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A selection of topics in astroparticle physics is reviewed, including inflationary cos-
mology, evidence for non-baryonic dark matter, a massive neutrino as a candidate
for Hot Dark Matter, and the lightest supersymmetric particle as a candidate for
Cold Dark Matter. Various possible strategies for detecting supersymmetric relics
from the Big Bang are also reviewed.

1 Particle Cosmology

1.1 Big Bang Cosmology

There are three major pieces of evidence for the Big Bang”. One is the present-
day Hubble expansion: all distant objects in the Universe are receding from one
another at velocities v that increase approximately linearly with the distance
d:

v=H-d (1)

where H is the Hubble constant, conventionally expressed as H = h.100
Km/s/Mpc, where h ~ 0.5 to 1. Clearly, the larger the value of H(h), the
younger the Universe, and there has been some concern recently ° whether
determinations of h are compatible with the present age ty of the Universe,
as inferred from observations of globular clusters: g = 14 + 3 Gy, and even
white dwarfs in our galaxy: t, > 9 £ 2 Gy. My own view is that there is no
significant conflict: recent determinations of H indicate’ that

H =66+13 km/s / Mpc (2)

where I have allowed for a (somewhat arbitrary) error of 20 %. This seems
relatively conservative, in view of all the steps involved in going from (for
example) a simple observation of Cepheid variables in Leo I to a value of h.
As you can see in Fig. 1, there is no a priori conflict between the range (2)
and the apparent age of the Universe.
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Figure 1: The (2, Ho) plane, adapted from?, which exhibits no serious discrepancy between

the average measured value of Hp,Q2 = 1, and an age for the Universe of 1010 years. This

plot also shows the estimates of the present baryon density Qparyons Obtained from visible

features in the Universe, from Big Bang Nucleosynthesis and from rich clusters. All the

indications are that Qpgryons S 0.1, so that at least 90% of the matter in the Universe is
non-baryonic dark matter.

The second major piece of evidence for Big Bang cosmology is provided
by the Microwave Background Radiation. This is thought to be a relic of
the (re)combination of nuclei and electrons to form atoms, which would have
occurred when the temperature of the Universe was about 1000 times larger
than the effective temperature Ty ~ 2.73 K of the background radiation today,
and the scale size a of the Universe was ~ 1000 times smaller. The high
degree of uniformity of this radiation is the best evidence we have for the
essential isotropy of the Universe: we will come later to the fluctuations in the
microwave background radiation that were observed recently by COBE and
other experiments.

The third major piece of evidence for the Big bang is provided by the Light
Element Abundances’, which are highly consistent with nuclear cooking when
the Universe was about 10° times hotter than it is today, corresponding to
particle energies between 0.1 and 1 MeV. They are consistent with observation
if the number of light neutrino species is 3 or 4, and the relative abundance of
baryons

DB 10710 to 107° (3)
Ty



which would correspond to a density of baryons far below the critical density
Pc, beyond which the Universe would be fated to cease its present expansion
and collapse in a Big Crunch.

Most of the theories of cosmological inflation discussed in the next section
predict that the overall density of the Universe should be very close to this
critical value. Therefore, if the estimate (3) were correct, it would imply that
most of the matter in the Universe must be non-baryonic dark matter. Hence
it is important to review critically the strength of the arguments leading to
the estimate (3), to see whether there is any loophole in it.

There has recently been considerable controversy ’ concerning the abun-
dance of Deuterium, which is a very fragile nucleus, and hence particularly
sensitive to reprocessing within stars, leading to an interest in measurements
at high redshift, which should be closer to the primordial cosmological abun-
dance. Different high-redshift measurements currently yield discrepant deu-
terium abundances, and hence favour different ranges of ng. However, even the
lower estimates of the Deuterium abundance are not compatible with pg ~ p..
Moreover, high values of the baryon density are disfavoured by measurements
of *He and "Li”.

The success of Big Bang Nucleosynthesis takes us back to when the Uni-
verse was ~ 10® times smaller and hotter than it is today. Before going
back further in time, let us review briefly the formalism of homogeneous and
isotropic Friedman-Robertson-Walker cosmology. The Hubble expansion rate

is governed by \
a 87 Gn k
H:=(=) = - = 4
(2) -, 4 @)
where £ = 0 or +1 is the curvature of the Universe, Gy = 1/M12D : Mp ~
1.2 x 10'? GeV is Newton’s constant, and p is the total density of matter in
the Universe. If k¥ = 0, the Universe is flat and the density is critical: p = pc,

8t G
T Pe (5)

and p. ~ 2 x 1072°h2? g/cm® numerically.

H=

It is believed that the density of the Universe today is dominated by non-
relativistic particles, but that at early epochs it was usually dominated by
relativistic particles in thermal equilibrium *:

2

T 7
p=%T4g D g=#p+g #r (6)
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leading to a Hubble expansion rate H ~ T2/Mp. In the Standard Model,
#p=4+(8x2)+(4x2) (7)

where the three terms represent the gluons, weak vector bosons and Higgs

bosons, respectively, and
#r=30x N, (8)

where the number of generations Ny = 3, presumably.

The above formulae apply if thermal equilibrium has been established, but
was this in fact the case in the early Universe? To answer this question, we
need to compare the Hubble expansion rate with typical interaction rates, such

as
2

[ ~al, % .73 (9)
for 1 — 2, 2 — 2 processes, respectively. Equilibrium is established if H < T,
which is likely to have been the case for T' << Mp ?. This is an important
result, which implies, for example, that phase transitions in the early Universe
can be treated using quasi-equilibrium methods, except possibly for the onset
of inflation. Since baryogenesis requires a breakdown of thermal equlibrium
?, it could only have occurred during one of these phase transitions, and even
then only if it was first order.

We conclude this section by discussing the last of these phase transitions to
have occurred, namely the transition from the initial quark-gluon plasma to the
present hadronic phase of strongly-interacting matter. If this transition was
first order, there could have been substantial supercooling or remnants of the
quark-gluon phase, leading to inhomogeneities in the early Universe, centred on
nucleation sites for the new hadronic vacuum. It has been suggested’ that these
might have provided a loophole in the picture of homogeneous nucleosynthesis
presented above, leading perhaps to a relaxation of the crucial upper bound on
np, and possibly even allowing the baryon density to reach the critical density
and obviate the need for non-baryonic dark matter.

This scenario could have been effective only if the distance between hadronic
nucleation sites was larger than the length 6 R over which protons could have
diffused at that epoch, which was about 0.5 m. Most estimates of the QCD
phase transition parameters indicate that it was at most weakly first order
7’ so that such a large value of AR seems rather unlikely. Moreover, as seen
in Fig. 2, inhomogeneous nucleosynthesis calculations are strongly constrained
by the observed light element abundances, making it difficult to deviate far
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Figure 2: Constraints on inhomogeneous Big Bang nucleosynthesis models imposed by the
observed light element abundances”’.

from the homogeneous analysis presented above ’. Accordingly, the previous
estimate of np seems rather robust, and the need for non-baryonic dark matter
established, if one accepts the standard inflationary scenario presented in the
next section.

1.2 Introduction to Inflation

The motivations for inflation” are provided by a number of puzzles thrown up

by the standard Big Bang theory. One is the Horizon/Smoothness Problem.

Opposite parts of the Universe which are only just now becoming visible, i.e.,

coming within our apparent horizon, look very similar, in the sense that cosmic

Microwave Background Radiation from their different directions has almost
identical temperatures:

6T

( T

to which should be added the apparently increasing uniformity of the distri-

bution of matter (galaxies) over larger distance scales. These similarities hold

YemBR =~ 107° (10)
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despite the fact that, in conventional Big Bang cosmology, these distant regions
could never have been in causal contact earlier in the history of the Universe,
since no light wave or other message could have travelled between them. This
is because the scale size a of the Universe grows as

a o t/2ort?? (11)

for a Universe whose energy density is dominate by relativistic or non-relativistic
matter, respectively. The expansion rate (11) is much smaller than the naive
horizon size ag o< t. If no message could have been transmitted between them,
how did these distant regions of the Universe know how to behave with such
military coordination (10)?

Secondly, there is the Flatness/Oldness Problem. We can write (4) in the
form
) 8w k
= (%2 =T &
(a) 3 Gnp > (12)

and define Q = p/p., where p, is given by (5). Equation (12) then tells us that

Q(t) = -(—I_SIT (13)
TGN pa?

where p oc a=%(a~3) for a radiation-(matter-)dominated Universe. The geome-
tries of cosmological models with different values of k are as follows: k < 1is an
open Universe that expands for ever, L > 1 a closed Universe that eventually
collapses in a Big Crunch, and k = 1 is the critical case where the space-time
geometry is flat, as in traditional Euclidean geometry.

We see from (13) that if 2 ~ 1 today, as seems observationally to be the
case, then §) must have been exceedingly close to unity early in the history of
the Universe. Specifically, one may estimate that

Q-15107% when t=10"%s (14)

if conventional Big Bang cosmology applied unmodified all the way back to
that epoch. This apparent fine tuning makes it a puzzle why Q is quite close
to unity nowadays. Another way of phrasing this puzzle is: how come the
Universe has succeeded in keeping €2 in the ballpark of unity until such a
ripe old age? A generic solution of the expansion equation (4) would have
tp = Mp' as its characteristic time scale. How has our Universe escaped this
fate?
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Figure 3: The horizon and the history of a distant galaxy at rest in a comoving reference
frame, in conventional Big Bang cosmology and in inflationary cosmology.

The basic idea of inflation ? is that at some early epoch the expansion rate
of the Universe may have been dominated by a (more or less) constant term:
p = V. It is easy to check that in this case the Universe would have expanded

exponentially:
8
a ~ apeflt: H = \/%GNV (15)

Such an epoch of rapid expansion would have caused the horizon to expand
exponentially, as seen in Fig. 3. If this went on for sufficiently long time:
At 2 60/H, the entire observable Unvierse would have been within the pre-
inflationary horizon, making possible the establishment of homogeneity in the
very early Universe. Inflation would mean that the true horizon is exponen-
tially large, much larger than the naive horizon ag = t, as also seen in Fig. 3.

This epoch of exponential expansion would also have solved the flatness
problem, because the curvature terms —k/a? would have become negligible.
This exponential approach towards a flat Universe explains why €2 is now so
close to unity, despite the old age of the Universe: most inflationary models
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Figure 4: The behaviour of the Higgs field in (a) old inflation ?, (b) new inflation?, and (c)
a chaotic inflationary model’.

predict that Q — 1 < 10~%. This explains why Euclidean geometry is such a
good approximation in our Universe!

1.8 Inflationary Models

The Old Inflation model” postulated that the exponential expansion was driven
by the field energy tied up in some inflaton scalar field ¢ that was stuck in
a false vacuum, namely a local minimum of the potential V(¢) with non-zero
vacuum energy, as seen in Fig. 4a. Eventually, quantum effects cause the ¢
field to tunnel through the bump in the potential V and down to the global
minimum with zero vacuum energy. During inflation, there is an effective
cosmological constant

A=8rGNV (6 =0) (16)

and the Hubble expansion rate

H= ,/8”5NV (17)
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Figure 5: In a first-order transition, bubbles of the new vacuum are surrounded by a “cheese”
made of the false vacuum. Bubbles smaller than the critical size 7, contract, whilst larger
bubbles expand.

The trouble with this model was that the phase transition to the true
vacuum would never have been completed”: as illustrated in Fig. 5, the bubble-
like regions of the new vacuum would be surrounded by domains of the old
vacuum that were still expanding exponentially. If there were sufficiently many
bubbles to have a chance of filling the Universe, the tunneling rate to the true
vacuum would have to be so rapid that there would not be enough expansion
in the inflationary phase: H/At <« 60.

One possible fix was provided by New Inflation’, which postulated a V that
was sufficiently flat that enough inflation would occur after the transition out
of the false vacuum, as illustrated in Fig. 4b. According to this scenario, we live
in a bubble of the true vacuum, that is larger than the entire visible Universe,
but probably surrounded by regions of false vacuum that are still expanding
exponentially. A feature of this model is that H is not quite constant during
inflation, which implies that the inflationary perturbations to be discussed
shortly are not quite scale invariant.

It is not in fact necessary to postulate the existence of such a false vacuum:
according to models of Chaotic Inflation”, a generic monotonically-decreasing
potential such as

V(¢) ~ ¢™ or e*? (18)

would provide adequate inflation if it were flat enough. In this type of model,
there would always be parts of the Universe where quantum fluctuations would
drive the value of the ¢ field sufficiently far up the potential for enough inflation
to take place during the subsequent roll down the hill, as seen in Fig. 4c.
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1.4 Perturbations in the Farly Universe

The basic mechanism for generating inhomogeneities in inflationary cosmology
is that of quantum fluctuations in the scalar field ¢: since ¢ has different initial
values in different places, it rolls down the potential at different speeds, and
different parts of the Universe expand at different rates’. Assuming that these
perturbations are small, they lead to a Gaussian random field of fluctuations
6p/p and hence temperature variations §7°/7 which is almost independent
of the scale size, as wanted by astrophysicists. The magnitude is generally
proportional to the field energy during the inflationary expansion:

% x p?Gy (19)

This is consistent with the observations of COBE and other experiments if
p =~ 10'® GeV: is it mere coincidence that this is close to the calculated scale
of supersymmetric grand unification?

There are in general two types of inflationary perturbations’’: density or
scalar perturbations, and gravity or tensor perturbations. In the former case,
one considers the density field p(x) and its fluctuations

(x)—<p>

o) = 2 (20)

with Fourier transform 6, related to density perturbations on a scale A by
2 352
(2) -2 -
/)y 2

where A = k~1. The evolution of these perturbations depends on the ratio
A ag. If A/ag < 1, the evolution depends on astrophysical dynamics, such as
the nature of matter, its equation of state, dissipation, etc:

.. . 2
5k-|-2H(5k+’U3];—26k =4rGN < p > 6 (22)

where v2 = dp/dp is the speed of sound. If the wave number k > k:

dnGna® < p >

= (23)

k2 =

the fluctuation grows. Specifically, in the case of Cold Dark Matter, for which
vs =~ 0, perturbations grow on all scales as soon as they come within the horizon
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ag. On the other hand, if A\/ag > 1, the gauge-invariant ratio ép/(p + p) is
time-independent. Hence its value generated by inflation is the same as the
value when this perturbation comes back within the horizon ag.

During inflation,

sp=06¢xV'(¢), p+p=<¢®> (24)
whilst the rollover of the inflaton field is controlled by the equation
¢+3Ho+V'(4) =0 (25)

If the rollover is slow, so that ¢ is negligible,

. V(9)
¢~ T (26)

whereas the conventional quantum fluctuations of the scalar field in de Sitter

space imply "
¢ ~ . (27)

Combining these results, we find that

b, L V) HV VO
) PR T TV

(28)

Since this quantity remains unchanged until the perturbation returns within
the horizon, we conclude that

6p \/5/4,2 H? 2
— =A = =
( ) /\=CLH S(d)) 87T3/2 HI R 87TGN (29)

On the other hand, the gravity-wave (tensor) perturbations are controlled
by the massless wave equation in curved space:

.. . 2
he? + 3Hhy” + %h};z =0 (30)

for the two graviton polarization states h,lc’z, where we have decomposed the

metric into a Friedman-Robertson-Walker background and a perturbation:

Guv = gffW + huv, and Fourier-analyzed the latter. The magnitude of these

tensor perturbations is also unchanged outside the horizon, and have the initial
values’ o
12 2

hy* ~ o (31)
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We therefore have

Ac(#) = (Phr = an = 57 H (32)
Comparing (??) and (??), we see that
As(¢) _ « H
Ac(9) V2 H (33)

It is easy to see that this ratio exceeds unity if @ > 0, which is clearly the case if
the inflaton is accelerating down the potential hill. However, the relative contri-
butions of gravity waves and scalar perturbations to large-angle anisotropies
in the cosmic microwave background radiation are given approximately by
25A4%/ 2A%7 so gravity waves may still be important for the interpretation of
the COBE signal.

The relations (??) and (??) may also be used to reconstruct the inflation-
ary potential from observations of perturbations’. The height of the potential
is given by

v 75 A2
whilst its slope is given by
|4 75 /7 A2
V= - f G210 - 0.85.4% - 0.53ns] (35)
P

and its curvature, which is essentially the squared mass of the inflaton, is

v” 251 A2 AL n? A2 dn
— =T A% |n,+6=E -16 =% — =2 —9.8n, =& +1.1 —
w2~ q Ao |netOg m16 0 — g — 08 o v Lo (36)

where ng ¢ are the spectral indices of the scalar and gravity waves, which
would be unity for scale-invariant spectra.

Measurements of fluctuations in the microwave background were first made
by the COBE satellite’, and 4-year sky maps are now available’. The COBE
determinations of multipoles of the fluctuation spectrum are consistent with a

scale-invariant spectrum ’:
n=11+0.3 (37)

Also, the COBE measurements are consistent with the observed fluctuations
being Gaussian’, as predicted by inflation. this has been tested by studies of

12
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Figure 6: Compilation of data on fluctuations in the cosmic microwave background spectrum

?, which provides the basis for a discussion of theoretical ideas and observational issues

in measuring fluctuations in the cosmic microwave background radiation. The harmonic
number [ < 1/d.

the 3-point correlation function, by looking at the topologies of hot and cold
regions, and by comparisons with constrained models.

The COBE measurements have been confirmed and complemented by
many other experiments ’, as seen in Fig. 6. Also shown for comparison is a
spectrum calculated in a Cold Dark Matter model with h = 0.5 and Q; = 0.05.
this model predicts a first Doppler peak at £ ~ 200, followed by secondary peaks
and finally a drop off at large £ due to the thickness of the last scattering sur-
face. the height of the first peak would increase with Qj, and it would shift to
higher £ if the total density © < 1. A combined fit to the data yields’

n=11+01 (38)

and provides an indication of a first Doppler peak near the expected value
of ¢ and with the expected magnitude, though this needs to be confirmed.
The fluctuation spectrum will be the object of many detailed studies in the
coming years. In particular, two new satellite projects have recently been ap-
proved, MAP and COBRAS/SAMBA, which should provide full-sky coverage
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with angular resolutions better than 1/2 degree and 13 arc minutes, respec-
tively. These should provide exhaustive tests of inflationary models and precise
measurements of cosmological parameters.

2 RUNNING HOT AND COLD DARK MATTER

2.1 How Much Dark Matter?

Averaged over the Universe as a whole, naturalness and the inflationary cos-
mology discussed in the previous lecture suggest that @ = 1. On the other
hand, astrophysical observations find ;55 ~ 0.003, and the Big Bang nu-
cleosynthesis arguments reviewed in the previous lecture suggest that Qp <
0.1. Observations of galactic rotation curves suggest that their halos contain
Qato =~ 0.1. Thus, mathematically all the halos could be composed of baryons.

The most prominent candidates for a baryonic component in the halo of
our galaxy are “brown dwarfs”, objects with masses below ~ 0.08 of the solar
mass. Initial observations by the EROS and MACHO collaborations” indicated
that most of our galactic halo was not composed of such objects. However,
the MACHO collaboration has recently released * the data from their second
year, which contain more microlensing events and have greater sensitivity to
longer time scales, i.e., heavier masses. Taken together, these indicate a greater
optical depth of brown dwarfs, corresponding to a larger function of our halo
f ~ 1/2, although this is difficult to reconcile with the EROS observations.
Moreover, the MACHO observations require a rather bizarre mass function for
halo objects?. The objects they see would have masses around 1/2 of the solar
mass, suggesting that they are “white dwarfs”. However, the progenitors of
white dwarfs would have had masses above about twice the solar mass. No
objects in this range, or in the range between 0.1 and the solar mass (“red
dwarfs”) have been seen.

The local halo density has recently been re-estimated * allowing for the
possibility of a somewhat flattened halo:

pom = 0.511521 GeV cm™3 (39)

If this estimate is correct, there must be a significant local density of Cold
Dark Matter, even if our halo is infested with brown dwarfs, and we will use
for subsequent purposes the estimate ppys =~ 0.3 GeV cm~2. In any case, Cold
Dark Matter is required for structure formation, as we now review.

14



2.2 Hot or Cold Dark Matter?

These terms refer to particles that are relativistic or non-relativistic when
structures such as galaxies and clusters began to form in the early Universe.
Which you prefer depends on your favourite theory of galaxy formation. If
you pursue the Gaussian random field of density perturbations suggested by
inflation, then you should prefer the predominance of Cold Dark Matter, since
this enhances the growth of pertubations on all scales up to the horizon size.
On the other hand, Hot Dark Matter escapes from small-scale perturbations,
implying that galaxies form (too) late’. For this reason, inflationary pertur-
bations with Cold Dark Matter has been regarded as a “Standard Model” of
structure formation, and will be pursued in the rest of this lecture. You should
be aware, however, that an alternative possibility is that structures in the Uni-
verse originated from small-scale seeds such as cosmic strings ?, for which Hot
Dark Matter is to be preferred, since Cold Dark Matter would have led to too
much power on small scales.

Recent data’ indicate that the paradigm of inflationary perturbations with
Cold Dark Matter may require some modification: this is particularly apparent
when one compares data on large-scale perturbations from COBE with data
from smaller scales (IRAS, APM, etc.). One possibility is an admixture of Hot
Dark Matter, resulting in the cocktail *

QCold ~ 0.7, QHot >~ 0.2, QB SJ 0.1 (40)

In this scenario, the most natural candidate for the hot component of the dark
matter would be a massive neutrino with m, ~ 10 eV. Another possibility is
that there is a non-zero cosmological constant A, but I see no natural origin for
this from the point of view of particle theory, and will not discuss it further.
A third possibility is to postulate pure Cold Dark Matter but with a pertur-
bation spectrum which is tilted. However, this latter model tends to predict
fluctuations that are too large on intermediate scales.

Figure 7 shows the relic density for a generic “neutrino” or other massive
neutral particle. When the mass < 1 MeV, the number density is almost
independent of the mass and hence p, « m,. The resulting 2, exceeds unity
when m,, ~ 30 eV. The cosmological density falls back below unity again when
my 2 3 GeV’, as annihilation through the Z boson becomes more efficient. The
relic density may rise again towards unity if m, < Mz/2, if the annihilation
rate is given by a canonical point-like cross-section.

In this case, there is an approximate upper limit on the possible mass of a

15
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Figure 7: Qualitative picture of the neutrino relic density p, as a function of the neutrino
mass my.

Cold Dark Matter particle in the context of conventional Big Bang cosmology
?. The present mass density

PX mxnx
Qx = ~ 41
X7 perie. 2% 109K7TY (41)

where Tp ~ 2.73K is the present-day black-body temperature. The comoving
number density of particles would have been approximately constant since
annihilation ended (freeze out):

nx  nTy) LB T
5 = T? : n(Tf) < ov >~ R, = Mp (42)
where mx /Ty ~ 20-30 in many models. This implies that
1
Qxh? ~ ! 1 o~ ! (43)

~ ~ X
103<ov> 27K XxMp 103 <ov>  1TeV?

Note the remarkable coincidence in the second part of the denominator in this
equation! Using < ov >~ O(a?/m%), one may estimate

mx ~ 16a,/% TeV < 1 TeV (44)

which is almost a “guaranteed” discovery for the LHC. Looking at fig. 7, we
see three general collisions where €2, ~ 1, namely m, ~ 30 eV, in which case
the relic would consitute Hot Dark Matter, and m, ~ 3 GeV or 1000 GeV, in
which cases it would constitute Cold Dark Matter. Neutrinos would inhabit
the first of these ecological niches, supersymmetric particles one of the others.
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2.8 Massive Neutrinos

Particle experiments ’ indicate that neutrinos are much lighter than quarks
and leptons:

my, <4.5eV, m,, <160 KeV, m, <23 MeV. (45)

Theoretically, there is no reason to expect neutrino masses to vanish, and they
are indeed expected in Grand Unified Theories. The simplest possibility, which
we shall explore in the following, is a generic see-saw mass matrix ’:

My, My vy
(vL, VR) (46)
mg My VR

whose diagonalization leads naturally to very light neutrinos

2
m,
my, ~ —— < mg, (47)
vR

These non-zero masses would be accompanied by non-zero flavour mixing an-
gles a la Cabibbo-Kobayashi-Maskawa. The off-diagonal entries in (??) would
be conventional Dirac mass terms, analogous to those for conventional quarks
and leptons and originating from the Higgs boson of the Standard Model. The
diagonal entries would be Majorana masses, which are only possible for neutri-
nos. There could in principle be such a mass term for the left-handed neutrino
vy, but this would require violation of lepton number: AL = 2 and weak
isospin AI = 1. There is no corresponding Higgs field in the Standard Model
or in the minimal SU(5) GUT, but it can appear in more complicaated models.
Such a Majorana term could also appear via a non-renormalizable coupling of

the form *: )

i (HAI=1 VL) (HAI=% VL) (48)

2

where M is a large mass parameter, which could originate from the exchange
of a heavy right-handed neutrino vg. The bottom-right and diagonal entry in
Eq. (??) represents a Majorana mass for vg, which is expected to be of order
Mgy in many models. The appearance of off-diagonal Dirac masses in Eq.
(??) suggests a natural hierarchy

my, : my,, ~mZ: m?2: m? (49)

e

my, :

with flavour mixings related to the Cabibbo-Kobayashi-Maskawa matrix.
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Figure 8: A planar presentation7 of the solar neutrino deficits seen in different experiments,
compared with a selection of different solar models.

There are several experimental indications for non-zero neutrino masses,
of which the most serious is the Solar Neutrino Deficit. By now, this has
been seen in five experiments (Homestake, Kamioka, SAGE, GALLEX ? and
Superkamioka”), and cannot be explained away simply by reducing the central
temperature of the Sun. This would not explain the observational fact that
Boron neutrinos are suppressed less than Beryllium neutrinos, as seen in Fig.
87, and would also conflict with helioseismological observations. There are
several plausible interpretations in terms of neutrino oscillations, namely the
matter-enhanced (Mikheyev-Smirnov-Wolfenstein ) scenario

Am? ~107%eV?, sin?20 ~ 1072 (50)

the large-angle solution
Am? ~107% eV?, sin?20 ~ 1 (51)
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and the vacuum solution
Am? ~1071%eV? | sin?20 ~ 1 (52)

My favourite among these scenarios is (??), in particular since the mixing
angles required in the other scenarios are surprisingly large. If we take (?7?)
seriously, then in agreement with (??), presumably

My, <My, ~2or3x1073 eV (53)

The see-saw mechanism (??) then suggests that

2
Myr ~ e, ~1— 10 eV (54)
mC

making the v, an ideal candidate for the Hot Dark Matter required in the
mixed Dark Matter scenario (?7) ”.

The Atmospheric Neutrino Deficit * seen by the Kamioka and IMB
experiments requires further confirmation, in my view, in particular by experi-
ments using a different technique. The anomaly seen by the LSND experiment
also requires a confirmation from other experiments.

The hypothesis that the v be the Hot Dark Matter in the Universe may
be subject to tests by on-going accelerator experiments?; if the v, — v, mixing
angle is in a range 10~*—1072. This is quite a generic possibility in the context
of the solar neutrino parameters (??) and the see-saw mechanism (?7).

A value of m,,_ in the range (??) requires a right-handed neutrino mass
M,,,, around 102 GeV, which happens to gibe nicely with a promising GUT
scenario for baryogenesis 7. This is often thought to be due to the out-of-
equilibrium decays of massive GUT particles such as gauge bosons X or Higgs
bosons Hx with AB # 0 couplings: X(Hx) — qq, §¢. If these decays exhibit
C- and CP-violating asymmetries: b = p(X — qq) # b = p(X — @q), they can
produce a net quark asymmetry

n(g) —n(q) _ 3(b—b)
n(q) +n(q) 24+b+b (55)

which would have persisted until the quark/hadron phase transition, at which
time the ¢ would have annihilated, living a surplus of g to provide the baryons
we know and love.
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Y

Figure 9: The effective potential for the Chern-Simons vacuum parameter a.

This scenario has required modifications after the realization that non-
perturbative electronic interactions violate baryon number. These rise from the
fact that the electroweak gauge theory vacuum is complicated, being labelled
in particular by the Chern-Simons number « as shown in Fig. 9. The barriers
between the different vacua are described by unstable sphaleron solutions ” of
the electroweak field equations with masses

Mspp, ~ MWT(T) ~ 10 TeV (56)

Transitions across these barriers occur with rates of order
e~ PMepn (57)

where the sphaleron mass is given by (??). This rate is expected to be large
at temperatures above the electroweak phase transition. Furthermore, the
sphaleron transition is accompanied by correlated changes in the baryon and

lepton numbers:
AB=Ng=3=AL (58)

Note that the combination B — L is conserved, whereas we expect
(B+L) ~ —c(B + L)T (59)

This has no suppression factor and is expected to be in equilibrium at high T,
tending to drive B+ L — 0.

Any GUT scenario for baryogenesis should therefore generate a primordial
B — L asymmetry. One attractive scenario for this is the decay of a heavy vg,
which may produce a lepton asymmetry: vgp — vp + H ’7. Any such L
asymmetry would be recycled by non-perturbative electroweak effects to yield
a non-zero baryon asymmetry B # 0. For this scenario to work, the v must
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be produced after inflation, and the most promising possibility is in inflaton
decay. This requires that the vg be lighter than the inflaton, which is suggested
by the density perturbations 6p/p seen by COBE to be < 10'2 GeV. Inserting
this value into (??) suggests that m,, £ 1 €V, in encouraging convergence
with the indications from the matter-enhanced interpretation (??) of the solar
neutrino deficit and the mixed dark matter scenario (?7).

Those of you who are interested in the detection of Cold Dark Matter
will be interested in the local density of v, in our galactic halo ’. The usual
scenario for galaxy formation involves the quasi-spherical infall of dark matter
particles, which occupy a hypersheet in phase space that wraps around itself
in layers. The phase-space density of fermions is limited by 1/2 (27)3, and the
neutrino velocity is limited by the velocity of escape from our galaxy, so that

1 4T

Punato S Phimaz = 3@ 3‘(10_30)37”3 (60)
This provides quite a stringent upper limit on the function of a galactic halo
that may be in the form of neutrinos: for typical numbers m, = 9eV, h = 0.55
corresponding to 2, = 0.3, we estimate €, ,, < 0.0487. We conclude that
most of our galactic halo does not consist of Hot Dark Matter particles, and we
earlier concluded that most of it could not be baryonic, so let us now consider
one of the most plausible candidates for its Cold Dark Matter component.

2.4  Lightest Supersymmetric Particle?

This is expected to be stable in many supersymmetric models, and hence
present in the Universe today as a cosmological relic from the Big Bang, thanks
to a multiplicatively-conserved quantum number called R parity, which takes
the values? +1 for all particles and -1 for all sparticles. The conservation of R
parity is related to those of baryon and lepton numbers and spin S:

R= (_1)33+L+2S (61)

Needless to say, R violation is possible if, for example, L is violated either spon-
taneously or explicitly, but the type of L-violating neutrino masses discussed
in the previous section does not violate R parity. If it is indeed conserved, it
has three important consequences

e Sparticles are always produced in pairs, such as pp — §gX or ete™ —
At
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e Heavier sparticles decay into lighter ones, for example § — qg, i — u9,
and the

e Lightest sparticle is absolutely stable, because it has no legal decay mode.

If this supersymmetric relic had electric charge or strong interactions, it
would have condensed into galaxies, stars and planets where it would have
bound to nuclei and now be detectable as an anomalous heavy isotope. None
of these have ever been seen at levels far below the abundance calculated for
supersymmetric relics. We therefore conclude that any supersymmetric relic
is probably electromagnetically neutral and can have only weak interactions.
The available scandidates in the sparticle data bookino include the sneutrino
7 of spin 0, the neutralino x which is a combination of the 7/H/Z at spin 1/2,
and the gravitino G of spin 3 /2. The first of these has not been seen at LEP or
by experiments searching directly for dark matter scattering on nuclei, and is
presumably excluded, whilst the gravitino seems essentially undetectable and
will therefore be ignored in the next lecture.

3 NEUTRALINO DETECTION STRATEGIES

8.1 Cosmological Neutralino Density

The properties of neutrinos and charginos are characterized by three param-
eters at the tree level, namely the unmixed gaugino mass m;/, the Higgs
superpotential mixing parameter y and the ratio of Higgs vacuum expectation
values tan 8 = vy /v;. The neutralino mass matrix is?h:

My 0 o my
gvz  =g'wn

EE 62

o wm (62)

7 5 #

e T

where it is conventional to assume that the SU(2) and U(1) gaugino masses
are related by universality at the GUT scale

My = My =mys (63)
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which are renormalized at lower scales:
My: M=oy : 0 (64)

The neutralino mass matrix (??) simplifies in the limit m;/, — 0, in which
the lightest supersymmetric particle x ~ ¥, and in the limit x4 — 0, in which
x ~ H. However, experimental constraints from LEP and elsewhere tell us’
that

my 2 20 GeV (65)

as we discuss later in more detail. One of the most appealing features of the
neutralino dark matter candidate is that there are generic domains of param-
eter space where an “interesting” cosmological density in the range QA2 ~ 0.1
to 1 is possible?, even including this experimental constraint.

The experimental constraints from LEP in the u, M3 plane are shown in
Fig. 10 for the representative case tan 3 = v/2. We notice a certain comple-
mentarity between the limits from running at the Z° peak (LEP 1) and from
higher-energy running (LEP 1.5). These are reflected in Fig. 11, where we see
that LEP 1 data alone do not establish a rigorous lower limit on the m,, nor
do data from LEP 1.5 alone, but their combination does ’. The limit m,, 2
13 GeV given in? is purely experimental, but relies on the assumption that
mp = 200 GeV, and even in this case there is a loop-hole for tan 8 < 1.02.
There is an even larger loop-hole for smaller values of m; ~ 60 GeV when
tan 3 ~ v/2. These loop-holes can be plugged by implementing other exper-
imental constraints, and strengthened by requiring that the relic density of
neutralinos be in the cosmologically interesting range and/or imposing the
theoretical constraint of dynamical electroweak symmetry breaking ’, as seen
in Fig. 12.

The density of a massive relic particle such as the neutralino is controlled
by the annihilation rate in the early Universe ”

dn a
il 3an — < Oannv > (n? —nd) (66)
where for many cases of interest,

2
<v? > (67)

< OgnnV>~a+bxr:x=

where v is the x velocity at annihilation. There is an approximate solution
to (??7) for n(t) which is obtained by assuming that n = ng (the equilibrium
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Figure 10: The region of the (i, M2) plane excluded by on the basis of searches for charginos
and neutralinos at LEP1 and LEP 1.5.
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Figure 11: Experimental lower bound ? on the neutralino mass: note that neither LEP 1 nor
LEP 1.5 data by themseslves impose a non-zero lower bound.
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Figure 12: The lower bound in the previous figure (which actually vanishes in the region

indicated by the double arrow) is compared with results obtained? by imposing additional ex-

perimental constraints (dotted line) and cosmological considerations (dash-dotted and solid

lines: the latter includes an assumption of dynamical electroweak symmetry breaking). Also

shown 7 is a horizontal dashed line obtained from a search for gluinos by the DO collabora-

tion, and a vertical wavy line beyond which dynamical electroweak symmetry breaking is no
longer possible.
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density) until 79 ~< Ognpv > n3 at the freeze-out temperature T, after
which 7 ~< 04nnv > n2. This freeze-out approximation leads to a present
mass density

My

—_—— 68
azy + bz} (68)

p =~ 0.8(T)°

where the prefactor of 0.8 corrects the approximation and the effective y tem-

perature, T, is given by
3 _3
(E) N ( 9ess (Ty) ) : (69)
Ty gess(lowE)

where ges (1) is the number of effective relativistic degrees of freedom at the
freeze-out temperature, and T, ~ 2.73 K. In useful units, Eq. (??) yields

| T, \° 1 GeV~?
4.0 x 10-40 X 3 -3
pra0x10 <2.80K) Neys (accp + %bx?) g em (70)

The annihilation coefficients a, b are computable in the model?}, being deter-
mined by exchanges of heavy particles such as the Z°, sparticles and Higgs
bosons. The latter are characterized by two parameters, which may be taken
to be a Higgs mass and tan g, at the tree level, but also depend on m; at the

one-loop level.

Figure 13 displays the supersymmetric relic density calculated in a sam-
pling of phenomenological models in which universal gaugino and squark/slepton/Higgs
masses are assumed at the GUT scale’. Among the deviant neutralino possi-
bilities studied recently is the case where scalar masses are not universal’: for
example, the Higgs masses might differ from the other scalar sparticle masses:

m%, =mg (1+6;) (71)

In this case, the preferred neutralino composition may change from being
mainly a gaugino to mainly a Higgsino, as seen in Fig. 14a, and the an-
nihilation and interaction rates differ from the standard universal scenario.
Another deviant possibility  is that of large CP violation in the neutralino
sector, which would lead to enhanced S-wave annihilation and permit larger
neutralino masses as seen in Fig. 14b.
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Figure 13: Relic density of supersymmetric particles, calculated in a sampling of different

models ?, together with the estimated scattering rate on 76Ge.
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8.2 Annihilation in the Galactic Halo

If our galactic halo is indeed largely composed of neutralino, every once in a
while a pair of them will find each other and have a one-night stand annihila-
tion?, producing i1, Gg, etc., and thereby detectable stable particles such as the
P,et,v and v in the cosmic rays. A compilation of recent data on the mea-
sured p flux, compared with new calculations of the flux of p to be expected as
secondary products of primary matter cosmic rays, and with (optimistic) su-
persymmetric model calculations, indicates that the data agree perfectly with
the conventional production mechanism, and we infer that it will be difficult
to observe neutralino dark matter in this way. The same is true of recent
measurements of the cosmic-ray positron fraction compared with calculations
of conventional production mechanisms. Once again, recent measurements do
not confirm previous reports that disagreed with these standard calculations.
I also am not optimistic that a neutralino signal could be extracted from fu-
ture et measurements. Finally, let me mention the possibility that exclusive
XX — 7 + ... annihilation processes might yield a detectable monochromatic
7 signal in some specific models *.

8.8  Annihilation in the Sun or Earth

During its wonderings around the galaxy, a neutralino y may pass through the
Sun or Earth, collide with a resident nucleus and loose sufficient recoil energy
for its orbit to be converted from hyperbolic to elliptic. Since its perihelion
(perigee) would be below the radius of the Sun (Earth), it would return many
more times, suffering repeated scattering and energy loss, and eventually set-
tling into a quasi-isothermal distribution in the core of the Sun (Earth). The
local population would be controlled by annihilation’;, since the evaporation
rate is negligible for m, > few GeV, as required by LEP experimental data.
Such annihilations in the Sun are expected to be in equilibrium with the trap-
ping rate, but this may not be true in the case of the Earth. Annihilations
would yield high-energy neutrinos xx — v + ..., which might be detectable
either directly in an underground experiment or indirectly via the production
of muons in the surrounding rock. The high-energy v event rate from the Sun
is given by

Ry~ 27x1072xf (%) y (0(% — ’)’p))

» 10—40 ¢cm?
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events
E i E B¢(Nz)¢;
8 ; ¢ 7 #(Nz)ss (kt.year) (72)

where the first algebraic factor is kinematical, the next is the elastic xp — xp
scattering cross-section, the next two factors include the local halo density and
mean neutralino velocity respectively, and the last factor depends on neutrino
physics known from accelerator experiments.

The elastic scattering cross-sections o(xp/n — xp/n) are mediated by
the same heavy particles as control the cosmological annihilation rate (?7?).
The dominant contribution relevant to high-energy solar neutrinos is the spin-
dependent amplitude A, which in the case Q ~ ¥ takes the form ’

A=>" e Aq (73)
q

where the Aq are the contributions to the proton spin of the different quark
flavours. These have now been measured relatively precisely in polarized
lepton-nucleon scattering experiments:

Au = 0.82+0.03+...
Ad = -044+0.03+...
As = —-0.11+003+...

(74)
and disagree significantly with the predictions of naive quark models.

Figure 15 shows a scatter plot of the possible rates of muon production by
neutralino annihilation in the Sun in a sampling of phenomenological models
7. We see that a detector with an area of 1 km? has a fair probability of
observing these’, and even a smaller detector has some chance. However, one
word of caution is in order: these high-energy solar neutrinos are also valuable
to matter-enhanced oscillation effects, which might convert v, into v, which
would not produce this clean secondary p signal.

3.4 Direct Detection in the Laboratory

This approach is based on the search for the elastic scattering of neutralinos
on nuclei”’: having a typical velocity v ~ 300 km/s, they would deposit a recoil
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Figure 15: The flux of upward-going muons expected from xx annihilation inside the Sun
in a sampling of supersymmetric models ?.

energy .

AB < smyw? 10 (——1 Onéer> keV (75)
The type of spin-dependent interaction discussed above in connection with
capture by the Sun would be dominant for nuclear targets with low A. It
would be mediated essentially by Z° and § exchange, and depend on the quark
spins in the nucleon (??) and in turn on the contribution of individual nucleon
spins to the nucleus, for which the shell model provides a calculational starting
point. One also expects a spin-independent interaction mediated by H and §
exchange, which should be dominant for high-A nuclei, and would depend on
the different quark contributions to the nucleon mass. The elastic scattering
rate is given in general by

dm,my P ) ( < |v| > >
R=(Rsp+R X X 76
(Rsp+Rs1) ((mx+m1v)2) <0.3 Goven?) \Goowms?) (™

where formulae for the spin-dependent part Rgp and the spin-independent
part Rgr can be found in”.

Simple shell-model calculations * are expected to be most accurate for
nuclei in which there is either a single nucleon outside a closed shell, or there is
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Figure 16: Figures of merit for spin-dependent neutralino-nucleus scattering. The tops of the
arrows are the naive shell-model predictions, the bottoms are those found ? in the odd-group
model 7.

just one particle hole inside a closed shell. Shell-model predictions are shown
in Fig. 16 for a representative collection of possible nuclear targets. It is
possible to check the likely accuracy of shell-model calculations by looking at
nuclear magnetic moments °. It turns out that simple single-particle shell-
model calculations are indeed accurate for odd-even or even-odd nuclei close
to closed shells, but may be very inaccurate in other cases. Figure 16 also
shows the likely reductions in the shell-model estimates obtained using the
odd-group model ?, according to which the nuclear spin is not carried only by
the odd nucleon, but is shared among all nucleons of the same species. There
are other techniques for improving simple shell-model calculations which have
been used in the literature. For example, calculations have been made in a
complete basis of shell-model states 7, but these are restricted for practical
reasons to relatively light nuclei. There are also pairs of mirror nuclei which
can be used to decompose the amounts of nuclear spin carried by both the
odd and even species”’. All these techniques agree that 1°F should be favoured
among light nuclei, as seen in Fig. 16, and that its nuclear matrix elements
may be estimated quite reliably.

In addition to these factors, one must also worry about nuclear form factors
? which are increasingly important for heavier neutralinos. In the case of the
spin-independent interaction, the mass form factor may be estimated using
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Figure 17: A comparison of the spin-dependent and spin-independent interaction rates of
relic neutralinos x with Germanium in a sampling of supersymmetric models ?.

a Fermi model, according to which there is a non-Gaussian skin around the
nucleus. However, the appropriate spin-dependent form factor is more open to
debate: one expects that there will be at least one node in the form factor, but
its location is uncertain. Figure 17 compares the spin-independent and spin-
dependent scattering rates for >Ge in a sampling of supersymmetric models,
obtained taking all the above effects into account . We see that the spin-
independent mechanism is likely to dominate, but this is not certain.

Figure 18 shows typical scattering rates for various nuclei, assuming that
the cosmological neutrino density is in the interesting range: 0.1 < Q,h? <1,
for two different assumed values of the pseudoscalar Higgs mass m4. One
expects in general an anticorrelation between the cosmological relic density
and the Ge scattering rate, as seen in Fig. 13: models with large scattering
rates tend to have low cosmological relic densities.

Existing experiments to search for dark matter are already biting into the
parameter space of supersymmetric models. Figure 19 compares the present
sensitivities of direct and indirect searches for neutralino dark matter with the
rates expected in models (a) with and (b) without universality assumed. We
have every reason to hope that new experiments looking for neutralino dark
matter — either directly via its elastic scattering on nuclei, or indirectly via
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high-energy annihilation neutrinos — may have a realistic chance of uncovering
the dark matter of the Universe.
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