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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 tures may aris€10]. The analysis of the resulting nonpertur-
bative vacua studying the gauge kinetic functions antl&a
The proposal of M theory as a fundamental theory whichpotential was first performed 11,5 and completed in
contains the five 10-dimensional superstring theories, as wefti2,13. In particular, in the latter, the modulus of the five-
as ll-dimensional supergravity, as different vacua of ithrane was correctly identified. Also, the effect of the five-
moduli space has motivated many phenomenological analysrane in the kinetic terms of the Kker potential was evalu-
ses. The cornerstone of most of these works is the construgted by different methods ii2] and[13], and confirmed in
tion due to Hoava and Witten, who showed that the low- [14].
energy limit of M theory, compactified on &t/Z, orbifold, These results make it possible to complete former phe-
with Eg gauge multiplets on each of the 10-dimensional or-nomenological analysg45,16. In particular, the scales of
bifold fixed planes was indeed the strong-coupling limit ofthe theory and the new structure of soft supersymmetry-
the EgX Eg heterotic string theory1,2]. breaking terms can be determined, analyzing the effect of the
A resulting four-dimensionaN=1 supergravity can be five-branes on both. Using these soft parameters, and know-
obtained if the six remaining extra dimensions are compacing the initial scale for their running, the low-energy super-
tified on a Calabi-Yau manifoldi3]. This construction pos- symmetric spectrum can be obtained, making it possible to
sesses a certain number of phenomenological virtues. Thextract predictions for low-energy observables. For example,
most relevant one is the possibility of tuning the 11-the theoretical predictions for the supersymmetric contribu-
dimensional Planck scale and the orbifold radius so that théion to the muon anomalous magnetic moment can be calcu-
Planck scaleM pjanq= 1.2x 10' GeV, and the grand unified lated and compared with the recent measurement in the E821
theory (GUT) scale, Mgyr~3x10'® GeV, which is here experiment at BNL. Thus we can derive interesting con-
identified with the inverse of the Calabi-Yau volume, arestraints on the parameter space. Also, there has been recently
recovered 3,4]. In the context of this so-called heterotic M some theoretical activity analyzing the compatibility of re-
theory, the construction with standard embedding for the spiigions in the parameter space of supersymmetric theories with
connection into the gauge fields has been thoroughly inveghe sensitivity of current dark matter detectors. In this sense,
tigated. However, although in the weak-coupling limit of het-we can evaluate the neutralino-nucleon cross section taking
erotic string the calculations under the assumption of noninto account the different experimental constraints. We will
standard embedding are more complicated than in thearry out this analysis in the present work.
standard embedding cases, this is not the case in the strong-In Sec. I, the effective supergravity obtained from het-
coupling limit, as emphasized [5]. In this context, nonper- erotic M theory with five-branes is reviewed. We will con-
turbative objects of M theory, such as M5 branes, can beentrate on the recently computed corrections on thieléta
shown to survive the orbifold projection of Hmra-Witten  potential and gauge kinetic functions due to the inclusion of
construction under certain circumstances, permitting mucla five-brane, and the identification of the correct modulus.
more freedom to play with gauge groups and with the mattekVe will then analyze the parameter space of the theory. Re-
fields that apped6—9]. In addition, interesting Yukawa tex- quiring the volume of the Calabi-Yau manifold to remain
positive, we will derive the corresponding constraints for the
different regions in the parameter space. The structure of the
*Email address: dgarcia@delta.ft.uam.es scales of the construction will be analyzed in Sec. Ill. Dif-
"Email address: carlos.munnoz@uam.es ferent possibilities arise for these scales and we will find that
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lowering their values is possible in some special limits. Nev-brane position along the orbifofdTheir scalar components

ertheless, either a fine tuning of the parameters or a largean be expressed in the following wgi2,13:

hierarchy between them is needed, rendering this possibility

unnatural. The new expressions of the soft supersymmetry- — 1 6 =

breaking terms, including the corrections due to the five- (S+ ):W,M11V+(T+T)ﬁlz . (233

brane, are computed in Sec. IV, and their structure is ana-

lyzed for representative cases of the parameter space. We

find that an interesting pattern of soft terms arises. In particu-

lar, scalar masses larger than gaugino masses are obtained

more easily than in the case without five-branes. This is

shown with specific examples for several special limits of the _ _

parameter space. Using these results, we undertake the analy- (Z+2)=(T+T)p1z, (2.309

sis of low-energy observables. In particular, in Sec. V the

theoretical predictions for the muon anomalous magnetievhereze (0,1) is the normalized position of the five-brane

moment are evaluated and the results compared with receatong the eleventh dimensidrand 3, is the charge of the

experimental results. Finally, in Sec. VI the dark matter im-five-brane, which has to be positive in order to preserve su-

plications of this construction are investigated with thepersymmetry{11]. The resulting four-dimensional effective

evaluation of the neutralino-nucleon cross section. supergravity is then expressed in terms of théhlkn
functiort [12,13,

1/3

(T+T)= a M3V Ymp, (2.3b

77,)4/3

Il. M THEORY ON SY%Z,XCY; WITH FIVE-BRANES

. . . _ _ —  (Z+2)? _
The solution to the equations of motion of 11-dimensional K=-In| (S+S)— %) —3In(T+T)
M theory[3,2] compactified on Bo(T+T)
1 3 eo —
M X SHZ,XCY3, (2.9 + — |1+ =1H,,C.C?
T+1 3 |Mto*o
where CY; is a six-dimensional Calabi-Yau manifold and
M, is the four-dimensio_nal Minkowski space, can be ana- + |1+ Nl HuCLEJ_, 2.4
lyzed by an expansion in powers of the dimensionless pa- (T+T) 3
rameter{4],
P We are assuming compactification on a Calabi-Yau manifold with

(2.2 only one Kaler modulusT (also valid in the overall modulus case
which leads to interesting phenomenological virtues as emphasized
in [5]. In particular, the soft supersymmetry-breaking terms are au-

whereM ,, denotes the 11-dimensional Planck masss the  tomatically universal, and therefore the presence of dangerous

volume of the Calabi-Yau manifold, andp denotes the flavqr_-changing _neutral currents is_a\{oided. Examples of such com-
length of the 11th segment. The resulting effective four-pactifications exist, as, e.g., the quintic hypersurfag¥. Although
dimensional supergravity was computed to leading-order ihese spaces were also known in the context of the weakly coupled

[4,17-19. The ordere; correction to the leading-order heterotic string, the novel fact in heterotic M theory is that model

gauge kinetic functions and kter potential was computed building is relatively simple. For example, in the presence of non-

in [4,19-21, and[22], respectively. standard embedding and five-branes, the construction of three gen-
It '\Nas fur’ther inve‘stigated i 5-braneg 3] of M theory eration models might be considerably easier than for the standard
survived the action of the orbifold and whether or not theyembedding' On the other hgnd, we are assuming that t.here i.s only
respected the same supersymmetries. It can be shown t %r{e modulusZ, corresponding to the existence of a single five-
this is the case if thev are parallel to t.he orbifold fixed hv- rane. Scenarios with more five-branes are possible but would yield
IS | : yar P fold Tixed ny qualitatively similar results in the phenomenological analyses per-
perplaneg23]. Moreover, in order to keep four-dimensional f

i ; o gzrmed in this paper.
Lorentz invariance, these have to expand the uncompactifiede\yen the five-brane coincides with one of the orbifold fixed

four-dimensional space. As a last condition, it can be seepjanes(ie., z—0 or z—1), new massless states would appear,
that keepindN=1 supersymmetry in four dimensions is only qriginated from membranes stretched between the five-brane and
possible if the brane wraps a holomorphic 2-cycle on the&ne boundary or the five-brane and Zs mirror. The theory then
Calabi-Yau manifold. undergoes a small-instanton transit[@4—28 and the particle con-
tent and other properties of ti=1 theory on the relevant bound-
ary change substantially. The dynamics are not well understood at

- ) ) present, and therefore we will not consider here such critical con-
After compactification, we are left with some chiral su- ditions.

perfields which constitute the moduli of the theory. These are Here, and in the rest of the paper, the subscript stands for
the two model-independent bulk superfields, the dila®n, “observable” and “H” for “hidden,” referring to the fixed hyper-
the modulus,T, and a modulusZ, parametrizing the five- planes of the orbifold.

€1= "5
Milv2/3

A. Four-dimensional effective action
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and the gauge kinetic functions, with
fo=S+(Bo+B1)T—-22, (2.59 (S+9)
o= — — 5= o =1. (214)
fu=S—(Bo+ BT (2.5D (SHO=(THDAZ . 2pp2
o

In the above expressionkl; is a moduli-independent ma- )
trix. The integer model-dependent quantitigs and 8, are | we assume that the gauge group qf.the_ observable sector is
the instanton number on each of the fixed planes, defined 48€ standard model one or some unification gauge group and
Bo.n=1872f w/\[tr(Fo u/\Fo 1) — str(RAR)]. Together ~We want to reproduce the CERMA"e™ collider LEP data

with the five-brane charge, they satisfy about gauge coupling unificationyo~1/24, we see that
from Eg.(2.10 we can obtain the useful relation

Bot+ B1tpu=0. (2.6) _
Al have defined o A9 (2.19
so, we have define eo= — . .
° BotBu(l-22)| stS
eo= O@, ey =by (T+D, (2.77  Thus we can work with the parametep and recover the
(S+59) (S+9S) values of the different moduli by using Eq&.15), (2.7), and
(2.30.
where Up to now, the parameter space of the theory has been

_ N2 _ 2 determined by four free parameters, which can be chosen as
bo=BotAr(1=2)% bu=Buthi(D 28  (5us: the five-brane position and charge gnd 3,), the

and the position of the five-brane is expressed from Eginstanton number of the observable hyperplage)( and

(2.39 in terms of the moduli as the parameteey (or o€p). Although eg (0€o) is a free
parameter, its range of values is constrained in order to make
(Z+2) sure that the Calabi-Yau volume remains positive at every
= (2.9 point of the orbifold. We will derive here these constraints.
Bi(T+T) Because of the linear dependence of the volume of the
Calabi-Yau manifold on the orbifold direction, we only need
B. Constraints on the parameter space to imposeVg 1,=0. Notice in this sense that to have a posi-

tive volume in the observable sector is not sufficient since
&r_we volume in the hidden sector might be negative for some
choices of the parameters. Using then Egsl2), (2.13, and
(2.7), we can summarize these constraints as follows:

The real parts of the gauge kinetic functiof&5) are
related to the coupling constants on the observable and hi
den hyperplanesd and «yy, respectively as 4w Refg
=1lag . Thus we can write, using expressidasb), (2.7),

(2.39, and(2.8), () by=0, bo<0——1<gey=<0,
ap= = ,
— +B1(1-2z 6 b
2m(S+S) 1+eo%()) 2Mi1Vo () by<o, bos0—>ma><(—1,— b—o)<aeos0,
(e} H
(2.10 (2.16b
213 b
= ! - (4? , (2.19) () by<0, bo>0—>0<oeo<ﬁ. (2.160
2m(S+S)| L+eoy—
(e}

The expressions above show no constraints for the lbgse
=0, bo>0. It can be seen from E@2.8) that such values
cannot be obtained for positiye;. Also, from Eq.(2.8) we
find that 8,=0 implies bo=<|by|, and therefore & oeq

where the volume of the Calabi-Yau manifold on the observ
able and hidden planes’is

Vo=V(1+0ep), (2.12 <1 in Eq. (2.16().. .
These constraints can be expressed in a more adequate
Vy=V(1+oey), (2.13 way in terms of the charge and position of the five-brane and

the instanton number of the observable hyperplane. For ex-
ample, from Eq(2.9) it can be seen that E§2.163 implies
“These expressions correspond to a first-order approximation i§o§_31(1_22)- We show this in Fig. 1 as arg#). Fol-
k2% (wherek?=M?), in order to be consistent with the precision 10wing the same arguments, we find that £2160 implies
with which the Kdler potential is known. For the full dependence — B1(1—2%)<Bo=<-B1(1-2)% and Eq.(2.169 implies
of the Calabi-Yau volume on the orbifold coordinate in the context— 81(1—2)?<fBo. The corresponding regions for both
of warped metrics, taking also into account the effect of five-branesgases are also shown in Fig. 1 as ar@gsand (lll), respec-
see[29]. tively.
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FIG. 1. Different regions of the parameter space discussed in the FIG. 3. Allowed aregwhite) in the parameter spa&g —z for a
particular case where regidfl) is crossed. We have chos@y=
—1; B,=2 (see Fig. L

text.

Notice, however, thatr has a dependence &g, as can

be seen in Eq(2.14. Using this expression in Eq2.16),
these constraints can be expressed as constrairgg as

1
N - <ep<0,
0 ~ &ZZ o
bo
1 bo 1
I max| — =
" 1P Py P
bo by,
bo 1
H 1
14+ —7°
|yl

amples. In particular, if we takBo=—2 andB,=1, we can
see in Fig. 1 that this corresponds to célydor every value
of the position of the five-brane, According to Eq(2.173,

the constraints on the parameggy will depend onz. This is

of Fig. 2 shows an example of the excluded regions for the
caseBp=1 and B,=1, which according to Fig. 1 corre-

sponds to positive values ef, in region(lll). Now the area
excluded by constrain2.179 is shown as the shaded area.

(2.173

For comparison, in both graphs we display as dashed lines

the lines along whichoreg is kept constant. It can be seen
how the permitted values fareg have different constraints,
corresponding to Eq€2.16a and (2.169.

In Fig. 1, we also see how if 8,<Bp<0, varying the

position of the five-brane we can move along the different

regions in the parameter space. In particular, let us consider

(2.17H

the caseBpo=

1 andB;=2. From Fig. 1 we see that if the

five-brane is close to the observable hyperplare (), then

the constraints corresponding to regigih) (2.179 must ap-

(2.179

ply, and, therefore, we have positive valuesegf. If the

five-brane moves towards the hidden fixed hyperplane, it ar-
rives at a point which separates regiditi$) and (I1) where
bo=0. In our case, this point correspondszte 0.29. From
We llustrate these constraints with some specific exthis point, only negative values ef, will be allowed, as Eq.

(2.17H shows. Finallyz~0.71 separates regiofis) and(l).

All these features, together with the corresponding excluded
regions due to the different constraints &, depending on
the region, are shown in Fig. 3.

shown on the left-hand side of Fig. 2, where the allowed The case without five-branes is recovered far=0. In
values foreg lie in the white area and the shaded area isthat case, we have from E.8) bo=Bo=—by, and from
excluded by these constraints. Similarly, the right-hand sidé&q. (2.14 o=1. Thus, region(ll) degenerates into the line
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(shaded areas in the parameter spagg—z for
region (I) on the left(for Bo=—2 andB,=1),
and region(lll) on the right(for Bo=1 and B,
=1).
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Bo=0 and we are only left with regio¢l), which now de- 9 T T
scribes the nonstandard embedding case with the constraint 18 ] P
—1<ep=0, and region(lll), which describes the standard 3
embedding with the constraint<Oep<<1, as can be seen 17 =
from Fig. 1 and expression&.17). -3
Let us describe now some specific scenarios which will be 16 i 3
used in this paper. The parametgg, B4, andz will be g“ ‘ 3
fixed and the corresponding constraints @&y andeg can 15 - 1og (mo)” —
be computed by using the information of Fig. 1, E(&9), 4 ]
(2.16, and(2.17), 14 E
Bo=—2; p1=1, 13 -
7 12 Ll Ll | Ll 1l | | | | L IE- Ll 3
z=0.50— - 1<oey<0; — -<ey,<O0, (2.18 -1 -0.5 0 0.5

8 ge,

Bo=—1; pB1=2; z~0.29-0ep,=65=0, (2.19 FIG. 4. Scales of the theory wseq for scenarios(2.20 and

(2.18, allowing for positive and negativey, respectively. The

Bo=1;, B1=1; phenomenologically favored value for the GUT scaldgyr=
3X 10" GeV, is shown as a dot-dashed line.
5 5
2=0.50~0<0eo<z; 0O<eo<g. (220 (mp)~%, can be related to&/g® if we use Eqgs.(3.1) and

(2.10. Also, Eq.(3.2) can be simplified by using Eq&2.14),

Scenarios(2.18 and (2.20 correspond to regiongl) and  (2.19, and assumingo# 0. The resulting expressions read
(1), respectively. The position of the five-brane in E2,19
is tuned to obtairbg=0 (a_nd th_ereforeeo=0), and corre- \/61/6:3_6>< 1046
sponds to the case described in Fig. 3. 1 0€o

Let us finally remark that we take in our analysis the Tt
values of the moduli as free parameters. For different at-
tempts to determine these dynamically, §8@,31]. x( bo

20'eo

1 1/2

by
1+%

1/2
) (1+0ep)®® GeV, (3.39
Ill. SCALES

Heterotic M theory can reconcile the observed Planck M1 —[2(47) PBag] Vo=~2 (3.3b
scale, Mpinae= 1.2X 101° GeV, with the phenomenologi-  Vg*® '
cally favored GUT scaleM g r~3X 10'® GeV, in a natural
mannei 3,4]. This is still true if higher-order corrections are Valfﬁ 1
taken into accourtl5]. However, the effect that introducing = b
five-branes has on the scales must now be revisited due {G7°) 1+ Cr_eo( 14 1
the changes we have just described. bo
Using the expressiof2.12) of the volume of the Calabi- (

6 2
Yau manifold in the observable hyperplane, the M-theory > 2.7<10'° GeV

81927%a®) Y1+ gep),
expression for the four-dimensional Planck scale Vg ( ™o)1+ oeo)

M E’Ianck: 16772p M €1;1<V> ) (3. (3.39

where(V) stands for the average volume of the Calabi-YauWhereao~1/24 has been used in E@.3b. Note that these
manifold [(Vo+V,)/2], and the definitions of the scalar €XPressions do not differ from the ones obtaineflif, but

components of the moduli field®.3), we can derive an ex- usinga'eo instead ofey . Th'is is because there .hav.e been_no
pression for the compactification ScarglIG corrections to the expressions of the gauge kinetic functions

(2.5, when expressed in terms of the scales of the theory,

VAR 4 12 which can be done by using E(R.39 on these. We must,
Vo o= (—) 3.6x 10" —— = ) however, be aware of the constraintseg, , summarized in
V) (S+9)—(T+T)B'2? Eq. (2.16.
112 16 Let us now consider some representative examples. First,
2 1 ) GeV (3.2 for negative values ofreg the scenario described in Eq.
T+T, 1+ oeq ' ' (2.18 will be used, where- 1<oegy<0. The resulting val-

ues for the different scales are shown on the left-hand side of
The rest of the scales of the theory, namely the 11Fig. 4. We can see how the phenomenologically favored
dimensional Planck masdVl,;, and the orbifold scale, value of the GUT scale is easily reached. In particular, in this
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~1/8
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€, < 0

o

>
" M FIG. 5. Dependence of the GUT scale on the

position of the five-brane along the orbifold inter-
val for the examples discussed earligy. For the
scenario (2.18, the lines showoeg=—0.1,
-0.2,-0.3,-0.4,-0.5-0.6-0.7-0.8-0.9,
—0.9999, from top to bottom.(b) For sce-
nario (2.20, the lines show oeg
104 =0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, from top to
a) b) bottom. Dotted lines forreo=0.8,0.9 show for-
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case, which is the same as that of Figa)6of [15], this the five-brane modulus, have to be so carefully tuned renders
happens foloeg~ —0.46[i.e., eo~—0.43, by Eq.(2.14)], this possibility highly unnatural. Also, as discussed in foot-
which, using Eqgs(2.15, (2.7), and (2.39, corresponds to note 2, we do not know how to describe the theory in such a
(S+9)~7.9, (T+T)~1.95, and Z+Z)~0.97. As it was [€gime.

explained in15], there is now the possibility of lowering the ~ Let us finally study the cad®,=0. In this case, using Eq.
scales whenreqg— —1 at the price of introducing a fine- (2.195, we can express E@3.2) in terms of T+T), as well
tuning problem between the vacuum expectation valueas the expressions for the rest of the scales, and we are left
(VEVs) of the different moduli. We refer tpl5], where this  with

case is explained in detail. In fact, these results are qualita- »

tively equal to what one obtains in the case without five- e 6 1
branes. This can be found in Fig. 2 [f5]. Likewise, the Vo o=3.6x 10" —
eo—0 case, where both the radius of the orbifold and the 1+ gH(T'F )

volume of the Calabi-Yau manifold become very small, is

analogous to the situation discussed 1%], where it is ar-

gued that this corresponds to the weakly coupled limit. X
We now analyze the scales for positive valuesoef,,

and illustrate this with the scenario described in Ej20),

for which 0<oey<<5/7. The resulting scales are represented My

on the right-hand side of Fig. 4, where the vertical dotted line — e =[2(4m) Pag] Vo~2, (3.4b

shows the upper bound fere, . We find that now the scales Vo

are of the order of the phenomenologically favored value for

the GUT scale. For example, in this case, the lower value is V51/6 1

reached at the largest allowed value f®e,, and corre- (mp) by, —

sponds to V5'%~6.3x10'° GeV. However obtaining P 1+ 5 (T+T)

3% 10 is not as simple as in the case of negaiing, . We

have analyzed the conditions under which this value is

reached and found that f@,>0 the resulting scale is al- T

ways above this value. Moving the five-brane does not have Vo

a big influence on the scales in this case, although a small (3.49

reduction in the value of the scale is obtained increaging

This is shown in Fig. 5, where the value ¥§"® versus the  Again, these are the same expressions as those foujag]in

five-brane position is represented for scenar@®48 and  Now, it can be easily seen from E@.8) that settings,

(2.20), for different values ofreg in the allowed range. >0 implies that in this casby=<0. Thus there is an upper

On the contrary, when the instanton number on the obyajye of the modulus T+ T) for which the denominator in
Eerv%?lg h)ép?rﬁlane vtan:jshest, iBo=0, lower scales %an the expression fov, /¢ vanishes and the values of the scales
€ obtained. The most advantageous case occurder become infinite. Larger values off ¢+ T) are therefore not

andf; =1, but even then the predictions for the GUT Scalevalid. An example of the scales of the theory in this case is

are higher than the preferred value for a wide range.in L i
However, in this particular case, moving the five-brane to-ShOWn In Fig. 6 forlléhe particular scenari@.19. We see

wards the hidden hyperplane turns out to be crucial. It help ow m_thls caseVo ™ is of the same ordgr as the phenom-
in obtaining the phenomenologically favored value. This alscnologically favored GUT scale. Intermediate or small scales
offers the appealing possibility of lowering the value of theare, nevertheless, unreachable. The upper valueTierT)
scales when the five-brane approaches even more the hiddenthis case is found forT{+T)~9.8.

fixed hyperplane. For example, far=0.999 999, intermedi- We have analyzed under which conditions the value of the
ate scales of the order df;5~10' GeV are obtained. Of scale can be lowered to fit the phenomenologically preferred

course, the fact that the value npfand, therefore, the VEV of value. We can see from E@3.49 that low values ofby

1/2
GeV, (3.49

2

T+T,

2.7x10% GeV\”
X | ——————] (81927%a®)Y2
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L L B goes a small-instanton transition. Having excluded for this
reason the cases fdyy=0, the most advantageous cases
occur for Bo=—pB1+1, and among them, the cagk =

—1, B1=2 is the one which produces a lowgy, which is

the case already shown.

Summarizing, the phenomenologically preferred value for
the GUT scale can still be obtained when there are five-
branes in the bulk. In particular, this is much easier for the
cases allowing for negative values &f. These cases also
allow for much lower values of the scales but at the price of
introducing a fine-tuning problem. Farey>0, obtaining
V56=3x10'° GeV is only possible when the instanton
S-S I EEIN BRI B | L1 number of the observable hyperplane vanishes, and even
2 4 6 —10 then, the five-brane must be slightly close to the hidden fixed

(T+T) hyperplane. This case also allows us to lower this scale to
_ intermediate values if the position of the five-brane is tuned

FIG. 6. Scales of the theory vsT(-T) for the casebo=0,  tg be extremely close te=1. In the case in whiclo=0,
exemplified with scenari¢2.19. The phenomenologically favored the valueV=Y6=3x% 10 GeV is not reached. The lower
yalue for the GUT scaleM =3 10'° GeV, is shown as a solid values of th% scales corresponding to the gage —1 and
line. B1=2 are, however, very close to this value.

T

A A

~-

RN Y A il e

—_
o]
LI | T 1T T

(@]

would let us go to higher values off¢-T) and this would

result in lower values for the scale. Thus, the most favorable IV. SOFT TERMS

case occurs whelm; =0, where we have no upper bound on

the value of the modulus and we would obtain in principle The soft supersymmetry-breaking terms are evaluated by
intermediate values for the scale. This happensgge=0 applying the standard tree-level formu(&2] (see[33] for a
(and thenz=1) or for Bo=—B; (and thenz=0). As we review) to the expression&.4) and(2.5), and using the su-
see, these two are very special cases, where the five-braperpotentiaNV=dpqrcgcgcg. Due to the compactification
coincides with either the hidden or the observable hyperon a Calabi-Yau manifold with only one modullisthat we
plane and, as we have already discussed, the theory undere using, the soft terms are universal and read:

eo(6-+ o) 3eo(225 (1- z)+1)
?=(m5+ Vo) — 92 2 ReFSFT
"= (M Vo) (3+eg)? I (5+S)2Jr AL (S+S)(T+T)
2
9+6eo—4e§)zf1 +62° '51 eo(l+eg)— 4eé%22(1—z)2 6(1-2)
(] (o] —Z
FT2 — ° 2 ReFSF7,
+IF (T+T)? +2 Re )(S+S)2
Bl 2
_2eo—22(3+2eo)+4eozb—(1—z) 34
— o €o
+2 RgFTF?) —— +|F4)? - (1—2)2) :
(S+S)(T+T) (S+S)(T+T)B; (S+9)?
(4.1a
1 1 FS egzzﬁl)
A(3+eo)<122,3190)[(8+8) 3720t 37
bo
T 2.2 _ 2,312 1— z 201 _
LB 3eo—2eOZ P, gP02Pi(272)  eorBilmz))  FT 6+2eoz—6w) . (4.1b
(T+T) bo bo b2 (S+9S) bo
S T _ Z
FS+FT(Bo+B1)—2F @10

T (S+S) T+ Bo+ Bu(1-22)]
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wherem, A, andM stand for scalar masses, trilinear param-where we have introduced two goldstino anglésnd 0.
eters, and gaugino masses, respectively. We will use a pa- Taking into account the current experimental limits, we
rametrization, introduced if84], for the auxiliaryF terms in  will assumeV,=0 (i.e., C=1) and fix the phaseys Tz
order to know which field §, T, or Z) plays a predominant =0. This implies tha#? and® must vary in a rangg0,27)
role in the process of supersymmetry breaking. ThBse and[0,r), respectively. As a result of parametrizatigh3)
terms appear in the expression for the tree-level scalar pGyy the F terms, there exist the following symmetries in the
tential, Vo, and are parametrized in such a way that expressions for the soft terms. Under the sBift- ® + 7 the
soft terms transform asn—m, M——M, and A— —A.
Also, under the shift® - 7—® andf— 6+ =, m, M, andA
remain invariant. We can therefore analyze the regin
e[0,7/2] and the rest of the figures can be easily deduced.
Let us now consider some particular examples. We will
first concentrate on negative valuesepf and illustrate this
with the scenario described in E@.18. The soft terms for
different values oky and® are shown in Fig. 7. We can see
that there is a region i@ which has been excluded in order
to avoid negative values af?. This region is bigger for
PTKP=1, (4.4) small_er(mc_)re n_egativ}avalues ofe_o. We also fin_d how_thg
amplitude inM increases whemrg is more negative. This is
and®,, are complex numbers which satisfy the constraint due to the following fact. Expressid#.109, when Eq.(2.14
is used, can be shown to &~ (1+ oeg) 1. Therefore M
grows asoeg approaches- 1, which corresponds teg ap-

Vo=F"KF ™ 3m2,, (4.2)
where KrT;:z?zK/aYmWF is the Kaler metric andY™
stands for the chiral fieldS,T,Z. The above condition is
fulfilled by setting

F™=3Cm,,P™07, 4.3

whereC?=1+ (Vo/3m3,), P™" is a matrix which satisfies

; 070,=1. (4.9 proaching its lower limit ¢ § in this casg One more feature
that can be seen in Fig. 7 is that wheg is more negative,
This last constraint allows us to write there are small regions i6 where scalar masses larger than
A gaugino masses can be obtained. This appears, for example,
Ogs=sinfcosOe ', in the figures corresponding &= — 2. This is more clearly
. shown in Fig. 8, where the ratio/|M| is represented for
®r=cosfcos®e ', several values o0&y and ® = 7/4 inside the allowed range
_ determined in Eq(2.18) for z=0.5 and also a generalization
0,=sin®e 'z, (4.6)  of this scenario foz=0.9. The case&;—0 corresponds to
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the weakly coupled heterotic string limit, as we will explain some ranges ind where scalar masses are larger than
below, and therefore satisfies the sum rute?3=M? and is  gaugino masses. The ratio/|M| for several values oég
represented with a straight line. For the rest of the cases, thend ® = #/4 is shown in Fig. 10 for two positions of the
is in general not true. five-brane ¢=0.5,0.9), where one can see that obtaining

For low values of, all of this is very similar to what one m>|M| is much easier than in the case with negate
obtains without five-branes, as can be seen in Figs. 4 and Bhe ranges ird are now much larger. These ranges have a
of [15]. However, all the aforementioned features are morestrong dependence og, and ®, as is also clear in this
easily obtained when five-branes are introduced. Compargigure. We have also checked that the closer the five-brane to
for example, the casep=—2 in Fig. 7 here and Fig. 4 in the hidden hyperplane is, the wider these regions become.
[15]. We find thatm>|M| is possible now for a wider range The weakly coupled limie,— 0 is also shown and again it
in . Furthermore, when the five-brane is near the hidders the only case for which the sum rulenr8=M? holds.
hyperplane, the effects of the five-brane are more important The standard embedding case without five-branes, where
and, in particular, scalar masses larger than gaugino masseg>0, was studied ifi35] (the nonstandard embedding case
are much more common. This is shown in Fig. 8 or for e5>0 has also the same resuis]). The soft terms in
=0.9, where one can see that for this to happen we do nahe cases with and without five-branes clearly differ, as can
needeg to be close to its lower limit. be seen when comparing Fig. 9 here to Fig. 138]. Not

Let us concentrate now on the casg—0. As we have only are the allowed regions having?>0 different, but,
already discussed, the behavior of the scales in this (se2  what is more important, those regions witi>|M| could
Fig. 4) indicates that we should recover the weakly coupledhot be obtained without five-branes. The cage- 0 is there-
limit. Let us analyze this from the point of view of the soft fore much more sensitive to the presence of five-branes than
terms. It can be seen from E.4) that the Kéler metricis  the case with negative, .

almost diagonal and the expressions of Ehéerms can be It is interesting to analyze the case in which the five-brane
written as does not contribute to the breaking of supersymmetry, i.e.,
< theF term associated to the five-brane vanist&s= 0. This
F ~4\/§®sms/2, condition, once the goldstino angl€4.6) are introduced,
_ leaves us with a single parameter to play with, namely one of
FT—(T+T)01mgp,, the goldstino angles. As we can see from express{dris,
the presence of the five-brane affects the soft terms, even
FZ~\6B8LT+T)0,map,. (4.7  after considering this special case. This will be illustrated for

a particular example in scenari@.18, with e5=0.5. For
Inserting these in the expressions of the soft terms and takintpis case, the resulting terms satisfyingF“=0 can be
the limit eg— 0, we are left with the following expressions: straightforwardly computed and afmodulo transformations
which can be absorbed as translations of the goldstino
—A=M= \/§®Sm3/2, ang|e$

m= ®5m3/2. (48) S .

FS~ \/3(2.84 sind cos® — 0.24 cosy cosO
This is what one obtains in the weakly coupled heterotic )
string once the parametérs is absorbed in the definition of —0.018sin®)myz,
the gravitinc; maszs. Therefore, in this limit we recover the
sum rule 3n“=M~<. )

Let us now consider positive values &§. We will work FT~ /3(0.056 sing cos® +0.25 cosy cos®

with the scenario defined in E¢2.20. The soft terms are —0.61siN®) My, (4.9
represented in Fig. 9 for some valuestfandeg inside the
allowed region. We find again forbidden regions énfor
having negativen? and notice that also in this case there arewith
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0.63 sinf+ 1.08 coy now scalar masses larger than gaugino masses can be ob-
O~arctan — 013 (4.10  tained for all values of, the range i where this happens

increases for largez. We have also analyzed the linfi?

. - =0 for negative values of the parametgy, using scenario
we plot this case for the whole range énin Fig. 11a and (2.18 as an example, finding the same qualitative results.
notice how the structure of the soft terms is altered by the Finally, let us analyze the case in which the five-brane

introduction of the five-brane despite the fact that this doesmoOlulus is the only one responsible for the breaking of su-

not contribute to the breaking of supersymmetry. As in pre- ersymmetry. This happens when bdtR and ET vanish.

vious examples, the effect of the five-brane is much mor mposing these conditions leaves us a single paimdulo
important when its position is near the hidden hyperplane, P 9 ge p

This is illustrated in Fig. 1(b), where the ration/|M| versus Symmetry transformationsin the (9,0) parameter space.

0 is shown for the scenari@®.20), generalized for different Agam,sv!e will |IIuTs£rate this n s_cen_an(mz_.la. The condi-
- - tions F>=0 andF'=0 are satisfied in this case for the fol-

positions of the five-brane. In all cases, the va&ye=0.5 lowina choices of Goldstino anales:

has been takerfas Fig. 2 shows, this value is inside the 9 gles.

allowed region for all the values @). This figure shows that 6~0.088—-0~0.40 (+),
scalar masses larger than gaugino masses are also possible in
this limit, but only if the five-brane is close to the hidden 0~0.088+ 7—O®~—0.40 (+m), (4.12)

hyperplane. In our case this happens Zer0.85. For nega-
tive values ofeg, the above discussion still holds. Although andF# is determined in terms of these as

=12 . =12 r
= C z=05 J= C z=0.9
~ = 1~ [ ]
E ' 4 E ' E -
C ] F 23
08 = - 0.8 g H _":
& ; S_ i E ~13 4 FIG. 10. Ratiom/|M| vs 6 for different val-
06 F e - a— q 06 Golez ues ofeg and ®=m/4 for a generalization of
os B I 7 = R S - E scenario(2.20 for two different five-brane posi-
il s e : F 1 . tions, z=0.5,0.9.
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S » . N FIG. 11. (a) Soft parameters in units afy,
0 1 o6 . 3 A vs ¢ for scenario(2.20 for the caseep;=0.5
= HE N5 whenFZ=0. (b) The ratiom/|M| is shown for a
-1 - 04 [ L generalization of scenari¢2.20, keeping eq
] - Y =0.5 for several values of.
_2 — 02 |- H }
] C i%
-3 o °5% —— 31rl/2 o
o 0
FZ~/3(0.63 sind cos® + 1.08 cos) cosO We can also analyze the five-brane dominated limit for the
_ cases with negative values of tleg parameter, as, for in-
+0.13sin@)mg,. (4.12  stance, in the scenari@.18. The soft terms in this case are

shown in Fig. 18a) for the allowed range of values fey, .
It can be seen in the figure ho diverges wheregy ap-
}Sroaches its lower limit. This behavior can be easily under-
stood by analyzing expressidfn.10. We see there hoM is
proportional to (1 oeg) ~ 1, and as the lower limit foeg in

Thus we are left with only four points, which are in fact
related by the symmetry transformations we have alread
discussed. For the choic8~0.0880~0.40, the corre-
sponding soft terms are

2~0.41m2 this case corresponds teep— —1, M diverges. It is clear
m=~0.41m3,, : AU o
from this that finding regions with scalar masses larger than
M~ —0.95m;,, gravitino masses is more difficult in this case. The ratio be-
tween these two masses is plotted in Fig(kl3or several
A~1.31mg,. (4.13  positions of the five-brane along the orbifold interval. We

find again that this ratio tends to increase when the five-
For the other choices, we can use the relations under tranbrane approaches the hidden hyperplane. However, now,
formations of the goldstino angles we have already discontrary to what we found for positivey, scalar masses
cussed. For this explicit example, we have also studied thiarger than gaugino masses cannot be obtained.
effect of the variation ok on the soft terms. This is illus- Summarizing, the presence of five-branes alters the struc-
trated in Fig. 12a), where the soft terms are shown for the ture of the soft terms. First, they introduce new degrees of
allowed range ireq. There is only one more parameter to freedom parametrizing its charge and position and also a new
play with in this case, namely the five-brane position. Wegoldstino angle. Thus, their analysis becomes much more
have analyzed whether scalar masses larger than gaugiimvolved. Second, new qualitative features can be found. In
masses could be obtained in this five-brane dominated casparticular, scalar masses larger than gaugino masses are pos-
This is shown for scenari¢2.20 in Fig. 12b), where the sible and much more common than in the cases without five-
whole range of five-brane positions has been analyzed angfanes. After a thorough analysis of all the parameter space,
for eachz, eg is varied in all its allowed ranggsee Fig. we find that this feature is more easily obtained when the
2(b)]. We find that, in general, scalar masses are lower thafive-brane is close to the hidden hyperplane, both for positive
gaugino masses, but the ratig| M| increases for larger val- and negative values &, . Several particular cases have also
ues of z Eventually scalar masses larger than gaugindeen analyzed with similar results. For instance, the case in
masses can be obtained for large valueg @h this casez ~ which the five-brane does not contribute to the breaking of

0.3 generalization of Eq(2.20 for different values of
the five-brane position over the allowed ranges of
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five-brane parameters amaf|M|>1 is obtained for large.  this point in the next sectignCosmological constraints such

The five-brane dominated scenario has also been studied. #% thez observational bounds on the relic density 0.1
this case, only for positive, are scalar masses larger than ={30h“<0.3 will not be applied, these being dependent on

gaugino masses found, although in all the cases, the ratigssumptions about the evolution of the early Unive(sse
m/|M| increases for large. [51] and references thergin
Let us first concentrate on standard and nonstandard em-
beddings without five-branes. Before going into detail, let us
discuss the parameter space of these scenarios. On the one
In the previous sections we have performed a completéand, as usual in supersymmetric theories, the requirement
analysis of the structure of the scales and sofiof correct electroweak breaking leaves (usodulo the sign
supersymmetry-breaking terms of heterotic M theory withof 4) with the following parameters: the soft breaking terms
five-branes. These results allow us to make some predictiongcalar and gaugino masses and trilinear parameterd
on low-energy observables. In particular, the supersymmetrigang. The soft terms are expressed in terms of three free
Cg{]ggbutlon to the muon anomalous .magnetlc momentparameters: the gravitino mass),, the go|dstin0 ang]ee,
a, ', can be evaluated and the theoretical results compareghd the parameter, . This last parameter is equivalenteg
with those of a recent measurement in the E821 experimenih the limit without five-branes, and can therefore be ob-
at BNL [36]. It is worth recalling that this measurement im- tained from Eqs(2.7) and(2.8) by taking 8;,=0.
plied apparently a 26 deviation from the SM predictions. In the standard embedding casé~ — A, as can be seen
In particular, taking a & range around the E821 central in Fig. 1 of[35]. The nonstandard embedding only deviates
value, one would have ®10 <a,(E821)-a,(SM)  from this behavior whermo— —1, but in this case the phe-
<75x10 '°. However, recent theoretical computations nomenologically favored value of the GUT scale is not re-
[37—41] have shown that a significant part of this discrep-covered. If we demand that this scale be obtained, we have to
ancy was due to the evaluation of the hadronic light-by-lightconsider moderate values ef, and therefore we also have
contribution[42—44. As a consequence, the new constraintp ~ — A in most of the casesee Fig. 4 of 15]). In fact, this
on any possible supersymmetric contribution-igx107'°  constrains the values @f, that will be allowed. In particular,
<a,(E821)-a,(SM)=57x 10 ‘% at the 2r level. from Fig. 2 of [15], we find that a sensible choice i50.6
In this section, the theoretical predictions @} "' will ~ <ey<-0.1 for nonstandard embeddings and Qe <1
be evaluated first in the standard and nonstandard embeddiifigr the standard one. These two cases are depicted in Fig. 14
cases. Later on we will focus our attention on the vacua witthere, whereaS"SY is plotted versus the lightest neutralino
five-branes. We will assume that the minimal supersymmetmass. The whole allowed range for the goldstino angle,
ric standard modeIMSSM) can be obtained by the breaking has been explorefiith Bo=—1 andBo=1 for nonstand-
of the Eg gauge group of the observable hyperplane. It willard and standard embeddings, respectivéline gravitino
be considered that the resulting matter content is the same afass is set tong,=300 GeV and we take tgh=10. Al-
in the MSSM, and, therefore, the unification scale shouldhough >0 has been used, the results for<0 would be
also be aroundVlgy~3x 10" GeV. Thus we will ignore  identical, due to the symmetry of the soft parameters under a
the possibility of lowering the GUT scale. shift of 7 in @ and the fact that the results for the cross
We will impose the experimental lower limits on the gection for— u,M,A are equal to those witp,— M, —A.
masses of the supersymmetric particles coming from LEP Al the points represented satisfy the experimental con-
searcheg47,48. Another important constraint comes from straints on the lower masses of the supersymmetric particles
the measurement of the branching ratio of the rare décay gng satisfym,=91 GeV. Small(light gray) dots represent
—sy at CLEO [49] and BELLE [50], 2X10*<BR(b  points not fulfilling theb— sy constraint. Large dots do sat-
—87)<4.1X 10~“. Finally, we will impose that the lightest isfy that constraint, and among these, dark gray points have
neutralino,Xg, is the lightest supersymmetric particle, so that91 GeV=m, <114 GeV, while black dots satisfy the stron-
it constitutes a dark matter candiddtee will come back to  ger lower bound for the Higgs mass,>114 GeV. Let us

V. MUON ANOMALOUS MAGNETIC MOMENT
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FIG. 14. (a) Supersymmetric contribution t@, vs the neutralino mass in nonstandard embedding without five-branesti@s e, <
—0.1. (b) The same for the standard embedding with<=0e}<1. In both cases only the bigplack and dark graydots fulfill the b—svy
constraint. The black ones correspond to points witfe=114 GeV, whereas the dark gray ones correspond to points withn§l
<114 GeV.

recall that this constraint on the Higgs mass holds in generahe existing symmetries in the soft terms.
for the cases with universal soft terms for @50 and Let us first consider a case with negatieg. We will
therefore it is the one we should consider here. Howeverchoose Eq(2.18 as a representative example of this kind of
because of the strong restrictions it imposes, we prefer tgcenario. According to the restrictions eg, we will choose
show it explicitly. eo=—0.5. The value of the GUT scale in this case is
As could be expected, the experimental resultdl'>Y  v5Y6~2.8x 106 GeV, and, therefore, the usual matter con-
puts a strong lower bound on the masses of the supersyngent of the MSSM suffices to obtaitag 7~ 1/24. We show
metric particles for the cases witt)">'<0. For example, in in Fig. 15a) the resultingaS"SY versus the predicted neu-
the case shown in the figure, the accepted values are limitegalino mass for tag= 10 aﬁdmm: 300 GeV. Theb—sy

to those satisfyingn;(tluzzoo GeV. For positiveaiUSY, the  constraint imposes a lower bound on the supersymmetric

constraint is still strong, comparable to that frbm-sy, and ~ spectrum(in this casem;o=70 GeV), but the most relevant
becomes more restrictive for larger values of garbut it is ~ constraint is that on the lightest Higgs mass, implymgp
the lower bound on the lightest Higgs boson mass which puts 100 GeV. Once all these constraints are applied, the maxi-
a more severe constraint. mum values fora’,”>" are obtained for small scalar masses
Let us now concentrate on those vacua with five-branesn=100 GeV, which can even be as low as 60 GeV. In this
These nonperturbative vacua also have genericklly ~ caseM~270 GeV, whileA~—160 GeV.
—A. However, their parameter space is much richer and we We will now exemplify the cases with positive values of
have found a more sophisticated pattern for the soft terms iRo with scenario(2.20, wheree,=0.5 will be used. As
the previous section. Let us first recall the parameter space tkefore, the value of the scalé\/ggl’6w5.9>< 10" GeV) is
the theory in this case. Now in the expressions for the sofsuch that it is a good approximation to consider just the
terms there are seven free parameters, which can be choseratter content of the MSSM in order to get coupling con-
as follows: the gravitino massiz»; two independent golds- stant unification withagyr~1/24. In this case, as shown in
tino angles,d and®; the parameteeg ; the instanton num- Fig. 10, gaugino masses lighter than scalar masses can be
ber in the observable hyperplangg; and the five-brane obtained. In order to enhance those regions, we take a larger
position and charge; and 84, respectively. value for the gravitino masms,=500 GeV. This case is
Our analysis ofa3"S" will be carried out as follows. We depicted in Fig. 18), where the same qualitative features as
will first fix the five-brane parameterg,(8;) and the instan-  before are found. Now, after all the constraints are applied
ton number on the observable hyperplagk). Using now  (in particularm,>114 GeV is again the strongest gnthe
Fig. 1 and Eq(2.17), we know the allowed values for theg, ~ largest values ofa’,”’>" (a5"®'<40) are obtained fom
parameter. We will then fieg, requiringV,®to be closeto  ~70 GeV,M~220 GeV, andA~—375 GeV. Note that
Mgur, and study specific examples witt,>0 and e;  this case permits us to obtain slightly larger valuesaﬁfSY
<0. Thus we are left with only four free parameters: gan  and again due to the largeegative values ofA. In this case,
Mg, 6, and®. The values of ta andmy, will be fixed  there are few points wittm>|M|; these would predict 20
and the two goldstino angles varied over the whole rangesa’,”>"<30, but in the end they are excluded by the
(6€[0,27r), ®€[0,m7)). The sign of thex parameter is —sy constraint.
again irrelevant if we scan on this range®tnd®, due to The two cases represented in Fig. 15 for vacua with five-
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FIG. 15. (a) Supersymmetric contribution ta, vs the neutralino mass in scenat®18). (b) The same for scenari@.20. The color
convention of Fig. 14 is used.

branes therefore do not present any qualitative differencqye find that these cases permit larger valueafﬂﬂSY, up to

5 Lekt us fifnaIIy illustrate the replrezentatiVE c]:ase E)Nhere th&eepingM relatively small. For example, the largest values
reaking of supersymmetry is only due to the five-brane. W SUSY P N
or a, are found in Fig. 16) for M~200 GeV, m

will work with the particular examples from the previous o . : o :
section(see Figs. 12 and 13, where the corresponding soflé’g) Gvig’hzcgﬁ/lMzégoég]\l/lsn']njgz'rgﬁv ar?drz); I_n 2'2'8

terms are representefbr both signs of theey parameter, ) ]
corresponding to variations of scenarig&20 and (2.18, These results are slightly different from those of the vacua
without five-branes and, in particular, the lower bound de-

respectively. The complete range of five-brane positions will’; ) S |
be analyzed, as well as the values for theparameter. In rived from this analysis in the neutralino mass also de-

order to obtainVg¥*~Mgyr we will only consider—0.6 ~ C'€ases, being now of the order of 75 GeV. . _
<oeo<—0.1 andoey>0.1 (see Fig. 4 As we saw in Fig. Summarizing, the analysis of the supersymmetric contri-

5, a variation in the position of the five-brane does not in-bution fora, has been performed for several representative

duce a sizeable change in the value of the scales, and thef@@mples of the parameter space of heterotic M theory. The

fore no restriction onz will be imposed. The results are results serve to determine the importance of the experimental

shown in Fig. 16, following the same criteria explained constraint onaiUSYin the different scenarios. In particular,

above. The gravitino mass has been seintg=300 GeV. we have seen that this is as compellingoas sy and sets a

II|III|
]

-20

-20 |

_40_|||||||||||||| —40 L | |
0 100 200 300 0 50 100 150 200

m, (GeV) m, (GeV)
FIG. 16. (a) Supersymmetric contribution ta, vs the neutralino mass when only the five-brane contributes to the breaking of super-

symmetry for a generalization of scenati18), taking —0.6<oep<—0.1 and the complete range for the five-brane positifnisThe
same for a generalization of scenat®20), taking oeg>0.1. The color convention of Fig. 14 is used.
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lower bound on the supersymmetric spectrum. Although ex~10"% pb can be obtained for moderate values of #an
tensive regions in the parameter space can be found thg#2 73. In addition, another possibility was pointed out in
fulfill these constraints, we will see in the following section [74], in which, inspired by superstringsvhere the unifica-
that the fact that the Iighter.spectra are disfavored'will lead tQjon scale could be smaller than¥@SeV), the sensitivity of
small values of the neutralino-nucleon cross section. the neutralino-nucleon cross section to the value of the initial
scale was studied. It was found that the smaller the scale is,
VI. DARK MATTER the larger the cross section becomes. It was also argued that
in the scenarios where the coupling constants do not unify,
the cross sections are larger than in the case of gauge-
yafoupling unification.
We do not have these possibilities in heterotic M theory.
a’he soft termg4.139—(4.19 are universal, all the gauge cou-
plings come from the samigg gauge group, and, therefore,

standard ones without five-branksst], paying special atten- their value.at the unificatipn scale i; t_he same, and, as we
tion to the calculation of the relic density. Dark matter im- discussed ii15] and here in Sec. Ill, it is very unnatural to
plications of vacua with five-branes were investigated in the?Ptain low scales in this scenario. In fact, all the examples
limit where the five-brane modulus is the only one responWe will study here correspond to scales of the order of the
sible for the breaking of supersymmefi§5]. However, the phenomenologically accepted value for the GUT scale. Be-
authors used previous soft terms computed in the literaturéause of all these features, these could be considered as a
where the corrections discussed in the present work were nétibset into the parameter space of minimal supergravity
included. In particular, the limit where the modulus of the (MSUGRA), and in this sense we do not expect to obtain
five-brane is the only one responsible for supersymmetrigh values fora;(g,p. We will illustrate all this with spe-

breaking turns out to be essentially differésee the discus- cific examples. We will be working with the usual formulas
sion in Sec. IV and Figs. 12 and L3n this section, we will  for the elastic scattering of relic LSPs on protons and neu-
brleﬂy review the dark matter implications for both the Stan'trons that can be found in the |iteratume[56] for a re-
dard and nonstandard embeddings without five-branes, coRiew). In particular, we will follow the reevaluation of the
sidering the recent experimental constraints discussed in th@tes carried out in75], using their central values for the
previous section. These will also be applied to the nonperhadronic matrix elements. Our conventions for this section
turbative vacua with five-branes for which several represencan be found if76].
tative examples will be analyzed. In particular, the five-brane | et us first review the results for the standard and non-
dominance limit will be studied in detail. standard embedding cases without five-branes when the re-
The lightest neutralinox‘f, is one of the most promising cent experimental constraints are taken into account. As in
candidates to solve the dark matter problesee[56] for a  the previous section, we choogy=1 and Bo=—1, re-
review), being the lightest supersymmetric parti€leSP) in spectively. The values of the, parameter will be chosen in
many models. However, as a weakly interacting massive paoerder to guarante¥ e Mgyt (i.e., —0.6<ep<-0.1 and
ticle (WIMP), its typical scattering cross section with a 0.1<e,<1 for nonstandard and standard embeddings, re-
nucleon of a material inside adetectmgﬂclJ,p, is of the order  spectively. Again, we will takemg,=300 GeV and tag

of 1078 pb. This is much below the sensitivity of current =10, performing a variation of the goldstino angk, in

dark matter experiment§DAMA [57,58, CDMS [59], [0,2m). Both cases are depicted in Fig. 17. The experimental

UKDMC [60], EDELWEISS [61], IGEX [62,63, constraints put severe bounds, but still neutralinos as light as

HEIDELBERG-MOSCOW/[64], and HDMS[65]), which ~ ~100 GeV can be obtaineee Fig. 14 Once the lower

are sensitive to a;0_, of around 1061075 pb. Thus if limit on the Higgs mass is applied, the cross section is as
1

neutralinos were to be detected in the present experimentgfna" as 07((1)—9~3X10 ° pb, far beyond the reach of
we would have to find a mechanism which explains the enpresent detectors, and only within the reach of the projected
hancement in their typical interaction cross sections of sevGENIUS. Although the predicted values for the cross section
eral orders of magnitude. Despite this fact, the DAMA col-increase, in principle, when larger values of faare taken
laboration reported a WIMP sign&66] in their search for into account, the experimental bounds become much more
annual modulation (CDMS, IGEX, EDELWEISS, and important in these casdgspecially those corresponding to

Finally, using our former analysis of the soft terms to-
gether with the results of the previous section, we can an
lyze how compatible is the parameter space of heterotic
theory with the sensitivity of current dark matter detectors
Several analyses of dark matter in M theory were performe
in the standard embedding cd€#,53, as well as in non-

HDMS claim, however, to have excluded some of the reb—sy anda},”>"), excluding larger regions in the parameter
gions in DAMA parameter spate space and thus forbidding large vaIueSOqjl),p.

There are several scenarios in the context of supergravity | et us now focus our attention on those vacua with five-
(SUGRA) where such an enhancement may ods@e[67]  pranes. Similarly to what we did in the previous section, we
for a recent review It was pointed out in[68—71 that  \yj|l concentrate on some representative examples of the pa-
0Y0p could reach the sensitivity region for the current darkygmeter space. We will first analyze an example véth
matter detectors (IF—10° pb) with nonuniversality of <O0. In particular, we will consider again the scend@adl9),
the soft supersymmetry-breaking terms. In particular, this isand we will fixeg= — 0.5, which, as we said in the previous
the case with nonuniversal scalar masses, for whi;thp section, corresponds td,Y®~2.8x10'® GeV. In Fig. 18,
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FIG. 17. (&) Neutralino-nucleon cross section vs neutralino mass for nonstandard embedding without five-braned.Gme,<
—0.1. (b) The same for the standard embedding and<@d<1. In both cases only the biflack and dark graydots fulfill both b
—Sy andaiUSY constraints. The black ones correspond to points witbr 114 GeV, whereas the dark gray ones correspond to points with

91=m,=<114 GeV. Current DAMA and CDMS limits and the projected GENIUS limit are shown.

we show the resultingoyo_, for tang=10, my, are so small that these points have been excluded by experi-
1

300 GeV, and a complete scan on the goldstino angles V\)\%I'lental cuts. If we increase the gravitino mass, these points
- ' e " “would eventually appear, but this would not imply any sig-
can see hovb— sy anda,”>" bounds limit the value of the y apb ply any sig

. _ g nificant increase on the cross section.
cross section t@rso_,=2x10"" pb. The stronger of these e can also study an example whegg>0. We consider

constraints ish—sy; as we see from Fig. 15, the values of again the scenari@2.20 with e5=0.5, predictingval’6
a”SY remain within the 2 error of the experimental value. ~5.9x 10'® GeV. For the same values of tanas before,
These results do not differ from those for vacua without five-and mg,=500 GeV in order to enhance those regions with
branes and the discussion above holds also in this casg>|M|, we plot in Fig. 18 the resulting neutralino-nucleon
Lower bounds on the soft parameters can be derived after akoss section versus the neutralino mass. We do not find any
the constraints have been applied, and in this case we obtagignificant difference with the case for negatisg. Again,
M=240 GeV,m=50 GeV, and—A=—160. Finally, al- in this case, there were regions in the parameter space where
though there was a region of the parameter space whete scalar masses were bigger than gaugino maseesFig.
m/|M|>1 (see Fig. 7, the gaugino masses for this region 9), and once more, these regions are excluded by experimen-

—4 —4
—~ 10 E ~ 10 E
o = o =
~ 10 L COMS ] — 0 | s
S DAMA | < _F DAMA
10 E 10 E
L S
10 10
-8 E -8 E o
10 xE 10 xE
s P~ GENIUS o P~ GENIUS _
L = R =y 10 Ese o oo e - g -
1o (G? | | 10 | (b? | |
10 ' 10 '
50 100 150 200 50 100 150 200
m, (GeV) m, (GeV)

FIG. 18. (a) Neutralino-nucleon cross section vs neutralino mass for an example with five-branes,and0.5, corresponding to
scenario(2.18. (b) The same, but for an example wida=0.5, corresponding to scenai(i®.20. In both cases the goldstino angles have
been varied over the whole range.
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FIG. 19. (a) Neutralino-nucleon cross section for a case of five-brane dominance,fd@< oceo<—0.1 and for different positions of
the five-branez, covering the rangg0.1]. (b) The same but forre;>0.1.

tal bounds due to their low gaugino mass. As before, using hese results have been computed from the soft terms pre-
larger values for the gravitino mass we can avoid thessented in Fig. 12, for diverse positions of the five-brane.
bounds for part of these regions, but this does not imply anyAgain, the values ofy have been restricted to those for
increase ofoj(tl)_p. In this case, the same strong constraintswhich consideringM gt~ 3% 10'® GeV was a reasonable

as before apply, leading to a small cross section. The |0we@pproximation. From Fig. 4 it can be seen that this is the case
bounds on the soft parameters are now also very similaff €0=0.1. Now, the larger values of the cross section are
M =220 GeV,m=70 GeV, and— A=—230 GeV. obtained for values o0&y close to 0.1(the upper limit we

Let us finally analyze the special case in which the five-Nave imposed As we see from Fig. 12, the spectrum is
brane modulus is the only one responsible for supersymmé'ghter.'n this case and therefore the cross se.ctlon increases.
try breaking. We will work on the same example of the pre-The higher valuesojo_,~10"° pb are obtained fom
vious section. As we mentioned before, the supersymmetrie-90 GeV, M ~195 GeV, andA~ —215 GeV.
spectrum and the neutralino-nucleon cross section with five- Summarizing, as it could be expected, the predictions of
brane dominance were studied[ifi7] and[55], respectively, heterotic M theory for the neutralino-nucleon cross section
but the new structure of the soft terms makes it necessary tare too low to be probed by the present dark matter detectors.
revisit this case. The parameter space is now reduced, in tt@nly future experiments, such as, e.g., GENIUS, would be
sense that the goldstino angles are now fixed for a particulagble to explore such low values. This is due to the universal-
choice ofeg, as in Eq.(4.17). ity of the soft terms and the fact that intermediate scales

Let us first concentrate on the example of negatye cannot be obtained in a natural way. In the scenarios with
depicted in Fig. 13. We will consider several values for thefive-brane dominance in the breaking of supersymmetry,
position of the five-brane, covering the whole range alongsmall values oflep| are preferred in order to obtain larger
the orbifold e[0,1]) and varyingey along the allowed 00p- Lastly, althoughm>|M| was shown to be possible,
range(which depends om). As we did in the analysis of his does not have an important influence on the cross-

» we will consider only those values satisfying0.6  section predictions. In such cases, very high values for the

a
"

: say— 1/ .. . . .
<oeo<—0.1in order to obtaiV"° of the order ofMgyr  gravitino mass are needed in order to satisfy the chargino

(see Fig. 4 The results are shown in Fig. . As in the  pound.

previous examples, the gravitino mass is fixed naf,

=300 GeV and taB=10. Now, the fact that scalar masses

are much smaller than gaugino masses implies that for an VIl. CONCLUSIONS

important part of the parameter space the neutralino is not | the present paper, we have analyzed several phenom-

the LSP. In particular, the entire region with=0.7 is €x-  gnqjagical aspects of heterotic M theory with five-branes.
cluded for this reason. Obviously, from Fig. 13, larger valuessing recent results for the five-brane contribution to the
for the cross section will be obtained fep~—0,1. This IS zhjer potential and gauge kinetic functions, and the correct
indeed thf’s case, and the soft parameters that produGgentification of the five-brane modulus, we have performed
039-p~10 " pb arem~50 GeV, M~200 GeV, andA 5 gystematic analysis of the parameter space of the theory
~—180 GeV. when one five-brane is introduced in the bulk, finding the
For positive values of the parameteg, the results for restrictions on the parameter space that result from requiring
the cross section are very similar, as we show in Figbil9 the volume of the Calabi-Yau manifold to remain positive.
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We have then concentrated on the evaluation of the difas the limit where the breaking is only due to the five-brane
ferent scales of the theory, namely the 11-dimensionaimodulus(that is, FS,FT=0). In both cases, scalar masses
Planck scaleM 4, the compactification scale, associated tolarger than gaugino masses have been shown to appear, these
the Calabi-Yau volumevgl’e, and the orbifold scale being more easily fulfiled when the five-brane is close to the
(mp)~ %, finding very similar results to those obtained for hidden sector hyperplane.
vacua without five-branes. In particular, we have shown how Using the results of the previous sections, we have de-
the phenomenologically favored value for the scale is easilyived the supersymmetric spectrum and computed the theo-
recovered for most of the natural choices of the parametersgetical predictions for the supersymmetric contribution to the
Also, intermediate scales have been shown to appear. This iguon anomalous magnetic momea},’>". Asking for com-
the case of the limieg— —1, which implies a hierarchy patibility at the 2 level with the recent experimental result
problem in the VEVs of the dilaton and modulus fields. Al- leads to severe constraints on the parameter space. Again, we
though in most of the cases the dependence of the differefiave analyzed the most representative cases of the parameter
scales on the five-brane positian),is negligible, this is not space.
the case for the particular choigg,=0,8,=1. For this Finally, including these constraints together with the ex-
setup we have found that if the five-brane is very close to thgperimental constraints on the masses of the supersymmetric
hidden fixed hyperplane, intermediate values for the scalparticles as well as those derived from the theoretical predic-
can be obtained. However, the amount of fine-tuningzin tion of the b—sy branching ratio, we have computed the
renders this possibility extremely unnatural and therefore haseutralino-nucleon cross section in this construction. Due to
been discarded. the universality of the soft supersymmetry-breaking terms

The soft supersymmetry-breaking terms have been comand the fact that the most natural value for the initial scale is
puted for the effective theory described in the previous secef order 13° GeV, the parameter space can be considered as
tions. The presence of the five-brane induces off-diagonah subset of MSUGRA. Therefore, the predicted cross section
terms in the Kaler metric and the analysis becomes moreis very low, far beyond the reach of the present dark matter
involved. In particular, the expressions for the parametrizaexperiments.
tion of theF terms in terms of the goldstino angles are now
more compllcgted. We have fou_nd thgt a new pattern for the ACKNOWLEDGMENTS
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