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Abstract We investigate the prospects to achieve unifica-
tion of the gauge couplings in models without supersym-
metry. We restrict our discussion to SU (5), SO(10) and Eg
models that mimic the structure of the Standard Model as
much as possible (“conservative models”). One possible rea-
son for the non-unification of the standard model gauge cou-
plings are threshold corrections which are necessary when
the masses of the superheavy fields are not exactly degen-
erate. We calculate the threshold corrections in conservative
models with a Grand Desert between the electroweak and
the unification scale. We argue that only in conservative E¢g
models the corrections can be sufficiently large to explain
the mismatch and, at the same time, yield a long-enough
proton lifetime. A second possible reason for the mismatch
are particles at an intermediate scale. We therefore also study
systematically the impact of additional light scalars, gauge
bosons and fermions on the running of the gauge coupling.
We argue that for each of these possibilities there is a viable
scenario with just one intermediate scale.

1 Introduction

Although no experimental hints for a Grand Unified Theory
(GUT) were observed so far, the general idea remains as
an attractive and popular guideline for models beyond the
Standard Model (SM). Among the reasons for the popularity
of GUTs are that they allow us to understand the quantization
of electric charge, the strengths of the SM coupling constants,
why neutrinos are so light and quite generically contain all
the ingredients needed to explain the baryon asymmetry [1].
Over the last decades the main focus of most researchers
where supersymmetric GUTs, especially after the famous
observation that the gauge couplings meet approximately at
a common point if supersymmetric particles are present at
a low scale, while they do not in the SM [2-6]. Since so
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far no hints of supersymmetric particles were experimentally
observed, there was recently a revival of non-supersymmetric
GUTs [7-13]. In such models gauge unification is possible,
for example, if an intermediate symmetry between the GUT
and the SM symmetry exists [14-20]. However, this is only
one possibility out of many and our goal here is to discuss
systematically the various possibilities to achieve unification
of the gauge couplings in scenarios without supersymmetry.

After a short discussion of gauge unification in a more
general context, we focus on the three most popular GUT
groups: SU(5), SO(10) and Eg. This restriction is neces-
sary since there are, in principle, infinitely many groups that
can be used in GUTs. The group SU (5) is the minimal sim-
ple group that contains the SM and was the group used in the
original proposal by Georgi and Glashow [21]. An attrac-
tive feature of SO (10) models [22] is that the fundamental
spinor representation not only contains the SM particles but
also aright-handed neutrino. This additional neutrino in each
generation is, for example, a crucial ingredient to realize the
type-I seesaw [23-26]. Lastly, E¢ [27] is popular since it is
the only exceptional group that can be used without major
problems in a conventional GUT. The exceptional status is
interesting because, in contrast, SU (5) is part of the infinite
SU(N) family, SO(10) of the infinite SO (N) family and
“describing nature by a group taken from an infinite fam-
ily does raise an obvious question — why this group and not
another?” [28]. Moreover, the fundamental representation of
E¢ contains additional exotic fermions which makes it pos-
sible to construct E¢ models which solve the dark matter or
strong CP puzzle [29,30].

Unfortunately it is not sufficient to specify the GUT
group, since with any given group infinitely many differ-
ent models can be constructed. One reason for this ambi-
guity is that there is no fundamental principle that fixes
the scalar and fermion representations in GUTs. Moreover,
for larger groups like SO(10) or Eg there are dozens of
different breaking chains from the GUT group down to
Gsy =SUQB)c x SUQR)r x U(1)y. Therefore it is neces-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-6878-1&domain=pdf
mailto:jakob.schwichtenberg@kit.edu

351 Page2of 19

Eur. Phys. J. C (2019) 79:351

sary that we restrict ourselves to a finite subset of possible
scenarios. For this reason, we define a subcategory consisting
of all models that mimic the structure of the SM as much as
possible. In the following, we call this subcategory “conser-
vative models”. Mimicking the structure of the SM exactly
would mean for the particle content:

— Only scalars that couple to the fermions.

— Only fermions that live in the fundamental or trivial rep-
resentation of the gauge group.

— And, of course, gauge bosons in the adjoint representa-
tion.

However, SU (5) and SO (10) scenarios that fulfill these
criteria are phenomenologically nonviable and we are there-
fore forced to add additional representations. Still, we want to
stay as closely as possible to the structure of the SM and there-
fore only add the minimal representations necessary. The
fundamental representation of SU(5) is only 5-dimensional
and therefore cannot contain all SM fermions of one gener-
ation. Therefore, we have to add an additional fermionic 10.
Moreover, in SU(5) and SO(10) models the scalar repre-
sentations that couple to the fermions cannot accomplish the
breaking down to G sj. For this reason we add in both cases a
scalar adjoint. These choices can also be understood through
the embedding SU(5) C SO(10) C Es, since E¢ models
always contain exotic fermions and no additional represen-
tations are necessary.

We start in Sect. 2 with a general discussion of the renor-
malization group equations (RGEs) and the hypercharge nor-
malization. In Sect. 3 we then discuss unification in conser-
vative SU (5), SO (10) and E¢ models with a “Grand Desert”
between the electroweak and the GUT scale. Afterwards, we
discuss the impact of additional light scalars, fermions and
gauge bosons on the running of the gauge couplings. Here
and in the following “light” always means light when com-
pared to the GUT scale.

2 The RGEs and hypercharge normalization

The RGEs for the gauge couplings up to two-loop order are!

doi(n)  a bij

dinp ~ 2w - 872w;’

ey

where the indices i, j denote the various subgroups at the
energy scale u and

! The RGEs at two-loop order are sufficient since the three-loop cor-
rections are smaller than the current experimental uncertainty [31].
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The coefficients a; and b;; depend on the particle content and
can be calculated manually using the formulas in Ref. [32]
or, for example, with the Python tool PyR@TE 2 [33]. While
these equations together with the boundary conditions [34]:

w1y (Mz) = 98.3686
w1 (Mz) = 29.5752
w3c(Mz) = 8.54482
fMy =91.1876GeV. 3)

are sufficient to calculate the running of the gauge SU (2)1,
and SU(3)c¢ couplings, there is an ambiguity in the run-
ning of the hypercharge coupling. This comes about since
the SM Lagrangian only depends on the product of the
gauge coupling constant g’ times the hypercharge operator
Y. Therefore, we can perform the transformation ( g, Y ) —
(n_ Lo/ ny ) for any n without changing the Lagrangian. The
couplings run non-parallel and it is therefore possible to pick
a specific n such that w3c, wrp and w1y meet at a com-
mon point. Here we define n as the normalization constant
relative to the ’Standard Model normalization” where the
left-handed lepton doublets have hypercharge —1 and the
left-handed quark doublets hypercharge 1/3. The boundary
value for w1y (Mz) in Eq. 3 is given in this particular ”’Stan-
dard Model normalization”. The RGE coefficients in the SM
with this normalization of the hypercharge are

199 9 4
18 2 3
(4 19 _ _| o s
aSM_(61 6’ 7)» bSM— 0 6 12 . (4)
1 9
0 2 26

The coefficients and boundary conditions for different
choices of n can be calculated by rescaling the values in
Egs. 3 and 4 appropriately. With this information at hand, we
can solve the RGE:s for different normalizations of the hyper-
charge. The results for various normalizations are shown in
Fig. 1.

The choice n = 4/3/5 is known as canonical nor-
malization since it follows automatically when we embed
Gsy in a simple group Ggyr like, for example, SU(5),
SO(10) or Eg. In such models, Y corresponds to one of
the generators of the enlarged gauge group and this fixes
the normalization Tr (Taz) = const. since it must be the
same as for all other generators of Ggyr. For example, in
SU(5) models we usually embed the G ) representations
d¢ = (3, 1, %n) and L = (1, 2, —%n) in the fundamental
5. We therefore know that the hypercharge generator reads
L4, =1 —1). We can then fix n by using

Y :nxdiag(%, 3 3
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Fig. 1 Solutions of the 2-loop RGEs for the Standard Model gauge
couplings with different normalizations of the hypercharge, as indi-
cated by the superscripts. The solid line corresponds to the canonical
normalization that we get, for example, in SU (5), SO (10) and E¢ GUT
models. We can see here that with a non-canonical normalization of the
hypercharge ny ~ ./3/4 the SM gauge couplings do meet at a point

that equivalently the SU (2) generators must correspond to
SU (5) generators. Therefore, the third generator of SU(2),

is given by T3, = diag (0, 0,0, %, —%) Using
115
Tr (T32L) =3 L gnz = Tr(Yz), (5)

we can conclude |n| = +/3/5. It is clear that for a dif-
ferent choice of Ggyr or a different embedding of Gy
other values for n are possible [35]. However, the value
ny = 4/3/5 is quite generic since it follows for all realis-
tic models where the SM is embedded in such a way that we
can view it as going through an intermediate SU(5) sym-
metry: Ggyr — SU(5) — Ggsp [36]. While the canonical
normalization therefore seems almost inevitable, it is impor-
tant to keep in mind that a different normalization of the
hypercharge could, in principle, lead to successful unifica-
tion of the gauge couplings, especially when we try to go
beyond the standard GUT paradigm [37].2

In the following sections, we consider unification in
explicit SU(5), SO(10) and E¢ scenarios and therefore
always use ny = +/3/5. Before we can move on we have
to define a criterion that tells us when the unification of the
gauge couplings is successful in a given model. Through the
vacuum expectation value that breaks Ggyr the additional
GUT gauge bosons get a superheavy mass my. Therefore
“the gauge couplings at scales much larger than my will
be approximately equal, because the breaking of the [GUT]
gauge symmetry has a negligible effect when all the energies
in the process are very large compared to m x. But at energy
scales much smaller than my, the gauge couplings of the
SU3), SU(2), and U (1) subgroups are very different, each

2 For an interesting alternative proposal which, however, unfortunately
does not fix the normalization of the hypercharge see Ref. [38].

running with a 8-function determined by low energy physics”
[39]. Therefore, naively the unification condition reads
w1y (Mgur) = w2 (Mgut) = wsc(Mgur). However, itis
well known that if we use two-loop RGE:s this condition must
be refined and threshold corrections can alter it significantly
[40]. These arise when the masses of the various superheavy
particles are not exactly degenerate. The thresholds correc-
tions are small for each individual field, but since there are
generically a large number of superheavy particles in GUTs,
the individual contributions can add up to non-negligible cor-
rections. In principle it is even possible that threshold correc-
tions are the reason that the SM gauge couplings fail to unify
in models with canonical hypercharge normalization. In the
following section, we discuss the impact of threshold correc-
tions in various GUT scenarios explicitly. Some GUT gauge
bosons mediate proton decay and realistic scenarios are there-
fore only those where the gauge couplings successfully unify
at a scale that is high enough to yield a proton lifetime in
agreement with the present experimental bound 7p(p —
etn®) > 1.6 x 1034 [41]. If proton decay is mediated dom-
inantly by the superheavy gauge bosons that are integrated
out at the GUT scale this experimental bound implies

w6 2(ny—15)
(45 ) 10 ~ 16.6, (6)

where wg denotes the unified gauge coupling. For example,
for the typical value wg = 45, Eq. 6 yields ny > 15.6.

3 Threshold corrections

In this section we assume that there is a ”Grand Desert”
between the electroweak and the GUT scale, i.e. no parti-
cles at an intermediate mass scale. The threshold corrections,
already mentioned above, can be expressed in terms of mod-
ified matching conditions [42]

Ai ()
wi (W) = wg (k) — ———, 7
127
where
AV
28 .
— e 5 My
ri(p) = (Cg — Ci) =21 Tr (3 In—
n
M M
+Tr <ti25PGB In —S) +8 Tr <zl.2F In —F) .8
w w
AS AF

i i

Here, S, F, and V denote the scalars, fermions and vector
bosons which are integrated out at the matching scale wu,
tis.tiF, tjv are the generators of G; for the various represen-
tations, and Cg and C; are the quadratic Casimir operators

@ Springer



351 Page4 of 19

Eur. Phys. J. C (2019) 79:351

300
200
{100
~<
<
108
0 10"7
1018
-100
—600 —400 —200 0 200

Ay

Fig. 2 The quantity AAp3(w) as a function of Axjp(u) as calculated
from the IR input in Eq. (3) for GUT models with a Grand Desert
between the electroweak and the GUT scale. The quantities AA;; (i)
are defined in Eq. (9) and indicate how much the gauge couplings fail to
unify at a specific scale . The numbers above the line denote specific
values for p in GeV. The red part of the line indicates scales which
imply a potentially dangerously short proton lifetime. The orange part
implies a proton lifetime close to the present bounds, while the green
part indicates a safe proton lifetime

for the groups G and G;. Pgp is an operator that projects
out the Goldstone bosons. The traces of the quadratic gen-
erators are known as Dynkin indices and can be found, for
example, in Ref. [43]. To simplify the notation, we define
n4 = ln(%), where j labels a given multiplet. Moreover,
we define the GUT scale as the mass scale of the proton decay
mediating gauge bosons. We can then define the following
quantities that are independent of the unified gauge coupling
we () [44]

Akij(n) = wi(u) — wj() =1 () — Ai (1), (€))

fori, j = 1,2,3,i # j. These quantities can be evaluated
in two ways. Firstly, from the IR perspective by evolving the
measured low-energy couplings up to some scale ;. Nonzero
AM;j(w) indicate how much the gauge couplings fail to unify.
Secondly, we can calculate the AA;;(u) froman UV perspec-
tive for any given GUT model. Here, the input needed is the
mass spectrum of the superheavy particles. If for a specific
GUT model the UV structure yields the values required from
the IR input, the gauge couplings successfully unify. In the
following, we work with AA1, and AA;3, but any other choice
of two AX;; would be equally sufficient.

Figure 2 shows AXy3(w) over Ad12(w) for a Grand Desert
scenario between the electroweak and the GUT scale, as
calculated from the IR input in Eq. (3). In the following
sections we investigate if the needed values for Ay and
A3 can be realized in specific GUT models. To approx-
imate the threshold corrections in a given GUT model, we
choose the masses of the superheavy particles randomly in a
given range R around the GUT scale: M; = RMgyr. Previ-
ous studies used, for example, R € [%, 10] in Refs. [45,46]

@ Springer

or R € [%, 2] in Ref. [13]. For each randomized spectrum,
we can calculate the corresponding AA»3() and Aija(w)
using Egs. (8) and (9).

3.1 SUS)

In SU(5) models the SM fermions of one generation live in
the 5 @ 10 representation. It follows from [43]

5x5=10® 15
5x10=5@45
10x10=5@45d 50 (10)

that scalars which yield renormalizable Yukawa terms for the
SM fermions live in the 5 5@ 10 H 15 ® 45 P 45 H 50
representation. In addition, the minimal representation to
achieve the breaking of SU(5) to the SM gauge group is
the adjoint 24 representation. For completeness, we inves-
tigate the threshold correction if all these representations
are present. The decomposition of these representations with
respect to the SM gauge group is given in Appendix A.1.
Using Eq. (8), we find for this choice of scalar represen-
tations
A3c =24 Mgy + Ny + 15 + 21gs + 2005 + Sty
F30g11 + Np1s + 31y + Mgy + 2046
F50017 + 12015 + Ngag + 311 + gy, + 2045
F50054 + 120055 + Ngyy + 205 + 150459 + Sty
+12n4y,
L =3+ g, + 3ngs + 40y, + 30y
20010 + Ng1a + 120014 + 31p16 + 8Ngis + Ny
F120gy; + 30gy3 + 815 + Mgy + 240450 4 8145y 5

3 2 2
Ay =54 2 + Z1gy + 3’7%

5 5
6 8 1 18
+§77<.04 + gnfps + 577906 + ?rlw
1 16 3 2
+§n<ﬂ8 + ?77109 + gnwlz + gnwn
6 32 49 4
+§’7¢14 + ?’7%5 + ?nfplﬁ + §’7<p|7
24 3 2 6
+?77‘/718 + 577@19 + g’?wzo + g”lzpzl
32 49 4 24
+?77<ﬂ22 + ?U@zz + g’?tﬂm + ?’7@25
24 2 49 12
+?’7‘ﬂ26 + 57em + 5 Neas + 5 Mo
64 24
+?77</730 + ?77@31-

The result of a scan with randomized values of the various
masses M; = RMgyr with R € [%,2] or R € [2—10, 2] is
shown in Fig. 3.
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Fig. 3 Possible threshold corrections in an SU(5) GUT with scalars
inthe 5@ 10 @ 15 & 23 @ 45 @ 50 representation. The gray points
indicate the values for AAp3(u) over Aijz(w) for randomized mass

spectra of the superheavy particles with R € [1—10, 2]. The light gray

1

points correspond to R € [21—0, 2]. Neither with R € [+5, 2] nor with

10°
R € [%, 2] configurations exist that could explain the non-unification
of the gauge coupling

We can see that in SU(5) models with a Grand Desert
gauge unification cannot be achieved if the masses of the
superheavy particles are at most a factor 10 or 20 below the
GUT scale.

32 S0(10)

In SO(10) models the SM fermions of one generation live
in the 16-dimensional representation. The scalar represen-
tations with renormalizable Yukawa couplings to the SM
fermions are contained in

16 x 16 = 10 ® 120 @ 126. (11)

In addition, a 45 is necessary to break SO(10) down to
the SM. Again, for completeness, we consider the threshold
effects when all these representations are present. The main
difference regarding the threshold corrections, compared to
SU (5) models, is that in S O (10) models there are additional
gauge bosons which do not mediate proton decay. These do
not necessarily have same mass as the proton decay mediat-
ing gauge bosons which define the GUT scale. By looking at
Eq. (8) we can see immediately that such additional gauge
bosons potentially have a large impact. This is confirmed
by a scan with randomized mass of the superheavy fermions
M; = RMgyr withR € [%, 2]land R € [%, 2] as shown in
Fig. 4. The decomposition of the scalar representations and
the resulting threshold formulas are given in Appendix A.2.
While the threshold corrections can be sufficiently large to
explain the mismatch of the gauge couplings, the unification

300
200
« 100
(‘< >
< 106
0 1017
108
~100
—600 —400 —200 0 200

Ay

Fig. 4 Possible threshold corrections in an SO (10) GUT with scalars
in the 10 @ 120 @ 126 @ 45 representation. The gray points indicate the
values for AAp3(w) over Arjz(w) for randomized mass spectra of the
superheavy particles with R € [%, 2]. The light gray points correspond

to R € [45.2]. While unification is not possible with R € [45. 2],
there are some viable configurations with R € [%, 2]. However, the
corresponding maximal SO (10) scale M?oa)zlo) ~ 1053 GeV, implies
a proton lifetime significantly below the present bound (Eq. (6))

scale is too low to be in agreement with bounds from proton
decay experiments (Eq. 6)).

3.3 Eg

In Eg models, the SM fermions live in the fundamental 27-
dimensional representation, which decomposes with respect
to the maximal subgroup SO (10) x U(1) as

27 - 14 ® 10, @ 167. (12)

The 16; contains, like in SO (10) models, all SM fermions
of one generation plus a right-handed neutrino. In addition,
we can see that the 27 contains a sterile neutrino 14 and addi-
tionally a vector-like down quark and a vector-like doublet,
which are contained in the 10_,. Since these exotic fermions
live in the same representation as the SM fermions, we auto-
matically get 3 generations of them, too. These additional
fermions yield potentially additional significant threshold
corrections. The scalars are contained in

27 x 27 =27 @351 @ 351. (13)

The decomposition of these scalar representations and the
resulting threshold formulas are given in Appendix A.3. In
E¢, we not only have additional contributions from the three
generations of exotic fermions, but also from a larger number
of additional gauge bosons and scalars, compared to SO (10)

3 Ttis, of course, possible to construct models with larger threshold cor-
rections by including additional scalar representations. See, for exam-
ple, the model in Ref. [47].

@ Springer
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Fig. 5 Possible threshold corrections in an E¢ GUT with scalars in
the 27 @ 351’ @ 351 representation. The Eg scale can be as high as
MP> = 10">8 GeV for R € [, 2] (gray points) and Mg ~ 10163

GeV for R € [2—10, 2] (light gray points)

models. Again, we estimate the possible threshold correc-
tions by generating randomized spectra for the superheavy
particles. The result is shown in Fig. 5. We can see that suit-
able mass spectra of the large number of superheavy fields
in Eq GUTs can indeed explain the mismatch of the gauge
couplings.

Next, we investigate whether the non-unification of the
gauge couplings could be a hint for particles at intermedi-
ate scales. In principle, there can be additional light scalars,
fermions and gauge bosons. However, in conservative SU (5)
models the only possibility are additional light scalars, while
in conservative S O (10) models there can be additional light
scalars and gauge bosons, and only in conservative Eg models
we can have all three. For this reason, we discuss additional
light scalars in the context of SU (5) models, additional light
gauge bosons in the context of S O (10) models and additional
light fermions in the context of E¢ models.

The idea to achieve gauge unification through additional
light particles is, of course, not new. For example, to quote
E. Ma [48]: “If split supersymmetry can be advocated as a
means to have gauge-coupling unification as well as dark
matter, another plausible scenario is to enlarge judiciously
the particle content of the Standard Model to achieve the
same goals without supersymmetry”. Scenarios that realize
this idea are discussed extensively in Refs. [49,50]. Our goal
here is somewhat different since we are not adding particles
solely to achieve gauge unification. Instead, we discuss if it
is possible that the gauge couplings meet at a common point
with the given particle content in conservative GUTs.

4 Additional light scalars

Each additional light (non-singlet) particle modifies the
RGE:s above the scale where it gets integrated out. However,

@ Springer

not every modification of the RGEs necessarily brings the
gauge couplings closer to unification. A convenient method
to check if a given particles improves the running of the gauge
couplings was put forward in Ref. [51]. In the following, we
use this method and recite here the main points. Firstly, we
define the quantities

Aij =A; —Aj, (14)
where
In Mgyr /M
A, =a; T, = 15
i at+2a11rl ry In Mgyt My (15)

I

Here a; are the one-loop coefficients as defined in Eq. 1. Nec-
essary (one-loop) conditions for successful gauge unification
are then [51]

Aoz . 5sinZ 6, — Oom /s
A 8 3/8—sin?6,
Mgyr 16w 3/8 —sin? 6,

In =
My Sagm A

(16)

The left-hand side depends on the particle content, while the
experimental input on the right-hand side here is evaluated
at M z. Putting in the experimental values [34]

agy,(Mz) = 127.950 £0.017
as(Mz) = 0.1182 £ 0.0012

sin’ Ow(Mz) = 0.23129 4+ 0.00050 (17)
yields

A M 184.9

28+ 0719, In—=SYT ~ . (18)
A My A

For Grand Desert scenarios, we find ﬁ—ﬁ ~ 0.51. Therefore,
a particle brings the gauge couplings closer to gauge unifi-
cation if it lowers A1, and increases Aj3 or if it increases
An3 more than it increases Ajz. Moreover, from the second
relation it follows that particles which lower A1y increase
the GUT scale. We therefore calculate the contributions
to Ajp and Apz for all representations contained in the
5@ 106 15 6@ 23 & 45 @ 50 representation of SU(5). The
result is shown in Table 1. We can see that additional light
SU(2)1 doublets with the same quantum numbers as the
SM Higgs improve the running. However, the contribution
is quite small and at least eight of them are needed to bring
2—?; close to the experimental value. Similarly, while helpful,
contributions from additional light scalars in the (1, 3, 6) and
(3,2, 1) are too small to have a significant impact. The only
SU@B)cxSU((2)r xU(1)y representations here with signifi-
cant impact on the ratio A3 /A 1> are (1, 3, 0), (3, 3, —2) and
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Adyz

Fig. 6 Prospects for gauge unification in scenarios with light (1, 3, 0)
scalars. No sufficiently high unification scale can be realized, even if
we take threshold corrections with R € [%, 2] (light gray points) into
account,

(6, 3, —2). The RGE coefficients for the SM supplemented
with these scalar representations are

_ (41 _5
ae1,3,0) = (m, -5, —7),
199 27 44
50 10 3
_| 9 49
bazon =11 5 12 |,
19
_ (43 7 13
ag3,3,-2) = (m, — 5 —7),
207 15
S0 2 12
371
b33,-2) = 44 |,

A@,3,—2) = (% %’ _%) ,

bes—y =| % L 172 |. (19)

The impact of these representation on the running of
the gauge couplings for various intermediate mass values is
shown in Figs. 6, 7 and 8. We can see that no unification at a
sufficiently high scale is possible with light (1, 3, 0) scalars,
even if we take threshold corrections into account. The sit-
uation is better if there are light (3, 3, —2) scalars and the
maximum proton lifetime is close to the present bound. For
light (6, 3, —2) scalars, the SO (10) scale can be as high as
Mg“g’zlo) ~ 10159 Gev ifM(g&fz) ~ 10!2 GeV. Therefore,
this scenario will be probed by the next generation of proton
decay experiments [53].

meur=10"Gev

102Gev_-7"

200

Adys

-200

—400

104 GeV=m3,3,-2)

-600 —400 -200 0 200 400

ALy

Fig. 7 Prospects for gauge unification in scenarios with light
(3, 3, —2) scalars. Scalars in the (3, 3, —2) mediate proton decay and
therefore have to be heavier than 100 GeV [52]. By taking threshold
corrections with R € [%, 2] (light gray points) into account we find
that the SO (10) scale at most M‘S“g’zlo) ~ 10'37 GeV. This scenario is
therefore on the verge of being excluded by proton decay experiments

mtsur:ﬂl"(}e\/
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200 =
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Fig. 8 Prospects for gauge unification in scenarios with light
(6, 3, —2) scalars. The maximum value for the S O (10) scale Mg“g’;lo) o~

10159 GeV is possible for M(g&fz) ~ 10'2 GeV. This scenario will
therefore be probed by the next generation of proton decay experiments

[53]

Of course, itis also possible to consider scenarios in which
more than one scalar representation is light. However, it is
well known that each additional light scalar representation
requires additional fine-tuning [54] and since scenarios with
just one light representation are still viable, we do not discuss
such scenarios any further here.

5 Additional light gauge bosons

While in conservative SU (5) models the only possibility to
achieve gauge unification is through additional light scalars,
in SO(10) and E¢ models there can be additionally light
gauge bosons, too. This is the case when there is at least
one intermediate symmetry between G sy and Ggyr. Since,
the E scalar representations that couple to fermions contain
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no singlet under any viable maximal subgroup other than
SO (10), we discuss in the following only breaking chains
that start with Ggyr = SO (10). Moreover, we restrict our-
selves to scenarios with exactly one intermediate symmetry.
A thorough discussion of breaking chains with two interme-
diate symmetries can be found in Ref. [201.4

The breaking of SO (10) down to the SM gauge group is
achieved by SM singlets in the 10 @ 120 @ 126 @ 45 scalar
representation. There are no SM singlets in the 10 and 120
and therefore all superheavy VEVs must come from the 126
or 45 representation.

The singlet in the 126 breaks SO (10) down to SU(5).
Since in such a scenario the gauge couplings already have to
unify at the intermediate SU (5) scale there is no improve-
ment compared to the scenarios discussed in the previous
section.

There are two SM singlets in the adjoint 45 and they can
break

SO0) - SU@A)c x SUR2)L xU()g

SO(10) = SUQB)c x SUR)L x SUR)r x U()x
SO(10) = SUQB)c x SUR)L x U(Hr x U(1)x
S0(10) - SUG5) x U(1)z

SO(10) — SUS) x U(1)z, (20)

Here SU(5) denotes the flipped SU(5) embedding [56,
57]. The breaking of the intermediate symmetry down to
SUB)c x SU(2)r x U(1)y is achieved for all chains but
the last one by the singlet in the 126. For the last chain, the
singletin the 126 only breaks SU (5) x U (1) z down to SU (5).
Moreover, the intermediate symmetries SU(5)" x U(l)z
and SUB)c x SUR2)r x U(1)g x U(1)y do not yield any
improvement in terms of unification of the gauge cou-
plings [18,49]. There are additional possibilities if we embed
SO(10) in Eg since there are additional SM singlets in the
54 C 351’ and 144 C 351. With a VEV in the 144 it’s pos-
sible to break SO (10) directly to Ggps [58] and therefore
there is no improvement regarding the running of the gauge
couplings.

With a VEV in the 54 we can break SO (10) to the Pati—
Salam group SU4)c x SU(2)p x SU2)r x D, where D
denotes D-parity which exchanges SU((2);, < SUQ2)g
[59,60]. This breaking chain was analyzed extensively in
Refs. [13,61]. Hence, in the following we put our focus on
the first and second breaking chain in Eq. (20).

4 A particularly interesting specific possibility is that wy and ws, unify
at around M; ~ 10'3 GeV (=type-1 seesaw scale) which is where
they meet in the SM (c.f. Fig. 1). A complete unification of the gauge
couplings can then be achieved, for example, through additional light
scalars [55].

@ Springer

Before we can evaluate the RGE running in a scenario with
intermediate symmetry, we need to specify the scalar spec-
trum. For this purpose we use the extended survival hypoth-
esis, which states that “Higgses acquire the maximum mass
compatible with the pattern of symmetry breaking.” [62].
This a hypothesis of minimal fine tuning since only those
scalar fields are light that need to be for the symmetry break-
ing [54]. In addition, we need to make sure that the Yukawa
sector is rich enough to be able to reproduce the SM fermion
observables. For this reason, at least one additional SU (2),
scalar doublet must be kept at the intermediate scale [63].5

5.1 SO(10) = SUM@)¢ x SUQ2)L x U(D)g

The VEV that breaks SU (4)¢ x SU(2); x U(1)g down to
the SM gauge group lives in the (10, 1, —1) C 126 repre-
sentation of the intermediate group and therefore has a mass
of the order My1. The SM Higgs lives in the (1,2, 1) C 10
representation. Since at least one additional doublet is needed
to generate the flavour structure of the SM, we assume that
the (15, 2, %) C 126 has a mass of the order M1, too.

With this particle spectrum, the RGE coefficients above
the intermediate scale read

51 24 95

alz4=(10,—%,—7), bipa=1| 8 %% . (21)
7
2

43 5

2

Below My the RGEs are the Standard Model ones. The
matching condition for the hypercharge U(l)y without
threshold corrections reads[18]

P G (22)
G SORT S\ T o )

With this information at hand, we can solve the RGEs and
find

My ~ 1014 GeV, Mgoi0) =~ 10'*5 GeV. (23)

From similar results previous studies concluded that this
breaking chain “is definitely ruled out” [18] since such a
low value for Mg 10y implies a proton lifetime in conflict
with experimental bounds. However, as already discussed in
Sect. 3, results such as the one in Eq. (26) can be modified
significantly by threshold corrections.

These depend on the detailed mass spectrum of the super-
heavy particles and can be estimated by generating the
masses of the various multiples randomly M; = RM;,

> In addition to such a minimal choice there is, in general, an extremely
large number of alternative possibilities [64].
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Fig. 9 Impact of possible threshold corrections on the proton lifetime
7 in SO (10) models with intermediate SU(4)c x SU2)r x U(l)g
symmetry. The gray dots denote randomized mass spectra with R €
[%, 2] while the light gray dots denote spectra with R € [2—10, 2]. The
dashed line denotes the present bound from Super-Kamiokande [41]

where j € {421, SO(10)}, within a given range, for exam-
ple, R € [1—10, 2lor R € [%, 2]. The decomposition of the
relevant scalar representations and the resulting threshold
formulas are given in Appendix A.4. The result of such a
scan with randomized mass spectra is shown in Fig. 9. We
find that within these ranges the proton lifetime can be at
most

Tmax = 6.15 x 103 years; R €[1/10,2]
Tmax = 7.33 x 103 years; R € [1/20, 2]. (24)

We therefore conclude that this breaking chain is ruled out
even if we take threshold corrections into account.

52 SO(10) — SUB)c x SUQR)L x SUR)g x U(1)x

Here, the VEV that breaks the intermediate
SUB) e xSUQR)L x SUR)gr x U(l)x

symmetry lives in the (1, 1,3, -2) C 126 representation
of the intermediate group and the SM Higgs lives in the
(1,2, 1,0) C 10 representation. The additional doublet that
is needed for the flavour structure of the SM lives in the
(1,2, 1,0) C 126 representation.

Therefore, the (1,2, 1,0) C 10 lives at the electroweak
scale, the (1,1,3,1) and (1,2,1,0) C 126 at the M322;
scale, while all other scalars are assumed to be superheavy.
The RGE coefficients above the intermediate scale read

Fig. 10 Impact of possible threshold corrections on the proton lifetime
7 in SO (10) models with intermediate SU (3)¢c x SU(2); x SU(2)g %
U(1)x symmetry. The gray dots denote randomized mass spectra with
R € [%, 2] while the light gray dots denote spectra with R € [2—10, 2].
The dashed line denotes the present bound from Super-Kamiokande
[41]

ainy = (5. -8, -2,-7),
61 9 81
722 4
3 37
336 12
bio3 =
Z 631 12
1 9 9
3 2 7 26

Again, below the intermediate scale the RGEs are the Stan-
dard Model RGEs. The matching condition for the hyper-
charge U (1)y without threshold corrections for this breaking
chain reads [18]

3 Cy 2
=- - — —w1x. 25
w1y = ¢ (sz 1271) +5ox (25)
Solving the RGEs yields
M3y 10102 GeV, Msoqo) = 10" GeV. (26)

Therefore, in the absence of threshold corrections this break-
ing chain is not yet challenged by the experimental bounds on
proton decay. Nevertheless, for completeness we investigate
the possible impact of threshold corrections. The decompo-
sition of the relevant scalar representations and the resulting
threshold formulas are given in Appendix A.5. The result of
a scan with randomized mass of the superheavy particles is
shown in Fig. 10. The proton lifetime can be at most

Tmax = 1.16 X 104 years; R €[1/10,2]

Tmax = 5.24 x 10% years; R € [1/20,2]. (27)
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6 Additional light fermions

E¢ models always contain additional fermions, since the
fundamental representation contains in addition to the SM
fermions of one generation also exotic fermions. From
the decomposition in Eq. (12) it follows that these exotic
fermions live in the

1,2,y (1,2,-3)d3,1,-2) (3, 1,2) (28)

representation of SU (3)¢c x SU (2)r x U (1)y. The additional
SM singlets have, of course, no influence on the RGE run-
ning. To check which fermions help with gauge unification,
we can again use the method discussed in Sect. 4. The contri-
butions of the representations in Eq. 28 to A»3/A 1> are shown
in Table 7. We can see here that vector-like lepton doublets
(1, 2, 3) improve the running of the gauge couplings, while
vector-like quarks (3, 1, —2) make the situation worse. In
addition, we can see that at the one-loop level the impact of
the vector-like E¢ quarks and leptons on the RGE running
cancel exactly.

While the contributions of the individual fermions on the
running is quite small, it can be significant since there are
three generations of them.® To achieve gauge unification
using the exotic E¢ fermions, we therefore need a scenario
with a large mass splitting between the vector-like leptons
and quarks. This is indeed possible since the 45 C 351 con-
tains two SM singlets and one of them gives a mass solely
to the vector-like quarks, while the other one yields a mass
term for the vector-like leptons. Hence, it is possible that the
exotic quarks are much heavier than the exotic leptons. This
is known as the Dimopoulos—Wilzeck structure [65,66]. In
the following, we assume that all vector-like quarks are suffi-
ciently heavy to only have a negligible influence on the RGEs
and focus solely on the exotic lepton doublet.

Another crucial observation is that the Yukawa couplings
of the exotic fermions and those of the SM fermions have a
common origin since the Yukawa sector above the E¢ scale
reads

Ly = ViooW (Yo7 + Yasyd + Y3518) + hec., (29)

It is therefore reasonable to assume that there is a split-
ting among the three exotic fermion generations which is
of comparable size as the splitting among the SM genera-
tions, i.e. moy, /m3y =~ 1072, mir/m3p =~ 10~*. The RGE
coefficients for the SM supplemented with one, two and three
vector-like lepton doublets are

asm+1L = (% —%, -7).

6 As already mentioned above, this follows automatically, since they
live in the same representation as the SM fermions.
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Fig. 11 Influence of the 3 generations of exotic Eg lepton doublets
(1, 2, 3) with a mass splitting moy /m3p =~ 1072, mip/m3p =~ 1074
on the unification of the gauge couplings. The numbers in the lower-left
corner indicate the mass scale of the heaviest vector-like lepton doublet
in each scenario. Scenarios with a vector-like lepton doublet lighter than
450 GeV are already ruled out by collider searches [67]. The dashed line
represents the Grand Desert scenario with no particles at intermediate
scales. The light gray points indicate possible threshold corrections
with R € [1/20, 2]. With the heaviest lepton generation around m3; =~
10™ GeV, the Eg scale can be as high as M}}‘:x ~ 101 GeV

104 18 44
255 5
bswui = | ¢ 14 12 |,
1y o
asm+2L = (%, —1—61, -7).,
27 9 4
50 25
bsmioL = % % 12 1,
3 -26
asm+3L = (% —%, -7).,
1327 44
235 5 5
bswesL=| 3 5 12 (30)
b g s

The influence of the vector-like Eg leptons on the running
of the gauge couplings is shown in Fig. 11. We can see that
unification is indeed possible if the mass spectrum of the
vector-like leptons is m3; ~ 1010 GeV, ma; ~ 108 GeV and
mir =~ 10° GeV. However, the GUT scale in this scenario is
dangerously low.

7 Summary and conclusions

In summary, we have demonstrated that unification of the
gauge couplings is possible in conservative GUT scenarios
without supersymmetry.
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‘We have shown that one possible explanation for the obser-
vation that the SM gauge couplings do not meet at a common
point are large threshold corrections. These are necessary
when the superheavy fields do not have exactly degenerate
masses. We calculated the magnitude of these corrections in
conservative SU (5), SO(10) and E¢ models with a Grand
Desert between the electroweak and the GUT scale. We found
that they can be large enough only in E¢ models. The Eg scale
can be as high as MP** ~ 10'%? GeV.

Afterwards, we investigated scenarios with particles at
intermediate mass scales between the electroweak and the
GUT scale.

In Sect. 4, we calculated the impact of additional light
scalar fields on the running of the gauge couplings. We argued
that in conservative SU (5) scenarios the only representations
that can significantly help to achieve gauge unification are
(1,3,0), (3,3,—2) and (5, 3, —2). While it is possible to
achieve unification through suitable mass values for each of
these representations (at least if we take threshold corrections
into account), only for the (6, 3, —2) this happens at a scale
high-enough to be in agreement with bounds from proton
decay experiments. In Sect. 5, we investigated scenarios with
additional light gauge bosons. In conservative SO (10) GUTs
the only scenarios with just one intermediate symmetry and
improved running of the gauge couplings go through an

SUB)c xSUR)L xSUR)p xU(l)yx
or
SUM@4) x SU)L x U(D)r

stage.” We calculated that the second possibility is already
ruled out through proton decay experiments, even if we take
threshold corrections into account. For the scenario with
SUB)c x SUR)L x SUR)g x U(1)x intermediate sym-
metry, we found that the proton lifetime can be as long as
Tmax =~ 5.24 x 10* years.

Finally in Sect, 6, we discussed the impact of additional
light fermions in the context of conservative Eg models. We
argued that light vector-like Eg leptons improve the run-
ning, while the vector-like E¢ quarks make the situation
worse. Including threshold corrections plus the heaviest lep-
ton generation around m3; ~ 10'* GeV (and mass splittings
mayr/m3p =~ 10’2,m1L/m3L ~ 10~%), we found that the Eg
scale can be as high as Mg‘;”‘ ~ 10'° GeV.
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8 Appendix A: Decomposition of the scalar
representations and threshold formulas in Grand
Desert scenarios

8.1 SU(5)

See Table 1.

Table 1 Decomposition with respect to SU(3)¢c x SU(2), x U(1)y
of the scalar representations in conservative SU(5) GUTs. Goldstone
bosons are labelled by &;, SM singlets by s; and all other fields by
@;. The hypercharges are given in the normalization of Ref. [43]. The
numbers in the A3 and Ay columns indicate whether the fields can
help to achieve gauge unification or not. For further explanations, see
Sect. 4

SU(5) 3c2 1y A /1y App/rr Label
5 1,2,3) i i o1
(3.1,-2) -3 i ¥
5 (1,2, -3) i — H
(.1,2) -3 i3 3
10 (1,1,6) 0 1 04
G.1,-4) -3 1 @5
3.2.1) : —% %6
15 1,3,6) z — @7
3.2,1) z —15 @8
(6,1, —4) -2 % o
24 (1,1,0) 0 0 S1
(1,3,0) 3 - % 10
3.2,-5) B 3 3
3.2,9 B 3 &
(8,1,0) -3 0 Q11
45 1,2,3) : — i 012
(3.1,-2) -3 5 13
3,3,-2) 3 -3 14
3. 1,8 -3 £ 15
3.2,-7 & % 16
6,1,-2) -2 & 017
(8,2,3) -3 - 18
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Table 1 continued

8 6 3
SU(5) 3c2rly Axz/ry Ap/ry Label Ay =8—21 (g’?PSV + g’?WR) + Tome
45 (1,2,-3) 3 -5 19 1 1 3 1
(§,1,2) 7% % 020 +§n¢2 +§77<I>3 10’7(134 + 5”@5
3.3,2) 3 -2 o1 3 1 3
+=Nos + ZNo; + ZNog + ZNo
G.1,-8) -1 16 o U N D
3.2.7 1 g o 41 3 4 !
6 15 “~Nd + —Noy, + = 77(1312 “~Nd;3
o 6 B vas 3 1 3 16
(8,2,-3) _% _% @25 10"@14 + 577<P|5 + an)]() + ?77@17
50 1,1, -12) 0 2 P26 49 2 12 3
(3, 1,-2) _% Tli 027 + 107]4)18 + 577d>]9 + ?77%0 + 107]4)2]
(3.2.-7) 3 I 028 1 3 16 49
6.3.-2) 3 1 029 50 T 5l0n 50 F g0
6.1,8 -3 2 2
,2, -5 -3 ¥31
> & 18 1 16 3
+?’7<1>30 + §’7<D31 + ?’74)32 + §'7‘1>33
2 6 32 49
+§77¢34 + 577‘1935 + ?'7%6 + ?'7%7
4 24 24 2
8.2 SO(]O) +§n¢3g + ?n¢39 + ?n¢4o + 577<D41
) ) ) 49 12 64 24
Using Eq. (8), we find for the threshold corrections in con- +?TI<1>42 + ?WDM + ?77@44 + ?71@5
servative SO (10) GUTs 3 4 3
+§77<I>46 + §n¢47 10’7¢48 + 5’7<I>49
4 1
1 +§77‘1>50 10 Talds;-
A3c =5 —=2lInpsv + 3% + 571%s
1 1 1 Here, PSV denotes the Pati—-Salam gauge bosons in the
+§7]q>5 + 57@7 + 577% + Ny, (3,1, —4) and Wg the right-handed Wf; in the (1,1, —6)
1 1 3 (Tables 2, 3, 4, 5).
+§77<D|2 + ne;; + 5”4)15 + Erﬁbm
1 5 Table 2 Decomposition of the scalar 10 representation of S O (10) with
+57’/d>17 e+ 577@19 + 610y + 57@22 respect to the subgroups SU(5) and SU(3)¢ x SU(2)r x U(1)y. For
3 1 5 further details, see Table 1
T3 N0n T 5N 1005 + ST 50(10) SU(5) 302, 1y Label
+6 + +2 +5 +
Ny T Ndyg N3y Nz T Ny 10 5 (1.2.3) o,
+377<I>35 + Ndse + 27](1)37 + 5”@38 + 12774)39 + Ny (3,1,-2) @,
1200, + 15004, + SN0y + 1200, 5 (1,2, =3) H
1 1 3
+§77<D47 + r]q>48 + 5”@50 + 77<I>51 (37 1’ 2) @3
+300s;,
1 1 1
Aop =6+ 5’7‘1)1 + 5774)4 + 5”(1)6
3 3 1
+§77<D|0 + §’7<P13 + Embm +6ne)6 + 577@13
1
+4na,, + 577(1321 + 610, + 57"1’25

+4n¢’27 + Ndog + 477@3() + 377‘17‘31 + Ndss + 12774)35
+3003; + 8Nwzy + 3N0, + 2400, + 8N,

3
—77<I>51 + 27]@52 )

3
+=Naoys + 3

2
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Table 3 Decomposition of the scalar 45 representation of SO (10) with Table 5 Decomposition of the scalar 126 representation of SO (10)
respect to the subgroups SU(5) and SU(3)¢c x SU(2)r x U(1)y. For with respect to the subgroups SU (5) and SU(3)c x SUR2)r x U(1)y.

further details, see Table 1 For further details, see Table 1
S0(10) SU(5) 3c2u1y Label  SO(10) SU(5) 3c201y Label
45 1 (1,1,0) S1 126 1 (1,1,0) §3
10 (1,1, 6) Dy 5 (1,2,3) D3
(3,1,-4) s (3,1,-2) @37
3,2,1) [oFS 10 (1,1, -6) &
10 (1,1, —-6) [oF] 3,1,4) &
(3.1,4) g (3,2,-1) &s
(3.2,-1 [oX) 15 (1,3,6) Dsg
24 (1,1,0) $2 3,2,1) [OXYY
(1,3,0) (O3 6,1, —4) Dy
(3,2,-5) & 45 (1,2, -3) Dy
(3.2,5) & (3.1,2) Dy
(3,1,0) @y (3,3,2) Dy3
(3,1,-8) Dyy
3,2,7) Dys
Table 4 Decomposition of the scalar 120 representation of SO (10) €12 B4
with respect to the subgroups SU(5) and SU (3)¢ x SU(2) x U(1)y. (8,2,-3) P47
For further details, see Table 1 50 (1,1,—12) Dyg
50(10) SU(5) 3c2. 1y Label (3,1,-2) Do
3,2,=7) [OFN
. 5 g ? 3—)2> iii (63,72 o
_ (6,1,8) %))
: .29 P4 (8.2.3) ®s;
(3,1,2) D5
10 (1,1, 6) D16
3,1,—4) (o3 83 Eg
3,2,1) [OFF
10 (1,1,-6) 1o Using Eq. (8), we find for the threshold corrections in con-
3. 1.4 ®20 servative Eq GUTs
3,2,—-1) Dy
45 (1,2,3) D Mc =9—=21(npsv + e, +nE,) + 05, + 0%,
3.1,-2) @23 +nxs + 0%, + 2nxg + 05y + 05
3.3,-2) ®2u 05y + 0516 + 205, + 059 + 05y
3,1,8) D5
3.2.-7) Bog +2055, + 0500 + 20505 + 1557 + 2055
6, 1,-2) o 60550 + 153y + M55y + 0536 + 20557 + N5
(8,2,3) Drg +2n240 + sy, + 37’243 + sy + 277245
45 (1,2,-3) P29 +5054 + 12054 + 054 + 3055, + 155, + 2055,
(.1,2) @39 +5055 + 12055, 4+ M55 + N5ss + M50
3.3.2) 31 2056 + 2056 + 3056y + 20565 + 2056 + 0N
S: ; 7_)8) zz +20550 + 057 + 305, + 605 + 1005, + 15y
6,1,2) Dy +3050; + 1505 + 20559 + 5154
8,2,-3) P3s +12n5g, + Nxgy + M35

2055 + Snmgg + 20590 + 505y + 20133 + 2054,
+615s + N5, + 20599 + 513400
N5, + 37]2|03 /D> i 2772105
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AL =

Ay =

505106 + 1205107 + 15100 + 20550
+1505; + 5%,

120515 + 035 0510 T 01500
+277}]|20 + 2772|22 + 5772|23

+205 155 + 20516 + 61151y

205159 + 15150 + 3033

+0n3%,5, + 100555 + 175,35

30513 + 12137 + 20515

+5n313 + 12034

+8 (np, + 1D, + 1p3)

10 — 2177E1 + nsy + Ubn + 3’728 + N%o + Ny + N3

3057 + 055 + 305y + 3055 + 30y
+4n5,0 + 153 + 055

+305y; + 305y + 12y + 120545 4 305,
+813y; + 1z + 12034,

+3n3s, + 8035, + N3

135 + 305 + 4056, + 30356

403565 + 3056 + 3054 + N5 + 305y
+12n5,, + 605 + 1555

12055, 4 30559 + 815y + N5y + N3y
4055 + 305y + 40z

+3n590 + 41155, + 31503

+3n0505 + N506 + 41505

+3n0590 + 115101 + 1207510

+305105 + 8105107 + 302150

+24n5), + 81513 + 015 + 0316
305150 + 40515 + 30510

40515, + 30555 + 303516

055 + 30515

+12n55 + 605135 + N33

+1205136 + 305135 + 805140

+8 (L, + 01, +1L3) s

12 21(6 +8 +3
577WR 577PSV SnEl

2 6
+§7IE2 + g’IEz

8 3
+§77E4) + 57721

2 2 3 2
+§77>:2 + 5772‘3 + 57]24 + 57725

6 8 1 3
+§le6 + §ﬂ27 + gﬂzg + 37729

2 3 2 3
+§77210 + 577211 + 577212 + 57’213
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2 6 8 1
+§77>3|4 + 377215 + 577)316 + 577217
3 2 6 8
+§n213 + 571219 + 577220 + 577221
1 6 8 1

+§77222 + 577223 + 577224 + 577225

6 8 1 3
+§’7226 + 377227 + 377228 + gn):}l

2 3 2 6
+§77232 + §’7233 + 577234 + 577235

1 6 8
TNy T 2NEy T 205y T 22y

8
5 5 5 5
1 3 2 6

+§’724o + oSy T oS T N5

5 5 5
32 49 4 24
+?77244 + ?’7245 + 57’246 + ?7’247

3 2 6 32
+§77248 + 377249 + gnzso + ?77251

49 4 24 3

+?”252 + gnzsz + ?7)254 + gnzss

2 3 2 6
+2oNsse T 2S5 T 2Nssg T 20559

5 5 5 5
8 1 18 1
+§n260 + 577261 + ?77262 + 577263

16 27
—}—?7]264 + 5n266 + 5”267 + ?71269

1 8 4 48
+§7727o + §n271 + ?7’272 + ?’7273
2 3 2 6
+§77>374 + 377275 + 577276 + 577277

32 49 4 24
+?77273 + ?77279 + gn230 + ?77231

3 2 3 2
+§77282 + gnzs,% + 577284 + 377285

18 1 16 18
+?n286 + gnfiéw + ?nESS + ?77289

1

16
+§n290 + ?77291 + 5”293 + 5”294
3 2 18 1
+§77296 + 577297 + ?77298 + 577299

16 3 2 6
+?’72100 + 5772101 + 3772102 + 5772103
32 49 4 24
+?’721o4 + ?7)2105 + gnEmﬁ + ?712107
24 2 49 12
+?’72108 + 5772109 + ?772110 + ?772111
64 2 3 2
+?’72112 + ?’72113 + gn2114 + 5772115
3 2 6 8
+§’72116 + 5772“7 + 5772118 + g’?Eng
1 18 1 16

+§77)3120 + ?772121 + 5772122 + ?772123

27 1
505155 + 50515 + ?772128 + 5772129
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Table 6 Decomposition of the scalar 27-dimensional representation
of E¢ with respect to the subgroups SO (10), SU(5) and SU(3)¢c X

SU2)r, x U(1)y. For further details, see Table 1

Table 8 Decomposition of the 351 representation of E¢ with respect
to the subgroups SO (10), SU(5) and SU(3)¢ x SU(2). x U(1)y. For

further details, see Table 1

Eg SO (10) SU(5) 3c2p 1y Label Eg SO (10) SU(5) 3c2p1y Label
27 1 1 (1,1,0) K 351 10 5 (1,2,3) Y9
10 5 (1,2,3) P (3,1,-2) 210
(3,1,-2) P2} 5 (1,2,-3) 2
5 1,2, -3) H (3,1,2) PP
(3,1,2) 3 16 1 (1,1,0) 53
16 1 (1,1,0) 52 5 (1,2,-3) 13
5 (1,2, -3) 4 (3,1,2) T4
(§,1,2) P 10 (1,1, 6) X5
10 1,1,6) 6 (G, 1,-4) 16
(3. 1,-4 37 (3,2, 1 217
(3,2,1) g 16 1 (1,1,0) 54
5 (1,2,3) Z8
_ . L (3.1,-2) 19
Table 7 Contributions of the exotic fermions in the fundamental 27- o
dimensional representation of Eg to the ratio A23/A12 10 (1,1, —-6) 20
Eg SO(10) SU(5) 3c2 1y A /rp Ap/rr (iv 1,4) X1
3,2,-1) Y
27 1 1 (1,1,0) 0 0 45 1 (1,1,0) S5
10 5 (1,2,3) 1/3 =2/15 10 (1,1,6) o3
G.1,-2) —1/3 2/15 (3.1, —4) Tos
5 (1.2,-3)  1/3 ~2/15 3.2.1) Tos
(3, 1,2) -1/3 2/15 10 (1,1, —6) o6
3,1,4) Yo7
3,2, -1 )
8 24 48 2 ( ) *
FoN830 T NS T 0 T oS L (1,1,0) 56
5 5 5 5 1,3,0) =
3 2 6 32 " ¥
+§712134 + 5772135 + 5772]3(, + ?772.37 (3,2,-5) &
49 4 24 2 3.2,3) &2
+?’7213g + 371)2139 + ?772140 +8 g’?Dl (8,1,0) 230
3 > 3 2 120 5 (1,2,3) 231
+§7IL1 + g’?Dz + gTILz + g’?D_g - (3.1,-2) %3
3 5 (1,2,-3) 233
+ g’?L;) . (g, 1,2) POV
10 (1,1, 6) 235
Here, PSV denotes the Pati-Salam gauge bosons in the (.1, —4) Tae
(3,1, —4), Wg the right-handed W in the (1,1, —6). In (3’2’ b 5
addition, E; are the additional E¢ gauge bosons in the o 1’ 1’ 6 237
(1,2,-3), (3, 1,2), (1, 1,6), (3, 1, —4) respectively. D; and (3' o ) o
L; denote the three generations of vector-like quarks and lep- (,’ 4 3
tons (Tables 6,7, 8, 9). 3.2, -1) 40
45 (1,2,3) 241
3,1,=2) X
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Table 8 continued

Eg SO (10) SU(5) 3c2p1y Label
(3,3,-2) 243
(3.1,8) PP
(3.,2,-7 245
6,1,-2) X6
(3,2,3) 47
45 1,2,-3) Sas
(3.1,2) 49
(3.3,2) 250
3,1,-8) Y51
3,2,7) X5
6,1,2) 253
(3,2,-3) 2s4
144 5 (1,2,3) Tss
(3,1,-2) 2s6
5 (1,2,-3) Y57
(3.1,2) P2EH]
10 (1,1,6) %59
(3, 1,-4) 260
(3,2, 1 61
15 (1, 3,6) Y62
(3,2, 1 63
6,1, —4) Y64
24 (1,1,0) 57
(1,3,0) 265
3,2,-5) 266
(g, 2,5) Y67
(8,1,0) Y68
40 (1,2,-9) 269
3,2,1) %70
(3, 1,—4) 71
(3.3,-4) X7
(8,1,6) %73
6,2,1) Y74
45 (1,2,-3) 75
(3.1,2) %76
(3.3,2) 77
3,1,-8) Y78
(3,2,7 79
6,1,2) Zs0
(8,2,-3) 231

@ Springer

Table 9 Decomposition of the 351’ representation of Eg with respect
to the subgroups SO (10), SU(5) and SU (3)¢c x SU(2), x U(1)y. For

further details, see Table 1

Eg SO(10) SU(5) 3c2r 1y Label
351 1 1 (1,1,0) 58
10 5 (1,2,3) Y3
3,1,=2) 33
5 (1,2,-3) g4
(3.1,2) 2gs
16 1 (1,1,0) 59
5 (1,2,3) &
(3,1,-2) &4
10 (1,1, —6) &s
3,1,4) &6
(3.2,-1) &
54 15 (1,3,6) 236
(3,2, 1) g7
6,1, -4) g8
15 (1,3,-6) g9
3,2,-1 Y90
6,1,4) pory
24 (1,1,0) 510
(1,3,0) P
(3,2,-5) 293
(3.2,5) o4
(8,1,0) 295
126 1 (1,1,0) s11
5 (1,2,3) Y96
(3,1,-2) 297
10 (1,1, -6) &
(3,1,4) &9
(3.2,-1) 10
15 (1, 3,6) Yog
(3,2, 1 P
6,1, -4) 2100
45 (1,2, -3) 2101
(3,12 2102
(3.3,2) 2103
(3,1,-8) 104
(3,2,7) 2105
(6,1,2) 2106
(3,2,-3) 107
50 (1,1,—12) 2108
(3,1,-2) 2109
(3.2.-7) 2110
6,3, -2) i
(6,1,8) 22
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Table 9 continued

Eg SO (10) SU(5) 3c2p1y Label
(3,2,3) PITES
144 5 (1,2,3) 4
(3,1,-2) Zi1s
5 1,2,-3) 116
(3.1,2) 217
10 (1,1,6) 2118
(B.1,-4) 219
(3,2, 1) 2120
15 (1,3,6) 2121
(3,2, 1) Y12
6,1,-4) 2123
24 (1,1,0) S12
(1,3,0) X124
(3,2,-5) 2125
(3.2,5) X126
(8,1,0) 2127
40 (1,2,-9) 2128
(3,2, 1) 2129
(B.1,-4) 2130
(3.3.—4) 2131
(3,1,06) 2132
6.2, 1) 2133
45 (1,2,-3) i34
(3.1,2) 2135
(3.3.2 2136
(3,1,-8 2137
(3,2,7) 2138
6,1,2) 2139
(3,2,-3) 2140

8.4 SO(10) — SU@)¢c x SU2)L x U()g

Using Eq. (8), we find for the threshold corrections at the
SO(10) scale

Ac =4+ 20 + 8, + 61, + 61y + 215
+2n0¢10 + 20, + 6ngy, + 1605 + 1604, + 2ng,5
+181¢15 + 61gy; + On¢y5 + 167,
ML =6+ g + 4 + s + 1
+24n¢1, + 15055 + 150gy, + 40056 + 1504,
MR = 84N, + Nes + g
+12n¢9 + 120¢), + 36m¢y, + 1515 + 151,
+20m¢y; + 15n¢

and for the corrections at the SU(4)¢c x SUQ2); x U(1)g
scale

r3c =1=21(mpsv) + 2ng + 20z, + 1205 + 515,

Aar = 3ng + 3ng, + 8ngy + g,
49 49

8
My = -+ — + —
1Y 3 577§1 57762

+24 " 3 " 64 21 8
5 77{3 5)7;4 5 77(5 SHPSV

6
+§17WR .

Here again, PSV denotes the Pati-Salam gauge bosons
in the (3, 1, —4), Wg, the right-handed W in the (1, 1, —6)
(Table 10).

Table 10 Decomposition of the scalar representations in an SO (10)
model with SU (4)¢c x SU(2)1 x U(1)p intermediate symmetry. Only
relevant decompositions are shown. For further details, see Table 1

SO (10) 40211 3c2rly Label Scale
10 6,1,0) & Mgur
(1,2,1/2) o) Mgur
(1,2,—-1/2) (1,2, -3) H Mz
45 (1,1, 1) &1 Mgur
(1,1,0) s1 Mgur
(1, 1,-1) & Mgur
(1,3,0) & Mgur
(6,2,1/2) & Mgur
(6,2,-1/2) &y Mcur
(15,1,0) 4 Mgur
120 (1,2,1/2) s Mgyt
(1,2,-1/2) L6 Mgur
(10, 1, 0) &7 Mgur
(10, 1,0) 3 Mgur
6,3, 1) o Mcur
6,1, 1) 10 Mgur
6,1,0) ot} Mgur
6,1,-1) {12 Mgur
(15,2, 1/2) 413 Mgur
(15,2, -1/2) 14 Mgyt
126 6,1,0) &is Mgur
(10,3,0) 16 Mcur
(10,1, 1) (1,1,0) $2 M
G, L4 417 M

@ Springer
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Table 10 continued

SO(10) 4c21 1R 3c2p 1y Label Scale
(6,1,8) &s M
(10, 1, 0) is Mcur
(10,1, =1) 19 Mgur
(15,2,1/2) 20 Mgur
(15,2, -1/2) (1,2,-3) &1 M
(3.2,-7 oY) M
(3,2,7 {23 M
8,2,-3) {24 M;

85 50(10) —» SUB)c x SUR)L x SU2)p x U()x

Using

Eq. (8), we find for the threshold corrections at the

SO (10) scale

A3c =

AL =

A2R =

Ax =

1 1
5—21@4nLg +npsv) + 7 + 376

1 5 1
+3ng5 + 5 ¢ + IS + 5 e

3 3

5 3
+§'7§12 + 5’74“13 + 5’7{14 + 5’7{15

3 1
+§”Z16 + 2ng15 + 20519 + 12045 + E’k“zl
3

1 3 15
+§ Ney + 5774“24 + 777425 + 5774“26

15
+7n§27 + 20555 + 2059 + 12045,

6 — 2130y, + 3nv,) + 21, + Ngg + 67z
F6n214 + Ngy7 + 30015 + 30010 4 8y + 2005
61554 + 120555 + 31505 + 301550 + 81y,

6 — 21(3ny, + 3nv,) + 2n¢y + ngg + 6175
60216 + Ny7 + 30g1s + 3010 4 81y + 671y
+1205y; + 30505 + 31559 + 81gsgs

1 1
8 —21(4nLgr +4npsy) + e + e

1

3
+§'7§7 + znis + Mo

3 1
‘|‘§7};10 + 5’7411 + N

3 3 3 3
"‘577{13 + 577{14 + 577{15 + 577{16

1 1
+8n¢5 + 8n¢y + 5"{21 + 5”{22

9 3 3
‘I'E Neos + 5”9‘24 + 3055 + 577{26

+31¢57 + 81gy5 + 81y

and for the corrections atthe SU(3)¢c x SU2)r x SU (2)g X

U(l)x

scale

@ Springer

Table 11 Decomposition of the scalar representations in an SO (10)
model with SU(3)¢c x SU(2)1, x SU(2)r x U(1)x intermediate sym-
metry. Only relevant decompositions are shown. For further details, see

Table 1
SO(IO) 3C2L2R1X 3CzL1y Label Scale
10 (3,1,1,-2/3) Q My
(3.1,1,2/3) Qo My
(1,2,2,0) 1,2,3) Q3 My
1,2,-3) H My
45 (1,1,3,0) Q4 My
(1,3,1,0) Qs My
(3,2,2,-2/3) &1 My
(3.2,2,2/3) & My
(1,1,1,0) 1 My
(3,1,1,4/3) & My
(3, 1,1,-4/3) &4 My
8,1,1,0) Qg My
120 (1,2,2,0) Q7 My
(1,1,1,2) Qg My
(3,1,1,2/3) Q9 My
,1,1,-2/3) Qo My
(1,1, 1,-2) Q1) My
(3, 1,1,-2/3) Q12 My
6,1,1,2/3) Q3 My
(3,3,1,2/3) Qa My
(3.3,1,-2/3) Q5 My
(3,1,3,2/3) Q6 My
(3.1,3,-2/3) Q7 My
(1,2,2,0) Q8 My
(2,2,2,-4/3) Q9 My
(3,2,2,4/3) Q0 My
(8,2,2,0) Q21 My
126 (3,1,1,-2/3) Q2 My
(3.1,1,2/3) Q03 My
(1,3,1,2) Qo4 My
(3.3,1,2/3) Q05 My
(6, 3,1,-2/3) Q06 My
1,1,3,-2) 52 My
(3,1,3,-2/3) Q7 My
6,1,3,2/3) Qo8 My
(1,2,2,0) 1,2,3) Q29 M;
(1,2,-3) Q230 M
(3,2,2,4/3) Q3 My
(3.2,2,-4/3) Q3o My
(8,2,2,0) Q33 My
A3c =5,

AL = 6+ N¢, +TI§2 +’7§3,

3 3 3
Ay =8+ 57741 + gflgz + 577{3'
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Here, PSV denotes the Pati—-Salam gauge bosons in the
(3,1, 1, —4/3) representation and L R the additional bosons
in the (3, 2,2, —2/3) (Table 11).
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