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Lower bound on the neutralino mass from new data on CMB and implications for relic neutralinos
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In the framework of an effective minimal supersymmetric extension of the standard model without gaugino-
mass unification at a grand unification scale, we set a lower bound on the neutralino mass based on the new
WMAP data onVCDM (R-parity conservation is assumed!. Our lower boundmx*6 GeV leaves much room
for relic neutralinos significantly lighter than those commonly considered (mx*50 GeV). We prove that these
light neutralinos may produce measurable effects in weakly interacting massive particle direct detection ex-
periments of low energy threshold and large exposure.
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I. INTRODUCTION

In a previous paper@1#, we called attention to relic neu
tralinos of light masses, i.e., with a massmx&45 GeV. Ac-
tually, most analyses on cosmological neutralinos emplo
lower boundmx*50 GeV, i.e., a bound which rests on th
assumption that gaugino masses are unified at the grand
fication ~GUT! scaleMGUT;1016 GeV. However, this unifi-
cation assumption might not be justified, as already d
cussed some time ago@2,3#. Furthermore, recent analyses
string models~see, for instance, Ref.@4#! indicate that the
initial scale for the running of the supersymmetry~SUSY!
parameters by renormalization group equations may be m
lower than the standard GUT scale, with the implication t
at the electroweak~EW! scale the gaugino masses may
quite different from what is expected in a standard sup
gravity ~SUGRA! scheme with GUT-unification assump
tions. Thus, for instance, the U~1! and SU~2! gaugino masses
M1 and M2 may not be related by the standard formu
M1. 1

2 M2 at the EW scale.
It is then quite natural to discuss supersymmetric mod

whereM1 andM2 are considered as independent paramet
Previous papers where schemes of this type are consid
include the ones in Refs.@2,3,5–18#. In Ref.@1# we evaluated
the neutralino relic abundanceVxh2 and the neutralino-

nucleon scalar cross sectionsscalar
(nucleon) in an effective minimal

supersymmetric extension of the standard model~EMSSM!
where the gaugino-mass unification at GUT scale is not
sumed. The analysis was performed in a scenario where
ratio R[M1 /M2 is smaller than the GUT-unification valu
RGUT.0.5, thus allowing the neutralino massmx to be
lighter than the commonly used lower bound of about
GeV. We showed that, in the derivation of the lower limit o
mx , the upper bound on the relic abundance for cold d
matter~CDM!, VCDMh2, plays a crucial role. A lower limit
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of mx*5 GeV was derived in Ref.@1# by employing the
upper boundVCDMh2&0.3. It was also shown how this up
per bound onVCDMh2 is instrumental in providing sizeabl
values for the neutralino-nucleon scalar cross section at s
mx .

New data on the cosmic microwave background~CMB!
@19–21#, also used in combination with other cosmologic
observations, are progressively narrowing down the ran
of the relic abundances for matter (Vmh2) and for some of
its constituents: neutrinos (Vnh2) and baryons (Vbh2). As a
consequence also the range ofVCDMh2 is reaching a unprec
edented level of accuracy. The importance of an impro
ment in the determination ofVCDMh2 for any cold relic par-
ticle is twofold. The upper bound (VCDMh2)max obviously
establishes a strict upper limit for any specific cold spec
On the other side, the lower bound (VCDMh2)min fixes the
value of the average abundance below which the halo den
of a specific cold constituent has to be rescaled as comp
to the total CDM halo density. For the determination of t
rescaling factorj[rx /r0 ~where rx and r0 are the local
neutralino density and the total local dark matter dens
respectively!, we use the standard rescaling reci
j5min@1,Vxh2/(VCDMh2)min#. In Ref. @19# ranges for
Vmh2 and Vbh2 are derived by employing CMB data o
Refs. @19–21#, 2dFGRS measurements@22#, and Lymana
forest data@23#. From the values quoted in Ref.@19# for
Vmh2 andVbh2 and allowing for a 22s range inVCDMh2,
one obtains: (VCDMh2)min50.095 and (VCDMh2)max
50.131. These are the values we will use here. Howe
one should cautiously still be open to some possible chan
in these values as new cosmological observational data
accumulate in the future.

In the present paper we analyze the supersymmetric
nario of Ref. @1# in light of these new determinations o
VCDMh2. We first derive approximate analytic expressio
which directly relate the lower bound onmx to the upper
limit on VCDMh2 (R-parity conservation is assumed!. This
requires the evaluation ofVxh2, which is in itself a very
complicated function of the supersymmetric parameters
order to extract the leading analytic terms at small values
mx , we are guided by a detailed numerical analysis of
supersymmetric parameter space. This will allow us
©2003 The American Physical Society06-1
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BOTTINO et al. PHYSICAL REVIEW D 68, 043506 ~2003!
present analytic expressions for the lower bounds onmx

which display the link of these bounds to the releva
particle-physics and cosmological constraints, such as
lower bounds on sfermions and Higgs-bosons masses an
upper limit onVCDMh2. Furthermore, on the basis of the
results, we show that light neutralinos, with massesmx

&45 GeV, may actually be probed by weakly interacti
massive particle~WIMP! direct detection experiments wit
high sensitivities and low energy thresholds.

II. LOWER BOUND ON M x

The supersymmetric scheme adopted here is the sam
the one described in Ref.@1#: an effective MSSM scheme
~EMSSM! at the electroweak scale, with the following ind
pendent parameters:M2 ,m,tanb,mA ,mq̃ ,ml̃ ,A, and R
[M1 /M2. Notations are as follows:m is the Higgs mixing
mass parameter, tanb the ratio of the two Higgs vacuum
expectation values~VEV’s!, mA the mass of theCP-odd neu-
tral Higgs boson,mq̃ is a squark soft-mass common to a
squarks,ml̃ is a slepton soft-mass common to all sleptonsA
is a common dimensionless trilinear parameter for the th
family, Ab̃5At̃[Amq̃ , and At̃[Aml̃ ~the trilinear param-
eters for the other families being set equal to zero!.

The neutralino is defined as the lowest-mass linear su
position of B-ino B̃, W-ino W̃(3), and of the two Higgsino
statesH̃1

0, H̃2
0:

x[a1B̃1a2W̃(3)1a3H̃1
01a4H̃2

0. ~1!

Since we are here interested in light neutralinos, we c
sider values ofR lower than its GUT value:RGUT.0.5; for
definiteness, we takeR in the range 0.01–0.5.

We first outline the procedure for deriving analytic
bounds on mx from the cosmological upper limit on
VCDMh2. As mentioned in the previous section, the ident
cation of the leading analytic contributions is guided
numerical analysis. This is based on a scanning of
supersymmetric parameter space, with the follow
ranges of the MSSM parameters: 1<tanb<50, 100 GeV
<umu,M2 ,mq̃ ,ml̃ <1000 GeV, sign(m)521,1, 90 GeV
<mA<1000 GeV, and23<A<3. The following experi-
mental constraints are imposed: accelerators data on su
symmetric and Higgs boson searches~CERN e1e2 collider
LEP2 @24# and Collider Detector CDF at Fermilab@25#!;
measurements of theb→s1g decay @26#; and measure-
ments of the muon anomalous magnetic momentam[(gm
22)/2 @27# ~the range2160<Dam•1011<680 is used here
for the deviation of the current experimental world avera
from the theoretical evaluation within the standard mod
for the derivation see Ref.@1#!.

The neutralino relic abundance is given by

Vxh25
xf

g!~xf !
1/2

3.3310238 cm2

^sanñv&
, ~2!

where ^sanñv&[xf^sannv& int , ^sannv& int being the integral
from the present temperature up to the freeze-out temp
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tureTf of the thermally averaged product of the annihilati
cross section times the relative velocity of a pair of neutra
nos,xf is defined asxf[mx/Tf andg!(xf) denotes the rela-
tivistic degrees of freedom of the thermodynamic bath atxf .
For ^sanñv& we will use the standard expansion in S and
waves:^sanñv&.ã1b̃(2xf).

A lower bound onmx is now derived from Eq.~2!, by
requiring that

Vxh2<~VCDMh2!max. ~3!

We first work out approximate analytic expressions
^sanñv& in the regime of smallmx (mx&45 GeV). By di-
agonalizing the usual neutralino mass matrix in the appro
mationM1!M2 ,m, it turns out that light neutralinos have
dominantB-ino component; a deviation from a pureB-ino
composition is mainly due to a mixture withH̃1

0, i.e., ua1u
@ua3u@ua1u,ua4u. For the ratioua3u/ua1u one finds

ua3u
ua1u

.sinuWsinb
mZ

m
&0.42 sinb, ~4!

where in the last step we have taken into account the exp
mental lower boundm*100 GeV.

The dominant terms in̂sanñv& int are the contributions due
to Higgs-exchange in thes channel and sfermion-exchang
in the t,u channels of the annihilation processx1x→ f̄ 1 f
~interference terms are neglected!. We retain only the leading
terms in each contribution. Thus, for the Higgs-exchan
contribution, dominated by the S-wave annihilation in
down-type fermions, we have, for any final statef̄ 2 f ,

^sanñv& f
Higgs.ãf

Higgs.
2pae.m.

2 cf

sin2uWcos2uW

a1
2a3

2 tan2b ~11e f !
2

3
m̄f

2

mW
2

mx
2@12mf

2/mx
2#1/2

@~2mx!22mA
2 #2

, ~5!

where cf is a standard color factor (cf53 for quarks,cf

51 for leptons!, m̄f is the fermion running mass evaluated
the energy scale 2mx , andmf is the fermion pole mass.e f is
a quantity which enters in the relationship between
down-type fermion running mass and the correspond
Yukawa coupling ~see Ref. @28# and references quote
therein!; in the following evaluations,e f is negligible, except
for the bottom quark, whereeb.0.2. One easily verifies tha
when mx,mb , ^sanñv& f

Higgs entails a relic abundance ex
ceeding the cosmological bound.

Notice that^sanñv& turns out to be an increasing functio
of mx . Then, to obtain a conservative lower bound onmx

from the condition of Eq.~3!, we have first to evaluate a
(Vxh2)min which is obtained from Eq.~2!, by replacing

^sanñv& with its maximal value (̂sanñv&)max, at fixedmx . In
the case of Higgs-exchange contributions, this (^sanñv&)max
is obtained by inserting into Eq.~5! the maximal value of the
producta1

2a3
2tan2b. Taking into account Eq.~4! and that, for
6-2
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LOWER BOUND ON THE NEUTRALINO MASS FROM NEW . . . PHYSICAL REVIEW D68, 043506 ~2003!
mA.90 GeV, the upper bound of tanb is 45 @25#, we obtain
(a1

2a3
2tan2b)max.2.63102, and in turn

~Vxh2!min
Higgs[

1.5310210

GeV2

xf

g!~xf !
1/2

mW
2

mx
2 @~2mx!22mA

2 #2

3S (
f

m̄f
2~11e f !

2cf@12mf
2/mx

2#1/2D 21

.
5310211

GeV2

xf

g!~xf !
1/2

mW
2

m̄b
2

3
1

~11eb!2

@~2mx!22mA
2 #2

mx
2@12mb

2/mx
2#1/2

. ~6!

In the last step of this equation we have retained only
dominant contribution due to theb2b̄ final state. As far as
the value ofg!(xf)

1/2 is concerned, we notice that for thes
light neutralinos xf.21 to 22, so that neutralinos wit
massesmx.6 to 7 GeV have a freeze-out temperatureTf
;TQCD, whereTQCD is the hadron-quark transition temper
ture of order 300 MeV. For definiteness, we describe here
hadron-quark transition by a step function: ifTQCD is set
equal to 300 MeV, then formx&6 GeV one hasg!(xf)

1/2

.4, while for heavier neutralinosg!(xf)
1/2.8 to 9.

The quantity (Vxh2)min
Higgs as given by Eq.~6! is plotted in

Fig. 1 as a function ofmx , for the valuemA590 GeV~cur-

FIG. 1. Neutralino relic abundanceVxh2 as a function of the

massmx . The solid curve denotes (Vxh2)min
Higgs given by Eq.~6! for

TQCD5300 MeV. Dashed and dot-dashed curves refer to the re
sentative valuesTQCD5100 MeV, TQCD5500 MeV, respectively.
The two horizontal lines denote two representative values
VCDMh2: VCDMh250.3 ~short-dashed line! and VCDMh250.131
~long-dashed line!. The scatter plot is obtained by a full scanning
the supersymmetric parameter space.
04350
e

e

rent experimental lower bound!. The solid curve refers to the
caseTQCD5300 MeV; dashed and dot-dashed curves den
two different representative values ofTQCD:TQCD
5100 MeV and TQCD5500 MeV, respectively. The two
horizontal lines denote two representative values for the
per bound on VCDMh2:(VCDMh2)max50.3 ~short-dashed
line! and (VCDMh2)max50.131 ~long-dashed line!. Figure 1
displays how a lower bound onmx is derived from an upper
limit on VCDMh2. In particular, usingTQCD5300 MeV, one
obtains from (VCDMh2)max50.3 the boundmx*5.2 GeV, a
value which increases tomx*6.2 GeV, when the new value
(VCDMh2)max50.131 is employed. Also evident is the vari
tion of the lower bound onmx , when the value ofTQCD is
changed. Finally, to support the validity of the analytical a
proximations employed to derive Eq.~6!, in Fig. 1 we also
display the scatter plot ofVxh2, when a numerical scannin
of the supersymmetric parameter space is performed.

We recall that the bound onmx :mx*6.2 GeV was de-
rived usingmA590 GeV~which is the present experimenta
lower bound onmA). From our previous formulas one ob
tains that this bound onmx simply scales withmA as fol-
lows:

mx@12mb
2/mx

2#1/4*5.3 GeVS mA

90 GeVD
2

. ~7!

For the sfermion-exchange contribution,^sanñv& f
sfermion

.ãf
sfermion1 b̃(2xf) f

sfermion, both S-wave and P-wave contr
butions have to be taken into account. In the regime
consider here, the leading terms due to the down-type fer
ons are

ãf
sfermion.

pae.m.
2

8 cos4uW

a1
4cf

mf
2@12mf

2/mx
2#1/2

mf̃ ,1
4

~22mf̃ ,1
2 /mf̃

2
!2

3F ~Yf ,L
2 1Yf ,R

2 !12Yf ,LY1,R

mx

mf
S 12

mf̃ ,1
2

mf̃
2 D G 2

,

~8!

b̃f
sfermion.

pae.m.
2

4 cos4uW

a1
4cf

mx
2@12mf

2/mx
2#1/2

mf̃ ,1
4

~22mf̃ ,1
2 /mf̃

2
!2

3F2~Yf ,L
4 1Yf ,R

4 !13Yf ,L
2 Yf ,R

2 S 12
mf̃ ,1

2

mf̃
2 D 2G .

~9!

Notations are as follows:Yf ,L andYf ,R are the weak hyper-
charges for left and right couplings, respectively.mf̃ denotes
eitherml̃ or mq̃ depending on the nature of the fermion,mf̃ ,1

is the smallest mass eigenvalue for the sfermionf̃ , once the
mass matrix in the weak-interaction basisf̃ L , f̃ R is diagonal-
ized. A maximal mixing between thef̃ L , f̃ R fields has been
used in deriving Eqs.~8! and ~9!, since these equations ar
meant to provide a conservative lower bound onmx . Notice

e-

f
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that for l 5e,m, the f̃ L2 f̃ R mixing is negligible; this case is
simply recovered from Eqs.~8! and ~9! by setting mf̃ ,1
5mf̃ .

With the aid of numerical evaluations, it is found that t
leading contributions tôsanñv&sfermion[( f^sanñv& f

sfermionare

provided by the term due to thet lepton: ^sanñv&sfermion

.^sanñv&t
sfermion. This is in turn maximized by

(^sanñv&)sfermion
max.

pae.m.
2

8 cos4uW

mx
2@12mt

2/mx
2#1/2

mt̃
4

3F S 21
5

2

mt

mx
D 2

1
23

2xf
G . ~10!

We denote by (Vxh2)min
sfermion the value ofVxh2 derived

from Eq.~2! when^sanñv& is replaced by (̂sanñv&)sfermion
max

of Eq. ~10!. The quantity (Vxh2)min
sfermion is plotted in Fig. 2

for the value mt̃587 GeV ~current experimental lowe
bound!; also the scatter plot for the quantityVxh2 is dis-
played, formA.300 GeV. From Fig. 2 one finds formx a
lower boundmx*14 GeV for (VCDMh2)max50.3, andmx

*22 GeV for (VCDMh2)max50.131. The scaling of this las
bound with the stau mass is approximately given by

mx@12mt
2/mx

2#1/4*22 GeVS mt̃

90 GeVD
2

. ~11!

FIG. 2. Neutralino relic abundanceVxh2 as a function of the
massmx . The solid curve denotes (Vxh2)min

sfermion derived from Eq.
~2! when ^sanñv& is given by the maximal value of̂sanñv&sfermion

@see Eq.~10!#. TQCD is set equal to 300 MeV. The two horizonta
lines denote two representative values ofVCDMh2: VCDMh250.3
~short-dashed line! and VCDMh250.131 ~long-dashed line!. The
scatter plot is obtained by a full scanning of the supersymme
parameter space withmA.300 GeV.
04350
In general, one has conservatively to retain as a low
bound tomx the smaller of the two lower limits given sepa
rately in Eq.~7! and in Eq.~11!. From these equations on
finds that the lower bound of Eq.~7! is less stringent than the
one of Eq.~11! as long asmA&2mt̃ . Due to the presen
experimental bounds onmA andmt̃ the lower absolute bound
is the one derived from Eq.~7!, i.e., mx*6.2 GeV. We par-
enthetically note that the lower limitsmx*(15–18) GeV
found in Refs.@17,18# are due to the assumption thatmA is
very large (mA;1 TeV).

A plot which shows the transition between the low
bounds established by considering Higgs-exchange contr
tions and sfermion-exchange contributions is reported in F
3. As was derived by use of the approximate expression
Eqs.~7!–~11!, the transition point is atmA;200–300 GeV.

III. DETECTABILITY OF LIGHT NEUTRALINOS BY
WIMP DIRECT MEASUREMENTS

Now we wish to show that a part of the neutralino pop
lation of smallmx is indeed explorable with experiments o
WIMP direct detection with current sensitivities. Let us sta
by giving an approximate relation between the sca
neutralino-nucleon cross section and the neutralino r
abundance, valid whensscalar

(nucleon) is dominated byh-exchange
in the t-channel andsann by A-exchange in the annihilation
s-channel. From the approximate formulas given in Ref.@1#
for sscalar

(nucleon) andVxh2 we obtain

ic

FIG. 3. Dashed and solid curves give the variation of the low
bound onmx as a function ofmA for (VCDMh2)max50.3 and for
(VCDMh2)max50.131, respectively. For each value of (VCDMh2)max

the region on the left of the relevant curve is forbidden. The t
lines are derived from the analytical expressions obtained in the
for the contributions to^sanñv& due to Higgs-exchange an
sfermion-exchange. Also displayed is the scatter plot of a full
merical scanning.
6-4
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~Vxh2!sscalar
(nucleon).1.4310240 cm2 TS ms^Nus̄suN&

200 MeV
D 2

3
GeV2

mx
2@12mb

2/mx
2#1/2S mA

mh
D 4

, ~12!

wheremh is the mass of the lightestCP-even neutral Higgs
boson andT is given by

T5
~a3sina1a4cosa!2

~a4cosb2a3sinb!2

@sina1escos~a2b!sinb#2

sin2b~11eb!2
.

~13!

In Eqs.~12! and~13! ^Nus̄suN& is thes-quark density matrix
element over the nucleonic state anda is the angle which
rotates the Higgs fieldsH1

(0) and H2
(0) into the mass eigen

statesh and H. The approximations employed in derivin
Eqs. ~12! and ~13! imply a;p/2 , mh;mA;100 GeV, so
that T is of order one.

Thus for neutralino configurations withmx&20 GeV,
sscalar

(nucleon) turns out to be bounded by

sscalar
(nucleon)*

10240 cm2

~VCDMh2!max

GeV2

mx
2@12mb

2/mx
2#1/2

. ~14!

In deriving Eq. ~14!, we have setms ^Nus̄suN&5200 MeV
@29#.

The results of complete numerical evaluations of
quantity jsscalar

(nucleon), where all relevant diagrams for th
neutralino-nucleon scalar cross section and for the r
abundance are taken into account, are displayed in Fig
The peculiar funnel in the scatter plot formx&20 GeV is
due to the bound of Eq.~14!.

As was pointed out in Ref.@1#, the present upper limits to
jsscalar

(nucleon) provided by WIMP direct detection experimen
@30–33# do not significantly constrain the supersymmet
configurations for the light neutralinos displayed in Fig.
Instead, these configurations may be relevant for exp
ments of direct detection with a low energy threshold an
large exposure. An experiment with these features is
DAMA/NaI experiment, whose results, after 4-years runn
with a total exposure of.58 000 kg day, show an annua
modulation effect at a 4s C.L. which does not appear to b
related to any possible source of systematics@34#. The analy-
sis carried out by the DAMA Collaboration to explain the
modulation effect in terms of a WIMP with coherent elas
scattering was targeted to a neutralino in the frame of a u
supersymmetric scheme with gaugino-mass unification
GUT, with a consequent lower bound on the neutralino m
above 30 GeV. This interpretation was proved to be con
tent with supersymmetric models with gaugino-unification
GUT @35#.

Here we have considered a different supersymme
scheme which includes significantly lower neutrali
masses; thus in order to establish the possible relevanc
our low-mass neutralinos for an annual-modulation effe
we have to proceed to an extension of previous analyses
04350
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put our arguments into a quantitative basis, we evalu
(jsscalar

(nucleon))min , defined as the minimal value ofjsscalar
(nucleon)

which may produce an annual-modulation effect atn stan-
dard deviations in a detector with a given exposureS, and for
a given velocity distribution functionf (vW ) for relic neutrali-
nos in our galaxy, i.e.,

~jsscalar
(nucleon)!min5

n2

S

I

~DI !2
. ~15!

In Eq. ~15! I is defined as the ratio of the expected dire
detection rate, integrated over an energy range (E1 ,E2), to
the neutralino-nucleon scalar cross sectionjsscalar

(nucleon):

I 5
1

jsscalar
(nucleon)EE1

E2dR~E!

dE
dE. ~16!

For a monoatomic material of nuclear mass numberA, one
has

I 5NTr0

mN

2mx
3 S 11

mx

mp
D 2

A2E
E1

E2
dEF2~E!E

vmin(E)

`

dvW
f ~vW !

uvW u
,

~17!

FIG. 4. Scatter plot ofjsscalar
(nucleon) vs mx . Crosses~red! and dots

~blue! denote neutralino configurations withVxh2.(VCDMh2)min

andVxh2,(VCDMh2)min , respectively. The curves give the sens
tivity line, (jsscalar

(nucleon))min vs mx , for a NaI detector, whose feature
are discussed in the text. The intermediate curve refers to an
thermal DF withv05220 km s21 andr050.3 GeV cm23. The up-
per curve refers to a spherical Evans’ power-law DF~denoted as A3
in Ref. @38#! with v05170 km s21 and r050.17 GeV cm23; the
lower curve refers to an axially symmetric Evans’ logarithmic D
with maximal flatness~denoted as C2 in Ref.@38#! with v0

5270 km s21 andr051.7 GeV cm23.
6-5
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BOTTINO et al. PHYSICAL REVIEW D 68, 043506 ~2003!
whereNT is the number of the target nuclei per unit of ma
mN is the nuclear mass,F(E) the nuclear form factor, and
vmin is the minimal value of the neutralino velocity to pro
duce an event above the detection threshold. Generaliza
of Eq. ~17! to nonmonoatomic materials is straightforwar
In Eq. ~15! DI is defined as DI[@ I (June)
2I (December)#/2.

We emphasize that, by definition, the conditio
jsscalar

(nucleon)>(jsscalar
(nucleon))min only establishes a minimal re

quirement for a neutralino of a given massmx to be detected
in a given experiment. It is obvious that the real detectabi
of the signal depends on the actual amount of the experim
tal background. For example, an equal amount of signal
background would double the value of (jsscalar

(nucleon))min as
given in Eq. ~15!. Estimates of backgrounds are omitte
here.

To establish whether our population of light neutralin
may be relevant for the effect measured by the DAMA e
periment, we have evaluated (jsscalar

(nucleon))min as a function of
mx ; the energy range of integration employed here isE1
52 keV, E253 keV, andn is set equal to 4. The nuclea
form factors forNa and I are modelled in the Helm form
@36#, with the values of parameters given in Ref.@37#. In Fig.
4 we give the curves of (jsscalar

(nucleon))min versusmx for a
sample of different galactic distribution functions~DF!,
taken among those analyzed in Ref.@38#. The intermediate
curve refers to an isothermal DF withv05220 km s21 and
r050.3 GeV cm23 (v0 is the local rotational velocity!. The
upper curve refers to a spherical Evans’ power-law DF~de-
noted as A3 in Ref.@38#! with v05170 km s21 and r0
50.17 GeV cm23; the lower curve refers to an axially sym
metric Evans’ logarithmic DF with maximal flatness~de-
noted as C2 in Ref.@38#! with v05270 km s21 and r0
51.7 GeV cm23.

From the results displayed in Fig. 4 one sees that inde
part of our population of relic neutralinos of smallmx may
be relevant for the annual-modulation effect discussed ab
s

.
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especially in case of DF’s which entail higher velociti
and/or higher densities as compared to the standard iso
mal distribution. This is a new interesting option which ad
to the other, still valid, possibility which we discussed in t
papers of Ref.@35#, on relic neutralinos with masses abov
50 GeV.

IV. CONCLUSIONS

We have considered phenomenological properties of r
neutralinos in a range of low masses (mx&45 GeV), which
is allowed in a MSSM model without gaugino-mass unific
tion at a grand unification scale. We have numerically eva
ated the relevant relic abundance and the neutralino-nuc
cross section, and discussed our numerical results in term
analytic formulas, which display the connections among c
mological properties and particle-physics parameters.

Using the latest determinations ofVCDMh2 and assuming
R-parity conservation, we have shown that in a MSS
model without gaugino-mass unification the lower bound
the neutralino mass ismx*6 GeV. We have shown analyti
cally how this bound is linked to the cosmological upp
bound onVCDMh2 and to the lower limits on masses o
Higgs bosons and sfermions.

The implications of light relic neutralinos with masse
&45 GeV for WIMP direct searches have been analyzed
is found that these neutralinos are actually relevant
WIMP direct detection experiments of low energy thresho
and large exposure. The present results extend to s
masses our previous analyses about the effects of relic
tralinos with masses above 50 GeV@35#.
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