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ABSTRACT: We propose a Minimal Fg Supersymmetric Standard Model (MEgSSM) which
allows Planck scale unification, provides a solution to the p problem and predicts a new
Z'. Above the conventional GUT scale Mgyt ~ 106 GeV the gauge group corresponds
to a left-right symmetric Supersymmetric Pati-Salam model, together with an additional
U(1)y gauge group arising from an Eg gauge group broken near the Planck scale. Below
McuT the MEgSSM contains three reducible 27 representations of the Standard Model
gauge group together with an additional U(1)x gauge group, consisting of a novel and
non-trivial linear combination of U(1)y and two Pati-Salam generators, which is broken at
the TeV scale by the same singlet which also generates the effective p term, resulting in a
new low energy Z’ gauge boson. We discuss the phenomenology of the new Z’ gauge boson
in some detail.
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1. Introduction

The question of unification of all the forces of Nature is one of the most bold and intriguing
in all of physics. It would appear to be somewhat esoteric or premature but for the possi-
bility that that discoveries at the CERN LHC may provide an unprecedented opportunity
to shed light on this question. For example, it is well known that, without new physics, the
electroweak and strong gauge couplings extracted from LEP data and extrapolated to high
energies using the renormalisation group (RG) evolution do not meet within the Standard
Model (SM), so unification appears to require some new physics. One example of new
physics that can lead to unification is TeV scale supersymmetry (SUSY). For example, in
the minimal supersymmetric standard model (MSSM) [fll}, the gauge couplings converge to
a common value at a high energy scale Mgyt ~ 10'® GeV, allowing some supersymmetric
Grand Unified Theory (GUT) to emerge above this scale. Thus evidence for the MSSM at
the LHC would provide support for unification at MgyT.



However, despite its obvious attractions, the standard paradigm of SUSY GUTs based
on the MSSM faces some serious shortcomings. On the one hand, the failure to discover
superpartners or the Higgs boson by the LEP and the Tevatron indicates that the scale of
SUSY breaking must be higher than previously thought, leading to fine-tuning at the per
cent level. On the other hand experimental limits on proton decay and the requirement of
Higgs doublet-triplet splitting provides some theoretical challenges at the high scale [J—[].
Related to the doublet-triplet splitting problem is the origin of p, the SUSY Higgs and
Higgsino mass parameter, which from phenomenology must be of order the SUSY breaking
scale, but which a priori is independent of the SUSY breaking scale. Apart from these
problems, unification of gauge couplings near Mgyt ~ 10'® GeV leaves open the question
of a full unification of all the forces with gravity, although this may be achieved in the
framework of string unification, including high energy threshold effects [f].

The challenges facing SUSY GUTs based on the MSSM motivate alternative ap-
proaches that successfully overcome these problems. Recently an Eg Supersymmetric Stan-
dard Model (EgSSM) has been proposed [[, fi], in which the low energy particle content
consists of three irreducible 27 representations of the gauge group Fg plus, in addition,
a pair of non-Higgs doublets H’ ,H, arising from incomplete 27’ ,2_7, representations. In
the EgSSM gauge coupling unification works very well, even better than in the MSSM [g].
Moreover, the EgSSM also solves the p problem via a singlet coupling to two Higgs dou-
blets. In the EgSSM a special role is played by a low energy gauged U(1l)y symmetry,
which consists of a particular linear combination of Abelian generators contained in the
SU(5) breaking chain of Eg. The U(1)y results from GUT scale Higgs which develop
vacuum expectation values (VEVs) in their right-handed neutrino components. As a con-
sequence the right-handed neutrino carries zero charge under U(1)y, thereby allowing a
conventional see-saw mechanism via heavy right-handed Majorana masses. The U(1)y is
anomaly-free since the low energy theory contains complete 27’s (minus the heavy charge-
less right-handed neutrinos) and H’, H , which have opposite U(1)y charges. The U(1)y
also serves to forbid the u term, but allow the singlet coupling, and is broken by the singlet
VEV which generates the effective u term. Without the gauged U(1)y symmetry there
would be a Peccei-Quinn global symmetry of the theory resulting in an unwanted Gold-
stone boson. In the next-to-MSSM (NMSSM) this global symmetry is broken explicitly by
a cubic singlet term, however this only reduces the symmetry to Zs and so the singlet VEV
then leads to dangerous cosmological domain walls. In the EgSSM, with a gauged U(1)nx
symmetry, the cubic singlet term is forbidden and the resulting would-be Goldstone boson
of the theory is eaten by the Higgs mechanism to produce a massive Z’ gauge boson.

However, although the EgSSM solves the p problem, the presence of the non-Higgs
doublets H' ,Hl cannot be regarded as completely satisfactory since it introduces a new
i/ problem and in this case a singlet coupling generating the mass u' for H’ ,H, is not
readily achieved [d, ff]. Similarly, although the EgSSM solves the usual doublet-triplet
splitting problem, since the usual Higgs doublets are contained along with colour triplets
in complete low energy 27 representations, the presence of the low energy H’, H introduces
a new doublet-triplet splitting problem because their triplet partners are assumed to be
very heavy. However, since the only purpose of including the non-Higgs states H ’,FI is to



help achieve gauge coupling unification at Mgyt ~ 1016 GeV, it is possible to consider not
introducing H', H at all, thereby allowing a solution to the p problem and the doublet-
triplet splitting problem, without re-introducing new ones. An immediate objection to
removing the non-Higgs states H’ ,H, of the EgSSM is that the gauge couplings will no
longer converge at Maut ~ 1016 GeV, so at first sight this possibility looks unpromising.
In a recent paper we showed how this objection could be overcome by embedding the
theory into a left-right symmetric Pati-Salam theory at Mgyt ~ 10'6 GeV, leading to a
unification of all forces with gravity close to the Planck scale [E] However, the analysis
did not include the effects of an additional low energy U(1)" gauge group that would be
required for a consistent resolution of the yp problem.

The purpose of the present paper is to propose a Minimal Eg Supersymmetric Standard
Model (MEgSSM) based on three low energy reducible 27 representations of the Standard
Model gauge group which allows Planck scale unification and provides a solution to the
u problem and doublet-triplet splitting problem, without re-introducing either of these
problems. Above the conventional GUT scale the MEgSSM is embedded into a left-right
symmetric Supersymmetric Pati-Salam model with an additional U(1), gauge group arising
from an Eg gauge group broken near the Planck scale. In our previous analysis [§] we
assumed for simplicity that the U(1), gauge group was broken at the Planck scale. Here we
assume that U(1), remains unbroken down to Mgyt and that below Mgyt an additional
U(1)x gauge group, consisting of a novel and non-trivial linear combination of U(1), and
two Pati-Salam generators, survives down to low energies. Eventually U(1)x is broken at
the TeV scale by the same singlet that also generates the effective p term, resulting in
a new low energy Z’' gauge boson. We discuss the phenomenology of the new Z’ gauge
boson in some detail. We compare the Z’ of the MEgSSM (produced via the Pati-Salam
breaking chain of Fg, where Eg is broken at the Planck scale) to the Z’ of the EgSSM (from
the SU(5) breaking chain of Eg, where Eg is broken at the GUT scale) and discuss how
they can be distinguished by their different couplings, which enable the two models to be
resolved experimentally. In the case of the MEgSSM the Z’ gauge boson properties can be
said to provide a window on Planck scale physics. In both cases the right-handed neutrinos
carry zero charge under the extra low energy U(1)" gauge groups, allowing a conventional
see-saw mechanism.

The layout of the rest of this paper is as follows. In the section 2 we consider the
pattern of symmetry breaking assumed in this paper. In section 3 we consider the two loop
RG evolution of gauge couplings in this model from low energies, through the Pati-Salam
breaking scale at Mgyt ~ 1016 GeV (assuming various Pati-Salam breaking Higgs sectors)
and show that the Pati-Salam gauge couplings converge close to the Planck scale M, ~
10 GeV. In section 4 we discuss the phenomenology of the new Z’ of the MEgSSM and
compare it to that of the EgSSM. In section 5 we shall construct an explicit supersymmetric
model of the kind we are considering. Finally we conclude the paper in section 5.



2. Pattern of symmetry breaking

The two step pattern of gauge group symmetry breaking that we analyse in this paper is:

Mp Mgyt
Es— G421 @ Dir — G311 (2.1)

where the gauge groups are defined by:

Gyo01 = SU(4) &® SU(Q)L X SU(Q)R & U(l)w,
G211 = SU(3). ® SU(2)L @ U(1)y ® U(1)x (2.2)

and we have assumed that the first stage of symmetry breaking happens close to the Planck
scale and the second stage happens close to the conventional GUT scale. The first stage of
symmetry breaking is based on the maximal Eg subgroup SO(10)®U(1)y and the maximal
SO(10) subgroup G422 ® DR corresponding to a Pati-Salam symmetry with Dy being a
discrete left-right symmetry.! The pattern of symmetry breaking assumed in this paper
is different from that commonly assumed in the literature based on the maximal SO(10)
subgroup SU(5)®@U(1), [@, B, [L1]. In particular, the Pati-Salam subgroup does not contain
the Abelian gauge group factor U(1)y. The only Abelian gauge group factor involved in
this pattern of symmetry breaking is U(1),, with a low energy U(1)x emerging along with
U(1)y below the Pati-Salam symmetry breaking scale.

The first stage of symmetry breaking close to M,, will not be considered explicitly in
this paper. We only remark that the Planck scale theory may or may not be based on a
higher dimensional string theory. Whatever the quantum gravity theory is, it will involve
some high energy threshold effects, which will depend on the details of the high energy
theory and which we do not consider in our analysis. Under Eg — (4991 the fundamental
FEg representation 27 decomposes as:

27 — (4,2,1)1 + (4, 1,5)% +(1,2,2)_1 + (6,1,1)—1 + (1,1,1)2 (2.3)
where the subscripts are related to the U(1)¢ symmetry’s charge assignments [@, . One
family of the left-handed quarks and leptons can come from the (4,2,1) 1; one family of
the charge-conjugated quarks and leptons, including a charge-conjugated neutrino v¢, can
come from the (4,1, 5)%; the MSSM Higgs bosons can come from the (1,2,2)_1; two colour-
triplet weak-singlet particles can come from the (6,1,1)_1; and the (1,1,1)s is a MSSM
singlet.

The second stage of symmetry breaking close to Mgyt is within the realm of con-
ventional quantum field theory and requires some sort of Higgs sector, in addition to the
assumed matter content of three 27 representations of the gauge group Fg. In order to
break the symmetry G401 to G3o11 at Mgur, the minimal Higgs sector required are the
G4221 representations Hp = (4,1,2) 1 and Hr = (4,1,2)_1.2 When these particles obtain

_ L.
2

"Under Dir the matter multiplets transform as gz, — q%, and the gauge groups SU(2)r and SU(2)r
become interchanged @]

2We show in the appendix that the symmetry breaking Gio21 to G211 also requires an MSSM singlet S,
from a 27 multiplet of Eg, to get a low-energy VEV. The VEV of this MSSM singlet is also used to solve
the p problem.



VEVs in the right-handed neutrino directions < Hp >=< v > and < Hrp >=< I/g >
they break the SU(4) ® SU(2)r ® U(1)y symmetry to SU(3). ® U(1)y ® U(1)x. Six of the
off-diagonal SU(4) and two of the off-diagonal SU(2)p fields receive masses related to the
VEV of the Higgs bosons. The gauge bosons associated with the diagonal SU(4) generator
T4°, the diagonal SU(2)g generator Tj and the U(1)y generator T, are rotated by the
Higgs bosons to create one heavy gauge boson and two massless gauge bosons associated
with U(1)y and U(1)x. The part of the symmetry breaking G4221 to G311 involving the
diagonal generators is then:

U7 @ Uz ©@ U(L)y — U()y ® U(L)x, (2.4)

where the charges of the “right-handed neutrino” component of the Higgs which gets the

VEV are:
1 /3 1 1 /1
H
=[=24/2, 2, —24/= 2.
YR ( 2\[2’ 2’ 2\/;> (2:5)

under the corresponding correctly Eg normalized diagonal generators:3

3 111 1 1
T15_\/jd' — . = T3 = = diag(1,—1), T, . 2.
4 92 Zag<6,6,6, 2)5 R 92 ’L(lg(, )a w/\/é ( 6)

In the appendix we discuss the symmetry breaking in eq. (R.4) in detail. To simplify the
discussion we observe that 71 = \/g @ where B and L are the baryon and lepton

number assignments of each Standard Model particle. The Higgs charges can then be

1 1 1
H
_- - _Z 2.
VR < 5 9 2) ( 7)

under the corresponding generators Tp_j = %, T}% and T. Then it is clear to see why

written as

the hypercharge generator Y is preserved by the Higgs Hr and H i since

B-1L
Y:T§+7( 5 )

takes a zero value for the right-handed neutrino and anti-neutrino Higgs components which

(2.8)

develop VEVs. However this is not the only Abelian generator that is preserved by this
Higgs sector. The Higgs Hr and Hr VEVs also preserve the combinations of generators
Ty —Tp_r and Ty, + T3
As shown in the appendix, precisely one additional Abelian generator orthogonal to
U(1)y is preserved, namely:
X =Ty +Tp) — Y (2.9)

where c19 = cos f12 and the mixing angle is given by

92R \/§
, L =1/2 g, 2.10
P 9B—IL. 5 4 (2.10)

*Note that we choose to normalize the Es generators G* by Tr(G°G®) = 36°°. It then follows that
the Pati-Salam and standard model operators are conventionally normalized by Tr(T*T") = 15*°. The

tan 912 =

correctly normalized Fg generator corresponding to U(1)y is Tyy/+/6 where Ty corresponds to the charges
in eq. @)



where the Eg normalized Pati-Salam coupling constants gop and g4 are evaluated at the
G901 symmetry breaking scale Mgur. Note that this Abelian generator X depends on
the values that the Pati-Salam coupling constants take at a particular energy scale. It is
easy to prove that it is a general rule that, if three massless gauge fields are mixed, then
at least two of the resulting mass eigenstate fields must have a charge that depends on the
value of the original gauge coupling constants. See the appendix for more discussion on
this unusual aspect of X.
The “GUT” (in this case Fg) normalized generator is

1
Ty = —X 2.11
X = Ny (2.11)

where the normalization constant Nx is given by:

5
N% =7-2c + gc‘{z (2.12)

From eq. (R.9), the corresponding gauge coupling constant gg( may be expressed in
terms of the SU(4), SU(2)r and U(1), gauge coupling constants g, gar and gy as:

1 1 1
5 = T + 3 (2.13)
Oy gy 504t Q2R
Whereao—wa —gg—R'a—ﬁ' nd —@ In terms of the Eg normalized
X — Ar ) 2R — A 0 4 — ) a. aw = Ir- € S O e 6 (0) allze

generator Tx = X/Nx, the normalized gauge coupling constant gx = gg(N x so that
ax = o N% giving:
Ny 6 2

S . — (2.14)
ax oy 3as+ 2R

The boundary condition in eq. (R.14) applies at the symmetry breaking scale Mguyr.
From eq. (R.§) one finds the following relation between the hypercharge gauge coupling
constant gy and the SU(4) and SU(2)r gauge coupling constants g4 and gar respectively:

1 1 1
— =t (2.15)
Qy Q2R 504
2 2 2
where ay = %, op = % and oy = i’—jr. In terms of the “GUT” (in this case Eg)

normalized hypercharge generator Ty = \/gY, the coupling constant is g1 = \/g gy:

) 3 2
Z -7 4= (2.16)
Q1 QR Q4
2
where a1 = Z—;T. eq. (B-19) is a boundary condition for the gauge couplings at the Pati-Salam

symmetry breaking scale, in this case Mgyr. Due to the left-right symmetry Dig, at the
Gl4901 symmetry breaking scale we have the additional boundary condition as;, = asg.

In table 1 we list the values that the generators Y, Tp_r, T}%, Ty and T, + T}% (and
therefore X) take for the Gizp11 representations of the 27 multiplet. Note that both Ty, —|—T}‘(f2
and Y are zero for v¢ and therefore neither By or Bx couple to right-handed neutrinos.
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r, [S[s s [ a[sa]af1]a]e
v [ala s (o3 [S[5] 4o
Ty+Ty | 3| 3|0 1|10 |-3]-3]-1|-1|2

Table 1: This table lists the Tp_;, = £5%, T3, T, hypercharge Y = Tp_p, + T3, and Ty, + T3
charge assignments for the (G3211 representations of the 27 multiplet of Eg [@] The charge for the
U(1)x group is dependent on X = (T, + T5) — ¢3,Y where ¢, is the square of the cosine of the
mixing angle 015 given by tan b2 = g2r/gp—1L-

This is a consequence of Goldstone’s theorem since the right-handed neutrino comes from
the same (G4991 representation as the Higgs boson component that gets a VEV to break
the symmetry.

The U(1) x associated with the preserved generator in eq. (£.9) is an anomaly-free gauge
group which plays the same role in solving the p problem as the U(1)y of the EgSSM, since
it allows the coupling Shy,hg that generates an effective p term, while forbidding S and
the phyhg. U(1)x is broken by the S singlet VEV near the TeV scale, yielding a physical
Z" which may be observed at the LHC. We emphasize that this Z’ is distinct from those
usually considered in the literature based on linear combinations of the Eg subgroups U(1)y,
and U(1), since, in the MEgSSM, U(1), is necessarily broken at M,. In particular the Z’
of the MEgSSM based on U(1)x and that of the EgSSM based on U(1)y will have different
physical properties, which we will explore later.

3. Two-loop RGEs analysis

In this section we perform a SUSY two-loop RG analysis of the gauge coupling constants,
corresponding to the pattern of symmetry breaking discussed in the previous section. Ac-
cording to our assumptions there are three complete 27 SUSY representations of the gauge
group Fj in the spectrum which survive down to low energies, but, unlike the original
EgSSM, there are no additional H’, H' states and so the gauge couplings are not expected
to converge at Mgur. We therefore envisage the pattern of symmetry breaking shown in
eq. (R)). Above the G4z01 symmetry breaking scale Mgyt we assume, in addition to the
three 27 representations, some G4901 symmetry breaking Higgs sector.

Although a Higgs sector consisting of Hp and H g is perfectly adequate for breaking
the G4201 symmetry, it does not satisfy Dyr. We must therefore also consider an extended
Higgs sector including their left-right symmetric partners. A minimal left-right symmet-
ric Higgs sector capable of breaking the G421 symmetry consists of the SO(10) ® U(1)y
Higgs states (16H)% and (1_6H)_%7 where (16H)% = (4,2, 1)% + (1,1,5)% and (EH)_%
(4,2, 1)_% + (4, 1,2)_%7 where the components which get VEVs are Hg = (4, 1,5)% and
Hrp = (4,1,2)

_1. If complete Eg multiplets are demanded in the entire theory below
2



M, then the Pati-Salam breaking Higgs sector at Mgyt may be assumed to be 27y and
271. Therefore, in our analysis we shall consider two possible Higgs sectors which con-
tribute to the SUSY beta functions in the region between Mgyt and M, namely either
(16H)% + (1_6H)7% or 27 + 27, where it is understood that only the G4291 gauge group
exists in this region, and these Higgs representations must be decomposed under the G4991
gauge group.

We therefore investigate the running of the gauge coupling constants at two-loops
for an Ejg theory that contains three complete 27 multiplets at low energies and either a
(16H)% + (EH)_% or a 27y + 27y above the G401 symmetry breaking scale. The Fg
symmetry is assumed to be broken to a left-right symmetric G4201 gauge symmetry which is
then broken to the standard model gauge group and a U(1)x group as described in section
2. In the previous section we discussed the relation in eq. (R.16) between the hypercharge
and Pati-Salam gauge coupling constants at the G4291 symmetry breaking scale. This can
be turned into a boundary condition involving purely Standard Model gauge couplings
constants at the G4921 breaking scale, since SU(3). comes from SU(4) so a3 = ay at this
scale, and, as remarked, the Dy g symmetry requires that asg = asor, at the G991 symmetry
breaking scale. Therefore eq.(2.16) can be re-expressed as:

5_3 .2 (3.1)

231 a2 Q3
Having specified the low energy matter content and thresholds, eq. (B.1]) allows a unique
determination of the Pati-Salam breaking scale, by running up the gauge couplings until
the condition in eq. (B.J)) is satisfied. In practice we determine the Pati-Salam symmetry
breaking scale to be close to the conventional GUT energy scale, and this justifies our use of
the notation Mgyt to denote the Pati-Salam breaking scale. Above the scale Mgyt we run
up the two Pati-Salam gauge couplings, namely a4 and as;, = asp, including, in addition to
the three SUSY 27 matter representations, also a Pati-Salam SUSY Higgs breaking sector
consisting of either (16) 1+ (1_6H)_% or 27y + 27y. The values of the gauge coupling
constants meet at a high energy scale close to the Planck scale M, = 1.2 x 10" GeV,
which suggests a Planck scale unification of all forces with gravity. Assuming full gauge
unification at the high energy scale, the U(1), gauge coupling is then run down, along
with the Pati-Salam gauge couplings, and the U(1)x gauge coupling is determined at the
G921 symmetry breaking scale Mgy from the boundary condition in eq. (2.13). The low
energy gauge couplings, including gx, are then run up and the procedure is repeated until
self-consistent unification is achieved.

The results are shown in figure 1. For the Fjg theory that contains the (16) 1 +
(165)_ 1 particles, we take a low energy effective threshold of 250 GeV for the MSSM
states and therefore an effective threshold of (6 x 250) = 1.5 TeV for the rest of states of
the three complete 27 multiplets as assumed in [JJ], which follows the analysis of effective
MSSM thresholds from [§]. For the Eg theory that contains the 27y + 27y particles,
the MSSM threshold must be increased to 350 GeV (and hence the 1.5 TeV threshold is
increased to 2.1 TeV) to ensure unification for the gauge coupling constants of the G991
symmetry. We run the gauge couplings up from low energies to high energies, using as
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Figure 1: This figure illustrates the two-loop RGEs running of the gauge coupling constants of two
different Fg GUTs with an intermediate left-right symmetric G221 symmetry. Both models contain
three 27 supermultiplets of Fg at low energies which contain all the MSSM states as well as new
(non-MSSM) states. For the Eg model in the left-panel we assume effective MSSM and non-MSSM
thresholds of 250 GeV and 1.5TeV respectively. For the Fg model in the right-panel we assume
slightly larger effective MSSM and non-MSSM thresholds of 350 GeV and 2.1 TeV respectively.
Above the G4221 symmetry breaking scale we include the effects of SO(10) ® U(1)y supermultiplets
(16#)1 + (164)_ 1 or Eg supermultiplets 27 +27 for the left-panel and right-panel respectively.
From the two-loop RGE analysis we find that the left-right symmetric G4221 symmetry is broken
at 10'6-453) GeV or 10'6403) GeV and that gauge coupling unification occurs at 10'8-9°() GeV or
1019-10010) GeV for the left-panel and right-panel respectively. For both panels we calculate that
¢y = cosfia is equal to 0.71 to two significant figures where tan 12 = gor/gp_r and the gauge
coupling constants are evaluated at the G491 symmetry breaking scale. The U(1)x charge is given
by X/Nx where X = (T§ + Ty) — c¢},Y and N% =7 — 2c3, + 3cf,.

input the SM gauge coupling constants measured on the Z-pole at LEP, which are as
follows [[l4]: ai(Mz) = 0.016947(6), aa(Mz) = 0.033813(27) and as(Mz) = 0.1187(20).
The general two-loop beta functions used to run the gauge couplings can be found in [[[§].
Using a two-loop renormalization group analysis, we calculate that the G901 symmetry
is broken at 10'6453) GeV or 10'640(3) GeV and that gauge coupling unification occurs
at 101890) GeV or 10191009 GeV for the Fg theories that contain (16H)% + (165)

or 27y + 27y respectively. In [f] the same two-loop RGE analysis was carried out for

_1
2

the Eg model but without the inclusion of the U(1)y and U(1)x groups. In terms of a
logarithmic scale, the Pati-Salam symmetry breaking scale and unification scale have not
been significantly changed from [fJ] by the inclusion of U(1)x and U(1)y; and Planck scale
unification and GUT scale Pati-Salam symmetry breaking is still a possibility.

The value of the gauge coupling constant at the unification scales 103-9() GeV or
101910010) GeV is ap = 0.183(10) or ap = 0.432(121) for the (165)1 + (165)_1 or 275 +
2711 particle spectra, respectively. The values of the unified gauge coupling at the Planck
scale are much larger than the conventional values of agyr and indeed are larger even than
a3(Mz), however they are still in the perturbative regime. Of course there are expected
to be large threshold corrections coming from Planck scale physics which are not included



Q L u’ d° e |ve| hy hi D D S
Y& | 5 | 5| 5 | L |O0O] 5 |5 |5 | 5|0
Xl o | % | ot | o | 2 |0 -5 | -3 | -5 | -5 | 2
N 1 2 1 2 1 0 -2 -3 -2 -3 5
Ty 1 0.129 | -0.387 | -0.516 | 0.258 | 0.775 | 0 | 0.387 | -0.387 |-0.258 | 0.258 0
Tx | 0.150 | 0.338 | 0.188 [0.301 | 0.113| O |-0.338 | -0.451 | -0.301 | -0.489 | 0.789
Tn|0.158 | 0.316 | 0.158 | 0.316 | 0.158 | 0 |-0.316 |-0.474 | -0.316 | -0.474 | 0.791

Table 2: This table lists the values that the charges Y, X and N take for the all the G321
representations of the Eg 27 multiplet. Y is hypercharge, X is the charge of U(1)x for the model
presented in sections 3 and 4 and N is the charge associated with the U(1)y group in the E¢SSM.

These charges are normalized by the Eg normalization constants N = 3, N¥ = 6% and N3 = 40

so that the Eg normalized charges of the U(1)y, U(1)x and U(1)y groups are given by Ty = Y/Ny,
Tx = X/Nx and Ty = N/Ny respectively, which are also given in the table. Nx and X have been
calculated for the case when the mixing angle tan 612 = gar/gp—1 is given by cos? 015 = 0%2 =5/7
which, to two significant figures, agrees with the two-loop RGEs analysis presented for the two Eg
theories in section 3.

in our analysis. Indeed, we would expect that QFT breaks down as we approach the
Planck scale, so that our RG analysis ceases to be valid as we approach the Planck scale,
as remarked in the Introduction. The precise energy scale F,oy at which quantum field
theories of gravity are expected to break down and new physics takes over is discussed
in [Iq] based on estimates of the scale of violation of (tree-level) unitarity. An upper bound
for this new physics energy scale is given by E2, = 20[G(3Ns+Ny+4Ny)]~* where N,, Ny
and Ny are the number of scalars, fermions and vectors respectively that gravity couples
to. Assuming three low-energy 27 multiplets, Eyew would be equal to 10'¥6 GeV which
sets an upper bound for the scale at which our quantum field theory analysis (and with any
corrections from effective quantum gravity theories included) can no longer be trusted. We
have shown that the gauge coupling constants are predicted to be very close to one another
at this scale and that, if extrapolated, unify just below M,. We have naively extrapolated
the RGEs up to M, even though new physics associated with quantum gravity must enter
an order of magnitude below this. The fact that the two PS couplings are very close to
each other at FEl.y, and are on a convergent trajectory must be regarded, at best, as a
suggestive hint of a unification of the gauge fields with gravity in this approach.

From the previous section, the charge of the U(1)x group Tx depends on the values
that the g4 and gor coupling constants take at the G4291 symmetry breaking scale, which is
written into the cosine c19 of the mixing angle tan 619 = gar/gp—r. The value that g4 and
gor take at this scale is automatically set by the unification of the G4201 gauge coupling
constants. We calculate that, with either (16H)% + (EH),% or 27 + 27y included above
the Gy201 symmetry breaking scale, 3, is equal 0.71 to two significant figures. However,
for convenience we take the physical value of ¢2, to be equal to % (~0.71) so that T'x can

be written in terms of fractions. Using this value of c2, in equation eq. (A.13), we can
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calculate Tx for all the standard model particles of the three low-energy 27 multiplets.
The values that T'x, Ty and Ty take for the particles of the 27 multiplets are given in
table 2, where T is the generator associated with the U(1)y group in the EgSSM.

4. Phenomenology of the new Z’ in the MEgSSM

In this section we investigate certain phenological implications of the Z’' gauge boson in
the MEgSSM. We compare the results to those calculated for the Z’' in the EgSSM to
see if a possible distinction could be made between the two models in future experiments.
We start by reviewing the covariant derivatives for the E¢gSSM and MEgSSM symmetries
below the GUT scale and compare the different U(1)" groups from the two models. The
mixing between the Z’ of the MEgSSM and the Standard Model Z gauge boson is then
calculated and shown to be negligible as in the EgSSM. We then calculate the axial and
vector couplings of the Z’ to the low energy particle spectrum and show that the charged
lepton vector couplings do differ in the EgSSM and MEgSSM, which could potentially lead
to a distinction between the two models in future experiments.

4.1 The Z' of the EgSSM

In the EgSSM the Eg symmetry is not broken through a Pati-Salam intermediate symmetry
but instead breaks to SU(3). ® SU(2), ® U(1)y ® U(1)n via a Eg — SO(10) ® U(1)y —
SUGB)®U(1), ®U(1)y symmetry breaking chain. The covariant derivative for the SU(3).®
SU(2)r, ® U(1)y ® U(1)n symmetry can be written as:

D“ = a“ + ignglc gcu + Z'ggLTiAsL“ + ingyByu + igNTNBNu (4.1)

where n = 1...8 and s = 1...3; A5, A7, By, and By are the SU(3)c, SU(2)z,
U(1l)y and U(1)y quantum fields respectively; g3, gor, g1 and gy denote the universal
gauge coupling constants of the respective fields and 73}, T}, Ty and T represent their
generators. At low energies the U(1)x gauge group will be broken, giving rise to a massive
Z'" gauge boson associated with the EgSSM.

The gy gauge coupling constant is equal to g; to an excellent approximation [,
independent of the energy scale of interest. This is to be compared to the universal gauge
coupling constant gx of the group U(1)x in the models presented in this section, which is
always less than g;.

Similar to Ty and Tx, we can split T into an Eg normalization constant Ny and a
non-normalized charge N so that Ty = N/Ny where the conventional choice is N3 = 40

and N = 1x + 5T, where y = 2v/107), [H].

4.2 The Z' of the MEgSSM

The covariant derivative of the G991 symmetry is discussed in the appendix and is given

by eq. (A.J)) as:

) . . 1 .
DM = aﬂ + Zg4TfLAZL + ZQQLTEAiH + ZgQRT]CZATRH + %ZngwAwu
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where m =1...15and r,s =1...3; Af,, A and Ay, are the SU(4), SU(2)r and U(1)y
quantum fields respectively; g4, gor and gy, denote the universal gauge coupling constants
of the respective fields; and T)", T and T}, represent their generators.

The covariant derivative of the (G3211 symmetry is derived in the appendix and is given

]

by eq. (A.1€) as:
Dﬂ = 8ﬂ + ig;gT&A?cu + iggLTiAiM + ingyByu + igXTXBXu (4.2)

where n =1...8 and s =1...3; and By, and Tx are the gauge field of the U(1)x group
and its (Eg normalized) charge respectively. At low energies the U(1)x gauge group will
be broken, giving rise to a massive Z’ gauge boson associated with the MEgSSM.

As is clear from table 2, for ¢3, = %, the T'x and Ty charges are different for all of the
G'3211 Tepresentations of the 27 multiplets. However, in the limit ¢, = %,
to gor = g4 at the G991 symmetry breaking scale, then Tx and Ty are identical.* This

corresponding

can be seen if one sets gogp = g4 = \/ggB—L in eq. (£.9) and eq. (2:13), in which case T'x
is given by:

s R R ()

E[TX ; \/1—5(T¢/\/5>]

= T, cosf + (T, /V/6)sin 6
=Ty (see [14]) (4.3)

where 6 = arctan v/15 and Ty is the Eg normalized charge for the U(1), group, which is
defined by SO(10) — SU(5)®@U(1)y [[3).°> In the EgSSM the U(1)y group is defined as the
linear combination of the two groups U(1), and U(1) for which the right-handed neutrino
is a singlet of the symmetry [[]. This linear combination is U(1), cos + U(1),, sin 6, where
0 = arctan /15 [f], which is the same linear combination of U(1), and U(1), that U(1)x
becomes if gr = g4 as shown above. Thus if ggr = g4 at the G4991 symmetry breaking scale,
then the covariant derivative for the EgSSM, eq. (f.I), and the covariant derivative for
G311, eq. (£.9), become equivalent because of the reasons stated above. However, in the
FEg theories that we have proposed, c2, ~ % not % so that, in general, one expects gr # ga
at the G4901 symmetry breaking scale in realistic models.

It is clearly of interest to try to distinguish the Z’ of the EgSSM from that of the
MEgSSM, since the former one is associated with GUT scale unification, while the latter
is associated with Planck scale unification. In the remainder of this section we discuss
the phenomenology of the new Z’ of the MEgSSM, comparing it to that of the EgSSM.
In principle different Z’ gauge bosons can be distinguished at the LHC by measuring the

4Although Tx and T are identical for ¢f, = 3/5, X and N and hence Nx and Nx are not. However,
we could have defined X and Nx differently so that they agree with N and Ny when ¢i, = 3/5.

®When gor, = g2r = ga the Pati-Salam generators can be thought of as SO(10) generators, on the same
footing as the SU(5) and U(1), generators when their gauge couplings are equal, as in the E¢SSM. In this
limit the above argument shows that there is no distinction between U(1)ny and U(1)x.
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leptonic forward-backward charge asymmetries as discussed in [[[7], providing the mass of
the Z’ is not much larger than about 2 TeV.

4.3 Mixing between Z and the Z' of the MEgSSM

In this section we investigate the mixing between the Z gauge boson and the Z' gauge
boson of U(1) x which is generated once the MSSM Higgs doublets get vacuum expectation
values and break the electroweak symmetry. When the MSSM singlet particle S from the
low-energy 27 multiplets of the MEgSSM gets a VEV, the U(1)x group will be broken
and a heavy Z' gauge boson will be produced. Then, when h, and hq get VEVs, the
SU(2)r, ® U(1)y symmetry will be broken to U(1)em and a heavy neutral Z gauge boson,
which is the following mixture of the SU(2)z, and U(1)y fields: Z,, = WS cos Oy — Ay sin Oy
where Oy is the Electroweak (EW) symmetry mixing angle. Since h, and hy transform
under U(1)y, they couple to Z’ and so mix the Z’ and Z gauge bosons when they get
VEVs. After S, h, and hg get VEVs the mass squared mixing matrix for the Z and Z’

gauge bosons is given by 1, fig:

where:
M3 = (g3;, + g5)(Y") 20,

M2, = g3v2[(T8 )2 cos? B+ (Th)?sin® ] + g% (T%)?s

SM? = /g2, + g% gx Y(TH cos® B — T4 sin® B)v?

where Y is the magnitude of the h, and hy Higgs bosons’ hypercharge; T)}?, T)}? and
T 5? are the values that the Eg normalized U(1)x charge, Tx, takes for the hy, hy and S
states respectively; gor and gy are the SU(2); and (non-GUT normalized) hypercharge
gauge coupling constants evaluated at the EW symmetry breaking scale;® gx is the U(1)x
gauge coupling constant evaluated at the U(1)x symmetry breaking scale; s is the VEV
of the MSSM singlet S; vy, = /02 + 1)3 and tan 8 = ;’—Z where v, and v, are the vacuum
expectation values for the h, and hgy MSSM Higgs bosons respectively.

The mass eigenstates generated by this mass mixing matrix are:

71 = ZcosOyzz + Z'sin,, (4.4)
Zo = —Zsinfzz + Z' cos 0z

with masses M7 , = 3[M3 + MZ, ¥ \/(M% — M2,) + 46 M*] respectively. The mixing
angle 60,7 is given by:
26M*

tan(2057) = ————-.
an( ZZ) M%,—M%

5The non-GUT normalized hypercharge coupling constant gy is identified as gy = \/g gi-
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In terms of this mixing angle the covariant derivative for the mass eigenstate gauge
bosons Z;1 and Z is:

cos 07z

D, = aﬂﬂ'(i
\/952/+Q%L

+1 <gXTX cos Oz +

(95T — gvY) — gxTx sin 922/) 21y

sin 6y

\/952/ + 931,

where gy and gof, are evaluated at the EW symmetry breaking scale and gx is evaluated at

(931, — g?ﬂ”)) Zoy (4.6)

the scale at which S gets a VEV to break the U(1)x symmetry. Phenomenology constrains
the mixing angle 6, to be typically less than 2 — 3 x 1073 [[J] and the mass of the extra
neutral gauge boson to be heavier than 500 — 600 GeV [R(]. We calculate that, if the S
particle gets a VEV at 1.5 TeV in the MEgSSM, then 6, = 3 x 1073 and My = 544 GeV
so that phenomenologically acceptable values are therefore produced for s > 1.5 TeV. This
vacuum expectation value is consistent with the RGEs analysis in section 3 and the scale
of electroweak symmetry breaking.

Since the mixing angle 05z is very small in the MEgSSM, we approximate the two
mass eigenstate gauge bosons to be just Z and Z’, which are the neutral gauge bosons
of the broken SU(2);, ® U(1)y and U(1)x symmetries respectively. The above covariant
derivative is then simplified to:

1
\/g%/"i_g%L

4.4 Axial and Vector Couplings for Z’ in the MEgSSM

D,=0,+i Zu (95T — gvY) +igx Z,Tx.

If we ignore the mixing between the Z and Z’ gauge bosons, then the most general La-

grangian for the U(1)x group is 1], B

sin
2

1

X i
1 F™E,,

uv !
P, —

1 gx — i i
Lx =5MpZ"Z, == b (Fr = P WiZ), —
i

where F'* and FM are the field strength tensors for U(1)x and U(1)y respectively; 1
are the chiral fermions and f{, and fY are their vector and axial charges which are given
by fi, = N—lx(Xz + X%) and fi) = N—lx(Xz — X%) where X, and Xp are the X charges for
the left-handed and right-handed particles respectively.

The %F ' F,, term in the above Lagrangian represents the kinetic term mixing for
the two Abelian symmetries U(1)y and U(1)x. In general, the kinetic term mixing of two
Abelian gauge groups is non-zero because the field strength tensor is gauge-invariant for
an Abelian theory. However, if both Abelian groups come from a simple gauge group, such
as Fjg, then sin x is equal to zero at the tree-level, although non-zero elements could arise
at higher orders if the trace of the U(1) charges is not equal to zero for the states lighter
than the energy scale of interest [29]. The trace of the U(1)y and U(1)x charges is given
by:

T (Ty Tx) = > (T} T%).
i=chiral fields
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u d € v D h S

Jv/Nx | 3-8l | —3+gcha | —5+5¢h | 3+36 | 3¢ | —1+ch 2

fa/Nx | 3+35¢ | 5 —5¢h 53 | 3+35ch —2 —2 2
fv —0.0376 | —0.1503 0.2255 0.3382 0.1879 | —0.1127 | 0.7892
fa 0.3382 0.4510 0.4510 0.3382 | —0.7892 | —0.7892 | 0.7892
f8 0.0278 —0.1637 0.1081 0.2996 0.1359 | —0.1915 | 0.7906
fg 0.2996 0.4910 0.4910 0.2996 | —0.7906 | —0.7906 | 0.7906

Table 3: In this table we list the axial f4 and vector fiy U(1)x charge assignments for the G3211
representations of the complete 27 Fg multiplet in the MEgSSM. The assignments for a general
MEgSSM model and for the model presented in sections 3 and 5, which has ¢, = 5/7, are both
given. The Eg normalization factor Nx is given by N3 = 7 — 2¢2, + %
£% when ¢}, = 5/7. We have also included the axial and vector U(1)x charge
assignments fO and fQ in the EgSSM so that a comparison can be made to the corresponding

MEgSSM quantities fy and fa.

¢}y for a general model
and is equal to 6

This trace is only non-zero if incomplete GUT multiplets are present in the low energy
particle spectrum. There are no low-energy incomplete Fg multiplets in the model we
presented in section 4 and so siny = 0 at the tree-level and at higher orders in this
particular case. There is therefore no kinetic term mixing between the U(1)y and U(1)x
groups in the MEgSSM. In the EgSSM two additional EW doublets from incomplete Fg
multiplets are kept light so that, in this case, sin x is non-zero [E]

The second term in the U(1)x Lagrangian Ly represents the interaction between the
Z' gauge boson and the fermions. In table 3 we list the vector and axial U(1)x charges
for the G 4001 representations of the complete 27 low-energy Eg multiplets in a general Ejg
theory and the MEgSSM, which has ¢, = 5/7. We also list the vector and axial U(1)x
charges of the EgSSM for the low-energy 27 multiplets for a comparison. The differences
between the values of the vector and axial couplings of the two Z’ gauge bosons of the
U(1)x and U(1)n groups are due to the difference in value between the Eg normalized T'x
and Ty charges and the fact that the kinetic term mixing between the U(1)y and the U(1)’
groups is non-zero in the EgSSM but zero in the MEgSSM. The largest difference between
the vector and axial couplings of U(1)x and U(1)y exists for the charged leptons where
the vector coupling for U(1)x is a factor of two larger than for U(1)y.

5. A realistic model

In this section we construct a realistic MEgSSM, focussing on the model building issues.
The MEgSSM has a more ‘minimal’ particle content than the EgSSM since it only contains
three complete 27 multiplets at low energies whereas the EgSSM contains two additional
EW doublets which can be considered as states of incomplete 27 and 27 Eg multiplets.
From the RGEs analysis, unification of the G991 gauge coupling constants occurs near the
Planck scale where an Fg symmetry should in principle exist. However, given the expected
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field | SUM4) @ SU2), ®SU2)r @ U(1)y | UL)g | 24
F,, Ff (4,2,1)1, (4,1,2); 1 —
h3, ha (1,2,2)4 0 | +,—
S3, Sa (1,1,1), 2 | +,-

D; (6,1,1)—4 0 -

M, % (1,1,1) 0 | +,—

Hp, Hg (4,2,1)1, (4,1,2)1 2 +
Hp, Hp (4,2,1)_1, (4,1,2) 1 0 +

Table 4: This table lists all the charge assignments for the G4221 representations of the MEgSSM,
where i = 1...3 is a family index and o = 1,2. The U(1)g is an R-symmetry and Z{! distinguishes
the third family Higgs which get VEVs. These symmetries obey the G4291 symmetry but not the Eg
symmetry since the latter is assumed to be broken by quantum gravity effects. The superpotential
terms that are allowed by these symmetries are given in table 5. The hs supermultiplet contains the
MSSM Higgs bosons and S5 is the MSSM singlet that generates an effective u-term AgSshshs. The
H; and Hj Higgs bosons are required to satisfy the left-right discrete operator Dyr that is defined
by Es — Gaz21 @ Dir. ¥ and M are Eg singlets that are assumed to get VEVs at 10711 GeV and
10164 GeV respectively.

strength of quantum gravity at this scale, it is likely that any such Eg symmetry is for all
practical purposes broken by gravitational effects. Therefore, the model that we propose in
this section is chosen to not respect an Fg symmetry but instead obey the G491 symmetry
that exists between the conventional GUT and Planck scales where quantum gravity effects
will not be so significant.

Under Eg — SO(10) ® U(1)y — Ga221, the fundamental Fg representation breaks into
the following: 27 — 16% +10_; + 13 —» F+ F°4+ h+ D+ S where F = (4,2, 1)% contains
one family of the left-handed quarks and leptons, F¢ = (4,1,2) 1 can contain one family
of the charge-conjugated quarks and leptons, which includes a charge-conjugated neutrino,
h =(1,2,2)_; contains the MSSM Higgs doublets h,, and hg, while D = (6,1,1)_; contains
two colour-triplet weak-singlet particles, and S = (1,1,1)2 is a MSSM singlet. Including
three families contained in three 27; reps, then, without further constraints on the theory,

the allowed couplings are contained in the tensor products [13, f:
27i27j27k — EF}chk + EFjDk + F‘fFka + Szh]hk + SZD]Dk (51)

where ,j,k = 1...3 are family indices. However not all these terms are desirable since
the presence of extra Higgs doublets can give rise to flavour changing neutral currents
(FCNCs) and the presence of light colour triplets can induce proton decay. Therefore extra
symmetries are required to control the couplings, a suitable choice being the R-symmetry
and the discrete Z4! symmetry displayed in table 4, which reduces the allowed couplings to
those shown in table 5, where we also display the lowest order non-renormalizable terms.

We now discuss the physics of the allowed and suppressed terms.
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Allowed couplings Physics
FiFihs MSSM superpotential
Sshshs Effective MSSM p-term
Szhahg ho mass
S3D;D; D; mass
Sahghs S, mass
MLPE(FZ-FjDk + FfchDk) Allows D; and proton decay
MLPEFZ‘FJ%Q Heavily suppressed FCNCs
MLPESO,DZ-D]' Harmless
MLPESahg hy Harmless
MLPESahghg Harmless
MipﬂchH rHR ¢ mass
MLpFiFjﬁLﬁL Harmless
M(HrHr+ HrLH1) 16y + 165 mass

Table 5: This table lists the GG4291 superpotential terms that are obtained from all the renormal-

izable and first-order non-renormalizable Fs tensor products of 27;, (16 H)% + (1_6H)7% (from a

27+27), M and ¥ that are allowed by the ZZ and U(1) gz symmetries of the MEgSSM, as discussed
in section 5 and table 4. The indices ¢,5,k =1...3 and «, 8,7 = 1,2 are family indices.

5.1 Suppressed flavour changing neutral currents

We take the Echhg superpotential terms to contain the MSSM Yukawa couplings since we
assume that the third generation hs gives the MSSM Higgs doublets. The other A, states
are taken to not get VEVs and will cause FCNCs unless the superpotential term Fichha,
where a = 1,2, is forbidden or highly suppressed by some new symmetry [§. Here we
forbid these terms using a Z{{ discrete symmetry that respects the G991 symmetry but
not the Planck-scale Eg symmetry since the latter is assumed to be broken by quantum
gravity. Under this ZJ7 symmetry the ‘matter particles’ F; and Ff and ‘non-Higgs’ particles
he are taken to have ZJ = —1 and the MSSM Higgs doublets from h3 are assumed to
have ZH = +1. The FCNC inducing terms FiFhq are therefore forbidden by the zHa
symmetry and the MSSM superpotential generating terms F; F7hg are allowed.”

However, we show later that, although the Fichha terms are forbidden at the renor-
malizable level by Z#, they are still generated from non-renormalizable terms, which are
heavily suppressed so that the induced FCNCs are not significant. The Z4 symmetry used
here forbids the FCNCs in the same way that the Z& symmetry of the EgSSM forbids the
FCNCs from the h, ‘non-Higgs’ particles in that model [f].

"Forbidding or highly suppressing these terms could explain why only hs gets a VEV since then the
other h; states won’t directly couple to the top Yukawa coupling.
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5.2 The p-term and exotic mass terms

As with h;, we assume that only the third generation of the S; states gets a vacuum
expectation value so that the S3hszhg term, from the G4221 superpotential term S;h;hy,
will generate an effective MSSM p-term. For this term to be allowed by the Z& symmetry,
the S3 particles must have ZJ7 = +1.

This S3 particle is also used to give mass to the ‘non-Higgs’ particles h, and colour-
triplet particles D; via the terms S3hohg and S3D;D; respectively where 8 = 1,2. For
general U(1)" models, the S3D;D; superpotential term has been shown to induce a VEV
for the singlet S3 so that it can generate an effective p-term [24, P§]. The Yukawa coupling
constant for the S3D;D; term will, in general, contribute to the renormalization group
evolution of the soft singlet mass m% causing it to run negative in the scalar potential.
The VEV of S3 then carries information about soft supersymmetry breaking from the
parameter m%. Therefore, the effective p parameter is now correlated in some way to the
SUSY breaking mechanism and its observed correlation with the soft Higgs mass terms can
be understood [R6, 4. That is, the x problem of the MSSM should not exist in this model.
We show below that the S,D;D; and Syhgh, (where v = 1,2) superpotential terms are
forbidden at tee-level so that S, should not acquire VEVs. These S, particles will instead
get mass from the S,hghs superpotential terms where S, has ZQH =—1.

5.3 Exotic decay and suppressed proton decay

The remaining (G4991 superpotential terms to be discussed from eq. (@) are I;F;Dj, and
F{FiDy. These will cause rapid proton decay in this model unless they are highly sup-
pressed or forbidden by some symmetry [, [§]. The Standard Model representations of these
superpotential terms are often found to some degree in other GUTs and the rapid proton
decay problems are often solved using some doublet-triplet splitting mechanism that gives
large (above the GUT scale) mass to the analogue of the D; (triplet) particles, but EW
mass to the Higgs doublets. However, in our model we do not give a large mass to the D;
particles because gauge anomalies would then exist, due to the U(1)x group, and Planck
scale unification would be lost. Also, as discussed above, the D; particles can be used to
help induce a VEV for the S35 particle, around the EW scale, if they contribute to the low
energy theory. We must therefore highly suppress the F;F; Dy, and F{F Dy, superpotential
terms using a small Yukawa coupling constant rather than using the general GUT method
of creating large D; masses.

Note that these superpotential terms must be suppressed rather than forbidden since
the D; particles would become stable, strongly interacting particles with TeV scale masses.
Such particles cannot exist in nature and in fact could potentially cause problems for nu-
cleosynthesis even if they are unstable with a lifetime greater than just 0.1s [7]. Therefore,
the F; Dy and F{F Dy, terms should not be suppressed by too small a Yukawa coupling
constant for the lifetime of D; to exceed 0.1s, or too large a Yukawa coupling constant for
the proton’s lifetime to be smaller than the present experimental limits.

To overcome these problems we use the same method that is used in the model pre-
sented in [E] That is, we forbid the F;F;Dj, and F{F;Dy, superpotential terms at the
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tree-level but generate them from the non-renormalizable terms Y F;F; Dy, and XFF; Dy,
where ¥ is an FEjg singlet which is assumed to get a VEV at some high energy scale, by
taking both both ¥ and D; to have Zi = —1. These non-renormalizable superpotential
terms are expected to survive from the Planck scale and so will likely be suppressed by
a factor of 1/M,. We can therefore control the degree of suppression of the F;F;Dj, and
F{FiDy terms by choosing the energy scale at which X gets a VEV. Below we estimate
the energy scales at which ¥ can get a VEV so that the proton’s lifetime is above the
experimental limits and the D; particles have a lifetime less than 0.1s.

The superpotential terms A;j,F;F;Dy, and )\iijfchDk cause proton decay through
the decay channels p — K'7 via d = 5 operators (through the S3D;D; term which is

Vet via d = 6 operators with matrix

responsible for the triplet mass mp) and p — «
elements proportional to A\>/mpmgusy and A?/m?, respectively BY, BJ], where mgysy is
the mass scale for the Standard Model’s superpartners. The present experimental limits
on the proton’s lifetime for the p — K7 and p — 7%t decay channels are 1.6 x 1033
years and 5.0 x 1033 years respectively [[4]. The mass mp of the D particles required
to suppress the p — K77 and p — 7% matrix elements enough for proton decay to
not have been observed is given in various papers (see for example [f, BJ]) where no fine
tuning of the Yukawa coupling A is used. These calculations assume that a doublet-triplet
splitting mechanism can be implemented to give large GUT scale masses to the triplet D
particles but EW scale masses to the Standard Model Higgs doublets. Here we instead
assume that the mass of D is not very different from the EW scale (e.g. mp = 1.5TeV)
and that the Yukawa coupling A is very small compared to the Yukawa couplings of the
Standard Model. We make a rough order of magnitude estimate for the value of the Yukawa
coupling A required for unobservable proton decay through the d = 5 and d = 6 channels,
for mp = 1.5TeV, by scaling the results obtained from [B, B{(] and using the fact that
the matrix elements for p — K+7 and p — 7e* are proportional to A\2/mpmgysy and
A2/ m% respectively. In the case of triplets that are much heavier than the doublets, it is
the d = 5 channel that sets the higher limit on the mass of the triplets and this is usually
higher than the GUT scale [}, B§]. For mp = 1.5 TeV, however, the d =5 and d = 6 decay
channels have similar decay rates since Mgysy is expected to be close to the TeV scale
and the decay rates depend on the square of the matrix elements. In what follows we shall
choose to scale the results based on the d = 6 operator, since these turn out to give slightly
stronger limits on A.

According to [J] the triplets D must have mass larger than 1010-11 GeV for the lifetime
of the proton to be greater than 5.0 x 1033 years for the non-SUSY d = 6 channel p —
K77 and for no fine-tuning of the Yukawa coupling constant of the F; F;Dj, and FfFEDy,
superpotential terms. Assuming that the Yukawa coupling used in is of order unity,
since it is not specified, we use the square of the matrix element of p — K7 to estimate
that the Yukawa coupling A must be less than the following when the D triplets have mass
equal to mp = 1.5TeV:

1 1.5 Tev  \*
A< A <1078,
~ 5.0 x 1033 yrs 8 (1011_12 GeV) -
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As mentioned above, we forbid the F;F;D;, and F;{F;Dy, superpotential terms by the zH
symmetry but effectively generate them from the non-renormalizable terms ]\/[LPEFZ-F]’D}C
and MLPEFZ-CF 5Dy when X gets a VEV. To generate an effective Yukawa coupling smaller
than 1078 to avoid experimentally observable proton decay, ¥ must get a VEV less than
10M GeV.

The effective superpotential terms F;F;Dj, and F{FiDy, generated from ]\/[LPEFZ-FJ'D}C
and MLPEP}CF}CD;C, are the only source for the D; particles to decay. Assuming that m; <
mp, where mg is the mass of the heaviest stop, the D¢ Standard Model representation
of the G4921 D particle will predominantly decay through the channel D¢ — t+b [E]
Using the standard 2-body decay kinematic formula [[[4] we estimate that the decay rate
for D¢ — ¢ + b, under the assumption that m; < my, is:

2 2
5 40
mp

1 m
dl ~ 2
3272 M

At tree-level, a rough order of magnitude estimate of the matrix M for the D¢ — ¢t +b
decay channel gives:
2 2 2y12
IM[* ~2(mp — mg))\

Taking the mass of the stop to be around the TeV scale, we estimate that the F;F;Dj,
and FFF Dy, operators must be multiplied by an effective Yukawa coupling A that is greater
than 10! for the D; particles to have a lifetime less than 0.1s.

If the stop is assumed to be heavier than D¢ (e.g. my = 2TeV, mp = 1.5 TeV) then the
predominant decay channel will most likely be D¢ — b+ c+ xo where xq is a neutralino [E]
Under the assumption that m. < mp < m,,, a tree-level order of magnitude estimate
for the decay rate of this channel can be shown to require an effective Yukawa coupling A
about an order of magnitude larger than when the stop is lighter than D. We therefore
require that A > 10~!2 for the D; particles to have a lifetime less than 0.1s.

The superpotential terms A, F;F; Dy, and A FYF Dy, are effectively generated from
the Planck-suppressed operators MLPEFZ‘F Dy, and MLPE F{FiDj, and so the Yukawa coupling
A is given by < ¥ > /M, where < ¥ > is the VEV of the ¥ particle. To avoid cosmological
difficulties from the D; particles, ¥ must therefore get a VEV greater than about 107 GeV.
Therefore, to avoid experimentally observable proton decay and cosmological issues with
the D; particles, we require that the Eg singlet ¥ should get a VEV between 10~ GeV.

5.4 R-symmetry and R-parity

To ensure that the LSP is stable in this model, so that it is a candidate for dark matter, we
derive R-parity from the U(1)g symmetry B3], which commutes with the G491 symmetry
but not the Fg symmetry because the latter may not be respected by low energy symmetries
as it is assumed to be broken by quantum gravity effects. To allow the G 4201 superpotential
terms, which respect the ZJ! discrete symmetry, and to derive a generalization of the MSSM
R-parity, the G4221 supermultiplets of the three 27 Eg have the following U(1)r R-charge
assignments: [F; and FY have R = +1; h3, he, D; and ¥ have R = 0; and S3 and S,
have R = +2 (see table 4). The 16y state also has R = 42 so that when it gets a
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VEV the U(1)g is broken to a Zo discrete symmetry, which we call ZJ*. Under this ZJ
symmetry the scalar components of F;, ¢ and the fermionic components of h3 (the MSSM
sparticles) all have Z& = —1 while the fermionic components of F; and Ff and the scalar
components of h3 (the MSSM particles) all have Z& = +1. The Z4 symmetry is therefore
equivalent to the R-parity of the MSSM for the F;, ¥ and hg supermultiplets. The hq,
D;, S; and ¥ supermultiplets are not in the MSSM. All the scalar components of these
‘new’ supermultiplets can be shown to have Z' = 4+1 while all the fermionic components
have Z¥ = —1. Therefore F; and Ff are the only supermultiplets in the theory which
have Z4t = +1 for their fermionic components and Z& = —1 for their scalar components.
This Z& symmetry stops the ‘non-MSSM’ particles from allowing the MSSM LSP to decay
as well as operating as the R-parity of the MSSM. The introduction of the Z£ symmetry
therefore ensures a stable dark matter candidate, the MSSM LSP.

Note that the ZI! symmetry in table 4 is equivalent to an MSSM matter-parity. There-
fore if it was left unbroken then it would also prevent the MSSM LSP from decaying.
However, as discussed in section 5.3, the Z& symmetry is broken by the Fg singlet ¥ at
around 107" GeV generating the effective operators F;F;Dy, FfchDk and EF]‘?ha that
disrespect Z4, and enabling the MSSM LSP to decay. Hence the Z symmetry must be
introduced in addition to the Z& symmetry so that the MSSM LSP is stable.

5.5 16y + 16 mass

In addition to the three 27 Eg multiplets, which are present at low energies, the Higgs states
from (16H)% + (EH),% or 27y + 27y must be given a mass at the conventional GUT
scale so that the G4291 symmetry can be broken and the gauge coupling constants can unify
at the Planck scale. Here we only consider a model that contains the (16) 1+ (165)_ 1
above the GUT scale and briefly mention what changes should be made to such a model if
271 + 27y are used to break the G4991 symmetry instead.

To give the required GUT scale masses to the (16) 1+ (165)_ 1 multiplets, we in-
troduce an Fjg singlet M that is assumed to get a VEV at this particular energy scale and

which couples to the G4221 representations of the (165)1 and (165)_1 multiplets via the
2 2

superpotential term M (165)1(165)_1. We take the (165)1 supermultiplet to have an
2 2 2
R-charge of 42 so that certain phenomenologically problematic operators are forbidden.

Then, to allow the M (165)1(165)_1 term, the M and (16)_1 supermultiplets are both
2 2 2
given an R-charge of 0.8 If 275 + 27y is included between the GUT and Planck scales,
rather than (16g): + (165)_1, then another Zo must be applied to the 27y and 27y
2 2

multiplets to forbid certain phenomenologically problematic superpotential terms.

5.6 Neutrino mass

These R-charge assignments forbid phenomenologically-problematic terms and allow the

charge-conjugated neutrinos, from FF, to obtain a large Majorana mass O(MEy/Mp)

from a MLECF;:(EH)_ (165)
P

1 = MipﬂchH rHp superpotential term. This term will
2

1
2

8Note that the bilinear term (16H)% (EH)_% is also allowed by the symmetries of the model. We assume
that the dimensional coupling constant for this term is less than or equal to Mgur.
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create a conventional see-saw mechanism for the left-handed neutrinos when h3 gets a VEV

in the superpotential term F;F jchg. This and MLpFiFjﬁLFL, which is phenomenologically

harmless, are the only superpotential terms that contain interactions between the three 27

Eg multiplets and the (164)1 + (165)_1 and M multiplets.
2

1
2
6. Summary and conclusion

We have proposed a Minimal Eg Supersymmetric Standard Model (MEgSSM) based on
three low energy reducible 27 representations of the Standard Model gauge group which
has many attractive features compared to the MSSM. In particular it provides a solution to
the p problem and doublet-triplet splitting problem, without re-introducing either of these
problems. Above the conventional GUT scale the MEgSSM is embedded into a left-right
symmetric Supersymmetric Pati-Salam model, which allows complete gauge unification at
the Planck scale, subject to gravitational uncertainties. Although we have not studied it
here, it is also clear that fine-tuning in such models will be significantly reduced compared
to the MSSM due to the enhanced Higgs mass.

At low energies there is an additional U(1)x gauge group, consisting of a novel and
non-trivial linear combination of one Abelian and two non-Abelian Pati-Salam generators.
The U(1)x is broken at the TeV scale by the same singlet that also generates the effective p
term, resulting in a new low energy Z’ gauge boson. We compared the Z’ of the MEgSSM
(produced via the Pati-Salam breaking chain of Eg, where Eg is broken at the Planck scale)
to the Z’ of the EgSSM (from the SU(5) breaking chain of Eg, where Fjg is broken at the
GUT scale) and discussed how they can be distinguished by their different couplings. The
possible discovery of such Z’ gauge bosons is straightforward at the LHC and the different
couplings should enable the two models to be resolved experimentally. In particular, the
most significant difference between the vector and axial couplings of the Z’ of the EgSSM
and MEgSSM is in the vector coupling of the charges leptons, which is twice as large in
the MEgSSM as in the EgSSM.

We emphasise that the presence of additional threshold corrections at the Planck scale
will not change the Pati-Salam breaking scale or the values of the Standard Model gauge
couplings at this scale to one loop order. However, since these quantities are determined
by running up the couplings from low energies, there will be some sensitivity to TeV
scale threshold corrections. Since the vector and axial vector couplings of the Z' are
determined from the values of the Standard Model gauge couplings at the Pati-Salam
breaking scale, there will therefore be little sensitivity to Planck scale threshold corrections
on the determined vector and axial vector couplings of the Z'.

We have introduced an R-symmetry and discrete Z2H symmetry that addresses the
potential major phenomenological problems such as flavour changing neutral currents and
proton decay, which would otherwise be introduced to the theory by colour triplet fermions
and extra non-Higgs doublets from the three copies of the 27 multiplet. In the MEgSSM,
right-handed Majorana masses of the correct order of magnitude naturally arise from the
Higgs mechanism that breaks the intermediate Pati-Salam and U(1), symmetry to the
standard model and U(1)x gauge group, leading to a conventional see-saw mechanism.
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It should be possible to embed the model presented here into a realistic flavour model
describing all quark and lepton masses, leading to predictions for the exotic colour triplet
non-Higgs fermion masses, which will be the subject of a future study.

In conclusion, the MEgSSM has clear advantages over both the MSSM and NMSSM,
and even the EgSSM, which make it a serious candidate SUSY Standard Model. It also has
a certain elegance in the way that the low energy theory contains only complete reducible
27 representations that also allow for anomaly cancellation of the gauged U(1)x, which
we find quite appealing. We have shown that the potentially dangerous couplings of the
exotic particles can readily be tamed by simple symmetries, leading to exciting predictions
at the LHC of exotic colour triplet fermions and a new Z’ with distinctive couplings. The
discovery and study of such new particles could provide a glimpse into the physics of
unification at the Planck scale.
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A. Symmetry breaking G422 to G3a11

Since the U(1)x group does not appear to have been considered in the literature, we
illustrate in detail how the Hr and Hp Higgs bosons can generate it and also break the
G221 = SU4) ® SU(2)r, ® SU(2)r ® U(1)y symmetry to the Gga11 = SU(3). ® SU(2)r, ®
U(1)y ® U(1)x symmetry.

We start with the covariant derivative of the G991 symmetry, which can be written

as:

DM = ({9M + Z‘g4TfLAZL + Z'QQLTIS/ASL‘u + iggRTIQATRH + %Z‘gd,Td,Ad,“ (Al)
where m = 1...15 and r,s = 1...3; Afj, A7 , AR, and Ay, are the SU(4)., SU(2)r,
SU(2)r and U(1)y quantum fields respectively; g4, gar, g2r and gy denote the universal
gauge coupling constants of the respective fields and T, T}, Tj and T}, represent their
generators. All of the T}", T, T} and Ty, generators are derived from components of the
Eg generators G, which we choose to Eg normalize, for the fundamental representation
27, by:

Tr(G* G°) = 36% (A.2)

where a,b=1...78.

Then, with this normalization, the Pati-Salam generators T}7", T and 717 are nor-
malized for the fundamental representations of SU(4), SU(2)g and SU(2); respectively,
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1

Tr(Ty" T7) = 56™, (A.3)
1

Tr(Th T3) = Tr(TE T5) = =5'* (A.4)

2

where m,n =1...15.
The U(1)y charge %Tip is a diagonal Eg generator, which we choose to be the 78th

1

generator G'8 = \/gTw’ and is therefore normalized by eq. (A:) to give:

1 2
; > 17 =3 (A.5)
27

where the sum is over all the G4991 representations that make up the fundamental 27
multiplet of Fj.

To break Gao21 to SU(3). ® SU(2)r ® U(1)y ® U(1)x we use the Higgs bosons Hp
and Hp that transform as (4, 1,2)7% and (Z, 1,5)% under G4991 respectively. These are
the smallest GG4901 multiplets that can be used to break the Pati-Salam symmetry directly
to the standard model gauge group. When Hp and Hpr develop VEVs in the vz and v°
components respectively, they will break SU(4), — SU(3), Bl and mix the field associated
with the remaining SU(4). diagonal generator, A%, with the field associated with the
diagonal generator of SU(2)gr, A%, and the U(1)y field Ay. The rest of the SU(4), and
SU(2)g fields are given square mass proportional to v2, the sum of the square of the Hp
and Hg VEVs.

The diagonal generators for the A% and A%, fields are T{° and T5. For the fundamental
representations of SU(4) and SU(2)g respectively [[3]:

3 111 1 11
T15:\/jd' = == T3 = diag( =, —= ).
4 2 Z“9<6’6’6’ 2>’ R = @I 575

The part of the symmetry breaking G201 to G3211 involving the diagonal generators
T1°, T3 and Ty, is then equivalent to:

Ui ® U(L)gg @ U(L)y — U(L)y @ U(1)x-

In the rest of this appendix we explain this particular symmetry breaking in detail.
Using the G221 covariant derivative, eq. (JA.])), the covariant derivative for the U(l)T415 ®
U(l)Tg ®@ U(1)y symmetry is:

. . 1.
D,u = (9“ + zg4T415AiZ + ZggRT]%A%M + %ZQwTwA¢M

= (9“ + ingLTBfLAzllz + iggRT}%A%M + igNwTwA¢M (AG)

9These normalizations are necessary for the standard model generators Tem of SU(3). and SU(2)r to
be normalized in the conventional way: Tr(T¢T¢) = 26% and Tr(T{T;) = 167 for the fundamental
representations, where T, and 77 are the generators for the SU(3). and SU(2)r groups respectively and
d,e=1...8.
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where gp_1 = \/§g4, INy = %gw, Tp_1 = \/%T415 = @ and B and L are baryon and
lepton number respectively.

In terms of the diagonal generators Tp_g, TI% and Ty, the vg component of Hr and
the ¢ component of Hp transform under U(L)ps ® U(l)T}% @ U(1)y as:

1 1 1 1 1 1
C
H_(_- - _Z A e A7
VR ( 2 2’ 2)’ 'H (2’ 2 2) (A7)

Therefore, once Hp and H g get their VEVs, the square of the covariant derivative for
the A5, A3 and Ay fields becomes:

2 1 2
o] = 1o+ st~

where gp_1,, g2r and gy, are the gp_r, g2r and gy, gauge coupling constants evaluated
at the Gy901 symmetry breaking scale. The above squared covariant derivative can be

written in matrix form as:

1 gn —82R 8B-L —82R &Nv A3
(AL AP A) | —enesr gh msoew || AP | (A9
—82R 8Ny EB-L 8Ny g?\fw Ay

Diagonalizing this matrix equation determines the mass eigenstate fields generated by
the mixing of the Gyo9; fields A%, A}f’ and Ay. The 3 x 3 square mass mixing matrix has
two zero eigenvalues and one non-zero eigenvalue so that two massless gauge bosons and
one massive gauge boson appear to have been created by the mixing. The massive gauge
boson Byy is the following mixture of G499 fields:

By = %( — grA%L + gL A + gzwAw)
where b? = g%R + g%,L + g%w.

This massive field is an unique mass eigenstate field. However, the degeneracy in the
zero-eigenvalue eigenvectors of the square mass mixing matrix implies that all orthogonal
combinations of any chosen two massless eigenstate fields also describe two massless eigen-
state fields. All the orthogonal combinations of two massless eigenstate fields are physically
distinct and so the symmetry breaking mechanism does not generate two unique massless
eigenstate fields. We therefore require something in addition to this symmetry breaking
mechanism that lifts the degeneracy of the zero-eigenvalue eigenvectors and selects two
unique massless gauge fields.

We show below that when we include the low-energy VEV of the .S particle from the
third generation of the 27 multiplets, the degeneracy in the zero-eigenvalue eigenvectors
is lifted and the two massless gauge fields are uniquely chosen to be the gauge field By
of the Standard Model hypercharge group and an (effectively massless) gauge field that
we call Bx. The By and Bx gauge fields are generated from orthogonal zero-eigenvalued
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eigenvectors of the above 3 x 3 square mass mixing matrix and are the following mixture

of G4221 fields:

1

By = a (ngLA:SR + ngAzlf), (A.9)
1

Bx = — <g2RgNwA‘;’z —gp-18Np AL + (83r + g237L)Aw> (A.10)

where a? = g%R + gZB_L.
In terms of the diagonal generators Tp_p, T}% and Ty, the S particle transforms under
the U(1)p1s ® U(l)Tg ®@ U(1)y symmetry as:

S = <0, 0, 2).

The S particle only couples to Ay and so its VEV, s, therefore introduces a pertur-
bation proportional to s?/v? to the 33 component of the 3 x 3 square mass mixing matrix
in eq. (A.§). From section 3, v is determined to be of the order 10'® GeV and we require
that s ~ 10° GeV for EW symmetry breaking.

Diagonalizing the 3 x 3 square mass mixing matrix with this extremely small per-
turbation in the 33 component determines the mass eigenstate fields to be the massless
hypercharge gauge field By, and an extremely small mass gauge field and large mass gauge
field that can be taken to be the Bx and By gauge fields, respectively, in the excellent
approximation that s?/v? = 0.10

It is easy to see why the hypercharge gauge field of the Standard Model is the exact
massless gauge field of this symmetry breaking. The hypercharge field is the only massless
gauge field generated by the Hr and Hg VEVs that does not contain the Ay field and
therefore the only massless gauge field that S does not couple to. If the Ay field is removed
from the G991 symmetry then the mixing of the remaining G4901 diagonal generators
becomes equivalent to U(1)p1s ® U(l)Tg — U(1)y when Hg and Hy get VEVs [B], Bl

The mass eigenstate fields By, Bx and By can be written in terms of the G4991 fields
A%, AP and Ay in the following matrix form:

By gp-L/a gor/a 0 A3,
Bx | = | g2rgny/ab —gp_rgny/ab (83r + 8% _1)/ab AP |- (A.11)
By —gor/b gB-1/b gny/b Ay

We choose to parameterize this orthogonal 3 x 3 matrix in terms of rotation and
reflection matrices in the following way:

1 0 0 1 00 C12 S12 0 C12 S12 0
0 co3 s23 0-10 —s12 12 0 | = | 23812 —ca3Ci2 S23
0 —893 €23 001 0 01 —8938512 S923C12 (€23

where c12 = gp_r./a, s12 = g2r/a, c23 = Ny /b and s23 = a/b. The mixing angles 612 and
623 are therefore given by tan 612 = gaor/gp—1, and tan b3 = a/gny-

10We have ignored the VEV of the Standard Model Higgs boson in this symmetry breaking.
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Taking the transpose of eq. (A.11]), the Gaao; fields A%, AL® and Ay can be written in
terms of the mass eigenstate fields By, Bx and By as:

A3 C12 812023 —S12523 By
15 | —

Ay | = | s12 —ciace3 cr2s23 Bx

Aw 0 593 C23 BH

Putting this matrix equation into the covariant derivative for the U(1)z1s ® U(l)Tg ®
U(1)y symmetry, eq. ([A.G), determines the covariant derivative for the massless gauge fields
By and Bx to be:

D, = 8, +igyY By, +ig% X Bx,

where:
Y =T +Tp 1 =Tp+(B—1L1)/2

is the Standard Model hypercharge [B]],
X =(Ty +Tp) — Y (A.12)

is the non-normalized charge of the Bx gauge field. gy and gg( are the non-normalized
universal gauge coupling constants of the By and Bx fields respectively and, at the G991

symmetry breaking scale, are given by eq. (A1) and eq. (A14):!!

v = 82R CgLBfL (A.13)
a

2 0
eq. (A13) and eq. (A-14) can be written is terms of ay = % and % = (gi;) , see eq. (B.19)
and eq. (B-13) in section 3.

The charges X and Y are not Fg normalized. We write the normalized respective

charges as T'x and Ty where:
Tx = X/Nx, Ty =Y/Ny
and the normalization constants Nx and Ny are given by:
Ny =T-2+ o, Np=:

Note that the Abelian generator Ty is just the conventional GUT normalized hyper-
charge. Tx and Ty have been Eg normalized using eq. (A.J) which is equivalent to:

YT => Ty =3
27 27

HNote that eq. () is the relation that gy must satisfy if the Pati-Salam symmetry, without the U(1),
was broken to the standard model gauge group using a Higgs boson that transforms as (4,1,2) and gets a
VEV in the vr direction [E]
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where the sum is over all the G321 = SU(3), ® SU(2), ® U(1)y ® U(1)x representations
of the fundamental 27 Eg multiplet and U(1)y is the unitary group of the By field.'?

In terms of the E normalized charges Tx and Ty, the covariant derivative for the By
and By gauge fields becomes:

DM = 8M + ingyByM + ingxBXM (A15)

where g1 and gx are the normalized universal gauge coupling constants of the By and Bx
fields respectively. At the G4291 symmetry breaking scale, the normalized gauge coupling
constants g; and gx are the following combinations of G921 gauge coupling constants:

g1 = NY%, gx = Nx %gNw-

From eq. (A.12), the charge Tx of the U(1)x group depends on the Pati-Salam gauge
coupling constants gor and gp_r, evaluated at the G991 symmetry breaking scale. There-
fore, under the excellent approximation that s?/v? = 0, a massless gauge boson exists that
couples to particles with a charge that depends on the values that certain coupling con-
stants take at some high energy scale. Although this may be unusual, it does not appear
to pose any problems. Indeed, like any other quantum charge, Tx is a dimensionless con-
stant that is independent of the energy scale at which the interaction between the particle
and the Ax field occurs and, although the numbers that X takes may not be able to be
arranged into fractions like Y, they are still discrete and sum to zero for a complete Fg
representation. However, unlike conventional U(1) charges, Tx is obviously very model
dependent since different Fg models with an intermediate Pati-Salam symmetry will, in
general, contain different values of the gauge coupling constants gor and g4 evaluated at
the G4201 symmetry breaking scale. It is easy to prove that it is a general rule that, if three
massless gauge fields are mixed, then at least two of the resulting mass eigenstate fields
must have a charge that depends on the value of the original gauge coupling constants.
Therefore this gauge coupling dependence is not peculiar to the Higgs symmetry breaking
mechanism discussed in this appendix, but to any symmetry breaking mechanism involving
three fields.

In this appendix we have illustrated how the G201 = SU(4)®SU(2), ®SU(2)g@U(1)y
symmetry can be broken to the symmetry Gso11 = SU(3).®@SU(2), ® U(1)y @ U(1) x when
the G4o91 multiplets Hr, Hpr and S get vacuum expectation values. Using the covariant
derivatives for the G991 symmetry, eq. (JA.1]), and the U(1)y ® U(1) x symmetry, eq. (A.19),
the covariant derivative for the G3g11 symmetry is given by:

Dﬂ = 8ﬂ + Z'gngLc gcu + Z"QQLTEASL‘u + ingyByu + Z'ngxBXﬂ (A.16)

where A%, and T3, are the SU(3), fields and generators derived from the SU(4) symmetry
respectively (with n =1...8) and g3, is the universal gauge coupling constant of A%,.

We consider this G3g11 symmetry as an effective high energy symmetry under the
assumption that the low-energy VEVs of the MSSM singlet .S and MSSM Higgs bosons
can be neglected at higher energy scales.

12We could have defined X and Nx differently as long as T'x is the same. Here we have chosen to define
X so that it can be written in terms of hypercharge Y.
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