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In this article, we explore the interplay between searches for supersymmetric particles and Higgs
bosons at hadron colliders (the Tevatron and the LHC) and direct dark matter searches (such as CDMS,
ZEPLIN, XENON, EDELWEISS, CRESST, WARP and others). We focus on collider searches for heavy
MSSM Higgs bosons �A;H;H�� and how the prospects for these searches are impacted by direct dark
matter limits and vice versa. We find that the prospects of these two experimental programs are highly
interrelated. A positive detection of A, H or H� at the Tevatron would dramatically enhance the prospects
for a near future direct discovery of neutralino dark matter. Similarly, a positive direct detection of
neutralino dark matter would enhance the prospects of discovering heavy MSSM Higgs bosons at the
Tevatron or the LHC. Combining the information obtained from both types of experimental searches will
enable us to learn more about the nature of supersymmetry.
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I. INTRODUCTION

Recently, direct dark matter detection experiments, most
notably CDMS, have reached the level of sensitivity
needed to detect neutralino dark matter over a substantial
range of supersymmetric parameter space [1–5]. The reach
of these experiments continues to expand rapidly, probing
an ever increasing fraction of supersymmetric models.

As searches for neutralino dark matter progress [6],
searches for supersymmetry at Run II of the Tevatron are
becoming increasingly sensitive as greater integrated lu-
minosity is accumulated. Results from Tevatron searches
for neutralinos and charginos [7], MSSM Higgs bosons [8]
and squarks and gluinos [9] have recently been published.
Although no evidence for supersymmetry has yet been
found at the Tevatron, many of these limits are the stron-
gest to date and continue to advance. The Tevatron is
expected to collect between 4 and 8 inverse femptobarns
by the end of the decade. Furthermore, the first collisions at
the Large Hadron Collider (LHC), with a center-of-mass
energy of 14 TeV, are scheduled to take place in 2008.
After a few years of running, tens of inverse femptobarns of
data are expected to be accumulated. If low energy super-
symmetry exists in nature, it will likely be discovered at
these experiments in the relatively near future.

These two very different experimental programs—dark
matter searches and collider experiments—are carried out
largely independently of each other, with relatively little
interaction between their respective communities. There is,
however, a great deal of physics interplay between these
two search strategies. Direct dark matter detection pros-
pects depend on the mass and couplings of the lightest
neutralino, as well as those of the Higgs bosons and
squarks exchanged in elastic scattering diagrams. Many

of these properties can potentially be measured or con-
strained by collider experiments. Turning this around, an
astrophysical detection of neutralino dark matter, or an
upper limit on its elastic scattering cross section with
nucleons, can be used to provide information which is
valuable to the accelerator community.

In this paper, we expand on earlier work [10], which
explored the interplay between direct dark matter experi-
ments and searches for supersymmetric Higgs bosons at
the Tevatron. In this article, we focus on Tevatron and LHC
searches for heavy MSSM Higgs bosons �A;H;H��, and
discuss their relationship to direct neutralino dark matter
searches. The paper is organized as follows. In Sec. II we
introduce the aspects of the supersymmetric spectrum
relevant to our study. In Sec. III we review the contribu-
tions to the spin-independent neutralino-nucleon elastic
scattering cross section and explore the impact on this
cross section of the supersymmetric particle spectrum
relevant to collider searches. In Sec. IV we present the
current exclusion limits and future discovery reach of the
Tevatron and the LHC in the search for heavy MSSM
neutral Higgs bosons, and compare this to the reach of
direct neutralino dark matter searches. In Sec. V we discuss
the implications and interplay of these two very different
classes of experiments. In Sec. VI we describe the caveats
and limitations of our analysis. Finally, we summarize and
state our conclusions in Sec. VII.

II. NEUTRALINOS, SQUARKS AND HIGGS
BOSONS IN THE MSSM

In the Minimal Supersymmetric standard model
(MSSM), the superpartners of the four standard model
neutral bosons (the bino, wino and two neutral higgsinos)
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mix into four physical states known as neutralinos. The neutralino mass matrix in the ~B- ~W3- ~H1- ~H2 basis is given by

 M �0 �

M1 0 �MZ cos� sin�W MZ sin� sin�W
0 M2 MZ cos� cos�W �MZ sin� cos�W

�MZ cos� sin�W MZ cos� cos�W 0 ��
MZ sin� sin�W �MZ sin� cos�W �� 0

0
BBB@

1
CCCA; (1)

where M1 and M2 are the bino and wino masses, � is the
higgsino mass parameter, �W is the Weinberg angle, and
tan� � �2=�1 is the ratio of the vacuum expectation values
of the Higgs doublets. This matrix can be diagonalized into
mass eigenstates by the unitary matrix N,

 M diag
�0 � N�M�0N�1: (2)

We are interested here in the lightest neutralino, which in
the presence of R-parity conservation can serve as a viable
dark matter candidate.1 In terms of the elements of the
matrix, N, the lightest neutralino is given by the following
mixture of gaugino and higgsino components:

 �0 � N11
~B� N12

~W3 � N13
~H1 � N14

~H2: (3)

The mass and composition of the lightest neutralino is a
function of four supersymmetric parameters: M1, M2, �
and tan�. This becomes further simplified if the gaugino
masses are assumed to evolve to a single value at the GUT
scale, yielding a ratio at the electroweak scale of M1 �
5
3 tan2�WM2 	 0:5M2.

As we will describe in the following section, neutralinos
can scatter with nuclei through the s-channel exchange of
the superpartners of the standard model quarks. These
contributions can be particularly important in the case of
light squark masses and large to moderate values of tan�.
The diagonal entries in the squark mass matrices are
largely set by the soft supersymmetry breaking mass pa-
rameters mQi

, mUi and mDi
, where i � 1, 2, 3 denotes the

generation. In many supersymmetry breaking scenarios,
such as minimal supergravity and gauge mediated models,
these parameters are nearly degenerate, leading to all of the
first and second generation squarks to naturally have very
similar masses. Third generation squarks (stops and sbot-
toms) have their masses split by their Yukawa couplings,
however. The stop and sbottom mass matrices are given by:

 M 2
~t �

m2
Q3
�m2

t �D~uL mt�At �� cot��
mt�At �� cot�� m2

U3
�m2

t �D~uR

 !
(4)

and

 M 2
~b
�

m2
Q3
�m2

b �D~dL
mb�Ab �� tan��

mb�Ab �� tan�� m2
D3
�m2

b �D~dR

 !
(5)

Here, the D’s are D-term contributions, and are of order
m2
Z. The quantities At and Ab are soft supersymmetry

breaking trilinear scalar couplings in one-to-one corre-
spondence to the Yukawa terms in the superpotential.
The mass splitting in the stop sector can be especially
pronounced. Defining a common squark mass m~q �

mQi
� mUi � mDi

, then for m~q 
 mt, the physical stop
masses are well approximated by m~t1;2 	 �m

2
~q �mt�At �

� cot��1=2.
Throughout this study, we will consider two benchmark

scenarios which provide conventional choices for the mix-
ing in the stop sector [11]. The first of these, called the ‘‘no-
mixing scenario’’, is defined by At � � cot�, minimizing
the mixing in the stop sector and yielding the minimal
radiative corrections to the lightest CP-even Higgs mass,
mh. The second case, called the ‘‘mmax

h scenario’’, is de-
fined by At � 2m~q �� cot�, and maximizes the value of
mh. For definiteness, we adopt Ab � At throughout.

In addition to exchanging squarks, the elastic scattering
of neutralinos with nuclei can be induced through the
exchange of Higgs bosons. Rather than the single Higgs
boson of the standard model, a minimum of two Higgs
doublets are required in supersymmetric models to avoid
triangle diagram anomalies and to create a gauge-invariant
superpotential that gives masses to both up and down-type
quark fermions. In the absence of explicit CP-violation,
the two complex Higgs doublets of the MSSM, H1 �
�H0

1 ; H
�
1 � and H2 � �H

�
2 ; H

0
2�, correspond to physical

states in the form of two neutral, CP-even Higgs bosons
(h and H), one neutral CP-odd Higgs boson (A) and one
charged Higgs boson (H�). In our notation, it follows that
H0

1 and H0
2 couple to down-type and up-type fermions,

respectively. The angle � diagonalizes the CP-even
Higgs squared mass matrix, in the H0

1 �H
0
2 basis, such

that [12]

 h � ��
���
2
p

ReH0
1 � �1� sin�� �

���
2
p

ReH0
2 � �2� cos�

(6)

 H � �
���
2
p

ReH0
1 � �1� cos�� �

���
2
p

ReH0
2 � �2� sin�: (7)

It is traditional to take mA as a free parameter which,
together with the value of tan�, determines at tree level
the masses of all the other Higgs bosons:

1R-parity is defined as R � ��1�3B�L�2S, where B, L and S
denote baryon number, lepton number and spin, respectively.
R � 1 for all SM particles and -1 for their superpartners.
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 m2
H� � m2

A �m
2
W (8)

 m2
h;H �

1

2
�m2

A �m
2
Z �

��������������������������������������������������������������
�m2

A �m
2
Z�

2 � 4m2
Zm

2
Acos22�

q
�

(9)

In the case that mA 
 mZ, it follows that mH 	 mH� 	
mA and cos� 	 1. These simple relationships are signifi-
cantly modified at the loop level, however, and become
strongly dependent on the supersymmetric parameters in
the stop and sbottom sectors. In our study, we have used the
Feynhiggs package [13] to calculate the Higgs masses.2

For a more complete discussion of Higgs and supersym-
metry phenomenology, see Refs. [12,15,16].

III. DIRECT DETECTION OF NEUTRALINO DARK
MATTER

Experiments such as CDMS [1], ZEPLIN [2],
EDELWEISS [3], CRESST [4] and WARP [5] attempt to
detect dark matter particles through their elastic scattering
with nuclei. This class of techniques are collectively re-
ferred to as direct detection, in contrast to indirect detec-
tion efforts which attempt to observe the annihilation
products of dark matter particles.

Neutralinos can scatter with nuclei through both scalar
(spin-independent) and axial-vector (spin-dependent) in-
teractions. The experimental sensitivity to scalar couplings
benefits from coherent scattering, which leads to cross
sections and rates proportional to the square of the atomic
mass of the target nuclei. The cross sections for axial-

vector elastic scattering are proportional to J�J� 1�, how-
ever, and thus do not benefit from large target nuclei. As a
result, the current experimental sensitivity to axial-vector
couplings is far below that of scalar interactions, and well
below the range predicted for neutralinos. For this reason,
we consider only the scalar case here.

The scalar neutralino-nuclei elastic scattering cross sec-
tion is given by:

 � 	
4m2

�0m2
T

��m�0 �mT�
2 �Zfp � �A� Z�fn

2; (10)

where mT is the target nuclei’s mass, and Z and A are the
atomic number and atomic mass of the nucleus. fp and fn
are the neutralino couplings to protons and neutrons, given
by [17]:

 fp;n �
X

q�u;d;s

f�p;n�Tq
aq
mp;n

mq
�

2

27
f�p;n�TG

X
q�c;b;t

aq
mp;n

mq
; (11)

where aq are the neutralino-quark couplings and, being

conservative, f�p�Tu 	 0:020� 0:004, f�p�Td 	 0:026�

0:005, f�p�Ts 	 0:118� 0:062, f�n�Tu 	 0:014� 0:003, f�n�Td 	

0:036� 0:008 and f�n�Ts 	 0:118� 0:062 [18].
The first term in Eq. (11) corresponds to interactions

with the quarks in the target nuclei, either through
t-channel CP-even Higgs exchange, or s-channel squark
exchange:

 

The second term corresponds to interactions with the glu-
ons in the target through a quark/squark loop diagram. f�p�TG
is given by 1� f�p�Tu � f

�p�
Td
� f�p�Ts 	 0:84, and analo-

gously, f�n�TG 	 0:83. To account for finite momentum trans-
fer, the calculation should also include the appropriate
form factor.

The neutralino-quark coupling, in which all of the SUSY
model-dependent information is contained, is given by
[19]:

 

aq � �
1

2�m2
1i �m

2
��

Re��Xi��Yi��

�
1

2�m2
2i �m

2
��

Re��Wi��Vi��

�
g2mq

4mWB

�
Re�	1�g2N12 � g1N11�DC

�
�

1

m2
H

�
1

m2
h

�

� Re�	2�g2N12 � g1N11�

�
D2

m2
h

�
C2

m2
H

��
; (12)

where
2Similar results can be obtained using the CPsuperH package

[14].
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Xi � 
�11

g2mqN
�
1;5�i

2mWB
� 
�12eig1N

�
11;

Yi � 
�11

�
yi
2
g1N11 � g2T3iN12

�
� 
�12

g2mqN1;5�i

2mWB
;

Wi � 
�21

g2mqN
�
1;5�i

2mWB
� 
�22eig1N�11;

Vi � 
�22

g2mqN1;5�i

2mWB
� 
�21

�
yi
2
g1N11;�g2T3iN12

�
; (13)

where throughout i � 1 for up-type quarks and i � 2 for
down-type quarks. m1i, m2i denote the squark mass eigen-
values and 
 is the matrix which diagonalizes the squark
mass matrices, diag�m2

1; m
2
2� � 
M2
�1. yi, T3i and ei

denote hypercharge, isospin and electric charge of the
quarks. For scattering off of up-type quarks:

 

	1 � N13; 	2 � N14;

B � sin�; C � sin�; D � cos�;
(14)

whereas for down-type quarks:

 

	1 � N14; 	2 � �N13;

B � cos�; C � cos�; D � � sin�:
(15)

The first two terms of Eq. (12) correspond to interactions
through the exchange of a squark, while the final term is
generated through Higgs exchange.

We will now describe the behavior of this cross section
in three limiting cases. First, we consider the case in which
the process is dominated by heavy Higgs exchange through
its couplings to strange and bottom quarks. This situation is
found in the case of heavy squarks, a small wino compo-
nent (N12) and cos� 	 1 (which implies moderate to large
tan� and mA �mH �mH�). In this case, for large to
moderate tan� and moderate to light mH, the leading
contribution to the neutralino-nucleon cross section is

 ��N �
g2

1g
2
2jN11j

2jN13j
2m4

N

4�m2
Wcos2�m4

H

�
fTs �

2

27
fTG

�
2
;

�m~q large; cos� 	 1�:

(16)

Secondly, we consider the case in which the elastic
scattering cross section is dominated by light Higgs boson
exchange through its couplings to up-type quarks. This is
found in the case of heavy squarks, small N12 and heavy H

 

FIG. 1. The neutralino-proton spin-independent elastic scattering cross section as a function of mA for selected values of � (200,
400, 800 and 1200 GeV) and tan� (3, 10, 30 and 60). For each case, M1 � 100 GeV, M2 � 200 GeV, At � Ab � � cot� (the no-
mixing scenario) and m~q � 1 TeV have been used. The results found for At � Ab � 2m~q �� cot� (the mmax

h scenario) are very
similar. The solid lines do not include any contributions from squark exchange, while the dotted lines include both Higgs and squark
exchange. Shown as a horizontal dashed line is the current upper limit from the CDMS experiment [1].
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( cos� 	 1). In this limiting case, we find that
 

��N �
g2

1g
2
2jN11j

2jN14j
2m4

N

4�m2
Wm

4
h

�
fTu �

4

27
fTG

�
2
;

�m~q;mH large; cos� 	 1�: (17)

Thirdly, we consider the case in which the elastic scat-
tering cross section is dominated by the exchange of
squarks through their couplings to strange and bottom
quarks. This is found in the case of large to moderate
tan� and squarks considerably lighter than the heavy
Higgs boson. In this limiting case, and with approximately
diagonal squark mass matrices, we find
 

��N �
g2

1g
2
2jN11j

2jN13j
2m4

N

4�m2
Wcos2�m4

~q

�
fTs �

2

27
fTG

�
2
;

�~q dominated; tan�
 1�: (18)

We present these three expressions as illustrations of the
limiting behaviors found in the following figures. We can
see these behaviors exhibited in Fig. 1 where we plot the
neutralino-nucleon spin-independent elastic scattering
cross section as a function of the CP-odd Higgs mass,
mA (recall, that for mA 
 mZ, mA 	 mH). In this figure
we have adopted the no-mixing scenario and consider

different values of tan� and�.3 For relatively small values
of mA, the cross section scales with 1=m4

A, as found in the
limit of Eq. (16). As mA becomes larger, the cross section
becomes dominated by h exchange and flattens with re-
spect to mA, as found in the limit of Eq. (17).

For large tan�, large mA and light squark masses (the
limit of Eq. (18)), the effect of the squark exchange con-
tribution on the elastic scattering cross section becomes
significant. In Fig. 2 we plot the neutralino-nucleon spin-
independent elastic scattering cross section for various
values of tan� and � as a function of the squark masses.
From this we see that in the case that the H exchange
contribution is suppressed (due to large mA 	 mH), squark
exchange diagrams dominate the elastic scattering cross
section if the squarks are light and tan� is large.

IV. HEAVY MSSM HIGGS BOSON SEARCHES AT
THE TEVATRON AND LHC

Searches for heavy MSSM Higgs bosons are being
carried out at Run II of the Tevatron. In particular, efforts

 

FIG. 2. The neutralino-proton spin-independent elastic scattering cross section as a function ofm~q for selected values of� (200, 400,
800 and 1200 GeV) and tan� (3, 10, 30 and 60). For each case, M1 � 100 GeV, M2 � 200 GeV, At � Ab � � cot� (the no-mixing
scenario) and mA � 1 TeV have been used. The results found for At � Ab � 2m~q �� cot� (the mmax

h scenario) are very similar. The
solid lines do not include any contributions from Higgs exchange, while the dotted lines include both Higgs and squark exchange.
Shown as a horizontal dashed line is the current upper limit from the CDMS experiment [1].

3Note that in the case of the no-mixing scenario, the tan� � 3
contours appearing in Figs. 1 and 2 predict a value of mh which
is excluded by LEP.
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are underway to observe the processes

 p �p! A=H� X ! ���� � X;

p �p! A=H� b �b! b �b� b �b; �3b0s tagged�

p �p! t�t! H� �W�b �b! ���� �W
�b �b;

p �p! A=H� b! ���� � b:

(19)

At the LHC, such particles may be observed via

 pp! A=H � X ! ���� � X; (20)

 pp! H� � tX ! ���� � tX: (21)

In each of these cases, the prospects for discovery are
much greater in the case of large tan� and relatively light
mA. In the large tan� regime, the leading contributions to
the production of an A or H rely on the b-quark Yukawa
coupling, and thus scale with tan2�. For example, A=H
production via gluon fusion is dominated by diagrams with

a b-quark loop. The cross section for charged Higgs pro-
duction at the LHC also scales with tan2�.

The current limits on heavy MSSM Higgs bosons from
Run II of the Tevatron have been published for each of the
channels shown in Eq. (19). CDF has published limits for
the di-tau and charged Higgs channels using their first 310
and 193 pb�1, respectively [20]. D0 has published (or
presented) limits on the inclusive di-tau, b �b� b �b and b-
tau-tau channels using their first 348, 260 and 344 pb�1,
respectively [21]. The Tevatron currently has approxi-
mately 1 fb�1 of data, and is expected to accumulate a
total of 4 fb�1 or more by the end of its operation.

The results of the heavy MSSM Higgs searches are
generally represented in the tan�-mA plane, for a given
choice of� and other SUSY parameters (which impact the
limit through radiative corrections [22]). The limits found
for the di-tau channel, at both the Tevatron and the LHC,
are the most interesting and are quite robust to variations in
� and other supersymmetric parameters. In the special

 

FIG. 3. The range of parameters in the tan�-mA plane that can be excluded by present and future direct detection experiments (for
various values of �), compared to the exclusion reach for heavy Higgs searches at the Tevatron and LHC. Regions to the left of the
contours are (or will be in the future) excluded by the given experiment. The upper left frame compares the current bound from CDMS
to the 1 fb�1 exclusion region of the Tevatron. The upper right frame compares the 2007 projected limit from CDMS to the projected
Tevatron limit after 4 fb�1 integrated luminosity. The lower frames compare the projected limits of Super-CDMS (phase A and
phase C in the left and right frames, respectively) to that of the LHC with 30 fb�1. In each frame, M1 � 100 GeV, M2 � 200 GeV,
At � 2m~q �� cot� (the mmax

h scenario) and m~q � 1 TeV have been used. The direct detection limits are shown as solid lines which
do not include contributions from squark exchange and as dotted lines which include both Higgs and squark exchange. The values of�
used for calculating the Tevatron/LHC reach are � � 200 GeV (dotted), � � 400 GeV (dot-dash), � � 800 GeV (dot-dot-dash) and
� � 1200 GeV (long dashed).
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case of negative and large �, the limits from the b-quark
channel at the Tevatron can be somewhat more constrain-
ing than the di-tau channel [22], although this is disfavored
by the combination of measurements of the muon’s mag-
netic moment [23,24] and the B! Xs branching fraction
[25,26]. The limits on charged Higgs bosons from the
Tevatron, and as projected from the LHC, yield weaker
constraints in the tan�-mA plane at this time. For these
reasons, we here focus on the di-tau channel for heavy
Higgs searches at both colliders.

Since both heavy MSSM Higgs searches and neutralino
direct detection depend strongly on mA and tan�, we can
compare the limits and projected reach of these experi-
ments to each other in this plane [10]. In Figs. 3 and 4, we
show the current and projected limits from direct dark
matter experiments (CDMS and Super-CDMS) along
side the current and projected limits for heavy Higgs
searches at the Tevatron and LHC in the A=H� X !
���� � X channel, for the mmax

h and no-mixing bench-
mark scenarios (see Sec. II). From these plots, it is clear
that those regions of supersymmetric parameter space most
accessible to heavy Higgs searches at the Tevatron and
LHC are also most likely to be probed by direct detection
experiments, and vice versa. The prospects for heavy
MSSM Higgs boson detection at colliders are, therefore,
quite correlated to the prospects of direct detection
experiments.

As can be seen in Figs. 3 and 4, the main difference in
the prospects for these two types of searches is that direct
detection rates depend critically on the values of�,M1 and
M2 through their impact on the composition and mass of
the lightest neutralino, while the reach of the inclusive
���� channel at the Tevatron/LHC is largely independent
of the precise values of these parameters. Smaller values of
� relative to M1 yield larger elastic scattering cross sec-
tions and, therefore, lead to much greater sensitivity in the
mA-tan� plane. The dependence on these results of the
other supersymmetric parameters are generally mild. For
example, the results shown in Fig. 3 (themmax

h scenario) are
very similar to those found in Fig. 4 (the no-mixing
scenario).

V. THE IMPLICATIONS OF DIRECT DETECTION
FOR COLLIDERS AND VICE VERSA

As collider and direct detection experiments continue to
operate, their results will have considerable implications
for each other. Consider, for example, the case in which a
positive detection of neutralino dark matter is made in the
near future by CDMS. For models with a sufficiently large
cross section to be detected by CDMS, the neutralino-
nucleon scattering is typically dominated by heavy Higgs
exchange, and can be reasonably well approximated by
Eq. (16). A large cross section therefore would be expected

 

FIG. 4. The same as in Fig. 3, but with At � � cot� (the no-mixing scenario).
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to favor a small value of mA and, to a lesser extent, a large
value of tan�.

Turning this scenario around, we can imagine a case in
which a positive detection of the process p �p! A=H�
X ! ���� � X is made in the future at the Tevatron. Such
a detection would imply both a large value of tan� and a
relatively small value of mA. From Figs. 3 and 4, it is clear
that if heavy Higgses are observed at the Tevatron, then
CDMS is likely to observe neutralinos in the near future
unless the higgsino fraction of the LSP is very small (j�j is
large).

To study the interplay between collider and direct de-
tection searches more systematically, we have performed a
scan over a range of supersymmetric parameters. In par-
ticular, we have varied M2, �, mA, At, Ab and the sfermion
masses up to 4 TeV (and with either sign of �) and tan�
between 1 and 60. We have set the parameters M1 and M3

according to the conditions for gaugino mass unification.

In the upper left frame of Fig. 5, we have plotted, in the
tan-�-mA plane, the models found in our scan which are
not currently excluded by CDMS, but are within the reach
of CDMS projected for 2007. Although models were found
over most of the range of tan� and mA shown, the majority
are concentrated at low mA and high tan�, as expected.4

In the upper right frame of Fig. 5 we plot, in the m� �

�N� plane, those models from our scan which are within
the 3� discovery reach of the Tevatron A=H� X !
���� � X search (with 4 fb�1). As expected, we find
that large elastic scattering cross sections are found for
this subset of supersymmetric models. The overwhelming
majority of models we find within the reach of the Tevatron

 

FIG. 5 (color online). Upper left: The values of mA and tan� for randomly selected supersymmetric models which are not currently
excluded by CDMS, but are within the reach of the 2007 CDMS projection. The reach of the Tevatron and LHC heavy Higgs searches
are also shown. The near future detection of neutralinos by CDMS enhances the prospects for heavy Higgs discovery at colliders, but
does not guarantee any such result. Upper right: The values of m� and ��N for randomly selected supersymmetric models within the
4 fb�1 3� discovery reach of the Tevatron heavy Higgs search. The 2007 projected reach of CDMS is also shown. In each frame, the
points shown evade current collider constraints and provide a thermal abundance of neutralinos that does not exceed the measured dark
matter density. Lower left and right frames: The same as the upper frames, but only showing those models in which the predicted
thermal abundance of neutralinos matches the dark matter density as measured by WMAP (0:131>��h

2 > 0:089) [27]. (As opposed
to only 0:131>��h2 being imposed.)

4Our scan was carried out logarithmically over each parame-
ter, and therefore we have shown the results of this scan over log-
scale axes in Fig. 5, in contrast to our earlier figures in the
mA- tan� plane which were presented with a linear scale.
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are either currently excluded by CDMS or will be detected
by CDMS in the near future, or by the first phase of super-
CDMS.

In the upper left and upper right frames of Fig. 5, we
have required that each point shown does not violate any
direct collider constraints (i.e. Higgs, chargino, slepton and
squark mass limits) and does not predict a thermal abun-
dance of neutralinos in excess of the dark matter density as
measured by WMAP (��h2 < 0:131) [27]. If we also
require that the thermal density of neutralinos constitute
the entire dark matter abundance (as opposed to nonther-
mal contributions being substantial), then most of the
models shown in the upper frames of Fig. 5 must be
discarded. The lower left and lower right frames of Fig. 5
are similar to the upper frames, but only include those
supersymmetric models that produce a thermal relic abun-
dance within the 3� range measured by WMAP (0:131>
��h2 > 0:089).

If CDMS does not make a positive detection by the end
of 2007, there will be implications for heavy MSSM Higgs
searches at the Tevatron and LHC. Similarly, the lack of a
detection of A=H� X ! ���� � X at the Tevatron will

impact the prospects for future direct dark matter searches.
In Fig. 6, we plot (in a fashion similar to Fig. 5) the
supersymmetric models found in our scan which are not
within the 2007 projected reach of CDMS (left frames) or
are not within the reach of the Tevatron (after 4 fb�1) for
the process A=H� X ! ���� � X (right frames). If
CDMS does not make a positive detection by the end of
2007, only a small fraction of the remaining models are
within the reach of the Tevatron through the channel
A=H� X ! ���� � X. These models are those in
which the lightest neutralino has a very small higgsino
fraction (large j�j). On the other hand, if the Tevatron
does not observe the process A=H� X ! ���� � X, the
reach of direct detection experiments can still be
promising.

Whether heavy MSSM Higgs bosons are observed
at the LHC will also have implications for the prospects
of future direct detection experiments. In Fig. 7 we plot, in
the �N� �m� plane, those models found by our scan
which are (left frames) and are not (right frames) within
the reach of the LHC heavy neutral MSSM Higgs search
(with 30 fb�1). Once again, the upper figures require

 

FIG. 6 (color online). The same as in Fig. 5, but showing only those supersymmetric models which are not within the 2007 projected
reach of CDMS (left frames) or which are not within the projected reach of the Tevatron (after 4 fb�1) for the process A=H� X !
���� � X (right frames). As in Fig. 5, the upper frames show those models which do not overproduce the thermal abundance of
neutralino dark matter (0:131>��h2) while the lower frames also require that the models shown do not predict a smaller thermal
abundance of neutralino dark matter than measured by WMAP (0:131>��h

2 > 0:089) [27].)
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0:131>��h
2 while the lower frames require 0:131>

��h2 > 0:089. From the left frames, we conclude that if
a positive detection is made at the LHC, then the prospects
for directly detecting neutralinos with CDMS or the early
phases of Super-CDMS will be very promising.

The combination of these figures demonstrates that
searches at the LHC and direct dark matter searches can
be highly complementary. Awide range of supersymmetric
models exist in which one, both or neither of the LHC and
direct detection experiments will be successful in observ-
ing heavy MSSM Higgs bosons, or neutralino dark matter,
respectively.

Note that here we have only considered 30 fb�1 of data
for the LHC. Further improvements on the reach of the
LHC with greater luminosity are to be expected.

VI. UNCERTAINTIES, CAVEATS AND
LIMITATIONS

Throughout our study, we have adopted a number of
assumptions. In this section, we summarize these, and
discuss how our conclusions might be affected by relaxing
them.

A. Astrophysical uncertainties

Throughout our study, we have adopted a standard local
dark matter density (� � 0:3 GeV=cm3) and velocity dis-
tribution (an isothermal Maxwell-Boltzmann distribution).
If the actual local density or velocity distribution of dark
matter is substantially different, then clearly our conclu-
sions may be modified.

The local density and velocity distribution of dark mat-
ter can be inferred by studying the rotation curves of our
galaxy. Different groups have come to somewhat different
conclusions regarding these observations: Bahcall et al.
find a best-fit value of � � 0:34 GeV=cm3 [28],
Caldwell and Ostriker find � � 0:23 GeV=cm3 [29] while
Gates, Gyuk and Turner find � � 0:34–0:73 GeV=cm3

[30]. Bergstrom, Ullio and Buckley [31] find that the
observations are consistent with local dark matter densities
in the range of about 0:2–0:8 GeV=cm3. The uncertainties
in the local dark matter velocity distribution are less im-
portant in estimating the rates in direct dark matter detec-
tion experiments [32].

Rotation curves, however, only constrain the dark matter
density as averaged over scales larger than a kiloparsec or
so. In contrast, the solar system moves a distance of

 

FIG. 7 (color online). The same as in the right frames of Figs. 5 and 6, but showing only those supersymmetric models which are (left
frames) and are not (right frames) within the projected reach of the LHC (after 30 fb�1). In each frame, those models within the reach
of the Tevatron are not shown. As in Figs. 5 and 6, the upper frames show those models which do not overproduce the thermal
abundance of neutralino dark matter (0:131>��h

2) while the lower frames also require that the models shown do not predict a
smaller thermal abundance of neutralino dark matter than measured by WMAP (0:131>��h2 > 0:089) [27].)
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�10�3 parsecs relative to the dark matter halo each year. If
dark matter is distributed in an inhomogeneous way over
milliparsec scales (i.e. as a collection of dense clumps and
voids), then the density along the path of the Earth, as seen
by direct detection experiments, could be much larger or
smaller than is inferred by the rotational dynamics of our
galaxy. This is not anticipated to be a problem, however.
The vast majority of dark matter in the inner regions of our
galaxy have been in place for�1010 years; ample time for
the destruction of clumps through tidal interactions. Using
high-resolution simulations, Helmi, White and Springel
find that the dark matter in the solar neighborhood is likely
to consist of a superposition of hundreds of thousands of
dark matter streams, collectively representing a very
smooth and homogeneous distribution [33].

If the uncertainties in the local halo density, the velocity
distribution, and the parameters f�p;n�T (from Eq. (11)) are
taken into account, the reach of direct dark matter searches
are not a single line, but instead should be thought of as a
band whose width can be a factor of 3 to 5, depending on
which estimates are adopted for the range of acceptable
local densities. This consideration impacts the results
shown in most of our figures. For example, our compari-
sons between the reach of direct dark matter searches and
LHC/Tevatron Higgs searches shown in Figs. 5–7 could be
modified as a result, although the factor of 3–5 is very
marginal compared to the very large range of cross sections
shown.

Finally, regarding the density of dark matter, throughout
this study we have assumed that all of our universe’s dark
matter consists of neutralinos. If neutralinos make up only
a fraction of the local dark matter density, then the rates in
direct detection experiments will be reduced accordingly.

B. Assumptions in the supersymmetric model

As we do not know through what mechanism or mecha-
nisms supersymmetry is broken, there is a extremely vast
range of characteristics the supersymmetric spectrum
might possess. To attempt to study the entire range of
parameter space within the MSSM is not generally a
tractable approach. If extensions of supersymmetry beyond
the MSSM are considered, this becomes only more diffi-
cult. For this reason, we have adopted a number of as-
sumptions regarding the nature of supersymmetry. In
particular, we have limited ourselves to the MSSM with
no CP-violating phases, and have adopted the GUT-
relationship between the gaugino masses (M1=g1 �
M2=g2 � M3=g3). We have also adopted five common
soft SUSY breaking sfermion mass parameters (mQi

,
mUi , mDi

, mLi and mEi) at the low energy scale.
Adopting the GUT relationship between the gaugino

masses guarantees that the wino-fraction of the lightest
neutralino will be quite small (a few percent or less).
From Eqns. (12) and (13), we see that the wino fraction
of the lightest neutralino, if large, can play an important

role in determining its elastic scattering cross section with
nucleons. In the case that M2 � M1, in addition to the
lightest neutralino being winolike, the lightest chargino is
only slightly heavier than the LSP. In such a scenario,
neutralino-neutralino annihilations and neutralino-
chargino coannihilations are too efficient to produce the
measured abundance of thermal neutralinos (unless m� 	

M2 * 3 TeV). If all or most of the dark matter consists of
neutralinos in such a model, nonthermal mechanisms must
be relied upon. Nonthermally generated wino dark matter
can appear naturally in models of Anomaly Mediated
Supersymmetry Breaking (AMSB) [34], for example.

We have also not considered the possibility of significant
CP-violating phases in the MSSM. The presence of such
phases can impact the neutralino-nucleon elastic scattering
cross section, the prospects for heavy Higgs discovery at
colliders, and the neutralino relic abundance through their
effect on the sparticle and Higgs boson masses and cou-
plings [35].

Furthermore, if we consider supersymmetric models
beyond the MSSM, a very broad range of possibilities
become available. Neutralino dark matter has been studied
in the Next-to-Minimal Supersymmetric standard model
(NMSSM) and the near-Minimal Supersymmetric standard
model (nMSSM) by a number of authors [36]. The neu-
tralino spectrum in these extensions contain, in addition to
the four neutralinos found in the MSSM, a singlino (the
superpartner of an additional Higgs singlet), leading to
modified couplings and masses for the lightest neutralino.
The CP-even singlet Higgs in these extensions could also
mediate neutralino-nucleon elastic scattering, for example.
In other extensions of the MSSM, many diverse neutralino
phenomenologies can be found [37].

Lastly, data from hadron colliders and dark matter ex-
periments will not necessarily be sufficient to ascertain the
true nature of the dark matter particles [38]. Throughout
this paper, we have assumed that the lightest neutralino of
the MSSM constitutes the dark matter of our universe. Data
from a future e�e� collider would be very useful in this
respect.

VII. DISCUSSION AND CONCLUSIONS

In this article, we have studied the interplay between
collider searches for MSSM Higgs bosons and direct dark
matter experiments. In particular, the prospects for heavy
MSSM Higgs searches at the Tevatron and LHC and for
direct dark matter searches are each most promising in the
case of large values of tan� and small values of mA. There
is, therefore, an interesting relationship between these two
classes of experiments. Our findings can be summarized by
the following:

(i) If neutralinos are detected by direct dark matter
experiments in the near future, then the prospects
for MSSM heavy Higgs searches at the Tevatron and
LHC will be significantly enhanced. In this case,
however, it remains possible that the large
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neutralino-nucleon elastic scattering cross section
could result largely from the composition of the
lightest neutralino (a mixed bino-higgsino, for ex-
ample) rather than from mA and tan� being light and
large, respectively.

(ii) If the Tevatron or LHC observes heavy MSSM
Higgs bosons, then the prospects for the direct
detection of neutralinos will be excellent. Models
which are observable at the Tevatron in these chan-
nels (with 4 fb�1 luminosity) typically predict
neutralino-nucleon cross sections in the range of
10�5 to 10�8 pb. Models which are observable at
the LHC in these channels (with 30 fb�1 luminos-
ity) have a wide range of possible elastic scattering
cross sections, roughly 10�5 to 10�11 pb, depending
on the composition of the lightest neutralino.

(iii) If no WIMPs are detected by direct dark matter
experiments in the near future (by CDMS by the
end of 2007, for example), then MSSM heavy
Higgs searches at the Tevatron are expected to be
potentially successful only if the lightest neutralino
is very binolike (j�j * 800 GeV).5 The prospects
for heavy MSSM Higgs discovery at the LHC are
promising even if no signal is observed by direct
detection experiments.

(iv) If the Tevatron and/or LHC do not observe heavy
MSSM Higgs bosons, then the prospects for the
direct detection of neutralinos will be reduced,
although many models will remain viable which
are within the reach of near future and planned
direct dark matter searches.

In this work we have explored one aspect of the interplay
between collider experiments and astrophysical observa-
tions, which relies on testing different sectors of the MSSM
relevant for the understanding of dark matter. We would
like to emphasize the importance of using both collider and
direct detection experiments to study supersymmetry. If the
neutralino is discovered at the Tevatron or the LHC, it will
be through missing energy signatures in combination with
jets and/or leptons. The LSP candidate lifetime would be
constrained to microsecond time scales or longer, but the
possibility that this particle is only metastable, and thus not
abundant in the universe today, would remain open. This
could occur as a result of R-parity violating couplings, for
example, or through neutralino decays to a lighter gravitino
or axino [39]. Until the same particles are observed in
terrestrial direct detection experiments, it will be impos-
sible to know that they are stable over cosmological time
scales.

The LHC experiments will search for evidence of dark
matter particles in events with large missing energy plus

multiple jets and/or leptons, as expected in the cascades
from heavy colored particles like gluinos and squarks, for
example. If the new colored particles are within the reach
of the LHC, namely, if their masses are below a few TeV,
then it is likely that the LHC will find evidence for dark
matter particles. In the simplest models analyzed, this
corresponds to WIMP masses up to a few hundred GeV.
In scenarios in which these colored particles are too heavy
to be produced at the LHC, the direct production of other
new, weakly interacting particles, which ultimately decay
into the dark matter candidate, remains as a possible search
channel. In these cases, multilepton signals plus missing
energy are the most robust option against the copious QCD
backgrounds. In many case studies it appears that the
properties and couplings of the new particles can be mea-
sured with, at best, only modest precision, and hence it will
be difficult to establish the identity of the dark matter
particle from LHC data alone. Direct dark matter detection
experiments would open another window into the nature
and composition of neutralinos, and hence play an essential
and complementary role in the quantitative study of super-
symmetric dark matter [40].

In the more distant future, experiments at the prospec-
tive International Linear Collider (ILC) would measure
many of the properties of supersymmetric particles much
more accurately than can be done at the LHC [41]. In the
case that the nonstrongly interacting particles associated
with the dark matter are within the kinematic reach of the
ILC, these particles can be produced and their masses and
couplings measured with high precision. The availability
of polarized beams and the capability to make precise
measurements of cross sections is particularly useful. The
ILC can also give direct information on particle masses
from the kinematic distributions of decay products and
from the measurement of excitation curves at center-of-
mass energies near threshold. In the case of heavy new
particles that are weakly interacting, the above measure-
ments can constrain the heavy masses and couplings rele-
vant to the computation of the dark matter relic density.
Ultimately, information from the ILC can determine the
relevant supersymmetric parameters with sufficient accu-
racy such that the relic density can be computed to the
percent level and compared with cosmological measure-
ments of similar precision. Given an understanding of the
properties of the neutralino at this level, measurements of
rates at direct (and indirect) dark matter detection experi-
ments will allow one to infer the local distribution of dark
matter [42,43], and even constrain the expansion history of
our universe since the time of neutralino freeze-out.
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5Although Figs. 3 and 4 show a value of j�j * 1200 GeV
rather than 800 GeV, this is the result only for the special case of
M1 � 100 GeV, as is used in those figures. The value derived
from a general scan in the M1-� plane is j�j * 800 GeV [10].
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Note added in proof.—Very recently, CDF and D0 have
analyzed 1 fb�1 of data. The resulting CDF limit is much
weaker than their projection, while that of D0 is of the
order of what was expected. Hence the 1 fb�1 expected

limit we present is slightly stronger than the present one
since it assumed the same negative search result from both
collaborations. More data is necessary to clarify the present
experimental situation.
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