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Abstract

There is almost universal agreement among astronomers that most of the mass in the Universe and most of the mass in
the Galactic halo is dark. Many lines of reasoning suggest that the dark matter consists of some new, as yet undiscovered,
weakly interacting massive particle (WIMP). There is now a vast experimental effort being surmounted to detect WIMPs
in the halo. The most promising techniques involve direct detection in low-background laboratory detectors and indirect
detection through observation of energetic neutrinos from annihilation of WIMPs that have accumulated in the Sun
and/or the Earth. Of the many WIMP candidates, perhaps the best motivated and certainly the most theoretically
developed is the neutralino, the lightest superpartner in many supersymmetric theories. We review the minimal
supersymmetric extension of the standard model and discuss prospects for detection of neutralino dark matter. We
review in detail how to calculate the cosmological abundance of the neutralino and the event rates for both direct- and
indirect-detection schemes, and we discuss astrophysical and laboratory constraints on supersymmetric models. We
isolate and clarify the uncertainties from particle physics, nuclear physics, and astrophysics that enter at each step in the
calculations. We briefly review other related dark-matter candidates and detection techniques.
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1. Introduction

In recent years, there has been a growing interaction between particle physics and astrophysics.
The theoretical interest lies in the potential for particle-physics ideas to explain some of the
thornier problems of cosmology, and the potential for astrophysical and cosmological observa-
tions to constrain ideas in particle physics. Although particle astrophysics was initially often
dominated by theoretical speculation, it has recently reached a new level of maturity due to an
active experimental thrust. In some areas, the connection between particle physics and astrophysics
has become increasingly precise, and astrophysics has been able (or will soon be able) to provide
empirical information that complements the results of accelerator experiments. The link between
supersymmetry and dark matter is exemplary. In this review, we will explore the details of this link.

The standard model of particle physics provides an excellent description of physical processes at
energies thus far probed by experiments. This includes those energies available in accelerator
experiments, as well as those probed by measurements of, or bounds on, rare processes. Yet,
virtually every particle theorist will agree that physics beyond the standard model is likely. In
particular, new phenomena may well appear at the electroweak scale. Unitarity of electroweak
interactions breaks down at energy scales S O(TeV) in the absence of a mechanism to account for
electroweak-symmetry breaking. In the minimal model, clectroweak symmetry is broken with
a single Higgs doublet. Although consistent at low energies, the existence of a fundamental scalar
field in the theory (the Higgs field) leads to an instability at higher energies, requiring a fine tuning
of the high-energy parameters. Furthermore, the gauge structure in the standard model suggests
the existence of a grand unified theory (GUT) at an energy scale of roughly 10*® GeV. Finally, there
is the question of a more fundamental theory which would include quantum gravitational effects,
presumably becoming strong at the Planck scale, 10'® GeV. Thus it seems quite possible that the
standard SU(3) x SU(2) x U(1) model for particle interactions is a low-energy limit of some
underlying theory whose true structure will only become apparent when higher-energy scales are
probed.

When Dirac combined special relativity with quantum mechanics, his equation contained a new
charge-conjugation symmetry which required the existence of an antiparticle for each known
particle. Dirac’s initial hope that the electron might be the partner of the proton was soon dashed,
but the discovery of the positron vindicated Dirac’s theory. Today, this “doubling” of the number
of particles is taken for granted to such an extent that antiparticles are not generally listed in the
particle data book [1]. It is interesting that attempts to combine general relativity with quantum
field theory (through the introduction of local supersymmetry) can lead to a supersymmetric
doubling of the number of particles. Here, the symmetry relates bosonic integral-spin particles to
fermionic half-integral-spin superpartners and vice versa. The discovery of supersymmetric part-
ners has not followed quickly behind the theory, as did the discovery of the positron, although the
hypothetical particles have been thoroughly studied. Searches for these particles are taking place at
all the major accelerators. Examples of superpartners are the squarks and sleptons, the spin-0
partners of the quarks and leptons, and neutralinos, the spin-3 Majorana particles which are linear
combinations of the supersymmetric partners of the photon, Z° and Higgs bosons (e.g., photino,
higgsino, Z-ino).

Supersymmetry (SUSY) is an ingredient that appears in many theories for physics beyond the
standard model. This is primarily because supersymmetry can cure the theoretical difficulty of
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fundamental scalar particles which was mentioned above; it can render a theory stable to the
radiative corrections which would otherwise force a fine tuning of high-energy parameters. This
instability is the infamous “naturalness” problem (see, e.g., [2]), and we will discuss this technical
point in Section 4. We mention here that, in order for the supersymmetric solution of this
naturalness problem to work, it is necessary that the supersymmetry become manifest at relatively
low energies, less than a few TeV. In other words, the required superpartner particles must have
masses below this scale and must appear as final states in scattering experiments at these energies.

There are several other arguments for supersymmetry. An interesting motivation comes from the
success of certain simple grand unified theories (GUTS) in explaining the pattern of electroweak-
symmetry breaking. These theories would fail in the absence of supersymmetry [3]. In non-SUSY
grand unified theories, it is found that the low-energy couplings for the U(1), SU(2), and SU(3)
interactions do not unify at the GUT scale, in the simplest models. The convergence is tremendously
improved with the introduction of supersymmetry [4]. As mentioned above, supersymmetry also
seems to be an essential ingredient in theories (such as string or supergravity theories) which unify
gravity with the other forces. In fact, gauging supersymmetry, in a manner analogous to the
gauging of symmetries in the standard model, leads directly to gravitational interactions. Finally,
there are some arguments based on accelerator phenomenology which might suggest the existence
of low-energy supersymmetry [5]. We will discuss these issues as well in Sections 4 and 5.

In this background of many suggestions for physics beyond the standard model, astronomy also
faces some curious problems. In astronomy, there is overwhelming evidence that most of the mass
in the Universe is some nonluminous “dark matter”, of as yet unknown composition. There are also
reasons to believe that the bulk of this dark matter is nonbaryonic, that is, that it consists of some
new elementary particle.

The most convincing observational evidence for the existence of dark matter involves galactic
dynamics. There is simply not enough luminous matter (Q2,,.<0.01) observed in spiral galaxies to
account for their observed rotation curves. From gravitational effects, one infers a galactic dark
halo of mass 3—10 times that of the luminous component, and by applying Newton’s laws to the
motion of galaxies in clusters, one infers a universal mass density of © ~ 0.1-0.3. There are also
a few theoretical reasons for the existence of dark matter. First, if the mass density contributed by
the luminous matter were the major contribution to the mass density of the Universe, the duration
of the epoch of structure formation would be very short, thereby requiring (in almost all theories of
structure formation) fluctuations in the microwave background which would be larger than those
observed. These considerations imply 2 2 0.3 [6]. Second, if the current value of Q2 is of order unity
today, then at the Planck time it must have been 1 4+ 107 leading us to believe that Q is precisely
1 for aesthetic reasons. A related argument comes from inflationary cosmology, which provides the
most compelling explanation for the smoothness of the microwave background. To account for this
smoothness, inflation must set Q.1 tO unlty

So, we see that conservative observational limits give £2>0.1, many others suggest 2=0.3, and
Q =1 is by far the most attractive possibility from theoretical arguments. On the other hand,
big-bang nucleosynthesis suggests that the baryon density is €2, 0.1 [7]; too small to account for

LHere, 2., = 2 oner + 2, can (but does not need to) include the contribution from a cosmological constant A as well

as that from nonrelativistic matter. Throughout, we use Q2 to denote the matter contribution to the mass density.
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the dark matter in the Universe. Although a neutrino species of mass O(30 V) could provide the
right dark-matter density, N-body simulations of structure formation in a neutrino-dominated
Universe do a poor job of reproducing the observed structure of the Universe. Furthermore, it is
difficult to see (from phase-space arguments) how such a neutrino could make up the dark matter in
the halos of galaxies [8]. It appears likely then, that some nonbaryonic, nonrelativistic matter is
required in the Universe, and particle physics can provide candidates in abundance.

In this way, cosmology provides fuel to stoke the particle physicists’ fire. Consider the case for
supersymmetry. The presence of an exact discrete symmetry, R-parity, in most (but not all)
supersymmetric theories guarantees that the lighest supersymmetric particle (LSP) is stable. In
most cases, this particle is the neutralino, a linear combination of the SUSY partners of the photon,
Z°, and Higgs bosons. Therefore, supersymmetry predicts the existence of a new stable elementary
particle having a mass less than a few TeV and having weak interactions with ordinary matter. As
we will show in Section 3, if such a weakly interacting massive particle (WIMP) exists, then it has
a cosmological abundance 2 ~ 1 today, and could therefore account for the dark matter in the
Universe.

Lest we mislead the reader, we should clarify several points. There is at present no direct
accelerator evidence for the existence of supersymmetry; furthermore, it is not absolutely certain
that there is dark matter which is neither baryons nor neutrinos. These are still unproven ideas. But
current thinking in cosmology and particle physics has led in this direction. Supersymmetric
theories of physics beyond the standard model provide perhaps the most promising candidates to
solve the composite conundrums of particle physics and cosmology, providing a common para-
digm for new particle physics and for cosmology. Although speculative, supersymmetric dark
matter is very well motivated and based on a simple physical principle. This “coincidence” between
new physics at the electroweak scale and a solution to the dark-matter problem is highly suggestive
and should not be ignored.

Of course, it is certainly true that there exist “conservative” cosmological models which describe
a Universe only in terms of baryons, and perhaps neutrinos. But these models often require several
additional, and often poorly motivated, speculative assumptions.

Motivated by the above considerations, a far-ranging effort to discover supersymmetric dark
matter is now afoot. In the simple picture, the dark matter in the Galactic halo is assumed to be
composed, at least in part, by WIMPs, which we denote . If these particles account for Galactic
rotation curves, then the local halo density is roughly 0.3 GeVcem ™3, and the WIMPs have
a Maxwell-Boltzmann distribution with a velocity dispersion of about 220 kms~'. The interac-
tions of the WIMPs must be such that their cosmological density today is 2, ~ 1. As explained in
Section 3, this implies that they have interaction strengths characteristic of electroweak interac-
tions. The mass of the WIMP in most supersymmetric models is somewhere between roughly
10 GeV and a few TeV.?

Although dark, in the sense that they neither emit nor absorb electromagnetic radiation, WIMPs
must have some nonzero coupling to ordinary matter, because they must annihilate into it during
the freezeout epoch in the early Universe. For example, this means that they will scatter from

2 Actually, according to many supersymmetric-model builders, a few TeV is an overly conservative upper limit to the
WIMP mass. These theorists will consider a few hundred GeV to be a more palatable upper bound.
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nuclei. A first class of experiments searches for the O(keV) energy deposited in a low-background
detector when a WIMP elastically scatters from a nucleus therein [9,10]. A second class of
experiments searches for energetic neutrinos from the core of the Sun and Earth, which are
produced by WIMP annihilation. Halo WIMPs can accrete in the Sun and Farth and annihilate
therein to produce high-energy neutrinos which can be detected in neutrino telescopes [11-15].
Such neutrinos would have energies of roughly a third of the WIMP mass, so they would be much
more energetic than, and could not be confused with, standard solar neutrinos. A third class of
experiments, subject to far greater theoretical uncertainties, searches for anomalous cosmic rays
produced by annihilation of WIMPs in the Galactic halo. Of course, the couplings to ordinary
matter can lead to direct production in a particle accelerator as well.

This experimental effort has been complemented by a vast and sophisticated theoretical litera-
ture devoted to calculation of rates for both direct and indirect detection of supersymmetric dark
matter, as well as accelerator searches for new particles. There has been no shortage of publications
in which cosmological abundances, direct- and indirect-detection rates, and laboratory constraints
are discussed for various supersymmetric models. Although the basic ideas underlying supersym-
metric dark matter are simple, the literature devoted to rate calculations can be quite complicated.
For example, implementation of supersymmetry in a realistic model is an involved process.
Supersymmetry requires the introduction of numerous additional parameters. In the standard
model, there are already 18 experimentally accessible parameters (6 quark masses, 3 lepton masses,
4 parameters in the Cabibbo—Kobayashi-Maskawa matrix, 3 gauge couplings, the W-boson mass,
and Higgs-boson mass). It should be no surprise that in supersymmetry, where the number of
degrees of freedom are (more than) doubled, there are many new parameters (we count 63), even in
minimal supersymmetric extensions of the standard model. Logistical complications arise. Since
such a large technical apparatus must be introduced when discussing supersymmetry, there are
often significant variations in notation and implementation which alone cause confusion. There are
also more significant complications. It is almost impossible (although we have not checked
exhaustively) to find two authors (let alone two papers) using all the same assumptions about the
various masses and couplings in the supersymmetric theory.

Given a supersymmetric model, the rate calculations are straightforward, but they can be quite
lengthy and require input physics from supersymmetry, quantum chromodynamics, nuclear
physics, astrophysics, solar physics, and some detector physics as well. As a result, it can be difficult
for particle theorists to test the cosmological consequences of a given supersymmetric nrodel or
compare it with direct- and indirect-detection experiments. In some cases, it may be difficult to
assess the significance of new calculations of neutrino spectra, nuclear matrix elements, cross
sections for WIMP-nucleus scattering, etc. for event rates. The implications for detector design and
search strategies can also be unclear.

In this Report, we review the cosmology of supersymmetric dark matter and the methods with
which these ideas can be tested. We discuss the evidence for the existence of exotic dark matter and
explain why supersymmetry provides an excellent candidate. We discuss direct detection of
WIMPs and energetic neutrinos from WIMP annihilation. The main purpose of this work is to
provide a handbook, useful to both theorists and experimentalists, which explains how to calculate
direct and indirect-detection event rates. We collect here all the results from particle physics and
astrophysics needed for the study of supersymmetric dark matter, and we include and make explicit
all the information needed to calculate recoil spectra in detectors of almost any composition and to
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calculate neutrino fluxes from annihilation of supersymmetric particles in the Sun and Earth. We
isolate and clarify the uncertainties from particle physics, nuclear physics, and astrophysics that
enter at each step in the calculation.

In Section 2, we begin with a review of the evidence for the existence of exotic (non-baryonic and
non-light-neutrino) dark matter in the Universe and in our Galactic halo. Estimates of the local
halo density of dark matter and its velocity distribution are discussed, as are the uncertainties in
these.

In Section 3, the relic-abundance calculation is discussed, and we explain how to determine
whether or not a given particle is cosmologically consistent, and if so, to determine if its abundance
is suitable for accounting for the dark matter in the Universe. We argue that if a stable weakly
interacting massive particle, such as the lightest supersymmetric particle, does indeed exist, then its
relic abundance is likely suitable for accounting for the dark matter in the Universe.

In Section 4, we describe the minimal supersymmetric standard model (MSSM) and list the
parameters which specify a model. Exploration of what is essentially a 63-dimensional parameter
space is in fact tractable. In practice, some of the parameters are constrained by accelerator
experiments, and many have well-motivated theoretical constraints. Furthermore, there are many
simplifying relations usually (though not always) based on GUTs, supergravity, or string models
employed which relate various masses and couplings. As a result, most of the relevant particle
physics can be described with only a handful of parameters. We explain how the masses and
couplings needed for cross sections appearing in cosmological-abundance and detection calcu-
lations are obtained from the input parameters.

Once the supersymmetric model is specified, it must satisfy a number of constraints from
accelerator experiments. A comprehensive account of these constraints is beyond the scope of this
review, but in Section 5, we list the most robust of these results and explain how to apply them to
the MSSM.

The cosmological abundance depends primarily on the cross section for annihilation of two
WIMPs to ordinary particles. Furthermore, the flux of energetic neutrinos from WIMP annihila-
tion in the Sun and Earth as well as the flux of anomalous cosmic rays from WIMP annihilation in
the halo depend on these cross sections. In Section 6, calculations of these annihilation cross
sections are reviewed, and complete formulas for all the relevant annihilation channels are
provided.

Both direct-detection and energetic-neutrino rates are controlled by the cross section for elastic
scattering of WIMPs from nuclei, and these cross sections are discussed in Section 7. Complete
formulas for WIMP-nucleus scattering are given for a variety of nuclei. These cross sections
depend primarily on the coupling of the WIMP to protons and neutrons. The calculation of the
WIMP-nucleon coupling is described, as are the uncertainties that arise from imprecise knowledge
of low-energy strong-interaction physics, such as the scalar strange-quark density or spin content
of the nucleon. Cross sections for scattering from heavier nuclei are obtained from the
WIMP-nucleon couplings. The results from nuclear physics needed to obtain these cross sections
are included here, and uncertainties in the nuclear modeling are also discussed. WIMPs generally
couple to nuclei via an axial-vector (spin) interaction or a scalar (spin-independent) interaction. In
the spin interaction, the WIMP couples to the spin of the nucleus, and in the scalar interaction, the
WIMP couples to the nuclear mass. The two interactions have different consequences for detection,
so care is taken to distinguish between the physics of these two processes.



G. Jungman et al. [ Physics Reports 267 (1996) 195-373 203

Given the cross section for WIMP—-nucleus scattering and a halo density and velocity distribu-
tion, it is straightforward to calculate the rate for scattering in a low-background detector. This is
the subject of Section 8. The results are applicable to detectors of almost any composition. In many
experiments, the nuclear-recoil spectrum is needed to compare theory with experiment, so in
addition to total event rates, we show how to calculate the recoil spectrum as well. The depend-
ences on the assumed WIMP halo density and velocity dispersion are made clear. We briefly review
some of the current and forthcoming experiments and some of the expected backgrounds.

In Section 9, we discuss energetic neutrinos from WIMP annihilation in the Sun and Earth. The
neutrinos from decays of WIMP-annihilation products may be detectable in high-energy neutrino
telescopes. To obtain the flux of such neutrinos, the capture rate in the Sun and Earth and the
spectrum of neutrinos from decays of the WIMP-annihilation products must be calculated.
Absorption of neutrinos in the Sun and Earth must also be included. The signal in most neutrino
telescopes is observation of an upward-going muon produced by a charged-current interaction of
the neutrino in the material below the detector. These calculations are quite a bit more involved
than the direct-detection calculations, but all the needed information is included here. We
discuss and estimate the various uncertainties in the capture rates and neutrino spectra. We briefly
review some of the neutrino telescopes and consider the irreducible background of atmospheric
neutrinos.

Another possible avenue towards discovery of particle dark matter is observation of anomalous
cosmic rays produced by WIMP annihilation in the halo, the subject of Section 10. Although it is
plausible that WIMPs could produce a recognizable cosmic-ray signature, it is difficult to make
precise predictions for a given supersymmetric candidate due to uncertainties in the dark-matter
distribution, the propagation of cosmic rays, and an imprecise knowledge of the cosmic-ray
background. Therefore, we survey briefly the various cosmic-ray signatures of WIMPs which have
been considered, but we do not step through the calculations in great detail.

In Section 11, we give numerical examples of the results of earlier sections, and demonstrate the
various relations between model parameters, direct- and indirect-detection rates, and relic abund-
ances. A wide variety of model parameters are explored and several results which include a survey
of the ratio of spin-dependent to spin-independent elastic cross sections, a comparison of indirect
and direct detection, and the effect of various accelerator constraints and model uncertainties are
illustrated here.

In this paper, we focus specifically on dark matter that arises from the minimal supersymmetric
standard model. However, it should be pointed out that virtually any other stable massive particle
with interaction strength characteristic of the electroweak interactions should also have a relic
abundance of order unity. Furthermore, the direct- and indirect-detection experiments discussed
here should also be sensitive to these WIMPs in our halo. For example, the first WIMP candidate
considered was a heavy (possibly fourth-generation) Dirac or Majorana neutrino. In Section 12, we
discuss briefly the heavy Dirac neutrino with standard-model couplings as the halo dark matter.
The cosmology and phenomenology are much simpler than in the supersymmetric case. Further-
more, the Dirac neutrino with standard-model couplings is an interesting example, since it has in
fact been ruled out as a halo dark-matter candidate by a variety of complementary experiments of
the type described here. It should be noted that the neutralino of the MSSM and heavy neutrinos in
other models do not exhaust the possibilities for WIMP dark matter. Such particles also arise in
nonminimal supersymmetric models, and they may also arise as a consequence of some underlying



204 G. Jungman et al. [Physics Reports 267 (1996) 195-373

theory that is not yet born. We briefly discuss gravitinos, axinos, and neutralinos in nonminimal
models.

In the conclusions, we summarize the discussion of supersymmetric dark matter by providing
a diagram which shows the interrelation of all the calculations and experimental probes reviewed.
We also list the central calculational results of the paper, and we make some concluding remarks.

Appendix A contains additional discussion of the MSSM. We briefly review supersymmetry and
details about the construction of the minimal supersymmetric standard model. Numerous coup-
lings and masses that appear, for example, in cross sections throughout the paper, are given here.
The squark interactions are discussed in detail. In much previous work, it was assumed that squark
and slepton mixing is flavor diagonal. In the standard-model lepton sector, there is no mixing
between the various generations since neutrinos are (thought to be) massless. However, it is well
known that the standard-model quark eigenstates are indeed linear superpositions of the weak-
interaction eigenstates, and that this mixing is described by the Cabibbo-Kobayashi—-Maskawa
matrix. Although it is often assumed (for reasons of simplicity) that the squark and slepton sectors
are flavor diagonal, there is no a priori reason for believing that this is so. In fact, the radiative
corrections for all models show that flavor-asymmetric terms must arise, since flavor symmetry is
broken by Yukawa couplings. The existence of such mixing terms is of interest since they play a role
in probes of supersymmetry based on rare processes. Such probes are becoming very important at
the present time, especially with regard to rare radiative b-quark decays. Therefore, it is worth
presenting the details of flavor physics in a complete form. The MSSM interactions in Appendix
A accommodate general flavor mixing.

Although it should be straightforward for a reader to code the information in this Report in
order to study abundances, laboratory constraints, and detection rates for various supersymmetric
models, the procedure is quite lengthy. Therefore, the preparation of this work was accompanied
by the construction of a comprehensive, modular, exportable, and documented computer code
(written in ANSI C). The program is briefly described in Appendix B. With this code, interested
parties can reproduce the numerical results presented here, explore detection rates, abundances,
and laboratory constraints in various regions of the MSSM, check numerically the sensitivity of
results to various input assumptions, assess the significance of new calculations, etc. It should also
be possible to interface this code to data-analysis software. The code is available upon request from
the authors.

This review is meant to be useful to experimentalists and theorists interested in getting to the
connection between particle theory, cosmology, and dark-matter experiments. Quite sophisticated
calculations of relic abundance and detection rates which provide very accurate results for given
model parameters have been carried out. However, we still have only vague clues about the
detailed structure of the supersymmetric theory that may be relevant to reality. Masses and
couplings vary over several orders of magnitude in the allowed MSSM parameter space. Moreover,
some of the relevant cosmological and astrophysical parameters are uncertain by factors of two or
so. The current experimental effort is aimed at discovery, not precise measurement of parameters in
a class of theories which have yet to be discovered. Therefore, the accuracy of the calculational
techniques presented here is generally O(10-20%), and in some cases only O(50%). For almost
every calculation we describe, there exists another more sophisticated calculation with better
accuracy. However, these calculations tend to be far more complicated and are rarely general or
easily applied. The simpler results presented here should suffice for most current applications. We
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should stress, however, that we have not simplified by limiting ourselves to certain regions of
parameter space. [n every case, we have sought to include results that will apply to as broad a class
of supersymmetric dark-matter candidates as possible. For example, all the calculations simplify
tremendously if one considers only WIMPs with masses less than the W-boson mass or WIMPs
which are pure photinos or higgsinos. Here, we have tried to include results for neutralinos of any
mass or composition that could arise in the MSSM.

In this work, we do not attempt to review all of the models which have been discussed, nor do we
attempt to survey exhaustively the entire MSSM parameter space. In Section 11, we provide
numerical results of surveys of supersymmetric parameter space for the purposes of illustration,
and we occasionally work out the details of simple models also for illustration. We have attempted
to clarify all the steps in each calculation and the effects of various assumptions on the results. The
qualitative conclusions about abundances, laboratory constraints, and detection rates should be
clear. Furthermore, with the formulas presented here (and if desired, the accompanying numerical
code), interested readers can explore more carefully any specific region of parameter space
themselves. The accompanying code has also been written in modular fashion, so readers can add
to it more detailed formulas for any process they find of particular interest.

In studying supersymmetric dark matter, it is possible to become overwhelmed with all the
details and lose sight of the big picture, which is actually quite simple. Therefore, where possible
(especially in Sections 9.6 and 9.7), we provide approximate expressions for abundances and
detection rates that are largely independent of the details of the model. For example, direct- and
indirect-detection rates depend primarily on the WIMP-nucleon coupling. To a large extent, most
of the details of the supersymmetric model enter into detection-rate calculations only through this
coupling. Much of the remaining calculation can then be discussed without reference to any specific
supersymmetric model, and we can reach some model-independent conclusions for detection
strategies.

Before continuing, we mention some related reviews that may be of interest. It would be futile to
attempt to list all the reviews and monographs on supersymmetry. For an introduction to
supersymmetry, we recommend, for example, the monographs by Wess and Bagger [16] and West
[17]. The minimal supersymmetric extension of the standard model is introduced quite well in Ref.
[18], and some of the important phenomenology, especially in the Higgs sector, is reviewed clearly
in Ref. [19]. Ref. [20] remains perhaps the most comprehensive review of the phenomenology of
the MSSM. Reviews of the ideas and prospects for detection of WIMP dark matter which precede
this review are Refs. [21, 22], although these did not focus specifically on supersymmetry. A more
recent review of dark-matter detection, which focuses primarily on the relevant nuclear physics, is
that by Engel et al. [23]. The experimental aspects of direct detection of dark matter are discussed
in Ref. [24], and Ref. [25] is a collection of papers on recent developments in direct-detection
technologies. Energetic-neutrino experiments are reviewed in Ref. [26]. The evidence for dark
matter in galaxies is collected in Ref. [27], and the evidence for dark matter in the Universe
is summarized in Ref. [28]. For a discussion of the mass distribution in our Galaxy, see Ref. [29],
and for a pedagogical introduction to the relevant issues in galactic dynamics, see the mono-
graph by Binney and Tremaine [30]. A good fraction of all the literature in astrophysics and
cosmology today is devoted to issues relevant to dark matter. For a good introduction to
some of the relevant cosmology, see, for example, the books by Kolb and Turner [31] and
Peebles [32].
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2. Dark matter in the Universe

It is remarkable that we still do not know what the primary constituent of the Universe is. This
“dark matter” does not emit or absorb electromagnetic radiation at any known wavelength, yet its
gravitational interactions dominate on scales from tiny dwarf galaxies, to large spirals such as the
Milky Way, to clusters of galaxies, to the largest scales yet observed. Since the original suggestion
of the existence of dark matter [33], the evidence has become overwhelming. The question has
changed from “Does dark matter exist?”’ to “What is this most common of substances?”

The evidence for dark matter exists on many scales and it is important to keep in mind that the
dark matter on different scales may consist of different materials. Many different substances can
qualify as being “dark” in the astronomical meaning of this word. So it is quite possible that the
dark matter in dwarf spirals is not the same as the dark matter which contributes Q = 1; in fact, the
= 1 dark matter may not even exist. This consideration is especially important when discussing
dark-matter detection, since detection is done in the Milky Way, and evidence for dark matter
outside the Milky Way is only of secondary importance in this pursuit.

2.1. Inventory of dark matter

The cosmological density of a given population or species is quoted using Q = p/p..;;, where p is
the density of that species averaged over the Universe, and p.;, = 1.88h% x 1072° gem ™3 is the
critical density. Here h = 0.4-1 parameterizes the uncertainty in the Hubble constant,
H, = 100h km?s™ ! Mpc™!. Most determinations of Q are made by measuring the mass-to-light
ratio ¥ of some system and then multiplying this by the average luminosity density of the Universe:
jo =174 0.6x10% hLoMpc~? (in V band) [30,34,35]. Then the cosmological density of that
system is given by Q = 6.1 x 10™*h~ ' (Yy/Ys), where Yo = M /L is the mass-to-light ratio of
the Sun. The factor of two uncertainty in the luminosity density means that determinations of
2 which use this method will be uncertain by at least this amount. In fact, most determinations of
Q which involve an “inventory” of the dark matter in the Universe use this method. For example,
the mass-to-light ratio in the solar neighborhood is Y ~ 5Y, giving Qum ~ 0.003h7! =
0.003—0.007. If the solar neighborhood is typical, the amount of material in stars, dust and gas is far
below the critical value.

Spiral galaxies: The most robust evidence for dark matter comes from the rotation curves of
spiral galaxies. Using 21-cm emission, the circular velocities of clouds of neutral hydrogen can be
measured as a function of r, the distance from the center of the galaxy. In almost all cases, after
arise near r = 0, the velocities remain constant out as far as can be measured. By Newton’s law this
implies that the density drops like r ™2 at large radii, and that the mass interior to r is M(r) oc r at
large radii. Once r becomes greater than the extent of the mass, one expects the velocities to drop

oc r~1/2, but this is not seen, implying that we do not know how large the extended dark halos
around the spirals are. Fig. 1 shows the rotation curve for the spiral galaxy NGC 6503 [36].> The
luminous disk extends no further than about 5 kpc from the center of the galaxy. If the luminous

3We thank A. Broeils for providing this figure.
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Fig. 1. Rotation curve for the spiral galaxy NGC 6503. The points are the measured circular rotation velocities as
a function of distance from the center of the galaxy. The dashed and dotted curves are the contribution to the rotational
velocity due to the observed disk and gas, respectively, and the dot-dash curve is the contribution from the dark halo.
{(From Ref. [36].)

matter was all there was, the rotation curve would drop at larger radii. From the discrepancy
between the observed rotation curve and the rotation curve due to the luminous disk and gas, we
infer the existence of a dark halo. This galaxy is typical. Similarly, the rotation curve of NGC 3198
[30] implies ¥* >30h Y, or Qy,1, > 0.017. The large discrepancy between this number and Q,,,, is
seen in many external galaxies and provides the most robust evidence for dark matter.

Observations of tracers other than neutral hydrogen give similar results. For external galaxies,
Zaritsky [37] used a sample of 69 small satellite galaxies around 45 spirals similar to the Milky
Way to estimate the total mass for a “typical” spiral. He found that M ~ 10*M g at 200 kpc from
the center, implying Qi1 & 0.087h71 out to this radius. It is interesting that even out to this
rather large radius, there is no strong evidence that rotation speeds drop, so again there is no good
upper limit to €,,;.,;. The number found by this satellite galaxy method is similar to the number
found by the Local Group Timing and other methods (see, e.g., Refs. [29, 307).

Clusters of galaxies: Moving to larger scales, the methods of determining 2 become less secure,
but give larger values. There is a great deal of new evidence on dark matter in clusters of galaxies,
coming from gravitational lensing [38], from X-ray gas temperatures [39,40] and from the
motions of cluster member galaxies. For example, consider the Coma cluster which contains
roughly a thousand galaxies. White et al. [40] recently collated some of the data on the Coma
cluster, reporting separate measurements of the amount of mass in stars, hot gas, and in total.
Within a radius of 1.54~ ! Mpc, they give

My =10 £ 02x 1007 Mg, Mg,=54+1x103h"52M,

Mo = (5.7 — 11) x 10141~ 1M, (2.1)
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where the total mass is estimated in two completely different ways. The first method is a refinement
of Zwicky’s method of using the radial velocities of the member galaxies, and the assumption of
virialization to gauge the depth of the gravitational potential well. The second method makes use of
the ROSAT X-ray maps and the assumption of a constant-temperature equilibrium to get the same
information. Remarkably the two methods give the same mass within errors. Thus, with a mass-to-
light ratio of ¥ = 330-620Y, one finds 2 = 0.2-0.4, if the inner 1.5 Mpc of Coma is representa-
tive of the Universe as a whole.

There is, however, a very disconnecting fact about the above numbers. As pointed out by White
ct al. [40],

Maryon/Meotar > 0.009 + 0.05h~3/2 . 2.2)

Now the Coma cluster is large enough that one might expect its baryon-to-dark-matter ratio to be
the universal value, (24/2 611 = Mparyon/ M ota1), and in fact, White et al. argue that this is the case.
Then the inequality above should apply to the entire Universe. But, as we discuss later, big-bang
nucleosynthesis limits the baryon density to @, < 0.015h" 7 [7,41,42]. If Q. = 1, the two
inequalities are in quite strong disagreement for any value of h So this is a big puzzle. The
conclusions of White et al. are that either Q is not unity, or that big-bang nucleosynthesis is flawed.
However, there are other possible explanations, notably that measurements of the total mass in
clusters by weak or strong gravitational lensing tend to give larger total mass than the X-ray and
virial methods, and that mass and velocity bias may mean that clusters are not so representative of
the Universe as a whole [38,43]. Again it may also be that the Universe is open or that there is
a significant cosmological constant [44].

Large-scale flows: It would be best to measure the amount of dark matter on the largest possible
scales so that the sample is representative of the entire Universe. Within the past several years
a host of large-scale flow methods have been tried and are giving impressive results [45,467]. These
methods have the advantage stated above but have the disadvantage that they depend upon
assumptions about galaxy formation, that is, they depend upon gravitational instability theory,
biasing. etc. Also, the errors in these measurements are still large and the calculations are
complicated, but they do have great promise, and tend to give values of 2 near unity.

The simplest example comes from the observation that the local group of galaxies moves at
627 + 22 kms™ ! with respect to the cosmic microwave background (CMB) (measured from the
amplitude of the CMB dipole). If this motion comes from gravity, then the direction of the motion
should line up with the direction where there is an excess of mass, and the velocity should be
determined by the size of this excess. Thus, taking into account the expansion of the Universe, one
has

v oc Q°°(8p/p) = (/) (dn/n) , (2.3)

where the linear bias factor b has been introduced to relate the observed excess in galaxy number
counts dn/n to the excess in mass density dp/p. Using galaxy counts from the IRAS satellite survey,
Yahil et al. [47] find that the direction of the dn/n excess agrees with the direction of the velocity
vector to within ~ 20°, and that

B=0°/b=09+02. 24)
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Thus with the very conservative limit b > 0.5, one has Q > 0.2, and with the reasonable limit b > 1,
one finds > 0.5. For this method to be reliable, dn/n must be measured on very large scales to
ensure that convergence has been reached, and this has yet to be convincingly demonstrated.

The above technique is only one of many related methods used to determine Q on large scales.
Another example is the detailed comparison of the peculiar velocities of many galaxies with the
detailed maps of dn/n. This should not only determine £2, but serve as a stringent test for the theory
that large-scale structure is formed by gravitational instability. The difficulty is the measurement of
the peculiar velocities, which requires subtraction of the much larger Hubble-flow velocity from the
observed redshift velocity. Since the redshift measurements give only the radial component of
velocity, it seems difficult to obtain complete enough information, but Bertschinger and Dekel [48]
proposed a method in which it is assumed that the velocity field is curl free, allowing the entire
three-dimensional field to be reconstructed. They use

V-v=—(Q2°/b)(6n/n), 2.5)

and solve for B = Q°¢/b. In a recent application of this technique, it was found that § ~ 0.6 [49],
suggesting Q= 0.3. Especially notable is that the detailed dn/n maps agree remarkably well with the
reconstructed velocity fields, thereby providing evidence that gravitational instability is the most
likely cause of the structure. The review of Dekel [45] shows that many large-scale flow methods
now predict 2 > 0.3 and show reasonable to excellent agreement with the theory of gravitational
collapse. Although this technique holds much promise, it should be noted that different analyses of
the same data sometimes lead to different conclusions. So for the time being, these estimates of
p should not be viewed as robust [50].

In conclusion, the observational evidence for large amounts of dark matter on galactic-halo
scales is overwhelming. On larger scales, the observational evidence for 2 in the 0.1 to 0.2 range is
strong. On the largest scales, substantial observational evidence exists for Q > 0.3, and some
evidence for  near unity exists, although this may be in conflict with observations on cluster scales.

2.2. Theoretical arguments

From an aesthetic point of view, the value Q = 1, is quite heavily favored. The basic argument is
that € = 1 is the only value which does not change rapidly as the Universe expands. Since Q is
measured to be within an order of magnitude of unity today, then it must have been 1 + 1075% at
the Planck time. Thus Q = 1 is the natural value, and if it is not unity, it will soon be very different
from unity, meaning that we live at a rather special time in the history of the Universe. This
argument has been given a concrete form with the advent of inflationary cosmology. An extremely
striking feature of the Universe is the isotropy of the CMB. To date, by far the most attractive
mechanism for explaining this homogeneity is inflation, which almost certainly sets Q = 1. In
addition, inflation also provides a mechanism for producing primordial density perturbations that
are quite similar to those observed. Therefore, the inflationary Universe is an intriguing paradigm
that should be taken very seriously.

Structure formation and CMB: Theoretical and semi-empirical arguments involving large-scale
structure formation and the cosmic microwave background also suggest a large value of Q. Density
perturbations grow after the Universe becomes matter dominated but before it becomes curvature
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dominated. If the Universe consisted solely of luminous matter, then the epoch of structure
formation would have been very short, probably requiring initial perturbations that would have
given rise to CMB anisotropies larger than those observed. For example, in standard models of
structure formation with cold dark matter and adiabatic primordial density perturbations, such
considerations suggest 2 20.3 {6, 517. Although these arguments are somewhat model dependent,
alternative models for the origin of structure in a low- Universe, such as the primordial
isocurvature baryon (PIB) model, also seem to be in trouble with CMB measurements [52].
Finally, we should point out that, in the forthcoming years, measurement of the angular spectrum
of the CMB on small angular scales will potentially provide a very precise determination of Q [53].

Age of the Universe and Hubble constant: The biggest problem for an @ = 1 Universe may turn
out to be the discrepancy between the large observed value for the age of the Universe, ty, and the
large measured values for the Hubble constant, A (in units of 100 kms ™! Mpc~*). If Q@ = 1 and the
cosmological constant A = 0, then h ~ (7 Gyr/ty). Globular-cluster ages suggest ty = 13 Gyr [54]
while numerous recent measurements of the Hubble constant fall near h ~ 0.7 [55-57]. If these
numbers hold up, then the matter density in the Universe must be small, and a significant
cosmological constant may also be required. This is shown in Fig. 2, where the relations between
the Hubble constant, 2, A4, and the age of the Universe are displayed.
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Fig. 2. Age of the Universe for various values of 4, the Hubble constant, and €, the matter density. The top panel shows
a Universe with no cosmological constant (A = 0), while the bottom panel shows a flat Universe with a cosmological
constant (€2 + €, = 1). In the top panel, the curves range from @ = 0 to @ = 1.4 in steps of 0.2, and in the bottom panel,
Q2 ranges from 0 to 1 also in steps of 0.2.
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2.3. Baryonic content of the Universe

An important ingredient in the motivation for nonbaryonic dark matter comes from big-bang-
nucleosynthesis limits on the average baryonic content of the Universe. To agree with the measured
abundances of helium, deuterium, and lithium, the baryonic content of the Universe must be
between 0.01 $Q,h? $0.015 [7,41,42]. Given the large uncertainty in h, this means 0.01 <Q, <0.1.
These values are far below unity, so the predilection for Q,,..; = 1 (or the observational evidence for
020.3) forces the bulk of the dark matter to be nonbaryonic. The lower limit of this range is
actually above the abundance of known stars, gas, etc., and so there also seems to be evidence for
substantial baryonic dark matter as well.

For some time, it was proposed that the observed abundances of light elements could be
produced with a larger baryon density if inhomogeneities were produced during a first-order QCD
phase transition [ 587]; however, results from recent lattice simulations showing a smooth transition
[59], as well as careful studies of the required phase transition parameters [[607], make this possible
loophole increasingly unlikely. So, it seems that in any case, if Q.= 0.3, the bulk of the dark
matter must be nonbaryonic.

However, there are several other issues relevant to big-bang nucleosynthesis. The most serious
problem may be the X-ray baryon crisis discussed above. It is not entirely clear what these
observations imply for big-bang nucleosynthesis. Also, the standard value for primordial
deuterium abundance has recently been challenged by a possible detection of a large primordial
deuterium/hydrogen ratio (D/H) in a Lyman-limit cloud at large redshift, implying a baryon
density from big-bang nucleosynthesis much smaller than previously thought [61]. However,
another high-redshift detection of deuterium [62] has not confirmed this high value and is more in
line with the older interstellar determinations of D/H. Finally, we note that the MACHO surveys
[63—66] seem to suggest that there may be some dark baryons, although the event rates are not
high enough to pose a problem for big-bang nucleosynthesis.

2.4. Distribution of dark matter in the Milky Way

It is fortunate that the most secure evidence for dark matter is in spiral galaxies, 'since direct
searches for dark matter can be made only in spiral galaxies; in fact, only in our spiral, the Milky
Way. Unfortunately, the rotation curve of the Milky Way is poorly constrained (it is much easier to
measure rotation curves in other galaxies than in our own), which leads to uncertainty in the
amount and distribution of dark matter in our Galaxy. However, there are numerous arguments
that the Milky Way, like most other spiral galaxies, is immersed in a dark halo which outweighs the
luminous component by about a factor of ten [29,67]. The first is a variant of the Copernican
principle. To the extent that it can be determined, the Milky Way seems to be an ordinary spiral
galaxy. For example, when plotted versus the observed Galactic rotation speed, the infrared
luminosity of the Milky Way measured by COBE is that given by the Tully—Fisher relation. Since
the typical spiral galaxy has a dark halo, it suggests that ours does as well.

There are additional theoretical arguments. As discussed above, there are a variety of reasons for
believing that most of the mass of the Universe is in the form of cold dark matter. If so, then dark
matter should cluster with galaxies. During gravitational collapse and subsequent virialization
(“violent relaxation”), the collisionless dark matter should form a halo that is roughly spherical
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[68]. In other words, if there is cold dark matter, there should be a halo. There are also arguments
that a dark halo is needed to stabilize the disk, although these are controversial.

More directly, there are several dynamical arguments for the existence of a Galactic dark halo.
For example, by studying the motion of dwarf galaxies (especially Leo I at a distance of 230 kpc),
Zaritsky et al. [69] find a mass of the Milky Way of Myw = 1.2553-8 x10*?M, yielding
Yuw = 907 5. There are only a limited number of small satellite galaxies around the Milky Way, so
the uncertainty in this measurement is large. The Local Group Timing method (which involves the
dynamics of our Galaxy and its neighbor, M31) gives a similar result. Finally, if they are bound, the
fastest stars in the local neighborhood suggest that the escape velocity from the Galaxy is
=450 kms~ ', much larger than can be accounted for by the luminous matter. When assembled,
these data suggest a Galactic circular rotation speed, at radii = 100 kpc (much larger than the
extent of the luminous component), of &~ 230 kms~! [67], although it should be noted that there
may be significant systematic uncertainties in this result. Without a model or more understanding
of the systematics, it is difficult to come up with an accurate value for the total mass of the Galaxy.
However, from a broad survey of the evidence for dark matter in our halo, Fich and Tremaine
conclude that dark matter outweighs the luminous matter in our Galaxy by a factor of ten or so
[29].

There is also evidence for a Galactic halo from observations at much smaller radii. The measured
rotation curve remains flat (to roughly 15%) from 4 kpc out to 18 kpc. This distance is about
6 times the exponential scale length ( ~ 3 kpc) of the luminous disk determined by COBE data
[70]. The flaring of atomic hydrogen layers at distances larger than the optimal disk provides
additional evidence for a dark halo. The rms scale height of the atomic-hydrogen gas rises from
200 pc at the solar-circle radius to 1700 pc at thrice this radius. This suggests that the matter
responsible for the flat rotation curves cannot be confined to a thin disk and most likely has more
of a spheriodal distribution [70,71].

Local dark-matter density — overview: The two quantities which are crucial to both the direct and
indirect methods of dark-matter detection are the local dark-matter density, pg, and the velocity
dispersion of dark-matter particles, 7 = (v*>'/2. (Note, as discussed in Section 8, the form of the
velocity distribution also enters.) Throughout this review we will use, as canonical values for these
quantities, po = 0.3 GeVem ™3 and # = 270 kms ™%, although as discussed below, there is consider-
able uncertainty and model dependence in these numbers. In this section we discuss some issues
regarding the determination of these quantities.

In determining p, and o, the rotation curve is the most important observational quantity since it
measures the change in density and sets the scale for the depth of the Galactic potential well. The
rotation curve of the Milky Way has been measured repeatedly, but due to our unfortunate
location inside the Galaxy, it has been difficult to obtain accurate measurements at large Galactic
radii, and the errors are larger than those for external galaxies. The IAU standard value for the
rotation velocity at the Sun’s distance from the Galactic center is vy, (ro) = 220 km s~ ! [72]. Recent
studies favor values near v,,(ro) & 200 kms ™! [73], and several studies show that v,,,(r) is constant
to within 15% out to twice the solar circle (e.g., Ref. [74]).

The distribution of mass in other Galactic components such as the bulge, the stellar disk,
and possibly a dark disk is also needed to determine the local halo density. The rotation curve
measures the total gravitational potential and so includes contributions from both the assumed
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dissipationless dark-matter halo and these other components. For example, considering the
contribution of the stellar and dark disks (the most important components), the total rotation
speed is

Do(r) = [03(r) + vR (]2, (2.6)

where v4 is the disk contribution, vy, is the halo contribution, and r is the distance to the center of the
Galaxy in the plane of the disk. Since the density of particle dark matter depends only upon vy, in
principle po = p(ro) can be determined using only the local value and slope of the halo rotation
curve:

p(r) = (1/4nGr*)(d/dr) [rvi (1], (2.7)

where ro & 8.5 kpc is the distance from the Sun to the Galactic center. In practice, however, this
equation is not used, since one wants to incorporate sampling of the rotation curve at several
points, as well as additional dynamical information. Typically, the various Galactic components
are modeled and then fit to the rotation curve (and perhaps other dynamical constraints) to obtain
the local halo density. Thus we see that uncertainty in po will come from (i) the uncertainty in the
measured rotation curve, (ii) the uncertainty in the model of the dark halo considered, and (iii) the
uncertainty in the contribution of the disk, etc. to the rotation curve, which must be subtracted
[64,75-81].

Using a variety of such techniques, the value of the local dark-matter density has been estimated
by several groups. Bahcall et al. find a central value of p, = 0.34 GeV cm ™2 [82], while Caldwell
and Ostriker find a slightly smaller central value, p, = 0.23 GeV cm ™2 [83], and Turner obtains
po = 0.3-0.6 GeVem ™3 [84]. With additional theoretical modeling of the possible formation
mechanism for the halo, Flores argues for a local dark-matter density in the range
0.3-0.43 GeVcem ™3 [85]. A recent analysis by Gates et al., which includes constraints on the
microlensing optical depths to the Bulge and LMC, yields a central value of the local dark-matter
(i.e., not MACHOS) halo density of 0.5 GeV cm ™3 [81] (although the local halo densities in their
consistent models range from 0.05-1 GeVcm ™3, in agreement with the results of Griest [86]).
Their central value is higher than those previously obtained because they considered the possibility
that the halos are elliptical. (Note that Mopc™ 2 =38 GeVcem ™ 3) As mentioned above, for
numerical work in this review we adopt p, = 0.3 GeVem™* and o = 270 kms™ %, though given the
large allowed range of values, we are not advocating these as the best values. Below we use a simple
model to illustrate the sources of uncertainty.

Local dark-matter density — simple model: In order to illustrate the source of uncertainties in
determining p,, and to make our discussion concrete, consider a simple and commonly used model
for the halo, the cored spherical isothermal halo [87], '

p(r) = po(a® +13)/(a® +1?), (2.8)

where a is the core radius of the halo. The distribution in Eq. (2.8) produces rotation curves which
are flat at large radii and it seems similar to (although not exactly like) those produced in N-body
simulations. The local velocity distribution in this model is Maxwellian,

f)d3 = (e /n%2p3) d% . (2.9)
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Technically, one is not free to pick the density and velocity distributions independently since the
phase-space distribution must satisfy Jean’s equation [30]. The exact solution for the density
distribution for the cored spherical isothermal halo, which can be obtained numerically [87], differs
slightly from the analytic form, although it agrees with Eq. (2.8) in the small- and large-radius
limits.

In this model, the circular rotation speed at a radius r due to the halo alone is

v2(r) = 4nGpo(rd + a®)(1 — (a/r)tan™ ' (r/a)) . (2.10)

Define v, as the circular rotation velocity as r — co. Since the stellar-disk density is thought to drop
exponentially at radii much larger than the extent of the disk, this circular velocity should be due
only to the halo v, = v,(0) = v(c0). Then the rotation velocity due to the halo at the solar-circle
radius, vy (7o), is given by

(ajro)tan™ ' (ro/a) = 1 — vi(ro) /v, , (2.11)

and this determines the ratio a/ry in terms of the ratio, v,(r¢)/v.. The local halo density can be
written as

po = v5/{4nGri[1 + (a/ro)*]}
= 047GeVem ?(v,/220 kms™ 1) /{(ro/8.5 kpe)*[1 + (a/ro)*]} - (2.12)

Egs. (2.11) and (2.12) show how the local halo density and core radius can be determined in the
isothermal-sphere model in terms of v, and vy (ro). Also, it can be shown (see, e.g. Ref. [30]) that the
parameter v, that appears in Eq. (2.9) is simply the rotation speed at large radii, vy = v, and that
the velocity dispersion is given by & = {(v?*>/? = (3/2)}/2p, ~ 270 kms ™ *. Egs. (2.11) and (2.12) also
show how the parameters v,(ry) and v, affect the local halo density.

Local dark-matter density — disk contribution: Some {or even most) of the rotation curve of the
Milky Way at the solar radius is due to a stellar or dark-matter disk.* In canonical models, the disk
contributes about half the rotation velocity, but larger disks have been suggested [88], and recent
microlensing results may imply an even larger disk mass [66,80] (or perhaps structure in the bulge
[89]). Consider, for example, a thin exponential disk with scale length H =~ 3.5 kpc and
2(r) = Zoexp[ —(r — ro)/H], where X(r) is the surface density of the disk. The quantity 2~ models
both the stellar disk and any possible disk dark matter. Dynamical measurement of X, remains
controversial and may be somewhat model dependent. If the vertical motions of local stellar
populations are modeled as being due to a disk and a dark halo, the disk surface density is found to
be 46 + 9M ; pc~? by Kuijken and Gilmore [90] and 53 + 12M pc™ 2 by Flynn and Fuchs [91].
Bahcall et al. [92] report a larger value, 85 + 25M ; pc~ 2; however, this value includes some of the

4 Any dark matter in a thin disk probably cannot consist of WIMPs since WIMPs would have been unable to dissipate
their kinetic energy.
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contribution from a dark halo component. The rotation speed at a radius r due to an exponential
disk is [30].

vi(r) = 4nGZo Hy?e"™ [1o(y)Ko(y) — L1 (0K ()]
~ (137 kms™1)?(Zo/50M s pc™ %), forr =rg, (2.13)

where y = r/(2H), and the I’'s and K’s are Bessel functions. For a spherical density distribution, the
rotation velocity at the solar circle is due solely to the mass inside the solar circle. However, for
a disk distribution, the mass density at radii larger than the solar radius can also affect the rotation
speed at the solar circle.

Local dark-matter density — discussion: As an example, consider a conservative range of disk
column densities X, = 37-65M ¢ pc ™ %, implying from Eq. (2.13) a range of disk rotation speeds (at
the solar circle) of 118 < v4(ro) < 155 kms™ . Eq. (2.6) then determines a range in vy(ro) once the
value of and uncertainty in v, (1) are specified. For example, if we set v,,,(ro) = 220 kms ™, then
150 < vy(ro) < 185 kms ™!, while if one takes a wide range 190 < v, (ro) < 240 kms™ !, one finds
a wider allowed range, 110 < vy,(rg) < 210 kms™ 1.

Since pg in Eq. (2.10) is a function of both a and v, (r), we need to specify v,(r) at a minimum of
two positions to solve for p,. In a careful analysis, one would use several points along the Milky
Way rotation curve, but for simplicity consider using r = o0 and r = rq. At r = oo there is no disk
contribution, and a usual argument for obtaining v, is that the flatness of the rotation curve (to
about 15%, as mentioned above) between the solar-circle radius and twice the solar-circle radius
suggests that the asymptotic rotation speed has been reached and that it is v, = 220 kms~'. In
fact, the rotation speed beyond about 2.5 times the solar-circle radius is not directly measured; it
could conceivably still be rising or begin falling and the disk contribution to the rotation speed at
twice the solar-circle radius may be non-negligible (and quite uncertain).

With v, = 220 kms™ !, Eq. (2.11) implies a range 0.06 Sa/ry 0.9 for the wider range of solar-
circle halo rotation speeds given above. Therefore, for v, fixed at 220 kms ™1, the uncertainty in the
disk contribution to the solar-circle rotation speed leads to a range of local halo densities of
po = 0.26-0.47 GeVem 3. For the central values Xy =50Mgpc ? and vu(ro) = v =
220 kms™?, a/ro = 0.6 and po = 0.35 GeV ¢cm ™ 3. If the disk contribution to the local disk surface
density is larger than the values used above, then the local halo density will be accordingly smaller.
Similarly, if v,4,(ro) 18 decreased, then the local halo density is also decreased.

Eq. (2.12) also shows how p, depends on v,. To first order, p, oc vZ, but there is also an
additional dependence on v, through a/r,, as given in Eq. (2.11). Tt should be noted that, in this
analysis, the quantity v, is a parameter; the rotation speed at »r = co cannot really be measured.

The above example shows how the measured rotation curve interacts with the disk and halo
models to produce uncertainty in p,. The more careful analyses quoted earlier thus find a wide or
narrow range of acceptable local densities depending upon the range of rotation curves and models
the authors considered. By taking values of v, v (o), 7o, and Xq within the ranges allowed by
reasonable estimates of the systematic uncertainties, it is possible to find values of the local halo
density as low as 0.06 GeV cm ™2 [81, 86], or perhaps even smaller. However, the central values of
all the studies are considerably higher than this, and it would most likely be difficult to reconcile
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such a small local halo density with the observed flaring of atomic-hydrogen layers, or with other
observations.

There are some additional uncertainties that arise from the halo model. For example, it is quite
possible that the halo of our Galaxy is flattened into an ellipsoid, is triaxial, or has a component of
velocity which is rotational and not isotropic. For example, Spergel and Richstone [93] find
a factor-of-four uncertainty in the detection rates due to the change in the local halo density and
velocity distribution in a triaxial halo. If one takes into account the evidence that halos of spiral
galaxies may be flattened by a factor of 1-2.5 [941], then the local halo density may be enhanced by
a factor of two [81]. Furthermore, other phenomena, such as the effect of adiabatic growth of the
disk on the halo [95] and the effect of spiral arms and molecular clouds on dark-matter particles
[96] could potentially alter the local dark-matter density. The good news for dark-matter detection
is that these possible distortions of the standard spherical halo generally increase the rate for
dark-matter detection.

In this article, we adopt po = 0.3 GeV ecm ™3 and ¥ = 270 km s~ ! (which implies a = 6.4 kpc) as
our central values of local halo density and velocity dispersion. The standard lore currently says
that the uncertainty in the local halo density is roughly a factor of two. But as our discussion of the
disk and the measured rotation curve shows, the local density of dark matter and therefore the rate
in dark-matter detectors depends sensitively on many aspects of our Galaxy’s structure, and the
uncertainties may be larger than usually assumed. It should be clear that improved understanding
of Galactic dynamics and the mass distribution in the Milky Way is of utmost importance for
dark-matter searches.

2.5. Qverview of dark-matter candidates

There is an enormous wealth of possible dark-matter candidates. In mass, candidates range
from axions with m = 10" 5eV = 9x 107 72M o, to black holes of mass m = 10*M . The basic
fact of being dark does not supply much information. There are, however, several categorization
schemes which are helpful in organizing the candidates and deciding how searches should
proceed.

The first is the baryonic versus nonbaryonic distinction. The main baryonic candidates are
massive compact halo objects (MACHOs) [97-102]. These include, for example, brown dwarfs,
jupiters, stellar black-hole remnants, white dwarfs, and neutron stars. Brown dwarfs are balls of
H and He with masses below 0.08 M, so they never begin nuclear fusion of hydrogen. Jupiters are
similar but with masses near 0.001M . Black holes with masses near 100M o could be the remnants
of an early generation of stars that were massive enough that not many heavy elements were
dispersed when they underwent their supernova explosions. Other possibilities are white dwarfs
and neutron stars, although one would expect observable supernova remnants around neutron
stars. While there are some theoretical arguments against the dark matter consisting entirely of
MACHOs [103], an all-MACHO halo would not violate the big-bang nucleosynthesis constraint.
There are now several searches underway which are probing the halo for MACHOs in the mass
range 107" Mo S M <$10M [63,65]. Although the statistics are still too poor to securely eliminate
MACHO:s as the primary halo component, especially given the uncertainty in the total mass of the
halo, recent results suggest a halo MACHO fraction of roughly %, and seem to rule out an
all-MACHO halo of the form of Eq. (2.8) [64,78-80]. Other, less popular, baryonic possibilities
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include fractal or specially conditioned neutral-hydrogen or molecular clouds [ 104—-106], although
Blitz has argued that such clouds are inconsistent [70].

The rest of the dark-matter candidates are nonbaryonic. Among the nonbaryonic candidates, an
important categorization scheme is the “hot” versus “cold” classification. A dark-matter candidate
is called “hot” if it was moving at relativistic speeds at the time galaxies could just start to form
(when the horizon first contained about 10'?M ). It is called “cold” if it was moving nonrelativisti-
cally at that time. This categorization has important ramifications for structure formation, and
studies of galaxy formation may provide clues as to whether the dark matter is hot or cold. Hot
dark matter cannot cluster on galaxy scales until it has cooled to nonrelativistic speeds, and so
gives rise to a considerably different primordial fluctuation spectrum [107].

The leading hot dark-matter candidate is a light neutrino. If a light (m, <100 eV) Majorana
neutrino exists, its cosmological density would be Q,h* ~ (m,/93 eV). However, N-body simula-
tions of structure formation in a universe dominated by hot dark matter do a poor job of
reproducing the observed structure [107]. Although this could be remedied, possibly by topologi-
cal defects, it still remains difficult to see how light neutrinos could account for the dark matter in
dwarf galaxies [8, 108]. There have been some suggestions that perhaps part of the dark matter is
hot, say €, ~ 0.25, and that the rest is cold [109]. In these models the bulk of the dark matter
(especially in galactic halos) is still cold dark matter, and WIMP detection is changed little.

The nonbaryonic cold-dark-matter candidates are basically elementary particles which have not
yet been discovered. The leading nonbaryonic cold-dark-matter candidates are axions and weakly
interacting massive particles (WIMPs). The axion [110, 111] is motivated as a possible solution to
the strong-CP problem. Astrophysical arguments and laboratory experiments constrain the axion
mass to be near 10> eV. If such an axion exists, then a cosmologically interesting (ie., 2 ~ 1)
density of axions would have been produced at the QCD phase transition. If these axions populate
our halo, they can potentially be detected via resonant conversion to photons in a magnetic field.
Experiments which will probe a large fraction of the available axion parameter space are currently
being mounted [112]. There are yet other pseudo-Nambu—Goldstone bosons, similar to the axion,
which have also been proposed as dark-matter candidates [113,114].

The largest class of cold-dark-matter candidates, the WIMP class, is the main subject of this
review. These are stable particles which arise in extentions of the standard model of electroweak
interactions. Those discussed most often are heavy fourth-generation Dirac and Majorana neu-
trinos and the neutralino and sneutrino in supersymmetric models (although Dirac neutrinos and
sneutrinos are most likely ruled out by a variety of arguments; see Section 12). WIMP masses are
typically in the range from 10 GeV to few TeV, and they have interactions with ordinary matter
which are characteristic of the weak interactions. The most promising WIMP candidate is the
neutralino, and it is this possibility on which we focus, although much of the discussion will apply
to other WIMPs as well.

Finally, there are other possibilities, such as nontopological solitons, primordial black holes, or
technibaryons which do not fit easily into the above classification scheme. In our opinion, the
theoretical arguments for these other dark-matter candidates are not as compelling as those for
WIMPs, although they are certainly within the realm of possibility.

There is yet another possibility which does not get much attention, but which should be kept in
mind until the nature of the dark matter is discovered. This is non-Newtonian gravity, in which the
strength of the gravitational force decreases less rapidly than r~2 at large distance. See Refs.
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[115,116] for provocative discussions of this possibility. However, upcoming results from gravi-
tational lensing may place very strong constraints on this form of non-Newtonian gravity.

3. Cosmological abundance of a WIMP

Asearly as 1965 [117-119], it was realized that if a new, stable particle (call it ) existed, it could
have a significant cosmological abundance today. The basic idea is simple. Such a particle exists in
thermal equilibrium and in abundance in the early Universe, when the temperature of the Universe
exceeds the mass m, of the particle. The equilibrium abundance is maintained by annihilation of the
particle with its antiparticle ¥ into lighter particles 1 (yx — 1) and vice versa (Il - x%). In many
cases, the particle is a Majorana particle in which case ¥ = %. As the Universe cools to a temper-
ature less than the mass of the particle, the equilibrium abundance drops exponentially until the
rate for the annihilation reaction (¥ — IT) fall below the expansion rate H, at which point the
interactions which maintain thermal equilibrium “freeze out,” and a relic cosmological abundance
freezes in.

This idea was revived in the late 1970s and used to constrain the mass of a heavy neutrino
[120-122], and subsequently to suggest that the dark matter could be composed of weakly
interacting massive particles (WIMPs) [ 120, 123-1257. Since then, calculations of the cosmological
abundance have become standardized and improved [31,126-129], and have been applied to
numerous candidate relic particles, such as the neutralino, the lighest supersymmetric particle in
most supersymmetric theories. The result of the cosmological-abundance calculation for a thermal
relic is crucial to the arguments for WIMP dark matter.

In this section, we will first review the standard calculation of the abundance of a WIMP. For
pedagogical purposes, an approximate calculation will be performed for the simple case where the
WIMP-annihilation cross section is energy independent. We will then pause to review the
arguments for WIMP dark matter. The relic-abundance calculation in the more general case where
the annihilation cross section is energy dependent will be outlined, and simple and accurate results
for the relic abundance will be given. The constraints to the cosmological abundance of a WIMP
imposed by the lower limits to the age of the Universe will be reviewed, and we will estimate the
abundance required to account for the dark matter in the Galactic halo. There are some cases where
the simple results for the relic abundance do not apply, and these will be listed. We close the section
by listing possible loopholes and by making some comments on the significance of the relic-
abundance calculation.

3.1. Simple estimates

Suppose that in addition to the known particles of the standard model there exists a new, yet
undiscovered, stable (or long-lived) weakly interacting massive particle, . In thermal equilibrium,
the number density of ¢ particles is

eq _ Y 3
ny _(2n)3jf(l7)d , (3.1)
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where g is the number of internal degrees of freedom of the particle and f(p) is the familiar
Fermi-Dirac or Bose—Einstein distribution. At high temperatures (T" > m,, where m, is the mass of
%), ns® oc T3 (that is, there are roughly as many ) particles as photons), while at low temperatures
(T < m,), n$ ~ g(m, T /21)** exp(— m,/T), so that their density is Boltzmann suppressed. If the
expansion of the Universe were so slow that thermal equilibrium was always maintained, the
number of WIMPs today would be exponentially suppressed (essentially, there would be no
WIMPs). However, the Universe is not static, so equilibrium thermodynamics is not the entire
story.

At high temperatures (T' > m,), y’s are abundant and rapidly converting to lighter particles and
vice versa (<1, where Il are quark—antiquark and lepton-antilepton pairs, and if m, is greater
than the mass of the gauge and/or Higgs bosons, II could be gauge-and/or Higgs-boson pairs as
well). Shortly after T drops below m, the number density of i’s drops exponentially, and the rate for
annihilation of y’s, I' = {gav)>n,, where {o,v) is the thermally averaged total cross section for
annihilation of ¥ into lighter particles times the relative velocity v, drops below the expansion rate,
I' < H. At this point, the ¥’s cease to annihilate, fall out of equilibrium, and a relic cosmological
abundance remains.

This simple picture is described quantitatively by the Boltzmann equation, which describes the
time evolution of the number density n,(f) of WIMPs:

%" +3Hn, = — (oav) [(n)* — (n3%)71, (3-2)

where H = d/a is the Hubble expansion rate, a is the scale factor of the Universe, and the dot
denotes derivative with respect to time. This equation is easily understood. The second term on the
left-hand side accounts for the expansion of the Universe. In the absence of number-changing
interactions, the right-hand side would be zero, and we would find n, oc a~ 3, as we should. The first
term in brackets on the right-hand side of Eq. (3.2) accounts for depletion of WIMPs due to
annihilation, and the second term arises from creation of WIMPs from the inverse reaction. It can
be derived by noting that, in equilibrium, the rate for depletion and creation of particles is equal.
This equation describes both Dirac particles as well as Majorana particles which are self-
annihilating (that is, ¢ = %), such as neutralinos. For the case of Majorana particles, the annihila-
tion rate is {aav)yn2/2, but in each annihilation, two particles are removed, which cancels the factor
of 2 in the annihilation rate. For Dirac particles with no particle-antiparticle asymmetry, n; = n,,
so Eq. (3.2) is true; however, the total number of particles plus antiparticles is then 2n,. In the case
of Dirac particles with a particle-antiparticle asymmetry, the relic abundance is generally that
given by the asymmetry [128]. For example, the relic proton density is fixed by the pro-
ton—antiproton asymmetry, i.e., the baryon number of the Universe.

Although there is no closed-form analytic solution to the Boltzmann equation, there exists
a fairly simple analytic approximation that yields a solution that is good to about 10% for an
annihilation cross section with a rather arbitrary dependence on energy. The derivation of this
solution is straightforward, but somewhat lengthy, and has been described clearly elsewhere
[31,127]. Instead of fully reproducing the derivation, we will first work out an approximate
solution for the case that {g,v) is energy independent for the purpose of illustration. Afterwards,
we will write down the more general solution.
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The early Universe is radiation dominated, so the Hubble-expansion rate falls with temperature
as H(T) = 1.66g%>T */mp,, where mp; ~ 10'° GeV is the Planck mass. The quantity g, is the
effective number of relativistic degrees of freedom. It is approximately equal to the number of
bosonic relativistic degrees of freedom plus ¢ times the number of fermionic relativistic degrees
of freedom. This slowly varying function of temperature is plotted as a function of temperature in
Fig. 3. At early times (T 2 m,), H oc T ?, while n, oc T 3, so the expansion rate decreases less rapidly
than the number density of x’s. Therefore, at early times, the expansion term, 3Hn,, in Eq. (3.2) is
negligible compared with the right-hand side, and the number density tracks its equilibrium
abundance. At late times, the right-hand side becomes negligible compared with the expansion
term, and the comoving abundance of y’s remains unchanged. The temperature T; at which
the y’s freeze out is given by I'(T;) = H(T}). Using typical weak-scale numbers, the freezeout
temperature turns out to be Ty ~ m, /20; there is a small logarithmic dependence on the mass and
annihilation cross section. After freezeout, the abundance of y’s per comoving volume remains
constant.

Barring exotic entropy-producing phenomena, the entropy per comoving volume in the Uni-
verse remains constant so that n,/s remains constant, where s ~ 0.4g, T * is the entropy density.
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Fig. 3. The number of effective relativistic degrees of freedom, g,(T') as a function of temperature.



G. Jungman et al. | Physics Reports 267 (1996) 195-373 221

Using the above relations (H = 1.66gL>T ?/mp; and the freezeout condition I' = n, {oav) = H), we

find

(ny/8)o = (n,/s)s ~ 100/(mxm1>19i/2 {o4v7)
~ 1078/[(m,/GeV)({o4v>/107*7 em®*s™1)], (3.3)

where the subscript f denotes the value at freezeout and the subscript O denotes the value today.
The current entropy density is so ~4000cm™>, and the critical density today is
po ~ 107°h%2 GeVecm ™3, where h is the Hubble constant in units of 100 km s™! Mpc™1, so the
present mass density in units of the critical density is given by

Q.p* = myn,fpo = (3x 10727 cm®s™ ! /(aav)) . (34)

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is
inversely proportional to its annihilation cross section.

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and
actual (dashed lines) abundances per comoving volume are plotted as a function of x =m,/T
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and
the solid curve is the equilibrium abundance. From [31].



222 G: Jungman et al. [Physics Reports 267 (1996) 195-373

(which increases with increasing time). As the annihilation cross section is increased the WIMPs
stay in equilibrium longer, and we are left with a smaller relic abundance.

3.2. Why WIMPs?

Now is a good time to pause and review the arguments for WIMP dark matter. We just showed
that if such a stable particle exists, its relic abundance is Q,h* ~3x 10727 cm®s™" (o0 L If
a new particle with weak-scale interactions exists, then its annihilation cross section can be
estimated to be {oav) ~ *(100 GeV)™? ~ 107 ?°> cm®s ™', for « ~ 1072 This is remarkably close
to the value required to account for the dark matter in the Universe, especially if we realize that
there is no a priori reason for a weak-scale interaction to have anything to do with closure density,
a cosmological parameter! This striking coincidence suggests that if there is a stable particle
associated with new physics at the electroweak scale, it is the dark matter. This idea has been
followed by extensive theoretical work, and has led to an enormous experimental effort to detect
these WIMPS.

The identity of the WIMP remains a mystery. The earliest idea was that the WIMP was a heavy
fourth-generation Dirac or Majorana neutrino. Since then, numerous other candidates have been
put forth; however, of all the candidates, perhaps the most well-motivated and certainly the most
theoretically well-developed WIMP candidate is the lightest supersymmetric particle (LSP).
Low-energy supersymmetry is an idea for new weak-scale physics beyond the standard model
which embodies an entire class of theories [20], so that even within the context of supersymmetry,
the exact identity of the WIMP is uncertain. In most theories, the LSP is the neutralino, a linear
combination of the supersymmetric partners of the photon, Z°, and Higgs bosons. In some models,
the neutralino may be a photino or higgsino, but in the general case it is some arbitrary linear
combination. Extensive calculations which will be reviewed below have surveyed broad classes of
supersymmetric models and backed up the rather simple conclusions about WIMPs above: That is,
in broad regions of parameter space in minimal supersymmetric extensions of the standard model,
the cosmological abundance of the LSP is close to unity and suitable for solving the dark matter
problem, independent of the specific composition of the LSP [125, 130-135].

Since it is perhaps the best-motivated and certainly the most studied WIMP, we focus on the
neutralino in this Report. But it should be kept in mind that the cosmological abundance and
detectability of other candidate WIMPs will in general be similar.

3.3. Standard calculation of relic abundance

Most generally, the annihilation cross section is rot energy independent. As pointed out above,
the ¢ freezes out at a temperature, T¢ ~ m, /20 < m,, so the particles are moving at nonrelativistic
velocities (v < 1) when they freeze out. This suggests that the total annihilation cross section be
written as

oav=a+ bv* + -, (3.5)

where v is the relative velocity (so in the center-of-mass frame, each y moves with a velocity v/2). It
can be shown that the first term (a) comes from s-wave annihilation, the second term (bv*) comes
from both s- and p-wave annihilation, etc. In the simplest case, the s wave is unsuppressed, {o,v) is
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largely energy independent, and only the a term is needed. However, in many cases, y is a Majorana
particle, and s-wave annihilation into light fermions is helicity suppressed [136]. Then the b term
must be included as well. In virtually every case considered, the first two terms are sufficient in Eq.
(3.5). If so, then an approximate analytic solution to the Boltzmann equation is easily obtained. The
equation is solved both in the early-time and late-time limits, and the two solutions are matched
near the time at which the WIMP freezes out. The solution is reviewed clearly and in a pedagogic
fashion in Refs. [31,126,127], so we do not review it here.
The result for the relic abundance is

Q. h* =Y somy/(Perie/h?) ~ 2.82 x 108Y (m,/GeV) , (3.6)
where

Yot = 02649 mpym, {a/x; + 3(b — ta)/x?} . (3.7)
The freezeout epoch x; = m,/T; is determined by

x¢ = In[0.0764mpi(a + 6b/x:)c(2 + cym, /(g %) ?] , (3.8)

which can be solved iteratively to the required precision. Here mp; = 1.22 x 10*® GeV is the Planck
mass, g, is evaluated at T, and ¢ is a constant of order unity which determines precisely when the
late-time and early-time solutions are matched. In practice, ¢ is chosen for optimum agreement
with numerical solutions to the Boltzmann equation; the value ¢ = % results in a typical accuracy of
about 5-10% — more than sufficient for our purposes here.

The contribution proportional to a in the second term in Eq. (3.7) results from a relativistic
thermal-averaging procedure [1297,° and was not included in much of the previous literature; it is
roughly a 5% effect.

Note that the cosmological abundance is roughly inversely proportional to the thermally
averaged annihilation cross section: If a > b, then {oav) = a; if a < b then {g,v) ~ 6b/x; at
freezeout. Note also that the dependence on the WIMP mass is only logarithmic.

To summarize, given a particle-physics theory with a stable WIMP, the prescription for
determining the abundance of the WIMP is as follows: Calculate the cross section for annihilation
of the WIMP into all lighter particles, expand in velocity as in Eq. (3.5), and then obtain the relic
abundance from Eq. (3.6).

If desired, a more careful calculation can be performed [129]. For example, the Boltzmann
equation can be solved numerically. Given the uncertainty in the Hubble constant and the broad
range of models to be surveyed, the simpler formulas listed above should be sufficient for most
purposes.

3.4. Special cases
In certain easily identifiable cases (for example, if the WIMP mass very nearly matches the mass

of some other particle or if annihilation occurs through a resonant channel), naive application of
the standard analytic solution to the Boltzmann equation, Egs. (3.6) and (3.7), yields results for the

5 We thank Mark Srednicki for discussions of this term.
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relic abundance which may be erroneous by factors of two or more. In general, these models must
be dealt with on a case-by-case basis, but calculation of the relic abundance is still straightforward.

Techniques have been developed for dealing with some of the most common of such situations
which may arise [137-139], and we will review these here briefly. Solutions to the Boltzmann
equations in these cases may become quite complicated and may be model dependent, and these
special cases occur for only a small fraction of the WIMP candidates. Therefore, here we will simply
point out when the standard calculation breaks down, and indicate in which direction it errs.

The first case occurs when annihilation takes place near an s-channel pole in the cross section
[137,138]. If two WIMPs annihilate via s-channel exchange of a virtual particle, for example,
a Z or Higgs boson and the mass of the exchanged particle closely matches twice the WIMP mass,
then the annihilation cross section can be approximated by [137]

ov ~o®s/[(m% — s + m& T 4], (3.9)

where m,, and I'., are the mass and width of the exchanged particle, respectively, s is the square of
the center-of-mass energy, and a ~ 0.01 is the square of some coupling constant. In this case, the
nonrelativistic expansion, Eq. (3.5), does not apply. Naive application of the standard analytic
result underestimates the true result, and when plotted against WIMP mass, the standard analytic
approximation will show a sharp dip near the pole at m, ~ 4 m,,. More carcful analysis shows that
the naive analytic calculation will underestimate the correct result by roughly a factor of 3 for
annihilation on the Z pole, and by larger factors for more narrow resonances, and that the dip in
relic abundance for WIMP masses near the pole is not as dramatic as suggested by the standard
result. This is because the annihilation rate at any given time depends on an average of a thermal
distribution of energies. Contributions from the tails of the distribution smear the effect of the pole.

The second case involves annihilation near mass thresholds [137,138]. In the treatment in the
previous subsection, it was assumed that if the WIMP mass is just below threshold for annihilation
into a given channel, then annihilation into that channel is kinematically forbidden. If the WIMP
mass is just above threshold, then annihilation to that channel can proceed. According to the
standard result, the abundance of WIMPs with masses above threshold may be dramatically
smaller than that for WIMPs below threshold, and the drop in abundance is sudden. Actually, this
is not the case. Even if the WIMP mass is below threshold, there will be WIMPs in the high-energy
tail of the thermal distribution with energies above threshold which can annihilate. If the WIMP
mass is within ~ 15% of threshold, it is possible that the “forbidden” channel can dominate the
cross section and determine the relic abundance. In fact, the relic abundance varies smoothly with
mass, and there is no sharp drop near threshold.

The third case, dubbed “coannihilation” by Griest and Seckel, occurs when another particle is
only slightly heavier than the WIMP and shares a quantum number with it [137]. In this case,
conversion of the WIMP to the heavier particle may occur via scattering from standard-model
particles. If the cross section for annihilation of the heavier particle is larger than that for
annihilation of the WIMP, then the abundance of both species will be controlled by annihilation of
the heavier and more strongly interacting particle, and the relic abundance can be reduced.
Another possibility is that a WIMP could annihilate readily with the heavier particle, in which case
this reaction could determine the relic abundance. For exampile, in SUSY models, if the WIMP is
a neutralino and there is a squark with a mass that only slightly exceeds the neutralino mass, then
coannihilation will occur. The relic abundance will be controlled by annihilation of squarks, and it
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will be smaller than suggested by the results of the previous subsection. Also, if the neutralino is
very nearly a pure higgsino, there will often be another higgsino and a chargino with masses very
near the higgsino mass, and coannihilation occurs [ 140]. Generally, if there are additional particles
with masses within 10% of the WIMP mass, then coannihilation will occur, and the proper
calculation must be performed using the techniques developed in Ref. [137].

3.5. Possible loopholes

There are several effects which could alter the relic abundance from the results of the canonical
calculation. Generally, these loopholes involve additional speculative assumptions, and none
should be regarded as likely; however, they are within the realm of possibility and can be easily
summarized.

The relic-abundance calculation involves determination of the abundance at the epoch at which
the particle freezes out. Following this epoch, the number per comoving volume remains constant.
In the standard cosmology, the entropy per comoving volume remains constant, in which case the
ratio of the WIMP number density to the entropy density remains constant, and the WIMP
abundance today then depends on the current entropy density, which we know. However, if the
entropy density is increased (it can never decrease) for some reason, the entropy density no longer
provides a reliable measure of the comoving volume. Then, the WIMP relic abundance is diluted
accordingly, relative to the results of the canonical calculation, even though the number per
comoving volume remains constant.

There are several mechanisms that could produce entropy after freezeout. For example, if some
other massive particle which is decoupled from the plasma decays after freezeout, it will produce
entropy [31].

Another possibility is entropy production at a first-order phase transition. For WIMPs, this
could be the QCD phase transition, which takes place at temperatures [O(100 MeV)] well below
the freezeout temperature, or if the WIMP is heavy enough, possibly the electroweak phase
transition which could plausibly occur at temperatures O(100 GeV), below freezeout for very heavy
WIMPs (m, ~ 1000 GeV). If the QCD phase transition is strongly first order, then a significant
amount of entropy could be produced, and the relic abundance could be reduced substantially.
However, lattice simulations seem to indicate that the transition is second order, or maybe very
weakly first order [59]. Therefore, it is unlikely that the QCD transition will affect the results of the
relic-abundance calculation. Far less is known about the electroweak transition. In the minimal
standard model with a Higgs boson heavy enough to have evaded detection, the transition should
be only weakly first order [ 141], or perhaps second order; however, in the minimal supersymmetric
model, for example, the Higgs sector will be different, and a strongly first-order phase transition is
plausible [ 142, 143]. Although we do not really know the transition temperature, it would require
that the WIMP be quite heavy and the transition temperature quite low for the transition to occur
after freezeout (recall T, ~ 55m,). Therefore, it is unlikely that entropy production at the elec-
troweak phase transition will dilute the WIMP abundance, although it remains as a possibility for
very heavy WIMPs.

An inflationary epoch that occurs after freezeout could also produce a significant amount of
entropy. Although there has been some discussion of inflation at the electroweak scale [144],
inflation is commonly believed to occur at much higher temperatures associated with the
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Peccei-Quinn, GUT, or Planck scales. We consider inflation at temperatures below the freezeout
temperature to be unlikely.

Entropy production always reduces the relic abundance; however, there are also mechanisms
which would increase the WIMP abundance. Freezeout occurs roughly when the expansion rate is
equal to the annihilation rate. If, for some reason, the expansion rate was larger at the epoch of
freezeout, then freezeout would occur earlier and thereby leave a larger relic abundance of WIMPs.
This could occur in an anisotropic Universe where the shear contributes an effective energy density
which increases the expansion rate at freezeout [145, 146]. Other possibilities are that the expan-
sion rate at freezeout could be enhanced by the rolling of a scalar field, or by a variable Newton’s
constant [146]. All of these mechanisms are quite exotic (and unlikely), yet they illustrate that the
abundance of a thermal relic could plausibly be larger than predicted by the standard calculation.

Yet another possibility is that the cosmological WIMP abundance is enhanced by some
nonthermal production mechanism in the early Universe. It has been suggested that WIMPs could
be produced by decay of heavier particles. For example, it has been pointed out in supergravity
models that neutralinos might be produced by decays of gravitinos [147], and in models with
SUSY and Peccei—~Quinn symmetry that neutralinos could be produced by decays of axinos, the
SUSY partners of axions. If so, then the neutralino abundance could be greater than its thermal-
relic abundance [148].

3.6. Constraints on the WIMP density

Lower limits to the age of the Universe are often used to provide constraints to ,h2. It is often
misstated that if Q, > 1, then WIMPs will “overclose” the Universe. This is not quite the correct
argument; adding matter to the Universe will not change its gecometry. However, adding matter to
the Universe will cause the Universe to expand more rapidly and reach its present size in a shorter
period of time. Thus, lower limits to the age of the Universe provide upper bounds to Qh?, and
therefore, to Q,h? (see Fig. 2 and, e.g., Ref. [31]).

A fairly conservative lower bound to the age ty of the Universe, provided by cooling of white
dwarfs [ 1497, is about 10 Gyr. This results in a conservative upper bound of Qh? <1 for h=0.4; if
for some reason, h is even smaller (as has recently been suggested [ 150]) the bound is relaxed only
slightly. Globular-cluster ages suggest an older Universe, ;> 13 Gyr, in which case Qh? <0.4 (see
Fig. 2(a)). The limits to Qh? for a given ty; are obtained assuming the Universe is matter dominated.
It is unlikely that the Universe is radiation dominated today, but if for some reason it is, then the
constraints of Qh? become stronger. In addition, the limit to Qh? (where Q does not include the
contribution of the cosmological constant) cannot be relaxed by introducing a cosmological
constant (see Fig. 2(b)).

Obviously, the mass density in WIMPs must be less than the total mass density; therefore,
requiring ty = 10 Gyr leads to the constraint

Q<1 (3.10)

on the WIMP cosmological abundance. If ;2 13 Gyr, then the constraint is stronger: 2,h* <0.4.

It should be noted that the upper bounds on Qh? apply regardless of geometry. In fact there is
little observational evidence that the Universe is closed. Most astronomical observations suggest
that 2 <1, and some are perhaps consistent with a flat Universe, but few observers would say that
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the evidence points to a closed Universe. Moreover, a number of theoretical arguments suggest the
Universe is flat. If the Universe is open or flat, Q < 1, then the age-of-the-Universe constraint is
stronger: For ;210 Gyr, the constraint is ,4*<0.5, and for ty 213 Gyr, the constraint is
Q h*<0.25.

Limits to the WIMP mass: According to dimensional arguments, the annihilation cross section is
generally expected to decrease as the WIMP mass is increased, so the relic abundance should
increase. Therefore, heavier WIMPs should be more likely to dominate the mass of the Universe
and be cosmologically inconsistent. In fact, partial-wave unitarity provides a firm upper limit
oc my 2 to the coefficients a and b in the nonrelativistic expansion of the annihilation cross section,
Eq. (3.5). This can be used to place a model-independent lower bound [151],

Q,h? 2 (m, /300 TeV)?, (3.11)
x X

to the cosmological density of any stable thermal relic. Unitarity and the age-of-the-Universe
constraint, £,h* <1, then lead to the conclusion that the mass of a stable thermal relic must be
m, <300 TeV [151]. This conclusion will not be altered substantially if the relic density is
determined by annihilation near a pole or threshold or by coannihilation. Although the unitarity
limit is a model-independent upper bound, the limit to the WIMP mass is roughly two orders of
magnitude larger than the WIMP masses usually considered (e.g., in SUSY). However, the upper
limit on the mass applies heuristically to a particle whose coupling is of order unity. In models (such
as SUSY models) usually considered, the cross sections are proportional to a coupling &> ~ 1074,
so the largest cosmologically acceptable WIMP masses should be roughly a factor o ~ 1072
smaller than the most conservative unitarity bound — about 3 TeV. This conclusion is supported,
for example, by careful surveys of SUSY parameter space [134].

If the theorists’ vision of a flat Universe is indeed justified, then a WIMP with an abundance
Q, ~ 1 (Q,h* ~0.25 for acceptable values of i for Q = 1), is the most attractive theoretically. On
the other hand, it is conceivable that the WIMPs could be the dark matter we are searching for in
the Galactic halo, even if they do not contribute closure density. In order of magnitude, the
luminous matter in galaxies contributes roughly Q... ~ 0.01, and the dark matter outweighs the
bright component by at least a factor of ten, so Q1,2 0.1. Therefore, 0.025 <Q,h* <1 is a more
conservative range for the relic density of a WIMP which could account for the dark matter in the
Galactic halo. Although cosmologically consistent, WIMPs with smaller densities are not quite as
astrophysically interesting, as they would not be suitable for solving the dark-matter problem, and
heavier WIMP’s would violate the lower bound on the age of the Universe.

4. Supersymmetric models

4.1. Motivation, goals, and some formalities

The fundamental motivation for introducing supersymmetry remains the argument that theories
describing physics over an energy range of many decades must incorporate supersymmetry in order

to remain technically natural. It is worth reiterating the details of this technical naturalness, which
we will do shortly. Further motivation derives from the observation that a combination of
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supersymmetry transformations gives a spacetime transformation, so that theories of local super-
symmetry necessarily contain local spacetime transformations, and thus they contain gravity. It
remains an open problem to construct a viable theory of elementary-particle physics which
contains gravity, but much can be said in the context of supersymmetric theories. We will discuss
this briefly as well. For more than the telegraphic details provided here, we refer the reader to some
of the many excellent reviews on the subject of supersymmetry (see, e.g., [20, 152, 153]).

First consider what is meant by technical naturalness. Suppose that we wish to write down
a Lagrangian for interactions of elementary particles, which we hope will describe all interactions
up to some high-energy scale, such as the Planck scale, Epj, =~ 10'° GeV, or a grand unification
scale, Egur ~ 101® GeV. If such a Lagrangian described all physical interactions at any scale, then
our work would be done! However, no such arguably correct theory has ever been written down. In
fact, it may be impossible to admit the very idea of elementary-particle physics above the Planck
scale, where the structure of spacetime itself becomes something unknown, So the Lagrangian that
we write for the physics of elementary particles at or below our specified high-energy scale is an
effective Lagrangian, not appropriate for calculating processes at energies above the scale where it
is defined. It depends on whatever fields exist in the theory, ¥;, and on some coupling parameters

gi,
geff = geff(q,i: gl) (41)

Suppose that this theory contains scalar fields, the vacuum expectation values (VEVs) of which
will spontaneously break certain gauge symmetries, such as the electroweak symmetry. If we
choose to break the electroweak symmetry by the Higgs mechanism, then there must exist in %
a scalar excitation which is the Higgs field of the Glashow—Weinberg-Salam theory. For such
a generic Lagrangian, specified at a scale A, much larger than the clectroweak scale, E,.a., we find
by explicit calculation that the masses of scalar excitations are of order A (unless there is fine
tuning). The scalar excitations acquire such large masses because of radiative corrections. Due to
diagrams with a scalar loop such as that shown in Fig. 5, their self-energies will renormalize m2.,1,.
by typically quadratic terms of order A%; that is, 8mZ..1., ~ g°A% Therefore, for example, there will
be radiative corrections to the standard-model Higgs mass of order Agyr that will destroy the
hierarchy between the electroweak and GUT scales. Either these particles must decouple at high
energies, in which case they could not break the electroweak symmetry at the weak scale, or there
must be some strongly nonperturbative effect which invalidates the method of calculation. The

Fig. 5. Radiative corrections to the mass of a scalar particle. The dotted curves are scalar propagators, and the solid
curves are fermion propagators: (a) Diagrams with no supersymmetry; (b) diagrams with supersymmetry.
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latter alternative provides no comfort, and it is anyway difficult to see how such effects could
appear if the couplings in % . are chosen to be sufficiently weak. Therefore, the only way to avoid
this difficulty is to fine-tune the couplings g; to one part in A%/E2_,, = 10*8. This is the fine-tuning
or naturalness problem.

One could argue that there is no satisfying solution to this difficulty, in the sense that a more
fundamental “theory of everything” may just produce the required finely tuned couplings. But what
is the mechanism by which this fundamental theory of everything arranges to provide the Universe
with something so useful to humanity as electroweak gauge-symmetry breaking at a scale
Ecax =~ 200 GeV? The physics of the theory of everything is not at all understood, but it would
seem a priori to be a miraculous coincidence that such a scale should emerge from a theory which
contains gravitational interactions, and perhaps other greatly complicated physics, occurring at
energy scales greater than or equal to the Planck scale.

It seems that the only operable solutions to this problem are to excise the scalar excitations from
the theory or to somehow eliminate the quadratic radiative corrections which are forcing the
fine-tuning upon us. The first solution opens the door to the realm of dynamical electroweak-
symmetry breaking and technicolor theories [154], which are not the topic here. Constructing
realistic technicolor models has proven to be very difficult, and no completely realistic model has
ever been constructed, though it is certainly possible that such a model exists. The second operable
solution is provided by low-energy supersymmetry, and we now briefly discuss how this occurs.

Supersymmetry implies that the particles of a theory must appear in multiplets, related by
supersymmetry transformations. The supersymmetry transformations turn bosons into fermions
and vice versa, so that the members of supermultiplets have different spins. Supersymmetry thus
provides an example of a symmetry which is entwined with the Poincare algebra in a nontrivial
way; the commutator of two supersymmetry transformations, 6, gives the momentum operator

[3(e1),0(e2)] =%(52 V”81)am (4.2)

where &4, &, are the infinitesimal generators of the two transformations, which are fermionic fields.
This equation is often verbalized as “supersymmetry is the square root of Poincare symmetry”. In
fact, supersymmetry is the only such entwined internal symmetry consistent with necessary
symmetries of the S-matrix [155-157]. Fermionic intermediate states, fermion loops in diagram-
matic perturbation theory such as those shown in the second equation in Fig. 5, carry a famous
factor of — 1. Thus, for every boson loop, there is a fermion loop in supersymmetric theories which
cancels it. In this way, the momentum integrals of perturbation theory are softened. In fact, they are
softened to the level that the quadratic dependence on a large ratio of energy scales is reduced to at
most a logarithmic dependence, log(A/E,..c). In some cases the dependence on this ratio is
removed entirely, in which case the theories are formally finite in the ultraviolet and could in
principle be extended to arbitrarily high energy without any fine-tuning problem.

Of course, we know that the known particles do not occur in supermultiplets; the required
superpartners have never been observed. Thus supersymmetry cannot be an exact symmetry of the
vacuum. It must be broken such that physics below the breaking scale, Eggg, is phenomenologically
acceptable. But the required cancelation of quadratic radiative corrections will only operate for
intermediate states with momenta above Eggs. Therefore, the quadratic corrections to the Higgs-
boson mass should be dm ~ g*(m3 — mg) where my and myp are the masses of boson and fermion
members of a supermultiplet. Therefore, if mg is to be less than or of the order of the electroweak
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gauge-boson masses, then the mass splittings in supermultiplets should be not too much greater
than the electroweak scale. Thus, if supersymmetry is to be relevant to electroweak-symmetry
breaking, the signs of supersymmetry must become visible near the electroweak scale, E < O(TeV).
If a supersymmetric particle spectrum does not become manifest by the time accelerator experi-
ments reach such a scale, then the solution to the fine-tuning problem must be sought elsewhere.
Thus supersymmetry is an interesting gamble. If it proves to be a winning bet, the rewards will be
staggering. If it proves to be irrelevant to electroweak physics, then the absence of a viable
treatment for the fine-tunning problem will be felt.

The second motivation which we mentioned arises from the connection between local supersym-
metry and gravity. Supersymmetry is 1ocal if the transformations are allowed to depend on position
and time (in other words, the symmetry is gauged); this means that the commutator of local
supersymmetry transformations gives a local Poincare symmetry, as dictated by Eq. (4.2). But local
Poincare symmetry is the basis of general relativity, so that “local supersymmetry is the square root
of general relativity” [158]. Local supersymmetry is thus called supergravity (SUGRA). Combined
with the idea of ultraviolet finiteness, as mentioned above, local supersymmetry held some initial
promise as a true theory of everything, including gravity, extendible to arbitrarily high energies.
This initial promise will probably remain unfulfilled, as it seems very likely that finiteness does not
hold to arbitrary order in the diagrammatic expansion. Supergravity with added matter multiplets
diverges at one loop [159], and it seems likely that pure supergravity diverges at three loops [160].
Therefore, supergravity has been adopted in a secondary manner, itself being considered as an
effective theory which must give way to some more correct description at higher energies. The more
fundamental theory that encompasses supergravity may be superstring theory, the status of which
remains tentative. So the construction of a fundamental theory encompassing all the known
interactions, including gravity, remains very much an open problem. However, current thinking
makes it hard to understand an effective theory of softly broken global supersymmetry (such as the
MSSM) out of the context of some fundamental locally supersymmetric scheme because of issues of
the supersymmetry-breaking mechanism. Spontaneous breaking of local supersymmetry remains
one of the most compelling models for the manifestation of supersymmetry in the Universe, and
supergravity turns out to be the proper framework for spontaneous breaking of supersymmetry
[161-166]. This provides an important motivation for the study of supergravity. We will discuss
supergravity models in a bit more detail below.

From the above viewpoint, the existence of attractive dark-matter candidates in models possess-
ing low-energy supersymmetry can be regarded as an independent and pleasant surprise. To our
minds, this pleasant surprise provides an excellent motivation for studying these models. Super-
symmetric dark matter remains one of the most interesting and viable candidates for cold particle
dark matter. Finally, there are some arguments from coupling-constant unification which suggest
the existence of low-energy supersymmetry [4].

Our immediate goal is to write down a well-motivated, viable, and adequately general supersym-
metric model with which we can begin to calculate those things that interest us, such as cosmologi-
cal relic abundances, detection rates, and event rates for accelerator experiments. We also need to
explain the parameterization of the theory which we have chosen. To reach these goals, it is
necessary that we take a small detour through the formalism of supersymmetric field theory; we
introduce only as much formalism as is necessary to write the Lagrangian, and in writing the
Lagrangian we establish the conventions for all the parameters of the theory. The necessity of this
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step is obvious to anyone who has attempted to compare results from different calculations in the
literature. Rather than present all the details in a linear fashion, we give a reduced account here and
give the full exposition in Appendix A. This Appendix will be necessary for those readers interested
in performing explicit calculations.

4.2. Minimal supersymmetric standard model

The object of immediate study in this review is the minimal supersymmetric standard model
(MSSM). This theory contains all the known fields of the standard model and an extra Higgs
doublet (for reasons discussed below), together with the partners required to form supersymmetric
multiplets; no other fields are introduced in the MSSM. The interactions of the theory are all those
which are allowed by the gauge symmetry SU(3) x SU(2) x U(1) and by renormalizability. These
specifications uniquely determine the MSSM, up to the prescription for transformations under the
so-called R parity, although the various field assignments are not completely trivial. Writing the
Lagrangian of the MSSM in its most manageable form requires the introduction of the machinery
of superfields, and this will be left for Appendix A. The complexity of detail in the MSSM comes,
not at the manifestly supersymmetric level, but at the level where the physics of supersymmetry
breaking is specified. Following Girardello and Grisaru [167], as discussed in Appendix A, we
construct the most general soft-breaking Lagrangian for the MSSM, which contains a large
number of dimensionful parameters. The explicit form is given by Eq. (A.12).

Given an interest in supersymmetric dark matter, the most important ingredient is the realiz-
ation of R parity. In terms of its action on the component fields of the theory, this discrete
symmetry is R = ( — 1)*® =925 where B, L are the baryon and lepton number operators and S is
the spin. This means that R = 1 for ordinary particles and R = — 1 for their superpartners. If
R parity is broken, then there are no special selection rules to prevent the decay of those
supersymmetric particles in the spectrum with masses of order a few GeV or larger. In particular,
the theory would possess no natural candidate for cold-dark-matter particles. However, this is only
one of the many ills of a theory with broken R parity. Such theories also possess baryon- and
lepton-number violating interactions with strengths controlled by the scale of R-parity violation.
Therefore, very severe constraints on R-parity violation arise. In this review we will consider only
models with strict R parity, so that the lightest R-odd particle will be absolutely stable. This is the
so-called lightest supersymmetric particle (LSP). For discussions of the phenomenology of R-parity
violation, see Refs. [168], and for related developments see Refs. [169].

Several points about the field assignments should be mentioned immediately, regarding neu-
trinos and the Higgs sector. First, one might ask whether or not a neutrino supertield is required,
since one could imagine a neutrino arising as a Goldstone fermion for spontanecous supersymmetry
breaking, which would also explain its masslessness. This particular speculation is ruled out by the
phenomenology of neutrino interactions at low energy [170]. Second, it can be shown that two
Higgs doublet fields are required in the MSSM, where only one is required in the standard model
(see Appendix A). This enrichment of the Higgs sector provides some complication, but also
provides an important phenomenological window. In many cases, the Higgs sector provides strong
clues about the underlying supersymmetric theory, and constraints on the Higgs sector are an
important area of supersymmetric phenomenology.
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Table 1
Particle spectrum of the minimal supersymmetric standard model

Normal particles SUSY partners

Symbol Name Symbol Name
q=uct up quarks . ....g¢ up squarks
q=4d,s b down quarks ai, - ,~€IS down squarks
l=ep, 7 leptons Iy, ... .1 sleptons

\% neutrinos Vi oov b V3 sneutrinos
g gluons g gluinos
W= W boson i x5 charginos
H* charged Higgs

Y photon

VA Z boson

h® (HY) light scalar Higgs v, ..x8 neutralinos
H® (H) heavy scalar Higgs

A° (HY, Po) pseudoscalar Higgs

In supersymmetry, there is a fermionic degree of freedom for every bosonic degree of freedom
and vice versa, so the particle spectrum is greatly extended in the MSSM. These are listed in Table
1. For each “normal” degree of freedom, there is a supersymmetric degree of freedom. Quarks have
spin %, while squarks are scalars. Therefore, there are two squarks (left and right) for each quark. In
general, the up quarks mix amongst themselves, and similarly for the down quarks, so there are six
up squarks and six down squarks in the particle spectrum. In most of the models discussed in the
literature, there is no mixing between different flavors, and each squark is associated with a given
quark. Similarly for the leptons. In these models, left-right sfermion mixing is proportional to the
corresponding fermion mass; thus, there is little left-right mixing for u, d, and s squarks or
selectrons or smuons, but mixing of staus and c, b, and especially t squarks can be substantial.

The superpartners of the W and charged Higgs bosons, the charged higgsino and gaugino, carry
the same SU(3) x U(1) quantum numbers. Thus, they will in general mix after electroweak-
symmetry breaking, and the two resulting mass eigenstates are linear combinations known as
charginos. The same is true of the superpartners of the photon, Z°, and neutral Higgs bosons. These
fields generally mix to create four mass eigenstates called neutralinos. We also list (in parentheses)
some alternate symbols for the various neutral Higgs bosons that have appeared in some of the
previous literature. The tilde is often used to denote superpartners. However, to avoid cluttered
equations, in this paper we often omit the tilde for neutralinos and charginos, since there can be no
ambiguity in this case. As we will argue below, the lightest superpartner is most likely the lightest
neutralino, and it is stable. It is then the dark-matter candidate on which we focus, and very often
we refer to it as the neutralino. When there can be no confusion that we are referring to the LSP, we
may refer to it simply as y.

The spectrum of the normal, R-even, particles is specified in the same manner as for nonsuper-
symmetric models. Quark mass matrices determine the masses and the mixing angles, which are
encoded in the Cabibbo—Kobayashi-Maskawa matrix [171]. The pattern of gauge-symmetry
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breaking is unchanged from the standard model, and gives the same tree-level relation between the
masses of the W and Z bosons {172, 173]. The most important technical difference occurs in the
Higgs sector. As mentioned above, the Higgs sector is required to contain two weak isospin
doublets, as opposed to the one doublet required in the standard model. This doubling gives rise to
five physical states, which are shown in Table 1, along with some of their properties.

Let us summarize the parameters of the model, referring to the detailed form of the terms in
Appendix A. We count 63 parameters as follows, not including those parameters which appear in
the nonsupersymmetric standard model, i.e., gauge couplings, fermion masses, etc. First there are
the three gaugino mass parameters M, M,, M3, and the parameter yu (often referred to as the
“higgsino-mass parameter”) which appears in the superpotential. These are important for their role
in the neutralino mass matrix in particular. There is the ratio of Higgs VEV’s, tan 8, which appears
in the neutralino mass matrix as well as in the relation between Higgs masses.

We choose the mass of the pseudoscalar Higgs particle, m,, as a free parameter, and this together
with tan f and the gauge couplings determines the Higgs boson spectrum. The remaining para-
meters are elements of matrices of dimensionful couplings in the soft-breaking Lagrangian, which
appear in the sfermion mass matrices. There are three 3 x 3 symmetric matrices of squark
mass-squared parameters, Mz, MZ, and M é, where the first pair are associated to the right-handed
states and the third is associated to the left-handed states. There are similarly two slepton
mass-squared parameter matrices, MZ and M 2. These five matrices constitute 30 parameters. The
remaining soft-breaking parameter matrices are three 3 x 3 Yukawa matrices, 4,, 44, and 4., which
we choose to have dimensions of mass. These constitute 27 parameters.

The spectrum of superpartners of quarks and leptons possesses maximum model dependence.
This is because of the large number of soft-breaking parameters which involve these particles
directly; of the 63 parameters counted above, notice that 57 of them are parameters which specify
the masses and mixings of the squarks and sleptons.

For the full details of the discussion in this section, the reader should consult Appendix A.

Which is the LSP?: Before discussing the properties of the neutralino, it is worth reprising the
arguments of Ellis et al. [125] that the neutralino is most likely the lightest supersymmetric particle
in the MSSM. Although these arguments are not fully airtight, they are indeed suggestive.

Suppose a charged uncolored particle, such as a chargino or slepton, were the LSP. Then the
relic number density of such particles would be roughly 10~ (M/GeV)ng where M is the mass of
the particle and ng is the baryon number density [174]. Such particles would show up in searches
for anomalously heavy protons [174]. Null results from such searches [175] rule out such charged
particles over a broad mass range.

What if a squark or gluino were the LSP? Such particles would be expected to form hadrons. If
charged, they would show up in anomalous proton searches, but it is possible that stable strongly
interacting superpartners would form only neutral hadrons which, unlike neutrons, would not bind
to nuclei and thus would evade detection. For these particles, one must turn to theory. Grand-
unified models predict relations between the superparticle masses, and in most cases, the gluino is
more massive than the neutralino, and the squarks are heavier than the sleptons. If so, then neither
is the LSP.

Finally, consider sneutrinos. In most models, there is a slepton with mass similar to, but slightly
smaller than, the sneutrino mass. If this is not the case for some reason, then there are cosmological



234 G. Jungman et al. | Physics Reports 267 (1996) 195-373

arguments against a stable sneutrino. As discussed in Section 12, most (but not all) regions of
sneutrino parameter space are ruled out by WIMP direct-detection experiments [176].

This leaves the lightest neutralino as the LSP. The neutralino would be stable and weakly
interacting, and thus be a good dark-matter candidate. Although constraints on neutralino
parameter space exist, the vast majority of neutralino parameter space is still unprobed by various
accelerator and dark-matter experiments.

The neutralino: As argued above, the lightest superpartner (LSP) in most cases is the lightest
neutralino, a linear combination of the supersymmetric partners of the photon, Z°, and neutral-
Higgs bosons,

¥ =N¥B+ N5, W3 + N3, H? + Ni HS, (4.3)

where B and W3 are the supersymmetric partners of the U(1) gauge field B and the third
component of the SU(2) gauge field W3 that mix to make the photon and Z° boson. The
coefficients N, as well as the mass m, of the neutralino come from diagonalization of the
neutralino mass matrix which appears in Eq. (A.20), and the subscript 0 denotes the lightest
neutralino. The phenomenology and cosmology of the neutralino are governed primarily by its
mass and composition. A useful parameter for describing the neutralino composition is the gaugino
fraction, f; = [N1o|® + [Nao|?* [134]. If £, > 0.5, then the neutralino is primarily gaugino and if
fe < 0.5, the neutralino is primarily higgsino.

Although discussions of neutralinos can become very involved, many results can be understood
in terms of the neutralino properties displayed in Figs. 6 and 7. The broken curves are neutralino
mass contours in the M,—u plane, and the solid curves are the gaugino fraction of the neutralino.
We have taken tan = 2, but these curves are relatively insensitive to the value of tan f. Although
M, and M, are independent gaugino mass parameters in the MSSM that appear in the neutralino
mass matrix, in most GUT models, there is a relation between the two which is adopted in almost
all the literature on the MSSM. Therefore, we have also assumed this GUT relation:
M, =3 M, tan? 0,,. The mass contours are hyperbolas that asymptote to m, = |u| for large M and
to m, = M; ~ %M, for large |u|. For large values of |u| and M,, models where the neutralino is
half higgsino and half gaugino fall along the line 4 = 3 M, tan® 0, ~ M,/2. In the regions where the
gaugino fraction is greater than 0.99, the neutralino is almost a pure B-ino state (No; = 1 and
No; = 0 for i # 1). (When M, = 3tan?0,,, the lightest neutralino cannot both be a pure photino
and heavier than the W.) When the gaugino fraction is less than 0.01, the neutralino is very nearly
a pure higgsino state (No; & Ny, & 0).

4.3. SUSY-GUT and supergravity models

As we remarked above, one of the main motivations for introducing supersymmetry is to provide
a natural framework for discussing theories with large hierarchies of scales. Such large hierarchies
invariably arise in grand-unified theories since the unification of running gauge couplings occurs at
very high scales, greater than 10!° GeV. Thus supersymmetry goes hand-in-hand with grand
unification, and supersymmetric grand-unified theories are attractive as descriptions of physics at
and below the unification energy scale. In fact, precision measurements of the standard-model
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Fig. 6. Contour plot of the neutralino mass and composition in the M,—u plane. The broken curves are contours of
constant neutralino mass m, (in GeV), and the solid curves are contours of constant gaugino fraction f,. Here, tan = 2
and the GUT relation, M, = § M, tan? 0y, has been used. Only positive values of p are shown. From Ref, [134].

\
gauge couplings at \/5 ~ my indicate that nonsupersymmetric grand-unified theories with no
intermediate scales are not viable [4]. However, by calculating the renormalization group running
of the couplings with the assumption that a supersymmeitric spectrum of particies becomes visible
at scales roughly in the range 100 GeV—1 TeV, it is found that the simplest grand-unification
scheme works quite well [4, 177, 178]. This observation has inspired some renewed interest in these
models.

Supersymmetric grand unification has several novel features compared to the nonsupersymmet-
ric case. The unification scale in these theories is always larger than the corresponding scale in
a nonsupersymmetric theory because the supersymmetric additions to the particle spectrum
decrease the beta functions, slowing the running of the couplings [179-181]. Proton decay via
dimension-six operators is thereby suppressed, but one must also consider the effect of baryon-
number violating dimension-five operators [181]. The most likely channel for proton decay turns
out to be p - ¥, K™ [181].

The most important problem for supersymmetric theories remains that of supersymmetry
breaking. In the MSSM, we parametrized the soft breaking in the most general way, according to
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Fig. 7. Same as Fig. 6, but for negative values of u.

the results of Girardello and Grisaru [167], and we noted that this description is purely an effective
description, with no hint at the mechanism which must operate to produce these terms in the
low-energy limit. In order that the underlying theory be truly supersymmetric, we must consider
some form of spontaneous supersymmetry breaking. As discussed in Appendix A, the natural
framework for such supersymmetry breaking is that of local supersymmetry, which is supergravity.
In many cases this breaking is accomplished in a so-called hidden sector, and the effects of the
breaking are transferred to the visible sector by gravitational interactions. These hidden sector
models can be realized in superstring models, where the hidden sector is comprised of the fields
transforming under one factor of Eg in the full Eg x Eg gauge group.

Within this framework of spontaneously broken supergravity, there remains a choice for the
mechanism of electroweak-symmetry breaking. Tree-level breaking of electroweak symmetry
manifests certain difficulties with regard to fine-tuning in the superpotential [182], as well as
problems with naturalness of the necessary singlet superfields [183—187]. These problems are
avoided by models which break the electroweak symmetry through radiative corrections
[188—191]. Tt could as well be argued that such a mechanism is more attractive due to its
minimality.
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Thus we arrive at the minimal model of supergravity which encompasses the known interactions,
where supersymmetry is broken in a hidden sector, and electroweak symmetry is broken by
radiative corrections.

The parameters which specify such a supergravity model are as follows. First, there is a common
unified gauge coupling given at the unification scale M. This gauge coupling is determined along
with the scale Mx by the requirement of coupling unification [192]. Second, there is the super-
potential, which is in precisely the same form as Eq. (A.10). Therefore we have a higgsino paramter
u as well as the Yukawa coupling matrices h,, hy, and k.. Note that since supergravity does not
solve the problem of generation replication, this Yukawa coupling data is required. Third are the
gaugino mass terms, which are equal at the unification scale, M{(Mx)= M,(Myx)=
M3(Mx) = M. Fourth is the area in which supergravity provides great simplification, and that is
with regard to the remaining soft-breaking terms. Assuming a global U(N) symmetry between the
N chiral superfields, the general form of the scalar potential is [ 193]

2

ow
+ |m|? Y [¢p2| + AW 3 + BW, + (2B — A)W, + D terms, (4.4)

o¢:

where W, is the part of the superpotential W which is nth order. The parameter m is seen to be
a common mass parameter for all the sfermions in the theory, and the breaking is flavor-blind so
that the sfermion matrices, M?, are proportional to the identity at the unification scale. We have
chosen the parameters 4 and B to have dimensions of mass. Also note that there exist different
conventions in the literature regarding numerical factors in the definitions. We have followed Ref.
[194] in our choices. Furthermore, some authors assume a minimal Kahler potential, which
implies the further constraint B = 4 — m.

If one is not interested in questions of generational mixing, then the Yukawa couplings of the
light generations can be ignored, leaving only the three heavy couplings k., hy, and h,. Often one
assumes the relation h,(Mx) = h,(Mx), which is a prediction of many simple GUTS, based on
certain minimal choices for the Higgs representations [195, 196]. This relation is phenomenologi-
cally successful; however, it is worth keeping in mind that there are often corrections to this relation
in the presence of some common Higgs representations, which may in fact be required in some
models for other reasons, and it is important to know exactly what model one intends when
speaking of a “minimal” model. See Ref. [197] for an example of such a minimal model.

So the simplest model that can be considered has nine parameters, u(Mx), h,(Mx), h.(Mx),
h(Mx), ox, Mx, A, M, and m. We have already remarked that ax and M are fixed by using the
measured values of the low-energy gauge couplings. The Yukawa couplings can be fixed in terms of
the measured masses, though the solution of the full renormalization group required to do this can
be technically complicated. Furthermore, the relatively poor precision of the measured b-quark
mass allows for some freedom. The Higgs parameter u(Mx) basically sets the scale for electroweak-
symmetry breaking, though the relation is quite complicated; it can be eliminated by using an
electroweak mass scale, such as the mass of the Z°.

The most important constraint on the free parameters is that they do in fact allow for
electroweak-symmetry breaking. The electroweak symmetry in this model is broken only by
radiative corrections, and one must solve the renormalization group equations which describe the
evolution of the Higgs potential in order to implement this constraint [194, 198].

V=2
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Thus far we have said nothing about superstring theory. It is hoped that superstring theory
will lead to an effective supergravity theory below the string scale. However, the form that such
a model would take is unknown. It appears that many possibilities exist. In particular, it is unclear
whether or not superstring theory will lead to a minimal model of supergravity such as we have
discussed.

5. Laboratory constraints
5.1. Remarks

In this section we will briefly address the constraints on supersymmetric models from laboratory
experiments. We will avoid a detailed enumeration of search techniques and current results, and
instead try to indicate a few important points. For more discussion of these issues, we refer the
reader to some of the extant lectures and review articles as a starting point [20, 152, 199, 200]. The
effect of these constraints on neutralino dark matter is discussed in Section 11.

5.2. Constraints on the Higgs sector

The most distinctive feature of the Higgs sector in the MSSM is the relation between couplings in
the Higgs potential and gauge couplings. At tree level, these relations lead to the important
prediction myo < my. In principle, this prediction provides the most definitive method to rule out
the MSSM, in the context of a direct search for the h® boson.

However, it has been realized that radiative corrections in the Higgs sector will upset the
tree-level mass relations and raise the upper limit on the lightest Higgs boson mass [201-206]. The
full results for the radiative corrections are quite complicated, but can be simplified in a leading-
logarithm approximation [202]. The corrections are generically important if the top quark is
heavy, and the upper limit on the mass of the h® can be raised to values as high as my0 <5130 GeV
[207-211]. This result implies that the h® of the MSSM could possibly evade detection at LEP-II,
running at /s ~ 200 GeV. Nevertheless, the search for the Higgs bosons of the MSSM remains
one of the most important tests of the scenario.

Limits from LEP-I derive from searches for the processes Z® — h° ff and Z° — h°A°. The rate
for decay of an on-shell Z to neutral Higgs bosons is [19]

I'"Z — A°h®)/T(Z — Vv) = 4cos® (B — a) (Ipl/mz)°, 6.1

where |p| is the three momentum of one of the final-state Higgs bosons, and I'(Z — Vvv) is the
standard-model rate for Z-boson decay to one massless neutrino species. The current limits derived
from these searches are myo > 44 GeV [212,213], and mao > 39 GeV [214, 215]. Some dependence
on the top-quark mass exists for the A° limit; see Ref. [212].

The limit on myoe is based on the assumption tan f > 1. If this constraint is relaxed, the limit
reduces to myo 230 GeV [216]. The limit on myo is also dependent on the assumption tanf > 1,
and can be relaxed to mao > 12 GeV if this constraint is relaxed [216].
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Although it is now believed that the absolute upper limit for the mass of the h® can allow it to
evade discovery at LEP-II, the projected coverage of parameter space provided by such experi-
ments is still excellent.

5.3. Constraints on the chargino/neutralino sector

As discussed above, the Higgs sector may provide the simplest method to rule out the MSSM. Of
course, the discovery of Higgs bosons with masses in a range consistent with the MSSM does not
provide proof for the existence of low-energy supersymmetry! Low-energy supersymmetry can be
said to be absolutely confirmed only in the case that superpartner particles are discovered by direct
production in high-energy collisions.

As one might expect, details of the model parameters become important in discussing the
production of supersymmetric particles. Because of the possible complexity of the couplings and of
the mass spectrum, it is extremely difficult to place bounds on the model without making some
assumptions.

Consider the simplest production process, the pair production of neutralinos or charginos in
e"e” collisions at the Z° resonance [217, 218]. The width for decay of a Z° boson to a neutralino
pair is [219]

rZ® - xo)) =% SO /sin® 20,) fmy [1 — 5 (x; + x;) — 3(x; — x;)* — 3x;x;],  (5.2)

where x; = (m,,/mz)% B = /1 — 2(x; + x;) + (x; — x;)?, and S is a symmetry factor which equals 3
for identical particles in the final state. The couplings Of}" are as introduced in Eq. (A.53) and are
dependent on the mixing of the neutralinos. The same expression applies for chargino pair
production with the substitution 2(0{)* > (07)* + (0%~

Due to the simple nature of chargino mixing, it is possible to derive a bound on the chargino
masses independent of any assumptions, m,+ > 45.2 GeV [220]. Prospects for chargino detection
at LEP-II have also been discussed [221, 222]. For the case of neutralinos, some assumptions
regarding the mixing of the states are required in order to translate bounds on the branching ratios
into bounds on neutralino masses. For example, if the grand-unification relation is imposed on the
gaugino mass parameters, then it is possible to derive the bound m,. > 18.4 GeV for the mass of the
lightest neutralino [2237]. This limit is comparable to the limits from the cosmological neutralino
abundance. Note that the signals for neutralino production depend on the nature of the neutralinos
as well. Production of a pair of LSP neutralinos contributes to the invisible width of the Z.
Production of one LSP neutralino and another heavier neutralino can produce spectacular
one-sided events; however, in most models, the mass of the second lightest neutralino is too large
for this Z-decay channel to open.

5.4. Sleptons

Charged sleptons can be produced in e *e™ collisions [217, 218]. Generically, the signal for such
events is the presence of acoplanar leptons in the final state, coming from the decays of the sleptons.
Neutralinos appear in the final state of these decays as well, and assumptions about the lightest
neutralino mass must be made in the analysis. For example, assuming the lightest neutralino is
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lighter than 41 GeV, a limit on the selectron mass can be derived, m; > 45 GeV [220]. Similar limits
exist for the smuon and stau [220].

5.5. Squarks and gluinos

Strongly interacting supersymmetric particles could be produced in hadronic collisions. Signifi-
cant model dependence enters because the signal will depend on the particular decay chain taken
by the squark or gluino, and assumptions about these decay chains enter the data analysis directly.

For example, consider squark production. A squark will generically undergo two-body decay to
a quark and a neutralino or chargino with subsequent cascade decay of the neutralino (or escape
from the detector if it is the lightest neutralino). The signal is missing energy, which escapes with an
LSP neutralino at the end of the cascade. Clearly, assumptions about the neutralino sector will be
very important in the search for such processes. For example, if the grand-unification condition is
assumed, then a relation exists between the lightest neutralino mass and the gluino mass, and if one
assumes that the gluino mass is less than 410 GeV, then a bound my > 90 GeV can be derived
[224]. Other assumptions involving the squark sector and the nature of the cascade decays enter in
Ref. [224], and we refer the reader there for further discussion.

Another possible signal in p—p collisions is the trilepton signal from decays of charginos and
neutralinos produced through an intermediate off-shell W boson. With some assumptions typical
of supergravity models, sensitivity to gluino masses up to about 250 GeV can be obtained [225].
For some current thinking on squark and gluino production in supergravity models, see Ref. [226].

Gluino mass limits are somewhat controversial at the present time, due to claims that a mass
window remains open in the range 1-4 GeV. The suggestion of such a possibility derives essentially
from the observation that it would lead to a better fit between low and high energy values for the
running strong-coupling constant [227]. All or part of this window can be closed by invoking
model assumptions of various sorts, such as unification conditions [223], or supergravity assump-
tions [228].

Squarks could also be produced at e "e™ colliders [217], but squarks in the currently accessible
mass range have been ruled out by hadron-collider experiments.

5.6. Limits from rare processes

In this subsection we will note a few constraints on the MSSM which arise upon consideration of
rare processes and precision experiments. In particular, the most stringent constraints arise from
consideration of flavor-changing neutral-current (FCNC) interactions. Most important among
these is the decay b — sy, which has recently received a great deal of attention.

We have seen above that the general MSSM Lagrangian actually possesses FCNC interactions
at tree level, which arise from flavor asymmetries in the soft-breaking terms. These direct flavor-
changing interactions all involve superpartner particles, so that they are not directly accessible to
low-energy experiments. However, the effect of these interactions will be felt through radiative
corrections to measured processes. In some cases, the effects will appear as corrections to FCNC
processes which are already known to exist in the standard model, such as AS =2 or AS =1
processes. In other cases the effects will appear through the existence of processes which are strictly
forbidden in the standard model, such as p — ey. One may ask why we might expect some flavor
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dependence in the soft-breaking terms at all. The best answer is that, even if they do not exist at tree
level, radiative corrections involving the Yukawa couplings will lead to small deviations from
flavor-blind soft breaking. Our above discussion of supersymmetric grand unification and super-
gravity models already mentioned this possibility.

The AS = 2 mixing in the K°-K° system historically provided very important clues to flavor
physics, beginning with the prediction of the charm-quark mass [229]. The basic point is that the
extreme smallness of this mixing, corresponding to a mass difference of 3.5 x 10~ 2 MeV, requires
a careful cancelation of FCNC interactions [230]. In the standard model, Cabibbo-
Kobayashi—Maskawa mixing of quarks provides the necessary flavor asymmetry to explain
mixing in the K°~K? system at the observed magnitude.

In the MSSM, flavor asymmetry in the squark sector will also give contributions to K°~K?
mixing. One can see this immediately by “supersymmetrizing” the standard box-diagram calcu-
lation, replacing quark lines with squark lines and W-boson lines with gaugino lines [231-234].
There also exist contributions from gluino exchange. The full results of these calculations are
somewhat complicated, and the numerical values of the resulting bounds are dependent on certain
assumptions; however, as a generic feature, one finds that the squark masses must be degenerate to
a precision of about a few percent. This assumes that the squark mixing angles are of the same
order as the corresponding quark mixing angles. For a discussion of supersymmetric FCNC
phenomenology in the K°~K° system, including CP-violation, see Refs. [235, 236].

In the standard model, processes such as p — ey are strictly forbidden because the absence of
neutrino mass leads to exact conservation of the individual lepton numbers. However, in the
MSSM, mixing in the scalar lepton sector will violate these separate conservation laws. Again,
these violations will manifest themselves through radiative corrections, in this case providing the
sole cause of such processes in the model. A calculation of the p — ey amplitude [233] combined
with the current limit on I'()r — e7y) gives a constraint similar to that derived on the squark sector
from K°-K° mixing. The scalar leptons must generically be degenerate to a precision of a few
percent. This assumes that the slepton mixing angles are of the same order as the quark
Cabibbo—-Kobayashi—Maskawa mixing angles.

b — sy constraints: Recently, the CLEO collaboration has announced the observation of
a AS = 1 process in the B system, in the exclusive mode B — K*y and in the inclusive mode
B — X,v. The values for the branching ratios at the time of this review are [237, 238]

BB - K*y) =43+ 15+ 09)x1075, BB — X.y) = (2.32 + 0.57 + 035)x 10™%.  (5.3)

Due to strong-interation modeling uncertainties, the quantitative import of the exclusive measure-
ment is unclear. However, the inclusive process B — X y provides an interesting window on
physics beyond the standard model. The standard-model prediction is approximately (2—3) x 10~ 4,
and the inclusive measurement is consistent with this value. In the context of the MSSM, there exist
contributions to the amplitude both from the extended Higgs sector and from intermediate
superparticles. The contributions from the extended Higgs sector have been known for some time
and have the interesting feature that they necessarily increase the rate compared to the standard-
model prediction [ 2397]. However, the intrinsically supersymmetric contributions to the rate do not
share this feature [240, 2417]. Therefore, the consequences for the most general supersymmetric
models are generally model dependent.
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Analyses of the b — sy process split into two classes. First are those analyses which treat the
amplitude as if it were dominated by the charged-Higgs-boson exchange, as in the standard
calculations for the two-doublet model. Second are those which consider the detailed contributions
from exchange of supersymmetric particles. Analyses of the first class have the feature of simplicity,
while those of the second class are more complete.

In Ref. [242], dominance of charged-Higgs exchange is assumed. A resulting bound on the Higgs
sector can be written as m, > 130 GeV, for a top quark mass of 150 GeV. This type of analysis is
generally applicable to supergravity models, but is not strictly binding in the general MSSM. In
Ref. [243], similar assumptions are made, and it is pointed out that the measurement of the
inclusive rate can narrow the available parameter space for the Higgs sector.

In Ref. [241], a more general situation is considered. There it is pointed out that the required
magnetic moment operator must vanish in the limit of exact supersymmetry, so that the size of the
effect is strongly dependent on the supersymmetry-breaking terms. This is an important point
which deserves further consideration. Simplified analyses tend to be more relevant to supergravity
models because the spectrum in these models often implies the dominance of charged-Higgs
exchange. Note that the example numerical calculations in Ref. [241] contain some unrealistic
assumptions, apparently made for the sake of simplicity, and the numerical results given there
should not be understood as generic, although they are illustrative of the point which is made in the
paper. Other treatments include that in Ref. [244], which considers the contributions of a light
s-top state, and that in Ref. [245], which treats the contributions of chargino exchange. These
calculations support the point that one must consider a more detailed treatment of the sparticle
contributions in order to claim a complete calculation.

The inclusive branching ratio for b — sy is given by the following expression [241, 245, 246]:

BB - Xy) _ 6w In* A, + 50" —n")ly + F|?
B(B - Xcev) 1 I(xe)(1 —(2/3m)0(ms) f (Xeb))

(5.4)

Here, # is a ratio of running strong-coupling constants at the high- and low-energy scales,
n = a,(Mz) o(my), and p,q are renormalization group exponents, p = 16/23, g = 14/23. The
amplitude .7, is from the photon penguin vertex, the amplitude .7, is from the gluon penguin
vertex, and the amplitude % is from mixing with four-quark operators, C ~ 0.175. The function
I(x) =1 — 8x? + 8x° — x® — 24x* In x is a phase space factor; x., = m./m,. The function f (x) is
a QCD correction factor, f (x.,) >~ 2.41 [247].

The amplitudes ./, and &/, receive contributions from supersymmetric particle exchange as well
as from W7 and charged-Higgs exchange. Following Refs. [241, 245], we consider only those
supersymmetric contributions from chargino exchange. This is a useful simplification for most
models; the terms ignored are those due to gluino exchange, which can be important only in models
with large squark flavor mixing. Neglecting terms with more than one insertion of a down squark
mass matrix gives the amplitudes

3 m? m?
=5z (m—w> (5.5)

1 m 1 m? m?
H t (1) (2) 5.6
L 2mr[tan2ﬂ (m >+f7 (ﬂ >0



G. Jungman et al. [Physics Reports 267 (1996) 195-373 243

and
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where the sum on n is over the two charginos, and the sum on j is over the six up squarks. The J’s

and K’s are the chargino—quark—squark couplings defined in Egs. (A.37—-A.39). The total ampli-
tudes are sums of the above, o7, , = o/ + L%, + o%,. The functions £, are given by

by T—5x—8x* x(3x—2)
0 =5 =1 Yo 1y

3 — 5x 3x -2

Inx

[P0) = 61 T3 1
[P0 =1 =) fPx) —3x f2(x) — %, (5.8)
2+ 5x — x* X
9 (x )— 20— 1) 2(x—1)41nx
Byn . 3 X 1
fP(x) = FTEgE i S Inx
f00) =1 = x) £ (x) = 3x f2x) — 3, (5.9)

These expressions are taken from Ref. [241] and are consistent with those in Ref. [240] and in Ref.
[245], with the appropriate specialization of the flavor structure in the latter case.

A numerical example of the effect of chargino exchange is shown in Fig. 8. The charged-Higgs
boson mass and the couplings at the quark—squark—chargino vertices are held fixed. This
illustrates the dependence of the effect on the chargino mass. The example does not correspond to
any fixed MSSM model, but is meant to be illustrative.

b — sy and dark-matter detection: In Ref. [248], the detectability of neutralino dark matter is
linked to the amplitude for b — sy. Some assumptions about the supersymmetry-breaking terms
are made there; for instance, it is assumed that all sfermions have the same soft-breaking mass
parameter. This implies that no contributions to the amplitude can come from neutralino or gluino
exchange. These assumptions are typical of those which lead to dominance of the Higgs-exchange
contribution. The interesting point is that, when the amplitude is dominated by Higgs exchange, it
is often true that elastic scattering of neutralinos off ordinary matter is also controlled by Higgs
exchange. This provides the link, and implies that models with large elastic-scattering cross
sections will have a large b — sy rate, inconsistent with the CLEQO results. Ref. [249] discusses this
issue as well, though the model-dependence in that analysis is unclear. On the other hand, these
conclusions are not fully general and may not hold true, for example, in models where the
elastic-scattering cross section is mediated by squark exchange. These rare decays may provide
stringent constraints on SUSY parameters, but more work is needed to fully assess the impact of
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Fig. 8. Example of the effect of chargino exchange on Br(b — sy). The mixing angle appearing in the quark—squark—
chargino vertex has been fixed at 0.1, and the only parameter allowed to vary is m, *. The solid line is the result for the
branching ratio; the upper dotted line is the result ignoring the chargino contribution; the lower dotted line is the result
ignoring both the chargino contribution and the charge-Higgs contribution, which is the usual standard-model result.
The arrows show the CLEO 95% CL limits.

the b — sy constraint on dark-matter detection rates. We will discuss this point further with regard
to the examples of Section 11.

For a comprehensive discussion of B physics in supersymmetric models, see Ref. [250]. For
a general discussion of FCNC processes in N = 1 supergravity, see Ref. [236]; for special emphasis
on nonminimal Kéahler potentials in supergravity, see Ref. [251].

6. Neutraline annihilation
6.1. Remarks

The two processes which govern nearly all of neutralino cosmology are annihilation of neu-
tralino pairs and scattering of neutralinos off ordinary matter. In this section we discuss the
annihilation cross sections. We provide results for all the final states that appear at tree level and
for those one-loop final states that are also important, and we discuss some of their properties.
Annihilation cross sections are needed in cosmology for calculations of the cosmological neu-
tralino relic abundance (see Section 3), the flux of energetic neutrinos from neutralino annihilation
in the Sun and Earth (Section 9), and fluxes of anomalous cosmic rays produced by neutralino
annihilation in the Galactic halo (Section 10). For these purposes, it is generally sufficient to expand
the annihilation cross section in the nonrelativistic (v — 0 where v is the neutralino—neutralino
relative velocity) limit,

a0 = a + bv* + O(v?), (6.1)

where a is the s-wave contribution at zero relative velocity and b contains contributions from both
the s and p waves. Neutralinos in the Galactic halo, Sun, and Earth move with velocities O(1073),
so only the a term in Eq. (6.1) is needed for calculations involving relic neutralinos. When
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neutralino interactions freeze out in the carly Universe, their relative velocities arc approximately
v ~4% (see Scction 3), so both thc a and b terms are generally needed for relic-abundance
calculations [see Eqs. (3.6) and (3.7)].

There arc numerous final states into which the neutralino can annihilate. By far, the most
important of these are those which appear in lowest order in perturbation theory, i.e., the two-body
final states which occur at tree level. Specifically, thesc arc fermion—antifermion pairs (ff where
f are the standard-model neutrinos, leptons and quarks), WFW ™, Z°Z° W"H~, W H"', Z°A°,
Z°H°, Z°h° H"H , and all six combinations of A®, h° and H°. Several Feynman diagrams
contribute to each of these processes, so the computation of the total annihilation cross section is
quite a task. Both the a and b contributions for all of these final states have now been calculated.
These arc all the final states that should be needed for relic-abundance calculations. In addition, the
s-wavc contributions for the two-gluon (gg) and qgg final states have been calculated. These may be
important for indirect-detection calculations in some regions of parameter space, but should not
affect the relic-abundance results [252]. The s-wave contributions for the vy final states have also
been calculated. These are needed for calculation of the fluxes of cosmic gamma rays (sce Section
10.3), but can be neglected for abundancc calculations.

The analytic results for the a terms are always tractable (i.e., they can be written on one line). In
this section, we will include explicit expressions for a (in other words, the v — 0 limit of the
annihilation cross scctions). These limits are simple, and they are uscful for the calculations of
indirect-detection rates. They may also be uscful in many cases for estimating the relic
abundance.

On the other hand, calculation of the b terms can be quite involved. Several techniques have been
used to obtain these terms. Standard “brute-force” cvaluation of the Feynman diagrams can be
done (c.g., [134]). Although the resulting expressions are long, they are valid for any value of the
center-of-mass energy, s, including values outside the nonrelativistic limit. One can usec these
complete expressions to check the high-energy behavior of the cross sections for consistency with
unitarity. More recently, the cross sections have been dctermined by evaluation of helicity
amplitudes [253]. When cxpanded in the non-relativistic limit, these helicity amplitudes provide
the nonrclativistic cross-section results nceded for cosmological calculations. These analytic
expressions are not necessarily shorter than the brute-force results, but the physical origin of each
term is easier to understand. Finally, it has been pointed out that the amplitudes may first be
expanded in v?, and the b coefficicnt subsequently extracted [254, 255], but this technique has not
yet been applied to all the supersymmetric annihilation channels.

Although available, the complete analytic results for the b terms are quite lengthy. We will give
complete results for the ff final states in what follows. For other final states, we will write
expressions in terms of the helicity amplitudes listed in the paper by Drees and Nojiri [253], the
most recent and complete work on these annihilation cross sections, rather than reproduce all the
relevant results here. Our conventions agree with theirs, so it should be clear how to incorporate
those results with the others presented here. Since we choose to consider the most gencral flavor
structure in the squark sector, our expressions for the ff final states arc slightly different from those
in Ref. [253]. They agree with previous results in the appropriate limits.

We clarify that we have included all the a and b terms for all the two-body final states that appear
at tree level in our numerical work. In particular, the complete results for the b terms arc included
in the computer code that we are making available for distribution (scc Appendix B).
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We will discuss in turn the relatively straightforward cases of annihilation to gauge and Higgs
bosons and then to fermion pairs. Then we will discuss QCD corrections to the ff processes and
annihilation to gg and qdg, which can be competitive in some regions of parameter space [252].
Finally, we will discuss the two-photon annihilation cross section which is needed for calculating
the expected flux of gamma rays from neutralino annihilation in the Galactic halo.

6.2. Weak gauge-boson final states

Annihilation to weak gauge bosons will occur when the neutralino mass is high enough for such
channels to be open (m, > my,). The cross sections for neutralino annihilation to W*W ™~ and Z°Z°
were first calculated for pure B-inos and higgsinos in Refs. [132] and [133], and for the general
neutralino state in Ref. [134]. There is no s-wave suppression mechanism for these annihilations,
and thus they can be very important when the neutralino is heavy enough to make these final states
available. In particular, they are often important in models where the neutralino is primarily
higgsino. ‘

Some simplification of the results of Refs. [132—134] were obtained in Ref. [253] by the use of the
helicity formalism. Our notation agrees with theirs, so we simply summarize those results rather
than reproduce them in their entirety. The cross sections are expressed as sums of squares of
helicity amplitudes.

The expression for the cross section is not written in the form o, v ~ a + bv* + O(v*), but it does
contain all terms of order v?. Therefore, a and b can be extracted from these expressions
analytically, by Taylor expansion.

First, let us define some kinematic quantities that will be used for annihilation into any two
particles, X and Y. The square of the total energy is s ~ 4mZ(1 + %v?), and we define the kinematic
invariant.

Bry(®) = /1 — 2(mZ + m3)Js + (m% — m3))s>. (6.2)

We define ﬁXY = Exy(l) = 0)

The diagrams for the process yy — W*W ™ are shown in Fig. 9. Annihilation to W*W ™ pairs
occurs by s-channel exchange of Z° h° and H° bosons and by t- and u-channel exchange of
charginos. The result for the cross section for annihilation to the W™ W™ final state is [253]

o(xx = W W 7)o = 1 (Bww/87s) {21(A12a)]* + 3 [[(A12b)]* + 2|(412¢)|?
+ A[(A12d)% + [(A12e)? + 2(A12.£)* + 2I(A12g)|?
+ 2(AL2R), _ | + 20(A12h),  _i* + 2(A120)% + [(A127)2 T (6.3)

Here, the expressions (412x) refer to equation numbers in Ref. [253]. These are amplitudes for the
various possible final helicity states, and it should be noted that they are in general complex
quantities. The expression, (412h) must be evaluated once for positive total helicity, A; = 1 and
once for negative total helicity, 4; = — 1.

The diagrams for yy — Z°Z° are shown in Fig. 10. Annihilation to Z° pairs proceeds via ¢- and
u-channel exchange of four neutralinos and by s-channel exchange of H° and h° bosons. The cross
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Fig. 9. Diagrams contributing to neutralino annihilation to W*W™ pairs.

Fig. 10. Diagrams contributing to neutralino annihilation to Z°Z° pairs.

section for annihilation to ZZ pairs is
oy = Z°Z%)v = §(Bzz/16ms) {2[(A15a)* + S [|(A15b)|® + 2|(A15¢)|* + 4|(4154))*
+ 2|(A15¢)]® + 4[(A15f))* + 2|(A15g)1* + |(A15h)*]}. (6.4)

Once again, the expressions (A15x) refer to equation numbers in Ref. [253].

Cross sections in the v — 0 limits: These expressions simplify tremendously when v — 0, the
limit needed for indirect-detection calculations, and rough estimates of the relic abundance. The
zero-velocity amplitude for annihilation to a pair of W bosons is determined solely by chargino
exchange and is given by

2
_ 1
A~ WW oo = 2/2wg? ¥ [O05) + (05,71 & (6.5)
n=1 n
where P, =1 + (m,+/m,)* — (mw/m,)*, and the sum is over the two chargino states which can
couple to the neutralino and the W boson. The zero-velocity amplitude for annihilation to a pair of
Z bosons is determined solely be neutralino exchange and is given by

S = 2°2) 0 =42 z O 6.6)

COoS

where P, =1 + (m,/m,)* — (my/m,)?, and f, = /1 —mZ/m?, m> and the sum is over the four
neutralino states, y,. In terms of these amplitudes, the zero-velocity cross sections for these
annihilations are given by

1B
Sy 128mm;

o(xx = VV)yoov = | (x — VV)|?, (6.7)

where V indicates the vector boson W or Z. The coefficient Sy 18 a symmetry factor, Sy = 1 and
S, = 2, which accounts for the fact that the Z-boson final state contains two identical particles.
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6.3. Final states containing Higgs bosons

Annihilation to Higgs bosons may also be important when such channels are open. The
exceptions are those cases when the s-wave amplitude vanishes identically because of the inability
of the Higgs bosons to produce the appropriate final state quantum number, CP = — 1, in an
s wave. In this case, the process may have some effect on the relic density but will not be relevant for
indirect detection. The cases where the s-wave amplitude vanishes identically are xy — h°h®,
vy = HOH®, yy — A®A® yy — H*H™, and the mixed final state yy — Z°A°. The processes
which have nonvanishing s-wave contributions are yy — h°A°, xy — HCA®, xyx — Z°h°,
xx — Z°H° and yy — W*HT. The a and b contributions for annihilation of pure higgsinos and
B-inos to two neutral Higgs bosons were first calculated in Refs. [132, 133], and for the general
neutralino in Ref. [134]. The a contribution for the mixed gauge/Higgs-boson final states was
computed in Ref. [256] and the b contribution was subsequently computed in Refs. [253, 257, 258]].

First consider the processes yy — Z°H° and yy — Z°h°. The diagrams for these processes are
shown in Fig. 11. These receive contributions from exchange of all four neutralinos in the t and
u channels, and from Z° and A° exchange in the s channel. The result for the cross section [correct
to O(@v?)] is '

o(xx = Z°H®)v = 1 (Bzu/8ms) {|(A17a)* + 3 [2/(ALTD) + (A7) + 2[(A17d)*]}.  (6.8)

where the (417x) refer again to equation numbers in Ref. [253]. The expression for annihilation to
the Z°h° final state is similar, but the H® couplings and masses-need to be replaced by those for h°,
as discussed in Ref. [253].

The diagrams for the process yy — Z°A° are shown in Fig. 12. This process receives contribu-
tions from z- and u-channel exchange of all four neutralinos, and by s-channel exchange of Z°, HY,
and h° bosons, The expression for the cross section is [253]

oy — Z°A%)v =% (Bza/8ms) A [1(A19a)|® + 2|(A19B))* + 2|(A19¢)|* + |(419d)*]. (6.9)

For this final state, s-wave annihilation is forbidden by CP conservation, so a(xy — Z°A°),.o = 0.

Fig. 11. Diagrams for the processes %y — Z°H® and yy — Z°h°.

Fig. 12. Diagrams for the processes yy — Z°A°.
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Fig. 13. Diagrams for the process yy — W*H™. The charge-conjugate process is similar.

Fig. 14. Diagrams for neutralino—neutralino annihilation to the H°H®, H®h®, h°h°, and A®A° final states.

Next consider the process xy — W H™ (and its charge conjugate). This receives contributions
from chargino exchange and from all three neutral Higgs bosons in the s channel, see Fig. 13. The
result is [253]

a(xx — W H o = 24 (Bwur /81s) {[(A21a)* +F[1(A21B)]* + |(A21c)z=1|* + |(421c),= -1 |2
+ (A21d) + [(A2Le); — 1 + [(A21e), - _i* + (421 )]} (6.10)

Note that the leading factor of 2 is included to count the charge-conjugate process, xy - W™ H™Y,
as well. :

Next, consider annihilation into the two Higgs-boson final states, H°H®, h°®h°, H°h®, and A°A°.
The diagrams for these channels are shown in Fig. 14. Annihilation to these final states occurs by ¢-
and u-channel exchange of the four neutralinos and by s-channel exchange of H° and h° bosons.
The cross sections for annihilation to these final states may be written

1 By,
a(xx = 1P =4S 8ms

{3[1(423a)|* + 1(423b)" 1}, (6.11)

where ¢; and ¢, are any of the scalars in the combinations H°H®, h®h°, H°h®, and A°A°, and
(A23x) refer to equations in Ref. [253]. The relevant couplings to be used in the expressions, (423x),
for each of the final states are explained therein. Here, S is a symmetry factor: S =2 for two
identical particles in the final state and S = 1 otherwise. Note that s-wave annihilation to these final
states is forbidden by CP conservation, so o(xy — ®3$3),-0 = 0 for these combinations of Higgs
bosons.

We now consider the processes with one CP-even scalar and one CP-odd scalar A° in the final
state; i.e., xy — H°A® and yyx — h®A°. The diagrams for these channels are shown in Fig. 15.
These receive contributions from neutralino exchange, from Z° exchange in the s-channel, and
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Fig. 15. Diagrams for the amplitudes containing one pseudoscalar Higgs boson in the final state.

from A°® exchange in the s-channel. The cross section for this process may be written
o(xy — A°H%)w == BHA {| A25a))* + |(425h))?}, (6.12)

where again, the amplitudes are those given in Ref. [253], and the cross section for the A®h° final
state is similar, with the appropriate substitution of the couplings as discussed therein.

Finally, consider the cross section for the process yy — H™H ™. This proceeds via z- and
u-channel exchange of the two charginos and by s-channel exchange of the Z°, H°, and h° bosons.
The result is [253],

olxx > H'H v = ﬁM {(3[1(427a)]* + |(427D)I?1}, (6.13)

where (427x) are amplitudes from Ref. [253]. The s-wave amplitude for this process is zero due to
CP conservation.

Cross sections in the v — 0 limit: We now give complete and self-contained expressions for the
zero-velocity limits of the cross sections for annihilation to two-body final states containing Higgs
bosons, for those final states in which the limit is nonvanishing . We list the amplitudes for each
process, and then provide the expression for the cross sections in terms of these amplitudes. The
supersymmetric couplings and masses that appear throughout are given in Appendix A.

In the zero-velocity limit, the amplitude for the process yy — Z°H® becomes [253, 256]

gz

my cosH

m, —m
2 Z Ot on Tron —2——%
|: m, P,

Ay, > ZOH)ep = — 2./2 fory 2

mycos(e — B 2sinx — B) Troo ] (6.14)

chOSQW 4——mi/m§ +11_'AmA/m,%
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and that for the process yy — Z°h°® becomes

2 4
01,0 - ﬂt_ 9 ) o'~ T My, — My
Ay — Z°h°),-0 2\/5 Ban 1y €05 Oy l: n§1 Lon 1 hon ——_mx P
m, sin(f — o) 2cos(a — ) T a00
01 * — : \ 6.15
+ CLoo mgcosOy 4 —mi/m2 +il\my/m? (6.15)

where I', is the width of the A° boson, and is given for the general model in Appendix B of Ref.
[19]. Unless the neutralino mass is very nearly half the A°-boson mass, m, ~ m,, the A® width can
be taken to be zero. If m, ~ 4 m,, then annihilation occurs on the A° pole, and it is likely that the
neutralino relic abundance is too small to be astrophysically interesting anyway, Here,
P, =1+ (m,/m)* — 3(my/m)* — L(M/m,)*, where M is either myo ot mye, as appropriate.

In the zero-velocity limit, annihilation to W*H ™ occurs only by exchange of charginos and the
A° boson, and the amplitude is given by [253, 256]

12 my Ogn 2)131 — 0]6n /0];1

At = WHHT )0 = 4/2 fyng? [_‘ 3

2 n=1Mw P”
+liﬂgol§n on — O06s gi__”’k T a0o (6.16)
2.5 my P, mw 4 — mz/m; ’
Here, P, = 1 + (mys/m,)* — 3(mu « /m,)* — S(my /m, ).
The zero-velocity limit of the amplitude for the process yy — A°HC is [134, 253]
4 m mi — mé
A (xx — HOAO)v—»O = \/Egz {“ 4 Z T'uon TAOn[ A 5 Hj|
n=1 mx Pn mX
oMz cos(o + f)cos2B  Tago  sin(x — ) Ofoo mi — m§
m, 2 cos Oy 4 —mi/m? 2 cos? Oy m2 ’
(6.17)
and that for the process xy — A°HC is [134, 253]
4 m mZ . mZ
& (x — h°A%),no = \/59‘2 {—4 Y Thon TAOn[ L A 5 hil
w1 m, P, my
Mz sin(e + B)cos2B  Taoo  cos(a — f)Oloo mx — myi
m, 2 cos Oy 4 —mz /m? 2 cos? Oy m3 ’
(6.18)

Here, P, = 1 + (m, /m,)* — 3(ms/m,)* — 5(M /m,)?, where M is either my, or my, as appropriate.
The cross section for any of the above processes, in terms of its given amplitude, is

ﬂXY

1287tm?

o(xx, = XY)pot = | (X = XY)pool? (6.19)
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6.4. Fermion final states

The annihilation of neutralinos to a fermion—antifermion pair displays several important
features. First, given the expectation that the neutralino mass is of order or greater than 10 GeV,
the light fermions will always be an open annihilation channel. For many interesting neutralino
masses, other channels will be closed or suppressed, so that fermionic final states are often the only
open channels. Second, in the limit of zero relative velocity for the annihilating neutralino, there is
a suppression of the cross section for the fermionic final state due to helicity constraints [136].
Neutralinos are Majorana fermions, equivalent to their own antiparticles, and thus two neutralinos
in a relative s-wave must have their spins oppositely directed by Fermi statistics. Therefore, the
final state fermion and antifermion must as well have their spins oppositely directed, and this
implies that the amplitude for the process carries a factor of the fermion mass, accounting for the
required helicity flip. This result can also be seen by noting that the initial state has CP = — 1, and
the final state must as well, since the interaction is assumed to be CP conserving. The resulting
suppression of the s-wave amplitude for the cross section is of order m7 /m’. The suppression of the
light fermionic final states is due purely to the fact that these fermions are relatively light compared
to the energy scale, 2m,, for the process. Of course there is no suppression of the top-quark final
state if that channel is open (unless the neutralino is much heavier than the top quark). In fact, since
the cross section to fermion final states depends on the square of the fermion mass, the top-quark
final state is the dominant annihilation channel in many models where the neutralino is heavier
than the top quark.

The cross section for neutralino—neutralino annihilation to light fermions was first calculated for
general neutralinos in Ref. [125] and subsequently in Refs. [ 130, 131]. More recently, these cross
sections have been extended to include right—left sfermion mixing for the general neutralino in [253].

The diagrams for neutralino—neutralino annihilation to the ff final state are shown in Fig. 16.
The cross section contains contributions from ¢- and u-channel exchange of all six sfermions which
can couple to f, and from s-channel exchange of Z° and all three neutral Higgs bosons. The results
of Ref. [253] are easily extended to include flavor-off-diagonal sfermion mixing. First we define the
following helicity amplitudes:

6

1 2
A('So); = Z {[(Xf'ijo)z + (Wtij0)?] [1 + Uz( ~5p. + %)} .

P2 my P;
’ 1 (1 1 B B
+2X%i50 Wiijo P, [1 t+v (4_2PJ._6P]~+3PJ2
2g* L mgm, 49T aoohase v’
= ” i i 1 — 1} 620
0% O Ocs Ts(f:) m2 + 4 — (mA/mx)2 + iFAmA/mX2 * 4/’ ( )

__ 6 1 2 my;
A(3Pyo); = ﬁfjg‘l { — Xtijo Wiijo (}5; — 3_PJZ> + [(Xti50)% + (Wiij0)?] mxlf’f}
—_ Zghkff Troo

B ﬁfk:H;ho,M 4 — (m/my)* + ilemy/m>’

(6.21)
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Fig. 16. Diagrams contributing to neutralino annihilation into fermions.

ACPo)= Y { P [(Xtij0)? —(W;i,-om}

j=1 My Pj

055 my  (T5(fi) — 2ey sin’ Oy)

—2 cos® Ow m, 4 — (mg/my)? + il zmgz/m>’ (6.22)
3 S 7 Ry f2 1 1
ACP):i(A) = Y $AB:[(X¢150)° + (Wiij0)*] _F“‘Pz
i=1
+ [(Xti50)? — (Whij0)*] i—;fz + 2Bed Xijo Wiizo —is
fijo fijo j P] f fijo fijo XPJZ
297 056 [/1 T5(f:)Pr — (T5(f;) — 2e,sin 9w)]
y ~ (ngfme? + Ly 29
6
ACPy)i=pc Y {Pili [(X{ij0)® + (Wiii0)*1+ 2X4i50 quo]} (6.24)
j=1
6
ACPy)(A) = Z { [ [(Xfij0)* + (Wiijo)* ] + Bed[(Xfijo)* — (Wiijo)?]
— 2(m;/m,) Xtijo Wiijo :|} (6.25)

Where P; =1 + (mg/m,)* — (m¢,/m,)*. The subscript i refers to the fermion type whose cross
section is being considered. The sum on j is over the six sfermion states which can couple to the
fermion. f;. Recall that for each fermion there are two sfermions, corresponding to the super-
partners of the right-handed and left-handed components of the fermion. Considering generational
replication, this means that there are six sfermions which share the same charge. These sfermions
will generically mix amongst themselves, as discussed in Appendix A. Often in the literature a less
general sfermion mixing structure is assumed, but for completeness we have given the simple
modification required to handle the most general case; in fact, for numerical purposes it is easier to
consider the general case since all calculations can then be done in a basis independent fashion. The
masses and couplings are defined in Appendix A. The weak isospin of the fermion is denoted
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T5(f;). The last index on the coupling matrices X’ and W' is the neutralino index, which has been
set to zero, indicating that we are interested in annihilations of the lightest neutralino.

The sum on k is over the three neutral Higgs bosons, and the T;o, are the Higgs—neu-
tralino—neutralino couplings defined in Appendix A. The hyy are the Higgs—fermion—antifermion
Yukawa couplings also defined in Appendix A. B

Given the above amplitudes, the cross section for annihilation into the fermion final state f;f; is

1 ¢ Be

ol > fifjv =52 {4|A(1’So)i|2 + 302 [2|ACPoo)I* + 2] ACPy0)il?

+ 2] ACPL) (A = DP + 2] ACPu (A = — DI + §1ACP20)
+2[ACP ) (A =DI* + 2| ACP2)A = — l)lz]}, (6.26)

where e; is a color factor which equals three when the final state fermions are quarks. Again, note
that both s and f; in the prefactor, as well as in the amplitudes, contain contributions of O(v?).
Therefore, to obtain the b contribution to the annihilation cross section [i.e., the O(v?) term],
Eq. (6.26) must be Taylor expanded analytically to O(v?).

Cross section in the v — 0 limit: Eq. (6.26) simplifies greatly in the v — 0 limit, which is useful for
indirect-detection calculations. The s-wave amplitude for annihilation to a fermion—antifermion
pair has contributions from intermediate sfermion states, from an s-channel Z° boson, and from an
s-channel A° boson [125, 130, 131, 253],

A = om0 = A+ Ay + A s (6.27)

The sfermion exchange contribution is
51 1y , ,
A= \/5 > P {[(Xf,ijo)z + (Wtijo)*] % + 2 Xfijo Wfijo}a (6.28)
j=14j X

The sum is again over the six sfermion states which can generally couple to the fermion f;. Note that

this amplitude is proportional to the fermion mass both explicitly and through the fact that

W { vanishes for vanishing fermion mass.
The Z° contribution is

mfi m%

2
7= 202 g O Ta(f) (629)

This amplitude is proportional to the fermion mass as it must be. In fact, the application of the
CP = — 1 condition to this amplitude explains why there is no contribution from an on-shell Z°
and thus no resonant enhancement for s ~ m3.

Finally, the Higgs contribution is

1
4 — (mp/m)? + 10 smp/mi’

g = 4\/59 T aoo har (6.30)

Again note that the amplitude is proportional to the fermion mass (through the Yukawa couplings,
hAff)'
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The cross section for the annihilation in the limit of zero velocity is given in terms of the
zero-veloicty amplitude by

ce Pe

> LR
D 100 = TP (631)

a(xx — Tifi)u—>o v =

where B; = /1 — m¢/mZ . As discussed above, the v — 0 limit of the cross section for annihilation
to fermion-—antifermion pairs is proportional to the fermion mass. Therefore, the v — 0 cross
section for annihilation to neutrinos is zero. Furthermore, for the vast majority of neutralinos often
considered, annihilation to light (i.e., u, d, and s) quarks and leptons (e and ) is negligible in
comparison with annihilation to the 7 lepton and heavy (i.e, ¢, b, and t) quarks. Finally, if the
neutralino is heavy enough to annihilate to top quarks (m, > m,), then annihilation occurs
essentially entirely to top quarks in most models usually considered.

QCD corrections: The results presented above are strictly correct only at tree level. Radiative
corrections to the cross sections for annihilation to leptons should be negligible. On the other hand,
QCD corrections to the tree-level cross sections for annihilation to quarks can be significant, as
seen in electron—positron annihilation to quarks in accelerators. These corrections, which come
from virtual intermediate states and soft-gluon emission, can be accounted for, at leading logarith-
mic order, by use of the running quark masses in the above expressions [252]. Expressions for the
running b and ¢ quark masses are given in Eqs. (2.21)—(2.23) of Ref. [252]. To illustrate, if the
neutralino mass is 80 GeV, the running e-quark mass is about 2 times its tree-level value and the
running b-quark mass is about 3 times its tree-level value. The v — 0 cross sections to quarks are
proportional to the square of the quark mass, so QCD corrections reduce the v — 0 cross sections
to b and c quarks in this case by roughly a factor of two.

Although these corrections can be substantial for the v — 0 limit of the cross section, they are
less important for the terms proportional to v2. Therefore, these QCD corrections must be included
in the annihilation cross sections used in calculations of energetic-neutrino rates, but they may be
ignored in relic-abundance calculations.

Now consider the process x°x° — gqg, which falls under the general heading of QCD correc-
tions to the tree-level annihilation to quark—antiquark pairs. Because of the possibility of emission
of very soft unobserved gluons, the two processes are in fact inextricably linked. In order to
calculate the complete O(x;) amplitude, one must calculate the vertex correction at the q—q
emission point as well as the graphs with the final state gluon radiation. The complete infrared
finite result is then obtained according to the Bloch—Nordsieck prescription for such radiative
processes [259, 260]. This @(x,) amplitude has been calculated [261] with the result that the
correction is never more than 15% of the total cross section and will not substantially effect
relic-abundance calculations. However, the correction can be important for s-wave annihilation,
under conditions similar to those for which the two-gluon annihilation is important. The amplitude
has also been calculated in the limit that the quark mass vanishes, in which case it turns out that the
resulting gluon radiation graphs are actually infrared finite [252]. Although this calculation does
not provide a complete ((x,) result, it is arguably useful in the case of interest, i.e., the case that the
quark mass is negligible.
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6.5. Gluon final states

In models where the neutralino annihilates predominantly to light fermions, the two-gluon final
state may be important for indirect-detection calculations. WIMPs in the halo, Sun, and Earth
move with velocities v <1072, so annihilation proceeds only through the s wave. But s-wave
annihilation to light fermions is suppressed by a factor (m;/m,)*. On the other hand, annihilation to
two gluons is not helicity suppressed in the v — 0 limit. Therefore, even though annihilation to
gluons is formally suppressed by a factor o, s-wave annihilation into gluons may in some cases be
comparable to, or even stronger than, annihilation into fermions [252, 262, 263]. This effect could
be important, for example, if the neutralino is too light to annihilate to gauge or Higgs bosons. It
could also be important in models-such as those in which the neutralino is primarily gaugino-
where although heavier than the W boson and lighter than the top quark, the neutralino still
annihilates primarily into light fermions. The two-gluon final state will almost always be negligible
for models where m, > m,. Furthermore, it can always be neglected in relic-abundance calculations,
since annihilation into light-fermion final states can proceed through the p wave, short-circuiting
the helicity suppression.

The cross section for annihilation to a pair of gluons is complicated since it arises first at
one-loop order [252]. The diagrams for the process gy — gg are shown in Fig. 17. Annihilation to
gluonsin the v — 0 limit proceeds by quark—squark loops and by s-channel exchange of A° and Z°
bosons. Define an amplitude for this process, o/,,, so that the cross section is given by

Ol = | gg|? [0 m2/(87%)]. (6.32)

™

-

¢
&

- ~

) /'“—é—\
e.
Fig. 17. Diagrams contributing to neutralino annihilation into gluons: (a)~(d) Quark—squark loops; (e), (f) the exchange
of the Z° boson or the pseudoscalar Higgs boson A°. From Ref. [252].
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/o
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The imaginary part of the amplitude is given by

—|—[3 1 1 m2 Mg, }
Imet,, = — 7Y O(m2 —m2)ln — L% (2S£ p,, T
m & g n% (mx mq,) ﬁq {% l:mfi'}"m;%_mi <2>< Jmf me

Mg, hAqq T s00 mé gz O1oo
- ) ———— 6.33
m, (dm: — m3) m% ms 3(a:) 4 cos? Oy (6.33)

where B, = /1 — mZ /m; The real part of &/, is given by
m2\ m T aooh Mg, g2 0y
2 Mg | q, A00*Aqq L00O
Re ot %[Z S(a,, bi;1,j) + 21 (m,%) m, ( ——~——(4m ) + T5(q;) —34003 oo
(6.34)

where the squark exchange term is

S(a, b,i,j) = —ﬁ J: dx(-Sf In
X

S,Jb+D,J‘/ < N 1>1n
1—x

1+a—>b 1+ x

1 1 1 1 b
S S i/ ]
+1——b—|—xa[s”b< iz )+Dl’ abl—x}n|x2a—x(a+b—1)—1’
1 1 1 —~ 1
+b—1+ax|:Sijb<;_1+x>_Dij abx+1:|1n

and where a; = m;/m and b;; = mg/mj, and it is important to note that the sign of \/a;b;;
is the sign of m,. The couplings which appear here are combinations of the fundamental
quark—squark— neutralino coupling matrices X, and W/, S;;=(Xy:j0)* + (Wlij0)*)/2 and
Dy; = Xqij0 Waijo-

The function I(x) appearing in the contribution from A° and Z° exchange is a one-loop
three-point integral,

x*a+x(b—1—a)+1
—x?a+x(b—-14+a)+1

x*a+x(b—a—1)+1
b+ a(l —x?)

b D
xta+xb—1—a)+1
(6.35)

— %[lnz i+——~\/_._ Viﬁx — nz} for x <1,
I(x) = VT (6.36)

2
} for x > 1.

The sum over quarks in the above is taken over all up-type and down-type quarks, and for each
such quark the sum over squarks is taken over the six squark states coupling to the quark.
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When evaluated numerically, it is found that annihilation to the two-gluon final state can
dominate annihilation to tree-level final states when the neutralino is very nearly pure gaugino (but
lighter than the top quark), and it can be comparable when the neutralino is a mixed state. It is
generally not significant when the neutralino is purely higgsino.

In addition to the two-gluon final state, the three-body qdg final state (which arises at lower
order in perturbation theory) should also be considered [252, 261]. It seems to be the case,
however, that the qgg final state may be more important than the gg final state only in regions of
parameter space where the gg final state is itself unimportant. Therefore, the qgg final state can
safely be ignored in most models [252].

6.6. Photon final states

Annihilation to photon pairs may have interesting observational consequences [263—266]. and
will be further discussed in Section 10.3. This annihilation process is the most complicated of the
two-body annihilation channels, possessing all the structure of the two-gluon channel plus several
extra contributions.

The diagrams for the process yy — vy are shown in Fig. 18. Annihilation proceeds via
sfermion—fermion and charged—Higgs—chargino loops, which are similar to those that appear in
the two-gluon amplitude (see Fig. 17), and by chargino —W-boson loops. The calculation of the
amplitude for annihilation to photon pairs has a long history, and there exist several partial
calculations in the literature. The calculation of Ref. [263] was carried out assuming that the
neutralino was a pure photino or higgsino state, and in the limit of large sfermion masses. The
calculation of Ref. [265] was also carried out in the limit of large sfermion masses but with an

éxig
A

+ Ghost Diagrams

c)

Fig. 18. Diagrams contributing to neutralino annihilation into photons: {a) fermion—sfermion loops, (b) charged-
Higgs—chargino loops, and (c) chargino—W-boson loops. From Ref. [266].
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arbitrary neutralino state mixture. Ref. [264] calculated the fermion—sfermion loop contributions
for arbitrary squark masses, but only for a pure photino. In Ref. [267], the contribution from
intermediate W-boson states was calculated in a leading-logarithmic approximation, and sublead-
ing terms were further included the Ref. [266]. These diagrams are potentially of interest if the
neutralino is heavier than the W boson and primarily higgsino. A complete calculation of the
W-boson loops has yet to be done. These results for the yy — vy cross section including all the
contributions shown in Fig. 18 for a neutralino of arbitrary mass and composition were recently
collected in Ref. [266]. The expressions in Ref. [266] are given in the same notation as used here, so
we refer the reader there for the detailed results.

In addition, s-wave annihilation to the Z% final state is also accessible at the same order in
perturbation theory through gauge-boson loops [267]. This should be most important for a neu-
tralino that is primarily higgsino. The final state photon will again be monoenergetic, and for large
neutralino masses, m, > mg, its energy should be very nearly the same as the energy of the photons
in the two-photon channel, E, ~ m,. A complete calculation of the cross section for this process has
not been done. However, in the leading-logarithmic approximation, one can show that for
annihilation through gauge-boson loops, the cross section for the process xy — Z°y should be
roughly cot? Oy =~ 3.4 times as large as that for the process yy — vy.

6.7. Summary of neutralino annihilation

Table 2 summarizes the results for the neutralino annihilation cross sections. Listed are all the
two-body final states that occur at tree level, as well as those one-loop amplitudes we have
discussed that may also be important.

Table 2

Neutralino—neutralino annihilation channels. The numbers refer to equation numbers in which the cross sections are
given, For the fermion—antifermion final states, f = v;v,, 11, qq, forl = e, u, Tand q = u, d, s, c, b, t. For the ff final states,
a oc m, so in particular, (6v),-.¢ = 0 for annihilation to ¥v. In addition, for annihilation into u, d, and s quarks, (¢0),-¢ is
essentially negligible. N/A indicates that the p-wave annihilation cross section (i.e., b) has not been computed for these
final states. However, b is required only for the relic-abundance calculation, and for this purpose, the b contribution for
these final states should be negligible

Annihilation channel ov (ov),-0

ff (6.26) (6.31)

W W~ (6.3) (6.5), (6.7)

VAV A (6.4) (6.6), (6.7)

W*H-, W H (6.10) (6.16), (6.19)

ZOA° (6.9) 0

Z°HC°, Z°n° (6.8) (6.14), (6.15), (6.19)
AC°A°, H°H®, h°h°, Hh® (6.11) 0

A°HP®, A%h° (6.12) 6.17), (6.18), (6.19)
H*H- (6.13) 0

£g N/A (6.32)

Y N/A Eq. (2.2) in Ref. [266]
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7. Elastic-scattering cross sections
7.1. The basic ingredients

When it comes to detection, the cross section for elastic scattering of a WIMP from ordinary
material is perhaps its most important property. This cross section determines the detection rate in
the direct-detection experiments (Section 8). It also determines the rate at which particles from the
Galactic halo accrete into the Earth and Sun, and so determines the signal in the indirect-detection
experiments (Section 9). We have already seen in Section 3 that if the WIMP is to have
a cosmological density of order unity, then it must have some small but finite coupling to ordinary
matter; otherwise, it would not have annihilated in the early Universe and it would be unacceptably
overabundant today. By crossing symmetry, the amplitude for WIMP annihilation to quarks is
related to the amplitude for elastic scattering of WIMPs from quarks. Therefore, a WIMP that
solves the dark-matter problem is generically expected to have some small, but non zero, coupling
to nuclei (through the coupling to quarks). As a result, we expect there to be finite (although small)
detection rates in generic models.

The WIMP-nucleus elastic-scattering cross section depends fundamentally on the
WIMP—quark interaction strength; however, since it is the WIMP—nuclei cross sections which
enter, the distribution of quarks in the nucleon and the distribution of nucleons in the nucleus play
a crucial role. Thus the calculation of WIMP—nuclei interactions must take place in three steps.

The first step is the calculation of the interactions of WIM Ps with quarks and gluons. In practice,
straightforward diagrammatic calculations give the effective interactions of neutralinos at the
microscopic level. Such calculations yield the coefficients in an effective Lagrangian for the
interactions of neutralino with quarks and gluons. Since diagrams with internal quark loops
appear, the couplings of neutralinos with all six quarks as well as gluons are required. These
couplings, as well as the masses of the exchanged particles and other important quantities, are
determined by parameters of the supersymmetric model, and even in simplified versions of the
model there are typically many possible values allowed. Thus, the fundamental elastic-scattering
cross section cannot be determined uniquely and is subject to a great deal of model uncertainty.
Limits from accelerator searches for SUSY particles, as well as cosmological constraints, reduce the
parameter space somewhat, but this model uncertainty is probably the largest uncertainty in the
predicted rate for detection of SUSY dark matter.

The next step is translation of the microscopic interactions into interactions with nucleons, using
the matrix elements of the quark and gluon operators in a nucleon state. One extracts these
hardronic matrix elements from appropriate scattering data whenever possible. Subtleties such as
the strangeness content of the nucleon enter. In addition, in the effective-Lagrangian approach
there are several qualitatively different types of interaction: vector, axial-vector, scalar, pseudosca-
lar, and tensor, and in principle these add very differently inside the nucleon. For example,
axial-vector interactions probe the up, down, and strange contributions to the spin of the nucleon,
quantities which are still not well determined either theoretically or experimentally. All this implies
additional uncertainty in the final elastic-scattering cross section.

In the final step, using nuclear wave functions, the spin and scalar components of the nucleons
must be added coherently to give the matrix element for the WIMP—nucleus cross section as
a function of momentum transfer. This is done by sandwiching the nucleon operators from the
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above step in a nuclear state. This step introduces a form-factor suppression (or “coherence 1oss”)
analogous to that in low-energy electromagnetic scattering of electrons from nuclei, which reduces
the cross section for heavy WIMPs and heavy nuclei. It also means that results can depend upon
complicated calculations of nuclear wave functions, another source of uncertainty. For a more
complete discussion of the nuclear physics of dark-matter detection, see Ref. [23].

An important simplification in these calculations occurs because the elastic scattering of
dark-matter WIMPs takes place in the extreme nonrelativistic limit. In particular, the axial-vector
current becomes an interaction between the quark spin and the WIMP spin, while the vector and
tensor currents assume the same form as the scalar interaction. Furthermore, neutralinos do not
have vector interactions since they are Majorana fermions. So generically, only two cases need to
be considered: the spin—spin interaction and the scalar interaction. In the case of the spin—spin
interaction, the WIMP couples to the spin of the nucleus; in the case of the scalar interaction, the
WIMP couples to the mass of the nucleus. This division was recognized early by Goodman and
Witten [9] in their seminal paper on direct detection. Since then, much work has been done, and
several new contributions to the cross section have been found, but it is still only these two cases
which are important. For the neutralino, both scalar and spin interactions contribute and the two
cases will be considered separately. The complete elastic-scattering cross section is the sum of these
two pieces.

In the following, we will examine each type of interaction, noting the results of the microscopic
calculations and the results of the translation to an interaction with nuclei.

7.2. Axial-vector (spin) interaction

The Feynman diagrams which give rise to the WIMP-nucleus axial-vector interaction are
shown in Fig. 19. The microscopic axial-vector interaction of a neutralino with a quark q is given
by

La = dg v Vs x @754 » (7.1)

where d, is a coupling which can be written in terms of the fundamental couplings of the theory as
[9, 23, 130, 131, 268, 269]
gz T3q

dy = — ey O +

1 i (X4ijo)® + (W gij0)?
8

j=1 mé, — (my +mg,)?

(1.2)

q q

Fig. 19. Feynman diagrams contributing to the spin-dependent elastic scattering of neutralinos from quarks.
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The subscript g; refers to quark type; the subscript q denotes the quark sector (up or down), and
i =1, 2, 3is used to denote the flavor of the quark within that sector (e.g., q; = d, s, b if q refers to
the down-quark sector). The first term in Eq. (7.2) comes from Z° exchange, and the second term
comes from squark exchange. Thus, the sum on j is over all six squarks which can couple to a given
quark. For further clarification, one can check the definition of the couplings X’ and W' given in
Eq. (A.32).

Spin content of the nucleon: The first step in the calculation is to evaluate the matrix element of
the above quark axial-vector current in a nucleon. These matrix elements are proportional to the
spin of the nucleon, with coefficients that can be extracted from data on polarized deep-inelastic
scattering. We write

n|qyuysqlny =258 Aq™ (7.3)

where the quantities /q are extracted from data obtained in lepton—proton scattering, and s{ is the
spin of the nucleon n, which can be either a proton or a neutron. The values of the 4q’s are not
determined experimentally to great precision, and the values obtained are somewhat puzzling from
a theoretical point of view. In Table 3, we give several determinations of these parameters. In terms
of the quantities determined by measurements of the nucleon spin structure functions (that is, the
first moment of the proton spin-dependent structure function, I, the total quark spin contribution
to the nucleon spin, A%, and 4s®), the u- and d-quark matrix elements are Au® = 6" — $4% and
Ad® = 44T — 6I" — As (neglecting small corrections due to the running of the strong-coupling
constant) [270]. We list the quantities predicted by the naive quark model (NQM) [9, 271, 272], as
well as values determined by an earlier experiment (EMC) [270, 273], a more recent experiment
(SMCQ) [274], as well as a compilation of all the experimental data (All) [274]. Also listed are values
obtained using the lo error on AX from the compilation. The uncertainties in the Aq’s are
illustrated by the spread of the values in Table 3; the most significant uncertainties are those
associated with 4s.

The related quantities for a neutron are obtained from these by an isospin rotation, u <> d; that is
As® = As™ Ag® = Ad®, Ad® = Au™. So we write the effective interaction of neutralinos with
a nucleon as

Fy = qytysyis,n Y, 2d.Aq™ . (7.4)
q=u.d,s
Table 3
Quark spin content of the proton determined from the SU(3) naive quark model (NQM) [9, 271, 272] and for measured

spin-dependent structure functions from EMC [270, 273], SMC [274], and a compilation (All) [274]. Also listed are
values using the 1o error on AX from the compilation [296]

NQM EMC SMC All Allys+ 10
r 0.188 0.137 0.136 0.145 0.145
4% 0.60 0.12 0.22 0.30 042
As®) 0 —0.16 —0.12 —0.09 —0.09
Au® 0.93 0.78 0.74 0.77 0.73

44® —0.33 —0.50 — 040 —0.38 —022
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Uncertainties in the experimentally determined values for the quantities 4, can lead to signifi-
cant variations in the WIMP-nucleon axial-vector coupling, and therefore to the predicted rates
for detection of WIMPs which have primarily spin couplings to nuclei. For example, neutralinos
that are pure B-ino in models with no squark mixing are among the likeliest candidates for
detection via the axial-vector interaction. However, by varying the 4,’s within the acceptable
experimental uncertainty, the coupling of such particles to neutrons may be reduced by more than
an order of magnitude relative to the value obtained by using the central values for 4. This comes
about because there is a potential cancellation between the various 4,’s that can occur. On the
other hand, for the particular case of pure B-inos, the coupling of WIMPs to protons is much more
robust. Future measurements of the spin structure functions are likely to reduce this uncertainty
somewhat, but for the time being there will be a significant uncertainty in the predicted event rates
for detectors with nuclei in which the spin is carried primarily by an unpaired neutron.

Nuclear matrix elements and form factors: The next step is evaluation of the matrix elements of
the nucleon spin operators in the nuclear state. At zero momentum transfer, this is equivalent to
calculating the average spins for neutrons and protons in the given nucleus; at nonzero momentum
transfer there is also a form-factor suppression which must be calculated from nuclear wave
functions. At this stage, it is convenient to introduce the isoscalar (ao) and isovector (a;) para-
meterization of the matrix element, since this decomposition is natural in terms of nuclear physics.
We write

d, d
a.. = -1 (p), a, = q Aq(n) ,
P q=uz,d,s\/§GF a q=§‘d.s\/§GF

Ao = Ap + A, ay = a, — ay . (7.5)

The interference of the isoscalar and isovector parts of the scattering amplitude gives rise to three
distinct form factors, which are functions of the absolute value of the momentum transfer g = |g|,
and the differential cross section takes the form [23, 269]

do _ 8 S(ql)
daE = —AGHIU + D 0 | (7.6)

where v is the velocity of the WIMP relative to the target,

S(q) = adSoo(q) + aiS11(q) + aoa1S01(4) » (7.7

and the independent form factors S;;(g) are obtained from detailed nuclear calculations. The
quantity J is the total angular momentum of the nucleus, A is given by

A= 1/J)[ap<8p) + an{Sa>] , (7.8)

{8, =<N|S,| N> is the expectation value of the spin content of the proton group in the nucleus,
and similarly for {S,). Note that the cross section does not grow like J? because of the factor of
J which appears in the normalization of A; this is a common misunderstanding. These quantities
are found either from a detailed nuclear calculation (e.g., [269, 275]) or from a simple nuclear
model.
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For many nuclei, detailed nuclear calculations have not been made, and in many of these cases
they are not needed, since reasonably accurate estimates can be made using the “odd-group” model
[23]. This model assumes all the nuclear spin is carried by the “odd” group, either the protons or
the neutrons, whichever is most unpaired. So only one of either (S, or (S, > 1s nonzero. The value
of the odd-group spin is found using the measured nuclear magnetic moment g,

4
(Soaa = L= dessl (19)
Goda — Yodd

where “odd” stands for either the proton or the neutron, g5 = — 3.826, g5 = 5.586, ¢}, = 0, and
gh = 1. Thus for 2°Si, which has J = 4, y = — 0.555, and has unpaired neutrons, S, >,o ~ 0, and
{Su>20 & 0.15, in good agreement with the detailed nuclear shell-model calculations which have
been performed for this element [269]. For °Ge, however, the odd-group model gives a very poor
estimate, in disagreement with the detailed calculations of Refs. [269, 276]. Table 4 provides
a summary of values for {(§,> and {S,) from the odd-group model as well as from more detailed
calculations for several nuclei commonly considered for detection of spin-coupled WIMPs.

For completeness, we mention the single-particle shell model used originally by Goodman and
Witten [9], and subsequently by many authors, to estimate the spin content in the nucleus. This
model assumes the entire spin of the nucleus comes from the single last unpaired proton or neutron.
Thus it predicts,

LG+ =10+ 1) +4]
(% +2) ’

and (S, > = Ofor a nucleus with an unpaired neutron, and vice versa for a nucleus with an unpaired
proton. However, the single-particle shell model rarely gives accurate results, and it is better to use
a detailed nuclear calculation if it exists, and if it does not, the odd-group model will almost always
give a more accurate estimate than the single-particle shell model.

{Spy = (7.10)

Table 4
Comparison of odd-group model results with best estimates from more detailed calculations. EOGM is the extended
odd-group model, and IBFM is the interacting—boson—fermion model

Nucleus {SpYoam {Spvoam {Sp> S Model [Ref.]
19F 0.46 0.0 0.415 —0.047 EOGM1 [23]
0368 — 0.001 EOGM?2 [23]
27A1 0.25 0.0 —0.343 0.030 Shell model [321]
298i 0.0 0.15 —0.002 0.13 Shell model [269]
35C1 —0.15 0.0 — 0.094 0.014 EOGM1 [23]
— 0.083 0.004 EOGM2 [23]
3K —0.24 0.0 —0.18 0.05 Perturbation theory
[321]
73Ge 0.0 ‘ 0.23 0.011 0.491 Shell model [269]
0.030 0.378 Hybrid [276]
23Nb 0.36 0.0 0.46 0.08 Shell model [275]

131%e —0.041 —0.236 0.0 —0.166 IBFM [419,296]
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The full momentum dependence of the form factors must be calculated from detailed nuclear
models, and the results are especially important for heavier nuclei. We choose to fit these form
factors to polynomials, with an explicit cutoff on the range of validity of the fit. In terms of the
variable y = 0.25b%|q|?, where b = (1 fm) A"/, and A is the atomic mass number of the nucleus, we
wriie

Sij =2 cf V- (7.11)
k
The fit coefficients for several nuclei are given in Table 5.

Cross section: In general, we will write the differential cross section as

do C 0o

P Gi—=F*(lq)) =4mrzsz2(!ql), (7.12)

where C is a dimensionless number that carries all the particle-physics model information, the form
factor F is normalized so that F(0) = 1, the reduced mass is m, = mym, /(my + m,) where my is the

Table 5

Polynomial fits to momentum dependence of the spin-dependent form factors for several nuclei. The polynomial fits are
valid for values of y less than y.,,. For larger values of y, the form factor should be set equal to zero. Results for 7>Ge are
based on Ref. [276], and those for 27Al and 3°K from Ref. [321]. Results for 2°Si are adapted from the exponential fits
given in Ref. [269]

c© o e c® ) 5 6
73G€, .))cut = 1~3
Soo 0.159705 — 1.100053 3.219129 — 4.907739 4.110591 — 1.796717 0.320255
So1 0.114796 — 0.910499 2.936698 — 4.808584 4254926 — 1.941010 0.357707
Si1 — 0.271006 2.018922 — 6.226466 9.860608 — 8.502157 3.800620 — 0.689352

298, you = 0.25

Soo 0.00818 —0.0362 0.0802 —0.118 0.131 0 0

So1 0.00867 —0.0543 0.170 —0.355 0.556 0 0

S11 —0.0169 0.0912 —0.247 0.445 —0.603 0 0
27A1

Soo 0.0929516  — 0.472059 1.05996 — 1.01148 0 0 0

So1 0.1563300  — 0.935958 245779 —2.72621 0 0 0

S11 0.0657232 — 0.44984 1.35041 — 1.68508 0 0 0
39K

Soo 0.0094939  —0.0619718 0.162844 — 0.194282 0.0891054 0 0

So1 0.0332044 — 0.2319430 0.638528 —0.798523 0.3809750 0 0

S11 0.0298127 —0.2176360 0.623646 —0.814418 0.4050270 0 0
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nuclear mass, and v is the WIMP speed relative to the target. For later use, we define a “standard”
total cross section at zero momentum transfer:

Am2v? —
G = f d—“(q"—zo)dw — 4G2m?C . (7.13)
0 dlq|
Note that o is not really the total cross section. The total cross section is obtained by integrating
(7.12) over d|q|?, which includes the form-factor suppression. However, it is the quantity o, defined
in (7.13) that appears in our expressions for direct- and indirect-detection rates in the following
sections. This is discussed in further detail in Section 8.
For the spin-interaction case above,

Copin = @/my A2J(J + 1), (7.14)
with

F*(lq1) = S(141)/S(0) , (7.15)
so that

Tospin = (32/M) GEmZA*T(J + 1) . (7.16)

7.3. Scalar interaction

Microscopic interactions other than the axial-vector interaction can be very important and will
often dominate the spin interaction for heavier nuclei. The scalar neutralino—nucleon interaction
arises from several sources. First, as illustrated in Fig. 20, there are contributions from squark
exchange and Higgs exchange which give rise to couplings to quark currents. Second, there are
one-loop amplitudes for interactions of neutralinos with gluons, as shown in Fig. 21. The
importance of the neutralino coupling to gluons through heavy-quark loops was pointed out in
Ref. [131] following a similar argument for coupling of heavy Majorana neutrinos to nucleons
[277]. The neutralino—gluon coupling which arises through exchange of the light (h°) [278] and
heavy (H®) [256] Higgs bosons can be very important because the lightest Higgs boson may often
be far lighter than the squarks. In Ref. [279], it was pointed out that the scalar coupling of the
neutralino to the quark current, especially the strange quarks, which arises from the diagrams in
Fig. 20, may also be quite substantial. Significant scalar couplings to nuclei arise if the neutralino is
a mixed gaugino/higgsino state. As pointed out in Ref. [280], and emphasized in Refs. [281, 282],
mixing of right and left squarks leads to a significant scalar coupling even for neutralinos which are
pure higgsino or pure gaugino.

In this subsection, we follow primarily the paper by Drees and Nojiri [282], which contains the
most complete results to date for the scalar neutralino—nucleon matrix elements. In particular, the
quark—squark loops are evaluated explicitly; in all previous work, these diagrams were evaluated
only in the limit of large squark masses. Although the complete one-loop results for the scalar (and
tensor) interactions are quite complicated, they often differ from the large-squark-mass limits,
which are analytically much simpler, by more than a factor of two. Therefore, since the scalar
interaction often dominates the elastic-scattering cross section, it is important to evaluate this
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Fig. 21. Feynman diagrams contributing to the gluonic interaction with neutralinos, which contributes to the scalar
elastic-scattering amplitude for neutralinos from nuclei.

contribution accurately. After we present the complete results, we will list the simpler large-squark-
mass results for readers interested in obtaining quick estimates of the cross sections.

In the notation of Ref. [282], the microscopic effective Lagrangian for scalar and tensor
neufralino—quark and neutralino—gluon interactions is

Ler = fu7xdq + g4l — 2870202, — smem,Gazx]
+ basZXGZv Gauv - as(BlD + BIS)Za,uang(Z)uv
+ 0B 7 (10,7, + 10,7,) xGP* (7.17)
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where the twist-two quark and gluon operators are defined by

(Oézu)v = 1%[q_yuavq + quauq - %guvﬂﬁéﬂ s

GO = GUG*Y + g G P GE,, (7.18)
and the coefficient b is given by

b = — Tq + BD + BS — %mszs - %m%(BlD + BlS) N (719)

and G% is the gluon field-strength tensor. The couplings to quarks are given by
1 X/i 0] W’ ijo
fo=— ZZ qij0 ¥¥ qij

3
a, Mg, (my + my,

)2 +f(H) *

g ThOOhhqlq,
h = 1o, H® 274’1-121

>

fq(H) =

_ 110)2 + (qujo)
N Z “[mg — (my, +mg)*1>’ (7.20)

where Tho0 are the Higgs-neutralino—neutralino couplings given in Eq. (A.61), and h,,, are the
Higgs—quark—quark Yukawa couplings given in Egs. (A.66—-A.67). Again, we note that the sub-
script q; labels the quark type. The subscript g refers to the quark sector (up or down}, while the
subscript i = 1, 2, 3 is the flavor index within that sector.

This effective Lagrangian is specified at a high-energy scale, for example, po ~ m,. Our defini-
tions of the coefficients B; and Ty differ from those in Ref. [282] by a factor of a,. The reason we
extract these factors of o, is that it is more natural to consider the object a,G*'G,, as a single entity,
since it is a renormalization-group invariant. In addition, the form of these coefficients is changed
slightly as well when one considers the most generic flavor structure for squarks:

1
’ ’
To 2 MaXaioW o li(mq,, ma, my)
g:. 4y

1 1
Bs = ﬁq;;jmxi[(){ aij0)* + (Waijo)* 1Lz (mg,, Mg M) »

1 /
B].D = 'ii— Z m qu]OquJOI3(mq7qu mx) ?

1
Big=—— Z mx—[(XZ;ijo)Z + (W </1ij0)2]I4(mq,»a Mg, My)
lznqiﬂqj 2

1
Bas = g5 %, 5[(Xau0)? + W) sy, mig, )
ql?ql

%h 1o, H°2 mh & m~
where the I, are as given in Egs. (B.1a—B.1e) of Ref. [282], and the squark—squark—Higgs couplings
ghg3, are given in Eqs. (A.43-A.46). As pointed out to us by the authors, Eq. (B.1d) of Ref. [282] has

1 [} Thoo Z ghq,q, (7.21)

q-
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Table 6
Estimates for the nucleon parameters fr,. The u- and d-quark values are obtained from Ref. [284], and we list values
reported for fr, by several authors

Nucleon fra fra frs [285] Fre [283, 284] Fr, [288]
n 0.023 0.034 0.14 0.46 0.08
P 0.019 0.041 0.14 0.46 0.08

three typographical errors. The factor in the first term should read (mf — mj — m}), with a correc-
ted exponent for m,; the term immediately following should read — 1/mZmy, again with a corrected
exponent for m,; finally, a sign in the last term should be corrected so that it reads
[ —mi+ m]L.

Nucleonic matrix elements: The next step is to evaluate the matrix elements of the quark and
gluon operators in a nucleon state. The matrix elements of the light-quark currents are obtained in
chiral perturbation theory from measurements of the pion—nucleon sigma term [283-285]. For
each of the three light quarks, (qQ = u, d, s), we write

(nlmygq|ny = m, f{3). (7.22)

The determination of the pion—nucleon sigma term from the data is fraught with significant
uncertainties [285], which lead to uncertainties in the parameters fr, [286]. There are additional
corrections that may arise from higher orders in chiral perturbation theory, but these are generally
smaller. Thus, the uncertainty in the pion-nucleon sigma term is perhaps the largest source of
uncertainty in this calculation.® Table 6 lists the values for these parameters obtained by various
authors. In Refs. [283, 284], a value for the pion—nucleon sigma term of o,y ~ 60 MeV was used,
while Gasser et al. [285] argue that the pion—nucleon data suggest o,y ~ 45 MeV, resulting in
a smaller strange-quark content. In Ref. [288], even smaller values of f7, were considered, and it is
worth noting that, in all the literature on supersymmetric dark matter prior to Ref. [279], the fr,
were taken to be zero for the light quarks. In our numerical work, we use fr, = 0.14 [285].

The frq for u and d quarks in the nucleon are included here for completeness, but they are
generally small. In most models, little accuracy is lost in setting them to zero. (In some pathological
cases, this might not be the case. For example, if for some reason, the up and down squarks are
significantly lighter than the other squarks, the u- and d-quark currents could be important.)
Furthermore, the error made in taking fr, = 0 for u and d quarks is usually smaller than the
theoretical error due to the spread in fr.

As pointed out by Shifman, Vainshtein, and Zakharov, heavy quarks contribute to the mass of
the nucleon through the anomaly [289, 290]. Under the heavy-quark expansion, the following
substitution can be made for the heavy quarks Q =c, b, t, in a nucleon matrix element [2897:

— 20t
2471

mo00 — GG. (7.23)

S There is a possibility that lattice calculations may be able to provide the sigma term in the near future [287].
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The trace of the QCD energy-momentum tensor can therefore be written

- ~ 7
0 = myiu + mgdd + mSs + Y. moQQ — %66
Q =hb,c,t 81
_ - _ 9o
= myiu + mydd + mss — S GG . (7.24)

The matrix element of this quantity is the nucleon mass,

m, = {n|myiiu|n> + {n|mydd|n> + {(n|mgss|n> + <n —812% GG‘n> , (7.25)

so we find that for each of the heavy quarks, Q =c¢, b, t,
nimeQQIny = =m,|1— ¥ 1 |=Zm,f 726
Q ny = 27 7 T Tqg | = 27m}2 TG » ( . )

and so define the quantity fr¢. This result arises because the heavy-quark current couples to gluons
through the triangle diagram with heavy quark loops. The coupling of squarks or Higgs bosons to
heavy quarks leads to a coupling to gluons through such loops, as shown in Fig. 21.

From Eq. (7.26) and the large-squark-mass limit of the effective Lagrangian (below), we can see
that the elastic-scattering cross section should generally increase as the strangeness content of the
nucleon is increased. The coupling to heavy quarks is maximized if the strangeness content is zero,
but as we increase the strangeness content the coupling to the strange-quark scalar density more
than makes up for the decrease in the heavy-quark coupling (assuming, of course, similar couplings
and masses for the various flavors). In order of magnitude, if couplings and masses were the same
for the various flavors, this would mean that the elastic-scattering cross section for fy, = 0.5 would
be roughly 7 times larger than that for f, = 0. This enhancement should not occur, however, for
neutralinos which are either pure higgsino or B-ino. Usually in these cases, the coupling to the
strange-quark scalar density will be negligible since strange-squark mixing is generally negligible
compared with the mixing in the heavier flavors. In such models, increasing the strangeness content
should decrease the cross section.

The matrix elements of the twist-two operators, at zero momentum transfer, can be written

1
ma(n | 02, > = (pupy — 4m? g,w)f dx x[a(x, 12) + 4%, 12)]
0

m,(n| 93, |ny = (p.py — 32 §us) G(13) (7.27)

where p, is the momentum of the nucleon. The functions g(x, u?) and G(u?) are the quark and
gluon densities in the nucleon at the scale u. As in the case of the axial-vector interaction, we would
like to use deep-inelastic scattering data to fix these matrix elements. A small technical complica-
tion exists due to the fact that the data is best specified at a fixed low-energy scale, and therefore the
twist-two operators must be evolved up to the high-energy scale o using the renormalization
group. The solution for this evolution is described in Ref. [282]; the effect is typically of order 30%.
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Given the above, we can write down the effective couplings of neutralinos to protons and
neutrons, f, and f,:

fo . Jrq m,My 2 q(H)
my, B qz%d,s mq / 2 Ba] T 27fTGq=Zc,:b,t My
3
— 5y Y 9q(uo)q(u3) —$nbfre
q=u,d,s,cb
+ 3m, G(ud)os(13) [Bas + 3my(Bip + Bis)] (7.28)

with a similar expression for f,,. The couplings f, are proportional to mg, so the fraction f, /my does
not become large for small m,. The quantity G(ud)a.(u3) which appears in the last term is
a renormalization-group invariant (in other words, independent of ug). Typical values of
G(u3 = mi) obtained by various authors (0.471-0.514) are listed in Table 1 of Ref. [282], and
og(u2 = mZ) ~ 0.18. Instead of writing separate expressions for the parton densities g(u() that
appear in the third term in Eq. (7.28), a single expression for the sums of the combinations
gq(ud)yg(pd) is given in Eq. (32) of Ref. [282]. It is to be evaluated at u§ = m7, and the couplings f;
and g, are those given in Eq. (7.20). The expressions for f, and £, differ in the slightly different values
for Fr, in the proton and neutron, as discussed above, and these quantities are essentially the same
(within the theoretical uncertainty) and generally very small. The quantities f, and f, also differ
since the u and d valence-quark densities differ for the proton and neutron. This will result in
a difference between f, and f, if the neutralino couples differently to u and d quarks (as it usually
does). However, these terms are suppressed by a factor mg *. Therefore, it is usually (although not
always) safe to assume that f, ~ f,.

The first term in Eq. (7.28) comes from the neutralino coupling to the light-quark scalar densities
in the nucleon, via squark and Higgs exchange. The two terms proportional to frg come from the
neutralino coupling to the gluon scalar density in the nucleon that arise via the loop diagrams in
Fig. 21. The terms proportional to g, come from terms of order mg * in the expansion of the squark
propagator in the neutralino—quark diagram (Fig. 20). The remaining terms are due to higher-
dimension operators which arise from the quark-squark loop diagrams of Fig. 21.

Limit of large squark masses: In the limit of large squark masses, m, < my and mq < my, the
integral I; becomes

2 1
I (mg, mg, my) ~ o—— + O<—4> , (7.29)

3mgmy

q

and the other I; are higher order in my. Therefore, to lowest order in mg !, the neutralino couplings
to nucleons, f, and f,, become,

Jon I,

My n my

2 Ja

— =L 7.30
=+ 27fTGq=ZC;b,t mq H ( )
where we have neglected the (usually) small contributions due to the light-quark scalar density.
Except for the addition of the last term, these results agree with those obtained earlier [131, 256,
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278, 279]. Strictly speaking, there is an additional term (that with T;) of order my !, which arises
from diagrams with squark loops and an exchanged Higgs boson, but this term also contains
a Higgs-boson propagator, and should therefore be negligible compared to the Higgs-exchange
terms in Eq. (7.28) in the large-squark-mass limit.

Nuclear form factors: Finally, we must evaluate the effective interaction with nuclei by evaluat-
ing the matrix elements of the nucleon operators in a nuclear state. As opposed to the case of the
axial-vector interaction, there is no spin structure in the required nucleon operators at zero
momentum transfer. Therefore, the nuclear physics is greatly simplified. In fact, the operators
simply count the nucleons, so that the amplitude is proportional to the nucleon number. This gives
a substantial enhancement for heavy nuclei.

At nonzero momentum transfer, the form factor associated with the nucleon-number operator is
simply the Fourier transform of the nucleon density, which has a well-determined form, in contrast
to the axial-vector form factors which require significant effort for their calculation. Several form
factors have been used in the literature. The most commonly used form factor is the exponential
form factor, first used in this context by Ahlen et al. [2917] and Freese et al. [2927:7

F(Q) = exp(— Q/2Q), exponential (7.31)

where Q is the energy transferred from the WIMP to the nucleus, Q = 1.5/(myxR() is the nuclear
“coherence energy” and

o = 10713 cm [0.3 + 0.91(my/Ge V)37 , (7.32)

is the radius of the nucleus. The exponential form factor implies that the radial density profile of the
nucleus has a Gaussian form. A more accurate form factor is that suggested by Engel [293],

. 2
F(Q) = [ﬁq(g—Rl—)il exp[ — (gs)*], Woods—Saxon (7.33)
1
where the momentum transferred is g = ./2mnQ, m, is the reduced mass, R; = (R? — 55%)%/2,
R ~1.21m A3, j, is a spherical Bessel function, and s ~ 1 fm. Although this form factor is not that
obtained from the Fourier transform of the Woods—Saxon density distribution, it is very similar, so
we refer to it as the “Woods—Saxon” form factor. Note that F(Q) is normalized to 1 at zero energy
transfer, and that it is implicitly a function of |¢|. However, for most practical purposes, the
exponential form factor of Eq. (7.31) is adequate, and it is much easier to manipulate analytically.
The differential cross section for the scalar interaction can now be written,

d Cscalar 2 aOscalar 1 2
dgp = S Q = TS FQ) = 52, + (4~ DLV FQ). (7134

where Z is the nuclear charge (i.e., the number of protons), A—Z is the number of neutrons, and

1
Cscalar = TC—(;IZ: [pr -+ (A — Z)fn:lz . (735)

71t should be noted that in some of the papers on WIMP detection, the form factor is defined to be the square of what we
call the form factor. We have chosen our conventions to agree with the nuclear physicists’.
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As in the spin case, we have defined a “standard” cross section at zero momentum transfer,

_ [**dog=0) _4m
OQscalar — 0 diqlz - T

[Zf + (A —2) 0% (7.36)

In most instances, f, ~ fy, 80 Cqeatar 0¢ A% o mg. Furthermore, for heavy WIMPs, m, > my, the
reduced mass is m, ~ my, so the “standard” scalar elastic-scattering cross section scales with the
nuclear mass as 0ggca1r oC M. However, note again that o, is not really the total cross section. The
actual cross section is obtained by integrating (7.34) over d|q|*> with the exponential or
Woods—Saxon form factor.

7.4. General axial-vector, vector, and scalar interactions

Consider WIMPs, not necessarily supersymmetric, which interact with quarks via an axial-vector
interaction of the form given in Eq. (7.1). If the WIMP is the lightest neutralino in the MSSM, then
the WIMP—quark axial-vector couplings, d,, are given by Eq. (7.2). For other WIMPs, such as
Majorana neutrinos, there might be a similar interaction with different d,. If those d, are known,
then the WIMP-nuclei “standard” total cross sections will again be given by Eq. (7.16) where A is
given in terms of a, and a, in Eq. (7.16), and a, and a, are given in terms of 4, in Eq. (7.5).

Among similar lines, consider a generic WIMP with a scalar WIMP—quark interaction (for
example, the fourth-generation neutrino considered in Ref. [277]),

&L scatar = Jo X249 - (7.37)

The “standard” total cross section for scalar WIMP-nuclear scattering for such a particle will be
given by Eq. (7.36) with f, = f, given in terms of f; by Eq. (7.30).

In addition to these two interactions, WIMPs which are not Majorana particles may have vector
interactions with nuclei,

ggec = bq )ZMX q—yﬁq . (738)

Due to the conservation of the vector current, the contributions of each quark in the nucleus add
coherently, so the resulting WIMP-nuclear cross section can be large for large nuclei. Further-
more, there is no uncertainty that can arise in going from the WIMP—quark to the WIMP-nucleus
interaction from considerations like spin or strangeness content of the nucleon or from the spin
structure of the nucleus. This is because sea quarks and gluons cannot contribute to the vector
current. Therefore, the WIMP-neutron interaction is #y.. = by, xny'n, and similarly for the
WIMP-proton interaction, with b, = 2b, 4+ bgand b, = b, + 2b4. The WIMP-nucleus interaction
is then N = b,jy,x Ny*N, with by = 2Zb, + (A — Z)b,,. The “standard” total cross section for
the WIMP-nucleus vector interaction is then
2,212
Oovee = —mi‘—n—lN—bﬂ-—i . (7.39)
64n(m, + my)
IFFor example, a heavy fourth-generation Dirac neutrino with standard-model couplings to the
Z° boson would have a WIMP-quark interaction of the form Eq. (7.38). This leads to
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a WIMP-nuclear interaction with
4
NG

where the first term in brackets comes from the coupling to neutrons and the second from the
protons. Since. sinfyw ~ %, it turns out that the Dirac-neutrino coupling to protons is negligible
compared to the coupling neutrons.

The standard electromagnetic interaction is a vector interaction, so the vector interaction leads
to an interaction proportional to the charge distribution in the nucleus. To a good approximation,
the charge distribution in the nucleus traces the mass distribution, so the scalar form factors
discussed above can be applied to the vector interaction as well.

Sneutrinos, the spin-0 supersymmetric partners of neutrinos, have couplings to the Z° similar to
the neutrino couplings. Therefore, they also scatter via a vector interaction, although the form of
the effective Lagrangian for scalar partners differs from that in Eq. (7.38). The sneutrino-nucleus
cross section turns out to be 4 times the Dirac-neutrino—nucleus cross section [176].

by =

Gr[(A — Z) — (1 — 4sin%0w)Z] , (7.40)

7.5. Comparison of spin and scalar cross sections

For some years it was thought that the axial-vector coupling provided the only interaction of
neutralinos with ordinary matter. However, it was then realized [277, 131] that due to the
heavy-quark expansion, there may be a significant scalar coupling of neutralinos to nuclei if the
neutralino is a mixed gaugino/higgsino state. For mixed neutralino states, the scalar coupling
would be enhanced additionally by the exchange of the lightest Higgs boson [278], and since the
lightest Higgs boson is relatively light, this contribution could be significant. More recently, the
contribution to the scalar coupling from squark mixing [280] has been shown to be important
[282]. This contribution is proportional to the quark/squark mass ratio, and now that the top
quark is known to be quite heavy, squark mixing may have a significant effect on the scalar
neutralino—nucleus coupling, even if the neutralino is a pure state.

The spin and scalar interactions correspond to two different detection strategies. The technology
of low-background detectors with spin-zero target nuclei is highly developed, in the main due to its
use in double-beta decay experiments [294]. The development of low-background detectors
enriched with isotopes of nonzero spin is more recent and has been driven primarily by the effort to
detect spin-coupled WIMPs [25].

Obviously, the question of theoretical expectation for the relative strengths of the scalar and spin
couplings is a model-dependent one. However, since the two detection schemes may involve
significantly different detection strategies, estimates of the relative importance of the two interac-
tions are needed for developing these strategies. Perhaps the best hints can be obtained by broad
numerical surveys of supersymmetric parameter space [295], and these will be discussed later in
Section 11. Here, we give a brief analytic comparison of the spin and scalar interactions in the
MSSM, but it should be kept in mind that there are significant model dependencies that cannot be
taken into account by such a discussion.

It is worthwhile to separate the model-dependent factors from the nuclear physics as much as
possible. The nuclear dependence of the A2 factor in the spin cross section is not easily separated
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Table 7
Nuclear dependence in comparison of spin and scalar cross sections. Values for the spin moments are from previous
discussion in this section

Method Nucleus Na

0Odd Group 'H 3

Odd Group 3He 041

0Odd Group 170 0.0047
0dd Group 19F 0.0071
0dd Group 23Na 28x1074
Shell Model 298 24x1074
0Odd Group 35¢C1 1.2x107*
Perturbation Theory K 2.1x1074
Shell Model 3Ge 20x107%
Shell Model 93Nb 1.6x 1074
IBFM 131Xe 1.7x1073

from the model dependence. But we will write

o _ [, o>, o 2[(Z/A)fp ( _g) . }—2
O'Oscalar—nA|:ap ST +an ST i| \/EGF + 1 A \/EGF ’ (741)

where the nuclear dependence is given mainly by the factor
na = 4S2J(J + 1)/4%, (7.42)

and St = [{Sy>| + [{S.>|- In the odd-group model, S%/J? is precisely the parameter 1> of Ref.
[2957. In more general nuclear calculations it can differ from the odd-group model value. Some
values of #, are given in Table 7.

In order to proceed, assume that one type of nucleon dominates the spin-dependent interaction.
As a numerical example, we will take the case of a B-ino in the large-squark-mass limit (and assume
degenerate squark masses), for which [296]

a~0.1(my,/m?) . (7.43)

For the scalar interaction, take the numerical example provided by Fig. 2 of Ref. [282], where
mg = 200 GeV. Thus f, ~ f, ~ 107 ® GeV 2. With this example, we find

O-Ospin/o.Oscalar ~ 250 Na - (744)

This implies dominance of the scalar interaction for 4 220, roughly speaking.

Before continuing, we reemphasize that there is no substitute for a complete SUSY-model
calculation in the case of light nuclei, say for definiteness A4 < 40, because we know that the
amplitudes involved can vary by an order of magnitude dependmg on the model parameters. It is
also useful to remember that there are significant theoretical uncertainties, both from nuclear
physics and from the spin content of the proton, that enter into the spin-dependent cross section
[269, 296], and theoretical uncertainties from the pion-nucleon sigma term that enter into the
scalar cross sections as well. However, the basic conclusion seems to be confirmed by numerical
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experiments. In surveys of supersymmetric parameter space, one finds that the scalar interaction
almost always dominates for nuclei with 42 30. This has been noted in Ref. [2827] and more
recently stressed in Ref. [295].

8. Direct detection of neutralinos

If the halo of the Milky Way consists of WIMPs, then hundreds to thousands of WIMPs must
pass through every square centimeter of the Earth’s surface each second. The most satisfying proof
of the WIMP hypothesis would be direct detection of these particles, by, for example, observation
of nuclear recoil after WIMP—-nucleus elastic scattering. The very low cross section of WIMPs on
ordinary material makes these interactions quite rare, but as suggested a decade ago [9, 10, 297],
specialized detectors may make such direct detection possible. The basic idea is to somehow
measure, and distinguish from background, the tiny energy deposited by the very occasional
WIMP-nucleus interaction. During the past decade, enormous technical progress on a host of
techniques has been made, and direct detection is now one of the most promising methods of
detecting Galactic WIMPs. Dozens of groups have built or are building detectors with direct
detection of WIMPs in mind, and results from the first-generation detectors have already set strong
limits on or eliminated several WIMP candidates (see Section 12). Along with the tremendous
experimental advances, many theoretical papers aimed at understanding this process have been
written, and increasingly more subtle effects and uncertainties have been explored. In this section,
we review and summarize the highlights of both the theoretical and experimental situations. We
have attempted to give easily applied formulas which can take into account as much or as little
theoretical sophistication as desired, but our survey of the experimental efforts is brief. For more
complete discussions of the experimental aspects, see Refs. [21, 24]. For a survey of experiments,
see Ref. [25]. '

8.1. Theory

The rate in a detector depends upon the density p, of WIMPs near the Earth, and the velocity
distribution f(v) of WIMPs in the Galactic halo near the Earth [Egs. (2.8) and (2.9)]. As a function
of energy deposited, Q, direct-detection experiments measure the number of events per day per
kilogram of detector material. Qualitatively, this event rate is simply R = no{v)/my, where the
WIMP number density is n = po/m,, ¢ is the elastic-scattering cross section, {vy is the average
speed of the WIMP relative to the target, and we divide the detector mass Mgy, by the target
nucleus mass my, to get the number of target nuclei.

More accurately, one should take into account the fact that the WIMPs move in the halo with
velocities determined by f(v), that the differential cross section depends upon f(v) through a form
factor do/d|q|? oc F?(Q), and that detectors have a threshold energy Er, below which they are
insensitive to WIMP—nuclear recoils. In addition, the Earth moves through the Galactic halo and
this motion should be taken into account via f(v). The potential field of the Sun [298] and the
Galactic disk will also affect the local WIMP density and velocity dispersion, but these effects are
relatively small and will not be discussed here.
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In general, the differential rate (per unit detector mass) can be written

R = (po/mymy)vfi(v)(do/d|q|*) dlq|*dv, (&.1)

where f(v) is the distribution of speeds relative to the detector, found by integrating the three-
dimensional velocity distribution over angles (it is normalized to (f;(v)dv =1). Since the
momentum transferred |gq|* = 2mZv*(1 — cos 0*), where 6% is the scattering angle in the
center-of-momentum frame, and m, = m,my/(m, + my), the energy deposited in the detector
(energy transferred to the nucleus) is

Q = |q1?/(2my) = (miv*/my)(1 — cos 0%) . 8.2)

To find the total rate we must integrate dR over all possible incoming velocities and over deposited
energies between Er and E,,,, = 2m?v?/my. Using Egs. (7.12), (8.1), and (8.2), we have

dR  gopo “ f1(v)
a0 " ammi’ , 4 83)
where
Umin = (Qmn/(2m))H2 (84)

and F(Q) is the form factor, which should be chosen from Eqgs. (7.31), or (7.33) for scalar WIMPs, or
from the fitted forms in Eqgs. (7.15), (7.7), and (7.11), for spin-coupled WIMPs.

Note that by using the energy transfer Q, all the dependence on WIMP velocity has been put into
one integral. So we can further define the dimensionless quantity

r@ = [0 ©.5)
to get
dR/dQ = (Gopo/~/mvemm2) FX(Q)T(Q) (8.6)

where vy &~ 220 kms ™! is the circular speed of the Sun around the Galactic center. The total rate
for events per kilogram per day is found from

dR
j— d H -
R = LT a0 Q. (8.7)

This factoring of the differential rate into a form-factor piece and a piece which depends upon
WIMP velocity lends itself to easier calculation for both simple and complicated examples.
For the purpose of illustration, consider a simple Maxwellian halo

FW)d3* = (1/vyn3?)exp(— v'*/v3) A3 . (8.8)

If one were to use this (leaving out the motion of the Sun and Earth), one would integrate over
angles to find the speed distribution

1) dv = [40)? /v f] exp(— v"?/v3)dv’ . (8.9)
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Thus for this case, Eq. (8.5) gives simply,

T(Q) = exp(— vZi/v3) (pure Maxwellian) , (8.10)
where v, is given in Eq. (8.4). If one considered light WIMPs where F(Q) = 1, one would get

(Cil—g = [Gopo/(x/Twomm2)] exp(— Qmy/(2m2v3)) (pure Maxwellian) , (8.11)
and integrating to find the total rate gives

R = [Gopo/(mymn)](2/</T) vo exp(— Exmn/(2m?v3)) (pure Maxwellian) , (8.12)

With E; = 0, this result is precisely the naive rate mentioned at the beginning of this section, since
vy = (2/ﬁ)v0 for the velocity distribution of Eq. (8.9).

More realistically, one should take into account the motion of the Sun and Earth. This increases
the total rate and gives rise to an yearly modulation in the event rate which might serve as a method
of distinguishing signal and noise if many events are found [292, 2991. Following Freese, Frieman,
and Gould [292], and Sadoulet [300], one subtracts the Earth velocity v, from 2’ in Eq. (8.8) to get
the velocity v of the WIMP in the Earth frame.

v =1v+0,, v'? = 0% + vZ + 2vv,cos ¥, (8.13)

where y is the angle between the WIMP velocity in the Earth frame and the direction of the Earth’s
motion. As a function of time, v, changes as the Earth’s motion comes into and out of alignment
with the Sun’s motion around the Galaxy. This causes an yearly modulation in the event rate which
peaks around June 2nd each year [298, 299]. This is taken into account using [292]

2n(t — ¢
v = 00[1.05 +0.07 cos <%>j| , (8.14)

where 1, = June 2nd + 1.3 days. Changing variables, using d*v'/d%v = (v"*/v*)(cos 0/cos y), and
integrating over angles one gets [292]

fl(v)dv=vzd%{exp[—%]—exp[—@—;—;e)}} . (8.15)

Then from Eq. (8.5) one has [300]

TQ) = ﬁvo [erf(vt“i“—_m) - erf(vli':if>} . (8.16)

4o, Vo v

SO

dR OoPo 9 Umin + [ZN Umin — Ve
2o e ey erf[ =2 . 8.17
dQ 4vm,m? F Q) erf Vo o Uo &17

This equation is similar to the one obtained in Ref. [24] and is quite general. It is especially
important for experimentalists who wish to fit the differential energy spectrum. It is also easily
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Fig. 22. Theoretical differential event rate [Eq. (8.17)] versus deposited energy for several different nuclear form factors.
An arbitrary cross section of oo = 4 x 1073¢ cm? was chosen, with m, = 40 GeV and my = 68 GeV, and standard values
of the other parameters. The heavy solid line shows the best-estimate (i.e., the Woods—Saxon) form factor [Eq. (7.33)] for
scalar interactions, while the long-dashed line (which falls on top of the heavy solid line) shows the exponential form
factor [Eq. (7.31)]. The light solid line shows F (Q) = 1 (no form factor). The three spin form factors for germanium (Table
5) are shown as short-dashed lines.

integrated, either analytically (see below) or numerically, to get the total event rate. Eq. (8.17) is the
main result of this section.

For a general WIMP, the rates from both spin and scalar interactions must be added together to
get the total event rate. The procedure is to calculate ggscatar and Gospin [from Eqgs. (7.16), and (7.36) ],
pick a form factor for each, and plug into Eq. (8.17). For the scalar interaction, F(Q) can be chosen
from Eq. (7.33) (more accurate) or Eq. (7.31) (more easily manipulated analytically). In Fig. 22 we
show dR/dQ from Eq. (8.17) for a variety of form factors for a 40-GeV WIMP hitting a Ge target.
The cross section was arbitrarily picked as oo =4 x1073® cm?, and standard values of the
parameters were used. The form-factor dependence of dR/dQ is small at small Q but becomes
appreciable for larger recoil energies.

For the spin interaction, fitted form factors from Egs. (7.15), (7.7), and (7.11), should be used if
available. If not, one of the scalar form factors above or the form factor given in Ellis and Flores
[268] could be used. We remind the reader that for spin—spin interactions and large nuclei, none of
the simple analytic form factors listed above provide a very good approximation, since detailed
calculations show spin form factors usually have non-exponential tails. These tails give larger cross
sections at large Q than the simple form factors; they may be important for heavy WIMPs and for
nuclei which couple axially. Thus the explicit nuclear calculations which have been done for several
elements such as iodine, niobium germanium, silicon, etc. should be used when they exist. For
example, 73Ge, 2°Si, 27Al, and 3°K results are shown in Table 5; for niobium see Ref. [275]. Fig. 22
also shows dR/dQ for the germanium form factors of Table 5. As discussed in Section 7, there are

actually three independent form factors for spin couplings, and these are displayed as the three
short-dashed lines.
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Finally, Eq. (8.17) can be integrated over Q, from the detector threshold energy, Er, to infinity. In
many cases a numerical integration is easiest, but for low-mass WIMPs and/or low-mass nuclei,
one can approximate F(Q) = 1 and recover Eq. (2.19) from Ref. [292],

Ry =— 2P O[04 A A, A, + A e — A e ], (8.18)
ﬁmme Ve

where

2(x1, x2) = (/2 (erfx, — erf x;) (8.19)

Ay = A + v /o, A2 = myEr(2mZvl) 1. (8.20)
Using the exponential form for F(Q), from Eq. (7.31), one recovers Eq. (B1) of Ref. [292],

2 3 3 2

Rexp=\—/%ZZ(—°m;%[e—ET/EOX(A_,A+)—)ﬁ{:—’bﬁﬁex%—l—%%ﬂ, (8.21)
where

Au =1+ D)7 PLAL + D) £ @foo)], b =205m (Eomy) " . (8.22)

We have given equations for the differential event rate, Eq. (8.17), in terms of an arbitrary form
factor, F(Q), and a standard total cross section at zero momentum transfer, o, (discussed in the
previous section). We have also given in Eq. (8.18), an analytic expression for the total event rate for
a constant form factor, and in Eq. (8.21) an analytic expression for the total event rate for the
exponential form factor [Eq. (7.31)]. A general WIMP will have both scalar and spin-dependent
interactions with the nucleus, so there will be a scalar cross section, 6ggcaiar, and a spin cross-section,
0o.spin- 1he differential and total event rate will be the sum of the differential and total event rates
due to the two interactions. For the scalar interaction, an analytic form factor can be used. For the
spin interaction, the form factor will differ from nucleus to nucleus, and specific form factors for
some commonly used nuclei with spin are given in the previous section. These must generally be
integrated numerically to obtain a total cross section. Form-factor suppression becomes small for
target nuclei of sufficiently low mass, so Eq. (8.18) should provide an increasingly accurate estimate
of the total event rate for both scalar and spin interactions, as the mass of the target nucleus is
decreased (e.g., Fig. 5 of Ref. [1317).

The formalism described above can be used to predict the “signal” expected in almost any
direct-detection device. As an example, in Fig. 23 we show the theoretical dR/dQ for a germanium
detector and several WIMP masses (see also Fig. 24). We used the Woods—Saxon form factor [Eq.
(7.33)], an arbitrary cross section of o, = 4x 107 3¢ ¢cm?, and standard values of the other
parameters. The expected shape of the spectrum is one method of discriminating against non-dark-
matter background, and as discussed in the next section, should be compared with a typical
background such as is shown in Fig. 25.

Eq. (7.36) in the previous section gives the standard total cross section for scattering from a given
nucleus in terms of the WIMP-nucleon couplings f, and f,. As noted in the discussion following
Eq. (7.36), it is almost always true that f, ~ f,,. If so, then the cross section for neutralino scattering
from a nucleus my can be written [301] as

Goscatar = {dmgmi/[m(my, + mn)* 1} (fo/ma)?, (8.23)
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Fig. 23. Theoretical differential event rate for WIMPs of various masses hitting a germanium target. WIMP masses are
labeled in GeV. An arbitrary cross section of o, = 4x 1073 cm? was chosen with standard values for the other
parameters. Compare these curves with a typical experimental gamma-ray background shown in Fig. 25. Note the rate
axis scale is 100 times smaller than in Fig. 25, and the cross section chosen is very high for neutralinos (see Section 11).
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Fig. 24. Same as Fig. 23, but for a 40-GeV WIMP interacting with detectors made of different material. The detector-
nuclei masses are labeled in GeV. An arbitrary cross section of oo = 4 x 1073 cm? was chosen with standard values
for the other parameters. Compare these curves with a typical experimental gamma-ray background shown in Fig. 25.
Note the rate axis scale is 100 times smaller than in Fig. 25, and the cross section chosen is very high for neutralinos (see

Section 11).

where m, ~ 0.94 GeV is the nucleon mass. The important thing to note is that all the information
needed about any specific MSSM (e.g., the neutralino composition, the masses and couplings of
all the superpartners, etc.) for the scalar neutralino—nucleus interaction is encoded in f,, and
Jp is independent of the nuclear mass. Therefore, the nuclear-mass dependence of the
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point of the broad tritium spectrum. The rapid rise at low Q is the electronic noise. Compare with the potential WIMP
signals shown in Figs. 23 and 24.

neutralino—nucleus standard total cross section is given in the prefactor in Eq. (8.23). As a result,
the predicted event rate of a scalar-coupled WIMP in a detector of a given composition can be
related to the event rate in a detector of a different composition with Eqs. (8.21) and (8.23). In
Fig. 26, we show the integrated rate (neglecting detector thresholds) for detectors made of
various nuclei, as compared to a "°Ge detector [301]. Fig. 26 can be used to estimate the differences
in expected rates for various detector materials, for WIMPs with predominantly scalar inter-
actions.

The equations above give the differential and the total event rate, and by using different times of
year in Eq. (8.14), the seasonal modulation [292, 2997 in total event rate can be found. The event
rate is about 5% larger when the Sun and Earth velocities through the Galactic halo are most
closely aligned (in June), than when the velocities are most closely antialigned (in December). Due
to the small size of the effect, a large number of events would be needed to have a significant
detection. More striking than the seasonal modulation is the directional dependence of the recoil
rate [302]. As the Earth and Sun move through the Galactic halo at ~ 220 kms™!, the large
preponderance of recoils are in the opposite direction. Thus, if the direction of the nuclear recoil
could be determined, a clear dark-matter signature would exist. Experimental attempts at obtain-
ing directionality are mentioned briefly in Section 8.2.

Finally, for very massive WIMPs there is the possibility of detection of a diurnal variation in
event rate as the rotating Earth shields the experiment from the Galactic wind of WIMPs [303]. It
has recently been proposed that ejection of target nuclei from solid surfaces induced by
WIMP-nucleus elastic scattering could provide a unique WIMP signature [304].
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Fig. 26. Event rate (per kg of detector) for scalar-coupled WIMPs in a detector composed of nuclei with mass number
A scaled by the rate in a 7°Ge detector as a function of WIMP mass m,. Threshold effects are neglected. (From Ref. [301].)

8.2. Detectors

There are a great many experiments actively searching for WIMP dark matter by trying to
measure the energy deposited when a WIMP from the Galactic halo scatters from a nucleus in the
detector. For reviews see Refs. [21, 24, 257]. A typical WIMP moving at about 270 kms ™, with
a mass in the range 20—400 GeV, hitting a nucleus with mass in the range 1-200 GeV, will deposit
an energy of 1-100 keV [Eq. (8.2)] at a rate of about 10™* to 1 event per day per kilogram of
detector material (for sample supersymmetric particle-physics models, see Section 11). The more
massive the WIMP, the more the energy deposited, but also the smaller the event rate. Both this
energy and this event rate are extremely small by the usual standards of particle physics, and it is
the small energy deposited and the low rate which makes these experiments difficult. The low count
rate requires that the experiments have extremely good background discrimination, very large
detectors, and/or very long counting times. The small energy deposited makes many esoteric
background sources important, and background discrimination is essential and difficult. For
example, on the Earth’s surface, cosmic rays and cosmic-ray induced gamma rays with energies
in the keV to MeV range occur at =100 eventkg 1d™! and would completely swamp any
dark-matter signal. Thus dark-matter direct-detection experiments are forced deep underground.



284 G. Jungman et al. | Physics Reports 267 (1996) 195-373

Even so, radioactive isotopes in the walls and equipment, along with residual cosmic-ray muons,
create neutrons and gamma rays, thus requiring the use of sophisticated shielding and special
attention to the radio purity of all the materials used in the experimental equipment. The low rates
and small energy have also forced experimentalists to invent extremely sensitive detectors, using
entirely new techniques, and generally to operate at very low temperatures to reduce thermal noise.

As an example, consider the Berkeley Center for Particle Astrophysics (CfPA) germanium
detector [305, 306] being deployed as part of the Cryogenic Dark Matter Search collaboration at
the Stanford University Underground Facility. The detector consists of a tower of very pure
germanium crystals, each weighing approximately 160 g, made into thermal calorimeters by
attaching NTD germanium thermistors to them. When cooled to 20 mK in a dilution refrigerator,
the heat capacity ( oc T°)is so low that even a few keV of deposited energy raises the temperature of
one of the crystals by a measurable amount, allowing the amount of energy deposited to be
determined. Threshold energies as low as a keV have been demonstrated. However, the first
generation of dark-matter detectors discovered a gamma-ray background of about
2eventkg~1d " 'keV ! in the 1-100 keV range (see Fig. 25), so to make the thermal calorimetric
detectors sensitive to the necessary ~ 0.01 eventkg™*d ™! level, the crystals are simultaneously
run as ionization detectors [306]. A small voltage is placed across the crystal, and when a gamma
ray enfers and ionizes several atoms, the freed electrons are drifted to one side, the charge collected
being a measure of the energy deposited in ionization. This technique of simultaneously measuring
the heat and ionization energy gives excellent discrimination against the gamma-ray background
[306]. Nuclear recoils caused by WIMP interaction deposit relatively less energy in ionization
compared to phonons (heat), while gamma rays give relatively more energy in ionization compared
to phonons. Thus, this experiment expects to reach a sensitivity of ~ 0.3 eventkg ™ *d ™! in the near
future, and a sensitivity of ~ 0.01 eventkg™'d ! in the next few years. We should point out that
germanium crystals, running exclusively as ionization devices at liquid-nitrogen temperatures,
have been run successfully underground for years and have already given strong limits on
dark-matter candidates such as massive Dirac neutrinos [291, 307-309]. As discussed in Section
12, massive Dirac-neutrino dark matter would have resulted in event rates in the
30-300 eventkg~td ! range, and have been ruled out as the primary constituent of the dark
matter by these experiments [291, 307-309].

Besides the CDMS collaboration, many other collaborations are mounting experimental efforts
with related technology. For example, the Munich group [310] has developed a detector using
Al,O; (sapphire) and have achieved a 90-eV energy resolution for 6-keV gamma rays in a 31-g
detector. Crystals of lithium fluoride are also being used [311]. Besides thermal calorimetry, several
techniques based on the superconducting—normal phase transition are being used to detect the
energy deposited. For example, a thin film of tungsten can be grown on a silicon substrate
(detector) and held just below the critical temperature [312]. Phonons created by a WIMP--nucleus
interaction would heat the superconducting film, causing it to go normal, and the change in
resistance could be measured. A related technique is to use small superconducting granules in
a magnetic field, which, when heated by a nuclear recoil, would go normal and thereby cause
a measurable change in the magnetic flux [9, 297, 313].

A problem common to all these techniques is illustrated by the fact that, in its current
configuration, the CDMS collaboration will be unable to achieve a total detector mass of more
than 10 kg. Given the small expected event rates, this may be a serious impediment to detecting
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very weakly coupled supersymmetric WIMPs. However, several groups are investigating the use of
Nal and CaF scintillation detectors [314-317], for which 100 kg detectors are feasible. Here, it is
not a temperature rise in the crystal which is used to measure the nuclear recoil, but scintillation
light caused by ionization — a classic particle-physics technique. The energy threshold for these
detectors may be substantially higher than the thermal calorimeters, and the background may be
problematic, but several methods for discriminating gamma rays from WIMP-induced recoil have
been suggested [314, 315, 317]. Other techniques using rotons in superfluid helium [318] and
scintillation in Xenon [317, 319] are also being developed and may allow both gamma-ray
discrimination and large detector volumes.

As mentioned above, another way to beat the very low event rate is to count for a very long time.
While for most experiments this means several years, recently one group has been exploiting
ancient mica samples to increase the effective exposure time to several billion years [320].
A WIMP-induced nuclear recoil would form a stable “track” of crystal defects, which could be
found by etching a thin sample of ancient mica. Longer tracks from MeV-scale radioactive decays
can be discriminated from the short WIMP-induced tracks. In their preliminary search, no
WIMP-induced tracks were found, leading to weak, but respectable, limits on WIMP halo dark
matter. So far only a few nanograms of material have been analyzed, and a background may
appear, but the ultimate sensitivity of this technique is still unknown. Mica is composed primarily
of the spinless nuclei*®O and 28Si and the odd-A nuclei 2”Al, **K and H. The relevant nuclear form
factors have recently been calculated [3217] and the distinguishability of the recoiling potassium
tracks has been analyzed [322].

A problem with all the above experiments is that, if a WIMP signal is seen, it will be difficult to
prove the signal is from dark-matter particles and not from some unknown background. As shown
in Figs. 23 and 24, the expected dark-matter signal is roughly an exponentially-distributed event
rate, and as shown in Fig. 25, the gamma-ray background consists of various lines and noise peaks,
some of which look similar to the WIMP signal. The rate shown in Fig. 23 is actually larger than
the rate expected for most dark-matter neutralinos, so the need for excellent background discrim-
ination is evident. Even assuming discrimination against gamma-rays, other unknown back-
grounds could exist. Since the shape of the spectrum depends upon the WIMP and nuclear masses
in a well-known way (assuming the WIMP halo velocity distribution is indeed Maxwellian),
a possible way to distinguish signal from background is to use detectors of different material and to
note the differences in detected recoil spectrum and total rate. Fig. 23 shows the theoretical dR/dQ
for a WIMP of mass 40 GeV, and for various nuclear masses. As we have seen, a wide variety of
materials are being proposed as detectors. However, since detectors made of different materials
typically use different detection techniques, they will typically have different backgrounds, and this
may make the comparison difficult. Other potential complications in the comparison of event rates
from different materials are the particle- and nuclear-physics uncertainties in the WIMP-nucleus
cross sections. As discussed in Section 7, the WIMP-nucleus cross section is the sum of a spin
interaction and a scalar interaction, the values of which are dependent on the unknown details of
the underlying particle-physics model. For example, some nuclei have no net spin, and so would be
“invisible” to WIMPs which had only spin coupling. For such WIMPs, the difference in rate
between detectors made of spinless nuclei and detectors made of nuclei with spin would be due to
the unknown ratio of the WIMP spin and scalar interactions. The neutralino almost always has
a dominant scalar coupling (Section 11), so this is unlikely to be the case for these particles, but
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other WIMPs may have dominant spin couplings. In other words, a rate difference between
different materials may also be due to differing nuclear matrix elements. Of course, once a signal is
found, this effect could be used to separate the spin and scalar component of the WIMP couplings.

Another possible method for discriminating a dark-matter signal from background is the
seasonal modulation of the event rate caused as the Earth travels around the Sun [292, 2997. The
small size of the modulation means that this can only work if large numbers of events are found,
implying the need for very large detectors. As mentioned above, the directional dependence (recoil
away from direction of Earth motion) is much more striking than the seasonal modulation [302],
and efforts to develop detectors sensitive to this effect have been made. In the bolometric devices,
the nuclear recoil seems to quickly form a melted “hot spot” that is an isotropic (modulo the lattice)
source of the phonons which eventually heat the crystal. It is possible that the initial “ballistic”
phonons may preserve some of the directionality [312, 318, 323, 324], but at present, determination
of the direction of the nuclear recoil seems unlikely in these devices. However, in gas detectors such
a directional sensitivity has already been demonstrated [ 325]. Using hydrogen (and also argon) gas
in a time projection chamber (TPC), clear tracks due to nuclear recoil caused by low-energy
neutrons have been observed. This is another classic particle-physics technique, and by using
a large magnetic field to bend the tracks, discrimination between electrons, muons and nuclear
recoil is almost 100%. The main problem with this technique is the relatively small mass of detector
gas (1-10 g at present). Thus, once again, the low interaction rate competes with background
rejection in making the experimental detection of dark matter difficult.

Finally, it should be kept in mind that for any given detector, some experimental effects and
efficiency factors will need to be considered in order to obtain results from the data that can be
compared with the theoretical prediction in Eq. (8.17),% Here we list some of these, but we do not
provide general expressions [326].

First of all, if a target consists of two or more nuclei (e.g., Nal), then the predicted recoil rate will
be the sum of the recoil rates from the two nuclei. Furthermore, there may be a recoil efficiency
(which takes into account the difference between the observed and recoil energy) which differs
between the two nuclei. There may be corrections due to energy resolution or near threshold from,
for example, Poisson fluctuations if there are only a few photoelectrons.

8.3. Inelastic-scattering techniques

All the above detection techniques relied on measuring energy deposited after an elastic
scattering event. It is also possible that a WIMP interaction could leave a nucleus in an excited
state. In this case, one might also be able to detect a gamma ray which resulted from de-excitation,
and thereby have a redundancy which would greatly reduce the possible background [327].
However, the cross section to populate an excited state is usually extremely small. A possible
exception may have been found for iodine [328]. Along similar lines, it has recently been proposed
that scattering of WIMPs from orbital electrons could leave atoms in an excited state, and the
photon from de-excitation subsequently detected [329].

8 We thank P.F. Smith for suggestions.
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9. Energetic neutrinos from WIMP annihilation in the Sun and/or Earth
9.1. General description

Another promising method for indirect detection of WIMPs in the halo is the observation of
energetic neutrinos from annihilation of WIMPs that have accumulated in the Sun [11, 12] and/or
Earth [13-15]. As we will argue, such neutrinos are easily distinguished from solar neutrinos,
atmospheric neutrinos, or any other known background. If observed, these neutrinos could
provide very convincing evidence for the existence of particle dark matter.

There has been a vast literature developed to address the expected rates for observation of
neutrinos from WIMP annihilation, and the progress in the development of suitable neutrino
telescopes has been tremendous. Kamiokande [330-332], IMB [333, 334], Frejus [335], and
MACRO [336] have already reported (unfortunately null) results of searches for energetic neu-
trinos from the Sun and Earth. In addition, DUMAND [337], AMANDA [338], and NESTOR
[339], will also be capable of energetic-neutrino searches with much greater sensitivity.

If neutralinos are the dark matter in the Galactic halo, then they will accumulate in the Sun and
Earth. A WIMP with an orbit which passes through a given body (the Sun or Earth) has a small but
finite probability of elastically scattering from a nucleus therein. If, in doing so, it scatters to
a velocity smaller than the escape velocity, then it becomes gravitationally bound to the body.
Once captured, the WIMP undergoes additional scatters from elements in the Sun or Earth and
settles to the core of the body in a relatively short time. WIMPs which have accumulated in this
way can annihilate with another WIMP into ordinary particles such as quarks and leptons, and if
heavy enough, gauge and Higgs bosons and top quarks. The majority of the decay products of
these particles are absorbed almost immediately and without consequence in the core of the Sun or
Earth. However, decays of these annihilation products will also produce energetic muon neutrinos
which can pass through the Sun or Earth and be detected in astrophysical neutrino detectors. In
passing through the rock below the detector, an energetic muon neutrino can undergo a charged-
current event in which a muon is produced. Therefore, neutrino-induced muons from the Sun or
Earth provide a signature for particle dark matter.

The neutralino annihilates almost always to a two-body final state, so the energy of each
annihilation product is equal to the WIMP mass. The annihilation products then undergo two- or
three-body decays. The resulting neutrino energies are therefore broadly distributed, but the typical
neutrino energy is roughly 3 to 3 the WIMP mass. Typical WIMP masses are in the range of
10 GeV to a few TeV. Therefore, neutrinos from WIMP annihilation in the Sun are far more
energetic than, and cannot be confused with, solar neutrinos, which have energies in the MeV
range. In fact, the experimental techniques used to search for neutrinos from WIMP annihilation
are entirely different than those used to detect solar neutrinos.

Observation of energetic neutrinos from the Sun or Earth would provide a very distinctive
signature for the existence of dark matter in the halo. The atmospheric-neutrino background is well
modeled and is easily subtracted [340, 341]. There may also be a background of energetic neutrinos
from the direction of the Sun due to interaction of cosmic rays in the Sun, but this is expected to be
small [342]. Otherwise, there are no known phenomena which would produce neutrinos from the
Sun or Earth. In this regard, energetic-neutrino searches have the advantage over direct-detection
experiments (see Section 8): the backgrounds are better understood, so a positive detection is more
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recognizable. Similarly, energetic-neutrino searches have several advantages over other indirect-
detection techniques involving searches for anomalous cosmic-ray antiprotons or positrons or
gamma rays from WIMP annihilation in the halo (see Section 10). Again, the neutrino background
is understood better than the cosmic-ray background.

The prospects for discovery of particle dark matter by energetic-neutrino detection are generally
(though not always) improved relative to other detection techniques for higher-mass WIMPs. Such
WIMPs become increasingly favored as null results in accelerator searches raise the expected mass
scale of supersymmetry. As we will see, the annihilation rate in the Sun or Earth is set by the
capture rate, which is proportional to the number density n,, itself inversely proportional to the
WIMP mass m, for a given halo density. So the annihilation rate and direct-detection rate have
roughly the same scaling with WIMP mass. However, the probability of detecting a neutrino scales
roughly with the square of the neutrino energy: one power comes from the charged-current cross
section for producing a muon, and the second power comes from the fact that the range of a muon
is roughly proportional to its energy. So the energetic-neutrino event rate generally increases
relative to the direct-detection rate as the WIMP mass is increased. The flux of cosmic rays from
WIMT cnnihilation in the halo is proportional to an integral over the volume of the Galaxy of the
square of the number density, so the flux should fall off as the square of the WIMP mass as the mass
is increased. Moreover, the local halo density is constrained better than the entire halo-density
profile, so the rate predictions for a given model are less uncertain for energetic neutrinos (or direct
detection) than they are for cosmic-ray searches.

Given this heuristic introduction, we can now move on and discuss more quantitatively the flux
of such energetic neutrinos. For a given candidate WIMP, the calculation of the event rate is
straightforward, although it can be quite lengthy and requires inputs from solar physics, neutrino
physics, quark hadronization, etc. The flux of high-energy neutrinos of type i (e.g., i = v,, V,, etc.)
from neutralino annihilation in the Sun or Earth is

d¢ T
(dE> 4nR22 <dE> (Ev, Esn) ®-1)

The quantity I', is the rate of neutralino-neutralino annihilation in the Sun or Earth, and R is the
Sun—FEarth distance or radius of the Earth for neutrinos from the Sun or Earth, respectively.
Neutralinos from the Galactic halo are accreted onto the Sun and their number in the Sun is
depleted by annihilation. In most cases of interest these two processes come to equilibrium on
a time scale much shorter than the age of the solar system, in which case I'y = 4C where C is the
rate for capture of neutralinos from the halo. The annihilation rate is discussed further in Section
9.3. The capture rate is determined by the flux of neutralinos incident on the Sun and a probability
for capture, which in turn depends on kinematic factors and the cross sections for elastic scattering
of the neutralino off of the elements in the sun. We discuss in detail the capture-rate computation in
Section 9.4. The sum is over all annihilation channels F (e.g., pairs of gauge or Higgs bosons or
fermion—antifermion pairs), By is the annihilation branch for channel F, and (dN/dE)y; is the
differential energy spectrum of neutrino type i at the surface of the Sun or Earth expected from
injection of the particles in channel F in the core of the Sun or Earth. The spectra (AN/dE)y; are
functions of the neutrino energy E, and of the energy E;, of the injected particles. Determination of
these spectra is quite complicated as it involves hadronization of the annihilation products,
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interaction of the particles in the resulting cascade with the surrounding medium and the
subsequent interaction of high-energy neutrinos with the solar medium as they propagate from the
core to the surface of the Sun [343-345]. The spectra of neutrinos from the Sun are different than
those from the Farth. These spectra are discussed in Section 9.5.

The best technique for inferring the existence of the neutrino is observation of an upward muon
produced by a charged-current interaction in the rock below the detector. The cross section for
production of a muon is proportional to the neutrino energy, and the range of the muon in rock is
roughly proportional to the muon energy. Therefore, the rate for observation of energetic neutrinos
is proportional to the second moment of the neutrino energy spectrum. Inserting the numerical
values for the charged-current cross section and the effective range of the muon, and ignoring
detector thresholds, the rate per unit detector area for neutrino-induced throughgoing-muon
events may be written [256, 343]

_ PN & m, \?
Tgereet = (2.54x 1072 m 2 yr 1)STA1 (1 G’év> Ziaibi; By (Nz*pr, i(my) : ©.2)
for neutrinos from the Sun; the same expression multiplied by 5.6 x 10® (the square of the ratio of
the Earth—Sun distance to the Earth’s radius) gives the rate for neutrino events from the Earth. The
a; are neutrino-scattering coefficients, a, = 6.8 and a, = 3.1, and the b; are muon-range coefficients,
b, = 0.51 and b, = 0.67 [343]. The quantity

1 dN
(NZyr dEin) = f (@) (B, E) B2 dE, | 93)
is the second moment of the spectrum of neutrino type i from final state F scaled by the square of
the injection energy E;, of the annihilation products. The quantity z = E,/E,, is the neutrino energy
scaled by the injection energy. In Section 9.5, we list analytic expressions for the scaled second
moments for all the final states F which give rise to energetic neutrinos.

Strictly speaking, neutrino telescopes observe neutrinos only with energies above a given
threshold. Therefore, the event rate is proportional to the contribution to the second moment from
neutrinos with energies above threshold — that is, there is a lower bound to the integral in Eq. (9.3).
To obtain the most accurate experimental information, a detailed calculation of the neutrino
spectra should be folded in with the detector response. For example, an energetic-neutrino signal
from the Sun must be distinguishable from the atmospheric-neutrino background. The direction of
the neutrino-induced muon is correlated with the parent-neutrino direction only within an angular

window of roughly /1 GeV/E, radians. Therefore, a proper determination of the signal-to-noise
ratio requires knowledge of the neutrino energy spectrum.

On the other hand, in cases where the WIMP is quite massive, most of the neutrinos have
energies large enough to produce a muon with an energy much higher than the detector threshold.
For example, if a 100-GeV WIMP annihilates to gauge bosons, the typical neutrino energy is
roughly half that, and the typical muon energy is usually half that — about 25 GeV. Typical
thresholds for current and next-generation detectors are no more than 10 GeV, so the vast majority
of the neutrinos in this example are above threshold. In addition, even if a non-negligible fraction of
the neutrinos have energies below the detector threshold, the total second moment of the energy
distribution is still primarily determined by the higher-energy neutrinos. The contribution of
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neutrinos with energies below threshold to the upward-muon flux will be O(Eg,csn/m;) where
Eipresn 18 the threshold energy. Therefore, in cases where the WIMP mass is significantly larger than
the detector threshold, the expression for the rate for neutrino-induced upward muons, Eq. (9.2),
together with the results for (Nz?) presented here, will provide a good theoretical estimate to
compare with experimental determinations of the flux of upward muons from the Sun and/or
Earth.

The most promising method of detection of the energetic neutrinos, especially for higher-mass
WIMPs, is the upward-muon signal. Neutrinos may also be detected by contained events in which
a charged lepton is produced within the detector, but because this process is proportional only to
the neutrino energy E (as opposed to E? for throughgoing events), the throughgoing muons should
provide a more promising signature for heavy neutralinos. Of course, if the neutrino spectra
(dN/dE)g ; are known, then the rates for contained events can be calculated. Here we will focus
primarily on the upward-muon signal. Therefore, we will list only expressions for the scaled second
moments {Nz>> of the neutrino spectra. If interested, the reader may find analytic expressions for
the neutrino spectra (AN/dE)g ; for all the relevant final states I in Ref. [345].

In the following subsection, we give a brief overview of the current and planned experiments suitable
for searches for energetic neutrinos from WIMP annihilation. We then explain in Section 9.3 how the
annihilation rates in the Sun and Earth are obtained from the capture rates. A detailed discussion
of the capture rates as well as relatively simple analytic fits are given in Section 9.4. The neutrino
spectra and the scaled second moments are discussed in the final subsection. We include in Sections
9.3-9.5 all the information needed for evaluating the event rate given in Eq. (9.2) for observation of
neutrino-induced throughgoing muons from WIMP annihilation in the Sun and/or Earth.

9.2. Detectors and atmospheric-neutrino background

The search for energetic neutrinos from WIMP annihilation is already well underway. These
detectors are generally large tanks of water instrumented with phototubes capable of detecting the
Cerenkov light from neutrino-induced upward muons produced in the material below the detector.
Due to the huge flux of cosmic-ray muons which dominates the neutrino signal from WIMP
annihilation, neutrino observations of the Sun can be done only when the Sun is below the horizon.
The experiments typically trigger only on muons which pass entirely through the detector;
therefore, only muons with energies above a given threshold are counted. This threshold is about
2 GeV for the underground experiments and possibly 10 GeV for the ice and nearly 100 GeV for
the ocean-water experiments now being constructed. Energy resolution above this threshold is
quite difficult and has not yet been employed in the upward-muon analyses. Directional informa-
tion is required to distinguish neutrinos from the Sun or core of the Earth from the atmospheric-
neutrino background. However, the angular resolution required is fixed by the muon-energy
threshold, not by the angular size of the Sun. The rms angle between a neutrino and the muon it
producesis ~ 20°(E,/10 GeV)~*/2. In addition, the muon typically carries about half the neutrino
energy. Therefore, when searching for energetic neutrinos from the Sun or core of the Earth, muons
within an angular window with radius roughly 14° (Eyesn/10 GeV)™ Y2, where Eyesn iS the
detector threshold, must be accepted. Thus, when searching for a point source, the atmospheric-
neutirino background falls as EgL., as the threshold energy is raised. For the large class of
WIMPs with mass much larger than threshold, m, > Eesn, the loss in signal is only a factor
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O(m /Ejresn) [345], so the signal-to-noise ratio can be increased substantially with increased
thresholds.

The energetic-neutrino background comes from atmospheric neutrinos, i.e., neutrinos produced
by cosmic-ray spallation in the atmosphere. The theoretical calculation of the expected flux [346,
347] agrees quite well with measurements [332, 334]. For a muon-energy threshold cutoff of
1.7 GeV, the upward-muon flux at zenith is 6.4 x 1072 m~2 yr~*sr~* [332, 334]. The atmospheric-
neutrino spectrum falls steeply with energy, but this is counteracted when considering the energy
spectrum of atmospheric-neutrino induced muons by the fact that the probability of detecting the
neutrino is proportional to its energy squared. Thus, there is some reduction — in addition to that
from better angular resolution discussed above — in the atmospheric-neutrino background from
increased energy thresholds, but it is not dramatic.

Now we briefly review some of the detectors. The first class are underground detectors. These are
multipurpose detectors suitable for searching for proton decay or magnetic monopoles, detecting
supernovae, solar and atmospheric neutrinos and cosmic rays in addition to WIMP searches. The
Irvine—Michigan-Brookhaven (IMB) detector, an 8000 t underground water detector designed to
look for proton decay, had an exposure of roughly 400 m? yr [333, 334]. IMB detected muons with
energies greater than > 2 GeV. This detector is no longer in operation. After seven years of
operation, the Kamiokande detector had an exposure of 215 m? yr to the Sun, and the muon-
energy threshold is 1.7 GeV [331, 348]. These two experiments constrain the flux of energetic
neutrinos from the Sun with energies =2 GeV to be less than 2.1x 10 2m™2yr~ ! (90% C.L.
limit). In addition, Kamiokande has analyzed upward muons from the Earth’s core. With an
exposure of 770 m? yr to the Earth’s core, they obtain an upper limit of 1.3x 10"2m~2yr~!. The
other detector currently in operation is the Monopole, Astrophysics, and Cosmic Ray Observatory
(MACRO) with an area of exposure both to the Sun and Earth of about 850 m?, also with a 2-GeV
threshold [336]. After six months of operation, the limits on neutrinos from the Sun and Earth are
slightly weaker, but almost competitive with those set by Kamiokande. It is expected that their
sensitivity to energetic neutrinos from the Sun and Earth will improve the current Kumiokande
sensitivities by a factor of 2 to 3 after five years of operation.

In addition to the underground detectors, there are several experiments under construction or
beginning operation which rely on the novel idea of using sea water or antarctic ice as Cerenkov
detectors. In addition to WIMP searches, these experiments will also be capable of doing
atmospheric-neutrino and cosmic-ray physics as well as detecting ultra high-energy neutrinos from
cosmic rays or active galactic nuclei, for example. Strings of phototubes which are simply placed in
the water or in holes drilled in the ice are used to detect Cerenkov photons from throughgoing
muons. The Deep Undersea Muon and Neutrino Detector (DUMAND) (see Fig. 27) [337], located
off the coast of Hawaii, is expected to have an exposure area in the first phase of 300 m?* which will
later be expanded to 3000 m?. The NESTOR (Neutrinos from Supernovae and TeV Sources Ocean
Range) experiment is a similar effort located off the coast of Greece. An exposure area of 3 x 10* m?
is forecast [339]. The Antarctic Muon and Neutrino Detector Array (AMANDA) (see Fig. 28) is
situated at the South Pole [338]. Although ice near the surface is opaque, the ice a kilometer below
the surface is relatively clear and has an attenuation length comparable to water. AMANDA is
expected to have an exposure of 1000 m?2. Finally, the Baksan detector, located in North Caucasus,
has an effective area of 289 m?, and the collaboration is currently searching for neutrinos from
WIMP annihilation [349].
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DUMAND II: Deep Undersea Muon and Neutrino Detector

9 Strings 4800 m Depth
24 PMTs Each 30 km West of Keahole Point, Hawaii
'Om Vertical Spacing
40m Horizontal Spacing Phase I:
3 Strings
Phase II:

6 Additional Strings

Responders
(Sonar Modules)

ihdds S IS PP LS L AL L L LA LA PSS

Cable to Shore

32 km
Junction Box 12 Optical Fibers
(Power Control and 5 kw Power

Environmental Electronics)

Fig. 27. Diagram of the DUMAND neutrine detector {337].

9.3. Annihilation rate in the Sun and Earth

The first step in calculating the rate for WIMP-induced neutrino events from the Sun is the
determination of the rate at which WIMPs annihilate in the Sun. WIMPs accumulate in the Sun or
Earth by capture from the Galactic halo and are depleted by annihilation. If N is the number of
WIMPs in the Sun (or Earth), then the differential equation governing the time evolution of N is

N =C — C,N?, (9.4)

where the dot denotes differentiation with respect to time. Here, C is the rate of accretion of WIMPs
onto the Sun (or Earth). The determination of C is straightforward and will be discussed in detail
below, and if the halo density of WIMPs remains constant in time, C is of course time-independent.
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Fig. 28. Diagram of the AMANDA neutrino detector [338]. The final configuration may differ slightly from that shown
here.

The second term on the right-hand side is twice the annihilation rate in the Sun (or Earth),
I'n =+C4,N?, and accounts for depletion of WIMPs. The quantity C, depends on the WIMP
annihilation cross section and the distribution of WIMPs in the Sun (or Earth) [128]

Ca = {oav) Vz/V12 > ‘( (9.5)

where {a,v) is the total annihilation cross section times relative velocity in the limit of zero relative
velocity (since captured WIMPs move very slowly), and is reviewed in Section 6, and the quantities
V; are effective volumes for the Sun or Earth [128, 350]

Vi = [3mé T/(2imp)1? 9.6)

where T is the temperature of the Sun or Earth, mp, is the Planck mass, and p is the core density. of
the Sun or Earth. In Ref. [128], it is found that V; = 6.5 x 10?8(jm;°)~ 32> cm?, where m;° is the
WIMP mass in units of 10 GeV, for the Sun. In Ref. [350], it is found that V; = 2.0 x 10%°
(jm}°)” %2 ecm® for the Earth.

Solving Eq. (9.4) for N, we find that the annihilation rate at any given time is

I'y = %Ctanh?(t/1), 9.7)
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where © = (CC,4)~ V2 is the time scale for capture and annihilation to equilibrate. Therefore, if the
age of the solar system is much greater than the equilibrium time scale (t; ~tg =
1.5x 10'7 s > 1,), then the neutrino flux is at “full strength” (I'y =%C), but if © > ., then the
annihilation rate is smaller and the neutrino signal is diluted accordingly.

Taking to ~ tg >~ 4.5 Gyr as the age of the solar system, we find

te Co \2( Coavd \V2[ m, \**

T 330 (s”) em®s™! 10GevV/) ~° ©8)
and

t@ C@ 1/2 <O'AU> 1/2 m 3/4

'o _19x104( 22 1 .

Te ?x1 (s*1> cm?s™! 10GeV) ©-9)

where Cg and Cg are the capture rates in the Sun and Earth (see the following subsection), and
{osv) is the total annihilation cross section times relative velocity in the limit v — 0. As we will see,
the capture rate in the Earth is generally a factor < 107° of that in the Sun while the value of V; in
the Earth is only about 3 x 10™% of that in the Sun, so the value of 7 is always larger in the Earth
than in the Sun; consequently, the fraction of full signal in the Earth can never be greater than that
in the Sun. In most cases where the signal is observable, the signal is at full strength, so the
annihilation rates in the Sun and Earth are proportional to the capture rate. Therefore, we
emphasize that it is generally the elastic-scattering cross section — not the annihilation cross section
— that determines the annihilation rate.

Angular distribution of energetic neutrinos: Once WIMPs are captured, they settle (in a time
much smaller than the solar-system age) to the core of the Sun or Earth with an isothermal
distribution at a temperature equal to the core temperature of the Sun or Farth. Although the Sun
is effectively a point source of energetic neutrinos from WIMP annihilation, the Earth is not. It can
be shown [350] that roughly 98% of the signal originates within a 14° (m,/20 GeV)™ /2 cone
around the center of the Earth. If massive enough (greater than about 50 GeV), then the neutrino
signal from the Earth is effectively a point source when we recall that the ability of the detector to
resolve the direction of the incoming neutrino is limited by the finite angle at which the muon in
a charged-current event is produced. For lower-mass WIMPs, the angular distribution [350]
should be included in the analysis of upward-muon data.

Evaporation: It 1s conceivable that once captured, WIMPs could be ejected by hard elastic
scattering from nuclei [ 14, 128, 351-353]. Heuristically, we might expect this to occur if the typical
WIMP velocity, approximately (T/m,)!* where T is the temperature at the core of the Sun or
Earth, was comparable to or exceeded the escape velocity. One finds that only WIMPs with masses
<10 GeV may undergo evaporation from both the Sun and Earth. More careful calculations
[128, 352] support this order-of-magnitude estimate of the evaporation mass.

9.4. Capture rate in the Sun and Earth

The rate of accretion of WIMPs in the Sun was first calculated by Press and Spergel [351], and
accretion in the Earth was first discussed by Freese [13] and by Krauss et al. [ 14]. A more careful
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and accurate calculation of the capture rates was then carried out by Gould [350, 354]. Complete
expressions for the capture rates in both the Sun and Earth are given in Refs. [350, 354]. The results
depend on the velocity dispersion in the halo, the velocity at which the solar system passes through
the halo, the local density of WIMPs, and the composition of the Sun and Earth. Results were
presented without form-factor suppression of the WIMP—nucleus interaction and with a form-
factor suppression approximated as an exponential. Although accurate, the expressions given
therein are fairly involved. On the other hand, given the factor-of-two uncertainties in the local
halo density and velocity dispersion, and the number of WIMP models to be explored, it is often
desirable to have expressions for the capture rate which are accurate to O(10%) or so. Therefore, in
this section we will provide approximations to the complete results of Gould [350, 354] which can
be easily evaluated. One can refer to the original Gould papers for increased accuracy or for a more
careful assessment of the dependence of the resulis on velocity dispersion or velocity of the Earth or
Sun through the halo, for example.

Although the calculation of the rate for capture of WIMPs in an astrophysical object becomes
quite involved, the basic idea is simple. Suppose a halo WIMP which has a velocity v, far away
from the object has a trajectory that passes through the object. At a point within the body where
the escape velocity is v, the WIMP velocity will then be (vZ + vZ.)'/2. If the WIMP elastically
scatters from a nucleus of mass my to a velocity less than v, the WIMP will be captured.
Kinematics tells us that the fractional energy loss (Q/E) of the WIMP in the collision must lie in the
range

0 < Q/E < 4m, my/(m, + mx)?* . (9.10)

As discussed in Section 7, the WIMP generally scatters from nuclei with spin (which for the
purpose of capture in the Sun or Earth includes only the hydrogen in the Sun) via an axial-vector or
“spin-dependent” interaction. In addition, the WIMP may scatter from any nucleus via a scalar
interaction in which the WIMP couples to the mass of the entire nucleus. In some cases (for
example, the Dirac neutrino), there may be a vector coupling, although this does not occur for
WIMPs which are Majorana particles. If so, then the WIMP coupling to the nucleus is similar to
the scalar coupling.

If there is an axial-vector interaction, then the cross section for elastic scattering of the neutralino
from nucleus i is isotropic, and the probability for a given energy loss is flat in the interval of Eq.
(9.10). If the neutralino scatters via a scalar interaction, then at high momentum transfer there will
be a form-factor suppression to the cross section. Then, the probability for a given energy loss is no
longer flat in the interval given by Eq. (9.10). For the purpose of illustration, we will assume for now
that the scattering is isotropic so that the probability for a given energy loss is flat in the interval in
Eq. (9.10). The rate of capture of the WIMP by scattering from nucleus i at this point in the Sun is
then the rate of elastic scattering, chn'(vZ, + v%)"/? (where n’ is the number density of nucleus i, and
o} is the cross section for elastic scattering of a WIMP from nucleus i), times the conditional
probability that the WIMP is scattered to a velocity less than ve;

1 v Ve 1 v v%
E<ﬁ+ —m> 9<ﬂ+ T T2 ) T 12 <U§sc —Fj> 9<Uezsc —Et) > 9.11)

where f, = 4m, my/(m, + my)?, and 6 is the Heaviside step function.
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The conditional probability that a WIMP will be captured in a scattering event is greatest when
B is maximized, which occurs when the WIMP mass closely matches the mass of the nucleus from
which it scatters. Furthermore, this resonance effect is much sharper in the Earth than in the Sun;
the velocities of the WIMPs have a Maxwell-Boltzmann distribution with velocity dispersion of
U =270 kms™ ! and the escape velocity from the Earth ranges from 11.2 kms ™! (at the surface) to
14.8 kms ™! (at the center), so the probability is nonzero only for the very slow WIMPs on the
Boltzmann tail or for WIMPs with masses that very nearly match my. In a detailed analysis, Gould
[350] finds that WIMPs in the “resonance range” of 10--80 GeV have masses which are sufficiently
close to the mass of an element with a significant abundance in the Earth so that their capture is not
kinematically suppressed. On the other hand, the escape velocity just at the surface of the Sun is
618 kms~* (and v, is much greater at the center), so capture in the Sun is not kinematically
suppressed unless fi_ is quite small (i.e., the neutralino and nuclear masses are very mismatched)
and the resonance range for capture in the Sun is much larger than in the Earth.

If the WIMP has scalar (or vector) interactions with the nucleus, and the momentum transfer g 1s
not small compared to the inverse of the nuclear radius R, the neutralino does not ‘see’ the entire
nucleus. If so, the cross section for scattering of neutralinos from nuclei is form-factor suppressed
(like that for electromagnetic elastic scattering of electrons from nuclei). As discussed in Section 7,
the form-factor suppression may be approximated in terms of the energy loss Q as [350]

F(Q) = exp( — 0/20Q0) , 9.12)
where Qg = 1.5/(2mxR3). Here, R, is the nuclear radius,
Ro =~ [0.91(my/GeV)? + 03] x 1073 cm . (9.13)

Now let us consider the relevance of form-factor suppression for the capture of WIMPs in the
Sun and Earth. First of all, for a WIMP with a kinetic energy E, = %mxvfo in the halo to be
captured, it must have an energy loss in the range

Eoo =< Q < ﬁ+(Eoo + Eesc) 4 (914)

where E . = %mxvfSc is the WIMP escape energy at the point of collision in the Sun. The lower limit
comes from the condition that the WIMP scatter from a velocity (v + vZ.)"/? to a velocity less
than v..., and the upper limit is the kinematic limit. This implies that, in order to be captured, the
WIMP energy in the halo must be E,, < f_E..., which in turn implies that the largest energy loss
involved in capture of WIMPs from the halo is Q,.x = - Ees.

Consider the effect of form-factor suppression, first on capture in the Earth. Because of the factor
of (m, — my)* in the denominator of f_, coherence loss will be most important for capture of
WIMPs with masses that match those of nuclei in the Earth, roughly in the resonance range
10-80 GeV. In particular, coherence loss results in suppression factors of 0.99, 0.94, and 0.72 for
capture on resonance (i.e., m, ~ my) by oxygen, silicon, and iron, respectively [350]. The value of
Q, for iron, the heaviest element important for capture in both the Sun and Earth,is 4 x 107> GeV.
The largest energy loss involved in capture in the Earth occurs at the center of the Earth and is
roughly 2 x 10~ ¢ GeV. Therefore, form-factor suppression is negligible for capture of WIMPs with
mass =80 GeV in the Earth, and is never more than a 28% effect for capture of lighter WIMPs.

On the other hand, the escape velocity in the Sun greatly exceeds the escape velocity in the Earth,
and E... in the Sun is at least three orders of magnitude greater in the Sun than in the Earth. So
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a WIMP must generally undergo a much harder scatter when it is captured in the Sun. For
example, the maximum energy loss for capture from iron in the Sun is 8 x 102 GeV, which implies
that a proper calculation of capture in the Sun must include the effects of form-factor suppression
of the coherent scalar interaction. From detailed calculations, one finds that the form-factor
suppression of capture from hydrogen and helium is negligible, capture from scattering off elements
with atomic masses 12—32 is moderately suppressed, while capture from scattering off iron can be
suppressed by several orders of magnitude for WIMPs in the several hundred GeV range. If there
were no form-factor suppression, owing to the factor of mg [see Eq. (7.36)] in the scalar (or vector)
cross section, one would expect scattering from iron nuclei to dominate the capture of WIMPs in
the Sun; however, because of the form-factor suppression, capture of heavy WIMPs in the Sun
occurs primarily by scattering from oxygen [350]. Even so, capture from scattering off iron nuclei is
still significant. When considering the complete capture rate due to scalar interaction of WIMPs
from nuclei in the Sun, one finds that the form-factor suppression of the scalar elastic-scattering
cross section decreases the capture rate by a factor of about 0.3 for WIMPs of mass 80 GeV and
about 0.07 for WIMPs of mass of order 1 TeV. Incidentally, as the neutralino mass is increased
beyond a few TeV, the form-factor suppression ceases to decrease with increasing WIMP mass; the
reason is that if the nuclear mass is negligible compared to the WIMP mass, the momentum
transfer does not depend on the WIMP mass.

Even if the exponential form factor is not necessarily a good approximation to the actual form
factor at large momentum transfers [ 2937], most capture occurs at small momentum transfer (since
the correct form factor must also become very small at large momentum transfers) where the
exponential form is a good approximation. Capture of WIMPs via the axial-vector interaction
occurs only from hydrogen in the Sun, so detailed axial-vector form factors [23, 269] are not
needed for capture-rate calculations. Therefore, the results obtained for the capture rate using the
exponential approximation for the form factor for scalar (or vector) interactions will be fairly
accurate. The exact form-factor suppression may be important for accurate determination of
direct-detection rates (see Section 8).

The full capture-rate calculation assumes the astrophysical object moves through a homogene-
ous Maxwell-Boltzmann distribution of WIMPs and requires information about the elemental
composition of the object and the distribution of elements in the object. One must integrate over
the trajectories of the WIMP through the Sun and Earth and over the velocity distribution of the
WIMPs[350, 354]. We write the total capture rate C as the sum of the capture rate via axial-vector
scattering, C,,, and capture via a scalar (or vector) interaction, C,.

For the case of accretion via scalar interactions, Gould’s result for the capture rate in the Sun is

o P Movy < (my + mx)Pbf, [ exp(—ai®) . exp(— i)
Cse dm? > 1+ a)'? erf(rf) (A2 — A1 + a)?

x i i
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where the sum is over the elements in the Sun, v, = \/2/30/5, n ~ 1 is the dimensionless velocity of
the solar system through the halo, p, is the local halo WIMP density, M, is the solar mass, and o}
is the cross section for elastic scattering from nucleus i. Here,

a=mi*/(2Q0), b=pfia, f=n/1+a?, (9.16)
n=nfl+bY2, A=Al +a'? A=A+, 9.17)
A, =A+4, A, =Ad+0, A0)=p_v*/i% A=A A=Aw), 9.18)

where ., = 4m,my/(m, + my)*. For the Sun, the escape velocity to be used at the center is
v, = 1354kms ™!, and the escape velocity to be used at the surface is v, =795kms™'. (An
approximation to the escape-velocity profile was used to obtain (9.15); thus the discrepancy with
the actual escape velocities.) The analogous expression for capture in the Earth via the scalar
interaction can be obtained by replacing Mo — Mg, and using the escape velocities appropriate
for the Earth: v, = 11.2 kms™ ! and v, = 14.8 kms~'. WIMPs undergo additional accretion in the
Sun (but not the Earth; remember, only a negligible fraction of the Earth’s mass is in nuclei with
spin) via axial-vector interactions from hydrogen nuclei. The rate for capture in the Sun via
axial-vector interactions can be obtained from Eq. (9.15) by summing over hydrogen only and
replacing 69§ seatar bY 04 spin- Form-factor suppression is negligible for capture from hydrogen, so the
E — oo [a— 0limit of Eq. (9.15)] can be used when evaluating capture via axial-vector scattering.

In the simplest (and perhaps most likely) scenarios,  ~ 1. For this case, we have obtained greatly
simplified approximations to Eq. (9.15). The axial-vector interaction leads to capture in the Sun
only (so C& = 0) with a rate

05596 Gin S (1m/rip) , (9.19)
(m, /(1 GeV))o270

where o0 G is the cross section for WIMP—proton elastic scattering via the axial-vector interac-
tion in units of 1074 ¢cm? [Eq. (7.16)], #2710 is the dark-matter velocity dispersion in units of
270 kms~?, and p% 5 is the local halo mass density in units of 0.3 GeVcm™3. Recall that the
axial-vector interaction does not lead to accretion of WIMPs in the Earth. The rates for capture of
WIMPs in the Sun and Earth via a scalar® interaction can be written [256]

CS = (1.3x 1025571

%

Coc = C(mx/%ﬁ;; Zl: Fi(m,) 065har ﬁqbiS(mx/mNi)/(mNi/(l GeV)), (9.20)
where ¢ = 4.8 x 10** s~ for the Sun and ¢ = 4.8 x 10*° s~ ! for the Earth. The sum is over all
species of nuclei in the astrophysical object (here the Earth or Sun}, my; is the mass of the ith nuclear
species in GeV, f; is the mass fraction of element i, and o{%2,,, is the cross section for elastic
scattering of the neutralino from nucleus i via a scalar interaction [Eq. (7.36)] in units of
10~4% cm?. The quantities ¢; describe the distribution of element i in the Sun or Earth, and are
listed in Tables 8 and 9, as are the quantities f;. These approximations are obtained assuming the
solar system moves through the halo with a velocity equal to the dark-matter velocity dispersion.

Increasing the solar-system velocity slightly decreases the capture rate and vice versa.

® This expression also applies for WIMPs, such as Dirac neutrinos, which have vector interactions with nuclei. The
form-factor suppression for this case is similar to that for the scalar interaction, so the form of the F(m,) is similar.
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Table 8

Solar composition

Element Mass Number f; ¥

H 1 0.772 3.16
He 4 0.209 34

C 12 3.87x1073 323
N 14 9.4x10"4 323
O 16 8.55x 1073 323
Ne 20 1.51x1073 3.23
Mg 24 7.39x107% 3.23
Ni 28 8.13x 1074 3.23

S 32 465x1074 323
Fe 56 146 x 1073 3.23
Table 9

Earth composition

Element Mass Number fi o
O 16 0.3 1.2
Si 28 0.15 1.2
Mg 24 0.14 1.2
Fe 56 0.3 1.6
Ca 40 0.015 1.2
P 30 0.011 1.2
Na 23 0.004 1.2
S 32 0.05 1.6
Ni 59 0.03 1.6

The quantity S(m,/my) is the kinematic suppression factor for capture of a WIMP of mass
m, from a nucleus of mass my, and is given by [256]

S(x) = [4%/(1 + AT, 9.21)
where
3 €5¢C 2
A= ) (x iC 1) <<vﬁz> ) > 9.22)

and b = 1.5. The quantity {v..» IS a mean escape velocity obtained by fitting this analytic
approximation to the exact result. For the Sun, (ve.» = 1156 kms~!, and for the Earth,
{Vesoy = 13.2 kms™ 1. Note that S(x) = 1 for x — 1, S(x) = 3/2 ((Veso »2/7%)x "1 for x - oo and
S(x) oc 3/2 ({ese Y2/0*)x for x — 0. In other words, capture is kinematically suppressed if the WIMP
mass differs from the nuclear mass, and there is no kinematic suppression if the two masses are
similar.
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The form-factor suppression Fi(m,) of the capture of a WIMP of mass m, from nucleus i is
obtained simply by comparing the results for Gould’s capture rates with and without coherence
loss [350, 354]. For capture in the Earth, coherence is lost when the WIMP mass matches closely
the mass of a nucleus in the Earth. Coherence loss is never more than a 6% effect for scattering
from any nucleus except for iron, in which case it may be as large as a 28% suppression if the
WIMP mass very closely matches the mass of iron. Thus, for O(5%) accuracy, F;(m,) may be taken
to be unity for scattering from all elements except for iron. For iron, we find that

Fre~1—026[4/(1 + A)], (9.23)

where A is given in Eq. (9.22), provides a good approximation to the form-factor suppression.
For capture in the Sun, the resulting F;(m,) are plotted in Fig. 29. From Fig. 29 we see that the
form-factor suppression for capture from scattering off hydrogen and helium is negligible, capture
from scattering off of elements with atomic masses 12—32 is moderately suppressed, while capture
from scattering off iron is suppressed by several orders of magnitude for WIMPs in the several
hundred GeV range. For hydrogen, the form factor suppression is Fy(m,) = 1. For the other
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Fig. 29. Form-factor suppression of capture in the Sun as a function of WIMP mass for nuclei with mass numbers 4, 12,
16, 24, 32 and 56. The solid curves are the exact results, and the dashed curves are the analytic approximation given here.
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Table 10

Fit parameters for form-factor suppression of capture in the Sun

Element m: (GeV) Fint o
He 18.2 0.986 1.58
C 61.6 0.788 2.69
N, O, Ne 752 0.613 2.69
Mg, Si 1.7 0.281 2.97
O 57.0 0.101 3.1
Fe 29.3 0.00677 336

elements, the following expression provides a fairly accurate analytic fit to the results:

. . l Ai
Fi(m,) = Fif + (1 — Fint) exp[ - (ﬁi—ﬁ—f) } , 9.24)

where Fi*f and «; are fit parameters given in Table 10.

“Model-independent” capture rates: Evaluation of the expression, Eq. (9.19), for the rate for
accretion of WIMPs onto the Sun via an axial-vector interaction is relatively simple. All it requires
for a given model is the WIMP mass and the cross section for axial-vector scattering from
hydrogen. On the other hand, the expression, Eq. (9.20), for capture in the Earth and Sun via the
scalar interaction is more complicated since it requires for each model several additional cross
sections for scattering from heavier nuclei. In general, each of these cross sections must be
evaluated individually for each WIMP candidate. However, in most cases, simplifications can be
made [301, 355].

As noted in Section 8 [Eq. (8.23)], in all but a few pathological cases, the scalar cross section for
scattering from nucleus i can be written [301],

2 .4
0 scalar __ 4mx MmN

O-. — —— e ——
' n(m, + my)?

(fo/mp)? (9.25)

where f, ~ f, is the scalar neutralino—nucleon coupling [Eqgs. (7.28) and (7.30)]. As pointed out in
the previous section, all the information needed about any specific MSSM for the scalar neu-
tralino—nucleus interaction is encoded in f,, and it is independent of the nuclear mass. Then, f, can
be taken outside the summation in Eq. (9.20), and the capture rates via scalar interactions in the
Sun and Earth can be written as [301]

Co=24x1037s71 p93 fo(m,) (f,/GeV ™2, 9.26)
Co =24x10%8 571 p0-3 fo (m,) (f,/GeV™2)?, 9.27)
where the neutralino-mass dependence of the capture rates is encoded in the functions

fimy) =3 fi¢iSilmy) Film,)m, m, /(m,, + my,)* . (9.28)

These functions (for the Sun and Earth) are plotted in Fig. 30.
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Fig. 30. Plot of the neutralino-mass dependence of the scalar capture rate in the Sun, f;(m,), and Earth, fo(m,) as
a function of neutralino mass.

9.5. Neutrino spectra

A proper calculation of the spectra (AN/dE)g; of neutrinos of type i from injection of particles
F is crucial in order to evaluate accurately the energetic-neutrino event rate. Hadronization,
neutrino absorption and stopping, and stopping of heavy hadrons (those containing b and
¢ quarks) must be included [343]; otherwise, the predicted event rates can be off by as much as an
order of magnitude. The neutralino-annihilation products which produce energetic neutrinos are
T leptons, b, ¢, and t quarks, and gauge and Higgs bosons. Light (that is u, d, and s) quarks are
relatively long lived, so they will come to rest in the center of the Sun or Earth before decaying.
Consequently, the energy of the neutrinos from decays of these light particles will be small, and the
probability of detecting them is negligible. Neutrino spectra from decays of t leptons and b and
c quarks were first calculated by Gaisser et al. [15]. Ritz and Seckel then pointed out the
importance of hadronization, stopping of heavy hadrons, and stopping and absorption of neu-
trinos, and included them in a Monte Carlo calculation of the neutrino spectra for the same final
states, and for a top quark which was assumed to have a mass of 60 GeV. More recently, an
analytic calculation of the neutrino spectra which includes all the important effects (and an updated
treatment of the top quark) was performed for all the final states [345]. In this subsection, we will
briefly discuss the various effects and describe the steps in the calculation. We will then list results
for all the scaled second moments, which are those results needed to calculate the throughgoing
muon fluxes. The interested reader is referred to Ref. [345] for more details of the calculation as
well as expressions for the complete spectra.
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For all of the particles considered, the neutrino distribution (AN/dE)**(E,), as a function of the
neutrino energy E,, in the rest frame of the decaying particle, is that of a standard two- or
three-body decay. Given the rest-frame distribution, the energy distribution of a particle moving
with an energy Eq4, velocity B, and y = (1 — %)~ 12 = E4/my (where my is the decaying-particle
mass) is related to the rest-frame distribution by

dN\® 1 (B®de 1 (AN
(a‘g) (Ed’EV)_EJE_(E)?W<a—E—) OR 9.29)

where

EL(E)y=E/[y0F BI. (9.30)

This assumes that the particles are unpolarized. In Ref. [345], it is shown that polarization is never
more than a small (< 10%) effect.

The Earth is thin enough that stopping of heavy hadrons and stopping and absorption of
neutrinos as they pass through the Earth can be neglected. Therefore, if the rest-frame distribution
from a particular decaying particle is known, Eq. (9.29) gives the correct dN/dE for particle decay in
the Earth; hence the superscript @ in Eq. (9.29). This also implies that the neutrino and antineut-
rino spectra from injection of a given particle-antiparticle pair in the center of the Sun are the
same. Also, if the scaled second moment in the rest frame of the decaying particle, {(Nz2>™ is
known, then the scaled second moment for a particle that decays with a velocity f in the Earth is
simply

(NZ2) (B) = (N2> (1 + f7/3) . 931)

Neutrino stopping and absorption: The calculation is more complicated for neutrinos injected in
the core of the Sun. Energetic neutrinos will lose energy via neutral-current interactions with the
solar medium and become absorbed via charged-current interactions as they pass through the Sun.
In particular, a neutrino injected with an energy E leaves the Sun with energy

E

E; = .
"1+ Er] .32
where 7, = 1.01 x 1073 GeV ! and 7, = 3.8 x 10~* GeV !, and with probability
p—(—L_Y (9.33)
£ 1+ E'Ui ’ '

where o, = 5.1 and o, = 9.0 [343]. As a result, the neutrino spectrum for a particle decaying with
energy E, in the Sun, (AN/dE)®, is related to the neutrino spectrum for a particle decaying with
energy Eq in the Earth, (AN/dE)®, by

dN'\® s (AN)®
(@)i (Eq, E,) =(1 — Ev1y) (@) (Eq, Er) (9.34)

where E,, = E, /(1 — E,t;) is the energy a neutrino had at the core of the Sun if it exits with energy
E,. Note that stopping and absorption are different for neutrinos and antineutrinos, so the
spectrum of neutrinos from WIMP annihilation in the Sun is different than the spectrum of
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antineutrinos. (The spectrum of neutrinos is the same as that for antineutrinos for decays in the
Earth, so we neglect the subscript i on neutrino spectra from the Earth.)

Hadronization: If a b or ¢ quark is injected into the center of the Earth, it will lose energy during
hadronization. As a result, the energy at which the hadron decays in the Earth, E,, is related to the
energy E;, at which it is injected by E4 = z: E;,. For c quarks, z; = 0.58, and for b quarks, z; = 0.73
[343, 345]. Actually, there is a distribution of z; described by a fragmentation function [356], but
this fragmentation function is highly localized around z;. No more than 5% accuracy is lost by
using the central value of the fragmentation function [345].

Stopping of heavy hadrons: In addition, the core of the Sun (but not the Earth) is dense enough
that b- and c-quark hadrons will interact with the solar medium and be slowed appreciably before
they decay [343]. If a hadron initially has an energy E, = z; E;, (after hadronization of a quark
injected with energy FE;,), then it will decay with an energy E4 picked from a decay distribution
[343,345]1°

1 dN hadron Ec 1 1
(vir) Em=gon| 25 -,) ) .

where E, = 250 GeV for ¢ quarks, E, = 470 GeV for b quarks.
The average energy at which a hadron decays is

(Eq» (Eo) = E; exp(Ec/Eo) E1(E./Eo) , (9.36)
where E;(x) = j;o (e7¥/y)dy [357], and the rms value of the decay energy is [345]
EFS(Eq) = \/<E3> = /Ec(Eq — {Ea)) . (9.37)

These quantities will be used in the following.

Stopping of heavy hadrons is perhaps the greatest source of theoretical uncertainty in the
calculation of the neutrino spectra; very little is known about the interaction of heavy-quark
hadrons with dense matter. Although the functional form of the decay distribution, Eq. (9.35), is
physically well motivated, the values of E, listed here are subject to some (perhaps sizeable)
uncertainty. However, this theoretical uncertainty also enters the Monte Carlo calculation. In this
regard, Monte Carlo simulations offer no improvement over the analytic result. Also, the effect of
hadron stopping is small at lower energies, so the uncertainty introduced into the neutrino spectra
is relatively small. Stopping becomes much stronger — and the subsequent theoretical uncertainty
much larger — at higher injection energies, but in most cases where the WIMP is massive enough
that it can annihilate into top quarks, it annihilates almost exclusively to top quarks, gauge bosons,
and/or Higgs bosons [132-134]. Therefore, the uncertainty in the total neutrino spectrum due to
poor understanding of hadron stopping is never very large.

Neutrino spectra from the Earth: We will now list the results (from Ref. [345]) for all final states
that produce energetic neutrinos {(except for Higgs bosons) for the scaled second moments of the

10 Note that this equation corrects a typographical error in Ref. [345].
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neutrino spectra from injection of particles into the core of the Earth. Higgs-boson neutrino spectra
for the Sun and Earth will be discussed below. Since neutrinos are not absorbed or stopped
significantly in passing through the Earth, the results for muon neutrinos and antineutrinos are the
same. Further details, as well as functional forms for the complete spectra can be found (with the
same notation) in Ref, [345].

For injection of 1T pairs with energy E;, and velocity f = (1 — m?/EZ)'/? in the core of the Earth,
the scaled second moment is

(N2*)8 (Ein) = (Feosun/10) (1 + B/3) (9.38)

where I',.,,,, =~ 0.18 is the branching ratio for t decay to muons.

A b or ¢ guark injected with energy E;, decays with energy E4 = zE;, and velocity
B =1 —m2/E3)"* and m, is the quark mass. The expression for decay of a b quark injected with
energy E;, is then

(Nz2)5y (Ein) = (28 Toopox/10) (1 + B*/3) (9.39)

where I, ,,x =~ 0.103 is the branching ratio for inclusive semileptonic decay of the b quark into
muons [ 1], and that from c-quark decay is

<N22>c&<2: (Ein) = (2Zf2Fc—>p.vX/15) (1 + ﬁz/?)) » (940)

where I'..,,x >~ 0.13 is the branching ratio for inclusive semileptonic decay of the ¢ quark into
muons.

The second moment for neutrinos from the Earth from injection of W * pairs with energy E;, and
velocity f is given by

(NZ250 oww (Ein) = Twow 5 (1 + 289, (9.41)

where I'w_,, = 0.105 is the branching ratio for W decay to a muon neutrino, and the second
moment for neutrinos from the Earth from injection of ZZ pairs is given by

(N2Y0 g7 (Fn) =270y s (1 + 357, (9.42)

where I Zov,e, = 0.067 is the branching ratio for Z decay to muon neutrinos.

The top quark decays as t — Wb with a branching ratio near unity, so the neutrino spectrum is
obtained from those of W and b-quark decay. The result for a top quark injected with energy E;,
and velocity f is

ﬁz Iy wESy 1 2z2 By

(N2 (Ein) = (1 5 G TSR =) |+ T T (- 9.43)

where Ew = (m¢ + mg,)/(2m,) is the energy of the W boson in the rest frame of the decaying top,

E, = (m? — m{)/(2m,) is the energy of the b quark in this frame, and fw = E,/Ey is the W-boson

velocity in this frame. A fraction fi = (1 4 2mi /m%)~ ! of the W bosons from top-quark decay are

produced in the longitudinal-helicity state [5]. And the b-quark value for z; should be used in
Eq. (9.43).

Note that in all cases, the (Nz*) (E;,) for particles with mass m go to a constant for E;,>m (i.e.,

B — 1). Therefore, away from thresholds, we insert the numerical values lised above (and take

m, = 174 GeV [358]) and find that the {Nz?) for decays of t leptons, b and ¢ quarks, W and
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Z bosons, and top quarks are simply 0.024, 0.0073, 0.0078, 0.037, 0.047, and 0.012, respectively. So
gauge bosons give the strongest neutrino signals, followed by t leptons, top quarks, and finally
b and ¢ quarks.

Neutrino spectra from the Sun: For neutrinos from the Sun, stopping and absorption of
neutrinos and stopping of heavy hadrons must be included, so the expressions for the neutrino
spectra from the Sun are far more complicated than the corresponding results for the Earth.
Stopping and absorption of neutrinos in the Sun are significant effects, so the spectra for neutrinos
from particle decay in the Sun are different than those for antineutrinos.

For 1% pairs injected in the core of the Sun, the results are

<NZZ>SI (Ein) = Fr—*pvv hr,i(EinTi) ) (944)

where the 7; are the neutrino stopping coefficients given above. For muon neutrinos, the function
h.;(y) is given by

hey, (V) =36 [(4 + )/(1 + )T, (945)
and for antineutrinos, the appropriate function is
hes (y) = Geo [(168 + 354y + 348y + 190y° + 56y* + 7y°)/(1 + »)®] . (9.46)

Calculation of neutrino spectra from b and ¢ quarks injected in the core of the Sun must include
the effects of heavy-quark stopping. An accurate (to a few percent) approximation to the exact
results for quark f (where f = c,b) is provided by

<NZ2>f,i (Ein) = <idz>2 hy ; (\/ <E§>Tz’> > (9.47)

where the subscript i refers to neutrino type (v, or V,), and the moments (Ej ) are those that were
given above For b quarks, the functions hy,; are the same as those for T leptons given previously:
hy i (¥) = hei(y) [cf Egs. (9.45) and (9.46)]. For neutrinos, the c-quark functions are,

hew () = 150 [(32 + 25y + 5y%)/(1 + »)°], (9.48)
and for antineutrinos,

hes, (7) = 7255 (1344 + 3186y + 3834y% + 2786)° + 1242y* + 315° + 35y%)/(1 + »)° .
(9.49)

The result for the scaled second moment of the neutrino distribution from decay of W bosons
with energy E;, and velocity f in the Sun is [256]

Iywow 2 + 2E7(1 4 o) + E?t2a;(1 + o) |[F=E-(LHN2
B EXtdo(a? —1) (1 + E’C,-)“"+1 E=E.(1—-$)2

The expression for ZZ pairs is obtained by replacing I'w..,, with 2Tz, 5 , where the factor of two
counts the Z bosons,

The expression for (Nz?) as a function of the top-quark injection energy, E;,, for top quarks
injected into the Sun, is obtained by integrating the expressions for (Nz?) for the W boson and

(9.50)

<N22>v(?zw,i =
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b quark from top-quark decay,

1 1 7E: (L + Bife)
EZ ) 2.E f
in f=bb,wWww <7t ¢ BeBe 9B (1 — B.fr)

where we have included the sum over both the W bosons and b quarks from top-quark decay. The
integral is over the injection energy of the decay particles, and the moments (Nz*>{ include the
effects of interactions with the solar medium. For W bosons, (Nz>® is given by Eq. (9.50), and for
b quarks by Eq. (9.47). The quantities E;,, B, = (1 — mZ/EZ)'?, and y, = (1 — pZ)~ /2 are the
energy, velocity, and y factors of the top quark. The quantities Ew and By are the energy and
velocity of the W boson and E, and f;, ~ 1 are the energy and velocity of the b quark in the rest
frame of the top, as given above. Also, recall that the ( Nz?) for neutrinos from the Sun are different
than those for antineutrinos.

In Fig. 31, we plot the second moments, m2{Nz>>&, of the neutrino spectra from the various
annihilation channels for particles injected with energy equal to the neutralino mass m,, as
a function of m,. Fig. 32 shows the same for antineutrinos. Gauge bosons, T leptons, and top quarks
all decay before they can hadronize or be slowed, so the neutrino signal from these final states are
all roughly comparable. On the other hand, b and c quarks hadronize and are slowed in the Sun
before they decay, so the neutrino signals from these final states are suppressed significantly relative
to those from the other final states. The decrease in the neutrino signal from gauge bosons at large
m, shown in Figs. 31 and 32 are due to neutrino absorption in the Sun. The neutrino signal for the
other final states is similarly attenuated at energies larger than those shown in the figures here.

(NZ* (i) = E*(Nz*)P (E)dE , (.51)

Neutrinos from Higgs-boson decay in the Sun and Earth: Finally, consider neutrinos from Higgs-
boson decay, H — 11,, to lighter particles 1; and 1,, which then decay to energetic neutrinos. In
general, decays of both scalar Higgs bosons, h® and H°, the pseudoscalar Higgs boson, A°, and the
charged Higgs bosons, H*, will produce energetic neurinos. The lighter particles will be t leptons,
b and ¢ quarks, and if heavy enough, perhaps top quarks, gauge bosons, or other Higgs bosons, 1,,

m%2 <NZ2> (GeV?)

Fig. 31. The second moment, m,> (Nz>>, of the neutrino energy distribution from injection of particles with energy equal
to the WIMP mass m, in the Sun. The solid curve is for tt pairs, the upper (lower) dashed curve is for W*W~™ (ZZ) pairs,
and the upper dot-dash curve is for 77 pairs. At the bottom are the bb and c€ curves, and the bb curve is slightly higher
than the cC curve.
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Fig. 32. Same as Fig. 31, but for antineutrinos.

which then decay to energetic neutrinos. In the rest frame of the decaying H, the energies of the two
light particles are E, = (m& + m? —m3)/(2my) and E, = (mi + m3 — m})/(2my), and their vel-
ocities are f§; = (1 — m2/E}Y? and 8, = (1 — m3/E3)"/?, where my, m,, and m, are the masses of H,
l;, and 1,, respectively. Suppose that the scaled second moment of the neutrino spectrum from
decay of 1, for a given injection energy E;, is {(Nz*>{ (E;,), and similarly for neutrinos from decays
of I,. Then the scaled second moments of the neutrino spectrum from Higgs bosons which decay
with energy E;,, velocity Sy, and Lorentz factor yy, are given by

1 1 YuEe(1+ Bufir)
(N (E) = 5 X Bo ¥, | E*(N22) () dE 5

in D 1=7.2 2vukEs Be Pu
where the sum on D is over all decay channels of the Higgs, By, is the Higgs-decay branch to D, and
E; and f3; are the decay-particle energies in the rest frame of the Higgs boson. Note that Eq. (9.52)
works for neutrino spectra from both the Sun and Earth.

The branching ratios Bp and decay-product energies E; and velocities f§; for each Higgs boson
can only be evaluated once the Higgs-sector model parameters (tan f and one of the Higgs-boson
masses) are specified, so the Higgs-boson ( Nz*) will be model-dependent. The branching ratios for
Higgs-boson decay may be obtained from the formulas in Appendix B in Ref. [197]. In some cases,
superpartners may be among the decay products of some of the Higgs bosons; however, if the
neutralino is assumed to be the LSP, then the Higgs bosons produced in neutralino annihilation
will never decay to superpartners.

Yo Ee (1 — Bufe)

9.6. Model-independent analysis and summary

Neutralinos in the Galactic halo will accrete onto the Sun and Earth and annihilate therein,
giving rise to a high-energy neutrino signal that could potentially be observed in terrestrial
detectors. The differential energy flux of such neutrinos is given in terms of the annihilation rate,
Iy, by Eq. (9.1). This annihilation rate is given in terms of the capture rate, C by Eq. (9.7), and the
capture rate is discussed in Section 9.4. In addition, the neutrino spectra from various annihilation
channels must be known, and these are discussed in Section 9.5. The most promising technique
for detection of such energetic neutrinos is via observation of upward muons produced by
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charged-current interactions of the neutrinos in the rock below the detector. The probability for
detecting such a neutrino in this fashion is proportional to the square of the neutrino energy, so
only the second moments of the neutrino spectra are needed.

There are many steps that enter the calculation, and for each model, there are factors that affect
the final result for the event rate. Both the scalar and axial-vector elastic-scattering cross sections
for a given model are needed for the capture rates. The annihilation cross sections are needed to
determine the branching ratios into the final states whose decays produce energetic neutrinos.
Furthermore, all these enter into determination of the equilibration time which affects the total
annihilation rate. As a result, there are many cranks to turn before an event rate can be obtained for
any given model, and it may be difficult to understand in a qualitative sense how the end results
may depend on the input parameters.

Here, we briefly discuss how event rates may be estimated for generic models in a somewhat
model-independent way [301, 3557]. Although there will always be cases that deviate from these
estimates, the majority of supersymmetric (and other WIMP) dark-matter candidates will be
properly described. To do so, we consider first WIMPs with only scalar couplings and then
WIMPs with only axial-vector couplings. A realistic WIMP will couple both ways, so the total
event rate will be the sum of the two.

We begin with WIMPs with only scalar couplings. First, note that if the scattering cross sections
can be written in the form (9.25), the flux of WIMPs from annihilation in the Sun or Earth can be
written [301],

pO 3
Ftsi((:ttect = d tal’lhz(t/’[)

0.
U270

fmy)E(m,) (m /GeVY* (f,/GeV™2)?, (9.53)

where dp =33x10°m™?yr™!, and dg = 1.7x 108 m~2yr ™!, and it should be noted that the
quantities f(m,), £(m,), and t/7 are different for annihilation in the Earth than they are for the Sun.
Here, the function £(m, ), which describes the neutrino energy spectrum from WIMP annihilation
for a given mass, is given by,

&(my) = Be[3.47 (Nz*)g,, (m,) + 2.08 {(Nz*)g(m,)], (9.54)
F

where the sum is over all annihilation channels F available to the WIMP, and By is the branching
ratio for annihilation into F.

Although ¢(m,) depends on the various annihilation channels, we can generally constrain &(m, )
to lie between a lower and upper limiting value for a given WIMP mass. For example, if the
neutralino is less massive than the W boson, then it generally annihilates primarily to b quarks and
T leptons, and to a much lesser extent, ¢ quarks. The largest (smallest) value of & in this mass range
occurs when the WIMP annihilates to t leptons (b quarks), which often occurs, for example, if the
neutralino is primarily B-ino (higgsino). If the neutralino annihilates to some combination of light
fermions, then the resulting ¢ will be somewhere between these limiting values. Similarly, for
WIMPs heavier than the top quark, the upper (lower) limit to £(m,) comes from annihilation into
top quarks, which often occurs when the neutralino is primarily B-ino (W and Z bosons, which
occur when the neutralino is primarily Higgsino). Although lighter fermions give smaller neutrino
fluxes than either, in all but a few pathological cases the branching ratio for annihilation into
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lighter fermions is negligible if the WIMP annihilates to top quarks. And for WIMP masses
between the W and top-quark masses, &(m, ) is bound above (below) by the values of £ obtained for
neutralinos which annihilate only to gauge bosons (t leptons).

These results are plotted in Fig. 33. The upper and lower solid curves show the limiting values
for £(m,) as a function of WIMP mass for neutrino spectra from annihilation in the Earth. The
upper and lower dashed curves show the same for annihilation in the Sun. It is indeed possible that,
in some cases, the value of £ may fall outside the indicated range. For example, if the WIMP has
a significant annihilation branch into pure-Higgs-boson or gluon final states [252], then the
resulting value of £ would be lower. On the other hand, other candidate WIMPs, such as Dirac
particles, could annihilate directly into neutrinos, in which case the value of ¢ would be higher.
However, we have checked by explicit numerical evaluation of £ in thousands of supersymmetric
models that the vast majority of the models yield a value of ¢ in the regions indicated in Fig. 33.

Finally, there is the equilibration-timescale factor tanh?(¢/7) in Eq. (9.53). To evaluate this factor
in a general fashion, we must make some additional (reasonable) assumptions. For example, if
neutralinos are indeed the dark matter needed to account for a flat universe, then Qxhz ~ (.25
which generally (although not always) fixes g,v ~ 10~2° cm?. We then consider only models which
give neutrino fluxes in the range 107% < Myeeer/(m ™% yr~ ) <107 2. Models with larger fluxes would
have been observed already, and the lower limit is roughly the sensitivity obtainable with
next-generation O(km?) detectors (accounting for the atmospheric background with current
energy thresholds and energy resolution; the sensitivity can in principle be improved with higher
thresholds and/or better energy resolution). With these assumptions and Eg. (9.53), we can
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constrain the values of f, that give rise to neutrino signals in the allowed detection range. As
a result, we can show that if Iygect(0a0)26(m,/GeV) 212 2 dE(m,), where ro =2.9x107 and
re = 5.2 x 10%, then the signal is at full strength. Taking I'; > 10"*m™?yr™ %, and &(m,)<0.25
(the maximum value of £ for any annihilation branch is 0.25), we find that the neutrino signal from
the Sun is at full strength unless m, > 10 TeV. On the other hand, the signal from the Earth is
potentially suppressed for any m, 2 10 GeV. Although not fully general, these results imply that for
annihilation in the Sun, tanh(t/7) will generally be of order unity, in which case the neutrino event
rate from the Sun is easily evaluated given a mass and f, with Eq. (9.53) and Fig. 30. The Earth
signal will generally be suppressed; a more involved calculation is usually required for an accurate
estimate.

With Eq. (9.53), the limiting values for &(m,), and the assumptions regarding equilibration
timescales just described, we can compare rates for energetic-neutrino events from the Sun with
those from the Earth for WIMPs with only scalar interaction. This comparison is to a large extent
independent of the model. The results are shown in Fig. 34. The solid (dashed) curves are the results
for the upper (lower) limit for &(m,), the neutrino fluxes. Equilibration of capture and annihilation
are included, and the upper (lower) pairs of these curves are for models that give
Fiereer = 1074(1072)m ™2 yr~*. The model dependence is indicated by the range between the
highest and lowest curves. The heavy solid curves show the ratios assuming both the solar and
terrestrial signals are at full strength using both the upper and lower limits for £(m,). Fig. 34
indicates that for rates near the current detector sensitivity (1072 m~2yr '), the Earth signal is
comparable to (for m, =80 GeV) or greater than (for m, <80 GeV) the signal from the Sun. On the
other hand, it is likely that in future detectors with greater sensitivity, the Sun signal will be
stronger.

These results are largely independent of model parameters, within the limits of the assumptions
made above, but some of the assumptions that go into the Earth/Sun comparison will not be valid
for all realistic and acceptable models. For example, an acceptable relic abundance does not,
strictly speaking, fix the annihilation cross section ¢ ,v in the limit of zero relative velocity. This is
because p-wave annihilation in the early Universe is often important, especially if the neutralino is
less massive than the top quark. If anything, this overestimates g,v, so t/t for the Earth may be
overestimated. As a result, suppression of annihilation relative to capture will often be more
important in the Earth than assumed here, and in many realistic models, the Sun/Earth ratio may
be larger than shown in Fig. 34. This is illustrated further in Section 11. The Sun/Earth ratio is
always = 1, so the results for direct- and indirect-detection rates discussed below are insensitive (to
within a factor of two) to these uncertainties.

The analysis of the case where the WIMP has only axial-vector couplings is much less involved.
Such WIMPs are captured only in the Sun — not the Earth — and the capture rate, Eq. (9.19),
is relatively simple. The rate for upward muons from annihilation of such particles in the Sun
is then

T§ee = (1.65x107*m ™2 yr~ ) tanh(to /75) (m,/GeV) pb 5 Ugéi?éS(mx/mH) 0370 - (9.55)
The values of {(m,) are those shown for the Sun in Fig. 33. The analysis of the equilibration

timescale is similar to that above. The result is that, in almost all cases of interest,
tanh(t/t) ~ 1.
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Fig. 34. Ratio of the rate for energetic neutrinos from WIMP annihilation in the Sun versus that from the Earth as
a function of WIMP mass for WIMPs with scalar interactions only. The solid (dashed) curves are the results for the upper
(lower) limit for &(m,), the neutrino fluxes. Equilibration of capture and annihilation are included as described in the text,
and the upper (lower) pairs of these curves are for models that give I'yeee; = 107#(107%)m~? yr™*. The model dependence
is indicated by the range between the highest and lowest curves. The heavy solid curves show the ratios assuming both the
solar and Earth signals are at full strength using both the upper and lower limits for {(m, ).

9.7 Comparison of direct and indirect detection

Both direct-detection and energetic-neutrino experiments seek to detect the same WIMP
candidates. Therefore, it is of some interest to compare the relative sensitivities of these experiments
to various candidate dark-matter particles for purposes of detector design and search strategies.
For each WIMP, there are numerous model parameters that enter the direct-detection rate, and yet
other independent parameters that enter the indirect-detection rate, so the ratio of the two rates
will generally be different for each model. However, using the discussion of neutrino rates above, it
is possible to come up with a somewhat model-independent comparison of direct and indirect rates
and to bracket the possible ratios of the two for each WIMP mass [301]. The goal is to come up
with a ratio of the rate for elastic scattering in a laboratory detector to the flux of upward muons
from neutrinos from WIMP annihilation in the Sun and Earth.
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The first thing to note is that both the direct and indirect rates depend primarily on the matrix
element for the nucleon—-WIMP interaction, f,. Both indirect and direct event rates depend on
whether the interaction is scalar or axial-vector, so we consider the two interactions separately.
Considet first, WIMPs with only scalar interactions. Then the event rate for direct detection is
given by Eq. (8.21), and the rate for indirect detection is given by Eq. (9.53). The total upward-muon
flux will be the sum of the fluxes from annihilation in both the Sun and the Earth. The comparison
of direct versus indirect detection depends specifically on the nucleus used in the laboratory
detector. For the purpose of illustration, we consider the rate in a germanium detector. The rate in
detectors with other compositions can be scaled using Fig. 26. The results for scalar-coupled
WIMPs are shown in Fig. 35 as a function of the WIMP mass [301]. The solid (dashed) curves are
the ratios (including equilibration properly) for the upper (lower) limit for £(m, ). The upper (lower)
pair of these curves are for WIMPs that give I' = 107*(10 %) m~2yr~ '. The model-dependent
uncertainties are indicated by the range of values between the highest and lowest curves in this plot.
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Fig. 35. Direct versus indirect detection of scalar- and spin-coupled WIMPs. For scalar-coupled WIMPs, we plot the
ratio of the rate for elastic scattering from Ge in a laboratory detector to the flux of upward muons induced by neutrinos
from annihilation in the Sun and Earth as a function of WIMP mass. The solid (dashed) curves are the ratios for the
upper (lower) limit for the neutrino fluxes. The upper (lower) pair of these curves are for models that give
I'=10"*(10"*m 2yr~!, and the model dependent uncertainties are indicated by the range of values between the
highest and lowest curves. For scalar-coupled WIMPs, the ratios for detectors with different composition can be
obtained using the scalings plotted in Fig. 26. For WIMPs with axial-vector (i.c., spin) couplings to nuclei, we plot ratios
of the rate for elastic scattering from hydrogen in a laboratory detector to the flux of upward muons induced by neutrinos
from annihilation in the Sun. The upper (lower) dotted curve is the ratio for the upper (lower) limit to the neutrino fluxes
for spin-coupled WIMPs, and the model-dependent uncertainty is indicated by the range of values between these curves.
In both cases, we neglect detector thresholds and backgrounds and assume efficiencies of order unity. From [301].
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Now consider WIMPs with axial-vector interactions. Such WIMPs are captured in the Sun by
scattering from hydrogen. On the other hand, the spin in the heavier nuclei used in most laboratory
detectors is carried at least in part by the neutron. The spin coupling to protons differs from that to
neutrons, the relation between the two depending on the details of the model, and there may be
significant ambiguities in this relation as well, due to uncertainties in the measured spin content of
the nucleon. Therefore, we cannot really obtain a model-independent comparison between indirect
rates and scattering rates from detectors with heavier nuclei.

We can, however, make a highly model-independent comparison between indirect rates and
rates in a laboratory detector made of hydrogen. Prototypes of such detectors have been tested and
larger experiments are currently being considered [325]. The rate for direct detection of axially
coupled WIMPs in a hydrogen detector is given by Eq. (8.18) (form-factor suppression can be
neglected for scattering from hydrogen), while the upward-muon flux will be given by Eq. (9.55).
Both of these detection schemes depend on the same WIMP—hydrogen cross section, so there are
no uncertainties from QCD or nuclear physics that enter into the comparison. The results for the
ratios of the rate for direct detection versus the upward-muon flux are given, for the allowed range
of £(m,), in Fig. 35 (the dotted curves). It should be noted that if, in addition, the WIMP has some
scalar couplings, there will be additional neutrinos from WIMPs captured in the Sun and Earth
through scalar interactions, so the ratio of direct (from scattering off hydrogen) to indirect rates will
be even smaller.

So far, we have calculated the ratios of predicted event rates in laboratory detectors to the
predicted upward-muon flux in a neutrino detector. To make the comparison between the
sensitivities of the two detection techniques more precise, detector thresholds and the backgrounds
to be subtracted must be properly considered. For example, consider a direct-detection experiment
with 1 kg Ge [305] with background rejection of 99% [306], then the expected background will be
roughly 300 per year with a detection efficiency near 100% (for large WIMP masses). And for muon
detectors with areas of about 10* m? [337, 338] with energy thresholds of 3 GeV, the background
should coincidentally be about 300 per year (this background can potentially be reduced dramati-
cally with a larger threshold and/or improved muon-energy resolution; for example, although they
will not have good energy resolution, AMANDA should be able to distinguish between 10 and
100 GeV muons). However, according to Fig. 35, the rate for detection of scalar-coupled WIMPs
is roughly 10-1000 times larger for the Ge experiment than it is for the neutrino experiment,
so such a direct-detection experiment would be better suited to detecting scalar-coupled
WIMPs [301].

The sensitivity of the above neutrino experiments (with the backgrounds assumed above) would
be about 0.005 m~2yr ! after a year. For axially coupled WIMPs, Fig. 35 indicates that with no
background and 100% acceptance, a laboratory hydrogen detector would need to be at least 20 g
to be comparably sensitive to low-mass WIMPs, and at least 2 kg to be competitive with the
neutrino detectors at the high-mass end. Therefore, the neutrino experiments would have the
advantage over the 50-g hydrogen experiments currently being discussed [325]. Although
these results cannot be generally scaled to direct scattering from other nuclei, we can perform a
naive scaling for the purposes of illustration. To do so, we use a naive scaling of the direct-detection
rate with nuclear mass and for simplicity assume that axial-vector form factors are the same
as the scalar form factors. In addition, assume that the WIMP—neutron coupling is similar to
the WIMP-—proton coupling. Then the event rate in a 500-g isotopically pure ">Ge detector would be
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roughly comparable to the rate in a 10*-m? neutrino detector. However, the relation of the
WIMP-neutron coupling to the WIMP—proton coupling differs substantially from one model to
the next, it is frequently much smaller than the WIMP—proton coupling, and it may be quite
uncertain even for a given model [296]. Therefore, indirect detection would generally seem to have
the advantage in probing axially coupled WIMPs.

Before concluding this discussion, it is again worth emphasizing that the relative sensitivities of
direct- and indirect-detection schemes depend on a number of experimental factors which we have
only touched briefly upon. With that in mind, we summarize the results of the illustrative examples
discussed here. Both indirect and direct detection seem to be complementary. Although direct
detection seems to be better suited for detection of scalar-coupled WIM Ps, the muon detectors will
potentially provide a better probe of axially coupled WIMPs.

A numerical survey of several thousand supersymmetric models verified the semi-analytic results
plotted in Fig. 35. The result of these numerical calculations seemed to indicate that the majority of
the models fall closer to the upper curves (those for purely scalar-coupled WIMPs) than to the
lower curves (for purely axially coupled WIMPs). That is, the scalar interactions seem to dominate
for most of the neutralinos we have surveyed. This implies, therefore, that direct-detection schemes
may have the advantage over indirect-detection techniques for discovery of supersymmetric dark
matter. Before jumping to conclusions, however, we should keep in mind that theoretical prefer-
ences are fluid. Until recently it was believed that axial-vector couplings were dominant in most
supersymmetric models. It is likely that there are yet other WIMP candidates which have not been
explored, for which the axial-vector interaction dominates.

Furthermore, in the case of a positive detection of a WIMP, there is much that can be learned
about the WIMP from upward-muon rates. For example, the ratio of upward-muon rates from the
Sun and Earth could provide information on whether the interactions are scalar or axial-vector,
and perhaps even on the cosmological abundance of the WIMP [354]. By measuring the direct-
versus indirect-cvent rates, one could extract information (e.g., from Fig. 35) on the nature of the
couplings and perhaps the mass of the WIMP. The observed energy and angular distribution of
detected neutrinos could provide information ion the WIMP mass [359]. Along similar lines,
positive detections by a variety of complementary laboratory detectors could provide information
on the nature of the WIMP coupling. Therefore, although some arguments based on current
theoretical notions suggest that current laboratory experiments may be more likely to discover
neutralinos than the neutrino detectors, the neutrino detectors may be better suited to discovery of
other models, and in case of discovery, they will provide valuable information that is complement-
ary to that obtained by the direct experiments.

10. Cosmic rays from WIMP annihilation in the halo

The most promising and reliable methods for the discovery of WIMPs are direct detection in
a laboratory experiment and observation of energetic neutrinos from WIMP annihilation in the
Sun and/or Earth. Given a particle-physics model and a halo density and velocity dispersion,
calculation of these event rates is straightforward and subject to a controlled theoretical uncertain-
ty. Thus, in addition to the potential for discovery, null results from such experiments can be used
to rule out dark-matter candidates.
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WIMPs may have a number of other potentially observable consequences. The most studied of
these is the possibility that annihilation of WIMPs in the Galactic halo can produce anomalous
cosmic rays [ 3607]. Although the WIMP is stable, two WIMPs can annihilate into ordinary matter
such as quarks, leptons, gauge bosons, etc. in the same way they did in the early Universe. If
WIMPs exist in the Galactic halo, then they will occasionally annihilate, and their annihilation
products will produce cosmic rays. The difficulty in inferring the existence of particle dark matter
from cosmic rays lies in discrimination between WIMP-induced cosmic rays and those from
standard “background” sources. As will be argued below, it is quite plausible that WIMPs may
produce distinctive cosmic-ray signatures distinguishable from background. It should also be made
clear that propagation of cosmic rays in the Galaxy is quite poorly understood. Due to these
astrophysical uncertainties, it is difficult to make reliable predictions for a given particle dark-
matter candidate, so negative results from cosmic-ray searches cannot generally be used to
constrain dark-matter candidates. On the other hand, if observed, these cosmic-ray signatures
could provide a smoking-gun signal for the existence of WIMPs in the halo.

The three cosmic-ray annihilation products which could conceivably lead to discovery are
antiprotons, positrons, and gamma rays, and each of these will be discussed in a subsection below.

10.1. Cosmic-ray antiprotons

The best place to look for a distinctive cosmic-ray signature is where the background is smallest.
The majority of cosmic rays are protons, and most of the rest are heavier nuclei. Only a very small
fraction are antiprotons. Cosmic-ray antiprotons are produced in standard propagation models by
spallation of primary cosmic rays on hydrogen atoms in the interstellar medium [347]. The exact
flux of antiprotons produced by this mechanism actually varies quite a bit in standard propagation
models, and the observational situation is equally cloudy. However, there is one feature of the
energy spectrum of such secondary antiprotons that is quite generic to standard cosmic-ray
models: It is expected that the flux of antiprotons from primary spallation should fall dramatically
at low energies, E, <1 GeV. This is simply because an antiproton at rest must be produced with
a large backward momentum in the center-of-momentum frame. This requires a primary cosmic-
ray antiproton with a large energy, and the cosmic-ray spectrum falls steeply with energy.

Annihilation of WIMPs, on the other hand, can produce low-energy antiprotons [361-366].
WIMPs will annihilate into quarks, leptons, gauge bosons, etc. which will then hadronize and
produce, among other end products, antiprotons. There is no reason why the flux of such
antiprotons should decrease dramatically at energies less than a GeV. Therefore, observation of
low-energy cosmic-ray antiprotons would provide evidence for WIMPs in the halo.

Calculation of the antiproton flux from WIMP annihilation is straightforward. One assumes
that the WIMPs have an isothermal distribution in the halo with a density suitable for accounting
for the rotation curves. The flux is proportional to the annihilation rate in the halo. The energy
spectrum of the antiprotons is determined by the fragmentation functions for producing anti-
protons from the various annihilation products, which are obtained from Monte Carlo simulations
and from fits to accelerator data. Propagation of the antiprotons through the interstellar medium
and solar modulation must also be considered.

In Fig. 36 are shown the cosmic-ray antiproton spectra (from Ref. [3611]) expected from models
where the dark matter is made up of B-inos of mass 30 GeV (the upper solid curve) or 60 GeV (the



G. Jungman et al. | Physics Reports 267 (1996) 195-373 317

T T T T T T T rTTT T LR RN ] | T T T T TTT

0.0001 i

PBAR, LEAP

|

1078 |-

p/p

£
.

10-7 I'."l el ! v sl 1 oo gl "I [

0.01 0.1 1 10 100
Kinetic Energy (GeV)

Fig. 36. Observed antiproton/proton ratio as a function of kinetic energy. From Ref. [361].

lower solid curve). For simplicity, the WIMP was chosen to be a B-ino, and it was assumed that the
WIMPs contribute closure density, Q, h* ~ 0.25 with h = 0.5 to fix the annihilation cross section. It
was also assumed that WIMPs contribute the entire halo density, and standard confinement times
and solar-modulation models were used. The dotted curve is the expected background due to
spallation in the standard leaky-box model of cosmic-ray propagation. Also shown is the current
observational upper limit [367, 3687]. As the WIMP mass is increased, the number density in the
halo, and therefore the cosmic-ray flux, decrease. As illustrated, observation of low-energy cosmic-
ray antiprotons could plausibly provide evidence for the existence of particle dark matter. It should
be noted, however, that if the WIMP mass is too large, the antiproton signal would be unobser-
vably small. In addition, even if the WIMP is fairly light, there are considerable astrophysical
uncertainties, so it is possible that WIMPs could be the dark matter and still not produce an
observable antiproton signal.

The most recent reliable measurements of the cosmic-ray antiproton flux at low energies were by
two balloon-borne experiments, the PBAR and ASAP collaborations [367, 368]. They find an
upper limit of p/p<2x 1075 roughly in the energy range 100-1000 MeV. The sensitivity to
antiprotons in this energy range could be improved by an order of magnitude or more by flying
similar experiments at the South Pole, and satellite experiments are also being discussed (see, e.g.,
Ref. [369]).
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10.2. Cosmic-ray positrons

There is also a possibility that annihilation of some WIMP candidates will produce a distinctive
cosmic-ray positron signature at high energies [363, 364, 366, 370]. Again, there is a “background”
of cosmic-ray positrons from spallation of primary cosmic rays off the interstellar medium. Pions
produced when primary cosmic rays interact with protons in the interstellar medium decay to
muons which decay to positrons. The flux of positrons, expressed as a fraction of the flux of
electrons, decreases slowly with increasing energies.

The showering of WIMP-annihilation products will produce positrons in the same way that
antiprotons are produced. The energies of the positrons that come from showering of annihilation
products will have a broad energy distribution. The background spectrum of positrons expected
from standard production mechanisms is quite uncertain, and precise measurements of the
positron energy spectrum are quite difficult, so it is unlikely that positrons from WIMP annihila-
tion with a broad energy spectrum could be distinguished from background.

However, in addition to the positrons that come from decays of hadrons, there is also the
possibility that WIMPs may annihilate directly into electron—positron pairs thereby producing
a “line” source of positrons [371-373]. Although propagation through the Galaxy would broaden
the line somewhat, the observed positron energy spectrum would still have a distinctive peak
at an energy equal to the WIMP mass [371]. There are no standard production mechanisms
that would produce a positron peak at energies of 10—1000 GeV, so such an observation
would be a clear signature of particle dark matter in the halo. It is also interesting to note that
some recent measurements of the positron spectrum indicate an increase in the positron fraction
at high energies, possibly suggestive of WIMP annihilation, although these results are far from
conclusive.

Unfortunately, most of the leading WIMP candidates (e.g., neutralinos) are Majorana particles,
and such particles do not annihilate directly into electron—positron pairs due to the helicity
suppression. On the other hand, if the WIMP is heavier than the W * boson, it can in some cases
(for example, if the WIMP is a higgsino) annihilate into monochromatic W* W ~ pairs, and the W~
bosons can then decay directly into positrons with a distinctive energy spectrum peaked at roughly
half the WIMP mass [373]. In addition, there will be a continuum of lower energy positrons
produced by the other decay channels of the gauge bosons.

Fig. 37 shows the differential positron flux as a fraction of the electron-plus-positron flux, as
a function of energy, for a higgsino of mass 120 GeV for two different models of cosmic-ray
propagation (the solid and dashed curves) [373]. The dotted curve is the expected background. The
peak at higher energies is due to direct decays of gauge bosons produced by WIMP annihilation
into positrons, and the broader peak at lower energies comes from the other decay channels of the
gauge bosons. The dramatic height of the peak in Fig. 37 is the result of some fairly optimistic, yet
reasonable astrophysical assumptions. Again, due to the astrophysical uncertainties, nonobserva-
tion of such a signal cannot be used to rule out WIMP candidates.

The most recent measurement of the positron fraction at energies greater than about 10 GeV
seems to show an upturn at the highest energies — about 30 GeV — although these results remain
controversial [374]. New balloon-borne missions (¢.g., the HEAT experiment [375]) should clarify
the situation in the near future, and the positron fraction may also be measured more precisely in
future space-based experiments.



G. Jungman et al. | Physics Reports 267 (1996) 195-373 319

T T UL | T LI B B B B |

POSITRON FRACTION e*/(e* + e-)

0.01 1 l t 11y aal L v oegaal
1 10 100

POSITRON ENERGY (GeV)

Fig. 37. The differential positron flux divided by the sum of the differential electron and positron fluxes as a function of
energy for a neutralino of mass 120 GeV. From Ref. [373].

10.3. Cosmic gamma rays

WIMP annihilation in the halo (and/or Large Magellanic Cloud) may lead to a flux of gamma
rays, with both continuum and line contributions. The diffuse background of gamma rays from
standard astrophysical sources is poorly understood and precise measurements are difficult;
therefore, any inference of the existence of dark matter in the halo from gamma-ray observations
must come from fairly distinct gamma-ray signatures. In this section, we will discuss two such
signatures: (i) a distinct angular spectrum from WIMP annihilation in the halo [376-378], and
(ii) a distinct feature in the gamma-ray energy spectrum [262-265, 379-382]. The first of these
signatures is relevant for both continuum and line signals. First we will discuss the qualitative
aspects, making order-of-magnitude estimates of the expected gamma-ray fluxes from simple
plausible models for the WIMP, and then we will look at results from a recent survey of parameter
space for a specific realization of the Galactic halo [266].

When WIMPs annihilate to quarks and leptons (and/or Higgs and gauge bosons if the WIMPs
are heavy enough) in the Galactic halo, the subsequent shower from hadronization of the quarks
will produce gamma rays with a broad energy distribution centered roughly around one-tenth of
the WIMP mass [363, 364, 366, 370, 383—-388]. Such a broad continuum signal will in general be
difficult to distinguish from background.

WIMPs, essentially by definition, have no direct coupling to photons. However, by virtue of the
fact that the WIMP must have some appreciable coupling to ordinary matter (or else annihilation
in the early Universe would be too weak to provide Q,h?<1), it is almost guaranteed that any
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realistic WIMP will couple to photons through loop diagrams, for example, those shown in Fig. 18.
Therefore, there will always be some small, but nonzero, cross section for direct annihilation of two
WIMPs into gamma rays. Since the typical velocity of WIMPs in the halo ( ~ 300 kms™ 1) is very
small compared with the velocity of light, photons produced by annihilation of WIMPs will be
monochromatic at an energy equal to the WIMP mass [262—-265, 379-382]. No easily imaginable
traditional astrophysical source produces monochromatic gamma rays at energies in the range
10-1000 GeV. Therefore, observation of monochromatic gamma rays would provide a “smoking-
gun” signal for the existence of WIMPs in the halo.

Consider the characteristic angular dependence of the gamma-ray intensity [376-378] from
WIMP annihilation in the Galactic halo. Annihilation of WIMPs in an isothermal halo with core
radius a leads to a gamma-ray flux of [376, 389]

" 020 dr(y)

.
d7 UXX_,WUJ‘
(¢}

dQ ~ 4nm?
(5,,0/107° cm?s 1) (p04)?
(m,/10 GeV)?

~(2x1072em™2s tsr™ 1) I(Y) , (10.1)
where i is the angle between the line of sight and the Galactic center, r(i) is the distance along that
line of sight, and p2-* is the local WIMP halo density in units of 0.4 GeV cm 3. The quantity a.,v is
the cross section times relative velocity v for annihilation of WIMPs into two photons. For
monochromatic emission, this is the cross section given in Ref. [266]. For continuum emission this
would be the appropriate total cross section for production of gamma rays from all WIMP
annihilations; we do not consider this continuum signal further, since for most models it is very
difficult to observe.

Fig. 38 shows the result for I(y), the angular dependence of the gamma-ray flux, for three values
of the ratio R/a, where R ~ 8.5 kpc is the distance of the Sun from the Galactic center. Observation
of such a dependence, either in a continuum or a line spectrum, would provide evidence for WIMPs
in the halo.

It has been suggested that there may also be an enhancement in the dark-matter density in the
Galactic bulge or in the disk, and if this dark matter were made of WIMPs, then annihilation could
lead to a strong gamma-ray signal from the Galactic center or the disk [383, 385, 3907]. Central halo
enhancements could correspond to smooth core distortions with scale of order 100 pc [383, 390], or
to more singular power-law distortions extending down to scales of order 1 pc [385]. However, the
latter possibility is probably in conflict with observations in several galactic systems [391]. Recently,
Gondolo has suggested that the Large Magellanic Cloud (LMC) could be immersed in a halo of dark
matter with a central density 10 times that of our own Galaxy, and that annihilation of dark matter
therein could lead to a gamma-ray intensity from the LMC roughly ten times stronger than that
from our own halo [392], although this estimate comes with significant uncertainties.

We will now make an order-of-magnitude estimate of the expected gamma-ray flux. For
example, an order-of-magnitude estimate of the two-photon annihilation cross section that arises
from diagrams with slepton loops is

atm;

7 -
ms

(10.2)

~
O-XX_”{YU -
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Fig. 38. The intensity of a gamma-ray signal from WIMP annihilation in the halo as a function of the angle y between
the line of sight and the Galactic center, for several values of R/a. From [376-378].

The slepton is generally the heaviest particle in the loop, so its propagator leads to a suppression
ms 4 in the cross section. The factor of a* in Eq. (10.2) comes from the four couplings in a loop
diagram (which are then squared to give a cross section), and the factor of m; in the numerator
must be included to make the cross section dimensionally correct.

For purposes of illustration, let us focus on the case that the WIMP is a pure B-ino, a linear
combination of the supersymmetric partners of the photon and Z boson, which turns out to be the
lightest supersymmetric particle in many theories. In this case, the relic abundance turns out to be
[361],

2 2
12 —3{ Mg Mg
Qph” ~7x10 (—mx> <—-———100 GeV) . (10.3)

Assuming the Universe is flat and that B-inos are the dark matter, then Q3h? ~ 0.25, and
GV = 3x 1073  ecm? s~ L. If we insert this estimate into Eq. (10.1) we find that the signals in
these models, even with optimistic astrophysical assumptions, are at best only marginally observ-
able with current detectors. The standard isothermal halo is broad and flat, and some local density
enhancements are required to raise the gamma-ray signal level.

Perhaps the most conservative of the halo enhancement models is that of Ref. [ 3907, along with
the closely related calculation of Ref. [3837]. Suppose that the center of the Galaxy has a WIMP
density enhancement of a factor of ten over that in the standard isothermal halo considered above.
Then a detection of a monochromatic gamma-ray emission from the center of the Galaxy becomes
possible.
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Fig. 39. Minimum exposure required for a 3¢ detection of gamma rays from neutralino annihilation in the Galactic
center, versus mass of the neutralino, for the survey of supersymmetric parameter space discussed in the texi.

To estimate the size of a detector required to see this gamma-ray signature for a generic SUSY
dark-matter candidate, we have calculated the flux of gamma rays from annihilation in the Galactic
center for a large survey of supersymmetric parameter space [266]. Contributions from all the
relevant diagrams, including those with W= loops [267] were included. We consider pointed
observation of the Galactic center with an atmospheric Cerenkov detector and consider the most
important background, which comes from misidentified charged particles [384]. Fig. 39 shows the
exposure required for a 3¢ detection of gamma rays from neutralino annihilation in the Galactic
center for a variety of models [266]. Again, this corresponds to a density enhancement of a factor of
ten over that in the standard isothermal halo with a ~ 5 kpc. The SUSY parameter ranges which
generated these models were taken to be 50 GeV < M, < 800 GeV, 50 GeV < u < 800 GeV,
1 < tan f < 20, 150 GeV < m, < 600 GeV, and 200 GeV < my < 800 GeV. The grand-unification
condition on the gauge couplings was assumed. Models were cut from the plot if they violated
known bounds from ¢ ¢” physics, from the decay b — sv, if they gave Higgs masses in violation of
current limits, or if they were inconsistent as models for neutralino dark matter (for example, we
obviously require that the LSP is a neutralino). Fig. 39 suggests that a 10*-m? air Cerenkov
detector with an exposure of a few years could probe some region of the MSSM parameter space,
for this realization of the Galactic halo.

It should always be kept in mind, however, that there are significant uncertainties in astrophysics
that could change the rates predicted here for any given particle candidate. Although these
uncertainties make it difficult to constrain a given model from null searches for such gamma rays, it
is clear that advances in high-energy gamma-ray astronomy could plausibly lead to the discovery
of particle dark matter.

11. Sample analysis of the MISSM
11.1. Orientation -

In the previous sections, we have reviewed the most important constraints and detection
strategies for supersymmetric dark matter, without attempting a global analysis for the MSSM. In
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this section, we will indicate the results of such an analysis. Although the following numerical
analysis, by its nature, will in time become dated, the physics of the previous sections will be more
robust. Therefore we have explicitly separated this model analysis from the discussions of the
previous sections.

This section also serves to illustrate the formalism introduced above and summarized in Fig. 62;
in particular, we illustrate the use of the numerical code Neutdriver written by the authors and
discussed in Appendix B. Interested parties can obtain this code by contacting one of the authors.
Finally, we also present some interesting results concerning the detectability of neutralino dark
matter.

11.2. SUSY parameter space

The generic supersymmetric (SUSY) model discussed in this review has more than 50 free
parameters, and a thorough exploration of this parameter space is not only beyond the scope of
this review but would also not be very illuminating. In the examples below, we will specialize to
a subset of this space which has only five free parameters. Of course, a more thorough exploration
of any region of parameter space can be contemplated with the numerical code. We will use the
practical SUSY models (see Appendix B) with free parameters m,, the mass of pseudoscalar Higgs,
tan f3, the ratio of Higgs vacuum expectation values, M,, a gaugino mass, u, the Higgsino mass
scale, and a common squark and slepton mass scale [i.e., we set all the mass parameters in Eq.
(A.73) to be equal}. The A parameter matrices from the soft-breaking Lagrangian have been set to
zero. We set all the other parameters using simple relations and approximations. For example, the
other gaugino mass, M, is set using the usual GUT relation, M, = %M , tan?® Oy,. All the Higgs
masses and couplings are determined from m, and tan f using the radiative corrections, which
depend on the top-quark mass, amongst other parameters. We take m, = 170 GeV throughout.
The radiative corrections implemented in the code are those described in Ref. [200]; see Appen-
dix A for more details on the Higgs sector. Note that the sfermion masses are not degenerate
because mixing still occurs through the D and F terms in the sfermion mass matrices.

As illustrated in Fig. 62, from a particular set of these five parameters in the input-parameter file,
the SUSY mass spectrum and couplings can be calculated. From the masses and couplings, all the
relevant cross sections can be found (Sections 6 and 7). Also required are additional nuclear and
astrophysical data, which are contained in various parameter files. Then, from the cross sections,
the relic abundances (Sections 3 and 6), the direct-detection rates (Section 8), the indirect-detection
rates (Section 9), as well as various SUSY accelerator detection rates (Section 5), etc. can be
calculated. One can then ask and answer many questions. In the following sample analysis, we ask:

1. What regions of SUSY parameter space allow for neutralino dark matter?

2. What event rates are expected in direct-detection experiments? Is it important to build detectors
out of materials with nuclear spin, or does the scalar interaction suffice?

3. What event rates are expected in the indirect-detection experiments? How do the rates for
neutrinos from the Sun compare with the rates for neutrinos from the Earth?

4. How do the direct and indirect experiments compare with each other — will they compete with or
complement one another? Is one method more sensitive than the other?

5. How do various laboratory constraints [such as Br(b — sy)] affect the above questions?
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In attempting to answer these questions, we used our numerical code to calculate all the above
quantities for approximately 200000 sets of SUSY parameters. We considered four values of m,,
(from 170 to 470 GeV), ten values of tan § (2 to 22), two values of sfermion mass scale (200 and
1000 GeV), 35 values of M, (10 to 10* GeV in logarithmic intervals), and 70 values of u( — 10* to
10* GeV). We set the 4 parameters to zero. Thus we are exploring the parameter space shown in
Fig. 40. After calculating all the quantities for all these models, we make a series of “cuts”, the first
of which eliminates models with clearly unacceptable particle physics, such as those with a color-
breaking vacuum, or those in which the LSP is not a neutralino. This leaves us with the
approximately 51000 models shown in Fig. 41. We then take into account particle-physics
constraints from LEP, CDF, etc. such as the limits on the lightest Higgs mass, the Z° width,
squark-mass limits and the searches for various SUSY particles discussed in Section 5. In order to
make our results conservative, we ignored possible loopholes in many of these accelerator
constraints. The cuts made were: lightest squark mass > 150 GeV, Br(Z° - yox0) < 1072,
Br(Z° — yix;) <2x 1073, m; > 45 GeV, and m,, > 50 GeV [1]. This leaves approximately 45000
models, covering regions of the (M ,, u) parameter space shown in Fig. 42. Because it is rather new,
we study separately the effect of the Br(b — sy) limits discussed in Section 5; making the cut
[10™% < Br(b — sy) < 4.2 x 10™%] leaves approximately 14000 models, which occupy the same
regions of parameter space shown in Fig. 42. Thus we have found a large set of SUSY models
which satisfy the basic requirement that they are consistent with laboratory experiments.
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Fig. 40. Parameter space in the MSSM: starting grid of parameter choices. Only two of the five dimensions (¢ and M)
are displayed. The effects of further cuts on the parameter space are shown in Figs. 41-43.

Fig. 41. The models left after eliminating models with vacua which violate colour SU(3) or which do not have the
neutralino as the LSP.
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Fig. 42. What is left after implementing several accelerator constraints, including the Br(b — sy) cut.

Fig. 43. The effect of also requiring that the relic abundance be appropriate for making up the halo dark matter.
This figure thus shows the set of acceptable dark-matter models, and it is these models which will be used in all the plots
below.

11.3. Relic density

Using this set of models we can see if the neutralino!! is a suitable dark-matter candidate. In
Fig. 44, we plot the neutralino relic abundance Q, h* versus the neutralino mass m, for the 14000
allowed models.’? Recall from Section 3 that models which predict Q,h* > 1 are ruled out by
considerations of the current age of the Universe; those which predict 2, h* < 0.025, while being
viable particle-physics models, do not predict enough relic neutralinos to make up the entire dark
halo. Thus only those models between the two lines in Fig. 44 are capable of giving the entire dark
halo. Our final cut on parameter space is thus to keep only models with 0.025 < Q,h* < 1.
Approximately 7000 models, covering the regions of parameter space shown in Fig. 43, remain.
This is the first interesting result. Even after all the particle-accelerator and relic-abundance
constraints are taken into account, there are large numbers of models which can produce
neutralino dark matter. The gaugino content of the remaining models can be found by referring to
Fig. 6 and Fig. 7 in Section 4. Note that the vertical groupings visible in Fig. 44 at masses near

11 Recall that we denote the lightest of the four neutralino states as the neutralino. Given the cuts above it is also the
LSP.

121n order to make the plot files less bulky, only a fraction of the allowed points in this and the following figures are
actually plotted; but the same range of parameter space is covered.
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Fig. 44. Scatter plot of relic neutralino density versus neutralino mass for the set of global-SUSY models discussed in the
text. Laboratory constraints from LEP measurements and Br(b — sy) are enforced. Models between the lines drawn at
Qh* = 0.025 and Q,h* = 1 are compatible with neutralino dark matter.

Fig. 45. Hlustration of the scaling between the 2°Si and 75Ge elastic-scattering cross sections. The ratio is very nearly
constant and approximately an order of magnitude, indicating the validity of the A2 scaling of the cross section. The
increased spread at lower values is due to the contamination from the spin-dependent cross section, which is noticeable
only when the scalar cross section is small. The set of models plotted here is slightly different from those described in the
text.

160 GeV, 200 GeV, etc. each correspond to a particular choice of M,. So one should fill in the gaps
due to our finite sampling of parameter space by mentally forming the envelope of the scattered
points. However, dips in relic abundance due to the Z° pole in the annihilation cross section at
45 GeV, as well as other poles due to Higgs exchange are not due to the finite sampling. We now
turn to detection of these “allowed” neutralino dark-matter candidates.

11.4. Elastic-scattering cross sections

As discussed in Section 7, the first step in finding either direct or indirect neutralino detection
rates is the calculation of the elastic-scattering cross section of neutralinos off various nuclei. In
Fig. 45, we plot the cross section from 73*Ge versus the cross section from *°Si. This plot shows
several things. First, note the large range in cross sections possible for viable neutralino dark
matter. Next note the almost constant ratio, suggesting that a signal in a germanium direct-
detection experiment fairly accurately predicts the rate in a silicon detector. Finally, note that the
silicon cross section is smaller by a factor of roughly ten, as predicted in Fig. 26.

Next, in Fig. 46, we plot the dependence of the neutralino—germanium cross section on the mass
of the lightest Higgs boson. The upper envelope of the scatter plot clearly shows the importance of



G. Jungman et al. [ Physics Reports 267 (1996) 195-373 327

R B e B B AL we e

1 et .. E

E ?._,-3.’1} 3

[ ]

10~ .

Eoz .5 |

1072 b -

106 —— T . ! % o . 3

i X C i . . ]

E 1w, S F . -

TE R 2107 £ : : 1

—~ s SR O A g L i &

<\,~> 100° 3 K ‘.1,. o 3 - ; !. 4 £
. . . ﬂ) * b
] R O10-4E H H
S otk i g g107E S T
g -10 | -4 - i ¢
© 10 g “'! - ¥ H

N 05k

101§ N ! £ 2
E " o i

1072 L L - 10_5;...1....1....|....|....|4...

20 40 60 0 50 100 150 200 250 300

m,{GeV)

Fig. 46. Dependence of the scalar "°Ge cross section on the lighter Higgs-boson mass. For my, <70 GeV, the dependence

is clear, indicating that Higgs-boson exchange is playing an important role in the process. The set of models plotted here
is slightly different from those described in the text.

Fig. 47. Predicted rate in a 7>Ge cryogenic detector versus neutralino mass for the allowed dark-matter models above.
All constraints are implemented.

the Higgs exchange in this scattering process. A strong limit on the lightest Higgs mass, from LEP
11, would eliminate many models with the largest cross sections and make neutralino detection by
either direct or indirect means more difficult.

11.5. Direct-detection rates

To provide examples of expected rates in a direct-detection experiment, we consider the
germanium detector discussed in Section 8.2. Using the formulas of Section 8, in Fig. 47 we show
a scatter plot of the expected rate versus the neutralino mass. The wide range in expected event rate
is due to the wide range in elastic cross sections, which comes from the wide range of Higgs and
squark masses considered. Again, many gaps in the scatter plot appear due to finite sampling of the
parameter-space grid, but features such as the Z° pole at m, = my/2 are evident. Note that the
envelope of the event rate peaks at about 1 eventkg™'d ™! at m, ~ 80 GeV, and then falls rapidly
for larger masses. As shown in Figs. 46 and 48, lightest Higgs masses as high as 120 GeV are
common, due to the radiative corrections and the effect of the heavy top quark. The direct-
detection rates are smaller for the models with heavy my,, as shown in Fig. 48. This plot makes it
clear that strong limits on the Higgs sector from LEP IT would have important effects on the
direct-detection experiments.

It has been proposed to use enriched ">Ge in a cryogenic detector to allow the spin-dependent
cross section to contribute to the detection rate. In Fig. 49, we plot the spin-only rate and
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Fig. 51. Parameter space for MSSM for specific models: models for which the spin coupled direct-detection rate is ten
times larger than the scalar coupled rate. Each point represents an allowed SUSY dark-matter candidate from Fig. 43
which also passes some other criterion.

scalar-only rate for such a detector. We note that the spin-only rate is uniformly smaller than the
scalar-only rate. This is shown in another way in Fig. 50 where we histogram the ratio Rscatar/Rspin
for all the allowed neutralino models. Typically, the scalar rate dominates the spin rate by a factor

> 10, although some models with spin rates larger than scalar rates exist. It therefore seems that, in
most cases, a natural germanium detector will do as well as an enriched 73*Ge detector.

It is of some interest to see which models have dominant spin interactions and which have
dominant scalar interactions, so in Fig. 51, we find the region of (i, M , )} parameter space for which
the spin rate is at least a factor of ten larger than the scalar rate, while in Fig. 52, we show the
parameter space where the scalar rate dominates by a factor of ten or more. The large overlap
region occurs because these figures are two-dimensional projections of the five-dimensional
parameter space. The gaugino/Higgsino content of these areas of parameter space can be found
using Fig. 6 from Section 4. We also note that the models with dominant spin rate typically have
lower neutralino mass m,, higher my,, and negative u. It is thus possible to have neutralino dark
matter with a dominantly spin interaction, but we note that this typically comes about not due to
an enhancement of the spin interaction, but due to a suppression of the scalar interaction. For
neutralinos with masses under 100 GeV, there are, however, regions of parameter space with
expected rates above 10~ ? eventkg ' d~! and an interaction which is spin dominant.

Next, recalling that the current generation of direct-detection experiments have as a goal
a sensitivity of 1072 to 10”3 eventkg 1 d ™!, we see from Fig. 47 that a very large area of SUSY
parameter space can be probed with current experiments. However, it is also clear that a definitive
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Fig. 52. Models where the scalar rate dominates by a factor of 10.

Fig. 53. Models for which the total direct-detection rate is greater than 1073 eventkg™* d ™!, the sensitivity that the next
round of experiments hope to reach.

direct search will not be possible with this level of sensitivity since rates below 10~ % eventkg 1d !
are quite possible. The regions of (u, M) parameter space with Ryjeo; > 1077 eventkg™'d ™! are
shown in Fig. 53.

We can also discuss the relative merits of detectors made of materials such as fluorine, which has
a large spin-interaction cross section. The scatter plots for a !°F1 detector (not shown) are similar
to those for a 7*Ge detector, with several significant differences. First the scalar rate is ~ 10
times smaller, while the spin rate is a factor of a few larger (compared to Fig. 47). Thus, the
fluorine histogram of Rgcajar/Repin differs from Fig. 50; its peak is shifted to about 0.05. The
total rate in a fluorine detector is typically smaller than that in a germanium detector by a factor of
a few.

Finally, we can explore the impact of the various cuts on the direct-detection search. In Fig. 55,
we show the expected rate if the constraint coming from the measurement of Br(b — sy) is relaxed.
It is interesting that, while many models are eliminated, there is only a moderate effect on the upper
envelope of expected event rate for m, <175 GeV. This can be understood from Fig. 56, where it is
seen that the Br(b — sy) constraint eliminates parameters which give light charged Higgs bosons.
Since it is not these, but the lightest neutral Higgs which control the direct rate, the Br(b — sy)
constraint does not have a major effect in this global search of parameter space. In contrast,
however, the current LEP constraints coming from the Higgs and SUSY searches have already had
strong effects on direct detection. If it were not for these constraints, much higher event rates would
be possible, as would lighter neutralino dark matter [393].
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Fig. 55. Same as Fig. 47 except that the constraint 10™* < Br(b — sy) < 4.2 x 10™* has been relaxed.
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Fig. 56. Br(b — sy) for the group of global-SUSY models discussed in the text. Clearly the main contribution to these

generic models is from charged-Higgs exchange. The light shaded region indicates the allowed 95% CL limits on the
CLEO measurement. Compare to Fig. 8.

Fig. 57. Indirect-detection rate versus neutralino mass. The sum of the rates for upward muons from both the Sun and
Earth is shown. Currently planned experiments will be sensitive in the 1072m~2yr~! to 10™*m™ 2 yr~! range.
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11.6. Indirect-detection rates

Next we turn to the indirect-detection methods described in Section 9. Fig. 57 shows the number
of upward muons in astrophysical neutrino detectors such as those described in Section 9.2. These
are muons produced by energetic neutrinos from neutralino annihilation in the Sun and Earth.
Again, each point in the scatter plot represents an allowed choice of SUSY parameters. Recall that
current detectors are sensitive at about the 10”2 m~2yr~! level and that the next generation of
experiments hopes to get to the 10"*m~?yr~! level. The parameter space occupied by these
models is shown in Fig. 54. The question of the relative signal for neutrinos from the Earth and
neutrinos from the Sun is addressed in Fig. 58 and Fig. 59, where the ratio of predicted muons from
the Sun and Earth is shown for the allowed models. In Fig. 58 all the allowed models are plotted,
while in Fig. 59, only those models which predict rates 10 *m ™ ?yr ! > I > 10"2m 2yr ! are
plotted. Models with I'=10"?m 2?yr~! have already been excluded and models with
I'<107*m™?yr~ ' predict rates too small to be seen in the next round of detectors (see
Section 9.6). Note that most neutralinos with masses above 175 GeV have predicted rates below
10"* muonsm ™2 yr~!. We see that for a general neutralino, the Sun is probably a better source of
high-energy neutrinos than the Earth.

We could also show the effect of relaxing various cuts such as Br(b —sy) on the indirect-
detection rate. However, as in the direct case, while many models are added, the envelope of
expected rates is not altered appreciably, except at higher neutralino mass.
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Fig. 58. Ratio of indirect-detection rates for neutrinos from the Sun and Earth versus the neutralino mass. All allowed
models are plotted.

Fig. 59. Ratio of indirect-detection rates for neutrinos from the Sun and Earth versus the neutralino mass. Only models
which predict rates between 10™2m~2yr~* and 10"*m ™2 yr~* are plotted.
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11.7. Comparison of direct and indirect rates

In Section 9.7, an attempt at a fairly model-independent comparison of rates for direct and
indirect-detection techniques was made following Ref. [301]. In Figs. 60 and 61, we make the same
comparison using our set of allowed SUSY models. Here, the ratio of direct to indirect events is
plotted versus neutralino mass for a germanium detector; Fig. 60 shows all the allowed models,
while Fig. 61 shows only those with 10 *m ™ ?yr ! < I' < 107?2m~2yr~ . We can conclude that
1-kg-Ge detector has the same sensitivity as a 0.01-1.0 km? indirect detector for most dark-matter
neutralinos.

11.8. Results from unified models

A complete discussion of the cosmology and phenomenology of the neutralino in SUSY-GUT
and SUGRA models is beyond the scope of this work. However, the low-energy limit of such
models should be the MSSM explored here, although unification will impose relations between
some of the parameters that have been chosen arbitrarily in the illustrative numerical work in this
section. As a result, the results for relic abundances and direct- and indirect-detection rates should
occupy some subspace of the numerical results shown in the scatter plots here. For some arbitrary
set of assumptions about the high-energy theory, it is natural to expect the detection rates to lie
below the highest rates we have found, but perhaps also above the lowest rates we plotted. On the
other hand, it should be possible (although we have not done so) to find reasonable unified theories
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Fig. 60. The ratio of direct to indirect rates is plotted for all allowed models.

Fig. 61. The ratio of direct to indirect rates is plotted for models with indirect rates between
107*m 2yr™ ' >T' > 10" ?m™ 2yr .
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that give rise to detection rates near the upper envelope of detection rates we plotted for the
MSSM.

There have been numerous calculations of neutralino abundances and detection rates in a variety
of unified models. For example, Diehl et al. have recently carried out a comprehensive analysis of
neutralino relic abundances, direct- and indirect-detection rates, and prospects for accelerator
signatures in a class of consistent minimal super-unified models [394]. They impose the constraint
that electroweak symmetry be broken and that the phenomenology be consistent with all known
laboratory constraints. Their conclusions are in agreement with ours. As expected, their direct- and
indirect-detection rates fall within the envelope for the MSSM that we find. Although their rates are
generally smaller than ours, it is not clear that this would be true with different assumptions about
the form of the unified model. The next generation of direct-detection experiments will provide
a better probe of dark matter than the next generation of indirect-detection experiments in the
majority of their models. This agrees with our model-independent results for the majority of
supersymmetric WIMPs which have primarily scalar couplings. They argue that collider experi-
ments most likely provide the best route to discovery of supersymmetry. Even so, WIMP-detection
experiments will be needed to ascertain that the halo is composed of supersymmetric particles.

12. Other particle dark-matter candidates

In this review we have discussed a canonical example of a thermal relic particle. A thermal relic is
one which, at very early times — when the Universe was at very high temperature — was in thermal
equilibrium with the radiation. As discussed in Section 3, when the temperature finally drops below
the mass of the would-be relic particle, its number density will “freeze out”, and a substantial
number of relic particles can be left. The remarkable fact is that a thermal relic with electroweak-
scale interactions can give Q ~ 1; thus the name weakly interacting massive particle. As we have
discussed, such particles may be within reach of current accelerators; thus, many accelerator
searches for exotic particles are also searches for the dark matter of the Universe.

Thus far we have focussed primarily on the neutralino, which is perhaps the theoretically best
developed and motivated WIMP candidate. However, the first WIMP considered was a heavy
fourth-generation neutrino. Also, other particles which arise in supersymmetry may be candidate
WIMPs.

12.1. The rise and fall of heavy-neutrino dark matter

The first proposed cold dark-matter candidate in the WIMP class was a stable, heavy
(m,zGeV), fourth-generation Dirac or Majorana neutrino with standard-model couplings
[120-122]. Such a neutrino would couple to the Z° boson in the ordinary way and therefore have
weak interactions with ordinary matter. Thus, the cosmology of a heavy neutrino is similar to the
cosmology of the LSP. The difference, however, is that far fewer parameters are needed to describe
the neutrino; its interactions are fixed by gauge symmetry, and the only adjustable scale is its mass.

The relic abundance of a Dirac or Majorana neutrino can be obtained from its annihilation cross
section as discussed in Section 3. Neutrino annihilation into light fermions occurs via s-channel
exchange of a Z° boson. The cross section is proportional to the square of the neutrino mass. For
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a Dirac (Majorana) neutrino, the cosmological abundance turns our to be Qy,h* ~ (m,/2 GeV)™?
[Q,h? ~ (m,/5 GeV)™ %] for masses in the range GeV <m,<my [120-122]. Therefore, Dirac
(Majorana) neutrino masses less than about 2 (5) GeV are cosmologically inconsistent, and neutrinos
with masses slightly larger (say 2 GeV $m, 520 GeV for Dirac neutrinos and 5 GeV <m, <50 GeV
for Majorana neutrinos) would be good candidates for the dark matter in our halo. For neutrino
masses greater than the electroweak gauge-boson masses, neutrino annihilation into gauge- and
Higgs-boson pairs can occur [395]. The cross sections for annihilation into these channels depend
somewhat on the associated heavy-lepton and Higgs-boson masses. However, the general result is
that the cross section does not decrease as the neutrino mass is increased, so the relic abundance of
neutrinos with masses = 100 GeV remains small — perhaps too small to account for the dark matter
in the Galactic halo.

This result appears at odds with the unitarity bound discussed in Section 3. There, it was pointed
out that the relic abundance should increase at the largest WIMP masses. The solution to this
apparent paradox is likely due to the breakdown of the perturbative calculation of the annihilation
cross section used in Ref. [395] at neutrino masses m, ~ O(TeV). The neutrino mass is generated
via the Higgs mechanism, so the neutrino—Higgs Yukawa couplings are increased as the neutrino
mass is raised. Therefore, as the neutrino mass is raised above O(TeV), the theory becomes strongly
coupled, perturbation theory breaks down, and it is not even clear whether such a neutrino could
exist as a free stable state.

Therefore, the bottom line seems to be that neutrinos in the mass range between roughly 1 GeV
and 1 TeV are cosmologically consistent, but that the abundance of those with masses =10 GeV
would be too small to account for the halo dark matter.

Of course, if there is a cosmic asymmetry between Dirac neutrinos and antineutrinos [ 128], then
the cosmological abundance of neutrinos could be much greater than the canonical value.
Similarly, the abundance of either Dirac or Majorana neutrinos could be enhanced by some
nonstandard production scenario, as discussed in Section 3.5. With these caveats in mind, it is
conceivable that Dirac or Majorana neutrinos could be the halo dark matter.

This simple proposition, however, can be tested by a variety of experiments of the type discussed
in this article. In particular, Dirac neutrinos interact with nuclei through a “coherent” vector
interaction. Thus, the Dirac-neutrino—nucleus cross section is quite substantial, and this would
lead to a significant event rate in a direct-detection experiment. Null results from modified
double-beta-decay detectors have ruled out Dirac neutrinos with masses in the range
12 GeV <m, < 1.4 TeV as the primary component of the dark matter in the halo [291, 307]. When
combined with limits from measurements of the Z° width, which rule out a fourth-generation
neutrino mass m, Smy /2, the direct-detection results rule out Dirac-neutrino dark matter in the
mass range m, < 1.4 TeV [396, 397]. Dirac neutrinos with larger masses are in principle consistent,
but would be close to the murky regime where the neutrino becomes strongly interacting.

Majorana neutrinos interact only via an axial-vector interaction, and are therefore much more
difficult to detect directly. However, such neutrinos would still be captured in the Sun by scattering
from hydrogen therein. Annihilation of Majorana neutrinos in the Sun would produce an
energetic-neutrino signal from the Sun. Null results from energetic-neutrino searches at
Kamiokande rule out Majorana neutrinos with mass less than a few hundred GeV [331].

To sum up, heavy fourth-generation Dirac neutrinos with standard-model couplings cannot be
the halo dark matter unless they have masses large enough that they are nearly strongly interacting,
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and similarly for Majorana neutrinos, although the accessible mass window is perhaps a bit wider.
In either case, the relic-abundance calculation suggests that we should not expect there to be
a significant cosmological density of such neutrinos, unless there were exotic production mecha-
nisms in the early Universe, or a cosmological particle—antiparticle asymmetry in the case of Dirac
neutrinos. Of course, heavy Dirac or Majorana neutrinos with nonstandard couplings could well
be the halo dark matter and still evade detection [398].

Finally, we note that there is not much theoretical motivation for a stable heavy neutrino.
Stability of a new particle generally requires a new symmetry. In the case of heavy-neutrino dark
matter, the required symmetry does not typically arise from any fundamental principle, and is
added in an ad hoc manner.

12.2. Sneutrinos

In some supersymmetric models, the LSP might be a sneutrino, the spin-0 supersymmetric
partner of the neutrino. As is the case for the neutralino, the sneutrino relic abundance depends on
numerous supersymmetric parameters. For reasonable assumptions, a sneutrino with mass in the
range 550 GeV <m; <2300 GeV can result in an interesting (i.e., 0.1 < Q;h* S 1) relic density [176].
The sneutrino—nucleus interaction is four times the Dirac-neutrino—nucleus interaction [176], so
the direct-detection limits to sneutrino dark matter in our halo are similar to those for heavy
neutrinos. The end result is that sneutrino masses above a TeV or so are probably still consistent,
although recent results from the Heidelberg—Moscow direct-detection experiment [399] may rule
out these masses as well [176].

12.3. Other supersymmetric dark-matter condidates

There are several candidates for supersymmetric-particle dark matter other than the minimal
neutralino on which we have focussed and the sneutrino discussed briefly above. These include
gravitinos, axinos, and neutralinos in nonminimal models.

Nonminimal neutralinos: Although we have focussed on the minimal supersymmetric extension
of the standard model, it is quite plausible that the low-energy manifestation of supersymmetry
could be more complicated than the MSSM. The neutralino in these models may also be a suitable
dark-matter candidate, and generically, we would expect its interactions to fall within the rather
broad range allowed for the general MSSM neutralino. However, the detailed form of the
interactions could be different than those presented here [400].

Gravitinos: In supergravity theories, the graviton possesses a supersymmetric partner, called the
gravitino, with extremely weak couplings to other matter. Cosmology of the gravitino [401, 402] is
significantly more speculative than for the models we have so far discussed, because the physics of
the gravitino must be considered at energies and temperatures right up to the Planck scale.
Gravitinos will decouple at temperatures of order the Planck scale. If they behave as standard
stable thermal relics, with an abundance determined by consideration of this decoupling, then they
must have a mass less than a few keV [401]. However, it is generally believed that such a primordial
gravitino abundance will be washed out by a later inflationary epoch. Note that this requires an
upper bound for the reheating temperature at the end of the inflationary period so that the
gravitinos are not regenerated [402, 403]. Another constraint arises from the fact that the
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next-lightest supersymmetric particle must decay to a gravitino plus ordinary particles. Since the
coupling to gravitinos is so weak, this next-lightest particle will be very long-lived. There is
a danger then, that the products of this decay will contain high-energy gamma rays which can
photodisintegrate the products of big-bang nucleosynthesis [403]. Generally, the cosmological
consequences of gravitinos are dependent on the properties of an associated superparticle produc-
ed in gravitino decay. As another example, a scenario involving gravitinos and sneutrinos was
considered in Ref. [404].

Axinos: Another possibility for supersymmetric dark matter can be found in models which
combine axions and supersymmetry. The axion will have a supersymmetric partner, the axino, with
possibly interesting cosmology [148, 405]. The axino may be the lightest supersymmetric particle,
or it may decay to the lightest supersymmetric particle. Since the couplings of the axino are weak, it
is generally long-lived even when quite heavy. When the axino is the lightest supersymmetric
particle, a mass of a few keV implies that it can be warm dark matter. A combined axino—gravitino
scenario has been considered in Ref. [406].

13. Conclusions

The evidence that dark matter outweighs luminous matter in the Universe by at least a factor of
ten is overwhelming. There are numerous additional arguments that this dark matter must be
composed of some new exotic substance. Theories of new physics beyond the standard model
provide numerous candidates for the nonluminous component. In particular, theories which
involve supersymmetry may be the best candidates for new physics, and a by-product of supersym-
metry is a stable new particle — usually the lightest neutralino — which has a cosmological
abundance similar to the abundance of dark matter.

Thus, if supersymmetry exists, it is reasonable to expect that the dark matter in the Universe and
in the Galactic halo could be neutralinos. There are several avenues toward discovery of such
particles in our halo. These include direct detection in a terrestrial laboratory, observation of
high-energy neutrinos from neutralino annihilation in the Sun and Earth, or possibly measurement
of anomalous cosmic rays produced by annihilation in the halo.

In this review, we have discussed the dark-matter problem, the WIMP solution, and prospects
for WIMP detection in some generality. We then specialized to low-energy supersymmetry which
embodies a broad class of particle theories in which the WIMP paradigm is realized concretely.
The minimal supersymmetric extension of the standard model was described with an emphasis on
those elements needed for dark matter. Superparticle masses and couplings and laboratory
constraints on them were described, and calculations of cosmological abundances and detection
rates were presented in some detail.

13.1. Summary of calculations

Fig. 62 shows a diagrammatic summary of our discussion of supersymmetric dark matter
showing the connections between the various calculations and experimental and astrophysical

constraints. Below, we summarize the review with a discussion of the various components shown in
Fig. 62.
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A generic minimal supersymmetric extension of the standard model is specified by 63 parameters
(masses, mixings, and couplings). A 63-dimensional parameter space is difficult to study, so
relations between the various parameters are often assumed. The phenomenology of the full range
of the 63-dimensional parameter space can be investigated by restricting ourselves to only
a handful of parameters, if these imposed relations are chosen reasonably and properly. Three such
sets of relations were described. These model parameterizations are discussed in Section 4 and
Appendix A.

First are the simplified supersymmetric models, which are specified by six parameters. In these
models, all squark and slepton masses are assumed to be degenerate with no sfermion mixing.
These simplified models are easier to manipulate analytically than the generic MSSM. Further-
more, they have been studied extensively in the literature since they represent a relatively simple
class of “toy” models for supersymmetric dark matter. However, the simplified models are unrealis-
tic. The practical model involves a more correct selection of the low-energy supersymmetric
parameters.

Instead of specifying sfermion masses by hand, one should take as input the parameters in the
soft supersymmetry-breaking terms in the Lagrangian that give rise to the superparticle masses.
The practical model parameterization involves specific (although still somewhat arbitrary) rela-
tions between these couplings. The final model specification described here is the supergravity
(SUGRA) model specification. The MSSM is almost certainly the low-energy limit of some
high-energy theory — for example, a grand-unified, supergravity, or string theory — and the 63
MSSM parameters would then be related to a handful of parameters in this more fundamental
theory. We have given a brief discussion of supergravity theories, in which the fundamental
Lagrangian is specified by nine parameters. There have been numerous other supergravity,
SUSY-GUT, and string theories presented in the literature which have some realization of the
generic MSSM as their low-energy limit. Therefore, the general discussion in this Report can be
applied to these models as well.
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Once the Lagrangian of the generic MSSM is specified, the superparticle masses and couplings
can be obtained by diagonalization of the mass matrices. First of all, one must check that the
vacuum of the theory is neutral (i.e., that there is no charge- or color-breaking vacuum expectation
value). Then, if the lightest supersymmetric particle is not a neutralino (nor a sneutrino; see Section
12.2), then there will not be a supersymmetric dark-matter candidate (although the model may still
be phenomenologically viable). The model must then satisfy all known accelerator constraints to be
acceptable. The most robust and model-independent of these constraints, those which come from
Z.° decays to charginos, neutralinos, and Higgs bosons, and those which come from b — sy decays,
were reviewed in Section 5. The same calculations can be used to forecast sensitivities of next-
generation experiments to various models. There may be additional accelerator constraints on the
MSSM, but a discussion of how these are obtained from the data for a generic model is quite
involved and beyond the scope of this article. For a more complete discussion, see, e.g., Refs. [ 19, 20].

The next result of interest is the cosmological-abundance calculation described in Section 3. The
abundance of a neutralino is determined by its annihilation cross section, the subject of Section 6,
and this can be written in terms of the s-wave (“a terms”) and p-wave (“b terms”) contributions. If
a model is to be cosmologically viable (barring some exotic early-Universe phenomena; Section
3.5), the neutralino should have a relic abundance @, <1. To be a candidate for the halo dark
matter, it should have a relic density in the range 0.01 $Q, k% <1. Smaller neutralino relic densities
are astrophysically acceptable, although it is unlikely that such models could constitute the
primary component of the halo dark matter.

One can then search for experimentally and cosmologically viable WIMPs. The local halo
density and velocity distribution are the primary sources of astrophysical uncertainty in the
predicted detection rates (Section 2.4). Both direct and energetic-neutrino searches depend prim-
arily on the WIMP-nucleus interaction (Section 7). In addition to the supersymmetric model
parameters, these cross sections depend on experimental and theoretical input from QCD and
nuclear physics, and these input are currently the source of some uncertainty. The predicted
energetic-neutrino rates further depend on the WIMP-annihilation cross sections (but only the
a terms), the neutrino spectra from WIMP-annihilation products, and the interactions of neutrinos
with the solar medium (Section 9.5). The neutrino spectra are another source of uncertainty. In
Section 11, we give sample results of all the above calculations and demonstrate the feedback
process described in Fig. 62.

In order to be an acceptable dark-matter candidate, a neutralino must be consistent with the
constraints already set by the first generation of direct-detection and energetic-neutrino searches,
as well as consistent with known accelerator bounds. If a given model violates current limits from
direct and indirect searches for particle dark matter, it is still conceivable that the supersymmetric
model is viable. This would be the case, for example, if the canonical calculations resulted in
a cosmological abundance too small to account for halo dark matter, or if some loophole in the
relic-abundance calculation were in operation. The good dark-matter candidates will be the target
of forthcoming direct, indirect, and accelerator searches.

The a terms of the annihilation cross section are also needed for the flux of anomalous cosmic
rays produced by WIMP annihilation in the halo. The sensitivity of current cosmic-ray measure-
ments are sufficient to probe only a very small family of WIMP candidates. Moreover, predicted
cosmic-ray fluxes are subject to numerous astrophysical uncertainties, so comparison of a
given model with observations is much more imprecise than it is in the case of direct or
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energetic-neutrino searches. Still, a cosmic-ray signal is sometimes predicted for models which have
very small direct-detection and energetic-neutrino rates, so cosmic-ray searches may provide
a complementary avenue towards the discovery of particle dark matter.

13.2. Central results

We now summarize the central results needed for supersymmetric-dark-matter calculations.
First we begin with the determination of the superparticle masses. The chargino masses are
obtained by diagonalization of the chargino mass matrix, Eq. (A.17), and diagonalization of the
neutralino mass matrix, Eq. (A.20), gives the neutralino masses. The Higgs masses are given in Egs.
(A.23) and (A.24). The squark, slepton, and sneutrino masses are obtained by diagonalizing the
appropriate mass matrices in Egs. (A.25)—(A.28). Couplings needed for cross sections throughout
the paper are given in Appendix A.

The laboratory constraints to supersymmetric models reviewed here are those from limits to
Z°-boson decay to neutralinos, charginos, and Higgs bosons. The rate for Z decay to charginos and
neutralinos is given in Eq. (5.2), and that for decay to h®A° pairs is given in Eq. (5.1). Additional
constraints to the Higgs sector come primarily from b — sy limits. The calculation of the rates for
these decays in the MSSM is outlined in Section 5.6.

The cosmological abundance of a WIMP, €, , is given in terms of the coefficients a and b in the
nonrelativistic expansion of the total annihilation cross section, Eq. (6.1), by Egs. (3.6)-(3.8). The
a and b contributions to the total annihilation cross section are listed in Section 6. The results for
a and b for all annihilation channels are summarized in Table 2.

The cross section for neutralino-nucleus elastic scattering is crucial for the prediction of
direct-detection and energetic-neutrino rates. The cross section can be split up into two parts: that
due to the spin interaction and that due to the scalar interaction. The “standard” total cross
sections at zero momentum transfer for the spin and scalar interaction, that are used subsequently
for direct- and indirect-detection rates, are given in Egs. (7.16) and (7.36). The differential direct-
detection rate is given in terms of an arbitrary form factor F(Q) and WIMP velocity distribution
T(Q) in Eq. (8.6). The differential event rate for a WIMP velocity distribution appropriate to an
isothermal halo corrected for the solar-system velocity through the halo, but for an arbitrary form
factor is given in Eq. (8.17), the central result of Section 8. The total event rates assuming no
form-factor suppression and assuming an exponential form factor are given in Eqgs. (8.18) and
(8.21), respectively.

The rate for observation of upward muons induced by energetic neutrinos from WIMP annihila-
tion in the Sun and Earth is provided in Eq. (9.2). The annihilation rate I that appears in Eq. (9.2) is
written in terms of the capture rate C in Eq. (9.7). The rate for capture in the Sun via the axial-vector
interaction is listed in (9.19), and the rates for capture in the Sun and Earth via the scalar
interaction for all but a few pathological cases are provided in Egs. (9.26) and (9.27). The neutrino
spectra that appear in the expression, Eq. (9.2), for the upward-muon flux are listed in Section 9.5.

13.3. Concluding remarks

Although our discussion focussed on the neutralino, we might expect similar astrophysical
phenomenology for any stable particle with weak couplings to matter (Section 12). The most
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commonly discussed WIMPs — apart from MSSM neutralinos — are heavy fourth-generation Dirac
or Majorana neutrinos, sneutrinos, or neutralinos in non-minimal supersymmetric models. The
study of Dirac and Majorana neutrinos is especially instructive, since most of the available
parameter space for these models has been ruled out by a variety of considerations described here.

In this review, we have described calculations for the most general MSSM. Numerically, surveys
of the entire parameter space lead to a broad range of relic abundances and detection rates for the
entire parameter space, which provides little guidance for experimental searches. Therefore, where
possible, we provided general model-independent comparisons of various event rates for models
which in some sense are more “likely.”

Another avenue which should be (and is currently being) pursued is the study of the low-energy
supersymmetric theories which arise from GUT, supergravity, or string theories. By doing so, one
can focus on the regions of parameter space that are more “likely” from a fundamental perspective
rather than surveying the vast parameter space as we do here. We still do not have an understand-
ing of the 18 parameters of the standard model, so any given theoretical prediction of all 63 SUSY
parameters should be taken with a grain of salt. Still, many such theories can account for the
standard-model particle spectrum to some extent, and these models will similarly suggest relations
between superparticle masses. The literature on phenomenology and cosmology of supergravity-
or SUSY-GUT-derived low-energy models is quite large. As an example, several authors have
argued that a pure B-ino is favored as the LSP in SUSY-GUT and supergravity models, but there is
some disagreement about the preferred mass range [407]. Furthermore, some authors claim that
naturalness leads to an upper bound to the B-ino mass of order a few hundred GeV [257, 408]
(roughly coincident with the cosmological upper bound [132, 134]). More discussions of which
models are favored from the viewpoint of unified theories are needed.

Also on the particle-physics front, the spin and strangeness content of the nucleon need to be
determined more precisely, and an improved understanding of the relevant nuclear physics would
be useful.

In astrophysics, the most important issue for dark-matter detection is the determination of the
local halo density. As discussed in Section 2.4, there is potentially a large uncertainty in the local halo
density due to imprecise knowledge of the amount and distribution of luminous and nonluminous
(MACHOs?) matter in the bulge and disk. Improved dynamical constraints and Galactic models
are needed, and the microlensing events toward the bulge must be understood. The halo fraction of
MACHOs has been estimated but still needs to be determined to greater precision [64].

Progress in the search for dark matter will most likely come with new experimental develop-
ments. The strongest accelerator test of supersymmetry will come with the advent of LEP-II.
A large fraction of the Higgs parameter space will be probed by searches for direct production of
neutral Higgs bosons. Unfortunately, LEP-II will still be insensitive to some fraction of the models,
80 it is possible that supersymmetry exists even if it does not make itself manifest at LEP-II.

Predicted rates for detection of dark-matter neutralinos vary over several orders of magnitude.
The first generation of direct and indirect searches probed only the most optimistic of these models.
The second generation of direct-detection technologies and astrophysical neutrino detectors are
currently being assembled. The sensitivity of these experiments to particle dark matter will be
increased by an order of magnitude or more, and a significant fraction of the theoretically favored
models will be accessible. However, realistically, development of even larger detectors will be
needed to test the majority of WIMP candidates currently discussed by theorists.
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Appendix A. Construction of the MSSM
A.1. Introduction

In this Appendix, we provide the details of the construction of the MSSM which are necessary in
order to perform explicit calculations. This means that we write down all of the required interaction
terms in complete generality and in a uniform convention. This Appendix can be read as
a self-contained introduction to the technical details of supersymmetric-model construction.

A.2. Superfield formalism

The most compact form for the Lagrangian of a supersymmetric field theory is obtained with the
superfield formalism [409, 4107]. When written in terms of superfields, the theory possesses manifest
supersymmetry. [t would be well beyond us to give a detailed review of this formalism, and we refer
the interested reader to some of the many expositions which are available [16, 152, 153].

Put simply, a superfield is a collection of “component” fields, describing excitations such as
fermions, scalar fields, or gauge particles, organized in such a way as to make the action of
supersymmetry transformations on these component fields simple when written in terms of the
superfield. The various component fields of a given superfield are the members of a supersymmetric
multiplet. A superfield is written as a formal polynomial in abstract spinor symbols, which we
denote 6,, 0;, and which are required to satisfy anticommutation relations, {6,,60;} =
{0,,0;} = {0,, 83} = 0. These symbols are called the superspace coordinates, and they transform
as spinors with respect to Poincare transformations. A generic superfield will look like

B(x, 0, 0,) = F(X) + 04%(x) + O,° (%) + 0,0°m(x) + 0,0%n(x) + 0,(6*)**0;v,(x)

1 0,000,X%(x) + 0,0%0,0%(x) + 0,0°0,8°d(x) , (A.1)
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which contains scalar, spinor, and vector component fields. As a necessary feature of the formalism,
some of the component fields turn out to be nondynamical; these auxiliary fields can be eliminated
using their equations of motion, at the expense of destroying the manifest supersymmetry. As
representations for the supersymmetry transformations, superfields are generally reducible. The
unique irreducible superfield representations are of two types. The first type of irreducible
representation is provided by chiral superfields, which are superfields that satisfy the constraint

(6/69“ + ig“(aﬂ)mau) (pchiral =0. (A2)

The second type of irreducible representation is provided by vector superfields, which satisfy the
constraint

¢vector = (p\jector s (A3)

These constraints eliminate certain combinations of component fields, but do not destroy manifest
supersymmetry. As their names suggest, these fields give supersymmetric versions of two standard
types of nonsupersymmetric fields. A chiral superfield turns out to be the appropriate supersym-
metric analogue of a chiral fermion field, and a vector superfield turns out to be the appropriate
analogue of a gauge field.

In order to construct an action functional, we must remove the scaffolding of superspace
coordinates without destroying manifest supersymmetry. A method is provided by the well-known
Berezin rules for integration of Grassman-valued variables, { d0 = 0; [ d6 6 = 1. Using this defini-
tion, the most general perturbatively renormalizable polynomial action for a theory of a chiral
superfield can be written as

S = Jd“x [ szﬁ d?0 o' + sze{w + mPPd + KCDQD@}:I . (A.4)

The second term, involving powers of @, is called the superpotential. The first term is correctly
identified as a kinetic-energy term, and the minimal coupling prescription for interaction with
a vector superficld can be shown to be

f 426 420 o'd — f d20 d20 ¢1e?? @ (A.5)

where V is the vector superfield.

The remaining required term is a kinetic term for the vector superfields. The appropriate
definition of the kinetic term for a non-Abelian gauge superfield is somewhat involved, and we will
not require its explicit form, so we leave that undiscussed. Interested readers can consult Ref. [16].

A.3. Minimal supersymmetric standard model: general discussion

The construction of the minimal supersymmetric standard model proceeds as follows. Consider
a supersymmetric field theory, the superfield content of which is sufficient to incorporate the fields
of the standard model as components. Allow all those interactions which are gauge-invariant and
renormalizable, and allow no more superfields than the minimum required to encompass the fields
of the standard model. This defines the minimal supersymmetric standard model (MSSM). The
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chiral superfields of the MSSM are the quark and lepton superfields

ELia é:Ri: QLI’: gZRia ﬁRi s (A6)
together with the Higgs superfields
H,, H,. (A.7)

The superfields O, L, H,, and H, carry SU(2)w indices in the usual way; they are weak doublets.
The index i on the quark and lepton superfields is a generation index, and we will consistently use
Latin indices i, j, k as generation indices. The vector superficlds are those appropriate to the
U(1)y x SURQ)w x SU(3), gauge symmetry,

B, W=, G°. (A.8)

We have introduced the hat notation for superfields in order to distinguish them from their
ordinary counterparts. The superfields of the MSSM are listed in Table 11.

The existence of two Higgs superfields at first seems nonminimal. However, it is not possible to
introduce Yukawa couplings of both up- and down-type quarks to the same Higgs field in the
MSSM. One may recall that in the ordinary standard model with one Higgs doublet, down- and
up-type quarks couple respectively to H and H® = it,H*. But in a superpotential for chiral
superfields, a superfield cannot appear together with its adjoint; no such supersymmetric term
exists. Thus an extra Higgs field is required. Furthermore, it can be shown that the existence of the
second Higgs superfield is required to avoid a gauge anomaly which would otherwise result from
the unpaired chiral fermion which exists in the Higgs supermultiplet [166].

With the above field content, we write the supersymmetric Lagrangian of the MSSM,

gS = gvectorkinetic + gminimalcoupling + sz@ W s (A9)

where # is the superpotential for the chiral superfields,
W = — ﬂﬁlﬁz -+ ﬁlhijLALiéRj + I:\Ilh'iij\LiJRj — gzhfijQLiﬁRj . (AIO)

Here, p is the so-called higgsino mass parameter that appears in the neutralino and chargino mass
matrices. Weak doublet fields are implicitly contracted using the SU(2) tensor &,,. The matrices A,
are the Yukawa coupling matrices, related to the fermion mass matrices, M., M,, and M, in the
usual way,

g g g
= ——— Me; h - M ; hll = Mu )
ﬁmw cos fi ¢ \/Emw cos f ¢ \/Emw sin f§

where tan § is the ratio of vacuum expectation values for the Higgs fields.

In actual fact, we have already broken our specified rules for the construction of the Lagrangian.
The superpotential written here does not constitute the most general superpotential possible. There
exists another class of interactions, the so-called R-parity violating interactions, which we have not
included. These interactions produce unsuppressed tree-level baryon- and lepton-number viola-
tion. The existence of such interactions would make the MSSM a phenomenological disaster. It is
exceptionally convenient that these terms can be eliminated by the imposition of a discrete
symmetry, R parity, which is a remnant of a continuous U(1)g rephasing symmetry involving the

(A.11)
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Table 11
Field content of the MSSM as in Ref. [18]

Superfield Component Fields Quantum Numbers Name
(SUE), SUQ), U(1)

Matter fields
@& <“L> =Q, (3,2,1 left-handed
d, quark doublet
(2)=2
a) "
fip ul (3%,1, — %9 right-handed
i up-quark singlet
dr & (3%.1, +2) right-handed
di down-quark singlet
"LL (29
1,2, —1) left-handed
L lepton doublet
(o
éL
er e (Lt +2) right-handed
é lepton singlet
R Gauge fields
w w#
s (1,0,3) SUQ).
. gauge fields
W,
()
B B (1,1, +2) u(1)
B gauge field
Higgs fields
i,
(1.2, +1) up-type

higgs doublet

(1,2, — 1) down-type
higgs doublet

T
TN TN TN TN
Bl 1S S B Be o
N N N N

RO ALAO AL RO R 480 & 4

superspace coordinates. In terms of its action on component fields, R = ( — 1)3® 025 where
B and L are the baryon and lepton numbers, and S is the spin. The necessity of this restriction is an
annoyance, compared to the case of the nonsupersymmetric standard model where baryon and
lepton number arise as accidental symmetries of the most general gauge-invariant and renormaliz-
able Lagrangian. Deviations from exact R invariance have been studied to some degree, however
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one must then provide a mechanism to explain the required smallness of the deviations. Thus our
definition of the MSSM is such that R parity is an exact symmetry. This has the important
consequence that there exists a lighest particle with R = — 1, and this particle must be absolutely
stable. It is often called the lighest supersymmetric particle (LSP).

The theory specified by Eqgs. (A.9) and (A.10) is a manifestly supersymmetric theory of fields
interacting with themselves and with their supermultiplet partners. These partners must, of course,
have the same masses as the usual standard-model particles to which they are related, and this is in
direct contradiction to experimental facts.!® So another layer of complexity must be contemplated;
somehow supersymmetry must be broken so that the undesirable partners are given masses high
enough that they could not have been already discovered in high-energy collisions. On the other
hand, this breaking mechanism should not destroy that feature of a supersymmetric theory which is
arguably most desirable, the softened ultraviolet behavior of radiative corrections. Such well-
behaved breaking is called soft breaking. Following Girardello and Grisaru [167], one can write
down the most general gauge-invariant soft supersymmetry-breaking terms involving the fields of
the MSSM,

Loott = — m% |H1I2 - m% |H,|? — mfz(Hle + HFH}) — ~EiMQZijQ~Lj - ﬁIT(iMuZijaRj
- J]L‘Mézijgl{j - f‘{iM]:zijELj - é;{, Méz,jéRj + HZQLi(huAu)ijﬁRj - HlQLi(hdAd)ijJRj
— H Ly i(heA,)ijér; — 3IM BB + MWW * + MGG . (A.12)

The fields here are not superfields, but component fields; i indicates the scalar partner of a fermion
i, and V indicates the fermionic partner of a vector boson V. The parameters A, are materices in
flavor space with the dimensions of mass, and the M? (for x = Q,u,d, L,¢) are each 3 x3
symmetric matrices with dimension of mass squared.

These soft-breaking terms are to be understood as terms of an effective Lagrangian at energy
scales less than the scale at which the supersymmetry-breaking mechanism is defined, Egg. Being an
effective Lagrangian, %, provides a complete description of the symmetry-breaking physics at or
below the scale at which that physics is specified, and there is no need to consider the origin of the
symmetry breaking when studying the phenomenology of the theory at low energies, E < Egg.
However, % cannot be expected to describe faithfully processes at scales greater than Egg, where
it presumably has an origin in some specific dynamical mechanism. It is in this sense that the
MSSM is an incomplete theory, and it is in this sense that our earlier comment about the apparent
necessity for some new physics in which to embed the softly broken MSSM is meant. Nevertheless,
the theory given by %5 together with ¥ is a complete description of the possible physics below
the scale Egg, as it must be, and no generality is lost by considering it for phenomenological study.
The only restrictions we have so far invoked are the restriction on the field content and the
restriction on the existence of R-violating interactions.

We have chosen to write the fermionic fields of the resulting theory as four-component spinor
fields. Since gauginos and higgsinos are Majorana fermions (two-state particles), this leads to

13In fact they must have vanishing mass, since electroweak-symmetry breaking cannot occur if supersymmetry is
unbroken.
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certain oddities in the interactions (see, e.g., Ref. [20] for further details). However, on the whole it
is a more approachable form, due to the familiarity of the associated algebraic manipulations and
conventions.

At this point, to make the final step toward the phenomenology of the MSSM, we will eliminate
the auxiliary fields, destroying the manifest supersymmetry. In the absence of the soft-supersym-
metry-breaking terms, this would be a foolish thing to do. However, because of soft breaking, the
vacuum is not supersymmetric, and nothing can be gained by calculating in a manifestly supersym-
metric manner. It is after this point that the MSSM can be regarded simply as a normal field theory,
with some extra fields and some unusual relations among various coupling constants. The
elimination of the auxiliary fields creates various contributions to the Lagrangian in terms of
component fields. We now enumerate the types of terms which arise.

For the scalar potential, the elimination of the auxiliary fields gives

Vscalar = % DaDa + Fr:an s (A13)

where, letting {A4,} denote the scalar fields of the theory which are components of the superfields
{4,},

oW

Fop=——
n aAn)

D¢ =gA¥T*°A, , (A.14)
Derivatives of the superpotential with respect to a scalar field are understood according to this rule:
in the function ¥, replace each superfield with its scalar component and then compute the
indicated derivative. The T* are gauge generators. The sum over adjoint group indices, a in Eq.
(A.13), is understood to be over all the group generators of U(1) x SU(2) x SU(3). We have set the
so-called Fayet—Iliopoulos term to zero, as it must generically be very small for phenomenological
reasons [166].
For the Yukawa interactions, the elimination of the auxiliary fields gives

1 P\ -, W \* .
Lyukawa = — 5 [(m) A PLm + (m) lﬁnPRlpmJ ) (A.15)

which gives the previously mentioned identification of the superpotential couplings with the
Yukawa couplings of the fermion fields.

For the gauge interactions, the Lagrangian in terms of component fields is, letting y be a fermion
field with superpartner ¥, and letting V, be the gauge boson with superpartner V,

Lo = —EFLF" + 3igfac V" VOV — gV iy T — igV (' TE0
— V29PN T + G7T) + g>VEV =TT . (A.16)
A.4. Minimal supersymmetric standard model: spectrum and interactions

Using the above prescriptions for calculating the component field interactions from the super-
potential, we will now construct the Lagrangian in terms of component fields. The first step is to
diagonalize the various mass matrices to obtain the mass eigenstates.
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First, we diagonalize the mass matrices for the charginos and neutralinos, which are the
fermionic superpartners of the gauge bosons and Higgs particles. Then we discuss the Higgs sector.
Then we diagonalize the sfermion mass matrices. We assume that the familiar fermion mass
matrices are already diagonalized. The effect of this diagonalization procedure is to introduce
a flavor mixing matrix in the charged-current interactions of the quarks, the Cabibbo—
Kobayashi-Maskawa matrix, Vegy. In the usual way, there is no observable effect of the
diagonalization of the lepton mass matrix, due to the freedom to absorb any rotation by a counter
rotation of the neutrino fields. The effect of this rotation on the sfermions will be considered when
we discuss their mass matrices. Henceforth, when we write a quark or lepton field, it will be
understood to be a mass eigenstate.

Charginos: In the basis W *—H £, the chargino mass matrix is

Mch=< M ﬁmwsmﬁ). (A.17)
\/Emwcosﬂ u

This nonsymmetric matrix is diagonalized by separate rotations of the negatively and positively
charged states, M&? = UM_, V. The matrices U and V will appear in the interactions of the
mass-eigenstate charginos, which will be designated y,* = 1, 2. Note that our definition is such that .
the eigenvectors of the mass matrices lie in the columns of the corresponding diagonalization
matrices. This differs from the convention of Ref. [20], where the eigenvectors lie in the rows of the
diagonalization matrix. The explicit forms for the chargino mixing matrices are

_[(cosp_  —sing_
U_<sin¢_ cos ¢ . >
V=<cos¢+ — sin ¢+>, AI8)

sin¢g,  cos¢p_

where
tan2¢_ = 2/ 2y (psinf + M cos )

(M2 — i + 2m, cos 2f)

(pcosf + M,sinf)
(M2 — p? + 2myg; cos2p)

We do not choose the convention that the masses are positive; instead, the sign of the mass term is
allowed to be positive or negative, which corresponds to the CP eigenvalue of the particle. Had we
fixed the masses to be positive, this quantum-number information would otherwise appear in the
mixing matrix. Of course, the convention cannot change any physical results. The merit of our
choice is more clear in the case of the neutralino mass matrix. By allowing the masses to have either
sign, it is possible to work with purely real-valued mixing matrices; the subsequent simplification
for manipulations of the couplings is worthwhile, especially in numerical calculations.*

tan2¢. = 2./2my (A.19)

14 In this article, we assume that the interactions of the charginos are CP conserving. Then My, M,, and u are real and
U and V are real matrices. Even so, our formalism throughout allows the diagonalization and mass matrices to be
complex, so our equations will accommodate CP-violating models as well.
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Neutralinos: The neutralino mass matrix, in the B-W 3-H? — A basis, is

Ml 0 — MzCpSw MzSpSw
0 M2 MzCpCw — MzSpCw
Maou = ‘ . (A.20)
— MzCpSw  MzCplw 0 — U
MzSgSw — MzSpCw — U 0

where ¢; = cos f, s = sin 8, ¢w = cos O, and sw = sin Oyw. This Hermitian matrix is diagonalized
by a unitary transformation of the neutralino fields, M 228 = N M, N. The matrix N will appear
in the interactions of mass-eigenstate neutralinos, which will be designated !, n = 1, 4. In what
follows we will consistently use the indices m, n as chargino or neutralino indices. Again, we have
defined the diagonalization procedure such that the eigenvectors lie in the columns of the diagonaliz-
ation matrix. As mentioned above for the chargino states, we allow the masses to have either sign,
and this means that the mixing matrices can be chosen to have purely real-valued entries.*>

Higgs sector: Next we consider the Higgs sector. There are five physical Higgs states, which we
denote by h°, H® H* A® The neutral CP-even states h® and H® are mixtures of the neutral
components of the interaction-state Higgs fields [19,411]. The mixing angle is called «, and

satisfies
mlz{ + mﬁ mi — m2
sin 200 = — sin 2f8 (2——2> ,  cos2o= —cos2f <——2——32) . (A.21)
My — My, my — My
At tree level, the masses of the neutral Higgs bosons are related by
Mgy =% (M3 + m2 + /(m + m2)? — dm2m3 cos?2p) . (A.22)

The ratio of the two vacuum expectation values is tan f§ = v,/v;. Any two parameters amongst the
masses and angles determine the others. Furthermore, the charged-Higgs-boson mass is related to
the pseudoscalar mass by

Mmi. =mi + my, . (A.23)
A

Beyond tree level there are also corrections which depend on fermion masses, other combinations
of standard-model couplings, and sfermion masses. If these quantities are taken as known, it
remains true that two of the Higgs parameters suffice to fix the rest.

The radiative corrections to the Higgs sector are somewhat involved in full generality. We refer
to the literature for a complete discussion [201-2117. To indicate the nature of the results, we can
quote a simplified form for the correction which is often useful,

mg g =4(m; + mj + ¢+ 4),
A = [(m3 + m3 + &)* — dmim3 cos*2f — 4em3 sin® B — 4emZ cos® f1'2,
£ = 397 mi
8n? mi, sin” B

my

In(l + m2/m?) . (A.24)

15 Again, in this article we restrict ourselves to CP-conserving neutralino interactions, so M__ and N will be real

matrices, although the formalism presented here allows for CP-violating interactions.

neui
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The H*-A° relation, Eq. (A.23), is to a good approximation unchanged by the radiative correc-
tions.

Note that the numerical code described in Appendix B uses a somewhat more general result for
the radiative corrections. The appropriate results are given in Eq. (3.77) of Ref. [199]. Numerical
results presented at various points in this review were computed using this code.

Squarks, sleptons, and sneutrinos: Finally we must diagonalize the sfermion mass matrices. Note
that generally these mass matrices give rise to a mixing between all six sfermions of a given charge.
For example, the up-type squark states i ;, tig; will mix amongst themselves, and similarly for the
down-type squarks and the charged sleptons. The sneutrinos are slightly different in that there are
only three states, ¥;; . These 6 x 6 mass-squared matrices, written in terms of 3 x 3 blocks, are

a - (M + MIM, + m33 — e,sw) cos 2B My(A, — pcot ) (A25)
! (A — p*cot pyM ] ME + MM, + mie,s?, cos2p)’ ’
N2 - M3 + MIMy — m3 (3 — eqsiv) cos 2B Mqy(Aq — ptan f) (A.26)
d (A} — p*tan B)M] M3 + MIMy + m2eqsd, cos2)’ '
M2 — M]% + MZMe - m%(% - eeS%V)COSZﬁ ME(AE - ‘Litanﬁ) (A 27)
¢ (A} — u*tan pyM] MZ+ MIM, + emlsi cos2f)’ '
and the 3 x 3 sneutrino matrix is
M2 = M2+ 4 mZcos2f, (A.28)
where the M2 and A, are the matrices of soft-supersymmetry-breaking parameters that appear in
Eq. (A.12). The e; are the electric charges, e, = 2/3, e4 = — 1/3, and e, = — 1. The terms propor-

tional to fermion mass matrices arise from F terms and the terms proportional to a gauge-boson
mass arise from D terms, when the Higgs field acquire vacuum expectation values; see Eq. (A.13).
These Hermitian matrices are diagonalized by unitary matrices, M29%¢ = @1M20,.1° We denote
the mass-eigenstate charged sfermions byfj withj =1, ...,6, where fis any one of u, d, e, indicating
the family of up-type, down-type, or lepton-type fermions. The sneutrino family is similar except
that there are only three states, v; with j = 1,2,3. It is important to note that we can perform
a preliminary rotation of the sfermion fields in generation space, such that the fermion mass
matrices, M, M4, and M., which appear in the 3 x 3 blocks are diagonal. We do this by rotating
the left and right sfermion fields by the same unitary transformations which were used to rotate the
left and right fermions in the process of diagonalizing the fermion mass matrices. This involves
a change in the definitions of the matrix soft-breaking parameters 4, and M3. Since there is no
preferred basis in which to specify these matrices, there is no loss of generality implied by this
redefinition. This redefinition is most convenient because it then becomes manifest that off-
diagonal squark-flavor mixing will not occur in the case of flavor-blind soft supersymmetry

16 Once again, in our numerical work, we restrict ourselves to CP-conserving squark interactions, so the matrices A,,
M2, and therefore M2 and @, can be chosen to be real. If one allows for CP-violating squark interactions [412], then
these matrices will in general be complex. Qur formalism is sufficiently general to take into account such CP-violating
interactions.
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breaking, i.e., in the case that the soft-breaking terms are flavor symmetric; this defines what we
mean by flavor-blind soft supersymmetry breaking. In general, radiative corrections involving the
fermion Yukawa couplings will induce deviations from flavor-blind soft supersymmetry breaking.
This occurs, for example, in supergravity models where the soft-breaking terms are postulated to be
flavor blind at a high-energy scale; in this case, the leading logarithmic radiative corrections are
summed using the renormalization group, and they lead to flavor mixing in the squark sector. Such
corrections must be applied in the basis in which they are calculated. Ideally one would calculate
only basis-independent quantities, since only such quantities are truly physical; however, it
generally proves convenient to express results in terms of a chosen basis.

From the form of Egs. (A.25)—(A.27), it is clear that squark and slepton mixing is quite generic.
For example, even if all the matrices M% are diagonal and the A, are all zero, there are still
off-diagonal terms in the matrices M2 proportional to the fermion mass matrices. Thus in this case,
there can still be significant mixing between right and left top squarks.

Vacuum alignment: In the context of this model, the vacuum-alignment problem simply means
that no scalar field carrying electromagnetic or color charge should acquire a vacuum expectation
value. Therefore, the above sfermion mass-squared matrices are required to have strictly positive
eigenvalues. This is a minimum requirement which is imposed along with other constraints on the
models which are generated automatically by our numerical code. In principle, there are other
aspects of the vacuum alignment problem in general models, which lead to (usually mild)
constraints on the Higgs sector. A standard example of this is the calculation of Coleman and
Weinberg [413].

MSSM interactions: At this point we can list the interactions in terms of the physical mass
eigenstates. Many of these interaction terms appear in various forms in the literature
[19, 20, 411, 414-416]. We will pay particular attention to the flavor structure and flavor mixing
which occurs, as these ingredients very often do not appear in the literature. We choose not to
reproduce ghost interactions, so it must be emphasized that these interactions are complete only
for diagrams which do not involve gauge-boson or Higgs-boson loops.

First we list all the interactions involving sfermions. These interactions are mainly complicated
by sfermion mixing. It is important to handle the general case properly since the general case
includes the possibility of FCNCs, which are of great phenomenological interest. In order to state
the interactions in the most transparent way, it is best to introduce two projection operators which
have the effect of projecting mass-eigenstate sfermion fields onto subspaces corresponding
to a particular handedness. Call these projection operators IIy and IIy. They are defined
such that

i = (L) Ojii;, tr; = (g )i Ok}, (A.29)

and similarly for the down-type squarks and the charged sleptons. The @ are the sfermion mixing
matrices defined by the diagonalization procedure given above. The case of sneutrinos is different,
since the right-handed family is absent; in this case we have simply ITy = 1, Il = 0. An explicit
realization of these projection operators as matrices is easily given. Consider, for example, the
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up-type squarks with the basis (i, ¢y , 7., i , Cg, fg); in this basis the projection matrices are

100000
m.=l0 100 0 0],

00100
00100

Ig=/0 000 1 0 (A.30)
000001

It is also convenient to define 6 x 6 projection matrices by Iy = ITJ I, Hgr = IT§{II. These
products of projection matrices appear in some expressions which are quadratic in sfermion fields.
As well, we define the projected CKM matrix Vy; = II{V exuIIy, which is a 6 x 6 matrix. Finally,
we have the usual chiral projection operators for Dirac spinors, Py = 4(1 — ys), Pr = 3(1 + ys).
The interactions of sfermions with fermions and neutralinos are given by

Lo = Y, .}?i(PRXflijn + PLW&;H)X;?J?;' + ViPrX i V; + hC. (A.31)

f=u,d,e
The couplings appearing here are

Xtiin = XeaIILO¢)ij + Zpien I O )ij »

Weiin = YeullIrOs)ij + Zeyu(L L O¢ )y » (A.32)
where

an = —( 2[T3fN\;;]n — tan ew(Tg,f — ef)N]%kn] s an =4 2 tan QW engn »

g * g
LZuijn= ——7=——— M Ng,,, Zy;= —————(My); Ni
! 2my sin ! o 2m cosﬂ( i Net

Leijn = (Mo);; Nﬁkl,. . (A.33)

-9
ﬁmw cos fB

Repeated indices are always summed in the expressions we will write. We have indicated elements
of the N matrix using the symbols #, and H, to denote components in the defining basis of Eq.
(A.20). Recall that we have already diagonalized the quark and lepton mass matrices, so that the
mass matrices in the definitions of the Z couplings are diagonal; we have chosen to write them as
full matrices in order to use the summation convention without confusion.
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The interactions of sfermion currents with vector bosons are given by

Liv= — =<z~ Z (T'3r — ersin? HW)E*gu(@gHLL@f)jkf;

COs QW f=u.d,e,v

i . ~ e ~
g yAS Z 43 51n2 wa}*aﬂ(@fTHRR@f)jkfk
Cos HW f=u.d,e.v

—ied® Y eff:.*alfj ig.G* Y. qF qu

I=u.d,e,v q=u, d
— 179 [WH ROV ] Oa)p8udi + W™ TF(OIV110.)58,ik]
2 Il
FHOIITLO,) 8,8 + WH EHOIT10,):0,7] - (A.34)

Here G* is the gluon vector potential; 4%, Z¥, and W* are the usual electroweak vector potentials.
Note that @, is a 3 x 3 matrix since the sneutrino mass matrix is a 3 x 3 matrix; see Eq. (A.28).

Seagull terms also arise, coupling the sfermion currents to pairs of vector bosons. These
interactions are given by

Ly = A, A" Y A+ g2G,.GE Y GFT T,

f=u,d,e q=u,d
g’ 7 =
‘2 2
+—345 z,L* Z (T3¢ — e sin” Oyw) fj*(@fTHLL@f)jkﬁc
LUS Uw f=u.d.e,v
2ge ~ ~
1 P2 pe) 011’\2 & et
T 0 A z ee{T3r — e sin QW)f,*(()fTHLL i
COS Uw f=u,d,e,v
“IC pzn 25in2 Oy 7 (O] e O5) ],
~——27 p Z eg Sin wfj ( ¢ 14RR £) fi
COS™ Uw f=u.d,e
1
27 + -y ~
+ 59 W WE TaHO L Oy) il + gf(@gﬂLL@d)jkgk]

+ gszGaGub Z GaG“a5“bq, q] dabcq;gT ~
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+/209,GHTW FGET {OIV IO W F LT OV 1.0,)5k]
+ 29,A,G* Y e, dFTq;

q=u,d
9
cos Oy

The above interactions of sfermion currents with gauge bosons illustrate the nature of the
FCNCs in the model. FCNCs arise in this case because ITy; # 1, and the unitary of the matrices
®; is not enough to insure a cancellation of flavor-off-diagonal parts of the currents, ie.,
O/, O # 1. Such projections with IT; | arise necessarily because the weak gauge bosons couple
only to left-handed fermions, and supersymmetry dictates they must then couple only to the left
sfermions.”

The interactions Z;,e also generically include FCNCs. For example, consider the part of the
vertex d*—d;—y° proportional to the coefficient Xg,. This interaction is the superpartner of the
neutral current interaction d;-d;,—Z°. In the latter case there are no flavor-off-diagonal terms
because of the GIM cancellation. But the GIM mechanism cannot operate for the mixed
quark—squark vertex since the rotations of the squark fields are independent of the rotations of the
quark fields. Note that the leptonic supercurrents are not immune from this phenomena; leptonic
flavor-changing neutral currents will also arise generically, with manifestations such as
r (u - CY) # 0.

The supersymmetric charged current interactions are given by

+ 2gs Z”Gua Z (T3q — eq Sinz HW) CL* Ta(@(‘—IHLL@q)jk qu . (A35)

q=u,d

gf?xi - g [u PRKUan g + d PRKan(X )c ]:I + [M PRJLJnX:g + dPLJUn(Xn )Cﬁ]]

N

—_g____ Ru +\¢
+\/§sin/3[u PLJ”ang +dPRJUn(Xn) 1]
+ \/TZ@ [viPRIS &) + EPLTS ()] (A.36)
+ h.c,
where
Kﬁ‘i = (VéKMHL@d)iij, K;}ﬁ =VexmdIL ©4)iV 10 » (A.37)

1 1
T = —(VeeuMalIz®o)iUz,  Jijh = —(VeuMall10,)Us
My My

ijn

1 1
JLd = —(V(T;KMMuHL@d)ijvzna JRu = E(VCKMMuHR@u)ijVZn s (A38)
Mw

ijn ijn

17 This incomplete GIM cancelation involving 6 x 6 matrices will be recognized by those readers familiar with extensions
of the standard model involving right-handed neutrinos.
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ijn

1
JRe = E—(MeHR@e)ijUZn H
W

1
Jf}:z =—(M.0,);;U,,, (A.39)
My

Again, note that the mass matrices in the above are diagonal by our previous rotations of the fields.
No projector appears in the equation for J' since the sneutrino mixing matrix is only 3 x 3. Also
note the appearance of the charge-conjugation operation,

e =Cy’ . (A.40)

The interaction of squarks with quarks and gluinos is given by

Las= —~/29s Y, G[PLai(I1,0%); — Pra(Il 0*);;1(T)"G*

q=u,d
+ [@:Pr(ITL®);; — §:PL(ITrO);;1T *G%§; . (A.41)

In the following expressions involving the Higgs fields, we have written the interactions only for
the squarks. In order to obtain the interactions for the sleptons, make the replacements u — v,
d — e. The interactions with the neutral scalars are

g{quO = gﬁiﬁ]HoHoai*aj + g&i&jHOHogi*gj .
gqu = gﬁ,ﬁjmhoﬁi*ﬁj + gﬁi&jhOhogi*dj » (A-42)

where the couplings are

m . .
Joa S — CgS QZW cos(® + ) {(T3y — ey sin® Ow) (O] 1 O + ey sin® HW(@JHRR@u)jk}
g .
" mwsin B sina (O ITIM Iy + I{MZII]0,);
g cosa
- m {(@JH;{MU [,u - Au tan OC] HL@u)jk + hC} . (A43)
94dq,m° = Cg HZW cos(a + ) {(T3d — egsin® Ow) (@THLL@d)Jk + egsin® Oy (O THRR@d)]k}
— I cosa(@[IIIM2y + ITJM2I1,104)x
My COS f8
_gsino sin o

2m cos ﬂ {( HRTMd [//L — Ad cot OC] HL@d)jk + hC} B (A44)
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i ne = 7 HZ sin{a + ﬁ){ T3, — eysin QW)(@THLL@u)]k + e, sin” Oy (O THRR@ )Jk}
W

O[T M2, + I M>11,]6,),
mwSIHﬁCOSOC( u[ R u R+ L u L] )]k

sin o
%m {0 M, [pn + Aycote]ITLO,); + hel,
w

m . . .
dadn = cgs 92 sin(x + f) {(TSd — egsin’ Oy) (@(I I B+ eq sin’ HW(@;HRR@d)jk}
w

g

— _sina(@J[I{MZ2IIx + O MZII104)
My cos f§

g cosa

= D cosf {OIOiMy[p + Agtano]I11O4)y + hc.} .

The interactions with the pseudoscalar are

1
Laaar = —_2rr§zlw A {dHOT{ My + MyAgtan 1111 O4)pd, — hoc.}
+ T;f A (G#(OTE (UM, + M A, cot B] T10, )il — hc.).

The interactions with the charged scalar are

in2
Lyaur = — M H+ﬁj*(@gHLL@d)ijk + h.c.

NG

g
+ o

g
* \/me

HYiX(OHIIM][ — p + Agtan f1IrO4)uds + hoc.

" o

H+?Z;k(@gH£Mu[ — H -+ AuCOt ﬁ]HL@d)jkgk + h.ec..

g
+ Tomm

HYg# Ol [MIMytan p + MIM, cot f111.04),dx + hec.

HYa*OI{[MIM,tan p + MIM4cot B11IrO4)udy + hoc.

(A45)

(A.46)

(AA47)

(A.48)
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The following quartic sfermion interactions are relatively uninteresting for phenomenological
purposes, but we list them as a further illustration of the appearance of squark flavor mixing.

= — 692 [(@}0)° + (dFd)* + 3(dFm)@rd) — @f 4;)(dFd)]?
— 39 [u*(@TﬂLL@ )il — 67’k(@v_—’LL@cl)ﬂc ~*V - e*(@THLL@ )]kek]
— %g° tan? 9W[§”*(@3HLL@u)1kuk +3 g*(@THLL@d)]kak
— $105 (0] g ©,) iy + % J*( IR A
- ~,?k((*DJHLL@e)jkek — VF; + 2e]$(@lHRR@e)jke~k]2

2

ZFQETZ_,B (|(OTIEM JTx@ )iy | ? + | d(OMII M TR0, )it |2}
W

2

g ~
— W {|“j(@uTHEMdHR@u)jkgklz + |Jj(@;1rH1T,MdHR@d)ijklz}

92

T 3 cos? {0 M IO )éy|* + 18O T M IO . );é: |} . (A.49)
W

We will not list the quartic squark—squark—Higgs—Higgs vertices, which can be found in Refs. [411,
415]. The introduction of general squark-flavor mixing follows the above form.

Now we list those interactions involving neutralinos, charginos, and gluinos, without sfermions
[20, 411, 415].

Lwsyzr =W 7" [OmPL + O Prlym + hoc., (A.50)
221 = oo 2l P OPL + 0P ] +5 2 2, O + OEPZS)
(A.51)
L= — AT Locs =g G,G0GH . (A.52)
The couplings appearing in the above are given by
O = — O =3(— N3,N%, + NyuNy)
O = — ViaVim — 3 VauViin + O sin’ Oy
OR = —U¥Uim—3UEUszpm + 0 sin? Oy ,
O = — (UNDNuVin + NoViw,  Ofu=(U\/DNEU sy + NEU o (A.53)

Again we note that our convention for the diagonalization matrices differs by transposition from
the convention of [20]. The indices of N, U, V refer to the defining basis of Egs. (A.17) and (A.20).

The following Higgs-boson interactions with neutralinos and charginos are fixed by supersym-
metry and gauge symmetry, and thus do not display the model dependence typical of Higgs
interactions [20, 411, 415].

Loy = —gcosa HOL [Q%Pr 4 QunPrltm — gsino HO% [SE, Py + SpuPr1m > (A.54)
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ghox*x‘ =49 sin Oﬂho)@f [QJ;kaL -+ anPR]Xr; — gcos OChO)Z; [Sr:kaL + SmnPR]Xr; s (ASS)

L poyty- = 1g SinﬁAofnJr LOmnPL — QunPr1xm + ig COSﬁAo)H [SiaPL — SpunPr1dm » (A.56)

Lyoyop = 39H [ TéumPr + TrumPr125 » (A.57)
Loy = 3900 [ ThumPr + ThnPr1 2 (A.58)
L aoyoyo = FigA° T — TammPr + TanmPr11m » (A.59)
Lueyrp= —gH 1 [QmPL + QumPelim + hec. (A.60)

The couplings appearing here are

Oun=~3U2Vimr  Sum=/3U1Vom,
= cos BINLVE + JE(NF + tan OwNE)V ST,
= sin B[N 3. Usm — /2 (N2 + tan OwN ) Usp] ,
Tyinm = — €08 Qpy + SiNaSh ,  Thpm = Siat Qry + COSA S
T amm = — sin f Qu + cos f S, ,
wn = 3N3a(Npm — tan OwNy,,) + (n>m) ,
Sy =3AN4n(Nsy — tan OwN ) + (ne>m). (A.61)

The above interaction terms exhaust those involving the superpartner particles. To finish, we
give the interactions involving Higgs bosons with gauge bosons [411,415], which are fixed by
gauge symmetry. We also give the familiar Yukawa interactions and gauge interactions of quarks
and leptons.

Lrnyy = — $igW FH™0,[H® sin(e — p) + h®cos(e — f) + i4°] + h.c.

ig Z,[14°6,(HO sin(a — f) + h°cos(x — )]

" 2cos Oy
+ 2C;~‘S’ G (2sin® Oy — \)Z,H 8,H* —ieAH 3,H" (A.62)

gﬂivv = ngW;W“' [HOCOS(OC — ﬁ)hO Sin(oc — ﬁ)]

gz
2¢os Oy

Z,Z*[Hcos(f — o) + h%sin(f — )], (A.63)
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Pumjvv =5 g*W,IWr [(H)? + (h°)? + (4% + 2H"H™]

2

9 7 ZE[(H%? + (h%)? + (4% + 2cos? 20wH " H ]
8cos” Bw
N +_ . egcos2ly A
+e" 4 AP H"H™ +——— A, Z"H"H
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(A.64)
The familiar Yukawa interactions are given by
_ g - 0 o 0 o 0
Lups = — 75— UMy [ H" sino + h° cosa — 1y54° cos fu;
2myy sin fB
__ 9 d;Mg;;[H® coso — h®sino — iysA° sin B d;
2myy cos S
+—  (H*a(Mytan BPg + M, cot BPy);d; + hc.} . (A.65)

o

Recall that the fermion mass matrices in the above equation are diagonal by our previous
rotations of the quark fields. In order to obtain the Yukawa couplings of charged leptons, simply
make the replacements d - ¢ and u — v in the above expression, noting that the neutrino mass
matrix vanishes indentically. Therefore, these terms lead to the following Higgs—fermion—fermion
Yukawa couplings. For up-type fermions, the couplings are,

gm, cot f3 gm, sin o gm, Cos o

haga = — TS S LI A il .
Auu 2my P 2myy sin 7 P 2my sin B (A.66)

where m, is the fermion mass, and for down-type fermions, the couplings are

gmgtan f§
2mw

gmg cos o
2my cos B’

gmg sin o

2my cosfB’ (A-67)

hAdd = - s thd = - hhdd =
where my is the fermion mass.

The familiar gauge interactions are given by

_9
NG

— %[W:ﬁ{y”PLej -+ W,:éiy"Pij] —

NG

X [ — ersin® Ow) P — ersin® OwPrl fi —ed, Y. ec fiy"f; (A.68)

f=u,d,e
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The only remaining interactions are the cubic and quartic interactions within the Higgs sector.
The cubic terms are [411, 415],

Ly, = — gmwH H [H® cos(f — o) + h°sin(f — )]

_ -@%; [H°cos(f + a) — h°sin(f + )] x {cos 2 [(H®)? — (h°)*]
— 2H°h%sin 200 — [(A%)? +2H " H Jcos2f} (A.69)

The quartic Higgs self-couplings are given in Ref. [19], see also Ref. [416]. We refrain from
listing them here because they are rarely needed in tree-level diagrams, and the appropriate rules
for diagrams involving loops of physical Higgs bosons must be supplemented by rules for ghost
interactions, which we have already decided not to reproduce here.

A.5. SUSY-GUT and supergravity models

Realistic models of spontaneously broken global supersymmetry are particularly difficult to
construct due to a combination of problems, the most important of these being a general constraint
on the mass spectrum of the theory. Such models require the addition of new gauge symmetries and
new chiral superfields in order to insure that all the superpartner particles are massive enough to
have avoided detection. This basic constraint on spontaneously broken global supersymmetry
derives from the mass supertrace relation for supermultiplets [417],

Y(— 1) Q2J + hm? =2Tr Q.(D, (A.70)
J

where (D) is the vacuum expectation value of the scalar component of some vector superfield,
with charge matrix Q,. This relation says that the average mass of any supermultiplet is propor-
tional to a vacuum expectation value which is spontaneously breaking the supersymmetry. Clearly,
due to observational constraints, this average mass cannot be zero, and we must have some
{D*y # 0. However, no scalar component of a gauge superfield of the MSSM can acquire such
a vacuum expectation value since the vacuum alignment would then be incorrect. This means that
the vacuum would break a gauge symmetry which should not be broken, such as color or
electromagnetism. For a discussion, see Ref. [152]. It is also worth pointing out that the trace of the
U(1)y generator in the standard model is zero, and so the problem cannot be alleviated by the
so-called Fayet-Iliopoulos mechanism [199]. In fact, in order to cancel all mixed gauge-gravi-
tational anomalies in any model, all the U(1) generators must be traceless [418], and the supertrace
problem is unavoidable.

Spontaneous breakdown of local supersymmetry is a different matter. In this case, the mass
supertrace relation gains a term proportional to the gravitino mass squared [ 164].

Y(=D¥Q)+ Om] =am3, + - : (A.71)
J
thus eliminating the main difficulty. However, this result does not come for free. The symmetry-
breaking sector must still be separate from the superfields associated to observed particles; this
symmetry-breaking sector must be hidden, interacting with the observable sector only via
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gravitational interactions. Realistic models can be constructed with the addition of only one chiral
superfield. See Ref. [166] for a discussion.

As discussed in Section 4, the low-energy limit of the supergravity theory will be of the form
presented above, assuming a spectrum like that of the standard model at low energies. The main
tool for model building with supergravity is the renormalization-group-evolution of the various
parameters, used to obtain predictions for the low-energy theory. A great deal of effort has gone
into such methods and the analysis of the results. We will simply refer to a few papers which we
found to be useful in understanding the subject. Many of the earlier analyses have been outdated
due to their assumptions about the mass of the top quark. Others made restrictive assumptions on
the size of the Yukawa couplings other than that of the top quark [1987. The required renormaliz-
ation-group equations, in sufficient generality, are conveniently listed in Ref. [194]. In that
reference, a systematic exploration of parameter space is undertaken, with two main assumptions.
First, it is assumed that the Kdhler potential is minimal. This assumption is open to some debate,
and we refer to Ref. [194] for a discussion and references. Second, it is assumed that the b-quark
and t-lepton Yukawa couplings unify at high energies. This assumption is interesting because of its
predictive power, although it also is open to debate. Because of these assumptions, the analysis
becomes quite difficult. The unification boundary conditions at the high-energy scale must be
reconciled with the measured data at the weak scale in order to fix the parameters of the theory.
The approximate treatment of this situation is the subject of Ref. [194]. A consistent treatment of
the sparticle spectrum was given in Ref. [196], with interesting results for the spectrum in a certain
class of models.

Rather than embark on such a difficult analysis, we felt that for our purposes it was best to have
a scheme which was relatively easy to implement, although less predictive. In particular, our
numerical effort was not pointed toward detailed supergravity calculations but toward detailed
astrophysical and cosmological calculations. Thus we settled on the following useful scheme; see
Ref. [194] for notational and conceptual details. Consider the supergrav1ty model to be specified by
the parameters (see below and Section 4 for more discussion)

Aa M: m, hb(MX)a hl(MX)a ht(MX) . (A72)

These couplings can be evolved down to the wake scale, at which point we can extract tan  from
knowledge of m, and u(My), B(M;) from the condition of electroweak-symmetry breaking.
Furthermore, all the other weak scale soft-breaking parameters are as well determined. Then y and
B can be evolved back up to the GUT scale, in order to see what values they must take there.

Compared to the standard procedure, this method loses the minimality assumption for the
Kéhler potential. The physical importance of this is unclear due to the unclear status of this
assumption. Furthermore, one should take more care with thresholds and use a consistent sparticle
spectrum [196].

A.6. Parameterizations

A.6.1. Bringing everything together

In Section 4, we briefly discussed the parameterization of the MSSM and of a certain class of
SUGRA models. In this section we will explicitly give what we found to be the most useful forms in
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which to parameterize these models. Three of these forms are variants of the MSSM, each based on
certain physical assumptions, and the fourth is the form we prefer for SUGRA parameterization.
These forms standardize certain sets of assumptions which appear throughout the literature. Each
of these forms is supported explicitly by the code which we have written to perform the various
numerical calculations, and this is the main motivation for collecting these parameterizations here.
The differences between the three forms given for the MSSM all pertain to the sfermion sector; it is
the proliferation of soft-breaking parameters in the sfermion sector which dominates the parameter
count in the MSSM.

A.6.2. Generic MSSM parameterization

The most general minimal supersymmetric standard model (MSSM) contains 63 parameters.
This is over and above the usual standard-model parameters, such as the fermion masses and gauge
couplings, which are treated separately. Support for these generic models is required in order to
access all of parameter space in the MSSM. These 63 parameters are: 3 neutralino mass parameters
M;, the parameters u and tan g, the pseudoscalar Higgs mass m,, 18 parameters in the three
independent symmetric 3 x 3 squark mass-squared parameter matrices Mg, M2, M2, 12 para-
meters in the two independent symmetric 3 x 3 slepton mass-squared parameter matrices M¢ M2,

and 27 parameters in the three independent 3 x 3 soft-breaking A-parameter matrices, 4,, A4, A..

A.6.3. Practical MSSM parameterization

The most useful form of the MSSM, for nonspecialized calculational studies, restricts the
sfermion parameter space by assuming that the sfermion mass-squared parameter matrices and the
soft-breaking A-parameter matrices are flavor diagonal, but no other restrictions are made. As we
have emphasized in our discussion of sfermion mixing, this does not mean that sfermion mixing is
absent. Sfermion mixing through the D terms and F terms in the action, as well as through the
A parameters in the soft-breaking Lagrangian, will still occur as it must; the restriction only implies
the absence of flavor mixing from the matrices M# of Eqs. (A.25)—(A.27). This form of the model
specification will be occasionally inadequate for studies of flavor-related issues, such as FCNC
interactions, but will be otherwise complete. We call this form the practical model specification.

Explicitly, the restrictions on the generic parameterization which produce the practical para-
meterization are that, in Egs. (A.25)—(A.27), the mass-squared parameter matrices are diagonal,

2 _ i 2 2 2 2 _ 4; 2 2 2
M5 = dlag(lel, Ma22s mQ33)9 M = diag(mg,(, mg2,, Mys3)

2 _ 4 2 2 2 2 _ g 2 2 2
MG = diag(my, , masy, Mys3) » Mg = diag(mg,y, misy, Miss)

M? = diag(m, ,, my,, mss), A, =diag(d,;,, Ayss 4ys3) s

Ay =diag(Agy1, Agzzs Aazs) » Ae =diag(Aey . Aerrs Aess) - (A.73)
Furthermore, in the gaugino sector, a GUT relation of the form
M1 = ’_g_, Mz tanz 9W 5 (A74)

is often assumed. This assumption is independent of, and is not included in, the definition of
a practical model parameterization.
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A.6.4. Simplified MSSM parameterization

A common MSSM model specification for calculations is that which forces all sfermion mixing
to vanish, and further assumes the GUT relation, Eq. (A.74), in the neutralino sector. This leaves
only six free parameters, which are the single gaugino mass parameter M,, the higgsino mass
parameter p, tan f§, a common squark mass, a common slepton mass, and the mass of the
pseudoscalar Higgs boson. The assumption of identical physical masses in the sfermion sector and
the attendant assumption of vanishing mixing is unrealistic. However, such a parameter selection
may be useful as a simplified “toy” model, and it has been used in much of the literature on
supersymmetric dark matter.

The explicit restrictions on the soft-breaking matrices, such as given above, cannot be given in
any simple form. This is because the cancelations between D-term mixing and explicit mixing,
which are necessary to yield matrices proportional to the identity in Eqs. (A.25)—(A.27), cannot be
inverted in any useful way. Support for this simplified model specification in our numerical code is
provided primarily for comparison with past studies.

A.6.5. SUGRA parameterization

As discussed in Section 4, we parameterize SUGRA models by nine parameters, u(Mx), hy,(Mx),
h(Mx), h{(Mx), ax, Mx, A, M, and m. No demand for Yukawa-coupling unification is made.

The unification scale and the unified gauge coupling are determined in terms of the measured
gauge couplings, leaving seven parameters. Of these, one is fixed by use of a measured weak-scale
mass, in particular the mass of the Z is useful. See the discussion in the subsection above. This
leaves the six free parameters h, (M), h.(Mx), h,(Mx), A, M, and m. These six parameters are used to
specify a supergravity-model input set for our numerical calculations.

FEach model gives rise to a unique set of generic parameters as a low-energy effective description
of the theory. This low-energy description 1s fixed by the renormalization-group analysis, and all
calculations proceed as if for a generic model from that point.

Appendix B. User’s guide for Neutdriver

Most of the numerical results in this paper were calculated using a specialized code written by
the authors for this task. This code is available in the form of a program, written in ANSI C, called
Neutdriver, which is available for general use. It can be obtained by contacting one of the
authors. In this section we describe some of the features of this code, pertaining to the types of
supersymmetric model parameterizations which were discussed in Section A.5.

Input of model parameters can be given in one of four forms, each corresponding to one of the
cases described above, i.e., generic models, practical models, simplified models, or SUGRA models.
The input files provide easy access to these parameters. Furthermore, the parameterizations are
automatically consistent, in the sense that it is not possible to assign conflicting values to any input
parameters; each represents a truly independent quantity.

The generic and practical model calculations are relatively straightforward applications of the
results presented throughout this review. The simplified model calculations are handled in a slightly
different manner since that parameterization is essentially unphysical. The SUGRA model
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calculations first solve the renormalization group evolution as discussed above in order to obtain
a generic model representation, for which calculations then proceed as usual. Our treatment of the
SUGRA models is somewhat naive, as discussed above, and for those users interested in supergrav-
ity studies, it is recommended that they produce appropriate generic model parameterizations from
their own supergravity code. Such generic parameterizations are then easily fed into Neutdriver.

The program Neutdriver is designed to allow access to all physics parameters of the MSSM
through easily maintained input files. The code is modular and portable and has been successfully
compiled and run on several platforms. Output is file-based, with configurable format, and is easily
manipulated by standard tools such as awk in the Unix environment. There is also a set of
supermongo macros available for reading, cutting and plotting the program output. For
a detailed description of the program Neutdriver, please refer to its documentation.
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