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Neutralino dark matter in minimal supergravity: Direct detection versus collider searches

Howard Baer and Michal Brhlik
Department of Physics, Florida State University, Tallahassee, Florida 32306

~Received 26 June 1997; published 10 November 1997!

We calculate expected event rates for direct detection of relic neutralinos as a function of parameter space
of the minimal supergravity model. Numerical results are presented for the specific case of a73Ge detector. We
find significant detection rates (R.0.01 events/kg/day) in regions of parameter space most favored by con-
straints fromB→Xsg and the cosmological relic density of neutralinos. The detection rates are especially large
in regions of large tanb, where many conventional signals for supersymmetry at collider experiments are
difficult to detect. If the parameter tanb is large, then there is a significant probability that the first direct
evidence for supersymmetry could come from direct detection experiments, rather than from collider searches
for sparticles.@S0556-2821~98!00301-4#

PACS number~s!: 14.80.Ly, 12.60.Jv, 95.35.1d, 98.80.Cq
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I. INTRODUCTION

Luminous matter comprises less thanV lum5r/rc;0.01
of the matter density of the universe@1,2#, where
rc53H0

2/8pGN is the critical closure density of the un
verse, andH5100h km/sec/Mpc is the scaled Hubble co
stant, with 0.5&h&0.8. In contrast, most inflationary cos
mological models requirer5rc , i.e. a flat universe. The
difference in these matter density values can be reconc
by hypothesizing the existence of dark~non-shining! matter
~DM! in the universe. Experimental evidence for galac
dark matter comes from the enclosed mass versus velo
plots measured for clouds of neutral hydrogen rotating ab
galactic centers~galactic rotation curves!, which imply
V>0.0320.1. An understanding of galactic clustering a
galactic flows points towards even larger values
V;0.221, possibly in accord with inflationary cosmolog
Calculations of big bang nucleosynthesis can only allow
baryonic contribution to the matter density of the universe
be Vbaryonic;0.0120.1, so that ifr5rc , the bulk of dark
matter in the universe must be non-baryonic. Some ca
dates for non-baryonic dark matter from particle physics
clude neutrinos with eV scale masses~hot dark matter:
HDM! and WIMPs ~weakly interacting massive particles!,
such as axions or the lightest neutralino in supersymme
~SUSY! models. Some compelling models of structure fo
mation in the universe which take into account Cosm
Background Explorer~COBE! measurements of the aniso
ropy in the cosmic microwave background actually prefe
‘‘mixed dark matter’’~MDM ! universe~although other mod-
els are possible!. Workable MDM models have been con
structed with ;10% baryonic matter,;30% HDM, and
;60% cold dark matter~CDM, comprised of WIMPs!.

In this paper, we focus attention on the lightest SUS
particle, or LSP—usually the lightest neutralino—from s
persymmetric models. At very early times after the big ba
neutralinos would have existed in thermal equilibrium w
the primordial cosmic soup of particles and radiation. As
universe expanded and cooled, temperatures dropped so
that neutralinos could no longer be produced, although t
could still annihilate away. Ultimately, the expansion rate
the universe exceeded the annihilation rate so that a
570556-2821/97/57~1!/567~11!/$10.00
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density of neutralinos would be locked in. Numerous es
mates of the neutralino relic densityVh2 as a function of
SUSY model parameter space have been made@3,4#. Models
that predictVh2,0.025 cannot even account for the da
matter needed for galactic rotation curves, while values
Vh2.1 would yield a universe younger than 1
3109 years old, in contradiction at least with the ages of t
oldest stars found in globular clusters.

A consequence of the SUSY dark matter hypothesis
that a non-relativistic gas of neutralinos fills all space. To t
this hypothesis, a number of direct detection experime
have been built or are under construction@5#. The general
idea behind these experiments is that relic neutralinos~or
other possible WIMPs! could scatter off the nuclei in som
material, depositing typically tens of keV of energy. Som
examples of how the thermal energy could be detected
clude: ~i! via changes in resistance due to a slight tempe
ture increase~bolometry!, ~ii ! via a magnetic flux change du
to a superconducting granule phase transition, or~iii ! via
ionization. The technical challenge is to build detectors t
could pick out the relatively rare, low energy neutralino sc
tering events from backgrounds mainly due to cosmic r
and radioactivity in surrounding matter. Future detectors
aiming to reach a sensitivity of 0.1–0.01 events/kg/day.
this way, the first evidence for SUSY might come from d
rect neutralino detection rather than from accelerator exp
ments.

Since the pioneering paper by Goodman and Witten@6#,
calculations of neutralino-nucleus scattering have seen c
tinual improvements@7,8,2#. The first step involved in a
neutralino-nucleus scattering calculation is to calculate
effective neutralino-quark and neutralino-gluon interactio
The neutralino-quark axial vector interaction leads in t
non-relativistic limit to a neutralino-nucleon spin-spin inte
action, which involves the measured quark spin conten
the nucleon. To obtain the neutralino-nucleus scatter
cross section, a convolution with nuclear spin form facto
must be made. The neutralino-quark and neutralino-glu
interactions~via loop diagrams! can also resolve into scala
and tensor components. These interactions can be conv
into an effective scalar neutralino-nucleon interaction invo
ing quark and gluon parton distribution functions.
567 © 1997 The American Physical Society
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568 57HOWARD BAER AND MICHAL BRHLIK
neutralino-nucleus scattering cross section can be obta
by convoluting with suitable scalar nuclear form factors. T
final neutralino detection rate is obtained by multiplying
the local neutralino density~estimates are obtained from ga
axy formation modeling!, and appropriate functions involv
ing the velocity distribution of relic neutralinos and th
earth’s velocity around the galactic center.

The goal of this paper is tocomparethe reach for super
symmetry by direct detection experiments with constrai
on model parameter space from relic density calculatio
collider search limits, and limits fromB→Xsg measure-
ments. In addition, we will also compare the reach of dir
detection experiments with the previously calculated reac
collider facilities such as the CERNe1e2 collider LEP 2,
the Fermilab Tevatron Main Injector~MI ! upgrade and the
CERN Large Hadron Collider~LHC! pp collider for super-
symmetry. Such calculations have been carried out ma
within the mSUGRA framework for low tanb (tanb&10).
In addition, we give an outlook for direct detection of ne
tralinos at large tanb, for which the corresponding collide
results are forthcoming. We seek to answer questions s
as: if a positive direct detection signal is seen, what is
implication for collider experiments? Or conversely, if
SUSY signal is seen at a high energy collider, then w
ought we expect from direct detection experiments?

To accomplish our goal, we calculate event rates for
rect detection of relic neutralinos left over from the big ban
For illustration, we present detailed calculations for a73Ge
detector; a73Ge detector has a non-zero nuclear spin con

(J5 9
2 ), so that it would be sensitive to both spin and sca

neutralino-nucleus interactions@9#.
We work within the framework of the paradigm minim

supergravity~mSUGRA! model @10#. This model assume
the minimal supersymmetric standard model, or MSSM
valid at all energy scales from Mweak up to
MGUT.231016 GeV. The mSUGRA model could arise a
the low energy limit of a supergravity theory, where sup
symmetry is broken in the hidden sector of the model
energy scaleM;1010 GeV. Supersymmetry breaking i
communicated to the observable sector via gravitational
teractions, leading to soft SUSY breaking mass terms of
der the electroweak scale,m̃;10021000 GeV. At the GUT
scale@with the added assumption of an approximate glo
U(n) symmetry for the mSUGRA Lagrangian#, this leads to
a common mass for all scalarsm0 and a common trilinear
couplingA0 . Motivated by the apparent unification of gaug
coupling constants, it is also assumed that all gaugino ma
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are unified tom1/2 at MGUT . The weak scale sparticle spe
trum is derived from renormalization group~RG! running of
the SUSY soft breaking parameters. Requiring radiat
electroweak symmetry breaking allows the determination
the superpotential Higgsino mass squaredm2, and allows the
expression of the soft SUSY breaking bilinear termB in
terms of tanb, the ratio of vev’s of the two Higgs fields
Thus, all sparticle masses and couplings are derived in te
of the parameter set

m0 , m1/2, A0 , tanb, and sgn~m!.

We adopt the mSUGRA spectrum calculation encoded i
the event generatorISAJET 7.29 @11#.

In Sec. II, we present details of our calculation for ne
tralino scattering events off a73Ge detector. In Sec. III we
present numerical results for event rates in the param
space of the mSUGRA model, and compare to neutra
relic density contours. In Sec. IV, we compare our results
B→Xsg constraints, and to collider search constraints.
nally, we compare the search capability of a73Ge dark mat-
ter detector to the reach of various future collider expe
ments for mSUGRA. We find usually that a DM detect
attaining a sensitivity of 0.01 events/kg/day will have
greater reach into mSUGRA parameter space than eithe
CERNe1e2 Collider LEP 2 or Fermilab Tevatron upgrade
via their searches for sparticles. However, such dark ma
detectors can only probe a fraction of the parameter sp
that gives rise to a reasonable relic density. A complete
ploration of the cosmologically interesting mSUGRA para
eter space will have to await the CERN LHCpp collider, or
ane1e2 or m1m2 collider operating atAs;1 TeV. In Sec.
V, we give a summary and some conclusions.

II. CALCULATIONAL DETAILS

A. Dark matter detection: Theory

The effective elastic scattering Lagrangian can gener
be divided into two parts:

Lelastic
e f f 5Lscalar

e f f 1Lspin
e f f . ~2.1!

We examine first the scalar Lagrangian, which receives c
tributions from neutralino-quark interaction via squarks a
Higgs bosons exchange, and from neutralino-gluon inter
tions at one-loop level involving quarks, squarks and Hig
bosons in the loop diagrams. On the parton level it is
pressed at scaleQ ~typically ;mZ̃1

! as @8#
Lscalar
e f f 5 f qZ̃̄1Z̃1 q̄q1gq@22i Z̃̄1gm]nZ̃1Q~2!mn2 1

2 mqmZ̃1
Z̃̄1Z̃1 q̄q#1aS@2~B1D1B1S! Z̃̄1]m]nZ̃1

1B2SZ̃̄1~ igm]n1 ign]m! Z̃1#G~2!mn1aSbZ̄̃1Z̃1Fmn
a Famn. ~2.2!

Here

Qmn
~2!5

i

2
~ q̄gm]nq1 q̄gn]mq2 1

2 gmn q̄g•]q! Gmn
~2!5Fmr

a Fn
ar1 1

4 gmnFrs
a Fars
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are traceless twist-2 quark and gluon operators, and for the sake of brevity the effective couplings are given in the A
Using nucleonic matrix elements

^NuQmn
~2!~q2→0!uN&5

1

mN
~pmpn2 1

4 mN
2 gmn!E

0

1

x@qN~x,Q!1 q̄N~x,Q!#dx

3^NuGmn
~2!~q2→0!uN&5

1

mN
~pmpn2 1

4 mN
2 gmn!E

0

1

xgN~x,Q!dx
-

e
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~here,q2 is the momentum transfer squared, andpm is the
nucleon four-momentum! and introducing the parton distri
bution functionsqN , q̄N andgN , and using

^NuFrs
a Fars~q2→0!uN&5

8p

9aS
mNf TG

~N! ,

^Numqq̄quN&5mNf Tq
~N! ,

it is possible to convert Lagrangian~2.2! into an effective
neutralino-nucleon Lagrangian

Lscalar
e f f 5 f pZ̃̄1Z̃1C̄pCp1 f nZ̃̄1Z̃1C̄nCn . ~2.3!

Evaluation off N for N5p,n yields

f N

mN
5 (

u,d,s

f Tq
~N!

mq
@ f q

~ q̃ !1 f q
~H !2 1

2 mqmZ̃1
gq#1

2

27
f TG

~N! (
c,b,t

f q
~H !

mq

2
3

2
mZ̃1 (

u,d,s,
c,b

gq~Q!@qN~2,Q!1 q̄N~2,Q!#2
8p

9
b fTG

~N!

1
3

2
aSmZ̃1

@B2S1 1
2 mZ̃1

~B1D1B1S!#gN~2,Q!, ~2.4!

where the various coupling constants are given in the App
dix. Here we have used the general definition of ann-th
integral momentf (n,Q)5*0

1xn21f (x,Q)dx and applied it to
the parton distribution functions. The differential cross s
tion for a neutralino scattering off a nucleusXZ

A with mass
mA is then expressed as

dsscalar

duqW u2
5

1

pv2 @Z fp1~A2Z! f n#2F2~Qr !, ~2.5!

whereqW 5@mAmZ̃1
/(mA1mZ̃1

)#vW is the transfered momen

tum, Qr5uqW u2/2mA and F2(Qr) is the scalar nuclear form
factor.

Interaction between the neutralino and quark spins is
scribed by a parton-level Lagrangian@2#

Lspin
e f f 5dqZ̃̄1gmg5Z̃1 q̄gmg5q ~2.6!

which translates with the help of nucleonic spin matrix e
ments

^Nu q̄gmg5quN&52smDq~N!
n-

-

e-

-

into

Lspin
e f f 52&~apZ̃̄1gmg5Z̃1C̄psmCp

1anZ̃̄1gmg5Z̃1C̄nsmCn!, ~2.7!

explicitly involving the nucleon spin vectorssm . Coeffi-
cients

ap5
1

&
(

u,d,s
dqDq~p!, an5

1

&
(

u,d,s
dqDq~n! ~2.8!

depend on experimental values ofDq(N), which are affected
by significant uncertainties which lead to variations in t
cross section. More details on the couplings are again gi
in the Appendix. For a nucleus with total angular momentu
J, the spin interaction differential cross section takes
form

dsspin

duqW u2
5

8

pv2 L2J~J11!
S~ uqW u!
S~0!

, ~2.9!

whereS(uqW u)/S(0) is the nuclear spin form factor norma
ized to 1 for pointlike particles, and
L5J21@ap^Sp&1an^Sn&#. The quantities^Sp& and ^Sn&
represent the expectation value of the proton~neutron! group
spin content in the nucleus.

Putting both scalar and spin interaction contributions
gether and convoluting them with the local neutralino fl
~which depends on thelocal relic densityr Z̃1

!, the differen-
tial detection rate is calculated to be

dR

dQr
5

4

Ap3

r Z̃1

mZ̃1
v0

T~Qr !H @Z fp1~A2Z! f n#2F2~Qr !

18L2J~J11!
S~ uqW u!
S~0!

J , ~2.10!

wherev0;220 km/s is the circular speed of the Sun arou
the center of our galaxy and

T~Qr !5
Apv0

2 E
vmin

` f Z̃1

v
dv ~2.11!

integrates over the neutralino velocity distribution.
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570 57HOWARD BAER AND MICHAL BRHLIK
B. Detection rates in germanium detectors

In order to obtain a quantitative estimate of neutrali
detection rates in the mSUGRA framework which could
compared to phenomenological constraints and colli
reaches, we have evaluated the rate for the case of a73Ge
detector. In our calculations, we have taken the neutra
density to be thelocal relic density consistent with galacti
formation models including varying baryonic mass fracti
in the galaxy@12#. In the simplest Gaussian model takin
into account the motion of the Sun and Earth, the integra
velocity distribution can be written as@2#

T~Qr !5
Apv0

4ve
FErfS vmin1ve

v0
D2ErfS vmin2ve

v0
D G

~2.12!

with

vmin5AQr~mZ̃1
1mA!2

2mZ̃1

2
mA

,

and where the Earth velocityve is given by

ve5v0F1.0510.07 cosS 2p~ t2tp!

1 yr D G , ~2.13!

with tp.June 2. The general nuclear properties needed

the 73Ge mass,mGe567.93 GeV, and its total spinJ5 9
2 .

To determine the scalar contribution, it is necessary
compute the parton distribution integrals at a scale defi
by the average squark mass and neutralino m
Q2.(mq̃

2
2mZ̃1

2 ). We employ the CTEQ3L parton distribu

tion function parametrization@13# for numerical calculation.
The most recent values of the matrix element coefficie
f Tq

(N) and f TG
(N)512(qf Tq

(N) were compiled by@2# giving
f Tu

(p)50.019, f Td
(p)50.041, f Tu

(n)50.023, f Td
(n)50.034 and

f Ts
(p)5 f Ts

(n)50.14. We adopt the Saxon-Woods scalar fo
factor suggested in@14#

F~Qr !5
3 j 1~qR0!

qR1
e2~qs!2/2,

where R15AR225s2, R5A1/331.2 fm, j 1 is a spherical
Bessel function ands51 fm.

In the case of the spin interaction, the spin analogue
the parton distibution functions are much less well know
and we take@15# Dup5Ddn50.78, Ddp5Dun520.5 and
Dsp5Dsn520.16. Theoretical predictions for the spin co
tent of the two nucleon groups in the nucleus and the s
form factor are very model dependent. To make a consis
choice, we follow @16#, where for 73Ge ^Sp&50.03,
^Sn&50.378 and the form factor is given as

S~q!5~ap1an!2S00~q!1~ap2an!2S11~q!

1~ap
22an

2!S01~q!

and theSi j individual form factors are evaluated as polyn
mial fits to data.
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As a final step in the calculation, the differential ra
dR/dQr must be integrated overQr ranging typically from
;0 to less than 100 keV. We will show the rateR in events/
kg/day for a particular choice of the assumed local neutra
density r Z̃1

55310225 g cm23 @12#. The standard lore is
that the local halo density uncertainty should be roughl
factor of two; a more accurate prediction based on gal
formation models would be needed to reduce it.

III. NEUTRALINO DETECTION RATES IN MSUGRA
PARAMETER SPACE

We show our first numerical results for direct detection
neutralinos in Fig. 1, where we plot contours of scatter
events/kg/day for a73Ge detector as a function of mSUGR
parametersm0 vs. m1/2 with A050, tanb52 and 1a m,0
and 1b m.0. The region labeled TH is excluded by theore
ical consideration: either the LSP is charged or colored~not
the lightest neutralino!, or radiative electroweak symmetr
breaking is not properly attained. The region labeled EX
excluded by collider searches for SUSY particles. By far
strongest of these for mSUGRA is the recent limit from t
CERN e1e2 Collider LEP 2 thatmW̃1

.85 GeV @17#. We

FIG. 1. A plot of contours of neutralino scattering events/kg/d
in a 73Ge detector, for mSUGRA parametersA050, tanb52 and
~a! m,0 and ~b! m.0, in them0 vs. m1/2 plane. The regions la-
beled TH are excluded by theoretical considerations, while the
regions are excluded by collider searches for SUSY particles.
region to the right of the solid contour is excluded byVh2.1. We
also show contours of neutralino relic densityVh250.15 and 0.4;
the region in between is favored by models of a MDM universe
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57 571NEUTRALINO DARK MATTER IN MINIMA L . . .
also show the contour of constantVh251 ~solid!; beyond
this contour, mSUGRA parameter space points lead to
verse with age less than 103109 years. In addition, the dot
dashed contours correspond toVh250.15 and 0.4; the re
gion between these contours is favored by MD
cosmological models.

We find in frame 1a that the direct dark matter detectio
rates are uniformly low throughout the parameter sp
shown; for all points sampled, we foundR,0.01/kg/day,
which is less than the goal for such detectors at least in
near-term future. In frame 1b, however, form.0, we find
larger rates for dark matter detection, with a significant fr
tion of parameter space withm1/2,200 GeV accessible to
dark matter detectors achieving a sensitivity
R*0.01/kg/day. Note that theR*0.01/kg/day region over-
laps with the lower portion of the region favored by a MD
universe.

In Fig. 2, we show similar results, except now we ta
tanb510. In Fig. 2, the region below the dotted contour
where Vh2,0.025—too small to account for the galact
rotation curves. In frame 2a, we find considerably larger de
tection rates than for Fig. 1a, with R reaching values;0.1 in
the lower-left. However, in this region,Vh2,0.025 so that
the highest detection rates exist in an uninteresting regio
relic density. DM detectors with sensitivityR*0.01/kg/day
can probe just the lower portion of the MDM cosmologica
favored region. Likewise, in frame 2b, event rates are large
as well than in Fig. 1b, with the entire region shown below
m1/2.200 GeV accessible to DM detectors able to achiev

FIG. 2. Same as Fig. 1, except for tanb510. Below the dotted
contour is whereVh2,0.025.
i-

e

e

-

f

of

a

counting rate ofR50.01/kg/day.
Figure 3 is similar in construction to Figs. 1 and 2, b

with tanb535. Note, however, the expanded scale relat
to Figs. 1 and 2. The first peculiarity of note is that the T
region has expanded considerably. This is due to the ma
tude of thet Yukawa coupling at large tanb, which drives
the t̃ 1 mass to lower values than corresponding slept
from the first two generations. The expanded TH region
the upper left is thus wheremt̃ 1

,mZ̃ , so that thet̃ 1 is the
LSP instead of the lightest neutralino.

In Figs. 3a and 3b, we see that the regions of cosmolog
cally interesting relic densityVh2 are much larger than fo
the low tanb cases. In this case, the enhanced Higgs c
pling to b b̄ andt t̄ at large tanb gives rise to a very broad
resonance structure so thats-channel annihilation of neutrali
nos is possible over a very large region of parameter sp
Note in particular that no upper limit on SUSY partic
masses is evident in these plots from theVh2,1 constraint.

We find in Fig. 3 that the dark matter detection rateR has
grown even larger for lowm1/2 values, relative to Figs. 1 an
2, so thatR exceeds 1 event/kg/day in the lower left. In th
region, however,Vh2,0.025 so that again the largest dete
tion rates are in a cosmologically uninteresting region. W
see thatR can exceed values of 0.01/kg/day form1/2 as high
as 300 GeV, which corresponds to a reach inmg̃ of
;750 GeV.

The large increase in DM detection rate for large tanb
has been noted previously by Drees and Nojiri@8#. This is a

FIG. 3. Same as Fig. 1, except for tanb535. Note, however, the
expanded scale relative to Figs. 1 and 2.
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572 57HOWARD BAER AND MICHAL BRHLIK
fortuitous result: the region of parameter space where
detection is easiest is precisely the region of parameter s
where collider detection of SUSY particles is most difficu
~this will be discussed in more detail in Sec. IV!. We show
the explicit variation inR with tanb for the mSUGRA point
m0 , m1/2, A05150, 200, 0 GeV in Fig. 4. Here we see th
event rate increasing by more than one~two! orders of mag-
nitude with tanb for m.0 (m,0). Figure 4 has some re
semblance to Fig. 3 of the second paper of Ref.@8#; in our
case~for a 73Ge detector instead of a spin-076Ge detector!,
the large spin-spin interaction causes the main difference
tween the plots.

For 73Ge, the spin coupling is large, and can cause
axial-vector interaction to exceed the scalar interaction e
for nuclei as heavy as Ge. This is shown in Fig. 5, where
plot the ratioRspin /Rscalar for the same mSUGRA point a
in Fig. 4. Here, we see that the spin interaction actua
dominates for tanb;6, for m,0. This is contrary to naive
expectations that the spin interaction is always sub-domin
for nuclei with A*20.

FIG. 5. A plot of the ratio of neutralino scattering events fro
the spin-spin interaction over that from scalar interactions
mSUGRA parametersm0 , m1/2, A05150, 200, and 0 GeV, versu
tanb for m,0 andm.0.

FIG. 4. A plot of neutralino scattering events/kg/day in a73Ge
detector, for mSUGRA parametersm0 , m1/2, A05150, 200, and 0
GeV versus tanb for m,0 andm.0.
ce

e-

e
n
e

y

nt

In Fig. 6, we show an example of the variation in da
matter detection rate versus variation in the trilinear so
breaking term A0 , for m0 , m1/25150, 200 GeV, and
tanb510. From this plot, we see that the DM detection ra
can vary with A0 by an order of magnitude; this sort o
variation must be taken into account if dark matter detect
experiments ever try to obtain limits on mSUGRA parame
space.

Finally, we note that a seasonal variation in the DM d
tection rate is expected@2#. This is caused by accounting fo
the earth’s velocity about the sun, while at the same ti
accounting for the sun’s velocity about the galactic center
Fig. 7, we plot the DM detection rate as a function of mon
of the year~beginning with Jan. 1!. The maximum detection
rate occurs around June 2, although the seasonal varia
amounts to less than a percent, so that very high coun
rates would be necessary to detect this. We note as well
if DM detectors are sensitive to the direction of collisio
products, these should also depend on the time of day
season of the year.

r

FIG. 7. A plot of neutralino scattering events/kg/day in a73Ge
detector for mSUGRA parametersm0 , m1/2, A05150, 200, 0 GeV
with tanb520 andm.0, versus month of the year, from Jan. 1
Dec. 31, showing the expected seasonal variation in dark ma
detection rate.

FIG. 6. A plot of neutralino scattering events/kg/day in a73Ge
detector, for mSUGRA parametersm0 , m1/25150, 200 GeV with
tanb510, versus the parameterA0 , for m,0 andm.0.
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IV. COMPARISON WITH SUSY SEARCHES
AT COLLIDERS

In this section, we compare our results for direct detect
of neutralino DM with constraints fromB→Xsg searches,
and with expectations for various collider searches. In th
comparisons, we are restricted to values of tanb,10, for
which detailed collider andB→Xsg calculations are avail-
able. Only recently has the event generator ISAJET b
upgraded to handle large tanb cases, so detailed studies f
collider expectations still need to be made@18#.

The rare decayB→Xsg has been shown to yield rathe
strong constraints on supersymmetric models, due to l
amplitudes containing charginos, neutralino, gluinos, squa
and charged Higgs bosons@19#. In a recent paper@20#, a
QCD-improved calculation of theB→Xsg branching frac-
tion has been made for the mSUGRA model. The sensiti
to variations in the QCD renormalization scale has been
duced considerably compared to previous results. In this
per, only chargino, charged Higgs andW-boson loops have
been included, which is appropriate for small to moder
values of tanb. Comparison of calculated branching fra
tions to recent results from the CLEO experiment has
sulted in identification of regions of mSUGRA model para
eter space which are excluded at 95% C.L. For large tanb, g̃

and Z̃i loops will also be relevant~see Borzumati, Drees an
Nojiri, Ref. @19#!. In this case, the derived constraints w
depend sensitively upon details of the assumed structur
high scale squark mass matrices, so that the implications
be much more model dependent.

In Fig. 8, we again show them0 vs. m1/2 plane for
tanb52. This time, we show in Fig. 8a the region excluded
by the 95% C.L. CLEO result compared to mSUGRA mod
calculations. We exclude parameter space points where
B→Xsg branching ratio falls outside the CLEO 95% C.
limits for all choices of renormalization scal
mb/2,Q,2mb . The excluded region is in the lower left o
frame 8a, where the dark matter detection rate is large
although still smaller thanR50.01/kg/day. In this frame, we
also show the region that can be searched by the CERN
2 e1e2 collider operating atAs5190 GeV, and accumulat
ing ;500 pb21 of integrated luminosity~dotted curve!. The
left-side bulge in this contour is where the CERN LEP
e1e2 Collider is sensitive to selectron searches, while bel
the right-hand side, which asymptotically approach
m1/2.100, is where LEP 2 is sensitive to chargino p
searches@21#. We also note that LEP 2 is sensitive to almo
the entire plane shown via thee1e2→Zh search channel; in
this case, however, it will be difficult to tell the light SUS
Higgsh from the SM Higgs boson. Finally, we also show t
dashed contour, which is the reach of the Tevatron M
Injector ~MI: As52 TeV; integrated luminosity52 fb21).
This latter curve mainly results from regions where the cle
trilepton signal fromW̃1Z̃2→3l is observable above SM
backgrounds@22#. By comparing all the contours of Fig. 8a,
we note that the lowm1/2 region of the MDM-favored region
is excluded byB→Xsg, which also excludes much of th
region open to SUSY discovery by LEP 2 and Fermil
Tevatron MI searches. If mSUGRA is correct, with tanb52
and m,0, then LEP 2 may well discover the light Higg
n
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scalarh, but probably there will be no direct detection o
SUSY DM and SUSY discovery will have to wait for th
CERN LHC pp collider, which has the ability to explore th
entire SUSY parameter space with relatively low luminos
@23#.

In Fig. 8b, none of them0 vs. m1/2 plane is excluded by
B→Xsg. The reach of the CERNe1e2 Collider LEP 2 is
almost always below the MDM-favored region. Howeve
both the Fermilab Tevatron MI as well as DM detectors s
sitive to R.0.01/kg/day can explore the lower limits of th
MDM region. In this case, the MI has somewhat of a bet
reach for SUSY than direct DM detection experiments, wh
LEP 2 would stand again a good chance to find the li
Higgs scalarh @21#.

In Fig. 9a, we show the plane for tanb510 andm,0.
The outstanding feature here is thatB→Xsg data exclude
almost the whole plane belowm1/2;350 GeV~correspond-
ing to mg̃&900 GeV!, including essentially all of the MDM-
favored region@20#. If mSUGRA exists in this paramete
plane, then direct DM detection experiments, LEP 2 a
Tevatron MI will find no evidence of SUSY, and SUS
discovery will have to await the LHC~although B→Xsg
experiments may have a strong hint of new physics!.

Figure 9b shows them0 vs. m1/2 plane for tanb510 and
m.0. In this case, none of the plane shown is excluded
B→Xsg. In fact, the mSUGRA region aroun
m1/2.200 GeV gives a better match to CLEO data than d
the SM. For this case, the reach of LEP 2 is below the MD
region, and in addition the Higgs scalarh is too heavy for

FIG. 8. Same as Fig. 1, but with in additionb→sg exclusion
contours, plus the reach contours for LEP 2 and Fermilab Teva
MI experiments for detecting SUSY.
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detection at LEP 2. The Tevatron MI can explore a port
of the MDM favored region. However, a DM detector wi
sensitivityR.0.01/kg/day will be sensitive to the addition
region with m1/2&200 GeV, andm0*150 GeV, which is
inaccessible to Tevatron or LEP 2 searches. This region
cludes the entire MDM-favoreds-channel annihilation corri-
dor for whichm1/2;180 GeV. This latter region is also fa
vored by theB→Xsg measurement@20#.

Finally, we coment upon the large tanb region, for which
detailed collider studies andB→Xsg calculations have yet to
be made. Drees and Nojiri pointed out that as tanb increase,
the Higgs pseudoscalar massmA decreases significantly, s
that over much of parameter space the neutralino relic d
sity decreases, mainly due tos-channel Z̃ Z̃→A, H→b b̄
annihilation reactions@3#. We have verified this with the
relic density contours presented in Fig. 3. In a recent pa
@18#, detailed calculations of sparticle masses, produc
and decay processes at large tanb were reported. It was
noted that for large tanb, theW̃1 and Z̃2 branching ratios to
t leptons andb-quarks increases due to Yukawa coupli
effects, which leads to a diminution of the correspond
branchings to easily detectablee andm states. This generally
ought to make SUSY detection much more difficult for t
Tevatron MI than corresponding mSUGRA points with lo
tanb. However, we note from Fig. 3 that the large tanb
region is precisely where DM detection rates can be larg
Hence, if tanb is large, it is possible that the first evidenc
for SUSY might come from direct dark matter detectio

FIG. 9. Same as Fig. 2, but with in additionb→sg exclusion
contours, plus the reach contours for LEP 2 and Fermilab Teva
MI experiments for detecting SUSY.
n

n-

n-

er
n

g

t.

,

rather than from LEP 2 or MI searches. It is expected that
CERN LHC pp collider will still be able to cover the entire
mSUGRA parameter space even if tanb is large, at least via
multijet1ET

mis. searches@18#.

V. SUMMARY AND CONCLUSIONS

In this paper, we have presented expected event rate
direct detection of neutralinos by cryogenic dark matter
tectors. To be specific, we chose to perform calculations
a 73Ge detector. Many other choices of materials are p
sible, and analogous calculations can be made by using
ferent nuclearA, Z and J values, and by using differen
nuclear form factors. Our main results were presented
Figs. 1–3 as functions of mSUGRA parameter space. W
interpreting these results, the intrinsic uncertainties in
calculations should be kept in mind. Roughly, we expec
factor of ;2 uncertainty from each of~i! calculations in
leading-log QCD,~ii ! uncertainty in knowledge of thelocal
dark matter relic density and~iii ! uncertainty in nuclear form
factors and in quark contributions to nucleon spin. Simp
tically adding these in quadrature would imply our results
event rates are only reliable to a factor 3–4. In additio
variation of the parameterA0 can cause changes in the DM
detection rates by up to an order of magnitude~see Fig. 6!.

One of our main goals in this paper was to compare
reach for supersymmetry by dark matter detectors agains
reach for SUSY via collider experiments and rare dec
searches. A dark matter detector reaching a sensitivity
R;0.01/kg/day usually would have a better reach
mSUGRA parameter space than LEP 2 would for SU
particles~but not if one includes LEP 2 sensitivity to Higg
bosons!. Dark matter detectors can be comparable to
Tevatron MI in terms of reach for mSUGRA for low value
of tanb. However, for large tanb, dark matter detectors
have anincreasedevent rate, whereas the reach of the Tev
tron MI will likely diminish relative to capabilities at modes
values of tanb. For the large tanb case, the first direct evi-
dence for SUSY may well come from direct detection e
periments. We note that even if dark matter detectors o
achieve a sensitivity of 0.1/kg/day, they would still have
substantial reach for SUSY in the large tanb region. The
relative capabilities at low and high tanb underscores an
other facet of complementarity between collider search
periments, and direct detection of dark matter. Obviously
one detects SUSY at collider experiments, it would still
fascinating to verify the existence and properties of n
tralino dark matter.
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APPENDIX A: EFFECTIVE COUPLINGS FOR
NEUTRALINO-NUCLEON SCATTERING

In this Appendix we summarize effective couplings ent
ing the scalar and spin Lagrangian for neutralino scatter

n



o
e

o
op

a

ou-

lly

57 575NEUTRALINO DARK MATTER IN MINIMA L . . .
on nucleons, and express them in terms of the MSSM c
pling constants and masses. Most of the time we follow R
@8#.

Both interactions are mediated by squarks, Higgs bos
or the Z0 boson connecting either directly or through a lo
the neutralino lines of propagation with quark~gluon! lines
in the nucleon. The lightest neutralino-quark-squark L
grangian reads

LZ̃l q q̃5 (
i 51,2

Z̃̄l ~aq̃i
1bq̃i

g5!q q̃i1H.c. ~A1!

and thea andb coefficients take the form

aq̃i
5

1

&
H 2Mi1FeeqNl 18 1

g

cosuW
Nl 28 ~T3q2eq sin2 uW!

1
gmq

2mW
Nl xG1Mi2FeeqNl 18 2

g

cosuW
Nl 28 eq sin2 uW

2
gmq

2mW
Nl xG J , ~A2!

bq̃i
5

1

&
H 2Mi1FeeqNl 18 1

g

cosuW
Nl 28 ~T3q2eq sin2 uW!

2
gmq

2mW
Nl xG1Mi2F2eeqNl 18

1
g

cosuW
Nl 28 eq sin2 uW2

gmq

2mW
Nl xG J , ~A3!

where

S q̃1

q̃2
D 5S M11 M12

M21 M22
D , S q̃L

q̃R
D 5S cosuq sin uq

2sin uq cosuq
D S q̃L

q̃R
D ,

~A4!

andx53(4) for adown ~up! type quark. The 434 N matrix
diagonalizes the neutralino mass matrix and

S Nj 18

Nj 28
D 5S cosuW sin uW

2sin uW cosuW
D S Nj 1

Nj 2
D . ~A5!

The f q coupling in ~2.2! can be split into two parts

f q5 f q
~ q̃ !1 f q

~H ! , ~A6!

where the squark part is

f q
~ q̃ !52

1

4 (
i 51,2

aq̃i

2
2bq̃i

2

mq̃i

2
2~mZ̃1

1mq!2 , ~A7!

and the Higgs exchange part is

f q
~H !5mq (

j 51,2

cZ̃
~ j !cq

~ j !

mH j

2 . ~A8!

Mixing in the Higgs sector results in
u-
f.

ns

-

cZ̃
~1!

5
1

2
~gNl 22g8Nl 1!~Nl 3 sin a1Nl 4 cosa!

~A9!

for the lighterCP-even Higgs boson and

cZ̃
~2!

5
1

2
~gNl 22g8Nl 1!~Nl 4 sin a2Nl 3 cosa!

~A10!

for the heavier Higgs boson, wherea is the Higgs mixing
angle. The quark coefficients are evaluated as

cq
~ i !5

g

2mW
r q

~ i ! ~A11!

with

r u
~1!52

sin a

sin b
, r u

~2!52
cosa

sin b
~A12!

for the up type quarks and

r d
~1!52

cosa

cosb
, r d

~2!5
sin a

cosb
~A13!

for the down type quarks. The quark tensor contribution c
pling in ~2.2! can be expressed as

gq52
1

4 (
i 51,2

aq̃i

2
1bq̃i

2

@mq̃i

2
2~mZ̃1

1mq!2#2 . ~A14!

The gluon part of the scalar effective Lagrangian is fu
determined by

b52Tq̃1BD1BS2
mZ̃1

2
B2S2

mZ̃1

2

4
~B1D1B1S!,

~A15!

where

Tq̃5
1

96p (
j 51,2

cZ̃
~ j !

mH j

2 (
q,i

cq̃ i

~ j !

mq̃qi

2 ~A16!

BD5
1

32p (
q,i

~aq̃i

2
2bq̃i

2
!mqI 1~mq̃1

,mq ,mZ̃1
! ~A17!

BS5
1

32p (
q,i

~aq̃i

2
1bq̃i

2
!mZ̃1

I 2~mq̃1
,mq ,mZ̃1

! ~A18!

B1D5
1

12p (
q,i

~aq̃i

2
2bq̃i

2
!mqI 3~mq̃1

,mq ,mZ̃1
!

~A19!

B1S5
1

12p (
q,i

~aq̃i

2
1bq̃i

2
!mZ̃1

I 4~mq̃1
,mq ,mZ̃1

!

~A20!
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B2S5
1

48p (
q,i

~aq̃i

2
1bq̃i

2
!I 5~mq̃1

,mq ,mZ̃1
!. ~A21!

The squark effective couplings in~A16! are

cq̃1

~ j !
5

gmZ

cosuW
s~ j !~T3q cos2 uq2eq sin2 uW cos 2uq!

1
gmq

2

mW
r q

~ j !2
gmq sin 2uq

2mW
~mr 8q

~ j !2Aqr q
~ j !!,

~A22!

cq̃1

~ j !
5

gmZ

cosuW
s~ j !~T3q sin2 uq1eq sin2 uW cos 2uq!

1
gmq

2

mW
r q

~ j !1
gmq sin 2uq

2mW
~mr 8q

~ j !2Aqr q
~ j !!,

~A23!

where

s~1!52cos~a1b!s~2!5sin~a1b! ~A24!

and
p

i-
r 8u
~1!52

cosa

sin b
, r 8u

~2!5
sin a

sin b
, ~A25!

r 8d
~1!52

sin a

cosb
, r 8d

~2!52
cosa

cosb
. ~A26!

Loop integralsI 1– I 5 are given by Eqs.~B1a-e! in Ref. @8#
~one must take care to correct the typo noted in Ref.@2#!.

For the only effective coupling needed in the spin dep
dent Lagrangian we have

dq5
1

4 (
i 51,2

aq̃i
1bq̃i

mq̃1

2
2~mZ̃1

1mq!2 2
g2

4mW
2 O9RT3q ,

~A27!

where

O9R5
1

2
~Nl 4

2 2Nl 3
2 ! ~A28!

is determined by the neutralino mass matrix diagonaliz
matrix N.
,

tt.
s.
,
.
d
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