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Abstract: In this thesis, we study quantum aspects of the minimal renor-
malizable SO(10) Grand Unified Theory with the scalar sector consisting of
45@® 126 © 10¢. It is an interesting candidate for a theory describing physics be-
yond the Standard model which has the potential to allow for proton lifetime pre-
diction with Plank-scale-physics-induced theoretical uncertainties confined within
the expected one-order-of-magnitude experimental proton lifetime improvement
window.

With the complete information about the numerical one-loop scalar mass spec-
trum and analytical one-loop beta functions of all the dimensionless scalar cou-
plings, we formulate consistency criteria that every viable region of the parameter
space must satisfy; namely, we require the existence of a stable Standard-model-
like vacuum, unification of gauge couplings and robustness of perturbative calcu-
lations.

Only narrow parameter space regions around symmetry breaking chains with
SU(4)e x SU(2), x U(1)g or SU(3). x SU(2), x SU(2)g x U(1)p_ intermedi-
ate stages are demonstrated to be potentially realistic. Detailed analysis of the
SO(10) Higgs model with 45@ 126 scalar sector indicates a preference for the for-
mer option, mainly due to increased perturbative instability and phenomenologi-
cally unsuitable values of energy scales predicted in the latter symmetry breaking
case. Moreover, we calculate partial proton decay rates for two channels p — 717
and p — K17 with antineutrinos in the final states.

Afterwards the analysis is repeated in case of the full SO(10) Grand Unified The-
ory with the 45 @& 126 @& 10¢ scalar sector in the symmetry breaking regime
with SU(4)c x SU(2), x U(1)g intermediate stage. The existence of a realistic
Yukawa sector is discussed. We identify the inability of the model to successfully
accommodate Standard-Model-like low-energy Higgs boson in the perturbatively
stable parts of the parameter space. Hence perturbativity criteria turn out to be
a powerful tool to constrain viable regimes of the minimal SO(10) Grand Unified
Theory.
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Preface

With the advent of the next generation large-volume neutrino experiments [IH4]
testing, among other things, stability of the baryonic matter, we expect at least
one order of magnitude improvement of the experimental lower bounds on rates
of the baryon number violating proton decays. Such experimental advancement
is however not followed by the corresponding progress on the theory side; even in
the Grand Unified Theories (GUTs), the most popular models predicting baryon
number violation, the theoretical uncertainties of proton lifetime predictions usu-
ally span over several orders of magnitude [5] and hence do not reach the necessary
level of theoretical precision to fully benefit from the experimental progress.

The most problematic theoretical proton lifetime uncertainties originate from
the proximity of the unification scale to the Planck scale [6]. The Planck-scale-
suppressed non-renormalizable operators can generate corrections to quantities
relevant for proton lifetime calculations (gauge matching scale, flavour structure),
which are typically not under control. Fortunately, this issue can be satisfactorily
addressed in the framework of the minimal renormalizable SO(10) GUT with
the 45 scalar representation triggering the SO(10) symmetry breaking and the
126 & 10¢ accommodating scalars that account for the Yukawa sector, where
the most severe Planck-scale induced theoretical uncertainties are not present or
they have very reduced influence [7]. This intriguing model in which theoretical
proton lifetime uncertainties can be in principle confined within the one-order-
of-magnitude experimental window was however discarded in the past due to the
presence of notorious tachyonic instabilities in the tree-level scalar mass spectrum
that cannot be avoided in potentially realistic breaking patterns [8HI0]. Only in
2010 it was recognized [I1] that the tree-level vacuum instability is an artefact
of the leading order calculations and the theory can be fully consistent at the
quantum level when at least one-loop scalar mass corrections are invoked.

The first attempts to study the 45 @ 126 SO(10) Higgs model at one-loop
level in the two phenomenologically favoured symmetry breaking regimes with the
SU(4)e x SU(2), x U(1)g or SU(3). x SU(2), x SU(2)g x U(1)p_, intermediate
stages were accomplished in [I2HI4] and they demonstrated that once beyond-
the-leading-order scalar mass corrections are engaged, a big part of the parameter
space opens for non-tachyonic scalar spectrum. In the follow-up of these stud-
ies [15], the analytical expressions for the prominent one-loop corrections to all
potentially problematic scalar states were calculated.

This thesis provides the ultimate self-consistent study of the minimal renor-
malizable SO(10) Grand Unified Theory at the quantum level and it is based
on the results of papers [16, [I7]. We numerically calculate the one-loop mass
corrections to the whole scalar sector, including potentially problematic states
suffering from the tree-level tachyonicity, and analytically derive a full set of one-
loop scalar beta functions of all scalar dimensionless couplings. This allows us to
not only address the existence of a stable Standard-model-like vacuum but also
assess the perturbative stability of the model by constraining the relative size of
one-loop and tree-level mass corrections and by controlling their stability under
the change of the renormalization scale. In addition, we study the implications of
the requirement of a low-energy Standard-model-like Higgs doublet in the scalar



sector.

The thesis is organised in the following way: in Sec. [I|we review the motivation
for considering the minimal SO(10) GUT as an intriguing candidate for a theory
beyond the Standard Model and the preceding theoretical development that lead
to this conclusion. In Sec. [2| we recapitulate all the important features of the
model under consideration with more emphasis put on aspects concerning the
proton decay. In Sec. |3| we present the results of the model analysis. First, in
Sec. we clearly define theoretical and phenomenological constraints that any
viable part of the parameter space must satisfy. Then in Sec. we provide
numerical analysis of the parameter space of the 45 @ 126 SO(10) Higgs model
in the two consistent breaking chains with SU(4)c x SU(2), x U(1)g or SU(3). x
SU(2),xSU(2)gxU(1) p—r, intermediate symmetry stages, where the preference is
identified for the former regime. Proton lifetime predictions for dimension d = 6
channels with antineutrinos in the final states are determined. In Sec. B.3] we
perform the numerical analysis of the full 45 ® 126 @ 10¢ SO(10) GUT with the
symmetry breaking pattern featuring the SU(4)c x SU(2), x U(1)g intermediate
symmetry stage, including discussion of the fine-tuning in the scalar sector to
acquire Standard-Model-like Higgs boson. Finally, we conclude in Sec. [ All the
technical details are deferred to set of Appendices.



1. Road to the minimal SO(10)
GUT

1.1 Classical era and gauge invariance

The journey to the gauge symmetries as model-building tools began in the old
days of classical electromagnetism when it was noticed that applying a certain set
of local transformations on vector and scalar electromagnetic potentials did not
change the measurable quantities (see [I8] and references in it). This invariance
under local transformations was later called the principle of gauge symmetry, and
although it was observed already at the turn of the 19th and 20th centuries, the
gauge invariance principle was not properly appreciated as a model-building tool
back then.

The change came after H. Weyl first used gauge invariance as a guiding prin-
ciple in his attempts to unify electromagnetism and gravity [19, 20]. Even though
his theory did not manage to successfully describe the physical world, he was able
to show that the gauge invariance implied the conservation of electric charge.
With the advent of quantum mechanics, V. Fock demonstrated that the quan-
tum system of a charged particle interacting with the electromagnetic field is also
symmetric with respect to the gauge transformations [21I]. Weyl subsequently
revisited his previous attempts of using gauge invariance in model building [22],
now in the context of electromagnetically interacting quantum system of charged
particles, and he significantly contributed to the principle of gauge invariance
becoming the foundation stone of modern particle physics.

1.2 Arrival of the Standard Model

Foundations of the quantum electrodynamics (QED) as a theory of electromag-
netically interacting systems which employs the assumption of Abelian gauge
invariance were laid in the late 1920s by P. Dirac [23] and later fully developed
in the 1940s by incorporating the renormalization procedure [24-27]. Quantum
electrodynamics turned out to be very successful in predicting the quantum be-
haviour of charged particles and electromagnetic fields with anomalous electron
magnetic moment g — 2 measurement remaining the most accurate test of QED
validity to date [28]. Later, the principle of non-Abelian gauge invariance was
used to unite descriptions of strong, weak and electromagnetic interactions [29-
33]. Tt started the modern era of gauge theories which engaged Lagrangians
invariant with respect to non-Abelian gauge groups.

However, there was one riddle that needed to be solved. Weak-interactions-
mediating gauge bosons had non-zero masses, but the explicit gauge boson mass
term in the Lagrangian was forbidden by gauge invariance [34, [35]. Such a com-
plication was eventually bypassed by employing the so-called Higgs mechanism
[36-38] in which the field content of the gauge-symmetric theory involves an addi-
tional scalar Higgs field whose vacuum expectation value (VEV) does not exhibit



the same gauge invariance[l] The aforementioned situation when the Lagrangian
obeys gauge symmetries which are not manifest in the physical spectrum is re-
ferred to as spontaneous symmetry breaking (SSB).

Finally, the concepts of renormalizability, gauge invariance and spontaneous
symmetry breaking were put together to formulate the Standard Model (SM) of
Particle Physics that describes strong, weak and electromagnetic interactions of
all known elementary particles. The dynamics of the SM is determined by the
underlying SU(3).xSU(2), xU(1)y gauge symmetry where the hypercharge obeys
Y =@ —Tf’) with @ standing for an electromagnetic charge and T% being the 3rd
component of weak isospin. The SM field content consists of three generations of
spin—% fermionic matter fields

Uur ~ (37 ]-7 _g)a dR ~ (37 17+%)7 €r ™~ (17 17+1)7

where L/R marks left-handed /right-handed Weyl spinors, a set of spin-1 bosonic
gauge fields

G, ~ (8,1,0), A, ~(1,3,0), B, ~(1,2,0),

corresponding to the SU(3)., SU(2), and U(1)y gauge factors, respectively, and
one spin-0 scalar Higgs field

Sy~ (1,2,43).

The Higgs field &y acquires the non-zero VEV (®g) = vgy = 174 GeV, and
consequently triggers spontaneous symmetry breaking of the SM gauge symmetry
down to the SU(3). x U(1)g. For every aforementioned field, we indicated its
transformation properties with respect to the SU(3). x SU(2), x U(1)y. Let us
emphasise that in such a setting the neutrinos are by construction massless.

1.3 Beyond the Standard Model

Although the Standard Model proved to be an incredibly successful theory de-
scribing elementary particle interactions over many orders of magnitude in energy,
the observation of neutrino flavour oscillations [41H43] provided definitive demand
for massive neutrinos, which necessitated going beyond the SM framework.

1.3.1 Neutrino mass generation

The easiest way how to introduce non-zero neutrino masses is by adding three
Weyl spinors playing the role of right-handed neutrinos vg (one per generation),
in general transforming as SU(3). and SU(2), singlets, and appropriate Yukawa

L Although the Higgs mechanism is the canonical tool for generating gauge boson masses,
alternative mechanisms can be found in the literature, such as dynamical spontaneous breaking
in which the Higgs field is replaced by a composite field [39, [40].



interactions between the SM Higgs and neutrinos, analogously to the charged
fermions.

There are, however, issues with such a simplified approach that arise only
at the quantum level. Let us recall that the quantization of the hypercharge
of the SM fields is enforced by requiring the cancellation of the so-called chiral
anomalies [44, 45, which ensures that no physical amplitude depends on the
selection of gauge. In practice, the chiral anomaly cancellation boils down to the
set of algebraic equations [40]

Tr, ({T°, T"}T°) = Trg ({T°,T"}T°) = 0 (1.1)

with 7% being the gauge symmetry generators and traces are taken over repre-
sentations of all left-handed (L) or right-handed (R) Weyl spinors in the theory.
In the SM, Eqns. (1.1]) lead to the hypercharge quantization [47-50]

Y, 1 Y Y. 4 Y, 2 Y.
QL == +77 ﬂ == _].7 E = +77 I = £ = _27 (]‘2)
Yo, '3 Ya, Yo, 3 Ye, 3 Ya,

which is modified by right-handed neutrino to

Y, 1 Y, Y, Y,
o (1 ), boci(i-gm). o
Yo, 3 Yo, Yo, Y,
Y, 4 Y, Y, 2 Y,

R:+<1— R), dR=—<1+ R>, (1.4)
Ya, 3 1Yy, Yo, 3 2Ys,
Ver Y,

=21+ LA 1.5

Y¢H ( 2Y<I>H> ( )

Since the ratio Y,,/Ys, is not restricted by anomaly cancellation, there is no a
priori reason for the hypercharge to be quantized and the Standard Model with
right-handed neutrinos loses part of its predictive power.

Hypercharge quantization can be reestablished by requiring the three copies
of the right-handed neutrinos to be Majorana and, thus, transforming as full SM
singlets, i.e.

v ~ (1,1,0).

In such a case, Y,,, = 0 and the hypercharge relations of Eq. (1.2) get reinstated.
Neutrino masses are then extracted from the relevant part of the Lagrangian

- 1
Ly, ==Y, LivpPy — iMyVJID:CVR + hc., (1.6)

where MM is the Majorana mass matrix and the Dirac mass contribution is
defined as M,P = Y, vspy. In the broken phase,

1
L, = —in:LFCMVnL+h.c+--- ) (1.7)

with nt = (v7,v%) and 6 x 6 neutrino mass matrix

0 MP
M, = (MD M@) . (1.8)



In the case of |[MP| <« |[MM|, diagonalization of M, yields the light neutrino
mass matrix

-1
my = =MD (M) MPT (1.9)

and the heavy neutrino mass matrix
M, ~ MM (1.10)

with the corresponding mass eigenstates dominated by the v and the vz compo-
nents, respectively. Note that the above-described mechanism of generating the
light neutrino masses by invoking inverse proportionality of m, to the Majorana
mass term MM is commonly called "type-I seesaw” [51H54]. Numerically, if no
suppression is imposed upon Yukawa couplings, i.e. Y, ~ O(1), and m, < 1eV,
the Majorana mass term is expected to be in the energy range of

MM ~ 102713 GeV. (1.11)

1.3.2 Models with extended gauge symmetry

Neutrino mass generation via type-I seesaw introduces Majorana mass M in
the energy range far beyond any typical mass scale of the SM fields, thus
hinting at the existence of a new dynamics governing quantum field interactions
at energies > 10'2GeV. Such a physics at high energy scales can be naturally
realized by considering gauge symmetry extensions of the SM whose underly-
ing gauge groups spontaneously break down to the SU(3). x SU(2), x U(1)y at
energies much larger than vg,,.

Left-right symmetric model

The Standard Model with three right-handed Majorana neutrinos provides two
hints that can guide us in selecting promising gauge symmetry extensions of the
SM.

o The presence of the right-handed neutrinos restores "left-right” symmetry
in the fermionic spectrum. Therefore one can introduce the "right-handed”
weak isospin charge TI(%?’) that takes on i% values only for ug, dg and vg, eg,
c.f. Table [I.1], analogously to the weak isospin charge which acquires the
T ,53) = i% solely for the components of the SU(2), doublet, and therefore
acts non-trivially only on the left-handed Weyl spinors. Pairs of right-
handed spinors (up dgr)?, (vg er)? would possess TI(;’) charges as if they
were doublets with respect to an SU(2) g underlying gauge symmetry, which
acts non-trivially solely on the right-handed fermionic fields.

« Baryon B and lepton £ numbersﬂ are charges corresponding to accidental
global symmetries of the SM. The value of their difference B — £ can be
assigned for all fields by introducing (B — L) charge [55H58] defined as (B —

2Non-zero baryon numbers are assigned only to quarks and antiquarks which carry B = —|—%
and B = —%, respectively. Analogously, the non-vanishing lepton number is attributed only to
leptons and antileptons which have £ = 41 and £ = —1, respectively.



L) =2(Y —=T¥), which satisfies relation (B — L)y = (B— L)y for fermionic
fields, c.f. Table Corresponding U(1)p_; symmetry can be promoted
to the local symmetry in the case of the SM with three Dirac neutrinos.
In the Majorana case, U(1)p_, is explicitly broken by the Majorana mass

term (1.6)) in the Lagrangian.

We can thus consider enlarging the underlying gauge symmetry of the SM to
the
SU(3)C X SU(?)L X SU(Q)R X U(l)B_L

to restore the "left-right” symmetry [53, 59, [60]. Consequently, the electromag-
netic charge can be expressed in the "left-right” symmetric form

1
Q=1" +T§)+§(B—L). (1.12)

The spontaneous symmetry breaking of the SU(3). x SU(2),, x SU(2)r x U(1)p_r,
down to the SU(3), x SU(2);, x U(1)y at the energy scale ~ M naturally gives
rise to Majorana mass term in £,, of Eq. (1.6)), thus dynamically explaining its
origin.

Pati-Salam model

Continuing in the line of gauge group enlarging and possible additional "unifica-
tion” of certain model aspects, analogously to the "unification” of the treatment
of the left-handed and right-handed fermions discussed in the left-right symmetric
model, we can group quarks and leptons into common fermionic multiplets as it
was first done by J. Pati and A. Salam [61]. On the gauge group level, the unifi-
cation of quarks and leptons consists of extending the SU(3). gauge symmetry to
SU(4)c D SU(3). with fermions being accommodated in its vector representations
4 in the following way:

_ (@1 _ (g _ (9%
FL_(LL ) FR,U_ VR ’ FR,d_ en )

where a = 1,2,3 denotes the colour index. We have thus arrived at the Pati-
Salam

SU(4)e x SU(2);, x SU(2)r

extension of the Standard Model that incorporates the right-handed neutrinos
and "unifies” the description of the right-handed and left-handed spinors, as well
as leptons and quarks.

1.4 Arrival of the Grand Unified Theories

In the previous section, the origin of the seesaw scale MM was explained by intro-
ducing gauge symmetry extensions of the SM that lead to the "unification” of cer-
tain model aspects. We can take one step further and consider the Grand Unified
Theories (GUTS) in which the Lagrangian is symmetric under a "unifying” simple
gauge group (G. Such group G drives model dynamics at high energies and it is
subsequently spontaneously broken down to the SM SU(3). x SU(2), x U(1)y.

9



Table 1.1: Charges of the Standard Model fermionic fields from one generation
with the right-handed neutrino. The hypercharge Y and (B — L) charge are
normalized in accordance with Appendix [F]

fermion | Y Q T TY (B-1L)
ur, +5 +: 45 0 +3
I T T I
ug 2 42 0 +2 +1
dr -5 3 0 -3 +3
VL -1 0 43 0 ~1
er -3 -1 -3 0 —1
VR 0 0 0 +; ~1
er -1 -1 0 —3 -1

Unlike in the left-right symmetric and Pati-Salam models, the SSB energy
scale cannot be chosen arbitrarily, but it is rather fixed by the position of the
gauge coupling unification, thus enhancing the overall predictive power of the
GUTs. The point of gauge coupling unification can be assessed by examining
the one-loop running of the SM gauge couplings [62], 63]. The SM gauge cou-
plings corresponding to the non-Abelian factord’] SU(3)., SU(2); unify at scale
i = Mgyr ~ 1017 GeV, dubbed the GUT scale, see Fig. [1.1] — close to the en-
ergy scale that is currently probed by the proton decay searches [I], 2], [64] [65].
Let us also note that spontaneous breaking of the unified group G to the Stan-
dard Model can happen via two or more stages, thus allowing for the option to
include an intermediate symmetry stage at M, < Mgyr in the energy ball-
park ~ 1012713 GeV preferred by the see-saw mechanism with heavy right-handed

neutrinos, c.f. Eq. (1.11]).

50
40 a[‘
-1
30 e
20
T B T Ll

Figure 1.1: The one-loop running of the SM gauge couplings corresponding to
the SU(3). and SU(2), non-Abelian group factors.

3The gauge factor a;l corresponding to the Abelian U(1)y group factor is deliberately
excluded from the one-loop gauge coupling unification analysis as the oy can be arbitrarily
rescaled in the SM as long as the product gy Y stays constant. The proper hypercharge nor-
malization is typically fixed in the GUTs by considering group-theoretical embedding of the
SU(3). x SU(2),, x U(1)y into the G [46].

10



The Grand Unified Theories bring with them interesting aspects of the beyond
the SM physics. All the charges corresponding to its U(1) sub-groups are quan-
tized, thus the hypercharge quantization condition is automatically satisfied [66].
New interaction vertices typically allow for perturbative lepton number violation
(LNV ) and baryon number violation (BNV). The most prominent such signal in
the GU'Ts is the hypothetical proton decay, which is BNV process that violates
the Standard Model prediction of baryonic matter stability. Moreover, one of the
inevitable consequences of the Grand Unified Theories is the existence of topo-
logically stable magnetic monopoles [67, [68] in whose presence the cross sections
of the BNV and LNV processes are enhanced [69-71]. (Non-)observation of mag-
netic monopole flux can therefore impose further phenomenological constraints
upon GUTs.

Let us now briefly comment on several different Grand Unified Theories. From
the group-theoretical point of view, the underlying unified gauge group G has to
allow for complex representations and have a rank bigger or equal to 4 with the
SU(3) x SU(2) x U(1) as its sub-group [46].

1.4.1 Rank=4 GUTs

At rank 4, there is only one such option [46}, [66] — the SU(5) with the Standard
Model gauge group as its substructure. In the minimal scenario [72), [73], SM
fermionic fields are accommodated in three copies of the 5-dimensional funda-
mental and 10-dimensional antisymmetric tensor representations of SU(5):

gF:d%@LL, ]_OF:U%@GCR@QL

In addition, the SU(5) is spontaneously broken to the Standard model gauge
group by the scalar 24-dimensional adjoint representation and the SU(3). x
SU(2) x U(1)y is subsequently broken down to SU(3). x U(1)q via the scalar
5-dimensional representation that contains the SM Higgs field. Both of them
decompose into the SM irreducible representations as

24 =(8,1,0)® (1,3,0) & (1,1,0) & (3,2, —2) & (3,2, +2),
5=(1,2,+3) @ (3,1, —3).

Neutrinos in the minimal SU(5) GUT are massless at renormalizable leve]|E| un-
less additional fields are introduced to the spectrum, namely SU(5) spin—% sin-
glets identified with right-handed Majorana neutrinos in case of type-I seesaw,
or non-trivial SU(5) spin-0 or spin—% multiplets containing (1,3, +1) (type-II see-
saw [74H76]) or (1,3,0) (type-III seesaw [77]) SM-transforming representations,
respectively. Moreover, the model’s weak mixing angle prediction turns out to be
inconsistent with the SPS W#/Z mass ratio measurements [78, [79], thus ruling
out the viability of the minimal SU(5) GUT. Hence, realistic SU(5) GUTs have
to involve extended scalar and/or fermion sector [S0H8Y).

4Perturbative lepton number violation was already present in the SM extended by Majorana
neutrinos discussed in Sec. [[:3.3] as the second term in the Lagrangian [I.6] explicitly breaks
lepton number.

®The SU(5) gauge model in principle allows for neutrino-mass-generating non-renormalizable
dimension d = 5 operator of the type %EF 5755, with A being the SU(5) cutoff scale.
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1.4.2 Rank> 4 GUTs

The failure of the minimal SU(5) GUT motivates searches for a unified the-
ory with an underlying gauge group of rank > 4 whose minimal version ac-
commodates additional fields to generate neutrino masses and correctly predict
low-energy quantities, including the weak mixing angle. At rank 5, two sim-
ple gauge groups meet the group-theoretical criteria of the GUT hypothesis [46]:
SU(6) and SO(10). As the former one inevitably enforces the addition of new,
presumably heavy, fermionic matter [90-92], the latter option is more interest-
ing. The SO(10) Grand Unified Theory [93], studied almost simultaneously with
the Georgi-Glashow SU(5), allows for even greater "unification” as a single 16-
dimensional spinorial representation of SO(10) can accommodate one generation
of the SM fermions. Moreover, this representation also contains one fermionic sin-
glet, which can play the role of the right-handed neutrino. The SO(10) symmetry
is typically spontaneously broken in two stages due to its rank, c.f. Fig. with
intermediate stages being, for instance, the Georgi-Glashow SU(5) or the Pati-
Salam SU(4)cxSU(2), xSU(2)g. Although the minimal realization of the SO(10)
faces notorious tachyonic instabilities in the tree-level scalar mass spectrum [8-
10] that can be remedied only by introducing loop corrections [I1], it remains
intensively studied theory [7, 11-HI7]. Hence, from now on, we shall focus solely
on the minimal SO(10) GUT.

Finally, remark that the rank 5 groups are not the only ones that can be
used to construct a Grand Unified Theory. The honourable mention deserves the
rank-6 exceptional F(6) group [94-102] as one of the even larger beyond-the-SM
gauge groups with SO(10) being its potential intermediate symmetry stage.

1.5 The SO(10) gauge model as a realistic GUT

In the general SO(10) Grand Unified Theory, the gauge sector is accommodated
in the adjoint 45-dimensional representation. It decomposes into the following
SM irreducible representations [46]:

45 = (8,1,0) ® (1,3,0) ® (1,1,0) & (1, 1,0)®

} 1 ¢
Gu Au BN
®3,2,+)®(3,2,-2)@®(3,2,-3)®(3,2,+5) ® (3, 1,+3) & (1, 1,+1) + h.c.
b I
X, X, Y, &Y,

(1.13)

The presence of the additional X, Y, gauge fields allows for the gauge boson-
mediated proton decay, which is the smoking gun signal of the vast majority of
GUTs, c.f. Sec. 2.5

As we already mentioned in Sec. [1.4.2] one of the most remarkable aspects
of the minimal SO(10) GUT is the fact that the whole generation of the SM
fermionic matter fields can be accommodated into a 16-dimensional irreducible
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spinorial representation. Specifically,

16 = (3,2, +5)® (1,2, 1) ®(3,1,-2)®(3,1,+3)®(1,1,0)® (1,1, +1). (1.14)
1 } } 1 ¢ }

QL Ly, Ugr dp VR €r

All fermionic hypercharges are properly quantized and, at the same time, all
chiral anomalies get automatically cancelled. Furthermore, the neutrino masses
can be generated via the type-I seesaw mechanism by employing the right-handed
neutrino vg.

The different scalar sector configurations typically distinguish realizations of
the SO(10) GUT with distinctive phenomenological implications. Fig. shows
all possible symmetry breaking chains with SO(10) representations of dimen-
sion less than 300 which can be employed to spontaneously break simple group
SO(10) to the SU(3). x SU(2), x U(1)y, and subsequently even further to the
SU(3). x U(1)g. We shall identify the minimal potentially realistic renormaliz-

— 16, 126 | ‘ | 45, 210
45, 210 45
54, 210\
\ 4 A\ 4
SU(5) x U(1); SU(5)'x U(1),
xSU L X SU(2
' \
45, 210
16, 126 45 210 16, 126, 144 a5
210 ¢
SU(3)c x SU(2). X SU(2)r xU(l) SU(4). xSU(2), xU(1)g
|
16, 126, 144 43,210 45, 210 16 126, 144
\ 4 v
»SUB) | L 4s, 54, 220 ———F SUB), xSUER LxU )R XU(1
144 16, 126 144 /J
45, 54, 144, 210—)su )exSU2 LxU 16, 126
T 10, 16 45, 54, 120, 126, 144, 210

144
SUQB)c x U(1)o

Figure 1.2: Symmetry breaking chains [I03-105] of the SO(10) GUT which lead
to the SU(3). x SU(2),, x U(1)y , and subsequently to the SU(3). x U(1)q, with
representations of dimension less than 300 employed.

able realisation of the SO(10) GUT, i.e. the renormalizable realization which still
has a chance to be viable and contains the smallest number of field degrees of
freedom ff] The scalar content of such a scenario can be determined by considering

SThere are two perspectives on how to assess the minimality of a given model — either by
the number of field degrees of freedom or by the number of independent parameters of the
Lagrangian. The SO(10) GUT studied in this thesis is minimal only concerning the former
criterion as there exist alternative SO(10) GUT realizations which are determined by an even
smaller number of lagrangian parameters, see for example [106].
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restrictions coming from the Yukawa sector and from the successful SSB of the
SO(10) down to the SM gauge group.
The SO(10) decomposition of the spinor bilinear [103]

16 ®16 =10® 126 © 120 (1.15)

dictates that any renormalizable Yukawa Lagrangian engages only 10, 126 and
120 scalar representations of SO(10) (see studies [L06-119]). The minimal renor-
malizable Yukawa sector that can support viable fermion mass fits [I09] consists
of the 126-dimensional tensor and the complexified 10-dimensional vector repre-
sentations of SO(10)/[]

The scalar 10 does not contain any SM singlet and thus cannot contribute to
the SSB of the SO(10) down to the SM gauge group, c.f. Fig.[1.2] The 126 accom-
modates one complex SM singlet, which, however, breaks SO(10) only to SU(5).
Hence it is necessary to employ yet additional scalar irreducible representation to
spontaneously break SO(10) to the SU(3). x SU(2), x U(1)y and to avoid phe-
nomenologically disfavoured breaking chain containing SU(5) intermediate stage.
The smallest such representation is the adjoint 45.

In total, the scalar sector of the minimal renormalizable SO(10) GUT consists
of

45 ¢ 126 @ 10¢, (1.16)

where 45 is real and 126, 10¢ are complex representations.

Tt is necessary to consider at least two different scalar representations employed in the
Yukawa Lagrangian to avoid undesirable correlations between quark and lepton masses. More-
over, the realization with the 126 and the real 10 SO(10) representations likewise leads to a
contradiction with the fermion mass and mixing data [L08]. For further details, see Sec. m

14



2. Structure and phenomenology
of the minimal SO(10) GUT

Let us reiterate that the gauge fields of the SO(10) GUT reside in the adjoint
45 representation. The fermionic fields including right-handed neutrinos are
accommodated in three copies of the 16-dimensional spinorial representation. We
parametrize the bispinor (165, 16)7 by

P or=1,...,32 (2.1)

where p = 1,2, 3 denotes family index. The decomposition of 16z spinors into
various subgroups can be found in Appendix [F.4 The scalar sector consists of

45 ¢ 126 ¢ 10¢.
In what follows, we write 45 as a set of 2-index real antisymmetric components
¢ij, 1,5 =1,...,10, bji = —dij- (2.2)

The 126 is represented by a 5-index self-dual antisymmetric tensor with complex
components

l

Yijkim, 7,k L,m=1,...,10, Yijkim = —aeijklmnopqunoqu, (2.3)
where the totally antisymmetric Levi-Civita tensor convention is
€12345678910 = T 1. (24)
Last, but not least, we write the 10¢ as a vector with complex componentsﬂ
H;,, +=1,...,10. (2.5)

Since ¥ and H are complex, we denote the corresponding complex conjugated
components as >* and H*, respectively. For more details, see Appendix A of
[120].

Decomposition of the 45 @ 126 @ 10¢ into several physically relevant SO(10)
subgroups can be found in Appendix [F.4 The model’s scalar content in terms
of the irreducible SU(3). x SU(2); x U(1)y representations is gathered in Ta-
ble 2.1} Every SM representation is accompanied by information about its real-
ity /complexity, multiplicity, SO(10) origin and the number of would-be Goldstone
modes.

2.1 Lagrangian

The most general form of the renormalizable Lagrangian £ in an unbroken phase
can be written as

L= Lpin—Vo+ Ly (2.6)

It consists of the kinetic part L;,, the scalar potential V; and the Yukawa inter-
actions Ly.

!The 10-dimensional vector representation of SO(10) is real, however, we work with its
complexified version, and hence the components H; are complex.
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Table 2.1: Scalar content of the 45 & 126 & 10¢ SO(10) GUT in terms of the
SU(3). x SU(2) x U(1)y irreducible representations. Each SM representation
R has its reality /complexity, multiplicity # and SO(10) origins indicated. The
column labeled “WGB” indicates the number of massless would-be Goldstone

modes that transform as a given SM representation.

R~Gsy R/C # WGB CSO(10)

(1,1,0) R 4 1 ¢, ¢, %
(1,1,+1) C 2 1 ¢ %
(1,1,+2) C 1 0 X

(1,2,+3) C 4 0 X, H,H*
(1,3,-1) C 1 0 X

(1,3,0) R 1 0 ¢

3,2,-2) C 1 1 o

3,2,+43) C 3 1 ¢, %0
3,2,+3) C 2 0o %
3,3,-3) C 1 0 X

3,1,-2) C 2 1 b, %
3,1,+3) C 5 0 X% % H,H
3,1,+3) C 1 0o

(6,3,+35) C 1 0 X

6,1,-3) C 1 0 X

6,1,-3) C 1 0 X

6,1,+3) C 1 0o X

(8,1,0) R 1 0 ¢

8,2,+3) C 2 0o X, %

2.1.1 Kinetic part
The kinetic part is

Lrin = 73 (Fu)yy (F);5 + iy, DO + 7 (D) (D" 0is) +
1 * «
+ 1 (DuZigeam)” (D" Bigam) + (DuHi)” (D" Hi) - (2.7)

1
4
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where 7, are the Dirac gamma matrices and [11, [15]

(), = 0" AY — QP AL — i g[A", AY),,, (2.8)

Dty = 0"¢ij — ig [A", d]iy, (2.9)
D'Sijrim = 0" Eijrim — 19( Al Enjkim + Al Sinkim+

+ AL Siinim + Al Siiknm + AP Siikin) (2.10)

DMH, = 0" H, — ig (APH),, (2.11)

D, QP = 0" — igi (4.2)". (2.12)

The contribution of gauge vector fields is conveniently described in terms of

with 7{;;) being SO(10) generators in the 10-dimensional vector representation
and

AF = AL S ), (2.14)

where S (i) are SO(10) generators in the 32-dimensional reducible spinorial repre-
sentation. For their explicit forms, see Appendix . The indices 7,5 € {1,...,10};
xz € {1,...,32} and the subscript (ij) stands for 45 ordered pairs of indices 1, j.
Three fermion families are distinguished by p € {1,2,3}. As usual, summation
over repeated indices is assumed.

2.1.2 Scalar potential

The most general tree-level renormalizable scalar potential can be expressed as

Vo = Vis + Vigs + Vio + Vinix (2.15)
with
'LL2 Qo a
Vis = =E-(60)0 + T (60)0(66)0 + 7 (60)2(090):. (2.16)
Vies = _Vj(zz*) +£(22*> (XX%)o + o (BX7)2(BE")a+
126 =~ 0 (512 0 0 )2 5 )
A D
- W(Ex Ja(EE")a + (362(22 Jar (B57 )+

*

+ DR + s (TS 2.17)

Vio=—¢*(H"H)o — *(HH)o — §"*(H"H")o+
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Jo
+hy (HH)o(HH*)o + By (H*H*)o(H*H)o+
+hy (H"H)o(H"H)o + iy (H"H")o(HH)o, (2.18)

(H"H)o(d¢)o + ko (H* )2(0¢)2+

( H)o(99) (H*H*) (¢0)o+
+ Ky (HH)2(¢¢)2 + lilz* (H*H")2(¢9)2+

+ S (00)(HS)s + S (00)(HE )yt
C/*

<'<a><zs> () + & (00)u(HE )t
po 2O H HYo(25%)0 + P2 (H H)o (S5 )0+

5| 4
)80 + 2B H o5+
i’f (HH)5(2%)s + %(H*H*)Q(E*Z*)2+
A (), + L (55
‘i? (H*H*), (zz)zﬂi (HH)y(3*5%) o+
3‘ (HZ) (XX%), + a(JEI*E*)4(22*)4+
3—(H*E)4(ZE*)4 + 9; (HS)a(554)4+
@D+ i (D)o (HH )
+ 2 (000(E0)s + L (60)2(575 Dot
ﬁ
+ 55 (00)0(E5 )0 + [ (60)4(EX7)et
+ 0 51 (90)ar (VX7 (2.19)
The following abbreviated notation of invariant contractions is used:
(HH), = H,H,,
(HH), = H;H;,
(¢¢)0 ¢zy¢zga
(¢¢)2 ((b(b)]k ¢Z]¢lk‘7
(¢¢)4 = ¢’L]¢kl7
(22*)0 z]klm zgklm?
(XX%), = (BX),,, = Zijrtm Zijkm
(E *)4 = ( )lmno = Zijklmzzgknm
(HZ)4 = (HZ>1jklm HiXijhim,
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(¢), (HH"), = ¢i;H;H,

(¢¢)2 (HH)z = (¢¢)]k H;Hy,
(90), (HX), = ¢ijon (HX) 5 »
(@)3 (EX7)y = dmn (BX7),,,,
(¢¢)2 (22)2 = (¢¢)]k (Zz)jk )

(¢¢)4 (22*)4 = OtmPno (EZ*)lmno ’

(¢¢)4’ (ZE*)4’ = ¢lm¢no (EZ*)lan7
(BX7), (B57), = (B57),,, (BX7)

(EZ*)AL (22*)4 = (EZ*)lmno (ZZ*)lmno )
(EZ*)4’ (ZE*)4’ = (EZ*)lmno (ZZ*)lnmo’

(HH)2 (22)2 =H,H, (EZ)
(HZ)4 (ZE*)4 = (HZ)

mn

£y (2.20)

Imno ( Ilmno *

The normalization of the scalar potential terms was chosen in such a way that
it compensates for the combinatorical factors appearing once the abbreviated
invariants are expanded. In addition to that, this normalization ensures that
expressions p? and v? represent the mass-squares of the fields in 45 and 126 in
the unbroken phase, respectively.

The scalar potential contains 30 dimensionless parameters, out of which 15
are real

{0,0, az, >\07 >\27 >\47 >\£17 a, 547 64/17 h27 thu Ko, K2, Po, p2} (221>

and the remaining 15 couplings are complex

{727 T2, h37 h47 Ké]a HlQa Ca C/) pé)u p,27 ¢07 77Z)1’ 1/}27 Qb, ¢,} (222>

These are accompanied by 5 real

{n.v. &7, 7'} (2.23)

and one complex dimensionfull parameter
[€}. (2:24)

2.1.3 Yukawa interactions

Last, but not least, the tree-level Yukawa interaction Lagrangian can be schemat-
ically sketched as

Ly = =16} [(Yi0)"" 10¢ + (V10) " 107 + (Viz6)" 126] 16%, + h.c.,  (2.25)

where Y7, }710 and Y96 are 3 X 3 complex Yukawa matrices that are symmetric
in the generation space over which the indices p, ¢ get summed.

The Lagrangian Ly is rather complicated with three Yukawa matrices deter-
mining Yukawa interactions, thus it is typically subject to additional constraints
that increase the predictive power of the model [108], such as extra global sym-
metry of the Peccei-Quinn type or demanding 10 is real. Let us discuss in brief
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the former option and postpone the discussion of the latter one to Sec.[2.4.3] The
global Peccei-Quinn U(1)pg symmetry [I06HIT4] assigns charges to all SO(10)
representations:

[165]po = +1,  [45]po =0, [126]p = +2, [10c]p = —2.  (2.26)

Consequently, the 16r103:16F term in Ly is not U(1l)pg symmetric and thus
the Yukawa couplings Yo must vanish. This greatly improves the predictive
power of the model as it reduces the number of free parameters that have to
be determined. At the same time, a number of scalar couplings has to vanish
to make Vj symmetric with respect to the U(1)pg, which leads to even greater
model simplification. One such parameter is v, of V,,;, and it is forbidden for
any non-trivial assignment of the PQ charges, see Appendix C in [I7]. Since
the 7, coupling turns out to be crucial in fixing the tree-level tachyonicity of the
pseudo-Goldstone masses, c.f. Sec. [3.2.1] its value cannot vanish in the minimal
renormalizable SO(10) theory. Hence the PQ symmetry cannot be imposed as
the theory would run into issues with tachyonicity of its spectrum.

The non-viability of the alternative scenario with the real 10 is discussed in
Sec. Therefore the Ly of Eq. is the minimal Yukawa Lagrangian that
can be written with a chance of satisfying all phenomenological requirements.

2.2 VEVs and Symmetry breaking

The scalar spectrum of the minimal SO(10) GUT contains three SM singlets: the
45 accommodates two real ones and an additional complex SM singlet resides in
the 126. Their vacuum expectation values can be parameterized as

<(1’ 1> L, O)¢> = \/gUJBb (2.27)
((1,1,3,0)4) = V2wg, (2.28)
((1,1,3,2)s) = V20. (2.29)

For unambiguous identification of these fields, in parentheses it is referred to
their SU(3), x SU(2), x SU(2)g x U(1)p_r transformational properties. The
lower indices of ¢ and Y indicate that these fields belong to the 45 and 126,
respectively. In general, one can always redefine the overall phase of ¥ in such a
way that o is real and positive. A similar transformation can be performed on ¢
allowing one of w’s values to be positive. Although this simplification is utilized
in our scans in Sec. [3 all analytical expressions onward are written without
capitalizing on the freedom in choosing phases and signs of ¢ and w’s.

As sugested by their names, the wgy VEV preserves the U(1)p_; symmetry
and the wg VEV, on the other hand, conserves U(1)g symmetry. The residual
gauge symmetries in all relevant symmetry-breaking chains are summarized in
Table 2.2

The SO(10) gauge symmetry of the minimal model is assumed to be sponta-
neously broken down to the SU(3). x SU(2), x U(1)y of the SM in two stages
with separate energy scales as the single-stage symmetry breaking does not lead
to a successful gauge coupling unification due to heavy part of the spectrum be-
ing clustered around the unification scale. Hence the GUT symmetry is broken
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Table 2.2: Residual gauge symmetries for various VEV configurations. The
abbreviated notation n = SU(n) is introduced. The penultimate column cor-
responds to the flipped SU(5) intermediate symmetry stage [121], 122], see Ap-
pendix for SM embedding details. The SU(5) symmetry in the last column
remains unbroken due to the SU(5)-singlet nature of o.

WBL?AO wpr, =0 WBL#O WBL?éO WBL%O

wr #0 wr # 0 wr =0 WR = —WBL WR = WBL
oc=0 3.2,1glp 1 4c2p1r 3:.2.2r1p_p 5 14 51y,
o#0 321 1y 3c2p 1y 321 1y 321 1y 5}

down by the larger of the w VEVs down to a rank-5 subgroup. Subsequently,
this intermediate symmetry is broken by the rank reducing o VEV down to the
SU(3). x SU(2) x U(1)y . The max|[|lwgL|, |wr]|] plays the role of the GUT unifi-
cation scale (max||wpy|, |wr|] ~ Mgur) and o determines the seesaw scale. The
seesaw-compatible regime implies the scale hierarchy

o] < max[|wpgl, |wrl], (2.30)

which is confirmed by results in Sec.

Last, but not least, a fully realistic symmetry breaking chain has to involve
spontaneous symmetry breaking of the SU(3), x SU(2), x U(1)y down to the
SU(3). x U(1)g. Hence at least some of the SU(3). x U(1)g neutral components
of scalar fields must acquire a non-zero expectation value. However, the SM sym-
metry breaking does not affect the preceding step of the SO(10) breaking to the
SU(3). x SU(2), x U(1l)y , thus it will be mostly omitted from the following
considerations. The interested reader is kindly deferred to Sec. [2.4.3, which con-
templates on some explicit implications of the SU(3), xSU(2), x U(1)y symmetry
breaking for the flavour sector.

2.3 Vacuum stability conditions

The presence of three non-zero vacuum expectation values entails the existence
of three non-trivial vacuum stationarity conditions

oV ((¢), (%), (H))

o =0, (2.31)
oV ({(¢). (X),(H)) _

B =0, (2.32)
oV ({¢), (%), (H)) _

= =0, (2.33)

where V((¢), (£),(€2)) denotes the effective scalar potential with all the fields
evaluated in a vacuum.

Eqns. (2.31))-(2.33) are used to relate the dimensionfull scalar parameters
{p,v, 7} with the VEVs {wpp,wr,c}. Let us note that if there were any non-
trivial relations between VEVs, the number of non-trivial vacuum stationarity
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conditions would reduce and some of the {u, v, 7} parameters could not be ex-

pressed as a function of VEVs and dimensionless scalar couplings. For example,
if wg = wpr, Eqns. (2.31)) and (2.32)) are identical and a certain combination of
{1, v} becomes an independent structure whose value is not restricted by vacuum

stability conditions (2.31))-([2.33)).
By inserting the tree-level scalar potential V into Eqns. (2.31)-(2.33)), one

obtains the following tree-level relations

p? = (12ag + 2a)wy; + (8ag + 2a2)w? + 2aswprwr + 4(a + B)|o)?,  (2.34)

v = 3(a+48))wh; + 2(a + 38wk + 128jwprwr + 4Xolo ]+
WBLWR

+ a27\0|2 (wpL + wr)(BwrL + 2wr), (2.35)
T = 254/1(3WBL -+ QWR) + agwlB;_Lr;R(wBL —+ WR). (236)

Notice that expressions and contain a peculiar VEV structure ac-
commodating the ¢ VEV in the denominator. This structure will become im-
portant in the considerations about perturbativity of Sec. and it will help
narrow down a set of viable symmetry breaking patterns, see Sec.[3.1.3] For later
convenience, we will define the dimensionless universal VEV ratio as

(2.37)

2.4 'Tree-level spectrum

Let us determine the full tree-level mass spectrum of the scalar, vector and
fermionic fields.

2.4.1 Tree-level gauge masses

Gauge mass-squared matrix MZ originates from the scalar-field-dependent part
of Lyn of Eq. (2.7), which contains the gauge mass term

1
LD §Mé(¢j)(kl)A’(§j)Ay(kl), (2.38)
where
2 mo * n F'S
?M?}(mn)(op) =9 <En(jklm)><zp(3klm)> +0 p<2m(jklm)><20(jklm)>_

- 5mp<21*1(jklm)><20(jklm)> - 5no< ;kn(jklm)><2p(jklm)>+
+ (S itm) ) (Bno(ktm)) T (Xqo(kim) ) (Ermp(kim) ) —

—{ rnO(klm)><2np(klm)> — Zp(klm)><2mo(klm)>+

+ ; [T (0], |Tion $0)], + (m o O) (2.39)

n<<p
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is 45 x 45 dimensional Hermitian matrix [I5]. All the Latin indices j,...,p run

over {1,...,10} and the superscripts (iy,...,7,) denote (19) ordered pairs of n

indices. As before, (X) and (¢) stand for fields ¥ and ¢ evaluated in the vacuum,
respectively. Let us note that 10¢ does not contribute to MZ as it acquires zero
vacuum expectation value unless SU(3). x SU(2),, x U(1)y symmetry breaking is
considered.

The tree-level gauge mass-squared matrix eigenvalues at the GUT scale are

M&(1,1,0) = 10g%|?, (2.40)
<1,1,+1>—2g (loP +wh) (2.41)
ME(3,1,+2) = 2¢* (Jof + why) (2.42)
Mé( +5) = 29" (Jo]” + § (wr +wn1)?) (2.43)
(3,2,—-2) = (2.44)

M(Q; %92 (WR - WBL>2 )

Os\cn cm»—'

A

where the SU(3).xSU(2), xU(1)y transformation properties of the corresponding
gauge fields are written in parentheses. The remaining 12 zero modes correspond
to 12 generators of the unbroken SM gauge group.

2.4.2 Tree-level scalar masses

The tree-level scalar mass-squared matrix M? is obtained by taking second deriva-
tives of the scalar potential Vj:

, PV
S — * )
R .

where & € {¢,%, H} and (®) denotes a scalar field evaluated in the vacuum.
Eq. implicitly assumes that stationarity conditions — are em-
ployed. In general, M% is the 317 x 317 dimensionalﬂ Hermitian matrix. As
the eigenstates belonging to different SU(3). x SU(2), x U(1)y representations
do not mix, there exists a basis in which the scalar mass-squared matrix takes
a block diagonal structure with every block corresponding to a separate SM
representation. The collection of scalar mass-squares associated with distinct
SU(3). x SU(2) L x U(1)y representations, without considering 10¢, is presented
in Appendix [E.I]in several VEV limits.

The mlmmal renormalizable SO(10) model is known to be suffering from the
presence of tachyonic tree-level states in the scalar spectrum [8, [9]. Observe that
the scalar masses of the fields transforming as (8,1,0) and (1, 3,0) under the SM
SU(3). x SU(2),, x U(1)y gauge group have the form

(2.45)

Mg(g,l,O) = 2a2(wR—wBL)(wBL—|—2wR), (246)
MZ(1,3,0) = 2as(wpr, — wr)(wWr + 2wpr), (2.47)
which can be simultaneously made non-tachyonic if and only if
1
as > 0, 9 WBL 2 (2.48)
WR 2

2Tt spans over the 45 real fields ¢;j together with the 126 and 10 complex fields ¥z, and
H;, respectively.
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the VEV configuration in Eq. directly corresponds to the vicinity of the
scenario with flipped-SU(5) intermediate symmetry stage, c.f. Table . Such a
breaking scheme, however, inevitably runs into issues with phenomenological re-
quirements — either one respects the seesaw-compatible hierarchy between VEVs
lo| < max[|wg|, |wpL|] in the flipped-SU(5)-compatible regime wgy, ~ —wg, caus-
ing the mass of the proton mediating gauge boson MZ(3,2, —i—%) to be suppressed
well below the GUT scale, c.f. Eq. , which leads to violating current proton
lifetime limits, or one performs flipped-SU(5) and SO(10) symmetry breakings
close to each other by lifting o to be right below the GUT scale (almost one-stage
symmetry breaking pattern), which inevitably spoils successful gauge coupling
unification [104} [123]. Thus no phenomenologically viable scenario allows for a
non-tachyonic tree-level scalar spectrum. As a consequence, the minimal renor-
malizable SO(10) model had been regarded as non-viable for almost 30 years
[8, IT]. Fortunately, it was resurrected by invoking radiative corrections [11] —
if the ay parameter is artificially set to be small, i.e. |az| < 1, then the tree-level
masses — are accidentally suppressed and one-loop mass corrections
may remedy undesirable tree-level tachyonicities along potentially viable break-
ing schemes outside the problematic flipped-SU(5) scenario .

Let us note that it was shown recently [I5] that the tree-level scalar mass
spectrum accommodates another state that is prone to tachyonic instabilities
outside of the regime . This scalar field is transforming as a singlet with
respect to the SU(3). x SU(2), x U(1)y gauge group and its mass acquires the
following form

Mg(l, 1, 0)3 = CZQ(CUBL — OJR)Q

+ 4ag (Sw%L + 2w,2%) (1 — \/1 + (0—2) 33wl —2wh)(Wh ~wh) | (@)2 W)

ao 2 (3w +2w%)? ao/) 163wy +2w%)?

+0 ( i ) . (2.49)

max[|wg|, |wpL|]?

assuming the seesaw-compatible regime |o| < max[|wg|, |wpr|]. The subscripts
denote the multiplicity index in the presence of more fields with the same SM
quantum numbers in ascending mass ordering. Note that four scalar fields are
transforming as singlets with respect to the SM: one is the would-be Goldstone
boson, one is the intermediate symmetry breaking Higgs field and the remaining
two correspond to the state and its companion with the mass M2(1,1,0),,
which is the same as , but with the opposite sign in front of the square root.

In the well-motivated regime |as| < |ag|, stemming from the requirement
las| < 1, the expression can be approximated as

45w,

M;(1,1,0)3 ~ a5 (- 302, 12wk
BL R

+ 13w}, — 2wpLWR — wa%)—i—

+0 <a§ i ) . (2.50)

aj’ max(|wg|, |wpL|]?

In the opposite regime |ag| < |ag|, the masses M2(1,1,0); and MZ(1,1,0)4 are

approximately equal to the octet and triplet masses ([2.46))-(2.47).
Assuming a, > 0, the expression (2.50) is positive if and only if wp; ~ —wkg.
Hence we demonstrated again that tachyonic instabilities in the tree-level scalar
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mass spectrum can be avoided only in the regime , which is in the proximity
of the troublesome breaking chain with the flipped-SU(5) intermediate symme-
try. Thus the radiative mass corrections have to be invoked and the minimal
renormalizable SO(10) GUT has to be treated on the quantum level.

Pseudo-Goldstone nature of the tachyonic states

Observe that the tree-level masses of the scalar fields (8,1, 0), (1, 3,0) and (1, 1,0),
whose masses are prone to tachyonic instabilities, are determined by one scalar
parameter — as. Let us show that these fields are pseudo-Goldstone bosons cor-
responding to a symmetry explicitly broken by the ay term in the scalar potential.

We consider the case of an exactly vanishing VEV ¢ = 0, which is the lim-
iting case of the phenomenologically motivated seesaw-compatible VEV regime
lo| < max[|wpL|, |wr|]. We can thus focus solely on the 45-dependent part of the
scalar sector and neglect any mixing between 45 and 1266 10¢. The relevant part
of the scalar potential becomes Vj5 defined in Eq. . It possesses extra global
O(45) symmetry for ay = 0 [I1]. However, once 45 acquires a nonzero VEV in the
direction of the SM singlet, the O(45) gets broken to O(44) and 44 massless fields
corresponding to the 44 generators of the O(45)/0(44) coset space are expected
to appear in the scalar spectrum. As the SO(10) part of the O(45) is gauged and
the general alignment of the wgy, wg VEVs in 45 triggers spontaneous symmetry
breaking of the SO(10) to the SU(3). x SU(2), x U(1)g x U(1) p_p, c.f. Table[2.2]
32 out of these 44 massless modes coincide with would-be Goldstone bosons as-
sociated with this local symmetry breaking. The remaining 12 physical massless
fields residing in (8,1,0), (1,3,0) and (1,1,0) SM respresentations become true
Goldstone bosons.

For non-zero values of ay, the O(45) breaking term (¢¢), (¢p¢), in Vi is re-
instated. Hence the Goldstone bosons (8,1,0), (1,3,0) and (1,1,0) can receive
only ao-proportional tree-level contribution, which can be verified by looking at
Eqns. , and . Therefore, from now on, we will refer to these
states as pseudo-Goldstone bosons (PGBs).

Thus, to this end, one distinguishes four types of scalar fields:

1. The would-be Goldstones have zero mass and get absorbed into longitu-
dinal components of the corresponding massive gauge boson companions.
These transform as (3,2, —2), (1,1,41), (3,1,—2), (3,2,+3), (1,1,0); SM
multiplets.

2. The heavy scalars are defined as having masses that are well estimated by
the dominant Mg;,—proportional contributions.

3. The pseudo-Goldstone bosons are scalars with accidentally suppressed tree-
level ay - M3 -proportional mass-squares, assuming |as| < 1, whose corre-
sponding one-loop mass corrections can be of the comparable size or domi-
nate over the tree level.

4. The intermediate-scale scalars have masses that are |o|—proportional to

all orders in the perturbative expansion as this property is protected by
symmetry, see [124] and Appendix [E.2]
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2.4.3 Fermion spectrum

The fermion masses can be derived from the Yukawa part Ly of the La-
grangian by inserting scalar fields evaluated in the vacuum after the SM gauge
symmetry SU(3). x SU(2), x U(1)y is broken down to the SU(3) x U(1)g. The
complex representations 126 and 10¢ contain two complex weak doublets each
so four corresponding SU(3). x U(1)g neutral components can obtain non-zero
VEVSE| c.f. Tables and The projections of the SM Higgs VEV vg), onto
these four individual weak doublets are labeled

1)1110 = <(1727+%)10>7 'Ulljo = << 1,2,_%)1()), (251)
U11L26 - <(1727+%)ﬁ> ) Uil26 - << 1’27_%)@% (252)

where we refer to the SU(3). x SU(2), x U(1)y transformation properties of the
fields and the subscripts mark their SO(10) origin. Nonzero VEVs are acquired
by SU(2);, doublet components with either positive +3 (denoted u) or negative
—3 (denoted d) hypercharge. Notice that the SU(3). x U(1)g neutral component
of the SU(2)y, triplet in 126 will also obtain the non-zero induced VEV

w=((1,3,+1)535) - (2.53)

Hence the tree-level quark and lepton mass matrices at the GUT scale have the
following form [12, [T0§]:

MU = }/1()1}7110 + }710Uil0* + YVlQGU’ij‘Q(S; ( )
Mp = Ylovilo + Ylovito* + Y126U(1i267 ( )
Mg = Ymvfo + Ylo"U?o* - 33/126“?2& (256)

(2.57)

D u \/ d * U
M,” = Yiovip + Yi0v1g" — 3Y126V196

with U, D and F subscripts referring to the up, down and charged lepton sectors,
respectively, and

Mtypel __ I Mtype I __ II
MV P =C Y126 g, MV P =C Yigﬁ w, (258)

where the superscripts D and M denote the Dirac and (type-I and type-II see-
saw) Majorana neutrino mass contributions, respectively. The coefficients ¢!, ¢!!
include extra numerical factors, such as Clebsch-Gordan coefficients. Note that
the presence of Majorana neutrino mass contributions directly implies that
the Yukawa Lagrangian Ly evaluated in the SM broken phase explicitly
violates lepton number conservation [125]. The light neutrino mass can then be
written as

m, = Mell NP (Mhel) ™ pg, (2.59)

There are several comments to be made concerning the v-VEVs in this minimal
realization of the SO(10) GUT:

3For the sake of completeness, let us mention that there are three additional SU(3). x U(1)q
singlets residing in 45, two of which are also SM singlets which obtain wg;, and wg proportional
VEVs, c.f. Table @
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« Non-trivial relations between the VEVs (2.51)(2.53) can be derived by
looking at mass ratio gy =
form [126]

mzcﬁ which acquires the following tree-level
|vi)* + |Uil0|2 + vihe)* + |Uii26|2 + 2Jw|?
Vi) 4 [vfo|? + [viag]? + [viae|? + 4fw]?

Thus the w VEV is expected to be much smaller than the other v-VEVs as
it explicitly violates the measured relation gy = 1.0003040.00020 [127], i.e.

(2.60)

Qo =

[w]* < il + [vf|* + [vig]® + [viae]*. (2.61)
Consequently,
Wi + [0l ]? + [viag]® + [ulhe]* = vy (2.62)

Let us point out that the smallness of w VEV is simultaneously enforced by
the requirement m,, < 1 eV [127], see Eq. (2.59), if no cancellations between
type-I and type-II neutrino mass contributions are assumed.

« The predictive power of the fermion mass relations (2.54)-(2.57) can be in-
creased by considering the non-complexified 10-dimensional representation.
In such a case, the real 10 contains only one complex weak doublet; thus

Vio = Vio; (2.63)

which significantly reduces the complexity of a flavour fit. However, the
relation (2.63)) is in direct contradiction with the phenomenological require-
ment [108]

Ui

7|~ — E> 1. (2.64)
V10

my

Hence a realistic Yukawa sector is supported only if 10 is complexified.

e A phenomenologically viable flavour fit obtained with tree-level fermion
mass relations - enforces the SM Higgs VEV vg, to be an ad-

mixture of the v- VEVS from 10¢ as well as 126. If the SM Higgs VEV
projections vi, vl vanish, the SU(5)—like correlation

is recovered at the GUT scale. On the other hand, if v¥%), v, are zeroed
out, the relation

holds at the GUT scale. Such correlations are, however, not phenomeno-
logically viable [128].

By employing the fermion fit results from [I13], we can further estimate the
amount of the 126 component in the vgy; by evaluating the size of the ratio

J el + Inl? _ 1[TeMp = TeMg] 1+ ISP (2.67)

U%M Usm [ TrYige|
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where

u u d

_ Y10 _ Y126 Y10
i S= o d (2.68)

V1 V126 V10

As the Yukawa matrix Yisg is typically subject to perturbativity constraints
Tr [Yig6] < 1, the ratio (2.67) can be restricted from below

‘0%26’2 + ‘U%QGP > \/]‘ + |T|2|S|2 ’TrMD — TI'ME| (2 69)
vi ~ 4 Vs ' '
Plugging in numerical values from [113], we obtain
u |2 d |2
|vis] :"U126| >3 %1072 (2.70)
Usm

This demonstrates that the SM Higgs VEV wvg), and, consequently, the SM
Higgs field ® ~ (1,2,+1) has to contain a non-zero admixture of 126
component in a successful fermion mass fit.

Let us note that the numerical fermion fit results used to make the esti-
mate assumed the Peccei-Quinn-like symmetry. However, the size
of TrMp — TrMg in Eq. is fixed by the difference between the SM
Yukawas y, —y. at the GUT scale, irrespective of the Yo and 1710. Similarly,
the appropriately large top Yukawa from My and a small Dirac neutrino
mass contribution MP is achieved only with large |rs| as My — MP =
(Mp — Mg)rs. Hence the 2-Yukawa-case fermion fit [II3] is applicable
for estimating the ratio even in the general scenario with 3 Yukawa
matrices.

2.5 Proton decay

The Standard Model of Particle Physics possesses accidental global symmetries
which manifest themselves in the conservation of baryon B and lepton £ numbers
[129]. Thus one cannot write any SM renormalizable-level Lagrangian operators
that would directly lead to the perturbative B and L violation. However, such
a restriction is lifted in the renormalizable SO(10) GUTs due to the presence of
additional gauge and scalar fields.

The aforementioned feature of the SO(10) GUTs opens the door for possible
experimental searches for baryon and lepton number violating processes that
could test the viability of the model under consideration. Let us focus solely on
the proton decay, BNV process which will be further probed by the upcoming
large-volume neutrino experiments (DUNE [I], Hyper-K [3], JUNO [2], Theia
[4]) that aim to improve nucleon lifetime lower bounds by one order of magnitude
with respect to the current limits.

2.5.1 d=4 BNV operators

Let us go back to the SM framework for a moment. As we mentioned earlier, there
are no dimension d < 4 baryon and lepton number violating operators that one
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can write into the SM Lagrangian. Since proton decay is mediated by operators
with non-zero baryon number, we have to look at the SM Lagrangian beyond
the renormalizable level. Suitable non-renormalizable operators, containing at
least three quarks that conceive a colour singlet, are composed of at least four
fermionic fields.Hence the dimension of BNV operators in the SM is at least six
[130].

There are four classes of d = 6 BNV operators, which can be schematically
written as [I30HI33]:

O = & (dnum)(QuLr), (2.11)
O = < (Qu Q1) (uen), 2.72)
O = 5 (QuQr)(QuLr). (2.73)
O = < (drur) (uner), 2.74)

where all SU(2);, and SU(3), indices were suppressed, A is the SM cutoff scale
and, for simplicity, only first-family fermions were used. It turns out that these
operators also violate lepton number, but conserve B — L as there is exactly one
lepton present in every expressions (2.71)—(2.72). In proton decay, AB = —1,
and therefore AL = —1, which implies that the final states of the d = 6 proton
decay processes always contain an antilepton.

Now let us come back to the framework of the minimal SO(10) GUT. The
presence of additional scalar and gauge fields allows one to write renormalizable-
level operators that directly break baryon number. Consequently, the effective
operators — of four-fermion interactions in the SM correspond to tree-
level processes in the SO(10) mediated by heavy gauge or scalar bosons with
mass A ~ max [|wg|, |wpr|], where the heavy field was integrated out. This
situation is schematically depicted in Fig. for case of the O operator.

u d T a u
>< — >w< n \/
q 14 q Y, > (1/\\

Figure 2.1: Schematic depiction of the relation between the effective SM four-
fermion non-renormalizable interaction described by the O() operator and the
corresponding tree-level renormalizable SO(10) processes mediated by heavy
gauge and scalar bosons.

d

4

All possible proton decay mediators in the minimal SO(10) and the corre-
sponding effective SM non-renormalizable operators are summarized in Table[2.3]
We have already met some of these fields when discussing the gauge sector of
SO(10), see Sec.

The gauge-boson-mediated proton decay processes often dominate since the
tree-level interaction vertices of the scalar mediated decays are suppressed by the
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Table 2.3: Proton decay mediators in the minimal SO(10). We present their
SM transformation properties, gauge or scalar bosonic type (G or S, respec-
tively) and effective SM non-renormalizable operators they give rise to.

label Sc2ily . G/S  effective operator
representation
X, (3,2, +%) G oW, 0®
Y, (3,2,-%) G oW
A, (3,1, +%) S oW, 0@ 0B oW
Ac (37 17 _%) S 0(4)
Aur (3,3,-%) S 0®

numerical smallness of the fist generation Yukawa couplings. Therefore, from
now on we will focus solely on the gauge-boson-mediated proton decay.

2.5.2 Partial proton decay widths and experimental limits

All the relevant d = 6 proton decay channels are summarized in Table[2.4] together
with the corresponding 90% confidence level exclusion bounds. In what follows,
we will assume that the neutrino flavour and the chirality of charged leptons
cannot be distinguished by proton decay experiments.

Table 2.4: Proton decay channels and the corresponding 90% confidence level
exclusion bounds, where 7 is the total proton lifetime and B is the branching
ratio of a proton decay channel. The numerical values were taken from the
Super-Kamiokande experimental results [I134-139].

proton decay channel % [years]

p — mlet > 2.4-10%
p— wout > 1.6- 103
p — K™ >1.1-10%
p— Kout > 3.6-10%
p — nlet > 4.1-10%
p— nut >1.2-10%
p— 7wty > 3.9-10%
p— K0 > 6.6-10°

A detailed compilation of d = 6 partial proton decay width formulae can be
found in [140)}, 141]. Let us focus on proton decay channels with antineutrinos in
the final state:

p— D, (2.75)
p— K. (2.76)

as the corresponding partial decay widths take on a simple form which does not
depend on the flavour structure of the SO(10) GUT due to the symmetric nature
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of the Yukawa matrices, c.f. Section. Hence,
I(p = 77) = Cr [kl (Vexan)n [* + k3 + 267 k3| (Vera)ul?] (2.77)
T (p — K+?) = CK]C;L (B§|(VC’KM)11|2 + B§|(VCKM)12|2) , (278)

where we adhered to the notation of [6]. The Vg is the CKM quark mixing
matrix,

g 1
by = _ , 2.79
LV2Me(3,2,-3)  |wr — wpil (2.79)
1
ko J (2.80)

CV2Me(3,2,45)  2\/lof + Hwr + wsi)?

with mass relations ([2.43)—([2.44)) inserted in, and ¢ is the unified gauge coupling
at the GUT scale. The prefactors are defined as

(my —m2.)? 2
Cr = WA% (AQ) a1+ D+ F)?, (2.81)

(m3 — miy)” 2
O = gz A2 (A7) 1P 252

and
By = 2 (2.83)
27 3mB ’ '
my

Bs =1+ —2(D +3F). 2.84
s=145 —(D+3F) (2.84)

The proton, pion and kaon masses are denoted by m,, m,+ and mg+, respec-
tively; my &~ m,, mp stands for an average baryon mass (mp ~ my ~ m,) and
f» labels the pion decay constant. The proton decay constant & and the coef-
ficients D, I’ are the chiral Lagrangian parameters evaluated at the py.q scale.

The factor
. s (fhad) 2% ag(my) 2
o= () () (2:%5)

governs the running effects of the one-loop evolution of the effective four-fermion
BNV operators from ppqq to Mz; ag and my, are the strong gauge coupling and
the bottom quark mass, respectively. The coefficient

41
Oéi(MI+1>] P

Ag) = H?:1Hy2<M]<MGUT [ Oé'(MI)

(2.86)

takes care of the RGE running effects from M to the GUT scale Mgyr. It de-

2
pends on the SM gauge coupling factors a; = Z—;’r; br; are one-loop beta coefficients
of ; in the effective theory between the scales M; and Mj,4, and

7(1) = (%7 %7 2) : (287)
A detailed derivation of the expression (2.86]) can be found in Appendix [C]
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2.5.3 Theoretical uncertainties

As we already mentioned, the upcoming new experiments [1H4] will further im-
prove the exclusion bounds on partial widths of various proton decay channels.
However, such advancement will typically reach a maximal proton decay width
improvement rate of one order of magnitude per decade of experimental measure-
ments. Hence the community would benefit the most from the aforementioned
experimental progress if the theoretical uncertainties of proton lifetime predic-
tions were confined within the one-order-of-magnitude window. Unfortunately,
that is not the case as proton lifetime theoretical uncertainties typically span
several orders of magnitude, c.f. Table II in [I42] or Figure 2 in [5].

The proton lifetime theoretical uncertainties [6] come from the ambiguities in
measurements and/or calculations of quantities entering the partial decay width
formulae such as Eqns. . They can be divided into two main cat-
egories, resulting either from insufficient experimental data at low energies or
from purely theoretical uncertainties originating from perturbative expansion and
Planck-scale physics.

Purely theoretical uncertainties

Purely theoretical uncertainties are reducible or irreducible. Reducible theoretical
uncertainties typically stem from the finite perturbative order calculations, the
irreducible theoretical uncertainties arise from Planck-scale effects:

o Reducible uncertainties: As we have mentioned before, the reducible uncer-
tainties come from the fact that proton lifetime calculations are typically
performed at a fixed order in perturbation theory. These uncertainties can
be improved by adding higher-order corrections.

It turns out that the proton lifetime calculations are most affected by the
accuracy of the perturbative computation of proton decay mediator masses
since they enter d = 6 partial decay widths as inverse fourth powers through
the k; dependence, c.f. Equs. (2.77)-(2.78)). Hence, even small perturbative
uncertainty in k; can result in huge ambiguity in the final proton lifetime
prediction.

The values of Mgy, unified gauge coupling ¢ and, consequently, the k;
quantities are determined by the gauge coupling unification constraints.
The difference between proton decay widths obtained by employing one-
loop or two-loop gauge beta functions can be estimated by [6]

F2—loop MGUT
[iioop = €XP <4k: log A, ) : (2.88)
where
M
log —YT ~ 34.5 (2.89)
z

for Moy ~ 10'° GeV and k is the typical size of the ratio between two-loop
corrections of beta coefficients and their one-loop values. Expression ([2.88))
potentially exceeds several orders of magnitude even for |k| =~ O(1)% and
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therefore every perturbatively robust proton lifetime calculation requires at
least two-loop gauge coupling RGE analysis. Let us note that the require-
ment of the two-loop gauge unification goes hand in hand with the need
for proper high-energy scalar spectrum analysis to account for threshold
corrections.

o Irreducible uncertainties: Irreducible uncertainties stem from the effects of
the Planck-scale physics and thus there are typically no means to control
them. However, we can estimate their effect by considering Planck-scale
suppressed non-renormalizable operators. The biggest impact on proton
lifetime prediction have d = 5 operators

v ¢
O, = ki F"EF,, Moy’ (2.90)
OQ = ngquQqHSMi, (291)
Mpy

where K1,k € O(1) are unknown couplings, Hsy, € {X, H} contains the
SM Higgs doublet, p,q =1, ...,3 are family indices and we suppressed the
spinorial structure of Oy. Expressions — form a complete set of
d = 5 structures which contain SO(10) symmetry breaking field ¢E|

The O operator alters the gauge-kinetic part of the Lagrangian in the bro-
ken phase and thus introduces inhomogeneous shifts in the gauge coupling
values at high-energy scales. This can dramatically modify the determina-
tion of the GUT scale and, consequently, the proton lifetime predictions
through the k; dependence, c.f. discussion about reducible uncertainties.
The O, operator affects Yukawa matching conditions between the SO(10)
GUT at high energies and the SM at low energies. Such Planck-scale-
induced modifications directly alter flavour-dependent parts of the proton
decay width.

Let us emphasise that the minimal SO(10) GUT under out to be robust with
respect to both aforementioned irreducible uncertainties. The O; operator
can be formed if and only if the scalar 45 is contained in the symmetric

product of two adjoint representations. Since the product decomposition
[103]

(45 ©45), = 1oym @ 5deym ® 2104y, ® 7704y, (2.94)

sym

does not contain 45 of SO(10), the O, vanishes identically. Moreover, the
numerical study [7] showed that the flavour effects induced by the O, oper-

4In principle, the aforementioned set of operators can be accompanied by two additional
operators

O3 = K2IOP PO ¢ 7 (2.92)
Mp,
¢

04 = KZ4D’“‘®DH®M7PZ, (293)

where k3, k4 € O(1) are unknown couplings, ® € {¢,X, H}, p,q = 1,...,3 are family indices
and spinorial structure of O3 was suppressed. However, these can be removed by using equations
of motion and integration by parts [143].
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ator are not spoiling the desired one-order-of-magnitude window of theoret-
ical uncertainties in proton decay channels (2.75)—(2.76]) with antineutrino
final states.

Low-energy uncertainties

Low-energy uncertainties come from the limited information available in the low-
energy data — either for hadronic matric elements or for flavour fits.

o Uncertainties in hadronic matrix elements: An integral part of the proton
decay predictions is the knowledge of hadronic matrix elements which pro-
vide translation between hadronic initial/final states and quark-level pro-
cesses. They are computed on lattice and/or by using chiral perturba-
tion theory [144]. Luckily, the accuracy of their determination has greatly
improved over the last decades [6, [144H146] and the errors introduced by
hadronic matrix elements are no longer obstructing relatively good proton
lifetime predictions [6].

« Flavour structure uncertainties: Successful determination of partial decay
widths involves the matching of the GUT-scale Yukawa matrices with the
low-energy flavour data. Such a task is complicated by the insufficient
amount of available experimental observables (lepton and quark masses,
PMNS and CKM mixing parameters), which typically do not admit a full
recontruction of the GUT-scale Yukawa matrices. Fortunately, the sym-
metric nature of the minimal SO(10) Yukawa matrices yields great simplifi-
cation in proton width formulae for channels with antineutrinos in the final

state [140], c.f. Eqns. (2.77)-(2.78)).

We have shown that the proton lifetime predictions are typically plagued by
many theoretical uncertainties that are not always under control. In the minimal
SO(10) GUT framework, it turns out that the calculation of partial proton decay
widths with antineutrinos in the final state is robust with respect to the irreducible
uncertainties coming from the flavour fits as well as the Planck-scale physics. Such
observation implies that for these decay channels, it is, in principle, possible to
carry out partial proton decay width analysis in the minimal SO(10) GUT with
theoretical uncertainties confined within the one-order-of-magnitude window.
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3. Analysis of the minimal SO(10)
GUT

Motivated by the possibility to achieve proton lifetime prediction with theoretical
uncertainty confined within the one-order-of-magnitude window, we perform a
thorough analysis of the minimal SO(10) GUT under consideration.

The analysis of the minimal SO(10) GUT is presented in the following steps:
In Sec. [3.1], various theoretical and phenomenological consistency constraints ap-
plied to the allowed parameter space are introduced at the conceptual level.
We show that only two breaking chains with the SU(4)¢ x SU(2), x U(1)g and
SU(3). x SU(2), x SU(2)g x U(1)p_ intermediate symmetries lead to poten-
tially realistic scenarios. In Sec. [3.2] we provide the numerical model analysis
of these two fully consistent breaking chains in the simplified 45 @ 126 SO(10)
Higgs model where details of the Yukawa sector are neglected. A clear preference
for the former symmetry breaking pattern is identified. Therefore in Sec. we
carry out the full analysis of the 45 @ 126 @ 10¢ SO(10) theory in case of the
breaking chain with a well-pronounced SU(4)¢c x SU(2), x U(1)g intermediate
symmetry.

Let us stress that we present only a streamlined version of both model analy-
ses. The interested reader is deferred to articles [16] [I7] to account for all details.

3.1 Viability constraints

We provide an overview of the wviability constraints that have to be satisfied
by the minimal SO(10) theory. All the criteria are considered for any given
point in the parameter space and they include non-tachyonicity of the mass spec-
trum (Sec. 3.1.1)), SM gauge coupling unification (Sec. and perturbativity
(Sec. [3.1.3). These can be imposed upon the 45 @ 126 @ 10¢c SO(10) GUT as
well as the simplified 45 @ 126 SO(10) Higgs model.

3.1.1 Non-tachyonicity of the scalar spectrum

The perturbative expansion in the broken phase has to be developed around a
vacuum that corresponds to the minimum of the scalar potential in which all
physical scalar masses are non-tachyonic.

At the tree level, the (8,1,0), (1,3,0), (1, 1,0) scalar SM multiplets suffer from
tachyonic mass instabilities in realistic symmetry breaking scenarios, c.f. Sec. [2.4]
Hence radiative corrections have to be invoked to correct for these undesirable
tree-level tachyonicities. For that purpose, we developed a numerical procedure
to calculate the full one-loop effective masses to all scalar states in the simplified
45 @ 126 SO(10) Higgs model as well as in the 45 ® 126 & 10¢ SO(10) GUT,
c.f. Appendix [D] for definition of the one-loop effective mass. Let us emphasize
that this is a significant improvement from the partial one-loop calculations in
[T, [3HIA].

There are several conceptual remarks to be made:
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e One-loop corrections do not significantly alter masses, and consequently the
tree-level non-tachyonicity, of the heavy scalars whose tree-level masses are
dominated by the Mgyr-proportional contributions.

e One-loop corrections to the intermediate-scale scalars with o-proportional
masses should be calculated in the intermediate-stage effective field theory,
which typically has a much smaller number of field degrees of freedom than
the full SO(10) model and thus the o-proportional masses are expected to
obtain only small one-loop corrections. We therefore simplify the analysis
by considering such intermediate-scale masses only at the tree level.

 In the simplified 45 @& 126 SO(10) Higgs model we have only partial in-
formation about the mass matrices of the SM scalar multiplets (3, 1, —I—%)
and (1,2, +%) as they will eventually mix with additional pair of doublets
(1,2,+3) and two triplets (3,1, —1—%) from 10@ In such a case, we have ac-
cess only to the full 3 x 3 (triplet) or 2 x 2 (doublet) sub-blocks of the 5 x 5
and 4 x 4 full mass matrices, respectively, c.f. Eqns. and . Still,
it is possible to formulate the necessary, but not sufficient, non-tachyonicity
condition on the sub-blocks of the mass matrices corresponding to these SM
multiplets by invoking Sylvester’s criterion [147] and requiring positivity of
all their leading principal minors (i.e. determinants of the 1 x 1,2 x 2,...
upper-left matrix sub-blocks).

Finally, let us stress that the one-loop effective mass is not physical since it
lacks contributions from the momentum-dependent part of the field self-energy
[148]. As such it is prone to large logarithmic contributions of the form

log [mj] , (3.1)

where m} < p% is the mass of a scalar or a gauge field which is much lighter
than the rest of the spectrum and appears in the loop of a Feynman diagram
contributing to the relevant one-loop effective mass. By studying the Abelian
Higgs model. c.f. Appendix [D] it is suggested to replace the unphysically large

logarithm (3.1]) by

log [Zg] — log lzgj + logc] + I(c) (3.2)

with m% being the tree-level mass of the field we calculate the one-loop effective
mass to, ¢ = ;%2 and I(c) = [, d:clog’l - @
of I(c) for eversy effective mass contribution would be time-consuming, and the
behaviour of log[c] + I[c] and log[c] does not differ much for most values of c,
see Figure , we simplify the replacement rule by following log[c| (blue
curve) for ¢ > ¢y ~ 0.0763 with ¢y being determined by I(¢p) = 0 and then using
constant value log[co] for ¢ < ¢.

. Since the numerical evaluation

!Notice that in the minimal SO(10) Higgs model we also neglect the one-loop scalar mass
corrections originating from 10¢. These, however, are likely to be insignificant due to the small
number of additional scalar fields in loops.
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Figure 3.1: The behaviour of logarithmic contributions to the one-loop effective
scalar masses without (blue curve, log[c]) and with ( curve, log[c]+1(c))
2

taming of the large logarithms. The ratio ¢ = % relates the tree-level scalar
S

masses m; and m% of fields in the loop and on the outer legs of a Feynman dia-
gram contributing to the one-loop effective mass.

Therefore we define the reqularized one-loop effective scalar mass as an im-
proved version of the one-loop effective mass with all logarithmic terms (3.1
replaced by

log \le if |e| > co,
2 Hr
log [mll — (3.3)
—L _
KR
log |:Co : |7:§] if || < co.
R

The ratio ¢ and all the arguments of the logs are taken in absolute values to avoid
computational issues with potentially tachyonic contributions. This procedure
is referred to as taming of the logs. It can be shown that in the perturbative
regime, non-tachyonicity of the regularized one-loop effective mass implies non-
tachyonicity of the physical mass; for details see Appendix A of [16]. Hence we
use the regularized one-loop effective masses to assess the non-tachyonicity of the
scalar spectrum.

3.1.2 Gauge coupling unification

In consistent Grand Unified Theory the SM gauge couplings are expected to unify
at Mgur. We employ the top-down approach, where the value of the SO(10)
unified gauge coupling ¢ is run from Mgyr down to the Z-boson mass scale
by using gauge coupling RGEs to properly fit the EW-scale experimental values
[149-153]

a, ' (My) = 8.550 + 0.065,

[

a;(My) = 29.6261 & 0.0051, (3.5)
oyt (My) = 59.1054 4+ 0.0031, (3.6)

c.f. Appendix [A]
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Gauge unification in the 45 © 126 SO(10) Higgs model

For the purposes of the 45 @& 126 SO(10) Higgs model study, the gauge cou-
pling unification is examined at the one-loop level, despite proper proton decay
analysis requiring implementation at least at two loops, c.f. Sec. The gauge
coupling unification is performed in the SM effective theory complemented by
the information about the full SO(10) mass spectrum. However, in the simplified
Higgs model, we have access only to part of the mass matrices of the SM mul-
tiplets (3,1,43) and (1,2, 43), and hence their eigenvalues M2(3, 1, +%)12,3 and
MZ(2,1,+3)12 (see Table for their tree-level form) are not the proper eigen-
values of the corresponding full mass matrices. We mimic the realistic situation
with an extra 10¢ scalar representation in the following way:

« One of the doublets (1,2,+12) is set to play the role of the SM Higgs and
its mass is fixed to be 125 GeV. The mass of another doublet is assigned to
be equal to the geometric mean of M2(2,1, +%)1,2.

« Masses M2(3,1, +%)1,273 are used as an approximation of three eigenvalues
of the full triplet mass matrix.

« Remaining two doublet (1,2, —i—%) and two triplet (3,1, +%) eigenstates stem-
ming from an extra 10¢ are assumed to have masses exactly equal to Mgyt
and thus they induce only negligible shift in the position of ¢ and no change
in the unification scale. In the realistic case with the minimal survival hy-
pothesis invoked, these doublets and triplets cluster around Mgy and their
masses deviate from the degenerate scenario only minimally.

For every parameter point, the positions of Mgy and o scales, as well as gauge
coupling ¢ at the point of unification, are analytically determined to exactly fit
the experimental values —. For further details, the interested reader is
deferred to Appendix B1b of [16].

Gauge unification in the 45 © 126 @ 10¢c SO(10) GUT

Fully-fledged two-loop gauge coupling unification analysis with one-loop threshold
corrections is applied in case of the 45 & 126 @ 10¢ SO(10) model study. It is
carried out by considering a sequence of two effective theories

SO(10) — G — SU(3). x SU(2) x U(1)

with G being the intermediate gauge symmetry. The procedure assumes a spec-
trum with one of the doublets identified with the SM Higgs. This requires that
two remaining doublets have masses around Mgy and one doublet mass resides
around o scale, c.f. Sec.[3.3.2] Unlike in the one-loop case, the gauge coupling g
and the scales Mgyr, 0 cannot be determined analytically; hence they are taken
as input parameters of the numerical two-loop gauge RGE analysis, and we con-
strain their values by requiring the computed SM gauge couplings to be within
x? < 9 of the experimental values —. Further details can be found in
Appendix B of [17].
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3.1.3 Perturbativity

All one-loop mass computations implicitly assume that the use of a perturbation
expansion is justified. However, the presence of O(100) quantum fields contribut-
ing to the loop corrections raises concerns about the robustness of the perturbative
calculations. Therefore we introduce several perturbativity criteria which ensure
that our computations remain self-consistent. Let us note that the following per-
turbativity constraints are discussed here only conceptually and technical details
can be found in Appendix B 1c¢ of [16]. Perturbativity constraints imposed upon
viable parameter points are deliberately chosen to be rather mild and thus we
discard only severely non-perturbative points.

Perturbative VEV configurations

First perturbativity constraint stems from the potentially large VEV structure

wWpLwW
]|30L|2R (wsL + wn) (3.7)

appearing in stationarity conditions and consequently in scalar masses. At the
tree level, the structure (3.7)) is always accompanied by the ay scalar parameter,
c.f. (2.35)-(2-36), and thus all possible divergencies for |o| < |wpL|, |wr| can be
tamed by imposing as; < 1, which is precisely the limit suitable for solving the
PGB tree-level tachyonicity issue. However, the VEV structure (3.7)) occurs not
only at the tree level but also in the (polynomial part of the) one-loop correc-
tions with several dimensionless parameters other then as as prefactors. Let us
explicitly demonstrate this on the one-loop stationarity condition for 7 :

1
Titoop = 5175 (647%a; — 288a0az — 22803 + 240z — 48a, — 480az8;+

+2as00 — 492a50\y — 708as\ g + 48ax N, + 1587 — 1808,48,+

wpLwr(wpr + wWr)
o2

+30087 — 1680|7|” — 5¢") - (3.8)

It is difficult to keep 7i_jo0p perturbative by suppressing the coupling-dependent
prefactor due to the presence of relatively large gauge coupling (g ~ 0.5). More-
over, if the scalar coupling values were fine-tuned so that they compensate for
the effect of g, the prefactor cancellation would eventually be disrupted even by a
small change in the renormalization scale due to the non-negligible RGE running

of all scalar parameters. Thus we deal with problematic VEV structure (3.7) by
restricting possible VEV configurations, i.e. we require

lwprwr(wer + wr)|
|o[?

5 max [|wBL|, |CLJR|] . (39)

There are only four possible distinctive breaking chains corresponding to four
perturbative VEV combinations in which the structure (3.7), omnipresent at the
quantum level, is tamed:

1. |o| = max [|wpr|, |wr|] inducing approximate single-stage spontaneous sym-

metry breaking of SO(10) to the SM SU(3). x SU(2), x U(1)y,
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2. wpr, & —wpg inducing two-stage spontaneous symmetry breaking with the
flipped-SU(5) intermediate-symmetry stage,

3. lwpr] < |o] < |wg| inducing two-stage spontaneous symmetry breaking
with the SU(4)¢ x SU(2), x U(1)g intermediate-symmetry stage,

4. |wg| < |o] < |wpr| inducing two-stage spontaneous symmetry breaking
with the SU(3).xSU(2), xSU(2)g x U(1) p_, intermediate-symmetry stage.

As we already mentioned in Sec. [2.4.2] single-stage spontaneous symmetry break-
ing is not compatible with gauge coupling unification and the scenario with the
flipped-SU(5) intermediate-symmetry stage violates current proton lifetime lim-
its. Therefore the first two cases are phenomenologically disfavoured and we are
left with only two viable scenarios corresponding to the |wpp| < |o| < |wg|
(referred to as wpy, — 0) and the |wg| < |o] < |wpy| (referred to as wgp — 0)
limits with SU(4)C X SU(2)L X U(l)R and SU(S)C X SU(Q)L X SU(Q)R X U(l)B_L
intermediate breaking stages, respectively. Let us note that in both of these
scenarios, the subdominant w plays a role of an induced VEV and it influences
our computation only through the universal VEV ratio y defined in Eq. .
Consequently the criterion implies

St (3.10)

Global mass perturbativity

Let us now introduce the global mass perturbativity criterion which restricts the
relative size of one-loop corrections with respect to the tree-level masses. In
practice, we define the quantity A to measure overall mass shifts

2 2
— maxX; jecheavy fields [|Mij,one—loop - Mij,tree‘]
A = : (3.11)
M?

heavy

where ij,tree and ijvone_loo are tree-level and regularized one-loop effective
scalar masses, c.f. Sec. respectively; Mg, denotes the average of the
heavy tree-level scalar masses over real degrees of freedom. Observe that A in-
cludes only one-loop corrections to heavy masses as intermediate-scale masses are
taken at tree-level and for the one-loop shifts of the PGBs it is even desirable
that they are larger than the corresponding accidentally light tree-level masses.
All the viable points in the parameter space then have to satisfy

A<l (3.12)

Stability under RG running

Regularized one-loop effective masses discussed in Sec. [3.1.] and consequently
global mass perturbativity criterion , possess residual renormalization scale
dependence, c.f. the Abelian Higgs model study in Appendix[D] Hence we demand
loop corrections to be under control even if the renormalization scale is changed,
which is not always easy to accomplish in the environment of GUTs with many
field degrees of freedom contributing to loops.
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Potential pathologies stemming from the renormalization scale dependence
technically manifest themselves by the presence of a Landau pole in the RG flow
of a coupling. To avoid such scenarios, the full set of one-loop beta functions of
all dimensionless scalar couplings was derived, see Appendix |[B| and it was used
to impose stability under the RG running. We define the following perturbativity
measures:

1201

and

Ti=Jtat_, (3.14)

where pp labels the initial choice of the renormalization scale and pg+ are up-
per/lower renormalization scale limits at which the system of dimensionless cou-
plings’” RGEs blows up. Quantities £, and t_ determine how many orders of
magnitude the scalar couplings can run above and below the initial ur value
before encountering a Landau pole, respectively, whereas t is interpreted as the
averaged amount of RGE running up and down before the RGE system blows up.
The larger the t+ and/or £, the more numerically robust our loop calculations are
with respect to the RG running. We impose

t, > 0.5 (3.15)

to ensure that one can safely run the viable points at least half-an-order magnitude
up in the renormalization scale.

Vacuum position stability

Another perturbativity criterion concerns the stability of the position of the
broken-phase vacuum in the VEV space. In practice, we require that the one-
loop {u?, 2, T}-values are not “too far” from their tree-level positions, c.f. point 3
in Appendix B 1c of [I6]. The vacuum position stability test is repeated also af-
ter the running of the dimensionless scalar couplings half an order of magnitude
up in the renormalization scale, thus further establishing the robustness of our
numerical calculations with respect to the RG running.

Such perturbativity constraint may seem rather arbitrary as it depends on
the rescaling of the non-physical quantities {2, v%, 7} whose normalization was
chosen in such a way that —u? and —v? are masses of the scalar fields in the
unbroken phase. However, stationarity conditions, and consequently {u?, v? 7},
are an integral part of the scalar effective mass calculations and a big shift in
the one-loop vacuum position typically induces large one-loop mass corrections.
Moreover, the vacuum position stability is easier to computationally verify than
the preceeding two perturbativity constraints and thus it is therefore used as the
first fast criterion to discard badly non-perturbative patches of the parameter
space.

Iterative PGB masses

The last perturbativity constraint we implement emerges from the technical as-
pects of the taming of the logs (3.2]), due to which the one-loop calculation of the

41



regularized effective masses is prone to being non-reliable for pseudo-Goldstone
bosons. In practice, a one-loop regularized effective mass of a PGB scalar can be
schematically written as

M2
MJQDBG,HOOp = () + Cylog W7 (3.16)

R

where C; and Cy are coefficients independent of the PGB mass M3 5. Logarith-
mic dependence in (3.16]) originates from contributions of Feynman diagrams with
pseudo-Goldstone fields in the loop or from the replacement rule in case of
one-loop mass corrections involving lighter (intermediate-scale) fields. Since the
PGB tree-level mass MI%GBMBG is accidentally suppressed, the log contribution
in is artificially enhanced and the Cs-proportional term might dominate
over (7. This situation is undesirable because the Cy contribution stems from the
mere approximations introduced in the taming of the logs and hence the compu-

M2
tationally stable loop calculation should not be overly sensitive to log %—
R

proportional terms.
We test for such ill-behaved cases by carrying out iterative PGB mass com-
putation according to the prescription

[ MEGp )
MIQDGB,(Z'—H) = (1 + Cylog PGQB’() (3.17)
HR
with the starting values MIZDGB,(O) = MZap rees MI%GBV(I) = MI%GBJ_ZOOP and

i < 30. Ultimately, the one-loop calculations are deemed reliable only if M3, B(1))
and the converged PGB mass are not “too far” from each other, c.f. point 4
in Appendix B 1c¢ of [16].

3.2 The minimal SO(10) Higgs model analysis

The preliminary numerical analysis of the 45 @ 126 SO(10) Higgs model is per-
formed in the two symmetry breaking scenarios wgr, — 0 and wr — 0 with
SU(4)e x SU(2), x U(1)g and SU(3). x SU(2), x SU(2)g x U(1)p_, intermedi-
ate symmetry stages, respectively, which were identified in Sec. [3.1.3] as the only
phenomenologically viable breaking chains leading to perturbative VEV combina-
tions. Although the minimal SO(10) GUT requires adding a 10¢ into the scalar
sector of the theory to account for the observed SM fermion masses, c.f. Sec. [2.4.3]
the aforementioned extra scalars do not influence spontaneous symmetry break-
ing of the SO(10) to the SM SU(3). x SU(2), x U(1)y. Moreover, the one-loop
mass corrections originating from 10¢ are subdominant because of the small rep-
resentation dimensionality. Hence the absence of 10¢ has only a little qualitative
effect on the high energy part of the spectrum and thus it allows us to analyse the
shape of the viable parameter space enforced by non-tachyonicity, perturbativity
and gauge coupling unification constraints in the simplified setting of the minimal
SO(10) Higgs model.

First, we semi-analytically discuss the non-tachyonicity criterion in the o — 0,
as — 0 limit in Sec.[3.2.1} The full numerical analysis of the parameter space and
its results are presented in Sec. [3.2.2] where the preference for wg;, — 0 regime
is clearly demonstrated. The main results are summarized in Sec. [3.2.4]
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3.2.1 Analytical aspects

It turns out that one can get a semi-analytical insight into the non-tachyonicity
constraint in the limit 0 — 0, motivated by the seesaw-compatible hierarchy
lo| < max[|wpL|, |wr|], and as — 0, in which the tree-level potentially large
tachyonic scalar mass contributions f are suppressed.

In such a ¢ — 0, a3 — 0 regime of the minimal SO(10) Higgs model, the
intermediate-scale masses vanish, the pseudo-Goldstone masses are fully deter-
mined by radiative corrections and the heavy scalar masses are well approximated
by the tree-level expressions in Table [E.1. Consequently, the whole tree-level
scalar spectrum is dictated by three real scalar couplings ag, f4, 5}, one complex
scalar coupling v9 and the unified gauge coupling, whose value can be fixed to
g = 0.5 in consistency with the numerical results of Sec. [3.2.2] The coupling
ao influences solely the mass of the heaviest SO(10)-breaking Higgs field (trans-
forming as the SM singlet) whose non-tachyonicity can always be assured by a
suitable choice of ag value.

Furthermore, the one-loop radiative corrections to PGBs do not depend on the
phase of the v, parameter. Such observation can be deduced from Figures|3.2
as the non-tachyonic regions of the PGB one-loop masses in the ¢ — 0, as — 0
limit adhere to the (84, 5}) — (—B4, —}) symmetry, which prohibits the presence
of B4ye, Byv2 mixed terms. Thus the relevant part of the scalar spectrum is fully
controlled by the By, ), |72| parameters.

[val
1.0

0.4 ‘wBL—>0|
Bl PGBs, |y2| - 0

Figure 3.2: In the 0 — 0, a; — 0 and wpy — 0 limit, we depict the 54—
regions where the tree-level heavy masses or one-loop PGB masses are non-
tachyonic for different colour-coded |v,| values. Left panel: Areas enclosed by
coloured contours and labelled by |y2| values represent regions in which heavy
fields are non-tachyonic. Solid purple areas support non-tachyonic PGB masses
for |y2| = 0 with dots along the 8} = i@l line being numerical artifacts. The
coloured points in the 54 > 0, 8 < 0 quadrant are data from the full numerical
scan of Sec. Right panel: Areas of non-tachyonic numerically evaluated
one-loop PGB masses with the colour encoding the minimal |y5| value for which
all PGBs are non-tachyonic. The black contour in both panels enclosed an area
where a fully non-tachyonic spectrum exists for a suitable choice of the |v,| pa-
rameter.
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Figure 3.3: The same as in Fig. , only in the wr — 0 limit.

The |y2| = 0 regime

In the case of |y5| = 0, the scalar masses in question are determined by only two
parameters: [y, £;. In addition to that, all relevant mass formulae are available
analytically, see Table for the tree-level expressions and Table X in [16] for
the one-loop PGB masses. Non-tachyonicity of the tree-level heavy fields implies

% <0 %< 5 (3.18)

and the corresponding allowed region in the [4-3) plane is depicted in left panels

of Figures by purple thin contour.
The PGB one-loop masses are non-tachyonic in the solid purple areasEl in the

By >0, By >0and 4 <0, ) <0 quadrants of the left panels of Figures 3.3
Observe that the regions of non-tachyonicity for the heavy fields and PGBs do not
overlap, thus demonstrating that the one-loop scalar spectrum cannot be made
non-tachyonic in the |y;| = 0 regime.

The || # 0 regime
Non-tachyonicity of the tree-level heavy fields in the |y,| # 0 regime implies

1 1 1 4
<0, Bi<Bi-lul (8- 58) (Bi- g8 > ghef (319)
for wpr, — 0 and

72 ,
By <0, By < 5P~ gl (54'1 - %54) (52 - %54) > 55 el

(81— 181) (81 — %5B81) > 31l (3.20)

2Regions of non-tachyonic PGB masses do not extend to the point 8, = 0, 85 = 0 in the
az — 0 limit as the gauge one-loop mass corrections cannot be made simultaneously non-
negative for all PGBs, see Table X in [I6], and these negative gauge mass contributions have
to be overwhelmed by considering 54 # 0, 8 # 0.
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for wg — 0, c.f. Table [E.1} with corresponding allowed regions depicted by dif-
ferent |y,|-coloured contours for several values of |y,| € [0,1] in the left panels
of Figures . Notice that these regions retreat with increasing |v,| towards
the bottom-right corner in the f,4-5) plane.

Numerically evaluated PGB one-loop masses are non-tachyonic in the areas
displayed in the right panels of Figures [3.2H3.3] where for every relevant 3, and
S} point the assigned colour stands for the minimal |y,| value needed to achieve
non-tachyonic PGB scalar spectrum. Observe that for |y.| < 0.15 the PGB non-
tachyonic regions are located in the 54 > 0,3, > 0 or 84 < 0, ) < 0 quadrants
and bear no overlap with the areas where heavy fields are non-tachyonic. On the
other hand, for |y3| 2 0.15 the non-tachyonic PGB one-loop spectrum can be
found also in the 5, > 0, 8} < 0 quadrant into which the areas of non-tachyonic
heavy masses recede.

Finally, the black contours showed in the panels of Figures |3.2H3.3| enclosed
the 34~} regions where both tree-level heavy and one-loop PGB masses are non-
tachyonic for a suitable choice |y5| # 0. In the limit wg;, — 0, such region
is obtained for 0.19 < |y2| < 0.47, while in case wp — 0, it is attained for
0.14 < |72] < 0.29. Hence, a non-tachyonic scalar spectrum is expected to be
found only for non-negligible |y5| values. Note that the fully consistent region in
the (4~} plane in the latter scenario is rather narrow, thus providing the first
hint that the wrp — 0 regime is much more restrictive.

The relevance of this simplified semi-analytic consideration is illustrated by
adding the |y |-coloured results of the numerical scans from Sec. into the left
panels of Figures [3.213.3] Observe that the viable points in the minimal SO(10)
Higgs model are located in the 54 > 0, 3 < 0 quadrant as it is expected from
the position of the black contours. The discrepancies between the scan data and
the semi-analytic approach can be attributed to non-zero as values allowed in the
numerical scans.

3.2.2 Viable regions of the parameter space

We now discuss the full numerical analysis of the 45 @ 126 SO(10) Higgs model
at the one-loop level. The space of parameters covers 9 real dimensionless scalar
couplings

Az, g, Aoy A2, Mg, Ny, @, Ba, B, (3.21)
2 complex dimensionless scalar couplings
V25 72, (3.22)
the unified gauge coupling g and the VEVs
WBL,WR, 0; (3.23)

in total spanning over 16 real dimensionsﬁ Notice that all scalar couplings from
Eqns. (2.21)—(2.24]) associated with the Lagrangian terms containing 10¢ effec-
tively vanish in the minimal SO(10) Higgs model. The values of u? v? and 7

3We exploited the freedom in defining the overall phases of ¥ and ¢ fields, so that o > 0 is
real and the larger of the w’s is positive.
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are related by the stationarity conditions (2.31)—(2.33)) to (3.21))—(3.23)) and thus
they do not belong to the set of independent parameters of the model. For ev-
ery parameter point, the “optimal” renormalization scale u% is calculated as an
arithmetic average of all heavy tree-level scalar masses-squares. Dimensionless
couplings are restricted to the O (1) domain and VEVs have to satisfy the per-
turbativity constraint .

Viability of a point is determined by the criteria introduced in Sec. [3.1} in par-
ticular non-tachyonicity (see Sec.[3.1.1)), gauge coupling unification (see Sec.[3.1.2)
and perturbativity (see Sec. . It is worth repeating some of the shortcom-
ings of viability constraints defined in the simplified setting of the minimal SO(10)
Higgs model:

« We lack full information about mass matrices of the SM doublet (1,2,+3)
and triplet (3,1, +é) multiplets as the relevant states from 126 eventually
mix with fields from 10¢ in the 45 ® 126 @ 10¢ SO(10) GUT. It is possible
to formulate the necessary non-tachyonicity test by applying Sylvester’s

criterion, c.f. Sec. [3.1.1] whose influence upon parameter space scans was
studied in Sec. IV C4 of [16].

o The gauge coupling unification is implemented only at the one-loop level.
Hence, for every parameter point the position of Mgyr, o and g is analyt-
ically determined to fit experimental SM gauge coupling values exactly at
My scale, c.f. Sec.|3.1.2

The viability constraints introduced in Sec. [3.1] are numerically implemented
by introducing a penalization function which is always non-negative and monoton-
ically raises with the quantitative amount of a violation of any wviability criterion,
c.f. Appendix B in [16] for its explicit form. Such penalization function is then
applied on every point in the parameter space. Viable regions of the parame-
ter space are located and examined by the stochastic version of the differential
evolution algorithm, version “DE/rand/1” with F' € (0.5,2) randomly chosen for
every point [I54], which iteratively produces new improved generations of candi-
date parameter points from the preceding generation. The algorithm can be used
in two modes:

1. Minimization mode in which the penalization function never reaches zero.
The algorithm progressively explores parts of the parameter space with
improved obedience to certain criteria. Scans obtained by adopting such a
mode are referred to as biased.

2. Search mode in which only parameter points with zero penalization function
are accepted. The algorithm thus almost uniformly explores regions of the
parameter space with desired features.

All the datasets of parameter points with various constraints imposed and
obtained by different algorithm modes are listed in Table The main datasets
containing wviable parameter points are labeled B and R in the wg;, — 0 and
wr — 0 limits, respectively, and they satisfy, among other criteria, ¢, > 0.5 and
A < 1. As the perturbativity criteria from Sec. possess a certain level of
arbitrariness, we produce several numerical parameter space scans with different
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levels of RG perturbativity imposed on them. Viable points in the datasets B,
and R, satisfy stricter ¢ > x stability under the RG running in the wg; — 0 and
wr — 0 cases, respectively. No points with ¢ > 2 were found in the wz — 0 limit,
hence there are no Ry 3 datasets for this case. Finally, the biased datasets Brga
and Rprg were obtained by pushing the parameter space scans to highest possible
t values in the wg;, — 0 and wr — 0 regimes, respectively. Note that similar

biased datasets were produced for quantity the A, c.f. Sec. IV in [16], however,
we opt to omit them from the current discussion.

Table 3.1: The datasets of viable points in the parameter space obtained by
imposing various constraints and using different modes of the differential evo-
lution algorithm. Their detailed description is provided in the main text above
the table.

Dataset VEV regime RG range Bias # of points Mode

B wpr — 0 t, > 0.5 30000 Search
B wpr, — 0 t>1.0 20000 Search
B, wpr, — 0 t>2.0 20000 Search
B3 wpr, — 0 t>3.0 20000 Search
Bra wpr, — 0 t. >0.5 t 10000 Minimization
R wr — 0 t. >0.5 30000 Search
Ry wr — 0 t>1.0 20000 Search
Rra wp — 0 ty > 0.5 t 10000 Minimization

Scatter plots of dimensionless scalar parameters

One way to represent the wiable regions of the parameter space, with viability
criteria introduced in Sec. [3.1] are 2D scatter plots correlating two dimensionless
scalar couplings. We choose 6 such correlation pairs and the corresponding plots
are shown in Figs. [3.4 and [3.5 for the wp; — 0 and wr — 0 regimes, respectively.
Note that the values of the phases d,,,d,, are distributed almost uniformly over
the [0, 27) interval and thus are excluded from the plotsE]

In Figs. 3.443.5 the points in main viable datasets B and R are combined
with the ones in the biased datasets Brg and Rrg. The colour scheme encodes
various levels of ¢ perturbativity measure fom Eq. (3.14). Points with better ¢
are displayed in the front, thus allowing to identify the RG-stable hot spots.

There are several observations to be made:

o The highest value of the RG-perturbative measure ¢ globally achieved was
t ~ 3.1 in the wp;, — 0 case and  ~ 1.9 for wr — 0, thus indicating that
the former scenario is more perturbatively stable.

e The region in which all the scalar couplings vanish is not viable due to the
need to balance out the gauge coupling contributions in the one-loop scalar
beta functions for the RG-perturbative points, c.f. Appendix [B.2]

4In the wr — 0 regime, one can observe a mild preference for phase values satisfying relation
20, = 0y, which ensures that the 7, and 7, phases do not change during the one-loop RG

running, c.f. Eqns. (B.28)—(B.29) with k2, k5, (, (', %0, 11,12 couplings zeroed out.
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Figure 3.4: 2D scatter plots correlating pairs of dimensionless scalar parameters
of the 45 & 126 SO(10) Higgs model in the wpy, — 0 limit. The points were
obtained by combining the B and Brs datasets from Table [3.1] with the colour
coding the value of the RG-perturbativity measure ¢.
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Figure 3.5: The same as in Fig. , only in the wr — 0 limit.

e ay < 1: Potentially tachyonic tree-level masses of the PGBs are suppressed
for a; — 0, thus allowing one-loop corrections to dominate. Having as < 0
for all points in the wr — 0 regime implies that the PGB triplet always
acquires non-tachyonic tree-level mass, see Table [E.1]

e 54>0, 85 S0, 0.1 < |y2| £ 0.4: These ranges of B4, 5),|72| values are en-
forced by the required non-tachyonicity of the PGBs and the heavy fields,
c.f. semi-analytical discussion in Sec.[3.2.1] Let us emphasise that no viable
points were found in the || — 0 limit.
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e ag >0, \g > 0: Positive qq is enforced by non-tachyonicity of the SO(10)-
breaking Higgs field whose dominant tree-level mass contribution is calcu-
lated as 8ag(3w?;, + 2w}) for |as| < |ag|, c.f. Table [E.1] Consequently,

the o-proportional tree-level mass of the U(1)p_p-breaking Higgs field is

. . a+f)?
non-tachyonic only if \g 2 % > 0.

e My ~ —)\g: The couplings A\ and A4 exhibit the linear correlation that can
be attributed to the shape of the one-loop scalar S-functions for which the
Ay ~ —Ay with the condition N, < 1 leads to a partial cancellations of the

terms with large numerical factors, c.f. Eqns. (B.22) and (B.25)), thus

contributing to the overall stability under the RG running.

Parameter ranges

The datasets B, B 23, R and Ry obtained by the search mode of the differential
evolution algorithm, c.f. point [2] discussed on page [46 approximately correspond
to the uniformly sampled viable points satisfying desired level of stability under
the RG running, see Table Projections of such datasets onto one parameter
subspaces are therefore interpreted as the parameter’s marginal probability dis-
tributions in the context of Bayesian statistics and the ranges of individual scalar
parameters can be represented by their highest density intervals (HDI).

In Figs. and the clustered vertical bars with the same horizontal po-
sition show the 1-, 2- and 3-0 HDIs (distinguished by decreasing opacity) of the
individual dimensionless parameters, x and the VEVs o, max||lwgL|, |wr|], re-
spectively, for the wg;, — 0 (upper/left panels) or wg — 0 (bottom/right panels)
limit. We compare the main viable datasets B, R (coloured in blue) with those
in which stricter stability under the RG running is imposed via demanding ¢ > 1,
t > 2 and t > 3 (coloured in light blue, and , respectively).

By increasing the required stability under the RG running the viable ranges
for the parameters shrink as indicated by the position of the hot spots in the
correlation plots in Figs. Moreover, the parameters’ HDIs of the datasets
with stricter ¢ threshold are located in the unlikely regions of the viable parts of
the parameter space. This is best demonstrated in the case of the £, parameter
in the wg;, — 0 regime, where the 3-0 HDI of the Bs dataset is outside the 3-o
HDI of the main dataset B. In the wg — 0 limit, no parameter points were found
which could be run in renormalization scale on average for more than two orders
of magnitude up and down without encountering a Landau pole, therefore there
are no Rq 3 datasets. It clearly illustrates that the wp — 0 symmetry breaking
limit is “less perturbative” of the two.

The absolute positions of the max[|wprl, |wg|], ¢ VEVs (and unified cou-
pling g) are fixed by the gauge coupling unification since perturbativity and
non-tachyonicity constraints are practically independent of a rescaling of the di-
mensionful parameters by a common factor. Resulting scales as displayed in
Fig. 3.7 are very different for the two symmetry breaking patterns, i.e.

wpr ~ 10 GeV, o~ 10% GeV (3.24)

in the wr — 0 limit with the SU(3), x SU(2), x SU(2)g x U(1)p_r, intermediate-
symmetry stage and

wr ~ 10 GeV, o ~ 10102712 GeV (3.25)
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scalar dimensionless parameters —, g and x from the datasets ob-
tained in the search mode in the wp;, — 0 (upper panel, B, B; » 3 datasets) and
wr — 0 (bottom panel, R, R, datasets) limit, c.f. Table The colours en-
code different stability under the RG running.
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Figure 3.7: The 1-, 2- and 3-0 HDIs (depicted by decreasing opacity) of the
VEVs 0, max[|wpr|, |wgr|] and the renormalization scale g from datasets ob-
tained in the search mode in the wpr, — 0 (left panel, B, B 2 3 datasets) and
wr — 0 (right panel, R, R; datasets) limit. The colours encode different stabil-
ity under the RG running.

in the wp;, — 0 regime with the SU(4)c x SU(2) 1, x U(1) g intermediate-symmetry

stage. The VEV values in Eqns. (3.24)—(3.25)) are to similar to those of [104], [123|
[155] based on the minimal survival hypothesis [156], 157]. In the former case of
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wr — 0, there is almost a ten orders of magnitude hierarchy between wpy and o
with the GUT scale being rather close to the Planck scale and the seesaw scale
o located near the Davidson-Ibarra leptogenesis bound ~ 10? GeV restricting the
mass of the lightest heavy neutrino from below [158]. On the other hand, in the
latter case of wg;, — 0, the position of the GUT scale is somewhat close to the
lower bound indicated by the proton decay searches [134-139]. Nevertheless, the
VEVs — were obtained from a one-loop gauge coupling unification and
should be modified by two-loop corrections in any robust theoretical proton life-
time analysis, c.f. Sec.[2.5] Lastly, the effect of the induced VEV min[lwpy|, |wg]]
cannot be neglected as it enters non-tachyonicity considerations through the uni-
versal VEV ratio x defined in Eq. . The distribution of its values shown in
Fig. suggests that both w’s tend to have the same sign in the wgp — 0 case and
in the B3 dataset of the wgy;, — 0 limit, whilst there seems to be a slight tendency
towards opposite-sign w’s in the remaining datasets of the wgy — 0 regime.

For every point in the parameter space, the renormalization scale ug is cal-
culated as the square root of the average heavy tree-level scalar mass-squares so
that the logarithmic one-loop mass contributions are tamed. Although the viable
points should be correctly compared only after running all parameters to the same
renormalization scale, we see from Fig. that the spread of all point-specific
(g values is rather small in both regimes, thus justifying the comparison of the
viable points right away as they are computed at their specific pgz’s. Besides that,
the imposed stability under the RG running condition guarantees that all viable
points can be, in principle, safely run to one common renormalization scale.

Finally, let us mention that we have deliberately omitted from this thesis
the results for the mass spectrum as they conform to the shape anticipated by
the symmetry breaking pattern and the parameter ranges in Figs. in
both limiting cases; i.e. the intermediate-scale masses cluster near the o scale,
heavy masses reside near the GUT scale and the PGB fields have masses around
ﬁMGUT. The interested reader is deferred to Sec. IV D of article [16].

Gauge coupling unification

For completeness, we present the gauge coupling unification patterns in Fig. |3.8
for two sample points, one from each of the two wg;, — 0 and wr — 0 limiting
cases. The corresponding input coupling values are listed in Table (3.2}

3.2.3 Calculation of the partial proton decay widths

Let us employ the B and R main datasets to perform a partial proton width
calculation for the decay channels with antineutrinos in the final state

p— 7D, p— K, (3.26)

with incoherent summation over all neutrino flavours implicitly assumed. As we
discussed in Sec. the corresponding partial decay widths from Eqns. (2.77)—
do not depend on the details of the flavour fit and instead, they are fixed
by the observable CKM mixing parameters. Moreover, the numerical study [7]
showed that proton width prediction of decay channels are relatively robust
with respect to the Planck-scale induced theoretical uncertainties in the Yukawa
as well as gauge-kinetic parts of the Lagrangian.

51



Table 3.2: The input parameters corresponding to sample points for which the
gauge unification patterns are shown in Fig. 3.8 The signs of the VEVs are
positive and 1g (z) := log,,(z/GeV).

‘WBL_>0 wr — 0

as 0.002 —0.027

ap 0.048 0.060

Ao 0.065 0.138

A2 —0.070 —0.158

A4 0.037 0.025

N 0.001 0.046

o) —0.062 —0.063

Ba 0.341 0.856

B4 —0.043 —0.018

|72 0.092 0.228
argyo 3.38 4.78
|72 0.007 0.025
argns 6.22 3.10
g 0.526 0.502

lg |wpr| 7.06  17.80
lg |wrg| 1496  —2.20
lg|o| 11.01 7.94
lg pr 14.75 17.76

We first list the numerical values of the quantities entering the proton de-
cay width formulae (2.77)—(2.78) with estimated theoretical uncertainties. The
proton decay constant

& = —0.01106 % 0.00039 GeV? (3.27)

is extracted from the lattice calculations carried out in [144] for the fixed values
of the chiral Lagrangian coefficients

D =038, (3.28)
F =047, (3.29)
fr = 0.13055 GeV, (3.30)
my = 0.94GeV, (3.31)
mp = 1.15 GeV (3.32)

and pp.g = 2GeV, where we adopted the finer “32ID sample” results. Factors
governing the one-loop running effects of the effective four-fermion BNV operators

are obtained from Eqns. (2.85])—(2.86)):

Ay = 1.303 4 0.028, (3.33)
AG, . o = 3.749 £ 0.408 = 0.035, (3.34)
A, o = 4.328 +0.525 £ 0.017, (3.35)

with factor Ag) being specific to dataset B (wpr, — 0) or R (wr — 0). The first
contributions to the uncertainties in expressions (3.33))—(3.35)) were estimated by
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Figure 3.8: Gauge-coupling-unification patterns are shown for two wviable sample
points in the wp;, — 0 (upper panel) and wr — (bottom panel) limits with the
corresponding input parameter values listed in Table |3.2. The black, blue and
red dashed vertical lines mark the location of the SM non-singlet scalar, SM-
singlet scalar and gauge masses, respectively; whilst purple solid lines indicate
the position of the VEVs. The black dots indicate the point of the one-loop
SM gauge coupling unification and simultaneously the position of the heaviest
non-singlet mass threshold.

approximating the two-loop running effects via perturbing exponents in formu-

lae (2.85)—(2.86) by O(1)/4m relative change. The second contributions to the

uncertainties in Eqns. (3.34))—(3.35]) are determined from the spread of Ag) values
calculated for all viable parameter points. The VEVs in the viable region of the
parameter space are

lgwp = 14.92 + 0.20 & 0.12, (3.36)
lg|o| = 11.09 & 0.10 + 0.78 (3.37)

in the wgy, — 0 regime and

lgwpr, = 17.796 £ 0.500 £ 0.078, (3.38)
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lg|o| = 7.86 + 0.50 + 0.37 (3.39)

in the wg — 0 regime. The lg function is defined in Table|3.2} The first contribu-
tions to the uncertainties in expressions — arise from the higher-loop
corrections to the one-loop gauge coupling unification. We estimate them by as-
sessing the shift in the breaking scales resulting from one-loop and two-loop gauge
coupling unification analysis performed in [I04]. Notice that such uncertainties
are rather large and any robust proton lifetime calculation thus requires at least
two-loop gauge coupling RGE analysis, see discussion in Sec. 2.5.3] The second
contributions to the uncertainties of Eqns. — come from the spread of
the VEV values of all viable parameter points in B or R. The min[|wpy|, |wr]]-
dependent contributions in denominators of ki, ks from Eqns. (2.79)—(2.80) are
neglected since min{|wp|, |wgr|] < |o| < max[|wpg|, |wg|]. Finally, the values of
the experimental inputs are [127]

m, = 938.27208816 % 0.00000029 MeV, (3.40)

My = 139.57039 4 0.00018 MeV, (3.41)

My = 493.677 £ 0.016 MeV, (3.42)
|(Verar)1| = 0.97373 4 0.00031, (3.43)
|(Verar)12] = 0.2243 + 0.0008. (3.44)

Taking the numerical values in Eqns. (3.27)—(3.44)) and inserting them into
the partial proton decay widths (2.77)—(2.78|) for decay channels (3.26)) with an-
tineutrinos in the final state, one gets

h .
Tposnto = | - 1028.901_;13 yr, (3.45)
p—rty
_ h 30.971143
it = o = 1097y (3.46)
p— v
in the wgy — 0 limit and
_ h 40.307248
Tpsnto = T, =10 —2Aeyr, (3.47)
p—TTU
_ h 42371248
To—K+7 = T . = 107" 26 yr (3.48)
P v

in the wg — 0 limit.

Asymmetrical theoretical uncertainties of 7, ,.+y and 7, x+y indicated in
Eqns. f were obtained by taking the minimum and maximum values
of the partial decay widths calculated by inserting the quantities —
into formulae f over the entire range given by their respective un-
certainties. Let us emphasise that by far the biggest proton lifetime theoretical
uncertainty comes from the accuracy of the max[|wpr|, |wr|] VEV determination,
whose error can be reduced by improving the gauge running analysis to two loops.

In Fig. 3.9, we show the theoretically predicted ranges of 7, +y and 7, x+s
(black horizontal bar) in both VEV regimes with the “expected” value denoted
by the red dashed vertical line. It is compared to the corresponding experi-
mental 90% confidence level exclusion bounds (black dashed vertical line) from
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Figure 3.9: Theoretical ranges of 7,_,,+7 and 7, x+y from Eqns. 1)
in the 45 ® 126 SO(10) Higgs model in the wg — 0 (upper panel) or wpy — 0
(lower panel) regime without (black bar) and with (gray bar) Planck-scale-
induced flavour fit uncertainties [7] taken into account. The red dashed vertical
lines denote the “expected” values. Experimental 90% confidence level exclu-

sion bounds from Table are marked by black dashed lines.

Table . The plot also contains the theoretical ranges of 7, . +y and 7, x5
expanded by one order of magnitude (gray horizontal bar) due to superimposing
hypothetical Planck-scale-induced flavour fit uncertainties studied in [7]. The the-
oretical ranges of inverse partial decay widths — in the wg — 0 limit
are well above the 90% confidence level exclusion bounds. On the other hand, the
theoretically predicted proton decay rates in the wg;, — 0 limit are too fast for
both decay channels . Note that one cannot proclaim the wp;, — 0 regime
non-viable based on such a result as there are still several ways to improve the
proton decay width analysis, i.e. upgrade the gauge unification analysis at least

to two loops or bring a suitable scalar multiplet down to the desert to sufficiently
raise the GUT scale [12HI4].
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3.2.4 Main conclusions of the 453126 SO(10) Higgs model
analysis

Viable points in the parameter space passing non-tachyonicity, gauge coupling
unification and perturbativity constraints defined in Sec. were found in both
wpr, — 0 (SUM4)e x SU(2), x U(1)g intermediate symmetry) and wg — 0
(SU(3). x SU(2);, x SU(2)g x U(1)p_r, intermediate symmetry) regimes of the
453126 SO(10) Higgs model. The viable part of the parameter space does not in-
clude the region in which all scalar couplings vanish, namely |v,| 2 0.1 is enforced
by non-tachyonicity of the one-loop scalar spectrum. This is in contradiction to
the assumptions made in the preceding simplified studies [I3HI5].

The results of the numerical SO(10) Higgs model analysis clearly demonstrate
a preference for the wgy, — 0 limit as the wr — 0 regime is disfavoured for the
following reasons:

1. Viable parameter points are less stable under the RG running in the wg — 0
case, admitting only ¢ < 2. Hence no point can be RG-run on average up
and down in renormalization scale by more than two orders of magnitude
without encountering a Landau-type singularity in a scalar coupling. Com-
pare it to the limit wg;, — 0 in which the ¢ may be bigger than 3.

2. The SO(10) breaking VEV wp; ~ 10"® GeV in the wr — 0 case is located
rather close to the Planck scale, which raises concern with theoretical uncer-
tainties induced by the Planck-scale suppressed d > 4 operators. Moreover,
the seesaw scale o ~ 10® GeV is somewhat low and potentially leads to vio-
lation of the Davidson-Ibarra leptogenesis bound. The GUT scale and the
seesaw scale in the wg;, — 0 regime have more phenomenologically attrac-
tive values around 10'® GeV and 10! GeV, respectively.

Although the latter concern might be alleviated by fine-tuning a suitable scalar
mass into the desert [12H14], it is rather unlikely to have enough freedom to
perform such a fine-tuning in the scalar spectrum considering the very narrow
viable domain of the parameter space in the wg — 0 regime.

From now on, we will focus solely on the wg; — 0 limiting case. The 45@® 126
SO(10) Higgs model study discussed in this section is upgraded to the analysis of
the 45 @ 126 & 10¢ SO(10) GUT with realistically implemented Yukawa sector
and the gauge coupling unification considered at two-loop level to fully account
for its phenomenological viability.

3.3 The minimal SO(10) GUT in the wp;, — 0
regime

In the following section, we examine the phenomenological viability of the minimal
45 @® 126 @ 10¢ SO(10) Grand Unified Theory. In the 45 @ 126 SO(10) Higgs
model, there were identified two potentially realistic symmetry breaking patterns
with the SU(?))C X SU(Q)L X SU(Z)R X U(l)B_L ((UR — 0 hmlt) or the SU(4)C X
SU(2), xU(1)g (wpr — 0 regime) intermediate symmetry. The simplified SO(10)
Higgs model analysis showed that only the latter case is sensibly perturbative,
albeit in the rather restricted part of the parameter space. Adding an extra 10¢
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into the scalar sector has very little quantitative effect on the high energy part of
the spectrum, and so the aforementioned observation is expected to hold for the
minimal SO(10) GUT. Therefore we perform the analysis of the minimal SO(10)
GUT solely in the wgy, — 0 limit.

The wpr, — 0 regime, despite being favoured, is not without concerns as
the predicted GUT scale ~ 10'° GeV is somewhat small and the correspond-
ing theoretical proton lifetime predictions do not exceed experimental exclusion
bounds, c.f. Fig. However, the minimal SO(10) GUT provides several means
to improve upon the Higgs model analysis before declaring the wg;, — 0 limit
nonviable:

1. An additional 10¢ scalar representation brings new quantum corrections
into the one-loop calculations. Moreover, the scalar mass matrices of the
(1,2, +%) and (3,1, —i—%) SM multiplets are expanded to dimension 4 x 4 and
5 x 5, respectively.

2. The gauge coupling unification analysis has to be upgraded from one-loop
to two-loops, which is the lowest order of the perturbative expansion needed
for robust proton lifetime prediction, c.f. Sec. 2.5.3] Such an improvement
in the precision is, however, unlikely to significantly raise the GUT scale
as was demonstrated in the minimally fine-tuned model realizations and
it is probably necessary to resort to bringing a certain number of scalar
multiplets down to the desert [12HI4].

One should also not forget that having 126 and 10¢ representations in the
minimal SO(10) GUT allows us to address the Yukawa sector of the theory. We
have shown in Sec. that the question of a potentially realistic fit of fermion
masses and mixing is closely related to the problem of a successful fine-tuning
in the SM doublet (1,2, —|—%) scalar mass matrix to attain a light SM-like Higgs
doublet. In particular, phenomenologically viable flavour fits require the SM
Higgs to be an admixture of fields from both 10¢ and 126.

We shall demonstrate that there is a significant tension between the pertur-
bativity constraints and the possibility of obtaining the light SM Higgs doublet
in the scalar spectrum. Hence the physical viability of the minimal SO(10) GUT
is questioned even without embarking on the tedious task of testing all possible
light scalar thresholds to properly raise the GUT scale as discussed in point [2]

The section is organized in the following way: in Sec. we compare the
shapes of the viable parameter space domains in the minimal SO(10) GUT and
in the minimal SO(10) Higgs model. Next, the fine-tuning in the mass matrix of
the SM (1,2, —1—%) multiplets for the purpose of attaining a SM-like Higgs doublet
is discussed in Sec. [3.3.2 at the tree and one-loop level. Finally, we summarize
the main conclusions in Sec. [3.3.3

3.3.1 The minimal SO(10) GUT vs the minimal SO(10)
Higgs model

In the wpy, — 0 regime of the 45@® 126 10 SO(10) theory, the parameter space
spans over the following set of couplings

{)\R,AC,Q,T/,anfIQaWRaU’ X} (349)
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with A\g and A\¢ denoting the real and the complex dimensionless scalar parameters
listed already in Eqns. f, respectively. The unified gauge coupling is
labelled g as usual; 7/, €2, £ are new dimensionful scalar parameters and wg, o, ¥
comprise the full VEV information via Eq. . The “optimal” renormalization
scale p1% is again calculated for every parameter point as an average of all the heavy
tree-level scalar masses-squares. In total, the parameters span the 51-dimensional
space with the imposed perturbativity constraints

IAr|, [ Acl, [x] <1 1GeV < |7, €], €] < 10wr My < |o| < wg < Mp;, (3.50)

where My and Mp; are the Z-boson mass and the Planck scale, respectively.
The wiable regions of the parameter space are identified by employing again the
differential evolution algorithm in the search mode, in the same manner as de-
scribed in Sec. [3.2.2] with the penalisation function vanishing only if all viability
criteria (tachyonicity, gauge coupling unification, perturbativity) introduced in
Sec. are fulfilled. The resulting dataset of the viable points is labelled D. Let
us note that gauge coupling unification is studied at two loops and all one-loop
corrections originating from 10¢ are taken into account.

The viable dataset D can be readily compared with the dataset B of the viable
parameter points in the 45 @ 126 SO(10) Higgs model case, c.f. Sec.[3.2.2] Their
main differences are compiled in Table (3.3

Table 3.3: Characteristic features of the viable datasets D and B from the min-
imal SO(10) GUT and the minimal SO(10) Higgs model, both in the wgy — 0
regime, respectively.

Dataset # of points Scalar content Gauge RGEs

B 30000 45 © 126 One-loop
D 20000 45 ¢ 126 $ 10¢ Two-loop
1.0? he b X 16
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Figure 3.10: The 1-, 2- and 3-0 HDIs, differentiated by decreasing opacity,
of the common dimensionless scalar parameters (left panel) and VEVs (right
panel) for datasets B and D.

In analogy with Sec. we display in Fig. |3.10| and all ranges of the
common parameters (i.e. the ones which are present in the full theory as well as in
the pure Higgs model) by showing the 1-, 2- and 3-0 HDISs of individual couplings
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Figure 3.11: 2D scatter plots correlating pairs of dimensionless scalar parame-
ters common to the minimal SO(10) GUT (D dataset) and the minimal SO(10)
Higgs model (B dataset) in the wg, — 0 limit.

and the 2D correlation scatter plots, respectively. The two viable datasets assume
almost identical shapes, thus salient features of the minimal SO(10) Higgs model
apply also to the minimal SO(10) GUT under the study. However, there are some
minor differences that are worth mentioning:

e The wg,0 VEVs and the gauge coupling g: There is a small shift in the wg
and g values between the B and D datasets due to the gauge unification
upgrade from one-loop to two-loop. The same effect was observed in [104].
The central value of the |o| VEV decreases from B to D, contrary to the
expectations based on the minimal fine-tuning unification analysis [104],
because one SM doublet (1,2, —i—%) has mass fixed to the o scale in the two-
loop gauge unification procedure, which is expected in case of the successful

SM Higgs fine-tuning, c.f. Sec. and Appendix B3 in [16].

o Parameter ranges: The 3-0 HDIs of most of the common dimensionless
parameters and the VEVs tend to be reduced in D as compared to B.
Intuitively, one would expect to see the opposite effect as a plethora of
new couplings is introduced thanks to adding 10¢ into the minimal SO(10)
GUT. However, the two-loop gauge unification in combination with non-
tachyonicity and perturbativity constraints induces even more serious pa-
rameter space restrictions. Finally, let us mention that the central values
of ay, ) and |y5| are subject to small shifts betweem B and D datasets,
c.f. Figs. [3.10H3.11}
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3.3.2 The doublet mass fine-tuning

Contrary to the minimal SO(10) Higgs model, the fermion masses can be accom-
modated in the 45 © 126 © 10¢ SO(10) GUT, which contains the 126 as well
as 10c¢ in the scalar sector. Phenomenologically viable flavour fits require the
SM VEV wvg)s to be an admixture of the VEVs from both of the aforementioned
SO(10) representations, c.f. Sec. , thus implying that the SM Higgs doublet
(1,2, —1—%) must be a significant admixure of the components from the 10¢ and
126.

Such observation has implications on the structure of the 4 x 4 doublet mass-
squared matrix, which has the schematic form

M? M?2.
2 1y 126 mix
if written in the basis of the row states
{(15,2,+3)s, (15,2, = )%, (1,2, +3)m, (1,2, - 1)} (3.52)

with the basis fields specified by their SU(4)c x SU(2), x U(1)g transformation
properties. The 2 x 2 sub-blocks MZ, and M3, comprise contributions mixing
solely doublets from the 126 and 10c, respectively, whilst M?2. is the 2 x 2
sub-block governing the mixing of the doublets originating from the two different
SO(10) representations. The expected sizes of the diagonal blocks are around the

GUT scale, i.e.
My, Miy ~ O(wh), (3.53)
while the off-diagonal mixing falls around the |o| scale, that is

2
M, miz

~ o, (3.54)

since no mixing between doublets from the 126 and 10¢ representations can be
invoked until the intermediate symmetry SU(4)c x SU(2); x U(1)g is sponta-
neously broken. In the phenomenologically viable GUT, one of the eigenvalues
of the doublet mass matrix M3(1,2,+3) from Eq. sets the scale of the SM
Higgs doublet mass term at about 125 GeV. Moreover, the SM Higgs doublet
eigenvector has to be a significant admixture of the components from the 126
as well as 10c. The latter requirement can be satisfied only if at least one of
the eigenvalues of both diagonal blocks Mz, MZ is pre-tuned from the GUT
scale down to M?2., ~ |o|?. Such a pre-tuning constraint is a necessary but not
sufficient condition for the successful SM Higgs doublet fine-tuning.

Let us denote miys 4 and mi, . the eigenvalues of the diagonal blocks M7y
and M3, respectively, where the + sign labels the larger and the — sign refers to
the smaller eigenvalue. In Sec. 2.4.3] we used the flavour fit [I13] to estimate the

approximate “amount” of the vgy, residing in 126:

>3x 1072 =¢, (3.55)

\J |viag]? + [0S 2
2
SM
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which at the same time estimates the weights of the 126 and 10¢ components in
the SM Higgs doublet. Thus the pre-tuning constraint reads

f 2 i Jof* 3.56

My, ~ o] Mygg,— ™ ¢’ (3.56)

bringing an extra set of constraints to be applied to the scalar potential param-
eters. By plugging in the numerical values for the VEVs from the viable dataset

D of Sec. [3.3.1], we obtain approximately

miy_ S 1077wy, mig,_ < 3.3 107w, (3.57)

Pre-tuning at the tree-level — analytically

We first study the doublet pre-tuning at the tree-level as the quantum loop cor-
rections play a sub-dominant role in the non-PGB scalar sector. The tree-level

doublet mass matrix in the basis (3.52)) has the form

M2(1> 27 +%)tree =
(54 -98,—3a2x )w} —272w} —/6¢ x|o|? —V6¢x|o|?
—273wh (Z-Bi—aax)wl  V6(168*+(X)|of V6(169™* +¢*x)|o|?
VB2 VB(166+Cx)Nof? —€2— TEB 4 (2k0+r2)w?, —26242(2k{ x5 o}
VB xlol2 VB(16¢'+¢/X) o[ —28"F 2( 2k +rG )w?, —52+%+(2m+n2)w§

. (3.58)

where only dominant contributions in the wgy, — 0 limit were retained.

o M} sub-block tree-level eigenvalues: The tree-level Mz, eigenvalues are

f
m%%,i,(o) = (24 - 5@/1 — 2azx £ \/(4@1 + a2X>2 + 4]y |? W12~2 + O (|‘7|2) .

(3.59)

The pre-tuning requires the wj-proportional contribution to the miy

in Eq. (3.59) to be zeroed out in order to bring it down to the |o|* scale,
i.e. we demand

m2
e M0 524 — 56 — 2azx — /(48] + agx)® +4jal2 = 0. (3.60)
Eq. can be viewed as q constraint imposed upon |vs| since it only
enters tree-level mass expressions of the (15, 2, +%) and (6, 1,0) multiplets of
SU(4)c x SU(2), x U(1)g to which the SM doublets (1,2, +3) and triplets
(3, 1,+%) belong, respectively. The tree-level pre-tuning of m%m_
thus directly influences non-tachyonicity of eigenvalues of the |v,|-dependent
scalar mass matrices M?(1,2, 43 )iree from Eq. and M?(3,1, +3 )tree
that is computed as

MQ(ga 1+ %)tree =

(Ba—4B,—2a2x )w? dypwy 2v2(Bax—8X)) |o|? —V26w?, —V2¢'w?,
ysul (Ba—4B8y—2a2x)w?, 0 —V2¢w}, —V2¢
2V2(Bax—8\))|o|? 0 (284—48;—2a2x )w} —4(8p+Cx)|o> —4(8¢'+¢x) o
V2w V2w, —48p* +C*x)lo|> =3 +2mpwd 28244k wd
—V2("w?, —V2¢w} —ABp (N0 262 H+ARpw?,  —E242k0wh
(3.61)
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with the basis of the row states defined as
{(6,1,0)x, (6,1,0)%.,(10,1,0)s, (6,1,0), (6,1,0)%. } (3.62)

under SU(4)¢ x SU(2), x U(1)g. Again, only the dominant contributions
in the wgy, — 0 limit were kept in Eq. (3.61)).

The necessary condition for non-tachyonicity of the triplet states can be
quantified via Sylvester’s criterion which states that M?(3,1, 43 )uee has
positive eigenvalues if and only if all its leading principal minors are positive,
namely if the determinants of all upper-left 1 x 1,2 x 2,3 x 3, ... blocks are
positive. For simplicity, let us focus only on the 3 x 3 upper-left sub-block
of M?(3,1, —|—%)tree in Eq. that mixes triplets purely from the 126.
Sylvester’s criterion requires its leading principal minors

M3y = (B — 48} — 2a5x) W, (3.63)
My = 0 wh, (3.64)
M35 =0(Bs — 4B, — 2asx) W, + O(|o*w}) (3.65)

to be positive. For later convenience, we hid the entire |y;|-dependence in
a single parameter

0 == (s — 4B, — 2asx)” — 16|72, (3.66)
The triplet non-tachyonicity conditions can then be streamlined to
>0, By — 4By — 2asx > 0, (3.67)

and they have to be accompanied by the tree-level non-tachyonicity require-
ments originating from all remaining heavy fields:

485 + azx < 0, 28 + asx < 0, (3.68)
By — 28" — asy > 0, By — 108, — dagx > 0, (3.69)

cf. Table [E.1] Thus Eqns. (3.67)(3.69) constrain the allowed values of the

parameters [34, 5}, |72], a2, x and, as we shall see later, they are incompatible
with the condition (3.60)).

The |y2|-dependence of the Mz tree-level eigenvalues can be replaced by
the 6-dependence, hence

m%26 —(0) (0) =

1
(ﬁ; — 58y — 2axx — 5\/4 (484 + azx)® + (Br — 4B} — 2a2x)* — 9) W,
(3.70)
The eigenvalue m%267_7(0)(9) is an increasing function of 6 since
6’m2 o 1 2
1;760”(0) ! — — >0. (3.71)
4 \/4 (48, + asx)” + (Bs — 4B, — 2a2x)" — 0
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Thus, the triplet non-tachyonicity constraint > 0 implies that

m%%‘,—v(o)(e) zm%%,—,m)(o) (3.72)
with
m%%,f,(o) (0) =
1
(% — 58, — 2azx — 5\/4 (481 + azx)® + (Bs — 48} — 2a2X)2> wh (3.73)

for any fixed choice of By, ), as and x parameters satisfying (3.67)—(3.69)).

Numerically, we invoke the results of the viable dataset D from Sec. [3.3.1]
which suggests that viable regions of the parameter space obey

By €10.3,1], B, €[-0.2,-0.02], (3.74)
as € [—0.03,0.05] x€[-1,1]. (3.75)

Therefore, the lowest possible numerical value of the m%%’_,(o) mass-square

eigenvalue conforming to (3.67)—(3.69)) is
min mig _ )(0) ~ 0.007wp (3.76)

Ba,8y,a2x
for 4 = 0.3, 8, = —0.02 and ayx = 0.05. Thus m%%ﬁ(o) can never be
zeroed out and the pre-tuning constraint (3.56|) is not satisfied at the tree-
level.

o MZ3, sub-block tree-level eigenvalues: The tree-level M7, sub-block is the
only part of the overall tree-level scalar mass-squared spectrum that de-
pends on the scalar couplings ), k5 and 7'. Therefore, we can always choose
these parameters appropriately so that one of the M7, tree-level eigenvalues
is fine-tuned to be of the order of |o|%.

Hence, we demonstrated that the tree-level pre-tuning in the M3, sub-block
is problematic due to non-tachyonicity constraints required for other fields. Nev-
ertheless, the m%26,_7(0) tree-level eigenvalue can still be sufficiently suppressed
so that one can hope that loop corrections, which in some cases reach up to
~ 10% w%, can be properly aligned and help to achieve the desired pre-tuning of

Eq. (3.57) at the loop level.

Pre-tuning in the perturbation theory

As we saw in the previous section, successful pre-tuning in the 126-sector has to
rely on the appropriate alignment of quantum corrections with respect to the tree-
level contribution. Ideally, the pre-tuning constraint concerns quantities
calculated to all orders of perturbation theory. However, one usually has access
only to the lowest orders of the perturbative expansion; nevertheless, the effect
of the higher-order corrections, although typically sub-dominant, should not be
neglected.

We denote eigenvalues of the M3, and ME sub-blocks of the doublet mass-
squared matrix calculated at the n-th loop level as mf,q 4 ,(n) and mi, 1+

n)’
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respectively, with n = 0 representing the tree level; n-th loop eigenvalue correc-

tions are labeled dm?y; ;. (,y and dm3, 4 (), so that

m%26,i,(n+1) = m%26,i,(n) + 6m%26,i,(n+1)7 (3.77)
m%o,:l:,(n-i—l) = m%o,:ﬁ:,(n) + 5m%0,:|:,(n+1)'

For any loop order n for which loop corrections dm?yg _ (, 1y and dmi, ., are

larger than ~ |o|? and ~ |o|*/¢, respectively, the pre-tuning has to be achieved
at least down to the level of the next-order loop corrections, i.e.

, (3.79)
, (3.80)

2 2
’m126,—,(n)‘ S ‘5m126,—,(n+1)

2 2
‘mlo,—,(n)‘ S ‘5m10,—7<n+1)

while one anticipates proper alignment of the higher loop corrections to satisfy the
pre-tuning constraint . Conditions f at the n-th perturbative
level are referred to as n-PL pre-tuning and they form necessary but not sufficient
doublet fine-tuning constraints. If n-PL pre-tuning fails, the proper pre-tuning
cannot be attained.

In practice, the n-th loop level is the highest perturbative order one has access
to and the (n+1)-th loop level mass corrections may only be estimated via e.g. loop
expansion parameter n, that can be defined as
om (n)
M (0)

2
x,

(3.81)

Ny ~

for a scalar field generally labeled x. Values of 7, are specific to the selected
parameter point and the quantity of comparison in the denominator (mi,m)) is
assumed not to be spuriously suppressed. Consequently, the (n + 1)-th loop
level mass corrections of the lighter eigenvalues are estimated using the loop
expansion factor calculated for their heavier eigenvalue counterparts (the ones
not suppressed by fine-tuning):

n+1
5"”%26,7,(%1) ~ (M26+) * ‘mfZG,Jr’(O)‘ , (3.82)
6m%0,—,(n+1) ~ (7710+)n+1 ‘mfo,Jr,(g)‘ . (3.83)

In the present study of the minimal SO(10) GUT, we have access only to the
numerical one-loop scalar mass corrections. Hence we set n = 1 and test for 1-PL
pre-tuning which demands suppression of one-loop doublet eigenvalues m%267_7(1),
m%o,f,u) to the level of the two-loop corrections. We estimate the loop expansion
parameters of the heavier eigenvalues mfy ,, mi, | as

o 5m%26,+,(1) B m%26,+,(1) - m%26,+,(0) 384
M26 ‘= 5 = 5 ) ( . )
M96,+,(0) M96,+,(0)
o 5m%0,+,(1) o m%o,+,(1) - m%om(o) 385
o = P} - 2 ) ( : )
MA96 +.,(0) Mi96,+.,(0)

where the m%m +,(0) quantity in the denominator of 79 in Eq. (3.85)) has been re-
placed by m%m +,(0) to account for instances where the numerical 1-PL pre-tuning
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in the M7, diagonal block spuriously suppresses both of its tree-level eigenvalues
due to the large number of relatively unconstrained scalar parameters available
there. Two-loop doublet mass corrections are thus estimated as

, (3.86)
, (3.87)

2
5m%26,7,(2) ~ (1126) ‘m%267+7(0)

2
5m%0,—,(2) ~ (110) ‘m%26,+,(0)

and the 1-PL pre-tuning requires

Mas)” ’m%QG,—&-,(O) ; (3.88)

m| S (
’m%o,f,u)’ S (?710)2 ‘m?26,+,(0)), (3.89)

in accordance to Eqns. (3.79))—(3.80)).

For later convenience, we introduce a pair of suppression ratios

2
‘ml%,—,

2
m _

Ryge = |—om | (3.90)
M796,+,(0)

2

mig _

Ry = |—2— (3.91)
M796,+,(0)

of the smaller one-loop eigenvalues m%267_7(1), m%07_7(1) with respect to the generic
unsuppressed tree-level mass mfm +.(0)- The level of the 1-PL pre-tuning (3.88])—
(3.89) can then be measured for every point in the parameter space by evaluating

R
S126 = ;26, (3.92)
26
Ry
S = —5—— 3.93
U 102 (399

with factor 1072 being inserted in the definition of Sjo to increase the strictness
of the 1-PL pre-tuning criterion (3.89) in order to compensate for the usage of
Mg, +,(0) instead of m%%ﬁ’f’(o) in 19 and R59. Note that such a stricter constraint
imposed upon the 10¢-sector faces no obstructions as the sufficient pre-tuning in
the M7, block can be achieved already at the tree-level. We then claim that a
point in the parameter space satisfies the 1-PL pre-tuning conditions if

S1e6 < 1, (394)
S0 < 1. (3.95)

Whenever such a point is also viable, i.e. meets the viability criteria introduced
in Sec. 3.0} it is referred to as SM-compatible.

Pre-tuning at the one-loop level — numerically

In analogy to the SO(10) Higgs model numerical study in Sec. the suitability
criteria (viability constraints introduced in Sec. and 1-PL pre-tuning f
(3.94)) are implemented via penalization function and suitable regions of the
parameter space are examined by the stochastic version of the differential evolu-
tion algorithm. We generate various datasets, labeled S®) with = = 2.0, 1.5, 1.0,
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of viable parameter points which satisfy the 1-PL pre-tuning constraint Sip < 1
of Eq. in the M3, doublet mass block and an increasingly more stringent
criterion Sio¢ < x in the M7 sector. Note that only dataset SU?) contains the
fully SM-compatible parameter points. For every dataset, we first use the differ-
ential evolution algorithm in the minimization mode to locate the appropriate
part of the parameter space and only after that, the search mode is engaged to
explore such region. As already indicated in the tree-level discussions, the 1-PL
pre-tuning in the 126-sector is difficult to attain as opposed to the viability and
S1o < 1 criteria which were easily met. Moreover, it was noticed that the loca-
tion of the 1-PL fine-tuned parts of the parameter space tend to strongly correlate
with perturbatively problematic regions. Thus the S® datasets are compared to
the dataset D of the generally non-finetuned viable points discussed in Sec. [3.3.1]
as well as to the dataset T of wviable parameter points with increased stability
under the RG running imposed by demanding ¢ > 1. The main attributes of all
aforementioned datasets are conveniently listed in Table [3.4]

Table 3.4: Viable datasets with several extra constraints imposed on them.
The penultimate and the last column specify ¢ and Sio6 ranges for points in
datasets, respectively.

Dataset # of points constraints t range S1o6 Tange
D 20000 unconstrained 0.36 — 1.06 2.88 — 267
S20) 2000  Sio <1, Spo < 2 0.34 —0.49  1.57—2.00
S5 2000 Sip<1,S1<15 034-052 1.19—1.50
S0 2000  S;p <1, S <1 0.34 —041  0.92—1.00
T 20000 t>1 1.00 — 1.20 5.67 — 30.3

There are several observations one can make already from Table[3.4 Although
we were able to confirm the existence of the SM-compatible parameter points,
collected in St they tend to acquire relatively high S measure, close to the
1-PL fine-tuning threshold. Such finding corresponds to the trend noticed during
searches for suitably fine-tuned points via the minimization mode of the differen-
tial evolution algorithm when it was more and more difficult to obtain better 1-PL
fine-tuned points. Furthermore, comparison of the  ranges of S\®) datasets with
D and T hints that pre-tuning favours regions with low RG-stability (¢ < 0.5),
implying a scalar coupling value blows up when run half-an-order of magnitude
in the renormalization scale up or down for points in the S-type datasets. Such
points, although viable, cannot be considered perturbatively stable.

The same issue can be observed in Fig. |3.12 where we show the suppression
ratios R196 and the loop expansion parameters 7,96 for all points in the datasets
D, 8G9 8§15 S0 and T colour-coded by black, purple, magenta, red and
cyan, respectively. Larger values of the expansion parameter 7,96 indicate an
increased relative size of the radiative corrections, and smaller suppression ratio
Rya6 implies a bigger hierarchy between the M2, eigenvalues. The straight solid
grey line labeled n depicts points for which the one-loop lighter-doublet eigenvalue
My _ (1) (the one subject to the 1-PL pre-tuning) has the size of one-loop mass
corrections estimated from the heavier m?,, +,)- The orange curves marked z- "
indicate boundaries of regions where the lighter-doublet eigenvalue of the 126-
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Radiative corrections increasing
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Figure 3.12: The figure shows the suppression ratio Rjs¢ with respect to the
loop expansion parameter 7,96 values for all points in the datasets listed in
Table 3.4l The non-finetuned wviable points from the D and T datasets reside
around the grey solid line Ris6 = 7126, While the points complying with 1-PL
fine-tuning of various strictness Sio < x, x = 2.0, 1.5, 1.0, are below the orange-
colored Rygs = - nly curves. It is clear that the SM-compatible parameter
points of S19 are found only in regions where large radiative corrections with
26 < 0.28 have to be invoked.

sector is 1-PL pre-tuned to the level Sijsg < x. The smaller the z, the more
the corresponding S domains shrink and recede towards regions with larger
expected loop corrections. For all SM-compatible parameter points, the loop
suppression factor is even 7196 2 0.28. Rather than enlarging hierarchy between
the two M7y eigenvalues, i.e. entering grey region with Rygs < 0.08, the successful
1-PL pre-tuning is carried out by enlarging quantum corrections at the expense of
stability under the RG running that prefers smaller 7,94, c.f. dataset T clustering
around 7196 < 0.15, leading to the clear dichotomy between requiring pre-tuning
and perturbative stability. The same inconsistency between the S-type datasets
and the dataset T with increased RG-stability can be observed in Figs.|3.13H3.15]
which show 1-,2- and 3-0 HDIs for all relevant couplings. This is most evident in
the case of Ag, Ay, 12, ¢, (, ¢’ and y dimensionless parameters whose magnitudes
in the S®) datasets are pushed towards larger values due to fine-tuning in the SM
doublet sector, whereas absolute values of the same couplings in the 7 datasets
are rather suppressed to maintain perturbative stability.
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Figure 3.13: 1-, 2- and 3-0 HDIs (decreasing opacity) of VEV ratio y, unified
gauge coupling g and dimensionless scalar parameters common to the minimal
SO(10) Higgs model and the minimal SO(10) GUT under study for all datasets

listed in Table
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Figure 3.14: 1-, 2- and 3-0 HDIs (decreasing opacity) of dimensionless scalar
parameters present in the minimal SO(10) GUT solely due to adding scalar
10¢ for all datasets listed in Table
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Figure 3.15: 1-, 2- and 3-0 HDIs (decreasing opacity) of VEVs and dimension-
ful scalar parameters for all datasets listed in Table

Finally, notice that the 7/ dimensionful parameter in the fine-tuned datasets
S@) acquires very specific values |7'| ~ wg, c.f. Fig. [3.15 This is due to the
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1-PL fine-tuning criterion S1p < 1 imposed upon 10¢-sector of the doublet mass
matrix from Eq. as the MZ, sub-block is the only part of tree-level scalar
spectrum dependent on 7/. Furthermore, it turns out that the pre-tuning criterion
applied in the S-type datasets inflicts constraints also on the complex phases of
dimensionless parameters, see Fig. [3.16, as opposed to the datasets D and T
where all phases are uniformly distributed over the [0, 27) interval.
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Figure 3.16: 2D scatter plots correlating pairs of phases of dimensionless scalar
parameters of points from S@9 S5 and S0 datasets colour-coded by pur-

ple, magenta and red.

3.3.3 Main conclusions of the 45 & 126  10¢ SO(10) GUT
analysis

The scalar sector of the 45126 @ 10¢ SO(10) GUT, particularly the structure of
the mass matrix of the SM doublet (1,2, +%) multiplets, were thoroughly studied
in the wpy — 0 regime. We argued that the SM Higgs doublet can be properly
realized along with the phenomenologically viable flavour fits only if the doublet
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mass matrix M§(1,2,+%) satisfies pre-tuning criteria, i.e. both diagonal sub-
blocks MZ,, M7, contain at least one eigenvalue as low as |o]?.

The pre-tuning at tree-level turned out to be impossible in the 126-sector due
to tachyonicity of other scalar fields, hence we had to rely on the loop corrections
to be properly aligned. By carrying out numerical parameter space analysis at
the one-loop level, we indeed identified patches of the parameter space which are
SM-compatible (comply with the viability and 1-PL pre-tuning requirements) and
can, in principle, support pre-tuned doublet masses. However, these regions of the
parameter space are rather unstable with respect to the RG-running with ¢ < 0.5.
Every SM-compatible point thus hits a Landau-pole singularity in at least one of
the scalar couplings within half an order of magnitude around the GUT scale
and the perturbative stability of these parameter points is strongly questionable.
Hence, the realistic fermion mass fit cannot be realized at the perturbative level
in the wpy, — 0 regime of the 45 @ 126 & 10¢ SO(10) GUT.
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4. Conclusions

The minimal renormalizable non-supersymmetric SO(10) Grand Unified Theory
with the scalar sector 45@126$10¢, where the former two representations trigger
spontaneous symmetry breaking of SO(10) to SU(3). x SU(2), x U(1)y and the
latter two representations support a realistic Yukawa sector, raises attention as
a potentially viable candidate for a beyond the Standard Model theory which is
also capable to provide proton decay predictions with theoretical uncertainties
severely restrained. Such favourable features are however compensated by the
need to study the model at the quantum level [I1] as its tree-level scalar spectrum
suffers from tachyonic instabilities [8-10].

For that reason we developed a numerical procedure to calculate the full one-
loop mass corrections to all scalar masses for the general configuration of VEVs
of 45® 126, i.e. for a general symmetry breaking pattern. We thus improved the
previous state-of-the-art analytical results for one-loop mass corrections [15, [159]
devised only for potentially tachyonic scalars (dubbed PGBs), which were carried
out in the ay — 0, |72] — 0, ¢ — 0 limit of the 45 & 126 SO(10) Higgs model.
Furthermore, the full set of one-loop beta functions of all dimensionless scalar
parameters in the scalar potential was analytically derived.

With these new computational tools at hand, we formulated a set of viability
criteria that have to be satisfied by any realistic setting of the minimal SO(10)
model, namely the non-tachyonicity of the mass spectrum, gauge coupling unifi-
cation at a suitable GUT scale and perturbativity. The last criterion ensures all
calculations are under perturbative control by restricting the magnitude of the
one-loop mass corrections and by controlling the stability of the scalar couplings
under the RG running. Consequently, it was shown that only two potentially vi-
able symmetry breaking patterns with well-pronounced SU(4)c x SU(2), x U(1)g
(referred to as wgr, — 0 regime) or SU(3). x SU(2), x SU(2)g x U(1)p_r (re-
ferred to as wr — 0 regime) intermediate symmetries lead to a perturbative VEV
configurations that keep the VEV structure under control.

Initially, we carried out numerical analysis of the 45 & 126 SO(10) Higgs
model in both the wp; — 0 and wr — 0 limiting cases with gauge coupling
unification considered at one loop. Such study allowed us to examine the basic
viability aspects (non-tachyonicity, gauge coupling unification, perturbativity) in
the simplified setting as the influence of the scalar 10¢ is subdominant outside the
flavour sector. We found wviable points of the parameter space in both symmetry
breaking regimes. Contrary to previous simplified studies [13-15], the wviable
regions of the parameter space did not admit vanishing ||, namely |y2| 2 0.1,
since full one-loop mass corrections to the PGBs were taken into account. Such
observation is further supported by the semi-analytical non-tachyonicity analysis
performed in the as — 0, 0 — 0 limit.

The results of the minimal SO(10) Higgs model study revealed preference for
the wpy, — 0 regime with the SU(4)¢ x SU(2), x U(1)g intermediate symmetry
stage because the wr — 0 case is disfavoured by decreased perturbative stability,
where only parameter points with £ < 2 are admitted, as well as by the position of
the GUT scale at ~ 10'® GeV and the seesaw scale at ~ 10® GeV, which are rather
close to the Planck scale and the Davidson-Ibarra bound [158], respectively.
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Finally, we provided proton lifetime predictions in the framework of the min-
imal SO(10) Higgs model and rough estimates of the corresponding theoretical
uncertainties for two decay channels p — 777 and p — K7 with antineutrinos
in the final states. We showed that the predicted partial proton decay rates are
above the experimental upper bounds in the wg;, — 0 case. However, such a
result can be alleviated by upgrading the gauge unification analysis to two-loops
or by fine-tuning mass of a suitable scalar sector down to the desert [12HI4].

The full minimal 45 & 126 & 10¢ SO(10) GUT was subsequently analyzed in
the wpr, — 0 limit with gauge unification examined at two loops. We demon-
strated that the overall shape of the viable parameter space in the minimal SO(10)
GUT and in the minimal SO(10) Higgs model do not differ, thus retrospectively
supporting the assumption that the additional 10¢ has only insignificant influence
on the salient features of the wviable parameter space. The GUT scale is found
to be ~ 10'® GeV, which raises concerns about proton decay that were already
demonstrated in the SO(10) Higgs model analysis, suggesting that one should
resort to bringing mass of a suitable scalar multiplet down to the desert. Never-
theless, we managed to reveal a feature of the 45 & 126 & 10¢ SO(10) GUT that
makes the aforementioned potential matter stability concerns obsolete. Namely,
we argued that the Standard-Model-like Higgs doublet has to be a sufficient ad-
mixture of the components from the 126 and the 10¢ in all realistic flavour fits;
however such admixture cannot be achieved in the perturbative regime as the
parameter points satisfying doublet mixing hit a Landau-pole singularity when
run for less than half-an-order of magnitude up or down in the renormalization
scale. Hence parts of the viable parameter space accommodating the Standard
Model fermion masses and mixings correlate with regions of severely reduced per-
turbative stability in the minimal 45 @ 126 @ 10¢ SO(10) GUT. Such an issue
was hinted at semi-analytically at the tree level and fully confirmed numerically
at the one-loop level.

The 45@® 126 SO(10) Higgs model and the 45®126® 10¢ SO(10) GUT anal-
yses illustrated the importance of perturbativity considerations as powerful tools
for model discrimination in the theories with a large number of field degrees of
freedom. Implementing perturbativity constraints can therefore help to severely
restrain potentially viable regions of the parameter space without adopting any
further phenomenological requirements.
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A. Mz-scale gauge couplings

We discuss the initial condition of the gauge running factors {a; !, o', afl} at
the My scale.
Strong coupling

The strong coupling at M scale in the MS renormalization scheme without top
threshold contribution and averaged over the values obtained by experiment and
lattice calculations is [160]

ol (M) = 0.1179 £ 0.0009. (A.1)
The two-loop level top quark threshold corrections follow from [I6IHI63]

(0l )7 (M) = (o

MS,c MS,c

)" (M) + 47 hiop (M), (A2)

where )\, is the one-loop threshold factor computed as

Non(M) = 1 log 11 (A3)
with the Z mass [160]
My = 91.1876 £ 0.0021 GeV (A4)
and the top quark mass [160]
M, = 172.89 + 0.28,4, % 0.52);¢ GeV. (A.5)

Subscripts “exp” and “MC” differentiate between uncertainties given by the ex-
perimental measurements and mass parameter implementation in Monte Carlo
generators, respectively. Hence

(o2 )7 (My) = 8550 % 0.065. (A.6)

MS,c

Electromagnetic coupling

The QED coupling in the MS renormalization scheme and at the M scale without
top quark threshold contribution is given by [151]

(5) o
o (M) = ———— (A7)
M 1— Aaf)(Myz) — Aajy(Mz) — Aaggy(Myz) — A(My)

where [160]
o~ = 137.035999084 + 0.000000021. (A.8)

Four-loop contributions from leptons are calculated as [I52]

Aa(My) = (O‘> 13.52631(8) + (O‘)2 14.38553(6) + <a)384.8285(7)+

™ ™ ™
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+ (:)4 [810.65(1) — 39.8893(5)] + O (o) , (A.9)
thus employing Eq. one has
Aaf) (M) =0.0314979 % 0.0000002. (A.10)
The corresponding hadronic contribution is [160]
Aal®) (M) = 0.02766 + 0.00007 (A.11)

and the three-loop QCD effects originating from the top quark are included by
[150]

4 a M2 MS (5)(M ) M2
Aa® (M) =— 222 )1 4 506258 Z 98.220 + 9.7021n —Z2 | .
awp( z) 45 1 M} + T + + n M}
_ 2 __
MS,(5) M M2 MS,(5) M
- (O‘S ( Z)) + 2 [0.1071+0.8315O‘5(Z)+
s M; s
— 2
M2 aMS,(S)(MZ>
6.924 + 1.5941n —2 s A.12
+ ( + n Mf) ( - , ( )
which leads to
A (M) = — 0.0000719 + 0.0000007 (A.13)

after inserting (A.4)—(A.5). The difference between MS and on-shell schemes is
given by [160] }

A = 0.007127 + 0.000002. (A.14)

After putting all numerical values from Eqns. (A.10)—-(A.11]) and (A.13)—(A.14))
into Eq. (A.7), one obtains

-1
(alh) " (Myz) = 127.96244387 + 0.00000002. (A.15)

Finally, the QED coupling with the top quark threshold contributions is cal-
culated by [I51]

(5) (5) (5)
dasi(Mg) |15 [ 5. (Mz)  abl(My)
&%(M ) :05%<MZ) {1 + §7MS7T |:4 ( MS’5 + MSSW +
(5) (5)
M2 o555 (Mz) o (My)
log —2 | 14— Al Al
+ log FYE ( + 5 + 37 ) (A.16)
hence 1
(al1) " (M) = 128.13515390 == 0.00000002. (A.17)

Weak mixing angle

The value of the weak mixing angle at the My scale in the MS renormalization
scheme including top quark threshold corrections is[149, [160]

sin® O3S (M) = 0.23121 + 0.00004. (A.18)
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Gauge factors at the M, scale

Values of the gauge factors {a;*(My), a7 (My),a;'(My)}, at the My scale are
related to the parameters

{alih(My),sin® 6% (M), oS5 (M)}

in the following way:

thus

ar Y (My) :“;’(1 — sin2 6N (M) - (a%)_l (My),

= -1
art(My) =sin? 055 (My) - (al(\i—)s) (Mz),

oy H(My) = 59.1054 + 0.0031,
a;t(My) = 29.6261 + 0.0051,
o, '(Mz) = 8.550 % 0.065.

C
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B. Beta functions of scalar
couplings

Beta functions of scalar couplings can be derived with the help of the effective
potential approach, in which the tree-level scalar potential V{ is replaced by the
effective potential V,s¢. At one loop,

Vers =W+ Vi (B.1)

with V7 involving contributions from the one-loop Feynman diagrams. In the
Landau gauge and MS renormalization scheme it reads [14§]

Vi = g @) (1o M50 2) L B farg(a 1o MEC - 2]
(B.2)

where
M@ = 5 (B:3)
MZ(®)a = g (T°®)" (T*®) (B.4)

are elements of the tree-level 317 x 317 scalar and 45 x 45 gauge field-dependent
mass matrices, a,b = 1,...,45 and 4,57 = 1,...,317. T denotes the SO(10)
generators in the reducible representation corresponding to the scalar field ®
encompassing all 317 scalar degrees of freedom

(6 = 2 H H) . (B.5)

The effective potential satisfies the Callan-Symanzik renormalization group
equation

0 0 ) 317 9
8logMR+ﬂA8 "‘ﬂg& +6m2 2 —|—Z’y¢l ’8@ V(@) =0 (B.6)

with ¢ running over all scalar fields (B.5), ur and 74, being the running renor-
malization scale and ®-field anomalous dimensions, respectively. The RGE
at one loop yields

oV, A oV, ov, 3T oV
gy +@—3+@n +§:¢¢a¢ —0. (B7)

dlog i

Simultaneously, every tree-level scalar coupling A can be expressed as a deriva-
tive of the tree-level scalar potential with respect to a suitable choice of a set of
scalar fields {®;,, ®;,, ®;,, P;, }:

0'Vo(®)

A= .
0®;, 00,00, 0P,

(B.8)
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The examples of a possible choice of the quadruples of fields {®;,, ®;,, ®;,, P, }
for all dimensionless scalar couplings in the 45@® 126 & 10¢ SO(10) GUT is listed
in Table B.1l

Applying the derivative on the renormalization group equation (B.7))
gives

o4 oV, 4
+ 00+ A . =0, B.9
[Tj_, 0®;; dlog g 2 ; 7oy (B.9)
and consequently, the one-loop scalar beta function is calculated as
Bx = Brgrr + B Fs; (B.10)
where
ot A% 1 ot
- — = Tr | M3(® Tr | M&(P
/BA,EFF H§:1 aq)zj 310g,uR 327_‘_2 H?ZI aq)zj ( I |: S( )} + 3 r[ G( )j|)
(B.11)
and
4
Brrs = =AD e, (B.12)

j=1

are scalar-potential-dependent and field-strength-dependent parts of the beta
function, respectively.

B.1 Field-strength-dependent part

Calculating the field-strength-dependent parts of the scalar beta functions re-
quires the computation of the ®;-field anomalous dimension, which is defined as
[164]

11 0Zs,
N 2Zq>1 aloguR’

Yo, (B.13)
where Zg, is the ®;-field-strength renormalization fac@r in the MS renormaliza-
tion scheme. It depends on the ®;-field self-energy X}°

0%, (p°)

Jp, =14+ ——~
D, + o2 o )
pr=mg,

(B.14)

whose p?—dependent part arises from the diagram depicted in Fig. |B.1l The
direct Feynman diagram calculation yields
39°
1672
where Cy(Rg,) denotes the quadratic Casimir operator of the SO(10) represen-
tation R to which the ®; field belongs. Inserting relations (B.14))-(B.15|) into
Eq. (B.13)) one obtains

Z?(ﬁ) = Oy (Rgy,) - p* log u% + p* and/or up independent part, (B.15)

3g°

@’ (B.16)

Yo, = Cz(Rq%)
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gTlij >~ »- -
Figure B.1: The Feynman diagram contributing to the p?—dependent part of

the scalar field self-energy which is relevant for the calculation of the field-
strength-dependent part of the scalar beta function.

and consequently, the field-dependent part of the scalar beta function (B.12)) is

2 4

> Co(Ra,). (B.17)

=1

39
1672

Bars = —A

As all the scalar fields ®; reside in one of the three SO(10) representations 45,
126 and 10, by inserting appropriate Casimir operators we can write

3g°

Bars = —A 16,2

25 9

where ng, ny; and ng count the number of ¢, ¥ and H fields in the quadruple of the
scalar fields {®;,, ®;,, D,,, P, }, respectively, and their values for all dimensionless
scalar couplings are given in Table

B.2 Resulting expressions

167 Boy = 1260° + 56034 + 112a8; + 424a + 152apay + 1245+
+ B 0% + 268484 + 1065 — 56[v2|* + 12|¢|* + 12[¢"|*+ (B.19)

9
+ 10K7 + 4koky + 40|ky|* + 8kpky + 8k Ky + 594 — 96a0g°,

167%3,, = 96agay + 76a3 — 5582 + 60845, — 10057 + 560|7y2|*—

B.20
— 24|¢|* — 24| |* + 4r3 + 16]K5]* + 39" — 96a247, (B:20)

16723y, = 90a” + 4034 + 80a B, + 1055 + 8085 + 5205+
+ 2440\ Xg + 2680X0 A4 + 49600\ + 34602 4 7880 N4+
+ 123200\ + 466077 + 1328074\, + 16960\ +
+ 1097 + 10pop2 + 40| ph|? + 5p3 + 3840|¢|* + 3840|¢|*+ (B.21)

135
+ 7g4 — 150092,
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Table B.1: Example of a choice of the quadruple {®;,, ®;,, ®;,, ®;, } that can be
used to derive one-loop beta functions of a scalar coupling combination and the
corresponding field counts ny, nx, ngy.

scalar coupling combination | a choice of {®;,, ®;,, iy, @i, } | Ny | Ny | Ny
ao P12, P12, P18, P18 41010

as + 2as P12, P12, P12, P12 4 100

o G185 P78, 21123810, 2123810 2 2 0

P $8105 P46, 22123465 2123810 21210

26, + 20+ B4 P12, P12, 21238105 2123810 21210

72 P12, D125 21238105 2123810 2 2 0

Ao+ 2Xg + 34 48X 2119345, 2123455 212346, 212346 | O | 4 | O
Ao + 4y + 4N, 2312345, 29123455 2319346 2412346 0140
200 + 52 + DAy + 8N Y19345, 219345, 2123810, 2qa3s10 | 0 | 4 | O
A4 212345, 2412345, 2138100 223si0 | O [ 4 | 0

2 312345, 2312345, 2112345, 2412345 0(4 0

hy Hy, H, Hy, Hj 0] o0/l 4

h, Hy, Hy, Hy, H; 0o/l 4

hy Hy, Hy, Hy, H; 0| o0 4

ha Hy, Hy, Hy, H, 0| o0 4

Ko P18, P18, H1, Hy 2 0 2

Ko + Ra G12, P12, Hi, HY 210 2

Ko Ors, P18, Hi, Hy 210 2

Ko + Ko P12, P12, Hi, Hy 210 2

¢ ®13, Ps10, L123810, Ho 2 111

¢’ P13, P10, 2123810, H 2 1] 1

P2 212345, Digs6, Hs, He 0 2 2

2po + p2 212345, Dggus, Hs, Hy 02| 2

P0 212345, 219345, Hs, Hs 0 2 2

(O 12345, 212345, Hs, Hs 0] 2] 2

Py Yi12345, 212345, Hs, Hy 0] 212

Yo 212345, 212345, Hy , HE 0] 2| 2

¥ 2112345, 231238105 21458105 H1 0 3 1

¢’ >i12345, 21238105 21458105 111 0] 3|1

16723y, = —48] — 3287 — 32|72|* — 1264|n2|* + 24Ny — 18075 —
— 584 Ay — 1603\ — 65672 — 800A, N, — 25607 — p2—
— 4gho[* = 2[¢hn|* — 4lea|* — 1408]p|* — 1408’ |* — 24¢" ~
— 150262,

(B.22)
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1671—25/\4

167T2ﬂ)\21

16728,

16733,

1671-2654/1

1674,

16723,

1671'26h2

167 By,

= 282 + 1687 + 32|70|? + 1328|n2|* 4 24X s + 16123+
+ 112004 + 12809\, + 26877 + 640\, N, + 1408\ +
+ dftbol? + 20 |* + 4)ha|* + T68|p|* + 68| |* + 12g"—
— 150467,

— 45454,1 - 464/12 + 32|772|2 + 24)\0)\21 — 4)\3 — 8)\2)\4 _ 16)\2)\£1+
AN 4 1120 N, — 24007 — 416p|> — 416|¢'|? — 3g*—
— 150)\,¢%,

= 8a? 4+ 508a)g + 1220a)\s + 1340\ + 2480\ + 376cvag+

+ 80aoBs + 160a03, + T6cay + 16as84 + 32a2/3) + 453+

+ 16845, 4 1128400 + 272B4g + 28864\ + 5128, N+

+ 14487 + 22434 \o + 54483y + 57685\ + 102484\, +

+ 64]72|* 4+ 20K0p0 + 10k0p2 + 40K,y + 40K py + 4kapo+
+ 2k9p9 + Skl + 8Kl phy + 12¢* — 123,

= 16afy + 16a9Bs + 16ay3, + 4853 + 80343, + 484 M0 —
— 8B4 A0 + 328404 + 1684\, + 1687 + 168, N + 4884 Ay +
+ 64085\ + 64]y2|? 4 24|C|* + 96C " + 96¢* @ + 24[¢|*+
+ 967" + 96¢"™* ¢ + 12g* — 1238447,

= 16af8, + 16a08] + 2a28s — 4as8) — Bi — 28B48; + 21 o+
+ 68404 + 8084\, — 124872 4+ 4850 — 12850y + 208, 04—
— 1448, + 16]y2|* — 48Cp* — 48(*p — 48(" ™ — 48¢"™* '~
—3¢* — 123834,

= 16ayy + 16ag7ys + 36asvys + 288472 + 56541’}/2 + 4y Ao+
+ 40790 + 180v2 A4 + 16072\ + 440v5m0 + 12¢C" + 2K2101 +
+ dkyhy + 4Ky by — 1237297,

= 1673 + 24150 + 16013 \a + 600m3 A g + 640ma N, + 4epgthg+-
+ ¢f — 1501247

= 56h3 + 16hohty + 1605 + 72|hs|* + 64|ha|* + 90k3+
+ 36k0k2 + 10K5 + 32|Kh|* + 126p5 + 126p0pa + 4905+

15
+ 140|100 |* + 56|21 |* + 140[abs|* + §g4 — 54hag?,

= 24hyhl + 40hT + 36|hs|* + 224|hy|* + 180| k) |*+
+ 36Ky + 36k Kb + 8k + 4|kh|* + 252|pp | — 2 p3—

3
— 14[¢0|? + 7031 |* — 14[apo|* + 594 — 54hlg?,
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(B.24)

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)

(B.31)



16723, =  252apg + 1260p; + 376agko + T2agks + T6agko+
+ 8asks + 5684po + 28B4p2 + 112534 po + 5635p2 — 282107 —
— 287301 + 84|C|? + 84|('|? + 44hgkg + Shakg + Shhko+ (B.32)
+ 48hsky + 8harhy + A8N5kY + S8Rk, + 8kg + 32|kg|* + 4k3+

3
+ 16|K5]* + 594 — 7597k,

16726, = 16agky + 36agks + 1407500} + 14030, — 84|C|* — 84| |2+
+ dhokg + 8hykg + 8hsrkhy + 8hiky + 16Kgka + 32k, KG + (B.33)

9,
79 - 75H2g27

+ 32k Kb + 20k35 + 80|KH[* + 5

167°8,, = 180akq + 36cusg + 4084k0 + 8Baka + 808 ko + 1634 Ka+
+ 24[C|?* + 44hapg + 20hapy + 8hhpo + S8hhps + 48hspl+
+ 48R}y + 508X0p0 + 252X0p2 + 1220A0pp + 692X9p0+
+ 134040 + T88\yp + 2480N,p0 + 1232X,p2 + 4p2+ (B.34)
+ 16]pp|* + 4p3 + 24[¢1 |* + 96[¢hs| + 9984[0|* + 1536¢'|*+

15
+ 59" = 102p0g°”,

1672 3,, = —24[C|* + 24[('|* + 4hapa — S8hhpy + 4Ngpy — 164X0p0—
— 23642 + 16X, 02 + 8pop2 + 4p3 + 961 |* — 96(1ha|*— (B.35)
— 8448||? + 8448|¢’|* — 102p2g?,

16723y, = 24hohy + 96hhhy + 18h3 + 90k 4 36k,kYy + 18K5+

B.36
+ 12602 + 1260510y — 5dhag?, (B30

16723, = T2hohs + T2hhs + 144h%hy + 180k0k) + 36kok,+
+ 36Kgka + 36Karky + 252p0p0 + 126p4p2 + 12690511+ (B.37)
+ 12690310y — 54hsg?,

167255{) = 252apy + 376agky + T2a0ky + T6azky + 8agky + 565404+
+ 112815 — 287295 — 287392 + 84¢C"™ + 4hakg + 40hykg+

B.38
+ 8h/21€/2 + 24h3li0 —I— 4h3/€2 —I— 96h4l{6* —|— 16h4l{/2* —|— 16%()/{6—’— ( )
+ 8kgkly — THKHG>,
16726, = 16agky + 36azkh + 1407205 4 140750, — 84¢C™ + 4hokh+ (B.39)

+ 4hzko + 16hyky + 16Kk + 16I<&OI<L2 + 40k9K5 — 75/129 ,

1671'26< = 80&C + 16a0§ - 8CLQC + 64B4< + 160B4Q0 + 48&&( - 64052@0"‘
+ 9672¢" + 8Cho — 8Cka + 2Cpo — 4¢pa + 24C )y +16¢"ky—  (B.40)
— 16¢" K5 + 4C"py + 12¢™ 9y — 99¢g°,

167°8y =  8al’ + 16agC’ — 8az(’ + 643,¢" + 16084  + 4834¢'—
6408 + 9675C* + 16CK — 16CKY + ACpl + 12< bt (BA41)
+ 8¢k — 8C kg + 2¢ po + 6¢ pa + 24¢ 1Py — 99¢' g*

81



16723, = 180ak) + 36ary + 4084k( + 84k + 808, kG + 1651 K5+
+ 12¢C" + 4hypy + 40hyply + 24hspo + 12hspy 4+ 96hupl +
+ 508X0pp + 1220205 + 1340405 + 2480N, 04 + 8popy+
+ Apypa + 240bgaby + 24abTebs + BT600p" — 102097,

167° By, =  32y2kh + 12¢% + 440m9105 + 4hot)s + 4hgihy + 16hgtho+
+ 4)\0w2 + 40)\2’[#2 + 180)\4¢Z + 160)\21w2 + 8p0¢2 + 8p6’¢1—
— 16pathy + 38409 — 1021)297,

]_67T26¢1 == 3272%2 + 24{@4 + 44077277/JI + 4h2¢1 + 8h,277Z)1 + 8h31/)0+
+ 8hi1e + 4Xth1 + 40A9101 + 1804101 + 160\)¢q + 8poth1+
+ 16p4tho + 16p 102 + 4pathy + T680p" — 102¢ g,

167° By, =  32vakh + 12¢ + 440m91ps + dhotby + 4hiihy + 16h e+
+ 249100 + 38400 — 1021092,

167°8, =  B1C — 4B5C + 12200 — 8Xap + 4040 — 656N + 6poip+
+ 120" — 8p2¢p + 482" + 241h10™* — 126¢7,

16728, = BaC’ — 4B + 1200¢" — 8Xap’ + 40" — 656\, +
+ 6p0’ + 12050 + 142’ + 249" + 484 — 1264 g”.
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C. RGEs for d =6 proton decay
operators

In this Appendix, we derive the form of the coefficients which take care of the
one-loop running effects for the effective four-fermion BNV operators O and
0® cf . Note that these two operators are of our main interest as they
give rise to the dominant gauge-boson-mediated proton decay contributions.

Suppose C') (u) is a renormalization-scale-dependent coefficient associated
with the operator O®. Typically,

CO(Meayr) ~ 2= (C.1)

with ¢ and Mg being the unified gauge coupling and the gauge boson mass,
respectively. It was shown that these coefficients satisfy one-loop RGEs [165]

dct

1 i ;
= %Z'y]()ajC(), (C.2)
Jj=

—

where only the leading order contributions from the one-loop Feynman diagrams
depicted in Fig were included, a; = g5 2 /4w are the SM gauge coupling factors
and

, ,2.2Y fori =1,
A8 = 22 02 (C.3)
{23,9.2} fori=2.

Figure C.1: One-loop diagrams dominating the one-loop proton decay opera-

tors” RGEs (C.2).

We reshuffle (C.2)) to obtain

dC) RSWON i _ 3.\ do
— = —— ’ -y = (C4)
C v 2 g J ,LL ]Zl bj ij
where the one-loop gauge coupling RGEs
dozj 1
= —bja; C.5
d,u 2 7 % (C.5)
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were employed in the second step and b; are the one-loop beta coefficient of
gauge couplings «; whose specific values depend on the effective theory under
consideration.

Once the differential equation is integrated between two renormalization
scales p; and po, 1 > pig, we obtain the relation

() 3 L) o1ty

and consequently

CD(ps) = CD () I1 (%’(Hz))l’f . (C.7)

j=1 \%j (1)
In a realistic case, we typically have to work through all intermediate effective

field theories between the renormalization scales s and pq, i.e.

A

C0ur) = €O ) T1 : H : (W) " (C8)

where the b; coefficients include contributions from all fields in the effective field
theory between the p; and pryq scales. Note that the exponent in Eqg.
differs from the ones listed in [87, [166], where its denominator involved only
contributions of fields with masses in the range from ps to p;.
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D. Abelian Higgs model as a case
study

It is instructive to demonstrate the peculiarities of the one-loop calculations on
the example of a simple Abelian U(1) gauge model containing a Higgs boson ®
and a gauge field A, (see also [167]). The general Lagrangian in the unbroken
phase is

where
1
Ekin = _ZFMVFMV + (D,LL(I)>T(D#(I))7 (DQ)
Vo = —m*®'d 4 ) (010)". (D.3)

The covariant derivative is defined as D, ® = (9, —igA, )P, the gauge field tensor
is F,, = 0,A, — 0,A, and the complex scalar field ® can be written using real
components
1

O(z) = 7 (H(z) 4+ 1iG(z)) . (D.4)
Let us further assume that the U(1) symmetry is spontaneously broken by the
non-zero VEV (®) = (H) = v acquired by the Higgs field. Thus one obtains a
nontrivial stationarity condition

Vo

OH | ()
(@)

= 0. (D.5)
=0
It relates the mass parameter m? with the VEV v by the tree-level relation

m? = \v?. (D.6)
The scalar tree-level masses are obtained by employing Eq. :

m3 = 3\* —m? = 2\, (D.7)

mZ, = \v® —m? = 0. (D.8)

The mass m% vanishes due to the would-be Goldstone nature of the G field.

One-loop scalar spectrum calculations are most conveniently performed in
the framework of the effective potential V.;y = V{ + Vi with the one-loop part
Vi defined in Eq. (B.2). The tree-level field-dependent scalar and gauge mass
matrices —@ in the current mode take the following form:

ME(¢) = g*(H? + G?), (D.9)
_(—m*+ \3H?* 4+ G?) 2\HG
Ms(@) = ( INHG —m? 4 A(H? + 3G2)> ’ (D-10)
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where ¢ = {H,G}. The only non-trivial one-loop stationarity condition is com-
puted from

IWery
D.11
3H (H)y=v ( )

(G)=0
and the one-loop effective scalar masses are calculated as

0%V,

5 cii , (D.12)
A P

where expression ([D.12)) is assumed to be evaluated in the one-loop vacuum by
means of the stationarity condition(D.11]).

D.1 Beta function for )\

Let us calculate the scalar coupling one-loop beta function. It can be always
written as a sum 3 = Bgprr + PBrg of the scalar-potential-dependent part
and the field-strength-dependent part ; we follow the methods introduced
in Appendix

The scalar coupling A\ can be extracted from the field-dependent tree-level
scalar potential 1 from Eq. via

10*,

A= Somt

(D.13)

Thus, applying (B.11)) one has
11 0
6 3272 OH*

B\ EFF = (Tr [Mé(cb)} + 3Tr {Mé((b)D = 817r2(10)\2 +3¢"), (D.14)

provided
Tr [M§(9)] +3Tr [ME(¢)| = (—m® + 3AH? + \G*)? + 8\ HG+
+ (=m? + 3AG? + AH?)? 4 3¢*(H? + G*)?
(D.15)

which was acquired by inserting the field-dependent matrices — into
Eq. .

The field-strength-dependent part of the beta function for A is connected
to the ¢p—field anomalous dimension. Generators of the underlying U(1) gauge
symmetry in all representations are normalized in such a way that the quadratic

Casimir is Cy(¢) = 1, thus Eqns. (B.16])-(B.17)) yield

3q°
= 7 D.1
% = 162 (D.16)
and, thus
3g°
= -\ D.17
Brrs = N (D.17)

Finally, with relation (D.14]) and (D.17)) at hand we obtain the full one-loop scalar
beta function:

1
By = @(10% + 3¢" — 6)7g?). (D.18)
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D.2 The VEV beta function

In general, all the couplings in the Lagrangian run with the renormal-
ization scale, particularly the m parameter with the dimension of mass. As the
stationarity condition relates m to v, the VEV will also acquire the non-
trivial renormalization-scale dependence.

Let us derive the one-loop VEV beta function [, from the renormalization

scale dependence of m?. At the tree-level, the mass parameter m? can be ex-
pressed as
0V,
8H§ = —m?. (D.19)
(H),(G)=0

Applying derivative (D.19) on the one-loop RGE from Eq. (B.7)), and evaluating
it at (H) =0, (G) = 0 leads to the one-loop f,,,2 in the form

e (0

-2 2 D.20
0H? dlog THm ( )

(H),(G)=0

with Vi being the one-loop effective potential calculated as (B.2). At the same
time, the effective potential is subject to the stationarity condition

_ OV o S
0= OH = mv v * o (Hy=v

0 (GY=0

(D.21)

(H)
(@)

which allows us to relate the beta functions of m? and that of the VEV v in the
following way:

B _ B B2 1 0 oVi

v 22 22?2 203 dlogp OH

D.22
) (D.22)
(GY=0

for non-zero A an v. Inserting f,,2 from Eq. (D.20]) and the tree-level relation
into Eq. (D.22)) gives

@__&_ N 1 9% oV,
v 2\ H 2 \v?

1 (o
(H) (G)=0 2 \v3 \ OH Olog

OH? dlog (H)=v '
(@)=0
(D.23)
and consequently
B, 1 11 1 o s 4
Poo 8 — — Tr [ MA(®)] + 3Tr [MA(® -
o = o T 5y genr g (T [ME@)] 4+ 3Tx [ME(@)]) o
11 1 9 ) )
N3 BE (Tr [M4(@)] + 3Tr [MA(2)]) iy (D:24)
(@)=0
c.f. Eq. (B.11]). At one loop,
1 1 0? 1
— Tr | Mg(P Tr | M&(® =— 4N? D.2
02 3272 3[{2( r[ s( ﬂ +3 r[ al )D H).(G)—0 1672 A% (D.25)
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(Tr [M&(@)] +3Tx [ME(2)]) S (61* +3¢%)

v3 3272 OH (H)=v 1672
(G)=0
(D.26)
and
LN (1002 + 3") — 2y (D.27)
22 T 16am2 " ‘
where Eqns. (D.14)—(D.15) and (D.17)) were employed. In total,
Bo 3%
[CR— = D.2
v T 162 (D.28)

with the anomalous dimension taken from Eq. (D.16)).

D.3 The Higgs boson one-loop effective mass

As the Higgs field possesses the non-vanishing VEV, i.e. (H) = v, its one-loop
effective mass contribution can be derived from the one-loop effective poten-
tial (B.1)) evaluated in the vacuum

1 3\v? —m? 3
(V) = 12 [(3)«)2 —m?)? (log e 2) +
Av?—m? 3 >
(M? — m?)? (log ”Mm 2) + 3(g%0?)? (log guv . 6)1 . (D.29)

where m? depends on parameters {v, \} via the one-loop stationarity condi-

tion (D-1T)

1
2 2
=\
m v +167r2

3A0? — m?
<4)\m2 — 10 %0? — g*v? — 3A(m? — 3)\v?) log [vm] +

112
2

o2 — m2 2,2
FA? — m?) log [U/ﬂml +3g% log[ M“ D . (D.30)

The one-loop effective Higgs mass is calculated as

0" (Vo)
2
MHeff = ~ g2

N 0*(1)

8<V0+V1>:0 87}2
v

(D.31)

(Vo)

9y Y

which gives, after employing (D.6), (D-29) and (D.30)), the final result
m%{ﬁff = 2)\U2+
2 0 2\
+ % ()\2 log [ WGB] + 9\ 1og [
8w G 2
where Oy gp stands for the would-be Goldstone mass. The effective Higgs mass

is IR diverging due to the presence of the vanishing masses in the scalar mass
spectrum and as such manifests its non-physicality.

2

] + 3¢ log [g;”j +2g ) (D.32)
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Let us take a closer look at the renormalization scale dependence of the effec-
tive mass mj ., calculated in (D.32). At one-loop,

d 2 am%f,ef f om3;

8mH
Mygeff = I\

+ By + two-loop contributions, (D.33)

dlog

where m? is tree-level Higgs mass , By and [, are one-loop beta func-
tions (D.18) and (D.28]), respectively. Explicitly,

om% i
. 102 D.34
dlog 4 2 < 0A" 39 ) ( )
om?, )
=9 D.
5 v7, (D.35)
om?,
=4)\. D.36
5 v (D.36)

Substituting relations (D.34))-(D.36)) into (D.33]), one obtains

d v? ) o (DA% 3g% 3¢\
_— 10A*+ 3 2 — 4+ = -
dlog p Hell = Ty 1z (10X +3¢") 420 e e )T
3g%v 6g° % 6g* M2 69> \v?
4\ =— = — 0. (D.37
* 1672 472 * 82 82 7 ( )

Thus the effective mass is renormalization scale dependent as it is not, in general,
a physically measurable quantity.

D.4 The Higgs boson one-loop physical mass

We proceed to calculate the one-loop Higgs boson physical mass m3; ... In
general [148] 164, [167],

m%—[,phys - m%—[,eff + Em(ﬁ = m?—[,phys) - Zm(p2 = 0)7 <D38)

where Yis(p?) is the Higgs field self-energy and we exploited the fact that the
U(1) representation containing the H field has multiplicity equal to one. The
difference Yyg(m pny,s) — Sig(0) represents the shift from the effective mass to
the physical mass and it can be approximated at one-loop as

Sy = miy) — Sy’ =0). (D.39)

Only the p-dependent part of the self-energy can contribute to the mass
shift (D.39), thus for all further purposes

Sus(p?) = SR (%) (D.40)
with Zb“bbles( %) calculated from bubble diagrams depicted in Figure Hence
9IN2y? 2% — pPr(1 — x)
bubbles [, 2
b (1,2 87T2/dl l - +

L X 2/ dz log [p x(l_x)] +

12
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H/G

H/G -

Figure D.1: Feynman diagrams contributing to the p?>-dependent part of the
Higgs ficld sclf-energy Y2409 (p?).

_ 1—
+&+—/ drlog | L =P =)
A2 12

2 (z4y)(1—z—y)

g*v* —p? =
D?(z) log L=y
87r2 112

g v 3 P2(33 ) _
+167r2/ (x)g%Q(l—y) P +y)(l—z-y)

+

e | P e T
‘Z;%/ ) f’?igifm e
* 3622 /D4(”“")g2u2<y+x) —pQZ():IJ—i—z)(l e
W / oo [g . (1—x)u—2p2x(1—x)] )
~ 5o 167?2/D3 l 2_p:2y<1_y)] *
- 98% e —ppgy(l ~y) (D4

where

/D3(x):2!/01dx/01dy/01dz5(1—x—y—z),
/D4(a:):3!/01dx/01dy/01dz/01dw5(1—x—y—z—w).

Computing the mass shift (D.39)) from (D.41)), one obtains the one-loop physical

mass
2202z (1 —
M3 phys = 2A0° +8 ()\2/ dzlo [M] +

112
2 0% — 2\ 1—
+9/\2/ dxlog[ v = 2 x>]+
0 0
1 2,2 _ 2)\ 2 1—
+ 294/ dx log [g v v2 il IW +
0 M
2,2 2 (z+y)(1—z—y)
gvT — 2\ AL
+g4/D3(x) log [ e (=) + 294) +
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5( 2M\(z + y)?
167r2/D 21—y)—2Az+y) (1 -z—y)

g ; 2M(z +y)
o <%2<1—y> Ay -a-y)
_g v / 4($) 4)\2($+2)2
4872 (g*(y + ) = 2Mz + 2)(1 — v — 2))?
g4,U2 4 2)\
9672 /D ($)92(y - :1:) =2\ +2)(1 -2 — Z)) -
B 892)\@ / i [ 2(1—x) — 220%z(1 — :c)] B

+

+

1672 /ﬂ
2 2 _ _
_4g Av? 89 Av? /D3 ) log 202 — 220%y(1 — y) N
6472 6472 12
8g*\v? 2\y?
+ A /D3(:z;) Y . (D.42)
32?2 g?r — 2 y(1 —y)

We immediately see that the one-loop physical mass does not suffer from IR
divergences. These have been regularized by the shift (D.39)), which replaces the
logarithmic tree-level mass-dependent contributions according to the scheme

2

— 2 —
log [mtreel / dz log [mm miﬂ(l i (D.43)
12 I

where m?,_ is the tree-level mass of the field in the loop of a one-loop contribution.
Thus the physical mass does not contain any diverging logarithmic contributions
even for vanishing m?,... We used the prescription as the main inspiration
behind the definition of the regularized effective mass in Sec. |3.1.1}]

Finally, we explicitly demonstrate that the one-loop physical mass is renor-
malization scale independent. In analogy to the effective mass,

om?3, om3

d om?%
7 oty A 1 two-loop contributions (D.44)
v

My phys = alog,u 6)\ O\ +ﬁv P

dlog

at one loop, where m?; is the tree- level Higgs mass , B\ and (3, are the one-
loop beta functions (D.18]) and (D.28)), respectively. Insertlng Eqns.(D.35) m

and

8m%{phy v?
S Hrhys _ Z_(10A2 + 3¢* — 3¢\ D.4
s e (10A2 + 3¢" — 3¢°)) (D.45)

into the RGE (D.44]) we get

d 2 v? 2 9 3g%v
Mgy = =7 (10N +3¢" —3¢°A) +4M o+

5N 3g% 3%
+2v2<+g— J ):0. (D.46)

472 {2 472

dlog

Thus the one-loop physical Higgs mass is indeed renormalization scale indepen-
dent.
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E. Tree-level scalar masses in the
45 © 126 Higgs model

E.1 Tree-level masses in the limiting cases

In this section we collect the analytical expressions for the tree-level masses of
the scalar fields in the 45 @ 126 SO(10) Higgs model in the wp, — 0 and wg — 0
limits of interest, and, for the sake of completeness, in the phenomenologically
non-viable regime wr — —wpy, for which the tree-level tachyonic instabilities in
the scalar spectrum get resolved. The interested reader is deferred to [12, [15] for
the general form of the tree-level scalar mass matrices in the 45 @ 126 SO(10)
Higgs model.

The scalar spectrum of the minimal SO(10) is dependent on the dimensionful
parameter 7, whose value is given by the stationarity condition (2.36]), implying
implicit dependence of the mass spectrum on the VEV ratio

wpLWw
(wpL + wg) 28 (E.1)

Since the perturbativity constraint |7| < Mgyr prevents (E.1)) from acquiring
large values, the limits wgy, — 0, wgp — 0 and wg — —wpy, should be properly

understood as
\wr| > |o| > \/|wr||lwsL| > |waL], (E.2)

wael > o] > |wrllwsz > lwrl, (E.3)
and
lwszl > |o] > /|lwsllwse + wrl > |wr +watl, (E4)

respectively. Hence it is worthwhile to present the tree-level masses as functions
of the dimensionless scalar couplings and the set of parameters {wg, o, x} for
wpr — 0 case, {wpr,0, x} in the wg — 0 regime and {wg, o, X2} in the wgp —
—wpy limit, where the universal VEV ratio y is defined as in Eq. and

(WL + Wr)waL

o (E.5)

X2 =

The tree-level scalar mass-squared eigenvalues for all three limiting cases are
compiled in Table [E.I] We display only the dominant contributions, which are
proportional either to the SO(10)-breaking VEVs wpy, or wg, or the intermediate-
symmetry-breaking scale o[| Observe that the heavy scalars with mass-squared
eigenvalues proportional to M2, belong to multiplets of the intermediate sym-
metry SU<4)C X SU(Q)L X U(l)R in the wpr, — 0 limit, SU(S)C X SU(Q)L X
SU(2)r x U(1)p_r, in the wg — 0 case and SU(5)" x U(1)z in the wgr — —wp,
regime, c.f. Tables for representation decompositions.

INote that the |o|*-proportional mass contributions cannot compete with the M2 -
proportional ones due to the large hierarchy between the scales (\J| Jw ~ 10*(4’10)). Con-
sequently, the one-loop mass contributions of the order ~ MéUT /167 also dominate over the
subleading |o|?-proportional terms.
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Table E.1: Dominant contributions to the tree-level scalar masses in all three
scenarios wgr, — 0, wg — 0 and wg — —wpr.

Mass wprp — 0 wr — 0 WR — —WpL
MZ(1,3,0) +asw?, —2a9w%, +asw},
M2(8,1,0) —2a,w% +aswh, +aswh,
M2(1,1,42)  —4(48) + asx)wh +4(222 + 20 + 8N, — aox?)|o|? —4(484 + agx2)wi
M3(1,3,-1)  —2(28; + a2x)wh —6(68; + azx)why, —4(4B) — arx2)wiy,
M3(3,1,+3)  —4(48) + aax)wh, +2(84 — 28, — asx)wh +2(Bs — 284 + asxa)w
M3(3,3,-3)  —2(28; + azx)wh +2(84 — 884 — 2aax)w; +2(84 — 28, — asx2)wiy
M3(6,3,+3)  —2(28) + azx)w}h —2(2B] + asx)wi;, +2(4Xa + 4Ny + 16X, + aoxd)|o]?
M3(6,1,—3) 442X + 2X4 + 8N, — azx?)|o]? —4(48) + asx)wiy —4(48) — asx2)wy
M3(6,1,—3)  +2(81 — 26} — aax)w} —4(484 + asx)wh +2(84 — 28, — aax2)wi;
M3(6,1,+2)  —4(48; + azx)wh —4(468) + axx)wiy, +4(4Xg + 6X4 + 4N, + azx3)|o]?
M3(1,2,+3)1  +3 (81— 108, — dasx — +3(7B4 — 188} — 6agx — 4|y wh,, +2(By — 28, — azxa)wh;
= 2[4 + (48; + axx)?) w}
M3(1,2,+3)2  +3 (s — 108 — dasx + +3(781 — 188} — Gasx + 4|12|)w}hy, +6B1wh,
+ 24/4]2)? + (48] + a2x)?) w
M3(3,2,+5)1  +1(Bs— 108 — 4a2X - +% (Bs — 268; - 6a2X — +2(84 — 284 + asxa)w?;
M3(3,2,+1)s  +1 (84— 108 - 4a2X + +1(Bs— 266’4 - GaZX + —4(48) + a2x2)wy
+ 24/4]7)? + (48] + azx)?) w + 4y/ ||+ (6534 +112X)2)
ME(8,2,+3)1  +3 (81— 108; — dazx — +3(Bs — 188) — 6asx — 4||)w} +2(By — 28} — azx2)why
i+ (05 )
M2(8,2,4+3)2  +1 (81— 108; — dasy + +5(Bs = 188y — Basx + 4|pawhy (12X + 1224 + 16X, + 3as)3)|o]?
+ 2\/4]72l? + (48] + a2x)?) wi
ME(3,1,43)1 +(B1 — 48 — 2a9x — 4]|)w} + (B4 — 108; — 3azx — +68,0%;
16]y2]2 + (68) + asx)?) wh,
ME(3,1,43)2  +2(B1 — 28, — apx)wh; +2(Bs — 264 — asx)why, +2(B4 — 28 — asx2)why,
M3(3,1,43)s  +(Bs — 48, — 2a2x + 4|} + (81— 108} — 3azx + +2(400 + 4Ny — 2N, + asxd)|o|?
16]7]? + (685 + a2x)?) why,
M2(1,1,+1)y  +2(By — 28, — azx)w? —2asw%, +2(B1 — 28} + asx2)why
M3(3,1,-2); —2a0w} +2(84 — 285 — asx)wh +2(84 — 28, — asx2)wh;,
M3(3,2, ""%) +1 (81— 108} — dazy — +3 (81— 268, — 6arx — +2(84 — 2P, — asx2)why,
— 2\/4|e]? + (48] + azx)? ) — 4/ |72 + (684 + axx)?) Wi,
M3(3,2,+3)s  +3 (s — 108 — dasx + +3 (81— 268, — 6axx + +asw?,
+ 2/A]al? + (48} + azx)?) w} + 4[|l + (68 + a2x)2) why,
MI(1L,1,0)y 4 (83 — NP ot + (83 — 2By ooz + (83 — Aot ess)
o) lof ) o -t o
M3(1,1,0)3  —2aw? —2a9w}, +asw},
MZ(1,1,0)s  +4(dao + a2)wk +4(6ag + as)w?,, +4(10ag + az)w?,

Finally, note that the set of the scalar states is extended in the full version
of the 45 & 126 @® 10¢ SO(10) model by two SM doublets (1,2, +3) and two SM
triplets (3,1,43). Thus, the mass-squares M?(1,2,+3)12 and M?(3,1,+3)123
are eigenvalues of the subparts of a larger mass matrix structure, c.f. full doublet
and triplet mass matrices in Eqns. and , respectively.

E.2 Decoupling issue for general case

Let us study the general combination of wgy # 0, wg # 0, where none of these
VEVs is subject to any of the limits wg;, — 0, wg — 0 or wg — +wpr. We show
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that in such a case, contrary to general expectation, the mass of the intermediate-
symmetry-breaking Higgs MZ(1,1,0)s, c.f. Table for the limiting cases, is not
necessarily proportional to the o scale.

The argument in [124] demonstrated that the mass of the Higgs boson is al-
ways proportional to its VEV. The proof uses the Appelquist-Carazzone theorem
[168] to constrain the behaviour of the 1PI Green’s functions. However, when-
ever the Appelquist-Carrazone theorem does not hold, the Higgs boson mass
does not necessarily have to be proportional to its VEV. The manifestation of
the aforementioned situation can be found in the minimal SO(10) model, where
for the general w-VEV configuration the intermediate stage SU(3). x SU(2), X
U(1)r x U(1)p_r (broken by the non-zero o VEV) and the full SO(10) (broken
by the non-zero w VEV) effective field theory cannot decouple in the sense of the
Appelquist-Carrazone decoupling theorem.

First, it is instructive to recollect the w-VEV-induced vacuum stationarity
conditions — which lead to the T—dependent tree-level equation

(wBL — wR)‘O'FT = angLwR(wBL + wR)(wBL — wR)+
+ 254/1<3WBL + QWR)(WBL — UJR)’(T|2. (E6)

Outside the limiting cases wg — 0, wpy, — 0 and wg — F+wpgr, which are excluded
from our current discussion, Eq. (E.6|) is solved by

wpLwr(wpL + Wg)

T = 252(3WBL+2WR) + ay |0‘|2

(E.7)

and the condition (E.7)) contains the VEV structure (E.1)) with the o-dependent
denominator. The tree-level SM singlet mass-squared matrix then acquires the
form

M2(1,1,0) 0) (E8)

M§<1,1,0>=( L1,0) 0

with the zero-eigenvalue subspace corresponding to the would-be Goldstone boson
rotated out and

—2(68,0% — 12a0f[1,0,0] + asf[2,1,1]) —4v/6 (8402 — 2a,f[0, 1,0)) 2V/6 (1pro + 227)
M3(1,1,0) = —4/6 (802 — 2a, £]0,1,0)) —2(48,02% — 8agf[0,0,1] + as f[1,—1,-2]) 4 (LRg +27)
V6 (1pro +27) 2 (tho +27) 8Ag
where
flz1, 22, 23] '= 21Wh, + 20WBLWER + 23w, (E.9)
T := wBLwR(wBL—i—wR), (El())
trypr = 2(a+ By)wr/BL- (B.11)

For simplicity, the o complex phase is absorbed into an overall phase of the
representation 126, so the preceding expressions assume real o > 0.

In the decoupling limit %’ — 0, the “2T-dependent singlet mass matrix
elements, and consequently the tree-level mass of the intermediate-symmetry-

breaking Higgs, diverge due to the presence of the ﬁ—proportional term in the 7

coupling from Eq. (E.7)). In such a case, the Appelquist-Carrazone theorem does
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not hold and the dynamics of the SO(10) effective field theory cannot decouple
from the subsequent SU(3), x SU(2), x U(1)g x U(1)p_r intermediate effective
theory stage. Hence, we have shown that the intermediate-symmetry-breaking
Higgs does not have to obtain the o—proportional mass outside the special VEV
regimes wgr, — 0, wg — 0 and wr — twpr.

The attentive reader can wonder if the validity of the Appelquist-Carazzone
theorem is re-established in case of as = 0, since the potentially problematic

B |2 -proportional VEV structure in - ) vanishes at the tree-level. Indeed,
the stationarity conditions (12.31} at one-loop level with as — 0 lead to the
equation

M + gt wprwr(wpr + W)

Ti—toop = 204 (Bwpr + 2wR) + = o2 e (E.12)

where A, A denote dimensionless scalar parameters and ¢ is the gauge coupling,
c.f. Eq. . Hence the presence of the ‘2 -proportional VEV structure per-
severes beyond tree-level and Appelquist-Carazzone theorem does not hold for
general combination wgy, # 0, wg # 0 even if as — 0.

Finally, we explicitly demonstrate that there is no o-proportional singlet mass
at the tree-level for general wpr, # 0, wr # 0 VEVs. The mass matrix M%(1,1,0)
has three real eigenvalues, call them mi, msy, mgs, which can be obtained by
finding three roots of the characteristic polynomial. As such a task can be rather
cumbersome, we will employ easier-to-calculate principal invariants

I, :="Tr (MQ) = mq + mg + ms, (E.13)
I = ; (Tr (M2)2 — Tr (M4>> = mims + mims + moms, (E.14)
I3 := det (./\/l2> = mymeoms (E.15)

to show that no eigenvalue of M%(1,1,0) can be o?—proportional. By inserting
the singlet mass matrix, we find that

I, = O(aY), (E.16)
I = “”2 + O, (E.17)
I = "”; +0(c”), (E.18)
g
where
rr, = —20a5Y?, (E.19)
xr, = —8a5? (24ao f[1, =2, 1] + as f[1, —5,4]) . (E.20)

Now, let us assume for a moment, that m, is the o> —proportional eigenvalue,
i.e. m; = bo? with b being a real dimensionless parameter. Then

IQ = b0'2[1 - b20'4 + )\2)\3 <E21)

and Eqns. (E-16)-(ET7) imply

A3 =

LC[2

+0O(aY). (E.22)
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Consequently,
Ig = bO'Q)\Q)\g = bJZIQ + 0(0'2>, (E23)

which is in complete contradiction with relation (E.18]). Thus we conclude that no
SM singlet has the tree-level o-proportional mass in the minimal SO(10) model
with the general combination of wgy # 0, wg # 0.
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F. SO(10) group theory tidbits

Symmetry groups of Particle Physics models typically form Lie groups. Lie group
is a group of continuous transformations whose group elements depend on at least
one continuous parameter [169]. Every element g of a connected Lie group can
be expressed via infinitesimal Lie group generators 7'* by invoking exponential
map

g(a) = exp (1a*T?). (F.1)

A complete set of infinitesimal Lie group generators forms the Lie algebra. Gen-
erators satisfy fundamental commutation relations

[T, T") = i f*T, (F.2)

where f%¢ are called structure constants and they are specific to every Lie algebra.
Rather than Lie groups, Lie algebras are usually of interest in the context of
Particle Physics because the algebra generators act directly on quantum fields
and the operators T are referred to as gauge symmetry generators.

The symmetry group governing gauge transformations of the SO(10) GUT is
Spin(10), double cover of the SO(10) Lie group [I70]. As corresponding Lie alge-
bras, and consequently gauge symmetry generators, of both SO(10) and Spin(10)
groups are isomorphic, there is no difference in the calculation of physical quan-
tities between the two. Hence, for simplicity, we will claim that the gauge group
of the model under study is SO(10).

F.1 Generators in defining representation

In the defining 10-dimensional vector representation [169], the SO(10) group el-
ements act as rotations on the 10-dimensional Euclidean vector space and they
can be represented by the 10 x 10 real matrices M which satisfy

MTM = I, det M = 1. (F.3)

Henceforth we will not deal with the SO(10) symmetry transformations on the
Lie group level but rather always focus on their infinitesimal generators that form
the corresponding Lie algebra. Simultaneously we will adhere to the physicist’s
habit of sometimes using the term “group” even when talking about “algebra”.
The SO(10) gauge symmetry generators form the set of all 10 x 10 purely
imaginary Hermitian matrices T{;;) with zero trace, i.e.
iy = Tpy Tr Ty =0, (F.4)

where (ij) stands for 45 different ordered pairs of indices 4,5 = 1,...,10, and
they satisfy commutation relations

1
[Tz Tiry) = 7 (5jkT(u) — 0 Tjr) — 0 Tary + 6ilT(jk)) : (F.5)
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The generators in the defining vector representation adopt the form of matrices
with individual matrix elements

i
(Tuj))mn -~/ (imjn — Gjmbin) - (F.6)

Such a choice automatically guarantees proper normalization

Tr (T(ZJ)T(kl)) = 5ik5jl - 5ﬂ(5jk. (F?)

F.2 Generators in spinor representation

Apart from the vector and the tensorial representations, the SO(10) group has
another type of representation called spinorial [11, [169]. The SO(10) gauge gen-
erators in the spinorial representation take the form of

~ 1
Sig) = Zi[ri’ Iy, (F.8)

where T'; are basis operators of the Clifford algebra Cliff(10), 4,7 =1,...,10 and
I'; obey anticommutation relations

{T'i, T} = 2y;. (F.9)

Operators I'; are direct generalizations of Dirac Gamma matrices well known from
the spinor calculus of charged fermionic fields. They can be explicitly expressed
by the 32 x 32 matrices

Dopy1 = (@ 12> ® 03 ® (@ 03) : (F.10)

p 4—p

Topio = — (@ IQ> R0 ® (@ 03) , (F.11)

p 4—p

(F.12)

where p = 0,...,4 and o; are 2 x 2 Pauli matrices. Hence, gamma matrices I';
act on the 32-dimensional vector space. Spinorial 32-dimensional representation
is reducible and we can construct chiral projectors Py = % (I3 + T'y1) onto two
irreducible 16-dimensional subspaces. Clifford algebra element I'y; is defined as

Fll = —F1F2 cee FIO (F13)

and it commutes with all the gauge generators S (i)~

F.3 Various SO(10) subgroups

While discussing the spontaneous symmetry breaking in Sec. [2.2] we mentioned
several SO(10) subgroups. Hence we will have a look at the explicit form of their
gauge symmetry generators in the vector representation.
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The SU(4) subgroup has 15 generators which can be indentified with the
SO(10) generators T;j), i,j € {1,...,6}. Subset of 8 generators of the form

(‘5 040X4> : (F.14)

7 _ —iL®N, ifqg=257
—3o @), ifg=1,3,4,6,8

where

(F.15)

and A, are Gell-Mann matrices, constitute the subgroup SU(3) C SU(4). Let us
add that the following relation holds for the U(1)p;, charge generator Ty :

< 2
XBL = —502@13. (F16)

Generators of the SU(2);, x SU(2)g subgroup have the form

O6><6 0 )
- (F.17)
(5
and they commute with group generators of the SU(3) and the U(1)p. Gauge
symmetry generators of the SU(2);, are defined by
Ye {I ® 02,00 ® 01,02 ® 03}, (F.18)
and generators of the SU(2)g are determined by

Ye {02 ® I5,01 ® 02,03 ® 02}, (F.19)

where the Y := 0y ® I, gives rise to the U(1)r generator Tg’). Consequently,
the hypercharge U(1)y is generated by

1
(209 ® I3 0
Ty = 1T +T(3) — (372 . F.20
Y = aiBL T ir = 0 102 @ I (¥.20)

The subgroup SU(5) has 24 generators, 11 out of which correspond to the
SU(3) and the SU(2), generators introduced earlier. The remaining gauge group
generators are proportional to

Tiry = 59y, (

Tiisy — T(j10), (

T(ig) + T(j7), (F.23
Tiir0) + Tijs) (

and
Taay + Tizs) + Tize) (F.25)

where pairs (4,7) € {(1,4),(2,5),(3,6)}. If the SU(5) x U(1)z symmetry group
is considered, additional U(1) generator is defined as [L1]

Ty = AT + 3Ty, (F.26)
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Let us note that there exists an alternative embedding of the SU(5)" x U(1)
into the SO(10), commonly called as the flipped SU(5). In such a case, SU(5)’
contains the subgroup SU(3) x SU(2), x U(1)y+ with

1
Ty = ST - T (F.27)

and an additional U(1) factor generator is determined by

Ty = AT + 3Ty, (F.28)

F.4 Representation decomposition

Decompositions of the SO(10) representations that accommodate fermion, scalar
and gauge fields of the GUT model under consideration can be found in Ta-
bles[F.1JF.4l We consider only the subgroups SU(3).xSU(2),xSU(2) g x U(1) p_,
and SU(4)c x SU(2);, x U(1)g corresponding to the potentially viable regimes
wr — 0 and wpy, — 0, respectively, and the flipped embedding SU(5)" x U(1)
leading to the limiting case wgr — —wpy, which, although being phenomenologi-
cally non-viable, resolves the tachyonic mass instabilities in the tree-level scalar
spectrum as discussed in Sec. [2.4.2]

All tables adhere to the same colour scheme which indicates whether given
representation is real (blue), complex (black) or complex conjugate (red) of a
different multiplet within the same SO(10) representation. The 45 and 10 are
real and hence consist of real multiplets or complex-conjugated pairs; the 126
and 16 are complex and thus contain only complex multiplets.

Table F.1: Decomposition of the 10-dimensional defining representation of the
SO(10) into the multiplets of SU(4)¢ x SU(2), x U(1)g (the left sub-table),
SU(3). x SU(2), x SU(2)g x U(1)g_1, (the middle sub-table) and SU(5)" x U(1) 2
(the right sub-table) subgroups.

4c211R 32rly 3c2r2rlprL 3211y 51z 3211y
(3’17+%) (37171>+%) (3:1:+%) (}727_%>

(L245) (245) 50  (L2H) 55 Gl

(1,2,-3) (1,2,-3) o (1,2, —3) | (1,2, +3)
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Table F.2: Decomposition of the 16-dimensional spinorial representation of the
SO(10) into the multiplets of SU(4)c x SU(2), x U(1)g (the left sub-table),

SU(3). xSU(2), xSU(2)g x U(1) p—r, (the middle sub-table) and SU(5)" x U(1)

(the right sub-table) subgroups.

402.1p 3211y 3.2:2rl5r  3.2:1y 51, 3.2, 1y
1 1 1
(4’2’0) (3a27+§) (3a2717+§) (%727—’_%) (?727+§)
(}a27_§) <3 1.9 _l) (:_371, %) (1071) (3717+§>
T T N s ) (1,1,0
2 (}7170) (172717_1> (1727_%) (5 _3) (}’2’_%)
_ o (31,43) (1,1,0) (3,1,—3%)
(4,1,+3) (1,1,2,1)

(1,1,+1) (1,1,+1 (1,5 (1,141

Table F.3: Decomposition of the 45-dimensional adjoint representation of the
SO(10) into the multiplets of SU(4)c x SU(2); x U(1)g (the left sub-table),

SU(3). xSU(2), x SU(2)g x U(1) g_r, (the middle sub-table) and SU(5)" x U(1) 2

(the right sub-table) subgroups.

4c2.1p 3211y 3.2.2rlp 3211y 51, 32,1y
(1,3,0) (1,3,0) (1,3,1,0) (1,3,0) (1,3,0)
(8,1,0) (8,1,1,0) (8,1,0) (8,1,0)

31,2 3 24,0 3,2, +1
(15,1,0) (3.1 3) (3,2,2,-2) 3.2 ?) Lo +?)
(3,1,+3) (3,2,+5) (3,2,—5)

1,1,0 _ 3.2, 42 1, 1,0

L0 Gy 027 S
621 270 (3.2, ) (3.2, )
2 (?2“_6) (171,+1) (107_4) (3717_5)

5 _ 1,1,—-1

(6,2, +1) (3,2,+?) (1,1,3,0) (1,1,—1) (1,1, 3)
(3,2,+3) (1,1,0) B (3,2,+%)
(1,1,41)  (1,1,+1) (3.1,1,-4  (3,1,-2) (10,4)  (3,1,43)
(1,1,—-1) (1,1,-1) (3,1, 1,+3)  (3,1,42) (1,1,+1)
(1,1,0)  (1,1,0) (1,1,1,0)  (1,1,0) (1,0) (1,1,0)
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Table F.4: Decomposition of the 126-dimensional tensor representation of the
SO(10) into the multiplets of SU(4)¢ x SU(2), x U(1)g (the left sub-table),
SU(3) xSU(2), xSU(2)g x U(1) p_r, (the middle sub-table) and SU(5)' x U(1) 2
(the right sub-table) subgroups.

462015 3211y 3:202r1pr 3201y 51, 3201y
(1,1,+2) (1,1,42) (6,3,+3)
(10,1, +1) (3, 1,+3)  (L1,3,42) (1, 1,+1) (3,17+ )
2 (50,2) ) 1
(1737 1) (173717_2) (]_-a37_]-) ( ) 0)
(10,3,0)  (3,3,-3) ] (3,1,+3) (3,2, +%)
(6,3,4+3)  (.1.3,43)  (3,1,+3) (8,2, +?)
o (?71’_%) (3717_§) (?’73 3)
(10,1,-1)  (3,1,-2) (3,3,1,—-2) (3,3,-}) (6,1—13)
(1,1,0) (6,3,1,+2) (6.3, +1) (3,1,-3)
B (6,1,-3) (6,1,—%) (45,-2)  (3,2,—¢)
(10’1’0) (371’—’_%) (671737_%> (6717_%) <1’2 %)
(1,1,+1) (6,1,+2) (8,2, —3)
1 _1
(1’27—’_%) (1 9 9 O) (1,2,4—%) (3 L, 3)
R I N () B Ly
TP (8,2,49) (3.2,9, 11 (3,2,+7) (15, —6) (ﬁi 1,-3)
(3,2, —%) sl (32,40 (3,2, —¢)
b ) 6
1 =
(5,2, -1 G20 oY @B2-h 0 106 (81,43)
<y 2 1 7
(8,2, %) (8,2,2.0) (8,2,+1) (3,2,6)1
(.24 (8.2-3)  5g (12T
1, 3 L-3)  31,1,-2) @1,-1) (L1 (11,42
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