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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 2x10 + 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 x 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),.x SU(2), x U(1), 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 2x 10 and the 320 Higgs fields. It is shown that in this class
of SO(10) models b — ¢ — 7 unification can be achieved with tan 8 as low as 5-10. An analysis
of the sparticle spectrum within gSUGRA 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 x SU(2). x 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) x U(1) quantum numbers of some possible
candidate tensor representations, such as 45, 54, 210. Their SU(5) x 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) x U(1) has the decomposition 16 = 1(—5) 4+ 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) x 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) x 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 x 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 x U(1)em. A while
back another proposal was made where the combination presentations 144 4 144 was used
to break the SO(10) GUT symmetry [19, 20]. Under SU(5) x 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.



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 ny and the number of light Higgs doublet pairs n; such that n; = np + 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 2nj; 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 2x10 + 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 {2x10 + 320} (1.1)

The 560-plet is a second rank tensor spinor ©* where pu,v = 1---10 are SO(10) indices.
It is antisymmetric in the tensor indices, and traceless which leads to 16 x 45 — 160 = 560



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 2x10 + 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 10; 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 x SU(2). x 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 — 7 unification can be achieved
at low tan 8 with tan 5 as low as 5—10. The analysis is carried out in gSUGRA 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



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
27TeV 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)_ doublet fields appearing in the model. In
320,
()

(A?/fs]”/\) 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

appendix D we give a detailed discussion of how the symmetric (A ) and antisymmetric

generational symmetries. In appendix F, we give extensive details for constructing normalized
70—, 45— and 5—plets with diagonal kinetic energy terms contained in A?jg; 5, 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 = Weur + Wor
Weur ~ 45 - 45 + 560 - 560 - 45 + 560 - 560,

Wit ~ 560 - 560 + 560 - 560 - 105 + 560 - 560 - (104 + 105) + 560 - 560 - 320 + 560 - 560 - 320,
(2.1)

where Weyr breaks the GUT symmetry down to the Standard Model gauge group and
Wpr 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 107 4 10, is shown in table 1. In eq. (1.2) we exhibited the decomposition of 560 under
SU(5) x U(1). The SU(5) x 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.



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 x 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 x 560), = 10 + 126 + 1261 + 126, + 210" + 320 + 1728y + 1728, + 29707 + 2970,

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

(560 x 560), = 1201 + 1205 + 320 + 1728; + 1728, + 2970 + 36967 + 3696, + 36965
+ 43121 + 4312, + 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 320 to 560 x 560 and
to 560 x 560. The irreducible tensor-spinor ]@Ls,?o)) can be obtained from the 720 (= 16 x 45)
dimensional reducible tensor-spinor |@Z£,0) by removing 160 (= 16 x 10) components, given

by I, \6(72O)> 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: |@S (560)y — 0, (2.5a)
Antisymmetric: |@S (560)y — |@f:lf560)> . (2.5b)
Here s = 1,...,16 is the spinor index and the Greek letters p,v,--- =1,2,...,10 are the

SO(10) indices and T, satisfy the rank—10 Clifford algebra, that is, {I',,,I',} = 20,,. 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) x 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
T,vx- Thus the antisymmetric one is given by

320,) 1 1
A[(,uy]/\) =z [2 (T,ul/)\ - Tzz,u)\) + T/\Z/,u + T/L)\li - TV)\,u - T)\,uzx} - E (51/)\6,uﬁ - 6;;)\61/B) (Tﬁaa - Ta,Ba)

6
(2.6)
while the symmetric 320-plet is given by
1
Agfj,[;;\) = 6 {2 (TMV)\ + Tuu/\) - (T)\yu + Tu)\y + Ty)\u + T)\[,LV):|
1
+ = (60A0up + 0un0up — 20,0x8) (= Thaa + 2Twap — Tupa) (2.7)

54
The details of their construction are given in appendix D.



3 One step breaking of SO(10) to SU(3)c x SU(2). X U(1)y and natural
doublet-triplet splitting

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

(560)

60
> > ( uv >a

WGUT _ *M4 (D(45)(I)EL4V5) + )\4 < 560 |B|®

2 45) + M560 < 560 |B|® (32)

where B is the SO(10) charge conjugation operator given by B = I =0qa Tp=—1 H2:1(bk — b;i)
Integrating out <I> > in eq. (3.2), expanding out as in eqgs. (B.2)—(B.4) and finally substituting
egs. (B.5)—(B.7) we get

7 =2 \f \f
432) 8758t <216) 875875821 ~ (216) 7587581
1 1
S-:S-:S54S S-:S-:S54S S-:S-:S54S
> 75975524 24+<180> 75975524 1+(180> 7597552451
1 25 \ 2 95 \ 5 =2
90 )5753753151 (3456) 575554 (3456) S75554

\/5 V5 V5
S75524S24S1 + 253 7555481 + 288 S7553,51

— — 49 =2 < 49 )
—— | S75894S94S1 — [ ————= | S7555,S94 — S
9 8) 7592492491 (8640\/5) 75994924 8640\[ 75 24 24

217 1 1
- (17280) S2,8% + (1440) $548281 + ( 440) 58281

1 2
—(—=)82,S — ss SSSS—SSQ}
(480> 2491 <480) 24 (144> 24924 1 (405>

. 1 _ _
+ 1 Ms560 [4375575 + (1) S24824 + (1) 3151] : (3.3)

Ms
WGUT = 4 M45 -

Here S and S represent the SU(3)c x SU(2)L x 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

8WGUT 8IA/YGUT aI/‘[/GUT a‘/I/YGUT 8I/I/YGUT aI/‘[/GUT
g 07 — = O’ = O, — = O7 f— O, — = 0, 34
0S7s 0S5 0S4 OS24 081 0S1 (3:4)

are satisfied simultaneously. The solutions to the egs. (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

_ Mys - Msg

M? T = v where we identify Meg as the GUT scale, Mguyr.
15
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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

Wyt ~ 560-560+560-560-10; +560-560- (107 + 102) +560-560-320+560-560-320. (3.5)

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

Wy = M560 @(560)* B 9 (560) +a ©(560)* BT, ©(560)y ()(101)
nv g «

+Zar 8097 Br,[615°) (10

560 “|BT, [0 560)>A(3205)_ (3.6)

+6 (O |BrAOf) ALK + 5 (6, (>

(u)
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
y
light fields which consists of two 10—plets and a 320—plet of SO(10). We list them below.
(D'} = ((5101)Da’ (510,) P (Bsz0) et (5555) P (d3s20) e (45ss0) e (U5555) e (T0s20) e (70%)Da> '
(4.1)
Similarly we have the anti-doublets given by
{f]} — <(5101)Da’ (5102)Dm (5320)Da’ (5560)DQ(EB20)D(L, (E%)Dm (Rsao)Da, (%320)Da’ (%560)]){1)
(4.2)
The above leads to a 9 x 9 dimensional Higgs doublet mass matrix. The mass matrix is
gg
constructed from the superpotential of eq. (3.6) after spontaneous breaking and one has
g

the following result:

(glol)Da (5102)])@ (gzzo)Da (gsao)Da (E320)Da <ESGO)DQ (Esso)Da (%320)1)@ (%mso)[)a

5101)pe 0 0 0 ds 0 do dy 0 ds
(5105 )y 0 0 0 0 0 dads 0 0 0
(5320)p@ 0 0 0 dr 0 ds ds 0 dis
Cs5a'De d3 Jf-jm dr di di3 0 0 dig 0
Mgouplet = (45320)pe 0 0 0 di3 0 da diz 0 0 ,
(45560)D @ ds 0 ds 0 dy4 —%1 0 di 0
U d (24&?2 ds 0 di 0 L dg 0
(70320 )@ 0 0 0 dig 0 di dg 0 dyo
("0555)pe ds d;"i% dis 0 0 0 0 d1o 4

(4.3)



where d; and Jj are defined as follows

d1 = iMse0;
. 5
d3 = iy —— 10815 (97V1 + 6V24);
1 /15
d5 = —Z ?ZOZVQAL,
dr = — P (134800, + T761Vsy);
T 5047210 ! 4
dg = L (65V24 + 184\/5]}75);
1201/174
i3
dig = —— (—=5v5Vay + 16Vz5):
11 48\/§< 24 75)
i3
dig = ———— (217V5Voy — 8Vo5);
13 24\/ﬂ< V5V 75)
376
diz =
15 168 V24,
dy = F (\[VM + 4V75)
di= f (25V24 = V/5V5 )
_ i3 _ —
de = ——— (23v5V94 — 16V75 );
6 144\/5 ( 24 75)
- i3 _ _
dg = —————— (2695V94 + 212v/5V75 )
8 1008\/>( 24 75)
dyo = of( VBV — VBVas + 20V75);
- i _ _ _ .
dig = ——— (196V; — 129V94 + 2V/5V75);  dis =
12 60\/E( 1 24 75) 13
_ ZB _ _
diy = —16V; + 33Va4);
14 48\/E( 1 24)
p 37i3 —
16778 Vo137

do =

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

Ud Maoublet Vd

diag
doublet

(md17 Mgy,

, Mgy, 0), (4.5)



whose relevant elements are displayed in eq. (4.6),

(5101)])(1 L Vd19 1D£1 (510, )@ cee Ud19 Ipy’a
(?102)I)a e e Vd29 2[)11 (5105 e e e Ud29 2pra
(5320)Da e Vdgg 3D:1 (5320)Da e e Udgg 3D/a
Csw)D, () D’ (bssa)Da e e 0 pra
(E3QO)DG =1 - Vi 5D;1 ; @szo)pa | = ... ... Udso D |,
(E%)Da e 0 6]:):1 (45560 )@ e 0 6D’a
@560)[)(1 L 0 7D:1 (45555)Da e 0 Dla
(?320)Da e e Vd89 8]:)51 (70320)]:)0 e e Ud89 8D/a
(70s60)D, 0] Hy, (T0550)D R H,*
(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
(Hgq,, Hy®) 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., Hy® which couples to the up-quarks and Hg, 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 10; and 10, of Higgs and the doublets arising from the 320—plet of
Higgs. Thus one may write Hy® and Hg, as the following combination of fields

5 5
Hua = Z Cusz, Hda = Z Cdeak (47)
k=1 k=1
where
{Dgzl ..... 5} _ ((5101)[)!1’ (5102)[)a7 (5320)]:)a7 (45320)]}17 (70320)[)a). (4.8)

Similarly we have the anti-doublets which we display as
{Da=1,..5} = (F0D,, Gr2iD,, Goolp,, (B0ip, - (020D, ), (4.9)

where ¢, and cgi 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 10; and 103 (and not all five components arising from
egs. (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 x SU(2). x U(1)y
and generation of light Higgs doublets

We discuss now the numerical analysis of the 560 + 560 + 320+2x10 model to break the
SO(10) symmetry to the Standard Model gauge group, and analyze the Higgs doublet structure
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Vis = Vrs, Vaa = Vou, V1 =V

My - M
M% = % (GeV?) Vis (GeV) Vay (GeV) V1 (GeV)
45

1020 (—1.082 +12.927) x 10%6 | (—2.844 — 16.446) x 1015 | (—4.716 —12.297) x 10'6
(7.762 4 18.288) x 10'° | (—7.933 4 16.054) x 10'® | (1.156 +20.980) x 10'6
L% (7.205 4 27.205) x 10'* | (—3.356 —13.356) x 10'6 | (6.813 +16.813) x 10'6
(—1.661 —22.608) x 10%6 | (2.207 —20.100) x 10%6 | (3.578 —15.238) x 10%%
102 (—0.588 —21.223) x 107 | (1.342 —20.251) x 107 | (1.731 +121.577) x 10'7
(—3.691 —123.691) x 10'6 | (—4.226 —14.226) x 10*° | (2.287 +12.287) x 10™
1093 (—9.258 +13.422) x 10'7 | (2.038 +120.899) x 10'7 | (0.726 +21.491) x 10'®
(2.621 4 22.455) x 1017 | (1.915 —22.509) x 1017 | (3.098 —13.655) x 10'7

Lot (—8.248 —25.251) x 10'7 | (—0.318 +6.978) x 1017 | (—=1.657 +21.132) x 107
(—0.588 —21.223) x 10'8 | (1.342 —10.251) x 10'8 | (1.731 +1.577) x 10'®

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) x 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, Vo4, V5. The mass scale that enters in the determination of these VEVs is Mg
where Mezff = My5 - M560/ Ai:,. To determine the VEVs we solve the spontaneous symmetry
breaking equations eqs. (3.4). We list in table 2, the computations of Vi, Va4, V75 for a range
of Mg from 10'° GeV to 107 GeV. We note that all of the VEVs, i.e., Vi, Vo4, and Vrs
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 dy - - - dig, dg, - - - ,d16 given by eq. (4.4) are determined in
terms of the heavy VEVs V;, Va4, 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 D,, D® to
the ones in mass diagonal basis D/, D', 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 Mg values as given in
table 2. Similarly the numerical composition of the massless down-Higgs is given in table 4
for same range of M.g 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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Mse0 =10 x 108 GeV, a = = a2 = 1.0, 3

Vis (GCV) Vou (GOV) Vi (GCV) Udm Ud.29 wa Udm wa
(—1.082 +12.927) x 1010 | (—2.844 — 16.446) x 10'° | (—4.716 —12.297) x 10'® | 0.230 +120.000 | —0.169 + 20.074 | —0.926 — 20.058 | 0.059 +20.097 | —0.196 + 20.020
(7.762 +18.288) x 1015 | (—7.933 416.054) x 10" | (1.156 + 20.980) x 106 | —0.019 +20.000 | 0.289 +120.239 | —0.052 + 20.147 | —0.232 420.170 | 0.846 — 20.193
(7.205 +17.205) x 101 | (—3.356 —13.356) x 10'0 | (6.813 +16.813) x 1010 | 0.112 +120.000 | —0.672 + 20.000 | —0.504 + 20.000 | —0.105 +20.000 | 0.520 + 20.000
(—1.661 —12.608) x 10'% | (2.207 —20.100) x 1016 | (3.578 —15.238) x 101> | —0.196 +20.000 | 0.189 +20.230 | 0.370 —20.314 | —0.361 +120.073 | 0.648 + 20.286
(—0.588 —11.223) x 1017 | (1.342 —40.251) x 1017 | (1.731441.577) x 10'7 | 0.235+120.000 | —0.084 + 20.108 | —0.715 + 20.257 | —0.003 + 20.145 | —0.390 — 20.418
(—3.691 — 13.691) x 1010 | (—4.226 — 14.226) x 10'% | (2.287 +12.287) x 10" | —0.630 + 20.000 | 0.552 +120.000 | 0.489 +0.000 | —0.045 +120.000 | —0.240 + 20.000
(—9.258 +13.422) x 10'7| (2.038 +120.899) x 1017 | (0.726 +¢1.491) x 10 | —0.230 +20.000 | 0.169 +120.074 | 0.926 —20.058 | —0.059 +20.097 | 0.196 + 20.020
(2.621 +12.455) x 1017 | (1.915 —12.509) x 1017 | (3.098 4 3.655) x 1017 | —0.019 +20.000 | 0.289 —20.239 | —0.052 — 20.147 | —0.232 —20.170 | 0.846 + 20.193
(—8.248 — 15.252) x 10'7 | (—0.318 +16.978) x 10'7 | (=1.657 +¢1.132) x 107 | 0.196 +¢0.000 | —0.189 +120.230 | —0.370 — 20.314 | 0.361 +120.073 | —0.648 +10.286
(—0.588 —11.223) x 10'® | (1.342 —10.251) x 10'® | (1.731 +¢1.577) x 10" | —0.235 +10.000 | 0.084 —20.108 | 0.715 —20.257 | 0.003 —20.145 | 0.390 +20.418

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, Maoublet, displayed in eq. (4.3) and U and V
defined in eq. (4.5).

Mse0 = 1.0 x 1018 GeV, a = =@ = 1.0, =5 = 1.0
Vz5 (GeV) Vaq (GeV) Vi (GeV) Vi Vi Viso Viaso Viso
(—1.082 +12.927) x 100 | (—2.844 — 16.446) x 10'° | (—4.716 —12.297) x 106 | 0.086 +20.049 | —0.044 +20.183 | —0.223 —20.923 | 0.109 +120.043 | —0.014 — 20.201
(7.762 +18.288) x 101 | (—7.933 4 16.054) x 101> | (1.156 +10.980) x 10'6 | —0.296 +20.166 | 0.313 —20.162 | 0.018 +10.145 | 0.180 +120.202 | —0.740 — 20.345
(7.205 +27.205) x 10 | (—3.356 —13.356) x 10'0| (6.813 +16.813) x 10'6 | 0.408 —0.272 | —0.490 +120.327 | 0.368 —120.246 | 0.076 —20.051 | —0.379 +20.253
(—1.661 —22.608) x 1016 | (2.207 —20.100) x 106 | (3.578 —15.238) x 10'° | —0.115 —20.197 | —0.057 +120.290 | 0.472 +120.100 | —0.350 +20.106 | 0.432 — 20.554
(—0.588 — 11.223) x 10'7 | (1.342 —120.251) x 10'7 | (1.731 +11.577) x 10'7 | —0.022 +20.186 | —0.138 — 20.011 | 0.680 —20.358 | 0.110 +120.096 | —0.046 — 20.576
(—3.691 —13.691) x 106 | (—4.226 — 14.226) x 101 | (2.287 +12.287) x 10 | 0.036 —20.094 | 0.250 —20.661 | —0.222 +120.586 | 0.020 —20.054 | 0.109 — 0.288
(—9.258 +13.422) x 10'7 | (2.038 +10.899) x 10'7 | (0.726 +21.491) x 10'® | —0.075 — 20.064 | —0.157 +120.103 | 0.944 —10.098 | —0.076 —20.088 | 0.194 —20.053
(2.621 +12.455) x 1017 | (1.915 —12.509) x 10'7 | (3.098 —13.655) x 10'7 | —0.088 —20.328 | 0.103 —20.338 | 0.117 —120.088 | 0.270 —20.012 | —0.764 —20.288
(—8.248 — 15.252) x 10'7 | (—0.318 +16.978) x 10'7 | (—1.657 +21.132) x 10'7 | —0.047 + 20.224 | —0.146 — 10.257 | 0.415 —120.245 | —0.365 +20.011 | 0.586 + 20.389
(—0.588 —11.223) x 10'8 | (1.342 —120.251) x 10'® | (1.731 +:1.577) x 10'® | 0.185 —20.029 | 0.027 +10.136 | —0.528 —20.558 | 0.063 —20.132 | —0.542 + 20.200

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, Mgoublet, 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 — 7 unification, in typical SO(10) models
such a unification comes about for a large tan /3, as large as tan 5 = 50 [41]. However, for

the case of SO(10) under consideration here, one finds that a splitting of the b — ¢ Yukawa

couplings occurs at the GUT scale which leads to a b —t — 7 unification with a low tan g

which can be as low as tan 5§ = 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, 10, enters in the Yukawa couplings, so the cubic superpotential

of fermions with the Higgs fields takes the form

2

Wy =Y f1 < ?+)‘Bru\‘l’(+)>T Q

r=1

Thus the third generation Yukawas are given by

2
h =i2v2y " [V, hy
r=1
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—i2v2Y  fVa,, hY=—i2v2) " f1% U4,
r=1 r=1
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Gaugino masses from dim 5 operators

SU(5) rep | n] | nj nh
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 x 24)ym to the U(1)y, SU(2)., 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

o
Ly = / POWL W58 | e, (6.3)
Mp
A VEV of the F-term of the chiral field ® leads to mass generation for the gauginos so that
F >,
Ly~ S5 Z0Brard | e, (6.4)

P1

where Mp; 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 A* belong to
the 24-plet representation of SU(5). The symmetric product of 24 x 24 can be expanded in
irreducible representations of SU(5) so that (24 x 24)sym = 1+ 24 + 75 + 210. We note that
< F' >,z 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 m;
where i = 1, 2,3 stand for the gauge group U(1)y, SU(2). and SU(3)c so that

Z Crn; (65)

r=1,24,75,200

m; =m

N

The n} in this case are listed in table 5. For the SO(10) case A* belongs to the 45-plet
representation of SO(10) and the symmetric product of 45 x 45 expanded in irreducible
representations of SO(10) is given by

(45 X 45)qym = 14 54 4 210 + 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 ¢, 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 ¢, 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:caq s =2.75:1:0.25 leads to gaugino masses in the ratio m; : mg : 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 — 7 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 hy, hy, hr, myp0, AaH,QhQ, where myo is
Higgs mass, Aa,, is muon anomaly defined so that Aa, = A(g, — 2)/2 and Qh? 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

mpo = 125 + 2 GeV (6.7)
On? < 0.12.

Regarding Aay,, the recent Fermilab experimental measurement [55] finds a deviation from
the standard model result of Aa, = (24.9 & 4.8) x 107! [55, 56]. An important contribution
to the muon moment comes from the hadronic vacuum polarization (HVP). The Fermilab
analysis uses eTe™ 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 Aa,, constraint but with a two o 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 — ¢ — 7 unification is done within the renormalization group analysis
of gSSUGRA [50] with gluino mass driven radiative breaking of the electroweak symmetry.
To identify the allowed gSUGRA 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

mo € (0,1000) GeV Ay € (—5000,5000) GeV (6.9)
my € (0,1500) GeV  my € (0,1500) GeV ms € (0,10000) GeV  (6.10)
tan 3 € (0, 30) my € (172.2,173.0) GeV  y(mp) € (4.15,4.22) GeV  (6.11)

With values of Uy, and Vg, provided in tables 3 and 4 and input parameter £ 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 g, — 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 gSUGRA 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 mg 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 — ¢
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 — ¢ is significant enough to
achieve a b — ¢t — 7 unification for values of tan # between ~ (5 —10) as illustrated in figure 2.
Further, as noted already the gSUGRA 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 H°,
AY 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 gSUGRA
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., o(pp — €rér), o(pp — €rér), o(pp — prir), o(pp — ARAR),
and o(pp — ,7,) (while o(pp — Dele) is similar in size as for the p case) at /s = 14 TeV
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 o(pp — 7171),0(pp — T272), o(pp — T172),
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Model F0m) Y h h2
(0.707 — 0.283i, —0.954 — 0.0194) | 0.484 0.051 0.051

—
o
g

[

(1.08 + 0.9017, —0.0062 4 0.9274) | 0.485 0.043 0.043
(0.566 + 0.3787,1.12 — 0.3601) 0.484 0.055 0.055

(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 + 0.918¢,—0.013 + 0.936¢) | 0.503 0.050 0.050
(e) (0.570 4 0.3797, 1.12 — 0.3627) 0.486 0.062 0.062
() (0.218,0.213) 0.487 0.056 0.056
(2) (0.595 4 0.196¢,0.781 — 0.063¢) | 0.485 0.044 0.044
(h) (0.459,0.056) 0.489 0.043 0.043

)

)

~

(N

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

o(pp — U:07), and o(pp — T10;), at /s = 14TeV and /s = 27TeV. Table 11 gives a
display of the branching ratios of 71, 7o and 7, 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 xIx5 [69-75]. Here the decay of the x§ — £+¢~x) and x5 — ¢ + v(7) + x? will lead
to the trileptonic signature ngli — 10305 + 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 ngic lie in the few hundred GeV region. It is of
interest to estimate the size of the production cross section o(pp — ngic). The estimate
of the sizes for the chosen benchmarks are given in table 12. From the table one finds the
o(pp — ngf) cross section can be as large as ~ 20fb for some entries which implies that
HL-LHC with an integrated luminosity of 3000 fb~! will produce ~ 6 x 10* 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 2x10 + 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 2x10 4 320
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 mo Ao mi mo ms tan 8 me iy (1) m,
(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
() 568.0 831 896 733 7987 104 | 172.8 4.17 1.77682
() 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
G) 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 7 lepton, using their Yukawa couplings at the GUT scale as input as given in
table (6).

Model | o 2 D G S Qh? Aau(x1079)
(a) | 1244 313 331 410 449 456 628 575 575 7993  0.0643 2.15
(b) | 1233 283 284 325 334 343 490 543 543 6772  0.0183 3.18
() | 1237 206 229 326 379 387 519 473 473 7072 0.1220 2.81
(d) | 1242 330 339 466 495 500 590 824 824 8418 0.0146 2.65
(e) | 1243 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) | 1231 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) | 1237 288 296 358 373 381 551 588 588 7303 0.0281 3.72
() | 1241 280 303 370 436 443 642 487 487 8016 0.1210 2.86

Table 8. Low scale SUSY mass spectrum showing the Higgs boson h° mass consistent with the
constraint of eq. (6.7), and the masses of YV, 71, v, Uy, [, To, )~(1i7 %3 and )ZQi for the set of benchmarks
(a)-(j) of table 7. The corresponding relic density k2 consistent with the constraint of eq. (6.8) and
the muon anomaly Aa,(x107?) consistent with the muon anomaly constraint is also exhibited.

o 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.

o Construction of the irreducible tensor-spinor ]@E{TO)) from the 720 (= 16 x 45) dimen-
sional reducible tensor-spinor |@L%O>. It is carried out by removing 160 (= 16 x 10)
components from |®LZVO> as shown in appendix A.

¢ Construction of two 320 multiplets, one symmetric (A(fjgf\)) and the other antisym-
metric (Aﬁi?;)) in the two indices, starting with the 1000 dimensional reducible tensor
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Model | o(pp — érér) | olpp — firfin) | o(pp — €rér) | o(pp — friir) | o(pp = Delle) | o(pp — Duby)

14TeV 27TeV | 14TeV  27TeV | 14TeV 27TeV | 14TeV  27TeV | 14TeV  27TeV | 14TeV 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 2379 | 0.570 2372 | 0.343  1.323 | 0.345 1.330 | 0.560 2.344 | 5.598  2.344
(e) 0.677 2745 | 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
(2) 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 7131 | 2.056 7.154 | 0.185 0.782 | 0.184 0.782 | 2.102 7.345 | 2.103  7.349
() 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 = 14 TeV and 27 TeV for all benchmark models.

Model o(pp — 7171) o(pp — TaT2) o(pp — T172) o(pp — U-0r) o(pp — T107)
14TeV 27TeV | 14TeV  27TeV | 14TeV  27TeV | 14TeV  27TeV | 14TeV  27TeV
(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
() 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
G4) 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
Vs =14TeV and 27 TeV for all benchmark models. The largest cross sections are for the production

of 7,71 followed by the production cross section for 7 75.

T,ux. Complete details are carried out in appendix D and results exhibited in egs. (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) - 10, (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 10; (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 71 = 7% R —=1X! R =W~ R —oAZE] U=t =AW b= Fiq
(a) 100% 12% 1% 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%
G) 100% 98% <1% <1% [<1%] 97% <1% 3%

Table 11. While the decay branching ratio of 7; — 7%} is 100%, the decay branching ratios of 7»
and 7, are diverse and show a variety of model dependent signatures providing differentiation among
cases (a)-(j) for this class of SO(10) models.

Model | o(pp = X3%7)
14TeV  27TeV
8.773  40.105
11.446 50.159
21.770 87.013

—~ o~
=R
=

—~
o
=

(d 0731  5.284
(e) | 5564 27.362
(f) | 17.400 71.840
(g) | 2216 12.828
(h) | 13.977 59.533
(i 7.838  36.461

= =

19.198  78.215

—
(-

Table 12. The production cross-section for )28)2% infb at /s = 14 TeV and 27 TeV for all models.
As discussed in text the process pp — )Z%)Zli is of significant interest and it leads to the well-known
tri-leptonic signal for supersymmetry.

o 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).

e 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 10; (¢ = 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 — 7 unification with low tan g with
tan 8 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 gSUGRA for model (a). Right panel: renormalization group evolution of Yukawa couplings of b
and t quarks and of the 7 lepton. The dash line, solid line and dash dot line correspond to tan 3 = 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 8. Right panel: an MC scan of mq vs. Ag with color map giving tan 5. All
the scatter points satisfy the Higgs boson mass, the relic density and the muon anomaly constraint.

e It is shown that the SO(10) model with gSSUGRA 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 g, — 2 data constraints. The remaining particle spectrum
consisting of the gluino, the squarks and the Higgs HY, A, H* is heavy with masses
lying in the TeV region. This is exhibited in table 8 and in figure 3.

e 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

— 20 —



5 700
g 16000 - N % _
2 g — 3 Ip —— 7
i 14400 = \600 - \\ -0 +
= r ~ w X2 X1
12800 [ & —— # E . “
L 72 = 500
11200 |- I" % = ZL \
” VL, =0 N
9600 |- . . 1’/ 400 + = :152 \\\\
sooof H) ——— p+ X4 gL, Y
A0 H X3 XQ,,’ 300 'T'li?' -
6400 = 4
'
"
4800 = ”I/ 200 -
3200 - //’ } 0
7 wof "
1600 = e 7:2 -0 v N
0 ¢! 2 v
0 A ££ 711' o X1 0
- - . 600
#2800 § — 3 i )
i ] 500 F COOR ", "
]§1200 - f(]i}z L %2 % oXxe X1
29600 b | = ; >
— 1 400 oL .
8000 0 TR
L , Y <
0 70 4 —FX
T X e 300 R
L : M i A
N
n” J . o
u —=-T1_
4800 - - 200 F -3
')
3200 g/ 1o
1600 ’ 100 |
= _ ’
T2.20 1 L
L Bl G
0 T, Tt 0

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 )28)2%: production cross section
can lie in the range 40-80fb 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 — et 7%, p — 7K+ and into
other decay modes can be made. Another possible extension of the model is a double copy,
i.e., MSSMy, 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 |©52°% | = 1[HE | 45 [HPY] 410 [HEO] + 10 [HEE] 4 10 [H(607]
124 [H(560)z] + 40 {H(560)z3k} + 45 [H(560)l]:| 1+ 75 [H(560)k}

(560)1 (560)k (560) (560)
+50 [HER™| + 70 [HIG*] + 75 [HE™9] + 175 [HPR™] . (A1)
where the Latin indices i, j, k,... taking on the values 1,2,...,5. From here onward, we

suppress the spinor index § for brevity.

A.1 The reducible 720 dimensional tensor-spinor multiplet

In egs. (2.5) it was shown that the irreducible tensor-spinor |®£E§30)> can be obtained from
the 720 (= 16 x 45) dimensional reducible tensor-spinor |@Zf,0> by removing 160 (= 16 x 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 I',, in terms of creation and annihilation
operators b; and bT [36, 37] as T'y; = (b; + b:),ng_l = —i(b; — b;-r), where {bi,b;-} = dij,
{bi,b;} = 0 and {bj,b;r} = 0 and that the SU(5) singlet satisfies b;|0) = 0. In terms of
bi,bZT- the 16 and 16 multiplets of SO(10) have the following SU(5) oscillator expansions:

1048y — [0y M + 1b[b1 0) M7 4 LeMmplptvft 10) M; and [6%) = blolblplvl j0) N +

Lekmplpipt |0) Ni; + b1 |0) N'. Thus we have

S
0200y = |0) X + 2bjbj 0) X3, + e bibLb]bl, 0) X (A2)
We now display the SU(5) decomposition of |© 720)).

W(mo) X,(45) ® X (5 X 45) X',(10 x 45),
u(45) = Xeye;(10) ® Xz, (10) © Xy, (25),
XW(5 X 45) = Xie;ep (5% 10) @ Xz, (5 T)) ® Xiee; (5 x 25),

X77,(10 x 45) = X/, (10 x 10) & X2 (10 x T0) & X7 (10 x 25),

cLCl

(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 : X, = YUY,
10: Xz, = Uy, (A4)
25 =241 + 111 Xz, = UL+ %5;1(1)U,
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_ . 1 , )
5x10=45+5: Xige, = U/ + (oFU7 — slU*),

5x 10 =401 + 105 : Xz, = €jatmn U™ + €400m 2P0™,
E a5 . Laymk 1 sk k(1 Lok (A-5)
o X 25 = 51+51+70+52 . XiCkEj :i( )UZ]+§ (5J( )UZ_51( )U]> +§U(S)1]

+ i? (6¥@0; - 5t ;)

10x 10 :%+475)2+573 ij — zgmnonl § <€ijkmn(2)U'rlnn_eijlmn(Q)Urlf‘m>

Ck Cl mno 2

1 .
+ 5(Ezjklm(S) Upn,

10x T0=75+249+ 1y =Ud 4 (5;‘<2>U,g' 8,207 + 6] Uj - 5] @)

ckcl
t55 (51 o —si61) @0,
10 25 = 103+15+104 +40, +175: X/, = - (5;< ok — Oyt 4 gF AU

Lorcirrik  cirrik
+5 (iU —olui)

1, . . . . g
+ 3 (512(4) Uik — &7 Wyk 4 5F@) U”)

(A.G)

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

T, [020) = [0, (A7)

where

@(160) bTbTbTbTbT 0 Un—l—bT 0 Um 1(3)U1n Um (4 )Um
97 (5)

1zklmTT 27 n(3 n(3 Drrmn 1 n(1 n(1
g€ bLb]b], 0) | 721 U418 (67 G0 - 57 DU, )+ U+ (67 V-5 V)
(A.8a)
1 1 1 1.
68y i bl bl bib} j0) (—2(1)Un—2(2)Un) +b!10) <<1>Ug+55;<1>U—<2>U;—55;<2>U>
1 ijklm o o o o 0
1€ BLb10110) [€ijuan (VTP +3IUP+6DUP ) teijoy (VU160 ) |
(A.8b)

To get the 560 tensor-spinor, |@,(15,,6 0 ), we must impose eq. (2.5a). This is equivalent to setting
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|@,(,m) ) = 0. Thus eqgs. (A.8) gives the following constraints

Uu" =0, (A.9a)
Wyrin — %<3)Uin - %U(ig) — Wy =, (A.9b)
7207 418 (5790, — 530) + g + 1 (37005 - 500 =, (A.9¢)
—%@Un - %(Q)Un =0, (A.9d)
Wi 4 %&}UU - %5;<2>U =0, (A.9¢)
€ijnop (PUP + 3807 4 60U 4 €10pq (VU + 6PUZ) = 0. (A.9f)
The above allows us to write
’@Efo)) = I@fffo)> constraint of egs. (A.9) (A.10)

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

@7 = H(560) Wy, = H£560)a Uy = 2(?60)7 Wprid = HB80)i — (2ris = [(560)is
i _ 14(560)i ijk _ 14(560)ijk
ij _ 14(560)ij _ 14(560)k m _ 14(560)im 560)k ij 560)i;
UF = X, ok = WO ol = O Ul = HE U = P,

Ui = P

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

19(560)) — |y {(560)ay lebT. 10) [Ez‘jklmH(%O)ﬂ?y

Cxcy 5% klm

+% ( (M (60T _ ikl ](360)y> _ ﬁ ciskzypy 2560)}

+ieijklmb}bLblTbjn 10y H{%60)wv (A.11)
\922% =10) HQ(CS;O)—l—%bZTb} 10) |:H565yﬁo)ij+§ (5;H3(6560)j_6§‘CHZ(/560)]'_’_5%H1(/560)i_53]/'H3(6560)i)

- % (5,050357) H<56°>} +2—Zeijklmb}b2b}bjn 10 [enopey HEO"

+€inoryHEO™), (A.12)
|@$662)> =10) [H1(!560)x+;5$H(560):| +%bjb} 10) [111 (5;H(560)jw_5§H(560)im)

. % (45;ﬁ(560)ij _5§ﬁ(560)ix+5;ﬁ(560)jx) . (1;Hg(/560)ijx+6ijklmeZl67?z)]9yU:|

+ieij’“%}b;bjbin|o> [214 (562H) — 570 —% (H§§6O)I+H§gﬁ)§;ﬂ”)} . (A13)

Similarly, one can start with 720 (= 16 x 45) tensor-spinor as
1

(720)
uv

(O ) = bBLOLbID] 0) Ky + 15 bLB[BE, 10) XK i + 6]10) X,
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720 560
hy = )

and use the constraint T, |@ |@ (160) ) = 0 (equivalent to I',, |@

the 560—plet. Here we ﬁnd

= 0) to obtain

|® 560)> _ b'{b;bgbj‘lbg_‘) |O> H(560)$y + Eel]klmbzb;bj‘ﬂ |0> |:H§?60) Y + g (5?H§560) o 6;rH(560)

CxCy

oG8y _ 360z | L (e 560
+OTHY — 6YH; )+20(5i5j—5i5§/)H< >]

1 10) [P HERD 4 o HE ] (A.14)

560)>

— 1 ..
[z, ) = bibbbEoLsL 10) HEF 4 eH Mol b{B], 0) [eijpr HEOP

1 560 560 1 50 )i
48 (ewmyH(%o)pq - EiquwH(%O)pq) - meijmyH(%o)p] + bj’ 0) H§c5y60) ) (A.15)
(560)y _ piptpiptpl 560 214(560 L ijkim 1 (524(560) _ sz, (560)
[ >—bbbbb\0>{ (60)= 1 5 HE >}+1269 bgb}b;m)L((siij — THY )

z3(560) _ cx (560) x (560) (560)z 560)[pqr]a
- (45yH” — 57AP0 4 67 >_ SO iy HFO ]
t 214(560)i iy (560)z) _ L [14(560)ix , 4(560)ix
+b] |o>[ (505H 5, H(0)) 2<Hy +HE )} (A.16)

where

560 {@S}ﬁo)} = 1(5) [H(%)} +5(—3) [H(W)z} +10(9) {H(560)W} +T0(1) [ngso)}
+10(1) [HE“O)} +24(5) [H(“O) } +20(1 [ } {H<560>k}
+45(— { (560) zg] +50(— [H(560)1]k} +70(=3) [H(seo w}
+

+75(5) [H(%O)”} 175(1) [HEEOLHI] (A.17)

Egs. (A.11)—(A.16) show how the various SU(5) components given in egs. (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.

51(3-:60) _ _ <3A9£L5u60)"9A9£550)>

1
A
= —0aX],0" X, — §aAijW

OMX7l, — 04X ]1,0% Xy
= —0aX[ 0" X, — 04 X1 04Xz, — 204X] . 0* Xz,
1 g 1 . y
—§8AX-T oAXY 5aAXT OAXY_ g, xT _9AXY

ijcicy crCl 1jCKCy CiC| ijCcrCy CckCl

—OaXE, 0 X0 — Oa XY, 0 Xz, — 204X, 04 Xic

o ok cjC
= _Q%aAH(%o)TaAH(sso) _ %8AH(560)1'T8AHZ(560) B 8AH(56°)UT3AHZ(?6O)
—gaAH§?6°)T3AH(560)ij _ %aAggjﬁo)TaAg(5so)zj _ gaAH§560)¢TaAHZ(560)j
_%mHS’SO)HaAHE%o)m _ 8AH§?C60)iTaAH1(56O)jk _ %aAng)maAHSﬁo)k
AR L S S L S
_128AH$260)[ijk”TaAH[(;i?3m,

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

51(3560) _ _8AH(1560)T3AH(1560) _aAH(gsao)iTaAH§§560) _ %BAH(TO%OWTBAHZ(-?OSGO)

1 (10s560)1 9 Agy(10s60)ij L 5(10s60)t AT(10s60)i] (24560)it A gy(24560)7
—gaAHU O H 7560 ”—aaAHU O H\ P50 Z]—8,4Hj 0"H

1 T ) T —_— —
_ ?aAHE;256O)lT8AH§4O560)Uk . ﬁ(aAI_I;‘;ffyﬁo)ff6AI_IZ(45560)J1€ . aaAH](:E)%O)UTaAH§;5560)k

(50s60)ijkT n Ay (80sc0)lm 1 (70560)i51 A gy(s60)k
_agaAHlm 560 )] o Hijksﬁo m_aaAHk 560 )] o Hijﬁo
11 75560 )kl 75560)ij 1 y 175
_EgaAHz(] 560) TaAHgﬁl 560)2]_gaAH%75560)[Z]k]lTaAHEijk]?w)m- (A18)

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 (1560)
<H<560> =55\ |

560) 1 (10560) H (5670)ij
560 AN : [ 10560) H(00)

()
N
I T
@R
=) o)
ol o
- &

3 H(gsﬁo)
= 24\/ — L ,
721 (H(SSGO)Z>

1 1 (10560)7

v

H (560)ij H (10s60)is H§'560)Z 1 /3 H(24560)i
< 560) > m ( 7,] 560) > ’ <H§560)Z> - 5 \/;<H(24560)Z>
J
560 ijk \/7 H(40560)zgk HI(CSE)” B i Hl(jjwo)ij
o ) Vsl ) () = el )
H(560)k 19 H(45560) HZ(JSZO)lm ) H§]52560)zm
560 - 5 45560)’U Hl(@)ijk = 6ﬂ H(50560)1jk )
60)7 75 (560)m (175s60)m
5 L ( 560) Hiing 1 H[zjk]?m
560)23 V2 H§<;7z5560 ’ Hgﬁ)[zjk]l 6f 175560)[z]k]l )
H(560 H(70560)/C
(8)is ) ( ) (A.19)
560)ij (70z=5)5k .
<HES)]€) J Hk 560

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)):

1
Wour = 5 Mis®@{EI0{E) + Ais (B2 | BIOJ™) 0 + Moo (035 B[O

(560)
2! >

(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

* 60
. N5 (005597 BT, T, [05%7) oA

560 45
> H45)

15 (O527%| BT, T8 3 ete,

" (560)= (560) (45)
o A5 €. u9u10< ,uluz ’Brusr L FHG‘®/L7,U,$> H9fi10

The first two couplings are zero. This is due to the constraint I, ]@;g 0

)) = 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 ’\45 ((® 560)*|B \9(560 )

—(© 560)*|B \@ (560) )) @) This is due to the fact that only the piece antisymmetric in indices

(s, 0) of the product ( (360) “|B \9(56 ) will couple to the antisymmetric tensor @L‘*g”).
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Eliminating the 45 multiplet through %Igig‘ =0, we get <I>£y45 ) = —2}\\j‘[i5 ((@&560 \B|@:360 )

—(© 560)*|B \@ (560) )), which correctly exhibits antisymmetry in indices (a, #). Finally,

WGUT
Y . 560) . (560) (560) 560 (560
— e (e Ble) (e Bl ) — (O IBIel) (O Bl )
560)* (560)
+ Ms60 (O, |B\@ > (B.2)
A 560)+ (560) 560) (560 (560)x 560), ;- (560)% (560)
- 4]&?1 |:_2< gck ‘B’@ckc >< gcl ‘B’@clc )>_2< cck) |B‘®£kc ><6qc )‘ ’@c]cl >
(560)- (560) 560) (560) (560) (560) 560)
— 2058 BlOLy)) (08" B[O, >+2< 0| BleG) (OC" Bleke)
(560)= 560 560)x 560 (560 560 560
+2(0 Ckc) BOSe) (08" |BloGe) + (6F rB|@ckc>>< oV 1B )
(560)- 560) (560)- 560) (560)- (560) 560)* (560)
+ (080 BOCY) (000 | BlELe) + (05 \Br@ckc (e £q Ble5e) +
Mgy {< 560)*|B‘@(560>+2<@(560 B|© 560> - (B.3)
Using eqgs. (A.11)-(A.16) and eq. (A.19) in eq. (B.3) we get
WGUT
)‘4215 1 (75560) Yy (75550)ZJ (75560)Pq (755g5)ri
= _— H H H 560
4Mys 16 %
1 H(75560)$yH(75560)ZJH(75560)ZQH(24560)17_ H(75560)$yH(75560)23H(24560)pH( To555)qi
8v/3 83
EH(75560)19H( 560)Z]H(24560)iH(ﬂ%)p H(75560)xyH( 560)ZJH(24560)PH(ﬂ%)i
24 p ]7 48 J
LTt L g g gy
48H(24560)CCH(75560)WH(24560)pH(7-75ﬁ)q1 - 24H(75560)31H(Iﬂﬁ)yH(24560)pH(p§5ﬁ)qi
L (75s60)7 (75 )25 g4 (24s60)i 1 (75560)xyyq (T5se5) 2 (2455)i
= fq(75se0 yH 560 H 560)ipy(1 560)+ (73560 yH 560/ %7 g (1s60) 1 \“"560
8\/> iz 8\/% iz j
_|_iH(75560)93yH( 5555) 1y (1s60) 1 (T55)
90 (¥4
1 (75560) 1 (24255) Y (24 (2455)p 1 24 (75 VI p3(24 (24z5)p
+ H{75500)7% gy 4560 H( 560) 4\ 1560 + H( 5so)xH 560 H( 560) 1\~ 560
483 Y 7 48/3 Y H;
1 (7556077 17 (24555)Y £ 1(24s560)i (1) 1 (75560)j7 17 (24555)Y (1 ) (245g5)7
+—F—=H, H, *°"H. H'%) + ——H, H. 1500V g (1560 560
24y/10 % J 24/10 H;
i 1 (75 )yj (28—)i
H(24560)IH(75560)?/JH(24560) H( 560)+ H(24560)xH 560/ 47 gy (1s60) 1\ =560
24\/ J 24+/10 J
221H;‘24560)jH( 560) H(24560)iH(274%)y + ing24560)]Hgﬁ%)$H§24560)yH;ﬂ%)i
576 144
_LH(24560)IH( 560) H(24560) H(24560)
576 Y t
481 H(24560)zH(2456o)xH(245eo)JH( =5) _ 48\1/%}1(24560)1}1( deps)a H(156°)HZ(2456°)
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—LH(24560)‘7H(1560 H(.24560)iH(1%) _ LH(]-%O)H<274%)jH(1560)H(24560)
480 480 v J
1 (24500 1y (Tagg) gy (tseo) gy Pseo)i _ (Ls60) g (Tsgm) g (1500) 11 Tso) }
+—H, H (1565) | (560 560 —~ p(1se0 s60) H (1560) F{ (1se0) + . ..
144 j 405
+ iMsg {4H§§556°)”H(75560)’“+H§2456°’iH(2“56°) L HOs ) } (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 x SU(2)L x U(1)y singlets through

H(i560) _ S H(steo)a B 5 Sou n
HIw) ) = |5, ) @) =50 \s,,) T

N (S (Y L e e) (57

Hz()2456°) *\Sas o Hg A S7s o
75560)ab 75560)xa

Ho —1(5G5L5 52) s\ (T ”(saa o) 4 (B.5)

Hl(:(715560) ab | = 9 \Te d 875 H(ﬁ7b5560) 5908 S s ceey .

where o, 3, v, 0 =1, 2, 3 are SU(3) color indices and a, b, ¢, d = 4, 5 are SU(2) weak indices.
The ellipsis above represent terms containing fields which are not SU(3)c x SU(2)L x U(1)y
singlets (1,1)(0). The above singlets are normalized according to [18]

S\ Sy Soa) _ [6(Sx S5\ _ 1 (St
£)-E) @)-GE) &)-HE) e

Finally, we denote the VEVs of the normalized fields as follows
(S75)
— . B.7
<<s75> (B.1)

-6 -5
Vi) \(S1))’ Vos) — \(Sa2a))’ V75

Inserting egs. (B.5)—(B.7) into eq. (B.4) gives eq. (3.3).

C Extraction and normalization of SU(2), 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])

HO0i — oG (10 /gy (Buer) (C.1)

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

HG#)e = (G4)pe. H# = 6+, (C.2)
Hg]’S#)aa _ %55 (45#)Da +. H£45#)ab — 5(2 (45#)Da o 5? (45#)Db,
)P %55 54D, ... H5#)e _ e @4, — 5o @4, (C.3)
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where a, b, ¢ = 4, 5 are reserved for SU(2) weak indices and «, 3, 7,= 1, 2, 3 are
SU(3) color indices. The ellipsis above represent terms containing fields which are not
SU(3)c x SU(2)L x U(1)y doublets (1,2)(3). The symbol # refers to the 10,, 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]):

(G#)pa = G#Ipe. G#)p, = G#)D,,,
(454)pDa 1\/§ (45)pya. @yup, = L,/3 @ap, (C.4)
2V 2 ’ 2V 2 ’

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 x SU(2)L x U(1)y decomposition [21]

70 [H,7] = (1,2)(3) [0 + (3,1)(-2) [#T°] + (1,4)(3) [Pl
+(3,3)(=2) |#kge| + (3,3)(8) [l ] + (8,2)(3) [™#hyg?]
+(6,2)(=7) [P#hp{ef] 4 (15, 1)(—2) [POrlpledt ] (C.5)

where we have defined
(704)a (704)ba __ (70 a (704)Ba (704 )ac 0 o
(70 :_Hb# :(7#)[); HB# — g% (7#)-[-;

Hgo#)ab _ (70#)1/)iab}; H((}?O#)Oéﬁ = (70#)¢£a6}_

(C.6)

Here # refers to 320 and 560. The first two relationships in eq. (C.6) follow from the
(704)ij

tracelessness condition on the SU(5) irreducible tensor H, . The reducible tensors of
the 70-plet can be expressed in terms of the irreducible ones as follows:

)

acx ]- oaa 1
H{()?O#) _ (70#)1/};}04 o 55;)1 (70#)-|—a; H/(@?O#) _ (70#)wga + 355 (704)pa.

H(g?O#)ab — (T04){ab} _ 1 (5b (704)pa 4 o (70#)Db> .

c 3 c c ’

704)aB o 1 « «
H{0#) _ (1040 Lo} 4 5 (57 (10476 4 58 (104)T ) (C.7)

The kinetic energy of the 70-plet is given by

EgEO#) — —8AH,E370#)ij8AH,E;7O#)ijT
= — aA(70#)¢P{YaB} aA(70#)¢§a6}T + 00 plabl §A(T04)y {ablt
+ 0, M0y fabk gATOx ) ablt 4 5 | (T04)y{aB} A (T04)y LB}
+9 8A(70#)¢éaa} 8“(70#)1/;[{3"“” +2 aA(YO#)"(/Jéaa} aA(?O#)wl;{aa}T

4
+3 §AT04)pe g, (T04)pat +g §ATO4ITa g, (T04)Tat] | (C.8)
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In terms of normalized SU(3)c x SU(2). x U(1)y fields, the kinetic energy of 70 tensor
takes the form

‘CI(ZEO#) _ %814(70#)‘113{Y0‘6} 8A(70#)\I,§a6}T + %314(70#)\1;?17} A0 ) Lab}t
X l' 9, T0#)glab} gA(T04)g{ablt | l' 0470 hp laB} gA(T04)g lab}t
2 o o 2! ‘ ‘
+6A(7°#)\IJZ{3M} 8A(70#)‘I,éaa}T +8A(70#)\I,l~£aa} aA(?O#)\I,éaa}T
+ 9AMDe g, (T04)pet 4 gATO4 ) 8A(70#)TO‘T} ) (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#)¢{a5}> 1 ((70#)‘1,{%}) ((70# ¢{ab}> 1 ((70#)‘1,{@})
70 NGRS '8 ) 70 NG )
N gy) V2T ‘I’{aﬂ} ay) V2T,
( 70,4 w{ab}) ( {ab}> ( 704 w{aﬂ}> ( 70#)\1,{aﬁ}>
Tty ) VTR, ) 0405 10w )
70#)waa 1 (704 ) \I,aa 704 waa 1 704 ) ‘I,aa
(o) ~dalmons) (k) = (o)
70#)Da \/?: 70#)]:)(1 (70#)"’04 \/5 (70#)]:\04
@4p, ) = 2 D, (ML), 3\ @t (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 7},,x. This can be decomposed as follows
1000 [Tya] =120 [Au] + 210" [S(un] +320 [AF2] +320 [AFES)] +10+10 + 10

Here AEE’z?“) is the 320 multiplet which is anti-symmetric in the first two indices while AE32(;‘;\)

is the tensor multiplet which is symmetric in the first two indices. We now show how the

various irreducible components of T}, arise.

D.1 Construction of AS?}?}\) tensor

The three index tensor A,,) is totally anti-symmetric in the three indices and can be
constructed from 7}, in a direct way so that

1
? (T,u,u)\ + Tl/)\/.l, + T)\,uu - Tl/p)\ - T)\Vu - T/J,)\l/)

It has '°C3 = 120 number of independent components. Next let us consider the tensor

A =

A/[;W] \ = %[TWA - 1T, WM] which has 450 components and from it construct a 330 multiplet
A}, using 450 — 120 which gives

1 1
A/[/u/})\ = g (T;w/\ - Tuu)\) + 6 (_Tu)\u + T)\I//J, - T/\/w + T/J)\Z/)
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Finally, we construct the irreducible (330—10 =) 320—dimensional tensor, A(szoa), from A',\
[uv]A (]

by subtracting of its trace. Thus we write: Afji? a) _ =Ntk (510‘ A faja = 0px A’[m}a)?

where A'[W]a =3 (Tuaa — Tapa)- Contracting this last equation with 6, leads to kK = —9
which gives the first of the two 320 multiplets in 1000,

1
Af}jﬁ? = [2(T,m —Tya) + Doy + Torw — Toay — TW]
1

- E |:6V)\ (T,uoza - Ta,ua) - 5;1)\ (Tuaa - TOA/CM):| (Dl)

D.2 Construction of AEfwo) /\) 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

—~ 1

A//(,uy))\ = 5 [T#u)\ + Tu,u)\]
which has a dimensionality of ''Cy x 10 = 550. We remove from it the tensor S(uva) which is
totally symmetric in all three indices, has a dimensionality of 12C3 = 220 and the tensor form

1
S(,w/)\) = g (Tuuz\ + TV)\/L + T)\MV + Tl/u)\ + TAVM + Tu}w)

Removing the totally symmetric part from A7 (uv)x 8ives us the tensor N( w)x of dimensionality
330 (= 550 — 220) where

~ 1 1
A/(,uzz))\ = A”(,uu)/\ - S(,uu)\) = g (T,ul/)\ + Tl/,u)\) - = Tu)\u + T)\;w + T)\yu + T,u)\ll)

6 (
As noted the tensor N(W) » has 330 components and to get the second irreducible tensor
320 we need to make it traceless.

A(3205) _ K,(

(u)X ,\‘F(SV)\UM-F(;#)\VV-F(SHVW/\.

p)

We determine U,, V,, and W) such that Agfjg;) is traceless. Contracting the last equation

with d,x, d,x, and J,, gives
0= N (ua)a+ 10U+ Vit Wy, 0= N 00+ Uy +10V, Wy, 0= N (qayr+Us+ Vi +10W,.

The solution to these equations are U, = 5%1 (—Thaa + 2Taop — Tapa), Vi = 5i4(—Tl,aa+2Taa,,
—Tova) and W)y = 2 5 (Thaa = 2Taar + Tara). Thus the second 320 plet is given by

Agii(;/\) - é { Tuox + Typr) = (D + Tpnw + Ton + Tx\uv)]
+ = 54 [5 (= Tpoa + 2Taap — Tapa) + 0ur(— Tvaa + 2Tacr — Tava)
~ 260( — Traa + 2Tacr — Tora)| (D.2)
The decomposition of the 320—dimensional tensor under SU(5) x U(1) is given by
A(3200) )
320 <A§;]§)>] = 5(2) [HCE2)7] 4+ 5(—2) [H?V] + 40(—6) [HIZV*] +20(6) [HEZY]

+45(2) {ngo)ij} +45(—2) {H(}’QO) } +70(2) {Hg)?ij} +70(—2) [H(320)k}
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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

Ty = OB, L, 105 X, (E.1)

a

where for clarity, we write the expression <@&5560)d*\BFMF,,F,\|@&5§O)Z)> as @Sgo)dTBFMFVF,\

@ngb. Here T stands for the transpose, X uv) is a generic three-index tensor and a, b are
generation indices. Therefore

(A (560)aT (560)b\ T
T = (057" Br, 1,05 57") Xy

_ @&5[?0)BT<TuTVFA>T§L (9((15[360)51T)TXWA
- B

= 0 TTIITT ] BOY X 5

— TR (B7'T1B) (B~ 11B) (B ITB) (57" X,

=T, =T, =T,
= —(-1)*0 % T BT, L0080 X
560)bT 560)4
= o%"'Tp T\LLT, 08" X
————

26UAFM_26;/,)\FV+FVFHF/\ [see *]

. (560)bT (560)a (560)bT (560)a
*QGQ,B BF,L@aﬂ XWO.—Q@%B BF,,G)QB Xovo

560)bT

+055 9T BT, T, T 027" X 12 (E.2)

. _ A (3204)
CASE 1 X = A{S)

Job = @&SEO)NBFHFVFA@(OZ?O)I)A[(zi?;) [From eq. (E.1)]

o (560)bT (560)a (320,) (560)bT (560)a (320,)

(oo [ov]o
=0 (traceless) =0 (traceless)
+ 0%V BT, T, 055" A% [From cq. (E.2)
_ A(320a)
[vulx
o (560)bT (560)a 5 (3204)
= —05O"T B T,I,r\000 A

= —J;, = Conclusion: Jo, = 0. This coupling vanishes only for single generation.

. _ A(3205)
CASE 21 X, = AP2Y

560)aT 560)b , (320
Jah = 9&5 ) BF,U,FZ/F)\@EXE ) AEW))\) [From eq. (E.1)]
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:2®£¥5660)bTBFu@&5§O)d Agii(;;) _2@gsgo)bTBFV@&5go)a Ag(ajgz)
~——

~——
=0 (traceless) =0 (traceless)
+ @Sgo)”BryrurA@fg")dAEiig;) [From eq. (E.2)]
_ (560)bT (560)a 5 (3205)

=0uu+Suu  [see ®x%]

_ @&SEO)BTBF/\G&SEOW A(3205) +@((15560)BTBEV“F/\®&5§O)?1A(3205)

(o)A (m)
——
=0 (traceless)

A (560)bT (560)a 4 (3205)
—@aﬁ BEWFA@M A(W)A

[since ¥ matrix is antisymmetric in its indices and 320 tensor is symmetric

in its first two indices]

Conclusion: J,; = 0,Va, b. This coupling vanishes for both single & multiple generations
% Ta\TLT, = ( —T,Ty + 261,)\)1““ =26,2T) — T (25M - FNFA) =28,2Tp — 28,3T + T, T,y

1 1
w% I,T, = 5(1“”1“# +TulL) + E(Fyru —Tuly) =+ Zupu
~—~

=3
=bup =upu [

E.2 Couplings that involve a single gamma

Consider the coupling defined through
I, = O80T Br,0%0b Y\ (E.3)

where X\ is a generic three-index tensor. Therefore

X T
I, = (0T BTy ") X,

a
N N T
_ @£5a6o)bTFI§L <®I(3760)(1T> X
=—B
= —6TT] BOX, .
= —0l'T B (BT B) OV X,
N———’
=—Ty
= +ORNT B 00X, \

= @L?O)BTBFA @l(j’fo)de)\ p, v (dummy indices) interchange (E.4)

3205
CASE 1(a):  Xpua = Al
320,)
HY)A
320,)
vp)A

I&B — @(560)&TBF)\61(/5;§0)13A

P [From eq. (E.3)]

—~

= @L%,GO)BTBF)\@(V?O)dA [From eq. (E.4)]

— 34 —



_ 0(560)bT 560)a 4 (320s)
= O TBTO5 0 A 2

) This coupling is non-vanishing for both single
=+ [, = Conclusion: Iy # 0.
& multiple generations

3204
CASE 1(b): X = AEM))

a b A (3205
I, = O30T pr, @50 AZ20) [From eq. (E.3)]

v

3205)
(vA)p

No symmetry in the exchange of 560’s

(
(
(

= @&?O)BTBI’,\QZ(,E?OWA [From eq. (E.4)]

Conclusion: This coupling is non-vanishing for both single € multiple generations

320,
CASE 2(a):  Xpua = AL

a b A (320,
Iy, = @,(3:60) TBFAG(V?EO)I]A[(W]/\) [From eq. (E.3)]

UL [From eq. (B.4))

— 0T Rr, 6

_ 560)bT 560)a A (3204)
= -0 T Br,ORO AT

= —I,, = Conclusion: I,, = 0. This coupling vanishes only for single generation

ba

320,
CASE 2(b): X = Al

a b A (320,
Ly, = G)E?fo) TBP/\GZ(/?O)I’A[(M]V) [From eq. (E.3)]

(560)2 p {320 [From eq. (E.4)]

— O30T BT, 0
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 A?i?j‘» of SO(10)

F.1 STEP 1: identifying three 70’s, two 45’s and eight 5’s in A3%0s

(nv)A
A320: L (6,50, + 6,10 )
(uir = Lu)n T 57 (00205 + 0uxdus — 20,0038) 7 (F.1)
where
1
t(,uz/))\ = 6 [2 (T;Ll/)\ + Tu,u)\) - (T)\uy + T)\Vﬂ + T#)\l, + TV)\N)] (FQ&)
78 = —18aa + 2T00p — Topa (F.2b)
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We define the eight distinct 5—plets of SU(5) as follows:

Tcicnén + Tcncién = H(51)Z7
Téncicn + TEncnci = H(52)iv
Tciéncn + Tcnénci = H(SS)iy

— 50)i

TEnchi - TEnCiCn - H( 2) 9
o = By
Tcncnci Tcicncn - H 3 ?

Tcicnén + Tciéncn = H(5/1/)Z7
Tcncian + TEnCiCn = H(5/2l)l7
Tcnénci + Téncnci = H(Sg)z
while the three 70—plets of SU(5) are defined through
s 1 . . . .
TCiCjEk + chCiEk _ H]g?(]l)lj + 6 [621—‘[(51)] + 5;H(51)z} ,
s 1 . . . .
ﬂwq+anzﬂﬂm”+gmH@“+%H@ﬂ, (F.4)
. 1r.. ) . )
TciEij + TCjEkCi = H]g703)zj + 6 |:57Z<:H(53)j + 5£H(53)Z} :
and finally the two distinct 45—plets of SU(5) are defined by

1 y / / :
Tecyer = Toieney = H{™V 4 2 [6THODE 4 shHG7],
F.5)
L isige . (
Tejcien — Tepcic; = H(453) 1 [5ZJH(53)IC + 6£€H(53)]} '

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)

1 i i ; S ;
eres)on = P {2 [H]iﬂh) J G (52 F61) J_H;JH 51)1)} {H(mz) J (5 1 (52)i +6.,Z:H(52) )]
. H]£703)ij+é (52[_] 53 j+5JH(53 i :|}

1 3_ 52)jk 1 /4 (55)k _ sk rr(55)j (453)Jk Lrg 6k skrr(5L)j
t(EiCj)Ck_6{2|:H’i +1(51‘H —0; H ) H; 1(51‘}] N —0r H'” >

2

L

L 6 21"
+% |:H»(703)]k (5]H(53)k‘ 5kH 53 :| }

]

_ [ prrovie +1(53H( ycH(m)J)] [H702 é(é{H(52)k+5fH(52)j)]

(F.6)

Note that the tensors ¢(z,z,)c, and t(.¢;)s would have same expressions except the unbarred

Ck
SU(5) fields would be replaced by barred ones. Finally, we do not compute t(eiej)e, and
t(z¢;)e, 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 A?i?/))\ multiplet

(3205) 320, oA 5320.t
‘CK‘ _8AA /Lu)Aa A /u/))\

[8,475 W,))\a t(MV))\+ 542 ( V,\aATM—‘r(SM)\aATV—Q(SM,,aAT,\) ((5,,,\6ATZ+5H,\8ATJ—2(51“,8‘47';)
1
JFE)TaAtW,,)A (ma%ﬁawaf‘rj —25,“,8’47‘;) +5 <5VA6ATH+5MA5ATU —2(5#,,6,47’,\) BAtIW)/\}

1
= 8[8,@(@@)%3 t(cc )Ck+8At(6iéj)akaAtIEiEj)Ek+8At(c7(‘j 0 At

(cicj)ek

+8At(C1 C])Cka t

(¢icj)er
1
A At A
+204t(z10)r 0™ 0o +200t 101800 t(%)ck]+ 510470 7l

L L LG . (®.7

where --- represent £(532°), [,E(“Ef’”f’) £{10s20) El(éom) and L%O”O). As mentioned earlier,

) KE 9

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

EgEOsm) _ 1;2 49, H(701)Z]aAH(701)UT + 0, H(702)1J8AH(702)2JT + 0, H(703)ZJaAH(703)ZJT

_ QaAngml)ijaAHé?(Jg)ijT - QaAH]£702)ijaAng701)ijT o QOAngml)ijaAngms)ijT

_ 28AH£703)ijaAH(701)ijT + aAH}gOz)ijaAH]E?Og)ijT + 8AH£703)in,£7O2)ijT

(F.8a)
£s0) _ _6% [aAHli452)ijaAHli45g)z’jT n 8AHIg453)ijaAng453)z‘jT
n 8AH]§452)ijaAH]§453)ijT n aAH’g453)ijaAng452)ijT (F.8b)
£ =~ ﬁ [ — 804 HOV A HODT — 89, HEDI9A HODT — 390, HONi9A g7

1249, HOVigA GV 4 69 FG2igA [ (52)it 4 6, [(53)igA pr(5a)it

+ 270, HOI9AH G 4 975, H)igA g 53)if

— 894 HODigA Gt _ g9 r(G2)igA gt 4 169, HOigA g (53)it

+ 169, HODigA Gt 4 169, HOigA HEDH 168 4 H5)igA Fr(55)it
— 120, HOVIgAH G2t _ 129, HG2)igA OV _ 199, HE1)igA Fr(2)it
— 120, HB)gA GV 4 69, HGigAHG9)it | 69, H(5)igA p(32)it

+ 270, HOI9A HO)H 4 975, H )94 g 52)i (F.8¢)

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

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

Lyp = —04¢ K04 ¢; = —040T KD,
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where,

o =(o & o o o)
We make the transformation

®=Ve where VVIi=VIV=1.
In this case we have

Lip = -0 VIKVOAE
= 046K po’e,

where,
Kp = VKV = diag(ki, ko, . . . , kn).
Next we make the scale transformation where

L T .
(= Wix“ for non-vanishing k;
Xis for vanishing k;

and k& = X5 X
Thus,
Ly = _8AX:8AXi7

where,

1
o = Vis& = —Vijx;-
5

Here y; 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 X,(cmm)ij : normalized 70-plet with diagonal kinetic energy terms

Write eq. (F.8a) as

£(70520) _ —8A<I>(7O)TK(7O)8A<I>(7O),

kin

where

@(YO)T_(HI(:Ol)UT (02t H}gms)z‘ﬂ)
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and

. 4 -2 =2
() _ _—
192 21 1
-2 1 1
The diagonal matrix is
1
— 00
(70) 32
Kp”=|o000
000

2 1 2

_\/;5 15
yo | Lo, /b
oo, 'Y

V6 V5 V30

The scaled unitary transformed fields are

B . )
O _ 4/ 70 (Tosalis 70 \/;

y y 1
ng702) J _ 4\/§ V2(170) Xl(c70320) J, ‘/'2(170) — - (Fg)
703)ij 70) _ (70320)ij 70 1
H,ﬁ 3)]24\/5‘/:3(1 )X]E; 320)]7 V3(1 ) _ NG

F.4.2 X,(c4532°)ij : normalized 45-plet with diagonal kinetic energy terms

Similarly, eq. (F.8b) can be written as
(45520) _ 6A<I>(45)T K (45) 9A g (45)

kin

where,
ST _ ( )it H]g453)m>

and
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The diagonal matrix is

1
0
KU = (32
00

while the unitary diagonalizing matrix is

V4s)

S-S
Sy~

The scaled unitary transformed fields are

H452 4[ ‘/1 (45320) ’ V1(145) —
(F.lO)
H (453)i .y \f V2 (45320) : V2(45)

&F%\H

F.4.3 x(320)%: normalized 5-plet with diagonal kinetic energy terms
Before we diagonalize the kinetic energy matrix for the 5—plet, let us define
5// . . 5//
Hi( D Teicnen + Teiene, = by + ha, H( = Tepcien + Tepcicn = hz + i,
5// 1/ .

H( 3) = TCnEnC'L + Téncnci = h5 + h%’
then

H(51)i = TCiCnEn + TCnCiEn = hil + hé, H(52)i = TEnCiCn + Téncnci = hfl + hé,

H(53)i = TCiE’n,Cn + TCnEnCi = 12 + h%,

H(Sé)k = TEnCan - Ténckcn = hlﬁ - hfl’ H(Sé)l = Tcnénck - Tckéncn = hg - hz?
In terms of h' fields, the kinetic energy of the 5—plets from eq. (F.8c) can be rewritten as

£ — —% 16040502 RLT — 2004050 BLT + 1604050 BiT — 2004150 BiT + 404hL0 i
+ 40450 BT — 20040104 + 2504h50MhET — 2004h50A BT + 25804 ki O Y
— 504hE0 L — BOAREIA R + 1604hL 0L — 20040504 hE + 1604 k04 hil
— 2004hL0 BT + 404REOMhE + 40 4hEOA R — 20040 4R 4 2504 h50 BT
— 2004h504 BT + 2504 hL 04 R — 5OAREOARL — 504D + 4040, OB
— 504050 4 404 hE0ARE — 50 4hL0MhE 4+ OARLOARE + B4R R
+ A04R 0N — 504hLOMRE + 404hLOARE — 504NN + O4hLOARE + B ahiOAK ]

Now write

(8320) _ _aA(I)(5)TK(5)8A<I>(5),

kin
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where,

and

@(5)T:(h§T h? hgr hzil* h? h?)

The diagonal matrix is

while the unitary diagonalizing matrix is

. 5 ,
hll = 12\/; ‘/1(15) X(5320)17 V1(15

. 9 ,
hy = 12[7 Vi X

— 41 —

16 —20 16 —-20 4 4
—20 25 —-20 25 -5 =5
K0 _ 1 16 —20 16 —20 4 4
3456 | —20 25 —20 25 —5 —5
4 -5 4 -5 1 1
4 -5 4 -5 1 1
7
— 00000
288
0 00000
K(5)_ 0 00000O
n =
0 00000
0 00000
0 00000
2 1 _2 /2 10 /2 _ _16 10
V21 V1T 3V 1T 3V 43 /2537 1239
5 1 /59
~ vl 0 0 0 0 51/ 51
2 43 10
ve — | Va1 0 0 0 59 1239
__5 0 0 3 2 20 25
2v/21 43 2537 2v/1239
1 0 1 /17 5 4 5
2v/21 3V 2 386 2537 211239
1 4 1 5 4 5
221 V17 3v34 336 2537 21/1239




HO 19 \/z (V1(15) N 1/2(5)) i g o \/z (%(1&» N V4<15>) (G

H Z 1 \/g (V5<15> N VG(S))X(*"”"”

HY = 12ﬁ (vl(f) + V;f)) X0 g — \f? (V(5) + Véf)) X (R
H 19 \/g (V2(15) N 1/5(15)) ()i

H 19 ﬁ (vﬁ@ ~ V<5>)X<5320>Z 5O _ 1o ﬁ (v(5) v(5>) (5320)

G Details of doublet couplings

G.1 Computation of 560 - 560 - 320; and 560 - 560 - 320, interactions

We will first compute in 560 - 560 - 3205: SM A(320 ), where
(nv)A

M) = B (0580 BT, |0569))

Using eq. (F.1), we get

50220 | BT, [0500)) A (20

1
=0 { Myt + = (Mﬁpp +Mppp— 2Mppﬁ) (— Tpaa+2Taap — Taﬁa) }

1 1
= ﬁ{M,uV)\t(,uu)/\ + = 27 ppcZ <Tciaa + Taéioc - 2Tao¢ci) 27 ppcZ (Tciaa + Tacia - 2Taaci> }

1 *” 5 g” "y Y "
=5{m[Mppc@-(H(”+H(2) 2HEDY 4 My (HODE 1D —2H<53>)}

+M5i5j0k t(Cicj)Ek +Mcz'c]'0k (€i¢j)ek +2M01C]Ck (Cicj)ek +2Mclcjc;€ (eicj)ey +... }7

(G.1)

where we have used eq. (F.3). The ellipsis above represent terms containing fields which do
not contain SU(2), doublets. Evaluating each of the terms in eq. (G.1) using eqs. (A.11)—
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(A.13), (A.19), (F.6), (F.9)~(F.11) we get

1 5/ 5 4 Y Y "y;
e (4 9 —28) e, (0 18— )

1

— 108{< (560)= |Bb |@ (560) > [Hi(gl) +Hz'(52) _ 2Hi(53)]

+ < (560)+ |BbT|@ (560)) [H(sflf)i 4 O 2H(5'3')i”

i (24560) k11 (45560)35 _ (5320) 4 (75560) kly1(45560)35 _ (5320)
H H ) ——H: H
T 126v2 k Xi 42/6 X
971 5 ’ 1 24560 )iy 1 (5
_ 20 pp(Lseo) gy (Ss60) | (5320) + vy (@4se0)iqg(Sseo)
63v/7210 i X 1272163 7 i X

(5320)3

19: (24s60)i 14 (@s60)k - i (75560)i p (A5s60) k I
. T (2%s60)t gy (49560 X(5320)g_ 15 ] 560)° 560 X(5320)
126y/145 * i 84./435 g
n 84H(24560) H,(?O%O)kX(Se'ZO)j

560 (560)
| B 05) ¢,

M(_:iEjth(ciCj)Ek = < Cicj)ak
| 6 (24s60)kpr(Bsso) . (70320)ij . (24s60)J (45560) (70320) k!
= H H: 2 H H
ol i X} + 2 1 45 Xi
. 6 (75560)7l 13 (35560)i . (70320)kmn (1560) 77 (70560)k _ (70320)ij
4iy] -2 H H 1 Tse0) iy 7
BT sk X 3\/5 v
_|_ (H§24560)lH(70560) + H(24560) Hﬁ(?swﬂ) X}(€7032o)ij
; 162 2 5, ,
H (75560 JlH(70560) (70320)im 10T 7H(155°)H(»5560) (5320)1
+ Z\f Xi 7V 3605 i X
+ 7 72 H(24560)1H(5560) (5320)j 4Z / H (24s60)1 H(45560)k’ (5320)7
871 125Hl(;5560)1]H(45560)kx(5320)l + ?H§24560)kH,E‘]7‘0560)kX(5320)j

MC,;CjEkt(EiEj)Ck = <@((3?20)*|B bL|®£?S'O)> t(éiﬁj)ck

- H§24560)i Hl(45560)jk Xz(l?ow))l + 2\7/5 H§24560)i H§45560)jk X](§320)

_ 560 10 (560)
2Mci(_2j5kt(6icj)c 2 < |Bb |@ > t(éicj)ck‘
_ 83 5 ;3050 [ 3 L (24s60)ipy(Bseo) j
H(1560)H(- 560) . (5320)i _ 29T —H( 560)4 g (9560) ., (5320)
7 V3605 i X % V721 j X
6713 g (24s60)i (45560)7 (Gao)k =0 H(75560) (45560)kX(5320)

_|_ . )
84/145 7 ik 7\/43 gl

21 (24560)iyy(70560) 31z 7
27 g \#4se0)tp(70s60)7 (5320)k | 2*°
7 ih X 6 V206

H§24560) H](§560 ) X§45320 )ik
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i (75560) (5560) (45320)k;l 491 (1 ) (E%O)Z- (45320)j]€
H 'H; ) 27 i (seo) ¢ (
4326 M i 15v/29 ik Xi
! H(24560)iH(ES60)k (45320)1 Tl H(24560)i (45560)1 _ (45320)jk

+ .. ] L
\/% l 2 k 2\/@ : i '
) (75560)15 13 (45560)m (45300 )kl i (75560)15 13 (45560)k _ (45320)ml
e, T by e
+ 7 618H(24560)ZH](<35560)XZ(70320)jk 4 3\/Z'QTH(24560)1H§]‘:5560)lXl(70320)jk
i (75560) 7 (45560)l (70320)km 4i (Lseo) py (70s60)i , (70320)ik
B H H ( 2 (se0) g€ \
/5T ’ VR
_\i@H§24560)ngoseo)jX1(70320)’€l

560)*
2Mz;c;er eiey)en = 2 <@£‘1 ‘B br |@ (360) > (¢iCj)er

291 (24s60)i 74(45560)5k _ (5320) i (75 Yij vq(45s60)kl  (5320)
_ H 560) H 560).J 320 560)%] H! 560 (5320
84+/2 X 146 Xi
i 45560)ij . (45320)k i (24s60)i 77(45560)7k _ (45320)!
_ H(1560) H( 560)2) (4 . H H (
3 \/E k ij 9 \/’ Xik
_ i H(24560) H(45560)kl (45320)J + i H(75560)U H(45560)km XE:EQO)Z
2V/3
U x(24s60)i 11 (45560)k  (70320)1 U o (75560)ij 1q(45s60)km _ (70320)l
+ 6 Hj 560)% Hl 560) ] X 2o)l % Hkl 560)%] Hi 560) k1 ij320

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

B (00| B0 E) ACI = w{

1 _
23v/5V9y — 16V55 | 43ss0)pa(Ga0)p
144\@( ‘et 75)

1 _
+ ———( 13480V + 7761V )(5560)]:)a(5320)Da
504y/7210 ( ! 24

1 _
b 2695V + 2125V )(45560>D (5x20)pya
1008v/29 < 2 75 a

1 _
+ ———————( 65Vo4 + 1845V (45560)]:)a(7032o)]:)a
20V (65921 + 184501

+7 8V5Y V5Vay + 20V >(70560)])a(70320)[)a
404/3 ( VY1 — 24 75

1 _
+ ——( —=5V5Voy + 16V )(45560)])a(70320)Da
48v/3 ( 4 &

1 _
+ 196V, — 129Vay + 2v/5V )(45560)Da(45320)Da
601/29 < ! u 75

1 _
b (217VBVyy — 8V >(556°)Da(4532°>D“
24 1442< V5V 75

1 _
+ ——( —16V; + 33V >(45560)Da(4532o)Da
48v/10 ( ! 24
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37 /5 =
20 2y, (70s60)y (5320l
T 168 \[V24 @

+387 51632 DD - } (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:

B<@L56O \BFA|® (560) >A(320) _ ',8{ NG <23\fv24 — 161}75) E%)Da(&«:zo)])a

(p)x

+————(13480V; + 7761V >(5560)D“(532°)Da
504 7210( ! 24

1 _ . _
+ ————( 2965V, + 2125V >(45560>[)a(5320)])
1008+/29 < 2 75 a

1 _ _ _
4 65V + 1845V >(45560)]:)“(70320)Da
120\/ﬁ ( 24 75

8v5V; — V5V + 20V >(70560)D“(7°32°)Da
40[ ( VaV1 = ViV 7

+ ——(—5v5Va + 16V )(45560>Da(70320>D“
48\/§< 24 75

1 — — _ _
+ 196V — 129Va4 + 2V/5V ><45W>Da(45szo>Da
60v/29 ( ' . &

1 _ B _
+—— (217V/5Vyy — 8V )<5560>Da(453zo>Da
24 1442( 24 75

1 — I
+ ——= —16V1 + 33V )(455m)]:)a(45320)[)a
il

T 168 \[Vm O55D2 (G320,

n % 21563V24(5%)Da(%320)[)a 4o } (G3)

Again the ellipsis above represent terms containing fields which are not SU(2), doublets.
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G.2 Computation of 560 - 560 - 10;, 560 - 560 - (101 + 102) and 560 - 560

interactions

Using the Basic Theorem ([33]), we can expand the interaction « < (>60)+ \BF,;|®M51,60 ) Qf()lol)

+ 32, <®(560 \BFp\®(56O >Q,()10T) as follows:

o (O (560 \Bl“p\@(%o 101 +Z 560)*|BF,)|@ 560)>Q,(0 0r)

Ck

(560) (560) (560)
+ <<®£?60 |BbT‘@c iCj > < CiCj |BbT‘@ 5 Ci >>Q£101)]
2 560 (560) (560) (560) (10,)
+22ar[< ’Bbk|® >*< CiCj ’Bb |® >)Qckr
r=1
<<®(560)*|BbT ‘9 (560) > <®(560)*|BbT ‘9 (560) >>Qt(:ior)]
Using eqgs. (A.11)-(A.16), (A.19), (C.1) above, we get

CV(@ELSI?O)HBFM@&SI?O) (101) +Z 560 |BFp|@ 560)9210”

(\/§ng45560)in(75560)]91 _ \/>H(‘45560)le](€24560)]‘> Hl(§101) + (_ 4  (Bs60) py (24s60)k
ij 37

=ix
NPT
2 = 1
o7 mHl(Sseo)H(lsso)_i_\/TTE)H%Sseo 75560 +4\/>H 45560)JH 24s560)k
_ \gng(JlOseo)J H(24560)k’) H Gl

2 -
+i arl(\/iH(,‘.‘Sm)’“ g {750 \/> w0 g e )H(51°r>’
ij
r=1

+(_4H( 560)F H( Piggo)! +97 2 . < (G0l £ (S LHMS%O) H(7556°)

V721 10815 V145

+4 /%HE%%)MH](Cﬂ%)j \[H(mseo) H; 4550)J )H(510r)

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

a( 560 |BF |@ (560) Q(101)+Z @(560 \BFP\@(%O >QE)10T)

2 : 6
— P (45s60)ya __ \/> (45s560)Ty2 | (510 (5560
za[( \@v% D 5 6v24 )D) D, + (2 36051/24 D,
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2 £ 1 e 5 IE
+97 V. (5560)]:)a _ Y (45560)Da + V. (45560)Da
V 10815 7 V435 " Nt

_1 EV24(%560)[) )(510”[)(1]
4V 2 “

2
2 = 1 /5= &&=
+iy @, l(—\/7V75(45560)Da - \[V24(45560)Da)(51°r)D“ + (2 V24 ®s0/D*
‘ 3 2V'6 3605

5 _
(555 - — ) a s (451
+ 97 10815V1 560)[) T V75 560)[) + 87V24 560)[)
_i /125V24(705a))])a)(51o,,)[)a‘| (G.4)

Finally, we compute the mass term for the 560 + 560

560
Mgy (0380 |B|9 )

—M5ﬁo[<@<56° BIBLGE) ~2(00 |BIBLE) +..|

CiCy

— iMsgo [H(5560)H(5560) H(45560)ZJH(45560)k+ H(45560) H§45560)jk+;H%l)seo)iHE?Om)jk_i_”}

— iM560 |:(§560)Da(5560)D ; (45560)Da(45560)D 4= 5 (45550)D (45560)Da+ %(ﬁ%o)Da(?O%)Da_'_' . :|
(G.5)
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