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Abstract: The SO(10) model with a heavy Higgs spectrum consisting of 560 + 560 and a
light Higgs spectrum consisting of 2×10 + 320 plet representations of SO(10) is unique among
SO(10) models. It has the remarkable property that VEVs of 560 and 560 can simultaneously
reduce the rank of the gauge group and further reduce the remaining symmetry down to the
Standard Model gauge group. Additionally, on mixing with the light fields all the Higgs fields
become heavy except for one pair of light Higgs doublets just as in MSSM. This model has not
been fully explored thus far because of the technical difficulty of computing the couplings of
the heavy and the light Higgs sectors, specifically the interaction (560 × 560) · 320 involving
the coupling of tensor-spinors with a third rank mixed tensor 320. An explicit analysis of such
couplings is given in this paper. Spontaneous symmetry breaking of the SO(10) symmetry is
carried out by reducing the gauge group to SU(3)c×SU(2)L×U(1)Y with just one pair of light
Higgs. Thus a natural deduction of MSSM arises from the SO(10) model with no fine tuning
needed. Further, it is shown that the light Higgs doublet of the model is a linear combination
of the Higgs doublet fields of the 2×10 and the 320 Higgs fields. It is shown that in this class
of SO(10) models b− t− τ unification can be achieved with tan β as low as 5–10. An analysis
of the sparticle spectrum within g̃SUGRA renormalization group evolution is given which
leads to a bi-modal sparticle spectrum consisting of a compressed low mass spectrum for
sleptons and weakinos and a high mass spectrum of gluino, squarks, and heavy Higgs. While
the LSP is the light neutralino, the NLSP is found to be the light stau lying close to the LSP,
while the remaining leptons, and the weakinos are also in close proximity to the LSP with
masses in the few hundred GeV range. The cross section for slepton production and weakino
production are estimated and appear promising for SUSY at the LHC. However, a more
dedicated analysis is needed to predict the size of the supersymmetric signatures at the LHC.
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1 Introduction

Among grand unified theories SO(10) unification is the most appealing since aside from
unifying the standard model gauge group SU(3)C × SU(2)L × U(1)Y it also accommodates a
full generation of quarks and leptons in one 16-plet spinor representation of SO(10) [1, 2]
(for a review of grand unified theories see, e.g. [3]). There is a further feature of SO(10)
unification which sets it apart from the minimal unifying gauge group SU(5). Thus in
SU(5), just one 24-plet of Higgs breaks the GUT symmetry down to the Standard Model
gauge group. For SO(10) there exist a variety of possibilities with both small as well large
representations (see, e.g., [4–11] and for applications see, e.g., [12–18]). Additionally unlike
SU(5) we need to reduce the rank of the gauge group. To check which Higgs representation
can produce rank reduction we look at the SU(5)× U(1) quantum numbers of some possible
candidate tensor representations, such as 45, 54, 210. Their SU(5)× U(1) decomposition
are: 45 = 1(0) + 10(4) + 10(−4) + 24(0), 54 = 15(4) + 15(−4) + 24(0) and 210 = 1(0) +
5(−8) + 5(8) + 10(4) + 10(−4) + 24(0) + 40(−4) + 40(4) + 75(0). The SU(5) representations
whose VEVs preserve the Standard Model gauge group are 1(0), 24(0) and 75(0) but all
of these have a zero U(1) quantum number and thus cannot reduce the rank. A possible
Higgs representation which can reduce the rank is the spinor representation 16 which under
SU(5)× U(1) has the decomposition 16 = 1(−5) + 5(−3) + 10(−1) where the singlet has a
non-vanishing U(1) quantum number. Thus in this case the minimal Higgs representation
which can break SO(10) down to Standard Model gauge group is 16 + 16 + 45. Another
possibility for reducing the rank is to use 126-plet of Higgs which under SU(5)× U(1) has
the decomposition 126 = 1(−10) + 5(−2) + 10(−6) + 15(6) + 45(2) + 50(−2). Here the
singlet field has a non-vanishing U(1) quantum number and can reduce the rank. Thus
in this case using 45 + 126 + 126 will break SO(10) to the Standard Model gauge group.
However, we further need to break the symmetry down to SU(3)C × U(1)em which requires
a 10-plet of Higgs which under SU(5)× U(1) has the decomposition 10 = 5(2) + 5(−2)
and has Higgs doublets. The discussion above illustrates that the breaking of SO(10) to
SU(3)C × U(1)em requires three sets of Higgs representations, i.e., one to reduce the rank,
the second to break the rest of the symmetry down to the standard model gauge group
and the third to break it further to the residual symmetry SU(3)C × U(1)em. A while
back another proposal was made where the combination presentations 144 + 144 was used
to break the SO(10) GUT symmetry [19, 20]. Under SU(5)× U(1) decomposition [21]
144 = 5(3) + 5(7) + 10(−1) + 15(−1) + 24(−5) + 40(−1) + 45(3). Here since 24(−5) has a
non-vanishing U(1) quantum number, a VEV of 24(−5) will reduce the rank and then break
the rest of the symmetry of SO(10) down to the Standard Model gauge group just in one step.
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The 144 + 144 model discussed above, however, suffers from the problem typical of most
grand unified models. Thus, as well known, typically in grand unified models the Higgs
doublets would turn out to be the same size in mass as the Higgs triplets which are required
to be heavy to suppress rapid proton decay (see, e.g., [3]). There are a variety of proposals
on how to produce a light Higgs doublet needed for electroweak symmetry breaking. One
such proposal is to use fine tuning to force one Higgs doublet pair to be light. However, such
a procedure is viewed unnatural since the fine tuning involved is extreme. There are various
other possibilities where a light pair of doublets could arise from a symmetry principle, or a
group theoretic constraint or a more fundamental aspect of the theory itself. Such models
may be viewed as natural. Models of this type exist in strings, see, e.g., [22–25]. One of
the early ways to get light Higgs doublets while keeping the Higgs color triplets heavy is to
arrange the vacuum expectation value (VEV) so that the spontaneous breaking of SO(10)
occurs only along the B − L preserving direction (see, e.g., [26–28]). Thus, if the SO(10)
symmetry breaking occurs along the B −L preserving direction, then the Higgs color triplets
will get masses and the Higgs doublets will remain light.

There is yet another mechanism for naturally generating a doublet-triplet splitting. It
is the well known missing partner mechanism which does not work for SU(5) but is feasible
in SO(10) model building. This mechanism involves two Higgs sectors: one heavy and the
other light. Here the choice of heavy vs light Higgs representations is such that there is an
exact match between the number of heavy Higgs color triplets/anti-triplets and light Higgs
color triplets/anti-triplets but there is a mismatch in the number of heavy Higgs doublet
pairs nh and the number of light Higgs doublet pairs nl such that nl = nh + 1. In this
case in the presence of mixing of light and heavy Higgs fields, all Higgs triplets/anti-triplets
will become heavy while only 2nh number of Higgs doublet pairs will become heavy leaving
one Higgs doublet pair light. A key element of this construction is the requirement that
there exist a heavy Higgs representation where the number of Higgs doublet pairs is one less
than the number of Higgs triplet-anti-triplet pairs. An example of such representations in
SU(5) is the combination 50 + 50-plets of heavy Higgs which has one pair of heavy Higgs
triplets/anti-triplets and there are no Higgs doublets. In this case if one chooses the heavy
sector to be 50 + 50 + 75 and the light sector to be 5 + 5, the 75-plet induces a mixing between
the heavy 50 + 50 Higgs and 5 + 5 light Higgs, generating heavy masses for all the Higgs
triplets/anti-triplets and leaving one Higgs doublet pair light [29, 30]. An example of such
a model in SO(10) was discussed in [10] where the heavy sector consists of 126 + 126 + 210
and the light sector consists of 2×10 + 120, and the 126 + 126 contain 50 + 50 providing
the key element for the missing partner mechanism to work in SO(10). A more exhaustive
analysis of the missing partner mechanism in SO(10) was given in [31] where several other
models producing a light Higgs doublet pair were discussed.

Of specific interest for the work in this paper is the model discussed in [31] consisting of

Heavy {560 + 560}+ Light {2×10 + 320} (1.1)

The 560-plet is a second rank tensor spinor Θµν where µ, ν = 1 · · · 10 are SO(10) indices.
It is antisymmetric in the tensor indices, and traceless which leads to 16 × 45 − 160 = 560

– 3 –



J
H
E
P
0
7
(
2
0
2
5
)
2
2
2

components. It has the SU(5) decomposition

560 = 1(−5) + 5(3) + 10(−9) + 101(−1) + 102(−1) + 24(−5) + 40(−1)
+ 45(7) + 45(3) + 50(3) + 70(3) + 75(−5) + 175(−1) . (1.2)

The 560 multiplet is remarkable in that it has features of 144 as well as of 126 in the following
way. Thus from eq. (1.2) we see that in SU(5) decomposition it has three representations
in it which carry non-vanishing U(1) quantum numbers, i.e., 1(−5), 24(−5), 75(−5) and
which can reduce the rank and break the GUT symmetry down to the Standard Model gauge
group all at once just like the 144 + 144 does.

What makes it unique is that it also has 50(3) of SU(5) which as we know enters in the
missing partner mechanism. Thus 560 contains one color triplet and four color anti-triplets,
one up-type Higgs doublet, and three down-type doublets. Combined with 560 one finds
that 560 + 560 contains five pairs of Higgs color triplets/anti-triplets and four pairs of Higgs
doublet pairs. If one allows a light Higgs sector consisting of 2×10 + 320 of Higgs fields, it
brings in five pair of color triplets/anti-triplets and five pairs of light Higgs doublets. A
mixing of the heavy and light sectors will then make all five color triplet pairs of the light
sector and four Higgs doublets pairs of the light sector heavy leaving us with one pair of
Higgs doublets from the light sector which would be the Higgs doublet pair of MSSM.

While some preliminary analysis of the model with 560 + 560 multiplet was given in
reference [31] the details of this model have never been worked out. The main reason for
it is the explicit computation of the interaction 560 · 560 · 320 is difficult as it involves a
special technique to handle spinor-tensor coupling. The technique to handle spinor-vector
couplings involving 144−plet was developed in [31, 32] based on previous works [33–35] using
oscillator technique [36, 37] and here we extend it to the coupling involving spinor-tensor.
Thus one of the contributions of this work is that we carry out an explicit computation of
these couplings and give a concrete analysis of the symmetry breaking chain. We identify the
MSSM Higgs that emerges from the analysis as a linear combination of five Higgs doublet
pairs from the light Higgs sector where two Higgs doublet pairs arise from 101 and 102 and
three Higgs doublets arise from the 320-plet.

The outline of this paper is as follows: in section 2 we give a description of the model. In
section 3 we give an analysis of breaking of SO(10) to SU(3)C × SU(2)L × U(1)Y with a natural
doublet-triplet splitting. An analysis of the Higgs doublet mass matrix is given in section 4.
In section 5 we discuss the spontaneous breaking of SO(10) down to the standard model gauge
group symmetry and generation of the light Higgs doublet. In section 6, phenomenological
aspects of the model are discussed. Here it is shown that b− t− τ unification can be achieved
at low tan β with tan β as low as 5–10. The analysis is carried out in g̃SUGRA framework
where the radiative breaking of the electroweak symmetry is accomplished by a heavy gluino,
which leads to a split sparticle mass spectrum and also a split Higgs boson mass spectrum.
Thus the light spectrum lies in the few hundred GeV region and the heavy spectrum lies in
the several TeV region consistent with the current experimental constraints on the Higgs
boson mass, on the relic density of dark matter and on the muon anomaly. Further, it is
shown that while the lightest sparticle (LSP) is the neutralino, the next to lightest particle
(NLSP) is the light stau. An analysis of the production cross section for some for the sleptons
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and for the light weakinos is given and shown to be substantial indicating the possibility of
detection of some of the light sparticles at 14 TeV high luminosity LHC (HL-LHC), and at
27 TeV high energy LHC (HE-LHC). Conclusions are given in section 7.

A more elaborate discussion of the mathematical details of the analysis are given in
appendices A–G. Thus in appendix A we give an analysis of 560 + 560 tensor-spinor in its
SU(5) oscillator modes. Further in this appendix we compute the normalization of kinetic
energies of irreducible SU(5) multiplets arising in the decomposition of 560 + 560 multiplets.
In appendix B, we give a computation of the couplings of the SU(5) components fields 1, 24, 75
that appear in 560 and 560 multiplets. Such couplings determine the spontaneous breaking
of SO(10) to the Standard Model gauge group when they develop VEVs. In appendix C we
exhibit extraction and normalization of all SU(2)L doublet fields appearing in the model. In
appendix D we give a detailed discussion of how the symmetric (Λ320s

(µν)λ) and antisymmetric
(Λ320a

[µν]λ) 320-dimensional three index tensors are constructed. In appendix E, we discuss
the all the possible cubic couplings of the 320−plet with the 560−plet and their associated
generational symmetries. In appendix F, we give extensive details for constructing normalized
70−, 45− and 5−plets with diagonal kinetic energy terms contained in Λ320s

(µν)λ of SO(10).
The couplings of 320 and 10 to 560 and 560 multiplets are given in appendix G. These
couplings play a central role in doublet-triplet splitting to produce a light Higgs that enters
in electroweak symmetry breaking.

2 The model

The model makes use of a single 560 + 560 multiplet, a single 320 multiplet and two 10
multiplets of SO(10). The superpotential of the model is given by

W =Wgut +Wdt

Wgut ∼ 45 · 45 + 560 · 560 · 45 + 560 · 560,
Wdt ∼ 560 · 560 + 560 · 560 · 101 + 560 · 560 · (101 + 102) + 560 · 560 · 320 + 560 · 560 · 320,

(2.1)

where Wgut breaks the GUT symmetry down to the Standard Model gauge group and
Wdt generates doublet-triplet splitting and leads to just one light Higgs doublet pair. The
content of Higgs triplets/anti-triplets and of Higgs doublet pairs for 560 + 560, for 320 and
for 101 + 102 is shown in table 1. In eq. (1.2) we exhibited the decomposition of 560 under
SU(5)× U(1). The SU(5)× U(1) decomposition of 10-plets is simple, i.e., 10 = 5(2) + 5(−2)
as noted earlier. For the 320 multiplet we have the decomposition

320 = 5(2) + 5(−2) + 40(−6) + 40(6) + 45(2) + 45(−2) + 70(2) + 70(−2). (2.2)

Explicit tensorial structure of various terms in the superpotential will be discussed in sections
below where we also give details of the computation of the couplings.
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Heavy Fields Light Fields Pairs of D and T Pairs of D and T Residual Set
in Heavy Fields in Light Fields of Light Modes

560 + 560 320 + 2× 10 4D+5T (3D+3T)+ (2D+2T) 1D

Table 1. Exhibition of Higgs doublet pairs (D) consisting of up-type and down-type Higgs doublets,
and Higgs triplet/anti-triplet (T) pairs in the SO(10) missing partner model discussed in this work.

Before proceeding further we exhibit the symmetric (s) and the antisymmetric (a) tensor
products of 560 with itself.

(560 × 560)s = 10 + 126 + 1261 + 1262 + 210′ + 320 + 17281 + 17282 + 29701 + 29702

+ 3696′ + 4410 + 4950 + 4950 + 6930′ + 10560 + 27720 + 36750 + 46800,
(2.3)

(560 × 560)a = 1201 + 1202 + 320 + 17281 + 17282 + 2970 + 3696′1 + 3696′2 + 3696′3
+ 43121 + 43122 + 10560 + 34398 + 36750 + 48114. (2.4)

Here we find that both the symmetric and the antisymmetric tensor products of 560 with itself
contain a 320. Correspondingly there are two 320 multiplets which is symmetric in two of the
three tensor indices with the totally symmetric part and the trace on two indices removed
and the other which is antisymmetric in two of its indices with the totally antisymmetric part
and the trace removed. In this analysis we consider the coupling of the 320s to 560 × 560 and
to 560 × 560. The irreducible tensor-spinor |Θ(560)

µν ⟩ can be obtained from the 720 (= 16× 45)
dimensional reducible tensor-spinor |Θ720

µν ⟩ by removing 160 (= 16 × 10) components, given
by Γµ |Θ(720)

µν ⟩, out of the 720 components of the unconstrained tensor-spinor. Thus we define
the 560 multiplet so that it is antisymmetric in its two tensor indices and traceless given by

Traceless: Γµ |Θs̆ (560)
µν ⟩ = 0, (2.5a)

Antisymmetric: |Θs̆ (560)
µν ⟩ = − |Θs̆ (560)

νµ ⟩ . (2.5b)

Here s̆ = 1, . . . , 16 is the spinor index and the Greek letters µ, ν, · · · = 1, 2, . . . , 10 are the
SO(10) indices and Γµ satisfy the rank−10 Clifford algebra, that is, {Γµ,Γν} = 2δµν . Further
details of the construction of 560 and of 560 are discussed in appendix A where we also give
an explicit decomposition of them in terms of irreducible representations of SU(5)× U(1).

Regarding 320 multiplet there are two: one of which is symmetric in two indices while
the other is antisymmetric. We can construct them from the 1000 dimensional multiplet
Tµνλ. Thus the antisymmetric one is given by

Λ(320a)
[µν]λ = 1

6
[
2
(
Tµνλ−Tνµλ

)
+Tλνµ+Tµλν −Tνλµ−Tλµν

]
− 1
18
(
δνλδµβ −δµλδνβ

)(
Tβαα−Tαβα

)
(2.6)

while the symmetric 320-plet is given by

Λ(320s)
(µν)λ = 1

6
[
2
(
Tµνλ + Tνµλ

)
−
(
Tλνµ + Tµλν + Tνλµ + Tλµν

)]
+ 1

54
(
δνλδµβ + δµλδνβ − 2δµνδλβ

)(
− Tβαα + 2Tααβ − Tαβα

)
(2.7)

The details of their construction are given in appendix D.
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3 One step breaking of SO(10) to SU(3)C × SU(2)L × U(1)Y and natural
doublet-triplet splitting

The form of the superpotential responsible for a one-scale breaking of SO(10) symmetry is

Wgut ∼ 45 · 45 + 560 · 560 · 45 + 560 · 560. (3.1)

In the computation of these couplings we will use the method developed in [32–34] using
oscillator techniques [36, 37]. Exhibiting its tensorial structure, the superpotential can be
written as

Wgut = 1
2!M45Φ(45)

µν Φ(45)
µν + λ45 ⟨Θ(560)∗

µν |B|Θ(560)
νσ ⟩Φ(45)

µσ +M560 ⟨Θ(560)∗
µν |B|Θ(560)

µν ⟩ , (3.2)

whereB is the SO(10) charge conjugation operator given by B=∏µ=odd Γµ=−i
∏5

k=1

(
bk − b†k

)
.

Integrating out Φ45
µν in eq. (3.2), expanding out as in eqs. (B.2)–(B.4) and finally substituting

eqs. (B.5)–(B.7) we get

Wgut = λ245
4M45

[
−
( 7
432

)
S2
75S

2
75 −

(√
5

216

)
S2
75S75S24 −

(√
5

216

)
S75S

2
75S24

−
( 349
8640

)
S75S75S24S24 +

( 1
180

)
S75S75S24S1 +

( 1
180

)
S75S75S24S1

−
( 1
90

)
S75S75S1S1 −

( 25
3456

)
S2
75S2

24 −
( 25
3456

)
S2
75S

2
24

+
(√

5
288

)
S75S24S24S1 +

(√
5

288

)
S75S

2
24S1 +

(√
5

288

)
S75S2

24S1

+
(√

5
288

)
S75S24S24S1 −

( 49
8640

√
5

)
S75S

2
24S24 −

( 49
8640

√
5

)
S75S2

24S24

−
( 217
17280

)
S2
24S2

24 +
( 1
1440

)
S2
24S24S1 +

( 1
1440

)
S2
24S24S1

−
( 1
480

)
S2
24S

2
1 −

( 1
480

)
S2
24S2

1 +
( 1
144

)
S24S24S1S1 −

( 1
405

)
S2
1S2

1

]
+ iM560

[1
4S75S75 + (1)S24S24 + (1)S1S1

]
. (3.3)

Here S and S represent the SU(3)C × SU(2)L × U(1)Y singlets contained in SU(5)’s 1+24+75
and 1 + 24 + 75 multiplets. Further details of the analysis are given in the appendix B.

Vanishing of the F -terms requires that we look for solutions of eq. (3.3) for which

∂Wgut
∂S75

= 0, ∂Wgut

∂S75
= 0, ∂Wgut

∂S24
= 0, ∂Wgut

∂S24
= 0, ∂Wgut

∂S1
= 0, ∂Wgut

∂S1
= 0, (3.4)

are satisfied simultaneously. The solutions to the eqs. (3.4) are carried out numerically on
Mathematica. The number of allowed solutions is quite large. We display solutions for
the special case when the VEVs of 1(−5) and 1(5), 24(−5) and 24(5), 75(−5) and 75(5)
are equal. We choose to exhibit a total of 10 solutions (see table 2), two for each value of
M2

eff ≡ M45 ·M560
λ245

where we identify Meff as the GUT scale, MGUT.
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In this model the doublet-triplet splitting is automatic because of the missing partner
constraint. The superpotential that triggers doublet-triplet splitting in symbolic form is
given by

Wdt ∼ 560 ·560+560 ·560 ·101+560 ·560 · (101 + 102)+560 ·560 ·320+560 ·560 ·320. (3.5)

With full tensorial structure incorporated, eq. (3.5) takes the form

Wdt = M560 ⟨Θ(560)∗
µν |B|Θ(560)

µν ⟩+ α ⟨Θ(560)∗
µν |BΓα|Θ(560)

µν ⟩Ω(101)
α

+
2∑

r=1
αr ⟨Θ(560)∗

µν |BΓα|Θ
(560)
µν ⟩Ω(10r)

α

+β ⟨Θ(560)∗
µσ |BΓλ|Θ(560)

νσ ⟩Λ(320s)
(µν)λ + β ⟨Θ(560)∗

µσ |BΓλ|Θ
(560)
νσ ⟩Λ(320s)

(µν)λ . (3.6)

Further details of the analysis are given in appendix G.

4 The Higgs doublet mass matrix

As shown in table 1 the Higgs boson doublets arise from the heavy fields 560 + 560 and the
light fields which consists of two 10−plets and a 320−plet of SO(10). We list them below.

{Di} =
(

(5101 )Da, (5102 )Da, (5320)Da, (5560)Da(45320)Da, (45560)Da, (45560)Da, (70320)Da, (70560)Da
)
.

(4.1)
Similarly we have the anti-doublets given by

{Dj} =
(

(5̄101 )Da,
(5̄102 )Da,

(5̄320)Da,
(5̄560)Da

(45320)Da,
(45560)Da,

(45560)Da,
(70320)Da,

(70560)Da

)
.

(4.2)
The above leads to a 9 × 9 dimensional Higgs doublet mass matrix. The mass matrix is
constructed from the superpotential of eq. (3.6) after spontaneous breaking and one has
the following result:

Mdoublet =



(5101 )Da
(5102 )Da

(5320)Da
(5560)Da

(45320)Da
(45560)Da

(45560)Da
(70320)Da

(70560)Da

(5101 )Da 0 0 0 d3 0 d̄2 d4 0 d5

(5102 )Da 0 0 0 0 0 d̄2ᾱ2
ᾱ1

0 0 0

(5320)Da 0 0 0 d7 0 d̄6 d8 0 d15

(5560)Da d̄3
d̄3ᾱ2

ᾱ1
d̄7 d1 d̄13 0 0 d̄16 0

(45320)Da 0 0 0 d13 0 d̄14 d12 0 0

(45560)Da d2 0 d6 0 d14 −d1
2 0 d11 0

(45560)Da d̄4
d̄4ᾱ2

ᾱ1
d̄8 0 d̄12 0 d1

2 d̄9 0

(70320)Da 0 0 0 d16 0 d̄11 d9 0 d10

(70560)Da d̄5
d5ᾱ2

ᾱ1
d̄15 0 0 0 0 d̄10

d1
2



,

(4.3)
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where di and d̄j are defined as follows

d1 = iM560; d2 =
−iα
2
√
6

(√
5V24 + 4V75

)
,

d3 = iα

√
2

10815 (97V1 + 6V24); d4 =
iα

5
√
87

(
25V24 −

√
5V75

)
,

d5 = −1
4

√
15
2 iαV24; d6 =

iβ

144
√
2

(
23

√
5V24 − 16V75

)
,

d7 =
iβ

504
√
7210

(13480V1 + 7761V24); d8 =
iβ

1008
√
29

(
2695V24 + 212

√
5V75

)
,

d9 =
iβ

120
√
174

(
65V24 + 184

√
5V75

)
; d10 =

iβ

40
√
3

(
−8

√
5V1 −

√
5V24 + 20V75

)
,

d11 =
iβ

48
√
3

(
−5

√
5V24 + 16V75

)
; d12 =

iβ

60
√
29

(
196V1 − 129V24 + 2

√
5V75

)
,

d13 =
iβ

24
√
1442

(
217

√
5V24 − 8V75

)
; d14 =

iβ

48
√
10

(−16V1 + 33V24),

d15 =
37iβ
168

√
5
2V24; d16 =

37iβ
8

√
5

2163V24,

d̄2 =
−iᾱ
2
√
6

(√
5V24 + 4V75

)
; d̄3 = iᾱ

√
2

10815
(
97V1 + 6V24

)
,

d̄4 =
iᾱ

5
√
87

(
25V24 −

√
5V75

)
; d̄5 = −1

4

√
15
2 iᾱV24,

d̄6 =
iβ̄

144
√
2

(
23

√
5V24 − 16V75

)
; d̄7 =

iβ̄

504
√
7210

(13480V1 + 7761V24),

d̄8 =
iβ̄

1008
√
29

(
2695V24 + 212

√
5V75

)
; d̄9 =

iβ̄

120
√
174

(
65V24 + 84

√
5V75

)
,

d̄10 =
iβ̄

40
√
3

(
−8

√
5V1 −

√
5V24 + 20V75

)
; d̄11 =

iβ̄

48
√
3

(
−5

√
5V24 + 16V75

)
,

d̄12 =
iβ̄

60
√
29

(
196V1 − 129V24 + 2

√
5V75

)
; d̄13 =

iβ̄

24
√
1442

(
217

√
5V24 − 8V75

)
,

d̄14 =
iβ̄

48
√
10

(−16V1 + 33V24); d̄15 =
37iβ̄
168

√
5
2V24,

d̄16 =
37iβ̄
8

√
5

2163V24. (4.4)

The Higgs doublet mass matrix is diagonalized by two unitary matrices U and V such that

U †
dMdoubletVd =Mdiag

doublet = (md1 , md2 , · · · , md8 , 0), (4.5)
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whose relevant elements are displayed in eq. (4.6),

(5101 )Da

(5102 )Da

(5320)Da

(5560)Da

(45320)Da

(45560)Da

(45560)Da

(70320)Da

(70560)Da



=



· · · · · · Vd19

· · · · · · Vd29

· · · · · · Vd39

· · · · · · 0
· · · · · · Vd59

· · · · · · 0
· · · · · · 0
· · · · · · Vd89

· · · · · · 0





1D′
a

2D′
a

3D′
a

4D′
a

5D′
a

6D′
a

7D′
a

8D′
a

Hda



;



(5101 )Da

(5102 )Da

(5320)Da

(5560)Da

(45320)Da

(45560)Da

(45560)Da

(70320)Da

(70560)Da



=



· · · · · · Ud19

· · · · · · Ud29

· · · · · · Ud39

· · · · · · 0
· · · · · · Ud59

· · · · · · 0
· · · · · · 0
· · · · · · Ud89

· · · · · · 0





1D′a

2D′a

3D′a

4D′a

5D′a

6D′a

7D′a

8D′a

Hu
a



,

(4.6)
where D’s and D′’s represent the normalized kinetic energy basis and normalized kinetic and
mass eigenbasis, respectively of the doublet mass matrix of eq. (4.3). The pair of doublets
(Hda,Hu

a) are identified to be light and are the normalized electroweak Higgs doublets of
the minimal supersymmetric standard model (MSSM). Numerical values of the non-zero
matrix elements of U and V are displayed in tables 3 and 4 for benchmarks of table 2.

The doublet mass matrix has a zero mode which gives us the electroweak doublet pair of
MSSM, i.e., Hu

a which couples to the up-quarks and Hda which couples to the down quarks
and the leptons. The electroweak doublets do not have any components in the doublets
arising from 560 and 560 since they are superheavy and are linear combinations only of the
doublets arising from 101 and 102 of Higgs and the doublets arising from the 320−plet of
Higgs. Thus one may write Hu

a and Hda as the following combination of fields

Hu
a =

5∑
k=1

cukD
a
k, Hda =

5∑
k=1

cdkDak (4.7)

where {
Da

k=1,...,5

}
=
(
(5101 )Da, (5102 )Da, (5320)Da, (45320)Da, (70320)Da

)
. (4.8)

Similarly we have the anti-doublets which we display as

{Dak=1,...,5} =
(
(5101 )Da,

(5102 )Da,
(5320)Da,

(45320)Da,
(70320)Da

)
, (4.9)

where cuk and cdk are determined by diagonalizing Higgs doublet mass matrix of eq. (4.3).
The 320 has no cubic couplings with quarks and leptons and thus only the components of
the two Higgs doublets arising from 101 and 102 (and not all five components arising from
eqs. (4.7) and (4.8)) enter in the couplings of the Higgs bosons to quarks and leptons.

5 Numerical analysis of breaking of SO(10) to SU(3)C × SU(2)L × U(1)Y
and generation of light Higgs doublets

We discuss now the numerical analysis of the 560 + 560 + 320+2×10 model to break the
SO(10) symmetry to the Standard Model gauge group, and analyze the Higgs doublet structure
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V75 = V75, V24 = V24, V1 = V1

M2
eff ≡ M45 ·M560

λ245
(GeV2) V75 (GeV) V24 (GeV) V1 (GeV)

1030
(−1.082 + ı2.927)× 1016 (−2.844− ı6.446)× 1015 (−4.716− ı2.297)× 1016

(7.762 + ı8.288)× 1015 (−7.933 + ı6.054)× 1015 (1.156 + ı0.980)× 1016

1031
(7.205 + ı7.205)× 1014 (−3.356− ı3.356)× 1016 (6.813 + ı6.813)× 1016

(−1.661− ı2.608)× 1016 (2.207− ı0.100)× 1016 (3.578− ı5.238)× 1015

1032
(−0.588− ı1.223)× 1017 (1.342− ı0.251)× 1017 (1.731 + ı1.577)× 1017

(−3.691− ı3.691)× 1016 (−4.226− ı4.226)× 1015 (2.287 + ı2.287)× 1014

1033
(−9.258 + ı3.422)× 1017 (2.038 + ı0.899)× 1017 (0.726 + ı1.491)× 1018

(2.621 + ı2.455)× 1017 (1.915− ı2.509)× 1017 (3.098− ı3.655)× 1017

1034
(−8.248− ı5.251)× 1017 (−0.318 + ı6.978)× 1017 (−1.657 + ı1.132)× 1017

(−0.588− ı1.223)× 1018 (1.342− ı0.251)× 1018 (1.731 + ı1.577)× 1018

Table 2. Numerical estimates of the VEVs of the singlet, the 24−plet and the 75−plet fields in
560 + 560 multiplets in the spontaneous breaking of the SO(10) gauge symmetry to SU(5)× U(1) at
the GUT scale.

to exhibit explicitly a pair of light Higgs doublets that enter in the electroweak symmetry
breaking and would generate quark and lepton masses. First we will numerically solve the
spontaneous symmetry breaking equations in section 3 and determine the allowed values of
VEVs V1,V24,V75. The mass scale that enters in the determination of these VEVs is Meff
where M2

eff =M45 ·M560/λ
2
45. To determine the VEVs we solve the spontaneous symmetry

breaking equations eqs. (3.4). We list in table 2, the computations of V1,V24,V75 for a range
of Meff from 1015 GeV to 1017 GeV. We note that all of the VEVs, i.e., V1, V24, and V75
are comparable in size and thus enter essentially with equal strength in breaking the gauge
group SO(10) down to the Standard Model gauge group. The analysis of table 2 is then
used to numerically compute the Higgs doublet mass matrix of eq. (4.3) where the elements
of this mass matrix consisting of d1 · · · d16, d̄6, · · · , d̄16 given by eq. (4.4) are determined in
terms of the heavy VEVs V1, V24, and V75. Diagonalization of the mass matrix of eq. (4.3)
by the biunitary transformation of eq. (4.5) allows us to identify the massless modes, i.e.,
the electroweak doublet. The exact composition of the electroweak doublet is given by the
transformations of eq. (4.6) which connect the primitive field doublets labeled by Da,Da to
the ones in mass diagonal basis D′

a,D′a. The composition of the massless doublets is given
in terms of the diagonalizing matrices U and V that appear in eq. (4.6). The numerical
composition of the massless up-Higgs is given in table 3 for a range of Meff values as given in
table 2. Similarly the numerical composition of the massless down-Higgs is given in table 4
for same range of Meff values. The analysis above allows a computation of the quark and
lepton masses using the VEVs of the electroweak doublets.

6 Yukawa unification, light sparticles, and SUSY implications at LHC

In this section, we discuss several phenomenological aspects of the model within supergravity
grand unification [38–40]. These include Yukawa unification for the third generation of
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M560 = 1.0× 1018 GeV, α = α1 = α2 = 1.0, β = β = 1.0
V75 (GeV) V24 (GeV) V1 (GeV) Ud19 Ud29 Ud39 Ud59 Ud89

(−1.082 + ı2.927)× 1016 (−2.844− ı6.446)× 1015 (−4.716− ı2.297)× 1016 0.230 + ı0.000 −0.169 + ı0.074 −0.926− ı0.058 0.059 + ı0.097 −0.196 + ı0.020
(7.762 + ı8.288)× 1015 (−7.933 + ı6.054)× 1015 (1.156 + ı0.980)× 1016 −0.019 + ı0.000 0.289 + ı0.239 −0.052 + ı0.147 −0.232 + ı0.170 0.846− ı0.193
(7.205 + ı7.205)× 1014 (−3.356− ı3.356)× 1016 (6.813 + ı6.813)× 1016 0.112 + ı0.000 −0.672 + ı0.000 −0.504 + ı0.000 −0.105 + ı0.000 0.520 + ı0.000
(−1.661− ı2.608)× 1016 (2.207− ı0.100)× 1016 (3.578− ı5.238)× 1015 −0.196 + ı0.000 0.189 + ı0.230 0.370− ı0.314 −0.361 + ı0.073 0.648 + ı0.286
(−0.588− ı1.223)× 1017 (1.342− ı0.251)× 1017 (1.731 + ı1.577)× 1017 0.235 + ı0.000 −0.084 + ı0.108 −0.715 + ı0.257 −0.003 + ı0.145 −0.390− ı0.418
(−3.691− ı3.691)× 1016 (−4.226− ı4.226)× 1015 (2.287 + ı2.287)× 1014 −0.630 + ı0.000 0.552 + ı0.000 0.489 + ı0.000 −0.045 + ı0.000 −0.240 + ı0.000
(−9.258 + ı3.422)× 1017 (2.038 + ı0.899)× 1017 (0.726 + ı1.491)× 1018 −0.230 + ı0.000 0.169 + ı0.074 0.926− ı0.058 −0.059 + ı0.097 0.196 + ı0.020
(2.621 + ı2.455)× 1017 (1.915− ı2.509)× 1017 (3.098 + ı3.655)× 1017 −0.019 + ı0.000 0.289− ı0.239 −0.052− ı0.147 −0.232− ı0.170 0.846 + ı0.193
(−8.248− ı5.252)× 1017 (−0.318 + ı6.978)× 1017 (−1.657 + ı1.132)× 1017 0.196 + ı0.000 −0.189 + ı0.230 −0.370− ı0.314 0.361 + ı0.073 −0.648 + ı0.286
(−0.588− ı1.223)× 1018 (1.342− ı0.251)× 1018 (1.731 + ı1.577)× 1018 −0.235 + ı0.000 0.084− ı0.108 0.715− ı0.257 0.003− ı0.145 0.390 + ı0.418

Table 3. A numerical estimate of the elements of the up Higgs zero mode eigenvector using the
analysis of table 2 and the Higgs doublet mass matrix, Mdoublet, displayed in eq. (4.3) and U and V

defined in eq. (4.5).

M560 = 1.0× 1018 GeV, α = α1 = α2 = 1.0, β = β = 1.0
V75 (GeV) V24 (GeV) V1 (GeV) Vd19 Vd29 Vd39 Vd59 Vd89

(−1.082 + ı2.927)× 1016 (−2.844− ı6.446)× 1015 (−4.716− ı2.297)× 1016 0.086 + ı0.049 −0.044 + ı0.183 −0.223− ı0.923 0.109 + ı0.043 −0.014− ı0.201
(7.762 + ı8.288)× 1015 (−7.933 + ı6.054)× 1015 (1.156 + ı0.980)× 1016 −0.296 + ı0.166 0.313− ı0.162 0.018 + ı0.145 0.180 + ı0.202 −0.740− ı0.345
(7.205 + ı7.205)× 1014 (−3.356− ı3.356)× 1016 (6.813 + ı6.813)× 1016 0.408− ı0.272 −0.490 + ı0.327 0.368− ı0.246 0.076− ı0.051 −0.379 + ı0.253
(−1.661− ı2.608)× 1016 (2.207− ı0.100)× 1016 (3.578− ı5.238)× 1015 −0.115− ı0.197 −0.057 + ı0.290 0.472 + ı0.100 −0.350 + ı0.106 0.432− ı0.554
(−0.588− ı1.223)× 1017 (1.342− ı0.251)× 1017 (1.731 + ı1.577)× 1017 −0.022 + ı0.186 −0.138− ı0.011 0.680− ı0.358 0.110 + ı0.096 −0.046− ı0.576
(−3.691− ı3.691)× 1016 (−4.226− ı4.226)× 1015 (2.287 + ı2.287)× 1014 0.036− ı0.094 0.250− ı0.661 −0.222 + ı0.586 0.020− ı0.054 0.109− ı0.288
(−9.258 + ı3.422)× 1017 (2.038 + ı0.899)× 1017 (0.726 + ı1.491)× 1018 −0.075− ı0.064 −0.157 + ı0.103 0.944− ı0.098 −0.076− ı0.088 0.194− ı0.053
(2.621 + ı2.455)× 1017 (1.915− ı2.509)× 1017 (3.098− ı3.655)× 1017 −0.088− ı0.328 0.103− ı0.338 0.117− ı0.088 0.270− ı0.012 −0.764− ı0.288
(−8.248− ı5.252)× 1017 (−0.318 + ı6.978)× 1017 (−1.657 + ı1.132)× 1017 −0.047 + ı0.224 −0.146− ı0.257 0.415− ı0.245 −0.365 + ı0.011 0.586 + ı0.389
(−0.588− ı1.223)× 1018 (1.342− ı0.251)× 1018 (1.731 + ı1.577)× 1018 0.185− ı0.029 0.027 + ı0.136 −0.528− ı0.558 0.063− ı0.132 −0.542 + ı0.200

Table 4. A numerical estimate of the elements of the down Higgs zero mode eigenvector using the
analysis of table 2 and the Higgs doublet mass matrix, Mdoublet, displayed in eq. (4.3) and U and V

defined in eq. (4.5).

quarks and leptons, the muon anomaly, a split sparticle spectrum with a compressed low
mass sparticle spectrum lying in the few hundred GeV region and a high mass spectrum
with masses ranging over several TeV. The compressed low mass spectrum looks promising
for SUSY discovery at the LHC. Regarding b− t− τ unification, in typical SO(10) models
such a unification comes about for a large tan β, as large as tan β = 50 [41]. However, for
the case of SO(10) under consideration here, one finds that a splitting of the b− t Yukawa
couplings occurs at the GUT scale which leads to a b − t − τ unification with a low tan β
which can be as low as tan β = 5 − 10. We give now some further details of the Yukawa
unification analysis. We note that since there is no cubic interaction of matter fermions
with the 320 and only 101, 102 enters in the Yukawa couplings, so the cubic superpotential
of fermions with the Higgs fields takes the form

W3 =
2∑

r=1
f10r

〈
Ψ∗

(+)|BΓµ|Ψ(+)
〉r

Ωµ (6.1)

Thus the third generation Yukawas are given by

h0τ = i2
√
2

2∑
r=1

f10rVdr9 , h0b = −i2
√
2

2∑
r=1

f10rVdr9 , h0t = −i2
√
2

2∑
r=1

f10rUdr9 . (6.2)
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Gaugino masses from dim 5 operators
SU(5) rep nr

1 nr
2 nr

3

1 1 1 1
24 -1 −3 2
75 -5 3 1
200 10 2 1

Table 5. An exhibition of the contribution of the irreducible representations 1, 24, 75, 200 for the
gauge group SU(5) in the expansion of the (24 × 24)sym to the U(1)Y, SU(2)L, SU(3)C gaugino masses
from the VEVS of their respective F -terms.

The numerical analysis of the Yukawa couplings at the electroweak scale which generate the
observe quark lepton masses, is done within the framework of supergravity grand unified
models using non-universality of gaugino masses.

Non-universal gaugino masses have been discussed extensively in supergravity unified
models [42–51]. Since they enter prominently in the analysis below, we give a brief discussion
of them before proceeding. They arise in supergravity grand unified theories via dimension
5 operators in the Lagrangian

Lλ =
∫
d2θWαWβ

Φαβ

MPl
+ h.c. (6.3)

A VEV of the F -term of the chiral field Φ leads to mass generation for the gauginos so that

Lλ ∼ < F >αβ

MPl
λαλβ + h.c. (6.4)

where MPl is the Planck mass. Thus if F is of size the intermediate scale, the gaugino
masses of size relevant for electroweak physics are generated. For SU(5) where λα belong to
the 24-plet representation of SU(5). The symmetric product of 24 × 24 can be expanded in
irreducible representations of SU(5) so that (24 × 24)sym = 1 + 24 + 75 + 210. We note that
< F >αβ is constrained so that it preserves the Standard Model gauge group and so must be
a singlet of the SM gauge group. This allows a computation of the contribution of each of
the terms above to the gaugino masses and in this case the gaugino masses will in general be
a linear combination of contribution from each. One may thus write the gaugino masses mi

where i = 1, 2, 3 stand for the gauge group U(1)Y, SU(2)L and SU(3)C so that

mi = m 1
2

∑
r=1,24,75,200

crn
r
i (6.5)

The nr
i in this case are listed in table 5. For the SO(10) case λα belongs to the 45-plet

representation of SO(10) and the symmetric product of 45 × 45 expanded in irreducible
representations of SO(10) is given by

(45 × 45)sym = 1 + 54 + 210 + 770 (6.6)
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Next expanding 54, 210, 770 in irreducible representations of SU(5), one finds that 54-plet
contains 24-plet of SU(5), 210 contains (1, 24, 75)-plets of SU(5) and 770-plet contains (1, 24,
75, 200)-plets of SU(5). Thus we see that for SO(10) case we may still write the non-univeral
gaugino masses exactly as given by eq. (6.5) except that cr receive contributions now from
all the irreducible representations of SO(10) listed in eq. (6.6). Universal gaugino masses
are obtained if we retain only the singlet term in eq. (6.6). However, inclusion of higher
dimensional representations in the breaking gives rise to non-universalities since cr are free
parameters which can only be determined in a larger theory. As an illustration let us consider
only the F -breaking via the representations 1, 24, 75 in eq. (6.5). In this case the choice
c1 : c24 : c75 = 2.75 : 1 : 0.25 leads to gaugino masses in the ratio m1 : m2 : m3 = 1 : 1 : 10, so
a gaugino mass hierarchy of O(10) can be simply generated via use of non-singlet F -term
breaking in SO(10). As noted above this mechanism has been extensively used in generating
non-universal gaugino masses in applications in supergravity grand unified models [42–51].
This is the underlying mechanism for generation of nonuniversal masses for the gauginos that
is utilized in our phenomenological analysis below.

Returning to b − t − τ unification, we need to run renormalization group equations
and calculate the mass spectrum with SPheno-4.0.4 [52, 53]. After the RG evolution, the
quantities of interest at the electroweak scale are ht, hb, hτ ,mh0 ,∆aµ,Ωh2, where mh0 is
Higgs mass, ∆aµ is muon anomaly defined so that ∆aµ = ∆(gµ − 2)/2 and Ωh2 is the dark
matter relic density calculated by MicrOmega-6.1.15 [54]. For the Higgs mass and the
relic density we take the experiment constraints so that

mh0 = 125± 2 GeV (6.7)
Ωh2 < 0.12. (6.8)

Regarding ∆aµ, the recent Fermilab experimental measurement [55] finds a deviation from
the standard model result of ∆aµ = (24.9± 4.8)× 10−10 [55, 56]. An important contribution
to the muon moment comes from the hadronic vacuum polarization (HVP). The Fermilab
analysis uses e+e− cross section to hadrons in its evaluation of HVP. The analyses of HVP
as given by lattice gauge calculations [57–59] indicate a somewhat smaller deviation from the
standard model prediction. However, the situation on the lattice gauge calculations is not fully
settled. For that reason we will use the Fermilab ∆aµ constraint but with a two σ corridor.
As pointed out early on [60] the light sleptons and light weakinos can contribute to the muon
anomalous moment and produce a sizable electroweak correction and thus there exists a
connection between the Fermilab experiment and the search for sparticles at the LHC [61–63].

The analysis of b− t− τ unification is done within the renormalization group analysis
of g̃SUGRA [50] with gluino mass driven radiative breaking of the electroweak symmetry.
To identify the allowed g̃SUGRA parameters, we scan the parameter space and find models
that (1) satisfy all experimental constraints and (2) yield third generation fermion masses
arising from eq. (6.2) consistent with data. A direct Monte Carlo (MC) scan of the parameter
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space is done in the following range

m0 ∈ (0, 1000)GeV A0 ∈ (−5000, 5000)GeV (6.9)
m1 ∈ (0, 1500)GeV m2 ∈ (0, 1500)GeV m3 ∈ (0, 10000)GeV (6.10)

tan β ∈ (0, 30) mt ∈ (172.2, 173.0)GeV m̄b(m̄b) ∈ (4.15, 4.22)GeV (6.11)

With values of Udr9 and Vdr9 provided in tables 3 and 4 and input parameter f10r in ta-
ble 6, we find the result of Yukawa couplings of the top, the bottom and the tau using
eq. (6.2). In table 7 we exhibit SUGRA parameter sets used in RG analysis consistent with
the experimental data on the top and the bottom quark masses and for the tau lepton
mass. In table 8 we display the light sparticle mass spectrum consistent with the relic
density constraint and with the experimental gµ − 2 constraint. Here it is seen that the
lightest sparticles are the neutralino, the stau, the tau-sneutrino, the first two generation
sneutrinos, and the first two generation sleptons. In figure 1 we exhibit the RG evolution
of the sparticles from the GUT scale to the electroweak scale in g̃SUGRA model for the
input parameters of the SUGRA model (a) of table 7. Here in the left panel, we find that
while the sleptons and squarks all start with the same universal m0 for the scalar mass, the
RG evolution splits their masses widely at the electroweak scale. Thus the slepton masses
remain in the few hundred GeV region, while the squark masses are driven to high values
in the several TeV region due to their color interactions driven by the high gluino mass.
The right panel exhibits the RG evolution of the Yukawa couplings from the GUT scale
to the electroweak scale. Quite remarkably one finds that there is splitting of the b − t

Yukawas as the GUT scale due to the bi-unitary transformations needed to diagonalize
the Higgs boson mass as given by eq. (4.5). This splitting of b− t is significant enough to
achieve a b− t− τ unification for values of tan β between ∼ (5− 10) as illustrated in figure 2.
Further, as noted already the g̃SUGRA model evolution splits the sparticle spectrum into
two distinct categories: a light sparticle spectrum consisting of sleptons and weakinos and a
heavy sparticle spectrum consisting of heavy gluino, heavy squarks and heavy Higgses H0,
A0 and H±. This is illustrated in figure 3. Here we illustrate the light spectrum vs heavy
spectrum split for the case of two models (a) and (c) of table 7 where the upper panels are
for case (a) and the lower panels are for case (c). The left panel in each case exhibits the
scale of splitting of the light and heavy mass spectrum, while the right panel focuses on the
mass hierarchy of the light mass spectrum. The right panels are of special interest for the
possible discovery of sparticles at the LHC because of their relatively low masses and there
is the possibility that one or two of these sparticles may be accessible at the LHC in future runs.

As noted above because of the split sparticle spectrum in the SO(10) model with g̃SUGRA
RG running, possibility exists for the discovery of light sparticles at the LHC. To make it
more concrete we estimate now the production cross sections for some of the light sparticles
at the LHC. Thus the production cross sections for the first and the second generation
sleptons in pp collisions, i.e., σ(pp→ ẽLẽL), σ(pp→ ẽRẽR), σ(pp→ µ̃Lµ̃L), σ(pp→ µ̃Rµ̃R),
and σ(pp → ν̃µν̃µ) (while σ(pp → ν̃eν̃e) is similar in size as for the µ case) at

√
s = 14TeV

and
√
s = 27TeV, are given in table 9. In table 10 we give the production cross-sections

for the staus, and for the stau-neutrinos, i.e., for σ(pp→ τ̃1τ̃1),σ(pp→ τ̃2τ̃2), σ(pp→ τ̃1τ̃2),
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Model f (10r) h0
t h0

b h0
τ

(a) (0.707 − 0.283i,−0.954 − 0.019i) 0.484 0.051 0.051
(b) (0.567,0.046) 0.498 0.033 0.033
(c) (0.475,0.103) 0.486 0.046 0.046
(d) (1.09 + 0.918i,−0.013 + 0.936i) 0.503 0.050 0.050
(e) (0.570 + 0.379i, 1.12 − 0.362i) 0.486 0.062 0.062
(f) (0.218, 0.213) 0.487 0.056 0.056
(g) (0.595 + 0.196i, 0.781 − 0.063i) 0.485 0.044 0.044
(h) (0.459, 0.056) 0.489 0.043 0.043
(i) (1.08 + 0.901i,−0.0062 + 0.927i) 0.485 0.043 0.043
(j) (0.566 + 0.378i, 1.12 − 0.360i) 0.484 0.055 0.055

Table 6. Input parameter f10r and the corresponding Yukawa couplings of top, bottom and tau
given by eq. (6.2).

σ(pp → ν̃τ ν̃τ ), and σ(pp → τ̃1ν̃τ ), at
√
s = 14TeV and

√
s = 27TeV. Table 11 gives a

display of the branching ratios of τ̃1, τ̃2 and ν̃τ exhibiting the fact that the stau-production
and their subsequent decays produce a rich array of signatures. (For recent works on stau
phenomenology see [56, 64, 65] and for related earlier works see [66–68]. One of the most
interesting signatures in supersymmetry is the trileptonic signature arising from the final
state χ0

2χ
±
1 [69–75]. Here the decay of the χ0

2 → ℓ+ℓ−χ0
1 and χ±

1 → ℓ± + ν(ν̄) + χ0
1 will lead

to the trileptonic signature χ0
2χ

±
1 → ℓ+1 ℓ

+
2 ℓ

−
2 + missing energy. Typically this signal has a

low background from the standard model processes. In the analysis of the low scale mass
spectrum one finds that the masses of χ0

2χ
±
1 lie in the few hundred GeV region. It is of

interest to estimate the size of the production cross section σ(pp → χ0
2χ

±
1 ). The estimate

of the sizes for the chosen benchmarks are given in table 12. From the table one finds the
σ(pp → χ0

2χ
±
1 ) cross section can be as large as ∼ 20 fb for some entries which implies that

HL-LHC with an integrated luminosity of 3000 fb−1 will produce ∼ 6× 104 events. There
is then a good chance that some of these event may survive the stringent cuts at the LHC
and be detectable. A more detailed analysis of signal events is outside the scope of this
work but is of interest for further analysis.

7 Conclusion

In this work we have investigated the grand unified group SO(10) with the Higgs representa-
tions 560 + 560 in the heavy Higgs sector and 2×10 + 320 in the light sector which has the
property that it simultaneously reduces the rank of SO(10) from 5 to 4 as well as reduces
the rest of the symmetry to the Standard Model gauge group. Further, 560 + 560 contain
five color Higgs triplets/anti-triplets and only four Higgs doublet pairs while 2×10 + 320
light Higgs contain 5 Higgs color triplets/anti-triplets and 5 Higgs doublet pairs. Thus the
mixing of the heavy and the light Higgs sectors leads to all the color triplets/anti-triplets
becoming heavy and all of the Higgs doublets becoming heavy except one Higgs doublet
pair needed for electroweak symmetry breaking. We now list the new elements of the work
accomplished in this paper.
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Model m0 A0 m1 m2 m3 tan β mt m̄b(m̄b) mτ

(a) 533.0 -2502 814 815 7945 9.7 172.4 4.15 1.77682
(b) 363.7 -473 740 766 6722 5.9 172.9 4.20 1.77682
(c) 464.2 -3681 561 676 6616 8.6 172.6 4.15 1.77682
(d) 398.8 -1759 859 1111 8566 9.2 172.7 4.21 1.77682
(e) 486.4 1233 882 876 7514 11.6 172.6 4.20 1.77682
(f) 568.0 831 896 733 7987 10.4 172.8 4.17 1.77682
(g) 373.4 -3413 674 1013 7732 8.1 172.2 4.19 1.77682
(h) 497.9 2901 894 759 7589 7.9 172.6 4.22 1.77682
(i) 433.7 930 762 833 7653 8.1 172.2 4.16 1.77682
(j) 624.8 4216 764 742 8836 10.2 172.4 4.19 1.77682

Table 7. The SUGRA parameters sets used for renormalization group analysis of masses of the top,
the bottom and the τ lepton, using their Yukawa couplings at the GUT scale as input as given in
table (6).

Model h0 χ̃0
1 τ̃1 ν̃τ ν̃µ µ̃ τ̃2 χ̃±

1 χ̃0
2 χ̃±

2 Ωh2 ∆aµ(×10−9)
(a) 124.4 313 331 410 449 456 628 575 575 7993 0.0643 2.15
(b) 123.3 283 284 325 334 343 490 543 543 6772 0.0183 3.18
(c) 123.7 206 229 326 379 387 519 473 473 7072 0.1220 2.81
(d) 124.2 330 339 466 495 500 590 824 824 8418 0.0146 2.65
(e) 124.3 344 366 460 483 489 627 630 630 7116 0.0937 1.92
(f) 124.8 347 361 419 440 447 673 498 497 7602 0.0538 2.05
(g) 123.1 251 273 416 455 460 526 752 752 7965 0.0771 3.07
(h) 124.0 346 347 386 409 417 596 521 521 7099 0.0240 1.93
(i) 123.7 288 296 358 373 381 551 588 588 7303 0.0281 3.72
(j) 124.1 280 303 370 436 443 642 487 487 8016 0.1210 2.86

Table 8. Low scale SUSY mass spectrum showing the Higgs boson h0 mass consistent with the
constraint of eq. (6.7), and the masses of χ̃0

1, τ̃1, ν̃τ , ν̃µ, µ̃, τ̃2, χ̃±
1 , χ̃0

2 and χ̃±
2 for the set of benchmarks

(a)-(j) of table 7. The corresponding relic density Ωh2 consistent with the constraint of eq. (6.8) and
the muon anomaly ∆aµ(×10−9) consistent with the muon anomaly constraint is also exhibited.

• While the model was proposed in [31] further development of the model required explicit
computations of the couplings which involves construction of the 320-multiplet and
its couplings to 560 + 560 which were not available in previous works. This has been
accomplished in the current paper. We expand further on the specifics of the new work
below.

• Construction of the irreducible tensor-spinor |Θ(560)
µν ⟩ from the 720 (= 16 × 45) dimen-

sional reducible tensor-spinor |Θ720
µν ⟩. It is carried out by removing 160 (= 16 × 10)

components from |Θ720
µν ⟩ as shown in appendix A.

• Construction of two 320 multiplets, one symmetric
(
Λ(320s)
(µν)λ

)
and the other antisym-

metric
(
Λ(320a)
[µν]λ

)
in the two indices, starting with the 1000 dimensional reducible tensor
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Model σ(pp→ ẽLẽL) σ(pp→ µ̃Lµ̃L) σ(pp→ ẽRẽR) σ(pp→ µ̃Rµ̃R) σ(pp→ ν̃eν̃e) σ(pp→ ν̃µν̃µ)
14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV

(a) 0.936 3.619 0.940 3.632 0.077 0.382 0.078 0.382 0.932 3.621 0.933 3.625
(b) 3.208 10.577 3.216 10.603 0.317 1.236 0.316 1.235 3.358 1.110 3.359 1.111
(c) 1.920 6.738 1.931 6.771 0.179 0.762 0.179 0.763 1.964 6.912 1.968 6.931
(d) 0.572 2.379 0.570 2.372 0.343 1.323 0.345 1.330 0.560 2.344 5.598 2.344
(e) 0.677 2.745 0.680 2.757 0.106 0.491 0.105 0.491 0.668 2.722 0.668 2.724
(f) 1.022 3.903 1.025 3.913 0.060 0.309 0.060 0.309 1.020 3.916 1.021 3.918
(g) 0.883 3.442 0.899 3.498 0.278 1.106 0.274 1.093 0.877 3.436 0.878 3.440
(h) 1.396 5.105 1.399 5.117 0.101 0.472 0.101 0.472 1.408 5.176 1.410 5.180
(i) 2.049 7.131 2.056 7.154 0.185 0.782 0.184 0.782 2.102 7.345 2.103 7.349
(j) 1.066 4.046 1.070 4.061 0.051 0.271 0.051 0.271 1.065 4.065 1.068 4.073

Table 9. The NLO+NNLL pair production cross-sections, in fb, of first and second generation sleptons
at

√
s = 14TeV and 27 TeV for all benchmark models.

Model σ(pp → τ̃1τ̃1) σ(pp → τ̃2τ̃2) σ(pp → τ̃1τ̃2) σ(pp → ν̃τ ν̃τ ) σ(pp → τ̃1ν̃τ )
14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV 14 TeV 27 TeV

(a) 2.584 8.335 0.076 0.369 1.398 5.144 0.112 0.459 0.634 2.427
(b) 5.065 15.29 0.246 0.981 3.745 12.238 0.266 0.950 1.281 4.429
(c) 10.171 28.29 0.195 0.810 3.713 12.144 0.376 1.325 2.684 8.903
(d) 0.893 3.011 0.242 1.052 0.637 2.616 0.186 0.733 0.951 3.984
(e) 1.460 4.935 0.080 0.390 0.841 3.316 0.122 0.509 0.551 2.253
(f) 2.008 6.769 0.053 0.275 1.267 4.722 0.060 0.260 0.354 1.397
(g) 3.621 10.649 0.232 0.975 1.311 4.865 0.366 1.333 1.970 7.257
(h) 2.416 7.993 0.098 0.454 1.821 6.477 0.088 0.354 0.430 1.637
(i) 4.142 12.715 0.144 0.625 2.509 8.585 0.191 0.721 1.049 3.755
(j) 4.134 12.835 0.068 0.335 2.184 7.596 0.090 0.364 0.690 2.505

Table 10. The stau and stau-neutrino pair production cross-sections at NLO+NNLL order in fb, at√
s = 14TeV and 27 TeV for all benchmark models. The largest cross sections are for the production

of τ̃1τ̃1 followed by the production cross section for τ̃1τ̃2.

Tµνλ. Complete details are carried out in appendix D and results exhibited in eqs. (2.6)
and (2.7).

• Couplings involving tensor spinors with tensor Higgs representations are not available in
the literature and we have developed new techniques to accomplish it. Thus one of the
central accomplishments of this paper is that we have carried out an explicit computation
of the couplings of the heavy sector with the light sector, i.e., (560 · 560) · 10i (i = 1, 2)
and (560 · 560) · 320 using one of the tensor representations of the 320, i.e., the one
symmetric in two indices as shown in appendices E, F and G.

• Further, we have computed the mass matrix of the Higgs doublets arising from the
560 + 560, 320, and from 10i (i = 1, 2) after spontaneous breaking of the GUT symmetry
in terms of the parameters of the cubic superpotential as shown in appendix G and
displayed in eq. (4.4).
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Model τ̃1 → τχ̃0
1 τ̃2 → τχ̃0

1 τ̃2 → ν̃τ W− τ̃2 → τ̃1Z[h0] ν̃τ → τχ̃0
1 ν̃τ → τ̃1W + ν̃τ → τ̃1qq̄

(a) 100% 12% 41% 35%[12%] 91% <1% 9%
(b) 100% 23% 37% 28%[12%] 99% <1% 1%
(c) 100% 99% <1% <1%[<1%] 31% 69% <1%
(d) 100% 15% 22% 62%[<1%] 9% 91% <1%
(e) 100% 14% 36% 44%[6%] 32% 68% <1%
(f) 100% 12% 42% 29% [15%] 98% <1% 2%
(g) 100% 19% 14% 67%[<1%] 9% 91% <1%
(h) 100% 98% <1% <1%[<1%] 99% <1% <1%
(i) 100% 16% 39% 32%[12%] 98% <1% 2%
(j) 100% 98% <1% <1% [<1%] 97% <1% 3%

Table 11. While the decay branching ratio of τ̃1 → τ χ̃0
1 is 100%, the decay branching ratios of τ̃2

and ν̃τ are diverse and show a variety of model dependent signatures providing differentiation among
cases (a)-(j) for this class of SO(10) models.

Model σ(pp → χ̃0
2χ̃±

1 )
14TeV 27TeV

(a) 8.773 40.105
(b) 11.446 50.159
(c) 21.770 87.013
(d) 0.731 5.284
(e) 5.564 27.362
(f) 17.400 71.840
(g) 2.216 12.828
(h) 13.977 59.533
(i) 7.838 36.461
(j) 19.198 78.215

Table 12. The production cross-section for χ̃0
2χ̃

±
1 in fb at

√
s = 14TeV and 27 TeV for all models.

As discussed in text the process pp→ χ̃0
2χ̃

±
1 is of significant interest and it leads to the well-known

tri-leptonic signal for supersymmetry.

• After diagonalization of both the kinetic energy and the mass matrix we have identified
the pair of light Higgs doublets that enter in the electroweak symmetry breaking. Thus
we have deduced the MSSM with a pair of light Higgs doublets in a natural way from a
diagonalization involving nine Higgs doublets where all but the electroweak doublets
become superheavy as shown in eq. (4.3) and eq. (4.5).

• As another major result of the paper we show that the diagonalization of the Higgs
mass matrix leads to splitting between the couplings of the up Higgs to the top quark
vs the coupling of the down Higgs to the bottom quark due to the light Higgs doublets
arising as linear combinations of the Higgses in 320 and 10i (i = 1, 2). This allows the
Yukawa coupling of the top quark becoming larger than the Yukawa coupling of the
down quark at the GUT scale which leads to b− t− τ unification with low tan β with
tan β as low as 5–10 as shown in table 6 and table 7.
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Figure 1. Left panel: renormalization group evolution of sleptons, squarks and of the gaugino masses
in g̃SUGRA for model (a). Right panel: renormalization group evolution of Yukawa couplings of b
and t quarks and of the τ lepton. The dash line, solid line and dash dot line correspond to tan β = 5,
9.8 and 14.
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Figure 2. Left panel: an MC scan of the top and the bottom Yukawa couplings at the GUT scale
with color map giving tan β. Right panel: an MC scan of m0 vs. A0 with color map giving tan β. All
the scatter points satisfy the Higgs boson mass, the relic density and the muon anomaly constraint.

• It is shown that the SO(10) model with g̃SUGRA RG evolution leads to split sparticle
mass spectrum, with a set of light sparticles involving the sleptons and the weakinos
with masses lying in the few hundred GeV region consistent with the Higgs boson
mass, the relic density and gµ − 2 data constraints. The remaining particle spectrum
consisting of the gluino, the squarks and the Higgs H0, A0, H± is heavy with masses
lying in the TeV region. This is exhibited in table 8 and in figure 3.

• The production cross sections for the light sparticles are estimated in table 9, table 10,
and in table 12, and found to be of order few fb which appears encouraging for the
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Figure 3. Particle mass spectrum given by PySLHA [76] for model (a) (upper panels) and (c)
(lower panels). The right panels are zoomed-in to the left panels for low-lying masses.

discovery of supersymmetry at the LHC. Specifically, the χ̃0
2χ̃

±
1 production cross section

can lie in the range 40–80 fb as seen in table 12 and is of considerable interest as it
leads to the trileptonic signal which is one of the signature events of supersymmetry
because it typically has low background from the Standard Model processes. However,
a more dedicated analysis is needed to make definitive predictions after the appropriate
detector cuts and backgrounds are included in the analysis.

There are significant possibilities for further work in this class of SO(10) models. Thus,
as mentioned above, a more dedicated analysis of sparticle production signals taking into
account detector cuts and backgrounds, would allow one to make reliable estimates of what
one may expect at HL-LHC and HE-LHC. Since all the parameters of the model are now
constrained, prediction of proton decay branching ratios into p→ e+π0, p→ ν̄K+ and into
other decay modes can be made. Another possible extension of the model is a double copy,
i.e., MSSM2, which gives four pair of light Higgs. In this case the possibility that one pair
of light Higgs doublets couple with the third generation of fermions and the other to the
first two generation of fermions has the potential of explaining the relative mass hierarchy
between the third generation and the first generation of fermions. Of course such an extension
requires a check on gauge coupling unification and consistency with the set of experimental
constraints discussed in the analysis of this work.
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A 560 + 560 tensor-spinor in its SU(5) oscillator modes

We begin by displaying the tensorial structure of each SU(5) multiplets within the 560−plet.

560
[
Θs̆(560)

µν

]
= 1

[
H(560)

]
+ 5

[
H(560)

i

]
+ 10

[
H(560)

ij

]
+ 10

[
H(560)ij

]
+ 10

[
Ĥ(560)ij

]
+24

[
H(560)i

j

]
+ 40

[
H(560)ijk

l

]
+ 45

[
H(560)ij

k

]
+ 45

[
H(560)k

ij

]
+50

[
H(560)lm

ijk

]
+ 70

[
H(560)k
(S)ij

]
+ 75

[
H(560)ij

kl

]
+ 175

[
H(560)m
[ijk]l

]
, (A.1)

where the Latin indices i, j, k, . . . taking on the values 1, 2, . . . , 5. From here onward, we
suppress the spinor index s̆ for brevity.

A.1 The reducible 720 dimensional tensor-spinor multiplet

In eqs. (2.5) it was shown that the irreducible tensor-spinor |Θ(560)
µν ⟩ can be obtained from

the 720 (= 16 × 45) dimensional reducible tensor-spinor |Θ720
µν ⟩ by removing 160 (= 16 × 10)

components. From here onward, we suppress the spinor index for brevity. For the purpose
of applications we need to exhibit the decomposition of reducible 720 and irreducible 560
mulitplets in terms of the SU(5) modes. To this end we consider a field theoretic description
of the 720−plet and define the Clifford elements Γµ in terms of creation and annihilation
operators bi and b†i [36, 37] as Γ2i = (bi + b†i ),Γ2i−1 = −i(bi − b†i ), where {bi, b

†
j} = δij ,

{bi, bj} = 0 and {b†i , b
†
j} = 0 and that the SU(5) singlet satisfies bi |0⟩ = 0. In terms of

bi, b
†
i the 16 and 16 multiplets of SO(10) have the following SU(5) oscillator expansions:

|Θ(16)⟩ = |0⟩M + 1
2b

†
ib

†
j |0⟩M ij + 1

24ϵ
ijklmb†jb

†
kb

†
l b

†
m |0⟩Mi and |Θ(16)⟩ = b†1b

†
2b

†
3b

†
4b

†
4 |0⟩N +

1
12ϵ

ijklmb†kb
†
l b

†
m |0⟩Nij + b†i |0⟩N i. Thus we have

|Θ(720)
µν ⟩ = |0⟩Xµν + 1

2b
†
ib

†
j |0⟩Xij

µν + 1
24ϵ

ijklmb†jb
†
kb

†
l b

†
m |0⟩Xiµν . (A.2)

We now display the SU(5) decomposition of |Θ(720)
µν ⟩:

Θµν(720) = Xµν(45)⊕Xiµν(5× 45)⊕Xij
µν(10× 45),

Xµν(45) = Xcicj (10)⊕Xcicj (10)⊕Xcicj (25),
Xiµν(5× 45) = Xicjck

(5× 10)⊕Xicjck
(5× 10)⊕Xickcj (5× 25),

Xij
µν(10× 45) = Xij

ckcl
(10× 10)⊕Xij

ckcl
(10× 10)⊕Xij

ckcl
(10× 25),

(A.3)

where the quantities in the parenthesis represent the dimensionality of the tensor. These
SU(5) reducible tensors are further decomposed into their irreducible parts as follows

101 : Xcicj = (1)U ij ,

10 : Xcicj = Uij ,

25 = 241 + 11 : Xcicj = (1)U i
j +

1
5δ

i
j
(1)U,

(A.4)
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5× 10 = 45 + 5 : Xicjck
= U jk

i + 1
4
(
δk

i U
j − δj

iU
k
)
,

5× 10 = 401 + 102 : Xicjck
= ϵjklmn

(1)U lmn
i + ϵijklm

(2)U lm,

5× 25 = 451 + 51 + 70 + 52 : Xickcj = 1
2
(1)Uk

ij +
1
8
(
δk

j
(1)Ui − δk

i
(1)Uj

)
+ 1

2U
k
(S)ij

+ 1
12
(
δk

j
(2)Ui − δk

i
(2)Uj

)
,

(A.5)

10×10 = 50+452+53 : Xij
ckcl

= ϵijmnoUkl
mno+

3
2
(
ϵijkmn(2)U l

mn−ϵijlmn(2)Uk
mn

)
+ 1
2ϵ

ijklm(3)Um,

10×10 = 75+242+12 : Xij
ckcl

=U ij
kl +

1
3
(
δi

l
(2)U j

k −δ
i
k
(2)U j

l +δ
j
k
(2)U i

l −δ
j
l
(2)U i

k

)
+ 1
20
(
δi

lδ
j
k −δ

i
kδ

j
l

)
(2)U,

10×25 = 103+15+104+402+175 : Xij
ckcl

= 1
6
(
δi

l
(3)U jk −δj

l
(3)U ik +δk

l
(3)U ij

)
+ 1
8
(
δi

lU
jk
(S)−δ

j
l U

ik
(S)

)
+ 1
3
(
δi

l
(4)U jk −δj

l
(4)U ik +δk

l
(4)U ij

)
+ (2)U ijk

l +ϵijxyzUk
[xyz]l.

(A.6)

Next, we investigate the implication of the constraint eq. (2.5a). To that end, contracting
Γµ with the 720−plet gives

Γµ |Θ(720)
µν ⟩ = |Θ(160)

ν ⟩ , (A.7)

where

|Θ(160)
cn

⟩=b†1b
†
2b

†
3b

†
4b

†
4 |0⟩Un+b†i |0⟩

(
(1)U in−1

2
(3)U in−1

2U
in
(S)−

(4)U in
)

+ 1
12ϵ

ijklmb†kb
†
l b

†
m |0⟩

[
72(2)Un

ij+18
(
δn

i
(3)Uj−δn

j
(3)Ui

)
+(1)Un

ij+
1
4
(
δn

i
(1)Uj−δn

j
(1)Ui

)]
(A.8a)

|Θ(160)
cn

⟩=b†1b
†
2b

†
3b

†
4b

†
4 |0⟩

(
−1
2
(1)Un−

1
2
(2)Un

)
+b†i |0⟩

(
(1)U i

n+
1
5δ

i
n
(1)U−(2)U i

n−
1
5δ

i
n
(2)U

)
+ 1
12ϵ

ijklmb†kb
†
l b

†
m |0⟩

[
ϵijnop

(
(2)Uop+3(3)Uop+6(4)Uop

)
+ϵijopq

(
(1)Uopq

n +6(2)Uopq
n

)]
(A.8b)

To get the 560 tensor-spinor, |Θ(560)
µν ⟩, we must impose eq. (2.5a). This is equivalent to setting
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|Θ(160)
ν ⟩ = 0. Thus eqs. (A.8) gives the following constraints

Un = 0, (A.9a)
(1)U in − 1

2
(3)U in − 1

2U
in
(S) −

(4)U in = 0, (A.9b)

72(2)Un
ij + 18

(
δn

i
(3)Uj − δn

j
(3)Ui

)
+ (1)Un

ij +
1
4
(
δn

i
(1)Uj − δn

j
(1)Ui

)
= 0, (A.9c)

−1
2
(1)Un − 1

2
(2)Un = 0, (A.9d)

(1)U i
n + 1

5δ
i
n
(1)U − (2)U i

n − 1
5δ

i
n
(2)U = 0, (A.9e)

ϵijnop

(
(2)Uop + 3(3)Uop + 6(4)Uop

)
+ ϵijopq

(
(1)Uopq

n + 6(2)Uopq
n

)
= 0. (A.9f)

The above allows us to write

|Θ(560)
µν ⟩ = |Θ(720)

µν ⟩
∣∣∣constraint of eqs. (A.9) (A.10)

Next we replace the notation U , Ui, Uij etc by the more tranparent particle notation by defining

(2)U ≡ H(560), (1)Ui ≡ H(560)
i , Uij ≡ H(560)

ij , (1)U ij ≡ H(560)ij , (2)U ij ≡ Ĥ(560)ij ,

(2)U i
j ≡ H(560)i

j , (1)U ijk
l ≡ H(560)ijk

l ,

U ij
k ≡ H(560)ij

k , (1)Uk
ij ≡ H(560)k

ij , U lm
ijk ≡ H(560)lm

ijk , Uk
(S)ij = H(560)k

(S)ij , U ij
kl = H(560)ij

kl ,

Um
[ijk]l = H(560)m

[ijk]l .

With the above notation and using eqs. (A.9), we write the expansion of the 560−dimensional
tensor-spinor in terms of its SU(5) oscillator modes:

|Θ(560)
cxcy

⟩= |0⟩H(560)xy+1
2b

†
ib

†
j |0⟩

[
ϵijklmH(560)xy

klm

+ 1
48
(
ϵijklyH(560)x

kl −ϵijklxH(560)y
kl

)
− 1
144ϵ

ijkxyH(560)
k

]
+ 1
24ϵ

ijklmb†jb
†
kb

†
l b

†
m |0⟩H(560)xy

i , (A.11)

|Θ(560)
c̄xc̄y

⟩= |0⟩H(560)
xy +1

2b
†
ib

†
j |0⟩

[
H(560)ij

xy +1
3
(
δi

yH(560)j
x −δi

xH(560)j
y +δj

xH(560)i
y −δj

yH(560)i
x

)
+ 1

20
(
δi

yδ
j
x−δi

xδ
j
y

)
H(560)

]
+ 1
24ϵ

ijklmb†jb
†
kb

†
l b

†
m |0⟩

[
ϵnopxyH(560)nop

i

+ϵinoxyĤ(560)no
]
, (A.12)

|Θ(560)
cxc̄y

⟩= |0⟩
[
H(560)x

y +1
5δ

x
y H(560)

]
+1
2b

†
ib

†
j |0⟩

[1
4
(
δi

yH(560)jx−δj
yH(560)ix

)
− 1

72
(
4δx

y Ĥ(560)ij−δj
yĤ(560)ix+δi

yĤ(560)jx
)
−1
6H(560)ijx

y +ϵijklmH(560)x
[klm]y

]
+ 1
24ϵ

ijklmb†jb
†
kb

†
l b

†
m |0⟩

[ 1
24
(
5δx

y H(560)
i −δx

i H(560)
y

)
−1
2
(
H(560)x

iy +H(560)x
(S)iy

)]
. (A.13)

Similarly, one can start with 720 (= 16 × 45) tensor-spinor as

|Θ(720)
µν ⟩ = b†1b

†
2b

†
3b

†
4b

†
4 |0⟩Xµν + 1

12ϵ
ijklmb†kb

†
l b

†
m |0⟩Xµνij + b†i |0⟩X

i
µν ,
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and use the constraint Γµ |Θ(720)
µν ⟩ = |Θ(160)

ν ⟩ = 0 (equivalent to Γµ |Θ(560)
µν ⟩ = 0) to obtain

the 560−plet. Here we find

|Θ(560)
cxcy

⟩ = b†1b
†
2b

†
3b

†
4b

†
5 |0⟩H(560)xy + 1

12ϵ
ijklmb†kb

†
l b

†
m |0⟩

[
H(560)xy

ij + 1
3

(
δy

i H(560)x
j − δx

i H(560)y
j

+δx
j H(560)y

i − δy
j H(560)x

i

)
+ 1

20
(
δy

i δ
x
j − δx

i δ
y
j

)
H(560)

]
+b†i |0⟩

[
ϵnopxyH(560)i

nop + ϵinoxyĤ(560)
no

]
, (A.14)

|Θ(560)
c̄xc̄y

⟩ = b†1b
†
2b

†
3b

†
4b

†
5 |0⟩H(560)

xy + 1
12ϵ

ijklmb†kb
†
l b

†
m |0⟩

[
ϵijpqrH(560)pqr

xy

+ 1
48
(
ϵijpqyH(560)pq

x − ϵijpqxH(560)pq
y

)
− 1

144ϵijpxyH(560)p
]
+ b†i |0⟩H(560)i

xy , (A.15)

|Θ(560)
cxc̄y

⟩ = b†1b
†
2b

†
3b

†
4b

†
5 |0⟩

[
H(560)x

y + 1
5δ

x
y H(560)

]
+ 1

12ϵ
ijklmb†kb

†
l b

†
m |0⟩

[1
4

(
δx

i H(560)
jy − δx

j H(560)
iy

)
− 1

72

(
4δx

y Ĥ(560)
ij − δx

j Ĥ(560)
iy + δx

i Ĥ(560)
jy

)
− 1

6H(560)x
ijy + ϵijpqrH(560)[pqr]x

y

]
+b†i |0⟩

[ 1
24
(
5δx

y H(560)i − δi
yH(560)x

)
− 1

2

(
H(560)ix

y + H(560)ix
(S)y

)]
, (A.16)

where

560
[
Θ(560)

µν

]
= 1(5)

[
H(560)

]
+ 5(−3)

[
H(560)i

]
+ 10(9)

[
H(560)ij

]
+ 10(1)

[
H(560)

ij

]
+10(1)

[
Ĥ(560)

ij

]
+ 24(5)

[
H(560)i

j

]
+ 40(1)

[
H(560)l

ijk

]
+ 45(−7)

[
H(560)k

ij

]
+45(−3)

[
H(560)ij

k

]
+ 50(−3)

[
H(560)ijk

lm

]
+ 70(−3)

[
H(560)ij
(S)k

]
+75(5)

[
H(560)ij

kl

]
+ 175(1)

[
H(560)[ijk]l

m

]
. (A.17)

Eqs. (A.11)–(A.16) show how the various SU(5) components given in eqs. (A.1) and (A.17)
enter in the oscillator decomposition of the constrained 560 + 560 multiplet.
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A.2 Normalization of kinetic energies of irreducible SU(5) multiplets arising in
the decomposition of 560 + 560 multiplets

We exhibit below the decomposition of the kinetic energy of the 560−plet in terms of the
kinetic energies of SU(5) multiplets residing in 560.

L(560)
ke = −⟨∂AΘ(560)

µν |∂AΘ(560)
µν ⟩

= −∂AX
†
µν∂

AXµν − 1
2∂AX

†
ijµν∂

AXij
µν − ∂AX

i†
µν∂

AXiµν

= −∂AX
†
cicj

∂AXcicj − ∂AX
†
c̄ic̄j

∂AXc̄ic̄j − 2∂AX
†
cic̄j

∂AXcic̄j

−1
2∂AX

†
ijckcl

∂AXij
ckcl

− 1
2∂AX

†
ijc̄k c̄l

∂AXij
c̄k c̄l

− ∂AX
†
ijck c̄l

∂AXij
ck c̄l

−∂AX
i†
cjck

∂AXicjck
− ∂AX

i†
c̄j c̄k

∂AXic̄j c̄k
− 2∂AX

i†
cj c̄k

∂AXicj c̄k

= − 9
20∂AH(560)†∂AH(560) − 721

1728∂AH(560)i†∂AH(560)
i − ∂AH(560)ij†∂AH(560)

ij

−3
2∂AH(560)†

ij ∂AH(560)ij − 865
72 ∂AĤ(560)†

ij ∂AĤ(560)ij − 8
3∂AH(560)i†

j ∂AH(560)j
i

−433
36 ∂AH(560)l†

ijk ∂AH(560)ijk
l − ∂AH(560)i†

jk ∂AH(560)jk
i − 145

288∂AH(560)ij†
k ∂AH(560)k

ij

−6∂AH(560)ijk†
lm ∂AH(560)lm

ijk − 1
2∂AH(560)ij†

(S)k ∂AH(560)k
(S)ij − 1

2∂AH(560)kl†
ij ∂AH(560)ij

kl

−12∂AH(560)[ijk]l†
m ∂AH(560)m

[ijk]l ,

where A = 0, · · · 3 is the Dirac index. In terms of normalized SU(5) fields, the kinetic energy
of 560 tensor-spinor takes the form

L(560)
ke =−∂AH(1560)†∂AH(1560)−∂AH(5560)i†∂AH(5560)

i − 1
2!∂AH(10560)ij†∂AH(10560)

ij

− 1
2!∂AH(10560)†

ij ∂AH(10560)ij− 1
2!∂AĤ(10560)†

ij ∂AĤ(10560)ij−∂AH(24560)i†
j ∂AH(24560)j

i

− 1
3!∂AH(40560)l†

ijk ∂AH(40560)ijk
l − 1

2!∂AH(45560)i†
jk ∂AH(45560)jk

i − 1
2!∂AH(45560)ij†

k ∂AH(45560)k
ij

− 1
2!

1
3!∂AH(50560)ijk†

lm ∂AH(50560)lm
ijk − 1

2!∂AH(70560)ij†
k ∂AH(560)k

ij

− 1
2!

1
2!∂AH(75560)kl†

ij ∂AH(75560)ij
kl − 1

3!∂AH(175560)[ijk]l†
m ∂AH(175560)m

[ijk]l . (A.18)

In a similar fashion, one can now normalize the SU(5) tensors in the 560-plet. Thus together
for the 560 and 560 multiplets, we have the following relationship among the un-normalized
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fields H and normalized fields H as follows(
H(560)

H(560)

)
= 2

3
√
5
(

H(1560)

H(1560)

)
,

(
H(560)

i

H(560)i

)
= 24

√
3
721

(
H(5560)

i

H(5560)i

)
,

(
H(560)

ij

H(560)ij

)
= 1√

2

(
H(10560)

ij

H(10560)ij

)
,

(
H(560)ij

H(560)
ij

)
= 1√

3

(
H(10560)ij

H(10560)
ij

)
,

(
Ĥ(560)ij

Ĥ(560)
ij

)
= 6√

865

(
Ĥ(10560)ij

Ĥ(10560)
ij

)
,

(H(560)i
j

H(560)i
j

)
= 1

2

√
3
2

(H(24560)i
j

H(24560)i
j

)
,

(
H(560)ijk

l

H(560)l
ijk

)
=
√

6
433

(H(40560)ijk
l

H(40560)l
ijk

)
,

(
H(560)ij

k

H(560)k
ij

)
= 1√

2

(H(45560)ij
k

H(45560)k
ij

)
,

(H(560)k
ij

H(560)ij
k

)
= 12√

145

(H(45560)k
ij

H(45560)ij
k

)
,

(H(560)lm
ijk

H(560)ijk
lm

)
= 1

6
√
2

(H(50560)lm
ijk

H(50560)ijk

lm

)
,

(
H(560)ij

kl

H(560)ij
kl

)
= 1√

2

(H(75560)ij
kl

H(75560)ij
kl

)
,

( H(560)m
[ijk]l

H(560)[ijk]l
m

)
= 1

6
√
2

( H(175560)m
[ijk]l

H(175560)[ijk]l
m

)
,

(H(560)k
(S)ij

H(560)ij
(S)k

)
=
(H(70560)k

ij

H(70560)jk

k

)
. (A.19)

B Couplings of the SU(5) components 1, 24, 75 that enter in spontaneous
breaking of SO(10) GUT symmetry

GUT symmetry breaking is triggered by the superpotential (see eq. (3.2)):

Wgut = 1
2!M45Φ(45)

µν Φ(45)
µν + λ45 ⟨Θ(560)∗

µν |B|Θ(560)
νσ ⟩Φ(45)

µσ +M560 ⟨Θ(560)∗
µν |B|Θ(560)

µν ⟩ (B.1)

Here few remarks about the second term appearing in eq. (B.1) are in order. First note
that there are seemingly other viable interactions of 560 + 560 with the 45 multiplet that
can appear in eq. (B.1) such as

• λ′45 ⟨Θ
(560)∗
µν |BΓρΓσ|Θ

(560)
ρσ ⟩Φ(45)

µν ,

• λ′′45 ⟨Θ
(560)∗
µν |BΓνΓρ|Θ

(560)
ρσ ⟩Φ(45)

µσ , etc.

• λ′′′45 ϵµ1µ1...µ9µ10 ⟨Θ
(560)∗
µ1µ2 |BΓµ3Γµ4Γµ5Γµ6 |Θ

(560)
µ7µ8 ⟩Φ

(45)
µ9µ10

The first two couplings are zero. This is due to the constraint Γα |Θ(560)
αβ ⟩ = 0. The last term

above is non-vanishing but we would not take it into account and in this analysis we consider
only the simplest coupling of 560 + 560 with the 45 as given in eq. (B.1).

Further, the second term appearing in eq. (B.1) should actually read λ45
2! (⟨Θ

(560)∗
µν |B|Θ(560)

νσ ⟩
− ⟨Θ(560)∗

σν |B|Θ(560)
νµ ⟩)Φ(45)

µσ . This is due to the fact that only the piece antisymmetric in indices
(µ, σ) of the product ⟨Θ(560)∗

µν |B|Θ(560)
νσ ⟩ will couple to the antisymmetric tensor Φ(45)

µσ .
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Eliminating the 45 multiplet through ∂Wgut
∂Φ45

αβ
= 0, we get Φ(45)

αβ = − λ45
2M45

(⟨Θ(560)∗
αν |B|Θ(560)

νβ ⟩

− ⟨Θ(560)∗
βν |B|Θ(560)

να ⟩), which correctly exhibits antisymmetry in indices (α, β). Finally,

Wgut

= − λ245
4M45

[
⟨Θ(560)∗

αν |B|Θ(560)
νβ ⟩ ⟨Θ(560)∗

αµ |B|Θ(560)
µβ ⟩ − ⟨Θ(560)∗

αν |B|Θ(560)
νβ ⟩ ⟨Θ(560)∗

βµ |B|Θ(560)
µα ⟩

]
+M560 ⟨Θ(560)∗

µν |B|Θ(560)
µν ⟩ (B.2)

= λ245
4M45

[
−2 ⟨Θ(560)∗

cic̄k
|B|Θ(560)

ckcj
⟩ ⟨Θ(560)∗

c̄ic̄l
|B|Θ(560)

clc̄j
⟩ − 2 ⟨Θ(560)∗

cic̄k
|B|Θ(560)

ck c̄j
⟩ ⟨Θ(560)∗

clc̄i
|B|Θ(560)

cj c̄l
⟩

− 2 ⟨Θ(560)∗
cic̄k

|B|Θ(560)
ck c̄j

⟩ ⟨Θ(560)∗
c̄ic̄l

|B|Θ(560)
clcj

⟩+ 2 ⟨Θ(560)∗
cic̄k

|B|Θ(560)
ckcj

⟩ ⟨Θ(560)∗
c̄j c̄l

|B|Θ(560)
clc̄i

⟩

+ 2 ⟨Θ(560)∗
ck c̄i

|B|Θ(560)
cj c̄k

⟩ ⟨Θ(560)∗
c̄j c̄l

|B|Θ(560)
clci

⟩+ ⟨Θ(560)∗
cic̄k

|B|Θ(560)
ck c̄j

⟩ ⟨Θ(560)∗
cj c̄l

|B|Θ(560)
clc̄i

⟩

+ ⟨Θ(560)∗
ck c̄i

|B|Θ(560)
cj c̄k

⟩ ⟨Θ(560)∗
clc̄j

|B|Θ(560)
cic̄l

⟩+ ⟨Θ(560)∗
c̄ic̄k

|B|Θ(560)
ckcj

⟩ ⟨Θ(560)∗
c̄j c̄l

|B|Θ(560)
clci

⟩+ . . .

]
−M560

[
⟨Θ(560)∗

c̄ic̄j
|B|Θ(560)

cjci
⟩+ 2 ⟨Θ(560)∗

cic̄j
|B|Θ(560)

cj c̄i
⟩+ . . .

]
(B.3)

Using eqs. (A.11)–(A.16) and eq. (A.19) in eq. (B.3) we get

Wgut

= λ245
4M45

[
− 1
16H(75560)xy

iz H(75560)zj
xy H(75560)pq

jr H(75560)ri
pq

− 1
8
√
3

H(75560)xy
iz H(75560)zj

xy H(75560)iq
jp H(24560)p

q − 1
8
√
3

H(75560)xy
iz H(75560)zj

xy H(24560)p
q H(75560)qi

pj

− 5
24H(75560)xy

iz H(75560)zj
xy H(24560)i

p H(24560)p
j + 11

48H(75560)xy
iz H(75560)zj

xy H(24560)p
j H(24560)i

p

+ 1
48H(75560)xy

iz H(75560)zi
xy H(24560)p

q H(24560)q
p − 1

48H(75560)jx
iy H(24560)y

x H(75560)ip
jq H(24560)q

p

− 1
48H(24560)x

y H(75560)yj

xi H(24560)p
q H(75560)qi

pj − 1
24H(75560)jx

iy H(24560)y
x H(24560)p

q H(75560)qi

pj

+ 1
8
√
30

H(75560)xy
iz H(75560)zj

xy H(24560)i
j H(1560) + 1

8
√
30

H(75560)xy
iz H(75560)zj

xy H(1560)H(24560)i
j

+ 1
90H(75560)xy

iz H(75560)zi
xy H(1560)H(1560)

+ 1
48
√
3

H(75560)jx
iy H(24560)y

x H(24560)i
p H(24560)p

j + 1
48
√
3

H(24560)x
y H(75560)yj

xi H(24560)i
p H(24560)p

j

+ 1
24
√
10

H(75560)jx
iy H(24560)y

x H(24560)i
j H(1560) + 1

24
√
10

H(75560)jx
iy H(24560)y

x H(1560)H(24560)i
j

+ 1
24
√
10

H(24560)x
y H(75560)yj

xi H(24560)i
j H(1560) + 1

24
√
10

H(24560)x
y H(75560)yj

xi H(1560)H(24560)i
j

−221
576H(24560)j

x H(24560)x
i H(24560)i

y H(24560)y
j + 55

144H(24560)j
x H(24560)x

i H(24560)y
j H(24560)i

y

− 7
576H(24560)x

y H(24560)y
x H(24560)i

j H(24560)j
i

− 1
48
√
30

H(24560)i
x H(24560)x

j H(24560)j
i H(1560) − 1

48
√
30

H(24560)i
x H(24560)x

j H(1560)H(24560)j
i
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− 1
480H(24560)j

i H(1560)H(24560)i
j H(1560) − 1

480H(1560)H(24560)j
i H(1560)H(24560)i

j

+ 1
144H(24560)j

i H(1560)H(1560)H(24560)i
j − 1

405H(1560)H(1560)H(1560)H(1560) + . . .

]
+ iM560

[1
4H(75560)ij

kl H(75560)kl

ij + H(24560)i
j H(24560)j

i + H(1560)H(1560) + . . .

]
(B.4)

The ellipsis above denote terms containing SU(5) fields other than 75(−5), 24(−5) and 1(−5).
Those unrepresented fields do not enter into GUT Symmetry breaking.

We identify the SU(3)C × SU(2)L × U(1)Y singlets through(
H(1560)

H(1560)

)
≡
(
S1
S1

)
,

(H(24560)α
β

H(24560)α
β

)
= 1

3δ
α
β

(
S24
S24

)
+ . . . ,

(H(24560)a
b

H(24560)a
b

)
= −1

2δ
a
b

(
S24
S24

)
+ . . . ,

(H(75560)αβ
γσ

H(75560)αβ
γσ

)
= 1

6
(
δα

γ δ
β
σ − δα

σ δ
β
γ

)(S75
S75

)
+ . . . ,

(H(75560)ab
cd

H(75560)ab

cd

)
= 1

2
(
δa

c δ
b
d − δa

dδ
b
c

)(S75
S75

)
,

(H(75560)αa
βb

H(75560)αa

βb

)
= −1

6δ
a
b δ

α
β

(
S75
S75

)
+ . . . , (B.5)

where α, β, γ, σ = 1, 2, 3 are SU(3) color indices and a, b, c, d = 4, 5 are SU(2) weak indices.
The ellipsis above represent terms containing fields which are not SU(3)C × SU(2)L × U(1)Y
singlets (1, 1)(0). The above singlets are normalized according to [18](

S1
S1

)
=
(

S1
S1

)
,

(
S24
S24

)
=
√

6
5

(
S24
S24

)
,

(
S75
S75

)
= 1√

2

(
S75
S75

)
. (B.6)

Finally, we denote the VEVs of the normalized fields as follows(
V1
V1

)
≡
(
⟨S1⟩
⟨S1⟩

)
,

(
V24
V24

)
≡
(
⟨S24⟩
⟨S24⟩

)
,

(
V75
V75

)
≡
(
⟨S75⟩
⟨S75⟩

)
. (B.7)

Inserting eqs. (B.5)–(B.7) into eq. (B.4) gives eq. (3.3).

C Extraction and normalization of SU(2)L doublet fields in the model

C.1 5 + 5 and 45 + 45 of SU(5)

The 5 + 5 plets of SU(5) are normalized according to (see [33])

H(10r)i =
√
2H(510r )i, H(10r)

i =
√
2H(510r )

i (C.1)

The identification of SU(2) doublets, denoted by D’s, contained in 5 + 5 and 45 + 45, are
done through (see [18])

H(5#)a ≡ (5#)Da; H(5#)
a ≡ (5#)Da, (C.2)

H(45#)αa
β = 1

3δ
α
β

(45#)Da + . . . ; H(45#)ab
c = δb

c
(45#)Da − δa

c
(45#)Db,

H(45#)β
αa = 1

3δ
β
α

(45#)Da . . . ; H(45#)c
ab = δc

b
(45#)Da − δc

a
(45#)Db, (C.3)
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where a, b, c = 4, 5 are reserved for SU(2) weak indices and α, β, γ,= 1, 2, 3 are
SU(3) color indices. The ellipsis above represent terms containing fields which are not
SU(3)C × SU(2)L × U(1)Y doublets (1, 2)(3). The symbol # refers to the 10r, 320, 560 + 560
fields of SO(10). Note, however, that D’s are un-normalized. To normalize the SU(2) doublets
contained in the SO(10) tensors, we carry out the following field redefinition ([18]):

(5#)Da = (5#)Da; (5#)Da = (5#)Da,

(45#)Da = 1
2

√
3
2

(45#)Da; (45#)Da = 1
2

√
3
2

(45#)Da, (C.4)

where D’s represent the doublet fields with canonically normalized kinetic energy terms.

C.2 70 + 70 of SU(5)

The 70-plet of SU(5) has the following SU(3)C × SU(2)L × U(1)Y decomposition [21]

70
[
H(70#)ij

k

]
= (1, 2)(3)

[
(70#)Da

]
+ (3, 1)(−2)

[
(70#)Tα

]
+ (1, 4)(3)

[
(70#)ψ{ab}

c

]
+(3, 3)(−2)

[
(70#)ψaα

b

]
+ (3̄, 3)(8)

[
(70#)ψ{ab}

α

]
+ (8, 2)(3)

[
(70#)ψαa

β

]
+(6, 2)(−7)

[
(70#)ψ{αβ}

a

]
+ (15, 1)(−2)

[
(70#)ψ{αβ}

γ

]
, (C.5)

where we have defined

H(70#)αa
α = −H(70#)ba

b ≡ (70#)Da; H(70#)βα
β = −H(70#)aα

a ≡ (70#)Tα;

H(70#)ab
α ≡ (70#)ψ{ab}

α ; H(70#)αβ
a ≡ (70#)ψ{αβ}

a .
(C.6)

Here # refers to 320 and 560. The first two relationships in eq. (C.6) follow from the
tracelessness condition on the SU(5) irreducible tensor H(70#)ij

k . The reducible tensors of
the 70-plet can be expressed in terms of the irreducible ones as follows:

H(70#)aα
b = (70#)ψaα

b − 1
2δ

a
b

(70#)Tα; H(70#)αa
β = (70#)ψαa

β + 1
3δ

α
β

(70#)Da;

H(70#)ab
c = (70#)ψ{ab}

c − 1
3
(
δb

c
(70#)Da + δa

c
(70#)Db

)
;

H(70#)αβ
γ = (70#)ψ{αβ}

γ + 1
4
(
δα

γ
(70#)Tβ + δβ

γ
(70#)Tα

)
. (C.7)

The kinetic energy of the 70-plet is given by

L(70#)
ke = −∂AH(70#)ij

k ∂AH(70#)ij†
k

= −
[
∂A

(70#)ψ{αβ}
γ ∂A(70#)ψ{αβ}†

γ + ∂A
(70#)ψ{ab}

c ∂A(70#)ψ{ab}†
c

+ ∂A
(70#)ψ{ab}

α ∂A(70#)ψ{ab}†
α + ∂A

(70#)ψ{αβ}
a ∂A(70#)ψ{αβ}†

a

+ 2 ∂A
(70#)ψ

{αa}
β ∂A(70#)ψ

{αa}†
β + 2 ∂A

(70#)ψ
{aα}
b ∂A(70#)ψ

{aα}†
b

+ 4
3 ∂A(70#)Da ∂A

(70#)Da† + 3
2 ∂A(70#)Tα ∂A

(70#)Tα†
]
. (C.8)
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In terms of normalized SU(3)C × SU(2)L × U(1)Y fields, the kinetic energy of 70 tensor
takes the form

L(70#)
ke = −

[ 1
2!∂A

(70#)Ψ{αβ}
γ ∂A(70#)Ψ{αβ}†

γ + 1
2!∂A

(70#)Ψ{ab}
c ∂A(70#)Ψ{ab}†

c

+ 1
2!∂A

(70#)Ψ{ab}
α ∂A(70#)Ψ{ab}†

α + 1
2!∂A

(70#)Ψ{αβ}
a ∂A(70#)Ψ{αβ}†

a

+ ∂A
(70#)Ψ{αa}

β ∂A(70#)Ψ{αa}†
β + ∂A

(70#)Ψ{aα}
b ∂A(70#)Ψ{aα}†

b

+ ∂A(70#)Da ∂A
(70#)Da† + ∂A(70#)Tα ∂A

(70#)Tα†
]
. (C.9)

One can now extend the above results to 70 of SU(5) contained in 320−plet and 560−plet
of SO(10). Therefore,((70#)ψ

{αβ}
γ

(70#)ψγ
{αβ}

)
= 1√

2

((70#)Ψ{αβ}
γ

(70#)Ψγ
{αβ}

)
,

((70#)ψ
{ab}
c

(70#)ψc
{ab}

)
= 1√

2

(
(70#)Ψ{ab}

c

(70#)Ψc
{ab}

)
,

((70#)ψ
{ab}
α

(70#)ψα
{ab}

)
= 1√

2

(
(70#)Ψ{ab}

α

(70#)Ψα
{ab}

)
,

((70#)ψ
{αβ}
a

(70#)ψa
{αβ}

)
= 1√

2

(
(70#)Ψ{αβ}

a

(70#)Ψa
{αβ}

)
,

((70#)ψαa
β

(70#)ψβ
αa

)
= 1√

2

((70#)Ψαa
β

(70#)Ψβ
αa

)
,

((70#)ψaα
b

(70#)ψb
aα

)
= 1√

2

((70#)Ψaα
b

(70#)Ψb
aα

)
,(

(70#)Da

(70#)Da

)
=

√
3
2

(
(70#)Da

(70#)Da

)
,

(
(70#)Tα

(70#)Tα

)
=
√

2
3

(
(70#)Tα

(70#)Tα

)
(C.10)

D The 320 dimensional tensors of SO(10)

There are two 320 multiplets in SO(10) and both are three index ones and to construct these we
start with the 1000 dimensional reducible multiplet Tµνλ. This can be decomposed as follows

1000
[
Tµνλ

]
= 120

[
A[µνλ]

]
+ 210′

[
S(µνλ)

]
+ 320

[
Λ(320a)
[µν]λ

]
+ 320

[
Λ(320s)
(µν)λ

]
+ 10 + 10 + 10

Here Λ(320a)
[µν]λ is the 320 multiplet which is anti-symmetric in the first two indices while Λ(320s)

(µν)λ
is the tensor multiplet which is symmetric in the first two indices. We now show how the
various irreducible components of Tµνλ arise.

D.1 Construction of Λ(320a)
[µν]λ tensor

The three index tensor Aµνλ is totally anti-symmetric in the three indices and can be
constructed from Tµνλ in a direct way so that

A[µνλ] ≡
1
3! (Tµνλ + Tνλµ + Tλµν − Tνµλ − Tλνµ − Tµλν)

It has 10C3 = 120 number of independent components. Next let us consider the tensor
Λ′′
[µν]λ = 1

2 [Tµνλ − Tνµλ] which has 450 components and from it construct a 330 multiplet
Λ′

µνλ using 450 − 120 which gives

Λ′
[µν]λ = 1

3 (Tµνλ − Tνµλ) +
1
6 (−Tνλµ + Tλνµ − Tλµν + Tµλν)
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Finally, we construct the irreducible (330−10 =) 320−dimensional tensor, Λ(320a)
[µν]λ , from Λ′

[µν]λ

by subtracting of its trace. Thus we write: Λ(320a)
[µν]λ = Λ′

[µν]λ + κ
(
δνλ Λ′

[µα]α − δµλ Λ′
[να]α

)
,

where Λ′
[µα]α = 1

2 (Tµαα − Tαµα). Contracting this last equation with δνλ leads to κ = −1
9

which gives the first of the two 320 multiplets in 1000,

Λ(320a)
[µν]λ = 1

6
[
2
(
Tµνλ − Tνµλ

)
+ Tλνµ + Tµλν − Tνλµ − Tλµν

]
− 1

18
[
δνλ

(
Tµαα − Tαµα

)
− δµλ

(
Tναα − Tανα

)]
(D.1)

D.2 Construction of Λ(320s)
(µν)λ tensor

Next we construct the 320 multiplet which is symmetric in the first two indices. Here the
320 arises from the 1000-plet as follows: 550− 220− 10 which we now exhibit in detail. Thus
from the 1000-multiplet we define a tensor symmetric in the first two indices so that

Λ̃′′(µν)λ ≡ 1
2 [Tµνλ + Tνµλ]

which has a dimensionality of 11C2 × 10 = 550. We remove from it the tensor S(µνλ) which is
totally symmetric in all three indices, has a dimensionality of 12C3 = 220 and the tensor form

S(µνλ) ≡
1
3! (Tµνλ + Tνλµ + Tλµν + Tνµλ + Tλνµ + Tµλν)

Removing the totally symmetric part from Λ̃′′(µν)λ gives us the tensor Λ̃′(µν)λ of dimensionality
330 (= 550− 220) where

Λ̃′(µν)λ = Λ̃′′(µν)λ − S(µνλ) =
1
3 (Tµνλ + Tνµλ)−

1
6 (Tνλµ + Tλµν + Tλνµ + Tµλν)

As noted the tensor Λ̃′(µν)λ has 330 components and to get the second irreducible tensor
320 we need to make it traceless.

Λ(320s)
(µν)λ = Λ̃′(µν)λ + δνλUµ + δµλVν + δµνWλ.

We determine Uµ, Vν and Wλ such that Λ(320s)
(µν)λ is traceless. Contracting the last equation

with δνλ, δµλ, and δµν gives

0 = Λ̃′(µα)α+10Uµ+Vµ+Wµ, 0 = Λ̃′(αν)α+Uν +10Vν +Wν , 0 = Λ̃′(αα)λ+Uλ+Vλ+10Wλ.

The solution to these equations are Uµ = 1
54 (−Tµαα + 2Tααµ − Tαµα), Vν = 1

54(−Tναα+2Tααν

−Tανα) and Wλ = 1
27 (Tλαα − 2Tααλ + Tαλα). Thus the second 320 plet is given by

Λ(320s)
(µν)λ = 1

6
[
2
(
Tµνλ + Tνµλ

)
−
(
Tλνµ + Tµλν + Tνλµ + Tλµν

)]
+ 1

54
[
δνλ

(
− Tµαα + 2Tααµ − Tαµα

)
+ δµλ

(
− Tναα + 2Tααν − Tανα

)
− 2δµν

(
− Tλαα + 2Tααλ − Tαλα

)]
(D.2)

The decomposition of the 320−dimensional tensor under SU(5)× U(1) is given by

320

(Λ(320a)
[µν]λ

Λ(320s)
(µν)λ

) = 5(2)
[
H(320)i

]
+ 5(−2)

[
H(320)

i

]
+ 40(−6)

[
H(320)ijk

l

]
+ 40(6)

[
H(320)l

ijk

]
+ 45(2)

[
H(320)ij

k

]
+ 45(−2)

[
H(320)k

ij

]
+ 70(2)

[
H(320)ij
(S)k

]
+ 70(−2)

[
H(320)k
(S)ij

]
(D.3)

– 32 –



J
H
E
P
0
7
(
2
0
2
5
)
2
2
2

E Possible trilinear couplings of the 320-plet with the 560-plet and their
generational symmetries

E.1 Couplings that involve three gammas

Consider the coupling defined through

Jàb̀ = Θ(560)àT
αβ BΓµΓνΓλΘ(560)b̀

αβ Xµνλ, (E.1)

where for clarity, we write the expression ⟨Θ(560)à∗
αβ |BΓµΓνΓλ|Θ(560)b̀

αβ ⟩ as Θ(560)àT
αβ BΓµΓνΓλ

Θ(560)b̀
αβ . Here T stands for the transpose, Xµνλ is a generic three-index tensor and à, b̀ are

generation indices. Therefore

Jàb̀ =
(
Θ(560)àT

αβ BΓµΓνΓλ Θ(560)b̀
αβ

)T
Xµνλ

= Θ(560)b̀T
αβ

(
ΓµΓνΓλ

)T
BT︸︷︷︸
=−B

(
Θ(560)àT

αβ

)T
Xµνλ

= −Θ(560)b̀T
αβ ΓT

λΓT
ν ΓT

µBΘ(560)à
αβ Xµνλ

= −Θ(560)b̀T
αβ B

(
B−1ΓT

λB
)

︸ ︷︷ ︸
=−Γλ

(
B−1 ΓT

νB
)

︸ ︷︷ ︸
=−Γν

(
B−1 ΓT

µB
)

︸ ︷︷ ︸
=−Γµ

Θ(560)à
αβ Xµνλ

= −(−1)3Θ(560)b̀T
αβ BΓλΓνΓµΘ(560)à

αβ Xµνλ

= Θ(560)b̀T
αβ B ΓλΓνΓµ︸ ︷︷ ︸

2δνλΓµ−2δµλΓν+ΓνΓµΓλ [see ∗]

Θ(560)à
αβ Xµνλ

= 2Θ(560)b̀T
αβ BΓµΘ(560)à

αβ Xµσσ − 2Θ(560)b̀T
αβ BΓνΘ(560)à

αβ Xσνσ

+Θ(560)b̀T
αβ BΓνΓµΓλΘ(560)à

αβ Xµνλ (E.2)

CASE 1: Xµνλ = Λ(320a)
[µν]λ

Jàb̀ = Θ(560)àT
αβ BΓµΓνΓλΘ(560)b̀

αβ Λ(320a)
[µν]λ [From eq. (E.1)]

= 2Θ(560)b̀T
αβ BΓµΘ(560)à

αβ Λ(320a)
[µσ]σ︸ ︷︷ ︸

=0 (traceless)

−2Θ(560)b̀T
αβ BΓνΘ(560)à

αβ Λ(320a)
[σν]σ︸ ︷︷ ︸

=0 (traceless)

+Θ(560)b̀T
αβ BΓνΓµΓλΘ(560)à

αβ Λ(320a)
[µν]λ︸ ︷︷ ︸

−Λ(320a)
[νµ]λ

[From eq. (E.2)]

= −Θ(560)b̀T
αβ B ΓνΓµΓλΘ(560)à

αβ Λ(320a)
[νµ]λ

= −Jb̀à =⇒ Conclusion: Jaa = 0. This coupling vanishes only for single generation.

CASE 2: Xµνλ = Λ(320s)
(µν)λ

Jàb̀ = Θ(560)àT
αβ BΓµΓνΓλΘ(560)b̀

αβ Λ(320s)
(µν)λ [From eq. (E.1)]
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= 2Θ(560)b̀T
αβ BΓµΘ(560)à

αβ Λ(320s)
(µσ)σ︸ ︷︷ ︸

=0 (traceless)

−2Θ(560)b̀T
αβ BΓνΘ(560)à

αβ Λ(320s)
(σν)σ︸ ︷︷ ︸

=0 (traceless)

+Θ(560)b̀T
αβ BΓνΓµΓλΘ(560)à

αβ Λ(320s)
(µν)λ [From eq. (E.2)]

= Θ(560)b̀T
αβ B ΓνΓµ︸ ︷︷ ︸

=δνµ+Σνµ [see ∗∗]

ΓλΘ(560)à
αβ Λ(320s)

(µν)λ

= Θ(560)b̀T
αβ BΓλΘ(560)à

αβ Λ(320s)
(σσ)λ︸ ︷︷ ︸

=0 (traceless)

+Θ(560)b̀T
αβ BΣνµΓλΘ(560)à

αβ Λ(320s)
(µν)λ

= Θ(560)b̀T
αβ BΣνµΓλΘ(560)à

αβ Λ(320s)
(µν)λ

= 0
[since Σ matrix is antisymmetric in its indices and 320 tensor is symmetric
in its first two indices]

Conclusion: Jàb̀ = 0, ∀à, b̀. This coupling vanishes for both single & multiple generations

∗ ΓλΓνΓµ =
(
− ΓνΓλ + 2δνλ

)
Γµ = 2δνλΓµ − Γν

(
2δµλ − ΓµΓλ

)
= 2δνλΓµ − 2δµλΓν + ΓνΓµΓλ

∗ ∗ ΓνΓµ =
1
2
(
ΓνΓµ + ΓµΓν

)︸ ︷︷ ︸
=δνµ

+
1
2
(
ΓνΓµ − ΓµΓν

)︸ ︷︷ ︸
=Σνµ

= δνµ + Σνµ︸︷︷︸
=−Σµν

E.2 Couplings that involve a single gamma

Consider the coupling defined through

Iàb̀ = Θ(560)àT
µσ BΓλΘ(560)b̀

νσ Xµνλ, (E.3)

where Xµνλ is a generic three-index tensor. Therefore

Iàb̀ =
(
Θ(560)àT

µσ BΓλ Θ(560)b̀
νσ

)T
Xµνλ

= Θ(560)b̀T
νσ ΓT

λ BT︸︷︷︸
=−B

(
Θ(560)àT

µσ

)T
Xµνλ

= −Θ(560)b̀T
νσ ΓT

λBΘ(560)à
µσ Xµνλ

= −Θ(560)b̀T
νσ B

(
B−1ΓT

λB
)

︸ ︷︷ ︸
=−Γλ

Θ(560)à
µσ Xµνλ

= +Θ(560)b̀T
νσ BΓλΘ(560)à

µσ Xµνλ

= Θ(560)b̀T
µσ BΓλ Θ(560)à

νσ Xνµλ µ, ν (dummy indices) interchange (E.4)

CASE 1(a): Xµνλ = Λ(320s)
(µν)λ

Iàb̀ = Θ(560)àT
µσ BΓλΘ(560)b̀

νσ Λ(320s)
(µν)λ [From eq. (E.3)]

= Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320s)
(νµ)λ [From eq. (E.4)]
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= Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320s)
(µν)λ

= + Ib̀à =⇒ Conclusion: Iàà ̸= 0.
This coupling is non-vanishing for both single
& multiple generations

CASE 1(b): Xµνλ = Λ(320s)
(µλ)ν

Iàb̀ = Θ(560)àT
µσ BΓλΘ(560)b̀

νσ Λ(320s)
(µλ)ν [From eq. (E.3)]

= Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320s)
(νλ)µ [From eq. (E.4)]

No symmetry in the exchange of 560’s
Conclusion: This coupling is non-vanishing for both single & multiple generations

CASE 2(a): Xµνλ = Λ(320a)
[µν]λ

Iàb̀ = Θ(560)àT
µσ BΓλΘ(560)b̀

νσ Λ(320a)
[µν]λ [From eq. (E.3)]

= Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320a)
[νµ]λ [From eq. (E.4)]

= −Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320a)
[µν]λ

= −Ib̀à =⇒ Conclusion: Iaa = 0. This coupling vanishes only for single generation

CASE 2(b): Xµνλ = Λ(320a)
[µλ]ν

Iàb̀ = Θ(560)àT
µσ BΓλΘ(560)b̀

νσ Λ(320a)
[µλ]ν [From eq. (E.3)]

= Θ(560)b̀T
µσ BΓλΘ(560)à

νσ Λ(320a)
[νλ]µ [From eq. (E.4)]

No symmetry in the exchange of 560’s
Conclusion: This coupling is non-vanishing for both single & multiple generations

F Construction of normalized 70-, 45- and 5-plets with diagonal kinetic
energy terms contained in Λ320s

(µν)λ of SO(10)

F.1 STEP 1: identifying three 70’s, two 45’s and eight 5’s in Λ320s

(µν)λ

Λ320s

(µν)λ = t(µν)λ + 1
54(δνλδµβ + δµλδνβ − 2δµνδλβ)τβ (F.1)

where

t(µν)λ ≡ 1
6 [2 (Tµνλ + Tνµλ)− (Tλµν + Tλνµ + Tµλν + Tνλµ)] (F.2a)

τβ ≡ −Tβαα + 2Tααβ − Tαβα (F.2b)
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We define the eight distinct 5−plets of SU(5) as follows:

Tcicnc̄n + Tcncic̄n ≡ H(51)i,

Tc̄ncicn + Tc̄ncnci ≡ H(52)i,

Tcic̄ncn + Tcnc̄nci ≡ H(53)i,

Tc̄ncnci − Tc̄ncicn ≡ H(5′2)i,

Tcnc̄nci − Tcic̄ncn ≡ H(5′3)i,

Tcicnc̄n + Tcic̄ncn ≡ H(5′′1 )i,

Tcncic̄n + Tc̄ncicn ≡ H(5′′2 )i,

Tcnc̄nci + Tc̄ncnci ≡ H(5′′3 )i.

(F.3)

while the three 70−plets of SU(5) are defined through

Tcicj c̄k
+ Tcjcic̄k

= H
(701)ij
k + 1

6
[
δi

kH
(51)j + δj

kH
(51)i

]
,

Tc̄kcicj + Tc̄kcjci = H
(702)ij
k + 1

6
[
δi

kH
(52)j + δj

kH
(52)i

]
,

Tcic̄kcj + Tcj c̄kci = H
(703)ij
k + 1

6
[
δi

kH
(53)j + δj

kH
(53)i

]
.

(F.4)

and finally the two distinct 45−plets of SU(5) are defined by

Tc̄icjck
− Tc̄ickcj = H

(452)jk
i + 1

4
[
δj

iH
(5′2)k + δk

i H
(5′2)j

]
,

Tcj c̄ick
− Tck c̄icj = H

(453)jk
i + 1

4
[
δj

iH
(5′3)k + δk

i H
(5′3)j

]
.

(F.5)

One may now very easily define 5−plets, 45−plets, 70−plets of SU(5). The reducible SU(5)
tensors given by eq. (F.2a)

t(cicj)c̄k
= 1
6

{
2
[
H

(701)ij
k +1

6
(
δi

kH
(51)j+δj

kH
(51)i

)]
−
[
H

(702)ij
k +1

6
(
δi

kH
(52)j+δj

kH
(52)i

)]
−
[
H

(703)ij
k +1

6
(
δi

kH
(53)j+δj

kH
(53)i

)]}
,

t(c̄icj)ck
= 1
6

{3
2

[
H

(452)jk
i +1

4
(
δj

iH
(5′2)k−δk

i H
(5′2)j

)]
+3
2

[
H

(453)jk
i +1

4
(
δj

iH
(5′3)k−δk

i H
(5′3)j

)]
−
[
H

(701)jk
i +1

6
(
δj

iH
(51)k+δk

i H
(51)j

)]
+1
2

[
H

(702)jk
i +1

6
(
δj

iH
(52)k+δk

i H
(52)j

)]
+1
2

[
H

(703)jk
i +1

6
(
δj

iH
(53)k+δk

i H
(53)j

)]}
.

(F.6)

Note that the tensors t(c̄ic̄j)ck
and t(cic̄j)c̄k

would have same expressions except the unbarred
SU(5) fields would be replaced by barred ones. Finally, we do not compute t(cicj)ck

and
t(c̄ic̄j)c̄k

as they contain 40−plet and 40−plet of SU(5) which does not participate in the
doublet-triplet splitting. This is because 40 + 40 multiplets do not share the same U(1)Y
hypercharge of ±3 as the 5 + 5 multiplets of SU(5).
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F.2 STEP 2: construction of the kinetic energy of Λ320s

(µν)λ multiplet

L(320s)
ke =−∂AΛ320s

(µν)λ∂
AΛ320s†

(µν)λ

=−
[
∂At(µν)λ∂

At†(µν)λ+
1
542

(
δνλ∂Aτµ+δµλ∂Aτν−2δµν∂Aτλ

)(
δνλ∂

Aτ †µ+δµλ∂
Aτ †ν−2δµν∂

Aτ †λ

)
+ 1
54∂At(µν)λ

(
δνλ∂

Aτ †µ+δµλ∂
Aτ †ν−2δµν∂

Aτ †λ

)
+ 1
54

(
δνλ∂Aτµ+δµλ∂Aτν−2δµν∂Aτλ

)
∂At†(µν)λ

]
=−1

8

[
∂At(cicj)ck

∂At†(cicj)ck
+∂At(c̄ic̄j)c̄k

∂At†(c̄ic̄j)c̄k
+∂At(cicj)c̄k

∂At†(cicj)c̄k
+∂At(c̄ic̄j)ck

∂At†(c̄ic̄j)ck

+2∂At(c̄icj)ck
∂At†(c̄icj)ck

+2∂At(c̄icj)c̄k
∂At†(c̄icj)c̄k

]
+ 1
54∂Aτµ∂

Aτ †µ

=L(5320)
ke +L(45320)

ke +L(70320)
ke +··· , (F.7)

where · · · represent L(5320)
ke , L(45320)

ke , L(70320)
ke , L(40320)

ke and L(40320)
ke . As mentioned earlier,

the doublets contained in 40 + 40 do not participate in doublet triplet splitting as their
hypercharge are different from 5 + 5. Thus,

L(70320)
ke = − 1

192

[
4∂AH

(701)ij
k ∂AH

(701)ij†
k + ∂AH

(702)ij
k ∂AH

(702)ij†
k + ∂AH

(703)ij
k ∂AH

(703)ij†
k

− 2∂AH
(701)ij
k ∂AH

(702)ij†
k − 2∂AH

(702)ij
k ∂AH

(701)ij†
k − 2∂AH

(701)ij
k ∂AH

(703)ij†
k

− 2∂AH
(703)ij
k ∂AH(701)ij† + ∂AH

(702)ij
k ∂AH

(703)ij†
k + ∂AH

(703)ij
k H

(702)ij†
k

]
(F.8a)

L(45320)
ke = − 1

64

[
∂AH

(452)ij
k ∂AH

(452)ij†
k + ∂AH

(453)ij
k ∂AH

(453)ij†
k

+ ∂AH
(452)ij
k ∂AH

(453)ij†
k + ∂AH

(453)ij
k ∂AH

(452)ij†
k

]
(F.8b)

L(5320)
ke = − 1

3456

[
− 8∂AH

(5′′1 )i∂AH(5′′1 )i† − 8∂AH
(5′′2 )i∂AH(5′′2 )i† − 32∂AH

(5′′3 )i∂AH(5′′3 )i†

+ 24∂AH
(51)i∂AH(51)i† + 6∂AH

(52)i∂AH(52)i† + 6∂AH
(53)i∂AH(53)i†

+ 27∂AH
(5′2)i∂AH(5′2)i† + 27∂AH

(5′3)i∂AH(5′3)i†

− 8∂AH
(5′′1 )i∂AH(5′′2 )i† − 8∂AH

(5′′2 )i∂AH(5′′1 )i† + 16∂AH
(5′′1 )i∂AH(5′′3 )i†

+ 16∂AH
(5′′3 )i∂AH(5′′1 )i† + 16∂AH

(5′′2 )i∂AH(5′′3 )i† + 16∂AH
(5′′3 )i∂AH(5′′2 )i†

− 12∂AH
(51)i∂AH(52)i† − 12∂AH

(52)i∂AH(51)i† − 12∂AH
(51)i∂AH(53)i†

− 12∂AH
(53)i∂AH(51)i† + 6∂AH

(52)i∂AH(53)i† + 6∂AH
(53)i∂AH(52)i†

+ 27∂AH
(5′2)i∂AH(5′3)i† + 27∂AH

(5′3)i∂AH(5′2)i†
]

(F.8c)

F.3 General case of normalization of the kinetic energy after diagonalization

Consider a set of fields ϕi (i = 1, . . . , n) which have mixed kinetic terms.

Lke = −∂Aϕ
∗
iKij∂

Aϕj = −∂AΦ†K∂AΦ,
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where,

Φ† =
(
ϕ∗1 ϕ∗2 ϕ∗3 · · · ϕ∗n

)
We make the transformation

Φ = V ξ where V V † = V †V = 1.

In this case we have

Lke = −∂Aξ
∗V †KV ∂Aξ

≡ −∂Aξ
†KD∂

Aξ,

where,

KD = V †KV = diag(k1, k2, . . . , kn).

Next we make the scale transformation where

ξi =


1√
ki
χi, for non-vanishing ki

χi, for vanishing ki

and kiξ
∗
i ξi = χ∗

iχi.

Thus,

Lke = −∂Aχ
∗
i ∂

Aχi,

where,

ϕi = Vijξj = 1√
kj

Vijχj .

Here χi are the fields which have diagonal and normalized kinetic energy terms.

F.4 STEP 3: diagonalization and normalization of kinetic energy of 70, 45 and
5 multiplets

F.4.1 χ
(70320)ij
k : normalized 70-plet with diagonal kinetic energy terms

Write eq. (F.8a) as

L(70320)
kin = −∂AΦ(70)†K(70)∂AΦ(70),

where

Φ(70)† =
(
H

(701)ij†
k H

(702)ij†
k H

(703)ij†
k

)
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and

K(70) = 1
192


4 −2 −2
−2 1 1
−2 1 1

 .

The diagonal matrix is

K
(70)
D =


1
32 0 0

0 0 0
0 0 0


while the unitary diagonalizing matrix is

V (70) =


−
√

2
3

1√
5

√
2
15

1√
6

0
√

5
6

1√
6

2√
5
− 1√

30


.

The scaled unitary transformed fields are

H
(701)ij
k = 4

√
2 V (70)

11 χ
(70320)ij
k , V

(70)
11 = −

√
2
3

H
(702)ij
k = 4

√
2 V (70)

21 χ
(70320)ij
k , V

(70)
21 = 1√

6

H
(703)ij
k = 4

√
2 V (70)

31 χ
(70320)ij
k , V

(70)
31 = 1√

6

(F.9)

F.4.2 χ
(45320)ij
k : normalized 45-plet with diagonal kinetic energy terms

Similarly, eq. (F.8b) can be written as

L(45320)
kin = −∂AΦ(45)†K(45)∂AΦ(45),

where,

Φ(45)† =
(
H

(453)ij†
k H

(453)ij†
k

)

and

K(45) = 1
64

1 1
1 1

 .
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The diagonal matrix is

K
(45)
D =

 1
32 0

0 0


while the unitary diagonalizing matrix is

V (45) =


1√
2
− 1√

2
1√
2

1√
2


The scaled unitary transformed fields are

H
(452)ij
k = 4

√
2 V (45)

11 χ
(45320)ij
k , V

(45)
11 = 1√

2

H
(453)ij
k = 4

√
2 V (45)

21 χ
(45320)ij
k , V

(45)
21 = 1√

2

(F.10)

F.4.3 χ(5320)i: normalized 5-plet with diagonal kinetic energy terms

Before we diagonalize the kinetic energy matrix for the 5−plet, let us define

H
(5′′1 )
i = Tcicnc̄n + Tcic̄ncn ≡ hi

1 + hi
2, H

(5′′2 )
i = Tcncic̄n + Tc̄ncicn ≡ hi

3 + hi
4,

H
(5′′3 )
i = Tcnc̄nci + Tc̄ncnci ≡ hi

5 + hi
6,

then

H(51)i = Tcicnc̄n + Tcncic̄n = hi
1 + hi

3, H(52)i = Tc̄ncicn + Tc̄ncnci = hi
4 + hi

6,

H(53)i = Tcic̄ncn + Tcnc̄nci = hi
2 + hi

5,

H(5′2)k = Tc̄ncnck
− Tc̄nckcn = hi

6 − hi
4, H(5′3)i = Tcnc̄nck

− Tck c̄ncn = hi
5 − hi

2

In terms of hi fields, the kinetic energy of the 5−plets from eq. (F.8c) can be rewritten as

L(5320)
kin = − 1

3456

[
16∂Ah

i
1∂

Ahi†
1 − 20∂Ah

i
2∂

Ahi†
1 + 16∂Ah

i
3∂

Ahi†
1 − 20∂Ah

i
4∂

Ahi†
1 + 4∂Ah

i
5∂

Ahi†
1

+ 4∂Ah
i
6∂

Ahi†
1 − 20∂Ah

i
1∂

Ahi†
2 + 25∂Ah

i
2∂

Ahi†
2 − 20∂Ah

i
3∂

Ahi†
2 + 25∂Ah

i
4∂

Ahi†
2

− 5∂Ah
i
5∂

Ahi†
2 − 5∂Ah

i
6∂

Ahi†
2 + 16∂Ah

i
1∂

Ahi†
3 − 20∂Ah

i
2∂

Ahi†
3 + 16∂Ah

i
3∂

Ahi†
3

− 20∂Ah
i
4∂

Ahi†
3 + 4∂Ah

i
5∂

Ahi†
3 + 4∂Ah

i
6∂

Ahi†
3 − 20∂Ah

i
1∂

Ahi†
4 + 25∂Ah

i
2∂

Ahi†
4

− 20∂Ah
i
3∂

Ahi†
4 + 25∂Ah

i
4∂

Ahi†
4 − 5∂Ah

i
5∂

Ahi†
4 − 5∂Ah

i
6∂

Ahi†
4 + 4∂Ah

i
1∂

Ahi†
5

− 5∂Ah
i
2∂

Ahi†
5 + 4∂Ah

i
3∂

Ahi†
5 − 5∂Ah

i
4∂

Ahi†
5 + ∂Ah

i
5∂

Ahi†
5 + ∂Ah

i
6∂

Ahi†
5

+ 4∂Ah
i
1∂

Ahi†
6 − 5∂Ah

i
2∂

Ahi†
6 + 4∂Ah

i
3∂

Ahi†
6 − 5∂Ah

i
4∂

Ahi†
6 + ∂Ah

i
5∂

Ahi†
6 + ∂Ah

i
6∂

Ahi†
6

]

Now write

L(5320)
kin = −∂AΦ(5)†K(5)∂AΦ(5),
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where,

Φ(5)† =
(
hi†
1 hi†

2 hi†
3 hi∗

4 hi†
5 hi†

6

)
and

K(5) = 1
3456



16 −20 16 −20 4 4
−20 25 −20 25 −5 −5
16 −20 16 −20 4 4
−20 25 −20 25 −5 −5
4 −5 4 −5 1 1
4 −5 4 −5 1 1


.

The diagonal matrix is

K
(5)
D =



7
288 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0


while the unitary diagonalizing matrix is

V (5) =



2√
21 − 1√

17 −2
3

√
2
17

10
3

√
2
43 − 16√

2537
10√
1239

− 5
2
√
21 0 0 0 0 1

2

√
59
21

2√
21 0 0 0

√
43
59

10√
1239

− 5
2
√
21 0 0 3

√
2
43

20√
2537 − 25

2
√
1239

1
2
√
21 0 1

3

√
17
2

5
3
√
86 − 4√

2537
5

2
√
1239

1
2
√
21

4√
17 − 1

3
√
34

5
3
√
86 − 4√

2537
5

2
√
1239


Make the scaled unitary transformation:

hi
1 = 12

√
2
7 V

(5)
11 χ(5320)i, V

(5)
11 = 2√

21

hi
2 = 12

√
2
7 V

(5)
21 χ(5320)i, V

(5)
21 = − 5

2
√
21

hi
3 = 12

√
2
7 V

(5)
31 χ(5320)i, V

(5)
31 = 2√

21

hi
4 = 12

√
2
7 V

(5)
41 χ(5320)i, V

(5)
41 = − 5

2
√
21
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hi
5 = 12

√
2
7 V

(5)
51 χ(5320)i, V

(5)
51 = 1

2
√
21

hi
6 = 12

√
2
7 V

(5)
61 χ(5320)i, V

(5)
61 = 1

2
√
21

H
(5′′1 )
i = 12

√
2
7

(
V

(5)
11 + V

(5)
21

)
χ(5320)i, H

(5′′2 )
i = 12

√
2
7

(
V

(5)
31 + V

(5)
41

)
χ(5320)i,

H
(5′′3 )
i = 12

√
2
7

(
V

(5)
51 + V

(5)
61

)
χ(5320)i,

H
(51)
i = 12

√
2
7

(
V

(5)
11 + V

(5)
31

)
χ(5320)i, H

(52)
i = 12

√
2
7

(
V

(5)
41 + V

(5)
61

)
χ(5320)i,

H
(53)
i = 12

√
2
7

(
V

(5)
21 + V

(5)
51

)
χ(5320)i,

H
(5′2)
i = 12

√
2
7

(
V

(5)
61 − V

(5)
41

)
χ(5320)i, H

(5′3)
i = 12

√
2
7

(
V

(5)
51 − V

(5)
21

)
χ(5320)i.

(F.11)

G Details of doublet couplings

G.1 Computation of 560 · 560 · 320s and 560 · 560 · 320s interactions

We will first compute in 560 · 560 · 320s: βMµνλΛ(320s)
(µν)λ , where

Mµνλ ≡ β ⟨Θ(560)∗
µσ |BΓλ|Θ(560)

νσ ⟩

Using eq. (F.1), we get

β ⟨Θ(560)∗
µσ |BΓλ|Θ(560)

νσ ⟩Λ(320s)
(µν)λ

= β

{
Mµνλt(µν)λ+

1
54

(
Mβρρ+Mρβρ−2Mρρβ

)(
−Tβαα+2Tααβ −Tαβα

)}

= β

{
Mµνλt(µν)λ+

1
27Mρρci

(
Tc̄iαα+Tαc̄iα−2Tααc̄i

)
+ 1
27Mρρc̄i

(
Tciαα+Tαciα−2Tααci

)}

= β

{
1
108

[
Mρρci

(
H

(5′′1 )
i +H(5′′2 )

i −2H(5′′3 )
i

)
+Mρρc̄i

(
H(5′′1 )i+H(5′′2 )i−2H(5′′3 )i

)]

+Mc̄ic̄jck
t(cicj)c̄k

+Mcicj c̄k
t(c̄ic̄j)ck

+2Mcic̄j c̄k
t(c̄icj)ck

+2Mc̄icjck
t(cic̄j)c̄k

+ . . .
}
,

(G.1)

where we have used eq. (F.3). The ellipsis above represent terms containing fields which do
not contain SU(2)L doublets. Evaluating each of the terms in eq. (G.1) using eqs. (A.11)–

– 42 –



J
H
E
P
0
7
(
2
0
2
5
)
2
2
2

(A.13), (A.19), (F.6), (F.9)–(F.11) we get

1
108

[
Mρρci

(
H

(5′′1 )
i +H

(5′′2 )
i − 2H(5′′3 )

i

)
+Mρρc̄i

(
H(5′′1 )i +H(5′′2 )i − 2H(5′′3 )i

)]
= 1

108

{
⟨Θ(560)∗

ρσ |Bbi|Θ(560)
ρσ ⟩

[
H

(5′′1 )
i +H

(5′′2 )
i − 2H(5′′3 )

i

]
+ ⟨Θ(560)∗

ρσ |Bb†i |Θ(560)
ρσ ⟩

[
H(5′′1 )i +H(5′′2 )i − 2H(5′′3 )i

]}
= i

126
√
2

H(24560)k
i H(45560)ij

k χ
(5320)
j − i

42
√
6

H(75560)kl
ij H(45560)ij

k χ
(5320)
l

− 97i
63

√
7210

H(1560)H(5560)
i χ(5320)i + i

12
√
2163

H(24560)i
j H(5560)

i χ(5320)j

− 19i
126

√
145

H(24560)i
k H(45560)k

ij χ(5320)j − i

84
√
435

H(75560)ij
kl H(45560)k

ij χ(5320)l

+ i

84H(24560)i
k H(70560)k

ij χ(5320)j

Mc̄ic̄jck
t(cicj)c̄k

= ⟨Θ(560)∗
c̄iσ |Bbk|Θ(560)

c̄jσ ⟩ t(cicj)c̄k

= −i
√

6
721H(24560)k

j H(5560)
i χ

(70320)ij
k + 2i

√
2
145H(24560)j

l H(45560)i
jk χ

(70320)kl
i

+ 4i
√

6
145H(75560)jl

im H(45560)i
jk χ

(70320)km
l + i

3
√
15

H(1560)H(70560)k
ij χ

(70320)ij
k

+ i

3
√
2

(
H(24560)l

j H(70560)k
li + H(24560)k

l H(70560)l
ij

)
χ
(70320)ij
k

+ i

√
2
3H(75560)jl

km H(70560)k
ij χ

(70320)im
l + 16i

7

√
2

3605H(1560)H(5560)
i χ(5320)i

+ 2i
7

√
3

721H(24560)i
j H(5560)

i χ(5320)j + 4i
7

√
5
29H(24560)i

k H(45560)k
ij χ(5320)j

− 8i
7

√
3

145H(75560)ij
kl H(45560)k

ij χ(5320)l + i

7H(24560)k
i H(70560)k

ij χ(5320)j

Mcicj c̄k
t(c̄ic̄j)ck

= ⟨Θ(560)∗
ciσ |B b†k|Θ

(560)
cjσ ⟩ t(c̄ic̄j)ck

= − i H(24560)i
j H(45560)jk

l χ
(70320)l
ik + i

√
2

7 H(24560)i
j H(45560)jk

i χ
(5320)
k

2Mcic̄j c̄k
t(c̄icj)ck

= 2 ⟨Θ(560)∗
ciσ |Bb†k|Θ

(560)
c̄jσ ⟩ t(c̄icj)ck

= 83i
7

√
2

3605H(1560)H(5560)
i χ(5320)i− 305i

56

√
3

721H(24560)i
j H(5560)

i χ(5320)j

+ 671i
84

√
145

H(24560)i
j H(45560)j

ik χ(5320)k + 2i
7
√
435

H(75560)ij
kl H(45560)k

ij χ(5320)l

+ 2i
7 H(24560)i

j H(70560)j
ik χ(5320)k + 31i

6

√
7
206H(24560)i

j H(5560)
k χ

(45320)jk
i
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− i√
4326

H(75560)ij
kl H(5560)

i χ
(45320)kl
j + 49i

15
√
29

H(1560)H(45560)i
jk χ

(45320)jk
i

+ i√
870

H(24560)i
l H(45560)k

ij χ
(45320)lj
k + 71i

2
√
870

H(24560)i
l H(45560)l

jk χ
(45320)jk
i

+ i

2
√
290

H(75560)ij
kl H(45560)m

ij χ(45320)kl
m − i√

290
H(75560)ij

kl H(45560)k
mi χ

(45320)ml
j

+ 7i
2

√
7

618H(24560)i
j H(5560)

k χ
(70320)jk
i + i

3
√
290

H(24560)i
j H(45560)l

ik χ
(70320)jk
l

− i√
870

H(75560)ij
kl H(45560)l

jm χ
(70320)km
i − 4i

3
√
15

H(1560)H(70560)i
jk χ

(70320)jk
i

− i√
2

H(24560)i
j H(70560)j

kl χ
(70320)kl
i

2Mc̄icjck
t(cic̄j)c̄k

= 2 ⟨Θ(560)∗
c̄iσ |B bk|Θ(560)

cjσ ⟩ t(cic̄j)c̄k

= 29i
84
√
2

H(24560)i
j H(45560)jk

i χ
(5320)
k + 5i

14
√
6

H(75560)ij
kl H(45560)kl

i χ
(5320)
i

− i

3
√
10

H(1560) H(45560)ij
k χ

(45320)k
ij − i

2
√
3

H(24560)i
j H(45560)jk

l χ
(45320)l
ik

− i

2
√
3

H(24560)i
j H(45560)kl

i χ
(45320)j
kl + i H(75560)ij

kl H(45560)km
j χ

(45320)l
im

+ i

6 H(24560)i
j H(45560)jk

l χ
(70320)l
ik + i√

3
H(75560)ij

kl H(45560)km
i χ

(70320)l
jm

Using eqs. (B.5), (B.6), (C.2)–(C.4), (C.7), (C.10) in each of the five expressions above,
eq. (G.1) gives

β ⟨Θ(560)∗
µσ |BΓλ|Θ(560)

νσ ⟩Λ(320)
(µν)λ = iβ

{
1

144
√
2

(
23
√
5V24 − 16V75

)
(45560)Da(5320)Da

+ 1
504

√
7210

(
13480V1 + 7761V24

)
(5560)Da

(5320)Da

+ 1
1008

√
29

(
2695V24 + 212

√
5V75

)
(45560)Da

(5320)Da

+ 1
120

√
174

(
65V24 + 184

√
5V75

)
(45560)Da

(70320)Da

+ 1
40
√
3

(
−8

√
5V1 −

√
5V24 + 20V75

)
(70560)Da

(70320)Da

+ 1
48
√
3

(
−5

√
5V24 + 16V75

)
(45560)Da(70320)Da

+ 1
60
√
29

(
196V1 − 129V24 + 2

√
5V75

)
(45560)Da

(45320)Da

+ 1
24
√
1442

(
217

√
5V24 − 8V75

)
(5560)Da

(45320)Da

+ 1
48
√
10

(
−16V1 + 33V24

)
(45560)Da(45320)Da
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+ 37
168

√
5
2V24

(70560)Da
(5320)Da

+ 37
8

√
5

2163V24
(5560)Da

(70320)Da + · · ·
}

(G.2)

The results for 560 · 560 · 320 can now be easily obtained from 560 · 560 · 320 by simply
replacing barred with unbarred fields and vice versa:

β ⟨Θ(560)∗
µσ |BΓλ|Θ

(560)
νσ ⟩Λ(320)

(µν)λ = iβ

{
1

144
√
2

(
23
√
5V24 − 16V75

)
(45560)Da

(5320)Da

+ 1
504

√
7210

(
13480V1 + 7761V24

)
(5560)Da(5320)Da

+ 1
1008

√
29

(
2965V24 + 212

√
5V75

)
(45560)Da(5320)Da

+ 1
120

√
174

(
65V24 + 184

√
5V75

)
(45560)Da(70320)Da

+ 1
40

√
3

(
−8

√
5V1 −

√
5V24 + 20V75

)
(70560)Da(70320)Da

+ 1
48

√
3

(
−5

√
5V24 + 16V75

)
(45560)Da

(70320)Da

+ 1
60

√
29

(
196V1 − 129V24 + 2

√
5V75

)
(45560)Da(45320)Da

+ 1
24

√
1442

(
217

√
5V24 − 8V75

)
(5560)Da(45320)Da

+ 1
48

√
10

(
−16V1 + 33V24

)
(45560)Da

(45320)Da

+ 37
168

√
5
2V24

(70560)Da(5320)Da

+ 37
8

√
5

2163V24
(5560)Da(70320)Da + · · ·

}
(G.3)

Again the ellipsis above represent terms containing fields which are not SU(2)L doublets.
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G.2 Computation of 560 · 560 · 101, 560 · 560 ·
(
101 + 102

)
and 560 · 560

interactions

Using the Basic Theorem ([33]), we can expand the interaction α ⟨Θ(560)∗
µν |BΓρ|Θ(560)

µν ⟩Ω(101)
ρ

+∑2
r=1 αr ⟨Θ

(560)∗
µν |BΓρ|Θ

(560)
µν ⟩Ω(10r)

ρ as follows:

α ⟨Θ(560)∗
µν |BΓρ|Θ(560)

µν ⟩Ω(101)
ρ +

2∑
r=1

αr ⟨Θ
(560)∗
µν |BΓρ|Θ

(560)
µν ⟩Ω(10r)

ρ

= 2α
[(

⟨Θ(560)∗
cicj

|Bbk|Θ(560)
cicj

⟩ − ⟨Θ(560)∗
cicj

|Bbk|Θ(560)
cjci

⟩
)
Ω(101)

ck

+
(
⟨Θ(560)∗

cicj
|Bb†k|Θ

(560)
cicj

⟩ − ⟨Θ(560)∗
cicj

|Bb†k|Θ
(560)
cjci

⟩
)
Ω(101)

ck

]

+ 2
2∑

r=1
αr

[(
⟨Θ(560)∗

cicj
|Bbk|Θ

(560)
cicj

⟩ − ⟨Θ(560)∗
cicj

|Bbk|Θ
(560)
cjci

⟩
)
Ω(10r)

ck

+
(
⟨Θ(560)∗

cicj
|Bb†k|Θ

(560)
cicj

⟩ − ⟨Θ(560)∗
cicj

|Bb†k|Θ
(560)
cjci

⟩
)
Ω(10r)

ck

]

Using eqs. (A.11)–(A.16), (A.19), (C.1) above, we get

α⟨Θ(560)∗
µν |BΓρ|Θ(560)

µν ⟩Ω(101)
ρ +

2∑
r=1

αr ⟨Θ
(560)∗
µν |BΓρ|Θ

(560)
µν ⟩Ω(10r)

ρ

= iα
[(√

2H(45560)ij
k H(75560)kl

ij −
√

2
3H(45560)kl

j H(24560)j
k

)
H(5101 )

l +
(
− 4√

721
H(5560)

k H(24560)k
l

+97
√

2
10815H(5560)

l H(1560)+ 1√
145

H(45560)i
jk H(75560)jk

il +4
√

5
87H(45560)j

kl H(24560)k
j

−
√
3
2 H(70560)j

kl H(24560)k
j

)
H(5101 )l+...

]

+i
2∑

r=1
αr

[(√
2H(45560)k

ij H(75560)ij
kl −

√
2
3H(45560)j

kl H(24560)k
j

)
H(510r)l

+
(
− 4√

721
H(5560)kH(24560)l

k +97
√

2
10815H(5560)lH(1560)+ 1√

145
H(45560)jk

i H(75560)il
jk

+4
√

5
87H(45560)kl

j H(24560)j
k −

√
3
2 H(70560)kl

j H(24560)j
k

)
H(510r)

l +...
]

Using eqs. (B.5), (B.6), (C.2)–(C.4), (C.7), (C.10) in the expression above, we arrive

α ⟨Θ(560)∗
µν |BΓρ|Θ(560)

µν ⟩Ω(101)
ρ +

2∑
r=1

αr ⟨Θ
(560)∗
µν |BΓρ|Θ

(560)
µν ⟩Ω(10r)

ρ

= iα

[(
−
√

2
3V75

(45560)Da − 1
2

√
5
6V24

(45560)Da
)
(5̄101 )Da +

(
2
√

6
3605V24

(5̄560)Da
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2

+ 97
√

2
10815V1

(5̄560)Da − 1√
435

V75
(45560)Da + 5√

87
V24

(45560)Da

− 1
4

√
15
2 V24

(70560)Da

)
(5101 )Da

]

+i
2∑

r=1
αr

[(
−
√

2
3V75

(45560)Da − 1
2

√
5
6V24

(45560)Da

)
(510r )Da +

(
2
√

6
3605V24

(5560)Da

+ 97
√

2
10815V1

(5560)Da − 1√
435

V75
(45560)Da + 5√

87
V24

(45560)Da

− 1
4

√
15
2 V24

(70560)Da
)
(5̄10r )Da
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Finally, we compute the mass term for the 560 + 560
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⟩+...

]
= iM560
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ij +1
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jk H(45560)jk

i +1
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jk H(70560)jk

i +...
]

= iM560

[
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2
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1
2
(45560)Da
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2
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