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- GAUGE COUPLING UNIFICATION 

- FERMION MASS FIT 

- PROTON DECAY ANALYSIS 

where MU , MD, ME, and MN are given in Eqs. (2.14), (2.15), (2.16), and (2.6),
respectively. The fermion mass eigenstate basis, in the most general scenario, is
defined through

MU = ULM
diag

U U †
R , (3.4)

MD = DLM
diag

D D†
R , (3.5)

ME ⌘ ELM
diag

E E†
R , (3.6)

MN = NMdiag

N NT , (3.7)

where UL, UR, DL, DR, EL, ER, and N are the associated unitary transformations.
The model stipulates that

UL = DLdiag(1, e
i4 , ei5

)V T
CKM

diag(ei1 , ei2 , ei3
) , (3.8)

UR = U⇤
L diag(e

i⇠1 , ei⇠2 , ei⇠3), (3.9)
EL = I , (3.10)
ER = I , (3.11)
N = diag(ei�1 , ei�2 , ei�3)V ⇤

PMNS

, (3.12)

where V
CKM

is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix with one CP
violating phase (�CKM) and, again, V

PMNS

is the PMNS mixing matrix with one CP
violating phase and two Majorana phases. The connection between UL and UR in
Eq. (3.9) is due to the fact that MU = MT

U .
To perform the numerical analysis we first take the low-scale experimental values

of the charged fermion sector observables and run them up from MZ to M
GUT

via
the relevant one-loop level renormalization group equations [9]. During this process,
we appropriately take into account all the threshold corrections to these observables
due to the presence of the new physics states that reside between the low scale
and the unification scale. The mass spectrum of the relevant states is determined
by the procedure that is described in Section 3.1. We repeat the one-loop level
renormalization group running for all viable unification points that are presented in
the three left panels of Fig. 2. (Again, the region of interest is bounded from the left
by the vertical line that corresponds to M

GUT

= 6⇥ 10

15 GeV and from the right by
the outermost dashed line while the spacing between the neighboring points is 0.1 in
units of log

10

(M
�1,⌃1/1GeV) along both axes.) We then use these evolved quantities

associated with a given unification point in our fitting procedure. We present, as an
example, the result of the renormalization group running of the ⌧ (y⌧ ), b (yb), and
t (yt) Yukawa couplings in the right panels of Fig. 3 for points O, P, and Q, where
the new physics mass spectra associated with these unification points are explicitly
given in the left panels. Note that the position of the unification points O, P, and
Q in the �

1

-⌃
1

plane can be read off from the left uppermost panel of Fig. 2. Even
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-  NETRINO MASSES HAVE NORMAL ORDERING 



CONCLUSIONS 

-  IF THE CURRENT PROTON DECAY LIMITSS ARE SATURATED, 
THERE ARE FOUR SCALAR MULTIPLETS AT 120 TeV.  

-  THESE MULTIPLETS ARE: 
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CONCLUSIONS 

-  AN IMPROVEMENT OF THE CURRENT                         LIFETIME 
LIMIT BY A FACTOR OF 2, 15, AND 96 WOULD REQUIRE 
THESE FOUR SCALAR MULTIPLETS TO RESIDE AT OR 
BELOW THE 100 TeV, 10 TeV, AND 1 TeV MASS SCALES, 
RESPECTIVELY.  

Standard Model fermions and accomplishes that via simultaneous use of three dif-
ferent mass generation mechanisms. It inextricably links the origin of the neutrino
mass to the experimentally observed difference between the down-type quark and
charged lepton masses. The main predictions of the model are that (i) the neutri-
nos are Majorana particles, (ii) one neutrino is massless, (iii) the neutrinos have
normal mass ordering, and (iv) there are four new scalar multiplets at or below a
120TeV mass scale. An improvement of the current p ! ⇡0e+ lifetime limit by a
factor of 2, 15, and 96 would require these four scalar multiplets to reside at or below
the 100TeV, 10TeV, and 1TeV mass scales, respectively. The numerical analysis of
the model also yields a range of viable values for �PMNS, i.e., the CP phase in the
PMNS matrix, as a function of the lower limit M ⌘ min(MJ) on the masses MJ

of the new physics states J , where J = �

1

,�
3

,�
6

,�
10

,⌃
1

,⌃
3

,⌃
6

,�
1

,�
8

,⇤
3

. These
ranges are �PMNS 2 (�35.6�,+29.9�) for M � 1TeV, �PMNS 2 (�43.06�,+40.18�) for
M � 10TeV, and �PMNS 2 (�47.6�,+53.0�) for M � 100TeV.
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