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We compute one-loop threshold corrections to non-abelian gauge couplings in four-dimensional heterotic
vacua with spontaneously broken N =2 — A = 0 supersymmetry, obtained as Scherk-Schwarz
reductions of six-dimensional K3 compactifications. As expected, the gauge thresholds are no-longer
BPS protected, and receive contributions also from the excitations of the RNS sector. Remarkably, the

difference of thresholds for non-abelian gauge couplings is BPS saturated and exhibits a universal
behaviour independently of the orbifold realisation of K3. Moreover, the thresholds and their difference
develop infra-red logarithmic singularities whenever charged BPS-like states, originating from the twisted
RNS sector, become massless at special loci in the classical moduli space.
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1. Introduction

In the last decades we have witnessed a tremendous progress
in understanding the structure of supersymmetric vacua in String
Theory and M/F-theory. Several semi-realistic vacua that incorpo-
rate the salient features of the MSSM have been constructed and
analysed to a remarkable extent. Their low-energy effective action
with A/ =1 supersymmetry has been fully reconstructed at tree-
level, and the incorporation of quantum and o’ corrections is still
a subject of intense study. Despite these successful endeavours, su-
persymmetry breaking in String Theory remains a compelling open
problem that string phenomenology aspires to address.

A fully-fledged approach to spontaneous supersymmetry break-
ing in String Theory, that admits an exactly solvable world-sheet
description, is the stringy realisation [1-4] of the Scherk-Schwarz
mechanism [5,6], via special freely-acting orbifolds. In this class of
vacua, the supersymmetry breaking scale is tied to the size of com-
pact dimensions, while the exponential growth of string states may
destabilise the classical vacuum due to the emergence of tachy-
onic excitations. This is closely related to the Hagedorn problem
of String Thermodynamics [7] and can be circumvented in special
constructions [8-10]. Moreover, it has been recently argued that
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closed string tachyons emerging from twisted orbifold sectors of
a class of heterotic vacua with explicitly broken supersymmetry
can actually acquire a mass by blowing-up the orbifold singulari-
ties [11].

In all those cases where supersymmetry is (spontaneously) bro-
ken but the vacuum is classically stable, it is meaningful and im-
portant to study one-loop radiative corrections to couplings in the
low-energy effective action. The emergence of one-loop tadpoles
for massless states does not impinge on the validity of the one-
loop analysis, although it makes the incorporation of higher loops
problematic, unless the back-reaction on the classical vacuum is
properly taken into account [12,13].

For this reason, we address in this letter the problem of com-
puting one-loop threshold corrections to gauge couplings in a
class of four-dimensional heterotic vacua with spontaneously bro-
ken supersymmetry, that can be built as K3 reductions of the
SO(16) x SO(16) construction of [14] in terms of freely-acting orbi-
folds. In contrast to heterotic vacua with unbroken supersymmetry,
where the moduli dependence of the one-loop corrected gauge
couplings arises from the BPS sector, in the case of spontaneously
broken supersymmetry the amplitude receives contributions from
the full tower of charged string states, and is no-longer topological.
Nevertheless, we find that the difference between gauge thresholds
exhibits a remarkable universal structure akin to the A/ =2 super-
symmetric case, due to highly non-trivial cancellations induced by
an MSDS spectral flow [15-17] in the bosonic right-moving sector
of the heterotic string.
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The striking signature of spontaneous supersymmetry breaking
is the emergence of logarithmic singularities at special points of
the classical moduli space. These are ascribed to charged BPS-like
states that become massless at points of gauge symmetry enhance-
ment, and survive in the difference of gauge thresholds.

The paper is structured as follows: in Section 2 we define the
freely-acting orbifold responsible for the spontaneous breaking of
supersymmetry and present the corresponding one-loop partition
function. Section 3 is devoted to the evaluation of gauge thresh-
old corrections for the non-abelian gauge couplings and contains
the main results of our investigation. Finally, in Section 4 we dis-
cuss the relevant decompactification limits and comment on their
physical interpretation.

2. Heterotic vacuum with spontaneous supersymmetry breaking

The class of non-supersymmetric vacua that we shall focus on
is obtained as a Scherk-Schwarz reduction of six-dimensional K3
compactifications of the Eg x Eg heterotic string. They can also be
viewed as K3 reductions of the Itoyama-Taylor vacuum [14], that
corresponds to a lower-dimensional freely-acting implementation
of the non-supersymmetric, non-tachyonic, SO(16) x SO(16) con-
struction [18,19].

For concreteness, we shall consider the TG/ZN X Z/z compacti-
fication of the ten-dimensional Eg x Eg heterotic string, with fac-
torised T6 = T* x T2. The Zy, with N =2, 3,4, 6 rotates chrystal-
lographycally the complexified T# coordinates as

2171/Nzl’

Vi z1—>e 75— e 2T/Ng,, (2.1)

and realises the singular limit of the K3 surface, preserving 8 su-
percharges. The Z), is instead freely acting and is generated by

v = (=1)fsetFitFag (2.2)

Here, Fg is the space-time fermion number, responsible for the
breaking of supersymmetry, F; and F, are the “fermion numbers”
of the two original Eg’s, whereas § acts as an order-two shift along
the remaining T2. The combined action of § and (—1)Fst is respon-
sible for the spontaneous breaking of the N =2 supersymmetry
down to N = 0, while the presence of (—1)f1*f2 guarantees the
classical stability of the vacuum.!
The one-loop partition function reads

1
1 2
+b o[ a/2 a/2+h/N] o[ a/2—=h/N
X 5 E (=)° 79[b/2] ﬁl:b/2+g/N]0[b/2—g/N]:|
b=

o1
1 < Tk/27% = [ k/2+h/N 5[ k/2—h/N
13 Z ﬂ[l/z] ﬂ[l/Z—&-g/N]ﬂ[é/Z—g/N]
L k=0
-
1 =1r/278
x |5 X 3[4]
L r,5s=0
1 H(b-+0+5)+G (a+k+r)+HG HT ,x3[h
X ’7127—)24 (_) FZ,Z[G]A [g] (23)

Here, n is the Dedekind function and ﬂ[;] are the standard Ja-
cobi theta constants with characteristics. The sum over of the spin

! This is no-longer true when Wilson lines are turned on, whereby all non-
supersymmetric heterotic vacua can be continuously connected [20,21]. In this note
we shall always assume a trivial Wilson-line background.

structures a, b, k, ¢, r and s yield the ten-dimensional Eg x Eg
heterotic-string spectrum, while (h, g) and (H, G) correspond to
the Zy and Z/z orbifolds. The two-dimensional Narain lattice with
characteristics is defined as

H . b = e 3
1—-2’2[ G] =1 Zemc(h m+Ay H)Frﬁ+%iz,ﬁ+%i1 (T, U), (2.4)
.
with
I (T, U)
:qﬁ|mz—Um1+T<n1+Un2>|Zqﬁ|mz—Um1+T<n1+Un2>|27 (2.5)

and depends on the Kdhler and complex structure moduli T and U.
As usual, momenta and windings are labeled by m and 7, while
the integral vectors Xl and Xz encode the freely-acting shift of Z.
Without loss of generality, we shall focus on the case A; = (1,0)
and Xz = (0, 0) corresponding to a momentum shift along the first
T2 direction. All other cases can be related to the former by suit-
able redefinitions of the T and U moduli.

Finally,
Ty4 for (h, g) = (0, 0),
h
A1 = K g (2.6)
[g] W[l/2+h/Ng]0[1/2—h/N]|2 for (h, g) # (0,0),
1/2+g/N 1" L1/2-g/N

with I 4 being the conventional Narain lattice associated to

the T4, k[g] = 165in4(ng/N) counting the number of twisted
sectors of the Zy orbifold, and the remaining k[g]’s with h #0
being determined by modular invariance.

As a consequence of the Scherk-Schwarz mechanism, the two
gravitini acquire a mass ms3;; = |U|/+/T2U2, and supersymmetry
is spontaneously broken at a generic point in the classical moduli
space. The Z/ also breaks the Eg x E; gauge group of the ' =2
theory down to SO(16) x SO(12), up to abelian factors. The full
spectrum can be derived from (2.3) using standard techniques.

Notice that, as in the parent ten-dimensional SO(16) x SO(16)
non-supersymmetric theory [18,19], the spectrum is free of tachy-
onic excitations at a generic point of the (T, U) moduli space. This
can be verified by looking at the H # 0, a = 0 contributions to
(2.3).

3. One-loop thresholds for non-abelian gauge couplings

Although the vacuum configuration presented in the previous
section is not supersymmetric, the absence of physical tachyons in
the perturbative spectrum implies that it is classically stable. As a
result, it is fully justified and important to study one-loop radiative
corrections to couplings in the low-energy effective action, in con-
trast to higher-loop diagrams that diverge due to the emergence
of one-loop tadpoles back-reacting on the vacuum [12,13]. This is
still an open problem in String Theory, and has recently triggered
a growing interest [22-24].

To this end, we shall address here the question of quantum cor-
rections to the couplings of the non-abelian SO(16) x SO(12) gauge
factors, extending the analysis of [25] to non-supersymmetric
vacua.

Threshold corrections Ag associated to the group factor G ap-
pear in the relation between the running gauge coupling gé (n) of
the low-energy theory and the string coupling g

16w 1672 M2
——— =——+fglog—= + Ag. (3.1)
g5 () g iz
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where, in the case at hand, the Kac-Moody algebra is realised at
level one, and M; sets the string scale. They encode the contribu-
tion of the infinite tower of massive string states to the one-loop
diagram, and can be organised as

Ag ——RN/dMZ ZAQ[ ]

H.,G=0h,g=0

R. /du Z Z( nHHe

H,G=0h,g=0

%[ 5] 4°[5] na[c ]
“lG
iy (32)
n mn nn

In this expression, du denotes the SL(2;R) invariant measure,
while R.N. stands for the modular-invariant prescription of [28,29]
for regularising the infra-red divergences of the integral.

The quantity L[g
integrated world-sheet correlators for the four-dimensional space-
time fields, whereas 459[?' 2] encodes the contribution of the

gauge sector with the relevant trace insertion. They are defined
as

h .
g] encodes the spin-structure sum over the

Hnl 1 a(14G)+b(14+H)
clEi]=5 X © br
(a,b)#(1,1)
a/2 a/27 o[ a/24+h/N 7 o [ a/2—h/N
oo [\ o5a o [haram 2[5 en]
X 3 , (33)
n n
and

1/ 1 1
D [H’h]z— 92 —
9le.el =4\ Qni2" ~ ano,

1

6

kG+eH 5[ k/278 5T kj2+h/N 15[ k/2—h/N

x |: Z =) 0[1&/2] 0[2/2+g/N]0[Z/27g/N]
k,£=0

1
« 3 (_)rG+SHl§|:y§j|8:|(Zg)|zg=0. (3.4)

r,s=0

In the latter equation, it is implied that the VEV zg is only inserted
along the particular theta function corresponding to the Cartan
charge whose group trace we are considering.

It is convenient to arrange the 4N? sectors of the orbifold so as
to distinguish the origin of the various contributions to the thresh-
olds. The (h, g) = (0,0) sector corresponds to the Itoyama-Taylor
construction [14] reduced to four-dimensions, and is proportional

to the T lattice AK3[3], depending on the invariant T4 moduli.

Furthermore, since h = g =0, one is effectively dealing with the
SO(16) x SO(16) lattice. Hence, the group traces are independent
of the choice of gauge group G, implying that the difference of
thresholds is independent of the T# moduli.

An explicit calculation yields

K3| 0
P N 1
A= 4N x 122 n12,—)24

x [ § ] (95 - 05) 9393
;

(E2— 93)519; + 87"2)
— Taaf 3] (95 — 95)9553 ((E2 + 55) 9395 -

87712)

+ Toa| 1] (95 — 0) 9497 (B2 + 95)959 — 83|
(3.5)

where E, is the weight-two quasi-holomorphic Eisenstein series.

Notice that the second and third lines can be obtained from the
first one upon acting with the SL(2;Z) generators S and TS, as
demanded by modularity.

The remaining contributions can be organised as

1 N-1 N
H,
> ag[d]
H.G=0 hg=0
(h,g)#(0,0)
= h h h
0, 0, 1,
= X (aofog]ras[i]+aclay]+adl i)
h,g=0
(h,g)#(0,0)
_ Aluy) (u-) (t+) (t-)
=AU 4 AU L ALY p Al (3.6)

according to the sectors of the freely-acting orbifold. The first con-
tribution A(”*), corresponding to (H,G) = (0,0), computes the
gauge thresholds of the A/ = 2 heterotic string on the orbifold limit
of K3. It is thus expected to be BPS saturated and the difference
Ag'*) - Ag',*) to be universal and to depend only on the moduli

of the T2 torus® [25]. The remaining terms, connected among each
other by S and TS modular transformations, are inherently non-
BPS since the freely-acting orbifold acts non-trivially and breaks
supersymmetry. This is reflected by the fact that the modular inte-
gral now involves genuinely non-holomorphic contributions.

For concreteness, we shall present explicitly the various contri-
butions in the case N =2, where one finds

FE T 2
() 1 o01E2E4E¢ — E2
ASOJZ1G) _@FZ,Z[O] T_]24 s (37)
A 1 010402(B + ODI(E2 — DD D20} + 8712
s0(16) = " gg 22[1] 724
_1p, o] 0305 — 03) (2 — 9)D395 + 87"
144 = °[1 nlz ﬁ12 ?
(3.8)
and
FEOT 3
(s) 1 01E2E4E6 — E}
Asoaz) = —El“z,z[o] B (3.9)

A 1 [0]198 SIE>(9F + 09 + 95 —
0(12) = g6 221 724

1. fo 038 — 08) E20507
T 144 2’2[1] 112 712
. od0d108 — 012 — viod s + o2
125512
n-n
In these expressions E4 (Eg) is the weight-four (-six) holomorphic
Eisenstein series. Again, the remaining terms can be computed by
the action of the generators S and TS of SL(2;Z) on the corre-
sponding A®-) contributions.

As anticipated, Eqs. (3.7) and (3.9) compute the thresholds to
the A =2 supersymmetric Eg and E; gauge factors. Egs. (3.8) and

9494
204931

5;‘&;‘). (3.10)

2 Whenever the characteristics of the theta constants equal 0, 1/2 we employ the
light notation in terms of the ,'s.

3 The difference of gauge thresholds is indeed universal for the T4/Zy orbifolds,
though in more general constructions they may exhibit a non-universal structure
[26,27].
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(3.10) involve contributions from BPS states whose masses are now
deformed by the free action of the Z/, orbifold.

The BPS contributions to these amplitudes can be integrated
over the SL(2; Z) fundamental domain F or, after partial unfold-
ing, over the fundamental domain Fy[2] of the IH(2) congruence
subgroup, following the procedure developed in [28-30]. The non-
BPS contributions can be shown to be exponentially suppressed
[31] in the large T2 volume limit, and are thus negligible at low-
energies. We shall not indulge here in the full computation of the
thresholds, but rather focus on their difference. One finds

(uy) (uy) 0
Aso16) — Aso(i2) = —36F2,2[0], (311)
that reproduces the result of [25], and
12
) ) 1 0]( 2
Asocie) ~ Aso(iz) = 6 2,2[1 ] (W - 8>. (3.12)

Surprisingly, the non-holomorphic contributions to the thresh-
olds cancel when taking their difference, and reduce to a purely
holomorphic BPS-like term. As we shall show, the difference of
gauge thresholds exhibits a remarkable universal behaviour, inde-
pendently of the details of the T#/Zy orbifold. Indeed, the non-
holomorphic contribution to the difference of thresholds reads

894 4123434 494 94 4123434
03193 +03P030;  o30glvs — 0312930]
n]Zﬁ]Z ,712,‘]12

N 9305105 + 051205 0;
7712}7]12
=12(03Vs +3V3)(03Vs — V3),

(3.13)

where in the right-hand side we have introduced the SO(8) char-
acters. Although, this term looks completely non-holomorphic it
actually possesses a BPS-like structure due to a remarkable MSDS
identity [16,10]
0%vg— V3 =38, (3.14)
which reflects a hidden MSDS spectral flow in the bosonic sector
of the global N = (2, 2) superconformal symmetry on the world-
sheet [17,31]. As a result, Eq. (3.13) reduces to the purely holomor-
phic contribution (3.12).

To evaluate the integrals, we first notice that the combination
932 /012 corresponds to an automorphic function of the Hecke con-
gruence subgroup Ip(2). Moreover, it is regular at the cusp at
7 =ioo while it has a simple pole at the cusp T = 0.% This is suf-
ficient to identify [30]

12

s
-2 =F0(1,1,0) — 16 = jr(7) — 24,

12 (3.15)

where Fy(1, 1, 0) is the meromorphic weight-zero Niebur-Poincaré
series attached to the cusp at Tt =0 of Ip(2), and jo(t) is the
Fricke transform [30] of the /(2) Hauptmodul

n*4(1)
n?4(27)

The modular integrals can be straightforwardly computed using
the results of® [28-30,32] to yield

J2(r) = +24. (3.16)

4 We remind here that the compactification of the fundamental domain Fy[2] of
I'p(2) requires adding two points, i.e. the two cusps, T =ioco and 7 = 0. See, for
instance, [30].

5 The first integral was actually originally computed in [25] by unfolding the fun-
damental domain against the Narain lattice.

R.N./durm(r,U)=—1ogrzu2|n(r)n(U) * (317)
f

RN. / durz,z[‘l’](r,m:—1ogT2U2\ﬁ4(T)ﬁ2(U) 4 (318)
Fol2]

and

RN dul | O (T, U 6°()

: / M 2,2[1]( , )ﬂlz(f)
Fol2]

= —2log[|/2(T/2) — L W)[*|j2(U) — 24["]. (319)

Combining the various contributions, one finds

Aso@16) — As0(12)

4
= 3610g[T2U2|n(T)n(U)|"] - 5 log[ T2Ua[9a(T)o2(V)| ]

+ % log[| 72(T/2) — oW j2(U) — 24["]. (3.20)
Again, the various terms have a clear physical interpretation. The
first line generalises the celebrated result of [25]. The presence of
second term is ascribed to the modified Kaluza-Klein masses of
BPS states, that are indeed affected by the free action of the orbi-
fold. In fact, since the Z/, orbifold corresponds to a spontaneous
breaking of supersymmetry, the model in (2.3) contains precisely
the same excitations as the Eg x Eg heterotic string on T2 x T4/Zy,
whose masses are continuously deformed by the scale of super-
symmetry breaking. As a result, the duality group is broken down
to the subgroup I'°(2)1 x I'p(2)y of SL(2; Z)1 x SL(2; Z)y.

While the first two contributions are regular at any point in
the classical moduli space, the term in the second line, particular
to this vacuum with broken supersymmetry, possesses logarithmic
singularities at the locus T/2 = U and its Ip(2) images. The origin
of these singularities is ascribed to massive charged BPS-like states
that become massless at special points in moduli space. To man-
ifest their origin in the perturbative spectrum, it is convenient to
express their contribution to (2.3) in terms of the SO(2n) charac-
ters
%(0404>< V1204V16)(F2,2[(1)]+F2,2[}])- (3.21)
These states include the left-moving NS vacuum and its stringy ex-
citations, while the right-moving sector is massless and belongs to
the bi-fundamental representation (16, 12) of the SO(16) x SO(12)
gauge group. They always carry non-trivial momentum and wind-
ing quantum numbers, and the lightest states have mass

2 _IT/Z—UI2
0404 Tu,

Indeed, these states become massless at the point T/2 = U, where
p2R =0, and are responsible for the logarithmic divergence in
(3.20).

Notice that the fact that extra massless states emerge from
the Z! twisted sector is compatible with the fact that the term
#32/n'2, originating from the un-twisted sector, has a pole at the
cusp T = 0 but is regular at T = ico. In fact, the two cusps are
related by an S modular transformation that also relates the un-
twisted and twisted sectors. As a result, the singularity of the u_
sector at T =0 is to be understood as the map under S of the
physical infra-red singularity of the twisted sector.

One can compute the gauge thresholds also in the case of the
other singular limits of K3, namely N = 3,4, 6. Although the re-
sult of the thresholds depends on the particular value of N, their

(3.22)
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difference exhibits a remarkable universal behaviour. In fact, one
finds

Aso@6) — As0(12)
— o log[TaUs|n(T)n(U)|*] + B log[T2Us |2a(T)22(U)|*]
+ y log[| j2(T/2) — fz(U)|4|]'2(U) - 24|4]!

with (o, B,y) = (36,—3.3) for the Z; and Z3 orbifolds,
(.B.y) = 3(36,—3, &) for the Z4 orbifold and (a,p.y) =
22.(36,—3. 1) for the Zg orbifold.

This universality structure is a direct consequence of the univer-
sal behaviour of the A/ =2 thresholds [25,33], which is preserved
by the free action of the ZJ.

(3.23)

4. Decompactification limits

It is instructive to study Eq. (3.23) in the decompactification
limits. For convenience, we shall assume a squared T2 with
.Ra

and U=i—, (4.1)
Rq

T =iR1R;

so that the masses of the two gravitini and of the 0404 states
read

1 1 2\?

2 2

m3,, = and m = R — . (4.2)
3/2 R% 0404 4( Rl)

In the R; — oo limit, N' =2 supersymmetry is recovered, and
the leading behaviour of Eq. (3.23)

. o 1
lim [Asoa6) — Aso1z)l = —=Ri|Ra+— | +... (4.3)
Ry1—o0 3 R2

grows linearly with the T2 volume. This is expected from scal-
ing arguments, since in six dimensions the gauge coupling has
length dimension —1. The term proportional to B in (3.23) only
grows logarithmically with Ry as a result of supersymmetry en-
hancement since, charged states lighter than the supersymmetry-
breaking scale are effectively BPS-like and thus contribute loga-
rithmically to the difference of threshold corrections, whereas the
infinite towers of charged states heavier than ms,; have an effec-
tive A/ =4 supersymmetry and, thus, do not contribute. Finally,
the term proportional to y is exponentially suppressed because
the lightest charged states 0404 have mass mg,0, > m3;; and
effectively decouple.
In the Ry — oo limit, the leading behaviour of (3.23) is

lim [Asoa16) — Aso(12)]
Rz—)OO

_me R+1 +7rﬂR2
— 3 2\ R, R,

2
+27Z')/R2<R1 _——
R1

2
R1—R—]D+.... (4.4)

As expected, the term proportional to « is again linearly diver-
gent with the T2 volume. The term proportional to 8 now scales
as Ry/Rq, and consistently vanishes as m3;; — 0. The term pro-
portional to y depends on the scale of supersymmetry breaking.
When R; > +/2 it is exponentially suppressed because ms;; <
Mo,0,, Whereas when Ry < +/2 it scales as R2(2/Ry — Ry). This
is a consequence of the fact that, in the Ry — 0 limit, supersym-
metry is explicitly broken, and this term grows with the volume
RaR1~ Ry/Rq of the T-dual torus.

Notice that in the Ry — O limit, the freely-acting orbifold de-
generates into an explicit breaking of supersymmetry. This implies
that the universal behaviour (3.23) should hold also in the case
when the ten-dimensional O(16) x O(16) theory of [18,19] is com-
pactified on T2 x K3. As a result, a similar universal behaviour of
the threshold differences is expected to arise also when T2 x K3
is replaced by a generic Calabi-Yau manifold. It would be inter-
esting to investigate whether Eq. (3.23) also holds when the ten-
dimensional heterotic string, whether supersymmetric or not, is
compactified on a manifold that does not preserve any supersym-
metry.

Acknowledgements

We are grateful to B. Pioline for fruitful discussions. M.T. would
like to thank the Department of Physics, the University of Auck-
land, where part of this work has been performed, for its kind hos-
pitality. The work of C.A. has been supported in part by the Euro-
pean ERC Advanced Grant No. 226455 “Supersymmetry, Quantum
Gravity and Gauge Fields” (SUPERFIELDS) and in part by the Com-
pagnia di San Paolo contract “Modern Application in String Theory”
(MAST) TO-Call3-2012-0088. The work of M.T. has been supported
in part by an Australian Research Council grant DP120101340. M.T.
would also like to acknowledge grant 31/89 of the Rustaveli Na-
tional Science Foundation.

References

[1] R. Rohm, Spontaneous supersymmetry breaking in supersymmetric string the-
ories, Nucl. Phys. B 237 (1984) 553.

[2] C. Kounnas, M. Porrati, Spontaneous supersymmetry breaking in string theory,
Nucl. Phys. B 310 (1988) 355.

[3] S. Ferrara, C. Kounnas, M. Porrati, F. Zwirner, Superstrings with spontaneously
broken supersymmetry and their effective theories, Nucl. Phys. B 318 (1989)
75.

[4] C. Kounnas, B. Rostand, Coordinate dependent compactifications and discrete
symmetries, Nucl. Phys. B 341 (1990) 641.

[5] J. Scherk, J.H. Schwarz, Spontaneous breaking of supersymmetry through di-
mensional reduction, Phys. Lett. B 82 (1979) 60.

[6] J. Scherk, J.H. Schwarz, How to get masses from extra dimensions, Nucl. Phys.
B 153 (1979) 61.

[7] JJ. Atick, E. Witten, The Hagedorn transition and the number of degrees of
freedom of string theory, Nucl. Phys. B 310 (1988) 291.

[8] C. Angelantonj, M. Cardella, N. Irges, An alternative for moduli stabilisation,
Phys. Lett. B 641 (2006) 474, arXiv:hep-th/0608022.

[9] C. Angelantonj, C. Kounnas, H. Partouche, N. Toumbas, Resolution of Hage-
dorn singularity in superstrings with gravito-magnetic fluxes, Nucl. Phys. B 809
(2009) 291, arXiv:0808.1357 [hep-th].

[10] I. Florakis, C. Kounnas, N. Toumbas, Marginal deformations of vacua with
massive boson-fermion degeneracy symmetry, Nucl. Phys. B 834 (2010) 273,
arXiv:1002.2427 [hep-th].

[11] M. Blaszczyk, S. Groot Nibbelink, O. Loukas, S. Ramos-Sanchez, Non-super-
symmetric heterotic model building, arXiv:1407.6362 [hep-th].

[12] W. Fischler, L. Susskind, Dilaton tadpoles, string condensates and scale invari-
ance, Phys. Lett. B 171 (1986) 383.

[13] W. Fischler, L. Susskind, Dilaton tadpoles, string condensates and scale invari-
ance. 2, Phys. Lett. B 173 (1986) 262.

[14] H. Itoyama, T.R. Taylor, Supersymmetry restoration in the compactified O(16) x
0(16)" heterotic string theory, Phys. Lett. B 186 (1987) 129.

[15] C. Kounnas, Massive boson-fermion degeneracy and the early structure of the
universe, Fortschr. Phys. 56 (2008) 1143, arXiv:0808.1340 [hep-th].

[16] I. Florakis, C. Kounnas, Orbifold symmetry reductions of massive boson-
fermion degeneracy, Nucl. Phys. B 820 (2009) 237, arXiv:0901.3055 [hep-th].

[17] A.E. Faraggi, I. Florakis, T. Mohaupt, M. Tsulaia, Conformal aspects of spinor-
vector duality, Nucl. Phys. B 848 (2011) 332, arXiv:1101.4194 [hep-th].

[18] L. Alvarez-Gaume, P.H. Ginsparg, G.W. Moore, C. Vafa, An 0(16) x O(16) het-
erotic string, Phys. Lett. B 171 (1986) 155.

[19] LJ. Dixon, J.A. Harvey, String theories in ten-dimensions without space-time
supersymmetry, Nucl. Phys. B 274 (1986) 93.

[20] PH. Ginsparg, C. Vafa, Toroidal compactification of non-supersymmetric het-
erotic strings, Nucl. Phys. B 289 (1987) 414.

[21] V.P. Nair, A.D. Shapere, A. Strominger, F. Wilczek, Compactification of the
twisted heterotic string, Nucl. Phys. B 287 (1987) 402.


http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E6769s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E6769s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E676969s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E676969s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib464B505As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib464B505As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib464B505As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E67696969s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib5353737472696E67696969s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib53636865726B3A313937387461s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib53636865726B3A313937387461s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib53636865726B3A313937397A72s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib53636865726B3A313937397A72s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib417469636B3A313938387369s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib417469636B3A313938387369s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323030367574s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323030367574s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303038667As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303038667As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303038667As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466C6F72616B69733A323031307479s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466C6F72616B69733A323031307479s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466C6F72616B69733A323031307479s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4E696262656C696E6B3A32303134756C61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4E696262656C696E6B3A32303134756C61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib46697363686C65723A313938366369s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib46697363686C65723A313938366369s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib46697363686C65723A313938367462s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib46697363686C65723A313938367462s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib49746F79616D613A313938366569s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib49746F79616D613A313938366569s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B6F756E6E61733A323030386674s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B6F756E6E61733A323030386674s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466C6F72616B69733A32303039736Ds1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466C6F72616B69733A32303039736Ds1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466172616767693A323031316177s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib466172616767693A323031316177s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416C766172657A4761756D653A313938366A62s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416C766172657A4761756D653A313938366A62s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4469786F6E3A31393836697As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4469786F6E3A31393836697As1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib47696E73706172675752s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib47696E73706172675752s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4E6169725A4Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4E6169725A4Es1

370 C. Angelantonj et al. / Physics Letters B 736 (2014) 365-370

[22] E. Dudas, G. Pradisi, M. Nicolosi, A. Sagnotti, On tadpoles and vacuum redefini-
tions in string theory, Nucl. Phys. B 708 (2005) 3, arXiv:hep-th/0410101.

[23] N. Kitazawa, Tadpole resummations in string theory, Phys. Lett. B 660 (2008)
415, arXiv:0801.1702 [hep-th].

[24] R. Pius, A. Rudra, A. Sen, String perturbation theory around dynamically shifted
vacuum, arXiv:1404.6254 [hep-th].

[25] LJ. Dixon, V. Kaplunovsky, J. Louis, Moduli dependence of string loop correc-
tions to gauge coupling constants, Nucl. Phys. B 355 (1991) 649.

[26] P. Mayr, S. Stieberger, Threshold corrections to gauge couplings in orbifold com-
pactifications, Nucl. Phys. B 407 (1993) 725, arXiv:hep-th/9303017.

[27] E. Kiritsis, C. Kounnas, P.M. Petropoulos, ]. Rizos, String threshold corrections in
models with spontaneously broken supersymmetry, Nucl. Phys. B 540 (1999)
87, arXiv:hep-th/9807067.

[28] C. Angelantonj, I. Florakis, B. Pioline, A new look at one-loop integrals in
string theory, Commun. Number Theory Phys. 6 (2012) 159, arXiv:1110.5318
[hep-th].

[29] C. Angelantonj, 1. Florakis, B. Pioline, One-loop BPS amplitudes as BPS-state
sums, J. High Energy Phys. 1206 (2012) 070, arXiv:1203.0566 [hep-th].

[30] C. Angelantonj, I. Florakis, B. Pioline, Rankin-Selberg methods for closed
strings on orbifolds, J. High Energy Phys. 1307 (2013) 181, arXiv:1304.4271
[hep-th].

[31] C. Angelantonj, 1. Florakis, M. Tsulaia, in preparation.

[32] C. Angelantonj, I. Florakis, B. Pioline, in preparation.

[33] E. Kiritsis, C. Kounnas, P.M. Petropoulos, J. Rizos, Universality properties of
N =2 and N =1 heterotic threshold corrections, Nucl. Phys. B 483 (1997)
141, arXiv:hep-th/9608034.


http://refhub.elsevier.com/S0370-2693(14)00564-4/bib44756461733A323030346E64s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib44756461733A323030346E64s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B6974617A6177613A323030386876s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B6974617A6177613A323030386876s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib506975733A32303134677A61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib506975733A32303134677A61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4469786F6E3A313939307063s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4469786F6E3A313939307063s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4D6179723A313939336D71s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4D6179723A313939336D71s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B69726974736973454Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B69726974736973454Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B69726974736973454Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323031316272s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323031316272s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323031316272s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323031326777s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A323031326777s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303133656A61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303133656A61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib416E67656C616E746F6E6A3A32303133656A61s1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B697269747369733A31393936646Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B697269747369733A31393936646Es1
http://refhub.elsevier.com/S0370-2693(14)00564-4/bib4B697269747369733A31393936646Es1

	Universality of gauge thresholds in non-supersymmetric heterotic vacua
	1 Introduction
	2 Heterotic vacuum with spontaneous supersymmetry breaking
	3 One-loop thresholds for non-abelian gauge couplings
	4 Decompactiﬁcation limits
	Acknowledgements
	References


