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L B S R N

Abstract: We explore the potential of ultimate unification of the Standard Model matter and gauge
sectors into a single Eg superfield in ten dimensions via an intermediate Pati-Salam gauge theory.
Through a consistent realisation of a T6/(Ze x 7y x Zy) orbifolding procedure and renormalisation
group evolution of gauge couplings, we establish several novel benchmark scenarios for New Physics
that are worth further phenomenological exploration.
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1. Introduction

Grand Unified Theories (GUTs) aim to unify the three independent gauge interactions
ﬁf;eﬁtfgsr of the Standard Model (SM) into a single one. Among the simplest ways to achieve this is via
an SU(5) gauge symmetry [1]. One can also extend the gauge symmetry to unify all the SM
fermions of a single family into one SO(10) representation [2]. Enlarging the gauge group
even further into Eg, one could unify the SM Higgs sector and a full family of fermions into

a single representation [3] by means of the simple N = 1 supersymmetry (SUSY).
Such a step-by-step enlarging of the gauge symmetry group can be studied through

its Dynkin diagram and is known to follow the exceptional chain [4,5],
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of too many massless states in the low-energy limit of the theory typically originating by
an orbifolding procedure of Eg. A consistent resolution may be found by a combination
of orbifolding and the Wilson line symmetry-breaking mechanism, also associated to the
specific orbifold structure, providing a reduction of the symmetry group and generation
of large masses for many of the unobserved states [49-51].

One of the main requirements for a consistent GUT is gauge couplings unification, i.e.,
when the SM gauge couplings are evolved from their measured values at the electroweak (EW)
scale up to the high-energy scales, and they match into a single coupling of a unified gauge
group. Recently [52,53], some of us presented a framework where the Eg gauge symmetry
with N = 1 SUSY is considered in 10d corresponding to an extended N = 4 SUSY in 4d,
where the EDs are orbifolded so that after the compactification stage, only simple SUSY and
Pati-Salam symmetry remain [54]. For an alternative example considering an Eg SUSY GUT
with 6d orbifold breaking via an intermediate Pati-Salam symmetry, see [55].

In this paper, we study for the first time a particular realisation of the GUT with
Eg gauge symmetry in 10d, where the full SM (Higgs, gauge, fermion) field content is
unified into a single Eg gauge superfield. Through the T®/(Z¢ x Zy x Z,) orbifold, the Eg
symmetry is broken down into SU(4)ps x SU(2)p x SU(2)g x U(1)x x U(1)g x SU(2)E,
with no remaining SUSY. In order to consistently derive the 4d Pati-Salam theory from Eg
in 10d, the ED compactification procedure invokes the presence of several extra fields
for the model to be anomaly free at every step'. Thus, we assume the existence of additional
chiral superfields, consistent with the Eg symmetry, so that the anomalies are manifestly
cancelled at the Pati-Salam level. The symmetry is further broken down to the SM one
through Wilson lines and VEVs of the extra fields of the model, thus leaving only the SM
field content as massless.

The SM gauge and matter sectors originate from a single gauge superfield and remain
massless up to the EW symmetry breaking scale. The additional chiral fields have arbitrary
masses and thus may be chosen to not be present at low energies. In this work, we study
different benchmark scenarios of New Physics where some of the fields survive below
the compactification scale and provide important contributions to the renormalization
group (RG) evolution of the gauge couplings necessary to achieve the exact gauge couplings
unification below the Planck scale.

The layout of the paper is as follows: In Section 2, we show the basics of the orbifolding
mechanism employed in this work. In Section 3, we demonstrate how the specific T / (Zg x
Zy x Z) orbifold breaks the Eg gauge symmetry and SUSY in 10d. In Section 4, we
introduce the extra superfields that are needed to cancel anomalies at the Pati-Salam
level. In Section 5, we present the benchmark scenarios relevant for further explorations
of New Physics phenomenology where the exact gauge couplings unification is achieved.
Finally, in Section 6 the basic conclusions are summarised.

2. Orbifolding

Let us start by considering a theory in 10d spacetime with N = 1 SUSY. Six extra
spatial dimensions are assumed to be orbifolded as T®/F, where F is a discrete subgroup
of the extra dimensional Poincaré symmetry O(6) x T®, such that O(6) ~ SO(6) x Z, ~
SU(4) x Z, is the rotation group, while T® is the translation group. The translation group
is molded by the lattice vectors I' = Z° compactifying it as R® — T® ~ R®/T into a 6d
torus. The group F must leave the lattice invariant, i.e., FI' = I'. If the discrete subgroup
of the rotations is such that F C SU(3), it would preserve simple N = 1 SUSY, leaving
an invariant U(1) [56,57]. The remaining SUSY must be broken in order to generate
a realistic theory. It could be broken by orbifolding through a larger discrete group F €
SU(4) or through Wilson lines. In the next section it will be shown that the latter is
preferable. Therefore, in the considered model, simple SUSY is preserved by the rotation
subgroup F but broken by the translation one via Wilson lines at the compactification scale.
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A simple orbifolding that preserves N = 1 SUSY reads
F~Zy C SU(3), ()

with a positive integer N, where a generic Zy orbifolding can be defined by identifying
(x,21,22,23) ~ (¥, @121, o270, w3z3),  w; = TN,
V(x,21,22,23) = R(w1, w2, w3)V(x, w121, wrza, w3z3) - ®)

Here, R corresponds to a representation of the Zy rotation acting on the 10d vector
superfield V. Such a transformation would belong to SU(3) and preserve SUSY as long as

ny+n,+n3=0 mod 2N, 4)

as fermions rotate twice as slow [58].

Considering only an Abelian orbifolding that preserves N = 1 SUSY, the most gen-
eral one reads as F ~ Zy x Zy C SU(3), where N, M are positive integers [59-61].
If the boundary condition that breaks the gauge group is imposed, the orbifolding must be
accompanied by an Eg D U(1); D Zy transformation. As a result, the decomposed 10d
superfield is transformed as follows

. f
V(x,21,22,23) = 2™ /NV (x, w121, wrza, wiz3), )

. ¥ .
0 (x,21,22,23) = w; e/ N i (x, w121, w2y, w323),

where q{; is the U(1) charge of the corresponding representation. Here, V lies in the ad-
joint representation of the unbroken gauge group, while the light chiral superfields ¢;

belong to the corresponding fundamental representation with charge qi; = —n; mod N.
The desired light fields are then specified by an appropriate choice of n;. This fully deter-
mines the orbifolding procedure.

The underlined gauge symmetry can be broken and its rank reduced by adding
a gauge transformation to the EDs translations through the so-called Wilson line mecha-
nism. The latter generates a mass splitting similar to the one a Vacuum Expectation Value
(VEVs) would generate. It is therefore usual to parametrize this symmetry breaking by
an effective VEV. It should be remembered that it is not actually a VEV, as it does not come
from the minimization of a potential, but from the ED profiles of the fields, determined by
boundary conditions. Consistent with the orbifold boundary conditions, the effective VEVs
should obey the rotation—translation commutation relations coming from the Poincaré
algebra and hence emerge in chiral supermultiplets that have a zero mode. An effective
potential for the fields is obtained by integrating out all the other fields (for more details,
see, e.g., Refs. [62-67]).

The full R symmetry without orbifolding is SU(4)x of the effective N = 4 SUSY.
We can add a further orbifolding Z, C SU(4)x but Z; ¢ SU(3)x. Let us define S; as
the complex scalar field inside the chiral superfield ¢; (up to a phase ¢’ which depends
on the definition of the base) and ¢; the chiral fermion (up to the same phase ¢'%). Let us
also define as A, the vector field inside the gauge superfield and A as the gaugino inside it.

The fermions transform as a 4 of SU(4)x, and they can be written as a 4 vector

(lpll l/JZ/ IIJ?)/ /\) T/ (6)

while the real scalars transform as a 6 of SU(4)x, and it can be written as a 4 x 4 antisym-

metric matrix
0 RS;3 IS, RSy

“RS; 0 IS, RS,
~3S —3S;, 0 3S;
RS, —RS, 383 0

@)
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This would break the remaining SUSY.

3. The TB/(Z6 X Zip X Ly X Zz) Orbifold with Eg

Now, we consider an Eg gauge theory in 10d spacetime. The Eg gauge symmetry
has rank 8, and the orbifolding must preserve the rank-4 SM gauge symmetry, SU(3)c x
SU(2)r x U(1)y. In this work, we employ the following decomposition [6]

Eg D SO(10) x U(1)x x SU(3)F
D SO(10) x U(1)xr x U(1)p x SU(2) 8)
D Gpg = SU( )ps X SLI(2)L X SU(Z)R X U(l)X/ X U(l)ls X SU(Z)P,
and consider the T®/ (Zg x Zj) orbifold whose compactification triggers the breaking Eg —

Gps, i.e., featuring an intermediate Pati-Salam SUSY theory and a flavor U(1)r x SU(2)F
symmetry in 4d. Subsequent reduction of this symmetry occurs in the following steps,

SU(4)p5 — SU(3)C X U(l)B,L, SU(2)R — U<1)T§ ,

©)
SU(4)p5 X SU(Z)R — SU(3)C X U(l)y X U(l)X
with
Gy = 6qrr +3qp-L,  qx =4Qrx —3qp-L, (10)
where one recovers the color SU(3)¢ and hypercharge U(1)y groups of the SM.
The orbifold boundary conditions which provide such a breaking pattern read
. 2i /2
Zo: ¢ A0, Ty e T2y (11)
with the orbifold transformations
2, 5o .5
X,21,22,23) ~ (X, a°z1, 2720, 2°23) ,
(x,21,22,23) ~ ( 1,072, 0723) (12)

_ _ 2
7
(X 21122/23) (X, z1, ZZ,( 1) 23),

where & = ¢%7/6, and —1 = ¢*7/2. The breaking described in the first line of Equation (8)
is achieved by the boundary condition given by gx/6. It is further broken to the second
line by the boundary condition qrr /2. The third line is achieved by further applying
gy/2. The above conditions enable us to decompose the 248 representation of Eg into
the representations of unbroken Gpg symmetry summarised in Table 1, together with
the corresponding charges ? (for a better presentation we color code the representations
containing SM fermions, right handed neutrinos, SM Higgses, gauge fields in the adjoint,
mirror fermions, , flavons, leptoquarks and vector-like triplets).

Table 1. The Z¢ x Z, orbifold charges of each Gps N = 1 superfield. Only the superfields with both
charges equal to unity (the singlets 1,1) have zero modes. The colors indicate where the different
fields of interest are contained: SM fermions, right handed neutrinos, SM Higgses, gauge fields in the

adjoint, mirror fermions, , flavons, leptoquarks and vector-like triplets.
v $1 ¢2 P3
V(15,1,1,0,0,1) 1,1 a?, —1 ad,—1 a®,1
V(l,3,1,0,0,1> 1, 1 0(2, -1 0(5, -1 0(5, 1
V(1,1,3,001) 1,1 a?, -1 @, —1 a®,1
V(1,1,1,001) 1,1 a?, -1 ad,—1 a5,1
V(1,1,1,0,03) 1,1 a2, —1 a®, -1 a5,1
V(1,1,1,001) 1,1 a?,—1 ad,—1 a’,1
V111,0,-32) 1,-1 a?,1 a5,1 as,—1

V1113,02) 1,-1 a2, 1 a5,1 as,—1
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Table 1. Cont.
v P1 $2 ®3
V(6,2,2,0,01) 1,-1 a?,1 a’,1 ad,—1
Va21,-301) o3, -1 s, 1 a?,1 |
Vai2,-300) 3,1 w’,—1 a?, -1 a?,1
V(32,1301 ad, -1 a1 a?,1 |
V(41,23,01) 3,1 a®, —1 a?,—1 a2,1
Vi61,1,-21,2) at —1 1,1 3,1 a3, -1
Vie11,-2,-21) at,1 1,-1 ad, -1 a3,1
Vi6112,-12) a?,—1 at,1 a1 a,—1
Vi611221) 2,1 at, —1 w, —1 a1
Va21,1,1,2) a1 a3, -1 1,-1 1,1
Via211,-21) a,—1 3,1 1,1 1,-1
V121,12 a,—1 a3,1 1,1 1,-1
Vai2,1,-21) a1 a3, -1 1,-1 1,1
V122,212 ot 1 1,-1 a3, —1 ad,1
Vi1.22-2-21) at, -1 1,1 3,1 a3, -1
V1,11,412) at, —1 1,1 w31 a3, -1
V1114,-21) at 1 1,-1 a3, -1 a3,1
V21,112 a®,1 a,—1 at, -1 at 1
Vaza,-121) -1 a1 at,1 ot -1
Vi2,-1,-12) «®, -1 w1 at 1 at, —1
V12,121 a®,1 a,—1 ot -1 at, 1
a?,1 at, -1 o, —1 w,1
v aZ,—1 a1 a1 a,—1
V11,1,-4,-12) a?,—1 at1 a1 a,—1
Va,1,-421) a?,1 at, -1 a,—1 a,1

The zero modes have the following representations of the residual symmetry group
(recall they correspond to those with 1,1 charges in Table 1):

Vi :(151,1,0,0,1) +(1,3,1,0,0,1) +(1,1,3,0,0,1)

+(1,1,1,0,0,1) + (1,1,1,0,0,1) + (1,1,1,0,0,3),
$1:(6,1,1,-2,1,2) +(1,2,2,—-2,-2,1) + (1,1,1,4,1,2), (13)
$2:(4,2,1,1,-2,1)+ (4,1,2,1,1,2),
$3:(4,2,1,1,1,2)+ (4,1,2,1,-2,1).

which can be named as
. L R / F F
Vi G},,—i-W“ +Wy —i—Zy—l—ZH —I—Wy p
¢1: T+h+ o,

¢2: f+F,
¢3: F+f°,

(14)

where uppercase letters T, F, ® are used to denote SU(2)r doublets, and lowercase letters
f,h correspond to SU(2)F singlets.

In order to further break the intermediate symmetry group down to the SM, one
could use each Wilson line to give an effective VEV to the SM singlet fields. If they are not
available, there are extra fields described below that can provide such breaking.
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We now analyze each field to find the SM singlets. The field T; ; contains a color triplet
and antitriplet; therefore, it has no SM singlets. The field

ho~ ( f;; ) (15)

only contains the Higgs SU(2); doublets and cannot obtain a Wilson line VEV. Otherwise,
the electroweak symmetry would be broken at the compactification scale. The fields

F, f ~(Ql23 Qim, Qlf,z,:s/ Lip3), (16)

contain the quark and lepton SU(2); doublets (where the 7, g, b are the color indices) and
cannot obtain a Wilson line VEV, as it would break the SM symmetry. Finally,

¢ o [ M23 ”5?2,3 ”5?2,3 Vi3

i) ( 13 d%,z,s dﬁ?zs €ios )’ 17
where the 17 , ; are SM singlets, and the sneutrino can obtain a VEV. They are charged under
SU(4)ps x SU(2)gr x U(1)xr x U(1)p x SU(2)F so their VEVs break it. A VEV in a 4 dimen-
sional representation of SU (4) ps would break SU (4)ps — SU(3)¢, while a VEV in a 2 dimen-
sional representation of SU (2) g would break it completely. Together, both sneutrino VEVs break
SU(4)p5 X SU(Z)R X U(1>X/ X U(l)p X SU(2>F — SU(?))C X SU(Z)L X u<1)y X U(l)N,
where it preserves an extra U (1) whose charge is defined by

qN = qx +5q9x - (18)

The field © ~ @;, contains two SM singlets and can get a Wilson line VEV. Note that the
VEV (©) = ({¢2), (¢3)) has a non-zero gy charge and hence breaks the remaining U(1)y
symmetry yielding the SM gauge symmetry at low energies.

Note that the symmetry breaking is triggered by the geometry of the orbifold.
This means that the original symmetries (both the Eg and SUSY) are not exact as they
are broken explicitly on the singular points of the orbifold. Therefore, after compactifica-
tion, all effective calculations are performed without SUSY and Es.

In this model, we can impose an extra rotational Z; boundary condition

Psg = diag(—1,1,1,—1), (19)

which would only leave as massless modes the gauge vectors (but not the gauginos),
the scalars of ¢ (which lie in the T,/, @ representations) and the chiral fermions ¢, 3
(which lie in the representations f, f¢, F, F¢). Therefore, the whole SM field content lies
in the zero modes. As the right-handed sneutrinos now do not have a zero mode, there can
not be a Wilson line aligned with them; therefore, the Pati-Salam symmetry is unbroken.
One may safely assume that the fields in Section 4 can break the remaining symmetry.
The sneutrino effective VEV does break the usual R-parity. It affects the phenomenol-
ogy by generating the R-parity violating (RPV) terms ~ (7/) [, L. The latter can be ef-
fectively “rotated” away by a unitary transformation which then generates terms such

as ~ yi{lliv Q;L;d}. The strongest experimental bound on this type of interactions implies

that yLL\, < 0.001 [68,69]. As such, an interaction term is proportional to the first-family
neutrino Yukawa couplin; it is expected to be well below this bound.

4. Anomaly-Cancelling Sector

In the previous section, we have shown that the orbifold can break Eg into the SM
directly, leaving no remaining SUSY. We have also shown that the full SM field content
arises from the single gauge supermultiplet. Therefore, the full low energy phenomenology
is determined by the orbifold compactification. However, one has to ensure that any



Universe 2023, 9, 90

7 of 17

potential anomalies are cancelled at every symmetry breaking step. While this may require
the addition of new fields, we will assume that they do not survive at low energies, so that
the predictivity shown in the previous section is not spoiled. Let us discuss the anomaly
cancellation in more detail.

The rotation boundary conditions split the masses of different representations by
integer multiples of the compactification scale nA. The Wilson lines split the masses by
an effective VEV with scale yA, where y is an arbitrary real parameter. The latter can,
in principle, be as small as desired, generating a certain hierarchy between the scales.
Therefore, one could think of the subsequential breaking Eg — Gps — Ggy at well-
separated energy scales as a New Physics scenario potentially relevant for phenomenology.

The field content in the Pati-Salam phase would be composed of zero modes from
Equation (13). However, we can easily notice that this phase is not fully consistent as
the field content generates gauge anomalies, while the SM phase is anomaly free. In order
to resolve this issue, one can add more fields so that the considered two-step breaking is
consistently realised in an anomaly-free way.

There are two sets of fields that cancel the anomalies generated by the zero modes.
First, one would add 27 copies of the pair of representations (1,1,1,0, —1,2) +(1,1,1,0,2,1)
as the 4d chiral superfields located at the z; = 0 origin brane. These would cancel the flavor-
specific anomalies. Note that they are all SM singlets and do not affect the low energy
phenomenology. The second set of fields consists of 5 copies of 10d chiral superfields
in the bulk living in the 248 representation of Eg. They have the charges under the orbifold
rotations (1, £1), (%, £1), (a2, —1). These will add a bunch of zero-mode chiral superfields
(51 in total) which are either the real representations (i.e., vector-like pairs) or the chiral
representations (6,1,1,-2,—-2,1) + (1,2,2,-2,-2,1) + (1,1,1,4, -2,1), as summarised
in Table 2.

The full SM field content comes from the gauge superfield. While one can add
a symmetry to restrict the couplings, they will not change the couplings to the gauge
superfield. This does not reduce the predictivity of the setup. The added fields will have
arbitrary couplings, and since they live in real representations, they also have explicit
arbitrary masses. The extra fields in the bulk have real representations and therefore allow
explicit mass terms. They are naturally heavy, and no hierarchies between them will be
assumed; thus they do not affect the low energy physics.

Table 2. The Z¢ x Z, orbifold charges of each Gpg N = 1 superfield. Only the superfields with
highlighted charges have zero modes from the 10d chiral superfields. The same colored highlighted
fields would come from the same 10d chiral superfield.

Po P1 P2 P3
D(151,1,00,1) 062, -1 az, -1 /x:, 1
q>(1,3,1/0/0,1) ac, —1 w’,—1 a”,1
D(1,13001) a?, -1 ad,—1 a5,1
D(1,1,1,001) a?, -1 a®, -1 a5,1
D(1,1,1,003) a?,—1 a®, -1 a5,1
D(1,1,1,001) a%,—1 a®, -1 a5,1
D(11,1,0,-32) a?,1 a®,1 ad,—1
D111032) a?,1 a5, 1 a°, -1
D62,200,1) : ai, 1 oci ,1 az, -1
Dy21,301) 1% ,3—1 056 1 026 1 w é_l
D312,-301) 0; 1 o é_l o é_l 024 1
D121301) a’,—1 a1 a?,1 a?, -1
D412301) 3,1 a®, -1 a?,—1 a?,1

D611,-212) at, —1 a®,1 a3, -1
Plo11,-2,-21) at 1 a3, -1 3,1
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Table 2. Cont.

D61,12,-12)
D611221)
D211,

D421,1,-21)
DP1121,1,2)

D3121,-21)

D122,-212)

D122,-2,-21)
q)( 1,1,14,1,2)

CI’(4,2,1, 1, 1,2)
D21,-121) a’,—1 w,1
DPy12-1,-12) a’, -1 w,1
Dy12,-121) 5,1 a,—1
D1220,-12) 2,1 at, —1 a,—1 a1
D(11,1,-4,-12) a?,—1 a,1 a,—1

D111,-421) a2,1 ot —1 w,—1 a1

Below the compactification scale, we have the chiral multiplets

2XP@511001) 1 X P62.20001) 3X P@y211,12) 2XP@g01,1,-12)
2XP@31001), OXPya1-301) 3XPu211,-21, 2XPasi-121)
2xP13001), 0XPaiz-301, 3XPaiz112)- 2x D10 1,-12)
2XP@11001), 0XPa21301) 3XP@g121,21) 2XPuiz-121)
2xD11003), 0xXPui12301) 2X D 212 1XProo0 12) (20)
2XP@11001), 3XPe11,-212, 3XPuoa 2 21 2XProoooa),
1x q’(1,1,1,o, 3,2)s 2x q)(6,1,1,—2,—2,1)/ 3 X q>(1,1,1,4,1,2 2x q>(1,1,1, 4,-1,2)r
IX®u11032, 2XPeai2-120 2XPuiis 21 1XPri1, 421y
1XPe11221) 27X Q110,12 27X Pi11001)

where all the vector-like pairs have an arbitrary mass determined by the abovementioned
parameters. The unpaired fields contain the SM sectors plus SM singlets as we further
discuss below in Section 5. While the masses of the KK modes are fixed by the com-
pactification scale, the ones in Equation (20) are determined by the arbitrary parameters
of the superpotential. Furthermore, a Wilson line VEV does not preserve SUSY; therefore,
the chiral multiplets will be split into their scalar and fermion components.

For completeness, let us also show the branching rules of the Pati-Salam blue repre-
sentations in terms of the SM gauge group identifying them with standard chiral matter
and right-handed neutrinos,

1 1
(4/2/1/1/1/2>%(3/21_6)—’_(12 ) Q12+L12
(4,2,1,1,-2,1) - (3,2,—%)+(1,2,%) = Qs+ Ls
(21)
] T
(31,21,1,2) > (3,1,-3)+ G L3)+ 1L+ (1L10) =uj,+df,+e,+ ',

1
5) +(1,1,1)+(1,1,0) =u§+d§ +e5+ °§

with the labels 1,2, 3 denoting the three families.

_ _ 2 _
(31,21,-21) = (3,1,-3)+ 31,

5. RG Evolution of Gauge Couplings

In this section, we study the RG evolution of the gauge couplings in our model
with the purpose of finding possible low-energy scale scenarios compatible with an exact
unification of all forces, including flavour, into Eg. Our strategy for the current anal-
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ysis consists of searching for those extensions of the SM with a minimal field content.
Note that for a consistent SM-like fermion mass spectrum, one needs two Higgs doublets.
The need for two Higgs doublets comes from the holomorphicity of the superpotential
when there is SUSY. In this model, SUSY is broken through a non-vanishing <D> which
provides specific soft SUSY breaking terms. As <D> also breaks Pati-Salam and flavor
symmetry, the structure of the SUSY breaking terms is also determined by their GUT
representations. These do not allow non-holomorphic Yukawa couplings; therefore, two
Higgs doublets are needed. While one is responsible for giving masses to up-type quarks,
the other is needed for their down-type partners. Therefore, the minimal framework to con-
sider contains two Higgs doublets, commonly dubbed two-Higgs doublet model (2HDM)
(for a detailed review, see, e.g., refs. [70-72]). The SUSY breaking mechanism, coming
from the Wilson line effective VEVs, may decouple one of the Higgs doublets and create
large mass difference between the two doublets. A precise analysis of their masses and
their running lies beyond the scope of this paper. Due to the large amount of parameters
coming from the extra fields, it will be assumed that there are scenarios where they can be
tuned to bring down the scale of some extra Higgs doublets.

In what follows, we study whether a 2HDM scenario is already consistent with gauge
couplings unification under Eg, and if not, how many extra Higgs doublets or generations
of vector-like fermions are needed to fulfil the unification condition. As we discuss below,
we will only consider low-scale scenarios with up to a maximum of three generations
of vector-like quarks (VLQ) and vector-like leptons (VLL) that can be either SU(2)1, doublets
or singlets. We also allow up to one additional Higgs doublet in the low-energy scale theory
on top of the two doublets already mentioned above.

In this work, the unification scale is assumed to be below the compactification scale
through a simplifying assumption of a small Wilson line scale. Therefore, unification
of gauge couplings will be studied before the KK modes enter into effect. The running
of the gauge couplings is calculated at one-loop order where the value of the inverse
structure constants at a given scale y is given by

_ 1 b
wyl () =ag" + zftlog(;‘o) : (22)

where a label A identifies a given gauge group and ap = g3/ (47), while ay ! denotes
the value of the inverse structure constant at the initial energy-scale yg. The value of the b
coefficients will determine how fast a given gauge coupling evolves between any two scales.
For non-Abelian gauge groups, these are given by

11 4 1
where x = 1 for Weyl fermions, C»(G) is a group Casimir in the adjoint representation,
T(F) and T(S) are the Dynkin indices for fermions and complex scalars, respectively.
For the case of U(1) symmetries, the beta-function coefficients read as

) 4 Q 2 1 X 2
hes (7)) Sn(s) .

with Qf and Qs the Abelian charges of the fermions and scalars in the theory.
In our RG analysis, we consider three distinct regions:

1. The first one corresponds to the running of the gauge couplings of the Gpg symmetry
emergent from the orbifold compactification of the 10-dimensional Eg theory as
described above. In such a region, we label the beta-function coefficients as b, and
denote the universal Eg inverse structure constant at the GUT scale as ag 1. At this
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stage, all representations identified in Equation (20) contribute to the bl coefficients
with the indicated multiplicity. Knowing that for SU(4) we have

T(15) = G15) =4,  T(6)=1, T(4)=g, (25)
and that for SU(2)
TE) =) =2, T(2)=,, 26)
we obtain the coefficients
bhe = —43, b} =bh =45, bL=-76. 27)

Taking into account the U(1)x and U(1)r charges and respective multiplicities also
in Equation (20), the slopes of the RGEs of the Abelian inverse structure constants
read as

by, = by = —234. (28)

while U(1)x and U(1)F are considered to be trivially embedded into Eg.

The second region corresponds to the stage after the three Wilson lines <¢ 23> give
VEVs to the SM singlet directions. The gauge group after this stage is that of the SM,
and as discussed above, we only study the following possibilities:

* A scalar sector with either two or three Higgs doublets that we denote as H
in what follows;

e New exotic quarks containing either none or up to three generations of SU(2)y.
doublet VLQs denoted as Qy;

*  New exotic up-type quarks containing either none or up to three generations
of SU(2)y. singlet VLQs and denoted as Uy;

*  New exotic down-type quarks containing either none or up to three generations
of SU(2)y. singlet VLQs and denoted as Dy;

e New exotic leptons containing either none or up to three generations of SU(2)y,
doublet VLLs denoted as Ly;

*  New exotic leptons containing either none or up to three generations of SU(2)y,
singlet VLLs denoted as Ey.

Note that the choice of including up to three generations of vector-like fermions
in the low-energy spectrum is not arbitrary. To see this, let us consider the possible
bilinear terms involving the red and blue fields in Equation (20) that can be cast as

3 2 B B B
Y ) (.”ikFiFk + Wi fif o + W E Fr + piyl inZ) . (29)
b |

If we specialize on the first term, we can write a 5 x 5 mass matrix in the basis
{FllFZ/F?)/F]/FZ} as

0 0 0 un p2
0 0 0 pa p2
mg=10 0 0 jwu; psnl, (30)
P11 M21 pz1 0 O
M2 p22 pz2 0 O

whose rank is 4. Furthermore, and assuming y;; real for illustration purposes, we
see that m% = my - m{; has two degenerate eigenvalues which means that in the mass
basis, we end up with one massless chiral fermion F as well as two vector-like states
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F} and F2. Inspired by the unified origin of our model under Eg, in the limit where all
Uik can be thought as approximately degenerate, one can write

Wik = Y+ €my, (31)

where for € < 1 the squared masses read as
mp=0  mi =0+ 0(62) ml, = 642 +0(e). (32)

This implies that, for a u of the order of the compactification scale and for sufficiently
small €, we can have m r, < Mp. In turn, it may result in up to two generations

of vector-like fermions of the type F}, not far from the TeV scale. Note that both F;
and [ are SU(2)f doublets and so is F. The exact same reasoning can be applied
to the pf,, ui and pl yielding up to two generations of the Pati-Salam fermions
F}¢ and up to one generation of f{ and fl¢, motivating our choices in the bullet
points above. Note that the SU(2);, doublet VLQs, Qy, and VLLs Ly belong to Fy
(two generations) and fy (one generation), while their singlet counterparts, Uy, Dy
and Ey are embedded in F{; and fy;. Similarly, all chiral matter belongs to the massless
eigenstates and transforms according to the blue quantum numbers in Equation (20).

With this in mind, the coefficients of the Gg); RGEs read as

"Dy ”&)
2 2 )’

=B 1) (e ), &

1/11 n 2 /11 np nEg ny, TIQ ny.
pl—= (=48} 22 Dov Ty Ty Qv TV )
Y 3(4+16 3 4+36+4+16+144+9

2
bg:11—§(6+nQv+

with the various nx, encoding the number of extra Higgs and vector-like fermions
at the low scale according to the label X = H, Qy, Uy, Dy, Ly, Ey.

Finally, we consider a third region below the mass threshold of the vector-like fermions
and where the only New Physics states are either one or two additional Higgs doublets,
i.e., a 2HDM or a 3HDM EW-scale theory. Note that the presence of three Higgs
doublets can be advantageous for the generation of a realistic CKM mixing in the quark
sector as discussed in refs. [16,17]. With this in mind, the beta-function coefficients
in this region are

bl =7,
10 1/n
IHii_iiH
bL_3 3(2“)’ (34)

0 1 ng 11
m_ - - 7H -
=5 3(16+4>'

The U(1)y generators and the inverse structure constants matched at tree-level with

those of the Pati-Salam theory read as

2 02 4
Ty =y/3TR-Tr o' = Saps oz’ (35)
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resulting in the RGEs
- 2 _ _ bl Bl pll
ay' (1) = g%sl(ﬂs) + o (pus) + (PS + R) log(”"s> + X 1og<i‘vw>

37 2m Us 2 P
byt Z
o (il )

VLF

b b b

Hs PS 2m Hyvie
bI bH bIII
—1(,)) — 4=1 7ps Fes | 7C M ’c "
te (]1) ~ s (VS) - 2r 10g< Hs ) * 2m log<VVLF> * 2r 10g(VVLF) ’

where pg = A is the orbifold compactification scale, y,; represents the Pati-Salam breaking
scale via the Wilson line mechanismm whereas ., . is the mass threshold scale at which all
vector-like fermions are integrated out.

We have performed a scan over the number of vector-like fermion generations such
that 0 < nx < 3 for X = Qy, Uy, Dy, Ly, Ey and additional Higgs doublets 0 < nyy < 1,
i.e., considering a scalar (ny + 2)HDM sector. In addition, we have selected two possi-
ble cases: one where y,,. = 1 TeV and so the new VLLs and VLQs may be at the reach
of the LHC (see ref. [73] for a recent study on VLLs phenomenology in the GUT con-
text) and another where y,, . = 10 TeV, which may only be accessible at future colliders.
Defining as valid low-scale models (we call each set of (nx, np, py, ;) a “model”) those that
are compatible with an exact unification of all gauge interactions at the Eg breaking scale
g, we have found that there are only 17 such models ((nx, ng, jty, ;) sets). Of those, 3 work
for the case where y,, . = 1 TeV, while only 4 do so for the case where y,. = 10 TeV.
Our results are presented in Tables 3 and 4.

Table 3. Benchmark models consistent with the unification of gauge couplings at g for y,, = 1 TeV.
All three viable scenarios have ng, = 0 and ny = 1.

Model  logy, ¢&% log,, % wg ' (ns) ny nyy, npy nLy 0
1 18.33 18.24 4496 1 1 0 0 2
2 18.68 17.77 31.12 1 1 0 0 3
3 18.56 17.93 35.64 1 0 1 0 3

Table 4. Benchmark models consistent with the unification of gauge couplings at g for p,, = 10 TeV.
All viable scenarios have ng, = 0. Models 5 and 6 share the same field content as Models 2 and 3
in Table 3.

Model  log,, &% logy, % g ' (ps) nH nuy "Dy MLy "Ey
4 19.07 18.66 41.03 0 0 1 0 1
5 18.30 17.84 38.54 1 1 0 0 3
6 18.19 17.98 42.77 1 0 1 0 3
7 18.98 18.80 41.58 0 2 0 1 3

We limit the scan to solutions where gauge coupling unification happens below
the Planck scale Mp = 1.22 x 10" GeV, to avoid potentially significant corrections
from quantum gravity.

We have found that at least one generation of SU(2);, singlet VLQs and VLLs is needed
(Model 4), while none of the viable scenarios allow for SU(2);, doublet VLQs and only one
(Model 7) do so for doublet VLLs in the low-energy scale spectrum.
Model 7 is also the only one with more than one generation of Uy VLQs. The compactifica-
tion scale always satisfies pg > 10'® GeV, while the Wilson line scale j,, > 10177 GeV, not
too far from yg. The value of the universal Eg gauge coupling is also limited to a small range
33 < g ' (pg) < 45. Finally, we show in Figure 1 six representative examples of Models 1,
2 and 3 for the case of y,,; = 1 TeV and Models 4, 6 and 7 for the case of i, = 10 TeV,
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%
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whereas in Figure 2, we show how the gauge couplings evolve between the Eg and the Gps
scales. Notice that in such a region, the only difference resides in the starting g and
stopping yps scales as shown in Tables 3 and 4, while the coefficients of the beta functions
are the same for all considered models. In particular, the coefficient of the SU(2) and
SU(2)r gauge couplings are identical bj , = —45, while that of SU(4)ps is bpg = —43, thus
closely superimposed with the latter two.

100 {3z =
................... s U(l)y = SU(4)ps U()r st U(l)y === SU(4)ps UMr
......... E—— SU@R  tt UDx 100 —_— SU(2);, SU@r Uy
80 4 =t SU@B)c sv@e T e =t SU@B)c SU@)r
B o b U b
60 -
60
40
20 4
2.5 5.0 7.5 10.0 125 15.0 175 2.5 5.0 7.5 10.0 125 15.0 17.5
log;(1/GeV) log,(11/GeV)
(a) Model 1: ny, =1, ng, =2, ny = 1. (b) Model 2: ny, =1, ng, =3, ng = 1.
100 = ; 100 -+
................... e U@y T SUMes Ur Uy T SUMes U
---------- — SU(2)L SU(2)r e U(l)xr e et — SU(2)L SU(2)r e U(l)xr
504 - SUG)e SU@)r 501 =+ SUB)C SU@)r
60 . 60
|
3
40 40
20 4 204
2.5 5.0 75 10.0 12,5 15.0 17,5 2 4 6 8 10 12 14 16 18
log;o(1/GeV) log;o(1/GeV)
(C) Model 3: np, =1, ng, =3, ng = 1. (d) Model 6: np, =1, ng, =3, ng = 1.
100 {2 100 {2
........................ e Uy = SUMps U © U@y == SU@)ps U(r
""" —_— SU2),, SU@2)r e U(l)xr T —SU(2)y, SU(2)r e U()x
80 4 =t SU@B)c SUQ2)p 80 - =+ SU@B)c SU@2)p
60 60
‘5
40 40
20 4 20 4
2.5 5.0 7.5 10.0 12.5 15.0 175 25 5.0 7.5 10.0 12,5 15.0 175
log,o(1/GeV) log,o(1/GeV)
(e) Model 4: np,, =1, ng, =1, ng = 0. (f) Model 7: ny,, =2, ng, =3, n, =1, ny =0.

Figure 1. RG evolution of the gauge couplings in the non-minimal Pati-Salam GUT for six viable
low-scale models compatible with exact unification of all interactions. In (a-c), we have u,,, =1 TeV,
whereas in (d-f) yt,, = 10 TeV, according to Tables 3 and 4. The orange dot represents the unification
point with a universal gauge coupling gs.
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75 N .= SU()ps SU(2)r UMr
= SUQ) SU@)p = Ul)x
70
65
760 A
3
55
50 -
45 A
18.7 18.8 18.9 19.0
logyo(1/GeV)

Figure 2. Running of the gauge couplings between the pig and jipg scales for the case of Model 4.
The only difference between all considered scenarios in Tables 3 and 4 is the initial and final scales.

6. Conclusions

In this paper, as a further development of the previous work by some of the au-
thors [52], we have classified for the first time possible anomaly-free realisations of non-
minimal Pati-Salam GUts emerging in four dimensions and studied the corresponding
gauge couplings’ unification under the Eg symmetry in ten dimensions. The 10-dimensional
theory contains one vector 248 as well as five chiral 248-plets. The four-dimensional limit
of the Eg theory upon Zg x Zy x Z; orbifold compactification contains massless zero modes
that can describe all SM gauge fields, chiral matter and right-handed neutrinos. We have
shown that in the limit of approximately degenerate superpotential mass parameters, our
Pati-Salam GUT can naturally contain vector-like fermions at low-energy scales and at the
reach of LHC or future collider experiments. In particular, the unification of the gauge
couplings under Eg requires that such exotic fermions can either be SU(2);, singlet VLQs
or both singlet and doublet VLLs. In total, we have found 7 viable models with New Physics
manifest at 1 TeV or at 10 TeV, making our model falsifiable at the LHC or future colliders.
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Notes

We are indebted to Stephen F. King for important discussions on this topic at early stages of this work.

The orbifold rotational conditions in Equation (11), are slightly different from the previous work in [52], which preserved
the flavor symmetry SU(3)g. In this work the boundary conditions only preserve SU(2)r x U(1)r but, as will be seen below,
these allow the Wilson lines to completely break the remaining symmetry into the SM one. This was not possible in the previous
setup, making this one preferable.
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