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ABSTRACT: Supersymmetric SO(10) models with Yukawa coupling matrices involving only
a 10y and a 126 5 of Higgs fields can lead to a predictive and consistent scenario for fermion
masses and mixings, including the neutrino sector. However, when coupled minimally to
a symmetry breaking sector that includes a 210y and a 126y, these models lead either
to an unacceptably small neutrino mass scale, or to non-perturbative values of the gauge
couplings. Here we show that with the addition of a 54y to the symmetry breaking
sector, the successful predictions of these models for fermion masses and mixings can be
maintained. The 54y enables a reduction of the B — L symmetry breaking scale to an
intermediate value of order 10'? GeV, consistent with the observed neutrino mass spectrum,
while preserving perturbative gauge coupling unification. We obtain an excellent fit to
all fermion masses and mixings in this framework. We analyze carefully the prediction
of the model for CP violation in neutrino oscillations. Consistency with proton lifetime,
however, requires a mini-split SUSY spectrum with the squarks and sleptons having masses
of order 100 TeV, accompanied by TeV scale gauginos and Higgsinos. Such a spectrum may
arise from pure gravity mediation, which would predict the partial lifetime for the decay
p — VK™ to be an order of magnitude above the current experimental limit.
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1 Introduction

Perhaps the most attractive feature of unified models based on SO(10) gauge symmetry
is that all fermions of a given family, including the right-handed neutrino, are assembled
into a single representation, the 16-dimensional spinor of SO(10). The Higgs fields that
can generate masses for the fermions can be inferred from the fermion bilinears,

16 x 16 = 105 + 120, + 1264, (1.1)

where the subscripts s and a denote symmetric and antisymmetric combinations. At least
two Higgs fields are needed to generate nontrivial quark and lepton mixings. A minimal
Yukawa sector in supersymmetric (SUSY) SO(10), which is the focus of this paper, is thus
obtained by the introduction of a 10z and a 126 of Higgs fields.! In SUSY SO(10) both

!Choosing any other combinations involving two of these Higgs fields will not lead to viable phenomenol-
ogy. For example, using two copies of 10y will lead to nonzero quark mixings, but the unviable mass relations
mﬂ = m? and m? = m§ will prevail in this case at the GUT scale. If two copies of 126 is used instead,
unacceptable relations m? = —3m? and m2 = —3mY will emerge. Similarly, combining a 120 with either

10g or 126 will also lead to inconsistent phenomenology.



the 10y and 126y are complex chiral superfields, resulting in the Yukawa superpotential:
WS = 16" (Y10 10 + Y1261265 ) 16. (1.2)

Here Y19 and Yiog are 3 x 3 symmetric matrices in family space. These two matrices
will be responsible for generating all of the charged fermion masses and mixings as well
as the heavy right-handed and light left-handed neutrino masses and mixings [1]. The
mass matrices arising from eq. (1.2) are displayed in detail in egs. (5.4)—(5.8). This simple
Yukawa structure has 12 real parameters and 7 phases, which should fit 18 measured
quantities — 6 quark masses, 4 quark mixing parameters, 3 charged lepton masses, 2
neutrino mass splittings and 3 leptonic mixing angles. (One Yukawa coupling matrix, say
Y1926, can be made diagonal and real, whence the other would have 6 complex parameters.
In addition to the Yukawa couplings, the fermion mass matrices will involve 3 ratios of
vacuum expectation values (VEVSs), with one ratio remaining complex. This leads to a
total of 12 real parameters and 7 phases.) It is remarkable that this minimal setup is
able to reproduce the full fermion mass spectrum, including large leptonic mixing angles
along with small quark mixing angles [2-12], a nontrivial feat in any quark-lepton unified
framework. To its credit, this setup predicted [4, 5, 7-9, 12] a large value for the reactor
neutrino mixing angle #;3 very close to the experimental value measured subsequently by
the Daya Bay collaboration [13].

A crucial feature of eq. (1.2) in generating the mass matrices of egs. (5.4)—(5.8) is that
the Standard Model (SM) singlet in 1265 acquires a large VEV (Vz) of order 102 GeV,
while its SM doublet components also acquire weak scale VEVs [1]. This is possible only
when the light MSSM Higgs fields H, and H; emerge at least partially from the Higgs
doublet fragments of the 1265. The simplest choice for generating such mixings among
Higgs doublets of 10y and 126 is via a renormalizable superpotential coupling involving
the 210y field, viz., W D M\4126x 2105 10y. Thus, a minimal renormalizable symmetry
breaking sector is identified: {10y +1265+ 1265 +210g}. Here the 126 is needed in order
to break SO(10) gauge symmetry in the SUSY limit. The {126y + 1265 + 210y} fields
jointly break SO(10) symmetry down to the SM, while the SU(2); doublets from these
fields along with the doublets from the 10y break the electroweak symmetry at a lower
scale. This model has been extensively studied in the literature, and has been referred to
as the minimal SUSY SO(10) model.

It has long been recognized [1, 14, 15] that this minimal SUSY SO(10) model contains
all the essential ingredients to be realistic. Furthermore, it was shown in ref. [16] that
this model has the minimal number of parameters among all supersymmetric grand unified

theories.?

The supersymmetric sector of this model is described by 26 real parameters:
3+ 12 = 15 real Yukawa couplings and 14 — 3 = 11 real superpotential parameters from
the symmetry breaking sector Wggp. There are 7 complex parameters in Wggp, of which
3 can be made real. Significant effort has been put into the study of the parameter space

of this theory for very good reasons.

2Here and in the following we will consider only renormalizable models. In fact, any non-renormalizable
GUT will have innumerable parameters.



2 Problems with the minimal model

While the minimal model was found to be very successful in fitting fermion data, it was
realized soon thereafter that it faced some hurdles once the symmetry breaking constraints
are included [8, 17-19]. The overall scale of the right-handed neutrino masses comes out to
be Vi ~ (10'2-10'3) GeV from fits to light neutrino masses, while consistency of symmetry
breaking of the model requires Vi ~ (10'°-10'6) GeV. If Vg takes values in the range of
(10'2-10'3) GeV, then certain colored multiplets from various Higgs fields will have masses
of order V}% /Mgyt ~ 10*° GeV, spoiling perturbative gauge coupling unification.

There is an independent issue related to proton decay mediated by the color-triplet
Higgsinos of the model. The partial lifetime for the decay p — 7K' would be shorter
than the experimental lower limit of 5.9 x 1033 years [20] if all the SUSY particles have
masses of order TeV. While this is not a problem in itself, as the SUSY particle masses are
currently unknown, a realistic version of SUSY SO(10) should also be compatible with this
constraint. Assuming TeV-scale superparticle masses, it has been proposed that this issue
can be overcome by a cancelation mechanism with the inclusion of a 120y [21, 22] into the
minimal model. Another possibility that has been suggested to suppress proton decay rate
is via non-perturbative (but uncontrollable) suppressions [23] with an asymptotically safe
theory in mind [24]. Here we show explicitly the severity of this constraint in the minimal
model (without a 120z), if all the SUSY particles have masses around a TeV.

Both of these problems, too small a scale for neutrino masses and too short a life-
time for the proton with TeV superparticles, could in principle be solved in a split-SUSY
scenario [25-27] with the gaugino-Higgsino masses around 100 TeV and the squark-slepton
masses around 10'3 GeV [12]. This would allow for an increase in the light neutrino masses,
because the gauge couplings can be kept smaller for higher energies before the bosonic
threshold is reached. Simultaneously, d = 5 proton decay rate would be highly suppressed,
owing to the large sfermion masses. Unfortunately, this solutions turns out to have various
shortcomings, both theoretical and experimental. First, the Higgs boson mass of 125 GeV
discovered after this proposal was made does not allow such a large SUSY breaking scale
with small A-terms [28, 29]. Second, the reactor neutrino mixing angle, although large,
was not large enough in [12].% Third, there may be also issues with stability of the spec-
trum with such large values of the bosonic masses [30], although this may be an issue of
naturalness only.

3 Proposed solution to the problems

It is clear that the minimal SUSY SO(10) model consisting of {10y + 126 + 1265 +2105}
Higgs fields needs to be extended, in view the problems it faces. One avenue is to add a 120y
to the theory in which case the fermion mass fits of the model will be significantly affected.
Consistency has been shown in this case [21, 22, 31] (or in the non-supersymmetric case
recently [32]). An alternative, which we discuss in this paper, is to modify the symmetry

3Tt has to be said however, that in the fit of ref. [12] only the upper experimental limit has been put on
613, so a new x? fit with the measured value of 613 may well give a better and acceptable value.



breaking sector without affecting the Yukawa sector. This is achieved by adding a 54,
without the need for a 120z. Thus the proposed model has the Higgs content of {10z +
126 + 126 + 210 + 545}

One can compare the number of parameters that are introduced by the addition of a
54y with that for a 120g. Since 54y has no Yukawa couplings to the fermions in 16, the
only new parameters are the 6 new complex couplings that appear in Wggp. After removing
one phase by field redefinition of 547, we arrive at 26+12—1 = 37 real parameters, keeping
the model still minimal among the renormalizable versions [16]. In contrast, adding a 120y
(without a 547) would introduce 3 complex Yukawa couplings and 9 new complex couplings
in Wggp, leading to 26 + 6 4+ 18 — 1 = 49 real parameters.

The advantage of introducing a 54y is that the symmetry breaking can proceed in
three steps that is consistent with gauge coupling unification:

(545),(210x)
e

SO(lO) SU(3)C X SU(Q)L X U(l)y X U(I)B_L

A0, 010), §U(3), x SU(2)1, x U(1)y

10m) - SU3)e % U(1)em (3.1)

The first step of symmetry breaking occurs at Mgyt ~ 10'® GeV, which leaves the rank of
SO(10) intact. The next step occurs around Vg ~ 102 GeV where the U(1)g_; symmetry
gets spontaneously broken. The 54 allows to have such an intermediate scale without any
light remnants, apart from a SM singlet pair. The renormalization group running of the
gauge couplings does not change except for a small threshold correction, which we found
to be well under control. As mentioned in section 2, the requirement of Vx to be around
10'2 GeV arises from fit to the fermion masses. The VEVs (126y), (1265) of this order
is required to get the scale of the light neutrino masses correct. Our numerical analysis
performed in section 6, shows that the best fit value of Vi corresponds to ~ 5 x 102 GeV.
However, acceptable solutions to the fermion fit can be found which may deviate from this
value by a factor of few.

It is easy to see why with the addition of 54y an intermediate scale Vi for B — L
breaking is possible without any fields carrying SM quantum numbers surviving to Vg.
Note that the superpotential for the 210 alone, viz., Wajo,, = %m1210%1 + >\1210§’{ allows
for the breaking SO(10) — SU(5) x U(1), while the superpotential for 54y alone, viz.,
Wia,, = msb42,+Asb43; breaks SO(10) down to SU(4).x SU(2) 1, x SU(2) g. The joint effect
of 210y and 54 is to break SO(10) down to SU(3).xSU(2)r, xU(1)y xU(1)p_r. The cross
coupling in the superpotential, viz., 1954 H210%1, ensures that all of the would-be Goldstone
bosons will acquire masses. We have explicitly verified these statements by examining the
full Higgs spectrum with the 54y and with an intermediate scale Vg ~ 102 GeV. Such a
solution is not permitted in the case of using {126y + 126 + 210y} for GUT symmetry
breaking due to the intricate nature of 126y — 126 — 210y cross coupling, which on the
one hand should induce SU(5)-breaking VEV in 2104, and on the other hand should also
supply masses for the would-be Goldstone bosons.

The problem of rapid proton decay via d = 5 operators can be kept under control
only with a mini-split SUSY scenario. We will show that a SUSY spectrum with TeV



scale gauginos and Higgsinos and 100 TeV squark and sleptons would suppress the most
dangerous mode sufficiently to be in accord with the experimental limit. Such a mini-split
SUSY spectrum is compatible with pure gravity mediated SUSY breaking [33, 34], which
we shall elaborate on. Within such a framework, the partial lifetime for the decay p — 7K™
is found to be about an order of magnitude above the present experimental lower limit.

We perform a new fit to fermion data, taking into account the two new ingredients of
this proposed scenario: a mini-split SUSY case, and the extra intermediate U(1) p_1, scale.
We have found that an excellent fit to all light fermion masses and mixings is possible in
this scenario.

4 The Higgs potential and the vacuum structure

The supersymmetric Higgs sector of SO(10) involving {105 + 126 + 1265 + 2105 + 545}
has been studied in ref. [35]. We shall follow closely the notation of that paper. The most
general renormalizable Higgs superpotential is:*

1 — 1
Wisho = 5mlzlofH +mo1261265 + m310%; + 5m554fH

+ )\1210% + /\2210]{%}]126]{ + A3126 5104210 + )\4%]{10]{210]{

+ A543 + A10545210% + A1545126% + A12545 1260 + Aisbd10%  (4.1)

By denoting the vacuum expectation values in the Pati-Salam SU(4).xSU(2) ., xSU(2) g
notation as

(1,1, 1)910) = V1, {(15,1,1)210) = Vo, ((15,1,13)910) = V3 (4.2)
((1,1,1)54) = Vg, ((10,1,3)126) = Vg, ((10,1,3)155) = Vg

we get in the limit |Vg| = [V g| < Vi 23,5 for the vacuum expectation values [36]

Vi1 (W)

- [ 2 4.4
Vo 2V3 <Vz> .
ma )\1 V3 2

AL -2 4.
Va o 5V2 <3+ <V2> > )
Ve Al <V3>2

e ) BT i 4.6
Vo AioV30 ( Va o)
ma Az V3 AE

= T (6\/§+12<V2>+\/§<V2>) (4.7)
ms 1 3 2 VE’) 2 3 2

4The missing masses and couplings are connected to 455 and 120 used in ref. [35], which are, however,
not part of our model.



- R (4.9)
e () o
s () w
%om (‘f“ (w)) 2

ms 1 2 <V3> 3 2
— = ———F | 2A\]\ BA0 4+ 27\ 4.13
Va 20\/5/\1)\1()( *\ % + (540 + 2X1 %) (4.13)

which spontaneously break SO(10) down to SMxU(1)g_r, if Vg = Vg is ignored. This
symmetry breaks further down to the SM once a nonzero Vg is generated. Eq. (4.7) is the

condition necessary for inducing a nonzero Vp.

The Higgs spectrum of this theory has been worked out in ref. [35]. It is easy to verify
for this spectrum that with Vg < V123, Vg, there are no light states in the theory, except
for two SM singlet fields o 4+ & carrying B — L charges of +2. These fields acquire VEVs
at an intermediate scale, breaking the B — L symmetry and thereby generating heavy
right-handed neutrino masses.

The solutions of the stationary conditions given in eqs. (4.4)—(4.8) and egs. (4.9)—(4.13)
will be used in our numerical computations of proton decay amplitude.

5 The Yukawa sector and GUT threshold corrections

The renormalizable Yukawa superpotential of the model is given in eq. (1.2). After the
GUT symmetry breaking parametrized by the VEVs in eqgs. (4.4)—(4.7) or egs. (4.9)—(4.12)
the only light states (compared to Mgyr) are the SM superfields and the SM singlets o, &
which for small Vg are purely from 126, 1265 that do not mix with other singlets. As a
result, after integrating out all the heavy states with mass Mgy, the superpotential below
the GUT scale will have the form:

W = Wyukawa + WHiggs (51)
with

1
Wnkawa = Yg vivio + Y9 L Hy, + Y” uiQ;Hy +Ygd Q;Hq +Y” SL;H;  (5.2)

2 I/D’L

V2 (05)?
Wi H,H;+ o0 — .
Higgs = [ 4T Mgur 2MguTt

(5.3)

Here the mass term for o field and the quartic coupling are determined in terms of the
fundamental parameters of eq. (4.1), but their actual forms are not so relevant for our
analysis. After minimizing the potential we get |(c)| = |(7)| = Vr. The Majorana Yukawa
coupling matrix Yz obeys the boundary condition Yr(Mgut) = Yi26(Maur).



At Mgut we have the following SO(10) relations:

v, Yy = vy'Yig + 020196 (5.4)
vaYD = v3"Y10 + v5°%Y126 (5.5)
vaYE = vd V10 — 3052 V126 (5.6)
v, Yy = vp0Y10 — 3vg2 V196 (5.7)
My =v1Y126 — (0uYsp)" (VaYi26) " (vuYi,) - (5.8)

Here v, and vg are the VEVs of the MSSM fields H, and Hy, and we define as usual
tan 8 = v, /vg. While the light neutrino masses receive contributions from type-I seesaw as
well as type-II seesaw, the magnitude of the latter turns out to be small. This is because
the weak triplet(s) in the model have masses of order the GUT scale. In our analysis we
keep only the type-I contribution to neutrino masses.

Since M, and Vg are less than Mgy, we have corrections to the 1-step RGE running
from Mz to Mgur. To analyze these effects, we choose without loss of generality a basis
where Y96 is real and diagonal. The corrections to the Yukawa couplings due to the
intermediate scale threshold is obtained by integrating the RGE equations, egs. (C.1)-
(C.5) of appendix C (denoting the diagonal entries of Yio6 as Ybe):

3 .
ij _ k GUT
Viop ™ =¥ = (47)? Z 3 <Y”DYJD) (¥i,)™ log d \i d \k
k=1 max( Vr (Y126) \VRr (YIQG) )
. kk M.
1Y, U (Y,,D YJD> log GUT

(vike)"|)

e (|Vin (viho)'|.

1 3 9 . MguT
—Zg%Y, Y1 e
<47r>2[ 2987 vD Og<ngR>

Mgurt

+](Yfé6) (Yip) 7 log i (5.9)
maX(‘VR(Yfizb‘) ) )
3 .
i 1 ik ; Mgyt 3 2V Mgur
YR =y - YY)l ) (V,,)¥log | ———— Y]1g< )
(4 ;( o) O Vi (Vi) | 95V
(5.10)
3
. 1 . kk M, 1 M,
YV =y — vy Y] Y, ) log| —2YL —210< GUT)
gt | 2 Oie) e | e ) o
(5.11)
i i Mcgur
VhI =y Yy lo 12
b (47T) D( GB <QBVR>> (512

where Y(}, p.g are the numerical values one would get by solving the RGEs from Mz to
Mgyt without intermediate states. On the other hand, the numerical value of My with
Y, replaced by Yl,’D is obtained by solving the RGE from My to the intermediate scale.



We shall use these equations as the first step in obtaining fit to fermion masses and mixings.
This would determine, to a very good approximation, the intermediate spectrum as well as
the scale Vg from the fermion fit. One can in principle improve the fermion fit by using this
intermediate spectrum and using the exact one-loop RGE for crossing the threshold as given
in egs. (C.1)—(C.5) of appendix C. However, our numerical analysis performed in the next
section shows that these threshold effects are very small, hence we do not repeat the process.

6 Fit to the fermion masses and mixings

We rewrite egs. (5.4)—(5.8) as:

Yp=H+F (6.1)
Yy =r(H + sF) (6.2)
Yp = H —3F (6.3)
Y,, =r(H —3sF) (6.4)
My = — (v,Yy,)T (cgF) ™! (v,Y5p), (6.5)
where we have defined
10 126 ,,10
v, 1 U, g V4
I ST M AL 6.6
" vl0 tan 5 0126 10 R vallzﬁ (6.6)
v, v
Yio = TdOH, Yig6 = Td%F- (6.7)
Yy Uq

As noted before, this Yukawa sector has 12 real parameters and 7 phases to fit 18 measured
quantities. Without loss of generality one can go to a basis where the symmetric matrix
F' is real and diagonal, whence H becomes a general complex symmetric matrix. The
parameters r and cg can be made real, whilst s will remain a complex parameter.

To fit the fermion masses and mixings we perform a y2-analysis, with the pull and the
x2-function defined as:

O: . — E:
Pi= TR0 2= % R, (6.8)
T

g;

where o; represent experimental 1o uncertainty and O; ¢, and F; oxp, represent theoretical
prediction, experimental central value and pull of observable i. We perform the fit at the
GUT scale, which we take to be Mgyt = 2 x 106 GeV.

To get the GUT scale values of the observables in the charged fermion sector we take
the central values at the My scale from table-1 of ref. [37]. For neutrino observables, the
low energy values are taken from ref. [38]. For reader’s convenience, we collect all these
low energy values in table 1. With these inputs, we do the RGE running of the Yukawa
couplings [39, 40], the CKM parameters [41] and the effective couplings of the neutrino
5D operator, k [42-44] within the SM up to the scale u =1 TeV. Proton decay constraints
on the model requires a mini-split SUSY scenario, wherein the gauginos and Higgsinos are
taken to be at the TeV scale in order to satisfy gauge coupling unification constraint as
well the dark matter constraints. Proton decay constraints lead to a lower limit on the



Yukawa Couplings Central Values gKNhguI‘zZ?;nfe’Zifmeters Central Values
Yu /1076 6.65 4+ 2.25 O KM 0.22735 + 0.00072
Ye/1073 3.60 £0.11 OSEM /102 4.208 + 0.064
m 0.9860 + 0.00865 O$EM /103 3.64+0.13
ya/107° 1.645 4+ 0.165 §ORM 1.208 4 0.054
s /1074 3.125 +0.165 Am3, /1075 eV? 7.56+0.19
yp/1072 1.639 4+ 0.015 Am3, /1073 eV? 2.5540.04
Ye/1076 2.79475 4+ 0.0000155 sin? gLMNS /101 3.21940.17
Y,/1074 5.89986 + 0.0000185 sin? EMNS /101 4.3140.19
Y, /1072 1.00295 + 0.0000905 sin? 9T MNS /1072 2.1625+0.0825

Table 1. Values of observables in the charged fermion sector at My scale, taken from ref. [37]. Here
experimental central values with associated 1 o uncertainties are quoted. The masses of the charged
fermions are given by the relations m; = v y; with v = 174.104 GeV. For neutrino observables, the
low energy values are taken from ref. [38].

squark and slepton masses of O(100) TeV within the model. For the fit purpose, we fix
the squark and slepton mass scale to be 100 TeV. In order to correctly take into account
the evolution of the observables, we run the modified RGEs in between p =1TeV and
@ =100 TeV using split-SUSY RGEs. We collect the relevant RGEs in appendix B. Above
100 TeV, the full MSSM is restored, so we use the corresponding MSSM RGEs [45-47] and
evolve them up to the GUT scale, Mguyr. For the charged fermion observables, we fit
to these evolved values at the GUT scale. However, note that the first stage symmetry
breaking step is SO(10) — SM x U(1)p_r, hence, threshold corrections due to the right
handed neutrinos and the U(1)p_1, gauge boson need to be taken into account from the Vg
scale to the GUT scale. So above the SUSY scale, the effective couplings of the neutrino 5D
operator running is performed up to the intermediate scale instead of the GUT scale. The
relevant RGEs for the Yukawa couplings in between these energy scales (Vg and Mgur)
are given in appendix C and the corresponding corrected Yukawa couplings derived from
these equations are given in eqgs. (5.9)—(5.12). We do the fitting of the observables at the
GUT scale using these threshold corrected Yukawa couplings.

The values of the observables resulting from the RGE running (the input values) and
also the best fit values are presented in table 2. The best fit parameters corresponding to
tan 8 = 10 are found to be:

r=28.730612, s =3.397119x 1071 4+1.039406 x 10~ 2 i, cr = 3.187055x 10 GeV. (6.9)

8.242157x107°—9.797097x 10757 —5.245430x 10~*+4.580976 x 10~% ¢ 2.334517x 1073 +1.273798 x 103
H = —5.245430x 104 +4.580976 x 1044 2.117891x1073—2.129217x 1037 —1.111526x1072—7.542882x 10737 |,
2.334517x 1073 41.273798 x 10734 —1.111526x 1072 —7.542882x 10737 —1.649528 x 10™2+5.158391 x 10~ 2 ¢

(6.10)
4.052595x 10~° 0 0
F= 0 1.963342x 1073 0 . (6.11)
0 0 1.316235x 102



Masses (in GeV) and Inputs Fitted values
Mixing parameters (at p = Mgur) | (at p = Mgur) pulls
M. /1073 0.450+0.139 0.454 0.028
Me 0.2484-0.007 0.245 0.175
my 84.5340.84 84.49 -0.057
mgq/1073 0.951+0.19 0.585 -1.92
ms/1073 18.07+0.97 18.46 0.409
my, 0.96140.009 0.961 0.048
me/1073 0.379457 0.379468 0.002
m, /1073 80.1068 80.0416 -0.081
m, 1.36781 1.36799 0.012
Vs /1072 22.5440.06 22.54 0.057
|Vep| /1072 4.14+0.06 4.14 0.013
|Viup| /1072 0.358+0.012 0.358 0.020
dcrM 1.208+0.054 1.222 0.265
Am? /1075 (eV?) 8.679+0.218 8.683 0.019
Am2,, /1073 (eV?) 2.92940.046 2.929 - 0.011
sin? O NS 0.3219+0.017 0.3204 -0.029
sin? OEMNS 0.43140.019 0.4281 -0.0148
sin? OPMNS 0.0216+0.00082 0.02148 -0.145

Table 2. Best fit values of the observables corresponding to the type-I dominance seesaw scenarios
is presented. This best fit corresponds to total x2 = 4. The values of the observables at the GUT
scale are obtained by RGE evolution as explained detail in the text. We have chosen Mgyt =
2 x 10 GeV, gg = 0.708 and we have fixed tan3 = 10 for this numerical analysis. For the
associated 1 o 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 the
charged lepton Yukawa couplings at the GUT scale, a relative uncertainty of 1% is assumed in
order to take into account the theoretical uncertainties arising for example from threshold effects.
As explained in the text, the RGE running of the two mass squared differences in the neutrino
sector are performed from the low scale to the intermediate scale. The parameters corresponding
to this best fit are presented in eqgs. (6.9)—(6.11).

We shall use these best fit parameters in our evaluation of proton lifetime, discussed

in the next section.

Prediction of the model for neutrino CP violation. Corresponding to the best fit,
the predicted quantities in our model are presented in table 3. We note that the best
fit value of the CP violating parameter dcp for neutrino oscillations is 179, which is not
however a firm prediction. In figure 1, we show the variation of this phase by marginalizing
over all other model parameters. This plot corresponds to the case of minimum value of
the total x? < 20 (for 18 observables), which should all be acceptable. The figure shows
the presence of multiple local minima with the global minimum corresponds to dcp = 17°
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Quantity Predicted Value
{m1,ma,m3} (ineV) | {3.32 x 1073,9.89 x 1073,5.42 x 1072}
{SPMNS | o PMNS [ PMNSY {17.0°,344.13°,337.45°}
{Meos,mg,mpg} (in eV) | {6.74 x 1072,6.47 x 1073,6.11 x 1073}
{My, My, M3} (in GeV) | {1.29 x 10°,6.25 x 10'!,4.13 x 10'?}

Table 3. Predictions corresponding to the best fit values presented in table 2 for type-I dominance
seesaw scenario. m; are the light neutrino masses, M; are the right handed neutrino masses, a1 31
are the Majorana phases following the PDG parametrization, meos = Y, mi, mg =, |Uei|*m; is
the effective mass parameter for beta-decay and mgg = | >, UZm;| is the effective mass parameter
for neutrinoless double beta decay.

roar A T T

1.0 5;5‘ : :. 1' i ' i'l“‘g : E ;

i ' ; .l,\ ; ‘,. i’ . :

08 'A H Zf", ; 1 v\ { i :

IR €=\j' \ i ' E

506 ’ \ ! it \/l' :

0.4 \V' \
0.2
0.0

0 1 2 3 4 5 6

6cp (rad)

Figure 1. Variation of the Dirac type CP violating phase dcp in the neutrino sector by marginal-
izing over all other model parameters. For this plot we restrict ourselves to the case of minimum
of the total x? < 20 (for 18 observables).

with x? per degree of freedom equal to 0.2. For example, if cp is measured to be 37/2,
the model is still acceptable, with a local minimum that corresponds to x? per degree of
freedom around 0.9.

7 Proton decay calculation

At this point we can estimate the proton decay rate or, better, we can determine the
minimal allowed value of the sfermion mass (assumed here for simplicity to be universal)
from the proton decay constraint. We assume that these rates are dominated by wino
exchange and take as a benchmark the value of its mass to be® myin, = 1 TeV. Different
fits are possible and the resulting sfemions mass scale mg depends very much on that.

®One can easily transform the result for other values of this mass, knowing that 7, o< 1/m2;,,.
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Figure 2. Supergraphs leading to d = 5 proton decay operators.

To compute proton decay rate, we define the relevant amplitude functions Al-”j kp 8BS [48]:

v My Av v
NWZﬁ( lbcp[H(l) H? )]+$A1bcp[ (1) ()] yAlep[ (1),F(2)]—{-zAlep[F(l),H(?)])7

(7.1)
where (denoting Y®) = H® or F©)
) 3
lfbcp ZYH 2e VleQchp ZY22 YM)V%V%U&) ZYH Y1(2)V1bv26U€p
=1 =1 =1

+Z:Ym Y%)V%VQCUZP ZYB 14)Vle3cU€p+ZY13 24)V3bv20U€p

+ZY13 DV VaeUsg,— ZY23 Y Vi Vaelg, — ZY% Y VayVaeUs,
/=1 /=1

3 3
_Z Y3(31)Y1(32) VébV?,cUszZ Yl(ll)%(;)vlb‘@cwﬁ”z Yl(zl)yza(j)‘@b%cwﬂ’
=1 =1 =1
(7.2)

and the x,y, z parameters are defined as [49]:

- <ﬁ>2 My (f) Ml <f> M, )

1o 1 1
92 My, My, My,

Here, Mt is the mass matrix for the color triplets which mediate the d = 5 proton decay
given in eq. (A.10), and g2 is the component of MSSM field Hy arising from 126 given in
eq. (A.7) of appendix A (the normalization factor Ny is also defined in appendix A). The
supergraphs generating these amplitudes are shown in figure 2.

The H and F matrices corresponding to the best fit are given in egs. (6.10)-(6.11)
are clearly in a basis where the Yjo¢ is diagonal. While calculating the proton decay
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amplitude functions, one needs to work in the physical basis of the particles. Denoting
w9 = V,u™, where (g) and (m) stand for the gauge and the mass eigenstates (the
corresponding matrices for the down-quarks is Vy, charged leptons is V; and neutrinos is
V,), we have, HY = VTHV,,H® = HOV’ and FO = VI'FV,, F® = FOV’ (where
V' =V V;).6 Then, V = Vogum and U = Upnins, here Vogn and Upyng are the general
mixing matrices that contain all the relevant phases. It is straightforward to compute all
these matrices from the best fit values given in egs. (6.10)—(6.11).
The rates for the dominant proton decay processes in our model are given by:

(mj —mi)*Ri (g3 ’
T SKT) — p 2
(p = 7K) 327m3 <167722f <m5’mS)AS>
x Z ’A121p (K| (us)rdrlp) + A112p<K+‘(Ud)LSL’p>|27 (7.4)
(m2 - m ) RQ gz 2 3
— N D 2 v + 2
D7) = I (s, ms)As ) x 3 Al () s )

p=1
(7.5)

The nuclear matrix elements appearing in eqs. (7.4)—(7.5) are given in appendix A,
eq. (A.14). In general, the values of the dressing functions f(a,b) are given by:

1/2 ., a=b=1
Lbsblogl . a=1#b

Fla,b) =  EaEe . b=1#a (7.6)
ﬂfjji;gga ., a=b#1
ﬁ(ﬁloga—b_illogb) ,1#£a#b#1

We define
(o), = £ ()", (mF)?) (7.7)
(fo)y = £ ((m?)*, (mP)?). (7.8)
which we take for simplicity to be universal (mg = mgusy ):
iyt = (79)

Myino

It is tempting to maximize the proton lifetime with respect to the parameters (z,y, 2)
appearing in eq. (7.1), as was done in ref. [49]. However, we found that maximizing
proton lifetime with respect to (x,y,z) does not maximize it with the full set of model
parameters. In particular, M:F111 /N. 3 appears in the amplitude, which should be included
in the maximization process. The constraints we obtain are much stronger than the ones
quoted in ref. [49].

SFor generality, in egs. (7.1) and (7.2) we kept H®? and FU?) | however, the result is in our case
independent on V', that is, even if we use only H® and FM all the time, the result would not change.
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To get the constraints on the SUSY scale from proton decay we followed the following

procedure:

e We first set \; = 1 and V3 = Mgyt = 2 x 101 GeV. Then we randomly chose the

perturbative values of the real input parameters s, A3, A1g, and of the complex input
parameters A4, A11, A12, A13. Finally we chose complex V5 of the same order as V3.
The equations of motion determine then Vi, Vi, m; and mg through eqgs. (4.4)—(4.7)
or egs. (4.9)—(4.12), while the doublet-triplet fine-tuning determines ms and eq. (4.8)
or eq. (4.13) the parameter ms as a function of A5, which does not enter in any other
quantity and is thus free. We demanded that the choice of parameters reproduce r
and s (with at most 10% error) given in eq. (6.9);

e We took the Yukawa couplings from egs. (6.10)—(6.11) and calculated the proton

decay amplitude.

e With parameters so chosen, we calculated the minimal mg (sfermion mass) which

satisfies all bounds for proton decay.

By taking 7,(p = K*7) > 5.9 x 1033 yrs. and 7,(p — vn ™) > 3.9 x 1032 yrs [20], we got the
histogram probability vs minimal mg (in GeV) shown in figure 3 for 14478 fits. The minimal
value among all fits obtained is mg=242.152 TeV, for the inputs |Vg|=|V | =10'2 GeV and

mq /Mgyt = 0.200704 + 0.2719524 (7.10)
ma/Mgur = 0.104967 — 0.144038: (7.11)
ms/Mgur = 7.66344 + 1.629617 (7.12)
A =1, A10 = 0.656605 (7.13)
Ay = —1.99, A11 = —0.325041 4 0.9867214 (7.14)
A3 = —1.47644, A2 = —1.90723 — 0.44593: (7.15)
Aq = 0.913794 + 1.779044, A13 = 0.877724 4 0.8409744 (7.16)

while Ag can be chosen arbitrarily with mjs given by eq. (4.8).

For these choices we get
Vi/Mgur = 1.16391 + 1.76414 (7.17)
Vo/Mgur = —1.34397 — 2.0374 (7.18)
Vi /Mgur = 1. (7.19)
vp/Mgur = —0.499196 — 0.376197 (7.20)
and

r = 7.85755, s = 0.306071 4 0.005552564 (7.21)

which is within 10% of the original r, s from (6.9).

We thus conclude that with a mini-split SUSY spectrum, the model is compatible with

proton lifetime constraints.
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Figure 3. Histogram (the integral is normalized to 1) of the sfermion mass mg in TeV for 14478
different fits consistent with proton lifetime limits.

8 Embedding of the model in pure gravity mediation

As shown by the proton decay analysis, the model requires a heavy SUSY particle spectrum,
with lighter gauginos and Higgsinos. The latter will provide a dark matter candidate
if the lightest of these fermions mass is of order TeV. While the squark and slepton
masses can be varied at will without affecting gauge coupling unification (as they belong to
complete multiplets of GUT), the same is not true for the gauginos and to some extend the
Higgsinos. Their masses being at the TeV scale would preserve gauge coupling unification
as in the MSSM.

Such a mini-split SUSY spectrum may have a natural origin in pure gravity mediated
SUSY breaking [33, 34]. In this scheme, all mass parameters, including the u term for the
MSSM Higgsino mass, arise from SUSY breaking mediated by gravity. Gaugino masses
are zero at tree-level, but are induced by anomaly mediated contributions, as well as by
Higgsino threshold effects. Thus, these models have naturally light gauginos. The mass
spectrum of the gauginos is given by [34]:

33 g} 1
M1 = g% <m3/2 + HL>
2
My = 972(7713/2 +L)

1672
g3
M; = —3@7”3/2» (8.1)
where
m’ ||
L = pysin2p 4 5 In——s—. (8.2)

lpm | —m% my
Here terms proportional to L arise from Higgsino threshold. The p term and the By term
in this scheme have the form

BH = CMg/2

F 2
Bug = cmg/g—l—c" x|
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where ¢, ¢ are order one coefficients. Thus the Higgsino threshold corrections to the gaugino
masses are of the same order as the anomaly mediated corrections. Consequently, the mass
ratios Ms /M3 is not exactly predicted.

It should be noted that the neutral Wino is the lightest SUSY particle in this scheme,
and can serve as the dark matter. For a thermal dark matter, relic abundance would require
the Wino mass Ms to be near 2.7 TeV. However, in these models, Wino dark matter can be
produced non-thermally, via the decay of the gravitino, in which case the 2.7 TeV mass con-
straint does not hold. In fact, the preferred range for Wino dark matter is below 1 TeV [33].
The Wino cannot be below about 200 GeV, as that would modify BBN significantly.

With Wino mass in the range 200 GeV to 1TeV, the gluino can have mass of order
(3 —20) TeV. The squark and slepton masses are of order (100-300) TeV. This is precisely
the spectrum preferred in the model from proton decay constraints. Within this scenario,
the squark and slepton masses cannot be much above 300 TeV, as opposed to general split-
SUSY models. This leads to a prediction for the partial lifetime for p — UK within the
model: it cannot exceed a factor of 10 compared to the current lower limit of 5.9 x 1033
yrs. Thus the model is testable in proton decay searches. However, if one deviates from
this pure gravity mediation scenario, where the sfermion masses can be made very high,
which would be consistent with gauge coupling unification, such as in general split-SUSY
scenario, proton decay rate will be strongly suppressed. In addition, the Wino LSP and
its charged partners may be observable at colliders. Furthermore, flavor violation arising
from SUSY particle exchange such as 1 — ey are highly suppressed in this scenario, owing
to the large masses of the sleptons and squarks.

9 Discussion and conclusion

In this paper we have resurrected the minimal Yukawa sector of SUSY SO(10), which
explains the entirety of fermion masses and mixings in terms of two symmetric Yukawa
matrices. While the fermion masses and mixing angles were known to fit well with such a
structure arising from a 10y and a 126y of Higgs fields, once they are coupled minimally
to a {126 + 2105} Higgs sector, the model becomes inconsistent. This is because of the
tight nature of symmetry breaking and fermion mass generation. The scale of right-handed
neutrino masses is required from light neutrino mass spectrum to be Vi ~ 102 GeV, while
for such values of Vg, the masses of several colored chiral superfields become of order
VI% /Mgyt ~ 10*° GeV. This causes the gauge couplings to become non-perturbative before
reaching the GUT scale, causing inconsistencies.

Our proposal to fix this problem is to introduce a 54y that has no Yukawa couplings
to the SM fermions. This enables a reduction of the B — L symmetry breaking scale to
Vir ~ 102 GeV, without causing any of the chiral superfields to remain light (except for
a pair of SM singlets needed for B — L symmetry breaking). The supersymmetric sector
of such a theory has a relatively small number of parameters, and the predictions arising
from the Yukawa sector now become reliable and consistent.

We have performed a fermion fit in this scenario including threshold effects from Vg to
Mgur. In addition, proton decay constraints require the SUSY spectrum to be mini-split,
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with the gauginos and Higgsinos having masses of order TeV and the squarks and sleptons
of order 100 TeV. In our new fit to fermion data we have incorporated the mini-split SUSY
spectrum as well. Such a scenario has a natural embedding in pure gravity mediation. In
this rendition proton lifetime for decay into 7K ™ cannot exceed another order of magnitude
compared to the present lower limit of 5.9 x 103 yrs. The model can also be tested at
colliders with the discovery of Wino LSP along with its charged partners.
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A Detalils of proton decay calculation

Here we provide more details on the proton decay calculation.
Corresponding to the solution of the stationary conditions eqs. (4.4)—(4.8), the 4 x 4
Higgs doublet mass matrix is given by

3 (\ﬁVz—st)/\:s (\ﬁV2+V3)/\4 AV
mg3 + \/;VE)\l?, T — _ il/gR
(V21e—Va)hs  (2V2VR+16V310+V2VE )Xo (V2—2VZ) A1 A1z 0
MD = 245 120V4 15\/§V2/\10
~ (V2Va+1s)As (VZ-2VZ) M (V212811 +V2VE )N 1,
245 15v/2Va A 10 120V, 10
_Ai/‘gR 0 >\21‘0/R May
(A.1)
where
Mg = —L (2\f2v2 +5VaVs — ﬂvg) — oy DoV, (A.2)
10V, 4V 5

The matrix in eq. (A.1) is written in a basis where the row vector

(1,2,-1/2) ~(1,2,-1/2) 1 (1,2,-1/2) +(1,2,—1/2)
{H(1,2,2) ’A(15,2,2) vA(15,2,2) ’(I)(6,2,2) }

multiplies the matrix from the left and the column vector

(1,2,1/2) A (1,21/2) «(1,2,1/2) - (1,.2,1/2)\ T
{H(1,2,2) vA(15,2,2) » A15.0.9) » Pigla0) }

multiplies from the right. Here we have used the decomposition under SU(4). x SU(2), x
SU(2) g as subscripts and the decomposition under SM as superscripts.
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The determinant of the Higgs doublet mass matrix should be near zero. This condition
is achieved by a fine-tuning, which we use to determine ms. Note that, in the limit Vg = 0,
the Higgs doublet from the 2107 decouples from the rest, hence only the upper 3 x 3 block
is relevant to an excellent approximation. The MSSM Higgs superfields H, and Hy are
mixtures of the doublets coming from 105, 126 and 126 multiplets denoted as

H, = N, (Hio + poH, +p3Hi276> ; (A.3)
Hy= N, (H;O + g HI ngg%) . (A4)
1 1

The normalization factors are defined as N, = ————— and Ny = ————. The
v/ 1+|p22+ps|? vV 1+]g2|?+gs]?
expressions for p; and ¢; can be found in a straightforward way from the left and the right

eigenvectors corresponding to the zero eigenvalue of eq. (A.1):

6510V ()\2)\4/\10 (4V23+6\/§V3V22 —6VEVy— ﬁVg,S) +4A1A3A12 (2V2+ﬁv3) (2‘/22 *V;),Q))

g A5
P2 MY, (4Vo 424V 2V3 V5 +68VEVE + 122V Vo + Vi) —16A3 A1 Ao (V- 2V) 2 ’ (A-5)
ph= 76\/E)\10V2 (A2AsA10 (2v2VE +18VEVE+9V2VEV+ V) + 4N Aadar (V2Va—V3) (2VE—VZ)) (A.6)

3 A3NZ, (4Vst4-24V2V3 V3 +68VEVE +12V2V3 Vo + Vi) — 1602 A1 Aip (VE—2V2) 2 ’

* 6510V (/\2/\3/\10 (4V2P’+6\/§V3V22*6V32V2*ﬁ‘/33) +4M A1 (2V2+ﬁV3) (2‘/22*‘/32)) A
42 = A2)\2 4 V2 3 27,2 V2Vv3 4 2 2 2) 2 ’ ( '7)

202, (4V5H+24V2V3 V3 +68V2VE +12V2V3Va + Vi) — 16A2 A1 Mg (VE—2V)
¢ = 76\@/\10‘/2 (A2Aadio (2V2VE +18V3VE+9V2VEVa + V) +4M AsA12 (V2Va—V3) (2VE—VE)) (A.8)

A3NZ, (4Vst 424V 2V3 V5 +68VEVE +12V2V3 Vo + Vi) —16A2 A1 Ao (VE—2V2) 2

With these definitions, the parameters r and s of eq. (6.6) which are determined from the
fermion mass fit can be expressed in terms of the superpotential parameters:

Ny, «_ D3

=—, s A9
Ny q2 (2.9

r
In our numerical scan for proton decay amplitude, we impose the constraints on r and s
from fermion mass fit in conjunction with eq. (A.9).

The mass matrix for the color triplets Higgs(inos) mediating d = 5 proton decay is

given by
2Vg s (2V2-V#)As (2V3+VE) M 2 AV
ms— = 23012 Y 153N N
(2V2-V2 )\ (6V2V2+12V3Va+v2V3E) Ao V2(V2-2VE) A1 hi2 0 0
2v/30V5 a 120V 15VaA10
Mp=| _(2F+Vi)x V2(VE-2VZ) A1 (6v2VR+12V3Va+v2VE ) Ao ViAo _ve |,
21/30V2 152210 120V4 15v2 10v3
Vs A2V,
(A.10)
where
mgs = — L (8\/§V22 — 40V V3 + \/§V32> Loy (A.11)
60V> 2v/15
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The matrix in eq. (A.10) is written in a basis where the row vector

(3,1,1/3) «x(3,1,1/3) A (3,1,1/3) A (3,1,1/3) =(3,1,1/3)
{H(6,1,1) ’A(6,1,1) ’A(6,1,1) ’A(ml,g) ’(13(15,1,3) }

multiplies the matrix from the left and the column vector

{HGE, o™, 3™ B, oiie @}
multiplies from the right.

In the limit Vi = 0, only the upper 4 x 4 block of eq. (A.10) is relevant. We thus work
in the approximation that 210y contribution decouples. Note that the decoupled color
triplets from 210z do not lead to d = 5 proton decay.

The relevant nuclear matrix elements for proton decay calculation in our model are [50]:

(K| (us)dyr|p) = 0.041 GeV?, (A.12)
(K¥|(ud)psp|p) = 0.139 GeV?, (A.13)
(77| (ud) Ldr|p) = 0.189 GeV2. (A.14)

We use as input m, = 0.94 GeV, mg = 0.494 GeV, m; = 0.139 GeV, myino, = 1 TeV and
g2(Mgsusy) = 0.6518. For numerical calculations, we also take Ry = 1.25, and Ag = 6.54
from ref. [51], where Ry, ans Ag are the long distance and short distance renormalization
factors of the corresponding LLLL d=5 operators respectively.

B RGEs from TeV scale to SUSY scale

In this appendix we collect the relevant RGEs for split-SUSY relevant for evolution
from 1TeV to the squark and slepton mass scale (m) of order 100 TeV. The 2-loop
renormalization-group equations for the gauge couplings are given by [25]:

(47T)2£ 9i = gibi + (ar)2 E Bijg; — E di"'Tr (y fy )
i=1

a=u,d,e

— dw (G +92) — dp (3 +37) | , (B.1)
where t = Inju with i being the renormalization scale. Here the convention used is

g2 = (5/3)g". Eq. (B.1) is scheme-independent up to the two-loop order.
In the effective theory below m, the g-function coeflicients are

104 18 44
9 7 25 5 5
b:<2,—6,—5>, B=| S %7127, (B.2)
29222
= (135 d?
10’27 )

I
VR
N | =
DO o
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For the Yukawa coupling evolution to one loop order, one has

d 3
(4m)* = y" < 320 g + y fy® 2y‘”yd+T>, (B.5)
2 d 3 gt d
(4m)* -y =y 320 Myt Syt T (B.6)
d
(471')2dty = ¢ ( 3chz + yeT e+T> (B.7)
where,
3,5 1 By
T="Tr (3@1“T o 3ytyt + yeTye) +5 (9a+02) + 5 (9 + ) (B.8)
17 3 8 1 38 33
U d e
¢ <60’4’3)’ ‘ <12’4’3>’ ¢ (4’4’> (B-9)
The renormalization-group equations for the gaugino couplings are:
d 5 5. 1 1
(4m)*— Gu = —3Gu ) _ Cig? + 1 Gu — S9ufa + 0y + Gafady + GuT (B.10)
=1
,d > 3.4 3 3,
(4m)?— G = =34, ) Clg} + 190 + 58,94 + (9.9 + 39adadu + 5,7 (B.11)
i=1
d 5 5. 1 1
(4m)*— Ga = =3Ga ), Cig} + 70 — 50ads + 70497 + Gududy + GaT (B.12)
=1
d . 5 3 3 3
(4m)* 2 Ga= =394 ) Cigi + 790 + 59a9u + 79a9a +35,9uga+ 9aT,  (B.13)
=1
3 11 3 3
ith C=|=,—,0 C'=(=—,-,0). B.14
wi (20, - ) (20,4, ) (B.14)

The one-loop RGE for the Higgs quartic coupling (which appears in the RGE for the
d = 5 neutrino mass operator) is given by

d o . .
(47r)2£ A=12)7 + ) [—9 <g51 +gg> +6 (70 +92) +2 (9 + i)
t dt t 9 (g2 391 | 9i%5
4T ( u u € 6) s Ja —J1 JlJdz
+ 4Tr (3y"Ty" + 3y?Ty? +y }+2<2+50+5>

~—~

- - )~ ~ - o~ ~ ~/\2
—5 (G2 +33) — 20233 — (72 + 32)" — 2 (§udl + Gadl)
4T [3(yty")? + 3"y + ()7 (B.15)

We have extended the one-loop RGE for the d = 5 neutrino mass operator to the case
of split-SUSY:

3 T
16723, = ) [/{ (YJY;) + (YJYe) IQ:| + Ak — 3g%/@

3,9 o 1 i
+2 [Tr (3iju +3Y] Yy + YeTYe) +5 (72433) + = 5 (32 + g{f)] k. (B.16)

The neutrino mass matrix is given by M, = —%m, with v ~ 174 GeV.
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C RGEs from Vi to Mgut

Between Vi and Mgyt we have SM x U(1)p_r. Due to the presence of the extra U(1)
gauge boson, the RGEs of the Yukawa couplings get modified and are relevant for our study.
Furthermore, the right-handed neutrinos have masses of order Vz, and they will contribute
to the evolution of parameters above Vi. Here we provide the new RGEs including these
effects. The coupling of v¢ with a SM singlet field 7 is defined to be W D %VCZ/CE.

dy, i 7 16 , 1

1672 =L =Y |3V, Yp+ ¥ Yy +T7 (YETYE) +3T7 (Y]_T,YD) — 1z 9303 3g§—6923:| (C.1)
dY; i 13 16 , 1

16m° =5 =Yy |3Y[Yu +Y Yo+ Tr (V] Y., ) +3Tr (YJ,YU) —p i 3055 03— 6923] (C.2)
dy, i 9 3

1672 = Vi | 3V Yp+Y,}, Y, , 3T (Y]_T,YD) —593—395—29?9} (C.3)

162 Dre _y, 3yl v, 4 YiYE 4T (Y Yo, ) +3Tr (YiYy ) +YY; B3 32| (ca)
dr vp vpivp EYE vpivp vivu RrRIR 591 92 293 .
dYR * * 9

16722 = vy (ij Y., +Y§YR) + (YL Y] +Y3YR) YatYa {Tr (Y;YR) - 49?9] , (C.5)

where gp is the B — L gauge coupling and Yr(Mgur) = Yi26(Mcur). The SU(3). and the
SU(2) 1, gauge couplings evolve as in MSSM, but due to the presence of two U(1) factors, the
corresponding gauge bosons mix kinetically [52, 53]. The renormalization group equations
for the coupling-constant flow of U(1)y x U(1)p_y, are given by [54] (see also [55, 56]):

167%dgy /dt = g3 Byy (C.6)
167T2dg3/dt =gB (g%BBB + g%/BByy + 2QBQYBBYB) (C.7)

167%dgy p/dt = g3 g Byy + 959v5BBB + 29% 9y Byy + 29y 98By B + 2989% 5By B
(C.8)

with By = 33/5,Bp =9,Byp = 6\/2/75. Even though gy p is zero at the GUT scale due
to the kinetic mixing, gy p of order 0.04 is induced in going from GUT scale to Vi. This
changes the value of gg at Vi by about 5% compared to the case of ignoring By g. This
can be safely ignored for the analysis performed in this work, however, it can be important
for precise gauge coupling unification.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] K.S. Babu and R.N. Mohapatra, Predictive neutrino spectrum in minimal SO(10) grand
unification, Phys. Rev. Lett. 70 (1993) 2845 [hep-ph/9209215] [INSPIRE].

[2] B. Bajc, G. Senjanovié¢ and F. Vissani, b — 7 unification and large atmospheric mizing: A
Case for noncanonical seesaw, Phys. Rev. Lett. 90 (2003) 051802 [hep-ph/0210207]
[INSPIRE].

- 21 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.70.2845
https://arxiv.org/abs/hep-ph/9209215
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9209215
https://doi.org/10.1103/PhysRevLett.90.051802
https://arxiv.org/abs/hep-ph/0210207
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0210207

3]

[10]

[11]

[12]

T. Fukuyama and N. Okada, Neutrino oscillation data versus minimal supersymmetric
SO(10) model, JHEP 11 (2002) 011 [hep-ph/0205066] [INSPIRE].

H.S. Goh, R.N. Mohapatra and S.-P. Ng, Minimal SUSY SO(10), b — 7 unification and large
neutrino mizings, Phys. Lett. B 570 (2003) 215 [hep-ph/0303055] [INSPIRE].

H.S. Goh, R.N. Mohapatra and S.-P. Ng, Minimal SUSY SO(10) model and predictions for
neutrino mizings and leptonic CP-violation, Phys. Rev. D 68 (2003) 115008
[hep-ph/0308197] [INSPIRE].

S. Bertolini, M. Frigerio and M. Malinsky, Fermion masses in SUSY SO(10) with type-II
seesaw: A Non-minimal predictive scenario, Phys. Rev. D 70 (2004) 095002
[hep-ph/0406117] [INSPIRE].

K.S. Babu and C. Macesanu, Neutrino masses and mizings in a minimal SO(10) model,
Phys. Rev. D 72 (2005) 115003 [hep-ph/0505200] [INSPIRE].

S. Bertolini, T. Schwetz and M. Malinsky, Fermion masses and mizings in SO(10) models
and the neutrino challenge to SUSY GUTs, Phys. Rev. D 73 (2006) 115012
[hep-ph/0605006] [INSPIRE].

A.S. Joshipura and K.M. Patel, Fermion Masses in SO(10) Models, Phys. Rev. D 83 (2011)
095002 [arXiv:1102.5148] [INSPIRE].

G. Altarelli and D. Meloni, A non supersymmetric SO(10) grand unified model for all the
physics below Mgyr, JHEP 08 (2013) 021 [arXiv:1305.1001] [INSPIRE].

A. Dueck and W. Rodejohann, Fits to SO(10) Grand Unified Models, JHEP 09 (2013) 024
[arXiv:1306.4468] [INSPIRE].

B. Bajc, I. Dorsner and M. Nemevsek, Minimal SO(10) splits supersymmetry, JHEP 11
(2008) 007 [arXiv:0809.1069] [INSPIRE].

DAYA BAY collaboration, F.P. An et al., Observation of electron-antineutrino disappearance
at Daya Bay, Phys. Rev. Lett. 108 (2012) 171803 [arXiv:1203.1669] [INSPIRE].

C.S. Aulakh and R.N. Mohapatra, Implications of Supersymmetric SO(10) Grand
Unification, Phys. Rev. D 28 (1983) 217 [nSPIRE].

T.E. Clark, T.-K. Kuo and N. Nakagawa, A SO(10) Supersymmetric Grand Unified Theory,
Phys. Lett. B 115 (1982) 26 [NSPIRE].

C.S. Aulakh, B. Bajc, A. Melfo, G. Senjanovi¢ and F. Vissani, The Minimal supersymmetric
grand unified theory, Phys. Lett. B 588 (2004) 196 [hep-ph/0306242] [INSPIRE].

C.S. Aulakh, MSGUTs from germ to bloom: Towards falsifiability and beyond, in Workshop
Series on Theoretical High Energy Physics, Roorkee, Uttaranchal, India, March 16-20, 2005
(2005) [hep-ph/0506291] [INSPIRE].

B. Bajc, A. Melfo, G. Senjanovi¢ and F. Vissani, Fermion mass relations in a
supersymmetric SO(10) theory, Phys. Lett. B 634 (2006) 272 [hep-ph/0511352] [INSPIRE].

C.S. Aulakh and S.K. Garg, MSGUT: From bloom to doom, Nucl. Phys. B 757 (2006) 47
[hep-ph/0512224] [INSPIRE].

SUPER-KAMIOKANDE collaboration, Y. Hayato et al., Search for proton decay through
p — VK™ in a large water Cherenkov detector, Phys. Rev. Lett. 83 (1999) 1529
[hep-ex/9904020] [INSPIRE].

~99 _


https://doi.org/10.1088/1126-6708/2002/11/011
https://arxiv.org/abs/hep-ph/0205066
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0205066
https://doi.org/10.1016/j.physletb.2003.08.011
https://arxiv.org/abs/hep-ph/0303055
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0303055
https://doi.org/10.1103/PhysRevD.68.115008
https://arxiv.org/abs/hep-ph/0308197
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0308197
https://doi.org/10.1103/PhysRevD.70.095002
https://arxiv.org/abs/hep-ph/0406117
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0406117
https://doi.org/10.1103/PhysRevD.72.115003
https://arxiv.org/abs/hep-ph/0505200
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0505200
https://doi.org/10.1103/PhysRevD.73.115012
https://arxiv.org/abs/hep-ph/0605006
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0605006
https://doi.org/10.1103/PhysRevD.83.095002
https://doi.org/10.1103/PhysRevD.83.095002
https://arxiv.org/abs/1102.5148
https://inspirehep.net/search?p=find+EPRINT+arXiv:1102.5148
https://doi.org/10.1007/JHEP08(2013)021
https://arxiv.org/abs/1305.1001
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.1001
https://doi.org/10.1007/JHEP09(2013)024
https://arxiv.org/abs/1306.4468
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4468
https://doi.org/10.1088/1126-6708/2008/11/007
https://doi.org/10.1088/1126-6708/2008/11/007
https://arxiv.org/abs/0809.1069
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.1069
https://doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1669
https://doi.org/10.1103/PhysRevD.28.217
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D28,217%22
https://doi.org/10.1016/0370-2693(82)90507-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B115,26%22
https://doi.org/10.1016/j.physletb.2004.03.031
https://arxiv.org/abs/hep-ph/0306242
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0306242
https://arxiv.org/abs/hep-ph/0506291
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0506291
https://doi.org/10.1016/j.physletb.2006.01.023
https://arxiv.org/abs/hep-ph/0511352
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0511352
https://doi.org/10.1016/j.nuclphysb.2006.07.030
https://arxiv.org/abs/hep-ph/0512224
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0512224
https://doi.org/10.1103/PhysRevLett.83.1529
https://arxiv.org/abs/hep-ex/9904020
https://inspirehep.net/search?p=find+EPRINT+hep-ex/9904020

[21]

[22]

23]

[26]

[27]

[28]

B. Dutta, Y. Mimura and R.N. Mohapatra, Suppressing proton decay in the minimal SO(10)
model, Phys. Rev. Lett. 94 (2005) 091804 [hep-ph/0412105] [INSPIRE].

R.N. Mohapatra and M. Severson, Leptonic CP Violation and Proton Decay in SUSY
SO(10), JHEP 09 (2018) 119 [arXiv:1805.05776] [INSPIRE].

C.S. Aulakh, I. Garg and C.K. Khosa, Baryon stability on the Higgs dissolution edge:
threshold corrections and suppression of baryon violation in the NMSGUT, Nucl. Phys. B
882 (2014) 397 [arXiv:1311.6100] [INSPIRE].

B. Bajc and F. Sannino, Asymptotically Safe Grand Unification, JHEP 12 (2016) 141
[arXiv:1610.09681] INSPIRE].

G.F. Giudice and A. Romanino, Split supersymmetry, Nucl. Phys. B 699 (2004) 65 [Erratum
ibid. B 706 (2005) 487] [hep-ph/0406088] [INSPIRE].

N. Arkani-Hamed, S. Dimopoulos, G.F. Giudice and A. Romanino, Aspects of split
supersymmetry, Nucl. Phys. B 709 (2005) 3 [hep-ph/0409232] [INSPIRE].

J.D. Wells, PeV-scale supersymmetry, Phys. Rev. D 71 (2005) 015013 [hep-ph/0411041]
[INSPIRE].

G.F. Giudice and A. Strumia, Probing High-Scale and Split Supersymmetry with Higgs Mass
Measurements, Nucl. Phys. B 858 (2012) 63 [arXiv:1108.6077] [INSPIRE].

E. Bagnaschi, G.F. Giudice, P. Slavich and A. Strumia, Higgs Mass and Unnatural
Supersymmetry, JHEP 09 (2014) 092 [arXiv:1407.4081] [InSPIRE].

N. Haba and N. Okada, Split-SUSY wversus SUSY GUTs, Prog. Theor. Phys. 116 (2007) 757
[hep-ph/0602013] [INSPIRE].

C.S. Aulakh and S.K. Garg, The New Minimal Supersymmetric GUT: Spectra, RG analysis
and Fermion Fits, Nucl. Phys. B 857 (2012) 101 [arXiv:0807.0917] INSPIRE].

K.S. Babu, B. Bajc and S. Saad, Yukawa Sector of Minimal SO(10) Unification, JHEP 02
(2017) 136 [arXiv:1612.04329] [INSPIRE].

M. Ibe and T.T. Yanagida, The Lightest Higgs Boson Mass in Pure Gravity Mediation
Model, Phys. Lett. B 709 (2012) 374 [arXiv:1112.2462] NnSPIRE].

M. Ibe, S. Matsumoto and T.T. Yanagida, Pure Gravity Mediation with ms,, = 10-100 TeV,
Phys. Rev. D 85 (2012) 095011 [arXiv:1202.2253] [INSPIRE].

T. Fukuyama, A. Tlakovac, T. Kikuchi, S. Meljanac and N. Okada, SO(10) group theory for
the unified model building, J. Math. Phys. 46 (2005) 033505 [hep-ph/0405300] [INSPIRE].

K.S. Babu, B. Bajc and S. Saad, New Class of SO(10) Models for Flavor, Phys. Rev. D 94
(2016) 015030 [arXiv:1605.05116] [INSPIRE].

S. Antusch and V. Maurer, Running quark and lepton parameters at various scales, JHEP
11 (2013) 115 [arXiv:1306.6879] [INSPIRE].

P.F. de Salas, D.V. Forero, C.A. Ternes, M. Tortola and J.W.F. Valle, Status of neutrino
oscillations 2018: 30 hint for normal mass ordering and improved CP sensitivity, Phys. Lett.
B 782 (2018) 633 [arXiv:1708.01186] [INSPIRE].

M.E. Machacek and M.T. Vaughn, Two Loop Renormalization Group Equations in a General
Quantum Field Theory. 2. Yukawa Couplings, Nucl. Phys. B 236 (1984) 221 [InSPIRE].

~ 93 -


https://doi.org/10.1103/PhysRevLett.94.091804
https://arxiv.org/abs/hep-ph/0412105
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0412105
https://doi.org/10.1007/JHEP09(2018)119
https://arxiv.org/abs/1805.05776
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.05776
https://doi.org/10.1016/j.nuclphysb.2014.03.003
https://doi.org/10.1016/j.nuclphysb.2014.03.003
https://arxiv.org/abs/1311.6100
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.6100
https://doi.org/10.1007/JHEP12(2016)141
https://arxiv.org/abs/1610.09681
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.09681
https://doi.org/10.1016/j.nuclphysb.2004.11.048
https://arxiv.org/abs/hep-ph/0406088
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0406088
https://doi.org/10.1016/j.nuclphysb.2004.12.026
https://arxiv.org/abs/hep-ph/0409232
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0409232
https://doi.org/10.1103/PhysRevD.71.015013
https://arxiv.org/abs/hep-ph/0411041
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0411041
https://doi.org/10.1016/j.nuclphysb.2012.01.001
https://arxiv.org/abs/1108.6077
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.6077
https://doi.org/10.1007/JHEP09(2014)092
https://arxiv.org/abs/1407.4081
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.4081
https://doi.org/10.1143/PTP.116.757
https://arxiv.org/abs/hep-ph/0602013
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0602013
https://doi.org/10.1016/j.nuclphysb.2011.12.003
https://arxiv.org/abs/0807.0917
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.0917
https://doi.org/10.1007/JHEP02(2017)136
https://doi.org/10.1007/JHEP02(2017)136
https://arxiv.org/abs/1612.04329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.04329
https://doi.org/10.1016/j.physletb.2012.02.034
https://arxiv.org/abs/1112.2462
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.2462
https://doi.org/10.1103/PhysRevD.85.095011
https://arxiv.org/abs/1202.2253
https://inspirehep.net/search?p=find+EPRINT+arXiv:1202.2253
https://doi.org/10.1063/1.1847709
https://arxiv.org/abs/hep-ph/0405300
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0405300
https://doi.org/10.1103/PhysRevD.94.015030
https://doi.org/10.1103/PhysRevD.94.015030
https://arxiv.org/abs/1605.05116
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.05116
https://doi.org/10.1007/JHEP11(2013)115
https://doi.org/10.1007/JHEP11(2013)115
https://arxiv.org/abs/1306.6879
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6879
https://doi.org/10.1016/j.physletb.2018.06.019
https://doi.org/10.1016/j.physletb.2018.06.019
https://arxiv.org/abs/1708.01186
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.01186
https://doi.org/10.1016/0550-3213(84)90533-9
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B236,221%22

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

H. Arason et al., Renormalization group study of the standard model and its extensions. 1.
The Standard model, Phys. Rev. D 46 (1992) 3945 [INSPIRE].

K.S. Babu, Renormalization Group Analysis of the Kobayashi-Maskawa Matrixz, Z. Phys. C
35 (1987) 69 [INSPIRE].

K.S. Babu, C.N. Leung and J.T. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319 (1993) 191 [hep-ph/9309223] [INSPIRE].

P.H. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333] [INSPIRE].

S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator
renormalization revisited, Phys. Lett. B 519 (2001) 238 [hep-ph/0108005] [INSPIRE].

V.D. Barger, M.S. Berger and P. Ohmann, Supersymmetric grand unified theories: Two loop
evolution of gauge and Yukawa couplings, Phys. Rev. D 47 (1993) 1093 [hep-ph/9209232]
[INSPIRE].

V.D. Barger, M.S. Berger and P. Ohmann, Universal evolution of CKM matriz elements,
Phys. Rev. D 47 (1993) 2038 [hep-ph/9210260] [InSPIRE].

S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator
renormalization in two Higgs doublet models and the MSSM, Phys. Lett. B 525 (2002) 130
[hep-ph/0110366] [INSPIRE].

K.S. Babu, J.C. Pati and F. Wilczek, Fermion masses, neutrino oscillations and proton decay
in the light of Super-Kamiokande, Nucl. Phys. B 566 (2000) 33 [hep-ph/9812538] [iINSPIRE].

H.S. Goh, R.N. Mohapatra, S. Nasri and S.-P. Ng, Proton decay in a minimal SUSY SO(10)
model for neutrino mizings, Phys. Lett. B 587 (2004) 105 [hep-ph/0311330] [INSPIRE].

Y. Aoki, T. Izubuchi, E. Shintani and A. Soni, Improved lattice computation of proton decay
matriz elements, Phys. Rev. D 96 (2017) 014506 [arXiv:1705.01338] [INSPIRE].

K.S. Babu, B. Bajc and Z. Tavartkiladze, Realistic Fermion Masses and Nucleon Decay
Rates in SUSY SU(5) with Vector-Like Matter, Phys. Rev. D 86 (2012) 075005
[arXiv:1207.6388] [INSPIRE].

B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].

F. del Aguila, G.D. Coughlan and M. Quirds, Gauge Coupling Renormalization With Several
U(1) Factors, Nucl. Phys. B 307 (1988) 633 [Erratum ibid. B 312 (1989) 751] [nSPIRE].

K.S. Babu, C.F. Kolda and J. March-Russell, Leptophobic U(1)’s and the Ry — R, crisis,
Phys. Rev. D 54 (1996) 4635 [hep-ph/9603212] [INSPIRE].

R.M. Fonseca, M. Malinsky, W. Porod and F. Staub, Running soft parameters in SUSY
models with multiple U(1) gauge factors, Nucl. Phys. B 854 (2012) 28 [arXiv:1107.2670]
[INSPIRE].

R.M. Fonseca, M. Malinsky and F. Staub, Renormalization group equations and matching in
a general quantum field theory with kinetic mixing, Phys. Lett. B 726 (2013) 882
[arXiv:1308.1674] [INSPIRE].

— 24 —


https://doi.org/10.1103/PhysRevD.46.3945
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,3945%22
https://doi.org/10.1007/BF01561056
https://doi.org/10.1007/BF01561056
https://inspirehep.net/search?p=find+J+%22Z.Physik,C35,69%22
https://doi.org/10.1016/0370-2693(93)90801-N
https://arxiv.org/abs/hep-ph/9309223
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9309223
https://doi.org/10.1016/0370-2693(93)90330-K
https://arxiv.org/abs/hep-ph/9306333
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9306333
https://doi.org/10.1016/S0370-2693(01)01127-3
https://arxiv.org/abs/hep-ph/0108005
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0108005
https://doi.org/10.1103/PhysRevD.47.1093
https://arxiv.org/abs/hep-ph/9209232
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9209232
https://doi.org/10.1103/PhysRevD.47.2038
https://arxiv.org/abs/hep-ph/9210260
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9210260
https://doi.org/10.1016/S0370-2693(01)01414-9
https://arxiv.org/abs/hep-ph/0110366
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0110366
https://doi.org/10.1016/S0550-3213(99)00589-1
https://arxiv.org/abs/hep-ph/9812538
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9812538
https://doi.org/10.1016/j.physletb.2004.02.063
https://arxiv.org/abs/hep-ph/0311330
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0311330
https://doi.org/10.1103/PhysRevD.96.014506
https://arxiv.org/abs/1705.01338
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01338
https://doi.org/10.1103/PhysRevD.86.075005
https://arxiv.org/abs/1207.6388
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.6388
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B166,196%22
https://doi.org/10.1016/0550-3213(88)90266-0
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B307,633%22
https://doi.org/10.1103/PhysRevD.54.4635
https://arxiv.org/abs/hep-ph/9603212
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9603212
https://doi.org/10.1016/j.nuclphysb.2011.08.017
https://arxiv.org/abs/1107.2670
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2670
https://doi.org/10.1016/j.physletb.2013.09.042
https://arxiv.org/abs/1308.1674
https://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1674

	Introduction
	Problems with the minimal model
	Proposed solution to the problems
	The Higgs potential and the vacuum structure
	The Yukawa sector and GUT threshold corrections
	Fit to the fermion masses and mixings
	Proton decay calculation
	Embedding of the model in pure gravity mediation
	Discussion and conclusion
	Details of proton decay calculation
	RGEs from TeV scale to SUSY scale
	RGEs from V(R) to M(GUT)

