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Abstract

We consider “super no-scale models” in the framework of the heterotic string, where the A" =4,2,1 — 0
spontaneous breaking of supersymmetry is induced by geometrical fluxes realizing a stringy Scherk—
Schwarz perturbative mechanism. Classically, these backgrounds are characterized by a boson/fermion
degeneracy at the massless level, even if supersymmetry is broken. At the 1-loop level, the vacuum en-
ergy is exponentially suppressed, provided the supersymmetry breaking scale is small, m3/2> < Mgping.
We show that the “super no-scale string models” under consideration are free of Hagedorn-like tachyonic
singularities, even when the supersymmetry breaking scale is large, m3/2 > Mgying. The vacuum energy
decreases monotonically and converges exponentially to zero, when m3, varies from Mging to 0. We also
show that all Wilson lines associated to asymptotically free gauge symmetries are dynamically stabilized by
the 1-loop effective potential, while those corresponding to non-asymptotically free gauge groups lead to
instabilities and condense. The Wilson lines of the conformal gauge symmetries remain massless. When sta-
ble, the stringy super no-scale models admit low energy effective actions, where decoupling gravity yields
theories in flat spacetime, with softly broken supersymmetry.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction and summary

String theory unifies gravitational and gauge interactions at the quantum level. To de-
scribe particle physics, one can naturally consider classical models defined in four-dimensional
Minkowski spacetime, where string perturbation theory can be implemented to derive the quan-
tum dynamics. However, from a gravitational point of view, the question of the cosmological
constant which can be regenerated at 1-loop, must be addressed. In non-supersymmetric models,
such as those derived by compactifying the SO (16) x SO (16) ten-dimensional heterotic string,
this vacuum energy density is extremely large [1]. It is generically of order M? , where M is the
string scale, and has no chance to be naturally canceled by any mechanism involving physics at
lower energy.

Alternatively, one can consider no-scale models [2], which by definition describe at tree level
theories in Minkowski space, where supersymmetry is spontaneously broken at an arbitrary
scale m3,2. More precisely, m3,; is a flat direction of a classical positive semi-definite potential,
Viree = 0. This very fact opens the possibility to generate by quantum effects a vacuum energy
of arbitrary magnitude. In N = 1 supergravity language, the no-scale models involve a superpo-
tential wo and moduli fields z;, in terms of which the scale of the spontaneous supersymmetry
breaking can be expressed as [3],
eXwol?

(1.1

2 K 2
m3/2 = |w0| - Imzl ImzZImz3 ’
where K is the Kilher potential and K is the part of K that is independent of the three moduli
z; associated to the breaking of supersymmetry. When wy is independent of the z;’s, m3,; is
undetermined by the minimization condition (V) = 0. In string theory or its associated effec-
tive supergravity description at low energy, depending on the choice of supersymmetry breaking
mechanism, the z;’s can either be the dilaton—axion field S, or Kihler or complex structure mod-
uli 77, Uy associated to the six-dimensional internal space. For instance:

— Some initially supersymmetric models can develop non-perturbative effects, such as gaug-
ino condensation [4]. In this case, some of the fields, including S, are stabilized. The magnitude
of supersymmetry breaking is determined by |wg|*> = Agp / Mﬁ and the imaginary parts of z;,
i € {1, 2,3}, which can be Kéhler or complex structure moduli 77, U;. In the expression of the
superpotential, Mp ~ 2.4 - 10'® GeV is the Planck scale and Anp = Msexp (—8n2/|b|g52) is
the scale of confinement associated to an asymptotically free gauge group, of S-function coef-
ficient b. g is the string coupling, which relates the string and Planck scales as My = gsMp.
The gaugino condensation breaking mechanism leads naturally to a small gravitino mass, even
though the moduli fields Im z;’s are of order 1. However, this non-perturbative scenario can only
be studied qualitatively at the effective supergravity level, since no fully quantitative derivation
from string computations is available yet.

— Alternatively, perturbative or non-perturbative fluxes [5] along the internal space can induce
non-trivial superpotentials that break supersymmetry. In some cases, S-, T- or U-dualities [6]
can be used to derive semi-quantitative results. In general, there is not yet available full deriva-
tion from string computations and so, one must restrict to semi-quantitative descriptions at the
effective supergravity level. Some exception however exists, on which we now turn on.

In the present work, we focus on geometrical fluxes that realize generalized ‘“‘coordinate-
dependent compactifications” [7,8]. The latter are similar to that proposed by Scherk and
Schwarz in supergravity [9], but upgraded to string theory and furthermore to its gauge sector.
In some cases, the mechanism can be implemented at the level of the worldsheet 2-dimensional
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conformal field theory, thus allowing explicit quantitative string computations, order by order in
perturbation. The scale m3,; of spontaneous supersymmetry breaking is given by the inverse vol-
ume of the internal directions involved in the generalized stringy Scherk—Schwarz mechanism.
For the quantum vacuum energy density to not be of order M;‘ , this volume should be large, and
the associated towers of Kaluza—Klein (KK) states should be light, with many consequences:

e When their contributions do not cancel each another (a situation that will be central to the
present work), the KK states, whose masses are of order m3,>, dominate the quantum ampli-
tudes, while the heavier states, whose masses are of order ¢ Mg, yield exponentially suppressed
contributions, O(e~¢Ms/™3/2) n practice, cMj can be the string scale, the GUT scale or a large
Higgs scale.

e These dominant contributions are the full expressions obtained in loop computations done
in a pure KK field theory that realizes a spontaneous breaking of supersymmetry a la Scherk—
Schwarz. No UV divergence occurs, a fact that is similar to that observed in field theory at finite
temperature when the KK modes are Matsubara excitations along the Euclidean time circle and
the spectrum at zero temperature is supersymmetric.

e At 1-loop, if the model does not contain any scale below m3,2, the effective potential takes
the form [10-13],

Vitoop = £ (15 = ng) m + O( M e=¥e/msr) (1.2)

where ng and ng count the numbers of massless fermionic and bosonic degrees of freedom, while
& > 0 depends on moduli fields other than m3,2. The above result makes sense in the theories that
are free of “decompactification problems” [14], which would invalidate the string perturbative
approach, due to large threshold corrections to gauge couplings [15,16]. For instance, models
realizing either the N =4 — 0or N =4 — 2 — 0 or N =2 — 1 — 0 patterns of spontaneous
supersymmetry breaking are consistent at the perturbative level [13].

Notice in Eq. (1.2) the absence of term proportional to Str M? A2, o m% /zAgo’ where M is the
mass operator. Such a term appears in N’ = 1 and ' = 2 supergravities spontaneously broken to
N =0, when the quantum corrections are regularized in the UV by a cut-off scale A2 = O(M?2).

Even if the extremely large term m% /zAgo is not present in string theory, the sub-dominant one,

proportional to m%‘ /20 still occurs when ng # ng. This leads a serious difficulty, since it is far too
large, compared to the cosmological constant (indirectly) observed by astrophysicists, even when
m3,2 is about 10 TeV, which is the order of magnitude of the lowest bound of supersymmetry
breaking scale allowed by current observations at the LHC.

This remark invites us to consider “super no-scale models” in string theory [11,12], which
are the subclass of no-scale models satisfying the condition ng = ng. These theories generate
automatically a 1-loop vacuum energy that is exponentially suppressed, provided m3,, is much
lower than c¢M;. The “super no-scale models” extend the notion of no-scale structure valid at
tree level to the 1-loop level. Note that non-supersymmetric classical models satisfying the even
stronger property of boson—fermion degeneracy at each mass level are already know in type II
string [17,18] and orientifold descendants [19,20]. They are based on asymmetric orbifolds and
yield an exactly vanishing vacuum energy at 1-loop. However, contrary to what was initially be-
lieved, the 2-loop contribution seems to be non-trivial, as a priori expected [21]. It is important
to stress that when these models describe a spontaneous breaking of supersymmetry to A/ = 0,
they are super no-scale models in a strong sense and that, when perturbative heterotic dual de-
scriptions are found, the latter appear to be super no-scale models in the weaker sense we have
defined i.e. with boson—fermion classical degeneracy at the massless level only [18,20].
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In Sect. 2, we display one of the simplest super no-scale models. It is realized in heterotic
string compactified on T? x T2 x T?. The moduli 75, U, and T3, Us, associated to the 2nd and
3rd internal 2-tori, take values such that the right-moving gauge group is enhanced to either
G=U()?x SU®R)* x SO(16)2 or U(1)® x SU2) x SUB3) x SO(16)%. The N =4 — 0
spontaneous breaking of supersymmetry is realized via a stringy Scherk—Schwarz mechanism
[7] that involves the 1st 2-torus only, and the supersymmetry breaking scale m3/; is a function
of the associated moduli 77, U;.

When m3,; is of the order of the string scale, a fact that arises when |T7| and |U| are O(1),
the corrections (’)(MS4 e~Ms/m312y (o the effective potential are not suppressed anymore. Even
if these precise terms are those responsible for Hagedorn-like transitions in models where su-
persymmetry is spontaneously broken to N'= 0 [8,22], we show that such instabilities are not
present in our model. In other words, the theory does not develop classical tachyonic modes.
Moreover, the super no-scale structure shows up as soon as m3,> is lower than M. This situ-
ation is encountered in two distinct corners of the (77, U1)-moduli space, which are T-dual to
each other: |T1| > 1 with |U;| = O(1), and |T1| = O(1) with |U;| <« 1. On the contrary, m3 >
is greater than M in the remaining corners of the (7, U)-moduli space, which are also T-dual
to one another: |T1| < 1 with [Uy| = O(1), and |T1]| = O(1) with [U| > 1. When m3,; > Mj,
the model is naturally interpreted as an N = 0 theory realized as an explicit breaking of N' =4
(rather than a no-scale model). It is also interesting to note that when m3/; varies from +o0 to
0, V1.100p decreases monotonically and converges to 0. This behavior imposes the interesting fact
that in a cosmological scenario, m3,, slides to lower values, thus implying the super no-scale
structure to be reached dynamically at a low supersymmetry breaking scale.

The above statement is valid provided that there are no tachyonic instabilities, which can be
developed at the 1-loop level. In order to study this issue, we consider in Sect. 3 the response of
V1-100p under all possible small moduli deformations of the I'¢ ¢+ 16 lattice, namely the T°-metric

and antisymmetric tensor, and Wilson lines. The associated moduli Y;;, I € {1,...,6}, J €
{1,...,6+ 16} cover the full classical moduli space % around the initial extended

symmetry point based on the gauge group U (1)? x SU(2)* x SO(16)2. Actually, slightly de-
forming the initial background amounts to switching on Higgs scales Y;; M, smaller than m3 ;.
In this case, some of the ng + nr massless states acquire small masses. In fact, ng and np are
functions of the Y;;’s, which actually interpolate between distinct integer values. Expanding
locally around the initial background, we find

rank Gy 6
Vitoop =g —npym3y —Em3 Y ba Y Y (YiyM)* +--- + O(Mf €7°Ms/m3/2) :
o J=1 I=1
(1.3)

where & > 0. The structure of this result happens to be valid for any no-scale model that realizes
the N' =4 — 0 breaking of supersymmetry. The G,’s are the gauge group factors, and the b,’s
are their associated g-function coefficients. The Y;;’s are their Wilson lines along T°. The above
result shows that the Wilson lines associated to Cartan generators of an asymptotically free gauge
group factor Gy (by < 0), acquire positive squared masses at 1-loop and thus, they are stabilized
at the origin, Y;; = 0. On the contrary, the moduli associated to a non-asymptotically free gauge
group factor G, (by > 0), become tachyonic. They condense, thus inducing negative contribu-
tions to Vy.j00p and the Higgsing of G, to subgroups with non-negative B-function coefficients
but equal total rank. It is only when b, = 0 that the associated Y;;’s remain massless.
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Note however that the stability of the super no-scale models is always guaranteed when they
are considered at finite temperature 7', as long as T is greater than m3,,. This follows from the
fact that in the effective potential at finite temperature — the quantum free energy —, all squared
masses are shifted by T2, which implies that all moduli deformations are stabilized at Y;; =0
[23]. Therefore, in a cosmological scenario where the Universe grows up and the temperature
drops, the previously mentioned instabilities (for b, > 0) take place as soon as T2 reaches m% /2
from above.

In Sect. 4, we consider chains of super no-scale models that realize an N =2 — 0 or N =
1 — 0 spontaneous breaking of supersymmetry, via ZT or Z x Z; orbifold actions on parent
N =4 — 0 super no-scale models. In the “descendant” theories, Zg‘ee is freely acting, which
ensures that the sub-breaking of N =4 — 2 is spontaneous, so that the models are free of
decompactification problems [ 13]. The drawback of this chain of models is that the final spectrum
is non-chiral, as opposed to that of the super no-scale models based on non-freely acting orbifolds
and constructed in Ref. [11], which however suffer from decompactification problems [14—16].

Finally, additional remarks and perspectives can be found in Sect. 5.

2. N =4 — 0 super no-scale model

In this section, we built and analyze in more details one of the simplest super no-scale
models, already presented in Ref. [12]. It is constructed in heterotic string and realizes the
N =4 — 0 spontaneous supersymmetry breaking, with gauge symmetry that will appear to
be either G = U (1) x SU(2)* x SO(16)? or U(1)3 x SU(2) x SU(3) x SO(16)%. The 1-loop
effective potential is given as usual in terms of the partition function at genus 1, Zg, integrated
over the fundamental domain F of SL(2,7Z),

M* [ d*t
Vl-loop = _ﬁ / 2—_’:2 Zsss (2.1)
r 2

where T = 71 + i1 is the genus-1 Techmiiller parameter.
2.1. Partition function

Our starting point is the “parent” N =4, Eg x Eg heterotic string compactified on
T? x T? x T?, whose partition function has the following factorized form:

1
0 1 2 3 F
ZN_4_0§§0§§0“0§;2§ Z3 0] Zoses . (2.2)

where Zf1 8[ ] denotes the contribution of the left-moving 2-dimensional fermions, super-partners
of the 2 4- 6 coordinates in light-cone gauge, and Zy g g is that of the 8 4 8 right-moving compact
bosons, which give rise to the Eg x Ej affine characters in the adjoint representation,

9 a4 1 9- y18 1 Q_ J//’ 8
Zé(ll’so)[;;] = (—l)a-i-h-‘r(lh % s ZO,S+8 = E Z % — Z [f—S] s (23)
V.0 v

where the spin structure a, b and y, 8, y’, 8’ € Z,.
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05(10—)§ 4o denotes the contributions of the d — 2 = 2 spacetime light-cone coordinates, while

0512), I € {1, 2, 3}, arise from the coordinates of the three internal 2-tori and can be expressed in
terms lattices:

I'22(1;,0p)

252

o _
2.2 n%i

1
— , Te{l1,2,3). 2.4)

(VT2ni)

We denote by 'y = 1"2,2[8’ 8] the unshifted (2, 2)-lattice. More generally, the shifted lattice to

©
0d—2,a’—2 -

. . hih .. .
be used in a moment is defined as Fz,z[gll ;2], where we limit ourselves to shifts /4, g and
ha, g2 € Z3,

hy, hy i Ly 2_11,.12
F2’2[g1 ,gz](T»U) = Z e (gimi+gama) qz\pLI q2|I7R| i (2.5)
mjp,myp
ny,ny

where g = ¢*”™" and
! [U +7( +1h)+TU( +1h)]
L= —Fm—=|Umi —m2 ni+ s h na+-ha) |,
b V2ImTImU 2 2
1

- 1 - 1
=—(Um| — T —h TU —h . 2.6
PR YR |: my—may+T(n; + 5 1)+ TU(n2+ 7 2)] (2.6)

T; and Uy are given as usual in terms of the internal metric G;; and antisymmetric tensor B;;,
i,jef{l,...,6},

: 2
T, = l\/G2171,2171G21,21 — G310+ B2r2i-1,

- 2
l\/G21—1,21—1G21,21 =Gy 107 T G211

Gar-1,21-1

Uy , T1efl,2,3}. 2.7)

In the above expressions, Q[Z](vlr) (or 6,(v|T), @ € {1, 2, 3,4}, to be used later) are the Jacobi
elliptic functions and 7 is the Dedekind function, following the conventions of Ref. [24].
It is also convenient to introduce the O (2N) characters defined as

0" +o[]" 0" —0[11"

Oy = ———, Voy = —2 ,
2N N 2N N
19N N[N 19N N[N
Soy = 0[] +=D"o[}] Coy = 0[o]” — =D"o[}] 2.8)
2N ’ 2N ’ '
in terms of which we can write Zxr—4 in the following factorized form,
Zyv—s= 0% 048 02 08 (vs = 55) (015 + 516) (O + o). 29

where the Eg character becomes O1g + Sis.

We then introduce a stringy Scherk—Schwarz mechanism [7] that simultaneously breaks N =
4 — 0and Eg x Eg — SO(16) x SO(16)’, spontaneously. This is done by implementing a Z;hift
orbifold action that shifts the 1st internal direction, X'. The associated lattice shifts #, g€l
are coupled to the spin structure via a non-trivial sign Sy, as well as to the SO (16) and SO (16)’
spinorial characters with another sign Sg. In total, this amounts to replacing
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272

) 1 arh 1“2,2[’;’ oy
0,, — 5 ZSL [b; g] T with
h

SL [LU h] — (_’l)ga-F/’lb-‘rhg ,

b; g
~rv18 ~rv’'18
0|
Zo,16 — = Z Z 3;; h [8] [(-38] with
/8/ 7] n
SR[?;/;// h] ( 1)g(y+y )+h(6+8") (2.10)

The shift g being coupled by the sign S Sg to the spacetime fermions (a = 1), to the SO (16)
spinorial characters (y = 1) and to the SO (16)’ spinorial characters (' = 1), the model will be
referred as “spinorial-spinorial-spinorial”, or sss-model. Its partition function is

1 22 ok

— 0) 2 3) »~Lg, 011, V1

Ziw= 03305303350 —— 50— %
h.g

4
_Z( 1)a+b+ab9[] (— l)ga+hb+hgx
- yf]g

1 9 ’ ’ 4
MDY [;;—8 (=D .11
/’3/

which leads to

1 o
Zyss= 053 033 053 5 [P22[ oJm.vn (Vs = 59 (16 + 516) (O + i)

+ FZ,Z[?: 0](T1,U1) (Vg + S3) (0_16 — 316) (0_16 _ _16)

+ Dol Vion) (05 — Cs) (Vi + Cie) (Vg + Ci)

- Fz,z[}: 8](T1,U1) (08 + Cs) (Vig — Ci6) (Vi — 616)]-

(2.12)
Defining the characters of the shifted (2, 2)-lattice associated to the 1st 2-torus as
1) Fz 2[0 0](T1 Up)) +( l)g Fz 2[] 0](T1 Uy)
o331 = : (2.13)
20272
the partition function of the sss-model takes the final form
Zsss = Og Og 053% [051%[ ](V8(016016 + S16516) — Ss(O16S6 + 516016)>
(1)[ ]<V8(0_16§i6 + 816016) — S3(016 014 + 316516))
1 - - - - - - - -
+ 0)[5](0s(Vi6Ci + Cis Vi) — Cs(VisVis + Ci6C1o)
‘l - - - - - - - -
+ 0[1(0s(Vi6 Vi + Ci6Cie) — Cs(ViCig + Crs Vi) )|
(2.14)

For comparison, we also display the model where only Sy, is introduced (Sg = 1). The latter
realizes the N =4 — 0 breaking but preserves the full Eg x Eg gauge symmetry. Since in that
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case the shift g is only coupled to the spacetime fermions (a = 1), this model will be referred as
“spinorial”, or s-model. The associated partition function is

z,=03) 03} 05) (0515[ Vs — 05[1]s — 05[] Cs + 03[ ]08) x
(016 + S16) (016 + Si6) » 2.15)

with factorized right-moving characters. Zj is similar to the partition function of the initial A" = 4
model at finite temperature [8,23]. The latter is obtained by replacing the role of the 1st internal
direction X! with that of a compact Euclidean time X of perimeter 8 = 27 Ry = M,/ T, where
T is the temperature.

The spectra of the s- and sss-model can be easily studied by observing that the 1st 2-torus
characters can be written as

| mp M
o)[0] EE) Zqz"’ g, (2.16)
k] mo
ni,ny

where the momentum m 1 is redefined as 2k; + g,
1
1 _
L= AT Im U,

P = ! [
k= 2Tm Ty ImU;

In particular, the scale m3,, of N' =4 — 0 spontaneous supersymmetry breaking satisfies

T
[U] ki +g)—my+ — 2 (Zn] +h) +T1U1n21|

Uy (ki +g) —mp+ — 5 (2n1 +h)+ Ty U1n2i| (2.17)

202

2 |U1|MS
S bt L T 2.18
32T I T, Im U, 2.18)

In the s-model, the sector 05050(1)[ ]052%0(3)0 016 0/ 16 contains tachyonic states when the
supersymmetry breaking scale mj3 /2 is of order Mj. In this case, the integrated partition func-
tion i.e. the effective potential is ill-defined and a Hagedorn-like instability actually arises [8,
22]. In the N/ = 4 theory at finite temperature, this phenomenon is nothing but the well known
Hagedorn instability, which takes place when +/2(+/2 — 1) < Ry < +/2(+/2 4+ 1). On the con-
trary, the situation happens to be drastically different in the sss-model. The reason is that the
sector with reversed GSO projection, which is characterized by the left-moving character Og, is
dressed by right-moving characters that start at the massless level, Vi \_/{ ¢+ Therefore, the level
matching condition prevents any physical tachyon to arise for arbitrary 77, Uy, {I =1, 2, 3}. No
Hagedorn-like instability occurs and the 1-loop effective potential based on the partition function
Zsss 18 well defined.

However, marginal deformations other than 77, U; can be switched on. Beside the dilaton, the
classical moduli space can be parameterized by the 6 scalars of the bosonic degrees of freedom
of the N = 4 vector multiplets that realize the U (1)6+1® Cartan gauge symmetry (the fermionic
superpartners are massive). It takes the form

SU(6) x SO(6+ 16)
S0(6) x SO(16)
and its dimension is 6 x (6 + 16). For small enough deformations away from the sss-model,

tachyonic instabilities would not arise. On the contrary, some O(1) Wilson lines deforma-
tions can certainly lead to tachyonic modes, when the gravitino mass is of order M [1]. Note

(2.19)
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however that theories where all potentially dangerous moduli deformations have been pro-
jected out do exist, as shown explicitly in a four-dimensional orientifold model constructed in
Ref. [25].

Before concluding this subsection, we give the expression of the 1-loop effective potential of
the s- and sss-model, when Im 77 > 1 and Uy = O(i), which implies m3,2 < M; [13]. As we
will be seen in details in Sect. 3, V|_jo0p takes in this regime the following form:

4

M Y
WWE(LQ)(U}|3,0)+O(M?€ ¢ ImT]), (220)

ng — N
Vl—loop =

where ng and np are the numbers of fermionic and bosonic massless degrees of freedom,? and
the functions

: (ImU)*
EgrenWUls, k)= Z N g1 ~ 2 stk ~ g1 ~ 277\
(1 + 5+ (2 + $)U) Oy + & + (2 + $)U)

—k

2.21)

are shifted complex Eisenstein series of asymmetric weights, where g1, g» € Z,. While ng =0
for the s-model and Vo0 scales like mg /2> We are going to see that the sss-model can be super
no-scale.

2.2. The super no-scale regime, m3 ;> < M;

In order to show that the 1-loop effective potential of the sss-model can be exponentially
suppressed, (’)(M;1 e~evVImTy ), when the supersymmetry breaking scale is low, we look for con-
ditions such that the massless fermions and bosons present in the regime Im 77 > 1, U = O()
satisfy ng = np [12].

Given the fact that the states in the sectors 0;2[;], g =0, 1, have non-trivial winding numbers

2k; + 1 along the very large compact direction X!, they are super massive. In order to find the
massless (or more generally light) states of the sss-model, it is only required to analyze the sectors

oL 501

Do
Sector 05’%[0]@1,%)

The bosonic sector 050; Oég [g] 0523 053% V3016 616 contains massless degrees of freedom,
which are associated to the graviton, antisymmetric tensor, moduli fields (dilaton, Wilson lines,
internal metric and antisymmetric tensor) and to a vector boson in the adjoint representation
of a gauge group G = G x G? x G® x §0(16) x SO(16), where the factor G arises
from the lattice associated to the Ith 2-torus. In the regime we consider, G = U (1) but G,
I € {2, 3}, may be a higher dimensional group of rank 2. For generic 17, Uy, I € {2, 3}, we have
G = U(1)?, which can be enhanced to SU(2) x U(1), SU(2)? or SU(3) at particular points
in moduli space. The degeneracy of these massless states is

2 The factor ¢ > 0 appearing in the exponentially suppressed terms depends on all moduli but Im 77 and the dilaton.
It is of order M /M;, where M is the lowest mass above the pure KK mass scale m3 /3. In the s- and sss-model, it is of
order Mg, but can be in other cases a large Higgs scale or GUT scale (See Sect. 3).
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ng = d(Bosons[g])
=d(V9)[d(0{)) +d(OS)[]) +d(02) +d(0) +d(D1¢) + d(O})]

=8x[24+2+d(G?)+d(G?) +8 x 15+ 8 x 15]
=8 x [244+d(G?) +d(GY)], (2.22)

which depends on the moduli 7y, Uy, I € {2, 3}.

Similarly, the fermionic sector —Oéog 0;2[ ]OEZ;O(X) Sg(016S + Si6 0_16) begins at the
massless level, with states in the spinorial representations of SO(16) or SO(16)’. Their mul-
tiplicity is

ng = d(Fermions[g]) = d(Sg)[a’(S'{é) + d(glé)] =8 x (128 + 128) = 8 x 256, (2.23)
which is independent of the point in moduli space we sit at. Moreover, the above bosonic and
fermionic degrees of freedom are accompanied by light towers of pure KK states associated to

the 1st 2-torus. Their momenta along the directions X I'and X2, which are both large, are 2k
and my, and their KK masses are of order m3,.

Sector 02 2[ ](T1 Uyp)
The bosonic sector 05‘2052[ ]0;2%0(3) V(01685 + S160}) contains light towers of KK
modes arising from the 1st 2-torus. Their momenta along X Uand X2 are 2k; + 1 and m>, the
oddness of the former implying they cannot be massless. Their degeneracy is

d(Bosons[ D) =d(Ve)[d(S}e) +d(Si16)] =8 x 256, (2.24)

which equals np.

Similarly, the fermionic sector —052 0512)[ ]052%0(3)58 Oi6 016 contains light KK states,
with non-vanishing masses, their momenta bemg again 2k + 1 and my. Their counting goes as
follows:

d(Fermions[}]) = d(Sp)[d(03) + d(OSY[]) +d(0F) +d(0F) +d(Ore) +d(Djg)]

=8x [24+2+d(GP)+d(G®)+8 x 15+ 8 x 15]
=8 x [244+d(G?) +d(GY)], (2.25)

which equals ng.

The fact that the number of KK towers with odd momenta equals that of those with even
momenta is not a coincidence. In the initial " = 4 theory, among the characters with even y +y/,
those corresponding to spacetime fermions are given a KK mass in the sss-model, while those
associated to spacetime bosons are not modified. This feature is common to the s-model,

Oélg(vg — $8)(016016 + S16516) — (052[ Vs — 0512)[ ]SS>(016016 + S1657¢) -
(2.26)

On the contrary, when y + y’ is odd, the sign Sk effectively reverses the roles of bosons and
fermions. Among the characters with odd y + ¥/, those corresponding to spacetime bosons are
given a KK mass in the sss-model, while those associated to spacetime fermions are not modified.
These facts are opposite to those encountered in the s-model. The sss case thus leads
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041} (Vs = $) (016515 + 515 01) — (05B[1Vs = 0S3[0]85) (Or68i + S160f).
2.27)

The condition for the sss-model to be super no-scale is that the numbers of massless fermions
and bosons be equal,

np=ng;  np=8x256,  np=28x [244+d(G?)+d(G]. (2.28)
This imposes [12] d(G?®) +d(G®) = 12, which leads for tk(G?) = rk(G®) =2,

(@) GPxGP=5U2* o (b)) GPxGP=SUB) xSUQ)xU().
(2.29)

Modulo T-duality, Solution (a) is realized at the self-dual point 7> = U, = T3 = U3 =i, which
leads the enhanced G® x G® = SU(2)* = SO (4)? gauge symmetry. Note that in the neighbor-
hood of this point, some of the SU (2) factors are spontaneously broken to U(1). In this case, np
takes lower values and Vy_jo0p, given in Eq. (2.20), becomes positive. Thus, at the above self-dual
point, the 1-loop effective potential is positive semi-definite with respect to the variables 77, Uy,
I €{1,2,3}, where Re Ty, m3,2 and U; are flat directions. The moduli 7, Uy, I € {2, 3}, are
attracted dynamically to the self-dual point, which is characterized by a super no-scale structure.
In Sect. 3, we will consider in great details all moduli deformations, locally around Background
(a), and the associated response of the effective potential.

Solution (b) occurs modulo T-duality at 7, = U, = B T3 =Us arbitrary. Locally around
this complex line, G® x G® is spontaneously broken to a subgroup and np decreases. Thus,
the 1-loop effective potential is locally positive semi-definite with respectto 77, Uy, I € {1, 2, 3},
where the flat directions are parameterized by Re T, m3,2, Uy and T3 = Us. Again, the model is
naturally super no-scale; the trajectories of the time-dependent moduli associated to the 2nd and
3rd 2-tori being attracted to these points.

2.3. The T-dual regimes

We have seen that for 7] — ico, U; = O(i), the sss-model is characterized by a low super-
symmetry breaking scale m3,2 and a super no-scale structure. In the present subsection, our goal
is to study the remaining corners of the moduli space where either 77 or U; (but not both) is of
order i. We thus define 4 regimes,

M: TH—ioo, U =0()
I: Ty —0, U =0@)
Iy : 1 =03G), Uy —> ico
avy)y: m=0GaG), Uy —0, (2.30)

where the first one is super no-scale with m3,, < Mj, while the others can be respectively ana-
lyzed by defining T-dual moduli,

. 21
a: (&, 0y = <—ﬁ,_ﬁ)

. T
dm: (1, Uy) = <2U1, —>

2
1
—) . (2.31)

-~ 1
av): (T, Uy = <_71’_T1
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In terms of these new variables, Regime (II) is reached by taking 71 — ico, Up = O(i), Regime
(IIT) corresponds to T1 — (00, U1 O(i), and Regime (IV) is associated to T] — (00, U1
O(i). The relevance of the above definitions of T-dual moduli follows from the fact that

Oé %[ ](Tu U = Oélg[ ](Tl U) — Oég[h]m U — Oélg[ ](Tl U (2.32)

The third equality is telling us that the sss-model (as well as the s-model) is self-dual under the
T-duality transformation (71, Uy) — (T, Uy),

Zss(T1, Uy) = Zsss(fl s 01) . (2.33)
Thus, the corners (I) and (IV) of the Ist 2-torus moduli space share a common behavior : The
sss-model is super no-scale in both limits, and the supersymmetry breaking scale satisfies

> _ luPmg
M3 =
Im 77 Im U,
which is a T-duality invariant expression. On the contrary, the 1st equality in Eq. (2.32) allows
us to rewrite the partition function as
Zsss(T1, U 1)
= Zsss(T1, Uy)

< MS2 in Regimes (I) and (IV), (2.34)

00k, a0 (Vs(01601 + Si6Si) = 501657+ S1601o))
+0§}§ [V, 1) (Os(V16C1s + Cro Vi) = Cs(Vi Vs + CisCl))
(o)t o) (Vs(O165i + 516 01) — S5(015 01 + S1651e))
[t (©

§(VieV|s + C16Clg) — Cs(Vi6Clg + C16V16)>]
(2.35)

(11,04

which shows that the sss-model is not self-dual under the T-duality transformation (77, U1) —
(fl, U 1). Note that in the s-model, this transformation amounts to inter-exchanging the spinorial
characters Sg <> Cg i.e. reversing spacetime chirality. The latter being a matter of convention,
Regimes (II) and (IIT) describe isomorphic particle contents in the s-model.

Finally, the 2nd equality in Eq. (2.32) guaranties the sss-model (as well as the s-model)
is T-duality invariant under the transformation (T 1 U 1) — (T 1, U 1), which is nothing but the
already mentioned symmetry (77, U;) — (T1, U 1). In other words, the identity (2.33) can be
rewritten as

ZSSS(Tls 01) = zsss(flv [}l) . (2.36)

The above expression guaranties that the corners (II) and (III) of the 1st 2-torus moduli space
yield a common behavior. In the following, we describe the light spectrum and effective potential
in these regimes.

The winding numbers along the directions of the T-dual 2-torus whose Kéhler and complex
structure are fl and U 1 are 2k| + g and m, which implies that in Regime (II), where Im f"l > 1,
71 = O(), the states with non-vanishing 2k; + 1 or my are super massive. Therefore, the pure
T-dual KK modes lead exponentially dominant contributions, as follows from the expression of
the T-dual 2-torus characters in Regime (II), which for g =0 are
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‘U(2n1+h) nz‘
Mo T AmymlD, —énIm T
00 = 33 2 tad) ORI
ni,ny
ImT1 Wit rlnf ‘1+2n2U1‘ —¢nIm T
— -1 (-1 M o n4Im0) + O(e—CnImT), (2.37)
C2mn%) n%:z ( )

where ¢ = O(1) is positive and the second line is obtained by Poisson summation over n; and n,.
For g = 1, the winding numbers cannot vanish, so that

OO 6,y = Oe~C 2Ty, (2.38)

The light spectrum arising in Region (II) turns out to be:

Sector 0(1)[ ](ﬁ,lh)

This sector being self-dual, its massless spectrum is that derived in Sector 0;12) [g]m .Up)» Which
amounts to ng bosonic and ng fermionic degrees of freedom,

np =d(Bosons[(]) =8 x [244+d(G?) +d(G?)]
ng = d(Fermions[ ) = 8 x 256. (2.39)

In Regime (II), these degrees of freedom are accompanied by light towers of pure T-dual KK
modes (pure winding modes for the original 1st 2-torus), whose momenta are 2n and n,, as can

be read in the 1st line of Eq. (2.37). Their masses are of order M/,/Im fl/z.

Sector 0(1)[ ](ﬁ o

The fermionic sector — OSO% Oélg[ ](T] o) 0522) 0, ) 5Cs Vie Vl’ ¢ contains light towers of pure T-dual
KK modes with momenta 2n; + 1 and my. The former being nonzero, these states cannot be

massless but their masses are light, of order My/+/Im 7 /2. Their degeneracy is

d(Fe?ans[?]) =d(Cs)d(Vi6)d(V|s) =8 x 16 x 16 =8 x 256, (2.40)

which equals ng.

Note that no light bosonic state arises in Sector 0(1)[ ] as can be seen from the right-

17, Uy)’
moving characters V16C1 6T Cie V16, which start at the massive level, in units of M. This shows
that contrary to the large Im 77 limit with U; = O(i), N = 4 supersymmetry is not recovered in
the large Im T} limit when Uy = O(i). If the sss-model realizes a spontaneous breaking of super-
symmetry implemented via stringy Scherk—Schwarz compactification on the initial 1st 2-torus,

from the T-dual picture, it realizes a compactification on the T-dual 2-torus of an initially non-

supersymmetric model in 6 dimensions. In fact, the dual KK mass scale M/4/Im f”l/2 is not
a scale of supersymmetry breaking (spontaneous or not). The no-scale modulus i.e. the sponta-
neous supersymmetry breaking scale is always m3,,, which satisfies

2 v M2 | P M2

s 2 . .
= = — > M; in Regimes (II) and (III) . (2.41)
AT I ImU 4 ImfyIm O, s

In the limit m3 ;= +00, degrees of freedom decouple, leaving us with an sss-breaking of su-
persymmetry in six dimensions that is explicit.
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The above remarks suggest that the vacuum energy may be large in Regime (II). To show this
is true, we use Egs. (2.37) and (2.38) to write the effective potential in terms of dual moduli as

A M4 d T (0) (2) (3) Im T] - 7rImT1 n1+2an1
VHOOP (27.[)4 2,2 0 2 2 2101 772 Z e im0 ‘ ‘ x
F

[<V8(6160_i6 + 316316) - S8(0_16§i6 + Si6 616))
+ (=)™ (03(‘716(_?16 + C16V]s) — Cs(Vi6 Vs + 616616))]
+ O(M;‘ g~é/Im fl). (2.42)

Contrary to the expression found in Regime (I) for large Im 77, the argument of the exponential
in the 1st line, which is proportional to | + 2/i,U1 |2, can vanish. Actually, the contribu-
tion of the effective potential arising for n; = i = 0 grows linearly with the dual volume
(27)%Im fl/ (2M2) This behavior is drastically different to that encountered in Regime (I),
where the potential is exponentially suppressed in Im 77 (or scales like (np — nB)m3 2 if ng # np)
and vanishes in the limit where A' = 4 supersymmetry is restored. The remaining terms, with
(n1,n2) # (0,0), can be treated exactly as is done in Regime (I) and mentioned in the in-
troduction, in the paragraph above Eq. (1.2). They yield light T-dual KK modes of masses

(9<Ms /+/Im T / 2), whose contributions dominate over those arising from the remaining, su-

per heavy string modes. Moreover, as follows from the 2nd line in Eq. (2.37), these towers of

T-dual KK modes regularize the UV, in the sense that up to exponentially suppressed terms, the
1

integral over the fundamental domain J can be extended to the upper half strip, —5 < 71 < 3,
77 > 0, without introducing divergences. In total, one finds
T\ ne—ng M}  E©0(Ui3,0)+ Eq0 03,0
1% loop—CIm—1+ 7B s 0.0)(U113,0) 1,0(U113,0)
2 16n7  (ImTy)2 2
T MY E.0)(0113.0) — Eq.0)(01]3.0
+CIm—+ "F ©0,0(U113,0) = Eq1,0)(U113,0)
1677 (Im 77)? 2

+ O(M;‘ iy im i ) (2.43)

where the 1st and 2nd lines arise respectively from the sectors 051% [8](?1 0, and Oélg[ |7
while the quantities C and C’ depend on the 2nd and 3rd 2-tori moduli only,

1kty.0yy

M4

d2
C =— / 7 221,00 D22(73,05)
4 2,02 3,U3

(2m) 4 2

y |:E 0160 I6 + 816576 S 016815+ 3160_{6:|

; /2[2
= ~ 1 122(1,U. 2,2(13,U:
(27_[)4 4 (T2,U>) (T3,U3)

/

n8

» |:ﬁ VieCle +CisVig  Cs VieVis +C16C16i| (2.44)
n
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The final expression of the effective potential in Regime (II) can be simplified to
. N T ME
Vl—loop = (C +C )Im —t

2 1677 (ImTy)?

np ~ ng ~
x [ (nr = 5) E0.0(0113.0) = T Ea,0.(0113.0)]
+ O(M;‘ g~¢yIm f‘). (2.45)

Note that since C + C’ is nonzero, one obtains in the T-dual 2-torus decompactification limit

. T A
f d*x Vit —> [ d*x Im71 (Cc+Ch= / dbx YN0 (2.46)

1-loop *
Im 71— o0

where \A)ﬁlfgjpo is the effective potential of the obtained non-supersymmetric six-dimensional the-
ory,

6 2
ANE=0 M d Tt A
loop =2 756 / 2—1222/\/6:0, (2.47)

which involves the associated partition function
Znieo = 0L) 012 0F) (Vs(0160} + S5165}5) — Ss(0163] + S160
Ne=0=Uy 4 Uy, Up» 8(016016 + S16516) 8(016516 + S16016)
+ 08(‘_/16616 + 616‘_/1/6) — CS(‘_/IG‘_/{G + 616616)). (2.48)

For instance, C + C’ can be evaluated numerically at T» = U, = T3 = U3 = i, which corresponds
to the G@ x G® = SU(2)* enhanced symmetry point: C + C’ =~ 0.468 M;‘.

It is however important to stress that the behavior of the sss-model derived in Regimes (II)
and (III) is actually formal. This is due to the fact that in these cases, the 1-loop correction to
the classically vanishing vacuum energy density of the universe is very large, O(Mf), as can
be seen from the r.h.s. of Eq. (2.46). This fact may cast doubts on the validity of perturbation
theory. Moreover, it is expected that in the large T-dual 2-torus limit, the decompactification
problem does arise. This should be the case since no A = 2 supersymmetry is recovered in
six dimensions (A = 4 in four dimensions) and the towers of T-dual KK modes of masses

@ (MS /+/Im Ty / 2) should yield large quantum corrections to the gauge thresholds, proportional

to the volume (271)21111 f"l / (2M52) [13,14]. Finally, taking ng >~ np, which is satisfied for arbi-
trary Ty, Uy, I € {2, 3}, one can extremize the potential (2.45) with respect to U 1, which yields a
solution U 1 2~ (1 +1i)/2 modulo T-duality. However, the latter is a saddle point that destabilizes
Im U, to larger and larger or lower and lower values, which brings the theory out of Regime (II).

2.4. The intermediate regime

We proceed with the description of the behavior of the sss-model when no modulus associated
to the 1st 2-torus is large or small, i.e. T} = O(i), Uy = O(i). In this regime, m3,, = O(Ms) and
the effective potential is not exponentially suppressed. Moreover, the generic massless states
encountered in Sector Oég[g]m,vo are not accompanied anymore by light pure KK modes,
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the latter having masses of order M. However, states with non-trivial momentum and winding
numbers along the 1st 2-torus may be massless at special points in moduli space.

Sector 02 2[ ](Tl,Ul)
Beside the generic massless bosons, additional ones in Sector 0502) 0;2[ ]0%230(2) Vs 0160

become massless when 2|p(l)|2 = 2|p(1)|2 1 =0, thus increasing ng. For instance, taking
k1 =n; =0, these conditions are satisfied for m, = —ny = &1 when we sit on the codimension
one submanifold of the moduli space that satisfies 71 = —1/U;. These states are 2 gauge bosons

and their Wilson lines along the internal space,
Ang = d(Extra Bosons[]) = d(Vy) x d(o(”[ D=8x2, (2.49)

which enhance the gauge group factor associated to the 1st 2-torus to GV = U (1) x SU(2). On
the contrary, ng does not vary with Ty, U .

Drl
Sector Oé %[ ](Tl,U1)
(

Other extra massless bosons arise in Sector 0203 0(1)[ ]0;2% 0(3) OsVi6 V when 5 Ip(l) ?P-1=

5=
o p(l) |2 0. For instance, taking m, = ny = 0, these conditions are satlsﬁed for2k1+1=2n;+
1 =41 when T} /2 = —U;. These modes are two scalars in the bi-fundamental representation of

SO(16) x SO(16)’, thus with multiplicity
Ang = d(Extra Bosons| | ]) = d(03 ,[, ) d(V1g) d(V]g) =2 x 16 x 16. (2.50)

Unlike the situation encountered in Regimes (I)~(IV), no subset of string states, such as pure
KK or winding modes, dominates the expression (or part of it) of the effective potential. More-
over, the latter now depends on Re77. Even if finding an explicit expression of Ve in the
intermediate regime is a hard task, a numerical integration of the full partition function Zy can
always be done over the fundamental domain F. We choose to present the result as a function of
Im 77 only, fixing Re 77 =0 and U; =i, while T, = U, = T3 = U3 = i. Generically, the gauge
group is G = GV x SU2)* x SO(16) x SO(16), where GV = U (1)2. Fig. 1 presents the
curve Vijo0p as a function of Im7; in these conditions. We see that the 1-loop effective po-
tential is a positive and monotonically decreasing function, which connects Regime (II), where
m3;2 = Ms/+/Im T > 1, to the super no-scale Regime (I), where m3,> < 1. This behavior im-
plies that the term e4¢V1_100p, which appears in the effective action in Einstein frame, creates a
tadpole for the dilaton ¢ and imposes the latter to slide at early cosmological times to the weak
coupling regime.

Our choice of Re T} and U is such that the curve passes through the lines 71 = —1/U; and
T1/2 = —U;, when Im T} = 1 and 2, respectively. However, no extremum occurs at these points.
In Ref. [1], it is shown in general that in non-supersymmetric classical models, the integrated
partition function at arbitrary genus-g admits extrema at all “points of maximal enhanced sym-
metry”. The latter are the loci in moduli space where the gauge group is enhanced, with no U (1)
factor left. In our case, since GV = U(1) x SU(2) and GV = U(1)? at In Ty = 1 and 2, there
is no contradiction in not having extrema at these points. Fig. | shows that there exist initial con-
ditions with m3, of order Mj, such that the super no-scale Regime (I) of Solution (a) is reached
dynamically. However, as mentioned after Eq. (2.19), Wilson lines may also develop expectation
values in the intermediate regime, so that the theory may end with a distinct gauge group of equal
rank, or even suffer (for large deformations) from a classical tachyonic instability.
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Fig. 1. Effective potential of the sss-model as a function of Im 7, for Re Ty =0, U; = T, = Uy = T3 = U3 =i. Regime
(II), which corresponds to small Im 77, is connected to the super no-scale Regime (I), where Im 77 is large.

3. T%-moduli and Wilson lines deformations

Once we have found a classical model that yields an exponentially suppressed effective po-
tential at 1-loop, the question of the quantum stability of this background must be addressed.
Actually, the worldsheet CFT admits marginal deformations, which from the spacetime point of
view correspond to classical moduli. Since the 1-loop effective potential depends on these scalar
deformations, the initial vacuum may be destabilized. In this section, we will study the response
of the 1-loop effective potential to all worldsheet small marginal deformations, in the super no-
scale regime. As an example, we consider in details the case of Background (a) of the sss-model
but the structure of the result remains valid in any generic /' = 4 — 0 no-scale model i.e. with
nr and np not necessary equal, and which is based in a gauge symmetry U (1) x , where the
rank of H is 20 and otherwise arbitrary.

3.1. Deformation of Background (a)

The worldsheet operators we consider are Y;;0X/9X” and YIIBXIZ;qSZ forl,J €{l,...,6},
Te{7,...,22}, where the ¢I ’s are the 16 extra right-moving compact bosons of the heterotic
string. In Background (a), we have initially 7> = Uy = T3 = Uz =i, the gauge group is

G=U)?*x SUQ2)* x SO(16)?, 3.1

and the partition function is given in Eq. (2.14), with Im 77 > 1, U; = O(i). Denoting G;; and
By, the initial internal metric and antisymmetric tensor, 6 x 6 real Y’s are introduced to define
their deformed counterparts as

(B +Gap=B+Glopg+vV2Yep, ape{l,2}, (3.2)
(B'+G)ij =8;+2Yy, i,je{3,4,5,6}, (3.3)
(B'+G')oi =V2Y4i, (3.4)
(B'+Gig =V2Yiq, (3.5)

while the 6 x 16 remaining ones,
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Yoz, Yiz, ae{l,2},ie{3,4,56},Ze{7,... 22}, 3.6)

are the Wilson lines of SO(16)? along T°. Our goal is to determine which of the above 6 x 22
deformations acquire at 1-loop positive squared masses or remain massless, while the leftover
ones induce tachyonic instabilities.
We first derive a general expression for the 1-loop effective potential, in the regime Im 77 > 1,
= O(i). Let us consider the contribution to the 1-loop partition function arising from a single
state s,

IME /M2 _ (_I)F 1 e—sz/Z/M
(%]

where F is its fermion number. The left- and right-moving squared masses take the following
form, where the “primes” mean that the expressions refer to the deformed background [26],

(-DF i M2 /M2 (M;QZ_M;,Z)/MSZ’ (3.7)
T

q* Tq*

1
M2 = M2 PG P+ 4N - 3) .
M2 = MZ[P,’ G/ Py + 040 +4(Ng — 1)], (3.8)
where Nz, Nr denote the oscillator numbers and we have defined

1
Pr=m;+Yz07+ EYII Yyzng+ B +Gyny,

_ 1
Pr=m;+Yz07+ EYII Yizng+ (B —G)yny,

07=07+Yizn;. (3.9)
In the above expressions, Py and P; are generalized left- and right-moving momenta that depend
on the 7° momenta and winding numbers m; and nj, while Q7, Z € {7, ..., 22}, denote the

components of a weight in a representation of the gauge group realized by the extra right-moving
#L’s [27]. Physically, this weight is the charge vector under S O (16)? of the state s and its squared
length is an even integer. An immediate consequence of the r.h.s. of Eq. (3.7) is that invariance
under the modular translation T — 7 + 1 implies that M} — M}?> = 4L, M2, for some integer L;.
Therefore, M iz - M }32 must be invariant under the 6 x 22 continuous deformations, a fact that is
easily verified using Eqs. (3.9), which yield Ly =4mn; — 20707 +4(Np — %) —4(Ng —1).
Next, we note that for small Y-deformations, the term (3.7) integrated over the fundamental
domain F leads a contribution of order e”I™71 to the effective potential if s has non-trivial
winding numbers along either of the two 1st internal directions, which are large. Therefore, we
concentrate on the dominant contributions, which arise from the pure momentum states (i.e. with
2n1 + h = ny =0 in Eq. (2.17)). Choosing one of them, sg, with vanishing momenta m; =
my =0 (m = 2k; + g in Eq. (2.17)), let us gather the contributions to Vy_jop Of the KK towers
associated to X!, X2 and based on this state. In the initial Background (a), one obtains

/ Z ( 1)m1 T ImTIIml%l‘ qlMgL/Mb qzlleR/sz
(277)4 2
miy,my
M d2 2
:_(2ns)4(—l)F0/;ImT1 Z e — A i1+ 3+ Vi) g MG/ M G MR IM
2 my,ny

(3.10)



C. Kounnas, H. Partouche / Nuclear Physics B 913 (2016) 593-626 611

where Fy, Moy, Mog are the fermion number and left- or right-moving masses of sg. The inser-
tion (—1)™! in the Lh.s. arises from the fermion number F = Fy + m. It translates the fact that
a mass splitting of order 1/Im 77 exists between bosons and fermions, as follows from the spon-
taneous breaking of supersymmetry and can be seen in the partition function (2.14). This phase
€™ yields in the r.h.s., which is obtained by Poisson summation, a %-shift of the integer m11.
This shift implies that the integral in Eq. (3.10) can be extended to the full upper half-strip,
—1 <11 <1, 1p > 0, without introducing UV divergences, and that the result differs from that
obtained by integrating over F by terms of order emevImTi,

When the Y-deformations are switched on, Moy, Mog and more importantly the KK mass
are slightly modified. The latter is initially the degree 2 polynomial in m 1, m>, which appears
in the argument of the exponential function in the Lh.s. of Eq. (3.10), (and becomes the expres-
sion in Eq. (3.26)). However, for small enough Y’s, the full expression after Poisson summation
is still integrable over the upper half-strip (see Eq. (3.27)). It follows that the integration over
71 is straightforward, implying that the surviving dominant contributions to Vy_jeep arise from
KK states s that are level-matched, Ly = 0. Moreover, since the states with vanishing winding
numbers along X! and X? satisfy

4L M2 = M}? — MP = M7 — My = M3, — My, (3.11)

which is independent of m, my, the whole towers of KK modes based on the level-matched
states so are level matched as well. Writing the associated contribution,

+00

4 wlm T ~ ~
_ M =Dfm7 Y dv —imdk [114+3+ U1 P+O) | TR MO/ M
Q)4 2t
nmi,my () 2

(3.12)

and changing the dummy variable of integration 1, into x = 12 /Im 77, we see that when the mass
My of the state sp in the initial Background (@) is not vanishing, the result is exponentially
suppressed. Therefore, we obtain the general expression of the 1-loop effective potential

M4 "EERE Jrood‘l,' 2102
Vl-loop - _ 54 2 : (—I)FO / § E : (_1)m1 eﬂ'm.'zML/Ms —i—O(M:e*C“/ImTI),
(27) 2
so=1 0 2 my,my

(3.13)

where the sum extends over the set of massless states present in the initial Background (a), and
M ’L is the mass of the associated KK mode with momenta m, m; along X 1 X2 once the moduli
deformations are switched on.

To proceed, we resume the states 5o of the sss-model in Background (a), which satisfy MSL =
M(%R = 0. The first condition imposes Ny = % the second yields Ng =0 or 1, and we recall that
their quantum numbers along X! X%2arem;=my=n; =ny=0.

— In Sector

0) (1o Mro (PN E) RSP
02,2<02,2[0] Vg — 02,2[1]Ss> 02,2 02,2 0160{6
1

0,0 0,0 i}
= o (F2,2[o, okri.un8 = T[] o](Tl,UnS) Cagisu@e Tadgisoas? +0@q) .
(3.14)
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where I" s gj sy 2+ and T'pgj 50 (16)2 are the root lattices of SU(2)* and SO(16)?, we find that:

e At oscillator level Ngr = 1, 8 copies of 24 states with Fy = 0 arise from the factor 8/ ﬁ24.
They are neutral with respect to the gauge group G. 8 x 2 realize the gravity sector, while the
remaining 8 x 22 ones live in the Cartan subalgebra of G. Their quantum numbers are

mi=n;=0,ie{3,456, 0r=0,Te(l,...,22). (3.15)

o At oscillator level Ng = 0, massless states with Fy = 0 arise from the SU (2)4 enhancement
of the gauge symmetry. For any given i € {3,4,5,6} and € € {—1, 1}, there are 8 states with
quantum numbers

m; =—n; = —e¢€, mjznjzo,j€{3,4,5,6},j5ﬁl', QIZO,I€{7,...,22}.
(3.16)

Note that the generalized momentum Pﬂe = :/—%(mi /R; — n;R;) of the compact direction X i of

radius R; = 1 is p%, = €+/2, which is a root of squared length equal to 2 of T Adj SU(2)4-
e Similarly, 8 copies of massless states with F = 0 arise at oscillator level Ng = 0 from the
root lattice I'y4; 50 (16)2- Their quantum numbers are

mi=n;=0,i€{3,4,5,6}, Qf,Zel{l,...,22} where
(£1,41,0% 08 or permutations between the entries Q7 to Q14,

0r=1{or (3.17)
(0%; 41, +1,0° or permutations between the entries Q15 to Q2.

In the above formula, 0¥ means k consecutive null entries [27]. In total, there are 2 x 112 such
roots Q7 of squared lengths equal to 2.

Altogether, we recover the ng = 8 x (2444 x 242 x 112) = 8 x 256 bosonic massless states
described in Sect. 2.2.
— In Sector

0 Hro D0 2 3 ' A T S AN
0 (083[71vs - 03)[3]15s) 03 05 (016516 + S1601e)
1 0,0 0,0 _
= (Fz,z[lg olr.on8 — Fz,z[o, 0](T1,U1)8>FSpinSO(16)2 +0(@qq), (3.18)

Fspin s0(16)2 18 the weight lattice of the spinorial representation of § 0(16)2. 8 copies of massless
states with Fp = 1 occur at oscillator number Ng = 0 from this lattice. Their quantum numbers
are

m;i=n; =0,i€{3,4,5,6}, QOf,Ze{7,...,22} where
(%1, £1,£1, 1, £1, £1, £1, £1; 08) with even number of —1’s,
Q7r={ or (3.19)
(08; £1, +1, 41, +1,+1,+1,+1,+1) with even number of —1’s.
Q7 is actually one of the 2 x 128 weights of squared lengths equal to 2 [27]. As said in Sec. 2.2,
we have a total of ng =8 x (2 x 128) = 8 x 256 fermionic massless states.
We are ready to compute the contribution to the effective potential (3.13) that arises from the

KK towers of states s based on each of the np + nF states so, which are initially massless in
Background (a). The momenta, winding numbers and S O (16) charges of each state s are those
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of sg, up to the momenta m1, m; along the X 1 X2, which are arbitrary. We first consider the
non-Cartan states of SU(2)*. For given i € {3,4,5,6} and € € {—1, 1}, the contribution of s to
the potential involves its squared mass M ’L2 given in Eq. (3.8), which is expressed in terms of

Po=ma+€(V2¥ai + Yor¥iz), ae(1,2),

Pi=c(V2Yi+Yiz¥ir). j€(3.4.5.6). (3.20)
and the inverse of the metric
Gy =Gy +~2Yur where Y = %(Yu +Yy0), (3.21)
which is
Gl = (Q‘;’; - ﬁg{% Yoo Gy +O0) V2G5 Yo + O(Y2)> SN ER2)
—V2Y(jy) G, g+ O 8jk — V2 Yk +O?)

In the above equation, Q;ﬂl is the inverse of the 2 x 2 matrix G, = Gop, @, B € {1,2}. The

—,
contribution of the 8 copies of KK states associated to the SU (2)* root i, € is
+00

: §M{ [ dm T (g +6) Gl (mp+Ep)

0 12 mi,my
[1 — 2nt2ma\/§Q;}} Yy jy ev2 Y+ O(YS)] X
[1-7o(v;iev2) + 00| + O(Miem V™), (323)

where &, = e(ﬁ Yoi + YaIYiZ> and we have expanded at second order in Y’s the

—712P. G P L . . . .
e TP 00 Py and e contributions in the integrand. However, the 2nd line in

Eq. (3.23) can be omitted, since its linear term in m, must be dressed, at the order we are

1 =1 pr
—-mnP] G P

— _1 . . .
interested in, by e~ "¢ Gapmp coming from the 1st line, and we sum over m |, m5. Recalling the

definition of the component B}, of the deformed antisymmetric tensor and choosing the 2 x 2
matrix QZBI as follows,

1 _ _
By =B + E(YM - Y1), Gy =Gy, a,Bell2), (3.24)

we can use the inverse matrix’ G, g to define deformed moduli

- 2
P 2 o , i\/G1,G5 5, — G + Gy
' =iy GGy =G5+ By U= , (3.25)

’
Ql]

in terms of which we have

\U{(my + &) — (m2+ &)
Im 7| Im U| '

(Mg + &) Gy (mp +&p) = (3.26)

3 Note that G, p differs from G, p At quadratic order in ¥’s.



614 C. Kounnas, H. Partouche / Nuclear Physics B 913 (2016) 593626

A Poisson summation on mj, myp in Vi€ then leads

1-loop

alm T Re [(7] + 5 +U] in)E]
8 M drz Im 7} oyl HU el 2ix =
oo =" 30507 P e ¢ !
2(2m)

— .
= m

ZIWEY)
[1 —rn(Yiev2) + 0(Y3)] + O(M;‘ e*"m) . (327

where £ = U1&| — &. Expanding the phase in £ or £ and integrating over 75, one obtains the final

contribution,

. 8 4 4

Vi E1,0(U{13,0 Eq,0)(U112,0) x 3.28
Lloop =~ g7 (ImT)2 a,0(U113,0) + —= S T, T 1,00(U112,0) (3.28)

6
1 Z Y],ex/_ +2|Y€\/_‘ —,o(Ye«/—) —,o(Ye«/—)
j=3

+OM YY) + O(M;‘ e~cv/Im Tl) ,

(3.29)

where we have redefined complex moduli as

U1Yii — Yo .
Y= ——, ie€{3,4,5,6}, 3.30
C /ImTIm U, { } 530
and introduced the dressing coefficient
E Uil2,1

_EqonWil2,1) (3.31)

~ EqoUi2,0)°
In Eq. (3.28), the scalars Y;; and Y;, for j € {3,4,5, 6}, are actually the Wilson lines of the ith
SU (2) factor along T°, weighted by the associated root €+/2.

We proceed with the contribution Vl Jloop Of the effective potential that arises from the KK
modes s based on the state so of right-moving charge Q7, which is either a root of T's4; 50 (16)2
or a weight of I'i; 50 (16)2 Whose length squared equals 2. The novelty is that the former have
Fo = 0, while the latter have Fy = 1. For such a mode s, we have

P,=my+ Yy 07, a€f{l,2}, P;-:YjIQI, je€{3,4,5,6}. (3.32)

Comparing with Eq. (3.20), we see that at second order in Y’s, the 8 copies of KK modes yield a
contribution identical to ;' . up to the overall dressing (—1)7° and the exchanges

1-loop?
YoieV2— Yo1 01, a€{l,2},
YiieV2— Y101, Jj€1{3,4,5,6). (3.33)
Thus, we immediately conclude that
_1\Fo 4 Fy 4
0 (=78 M (—1)708 M;
Vl-loopz_ 627 m T)2 Eq, o)(U1|3 0)~|—W Im 7y Eq,0)(U112,0) x

6 2 22 2 2 22 2
Z(ZYjIQI) +2| Y vz 01| —p(ZYzQZ) - 5( X Pz 0x)
=3 I=1 =7 I=7 =7

+OM YY) + O(M;‘ e~cvIm Tl) . (334
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where Y;7, j €{3,4,5, 6}, and

UiYiz—Yor
Y1 = ——, Te{7,...,22}, 3.35
z VIm T Im U, { J ( )
are the Wilson lines of SO (16)2 along 0.
Finally, we consider the 8 x 24 KK towers of states that are neutral with respect to the gauge
group. In this case, Fo =0 and P, P( are like those of Eq. (3.32), with Q7 = 0. Therefore, the

effective potential contribution V;_ “oop® for e e{l,...,24}, which arises from the 8 copies of such
states, is
8 M
Ve Eqi 0)(UL13,0) + 0(M4 —eVImT; ) 3.36
boor = 767 (Tmy2 2O 0 (U113,0) (3.36)

In order to combine all contributions to the effective potential we have computed, we note that

22 22 22
1
3 > D A101 > ByQ7=C(Asoqe) Y _ AzBz. for C(Asoae) =14,
QeAdjoint =7 T=1 =7
of S0(16)2
1 22 22 22
3 > > A701 ) ByQs=C(Ssons) Y AzBr, for C(Ssoae) =16,
Q€&Spinorial 7=7 J=1 =7
of S0(16)2
(3.37)
where C(Rg)8% = tr(T4T?) and T¢, a € {1, ...,dim G}, are the generators in the represen-

tation R of a gauge group G. Given that, summing over the 4 x 2 roots i, € of SU(2)*, the
2 x (112 + 128) charges Q of SO(16)? and the 24 sets of neutral KK towers, one obtains the
final result,

nE — N 1\44 4
Joop = E 3,0 E U1)2,0
Viloop Tl6x7 (ImT)? 1,0 (U;13,0) — 1625 Tm T+ T 1,00(U112,0)
(bSU(z) Z[Z(Yﬁf +21Yi* = p(¥;)* - ﬁ(ﬁ)z]
j=3
22 6 _
+bsois) Z[Z(sz)z +2Y7* — p(¥Y7)* — ﬁ(Yz)z])
I=7"-j=3
FOMAY?) + O(MS4 ¢—ev/m Tl) . (3.38)

In this expression, bsy 2y and bso(16) are the B-function coefficients of each SU(2) and SO (16)
factors,

11 1 8
bsy@) = <—? +6x —)C(ASU(z)) =-3 2,
11 2
bsoaey=|——= +6x - C(Asous)) +4 x = C(Ssoqs))
3 3

8
—_(C(-ASO(16)) —C(Ss0a16))) = —% (—2), (3.39)
3 3
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which are obtained using the following contributions of massless degrees of freedom in the rep-
resentation R of G,

b%auge boson _ _13_1 C(Rq), br(e;al scalar __ é C(RG), blgajorana fermion _ % C(RG).
(3.40)

Note that in the derivation of Eq. (3.38), the fact that ng = np in the sss-model plays no role.
Thus, the above structure of the effective potential in terms of arbitrary ng, ng and B-function
coefficients associated to the simple gauge group factors is valid for arbitrary no-scale model
realizing the A/ = 4 — 0 spontaneous breaking. In such a generic model, with ng # ng, the
dominant term appearing in the 1st line in Eq. (3.38) is proportional to mg‘}z, where m/ P is the
deformed gravitino mass,

1202
12 |U1| Ms
=—. 341
"2 T I T Im U] G4l
Observe that since the moduli Y4, @ € {1,2}, i € {3,4,5, 6}, are switched on, the T? x T4
factorized form of the internal space of the initial Background (a) is broken, implying m/ pto

depend on the whole metric of 7°.* Clearly, the stability of an initial no-scale model background
requires the term mg‘}z to be absent, which is nothing but the super no-scale condition ng = ng.
If this is satisfied, we are left with the 2nd and 3rd lines in Eq. (3.38), which are proportional
to m% 2Msz. The eigenvalues of the squared mass matrices of the dimensionful scalars Y; M,
ie€{3,4,5,6}and YT M, T €{7,...,22} are

Sho M; (U112,0)(1 £ |pl), for G = SU(2) or SO(16) (3.42)
—_ orG = or , .
1675 Im T} 1,00 (U112, rl),

which are proportional to m% /20 @8 expected for moduli not involved in the supersymmetry break-
ing [3]. Since |p(U;)| < 1, Eq. (3.42) leads to the conclusion that any simple gauge group
factor that is neither asymptotically free nor conformal, i.e. with bg > 0, yields to local in-
stabilities.

In the sss-super no-scale model we consider here, the SU (2)4 Wilson lines Y jiandY;, j,i €
{3,4, 5, 6}, are attracted dynamically to the origin Y;; = ¥; = 0, while the SO (16)? ones Y;7 and
Yz, j€1{3,4,5,6}, Z € {7,...,22}, condense. Due to the periodicity properties of the Wilson
lines, this instability is only local and some of the Y;7’s and/or Y7’s are expected to develop
large but finite expectation values. Note that since we started with a vanishing effective potential
in the super no-scale Background (a), these instabilities imply that Vo0 becomes negative.
We should reach another no-scale model, with new numbers of massless fermions and bosons
satisfying np < np, and without non-asymptotically free gauge group factors. At this stage, the
model would still be in the regime m 12 K M, which guaranties no tachyonic instability may

arise. However, the scaling of the effective potential now being like —m/;}z, the gravitino mass
would be dynamically attracted to larger values. Once it reaches the order of magnitude of the
string scale, several scenarios may occur:

4 The gravitino mass m’ /o involves T|,Uj i.e. Byy and G/, p only. but the latter is the inverse 2 x 2 matrix of Q;?sl =

-1 -1 -1 -1 -1 -1 —1 -1 3
Gop =2Gay Yiys) Gig +2Gay Yiys) Gy, Yioo) Gop +2Gay Vi) Yjo) Ggp + O
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e A tachyon may arise at tree level, thus inducing a severe Hagedorn-like instability.

e m3/7 may be stabilized at a (local) minimum, thus yielding an anti-de Sitter vacuum, where
a restoration of supersymmetry may or may not occur.

e m3,2 may continue increasing, with runaway behavior. The model would lead (after
T-duality) to an anti-de Sitter theory in higher dimensions, explicitly non-supersymmetric.

3.2. Lifting the instabilities

In the previous sub-section we have shown the existence of two different types of instabilities.
The first ones, arise in the no-scale models having ng # ng, which are due to the non-vanishing
of Vi.jo0p- Actually, the vanishing of the effective potential is required by the dilaton and no-scale
modulus stationary condition; namely the absence of dilaton and no-scale modulus tadpoles.
The second ones are tachyonic instabilities that arise in all no-scale models having positive
B-function coefficients. Therefore, it would be relevant to look for super no-scale models without
non-asymptotically free gauge group factors. Possibly, one could consider no-scale models with
nf > np, and switch on discrete Wilson lines of order 1 in order to break the non-asymptotically
free gauge group factors to products of asymptotically free and/or conformal subgroups.

Another approach is to consider the super no-scale models at finite temperature 7. Note that
this point of view can be relevant when the models are used in cosmological scenarios. At fi-
nite 7', the effective potential is nothing but the quantum free energy and all squared masses are
shifted by T? [23]. Thus, as long as T? is greater than m% /20 the tachyonic instabilities arising
from positive B-function coefficients are lifted. For instance, Background (a) of the sss-model is
stable during early stages of the cosmological evolution, when 7 is high. As the Universe grows
and the temperature drops, the breaking of SO (16) x SO (16)’ occurs when T2 crosses m% 2 and
becomes lower. It would be interesting to investigate this phase transition in a dynamical cos-
mological framework where all moduli fields, including the dilaton and the no-scale modulus,
evolve with the temperature.

Another way to bypass the tachyonic instabilities occurring at 1-loop in super no-scale models
may be to impose correlations among deformations, in order to preserve those which respect
at the quantum level the flatness condition Vijoop = 0. In the case of Background (a), since
—bsy2) = bso(ie), ideally the constraint

Y?=H? (3.43)

may be implemented, where Y is the total “attractive” Wilson line deformation associated to
SU (2)4, while H is the total “repulsive” one, associated to S 0(16)2,

6 6
Y= Z[ VP + 2% 2 = p(¥i)? — ﬁ(ﬁ-)z},
i=3"%j=3
22 6 .
H? = Z[Z(Yﬂ)2+2le|2 — p(Y7)? —5(Yz)2]. (3.44)
I=7"-j=3

Differently stated, one would demand the negative energy density created by any breaking of
S0 (16)? to be compensated by the positive one, generated by a breaking of SU(2)*. It may be
relevant to investigate this possibility by implementing additional orbifold actions.
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4. N =2— 0and N =1 — 0 super no-scale models

In the super no-scale models presented so far, with exponentially suppressed vacuum energies
at the 1-loop quantum level, A" = 4 supersymmetry is spontaneously broken to A/ = 0. It is then
legitimate to look for less symmetric super no-scale theories, realizing either an A’ =2 — 0 or
N =1 — 0 spontaneous breaking. For this purpose, one may consider no-scale parent theories
describing an N = 4 — 0 breaking, and implement Z; or Z, x Z, orbifold actions that yield
descendent models satisfying the super no-scale property. However, as was shown in Ref. [13],
if no precautions are taken in the choice of orbifold actions, the N = 2 sectors of these models
lead generically to gauge coupling threshold corrections [15,16] proportional to the large internal
volume [ 14]. In this case, a fine tuning of the string coupling g is required to cancel the 1-loop
threshold corrections of the gauge couplings of the asymptotically free gauge group factors. In
the following, we present a simple strategy that yields A" =2 — 0 or A" = 1 — 0 super no-scale
models, while evading the above mentioned “decompactification problem”.

4.1. Chains of N =4,2,1— 0 super no-scale models

Our goal is to derive a class of N'=2 — 0 and ' =1 — 0 super no-scale models from
parent ones that realize the N' = 4 — 0 breaking. The next subsection will describe the gauge
threshold corrections arising in this case. To begin, we consider any N = 4 heterotic no-scale
vacuum obtained by “moduli-deformed fermionic construction” [13,28]. Let us implement a Z;
or Z, x Z; orbifold action where at least one of the Z,’s is freely acting and thus realizes a
spontaneous N’ = 4 — 2 breaking. The resulting vacuum is N' =2 or A/ = 1 supersymmetric,
which is further spontaneously broken to A/ = 0 by a stringy Scherk—Schwarz mechanism [7]
realized along the 1st internal 2-torus. The latter is chosen to be large, for the supersymmetry
breaking scale to be small, m% X M52 /Im T;. In total, the model describes the ' =4 — 2 — 0
or =2 — 1 — 0 pattern of supersymmetry breaking. To be more specific, we request the
following [13]:

e The generator of the free Z; action, denoted as Zgree, twists the coordinates of the 2nd and
3rd 2-tori, and shifts at least one of the coordinates of the 1st 2-torus, e.g.

Zie s (x' X2 X3, XN X0, X0 — (x!, X2 4172, -X3, —x*, X%, -X%. @)

e In the Zgree X Z case, there is no restriction on the second Z,. However, in most cases, its
generator as well as the product of the latter with the generator of Z™® have fixed points. If this
happens, in order not to induce large threshold corrections to the gauge couplings, we impose
the 2nd and 3rd 2-tori moduli 7>, U and T3, U3 not to be far from i. For instance, they can sit at
extended symmetry points.

e The stringy Scherk—Schwarz mechanism responsible for the final supersymmetry breaking
is realized as a %-shift along the 1st 2-torus, say X!, coupled to one of the R-symmetry charges,
such as the helicity a.

Once the above restrictions are satisfied and m3,2 < M;, the effective potential of the dee
and th‘ree x Z» models turn out to be % and % of that of the “parent” N'=4 — 0 theory, up to
exponentially suppressed contributions [13],

1

Vi ==V
1-loop Nedo2-0 ) 1-loop

N=4-0 +O (M;1 e_CMS/mm) ’
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1
V. =-V.
-oop N=2-1-0 4 I-oop N=4-0
Therefore, considering any N'= 4 — 0 super no-scale model, such as the sss one, as a “parent”
theory, one obtains automatically a chain of “descendant” models realizing the N'=2 — 0 or

N =1 — 0 breaking, with exponentially suppressed vacuum energy at 1-loop.

+O( M} emeM/mane), (4.2)

4.2. Threshold corrections without decompactification problem

As shown in Ref. [13], the gauge coupling threshold corrections of the dee and Zgree x Lo
descendant theories derived from no-scale models realizing the ' = 4 — 0 breaking of super-
symmetry turn out to have a universal form, free of decompactification problem. In the following,
we present the running gauge coupling associated to a gauge group factor G, in the Zgree X 2y
case. At low supersymmetry breaking scale m32, it is expressed in terms of moduli-dependent
masses of order m3,, that encode the dominant contributions arising from five conformal blocks,
which naturally appear in the left-moving piece of the partition function,

s Hy, H. v h
Zé(tl,:())[z, Gll, Gzz] SL [Z, g]

a+H) a+H, a—H\—H,
_ %Z(_l)aﬂwab 9'):72] [h-;Gz] e[b ;;GI] [h—C;—G2] (_1)ga+hb+hg , (4.3)
a,b

associated to the 8 twisted worldsheet fermions. In our conventions, Hy, G € {0, 1} refer to the
freely acting twists of Z’;ree, while Hy, G, € {0, 1} are those of the second Z,.

The five dominant sectors are denoted as B, C, D and I € {2, 3}, and their mass threshold
scales are the following [13], when no Wilson line deformations are switched on:

M2 _ Msz M2 . M3
B o(UnFIm Ty Im Uy €T 104U I T Im U,y

M2 = Ms2 ’ M2 = M52 ’
P03 Im T Im U, "6 [nUpF Im T Im Uy

Ie{2,3}. 4.4)

e In the conformal block B, the supersymmetry breaking takes place, (h, g) # (0, 0), while
the dee x 7y twists are trivial, (Hy, G1) = (Hp, G2) = (0, 0). It realizes the N’ =4 — 0 spon-
taneous breaking.

e The conformal block C, with (Hy, G1) # (0,0) and (h, g) = (H>, G2) = (0, 0), preserves
an N¢ = 2 supersymmetry.

e The conformal block D, with (h, g) = (H, G1) # (0,0) and (H>, G2) = (0, 0), preserves
an Np = 2 supersymmetry.

In the above three sectors, the 1st 2-torus is untwisted, (H, G;) = (0, 0), and its shifted lattice
FQ’Q[Z: g'l ](T1,U1) is coupled non trivially to Zf‘ﬁ))[z;; le %] via the phase S, [Z Z] The mass scales
Mp, Mc, Mp arise from the towers of KK states along the 1st 2-torus. In the blocks C and D,
where (Hy, G1) # (0, 0), the 2nd and 3rd 2-tori are twisted but the 1st one is shifted. Thus, there
are no massless twisted states arising from the blocks C and D (no fixed points to localize them).

o In the remaining relevant conformal blocks I € {2, 3}, the 1st 2-torus is twisted, (H>, G2) #
(0,0). The 2nd 2-torus in untwisted for I = 2, where (H;, G1) = (0, 0), while the 3nd one is
untwisted for I = 3, where (Hy, G1) = (Ha, G3). These blocks preserve distinct A/; = 2 super-
symmetries. In Eq. (4.4), the expressions of the threshold mass scales M;’s are valid when the
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generator of the 2nd Z; and its product with the generator of Z‘;ree have fixed points, namely
when both I'; 2(7;, ;) lattices are unshifted.
All other conformal blocks give either vanishing contributions, like the A" = 4 block A,

(h,g) = (Hi, G1) = (Ha, G2) = (0,0), or the N = 1 ones, which have |”l 22| 0. Or, their
contributions are exponentlally suppressed, as is the case for the blocks E an(f F, which have
(H>, G>) = (0,0) and |g Gi| # 0, and realize N¢c =2 — 0 and Np =2 — 0 spontaneously
broken phases.
Absorbing in a “renormalized string coupling” the universal contribution to the gauge cou-
pling [16],
1672 1672 1

1
- EY(Tz, Uy) — 5Y(T3, Us), with

Shnor &2
Y(T.U) = /dzfr (E 3 )E4E6 7 +1008 (4.5)
Y= % 2,2(T,U) 2 p— J ) .

f

n
where E» 46 =1+ O(gq) are the holomorphic Eisenstein series of modular weights 2,4,6 and
Jj=1/q + 744 4+ O(q) is holomorphic and modular invariant, the final result for the running

gauge coupling g, (Q) at energy scale Q is [13],
lb"’ Q?
C Q2 + M2

1672 :ka16” —lb Q72 1
4
2
L, 0? b1 o Q2 m3,,
_ZbD10g<Q2+M2> 2 ——b lOg 3 +O 73 .

82(0) 82por 47 Q2+M2
4.6)

It only depends on the Kac—-Moody level k¢ of the gauge group factor G, and on 5 model-
dependent B-function coefficients by ~ p, and b3 5. The terms in the 1st line are associated to
the N'=0, N¢ =2 and Np = 2 spectra, which arise respectively in the conformal blocks B,
C and D, while those in the 2nd line arise from the N7 = 2 spectra, I € {2, 3}. Note that in the
Ist line of Eq. (4.6), we have shifted M> B.CcD ™ 0% + M2 B.C.D" in order to extend the validity
of the result to values of Q above the threshold scales M B.c.p at which the conformal blocks
B, C or D decouple. Therefore, Q is allowed to be as large as the lowest mass, which is of
order ¢ Mg, of the massive states we have neglected the exponentially suppressed contributions.
At low energy, i.e. Q lower than the three scales Mp, Mc, Mp, the r.h.s. of Eq. (4.6) behaves
as —%(b"é + b¢ + b)) loglm T + O(1) when Im 7 is large and Uy = O(i). No volume term
O(ImTp) being present, the models evade the decompactification problem.

As already stated in the previous subsection, up to exponentially suppressed terms, the 1-loop
effective potentials in the Zg‘ee X Zo models we consider here come only from the conformal
block B where A/ = 4 supersymmetry is spontaneously broken to A/ =0,

1 4 —¢
M —LMs/M3/2)
N—2—>1—>0 4 +O( s ¢

Vl -loop Vl -loop

N=4-0

1 ,
= Zé(np —np) mgﬂ + O(MS4 e*CMs/m:%/Z) ) 4.7

In this expression, ng — np is the number of massless fermions minus the number of mass-
less bosons in the “parent” N' =4 — 0 theory. Actually, %(np — np) turns out to be the same
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quantity in the final N' =1 — 0 “descendant” model. This is a consequence of the underlying
“non-aligned” N¢ =2, Np =2 and N} =2, I € {2, 3}, supersymmetries. Thus, when the ini-
tial A" =4 — 0 model is super no-scale, we have ng — ng = 0, which guaranties the Zgree and
dee x Z, descendant orbifold theories to be super no-scale models as well.

4.3. T? x T? x T*-moduli and Wilson lines deformations

Starting from an A/ = 4 — 0 no-scale model, the moduli space that survive Z; or Z; x Z;
orbifold actions in the “descendant” models is reduced. This follows from the fact that several
deformations are frozen to some discrete values, in order to respect the factorization of the in-
ternal 6-torus as T2 x T* or T2 x T2 x T2. For instance, in the sss-model, the scalars Y; in
Eq. (3.30) are fixed to 0. However, new moduli fields arise generically from the massless scalars
of the twisted sectors. Therefore, the stability and quantum flatness condition of the N/ =2 — 0
and N =1 — 0 no-scale models must be reconsidered.

An exception however exists, for the models arising from N = 4 — 0 no-scale theories, on
which a dee or Zgree X Zp orbifold action is implemented, as described in Subsect. 4.1. In
this case, modulo the constraint of the I'¢ ¢ lattice factorization, the structure of the deformed
effective potential is as in Eq. (3.38), up to the multiplicative factor % or %, and fully arises from
the untwisted sector. Due to the free action of Zgree, the 1st 2-torus is not fixed under any orbifold
group element, so that no twisted massless states and thus no new moduli sensitive to the stringy
Scherk—Schwarz mechanism is introduced. On the contrary, twisted massless states are allowed
in the conformal blocks where the 2nd or 3rd 2-tori are fixed. However, being A, =2 or N3 =2
supersymmetric at tree level, new moduli deformations exist, but remain exactly flat directions
at 1-loop and therefore do not show up in the effective potential at this order. Thus, in the study
of the quantum stability of the N'=4 — 2 — 0 or A" =2 — 1 — 0 models obtained by Z® or
dee x Z orbifold actions, only the B-function coefficients of the “parent” N'= 4 — 0 theory
are relevant. The resolution of an instability in a chain of A" =4, 2, 1 — 0 no-scale models is thus
universal, in the sense that it is independent of the specific spectra of the “descendant” theories.

5. Conclusion

In this work, we focus on no-scale string models [2] where the spontaneous N’ =4,2,1— 0
breaking of supersymmetry is implemented at the perturbative level by geometrical fluxes. This
setup realizes a “coordinate-dependent string compactification” [7,8], in the spirit of the Scherk—
Schwarz mechanism introduced in supergravity [9]. The gravitino mass scale m3,; is related to
the inverse volume of the compact space involved in the supersymmetry breaking. Even thought
supersymmetry is broken, the classical effective potential is positive semi-definite, Viree > 0 [2],
while the supersymmetry breaking scale (m3,2) is undetermined by the flatness condition.

At the quantum level, the 1-loop effective potential receives non-trivial corrections. The latter
are however under control, at least in the regime of low supersymmetry breaking scale, m3,, <
cMj, in which case one has

Vitoop = £ (15 = ) m + O( M e=¥e/msr) 5.1)

The above formula arises from the contributions of the light KK towers of states associated to the
large internal space, and remains valid in the string context we consider even when the no-scale
models realize the N =2 — 0 or N' =1 — 0 breaking. These facts lead us to consider the
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situation where the numbers of massless fermionic and bosonic degrees of freedom are equal,
ng =npg [11,12]. In this case, V|.jo0p vanishes modulo exponentially suppressed terms and we
refer to these theories as “super no-scale string models”. At the 1-loop level, they satisfy the
flatness condition, as well as the absence of dilaton and no-scale modulus tadpoles.

Simple examples of “super no-scale models” are constructed in the framework of the heterotic
string compactified on T2 x T2 x T2. They realize the N'= 4 — 0 spontaneous breaking via a
stringy Scherk—Schwarz mechanism along the 1st internal 2-torus and their right-moving gauge
symmetry is either

(@) G=UM?> x SUQR)* x SO(16)> or (b) U(1)® x SUQ2) x SUB) x SO(16)>.
(5.2)

In both examples, if Vi.40p is exponentially suppressed when m3,, < My, it is not suppressed
when m3,, = O(M;). However, no Hagedorn-like instability takes place in this regime [8,22],
which means that no state becomes tachyonic at any point of the (77, Uj)-moduli space. More-
over, in the regime where m3,> > Mj, the model is more naturally interpreted as an explicitly
non-supersymmetric theory, rather than a no-scale model. Altogether, Vy.1o0p turns out to be pos-
itive and increases monotonically with m3,,. Therefore, in a cosmological context, the dynamics
drives naturally these models to the super no-scale regime, where the supersymmetry breaking
scale is small.

We also examine the local stability of the model with gauge symmetry G = U (1)> x SU (2)* x
S0(16)2, under small moduli perturbations of the internal I'6.6+16 lattice. The analysis actually
applies to all no-scale string models realizing an N = 4 — 0 breaking via stringy Scherk—
Schwarz mechanism [7,8] along a large Ist internal 2-torus, weather they are super no-scale,
i.e. with np = np, or not. The rank of the gauge group being always 6 + 16, we find the following
three possible behaviors of the moduli Y;;, I € {1,...,6},J €{l,...,6+ 16}:

e For J associated to a Cartan generator of an asymptotically free gauge group factor G4
(by < 0), the Y;,’s acquire 1-loop masses of order m3,, and are therefore stabilized at the
origin, Y75 =0.

e For J corresponding to a Cartan generator of a non-asymptotically free gauge group factor
(by > 0), the Y;;’s acquire negative squared masses, which leads instabilities. They condense
and break G to subgroups with non-negative S-function coefficients.

e The last Y;;’s, associated to gauge group factors with b, = 0, remain massless.

Thus, in the examples we considered, the SO(16) x SO(16)" Wilson lines yield a desta-
bilization of the initial background. However, we stress that in all super no-scale models, the
quantum instabilities are harmless when the theories are considered at finite temperature T, pro-
vided that T > m3/,. This follows from the fact that finite temperature induces effective mass
terms proportional to T2(Y;;)?, which screen all tachyonic contributions —m% /2(Y1 7)2. There-
fore, in the framework of string cosmology at finite temperature [23], a phase transition happens
when T approaches m3,, from above, which drives the initial model to a new phase without
non-asymptotically free gauge group factors.

A particular class of super no-scale models, which realize the spontaneous N' =2 — 0 or
N =1 — 0 breaking of supersymmetry, can be constructed easily. They are built from parent
N =4 — 0 super no-scale models, on which a Z’;ree or Zg"e X Z» orbifold action is implemented.
The fact that the Z‘;ree group is freely acting ensures that the partial N" = 4 — 2 breaking is spon-
taneous, which yields important consequences [13]. First, the 1-loop effective potential in the
descendant models is simply % or 41_1 of that of the parent theory. Second, the threshold correc-
tions to the gauge couplings are not proportional to the volume of the large internal submanifold
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involved in the stringy Scherk—Schwarz mechanism. This fact guaranties the validity of the string
perturbative expansion, i.e. solves the so-called “decompactification problem”. In the descendent
theories, the space of untwisted moduli, which are those appearing in the effective potential, is
reduced, as follows from the factorization of the internal space required by the orbifold action.

To conclude, we mention that it would be very interesting to study in super no-scale models
the higher order corrections in string coupling to the effective potential. This would allow to see
weather insisting on the flatness condition would yield additional restrictions on the models. One
can also construct super no-scale theories by implementing Z; or Z, x Z; orbifold actions on
N =4 — 0 no-scale models, where each Z, admits fixed points [11]. In this case, our analysis of
the moduli deformations must be completed, since the effective potential does depend on twisted
moduli sensitive to the final breaking of supersymmetry to N = 0. However, if these models are
compatible with the physical requirement of possessing chiral spectra, the decompactification
problem has to be readdressed.
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