
ar
X

iv
:a

st
ro

-p
h/

02
04

05
9 

v1
   

3 
A

pr
 2

00
2

D ark 2002 and Beyond

astro-ph/ 0204059
CERN-TH/ 2002-074

John Ellis

Theoret ical Physics Division, CERN
CH-1211 Geneva 23

A bst r act . Salient aspects of the meet ing are summarized, including our knowledge
of dark mat ter at di� erent cosmological and ast rophysical distance scales, ranging
from large-scale st ructure to the cores of galaxies, and our speculat ions on part icle
candidates for dark mat ter, including neut rinos, neut ralinos, axinos, gravit inos and
cryptons. Comments are also made on prospects for detect ing dark mat ter part icles
and on the dark energy problem.

The speakers at this conference have come from di� erent backgrounds, from
that of macrophysics - namely astrophysics and cosmology, and from that of
microphysics - namely that of part icle physics experiments and theory. We have
come together to discuss a weighty subject namely the nature of most of the
stu� in the Universe. In this brief summary, I shall not be able to do just ice
to all the interest ing talks we have heard, and I apologize in advance to those
whose work is unjust i� ably underemphasized. Inevitably, my summary adopts
personal points of view, that you may not share.

This talk is ordered according to a sequence of decreasing distance scales,
from the overall size of the Universe at � 1010 pc down to the Planck length
of 10� 33 cm � 10� 52 pc. Astrophysical scales that we meet along the way in-
clude the � 108 pc of clusters of galaxies, the � 105 pc of galact ic haloes, the
� 103 pc of the cusps of rotat ion curves, and the � 1 pc of the central region
of the Milky Way. Among the distance scales of part icle-physics experiments
that we meet are the � 10� 6 pc traveled by solar neutrinos, the � 10� 10 pc
travelled by atmospheric neutrinos, the � 10� 12 pc of long-baseline neutrino ex-
periments, and the � 10� 13 pc size of the LHC accelerator. Typical part icle sizes
wemeet include the Compton wavelength � 10� 22 pc of the neutrino, the Comp-
ton wavelength � 10� 36 pc of supersymmetric part icles, and the characterist ic
wavelength � 10� 44 pc of the ult ra-high-energy cosmic rays.

Somewhere along this t rail, the puzzle of dark matter will surely be solved,
even if we do not yet know where.

1 D ark M at t er on D i� erent D ist ance Scales

1.1 Cosmological D ensit y Par amet er s

As we have heard at this meet ing, there is abundant evidence for the dominance
of dark matter and dark energy on the largest distance scales. The cosmological
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microwavebackground (CMB) radiat ion [1] tells us that the total energy density
of the Universe, 
 t ot , is very close to the crit ical value marking the boundary be-
tween open and closed universes [2]. This informat ion is provided, in part icular,
by the value of the mult ipole ` � 210 at which the � rst acoust ic peak appears
in the CMB, as seen in Fig. 1. This tells us, in e� ect , the relat ive sizes of the
Universe today and when the nuclei and free electrons in the primordial plasma
combined to form neutral atoms. There arenow indicat ionsfor a second and even
a third acoust ic peak in the CMB at higher ` [1], but these are not yet securely
established. However, the magnitudes of the 
 uctuat ions � T=T at these larger
values of ` already tell us that the overall baryon density 
 b � 1, agreeing to
within � 50 % with the value est imated on the basis of Big Bang nucleosynthesis
calculat ions. Other informat ion about the large-scale geometry of the Universe
for redshifts z <� 1 is provided by data on high-z supernovae [3], which constrain
a combinat ion of the matter density 
 m and the vacuum energy density 
 � .
Combining the CMB and high-z supernova data, one � nds fairly accurate values
for the cosmological density parameters [2]:


 t ot = 1:02 � 0:06 ; 
 m h2 = 0:13 � 0:05;


 � = 0:5 � 0:2 ; 
 bh2 = 0:022 � 0:004; (1)

where h is the present-day Hubble expansion rate in units of 100 km/ s/ Mpc,
consistent with the `concordance model' : 
 t ot � 1; 
 � =
 m � 2 ! 3 with 
 b

small, as seen in Fig. 2. These data may also be used to constrain neutrino
degeneracy [5].

There are excellent prospects for signi� cant progress in improving the CMB
constraints using data from the MAP and Planck satellites [6]. One of the open
issues concerns the amount of informat ion likely to be obtained at large ` [7],
part icularly from polarizat ion measurements [6]. These must contend with weak
lensing e� ects that must be subtracted in order to extract useful cosmological
informat ion.

1.2 L ar ge-Scale St r uct ur e

The standard paradigm is that large-scale st ructures in the Universe are formed
by gravitat ional instabilit ies, building on the primordial density perturbat ions
observed in the CMB 1, with baryons falling into the `holes' that are ampli-
� ed by cold dark matter. Galaxy format ion is considered to be more complex
than cluster format ion, with nonlinear astrophysical processes coming into play.
Calculat ing galaxy format ion is therefore more challenging numerically, though
it may be guided by semi-analyt ical models. The general belief is that clusters
formed before galaxies, which were formed by mergers of smaller st ructures.

The observat ional data on clusters of galaxies support the `concordance
model' in several di� erent ways. Data on X-rays from rich clusters can be used
to est imate the rat io 
 m =
 b [10], the results suggest ing again that 
 m � 1.
1 Which are commonly thought to arise from an early epoch of in
 at ion [8,9].
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F ig. 1. Recent compilat ion of data on the cosmic microwave background (CMB), ex-
hibit ing clearly the � rst acoust ic peak, whose locat ion � xes 
 t ot , and the possible
second and third peaks at larger ` [1].

The evolut ion of large-scale st ructure as a funct ion of redshift also supports the
concordance model, there being many more clusters at high z than would be ex-
pected in an Einstein-de-Sit ter cosmology with 
 m � 
 t ot � 1 [11]. Moreover,
the shape of the two-point correlat ion funct ion for galaxy clusters, as measured
by the REFLEX collaborat ion, agrees with the concordance model, and is very
similar in shape to that of the two-point correlat ion funct ion for galaxies. The
overall normalizat ion of the cluster correlat ion funct ion is considerably higher,
as expected from the `biasing' phenomenon, according to which rarer peaks are
correlated more strongly than those of lower signi� cance [11].

Several large new surveys of galaxy redshifts are underway, with some init ial
results from samples of � 105 galaxies now becoming available. Results from
the � rst release of Sloane Digital Sky Survey (SDSS) data (29,000 redshifts)
agree very well with those from the 2dF (200,000 redshifts) team and from the
LCRSdata (26,000 redshifts). Once again, the shape of the two-point correlat ion
funct ion agrees very well with the concordance model, and disagrees with the
Einstein-de-Sit ter model.

Just as the CMB is expected to display several acoust ic peaks, so also the
galaxy correlat ion funct ion is expected to exhibit baryonic `wiggles' on scales up
to � 100 Mpc. There was recent ly a claim [12] to have observed an indicat ion of
them, but the amplitude was unexpectedly large, and a more recent reanalysis
casts doubt on the `wiggle' interpretat ion [13], as seen in Fig. 3.
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F ig. 2. The combinat ion of cosmological data favours the `concordance' model with

 t ot � 1; 
 � =
 m � 2 ! 3 and 
 b small, in agreement with cosmological nucleosyn-
thesis [4].

F ig. 3. A recent reanalysis [13] of the data of [12] does not reveal any baryonic `wiggles' .

Models of st ructure format ion are also constrained by data on quasars and
Lyman � forests. The numbers of high-z quasars are problemat ic for hot- and
warm-dark-mat ter models, but are consistent with the concordance model. The
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data on Lyman � forests are part icularly interest ing, because reduced nonlin-
earit ies render their interpretat ion less ambiguous than those of galaxies.

As repeatedly ment ioned, all these data are consistent with the concordance
model. Combining them with the CMB and high-z supernova data, one obtains
the re� ned est imates:


 t ot = 0:99 � 0:03 ; 
 m h2 = 0:14 � 0:02;


 � = 0:65 � 0:05 ; 
 bh2 = 0:021 � 0:003: (2)

However, there are some open issues in st ructure format ion. One is that walls
of galaxies are seen in the data that do not appear in simulat ions, although
this is not seen as a serious problem. Another potent ial problem is provided by
density pro� les in groupsand clustersof galaxies, but hererecent simulat ionsnow
indicatethat energy eject ion due to supernovae breaks self-similarity in a manner
consistent with observat ion, within the concordance model. There havealso been
worries about the numbers of satellite galaxies, with many fewer being observed
than are expected in the concordance model. However, there are reasons to think
that small galaxies might not light up [14], since their convent ional mat ter could
be dispersed by the radiat ion from the � rst generat ion of stars.

1.3 D ynamics of Cusps

Another potent ial problem is whether cold dark matter predict ions of cusps in
the cores of galaxies are compat ible with observat ions [10]. The cold dark matter
density in a generic spheroidal galact ic halo may be parameterized by

� (r ) =
r 


0

r 
 (1 + ( r
r 0

)� )
( � � 
 )

�

; (3)

where r 0 is some scale factor. Early isothermal models of galact ic haloes were
nonsingular, with 
 = 0; � = � = 2. These were superseded by Navarro-Frenk-
White pro� les [15] with central singularit ies: 
 = 1; � = 1; � = 3, and more
recent ly by even moresingular pro� les: 
 = 1:5; � = 1:5; � = 3 [16]. Observat ions
do not support such singular cusps, and various at tempts have been made to
understand whether and how they might be weakened.

One suggest ion has been that the annihilat ions of dark-mat ter part icles in
the cusps might generate part icles and radiat ion pressure that would disperse
the cusps. However, it seems quest ionable whether the annihilat ion rates found
in plausible models are large enough, and the annihilat ions are so constrained
by upper limits on synchrotron radiat ion that this mechanism seems unlikely to
work [16].

Another suggest ion made at this meet ing, that seems more promising, is
that black holes at the centers of galaxies [17] may disrupt the cusps via the
gravitat ional slingshot e� ect act ing on individual dark-mat ter part icles [16], as
seen in Fig. 4. This e� ect could be important during mergers, and simulat ions
indicate that a further suppression of the core density would occur if there is a
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F ig. 4. The gravitat ional slingshot e� ect may suppress the density in a galact ice core:
the curves illust rate the reduct ions in the photon 
 ux from relic annihilat ion, integrated
over the indicated angular range, as found in di� erent scenarios [16].

hierarchy of mergers. It does not seem at the moment that the apparent absence
of cusps in generic galaxies is necessarily a big problem for cold dark matter.

A more specialized quest ion concerns the center of the Milky Way. As dis-
cussed in more detail below, this is known to contain a central massive object
weighing � 3� 106 solar masses, that isnormally presumed to bea black hole[18].
Like any other galaxy, one would expect the history of our own to have included
a number of mergers, that are likely to have suppressed the central density spike.
For this reason, the density of cold dark matter at the center of the Milky Way,
and hence the rate of their annihilat ions, has a considerable uncertainty that
must be borne in mind when assessing dark-mat ter detect ion strategies, as dis-
cussed later.

1.4 M at t er Cont ent of t he M ilky W ay

As we have been reminded at this meet ing, one form of dark matter has been
discovered, namely MACHOs [19]. It is st ill unclear what fract ion of the mi-
crolensing events is due to MACHOs in our galact ic halo, and what fract ions are
due to objects in either the Magellanic Clouds or our own (extended) galact ic
disc. If all the observed microlensing events originate from our galact ic halo, as
much as 8 % to 40 % of it could be composed of MACHOs. However, it now
seems clear that MACHOs cannot const itute the bulk of the halo of the Milky
Way [20].
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A topic discussed at length at this meet ing has been the composit ion of
the central object in our galaxy, Sagit tarius A* , that weighs � 3 � 106 solar
masses [18], as seen in Fig. 5. Although this is normally presumed to be a black
hole, but thishasnot been established. Weknow from theobservat ion of adjacent
stellar orbits that the central mass must be concentrated within a small radius.
Curvature has been observed in the orbits of some nearby stars, as seen in Fig. 6,
and the rate of precession of these orbits promises to become a useful tool for
measuring how much of the mass of Sagit tarius A* is extended.

105

106

107

0.01 0.1 1 10

G
G

G

G

8 kpc

3.0 106 M ••

3.7 1012 M •• pc-3
3.5 106 M •• pc-3

Ro=0.38 pc

distance from SgrA* (pc)

en
cl

os
ed

 m
as

s 
(M

••
)

F ig. 5. The cent re of the Milky Way contains a heavy object Sagit tarius A* , with a
mass � 3 � 106 solar masses concent rated in a small radius [18].

A point in favour of the black hole interpretat ion of Sagit tarius A* is that
it has been observed to 
 are in X-rays, exhibit ing large luminosity variat ions
over very short t ime scales [21]. Mat ter falling into a black hole is expected to
emit X-rays, and the rapid t ime variat ion indicates that the central engine of
Sagit tarius A* must be small. However, Sagit tarius A* is not very bright , and it
has been argued that this poses a so-called `blackness problem' which mot ivates
considering other models. However, as was discussed here [18], the blackness of
Sagit tariusA* is not necessarily a problem, since there are advect ive 
 ow models
that appear well able to reproduce its observed brightness [22].

As alternat ives to the black hole hypothesis, balls of condensed bosons or
fermions [23,24,25,26] have been proposed as alternat ive models for Sagit tarius
A* . The lat ter model postulates a neutral, weakly-interact ing fermion weighing
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F ig. 6. Orbit of the star S2 near the heavy object Sagit tarius A* at the cent re of the
Milky Way, exhibit ing clearly the curvature due to it s gravitat ional at t ract ion [18].

about 15 KeV, and we have seen here detailed simulat ions of the evolut ion with
t ime of a ball made out of such fermions [23], as seen in Fig. 7. This could not
be a convent ional neutrino, because the oscillat ion experiments tell us that they
are degenerate to within 10� 2 eV2, and Trit ium � -decay experiments tell us that
the � e mass is less than about 2.5 eV. Moreover, ast rophysical and cosmological
data suggest a similar upper limit on all the neutrino species. We also heard how
such a fermion might also const itute the halo of the Milky Way [25].

F ig. 7. I llust rat ion of the format ion of a fermion ball [23], showing the init ial infall
and the subsequent bouncing of material, some of which escapes while most falls back.

A potent ial `smoking gun' for the black-hole interpretat ion of Sagit tarius A*
is a Fe emission line at about 8.6 KeV, that is expected to be smeared by the
gravitat ional redshift near the horizon. An e� ect consistent with this expectat ion
has been reported. On the other hand, radiat ive decay of a fermion weighing 15
to 17 KeV could also produce photons in the same energy range!
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In my view, there isno reason to abandon theconservat iveblack-holeparadigm
for Sagit tarius A* , and Occam's razor prompts me to favour it . On the other
hand, such a paradigm must be challenged constant ly, and it is good to have a
rival model that wecan use to benchmark the success of the black-holeparadigm.

2 Par t icle Candidat es for D ark M at t er

Now that the astrophysicists have convinced us of the necessity of dark matter,
what candidates have we part icle physicists to o� er? Neutr inos are the prime
candidates for hot dark matter, whereas there are numerous candidates for cold
dark matter, including axions, supersymmetric part icles such as the lightest
neutralino, theaxino and the gravitino, and possiblesuperheavy metastablerelics
such as cryptons. Axions were not much discussed here, so I concentrate on
neutrinos, supersymmetric part icles and superheavy relics.

2.1 N eut r inos

As we were reminded at this meet ing, alternat ive interpretat ions of the solar and
atmospheric neutrino data are not excluded, but oscillat ions between di� erent
neutrino mass eigenstates are very much the favoured interpretat ions [27].

In the case of atmospheric neutrinos, the favoured oscillat ion pat tern is
� � ! � � . There is no evidence for oscillat ions involving the � e, there being
no anomaly in the atmospheric � e data, and we also have a stronger upper
limit on � e ! � � oscillat ions from the Chooz data. Also, � � ! � st er i le oscilla-
t ions are disfavoured by the zenith-angle dist ribut ions. The central value of the
mass-squared di� erence � m2 � 2:5 � 10� 3 eV2, and the mixing angle is large:
sin2 2� > 0:8 [28].

In the case of solar neutrinos, � e ! � � and/ or � � oscillat ions are preferred,
though some admixture of � e ! � st er i le cannot be excluded. After SNO [29], the
data increasingly favour the large-mixing-angle(LMA) solut ion, with 10� 5 eV2 <
� m2 < 10� 4 eV2, though large mixing with a somewhat smaller value of � m2

(the LOW solut ion) is also possible [30], as seen in Fig. 8.
We heard at this meet ing of a possible indicat ion for neutrinoless double-�

decay, corresponding to 0:11 eV < < m > � � < 0:56 eV [31] 2. The claimed
signi� cance is not high, around 2 � , whereas 4 or 5 � would be needed to claim
a discovery. The claimed indicat ion rests on the interpretat ion of one possible
bump in the energy spectrum, with some other bumps being interpreted as other
radioact ive decays, and the rest resist ing interpretat ion. However, the analysis
has been crit icized [33], in part icular because the strengths of the other claimed
radioact ive decays appear to be too high. The Heidelberg-Moscow experiment
has now reached the limit of its sensit ivity, so we must wait to see what other
experiments � nd. In a convent ional hierarchical scenario for neutrino masses,
one could expect to see a signal at the level < m > � � � 0:01 eV, for which a
future large-scale experiment such as the GENIUS proposal will be needed.
2 The possible interpretat ion in the context of oscillat ion experiments was also dis-

cussed here [32].
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F ig. 8. Regions of 2-neut rino oscillat ion parameters allowed [30] by the available solar
neut rino data, including those from SNO [29].

Trit ium � -decay experimentsare largely complementary to neutrinolessdouble-
� decay experiments [34], since they measure a di� erent observable:

< m > � � � i jUei j2mi vs < m > � � � j� I U2
ei e

i � i mi j: (4)

As weheard at this meet ing, the previous problems of these experiments, namely
the tendency to prefer negat ive values of < m > 2

� and the appearance of a
`bump' near the end of the spectrum, have now been resolved. The former has
been traced to a roughening transit ion in the frozen Trit ium surface layer, and
the lat ter to plasma e� ects related to part icles t rapped in the spectrometer. The
limits accessible with the present experiments have now been almost saturated.
Each experiment reports an upper limit � 2:2 eV, but a more conservat ive
interpretat ion would be

< m > � < 2:5 eV: (5)

As we also heard at this meet ing, there are ambit ious ideas for a next-generat ion
experiment called KATRIN [35], which is proposed to be 70 m long and 8 m in
diameter, and able to reach a limit of 0.35 eV. This is certainly a worthwhile
object ive, but the quest ion st ill remains: how to reach the atmospheric neutrino
mass scale � 0:05 eV.

Combining the upper limit (5) from Trit ium � decay with the upper limit
< m > � � < 0:56 eV from � � 0� decay, and recalling the lower limits: � m2 >
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F ig. 9. The const raint on the neut rino mixing angle � 12 and the Trit ium � -decay
observable < m > � that would be imposed if 0:11 eV < < m > � � < 0:56 eV (thin
lines) or 0:05 eV < < m > � � < 0:84 eV (thick lines) [32]. The ranges of � 12 favoured
by the LM A (LOW) solut ions are shaded between thin solid (dashed) lines.

0:003 eV2 from atmospheric neutrinos, 10� 4 eV2 for the LMA solar solut ion,
one can infer the following allowed range for the total relic neutrino density:

0:001 < � � 
 � < 0:18: (6)

Though not conclusive, this is certainly consistent with the lack of enthusiasm
for hot dark matter indicated by studies of large-scale st ructure. The CMB is
relat ively insensit ive to 
 � , whereas large-scale st ructure is very sensit ive to

 � [4].

Wecan look forward to signi� cant advances in neutrino physics in the coming
years that will check the emergent picture out lined above. The SNO experiment
will soon provideimportant new data on therat io of neutral- and charged-current
events [29]. Also start ing to take data is the KamLAND experiment [36], which
should provide a conclusive test of the LMA interpretat ion of the solar neutrino
data. Short ly, we can also expect important data from BOREXINO [37], that
will also help pin down the interpretat ion of solar neutrinos.

Long-baseline neutrino experiments [38] are now swinging into act ion to
probe the interpretat ion of atmospheric neutrinos, led by K2K [39]. The Super-
KAMIOKANDE detector is current ly being recon� gured after its accident , so as
to enable data-taking for the K2K experiment to restart . Meanwhile, the NUMI
beam and the MINOS detector are being prepared in the United States [40],
in parallel with the CNGS beam and the OPERA detector in Europe [41]. The
MINOS experiment is aimed at measurements of the oscillat ion pat tern, neutral-
and charged-current rates, and the search for � e appearance in a � � beam, whilst
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the OPERA detector is aimed at detect ing � product ion in a � � beam due to
� � ! � � oscillat ions. In the longer term, the JHF is under construct ion [42],
and will provide the opportunity to generate a more intense neutrino beam that
could be directed towards the SuperKAMIOKANDE detector or its projected
megaton-classsuccessor, HyperKAMIOKANDE. The lat ter would providea � rst
opportunity to search for CP neutrino oscillat ions.

Thesearch for CP violat ion could be mademuch moreprecise if more intense,
pure � e and/ or � � were available. A relat ively new idea to realize this object ive
is to store radioact ive ions whose decays would yield pure � e and �� e beams [43].
A longer-standing concept is that of a neutrino factory based on the decays of
muonsin a storagering [44]. Sincethisproduces simultaneously � � and �� e beams,
both with well-understood spectra, a neutrino factory is the ult imate weaqpon
for neutrino-oscillat ion studies. Among the object ives of this programme would
be the ult imate searches for � 13 and CP violat ion [45], and determining the sign
of the neutrino mass hierarchy.

In addit ion to neutrino-oscillat ion studies, a neutrino factory would also o� er
interest ing prospects for high-stat ist ics studies of neutrino interact ions with a
short -baseline beam [46]. The intense proton source would provide other par-
t icle physics opportunit ies, for example using stopped or slow muons [47], as
well as opportunit ies in other areas of physics [48]. Many accelerator labora-
tories around the world, including Europe, Japan and the United States, have
init iated studies of neutrino factories. However, in each region it seems that the
� rst choice for a major new accelerator facility is a linear e+ e� collider. Thus
there is a danger that the neutrino factory will be `always the bridesmaid, never
the bride' . The priority accorded a linear e+ e� collider is understandable, but
a balanced accelerator programme for the world should surely also include a
neutrino factory somewhere. Both machines could cast important light on the
dark matter problem, in di� erent ways.

2.2 Super symmet r ic D ar k M at t er

Assuming that R � (� 1)B + L + 2S is conserved, the lightest supersymmetric par-
t icle (LSP) is stable, and may be an ideal candidate for cold dark matter, pro-
vided it is neutral and has no strong interact ions. The possibility most often
studied [49] is that the LSP is the lightest neutralino � , a mixture of the super-
symmetric partners of the photon, Z 0 boson and neutral Higgs bosons. Another
opt ion ment ioned here is that the LSP is the axino ~a, the supersymmetric part -
ner of the hypothet ical axion. Finally, there is the gravitino ~G, which is generally
unwelcome, since detect ing it would be very di� cult . The gravit ino opt ion was
not discussed here, so I do not discuss it either. Instead, I focus mainly on the
lightest neutralino � , ment ioning more brie
 y the axino opt ion.

N eut r al ino D ar k M at t er In some sense, the neutralino is the most `natu-
ral' candidate in the minimal supersymmetric extension of the Standard Model
(MSSM), since one normally expects it to be lighter than the the gravit ino
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in models based on supergravity, and a relic density in the range of interest
to astrophysicists and cosmologists: 0:1 < 
 � h2 < 0:3 is `generic' . As several
speakers have shown here, neutralino dark matter is compat ible with all the
available accelerator constraints, including searches for supersymmetric part i-
cles at LEP [50], HERA [51] and the Tevatron collider, as well as the indirect
constraints imposed by measurements of b ! s
 and g� � 2 [52,53,54,55,56].
In the most constrained versions of the MSSM, in which scalar and fermionic
spart icle masses are each universal at some input grand-uni� cat ion scale, as in
simple supergravity (SUGRA) models, the lightest neutralino probably weighs
more than about 100 GeV [57]. Figs. 10 and 11 show examples of the allowed
parameter space in the constrained MSSM, illust rat ing the range allowed by the
g� � 2 constraint at the 1.5-� level, and the potent ial power of the search for
Bs ! � + � � at the Tevatron collider, respect ively.
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F ig. 10. Compilat ion of limits on the const rained MSSM for � > 0; tan � = 45; A 0 =
0, showing in part icular the region favoured by g� � 2 [54] at the � 1; 1:5-� levels.
Elect roweak symmet ry breaking is not posible in the shaded region at the top, and the
lightest supersymmet ric part icle would be the lighter ~� in the hatched region at the
bot tom.

The allowed parameter space may be explored theoret ically either by param-
eter scans, or by focusing on speci� c benchmark scenarios intended to illust rate
the range of possibilit ies left open by the experimental constraints [58]. These
indicate that dark matter searches can expect st rong compet it ion from future
accelerators, notably the LHC. This will be able to explore much of the domain
of parameters allowed by the relic density constraint and current experimental
constraints. Moreover, as has been revealed by speci� c benchmark studies illus-
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F ig. 11. Compilat ion of limits on the const rained MSSM for � > 0; tan � = 55; A 0 = 0,
showing in part icular the region accessible to the search for B s ! � + � � at the Tevat ron
collider [55]. Regions on the left and right are disfavoured by b ! s
 and g� � 2,
respect ively. In the hatched region at the bot tom, the lightest supersymmet ric part icle
would be the lighter ~� . The allowed region for supersymmet ric dark mat ter is shaded.

t rtaed in Fig. 12, in much of the accessible parameter space the LHC may be able
to discover several di� erent types of supersymmetric part icles, and measure the
CMSSM parameters quite accurately. However, as also shown in Fig. 12, there
are some benchmark scenarios where the LHC does lit t le more than discover
the lightest MSSM Higgs boson. Experiments searching for dark matter have an
almost clear � eld unt il 2007, but will then get some serious compet it ion: caveat
the LHC!

N eut r al ino R elic D ensit y Calculat ions These often assume universal in-
put scalar masses, termed here the CMSSM, as found in minimal supergravity
(mSUGRA) models. In the CMSSM, there is a `bulk' region of relat ively low val-
ues of m1=2; m0 where the relic density falls with in the range 0:1 < 
 � h2 < 0:3
favoured by astrophysics and cosmology. Stretching out from the bulk region to
larger m1=2 and/ or m0 are � laments of parameter space where special circum-
stances suppress the relic density, in some of which the LSP mass m � may be
signi� cant ly heavier. These � lamentsmay appear because of coannihilat ion [59] -
in which the relic LSP density is suppressed by mutual annihilat ions with other
spart icles that happen to be only slight ly heavier, rapid annihilat ion through
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direct -channel boson resonances - in part icular the heavier neutral MSSM Higgs
bosons A; H , and in the f̀ocus-point ' region [60] near the boundary where cal-
culat ions of elect roweak symmetry breaking fail.

The relic density in the bulk region is relat ively insensit ive to the exact values
of the input CMSSM parameters, and to di� erences in the (inevitable) approxi-
mat ions made in the calculat ions [61]. However, relic-density calculat ions in the
� lament regions are much more sensit ive to these input values and approxima-
t ions, and hence more likely to di� er from one paper to another, as we have
seen at this meet ing. Several di� erent codes for calculat ing the relic density are
now available, and the most recent ones generally agree quite well, once the
di� erences in inputs and approximat ions are straightened out .
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F ig. 12. Summary of the prospect ive sensit ivit ies of the LH C and lepton colliders
with di� erent

p
s energies to CMSSM part icle product ion in the proposed benchmark

scenarios [58], which are ordered by their distance from the cent ral value of g� � 2, as
indicated by the pale (yellow) line in the second panel. We see clearly the complemen-
tarity between a lepton ollider and the LH C in the TeV range of energies [58], with
the former excelling for non-st rongly-interact ing part icles, and the LH C for st rongly-
interact ing spart icles.

St r at egies t o Sear ch for N eut r al inos The most direct signal for supersym-
metric dark matter would be scatter ing on nuclei [62], a topic discussed by many
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speakers at this meet ing. The observat ion of an annual modulat ion e� ect in the
DAMA detector was reported here [63], but the source of the modulat ion has
not yet been pinned down. Detectors using other techniques have not yet been
able to con� rm the DAMA results [64], but neither have they yet been ruled
out . Most calculat ions now agree that it is very di� cult to reproduce in the
constrained MSSM the elast ic scat tering cross sect ion that would be required by
DAMA [52,56,65], as seen for example in Fig. 13.
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F ig. 13. The elast ic scat tering cross sect ion possible in the const rained
MSSM [52,56,65] lies considerably below the range suggested by DAMA [63], which
is not yet excluded by CDMS [64].

A less direct st rategy is to look for the products on LSP annihi lations inside
the Sun or Earth. These would produce neutrinos with relat ively high energies,
whose interact ions in rock would yield muons that could be detected in a detector
deep underground, underwater [66] or in ice [67]. The prospects for detect ing
these muons are quite model-dependent , but it seems that annihilat ions inside
the Sun might be morepromising, at least in the benchmark scenarios [68] shown
in the upper panel of Fig. 14.

Other suggest ions have been to look for posit rons or ant iprotons produced
by LSP annihi lations in the halo of the Milky Way. Quite a large number of
cosmic-ray ant iprotons have now been observed, but their 
 ux and modulat ion
with the solar cycle are consistent with secondary product ion by primary matter
cosmic rays. As shown here by the AMS collaborat ion [69], low-energy posit rons
in near space are also mainly produced by the collisions of cosmic rays, in the
Earth's atmosphere, though there are st ill some hints of a possible anomaly at
higher energies. However, it does not seem possible to reproduce this hint in the
CMSSM [68].

Another suggest ion has been to look for 
 -ray product ion by annihi lations in
the core of the Milky Way, where the relic density may be enhanced. However, as
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F ig. 14. Fluxes (upper) of muons from the core of the Sun that could be detected in
a detector deep underground, underwater or in ice, and (lower) of photons from the
core of the Milky Way, as calculated [68] in the proposed benchmark scenarios. The
calculat ions are compared with the est imated sensit ivit ies of the experiments shown.

discussed earlier, there are considerable uncertaint ies in this possible enhance-
ment . Depending on its magnitude, some benchmark scenarios might o� er hopes
for detect ion in this way [68,70], as shown in the lower panel of Fig. 14.

Thegeneral conclusion from these benchmark studies in the CMSSM is: think
big! Detectors much larger than the present generat ion would be required to have
a good chance of detect ing elast ic scat tering, and km3 detectors are probably
needed to see annihilat ions in the Sun or Earth.

Comment s on N eut r al ino Scat t er ing One of the most important contribu-
t ions to spin-independent elast ic scat tering is that due to Higgs exchange, and
oneof the reasons why current predict ions for the cross sect ion are less opt imist ic
than a few years ago is the dramat ic improvement in the lower limit on the Higgs
mass from LEP. The lower limit of 114:1 GeV in the Standard Model [71] also
applies to the CMSSM in regions of interest for dark matter, and in the more
general MSSM when tan � <� 8 [72].

The proton and neutron structure e� ects on both the spin-dependent and
-independent elast ic scat tering cross sect ions are relat ively well under control.
Despite residual uncertaint ies in some relevant hadronic matrix elements, other
uncertaint ies are probably considerably larger.

Last year, the init ial interpretat ion of the BNL experiment [73] on g� �
2 gave considerable hope to searches for elast ic scat tering, as it appeared to
exclude large values of m1=2 and m0 [74]. However, with the recent correct ion of
the sign of the hadronic light-by-light scat tering contribut ion [75], the previous
`discrepancy' with the Standard Model predict ion for g� � 2 has been great ly
reduced, large values of m1=2 and m0 are again allowed [54,53], and the elast ic
scat tering rate may be very small, as exempli� ed by the benchmark studies [68].
However, it remains true that the rate could be quite large if g� � 2 eventually
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set t lesdown closeto itspresent central value, and if there areno further Standard
Model surprises in store.

As was discussed here, annual modulat ion is a potent ially powerful tool for
convincing skept ics that a detector signal is indeed due to the scat tering of
dark matter, part icularly when combined with direct ional informat ion [76]. The
DAMA experiment is current ly under pressure from a number of other experi-
ments [64,77,78,79,80,81,82,83]. In view of the possible ambiguit ies in the inter-
pretat ion of any experimental signal, it is desirable to explore as many di� erent
techniques as possible, and it was encouraging to hear here that studies using
Sodium Iodide, Germanium, Xenon, Calcium Fluoride, Lithium Fluoride and
Aluminium as target materials are underway. It was also encouraging to hear
that Pulse Shape Discriminat ion, Ti me Project ion Chambers, Silicon Drift De-
tectors, and phonon-based detect ion strategies are being explored. It would be
part icularly impressive to � nd a con� rmatory signal for spin-dependent scat ter-
ing, and I recall that Fluorineisthemost promising material for thispurpose[84].

A xino D ar k M at t er As discussed here [85], the axino ~a is quite a `natural
possibility in an extension of the MSSM that includes an axion in order to explain
why the strong interact ions conserve CP. The decay constant Fa that re
 ects
the scale of axion dynamics should be <� 1011 GeV, so as to avoid having too
much axionic cold dark matter. As in the MSSM, a plausible mass scale for the
lightest neutralino is m� � 100 GeV. Assuming these values for Fa and m� ,
Fig. 15 displays the allowed range of the model parameter space in the m~a ; TR

plane, where TR is the reheat ing temperature after in
 at ion. As seen in Fig. 15,
one must require TR <� 10 TeV and m~a >� 10 MeV. The lat ter is not a problem,
since models typically yield m~a � 10 GeV, but in that case TR <� 100 GeV would
be needed, implying a somewhat unconvent ional cosmology.

Gr avit ino D ar k M at t er ? The thermal product ion of gravit inos following in-

 at ion has long been regarded as a potent ial problem for cosmology. To avoid
this, it is generally considered that the reheat ing temperature cannot be too
high: TR <� 109 GeV. In recent years, the possibility of overproducing gravit i-
nos during in
 at ion has also been raised [86]. As we heard here, in
 at inos are
certainly produced copiously, but these are not thought to convert into relic
gravit inos [87].

Since gravit inos have only gravitat ional-st rength interact ions, gravit ino dark
matter would be unobservable, and hence a nightmare for detect ion experiments.
In most supergravity scenarios, the gravit ino weighs more than the lightest neu-
t ralino, and is unstable. However, the possibility has been raised of a light grav-
it ino weighing � 1 KeV, which would be a potent ial candidate for warm dark
matter. However, this possibility does not seem to be required, or even favoured,
by cosmology, so is not pursued here.
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F ig. 15. Compilat ion of const raints on axino dark mat ter [85], as funct ions of the
reheat ing temperature TR and the axino mass m~a .

2.3 M et ast able Super heavy R elics?

As was discussed by several speakers at this meet ing, there may well exist ult ra-
high-energy cosmic rays (UHECR) beyond the Greisen-Zatsepin-Kuzmin (GZK)
cuto� , that is expected due to interact ions with the CMB [88]. The experimental
situat ion is not yet clear, since there are issues of energy calibrat ion and 
 ux
normalizat ion between the two experiments with the highest stat ist ics, AGASA
and Hi-Res. Experiments at CERN might be able to help by updat ing studies
of 
 uoresecence due to part icles passing through Nit rogen, and by validat ing
models of high-energy part icle interact ions at the LHC.

Assuming that UHECR beyond the GZK cuto� do exist , there are two main
scenarios for their origins: bot tom-up mechanisms involving discrete sources
within the GZK range, and top-down mechanisms that invoke the decays of
ult ra-massive part icles or topological defects [89].

Bot tom-up mechanisms are clearly more conservat ive (and hence more plau-
sible?). They suggest that the observed UHECR should cluster and perhaps
align with sources observable by other means, such as act ive galact ic nuclei or
gamma-ray bursters, unless intergalact ic magnet ic � elds are strong enough to
spread them out . There have indeed been reports of clustering and possible
alignment , but these have yet to at tain consensus.

It has been realized that the gravitat ional product ion of superheavy unsta-
ble relics, cryptons, is likely to be e� cient enough to provide an interest ing relic
density. Moreover, the hidden sectors of st ring models generically contain such
part icles, which naturally have long lifet imes, thanks to select ion rules and be-
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cause interact ions between the hidden and observable sectors are usually of very
high order and very weak. As we heard at this meet ing [90], the crypton decay
spectrum may � t well the apparent excess of UHECR beyond the GZK cuto� .
However, models tend to predict a large 
 / proton rat io, whereas the observed
UHECR have been consistent with protons and could not all be photons. In
any crypton model, most of the UHECR would originate from decays within the
halo of the Milky Way. This means that their arrival direct ions should exhibit a
galact ic anisotropy, and could also cluster if much of the halo consists of clumped
cold dark matter.

A third scenario discussed at this meet ing is the Z -burst model, according
to which the UHECR observed originate from collision between primary UHE
neutrinos that st rike relic dark matter neutrinos to produce Z 0 bosons that sub-
sequent ly decay. This scenario requires relic neutrinos that are somewhat heavier
than one might expect on the basis of atmospheric and solar oscillat ion exper-
iments, but the hypothesis cannot be excluded at present , as seen for example
in Fig. 16 [90].

As we heard at this meet ing, a series of ambit ious experiments on UHECR
are now being prepared or planned. The Auger experiment current ly being con-
st ructed in Argent ina will combine 
 uorescence and calorimetric techniques, and
have a much larger surface area than previous experiments [91]. EUSO [92] and
OWL-Airwatch are proposals for space experiments to look down at 
 uorescence
in the atmosphere over much larger areas st ill. The physics issues concerning
UHECR are on their way to being resolved.

2.4 A lt er nat ive Par t icle M odels for D ar k M at t er

If all theabove, moreconvent ional, part iclecandidates for dark matter fall by the
wayside, theorists have more exot ic candidates in their back pockets [93,94,95].
For example, there could be interact ing massive fermions that resemble warm
dark matter, should that be required. Alternat ively, there could be interact ing
scalar dark matter. One of these possibilit ies might become interest ing if the
cold dark matter paradigm fails.

3 D ark Energy

As we were reminded repeatedly at this meet ing, the cosmological concordance
model seems to require some form of dark energy in `empty' space, which should
make the dominant contribut ion to the overall energy density of the Universe:


 � = 0:65 � 0:05: (7)

At tempts to measure its equat ion of state suggest that it is almost constant :

! Q < 0:7; (8)

ruling out some at t ract ive t racking quintessence models [96].
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F ig. 16. I llust rat ions of � t s to the UHECR data in the crypton decay (upper) and
Z -burst (lower) models [90].

We heard at this meet ing of some interest ing new ideas. For example, the
existence of large extra dimensions would o� er new approaches [97], such as ob-
taining � from self-tuning in � vedimensions, or radion quintessence in six dimen-
sions. Other ideas proposed here included a Chaplygin gas [98] and a repulsive
force in massive QED: `spintessence' [99]. Certainly new ideas are desperately
needed.

However, in my view, it makes no sense to discuss dark energy outside the
framework of a complete quantum theory of gravity. Indeed, explaining the pres-
enceand magnitudeof dark energy issurely thegreatest challengefor a candidate
quantum theory of gravity such as string theory. The Holy Grail of such a theory
should be to calculate the amount of dark energy from � rst principles.
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4 Final Remarks

The quest for dark matter is entering an excit ing phase. Astrophysicists and
cosmologists keep on telling us part icle physicists that a large amount of dark
matter is certainly required, and that it is probably mainly cold. There are st ill
some nagging worries about this paradigm, related to galact ic cores and the
absence of observable small satellite galaxies, but these seem resolvable [100]
and there is no serious rival to the cold dark matter paradigm [94]. However,
ast rophysicists cannot tell us what this dark matter is composed of: that is the
task of we part icle physicists.

We certainly have plenty of candidates, ranging from axions through super-
symmetric part icles to cryptons. Which if any of these is correct can only be
decided by part icle experiments, either with accelerators or using astrophysical
sources. The greatest accelerator hopes lie with the LHC, but non-accelerator
experiments have an almost free rein unt il it starts taking data in 2007, and some
candidates such as axions and cryptons lie beyond the reach of accelerators.

Dark energy is even more of a challenge than dark matter. Part icle physicists
did not expect it , and do not have many convincing ideas for its origin. A deeper
understanding of quantum gravity is surely necessary.

Given this state of ferment , there is plenty to keep us all busy unt il the next
Dark 200N meet ing!
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