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Unification with and without Supersymmetry: Adjoint SU(5)
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Abstract. I present two new renormalizable grand unified theories where the neutrino masses are
generated through the type I and type III seesaw mechanisms. These theories can be considered as
the simplest (SUSY) renormalizable grand unified theories based on the SU(5) gauge symmetry.
Several phenomenological and cosmological aspects of these proposals are discussed.

PACS. 12.10.Dm Unified theories and models of strong and electroweak interactions

1 Introduction

The unification of the electromagnetic, weak and strong
interactions is one of the main motivations for physics
beyond the Standard Model. The candidates which de-
scribe physics at the unification scale, MGUT ≈ 1014−16

GeV, are called Grand Unified Theories (GUTs). The
simplest theories based on SU(5) or SO(10) have been
proposed a long time ago. However, we still do not
know which is the best candidate for grand unification
and all possibilities to test or rule out the simplest the-
ories. Usually the most promising way to test grand
unified theories is through proton decay [1].

Grand unified theories predict the unification of
the Standard Model interactions at the GUT scale,
the quantization of the electric charge, the value of
sin2 θW (MGUT ) = 3/8 at the GUT scale, the decay of
the proton and the existence of leptoquarks. I will fo-
cus on the grand unified theories based on SU(5) since
those are the simplest candidates for grand unification.

The simplest grand unified theory was proposed in
reference [2]. This theory is based on the SU(5) gauge
symmetry and one Standard Model family is partially
unified in the anti-fundamental 5 and antisymmetric
10 representations. The Higgs sector is composed of
24H and 5H, the GUT symmetry is broken down to
the Standard Model by the vacuum expectation value
of the Higgs singlet field in 24H, and the Standard
Model Higgs resides in 5H. Unfortunately, this the-
ory is ruled out since in this case the unification of
gauge couplings is in disagreement with the values
of αs(MZ), sin θW (MZ) and αem(MZ). Therefore, we
have to look for realistic GUTs based on SU(5).

The minimal supersymmetric version of the Georgi-
Glashow model was discussed for the first time in ref-
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erence [3]. In this case one generation of matter of the
Minimal Supersymmetric Standard Model (MSSM) is

unified in two chiral superfields ˆ̄
5 = (D̂C , L̂) and 1̂0 =

(ÛC , Q̂, ÊC), while the Higgs sector is composed of

5̂H = (T̂ , Ĥ1), ˆ̄5H = (T̂ , Ĥ1), and 2̂4H. The renormal-
izable version of this theory is ruled out since the rela-
tion between YE and YD, YE = Y T

D , is in disagreement
with the experimental values of the fermion masses
at the low scale and the neutrinos are massless if the
so-called R-parity is conserved 1.

As we have mentioned above, the main and com-
mon problems of the Georgi-Glashow model [2] and
minimal renormalizable SUSY SU(5) [3] are the rela-
tion between YE and YD: YE = Y T

D , and the absence
of neutrino masses. In the context of SU(5) models
there are two possible ways to obtain a consistent rela-
tion between the masses for down quarks and charged
leptons: i) one introduces an extra Higgs in the 45
representation [6] or ii) one takes into account the ef-
fect of higher-dimensional operators [7]. Notice that in
the first possibility we can write a consistent model
and keep renormalizability, while in the second case
it is difficult to know which is the effect of higher-
dimensional operators in all sectors of the theory. Now,
in order to generate neutrino masses at tree level in
this context one can study the implementation of the
Type I [8], Type II [9] or Type III [10] seesaw mech-
anisms. Different combinations of the needed mecha-
nisms to solve the problem of fermion masses give us
the possibility to write down several realistic grand
unified theories which could be tested. Let us discuss
the different possibilities:

– Renormalizable Non-SUSY SU(5) models. The Higgs
sector of those models will be composed at least of
5H, 24H and 45H. Now, we can have three differ-

1 See reference [4] for the most general constraints com-
ing from unification and [5] for all possible dimension five
contributions to the decay of the proton in this context.
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ent scenarios:

– Model with Type I seesaw : In this case at least
two extra fermionic singlets are included in the
theory. See reference [11] for a recent study.

– Model with Type II seesaw : In this scenario the
Higgs sector is extended adding a Higgs in the
15 representation. See reference [11].

– Model with Type III seesaw : In order to gener-
ate neutrino masses a fermionic multiplet in the
adjoint representation is added. In this talk I
will discuss in detail this model. We refer to this
model as “Renormalizable Adjoint SU(5)” [12].

– Non-Renormalizable (NR) SU(5) models. In this
case the Higgs sector is composed of 5H and 24H,
and the effect of higher-dimensional operators is
taking into account.

– NR Model with Type I seesaw : This model is
ruled out by unification as the original model
proposed by Georgi and Glashow.

– NR Model with Type II seesaw model : This
theory has been proposed in reference [13] and
studied in detail in [14,15,16]. In this case it
is possible to achieve unification in agreement
with the experiments, the model predicts for
the first time the existence of light scalar lepto-
quarks and the upper bound on the total pro-
ton decay lifetime [17] is τupper

p ≤ 2 × 1036

years. Therefore, we could have the possibil-
ity to test the idea of grand unification at fu-
ture colliders since the light scalar leptoquarks,
Φb = (3, 2, 1/6), could be produced at the Large
Hadron Collider (LHC) or at e+e− colliders.

– NR Model with Type III seesaw : This model
has been proposed in reference [18]. See also
reference [19] for the predictions coming from
the unification of gauge couplings in this con-
text.

Now, let us discuss the different supersymmetric
models based on SU(5).

– Renormalizable SUSY SU(5) models. In these mod-

els the Higgs sector is composed of 5̂H, ˆ
5H, 2̂4H,

4̂5H and ˆ
45H, and one can have different scenarios:

– SUSY Model with Type I seesaw : In this case
we have to add at least two singlets superfields
in order to generate neutrino masses.

– SUSY Model with Type II seesaw : The Higgs
sector is extended by adding two chiral super-

fields, 1̂5H and ˆ
15H. See reference [20] for the

study of this scenario.

– SUSY Model with Type III seesaw : This model
has been proposed in reference [21] and will be
discussed in the next sections. We refer to this
model as “Supersymmetric Adjoint SU(5)” [21].

We can also write different Non-Renormalizable SUSY
SU(5) models where the effect of higher-dimensional
operators is considered and the neutrino masses is gen-
erated through the different seesaw mechanisms. We
do not list here all possibilities since in this case we

just replace the Higgs chiral superfields 4̂5H and ˆ
45H

by the higher dimensional operators. See for exam-
ple [22].

After this short review I will discuss two new grand
unified theories based on the SU(5) gauge symmetry.
The first theory has been proposed in reference [12]
and the fermion masses are generated with the mini-
mal set of Higgs bosons, 5H and 45H. The neutrino
masses are generated through the type I [8] and type
III [10] seesaw mechanisms using the fermionic 24 rep-
resentation. In the second section we will discuss the
SUSY version of this model and we will show that these
theories can be considered as the simplest (SUSY)
renormalizable grand unified theories based on SU(5).

2 Renormalizable Adjoint SU(5)

In this section we will discuss the simplest renor-
malizable SU(5) model where the neutrino masses are
generated through Type I and Type III seesaw mech-
anisms. In our model [12] the Higgs sector is composed
of 24H = (Σ8, Σ3, Σ(3,2), Σ(3̄,2), Σ24) = (8, 1, 0)

⊕

(1, 3,

0)
⊕

(3, 2,−5/6)
⊕

(3, 2, 5/6)
⊕

(1, 1, 0), 45H = (Φ1, Φ2,
Φ3, Φ4, Φ5, Φ6, H2) = (8, 2, 1/2)

⊕

(6, 1,−1/3)
⊕

(3, 3
,−1/3)

⊕

(3, 2,−7/6)
⊕

(3, 1,−1/3)
⊕

(3, 1, 4/3)
⊕

(1,
2, 1/2) and 5H = (1, 2, 1/2)

⊕

(3, 1,−1/3). The

field 45 satisfies the following conditions: (45)αβ
δ =

−(45)βα
δ ,

∑5
α=1(45)αβ

α = 0, and v45 = 〈45〉151 = 〈45〉252 =
〈45〉353 . Now, in this model the Yukawa potential for
charged fermions reads as:

VY = 10 5 (Y1 5∗H + Y2 45∗H) +

+ 10 10 (Y3 5H + Y4 45H) + h.c. (1)

and the masses for charged leptons and down quarks
are given by:

MD = Y1 v∗5 + 2Y2 v∗45, (2)

ME = Y T
1 v∗5 − 6 Y T

2 v∗45, (3)

where 〈5H〉 = v5. Y1 and Y2 are arbitrary 3× 3 matri-
ces. Notice that there are clearly enough parameters in
the Yukawa sector to fit all charged fermions masses.
See reference [23] for the study of the scalar potential
and [15] for the relation between the fermion masses
at the high scale, which is in agreement with the ex-
periment.
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The SM decomposition of the needed extra multi-
plet for type III seesaw is given by: 24 = (ρ8, ρ3, ρ(3,2)

, ρ(3̄,2), ρ0) = (8, 1, 0)
⊕

(1, 3, 0)
⊕

(3, 2,−5/6)
⊕

(3, 2
, 5/6)

⊕

(1, 1, 0). In our notation ρ3 and ρ0 are the
SU(2)L triplet responsible for type III seesaw and the
singlet responsible for type I seesaw, respectively.

The new relevant interactions for neutrino masses
in this context are given by:

Vν = ci 5i 24 5H + pi 5i 24 45H + h.c. (4)

Notice from Eq. (1) and Eq. (4) the possibility to
generate all fermion masses, including the neutrino
masses, with only two Higgses : 5H and 45H . Using
Eq. (4) the neutrino mass matrix reads as:

Mν
ij =

aiaj

Mρ3

+
bibj

Mρ0

, (5)

where
ai = civ5 − 3piv45, (6)

and

bi =

√
15

2

(civ5

5
+ piv45

)

. (7)

The theory predicts one massless neutrino at the tree
level. Therefore, we could have a normal neutrino mass

hierarchy: m3 =
√

∆m2
sun + ∆m2

atm, m2 =
√

∆m2
sun

and m1 = 0, or the inverted neutrino mass hierarchy:

m3 = 0, m2 =
√

∆m2
atm and m1 =

√

∆m2
atm − ∆m2

sun.
∆m2

sun ≈ 8× 10−5 eV2 and ∆m2
atm ≈ 2.5× 10−3 eV2

are the mass-squared differences of solar and atmo-
spheric neutrino oscillations, respectively.

The masses of the fields responsible for the seesaw
mechanisms are computed using the new interactions
between 24 and 24H in this model:

V24 = m Tr(242) + λ Tr(24224H) (8)

Once 24H gets the v.e.v, 〈24H〉 = v diag(2, 2, 2,−3,−3)

/
√

30, the masses of the fields living in 24 are given by:

Mρ0 = m − λ̃MGUT√
αGUT

, (9)

Mρ3 = m − 3λ̃MGUT√
αGUT

, (10)

Mρ8 = m +
2λ̃MGUT√

αGUT

, (11)

Mρ(3,2)
= Mρ(3̄,2)

= m − λ̃MGUT

2
√

αGUT

, (12)

where we have used the relations MV = v
√

5παGUT /3,

λ̃ = λ/
√

50π and chose MV as the unification scale.
Notice that when the fermionic triplet ρ3 responsible
for type III seesaw mechanism is very light, the rest of
the fields living in 24 have to be heavy if we do not
assume a very small value for the λ parameter.

Let us discuss the different contributions to proton
decay. For a review on proton decay see [1]. In this
model there are five multiplets that mediate proton
decay. These are the superheavy gauge bosons V =
(3, 2,−5/6)

⊕

(3, 2, 5/6), the SU(3) triplet T , Φ3, Φ5

and Φ6. The least model dependent and the dominant
proton decay contributions in non-supersymmetric sce-
narios are mediated by the gauge bosons. Its strength
is set by MV and αGUT . In order to satisfy the exper-
imental lower bounds on proton decay we must have
MV ≥ (2×1015) 5×1013 GeV if we do (not) neglect the
fermion mixings [17]. The different constraints com-
ing from unification and proton decay issue have been
studied in detail in reference [12].

3 Supersymmetric Adjoint SU(5)

Let us discuss in this section the supersymmetric ver-
sion of this model. In the minimal supersymmetric
SU(5) [3] the MSSM chiral superfields are unified in
ˆ̄
5 and 1̂0, while its Higgs sector comprises 5̂H, ˆ̄

5H,
and 2̂4H. Now, in order to write down the super-
symmetric version of the realistic grand unified the-
ory discussed above we have to introduce three ex-

tra chiral superfields, 4̂5H, ˆ
45H and 2̂4. Therefore,

our Higgs sector will be composed of ˆ
5H, 5̂H, 2̂4H,

4̂5H = (Φ̂1, Φ̂2, Φ̂3, Φ̂4, Φ̂5, Φ̂6, Ĥ2), and ˆ
45H = (Φ̂1,

Φ̂2, Φ̂3, Φ̂4, Φ̂5, Φ̂6, Ĥ2). In this model the Yukawa su-
perpotential for charged fermions reads as:

W0 = 1̂0 5̂
(

Y1 5̂H + Y2 4̂5H

)

+

+ 1̂0 1̂0
(

Y3 5̂H + Y4 4̂5H

)

(13)

where Y2 is an arbitrary 3 × 3 matrix. As it is well-
known the relation between the masses of τ lepton and
b quark, mb(MGUT ) = mτ (MGUT ), is in agreement
with the experiment. Therefore, the Y2 matrix must
only modify the relation between the masses of quarks
and leptons of the first and second generation.

Since in this section we are interested in the super-
symmetric version of the model, a new matter chiral
superfield has to be introduced only if we want to have
the so-called matter parity as a symmetry of the the-
ory. Matter parity is defined as M = (−1)3(B−L) =
(−1)2SR, where M = −1 for all matter superfields
and M = 1 for the Higgses and gauge superfields. In
the case that matter parity is not conserved the neu-
trino masses can be generated through the M-parity

violating interactions ǫi
ˆ̄5i5̂H and ηi

ˆ̄5i2̂4H 5̂H . Particu-
larly, in the second term we have an SU(2) fermionic
triplet needed for type III seesaw mechanism. How-
ever, we want to keep matter-parity as a symmetry of
the theory to avoid the dimension four contributions

to the decay of proton coming from λijk 1̂0i
ˆ̄5j

ˆ̄5k and
have the lightest neutralino as a good candidate for
the cold dark matter of the universe.
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The new superpotential relevant for neutrino masses
in this context is given by:

W1 = ci 5̂i 2̂4 5̂H + pi 5̂i 2̂4 4̂5H (14)

As in the non-supersymmetric model the Higgses in
the 45 representation play a crucial role to generate
masses for charged fermions and neutrinos as well.

There are also new relevant interactions between
2̂4 and 2̂4H in this model:

W2 = mΣ Tr 2̂4
2

H + λΣ Tr 2̂4
3

H + m Tr 2̂4
2

+ λ Tr (2̂4
2
2̂4H) (15)

Notice that there are only two extra terms since matter
parity is conserved. Our Higgs sector is composed of

5̂H, ˆ̄
5H, 4̂5H, ˆ

45H and 2̂4H and the additional inter-
actions between the different Higgs chiral superfields
in the theory are:

W3 = mH 5̂H 5̂H + λH 5̂H 2̂4H 5̂H

+ cH 5̂H 2̂4H 4̂5H + bH 4̂5H 2̂4H 5̂H

+ m45 4̂5H 4̂5H + aH 4̂5H 4̂5H 2̂4H (16)

Notice the simplicity of the model. Unfortunately,
the scalar sector of the non-supersymmetric grand uni-
fied theory proposed in reference [12] is not very simple
since there are many possible interactions between 5H,
24H and 45H.

In this model there are several multiplets that me-
diate proton decay. We have the usual gauge d = 6
contributions, the Higgs d = 6 contributions, and the
dimension five contributions. The most important pro-
ton decay contributions are mediated by the fields: T̃ ,

T̃ , Φ̃3, Φ̃3, Φ̃5, Φ̃5, Φ̃6, and Φ̃6. Let us discuss the dif-
ferent LLLL and RRRR contributions. The so-called
LLLL effective operators, Q̂ Q̂ Q̂ L̂, are generated once

we integrate out the fields T̃ , T̃ , Φ̃3, Φ̃3, Φ̃5, and Φ̃5.
The RRRR contributions, ÛC ÊC ÛC D̂C , are due to

the presence of the fields T̃ , T̃ , Φ̃5, Φ̃5, Φ̃6, and Φ̃6.
In reference [21] we have discussed how to suppress
those contributions in order to satisfy the proton de-
cay bounds. See also reference [24] for an alternative
way to suppress nucleon decay in this scenario.

4 Summary and Outlook

In this talk I have discussed two new renormalizable
grand unified theories based on SU(5); we refer to
these models as Renormalizable Adjoint SU(5) [12]
and Supersymmetric Adjoint SU(5) [21]. In both mod-
els it is possible to generate all fermion masses, includ-
ing the neutrino masses, with the minimal number of
Higgses. These theories predict one massless neutrino
at the tree level and the leptogenesis mechanism can be
realized. The neutrino masses are generated through

the type I and type III seesaw mechanisms. The contri-
butions to proton decay have been discussed in detail.
The models presented in this talk can be considered
as the simplest renormalizable (SUSY) grand unified
theory based on the SU(5) gauge symmetry.
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(Plenum, 1980), p. 707; R. N. Mohapatra and G. Sen-
janović, Phys. Rev. Lett. 44 (1980) 912.

9. G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys.
B 181 (1981) 287; J. Schechter and J. W. F. Valle,
Phys. Rev. D 22 (1980) 2227; R. N. Mohapatra and
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