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We perform a detailed study of the grand unified theories SO(10) and E(6) with left-right intermediate
gauge symmetries of the form SU(N), ® SU(N); ® G. Proton decay lifetime constrains the unification
scale to be >10'® GeV and, as discussed in this paper, unwanted cosmological relics can be evaded if
the intermediate symmetry scale is >10'> GeV. With these conditions, we study the renormalization
group evolution of the gauge couplings and do a comparative analysis of all possible left-right models
where unification can occur. Both the D-parity conserved and broken scenarios as well as the
supersymmetric (SUSY) and nonsupersymmetric (non-SUSY) versions are considered. In addition to
the fermion and scalar representations at each stage of the symmetry breaking, contributing to the S
functions, we list the intermediate left-right groups that successfully meet these requirements. We make
use of the dimension-5 kinetic mixing effective operators for achieving unification and large intermediate
scale. A significant result in the supersymmetric case is that to achieve successful unification for some
breaking patterns, the scale of SUSY breaking needs to be at least a few TeV. In some of these cases, the
intermediate scale can be as low as ~10'2 GeV, for the SUSY scale to be ~30 TeV. This has important
consequences in the collider searches for SUSY particles and phenomenology of the lightest neutralino

as dark matter.
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I. INTRODUCTION

Grand unified theories (GUTs) are the theories that
attempt to discover a single gauge group for the unification
of the strong, weak, and electromagnetic interactions and
where the three couplings of the standard model (SM)
SUB3)e ® SU22), @ U(l)y =Gy, 1,5, are unified at a
high scale (called the GUT scale, M) to a single coupling
gy of the GUT gauge group. The grand unified gauge group
must be in the form of either G or G ® G- - -, as it must
possess a unified coupling g;. The SM is expected to
emerge from the unified symmetry group; thus the mini-
mum rank of the GUT group must be >4. Some of the
successful candidates for such a theory are SU(5), SO(10),
and E(6). In this paper we focus on SO(10) and E(6),
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as we are interested in those unified groups that contain
left-right gauge symmetries as the subgroup. The motiva-
tion behind left-right models as the intermediate symmetry
group is to raise P and CP violation to the same status as
gauge symmetry breaking, which takes place via vacuum
expectation values of specific scalar representations. As the
ranks of these groups are 5 and 6, respectively, it is indeed
possible to accommodate multiple intermediate symmetries
in the desert between My and M.

In this paper we focus on the economical scenario of one
intermediate symmetry at scale (My) below the GUT scale
that further breaks to the SM directly. Among the numerous
possibilities for the intermediate symmetry groups, we
concentrate only on the left-right models, which are of
the form SU(N), ® SU(N)z ® G, where G is any group or
product of groups. These specific breaking patterns can be
achieved by the suitable choice of representations and
orientations of the vacuum expectation values of the GUT
breaking scalars [1-15]. Many phenomenological studies
have been performed in both the presence and the absence
of supersymmetry (SUSY) for SO(10) [2,12,13,16-19]
and E(6) [5,8,9,20-30]. Successful generation of neutrino
and fermion masses is one of the finest achievements of
GUT models [12,31-47]. Recently, different aspects of
unification have been discussed in the context of dark

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.095010&domain=pdf&date_stamp=2018-05-09
https://doi.org/10.1103/PhysRevD.97.095010
https://doi.org/10.1103/PhysRevD.97.095010
https://doi.org/10.1103/PhysRevD.97.095010
https://doi.org/10.1103/PhysRevD.97.095010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

JOYDEEP CHAKRABORTTY et al.

PHYS. REV. D 97, 095010 (2018)

matter [48—57]. The implication of domain walls in the
presence of left-right symmetry in SUSY framework has
been studied in [58-60].

Our aim here is to check all possible intermediate groups
that arise from SO(10) and E(6) for both SUSY and non-
SUSY varieties, in both the presence and the absence of
gravitational smearing at the unification scale. Moreover,
we also want to check the viability of such scenarios that
pass the scrutiny of proton decay limits and cosmological
constraints, namely topological defects and baryon asym-
metry of the universe.

To be consistent with the observed limit [61] on proton
lifetime' (z, > 1.6 x 10**), the unification scale” has to be

raised above 10'® GeV. One way to achieve this is to
include the contribution from the Planck mass-suppressed
effective dimension-5 operators. These are expected
to arise by integrating out the full quantum gravity theory
or string compactification leading to an effective
GUT theory at My. We study the effects of the Planck-
suppressed effective dimension-5 operators along with the
renormalization group (RG) evolution of the couplings
and limit the Wilson coefficients of these operators from
the requirement that My > 10'® GeV.

There are some critical constraints on the intermediate
left-right symmetry models from cosmology, which are
related to the existing D-parity in such models. It was
shown by Kuzmin and Shaposhnikov [63] that the net
baryon asymmetry must be zero in models with unbroken
D-parity. Another cosmological problem that arises is the
formation of string-bounded stable domain walls, when
D-parity is broken [63]. A way out of both of these
problems is if the inflation takes place after GUT
symmetry breaking when one of the GUT scalars acts
as the inflaton. Viable inflation from SO(10) scalars as the
inflaton has been constructed [64,65], and it is seen that
the reheat temperature at the end of inflation is
Tg =~ 102 GeV. If the scale of D-parity breaking is above
the reheat temperature (10'> GeV), there is no problem of
stable domain walls and baryogenesis can be achieved via
leptogenesis by heavy neutrino decay, in GUT models
with left-right intermediate symmetries [66]. In this paper,
we impose the criterion that the D-parity breaking of the
intermediate scale must be above 10'> GeV and study the
parameter space and gauge groups of the intermediate
scale that satisfy this criterion. This ensures that after
reheating the universe is in the SM phase and the harmful
cosmological defects are not created. We do a detailed
study of the role of the Abelian mixing operators [which
arise when there is a product of U(1) groups in the

'One can find the recent development in lattice computation
for proton decay in Ref. [62].

In principle this bound needs to be computed for the
individual model. But we have considered the conservative limit
without loss of generality.

intermediate scale] in raising the intermediate scale
symmetry to above 10'2> GeV and limit the range of
couplings of the Abelian mixing operators using this
criterion.

The rest of the paper is organized as follows: In Sec. II
we lay down some aspects of grand unified theories that are
used for selecting the intermediate scale symmetries con-
sistent with proton decay and cosmology. Here we have
briefly discussed extended survival hypothesis, D-parity,
and renormalization group evolutions (RGEs) of gauge
couplings. We have also noted the modifications in the
boundary conditions of RGEs at different scales due to
threshold correction and Planck scale physics. We have
concluded this section by introducing the homotopy
structure of the vacuum manifolds and their respective
topological defects. In Sec. III, we have discussed all
possible one-intermediate scale breaking patterns that carry
explicit left-right gauge symmetry. We have computed the
two loop beta functions for SUSY and non-SUSY scenarios
for each breaking chain. Then in Sec. IV we have
determined the values of the intermediate and unification
scales and the unified gauge coupling, in accordance with
the present experimental bounds of the low scale param-
eters, by simultaneously solving the RGEs and performing
a goodness of fit test with a constructed Ay? statistic. This
enables us to obtain the bounds with correlation among
these high scale parameters including Abelian mixing. The
constraints due to topological defects and proton lifetime
are implemented. We conclude by discussing their impacts
on symmetry breaking scales and other free parameters of
the theory.

II. SOME ASPECTS OF UNIFICATION

In this section we study some aspects of GUTs which
have a bearing on fixing the unification and the inter-
mediate symmetry scales.

A. Extended survival hypothesis

The direct breaking of GUT group to SM is not favored
as it does not predict the correct Weinberg angle (6y,) at
low energy.3 One or more intermediate scales are there-
fore necessary. As the SM has rank >4, the GUT groups
need to have large ranks (>5) to possess one or more
intermediate symmetry groups. We need extra scalars to
break these intermediate gauge groups. These scalars are
usually embedded in large representations under the GUT
group. But unlike the GUT breaking scalars, they con-
tribute in the RG between intermediate and unification

3This is more specifically applicable for a nonsupersymmetric
scenario and also with minimal particle content. One can explain
this by adding more particles and including their threshold
corrections.
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scales. Because of their large dimensionality, their con-
tribution to the beta coefficients may be large enough to
spoil the unification picture. Also, the presence of such
representations may require a significant fine-tuning in
the scalar potential to achieve correct vacuum structure.
Thus to avoid the catastrophe due to the unnecessary
submultiplets, a prescription named extended survival
hypothesis (ESH) has been proposed [67]. According
to this, at every stage of the symmetry breaking chain,
only those scalars are light and relevant that develop a
vacuum expectation value at that or the subsequent levels
of the symmetry breaking. These submultiplets play a
crucial role in generating the fermion masses, specifically
neutrino masses and sin’ 6y, without much fine-tuning of
the parameters of the scalar potential. We will use ESH
to understand the symmetry breaking within a minimal
fine-tuned scenario.

B. D-parity

D-parity is an important ingredient in the context of
grand unified theories. Historically, D-parity was first
introduced in [68-72] in case of SO(10), which contains
SU12), ® SUR2)r ® SU(4) as a maximal subgroup.
D-parity, which plays a role analogous to charge conjuga-
tion, is defined as the product ['g;[",3 where I';;’s are the
antisymmetric generators of SO(10). As an example, a
multiplet (R,, 1,R,) under SU(2), @ SU(2)x ® SU(4),
is related to its conjugate representation (1,R,,R,) by
D-parity. D-parity is not realized in all possible inter-
mediate symmetries. The characteristics of the vacuum
orientation, in the wake of the breaking of GUT symmetry,
decides whether the D-parity is broken. Though it is possible
for the intermediate symmetry to have the form SU(2), ®
SU(2)g ® - - - in both cases, it is the D-parity that decides
whether ¢,; and g,z, the respective gauge couplings, will be
the same at the intermediate scale.

The minimum rank of the GUT group must be > 5 to
obtain the preferred form, mentioned in the last paragraph,
of the intermediate symmetry groups; thus SO(10) is the
minimal choice. As E(6) is of rank 6 and it contains
SO(10) as a subgroup, we can realize D-parity through a
few of its subgroups. All these possibilities will be
discussed in a later part of this paper.

D-parity and the scale at which it is broken has some
significant implications for cosmology. If the inter-
mediate symmetry is SU(N), @ SU(N)x ® G, then
the coupling constants of the two SU(N) groups must
be the same (g,; = g,g) in the unbroken D-parity phase.
In such a case, as pointed out by Kuzmin and
Shaposhnikov [63], baryon asymmetry cannot be gener-
ated by the decay of leptoquarks in the D-symmetric
phase. To generate baryon asymmetry through Iepto-
quarks [73], the masses of these leptoquarks must be
close to the unification scale. This implies that the

D-parity breaking must take place close to the unification
scale in the left-right models, in the conventional GUT-
baryogenesis scenario [73].

A different cosmological problem associated with
D-parity breaking is the formation of string-bounded
domain walls that do not decay and would dominate
the density of the late universe [63]. The formation of
domain walls and monopoles is undesirable in the phase
transition associated with the symmetry breaking, as it
would dominate the energy density of the universe. On the
other hand, textures harmlessly decay in the early universe
while string networks are subdominant, can be accom-
modated in the energy density of the universe, and may
have an observable signature in small angle anisotropy of
the cosmic microwave background (CMB) [74].

One scenario that provides a way out of these cosmo-
logical problems associated with the string bounded
domain walls (induced by D-parity breaking) and other
harmful cosmological relics is inflation [75-77]. Inflation
can take place with the GUT scalars as inflaton and viable
inflation models with SO(10) scalars playing the role of
the inflation have been constructed [64,65,78—80]. Any
domain walls or other topological defects will be inflated
away in these models, where inflation takes place follow-
ing the GUT symmetry breaking scale. Following infla-
tion, the reheat temperature from the decay of the inflation
is around 10'> GeV. If the intermediate symmetry and
D-parity is broken at a scale above the reheat temperature
of 10'> GeV, then the dangerous walls bounded by strings
[81] will not form in the radiation era after inflation. The
problem of baryogenesis can be solved through lepto-
genesis [66] in these models. This is possible with the
decay of heavy right-handed neutrinos with masses lower
than the reheat temperature and the subsequent conversion
of the lepton asymmetry to baryon asymmetry through
sphalerons [82] in the electroweak era. We will follow this
cosmological scenario in this paper and will impose the
criterion that only those GUT models are phenomeno-
logically acceptable where the D-parity breaking scale is
above the reheat temperature of 10'> GeV.

C. RGE:s of gauge couplings

The RGEs of the gauge couplings (up to two loops) can
be written in terms of group theoretic invariants that
encapsulate the contributions from the respective scalars
and fermions of the theory [83-88]. These invariants
depend solely on the representations of those scalars and
fermions, under the gauge symmetries we are considering.
Following Ref. [85], the beta functions up to two loops for
gauge couplings for a product group §; ® §; ® Gy - - - can
be written as*

4Here, we have not included the contributions of the Yukawa
couplings.
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dg; g [4x 1 11
= — I N2 T(F)D(F;) +=T(S,)D(S;) = — C5(G;
W s P TRIDF) 4 3T(5)D(S) - 5 €6
1 S[/10 2 34 )
+ (an)? g; ?Cz(Gi) +2GC,(F;) |T(F;)D(F;) + §C2(Gi) +4C,(S;) | T(S;)D(S;) —§(C2(Gi))
1
+ (an)? GG 2C(F;)T(F;)D(F;) 4 4C5(S;)T(S;)D(S;)]. (1)
|
Here S;, F; are the scalar and fermion representations By = 1 5 GsaZarGro (4)
transforming under group G;.x = 1/2 for the chiral fer- (4n)

mions; otherwise it is 1. The C,(R) are the quadratic
Casimir for scalar, fermion, and adjoint representation for
R =S, F, G, respectively. D(R) is the dimensionality of
the representation and T(R), the normalization of the
generators in R-dimensional representation. These group
theoretic factors are related to each other by C,(R) =
T(R)d/D(R), where d is the number of generators of the
group. These quantities have special values for Abelian
groups, e.g., C,(G) =0,T(R) = >_.,q? where g; are the
normalized Abelian charges.

In case of supersymmetry, the beta functions up to two
loops can be given as in Ref. [85]:

dg; 9;3 1
Md_/t: (@n)? [T(F;)D(F;)=3Cy(G;)] +W9?
X [(2C5(G;) +4C,(F;))T(F;)D(F;) —6(C5(G:))?]
+ (471)49?9?[4C2(Fj)T(Fi)D(Fj)]‘ (2)

Here the dimensions of the representations are assigned for
the supermultiplets.

D. Abelian mixing

In a theory when we have more than one Abelian gauge
group, the Lagrangian possesses an extra gauge invariant
term in the gauge kinetic sector. Let us consider there are
two Abelian groups and F,,,G,, are their respective
gauge invariant field strength tensors. Then, apart from
their individual gauge kinetic terms there will be a term
« [F,,G*] that leads to the Abelian mixing. As a result
Abelian gauge couplings start mixing with each other even
at the one-loop level [89-94], and one needs to modify the
structures of f functions accordingly. In the presence of
multiple Abelian gauge groups, e.g., U(1) @ U(1) ®
U(1)---, the RGEs can be written as

dgp
_— = N 3
H du Pav9ka (3)

where

and g, is the gauge coupling matrix, represented as

gt 912 913 0 G
921 922 923 - Yo
931 932 93 g3
g= ", (5)
LIn1 9n2 Gn3 " YGnn |

where {a,b,k,s,r} runs over a number of U(1)

groups. For example, for two U(1) gauge symmetries,

{a,b,k,s,r} € 1,2 and the above matrix will be of order 2.
The X’s are defined as [95,96]

___(one-loop) 1 (two-loop)
Zsr = Ogr + (471_)2 Osr . (6)

The beta coefficients o,, can be written as [95,96]
(one-loop) __ 7 2
Osr = bsr - gng{ys(F>yr(F)D(F>}

L LEREPE)L ()

where y, is the sth U(1)’s normalized charge and D(R)
is the dimensionality of the nonsinglet representations
(fermion/scalar) that carry this charge. We mention that
for s # r, we get the Abelian mixing terms.

This mixing may lead to more complicated structures at
the two-loop level, and the 8 functions are given as [95,96]

(two-loop)

Ogs = Bss.ss (g?v + g%r) + Bss.sr(g&?gr’ + g”grr)
+ by (% + 95 (8)

two-1oo; z
oot —

sssr (G5 + G2) + b rr(GssGrr + GorGrr)

+ Esr.rr(g%r + g%s)’ (9)
o = =
oWONP) — b (B + Br) + By (GssGrr + o1 )
+ Err,rr(g%r + g%s)’ (10)
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with f coefficients given as

bij.kl = 2ng{()’i(F))’j(F)Yk(F))’z(F))D(F)}
+ 4 i(S)y;(S)y(S)yi(5))D(S)}. (11)

At the two-loop level, this Abelian mixing gets entangled
with non-Abelian gauge couplings too. This affects their
mutual running as follows [95,96]:

(two-loop)

3
@ gkg%j~ and oy

5 2K g Sby 2, (12
'udﬂ (471_)4 ss.pgp ( )

S8,p

where l;rs,p:[2ng{y(Fr)y(Fs)T<Fk)D(F1)}+4{y(Sr)y X
(S)T(Sy)D(S;)}]. Here, g; is the non-Abelian gauge

coupling and 13,& , stands for Abelian mixing with non-
Abelian gauge couplings, with p as the non-Abelian index.
The Abelian mixing has been discussed in detail in
Refs. [94-96], in the context of SO(10) and E(6) GUT
groups. In the context of supersymmetric GUT, the effects
of Abelian mixing in the SUSY spectrum, more precisely
for gaugino masses, has been discussed in [97-101].

E. Matching conditions

In the instance of the breaking of a simple or a product
gauge group into its subgroups, the gauge couplings of the
broken groups are redistributed in terms of the unbroken
symmetries. Thus the parent and the daughter gauge
couplings need to be matched at the symmetry breaking
scale, which has been discussed in detail in [102—-105]. If
we neglect the heavy-mass-dependent logarithmic effects,
we can write the matching condition of two gauge
couplings as

1 Cz(gi) :i_c2(gj), (13)

a; 127 a; 127

where a; = g7 /4n, C,(G;) is the quadratic Casimir of group
G, in adjoint representation. This matching condition will
get modified in the presence of Abelian gauge couplings.
As an example, let us consider an Abelian daughter group
U(1)y and let the respective gauge coupling be gx. The
generator of this unbroken group (/y) is an outcome of the
spontaneous breaking of generators [, i.e., Ix = w,,[,,.
Here m indicates the number of broken generators and w,,
are the suitable weight factors leading to a normalized X
charge and satisfy the following relation: >, w2, = 1. Now
the matching condition is given as [95,96]

TR

C5(G,,) = 0 for the Abelian group. In the presence of more
than one Abelian groups, spontaneously broken at the same

scale and contributing to the X charge, this matching
condition is further modified. As we have discussed in
the last section, the gauge couplings get mixed in the
presence of two or more Abelian gauge groups and we need
to treat the full gauge coupling matrix together, in place of a
single coupling [see Eq. (5)]. In this case, the matching
condition reads as [95,96]

o l0G - Sr)) o

where the matrix g is given in Eq. (5). Q is a row vector in
the above equation and satisfies the relation Q- QT +
5", w2 = 1. In the absence of non-Abelian groups in the
parent sector, the above equation reduces to 1/ay =

Q-[4r/(g-¢")]- Q" with Q- QT =1.

F. Dimension-5 operators and unification
boundary conditions

At the GUT scale, the unified renormalizable gauge
kinetic term is written as

£ = — S THFRE), (16)
where the unified gauge field strength tensor F,, =
> T'F;,, T/s are the generators of the unified group,
and they are normalized as Tr(7,T;) = C5;;. This F,,
contains a unified gauge coupling g = ¢;(My).

In a typical unified theory, all the fundamental forces are
included apart from gravity. Still, as the unification scale is
fairly close to the Planck scale (Mp), it is possible for string
compactification or quantum gravity to have some impact
on the unification boundary condition [102,106—108].
These effects are expected to be through the higher
dimensional operators suppressed by the Planck scale
and can be written as

. n |1
Lioien = ——— |-—=Tr(F**®pF,,) |, 17
nonren MPI |:4C I'( D ﬂl/):| ( )

where 77 is a dimensionless parameter. Here F,, transforms
as the adjoint representation of the GUT group, and
thus restricts the choice of ®p, which can belong to only
the symmetric product of two adjoint representations.
The GUT symmetry is spontaneously broken once the
@, acquires vacuum expectation value (VEV), (@),
and the gauge couplings get additional contributions from
the effective operator Eq. (17). These contributions are
unequal due to the nonsinglet nature of @, and modify the
unification boundary conditions as g7, = g7 (Mx)(1 + &5;),
where ¢ = n(®p)/2Mp ~ O(My/Mp). It is worthwhile to
mention that these effects could be important to evade the
proton decay constraints. The extra free parameter ¢ allows
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TABLE 1. The group theoretic factors (;’s) arise from
dimension-5 operators for the following breaking E(6) =G5 3.3..-
Group Scalar representation 5y O3r 8¢
E(6) 650 ﬁ ﬁi &—'E
E(6) 650/ 23% ﬁg 0

a range of solutions for the unification scale and may help
to revive certain breaking patterns, which will be discussed
in a later part of this paper. The relevant and necessary
dimension-5 contributions are tabulated in Tables I, II,
and III (see [10,15,109] for more). A set of new results
has been provided in Table IV for breaking pattern E(6) —
G, 2,41, for both D-parity conserved and broken cases. We
mention here that these dimension-5 operators may affect the
unification scenario for SO(10) and E(6) GUT groups
[96,110-112] and these corrections lead to the nonuniver-
sality of gaugino masses in the SUSY case [10,15,109,113—
116] leading to different phenomenology [22-30,116] com-
pared to the usual minimal supersymmetric standard model.

G. Topological defects associated with spontaneous
symmetry breaking

It is worthwhile to properly analyze the topological
structures of vacuum manifolds in spontaneously broken
gauge field theories. References [117,118] note that various
types of topological defects, namely domain walls, cosmic
strings, monopoles, and textures may appear. Investigating
the homotopy groups of the respective vacuum manifolds
can shed light on these structures. In this paper, we
concentrate on those defects, which may appear from
the subsequent breaking of GUT gauge groups to the
SM [81,119-123]. During the breaking of a group G down
to its subgroup H, we can study the homotopy groups
I1,(G/H) of the vacuum manifold M, = G/H to see
whether topological defects form during the phase tran-
sition associated with the said breaking. Topological
defects are formed if II,(G/H) # Z. Various types of
topological defects that can form are domain walls
(k = 0), cosmic strings (k = 1), monopoles (k = 2), and
textures (k = 3). Out of these, monopoles and domain
walls are undesirable, as they dominate the energy density

TABLE II. The group theoretic factors (6;’s) arise from

dimension-5 operators for the following breaking SO(10) —

92,254+

Group Scalar representation Oor g S4c
3 3 —1

SO(10) 54 T 5T 75
1 -1

S0(10) 210 7 % 0
5 5 2

S0(10) 770 NG NG NG

TABLE III. The group theoretic factors (9;’s) arise from

dimension-5 operators for the following breaking SO(10) —

92,2:3¢15-

Group Scalar representation Y9 Oor 03¢ O1x
3 3 -1 -1

SO(10) 54 4210 T E V5 VS
1 -1

SO(10) 210445 7 > 0 0
5 5 2 2

SO(10) 770 + 210 7 % 3R A

and would surpass that of the universe. Textures decay
rapidly and leave no trace in the present universe. The
energy density budget of the universe can accommodate
cosmic strings, and those may have observable signatures
in the small angle anisotropy of the CMB [74]. We will later
discuss whether these defects are isolated or hybrid ones.

We list the homotopy of different groups below, which
will appear in different stages of symmetry breaking using
the Bott periodicity theorem [124]:

@

[, (U(N)) = I (SU(N)) = Z for even k (18)
= Z for odd k, (19)

with k> 1 and N > (k+ 1)/2.
IT,(SU(N)) = Z where I1;(U(N)) = ZV N.
dxn
I (O(N)) = IT(SO(N))
=7 fork=2,4,56(mod 8) (20)

= Z, for k=0, 1(mod 8) (21)
= Z for k = 3,7(mod 8), (22)
with N > k + 2.

We mention a few useful special cases [124—127].

We can define the homotopy as ITi (G; ® G;) = I1;(G;) ®
IT,(G;) for a product group. The vacuum manifold is defined
as G/(Gi®3G j) for a given symmetry breaking chain G—
G;®gG ;- To investigate the topological structure, i.e., homo-
topy of the vacuum manifold, we can write IT, (G/ (G, ®G;) ) =
I, (G;®G;) when II(G) =II,_;(G) =Z. We have

TABLE IV. The group theoretic factors (9;’s) arise from
dimension-5 operators for the following breaking E(6) —
G>, 2,401, D-parity is conserved and broken when (54,0) and
(210,0) [under SO(10) ® U(1)] components of 650-dimensional
scalars acquire VEVs, respectively.

Group Scalar representation oL Oog Ssc O1x
9 9 -6

E(6) 650 > (54,0) T T 15 0

E(6) 650 > (210,0) 66 _6v6 0 0
V19 V19

095010-6
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provided the homotopy groups for some known lie groups in
Table V.

It becomes easy to classify the possible emergence of
different topological defects, once we identify the homo-
topy of the vacuum manifold at every stage of symmetry
breaking. We can assure the appearance of domain walls,
cosmic strings, monopoles, and textures for k = 0, 1, 2, 3,
respectively, when the kth homotopy of the vacuum
manifold is nontrivial. Here we demonstrate the generation
of topological defects using two examples where we
assume that H[z’]](g) = H[IA,O] (g,) = H[]‘O](g]) =17

(I) Consider a symmetry breaking of the form [122]:

G-G,®G,®U(l) > G ®G,; Analyzing the
vacuum manifold of the first stage of symmetry
breaking, we note the following:

I, (6/(9: ® G; ® U(1)))
= (G ® G, ®U()) =1
(no domain walls and cosmic strings),
(9/(9: ® G, ® U(1)))
=MG®geul)=2
(monopoles will be there). (23)

In the second stage of symmetry breaking, we find

GegeU()/(Geg) =2
(presence of cosmic strings),
ILG®GRUN)/(GR®G)) =ILUN)) =1
(no monopole). (24)
(II) Now consider another symmetry breaking of the
form [122] 6 -G, ® G, ®Z, - G, ®G;. If we

analyze the vacuum manifold of the first stage of
symmetry breaking, we note the following:

I1,(G/(G: ® G, ® Z,))
=G ®G; ® 2Z,) =27,

(cosmic strings). (25)
In the second stage of symmetry breaking, we find

(G ®G, ®2,/(G:®G))) =2,

One can have hybrid topological defects [117,119,128] in
the case of a sequential symmetry breaking. For example,
monopoles are produced in the first stage of symmetry
breaking in case I [see Eq. (23)], and we will have strings
due to the second stage of symmetry breaking [see
Eq. (24)]. The monopole-antimonopole pair is connected
by the strings in this scenario. Unlike case I, the strings,
which are the outcomes of the first stage of symmetry
breaking, are topologically unstable in the next type of
symmetry breaking [see Eq. (25)] but the domain walls,
which are produced in the latter step, are stable [see
Eq. (26)]. All these discussions and conclusions regarding
the topological defects are equally applicable for super-
symmetry and nonsupersymmetric scenarios. The topo-
logical structures are based on the homotopy of the vacuum
manifold corresponding to the spontaneous breaking of
some Lie groups. Interestingly enough, the supersymmetry
algebra is validated by the Lie algebra, and we can find the
Lie algebra for SUSY by exponentiating the infinitesimal
super-transformation. This has been discussed in detail in
[122,129-131].

Throughout this paper, we will impose the constraint that
the scale of symmetry breaking (producing the harmful
monopoles and domain walls) should be above the post-
inflation reheat temperature of 10'> GeV, so that these
defects do not form after inflation in the inflationary
cosmology. This will restrict the symmetry breaking pattern
that is acceptable vis-a-vis cosmology.

ITII. RGES OF GAUGE COUPLINGS:
p COEFFICIENTS

A. Breaking of SO(10) to SM:
My , M
S0(10) =Gin —G2,1,3,

SO(10), whose rank is five and dimensionality of the
adjoint representation is 45, is considered to be one of the
favorite candidates for unification. Here we have consid-
ered all possible breaking patterns of SO(10) to the SM
through a single intermediate gauge group that includes the
SU(N),; ® SU(N)y structure. These breaking patterns are
all rank conserving (see Fig. 1). We stick to minimal field
configurations, especially in scalar sectors. Using the
novelty of ESH, we only make those submultiplets lighter
that participate in the process of symmetry breaking,
including the electroweak ones. Only these submultiplets
participate in the evolution of the f function. We have
illustrated the situation in both the presence and the absence

(presence of domain walls). (26) of D-parity.
ST (%), ® ST 8 ST@)g

SU2)®SUR)r®SUB)c®U(1)p_1

FIG. 1.

Adopted one intermediate step breaking of SO(10) to the SM.
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TABLE V. Homotopy classification of Lie groups.

Zeroth  Fundamental 2nd homotopy 3rd homotopy

Lie homotopy group group group
group  (Ilp) () (I) (IT)
U(l) A A A T
U(2) 7 z A Z
U(3) 7 z A Z
SO(2) 7z VA VA A
SO(3) 7z Z, 7z Z
SO(4) A Z, T (Zzx27)
SO(6) A Z, A Z

1. SO(10) — G2,2,4, = G2,1,3,

SO(10) spontaneously breaks to SU(2), ® SU(2)x ®
SU4). = G2, 2,4, through the VEVss of possible scalars ®s,,
D5, and @47y, which contain the submultiplet (1, 1, 1) under
G5, 2,4 This ensures the presence of the desired intermediate
symmetry. In Table VI we have listed the fermion and scalar
representations that contribute to the RGEs of the gauge
couplings from My to My. The VEVs of @5, and @4
conserve D-parity, while that of ©,;, does not. We have expli-
citly discussed both D-parity conserved and broken cases.

At the intermediate scale My, SU(2)x ® SU(4) is
spontaneously broken through the VEV of (1,3,10) C
126. Here SU(2), remains unbroken, ensured by the
singlet structure of (1,3,10). The SM hypercharge generator
[U(1)y] is formed out of SU(2)z and SU(4)c; SU(3)c
pops out of the SU(4) itself. This leads to the following
matching conditions of the gauge couplings at the inter-
mediate scale:

1 1 1
127°

1 _§< 1 _L>+%(;_L>
ary(Mg) 5 \ar(Mg) 67 5 \auc(Mp) 3z)"

(28)
where o; = g7 /4x.
TABLE VL. SO(10) = G, 5.4, = SM.
SO(10) Gooa Ga13
10 2,2, 1) (2.+£3.1)
Scalars 126 (1, 3, 10) cee
(3,1,10)
(54,770),,
(210)
16 2, 1,4 (2.3.3)
(2.-3.1)
Fermions (1,2,4) (1,%,3)
(1.-3.3)
(1, 1,1
(1,0, 1

We have computed the f coefficients for the RGEs of the
gauge couplings from the M to My scale up to the two-
loop level for non-SUSY and SUSY cases, respectively:

D-parity not conserved

23 11
Non-SUSY: sz = —3, b4C = —?, b2R — ?’
8 475 3
bj=|3 % %
3 725 %
SUSY: by, =1, byr = 21, byc = 3;
25 3 45
9 81 231
D-parity conserved
14 11
Non-SUSY: by, = —, b4c:—?, bog =—:
by=|4% % %
SUSY: by, =21, byr = 21, byc = 12;
265 3 405
bij = 3 265 405
81 81 465

2. 50(10) — gszRscl(B_L) = G213,

SO(10) can be spontaneously broken to SU(2), ®
SUR)r ® SUB)e @ U(1)p_ =G,2,3.1,, through the
VEVs of the possible scalars @,5, ®,,o. These two fields
contain submultiplets (1, 1, 1, 0) under Q2L2R3CIH. One can
also think of this possible breaking via G,,4, using the
combined VEVs of these fields and the fields mentioned in
earlier sections. All representations of fermions and scalars,
which take part in the RG evolution of the gauge couplings
from My to My scale and contribute to the respective f-
coefficient computation, are tabulated in Table VII. The
VEVs of ®,;, and @45 conserve and break D-parity,
respectively.

SU(2)g ® U(1),_, is broken spontaneously through the
VEVof (1,3, 1,2) C 126 at the intermediate scale My, and
we find U(1), as a remnant symmetry. Here, SU(2);, ®
SU(3), remains unbroken, ensured by the singlet structure
of (1,3,1,2). The generator of U(1)y is a linear combination
of the generators of U(1);_, and SU(2); at the inter-
mediate scale Mp; this helps us write the matching
condition at this scale,

095010-8
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TABLE VIL  SO(10) = Gy 5,3.1,, — SM.
S0(10) G31 Go13
10 2,2,1,0) (Z,j:%, 1)
126 (1,3, 1,2)
Scalars (210)p
(45)p
16 (2.1,3,-9) (2.3.3)
2,1, 1,1) (2,—%,1)
(1,2,3.9) (1.1.3)
(1,2,1,-1) (1.-2.3)
Fermions (1,1, 1
(1,0, 1)

aly(lMR) :g <a2R(1MR) _61_7z> +§ (W) - (29)

We have computed the /3 coefficients that are relevant for
the running between My and My scales up to the two-loop
level for both non-SUSY and SUSY cases. These are
listed below:

D-parity not conserved

D-parity conserved

7
Non — SUSY: sz = —g, b3C = —7,
7
byp-r) =1, by = -3
£ 12 2 3
R
ij —
3012 7%
SUSY: bl(B—L) == 15, bZL = 3, bZR e 3’
61 45 45 8
el |15 %0 3 4
T P15 3 49 24
1 9 9 14

B. Breaking of E(6) to SM:
M M
E(6)_)§gint_'§g2Lly3c
E(6), one of the exceptional groups qualified to be a
valid candidate for unification, is of rank six and has 78 as
the dimensionality of adjoint representation. E(6) contains

SO(10) as its subgroup. Thus it is expected that most of the
features of SO(10) can be realized within a more con-

Non-SUSY: by, = -3, byc =1, bip-r) = 12—1 strained system in E(6) due to enhanced symmetry. Here
we have considered all possible breaking patterns of E(6)
g8 12 % 3 to the SM through one intermediate symmetry group that
7 9 26 1 2 includes the SU(N), ® SU(N)g structure. We have
bor = _5; b; i= | 4 6l sl included rank-conserving as well as rank-reducing break-
2 ) ing in the process; see Fig. 2. We stick to the minimal field
3 12 % % configurations, especially in scalar sectors. Using the virtue
of ESH, we have incorporated only those submultiplets,
which participate in the process of symmetry breaking,
SUSY: by(p_p) = g, by =1, bog = 3, including the electroweak ones. We discuss the impact of
2 D-parity and its breaking on the RGEs in this analysis.
34 9 45 8
My My
by = —3: b 3 25 3 24 1. E(6)—G3,3,3,—592,1,3,
; | Y 15 3 49 24 E(6) spontaneously breaks to SU(3), ® SU(3);x ®
1 9 9 14 SU(3)¢ = Gs,3,3, through the VEVs of three possible
scalars @5, Dyy30, and Dgsy as they contain the (1, 1, 1)
SU3). ®SUB)r® SU(3)c

SU2)®SU2)r® SUA)c®U1)x

[ SU2),®SU@2)r® SU4)c |

SU22),®SUQR)r®SUB)c®U)s_

SU2) UM ®SUR)rRUME® SU(3)

FIG. 2. Adopted one intermediate step breaking of E(6) to the SM.
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TABLE VIIL  E(6) = G3 3,3, — SM. TABLE IX. E(6) > G5, 5,401, = SM.
E(6) G334, SM E(6) G241 SM
27 (3,3,1) (2.+1.1) 27 (2,2,1,-2) 2,+£11)
Scalars (650,2430),, e e 351 (1, 3, 10, 2) e
(650') Scalars (3,1,10,-2),
- 650
27 (3, 3 ) (2’ % . 3) ( )DAB’
G, 1, (2,-3.1) 27 (2,2, 1_,—2) (2,1,3)
(17 ) (17%93) (2’1’4’1) (27_%5_1)
(1,-%.3) (I, 1, 1, 4) (1.1.3)
Fermions (1,1, 1 Fermions (1,2,4, 1 (1,-%.3)
(1,0, 1) (1,1,6,-2) (1,1, 1
(1,0, 1)

submultiplet under the intermediate symmetry Gs 3,3 . We
have tabulated the fermion and scalar fields that contribute in
the f-coefficient computation for RGEs between My and
My scale; see Table VIII. VEVs of ®g5, and ®, 43, conserve
D-parity and that of @5y does not.

SU(3), ® SU(3)y is broken spontaneously through the
VEV of (3,3,1) C 27 at the intermediate scale M. Here
SU(3) remains unbroken, which is ensured by the color
singlet structure of (3,3, 1). Following the convention of
earlier sections, here we list the matching conditions at the
intermediate scale:

(e 50) = (o3}
alY(lMR) N % (“3L(1MR) - $> +4§1 <m _$>
(31)

The relevant f coefficients for the running of gauge
coupling between M, and My scale up to the two-loop
level for non-SUSY and SUSY scenarios are given as

9 9
b = —=, b :——’
3R ) 3L

Non —SUSY: by = -5, 5

12 12 12
12 23 20
12 20 23

bij:

3
b = —
3R 2’

32 24
65 24
24 48

SUSY: by, =

%7 byc =0;
65
- (32
24

2. E(6) = Gy,2,401, = 92,143,

E(6) can also be broken to SU(2), ® SU22)x ®
SU(4)c ® U(1)x = Gs,2,4.1, spontaneously through the
VEV of scalar ®gs5 D (1,1, 1,0).

The contributory scalar and fermion fields are given in
Table IX. It is worthwhile to mention that ®¢5, contains
submultiplets that conserve as well as break D-parity and
that can be realized in terms of the SO(10) ® U(1)
representations as (54, 0) and (210, 0), respectively.

At the intermediate scale My, SU(2), @ SU4)- ®
U(1)y is broken spontaneously through the VEV of
(1,3,10,2) c 351". Here we have constructed the U(1),
charges using normalized SU(4), and U(1)y quantum
numbers. Thus the necessary matching conditions at this
scale read

= (32)

o)~ 10t ) 10 (o) O

Here, we mention as a side note that if U(1)y is just a mere
spectator, then this case is very similar to G, 5 4., i.€.,

vt~ tory ) 5 (o 52)

The new set of f coefficients up to the two-loop level for
non-SUSY and SUSY cases are given as
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a.All 27 fermions present at My
D-parity not conserved

71 17
NON-SUSY: bZL:_la le :E’ b4C:_?a
65 13 45 15
2 6 2 2
A T C A U E R T
2 2 6 2
15 31 765 1315
2 2 2 6
44
SUSY: by = ER by, = 4, byr = 24,
o311 51135
L 46 12 45
byc = 6; b,’j = 3
17 12 286 405
9 9 81 285
D-parity conserved
17 86 8
NON-SUSY: by; =—, biy=—, biy=—,
L= X<y 4C 3
1315 31 765 15
6 2 2 2
RT3 VT s 21 2089 153
2 2 6 2
15 31 765 1315
2 2 2 76
59
SUSY: by = 3 by, =24, bop = 24,
B 51 51 225
17 286 12 405
17 12 286 405
15 81 81 519
b.Only 16 fermions present at Mg
D-parity not conserved
29 23
NON-SUSY: by, =-3, blng, b4c=—?,
§1 % 3
RT3 P o 13 643 15
22 6 2
3 29 765 584
2 2 3

23
35 45 105
32 4
15 265 405
7 81 231
D-parity conserved
11 44 14
NON-SUSY: sz:?, blng, b4c——?,
R=3 VT a3 25 1759 183
2 2 6 2
38
SUSY: le:?, by =121, by = 21,
8 45 45 195
15 265 3 405
byc = 12; b,’j =
15 3 265 405
13 81 81 465

3. E(6) - g2L2R4C - g2L1Y3C

E(6) may possess a rank-reducing breaking, leading to
SU2), ® SUR)g ® SU(4)c = Gy, 2,4, through VEVs of
@557 and @759, which contain submultiplet (1, 1, 1) under
G, 2,40~ We have listed the fermion and scalar representa-
tions, which participate in the RGEs of the gauge couplings
from My to My scale in Table X. Here the VEV of ©
conserves D-parity while that of ®;7,54 does not.

At My, SU(2)x ® SU(4). is broken spontaneously
through the VEV of (1,3,10) c 351’ to SU(3) ®
U(1)y. This leads to the following matching conditions:

351

TABLE X. E(6) = G5,5,4. = SM.

E(6) G4 g2L1Y3C
27 2,2, 1) (2.+£31.1)
(351", (1, 3, 10
Scalars (3,1,10),,
(1728)
27 (2,1,4) (2.3.3)
(1,2, 4) (2.-1.1)
(2.2.1) (1.3.3)
Fermions (1, 1, 6) (1,—%,3)
1,1, 1) 1,1, 1)
(1,0, 1)
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I (34)

aly<lMR> -3 <a2R<1MR> ) 617:> +3 (ﬁ ) 3]7>
(35)

The relevant two-loop S coefficients for non-SUSY and
SUSY scenarios are given as
D-parity not conserved

Non-SUSY: by, =—1,

ij =

S
|
R[5 wie R
O
~
W

SUSY: by, =4,

ij =

D-parity conserved

1 1
Non-SUSY: b, :?7, _ 8 _

W
~
N
W
—
W

131

ij — 2 2

6
— 153 2089 1
b 2
5
2

—_

SUSY: sz — 24, bZR — 24,
286 12 405
12 286 405

bye = 15;

bi.:

J

4. E(6) = G3,2,3.1,_, = 92,1,3,

E(6) is spontaneously broken to SU(2), ® SU(2), ®
SUB)e ® U(l)p_p =G5,2,3.1,, through the VEVs of
@35, and P,;,5 that contain the submultiplet (1, 1, 1, 0)
under G,, 5,3.1,_,- 1o have a clearer picture of this breaking,

we have provided the detailed embedding of submultiplets
under SO(10) ® U(1)y D Gay:
D350 (45,4) D (1,1,15),
D 505: (210,4) D (1,1,15),
(45,4) > (1, 1,15).

The scalar and fermion fields that are relevant for RG
computation are listed in Table XI. Here the scalar ®7,4

TABLE XL E(6) — Gy,2,3.1, = SM.

E(6) Go31 SM
1 2,2,1,0) (Z,j:%, 1)
351 1,3,1,2)
Scalars (3,1,1,-2),
(1728)D
(351,1728)5
27p (2.1,1,-1) (2.3.3)
(2,1,3,)) (2.-3.1)
(1,2, 1, 1) (1.1.3)
Fermions (1,2,3,-9) (1,-2.3)
(1,1,1,0) (1,1, 1)
(1,1,3.3) (1,0, 1)
(1, 1_,3,—%)
(2.2.1,0)

contains submultiplets whose VEVs conserve as well as
break D-parity. On the other hand, the VEV of @55, breaks
D-parity.

At Mg, SU(2)r ® U(1)p_, is broken spontaneously to
U(1), through the VEV of (1,3, 1,2) C 351’. The suitable
matching condition is

alY(lMR) :g (azR(lMR) _%> +§ (m) . (36)

The p coefficients up to the two-loop level for non-SUSY
and SUSY cases are
D-parity not conserved

15
Non—SUSY: by, =—=1,  byc=-5, bypp)= 5
g 1218
1 9 12 3 2
b2R:_§; bij: ; 12 623 821
2 2 2
g w
. 27
SUSY: b1y =~  bu=4  by=6
36 9 45 24
o b_3461224
=" Yol1s 12 70 24
3 9 9 48
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D-parity conserved

1
Non —SUSY: by, = 3 bsyc = -5, big-1) =9,
%12 7 4
1 9 12 3 9
b2R:_§; bij = 821 12 1?7 821
3 2 7
$ 2 g
SUSY: byp_y =18, by =6, by =6,
63 45 45 24
b 0 b 15 70 12 24
T Yol 15 12 70 24
3 9 9 48

5. E(6) > G2,1,2.1,3, — 92,1,3¢

E(6) can be broken to SU(2), @ U(1), ® SU2)x ®
U(l)g ® SU(3)c = Gs,1,2,1,3, through the VEV of ®gs,
which contains the submultiplet (1, 0, 1, 0, 1) under
G2,1,2x1,3,- We have provided the representations of fer-
mions and scalars that are relevant for f-function compu-
tation in Table XII. At Mg, U(1), @ SU2)x ® U(1)g is
broken to U(1), using the VEV of (1,2,2,1,1) C 27. We
have the following matching condition for this breaking
pattern, at Mp:

- _ 4 T\—1 T’ 37
ary (M) 5(azR<MR> 6n>+ 70(gg")'Q",  (37)

where

TABLE XIL  E(6) = Ga,1,2,1,3, — SM.

E(6) G2, 120123, SM
27 (2,-1,2,1,1) 2. +£5,1)
1,2,2,1, 1)
Scalars (2,-2,1,-1,1),
(650),,
(650')
27 (2,-1,2,1,1) (2.3.3)
(1,2,2, 1,1 (2.-1.1)
(2,-1,1,-2,1) (1.1.3)
(1,2,1,-2,1) (1,-2.3)
Fermions (2,-1,1,0,3) 1,1, 1)
1,2,1,0,3) 1,0, 1)
(1,0,2,1,3)
(1,0,1,-2,3)

0= (\/1\/1) and g= <9LL gLR>‘
S VS 9rL  9RR
As we have two Abelian gauge groups here, we need to
include the effects of Abelian mixing while computing
RGEs. The necessary f coefficients employed between
Mp and My scales are computed up to the two-loop
level for non-SUSY and SUSY cases, respectively, for
different scenarios. Here we have provided only one-

loop p coefficients, and those for two loops are given in
Appendix.

a.All 27 fermions present at My
D-parity not conserved:
Non-SUSY:

(4”)2ﬂ2L = —ggp
(4”)2ﬂ3c = —5930

5 3
(4o == "2,

37
9L+ 9009ir) +— (9 901 + IRRILRIRL)-

9
(4”)2,3LL = l— 6

3 (

19 37
(4m)*Brr = 3 (Jig+9iL91r)+ 3 (9%RILR + ILLIRRIRL )
19
(47)*Prr = 3 (97 .98 + 9LLIRRILR)
37
+ 3 (9ke + IkRIRL)-
2 19 5
(47)*Prr = 3 (97R9RR + 9LL39LRIRL)
37
+ 3 (9w + IRLIRR)-
SUSY:

(4ﬂ)2ﬂ2L = 4g%L s

3
(4”)2,32R :9‘(]%,

(4”)2ﬂ3c = Ov
2 3 2 19 ,

(47)*frL =10(g;; + 97 r90L) +7 (9re90L + 9LRIRLIRR)-
(47)*prr =10(g; g + 91 L9LR)

19,
+ 5 (9RRILR + 9LLIRLIRR)-
(47)*Prr = 10(97 L 9rL + 91L9LRYIRR)

19
"‘7 (9ke + IkRIRL)-
(47)*Brr = 10(97 g9rR + 9L.LYLRIRL)

19
+ 5 (9kr + IRLIRR)-
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D-parity conserved

Non-SUSY:
5¢
(47)*B3c = =583
5¢
(4”)2,32R = —%,

59 56
(4m)*BrL = 9 (910 +91r91L) + ) (91L.9%1 + 9RRYLRIRL)

1
+ 9 (297 .9rL + 97 RIRL + YLLIRRILR)-

59 56
(47)*Prr = 9 (9ir+91L91R) + ) (9krILR + ILLIRRIRL)

1
+ 9 (297 RIRR + 9LLIRR + 9LLILRIRL)-
59 56
(47)* Py, = ) (97 L.9rL + 9LLIRRILR) + ) (9xr + 9krIRL)
1
+ 9 (29% 901 + 9krILL + IRRILRIRL)-

59 56
(47)*Prr = = (97 r9rR + 9LL9LRIRL) + = (Ghe + IRLIRR)

9 9
+ é (29%r9LR + GRL9LR + 9LLIRRIRL)-
SUSY:
(47)*pyr = %,
(47)*Pog = %,
(47)*f3c =0,

32 29
(4m)*Br = 3 (900 + 9ir9rL) + 3 (9kL9LL + 9LRIRLIRR)

1
+ 3 (297 L 9re + 9T RIRL + ILRIRRILL)-

32 29
(4m)*prr = 3 (Jig+92L90r) + 3 (9%RILR + ILLIRLIRR)

1
+ 3 (293 R9RR + 91L9RR + YLLIRLILR):

32 29
(47)*prr, = 3 (97 L9rL + 9LLILRIRR) + 3 (9xr + 9krIRL)

1
+ 3 (292,911 + 9krILL + ILRIRRIRL):

32 29
(47)*Prr = 3 (97 R9RR + 9LL9LRIRL) + 3 (9xg + 9hLIRR)

1
+ 3 (29%r9LR + 9RLILR T YLLIRLIRR)-

b.Only 16 fermions present at Mp
D-parity not conserved
Non-SUSY:

(47)°By,, = =305,
(4ﬂ)2ﬁg3(; = _79§C’

17¢3
(4”)2ﬂgZR = - 62R s
17
(4)*Prr = 3(gi, + 9r19ig) + 3 (9ko9rL + IRRILRYRL)
4., >
+ 3 (2971981 + 91RIRL + ILLIRRILR)
17
(4m)*Brr = 3(gig + JiL91R) + 3 (9krILR + 9LLIRRIRL)
4, 2
+ 3 (297 r9RR + 9LLIRR + ILLILRIRL):

17
(47)*Pre = 3(97 L9RL + 9LLIRRILR) + 3 (9% + YkrYRL)

4
+ 3 (29%,901 + 9RrYLL + 9RRILRYRL)

(47)*Prr = 3(9rrY1R + ILLILRIRL)

+ %7 (9kr + 9RLYIRR)
+ % (20%r9Lr + GR1.9LR + 9LLIRRIRL)-
SUSY:
(47)*Bor = 33,
(47)*Pog = %,

(47)°f3c = =363

(47)°BrL = 5(971 + 9ir9rL) + g (9RL9LL + ILRIRLIRR)
+2(297 191 + 91 RIRL + ILRIRRILL)

(47)°BLr = 5(g1x + 910908) + g (9krILR + 9LLIRLIRR)
+2(297 9rr + 91 1.9RR + 9LLIRLILR):

(47)*Bre = 5(9709kL + 9LLILRIRR) + g (9t + GkrIRL)
+2(29R90L + GrRILL + ILRIRRIRL):

9
(47)*Brr = 3 + 4+ 5(97 g9rr + 91L9LRIRL)

9
+ 5 (9xg + 9LIRR)

+ 2(29%r 91k + ILLIRLIRR + GRLILR)-
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D-parity conserved

Non-SUSY:
1743
(4”)2ﬁ2L = —%,
(47)*Bsc = T3¢
1743
(4”)2ﬂ2R = —%’

29 26
(4m)*Br = ) (9iL + 9ir9LL) + ) (9kL9LL + 9RRILRIRL)
13 ’ 5
+ 9 (297 1.9rL + 9L RIRL + GLLIRRILR)

(47)°BLr = g

26
9 (9ig+91L90R) + ) (9krYLR + 9LLIRRIRL)

13
+ 9 (297 RIRR + 9LLIRR + 9LLILRIRL)-

(47)*Bre = 2

26
9 (971981 + 9LLIRRILR) + 9 (9ke + 9krIRL)

13
+ 9 (29,90 + 9krILL + IRRILRIRL)-

29
(47)*Brr = — (9xg + IR IRR)

(9Lr9rR + )+
9 9LRIRR T YLLYLRYRL

9

13
+ 9 (29%r9LR + IRLILR + ILLIRRIRL)-

SUSY:

3 3
(4”)2ﬂ2L 2@,

2
3 3
(4P =28,
(4”)2ﬂ3c = —3g§c,
14
(4m)* P = ? (gLL +97r91L) + 3 —(9%L90L + 9LRIRLIRR)
7
+§ (297 L 9rr + 92RYRL + ILRIRRILL) -
5 17 4
(47)°Prr = 3 (9ir+91098)+ 3 (9RRILR + 9LLIRLIRR)
7
+ 3 (297 R9RR + 971 9RR + ILLIRLILR)-
5 17 5 14 3 5
(47)*Br = 3 (97.9rL +9LLILRIRR) +? (9rr +9rrIRL)
7
+§ (29%, 90 + 9RrILL + ILRIRRIRL)-
3 17 5 14 3 5
(47)*Prr = (97 rIRR + ILLILRIRL) +?(9k1e +9rLIRR)

3
7inn 2
+ 3 (29%rILR + IRLILR + ILLIRLIRR)-

IV. NUMERICAL SOLUTIONS OF RGES

In this section we have explicitly noted the gauge
coupling unification for different breaking chains, which
include a single intermediate symmetry group emerging
from SO(10) and E(6). Out of various possibilities, we
have concentrated only on those intermediate gauge sym-
metries that contain the SU(N),; ® SU(N ) structure. This
special structure reflects the presence of D-parity. After
enlisting all such possible breaking patterns in the previous
section, we have categorically mentioned the participation
of scalar and fermion representations in each individual
chain. Then we have computed the f coefficients for gauge
coupling running up to two loops, for nonsupersymmetric
and supersymmetric scenarios for all the breaking patterns
considered in this paper. We have solved all such two-loop
renormalization group equations numerically and found out
the solutions in terms of the unified and intermediate scales
and Abelian gauge coupling mixing.

A. x* analysis: My, My, gy

To estimate the level of unification quantitatively, we
have performed a test of significance (goodness of fit)
by defining a y? statistic, a function of the unification
scale (My), the intermediate scale (My), and the unified
coupling (gy):

i: ga Exp (38)

ga Exp)

where g, are the gauge couplings at the electroweak scale
obtained by solving the two-loop RGEs under the
assumption of unification, and g, gy, are the experimental
values of the corresponding gauge couplings, with 6(g3 cx,)
signifying their uncertainties. The latter two are obtained
from the input parameters listed in Table XIII. A lack of a
good fit will point to a possible absence of unification for a
particular breaking scenario.

The summary of this analysis for nonsupersymmetric
models are given in Table XIV. These results do not contain
the correlations between parameters, for which we need to
know the eigensystem of the covariance matrix, calculating
which is improbable in the present problem. We instead
provide the correlations in graphical form, by showing the
lo and 30 confidence regions for each case. Figure 3 is

TABLE XIII.  Values of different parameters to obtain the gauge
couplings at the electroweak scale (g, yp)-

91.1876(21) GeV
0.1185(6)

Mass of Z boson, my,
Strong coupling constant,

A (mZ)
Fermi coupling constant, Gp
Weinberg angle, sin’ 8y,

1.1663787(6) x 107> GeV~2
0.23126(5)
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TABLE XIV. Best fit results of the unification and intermediate scales and unified couplings for the non-SUSY models, consistent
with low energy experimental values shown in Table XIII. “NS” implies that we have not found any suitable solution for the breaking
chain E(6) - g3L3R3C —- SM.

GUT group Intermediate gauge group D-parity 10g10(%) ]oglo(%) Unified coupling gy (x1072)
E(6) G2, 20401y Conserved 14.132(10) 15.023(18) 55.61(1)
(27 fermions) Broken 14.001(9) 15.886(26) 53.84(1)
G2, 204015 Conserved 14.154(10) 15.029(18) 55.121(6)
(16 fermions) Broken 14.052(9) 15.865(22) 53.00(1)
G2, 244 Conserved 13.755(7) 14.826(16) 56.21(2)
Broken 11.513(20) 15.769(26) 55.088(6)
G2,2:3c15., Conserved 10.960(24) 15.276(20) 56.26(2)
Broken 9.959(34) 16.057(28) 55.81(1)
G3,343¢ Conserved/Broken NS NS NS
S0(10) G2, 2,4c Conserved 13.755(7) 14.820(16) 55.64(1)
Broken 11.607(19) 15.704(25) 53.11(2)
G2,203c 15,1 Conserved 10.964(24) 15.257(20) 54.088(7)
Broken 9.981(34) 16.018(27) 52.895(17)

15.28

lo

0.54100

| 1o

0.54105

e i m -
- o -
% Best Fit Pt. o ) SEiT6h s =
15.27 #; BestFiePt. % Best Fit Pt.
SO(10)-G2231 p 0.54095 SO(10)>6
. (Non—-SUSY) 22310 Gsaiis SO(10)»G2231 p
% (Non-SUSY) ) (Non-SUSY)
QO 1526
X 5 0.54090
= S 05109
=
¥ 1525 0.54085 -
|
0.54085 - 0.54080
15.24
0.54075
15.23 0.54080
10.90 1096 1098 1100 1102 1092 10.94 10.96 10.98 11.00 1526 1527 1528 1529
Log,o(Mp/GeV) Log,((Mg/GeV) Logo(Mx/GeV)
(@) Mg - Mx () Mg - gu (©) Mx - gu
lo , 0.52900 Wi
R — [ 30 _
- 05291 -
16.030 % Best Fit Pt. % Best Fit Pt.
SO(10)-G231 5 SO(10)>G2231 »
—~ (Non-SUSY) 0.52895 (Non-SUSY)
2 16025 05290
Q
] =
2 g S
=3
= 16020
%0 289 |
g B0 05289
R -
3 —
16.015 Mo ]
% Best Fit Pt. 05288
0.52885 SO(10)-G231 5
16,010 ‘ (Non-SUSY)
9.98 10.00 10.02 9.96 9.98 10.00 10.02 15.99 1602 1603 1604 1605
Log,o(Mr/GeV) Log,o(Mg/GeV) Log;o(Mx/GeV)
(d Mg - Mx ) Mrg-gu (f) Mx - gu

FIG. 3. Correlations among intermediate (M) and unification (M) scales and the unified coupling (g;,) satisfying gauge coupling
unification for breaking pattern SO(10) — G,,3; within a non-SUSY scenario for D-parity both conserved (top row) and broken (bottom
row) cases. The “x” denotes the best fit points, listed in Table XIV, and the blue and red regions depict the 3¢ and 1o contours,
respectively, which satisfy the gauge coupling unification, consistent with low energy experimental values shown in Table XIII.
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FIG. 4. Ay? as afunction of SUSY breaking for intermediate gauge groups (a) Goy4, (b) Ga1, (€) G333, and (d) Gyuyy for both D-parity

conserved and broken cases.

such a representative scenario, containing the 1o and 3¢
contours in different parameter planes for SO(10) - Gy31p
(and Gyy31p) that are equivalent to p values of 0.3173 and
0.0027, corresponding to confidence levels of 68.27% and
99.73%, respectively. For other cases see the Fig. 18 in the
Appendix. For our purpose, each confidence interval corre-
sponds to a particular value of X = Ay? (i.e., y> — y2,.) for
d.o.f. = 2 (no. of parameters), such that p(X|d.o.f.) is fixed.
As an example, Ay* =2.30and 11.83 for 16 and 3¢ regions,
respectively, in two dimensions.’ To perform a similar analysis
in the presence of supersymmetry, there is a requirement of
minor modification of the previous methodology as we do not
know the precise value of the SUSY scale (Mgygy). The
general practice is to choose Mgygy ~ 1 TeV, buying the
naturalness argument. But there is no such basic principle to do
so. In fact, in some specific breaking chains, as will be shown
later, this choice of M gysy is not consistent with unification at

>Though Ay? = 1 gives the 1o region for a single probability
density function (PDF) and is needed for quoting uncertainties, it
encloses a smaller region than the confidence level of 68.27% for
any higher dimensional PDF.

all. For a given choice of Mgygy, we have an equal number of
observables and parameters in the context of a likelihood
analysis, fixing our coveted y2. at 0. We then vary the
Mgysy between 1 and 30 TeV [accessible energy range by
the Future Circular Collider (FCC) [132,133]] and find the
range of Mgygy for which Ay?> =0 (and thus consistent
with unification). The intermediate gauge groups for the
SUSY case are Gszz, Gaoar> G231, Gy in the presence and
absence of D-parity. Figure 4 shows that the lowest possible
value of Mgygy, allowed by unification, is different for
different intermediate groups and may be different for
D-parity conserved-broken cases. It can be as low as 1 TeV
for Gooapr [see Fig. 4(a)] and Gyouy iy [see Fig. 4(d)], whereas for
Group and Gy p, it is around 4.6 TeV. For D-parity both
conserved and broken cases, the lowest unification-allowed
Mgysy is around 3.3 TeV for Gy,3; and is around 2.9 TeV for
Gs33 [see Figs. 4(b) and 4(c)].

These plots provide a schematic understanding regarding
the dependence of unification criteria on the choice of
SUSY scale and encourage us to have a rigorous look into
this. Thus we have scrutinized the Mgygy dependence for
each breaking chain we have considered in this paper.
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In case of the breaking patterns satisfying unification,
with Mgygy starting from 1 TeV, M, and My start out
being really close. With increasing Mqygy, they get even
closer up to the point of being indistinguishable from
each other for Mgygy~4.6 TeV, after which they stop
satisfying unification altogether. Thus, to create the corre-
lation plots between parameters for these cases, we have
taken Mgygy = 1 TeV as the representative value. For
other cases, where unification starts being satisfied from
some higher Mgysy, My and My start very close together
and, with increasing Mgygy, get separated gradually.
Mgysy dependence of the parameter values for these cases
are showcased in Fig. 5, where we have noted the variations
of Mg, My, and g;; with Mgygy, satisfying gauge coupling
unification for breaking: (i) E(6) — Gi33 [Fig. 5(a)],
(i) E(6) = Gypyip with 27 fermions [Fig. 5(b)],
(iii) E(6) = Gayaup [Fig. 5©)], (iv) E(6) = Gapap [Fig. 5@,
(V) E(6) = Goyp with 16 fermions [Fig. 5(e)],
(Vi) E(6) = Gypzip [Fig. 5(D], (vi)) SO(10) = Goup
[Fig. 5(2)]. (vii) SO(10) > Gpyp [Fig. S, and
(ix) SO(10) = Gyy31p [Fig. 5(1)]. This Mgy dependence
of the parameters are not necessarily the same for the

presence and absence of D-parity for a given intermediate
symmetry group. To demonstrate the correlation between
parameters for these cases, we needed to choose a value of
M gqygy that is sufficiently large to ensure proper separation
between My and My, but considerably smaller still than the
scales attainable by colliders in the near future; we chose
Mgqysy = 15 TeV. Table XV summarizes the results of our
analysis for all the SUSY models. Correlation plots for
SO(10) — G,y3; are listed in Fig. 6 as a representative case.
For other cases see the Fig. 19 and Fig. 20 in the Appendix.

Variations of the intermediate scale with the SUSY scale
can have a large impact on supersymmetric phenomenol-
ogy; e.g., for Mgygy ~ 20 TeV, My is around 10'3 GeV.
Now within the GUT-supergravity scenario, the boundary
conditions will be provided in terms of the representations
under the intermediate gauge groups. And the low scale
spectrum will be drastically affected by the non-negligible
running of the spectrum from GUT to intermediate scale.
This will certainly change the lightest neutralino compo-
sition, which in turn will affect the conclusion based on
constraints from dark matter, muon (g-2), and other low
energy constraints. It will be worthwhile to include the
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FIG. 5. Variation of intermediate (M) and unification (My) scales and the unified coupling (gy) with the SUSY scale (Mgysy)

satisfying gauge coupling unification for various breaking patterns within the supersymmetric scenario.
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TABLE XV. Best fit results of the unification and intermediate scale and unified couplings for the SUSY models, consistent with low
energy experimental values showed in Table XIII. (* For these cases the SUSY scale starts from ~15 TeV; for others, Mgygy ~ 1 TeV.)

GUT group Intermediate gauge group D-parity log;o (é"(’e_@) log,o (é”T{/) Unified coupling g, x 1072
E(6) 92L2R4C1X Conserved* 16.025(12) 16.063(19) 68.60(10)
(27 fermions) Broken 16.231(14) 16.376(11) 71.02(4)
92L2R4C1X Conserved* 16.026(12) 16.063(19) 68.53(9)
(16 fermions) Broken 16.236(13) 16.393(13) 70.798(8)
G i, Conserved* 15.9803)  16.043(16) 68.78(13)
Broken 16.169(22) 16.226(14) 70.786(8)
92L2R3C,H Conserved* 15.662(42) 15.970(8) 68.86(12)
Broken* 13.49(36) 16.149(22) 72.38(49)
G3,3:3¢ Conserved/Broken* 15.936(7) 16.478(73) 68.52(7)
50(10) gzL2R4C Conserved* 15.989(8) 16.043(16) 68.69(11)
Broken 16.168(22) 16.226(14) 70.69(1)
G501, Conserved* 15.662(42)  15.969(8) 68.40(5)
Broken* 13.62(33) 16.134(29) 68.20(2)
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FIG. 6. Correlations among M and My and gy satisfying gauge coupling unification for breaking patter SO(10) — Gy,3; within
SUSY for D-parity both conserved (top row) and broken (bottom row) cases. The SUSY scale is set at Mgysy = 15 TeV. The “x”
implies the best fit point, and the blue and red regions depict the 30 and 1o contours, respectively, which satisfy the gauge coupling

unification consistent with low energy experimental values showed in Table XIII.
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TABLE XVIL

Possible topological defects that can arise in the process of spontaneous breaking of GUT groups

via different intermediate symmetries. The formation of topological defects does not get affected by the presence or

absence of supersymmetry.

Intermediate symmetry

Topological defects

Goou D-broken
D-conserved
g2231 D-broken
D-conserved
g224 1 D-broken
D-conserved
G333 D-broken

D-conserved

Monopoles

Domain wall + monopoles + Z, strings
Monopoles + embedded strings

Domainwall 4+ monopoles + embedded strings
Monopoles + embedded strings

Domain walls + monopoles + embedded strings
Textures

Domainwalls + textures

impact of intermediate RGEs on SUSY phenomenology. It
is also interesting to note that the intermediate scale is now
related to the SUSY scale if we demand successful
unification. We leave this part for our future venture.

B. Cosmological constraints and unification

In this section, we have solved the RGEs that are
essentially coupled differential equations, and the solutions
are given in terms of My, M, and other free couplings. To
start with we have adopted those breaking patterns, which
predict unique intermediate scales, e.g., G131, G241, G333,
and Gy,. We have discussed D-parity both conserved and
broken scenarios within non-SUSY and SUSY frameworks.
We have listed the topological defects that arise in the process
of symmetry breaking involving the above-mentioned inter-
mediate symmetry groups [123], in Table XVI. We have
further imposed the constraints arising from proton lifetime
and cosmological nonobservation of topological defects. The
exclusion limit on proton decay (> 103 years) can be
translated to constrain the lower limit of the unification scale,
which reads as My > 10'° GeV. To be consistent with
cosmological observations, there should not be any topo-
logical defects in nature, which are stable till date. Thus, if
they are arising through the GUT or intermediate symmetry
breaking, they must be inflated away, which in turn implies
that M must be at the preinflation era, i.e., >10'> GeV. In
Fig. 7, we have noted the solutions of the two-loop RGEs in
terms of the My and My scales for D-parity conserving (top
row) and broken (bottom row) cases. We have shown the
correlations between My and My scales for the nonsuper-
symmetric case in Figs. 7(a) and 7(c), and for the super-
symmetric scenario in Figs. 7(b) and 7(d). The grey shade
depicts the exclusion limits due to topological defects, i.e.,
Mg = 10'? GeV. It is worth mentioning that apart from
intermediate symmetry G,»3,p, Which arises from the break-
ing of SO(10) and E(6), all other breaking chains are
consistent with cosmological constraints; see Fig. 7(a). The
horizontal dotted lines depict the minimum (10'® GeV) and
maximum (10! GeV) values of GUT scales consistent with
proton decay nonobservation. It is easy to realize that in non-
SUSY scenarios almost all of the breaking patterns are

troubled by either proton lifetime or cosmological con-
straints; see Figs. 7(a) and 7(c). But in the SUSY case, the
picture is different. All the intermediate scales are way
beyond 10'2 GeV, and unification scales are also around
10'6 GeV; see Figs. 7(b) and 7(d). Thus all the breaking
chains are safe from constraints due to the stable topological
defects and proton lifetime.

It is interesting to note that apart from the intermediate
groups Gay3; and G,yy, which arise either from E(6) or
SO(10), other breaking chains are compatible with the
constraints due to stable topological defects; see Fig. 7(c).
These scenarios are also lying at the edge of the lower
bound on My. The group G4 is also living dangerously
at the edge of this bound. These observations are only for
non-SUSY models. The status of the solutions for SUSY
scenario Fig. 7(d) are completely different. As the inter-
mediate scales for all models are > 10'> GeV, they are safe
from stable topological defects. For these models unifica-
tion scales are also above 10! GeV, and thus consistent
with proton decay nonobservation data in Fig. 7(d). So far
we have discussed the breaking patterns that predict unique
intermediate scales. Now we will discuss the intermediate
gauge groups that contain more than one Abelian sym-
metries. This implies that there will be Abelian mixing even
at the one-loop level in the RGEs from M to My scale. We
have considered the breaking of E(6) to G,j,13p which is
the only breaking chain under consideration. For this
particular intermediate gauge group, we have discussed
the D-parity conserved and broken scenarios within both
non-SUSY and SUSY frameworks. We have further
adopted two varieties: (i) only 16 fermions surviving at
the intermediate scale [see Figs. 8(a) and 8(c)], and (ii) all
the 27 fermions are light enough to be present till the My
scale [see Figs. 8(b) and 8(d)]. In Figs. 8(c) and 8(d) we
have adopted the similar scenario as in Figs. 8(a) and 8(b)
within SUSY frameworks with two similar situations. As
D-parity is conserved, we have g,; = g,g. We have also
considered g;; = grg and g; g = gg;,. Similar to the earlier
analysis, the grey shade depicts the exclusion limit Mp >
10'2 GeV due to stable topological defects. In these plots,
the blue (dashed) lines stand for the allowed ranges of My,
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FIG. 7. Correlations among intermediate (M) and unification (My) scales: satisfying gauge coupling unification for conserved (top

row) and broken (bottom row) D-parity within nonsupersymmetric (left column) and supersymmetric (right column) scenarios. The grey
shade depicts the exclusion limits on the intermediate scale due to topological defects.

where the same for gzr and g;p are shown by the orange
(solid) and green (dot-dashed) lines. These indicate
that the ranges of both grr and g;r, allowed by cosmo-
logical constraints, are [0.411: 0.469], [0.385: 0.453],
[0.412: 0.526], and [0.386: 0.492], for non-SUSY (16 fer-
mions), non-SUSY (27 fermions), SUSY (16 fermions),
and SUSY (16 fermions) cases, respectively.

We have considered the breaking of E(6) to G,»13 Where
D-parity is not conserved within 9(a), 9(b) non-SUSY and
9(c), 9(d) SUSY frameworks. We have assumed two vari-
eties, (i) when only 16-fermions survive at the intermediate
scale [see Figs. 9(a) and 9(c)], and (ii) all the 27 fermions are
light enough to be present till the My scale [see Figs. 9(b)
and 9(d)]. In Figs. 9(c) and 9(d) we have performed the similar
analysis but in the presence of SUSY. Similar to the previous
cases, we cannot ignore the Abelian mixing in the presence of
two U(1) at the intermediate scale. As the D-parity is broken
at the intermediate scale, we have g,; # g, and thus g, isa
free parameter unlike the earlier D-conserved scenario. Here
we have further considered g;r = grz, and grp is a free

parameter while g;; is obtained from the suitable matching
conditions. Here, too, the grey shade depicts the exclusion
limit My > 10'> GeV due to topological defects. In these
plots, the blue (dashed) lines stand for the allowed ranges of
My, where the same for gz and g; z are shown by the orange
(solid) and green (dot-dashed) lines. Unlike the previous case,
here we have an allowed range of solutions for g, as well,
shown by the red (dotted) lines. These indicate that the ranges
of both ggg and g; g, allowed by cosmological constraints, are
[0.419: 0.470], [0.391: 0.454], [0.431: 0.530], and [0.388:
0.497], for non-SUSY (16 fermions), non-SUSY (27 fer-
mions), SUSY (16 fermions), and SUSY (16 fermions) cases,
respectively. The ranges allowed for g, for these cases in the
same order are [0.540: 0.558], [0.539: 0.560], [0.672: 0.697],
and [0.670: 0.701].

C. Unification in presence of dimension-5 operator

So far we have discussed the gauge coupling unification
in the light of the renormalizable unified gauge kinetic
term. We have found in the previous section that for some
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FIG. 8. Gauge coupling unification for the following symmetry breaking pattern: E(6) — G, 513p — SM. Here D-parity is conserved,
and thus g,z = g»;. Because of the presence of multiple U(1) symmetry there will be Abelian mixing in the gauge coupling running.
There will be a (2 x 2) Abelian gauge coupling matrix where the elements are g;; = grr, grg = grr- Variation of intermediate (Mp)
scale with the unification (My) scale (y; axis) and Abelian couplings (y, axis) after satisfying gauge coupling unification have been
shown with (a), (c) 16 fermions and (b), (d) 27 fermions at the intermediate scale for (a), (b) non-SUSY and (c), (d) SUSY scenarios. The
grey shade depicts the exclusion limits on the intermediate scale due to topological defects.

models, either the unification scale is not compatible with
the proton lifetime or the gauge couplings are not unifying
within the Planck scale. These have been a motivation for
us to pursue the unification program by smearing the
unified boundary condition through the higher dimensional
operator in the gauge kinetic sector. Incorporation of such
nonrenormalizable terms in the Lagrangian is not unreal-
istic. In fact, GUT is often considered as an effective theory,
as it does not contain gravity. It is indeed possible to have
footprints of Planck scale physics through some higher
dimensional terms. As discussed in Sec. I F, gravitational
effects can smear the gauge coupling unification criteria at
the GUT scale itself.

We can add a nonrenormalizable dimension-5 operator
in the gauge kinetic sector as in Eq. (17). The corrections
due to this operator are weighted by the group theoretic
factors (§;), which are listed in Tables I, II, and III. These

0,;’s depend on the choice of GUT breaking scalars and their
vacuum orientations, which decide the breaking patterns.
Here we have used the modified unification boundary
conditions and taken the impact of the dimension-5 con-
tribution (&) into consideration.

The impact of dimension-5 operators can only be
realized for rank-preserving breaking. First, we have
considered the breaking chain SO(10) — Gy4p using the
VEVs of 54 and 770 dimensional scalars. As we have
mentioned, the intermediate scale is not affected by this
new operator and thus also not by the choice of the GUT
breaking scalar. For this particular case, the intermediate
scales are fixed at My ~ 10'37% GeV and 10'%!'” GeV for
non-SUSY and SUSY scenarios, respective:ly.6 We have
determined the allowed range of My depending on the

We have set M susy ~ 1 TeV in this section.
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FIG. 9. Gauge coupling unification for the following symmetry breaking pattern: E(6) — G,,,,54 — SM. Here D-parity is broken
(thus g,z # ¢p;) and is treated as a free parameter. Because of the presence of multiple U(1) symmetry there will be Abelian mixing in
the gauge coupling running. There will be a (2 x 2) Abelian gauge coupling matrix where the elements are g;; = grr, 9.2 = YrL-
Variation of the intermediate (M) scale with the unification (My) scale (y; axis) and gauge couplings (y, axis) after satisfying gauge
coupling unification have been shown with (a), (c) 16 fermions and (b), (d) 27 fermions at the intermediate scale for (a), (b) non-SUSY
and (c), (d) SUSY scenarios. The grey shade depicts the exclusion limits on the intermediate scale due to topological defects.

range of values of e. In Fig. 10(a), we have found that for
the non-SUSY case, the unification scale can vary in
between [10'°:10"] GeV  with e € [-0.15: —0.51]
and € [-0.20: —0.55] for 54- and 770-dimensional
scalars, respectively. In Fig. 10(b), we have performed
the similar analysis in the presence of SUSY. Here, we
have noted the solutions as My € [10'623:10'%9] GeV
with €€ [-0.025: —0.125] for @54 and My €
[10'622:10'073] GeV with & € [-0.035: = 0.2] for @,
Next we have considered the similar breaking pattern,
SO(10) = Gopupr, but now D-parity is broken. This is
achieved through the VEV of ®,,. As the D-parity is
not a good symmetry, we do not have g,; # ¢gog. Thus,
unlike the previous cases, M is a free parameter here, and
we can get a range of solutions for My consistent with
unification. In Fig. 11(a), we have analyzed the unification
for the non-SUSY scenario. The blue and yellow lines show
the allowed range of My € [10'9:10'8%] GeV (read y, axis

for label) and ¢ € [-0.026: — 0.145] (read y, axis for label)
compatible with the range of My € [10%:10'°6] GeV,
respectively. It is clear from this plot that the My could
marginally satisfy the cosmological constraints at 10'> GeV
at the cost of proton lifetime constraint as the respective
unification scale is ~10'>> GeV. In Fig. 11(b), we have
performed a similar analysis in the presence of supersym-
metry. Here, blue and yellow lines show the allowed range of
My € [10'%14:10'085] GeV (y, axis) and & € [0.006:0.79]
(v, axis) compatible with the range of Mz €[10'3:10'%]GeV,
respectively. Next we have considered the breaking of
SO(10) to Gop31p using the VEVs of (54 + 210)-dimensional
scalars. As the D-parity is intact, we have g,; = g, at the
intermediate scale, but unlike the previous scenario
(Fig. 10), My is a free parameter. Thus the unification
solutions can be given in terms of My, My, and e,
similar to Fig. 11. In Fig. 12(a), we have analyzed
the unification for non-SUSY scenario. The blue and yellow
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and (b) SUSY scenarios. Whereas the case depicted in (a) is in trouble from cosmological constraints, the whole range of My is

allowed in (b).

lines show the allowed range of My € [10'°:10"] GeV
(read y; axis for label) and &€ [0.045:0.284] (read
vy, axis for label) compatible with the range of
Mg € [10*:10°8] GeV, respectively. For this particular
scenario, the whole range of the intermediate scale is
incompatible with the constraints due to topological defects.
In Fig. 12(b), we have performed a similar analysis in the
presence of supersymmetry. Here, blue and yellow lines show
the allowed range of My € [10'°:10'%3] GeV (y, axis) and
€ € [-0.68: —0.03] (y, axis) compatible with the range of
Mg € [10*:10'%] GeV, respectively. The grey-shaded
region in this plot depicts the exclusion limits due to the
cosmological constraints.

In Fig. 13, we have performed an analysis similar to
Fig. 12, but with the D-parity broken case. Here SO(10) is
broken to G315 using the VEVs of (210 + 45)-dimensional

scalars. In Fig. 13(a), we have analyzed the unification for
the non-SUSY scenario. The blue and yellow lines show the
allowed range of My € [10'°:10'7#] GeV (read y, axis for
label) and & € [-0.006: —0.089], g5_r) € [0.40:0.47]
(read y, axis for label) compatible with the range of
My € [10*:10°3] GeV, respectively. For this scenario,
too, the full range of the intermediate scale is incompatible
with the constraints due to topological defects. In Fig. 13(b),
we have performed a similar analysis in the presence
of SUSY. Here, blue and yellow lines show the allowed
range of My € [10'6¢18:10'%%7] GeV (y, axis) and
e € [-0.014: —0.054], gy(3—1) € [0.41:0.70] (y, axis)
compatible with the range of My € [10*:10'°] GeV,
respectively. The grey-shaded region in this plot depicts
the exclusion limits due to the cosmological constraints.
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Ga33p is the maximal subgroup of E(6). We have noted
in the last section that D-parity conserved and broken cases
cannot be discriminated from each other by looking into
their respective RGEs, as they are exactly the same. But the
contributions from the dimension-5 operator are different
based on whether D-parity is broken. At the intermediate
scale, unbroken D-parity is ensured by the VEVs of @5,
and ®@,430. The 6;’s computed using D,,3, are all equal, and
they do not alter the unification that we have achieved in
earlier sections. This is true for both non-SUSY and SUSY
cases. In this analysis we have included the impact of g5
only. Here the intermediate scales are fixed at Mp ~
101335 GeV and 10'9?° GeV in non-SUSY and SUSY
scenarios, respectively. In Fig. 14, we have adjudged the
non-SUSY (blue solid line) and SUSY (yellow dotted line)
scenarios. Here the unification scale can vary in between
[10'6:10'°] with e € [0.038:0.055] for non-SUSY and
[10'622:10'] GeV with & € [-0.01: —0.075] for SUSY
cases, respectively.
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FIG. 14. Gauge coupling unification for the following sym-
metry breaking pattern: E(6) — Gz33p — SM. My as a function
of ¢ for fixed My is noted for non-SUSY and SUSY scenarios for
GUT breaking scalar ®¢s,. All of the My values are allowed by
cosmological constraints (M = 10'> GeV).
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noted for (a) non-SUSY and (b) SUSY scenarios. These scenarios are compatible with cosmological constraint (Mg = 10'? GeV).

In Fig. 15, we have considered the similar breaking
pattern E(6) — Gz335 using the VEV of a 650’-dimensional
scalar. Unlike the previous scenario, here D-parity is not a
good symmetry, which implies g3; # g3g. Thus My is not
constrained and a range of solutions for Mz can be consistent
with unification. In Fig. 15(a), the blue and yellow lines
show the allowed range of unification scale My €
[10'6:10"] GeV (y, axis) and & € [0.023:0.103] (y, axis)
compatible with the range of Mg [10'#0:10'4] GeV,
respectively. This analysis is within non-SUSY framework.
In Fig. 15(b), the blue and yellow lines depict the allowed
range of unification scale My € [10'%°:10!9] GeV
(y; axis) and € € [-0.02: — 0.10] (y, axis) compatible with
the range of M € [10'33:10'%%] GeV, respectively. These
solutions are in the presence of supersymmetry.

Next, we have considered the breaking-chain E(6) —
Gooa1p using the VEV of the 650-dimensional scalar which

contains the D-parity preserving (54, 0) component under
SO(10) ® U(1). Here, the intermediate scales are fixed at
Mg ~ 10" GeV and 10'%? GeV for non-SUSY and SUSY
cases, respectively. We have found that the allowed range of
M depends on the range of values of €. In Fig. 16(a), we
have found that for the non-SUSY case, the unification
scale can vary in between [10'9:10'°] GeV with ¢ €
[-0.076: — 0.018] and [-0.067: —0.017] when 27 and
16 fermions are contributing in the RGEs, respectively. In
Fig. 16(b), we have noted that for the SUSY scenario, the
unification scale (M) can vary in between [10'6-21:1017-33)
and [10'%21:10'718] GeV with £ € [-0.054: — 0.003] and
[-0.040: — 0.003] when 27 and 16 fermions are contrib-
uting in the RGEs, respectively.

In Fig. 17, we have considered the breaking pattern
E(6) = Gy using the VEV of a 650-dimensional scalar
whose (210, 0) component under SO(10) ® U(1)y breaks
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-0.030 -0.025 -0.020 -0.015 -0.010 -0.005
&
(b) Non-SUSY
20
E(6) > Goon 0.80
(SUSY : 16 Fermions)
19 [ Log,o(Mg/GeV) = 16.1] 0.75
Log,o(Mx/GeV)
=
8 m——=gIX 0.70
=
=) a
S 10.65
9
Q
~ {
10.60

0.01 0.02

0.00

0.03
8
(d) SUSY

2418 — SM. My as a function of € is

noted for (a) non-SUSY and (b) SUSY scenarios. These scenarios are compatible with cosmological constraint (Mg = 10'? GeV).

D-parity. As D-parity is broken, g¢,; # ¢,z. Here, the
intermediate scale is fixed at Mg~ 10 GeV and
10'®! GeV for non-SUSY and SUSY cases, respectively,
for both 27- and 16-fermion scenarios. In Figs. 17(a) and
17(b), the blue and yellow lines show the allowed ranges
of unification scale, My € [10'°:10"] ([10'°:10'"]) GeV
(y; axis) and g;x € [0.43:0.51]([0.43:0.51]) (y, axis),

TABLE XVIL

compatible with the range of e [-0.035: —0.002]
([-0.032: — 0.001]) GeV when 27 (16) fermions are
contributing to the RGEs, respectively, within the non-
SUSY framework. A similar analysis has been performed
within the SUSY scenario. In Figs. 17(d), the blue and
yellow lines show the allowed range of the unification
scale, My € [10'614:10'894]([10'%14:101°]) GeV (y, axis)

Status of the non-SUSY models in the light of proton decay and cosmological constraints

considered in this paper. “NS” implies no solution for unification exists for Gs33 intermediate symmetry.

Topological defects Proton lifetime

Mg 2102 GeV My 2 10'° GeV

Intermediate symmetry (Non-SUSY) No dim-5 dim-5 No dim-5 dim-5
Groa D-conserved v v X v
D-broken X X X v
G D-conserved X X X v
D-broken X X v 4
Gooal D-conserved v v X v
D-broken v v v v
G333 D-conserved NS v NS v
D-broken NS v NS v
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TABLE XVIIL

Status of the SUSY models in the light of proton decay and cosmological constraints considered in

this paper. The choice of Mgygy for individual cases are mentioned in Table VI.

Topological defects

Proton lifetime

Mg = 10" GeV My > 10'% GeV
Intermediate symmetry (SUSY) No dim-5 dim-5 No dim-5 dim-5
G4 D-conserved v v v v
D-broken v v v v
G231 D-conserved 4 v 4 v
D-broken v v v v
Gooai D-conserved v v v v
D-broken v v v v
G333 D-conserved v v v v
D-broken v v v v

and g,y €[0.54:0.70]([0.54:0.70]) (y, axis), compatible with
the range of ¢ [—0.006:40.060] ([—0.008:+0.044]) GeV
when 27 (16) fermions are contributing to the RGEs,
respectively.

In Tables XVII and XVIII, we have provided a quali-
tative comparison among different scenarios considered in
this paper in the light of the implemented constraints due to
proton lifetime and topological defects.

V. CONCLUSIONS

In this work, we have enumerated all possible inter-
mediate symmetry groups, which are of the form
SU(N), ® SUIN)r ® G and can be embedded in the
GUT gauge groups SO(10) and E(6). We have further
assumed that the GUT symmetry is broken to the SM
through only one intermediate symmetry, i.e., Ggur —
SU(N); ® SUN)r ® G - SM. We have listed the scalar
representations and the direction of VEVs for each stage of
symmetry breaking. We have also listed the representations
of scalar and fermion fields, which contribute to the beta
functions at each stage of the symmetry breaking chain.
Though we have started with the full multiplets under the
unified group, we have assumed that only those submul-
tiplets are light, which induce the symmetry breaking and
contain SM particles. This assumption is in accordance
with the ESH.

We have computed the RGEs for all the breaking chains u
to two-loop order for both SUSY and non-SUSY scenarios.
We have also included the effect of the Abelian mixing,
whenever it arises. We have solved the RGEs numerically
and noted the correlated solutions in terms of My, My, and
gy, within the present experimental bounds on the low scale
parameters and under a few confidence levels. This has been
achieved by doing a goodness of fit test with the construction
and optimization of a Ay? statistic. We mention that in this

"We have checked some of them with [134] for non-SUSY and
[135] for SUSY cases, and they are in good agreement with our
results.

analysis we have not included the effect of Yukawa couplings
in two-loop RGEs. The extra contributions due to the
Yukawa couplings are of the order of two-loop corrections.
As the two-loop results are not much departed from the one-
loop ones, we would expect our conclusions to remain
unchanged. We leave the effect of the Yukawa couplings
for our upcoming paper where the fermion mass generation is
the primary goal.

The theory is less constrained in the case of Abelian
mixing. We have noted the allowed ranges of the mixing
parameters along with other gauge couplings, which are not
constrained by the matching conditions. Different types of
topological defects may arise in the process of symmetry
breaking, and we have discussed such possibilities in detail.
Such defects are in conflict with the cosmological obser-
vation, and thus they should be inflated away. This implies
that inflation must occur after the Ggyr symmetry breaking
and before the breaking of the intermediate symmetry.
Also, those intermediate symmetries, which could give
rise to harmful topological defects, must occur above
the reheat temperature. This ensures that following
inflation and reheating, the universe is in the SM phase
and these undesirable topological defects are not produced.
This puts a severe constraint on the intermediate scale,
Mg > 10> GeV. We have applied this constraint in all
possible breaking patterns and studied the allowed para-
meter space. We have also implemented the bound from
proton decay lifetime, which allows My > 10'® GeV. We
have listed all possible left-right symmetric intermediate
groups starting from SO(10) and E(6) that survive these
two constraints.

There are further implications on the other pheno-
menological observations related to neutrino masses
and inflationary dynamics from these intermediate scales.
For example [31], the right-handed neutrino mass is
related to the G,,, breaking scale, and thus affects the
low scale masses and mixing parameters in the neutrino
sector. As these intermediate scales are very high, the
Yukawa coupling could be large and may have signi-
ficant impact on low energy observables through RGE:s.

095010-28



ROADMAP OF LEFT-RIGHT MODELS BASED ON GUTS

PHYS. REV. D 97, 095010 (2018)

Phenomenologically favored plateau inflation models,
constructed within the GUT framework, work for specific
intermediate symmetries only [64,65]. Models that clear the
constraint of proton decay and cosmological relics, which
have been pointed out in this paper, can further be
investigated in the light of neutrino mass models and
inflation phenomenology.

The minimal-supergravity assumption of universal gau-
gino masses at the unification scale is no longer true when
the SUSY breaking is induced by the F term of the
nonsinglet field under the GUT gauge group
[10,15,109,116]. The low energy gaugino masses will
depend not only on the GUT scale mass ratios but also
on the intermediate symmetry group and the scale of
intermediate symmetry through the RG running. This will
have important phenomenological implications in the
context of dark matter and muon (g-2) [22-26]. In order
to evade negative results from superpartner searches at
LHC [136], the particle masses need to have either a split
[137,138] or a compressed spectrum [139]. These spectra
may be achieved using nonuniversal gauginos at the GUT

scale along with a suitable choice of an intermediate
symmetry and breaking scale [140]. We have found in
our work that in order to have the intermediate symmetry
breaking above 10'?> GeV, as favored by cosmology, the
SUSY breaking scale cannot be pushed beyond ~30 TeV,
and it depends on both the intermediate symmetry group
and scale. This will have implications in both dark matter
and collider searches, and we leave the detailed analysis of
the SUSY spectra in left-right models for future studies.
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Appendix

1. TWO LOOP RGEs FOR THE BREAKING E(6) —

Gz —» SM

a. When all the 27 fermions are present at the M scale:

1. D-parity not conserved

Non-SUSY
11g7 659, g g 2g 15¢3 2g 11
21
(4 )4ﬂ P = 6LL ggL + 22L + 129§L9%c + 62L g%%R +—2 12~R - 3LL QSLQRL +Tng2R 3RR 9rr9LR T+ 6 gRL’
(4x) ﬁleOP 39%L g3c +9gig3c + 129%6‘ + 3ggcg%m + 393CgLR + 3g3CgRL + 9g2R9§C
2 2 2 2 2 ’
5¢% 10403 5 15
21 g g g g
(4 )4ﬂ R = ZLL ggR + 3 R4 1292R93c + 292R9RR + 22R Jir T 29%1?912?1_ + 22L gng
11, 44g} g 11g 15¢3 11g}
21
(4n)*pL 1" = 2LL + 3LL ke +1297 1950+ 1197910 + 1190 L9k +%9LR + 2LL g+ 2LL Pr+ 6LL IRR
11g 14g
=+ 2LL gir+ 3LL Gke + 91 LIRRILR — 297 1951 IR + 0911 T3rIRe + 12900 ST R + 9L IRRILR — S3LILRIRL
92 11 g g g l4g
3LL 9iRIRL T —5— LL Q%L Jir+ 2LL Q%L rL T mgLLg%cg%eL + 2LL glz?Rg%R JFTLLQ%QR!J}%L

g 14
+ 2RR GiRORL +——

77gRR
6

11g
+ 9 LILRIRL +—2— >

3 gLRgRL 91195 IRRILR +——=—— 5

15911 22911, 4g
——PRYLR +T TrORL + 3R

A 9LRIRL

RR B1ILRIRL +OPRIRRILRIRL + 1203 IRRILRIRL -
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4g 1
+ 117,91 + 12G3c91k + 119kr91R + 3RR Gir + = 5 9ir

114} 112 1542 144/ 1
+ 2LL9LR+ 22L Gir + 22R Gir + 3RR9LRJr 6gLRgRL

— G293, 9RR + IZQiLgéchR + 91193 RIRL — 293, IRRITR + OPRIRRILR

4 2loop gLLgRR
(4m) e =

11gg I1g 2 S59r
2 2 gngLR +— 3 gLLgLR + 123c9rrILR

llgz 14gLL 14gLL 1192
+ TLLgLRglzeL +— 3 GrrIRL +—— 3 IRRORL T TZLQIZQRQLR

15¢7 2297 14g%,
+ 2LL BrILr + TLLQIZQRQLR ILLPLILRIRL + — 3 gLRglz?L

119LL

779,1
+— 5 B 9rrIRL + 6911 BrIrrIRL + 12910 BeIrrIRL T TQRRQ%RQRL’

4 p2loop QZLQ%?R 49%L 2 12, & 60203 126203 14
(47)*Prr —T‘f‘ 3 9re + 1191 9r0 + 692r9RL + 1295¢9RL +?9§€L

g, 115 144 2842 1
ZLL 9rr + 22L re + SRR 9grr + 3RR Jrr +— 6 9iRIRL

=+ IZQ%LQ%CQRL - gLLg%Lg%?R - 29LL9%L9%?L + gLLg%?Rg%R + 6g%Rg%?RgRL

+

11g 11g 2g
+ 1263 9Rr9rL + %Q%RQLR + %QRRQ%R + 3LL 91 RIRL

11gx 12, , g,
+ _gLRgRL +— gLLgLR +— 5 BrIrL + TQLRQRL

3

g2 15¢
22L g%QRgRL +—

S9r

. g,
+ 3 9P LILRIRL + —=—

1 192 77gLL
2RR 9irIRL + 6 9RRILRYFL -

2
2 2

22¢q
ngQRL +— 3 gRRgRL 931 IRRILRIRL

" >

15¢;
> L B grrgLr +—22F > L BrIrrILR + 12900 B cIRRILR

+

1495 4q7 9
21
(47[)4ﬁR130p = 69%R9%R + 129%69%1@ + RR 4 llg??RgiR 3RR IR T gR 9RL

11g? 1143 28g 11g 14g
+ 6LL Jir + 22L Jrr + 3RR 9rt T+ 2RR gir + 3RR ke

+ 97 L9LRGRL — 2931 9RRILR — LILRIRL T OB RIRRIRL + 1203 IRRYT R

3
9LLYIRR 292 g
+ LL3 9grL + 3LL 9RrILR + B 9LrIpL + 1203c9RRIRL

11g g 11g 11gp
+ TRRQ%LQ%R + TRRQ%LQ%?L + 2LL GiRIRL +—5 5 gZLg%R

I1g 159 2g
9LRYRL T 2RR Q%LQ%L + TRRQ%RQLR + TRRQ%RQ%QL

g3,
* 2

11g;; 5911
— 91193, 9RRYRL + TQZLQLRQRL + 12911 Bc9LrIrL + o 3 9rRY] RIRL

1591 >

77911
+— > GRILRIRL +——— 6 9RRILRIRL-
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SUSY

21
(4m)* 11" = 2497, Be + 2407 p91 Be + 249%, 9. Bie + 2491rIrLIRRG e + 1093 1 G — 20R1.97 1951

+ 1097 R 91095, + 1003, 910551 — 9LrIRRILLGSL — J1rIRLGAL + 1091RGRLIRRS: + 1207 1 PR

21 4

21
+ 1207 R9LLP5k + = Ik 9LLI3R T = ILRIRLIRRYSR T+ 1007, + 3

5 > 9re 91 + 20971 1

10 5 70
+ 209122L93L’L + gg?mgﬂ + gLRgRRgzL + _g%RgRLg%L + _gLRgRLgRRg%L + IOQQRQLL

3 3
55 55

40 55
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21 21
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5 1
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5505, . 10 55 4
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21
+ TQ%LQRRQ%R + 12911 91rIRLPR +

2 70 55
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1

3 9 r9RL + 92L91R9RL + 1091197 RIRL
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+ 592L9RL9RR + §9LL9%R9RL9RR + 109191895, +

40
+ 1093 ; grr9rL + 1097 RIRR P + = T2 RIRLIRR:
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10 10
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Non-SUSY

( )4 ﬂ2100p
( ) ﬁ2100p

( )4 ﬂ2100p
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7, 35 1, R X

+ §QLR9RR9RL + ggLLgLRgRRgRL + §gLLgRR + ?gLLgLRgRR

T o, 7 > o 98 3 98 ,
+ o ILLIRR + 3 9LLILRIRR + 9 ILLYLRIRR + 9 JLLILRIRR

21
21
( )4ﬂ Ry = 249RR93C + 249LR9RR93C + 249RL9RR930 + 249LL9LR9RL920 3 Q%RQ%L + 129%R9RR9%L

21 21 21
+ TQ%LQRRQ%L + 1291191 r9RLPL + TQ%RQ%R + 1297 R9rR 3R + 7912QL9RR9%R

9RR + §gLRg?QR + EQ%LQ??R + ?Q%RQ%R + Tglz?Lg??R

+ 12911 9LRIRLTR +

28, , 5 , 14, ., 24 , 98,
+ ngRgRR + §gLR9%€LgRR + ngLQLRgRR + 79LL9LR9RL9RR + ngRgRR

83

+ = GrrIrR +

9 g%Rg%?LgRR

L 128
91 9rLIRR T ——

5 32
9rL91RIRR + 5 9

1 N 98
ZILLIRLIRR T 3

3 9

7, 35, 1, » s T,
+ §9LL9RL9RR + 39LL9LR9RL9RR + §gLRgRL + ?gLLgLRgRL + §9LR9RL

7, , 98 98 | i X
+ 3 ILLILRIRL + g JLLILRIRL + g JLLILRIRL + 3 ILLIRLIRR:

Ol 9995 7 7
(47)* " = 2403003, + 1203, 53 + 22L + 497,93, + 4919 + igzzengL + EQ%RQ%L’

9943 7 7

(4a)* Pk = 24030k + 1205, Gr + 52 + 407 Pk + 401 rPr + 5 Tri Tk + 5 Trr k-
21

(4”)4ﬁ o= 993c921_ + 9g3c92R + 489%c + 39LL93C + 39LR93C + 39RL93C + 39RR93C

b. When only 16-fermions are present at the My scale:

1. D-parity not conserved

Non-SUSY
4q? 403 3 3
21 g 9 95 grL9 99 9
(47) B, ™ = —3LL B+ 8%, + 35,5k + 1203, Gic + 2 2L kg + —2L gir + LL3 2L grr, + 2L3 R gir + —32L 9RL>
3 9 3 2 9
(47I)4ﬁ§120p gLL293c T 922L P26 gc T g3c29RR n gzc Pp+ gic Ry + 5;213 e

’;

61g3 35 3g
(dn)* o = 203 Pk T 3BLPr + 2+ 120353 + 2R Ghg + 283891k + 9LLPRIRL T PRIRRILR T X Gk -
6 2 2
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( ) ﬂ2loop
( )4 ﬁ2100p
(4m) i ® =

l4g7, 1097,

8q 5
—k 1+ 4g} BB + 691,93k + 491 L Bc + TiL9kk 091 LR + 69LR9RL + 3 R + 3 9re

3

8¢ 11g 7 16g;
+ 3LL iR + 6LL gj'l?L + ggiRgRL + 3LL 9ir T giLg%LgRL + 39LL9RR9LR +5

+ 397 L BrIRL + 4901 P91k T 490193 9k + 4900 BTt + 4901 G50k + O9LLPRIIR + A9LLYLRIRL

9RL
> 93191k + 39RRTL RIRL

395 595 g 5911 5911
+ %QLRQRL + 2RR 9iRIRL + %ﬁLQLR +—= 3 GrrRL + = 6

9911 5 Igr, 2 119?%R Llgg 35¢1 2 9LLIRR

+T.92R9RL+ 6 JrrIRL +— 6 9JLrIrL + 6 R grgph, + 6 L2 por + > %ILr

T9rL
gRRgLR+ 5 9RRILR

3g 25
+ 493, 9rrILRIRL + 493 IRRILRIRL + 1971 IRRILRIRL T #Q%RQRRQLR + 7LLgRRgLR912€L

g
6
99rr 5

+ 5 92RILRIRL

ng 8 7gRR 8 4
6L L gvr +APBLG1k + 6PBRIir T 49 Tir + O9hrTiR + §QZR + GirGrL + 6 gL+ 5= 3 L g

11g% 10g; 14g g9 1697
TRRQLR + 3RR gir + 3RR 9ix + 391 L9rRIRL + LLZ L+ 3LL

+ 393 RIRRITR + 497 LB ILR + 491 L Bk + 497 L 9RRILR + 3971 GLRIRL + 4951 TRRILR

3gRR 5 5 7 3 7
+ > 9.9k + 691 L BrILR + > R g2 ok + 493 GrrILR + 5 3 T 2 L grgrL + = > gLRgRL

+

G + PBrLIRRI R

59 993x 35¢ g g 1143
+ 6L L grrghy + 22 2 R ghrgrr + 6RR 9119tk + TLLQ?QRQRL + TLLgRRg??L + TRRQLRQ%QL

gLLg%L
+ 49,193, 9rRYRL + >

9
ILRIRL + 490 BcIrRRIRL T+ T9LLIRRIT RIRL + #Q%RQRRQRL
39LL

25¢;,
+ = > PBRILRIRL +—— 6 QRRQLRQRL,

SgAItL 79%L 2 109, 4

5911
3 9grr + 6 ®r T+ 3 9RrL

11
697 L Iy + 6 Gkr T 459k +ABcIhL T TirIrL + FQ%L +

4
9RR
6 9RL

992R Q?e L+ 119RR RL + 14QLL gLLg%L

11
3 gL + 5 Jrkr + 9LLPLIRL T 3910 9kRILR +

3911
+ 4giLg%LgRL + 49%Lg%chL + 497, 9kr9rL + 3901 93RIRL + 39RRITRIRL T 697 L PBrIRL + A 3 BrIxr

59k g g 59 7g
+ 492L9RR9RL + 492C9%€R9RL +— 3 gLRgRL + 2LL 9RRY LR + 3LL gLRg%eL + 2RR 9rLrYRL T 6RR nggRL
8g 8971 8911 993
+ 3RR GOk +—=E 3 Y 3 9rrYiR + 22R GrrIRL + 4900931 IRRILR + 490 BacIRRILR

25911, 92 9RrR 359rr
+ 6 JrrIRL + 2L2 9LRIRL T TQ%LQLRQRL + 6911 95rIRRILR T+ T9LLIRRILRIRL

39rr b
> 92RILRYRL

+
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1 5 942 1044 11¢
21 g g g g
(A7) Brr” = 9LL9%r + 45L9kk + 495cTRR T 6RR + 69rrILR T+ EQLRQ%L + %QRR + 3RR gir + 3RR JkL
8¢g 7 1442 11g
+ 3RR 9ir T 69LR9RL +391.90r 900 + FoLIRRILR + 2 gZLgRL + 3RR iR+ 6RR ke

591
+ 397 1. 9rrY%L + 493, 9rRTIR + 4951 IrRI %L + 3PRIRRILR + 4B CIRRIIR + Tgmg?u + 693.9RRILR

T9r 2

6

393 797
+ %QLRQRL + 493 9rrIRL + A9RRILRIFL T —— L rgrr + &

1911
R gLLgRL +—= 5

5911
3 gLRg%?L + Tg%RgRL

8g; 8ar 8q1 99r 9JrLLYRR
+T9LR9RL +— 3 I 3 L g3 rgr + 2% > R Brdi + > 9519k + 4911951 ILRIRL

2502,
+ 4911 BeILrIrL + 6 gLRg%eL

2 nggRRgRL + 6911 PrILRIRL + T9LLIRRILRIRL

35911
+ 6 9RRYLRIRL-

SUSY

21
(4 )4ﬂ L= 89LL93C + 89LR9LL93C + SgRLgLLg%C + 8gLRgRLgRRg3C + 79LL92L + 49RL9LL92L
+ T9rL 91091 + 291R9RRILLISL + 297 RIRLG5L + TILRIRLIRRYSL + 9911 g + OIRLILL TR

15 13¢g3,

?gLRgRLgRRg%R +

15
+ 997 RILLPR + = TRLILLI R + 3ILRIRRILLIR T 397 RIRLGPR +

2

5 20 10
9ir9is + 109%.91 1 + 3 9rr9iL + O9LRIRRILL + gg?ugh + ggmgfmgh

26
+ 89r1d1, + 5 3

3

108 g 2y 422 o 13 7 4 5 5 20, ,
+ 1097 rGrL 971 + 3 9LRIRLIRRILL + 3 JLrILL + 5 9rLILL + 3 9LRIRRILL + 3 9LRIRLILL

7
~ Gh9krILL + 693 RIRRILL +

+ 597 RIrrILL + >

5, 5, 4 7 \
3 JLRIRLIRRILL + gg%RgRL + 5 9LRIRLIRR

7 3 3 2 2
5 JLRIRLIRR + 597 RIrLIRR T+ TITRILLG L >

21
(4”)4ﬂ R = 89134Rg§c + SQ%LQLRggc + SQ%RQLR.(]%c + 89LL9RL9RR9%C + 79%R9%L + 49RR9%R9%L
+ T9%r9Lr D + 2900 9RLILRTS, + 2071 9rRI3L + T9LLIRLIRRSL + 991 RToR + OIRRIT RT3R

1397 1
3

+ 597 rIrL9RR + 291 RIRL +

15
GkRILRG3R T 39LL9RLILRGAR + 39LLIRRTIR + = YLLIRLIRRGAR +

15
+997 1 9Lr PR + = )

2

26 5 20
+ 89rrY1R + ?Q%ngle + gg%engR + 10g7r 91 + 691L9rL91R + ?Q?QRQ%R + 1097 ; 9rr YL R

10 , , 35 2 7, 5 3 502 A
+ 3 9IrLIRRYILR T 3 9LL9rRLYRRILR T+ IrrILR + 3gLLgRLgLR +391L9rLILR

13 4
9rL9Lr + 5

3

7 25 5
= Gk IRRILR T = ILLIRLIRRILR + 091 IRLILR + ggiLg?eR

20 5 2
+ 5 91L9rrRILR T 5 3

3

7
*QLLQRLQ%R + 292L9RR,

7
+ EQLLQ%LQRR + 597 1.9k 9rR + 591, 9RLIRR + 191 ILRGEL + >
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21
( ) ﬁ L= SgRL93c + SgLLgRL93C + SQRRQRngc + 89LL9LR9RR93C + 79RL92L + 49LL9RL92L

15
+ T9%r9r195L + 291RIRRIRLISL + 2911 9kr 5L + TILLILRIRRTAL + EQ%LQ%R + 69LL 9% PR

Q%L

15
+ 997 L JrLG3R T TQ%RQRLQ%R + 391 RIRRIRLIIR + 39LLIRRDR + Q9LLILRIRRToR + —o

5 25
+ 1097 9, + gQ%Rg?eL + T9rr9ke. + S9LrRIRRIRL + 89119k + 490197 RIRL + ?QLLQ%QRQ%?L

35

+ = 9LL9LRIRRYIRL T

4 7
3 S 9iL9RL T 5

13 20
3 5 GhrIRL + S9LRIRRIRL T ?Q%LQ%RQRL + ?Q%LQ%RQRL

5
+ 597 RIkrIRL + 293 RIRRIRL + 1097 | 9L RIRRIRL + 5 GrrGhr + SILLILRIER + 2011 IkR

3
13 13 20 L
+ 3 ILLYRIRR + = 3 91L9LRIRR + T2 9RLGSL + 3 9LLIRL + 691191 RIRR>
21
( )4ﬂ R = SQRR93C + SgLRgRRg3C + 8gRLgRRg3C + 8gLLgLRgRLg3C + 79RR92L + 49LR9RR92L

Grr%Br + 69LRIRR TR

79
2

15
+ 79k 9rr 31 + 290L9RLIRRT3L + 290RIRL 951, + TILLILRIRLL, + 2

15
+ 997 RIRRGAR T+ TQ%LQRRQ%R + 391L9rL9RRG3R T 39LRIRL TR + OILLILRIRLTR T

5 25
+ ggiLg?eR + 1097 9k + T9k1.9kk + S91L9rLIRR + 891 RIRR + ?gLRglz?Lg%QR + 497 191 RIRR

+2 2 e+ g g + o G Grr + 50LLTh IR + o R Porrr + SR
3 9LLILRIRLIRR 3 9LRIRR 2!JRLQRR 9LLYRLIRR 3 9LLILRIRR 9LLIRLIRR

9LrYRL T 5900 9LRTRL + 291 RRL + 6971 ILRIEL

20
3

5
+ 293 1 9re.9rR + 1091197 RIRLIRR + 3

13
+ 5 9LL91r9RL +

3 g%,RQIZQLgRR7

4 20
9LrRIRR T %

13
?g:]iLgLRgRL + 797 R9rRY3L + 3

7 7 7 7 4 4
21
(4n)*py " = 2405c03, + 39,95k + 2505, + 3 3 9.9 3 3 9irGL T3 3 JrL9 3 3 JrrOL T 3 3 9LL9RLGL + 5 3 JLRIRRYAL

57g§R

5 5
+ 397, Pk + 39 kPR + = kL Pk + = IhrPr T 290L9RLPR + 29LRIRRT R

2 2
21
(477)4ﬁ P = 993092L + 9g3cng + 1493C + 9LL93C + gLRg3C + gRLg3C + gRRg3C

21
(4 )4ﬁ R = 249§CQ%R + 39%L9%R +

2. D-parity conserved
Non-SUSY

61 343 343
21, g g g
(4m) o™ = 201,95, + ==+ 30393k + 1203, 93 + =5 Gke + 295,91k + 91193 9rL + P IRRILE + 5 G

3 9¢3 9>
(47) ﬂZIOOp 9LL93C 4 291 9L 3 _2 gc 4 F3cIRR gSCgRR 4+ %3¢ gsc gLR 4+ %c 93c RL 4+ 292R ng 9%0
2 2 2 2 2
61g3 3g 3
21
(4 )4ﬂ 0 = 29%L9%R + 3g%ngR + 62R +12¢ 2R93c + 22R 9rr T ZQ%RQ%R + QLLQQRQRL + ggRQRRgLR + 22R Q%eu
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( ) ﬂ2loop

( )4ﬂ2100p _

() =

329 g} 17¢ 22g3 3497 329
9LL + 697,95, + 691195k + 491 Tic + TLLQ%R + 9LL G + 3LL g + 9LL Gre + 9LL gir

29 17 5847 64g>
+ EgiRgRL + EQ%RQ%L + 9LL Jgrr + 9LL 9ir + 391,53 9re + 398 PrIRL + 4911 P YiR

2 2 2 2 ) 39%L 2 39%13 2 911 , 9911 »
+ 69LL92L9LR + 69LL92R9LR + 49LL93chL + TQLRQRL + TQLRQRL +— D 92L RL +—= 3 Rg%eL
11g 11g 17g 1743 173, 17ggr
- 3“ GrGir + 3RR 93 RIRL + 9LL TrrTke + g GLRORL + g TiRIRL T g R grans
299 1762, 179, 299 14552 39,
+ R P ik L rgrL + o GarOiR + ILL L GrrTR T ot G RIRL + A 031 IRRILR
6 9 18 6 18 2
449 TT9rr 3911 9g
9LL 97 Ik T 493 cIRRILRIRL T TQLLQLRQRL + = 5 Q%RQRRQLR + %Q%LQLRQRL
9¢g 85911
+ ZRR BrILRIRL +—0 13 9RRILRYRL
174% 32 11 29¢ 3244 1747
603,91k + 6BrIir +4Bcir + TRRQLR + jgsue + = 9 9ir9RL T ISRR gir + 9LL 9gir + ISLL Jrr
3443 24 AP 58¢
g kT O o ikt 39L9rRILR + 3GRIRRIIR T g in

11g?

39
R R 3 3LL gLRg%eL

I1g
+— ) R g+ 602 Bk + 2R R G2 LBk + 693 L PrILr + 4G5 cIrrILR T —3R 91L9rL +

993, , 993r 17ggz 17g; 17g;; s 1Tgre 5

+ TQRRQLR +—= > R hrgir +—— 6 R b +— 9 S A o IRRIRL + g JLrYrL

299LL
+ 6

175 44q7 145¢g
9RR 9LrIRL + 9LL JrrILR + ISRR 91191k

17¢g;,
gLRgRL +— gLRgRL +

L 29 29¢;,
9LRIRL 18

6

3gLL 9 9 3
+— > BrLILrIRL + 4901 G IRRIRL + —5— 5 QZLQRRQRL+ 5 ngQRRQRL+ 5 Q%RgLRgRL

77gLL 85
+ 9 IRRILRIRL T 13 gRRgLRgRLa
943 943 11 3244 29g3 22g7 17911
22L Jrr T %QRL + 49%09?% + 39%1?9%% + EQ%L + 9LL 9rL + ISLL g%eR + 3LL Jrr t 18 Q%R
17gkx 58g; 3491 4, 34Gke

+ 9 9rr + TgRL + 39LL92L9RL + 39LL92R9RL +— 9 gL + 9 g?eL + 69%L9%L9RL

3gLL 3910 1g;, 992
+ 69%LQ%RQRL + 4g%Lg%CgRL +—= D gngRR + 493c9RRgRL +— 2 g%RgRR +— 3 g??RgLR + 22L g%eRgRL

943 29¢g 17g% 1gxg 17gx 32g
% grrYRL T 6LL JkrILR T —2 6 BR grrgre + —28 3 GrRIRL T+ —— 6 IRR 9LrIRL + TRRQngLR

29grr 3

329 29¢ 448, 2P
L grrGig + —LLQ%RQ%QL +— 18 JLRIRL +— 9 L rgre + TQLRQRL + 491193 IRRILR

9

85¢ 3
ISLL GrrIRL + 691095 IRRILR + O9LLPARIRRILR + —5—

+

+

39r
) gngLRgRL+ > QzRgLRQRL

1459RR )

T1g
+ 13 9rL9ILRIRL + 9LL9RR9LR912€L’
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( ) ﬂ2100p

SUSY

(4n) i =

( )4 ﬂ2100p

119LL 99%L 3 99%R 179%13 + 17grr 4 349??R 9iR _|_229?€R 92 +329RR 4
LR

Gor + 4BcIir +

9 gRR+ D Jrr + > 5 T

9 9 gRL + 9

34g3 5842
9RR g%?L + 9RR QSLR

29 17
+ ﬁgikg?u + ﬁgmg‘}u + 393, G2rILR + 3PRIZRILR + 4T3 CIRRT IR +

392 392 11ggg 1lg;

+ %QLRQIZ?L + 69%R9RR9%R + %QLRQ%QL + 4g§CgRRg%?L + TQ%LQ%@L + TQLRQ??L
9g 9g 29¢g7, 29g7 17g;, 17g;

2RR BrLIrL + 2RR BrIRL T 2= 9 LL g2 earr +—1E 6 IiL ILRGRL T —— 6 g%{RgRL +— 6 gRRgRL

+ 693 9rrI1 R

_|_

299rr 3 32g 3 329rr 5 32g,

+ 13 JLLIRL +— 9 L girgrL + 9 9iL9ir T o 9 L g3 rOrL + 691051 9LRIRL + 4911 T CILRIRL
8542 44q 3g

+ 1 8RR JLrIRL + 9RR 9ir9RL + 2 gngRRQRL + 2L L BrIRRIRL + 6911 BRrILRIRL
T1g 145¢g

+ TLLQ%?RQLRQRL + ISLL 9RRILRIRL-

801 195¢c + 897 r9LLBic + 89k, 9LLT3c + 8ILRIRLIRRGAC + 9011931 + O9rLYL L Gr1 + OGF RILLGAL

15 15
+ =GR 91193 + 39LRIRRILLGSL + 391 RIRLGL + jgmgmgmegi +99; L Br + O9rLILL Dok

2
15 15 47g5 88
+ 997 RILLGR T+ TQ%LQLLQ%R + 39LRIRRILLR + 397 RIRLIIR + ngRgRLgRRg%R + 9LL + EQRLQLL

9% , 4 34, 5 11, 5 22 O I £ (U
g 9rIiL + 5 9reIir + g IkrILL + 3 9LRIRRILL + g GReIiL + g 9RLIRRILL + g YLRIRLILL
119 47 32

+ 79LR9RL9RR9%L + g JLRILL + )

16 68 17
GhogrL + 69LR9§?R9LL + ggiRg%eLgLL + ?Q%RQ%RQLL

2, , 2 80 16, , 32 L, 16,
+ 39RL9RR9LL + ?gLRgRRgLL + ggLRgRLgRRQLL + EQLRQRL + ggLRgRLgRR + ?gLRgRLgRR

22 7 17 .
+ = 9 91 RIRL + = g ILRIRLIRR +?gLRgRLgRRv

81 r93c + 891 L ILrGc + 8TRRILRIEC + 8ILLIRLIRRTAC + 901 RT3 + OYRRIIRTL + 9971 9LRISL

15
+— 9rL9rLIRRYSL + 991 RG3R + OYRRILR AR

2
15 4745, 88
EQLLQRLQRRQ%R + 9LR + ) 9RRYLR

15
+ TQ%RQLRQ%L + 391L9r19LR T3 + 39TLIRRYDL

15
+ 997 L 9Lr TR + TQ%RQLRQ%R + 39LL9rLILRG3R + 397 IRRGSR +

9 , 4 17 , 5 34, 4 22 3 64 5 110 , N 32, 5
+ 39LL9LR + ngLgLR + ?QRRQLR + ?QLLQRLQLR + ?QRRQLR + TgLLgRRgLR + ngLQRRgLR

119 47 32, 16 17 68 ,
+ TQLLQRLQRRQLR +5 g JLLILR + g JRRILR + g JLLIRLILR + ?Q%LQIZQLQLR + "o JLLIRRILR
32 80 22 32 22 32

+ ggzzengzeRgLR + ggLLQRL!J%eRgLR + ?Q%LQRLQLR + EgLLgRLg;’?R + = 9 91 9RR + gQLLQRLQRR

16 17 16
+ 5 3 97 L9kLIRR + = 3 93 LIRLIRR + — 9 91 L9nk>
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15
21
( )4ﬂ L= SQRngc + SQ%LQRLQ%C + Sg%eRgRngc + 89LL9LR9RR92C Q%LQ%L + 69LL9%3L9%L

15
+997 1 9rL. 931 + = IrrIRLGSL + 39LRIRRIRLISL T 39LLIRRISL T O9LLILRIRRIAL

2

15 15
+ = 3 gRLQZR + 6gLLgRLg2R + 9gLLgRLg2R + 5 3 gRRgRLg2R + 39LR9RR9RL92R + 39LL9RR92R

32, 64 34 17 64

+991L9.rIRRPR T+ 5+ ggLLgRL + ?gingL + 39&9& + 39%R9%L

16 . 88, , 44, 80 , , 119 )
+ 3 9LRIRRYRL + 9 JLL9re + g 9LLILRIRL + g 9LLIRRIRL + g 9LLILRIRRIRL

47 , 32, 6 47 , 68 , ,
+ 39LL9RL + ?gRRgRL + 3 JLRIRRIRL + ggLLQLRQRL + ?gLLgRRgRL

17, 2
+ 3 JLRIRRIRL + Y

22 22 5 5 47 3 47 5
+ = 9 gLLgRR += 3 9LL91rIRR T+ EgLLgLRgRR + ggLLgLRgRR»

3 110 16 4 17 3
JrLRIRRIRL + 79%L9LR9RR9RL + EgLLgRR + ?QLLQLRQRR

15
21
(47)*Pre” = 89krT3c + 891 rIRRT3C + 89RL.IRRG3C + 89LLILRIRLT5C + 79%1?9%1_ + 69LRIRR AL

15
+ 997 RIRRGAL + = TR IRRGSL + 39LLIRLIRRGSL + 39LRIRLISL T 99LLILRIRLYL

2

15 15
+ jg?eRg%R + 69LrIRR TR + 997 RIRRIIR T jg?eLgRRgﬁR + 391L9RLIRRS3R

3243 17 34
9RR + 9 gLRgRR + 39%L9?¢R + ?Q%RQ%R

+ 391r9%L 9ok + 990 9LRIRLY SR +

64 , 5 16

+ 9 IrLIRR + 3
47 32 6 47 , 17,

=+ EQLRQRR + 9 GhLIRR + 3 9LLIRLIRR T+ ?gLLgLRgRR + ?gLLgRLgRR

80
Q%RgzzeR +35

3 88
9rLLIrLGRR t = 9

44
9 9LRIRLIRR T jgiLgLRg%eR

68 , 2 1o, 6, 17 X
+ ggLRgRLQRR + ?gLLgRLgRR + TQLLQLRQRLQRR + EgLRgRL + ?gLLgLRgRL

22 2, L, 4 47 119 ,
+ = 9 GirIRL + = 3 9rL9LRIRL + EQLLgLRgRL + ?gLLgLRgRL + TQLLQLRQRLQRRv

5743 5 5
21 9
(47) o™ = 4GPy + 3515k + 57 391 P0 + 30Er% + 5 Ik T3 ke L

+ 291198093, + 29LRIRRIAL -

57¢3 5 5

21 g

(47)* o™ = 24450k + 35, Pk + 22R + 397,93k + 3919k + EQ%LQ%R + EQ%RQ%R
+291L9r. 53k + 29LRIRR DR

21
(47)* 30" = 99395, + 9%c Bk + 14%c + 911.%c + GirGic + GrLIc T IrrTic:
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a. Normalizations of Abelian charges for embeddings

2. Useful information regarding representations in the Lie groups

Symmetry breaking

Branching rule

U(1) normalization

SU®3) - SU(2) ® U(1)
SU(4) - SU(3) ® U(1)

SU(5) = SU(2) ® SU(3) x

SU(6) — SU(5) ® U(1)

(5) (
(6) (
SU(6) — SU(2)
(6) (

® SU
SU(6) — SU(3) ® SU(3) x

E(6) - S0(10) ® U(1)
S0(10) > SU(5) ® U(1)

(4) x

u(1)

u(1)
u(1)

3=(2.-1) @ (1.2)

4=03,-1/3)® (1,1)

5=(2,1,3) @ (1,3,-2)

6=(1.-5) & (5.1)

6=1(2,1,2) & (1,4,-1)
6=03.1.1)a (1,3,-1)
27 =

(1,4) ® (10,-2) & (16, 1)
10 = (5,2) @ (5,2)

1
2V3

B—
S

-2k gk g

&%

b. SO(10).E(6) representations, Dynkin labels, and normalizations

Group Representation Dynkin labels N (normalization)
1 (00000) 0
SO(10) 10 (10000) 1
16 (00010) 1
16 (00001) 2
45 (01000) 8
54 (20000) 12
120 (00100) 28
126 (00020) 35
144 (10010) 34
1 (000000)
E(6) 27 (100000)
27 (000010)
78 (000001) 12
351 (000100) 75
351 (000020) 84
650 (100010) 150
1728 (100001) 480
2430 (000002) 810
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c. SU(N) with N € [2:6] representations, Dynkin labels, and normalizations

Group Representation Dynkin labels N (normalization)
1 ) 0
SUQ2) 2 €)) 1/2
3 2) 2
4 3) 5
SU@3) 1 (00) 0
3 (10) 1/2
3 O1) 1/2
6 (20) 5/2
8 (11) 3
SU4) 1 (000) 0
4 (100) 1/2
4 (001) 1/2
6 (010) 1
10 (200) 3
15 (101) 4
20 (011) 13/2
20/ (020) 8
SUS) 1 (0000) 0
5 (1000) 1/2
5 (0001) 1/2
10 (0100) 3/2
15 (2000) 7/2
24 (1001) 5
35 (0003) 14
SU(6) 1 (00000) 0
6 (10000) 1/2
6 (00001) 1/2
15 (01000) 2
20 (00100) 3
35 (10001) 6
84 (01001) 19
105 (00101) 26
105 (00020) 32
126 (00004) 60
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3. Precision correlations among My, My, gy:

a. Nonsupersymmetric scenario
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FIG. 18.
supersymmetric scenario.

Correlations among My, My, and gy
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b. Supersymmetric scenarios
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FIG. 19. Correlations among Mz, My, and gy, for different breaking patterns within a supersymmetric scenario, satisfying unification
with Mgygy at 1 TeV. Correlations are obtained by fixing Mgygy at 1 TeV.
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FIG. 20. Correlations among My, My, and gy, for different breaking patterns within the supersymmetric scenario, satisfying
unification with Mgygy greater than 1 TeV. Correlations are obtained by fixing Mgygy at 15 TeV.
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FIG. 20. (Continued)
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