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Quarks and Leptons

[Wikipedia]

Three generations
Hierarchical mass



Mixing matrices
CKM matrix

<latexit sha1_base64="xBRM+XCjVM4X9iOpZMcCpOEB6iA="></latexit>

PMNS matrix

<latexit sha1_base64="3edpzQfr+VQWutQzIeExiW2YmFk="></latexit>

PMNS matrix has large mixing.

CKM matrix is close to unit matrix.

Is it possible to understand this characteristic flavor 

structure of quarks and leptons in a unified way?



Grand Unified Theories (GUTs)
Grand Unified Theories (GUTs) provide a promising framework:

Unification of quarks and leptons

Unification of Yukawa couplings

Introduction of right-handed neutrinos



Unification of quarks and leptons
SU(5) example

<latexit sha1_base64="pOV2d+RZlymaU2IuHr+7ZfJb7Dw="></latexit>

<latexit sha1_base64="Am72lG7x7J+Ts4tkFeXV4f1SK64="></latexit>

Quarks and leptons are embedded into

the same multiplet to form a representation

of the GUT gauge group.

SU(5) ⊃ SU(3)C ⊗ SU(2)L ⊗ U(1)Y



Unification of Yukawa couplings

<latexit sha1_base64="Y8aMtmONX+wISIJUHLMQ4zAn5WA="></latexit>
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In some cases, threshold corrections, etc. may be needed 

to explain the observed values.

SU(5) example

<latexit sha1_base64="4wKAlMXOPRC6qHSvN18Moy+MrTc="></latexit>

fdi(MGUT) = fei(MGUT)



Introduction of right-handed neutrinos
Some GUTs predict the presence of right-handed neutrinos:

<latexit sha1_base64="pOV2d+RZlymaU2IuHr+7ZfJb7Dw="></latexit>

<latexit sha1_base64="Am72lG7x7J+Ts4tkFeXV4f1SK64="></latexit>
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1 = N̄

SU(5)

Right-handed neutrinos are introduced as a different representation.

SO(10)
<latexit sha1_base64="fAPjepxRtNTfUzv9bTrIEQO3vjk="></latexit>

16 = 1� 5� 10

Right-handed neutrinos are unified with other quarks and leptons.



Roles of neutrino experiments
Neutrino experiments, such as

Neutrino oscillation experiments

Cosmological determination of neutrino mass sum

Neutrinoless double β decay etc.

give us information about

Neutrino masses
Mass ordering
Mixing
CP phases (Dirac/Majorana) etc.

Important implications for GUT models



Implications of neutrino masses
Light neutrino masses are related to the masses of right-handed

neutrinos via the seesaw formula:

P. Minkowski (1977), T. Yanagida (1979)

M. Gell-Mann, P. Ramond, R. Slansky (1979)


S. L. Glashow (1980)

R. N. Mohapatra and G. Senjanovic (1980)

mν ≃
(yνv)2

MR

In GUTs, the neutrino Yukawa couplings can be related to

other Yukawa couplings.

Determination of mν Determination of MR

Implications for the gauge symmetry breaking pattern.



Gauge symmetry breaking in SO(10)
SO(10) can be broken to the SM gauge group in a various way:

SO(10)

SU(5) ⊗ U(1) SU(4)C ⊗ SU(2)L ⊗ SU(2)R

SU(4)C ⊗ SU(2)L ⊗ U(1)R

SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−LSU(5)

SU(3)C ⊗ SU(2)L ⊗ U(1)R ⊗ U(1)B−L

SU(3)C ⊗ SU(2)L ⊗ U(1)Y
SM

16 126

144

16 126

45 210 54 210

45 210

45

45 210
16 126

16 126

45 210



Intermediate gauge symmetry
Right-handed neutrinos acquire masses after the intermediate

gauge symmetry is spontaneously broken.

SO(10) → SU(4)C ⊗ SU(2)L ⊗ SU(2)R → GSM
e.g.)

SO(10)

 forms a multiplet with  .NR QL, LL, uR, dR, eR

 must also be massless.NR

SU(4)C ⊗ SU(2)L ⊗ SU(2)R

 forms a multiplet with NR eR

 must also be massless.NR
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Mint

MR ≃
(yuv)2

mν

Intermediate scale
We thus have  .MR ≃ Mint ( : intermediate symmetry breaking scale)Mint

 can be inferred from gauge coupling unification.Mint

We can test if this  is 

consistent with

Mint

Up-type Yukawa coupling



Mixing, CP phases
The determination of neutrino mixing and CP phases can also 

constrain GUT models.

SO(10) Yukawa structure

Dirac Yukawa couplings Majorana mass term

<latexit sha1_base64="Rj/dFTxHLdzURfWYRnAKRyTp5T4="></latexit>

L � hij16i16j10H + fij16i16j126H

Mass matrices
<latexit sha1_base64="WWWMSpwvpOByi0rvbKo3A4VxuLE="></latexit>

(Mu)ij = hijv
u
10 + fijv

u
126
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(Md)ij = hijv
d
10 + fijv

d
126
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(MD)ij = hijv
u
10 � 3fijv

u
126
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(Ml)ij = hijv
d
10 � 3fijv

d
126

<latexit sha1_base64="ZXFNe7fkFtskKQImidoGTbDbFf0="></latexit>

(MR)ij = fijv
R
126



Degrees of freedom
Two complex symmetric matrices, : hij, fij 2 × 12 = 24

Five complex VEVs, : vu,d
10 , vu,d,R

126 5 × 2 = 10

Among them, 15 are unphysical, i.e., can be rotated away via

the field rotation.

We have 19 parameters.

Observables

Quark, charged lepton masses: 9

CKM: 4

Neutrino mass difference: 2

Neutrino mixing angles: 3

18
Already highly restrictive



Fitting
Previous works show that the experimental data can be fitted 

in this framework.

A. S. Joshipura and K. M. Patel, Phys. Rev. D83, 095002 (2011);

G. Altarelli and D. Meloni, JHEP 08, 021 (2013);

A. Dueck and W. Rodejohann, JHEP 09, 024 (2013). 

e.g.)

+ Many efforts

Caveat

Usually, some simplification is made in the analysis.

e.g.) Universal masses for

GUT-scale particles
Intermediate-scale particles
SUSY particles

Relaxing this assumption introduces extra uncertainty in the results.



A result 4 RESULTS

MS (with RGE)

tan β = 50 tan β = 38 tan β = 10

Observable best-fit pull best-fit pull best-fit pull

md 0.00087 -1.6714 0.00090 -1.6449 0.00091 -1.6381
ms 0.04512 -0.6371 0.04711 -0.5089 0.04870 -0.4063
mb 2.87626 -0.1526 2.88217 -0.0870 2.88499 -0.0557
mu 0.00127 0.0018 0.00127 0.0068 0.00127 0.0064
mc 0.62848 0.1129 0.62738 0.0997 0.62854 0.1135
mt 171.453 -0.0823 171.522 -0.0593 171.539 -0.0537

sin θq12 0.22460 -0.0040 0.22460 -0.0018 0.22460 -0.0009
sin θq23 0.04191 -0.0675 0.04193 -0.0565 0.04193 -0.0543
sin θq13 0.00351 0.0241 0.00351 0.0322 0.00351 0.0314
δCKM 1.21318 -0.0364 1.21398 -0.0225 1.21409 -0.0205
∆m2

21 7.50×10−5 0.0021 7.50×10−5 0.0013 7.50×10−5 0.0009
∆m2

31 2.47×10−3 -0.0022 2.47×10−3 -0.0013 2.47×10−3 -0.0010
sin2 θl12 0.30015 0.0112 0.30007 0.0053 0.30004 0.0028
sin2 θl23 0.40960 -0.0129 0.40977 -0.0073 0.40987 -0.0043
sin2 θl13 0.02299 -0.0045 0.02297 -0.0138 0.02297 -0.0123
me 0.00049 0.0702 0.00049 0.0660 0.00049 0.0605
mµ 0.10315 0.0839 0.10306 0.0665 0.10298 0.0513
mτ 1.76204 0.1809 1.75740 0.1278 1.75528 0.1035

χ2
min 3.294 3.016 2.889

Table 7: 18 Observables and pulls for model MS (minimal SUSY, 10H + 126H , 19 free
parameters) with RGE, for different values of tan β. Masses are given in GeV, mass-
squared differences in eV2.

Recall, however, that there is a discussion on the correct value of the top-quark mass
as determined via kinematic reconstruction [52–54]. The top-quark mass determination
at the TeVatron is based on the final state of the decay products. Another possibility
is to reconstruct the top-quark mass from the total cross section in the top-quark pair
production. This method is more rigorous from a theoretical perspective and yields a
smaller top-quark mass (168.9±3.5 GeV6 [52]) than the world average and has larger error
bars. One can expect that the fit will improve when we use this lower top-quark mass.
Indeed, χ2

min reduces from 22.97 to 10.06. We summarize different fits with heavy and light
top-quark in combination with and without Higgs in Tbl. 8. Let us remark again that
intermediate scales and other details of the full scalar sector are neglected in our analysis.
Hence, a more correct but model-dependent treatment of the evolution of λ might lead to

6Note that this is the pole-mass mt(mt), while the value given in Tbl. 2 is the mass at MZ in the
MS scheme. Converting to MS using 1-loop matching [91] conditions and evolving to µ = MZ yields
mt = 158.5± 3.2 GeV as the observable to be used in the fits with light top-quark mass.

18

A. Dueck and W. Rodejohann, JHEP 09, 024 (2013). 

Only normal ordering fits well.

(with SUSY)



Prediction

T. Fukuyama, K. Ichikawa, Y. Mimura, Phys. Rev. D94, 075018 (2016).

Such predictions can be tested in future neutrino experiments.

Depend on the assumption on mass spectrum, etc.
Case-by-case studies needed.

 map in SUSYχ2



Leptogenesis in SO(10)
Requiring to explain the baryon asymmetry of the Universe 

via thermal leptogenesis:

0.001 0.01 0.1

0.001

0.01

0.1

mν1 [eV]

m
ββ

[e
V
]

V. S. Mummidi, K. M. Patel, JHEP 12, 042 (2021).

Could be a nice target for future 0νββ experiments.

M. Fukugita and T. Yanagida (1986)



Flavor models
We may obtain a stronger constraint if we consider flavor models.
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Restricted in flavor models

The Yukawa structure is 
restricted in flavor models.

Model-dependent approach 
is needed.



Proton decay
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Unity of All Elementary-Particle Forces

Howard Georgi~ and S. L. Glashow
I yman Labo~ato~y of Physics, Harvard University, Cambndge, Massachusetts 02138

(Received 10 January 1974}

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

We present a series of hypotheses and spec-
ulations leading inescapably to the conclusion
that SU(5) is the gauge group of the world~hat
all elementary particle forces (strong, weak,
and electromagnetic) are different manifestations
of the same fundamental interaction involving a
single coupling strength, the fine-structure con-
stant. Our hypotheses may be wrong and our
speculations idle, but the uniqueness and sim-
plicity of our scheme are reasons enough that it
be taken seriously.
Our starting point is the assumption that ueaA

and electromagnetic forces are mediated by the
vector bosons of a gauge-invariant theory with
spontaneous symmetry breaAinI, . A model de-
scribing the interactions of leptons using the
gauge group SU(2) Cg U(1) was first proposed by
Glashow, and was improved by Weinberg and
Salam who incorporated spontaneous symmetry
breaking. ' This scheme can also describe had-
rons, and is just one example of an infinite class
of models compatible with observed weak-inter-
action phenomenology. If we assume that there
are as few fermion fields as Possible and, in
particular, that there are no unobserved leptons,
the Weinberg model becomes unique up to exten-
sions of the gauge group: The observed leptons
may be described by six left-handed Weyl fields

v,., vL', e, ', p, , ') and their charge
conjugates. If the gauge couplings do not mix
leptons with quarks, these six fields must trans-
form as a representation of the gauge group: one
of the 23 subgroups of U(6) containing an SU(2)
ISU(1) subgroup in which the leptons behave as
they do in the Weinberg model.
To include hadrons in the theory, we must use

the Glashow-Iliopoulos-Maiani (GIM) mechanism
and introduce a fourth quark p' carrying charm. '
Still, decisions must be made: Should the quarks
have fractional or integer charges? Should there
be one quartet of quarks or several'P Bouchiat,
Iliopoulos, and Meyer suggested what seems the
most attractive alternative: three quartets of
fractionally charged quarhs 'This com. bination

of the GIM mechanism with the notion of colored
quarks' keeps the successes of the quark model
and gives an important bonus: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable. '
The next step is to include strong interactions.

We assume that strong interactions are nied~ate~
by an octet of neHtral vector gauge gluons as-
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact-
ing scalar-meson fields. " This insures that
parity and hypercharge are conserved to order
z, ' and does not lead to any new anomalies, so
that the theory remains renormalizable. The
strongest binding forces are in color singlet
states which may explain why observed hadrons
lie in qqq and qq configurations. And, it gives
another important bonus: Since the strong inter-
actions are associated with a non-Abelian theory,
they may be asymptotically free.
Thus, we see how attractive it is for strong,

weak, and electromagnetic interactions to spring
from a gauge theory based on the group P = SU(3)
Ig SU(2) SU(1). Alas, this theory is defective in
one important respect: It does not truly unify
weak and electromagnetic interactions. The
SU(2)@U(1) gauge couplings describe two inter-
actions with two independent coupling constants;
a true unification would involve only one.
Electric charge is observed to be quantized.

This has no natural explanation in the framework
of conventional quantum electrodynamics, but it
is necessarily true in any unified theory' ~et
another reason to search for a true unification.
We must assume that the gauge group is larger

than F. Suppose it is of the form SU(3) I3% where
'vV contains SU(2) @,U(1) but has a unique gauge
coupling constant. W must be simple, or the di-
rect product of isomorphic simple factors with
discrete symmetries which interchange them.
This embedding of the Weinberg model implies a
relationship between the coupling constants of
the SU(2) and U(1) subgroups. Because leptons
are singlets under color SU(3), leptons and quarks

Proton decay is a universal prediction in GUTs.

VOLUME 32, NUMBER 8 PHYSICAL REVIEW LETTERS 25 I'EBRUWRV 19;~
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where p(0) =p cos6 -p' sine. The 5 and 10 con-
taining muons are obtained from these by the re-
placements e'- jL(', v- v', n —X, p-p', and
p(9)- p'(6) =p' cosH +p sing.
Having the representations before us, we an-

swer the obvious questions: Are there anomalies".
What Higgs mesons are necessary? What mixing
angle is predicted'7 What new interactions are
predicted'?
While we already know that the F subgroup is

free of anomalies for the representation we have
chosen, the full unifying group might not be. But
it is! Remarkably, the 5* and 10 have equal and
opposite anomalies: Qur theory is entirely anom-
aly free. Indeed, SU(5) is the only group of any
rank with a thirty-dimensional, anomaly-free
representation with the correct F content.
Two irreducible representations of Higgs mes-

ons are needed. Ke need a multiplet with a very
large vacuum expectation value to break the
SU(5) symmetry down to F. This is done most
simply with 24 real scalar-meson fields trans-
forming like the adj oint representation. It is the

The SU(3) Ig SU(2) content of the thirty fields is
2(1, 2) 6 2(1, 1)632(3, 2) $4(3*, 1) in an evident nota-
tion.
This representation is complex, not equivalent

to its complex conjugate. So also is the corre-
sponding representation of S. Of our nine candi-
dates only [SU(3)]' and SU(5) admit complex rep-
resentations. We have already considered and
rejected [SU(3}]' in our discussion of the synthe-
sis of just weak and electromagnetic interactions.
We are left with SU(5).
Under the subgroup SU(3) C3 SU(2), the funda-

mental five-dimensional representation of SU(5}
transforms like (1, 2) 8 (3, 1}. The complex con-
jugate 5* transforms like (1, 2) (3*, 1). The ir-
reducible ten-dimensional representation given
by the antisymmetrized tensor product of two
5's transforms like (1, 1)~ (3*, 1)~ (3, 2). If the
thirty left-handed fermions transform like two
10's and two 5*'s, the F content is just right to
describe physics. In order to display these rep-
resentations, we replace the two 5*'s of left-
handed fields by two 5~'s of their right-handed
charge conjugates. The representations contain-
ing electrons are then a 5 and a 10;

analog to the superstrong breaking discussed by
Weinberg in his treatment of SU(3) 433 SU(3)." All
the vector bosons except the twelve associated
with generators of 5 develop superheavy masses
and can hopefully be neglected. We also need
Higgs mesons to give mass to the fermions and
the weak-interaction intermediaries. For the
most general zeroth-order mass matrix consis-
tent with exact color SU(3) symmetry, we need
five complex scalar-meson fields transforming
like the fundamental representation and 45 com-
plex scalar-meson fields transforming like the
45 contained in 5*&10. If only the 5 is present,
the p and p' masses and the Cabibbo angle are
arbitrary, but the other masses satisfy the re-
lations rn „=m, and m~ = n2 „. Does this mean that
the muon-electron mass splitting has the same
origin as SU(3} breaking'?
For the mixing angle, the theory predicts

sin (9, = 8.
Finally we come to a discussion of superweak

interactions and SU(3)-colored superheavy vec-
tor bosons. In addition to mediating such bizarre
interactions as K'- p. 'e, they make the proton
unstable. For instance, there is a superheavy
colored vector boson which causes the virtual
transitions p, +p,—8'- n, + e'. Exchange of this
vector boson contributes directly to the decay
p- z'+ e', Since the proton is rather stable, "
this vector boson must be very massive. " The
Higgs mesons can also mediate proton decay,
and must also be very massive, .
From simple beginnings we have constructed

the unique simple theory. It makes just one
easily testable prediction, sin'0 =-,'. It also pre-
dicts that the proton decays~ut with an unknown
and adjustable rate. More theoretical work is
needed to determine whether the idea of infrared
slavery, necessary for our unification, actually
makes sense.

"'Junior Fellow, Harvard University, Society of Fel-
lows. Work supported in part by the U.S. Air Force
Office of Scientific Research under Contract No.
F44620-70-C-0030 and by the National Science Founda-
tion under Grant No. QP-30819X.
'S. L. Glashow, Nucl. Phys. 22, 579 {1961);S. Wein-

berg, Phys. Bev. Lett. 19, 1264 t'1967}; A. Salam, in
Proceedings of the Eigth Nobel Symposium, on Ele-
mentary Particle Theory, Relativistic Groups, and
Anal'yticity, Stockholm, SMeden, 1968, edited by
N. Svartholm (Almqvist and Wikell, Stockholm, 1968).

440

U i Dj

Qk

X

U k

Ll Qi Qj

E l

X

Proton decay branching fractions are sensitive to the GUT gauge

group and flavor structure.

Let us see this by looking at the case of flipped SU(5).



Minimal SU(5)

Gauge group is SU(5)

　

Hypercharge is proportional to the SU(5) generator

5̄ 3
�
U,L

 
, 10 3

�
Q,D,N

 
, 1 = E
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Flipped SU(5)

Gauge group is SU(5) x U(1)

　

S. M. Barr (1982); J. P. Derendinger, J.E. Kim, D. V. Nanopoulos (1984);

I. Antoniadis, J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos (1987).

5̄ 3
�
D,L

 
, 10 3

�
Q,U,E

 
, 1 = N
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Hypercharge is a linear combination of the SU(5) 
generator and the U(1).

Flipped SU(5)



Hypercharge is proportional to the SU(5) generator

Flipped SU(5)
Minimal SU(5)

Gauge group is SU(5)

　

5̄ 3
�
U,L

 
, 10 3

�
Q,D,N

 
, 1 = E
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Flipped SU(5)

Gauge group is SU(5) x U(1)

　

Hypercharge is a linear combination of the SU(5) 
generator and the U(1).

S. M. Barr (1982); J. P. Derendinger, J.E. Kim, D. V. Nanopoulos (1984);

I. Antoniadis, J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos (1987).
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, 1 = N

<latexit sha1_base64="brD/UIDI3QxJ8dQbTgnM6tHH1YI="></latexit>



Flipped vs unflipped SU(5)

SU(5) and flipped SU(5) predict different branching ratios for 

the SU(5) gauge boson exchange processes.

Minimal SU(5)

Flipped SU(5)

�(p ! ⇡0µ+)flipped
�(p ! ⇡0e+)flipped

' |(UPMNS)21|2

|(UPMNS)11|2
<latexit sha1_base64="d9t/zL+4wvJLYEJfTtFx5eAOO3Q="></latexit><latexit sha1_base64="d9t/zL+4wvJLYEJfTtFx5eAOO3Q="></latexit><latexit sha1_base64="d9t/zL+4wvJLYEJfTtFx5eAOO3Q="></latexit><latexit sha1_base64="KmTlo1Kh057NFJN+1OWhBfurhLk="></latexit>

(NO)

�(p ! ⇡0µ+)flipped
�(p ! ⇡0e+)flipped

' |(UPMNS)23|2

|(UPMNS)13|2
<latexit sha1_base64="HyIqOECznaiEcLxD2MT1UiA1WZU="></latexit><latexit sha1_base64="HyIqOECznaiEcLxD2MT1UiA1WZU="></latexit><latexit sha1_base64="HyIqOECznaiEcLxD2MT1UiA1WZU="></latexit><latexit sha1_base64="ykE6zVu8H80yhNWvzNQWaAPc/0k="></latexit>

(IO)

Depends on CKM.

Depends on PMNS.

�(p ! ⇡0µ+)Minimal SU(5)

�(p ! ⇡0e+)Minimal SU(5)
' |VudV

⇤
us|2

1 + (1 + |Vud|2)2
<latexit sha1_base64="+7q7gJdORe7yS+SlOzf1mEUkjQY="></latexit><latexit sha1_base64="+7q7gJdORe7yS+SlOzf1mEUkjQY="></latexit><latexit sha1_base64="+7q7gJdORe7yS+SlOzf1mEUkjQY="></latexit><latexit sha1_base64="1FJbF5+tFwGUPd5tUV7A5VoNBkU="></latexit>
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J. Ellis, M. A. G. Garcia, D. Nanopoulos, N. Nagata, K. A. Olive, JHEP 2005, 021 (2020).

NO and IO give different results.

Branching fraction to the muon mode is larger in flipped SU(5).

Flipped vs unflipped SU(5)



Flipped vs unflipped SU(5)

10°3 10°2 10°1 100 101 102 103

°(p ! K0µ+)/°(p ! º0µ+)

°(p ! K0e+)/°(p ! º0e+)

P
i °(p ! º+∫̄i)/°(p ! º0e+)

°(p ! º0µ+)/°(p ! º0e+)

°!

Unflipped

Flipped (NO/IO)

Flipped (NO)

Flipped (IO)

In addition,  in flipped SU(5).Γ(p → K+ν̄) = 0

We may distinguish GUT groups by measuring the ratio of 
branching fractions.

Follows from the unitarity of CKM.

J. Ellis, M. A. G. Garcia, D. Nanopoulos, N. Nagata, K. A. Olive, JHEP 2005, 021 (2020).



Proton decay in SO(10)
Different pattern of proton decay branching ratios is found 

in SO(10) models.

Process Branching ratio

p ! ⇡0e+ ⇡ 47%

p ! ⇡0µ+
⇡ 1.00%

p ! ⌘0e+ ⇡ 0.20%

p ! ⌘0µ+
⇡ 0.004%

p ! K0e+ ⇡ 0.16%

p ! K0µ+
⇡ 3.62%

p ! ⇡+⌫ ⇡ 48%

p ! K+⌫ ⇡ 0.22%

Table 6: The branching ratio of proton decay by gauge mediated d = 6 operator.

Figure 9: Proton Lifetime(⌧p) vs ratio of the (k1/k2 � 1)⇥ 105. The plot indicates that the ratio
of k1/k2 = M

(X0,Y 0)/M(X,Y ) varies less than 0.02% (0.005%) over the whole (phenomenologically
viable) parameter space.

M(X,Y ) w M(X0,Y 0) was assumed in Ref. [69].

11 Axions as Dark Matter

Introducing a Peccei-Quinn(PQ)-symmetry [38] in non-supersymmetric SO(10) GUTs pro-

vides the perfect framework for the axionic dark matter which simultaneously solves the strong

CP problem. The PQ-symmetry a↵ected the Higgs potential (by removing terms like 1264)
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An example in non-SUSY SO(10)

Again, this highly depends on scenarios.
Case-by-case studies needed.



Summary
Neutrino mass is a probe of the gauge symmetry 
breaking pattern. 

Observation of neutrino mixing and CP phases can 
constrain GUT models.

Proton decay searches can play a complementary role 
in examining the flavor structure of GUTs.



Backup



Neutrino sector in flipped SU(5)
We introduce singlet superfields  .ϕi
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The smallness of neutrino masses can be explained in a similar

manner as in the seesaw mechanism.


