
SO(10) grand unification in light of recent LHC searches and

colored scalars at the TeV-scale

Ufuk Aydemir∗

Department of Physics and Astronomy,

Uppsala University, Uppsala 75120, Sweden

Dedicated to memory of Namık Kemal Pak (1947-2015).

Abstract

We analyze the compatibility of the recent LHC signals and the TeV-scale left-right model(s) in

the minimal nonsupersymmetric SO(10) framework. We show that the models in which the Higgs

content is selected based on the extended survival hypothesis do not allow the WR boson to be

at the TeV-scale. By relaxing this conjecture, we investigate various scenarios where a number of

colored-scalars, originated from various Pati-Salam multiplets, are light and whence they survive

down to the low energies. Performing a detailed renormalization group analysis with various low-

energy Higgs configurations and symmetry breaking chains, while keeping the high energy Higgs

content unmodified; we find that, among a number of possibilities, the models which have a light

color-triplet scalar, and its combination with a light color-sextet, particularly stand out. Although

these models do allow a TeV-scale WR boson, generating the required value of the gauge coupling

gR at this scale is non-trivial.
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1. INTRODUCTION

1.1. Overview

Following the discovery of the Higgs boson [1, 2], the LHC searches have been centered

around looking for physics beyond the standard model. The fact that no compelling signals

pointing towards new physics have been detected so far has pushed the expectations to the

second run of the LHC.

Curiously, ATLAS and CMS recently reported an excess in various search channels in the

invariant mass region of 1.8 - 2.0 TeV [3–8], albeit with confidence levels not high enough for

calling it a discovery. Nevertheless, in one of the channels, the deviation from the background

occurs to be quite noticeable with a local significance of 3.4σ and a global of 2.5σ [3]. It was

recently discussed in Ref. [9] that these signals can be explained by a heavy gauge boson

WR of the TeV-scale left-right model, with a single coupling gR ' 0.4.

It is well known that the left-right (symmetric) model [10–14] can be incorporated in

the SO(10) grand unification scheme [15–24]1. The gauge group of the model, SU(2)L ×

SU(2)R×U(1)B−L×SU(3)C , can be obtained from the SO(10) group by various symmetry

breaking sequences. By breaking D-parity at a scale which is different from the breaking

scale of SU(2)R [15, 16], one can also obtain gR 6= gL at lower energies, which is required

for the compatibility with the recent LHC signals. Note that the value gR ' 0.4 is different

from the value of gL in the TeV scale.

In this work, we analyze the compatibility of the TeV-scale left-right model embedded in

the non-supersymmetric SO(10) framework and the recent LHC signals. First, by perform-

ing a detailed renormalization group (RG) analysis, we show that the traditional SO(10)

scheme, in which the Higgs content is determined based on the extended survival hypothe-

sis (ESH) [32], does not allow the left-right model to be at the TeV scale. The symmetry

breaking scale MR, where the left-right model gauge group is broken into the SM one, turns

out to be significantly higher. Recall that the ESH states that at every step of a symmetry

breaking chain, the only scalars which survive below the corresponding symmetry breaking

scale are the ones which acquire vacuum expectation values (VEV’s) at the subsequent levels

of the symmetry breaking.

1 For analyses of supersymmetric SO(10) GUT, see Refs. [25–31].
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In order to explore the SO(10) scheme more in depth, we slightly relax the ESH conjecture

as effectively and “economically” as possible. First of all, we will stay in the minimal

picture, by which we mean that we will not include any SO(10) multiplets other than the

ones required to begin with. Furthermore, relaxing the ESH in determining the high energy

Higgs content does not significantly affect the low energy RG behaviour; therefore in that

case, we would have to allow a quite number of large multiplets to survive down to symmetry

breaking scales, which would imply excessive amount of fine-tuning in the model. The more

effective way to proceed is to allow particles to survive down to MR from MC , which is

the energy scale where the SU(4)C symmetry is broken2. Since it is only single symmetry

breaking stage above MR, the fine-tuning is relatively under control3. Moreover, the colored

scalars, which are remnant from breaking of the SU(4)C gauge group, have potential to

change the RG running significantly without being included in large numbers. Therefore,

slightly modifying the low energy scalar content by relaxing the ESH generates the possibility

to accommodate a TeV-scale WR boson in the SO(10) framework. As we will see in this

work, this is indeed the case. However, the predicted range of values for gR(MR) in these

models is gR ' 0.47− 0.53, which is above the value given in [9].

1.2. Status of the recent signals at LHC

Recently, ATLAS reported on a search for new heavy bosons hadronically decaying into

WW , WZ, or ZZ [3]. The largest deviation from the background occurs in the WZ channel

at around 2 TeV with a local significance of 3.4σ and a global of 2.5σ. In addition, both

CMS [4] and ATLAS [5] observe an excess at around 1.8 TeV in the dijet distributions

albeit with low significance (2.2σ and 1σ). Moreover, CMS notices an excess, again at

around 2 TeV, both in their search for massive WH production in the `νbb final state [6]

and in massive resonance production decaying into two SM vector bosons (one of which is

leptonically tagged [7]), both of which have lower significance than 2σ. Recently, ATLAS

reported in a note on an analysis which combines all diboson searches in all-leptonic, semi-

2 In Ref. [33], a similar treatment was applied in cases of the partially unified (regular) Pati-Salam model,

and the grand unified Pati-Salam model from non-commutative geometry.
3 In the case of models type-II, which will be discussed in the upcoming sections, the situation slightly

worsens because of the presence of the energy scale MD in between MR and MC .
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leptonic and all-hadronic final states [8], in which they state that the excesses they observed

before in the hadronic channels persist.

In a recent work, it is discussed that the current signals can be explained by a heavy

right-handed gauge boson WR with a single coupling gR(MR) ' 0.4, where MR = 5 TeV, in

the left-right models with the gauge group SU(2)L × SU(2)R ×U(1)′ [9]. Note this value is

different from the value of SM WL coupling gL(5 TeV) ' 0.63 [34, 35].

Many other authors have also discussed possible phenomenological consequences of the

WR interpretation [33, 36–55], but we refrain from reviewing them here.

2. THE LEFT-RIGHT MODEL IN THE MINIMAL SO(10)

The left-right model of weak interactions is based on the gauge group SU(2)L×SU(2)R×

U(1)B−L with the fermion fields

qL =

 u

d


L

, qR =

 u

d


R

, lL =

 ν0

e−


L

, lR =

 ν0

e−


R

(1)

with the quantum number assignments

(IL, IR, B − L) = (2, 1,
1

3
) , (1, 2,

1

3
) , (2, 1,−1) , (1, 2,−1) , (2)

respectively. The electric charge formula is given by

Q = I3L + I3R +
B − L

2
. (3)

There are seven gauge bosons in the model, W i
L, W i

R, and WBL, i = 1, 2, 3, with the gauge

couplings gL, gR. and gBL, associated with the SU(2)L, SU(2)R, and U(1)B−L gauge sym-

metries, respectively.

If the model has the D-parity invariance [56], a Z2 symmetry which maintains a complete

symmetry between the left and the right sectors, then the model is called the left-right

symmetric model (LRSM), and its symmetry group (including the colour sector) is given as

SU(2)L×SU(2)R×U(1)B−L×SU(3)C ×D 4. In this case, due to this left-right symmetry,

we also have gL = gR.

4 Note that the D-parity is slightly different than the usual Lorentz parity; the latter does not transform

scalars, while the D-parity may transform them non-trivially.
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If the recent LHC signals are interpreted in the left-right (symmetric) model, they strongly

favor that gL 6= gR in the TeV-scale [9]. This can be achieved also from the symmetric case

if the the D-parity is broken separately at an energy scale (MD) above the TeV-scale, which

induces that gL 6= gR below the scale MD since these coupling constants evolve under the

influence of different particle contents below this energy scale [15, 16]. Then, the symmetry

breaking pattern from the gauge group of the left-right model into the Standard Model

gauge group is given as5

SU(2)L × SU(2)R × U(1)B−L × SU(3)C
MR−−→ SU(2)L × U(1)Y × SU(3)C , (4)

which is followed by the regular breaking into U(1)Q × SU(3)C at around MZ .

The Higgs sector, required in order to realize this symmetry breaking pattern, includes

SU(2)L,R triplets, ∆L1(3, 1, 2, 1) and ∆R1(1, 3, 2, 1), and a bidoublet φ(2, 2, 0, 1). The triplet

∆R1 breaks SU(2)R×U(1)B−L into U(1)Y , while the bidoublet φ does the same for SU(2)L×

U(1)Y → U(1)Q, by appropriate VEV’s. Note that ∆L1 is introduced only for ensuring the

left-right symmetry above MD.6

The symmetry breaking sequences, required to achieve the symmetry group of the left-

right model from SO(10), can be gathered into two groups, depending on whether

MD ≤ MC or MC ≤ MD, (5)

where MC is the energy scale at which the SU(4)C gauge group is broken, while MD is the

D-parity breaking scale, mentioned above. Therefore, the most general symmetry breaking

sequences are

Chain I: SO(10)
MU−−→ G224D

MD−−→ G224
MC−−→ G2213

MR−−→ G213
MZ−−→ G13 ,

Chain II: SO(10)
MU−−→ G224D

MC−−→ G2213D
MD−−→ G2213

MR−−→ G213
MZ−−→ G13 ,

(6)

where we introduce the notation

5 The symmetry breaking pattern given in Eq. (4) is not the only option available. Another possible pattern

is the one which includes a stage where SU(2)R → U(1)R is followed by U(1)R × U(1)B−L → U(1)Y in

which an extra scale is assumed. In this case, the gauge bosons WR and ZR become massive in different

stages. This option is not a subject of this work.
6 Here, instead of the SU(2) triplets, the SU(2) doublets χL(2, 1, 1, 1) and χR(1, 2, 1, 1), which originate

from the SO(10) multiplet 16, can also be used. The advantage of the triplet representation is that it

provides a Majorana mass term for the right-handed neutrino.
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G224D ≡ SU(2)L × SU(2)R × SU(4)C ×D ,

G224 ≡ SU(2)L × SU(2)R × SU(4)C ,

G2213D ≡ SU(2)L × SU(2)R × U(1)B−L × SU(3)C ×D ,

G2213 ≡ SU(2)L × SU(2)R × U(1)B−L × SU(3)C ,

G213 ≡ SU(2)L × U(1)Y × SU(3)C ,

G13 ≡ U(1)Q × SU(3)C . (7)

It is also possible to have smaller sequences for each of the conditions given in Eq. (5), which

are

Chain I-a: SO(10)
MU=MD−−−−−→ G224

MC−−→ G2213
MR−−→ G213

MZ−−→ G13 ,

Chain I-b: SO(10)
MU−−→ G224D

MD=MC−−−−−→ G2213
MR−−→ G213

MZ−−→ G13 ,

Chain I-c: SO(10)
MU=MD=MC−−−−−−−−→ G2213

MR−−→ G213
MZ−−→ G13 ,

Chain II-a: SO(10)
MU=MC−−−−−→ G2213D

MD−−→ G2213
MR−−→ G213

MZ−−→ G13 . (8)

Note that we ignore the chains with MC = MR since we are interested in a TeV-scale MR,

and there hasn’t been any noticeable signals observed at the LHC regarding a TeV-scale

MC .

Our strategy to deal with these symmetry breaking patterns is as follows. It is always

possible to start with the most general chain and discover the smaller ones numerically in the

process of computation, instead of dealing with each chain separately. However, these two

approaches are not always equivalent simply because of the Higgs content chosen to start

with in each case. Nevertheless, in the scenarios we explore, they are exactly (numerically)

equivalent. Therefore, in this work, we will only consider the models with Chain I and Chain

II and cover the subchains, given in Eq. (8), numerically in the process.

3. SET-UP

We would like to see if a TeV-scale left-right model with the required gauge coupling

gR can be accommodated in the SO(10) framework. The most general symmetry breaking

sequences, which we will be concerned with in this work, are given in Eq. (6).
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The ordering of the breaking scales must be strictly maintained in the computations, that

is

MZ ≤ MR ≤ MC ≤ MD ≤ MU for Chain I

and

MZ ≤ MR ≤ MD ≤ MC ≤ MU for Chain II . (9)

We label the energy intervals in between symmetry breaking scales starting from [MZ ,MR]

up to [MD,MU ] for Chain I, and up to [MC ,MU ] for Chain II, with Roman numerals as:

Chain I Chain II

I : [MZ , MR] − G213 (SM) , I : [MZ , MR] − G213 (SM) ,

II : [MR, MC ] − G2213 , II : [MR, MD] − G2213 ,

III : [MC , MD] − G224 , III : [MD, MC ] − G2213D ,

IV : [MD, MU ] − G224D , IV : [MC , MU ] − G224D . (10)

In several cases, adjacent scales are equal, which collapses the corresponding energy interval

and skips the intermediate step in between. For instance, if MD = MC in Chain I, G224D is

broken directly into G2213, and interval IV will be followed by interval II, skipping interval

III. Similarly, when MU = MC in Chain II, interval IV does not exist and the RG running

starts from interval III where G2213D is the relevant gauge group.

The boundary/matching conditions we impose on the couplings at the symmetry breaking

scales are:

MU : gL(MU) = gR(MU) = g4(MU) , (11)

MD : gL(MD) = gR(MD) , (12)

MC :

√
2

3
gBL(MC) = g3(MC) = g4(MC) , (13)

MR :
1

g2
1(MR)

=
1

g2
R(MR)

+
1

g2
BL(MR)

, g2(MR) = gL(MR) , (14)

MZ :
1

e2(MZ)
=

1

g2
1(MZ)

+
1

g2
2(MZ)

. (15)

In the following, we will investigate various scenarios whether it is possible to set MR ∼

5 TeV, while maintaining MU below the Planck scale. The IR data which we will keep fixed

as boundary conditions to the RG running are [34, 35]

α(MZ) = 1/127.9 ,
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αs(MZ) = 0.118 ,

sin2 θW (MZ) = 0.2312 , (16)

at MZ = 91.1876 GeV, which translates to

g1(MZ) = 0.36 , g2(MZ) = 0.65 , g3(MZ) = 1.22 . (17)

Note that the coupling constants are all required to remain in the perturbative regime during

the evolution from MU down to MZ .

4. ONE-LOOP RENORMALIZATION GROUP RUNNING

For a given particle content, the gauge couplings are evolved according to the 1-loop RG

relation

1

g2
i (MA)

− 1

g2
i (MB)

=
ai

8π2
ln
MB

MA

, (18)

TABLE I: Dynkin index Ti for several irreducible representations of SU(2), SU(3), and SU(4).

Note that different normalization conventions are used in the literature. For example, there is

a factor of 2 difference between Tis given in Ref. [58] and those in Ref. [59]. We follow the

convention of the former. Notice also that there exist two inequivalent 15 dimensional irreducible

representations for SU(3).

Representation SU(2) SU(3) SU(4)

2
1

2
− −

3 2
1

2
−

4 5 − 1

2

6
35

2

5

2
1

8 42 3 −

10
165

2

15

2
3

15 280 10,
35

2
4
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where the RG coefficients ai are given by [57, 58]

ai = −11

3
C2(Gi) +

2

3

∑
Rf

Ti(Rf ) · d1(Rf ) · · · dn(Rf )

+
η

3

∑
Rs

Ti(Rs) · d1(Rs) · · · dn(Rs) . (19)

Here, the summation is over irreducible chiral representations of fermions (Rf ) in the second

term and those of scalars (Rs) in the third. η = 1 or 1/2, depending on whether the

representation is complex or real, respectively. C2(Gi) is the quadratic Casimir for the

adjoint representation of the group Gi, and Ti is the Dynkin index of each representation.

See Table I for the Dynkin indexes of several representations most of which will be useful

for our discussion in the following sections. For U(1), C2(G) = 0 and

∑
f,s

T =
∑
f,s

(
Y

2

)2

, (20)

where Y/2 is the U(1) charge, the factor of 1/2 coming from the traditional normalizations of

the hypercharge d and B−L charges. The ai’s will differ depending on the particle content

in each energy interval, which changes every time symmetry breaking occurs. We will

distinguish the ai’s in different intervals with the corresponding roman numeral superscript,

cf. Eq. (10).

5. MODELS

5.1. Models type-I

We define the models type-I as the models in which MD > MC . Therefore, the relevant

most general symmetry breaking sequence is Chain I, which is

SO(10)
MU−−→
54

G224D
MD−−→
210

G224
MC−−→

45, 210
G2213

MR−−→
126

G213
MZ−−→
10

G13 . (21)

The first stage of the symmetry breaking is realized by a Pati-Salam (G224) singlet field

acquiring VEV, which is contained in the SO(10) multiplet 54 whose decomposition into

irreducible representations of G224 is given by

54 = (1, 1, 1)⊕ (1, 1, 20)⊕ (2, 2, 6)⊕ (3, 3, 1) . (22)
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Note that the singlet here is even under D-parity, which, therefore, remains unbroken at

this stage.

At the second stage, only the D-parity is broken, which requires a G224 singlet field, odd

under D-parity. 210 contains such a field in its decomposition which is given as

210 = (1, 1, 1)⊕ (2, 2, 20)⊕ (3, 1, 15)⊕ (1, 3, 15)⊕ (2, 2, 6)⊕ (1, 1, 15) , (23)

where the required singlet field here is (1, 1, 1)210. 210 can also be used to break G224 into

G2213 by the multiplet (1, 1, 15)210. However, note that since (1, 1, 15)210 is even under D-

parity, it can only be used in the stages where D-parity breaking is not required. If one

would like to break the parity together with SU(4)C as in Chain I-b, given in Eq. (8), then

one should use 45, whose decomposition is given as

45 = (1, 1, 15)⊕ (3, 1, 1)⊕ (1, 3, 1)⊕ (2, 2, 6) , (24)

where (1, 1, 15)45 is odd under D-parity. Note that (1, 1, 15)45 can also be used for breaking

G224 into G2213 instead of (1, 1, 15)210, since the parity is not relevant at this stage. We will

choose to use (1, 1, 15)45 ≡ Σ(1, 1, 15), since, as mentioned previously, we will be numerically

exploring the MD = MC case as well in the computations while working out Chain I.

Although it does not make a difference numerically to use the either one, (1, 1, 15)45 serves

better from the physics perspective.

The breaking of G2213 down to G213 is accomplished by (1, 3, 10)126, which belongs to

126. The decomposition of 126 into irreducible representations of G224 is given as

126 = (1, 3, 10)⊕ (3, 1, 10)⊕ (2, 2, 15)⊕ (1, 1, 6) . (25)

Note that 126 provides mass terms for the right-handed and left-handed neutrinos by the

multiplets (1, 3, 10)126 ≡ ∆R(1, 3, 10) and (3, 1, 10)126 ≡ ∆L(3, 1, 10), acquiring VEV’s; it

hence provides both type-I and type-II seesaw mechanism [61].

Finally, the bidoublet φ(2, 2, 1), which contains the required component to realize the

electroweak symmetry breaking, i.e. G213 → G13, is found in 10 which decomposes into

irreducible representations of G224 as

10 = (2, 2, 1)⊕ (1, 1, 6) . (26)

In the following, we will first work out the case where the Higgs content at each energy

interval is determined based on the extended survival hypothesis (ESH), and then we will

proceed to the other models.
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5.1.1. Model I-1: ESH

Under the ESH, the Higgs sector in the energy interval IV consists of

σ(1, 1, 1) , φ(2, 2, 1) , ∆R(1, 3, 10) , ∆L(3, 1, 10) , Σ(1, 1, 15) . (27)

At the energy scale MD, the symmetry group G224D is broken down to G224 by the parity-

odd singlet field σ acquiring a VEV. According to the ESH, ∆L picks a mass at MD and

decouples from the rest. The remaining fields decompose into irreducible representations of

G2213 as:

Σ(1, 1, 15) = Σ1(1, 1, 0, 1)⊕ Σ3

(
1, 1,

4

3
, 3

)
⊕ Σ3̄

(
1, 1,
−4

3
, 3̄

)
⊕ Σ8(1, 1, 0, 8) ,

∆R(1, 3, 10) = ∆R1(1, 3, 2, 1)⊕∆R3

(
1, 3,

2

3
, 3

)
⊕∆R6

(
1, 3,
−2

3
, 6

)
,

φ(2, 2, 1) = φ(2, 2, 0, 1) . (28)

The breaking of G224 down to G2213 is realized by the field Σ1 acquiring a VEV. Σ3, Σ3̄,

Σ8, ∆R3, ∆R6 are all colored-fields, so they do not acquire VEV’s in the subsequent steps.

Thus, under the ESH, all these fields become heavy at MC and decouple in the RG equations

below MC .

The remaining fields decompose into irreducible representations of G213 as:

∆R1(1, 3, 2, 1) = ∆0
R1(1, 0, 1)⊕∆+

R1(1, 2, 1)⊕∆++
R1 (1, 4, 1) ,

φ(2, 2, 0, 1) = φ2(2, 1, 1)⊕ φ′2(2,−1, 1) . (29)

The breaking of G2213 down to G213 is realized by the field ∆0
R1, while that of G213 down to

G13 is accomplished by the neutral (diagonal) components of φ2(2, 2, 0, 1), acquiring VEVs.

The fields ∆+
R1 and ∆++

R1 are both charged under electromagnetism, so they do not acquire

VEV’s in the subsequent steps. Thus, these fields become heavy at MR. In addition, only

one of the two physical states (which are linear combinations of φ2 and φ′2) remains light

while the other picks a mass at MR, unless fine-tuning is applied [60]. The remaining field,

the SM Higgs (which can be identified without loss of generality as φ2(2, 1, 1)), is left to be

the only field in the Higgs spectrum below MR. Thus, the particle content (other than the

fermions and gauge bosons) of this model in the energy intervals I through IV are:
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TABLE II: The Higgs content and the RG coefficients in the four energy intervals for Model I-1

where the Higgs selection is made according to the ESH.

Interval Higgs content RG coefficients

IV ∆R(1, 3, 10), ∆L(3, 1, 10), Σ(1, 1, 15) (aL, aR, a4)IV =

(
11

3
,
11

3
,−4

)
σ(1, 1, 1), φ(2, 2, 1)

III φ(2, 2, 1), ∆R(1, 3, 10), Σ(1, 1, 15) (aL, aR, a4)III =

(
−3,

11

3
,−7

)
II φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1) (aL, aR, aBL, a3)II =

(
−3,
−7

3
,
11

3
,−7

)
I φ2(2, 1, 1) (a1, a2, a3)I =

(
41

6
,
−19

6
,−7

)

IV : σ(1, 1, 1) , φ(2, 2, 1) , ∆R(1, 3, 10) , ∆L(3, 1, 10) , Σ(1, 1, 15) ,

III : φ(2, 2, 1) , ∆R(1, 3, 10) , Σ(1, 1, 15) ,

II : φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) ,

I : φ2(2, 1, 1) . (30)

The values of the RG coefficients for this Higgs content are listed in Table II.

Using the relations between the experimentally measured quantities (α(MZ), αs(MZ),

sin2 θW (MZ)) and the symmetry breaking scales, Eqs. (A3-A4), which can be derived by

using the one-loop running equations and the boundary/matching conditions, we obtain

2774 = −46 ln
MU

MD

+ 36 ln
MD

MC

+ 57 ln
MC

MR

+ 109 ln
MR

MZ

,

1985 = 46 ln
MU

MD

+ 44 ln
MD

MC

+ 51 ln
MC

MR

+ 67 ln
MR

MZ

. (31)

where we also use the RG coefficients given in Table II. To work out the details of Eq. (31),

it is more convenient to work with the common logarithm. Therefore, we make the following

definitions.

u = log10

MU

GeV
, d = log10

MD

GeV
, c = log10

MC

GeV
, r = log10

MR

GeV
.

(32)
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Then, Eq. (31) becomes

1418 = −46u+ 82d+ 21c+ 52r ,

993 = 46u− 2d+ 7c+ 16r . (33)

Solving the system given in Eq. (33) for u and r, we obtain

r = 35.5− 1.18d− 0.41c , (34)

u = 9.26 + 0.45d− 0.01c . (35)

As can be seen from Eq. (34), the minimum for r is achieved when d and c take their

maximum values. Due to the constraint (9), the maximum value for c is d, and the maximum

value for d is u. Hence, the minimum value that r is allowed to take can be found from

Eq. (34), for u = d = c, as

(MR)min : MR = 109.0 GeV , MU = MD = MC = 1016.6 GeV . (36)

Therefore, the system does not allow that MR = 5 TeV.

The maximum value allowed for r, again from Eq. (34), can be found if, this time, d and

c take their minimum values, which is r. Then for d = c = r, we have

(MR)max : MR = MC = MD = 1013.7 GeV , MU = 1015.3 GeV . (37)

The maximum value allowed for MR, and the values that MU , MD, and MC take when

MR = (MR)max will be the same for the models considered in this work. This is simply

because in all of these models MR = (MR)max is achieved when MR = MC = MD, which

TABLE III: The predictions of Model I-1.

MX log10MX/GeV

MU [15.3, 16.7]

MD [13.7, 16.7]

MC [11.2, 16.6]

MR [9.0, 13.7]

α−1
U [41.0, 46.4]

13



I II

ΑL
-1

ΑR
-1

Α
�
1, BL
-1

Α3, 4
-1

0 5 10 15
0

10

20

30

40

50

60

70

log10@Μ�GeVD

Α
-

1
@Μ

D=
4

Π
�g

2
@Μ

D

(a) (MR)min : (rmin, c = d = u) = (9.0, 16.9)

I II III IV

ΑL
-1

ΑR
-1

Α
�
1, BL
-1

Α3, 4
-1

0 5 10 15
0

10

20

30

40

50

60

70

log10@Μ�GeVD

Α
-

1
@Μ

D=
4

Π
�g

2
@Μ

D

(b) (r, c, d, u) = (12.0, 13.3, 15.3, 16.1)

FIG. 1: Running of the gauge couplings for Model I-1. The vertical dotted lines from left to

right correspond to the symmetry breaking scales MZ , MR, and MC , and MD, which also indicate

the beginning of the energy intervals I, II, III, and IV, respectively. For α−1
1 and α−1

BL, we plot

the redefined quantities α̃−1
1 ≡ 3

5
α−1

1 and α̃−1
BL ≡

3

2
α−1
BL. The two cases shown are (a) MR =

(MR)min = 109.0 GeV case, and (b) a random example where we select MR = 1012.0 GeV, and

among the values now allowed (after fixing MR), we select MU = 1016.1 GeV; then, the other values

are automatically fixed as MD = 1015.3 GeV and MC = 1013.3 GeV.

collapses the energy interval II and eliminates its effects from the system equations. Since

the interval II is the only interval that causes the difference among these models, for the nu-

merical configurations of the ordered quadruple (MU ,MD,MC ,MR) (or (MU ,MC ,MD,MR)

for the models type-II) which deactivate the interval II, these models will yield identical

results.

Similarly, the interval of values allowed for MU , MD, and MC can be determined as well;

by solving the system equations, given in Eq. (33), for the parameter to be determined,

while maintaining the ordering of the scales. Additionally, including Eqs. (A5) and (A6)

into the system, the same procedure can be applied to find the allowed intervals for αU and

gR(MR). The results are displayed in Table III. Note that, throughout this work, we will

display the results for gR(MR) only if they are relevant to our purpose, i.e. if the model in

question allows MR to be in the TeV scale.

Recall that there is another constraint that we impose on our models, which is maintaining

MU below the Planck scale. In this case, however, as can be seen in Table III, the system

automatically satisfies this condition.
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The running of the coupling constants are displayed in FIG. 1 for two samples of selected

values for (MU ,MD,MC ,MR).

5.1.2. Model I-2: A triplet

We have shown in the previous part that the model in which the Higgs content is deter-

mined based on the ESH does not allow MR to be in the TeV-scale. Now, we would like to

relax this conjecture in order to see if it is possible to obtain a different outcome. Recall that

we do not change the total particle content of the model which we begin with. Therefore,

in that aspect, we are still in the minimal SO(10) framework. The difference now is that we

will allow some of the states, in addition to the ones required for the subsequent stages of

the symmetry breaking, to be light and survive down to low energies in the RG equation.

We do not change the ESH conjecture above MC , where the SU(4)C is broken. Below this

scale, there are only limited number of options available in terms of the sort of particles that

can survive down to low energies. The only multiplets that can change the RG behaviour

noticeably are the colored scalars originated from ∆R(1, 3, 10) and Σ(1, 1, 15). As can be

seen in their decomposition into irreducible representations of G2213, given in Eq. (28), there

are several color-triplets, a color-sextet, and a color-octet, available for our purpose.

We begin with investigating whether the color-triplet scalar (∆R3(1, 3, 2/3, 3)), which is

assumed to be light with a mass of order MR, can enhance the interval of allowed values for

MR, found in the previous model, in such a way that it involves TeV-scale values7. Here,

since we have the same picture as before down to MC , there is no change in the energy

intervals IV and III in terms of the particle content and the RG coefficients. Below MC ,

an extra color-triplet Higgs is present down to MR (interval II) and it is assumed to be

decoupled from the rest of the system in the SM interval (interval I), below MR. Therefore,

the only changes are in the interval II. The Higgs content in this interval is given as

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆R3

(
1, 3,

2

3
, 3

)
. (38)

7 Note that color-triplets lead to scalar-induced d = 6 operators that contribute to the proton decay

amplitude. Although these contributions are typically suppressed by small Yukawa couplings, the color-

triplets being as light as the TeV-scale can cause a potentially dangerous situation [62]. In that case, a

mechanism is required to adequately suppress these interactions, such as the ones proposed in Refs. [63, 64].
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TABLE IV: The Higgs content and the corresponding RG coefficients for the models type-I in the

energy interval II where the symmetry is G2213. Relaxing the ESH leads to different Higgs content

and different RG coefficients. Note that the RG coefficients for the other intervals are the same as

the ones given in Table II.

Models Higgs content in the energy interval II (MC-MR) (aL, aR, aBL, a3)II

I-1 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1)

(
−3,
−7

3
,
11

3
,−7

)
I-2 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1), ∆R3

(
1, 3,

2

3
, 3

) (
−3,
−1

3
, 4,
−13

2

)
I-3 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1), ∆R6

(
1, 3,
−2

3
, 6

) (
−3,

5

3
,
13

3
,
−9

2

)
I-4 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1), Σ8(1, 1, 0, 8)

(
−3,
−7

3
,
11

3
,
−13

2

)
I-5 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1), ∆R3

(
1, 3,

2

3
, 3

)
, ∆R6

(
1, 3,
−2

3
, 6

) (
−3,

11

3
,
14

3
,−4

)
I-6 φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1), ∆R3

(
1, 3,

2

3
, 3

)
, Σ8 (1, 1, 0, 8)

(
−3,
−1

3
, 4,−6

)

Using Eqs. (A3) and (A4) with the new RG coefficients in the interval II, given in Table

IV, we have the following new set of relations.

2774 = −46 ln
MU

MD

+ 36 ln
MD

MC

+ 78 ln
MC

MR

+ 109 ln
MR

MZ

,

1985 = 46 ln
MU

MD

+ 44 ln
MD

MC

+ 54 ln
MC

MR

+ 67 ln
MR

MZ

. (39)

Notice that the only difference between Eq. (31) and Eq. (39) is, naturally, the numerical

factors in front of ln
MC

MR

. In terms of our logarithmic parameters (u, d, c, r), defined in

Eq. (32), Eq. (39) becomes

1418 = −46u+ 82d+ 42c+ 31r ,

993 = 46u− 2d+ 10c+ 13r . (40)

Solving the system given in Eq. (40), while maintaining the ordering of the symmetry break-

ing scales, given in Eq. (9), we find

(MR)min : MR = MZ ,
MU

GeV
=
[
1018.0, 1018.2

]
,

MD

GeV
=
[
1017.6, 1018.2

]
MC

GeV
=
[
1016.7, 1017.6

]
. (41)
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TABLE V: The predictions of Model I-2 for cases where MR is allowed to float and where it is

fixed to 5 TeV.

MX log10MX/GeV

MU [15.3, 18.2]

MD [13.7, 18.2]

MC [11.2, 17.6]

MR [MZ , 13.7]

α−1
U [41.0, 47.4]

gR(MR) [0.48, 0.54]

MX log10MX/GeV

MU [17.6, 17.9]

MD [17.0, 17.9]

MC [15.7, 17.0]

MR 5 TeV

α−1
U [45.5, 47.2]

gR(MR) [0.51, 0.53]

(a) MR floating: (b) MR fixed:

Unlike the previous model, the system equations in this case cannot pin the values that MU ,

MD, and MC take when MR = (MR)min to single values; instead, they are given in terms of

intervals. When MR is allowed to float between its minimum and maximum, these intervals

naturally become wider. The results for this case are given in Table Va. The maximum

value allowed for MR, and the ones that MU , MD, and MC take when MR = (MR)max, are

the same as the ones in the previous model, given in Eq. (37).

As a result, the system allows a TeV-scale MR. The values MU , MD, and MC can take,

when MR = 5 TeV, are given in Table Vb. Since the main prediction we are interested in is

the value of gR(MR), using Eqs. (A5) and (33), we obtain

1

g2
R(MR)

= −13.85 + 0.99u , (42)

which, together with the maximum and minimum values allowed for u, yields

0.51 ≤ gR(MR) ≤ 0.53 (43)

for MR = 5 TeV. The running of the coupling constants for this case is given in FIG. 2 (a).
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5.1.3. Model I-3: A sextet

In this model, we assume that only the color-sextet component (∆R6) of ∆R(1, 3, 10) is

light and survives down to the mass scale MR (inteval II). Then, the Higgs content in the

interval II becomes

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆R6

(
1, 3,
−2

3
, 6

)
. (44)

The corresponding RG coefficients for this interval are given in Table IV, and the ones for

the other intervals are the same as before, given in Table II. Numerically, we have

1418 = −46u+ 82d+ 63c+ 10r ,

993 = 46u− 2d+ c+ 22r . (45)

Solving these equations for r and u while maintaining the ordering of the symmetry

breaking scales, we find that (MR)min = MZ is achieved when MU/GeV = [1021.0, 1021.4].

Setting MR = 5 TeV yields

MR = 5 TeV ,
MU

GeV
=
[
1020.2, 1020.5

]
,

MD

GeV
=
[
1015.9, 1020.5

]
MC

GeV
=
[
1010.2, 1015.9

]
, gR(MR) = [0.43, 0.49] . (46)

Note that MU exceeds the Planck scale, whereas we would like to keep it below this scale.

If we employ this condition, we obtain

(MR)min : MR = 106.1 GeV , MU = 1019.0 GeV , MD = MC = 1015.4 GeV .

(47)

TABLE VI: The predictions of Model I-3. The underlined value in the first row implies that we

employ the condition of maintaining MU below the Planck mass.

MX log10MX/GeV

MU [15.3, 19.0]

MD [13.7, 19.0]

MC [10.6, 15.4]

MR [6.1, 13.7]

α−1
U [39.7, 48.6]
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which, obviously, excludes MR = 5 TeV. The rest of the results for this case are displayed

in Table VI, and the running of the coupling constants is given in FIG. 2 (b), for a sample

of values of the symmetry breaking scales.

5.1.4. Model I-4: An octet

In this model, we investigate the case of the color-octet Σ8(1, 1, 0, 8), which is a part of

the multiplet Σ(1, 1, 15), surviving in the energy interval II (MC −MR). The Higgs content

in the interval II is then given as

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , Σ8 (1, 1, 0, 8) . (48)

Using Eqs. (A3-A4) and the corresponding RG coefficients given in Table II, in terms of the

definitions given in Eq. (32), we obtain

1418 = −46u+ 82d+ 21c+ 52r ,

993 = 46u− 2d+ 3c+ 20r . (49)

Solving these equations while maintaining the ordering of the scales, the minimum possible

value for MR is found as

(MR)min : MR = 107.7 GeV , MU = MD = MC = 1017.9 GeV , (50)

while the ordered quadruple (MU ,MD,MC ,MR) for MR = (MR)max is the same as before,

given in Eq. (37).

TABLE VII: The predictions of Model I-4. Note that the system itself maintains MU below the

Planck scale, unlike the one in the previous model.

MX log10MX/GeV

MU [15.3, 17.9]

MD [13.7, 17.9]

MC [11.2, 17.9]

MR [7.7, 13.7]

α−1
U [41.0, 47.4]
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FIG. 2: Running of the gauge couplings for Model’s I-2 through I-6. Model’s I-2, I-5, and I-6 allow

MR = 5 TeV, and thus MR is fixed to this value for these cases. Fixing MR narrows down the

intervals of allowed values for the other scales. Since at this point there is only one unknown left,

selecting a value for one of the other scales automatically determines the other two. For Model’s I-3

and I-4, we select a (MR,MU ) combination which gives a better physical interpretation compared

to the other combinations. For example, for a particular (MR,MU ) pair, if two adjacent scales

are numerically too close to each other, the physical interpretation is not clear. Then we chose a

combination which separates these values apart or makes them exactly the same.
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The case being such, the system does not allow that MR = 5 TeV. The rest of the results

are displayed in Table VII. The running of the coupling constants is given in FIG. 2 (c), for

a sample of values of the symmetry breaking scales.

5.1.5. Model I-5: A triplet + a sextet

In this case, we have both the color-triplet (∆R3) and the color-sextet (∆R6) components

of the Higgs multiplet ∆R(1, 3, 10) in the interval II (MR −MC), where the gauge group is

G2213, in addition to our usual Higgs fields. Then, the scalar content in the energy interval

II is given as

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆R3

(
1, 3,

2

3
, 3

)
, ∆R6

(
1, 3,
−2

3
, 6

)
. (51)

The corresponding RG coefficients for the interval II are given in Table IV and the ones

for the other intervals are given in Table II. Using Eqs. (A3-A4), in terms of the definitions

given in Eq. (32), we obtain

1418 = −46u+ 82d+ 84c− 11r ,

993 = 46u− 2d+ 4c+ 19r . (52)

TABLE VIII: The predictions of Model I-5. In the MR-floating case, we do not allow MU to exceed

the underlined value.

MX log10MX/GeV

MU [15.3, 19.45]

MD [13.7, 19.45]

MC [9.2, 14.2]

MR [3.7, 13.7]

α−1
U [36.0, 49.0]

gR(MR) [0.43, 0.54]

MX log10MX/GeV

MU 19.45

MD 14.2

MC 14.2

MR 5 TeV

α−1
U 36.0

gR(MR) 0.47

(a) MR-floating. (b) MR-fixed.
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Solving these equations, while maintaining the order of breaking scales, we obtain

(MR)min : MR = MZ ,
MU

GeV
=
[
1020.2, 1021.0

]
,

MD

GeV
=
[
1014.3, 1021.0

]
MC

GeV
=
[
108.1, 1014.3

]
. (53)

Here, we have a similar situation as in Model I-3 that MU (and partially MD) exceeds the

Planck scale. If we employ the condition of maintaining the scales below the Planck mass,

we obtain

(MR)min : MR = 62 TeV ,
MU

GeV
= 1019.0 ,

MD

GeV
=

MC

GeV
= 1014.1 , (54)

where (MR)min is above the TeV scale.

What is different in this case is that if we slightly relax our constraint on (MU)max, we

obtain a TeV scale MR where (MU)max = 2.8 × 1019 GeV, which is only slightly above the

Planck mass. If we set this new value as the upper bound, we find

(MR)min : MR = 5 TeV ,
MU

GeV
= 1019.45 ,

MD

GeV
=

MC

GeV
= 1014.2 . (55)

The rest of the results for the final case are displayed in Table VIII, and the running of

the coupling constants is given in FIG. 2 (d).

5.1.6. Model I-6: A triplet + an octet

In this model, we have the color-triplet (∆R3) component of ∆R(1, 3, 10) and the color-

octet (Σ8) component of Σ(1, 1, 15) in the interval II (MR −MC), where the gauge group

is G2213, in addition to our usual Higgs fields. The scalar content in the energy interval II

becomes

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆R3

(
1, 3,

2

3
, 3

)
, ∆8 (1, 1, 0, 8) . (56)

The corresponding RG coefficients for the interval II are given in Table IV and the ones for

the other intervals are given in Table II. Using the Eqs. (A3-A4), in terms of the definitions

in Eq. (32), we have

1418 = −46u+ 82d+ 42c+ 31r ,

993 = 46u− 2d+ 6c+ 17r . (57)
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TABLE IX: The predictions of Model I-6. Since the system itself does not maintain MU below the

Planck scale, we externally apply this condition in both MR-floating and MR-fixed cases.

MX log10MX/GeV

MU [15.3, 19.0]

MD [13.7, 19.0]

MC [11.2, 17.8]

MR [2.8, 13.7]

α−1
U [41.0, 48.4]

gR(MR) [0.48, 0.54]

MX log10MX/GeV

MU [18.7, 19.0]

MD [17.5, 18.6]

MC [15.6, 17.5]

MR 5 TeV

α−1
U [45.0, 47.4]

gR(MR) [0.50, 0.53]

(a) MR floating: (b) MR fixed:

Maintaining the order of symmetry breaking scales, we find that (MR)min = MZ , and

when MR = (MR)min, MU/GeV = [1019.3, 1019.7], which is slightly above the Planck mass.

Imposing that (MU)max = MP , we find

(MR)min : MR = 690 GeV ,
MU

GeV
= 1019.0 ,

MC

GeV
=

MD

GeV
= 1017.8 .

(58)

Therefore, the system allows for MR = 5 TeV. The results are displayed in Table IX, and

the running of the coupling constants is given in FIG. 2 (e).

5.2. Models type-II

We define the models type-II as the models whose symmetry breaking sequence is Chain-

II, where the ordering of MC and MD is reversed, which is given as

Chain II: SO(10)
MU−−→
54

G224D
MC−−→
210

G2213D
MD−−→
210

G2213
MR−−→
126

G213
MZ−−→
10

G13 . (59)

The first part of the symmetry breaking is accomplished as before by 54 which contains a

G224D singlet in its decomposition. In the second stage, where only the SU(4)C is broken but

the D-parity is not, the parity-even field (1, 1, 15)210 ≡ Σ′ is used. The multiplet (1, 1, 15)45

could be used in the third stage, where only the parity is broken, since it contains the
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required, parity-odd, G2213-singlet field, (1, 1, 0, 1)45. However, since in our systematic study

we try to keep the high energy Higgs content as minimal as possible, we choose to use the

singlet σ, contained in 210, as we did in the previous section. Note that this is the only

other option to break the D-parity8. The rest of the symmetry breaking proceeds in the

same way as before.

We will proceed in the rest of this section as follows. We will first work out the ESH case,

where the Higgs content is chosen according to the extended survival hypothesis and show

that it does not allow MR to be in the TeV-scale. After that, as in the previous section, we

will look at various scenarios where some of the colored scalars survive down to low energies.

Among the latter ones, we will focus only on the working scenarios, by which we refer the

ones that allow MR to be in the TeV-scale.

5.2.1. Model II-1: ESH

Under the ESH, the scalar content of this model in the energy intervals I through IV are:

IV : σ(1, 1, 1) , φ(2, 2, 1) , ∆R(1, 3, 10) , ∆L(3, 1, 10) , Σ′(1, 1, 15) ,

III : σ(1, 1, 0, 1) , φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆L1(3, 1, 2, 1) ,

II : φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) ,

I : φ2(2, 1, 1) . (60)

The values of the RG coefficients for this Higgs content for this model are listed in Table X.

Using the Eqs. (A8) and (A9) together with the values in Table X, we obtain

2774 = −46 ln
MU

MC

+ 56 ln
MC

MD

+ 57 ln
MD

MR

+ 109 ln
MR

MZ

,

1985 = 46 ln
MU

MC

+ 56 ln
MC

MD

+ 51 ln
MD

MR

+ 67 ln
MR

MZ

. (61)

In terms of the parameters defined in Eq. (32), Eq. (61) becomes

1418 = −46u+ 102c+ d+ 52r , (62)

993 = 46u+ 10c− 5d+ 16r . (63)

8 Using (1, 1, 0, 1)45 would require to include (1, 1, 15)45 in the interval IV in addition to (1, 1, 15)210. In

terms of the RG evolution, this extra multiplet in IV wouldn’t change the results in a noticeable manner

in any case, because its effect in RG equations would appear as a contribution to the term (aL+aR−2a4),

which would be significantly small compared to the rest of the term.
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Now, the constraint we should take into account for this model, which is the second relation

in Eq. (9), is given in terms of these parameters as

lnMZ ≤ r ≤ d ≤ c ≤ u . (64)

Numerically solving Eq. (62) numerically we obtain the minimum value allowed for r in this

model when u = c = d, the maximum value when r = d = c. Since in both cases, the

ordering between d and c does not apply, the situation is exactly the same as in Model I-1,

which is given in Eqs. (36) and (37). Since the minimum allowed value for MR in this model

is MR = 109.03 GeV, it does not serve for our purpose of obtaining a TeV-scale MR.

All the other ranges of values predicted in this model are summarized in Table XI. Note

that some other boundary values also are exactly the same as the ones in Model I-1, given

in Table III. This is again because the conditions for getting these boundary values in those

intervals involve the sub-condition d = c, which removes the effect of ordering between d

and c (and thus between MC and MD), as in the case of finding the boundary values for

MR, which is explained above.

The running of the coupling constants for this case is given in FIG. 3 (a), for a sample

of values for the symmetry breaking scales.

TABLE X: The Higgs content and the RG coefficients in the four energy intervals for the Model

II-1 where the Higgs selection is made according to the ESH.

Interval Higgs content RG coefficients

IV ∆R(1, 3, 10), ∆L(3, 1, 10), Σ′(1, 1, 15), (aL, aR, a4)IV =

(
11

3
,
11

3
,−4

)
σ(1, 1, 1), φ(2, 2, 1)

III ∆R1(1, 3, 2, 1), ∆L1(3, 1, 2, 1), (aL, aR, aBL, a3)III =

(
−7

3
,
−7

3
,
14

3
,−7

)
σ(1, 1, 0, 1), φ(2, 2, 0, 1)

II φ(2, 2, 0, 1), ∆R1(1, 3, 2, 1) (aL, aR, aBL, a3)II =

(
−3,
−7

3
,
11

3
,−7

)
I φ2(2, 1, 1) (a1, a2, a3)I =

(
41

6
,
−19

6
,−7

)
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TABLE XI: The predictions of Model II-1.

MX log10MX/GeV

MU [15.3, 16.6]

MC [13.7, 16.6]

MD [10.1, 16.6]

MR [9.0, 13.7]

α−1
U [41.0, 46.2]

5.2.2. Model II-2: A triplet + a sextet

In this case, we investigate the scenario in which there is a light triplet (∆R3) and a

light sextet (∆R6) which survive in the RG equations down to MR, in addition to the usual

light Higgs content, ∆R1 and φ. Therefore, in this model, the members of the multiplet

∆R(1, 3, 10) pick light masses altogether. Then, the Higgs content in the intervals III and II

are

III : σ(1, 1, 0, 1) , φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆L1(3, 1, 2, 1) ,

∆R3

(
1, 3,

2

3
, 3

)
, ∆L3

(
3, 1,

2

3
, 3

)
, ∆R6

(
1, 3,
−2

3
, 6

)
, ∆L6

(
3, 1,
−2

3
, 6

)
,

II : φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) ,∆R3

(
1, 3,

2

3
, 3

)
, ∆R6

(
1, 3,
−2

3
, 6

)
. (65)

Note that in the interval III we take into account ∆L components as well, since the

relevant symmetry group is G2213D. The values of the RG coefficients for the Higgs content

in the intervals II and III are listed in Table XII. Since the intervals I and IV are unchanged

from the previous model, the RG coefficients for these intervals are the same as the ones

given in Table X.

Using Eqs. (A8) and (A9) together with the relevant RG coefficients, in terms of the

definitions given in Eq. (32), we obtain

1418 = −46u+ 81c+ 85d− 11r , (66)

993 = 46u+ 7c− 5d+ 19r . (67)
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TABLE XII: The Higgs content and the RG coefficients in the intervals III and II for Model II-2

and Model II-3. No change in the intervals I and IV from the Model II-1.

Models Interval Higgs content (aL, aR, aBL, a3)

E2 III ∆R1, ∆L1, ∆R3, ∆L3, ∆R6, ∆L6, φ, σ

(
11

3
,
11

3
,
19

3
,
−3

2

)
II ∆R1, ∆R3, ∆R6, φ

(
−3,

11

3
,
14

3
,−4

)
E3 III ∆R1, ∆L1, ∆R3, ∆L3, ∆R6, ∆L6, φ, σ

(
11

3
,
11

3
,
19

3
,
−3

2

)
II ∆R1, ∆R6, φ

(
−3,

5

3
,
13

3
,
−9

2

)

TABLE XIII: The predictions of Model II-2. Since the system in this model, unlike the previous

one, does not maintain MU below the Planck scale itself, we externally apply this condition in both

MR-floating and MR-fixed cases.

MX log10MX/GeV

MU [15.3, 19.0]

MC [13.7, 18.9]

MD [9.2, 14.1]

MR [MZ , 13.7]

α−1
U [24.4, 41.0]

gR(MR) [0.48, 0.55]

MX log10MX/GeV

MU [18.3, 19.0]

MC [15.8, 18.3]

MD [9.6, 12.4]

MR 5 TeV

α−1
U [26.4, 32.2]

gR(MR) [0.49, 0.52]

(a) MR floating: (b) MR fixed:

Maintaining the order of symmetry breaking scales, we find that (MR)min = MZ , and

when MR = (MR)min, MU/GeV = [1018.9, 1020.2], which is partially above the Planck mass.

Imposing that (MU)max = MP , we find

(MR)min : MR = MZ ,
MU

GeV
=
[
1018.9, 1019.0

]
,

MC

GeV
=
[
1018.6, 1018.9

]
MD

GeV
=
[
109.2, 109.6

]
, (68)

whereas the ordered quadruple (MU ,MC ,MD,MR) when MR = (MR)max has the same

pattern of values as the previous models, given in Eq. (37). Therefore, the system allows

27



I II IV

ΑL
-1

ΑR
-1

Α
�
1, BL
-1

Α3, 4
-1

0 5 10 15
0

10

20

30

40

50

60

70

log10@Μ�GeVD

Α
-

1
@Μ

D=
4

Π
�g

2
@Μ

D
Model II-1 : ESH

(a) (r, d, c, u) = (12.0, 14.8, 14.8, 15.8)

I II III IV
ΑL

-1

ΑR
-1

Α
�
1, BL
-1

Α3, 4
-1

0 5 10 15
0

20

40

60

80

log10@Μ�GeVD

Α
-

1
@Μ

D=
4

Π
�g

2
@Μ

D

Model II-2 : DR3 +DR6

(b) (r, d, c, u) = (5 TeV, 11.4, 16.7, 18.7)

I II III
ΑL

-1

ΑR
-1

Α
�
1, BL
-1

Α3, 4
-1

0 5 10 15
0

20

40

60

80

log10@Μ�GeVD

Α
-

1
@Μ

D=
4

Π
�g

2
@Μ

D

Model II-3 : Hheavy DR3 L + DR6

(c) (r, d, c, u) = (5 TeV, 11.2, 18.9, 18.9)

FIG. 3: Running of the gauge couplings for the models type II. In (a), Model II-1 is displayed for

the a sample of selected values. We prefer to select MU in such a way that MD = MC , which

collapses the interval III. Note that in the interval II, α−1
L and α−1

R evolve very closely but not

identically. Similarly, in (b) and (c), Model’s II-2 and II-3 are displayed. Since these models allow

MR = 5 TeV, we fix MR to this value in these cases.

that MR = 5 TeV. The results for which MR floats and for which it is fixed to 5 TeV are

displayed in Table XIII. The running of the coupling constants is given in FIG. 3 (b).

5.2.3. Model II-3: Sequential colored-scalars: A heavy triplet and a light sextet

One of the features of the models type-II compared to the models type-I is that in the

former it is possible to have sequential colored-scalars. Since the Pati-Salam group is broken
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to G2213D at MC , a number of scalars may pick their masses of order this scale and decouple

from the rest of the system in the RG evolution; a number of them may gain masses of order

MD-scale where the D-parity is broken; while the others may have masses in the MR-scale.

In this final example, we will investigate such a scenario. We will assume the color-triplet

∆R3 gains a mass of order MD and hence survives in the RG evolution down to this scale,

while the mass of the color-sextet ∆R6 is of order MR, and therefore, it survives all the way

down to MR. All the others, other than the ones which will acquire VEVs at the subsequent

levels of the symmetry breaking, become heavy and decouple in the RG running.

The only difference of this model from the Model II-2 is the Higgs content in the energy

interval II, where ∆R3 is absent. The Higgs content in this interval is given as

φ(2, 2, 0, 1) , ∆R1(1, 3, 2, 1) , ∆R6

(
1, 3,
−2

3
, 6

)
. (69)

Again, using Eqs. (A8) and (A9) together with the corresponding RG coefficients, given in

Table XII, in terms of the definitions given in Eq. (32), we obtain following equations.

1418 = −46u+ 81c+ 64d− 10r , (70)

993 = 46u+ 7c− 8d+ 22r . (71)

Maintaining the order of symmetry breaking scales, we find that (MR)min = MZ , and

when MR = (MR)min, MU/GeV = [1019.6, 1021.0], which is above the Planck mass. Imposing

TABLE XIV: The predictions of Model II-3. Note that the system itself does not maintain MU

below the Planck scale; therefore, we externally apply this condition.

MX log10MX/GeV

MU [15.3, 19.0]

MC [13.7, 19.0]

MD [11.2, 15.4]

MR [3.5, 13.7]

α−1
U [29.5, 41.0]

gR(MR) [0.50, 0.55]

MX log10MX/GeV

MU [18.9, 19.0]

MC [18.7, 18.9]

MD [11.2, 11.6]

MR 5 TeV

α−1
U [29.6, 30.3]

gR(MR) ' 0.53

(a) MR floating: (b) MR fixed:
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that (MU)max = MP , we find

(MR)min : MR = 2.9 TeV ,
MU

GeV
=

MC

GeV
= 1019.0 ,

MD

GeV
= 1011.2 , (72)

whereas (MR)max and the corresponding values of the other scales when MR = (MR)max

are the same as the previous models. Therefore, the system allows that MR = 5 TeV. The

results9 are displayed in Table XIV, and the running of the coupling constants is given in

FIG. 3 (c).

6. SUMMARY AND CONCLUSIONS

In this work, we have addressed the question whether the left-right model, which is

based on the gauge group SU(2)L × SU(2)R × U(1)B−L × SU(3)C , embedded in the non-

supersymmetric SO(10) framework, could explain the recent LHC signals. By performing

a detailed renormalization group analysis, we have shown that the regular model, where

the Higgs content selection is made under the extended survival hypothesis (ESH), does

not allow MR to be in the TeV-scale. In order to investigate this scheme more in depth,

we have relaxed the ESH conjecture and explored the possibility that MR could be lowered

by a number of light colored scalars surviving from MC , at which SU(4)C is broken, down

to MR. We have found that there are several combinations of these colored-scalars, which

can serve to this end. In a few scenarios, the situation is enhanced such that the left-right

model is allowed to be in the TeV scale. Note that this may put these colored-scalars within

reach of the LHC. However, the predicted values of gR(MR) in these models, which lie in

the interval [0.47, 0.53], are not compatible with the range of values gR ' 0.35− 0.45, given

in Ref. [9], required to explain the recent LHC data.

In this paper, after investigating several models which do not yield positive results for

a TeV-scale left-right model, we have only focused on the models which do. However, we

have also performed this analysis for other possible combinations of colored scalars in the

energy interval II (MR −MC), including the ones with the other triplets available, Σ3 and

9 Note that the color-triplet being heavy is also appealing because of the proton decay; the value of MD

in the MR = 5 TeV case, MD ' 1011 GeV, coincides with the naive lower bound on the mass of the

color-triplet from the limits on the proton decay [65]. This is an improvement compared to the type-I

models, where a suppression mechanism is required for the (light) color-triplet related terms in the proton

decay amplitude.
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Σ3, which are contained in the decomposition of Σ, given in Eq. (28). The results are very

similar to the scenarios discussed in this paper; either these models do not allow MR to be in

the TeV scale; or if they do, the predicted values of gR(MR) are similar to the ones obtained

in the models we have discussed, with the minimum possible value being gR(MR) ' 0.47.

Therefore, we believe that it is not necessary to display them in this paper.

While our analysis could suggest that the left-right model in the SO(10) grand unification

scheme is not favored by the current LHC data, we note that our results are only valid for

the models which have the minimal Higgs content to begin with. Extending the high energy

Higgs content may change the outcome. However, this may weaken the predictive power of

the scheme, unless there is a strong reasoning behind the modifications made, maintaining

the model selection under control.
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Appendix A: Relations Between Symmetry Breaking Scales

1. Chain I

For Chain I we have the following relations.

1

g2
1(MZ)

=
1

g2
R(MU)

+
2

3

1

g2
4(MU)

+
1

8π2

(
aR +

2

3
a4

)IV

ln
MU

MD

+
1

8π2

(
aR +

2

3
a4

)III

ln
MD

MC

+
(aR + aBL)II

8π2
ln
MC

MR

+
aI

1

8π2
ln
MR

MZ

,

1

g2
2(MZ)

=
1

g2
L(MU)

+
aIV
L

8π2
ln
MU

MD

+
aIII
L

8π2
ln
MD

MC

+
aII
L

8π2
ln
MC

MR

+
aI

2

8π2
ln
MR

MZ

,

1

e2(MZ)
=

1

g2
2(MZ)

+
1

g2
1(MZ)

=
1

g2
L(MU)

+
1

g2
R(MU)

+
2

3

1

g2
4(MU)

+
1

8π2

(
aL + aR +

2

3
a4

)IV

ln
MU

MD

+
1

8π2

(
aL + aR +

2

3
a4

)III

ln
MD

MC

+
1

8π2
(aL + aR + aBL)II ln

MC

MR

+
1

8π2
(a1 + a2)I ln

MR

MZ

,

1

g2
3(MZ)

=
1

g2
4(MU)

+
aIV

4

8π2
ln
MU

MD

+
aIII

4

8π2
ln
MD

MC

+
aII

3

8π2
ln
MC

MR

+
aI

3

8π2
ln
MR

MZ

,

1

g2
R(MR)

=
1

g2
R(MU)

+
aIV
R

8π2
ln
MU

MD

+
aIII
R

8π2
ln
MD

MC

+
aII
R

8π2
ln
MC

MR

. (A1)

If we impose the condition

gL(MU) = gR(MU) = g4(MU) ≡ gU , (A2)

then it is straightforward to show that

2π

[
3− 8 sin2 θW (MZ)

α(MZ)

]
=

[
(−5aL + 3aR + 2a4)IV ln

MU

MD

+ (−5aL + 3aR + 2a4)III ln
MD

MC

+ (−5aL + 3aR + 3aBL)II ln
MC

MR

+ (3a1 − 5a2)I ln
MR

MZ

]
, (A3)

2π

[
3

α(MZ)
− 8

αs(MZ)

]
=

[
(3aL + 3aR − 6a4)IV ln

MU

MD

+ (3aL + 3aR − 6a4)III ln
MD

MC
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+ (3aL + 3aR + 3aBL − 8a3)II ln
MC

MR

+ (3a1 + 3a2 − 8a3)I ln
MR

MZ

]
, (A4)

2π

[
4π

g2
R(MR)

− sin2 θW (MZ)

α(MZ)

]
=

[
(aR − aL)III ln

MD

MC

+ (aR − aL)II ln
MC

MR

− aI
2 ln

MR

MZ

]
, (A5)

8π2

g2
U

=
3

8

[
2π

α(MZ)
−

{(
aL + aR +

2

3
a4

)IV

ln
MU

MD

+

(
aL + aR +

2

3
a4

)III

ln
MD

MC

+ (aL + aR + aBL)II ln
MC

MR

+ (a1 + a2)I ln
MR

MZ

}]
=

2π

αs(MZ)
−
(
aIV

4 ln
MU

MD

+ aIII
4 ln

MD

MC

+ aII
3 ln

MC

MR

+ aI
3 ln

MR

MZ

)
. (A6)

Note that aIV
L = aIV

R since parity is not broken in energy interval IV.

The corresponding relations for Chain Ia, Ib, and Ic can be obtained from those of Chain I

simply putting, MU = MD, MD = MC , and MU = MD = MC , respectively, in the equations

above.

2. Chain II

In Chain II, the ordering of MD and MC is reversed but one just can’t simply obtain

the relevant relations between scales by just putting MD ↔MC in those of Chain I, simply

because when the ordering changes the corresponding groups in the relevant intervals change

as well (see Eq. (10)). The running equations of the couplings for Chain II are given as
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Then, the relations between scales for Chain II become

2π

[
3− 8 sin2 θW (MZ)

α(MZ)

]
=

[
(−5aL + 3aR + 2a4)IV ln

MU

MC
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MD
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]
, (A8)

2π
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3
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MD

MR
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MR

MZ

]
, (A9)

2π
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− sin2 θW (MZ)

α(MZ)
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[
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MD

MR
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2 ln
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ln
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+ (aL + aR + aBL)II ln
MD

MR

+ (a1 + a2)I ln
MR

MZ

}]
=

2π

αs(MZ)
−
(
aIV

4 ln
MU

MC

+ aIII
3 ln

MC

MD

+ aII
3 ln

MD

MR

+ aI
3 ln

MR

MZ

)
. (A11)

Note that for Chain II aIV
L = aIV

R and aIII
L = aIII

R since parity is not broken in energy

intervals IV and III.

The corresponding relations for Chain IIa can be obtained from those of Chain II by

putting MU = MC .
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