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Theoretical directional and modulated rates for direct supersymmetric dark matter detection
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Exotic dark matter together with vacuum energy~cosmological constant! seem to dominate in a flat universe.
Thus direct dark matter detection is central to particle physics and cosmology. Supersymmetry provides a
natural dark matter candidate, the lightest supersymmetric particle. It is possible to obtain detectable rates, but
realistically they are expected to be much lower than the present experimental goals. So one should exploit two
characteristic signatures of the reaction: namely, the modulation effect and the correlation with the Sun’s
motion in directional experiments. In standard nondirectional experiments the modulation is small, less than
2%. In the case of directional experiments, the main subject of this paper, we find two novel features, which are
essentially independent of the supersymmetry model employed; namely,~1! the forward-backward asymmetry,
with respect to the Sun’s direction of motion, is very large and~2! the modulation observed in a plane
perpendicular to the Sun’s motion can be higher than 20% and is direction dependent.

DOI: 10.1103/PhysRevD.67.103003 PACS number~s!: 95.35.1d, 12.60.Jv
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I. INTRODUCTION

The combined MAXIMA-1 @1#, BOOMERANG @2#,
DASI @3#, and Cosmic Background Explorer~COBE!/
Differential Microwave Radiometer~DMR! cosmic micro-
wave background~CMB! observations@4# imply that the
Universe is flat@5#, V51.1160.07, while the baryonic com
ponent is very small,Vbh250.0320.008

10.009. Furthermore, ex-
otic dark matter has become necessary in order to close
Universe. In fact, about a decade ago the COBE data@4#
suggested that CDM~cold dark matter! dominates the Uni-
verse,VCDM being at least 60%@6#. Subsequent evidenc
from two different teams, the High-z Supernova Search
Team @7# and the Supernova Cosmology Project@8,9#
changed this view, suggesting that the Universe may
dominated by the cosmological constantL or dark energy. In
other words one roughly finds a baryonic componentVB

50.1 along with the exotic componentsVCDM50.3 and
VL50.6. In a more detailed recentL CDM analysis by Pri-
mack @10# ~see also the analysis by Einasto@11#! we find h
50.7260.08, Vb50.04060.002, and Vm5VCDM50.33
60.035~from cluster baryons, etc.!, 0.460.2 ~from the clus-
ter evolution!, and 0.3460.1 @from the Lya forest P(k)],
while VHDM<0.05 andVL50.7360.08. In other words,
Vm'3/4VL . Since the nonexotic component cannot exce
40% of the CDM@12#, there is room for the exotic WIMP’s
~weakly interacting massive particles!. In fact the DAMA
experiment@13# has claimed the observation of one signal
direct detection of a WIMP, which with better statistics h
subsequently been interpreted as a modulation signal@14#.

Supersymmetry naturally provides candidates for the d
matter constituents@15–18#. In the most favored scenario o
supersymmetry the lightest supersymmetric particle~LSP!
can be simply described as a Majorana fermion, a lin
combination of the neutral components of the gauginos
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Higgsinos@15–22#. The main ingredients of the supersym
metry ~SUSY! input are summarized in the next section. T
essential features of the LSP-nucleus cross section are
cussed in Sec. III. The basic formulas for the event rates
the case of Gaussian models as well as those due to ca
rings, are given in Sec. IV. The results obtained for both
nondirectional as well as the directional experiments are
cussed in Sec. V. Finally, in Sec. VI we present our conc
sions.

II. THE ESSENTIAL THEORETICAL INGREDIENTS
OF DIRECT DETECTION

It is well known that there exists indirect evidence for
halo of dark matter from the observed rotational curves. It
however, essential to directly detect@15–26# such matter,
since this, among other things, will also unravel the nature
the constituents of dark matter. The possibility of detect
depends on the nature of such constituents. Here we
assume that such a constituent is the LSP. Since this par
is expected to be very massive,mx>30 GeV, and extremely
nonrelativistic with average kinetic energy T
'50 keV (mx /100 GeV), it can be directly detected@15–
26# mainly via the recoil of a nucleus (A,Z) in elastic scat-
tering. The event rate for such a process can be comp
from the following ingredients.

~1! An effective Lagrangian at the elementary partic
~quark! level obtained in the framework of supersymmetry
described, e.g., in Refs.@22,23#.

~2! A well defined procedure for transforming the amp
tude obtained from the previous effective Lagrangian fro
the quark to the nucleon level, i.e., a quark model for
nucleon. This step is not trivial since the results obtain
depend crucially on the content of the nucleon in qua
other thanu and d. This is particularly true for the scala
couplings, which are proportional to the quark masses@27–
30# as well as the isoscalar axial coupling.

~3! Computation of the relevant nuclear matrix eleme
@31–33# using as reliable as possible many-body nucl
©2003 The American Physical Society03-1
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wave functions. Fortunately, in the case of the scalar c
pling, which is viewed as the most important, the situation
a bit simpler, since then one needs only the nuclear fo
factor.

Since the rates obtained are very low, one would like to
able to exploit the modulation of the event rates due to
Earth’s revolution around the Sun@34–39#. In order to ac-
complish this one adopts a folding procedure, i.e., one ha
assume some velocity distribution@34,37,39–43# for the
LSP. One also would like to exploit the signatures expec
to show up in directional experiments, by observing t
nucleus in a certain direction. Since the Sun is moving w
relatively high velocity with respect to the center of the g
axy, one expects strong correlation of such observations
the motion of the Sun@19,44#. On top of this one expects in
addition to see a more interesting pattern of modulation.

The calculation of this cross section has become pr
standard. One starts with representative input in the restri
SUSY parameter space as described in the literature@20,22#
~see also Arnowitt and Dutta@24#!. We have adopted a simi
lar procedure, which has been previously described@20# and
will not be repeated here. In the above procedure the m
important constraints on the SUSY parameter space c
from @20,24#.

~1! The LSP relic abundance, which must satisfy the c
mological constraint:

0.09<VLSPh
2<0.22. ~1!

~2! The Higgs boson mass bound. The bound is obtai
from the recent CDF experiment@45# and, especially, CERN
e1e2 collider the LEP2 signal@46,47# mh511520.9

1.3 GeV,
which in SUSY cannot be unambiguously attributed to
definite mass eigenstate. Furthermore, in the LSP-nuc
scattering both physical scalar eigenstates contribute~the
surviving pseudoscalar does not lead to coherence!. A correct
prediction for the Higgs boson mass, however, is essen
since it imposes important constraints on the allowed par
eter space@48,49#.

~3! The b→sg limit and the bound on the anomalou
magnetic moment of the muon; see, e.g., recent work
references therein@25#.

~4! The need to restrict ourselves to LSP-nucleon cr
sections for the scalar coupling that give detectable rate

431027 pb<sscalar
nucleon<231025 pb. ~2!

This is because above this range the direct observation o
LSP should have occurred in the experimental searche
far, and below this it is unobservable. We should remem
however, that the event rate does not depend only on
nucleon cross section, but on other parameters also, ma
on the LSP mass and the nucleus used in target. The co
tion on the nucleon cross section imposes the most se
constraints on the acceptable parameter space. In partic
in our model@20# as well as in other models@51,52,25# it
restricts tanb to values tanb.50.
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III. THE LSP-NUCLEUS DIFFERENTIAL
CROSS SECTION

The expressions for this cross section are well known.
will, however, summarize the main ingredients here for
reader’s convenience and in order to establish notation.

To begin with, the effective Lagrangian describing t
LSP-nucleus cross section can be conveniently put in a f
familiar from weak interactions@23#:

Le f f52
GF

A2
$~ x̄1glg5x1!Jl1~ x̄1x1!J%, ~3!

where

Jl5N̄gl~ f V
01 f V

1t31 f A
0g51 f A

1g5t3!N,

J5N̄~ f s
01 f s

1t3!N. ~4!

We have neglected the uninteresting pseudoscalar and te
currents. Note that, due to the Majorana nature of the L
x̄1glx150 ~identically!.

With the above ingredients the differential cross sect
can be cast in the form@19,36,37#

ds~u,y!5
du

2~m rby!2 F S S̄S1S̄V

y2

c2D F2~u!1S̄spinF11~u!G ,

~5!

S̄S5s0S m r~A!

m r~N! D
2 FA2S f S

02 f S
1 A22Z

A D 2G
.sp,x0

S A2S m r~A!

m r~N! D
2

, ~6!

S̄spin5sp,x0
spin zspin, zspin5

@m r~A!/m r~N!#2

3~11 f A
0/ f A

1 !2
S~u!,

~7!

S~u!5F S f A
0

f A
1

V0~0!D 2
F00~u!

F11~u!

12
f A

0

f A
1

V0~0!V1~0!
F01~u!

F11~u!
1V1~0!2G , ~8!

S̄V5sp,x0
V zV , ~9!

zV5
@m r~A!/m r~N!#2

~11 f V
1/ f V

0 !2
A2S 12

f V
1

f V
0

A22Z

A D 2S y0

c D 2

3F12
1

~2m rb!2

2h11

~11h!2

^2u&

^y2&
G . ~10!

Here, sp,x0
i is the proton cross section,i 5S,spin,V, given

by
3-2
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sp,x0
S

5s0~ f S
0!2S m r~N!

mN
D 2

~scalar!

~the isovector scalar is negligible, mainly since the hea
quarks dominate@27–30#, i.e., sp

S5sn
S),

sp,x0
spin

5s03~ f A
01 f A

1 !2S m r~N!

mN
D 2

~spin!,

sp,x0
V

5s0~ f V
01 f V

1 !2S m r~N!

mN
D 2

~vector!,

wheremN is the nucleon mass,h5mx /mNA, m r(A) is the
LSP-nucleus reduced mass,m r(N) is the LSP-nucleon re
duced mass, and

s05
1

2p
~GFmN!2.0.77310238 cm2, ~11!

Q5Q0u, Q05
1

AmNb2
54.13104A24/3 keV, ~12!

whereQ is the energy transfer to the nucleus,F(u) is the
nuclear form factor, andF11(u) is the isovector spin re
sponse factor.S(u) is essentially independent ofu. It de-
pends crucially on the static spin matrix elements and
ratio of the elementary isoscalar to isovector amplitudes@33#.

In the present paper we will consider both the coher
mode as well as the spin mode, but we will not focus on
nucleon cross section. For the scalar interaction we will us
form factor obtained as discussed in our earlier work.
will also consider the spin contribution, which is expected
be more important in the case of light targets. For a disc
sion of the spin matrix elements we refer the reader to
literature ~see Divariet al. @33,50#!. We mention here only
that the spin matrix elements are the largest and the m
accurately calculated for theA519 system. The static spi

values, however, affect the quantityS̄spin, which affects the
expected rate, but it is not the main subject of the pres
work. What is most relevant here is the spin response fu
tion F11(u). For the light nuclei it was taken from our earlie
work @33# and for the 127I target it was obtained from the
calculation of Resselet al. @31#.

The vector contribution, which, due to the Majorana n
ture of the LSP, is only a relativistic correction and,
present, below the level of the planned experiments,
safely be neglected.

IV. EXPRESSIONS FOR THE RATES

The nondirectional event rate is given by

R5Rnondir5
dN

dt
5

r~0!

mx

m

AmN
s~u,y!uyu, ~13!

wherer(0)50.3 GeV/cm3 is the LSP density in our vicinity
and m is the detector mass The differential nondirection
rate can be written as
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dR5dRnondir5
r~0!

mx

m

AmN
ds~u,y!uyu, ~14!

whereds(u,y) was given above.
The directional differential rate@19,39# in the directionê

is given by

dRdir5
r~0!

mx

m

AmN
y•êH~y•ê!

1

2p
ds~u,y! ~15!

whereH the Heaviside step function. The factor of 1/2p is
introduced, since the differential cross section of the l
equation is the same as that entering the nondirectional
i.e., after integration over the azimuthal angle around
nuclear momentum has been performed. In other wo
crudely speaking, 1/2p is the suppression factor we expect
the directional rate compared to the usual one. The pre
suppression factor depends, of course, on the direction
observation. The mean value of the nondirectional event
of Eq. ~14! is obtained by convoluting the above expressio
with the LSP velocity distributionf (y,yE) with respect to
the Earth, which moves with velocityyE relative to the Sun
~see below!, i.e., is given by

K dR

duL 5
r~0!

mx

m

AmN
E f ~y,yE!uyu

ds~u,y!

du
d3y. ~16!

The above expression can be more conveniently written

K dR

duL 5
r~0!

mx

m

AmN
A^y2&K dS

duL ,

K dS

duL 5E uyu

A^y2&
f ~y,yE!

ds~u,y!

du
d3y. ~17!

Now we perform the needed integrations, first over the
locity distribution ranging from ay0Au, where a
5@A2murby0b#21 andb is the nuclear~harmonic oscillator!
length parameter, to the maximum escape velocityym ; and
second over the energy transferu ranging fromumin dictated
by the detector energy cutoff toumax5@ym /(y0a)#2. Thus
we get

R5R̄t@11h~a,Qmin!cosa#, ~18!

wheret is the total rate in the absence of modulation,a is the
phase of the Earth (a50 around June 2nd!, andQmin is the
energy transfer cutoff imposed by the detector. In the ab
expressionsR̄ is the rate obtained in the conventional a
proach@23# by neglecting the folding with the LSP velocit
and the momentum transfer dependence of the differen
cross section, i.e., from

R̄5
r~0!

mx

m

AmN
A^v2&F S̄S1S̄spin1

^y2&

c2
S̄VG , ~19!
3-3
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where S̄ i ,i 5S,V,spin, contains all the parameters of t
SUSY models. The modulation is described by the param
h.

The total directional event rates can be obtained in a s
lar fashion by suitably modifying Eq.~16!:

K dR

duL
dir

5
r~0!

mx

m

AmN
E f ~y,yE!

y•êH~y•ê!

2p

ds~u,y!

du
d3y.

~20!

The role played by the velocity distribution is very clea
What is the proper velocity distribution to use? It seems b
to apply the Eddington approach@53#. In this approach, one
starts from a given density as a function of space and
solves Poisson’s equation to obtain the potential. Then fr
the functional dependence of the density on the potential
can construct, at least numerically, the density distribution
phase space, as a function of the potentialF(r ) and the
velocity @41,42,53,54#. Evaluating this distribution in our vi-
cinity yields the desired velocity distribution. Since this pr
cedure can be implemented only numerically it is very h
to incorporate in the calculation of the directional rates.
thus follow the conventional approach and use two phen
enological velocity distributions:~i! a Gaussian distribution
which can be either spherically symmetric or only axia
symmetric and~ii ! a velocity distribution prescribed by th
assumption of a late infall in the form of caustic rings.

A. Gaussian distribution

The Gaussian distribution, with respect to the center
the galaxy, is of the form

f ~y8,l!5N~l!
1

~y0Ap!3

3expF2
~l11!@~yy8!21~yz8!2#1~yx8!2

y0
2 G ,

~21!

wherey0 is equal to the velocity of the Sun around the cen
of the galaxy,l is the asymmetry parameter, assumed to
in the range 0<l<1, andN(l) is a normalization constant
N(0)51. One must, of course, transform the above distri
tion into the local coordinate system, taking into accou
both the motion of the Sun as well as that of the Earth.
writing the above velocity distribution we have chosen a
of axes as follows.

The z axis is along the Sun’s direction of motion.
The x axis is the radial direction outward.
The y axis is perpendicular to the galactic plane, so t

the system is a right-handed one. Then

y85y1y0ẑ1yE ,

yE5yE@sina x̂2cosa cosg ŷ1cosa sing ẑ# ~22!
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with g'p/6 and a the phase of the Earth. After that on
must do the folding with the above velocity distributio
However, the integration of Eq.~20! is quite difficult due to
the presence of the Heaviside function. So for the purpos
integration we found it convenient to go to a coordinate s
tem in which the polar axis is in the direction of observati
ê, which in the above coordinate system is specified by
polar angleQ and the azimuthal angleF. In this new coor-
dinate system the polar angle specifying the velocity vec
is simply restricted to be 0<u<p, while the azimuthal
anglef is unrestricted. Thus the unit vectors along the n
coordinate axesX̂,Ŷ,Ẑ are expressed in terms of the old on
as follows:

Ẑ5sinQ cosF x̂1sinQ sinF ŷ1 cosQ ẑ, ~23!

X̂5cosQ cosF x̂1cosQ sinF ŷ2sinQ x̂, ~24!

Ŷ52sinF x̂1cosF ŷ. ~25!

Thus the LSP velocity is expressed in the new coordin
system as

yx5sinQ cosFyX1sinQ sinFyY1cosQyZ , ~26!

yy5cosQ cosFyX1cosQ sinFyY2sinQyZ , ~27!

yz52sinFyX1cosFyY , ~28!

with yX5y sinu cosf, yY5y sinu sinf, yZ5y cosu. It is
thus straightforward to go to polar coordinates in veloc
space and get

K dR

duL
dir

5
r~0!

mx

m

AmN
E

ay0Au

ym
y3 dyE

0

1

dj

3E
0

2p

df
f̃ ~Q,F,y,yE ,j,f!

2p

ds~u,y!

du
~29!

with j5cosu. Now the orientation parametersQ andF ap-
pear explicitly in the distribution function and not implicitl
via the limits of integration. The functionf̃ can be obtained
from the velocity distribution, but it will not be explicitly
shown here. Thus we obtain

Rdir5R̄~ tdir /2p!@11hm cos~a2amp!# ~30!

where the quantitytdir provides the nonmodulated ampl
tude, whilehm describes the modulation amplitude andam is
the shift in phase~in units of p), giving the phase of the
Earth in which the maximum modulation occurs. Clear
these parameters are functions ofQ and F as well as the
parametersa and Qmin . The dependence ona comes from
the nuclear form factor and the folding with the LSP veloci
The other SUSY parameters have all been absorbed inR̄.

Instead oftdir itself it is more convenient to present th
reduction factor of the nonmodulated directional rate co
pared to the usual nondirectional one, i.e.,
3-4
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f red5
Rdir

R
5tdir /~2pt !5k/~2p!. ~31!

It turns out that the parameterk, being the ratio of two rates
is less dependent on the parameters of the theory. The d
tional rate can be cast in an even better form as follows:

Rdir5R̄t
k

2p
@11hm cos~a2amp!#. ~32!

Another quantity, that may be of experimental interest is
asymmetry As5uRdir(2)2Rdir(1)u/@Rdir(2)1Rdir(1)#
in some given direction~1! and its opposite~2!. The most
relevant direction for the asymmetry is that of the velocity
the Sun. As is almost independent of all other parame
except the direction of observation and the velocity distrib
tion. The directional rates exhibit interesting pattern
modulation. From the functionshm(a,Qmin) and am ob-
tained in the present work, it is trivial to plot the expressi
~32! as a function of the phase of the Eartha. Hence, this
will not be done here.

B. Caustic rings

One would like to examine a nonisothermal model to s
what effect, if any, it may have on the directional rate. T
model of caustic rings proposed by Sikivieet al. @55# comes
to mind @39,56#. Admittedly, however, this scenario for dar
matter distribution in the galaxy is not broadly accepted@57#,
since it has not been supported by galaxy evaluation sim
tions. From previous work@39# we take the data for causti

TABLE I. The quantitiesan ,yn85yn /y0 , ynz5ynf /y0 , yny

5ynz /y0 , ynx5ynr /y0 , r̄n5dn /@(n51
20 dn#, and yn5@(ynz21)2

1yny
2 1ynx

2 #1/2 ~for the other definitions, see text!.

n an (kpc) yn8 ynz yny ynx yn r̄n

1 38.0 2.818 0.636 62.750 0.000 2.773 0.0120
2 19.0 2.568 1.159 62.295 0.000 2.301 0.0301
3 13.0 2.409 1.591 61.773 0.000 1.869 0.0601
4 9.7 2.273 2.000 61.091 0.000 1.480 0.1895
5 7.8 2.182 2.000 0.000 60.863 1.321 0.2767
6 6.5 2.091 1.614 0.000 61.341 1.475 0.0872
7 5.6 2.023 1.318 0.000 61.500 1.533 0.0571
8 4.9 1.955 1.136 0.000 61.591 1.597 0.0421
9 4.4 1.886 0.977 0.000 61.614 1.614 0.0331
10 4.0 1.818 0.864 0.000 61.614 1.619 0.0300
11 3.6 1.723 0.773 0.000 61.614 1.630 0.0271
12 3.3 1.723 0.682 0.000 61.591 1.622 0.0241
13 3.1 1.619 0.614 0.000 61.568 1.615 0.0211
14 2.9 1.636 0.545 0.000 61.545 1.611 0.0180
15 2.7 1.591 0.500 0.000 61.500 1.581 0.0180
16 2.5 1.545 0.454 0.000 61.477 1.575 0.0165
17 2.4 1.500 0.409 0.000 61.454 1.570 0.0150
18 2.2 1.455 0.386 0.000 61.409 1.537 0.0150
19 2.1 1.432 0.364 0.000 61.386 1.525 0.0135
20 2.0 1.409 0.341 0.000 61.364 1.515 0.0135
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rings needed for our purpose, which, for the reader’s con
nience, we have included in Table I.

The above expressions simplify significantly in the ca
of caustic rings where the velocity distribution is discre
Thus Eq.~17! takes the form

K dS

duL 5
2r̄

r~0!
a2F S̄SF̄0~u!1

^y2&

c2
S̄VF̄1~u!1S̄spinF̄spin~u!G .

~33!

We remind the reader thatr̄ was obtained for each type o
flow ~1 or 2), which explains the factor of 2. In the Sikivi
model @55# we have 2r̄/r(0)51.25. The quantities
F̄0 ,F̄1 ,F̄spin are obtained from the corresponding form fa
tors via the equations

F̄k~u!5F2~u!C̄k~u!
~11k!

2k11
, k50,1, ~34!

F̄spin~u!5F11~u!C̄0~u!, ~35!

with

C̃k~u!5A2

3(
n51

N

r̄nyan
2k21QS yan

2

a2
2uD , ~36!

with

yan5F S ynz212
d

2
sing cosa D 2

1S yny1
d

2
cosg cosa D 2

1S ynx2
d

2
sina D 2G1/2

~37!

with d52(yE /y0). Integrating Eq.~33! numerically we ob-
tain the total undirectional rate as a function of the phase
the Earth. Unlike our previous work we did not make
expansion in terms ofd, in order to better deal with thresh
old effects. By making a Fourier decomposition of the o
tained rate to an accuracy better than 1% we find

R5R̄t
2r̄

r~0!
@11h~a,Qmin!cosa#. ~38!

In other words the modulation is again described by a
rameterh, which, of course, takes different numerical valu
compared to those of the Gaussian distribution. Note t
unlike our earlier work@39#, the modulationh in this work is
defined with a1 sign. So our present value ofh in the case
of caustic rings is expected to have a phase difference op
compared to that of the usual Gaussian distribution.

Similarly integrating Eq.~20!, we get
3-5
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K dS

duL
dir

5
2r̄

r~0!

a2

2p F S̄SF0~u!1
^y2&

c2
S̄VF1~u!

1S̄spinFspin~u!G . ~39!

The quantitiesF0 ,F1 ,Fspin are obtained from the equation

Fk~u!5F2~u!Ck~u!
~11k!

2k11
, k50,1, ~40!

Fspin~u!5F11~u!C0~u!, ~41!

Ck~u!5
2/3A (

n51

N

r̄nyan
2(k21)XH~X! ~42!

with H(X) the usual Heaviside~theta! function andX given
by

X5S ynz212
d

2
sing cosa Dez•e

1S yny1
d

2
cosg cosa Dey•e1S ynx2

d

2
sina Dex•e.

~43!

Note that inX only certain rings contribute for a given d
rection of observationê ~as dictated by the Heaviside func
tion!. Note further that the other Heaviside function for
given ring n restricts the contribution of the form factor a
follows:

x~yan!5E
umin

yan
2 /a2

F2~u!du, ~44!

and an analogous expression for the spin response func
Once again we did not make an expansion in powers

delta. We Fourier decomposed the final expression and
found that Fourier components higher than unity (n>2) are
negligible. In other words, our results for the directional ra
can be cast in the form of Eq.~32!.

V. RESULTS AND DISCUSSION

The three basic ingredients for the event rate for the L
nucleus scattering are the input SUSY parameters, a q
model for the nucleon, and the velocity distribution com
bined with the structure of the nuclei involved. In the pres
work we will present our results for the coherent scatter
and make comparisons with the spin contribution, whene
possible. We will focus our discussion on light targets~e.g.,
A519,23,29! and the more popular target127I.

We utilized, two nucleon models indicated by B and
~for their description, see our previous work@50#!, which
take into account the presence of heavy quarks in
nucleon. We also considered the effects on the rates of
energy cut off imposed by the detector, by considering t
typical casesQmin50,10 keV.
10300
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The experimentally determined quenching factors~see Si-
mon et al. and Graichenet al. @58,59# and references
therein!, defined as the ratio of the signal induced by nucle
recoil to that of an electron of the same energy, have
been included in calculating the total rates in the pres
work. These factors, which are functions of the energy,
pend mainly on the detector material. For NaI they have b
measured@58,60# down to about 10 keV and they are co
stant, about 0.25. For our calculations employingQmin
510 keV this amounts to a reduction of the parametert to
about 25% of its value presented here. We cannot estim
what the effect of quenching is ongoing below 10 keV. T
modulation amplitude and the reduction factork, however,
being relative parameters, are not expected to be influen
very much by such effects.

A. Isothermal models

For the reader’s convenience we will begin by present
results for the unmodulated nondirectional event ratesR̄t of
the symmetric isothermal model for a favorable SUSY p
rameter choice with large tan(b), described previously@20#,
and shown in Fig. 1 as a function of the LSP mass in G
Clearly, depending on the SUSY parameter space and in
ticular the LSP mass, the rates can change by many orde
magnitude. What we really want to exhibit is the role of t
nucleon model employed and the effect of the energy cut

The two relative parameters, i.e., the quantitiest and h,
for 127I are shown in Figs. 2 and 3, respectively, in the ca
of a Gaussian distribution. For light systems these quanti
are essentially constant independent of the LSP mass~the
reduced mass does not change as the LSP mass incre!.

FIG. 1. The total detection rate per kg of target per yr vs the L
mass in GeV for a typical solution of the parameter space, as
scribed in our previous work~see text!, in the case of127I. The
results shown by thick lines correspond to model B, and those b
thin line to model C. In the upper curve no detector cutoff w
employed, while in the lower curve we used a detector energy
off of Qmin510 keV. Such effects introduce variations in the rat
by factors of about 2.
3-6
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FIG. 2. The dependence of the quantityt on the LSP mass for the symmetric case (l50) on the left as well as for the maximum axia
asymmetry (l51) on the right in the case of the intermediate mass target127I. For orientation purposes two detection cutoff energies
exhibited,Qmin50 ~thick solid line! andQmin510 keV ~thin solid line!. As expected,t decreases as the cutoff energy and/or the LSP m
increase. We see that the parameterl has little effect on the nonmodulated rate.
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They are shown in Table II. In the case of the direction
rates we calculated the reduction factors and the asymm
parameters as well as the modulation amplitude as funct
of the direction of observation, focusing our attention alo
the three axes@38#, i.e., along1z, 2z, 1y, 2y, 1x, and
2x. In the case of the directional rates we calculated
reduction factors and the asymmetry parameters as we
the modulation amplitude as functions of the direction
observation, focusing our attention along the three axes@38#,
i.e., along1z, 2z, 1y, 2y, 1x, and2x.

Since f red is the ratio of two parameters, its dependen
on Qmin and the LSP mass is mild. In the case of lig
nuclear systems (A519, 23, and 29!, these parameters ar
shown in Table II. Note that in the favorable direction2z
~opposite to the velocity of the Sun! the modulation is abou
a factor of 2 bigger than in the non-directional case, but i
still quite small (h50.06). The reduction factor isk50.7. In
the Sun’s direction of motion the process is unobservable
the plane perpendicular to the Sun’s velocity the rate is
ther reduced by a factor of about 3.

The modulation shows a very interesting pattern. If t
observation is done in the direction opposite to the Su
direction of motion, the modulation amplitudehm behaves in
the same way as the nondirectional one, namely,h. It is more
10300
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instructive to consider directions of observation in the pla
perpendicular to the Sun’s direction of motion (Q5p/2).
We see from Table II that now the modulation is quite a
larger, giving rise to a difference between the maximum a
the minimum rates of about 50%.

For heavier nuclei the pattern changes slightly. Our res
are presented in Figs. 4–7, in which we adopted the follo
ing convention: The thick solid line corresponds to1z (Q
50), and the thin line to2z (Q5p). In the case ofQ
5p/2 we encounter four cases. The intermediate thickn
line corresponds to6x, the dotted line to1y, and the
dashed line to2y. In some cases two or more lines ma
coincide. In the case ofk one can distinguish only the curve
corresponding to the threeQ values.

The quantitiesk and hm show some variation with the
LSP mass~see Figs. 4 and 6!, since in this case the reduce
mass changes.

The quantities As andam do not show any significan
changes compared to those of the light systems~see Figs. 5
and 7!. We see that, in the absence of modulation, the as
metry is nonzero only ifê is in the direction of the Sun’s
motion. In the other directions the asymmetry depends on
phase of the Earth and is the same as the modulation,
LSP mass.
of
FIG. 3. The same as in Fig. 2 for the modulated amplitude. We see that the modulation is small and decreases with increasing
It even changes sign for large LSP mass. The introduction of a cutoffQmin increases the modulation~at the expense of the total number
counts!. It also increases with the parameterl.
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TABLE II. The quantitiesk, hm , am , and As for the light nuclear systems (A519, 23, and 29!, are
almost identical. The difference between the coherent and the spin modes is less than 1%. They
essentially independent of the LSP mass and the SUSY parameters. Note that the phase of the modu
the directions2z,1y is the same as in the nondirectional case. The phase of the modulation in th2y
direction is reversed~minimum on June 3rd!. The phase in the6x directions leads to a maximum in betwee
When the range of a variable is given, it depends somewhat on the LSP mass~the mass increases to the right!.

l50
Quantity Direction Qmin50.0 Qmin510.0 keV Qmin50.0 Qmin510.0 keV

t All 1.0 0.6 1.0 0.6
h All 0.02 0.04–0.06 0.04 0.05–0.08
k 1z 0.018 0.010 0.003 0.000

x 0.190 0.177 0.211 0.145–0.186
y 0.190 0.177–0.180 0.150 0.087–0.125

2z 0.690 0.758–0.760 0.752 0.519–0.672
hm 1z 0.211 0.242–0.226 0.361 0.380

1x 0.235 0.292–0.255 0.237 0.325–0.261
1y 0.199 0.299–0.233 0.290 0.456–0.347
2x 0.235 0.292–0.255 0.237 0.325–0.261
2y 0.199 0.199–0.208 0.290 0.243–0.280
2z 0.060 0.100–0.068 0.063 0.158–0.092

am 1z 1 1 1 1
1x 1/2 0.445–0.484 1/2 0.432–0.467
1y 0 0 0 0
2x 3/2 1.555–1.586 3/2 1.587–1.533
2y 1 1 1 1
2z 0 0 0 0

As z 0.945 0.989–0.970 0.991 1.000
x hmusinau hmusinau hmusinau hmusinau
y hmucosau hmucosau hmucosau hmucosau
r

h
re

di-

n-
ibu-
ler
an-

r
he
the
hmucosau,hmusinau in the y direction ~perpendicular to the
plane of the galaxy! andx direction~in the radial direction in
the galaxy!, respectively. The results for the light systems a
presented in Table II.

B. Caustic rings

The case of nonisothermal models, e.g., caustic rings,
previously been discussed@39# in some special cases. He
10300
e

as

we will expand our discussion further. In the case of non
rectional rates, the quantitiest and h for 127I are shown in
Fig. 8. We see that as far ast is concerned there is no esse
tial difference between caustic rings and a Gaussian distr
tion. Notice, however, that the modulation is now smal
and of opposite sign. In the case of directional rates the qu
tities k and hm for 127I are shown in Figs. 9 and 10 fo
Qmin50,10 keV, respectively. The results obtained for t
light systems are shown in Table III. One clearly sees that
l
the
s

FIG. 4. On the left figure one sees the quantityk and on the right the quantityhm for l50 andQmin50. The results are almost identica
for the coherent and the spin modes. They change very little forQmin510 keV. For the identification of the curves see text. Note that in
case of the modulation the curves corresponding to1z and6y coincide. The large modulation seen in the1z direction is essentially useles
since the event rate is very small.
3-8



dulation,

THEORETICAL DIRECTIONAL AND MODULATED RATES . . . PHYSICAL REVIEW D 67, 103003 ~2003!
FIG. 5. The quantities As andam for l50 andQmin50. The asymmetry As, shown on the left, takes only two values As'1.0 in the
direction of the Sun’s motion and zero in all other directions. These asymmetry plots do not contain the contribution due to mo
since, then, the asymmetry would depend on the time of observation~see text!. On the right we show the shift~in units ofp) in the position
of the maximum of the modulated amplitude. This shift is almost zero in the2z,1y directions, close top in the 1z,2y directions, close
to p/2 in the1x direction, and almost 3p/2 in the2x direction. The notation is the same as in Fig. 4.
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maximum rate is now in the direction of the Sun’s motio
1z, and the minimum in the2z direction, i.e., in the oppo-
site sense compared with the Gaussian distribution. In
other directions the rates fall in between. Naturally, the r
is reduced in the presence of an energy cutoff, but in the c
of caustic rings the reduction manifests itself mainly f
small LSP masses. For such masses it is not easy to
energy above threshold transferred to the nucleus. The as
metry is smaller than that of the Gaussian distribution (
50.75 and As50.68 forQmin50 and 10 keV, respectively!.
In the other directions the asymmetry is governed by
modulation.

VI. CONCLUSIONS

In the present paper we have discussed the param
that describe the event rates for direct detection of SU
dark matter. Only in a small segment of the allowed para
eter space are the rates above the present experimental
@20,22,24#. We thus looked for characteristic experimen
signatures for background reduction, i.e.,~a! correlation of
the event rates with the motion of the Earth~modulation
effect! and ~b! directional rates~their correlation with both
the velocity of the Sun and that of the Earth!.

A typical graph for the total nonmodulated rate is sho
in Fig. 1. The relative parameterst and h in the case of
nondirectional experiments are exhibited in Fig. 2 and Fig
10300
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3

for the Gaussian models. For caustic rings they are show
Fig. 8. We must emphasize that the two graphs of Figs. 2
8 do not contain the entire dependence on the LSP m
This is due to the fact that there is the extra factormx

21 in Eq.
~19! and a factor ofm r

2 arising fromS i , i 5S,spin,V @see
Eqs. ~6!, ~7!, and ~10!#. All these factors combined lead t
essentially a constant. There remains, however, a LSP m
dependence, which is due to the fact that the nucleon c
section itself dramatically depends on the LSP mass.

Figures 2, 3, and 8 were obtained for the scalar inter
tion, but similar behavior is found for the spin contributio
From the point of view of the static spin matrix elements t
most favored system isA519 ~see our previous work@33#!.
The scale of the total spin contribution coming from t

SUSY dependent parameterS̄s , which was not discussed in
this work, may be very different from the contribution co
responding to the scalar amplitude quantity. We should a
mention that in the nondirectional experiments the modu
tion 2h is small, i.e., forl50, less than 4% forQmin50
and increasing to 12% forQmin510 keV ~at the expense o
the total number of counts!. For l51 there is no change fo
Qmin50, but it can go as high as 24% forQmin510 keV. In
the case of caustic rings the modulation is smaller and
opposite sign.

For the directional rates it is instructive to examine t
reduction factorsk if the observation is made in a specifi
FIG. 6. The same as in Fig. 4 forl51.
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FIG. 7. The same as in Fig. 5 forl51.

FIG. 8. The same as in Figs. 2~left figure! and 3~right figure! in the case of caustic rings.

FIG. 9. The same as in Fig. 4 for caustic rings withQmin50 (l is irrelevant!.

FIG. 10. The same as in Fig. 9 for caustic rings withQmin510.
103003-10
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TABLE III. The same as in Table II in the case of caustic rings for light nuclear systems (A519, 23, and
29!. Note the difference in the phases between the modulations of the two tables.

Coherent Spin
Quantity Direction Qmin50.0 Qmin510.0 keV Qmin50.0 Qmin510.0 keV

t All 1.23–1.20 0.547–0.893 1.29–1.14 0.520–0.845
h All 20.015 20.057–(20.026) 20.015 20.057–(20.025)
k 1z 0.381 0.310–0.364 0.383 0.310–0.363

x 0.297 0.281–0.293 0.297 0.281–0.293
y 0.150 0.182–0.159 0.149 0.183–0.159

2z 0.060 0.067–0.062 0.060 0.068–0.062
hm 1z 0.086 0.208–0.112 0.083 0.310–0.113

1x 0.143 0.351–0.195 0.139 0.351–0.195
1y 0.249 0.239–0.246 0.249 0.239–0.246
2x 0.144 0.351–0.195 0.137 0.351–0.195
2y 0.247 0.315–0.267 0.245 0.281–0.267
2z 0.178 0.209–0.187 0.178 0.209–0.187

am 1z 1 1 1 1
1x 3/2 3/2 3/2 3/2
1y 0 0 0 0
2x 1/2 1/2 1/2 1/2
2y 1 1 1 1
2z 0 0 0 0

As z 0.726 0.667 0.728 0.667
x hmusinau hmusinau hmusinau hmusinau
y hmucosau hmucosau hmucosau hmucosau
er
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direction, e.g., along the three axes, i.e., along1z, 2z, 1y,
2y, 1x, and2x. These depend on the nuclear paramet
the reduced mass, the energy cutoffQmin , andl @38#. Since
f red is the ratio of two parameters, its dependence onQmin
and the LSP mass is mild. So we present results for127I in
Figs. 4 and 6~see also Figs. 9 and 10 for caustic rings!. In
the case of light systems our results are presented in Tabl
and III. As expected, the maximum rate is along the Su
direction of motion, i.e., opposite to its velocity (2z) in the
Gaussian distribution and1z in the case of caustic rings. I
fact we find thatk(2z) is around 0.5 (l50) and around 0.6
(l51.0). It is not very different from the naively
expected f red51/(2p), k51. The asymmetry along th
Sun’s direction of motion, As5uRdir(2)2Rdir(1)u/
@Rdir(2)1Rdir(1)# is quite characteristic, i.e., almost uni
for Gaussian models and a bit smaller in the case of cau
rings. The rate in the other directions is quite a bit sma
~see Tables II and III! and the asymmetry is equal to th
absolute value of the modulation.

The disadvantage of smaller rates in the plane perpend
lar to the Sun’s velocity may be compensated by the bonu
very large and characteristic modulation.

In conclusion, in the case of directional nonmodulat
10300
s,

II
’s

tic
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d

rates we expect unambiguous correlation with the motion
the Sun, which can be explored by the experimentalists
one concentrates in a given direction a reduction factor
pears. The reduction factor in the most favored direction, i
in the line of motion of the Sun, is approximately on
1/(4p) relative to the nondirectional experiments. In th
plane perpendicular to the motion of the Sun we expect
teresting modulation signals, but the reduction factor
comes worse. These reduction factors do not appear to b
obstacle to the experiments, since the time project
counters~TPC! to be used in the planned experiments c
make observations in almost all directions simultaneou
@61#. Once some candidate events are seen, one can an
them further in the way we propose here by selecting th
corresponding to a given direction of observation.
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