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Softly broken A, symmetry for nearly degenerate neutrino masses
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The leptonic Higgs doublet model of neutrino masses is implemented with, afiscrete symmetrythe
even permutation of four objects or equivalently the symmetry of the tetrahediuoh has four irreducible
representationst,1’,1”, and3. The resulting spontaneous and soft breaking pprovides a realistic model
of charged-lepton masses as well as a nearly degenerate neutrino mass matrix. The phenomenological conse-
guences at and below the TeV scale are discussed.
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[. INTRODUCTION quences of this model are explored. In Sec. V, the quark
sector is discussed. In Sec. VI, there are some concluding

Since the experimental evidence of neutrino oscillation
[1-3] requires only neutrino mass differences, the possibility
of nearly degenerate neutrino masses is often considiéfed II. DISCRETE SYMMETRY A,
However, the charged lepton masses are certainly not degen-
erate, so whatever symmetry we use to maintain the neutrino The finite group of the even permutation of four objects,
mass degeneracy must be broken. To implement this idea i€, A, has 12 elements, which are divided into 4 classes,
a renormalizable field theory, the symmetry in questionWith the number of elements 1,4,4,3, respectively. This
should be broken only spontaneously and by explicit soffneéans that there are 4 |2rredu<:|ble re_presentatlons, Wlth di-
terms(if it is not a gauge symmetjy mensionsY; , such thai&;n =12, There is only one solution:
Recently, a simple model of neutrino masses was prof1=N2=nz=1 andn,=3, and the character table of the 4
posed[5] using a leptonic Higgs doubley=(7",#° and representations is shown in Table 1. o
three right-handed singlet fermiontir, all of which are at ~, The complex numbet is the cube root of unity, i.e.,
or below the TeV energy scale. It was further shd@hthat € - Hence o+ «°=0. Calling the 4 irreducible repre-
this model is able to account for the recent measurefiignt Sentationsl,1’,1%, and3 respectively, we have the decom-
of the muon anomalous magnetic moment, provided thap©Sition
neutrino masses are nearly degeneféte 3%x3=1+1'+1"+3+3. (1)
In this paper, the specific choice of a discrete symmetry, - - - - - - -
i.e., A4, which is the symmetry group of the even permuta-In particular, denotin@ as @,b,c), we have
tion of four objects or equivalently that of the tetrahedron, is B
used to sustain this degeneracy, which is then broken both
spontaneously to generate the different charged-lepton
masses, and softly to account for the mass splitting and mix-
@ng of the neutri_nos. In Sec. Il the grody, and its irreduc- 1"=a,a,+ wb;b,+ w?c,Cy. ()
ible representations are discussed. In Sec. lll, the structure of -
the leptonic model, which has altogether four Higgs dou-For completeness, thexX33 representation matrices of the 12
blets, is presented. In Sec. IV, phenomenological consegroup elements are given below.

emarks.

l: alaz+ blb2+ C,Co, (2)

1'=aja,+ w?b;b,+ wcscy, ©)

c:l0 1 o (5)

o 11fo o0 1]fo 0o -1][0 0 -1
cyl1 0o of|-1 0o ofl1 0 of|-10 0O 6)
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01 0[O0 1 0][0O -1 0 -1 0

cs/{0 0 1/l 0 o -1//0 o0 1/|0 0 -1 @
1 00/ [-10 o][-1 o0 0

1 0 0][-1 0 0][-1 0 O

cs/0 -1 o]0 1 of|o0 -1 0f ®)
0 o -1JLo0o o -1J[o0 o0 1

The reason that we choogg, for discussing degenerate where
neutrino masses is that it is the simplest discrete symmetry,

which admits one three-dimensional representation as well as 1 00 1 0 O
three inequivalent one-dimensional representations. As hig=hy 0 1 0| hy=hy0 @ 0],
shown in the next section, this is ideal for having degenerate ’
Dirac neutrino masses while allowing arbitrary charged- L0 0 1 0 0 o

lepton masses. In contrast, tBg discrete symmetry9] has
one two-dimensional and two one-dimensional representa-
tions, whereass, [10] has two three-dimensional, one two- hiax=hs
dimensional, and two one-dimensional representations. If
continuous groups are considered, tf#®(3) has a three- -
dimensional representation and may be used as well.

(17)

o o r
o & o

w

Thus the neutrino mass matriin this basig is proportional
to the unit matrix with magnitudé?u?/M, whereu=(7°),

ll. MODEL OF NEARLY DEGENERATE NEUTRINO whereas the charged-lepton mass matrix is given by

MASSES
UnderA, andL (lepton numbey; the color-singlet fermi- hiwy  havy hsvy
ons and scalars of this model transform as follows. M;=| hwy hyov, hie?v,|. (18)
(n1)L~(3.D), © hws hz’vs  hswvs
lr~(1,1), (10) If vi=v,=v3=v, then M, is easily diagonalized:
l2r~(1',1), (11 vahw 00
U'MUg=| 0 3hp 0
I3R~(1 11)1 (12) 0 0 \/§h3v
NiR~(§lO)1 (13) -me 0 0
b= (¢ . 40)~(3,0), (14 =10 M O (19
L0 0 m,
7=(n",7°)~(1,-1). (15
where
Hence its Lagrangian has the invariant terms
1 1 1 1 1 0 O
1 = — 2
EMNi2R+fNiR(ViL770_|iL77+)+hijk(Vi'li)Llqu)k+H-C-v ULZE 1 o o7, Ug=|0 1 0]. (20
(16) 1 o? 0 01
TABLE I. Character table oA,. The  6X6 Majorana  mass  matrix  spanning
(ve,v,,v,,N1,N3,N3) is then given by
Class y® @ e @
0 Ulfu
C, 1 1 1 3 My = (21)
C, 1 ) > 0 (:N) Uffu M
C, 1 w? w 0
Cs 1 1 1 -1 Hence the X3 see-saw mass matrix fow{,v,,v,) be-

comes
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2
f2u? f2u? L oo U]_:Ug:Ug:U:\/L (26)
Mvzv [ Ve 0O 0 1f. (22 3Nt 2N31 2N,
0 1 0

is allowed if N, is real.

et 0 +
This shows that, mixes maximally withv ., but since all The mass-squared matrices in thedfelm 47, and ¢,

physical neutrino masses are degenerate, there are no nd@ses are all of the form
trino oscillations. To break the degeneracy, arbitrary soft

terms of the fornm;;NizrN;z may be added to E{16). As a a
result, it is possible to have, for example, a bimaximal mix- M?*=| b
ing pattern with the appropriate small neutrino mass-squared b
differences for atmospher{d] and solaf{2] neutrino oscil-
lations used in Ref[6].

; (27)

Q T T

b
a
b
where

Reg’: a=2(\,+2\,)v?,

IV. PHENOMENOLOGICAL CONSEQUENCES b=2(N1—Na+ N3+ N\g)v?,

Whereas the minimal standard model has only one Higgs (8
scalar doublet, ouA, model has four®,,3 and ». The Im¢Y: a=—4Nw2, b=2\0? (29)
interplay betweerb; and 7 is the same as in Ref5], which
allows u=(7° to be small. The new feature here is the ¢ a=—2(N3+A)v2,  b=(A3+A,v2. (30)

structure of the Higgs sector containifdlg. The correspond-

ing A4-invariant Higgs potential is given by

2

1
V=m?, @Jcpi+§>\1(2 OID;| +Ny(PID,
1 I

+ 02D, + 0D LD ) (PID + 0D D, + 02D D)
FNG[(PID ) (PID,) +(PID ) (PDg) +(PD))

1
><<<I>Zd>1>]+{5A4[<<1>£<D3>2+<<I>§<I>1)2+<<I>Id>2>2]

+H.c.l. (23)

Let (¢)=v;, then the minimum oW is

1
Vimin=mM?(|vq]?+[vo]*+[v3]?) + 5)\1(|Ul|2+|02|2+|03|2)2

+ N[0 1|2+ 0?[v,]|*+ w|vs]?) (v *+ w|v,)?

+w?v3l?) + N3(Jvol?[vs|+ vl >+ |v|?|va]?)

1
+15Ma[(03) %05+ @3 i+ (v]) 3] +ccs (29

The minimization conditions on; are given by

NV min

0= —*I =muy+\goa(Jvg|*+|vol*+[vgl?)
Jduy
+A01(2[v1]2=v2 2= |v3|?) + Ngva([va| >+ |vsl?)

03 (v3+03), (29

and other similar equations. Hence the solution

The eigenvalues aM 2 area+2b, a—b, anda—b. Hence
(®,+P,+D3)/\/3 has the properties of the standard-model
Higgs doublet with mass-squared eigenvaluesiz 82\ ;
+2\4)v3, 0, and O for Re¢{+ #3+ $3)//3,Im(3+ ¢3

+ ¢33, and (b1 + ¢5 + $3)/\/3, respectively. The two
other linear combinations are mass degenerate in each sector
with mass-squared eigenvalues given M)ﬁ=2(3>\2—)\3
—Na)v?,M2=—6\ 02, and M2 =—3(\3+\4)v?, respec-
tively.

The distinct phenomenological signatures of ofi
model are thus given by the two new Higgs doublets. They
are predicted to be pairwise degenerate in mass and their
Yukawa interactions are given by

(m,—— m,—— Me — ,
Line= 7(Veve)LTR"_T(VTaT)LMR"_T(V/.uM)LeR @

+

m,——— m, —
7 (V/'L,,U«)LTR—F T (Veae)L/J“R

Mg —
— (VT' 7)|_eR q)” I I.C., (31)
where
o’ ((I) 16} Zq) )
= +w +w y
/—3 1 2 3
D= — (D4 0’P,+ 0Py) (32
w w .
/—3 1 2 3

This means that lepton flavor is necessarily violated and
serves as an unmistakable prediction of this model.

Using Eg.(31), we find that the most prominervith
strengthmrm#/vz) exotic decays of this model are

TR— ML MRER TR ML ML €L (33
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through @”)° exchange. The former amplitude is propor-
tional to My °=Mz?+M, ? and the latter toM; >=|Mg?
—M, ?|. Hence

2
Vo

3v?

22
Im:m

=l

wherevy=(2v2Gg) Y2 and 32<wv3. Using B(7— uvv)
=0.174, we find

2
(34)

B(T‘HM_M‘6+)=<

2
0

l

as compared to the experimental upper bound ok1.G ©.
Similarly, B(7~—u " u"e") is also given by Eq(35) with
M, replaced byM; (which is always greater thaW,) as
compared to the experimental upper bound ofx118 ©.

100 Ge\))4

B(r —u u e")=5.5x 1010(
Mo

(39
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2
e m,r m B 1+')/5
AZWM_ZU_QLG Q'Be%ﬁ( 5 )M (38
eff
where
1_1|M2R3 1|M,23 2
vz, MZ\"Mmz 2] e M T 2) 89
Hence
27a m* [ v2)\?
B(Mﬁey)ng—A W . (40)
eff

Using the experimental upper boufit?] of 1.2x 101, we
find Mo¢>284 GeV{,/\3v).

V. QUARK SECTOR

Other  decays are further suppressed because they are pro- |, ihe quark sector, we could also try having the three

portional tom,m, or m,m,. Note the important fact that
there is no tree-level— eeedecay in this model.
From Eq.(31), there are also tree-level contributions#o

left-handed quark doublets transformasinderA,, and the
right-handed quark singlets 4s1’, and1”. In that case, the
qguark mass matrices corresponding to E®) are diagonal

and w decays through charged-scalar exchange. For €Xye those of the charged leptons. Since the soft breaking of

ample,

HR—C€RV,V,, MR—CRVely, (36)
through @')™ and (¢")™ exchange, respectively. However,
these amplitudes are proportionalrtqine and only add in-
coherently to the dominant, —e_»,v, amplitude. Hence
they are completely negligible. The same holds true #or

decays, but to a lesser extent.

A, is not possible in the quark sector, the only way that a
charged-current mixing matrix may arise is from the viola-
tion of v, =v,=v3. However, because the mixing is further
suppressed by the ratio of quark masses, the final effect is
negligible.

Suppose we assign both quark doublets and singlets to be
3 underA,. Then there are 2 invariant couplings dg as
shown by Eq.(1). However, the mass eigenvalues in this
case are those of EQ7), which do not match the observed
quark masses.

Consider next the muon anomalous magnetic moment, To accommodate realistic quark mass matrices with the

which receives a contribution proportionalrtd from (¢")°.
A straightforward calculation yields

(37

as compared to the possible discrepardyl] of (426

correct charged-current mixing matrix, we can just go back
to the standard model, i.e., all quarks are trivial unligras
well as another Higgs doubldt,. Thus

2

vo=vi+v§+v§+vﬁ+u2=3v2+v[21+u2. (41

VI. CONCLUDING REMARKS

In conclusion, we have shown how nearly degenerate
neutrino masses can be obtained in the context of a softly
and spontaneously broken discréte(tetrahedralsymmetry
while allowing realistic charged-lepton and quark masses

+165)x 10" %, based on the recent experimental measuref13]. In addition to the standard-model particles, we have

ment[7]. Hence the contribution tda, from Eq. (31) is

three heavy neutral right-handed singlet fermidhsat the

negligible, and the latter's theoretical explanation remainsfeV scale or below, whose decay into charged leptons would

that of » andN exchange as proposed in RES).
Radiative lepton-flavor-changing decays (iesuy,r

map out the neutrino mass matrix as discussed in Fef.
The nearly mass-degeneraie can explain the possible dis-

—ey,u—ey) throughn andN exchange are suppressed by crepancy of the muon anomalous magnetic moment as dis-
the near degeneracy of the neutrino mass matrix, as exussed in Ref.6]. The three new Higgs scalar doubldts of
plained in Ref[6]. However, they also receive contributions this model have distinct experimental signatures. One com-

from Eqg. (31). The most prominent process is actuajly
—evy from (¢')° exchange, with an amplitude given by

bination, i.e., ®;+®,+ <1>3)/\/§ behaves like the standard-
model Higgs doublet, except that it couples only to leptons.

113012-4



SOFTLY BROKENA, SYMMETRY FOR NEARLY ... PHYSICAL REVIEW D 64 113012
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