvyv 8hwpvs —8h(v12 + v22)

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui Conditions for vacuum stability in an S(3) extension of the Sta



Higgs Mass matrix

In the normal minimum e = 0, so, the eigenvalues of the scalar
mass matrix Higgs fields are given by :

my = O)
_ 2 2 2
my3 = 2avy —2(c+g)(vi+v5)
+ [4(c+g)*vi —28a(c +g)(vi + V)3 +4(b + f + 2h)(v] +
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Higgs Mass matrix

Degrees of freedom

@ In the S(3) extended model we have three SU(2) Higgs fields,
with four real fields each. There are three massles gauge
bosons W* and Z with two polarization states each, so the
total number of independent fields is 18.

@ The normal minimum symmetry breaking is initiated by giving
the vacuum expectation values H; = vi, H» = v, and
Hs = v3 to the neutral Higgs fields in each doublet.

@ The result is Nine physical Higgs boson that appear as a real
particles and the three massive gauge bosons W¥ and Z with
three polarization states each.
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Conclusions

Conclusions

@ We have analized the most general Higgs potential invariant
under the non abelian flavour symmetry S(3) of the extended
Standard Model.

O. Félix Beltran, M. Mondragén E. Rodriguez-Jauregui Conditions for vacuum stability in an S(3) extension of the Sta



Conclusions

Conclusions

@ We have analized the most general Higgs potential invariant
under the non abelian flavour symmetry S(3) of the extended
Standard Model.

@ In particular, we study the nature of the critical points in the

Higgs potential: The normal one, the Charge violating and the
CP breaking one. .
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Conclusions

Conclusions

@ We have analized the most general Higgs potential invariant
under the non abelian flavour symmetry S(3) of the extended
Standard Model.

@ In particular, we study the nature of the critical points in the
Higgs potential: The normal one, the Charge violating and the
CP breaking one. .

@ We have found that the normal minimum is stable and it is
the deepest one. We also found an 5(2) accidental symmetry
at the minimum.

@ In the normal minimum Nine Higgs fields aquires mass: two
degenerated charge Higgs pairs, two scalar higgs and three
seudoscalars higgs fields.
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