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We address the question of how light the lightest supersymmetric particle neutralino can be to be a reliable
cold dark matter~CDM! particle candidate. To this end we perform a combined analysis of the parameter space
of the minimal supersymmetric standard model~MSSM! taking into account cosmological and accelerator
constraints including those from the radiativeb→sg decay. Appropriate grand unification~GUT! scenarios are
considered. We find that the relaxation of gaugino mass unification is sufficient to obtain a phenomenologically
and cosmologically viable solution of the MSSM with a neutralino as light as 3 GeV. We find good prospects
for the direct detection of these superlight CDM neutralinos via elastic scattering off various nuclei in the
forthcoming experiments with low-threshold DM detectors. In a certain sense, these experiments can probe the
gaugino mass unification giving constraints on the possible GUT scenarios within the MSSM.
@S0556-2821~97!05102-3#

PACS number~s!: 95.35.1d, 14.60.St, 14.80.Ly

I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! @1#
is a leading candidate for a low energy theory consistent with
the grand unified theory~GUT! idea. The gauge coupling
constants precisely measured at the CERNe1e2 collider
LEP make unification in the standard model~SM! rather
problematic while in the MSSM it occurs naturally with an
excellent precision.

The MSSM, supplieda priori with a complete set of the
grand unification conditions, possesses a remarkable predic-
tive power. The complete set of the GUT conditions includes
gauge coupling constants unification as well as unification of
the ‘‘soft’’ supersymmetry-~SUSY-! breaking parameters at
the same GUT scaleMX;1016 GeV. Instead of this ultimate
GUT scenario one can consider less restrictive particular
GUT scenarios relaxing some of the GUT conditions. We
have no firm theoretical arguments yet in favor of one of
these scenarios. Analyzing the prospects for discovering
SUSY in various experiments it is more attractive to adopt a
phenomenological low-energy approach and disregard cer-
tain GUT conditions. Following these arguments we will dis-
cuss several GUT scenarios in the present paper.

Another advantage of the MSSM is the prediction of a
stable lightest supersymmetric particle~LSP!—neutralino

~x!. Now the neutralino is the best known cold dark matter
~CDM! particle candidate@2#.

There is a well-known lower limit on the neutralino mass
mx>18.4 GeV@3,4#. This result is strongly connected to the
unification scenario with the universal gaugino masses
Mi(MX)5m1/2 at the GUT scaleMX . The renormalization
group evolution ofMi , starting with the samem1/2 value,
leads to tight correlation between the neutralinomx i ~with
i51–4!, charginomx1,2

6 and gluinomg̃ masses~see Sec. II!.
As a result, direct and indirect SUSY searches at Fermilab
and at LEP@4,5# strongly disfavor the neutralinos lighter
than 18.4 GeV within the universal gaugino mass scenario
@4#. As discussed in the following, the nonuniversal gaugino
mass scenario with nonequal gaugino masses at the GUT
scale allows essentially lighter neutralinos. In a certain sense,
direct searches for the ‘‘superlight’’ neutralinos in the mass
rangemx,18.4 GeV could be a test of the gaugino mass
unification.

In the present paper we will consider the discovering po-
tential of DM experiments searching for the superlight DM
neutralinos via neutralino-nucleus elastic scattering. Since
the nuclear recoil energy in this collision isEr;1026mx , a
DM detector should have the low thresholdEr

thr;few keV to
be sensitive to the DM neutralinos as light asmx;few GeV.

There are several projects of DM experiments with low-
threshold detectors which are able to probe this mass region
@6#. Some of them are expected to run in the near future.
These experiments will use either a new generation of cryo-
genic calorimeters@7–9# or germanium detectors of special
configuration@10#.
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We will argue that these experiments have good prospects
for verification of the gaugino mass unification at the GUT
scale. The basic reason follows from the results of our analy-
sis of the MSSM parameter space within the nonuniversal
gaugino mass unification scenarios. In these scenarios we
have found superlight neutralinos with masses as small as 3
GeV which produce cosmologically viable relic density
0.025<Vx<1 and a substantial total event rateR;1 event/
kg day of elastic scattering from nuclei in a DM detector.
These values ofR are within the expected sensitivity of the
above-mentioned low-threshold DM detectors. Therefore,
the superlight DM neutralinos appearing in the nonuniversal
gaugino mass GUT scenarios can be observed with these
setups. Negative results of DM neutralino searches in the
mass region 3 GeV<mx<18.4 GeV would discriminate
these scenarios.

The paper is organized as follows. In Sec. II we specify
the MSSM and give formulas used in the subsequent sec-
tions. In Sec. III we summarize the experimental and cosmo-
logical inputs for our analysis. Section IV is devoted to cal-
culation of the event rate of the elastic neutralino-nucleus

scattering. In Sec. V we discuss the results of our numerical
analysis and Sec. VI contains the conclusion.

II. MINIMAL SUPERSYMMETRIC STANDARD MODEL

The MSSM is completely specified by the standard SU~3!
3SU~2!3U~1! gauge couplings as well as by the low-energy
superpotential and ‘‘soft’’ SUSY-breaking terms@1#. The
most general gauge-invariant form of theR-parity-
conserving superpotential is

W5hEL
jEcH1

i e i j1hDQ
jDcH1

i e i j

1hUQ
jUcH2

i e i j1mH1
i H2

j e i j ~1!

~e12511!. The following notation is used for the quark
Q~3,2,1/6!, Dc~3̄,1,1/3!, Uc~3̄,1,22/3!, lepton L~1,2,21/2!,
Ec~1,1,1! and Higgs bosonH1~1,2,21/2!, H2~1,2,1/2! chiral
superfields with the SU~3!c3SU~2!L3U~1!Y assignment
given in parentheses. Yukawa coupling constantshE,D,U are
matrices in the generation space and nondiagonal in the gen-
eral case. For simplicity we suppressed generation indices.

In general, the ‘‘soft’’ SUSY-breaking terms are given by
@11#

LSB52
1

2 (
A

MAl̄AlA2mH1

2 uH1u22mH2

2 uH2u22m
Q̃

2 uQ̃u22m
D̃

2 uD̃cu22m
Ũ

2 uŨcu22m
L̃

2 uL̃u22m
Ẽ

2 uẼcu22~hEAEL̃
j ẼcH1

i e i j

1hDADQ̃
j D̃cH1

i e i j1hUAUQ̃
j ŨcH2

i e i j1H.c.!2~BmH1
i H2

j e i j1H.c.!. ~2!

As usual,M3,2,1 are the masses of the SU~3!3U~2!3U~1!

gauginos,g̃, W̃, B̃ andmi are the masses of scalar fields.AL ,
AD , AU , andB are trilinear and bilinear couplings.

Observable quantities can be calculated in terms of the
gauge and the Yukawa coupling constants as well as the soft
SUSY-breaking parameters and the Higgs mass parameterm
introduced in Eqs.~1! and ~2!.

Under the renormalization they depend on the energy
scaleQ according to the renormalization group equations
~RGEs!.

It is a common practice to implement the GUT conditions
at the GUT scaleMX . It allows one to reduce the number of
free parameters of the MSSM. A complete set of GUT con-
ditions is

mL̃~MX!5mH1,2
~MX!5mẼ~MX!5mQ̃~MX!

5mŨ~MX!5mD̃~MX!5m0 , ~3!

AU~MX!5AD~MX!5AL~MX!5A0 ,

Mi~MX!5m1/2, ~4!

a i~MX!5aGUT, where a15
5

3

g82

4p
, a25

g2

4p
,

a35
gs
2

4p
, ~5!

g8, g, andgs are the U~1!, SU~2!, and SU~3! gauge coupling
constants.

The above GUT conditions put very stringent constraints
on the weak scale particle spectrum and couplings. In this
scenario the neutralino is heavier than 18.4 GeV, as men-
tioned in the Introduction. Because of specific correlations
between the MSSM parameters at the weak scale, stemming
from Eqs.~3!–~5!, the detection rate of the DM neutralinos is
very small, being typically beyond the realistic abilities of
the present and future DM detectors.

However, at present we have no strong motivation to im-
pose a complete set of the GUT conditions in Eqs.~3!–~5! on
the MSSM.

Therefore, in our analysis we use relaxed versions of the
above discussed GUT conditions and consider two scenarios
with the nonuniversal gaugino massesM35M2ÞM1 :
~a! with the universal

mH1,2
~MX!5mf̃ ~MX!5m0 ,

and ~b! nonuniversal

mH1
~MX!5mH2

~MX!Þm0 ~6!

GUT scale scalar masses. Deviation from the GUT scale
universality of the mass parameters in the scalar sector was
previously considered in Refs.@12# and @13#.

Accepting the GUT conditions, we end up with the fol-
lowing free MSSM parameters: the common gauge cou-

504 55BEDNYAKOV, KLAPDOR-KLEINGROTHAUS, AND KOVALENKO



pling aGUT; the matrices of the Yukawa couplingsh i
ab,

where i5E,U,D; the soft supersymmetry-breaking param-
etersm0, m1/2, A0, B, the Higgs field mixing parameterm,
and an additional parameter of the Higgs sectormA being the
mass of theCP-odd neutral Higgs boson. Since the masses
of the third generation are much larger than the masses of the
first two ones, we consider only the Yukawa coupling of the
third generation and drop the indicesa,b.

Additional constraints follow from the minimization con-
ditions of the scalar Higgs potential. Under these conditions
the bilinear couplingB can be replaced in the given list of
free parameters by the ratio tanb5v2/v1 of the vacuum ex-
pectation values of the two Higgs doublets.

We calculate the weak-scale parameters in Eqs.~1! and
~2! in terms of the above-listed free parameters on the basis
of two-loop RGE’s following the iteration algorithm devel-
oped in@14#.

The Higgs potentialV including the one-loop corrections
DV can be written as

V~H1
0,H2

0!5m1
2uH1

0u21m2
2uH2

0u22m3
2~H1

0H2
01H.c.!

1
g21g82

8
~ uH1

0u22uH2
0u2!21DV,

with DV5
1

64p2 (
i

~21!2Ji~2Ji11!Cimi
4F ln mi

2

Q22
3

2G ,
~7!

where the sum is taken over all possible particles with the
spinJi and with the color degrees of freedomCi . The mass
parameters of the potential are introduced in the usual way as

m1,2
2 5mH1,2

2 1m2, m3
25Bm. ~8!

They are running parametersmi(Q) with theQ-scale depen-
dence determined by the RGE. The one-loop potential~7!
itself is Q independent up to, irrelevant for the symmetry
breaking, field-independent term depending onQ. At the
minimum of this potential the neutral components of the
Higgs field acquire nonzero vacuum expectation values
^H 1,2

0 &5v1,2 triggering the electroweak symmetry breaking
with g2(v 1

21v 2
2)52M W

2 .
The minimization conditions read

2m1
252m3

2 tanb2MZ
2 cos 2b22S1 , ~9!

2m2
252m3

2 cot b1MZ
2 cos 2b22S2 , ~10!

whereSk[]DV/]ck , with c1,25ReH 1,2
0 , are the one-loop

corrections@15#

Sk52
1

32p2 (
i

~21!2Ji~2Ji11!
1

ck

]mi
2

]ck
mi
2S ln mi

2

Q221D .
~11!

As a remnant of two Higgs doubletsH1,2 after the elec-
troweak symmetry breaking there occur five physical Higgs
particles: aCP-odd neutral Higgs bosonA, CP-even neu-
tral Higgs bosonsH,h, and a pair of charged Higgs bosons
H6. Their massesmA , mh,H , mH6 can be calculated includ-
ing all one-loop corrections as second derivatives of the
Higgs potential in Eq.~7! with respect to the corresponding
fields evaluated at the minimum@16,17#.

The neutralino mass matrix written in the basis
(B̃,W̃3,H̃ 1

0 ,H̃ 2
0) has the form

Mx5S M1

0
2MZ cosb sinuW
MZ sin b sinuW

0
M2

MZ cosb cosuW
2MZ sin b cosuW

2MZ cosb sinuW
MZ cosb cosuW

0
2m

MZ sin b sinuW
2MZ sin b cosuW

2m
0

D . ~12!

The universal gaugino mass unification scenarios with the
GUT condition in Eq.~4! imply the relation

M15
5
3 tan

2 uWM2 . ~13!

Diagonalizing the mass matrix by virtue of the orthogonal
matrixN one can obtain four physical neutralinosxi with the
field content

x i5Ni1B̃1Ni2W̃
31Ni3H̃1

01Ni4H̃2
0 ~14!

and with massesmx i
being eigenvalues of the mass matrix

~12!. We denote the lightest neutralinox1 by x. In our analy-
sis x is the lightest SUSY particle~LSP!.

The chargino mass term is

~W̃2,H̃1
2!Mx̃6S W̃1

H̃2
1 D 1H.c. ~15!

with the mass matrix

Mx̃65S M2

&MW cosb
&MW sin b

m D , ~16!

which can be diagonalized by the transformation

x̃25Ui1W̃
21Ui2H̃

2,

x̃15Vi1W̃
11Vi2H̃

1, ~17!

with U*Mx̃6V†5diag(Mx̃
1
6,Mx̃

2
6), where the chargino

masses are
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M x̃
1,2
6

2
5 1

2 @M2
21m212MW

2 7A~M2
22m2!214MW

4 cos2 2b14MW
2 ~M2

21m212M2m sin 2b!#.

It is seen from Eqs.~12! and ~16! that in the universal gaugino mass scenarios, leading to relation~13!, the neutralino and
chargino sectors of the MSSM are strongly correlated since they are described by the same set of three parametersM2,m,tanb.
Relaxing condition~13! we get one independent parameter in the neutralino sector,M1. In this case, taking place within the
nonuniversal gaugino mass GUT scenarios, the neutralino mass can be appreciably smaller than 18.4 GeV. The latter is the
lower neutralino mass bound following from the experimental data in the case of the universal gaugino mass.

The mass matrices for the three-generation sfermionst̃, b̃, and t̃ in the f̃ L2 f̃ R basis are

M
t̃

2
5SmQ̃

2
1mt

21 1
6 ~4MW

2 2MZ
2!cos 2b

mt~At2m cot b!

mt~At2m cot b!

m
Ũ

2
1mt

22 2
3 ~MW

2 2MZ
2!cos 2b D ,

M
b̃

2
5SmQ̃

2
1mb

22 1
6 ~2MW

2 1MZ
2!cos 2b

mb~Ab2m tanb!

mb~Ab2m tanb!

m
D̃

2
1mb

21 1
3 ~MW

2 2MZ
2!cos 2b D ,

M t̃
2 5SmL̃

2
1mt

22 1
2 ~2MW

2 2MZ
2!cos 2b

mt~At2m tanb!

mt~At2m tanb!

m
Ẽ

2
1mt

21~MW
2 2MZ

2!cos 2b D .
For simplicity, in the sfermion mass matrices we ignored nondiagonality in the generation space, which is important only for
theb→sg decay.

III. CONSTRAINED MSSM PARAMETER SPACE

In this section we summarize the theoretical and experi-
mental constraints used in our analysis.

The solution of the gauge coupling constants unification
@see Eq.~5!# allows us to define the unification scaleMX .
Our numerical procedure is based on the two-loop RGE’s.
We use the world averaged values of the gauge couplings at
theZ0 energy obtained from a fit to the LEP data@18#, MW
@4# andmt @19,20#:

a21~MZ!5128.060.1, ~18!

sin2 uMS50.231960.0004, ~19!

a350.12560.005, ~20!

whereMSdenotes the modified minimal subtraction scheme.
The value of the fine structure constanta21(MZ) was up-
dated from@21# by using new data on the hadronic vacuum
polarization@22#. The standard relations are implied:

a15
5

3

a

cos2 uW
, a25

a

sin2 uW
. ~21!

SUSY particles have not been found so far and from the
searches at LEP one knows that the lower limit on the
charged sleptons is half theZ0 mass~45 GeV! @4# and the
Higgs boson mass has to be above 60 GeV@23,24#, while the
sneutrinos have to be above 41 GeV@4#. For the charginos

the preliminary lower limit of 65 GeV was obtained from the
LEP 140 GeV run@5#. The above mass limits are incorpo-
rated in our analysis.

Radiative corrections trigger spontaneous symmetry
breaking in the electroweak sector. In this case the Higgs
potential has its minimum for the nonzero vacuum expecta-
tion values of the Higgs fieldsH 1,2

0 . SolvingMZ from Eqs.
~9! and ~10! yields

MZ
2

2
5
m1
21S12~m2

21S2!tan
2 b

tan2 b21
, ~22!

whereS1 andS2 are defined in Eq.~11!. This is an important
constraint which relates the true vacuum to the physical
Z-boson massMZ591.18760.007 GeV.

Another stringent constraint is imposed by the branching
ratio B(b→sg), measured by the CLEO Collaboration@25#
to beB(b→sg)5~2.3260.67!31024.

In the MSSM this flavor-changing neutral current~FCNC!
process receives contributions fromH62t, x̃62t̃, andg̃2q̃
loops in addition to the SMW2t loop. The x2t̃ loops,
which are expected to be much smaller, have been neglected
@26,27#. The g̃2q̃ loops are proportional to tanb. It was
found @14# that this contribution should be small, even in the
case of large tanb and therefore it can be neglected. The
chargino contribution, which becomes large for large tanb
and small chargino masses, depends sensitively on the split-
ting of the two stop mass eigenstatest̃1,2.

Within the MSSM the following ratio has been calculated
@26#:
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B~b→sg!

B~b→cen̄ !
5

uVts*Vtbu2

uVcbu2
KNLO
QCD 6a

p

3
@h16/23Ag1 8

3 ~h14/232h16/23!Ag1C#2

I ~xcb!@12~2/3p!as~mb! f ~xcb!#
,

where

C'0.175, I ~xcb!50.4847,

h5as~MW!/as~mb!, f ~xcb!52.41.

Here f (xcb) represents corrections from leading order QCD
to the known semileptonicb→cen̄ decay rate;I (xcb) is a
phase space factor;xcb5mc/mb50.316;KNLO

QCD describes the
next-to-leading-order QCD corrections@28#. Ag,g are the co-
efficients of the effective operators forbs2g andbs2g in-
teractions, respectively;C describes mixing with the four-
quark operators. The ratio of Cabibbo-Kobayashi-Maskawa
~CKM! matrix elementsuVts*Vtbu2/uVcbu250.95 was taken
from @29#.

Assuming that the neutralinos form a dominant part of the
DM in the universe one obtains a cosmological constraint on
the neutralino relic density.

The present lifetime of the universe is at least 1010 years,
which implies an upper limit on the expansion rate and cor-
respondingly on the total relic abundance. Assumingh0.0.4
one finds that the contribution of each relic particle speciesx
has to obey@30#

Vxh0
2,1, ~23!

where the relic density parameterVx5rx/rc is the ratio of
the relic neutralino mass densityrx to the critical one
rc51.88310229h 0

2g cm23.
We calculateVxh0

2 following the standard procedure on
the basis of the approximate formula

Vxh0
252.13310211S Tx

Tg
D 3S Tg

2.7K D 3NF
1/2S GeV22

axF1bxF
2/2D .

~24!

HereTg is the present day photon temperature,Tx/Tg is the
reheating factor,xF5TF/mx'1/20, TF is the neutralino
freeze-out temperature, andNF is the total number of de-
grees of freedom atTF . The coefficientsa,b are determined
from the nonrelativistic expansion

^sannihv&'a1bx ~25!

of the thermally averaged cross section of neutralino annihi-
lation. We adopt an approximate treatment ignoring compli-
cations, which appear when the expansion~25! fails @31#. In
our analysis all possible channels of thex2x annihilation are
taken into account. The complete list of the formulas, which
we used, for the coefficientsa,b and numerical values for
the other parameters in Eqs.~24! and ~25! can be found in
@32#.

Since the neutralinos are mixtures of gauginos and
Higgsinos, the annihilation can occur vias-channel exchange
of theZ0, Higgs bosons, andt-channel exchange of a scalar
particle, like a selectron@33#. Therefore, the cosmological
constraint in Eq.~23! substantially restricts the MSSM pa-
rameter space, as discussed by many groups@2,23,34,35#.

In the analysis we ignore possible rescaling of the local
neutralino densityr which may occur in the region of the
MSSM parameter space whereVxh

2,0.025 @36,37#. At
lower relic densities DM neutralinos cannot saturate even
galactic halos in the universe and the presence of additional
DM components should be taken into account. One may as-
sume that it can be done by virtue of the above-mentioned
rescaling ansatz. Let us note that the halo density is a very
uncertain quantity. Its actual value can be one order of mag-
nitude smaller~or larger! than the quoted value 0.025@38#.
The SUSY solution of the DM problem with such low neu-
tralino density becomes questionable. Therefore, we simply
skip the corresponding domains of the MSSM parameter
space as cosmologically uninteresting.

Thus we assume neutralinos to be a dominant component
of the DM halo of our galaxy with a densityrx50.3
GeV cm23 in the solar vicinity.

IV. NEUTRALINO-NUCLEUS ELASTIC SCATTERING

A dark matter event is elastic scattering of a DM neu-
tralino from a target nucleus producing a nuclear recoil
which can be detected by a detector. The corresponding
event rate depends on the distribution of the DM neutralinos
in the solar vicinity and the cross sectionsel(x

A) of
neutralino-nucleus elastic scattering. In order to calculate
sel(x

A) one should specify neutralino-quark interactions.
The relevant low-energy effective Lagrangian can be written
in a general form as

Leff5(
q

SAq•x̄gmg5x•q̄gmg5q1
mq

MW
•Cq•x̄x•q̄qD

1OS 1

mq̃
4 D , ~26!

where terms with vector and pseudoscalar quark currents are
omitted being negligible in the case of nonrelativistic DM
neutralinos with typical velocitiesvx'1023c.

In the Lagrangian~26! we also neglect terms which ap-
pear in supersymmetric models at the order of 1/mq̃

4 and
higher, wheremq̃

4 is the mass of the scalar superpartnerq̃ of
the quarkq. These terms, as pointed out in Ref.@32#, are
potentially important in the spin-independent neutralino-
nucleon scattering, especially in the domains of the MSSM
parameter space wheremq̃ is close to the neutralino mass
mx . Below we adopt the approximate treatment of these
terms proposed in@32#, which allows ‘‘effectively’’ absorb-
ing them into the coefficientsCq in a wide region of the
SUSY model parameter space. Our formulas for the coeffi-
cientsAq and Cq of the effective Lagrangian take into ac-
count squark mixingq̃L2q̃R and the contribution of both
CP-even Higgs bosonsh, H:
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Aq52
g2

4MW
2 FN14

2 2N13
2

2
T32

MW
2

mq̃1
2 2~mx1mq!

2 ~cos2 uqfqL
2 1sin2 uqfqR

2 !2
MW

2

mq̃2
2 2~mx1mq!

2 ~sin2 uqfqL
2

1cos2 uqfqR
2 !2

mq
2

4
Pq
2S 1

mq̃1
2 2~mx1mq!

2 1
1

mq̃2
2 2~mx1mq!

2D 2
mq

2
MWPq sin 2uqT3~N122tan uWN11!

3S 1

mq̃1
2 2~mx1mq!

22
1

mq̃2
2 2~mx1mq!

2D G , ~27!

Cq52
g2

4 F Fh

mh
2 hq1

FH

mH
2 Hq1PqS cos2 uqfqL2sin2 uqfqR

mq̃1
2 2~mx1mq!

2 2
cos2 uqfqR2sin2 uqfqL

mq̃2
2 2~mx1mq!

2 D 1sin 2uqS mq

4MW
Pq
22

MW

mq
fqLfqRD

3S 1

mq̃1
2 2~mx1mq!

22
1

mq̃2
2 2~mx1mq!

2D G . ~28!

Here

Fh5~N122N11 tan uW!~N14 cosaH1N13 sin aH!,

FH5~N122N11 tan uW!~N14 sin aH2N13 cosaH!,

hq5S 121T3D cosaH

sin b
2S 122T3D sin aH

cosb
,

Hq5S 121T3D sin aH

sin b
1S 122T3D cosaH

cosb
,

fqL5N12T31N11~Q2T3!tan uW ,

fqR5tan uWQN11,

Pq5S 121T3D N14

sin b
1S 122T3D N13

cosb
.

The above formulas coincide with the relevant formulas in
@32# neglecting the terms;1/mq̃

4 and higher. These terms are
taken into account ‘‘effectively’’ by introducing an ‘‘effec-
tive’’ stop quark t̃ propagator.

A general representation of the differential cross section
of neutralino-nucleus scattering can be given in terms of
three spin-dependentFi j (q2) and one spin-independent
FS(q2) form factors@39#:

ds

dq2
~v,q2!5

8GF

v2
@a0

2
•F002 ~q2!1a0a1•F102 ~q2!

1a1
2
•F112 ~q2!1c0

2
•A2FS2~q2!#, ~29!

wherev is a projectile neutralino velocity andq is the mo-
mentum transferred to the nucleus. The last term correspond-
ing to the spin-independent scalar interaction gains coherent
enhancementA2 ~A is the atomic weight of a nucleus in the
reaction!. The coefficientsa0,1,c0 do not depend on the
nuclear structure and relate to the parametersAq ,Cq of the
effective Lagrangian~26! as well as to the parameters
Dq, f s , f̂ characterizing the nucleon structure. One has the
relationships

a05~Au1Ad!~Du1Dd!12DsAs ,

a15~Au2Ad!~Du2Dd!,

c05 f̂
muCu1mdCd
mu1md

1 f sCs1
2

27
~12 f s2 f̂ !~Cc1Cb1Ct!.

~30!

Here Dqp(n) are the fractions of the proton~neutron! spin
carried by the quarkq. The standard definition is

^p~n!uq̄gmg5qup~n!&52Sp~n!
m Dqp~n!, ~31!

whereSp(n)
m 5(0,SW p(n)) is the four-spin of the nucleon. The

parametersDqp(n) can be extracted from the data on polar-
ized nucleon structure functions@40,41# and the hyperon
semileptonic decay data@42#.

We useDq values extracted both from the EMC@40# and
SMC @41# data. The other nuclear structure parametersf s
and f̂ in formula ~30! are defined as

^p~n!u~mu1md!~ ūu1d̄d!up~n!&52 f̂ Mp~n!C̄C,

^p~n!umss̄sup~n!&5 f sMp~n!C̄C. ~32!

The values extracted from the data under certain theoretical
assumptions are@43#

f̂50.05 and f s50.14. ~33!

The strange quark contributionf s is known to be uncertain to
about a factor of 2. Therefore we take its value within the
interval 0.07,f s,0.3 @43,44#.

The nuclear structure comes into play via the form factors
Fi j (q2), FS(q2) in Eq. ~29!. The spin-independent form fac-
tor FS(q2) can be represented as the normalized Fourier
transform of a spherical nuclear ground state density distri-
butionr~r !. We use the standard Woods-Saxon inspired dis-
tribution @45#. It leads to the form factor

FS~q2!5E d3r r~r !ei rq53
j 1~qR0!

qR0
e2~1/2!~qs!2, ~34!
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whereR05(R225s2)1/2 ands'1 fm are the radius and the
thickness of a spherical nuclear surface;j 1 is the spherical
Bessel function of index 1.

Spin-dependent form factorsFi j (q2) are much more
nuclear-model-dependent quantities. In the past few years
noticeable progress in detailed nuclear-model calculations of
these form factors has been achieved. For many nuclei of
interest in the DM search they have been calculated within
various models of nuclear structure@46,47#. Unfortunately,
these calculations do not cover all isotopes which we are
going to consider in the present paper. Therefore, we use a
simple parameterization of theq2 dependence ofFi j (q2) in
the form of a Gaussian with the rms spin radius of the
nucleus calculated in the harmonic well potential@48#. For
our purposes this semiempirical scheme is sufficient.

An experimentally observable quantity is the differential
event rate per unit mass of the target material:

dR

dEr
5FN rx

mx
G E

vmin

vmax
dv f ~v !v

ds

dq2
~v,Er !, ~35!

whereEr is the nuclear recoil energy. The functionf (v) is
the velocity distribution of neutralinos in the Earth’s frame.
In the galactic frame it is usually assumed to have an ap-
proximate Maxwellian form. vmax5vesc'600 km/s and
rx50.3 GeV cm23 are the escape velocity and the mass den-
sity of the relic neutralinos in the solar vicinity;
vmin5~MAEr /2M red

2 !1/2 with MA andM red being the mass of
nucleusA and the reduced mass of the neutralino-nucleus
system, respectively. Note thatq252MAEr .

The differential event rate is the most appropriate quantity
for comparing with the observed recoil spectrum. It allows
one to properly take into account the spectral characteristics
of a specific DM detector and to discriminate a background.
However, discussing general problems and prospects of DM
detection it is enough to consider the total event rateR inte-
grated over the whole kinematical domain of recoil energy.
Notice that this quantity is less sensitive to details of the
nuclear structure than the differential event rate in Eq.~35!.
Theq2 shape of the form factorsFi j (q2), FS(q2) in Eq. ~29!
may substantially change from one nuclear model to another.
Integration overq2, as in the case of the total event rateR,
reduces this model dependence.

The present paper aims at the general investigation of
detectability of the cosmologically viable ‘‘superlight’’ DM
neutralinos independently of a specific DM detector. There-
fore, we may use the total event rateR as a characteristic of
the DM signal.

V. NUMERICAL ANALYSIS AND DISCUSSION

In our numerical analysis we randomly scanned the
MSSM parameter space including all experimental and cos-
mological constraints discussed in Sec. III. Two GUT sce-
narios with the nonuniversal gaugino massM35M2ÞM1
@see Eqs.~3!–~5! and the comments below them# have been
considered: ~a! with the universalmH1,2

(MX)5mf̄ (MX)

5m0 and ~b! nonuniversalmH1
(MX)5mH2

(MX)Þm0 GUT
scale scalar masses.

The free parameters of both scenarios and intervals of
their variation in our analysis are given in Table I.

After the scan procedure had been finished we found the
superlight neutralinos in the mass range 3 GeV<mx<18.4
GeV in both GUT scenarios~a! and ~b!. The criterion we

FIG. 1. The neutralino relic densityVh2 and the gaugino frac-
tion Zg5N11

2 1N12
2 versus the neutralino massmx in GUT scenario

~a!.

TABLE I. The MSSM parameters within the GUT scenarios~a!,
~b! and intervals of their variations in the present numerical analy-
sis.

Scenario Parameter Lower and upper bounds

~a!, ~b! tanb 1 50

~a!, ~b! m0 0 TeV 1 TeV

~a!, ~b! A0 21 TeV 1 TeV

~a!, ~b! m 21 TeV 1 TeV

~a!, ~b! M2 0 TeV 1 TeV

~a!, ~b! M1 21 TeV 1 TeV

~b! mA 50 GeV 1 TeV
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FIG. 2. The expected DM neutralino event rateR versus the neutralino massmx for various isotopes of experimental interest. GUT
scenario~a!. All points with R<0.01 events/kg day are cut off.

FIG. 3. The same as in Fig. 2 but for large event rate GUT scenario~b!.
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FIG. 4. Spin sensitivities of various isotopes of experimental interest. Given is the total event rateR in GUT scenario~b! versus the ratio
RSD/RSI , RSD andRSI are the spin-dependent and spin-independent components ofR ~R5RSD1RSI!. All points with R<0.01 events/
kg day are cut off.

FIG. 5. The ratioRSD/RSI versus the neutralino massmx . RSD andRSI are the spin-dependent and spin-independent components ofR
~R5RSD1RSI!. Large event rate GUT scenario~b!.
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used to stop the running numerical code was stabilization of
themx lower bound.

Recall that 18.4 GeV is the widely cited lower neutralino
mass bound valid within the complete GUT scenario with
relations ~3!–~5! at the GUT scale. Scenario~a! implies a
minimal relaxation of the complete GUT scenario necessary
to obtain the superlight neutralinos. Scenario~b! does not
change the lowermx bound 3 GeV, but allows a much larger
DM event rateR than scenario~a!. We have calculated the
total event rate for germanium~73Ge!, sapphire~Al2O3!,
fluorine ~19F!, and sodium iodide~NaI!.

The main results of our analysis are presented in Figs.
1–5 in the form of scatter plots. In Figs. 2–4 we cut off all
points withR<0.01 events/kg day since they lie beyond the
sensitivity of the present and the near-future DM detectors.

Figure 1 shows the relic density,Vxh
2, produced by the

superlight neutralinos and their gaugino fraction,
Zg5N11

2 1N12
2 @see Eq.~14!#. It is seen that the majority of

the points are concentrated in the region of a large relic den-
sity, especially within the interval 8 GeV<mx<16 GeV.
However, the neutralinos with a marginal mass of 3 GeV can
also produce cosmologically interesting values ofVxh

2.
Therefore we conclude that the superlight neutralinos can
comprise a dominant part of the CDM. The field composition
of these neutralinos characterized by the gaugino fractionZg
shows specific tendencies. A large domain of the MSSM
parameter space~the volume is proportional to the number of
points in the scatter plots! corresponds to the mixedZg;0.7
gaugino-Higgsino states around the mass value 12 GeV. For
largermx neutralinos lose their Higgsino component and be-
come mostly gauginos.

In Figs. 2 and 3 we present the calculated event rate,R,
for 73Ge, Al2O3,

19F, and NaI versus the neutralino massmx
in two GUT scenarios~a! and~b!. These figures demonstrate
that in both scenarios there are a lot of points within the
reach of the near-future low-threshold DM detectors men-
tioned in the Introduction. Their sensitivities are expected to
be at the level ofR>0.1 events/kg day. In the scenario~b!
points extend up toR;300–500 events/kg day for Ge, NaI,
andR;20–50 events/kg day for19F, Al2O3. In scenario~a!
these values are reduced by approximately a factor of 10.

In unification scenario~b! with nonuniversal Higgs boson
mass parameters@see Eq.~6!# the Higgs boson and sfermion
masses are not strongly correlated. As discussed in@13#, this
relaxation of the complete unification in the scalar sector
makes it possible to avoid one of the most stringent theoreti-
cal limitations on the allowed values of the DM neutralino
event rate. In this case the masses of theCP-even and
charged Higgs bosonsmH,h , mH6 are calculated in terms of
theCP-odd Higgs mass,mA , as an extra free parameter.

An important question touches upon the fraction of the
spin-dependent partRSD of the total event rateR5RSD1RSI .
From Eqs.~27!–~30! it is seen that measurement ofRSD and
RSI would give us complementary information about the
MSSM parameters. In the previously investigated mass re-
gion mx>18.4 GeV most of the experimentally interesting
isotopes are more sensitive to the spin-independent partRSI
due to the coherent enhancement effect~see@13# and refer-
ences therein!. The spin-dependent partRSD originates from
the neutralino-nucleus interaction via spin-spin coupling. It
is not a coherent interaction with a whole nucleus since only

a few nucleons contribute to the nuclear spin.
In Figs. 4 and 5 we give the scatter plots inR2RSD/RSI

andRSD/RSI2mx planes for large event rate scenario~b!. The
following conclusions are valid in scenario~a! as well. One
can see that in the mass region of the superlight neutralinos 3
GeV<mx<20 GeV the coherentRSI component of the event
rate dominates for all isotopes in question, except the region
of very small total event ratesR. As seen from Fig. 5, the
spin-dependent componentRSD dominates for the majority
of the points in the mass range 8 GeV<mx<14 GeV. It
reflects the fact illustrated in Fig. 1 that in this mass region
the neutralino can acquire the largest Higgsino admixture
12Zg'0.35. As a result, theZ-boson contribution toRSD
@via the coefficientAq in Eq. ~27!# is enhanced.

We conclude this discussion with the following remark.
Nuclear spin does not play an important role in the direct
searches for the DM neutralinos in the mass region 3
GeV<mx<18.4 GeV. Previously a similar conclusion was
obtained concerning the mass region 18.4 GeV<mx @13#.
Nevertheless, only a DM detector with a spin-non-zero target
nuclei can provide us with information aboutRSD and the
corresponding MSSM parameters inAq @see Eq.~27!#.

VI. CONCLUSION

We have analyzed the MSSM parameter space taking into
account cosmological and accelerator constraints including
those from the radiativeb→sg decay.

It is well known that the MSSM with the universal
gaugino mass at the GUT scale disfavors neutralinos lighter
than 18.4 GeV@3,4# if the known experimental data are
taken into account.

A central result of the present paper is the conclusion
about the existence of a substantial domain of the MSSM
parameter space corresponding to the superlight neutralinos
in the mass range 3 GeV<mx<18.4 GeV within the GUT
scenarios with the nonuniversal gaugino mass. In this do-
main neutralinos are cosmologically viable and produce an
event rate which is detectable in the near-future experiments
with the low-threshold DM detectors.

When our paper was being prepared, we found Ref.@49#
where prospects for the superlight DM neutralino detection
are also considered but within a more phenomenological ap-
proach ignoring all GUT conditions. Our analysis shows that
we need not disregard all GUT conditions in Eqs.~3!–~5! to
get a window for the superlight neutralinos. To this end it is
necessary and sufficient to relax only gaugino mass unifica-
tion condition. Since we know a generic root of the super-
light neutralino we can conclude that in a certain sense the
experiments searching for the DM neutralinos in the mass
rangemx>18.4 GeV probe the gaugino mass unification at
the GUT scale.
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