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1. Introduction

Space-time supersymmetry (SUSY) is one of the most compelling extensions of the Standard
Model (SM) of particle interactions. In the context of SUSY, a (yet-to-be-discovered) supersym-
metric partner is associated to every SM particle. SUSY can account for hierarchy and gauge
coupling unification and provide a natural candidate for dark matter. However, as of today, ex-
periments have not provided any evidence in favour of supersymmetry, pushing its limits beyond
the TeV scale. Supersymmetric or not the Standard Model is an incomplete theory as it does not
include gravity.

String theory is our best candidate for a consistent theory of quantum gravity that includes
the basic constituents of the SM. String phenomenology focuses on the construction and study of
phenomenological features of string derived gauge models. These include extensions of the SM
or GUTs that comprise the SM. The research in this field has yielded low energy effective models
with realistic characteristics. However, until recently the relative investigation mainly restricted
in supersymmetric models. The absence of experimental evidence in favour of SUSY motivates
the extension of the quest for the SM in the domain of non-supersymmetric string vacua [1, 2, 3,
4, 5, 6, 7, 8, 9]. As a matter of fact, we can construct consistent string models without space-
time supersymmetry. Ten-dimensional heterotic string theories comprise both the supersymmetric
E8 × E8/SO(32) models and the non-supersymmetric SO(16)× SO(16) model[10, 11, 12, 13].
Even more interestingly, SUSY can be broken spontaneously at the string theory level. The Scherk-
Schwartz mechanism provides a paradigm of such breaking in the context of closed strings [14,
15, 16, 17, 18, 19]. In its simplest form the mechanism involves one of the extra dimensions,
X5, and a symmetry operator Q. Compactification in a circle of radius R upon the action of Q,
Φ(X5 +2πR) = eiQΦ(X5), leads to a shifted tower of Kaluza–Kelin states for a charged field Φ in
the theory. The mass shift is inversely proportional to the radius R, Ms = Q/2πR. Identifying Q
with the fermion number we obtain a split between fermionic and bosonic states belonging to the
same multiplet leading to a SUSY breaking at a scale proportional to m3/2 ∼ 1/R.

The construction of realistic non-supersymmetric models, however, is hampered by some se-
rious problems that arise due to the absence of SUSY. First, the cosmological constant is not guar-
anteed to vanish leading to dilaton tadpoles that destabilise the vacuum. Second, physical tachyons
arise in special points of the moduli space. These issues need to be addressed in conjunction with
the usual phenomenological requirements as the presence of chiral fermions and scalar Higgs dou-
blets in the massless string spectrum.

In this article we summarise some recent work in the study of heterotic string models with
SUSY broken spontaneously via the Scherk–Schwartz mechanism [20, 21, 22]. In section 2 we
define the class of semi-realistic models under investigation. We introduce a minimal set of phe-
nomenological requirements and present the results of an initial computer search for models that
meet these criteria. In section 3 we examine the cosmological constant and its dependence on the
compactification moduli. We formulate a set of additional requirements and discuss the results of a
full computer search for compactifications that fulfil all the constraints. In section 4 we put forward
our conclusions.
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2. A class of non-supersymmetric heterotic string models and phenomenological
criteria

For the purposes of our analysis we will consider a class of heterotic string models in the Free
Fermionic Formulation (FFF) [23, 24]. This framework is convenient for the study of the spectra
as we can utilise the classification formalism developed in [25, 26, 27, 29, 30, 31, 32]. We will
focus on a semi-realistic set of models with gauge symmetry SO(10)×SO(8)2 ×U(1)9, where the
SO(10) factor is assumed to be the “observable" gauge group. In the FFF this class of models is
defined by a fixed set of basis vectors {β1, . . . ,β9},

β1 = 1 = {ψµ , χ1,...,6,y1,...,6,ω1,...,6|ȳ1,...,6, ω̄1,...,6, η̄1,2,3, ψ̄1,...,5, ϕ̄ 1,...,8}
β2 = S = {ψµ ,χ1,...,6}
β3 = T1 = {y12,ω12|ȳ12, ω̄12}
β4 = T2 = {y34,ω34|ȳ34, ω̄34} (2.1)

β5 = T3 = {y56,ω56|ȳ56, ω̄56}
β6 = b1 = {χ34,χ56,y34,y56|ȳ34, ȳ56, ψ̄1,...,5, η̄1}
β7 = b2 = {χ12,χ56,y12,y56|ȳ12, ȳ56, ψ̄1,...,5, η̄2}
β8 = z1 = {ϕ̄ 1,...,4}
β9 = z2 = {ϕ̄ 5,...,8} ,

and a variable set of phases c
[

βi
β j

]
, i, j = 1, . . . ,9 associated with generalised GSO projections

(GGSO). It comprises 29(9−1)/2 +1 ∼ 1011 in principle distinct configurations.
We will concentrate on the main phenomenological characteristics of models in the class. The

first issue that needs to be addressed is the presence of tachyonic states. They can arise from
the sectors pTi + qz1 + r z2 with i = 1,2,3 and p,q,r ∈ {0,1}. Nevertheless, by projecting onto
these states with phase dependent GGSO the tachyons can be eliminated. Therefore, our first
phenomenological criterion to select amongst models between the aforementioned configurations
is related to the absence of tachyons. To this end, we derived analytic, albeit lengthy, formulae
regarding tachyonic state number that we incorporate in our model search.

Next we consider the chirality of fermionic states transforming in the spinorials of the “ob-
servable" SO(10) gauge group factor, that is the number of spinorials (16) minus the number of
antisponorials (16). These states arise from the twisted sectors BI

pq = S + bI
pq, I = 1,2,3 with

b1
pq = b1 + pT2 + qT3, b2

pq = b2 + pT1 + qT3, b3
pq = x+ b1 + b2 + pT1 + qT2, p,q ∈ {0,1}, and

x = 1+S+∑3
i=1 Ti +∑2

k=1 zk. In terms of the GGSO phases the net chirality, to be identified with
the net number of fermion generations is

N f = −4 ∑
I=1,2,3

∑
p,q=0,1

PI
pq c

[
BI

pq

RI

]
, (2.2)

where R1 = R2 = S+b2 +(1−q)T3,R3 = S+b1 +(1−q)T1 and

PI
pq = 1

23

(
1− c

[
BI

pq
TI

])(
1− c

[
BI

pq
z1

])(
1− c

[
BI

pq
z2

])
. (2.3)
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That said, the second phenomenological model selection criterion is the chiral spectrum, that is
N f ̸= 0.

Next, we turn to the number of scalar SO(10) vectorials (10) that are also of phenomenological
importance as they accommodate the SM breaking Higgs doublets. These states arise from both the
untwisted and the twisted sector. It turns out that the total number of SO(10)s is model dependent,
however, all models in this class are endowed with three vectorial pairs arising from the untwisted
sector. As a result, no additional constraint arises from this requirement.

The implementation of the Scherks–Schwartz SUSY breaking mechanism turns out to be very
delicate in the fermionic formulation. Actually, many of the models in the class under consideration
correspond to explicitly broken SUSY models and should be rejected. A careful analysis reveals a
set of additional intricate constraints.

Having formulated a minimal set of phenomenological requirements we now turn to the quest
of models satisfying these constraints. A comprehensive computer scan over the full parameter
space leads to 76552 models that are compatible with all phenomenological criteria. Detailed
results are presented in figure 1 where we plot the number of acceptable models versus the net
chirality (N f ). Although derived here by assuming a semi-realistic framework these results are
rather non-trivial, as the selection criteria become very stringent when applied simultaneously.
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Figure 1: Number of acceptable models versus net chirality (N f ) in a class of 1011 configurations.

3. One-loop potentials and cosmological constant

In the context of the Scherk-Schwarz SUSY breaking the tree-level scalar potential being of
the no-scale type [33] vanishes at the minimum resulting in vanishing vacuum energy and massless
moduli. However, at one-loop level the scalar potential receives not trivial corrections of the form

Vone−loop(tI) =− 1
2(2π)4

∫
F

d2τ
τ3

2
Z(τ, τ̄; tI) , (3.1)

where tI = {T (I),U (I), I = 1,2,3} are the Kähler and complex structure moduli of three 2-tori,
Z(τ, τ̄; tI) is the string partition function and the integration extends over a fundamental domain
F of the worldsheet torus. The computation of the vacuum energy as a function of the moduli
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is a very tedious task even numerically. It can be simplified by assuming that the supersymme-
try breaking is realised utilising the first torus while the other two torii are fixed at the fermionic
point. A systematic analysis shows that for tI ∼ 1, I = 1,2 the cosmological constant takes big
values not compatible with the observational data. However, small values can arise in large vol-
ume compactifications. This is of interest, since it is compatible with low energy supersymmetry
breaking. Parametrising the first torus by T = T (1) = T1 + iT2,U =U (1) =U1 + iU2 we can obtain
the asymptotic expression [20]

lim
T2≫1

Vone−loop(T,U) =−(nB −nF)

24π7T 2
2

∑
m1,m2∈Z

U3
2∣∣m1 +

1
2 +U m2

∣∣6 +O
(

e−π
√

2T2
)

(3.2)

In addition, the gravitino mass reads

m3/2 =
|U |√
T2U2

(3.3)

For a square torus, T = iR1R2 and U = iR2/R1, this reduces to m3/2 = 1/R1. Assuming for example
R1 = R2 = R =

√
T2 we get m3/2 = 1/R = 1/

√
T2 and

Vone−loop(T,U) =−(nB −nF)

24π7 ξ (U)m2
3/2 + exponentially suppressed terms (3.4)

where ξ (U) is a function of U defined in (3.2). It is clear that the cosmological constant is sup-
pressed at the limit T2 ≫ 1, however, in a generic model the obtained values are not sufficiently
small even if we lower the SUSY breaking scale m3/2 down to a few TeV.

From the previous discussion, one concludes that an interesting exception arises in the case
of nonsupersymmetric models with boson-fermion degeneracy nB = nF also referred as “super
no-scale” models [34, 35, 36, 37, 38, 39, 40]. The leading term in (3.2) vanishes resulting in expo-
nentially suppressed cosmological constant for T2 ≫ 1. This scenario is of particular phenomeno-
logical interest, however, one needs to investigate the compatibility with other phenomenological
constraints discussed in Section 2 (e.g. fermion chirality).

Another issue under investigation is the sign of the cosmological constant. Recent observations
indicating a tiny but positive cosmological constant seem to be in contradiction with some no-go
theorems regarding the existence of de-Sitter vacua in string theory [41]. It is thus interesting
to check the sign of the cosmological constant in the models under consideration. To this end,
we computed the the vacuum energy at the fermionic point and utilised its sign as an additional
criterion in the model classification.

Combining the phenomenologigal criteria of the previous section with the aforementioned
criteria associated to the cosmological constant in a comprehensive and tedious computer search
we find 1792 models that meet all requirements. In firure 2 we plot the number of acceptable
models as a function of the net fermion chirality (N f ).

For the models that comply with the requirements we also studied the shape of the one loop
potential as a function of the moduli. The dependence on the T2 modulus is presented in figure 3
for two typical models. Model (a) exhibits a single maximum at the fermionic point while model
(b) has a local minimum at the fermionic point and local maxima laying astride the minimum.
This behaviour is compatible with a scenario where the unstable or meta-stable potential drives the
modulus towards large volume and leads (once stabilised [42]) to low energy SUSY breaking with
exponentially suppressed cosmological constant.
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Figure 2: Number of acceptable models with fermion-boson degeneracy and positive cosmological constant
versus net chirality (N f ) in a class of 1011 configurations.
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Figure 3: Plots of the one loop potential as a function of the T2 modulus for two typical models satisfying
all requirements.

4. Conclusions

The lack of experimental evidence supporting SUSY motivates the study of gauge models
resulting from non-supersymmetric string compactifications. However, abandoning space-time
supersymmetry represents an important challenge for string phenomenology. The absence of
tachyons in the string spectrum is not automatic and has to be examined on a model-by-model
basis. Moreover, the vacuum energy no longer vanishes identically and leads to large dilaton tad-
poles that destabilise the vacuum of the theory.

In this work, we investigated a big class of heterotic string compactifications where SUSY
is broken via the Scherk-Schwatz mechanism and identified a subclass of models with interesting
phenomenological properties. A basic characteristic of these models is the fermion-boson degen-
eracy nB = nF that guarantees the exponential suppression of the cosmological constant at large
volume. Moreover, these models possess chiral fermions accommodated in the spinorial represen-
tation of the observable gauge group. In addition, the models under consideration exhibit positive
cosmological constant at the string scale and an unstable/meta-stable potential that could drive
dynamically the moduli towards large volumes triggering SUSY breaking at low energies.

An additional issue we have not addressed here is the so called decompactification problem
that is the linear growth of the gauge couplings with the compactification volume [43, 44, 45, 46,
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47, 48, 49, 50, 51, 52]. Possible solutions to the decompactification problem have been proposed
in [21, 53].

All-together, these developments shed light to the non-supersymmetric side of the string land-
scape and encourage us to explore in detail the phenomenology of non-supersymmetric string mod-
els with more realistic gauge groups.
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