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Abstract

This thesis studies systematically non-supersymmetric models that contain dark
matter candidates. The stability of the dark matter is guaranteed by a remnant Zo
symmetry embedded naturally in SO(10). We build models base on various dark mat-
ter production mechanism, including the non-equilibrium thermal dark matter scenario,
the weakly interactive massive particle scenario, and the asymmetric dark matter sce-
nario. Although we start from very general assumptions on the choice of dark matter
representation and the symmetry breaking pattern, the number of viable models is
severely restricted by the requirement of gauge coupling unification. These models are
then checked against several phenomenological constraints, such as the light neutrino
masses, direct detection bounds on dark matter candidates and the proton decay life-
time. Finally, we demonstrate that the vacuum stability problem of the Standard Model

can be evaded by one of our scalar dark matter models.
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Chapter 1

Introduction

The known interactions of the elementary particles are well described by gravity and the
Standard Model(SM) of the particle physics. The latter describes the strong force, weak
force and electromagnetic force in the framework of SU(3)c ® SU(2), ® U(1)y gauge
interactions with spontaneous symmetry breaking. The last piece of the SM, the Higgs
boson has been discovered with a mass of my, ~ 125 GeV [4]. So far, particle colliders
have observed all elementary particles, and verified that the interactions between them
are consistent with the SM with a high precision.

Yet, the SM has its limit and does not describe everything in the universe. To list a
few, the SM cannot explain how the neutrinos obtain their masses and oscillate between
different flavor states; there is more matter than anti-matter in the universe and the
CP violation phase in the SM alone is not enough to explain all of it; dark energy and
dark matter(DM) contributes about 70% and 27% of the total energy of the observable
universe and they are not within the content of the SM. On the theoretical side, the
three gauge groups of the SM are completely independent of each other. In principle,
the U(1) hypercharge can be anything, yet in reality, the hypercharge of quarks and
leptons are integer multiples of 1/6. This quantized structure suggests that U(1)y is a
subgroup of a larger simple group whose weights are always rational numbers.

The questions listed above motivates various extensions of the SM. In particular,
the gauge coupling unification theories(GUT) are a class of models that try to embed
the SM gauge group Gsy = SU(3)c ® SU(2), ® U(1)y into a larger simple gauge group,

so that the three gauge couplings have a common origin. This unified gauge group is
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broken spontaneously at a very high energy scale so that the gauge bosons and Higgs
particles relevant to the broken symmetry are extremely heavy and remain undetectable
in current experiments.

The first attempt for unification is the SU(5) unification theory [2] since SU(5) is
the only rank-four simple group that contains Gy as a subgroup. In minimal SU(5)
GUT the unified SU(5) is broken directly to the SM gauge group Gsm at the grand
unification scale Mgy, usually of order 10" ~ 10'6 GeV. All the new particles that
are not contained in the SM lie at or above the GUT scale. Thus the Renormalisation
Group Equations(RGEs) that govern the running of the gauge couplings to the GUT is
only dependent on the content of the SM. This attempt fails to obtain the correct gauge
couplings at the weak scale obtained by experiments. In Fig. [I.1]the gauge couplings are
run to the GUT scale starting from their initial values at the weak scale. g1 = \/%g’
as defined by the embedding of U(1)y in SU(5), and «; = % . In a successful unification
theory, these couplings should converge to a point at a high energy scale, and it is not
the case in the figure. Improving the precision of the running by using two-loop RGEs

does not solve this problem.

60

50t 1
40t 1

—

I~ 30 1

201 J

-1
a;

)

0 I I
0 5 10 15

log(M/Mz)

Figure 1.1: Running of the gauge couplings induced by SM particles. g1 = \/5/3¢" by
the embedding of U(1)y in SU(5).
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The supersymmetric version of SU(5) unification theory introduces superpartners of
SM particles around the weak scale and surprisingly unifies the running of the coupling
at a scale of ~ 106 GeV [3]. Moreover, it also contains a candidate for the dark matter
particle if a discrete symmetry is enforced by hand to render the candidate stable. With
other attractive features, such as being free of quadratic divergence in the theory, the
stability of vacuum and the radiative breaking of electroweak symmetry, the Minimal
Supersymmetric extension of the Standard Model(MSSM) is one of the most studied
extensions of the SM.

On the other hand, the framework of non-supersymmetric SO(10) unification theory
can also achieve gauge coupling unification by introducing an intermediate energy scale
Miye between Mgyt and the weak scale My. The running of the gauge couplings
is modified above Mj,; because of the new particles lie around Mj,; enforced by the
intermediate gauge symmetry. It is thus possible to obtain unification of couplings with
a new degree of freedom in energy scale. Besides unification, SO(10) theories has other
interesting features. For example, it predicts the existence of right-handed neutrinos
that are in the same fundamental representations as other SM fermions of the same
generation; the breaking of intermediate symmetry can induce the seesaw mechanism
that generates small neutrino masses. Moreover, since the rank of SO(10) is larger than
Gsm, the discrete symmetry that stabilizes the dark matter candidate can be obtained
as the remnant of the extra U(1) symmetry.

The purpose of this thesis is to study systematically the possibility of adding a
dark matter candidate to non-supersymmetric SO(10) unification theory. In this the-
sis, the dark matter is assumed to be a stable elementary particle that does not par-
ticipate electromagnetic interaction. Minimal non-supersymmetric SO(10) unification
model does not contain a dark matter candidate so we need to introduce a new dark
matter multiplet. Such multiplet influences the running of couplings and changes the
scales significantly in most of the models we consider, and thus the requirement of
gauge coupling unification and proton decay experiments can place strong constraints
on model building. We will consider several different dark matter scenarios, including
the Non-equilibrium Thermal Dark Matter(NETDM), the Weakly Interactive Massive
Particle(WIMP) scenario and the Asymmetric Dark Matter(ADM) scenario. We will

also investigate the stability of the vacuum and the possibility of breaking electroweak



symmetry radiatively with one of our WIMP DM models.
The outline of the rest of this thesis is the following:

e Chapter 2 gives a brief description of a minimal non-supersymmetric SO(10) uni-
fication model. This model serves as the base of model-building in the rest of the

thesis.

e Chapter 3 provides a list of representations that contain candidates of dark mat-
ter particles. The dark matter candidates in Chapter 4, 5 and 6 are chosen from
this list. We also discuss how to split components into different energy scales by
fine-tuning the couplings between the DM representation and the Higgs represen-

tations.

e Chapter 4, 5 and 6 discuss NETDM, WIMP, and ADM, respectively. In these
chapters, we select DM representations from the list provided in Chapter 3 and
add them to the minimal model described in Chapter 2. We then discuss the
constraints on this model imposed by gauge coupling unification and by various
phenomenological observations, such as neutrino masses, the proton decay lifetime,

DM direct detection experiments, etc.

e Chapter 7 investigates the stability of vacuum and the possibility of radiative
symmetry breaking in the context of a scalar WIMP model obtained in Chapter 5.

And then we give a brief summary and outlook in Conclusion.

This thesis is a combination of several recent works of the author in Ref. [1].



Chapter 2

SO(10) gauge unification theory

without dark matter

In this chapter, we introduce the “minimal” non-supersymmetric SO(10) model without
getting into details of group theory. This model will act as the starting point of the
model building in the later chapters that includes various kinds of dark matter. This
model is minimal in the sense that it only contains the minimal numbers of particles for
the embedding of the standard model and the need of symmetry breaking. In Sec.
we discuss how SO(10) can be broken spontaneously to Ggm; Sec. describes the
particle content of SO(10) unification theory and how these particles distribute over
different energy scales; Finally in Sec. we calculate the running of couplings and

energy scales by assuming gauge coupling unification at a high scale.

2.1 Breaking train of SO(10)

SO(10) is a rank-five group while the Standard Model gauge group, Gsm = SU(3)¢ ®
SU(2)r ® U(1)y is rank-four. This implies that the breaking of SO(10) to Gsm can
take place in multiple steps. As we will see later, this feature is essential for achieving
gauge coupling unification without supersymmetry [5-7]. In this work, we assume a
two-step symmetry breaking train from SO(10) to the SM: the SO(10) gauge group is

first spontaneously broken to an intermediate subgroup Giyt at the GUT scale Mgur,



and subsequently broken to the SM gauge group Ggy at an intermediate scale Mip:
R1 Ro
SO(10) — Gint — Gsm ® Zy (2.1)

with Gsm = SU(3)» ® SU(2), ® U(1)y. The Higgs multiplets which break SO(10) and
Gint are called R; and Ro, respectively. In addition, we require that there is a remnant
discrete symmetry Zo that is capable of rendering a charge-neutral field to be stable
and hence account for the DM in the Universe [8,9]. Such mechanism will be discussed
in more detail in Sec. Overall, there are three energy scales that are important in
this thesis: the GUT scale MayT, the intermediate scale M;,; and the weak scale M.

In Table we summarize the rank-five subgroups of SO(10) and the Higgs multi-
plets R; whose Vacuum Expectation Values(VEVs) break SO(10) into the subgroupSH
Here the SO(10) representations are labeled by their dimensions. We only consider the
representations whose dimensions are less than or equal to 210. Here, D denotes the
so-called D-parity or the left-right symmetry [10], that is, the symmetry with respect
to the exchange of SU(2)y <> SU(2)g. In cases where the D-parity is not broken by
Ry, it is subsequently broken by Ry at the scale of Mj,;. Note that the VEVs of the Ry
Higgs fields will be taken to be even under the Zy symmetry. Thus, there is no danger
for this Zs symmetry to be spontaneously broken by the R; Higgs fields.

In the rest of the thesis we only consider subgroups without an explicit SU(5) factor.
Since the DM is necessarily a color singlet, the running of the strong gauge coupling
is unaltered by the presence of a new DM particle below the intermediate scale. Thus
even though the addition of a DM multiplet yields unification of the gauge couplings,
the unification scale My is always less than 10'* GeV as the contribution to the U(l)y
beta function is always positive. If we now associate My, with SU(5), this low partial
unification is heavily disfavored on the basis of proton lifetime constraints. Flipped
SU(5) usually has a high intermediate scale and a high GUT scale close to the Planck
scale. In this case higher dimension operators suppressed by Planck scale become im-
portant, and one may also need to rely on a double seesaw for the explanation of
neutrino masses. These bring extra complication into our model and we do not consider

these possibilities here. Other intermediate gauge groups in the table are subgroups of

! See Ref. [28] for detailed table of branching rules of SO(10) to its various subgroups.



Table 2.1: Candidates for the intermediate gauge group Ging.

Gint Ry
U(4)e ® SU(2), @ SU(2)r 210
SU(4)c @ SU(2);, ® SU(2)r ® D 54
SU4)c @ SU2)L, ® U(1)g 45
SU3). ® SU(2), ® SU(2)gr ® U(1)5— 45
SU(3) ® SU(2), ® SU(2)r @ U(1)B L®D 210
SU3), ®SU(2), ® U1)g ® U(1)p—1, 45, 210
SU(5) ® U(1) 45, 210
Flipped SU(5) ® U(1) 45, 210

SU4)c ®SU(2)r, ® SU(2)r ® D, and U(1)z_; is a subgroup of SU(4)c. The relation-
ship among hypercharge Y, the U(1)p_ charge B — L, and the third component of
the SU(2)r generators T }3% is very useful for determining the quantum numbers of DM
candidates:

B-L

Y = + T3 . (2.2)

The convention we are using for hypercharge is such that electric charge is given by
Q =T?+Y, with T} denoting the third component of the SU(2), generators.

To break Giyt to Gsm, a VEV needs to be developed in a component of Ry that is
singlet under Ggy but charged under the rest of Giyg. If we restrict ourselves to SO(10)
representation with dimension not larger than 210, the only possible choices are 16¢
and 126¢, where the subscript C' stands for complex representations. Among the two
choices, only 126¢ leaves a remnant Zo symmetry that is required for stabilizing the
dark matter. Thus for the rest of the thesis, 126¢ is always responsible for breaking the

intermediate gauge symmetry Ging.

2.2 Particle content and mass hierarchy

In SO(10) GUTSs, the SM fermions as well as three right-handed neutrinos are embedded
into three copies of the 16 spinor representations, while the SM Higgs boson is usually

included in a 10 representation. The components of an SO(10) representation generally
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have masses of different energy scales. To determine the mass hierarchy of componets
in an SO(10) representation, we work with the so-called extended survival hypothesis
[11,12]; that is, at each scale, we assume that a minimal set of Higgs multiplets necessary
to realize the symmetry breaking exists in low-energy region. The rest of the SO(10)
representation lies at the highest possible scale that is consistent with the symmetry
groups at each scale. The motivation of this assumption is to minimize the fine-tuning
condition needed for the low energy spectrum.

Within this assumption the whole R; representation lies at Mgyur. For Rs, only
the component that developes a VEV and its companions under Gjy transformation lie
at My for the purpose of intermediate scale symmetry breaking. The rest of Ry stay
at Mgur. The masses of the gauge bosons are determined by the Higgs mechanism:
the mass scale of the gauge boson is the mass scale where the related symmetry is
broken. Above the intermediate scale, the presence of the additional Higgs multiplet
and intermediate gauge bosons change the gauge coupling running from that in the SM.
This makes it possible to realize gauge coupling unification in this scenario.

Since intermediate gauge groups we consider is related to the Pati-Salam gauge group
[13], it is useful to decompose the SO(10) multiplets into multiplets of the SU(4)c ®
SU(2)r, ® SU(2)r gauge group. The 16 spinor representation in SO(10) is decomposed
into a (4,2,1) and (4,1, 2) of SU(4)c ® SU(2), ® SU(2)g. We denote them by ¥, and

V%, respectively, in which the SM fermions are embedded as follows:

1 2 3 c c c c

W, — Uy up up VL e, — dp1 dpo dps €Rr 2.3

L= dl d2 d3 ’ R _C _.,C _.,C < ’ ( ’ )
L 4 op €r Upy UpRo URs R

where the indices represent the SU(3)¢c color and ¢ indicates charge conjugation. The
SM Higgs field is, on the other hand, embedded in the (1,2,2) component of the ten-
dimensional representation. As discussed in Ref. [14], to obtain the viable Yukawa
sectorﬂ we need to consider a complex scalar 10¢ for the representation, not a real one.
Thus, (1,2, 2) is also a complex scalar multiplet and includes two Higgs doublets. In the
following calculation, we regard one of these doublets as the SM Higgs boson, and the
other has a mass around the intermediate scale. Other components in the 10¢ can only
lie at the GUT scale because they induce proton decay. The SU(4)c ® SU(2), ® SU(2)r

2 For a general discussion on the Yukawa sector in SO(10) GUTs, see Refs. [14[15].
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gauge group is broken by the VEV of the (10,1,3) component in the 126¢. In the
presence of the left-right symmetry, we also have a (10,3,1) above the intermediate
scale. We assume that the (10,3,1) field does not acquire a VEV, with which the
constraint coming from the p-parameter is avoided. E| From these charge assignments,
one can readily obtain the quantum numbers for the corresponding fields in the other

intermediate gauge groups, since they are subgroups of the SU(4)c ® SU(2);, ® SU(2)r

2.3 Gauge coupling unification

With this field content, we study whether the gauge coupling unification is actually
achieved or not for the first six intermediate gauge groups listed in Table We
perform the analysis by using the two-loop RGEs, which are given in Appendix [Bl We
will work in the DR scheme [16], as there is no constant term in the intermediate and
GUT scale matching conditions. The input parameters that we use to obtain the the
weak scale couplings in our analysis are listed in Table in Appendix [A] By solving
the RGEs and assuming gauge coupling unification, we determine the intermediate scale
My, the GUT scale Mgur, and the unified gauge coupling constant gour. If we fail
to find the appropriate values for these quantities, we will conclude that gauge coupling
unification is not realized in this case. To determine their central values as well as the

uncertainty coming from the input parameters, we form a y? statistics as

2

:Z g gaexp) ’ (2'4)
U gaexp)

a=1

where g, are the gauge couplings at the electroweak scale obtained by solving the RGEs

on the above assumption, g, exp are the experimental values of the corresponding gauge

couplings with a(gg’exp) denoting their uncertainty. The central values of My, Mcur,
and ggut are corresponding to a point at which 2 is minimizedﬁ

By using the method discussed above, we carry out the analysis and summarize

the results in Table 2.2] Here, we show log,o(Mint), log;o(Mgur), and ggur. For

3 The p-parameter is defined as the ratio between the strength of the neutral and the charged

current. p = 1 at tree level of the SM, and deviates from this value if the Higgs VEV contains any
component that is not part of a doublet.

4 We also use the x? statistics to determine the value of the input Yukawa coupling in a similar
manner, though it scarcely affects the uncertainty estimation of Mint, McuT, and ggur.
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Table 2.2: logo(Mint), logio(Maur), and ggur. For each Giny, the upper shaded (lower)
row shows the 2-loop (1-loop) result. M and Mgyt are given in GeV. The blank

entries indicate that gauge coupling unification is not achieved.

Gint logyg(Mint) logio(Mcur) gaut
SU(4)c ® SU2)L, ® SU2)r 11.17(1)  15.920(4)  0.52738(4)
11.740(8)  16.07(2) 0.5241(1)
SU(4)c ® SU(2);, ® SU(2)r ® D 13.664(3)  14.95(1) 0.5559(1)
13.708(7)  15.23(3) 0.5520(1)
SU(4)c ® SU(2); ® U(L)r 11.35(2)  14.42(1) 0.5359(1)
11.23(1)  14.638(8)  0.53227(7)
SU(3), ® SU(2)L ® SU2)r ® U(1)5—1 9.46(2) 16.20(2) 0.52612(8)
8.993(3)  16.68(4) 0.52124(3)
SU(3). ®SU(2) ®SUR)r®U(l)p_r ® D 10.51(1)  15.38(2) 0.53880(3)
10.090(9)  15.77(1) 0.53478(6)

SUB)-®SU2)r ®U(1)r® U(1)B-r

each intermediate gauge group, the upper shaded (lower) row shows the 2-loop (1-loop)
result. Miy and Mgyt are given in GeV. The blank entries indicate that gauge coupling
unification is not achieved. The uncertainties of the last digits of the numbers resulting
from the input parameters are also shown in the parentheses. Threshold corrections
at Mip and Mgyt [17] due to the non-degeneracy of the particles that have masses of
the order of these scales contribute to the uncertainties that are generally larger than
the ones from the input errorE] For a recent discussion of threshold corrections,
see Ref. [1§]. In addition, we neglect the contribution of Yukawa couplings above the
intermediate scale, which causes additional error. These are expected to give O(1)%
uncertainty to the resulting scales and coupling.

From Table it is found that gauge coupling unification is not achieved in the

5 Note that the intermediate scale in the left-right symmetric theories does not depend on physics

beyond Mint, as discussed in Appendix @
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case of Giyy = SU(3)» ® SU(2)r ® U(1)r ® U(1) p—r. Moreover, we find that relatively
low GUT scales are predicted for Gy, = SU(4)c @ SU(2), @ SU(2)g ® D and SU(4)¢c ®
SU(2)r, ® U(1)R, and thus the proton decay constraints may be severe in these cases, as
discussed in Sec. Furthermore, except for Giny = SU(4)c ® SU(2), ® SU(2)r® D,
we obtain low intermediate scales, with which it may be difficult to account for the
neutrino masses, as explained in Sec. As we will see in Chapter [4] this situation
can be improved in the NETDM models.



Chapter 3

Dark matter candidates

In this chapter, we will give a list of SO(10) representations that can contain a dark
matter candidate. We only require the dark matter candidate to be stable and neutral
under the strong interaction and the electromagnetic interaction. Further constraints
on the dark matter will be placed in Chapter [4] 5] [6 where we discuss different dark
matter scenarios. Again, we only consider SO(10) representations with dimension not

larger than 210.

3.1 Extra U(1) and dark matter stability

For a wide class of DM models, the dark matter particle candidate is stable or have a
sufficiently long lifetime compared to the age of the Universe. This stability is usually
protected by a discrete symmetry of the model. For example, the R-parity in MSSM [19],
the Kaluza-Klein parity in universal extra dimensional models [20] and T-parity in
the Littlest Higgs model |21] yield stable particles, which can also be promising DM
candidates. The origin of such symmetry is often imposed by hand. Thus it would be
interesting if a theory can generate this discrete symmetry naturally.

In fact, GUTSs can provide such a framework. Suppose that the rank of a GUT gauge
group is larger than four. In this case, the GUT symmetry contains extra symmetries
beyond the SM gauge symmetry. These extra symmetries should be spontaneously
broken at a high-energy scale by a vacuum expectation value (VEV) of a Higgs field.

Then, if we choose the proper representation for the Higgs field, there remain discrete

12
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symmetries, which can be used for DM stabilization [8,9,[22H26]. The discrete charge
of each representation is uniquely determined, and thus we can systematically identify
possible DM candidates for each symmetry.

This mechanism can be summarized briefly as the following: suppose there is an
extra U(1) gauge symmetry in addition to the SM gauge group. We define the normal-
ization of the U(1) coupling such that all of the fields ¢; in a given model have integer
charges @; with the minimum non-zero value of |@;| equal to +1. Now, let us suppose
that a Higgs field ¢ has a non-zero charge Q. Then, if Qg = 0 (mod. N) with N > 2,
the U(1) symmetry is broken to a Zx symmetry after the Higgs field obtains a vacuum
expectation value (VEV). One can easily show this by noting that both the Lagrangian

and the VEV (¢y) are invariant under the following transformations:

ovon( 2o, ton) e T Y on) = ton) . ()

Thus the stability of DM can be guaranteed by the remnant Zy symmetry originating
from the extra U(1) gauge symmetry if the U(1) charge of the DM is chosen correctly.
SO(10) has one more rank compared to the SM gauge group and the mechanism
described above can be applied directly to the extra U(1) factor in SO(10). For the
intermediate scale gauge groups we consider in Table 2.2 we can focus on the breaking

of
U g, xU1)p = UQ)y . (3:2)

If this breaking is caused by a Higgs field with even B — L, the low energy theory will be
invariant under the matter parity Py, = (—1)>(F=L). For representations of dim(R) <
210, only 16 and 126 contain SM singlets that are charged under U(1) 5_; xU(1) 5. The
| B— L| number of the singlets are one and two respectively. Thus 126 is the only choice
of the Higgs multiplet that breaks Gy to Ggn and a discrete symmetry. Finally, it is
worth noting that all the components of a SO(10) representation has the same matter
parity, thus the heavier components of the dark matter representation will decay to the

dark matter particle and SM particles. E|

1 For a group theoretical treatment of general Higgs representation that give rise to a discrete

symmetry in addition to Gsm, see [27]
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3.2 Dark matter representations

In the last section, we showed that a Zo symmetry can be preserved at the low energy
with a suitable choice of representation Rs. This symmetry is equivalent to the matter
parity Pp; = (—1)*B~L) and we can combine it with rotational symmetry to get the

R-parity usually imposed by hand on supersymmetric dark matter models:

R = (_1)3(B—L)+2S , (33)

where s is the spin of the particle. The standard model fermions belong to 16 rep-
resentations and have Py; = —1; the SM Higgs doublet belongs to 10, the SM gauge
bosons belong to 45 and thus the SM bosons have Py; = +1; Thus the SM particles
has R = +1, and the B — L quantum number of the dark matter particle needs to be
odd(even) for scalar(fermion) candidate.

Following the branching rules given in Ref. 28], in Table we list SU(2); @ U(1)y
multiplets in various SO(10) representations that contain an electrically neutral color
singlet. A similar list of candidates can be found in earlier work [9]. The table is classified
by B — L so one can check the matter parity of the candidates easily; B — L = 0, 2
candidates are fermionic while B— L = 1 candidates are scalar, labeled by an “F” or “S”
at the beginning of each row, respectively. A fermionic DM candidate should belong to
a 10, 45, 54, 120, 126, 210 or 210’ representation, while scalar DM is belongs to a 16
or 144 representation [26,27,[29]. The subscript of the model names denotes the SU(2),
representation, while the superscript shows hypercharge. A hat is used for B — L = 2
candidates.

Different type of dark matter models can be constructed according to the SU(2); ®
U(1)y assignment of the DM multiplet and the possible interactions between SM par-
ticles and the DM candidate. For example, the fermionic candidates F§ and F} are SM
singlets and can only interact with SM particles through exchange of intermediate scale
virtual particles. The interaction rate is suppressed by the intermediate scale and thus
these fermionic candidates will never reach equilibrium with the thermal bath of SM par-
ticles. This fits in the frame work of Non-Equilibrium Thermal Dark Matter(NETDM)
Scenario, where the dark matter particles are produced continuously out-of-equilibrium

after the reheating process. We will consider this class of model in detail in Chapter
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Table 3.1: List of SU(2); ® U(1)y multiplets in SO(10) representations that contain an

electric neutral color singlet.

Model B—-L SU(2);, Y SO(10) representations
F9 1 0 45, 54, 210

Fy/? 2 1/2 10, 120, 126, 210’
F3 0 3 0 45, 54, 210

F§ 3 1 54

Fy/? 4 12 210

/2 4 32 210

s9 1 0 16, 144

sy/? , 2 1/2 16,144

3 3 0 144

Si 3 144

F9 1 0 126

a2 2 2 1/2 210

Fi 3 1 126

Other candidates are either scalar singlet that can interact with the SM Higgs dou-
blet through a quartic coupling, or are charged under the electroweak interaction so that
they can interact with SM particles through exchange of W orZ boson. Such candidates
can interact with SM particles efficiently and fit in the Weakly Interactive Massive Par-
ticle(WIMP) DM scenario, which requires DM to be in thermal equilibrium with the
SM particles before its abundance freezes out. Such possibility will be discussed in
Chapter

Finally, it is also possible that the R-parity odd particles develope a matter-antimatter
asymmetry in its number density in the early universe. This can be relavent to baryoge-
nesis and is usually called the Asymmetric Dark Matter(ADM) scenario. This scenario
is generally relevant to complex representations that can distinguishes matter and anti-
matter, such as 16, 144 and 126. We will show some realistic models in the context of
SO(10) unification theory in Chapter [6]
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3.3 Mass hierarchy of dark matter representation

The mass hierarchy of components of a dark matter representation follows a similar
assumption as the “extended survival hypothesis” of Higgs reporesentation discussed in
Sec. That is, at each mass scale, there is a minimal number components necessary
to achieve the observed dark matter abundance Qcpmh? ~ 0.12. [45]. For example,
consider the doublet WIMP DM candidate Sé/ ?in a complex scalar 16, in an SO(10)
unification with intermediate symmetry SU(4)c ® SU(2); ® SU(2)g. The dark matter
particle and its SU(2); companion should have mass of ~ 1 TeV to achieve the correct
relic densityc ite, and according to the hypothesis, only these two complex degrees of
freedom among the 16 lie at TeV scale. The branching rule of SO(10)supsetSU(4)c ®
SU(2)r, ® SU(2)R gives

16 — (4,1,2) @ (4,2,1) (3.4)

The DM doublet belongs to (4,2,1), so to complete the Gy representation, the other
6 complex degrees of freedom should lies at the intermediate scale. The rest of the 16
les at the GUT scale, which is the highest scale of the model.

One of the motivation for this mass distribution is to minimize the fine-tuning
condition needed to realized the mass spectrum. Moreover, a charged particle in
the DM reporesentation can have a cosmological lifetime if its mass is nearly de-
generate with the DM particle. For an example, consider a NETDM model with
Gint = SU(4)c ® SU(2)r, ® SU(2)g and a majorana 45 as the DM representation. The
DM candidate can be chosen as the SM singlet of a right-handed triplet (¢°,%). Now
suppose the triplet have degenerate mass M around the TeV scale at tree level. ¢* are
electrically charged and they will be in thermal equilibrium. The mass difference AM
between the charged and neutral components induced by the radiative corrections can

be estimated as

aq Ming
M~ —MI ~ 0.01 .
A 47TMn<M> 0.01 x M . (3.5)

where o is the U(1) gauge fine-structure constant. The charged components 1* can
decay into the neutral DM 9° only through the exchange of a virtual intermediate-scale

gauge boson Wpg, which decays into a pair of SM fermions subsequently. We estimate
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the decay width as
o} (AM)P
T MéVR ’

Lt =g f f) ~ (3.6)

where ar = 9122 /4w and gr and My, are the coupling and the mass of the intermediate
gauge boson Wp, respectively. Then, for example, when the DM mass is O(1) TeV and
the intermediate scale is O(10'3) GeV, the lifetime of ¢ is much longer than the age of
the Universe, and thus cosmologically stable. The abundance of such a stable charged
particle is stringently constrained by the null results of the searching for heavy hydrogen
in sea water |30]. The DM multiplets in other cases may also be accompanied by stable
colored particles, whose abundance is severely restricted as well. If the intermediate
scale is relatively low, the charged/colored particle can have a shorter lifetime. Even in
this case, their thermal relic abundance should be extremely small in order not to spoil
the success in the Big-Bang Nucleosynthesis (BBN). Quite generally, a degenerate mass
spectrum leads to disastrous consequences. This is another motivation to split the DM
representation into different mass scales.

The most straight forward way to split the masses of components in a DM repre-
sentation is to make use of the VEVs that drive the spontaneous symmetry breaking
chain, because the couplings of a VEV to different quadratic operators are in general
different by the Clebsch-Gordon coefficients. For a scalar DM representation Rpy, the

Lagrangian that is relevant to the mass term can be written as

—Lint = M?|Rpm|? + k1 Ry RomR1 + {keRpmRpy RS + h.c.}
+ A Roa[*|Ruf? + A3 | Roml*| Ref* + {\3° (RoaBpm) 126 (R1R3 )16 + hic.}
R * R" * *
+ DA (BbwBom) g (BiR) g+ YA (RbwBom) pr (R5Ra) e (3.7)
R/ R/l

where the subscripts after the parentheses denote the SO(10) representation formed by
the product in them. The last line is summed over all possible represenations R’, R”
that can be obtained from R} R; and R3Rs respectively. M, k1, and k9 are dimensionful
parameters, which we assume to be O(Mgut). The terms with the coefficients A} and
A} are irrelevant to the generation of the mass splitting in the DM multiplet, as they only
give a common mass to all of the components in the multiplet. It is also worth noting

that terms including k2 and A2 break the particle number which can be assigned to
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the complex scalar Rpy. Hence, these effects can split Rpy into two real scalars with
different masses. We use these interactions to avoid the direct detection bound in the
case of the complex hypercharged WIMP DM, which we discuss in Sec.

After Ry gets a VEV, the terms with «; and )\{%’ generate mass terms for the com-
ponents in Rpy with different mass values, since the R; VEV couples to them with
different Clebsch-Gordan coefficients. Thus, by fine tuning the coefficients M, x; and
/\{%/, one can arrange that the DM multiplet obtains a mass of O(Miy), with other
multiplets remaining around O(Mguyr).

The next step is to separate the SU(2), multiplet S! from the intermediate gauge
group multiplet. This can be accomplished by appropriately tuning the coefficients of
Ko, M26 and A" so that the generated mass terms cancel out the intermediate scale
mass obtained previously, leaving only the electroweak multiplet of DM candidate at
TeV scale. After this step, we obtain a mass spectrum in which only the DM candidate
lies around the TeV scale, while its partner fields with respect to the intermediate gauge
symmetry are at M. The rest of the components of Rpy have masses of O(Mgur).

For the case of fermionic dark matter candidates, the renormalisable operators that

give rise to the mass term of the dark matter has the form of

—Lpm = M RpmRpy — RiRpyRpym — ReRpym Rpum

— (M — c1vgUT — C2Uint) XX - (3.8)

The VEVs of the components of Ry and Ry that break SO(10) and Gjy are denoted by
vauT ~ Mgut and vint ~ Mint, respectively; x denotes the DM field and M ~ Mgy is
a universal mass. c¢; and ¢y are the Clebsch-Gordan coefficients that vary for different
Rpwm components. Thus, by fine-tuning M such that M — civguT — covint ~ 1 TeV, we
can set the DM triplet to be at TeV scale while leaving other contents in Rpy either
around M, or Mgur. Finally, it is worth noting that for fermionic Rpy listed in
Table it is impossible to form a singlet out of RpmRpMm1265 or Ry Rpm126y.
Thus co = 0if Ro = 126, and the whole Gt multiplet have a common mass. To split the
mass of the dark matter candidate from other components, it is necessary to add extra
components to R so that Ry = 126 @ R),. R, is chosen from 45, 54 or 210 according
to Table and developes a VEV of (RS) ~ My, that breaks Giyg partly. If (RS) can

couple to the dark matter candidate through a Yukawa-like interaction Rj,;RpwmR5,
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the symmetry of the DM multiplet is broken at tree level and thus the mass of the DM

candidate can be seperated from the rest of the multiplet by fine-tuning.



Chapter 4

Non-Thermal Equilirium Dark
Matter

In this chapter, we consider candidates of Non-Equilibrium Thermal Dark Matter(NETDM)
in an SO(10) unification theory. Candidates of NETDM should be a SM singlet so they
can only interact extremely weakly with the SM thermal bath in the early universe.
The production interaction of the NETDM will never be in equilibrium, and unlike the
WIMP scenario, the relic density of NETDM is sensitive to the reheating temperature

at which the production process begins.

4.1 Candidates of NETDM

The NETDM mechanism in an SO(10) unification model was first proposed in |7] where
the DM particle is a SM singlet but charged underGiy so it can only be produced in the
early Universe via the exchange of the heavy intermediate-scale particles. Therefore,
the production rate is extremely small and their self-annihilation can be neglected. In
addition, the produced DM cannot be in the thermal bath since they have no renormal-
izable interactions with the SM particles. These two features characterize the NETDM
mechanism; the DM is produced by SM particles in the thermal bath via the interme-
diate boson exchange, while they do not annihilate with each other nor attain thermal
equilibrium.

The out-of-equilibrium requirement disfavors scalar DM candidates since a scalar, ¢,

20
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Table 4.1: Candidates for the NETDM.

Gint Rpm SO(10)
SU(4)c ® SU(2), ® SU(2)r (1, 1, 3) 45
(15,1, 1) 45, 210
(10, 1, 3) 126
(15, 1, 3) 210
SU4)c ®SU(2), ® U(1)g (15,1, 0) 45, 210
(10,1, 1) 126
SUB)-®SU2)L®SUR)g®U(1)p—r (1,1,3,0) 45,210
(1,1,3, —2) 126
SUB)-®SUR) L@ U)r®@U1)p-r (1,1,1, -2) 126

can always have a quartic coupling with the SM Higgs field H — Ay |6|?|H|*. Unless
|[Asr| is extremely small for some reason, this coupling keeps scalar DM in thermal
equilibrium even when the temperature of the Universe becomes much lower than the
reheating temperature. Therefore, we focus on fermionic DM candidates F$ and fcl’ in
Table they should be contained in either a 45, 54, 126, or 210 representation.
We follow the discussion in Section to determine the mass scale of compoents
in the dark matter representation. In Table we summarize possible candidates for
representation Rpyr for each intermediate gauge group that contains the DM candidate.
We assume the dark matter particle has a mass of TeV scale, and other components of
Rpy lie around Miy. The rest of the SO(10) representation have GUT scale masses.
With this spectrum of DM representation in mind, we are now able to evaluate the

running of the gauge coupling constants and the scales.

4.2 NETDM and gauge coupling unification

In this section we look for the NETDM models in which gauge coupling unification is
realized with an appropriate intermediate unification scale. Here, we require 10" <

Mgyt < 10% GeV; if Mgur < 10% GeV, then proton decays are too rapid to be
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consistent with proton decay experiments, while if Mgyt > 10'® GeV, then gravitational
effects cannot be neglected anymore and a calculation based on quantum field theories
may be invalid around the GUT scale. To search for promising candidates, we assume
the following conditions. Firstly, a model should contain a NETDM candidate shown
in Table where only a singlet component has a mass much below the intermediate
scale. This component does not affect the running of the gauge couplings. Secondly,
the rest of the components in Rpy; are assumed to be around M, due to the mass
splitting mechanism with an additional Higgs multiplet, discussed in Sec. At this
point, we only assume that there exists an extra Higgs multiplet from either the 45, 54
or 210 whose mass is around the intermediate scale. Whether the VEV of the extra
Higgs actually gives rise to the mass splitting or not will be discussed in the subsequent
section. Thirdly, we require that only the SM fields, the intermediate gauge bosons,
Rpwm, and Rs are present below the GUT scale. For example, if we consider the (1,
1, 3) DM of the 45 given in the first column in Table then we suppose that all of
the components of the 45 except Rpm = (1,1, 3) should have masses around the GUT
scale. This condition is corresponding to the requirement of the minimal fine-tunings
in the scalar potential to realize an adequate mass spectrum.

With the conditions, we then search for possible candidates by using the one-loop
analytic formula given in Appendix [D] In Table [£.2] we summarize the field contents
that satisfy the above requirements, as well as the values of log,o(Mint), log;o(Mcur),
and ggur, with M and Mgyt in GeV. All of the values are evaluated at one-loop
level. Here the subscript R, C, W, or D of each multiplet indicates that it is a real
scalar, a complex scalar, a Weyl fermion, or a Dirac fermion, respectively. As for the
intermediate Higgs fields, Ro, listed in Table (10,1,3)¢ and (1,1, 3, —2)¢ are from
the 126 Higgs field, while all other representations included in Ry are extra Higgs fields
introduced to resolve the degeneracy problem. For the additional Higgs fields, we only
show the real scalar cases for brevity. Indeed, we can also consider complex scalars for
the Higgs fields and find that gauge coupling unification is also realized in these cases,

where both the intermediate and GUT scales are only slightly modified.
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Table 4.2: Models that realize the gauge coupling unification. M;,; and Mayr are given

in GeV. All of the values listed here are evaluated at one-loop level.

SU(4)c®SU(2).®SU(2) R

Rpwm Ry logyo(Ming) logio(MauT) gaur
(10,173)0

LL3w  (11,3), 10.8 15.9 0.53
(107173)0

(1,1,3)p (1,1,3)5 9.8 15.7 0.53

SU(4)c®SU(2).®SU(2)g ® D

Rpwm Ry logg(Mint) logio(MguT) 9gcuT
(107173>C’
10,3,1)c

15,1,1 (10,3,

( % (15.1.1) 13.7 16.2 0.56
(107173)0
(107371)0

(15,1,1)y  (15,1,3)r 14.2 15.5 0.56
(15737 1>R
(1011>3)C
(10,3,1)¢

(15,1,1)p 82;31% 14.4 16.3 0.58

) R

SU(3)c®SU(2),®SU(2) r@U(1) _1

Rpwm Ry logyo(Mins) logio(Maut) gaur
(171737_2)0

LL.3.0w (1 1,3,0), 6.1 16.6 0.52

4.3 Models

In the previous section, we have reduced the possible candidates to those presented in
Table In this section, we study if any of those models are viable, i.e., we check if
they actually offer appropriate mass spectrum to realize the NETDM scenario, with the
charged/colored components in Rpy; acquiring masses of O(Miyg).

First, let us consider the (1,1,3)y;,p DM representation in the SU(4)c ® SU(2) ®
SU(2) r gauge theory. To split the masses in the (1,1, 3) multiplet ¢", we need to couple
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the DM with the (1, 1, 3)g Higgs ¢", with r denoting the SU(2) g index. Since the fields
transform as triplets under the SU(2)g transformations, to construct an invariant term
from the fields, the indices should be contracted anti-symmetrically, i.e., the coupling

should have a form like

epqr (V)" 19" . (4.1)

Then, if ¥" is a Majorana fermion, the above term always vanishes. Thus, ¥" should
be a Dirac fermion, that is, (1,1,3)p is the unique candidate for NETDM in this case.

Next, we study the terms in the SO(10) Lagrangian relevant to the masses of the
fields much lighter than the GUT scale. In SO(10), (1,1,3)p, (1,1,3)g, and (10,1, 3)¢
are included in the 45p, 45r, and 126, respectively. The SO(10) gauge group is
spontaneously broken by the 210 Higgs field (R;) into the SU(4)c ® SU(2), ® SU(2) g
intermediate gauge group. As is usually done in the intermediate scale scenario, we fine-
tune the Higgs potential so that the (1,1,3)g and (10,1, 3)¢ Higgs fields have masses
around the intermediate scale. This can be always performed by using the couplings
of the 45p and 126¢ fields with the 210x Higgs field, which acquires a VEV of the
order of the GUT scale. Similarly, we give desirable masses to the fields in (1,1,3)p
by carefully choosing the couplings of the 45p fermion with the 45z and 126~ Higgs

fields. Here, the relevant interactions are
Ling = —My5,45p45p — 1y4545p45p45R — y21045p45p210R . (4.2)

Notice that 45p does not couple to the 126 field, as already mentioned in Sec.
After the Ry = 2105 Higgs field gets a VEV (210r) = v210, the interactions in Eq. (4.2)
lead to the following termsﬂ

Ling = —Mpm(9) 9" — iyaserst(¥) 9 6" (4.3)

with Mpy = Mas, + y210v210/V/6. Here, 9" and ¢" denote the (1,1,3)p and (1,1,3)r
components in 45p and 45, respectively. We find that although Mys,, and wva19 are
expected to be O(Mgur), we can let Mpy be much lighter than the GUT scale by
carefully choosing the above parameters so that they cancel each other. In addition, it

turns out that the mass term of the (1,3,1)p component in 45p is given by M5, —

! For the computation of the Clebsch-Gordan coefficients, we have used the results given in Ref. [53].
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yzlovzlo/\/é. Thus, even if we fine-tune Mys,, and y210 to realize Mpy < MguT, the
mass of (1,3,1)p is still around the GUT scale. This observation reflects the violation
of the D-parity in this model. At this point, all of the components in 1" have identical
masses (the “degeneracy problem”). Once the neutral component of ¢" acquires a VEV
(#) = v45, which is assumed to be O(Miy), the second term in Eq. gives rise to

additional mass terms for ©". These are
Ling — —Mpy™9” — Mg ¥y — Mg~y (4.9)

where My = Mpwm F yasvas, and 10 and * are the neutral and charged components,
respectivelyﬂ The above expression shows that the VEV of the 45 Higgs field indeed
solves the degeneracy problem; if Mpy < My, and yg5v45 = O(Miyg), then the charged
components acquire masses of O(Miy;), while the neutral component has a mass much
lighter than Mj,;. Thus, we obtain the mass spectrum we have assumed in the previous
section.

In the next example, we consider the DM representation Rpy = (15,1, 1)y with
Ry =(10,1,3)¢%®(10,3,1)c®(15,1,1) g in the left-right symmetric SU(4)c®@SU(2),®
SU(2)r gauge theory. In this case, Ry = 54r. We assume that the (15,1, 1)y is a part
of the 45y, while both (10,1, 3)¢ and (10, 3,1)¢ are part of the 126<. The couplings
of the DM with the Higgs fields, as well as its mass term, are then given by

M
Loy = — ‘;5W 45y 45y, — %45W45W54R — %45w45w2103 the, (45)

Here, (15,1,1)p is included in the 210y field; we cannot use a 455 in this case since
the Weyl fermion 45y has no coupling to the 45RE| As before, below the GUT
scale, the VEV of 54p, vs4, gives a common mass M to the (15,1, 1)y multiplet with
M = Mys,, — Ys54v54/v/15. We can take M = O(M;y) by fine-tuning Mys,, and ys4vs4.

The above Lagrangian then reduces to

M aga 200
Ling — 5 Yot + 3 Tr(yvoy) + hec. , (4.6)

where ¢ and ¢# denote the (15,1,1)y and (15,1,1)p fields, respectively, with 1) =
PATA and ¢ = pATA; A, B,C =1,...15 are the SU(4) adjoint indices and T4 are the

2 Note that since 9" are Dirac fermions, (¢°)¢ # ¢° and (¢F)¢ # T
3 Tt is also possible to embed (15,1, 1)w into 210w and (15,1,1)r into 45z. The phenomenology
in this case is the same as that discussed in text.
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SU(4) generators. The mass degeneracy in this case is resolved by the VEV of the 2105
field,

(@) = 220 diag(1,1,1,-3), (4.7)

26
with which Eq. (4.6) leads to

M Mz 4 -
ﬁint — —%lﬁoiﬁo - 79914914 - M&é.aga + h.c. ) (48)

where 9, g4, €%, and £, are the color singlet, octet, triplet, and anti-triplet components

in (15,1, 1)y, respectively, with a denoting the color index, and

V2

Mpy = M + 5 Y210v210 (4.9)
1

Mg =M — ﬁyzlovzlo y (410)
1

Mg =M + ﬁyglovglo . (4.11)

Therefore, by carefully adjusting y210v210, we can make the DM " much lighter than
Mt while keeping the other components around the intermediate scale.

There are two more possible representations for Rpps for the left-right symmet-
ric SU(4)c ® SU(2)r, ® SU(2)g intermediate gauge group given in Table namely
(15, l,l)W/D. In this case, however, one can readily conclude that the degeneracy
problem cannot be solved by the (15,1,3)r and (15,3,1)r Higgs fields. This is be-
cause the Yukawa couplings between the DM and these Higgs fields are forbidden by
the intermediate gauge symmetry. As a consequence, we can safely neglect these possi-
bilities.

Finally, we discuss the model presented in the last column in Table[£.2] We again find
that the (1,1,3,0)r Higgs field does not yield a mass difference among the components
in the (1,1, 3,0)y DM multiplet, since the operator in Eq. vanishes when the DM
is a Weyl fermion. Thus, we do not consider this model in the following discussion.

As a result, we obtain two distinct models for NETDM within SO(10). We summa-
rize these two models in Table We call them Model I and II in what follows. Here,
Mine and Mgyt are given in GeV, and all of the values are evaluated with two-loop
RGEs and differ somewhat from the 1-loop values given in Table[d:2] The errors shown

in the parentheses arise from uncertainties in the input parameters. In addition, we
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again expect threshold corrections at Mi,, and Mgyr. Furthermore, we neglect the
contribution of Yukawa couplings to the RGEs above the intermediate scale, and this
also will contribute to the theoretical error. We estimate that these two sources cause
O(1)% uncertainties in the values displayed in Table From these results, we find
that the presence of the DM component as well as the extra Higgs bosons can signifi-
cantly alter the intermediate and GUT scalesE] because of their effects on the gauge
coupling running. To illustrate this more clearly, in Fig. we show running of gauge
couplings in each theory. The left and right panels of Fig. correspond to Model I and
II, respectively. In each figure, solid (dashed) lines show the case with (without) DM
and additional Higgs bosons. The blue, green, and red lines represent the running of
the U(1), SU(2) and SU(3) gauge couplings, respectively, where the U(1) fine structure
constant o is defined by
+-—, (4.12)

while the SU(3)¢ coupling as is defined by as = g above the intermediate scale. These
figures clearly show the effects of the extra particles on the gauge coupling running. In
particular, the GUT scale in Model II is now well above 10'® GeV, which allows this

model to evade the proton decay constraints, as will be seen in the subsequent section.

Table 4.3: NETDM models. Mi,: and Mgyt are given in GeV. All of the values are
evaluated with the two-loop RGEs.

Model 1 Model II
Glint SUM@)ec®SU@R), ®SUR)r  SUM4)ec®SU(2), @ SU(2)z® D
Rpum (1,1,3)p in 45p (15,1,1)yy in 45y
Ry 210p 54p
Ry (10,1,3)c @ (1,1,3)r (10,1,3)c @ (10,3,1)c @ (15,1,1)5
logyo(Mint) 8.08(1) 13.664(5)
log,o(MguT) 15.645(7) 15.87(2)
gauT 0.53055(3) 0.5675(2)

4 However, their existence hardly changes the intermediate scale in Model II, which is clarified in
Appendix @
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Figure 4.1: Running of gauge couplings. Solid (dashed) lines show the case with (with-
out) DM and additional Higgs bosons. Blue, green, and red lines represent the running

of the U(1), SU(2) and SU(3) gauge couplings, respectively.

4.4 Phenomenological aspects

Now that we have obtained the NETDM models, we can study their phenomenological
aspects and possible implications in future experiments. In Sec. we first consider
whether these models can give appropriate masses for light neutrinos. Next, in Sec.
we evaluate proton lifetimes in each model and discuss the testability in future proton
decay experiments. Finally, we compute the abundance of DM produced by the NETDM
mechanism in Sec. and predict the reheating temperature after inflation.

4.4.1 Neutrino mass

In SO(10) GUTSs, the Majorana mass terms of the right-handed neutrinos are induced
after the B — L symmetry is broken. These mass terms are generated from the Yukawa
couplings of the 16 spinors with the 126 Higgs field. If the Yukawa couplings are O(1),
then the Majorana mass terms are O(Miy). On the other hand, in these models, the

Dirac masses of neutrinos are equal to the up-type quark masses, m,,, at the unification
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scale. Therefore, via the seesaw mechanism [54], light neutrino masses are given by

2

my,
. 4.13
Mint ( )

my =~

In Model II, Mi,; = O(10'3) GeV indeed gives proper values for neutrino massesﬂ
However, in Model I, a low intermediate scale of O(10%) GeV yields neutrino masses
which are too heavy using the standard seesaw expression (4.13[). Thus, Model T is
disfavored on the basis of small neutrino masses.

The defect in Model I may be evaded if the (15,2,2) component in 126 has a
sizable mixing with the (1,2,2) Higgs boson and acquires a VEV of the order of the
electroweak scale. In this case, the neutrino Yukawa couplings can differ from those of
the up-quark, and thus the relation does not hold any more. For sizable mixing
to occur, the (15,2,2) field should lie around the intermediate scale. One might think
that the presence of additional fields below the GUT scale would modify the running of
the gauge couplings and spoil the above discussion based on gauge coupling unification.
However, it turns out that both the intermediate and GUT scales are hardly affected by
the existence of this field, though the unified gauge coupling constant becomes slightly
larger. This is because its contribution to the one-loop beta function coefficients is
Aby = 16/3 and Abyr, = Abyr = 5, and thus their difference is very tiny (see the
discussion given in Appendix @ Therefore, we can take the (15,2,2) to be at the
intermediate scale with little change in the values of My and Mgyr. The presence of
the (15,2, 2) is also desirable to account for the down-type quark and charged lepton
Yukawa couplings [14/50]. In addition, the higher-dimensional operators induced above
the GUT scale may also affect the Yukawa couplings. Constructing a realistic Yukawa

sector in these models is saved for future work.

4.4.2 Proton decay

Proton decay is a smoking gun signature of GUTSs, and thus a powerful tool for testing

them. In non-SUSY GUTs, p — e*n¥ is the dominant decay mode, which is caused

5 Note that in a left-right symmetric model such as Model II there is in general also a type-II seesaw
contribution to m, from the VEV of the SU(2), triplet in the 126. However, we know from constraints
on the p-parameter that the VEV must be quite small and definitely much smaller than the VEV of
the SU(2)r triplet. For example, if the mixing between the SU(2)r and SU(2)g triplets with the Higgs
doublets is small, it is safe to assume that the SU(2) triplet VEV is small and thus the type-II seesaw
contribution is subdominant |55
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by the exchange of GUT-scale gauge bosons. This could be compared with the case
of the SUSY GUTs; in SUSY GUTs, the color-triplet Higgs exchange usually yields
the dominant contribution to proton decay, which gives rise to the p — K7 decay
mode [56].

Since the p — et7¥ decay mode is induced by gauge interactions, we can make a
robust prediction for the partial decay lifetime of this mode. Details of the calculation
are given in Appendix [E] By using the results given there, we evaluate the partial decay
lifetime of the p — e*7” mode in each theory, and plot it as a function of Mx /Mgyt
(Mx denotes the mass of the GUT-scale gauge boson) in Fig.|4.2] Here, the blue and red
solid lines represent Models I and II, while the blue and red dashed lines represent the
models without the DM and extra Higgs multiplets as given in Table namely Giy, =
SUM4)c ® SU(2)r ® SU(2)r and Giny = SU(4)ec ® SU(2) ® SU(2)g ® D, respectively.
The shaded area shows the region which is excluded by the current experimental bound,
7(p — etn®) > 1.4 x 103* years [57,/58]. We have varied the heavy gauge boson
mass between Mgur/2 < Mx < 2Mgur, which reflects our ignorance of the GUT
scale mass spectrum. From this figure, we see that the existence of DM and Higgs
multiplets produces a large effect on the proton decay lifetime. In particular, in the
case of SU(4)c ® SU(2);, ® SU(2)r ® D, the predicted lifetime is so small that the
present bound has already excluded the possibility. This conclusion can be evaded,
however, once the DM and Ry Higgs multiplets are included in the theory as they raise
the value of Mguyr. Moreover, Model I is now being constrained by the proton decay
experiments. In this case, the inclusion of the DM and Higgs multiplets decreases Mayr.
Future proton decay experiments, such as the Hyper-Kamiokande experiment [59], may
offer much improved sensitivities (by about an order of magnitude), with which we can

probe a wide range of parameter space in both models.

4.4.3 Non-equilibrium thermal dark matter

Finally, we evaluate the relic abundance of DM produced by the NETDM mechanism [7]
in Models I and II. In both of these models, the DM ¢° is produced in the early Universe
via the exchange of the intermediate-scale particles. Therefore, the production rate is
extremely small and their self-annihilation can be neglected. In addition, the produced

DM cannot be in the thermal bath since they have no renormalizable interactions with
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Figure 4.2: Proton lifetimes as functions of Mx /Mgyr. Blue solid and red solid lines
represent Model I and Model II, respectively. Blue dashed and red dashed lines represent
the cases for Giny = SU(4)c®@SU(2)L@SU(2)r and Giny = SU(4)c®@SU(2)L@SU(2) r@ D
when the DM and extra Higgs multiplets are not included. The shaded area shows the
region which is excluded by the current experimental bound, T(p — eTn%) > 1.4 x
1034 years [57,58].

the SM particles. These two features characterize the NETDM mechanism; the DM
is produced by SM particles in the thermal bath via the intermediate boson exchange,
while they do not annihilate with each other nor attain thermal equilibrium. In what
follows, we estimate the density of the DM produced via this mechanism and determine
the reheating temperature which realizes the observed DM density.

The Boltzmann equation for the DM ¢° is given by

dYDM 1 Gxs

(ov) o
= Mpam M, Y. 4.14
dx 45 T*p DMV1P] 132 eq ( )

with Ypu = npm/s and Yeq = neq/s where npyp is the DM number density, neq is the
equilibrium number density of each individual initial state SM particle, and s is the

entropy of the Universe; x = Mpy/T with T being the temperature of the Universe;
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Figure 4.3: Diagram responsible for the DM production in Model II.

g«s and gy, are the effective degrees of freedom for the entropy and energy density in
the thermal bath, respectively; Mp; = 1/v/Gxn = 1.22 x 10* GeV is the Planck mass;
(ow) is the thermally averaged total annihilation cross section of the initial SM particles,
f, into the DM pair. When we derive Eq. , we neglect the DM self-annihilation
contribution as discussed above. From now on, we assume g5 = g+, = g« for brevity.
We evaluate the thermal averaged cross section (ov) multiplied by the equilibrium

number density squared ngq as

T &0 R =
(ov)n2, = W/W a5\ /5 — MR K (VE/T) S M (4.15)
DM

where /3 denotes the center-of-mass energy, and K, (z) is the modified Bessel function
of the second kind. Here, we have used the approximation m; < V§ with m ¢ the
masses of the SM particles since the particle production predominantly occurs at high
temperature, and neglected the angular dependence of M for simplicity. In addition,
we have assumed the initial particles follow a Maxwell-Boltzmann distribution, and
ignored statistical mechanical factors which may result from the Fermi-Dirac or Bose-
Einstein distribution. Y |M|? indicates the sum of the squared-amplitude over all
possible incoming SM particles, as well as the spin of the final state.

Next, we evaluate the amplitude M in each model. First, we consider the case of
Model II. In this case, the dominant contribution comes from the tree-level Higgs-boson
annihilation process displayed in Fig. 4.3l Here, 1%, h, and ¢° denote the DM, the SM
Higgs boson, and the singlet component of the (15,1, 1)g, respectively, and the VEV
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(¢) is given in Eq. (4.7). From the dimensional analysis, we estimate the contribution

as

5 — AM2
SIMP e 2 gz (4.16)

int

where ¢ is a numerical factor which includes the unknown couplings appearing in the

diagram. By substituting Egs. and into Eq. -, we have

3
dYpum ¢ 45 \ 2 MpiMpw 1 /OO 2 23
= — t(t* — 4z°)2 Ky (t)dt . 4.17
dx 10247T7<7Tg*> M2, 22 )y, ( z7)2 K1(1) (4.17)

int

When Mpy < Tryg with Trpg being the reheating temperature, the above equation is

easily integrated to give

3
v ¢ (45>2MP1TRH (4.18)

Yo = 2
647 M2
where the superscript “(0)” implies the present-day value. On the other hand, the
current value of Yé?\)[ is given by
0
Qnipin
MDMS(O) ’

(0)

crit

v = (4.19)

is the critical density of the Universe.
©) = 1.05 x 107542 GeV - cm 3

where Qpyr is the DM density parameter and p

In the following calculation, we use Qpyh? = 0.12, p

crit ’
and s(© = 2.89 x 103 cm ™3, with A the Hubble parameter. As a result, we obtain
2 3 1 1
Qpmh gic Mpm
Try ~ 2.7 x 10* GeV 4.20
Rl 8 e < 0.12 > ( 100 J\100 Gev) = (4.20)

where we have set the value of My, = 101356 GeV from the result in Table This

—1 is an unknown factor and

approximate formula is valid when Mpy < Try. Here, g*% c
thus causes an uncertainty in the computation. For instance, if g, = O(100) and the
quartic coupling of h and ¢ is ~ 0.3, then g*% ¢! = O(10%). Note that the perturbativity
of the quartic coupling ensures that this factor cannot become too small. On the other
hand, it also has an upper bound; if ¢ is extremely small, then the one-loop gauge-
boson exchange contribution dominates over the tree-level. Taking this consideration
into account, we vary the value of g*% ¢! by a factor of ten to estimate the uncertainty

in the analysis given below.
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Figure 4.4: FExamples of diagrams responsible for the DM production in Model I.

Next, we evaluate the relic abundance of the DM in Model I. In this case, there is no
tree-level process for the DM production, since the DM does not couple to the singlet
component ¢" in the (1,1,3)r. Therefore, the DM is produced at the loop level. In
Fig. [£.4] we show examples of one-loop diagrams which give the dominant contribution

to the DM production. The amplitude is then estimated as

/ a 2
9 c 5 — 4Mpy\

~ 4.21
2 ME= gy (42

where we have included the one-loop factor. After a similar computation, we obtain

3
! 45 \ 2 MpTru
A S — i e i 4.22
DM ™ 6477(1672)2 \ g, M2, (422)
and s

Tom = 4.6 Gev x (2207 (9271 (Mo )™ (4.23)

~ 4.6 Ge .

i 0.12 10° GevV )

on the assumption of Mpy < Try. Here, we have set Miy = 10308 GeV.

In Fig. [£5] we plot the predicted reheating temperature as a function of the DM
mass after numerically integrating Eq. . The left and right panels show the cases
of Model I and II, respectively. The pink band shows the uncertainty of the calculation,
which we estimate by varying the unknown factor by a factor of ten. It turns out that
when Mpy < TRy, in the case of Model I, only a small DM mass is allowed and the
reheating temperature must be quite low. In Model II, on the other hand, DM with

a mass of around the electroweak scale accounts for the observed DM density with an
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Figure 4.5: Reheating temperature as a function of DM mass. Pink band shows the

theoretical uncertainty.

acceptably high reheating temperature. For a larger Mpy, in both models, the DM

relic abundance can only be explained in the narrow strip region where Mpy ~ TRry-



Chapter 5

Weakly Interactive Massive

Particles

In this chapter, we consider weakly interactive massive particles(WIMP) as dark matter
candidates. Unlike NETDM, WIMP DM candidates interact with the thermal bath of
the SM particles efficiently so that they are in thermal equilibrium in the early universe.
The annihilation rate of the DM particle decreases as the universe expands until the
plasma of the DM becomes so diluted that the annihilation no longer proceeds. After
that, the total number of DM particle is freezed and the density only decreases as a
result of the expansion of the universe. This mechanism is usually called the “freeze-
out” mechanim in the literatures. In the following text, we will list models in which
gauge coupling unification is achieved with appropriate GUT and intermediate scales.
Then, we study the phenomenology of these models, such as the relic abundance of
DM, the DM direct detection rate, the proton decay lifetime, and neutrino masses. It
is found that the condition of gauge coupling unification, as well as the proton decay
bounds, severely restricts the WIMP DM models in SO(10) GUTs. Still, we obtain
some promising candidates, which can be probed in future DM searches and proton

decay experiments.

36
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5.1 WIMP DM candidates

We begin this chapter by identifying all possible WIMP DM candidates in Tabel
The WIMP scenario generally requires DM to be in thermal equilibrium with the SM
particles before its abundance freezes out. This requires DM particles to interact with
SM particles efficiently in the early universe. As a consequence, the fermionic singlets
F¢ and ?(1) are not good WIMP candidates since they are SM singlets and can only
interact with SM particles through exchange of intermediate scale virtual particles. On
the otherhand, the scalar singlet 8§ and triplet S3 can interact with the SM Higgs
boson efficiently through the quartic coupling and are potential good DM candidates to
be discussed below. These can be taken to be either real or complex. For S, there is
no difference in any of our results whether 8§ is real or complex. We have taken S to
be real, but there would be no qualitative difference in our results for complex S3. In
addition, S3 couples to the SM particles via the weak interaction. Similarly, the fermion
triplet F$ is a wino-like DM candidate and will also be considered below. In general,
the neutral component of a SU(2); ® U(1),, multiplet can interact with SM particles
through exchange of W or Z boson, and thus can be a good DM candidate. Such DM
candidates have been widely studied in the literature [31-34},36,[37},39-42}75].

There are also DM candidates which have non-zero hypercharge. These are: F;/ 2,

FLFY? P32 512 g1 2

, and Fy. These DM candidates are charged under the elec-
troweak gauge group so they can be produced thermally in the early universe. However
they are severely constrained by DM direct detection experiments since their scatter-
ing cross sections with a nucleon induced by Z-boson exchange are generally too large.

Possible ways to evade this constraint are discussed in the following section.

5.2 Hypercharged DM

A DM candidate with Y # 0 needs to be a Dirac spinor or a complex scalar, depending
on its matter parity. These hypercharged candidates are severely restricted by the direct
detection experiments, since they elastically scatter nucleons via the vector interactions
mediated by Z-boson exchange, whose scattering cross section turns out to be too large
by many orders of magnitude. One possible way to evade the constraint is to generate

mass splitting, Am, between the neutral components of such a DM multiplet ¢ and
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to split it into two Majorana fermions or real scalars xi, x2. Then, the DM no longer
suffers from large scattering cross sections since it does not have vector interactions.
Such splitting occurs if the DM mixes with extra SU(2); ® U(1), multiplets after
electroweak symmetry breaking. As we have assumed that only a single DM multiplet
lies in the low-energy region, a natural mass scale for the extra SU(2),; ®U(1),- multiplets
is the intermediate scale Mj,;. The effects of these heavy particles on the low-energy
theory are expressed in terms of effective operators induced after integrating them out.

Among them, the following operator is relevant for the generation of mass splitting

of the DM:

Cc
M™»

int

where H is the SM Higgs field, p = 4Y,, with Y3, > 0 being the hypercharge of the DM

Oy H* | (5.1)

P, Oy = Ew or ¥, and n = p — 1 or p — 2 for Dirac fermion DM or complex scalar
DM respectively. After the Higgs field acquires a VEV, the above operator generates
a mass splitting between two Weyl fermions(real scalars) inside the neutral component
of the DM multiplet. The splitting is given by Am ~ oP /M,
oP /(M my) for scalar DM, with v ~ 174 GeV being the Higgs VEV. m,, corresponds
to the scalar mass term miww*.

The operator (5.1]) is suppressed if the intermediate scale is large [37]. When the

for fermionic DM and

mass splitting is sufficiently small, the DM can scatter off a nucleon N inelastically:
x1+N — x2+ N. Since this process is induced by the vector interactions, the scattering
cross section again becomes too large if the mass splitting Am is smaller than the recoil
energy sensitive to the direct detection experiments. This sets the bound Am = 100 keV.
For this condition to be satisfied, My, < 10, 3 x 104, and 4 x 10? GeV are required for
fermionic dark DM with Yy, = 1/2, 1 and 3/2, respectively [37]. In the case of scalar
DM, the upper bound depends on the DM mass. For a 1 TeV DM mass, My, < 10° GeV
for Y, = 1. For a Yy, = 1/2 scalar DM candidate, on the other hand, the mass splitting
can be generated with a renormalizable interaction and its effect on the mass splitting
depends only on its dimensionless coefficient c¢. We will see later that this coefficient can
still be very small, whose size is determined by the symmetry breaking pattern and its
scale. This is because the operators relevant for the generation of the mass splitting are
forbidden by the SO(10) symmetry. Thus, the constraint from inelastic scattering can

again give a bound on the intermediate scale even for Yy, = 1/2 scalar DM candidates.
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5.3 Scalar dark matter

In this section, we discuss scalar WIMP DM in SO(10) models with different inter-
mediate subgroups. In this case, the DM candidates belong to either a 16 or a 144
representation. The masses of components in a DM multiplet in general need to be
fine-tuned; if a charged component is nearly degenerate with the DM particle and de-
cays to it only through an intermediate-scale gauge boson or Higgs field, this charged
particle would be very long lived, as discuseed in Section Thus, to be safe, we
take the masses of these extra components to be O(Mguyr) or O(Miyt), while the DM
mass to be around TeV scale so that the thermal relic abundance of the DM agrees
with the observed DM density. Here, we assume that the fine-tuning of DM masses be
realized with a minimal choice of Higgs fields, that is, we exploit only R; and Ry = 126
to generate desired mass spectrum with R; being an irreducible representation chosen
from Table This is possible because a 16 or 144 can couple to the 126 Higgs field.
Then, we study whether each set of matter content and its mass spectrum offers gauge

coupling unification with appropriate GUT and intermediate scales.

5.3.1 DM mass

To determine the renormalization group (RG) running of gauge couplings, we need to
know the mass of DM candidates, since they affect the running above its mass scale. An
exception is S as it is a SM singlet and does not contribute to the gauge coupling beta
functions below My at the one-loop level. Scalar singlet DM is discussed in Ref. [44].
To roughly estimate favored mass region for such a singlet DM particle, consider the
quartic interaction between the singlet DM ¢ and the SM Higgs field: —Aps¢? H|?/2.
Through this coupling, the singlet DM particles annihilate into a pair of the SM Higgs
bosons. The annihilation cross section o,,, times the relative velocity between the
initial state particles v, is evaluated as

Mo

T 95 5.2
167rm]2:)M ( )

OannUrel =

assuming that the DM mass mpyr is much larger than the SM Higgs mass m;, and we

neglect terms proportional to v2. The DM relic abundance is, on the other hand, related



40
to the annihilation cross section by
3x 10727 cm? 57!
(TannUrel)
To account for the observed DM density Qpyh? = 0.12 [45], the DM mass should be
mpm S 10 TeV for Ay S 1. This gives us a rough upper bound for the DM mass.
The other scalar DM candidates are SU(2); ® U(1)y multiplets, which can interact

Qpumh® ~ (5.3)

with SM particles through gauge interactions besides the quartic coupling mentioned

/2

above. In particular, S; is known as the Inert Higgs Doublet Model and has been

widely studied in the literature. To evaluate the effects of gauge interactions, let us
first consider the limit of zero quartic couplings, where the dark matter particles mainly
annihilates into gauge bosons. For SY, the effective (averaged) annihilation cross section

is given by [31]

_g'B—4n* +n") +16Y"¢" + 8¢°¢*V?(n* — 1) -
OannUrel = 647Tcnm2DM ) ( . )

where g (¢') are the SU(2), (U(1)y-) gauge couplings and ¢, = n (2n) for a real (complex)
scalar. Here, we assume the DM mass to be much larger than the weak gauge boson
masses. Again Eq. tells us that the masses of the DM candidates should fall into a
region from ~ 500 GeV to ~ 2 TeV. On the other hand, if the quartic coupling is larger
than the gauge couplings, the annihilation into a pair of Higgs bosons becomes dominant
and thus the DM abundance would be similar to that of the singlet DM candidate. In
general, the DM mass should lie between 0.5 TeV to 10 TeV for Sé/ ?, 89 and s}.

More accurate estimations for the DM mass can be found in the literature [31}33,/46]
with various additional contributions taken into account. For SU(2); ® U(1)y DM mul-
tiplets, the non-perturbative Sommerfeld enhancement is of great importance [47]. In
the limit of zero quartic coupling, the DM masses with which the relic abundance agrees
with the observed DM density are evaluated as mpy = 0.5 and 2.5 TeV for Sé/ % and
S, respectively [46]. For S}, as far as we know, there has been no calculation which in-
cludes the Sommerfeld enhancement; thus its mass would be larger than 1.6 TeV, which
is obtained with only the perturbative contribution considered [31]. For the cases where
the scalar DM multiplets have non-zero quartic coupling with the SM Higgs doublet, it
was shown in Ref. [33] that the allowed DM mass can be extended to ~ 58 and 28 TeV

for S;/ % and S3, respectively, when the quartic coupling A\ ~ 4. Such a large quartic
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coupling is, however, in general inconsistent with GUTs since it immediately blows up
at a scale much below the GUT and intermediate scales. Thus, we implicitly assume
the quartic coupling should be rather small, e.g., < 1, to avoid divergent couplings. In

this case, the DM mass usually lies around O(1) TeV.

5.3.2 Candidates for scalar DM

We list all possible scalar DM candidates in Table All of the candidates belong
to either a 16 or a 144. Here, the first column shows the model names with subscript
representing the intermediate gauge group Giy. The second column lists the Gyt rep-
resentations that contain the DM candidate multiplet SY. All of the components in
the representation except the DM multiplet SY shown in the third column will have
masses tuned to O(Min;). The rest of the components in the SO(10) multiplet have
masses of O(Mgur). The case of Giny = SU(4)c ® SU(2)r, ® SU(2)gr ® D (SU(3)¢ ®
SU(2),®SU(2)r@U(1) p_r®D) is identical to that of Gin, = SU(4)c®@SU(2),®@SU(2)r
(SUBB)c®@SU(2), ®SU(2)g @ U(1) p—1.) with additional multiplets required by the left-
/

right symmetry introduced above the intermediate scale. Notice that S; ® is contained
in both the model SB’s and SC’s. The difference between the models is the SU(2)r
(or additional U(1)) charge assignment; for instance, SBags (SCa22) includes the SU(2) g
singlet (triplet) DM. From Table we find that a 16 contains only SA’s and SB’s,
while a 144 has all of the candidates listed in the table.

Next, we perform the RGE analysis in the models presented in Table to see if
these models achieve gauge coupling unification with appropriate GUT and intermediate
scales. The one-loop results for Mqyr, Mint, the unified gauge coupling agyr, and the
proton lifetimes in the p — e*7¥ channel are shown in Table Here, MauT
and My are given in GeV units, while the unit for proton lifetimes 7,(p — et7?)
is years. The DM mass is set to be mpy = 1 TeV. We have checked that altering
the DM mass by an order of magnitude results in only a 0(0.2)% variation in the
logarithmic masses of Mj, and Mgur. The uncertainty of the lifetime reflects our

innocence of the GUT-scale gauge boson mass Myx, which we take it to be within a

range of 0.5Mqur < Mx < 2Mgur. It turns out that most models have already been

1 We restrict our attention to one-loop running as two loop effects become very model dependent
on our choice of the scalar potential.



42

Table 5.1: Summary of scalar DM multiplets. The second column shows the Gy rep-
resentation with quantum numbers listed in the same order as the groups shown in the
direct product. The case of Gint = SU4)c @ SU22), @ SU2)r®@ D (SU3)c ® SU(2)L, ®
SU2)r @ Ul)g—, ® D) is identical to that of Giny = SU4)c @ SU(2), @ SU2)r
(SUB)c ®@ SU(2), ® SU(2)r ® U(1)p—1.) with additional multiplets required by left-right

symmetry introduced above the intermediate scale.

Model Rpm Sf SO(10) representation

Gint = SU(4)c ® SU(2), ® SU(2)r(®D)
SAgpop) 41,2 s9 16, 144
SBusap) 42,1 s/ 16, 144
SCazapy — 4,2,3 s/ 144
SDypop) 4,32 si 144
SEsom)  4,3,2 s$ 144

Gint = SU(4)c ® SU(2), ® U(1)r
Shuor 4,1,-1/2 89 16, 144
SBaos 4,2,0 sk/2 16, 144
SCany 4,2,1 s/ 144
SD4o1 4,3,1/2 Sy 144
SE41 4,3,-1/2 8} 144
Gint = SU3)c @ SU(2)r, ® SU(2)gr ® U(1) p—1(®D)

SAsximp) 1,1,2,1 s9 16, 144
SBasmipy 1,2,1,-1  8y° 16, 144
SCapzim) 1,2,3,-1 83/ 144
SDapo1py 1,3,2,1 Sy 144
SEgoqm) 1,3,2,1 s9 144

ruled out by the current experimental constraint 7(p — e*7%) > 1.4 x 1034 yrs [57,[58].
The models that possibly survive this constraint are SA425, SBgos, SAz021, SB3ao1, SC3201,
SA3z551p, and SBazooip, which are highlighted in blue shading in the table. In terms of
SU(2),®U(1)y assignments, only 8 and Sé/Q are found to be viable candidates. Among

them, models SBsos, SC3221, SAszz01p, and SBzaoip predict proton lifetimes close to the
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Table 5.2:  One-loop result for scales, unified couplings, and proton lifetimes for models
in table. [5.1 The DM mass is set to be mpy = 1 TeV. The mass scales are given in
GeV and the proton lifetimes are in units of years. Blue shaded models evade the proton

decay bound, T(p — eT70) > 1.4 x 103* yrs [57,58].

Model  log;o Mgur logio Mint agur logo 7p(p — et 70)
Gint = SU(4)c ® SU(2)1, @ SU(2)r
SAg9o 16.33 11.08 0.0218 36.8 +1.2
SByoo 15.62 12.38 0.0228 34.0+ 1.2
SCaoo 14.89 11.18 0.0243 31.0+1.2
SDaoo 14.11 13.29 0.0253 28.0+1.2
SE490 14.73 13.72 0.0243 30.4+1.2
Gint = SU(4)c @ SU(2), ® SU(2)r ® D
SAgoop 15.23 13.71 0.0245 324+1.2
SBgoop  15.01 13.71 0.0247 31.6+1.2
SCaoop  14.50 13.71 0.0254 295+ 1.2
SDagop  13.95 13.47 0.0260 27.3+1.2
SEqoop  14.55 13.96 0.0251 29.7+1.2
Gint = SU(4)c ® SU(2), @ U(1)r
Shgo1 14.62 10.96 0.0226 30.1+1.2
SBao1 14.55 11.90 0.0233 298+ 1.2
SCao1 14.15 10.92 0.0236 28.2+ 1.2
SDao1 13.91 12.80 0.0250 272+1.2
SE401 14.45 13.12 0.0241 204 +1.2
Gint =SU(3)c ®SU(2), ® SU(2)r @ U(1)p_p,
SAzp01  16.66 8.54 0.0217 38.1+1.2
SB3221 16.17 9.80 0.0223 36.2+1.2
SC3991 15.62 9.14 0.0230 34.0£1.2
SD3991 14.49 12.07 0.0246 295+ 1.2
SEzzn;  15.09 12.22 0.0237 31.9+1.2

Gint = SUB)c ®SU(2), ® SU2)r @ U(1)p_r ® D

SAszoip 15.58 10.08 0.0231 33.8£1.2
SBagoip  15.40 10.44 0.0233 33.1£1.2
SCao01p  14.58 11.62 0.0245 298+1.2
SDageip  14.07 12.13 0.0253 278 +1.2
SEzooip  14.60 12.29 0.0245 299+1.2
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present limit, and thus can be tested in future proton decay experiments.

The desired mass spectum of the models can be obtained by fine-tuning the couplings
of the potential as described in Section [3.3] For the above models, the representations
in Eq. are chosen as Ry = 126 and R; = 210, 45, or 210 for Giy, = SU(4)c ®
SU(2)r ® SU(2)Rr, SUB)c ® SU(2) ® SU(2)r ® U(1)p_r, and SU(3)c ® SU(2)r ®
SU(2)r ® U(1)p—1 ® D respectively. Then, R’ and R” only needs to be summed over
45 and 210 for these choices of representations. For a concrete example, we show
an explicit procedure for the fine-tuning in Appendix [F] by taking Rpy = 16 and
Gint = SU(3)c ® SU(2), ® SU(2)r ® U(1) p—L.

5.3.3 Mass splitting of hypercharged scalar dark matter

As discussed in Sec. we need a mass splitting of Am 2 100keV [37] between the
neutral and charged components of the hypercharged DM candidates (models SB and
SC) to avoid the direct detection bound. Since both of these models yield S;/ > DM, the
mass splitting can be induced by dimension-four operators like ¢ H*2, where ¢ denotes
the hypercharged scalar DM S;/ % Such operators are, however, forbidden by the SO(10)
GUT symmetry; in fact, as the S;/z DM and the SM Higgs field have B — L =1 and 0,
respectively, the operators contributing the mass splitting violate the B — L symmetry.
Thus, they can be induced only below the intermediate scale where the B — L symmetry
is spontaneously broken.

Such an operator is induced by the interactions with the coefficients xo and A\]{26
in Eq. , since it requires violation of the particle number associated with the DM
field ¢. The required B — L breaking is realized by the Ry VEV. We find that the
tree-level diagrams in Fig. [5.1] are relevant to the generation of mass splitting. Here,
Ry = 10 contains the SM Higgs field. Since the ko and A\}28 interactions are symmetric
with respect to the interchange of Rpyr, the component in Ro which propagates in the
upper two diagrams should be an SU(2)y, triplet. On the other hand, the component
appearing in the inner lines in the lower two diagrams can be either an SU(2), singlet
or triplet. The masses of these fields are dependent on the intermediate gauge groups;
if Gine = SU(4)c ® SU(2), ® SU(2)g or SU(3)¢ ® SU(2);, ® SU(2)r ® U(1)p_1, then
these masses are O(Maut), while for Giy, = SU(3)c®@SU(2),®SU(2)p@U(1)p_,® D,
they are O(Miyt) because of the left-right parity D.
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Figure 5.1: Diagrams that generate the mass splitting between real components of hy-

percharged scalar DM.

Let us first consider the former cases. In these cases, the coefficient of the dimension-
four operator ¢2 H*? is O( My /Mgur), as the dimensionful couplings in the Lagrangian
are expected to be O(Mguyr). We note here that there is no requirement for the can-
cellation between ko and M26(R;) to realize the desired mass spectrum since these
couplings do not contribute to the mass splitting. Thus, this operator induces a mass

splitting of

Mipv?
Am o~ —— 5.5
mpmMcur (5:5)
The condition Am 2 100 keV then becomes
Mint —6 mpMm
23x1070 x ( ) 5.6
Meur ~° 7\ T Tev (5.6)

From Table we find that the model SBsoy clearly satisfies this bound, while the
intermediate scales in SB3oz1 and SCzas4 lie slightly below this constraint. However, since
this bound is just a rough estimation and the intermediate scales given in Table are
obtained with the one-loop RGEs, it is possible that the DM candidates in these models
are just not yet reached by the current direct detection experiments. If so, these models

can be probed in the near future.
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For SBszs1p, on the other hand, the mass spectrum is altered because of the pres-
ence of the left-right parity. In this case, the charge of the DM candidate under Gjpt
is (1,2,1,—1), and the left-right symmetry requires the (1,1,2,+1) to be also light.
To that end, the fine-tuning between the x2 and A12¢ terms in Eq. is required such
that kg + M26(R;) ~ Mi,; otherwise, these terms give a mass of O(v/MinsMguT) to
the (1,1,2,41) component, which is much higher than the intermediate scale. This
fine-tuning also guarantees the absence of non-perturbative couplings at low energies;
without this fine-tuning, the exchange of intermediate-scale particles with the xo and
AM26(R;) vertices induces extremely large effective couplings, which destroy the pertur-
bativity of the low-energy theory.

In the presence of the fine-tuning, the diagrams in Fig. with the virtual states
having a mass of M, induce the effective operator <;52H *2 with a coefficient of O(1).
Thus, the resultant mass splitting is well above 100 keV and the model SB3s21p easily
evades the constraints from the direct detection experiments.

To summarize, SBygo and SBazggip are safe from the direct detection bound. SBzgoq
and SCzpo1 lie just around the margin of the bound, and they might be detected or

completely excluded in future direct detection experiments.

5.4 Fermionic dark matter

Next, we consider the fermionic DM candidates. Again, we begin with showing the
favored mass region for these DM candidates in Sec. As already mentioned above,
the singlet fermion candidates, F and F§, are not good candidates for WIMP DM
since their annihilation cross sections are extremely suppressed (though they are good
NETDM candidates). On the other hand, electroweakly charged DM can yield the
desired relic abundance via gauge interactions. In this section, we will discuss the
Y =0 and Y # 0 cases respectively, and give some concrete examples for each case and

perform RGE analysis to determine the intermediate/GUT scales of the models.

5.4.1 DM mass

Contrary to the case of the scalar DM, the thermal relic abundance of the fermionic DM

candidates is completely determined by gauge interactions. Therefore, it is possible to
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make a robust prediction for the DM mass favored by the present DM density. In the
case of fermion DM, not only the gauge boson channels but also the SM fermions and
the Higgs boson final states can contribute to s-wave annihilation. We obtain a similar

expression to Eq. (5.4) for the effective annihilation cross section of F), as [31]

g*(2n* + 17n% — 19) +4Y2¢" (41 + 8Y2) + 16¢%¢"*Y2(n? — 1)
OannUrel = 2 ) (57)
128me,miyy

with ¢, = 2n (4n) for a Majorana (Dirac) fermion. In addition, the Sommerfeld en-
hancement again affects the annihilation cross section significantly. With this effect
taken into account, the thermal relic abundance of F} is computed in Ref. [35] and
found to be consistent with the observed DM density if mpy ~ 2.7 TeV as in the case
of supersymmetric winos. As for F;/ % and f;/ ?_ the favored mass value is ~ 1.1 TeV [31]
as in the case of supersymmetric Higgsinos. As far as we know, there is no calcula-
tion for the other fermionic DM candidates that includes the Sommerfeld enhancement;
without the effect, the thermal relic of Fj, f{l,,, Fi/ 2, and FZ/ % is consistent with the

observed value if mpy ~ 1.9 TeV, 1.9 TeV, 2.4 TeV, and 2.6 TeV, respectively [46].

5.4.2 Real triplet DM

We begin our discussion of fermionic DM models with the Y = 0 case. As discussed
earlier, these are less constrained by direct detection experiments. According to Ta-
ble such candidates belong to SU(2), triplets in a 45, 54 or 210 of SO(10). A
summary of SU(4)c ® SU(2)r, ® SU(2)r quantum numbers of these DM multiplets are
listed in Table. Note that the B — L and T}% charges for all of these DM candidates
vanish, and therefore they are regarded as real Majorana fermions. As in the scalar
DM scenario, the DM multiplet in the 54 or 210 is degenerate with other components
with respect to Gint, and we are required to break this degeneracy to avoid unwanted
long-lived colored/charged particles. In the fermionic case, however, a renormalizable
Yukawa term like RpyRpy126y is forbidden by SO(10) symmetry and the choice of
DM representation [29], and thus we are unable to use the 126 Higgs to break the
degeneracy. Therefore, we need to introduce additional Higgs fields at the intermediate
scale in these cases.

For simplicity, we restrict ourselves to the cases where the intermediate scale VEVs

develop in the SM singlet direction of R; and/or Re = 126. One of the SM singlet
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Table 5.3: Real triplet DM candidates in various SO(10) representations.

SO(10) representation | SU(4), ® SU(2), ® SU(2)
45 (1,3,1)
54 (1,3,3)
210 (15,3,1)

components of R; should have a VEV of O(Mguyr) to break SO(10) into Gini. The
Rs Higgs field acquires an O(Miy) VEV to break Giy, but it is not able to give mass
differences among the components in Rpy, as mentioned above. Thus, we need to
exploit an extra SM singlet component in R; which remains light compared to the GUT
scale, to induce intermediate-scale mass terms for Rpyr, which are to be used to generate
the required mass splitting, as we described in Section [3.3]

We summarize in Table the multiplets in Ry that may develop a VEV of O(Miy)
for different Giy. The multiplets are labeled by the quantum numbers of Gin. It
turns out that there is no extra SM singlet component in 54, which is indicated by a
hyphen in the table. As a consequence, there is no way to fine-tune the mass of the
(1, 3, 3) DM candidate originating from the 54 and we drop it from further discussion.
Here, we note that the cases of Giny = SU(3), ® SU(2); ® SU(2)r ® U(1)p—r and
SU3) ®SU(2), ® SU(2)r ® U(1)p—r ® D are disfavored before further analysis: the
addition of a real triplet DM lowers the unification scale to unacceptable values and in
these cases there is neither any new-physics contribution to the SU(3)¢ gauge coupling
beta function nor any new positive contribution to the SU(2). beta function above
Mint. Therefore, the resultant Mgyt is always smaller than the unification scale of the
SU(3)¢ and SU(2);, gauge couplings in the SM plus a real triplet DM, which is below
10" GeV and thus too low to evade the proton decay constraintﬂ For this reason,
we do not consider these cases in Table 5.4

We now perform the RG analysis to look for promising models with additional

intermediate Higgs multiplets given in Table The one-loop results for Mqur, Mint,

2 Note that scalar doublet DM is allowed under these intermediate symmetries as shown in Table
since its contribution to the beta functions is much smaller than that from a fermionic real triplet, thus
allowing for a higher unification scale.
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Table 5.4: Possible components in Ry that can develop a VEV of O(Mipt).

Gint Ry Intermediate scale multiplets
SU(4)¢ ® SU(2), ® SU(2)x 210 (15,1,1)
(15,1,3)

SU(4)c ® SU2), @ SUQ)g® D 54 -
SU(4)c ® SU2)L @ U(1)g 45 (15,1,0)

Table 5.5: The one-loop results for Mauyr, Mint, agur, and proton lifetimes for real
triplet fermionic DM models. Here we set the DM mass to be 1 TeV. The mass scales
and proton decay lifetime are in unit of GeV and years, respectively. In the blue shaded

model, gauge coupling unification is achieved with a sufficiently high GUT scale.

Rpwm Additional Higgs log;oMint logigMgur acur logiymp(p — etn?)
in Ry
Gint = SU(4)c ® SU(2), ® SU(2)p
(1,3,1) N 15.50 13.60  0.0263 -
(1,3,1) (15,1,3) - - - -
(1,3,1) (15,1,1) 15.65 1347 0.0263 -
(1,3,1) (15,1,1) 6.54 1717 0.0252 30.8 £ 1.2
(15,1, 3)
(15,3,1) (15,1,1) 14.44 1410 0.0246 -
(15,3,1) (15,1,1) 14.52 1411 0.0243 -
(15,1,3)
G = SU() ® SU(2), ® SU(2), @ D
(1,3,1) - 14.78 14.04  0.0250 -
Gint = SU(4)¢ ®SU(2), @ U(1)p
(15,3,0) (15,1,0) 14.55 1421 0.0246 -

aguT, and proton lifetimes for different combination of Rpy and the Higgs fields are
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listed in Table Here, we set the DM mass to be 1 TeV. The second column lists
the extra Higgs fields in R; at M, in addition to Ry. We suppressed combinations of
Higgs multiplets that cannot split the degeneracy of DM multiplet as in Eq. . The
mass scales and proton decay lifetime are in units of GeV and years, respectively. We
find that there is only one promising model with Gin, = SU(4), ® SU(2);, ® SU(2)p,
which is highlighted by blue shading in Table. In this case, since the DM multiplet is
a singlet under both SU(4), and SU(2)p, the additional Higgs fields are not necessary
from the viewpoint of the mass splitting for the DM multiplet; namely, there is no
degeneracy problem for this model. Rather, they are required so that the model achieves
a good unification scale beyond proton decay constraint. The model has, however, a
quite low intermediate scale that results in large neutrino masses through the type-I
seesaw mechanism since the Dirac mass terms for neutrinos are related to the up-type
Yukawa couplings in this setup. A simple way to evade this problem is to introduce a
complex (15,2, 2)c Higgs field in a 126 to modify the relation as what we have done in
the case of NETDM. E| If a (15,2, 2)c Higgs is also present at the intermediate scale,
it turns out that gauge coupling unification is still realized, with log;y Mins = 9.28,
logo Mgur = 16.38, agur = 0.038, and log;,m(p — et7’) = 35.9. Here again,
the mass scales and proton decay lifetime are expressed in units of GeV and years,
respectively. Finally, we note that the addition of (15,2,2)c will not resurrect the
failed models in Table 5.5

5.4.3 Hypercharged DM

Hypercharged DM is a natural step forward after considering real triplet DM. In this
section, we still restrict the Higgs content as in the previous section. As we discussed
in Sec. hypercharged DM is strongly constrained by direct detection experiments.
To evade this constraint, we need to split the mass of the Weyl components of the
hypercharged Dirac DM by ~ 100 keV. There are two possible ways to generate an
effective operator in Eq. through exchange of a field at the intermediate scale

at tree level, depending on whether it is a scalar or a fermion. In the former case,

3 We again restrict our attention to one-loop RGEs to avoid any model dependence due to the

Yukawa coupling with the additional Higgs in R;.
4 For the effects of a (15, 2,2)¢c Higgs field on the Yukawa couplings, see Refs. [141[50].
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the effective operator is induced by the exchange of intermediate-scale Higgs fields, as
illustrated in Fig. This requires the hypercharge of the virtual Higgs field to be
at least one and My, < 10° GeV. According to Table the only candidate for such
a Higgs field belongs to (15,1,3) in the 210 when Gin, = SU(4)c ® SU(2)r ® SU(2)g.
The DM candidate should then be in a (15,2,2) or (10, 2,2) & (10, 2, 2) representation
of SU(4)c ® SU(2)r, ® SU(2)r. We performed a scan for models that contain above
content, and found that none of them gives appropriate M, and Mgyur. The latter
possibility is to introduce another fermionic real multiplet at the intermediate scale, so
that the DM candidate is a mixture of a hypercharged field and a Majorana field. This
mechanism is demonstrated in Fig. |5.2(b), where Rpy is the main component of the
DM candidate which is hypercharged and has a mass term of TeV scale; R, is the
Majorana field at the intermediate scale. The cross mark in Fig. represents the
chiral flipping in the propagator of the Majorana field Rp,;. Rpm and Rp,, couple to
the SM Higgs field through terms like

Lomix X EDMRBMRH + h.c. (5.8)

Since Ry is a Majorana field, it can only belong to either a singlet or a real triplet
among the possible candidates in Table[3.1] As a result, DM can only belong to a doublet
(F;/ % or i?\;/ %) or a quartet (F;/ %), with hypercharge 1/2. This requires My < 10° GeV
according to the discussion in Sec. Note that the Y > 1 DM candidates, F}, fé,
and Fi/ 2, require at least 2Y additional fermions at the intermediate scale to generate
the effective operator in Eq. . To minimize our model content, we do not consider
these possibilities in the following discussion.

Taking the above discussion into account, we list the possible SO(10) representations
for Rpyy in the upper part of Table the singlet and real triplet candidates for R, are
listed in the lower part of Table and Table respectively. The quantum numbers
of the DM candidates with respect to the intermediate gauge groups we consider can
be inferred from the SU(4), ® SU(2);, ® SU(2), and B — L quantum numbers listed in
the table.

Now, we perform a one-loop calculation of Mj,;, Mgyt and the proton decay lifetime

for various combination of Rpwy, Ry, and intermediate scale Higgs fields. Then, we

pick up the models that are not yet ruled out by proton decay experiments, and at the
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Figure 5.2: Diagrams that generate the mass splitting between the Weyl components of
hypercharged Dirac DM through the exchange of an intermediate-scale (a) scalar (b)

fermion.

Table 5.6: The upper half of the table shows the fermionic Y = 1/2 candidates for Rpys
in various SO(10) representations; the lower half of the table shows the fermionic singlet

candidates for R,

SO(10) representation SU(4), ® SU(2), ® SU(2), B —L
10, 120, 210’ (1,2,2) 0
120, 126 (15,2,2) 0
210 (10,2,2) & (10,2, 2) +9
210’ (1,4,4) 0

54, 210 (1,1,1) 0

45 (1,1,3) 0

45, 210 (15,1,1) 0
210 (15,1,3) 0

126 (10,1, 3) 2

same time have a relatively low intermediate scale My < 10°. We also require that the
models have appropriate particle and Higgs content, so that the DM acquires the right
mass through Eq. and Eq. . It turns out that the viable models are limited to
Gint = SU(4)®SU(2), ®SU(2)  or SU(4)~®SU(2);, ®U(1). These models are listed
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in Table and no quartic models (Fi/ 2) were found. The model FA49, is incompatible
with small neutrino masses, since the Yukawa coupling for the 16 of this model is unified
at Mgur. For models FA4p; and FBgys , on the other hand, we can avoid the neutrino
mass problem by fine-tuning the Yukawa couplings with additional Higgs fields at the
intermediate scale, as discussed in Sec. Among them, the model FAsy; has a
phenomenologically interesting consequence. Since Mi,; ~ 3 TeV, this model predicts a

new massive neutral gauge boson, Z’, and vector leptoquarks whose masses are around
a few TeV.

Table 5.7:  Possible hypercharged fermionic DM models that is not yet excluded by
current proton decay experiments. The quantum numbers are labeled in the same order
as Gint. The subscripts D and W refer to Dirac and Weyl respectively. The numerical
results are calculated for DM mass of 1 TeV. The mass scales and proton decay lifetime

are in unit of GeV and years, respectively.

Model Rpum DM Higgs log1oMine  logioMgur acur  1ogio Ty
Ging = SU4) ®SU(2), @ U(1)
FAzoq (1,2,1/2)p (15,1,0)y (15,1,0)r 3.48 17.54 0.0320 40.94+1.2
(15,2,1/2)¢
Gint = SU4)» ® SU(2), ® SU(2)p
FAzo (1,2,2)w (1,3, 1) (15,1,1)r 9.00 15.68 0.0258 34.0£1.2

15.1,3)x

15,2,2)¢

( )

FBio (1,2,2)w (L3, 1w (15,1,1)p  5.84 17.01 0.0587 38.0+1.2

( )
(157173)R




Chapter 6
Asymmetric Dark Matter

Among the components of the current universe, the density of baryons, Qgh? = 0.022,
and the density of cold dark matter, Q.h? = 0.12 are found to be comparable to each
other. This leads to the idea that the cold dark matter and the baryon asymmetry have
the same origin in the early universe. In an SO(10) model with an intermediate scale,
the generation of baryon-antibaryon asymmetry can be explained by the well studied
framework of leptogenesis: the lepton-antilepton asymmetry is first generated by the
out-of-equilibrium of right-handed neutrinos, this asymmetry is then transfered to the
baryon density by the sphaleron process that violates the baryon and the lepton number
conservation.

In this chapter, we consider the possibility that the SO(10) dark matter candidate
possesses an asymmetry in its number density. Unlike NETDM and WIMP models
where the DM candidate has equal matter and anti-matter densities, the asymmetric
dark matter which accounts for the observed relic density is much more abundant than
the anti-dark matter. The asymmetry in the dark matter states can be obtained by
transferring a part of the asymmetry in the SM sector, which is generated by leptogenesis
[60], to the dark matter sector. Preservation of this asymmetry in the background of
sphaleron interactions, and possible dark matter-anti matter oscillations will impose

stringent constraints on the possible models.

54
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6.1 Asymmetric dark matter in SO(10)

6.1.1 Generation of asymmetries

As we have seen in the previous chapters of this thesis, the SO(10) unification models
we considered generally particles with masses of Miy, such as the right-handed neutri-
nos, the components of Ro that breaks G;,; and some componnets of the dark matter
multiplet.

The decay of such intermediate-scale particles can generate a B — L asymmetry. The
B — L charge in the decay process may not be conserved if the relevant diagrams contain
the 126 VEV. C and CP invariance can also be violated if the vertices in the diagrams
include CP phases. Thus, if this decay occurs out-of-equilibrium, a B — L asymmetry
can be generated. A well-known example is the generation of a lepton-number (and
thus B — L) asymmetry via the out-of-equilibrium decay of right-handed neutrinos—
leptogenesis [60,61]. If there are no other B — L violating processes in equilibrium, the
generated B — L asymmetry remains non-zero, which results in non-zero baryon and
lepton asymmetries with the help of electroweak sphaleron processes [62}/63].

Such heavy particles may also decay into dark matter particles and generate an
asymmetry in its density. This possibility is often called “cogenesis” in the literature
and has been widely studied. The asymmetry production in this type of ADM models
relies on the CP violating phase in the interaction between the decaying intermediate
scale particle and the DM and is therefore highly model dependent.

Our focus of this section is on the so called “transfer” scenario, where the DM does
not obtain an asymmetry when it is initially produced. Rather, B — L asymmetry
in the SM sector can be transferred to the dark matter sector. For this to occur,
some interactions that communicate the asymmetries between these sectors should be
in thermal equilibrium after the leptogenesis. As we shall see below, in this case the
thermalization conditions give strong constraints on dark matter models that must be

shared by all of our SO(10) dark matter candidates.
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6.1.2 Thermal conditions for transfer and the dark matter mass

The B — L asymmetry generated by leptogenesis is transferred to the dark sector via

effective operators of the form

_ G

Log = = OpmOsm + hee. | (6.1)

if they are in thermal equilibrium, where Opy is an operator which contains only the
dark matter fields and has a non-zero dark-matter number while Ogy consists of SM
fields only; d > 4 is the mass dimension of the operator; A denotes the scale at which the
effective operator is generated (in particular, A = Mj,; in the models discussed below);
¢q is a dimension-less constant, which may involve additional suppression factors such
as small Yukawa couplings. The necessary condition for the interaction induced by the

operator to be in thermal equilibrium is then given by

T <Teyq for d=4

, (6.2)
T>Ty for d>5
where the decoupling temperature Ty, is determined by the condition
2
o1 T2(d—4)+1 _ CTeq (6.3)
Lefr Teq — 873 A2(d—4) " €d Mp — Teq ’
which gives
1
8m3CA | 2(@-D-1

Teg=A|—— . 6.4
w=A T (6.4

Hence, for non-renormalizable operators, if Ty < T'Br, there is a period during which
they are in equilibrium. If the operator is renormalizable, then even though it is out-
of-equilibrium at 7' = Ty, it will come into thermal equilibrium when the temperature
becomes lower than Te.

The presence of such interactions in thermal equilibrium gives rise to a condition
between the chemical potentials of SM fields and that of the dark matter field, which
relates the B — L asymmetry to the asymmetry in the dark-matter number. We focus on
the dominant operator in Eq. , and assume that Opy contains Npyp dark matter
fields (or, strictly speaking, the number of dark matter fields minus the number of

anti-dark-matter fields) and Ogy consists of Ng, Nuy, Nag, Ni, Nep, Ny numbers of
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the left-handed quarks, right-handed up quarks, right-handed down quarks, left-handed
leptons, right-handed charged leptons, and Higgs fields, respectively. The dark matter
field is a npy-dimensional representation of SU(2)r, and has the hypercharge Ypy and
B — L charge le\_/[L. By assigning each particle species a chemical potential, and using
gauge and Higgs interactions as conditions on these potentials one can write down a
simple set of equations for various charge densities [67,/68]. Above the electroweak
phase transition temperature, the conservation of the electroweak symmetry makes the
chemical potential of the W boson vanish: uy = 0. In equilibrium, the sphaleron

process then yields the additional conditionE

Bty + v, =0, (6.5)

where p,,, and p,, are the chemical potentials for the left-handed up quark and left-
handed neutrino, respectively. The chemical equilibrium condition with respect to the

interaction L.g reads

Npmpom + (Ng + Nuyp + Nag ) pruy, + (NL+ Nep ), + (Nag+ Ny — Ny — Neg)po =0,
(6.6)
where upy and g are the chemical potentials for the dark matter and the Higgs field.
In this paper, we focus on the case where the low-energy effective theory contains one
SU(2)1, doublet Higgs boson; however, for one’s convenience, in this section we keep the
number of the Higgs doublets to be arbitrary and denote it by ng, with the assumption
that all of the Higgs fields have the same chemical potential pg. In addition, since Leg
should be neutral under U(1)y, we have
ENG+ 2Ny = 2Ny — $Np — Nog + 2Ny = 0. (6.7)

On the other hand, it is not necessary for the interaction Leg to conserve B — L as we

Ypm«NpMm + = Ng +

will see below. Let us denote the entire B — L charge of Log by Ap_r.

1 1 1
QpY Nom + §NQ * §N"R + §NdR —Np = Nep =Ap-r . (6-8)
By using Eqgs. (6.5)), , , and , we then obtain
oM = 3Xpwmp, + (2Ypm — Xpwm) Ho (6.9)

! Here, we assume that the dark matter field is either a complex scalar or a Dirac fermion. In this
case, the dark matter does not contribute to the condition (6.5).
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with
pM  Ap-L

XpMm = — ) 6.10
DM = Qpor — - (6.10)
The electric charge density @ in units of 72/6 is given by
Jpm
Q = 6ptuy, — Gpay, + (124 2np) o + 2upnik(z) > (G + Yom)
J=—Jom
= 24,uuL + (12 + QTLH)/,LO + 2,UJDMnDMYDMk'(Z) R (6.11)
where Jpy = (npy — 1)/2, 2 = mpy /T with mpy the dark matter mass, and
3 [ x2dx
In2 fo o ( \/ziv) for complex scalar
k(z) = . ) (6.12)
3 [oo 2dx . .
52 fo —COSh2 ( @> for Dirac fermion

Note that k(z) — 1 for z — 0, while k(z) < e”* for z > 1. On the other hand, the
dark matter multiplet does not give a contribution to the SU(2); charge T3 due to
Tr(T3) = 0. By using Egs. and with the condition Q = 0, we can express
p#pM in terms of piy,

3 [(10 + nH)XDM — 8YDM]
6 + ng + (QYDM — XDM)TLDMYDM]{?(Z)
We can also express the B — L charge density in terms of y,,, . For later convenience,

pDM = g, - (6.13)

let us denote the contributions of the SM and dark matter particles to the B — L charge
density by (B — L)sm and (B — L)pwm, respectively, and obtain a relation between
(B — L)gym and the asymmetry in the dark matter sector. To that end, first we express
(B — L)gm in units of 72/6 in terms of y,,. By using Eq. (6.5)), the condition Q = 0,
and Eq. , we have
(B = L)sm = 3 (4tuy, — 3pwy, + Ho)
3 [13TLH + 66 + QTLDMYDMI{Z(Z) (13YDM — 8XDM)]

B 6+ ng + (2Ypm — Xpm)nom Ypmk(z) Hur - (6.14)

Thus, the asymmetry in the dark matter sector in units of 72 /6, Apy(2) = 2nDMl<:(z),uDME|
is related to (B — L)sm as

Apm(z) = 2npmk(2) [(10 + ng)Xpm — 8Ypu]
oM 13ng + 66 + 2TLDMYDM/€(Z)(13YDM - SXDM)

2 We include a factor of npy in the definition of A(DM) since all of the charged states in the dark
matter multiplet decay into the neutral component in the end.

(B—L)swm - (6.15)
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This expression shows that the interaction L.g should decouple at some point; otherwise,
Apnm(z) is suppressed due to the factor k(z). In the calculation above, we assume that
the interaction L.g decouples before the electroweak phase transition. After decoupling,
the dark matter asymmetry freezes with a value of Apyy = Apm(2dec) Where zeq =
mpm/Taec-
(B — L)sm in Eq. is related to the baryon and lepton asymmetries in the SM
sector, Bgy and Lgy, respectively, through the ordinary procedure [67,/68]. By using
Eq. and Q = 0 with the dark matter contribution removed from Eq. , we

can express Bsy and Lgy in terms of ju,, (in units of 72/6) as

Bsm = 12HuL )
3(42 + 9npy)

s 6.16
pa— (6.16)

Lsnt = Oy, — 3o = —

The sphaleron processes decouple after the electroweak transition [69] so that ug = 0
as the Higgs boson now develops a VEV, while now uypy is non-vanishing. In this case,

the electric charge is given by
Q = 6y, — 6ppy, — 28 + ) pw - (6.17)
while the sphaleron condition reads
3puy, + 20w + f, =0 (6.18)

Again, by imposing the electric neutrality () = 0, we can find the relation

4(8 + nH)

Bay = —o T H)
SM ™= 98+ 13ny

(B—L)sm - (6.19)

Provided that the symmetric part of the dark matter sector is removed via annihila-
tion, the present dark matter abundance is simply given by Apy. Since it is related to
(B — L)sm, which is conserved after decoupling of the transfer interaction, we can relate
it to the baryon number density today via . Therefore, to explain the observed
dark matter energy density, the dark matter mass should be
Q.h? ) ‘ 13ng + 66 + 2npymYpumk(2dec) (13YDM — 8Xpum) ‘ [ Bswm ]

)

Qph? 2nDMk(zdeC) [(10 + TLH)XDM — SYDM] (B — L)(SM )
6.20

mpM = MmN (

where my is the nucleon mass.
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6.1.3 Hypercharged asymmetric dark matter

In Section [5.2| we discussed the constraint of direct detenction experiments on hyper-
charged. This constraint applies to all kinds of hypercharged dark matter candidates
since it is independent of the production mechanism. To evade the constraint, the
masses of the two real(majorana) components of the complex scalar(Dirac fermionic)
hypercharged dark matter should be splitted from each other by the operator .

For a Dirac fermion ¢ with hypercharge Y, the operator takes the form:

_ CAm «\4Y 7o

where all the Clebsch-Gorden coefficients have been absorbed in ca,,. This operator
has the form , and thus can communicate asymmetry in the SM sector to the dark
matter sector |73|/74]. Hence, hypercharged dark matter can be a good candidate for
asymmetric dark matter. As it turns out, however, there are two challenges in this sce-
nario, besides the direct detection bound mentioned above. First, if the operator
remains in thermal equilibrium below the electroweak phase transition temperature,
then it washes out the dark matter asymmetry. The chemical equilibrium condition
for this interaction gives an additional relation between the dark matter and Higgs
chemical potentials: 4Y pg + 2upy = 0. After electroweak symmetry breaking, po = 0,
and thus this condition implies upy = 0. To avoid this, the interaction should
decouple before electroweak symmetry breaking. Second, the operator causes
particle-antiparticle oscillations after electroweak symmetry breaking, which may wash
out the asymmetry in the dark sector. To prevent this, we need to make the oscillation
rate sufficiently small or assure the decoupling of dark matter from thermal bath before
the electroweak phase transition. In the latter case, there is no asymmetry in the dark
matter sector at present, but still the dark matter abundance is (mainly) determined
by the asymmetry of dark matter before the electroweak symmetry breaking.

Let us give a rough estimation for the above conditions. First, according to Eq. (6.4)),
Teq for the operator (6.21)) is given by

] 3CA2(4Y71) W 83Cy8Y m
W} - [ Ty ] (6.22)

Teq = [ ACY 1) MpAm2

2
CAmMP
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For Y = 1/2, for instance, this reads

(6.23)

100 keV'”
Teq ~ 100 GeV X <A7’n> .

This result shows that the requirement Am = 100 keV to evade the direct detection
bound may cause the operator to remain in equilibrium down to the electroweak
phase transition. We however note that the formula is based on the assumption
that all of the relevant particles are relativistic. Thus, if the dark matter mass is much
larger than the electroweak scale, the above consequence may be modified significantly.
The second condition follows from I'ose < H |71y, Where I'ose = Am/2 is the rate of
particle-antiparticle oscillations and Tgw is the temperature at the electroweak phase
transition. This leads to
2CTEy
- Mp

T 2
Am < ~3x 107" GeV x < EW ) . (6.24)

100 GeV

Obviously, this conflicts with the direct detection bound. Thus, to avoid particle-
antiparticle oscillations from erasing the dark matter asymmetry, the dark matter should
decouple from thermal bath above Trw. Since the freeze-out temperature of dark matter
is given by ~ mpy/25, this condition requires mpy 2 25TEw -

As we have just seen, the above conditions may be evaded if mpy > Trw. On the
other hand, there is an upper bound on the dark matter mass which follows from the
requirement that the symmetric part of dark matter be annihilated away so that the
asymmetric part accounts for the (dominant part of the) dark matter abundance. For
example, for the SU(2)y, doublet Y = 1/2 Dirac dark matter, the annihilation is effective
if mpm < 1 TeV. On the other hand, the second condition discussed above requires
mpm 2, 25Tgw > 1 TeV, and thus the doublet Dirac fermion is unable to be asymmetric
dark matter [73]. For the SU(2);, doublet scalar dark matter, the upper bound on the
dark matter mass is relaxed if the dark matter-Higgs quartic coupling is large. Even
in this case, however, the dark matter asymmetry is found to be much smaller than
the observed dark matter density once the perturbativity condition is imposed on the
quartic coupling [76]. Other cases for hypercharged dark matter candidates are discussed
in Ref. [75], and found that the Y > 1 cases are excluded. As a consequence, only the

Y =1 cases can be promising candidates for hypercharged asymmetric dark matter.
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6.1.4 Candidate models for SO(10) asymmetric dark matter

Let us summarize the discussion in this section, and list up promising candidates for
asymmetric dark matter in SO(10) GUTs. First, we consider the “minimal models”,
namely, we require that besides the SM particles only the dark matter multiplet has
a mass much lighter than the intermediate scale. In this case, the low-energy effec-
tive theory only contains the SM particles and the dark matter, and the relevant non-
renormalizable operators are generated at the intermediate or GUT scale.

As discussed in the previous subsection, the Y = 1/2 and 3/2 candidates in Table [3.1]
have already been excluded. In addition, the analysis in Chapter [5| shows that S3, S3,
F}, F9, F} are not good candidates for SO(10) dark matter models. This is because none
of these models are consistent with gauge coupling unification with reasonable values of
My and/or Mgyt with minimal field content. As a result, only S(l) can be a promising
candidate for SO(10) asymmetric dark matter. We will discuss this candidate in the

subsequent section. Then, we discuss some next-to-minimal extensions in Sec.

6.2 Scalar Singlet Asymmetric Dark Matter

As we discussed in the previous section, singlet scalar dark matter is the only candidate
for asymmetric dark matter in SO(10) if we require the minimality. We discuss this
possibility in this section. In Sec. we have calculated Miy, MguT, unified coupling
and the proton decay lifetime for various Giy for the WIMP scenario. The ADM model
under consideration in this section has different DM particle mass since it is sensitive
to the production mechanism. However, the rest of the spectrum is the same as those
considered in Sec. [5.3.2l Thus the result obtained for the WIMP scenario is also valid
for the ADM model considered here, because a singlet does not affect the RGE-running.
Only three models accommodate a sufficiently high GUT scale that is required to evade
the proton decay bound. These models are called SAjon, SAzz21, and SAszzaip. To be
specific, we focus on the SAszyy; case in the following analysis, but similar discussions
can also be applied to the other cases. For convenience, the DM field is noted as S in

the rest of this section.
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6.2.1 Particle-antiparticle oscillations

Since S is a singlet under the SM gauge group, in addition to the particle-number-
conserving mass term |S|?, it can also have the particle-number-violating mass terms
52 and S*2. These mass terms induce particle-antiparticle oscillations S < S*, which
are problematic as they erase the asymmetry in the dark matter sector. To avoid this

problem, the oscillation rate has to be small, namely,

Am C (mpwm 2
Fosc = < y 2
2 ~ Mp ( 25 ) (6.25)

where Am denotes the mass splitting between the dark matter particle and its antiparti-
cle induced by the particle-number-violating mass terms, and the right-hand side is the
Hubble parameter when the dark matter decouples from the thermal bath. In the pres-
ence of the mass terms p?(S? 4+ S*2)/2, the mass splitting is given by Am = u?/mpm,

and thus Eq. (6.25]) leads to

1 3
mpM 2CmDM 2 _6 mpwm \ 2
< — ~
[T 9% < . > ~2x107° x <1 TeV> GeV . (6.26)

In SO(10), both 162 and 1442 are forbidden by the gauge symmetry, and thus the

particle-number-violating mass terms are absent. The intermediate gauge symmetries
also forbid such mass terms. Below the intermediate gauge scale, however, the VEV
of the 126 Higgs field can generate the particle-number-violating mass terms via the

interactions
Lint = —k2RpmRpmR5 — )\%SG(RDMRDM)(RlR;)m +h.c. (6.27)

where Rpy = 16 or 144 denotes the dark matter multiplet, Ry is the GUT Higgs field,
Ry = 126 is the intermediate-scale Higgs field, and the subscripts after the parentheses
denote the SO(10) representation formed by the product in them. To satisfy the bound
, we need to suppress the couplings ko and A\126. Once they are taken to be small,
they remain small under the renormalization flow. By making these couplings small, we
can also suppress the particle-number-violating couplings with the Higgs boson, such as
S?|H|?, which are induced by the exchange of the 126 Higgs and lead to the particle-

number-violating mass terms after electroweak symmetry breaking.
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6.2.2 Thermal transfer

If the asymmetry in the dark sector is transferred from the B — L asymmetry in the SM
sector through effective interactions (6.1)), the dark matter mass is uniquely determined
by the thermal relation (6.20). The lowest-dimension effective operator which has the

form of (6.1 is

Ll = 5 H L +he (6.28)

which can be induced by the exchange of the intermediate-scale particles. We thus take

A = My with other possible suppression factors included in the coefficient c7. Ttq for
this operator is then given by Eq. (6.4]):

3 My %
&Tct] _ (6.29)

c%M J2)

If Teq > mpw, this interaction decouples from the thermal bath much before the

decoupling of the dark matter, and in particular we can set k(zgec) = 1 in Eq. .
By setting npy =1, ng =1, Ypu = 0, and Xpy = QBI\_/IL = 1, we then obtain

2

I mN;—Z <SBI;L2> [(B stf)SM] ~ 6.0 GeV , (6.30)

where we have used Eq. . However, such a small dark matter mass has already

been excluded by the constraint on the Higgs invisible decay width. The symmetric

Teq = Mint |:

part of the dark matter density is annihilated through the quartic interaction
Line = —Asm|S[*|H|? , (6.31)

If the mass of the dark matter singlet is smaller than my/2, the SM Higgs boson can
decay into a pair of the dark matter particles through the interaction . This decay
mode is invisible at the LHC, and reduces the branching fractions of the other decay
channels, which is severely restricted by the Higgs measurements at the LHC [77]. As a
result, the singlet dark matter candidate with such an interaction with the Higgs boson
has been ruled out for mg < my/2. [102]

If Toq S mpwm, on the other hand, the dark matter mass given by Eq. can be
increased due to the Boltzmann factor k(zgec). In terms of the intermediate scale My,

the inequality Teq S mpwm reads

5

3 2M G 1 6
Mine S m8y [;:rgﬂ ~ 3 x ( 1m ;j@) x 10° GeV . (6.32)
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As discussed in Sec. however, there is no candidate in a model with minimal field
content which predicts such a low intermediate scaleﬁ We therefore conclude that the

thermal transfer scenario does not work for the scalar singlet asymmetric dark matter
candidate in SO(10).

6.3 Next-to-minimal models

In the model we considered in the previous section, the dark matter particle develops
an asymmetric part in its density through transfer from an asymmetry of the SM par-
ticles and preserves it as (a part of) the dark matter relic observed today. As we have
seen, these models are severely constrained leaving only the scalar singlet dark matter
model which is in conflict with collider search if we assume a minimal particle content.
However, we may find additional models if we relax the notion of the asymmetric dark
matter—namely, the constraints discussed above can be relieved if the dark matter
relic abundance is only required to have an asymmetric origin while it can be totally
symmetric today. We discuss this possibility in this section.

More specifically, we consider dark matter models that achieve the relic density in
two steps, similar to models considered in Refs. [74/76]. In these models, two Zgy-odd
particles (or multiplets) X; and X5 are introduced near the TeV scale. X is the lighter
one whose relic density eventually originates from the B — L asymmetry in two steps:
i) X, obtains asymmetric density by asymmetry transfer from SM particles, and then
ii) the asymmetric density in Xo is converted to the relic density of X; through Xy
decay. In order to annihilate the symmetric part of the thermal abundance efficiently,
X1 needs to have sizable couplings with the SM sector. To that end, we assume that
X1 has a charge under the SU(2);, ® U(1)y gauge interactions. In the model we present
below, X, is a Majorana fermion. X5 needs to have a long enough lifetime to decay
after depletion of X1 symmetric density; otherwise the determination of X relic density
is similar to that in the usual thermal relic scenario.

In the rest of this section we will consider the scenario where the asymmetry in

X, is obtained from a Yukawa coupling of the form X,Xf with f representing the

3 One can construct a non-minimal model with a low intermediate scale. This can be done for

example, if the intermediate gauge group is broken in two steps to the SM. While one of the intermediate
scales remains relatively large, the second may be as low as ~ 1 TeV.
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SM fermions. X; and X5 are taken to be a Majorana fermion and a complex scalar
multiplet, respectively. The chemical potentials of X; and Xo are determined by the

neutrality of the Majorana particle X; and by this Yukawa interaction, respectively:

px, =0, KXy = —Hf - (633)

As stated above, Xy is supposed to decay into X; after the X;-X; and Xo—XJ
annihilation processes decouple. If these annihilation processes deplete X; and the
symmetric part of Xo density efficiently, the relic abundance will be determined by the
asymmetric part of the X5 density before its decay. As we will see, the slow decay
Xy — X; + f requires a small mass gap between Xy and X;. At low temperature
T < mx,, the asymmetry is transferred through the scattering f + X12 — A + Xo;
with SM fermions propagating in the ¢-channel and A is any light gauge boson which
couples to f. The decoupling temperature of the asymmetric transfer Tye. is thus
determined by the decoupling of this ¢-channel scattering process.

For a concrete model, we choose X5 as a right-handed stop-like particle ¢z, which is
a color triplet, weak isospin singlet and has hypercharge 2/3. X is chosen as a mixture
of a singlet Majorana fermion g and the neutral component of a doublet w%. The
lighter component of the mixture is the dark matter candidate and we will write it as x
for convenience. Furthermore, we assume ¢ only couples to the right-handed top quark

tr through the Yukawa coupling
L= )\tERQpS?R + h.c. (6.34)

which resembles the bino-stop-top coupling in the minimal supersymmetric Standard
Model.

The SO(10) completion of this model on top of the three generations of the SM 16
is summarized in Table The SO(10) symmetry is broken by a 210g to Gin =
SU4)c ® SU(2), ® SU(2)g, which is broken subsequently to Ggm by the VEV of
(10,1,3)¢ in a 126¢. g, ¥p and tp belong to Weyl 45, Weyl 10, and complex
scalar 16 representations, respectivelyﬂ The Yukawa interaction comes from
the coupling 1616 ;45 where 16 is the multiplet composed of the third generation

4 We are required here to consider a higher representation for 1s to achieve gauge coupling unification
with a sufficiently high GUT scale.
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Table 6.1: Particle content of the stop mediated asymmetry transfer model. The first
column shows the particle content around the electroweak or TeV scale. The second
column and the third column show the quantum number under G and the SO(10)

representation respectively.

EW  SUM4)c®SU@2), ®SU(2)r  SO(10)

tr (4,1,2)c 16¢
YD (1,2,2)w 10y
Vs (1,1,3)w 45y,
H (15,2, 2)c 126
H (10,2, 2)c 2105
H (1,2,2)¢ 10¢

(10,1,3)¢ 1260

SM fermions and right-handed neutrino. Ggy is broken by the VEV of the following
doublets: (1,2,2)r of 10g, (15,2,2)¢c of 1264, and (10,2, 2)¢ of 210x. The SM Higgs
doublet is a mixture of the above doublets. The latter two multiplets at the interme-
diate scale are necessary for achieving a sufficiently high unification scale. With this

particle content, the one-loop result for the scales and unification coupling are
M = 1012 GeV,  Mgur = 107 GeV,  agur = 0.035 . (6.35)

Now we consider the constraint placed on the coupling strength )\; and the particle
masses. An upper bound on the mass of y can be set by requiring its symmetric density
to be small before the decay of X5. The relic abundance of an SU(2);, doublet Dirac
dark matter candidate is saturated by the symmetric part if its mass is about 1 TeV.
Thus, if we require that the density of asymmetric origin makes up over 90% of the total
relic density, we can set a bound on the dark matter particle mass m, <1 TeV/ V10 ~
350GeVE] The DM-nucleon scattering cross section for almost pure SU(2)z, doublet

5 As we see below, the coupling \; is required to be very small, and thus the contribution of the
interaction to the annihilation of the dark matter particles is negligible. Moreover, since the
conversion process ty < gtr decouples before the decoupling of the dark matter (see the discussion
below), coannihilation with t is ineffective.
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Figure 6.1: zgec = mfR/Tdec as a function of m,, determined by dark matter relic

density.

dark matter is found to be very small (og; < 1074 ¢cm?) [103] and thus this candidate
can evade the direct detection limits[F]

The relationship between the relic density and the dark matter mass is given by
Eq. , with the relevant quantities for dark matter in Eq. replaced with
the corresponding quantities for %VR; namely, we set ng = 1, npy = 1, Ypm = 2/3,
Xpm = 1/3, and replace k(zgec) With 3k(zgec) to take the color factor for tx into
account[]  We then have

Qe ) 474 + 144k (2dec) (6.36)

Mx = MmN <QB 185k (2aec)

where zgec = mg, /Tdec With Tyee the decoupling temperature of the Yukawa interaction,

5 If x is a well-mixed state of singlet and doublet components, the dark matter-nucleon scattering
is induced by the Higgs boson exchange process, which is severely constrained by the direct detection
experiments. However, there is a specific parameter region, so-called blind spot [78+80], where the
direct detection bound is evaded even though the singlet-doublet mixing is sizable. In this region, the
symmetric part of dark matter relic agrees with the observed dark matter density even if the dark matter
mass is as large as ~ 1.5 TeV [81]; therefore, for the symmetric origin of the dark matter abundance to
be less than 10%, mpm < 1.5 TeV/v/10 ~ 500 GeV is required in the case of the blind spot.

" Strictly speaking, we may not directly apply Eq. to the present case as tr can be in
thermal bath until the time of the sphaleron decoupling, though this effect does not affect our discussion
significantly.
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and we have used Eq. . The required value for zgqe. is then obtained from the
observed dark matter density using this relation, as shown in Fig. We find that it
is in the range of 4-6.5 for m, of 200 GeV—-1 TeV.

According to Fig. around the decoupling temperature of the Yukawa interaction
, the temperature is as low as ~ 100 GeV and thus even the dominant ¢-channel
scattering process t + x <> g + tp, with ¢ a gluon, is exponentially suppressed. The
reaction rate is estimated by the target density n; times the cross section for the process

(0v)ty, which is approximated by

- T T\%?
Dty ¢ gig) ~ B 2 <mt> e~mi/T (6.37)
TN My My 21

where we neglect the ¥s—p mixing for simplicity. This does not change the following
discussion qualitatively. Through this process, any asymmetry in tops (baryon asym-
metry) is transferred to an asymmetry in the tr which subsequently decay to y. The
decoupling temperature is estimated from TI'(txy > ng) ~ H and using the result in
Fig. [6.1] we then obtain A, =~ 2.5 (1.2) x 1075 for m, = 200 (1000) GeV.

Now let us consider the condition that 5 has a lifetime long enough to decay after
the annihilation of the symmetric part of x is over. To ensure such slow decay, we need to
set Am = mg, —my < My SO that the two-body decay channel tr — t is kinematically
forbidden The dominant decay channel is then the three-body decay tr — bWy, ,
i = 1,2,3 represents three mass eigenstates of 1/1% — 1g mixing, and for simplicity we
assume tp can decay to all of them, so that the decay rate is not suppressed by the
mixing angle. The decay occurs after x—y annihilation if I';, < H|r,, where m, /Ty ~ 20
is the decoupling temperature of the annihilation. Numerical calculation of the decay
rate gives a bound of Am < 100 (160) GeV for mx, = 200 (1000) GeV, assuming the
three x; are degenerate in mass.

Finally we remark that the framework of transferring the asymmetry through Yukawa
interactions can also be applied straightforwardly to other choices of Zs-odd particles.
For example, we can also choose X as a single Majorana triplet (thus avoiding the need
for mixing among two multiplets) and X5 as a slepton-like doublet. The asymmetry is

transferred to X5 from the lepton doublet. The decoupling temperature of asymmetry

8 Such a small mass difference also allows tz to evade the strong limits from stop searches at the
LHC [83l[84].
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transfer in this case is however exponentially sensitive to the Yukawa coupling, since
the asymmetry transfer scattering X; + ¢~ < v + X5 is mediated by a lepton and the
reaction rate is dependent on log(T/my)/T when m; < T < X;. We will not discuss

this model in more detail here.



Chapter 7
Improvement of Vacuum Stability

In this chapter we consider the stability of the Higgs VEV. The scalar potential of the
SM Higgs doublet is
Vom = p?|H|? + ngﬁ. (7.1)
where the parameter A\ and p are determined by the value of the Higgs VEV and the
mass of the Higgs particle my, = 125.09 +0.24 GeV. If the SM is valid up to an arbitary
high scale, we can ran the quartic coupling with the SM RGE as shown by the green
dotted curve in Fig. A becomes negative around the scale of 10'° GeV. Thus the
scalar potential of the SM is unbounded from below for large value of H and the vacuum
of the electroweak theory is unstable. This is an implication for new physics beyond
the SM at a scale lower than 10'° GeV. In an SO(10) unification model, the dark
matter candidate and an intermediate scale below 10'° GeV introduce new particles
beyond the SM that may modify the running of A so that it stays positive all the way
up to the PLANCK scale. For simplicity, we consider here a SM singlet dark matter
candidate originating from a 16 of SO(10) as in model SAsz2; in Chapter |5| based on
the intermediate gauge group SU(3)c ® SU(2)r ® SU(2)r ® U(1)p—r. In this model,
the intermediate scale is found to be My ~ 10° GeV and is small enough to allow
the couplings of the 126 Higgs field to the SM Higgs to lift the Higgs quartic coupling
through the threshold corrections before it turns negative.
Moreover, we also consider the running of the quadratic coupling 2 in this model. In
this SM this parameter is taken to be negative at the electroweak scale for the purpose of

spontaneous symmetry breaking. In a supersymmetric SM, the electroweak symmetry
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is broken radiatively, where the quartic couplings are initial positive at a high energy
scale, but is driven negative at a low energy scale. We will also reproduce this feature
in our non-supersymmetric SO(10) model by requiring y? runs positive at a high energy

scale.

7.1 Renormalization group evolution of the Higgs cou-

plings

The renormalization group evolution between the weak scale and intermediate scale is
almost identical to the SM. The only difference comes from the inclusion of the SM
singlet dark matter candidate, s = Re[Pg]. Below the intermediate scale, the scalar

potential is relatively simple,

1 A Asi A
Voiw = p*[H|* + 51@32 + §yHy4 + 57|H|252 + 4—754 . (7.2)

In many ways, this resembles the minimal dark matter model often referred to as the
Higgs portal. The mass of our dark matter candidate is given by m2DM = Asgv? /2 + p2.
Furthermore, fixing the dark matter mass will also fix As at the weak scale (taken here
to be m;) through the relic density (assuming standard thermal freeze-out): mpy =~
3.3Xsg TeV. The evolution of the Higgs quartic coupling in the SM with and without
the inclusion of the scalar s is shown in Fig. by the green solid and dotted curves,
respectively. The renormalization group equations (RGE) are run at the two-loop leve]F_-I

and one sees that the SM quartic coupling runs negative just above 100 GeV [85]
without the scalar contribution. With the scalar contribution, the running of A would
remain positive out to the GUT scale. Note that at the intermediate scale (determined
by the conditions for gauge coupling unification; the running of the gauge couplings in
SA3991 is shown by thin black lines in Fig. , Min ~ 10° GeV, A > 0. Gauge coupling
unification also determines the GUT scale to be Mgyt ~ 1.5 x 106 GeV, which is
high enough to evade the proton decay limit. Also shown is the running of Ay (blue
dash-dotted) and A (brown dashed).

1 We use the three-loop RGEs for the top Yukawa and Higgs quartic couplings. We also include
the two-loop electroweak threshold corrections according to Ref. [85]. We use the MS scheme up to the
intermediate scale, and switch to the DR scheme at Miyt.
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1.4 T

Couplings

10* 10° 10% 10 10'> 10" 10'°
Scale [GeV]

Figure 7.1: Running of the quartic couplings of Higgs field, for selected inputs. The
green solid, brown dashed, and blue dash-dotted lines show the running of X\, Asg, and
As, respectively, while the green dotted curve shows the running of A in the SM. The
gauge coupling running is also shown in thin black lines. Above the intermediate scale,
the running of ce,cy, and cye is shown using the matching conditions in . The
free parameters are chosen as follows: At Q = my, \s = 0 and Agg = 0.46 (which
corresponds to mpy =~ 1.5 TeV); At Min, ¢o = ¢y = con = cya = C;A = c;(q) =0
and ca = _CibA = —mXA/vR = 0.05. The non-zero couplings are taken so that the

low-energy mass spectrum we consider here is realized.

Above the intermediate scale, it is necessary to include in addition to s, the right-
handed doublet x(1,1,2,1) which contains s, the Higgs triplet A(1,1,3,2) residing
in the 126, two heavy complex fields in addition to the SM Higgs doublet which all
sit in a complex ®(1,2,2,0), and finally the three right handed neutrinos sitting in
the fermionic 16 matter representations. Above the intermediate scale, we write & =

(61,02), ® = 09®*0y (0, are the Pauli matrices), x = (x 7, x°)7, and

AL (A*/ﬂ AT+ ) |

KRN (7.3)

where ¢; = (¢?, ¢; )T is an SU(2), doublet; ® = io9¢*. Then a quartic potential can be
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written as
(1) _ e 2

Vin=2 (tr(NA)) + Ltr (D) tr (Aw)

+ %I’ (tr(@f®))* + %tr(@@)tr(qﬂé)

c

+ contr(ATA)tr(®T®) + ?X|X|4 + cxa|x[*tr(®T®)

+ CXA|X|21ZI'(ATA) + C;AXT AT, A]x

+ chatr (@0[AT, A]) + dart@lox + ... . (7.4)
Note that we have only included those quartic couplings which can be generated through
RGE evolution, with the exception of the last two; ¢}, 5 is needed to split the masses of
the two-Higgs doublet, ®, while ¢ 4 is induced by the cj, term via RGE effects.

The quartic terms that contain two powers of A, as well as the cubic coupling (see

Eq. (7.6)) produce non-trivial tree-level threshold corrections at My, after A acquires

a vev and the heavy fields are integrated out:

(con + cpa)’

A= Co — )
cA
o contcpa)lmya + (exa = ¢a)vr]
sH — Cx® CAUR )
mya + vr(eva — )2
g gl el ~ ) )

vl
where (A) = vpT_ with T_ = (07 — i02)/2. As is well known, these threshold effects
always go in the direction of benefiting vacuum stability [86]. The evolution of the
quartic couplings, cg, ¢y, and ¢, above the intermediate scale are also shown in Fig. @
using the matching conditions in . We use the one-loop RGEs for these quartic
couplings. Although we do not explicitly display the running of all quartic terms above
the intermediate scale, we have checked that although some run negative (notably ),
we have verified that the couplings satisfy sufficient conditions which guarantee stability
of the vacuum up to the GUT scale.

The quadratic and cubic parts (which can lead to mass terms) of the potential can

be written as

VS = m2 X2 + mitr(@1@) + mAtr(ATA)

abv

+ mya <>ZTAT)<) +he., (7.6)
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where we take m,a to be real for simplicity. The relevant matching conditions with the

weak scale mass parameters are

/@ = mi + (CXA — C;A) vIQ{ + 2myAvVR ,
p? =my + (con + cpa) V5 (7.7)

where the low energy fields are related to the high energy fields as ¢; = H and x° =
(s +ia)/V/2.
The running of \s receives a large contribution from Asgr, dAs/dIn Q = 1202, /(47)%+
- and thus by demanding perturbativity of the couplings (\; < 1/5;, where ; is a rele-
vant beta-function coefficient) up to the intermediate scaleE| , we can set an upper bound
on A\sgy < 1.3. However, requiring perturbativity of the ¢;’s above the intermediate scale
places a stronger bound on As(Miy) < 2.4 which requires A (my) < 0.9. Non-zero
values for other couplings further push the upper limit to Agg(m¢) < 0.6 in order to
avoid Landau poles up to the GUT scale. This is illustrated in Fig. where we use
Bi/c;i as an indicator of the relative size between one-loop and tree level contributions.
Other choices of indicator such as ¢; do not severely affect the result because ¢;(GUT)
rises drastically when A\ggr(my) ~ 0.6. Since Agg controls the annihilation cross section
for s: GannUrel =~ )\gH / 167Tm2DM, and the relic density is proportional to 1/{cannUrel),
the upper limit on A\gg corresponds to an upper limit to the DM mass mpy < 2 TeV,

similar to that in the minimal dark matter model [44] without an intermediate scale.

7.2 Renormalization group evolution of mass parameters

The Higgs mass parameter, u2, must be negative in order to break the electroweak sym-
metry, and in the SM, ;2 remains negative as it is run up to high energies. The presence
of the dark matter scalar however affects the running as du?/d1In Q = A\sgu?2/(47)?+- -
and causes p? to run positive at higher renormalization scales [§]. In other words, the
dark matter candidate can induce radiative electroweak symmetry similar to the mecha-
nism in supersymmetric models. As the running of ; depends on the combination Ay 12

we can obtain a minimum value for 15 (and hence mpyr) which is independent of the relic

2 we can also require that the Landau pole does not appear below My, this only result in 6%

difference from the bound obtained above.
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Figure 7.2: B;/c; at the GUT scale as a funtion of Asgr(my), for the parameters corre-
spond to Fig. [71].

density constraint by maximizing A\sy. In Fig.[7.3] we display the log of the mass scale
M at which us = 0 as a function of ps(my), for Asg = 0.6. The red(yellow) horizontal
line marks the intermediate scale and 1 TeV. We find that p? > 0 at the intermediate
scale (at 1 TeV) when us 2 360 GeV (1150 GeV), corresponding to mpym 2 380 GeV
(1160 GeV). Here, we set A\s(m;) = 0. Taking the limits on Asy from the perturbativity
of As and the limit on ps from the requirement of radiative electroweak symmetry break-
ing, we find that the dark matter mass must lie in a restricted range (when demanding
symmetry breaking at 1 TeV) mpy = 1.2-2 TeV.

When one imposes the constraint from the relic density, we obtain somewhat stronger
bounds on Agz. In Fig. [7.4) we show the value of sgn(u?)|u| for Q = My and 1 TeV
as a function of Asg(my). Here again, we set Ag(my) = 0. As one can see that when
Q = Mint, we have \ggr(my) > 0.2 corresponding to mpy > 670 TeV and when @ = 1
TeV, we have Agg(my) > 0.41 corresponding to mpy > 1.35 TeV.
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Figure 7.3:  the log of the mass scale M at which ps = 0 as a function of us(my),
for Asg = 0.6. The red(yellow) horizontal line marks the intermediate scale and 1 TeV

respectively.
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Figure 7.4: The value of sgn(p?)|u| for Q = My and 1 TeV as a function of Mg (my).

mys at the weak scale is determined from the requirement for the thermal relic abundance.



Chapter 8

Conclusion

Besides gauge coupling unification, SO(10) models contain several interesting features
beyond the SM: The right-handed neutrinos are contained in the same fundamental
representation as the Standard Model fermions; The seesaw mechanism that explains the
smallness of the light neutrino mass can be induced by the breaking of the intermediate
symmetry at a high scale; The generation of baryon-anti-baryon asymmetry in the
universe can be realized by leptogenesis; Neutron oscillations and proton decay are
generally predicted so that the models can be tested by corresponding experiments. The
minimal SO(10) models does not contain a candidate of dark matter, and in this thesis
we have combined the framework of non-supersymmetric SO(10) unification theories
with several dark matter models, including NETDM, WIMP and ADM.

We have shown that the Zs symmetry required for dark matter stability appears
naturally as long as the Higgs that breaks SO(10) into the Standard Model gauge group
is chosen appropriately. With this Zo symmetry, scalar DM must have odd B — L,
and may belong to a 16 or a 144 representation; the fermionic DM is B — L even
and is constained in a 10, 45, 54, 120, 126, 210 or 210’ representation. Both the
dark matter multiplet and the heavy Higgs multiplets affect the beta function of gauge
coupling constants and are therefore the content of the model is strongly constrained
by the requirement of gauge coupling unification and the proton decay lifetime. The
number of models that survive such constrained is quite limited even if our start from a
very long list of candidates, which combines different DM representations and different

intermediate scale symmetry. In Chapter [4 there are only two viable models in the
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NETDM scenario: one each based on Mj,, = SU(4)c ® SU(2)r, ® SU(2)r and SU(4)¢c ®
SU(2)r ® SU(2)gr ® D with DM contained in a (1,1,3)p € 45p and (15,1, 1)y € 45y
respectively.

There are more surviving models in the WIMP DM scenario considered in Chapter
Among the scalar WIMP candidates, the Y = 0 singlet and Y = 1/2 doublet are possible
candidates for SU(4)c ® SU(2)r, ® SU(2)r and SU(3)c ® SU(2), ® SU2)g @ U(1)p—1.
(with or without a left-right symmetry) intermediate gauge groups. These originate from
either the 16 or 144 of SO(10). The latter group (without the left-right symmetry) is
also consistent with a state originating from the 144 being a triplet under SU(2)g. The
fermion candidates were even more restrictive. Models with Y = 0 must come from
a SU(2), triplet (singlets are not WIMPs). In this case only one model was found
using the SU(4)c ®SU(2) ® SU(2) g intermediate gauge group and requiring additional
Higgses (already present in R;) at the intermediate scale. Models with Y = 1/2 doublets
were found for SU(4)c ®SU(2), ® U(1) g with a singlet fermion required for mixing, and
SU(4)c ® SU(2)r ® SU(2) g with a triplet fermion for mixing. In both cases, additional
Higgses from R; are required at the intermediate scale. More possibilities can be found
if the additional Higgs are taken outside Rj.

For ADM scenario in Chapter [6 the models are even more restricted, and the
minimal models are all ruled out becuase the mass splitting required by direct detection
bound usually lead to oscillation between dark matter and its anti-matter and wash out
the asymmetry of the dark matter density generated in the early universe. This lead
us to considering non-minimal models by introducing additional states that develope
asymmetry by transfer from the top quark asymmetry. The mass of the DM in this
model is severely constrained by depletion of symmetric density.

Finally in Chapter [7], we study the stability of the Higgs doublet scalar potentail
in the SA3991 WIMP DM model. We showed that the vacuum can be made stable up
to the GUT scale. Moreover, requiring radiative electroweak symmetry breaking and
perturbativity up to the GUT scale constrained the DM mass in a narrow range of
1.35-2 TeV.

As discussed listed above, introducing dark matter representation to a minimal
SO(10) model with intermediate scale solves several questions that are not addressed

in the SM. This framework is strongly constrained by observations, especially from
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proton decay detection and dark matter direct detection experiments. There are still
many open questions in this framework. For example, our dark matter candidate is
put in by hand and the only constraint on the choice of representation is its stability;
Moreover, we rely on fine tuned parameters to split the multiplets into fields with very
different energy scales. Is there any assumption that we can make to elegantly reduce
such ambiguity and to set the scales for the fields? On the unification aspect, it is also
interesting to see how Yukawa coupling unification can restrict the models. Some of our
SO(10) models have particle content that is similar to those of a supersymmetric model,
so it is tempting to see if we can construct a viable supersymmetric SO(10) model with
an intermediate scale. More work needs to be done in order to understand the relation

between the unification of fundamental forces and the origin of the dark matter.
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Appendix A

Input parameters

The values for the input parameters we have used in this paper are summarized in
Table They are taken from Ref. [87] except for the top-quark pole mass and the
Higgs mass, for which we use the values given in Refs. [88] and [89], respectively. In this
table, the gauge coupling constants are defined in the MS scheme, and thus we convert
them to the DR scheme at the electroweak scale using the one-loop relation [90]:

9a(mz)pg = Qa(mz)Ms<1 + C(GG);ZmeZ)m) , (A.1)

where C(G,) the quadratic Casimir invariant. For the mass of top quark, we convert

the pole mass to its MS mass by using [87]

S nf®S) = me (1 - 4“(37;”“)) , (A.2)

from which we obtain the MS top Yukawa coupling. The DR Yukawa coupling is then
given by

= M5 |1 ooz 31 A3
o= [ T 1807 T 32n 37r] (A.3)
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Table A.1: Input parameters [87-89].

Strong coupling constant
QED coupling constant
Fermi coupling constant
Weak-mixing angle
Z-boson mass

top pole mass

Higgs mass

as(my)
a(mz)

GFr

sin? Oy (my)
mz

my

mp

0.1185(6)

1/127.944(14)

1.1663787(6) x 107> GeV 2
0.23126(5)

91.1876(21) GeV
173.34(82) GeV

125.15(24) GeV




Appendix B

Renormalization group equations

In this section, we summarize the RGEs and the matching conditions used in text. The

two-loop RGEs [91] of the gauge coupling constants g, are written as

dga bz(zl) 3 93 > (2) 2 9
W =~ 16m2% F (1672)2 [Z bay 9 — Cayt:| : (B.1)
b=1

Below, we will give the coefficients in each theory discussed in this paper. For the
contribution of Yukawa couplings, we include them only in the SM running, as unknown
Yukawa couplings appear above the intermediate scale. Their effects should be taken
into account as theoretical uncertainties. All of the 1-loop RGEs have been checked with
the code PyRQTE [92] and more importantly the 2-loop RGEs have been computed
with this code.
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Appendix C

Standard Model

In the SM, we have

41/10 199/50 27/10 44/5 17/10
bV =1 -19/6 [, 2 =1 910 356 12|, =] 32]|. (1
—7 11/10  9/2 -2 2

Here, a = 1,2,3 correspond to U(1), SU(2)r, and SU(3)¢, respectively, with the U(1)
gauge coupling constant normalized as g1 = \/%g’ . Since the top Yukawa coupling
contributes to the running of the gauge couplings at two-loop level, it is sufficient to
consider the one-loop RGE for the top Yukawa coupling. Furthermore, we can safely
neglect the contribution of the other Yukawa couplings. Thus, the relevant RGE is
uda;yt = 161?% gyf - %g? - %gg — 843 - (C.2)

C.1 SU(4)c®SU(2);, ® SU(2)g

As discussed in Sec. above the intermediate mass scale, the theory contains the SM
fermions, the gauge bosons, the (10,1,3)¢ field, and the (1,2,2)c Higgs field. The

beta-function coefficients in this case are given by

_3 8 3 45/2
bV = 113 |, @ =| 3 584/3 765/2] . (C.3)
~23/3 9/2 153/2 643/6
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where a = 2L,2R,4 correspond to SU(2)z, SU(2)g, and SU(4)¢c, respectively. The

matching conditions at the intermediate mass scale are

NS T U
g%(Mint) B 5g%R(Mint) 5gz(Mint) ’
92(Mint) = gor.(Ming) ,
93(Mint) = ga(Mint) - (C.4)
C.2 SUM4)c®SU(2),®SU2)r® D

In this case, the (10,3,1)¢ field is added to the previous theory. The beta-function

coefficients then become

11/3 584/3 3 765/2
b= 113 |, ¥@=| 3 584/3 765/2 | , (C.5)
~14/3 153/2 153/2 1759/6

where a = 2L,2R, 4 correspond to SU(2)r, SU(2)g, and SU(4)¢, respectively.

C.3 SU4)c®SU(@2), @ U(1)x

This theory contains the SM fermions, the gauge bosons, the (10,1, 1)¢ field, and the
(1,2, %) Higgs field. The beta-function coefficients in this case are given by

~-19/6 35/6 1/2  45/2
bW =1 1572 |, oY =32 s7/2 4052 |, (C.6)
—-29/3 9/2 27/2 —101/6

where a = 2L,1R,4 correspond to SU(2)r, U(1)r, and SU(4)c, respectively. The

matching conditions at the intermediate mass scale are

3 1

g3(Mint) - g4(Mint) . (C?)
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C4 SU@B)c®SU2),®@SUR2)r@U(l)p_1

This theory contains the SM fermions, the gauge bosons, the (1,1,3,—2)¢ field, and
the (1,2,2,0) Higgs field. The beta-function coefficients in this case are given by

-3 8 3 3/2 12
o | T Jo _ | 3 803 212 12 ©8)
“ 11/2 |’ @ o2 8172 61/2 4 |’

7 9/2 9/2 1/2 -26

where a = 2L,2R, BL,3 correspond to SU(2)r, SU(2)r, U(1)p—r and SU(3)¢c, re-
spectively. The U(1)p_p charge is normalized such that it satisfies the normalization
condition of the SO(10) generators: Tp_1, = 1/3/8(B — L). The matching conditions

at the intermediate mass scale are

1 3 1 2 1
B 5 gZa(Min) 595, (M) |
92(Mint) = gar.(Mint) ,
93(Mint) = g3(Ming) - (C.9)

C.5 SUB)c®SUER),®@SUQR)zoUl)p @D

For this left-right symmetric theory, the (1,3,1,2)¢ field is added to the previous case.

The beta-function coefficients are then modified to

~7/3 80/3 3 27/2 12
—7/3 3 80/3 27/2 12

W — | TR e /3 21/ , (C.10)
7 81/2 81/2 115/2 4
—7 9/2 9/2 1/2 -2

where a = 2L,2R, BL, 3 correspond to SU(2)r, SU(2)r, U(1)p_ and SU(3)¢, respec-
tively.



96
C.6 SUQB)c®SU2),@Ul)zeUl)s_1

This theory contains the SM fermions, the gauge bosons, the (1,1,1,—2)¢ field, and
the (1,2,1/2,0) Higgs field. The beta-function coefficients in this case are given by

~19/6 35/6 1/2 3/2 12
9/2 3/2 15/2 15/2 12
o — | 2 e | 32 121 , (C.11)
9/2 9/2 15/2 25/2 4
—7 9/2 3/2 1/2 -2

where a = 2L, 1R, BL,3 correspond to SU(2)r, U(1)g, U(1)p—r and SU(3)c, respec-

tively. The matching conditions at the intermediate mass scale are

L8 12
G (Mint) 5 92p(Mint) 595, (Ming)
92(Mint) = gor.(Mint)
93(Mint) = g3(Mint) - (C.12)
C.7 Model I

For DM model I, a (1,1, 3) p Dirac fermion and a (1, 1, 3) g real scalar field are added to
the theory described in Appendix[C.I} The beta-function coefficients are then computed

as
_3 8 3 45/2
bV =1 20/3 |, 2 =| 3 740/3 765/2]| . (C.13)
—23/3 9/2 153/2 643/6

where a = 2L,2R, 4 correspond to SU(2)r, SU(2)g, and SU(4)¢, respectively.

C.8 Model I1

For DM model II, a (15,1,1) Weyl fermion and a (15,1,1)r real scalar field are
added to the theory described in Appendix The beta-function coefficients are then



computed as

11/3 584/3 3 7652
bV =113 |, 2= 3 s84/3 7652 |,
43 153/2 153/2 2495/6

where a = 2L, 2R, 4 correspond to SU(2)r, SU(2)g, and SU(4)¢, respectively.
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Appendix D

One-loop formulae for gauge

coupling unification

At the one-loop level, the gauge coupling RGEs are easily solved analytically. By using

the solutions, we can obtain analytic expressions for Miy, MguT, and agyut as follows:

om(b x m) - a_l}
Miny = mygex = : D.1
C= e p[ (bxn) b (B-1
27(Ab X n) - a_l}
M = myex = , D.2
GUT VA P[ (bxn) b (D.2)
1 (E X Oé_l) -b
ozl bxa-1)-b D.3
GUT (bxn)-b (D:5)
with
oyt myz) by by 1
a_1 = az_l(mz) ) b= b ] , b= |0 | , n=11]|, (D.4)
a3 (mz) bs bs 1

where Ab=b — b, and b, and l;a denote the beta-function coefficients below and above
the intermediate scale, respectively. The U(1) beta function above the intermediate
scale is given by a linear combination of the beta functions of the intermediate gauge

group. For instance, in the case of SU(4)c ® SU(2); ® SU(2)g, we have
~ 2 3
by = =b —bog . D.
1= b + 502 (D.5)
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Similar expressions are obtained for other intermediate groups. Notice that the compo-
nents of the beta-function coefficients which are proportional to n do not affect Mgur
and My, as one can see from the formulae. Therefore, if one adds a multiplet to, e.g.,
the SU(4)c ® SU(2)r, ® SU(2)g theory whose contribution to the beta-function coef-
ficients is Aby = Aby;, = Abspr, then the multiplet does not alter Mgyt and My at
one-loop level.

We also note that physics above the intermediate scale gives negligible effects on
the determination of Miy in the presence of the left-right symmetry. We can see this
feature by using Eq. (D.1)). Let us consider the case of SU(4)c ® SU(2), ® SU(2)gr ® D.
In the left-right symmetric theories, the beta functions of the SU(2) and SU(2) g gauge

couplings should be the same. Therefore, we have by;, = bog, and
bxn = (by, —bs)c, (D.6)

with

Therefore, Eq. (D.1]) reads

2“'0“1] : (D.8)

Ming :mZeXp|: c b

and thus, the intermediate scale does not depend on the beta function above Mjy.
One can also see this feature by noting that above the intermediate scale go;, = gopr
holds at any scale. Hence, the intermediate scale corresponds to a point at which gof,
becomes equivalent to gsor, which is determined only by the running below M. A

similar argument holds in the case of SU(3)c ® SU(2)r, ® SU(2)r ® U(1)p_r ® D.



Appendix E

Proton decay calculation

In this section, we describe how we calculate proton decay lifetimes in the intermediate-
scale scenarios. In these scenarios, proton decay is induced by the exchange of the
GUT-scale gauge bosons [93]. The relevant part of the SO(10) gauge interaction is
given by

Ling = gi%T [(@)ar X PR(LE); + (@)aiX " PL(LE), + €sjers€anc(QC) " X" PLQY + h.c.] |

(E.1)

o) o) e

X represents the GUT gauge bosons which induce proton decay, ggur is the unified

where

gauge coupling constant, a,b,c are SU(3)¢ indices, ¢,j are SU(2)z indices, r,s are
SU(2)g indices, and Pg/;, = (14 75)/2 are the chirality projection operators. The ex-
change of the X fields generates dimension-six proton decay operators. These operators
are expressed in a form that respects the intermediate gauge symmetries. Between the
GUT and intermediate scales, the renormalization factors for the effective operators are
in general different among the choices of Giy. Below the intermediate scale, the low-
energy effective theory is described by the SU(3)c ® SU(2)r ® U(1)y gauge theory, and
thus after matching the theories above and below the intermediate scale, the prescrip-
tion for the calculation is common to all of the cases. For this reason, we first describe

the calculation below the intermediate scale. After that, we discuss each intermediate
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gauge theory showing the matching conditions at the GUT and intermediate scales as
well as the RGEs between them.

In the SU(3)¢c ® SU(2)z ® U(1)y gauge theory, the effective Lagrangian for proton

decay is generically written as

4
L= CiOr+he., (E.3)
=1

with the effective operators given by [94-96]

O1 = eapceiy(uhdp) (QFLT) |

O3 = €anceij (QFQY) (ufer) |

O3 = eapeeijer(QT QYN (QFLY)

O4 = eabe(ufdp) (ufer) (E.4)
up to dimension six. We then run down the coefficients to the electroweak scale. We

will see below that the coefficients C's and C4 vanish in all of the cases we consider in

this paper, and thus we focus on C; and Cs. Their renormalization factors are [96]

g (Mipg 2 oo (Mipg 9 a1 (Mipg B

where b, denote the one-loop beta-function coefficients for the gauge couplings g, and
1 is an arbitrary scale. We need to change the beta-function coefficients appropriately
when we across the DM mass threshold. Below the electroweak scale, the QCD correc-
tions are the dominant contribution. By using the two-loop RGE given in Ref. |100],

we compute the Wilson coefficients at the hadronic scale upaq as
6 6 _113 _ 430
e (Hhad) 25 as(mb) 23 as(ﬂhad) + 57077” 825 Oés(mb) + 22379” 2001
Cikhad) = 50 PR Ci(mz),
as(mb) as(mZ) as(mb) + S as(mZ) + 59

with i = 1,2.
In non-SUSY GUTs, the dominant decay mode of proton is p — n%e*. The partial
decay width of the mode is computed as
m m2\?
(- w%) = 22 (1= 22 ) LA+ 1A4xP) (E.5)
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where m,, and m, are the masses of the proton and the neutral pion, respectively, and

AL = C1(ppaa) (7°|(ud) rur |p)
Ar = 205 (ptnaq ) (7°|(ud) Lug|p) . (E.9)

The hadron matrix elements are evaluated with the lattice QCD simulations in Ref. [101].
We have

(79 (ud) gur|p) = (7°|(ud) Lur|p) = —0.103(23)(34) GeV?, (E.10)

with pnaqg = 2 GeV. Here, the first and second parentheses indicate statistical and

systematic errors, respectively.

E.1l G =SU(4)c®SU(2), ® SU(2)x(®D)

For Gint = SU(4)¢c ® SU(2)1, ® SU(2)r(®D), the dimension-six effective operator is
given byE|

Leg = Chog - Eijérseagwg(@)aipj;\l’ﬁj (@)W’PR\P&S + h.c. (E.12)

where «, 3,... denote the SU(4) indices, and the Dirac field ¥ = (¥, Up) is defined
by

1,2 3 C C C c
U, = up up up VL ¥l — dpr dre  dpy  €R . (E.13)
dy di dj e , —ufy —ufy —ufy Vg

Here, the indices represent the SU(3)c color and C indicates charge conjugation. At

tree level, the coefficient of the effective operator is evaluated asE|

2
dout

Cao2(Mgur) = — , (E.14)
M2

with Mx the mass of the heavy gauge field X. In this paper, we neglect fermion flavor

mixings for simplicity.

1 Note that
€ijert€apys (W)™ PLUP (W) Pru®! = ¢, 6146055 (WC)*" PRU™ (WC) " PRU™ = 0 | (E.11)

and thus the operator in Eq. (E.12) is the unique choice.
2 We have found that the sign of this equation is opposite to that given in Ref. [29].
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The Wilson coefficient is evolved down to the intermediate scale using the RGE.
The renormalization factor is computed to be [97]

064(Mint)] i |:042L(Mint):| ~War [042R(Mint)

9
Y
] Cao2(Maur) -
aGguT aGuT aGUT

(E.15)
Then, the effective operator is matched onto the operators in Eq. (E.4). The Wilson
coefficients Cf are given byE|

Cuag2(Mint) = [

C1(Mint) = 4Cy22(Mint)
Co(Mint) = 2Cy22(Mint) ,
C3(Mint) = Cy(Mint) =0 . (E.16)

E.2 Gin=SU@)e®SU©2), 2 U1)s
In the case of Gipt = SU(4)c ® SU(2)r @ U(1)g, the effective Lagrangian is written as
Lot = Cu1 - 2€ij€0,5,5(VC)* PLUY (UC)Y PRD® + hec. (E.17)
with
U=, u? o3 v), D= (d', &, d° e). (E.18)
The GUT-scale matching condition for the operator is

2
dcur
C421 (MGUT) = — s (Elg)
2M2

and the renormalization factor is given by [97]

3
Thg
Ca21(Mint) = Cy21 (Mgur) - (E.20)
aguT aguT aGuUT

For the intermediate-scale matching conditions, we have
C1(Ming) = 4C421 (Ming)
=2

Co(Ming) = 2C421 (Ming)
C3(Mint) = Cy(Mint) =0 . (E.21)

3 We have fixed an error in the matching conditions given in Ref. [29].
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E.3 G = SU(3)C X SU(2)L X SU(Q)R X U(l)B_L(®D)

When Giny = SU3)e @ SU(2), ® SU(2)r ® U(1)g_r(®D), there are four independent
effective operators [98],

Q1 = 2€ij6rs€abe(QF) " PLQY (QC) PrL*
Qs = 2¢ij€rseane(QC)“ PrLI (QC)" PRQ
Q3 = 2e¢j1€abc(QC) " PLQY (QC)* PLL
Q1 = 26ps€qreanc(QC) P PRQ™(QC) PRL® (E.22)

and thus the effective Lagrangian is expressed as

4
Log= CihQr +hec, (E.23)

I=1

For the GUT-scale matching condition, we have

2

1 ) g

C§2)21(MGUT) = C§2)21(MGUT) = _Jaur
M2

Cin (Maur) = Clghy (Maur) =0 (E.24)

(1)

The renormalization factors for the coefficients C'355, and Cg)m are given in Refs. [97,98|:

C(Mim) _ {a:),(Mmt)] i {au(Mim)} T {am(Mmt)} " {aBmMim)} s

C(Mgur) aguT aguT aGuT aguT
(E.25)

for C = C§2)21 and Cég)m. Then the Wilson coefficients at the electroweak scale are
matched onto those of the operators (E.4)) as

Cl(Mlnt) - 403221( )
C(Ming) = 20835, (Miwt)
C3( 1nt) 04( mt) 0. (E26)



Appendix F

Example of fine-tuning for a
scalar WIMP model

To show the process of mass fine-tuning explicitly, in this section, we consider the case
of Rpm = 16 with Giyy = SU(3)c®@SU(2), ®SU(2)p@U(1) p—1, as an example. We take
Ry = 45, which contains two independent SM singlet components that might develop
VEVs; one is in a (1,1,3) while the other is in a (15,1,1) under SU(4), ® SU(2), ®
SU(2) . We refer to these VEVs as Ay and Ay, respectively, and other notation is taken
from Eq. . Since the components of a scalar 16 have the same quantum numbers
as those of a generation of the SM fermions, we denote them by the same symbol as
for the corresponding SM fermions with a tilde, just like the notation for sfermions in
supersymmetric models.

Let us first study the Ry)\;Rpy\ [, coupling. Since Ry is the adjoint representation
of SO(10), the decomposition of this coupling in terms of the component fields has a

similar form to the gauge interaction for a 16 spinor representation. We have
k1 Riyn Rong (Ry) = A1 [(—\/iAl — VB4 Vi + (V2A1 = VA ) T + V3L L,
+ (\/§A1 + 1A2> T + <—\/§A1 + 1A2> Ty — —— 4,010, | |

V3 V3 V3

(F.1)
where the contraction of the SU(3)¢ and SU(2)r, indices is implicit. When A; # 0 and
Ay = 0, the mass spectrum preserves the SU(4), ® SU(2); ® U(1) symmetry, while
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when Ay # 0 and Ay = 0, then it is SU(3),®SU(2);, ®SU(2) , @ U(1) g_; symmetric. If
both of the VEVs have non-zero values, then the low-energy theory is invariant under the
SU@3)c®SU(2), ®U(1) g ®U(1) g_, symmetry. The coefficients of A, for left and right
doublets have different signs, which indicates the breaking of left-right symmetry. Here,
we choose A1 = 0 and Az = vy5 to obtain Gip, = SU(3)c®@SU(2),®SU((2)r®@U(1)p—_L.

Next we consider the mass terms generated by A3%(RiRpy)as (R Ry)as. The SM
singlet in Ry = 126 transforms as (10,1, 3) under SU(4), ® SU(2); ® SU(2),, which
acquires a VEV w126 to break Gy, into the SM gauge group. According to the result
in Ref. [53,99], the resultant mass terms areﬂ

* * ~k ~ 3 Tx T 7
AS® (RbnBRpw) as (R3Ry) 45) = A3°0396 [VRVR +e (LLLL + deR)

1 _ o ~ o~

Notice that the right-hand side of the expression can be grouped in terms of SU(5)
multiplets. This is expected since v12¢ is invariant under the SU(5) transformation.
From the above equations, it is found that we can ensure that only the DM component
has a mass around TeV scale by fine-tuning the parameters M?, k; and \3°. For

example, to obtain the model SAzys1, we can take

M2 - \/51‘111]45 ~ O(Mét) s
M? — \/3r1vgs — Af20256 ~ O(TeV?) . (F.3)

Then, vg acquires a TeV-scale mass, while the mass of €g is O(Mipt). The rest of the

components lie around the GUT scale. On the other hand, if we take

M? +V/3k1v45 ~ O(MZ,)

int

3
M? +V3k1v45 + 5/\42151]%% ~ O(TeV?) , (F.4)

then we can make only the L 1, component have a TeV-scale mass and the other com-

ponents have GUT-scale masses. Thus we obtain the SB3pp; model.

! Note that since (R3R,)as contains a 45, there is a contribution to the mass corresponding to

Eq. (F.1) at the intermediate scale proportional to 3% with independent coefficients A; and A,. The

result shown is obtained from Eq. (F.1)) by taking A = %v%% and Ay = ?v%zﬁ, up to an overall
factor.
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To simplify our argument, in the above discussion, we have taken into account only
the contribution of the M?, k1, and A\3° terms, and neglected that of the other terms
in Eq. . Even in the presence of the other contributions, we can always perform a
similar fine-tuning among the parameters to realize desired mass spectrum for our DM

models.
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