Chapter 13

SUSY adjoint SU(5) grand unified model
with 5, flavor symmetry

Gui-Jun Ding

Abstract

We construct a supersymmetric (SUSY) SU(5) model with the flavor symmetry Sy x Z3 x Z4. Three
generations of adjoint matter fields are introduced to generate the neutrino masses via the combined type
| and type lll see-saw mechanism. The first two generations of the the 10 dimensional representation in
SU(5) are assigned to be a doublet of S, the second family 10 is chose as the first component of the
doublet, and the first family as the second component. Tri-bimaximal mixing in the neutrino sector is predicted
exactly at leading order, charged lepton mixing leads to small deviation from the tri-bimaximal mixing pattern.
Subleading contributions introduce corrections of order A2 to all three lepton mixing angles. The model also
reproduces a realistic pattern of quark and charged lepton masses and quark mixings.

13.1. Introduction

So far there is convincing evidence that the so-called solar and atmospheric anomaly can be well explained
through the neutrino oscillation. A very good approximation for the lepton mixing matrix is provided by the
so-called Tri-bimaximal (TB) pattern [1], which suggests the following values of the mixing angles

sin? 01,7 = % sin? 02 = % sin 012 =0 (13.1)
which agrees at about the 1o level with the data. We note that recently new data from T2K collaboration
[3] and corresponding fits [3/10] indicate a 30 evidence of a non-vanishing 6,3 with a relatively "large” central
value. The simple structure of the TB mixing matrix suggests that there may be some symmetry underlying the
lepton sector. In the past years, it is found that the flavor symmetry based on finite discrete groups particularly
A, is particularly suitable to reproduce this constant texture. S, is claimed to be the minimal group which can
predict the TB mixing without ad hoc assumptions, from the group theory point of view [3]. In this work, we
shall present a model combining the S, flavor symmetry with the SU (5) grand unified theory (GUT) [6].
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13.2. The model

Fields | T3 | (o, T)" | F | A [[Hs | Has | Hs | His [Hoa | x [ 9 [ C [ [ n [A]E

SU(5) | 10 10 5 | 24 5 45 5 45 24 1 1 1 1 1 1 1

S4 14 2 31 | 31 14 14 14 14 14 311 2| 12 | 31 2 | 31|11

73 1 w 1 1 1 1 w 1 1 1 1 1 [ |w?| w | w

Zy 1 ) —1 1 1 -1 1 -1 1 1)1 ] -1 1 ) 7 )

Ul)g | 1 1 1 1 0 0 0 0 0 010 0 0 0 0 0
Table 13.1

Fields and their transformation properties under the symmetry groups SU(5), S4, Z3 and Z4, where w =
e?™/3 = (=1 +iV/3)/2.

The flavor symmetry group of the model is Sy x Z35 x Z4, where the auxiliary symmetry Z3 x Z4 plays an
important role in eliminating unwanted couplings, ensuring the needed vacuum alignment and reproducing
the observed fermion mass hierarchies. We introduce three generations chiral superfields A in the adjoint
24 representation in addition to 5 matter fields denoted by F' and the tenplet 10 dimensional matter fields
denoted by T 2.3. The neutrino masses are generated through the combination of type | and type Ill see-saw
mechanism in the present model. In the Higgs sector Hyy4, Hs, Hz, Hys and Hyz are included. Moreover,
flavon fields are introduced to spontaneously break the S, flavor symmetry. The transformation properties of
all the fields under SU(5), Sy, Z3 and Z, are summarized in Table We note that the first two generations
of the tenplet are assigned to be a doublet of S, the second family 10 is taken to be the first component of
the doublet, and the first family as the second component. If we reverse the assignment, the down quark and
strange quark masses would be of the same order without fine tuning unless some special mechanisms are
introduced such as Ref. [7]. Using the standard driving field method, we can show that the scalar components
of the flavon fields acquire vacuum expectation values (VEV) according to the following scheme [6],

w={ ) @ (&) =0 - " cm=( ).

UX ’Utp 0 Un
vA
(Ay=1 0 |, (=1 (13.2)
0

In order to produce the observed ratios of up quarks and down quarks and charged lepton masses, the VEVs
(scaled by the cutoff A) vy /A, v, /A, v /A, v, /A, va/A and ve /A should be of the same order of magnitude
about A2 with \. ~ 0.22 being the Cabibbo angle, and we will parameterize the ratio VEV /A by the parameter
E.

13.2.1. Neutrino sector
The LO superpotential which contributes to the neutrino masses is given by

w, = y,/(FA)hHE, +>\1(AA)31X+>\2(AA)2('0 (13.3)

It is well-known that there are both SU(2) triplet ps and singlet py with hypercharge Y = 0 in the decomposi-
tion of the adjoint matter field A with respect to the standard model. From Eq.(13.3) the neutrino Dirac mass
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matrices read as

1 1 00
MP=-yus [ 00 1), M=
01 0

1 00
5 —yvs| 0 0 1 (13.4)
01 0

The last two terms in Eq.(13.3) lead to the Majorana mass matrices of ps and pq

2)\1UX 7)\1’UX + )\2’ULP 7)\1’UX + )\QULP
MM = —Xu+ v, 2M0y + Aavy — A1y . MY =M (13.5)
—A1Uy + A0y, — A1y 2M 10y + A2vy,

The light neutrino mass matrix is the sum of type | and type Il see-saw contributions

D\T (7 yM\—1 77D DN\T (3 yM~\—1 17D
M, = _(Mpfi) (Mps) M,; — (M/IO) (Mpo) M,
—a—>b —a+b —a+b
5b(3a—b) 5b(3a—b) 5b(3a—b)
o —a-+b —3a® —4ab+b> —3a°+2ab—b> 2 2 13.6
= 5b(3a—b) 5b(9a—b2) 5b(9a2 —b2) Y, U5 (13.6)
—a+b —3a’+2ab—b> —3a’—4ab+b>
5b(3a—b)  5b(9aZ—b2) 5b(9a2—b?)

where a = A\jv,, and b = A\yv,,. This light neutrino mass matrix M, is exactly diagonalized by the TB mixing
matrix

U M,U, = diag(my, ma, ms) (13.7)
where m » 3 are the light neutrino masses, in unit of 2y2v2 they are

my = ﬁ, me = 2\1b|’ mg = |3a1—|—b| (13.8)
The unitary matrix U, is given by
U, =Urp diag(e_io‘lm, e_io‘z/Q, e_m3/2) (13.9)
Urp is the well-known TB mixing matrix
Pk o
Urg = _$ % “%1 (13.10)
V6 V3 V2
The phases a1, as and ag are
ap = arg(—y,v3/(3a = b)), a2 =arg(~y,v3/b), a3 = arg(~y;v3/(3a+1b)) (13.11)

The light neutrino mass spectrum can be both normal hierarchy and inverted hierarchy. Taking into account
the experimentally measured mass square differences Amfol and Am?,, ., we obtain the following constraints
on the lightest neutrino mass

my > 0.011eV, for normal hierarchy
mg > 0.028eV, for inverted hierarchy (13.12)
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13.2.2. Charged leptons and quark sector
The LO superpotential giving rise to the masses of the up type quarks after Sy and SU(5) symmetry
breaking, is given by

4
Wy, = ytT3T3H5 + Z %TTOZ(”HB + sz; TT3(¢X)2H5 + A2 TTg(T](p) H
=1
yu 3
A‘; TTsnCHs + TTTSnH% (13.13)

with O = {(¢d)1,, (¢0)2, (nm)1,, (n)2}. The superpotential generating the masses of down quarks and
charged lepton is
9

wa = RTFGHs+ 55 (TF)s (AN, Hyg + 55 (TF)o, AHps + Y S5 TiFO H
i=1
+Z“ZT3 0(3)H45+Z@TFO§4)H3+... (13.14)

where dots stand for higher dimensional operators.

0@ = {26, X1, oxb, X1, P20, xC, X1C, b, HC2}
0B = {4, ¢"n, o, A3, A%E, AL?}

OW = {¢°x, ¢%p, 9>, ndx, b, ndC, m°x} (13.15)
With the vacuum alignment in Eq.(13.2), we can straightforwardly derive the mass matrix as follows
0 ) 0 ) 4(yutl vAz + yut2 Ll kp )US
M, = 0 8(Ye2 15 + Yea 3%) U5 8Yet V45 + MYurr “52* Vs
v VU
4 (Y1 5= 325 —8Yet Va5 + AYut1 —575 U5 8y, vs
yietvs yiae®vs o yiaePvs + 2ythePvgs
My = yg153U§ 2y512527)ﬁ+ 951253”5 953531’5
2y3,%vgs + v e’vs yhaetvs Ysevs
ythedvg ysie3v5 ) —6ysre’vgs + Y5 £%v5
M, = yios’vs, —6ysoe®vgs + yfhevg Y3oe s (13.16)
y%s?’vg - 69?353% y§3€3?)g ygl38vg

where the factor of 3 difference in the (13), (22) and (31) elements between M, and M, is the so-called
Georgi-Jarlskog factor [10], which is induced by the Higgs Hzz. Diagonalizing these mass matrices, we find
that the CKM matrix elements are as follows

Vud = ‘/cs = V;Eb ~1
Y5 s 1 Yot (Yurvey + Yur2UnVe)Usvas Uy
2d, vgs | 2 Y (Yeav3 + Yeava)vs + yZvivis A

V,:s ~ _chd ~

d 4 d 2 2
Yao 45 e+ Y31 62 Yutl 'Ugbvx Yut2 fvnvap 1 yct (yutl'l)(bvx + yut2vnvcp)v45 vn

*
= 2 —_—_— e — — —_ —_
T Tyd vy 2yr A2 2y A2 247 (Yeav] + Yeav?)vi + yryvivgs A2
Yet V45 U
B — Vi -1
cb BT s A

' d
Vig = _2y22 U5, _ Y312 Yutl VeUx | Yur2 UnUp | YerYor Va5 U5 U

= (13.17)
Yis vs Yy 2yr A2 2y, A2 2yyd, vs v A



95

In order to produce the Cabibbo mixing angle between the first and the second family, for the parameters
y4, and yg, of order O(1) we could choose vz ~ A.vs. We note that the observed mass hierarchies of
quarks and charged lepton are produced. Moreover, we find the following relations between down quarks and
charged lepton masses

My My, My ~ 3Mg (13.18)

These are the well-known bottom-tau unification and the Georgi-Jarlskog relation [10] respectively. Taking
into the non-trivial mixing in the charged lepton sector, the lepton mixing angles are given by

d d d
. Yi2 Y5 .2 1 1 ryts vs Y12 Vs .\« -2 1yt Us
sin 63 =~ —2¢|, sin 912274——[ e+ (== —2¢) }7 sin 054 ~ —&————E
6v/2y3, vzs 3 18lyd, v Y8 Vis #7214 Y V5
Taking into account the results for quark mixing shown in Eq.(13.17), we have |V,,4| ~ |2y;; 5 gl ~ Ae. As a
result, the model predicts the deviation of the lepton mixing from the TB pattern as follows
Ae 1 2 1 A2
sin 3 ~ 35 2.97°, |sin? @19 — 5| ~ghe | sin® 03 — 5| ~ 372 (13.19)

The lepton mixing angles are predicted to be in agreement at 30 error with the experimental data. It is
remarkable that Eq.(T3.79) belongs to a set of well-known leptonic mixing sum rules [9], and the same results
have been obtained in Ref.[7]. The above LO predictions for the fermion masses and flavor mixing patterns
are correction by the next to leading order high dimensional operators allowed by the symmetry of the model.
Detailed analysis has shown that the successful LO predictions for the order of magnitudes of both the CKM
matrix elements and the quark masses are not spoiled by the subleading corrections, and all the three leptonic
mixing angles receive corrections of A2 [6], they are still compatible with the current experimental data.
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