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1. Introduction and motivation

The recent discovery of a Standard Model (SM) like Higggs [1, 2, 3] is stressing the need to
understand the Electroweak Scale (EWS), namely its stability and the Higgs mass. Ultimately one
has to answer to the question, why is the EWS 16 orders of magnitude below the Planck scale?
This is the so-called hierarchy problem.

A vast framework used to address these issues it the one of Supersymmetry (SUSY), where
the mass parameters of scalars are stabilised by being protected against quantum corrections that
are sensitive to the quartic value of the scales to which the scalars couple. While this is true for
global SUSY models, one needs to go beyond to its local form, Supergravity (SUGRA), if one
wants an extended framework with natural low scale mass generating mechanisms, depending on
the ultra-violet (UV) completion of the theory.

The search for SUSY partners have been so far negative[4, 5, 6], pushing the bounds of their
masses above O(1 TeV) while naturalness suggests they should be just above the EWS. However,
naturalness has led hitherto supersymmetric model building to take place mostly in the context
of the Minimal Supersymmetric Standard Model (MSSM) or conservative variations of it, usually
exploring special parts of the parameter space. As such, the experimental bounds mostly constrain
the MSSM, while other, more general and complete, models remain relatively untested.

It is then necessary to study models beyond the MSSM, their limits and predictions. In doing
so one is presented with the fact that are virtually infinite possibilities to extend the MSSM, and
one has to ask how and where to do we extend this study? Fortunately there is a rich guideline for
this enquire, String pheory phenomenology.

Nowadays we understand the different string theories to be related by an intricate web of du-
alities, and eventually all of them to be different limits of an underlying 11 dimensional theory, the
so-called M theory. A definite microscopic formulation of M theory is yet to be developed, but its
low-energy limit, an unique 11 dimensional SUGRA, has been the window to many advancements
and insights. Consequently we turn to the study of the phenomenology of this 11 dimensional
supergravity upon suitable compactification of the extra seven dimensions. Results over the past
two decades have shown that the combination of spontaneously broken SUSY and moduli stabil-
isation in M theory can be a very useful guideline for model building, as it has been explored
[7, 8, 9, 10, 11]. The framework has been shown to lead to effective global supersymmetric models
with distinctive features and few parameters at the GUT scale.

Figure 1: M Theory and String Theory web of dualities

As we will explain in this communication, M theory compactified on a manifold of G2 holon-
omy and without fluxes leads elegantly to four dimensional models with N = 1 supersymmetry,
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grand unified theories (GUTs) based on simple groups, hierarchically small mass parameters gen-
eration, and natural discrete symmetries of the internal manifold that provide a solution to the
doublet-triplet splitting problem.

It’s the purpose of this work to extend the scope of the M theory approach from the previously
considered SU(5)/MSSM case arising from M theory on G2 manifolds – the so-called G2MSSM
[8] – to SO(10) [12]. As such, entire fermion family Q,uc,dc,L,ec,N, including a charge conju-
gated right-handed neutrino N, is unified within a single 16m representation. In particular we focus
on the Higgs doublet-triplet splitting problem and present a solution, which turns out to be nec-
essarily quite different from the G2-MSSM, since the customary solution of making the coloured
triplets heavy [13, 14, 15] fails. As a consequence, our solution leads to distinct phenomenological
constraints and predictions.

In the remainder of this work, we start by reviewing some basic ideas and results from M
theory compactified on G2 manifolds without fluxes. This will introduce the main features of M
theory model building with the phenomenological features being explicitly discussed. Afterwards
we embark on a discussion of the new SO(10) case and how we are led to additional light states at
the reach of the LHC.

2. M Theory model building

When compactifying M Theory on G2 manifolds, both Yang-Mills fields and chiral fermions
arise from very particular kind of singularities in the extra dimensions [16, 17]. Yang-Mills fields
are supported on three-dimensional subspaces of the seven extra dimensions along which there is
an orbifold singularity. Chiral fermions arise from additional localised points at which there is an
A,D,E-type conical singularity, and hence couple to the Yang-Mills fields. Therefore, different
GUT multiplets are localised at different points in the extra dimensions.

Compact manifolds of G2 holonomy – being Ricci flat and having a finite fundamental group
– do not admit continuous symmetries, but can have with discrete symmetries. If present, they play
a very important role in the physics. In particular, for the SU(5) case, Witten showed that such
symmetries can solve the doublet-triplet splitting problem [18].

The compactified space plays a crucial role on setting the effective 4-dimensional field theory.
For example, if the compactified space has a non-trivial fundamental group, i.e. when it has holes
or handles, the GUT group can be broken by Wilson lines. A consequence of having non-trivial
fundamental group is that the compactified space has non-contractible closed loops. Consequently
there will be non-vanishing gauge field configurations such that, along a non-contractible loop, we
have

W = P exp
∮

Akdk 6= 1, (2.1)

where A is the GUT gauge field, P represents path-ordering, and k = 5, ...,11 runs through
the internal space dimensions.

The above quantities are not local and cannot be gauged away, and are therefore observables.
To see this we notice that consider a singularity in the extra dimensions supporting a GUT irrep Ψ,
localised along a Wilson line path, and let it absorb the respective quantities W

Ψ→Ψ
w = (W Ψ), (2.2)
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the surviving gauge group will now be composed of the elements of the GUT group that can
commute with W

Ψ
w→ (W gΨ) = gΨ

w, (2.3)

where g is a GUT element, and so the GUT group is broken.
Being known as holonomies, these quantities also furnish a representation of the fundamental

group. So if the fundamental group is taken to be the abelian Zn, then W n = 1. From now on we
will assume this is the case, and that our compact space has Zn as the fundamental group. Since
the fundamental group is abelian, the Wilson lines will be rank preserving, and as such the GUT
group can be broken to

SO(10)→ SU(3)×SU(2)×U(1)×U(1). (2.4)

Being mutually commuting elements of both the GUT group and the surviving group, Wilson
lines are elements of the centre of the surviving group (as they also commute with the surviving
group). Therefore, they can be taken to be generated by the generators of the surviving U(1)
factors. Hence, a useful way to represent a Wilson line is by analogy with the way one normally
writes down group elements,

W = ∑
m

1
m!

(
i2π

n ∑
j

a jQ j

)m

, (2.5)

which makes the properties of the Wilson line explicit, namely W n = 1.
The above representation explicitly shows that W are diagonal matrices whose entries are

nth roots of unities to some power given by the charges of the U(1) factors. Witten [18] realised
that these phases are crucial for model building. If the geometry of the compact space admits a
symmetry isomorphic to the fundamental group, i.e. Zn, then the action of the discrete group and
the gauge group will mix. As a result, the phases in W become charges of the discrete symmetry.
For example, in SU(5) models, W takes the form

W = diag
(

η
γ ,ηγ ,ηγ ,ηδ ,ηδ

)
(2.6)

with 3γ + 2δ = 0 mod n, and if it is absorbed by a 5 containing a MSSM Higgs, the Higgs and
coloured triplets will have different discrete charges, leading to a solution for the doublet-triplet
splitting problem implemented in the G2-MSSM.

The tree-level superpotential terms – those allowed by gauge symmetry and by the discrete
symmetry – will have coefficients given by the action of membrane instantons. The action of
the instantons is a function of the homology classes of the 3-cycles encapsulating the relevant
singularities, and can be parametrised by the distances between them. For example, take a trilinear
superpotential coupling between three supermultiplets X , Y ,and Z, we have then

yXY Z ∼ exp(−volXY Z) , (2.7)

with the overall coefficient being a complex number with magnitude O(1). The bilinear terms – the
µ-type mass parameters – have suppressions of a GUT scale mass parameter, which can take either
small or large values depending on the distance between the singularities supporting the superfields
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involved. Furthermore, one can find that the unified gauge coupling is related to the volume of the
seven dimensional internal space, V7,

V7 ∼
1

α
7/3
GUT

. (2.8)

The specific values for the above quantities can only be computed if one has a full description
of the geometry of the internal space. While it is true that there are no known explicit examples
of compact G2-manifolds yet, the above considerations give us a guideline for the values of these
parameters.

So far the construction presented accounts for a global N = 1 SUSY field theory with a
broken GUT group and a natural discrete symmetry. This symmetry can be used to prevent cou-
plings, namely µ-terms between vector-like pairs like the MSSM Higgses. On the other hand,
direct searches for Higgsinos tell us that the µ ≥ 100 GeV. The discussed framework has a natural
way of generating µ-terms in M Theory a la Giudice-Masiero mechanism [19], to see this note that
M Theory compactified on G2-manifolds has only geometric moduli, si, which are pared up with
axions τi to form the complex scalar component of a supermultiplet. Due to due absence of fluxes,
the axions enjoy an exact shift-symmetry that prevent the corresponding superfield to have a per-
turbative superpotential. Therefore, moduli can only couple perturbatively to chiral supermultiplets
supported by singularities through Kahler potential interactions. Expanding the Kahler potential to
lower order in the visible matter fields one finds for example

K ⊃ s
mpl

HuHd + c.c., (2.9)

where s denotes a generic modulus. It was studied in [20] that strong gauge dynamics in a hidden
sector generate contributions to the moduli potential, creating a minimum that stabilises all the
moduli. In the process, the moduli and their F-terms acquire non-vanishing vevs, spontaneously
breaking SUSY and the discrete geometric symmetry. Numerical enquires [7, 8, 9, 20] shown
that 〈s〉 ∼ 0.1mpl , with SUSY breaking non-vanishing F-terms vevs being 〈Fs〉 ∼O(0.01)m3/2mpl ,
while the gravitino mass

m3/2 ∼ O(10 TeV) , (2.10)

as such effective µ-terms can be generated from interactions of the form of Eq. 2.9 a la Giudice-
Masiero

µ = 〈m3/2KHuHd −FkKHuHdk〉 ' O(1 TeV). (2.11)

The same mechanism can also generate trilinear terms that are otherwise forbidden by the
discrete symmetry. Consider three superfields that can form a trilinear gauge invariant term which
is forbidden by the discrete symmetry. Then, generically one expects that there exists a modulus or
a product of different moduli such that in the Kahler potential one has

K ⊃ s
m2

pl
XY Z + c.c. (2.12)

and as the moduli stabilise an effective trilinear coupling is generated, and its value can be estimated
to be

λ '
m3/2〈s〉

m2
pl
' O(10−14). (2.13)
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In principle the above couplings can be further suppressed if there is no single modulus with
the correct discrete charge to allow for the term in the Kähler potential. Nevertheless it should
be clear that generic dangerous terms and vector-like µ-term masses will be generated by moduli
vevs.

Apart from generating effective terms, moduli stabilisation also spontaneously break symme-
try as moduli F-terms are non-vanishing. Here we skip the details of the mechanism, the outline is
that under the assumption that there is a hidden sector with a strongly coupled gauge group and a
mesonic field supported by appropriate conical singularities, the moduli potential is minimised and
all moduli are stabilised. The gravitino mass[7]

m3/2 ' eK/m2
pl |Whid |/m2

pl ' O(10 TeV) (2.14)

sets the scale for all SUSY breaking soft-parameters. Under reasonable assumptions regarding the
geometry of the compact space, one finds that the soft-breaking parameters are found to be[8]

m̃2
ᾱβ
' δᾱβ m2

3/2 (2.15)

Aαβγ ' Yαβγm3/2 (2.16)

Bµαβ ' 2m3/2
µαβ (2.17)

Ma
1/2 ' 0.08m3/2 (2.18)

where we notice that we have universal soft-scalar masses, and the gaugino masses are suppressed
relative to the other soft-parameters. The reason for the gaugino mass suppression is that it is
dominated by moduli F-terms, which have a smaller scale than the actual vevs.

Having introduced all the relevant features and generic constraints of M Theory on a G2-
manifold, we are now ready to study the most recent developments of SO(10) SUSY GUT realisa-
tions.

3. SO(10) SUSY GUT models

Our initial assumptions is that the compact G2-manifold admits the appropriate conical singu-
larities to support the MSSM spectrum, i.e. a 10 for the Higgses, while matter is contained in three
16m. Furthermore, we also assume that the internal space admits an Zn discrete symmetry that is
also isomorphic to the fundamental group. Under these assumptions, we can start building SO(10)
SUSY GUT models with a natural discrete symmetry.

As explained above, an abelian discrete Wilson line can break SO(10) into

SU(3)×SU(2)×U(1)Y ×U(1)X , (3.1)

where U(1)X is a surviving factor that has to be broken by other mechanisms.
The Wilson line that accomplishes this is generated by the generators of U(1)Y×U(1)X . Under

a certain choice of normalisation of the Wilson line phases, one can find that such Wilson line can
be absorbed into the 10 such that it will transform under the discrete symmetry as

10→ η
ω

(
η
−αHd⊕η

β D⊕η
αHu⊕η

−β D
)
. (3.2)

where ω is the overall discrete charge, and α , β Wilson line charges, and η the nth root of unity.

6
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3.1 A new solution for the doublet-triplet problem

In SO(10) models, the µ-term arises from the GUT coupling

W ⊃ µ1010 = µ
(
HuHd +DD

)
(3.3)

which, without any further constraint, leads to the doublet-triplet splitting problem. One could
expect that the discrete charges assimilated by 10 from the Wilson line could be used to prevent
the mass term for the coloured triplets, but since the Wilson line phases do cancel out exactly
for each term one finds that disallowing a GUT-scale mass for the Higgs would be accomplished
by 2ω 6= 0 mod n, while a GUT-scale mass for the coloured triplets could be present if 2ω = 0
mod n. Therefore, it’s not possible to employ the customary doublet-triplet splitting solution using
Wilson lines like Witten shown.

One could entertain the idea of adding multiple 10s, in different combinations and with multi-
ple independent Wilson lines. In that scenario one would have the superpotential mass terms

W ⊃HT
d ·µH ·Hu +DT ·MD ·D, (3.4)

where Hu/d are the arrays of all Hu/d , D, D the arrays for the coloured triplets, and µH , MD mass
parameter matrices. In order to mimic the MSSM spectrum, one would like µH to have only one
vanishing eigenvalue, while MD has heavy eigenvalues. We can show that one cannot find a solution
that accomplishes this, and as such we cannot avoid the presence of light-coloured triplets in the
spectrum.

While this seems dangerous, we can use the discrete symmetry to prevent some couplings
from

1016m16m, (3.5)

to be present in the renormalisable tree-level superpotential. Namely, we want to decouple D and
D from matter while retaining the Yukawa couplings

yi j
u Hw

u 16m
i 16m

j ≡ yi j
u Hw

u (Qiuc
j +LiN j + i↔ j). (3.6)

To accomplish this, let 16m transform under the discrete symmetry with their overall charge
16m→ ηm16m, i.e. without Wilson line charges, and allow for

Hw
u 16m16m : 2κ +α +ω = 0 mod n (3.7)

Hw
d 16m16m : 2κ−α +ω = 0 mod n (3.8)

Dw16m16m : 2κ−β +ω 6= 0 mod n (3.9)

Dw16m16m : 2κ +β +ω 6= 0 mod n. (3.10)

The suppression of the couplings between the coloured triplets and matter allows was dis-
cussed by Dvali in [21] and also [22, 23, 24] from a bottom-up perspective.

The presence of light coloured-triplets is not without consequences. Generically, the couplings
forbidden by the discrete symmetry will be generated by moduli vev through the Kähler interactions

K ⊃ s
m2

pl
DQQ+

s
m2

pl
Decuc +

s
m2

pl
DNdc +

s
m2

pl
Ddcuc +

s
m2

pl
DQL, (3.11)

7
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that lead to the effective superpotential terms

We f f ⊃ λDQQ+λDecuc +λDNdc +λDdcuc +λDQL, (3.12)

where we take all the couplings to be similar, λ 'O(10−14). These terms will induce proton decay,
and we can estimate the proton lifetime by

τp = Γ
−1
p ≈

(∣∣λ 2
∣∣2

16π2

m5
p

m4
D

)−1

≈ 1038 yrs (3.13)

and as such these effective terms do not pose a great threat to proton stability.
Another important consequence of these couplings is that it provides a decay channel, avoiding

unrealistic relic densities and would pose a threat to BBN. The lifetime of the coloured triplets can
be estimated by

τD = Γ
−1
D ≈

(
λ

2mD
)−1 ≈ 0.1 sec, (3.14)

which is in agreement with BBN limits. Furthermore, being long-lived they can produce interesting
collider signatures.

3.2 The Vector-like family

Another presented by the presence of light coloured triplets is that unification is spoiled if the
spectrum is MSSM+coloured triplets, since the extra matter does not fill a full GUT irrep.

The only way we know of preserving gauge unification is to complete a GUT irrep with the
coloured triplets. Such is accomplished by assuming that the internal space has appropriate sin-
gularities to support an extra vector-like family 16X ,16X , and that 16X absorbs Wilson line phases
such that under the discrete symmetry it transform as

16X → η
x
(

η
−3γL⊕η

3γ+δ ec⊕η
3γ−δ N⊕η

−γ−δ uc⊕ η
−γ+δ dc⊕η

γQ
)

(3.15)

while 16X does not absorb any Wilson line phases, 16X → ηx16X . As such, the condition for
a complete GUT irrep requires that we integrate ou the d-type quarks, this is accomplished by
allowing the mass term

dc
X dc

X : x− γ +δ + x = 0 mod n, (3.16)

such that dc
X , dc

X get a GUT-scale mass if the singularities are close to each other. Unification is
then preserved albeit with a higher gauge unification coupling as can be seen in Fig. 2.

The addition of the extra vector-like family is further motivated by noticing that without it there
is no way of generating a Majorana mass term for the matter right-handed conjugated neutrino and
therefore we would not have a see-saw mechanism to explain the light neutrino masses. On the
other hand, with the vector-like family we have the term

1
mpl

16X 16X 16m16m. (3.17)

Under SO(10) the Yukawa couplings are unified and the neutrinos have a Dirac mass of the same
order as the up-type quarks. Consequently we can estimate the magnitude of 〈NX〉 by demanding

8
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Figure 2: Gauge coupling unification with an extra vector-like family

realistic neutrino masses for the third family where mν ' mt , and since the physical neutrino mass
is m'm2

ν/Mma j we have 〈NX〉& 1016 GeV. Such high-scale vev can be accomplished for example
by some sort of Kolda-Martin mechanism[25], where the system aligns in the D-flat direction, and
so we will consider 〈NX〉 = 〈NX〉 = vX . As we will see below this high-scale vev can lead to
interesting phenomena.

An immediate concern one could have is that if the generic µ-terms generated by the moduli
vevs coupling extra matter to regular matter

µ
i
XLLX Li, µ

i
XQQX Qi, µ

i
Xuuc

X(uc)i, µ
i
Xeec

X(ec)i,λ i〈NX〉D(dc)i, (3.18)

can induce too much mixing. Hopefully, this is not what happens and we explain why. Consider
the mass terms for the third family quark and its couplings with extra matter

M =

 0 µ1 0
0 µ2 0
µ3 0 µ4

 . (3.19)

where we are considering only one quark and neglecting EWS masses since the mass of the top
is one order of magnitude lower than the µ parameters, and the remaining off-diagonal entries are
non-vanishing only to first order in λ . The Lagrangian will read schematically

L ⊃ µ1u3uX +µ2uX uX +µ3uc
X(uc)3 +µ4uc

X uc
X , (3.20)

and so one can diagonalise the system by defining the linear combinations

u′X =
1√

µ2
1 +µ2

2

(µ1u3 +µ2uX) (3.21)

(uc
X)
′ =

1√
µ2

3 +µ2
4

(µ3(uc)3 +µ4uc
X) (3.22)

(3.23)

9
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which will account for two tev-scale Dirac masses√
µ2

1 +µ2
2 u′X uX (3.24)√

µ2
3 +µ2

4 uc
X(uc

X)
′ (3.25)

while two Weyl fermions remain massless

t = u′3 =
1√

µ2
1 +µ2

2

(µ2u3−µ1uX), (3.26)

tc = (uc
3)
′ =

1√
µ2

3 +µ2
4

(µ4(uc)3−µ3uc
X), (3.27)

and we identify these as being the SM top-quarks. The relevance of this result is that the above
linear combinations will not lead to unitary violation in the weak currents, which would lead to
tree-level Flavour Changing Neutral Currents (FCNC). To see this we notice that the only up-type
quark that couples differently to the weak current is the uc

X as it is an SU(2) singlet, but to leading
order in m/µ ≤ 0.1, where m is an EWS mass, this quark does not appear in the linear combination
making up t.

3.3 R-parity violation

Whilst minimal SO(10) models mimic an effective R-parity that SU(5) models do not, the
presence of extra matter can generate terms that effectively break R-parity at low energies. These
R-parity violating (RPV) terms arise from the Kähler interactions

KRPV ⊃
s

m3
pl

16X 16m16m16m +
s

m2
pl

10w16X 16m. (3.28)

and as both the moduli and NX , NX acquire vevs, the effective RPV superpotential terms

W e f f
RPV ⊃ λ

vX

mpl
LLec +λ

vX

mpl
LQdc +λ

vX

mpl
ucdcdc +λvX LHu, (3.29)

are generated. Since the U(1) breaking is taken to happen in the D-flat direction of NX , NX system,
vX ' 1016 GeV, meaning that λvX ' 100 GeV.

The bilinear RPV term can be rotated away by performing a small rotation O(vX λ/µ) in the
L, Hd space. Consequently, the trilinear RPV containing L terms will be enhanced by contributions
from the down type Yukawa couplings

W e f f
RPV ⊃ ye

vX

mpl
LLec + yd

vX

mpl
LQdc +λ

vX

mpl
ucdcdc, (3.30)

where we keep the same name as before for the rotated fields. Since the uud RPV term does not get
enhanced, RPV does not pose a risk for proton-decay. Nonetheless the above interactions provide
a decay channel for LSP. The life-time of the LSP can be roughly estimated by[26]

τLSP '
10−13 sec(
vX/mpl

)2

(
m̃

10 TeV

)4(100 GeV
mLSP

)5

, (3.31)
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and considering vX ' 1016 GeV, m̃' 104 GeV, mLSP 'M1/2 ' 100 GeV one finds τLSP ' 10−9 sec.
This bound is compatible with BBN constraints [27], although it is clear the the LSP cannot be the
main dark matter (DM) component. Fortunately, M Theory normally provides axionic DM[28, 29].

While the trilinear RPV does not pose any serious challenge to the model, the bilinear term
does. Before rotation, the bilinear term represents a µ-term of order 100 GeV. This is in stress
with current bounds of order 1 GeV from neutrino masses [30, 31]. While this looks dangerous at
first, we appeal to the discrete symmetry to argue that the Kähler term interaction generating the
bilinear RPV term might be suppressed if there is no single modulus and product of two modulus
that can balance the discrete charge of NX LHu, i.e. by requiring that the leading order term for this
interaction in the Kähler potential takes the form

K ⊃ s3

m4
pl

vX LHu , (3.32)

where s generically refers to a product of three moduli (need not to be the same modulus to the
cube). This provides an O(10−2) suppression that would relax the see-saw requirements for vX and
the bilinear RPV bounds.

3.4 Example of a model

An explicit example can be found by scanning the parameter space of the discrete charges. For
the choice

(N,ω,α,β ,κ,x,γ,δ ,x) = (16,4,0,1,6,2,1,13,2), (3.33)

we can find a model with tree-level renormalisable superpotential

W = yuHu (Quc +LN)+ ydHd (Qdc +Lec)+Mdc
X dc

X , (3.34)

that also allows for the right-handed conjugate neutrino Majorana mass term and is anomaly
free[32].

The generic runnings for masses, for m3/2 = 30 TeV, can be seen in Fig. 3, where we can see
that the scalar masses are generally very heavy while the fermionic should be in reach of the LHC.
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Figure 3: Runnings of some masses: full lines refer to bosons, dashed lines refer to fermions
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4. Conclusions, prospects and future work

We presented the generic features and predictions of SO(10) SUSY GUT models arising from
M Theory on a G2 manifold without fluxes. We showed that the main prediction is a TeV scale
vetor-like family that is in reach of the LHC. Furthermore, the light gaugino masses at the GUT
scale, in conjugation with the step gauge coupling running, provide a smoking gun for this class
of models. We showed that RPV bounds can test a high-scale see-saw mechanism, providing one
more way of testing and probing for this class of models. Hence, these models provide a predictive
and complete framework to study in the near future with the LHC run 2 in mind.

Whilst being an interesting class of models as presented here, there is still work to be done.
Namely, we need to understand better the details of the extra U(1) breaking and how this affects the
viability of the see-saw mechanism. These questions, regarding the interplay between the details
of symmetry breaking and see-saw mechanism, are currently being study and will appear soon.
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