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Phenomenology of heterotic M theory with five-branes
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We analyze some phenomenological implications of heterotic M theory with five-branes. Recent results for
the effective four-dimensional action are used to perform a systematic analysis of the parameter space, finding
the restrictions that result from requiring the volume of the Calabi-Yau manifold to remain positive. Then the
different scales of the theory, namely the 11-dimensional Planck mass, the compactification scale, and the
orbifold scale, are evaluated. The expressions for the soft supersymmetry-breaking terms are computed and
discussed in detail for the whole parameter space. With this information we study the theoretical predictions for
the supersymmetric contribution to the muon anomalous magnetic moment, using the recent experimental
result as a constraint on the parameter space. We finally analyze the neutralino as a dark matter candidate in
this construction. In particular, the neutralino-nucleon cross section is computed and compared with the sen-
sitivities explored by present dark matter detectors.
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I. INTRODUCTION

The proposal of M theory as a fundamental theory wh
contains the five 10-dimensional superstring theories, as
as 11-dimensional supergravity, as different vacua of
moduli space has motivated many phenomenological an
ses. The cornerstone of most of these works is the cons
tion due to Horˇava and Witten, who showed that the low
energy limit of M theory, compactified on anS1/Z2 orbifold,
with E8 gauge multiplets on each of the 10-dimensional
bifold fixed planes was indeed the strong-coupling limit
the E83E8 heterotic string theory@1,2#.

A resulting four-dimensionalN51 supergravity can be
obtained if the six remaining extra dimensions are comp
tified on a Calabi-Yau manifold@3#. This construction pos-
sesses a certain number of phenomenological virtues.
most relevant one is the possibility of tuning the 1
dimensional Planck scale and the orbifold radius so that
Planck scale,MPlanck51.231019 GeV, and the grand unified
theory ~GUT! scale, MGUT'331016 GeV, which is here
identified with the inverse of the Calabi-Yau volume, a
recovered@3,4#. In the context of this so-called heterotic M
theory, the construction with standard embedding for the s
connection into the gauge fields has been thoroughly inv
tigated. However, although in the weak-coupling limit of he
erotic string the calculations under the assumption of n
standard embedding are more complicated than in
standard embedding cases, this is not the case in the str
coupling limit, as emphasized in@5#. In this context, nonper-
turbative objects of M theory, such as M5 branes, can
shown to survive the orbifold projection of Horˇava-Witten
construction under certain circumstances, permitting m
more freedom to play with gauge groups and with the ma
fields that appear@6–9#. In addition, interesting Yukawa tex
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tures may arise@10#. The analysis of the resulting nonpertu
bative vacua studying the gauge kinetic functions and Ka¨hler
potential was first performed in@11,5# and completed in
@12,13#. In particular, in the latter, the modulus of the five
brane was correctly identified. Also, the effect of the fiv
brane in the kinetic terms of the Ka¨hler potential was evalu-
ated by different methods in@12# and@13#, and confirmed in
@14#.

These results make it possible to complete former p
nomenological analyses@15,16#. In particular, the scales o
the theory and the new structure of soft supersymme
breaking terms can be determined, analyzing the effect of
five-branes on both. Using these soft parameters, and kn
ing the initial scale for their running, the low-energy supe
symmetric spectrum can be obtained, making it possible
extract predictions for low-energy observables. For exam
the theoretical predictions for the supersymmetric contri
tion to the muon anomalous magnetic moment can be ca
lated and compared with the recent measurement in the E
experiment at BNL. Thus we can derive interesting co
straints on the parameter space. Also, there has been rec
some theoretical activity analyzing the compatibility of r
gions in the parameter space of supersymmetric theories
the sensitivity of current dark matter detectors. In this sen
we can evaluate the neutralino-nucleon cross section ta
into account the different experimental constraints. We w
carry out this analysis in the present work.

In Sec. II, the effective supergravity obtained from he
erotic M theory with five-branes is reviewed. We will con
centrate on the recently computed corrections on the Ka¨hler
potential and gauge kinetic functions due to the inclusion
a five-brane, and the identification of the correct modul
We will then analyze the parameter space of the theory.
quiring the volume of the Calabi-Yau manifold to rema
positive, we will derive the corresponding constraints for t
different regions in the parameter space. The structure of
scales of the construction will be analyzed in Sec. III. D
ferent possibilities arise for these scales and we will find t
©2002 The American Physical Society07-1
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lowering their values is possible in some special limits. Ne
ertheless, either a fine tuning of the parameters or a la
hierarchy between them is needed, rendering this possib
unnatural. The new expressions of the soft supersymme
breaking terms, including the corrections due to the fi
brane, are computed in Sec. IV, and their structure is a
lyzed for representative cases of the parameter space
find that an interesting pattern of soft terms arises. In part
lar, scalar masses larger than gaugino masses are obt
more easily than in the case without five-branes. This
shown with specific examples for several special limits of
parameter space. Using these results, we undertake the a
sis of low-energy observables. In particular, in Sec. V
theoretical predictions for the muon anomalous magn
moment are evaluated and the results compared with re
experimental results. Finally, in Sec. VI the dark matter i
plications of this construction are investigated with t
evaluation of the neutralino-nucleon cross section.

II. M THEORY ON S1ÕZ2ÃCY3 WITH FIVE-BRANES

The solution to the equations of motion of 11-dimensio
M theory @3,2# compactified on

M43S1/Z23CY3 , ~2.1!

where CY3 is a six-dimensional Calabi-Yau manifold an
M4 is the four-dimensional Minkowski space, can be an
lyzed by an expansion in powers of the dimensionless
rameter@4#,

e15
pr

M11
3 V2/3

, ~2.2!

whereM11 denotes the 11-dimensional Planck mass,V is the
volume of the Calabi-Yau manifold, andpr denotes the
length of the 11th segment. The resulting effective fo
dimensional supergravity was computed to leading-orde
@4,17–19#. The order e1 correction to the leading-orde
gauge kinetic functions and Ka¨hler potential was compute
in @4,19–21#, and@22#, respectively.

It was further investigated ifM5-branes@3# of M theory
survived the action of the orbifold and whether or not th
respected the same supersymmetries. It can be shown
this is the case if they are parallel to the orbifold fixed h
perplanes@23#. Moreover, in order to keep four-dimension
Lorentz invariance, these have to expand the uncompact
four-dimensional space. As a last condition, it can be s
that keepingN51 supersymmetry in four dimensions is on
possible if the brane wraps a holomorphic 2-cycle on
Calabi-Yau manifold.

A. Four-dimensional effective action

After compactification, we are left with some chiral s
perfields which constitute the moduli of the theory. These
the two model-independent bulk superfields, the dilatonS,
the modulus,T, and a modulus,Z, parametrizing the five-
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brane position along the orbifold.1 Their scalar component
can be expressed in the following way@12,13#:

~S1S̄!5
1

p~4p!2/3
M11

6 V1~T1T̄!b1z2, ~2.3a!

~T1T̄!5
61/3

~4p!4/3
M11

3 V1/3pr, ~2.3b!

~Z1Z̄!5~T1T̄!b1z, ~2.3c!

wherezP(0,1) is the normalized position of the five-bran
along the eleventh dimension,2 and b1 is the charge of the
five-brane, which has to be positive in order to preserve
persymmetry@11#. The resulting four-dimensional effectiv
supergravity is then expressed in terms of the Ka¨hler
function3 @12,13#,

K52 lnS ~S1S̄!2
~Z1Z̄!2

b1~T1T̄!
D 23 ln ~T1T̄!

1
3

~T1T̄!
S 11

eO

3 DHIJCO
I C̄O

J̄

1
3

~T1T̄!
S 11

eH

3 DHIJCH
I C̄H

J̄ , ~2.4!

1We are assuming compactification on a Calabi-Yau manifold w
only one Kähler modulusT ~also valid in the overall modulus case!,
which leads to interesting phenomenological virtues as emphas
in @5#. In particular, the soft supersymmetry-breaking terms are
tomatically universal, and therefore the presence of dange
flavor-changing neutral currents is avoided. Examples of such c
pactifications exist, as, e.g., the quintic hypersurfaceCP4. Although
these spaces were also known in the context of the weakly cou
heterotic string, the novel fact in heterotic M theory is that mod
building is relatively simple. For example, in the presence of n
standard embedding and five-branes, the construction of three
eration models might be considerably easier than for the stan
embedding. On the other hand, we are assuming that there is
one modulusZ, corresponding to the existence of a single fiv
brane. Scenarios with more five-branes are possible but would y
qualitatively similar results in the phenomenological analyses p
formed in this paper.

2When the five-brane coincides with one of the orbifold fix
planes~i.e., z→0 or z→1), new massless states would appe
originated from membranes stretched between the five-brane
the boundary or the five-brane and itsZ2 mirror. The theory then
undergoes a small-instanton transition@24–28# and the particle con-
tent and other properties of theN51 theory on the relevant bound
ary change substantially. The dynamics are not well understoo
present, and therefore we will not consider here such critical c
ditions.

3Here, and in the rest of the paper, the subscript ‘‘O’’ stands for
‘‘observable’’ and ‘‘H ’’ for ‘‘hidden,’’ referring to the fixed hyper-
planes of the orbifold.
7-2
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and the gauge kinetic functions,

f O5S1~bO1b1!T22Z, ~2.5a!

f H5S2~bO1b1!T. ~2.5b!

In the above expressions,HIJ is a moduli-independent ma
trix. The integer model-dependent quantitiesbO andbH are
the instanton number on each of the fixed planes, define
bO,H51/8p2*v`@ tr(FO,H`FO,H)2 1

2 tr(R`R)#. Together
with the five-brane charge, they satisfy

bO1b11bH50. ~2.6!

Also, we have defined

eO5bO

~T1T̄!

~S1S̄!
, eH5bH

~T1T̄!

~S1S̄!
, ~2.7!

where

bO5bO1b1~12z!2, bH5bH1b1~z!2, ~2.8!

and the position of the five-brane is expressed from
~2.3c! in terms of the moduli as

z5
~Z1Z̄!

b1~T1T̄!
. ~2.9!

B. Constraints on the parameter space

The real parts of the gauge kinetic functions~2.5! are
related to the coupling constants on the observable and
den hyperplanes (aO and aH , respectively! as 4p Ref O,H
51/aO,H . Thus we can write, using expressions~2.5!, ~2.7!,
~2.3a!, and~2.8!,

aO5
1

2p~S1S̄!S 11eO

bO1b1~122z!

bO
D5

~4p!2/3

2M11
6 VO

,

~2.10!

aH5
1

2p~S1S̄!S 11eO

bH

bO
D5

~4p!2/3

2M11
6 VH

, ~2.11!

where the volume of the Calabi-Yau manifold on the obse
able and hidden planes is4

VO5V~11seO!, ~2.12!

VH5V~11seH!, ~2.13!

4These expressions correspond to a first-order approximatio
k2/3 ~wherek25M11

29), in order to be consistent with the precisio
with which the Kähler potential is known. For the full dependenc
of the Calabi-Yau volume on the orbifold coordinate in the cont
of warped metrics, taking also into account the effect of five-bran
see@29#.
11500
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s[
~S1S̄!

~S1S̄!2~T1T̄!b1z2
5

1

12
eO

bO
b1z2

>1. ~2.14!

If we assume that the gauge group of the observable sect
the standard model one or some unification gauge group
we want to reproduce the CERNe1e2 collider LEP data
about gauge coupling unification,aO'1/24, we see that
from Eq. ~2.10! we can obtain the useful relation

eO5
bO

bO1b1~122z! S 42~S1S̄!

S1S̄
D . ~2.15!

Thus we can work with the parametereO and recover the
values of the different moduli by using Eqs.~2.15!, ~2.7!, and
~2.3c!.

Up to now, the parameter space of the theory has b
determined by four free parameters, which can be chose
follows: the five-brane position and charge (z and b1), the
instanton number of the observable hyperplane (bO), and
the parametereO ~or seO). Although eO (seO) is a free
parameter, its range of values is constrained in order to m
sure that the Calabi-Yau volume remains positive at ev
point of the orbifold. We will derive here these constraint

Because of the linear dependence of the volume of
Calabi-Yau manifold on the orbifold direction, we only nee
to imposeVO,H>0. Notice in this sense that to have a po
tive volume in the observable sector is not sufficient sin
the volume in the hidden sector might be negative for so
choices of the parameters. Using then Eqs.~2.12!, ~2.13!, and
~2.7!, we can summarize these constraints as follows:

(I) bH>0, bO<0→21,seO<0,
~2.16a!

(II) bH,0, bO<0→maxS 21,2
bO

bH
D,seO<0,

~2.16b!

(III) bH,0, bO.0→0,seO,
bO

ubHu
. ~2.16c!

The expressions above show no constraints for the casebH
>0, bO.0. It can be seen from Eq.~2.8! that such values
cannot be obtained for positiveb1. Also, from Eq.~2.8! we
find that b1>0 implies bO<ubHu, and therefore 0<seO
,1 in Eq. ~2.16c!.

These constraints can be expressed in a more adeq
way in terms of the charge and position of the five-brane a
the instanton number of the observable hyperplane. For
ample, from Eq.~2.8! it can be seen that Eq.~2.16a! implies
bO<2b1(12z2). We show this in Fig. 1 as area(I). Fol-
lowing the same arguments, we find that Eq.~2.16b! implies
2b1(12z2),bO<2b1(12z)2, and Eq. ~2.16c! implies
2b1(12z)2,bO . The corresponding regions for bot
cases are also shown in Fig. 1 as areas(II) and (III), respec-
tively.

in

t
s,
7-3



ex

e
i

id

the
-

a.
ines
n
,

nt
ider

ar-

ded

e

t
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Notice, however, thats has a dependence oneO , as can
be seen in Eq.~2.14!. Using this expression in Eq.~2.16!,
these constraints can be expressed as constraints oneO as

(I) 2
1

12
b1

bO
z2

,eO<0, ~2.17a!

(II) maxS 2
1

12
b1

bO
z2

,2
bO

bH

1

12
b1

bH
z2D ,eO<0,

~2.17b!

(III) 0,eO,
bO

ubHu
1

11
b1

ubHu
z2

. ~2.17c!

We illustrate these constraints with some specific
amples. In particular, if we takebO522 andb151, we can
see in Fig. 1 that this corresponds to case(I) for every value
of the position of the five-brane,z. According to Eq.~2.17a!,
the constraints on the parametereO will depend onz. This is
shown on the left-hand side of Fig. 2, where the allow
values foreO lie in the white area and the shaded area
excluded by these constraints. Similarly, the right-hand s

FIG. 1. Different regions of the parameter space discussed in
text.
11500
-

d
s
e

of Fig. 2 shows an example of the excluded regions for
casebO51 and b151, which according to Fig. 1 corre
sponds to positive values ofeO in region(III). Now the area
excluded by constraint~2.17c! is shown as the shaded are
For comparison, in both graphs we display as dashed l
the lines along whichseO is kept constant. It can be see
how the permitted values forseO have different constraints
corresponding to Eqs.~2.16a! and ~2.16c!.

In Fig. 1, we also see how if2b1,bO,0, varying the
position of the five-brane we can move along the differe
regions in the parameter space. In particular, let us cons
the casebO521 andb152. From Fig. 1 we see that if the
five-brane is close to the observable hyperplane (z'0), then
the constraints corresponding to region(III) ~2.17c! must ap-
ply, and, therefore, we have positive values ofeO . If the
five-brane moves towards the hidden fixed hyperplane, it
rives at a point which separates regions(III) and (II) where
bO50. In our case, this point corresponds toz'0.29. From
this point, only negative values ofeO will be allowed, as Eq.
~2.17b! shows. Finally,z'0.71 separates regions(II) and(I).
All these features, together with the corresponding exclu
regions due to the different constraints oneO , depending on
the region, are shown in Fig. 3.

The case without five-branes is recovered forb150. In
that case, we have from Eq.~2.8! bO5bO52bH , and from
Eq. ~2.14! s51. Thus, region(II) degenerates into the lin

he FIG. 3. Allowed area~white! in the parameter spaceeO2z for a
particular case where region(II) is crossed. We have chosenbO5
21; b152 ~see Fig. 1!.
FIG. 2. Allowed ~white! and excluded
~shaded! areas in the parameter spaceeO2z for
region (I) on the left~for bO522 andb151),
and region(III) on the right~for bO51 andb1

51).
7-4
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bO50 and we are only left with region(I), which now de-
scribes the nonstandard embedding case with the const
21,eO<0, and region(III), which describes the standar
embedding with the constraint 0,eO,1, as can be see
from Fig. 1 and expressions~2.17!.

Let us describe now some specific scenarios which will
used in this paper. The parametersbO , b1, and z will be
fixed and the corresponding constraints onseO andeO can
be computed by using the information of Fig. 1, Eqs.~2.8!,
~2.16!, and~2.17!,

bO522; b151;

z50.50→21,seO<0; 2
7

8
,eO<0, ~2.18!

bO521; b152; z'0.29→seO5eO50, ~2.19!

bO51; b151;

z50.50→0,seO,
5

7
; 0,eO,

5

8
. ~2.20!

Scenarios~2.18! and ~2.20! correspond to regions(I) and
(III), respectively. The position of the five-brane in Eq.~2.19!
is tuned to obtainbO50 ~and thereforeeO50), and corre-
sponds to the case described in Fig. 3.

Let us finally remark that we take in our analysis t
values of the moduli as free parameters. For different
tempts to determine these dynamically, see@30,31#.

III. SCALES

Heterotic M theory can reconcile the observed Plan
scale, MPlanck51.231019 GeV, with the phenomenologi
cally favored GUT scale,MGUT'331016 GeV, in a natural
manner@3,4#. This is still true if higher-order corrections ar
taken into account@15#. However, the effect that introducin
five-branes has on the scales must now be revisited du
the changes we have just described.

Using the expression~2.12! of the volume of the Calabi-
Yau manifold in the observable hyperplane, the M-theo
expression for the four-dimensional Planck scale

MPlanck
2 516p2rM11

9 ^V&, ~3.1!

where^V& stands for the average volume of the Calabi-Y
manifold @(VO1VH)/2#, and the definitions of the scala
components of the moduli fields~2.3!, we can derive an ex
pression for the compactification scaleVO

21/6,

VO
21/65S V

^V& D
1/2

3.631016S 4

~S1S̄!2~T1T̄!b1z2D 1/2

3S 2

T1T̄
D 1/2S 1

11seO
D 1/6

GeV. ~3.2!

The rest of the scales of the theory, namely the
dimensional Planck mass,M11, and the orbifold scale
11500
int

e

t-

k

to

y

-

(pr)21, can be related toVO
21/6 if we use Eqs.~3.1! and

~2.10!. Also, Eq.~3.2! can be simplified by using Eqs.~2.14!,
~2.15!, and assumingbO5” 0. The resulting expressions rea

VO
21/653.631016S 1

11
seO

2 S 11
bH

bO
D D 1/2

3S bO

2seO
D 1/2

~11seO!5/6 GeV, ~3.3a!

M11

VO
21/6

5@2~4p!22/3aO#21/6'2, ~3.3b!

VO
21/6

~pr!21
5S 1

11
seO

2 S 11
bH

bO
D D

3S 2.731016 GeV

VO
21/6 D 2

~8192p4a3!1/2~11seO!,

~3.3c!

wherea0'1/24 has been used in Eq.~3.3b!. Note that these
expressions do not differ from the ones obtained in@15#, but
usingseO instead ofeO . This is because there have been
corrections to the expressions of the gauge kinetic functi
~2.5!, when expressed in terms of the scales of the the
which can be done by using Eq.~2.3a! on these. We must
however, be aware of the constraints onseO , summarized in
Eq. ~2.16!.

Let us now consider some representative examples. F
for negative values ofseO the scenario described in Eq
~2.18! will be used, where21,seO,0. The resulting val-
ues for the different scales are shown on the left-hand sid
Fig. 4. We can see how the phenomenologically favo
value of the GUT scale is easily reached. In particular, in t

FIG. 4. Scales of the theory vsseO for scenarios~2.20! and
~2.18!, allowing for positive and negativeeO , respectively. The
phenomenologically favored value for the GUT scale,MGUT5
331016 GeV, is shown as a dot-dashed line.
7-5
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FIG. 5. Dependence of the GUT scale on t
position of the five-brane along the orbifold inte
val for the examples discussed earlier.~a! For the
scenario ~2.18!, the lines show seO520.1,
20.2,20.3,20.4,20.5,20.6,20.7,20.8,20.9,
20.9999, from top to bottom.~b! For sce-
nario ~2.20!, the lines show seO

50.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, from top
bottom. Dotted lines forseO50.8,0.9 show for-
bidden regions~see Fig. 2!.
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the
red
case, which is the same as that of Fig. 6~a! of @15#, this
happens forseO'20.46 @i.e., eO'20.43, by Eq.~2.14!#,
which, using Eqs.~2.15!, ~2.7!, and ~2.3c!, corresponds to
(S1S̄)'7.9, (T1T̄)'1.95, and (Z1Z̄)'0.97. As it was
explained in@15#, there is now the possibility of lowering th
scales whenseO→21 at the price of introducing a fine
tuning problem between the vacuum expectation val
~VEVs! of the different moduli. We refer to@15#, where this
case is explained in detail. In fact, these results are qua
tively equal to what one obtains in the case without fiv
branes. This can be found in Fig. 2 of@15#. Likewise, the
eO→0 case, where both the radius of the orbifold and
volume of the Calabi-Yau manifold become very small,
analogous to the situation discussed in@15#, where it is ar-
gued that this corresponds to the weakly coupled limit.

We now analyze the scales for positive values ofseO ,
and illustrate this with the scenario described in Eq.~2.20!,
for which 0,seO,5/7. The resulting scales are represen
on the right-hand side of Fig. 4, where the vertical dotted l
shows the upper bound forseO . We find that now the scale
are of the order of the phenomenologically favored value
the GUT scale. For example, in this case, the lower valu
reached at the largest allowed value forseO , and corre-
sponds to VO

21/6'6.331016 GeV. However obtaining
331016 is not as simple as in the case of negativeseO . We
have analyzed the conditions under which this value
reached and found that forbO.0 the resulting scale is al
ways above this value. Moving the five-brane does not h
a big influence on the scales in this case, although a s
reduction in the value of the scale is obtained increasinz.
This is shown in Fig. 5, where the value ofVO

21/6 versus the
five-brane position is represented for scenarios~2.18! and
~2.20!, for different values ofseO in the allowed range.

On the contrary, when the instanton number on the
servable hyperplane vanishes, i.e.,bO50, lower scales can
be obtained. The most advantageous case occurs forbO50
andb151, but even then the predictions for the GUT sca
are higher than the preferred value for a wide range inz.
However, in this particular case, moving the five-brane
wards the hidden hyperplane turns out to be crucial. It he
in obtaining the phenomenologically favored value. This a
offers the appealing possibility of lowering the value of t
scales when the five-brane approaches even more the hi
fixed hyperplane. For example, forz50.999 999, intermedi-
ate scales of the order ofVO

21/6'1013 GeV are obtained. Of
course, the fact that the value ofz, and, therefore, the VEV o
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the five-brane modulus, have to be so carefully tuned rend
this possibility highly unnatural. Also, as discussed in fo
note 2, we do not know how to describe the theory in suc
regime.

Let us finally study the casebO50. In this case, using Eq
~2.15!, we can express Eq.~3.2! in terms of (T1T̄), as well
as the expressions for the rest of the scales, and we are
with

VO
21/653.631016S 1

11
bH

8
~T1T̄!D 1/2

3S 2

T1T̄
D 1/2

GeV, ~3.4a!

M11

VO
21/6

5@2~4p!22/3aO#21/6'2, ~3.4b!

VO
21/6

~pr!21
5S 1

11
bH

8
~T1T̄!D

3S 2.731016 GeV

VO
21/6 D 2

~8192p4a3!1/2.

~3.4c!

Again, these are the same expressions as those found in@15#.
Now, it can be easily seen from Eq.~2.8! that settingb1
.0 implies that in this casebH<0. Thus there is an uppe
value of the modulus (T1T̄) for which the denominator in
the expression forVO

21/6 vanishes and the values of the sca

become infinite. Larger values of (T1T̄) are therefore not
valid. An example of the scales of the theory in this case
shown in Fig. 6 for the particular scenario~2.19!. We see
how in this case,VO

21/6 is of the same order as the phenom
enologically favored GUT scale. Intermediate or small sca
are, nevertheless, unreachable. The upper value for (T1T̄)
in this case is found for (T1T̄)'9.8.

We have analyzed under which conditions the value of
scale can be lowered to fit the phenomenologically prefer
value. We can see from Eq.~3.4a! that low values ofbH
7-6
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PHENOMENOLOGY OF HETEROTIC M THEORY WITH . . . PHYSICAL REVIEW D66, 115007 ~2002!
would let us go to higher values of (T1T̄) and this would
result in lower values for the scale. Thus, the most favora
case occurs whenbH50, where we have no upper bound o
the value of the modulus and we would obtain in princip
intermediate values for the scale. This happens forbO50
~and thenz51) or for bO52b1 ~and thenz50). As we
see, these two are very special cases, where the five-b
coincides with either the hidden or the observable hyp
plane and, as we have already discussed, the theory un

FIG. 6. Scales of the theory vs (T1T̄) for the casebO50,
exemplified with scenario~2.19!. The phenomenologically favore
value for the GUT scale,MGUT5331016 GeV, is shown as a solid
line.
11500
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goes a small-instanton transition. Having excluded for t
reason the cases forbH50, the most advantageous cas
occur for bO52b111, and among them, the casebO5
21, b152 is the one which produces a lowerbH , which is
the case already shown.

Summarizing, the phenomenologically preferred value
the GUT scale can still be obtained when there are fi
branes in the bulk. In particular, this is much easier for
cases allowing for negative values ofeO . These cases als
allow for much lower values of the scales but at the price
introducing a fine-tuning problem. ForseO.0, obtaining
VO

21/65331016 GeV is only possible when the instanto
number of the observable hyperplane vanishes, and e
then, the five-brane must be slightly close to the hidden fix
hyperplane. This case also allows us to lower this scale
intermediate values if the position of the five-brane is tun
to be extremely close toz51. In the case in whichbO50,
the valueVO

21/65331016 GeV is not reached. The lowe
values of the scales corresponding to the casebO521 and
b152 are, however, very close to this value.

IV. SOFT TERMS

The soft supersymmetry-breaking terms are evaluated
applying the standard tree-level formulas@32# ~see@33# for a
review! to the expressions~2.4! and ~2.5!, and using the su-
perpotentialW5dpqrCO

p CO
q CO

r . Due to the compactification
on a Calabi-Yau manifold with only one modulusT that we
are using, the soft terms are universal and read:
m25~m3/2
2 1V0!2

1

~31eO!2
H uFSu2

eO~61eO!

~S1S̄!2
12 Re~FSF̄T̄!

23eOS 2z
b1

bO
~12z!11D

~S1S̄!~T1T̄!

1uFTu2
916eO24eO

2 z
b1

bO
16z2

b1

bO
eO~11eO!24eO

2
b1

2

bO
2

z2~12z!2

~T1T̄!2
12 Re~FSF̄Z̄!

6~12z!

~S1S̄!2

12 Re~FTF̄Z̄!

2eO22z~312eO!14eOz
b1

bO
~12z!2

~S1S̄!~T1T̄!
1uFZu2S 2

31eO

~S1S̄!~T1T̄!b1

2
4

~S1S̄!2
~12z!2D J ,

~4.1a!

A52
1

~31eO!

1

S 12
z2b1eO

bO
D H

FS

~S1S̄!
S 322eO13

eO
2 z2b1

bO
D

1
FT

~T1T̄!
S 3eO22

eO
2 z2b1

bO
13

eOzb1~22z!

bO
26

eO
2 z3b1

2~12z!

bO
2 D 2

FZ

~S1S̄!
S 612eOz26

eOb1z2~12z!

bO
D J , ~4.1b!

M5
FS1FT~bO1b1!22FZ

~S1S̄!1~T1T̄!@bO1b1~122z!#
, ~4.1c!
7-7
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FIG. 7. Soft parameters in units ofm3/2 versus
u for different values ofeO andQ in the allowed
range for scenario~2.18!.
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wherem, A, andM stand for scalar masses, trilinear para
eters, and gaugino masses, respectively. We will use a
rametrization, introduced in@34#, for the auxiliaryF terms in
order to know which field (S, T, or Z) plays a predominan
role in the process of supersymmetry breaking. ThesF
terms appear in the expression for the tree-level scalar
tential,V0, and are parametrized in such a way that

V05F̄ n̄Kn̄mFm23m3/2
2 , ~4.2!

where Kmn̄5]2K/]Ym ]̄Ȳn̄ is the Kähler metric andYm

stands for the chiral fieldsS,T,Z. The above condition is
fulfilled by setting

Fm5A3Cm3/2P
mn̄Q n̄ , ~4.3!

whereC2511(V0/3m3/2
2 ), Pmn̄ is a matrix which satisfies

P†KP5I, ~4.4!

andQn are complex numbers which satisfy the constrain

(
n

Qn* Qn51. ~4.5!

This last constraint allows us to write

QS5sinu cosQe2 igS,

QT5cosu cosQe2 igT,

QZ5sinQe2 igZ, ~4.6!
11500
-
a-

o-

where we have introduced two goldstino angles,u andQ.
Taking into account the current experimental limits, w

will assumeV050 ~i.e., C51) and fix the phasesgS,T,Z

50. This implies thatu andQ must vary in a range@0,2p)
and @0,p), respectively. As a result of parametrization~4.3!
for the F terms, there exist the following symmetries in th
expressions for the soft terms. Under the shiftQ→Q1p the
soft terms transform asm→m, M→2M , and A→2A.
Also, under the shiftsQ→p2Q andu→u1p, m, M, andA
remain invariant. We can therefore analyze the regionQ
P@0,p/2# and the rest of the figures can be easily deduc

Let us now consider some particular examples. We w
first concentrate on negative values ofeO and illustrate this
with the scenario described in Eq.~2.18!. The soft terms for
different values ofeO andQ are shown in Fig. 7. We can se
that there is a region inu which has been excluded in orde
to avoid negative values ofm2. This region is bigger for
smaller~more negative! values ofeO . We also find how the
amplitude inM increases wheneO is more negative. This is
due to the following fact. Expression~4.1c!, when Eq.~2.14!
is used, can be shown to beM;(11seO)21. Therefore,M
grows asseO approaches21, which corresponds toeO ap-
proaching its lower limit (2 7

8 in this case!. One more feature
that can be seen in Fig. 7 is that wheneO is more negative,
there are small regions inu where scalar masses larger th
gaugino masses can be obtained. This appears, for exam
in the figures corresponding toeO52 3

5 . This is more clearly
shown in Fig. 8, where the ratiom/uM u is represented for
several values ofeO and Q5p/4 inside the allowed range
determined in Eq.~2.18! for z50.5 and also a generalizatio
of this scenario forz50.9. The caseeO→0 corresponds to
7-8
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FIG. 8. Ratiom/uM u vs u for different values
of eO and Q5p/4 for a generalization of sce
nario~2.18! for two different five-brane positions
z50.5,0.9.
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the weakly coupled heterotic string limit, as we will expla
below, and therefore satisfies the sum rule 3m25M2 and is
represented with a straight line. For the rest of the cases,
is in general not true.

For low values ofz, all of this is very similar to what one
obtains without five-branes, as can be seen in Figs. 4 a
of @15#. However, all the aforementioned features are m
easily obtained when five-branes are introduced. Comp
for example, the caseeO52 3

5 in Fig. 7 here and Fig. 4 in
@15#. We find thatm.uM u is possible now for a wider rang
in u. Furthermore, when the five-brane is near the hidd
hyperplane, the effects of the five-brane are more impor
and, in particular, scalar masses larger than gaugino ma
are much more common. This is shown in Fig. 8 forz
50.9, where one can see that for this to happen we do
needeO to be close to its lower limit.

Let us concentrate now on the caseeO→0. As we have
already discussed, the behavior of the scales in this limit~see
Fig. 4! indicates that we should recover the weakly coup
limit. Let us analyze this from the point of view of the so
terms. It can be seen from Eq.~2.4! that the Kähler metric is
almost diagonal and the expressions of theF terms can be
written as

FS;4A3QSm3/2,

FT;~T1T̄!QTm3/2,

FZ;A6b1~T1T̄!QZm3/2. ~4.7!

Inserting these in the expressions of the soft terms and ta
the limit eO→0, we are left with the following expressions

2A5M5A3QSm3/2,

m5QSm3/2. ~4.8!

This is what one obtains in the weakly coupled hetero
string once the parameterQS is absorbed in the definition o
the gravitino mass. Therefore, in this limit we recover t
sum rule 3m25M2.

Let us now consider positive values ofeO . We will work
with the scenario defined in Eq.~2.20!. The soft terms are
represented in Fig. 9 for some values ofQ andeO inside the
allowed region. We find again forbidden regions inu for
having negativem2 and notice that also in this case there a
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some ranges inu where scalar masses are larger th
gaugino masses. The ratiom/uM u for several values ofeO
and Q5p/4 is shown in Fig. 10 for two positions of th
five-brane (z50.5,0.9), where one can see that obtaini
m.uM u is much easier than in the case with negativeeO .
The ranges inu are now much larger. These ranges hav
strong dependence oneO and Q, as is also clear in this
figure. We have also checked that the closer the five-bran
the hidden hyperplane is, the wider these regions beco
The weakly coupled limiteO→0 is also shown and again
is the only case for which the sum rule 3m25M2 holds.

The standard embedding case without five-branes, wh
eO.0, was studied in@35# ~the nonstandard embedding ca
for eO.0 has also the same results@15#!. The soft terms in
the cases with and without five-branes clearly differ, as c
be seen when comparing Fig. 9 here to Fig. 1 of@35#. Not
only are the allowed regions havingm2.0 different, but,
what is more important, those regions withm.uM u could
not be obtained without five-branes. The caseeO.0 is there-
fore much more sensitive to the presence of five-branes
the case with negativeeO .

It is interesting to analyze the case in which the five-bra
does not contribute to the breaking of supersymmetry,
theF term associated to the five-brane vanishes,FZ50. This
condition, once the goldstino angles~4.6! are introduced,
leaves us with a single parameter to play with, namely one
the goldstino angles. As we can see from expressions~4.1!,
the presence of the five-brane affects the soft terms, e
after considering this special case. This will be illustrated
a particular example in scenario~2.18!, with eO50.5. For
this case, the resultingF terms satisfyingFZ50 can be
straightforwardly computed and are~modulo transformations
which can be absorbed as translations of the golds
angles!

FS'A3~2.84 sinu cosQ20.24 cosu cosQ

20.018 sinQ!m3/2,

FT'A3~0.056 sinu cosQ10.25 cosu cosQ

20.61 sinQ!m3/2, ~4.9!

with
7-9
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FIG. 9. Soft parameters in units ofm3/2 vs u
for different values ofeO and Q in the allowed
range for scenario~2.20!.
th
oe
re
or
ne

e
t
ib
n

h

ob-

.
ne
su-

.

l-
Q'arctanS 2
0.63 sinu11.08 cosu

0.13 D . ~4.10!

We plot this case for the whole range inu in Fig. 11~a! and
notice how the structure of the soft terms is altered by
introduction of the five-brane despite the fact that this d
not contribute to the breaking of supersymmetry. As in p
vious examples, the effect of the five-brane is much m
important when its position is near the hidden hyperpla
This is illustrated in Fig. 11~b!, where the ratiom/uM u versus
u is shown for the scenario~2.20!, generalized for different
positions of the five-brane. In all cases, the valueeO50.5
has been taken~as Fig. 2 shows, this value is inside th
allowed region for all the values ofz). This figure shows tha
scalar masses larger than gaugino masses are also poss
this limit, but only if the five-brane is close to the hidde
hyperplane. In our case this happens forz*0.85. For nega-
tive values ofeO , the above discussion still holds. Althoug
11500
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e
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now scalar masses larger than gaugino masses can be
tained for all values ofz, the range inu where this happens
increases for largerz. We have also analyzed the limitFZ

50 for negative values of the parametereO , using scenario
~2.18! as an example, finding the same qualitative results

Finally, let us analyze the case in which the five-bra
modulus is the only one responsible for the breaking of
persymmetry. This happens when bothFS and FT vanish.
Imposing these conditions leaves us a single point~modulo
symmetry transformations! in the (u,Q) parameter space
Again, we will illustrate this in scenario~2.18!. The condi-
tions FS50 andFT50 are satisfied in this case for the fo
lowing choices of Goldstino angles:

u'0.088→Q'0.40 ~1p!,

u'0.0881p→Q'20.40 ~1p!, ~4.11!

andFZ is determined in terms of these as
FIG. 10. Ratiom/uM u vs u for different val-
ues of eO and Q5p/4 for a generalization of
scenario~2.20! for two different five-brane posi-
tions,z50.5,0.9.
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FIG. 11. ~a! Soft parameters in units ofm3/2

vs u for scenario~2.20! for the caseeO50.5
whenFZ50. ~b! The ratiom/uM u is shown for a
generalization of scenario~2.20!, keeping eO

50.5 for several values ofz.
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FZ'A3~0.63 sinu cosQ11.08 cosu cosQ

10.13 sinQ!m3/2. ~4.12!

Thus we are left with only four points, which are in fa
related by the symmetry transformations we have alre
discussed. For the choiceu'0.088,Q'0.40, the corre-
sponding soft terms are

m2'0.41m3/2
2 ,

M'20.95m3/2,

A'1.31m3/2. ~4.13!

For the other choices, we can use the relations under tr
formations of the goldstino angles we have already d
cussed. For this explicit example, we have also studied
effect of the variation ofeO on the soft terms. This is illus
trated in Fig. 12~a!, where the soft terms are shown for th
allowed range ineO . There is only one more parameter
play with in this case, namely the five-brane position. W
have analyzed whether scalar masses larger than gau
masses could be obtained in this five-brane dominated c
This is shown for scenario~2.20! in Fig. 12~b!, where the
whole range of five-brane positions has been analyzed
for eachz, eO is varied in all its allowed range@see Fig.
2~b!#. We find that, in general, scalar masses are lower t
gaugino masses, but the ratiom/uM u increases for larger val
ues of z. Eventually scalar masses larger than gaug
masses can be obtained for large values ofz ~in this casez
*0.85) andeO near its upper limit.
11500
y

s-
-
e

ino
se.

nd

n

o

We can also analyze the five-brane dominated limit for
cases with negative values of theeO parameter, as, for in-
stance, in the scenario~2.18!. The soft terms in this case ar
shown in Fig. 13~a! for the allowed range of values foreO .
It can be seen in the figure howM diverges wheneO ap-
proaches its lower limit. This behavior can be easily und
stood by analyzing expression~4.1c!. We see there howM is
proportional to (12seO)21, and as the lower limit foreO in
this case corresponds toseO→21, M diverges. It is clear
from this that finding regions with scalar masses larger th
gravitino masses is more difficult in this case. The ratio b
tween these two masses is plotted in Fig. 13~b! for several
positions of the five-brane along the orbifold interval. W
find again that this ratio tends to increase when the fi
brane approaches the hidden hyperplane. However, n
contrary to what we found for positiveeO , scalar masses
larger than gaugino masses cannot be obtained.

Summarizing, the presence of five-branes alters the st
ture of the soft terms. First, they introduce new degrees
freedom parametrizing its charge and position and also a
goldstino angle. Thus, their analysis becomes much m
involved. Second, new qualitative features can be found
particular, scalar masses larger than gaugino masses are
sible and much more common than in the cases without fi
branes. After a thorough analysis of all the parameter sp
we find that this feature is more easily obtained when
five-brane is close to the hidden hyperplane, both for posi
and negative values ofeO . Several particular cases have al
been analyzed with similar results. For instance, the cas
which the five-brane does not contribute to the breaking
supersymmetry still shows an important dependence on
-

a

of
FIG. 12. ~a! Soft terms in units of the grav-
itino mass vseO for the five-brane dominated su
persymmetry breaking in scenario~2.20!. ~b! Ra-
tio m/uM u in the five-brane dominated case for
generalization of Eq.~2.20! for different values of
the five-brane position over the allowed ranges
eO .
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FIG. 13. ~a! Soft terms in units of the grav-
itino mass vseO for the five-brane dominated su
persymmetry breaking in scenario~2.18!. ~b! Ra-
tio m/uM u in the five-brane dominated case for
generalization of Eq.~2.18! for different values of
the five-brane position over the allowed ranges
eO .
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five-brane parameters andm/uM u.1 is obtained for largez.
The five-brane dominated scenario has also been studie
this case, only for positiveeO are scalar masses larger th
gaugino masses found, although in all the cases, the
m/uM u increases for largez.

V. MUON ANOMALOUS MAGNETIC MOMENT

In the previous sections we have performed a comp
analysis of the structure of the scales and s
supersymmetry-breaking terms of heterotic M theory w
five-branes. These results allow us to make some predict
on low-energy observables. In particular, the supersymme
contribution to the muon anomalous magnetic mome
am

SUSY, can be evaluated and the theoretical results comp
with those of a recent measurement in the E821 experim
at BNL @36#. It is worth recalling that this measurement im
plied apparently a 2.6s deviation from the SM predictions
In particular, taking a 2s range around the E821 centr
value, one would have 11310210<am(E821)2am(SM)
<75310210. However, recent theoretical computatio
@37–41# have shown that a significant part of this discre
ancy was due to the evaluation of the hadronic light-by-lig
contribution@42–46#. As a consequence, the new constra
on any possible supersymmetric contribution is27310210

<am(E821)2am(SM)<57310210 at the 2s level.
In this section, the theoretical predictions foram

SUSY will
be evaluated first in the standard and nonstandard embed
cases. Later on we will focus our attention on the vacua w
five-branes. We will assume that the minimal supersymm
ric standard model~MSSM! can be obtained by the breakin
of the E8 gauge group of the observable hyperplane. It w
be considered that the resulting matter content is the sam
in the MSSM, and, therefore, the unification scale sho
also be aroundMGUT'331016 GeV. Thus we will ignore
the possibility of lowering the GUT scale.

We will impose the experimental lower limits on th
masses of the supersymmetric particles coming from L
searches@47,48#. Another important constraint comes fro
the measurement of the branching ratio of the rare decab
→sg at CLEO @49# and BELLE @50#, 231024<BR(b
→sg)<4.131024. Finally, we will impose that the lightes
neutralino,x̃1

0, is the lightest supersymmetric particle, so th
it constitutes a dark matter candidate~we will come back to
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this point in the next section!. Cosmological constraints suc
as the observational bounds on the relic density
&Vx̃

1
0h2&0.3 will not be applied, these being dependent

assumptions about the evolution of the early Universe~see
@51# and references therein!.

Let us first concentrate on standard and nonstandard
beddings without five-branes. Before going into detail, let
discuss the parameter space of these scenarios. On the
hand, as usual in supersymmetric theories, the requirem
of correct electroweak breaking leaves us~modulo the sign
of m) with the following parameters: the soft breaking term
~scalar and gaugino masses and trilinear parameters! and
tanb. The soft terms are expressed in terms of three f
parameters: the gravitino massm3/2, the goldstino angle,u,
and the parametereO . This last parameter is equivalent toeO
in the limit without five-branes, and can therefore be o
tained from Eqs.~2.7! and ~2.8! by takingb150.

In the standard embedding case,M;2A, as can be seen
in Fig. 1 of @35#. The nonstandard embedding only deviat
from this behavior wheneO→21, but in this case the phe
nomenologically favored value of the GUT scale is not
covered. If we demand that this scale be obtained, we hav
consider moderate values ofeO and therefore we also hav
M;2A in most of the cases~see Fig. 4 of@15#!. In fact, this
constrains the values ofeO that will be allowed. In particular,
from Fig. 2 of @15#, we find that a sensible choice is20.6
<eO<20.1 for nonstandard embeddings and 0.1<eO,1
for the standard one. These two cases are depicted in Fig
here, wheream

SUSY is plotted versus the lightest neutralin
mass. The whole allowed range for the goldstino angle,u,
has been explored~with bO521 andbO51 for nonstand-
ard and standard embeddings, respectively!. The gravitino
mass is set tom3/25300 GeV and we take tanb510. Al-
thoughm.0 has been used, the results form,0 would be
identical, due to the symmetry of the soft parameters und
shift of p in u and the fact that the results for the cro
section for2m,M ,A are equal to those withm,2M ,2A.

All the points represented satisfy the experimental c
straints on the lower masses of the supersymmetric parti
and satisfymh>91 GeV. Small~light gray! dots represent
points not fulfilling theb→sg constraint. Large dots do sa
isfy that constraint, and among these, dark gray points h
91 GeV<mh<114 GeV, while black dots satisfy the stron
ger lower bound for the Higgs massmh.114 GeV. Let us
7-12
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FIG. 14. ~a! Supersymmetric contribution toam vs the neutralino mass in nonstandard embedding without five-branes for20.6<eO<
20.1. ~b! The same for the standard embedding with 0.1<eO,1. In both cases only the big~black and dark gray! dots fulfill the b→sg
constraint. The black ones correspond to points withmh>114 GeV, whereas the dark gray ones correspond to points with 91<mh

<114 GeV.
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recall that this constraint on the Higgs mass holds in gen
for the cases with universal soft terms for tanb&50 and
therefore it is the one we should consider here. Howe
because of the strong restrictions it imposes, we prefe
show it explicitly.

As could be expected, the experimental result foram
SUSY

puts a strong lower bound on the masses of the supers
metric particles for the cases witham

SUSY,0. For example, in
the case shown in the figure, the accepted values are lim
to those satisfyingmx̃

1
0*200 GeV. For positiveam

SUSY, the

constraint is still strong, comparable to that fromb→sg, and
becomes more restrictive for larger values of tanb, but it is
the lower bound on the lightest Higgs boson mass which p
a more severe constraint.

Let us now concentrate on those vacua with five-bran
These nonperturbative vacua also have genericallyM;
2A. However, their parameter space is much richer and
have found a more sophisticated pattern for the soft term
the previous section. Let us first recall the parameter spac
the theory in this case. Now in the expressions for the s
terms there are seven free parameters, which can be ch
as follows: the gravitino massm3/2; two independent golds
tino angles,u andQ; the parametereO ; the instanton num-
ber in the observable hyperplane,bO ; and the five-brane
position and charge,z andb1, respectively.

Our analysis ofam
SUSY will be carried out as follows. We

will first fix the five-brane parameters (z,b1) and the instan-
ton number on the observable hyperplane (bO). Using now
Fig. 1 and Eq.~2.17!, we know the allowed values for theeO

parameter. We will then fixeO , requiringVO
21/6 to be close to

MGUT, and study specific examples witheO.0 and eO
,0. Thus we are left with only four free parameters: tanb,
m3/2, u, andQ. The values of tanb andm3/2 will be fixed
and the two goldstino angles varied over the whole ra
„uP@0,2p), QP@0,p)…. The sign of them parameter is
again irrelevant if we scan on this range ofu andQ, due to
11500
al
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to
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ts
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e
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e

the existing symmetries in the soft terms.
Let us first consider a case with negativeeO . We will

choose Eq.~2.18! as a representative example of this kind
scenario. According to the restrictions oneO , we will choose
eO520.5. The value of the GUT scale in this case
VO

21/6'2.831016 GeV, and, therefore, the usual matter co
tent of the MSSM suffices to obtainaGUT'1/24. We show
in Fig. 15~a! the resultingam

SUSY versus the predicted neu
tralino mass for tanb510 andm3/25300 GeV. Theb→sg
constraint imposes a lower bound on the supersymme
spectrum~in this casemx̃0*70 GeV), but the most relevan
constraint is that on the lightest Higgs mass, implyingmx̃0

*100 GeV. Once all these constraints are applied, the m
mum values foram

SUSY are obtained for small scalar mass
m&100 GeV, which can even be as low as 60 GeV. In t
caseM;270 GeV, whileA;2160 GeV.

We will now exemplify the cases with positive values
eO with scenario~2.20!, where eO50.5 will be used. As
before, the value of the scale (VO

21/6'5.931016 GeV) is
such that it is a good approximation to consider just
matter content of the MSSM in order to get coupling co
stant unification withaGUT'1/24. In this case, as shown i
Fig. 10, gaugino masses lighter than scalar masses ca
obtained. In order to enhance those regions, we take a la
value for the gravitino massm3/25500 GeV. This case is
depicted in Fig. 15~b!, where the same qualitative features
before are found. Now, after all the constraints are app
~in particularmh.114 GeV is again the strongest one!, the
largest values ofam

SUSY (am
SUSY&40) are obtained form

;70 GeV, M;220 GeV, andA;2375 GeV. Note that
this case permits us to obtain slightly larger values foram

SUSY

and again due to the large~negative! values ofA. In this case,
there are few points withm.uM u; these would predict 20
&am

SUSY&30, but in the end they are excluded by theb
→sg constraint.

The two cases represented in Fig. 15 for vacua with fi
7-13
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FIG. 15. ~a! Supersymmetric contribution toam vs the neutralino mass in scenario~2.18!. ~b! The same for scenario~2.20!. The color
convention of Fig. 14 is used.
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branes therefore do not present any qualitative differe
with those scenarios without five-branes of Fig. 14.

Let us finally illustrate the representative case where
breaking of supersymmetry is only due to the five-brane.
will work with the particular examples from the previou
section~see Figs. 12 and 13, where the corresponding
terms are represented! for both signs of theeO parameter,
corresponding to variations of scenarios~2.20! and ~2.18!,
respectively. The complete range of five-brane positions
be analyzed, as well as the values for theeO parameter. In
order to obtainVO

21/6;MGUT we will only consider20.6
,seO,20.1 andseO.0.1 ~see Fig. 4!. As we saw in Fig.
5, a variation in the position of the five-brane does not
duce a sizeable change in the value of the scales, and th
fore no restriction onz will be imposed. The results ar
shown in Fig. 16, following the same criteria explain
above. The gravitino mass has been set tom3/25300 GeV.
11500
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e
e
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We find that these cases permit larger values ofam
SUSY, up to

50, and again this is due toA being large and negative, whil
keepingM relatively small. For example, the largest valu
for am

SUSY are found in Fig. 16~a! for M;200 GeV, m
;40 GeV, andA;2200 ~thus implyingA;25m). In Fig.
16~b!, we haveM;200 GeV,m;90 GeV, andA;2200.
These results are slightly different from those of the vac
without five-branes and, in particular, the lower bound d
rived from this analysis in the neutralino mass also d
creases, being now of the order of 75 GeV.

Summarizing, the analysis of the supersymmetric con
bution for am has been performed for several representa
examples of the parameter space of heterotic M theory.
results serve to determine the importance of the experime
constraint onam

SUSY in the different scenarios. In particula
we have seen that this is as compelling asb→sg and sets a
uper-
FIG. 16. ~a! Supersymmetric contribution toam vs the neutralino mass when only the five-brane contributes to the breaking of s
symmetry for a generalization of scenario~2.18!, taking 20.6,seO,20.1 and the complete range for the five-brane positions.~b! The
same for a generalization of scenario~2.20!, takingseO.0.1. The color convention of Fig. 14 is used.
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PHENOMENOLOGY OF HETEROTIC M THEORY WITH . . . PHYSICAL REVIEW D66, 115007 ~2002!
lower bound on the supersymmetric spectrum. Although
tensive regions in the parameter space can be found
fulfill these constraints, we will see in the following sectio
that the fact that the lighter spectra are disfavored will lead
small values of the neutralino-nucleon cross section.

VI. DARK MATTER

Finally, using our former analysis of the soft terms t
gether with the results of the previous section, we can a
lyze how compatible is the parameter space of heterotic
theory with the sensitivity of current dark matter detecto
Several analyses of dark matter in M theory were perform
in the standard embedding case@52,53#, as well as in non-
standard ones without five-branes@54#, paying special atten
tion to the calculation of the relic density. Dark matter im
plications of vacua with five-branes were investigated in
limit where the five-brane modulus is the only one resp
sible for the breaking of supersymmetry@55#. However, the
authors used previous soft terms computed in the literat
where the corrections discussed in the present work were
included. In particular, the limit where the modulus of t
five-brane is the only one responsible for supersymme
breaking turns out to be essentially different~see the discus
sion in Sec. IV and Figs. 12 and 13!. In this section, we will
briefly review the dark matter implications for both the sta
dard and nonstandard embeddings without five-branes,
sidering the recent experimental constraints discussed in
previous section. These will also be applied to the nonp
turbative vacua with five-branes for which several repres
tative examples will be analyzed. In particular, the five-bra
dominance limit will be studied in detail.

The lightest neutralino,x̃1
0, is one of the most promising

candidates to solve the dark matter problem~see@56# for a
review!, being the lightest supersymmetric particle~LSP! in
many models. However, as a weakly interacting massive
ticle ~WIMP!, its typical scattering cross section with
nucleon of a material inside a detector,sx̃

1
02p , is of the order

of 1028 pb. This is much below the sensitivity of curre
dark matter experiments~DAMA @57,58#, CDMS @59#,
UKDMC @60#, EDELWEISS @61#, IGEX @62,63#,
HEIDELBERG-MOSCOW @64#, and HDMS @65#!, which
are sensitive to asx̃

1
02p of around 102621025 pb. Thus if

neutralinos were to be detected in the present experime
we would have to find a mechanism which explains the
hancement in their typical interaction cross sections of s
eral orders of magnitude. Despite this fact, the DAMA c
laboration reported a WIMP signal@66# in their search for
annual modulation ~CDMS, IGEX, EDELWEISS, and
HDMS claim, however, to have excluded some of the
gions in DAMA parameter space!.

There are several scenarios in the context of supergra
~SUGRA! where such an enhancement may occur~see@67#
for a recent review!. It was pointed out in@68–71# that
sx̃

1
02p could reach the sensitivity region for the current da

matter detectors (102621025 pb) with nonuniversality of
the soft supersymmetry-breaking terms. In particular, thi
the case with nonuniversal scalar masses, for whichsx̃

1
02p
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'1026 pb can be obtained for moderate values of tanb
@72,73#. In addition, another possibility was pointed out
@74#, in which, inspired by superstrings~where the unifica-
tion scale could be smaller than 1016 GeV), the sensitivity of
the neutralino-nucleon cross section to the value of the in
scale was studied. It was found that the smaller the scal
the larger the cross section becomes. It was also argued
in the scenarios where the coupling constants do not un
the cross sections are larger than in the case of ga
coupling unification.

We do not have these possibilities in heterotic M theo
The soft terms~4.1a!–~4.1c! are universal, all the gauge cou
plings come from the sameE8 gauge group, and, therefore
their value at the unification scale is the same, and, as
discussed in@15# and here in Sec. III, it is very unnatural t
obtain low scales in this scenario. In fact, all the examp
we will study here correspond to scales of the order of
phenomenologically accepted value for the GUT scale.
cause of all these features, these could be considered
subset into the parameter space of minimal supergra
~MSUGRA!, and in this sense we do not expect to obta
high values forsx̃

1
02p . We will illustrate all this with spe-

cific examples. We will be working with the usual formula
for the elastic scattering of relic LSPs on protons and n
trons that can be found in the literature~see@56# for a re-
view!. In particular, we will follow the reevaluation of the
rates carried out in@75#, using their central values for th
hadronic matrix elements. Our conventions for this sect
can be found in@76#.

Let us first review the results for the standard and n
standard embedding cases without five-branes when the
cent experimental constraints are taken into account. A
the previous section, we choosebO51 and bO521, re-
spectively. The values of theeO parameter will be chosen in
order to guaranteeVO

21/6;MGUT ~i.e., 20.6<eO<20.1 and
0.1<eO,1 for nonstandard and standard embeddings,
spectively!. Again, we will takem3/25300 GeV and tanb
510, performing a variation of the goldstino angle,u, in
@0,2p). Both cases are depicted in Fig. 17. The experimen
constraints put severe bounds, but still neutralinos as ligh
;100 GeV can be obtained~see Fig. 14!. Once the lower
limit on the Higgs mass is applied, the cross section is
small as sx̃

1
02p;331029 pb, far beyond the reach o

present detectors, and only within the reach of the projec
GENIUS. Although the predicted values for the cross sect
increase, in principle, when larger values of tanb are taken
into account, the experimental bounds become much m
important in these cases~especially those corresponding
b→sg andam

SUSY), excluding larger regions in the paramet
space and thus forbidding large values ofsx̃

1
02p .

Let us now focus our attention on those vacua with fiv
branes. Similarly to what we did in the previous section,
will concentrate on some representative examples of the
rameter space. We will first analyze an example witheO
,0. In particular, we will consider again the scenario~2.18!,
and we will fix eO520.5, which, as we said in the previou
section, corresponds toVO

21/6'2.831016 GeV. In Fig. 18,
7-15



with
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FIG. 17. ~a! Neutralino-nucleon cross section vs neutralino mass for nonstandard embedding without five-branes and20.6<eO<
20.1. ~b! The same for the standard embedding and 0.1<eO,1. In both cases only the big~black and dark gray! dots fulfill both b
→sg andam

SUSY constraints. The black ones correspond to points withmh>114 GeV, whereas the dark gray ones correspond to points
91<mh<114 GeV. Current DAMA and CDMS limits and the projected GENIUS limit are shown.
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we show the resulting sx̃
1
02p for tanb510, m3/2

5300 GeV, and a complete scan on the goldstino angles
can see howb→sg andam

SUSY bounds limit the value of the
cross section tosx̃

1
02p&231028 pb. The stronger of thes

constraints isb→sg; as we see from Fig. 15, the values
am

SUSY remain within the 2s error of the experimental value
These results do not differ from those for vacua without fiv
branes and the discussion above holds also in this c
Lower bounds on the soft parameters can be derived afte
the constraints have been applied, and in this case we ob
M*240 GeV, m*50 GeV, and2A*2160. Finally, al-
though there was a region of the parameter space w
m/uM u.1 ~see Fig. 7!, the gaugino masses for this regio
11500
e

-
se.
all
ain

re

are so small that these points have been excluded by ex
mental cuts. If we increase the gravitino mass, these po
would eventually appear, but this would not imply any si
nificant increase on the cross section.

We can also study an example whereeO.0. We consider
again the scenario~2.20! with eO50.5, predictingVO

21/6

'5.931016 GeV. For the same values of tanb as before,
and m3/25500 GeV in order to enhance those regions w
m.uM u, we plot in Fig. 18 the resulting neutralino-nucleo
cross section versus the neutralino mass. We do not find
significant difference with the case for negativeeO . Again,
in this case, there were regions in the parameter space w
the scalar masses were bigger than gaugino masses~see Fig.
9!, and once more, these regions are excluded by experim
ve

FIG. 18. ~a! Neutralino-nucleon cross section vs neutralino mass for an example with five-branes andeO520.5, corresponding to

scenario~2.18!. ~b! The same, but for an example witheO50.5, corresponding to scenario~2.20!. In both cases the goldstino angles ha
been varied over the whole range.
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FIG. 19. ~a! Neutralino-nucleon cross section for a case of five-brane dominance, for20.6,seO,20.1 and for different positions of
the five-branez, covering the range@0.1#. ~b! The same but forseO.0.1.
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tal bounds due to their low gaugino mass. As before, us
larger values for the gravitino mass we can avoid th
bounds for part of these regions, but this does not imply
increase ofsx̃

1
02p . In this case, the same strong constrai

as before apply, leading to a small cross section. The lo
bounds on the soft parameters are now also very sim
M*220 GeV,m*70 GeV, and2A*2230 GeV.

Let us finally analyze the special case in which the fiv
brane modulus is the only one responsible for supersym
try breaking. We will work on the same example of the p
vious section. As we mentioned before, the supersymme
spectrum and the neutralino-nucleon cross section with fi
brane dominance were studied in@77# and@55#, respectively,
but the new structure of the soft terms makes it necessar
revisit this case. The parameter space is now reduced, in
sense that the goldstino angles are now fixed for a partic
choice ofeO , as in Eq.~4.11!.

Let us first concentrate on the example of negativeeO
depicted in Fig. 13. We will consider several values for t
position of the five-brane, covering the whole range alo
the orbifold (zP@0,1#) and varyingeO along the allowed
range~which depends onz). As we did in the analysis o
am

SUSY, we will consider only those values satisfying20.6
,seO,20.1 in order to obtainVO

21/6 of the order ofMGUT

~see Fig. 4!. The results are shown in Fig. 19~a!. As in the
previous examples, the gravitino mass is fixed atm3/2
5300 GeV and tanb510. Now, the fact that scalar mass
are much smaller than gaugino masses implies that fo
important part of the parameter space the neutralino is
the LSP. In particular, the entire region withz&0.7 is ex-
cluded for this reason. Obviously, from Fig. 13, larger valu
for the cross section will be obtained foreO;20,1. This is
indeed the case, and the soft parameters that prod
sx̃

1
02p;1028 pb are m;50 GeV, M;200 GeV, andA

;2180 GeV.
For positive values of the parametereO , the results for

the cross section are very similar, as we show in Fig. 19~b!.
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These results have been computed from the soft terms
sented in Fig. 12, for diverse positions of the five-bran
Again, the values ofeO have been restricted to those fo
which consideringMGUT;331016 GeV was a reasonabl
approximation. From Fig. 4 it can be seen that this is the c
if seO*0.1. Now, the larger values of the cross section
obtained for values ofeO close to 0.1~the upper limit we
have imposed!. As we see from Fig. 12, the spectrum
lighter in this case and therefore the cross section increa
The higher valuessx̃

1
02p;1028 pb are obtained form

;90 GeV, M;195 GeV, andA;2215 GeV.
Summarizing, as it could be expected, the predictions

heterotic M theory for the neutralino-nucleon cross sect
are too low to be probed by the present dark matter detec
Only future experiments, such as, e.g., GENIUS, would
able to explore such low values. This is due to the univers
ity of the soft terms and the fact that intermediate sca
cannot be obtained in a natural way. In the scenarios w
five-brane dominance in the breaking of supersymme
small values ofueOu are preferred in order to obtain large
sx̃

1
02p . Lastly, althoughm.uM u was shown to be possible

this does not have an important influence on the cro
section predictions. In such cases, very high values for
gravitino mass are needed in order to satisfy the charg
bound.

VII. CONCLUSIONS

In the present paper, we have analyzed several phen
enological aspects of heterotic M theory with five-bran
Using recent results for the five-brane contribution to t
Kähler potential and gauge kinetic functions, and the corr
identification of the five-brane modulus, we have perform
a systematic analysis of the parameter space of the th
when one five-brane is introduced in the bulk, finding t
restrictions on the parameter space that result from requi
the volume of the Calabi-Yau manifold to remain positive
7-17
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We have then concentrated on the evaluation of the
ferent scales of the theory, namely the 11-dimensio
Planck scale,M11, the compactification scale, associated
the Calabi-Yau volumeVO

21/6, and the orbifold scale
(pr)21, finding very similar results to those obtained f
vacua without five-branes. In particular, we have shown h
the phenomenologically favored value for the scale is ea
recovered for most of the natural choices of the paramet
Also, intermediate scales have been shown to appear. Th
the case of the limiteO→21, which implies a hierarchy
problem in the VEVs of the dilaton and modulus fields. A
though in most of the cases the dependence of the diffe
scales on the five-brane position,z, is negligible, this is not
the case for the particular choicebO50,b151. For this
setup we have found that if the five-brane is very close to
hidden fixed hyperplane, intermediate values for the sc
can be obtained. However, the amount of fine-tuning iz
renders this possibility extremely unnatural and therefore
been discarded.

The soft supersymmetry-breaking terms have been c
puted for the effective theory described in the previous s
tions. The presence of the five-brane induces off-diago
terms in the Ka¨hler metric and the analysis becomes mo
involved. In particular, the expressions for the parametri
tion of theF terms in terms of the goldstino angles are no
more complicated. We have found that a new pattern for
soft terms arises, due to the inclusion of a five-brane.
particular, scalar masses larger than gaugino masses are
more easily obtained for many natural choices of the par
eters. We have analyzed this possibility in representative
amples of the parameter space, investigating different lim
on it. In this sense, the special case where the five-br
despite being present, does not contribute to the breakin
supersymmetry~that is,FZ50), has been analyzed, as we
s.
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as the limit where the breaking is only due to the five-bra
modulus~that is, FS,FT50). In both cases, scalar mass
larger than gaugino masses have been shown to appear,
being more easily fulfilled when the five-brane is close to
hidden sector hyperplane.

Using the results of the previous sections, we have
rived the supersymmetric spectrum and computed the th
retical predictions for the supersymmetric contribution to t
muon anomalous magnetic moment,am

SUSY. Asking for com-
patibility at the 2s level with the recent experimental resu
leads to severe constraints on the parameter space. Again
have analyzed the most representative cases of the param
space.

Finally, including these constraints together with the e
perimental constraints on the masses of the supersymm
particles as well as those derived from the theoretical pre
tion of the b→sg branching ratio, we have computed th
neutralino-nucleon cross section in this construction. Due
the universality of the soft supersymmetry-breaking ter
and the fact that the most natural value for the initial scale
of order 1016 GeV, the parameter space can be considere
a subset of MSUGRA. Therefore, the predicted cross sec
is very low, far beyond the reach of the present dark ma
experiments.
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