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Initial scales, supersymmetric dark matter, and variations of neutralino-nucleon cross sections
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The neutralino-nucleon cross section in the context of the MSSM with universal soft supersymmetry-
breaking terms is compared with the limits from dark matter detectors. Our analysis is focused on the stability
of the corresponding cross sections with respect to variations of the initial scale for the running of the soft
terms, finding that the smaller the scale is, the larger the cross sections become. For example, by taking
1010212 GeV rather thanMGUT , which is a more sensible choice, in particular in the context of some
superstring models, we find extensive regions in the parameter space with cross sections in the range of
1026–1025 pb, i.e., where current dark matter experiments are sensitive. For instance, this can be obtained for
tanb*3.
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I. INTRODUCTION

Recently there has been some theoretical activity@1–6#1

analyzing the compatibility of regions in the parameter sp
of the minimal supersymmetric standard model~MSSM!
with the sensitivity of current dark matter detectors, DAM
@11# and CDMS @12#. These detectors are sensitive to
neutralino-nucleon cross section2 sx̃

1
02p in the range of

1026–1025 pb. Working in the supergravity framework fo
the MSSM with universal soft terms, it was pointed out
@1,2,4# that the large tanb regime allows regions where th
above mentioned range ofsx̃

1
02p is reached. In addition

working with non-universal soft scalar masses, they a
foundsx̃

1
02p'1026 pb for small values of tanb. In particu-

lar, this was obtained for tanb*25 (tanb*4) working
with universal~non-universal! soft terms in@4#. The case of
non-universal gaugino masses was also analyzed in@5# with
interesting results.

The above analyses were performed assuming unive
ity ~and non-universality! of the soft breaking terms at th
unification scale,MGUT'1016 GeV, as is usually done in
the MSSM literature. Such a scale can be obtained in a n
ral manner within superstring theories. This is e.g. the c
of type I superstring theory@14,15# and heterotic M theory
@14,16#. However, recently, going away from perturbativ
vacua, it was realized that the string scale may be anywh
between the weak scale and the Planck scale. For inst
D-brane configurations where the standard model lives,

*Electronic address: emidio.gabrielli@cern.ch
†Electronic address: shaaban.khalil@uam.es
‡Electronic address: carlos.munnoz@uam.es
§Electronic address: e.torrente@cern.ch
1See also@7–10# for other works.
2Let us recall that the lightest neutralinox̃1

0 is the natural candi-
date for dark matter in supersymmetric theories with conserve
parity, since it is usually the lightest supersymmetric particle~LSP!
and therefore stable@13#.
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low these possibilities in type I strings@17–20#. Similar re-
sults can also be obtained in type II strings@21# and weakly
and strongly coupled heterotic strings@22,23#. Hence, it is
natural to wonder how much the standard neutralino-nucl
cross section analysis will get modified by taking a scaleMI
smaller thanMGUT for the initial scale of the soft terms.3

The content of the article is as follows. In Sec. II we w
briefly review several scenarios suggested by superst
theory where the initial scale for the running of the soft ter
is MI instead ofMGUT . In particular, we will see thatMI
'1010214 GeV is an attractive possibility. The issue o
gauge coupling unification, which is important for our calc
lation, will also be discussed. Then, in Sec. III, we will stud
in detail the stability of the neutralino-nucleon cross sect
with respect to variations ofMI . For the sake of generality
we will allow MI to vary between 1016 GeV, which corre-
sponds toMGUT , and 1010 GeV. Of course the results wil
be valid not only for low-scale string scenarios but also
any scenario with an unification scale smaller thanMGUT .
Let us finally remark that the analysis will be carried out f
the case of universal soft terms. This is the most sim
situation in the framework of the MSSM and can be obtain
e.g. in superstring models with dilaton-dominated supersy
metry breaking@26# or in weakly and strongly coupled he
erotic models with one Ka¨hler modulus@27#. Finally, the
conclusions are left for Sec. IV.

II. INITIAL SCALES

As mentioned in the Introduction, it was recently realiz
that the string scale is not necessarily close to the Pla
scale but can be as low as the electroweak scale. In

R

3This question was recently pointed out in@24# for a different type
of analysis. In particular the authors studied low-energy impli
tions, like sparticle spectra and charge and color breaking c
straints, of a string theory with a scale of order 1011 GeV. Similar
phenomenological analyses were carried out in the past@25# for
M Planck rather thanMGUT .
©2000 The American Physical Society08-1
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context, two scenarios are especially attractive in orde
attack the hierarchy problem of unified theories: a no
supersymmetric scenario with the string scale of order a
TeV @18,19#, and a supersymmetric scenario with the stri
scale of order 1010212 GeV @20#. Since we are interested i
the analysis of supersymmetric dark matter, we will conc
trate on the latter.

In supergravity models supersymmetry can be sponta
ously broken in a hidden sector of the theory and the gr
itino mass, which sets the overall scale of the soft terms
given by

m3/2'
F

M Planck
, ~1!

where F is the auxiliary field whose vacuum expectatio
value breaks supersymmetry. Since in supergravity
would expectF'M Planck

2 , one obtainsm3/2'M Planck and
therefore the hierarchy problem solved in principle by sup
symmetry would be re-introduced, unless non-perturba
effects such as gaugino condensation produceF
'MWM Planck. However, if the scale of the fundament
theory is MI'1010212 GeV instead ofM Planck, then F
'MI

2 and one getsm3/2'MW in a natural way, without in-
voking any hierarchically suppressed non-perturbative ef
@20#.

For example, embedding the standard model inside
branes in type I strings, the string scale is given by

MI
45

aM Planck

A2
Mc

3 , ~2!

wherea is the gauge coupling andMc is the compactifica-
tion scale. Thus one getsMI'1010212 GeV with Mc
'108210 GeV.

There are other arguments in favor of scenarios with
tial scalesMI smaller thanMGUT . For example in@22#
scalesMI'1010214 GeV were suggested to explain man
experimental observations as neutrino masses or the sca
axion physics. These scales might also explain the obse
ultra-high energy ('1020 eV) cosmic rays as products o
long-lived massive string mode decays. Besides, sev
models of chaotic inflation favor also these initial sca
@28#.

Inspired by these scenarios we will allow the initial sca
MI for the running of the soft terms to vary betwee
1016 GeV and 1010 GeV, when computing the neutralino
nucleon cross section below. As we will see, the values
the gauge coupling constants at those scales will be cruci
the computation. This heads us into a brief discussion
gauge coupling unification in models with low initial scale

~a! Nonuniversality of gauge couplings. An interesting
proposal in the context of type I string models was studied
@15,29#: if the standard model comes from the same coll
tion of D-branes, stringy corrections might change t
boundary conditions at the string scaleMI to mimic the ef-
fect of field theoretical logarithmic running. Thus the gau
couplings will be nonuniversal and their values will depe
on the initial scaleMI chosen. This is schematically show
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in Fig. 1~a! for the scale MI51011 GeV, where g3
'0.8, g2'0.6 andg1'0.5. Clearly, another possibility giv
ing rise to a similar result might arise when the gauge gro
came from different types of D-branes. Since differe
D-branes have associated different couplings, this would
ply the nonuniversality of the gauge couplings.

~b! Universality of gauge couplings. On the other hand, if
gauge coupling unification atMI , a i5a, is what we want
to obtain, then the addition of extra fields in the massl
spectrum can achieve this task@20#. An example of addi-
tional particles which can produce the beta functions,b3
523, b253, b1519, yielding unification at aroundMI
51011 GeV was given in@24#

23@~1,2,1/2!1~1,2,21/2!#133@~1,1,1!1~1,1,21!#,
~3!

where the fields transform underSU(3)c3SU(2)L
3U(1)Y . In this example one obtainsg(MI)'0.8. This is
schematically shown in Fig. 1~b!.

As a matter of fact, once the Pandora’s box contain
extra matter fields is open, other possibilities arise. Note
the example above does not contain extra triplets, and th
fore a3 runs as in the MSSM

FIG. 1. Running of the gauge couplings with energy assum
nonuniversality~a! and universality~b! of couplings at the initial
scaleMI51011 GeV. Dashed lines indicate the usual running
the MSSM couplings.
8-2
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1

a3~Q!
5

1

a3~Msusy!
2

b3

2p
ln

Q

Msusy
, ~4!

where b3523 and Msusy indicates the supersymmetr
threshold. However, introducingn3 extra triplets,b3523
1 1

2 n3 will increase and thereforea3 will also increase. Like-
wise, extra doublets and/or singlets will allow to increase
value ofa2 anda1 as in the example above and therefore
will be able to obtain unification atMI , but for bigger values
of a i5a. For example, the additional particles

33@~3,1,2/3!1~ 3̄,1,22/3!#163@~1,2,1/2!1~1,2,21/2!#,

~5!

produceb350, b257, b1527, yielding unification again a
aroundMI51011 GeV but forg(MI)'1.3.

We will see in the next section that due to the differe
values of the gauge couplings atMI , scenarios~a! and ~b!
give rise to qualitatively different results for cross section

III. NEUTRALINO-NUCLEON CROSS SECTIONS
VERSUS INITIAL SCALES

In this section we will consider the whole parameter sp
of the MSSM with the only assumption of universality.
particular, the requirement of correct electroweak break
leave us with four independent parameters~modulo the sign
of the Higgs mixing parameterm which appears in the su
perpotentialW5mH1H2). These may be chosen as follow
m, M , A and tanb, i.e. the scalar and gaugino masses,
coefficient of the trilinear terms, and the ratio of Higg
vacuum expectation values^H2&/^H1&.

On the other hand, we will work with the usual formula
for the elastic scattering of relic LSPs on protons and n
trons that can be found in the literature@7,30,9,3#. In particu-
lar, we will follow the re-evaluation of the rates carried o
in @3#, using their central values for the hadronic matrix e
ments.

As mentioned in the Introduction, the initial bounda
conditions for the running MSSM soft terms are usually u
derstood at a scaleMGUT . Smaller initial scales, as for ex
ampleMI'1011 GeV, will imply larger neutralino-nucleon
cross sections. Although we will enter in more details la
on, basically this can be understood from the variation in
value ofm2 with MI , since the cross sections are very se
sitive to this value.

Let us discuss then first the variation ofm2 with MI .
Recalling that this value is determined by the electrowe
breaking conditions as

m25
mH1

2 2mH2

2 tan2 b

tan2 b21
2

1

2
MZ

2 , ~6!

we observe that, for tanb fixed, the smaller the initial scale
for the running is, the smaller the numerator in the first pie
of Eq. ~6! becomes. To understand this qualitatively, let
consider, e.g., the evolution ofmH1

2 ~neglecting for simplicity

the bottom and tau Yukawa couplings!
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mH1

2 ~ t !5m21M2G~ t !, ~7!

wheret5 ln(MI
2/Q2),

G~ t !5
3

2
f 2~ t !1

1

2
f 1~ t !, ~8!

and the functionsf i(t) are given by

f i~ t !5
1

bi S 12
1

S 11
a i~0!

4p
bit D 2D . ~9!

For MI5MGUT we recover the usual case of the MSSM
t'61 for Q'1 TeV. However, forMI smaller thanMGUT ,
the value of t will decrease and thereforef i(t) will also
decrease, producing a smaller value ofG(t). As a conse-
quencemH1

2 at Q'1 TeV will also be smaller. FormH2

2 (t)

the argument is similar: the smaller the initial scale for t
running is, the less important the negative contributionmH2

2

to m2 in Eq. ~6! becomes.
In fact, when the initial scale is decreased, it is wo

noticing that the values of the gauge couplings are modifi
Therefore, this effect will also contribute to modify the so
Higgs boson mass-squared@see e.g. Eq.~9!#. Let us consider
first the case~a! with non-universal gauge couplings atMI
discussed in the previous section@see also Fig. 1~a!#, where
a2(MI) and a1(MI) are smaller thana(MGUT). For in-
stance, formH1

2 this has obvious implications:f i(t) decrease

for MI smaller thanMGUT , not only becauset decreases bu
also becausea i(0) are smaller.

The above conclusions have important consequences
cross sections. As is well known, whenumu decreases the
Higgsino components,N13 and N14, of the lightest neu-
tralino

x̃1
05N11B̃

01N12W̃
01N13H̃1

01N14H̃2
0 ~10!

increase and therefore the spin independent cross section
increases. We show both facts in Figs. 2 and 3.

These figures correspond tom,0. Opposite values ofm
imply smaller cross sections and, moreover, well known
perimental constraints as those coming from theb→sg pro-
cess highly reduce them.0 parameter space. The other p
rameters are chosen as follows. For a given tanb and
neutralino mass, the common gaugino massM is essentially
fixed. For the common scalar massm we have takenm
5150 GeV. Finally, for the common coefficient of the tr
linear termsA we have takenA52M . This relation is par-
ticularly interesting since it arises naturally in several stri
models@26,15#. In any case we have checked that the cro
sections and our main conclusions are not very sensitiv
the specific values ofA andm in a wide range. In particular
8-3
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GABRIELLI, KHALIL, MUÑ OZ, AND TORRENTE-LUJAN PHYSICAL REVIEW D63 025008
this is so foruA/M u&5 and4 50 GeV&m&250 GeV.
We have checked that our results are consistent w

present bounds coming from accelerators and astrophy
The former are CERNe1e2 collider LEP and Fermilab
Tevatron bounds on supersymmetric masses and CLEb
→sg branching ratio measurements. The latter are relic n
tralino density bounds and will be discussed in some de
later on.

In Fig. 2, for tanb510, we exhibit the gaugino-Higgsin
components-squaredN1i

2 of the LSP as a function of its mas
mx̃

1
0 for two different values of the initial scale,MI

51016 GeV'MGUT and MI51011 GeV. Clearly, the
smaller the scale is, the larger the Higgsino components
come. In particular, forMI51016 GeV the LSP is mainly
B-ino sinceN11 is extremely large. The scattering channe
through Higgs exchange are suppressed~recall that the
Higgs-neutralino-neutralino couplings are proportional
N13 andN14) and therefore the cross sections are small as
will see explicitly below. As a matter of fact, the scatterin

4Let us remark however that form in the range 502100 GeV the
neutralino is not the LSP in the whole parameter space. In s
regions the stau is the LSP.

FIG. 2. Gaugino-Higgsino components-squaredN1i
2 of the light-

est neutralino as a function of its mass, for the case tanb510, and
for two different values of the initial scale,MI51016 GeV and
MI51011 GeV.
02500
th
cs.
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il

e-

echannels through squark exchange are also suppressed b
mass of the first-family squarks. Indeed in this limit the cro
section can be approximated as

sx̃
1
02p}

mr
2

4p S g82 sinu

mq̃
2
2mx̃

1
0

2 D 2

uN11u4, ~11!e

FIG. 3. Neutralino-proton cross section as a function of the n
tralino mass for several possible values of the initial scaleMI , and
for different values of tanb. Current experimental limits, DAMA
and CDMS, are shown. The region on the left of the line denoted
mx̃

1
6590 GeV is excluded because of the experimental low

bound on the lightest chargino mass.
8-4
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wheremr is the reduced mass andmq̃ , u are the mass and
the mixing angle of the first-family squarks respective
However forMI51011 GeV the Higgsino contributionsN13
and N14 become important and even dominant formx̃

1
0

&130 GeV ~e.g. with tanb53 this is obtained formx̃
1
0

&65 GeV). Following the above arguments this will imp
larger cross sections. Indeed scattering channels thro
Higgs exchange are now important and their contribution
cross sections can be schematically approximated as

sx̃
1
02p}

mr
2

4p

lq
2

mh
4

uN1i~g8N112g2N12!u2, ~12!

where i 53,4, lq are the quark Yukawa couplings andmh
represent the Higgs boson masses. It is also worth noti
that, for any fixed value ofMI , the larger tanb is, the larger
the Higgsino contributions become. The reason being
the top ~bottom! Yukawa coupling decreases~increases!
since it is proportional to 1/sinb(1/cosb). This implies that
the negative~positive! contributionmH2

2 (mH1

2 ) to m2 is less

important. The discussion of the cases with tanb.10 is
more subtle and will be carried out below.

The consequence of these results on the cross secti
shown in Fig. 3, where the cross section as a function of
LSP massmx̃

1
0 is plotted for five different values of the initia

scaleMI . For instance, whenmx̃
1
05100 GeV, sx̃

1
02p for

MI51011 GeV is two orders of magnitude larger than f
MGUT . In particular, for tanb53, one finds sx̃

1
02p

,1026 pb if the initial scale isMI51016 GeV. However
sx̃

1
02p*1026 GeV is possible if MI decreases. ForMI

&1012 GeV, taking into account the experimental low
bound on the lightest chargino massmx̃

1
6590, the range

70 GeV&mx̃
1
0&100 GeV is even consistent with th

DAMA limits. As discussed above, the larger tanb is, the
larger the Higgsino contributions become, and therefore
cross section increases. For tanb510 we see in Fig. 3 tha
the range 60 GeV&mx̃

1
0&130 GeV is now consistent with

DAMA limits. This corresponds toMI&1014 GeV.
Finally, we show in Fig. 3 the case tanb520. Then the

above range increases 50 GeV&mx̃
1
0&170 GeV, corre-

sponding now toMI&1016 GeV. It is worth noticing here
that the value ofm2 is very stable with respect to variation
of tanb when this is large (tanb*10). This is due to the
fact thatm2'2mH2

2 2 1
2 MZ

2 @see Eq.~6!#. Since sinb'1, the

top Yukawa coupling is stable and therefore the same c
clusion is obtained formH2

2 and m2. Thus, for a givenMI ,

the reason for the cross section to increase when tanb in-
creases cannot be now the increment of the Higgsino c
ponents of the LSP. Nevertheless there is a second effe
the cross section which is now the dominant one: the con
bution of the down-type quark Yukawa couplings@see Eq.
~12!# which are proportional to 1/cosb.

In Fig. 4 we plot the neutralino-proton cross section a
function of tanb. Whereas large values of tanb are needed
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in the caseMI5MGUT to obtain cross sections in the re
evant region of DAMA experiment, the opposite situatio
occurs in the caseMI51011 GeV since smaller values ar
favored.

Let us consider now the case~b! with gauge coupling
unification atMI discussed in Sec. II@see also Fig. 1~b!#. The
result for the cross section as a function ofmx̃

1
0 is plotted in

Fig. 5 for tanb520. Clearly, the cross section increas
when MI decreases. However, this increment is less imp
tant than in the previous case. The reason being that
a2(MI) and a1(MI) are bigger thana(MGUT) instead of
smaller. For example this counteracts the increment off i(t)
in Eq. ~9! due to the smaller value oft whenMI is smaller.
Due to this effect, only with tanb*20 we obtain regions
consistent with DAMA limits.

The results for the case with extra triplets@see e.g. Eq.
~5!# are worst since the gauge coupling at the unificat
point MI is bigger than above. The value ofsx̃

1
02p at MI

may be even smaller than its usual value atMGUT .
Before concluding let us discuss briefly the effect of re

neutralino density bounds on cross sections. The most ro

FIG. 4. Neutralino-proton cross section as a function of tanb
for two possible values of the initial scale,MI51016 GeV, MI

51011 GeV, and for different values of the neutralino mas
namely 50, 75 and 100 GeV. DAMA limits are also shown.

FIG. 5. The same as in Fig. 3 but only for tanb520 and with
gauge coupling unification atMI .
8-5



ela
a-

-
s,

te
0.
-
m

lic
ch
r
i-
no
c

er
on
s
. A
a
om

ul
a

s

t
pl
eu

n
iti
-

tion
al
ller
ticu-

le
we
om-
ri-

ersal
ld
le

lino
ag-
lino

the
ple
l-
the
sce-
ith
o-

our

-
e
ce
ity

ut
d-

rk
-

f a
.
T,
un-
.

ng
ion
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evidence for the existence of dark matter comes from r
tively small scales. Lower limits inferred from the flat rot
tion curves of spiral galaxies@13,31# areVhalo*10Vv is or
Vhalo h2*0.0120.05, whereh is the reduced Hubble con
stant. On the opposite side, observations at large scale
220) h21 Mpc, have provided estimates ofVCDMh2

'0.120.6 @32#, but values as low asVCDMh2'0.02 have
also been quoted@33#. Taking up-to-date limits onh, the
baryon density from nucleosynthesis and overall mat
balance analysis one is able to obtain a favored range,
&VCDMh2&0.3 ~at ;2s C.L.! @34,35#. Note that conserva
tive lower limits in the small and large scales are of the sa
order of magnitude.

In this work, the expected neutralino cosmological re
density has been computed according to well known te
niques ~see @13#!. In principle, from its general behavio
Vxh2}1/̂ sann&, wheresann is the cross section for annih
lation of neutralinos, it is expected that such high neutrali
proton cross sections as those presented above will then
respond to relatively low relic neutralino densities. Howev
our results show that for some of the largest cross secti
with e.g.MI'1012211 GeV, the value of the relic density i
still inside the conservative ranges we considered above
a function of the intermediate scale our results show a ste
increase in the value of the relic density when we move fr
MI'1011 GeV down toMI'1016 GeV. In this respect, the
main conclusion to be drawn from our results is that it sho
be always feasible, for large areas of supersymmetric par
eters, to find an ‘‘intermediate’’ initial scaleMI which rep-
resents a compromise between a high neutralino cross
tion and an adequate relic neutralino density.

We expect that neutralino coannhilitations5 do not play an
important role here since the mass differences among
LSP and the NLSP are not too small in general. For exam
for the relative mass difference among the two lightest n
tralinos, we have foundDmx̃

2
0x̃

1
0 /mx̃

1
0*0.2 in most of the

interesting regions, being typically much higher.

IV. CONCLUSIONS

In this paper we have analyzed the relevant implicatio
for dark matter analyses of the possible existence of an in
scaleMI smaller thanMGUT to implement the boundary con
ditions.

5The computation of the relic density carried out here, followi
@13#, contains only a partial treatment of neutralino coannhilat
channels.
e

cl.
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We have noted that the neutralino-nucleon cross sec
in the MSSM is quite sensitive to the value of the initi
scale for the running of the soft breaking terms. The sma
the scale is, the larger the cross section becomes. In par
lar, by taking MI'1010212 GeV rather than MGUT
'1016 GeV for the initial scale, which is a more sensib
choice e.g. in the context of some superstring models,
find that the cross section increases substantially being c
patible with the sensitivity of current dark matter expe
mentssx̃

1
02p'1026–1025 pb, for tanb*3. For larger val-

ues of the initial scale, as e.g.MI51014 GeV, the
compatibility is obtained for tanb*10. Let us remark that
these results have been obtained assuming non-univ
gauge couplings atMI , as discussed in Sec. II. They shou
be compared with those of the MSSM with initial sca
MGUT , where tanb*20 is needed.

We have also discussed the corresponding relic neutra
densities and checked that they are of the right order of m
nitude in large areas of the parameter space for the neutra
being a CDM candidate.

The above computations have been carried out for
case of universal soft terms. This is not only the most sim
possibility in the framework of the MSSM, but also is a
lowed in the context of superstring models. This is e.g.
case of the dilaton-dominated supersymmetry breaking
narios or weakly and strongly coupled heterotic models w
one Kähler modulus. In this sense the analysis of neutralin
nucleon cross sections of those models is included in
computation.

Obviously, nonuniversality of the soft terms will intro
duce more flexibility in the computation, in particular in th
value ofm2, in order to obtain regions in the parameter spa
giving rise to cross sections compatible with the sensitiv
of current detectors.
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