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Philosophy

How do we choose a flavour symmetry?

m Find the smallest possible flavour symmetry suggested by the data

m Follow it to the end

M. Mondragén (IF-UNAM) S3 Flavour Symmetry July 3, 2012 3 /40



Philosophy

The S3 symmetry group: permutations of 3 objects.
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Philosophy

Permutations Rotations
@ i z> — a rotation of 120° around the

invariant vector V;

(1 2 3) <~ a rotation of 180° around the

invariant vector Vg
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Philosophy

The irreps of the group are:

m 1 dimension: 14, 15

m 2 dimensions: 2

The direct products between irreps are:

wle®le=1c
w101, =1s

Bl ®1ls=14
mle®2=2

1l ®2=2
202=201s01,
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Philosophy

The tensor product of two doublets:

PD1 qp1
PO = (PD2) and a0 = (q02>
we have two singlets, rs and ra, and one doublet rp, where:
rs = pp19p1+pPp2gp2 is invariant, ra = pp1qgp2—pPp2gp1 1S not invariant
and

_ (PDl qp2 + PDZQDl)
PD19D1 — PD24D2

is invariant.
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Philosophy

Logarithmic plot of fundamental known fermion masses
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Philosophy

Plot of fundamental fermion mass ratios
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Fundamental fermions normalized by the heaviest of each type
Suggests 2 @ 1 structure
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Philosophy

Assignment between fermion fields and irreps:
®— F = F(&1,Pr,d3)

F is a S3 reducible representation 1g @ 2

1
Fo= %(¢1+¢2+¢3)
\%(d’l—q’z)
Fp =

\/La(d)]_ =+ ¢2 — 2¢3)
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Quarks and Leptons in the S3 flavour model

Quarks and Leptons in the S3 flavour model
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Quarks and Leptons in the S3 flavour model

Some references of works with an S3 symmetry...
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. Pakvasa et al, Phys. Lett. 73B, 61 (1978)

. Derman, Phys. Rev. D19, 317 (1979)

. Wyler, Phys. Rev. D19, 330 (1979)

. Yahalom, Phys. Rev. D29, 536 (1984)

. Mondragén et al, Phys. Rev. D59, 093009, (1999)

Kubo, A. Mondragén, et al, Prog. Theor. Phys. 109, 795 (2003)
Kubo et al, Phys. Rev. D70, 036007 (2004)

. Chen, M. Frigerio and E. Ma, Phys. Rev. D70, 073008 (2004)
. Mondragén et al, Phys. Rev. D76, 076003, (2007)
. Meloni et al, Nucl. Part. Phys. 38 015003, (2011)

T. Teshima, Phys.Rev. D85 105013 (2012)

And many more... | apologize for those references | didn't include.
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Quarks and Leptons in the S3 flavour model

Some aspects of the flavour problem:
m Quark weak mixing angles (PDG 2010):
m 015 ~ 13.0°
u 923 ~ 2.4°
] 913 ~ 0.2°
m Lepton weak mixing angles
best fit of recent experimental data
(Schwetz, Tértola, & Valle 2011, Forero, Tértola, Valle, 2012):
| 912 ~ 33.9°
u 623 ~ 46.1°
u @13 ~ 9.270(//'/ 9.450)
= 0O13#0
m CP-violation occurs in the weak sector

m The mass hierarchy
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Quarks and Leptons in the S3 flavour model

m In the MS with S3, if we give masses to the particles the flavor
symmetry has to be broken
(A. Mondragén, E. Rodriguez-Jauregui, 1999, 2000)
m Possible to classify texture zeroes in equivalence classes, simplify
analysis (A. Mondragén and F. Gonzalez, 2011)

m If S3 it's seen as conserved then... =
we need to introduce additionally two Higgs weak-doublets more to
the SM to preserve the permutational symmetry
(J. Kubo, A. Mondragén, M. Mondragén, E. Rodriguez-J4uregui, 2003)
m And, as a consequence, we get for every Dirac fermion the generic
mass matrix:

p1+ w2 4 M5
M = 4 M1 — p2 e
1204 us u3

m Furthermore, the concepts of flavours and generations are taken to a
more fundamental level.
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Lagrangian with S3 and extended Higgs sector

The Lagrangian Ly = EYD =F ﬁyU aF EYE == ﬁyl/

s i
Ly, —Y1 Q/Hsdjg — Y5 Q3Hsd3g

D

P _
=Y5 [ QiriyHidjr + QmiyHadyr |
—Y{Q3Hjdig — Y& QHjdsg + hec,

Ly, —Y{'Q(io2)Hs ug — Y3'Q3(io2)Hs uzr

U

—Y5'[ Qrylioa)Hy usr + nQmuy(io2)H; ur ]
— Y, Q3(io2)H[ ug — Y&'Q(ioo)H, usg + h.c.,

Ly, —Y{LiHser — Y5 L3Hsesr

5

—Y5 [ LiryyHiesr + LimyyHaesr |
—YyL3Hjelr — YsLiHjesg + hec.,

o
%
I

— Y Li(io2)Hsvig — Y4 L3(io2)Hg vag
=Yy [ Lyrpylioa)Hy vig + Limpyio2)Hs vir ]
— Y} L3(io2)H vir — Y& Lj(io2)H v3g + hec.,

(0 1) 4. _(1 o
=1 0 )"0 -1 )"
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Lagrangian with S3 and extended Higgs sector

Numerical study of quarks showed compatibility with data
(Kubo, Mondragén, M, Rodriguez-J4uregui, 2003)
FCNC's in quark sector are suppressed (Teshima, 2012)

A general study of the parameterization of the quark mass matrices and
numerical analsys with recent data is in progress

(F. Gonzélez, A. Mondragén, U. Saldafia, L. Velasco, 2012)
It is possible to parametrize the mixing matrices in terms of masses.
Starting from the matrix

\/§ Yzf vs + Y3f wp Y3f wi \/§ st wiq
M 23 = Y3f w1 \/§ Y2f Vg — Y3f wWo \/5 Y5f wo
\/§ Y6’r w1 \/5 Yﬁf w2 2 Ylf Vs

where wy and ws are the vev's of the Higgs doublets and vs is the one of
the singlet
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Lagrangian with S3 and extended Higgs sector

For the Hermitian case

0 |115]sinfcosf(3 — tan26) 0
M, = | |ubsinfcosh(3 — tan?0) —2|ub|cos?d(1 — 3tan0)  ubsech
0 ufrsect e

where Af = |uf| + |ub| cos? (1 — 3tan?f) << 1, tand = "™ and
w2

M{ = \/§Y2fvs, Mé = Y3fW2, ug = 2Y1fvs, ,uz = Y3fW1, ug = \/§Y4va,
ph =V2Yiw, ph =V2Yiws, pf=V2Y{wi, p§=v2Y{w,

cl = cosf and sf = sin 6.

M. Mondragén (IF-UNAM) S3 Flavour Symmetry July 3, 2012 17 / 40



Lagrangian with S3 and extended Higgs sector

For the non-Hermitian case

2
0 —uf 0
2 \/§M2 2
Mf = | += f 0 = f
NNI \/gﬂz , \/§N7
0 — fF— A
\/§M8 H3 f

where |Af¢| = |uf] << 1.

F. Gonzilez, A. Mondragén, U. Saldafa, L. Velasco,

work in progress 2012
See talks of L. Velasco-Sevilla “What's nu?” and U. Saldana in
PASCO0S2012

best overall fit: three Higgs doublet model a la Kubo, Mondragén et al
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Leptonic sector

m In the leptonic sector we add a Z, symmetry

m FCNC's are strongly suppressed by the S3 X Z» symmetry and the
strong mass hierarchy of the charged leptons

Predictions for neutrino masses and mixings

S3 gives # O13

A. Mondragén, M. Mondragén, E. Peinado, 2007,2008

Compatible with recent data
A. Mondragén, M. Mondragén, F. Gonzalez, arXiv:1205.4755

- +
Hs, vsr | Hi, L3, Li, e3r, €, VIR
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Leptonic sector

The mass matrix of the charged leptons takes the form

fi2 fi2 s
Me=m. | fio —fi2 f[is
fia jia O

The resulting expression for Mg, reparametrlzed in terms of its
eigenvalues and written to order (m,me/m? ) and x* = (me/m,)*, is

I 1 iy 1 /1=y
V2 V142 V2 \/1+x V2 I+x2
M.~ m ﬁ’l fh 1 1+x2—m?
e~mr | Sy ~viviee vV i
M. (1 2 . (1 2 .
me(—ix ~)2 elde e ( J2FXN)2 efde 0
\/ 1+x2=rg, \/ 1+x2—rg
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Leptonic sector

The mass matrix of the Dirac neutrinos takes the form

py pz o 0
M vp — /’65 _Mg 0 )
A AT

The right handed neutrino mass matrix is
MUR = diag(/\/ll, MQ, M3)

Then, the mass matrix M, takes the form

2(i5)" 27 (1)’ 24 g
M M M
_ 1 ( My—M;
Mu._ — 2>\(p5)2 2(;#2’)2 2u8 P\ : A= 2 <M1+M2> , and
M M ‘M T~ MM
M = 2M21+I\21‘
gy 2spgy 2u)’ (1)

M M v T
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Leptonic sector

We diagonalize this matriz in the following way
QZ/{ (:uo 3x3 T M) uT Q, (1)

where Q = e'®2diag {1,1, e"‘s'/} with 8, = ¢4 — o = arg {uy } —arg {us},

1 1
ST N 17 NP (B S
U, =| -L o L | p="la_pym=(4aB C
7 2 v2 | i
' 0F 1% [M] 0 C 2d
(2)
with A= valsllil oy g 2l sl 2l gy,
H BT T '
c =2 |||| L1+ 1A and d = —”"A';‘r'.
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Leptonic sector

Then, the mass matrix M,, for a normal [inverted] hierarchy in the mass
spectrum takes the form

po +d d (" A
N[I] N[1] N[
M = d o + d & (¢ = A"

< (c”[” + AN“‘) -4 (c””] - AN[’]) My, + My, + My, — 2 (1, + d)

(3)
. N1 (2d+,U40_mV )(2d+#0—mu )(m,, —;40—2d)
with C :\/ ! s 3 and
A = \/(muz—uo)(m%[l]_%) (“o_"’“l[s])
= 2d :

The values allowed for the parameters j, and 2d + p, are in the
following ranges: m,,, > 1, > my, and my,, > 2d + p, > my,,.
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Leptonic sector

This way it is possible to write the mixing angles in terms of the lepton
masses
(A. Mondragén, M. M., E. Peinado, 2007, 2008
Review: F. Gonzilez, A. Mondragén, M.M., 2012)

For the reactor mixing angle 013 and for an inverted neutrino mass
hierarchy (m,, > m,, > m,,) we obtain:

sin2 9/ ~ (“0 +2d — ml/a) (/‘0 - m,,3)
13 =~ :
(M, — my;) (my, — my,)
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Leptonic sector

Preliminary analysis for the reactor mixing angle «9{3 and for a normal
neutrino mass hierarchy
my, =3.22x 1073 eV, m,, =9.10 x 1073 eV, m,, = 4.92 x 1072 eV
and the parameter values
8 =7/2, o = 0.049 eV and d = 8 x 107> eV,
gives
sin® f]5 ~ 0.029 — f}5 ~ 10.8°,

in good agreement with experimental data.
The solar and atmospheric mixing angles:

oLy =35°,  0hy = 46°,
When d = 0 = M; = M, gives lower bound for 613
recover previous results of Mondragdn, M, Peinado

Complete analysis of data with x? underway
(F. Gonzélez, A. Mondragén)

M. Mondragén (IF-UNAM) S3 Flavour Symmetry July 3, 2012 25 / 40



Multi-Higgs models and flavour symmetries

Multi-Higgs models and flavour symmetries

m Interesting work has been done on stability of multi-Higgs models
with flavour symmetries

m Also in their properties concerning CP violation

m Of immediate interest to us: adding discrete symmetries can imply
continuos symmetries = Goldstone bosons

Lavoura et al, 1994; Barroso et al; 2004, 2006, 2007, Branco et al, 2005;
Ferreira et al, 2005, 2010,2011;
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The Higgs potential in the S3 flavour model

The Higgs potential in the S3 flavour model
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The Higgs potential in the S3 flavour model

Some references of works with an S3 invariant Higgs potential...

m S. Pakvasa and H. Sugawara, Phys. Lett. 73B, 61 (1978)

E. Derman, Phys. Rev. D19, 317 (1979)

D. Wyler, Phys. Rev. D19, 330 (1979)

R. Yahalom, Phys. Rev. D29, 536 (1984)

Y. Koide, Phys. Rev. D60, 077301 (1999)

J. Kubo et al, Phys. Rev. D70, 036007 (2004)

S. Chen et al, Phys. Rev. D70, 073008 (2004)

O. Félix-Beltran, M.M., et al, J.Phys.Conf.Ser. 171, 012028 (2009)
D. Meloni et al, Nucl. Part. Phys. 38 015003, (2011)

G. Bhattacharyya et al, Phys. Rev. D83, 011701 (2011)

Again, there are many more, | apologize for those not included.
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The Higgs potential in the S3 flavour model

In what sense are we asking: Which is the most general Ss-invariant
Higgs potential?

m It has the highest level of flavour symmetry.

m It has the highest arbitrariness without breaking the flavour
symmetry.

m Crucial to phenomenology = consistency is essential
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The Higgs potential in the S3 flavour model

Two essential things to work it out were:
The tensorial products between irreps:

To carefully carry the weak (SU(2),) index.

Follow the symmetry,
Ulises...
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The Higgs potential in the S3 flavour model

1. Find out all the Li. Sz-invariant terms for 2 and 4 scalar fields.
n=2:
mlg®1g
" [2®2]s
n=4:
Els®R1s®R1s®1g
= [(1s®2)® (1s ® 2)]s
= [(1s ®2)®(2®2)2]s
" (202)a®(2®2)a
B (2®2)s®(2®2)s
" [(2®2)2®(2®2))]s
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The Higgs potential in the S3 flavour model

2. Take an explicit convention for the whole theory (Yukawa Lagrangian

and Higgs potential) of where to place the symmetric and antisymmetric
doublet components.

_ (Hpa
i = (HDS>

1
(foa, fps)T ® (gpa, gps)T = E(fDAgDA + fpsgps)is

1
®—=(fpagps —
\/5( DAEDS — fpsgpa)1,

1 <fDAgD5 + fDSgDA>
foagpa — fDs&ps ) 5

V2
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The Higgs potential in the S3 flavour model

3. For each Ss-invariant term make all the different independent weak
indexes contractions. For example:

" (2®2)s®(2®2)s = 1s,
B (20 ®2w)s ® (2w ® 2w)s = 1s,06em
u (2W ® 2W’)S ® (2W ® 2w’)S = 153®G5M
n (2W & 2w’)S & (2wf & 2w)S = 153®G5M
m In terms of the Higgs fields:
w L(H], Hiw + H}, Hou)?
u %[(HIWH1W)2 + (""I2erl-l2W)2 + (HIWH2W)2 + (H;erIW)z]
= S[(HL Hin)? + (H3y How)? + (H, Haw)? + (H3, Hi)?]

4. Assign the same self-coupling parameter for each different contraction

of the same Sz-invariant term.
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Potential

We define

xi=HHy, xq=R(HH), x =1 (HT1H2> ,
xo = HiHy, x5 =R (Hl2Hs), xg=1T (HTle) :
X3 = H;HS, X6 =R (HTle) , Xo=1 (HT2H5) ,

then the potential is

Vo= uh(xa+x)+ i+ axd +
blxz (x1 +x2) +3 (¢ +x2) — (5§ +x3)]
+2¢ (2xax6 + x5(x1 — x2))
+d2(x1 + x)* + (a = x)? + 405 — )]
—4-eX72 + f[(x1 — x2)% 4+ 2(x1 + x2)?] + 4(x2 — 2x72)]
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Potential

The three Higgs doublets H;, H>» and Hs can be written as

_ ([ ¢1tid2 _ [ ¢3tiga _( #5+ige
Hl_(¢7+i¢1o)’H2_(¢8+f¢11)’HS_(¢9+I'¢>12)’

where S is the flavour index for the S5 Higgs field singlet.

M. Mondragén (IF-UNAM S3 Flavour Symmetry July 3, 2012 35 / 40
J{ /



Potential

Stationary points

The potential has three types of stationary points

m The normal minimum with the following field configuration:

¢7 = V1,8 = V2,9 = v3,0; =0, i#7,8,9

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

$7 = V], d8 = Vo, 9 = V3,1 = a, 3 = f3,

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

b7 = v{, g = V5, g = V5, P10 = 8,11 = 7,
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Potential

After the electroweak symmetry breaking we have the following
massive Higgses:

4 charged ones
3 neutral ones

2 neutral pseudoscalar ones

3 Goldstone bosons to give mass to the W* and Z
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Potential

We look at the normal minimum, i.e. no CP or charge breaking
For the case ¢ = 0, i.e. no mixing between the singlet and doublet
Higgs:

We find a rotational symmetry in this case at the minimum

W12 + W22 =r?

Accidental S symmetry (consistent with Sugawara and Pakvasa)

Stability of this potential and study of the minima already analyzed
(D. Emmanuel-Costa, O. Félix, M.M., E. Rodriguez-Jauregui, 2006)

The case with ¢ # 0 gives a relation between the three vev's
seems consistent with more general quark mass matrices analysis
We derive the mass matrices and find the eigenvalues

crucial for phenomenology

The other two minima have to be analyzed and compared too
(work in progress)
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Conclusions

Conclusions

m The permutational symmetry S3 with extended Higgs sector
accomodates very well the quark and lepton masses, reducing the
number of free parameters

m Allows a “unified” treatment of quark, lepton and Higgs sectors

m Possible to find analytical expressions for mixing matrices in terms of
masses

m Gives predictions in the neutrino sector
mixing angles in terms of masses
in particular ©13 # 0
and consistent with experimental data
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Conclusions

Conclusions

Further predictions will come from the Higgs sector
Essential to define correctly the potential
In our case: maximum degree of symmetry

The normal minimum, without mixing of singlet and doublet, has an
accidental S, symmetry

Mixing of doublet and singlet appears consistent with more general
analysis of quark masses

Compare the three stationary points: normal, CP and charge
breaking ones

Look at the constraints that are imposed on the vev's and couplings
from internal consistency and experiment

Leptogenesis (with Arturo Alvarez) possible and consistent with
above

SUSY SU(5) x Qp (with J.C. Gomez and F. Gonzalez) also gives
good results
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