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1. Introduction

Recent data taking from the LHC seems to hint against the most minimal version of super-
symmetry, and there has been much recent interest in alternatives. It seems a good moment to
ask what the implications are for string phenomenology, given that supersymmetry is such an ap-
parently integral part of string theory. In this talk I report on recent work done in Ref.[1], that
establishes a starting point for performing entirely non-supersymmetric string phenomenology di-
rectly in string theory (focussing on the heterotic theory, although we think many of the principles
could be applied to other configurations). The work demonstrates the existence of a class of models
that have parametrically exponentially suppressed dilaton tadpoles, and hence virtually no stability
problems.

Why might one be motivated to try such an approach? First, the major stumbling block for
phenomenology is undoubtedly the hierarchy problem, namely how to protect the electro-weak
scale against quantum corrections from the UV completion of the theory. There are many ideas
based on symmetry that have been explored within field theory. However it is known that string
theory provides additional symmetries, modular invariance for example, that cannot be seen within
the effective field theory, except insofar as they might lead to approximate symmetries (such as
non-compact shift symmetries). Moreover almost all field theory explorations of this subject (bar-
ring perhaps ones based on asymptotic safety) lack the very UV completion that one is trying to
protect against. Therefore any successful explanation within effective field theory must be able to
shield against any UV completion, however brutal. Supersymmetry is remarkable in that it does
protect against UV completions of any kind, but it seems important to ask if UV complete but
non-supersymmetric theories might provide subtler answers to the hierarchy problem.

Ref.[1] shows that hierarchically separated scales can be natural within the context of non-
supersymmetric string theory, with supersymmetry being spontaneously broken by a stringy and
generalised version of Scherk-Schwarz compactification, that respects modular invariance. It is
the latter property in particular that ensures that the theory remains UV finite with or without
supersymmetry. Indeed it is modular invariance that ensures the fundamental domain for the one
loop integral simply does not contain the region corresponding to the UV divergences of field
theory. The question we would like to answer is whether scales can be hierarchically less than the
generic scale of supersymmetry breaking within such a theory.

In Ref.[1] we begin the hunt for this kind of structure by first tackling the issue of stability,
in the guise of the cosmological constant. In any non-supersymmetric string theory this is the first
object that one would like to make hierarchically smaller than its generic expectation, because a
typical cosmological constant (i.e. one of order the scale of supersymmetry breaking) leads to a
disastrously large dilaton tadpole as in Fig.1. Only those special theories in which the cosmological
constant vanishes to leading order have a chance of being consistently stabilised. In order to find
them we turn to the Scherk-Schwarz mechanism.

Scherk-Schwarzed theories are typically said to have "spontaneously broken supersymme-
try": they have for example an identifiable order parameter for the breaking, namely the com-
pactification scale, which we shall refer to generically as 1/R (although typically it will have an
interesting dependence on all the moduli that describe the compactification manifold). The cos-
mological constant (which is essentially the Casimir energy) generically goes like 1/R*. Likewise
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Figure 1: (a) The one-loop Casimir energy (cosmological constant) A. (b) The one-loop one-point dilaton
“tadpole” diagram. In general, the value of the dilaton tadpole is always proportional to A. As a result, a

non-zero cosmological constant implies a non-vanishing one-loop dilaton tadpole diagram, in turn indicating
a linear term in ¢ in the effective potential.

the Kaluza-Klein (KK) modes are typically split non-supersymmetrically in the Scherk-Schwarz
mechanism at the scale 1/2R. This for example is the mass of the gravitino in any of the theo-
ries we construct. Nevertheless it is important to emphasise from the outset that in string theories
the subsequent spectrum (and hence the entire theory) is non-supersymmetric at all scales. The
winding modes of the theory have masses proportional to R and so experience gross shifts in their
masses due to the Scherk-Schwarz compactification, that only increase with R. At small radius,
winding modes and KK modes are interchanged, and more often than not the theories becomes
entirely non-supersymmetric non-compact ones in the R — 0 limit. Therefore, the distinction be-
tween supersymmetric and non-supersymmetric is not merely a question of the energy scale at
which supersymmetry is broken. It would be wrong to view non-supersymmetric string models
as having been supersymmetric at high energy scales but subsequently subjected to some sort of
SUSY-breaking mechanism at lower energies. That the supersymmetric theory reached at large R
is an extra dimensional one is another indication of this fact: the gravitino and gaugino masses are
the same order as the KK masses, so there is no scale at which 4D broken supersymmetry provides
a good description of the phenomenology.

Despite that it does make sense, at least partially, to speak of an effective spontaneously bro-
ken supersymmetric field theory, at the lowest orders of perturbation theory. The heavy string
modes provide a threshold contribution to the effective field theory, which, thanks to the mira-
cle of UV completion, is indeed finite and well behaved. The nett result is a theory where su-
persymmetry breaking terms can be dialled to any value, even to the string scale itself, with the
non-supersymmetric threshold effects, for example violations of the non-renormalisation theorem
and hard supersymmetry breaking operators, becoming more pronounced as the supersymmetry
breaking approaches the string scale. In this way the Scherk-Schwarz mechanism allows us para-
metrically to deform the theory away from one with a supersymmetric content towards an entirely
non-supersymmetric one. This property of interpolation is an integral and we believe important
feature of our construction that I will discuss in more detail below.

I should mention the many other works that have considered non-supersymmetric string the-
ories, including of course the ones that originally adapted the Scherk-Schwarz mechanism to
string theory. These include the original studies of the ten-dimensional SO(16) x SO(16) het-
erotic string [2], studies of the one-loop cosmological constants of non-supersymmetric strings [3,
4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17], their their finiteness properties [10, 11, 18], and
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their strong/weak coupling duality symmetries [19, 20, 21, 22]. There have even been stud-
ies of the landscapes of such strings [23, 24]. All studies of strings at finite temperature are
also implicitly studies of such non-supersymmetric strings (for early work in this area, see, e.g.,
Refs. [25, 26, 27, 28, 29]). In general, the non-supersymmetric string models which were studied
were either non-supersymmetric by construction or exhibited a form of spontaneous supersymme-
try breaking [3, 30, 31, 32, 33, 34, 35, 36, 37], achieved through a stringy version of the Scherk-
Schwarz mechanism [38] — indeed, potentially viable models within this class were constructed in
Refs. [39,40,41, 4, 42,43, 22,44, 45]. Non-supersymmetric string models have also been explored
in a wide variety of other configurations [46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59], in-
cluding studies of the relations between scales in various schemes [60, 61, 62, 63, 64, 65, 66].

2. The importance of interpolation: Proto-gravitons

I begin by discussing the importance of interpolation. The issue rests on how to control the
various contributions to radiative corrections, in particular a critical component coming from "un-
physical" (by which I mean not level matched) states. In general there can be many different kinds
of physical and unphysical states which contribute to the one-loop partition function,

Z(T) = T2liD/2Zamnamqn ) (2.1
mn

27T in the usual nome, T = Ret, 7» = Im7, and a,, counts the bose—fermi non-

where g = e
degeneracy at level (m,n). However, every non-supersymmetric string model necessarily contains
off-shell tachyonic states with (m,n) = (0,—1). This is a theorem [8] which holds regardless of
the specific class of non-supersymmetric string model under study, and regardless of the particular
GSO projections that might be imposed.

It is easy to understand the origin of these states and their effect on the partition function. We
know that every string model contains a completely NS/NS sector from which the gravity multiplet
arises:

graviton C 9, [0)r @ o¥1]0) - (2.2)

Here |0)g ;. are the right- and left-moving vacua of the heterotic string, 7 /2 Tepresents the excita-
tion of the right-moving world-sheet Neveu-Schwarz fermion y*, and ¥, represents the excitation
of the left-moving coordinate boson X". Indeed, no self-consistent GSO projection can possibly
eliminate this gravity multiplet from the string spectrum. However, given that the graviton is al-
ways in the string spectrum, then there must also exist in the string spectrum a corresponding state
for which the left-moving coordinate oscillator is not excited:

proto-graviton: 117511/2|O>R ® [0)L . (2.3)

This “proto-graviton” state has world-sheet energies (Eg,Er) = (m,n) = (0,—1), and is thus off-
shell and tachyonic. Nevertheless, it is always there in the string spectrum along with the graviton.

Normally one ignores such things in phenomenology, firstly because they cannot appear as
asymptotic states in any scattering (hence they are referred to as “unphysical” which we consider to
be something of a misnomer), and secondly because, in a supersymmetric theory, any contribution
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to the partition function from the proto-graviton is automatically cancelled by an equal and oppo-
site one from its superpartner, the proto-gravitino. In the context of non-supersymmetric strings
however, the latter is absent (or lifted to the SUSY breaking scale). Thus we can quite generally
write the first term in the g-expansion of any non-SUSY string theory. As evident from Eq. (2.3),
the proto-graviton states transform as vectors under the transverse spacetime Lorentz symmetry
SO(D —2). Thus, any non-supersymmetric string theory in D spacetime dimensions must have a
partition function which begins with the contribution

Z(t) = DT_z + ... (2.4)

One may easily evaluate the contributions that the various states make to the cosmological constant,

AD) = _1//,1)/ T, 2.5)
N 2 7 T .

where D is the number of uncompactified spacetime dimensions, .# is the reduced string scale,
and
F = {r: |Ret|< %, Im7>0, |7 > 1} (2.6)

is the fundamental domain of the modular group.

As a toy example, and also to illustrate the general structure of interpolating models, consider
a D = 10 theory compactified on a twisted circle. Any such (D — 1)-dimensional model has a
partition function that takes the general form [3, 25, 26, 27, 28]

Zstring(va) = Z(l)(f) éaO(LR) + Z(Z)(T) gl/Z(LR)
+ Z9(1) Oo(1,R) + Z¥(1) O, )5(1.R) 2.7)

where Z(1) 4 Z(?) reproduces the partition function of a supersymmetric ten-dimensional model
M, and where Z(!) 4+ Z(3) reproduces the partition function of a different non-supersymmetric ten-
dimensional model M>.

The bose—fermi non-degeneracy (i.e. the a,,) is shown in fig.2 for this theory. It clearly
illustrates the non-softness of the supersymmetry breaking, namely the fact that no matter how
much one “restores” supersymmetry by increasing the radius /o /R =a — 0, there is always a
scale (the mass of the lowest lying winding modes) above which the spectrum is entirely non-
supersymmetric. In this sense the supersymmetric and interpolating non-supersymmetric theories
are always entirely distinct as I stressed earlier. Despite that, the low lying spectrum adopts a char-
acteristic supersymmetric (albeit extra-dimensional) form in this limit, while the heavy spectrum
yields non-supersymmetric threshold effects.

The contributions to the cosmological constant in the v/o/ /R = a — 0 limit from a given state
with world-sheet energies (m,n) in the different &/ &-sectors are found to be as follows:

H sector ‘ state H contribution to A H
so—E1)n m=n=0 —[4(D/2—1)/aPT P
0 — 81 m=n#0 4(2y/ma) P12 =4 /m]a 2.8)
éDO - 51/2 m 7& n _ [4\/§/ﬂ]€_2ﬂ('n+n)aze_”/a2
ﬁO,l/z any (m,n) [Zﬁ/ﬂ]e_zﬂ(’""_”)aze—ﬂ/az
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In this table, D represents the dimensionality of the theory in question prior to the compactification
on the twisted circle. These expressions are in fact general for compactification on a twisted circle
from any D. At large radii, the leading contribution to the cosmological constant is given by the nett
contribution coming from the massless m = n = 0 physical states, of the form, ~ (NISO) —N }O))anl.
In more general compactifications from D down to d dimensions one would find

A~ (N = Nal + .. 2.9)

recovering the same contribution to the Casimir energy that one would infer in extra-dimensionful
field theory. Our ultimate task then is to find models where states at the massless level have de-
generate numbers of bosons and fermions, despite having no supersymmetry. In such models, at
large radius the leading contribution comes from the massive physical m = n # 0 states which is
exponentially suppressed.

Returning to the proto-graviton, we conclude that the one-loop cosmological constant is ex-
ponentially suppressed provided the unphysical states do not contribute significantly. Their con-
tribution is independent of the number of dimensions. One can understand this from the fact that
dimension dependence requires states to be able to propagate long distances, which unphysical
states are not able to do. Nevertheless they still contribute to the cosmological constant because
the bottom of the fundamental domain (i.e. the UV end of the one-loop integral) is curved, and in
particular the proto-graviton term from (m,n) = (—1,0) exceeds that of even the massless (0,0)
physical contributions for a < 0.54. Thus Scherk-Schwarzed compactified theories with R S 2
have little chance of being stable, at least on the grounds of any arguments based on the physical
spectrum.

All of the above makes the cleanest assumption about the compactification scale, that 1 /R =
M, ~ Mgying, problematic. Indeed, in such models it is not always clear how to separate oscilla-
tor states from KK states and/or winding states; there even exist examples of such models which
transcend the notion of having a compactification geometry altogether and in which no compactifi-
cation geometry can even be identified. In such models we typically obtain a cosmological constant
of order A ~ Mging. Of course, even within such string models, there remains the possibility that
A might still vanish through some other mechanism. For example, the proposals in Refs. [7, 8, 12]
all rely on different kinds of symmetry arguments for cancelling A within closed string models
for which M. ~ M. Unfortunately, no string models have ever been constructed exhibiting the
symmetries proposed in Refs. [7, 8], and the mechanism proposed in Ref. [12] may actually fail at
higher loops [14, 15].

The alternative possibility that we are proposing is to consider models in which My is fixed
but M. is taken to be a free, adjustable variable. Indeed, we can go even further and imagine that
our compactification volume is characterized by many different compactification scales Mc(i), each
of which we might consider a free parameter; such a scenario would emerge, for example, if our
d-dimensional compactification manifold is a d-torus with different radii of compactification R;,
i=1,...,d. In general, as the volume of compactification V; is taken to infinity, we effectively
produce a string model in d additional spacetime dimensions. This higher-dimensional model is
the general equivalent of our M| above. For closed strings, T-duality then ensures that we also
produce a model in d additional spacetime dimensions as V; — 0, which is the equivalent of M5.
The model with variable compactification volumes can be said to interpolate between the two
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higher-dimensional endpoint models, M; and M;, in the exact same manner as the interpolation
between the two 10 dimensional models above.

Such interpolating models offer a number of distinct advantages when it comes to suppressing
the cosmological constant. If the model M is supersymmetric, we are assured that A = 0 when
V4 — oo. Moreover, if M, is non-supersymmetric, then spacetime supersymmetry is likely to be
broken for all finite V;;. It is therefore reasonable to assume that we can dial V; to a sufficiently large
value in order to obtain a cosmological constant of whatever size we wish. Even more compellingly,
there is a widespread belief that spacetime supersymmetry, if it exists at all in nature, is broken at
the TeV-scale, with superpartners having masses ~ &'(TeV). Indeed, as first suggested in Refs. [3,
61], these sorts of scenarios with large compactification volumes are relatively easy to incorporate
with the interpolating-model framework with M, ~ &(TeV).

But second, and equally importantly, we also find that the scale of the cosmological constant
need not necessarily be tied to the effective scale of the supersymmetry breaking. In particular,
although we can consider the scale of supersymmetry breaking in these models to be given by
M, = 1/R, there are circumstances under which the contribution of massless physical states and
their KK modes to the Casimir energy vanish, because they have bose-fermi degeneracy, NISO) =
N J(co). The cosmological constant is then very generally expected to be exponentially suppressed,
with A ~ (e Me/Msine) | due to the string sized masses of the states that are able to make a nett
contribution propagating in the loop. This additional stability is a pre-cursor of what one might
eventually hope to achieve for scalar masses.

3. Interpolating string models with exponentially small cosmological constant

I will now outline the construction for non-supersymmetric theories that interpolate to super-
symmetric ones. For technical reasons it is advantageous to interpolate between M; and M, models
in six dimensions rather than five. We therefore begin with six-dimensional M;’s that have .4 =1
supersymmetry. Such models are most conveniently obtained by lifting to six dimensions semi-
realistic four-dimensional .4~ = 1 string models, for example those in Refs.[73, 74, 75, 76, 77, 78,
79] which are already on the market. The objective is to retain as far as possible their desirable
phenomenological features.

Once we have constructed M|, the next step is to compactify back down to four dimensions.
The four-dimensional .4 = 1 model that results from compactifying back to four dimensions on a
T,/ Z; orbifold can be compared with the four-dimensional .4 = 0 model that results from a CDC
compactification on the same orbifold using the techniques of Refs.[30, 31, 32].

Our final step is to take the resulting .4 = 0 model and introduce modifications to render
Nb(O> =N ](»0), yielding an exponentially suppressed cosmological constant. There are several differ-
ent ways in which this can be done. One way is to alter the final Scherk-Schwarz (CDC) twist but
retain the prior GSO symmetry breaking: this can produce an SM-like model. By contrast, altering
the final twist and also removing prior GSO projections can lead to a variety of additional models: a
Pati-Salam-like model, a flipped-SU (5) “unified” model, and an SO(10) “unified” model, each also
with NIEO) =N }0). The procedure is outlined in fig.3. Undoubtedly these models are only several
within an entire new terrain which deserves exploration.
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Figure 2: Degeneracies of physical states for the 9D toy model with @ = 1 (upper left), a = 0.33 (upper right),
a = 0.25 (lower left), a = 0.125 (lower right). Within each plot, points are connected in order of increasing
world-sheet energy n. In all cases we see that surpluses of bosonic states alternate with surpluses of fermionic
states as we proceed upwards in #; this behavior is the signal of an underlying “misaligned supersymmetry”
which exists within all modular-invariant non-supersymmetric tachyon-free string theories and which is
ultimately responsible for the finiteness of closed strings — even in the absence of spacetime supersymmetry.
For R = v/’ (or a = 1), we see that this oscillation between bosonic and fermionic surpluses occurs within
the exponentially growing envelope function |ay,| ~ ¢“V™ associated with a Hagedorn transition. However,
as the compactification radius increases (or equivalently as a — 0), we see that a hierarchy begins to emerge
between the oscillator states and their KK excitations; the oscillator states continue to experience densities of
states which are exponentially growing as functions of n, but their corresponding KK excitations are densely
packed within each interval (n,n+ 1) and, as expected, exhibit constant state degeneracies.

3.1 Pati-Salam model

As an illustration I will present the bose-fermi degenerate Pati-Salam model. It is defined by
the following generalised GSO vectors (where the notation is standard in fermionic string construc-
tions — and is summarized in the Appendix of Ref.[1]):

Vo= —4[ 11111 111 [ 1111 11111 111 11111111 ]
Vi=—1[00011011| 1111 11111 111 11111111 ]
Vo = —1[00 101 101 | 0101 00000 011 11111111 ]
by = —1[10100 001 | 0001 11111 001 10000111 |
V4, = —4[00 101 101 | 0101 00000 011 00000000 ]
Vs = —1[00000 011 | 0100 11100 000 11100111 ]

3 ]

e = 00 101 101 | 1011 00000 000 00011111 (3.1)

The vector e shows the action of the CDC on the right-moving space-time world-sheet degrees of
freedom (on the left) and the left-moving internal degrees of freedom (on the right). The vector dot
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Our "starting point":
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projections
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Figure 3: Roadmap illustrating the procedure for constructing semi-realistic non-supersymmetric string

models with ngo) = }0), as discussed in the text.

products and k;; structure constants for this model are given by

100000 000100
001110 000100
050103 05000}
V,"Vj: 2 2 mod (2), k,‘j: 2 2
011003 10000}
010000 010000
0023200 000000

The gauge-group structure is

G = SO@aU1)®U(1)®S06)®S04) U (1)U (1)aU(1)@U(1)®S0(4)250(4)®S50(6),
~—_—

contains SM

(3.2)
where the Pati-Salam group corresponding to the visible sector is indicated. This model, which has
four quasi-supersymmetric chiral generations of massless untwisted matter but no twisted matter,
has NISO) =N J@ =416 complex massless degrees of freedom in the untwisted sector. The spectrum
is shown in tables 1 and 2. Many similar examples can be found.

4. Phenomenological properties

4.1 Spectrum

The phenomenological structure of models such as those discussed above, are very general.
First the spectrum itself consists of a largely unaffected and still supersymmetric (at tree-level)
twisted set of sectors, together with untwisted sectors that have relatively shifted KK towers. When
NIEO) =N the spectrum has to take the characteristic form shown in Fig.4. As the Standard-Model

f
does not have bose-fermi degeneracy in a realistic model one would have to insist on a hidden sector
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Sector | States remaining after CDC | Spin | SU(4)®SU(2), ®SU(2)r | Particle
—i—a| A

‘a>R®V’OIVS‘a>L % (47271) FL

|0)r © VWYLV )1

o) ®|0)L

|o) R @YW )L Il @12 Fr

)R ® Vo Wpld)s

|0)r © Vo WoWoWo &)
S Q)r® 0 421 Exotic spinor [E
vy | | 9R©IBL (4,2,1) p

[a)r @ |B)L 0 (4,1,2) Complex scalar K

Table 1: Chiral (Z;-untwisted) multiplets of the .4#” = 1, D = 4 Pati-Salam model that remain massless after
the CDC. Here i,j € SU(4) and a € SU(2). ® SU(2)g. The |o)g represent right-moving Ramond ground
states (space-time spinors), while | &), (respectively |3) 1) represent the left-moving Ramond excitations that
do not (respectively do) overlap with the Pati-Salam gauge group. Again the multiplets are essentially the
decomposition of the 16 of SO(10). The same decomposition applies for the two massless generations of
the b3- and b4- twisted-sector matter fields.

Sector States removed by CDC | Spin | SU(4)®SU(2)L,®SU(2)g | Particle
Vi+Vs la)r®|B)L % (4,2,1) SpinorIiE
la)r®|B)L % (4,1,2) Spinor K
@ Vvl N .
|0 @ VoW WoWo| &)
|0k @)L
Vo+ Vs .
)% @ WoWplan). 0 | 4,1,2) fig
)k © Wl at)e
|0k © VWV Wol &)L

Table 2: Chiral (Z,-untwisted) multiplets of the .4#” = 1, D = 4 Pati-Salam model which are given masses

L\/R*+Ry? by the CDC. Here i, j € SU(4) while a € SU(2), ®SU (2)g. The |)} represent right-moving
Ramond ground states that are not space-time spinors.

with the exact equal and opposite nett bose-fermi number in order to cancel overall. This structure
is also apparent in the (misaligned supersymmetry) plots of nett bose-fermi number in Fig.5. Here
one can see that as the radius is increased the entire KK spectrum has bose-fermi degeneracy below
the string scale despite the fact the theory is completely non-supersymmetric.

10
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4.2 Cosmological constant

It is interesting also to examine the interpolating cosmological constant A(a) of the Pati-Salam
model as a function of the inverse radius @ = v/&'/R. Our results are shown in Fig. 6, and are
consistent with the gross features that one would expect from the above discussion, namely that
the cosmological constant is finite for all radii, exponentially suppressed in the large-radius limit,
and radius-independent in the small-radius limit. This last observation suggests the existence of
a zero-radius endpoint model (a.k.a. M;) with an entirely non-supersymmetric but tachyon-free
spectrum — one which most likely corresponds to a 6D fermionic string constructed with discrete
torsion. More surprisingly, however, just above (but not at) the self-dual radius, we find a stable
anti-de Sitter minimum. This turn-over could indicate a restoration of gauge symmetry and/or
supersymmetry, and is similar to the situation encountered in the Type II models of Ref. [37].

excited string states for n>1, degeneracies of
—- oscillator states . .
_— KK states excited string states states are uncorre_lat(_-:td
—- winding states except through misaligned
-~ twisted-sector stat )
. stecrseclor states ° SUSY and associated
. : : : supertrace constraints
: . —-=> finiteness preserved
S .
n=1 % . n=1 for all radii
L7
95 % 5% ;
—g °3, Msiing - for n<1, states in
® = .
a%@ %% hidden sector have
5% % boson/fermion
— %= . .
%w £ degeneracies which are
I W
¢ opposite to those
would-be 1R - in observable sector
SUEEI’[ artners
n=o observable states n=o
Observable Sector Hidden Sector

Figure 4: The structure of the spectrum of a generic interpolating model with suppressed cosmological
constant in the limit of large interpolating radius. States with masses below Miing (or below n = 1) consist
of massless observable states, massless hidden-sector states, their would-be superpartners, and their lightest
KK excitations. For these lightest states, the net (bosonic minus fermionic) numbers of degrees of freedom
from the hidden sector are exactly equal and opposite to those from the observable sector for all large radii.
Note that this cancellation of net physical-state degeneracies between the observable and hidden sectors bears
no connection with any supersymmetry, either exact or approximate, in the string spectrum. Nevertheless,
it is this conspiracy between the observable and hidden sectors which suppresses the overall cosmological
constant and enhances the stability of these strings. For the heavier states, by contrast, the observable and
hidden sectors need no longer supply equal and opposite numbers of degrees of freedom. Nevertheless the
entire theory remains finite at one-loop.

4.3 Scalar masses

Finally let me discuss the stringy threshold corrections that generate scalar masses, efc.. These
are all in principle calculable. Indeed at one loop their chief contribution at large radius can be
understood by a field theoretical calculation as it is dominated by the physical modes propagating

11
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Figure 5: Degeneracies of physical states for the Pati-Salam model with exponentially suppressed cosmo-
logical constant. The inverse radius a = Va! /R varies from a = 3 (upper left) to a = 0.1 (lower right).
Comparing with Fig. 2, we see that all of the general features associated with interpolating models survive,
including a smoothly growing exponential envelope function for a ~ &'(1) which slowly deforms into a dis-
cretely step-wise growing exponential function as a — 0. This reflects the emerging hierarchy between KK
states and oscillator states. However, we also observe a critical new feature which reflects the fact that this
model has an exponentially suppressed cosmological constant: the removal or “evacuation” of all non-zero
nett state degeneracies a,, for n < 1 for sufficiently small a. Thus, for sufficiently large radius, the spectrum
of such models develops an exact boson/fermion degeneracy for all relevant mass levels n < 1, even though
there is no supersymmetry anywhere in the spectrum. Indeed, as illustrated in Fig. 4, this degeneracy does
not occur through a pairing of states with their would-be superpartners, but rather as the result of the bal-
ancing of non-zero nett degeneracies associated with a non-supersymmetric observable sector against the
degeneracies associated with a non-supersymmetric hidden sector.

in the loops. The string theoretical calculation of these effects can be carried out in an analogous
fashion to the usual gauge beta function calculation - namely by directly determining the two point
function for the scalar, but with the appropriately Scherk-Schwarz modified partition function. As
one might expect the result no longer cancels, and the amplitude can be written as

> 2 2 2
sym [ 4T Y Y o
— (2n)* /—2 B 7z 4.1
(27) 1672 )7 41y a,[},£<g%(M 4ant, ) T2 40 B @.1)

12

Alk,~k) =




Non-SUSY Strings Steven Abel

(A/a?)
20

30

20

10

05 1

-10

Figure 6: The rescaled cosmological constant A/a? for the Pati-Salam model versus a = N /R. For large
a, we find that A /a” tends to a constant indicating that the a — oo limit of this model is non-supersymmetric
and tachyon-free. We also see that the entire curve is finite, which indicates that no tachyons emerge at any
intermediate radii. Thus this model lacks Hagedorn-like instabilities. However we observe that the small-a
behaviour of this curve is radically different from the generic case. First, we see that A does not have the
usual Casimir ¢* behaviour, but rather is exponentially suppressed. Second, and somewhat surprisingly, we
observe that A changes sign as a — 0 increases past unity. Indeed, we see that the cosmological constant
appears to have a stable minimum near (but not precisely at) the self-dual radius, and moreover that the
cosmological constant crosses zero at yet another (slightly higher) radius. It is not clear whether there might
exist enhanced symmetry at either of these specific radii.

We can split the contributions into those from massless physical states and those from massive
ones. The term (477)~" will be proportional to the overall cosmological constant and therefore
exponentially suppressed. The contribution from the massless-sector terms to the canonically nor-
malised 4D Higgs squared-masses are then
M = 1 /m IO Y YNy — Nig) [F2e” 51T et
| N fH —VbH

1672
u

2 r? 2
o 1672 N = Nort) 550, “2

5
o1 4T3 1

where the sum is divided into mass-levels m;, while the contributions from the massive states are

2 Y2 i i - _ ,m.—‘
Mp, = w—l&.’:z(NfH_NbH) Y, 1] 2(Valm;) e 22yl mill| (4.3)
f=o0dd

The first of these expressions does not necessarily vanish even if its analogue does for the cosmo-
logical constant, because the Higgs couples differently to the states that are projected out by the
CDC. Note however the interesting possibility of exponentially suppressed Higgs masses as well.
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To finish, let me mention several interesting developments recently concerning the question of
large volume “decompactification” in Refs.[90, 91, 92, 93, 94]. The decompactification problem
(i.e. reaching large volumes while avoiding large gauge couplings) has also been discussed in
the past literature in a somewhat different guise [95]. In the context of Scherk-Schwarz breaking
of supersymmetry it is to a certain extent a dimensional transmutation of the hierarchy problem;
namely the fact that achieving order one couplings in a generic theory appears to require a fine-
tuning of one-loop corrections against tree-level ones. There are schemes to overcome this fine-
tuning problem that will be presented in forthcoming work [96]. I should add though that the entire
benefit of being able to generate exponentially suppressed scales is that extremely large volumes
may not be required. Clearly a primary objective would be then to extend exponential suppression
to the Higgs mass itself. This will be be explored in Ref.[97].

The work of KRD was supported in part by the US Department of Energy under Grant DE-
FGO02-13ER-41976, and by the US National Science Foundation through its employee IR/D pro-
gram. The opinions and conclusions expressed herein are those of the authors and do not represent
any funding agency. EM is in receipt of an STFC fellowship.
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