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Abstract In this work we explored the consequences of the SU(5) x Z4 symmetry, where
the quark mass matrices are in the Nearest-Neighbor-Interaction, on the leptonic sector. The
model is based on the minimal SU(5) Grand Unification (GUT) model with three right-handed
neutrinos and two Higgs quintets. Due to the SU(5) symmetry, the charged lepton mass matrix
gets the same NNI form as the quark sector. However, in the context of the type-l seesaw
mechanism, the effective neutrino mass matrix can have six different textures, of which only
two are compatible with the leptonic experimental data.

36.1 Introduction

One of the open questions in particle physics is the explanation of the observed pattern of
fermion masses and their mixings. One way to study this puzzle is for example by playing with
texture zeroes; one example is the Nearest-Neighbour-Interaction (NNI) [1]. It has zeroes on
the (1,1), (1,3), (2,2) and (3,1) elements and together with the hermiticity condition leads to the
well known Fritzsch form [2-4].

It was shown in Ref. [9] that it is possible to obtain the quark mass matrices in the NNI form,
in the context of the two-Higgs doublet model, through the implementation of a Z4 flavour
symmetry.

The goal of this work is to extend the idea developed in Ref. [5] to SU(5) and study the
consequences of such an implementation on the leptonic sector. This work is organised as
follows: in section we present the model and discuss how to obtain the quark mass
matrices in the NNI form; in section [36.3| we explore the leptonic sector concerning the viability
of the mass matrices, then we conclude.

36.2 The model

The model is based on the minimal SU(5) [6] with three generations of 10 and 5* fermionic
representations as 10; = (Q, u¢, e¢); and 5[.* = (L, d%);. In order to generate neutrino masses
we have introduced three right-handed neutrinos, v¢ singlets of SU(5) that acquire mass

1,2,3
via type-l seesaw mechanism [7H10].
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The Higgs sector is composed by one 24 dimensional representation, %, and two quintets H;
and H>. The adjoint Higgs representation Z is introduced to break the SU(5) down to the
standard model (SM) gauge group (SU(3)xSU(2). xU(1)y) through the vacuum expectation

value (VEV), (Z) = odiag(2, 2, 2, -3, —3) where 0 = & 1+ ¢ 1;02?50””) (see Ref. [11]).
The quintets break the SM gauge group down to SU(3)¢xU(1)em when the neutral component
of each doublet acquires a VEV v1, v such that v2 = |v1|? + |v2|? = (246.2 GeV)? and
generate the fermion masses via the Yukawa interactions. Note that at low energy scale one

falls into a two Higgs doublet model.

The most general Yukawa Lagrangian is given by,

1 1
= 1 10: 2 10;
—Ly=7 (F3);10:10H: +2 (r2),;1010;H>
1 , 2 ,
+v2(r;), 105 Hy +v2(r7), 1057 H; (36.1)
1
1 2 Cy,C
+(r} i 5/ ViHL + (r2 i 57 ViH2 + > (MR); V{V§ +H.c.

where I'l-2 and F‘(lj’z are the up- and down-quark Yukawa matrices, r};z and Mg are the Dirac
Yukawa and Majorana matrices for neutrinos. The up- and down-quark mass matrices are then
givenby My =vi Tl +v2 2 and Mg = v} L+ vy T2,

The NNI form of the quark mass matrices is achieved through the introduction of a Z, discrete
flavour symmetry. Under this Z, symmetry all fields except the adjoint Higgs field are charged.
The two quintets H1, H> carry charges @1, ¢2, the fermionic fields 10;, 5 and v carry
charges q;, d; and n;.

In order to have mass matrices with the NNI form one should ensure that the zero entries in
the mass matrices correspond to a non zero Z, charge of the trilinear terms and vice-versa.
Following the method on Ref. [5] and choosing that the (3,3) entry of M, does not vanish we
obtain ¢, = —2q3, which leads to the following Z,, charges,

Q(10) =(393+¢1,—g3 - 91,q93),  Q(57)=(q3+2¢1,-3q3 —q3+¢1). (36.2)

The charge matrix of the up- and down-quark bilinears is then given by,

6493 +2¢1 2q3 493+ ¢1 493 +3¢1 1 2q3+2¢1
Q(10;10) = 2qs3 —2¢1-2q3 —¢1 Q(10;5/) = #1 —¢1—4q3 -2q3
4g3 +¢1 —¢1 2qs3 2q3+2¢1 -2q3 1

(36.3)
from which we conclude that ¢1 must be different from ¢, and that the minimal realization of
Z,, that makes the NNI structure possible is Z4 as in Ref. [5].

The up- and down-quark mass matrices in terms of the Yukawa matrices are given as
0 0 0 0 a, O 0 as O 0 0 0
My=v1{0 O by|+vz|au O 0|, Mg=vi|{a, O O |+vi[0 0 bgl. (36.4)
0 by O 0 0 cu 0 0 cqg 0 blg O
This being a GUT model some comments on proton decay and unification are in order.
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M, = M;'; Relation As a consequence of the SU(5) symmetry the charged-lepton mass
matrix is equal to the down-type quark mass matrix transposed which is not compatible with
the down-type quark and charged-lepton masses hierarchies observed at low energy scale.
One possibility to correct this relation is to introduce non-renormalisable higher dimension
operators [12,[13] due to physics at /A’ scale above the GUT scale. For instance, dimension 5
operators contribute as

/2 Ap)y H . oabzf5* 36.5
le/\,(n),, 555 (36.5)
n=

leading to the mass difference, My — MT = 5 7(v] A1 + v Az) without destroying the NNI

structure once Z is trivial under Z4. Another alternatlve to correct the relation M = MT is to
substitute the second Higgs quintet by a 45 dimensional Higgs representation [14]. In this case
the mass difference will be given by Mg — M = 82 vy, where vys is the VEV of the 45. In
any of those situations the up-quark mass matrlx is no longer symmetric, which is the reason

why we have considered arbitrary NNI mass matrices in section (36.3

Proton Decay The proton decay can occur through the exchange of X and Y heavy gauge
bosons or the exchange of the colour Higgs triplets, T1 and T> contained in the quintets.

For the proton decay via the exchange of heavy gauge bosons the decay width can be

estimated [15] as " =~ a? Using the partial proton lifetime [16] T(p — m%e*) > 8.2 x 1033

UM4
years the mass of the heavy gauge bosons is estimated as My > (4.0 —5.1) x 101> GeV for
a unified gauge coupling in the range or‘l ~ 25 —40.

Concerning the proton decay via the exchange of the colour Higgs triplets, the dimension 6
operators contributions at tree-level are given by

3 (") gr i [1 [

n=1,2 MT,,

(QiOD(QkL) + (uf ec)(ucdc)} , (36.6)

that in fact vanish due to the Yukawa matrices form.

Unification We have found unification of the gauge couplings at two-loop level without
considering the threshold effects and performing the splitting between the masses of the 3
and Xg. In our computation, we have set the fields X, Y, T1, T at GUT scale, A, and H1, H>
around electroweak scale. We found a GUT scale around A = (1.3 — 2.4) x 1014 GeV and
the masses of the £3 and Xg components of X in the range Mz < My, < 1.8 x 104 GeV

and 5.4 x 1011 GeV < My, < 1.3 x 1014 GeV. Unfortunately, the unification scale found is
smaller than what we expect from the computation of the proton decay through the exchange of
the heavy X and Y gauge bosons and the mass splitting between My, and My, is unnaturally
large. This discrepancy can be avoid by the introduction of a 24 fermionic representation [17].
In such case the neutrino masses will get contributions also from type-lll seesaw mechanism

in addition to the usual type-I.
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parameters NH IH

Am2, (x1075eV?) 7.62+0.19
‘Amgl‘ (x107ev?)  2.53%008 .407019 me(Mz) = 0.486661305 + 0.000000056 MeV,
2 0.320+0.015 mu(Mz) = 102.728989 + 0.000013 MeV,
sSin 12 . —0.0
Y me(Mz) = 1746.28 + 0.16 MeV,
sin? 6,3 0.4970:98 0.5370:%3
sin? 613 0.02675:00%  0.027+39%2

Table 36.1: The three-flavour oscillation parameters with 1 o errors, from Ref. [18], for normal
hierarchy (NH) and inverted hierarchy (IH) (on the left) and the charged-lepton
mass at Mz scale (on the right) [11].

36.3 Mass matrices

In Ref. [5] we have shown that the quark mass matrices in the NNI form accommodate all
observed up- and down-quark masses and the CKM mixing matrix. As a consequence of
SU(5) symmetry and since the NNI form has zeroes in symmetric positions, the charged
lepton mass matrix, M¢, has also NNI form.

Both quark and charged-lepton mass matrices can be written as,

0 Ax(1-€%) 0
M, = | Ax(1 + eg) 0 Byx(1 - e’é) , (36.7)
0 Bx(1 +€3) Cx

where X = u, d, e and € measures the deviation from the Hermiticity; a global measurement
of the asymmetry in the quark, &4, and leptonic, &, sectors is given by

1 €2 4 82
EQEE\/egz+egz+egz+eg2 and EzE\/aTb- (36.8)

For €54 = €e = 0 one recovers the Fritzsch form [2-4].

The fact that the Z4 neutrino charges are free parameters obliges us to scan all charge
combinations and select the viable textures by confronting them with neutrino experimental
data. The effective neutrino mass matrix is given by the type-l seesaw formula [7] m, =
—mpMz1m[ to an excellent approximation (mp < Mg). Performing the scan of all Z4
charges for ¢1, g3 and neutrinos one is able to determine the shape of the effective neutrino
mass matrix. After its analysis one concludes that among the six different possibilities (see
Ref. [11]) only two textures are viable: Il and ll(12) where Il = PIZII(lz) P1i>.

0 = O * % %k
=1 * *x x|, Hiiy=|* 0 0]. (36.9)
0 * * * 0 =%
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In order to confront the predictions from M. and m,, with the neutrino oscillation data at Mz
energy scale one needs to diagonalize both M, and m,, and compute the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [19H21]. The leptonic mixing matrix is given by Upmns =
U[T P12 U, where U, and U, are the diagonalizing matrices of charged-leptons and neutrinos
respectively.

In our numerics we have varied all charged-lepton masses and neutrino mass differences within
their allowed range (see Table [36.1), scanned the mass of the lightest neutrino for different
magnitudes below 2 eV and computed the other two masses through Aml?j =m? - mj2 the
mass squared difference, using the actual neutrino oscillation data [18]; the free parameters of
Me and m,, were also properly taken into account (see Ref. [11]).

We have considered as additional constraints the effective Majorana mass [22-24] Mee =
[.3_1 m;U?; the constraint from Tritium B decay [16] m2 = [3_1 m2|Uyl? < (2.3eV)?
- . -

at 95% C.L. and constraints on the sum of light neutrino masses from cosmological and

astrophysical data [25] T = Zf’:l m; < 0.68eV at 95% C.L..

We got that texture Il is compatible just with normal hierarchy (NH) while texture ll(12) is
compatible just with inverted hierarchy (IH). For texture Il and normal hierarchy we found that

Texture-11 (NH) Texture-1L,,,, (IH)
Im, | (eV) Im_|(eV)

0.024 -

0.002 —
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Figure 36.1: Plot of the effective majorana mass, |mee|, as a function of the lightest neutrino
mass m1 for the Textures-Il (NH) (left) and m3 for Texture-ll(12) (IH) (right).

the lightest neutrino mass varies in the range m; = [0.0015, 0.013] eV while the global
deviation is £, > 0.005; the effective Majorana mass found was 0.00097 eV < |mee| <
0.0021eV.

Concerning texture ll(12) where inverted hierarchy applies we found the lightest neutrino mass
to be in the range m3 = [0.005, 0.010] eV, the global deviation is & > 0.003 and the
|mee| parameter is given by 0.015eV < |mMee| < 0.021eV.
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36.4 Conclusion

In this work we showed that it is possible to implement a Z,4 flavour symmetry, in the context
of SU(5) with minimal fermionic content plus three right-handed neutrinos and two Higgs
quintets, that leads to quark mass matrices in the NNI form. We have studied the implications
of this SU(5) x Z4 symmetry on the leptonic sector and found that, among the six possible
textures for the effective neutrino mass matrix, only two are phenomenologically viable and it is
possible to distinguish them by the light neutrino mass spectrum hierarchy.
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