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Abstract

We present a new class of unified models based on SO(10) symmetry which provides
insights into the masses and mixings of quarks and leptons, including the neutrinos.
The key feature of our proposal is the absence of Higgs boson 105 belonging to the
fundamental representation that is normally employed. Flavor mixing is induced via
vector-like fermions in the 16 + 16 representation. A variety of scenarios, both super-
symmetric and otherwise, are analyzed involving a 126y along with either a 455 or a
210 of Higgs boson employed for symmetry breaking. It is shown that this framework,
with only a limited number of parameters, provides an excellent fit to the full fermion
spectrum, utilizing either type-I or type-II seesaw mechanism. These flavor models can
be potentially tested and distinguished in their predictions for proton decay branching

ratios, which are analyzed.
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1 Introduction

Grand unified theories [1H3] based on SO(10) gauge symmetry [4] are attractive candidates
for physics beyond the Standard Model (SM). These theories predict the existence of right-
handed neutrinos needed for the seesaw mechanism, and unify all fermions of a given family
into a single irreducible multiplet, the 16—dimensional spinor representation. Quarks and
leptons are thus unified, as are the three gauge interactions of the SM. The unification of
fermions into multiplets suggests that SO(10) may serve as a fertile ground for understanding
the flavor puzzle. There are challenges involved, since in particular, large neutrino mixing
angles should emerge from the same underlying Yukawa structure that allows for small quark
mixing angles. This indeed has been realized in a class of SO(10) models with a minimal
set of Yukawa coupling matrices |5H13|, and we shall provide a new class of models that
achieves this in this paper. Since SO(10) admits an intermediate symmetry, the Pati-Salam
symmetry SU(4).x SU(2)r, x SU(2)g or one of its subgroups, unification of gauge couplings
can occur consistently even without low energy supersymmetry. Of course, SO(10) may be
realized in the supersymmetric context as well, in which case the intermediate symmetry
breaking scale may be the same as the unification scale. As far as the Yukawa sector of the
theory is concerned, the two scenarios (non-SUSY versus SUSY) are not all that different.
In this paper we shall study a new class of SO(10) models addressing the flavor puzzle both
in the non-supersymmetric and in the SUSY contexts.

One of our motivations for the present study is the difficulty faced by a widely studied
minimal renormalizable supersymmetric SO(10) [14-16] grand unified theory. This theory

has attracted much attention in the past due to several attractive features which include:

e natural generation of neutrino masses and mixings through type I [17] and type IT [18|

seesaw mechanism;
e relation between neutrino and charged fermion mass matrices [5];

e good fit of fermion masses and mixings with an economic Yukawa sector with only

two symmetric Yukawa matrices [5H13];

e automatic and exact low energy R-parity conservation leading to a compelling dark
matter candidate [19-23];

e connection of the b — 7 Yukawa unification and large atmospheric mixing angle in

scenarios with dominant type II seesaw mechanism [24-26].

The Yukawa sector of this theory has only two symmetric matrices (in flavor space),
involving a 10z and a 1265 of Higgs bosons. It is natural to include a 210 for completing the
symmetry breaking. In such a scenario, unfortunately, once the constraints from the Higgs
sector are properly taken into account, the model can be ruled out |27-30], assuming that the

low energy supersymmetric threshold corrections to the fermion masses are negligible. With



the relatively large Higgs mass my = 125 GeV, the split supersymmetric scenario [31},32] of
the minimal SO(10) model [33] is also found to be inconsistent [34,35]]

One should not abandon the whole elegant grand unified program simply because the
simplest supersymmetric realization does not work perfectly. The usual way to rule in
a theory that was ruled out is to increase the particle content and thus the number of
model parameters. This was the approach of [36]|, where a new 120-dimensional Higgs
representation has been added to the minimal modelE] In this way the Yukawa sector
increases by one antisymmetric matrix, which gives sufficient freedom to fit the data.

In this paper we will go, surprisingly, in the opposite direction, and ask ourselves, if it
is possible to fit the data with less, not more, Yukawa matrices. This paradoxical question
has obviously a hidden proviso, otherwise we would get no mixing at all. To account for the
correct low energy mass spectrum, mixings, and CP violation we will thus make use of an
extra vector-like generation 16 + 16, similar to the one used in [37]. The difference with [37]
is that we will assume the bilinear spinors 16, to be coupled with 126 instead of 10y. In
this way we may hope to describe neutrino masses and mixings in a pattern similar to the
charged fermions, which is one of the great achievements of the SO(10) framework.

We shall see that this decreasing of the number of Yukawa matrices at the expense of an
extra vector-like family can be successful and we will show several examples where it works.
Although we will consider different possible Higgs sectors and take some of their constraints
seriously, we will not consider a combined fit of the Higgs and Yukawa parameters, which
can obviously pose extra restrictions. This more modest approach nevertheless shows that
SO(10) Yukawa sectors with a single Yukawa matrix can be realistic.

The rest of the paper is organized as follows. In Sec. II we present the key features of
the new class of SO(10) models. In Sec. III we set up the framework and the formalism.
In Sec. IV we adopt a specific basis that removes redundancies, which is well suited for
numerical analysis of the flavor observables. Sec. V discusses the constraints imposed on
the SUSY models from the minimization of the Higgs potential. Sec. VI has our numerical
fits to the fermion masses and mixings for the six models analyzed. Finally, in Sec. VII we
conclude. In Appendices A and B some useful relations used for the fermion mass fits are
given. Appendix C contains the numerical Yukawa matrices for various cases that result
from the fits.

2 New class of SO(10) models

The key feature of the new proposed models is the absence of 10g. In its place we introduce
a 16 + 16 vector-like fermions. In addition to a 1265, we employ either a 455 or a 210y

for symmetry breaking. These fields have non-trivial couplings to the vector-like fermions,

4BB thanks Ketan Patel for pointing this out.
5 Another possibility, not yet fully explored, is to increase the Higgs sector parameters, for example with

a 54y, see Ref [7] for fermion fits.



which is needed to avoid certain unwanted relations among down-type quark and charged
lepton masses. Additional Higgs fields (e.g. 54y ) are needed for consistent GUT symmetry
breaking, but these fields do not enter into the Yukawa sector. The Yukawa Lagrangian of

our models has a very simple form,

Lyuc = 16 (my + 1a455) 16, + 16, Vo 1267 16, + 16 57 126 16 + h.c. (2.1)

corresponding to the use of 455 as the symmetry breaking field (in addition to the 1264
field). Here a, b = 1 — 4 are the generation indices which include a 16 from the vector-like
family. We thus see that the Yukawa sector has one 4 x 4 matrix ),;,, and two four-vectors
m, and 7,. Since ), can be chosen to be diagonal and real, this amounts to 4 + 4 + 4
flavor mixing parameters. The Yukawa coupling 16 3 1265 does not have any effect on the
light fermion masses and mixings. While in the diagonal and real basis for ),;, the vectors
m, and 7, are in general complex, these being related to GUT scale masses, one complex
combination disappears from low energy masses and mixings. One should add to this set two
(real) VEV ratios (one from the two SM singlets of 455 and one for the up-type and down-
type Higgs doublet VEV ratio from the 1265), and an overall scale for the right-handed
neutrino masses. We thus see that the model has 14 real parameters and 7 phases to fit
18 observed values among quark masses, quark mixings and CP violation, charged fermion
masses, neutrino mass-squard differences and mixing angles. Thus these models are rather
constrained, yet we show that excellent fits are obtained. It may be noted that the minimal
supersymmetric SO(10) models with two symmetric Yukawa coupling matrices involving
10 and 126 have 12 real parameters and 7 phases that enter into the flavor sector.

The basic structure of Eq. can be realized in several other ways. We study all
such SO(10) models in this paper. The Higgs field 455 in Eq. may be replaced by a
210g. In this case, since the 210y contains three SM singlet fields, there are two ratios of
VEVs from the 2104, which would increase the number of parameters by one. These models
may be realized with or without low energy supersymmetry. In the non-SUSY models, the
VEVs of 455 and 210y are real, while in SUSY models they are in general complex (thus
increasing the phase parameters to 8). In the SUSY models we find that although the
2107 has two associated VEV ratios, only one of the two is independent, due to symmetry
breaking constraints arising from the superpotential. In SUSY versions, additional fields
other than 126y and 2105 used in the Yukawa sector are often required, in order to avoid
new chiral supermultiplets that remain light and spoil unification of gauge couplings. A
summary of the models that fit into this classification and studied here is given below. All
models contain a 1265 (plus a 126 in the case of SUSY), in addition to the Higgs fields
shown below.

A. Non-SUSY Model with 455 + 545
B. Non-SUSY Model with 2104 + 545 or 21045 + 164

C. SUSY Model with 455 + 545 + 165 + 164
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D. SUSY Model with 2104 + 54y
E. SUSY Model with 2105 + 165 + 165
F. SUSY Model with 210y + 545 + 165 + 165

The VEV of the SM singlet in 126 will be found a posteriori to be around 10'3 — 10
GeV in all models. This has an effect on the choice of Higgs fields, especially in the SUSY
models: Very simple Higgs systems used for GUT symmetry breaking would lead to certain
sub-multiplets having mass of order 10'! GeV, which would spoil perturbative unification
of gauge couplings in SUSY SO(10). The choice of “other Higgs fields" shown above are in
part guided by this not happening. Furthermore, in some simplistic SUSY cases, the Higgs
doublet mass matrix becomes proportional to other color sector mass matrix. Making a
pair of Higgs doublets light would then lead to making a pair of colored states light as well,
which affects perturbative unification. Such cases are avoided in the scenarios shown above.
In each of the models listed above, seesaw mechanism may be realized via either type-I or
type-II chain. Such sub-classes will be denoted by a label I or II when needed. Thus Al
would refer to type-I seesaw in Model A, and likewise AII for type-II seesaw in the same
model.

Models A and B are nonsupersymmetric, while models C—F are supersymmetric. For
model A, in addition to 45y, a 54y is needed to break SO(10) down to the SM without
going through an intermediate SU(5)-symmetric limit. In Model B which uses a 210y, an
additional field, either a 54y or a 16y is needed for the following reason. As noted already,
1264 acquires a VEV of order 10'® — 10* GeV, which can be ignored for the study of GUT
symmetry breaking at around 10'® GeV. A single 2105 would break SO(10) down to one
of its maximal little groups, such as SU(5) x U(1), SU(4)c x SU(2);, x SU(2)g etc. The
fermion mass matrix would then reflect this unbroken symmetry, which is not realistic in
the light fermion spectrum. Addition of a 54y (or a 16y) with a GUT VEV would reduce
the surviving symmetry and help with realistic fermion masses. For SUSY SO(10), it is not
a viable model if the symmetry is only broken by 455 + 54y, since in this case, the Higgs
doublet (1,2,1/2) and the Higgs octet (8,2,1/2) mass matrices become identical. So one
cannot make the MSSM doublet fields light without also making the octet fields light. To
break this degeneracy one needs to extend the Higgs sector. For this purpose in model C, we
enlarge the Higgs sector by adding 16 +165. SUSY SO(10) model with 210541265 +1264
is also not a consistent model, because with the requirement vy ~ 1013714 GeV, the octet
(8,3,0) Higgs field becomes light with a mass of order ~ 107! GeV, so the theory does
not remain perturbative up to the GUT scale. Thus, in order to avoid this, in model D, we
include 54y Higgs and in model E, we include a 165 + 165. It will be shown later in Sec. V
that, in all these SUSY SO(10) models with a 2104, there is only one independent VEV ratio
involving the 210y field, owing to symmetry breaking constraints. Including more Higgs
multiplets, one can break such relationships among VEVs which can lead to two independent

VEV ratios for 210g5. We also consider this general case which is labeled as model F, where

5



in addition to 210z, one has both 545 and 165 + 165 (or some unspecified) multiplets. Tt
is to be mentioned that, we do not consider any model where both the 455 and 2105 are
present simultaneously, which would lead to more parameters and thus less predictions in
the fermion sector. Details of the symmetry breaking schemes will be explained further in

Sec. V.

3 The set-up and formalism

All models we study have one vector like 16 + 16 pair plus 3 generations of chiral 16’s. Their

mass terms and couplings to a 45y given in Eq. (2.1)) can be expanded to yield
16 (ma + 7a455) 16, = L (ma +na(301)) La + Q (Mo + na(—v1)) Qa

+ €l (Mg + Na(—3v1 — v2)) € 4+ v (Mg + na(—3v1 + v7)) U°

+d (Mg + na(vr — 1)) d° 4 uE (Mg + Na(vy + 7)) S, (3.2)
where a =1,...,4 and

v = (45m) (11,15 » V2 = (45m)(1,31)- (3.3)

These are the SM singlet components of 455 which acquire GUT scale VEVs denoted here
as v 2.

The mass terms are of the general form
W Mth,. (3.4)

Although by redefining the phases of 1), we can make all these M, real, we will keep them

complex in general. Then we project to the heavy states as usual by

Vo — Unpihs, (3.5)
with
A Ax*

U = - Ut=u-! 3.6
(-ﬂA i > ( ) (3.6)
A= o1- vl (Af = A) (3.7)

VI [zP(/T+ [z +1) '

. 1 _ 1

o7 = —(My, My, M) , A= —v—. 3.8
M4( 1 2 3) \/TW ( )

To this we add the Yukawa couplings to 126;. Although we are free to choose this 4 x 4
Yukawa matrix to be diagonal and real (in the original basis, i.e. before (3.5))), we will keep
it to be complex symmetric and choose a convenient basis later on. The 16 has coupling to

the 126y, but this will turn out to not affect light fermion masses. The relevant Yukawa
couplings are (see Eq. ([2.1)))
164 Vap 126 16, + 16 7 126 16. (3.9)
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In this original basis we put all together:

(dc a) yabvd mg + na(vl - UQ) db
¢ my + 1y (—v1) Yvd d°

c yabvu meg + Na (vl + UQ) Up
ug u - .
my + 776 YUy

U
—3VapVa Mg+ No(—3v1 — Uz)) <€b> (3.10)

my, + My (301) —3yvg

e _3yabvu myg + na(_gvl + UZ) Vy
“ my + 1 (3v1) -3V, 7

:I

+

RS /N /N
m(':
Cbl

s ( ()l ) (P 2 (1),
where
= ( > 1,3,100 , UL = <mH>(3,1,E)
vp = (126m) 1370 > Uz = (126m)@3,1,10) (3.11)
Uy = (% >(22 15)y > Ud = <WH>(2,2,15)(1-

Here vr and vg are close to, but somewhat below the GUT scale, while v, 4 are the VEVs
of the electroweak Higgs doublets arising from the 126. vy, and o7, denote the induced
VEVs of the SU(2), triplets from 126 and 126. In non-supersymmetric models, we have
Ur = VR, Vg = v, and U, = v].

After the transformation given in Eq. the matrices Eq. become

R (d; 3) (Ude)aeYerva(Uq) po Mdc5a4 db
MQ(SM

UTC aeVefYu U Mu05a
N (ug ﬂ) (Use)aeVervu(Uq) o 4
MQ5b4 Yvy
U, A U M6,
ML5b4 —3yvq
sz ae -3 eflu U MVC(SLL
_|_ (Vg v) ( I/) ( )y fU ( L)fb 4
M, 0p4 —3yvy
1 UL)aeYeror(Uye 0
N —(ug p) (( ve)aeesVR(Upe) o __)(_)
2 0 Yo, 7
1 UD)aeYesvr(U 0
Loz (Va DC> (( 1 )aeervn(UL) s A ) (71;)
2 0 yug | \v°
To get the light fermion mass matrices defined as
1
L =d"Mpd + v Myu + e Mge + §VTMNV + h.c. (3.13)



we have to project to the light generations. In doing so we need to evaluate () is a 4 x 4

matrix, while Y is its 3 x 3 submatrix)

AT —AT Y A Aoz
vy, = | ol TR 2o e (3.14)
r1Aq Ay Y Ya —z5Ny Ay

(NI - e - T DA AT(YVaS +y - T — i),
M@ +y7 —alyal —yaal)Ay A(a]Vas +yTas + 2]V +y)Ay )7

where we used Az* = Az*.

For charged fermions this is enough, and we get (mass matrices are defined as °My1))

Mp = vghi (Y —yzh — 20y’ + paza-xf) Ag (3.15)
My = vuAZc (Y - yxg - xucyT + y4xuc:vg) Ag (3.16)
Mp = —3’UdAZc (Y — yasf — .:EecyT + y4azecmf) Ar. (3.17)

For neutrinos things are slightly more involved, since there are two kinds of heavy neutrinos,
the usual right-handed ones, plus the new vector-like ones. The full symmetric Majorana
mass matrix is 10 x 10. However, in the leading order in yvr/My . (M|, - denote the masses

of vector-like leptons), the situation returns to ordinary with

M, = —3v, ALY —yst —z,ey” +yszert)AL (3.18)
M,, = vpAL(Y —yzl. — 209" + yamexl)Aye (3.19)
M, = vAL(Y —yzt —apy” +yswpal)Ag, (3.20)

so that as usual by using the seesaw [17] formula we arrive at the 3 x 3 light neutrino mass
matrix as
My = M,, — M, M, M,

vn Moy (3.21)
If the approximation yvg/M|, - < 1 is not good, we write the full symmetric matrix for
(v, VS, vy, D°, U5, D):
(UL UL)i; (UL (=30u)Use)ij (UL (vrY)UL)ia 0 (UL(=3vud)Upe)ia
(Upe(=30.)UL)i; (Upe(wrP)Upe)ij  (Upe(=3vuY)Ur)is 0 (U (vrRY)Use)ia

(UL (rX)UL)s; (UL (=30uD)Use)s;  (Uf (vpI)UL)aa 0 (UL (=30u)Upe)aa
0 0 0 Dy M,
(Use(=3vuD)U)sj  (Upe(wrd)Uie)y;  (Upe(=3vu)VUr)as Mpe  (Upe(vpY)Upe)aa
0 0 M7y, —30,Yy 0

(3.22)
One can integrate out v4 and v without any trace, since they mix through a large My, but

otherwise feel just the small VEVs. What remains is for (v;, vf, v°, v§):

(UL e)UL)i; (UL (=3vuI)Upe)i; 0 (UL (=30u)Use)ia
(U0e(=3vu)UL)i;  (USe(rd)Upe)i; 0 (U(vrV)Use)ia
0 0 URY M,
(USe(=30u)UL)sj  (U)e(rD)Upe)sj  Mye  (UJe(vrY)Uwe)aa

(3.23)
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This has again the form

(M”L MgD) . (3.24)

and thus Eq. (3.21)) applies with M,, given by Eq. (3.20]), but now for 5 right-handed
neutrinos with a 5 x 3 matrix M,, and a 5 X 5 symmetric matrix M, ,:

Ape(Y =yl — zpey? + yamyeat)Ap
M,, = (—3uv,) 0 (3.25)

Ape(2ZY +yT — alyal — aTy,)Ap

vpAye(Y — yale — 2pey” + yazpeal)Aye 0 vrAe(Ype +y — ey Tpe — yaye) Ape

MVR = 0 ERy Myc
vpA e (2LY +yT — alyal, — yuxT)A e Mye vpApe(lY e +yTaye + 2Ly +ys)Ae
(3.26)
To conclude, let’s write down explicitly the various z’s:
= 3 e
7, = m + 77( Ul) : fQ _ m+ 77( Ul) : (327)
my + na(3v1) my + na(—v1)
n + n(—3v; — n+7(—3
T — m + 77(—3v; — v9) i m + 77(—3v; + vg) | (3.28)
my + na(—3v1 — v2) my + na(—=301 + vg)
Tge = A+ (v~ va) , Tye = A+ (v va) i (3.29)
myg + na(v1 — V2) my + na(v1 + v2)
Defining . .
F=- | ua=mt? z=L (3.30)
My my T4
we can rewrite the above as
L T4 Z(3uy) L, T+ ()
T4 Bw) YT 14 (—w)
fec . Zf+ 2(-3’114 — Ug) ’ :L_"Vc _ f+ 2(—3’&1 + UQ>7 (331)
1+ (—3uy — ug) 1+ (—3uy + ug)
7 _f+z(U1—UQ) 7 _f+Z(U1+UQ)
d T+ (uy —up) 7" 1+ (ugp 4+ ug)
To get the masses and mixings we change the basis
r— Xpr , 2 — Xpjat (3.32)
for v = d,u,e,v and X = D, U, E, N. This means that (for X = N, Xp = X7)
My = XpMeLX! (3.33)
so that the CKM and PMNS matrices are defined as
Vexkm = UlDp (3.34)
Veuns = EINg. (3.35)



So far we have been very general. However, there are redundancies that are present,

which should be removed for an efficient numerical fitting algorithm. In the next section

we shall choose a specific basis, which may appear at first to be less intuitive but which is

well-suited for our numerical minimization. There are two obvious basis choices, one where

V. is diagonal, and a second one where the vectors m, and 7, have simple forms.

It is

the second one that is used in the next section. For further use we give here the relations

between the two sets of parameters.

7 = (0,0, tanfe )

Z = (0,0,0)
Yij = a
Yy = (a41, a42, Cl43)
Yy = Q44
and
Te % ¢
U = — —
! cosf 5
Te i " 3e
Uy = — — .
2 cos 0 5

3.1 210y instead of 45y

If the 45y is replaced by a 210y, we simply change Eq. (3.2)) into:

L (ma + na(é1 — 36)) La
Q(

Mg +77a(¢1+¢2))
(Ma + 14

16 (mg + 1,210) 16,

(—¢ 3¢2 +3¢3)) €°
(Mo + 1a(— ¢1 — 3¢ — 3¢3)) V°
dg, (Mg + Na(—¢1 + P2 — b3)) d°
(Ma + Na(—=¢1 + P2 + ¢3)) U

+ + 4+ + +

C
CL
C
a
C
a
C
CL

where
¢ = 210m)a,1,1) 5 2= (210m)a1,5 - @3 = (210H)1,3,15)

are the VEVs of the three SM singlets of 210.
This then changes Eq. (3.31]) into

L T4 Z(u — 3up) . T+ Z(uy + ug)
L T (i —3u) 9T T (i tw)
2 T+ Z(—uy — 3ug + 3ug) L T+ Z(—ur — 3ug — 3us)
“ 7 14 (—uy — 3ug + 3ug) YT 14 (—uy — 3up — 3ug)
fdc:f+5(—u1+u2—u3) _,C_:E'+Z(—u1+u2+u3)
1+ (—uy + ug — ug) “ 14+ (—uy +us +ug)
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where now bros
U1,2,3 = T4

. 3.46
12 (3.46)
For correspondence with the specific basis chosen in the next section, we still have Eqs.

(:36)- (3-10), but Eqs. (B41)-(312) are replaced by

Te i
— 3.47
h cos 6 ( )
Te ¢ ¢
— — 3.48
U2 cosf /3 ( )
Te i 2
— - 4
s cos 6 E 3 (3.49)

4 Analysis in a specific basis

The general formulas given in the previous section for the light fermion mass matrices have
built-in redundancies. Here we choose a specific basis where these redundancies are removed.
We choose a basis where the four-vectors in Eq. (2.1) have simple forms:

Na = (0,0,0,1)b, m, = (0,0,sin6, ™ cos) M . (4.50)

These simple forms are achieved by 4 x 4 family rotation, which makes the vector 77 to have
the form shown, and a subsequent 3 x 3 family rotation that brings the vector m to this
form. A further rotation in the first two family space can be made, we choose this rotation
to make the 4 x 4 Yukawa matrix, denoted as a;; in this specific basis, to be diagonal in the
1-2 subspace, i.e., a;o = as; = 0. The correspondence given in Egs. — as well
as Egs. — for the case of 45y arise from this choice of basis. (The parameters
T and € will be defined shortly.) Let us denote ® = 455 or 2105 and the VEV of & to be
(®) = Q which has two components (for & = 455) or three components (for ® = 2105).

The Yukawa Lagrangian in this specific basis takes the form:
4

Lyuc= Y ai; 16;16; 126, + 5 16 16 12657 + b 16 16, ® + M 16 (sin 6 165 + €' cos 0 16,).

Y (4.51)

The effective mass terms that arise after the VEV of ® is inserted would depend on the

VEV ratio of the two SM singlets in 455 and on two VEV ratios of the three SM singlets

in the case of 210g. For the former, we can define an unbroken charge (), which is not the

electric charge, but a linear combination of hypercharge Y and the U(1)x charge contained

in SO(10) — SU(5) x U(1)x — the 45y leaves this charge () unbroken. A parameter € can

be introduced in terms of which the unbroken charge () can be defined for each of the SM

fermions [37]:

1 6e+1)Y 6e Y

=gty g T Hmt gy

where X is normalized so that Xipc16 = 1, X5.16 = —3 and Xie16 = 5. Thus the charges of
fermions € 16 of SO(10) for the case of 45y are:

(4.52)
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Qu,d = gﬂ Que = —1— 56; Qae =1+ ge;

3 6 (4.53)
Qe,z/ = _567 Qec =1+ 567 Quc = —1.
For 210y case the fermion charges are given in terms of two parameters € o:
€1 €1 2 €1 2
ud =1+ —=; Que = =1+ —=+1/5€; Qg = —1+ —= — 1/ z€2;
Qua=1+ 75 Q e V3 s

Qe,u =1- \/§€1; Qec =—1- \/§€1 + \/662; QVC =—-1- \/361 - \/6€2~

These charges are obtained from Eq. by setting ¢1 = 1, ¢y = €/v/3 and ¢3 =

For non-SUSY case, @y = Q} as @ is a real field in this case, while @y is complex in the
case of SUSY. Now, writing b16 164 (®) = bQ(fQsfs + f Qs f5), the last two terms of the
Yukawa Lagrangian in Eq. can be written as

Lyuc 2 f[(M sin6) fs 4+ (Me™ cos 0 4+ bQQ) fa] + f [(M sin6) fS 4 (Me™ cos 6 4 bQQ e ) £5].
(4.55)
Then defining

T'=bQ/M; Npge =1+ T2Qp e

2+ Tcosf(e Qs e + €9Q% fo), (4.56)

the heavy (GUT scale) fields (fy, f¢) and the light SM fields (fs, f¢) can be identified as

sin @) f5 + (e cos 0 +TQy) f f (e cos0+TQE) f3—(sin ) f A
( )f5 + ( Y, fs = f, - fo i L= i (4.57)
(sin6) f§ + (e cos O + TQ ) f5 re (€7 cos0+TQ%e) f5—(sin0) f5 e
3 P re)l4 = fe Nj:c 2 = f5. (4.58)

These expressions are valid for f = u,d,e,v and f¢ = u® d e, v°. Then from the full
Yukawa Lagrangian one can compute the charged fermion and Dirac neutrino mass matrices
for the light fermions written as f°M;f as:
a{1 0 a{3

MJ =viks | 0 afy aby, (4.59)
a?{l a§2 a:){?,
where f = U,D,E,vp, ve = V4, Uy = Uy, kya = 1 and k., = —3. We define the ratio
vy /vq = 7. Note that this ratio is not exactly equal to tan 8 of MSSM, but is closely related
to it. If we ignore the mixing of the up and down-type Higgs doublets from 126 with other
doublets present in the theory, r would be equal to tan f in MSSM. The following relations
are then readily obtained:
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al, = an , (4.60)
;o a3(e™ cos 6 + TQe) — arasind

a3 = Ny , (4.61)
N (4.62)
a£3 _ agg(eid) cos @ + Tch) — @9y 8inf 7 (463)
Nfc
of, = arz(€” cos O+ TQf) — arysin b 7 (4.64)
Ny
a§2 _ agg(e’id)COSQ—{—TQf) — Qg 8in 6 7 (465)
Ny
;o asz(e®cost+TQy) (e cosl + TQye) + asusin® 0 — azysin (26 cos 0 + T(Q s + Qye)]
Ay = :
33 Nfoc
(4.66)

Note that a rotation in the 1-2 sector has been made which makes al, = af, = a1, = 0.
These mass matrices are not symmetric, since azfj #* afi, although the original matrix obeyes
a;j = aj;. These four mass matrices for f = U, D, D, vp are given in terms of the parameters
€,T,0,¢ and a;; (with 7,7 =1 —4 and aj3 = as = 0). We choose to take elements of Mg
to be independent. One can then solve for a;3 and a4 in terms of af; and a$;; similarly a3
and agy in terms of a$; and a$,. From Eqgs.(4.61), (4.63), (4.64)), (4.65) and one sees
that this is a valid choice provided that € # —5/9 for ® = 455. (If ¢ = —=5/9, af; = a§;
and a$; = a$,, which does not lead to realistic fermion masses.) Similarly for the case of
® = 210y, the restriction is €5 # 0 is required as can be seen from Eq. . All these

mass matrices have the same 1-2 sector and one can choose a;; = af; and azs = a$,. In

addition, as, a%, ady depend on 3 independent parameters ass, ass, asq that appear only in
the (3,3) sector of the light mass matrices. Since this linear system is invertible, one can
treat aSy, als, ads as independent parameters. The (3,3) element of the right-handed neutrino
Majorana matrix is then not free, and is determined in terms of a$;, al, ad;. Expressions
for a;; in terms of the independent parameters chosen are given in Appendix [A].

The elements of Mg are independent parameters. We can express My and Mp in terms
of T,0, $, a3, ags, a; and € (or €, 5) for the case of 45 (or 2104 ), so in this basis the charged
fermion mass matrices are:

aj, 0 afy
ME==3vq | 0 a$ aSl ; (4.67)
g a3y a3y
a?gNeC(Qe_QuC)+a§1Ne(_QcC+Quc)

e
. i ; ¢ Nee(Q 15“0()%?@1663 Qec+Que)
Q5+ eC e—Jyc a. el—ec uC
MU = Uy 0 CL§2 = NuC(Qeizec)
a§3Nec (Qe—Qu)+a5  Ne(—Qec+Qu)  a85Nec(Qe—Qu)+agy Ne(=Qec+Qu) ay.
Nu(Qeerc) Nu(QeerC) 33

(4.68)
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af3Nec (Qe—Qac)+a§; Ne(=Qec+Qac)

afy 0 ( Nyge SQG—QECE )
T S Nec QE_Q c)+ta3oNe _QGC+Q <
Mp = v 0 @23 - Nic Q-0 :
a(i3NeC(Qe_Qu)+a§1N6(_Qec+Qu) a;gNeC(Qe_Qu)+aggNe(_Qec+Qu) ad
Nu(Qe_Qec) NH(QS_QEC) 33

(4.69)
Since Q, = Qqg, we have a%; = a¥, and a4, = a%,, see Eqs. (4.64]) and (4.65).
Now, the rotation that was made in the 1-2 sector to set a;2 = 0 simultaneously can

make a$, and a$, real. This rotation will alter the column {(Mpg)i3, (Mg)o3}T and the row

{(Mg)s1,(Mg)s2} in such a way that the forms of My Eq. (4.68) and Mp Eq. (4.69) are
preserved. All parameters are complex, except that one among agéd’e can be made real (we
choose a3, to be real), and that T' can be chosen real. So the parameter set is
{67 T, T7 87 ¢a ailv agQ: ai?? agl’ ag?;’ a§27 a§37 a§37 agS} for 45H or
{er, 0,7, T,0, 6,05, a5, a%s, a5, A53, A5, A5, a4, ads} for 210g.

Of these sets, {af;,a%,ass, aSy, aSs, a4y} are complex (with al; chosen to be real). For
® = 45y, there are 13 magnitudes and 7 phases (in total 20 parameters) for non-SUSY
case. In the case of SUSY, € is complex, so one additional phase enters (for a total 21
parameters). For ® = 210y in the SUSY context with minimal Higgs content, €; and ey are
not independent of each other (see later), so there are again 13 magnitudes and 8 phases (in
total 21 parameters). Later we will also consider a case with non-minimal Higgs sector where
both these VEV ratios €; 2 can be in general independent of each other. In the neutrino
sector (discussed in the next subsection) the mass matrix is given by these same parameters
except for an overall scale (vg  for type-I and type-II seesaw scenarios respectively) that

adds one new parameter.

4.1 The neutrino sector
4.1.1 Type-I seesaw

To write down the mass matrix in the neutrino sector, we make the assumption that M, b$2 >
v, which is a valid approximation provided that M, bQ ~ Mgy ~ 106 GeV. Note that in
order to generate light neutrino masses by using the seesaw mechanism, one roughly needs
vR ~ 10271 GeV. In this approximation, no new parameter comes into play in the neutrino
mass matrix except the scale vg. For type-1 seesaw mechanism the Dirac neutrino mass
matrix can be read off from Eq. (£.59):

a(ngEC (QenyC)+a§1Ne(7Qec+QVC)

aj; 0 Nucgcze—@ﬁc)
My, ==3v, | 0 a5, “erclegepus i Qe (4.70)
as; ag s

Since Qe = @, a4; = a5, and af, = a$,. The expressions for af; are given in Eqs. (B.131)
and (B.132) for ® = 455 and 210y respectively in Appendix |B|. One can derive the right-

handed neutrino Majorana mass matrix to be
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afsNec (QefQ,,c)+a§1Ng(7Qec+ch)

M afy 0 Ne(@c Q)
VR __ 0 G/SQ a;gNec (QC_QUC +a§2NE(_QeC+QVC)
o Nye(Qe—Qec)
UR a?gNec (Qe_QuC)+a§1Ne(_QeC+QuC) a§3Nec (QG_QVC)+a§2N€(_QeC+QVC) CLR
NVC(Qe_QeC) NVC(Qe_QEC) 33
(4.71)

The expressions for af; are given in Eqs. (B.137) and (B.138) for ® = 455 and 210y
respectively in Appendix [Bl Then, the light neutrino mass matrix in the type-I seesaw

scenario is given by My = — MVTD MM

VR vp:*

(4.72)

4.1.2 Type-II seesaw

In analogy to the the analysis done in Sec. one can derive the type-II seesaw contri-
butions to the the neutrino mass matrix by replacing vz — vy and v — v. In this type-II
seesaw scenario the neutrino mass matrix is then given by
aj; 0 ag
M, =v | 0 a$, aSy| - (4.73)
ag, ag ag
The expressions for aly are given in Egs. and for ® = 455 and 210y
respectively in Appendix [B]

5 Symmetry breaking constraints

In all models studied here, there is no 105 Higgs and matter fields couple to 1265 + 1265
and 45y or 210y scalars. There are considerations as outlined in Sec. II that would require
additional Higgs fields to be present for consistent symmetry breaking. While there are
no constraints on the VEV ratios when a 210y is employed in the non-SUSY framework,
these ratios are determined in the case of SUSY. We consider the various constraints on the

symmetry breaking sector in this section.

5.1 Non-SUSY SO(10) models A and B

Model A employs 126, 455 and a 54. Breaking of SO(10) down to SM via SU(5) channel
is not viable due to gauge coupling unification and proton decay limits. If only 455 and
126 (or 16y ) Higgs multiplets are used to break SO(10), breaking takes place through the
SU(5)-symmetric channel [38-40]. The other two breaking channels SO(10) — SU(3). X
SU2), x SUR2)rg x U(1)p—r, — SM and SO(10) — SU(4). x SU(2), x U(1)r — SM do
not have stable vacuum at the tree-level. Recently quantum corrections to the tree-level
potential have been taken into account [41,42] and the validity of such breaking channels

has been shown. However, we do not rely on quantum corrections in this paper. This is why
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the Higgs sector needs to be extended with a 54 for consistent SO(10) breaking down to
SM [43,44]. Note that a Higgs system consisting of 126 and 54 is sufficient for symmetry
breaking purposes if also a 10y is used [45], but without the 10y as in our case, a 45y is
necessary.

Since the SM Higgs doublet is part of the 1265 in this model, a question arises as
to the negativity of its squared mass. Consistency of the GUT scale symmetry breaking
would require all physical scalar squared masses to be positive, which includes the SM Higgs
doublet. There must then be a source that turns this positive mass to negative value. It
has been shown in Ref. [46] that indeed such a turn-around is possible, provided that some
scalar from any GUT multiplet remains light and has non-negligible couplings to the SM
Higgs doublet. The context in Ref. [46] is similar to our present case, where a 144y of
SO(10) is used to break the GUT symmetry as well as the electroweak symmetry. Since
our present non-SUSY model has an intermediate scale, we expect some of the scalars to
survive down to the intermediate scale, which would enable turning the Higgs mass-squared
to negative value so as to trigger electroweak symmetry breaking.

In Model B we employ a 210y in addition to the 1265. This is not however sufficient
for our purpose. Since the VEV of 1265 is much smaller than the GUT scale, a single 210y
would break the GUT symmetry to one of its maximal little groups, such as SU(5) x U(1)
or SU(4). x SU(2), x SU(2)g |47]. The fermion mass matrices will then carry traces of
this unbroken symmetry, which would lead to unwanted mass relations. This is why we
extend the scalar sector by adding a 54y or 165. For non-SUSY SO(10) model with Higgs
multiplets 210y + 545, since 54% > 1, + 54, + 770, and 210% > 1, + 54, + 770,, the scalar
potential contains 2 non-trivial quartic couplings between 210y —545. In addition, 2105 has
3 non-trivial quartic couplings and 54y has one cubic and one non-trivial quartic couplings.
This counting of non-trivial couplings dictates that in general the two VEV ratios €; 5 from
the 210y are free parameters. Similar argument can be provided if 54y is replaced by 16y

Higgs.

5.2 SUSY SO(10) Models C-F

The Higgs sector of Model D consists of 2105 + 545 + 1265 + 126 5. This system is a subset
of the SUSY SO(10) models studied in Ref. [48]. The relevant part of the superpotential
with only 210, 545 and 1265 + 1265 is:

1 - 1
W = —mlq)Q + mQAA + —m5E2 + )\1(133 + )\8E3
2 2 (5.74)

£ MWBAA + A\ gD?E + Ay AZE + A\ A E.

Since the VEV of 126 is required to be in the intermediate scale ~ 1013714 GeV range
from a fit to light neutrino masses arising via the seesaw mechanism, in this analysis of the

superpotential one can neglect the contribution coming from this field as the other scalars
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2105 +54 will get much larger VEVs of order the GUT scale ~ 10*® GeV. Then the relevant

stationary equations are

3
0 :mlm ‘/IVE7

\/_

A

210

(V2 +Vy) - it

‘/2VE7

5.75
0=mVs+ =V, Vs + ¢“WWﬂ+Amvv o)
1v3 \/613 3 2V3 2\/1—53E7
3\ 3\ A A
0—m5VE+\/—8 \/_10V 10V2+ 10 2

DA ANV AW A

Here the Vi = ((1,1,1)), Vo = ((1,1,15)) and V3 = ((1, 3,15)) are the VEVs of ®(2105) and
the 54y VEV is Vi = ((1,1,1)) under the Pati-Salam group SU(2), x SU(2)g x SU(4)c
decomposition. Compared to Eqgs. , here a different normalization is used and one
can make the identifications V; = ¢, V5 = \/§¢2, Vi = \/3/_2gz53

The last relation in Eq. can be solved for the free mass parameter ms. Taking

differences of the other three twice, we obtain two independent solutions,

V 2
‘/l = _\/§ 2 or, Vl = V3 . (576)
2 2v/3V,
These correspond to the VEV ratios (e; = V5 /Vi,e5 = V3/V) given as
2 2
€1 = — €1 = © (577)

— or, —.
V3 2v/3
While studing the fermions masses and mixing numerically, we will consider both these

cases. These models are labelled as D* for the solution ¢; = —\/lg and D" for solution
62
€1 = 2\;3. o
In Model E, we use a 210y along with a 165 + 165 for symmetry breaking purpose.

These fields are in addition to the 1265 + 1265 fields present. Just like the previous case,
since the SO(10) breaking VEV of the Higgs scalars 210y and 16y + 165 are ~ Mgy, one
can neglect the terms involving the scalar 126 which has a much lower VEV. The form of
the superpotantial is identical to Eq. with the 126 (1265) replaced by 165 (165). De-
noting the 165 (165) VEV as V,,(V,,) and its mass by m,;, the relevant stationary equations

in this case are

M\ Ao
0=miVi + V24 ViV,
112\/— 10\/—w¢
0= mv+A (V2 + V)+iLvV
1V2 3\/—2 10\/—1111!)7
/oA (5.78)
07m%+7?W§ 31%%+mwyw

A2 A2

0=V,Vy,lmy + ——V; + V+ V
WV plmy TN A 5]

Ao
106
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There are two different solutions of this system of stationary equations

Vs Vs
Vi=—, Vo=—;
1 Ve 2 V2 (5.79)
! \/6(—67111 + V:s)\l)27 ’ \/5)\1(—6777/1 + Vi) '
So the VEV ratios are given by
€1 = \/g, €2 = \/6;

- —36 4 12€ + €2 - 2 A, (5.80)

or, 61:\/3( 6+ )(=36+ €+€), (—:QZM; with GEV3—1,

€(36 — 5€?) —36 + be? m;

where € is a free parameter. We discard the first solution since this corresponds to SU(5)-
symmetric case. The surviving model will be labeled E.

By adding more Higgs multiplets in either of the models D or E, as for example 16 +16
or adding another 545 to model D, these relations for VEV ratios can be made invalid and
€12 can be made independent parameters. We will also study this general case. We choose
to add 165 + 16y in model D and 545 in model E and label these classes of model as F.
Finally, for SUSY model C, consisting of 126 + 126y + 455 + 545 + 165 + 165, we stress
that the 16y + 165 are needed for successfully tuning the MSSM doublets light without
making simultaneously any other submultiplet light. The parameter € is arbitrary in this

case.

6 Numerical analysis of fermion masses and mixings

In this section we show our fit results of fermion masses and mixings for different SO(10)
models described in Sections IT and V. We do the fitting for both non-SUSY and SUSY
cases, each with type-I and type-II seesaw scenarios. For optimization purpose we do a
Y2-analysis. The pull and y2-function are defined as:

B
P, = M) (6.81)

o)
X>=> P (6.82)

where o; represent experimental 1o uncertainty and O; n, Ejexp and F; represent the theo-
retical prediction, experimental central value and pull of observable i. We fit the values of
the observables at the GUT scale, Mgyr = 2 x 10'® GeV. To get the GUT scale values of the
observables, for non-SUSY case, we take the central values at the M scale from Table-1
of Ref. [49] and use the renormalization group equation (RGE) running factors given in
Ref. [50] to get the GUT scale inputs. For the associated one sigma uncertainties of the
observables at the GUT scale, we keep the same percentage uncertainty with respect to
the central value of each quantity as that at the My scale. For SUSY case, the low scale

values of the observables are taken from Table-2 of [49] at ;1 = 1 TeV where the values are
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converted to the DR scheme and then using the renormalization group equation running for
MSSM  [51,52] we get the GUT scale inputs. For all different SUSY SO(10) models, we do
the fitting for tan 8 = 10. For the charged lepton masses, a relative uncertainty of 0.1% is
assumed in order to take into account the theoretical uncertainties arising for example from
threshold effects. The inputs in the neutrino sector are taken from Ref. [53|. For neutrino
observables, we do not run the RGE from low scale to the GUT scale, which is a relatively
small effect, except for an overall rescaling on the neutrino masses that can be absorbed in
the corresponding scale vy or vy. In the case of inverted hierarchical neutrino mass spec-
trum, RGE effects can be important, whereas for all our cases the spectrum turns out to be
normal hierarchical. Since the right-handed neutrino masses are extremely heavy, threshold
corrections might also have effects on the neutrino observables if the Dirac neutrino matrix
elements are of order one, but in our case the elements are much smaller than one. All
these inputs are shown in the tables where the fit results are presented. Below we present
our best fit results and the corresponding parameters for different SO(10) GUT models as

discussed above.

Model A: Non-SUSY SO(10): 455 + 545 + 1265

Masses (in GeV) and Inputs Fitted values (AI) | pulls | Fitted values (AII) | pulls
Mixing parameters (at p = Mgur) (at u = Mgyr) (AI) | (at p= Mgyr) (AII)
My /1073 0.437-+£0.147 0.441 0.03 0.469 0.21
me 0.236-£0.007 0.236 0.003 0.236 0.02
my 73.82+0.64 73.82 0.01 73.81 -0.01
ma/1073 1.1240.11 1.14 0.16 1.12 -0.01
mg/1073 21.934+1.07 21.82 -0.10 21.98 0.04
my, 0.987+0.008 0.987 -0.003 0.987 -0.003
me/1073 0.4696584-0.000469 0.469649 -0.01 0.469757 0.21
m,, /1073 99.14740.0991 99.1555 0.08 99.0913 -0.56
m, 1.685514:0.00168 1.68542 -0.05 1.68602 0.29
|Vius| /1072 22.54-0.06 22.53 -0.01 22.54 0.005
|Vep| /1072 4.856-0.06 4.856 0.001 4.853 -0.03
[Vip| /1072 0.42040.013 0.420 0.07 0.420 0.02
ScxM 1.20740.054 1.205 -0.03 1.205 -0.03
Am?,,/1075(eV?) 7.56+0.24 7.56 0.01 7.54 -0.06
Am2,, /1073 (eV?) 2.41+0.08 2.40 -0.004 2.41 0.05
sin® gLMNS 0.308-+0.017 0.308 0.01 0.302 -0.29
sin? LM NS 0.387+0.0225 0.388 0.03 0.396 0.42
sin? gL M NS 0.024140.0025 0.0238 -0.11 0.0239 -0.04

Table 1: Fitted values of the observables correspond to x? = 7 - 1072 and 0.78 for models
AT and AII respectively. These fittings correspond to |a;j|maez = |assa| =1.9 and 3.3 for the
type-1 and type-II cases respectively (see text for details). For the charged lepton masses,
a relative uncertainty of 0.1% is assumed in order to take into account the theoretical

uncertainties arising for example from threshold effects.
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Quantity Predicted Value (AI) Predicted Value (AII)

{m1,ma,m3} (in V) {3.72-1073,9.45-1073,4.99 - 1072} | {4.38-1073,9.72-1073,5.00 - 1072}
{gPMNS o PMNS o PMNSY {120.03°,144.92°, —168.49°} {104.80°, 159.32°,95.05°}
{Meos,ma,mpg} (ineV) | {6.31-1072,6.55-1073,1.22- 1073} | {6.42-1072,7.05-1073,2.24 - 10~*}
{My, M, M3} (in GeV) {8.65-107,2.66 - 10'°,6.99 - 101} -

Table 2: Predictions of the models A. m; are the light neutrino masses, M; are the right-
handed neutrino masses, s 31 are the Majorana phases following the PDG parametrization,
Meos = D _; My, Mg = ), |Uei|*m; is the effective mass parameter for beta-decay and mpg =

| >, U2my| is the effective mass parameter for neutrinoless double beta decay.

The fit results and the predictions for model A are shown in Table[l| and 2| respectively. For
model AT (Model A with type-I seesaw) the parameter set is:
{a%, als, €, T,0, ¢, vg, r} ={0.415986 4 0.0944114i, 0.0246549, —1.24753, 8.68487,
0.560999, —0.0127783, 1.58339 - 10'*GeV, 6.76689}

and
0.0959072 0 —1.47328 — 0.5083077
ag; = 1072 0 —0.00693205 —0.302045 — 0.119282:
0.149467 + 0.0128315: 0.0534903 — 0.0345252¢  0.461306 — 1.4512i
(6.83)

For model AIT (Model A with type-II seesaw) the parameter set is:

{aYs, als. €, T,0,¢,vr, 7} ={0.152744 + 0.399269i, —0.0244755, —0.393925, 11.4001, 0.560999,
0.105066, 1.69937 - 10 *GeV, 6.75824}

and
0.127684 0 —0.0742479 + 0.0532305¢
afj =102 0 —0.00055042 0.0264824 + 0.0152045¢
0.136072 4 0.00709947 0.0582979 + 0.00164043: —0.398502 — 2.1619¢
(6.84)

In performing such optimization, solutions with lower values of y? exist but we are only
interested in the solutions for which the original couplings a,; are also in the perturbative
range. In the optimization process we restrict ourselves to the case of (a;;)mas S 2. For all
the solutions that are presented, we did find good fits with this cut-off except for model AII
where |a44| = 3.3 as can be seen from Eq. . The original coupling matrices a;; can be
computed with the parameter sets that result due to the minimization process. For all the
fits to the different models presented in this work, these matrices are shown in Appendix [C]

In Table [2, the predicted quantities correspond to the best fit values. For example, for
model AI, the predicted value of the Dirac type CP violating phase in the neutrino sector
is 0PMNS —= 27 /3. The fit result presented in this case is very good since x? = 7-1072.

We have investigated the robustness of the predicted value of dpy;ns and found it to be not
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very robust. Since the y? for the best fit is extremely small, it is quite fine to deviate from
the minimum x? are still find acceptable fits. We find that the variation of dpy;ng from
the predicted value can be quite large. In Fig. [I} we show the variation of §"MNS with
X% /Nops- Most of the fit results presented in this work have small total x?, so this conclusion

5PMNS

on the robustness of prediction is valid for the other models as well. We present the

variation plot only for model AI.

0.5¢ * .
. .l: .
20.37f X
< o
~~ 0.25} “
< c o *
0.12} . N 2
. : Ny
T 2 1 4 2 4
SPMNS

Figure 1: Variation of 67" with 2 /ng, for the model AT In plotting this, we restrict to
the regime for which y? < 10.

Model B: Non-SUSY SO(10): 210 + 545 + 1265 (or 210y + 165 + 1265)

The fit results and the predictions for models B are shown in Table [3| and [4] respectively.

The parameter set for model BI is:

{aYs, ads €1, 65, T,0, 0, vg, 7} ={—0.0380751 — 0.4244414,0.0244949, 1.61753, 1.67225, 0.764487,
0.541654, —2.91319,2.23915 - 10*GeV, 6.74578}

and
—0.122115 0 0.899426 + 1.16951:
ag; = 1072 0 0.00569753 —0.104101 — 0.15069:
—0.175821 — 0.103765:  0.0325028 + 0.06380967 1.46544 + 0.663581:
(6.85)

The parameter set for model BII is:

{al, aly, €1, €2, T, 0,6, vg, 7} ={0.174446 + 0.389832i, 0.0244585, 1.07061, 0.666248, 0.526787,
0.713998, 0.295856, 1.32386 - 10 5GeV, 6.74635}

and
0.00424453 0 0.130198 — 0.0532261:
a;; = 1072 0 0.0963929 —0.386912 — 0.759157
—0.0711623 — 0.02350547 0.0531238 + 0.181145: —1.64856 — 1.16034¢
(6.86)
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Masses (in GeV) and Inputs Fitted values (B I) | pulls [ Fitted values (B II) [ pulls

Mixing parameters (at p = Mgur) (at u = Mgur) (BI) | (at u= Mgur) (B II)
My, /1073 0.43740.147 0.436 -0.0007 0.437 0.0002
me 0.236+0.007 0.236 0.006 0.236 -0.00009
my 73.82+0.64 73.82 0.003 73.82 -0.00005
mg/1073 1.1240.11 1.12 0.0 1.12 -0.0005
mg/1073 21.93+1.07 21.95 0.01 21.93 -0.0003

my, 0.987+0.008 0.987 0.005 0.987 0.0003
me/1073 0.469658-0.000469 0.469654 -0.008 0.469658 -0.0004

m,, /1073 99.14744-0.0991 99.1412 -0.06 99.1476 0.002

mr 1.68551£0.00168 1.68555 0.02 1.68551 -0.002
[Vus| /1072 22.54-+0.06 22.54 0.0009 22.54 -0.00004

|Vep| /1072 4.85640.06 4.856 0.0001 4.856 0.0002

V| /1072 0.420+0.013 0.419 -0.001 0.419 -0.0001

Scr M 1.207+0.054 1.207 0.003 1.207 0.0005
Am?,,/1075(eV?) 7.56+0.24 7.55 -0.001 7.56 0.00005
Am2,,./1073(eV?) 2.41£0.08 2.40 0.004 2.41 0.0001
sin? gLV NS 0.308+0.017 0.307 -0.004 0.307 -0.0003

sin? 9LMNS 0.387+0.0225 0.387 -0.002 0.387 0.00004

sin? gLV NS 0.024140.0025 0.0241 0.01 0.0241 0.00009

Table 3: Best fit values of the observables correspond to x? = 5-1073 and 1-10~° for models
BI and BII respectively. These fittings correspond to |a;j|maz = |a44| =0.56 and 0.26 for the
type-I and type-II cases respectively. For the charged lepton masses, a relative uncertainty
of 0.1% is assumed in order to take into account the theoretical uncertainties arising for

example from threshold effects.

Quantity Predicted Value (BI) Predicted Value (BII)

{2.58-1073,9.07 - 103,4.99 - 102} | {2.61-1072,9.07 - 10~%,4.99 - 10~2}
{—38.38°,175.84°, —131.48°} {—65.38°, —158.28°, —96.19°}
{6.15-1072,5.67 - 103,8.33 - 10~4} | {6.16-1072,5.69 - 10~2,3.93 - 10~}

{5.47-10%,3.48 - 10'9,5.73 - 10!} -

{my, ma,ms} (in V)
(§PMNS o PMNS (PMNSY

{m(1057 mg, mﬂﬂ} (ll’l eV)
{Ml, ]\427 Mg} (Hl GQV)

Table 4: Predictions of models B. m; are the light neutrino masses, M; are the right
handed neutrino masses, aw 31 are the Majorana phases following the PDG parametriza-
tion, Mmeos = Y, M4, mg = y_. |Uei|*m; is the effective mass parameter for beta-decay and

mgg = | >, UZm;| is the effective mass parameter for neutrinoless double beta decay.

The fit results and the predictions for models C are shown in Table [5] and [6] respectively.

The parameter set for model CI is:

{a, aly, €, T,0, ¢, v, r} ={—0.22531 + 0.467722i,0.0317632, —1.10245 + 0.2697914,
5.51352, 0.560999, 0.448339, 1.39544 - 10'3GeV, 9.14437}

and
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0.113952 0 —1.52545 — 0.8610241
al; = 1072 0 0.0066433 0.103718 — 0.251561¢

ij
0.103242 — 0.077052 0.0528824 + 0.0275714: —0.300714 — 1.23388:
(6.87)

The parameter set for model CII is:
{a}s, agg, e,T,0,¢,vr,r} ={0.0307775 + 0.518792i, —0.0317378, —0.75526 — 0.237386¢,
4.66699, 0.713998, —0.0578946, 1.55237 - 10~%GeV, 9.1424}

and
—0.104302 0 0.88437 — 0.647303:
afj =102 0 0.00422339 0.0628707 — 0.166004%
—0.0805026 — 0.140317¢ —0.0449238 — 0.0524454: —0.793384 + 1.697821
(6.88)
Masses (in GeV) and Inputs Fitted values (CI) pulls Fitted values (CII) [ pulls
Mixing parameters (at p = Mgur) (at p = Mgur) (CI) (at p = Mgur) (CII)
My /1073 0.502+0.155 0.502 0.001 0.501 -0.0005
Me 0.24510.007 0.245 0.002 0.245 0.001
my 90.2840.90 90.28 -0.0005 90.28 -0.002
mg /1073 0.839+0.084 0.838 -0.006 0.839 -0.001
ms/1073 16.62+0.90 16.62 -0.00005 16.62 0.002
mp 0.938+0.009 0.938 -0.001 0.938 -0.001
me /1073 0.344021+0.000344 0.344021 0.0001 0.344018 -0.008
m, /1073 72.6256+£0.0726 72.6273 0.02 72.6240 -0.02
ms 1.24038+0.00124 1.24036 -0.01 1.24038 -0.001
[Vis| /1072 22.53£0.07 22.53 0.002 22.53 0.001
V| /1072 3.934%0.06 3.933 -0.001 3.934 0.001
|Vip| /1072 0.340+0.011 0.340 -0.001 0.340 -0.004
dcx M 1.208+0.054 1.208 0.004 1.208 0.001
Am2,,/1075(eV?) 7.56:£0.24 7.56 0.001 7.55 -0.001
Am2,, /10-3(eV?) 2.4140.08 2.41 0.001 2.40 -0.0006
sin? L MNS 0.308+0.017 0.308 0.005 0.308 0.003
sin? 9 M NS 0.38740.0225 0.387 -0.0001 0.387 -0.002
sin? gM NS 0.024140.0025 0.0240 -0.002 0.0240 -0.003

Table 5: Best fit result for models C with inputs correspond to tan 5 = 10. The fitted
values correspond to x2 = 7-10~* for model CI and 6 - 10~* for model CII. These fittings
correspond to |aij|mar = |aa4| =1.5 and 1.03 for the type-I and type-II cases respectively.
For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take

into account the theoretical uncertainties arising for example from threshold effects.
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Quantity Predicted Value (CI) Predicted Value (CII)

{my,ma,m3} (in eV) {5.36-1072,1.02-1072,5.01 - 1072} | {3.68-1073,9.44 - 1073,4.99 - 102}
{gPMNS o PMNS o PMNSY {157.92°,158.41°, —104.87°} {85.15°,165.93°,138.22°}
{Meos,mg,mpg} (ineV) | {6.57-1072,7.90-1073,1.35- 1073} | {6.31-1072,6.53 - 1073, 7.55 - 10~}
{My, M3, M3} (in GeV) {1.91-10%,1.63 - 1019, 1.33 - 10'?} -

Table 6: Predictions of the models C. m; are the light neutrino masses, M; are the right
handed neutrino masses, s 31 are the Majorana phases following the PDG parametrization,
Meos = D _; My, Mg = ), |Uei|*m; is the effective mass parameter for beta-decay and mpg =

| >, U2m;| is the effective mass parameter for neutrinoless double beta decay.

The fit results and the predictions for model DT are shown in Table [7] and [§] respectively.

The parameter set for this fit of model DI is:

(%, als, 2,7, 0,6, vg, 7} ={—0.343904 + 0.38917i, 0.0318629, —5.89976 — 0.158839i, 0.77736,
0.532473,2.76646, 1.95768 - 10'*GeV,9.15103}

and
—0.00696426 0 0.289526 — 0.387539i
ag; =107" 0 —0.0703536 1.4192 + 0.4477054
0.00893467 — 0.0548221i 0.11474 + 0.140445i  1.06975 — 1.07627i
(6.89)

The fit results and the predictions for models D are shown in Table |§I and |10 respectively.

The parameter set for DT is:

{a%s, a%s, €5, T, 0, ¢, vp, 7} ={—0.416619 — 0.310425¢, —0.0317247, 3.76592 + 0.01453857,0.310345,
2.84818, 0.132797,2.21257 - 10 GeV, 9.14124}

and
0.0964978 0 —0.0230964 + 1.18352:
a;; = 1072 0 —0.00493562 0.00684639 — 0.2025677
—0.0394903 — 0.2009047 0.055507 + 0.0481135z  0.753644 + 1.648671
(6.90)

And the parameter set for model DPII is:

{ak, als, €2, T, 0,0, vp,r} ={—0.365477 — 0.36971i,0.0316996, 3.53671 — 0.311658i, 0.343597,
— 2.95969, —0.131357, 1.58047 - 10" 2GeV, 9.14446}

and
0.00324628 0 —0.026757 4+ 0.0839721¢
afj =102 0 —0.148375 0.450875 + 0.843973¢
—0.0190056 — 0.05774977 —0.129264 — 0.05877993 1.86523 + 0.583443
(6.91)

24



Masses (in GeV) and Inputs Fitted values (D®I) | pulls
Mixing parameters (at p = Mgur) (at u = Mgur) (D*I)
m, /1073 0.502+0.155 0.520 0.12

me 0.245+0.007 0.243 -0.20

my 90.2840.90 90.17 -0.11
mg/1073 0.83940.084 0.967 1.51
ms/1073 16.62+0.90 16.49 -0.14

mp 0.938+0.009 0.939 0.14
me/1073 0.344021-+0.000344 0.343834 -0.54

m,, /1073 72.625640.0726 72.4978 -1.75

m, 1.24038+0.00124 1.23997 -0.32

Vs /1072 22.53+0.07 22.53 -0.09

[Vep| /1072 3.934+0.06 3.920 -0.22

[Vap| /1072 0.34040.011 0.341 0.10
ScrM 1.20840.054 1.192 -0.28
Am?2,,/1075(eV?) 7.56+0.24 7.52 -0.15
Am2,, /1073(eV?) 2.4140.08 2.42 0.13
sin? pLMNS 0.308+0.017 0.290 -1.00

sin? 95 MNS 0.387+0.0225 0.399 0.55

sin? gL MNS 0.024140.0025 0.0235 -0.20

Table 7: Fitting result for model D®I with inputs correspond to tan 5 = 10. The fitted
values correspond to x? = 7.4 for type-1. It should be mentioned that, among all the fit
results presented in this work, this specific fit has the largest value of x? which is 7.4 for 18
observables. This fit correspond to |a;;|maz = |a44] =1.55. For the charged lepton masses, a
relative uncertainty of 0.1% is assumed in order to take into account theoretical uncertainties
arising for example from threshold effects. We did not find any acceptable fit within the

perturbative range for model D*II.

Quantity Predicted Value (D"I)

{1.58 -1073,8.81-1072,4.99 - 10~2}
{85.64°,139.76°,149.60° }
{6.03-1072,4.78 -1073,1.21 - 1073}
{8.89-107,2.14 - 10%°,2.63 - 1012}

{m1,ma,m3} (in eV)
(§FMNS (PMNS o PMNS)

{Mcos,mp, mpgg} (in €V)
{M17M27 M3} (ln GeV)

Table 8: Predictions of the model D*I. m; are the light neutrino masses, M; are the right
handed neutrino masses, s 31 are the Majorana phases following the PDG parametrization,
Meps = zz m;, mg = ZZ |Uei|2m2- is the effective mass parameter for beta-decay and mgs =

| >, U2my| is the effective mass parameter for neutrinoless double beta decay.

The fit results and the predictions for models E are shown in Table [I1] and [12] respectively.

For model EI, the parameter set is:
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Masses (in GeV) and Inputs Fitted values (D"T) | pulls | Fitted values (DPII) | pulls

Mixing parameters (at p = MguT) (at u = Mgur) (DP1) (at u = Mgur) (DPII)

My, /1073 0.502+0.155 0.501 -0.0006 0.502 0.001

me. 0.245+0.007 0.245 -0.004 0.245 0.003
my 90.28+0.90 90.28 0.002 90.28 -0.00009
ma/1073 0.839-+0.084 0.839 0.001 0.838 -0.004
ms/1073 16.6240.90 16.62 -0.001 16.62 -0.0001

my, 0.938-+0.009 0.938 -0.001 0.938 0.001

me /1073 0.3440214-0.000344 0.344016 -0.01 0.344019 -0.007

m, /1073 72.6256-0.0726 72.6279 0.03 72.62249 -0.01

m, 1.24038-+0.00124 1.24035 -0.02 1.24039 0.004

[Vius| /1072 22.53+0.07 22.53 0.0004 22.53 -0.0003

[Vep| /1072 3.934+0.06 3.934 0.002 3.933 -0.0005

|Vap| /1072 0.340+0.011 0.340 -0.001 0.340 -0.0005
ScxM 1.20840.054 1.208 0.002 1.208 -0.001
Am?,,/1075(eV?) 7.5540.24 7.56 -0.0004 7.55 -0.0003
Am?2,, /1073(eV?) 2.4140.08 2.41 0.0008 2.40 -0.0003
sin? M NS 0.308+0.017 0.308 -0.001 0.308 -0.0003

sin? g5 MNS 0.38740.0225 0.387 0.0007 0.387 0.001

sin? gL MNS 0.0241+0.0025 0.0241 0.001 0.02409 -0.001

Table 9: Fitting result for model D" with inputs correspond to tan3 = 10. The fitted
values correspond to x2 = 1.9 - 1073 and 2 - 10~* for models DI and DPII respectively.
These fits correspond to |a;;|maz = |a44| = 0.81 and 0.99 for the two cases respectively. For
the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take into

account theoretical uncertainties arising for example from threshold effects.

Quantity Predicted Value (D)

{2.20-1073,8.96 - 1073,4.99 - 10~2}
{50.24°,169.13°,111.61°} {66.63°,161.63°,0.41°}
{6.10-1072,5.38-1073,7.40 - 104} | {6.47-1072,7.37-1073,4.54 - 10~}

{9.40-108,3.13-10%°,2.44 - 1011} -

Predicted Value (DPII)
{4.72-1073,9.89 - 1073,5.00 - 102}

{m1, ma,ms} (in V)
(§PMNS PNNS PMNSY

{Mecos, mg, map} (in eV)
{]\/[1,]\/127M5} (1n GGV)

Table 10: Predictions of models D”. m; are the light neutrino masses, M; are the right
handed neutrino masses, a9 31 are the Majorana phases following the PDG parametrization,
Meos = O Miy Mg = . |Uei|*my s the effective mass parameter for beta-decay and mgg =

| >, U2m;| is the effective mass parameter for neutrinoless double beta decay.

{a%s, als, €, T,0, ¢, vg, r} ={0.0873809 + 0.5118074, 0.0316596, 3.21783 + 0.316374,0.762371,
0.747998,2.38528,2.26917 - 10°GeV,9.13917}

and
0.00565532 0

ag; = 1072 0 0.10865
—0.0636824 — 0.00136495:  —0.154896 + 0.137372i

0.0242668 + 0.2304914
1.42287 — 0.445238¢

—1.56252 + 0.079592i
(6.92)
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For model EII, the parameter set is:

{al, aly, e, T,0,¢, v, 7} ={—0.43609 + 0.282193i, —0.0316974, 3.21172 + 0.1547214, 0.54795,
0.682955, 2.41863, 1.26299 - 10~8GeV, 9.1442}

and
—0.00491523 0 0.0991935 + 0.158945:
ag; = 1072 0 —0.0989956 1.00507 — 0.775818:
—0.0677936 — 0.0254017: 0.0688011 + 0.186132¢ —1.33307 + 1.14438:
(6.93)

Masses (in GeV) and Inputs Fitted values (EI) | pulls [ Fitted values (EII) | pulls
Mixing parameters (at u = Mgyr) (at p = Mgur) (EI) (at p = Mgur) (EII)
My, /1073 0.502+0.155 0.501 -0.001 0.502 0.0005

me 0.245+0.007 0.245 -0.007 0.245 0.001

my 90.28+0.90 90.28 0.001 90.28 -0.002
ma/1073 0.839+0.084 0.839 0.001 0.839 -0.0005
me/1073 16.624-0.90 16.62 0.00009 16.62 -0.0001

my, 0.938-+0.009 0.938 -0.0002 0.938 -0.001
me/1073 0.3440214-0.000344 0.344022 0.004 0.344023 0.005

m,,/1073 72.6256+0.0726 72.6250 -0.007 72.62641 0.01

m, 1.240384-0.00124 1.24036 -0.01 1.24037 -0.009
[Vis| /1072 22.5340.07 22.53 0.001 22.53 -0.0001
|Vip| /1072 3.934+0.06 3.934 0.005 3.933 -0.0003
|Vas| /1072 0.34040.011 0.340 -0.007 0.340 0.0006
dorM 1.20840.054 1.208 0.007 1.208 0.004
Am?2,,/107°(eV?) 7.5640.24 7.56 0.001 7.55 -0.0002
Am2,, /1073 (eV?) 2.4140.08 2.409 -0.0007 2.41 0.0003
sin? gLMNS 0.308-+0.017 0.308 0.006 0.307 -0.002
sin? QLM NS 0.387+0.0225 0.387 0.002 0.387 0.0008

sin? gLMNS 0.024140.0025 0.0240 0.0001 0.0241 0.001

Table 11: Fitting result for models E with inputs correspond to tan 3 = 10. The fitted
values correspond to x? = 4 - 10~ for model EI and 2 - 10~* for model EII respectively.
These fittings correspond to |@;j|lmee = |a44| =0.76 and 0.89 for the type-I and type-II
cases respectively. For the charged lepton masses, a relative uncertainty of 0.1% is assumed
in order to take into account theoretical uncertainties arising for example from threshold

effects.

The fit results and the predictions for models F are shown in Table [14] and [13] respectively.

The parameter set for model F1 is:

{al, aly, €1, €5, T, 0, ¢, vp, 7+ ={—0.508413 + 0.1065967, 0.0317542, 1.21369 + 0.3934574, 1.11752
+ 1.12726i,0.652924, 0.682955, —2.69221, 2.17249 - 103 GeV, 9.14433}

and
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Quantity Predicted Value (EI) Predicted Value (EIT)

{m1,ma,m3} (in V) {2.06-1072,8.93-1073,4.98 - 1072} | {2.46-1073,9.03-1073,4.99 - 1072}
{gPMNS o PMNS o PMNSY {46.84°, —178.55°,141.46°} {—53.69°, —172.46°, —123.70°}
{Meos,ma,mpg} (ineV) | {6.08-1072,5.28-1073,9.54 - 10~} | {6.14-1072,5.58 - 1073,7.05 - 10~*}
{My, M, M3} (in GeV) {2.79-10%,2.15 - 1019, 1.82 - 10'?} -

Table 12: Predictions of models E. m; are the light neutrino masses, M; are the right
handed neutrino masses, s 31 are the Majorana phases following the PDG parametrization,
Meos = Y _; My, Mg = ZZ |Uei|2m7; is the effective mass parameter for beta-decay and mgs =

| >, U2my| is the effective mass parameter for neutrinoless double beta decay.

—0.101322 0 1.50945 + 0.641937
af, = 1072 0 0.00628798 —0.311418 — 0.017807i
—0.0659206 — 0.186996i —0.0254875 + 0.0490826i  0.979206 + 0.994616

(6.94)

And the parameter set for model FII is:
{a}s, a§3, €1,€0,T,0,0, v, 7} = {—0.0175831 — 0.518919¢, —0.0317748, 1.13488 — 0.5372961,
0.934779 — 0.8103257, 0.577852, 0.541654, 2.37836, 1.17202 - 10~3GeV, 9.14329}

and
0.00631171 0 —0.244096 — 0.0355119¢
a;; = 1072 0 —0.106855 1.42499 — 0.0405503¢
—0.00203514 — 0.0627216¢ —0.159398 4+ 0.138939:  1.56233 + 0.439752:¢
(6.95)
Quantity Predicted Value (FI) Predicted Value (FII)
{m1,ma,m3} (in V) {1.84-1073,8.88-1073,4.98 - 1072} | {2.00-1073,8.92-1073,4.98 - 1072}
{§PMNS QPMNS o PMNSY {-60.72°, —175.43°, —164.89°} {44.97°,179.45°,133.12°}
{Mecos,mpg,mpg} (ineV) | {6.06-10725.11-1073,1.17-1073} | {6.08-1072,5.23-1073,9.61 - 10~*}
{My, My, M3} (in GeV) {3.92-10%,1.97 - 10'°,1.27 - 10'%} -

Table 13: Predictions of models F. m; are the light neutrino masses, M; are the right
handed neutrino masses, ;31 are the Majorana phases following the PDG parametrization,
Meos = O Miy, Mg = . |Uei|*m; s the effective mass parameter for beta-decay and mgg =

| >, U2m;| is the effective mass parameter for neutrinoless double beta decay.

7 d =5 proton decay

Since the flavor dynamics occurs at the GUT scale in this class of models, the best hope for
testing this idea is by studying proton decay, in particular, its branching ratios into different
modes. While such an analysis can be done for both non-SUSY and SUSY models, here we
confine our discussion to the more dominant d = 5 decay modes in SUSY mediated by the

color-triplet Higgsinos.
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Masses (in GeV) and Inputs Fitted values (FI) [ pulls [ Fitted values (FII) | pulls
Mixing parameters (at p = Mgur) (at u = Mgur) (FI) (at u = Mgyr) (FII)
m, /1073 0.502-0.155 0.501 -0.003 0.501 -0.0005
me 0.245+0.007 0.245 0.006 0.245 0.001
my 90.28-0.90 90.28 0.003 90.28 0.001
maq/1073 0.839-+0.084 0.839 0.004 0.839 0.001
ms/1073 16.6240.90 16.62 -0.001 16.62 0.001
my, 0.938-+0.009 0.938 0.0001 0.938 -0.0001
m./1073 0.3440214-0.000344 0.344022 0.001 0.344022 0.002
m, /1073 72.6256+0.0726 72.6237 -0.02 72.62539 -0.002
m, 1.2403840.00124 1.24039 0.007 1.24038 0.0003
|Vius| /1072 22.5340.07 22.53 0.0002 22.53 0.0001
[Vep| /1072 3.9344-0.06 3.933 -0.001 3.934 0.0001
[Vip| /1072 0.340+0.011 0.340 -0.007 0.340 -0.001
dcxm 1.20840.054 1.208 0.001 1.208 0.004
Am?2 ,/1075(eV?) 7.56+0.24 7.56 0.00003 7.55 -0.0002
Am?,. /1073 (eV?) 2.4140.08 2.41 0.0005 2.41 0.0001
sin? g1MN S 0.308+0.017 0.308 0.0004 0.308 0.0004
sin? OM NS 0.38740.0225 0.387 -0.001 0.387 0.001
sin? pM NS 0.0241+0.0025 0.0240 -0.0009 0.02409 -0.002

Table 14: Fitting result for models F with inputs correspond to tan § = 10. The fitted values
correspond to x2 =9-107* and 3 - 1075 for models FI and FII respectively. These fittings
correspond to |@;j|maz = |a44| =0.67 and 1.08 for the type-I and type-1I cases respectively.
For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take

into account theoretical uncertainties arising for example from threshold effects.

We will bound ourselves to the (presumably) dominant d = 5 (charged) wino mediated

mode, so that only SU(2), non-singlets will appear in the effective operators:

W o (Yoq)y; (Yor)y (QiQ;) (Qrl) (7.96)

with
Yoo = Ag (Y — yxg —zqy’ + y4xQx£) Ao (7.97)
Yor =AML (Y —yal — zoy” + yawqal) Ay 7.98)

We have to project them to the mass eigenstates defined by the unitary matrices X =

U, D, E, N which diagonalize the mass matrices as

My = XpMeiX! (7.99)

We will use the notation (X = U, D)
Yxz = X}YooZ (for Z=U,D) (7.100)
= X{YorZ, (for Z=E,N) (7.101)

After 1-loop w* dressing and assuming degeneracy and negligible left-right sfermion

mixing the normalized amplitudes for different channels [54] are, in the mass eigenbasis,
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A(K* ) = (K[ (ud)  sp|p) [(Yop)y, (Yon)a — (YDD)oy (Yon)y
(

A(rt ([ (ud), drlp) [(Yup)y, (YN
(K°| (us),, )1 (
(7] (ud) L urlp) [(You)y, Yoe)y, — Yub)y (Yue)y]
(nl (ud), urlp) (Yuv)y, Yor)y — Yup)y Yor)yl

A(K

7)
"e)
A(ne))
A(ne)

where the numerical values (with maximal error around 30%) of the hadron matrix elements
can be found in [55].
The unitary matrices X and the Yukawa matrix elements Yy g1 are outputs of each

successful fit done. As an example, for model D*I we find

—0.0000696426 0 —0.0105713 + 0.00524935i
Yoo = 0 —0.000703536 —0.0237115 — 0.0274144i
—0.0105713 + 0.00524935i  —0.0237115 — 0.0274144i  —1.05171 — 0.204611
(7.107)
—0.0000696426 0 —0.0000232394 — 0.000554968i
Yor = ( —0.000703536 0.00140745 + 0.00114372i
—0.0105713 + 0.00524935i  —0.0237115 — 0.0274144i  0.00550524 — 0.00420826i
(7.108)
0.947932 + 0.154511i  0.0250533 — 0.277159i  —0.00483953 — 0.00916537
U = ( 0.0236485 +0.277423i  —0.948101 + 0.150221i  —0.0314764 + 0.00505612i
—0.00438488 — 0.00319527i 0.0288651 + 0.0161593i  —0.895175 — 0.444452;
(7.109)
0.44376 + 0.785783i —0.114306 — 0.415343i  —0.00683343 + 0.0000682437i
Dy, = ( —0.135958 + 0.408742i —0.484535 + 0.761308i 0.00448262 — 0.00785931i
—0.00402935 — 0.00717747i  —0.00772054 — 0.00109752  —0.895597 — 0.444722i
(7.110)
—0.914868 + 0.192948i  —0.182083 — 0.209497;  —0.00368156 -+ 0.220751
EL = ( 0.16774 — 0.285354i  —0.612359 — 0.228437i  0.639383 + 0.233362i
—0.0189384 — 0.125958i —0.00319539 + 0.704116i —0.0568573 + 0.696242i
(7.111)
—0.502397 + 0.721475i  —0.139083 — 0.437348i  0.047407 + 0.119192i
Np=| —043546+0.122682i —0.243261 + 0.682259  0.24818 — 0.45725i
—0.0953668 + 0.115327i  0.0333823 + 0.513435i —0.0502508 + 0.842822i
(7.112)

After squaring ([7.102)-([7.106) and multiplying by the appropriate phase space factor

(mp, mr, m, are the pseudo-scalar, lepton and proton mass, respectively)
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2 2 2 2\ 2
(1 (b (i) ) (7113)
mp mp

one can calculate the branching fractions for different channels (for neutrino final states we
sum over all 3 flavors), the results are given for the different models in table . While as
expected, the K7 mode dominates, other sub-leading modes, notably p — 717, can be

used to test and distinguish various models.

CI | CII |D*TI| DPI |DPII| EI | EII | FI | FII

K*p || 88.39 | 94.36 | 50.39 | 92.71 | 75.26 | 89.03 | 77.91 | 94.78 | 90.65
7t || 10.85 | 5.55(48.33 | 7.12 | 24.62 | 1048 | 21.58 | 4.95| 9.17
K%* || 0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
K™ | 035| 0.04] 049 | 0.08| 0.05| 0.23| 0.21| 0.13| 0.09
mlet 0.00 | 0.00 | 0.00| 0.00| 0.00| 0.00 | 0.00| 0.00| 0.00
ot 0.34| 0.04| 0.66 | 0.08| 0.06 | 0.21| 0.25| 0.12| 0.08
net 0.00 | 0.00 | 0.00| 0.00| 0.00| 0.00 | 0.00| 0.00| 0.00
nut 0.06 | 0.01| 0.12| 0.01| 0.01| 0.04] 0.05| 0.02| 0.01

Table 15: Branching ratios for the main decay modes of the proton mediated by colored
Higgsinos in SUSY SO(10) models with successful fermion fits.

8 Conclusion

We have presented in this paper a new class of SO(10) models that can successfully address
the flavor puzzle. The key ingredient of our models is the absence of 105 that is conven-
tionally used in most SO(10) models. Its absence is compensated by the introduction of
a vector-like family in the 16 + 16 representation. The Yukawa sector of these models has
just a single 4 x 4 matrix, along with two four-vectors. As a consequence, there are only 14
flavor parameters and 7 phases to fit all fermion masses and mixings, including the neutrino
sector.

While the Yukawa system is highly nonlinear, by numerical optimization we have found
excellent fits to the fermion observables in a variety of models. A 126 is present in all
models, to generate large right-handed neutrino Majorana masses as well as to provide the
SM Higgs doublet. The vector-like fermions have couplings to either a 455 or a 210y that
is used to complete the symmetry breaking. A total of six models, four supersymmetric and
two non-supersymmetric, have been studied. In each case type-I or type-1I seesaw mecha-
nism was analyzed. In one case (Model D) with SUSY, minimization of the Higgs potential
led to a two-fold solution set, with each providing an excellent fit to flavor observables.

While this class of high scale models cannot be easily tested at collider experiments,

proton decay provides an avenue to probe such models. We have investigate the branching
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ratios for proton decay in the SUSY models, with the results presented in Table While
it is an ambitious goal to test flavor models in proton decay discovery, even without such a
discovery it is heartening to learn that a large class of models can shed light on the various
puzzles of fermion masses observed in nature. In particular, starting from a highly symmet-
rical quark and lepton sector these models produce large neutrino mixing simultaneously

with small quark mixing, a highly nontrivial achievement.
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Appendices

A Expressions for a;;

In this Appendix we give expressions for a;; used in the numerical analysis.

Neca/§3 - Nea/gl
A 7 A.114
13 T(Qee — Q.) ( )
Neca§y(e™ cos§ + TQ.) — Neag, (€ cos 6 + TQ.c) (A.115)
ayy = .
14 sin 0T (Qee — Q) 7
Neca/§3 - Nea/§2
e — 7 A.116
23 T(Qe — Q.) | )
Necagy (€™ cos§ + TQ.) — Neagy(€ cos 6 + TQ.c) (A.117)
Agy = ‘
2 sin 0T (Qee — Q) 7
a53 = (@ Ny NoeCy + a NaNgeCo + a§, NoNoeCs) /(T Dy ) (A-118)
azs = (43N, NyeCy + a§3NgNgeCs — al3NeNeeCe) /(T? Dy ) (A.119)
a4y = (a4 Ny Ny Cr + ads NgNgeCy — a3 N.N,-Cy) /(T*Dy) , (A.120)

with
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C’1 - Qdc - Qec + Qd - Qe; (A121)

C2 = Qec - Quc + Qe - Qu; (A122>
CB = _Qdc + Quc - Qd + Qu; (A123)
Cy = cscl (€i¢ c0s0 (Qge — Qec) + Qq (TQdc + €' cos 9) — Q. (TQec + €' cos 9)) ;
(A.124)
C5 = cscb (Qe (TQec + €% cos 9) + € cosf (Qec — Que) — Qy (TQUC + €' cos 49)) :
(A.125)
Ce = cscb (Qd (TQdc + € cos 9) +e?cos0 (Qae — Que) — Qu (TQuc + € cos 9)) :
(A.126)

Cr = T?QuQ. cs¢? 0Qze — T?QuyQe c5¢? Qe + T?Qycsc? Qe Qe — T Qe c5¢2 0Q ge Qe

+ €% cot? 0Qge + 2T Q4 cot 0 csc 0Qz — €2 cot? 0Q ..

—2T€e*Q, cot  csc HQc + €*?Qqcot? § — e*°Q), cot? b; (A.127)
Cs = €% cot? 0Q.e + T%Q. csc? 0Q,Qec — T?Q. c5¢? 0QuQue + T2Q. 5% 0Q e Qe

—T?csc?0QuQecQue + 2Tei¢’Qe cot 0 csc Qe — 2T e™ cot 6 csc 00, Qe

— %% cot? 0Q e + €¥°Q, cot? § — €% cot? Q) (A.128)
Co = %9 cot® 0Qge + T?Qqc5¢? 0QuQue — T?Qy csc? 0QuQue + T?Qq c5¢? 0Q 4e Qe

—T?cs¢? 00QuQae Que + 2T Qy cot 8 csc Qe — 2T€ cot 6 csc 0Q, Qe

— €2 cot? 0Q e + €¥9Qq cot? 6 — €% cot? 6Q.,; (A.129)
Dy = QuQuQu + QuQueQue — QeQue Qe — QuQuQue — QuQuQuie — QuQueQue

+ QuQurQue + QuQuQue + QeQuQue — QQuQue + QuQeeQue — QuQueQue.  (A.130)

: v R L
B Expressions for a%;, as; and ass

In this appendix, we give the expressions for aj,, aly, al; for both the ® = 455 and 210y
cases. Using Eqs.(4.66)), (A.118)), (A.119) and (A.120)) it is straightforward to find for the

45 g-case:

NuNy 4 NgNgl+¢€/5 , NeNeel+e/5

s = O N TSN T e BN N, Tic (B.131)
And for the case of 210y we find:
N N, C N Ny C N N, C
ats u 10 a NalVge C11 e 12 (B.132)

SUSN N D,  SNN.D,  SNN. D,

with
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Cio =3 (V66 — 4 (2V3e + 3v2) &1 + &3 (V6er +.6) ). (B.133)
Cri =3 (-8V6e +12v2e, + & (Ve — 6) ) (B.134)
Cro = 8V6e2 + 4 (2\/§e2 + 3\/5) €1 — 3e <\/6€2 + 2) , (B.135)
D, = (461 = V2e;) (2VBer — 3v3e; +3v2) (B.136)

Using Eqgs. (A.118]), (A.119) and (A.120)) for the 45y-case we have:

3w NulNue 14€/5 5 NoNee (1+6€/5)? 5 ) NygNge 1+ S+ e + {52

gy = 503 NZ 143¢/5 2™ NZ (l+e) A" TNZ 1+ e(1+3¢/5)
(B.137)
And for 2104-case we have:
with
Cis = 18V/3eh + 36263 — 45V6e1€3 4+ 12v/3€2 — 1566162 + 72V6€3 ey 4+ 12v2625 — 306y ey
+ 4863 + 24V/3¢2, (B.139)
Cuu = 9V3eh + 18V263 — 45V6e1€3 + 72v/3€2€2 + 61362 — 966162 + T2V/665 ey + 36V 2¢2¢,
— 18V/6e1ey + 4863 + 244/362 (B.140)
Cis = 16v/66% + 8 (5\/562 + 6\/§> 46 (\/663 + 8y + 2\/6) €1 — 36 (3\/563 + 6265 + 2\/5) ,
(B.141)
Dy = 26, (461 - \/§ez> (2\/661 —3v3e + 3\/§> . (B.142)
For the case of 455 we have:
And for the case of 2105 we have:
az = ag:aNuTj?c%lf agsNdT]l\gdc%f + a§3NeT]l\;ec%lfa (B.144)
with
Cis =3 (8 <\/662 — 2> e% —4 <2\/§e§ + \/562 — 2\/§> €1 + €9 (\/66% + 4ey — 2\/6)) ,

(
Ci7=3 (—8 (\/662 — 2) €+ <12\/§€2 — 8\/3) €1+ € (\/663 — &€y + 2\/6)) .
Cigs = 8v/3¢1 65 (2\/561 - €2> , (B.147
Dy = 2, <\/§62 - 461) (—2\/661 +3v36 — 3&) . (
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C Numerical values of the original Yukawa couplings a;;

In this appendix we present the original coupling matrices a;; for all the different models.

a;; matrices are calculated from the fitted parameter sets.

Model AI:
0.0959072 0 0.579907 4 0.173698:  5.94255 + 2.209331
ai; = 10-2 0 —0.00693205 0.134449 + 0.0151987: 1.11642 + 0.685207¢
0.579907 + 0.1736987 0.134449 + 0.0151987:  0.343854 + 2.01413¢  16.4068 + 0.693589:
5.94255 + 2.20933: 1.11642 + 0.6852071 16.4068 + 0.693589: 192.42 + 53.2691¢
(C.149)
Model AII:
0.127684 0 —0.300661 + 0.1026721 —2.93065 + 0.584561¢
0y = 1072 ( 0 | —0.00055042  —0.00799172 4002974461 —0.450085 + 0.1853541
—0.300661 + 0.102672: —0.00799172 + 0.0297446% 0.164493 — 2.14188q 8.08605 + 16.5832¢
—2.93065 + 0.5845617 —0.450085 + 0.1853544 8.08605 + 16.5832: 96.688 + 321.511%
(C.150)
Model BI:
—0.122115 0 0.711183 +0.747142¢  —1.99272 — 3.01439:
aij = 102 ( 0 0.00569753 —0.0996008 — 0.168017: 0.22039 + 0.4762142
0.711183 + 0.747142: —0.0996008 — 0.1680177 —1.6329 — 3.89159: 2.08313 + 14.9094:
—1.99272 — 3.01439:¢ 0.22039 + 0.4762142 2.08313 + 14.9094: 10.1819 — 55.9358:
(C.151)
Model BII:
0.00424453 0 —0.739696 + 0.100859: —0.261416 — 0.180202:
ai; = 102 ( 0 0.0963929 1.59142 + 3.41719: —0.546982 + 1.75381:
—0.739696 + 0.1008597  1.59142 + 3.41719:¢ 35.6473 4+ 92.8117: —22.3139 + 45.2696%
—0.261416 — 0.180202¢ —0.546982 + 1.753817 —22.3139 + 45.2696% —25.416 + 7.3074%
(C.152)
Model CI:
0.113952 0 0.491463 + 0.565896¢ 3.76471 + 4.853161
ai; = 10_2 ( 0 0.0066433 —0.0563066 + 0.107998:; —0.804669 + 0.719013%
0.491463 + 0.565896: —0.0563066 + 0.107998: —1.4383 + 2.14192: —6.53535 + 21.208¢
3.76471 + 4.853161 —0.804669 + 0.719013: —6.53535 + 21.208¢ —59.2957 4 144.035:
(C.153)
Model CII:
—0.104302 0 —0.23862 + 0.777714i  —1.41328 + 3.82580i
aij = 102 ( 0 0.00422339 —0.0155148 + 0.115636z 0.0287095 + 0.732858%
—0.23862 + 0.777714: —0.0155148 4+ 0.115636¢ —0.0699652 + 2.31316¢  0.347507 + 16.8414¢
—1.41328 + 3.82589:  0.0287095 + 0.732858: 0.347507 + 16.84144 —5.81915 + 103.489:
(C.154)

Model D*T:
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—0.00696426 0 —0.245942 4 0.340282: —0.981934 + 1.05034+
ay; = 10-10 0 —0.0703536 —1.2441 — 0.347061: —3.9061 — 2.27444
—0.245942 4 0.340282: —1.2441 — 0.347061: —11.3476 + 13.11257 —38.737 + 28.567%
—0.981934 + 1.05034: —3.9061 — 2.27444 —38.737 4+ 28.567% —137.986 4+ 71.4185¢
(C.155)
Model DPT:
0.0964978 0 0.0463804 + 0.612925i 0.23948 — 4.0549i
ai; = 1072 0 —0.00493562 —0.0692766 — 0.122098; 0.0709726 + 0.757652i
0.0463804 + 0.612925: —0.0692766 — 0.122098: —1.50677 — 1.28146: 9.26908 4 9.93996:
0.23948 — 4.05491 0.0709726 + 0.757652i 9.26908 + 9.93996: —60.1029 — 54.84551¢
(C.156)
Model DPII:

0 = 10-2 0 —0.148375 0.234817 + 0.306995¢ 2.43678 + 3.11641¢
Y 0.00619872 + 0.0924098: 0.234817 + 0.306995:  —0.940024 — 1.19953¢ —10.2704 — 9.2131
0.0581533 4 0.4955231 2.43678 4+ 3.116414 —10.2704 — 9.2133 —63.9596 — 76.7709¢

(C.157)

Model EI:

0.00565532 0 —0.266188 + 0.07013037 0.518805 — 0.533918:
a4y = 10-2 0 0.10865 0.425618 + 1.820851 —3.18677 — 2.873411
/ —0.266188 4+ 0.07013032 0.425618 + 1.82085: —14.7905 + 7.465792 14.094 — 32.9412:
0.518805 — 0.533918:  —3.18677 — 2.873411 14.094 — 32.9412¢ 19.4372 + 73.7643:
(C.158)

Model EII

0 —0.0989956 1.91708 + 0.433922: —4.21969 + 0.992353:
—0.113267 + 0.379235;  1.91708 + 0.4339221 —14.9942 + 2.326071 31.5765 — 18.87513
—0.0710291 — 0.772947: —4.21969 + 0.992353: 31.5765 — 18.87514 —50.6035 + 73.4838:
(C.159)

Q5 = 1072

0.00324628 0 0.00619872 4 0.0924098: 0.0581533 + 0.4955231 )

Model FI:

—0.101322 0 1.00796 — 1.0692: —3.40853 + 1.669121¢

0 0.00628798 —0.117644 + 0.20702¢  0.5911 — 0.454689:

1.00796 — 1.0692: —0.117644 + 0.20702: —3.59013 4+ 11.2045:  20.5757 — 20.2831:

—3.40853 + 1.669127  0.5911 — 0.454689: 20.5757 — 20.2831: —63.553 4+ 23.8071:
(C.160)

aij = 1072

Model FII

0.00631171 0 —0.0913116 — 0.224948i  0.708328 + 0.52168i

0 —0.106855 0.477564 + 1.57686i  —4.01776 — 3.01492

—0.0913116 — 0.224948i 0.477564 + 1.57686i  12.5721 — 5.02818;  —18.1583 + 34.5582i

0.708328 + 0.52168i  —4.01776 — 3.01492i ~ —18.1583 + 34.5582i  —22.102 — 106.709i
(C.161)

Q5 = 1072

( —0.00491523 0 —0.113267 4+ 0.379235¢  —0.0710291 — 0.772947:
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