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what is the world wmade of?

Baryons (but no

only geowetrical evidence: antibaryons) ..
N ~ o(H2), H,~ 10** gev

.. dark energy s inferred

from the ‘cosmic sum rule”:

QM+QR+Q,\=1.

TSN, Both geometrical
iy B Ly and dywnawmical

Dark Matter

22% evidence (L‘f agrR Ls
valid on all scales)

No sigwnificant
dynamical evidence seen
(e.g9. ‘Late ISw effect’ )
.. Ls dark energy betng
faked by tnhomogeneity?




The wmodern saga of dark wmatter starts with the rotation curves of spiral galaxtes ...
At large distances from the
centre, beyond the edge of

the visible galaxy, the

r W ] , _f B veLoc'Lta should fall as 1/Vr
= B/ p T - i) Lf most of the matter Ls in
ot the optical dise
Rotation curve for \/ GNM (< T)
Ucirc — r

Planet-like rotation i
planet-like rotation

... but vera _rubin et al.
(197#0) observed that the
rotattonal veLooLtH
rematns ~constant tn
Awndromeda, LVWPLEJLW@ the
existence of an extended

(dark) halo
Veire ~ COnstant =




The really compelling evidence for extended
halos of dark matter came from observations in the 1980 s of 21
e Line emission from neutral hydrogen (orbiting around
Galaxy at ~constant velocity) beyond the visible disk
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More sophisticated modelling needs to account for multiple
components and the coupling between baryonice § dark matter

No angular momentum exchange with angular momentum exchange
llll-llllllllllllll_l. —r T T T T T T T T T T T T T T

Klypin, Zhao § Sowmerville [astro-ph/0110290]

The Local halo olewsitg of dark matter is ~0.3 Gev em ™= (uwcertaiwtg x27?)
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wWe can get an Lolea of wha’c the Mma wa 5 halo Looks ktke from wumenoaL stkulatioms =
of structure formatww throué‘% g-myutatwwal, mstabyut n ﬁtd dark mattér .
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A gaLaxg Sweh as ours is seen to Mavﬁ'e& Lted from the merger of many smaller
structures, tidal s’onppbwg, ba ry ontLe wv@a L and disk, formation etcover billions of years




So the phase space structure of the dark halo is pretty complicated ...

via Lactea [l projected dark wmatter (squared-) density map

real
space

Diemand, Kuhlen, Madau, Zewmp, Moore, Potter § Stadel [arXiv:0205.1244]



But real galaxies appear stmpler thaw expected!
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Figure 1| Scatter plots showing correlations between five measured
variables, not including colour. The variables are two optical radii, Rso and
Ry, (in parsecs), respectively containing 50 and 90% of the emitted light; and
luminosity, Lg neutral hydrogen mass, My; ; and dynamical mass, M4
(inferred from the 21-cm linewidth, the radius and the inclination in the

D'steg, Romawno, C,arcia—Appaoloo, West, Dalcanton § Cortese, Nature 455:1082,2008



Whereas the Galaxy does have satellite galaxies and substructure,
Lt seems to be Less than expected from the mumerical simulations
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Inferences of dark matter are wot always right ...
it may instead be a change tn the dynamics

2 Jan 1L860: “qew’cl,emew, [ Glve You the
Planet Vulean” Fremeh mathematician
urbain Le Verrier announces the discovery of
a new planet between Mercury and the sun,
to members of the Académie des Sciences tn
Paris (following up on his earlier successful
prediction of Neptune in 1256).

Some astromomers evewm see
vulean tn the evening sky!

But the precession of Mercury is not due to a dark planet ...
but because Newtow is superseded by Binstein



Dark wmatter appears to be required only where the test particle acceleration is Low
(below a, ~ 10° em/s?) - it is not a spatial scale-dependent effect
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what Lf Newtown' s law is modified tn weak fields?
GM

5 A0

N — 5
=

Milgrom, Ap) 270:265,1983



Bek’,ewsteiw——MiLg yomw Equatiow

Suppose F = —V ¢ where
Vign = 4nGp =V -[u(|V¢|/ag)V¢] = 4nGp

where 1 f > 1
or x
p(z) = {.L for x < 1
Then
0=V -[u(|V¢|/a0)Ve — Von]
implies

n(|Ve|/ag)Vé =Von +V x A
so when A ~ () and |V¢| <« 1

* 1\ |V¢|?
9r—ococ = — MGa'OT% _|_O <_) Y | 4)| — |V¢N|

2
T aO
Milgrom [arXiv:0912.2678]



4 .. .
v GM . M
—=-—-ay = Mxuv® (Tully-Fisher if — = const)
"‘.2 7.2 o L
C v [ v 7 ] .
1 - 4 <
L {1 =
C ] % o
0.5 I S 3
— [ 1 ©
a0 [ 1 04 05 06 07 08 0.9
- [ ] B-V
- LY =
-05 . - .. the fitted value of the only free
C . ] parameter (M/L) agrees very well
C . ] with population synthesis models
-1+ -] Sawnders § verhetjen [astro-ph/9202240]
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This Ls an Lmpressive correlation for which dark wmatter has wo simple explanation



MOND fits galactic
rotation curves with
a,=1.2x10°F cma 2

v (km/s)

N
N
o

o

o

o
LB L

llllllllllllllllllllllll

lllmmllllu_‘

o
o

\.
H_
o
N
o
QL |
o

100 ——T 717171
80 NGC 1560
60
<ug> = 23.2 mag/a
40
o (M/Lg)gigc = 0.4
0
NGC 2903

Features tn the
baryownic disc have
<Hg> = 20.5 mag/a counterparts tn the
rotation curve

(M/Lg)gisk = 1.9

Sawnders § MeGgaugh [astro-ph/0204521]



A huge
variety

of rotation
cuUrves is
well fitted
by MOND

. with fewer
parameters
thaw Ls
requlred by
the dark
matter
moolel
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Sawnders § Verhetjew [astro-ph/9802240]



The wnferred rotation curve of the outer Milky way
(a <107% e s2) can be well fitted without dark matter

-1
V. (km s )
o0 100 150 200 250

0 5 10 15 20 25 30 35 40 45 50 55 60
R (kpc)

Fig. 7.— The outer rotation curve predicted by MOND for the Milky Way compared to
the two realizations of the Blue Horizontal Branch stars in the SDSS data reported by Xue
et al. (2008). The data points from the two realizations have been offset slightly from each
other in radius for clarity; lines as per Fig. 2. The specific case illustrated has Ry = 2.3 kpc,
but the rotation curve beyond 15 kpc is not sensitive to this choice. While the data clearly
exceed the Newtonian expectation (declining curve), they are consistent with MOND.

MceGaugh (2008)



Moreover some 250 NGC 821
giant elliptical E - :
galaxies oo exhibit = o0 R T gt 3
Keplerian fall-off = o E
O'f the ra V\/dDVM, 208 | NGC 3379| _;
\/CLDOLtg di«S’PﬂVSLOVb, “g 150 —z
as MOND prealicts = 100 - =
E =
B
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Models: & oo f e :
Milgrom § Sanders & 50 F =
[astro-ph/0309617] 0 E } i % i : i 5

, , T2 4494 ]
This can be explained 5 | 821 |
ln a dark matter moolel § 1 |
only Lf stellar orbits ares | |
very elliptical 0 . | . | . |
Dekel et al astro-ph/0501622 0 2 4 6



However MOND fails ow the scale of clusters of galaxies

Newlon MOND
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The “missing mass” cannot be accounted for entirely
by tnvoking MOND ... dark wmatter is required
(thus vindicating the original proposal of Zwicky)



Fritz Zwicky (1933) measured the velocity
dispersion tn the Coma cluster to be as high as
1000 Rm/s

= M/L ~ o0 (100) M@/L@

“... If this overdensity is confirmed we wouldl
arrive at the astonishing conclusion that dark
matter Ls present (in Coma) with a much
greater density than luminous matter”



Further evidence comes from observations of gravitational
lensing of distant sources by a foreground cluster ...
enabling the potential to be reconstructeol

Gravitational Lens e HST - WFPC2
Galaxy Cluster 0024+1654

This reveals that the gravitational mass is dominated by
an extenoed smooth distribution of dark matter



The gravitating mass can also be obtained from
X-ray observations of the hot gas in the cluster

.. asswming it is tn 1 dPgs  GNM(<T)

thermal equilibrivm: Pgas dr P2



The Chandra picture of the ‘bullet cluster” shows that the
X-ray emitting baryonic matter is displaced from the galaxies
and the dark matter (nferred throwgh gravitational lensing) ...
for many this is convincing evidence of dark matter
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Clowe et al [astro-ph/0608407]

6"58M42° 36° 30° 24° 18° 12°

6"'58M42° 36° 30° 247 18° 12°

FiG. 1.—Lejt panel: Color image from the Magellan images of the merging cluster 1E 0657—558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing k reconstructions, with the outer contour
levels at k = 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the x peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.

v principle however the alternative theory of gravity which
underlies MOND may predict different deflection of Light - so the
reconstructed gravitational potential may be different
.. however it has not been showw that this can save MOND



Awnother argument comes from constderations of structure formation in the universe

tiny fraction
of a second

»i“- : ‘ £ ';”.2..:': :
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380,000 o
years




Perturbations tn metric (generated during inflation)
induce perturbations in photons and (dark) matter

Compton

Scattermg
These perturbations begin to grow through
gravitational sttabiLLtg after matter domination

Coulomb
Scattering



Before recombination, the primordial fluctuations just excite sound waves in the
plasma, but can start growing already in the sea of collisionless dark wmatter ...

[Frrrrr 1 T [Tt
4 - -
L Last -
o - Soatter _
= 2 I i
L
= ! ryon=-Photon Fluid -
g
< O —
_2 = —
B " HETT T W WMAP 5-year
lass s 3 1 » 2 lass s s -200 T(uK) +200
101 1000

Redshift

These sound waves Leave an tmprint on the last scattering surface as the universe
turns neutral and transparent ... sensitive to the baryon/CPM densities

For a statistically isotropic gaussian AT (n) = E Ay Yim (1)
ranodom field, the angular power

spectrum can be constructed b Y O, = 1 2
soncpoting in Spher e O1= g7 2 laim
ecomposing L spherieal harmowntes: 20+ 1



Morveover the observed Large-scale structure requires Q, >> Q. if it has
resulted from the growth under gravity (GR) of small initial density
fluctwations ... which left their Lmprint on the CM®B at Last scattering
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Detailed modelling of WMAP and 2dF/Spss = Q, ~ 0.3, Q. ~ 0.05
... No MOND-like theory (e.9. Teves) can fit the data so well



Although new gravitational physies (underlying MOND)
can in principle provide adequate growth of cosmological
structure, there will always be an observable distinction — the
‘gravitational slip’ — between GR and the new theory

N L L | ! It
Reyes et al (2o010) |
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This can be tested through measurements of ‘weak lensing (shearitng of
galaxy shapes) and its cross-correlation with the galaxy density field



s Lt possLbLe that darke matter Ls LLLusorg?

Modified Newtonian Dynamics (MOND) accounts better for
galactic rotation curves thaw does dark matter - moreover Lt
Preolwts the observed correlation between Lu.mw\,osch anol
rotation \/eLocL’cg L~v,,* (' TuLLg -Fisher relation”)

.. however MOND fails on the scale of galaxy clusters and in
particular cannot explain the segregation of “bright’ and
‘dark’ wmatter seew L the merging cluster 1€ 065#-558

Also MOND Ls not a ph 3swaL theory - aL’chough reLa’chsth
covariant theories that yield MOND exist (e.g. Teves' by
Bekensteln) theg have wot provwlcol as satus-{—'actorgj an
understanding of CM®B anisotroples and structure formation,
as the standard (cold) dark matter cosmolog Y

. mevertheless good to keep an open. mind until
dark matter Ls actually Ldentified!



Observations tndicate that the bulk of the matter tn the
universe is dark (i.e. dissipationless, ~collistonless, ~colol)

There Ls a generic expectation that it consists of a new stable
particle from physies beyond the Standard Model

... Lt cannot have electric or colowr charge (otherwise would
bind to ord'w\,arg nuclel creating anomalously heavy
Lsotopes - ruled out experimentally at a high Level)

.. Lt cannot couple too strongly to the Z.° (or would have
been seen alread Y L accelerator searches)

underground nuclear recotl detectors are placing restrictive
bounds own its elastic scattering cross-section with nucleons ...
while tndirect searches for gamma-ra ys, neutrinos and other
products of dark wmatter annthilations (Ln the Sun, MiUQg
way, ...) have provided exciting hints!
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what should the world be made of ?

Mass scale Particle Sywmwmetry/ | Stability Production Abundance
uantum #
Noer Nucleons Baryon T > 10%% yr freeze-out’ from Q. ~107°
number (dim-o thermal equilibrium | cf: observed
OK) Q. ~o0.05

we have a good theory for why baryons are massive and stable
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However, tn the standard cosmology ~none should be left-over from the Big Bang!




Thermal Relics

n+ 3Hn = —(ov)(n? — n?)

Chemtical equiLibrium LS mailntained
as long as anntihilation rate exceeds
the Hubble e)qaawsiow rate

e - - - e e — - - B

‘Freeze-out’ ocecurs whew annthilation mte
3/ 2T3 /2, —mnN/T

2
m
becomes compambLe to the e)qsawsww vate

~ ~

Comoving Number Density

anavwm

Nucleons > 1
11 I 1 1 1 1 1 11 ]

2
H ~ V9 where g ~ # relativistic species

100 1000
P x=m/T (time -)
) ) , , '”/N T
Le. ‘freeze-out’ occurs at T ~ m, /45, with: —— =N 10719
n»-y ’n,,y

However the observed ratio is 107 times bigger for baryons, and there are no
awtibargows, so we must Lnvoke an tnitial asymmetry: nNB —Np 10-2

Y
Should we not call this the ‘baryon disaster’ (ef. ‘WIMP wmiracle)? \np + n B




Sakharov conditions for baryogenesis:
1. Baryon number violation
2. cand CcPviolation
2. Departure for thermal equilibrivm

Baryon number violation occurs even L the Standard Model
through wow—pcrturbative (sphaLerow—meoliated) processes ... but CP-
violation is too weak (also the electroweak symmetry breaking
phase transition is a ‘cross-over hewnce not out-of-equilibrivum)

Hence the generation of the observed matter-antimatter asymmetry
requires new BSM phystes (could be related to neutrino masses ...

possibly due to violatiow of Lepton nuwmber = Leptogenesis)

* -y T ]'_'r rC 2
‘See-saw’: L = Loy + Ayjla HN; — =N;MyN5  AMTIAYHY? = [m,)]
aA /. BA
m M 4 ™m
ULa > I,p Y, L < VLR
Na

2 2 o e —3 112 , 2 2
= my —my, >~ 2.6 X 10 "eV Am.. = m5 —m

9
Am

atm



Asgmmetn'a barg onle matter

Awny primordial Lepton asymmetry (from the out-of-equilibrivum
decays of the right-handed N') would be redistributed by B+ L
violating processes (Which conserve B-L) amongst all fermions — L
particular baryons - which couple to the electroweak anomaly

Although Leptogenesis ts not directly testable experimentally
(unless the lepton number violatiow occurs as Low as the Tev
scale), it is an elegant paradigm for the origin of baryons

.. but inw any case we accept that the only kind of matter which we
are certain exists, originated non-thermally in the early universe



The standard SU(3), x SU(2) _x IA(:L) Model provides an exact
description of all microph 5sws (up to some high energ Y cut-off M)

Higgs mass olwergewce
: 22) i~ 15 / W = it alisable
Leg = M4+ M°D T 1672 1672 SUPpEr-réenormatts

+ (D®)2+ V¥ DU+ F? 4+ U0 4 H? renormalisable
VAL TR VAVAVAL ,
+ + + ... non-renormalisable

M M?

The effect of new physies beyond the SM (neutrino mass, nucleon decay, FCNC) —
non-renormalisable operators suppressed by M* ... which ‘decouple’ as M — M,

But as M is raised, the effects of the super-renormalisable operators are exacerbated
Solution for 2 term — ‘softly broken’ supersymmetry at M ~ 1 Tev

This sugggests possible mechanisms for baryogenesis, candidates for dark wmattey, ... (as
also do other proposed extensions of the SM, e.g. new dimensions @ TeV scale)

For example, the Lightest supersy mmetric particle (’cgp'wa LLy the neutralino X ), if
protected against decay by R-parity, is a candidate for thermal dark wmatter

But if the Hbggs Ls composite (as in techwnicolor models of SU(2), x I/L(i) breaking) then
there is no need for supersymmetry ... and light TC states can be olarle matter



what should the world be wwade of ?

Mass Particle | Symmetry/ Stability Production Abundance
scale Quantum #
A, Nucleons Baryon T > 10% yr “freez from Q_ ~107°
number (dim-& OK.) thermal equ um | of pbserved
Asymmnetric Q. ~0.05
baryogenesis
N ~ | Neutraline? R-parity? Violated? (matter ‘freeze-out’ from | Q ..~ 0.25
G2 parity aa/c;q’uate thermal equilibrivom
for p stability)
t =
@ ud ¢l t 14 C t
(s . ’ QO 90
= dj sj b Higgs d s b Higgsino
t L = 4
L effective - MAAMA t mffoR + M H H‘ ( ;) ;), ;)
Quarks ’ Leptons . Force particles Squarks Q Sleptons o E;Jrﬁzl;grce

For (softly broken) supersymmetry we have the "WIMP miracle’ :

3x107%"cm3s™! g2
~ (.1 . since Uy~ —
’ (Tann) 167r2'm§<

Qxh2 ~ ~ 3 x 107 %%cm3s!

<0annv> T=T%

But why should a thermal relic have an abundance comparable to that of baryons?



Atlantis Event: susyevent

‘Focus Poiwt’ reglon:
anwnihilation to gawge bosons
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what should the world be made of ?

Mass scale Particle Sywmmetry/ | Stability Production Abundance
uantum #
Noer Nucleons Baryon T > 10% yr ‘frceMm Q, ~107*°
number dim-o or. | thermal equ tum | cf- observed
Q. ~o0.05
Noprii ~ Neutralino? R-parity? violateol? freeze-out’ from Q p~ 03

2T thermal equilibrivm

This also 5L6Lds the ‘WIMPLless miracle’ (Feng § kKumar 200%)

since for generic hidden sector matter: 9,2/m, ~ 9 ,2/m, ~ F/16T*M
which gives required abundance as before

SUsY ]
2 3 X 10_27Cm_38_1 breaking
9 h =~ ~ (.1
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4 PR S |
- C t : Hidd
since (aannv> ~ 167;q+m2 ~ 3 x 10~ 26cm3s ! MSSM onn;c or [ Ixen

X ‘ | T




what should the world be made of ?

Mass scale Particle Sywmmetry/ | Stability Production Abundance
Ruantum #
Noon Nucleons BAryon T > 10%% yr Asymmnetric Q. ~o0.05
number baryogenesis
Neew ~ | park baryon UL e ? Asymmetric (Like | o o5
A DB
SN\ oop baryons)
N ~ Neutralino? R-parity? violated? freeze-out’ from Q, ., —0.25
G2 T~ 10 Yyr thermal equilibrivim
Technibaryon? | (walking) et excess?l | Asymmetric (Like Q_~025
Technicolour baryons)

A new Bw-scale particle which shares in this asymwetry (e.g. tcchwibargow)
would have the right abundance to be dark matter ... and explain the ratio of
dark to baryonic matter (Nussinov 1925) 100p | | | |

o @u="s

'OD_M ~ G ~ mpMm (mDM > Y e_mDM/Tdec|sphaleron
PB mp mg
For ‘hidden’ baryons with mass of a few Gevthe 01 "R Q_/Q ~5 2 \
requtred relic abundance ts more natural (Gelmini
et al 19857, DB Kaplan 1992, Kaplaw et al 2009 ...)

SHE
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So cawn try to detect any passing halo dark matter particles
directly, with well-shielded underground experiments

Ge

Xe, Ar, Ne

Nal, Xe

WIMP

& 20 % energy
Iomza’rlon

/\

v \d

* ¥ few % detected energy
* usually fast
* no surface effects ?

Elastic nuclear scattering

Ge Si

*
t

|
\

\

Hea’r — | ALLO,, LiF

& 100% detected
energy
* relatively slow
* requires cryogenic
detectors

CaWO,, BGO
ZnWO,, AlLO,

|

|
\
\

ukler § Stodolsky 1984; Goodman § Witten 1985)

No detection so far = upper Limit of ~107** em® on St seattering cross-sectiow of
~100 GeV WIMPs, assuming local halo dark wmatter density ~ 0.4 Gev em™=



For ~25 years there has been. a world-wide race on to detect dark miatter ...
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But most of the direct detection experiments have been optimised for
~100 GeVv WIMPs (wmotivated bg suqaersgmmetrg) theg are wot as
sensitive to ~few Gev dark wmatter particles = O(keVv) recoil energy



Sowme experiments (DAMA, CoGeNT,) have reported wodulation
signals for ~5-10 Gev mass particles with O _

2-6 keV
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*STOP PRESS* CRESST has just reported >40 evidence for light dark wmatter
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Results from 730 kg days of the CRESST-Il Dark Matter Search [arXilv:1109.0702]

Sixty-seven events are found in the acceptance region where a WIMP signal in the form
of low energy nuclear recoils would be expected. We estimate background contributions
to this observation from four sources ... Using a maximum likelihood analysis, we find,
at a high statistical signicance, that these sources alone are not sufficient to explain the
data. The addition of a signal due to scattering of relatively light WIMPs could account
for this discrepancy, and we determine the associated WIMP parameters.

1 B 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
8- J — total ~
— WIMP signal
v bek -
3 3 — Pb recoil bek
205 = — a bek .
S a8 — neutron bck
5 S -
3
‘g —— —
. 0 9 -
0 - o ’ W8
| 1 | i | . | . | . 1 . 1 n
0 20 40 60 80 100 120 140 1]
Energy [keV] o
Fig. 6. (Color online) The data of one detector module (Ch20), i

shown in the light yield vs. recoil energy plane. The large num-
ber of events in the band around a light yield of 1 is due to Energy [keV]
electron and gamma background events. The shaded areas in-
dicate the bands, where alpha (yellow), oxygen (violet), and
tungsten (gray) recoil events are expected. Additionally high-
lighted are the acceptance region used in this work (orange),
the reference region in the a-band (blue), as well as the events
observed in these two regions. See text for discussion.

Fig. 11. (Color online) Energy spectrum of the accepted
events from all detector modules, together with the expected
contributions from the considered backgrounds and a WIMP
signal, as inferred from the likelihood fit. The solid and dashed
lines correspond to the fit results M1 and M2, respectively.
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90%, 99% CL (2 dof)
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CoGeNT 11 (modulation)
DAMA/LIBRA

These stgnals are not guite
consistent (for an assumed

T T T T T
| I I N N |

c [cmZ]

| |7 standard Maxwellian velocity
g distribution for halo dark
10 = G
<t 1y matter) ... and are supposedLg
- 1= ruled out completely by data
/ 7 from wmuch bigger expertments
i — ] like cPMS and XENON-100
10 s 1|0 TRETEETINTE 10% T T T T
my [GeV] \ < pamaNa Aprile et al (2010, 2011)
This Ls however hotly 10 o

DAMA/I

disputed - e.g. the
efficlency of XENON to
detect scintillation Light
at Low recoll energy is
rather wncertain ... and
o Ls the CDMS eneryg Y \
scale (Collar et al 2011) 0 a0 30 3050 im0 om0 300 oo
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XENON100 (2011)




There are several sources of wncertainty n the measured recoil rate:

o0
(]R . fl()(‘al 6) t
(ER, t) = Mlilr 5—2 /(lSU ( )
mxﬂ, v

dER
Nuclear physicé
Particle physics astrophysics

pr + fn(A B Z))2

2

n

On

... S0 can attempt to reconcile the different results by considering whether darie
matter might tnteract with neutrons and protons differently e.g. /1, ~ -0.7
reduces sensistivity of XENON (Giulani 2005, Cheng et al 2010, Feng et al
2011, Frandsen et al 2011) - or have tnteractions that are maing tnelastie/
momentum dependent/Leptophilic/spin-dependent/electromagnetic ... or various
combinations of these (many theoretical papers over the past year)

Thewn there are experimental uncertainties (effictencies, energy
resolution, backgrounds ...) as well as uncertainties in translating
measureod energies tnto recoil energles (channelling, quenching ...)

It Ls becoming tnereasingly clear that this is not going to be easy!



Awnother source of uncertainty is the assumed velocity distribution of
dark matter in the Galaxy ... e.9. a non-Maxwellian distribution
(determined self—oonsistendg, accounting for the effect of ba ryons) may
change the pioture (chauolhwg, Bhattacharjee § Cowsik, 2010)
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F Coms:n-Ge]
1e-08 L L L 1 L1 1 II 1 L L1l
o 1 =2 3 4 5 6 7 8 ¢ 1 10 100
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Moveover the escape velocity from the Galaxy
and even the Sun’ s orbital \/eLocL‘cgj are not
nowwn accurately and the local density of
dark matter Ls uncertain by a factor of ~2 B8
... varying these parameters alters the limits
Expect Lmproved measurements from GALA (2012)




Interestingly there is a way to divectly measure the coupling of
dark watter particles at colliders, bg Looking for ’mowqje’c’ events
(Goodmaw et al 2010, Bal et al 2011, Fox et al 2011) — note this is
the same coupling that enters in direct detection

So parawetrise all possible darke matter interactions as effective
operators, thew caleulate the expected signal (typically ~10 times

smaller than the SM background) and use existing data to set
bounds

igx Y9q

2 — M2 (q9) (Xx) Sl, scalar exchange
q;g_xi(;g (@vuq) (X" X) SI, vector exchange
q;g_xi/jQ ((1%7561) XY 5x) SD,e?Ciﬁtzzgtor
q;g_xiig (q759) (X5X) - SD and mom. dep.,

psuedo-scalar exchange



€.9. data from the CDF expt at the
Tevatron yield limits which are
competitive alread Y

with direct detection expts

for SB nteractions

(BaiL, Fox § Harnik 2010)

Br > 80 GeV
pr(j1) > 80 GeV
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ATLAS aWd CMS at the LHG are ..................................................................

, . 107%;
also doing searches for ‘monojets’ LHC 7
.. the expected reach for dark 107
matter couplings is particularly 1010  COGeNT /
tnteresting for Light dark matter Em_“ = CDMS (low energy)

and for spin-dependent
couplings (Rajaraman, Sheperd, 1042}
Tait, wijangeo 2011)

LHC 14
CDMS

10 YENON 100

10+
107 5 10 | 50 100 500 1000
10-3¢ .
SIMPLE . XENON10
10-37 }
However note that the bounds W Ml
’ ’ ’ )-38 e et
evaporate if the mediating 10 Tevatron e
particle is also light (so cannot % 10'39/
be tntegrated out in EFT) 28100 LHC 7
... S0 still needl divect detection o1
experiments!
10-*
107+
ol 50 50100 500 1000

m, (GeV)



Many techwiques for tndirect detection ... and many clatms!

The PAMEULA ‘excess’ (e1), Fermul ‘excess’ (et + ¢), WMAP ‘haze’ (radlo), Ferml
‘bubbles’ (7 -ra 5) ... have all beewn ascribed to dark matter annthilations/deca ys

These probe dark matter elsewhere tn the Galaxy so complement direct
detection expertments ... but have other systematic wncertainties



The PAMELA ‘awomaLg’

PAMELA has wmeasured

the 'PDSLtYOI/L ‘fVﬂ ction: : | corrected for solar modulation effects  qast § Schael (2009)
¢e+ ++
¢e+ + ¢e_ ;:’
,?cwoma Lg —> EXCESS a,bove +‘”
astrophysteal bkgd

W'wleLg attributed to dark
matter annthilations/deca Y
... fits the spectral shape!

However predicted amp Litwde
tgpiaa Ly ~10-10% too small

Galprop LIS

o corrected weighted mean AMS01+HEAT+CAPRICE+TS93
So need to boost annthilation O comecedPAMEA
_ ‘ 4 -2 | 1 llllll | 1 llllll | 1 llllll |
cross-section by ‘Sommerfeld 107 - ; ' -
enhancement’ due to new E/GeV

long-range force (Light boson)



park wmatter has been widely invoked as the source of the “excess’ e

DM annihilation DM decay

Rate ~ n?,,, rRate ~ n,,/ T .,
(Lifettme ~109 x age of unlverse e.g).
dim-6& operator suppressed by M+

(e.9. few hundred qev neutralino

LSP or Kaluza-Klein state) for a Tev mass techni-baryon)
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The ‘boost factor required to match the PAMELA/FERMI data
is much higher thaw the factor of ~few enhancement expected due
to clumping of dark matter in the galaxy

PAMELA
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However the observed antiproton flux is consistent with the
backgrownd expectation (from cosmic ra Y propagation in the Galaxy)
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The best targets for annihilation v -va Ys are expected to be
the galactic Centre and substructure ...




Fermi has searched for DM signals in a variety of channels ... without success

4 N\

(Continuum spectrum with ) Spectral line
cutoff at Mom Prompt annihilation into Yy, YZ, YH°...
Annihilation (or decay) into Y (also prompt decay into photons)
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Good statistics but source

Satellites: : :
Low background and good: | confusion/diffuse background; Milky Way halo:
source ID, but low statistics? Large statistics but

diffuse background
2010, ApJ, 712, 147

All-sky map of gamma rays
from DM annihilation
arXiv:0908.0195 (based on
Via Lactea |l simulation)

And electrons!

2010, PRL 104, 091302

i Spectral lines:

2010, JCAP, 04, 014
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Particularly stringent limits

have beew set by looking towards

dwarf spheroidal galaxies which
are satellites of the Milky way
and believed to be highly dark
matter dominated ...

<ov> (102 cmds™)

—h —h
Q@ o
N - —h

—h
Qe
w

E MSSM — UMalll === Draco
- WMAP tibl

compatible Coma Berenices ==== Sextans
= below WMAP ‘
= . UM Fornax
— . ] .

. * Scllptor =+ Bootes |
= . '
= u R et et
N L et L
- . ":.- -:: ) :' PR T
- L :
= » S
RRRRRTTLY, &t YA e "o+
-é;-‘-:'-: """"" e e B R e Y L
;__J__..;.!-I‘-“
|
102 10°

3

<o v>(cm /s)

SDSSJ1049+5103

fuma ]

T T TTTIT

Ursa Minor, 11 months data

uu final state, with IC

21
107
2| S _
107 E - - 3
C P ]
,'/ - s - ’ i
23— 7 =
107 BR - ‘ o® E
;7\ $\‘, - \\\\ E
: \X\\ \L -
B o i
B c‘~‘\ 28 2 ]
24 o™ . D0=10 cm’/s
107 B 9 2, |3
————— D,=10" em’/s| 3
B | | | L1 11 I | | | | 11 I—
100 1000

WIMP Mass (GeV)

10000



Sensitivity to the annihilation signal from dsphs is however rather
dependent on how the dark matter distribution is modelled ... cored
halos reduce the signal b y ~10* c-f. CUSPS (Bvans, Ferrer, Sarkar 2004)
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The Galactic Centre is a wmore promising site for the DM annthilation signal
(notwithstanding the astrophysical backgrounds) ... indeed it has been claimed
that Fermi has seen the signal of ~7#-10 Ggev DM! (Hooper § Goodenough 2011)

(1t + 1C emalssion) they Lsolate a
excess stgnal in the tnnermost
T N reglon (~175 pe) — whilch has a
s g e ardl spectrum consistent with

ot |- i dark matter annthilation
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Awnother discovery channel Ls high energy neutrinos from annihilation
of dark watter accreted by the Sun ... most sensitive to spin-dependent
interactions (Lmproved with low energy extenston of (ceCube — DeepCore)

/
IceCube

Neutralino-proton SD cross-section [cm? ]

0.05 <€, h? <0.20

_ 'IceCub'e Preliminary

- — — CDMS 2010

107 oo <oli" CDMS(2010)+XENON100(2011) 1
cierene COUPP 2008 o ()
w2l CIMS 2007 == |C/Amanda 2001-2008, W™ W
,,,,,,,, : = - - -a IC/Amanda 2001-2008, bb
1033 | Picasso 2009 o | )
U Super-K 2001 ——— 1C86 180 days sensitivity, W™ w~ '+
1034 | N ) 7 for my < my /‘
- \ IIIII SUEERAR - .’/.- .w
10 35 | N et - ‘/’/_ ...... IR E
""'4';'| \\ lllllllllllllll —’/—.’— """ ST
1%F I N — T SRR ]
1077 .
1038 | 1
10-39 A .
1040 | ;
10“41 1 |
10! 102 10° 104

WIMP mass [GeV]



Axton dark matter

Log = M*+ M?*d?

+ (D®)*+ ¥ DV + F? + UUP + P?

VAZo Lo n VAVAVA
M M?

_|_

+ ...

+0qcp FF

super-renormalisable

renormalisable

non-renormalisable

The SM adwits a term which would Lead to CP violation tn strong Lnteractions, hence
an (unobserved) electric dipole moment for neutrons = requires 0 . < 10

To achieve this without fine-tuning, 0 ... must be made a dynamical parameter, through

the tntroduction of @ nwew U (L) ,peni ouinn

symwmetry which must be brokewn ... the resulting

(psewdo) Nambu-Goldstone bosow is the axion which (Later) acquires a mass through its
mixing with the plon (the pNGB of RCD): m, = m (f/fps)

The coherent oscillations of relic axions contain energy density that behaves like CPM
with Q h? ~ 10™ Gev/{,,, ... however the natural P-& scale is: f., ~ 10 Gev

Hewnce axiown dark matter would weed to be significantly diluted — not predictable!

... or seek anthropic explanation for why 0 .. is small (Tegmark et al. 200%)
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SumwmwLaruy

Experimental situation reminiscent of search for
temperature fluctuations in the CM®B i the 'f0s - there
were clear theoretical predictions but only upper Limits on
detection (causing crisis for theorg)
finally breakthrough that transformed cosmology!

The theoretical expectations for dark watter are
wot as clear (betng based on BSM phgsias) but
there are many experimental approaches and
interesting complementarities between them

There are bound to be false alarms but it is a
reasonable 6)<pectatiow that the nature of dark
matter will soon be determined experimewtaug



