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Direct detection rates for Kaluza-Klein dark matter
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~Received 12 December 2002; published 19 May 2003!

We consider the lightest Kaluza-Klein particles at theN51 mode~LKP! of universal extra dimensions to be
a candidate for cold dark matter. We discuss the possibility of detecting them through direct detection at earth
bound detectors. The detection rates for such particles are predicted for germenium, NaI, and xenon detectors.
We have also calculated the nature of annual modulation for the dark matter signals in these detectors for the
case of LKP dark matter. The variation of detection rates with the variation of rotational speed of the Solar
System in the galactic rest frame is also addressed.
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I. INTRODUCTION

There is strong indirect evidence~gravitational! from
various observations such as velocity curves of spiral ga
ies, gravitational lensing, etc., in favor of the existence of
enormous amount of invisible, nonluminous matter or d
matter in the Universe. This dark matter constitutes m
than 90% of the matter in the Universe. Although the co
stituents of dark matter still remain a mystery, the indire
evidence suggests that a large part of dark matter shoul
nonbaryonic in nature. They are stable, heavy, nonrelativi
@cold dark matter~CDM!# and are weakly interacting. There
fore they are often known as weakly interacting massive p
ticles ~WIMPs!.

Currently the most popular candidate for CDM is t
lightest supersymmetric particle~LSP! which of course is not
a standard model particle. In the minimal supersymme
standard model~MSSM!, the LSP is a neutralino (x). A
neutralino is a Majorana fermion and it is a superposition
supersymmetric partners of neutral U~1! and SU~2! gauge
bosons and neutral Higgs bosons. The conservation ofR par-
ity ensures that the LSP is a stable particle. In the literat
there is a lot of work in which the neutralino in the MSS
and supergravity models is considered as a dark matter
didate@1–5#. In a recent work the neutralino LSP as a da
matter candidate from the minimal anomaly mediated sup
symmetry breaking~MAMSB! model has been addresse
@6#.

In the present work we consider a bosonic particle, unl
the fermionic supersymmetric~SUSY! particle, to be a can-
didate for dark matter. This particle is a lightest Kaluza-Kle
~KK ! particle ~LKP! in universal extra dimension~UED!
@7,8#. The Kaluza-Klein theory@9# is a five-dimensional
theory with four space-time dimensions and one extra sp
dimension, the extra dimension~fifth dimension! is assumed
to be compact. The fifth dimension has the topology o
circle with the compactification radius of the order of Plan
scale. The topology of this five-dimensional space-time
R43S1 and the fifth coordinatey is periodic with 0<y/R
<2p, R being the radius of the circle. When the wa
equation is solved in this space-time, this periodic bound
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condition leads to integer eigenvalues for the momentum
consequently one obtains an infinite tower of massmn with
mn

25n2/R2. This tower is known as a Kaluza-Klein towe
The universal extra dimension~UED! model is one in which
all standard model~SM! particles can propagate in compa
extra dimensions. In UED therefore every standard mo
particle has a KK partner in the KK tower. In the resultin
theory only an even number or odd number of KK mod
interact. This parity conservation of KK particles ensur
that the lightest KK particle or LKP is stable and cann
decay into SM zero modes. Thus LKP can be a candidate
cold dark matter. Following@7# in the present calculation, th
first KK partnerB1 of hypercharge gauge boson is the LK
The LKP is a bosonic particle whereas LSP is a fermio
particle.

The direct detection of WIMP dark matter by a terrestr
detector uses the principle of elastic scattering of WIMP
detector nuclei. But this is a difficult task as the WIMP
nucleus interaction is very feeble. The energy deposited b
WIMP of mass a few GeV to 1 TeV on a detector nucleus
not more than 100 keV. Hence for direct detection of WIM
the detector has to be of low energy threshold and of l
background.

For this calculation of direct detection rates using the p
nomenon of elastic scattering, it is required to estimate
mass range for LKP dark matter. The collider bound for u
versal extra dimension gives 1/R>300 GeV @10# and thus
massmB1 of B1 should not be below 300 GeV. Again th
chosen mass for LKP should be consistent with the re
density for KK particles. In a recent calculation, Serva
et al. @11# has found the range formB1 between 600 and
1200 GeV as being consistent with the dark matter conten
the universe. In the present calculation, we consider the
ues ofmB1 in the range between 600 and 1200 GeV.

There are certain ongoing experiments and proposed
periments for WIMP direct search. The target materials g
erally used are NaI, Ge, Si, Xe, etc. NaI~100 kg! is used for
the DAMA experiment and the near future LIBRA~large
sodium iodine bulk for rare processes! experiment~250 kg of
NaI! @12#. These setups are at Gran Sasso tunnel in Italy.
DAMA Collaboration claimed to have detected this annu
modulation of WIMP through their direct WIMP detectio
experiments. Their analysis suggests the possible presen
dark matter with a mass around 50 GeV. This result is c
tainly far below the range of LKP mass discussed above.
©2003 The American Physical Society10-1
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cryogenic dark matter search~CDMS! detector employs low
temperature Ge and Si as detector materials to detect WI
via their elastic scattering off these nuclei@13#. This is
housed in a 10.6 m tunnel (;16 m.w.e) at Stanford Under
ground Facility beneath the University of Stanford. Althou
their direct search results are compatible with some reg
of 3-s allowed regions for DAMA analysis, it exclude
DAMA results if standard WIMP interaction and a standa
dark matter halo is assumed. The EDELWEISS dark ma
search experiment which also uses a cryogenic Ge detect
Frejus tunnel, 4800 m.w.e under the French-Italian Alps
served no nuclear recoils in the fiducial volume@14#. This
experiment excludes DAMA results at more than 99.8% C
The lower bound of recoil energy in this experiment was
keV. The Heidelberg dark matter search~HDMS! uses in
their inner detector, highly pure73Ge crystals@15# and with a
very low energy threshold. They have recently made av
able their 26.5 kg day analysis. The recent low thresh
experiment GENIUS~Germanium in liquid Nitrogen Under
ground Setup! @16# at Gran Sasso tunnel in Italy has start
its operation. Although a project forbb-decay search, due t
its very low threshold~and expected to be reduced furthe!,
GENIUS is a potential detector for WIMP direct detectio
experiments and for detection of low energy solar neutri
like pp-neutrinos or7Be neutrinos. In the GENIUS exper
ment highly pure76Ge is used as detector material. For da
matter search, 100 kg of the detector material is suspende
a tank of liquid nitrogen. The threshold for germanium d
tectors is around 11 keV. But for GENIUS, this thresho
will be reduced to 500 eV in the future. This will be in
creased in the future. The proposed XENON detector@17#
will consist of 1000 kg of131Xe with 4 keV threshold.

In this work we calculate the direct detection rates
three target materials considering the LKP to be the c
dark matter candidate. These materials are76Ge, NaI, and
131Xe.

The theoretical predictions of event rates have been
dressed by several authors@18–21#. In Ref. @18# Gaisser
et al.gave a theoretical overview of the event rate predicti
In Ref. @19# direct detection rates for detectors with vario
detecting material is given. In Refs.@20,21#, the emphasis
was mainly to analyze DAMA/NaI data. A recent calculatio
of detection rates for KK dark matter is given in Ref.@22#.

The paper is organized as follows. In Sec. II we give
theory for calculation of detection rates for three types
detector materials namely76Ge, NaI, and xenon (131Xe).
The actual calculation of differential rates for various choic
of LKP mass and other parameters is discussed in Sec. II
Sec. IV we give some concluding remarks.

II. THEORY

Differential detection rate of WIMPs per unit detect
mass can be written as

dR

duqu2
5NTE F

ds

duqu2
f ~v !dv, ~1!
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whereNT denotes the number of target nuclei per unit ma
of the detector,F being the WIMP flux,v is WIMP velocity
in the reference frame of Earth, andf (v) is the distribution
of this velocity. The integration is over all possible kinema
configurations in the scattering process. In the above,uqu is
the momentum transferred to the nucleus in WIMP-nucle
scattering. Nuclear recoil energyER is

ER5uqu2/2mnuc

5mred
2 v2~12cosu!/mnuc, ~2!

mred5
mB1mnuc

mB11mnuc

, ~3!

whereu is the scattering angle in WIMP-nucleus center
momentum frame,mnuc is the nuclear mass, andmB1 is the
WIMP mass.

Now expressingF in terms of local WIMP densityrx ,
WIMP velocity v, and WIMP massmB1 and writing uqu2 in
terms of nuclear recoil energyER with noting that NT
51/mnuc, Eq. ~1! takes the form

dR

dER
5

rx

mB1

2
ds

duqu2
E

vmin

`

v f ~v !dv,

vmin5FmnucER

2mred
2 G 1/2

. ~4!

The WIMP-nucleus~or WIMP-nucleon! scattering cross sec
tion has two parts, namely the spin-independent or sc
cross section and the spin-dependent cross section. Her
make the assumption that the scalar cross section domin
over the spin-dependent cross section.1 Following Ref. @23#
the WIMP-nucleus differential cross section for the sca
interaction can be written as

ds

duqu2
5

sscalar

4mred
2 v2

F2~ER!. ~5!

In the abovesscalaris the WIMP-nucleus scalar cross sectio
andF(ER) is the nuclear form factor given by@24,25#

F~ER!5F3 j 1~qR1!

qR1
GexpS q2s2

2 D , ~6!

R15~r 225s2!1/2,

r 51.2A1/3,

where the thickness parameter of the nuclear surface is g
by s.1 fm, A is the mass number of the nucleus, a
j 1(qR1) is the spherical Bessel function of index 1.

1For bosonic KK dark matter scalar cross-section effects domin
@7#.
0-2
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For the distributionf (vgal) of WIMP velocity vgal with
respect to the galactic rest frame, a Maxwellian form is c
sidered here. The velocityv @and f (v)] with respect to the
Earth rest frame can then be obtained by making the tra
formation

v5vgal2v% , ~7!

wherev % is the velocity of Earth with respect to the galac
rest frame and is given by

v % 5v(1vorbcosg cosS 2p~ t2t0!

T D . ~8!

In Eq. ~8!, T51 year is the time period of the Earth’s motio
around the Sun,t0[June 2,vorb is Earth’s orbital speed, an
g.60 ° is the angle subtended by Earth’s orbital plane at
galactic plane. The speed of solar systemv( in the galactic
rest frame is given by

v(5v01vpec, ~9!

wherev0 is the circular velocity of the local system at th
position of solar system andvpec is the speed of solar system
with respect to the local system. The latter is also cal
peculiar velocity and its value is 12 km/s. Although th
physical range ofv0 is given by @26,27# 170 km/s<v0
<270 km/s~90% C.L.!, in the present work we consider th
central value ofv05220 km/s. Here we mention that Eq.~8!
is the origin of annual modulation of the WIMP signal.

Defining a dimensionless quantityT(ER) as

T~ER!5
Ap

2
v0E

vmin

` f ~v !

v
dv ~10!

and noting thatT(ER) can be expressed as@23#

T~ER!5
Ap

4v %

v0FerfS vmin1v %

v0
D2erfS vmin2v %

v0
D G ,

~11!

we obtain from Eqs.~4! and ~5!

dR

dER
5

sscalarrx

4v %mB1mred
2

F2~ER!FerfS vmin1v %

v0
D

2erfS vmin2v %

v0
D G . ~12!

In the above, the value of the local dark matter densityrx is
taken to be 0.3 GeV/cm3. The above expression for the di
ferential rate is for a monoatomic detector like Ge but it c
be easily extended for a diatomic detector like NaI as we w
see later.

In the present case, the lightest KK state or LKP,B1, in
the simplest UED is considered to be the candidate
WIMP dark matter@7#. The spin-independent cross secti
for scattering ofB1 with massmB1 off nucleon or nucleus is
given by @7#
09501
-
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sscalar5
mN

2

4p~mB11mN!2
@Z fp1~A2Z! f n#2,

f p5(
all q

bq1gq

mq
mpf Tq

p ,

f n5(
all q

bq1gq

mq
mnf Tq

n ,

bq5mq

e2

cos2uW
FYqL

2
mB1

2
1mq

L
1

2

~mq
L
1

2
2mB1

2
!2

1~L→R!G ,

gq5mq

e2

2 cos2uW

1

mh
2

. ~13!

In Eq. ~13!, mN is the nuclear or nucleon mass,q denotes the
quarks,Y is the hypercharge andmh is Higgs mass. For the
KK quark massmq1 we follow Ref. @7# and define a degen
eracy parameterd5(mq12mB1)/mB1 and then assign differ-
ent values ofd for the actual calculation of LKP dark matte
detection rates.2 Thus we have three parameters in the cal
lations, namelymB1, the mass of LKP dark matter, the de
generacy parameterd ~or KK quark massmq1), and the
Higgs massmh .

The measured response of the detector by the scatterin
WIMP off detector nucleus is in fact a fraction of the actu
recoil energy. Thus the actual recoil energyER is quenched
by a factorqnX ~different for different nucleusX) and we
should express differential rate in Eq.~12! in terms of E
5qnXER . For the Ge detector the expected energy spect
per energy bin can be expressed as

DR

DE
~E!5E

E/qnGe

(E1DE)/qnGe dRGe

dER
~ER!

dER

DE
~14!

and for a diatomic detector NaI, the above expression ta
the form

DR

DE
~E!5aNaE

E/qnNa

(E1DE)/qnNa dRNa

dER
~ER!

dER

DE

1aIE
E/qnI

(E1DE)/qnI dRI

dER
~ER!

dER

DE
, ~15!

whereaNa andaI are the mass fractions of Na and I, respe
tively, in a NaI detector and are given by~see Table I!

aNa5
mNa

mNa1mI
50.153, aI5

mI

mNa1mI
50.847.

In this work, theoretical prediction of the differential ra
is calculated withDE51 keV.

2The same technique is adopted formq1 in Ref. @22#.
0-3
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III. CALCULATION OF WIMP DETECTION RATES FOR
GERMANIUM, NaI, AND XENON DETECTORS

In order to calculate the theoretical predictions for t
variation of detected signals withE, we use Eqs.~12!–~15!
along with Eqs.~3!,~6!–~9!. The scalar cross section for sca
tering of LKP dark matter off detector nucleus is estima
using Eq.~13!. For f Tq

x (x5p or n), we adopt the centra

values of these quantities given in@7#. Thus, f Tu

p 50.020,

f Td

p 50.026, f Ts

p 50.118, f Tu

n 50.014, f Td

n 50.036, f Ts

n

50.118, andf Tc,b,t

x 52(12 f Tu

x 2 f Td

x 2 f Ts

x )/27.

The WIMP-nucleus scalar scattering cross sections
evaluated by replacingmN in Eq. ~13! by mass of the nucleu
mnuc and using the values off p and f n as given above. The
nuclear massmnuc is calculated using the relationmnuc
5@Zmp1(A2Z)mn#1D2Zme , wheremp andmn are, re-
spectively, the mass of the proton and neutron andme is the
mass of electron (50.511 MeV). The mass excess is d
noted asD. Table I gives the values ofD ~in MeV! and
calculated values ofmnuc for 32

76Ge, 11
23Na, 53

127I, and 84
131Xe

nuclei.
The differential detection rates are computed using E

~4!–~15!. As mentioned earlier we have chosen the LK
mass range such that 600 GeV<mB1<1200 GeV. The
Higgs massmh is taken as 120 GeV. The choice of the thi
parameterd is discussed later.

We first calculate differential ratesdR/dER @Eq. ~12!# for
a wide range of values of recoil energyER with v0
5220 km/s. The value oft in Eq. ~8! is fixed att0, i.e., the
calculations are for June 2. Then we use Eqs.~14!,~15!
for predicting the observable rateDR/DE in the units
of kg21 day21 keV21. The quenching factor for Ge i
qn76Ge 50.25 @19#, and for 23Na, 127I, 131Xe it is
qn23Na50.30 @21#, qn127I 50.09 @21#, andqn131Xe50.80 @19#,
respectively. The value ofDE51 keV (E5qnXER).

For the actual calculation we first estimate the range
recoil energyE for each detector material up to which th
calculation is significant. This can be found out by determ
ing at what recoil energyER the differential rate falls down
considerably. To this end we write Eq.~12! as

dR

dER
5T1T2T3 , ~16!

TABLE I. Mass excessD ~in MeV! and calculated nuclear mas
mnuc for three nuclei used for WIMP detection.

Nucleus D Ref. mnuc

~MeV! ~GeV!

32
76Ge 273.2127 @28# 71.2757

11
23Na 29.5295 @28# 21.5805

53
127I 288.988 @28# 119.1397

84
131Xe 288.415 @28# 122.8985
09501
d
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s.
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-

where

T15
sscalarrx

4v %mB1mred
2

,

T25F2~ER!,

T35FerfS vmin1v %

v0
D2erfS vmin2v %

v0
D G . ~17!

In the above equation the last two termsT2 andT3 are de-
pendent onER and hence we should look for the behavior
these terms to estimate the range ofER ~and henceE) up to
which the rates are to be calculated. To this end we calcu
in Figs. 1–4 the variation of magnitudes,uT2u and uT3u with
ER for the case of the detector materials considered here.
take the cutoff value foruT3u to be 1025. We have also
checked that the value ofT1, for all the three detector mate
rials and the mass range (mB1) considered, never exceed
;231028. The corresponding value ofER will then give
the estimate of the range for the recoil energyER . The range
for recoil energyE actually experienced by the detector c
then be estimated using the relationE5qnXER , qnX being
the quenching factor as mentioned earlier. Moreover, as th
two termsT2 andT3 give the variations of rates withE ~or
ER), these plots~Figs. 1–4! will help us understand the na
ture ~shape! of variations of differential rate with observe
recoil energyE. We will see shortly that the factorT2 greatly
influences the shape ofDR/DE vs E plots.

FIG. 1. Variation ofuT2u anduT3u with recoil energyER @see text
and Eqs.~12! and ~17!# for 76Ge.
0-4
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In Fig. 1 we plot the variation ofuT2u anduT3u with ER for
a 76Ge detector material. As seen from the plot, the value
uT3u falls to the value;1025 ~our cutoff value foruT3u) for

FIG. 2. Same as Fig. 1 but for23Na.

FIG. 3. Same as Fig. 1 but for127I.
09501
fER;1.2 keV. Withqn76Ge50.25, we estimate the range fo
recoil energyE for 76Ge in the present calculation asE
50.25312005300 keV. The variaion~shape! of T2 is
mainly governed by the Bessel function which appeared
Eq. ~6!.

For the case of NaI, we observe the variation ofuT2u and
uT3u with ER separately for23Na and 127I. The larger esti-
mate for the range ofE between these two is to be taken a
the range ofE for NaI. From Fig. 2, the estimated range fo
E for the case of23Na is taken as~with qn23Na50.30)E
50.3034005120 keV.

The influence of the Bessel function for the variation
uT2u is evident in Fig. 3 whereuT2u and uT3u are plotted
againstER for the case of127I. From Fig. 3 we estimate the
range forE to beE.0.0931700.150 keV (qn127I50.09).
Thus the estimate of range of recoil energyE for calculation
of differential rate for the case of NaI detector material
150 keV.

From similar plots in Fig. 4 for131Xe detector material,
although the estimated range forE is E50.8031800
51440 keV, we have checked that it is enough to consi
the range to be up to 450 keV. We have also checked tha
annual rate calculations for131Xe ~Fig. 11! where the differ-
ential rate is to be integrated over a day, the results rem
unchanged even if we go beyond 450 keV.

The degeneracy parameterd, as mentioned earlier, is in
troduced for the KK quark massmq1. Although the masses o
q1 andB1 may be almost degenarate@7#, in order to estimate
how the differential detection rate changes for different v
ues ofd, we have considered an example of76Ge detector

FIG. 4. Same as Fig. 1 but for131Xe.
0-5
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DEBASISH MAJUMDAR PHYSICAL REVIEW D67, 095010 ~2003!
with mB15800 GeV. In Fig. 5 we show the calculation o
differential rates (kg21 day21 keV21) for seven different
values ofd. These values ford are 0.02, 0.04, 0.06, 0.08, 0.1
0.3, and 0.5. The uppermost plot in Fig. 5 is ford50.02
while the lowermost plot corresponds tod50.5. The plots in
between are for the other five values ofd given above with
increasing order of magnitude. In the present calculation
differential detection rates for76Ge, NaI, and131Xe detec-
tors, however, we have taken the value ofd to be 0.03.

The differential detection ratesDR/DE ~/kg/day/keV! for
different values of observed recoil energyE are calculated
using Eqs.~1!–~15! for three types of detector material
namely, 76Ge, NaI, and131Xe. These calculations are pe
formed for three values ofmB1, namely, 600, 900, and 120
GeV. The results are shown in Figs. 6–8, respectively, for
three types of detectors. In Figs. 6–8 we have one featur
common. The differential detection rate decreases as
mass of B1 increases. This feature is mainly due
1/(mB1mred

2 ) behavior of the rate equation@Eqs. ~12,16,17!#
and also due to a decrease ofsscalarwith mB1 in the factorT1
of the rate equation. The kink that appears in Fig. 7 for
case of the NaI detector can now be easily explained fr
Figs. 2 and 3. This is mainly due to the behavior of t
Bessel function appearing in Eq.~6!. Had the energy range
been increased further for the case of76Ge and131Xe detec-
tors, similar kinks would have been observed in Figs. 5
and 8 too but then the signal would be insignificant. Fro
these observations, it can be said that the nuclear f

FIG. 5. Differential detection rateDR/DE vs recoil energyE for
seven different values of degeneracy parameterd, namely, 0.02,
0.04, 0.06, 0.08, 0.1, 0.3, and 0.5. The topmost plot correspond
d50.02 and the lowermost plot corresponds tod50.5. The plots in
between are for the other values ofd, respectively, given above.
09501
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FIG. 6. Differential detection ratesDR/DE (/kg/day/keV) vs
the actual recoil energyE ~keV! for 76Ge for three different values
of mB1, namely, 600 GeV, 900 GeV, and 1.2 TeV. The value ofd is
fixed at 0.03.

FIG. 7. Same as Fig. 6 but for NaI.
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DIRECT DETECTION RATES FOR KALUZA-KLEIN . . . PHYSICAL REVIEW D67, 095010 ~2003!
factor plays an important role in the direct detection rates
dark matter. As nuclear form factor depends on nuclear
tential, it is also important to properly evaluate this quant
For the present calculation we have taken the standard
pression for nuclear form factor given in@23,24,25#.

To this end, it may be mentioned that in a recent work
Servantet al. @22#, the results for such direct detection ra
calculations for LKP dark matter are furnished for thr
types of detector materials, namely,73Ge, NaI, and131Xe.
But they have given the variation ofdR/dER with ER with
mB151 TeV instead of DR/DE against E(E
5quenching factor3ER) as is given in this paper. In th
present work this is obtained~for mB15600 GeV, 900 GeV,
1.2 TeV! by first computingdR/dER and then integrating
over the energy interval betweenER andER1dER that cor-
responds to the interval betweenE and E1DE with DE
51 keV @Eqs.~14!,~15!#. From earlier discussions, and fro
Eqs. ~12!–~15!, it is evident that the differential detectio
rate has a complicated dependence on many parameter
degeneracy parameterd, f p , f n @Eq. ~13!#, the mass of
LKP dark mattermB1, the velocity of the solar systemv(

and hencev % , nuclear form factor, etc. Changes in any
these parameters can affect significantly the calculated de
tion rates. The dependence of rate ond is demonstrated in
Fig. 5 for a 76Ge detector. In the present work the value
degeneracy parameterd is taken to be 0.03 whereas for th
results shown in@22#, d50.15. Also the valuev % used in
this work @see Eqs.~8!,~9!# can be different for the work o
@22#. All these factors contribute to the difference in resu
obtained in the present calculations and those in Ref.@22#.

FIG. 8. Same as Fig. 7 but for131Xe.
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Due to the Earth’s motion around the Sun, the directio
ality of the Earth’s motion changes over the year. This in tu
induces an annual variation of the WIMP speed relative
the Earth ~maximum when the Earth’s rotational velocit
adds up to the velocity of the solar system and minim
when these velocities are in opposite directions!. This phe-
nomenon imparts an annual variation of WIMP detecti
rates at terrestrial detectors. Therefore investigation of
nual variation of WIMP detection rate is a useful method
confirm the WIMP detection. In order to investigate the a
nual variation of WIMP detection rates we calculate t
variation of total rate in one year. In doing this, we varyt
~the day variable! in Eq. ~8! from 1 to 365 and for each valu
of t ~i.e., for each day from January 1! calculate the total rate
by integrating the differential rate over the recoil ener
range. For these calculations we takemB151 TeV and de-
generacy parameterd50.03. The results for annual varia
tions of the events~/kg/day! for three types of detectors con
sidered are furnished in Figs. 9–11, respectively. All t
plots in Figs. 9–11 show the sinusoidal behavior of WIM
detection rate with respect to different days in a year. T
prediction for maximum detection is in June and the mi
mum is in December, as expected.

Although all the investigations above are for a fixed val
of v05220 km/s, we repeat the calculations for five rep
sentative values of v0 in the range 170 km/s<vo
<270 km/s. We calculate the variation of differential rat
with E ~in keV! for the five valuesv05170, 200, 230, 250,
and 270 km/s, with the value oft in Eq. ~8! fixed at t0 and
mB15700 GeV, d50.03. The results for the76Ge detector

FIG. 9. Annual variation of LKP dark matter direct detectio
signal~events/kg/day vs each day in a year! for a 76Ge detector with
mB151.0 TeV.
0-7



ar
al
en
er

for
r
nd

DEBASISH MAJUMDAR PHYSICAL REVIEW D67, 095010 ~2003!
are plotted in Fig. 12 and those for the NaI detector
furnished in Fig. 13. Both Figs. 12 and 13 show that
though at low energy the rates corresponding to differ
values ofv0 are not very different from each other, for high

FIG. 10. Same as Fig. 9 but for NaI.

FIG. 11. Same as Fig. 10 but for131Xe.
09501
e
-
t
recoil energies the differential detection rate is higher
higher values ofv0. Thus the results of future dark matte
direct detection experiments with increased sensitivity a

FIG. 12. Differential detection ratesDR/DE (/kg/day/keV) vs
the actual recoil energyE ~keV! for 76Ge for different values of
velocities of the Solar Systemv0.

FIG. 13. Same as Fig. 12 but for NaI.
0-8
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energy range may perhaps be able to determine more
cisely the value of the circular velocity of the solar syste

IV. DISCUSSIONS AND CONCLUSIONS

We have considered the lowest state Kaluza-Klein part
~LKP! in universal extra dimension to be a candidate for c
dark matter. Unlike the supersymmetric particle, neutrali
which is a fermion, this Kaluza-Klein particle is bosonic. W
have calculated differential rates of direct detection of s
nals in the case of such LKP dark matter for three types
detector materials, namely76Ge, NaI, and131Xe. Due to the
annual motion of the Earth around the Sun, the WIMP s
nals detected by Earth bound detectors suffer an an
modulation with a maximum when the WIMP velocity wit
respect to the Earth is parallel to the Earth’s rotational vel
ity and a minimum when they are antiparallel. We have
timated the nature of annual modulation signal for WIM
for all three types of detectors mentioned above. The ann
modulation signature is a characteristic signature in a d
matter direct search experiment. Lastly, we predicted the
ferential rate for five different values ofv0 within its 90%
C.L. range to show the former’s variation with the circul
velocity of the solar system. The calculations consider th
parameters. They are mass of LKP dark mattermB1, the de-
generacy parameterd ~for KK quark massmq1), and the
Higgs massmh . Estimates can be made formB1 from col-
e
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et
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lider bound@10# and from dark matter content in the un
verse. There are estimates for Higgs mass too but no s
estimate is there for the parameterd. We have seen in Fig. 5
that the detection rate varies;102 for the variation ofd from
0.02 to 0.5 for76Ge. A more careful estimate ford is needed.

For the velocity distribution of cold dark matter, we hav
taken the generally used Maxwellian velocity distributio
This distribution is widely used and is a good approximatio
But for future calculations one also should look for a mo
accurate form of velocity distribution as this quantity is cr
cial for determining the detection rate and more importan
for the calculation of annual modulation. In a recent wo
Vegadoset al. @29# gave a velocity distribution and densit
profile for CDM, based on Eddington theory. In the prese
work CDM densityrx is taken to be 0.3 GeV cm23 which is
again the standard practice.

The dark matter direct detection signal can be used a
probe to find the value ofv0 more precisely. The new detec
tors such as GENIUS, NaI detectors, and the proposed 1
kg 131Xe detector along with various other dark matt
search programs of increased sensitivity, can verify the p
sibility of LKP to be a candidate for dark matter.
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