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what is the world wmade of?

Baryons (but no

only geowetrical evidence: antlbaryons) .
N ~ o(H2), H,~ 102 gev

.. dark energy s inferred

from the ‘cosmic sum rule”:

Q, +Q. +Q, = 1.

IR, Both geometrical
gy B e and dynamical

Dark Matter

229% 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?




n fact galaxy rotation curves can be explained without dark wmatter by Modified
Newtonian Bynamics (MOND), but the observed large-scale structure requires
Q,. >> Q .. if it has resulted from the growth under gravity of the small initial
density fluctuations (which Left thelr imprint on the CM® at last scattering)
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petatled modelling of WMAP and sbss = Q, ~ 0.3, Q. ~ 0.05



Although tn principle new gravitational phystes
(underlying MOND) can provide adequate growth of
cosmologieal structure, there will alwa Ys be an
observable distinction - the ‘gravitational slip’ -
between GrR and the new theory
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This is testable through measurements of gravitational weak lensing (shearing
of galaxy shapes) and its cross-correlation with the galaxy density field



what should the world be made of ?

Mass scale Particle Symmetry/ | Stability Production Abundance
Quantum #
AN Le T > 103 Yr ‘ —out’ Q_ ~1p0
@CP Nucleons Baryon Y reeze-out {rom g 10
number thermal ef- observed
equilibrivum
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We understand the dynamics of QCP

FOUR-MOMENT TRANSFER Q (GeV)

... and we can caleculate the mass spectrum



What do we expect for the symmetric thermal relic abundance of baryons?
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where g = # relativistic specles o L S 3
P N n x=m/T (time -)
"N __ "N —19
L.e. freeze-out ocours at 7~ m,, /45, with: = ~ 10
My Ty

However the observed ratio Ls 109 times bigger for baryons, and there
are no antibaryowns, so we must invoke an tnitial asywmmetry:
"B "B 109
ng +n B
Should we not call this the ‘baryon disaster’ (cf. ‘WIMP miracle’)?




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 L.e. mot 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)
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Asgmmetn'a barg onle matter

E '/-\"1‘4:

3

N =i i g rauv yj’a
d_u.“l =a,4(’l/ )’“W )= g Wwaer j uw

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

Although Leptogenesis ts not directly testable experimentally
(winless the Lepton number violation occurs as low as the Tev
scale), it is an elegant paradigm for the origin of baryons

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



Although \/astLH overabundant compa red to the natural e)qacctatiow,
bargows canwnot close the universe (BBN = CMB concordance)

Baryon density QA2
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.. the dark matter must therefore be mainly non-baryontie



The sStandard su(s), x su(2) x u() y Model provides an exact description of
all miamphgsiag (wp to some high energ Y cut-off scale M)

Higgs mass divergence

Leg = M 4 + M 2p2%) iy~ i /O Ve = e super-renormalisable

1672 1672

+ (D®)2+ V¥ DU+ F? 4+ U0 4 H? renormalisable
VAVZOTo R VAVAVAY,

+ + 4. non-renormalisable

M M?

Newphgsics begowd the SM (neutrino mass, nucleon olecag, FCNC ...) ™
won-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 (10® new params)

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

For example, the lightest supersy mwmetric particle (tgPLoaLLg the neutralino X ),
tf protected against deca Y bg R—parifcg, ls a candioate for thermal dark matter

But Lf the Higgs is composite (as in techwicolor models of sSu(2) x u(1) y breaking) then
there is no need for supersymmetry ... and the Lightest TC state can be dark wmatter



what should the world be made of ?

Mass Particle | Symmetry/ Stability Production Abundance
scale Quantum #
AP Nucleons Baryon T > 10%° yr “free from Q, ~107*°
number (dim-6 OK) thermd brivum cf- observed
Asywmmetric Q. ~ 0.05
baryogenesis
N.,...~ | Neutraline? R-parity? Violated? (matter ‘freeze-out’ from | Q ..~ 0.25
G2 parity adequate | thermal equilibrivum
for p stab'LLLtg)
¢ Standard particles SUSY particles
() !
t b
Y SMAA+m ff o aP 1"133
effective A fJLJR + u e H T
‘ Force particles @ Sleptons (&) SUS l orce

For (softly broken) supersymmetry we have the ‘W(M‘P mimcLe’

Qxh2 ~

3 x 107 2%"cm

—3s—1

S

<O'ann’U> T=T%

~ (.1

, since (Tannv) ~

1672m2

Iy

X

~ 3 x 10" %%cm3s1




Atlantis Event: susyevent

‘Focus Poiwt’ regiow:
annthilation to gauge bosons

14 GeV

MSUGRA A,=0,
tan(fB) =10, u>o0

m,, (GeV)

Slepton co-
annthilation region

400 500
m

600 700 800

(GeV)

900 1000

"BulkR' reglon:
t-channel sLep’cow

WMAP constratnts exenange




what should the world be made of ?

Mass Particle Symmetry/ Stability Production Abundance
scale Quantum #
AP, Nucleons Baryon number | T > 10% yr ‘Freez: rom Q, ~107*°
(dim-c oK) | thermal equiBgium | cf observed
Asymimetric Q. ~o0.05
baryogenesis
N ~ Neutralino? R-parity? violateol? ‘Freeze-out’ from Q p~ 025
G2 thermal equilibrivum
Technibaryon? (walking) T~ 10" yr | ASY mmetric (likethe | ~ po2s
Technicolour et excess?! observed baryons)

A new particle can share in the B/L asymwmetry uf Lt is charged
under a global (1) symmetry whteh has a ‘mixed anomaly’ witth
Su(2) gauge symmetry ... thus linking dark to baryonic matter!

For example a TeV mass tcohwibargow would have (Nussinov 1985):

PDM

_— NN

PB

mpwMm

mpm

o

mp

3/2
) e_mDM/Tsphaleron ~ 5




what should the world be wwad ?

For ~5 GeVv wmass the abundance s 5 times that

of baryons (Gelmint et al 1987) and there are

candioate particles in hidden sectors (e.9. Kaplan

19922) with characteristic collider signatures
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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 _, ~ 10°-1029 cm?!
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.. other experiments e.g. CRESST have also reported ‘hints’ for light dark matter
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This is however hotly
disputed - e.g. the
effictency of XENON to
detect scintillation Light
at Low recoll energy is
rather uncertain ... and
so is the CPDMS energy
scale (Collar et al 2011)

10

WIMP-Nucleon Cross Section [cm?]

40 50 60 7080 10°

These stgnals are not guite
consistent (for an assumed
standard Maxwellian velocity
distribution for halo dark
matter) ... and are supposedly
ruled out completely bg data
from much bigger expertments
like CDMS and XENON-100

Browwn et al, arxXiv:1109.2589
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There are several sources of wncertainty n the measured recoil rate:

ﬂ Nuclearphy5|cs n

Particle physics astrophysics

.. S0 can attempt to reconcile the different results by considering whether dark,
matter might tnteract with neutrons and protons differently e.g. /1, ~ -0.7
reduces senststivity of XENON (Giulant 2005, Cheng et al 2010, Feng et al
2011, Frandsen et al 2011) - or have tnteractions that are maiw% tnelastie/
momentum dependent/Leptophilic/spin-dependent/electromagwnetic ... 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!



DM-nucleus interactions from vector R
Ly" =R.xv"(9y — 927" )x + Rufv" (97 — 977°)f

Proton/neutron couplings and gquark couplings after integrating out R:

gA VgA WV gA VgA A Y
_ V V _ A\ A% AV xR IfR xZ JfZ
fo=2b, +b; , f,=2b; +0, . bV = by + by = m2, + m
0.1 O0.1p

) S
g g
& 001 & 001}
g &
£ o001} S 0001
. (=5
= =
w 7]

0.0001 0.0001

~12 .
buV/J‘}V/fp = —1
’ ’ ’ 2
Possx,loLl: to suppress scattering on a sp'ecuﬁo o 2y fp a2
target by choosing f, /1, appropriately! N —#in fn n

tf mediator couples to Lsospin as e.g. RED rho-meson, then £/£ = -1

(Frandsen, Kahlhoefer, Sarkar, Schmidt-Hoberg, 2011)



Awnother source of uncertainty is that the DM velocity distribution
Ls assumed to be Maxwellian but is Likely to be quite different ...

Halo restframe ]Lil h restframe (Sumn 1(1)

vvvvvvvvvvvv

vvvvvvvvvv

L best-fit M-B
1 _ spherical shel

100 sample spheres

extrema 1=

N N
aoc

AJ gl (o
< 10% [(km/s)™]

(Kuhlen et al, 2010)

< 107 [(km/s)™"]

f(v)
f(v) x 10°

~~
L —

Moreover the escape \/6LO0Lt5 from the qalaxy
and even the Sun’ s orbital \/eLothg are not
kinown aooumteLg and the Local dewsu’cg of

dark matter Ls uncertain bg a factor of ~2
Expect Lmproved measurements from GALA (2012)
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It Ls just the velocity integral that
determines the scattering rate ... there

Ls considerable spread amongst various
halo wmodels and stmulations.

Evewn for the standard halo model, there
are large parameter uncertainties



Since CoGeNT § CRESST-
probe different ranges of v,
space, a consistent description
of these ispossible ... however
the upper limit from XENON
cannot be thus reconciled
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‘Monojet’” events at colliders directly wmeasure the
coupling of dark wmatter (Goodman et al 2010,
BaL et al 2011, Fox et al 2011) — wnote this Ls the
same coupling that enters in direct detection

So para metrise all possLbLe dark miatter tnteractions
as effective operators, thew caleulate the expecteot

signal (tgjpioaLLg ~10 times smaller than the SM /\
background) and use existing data to set bounds X >

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



E.9. data from the CDF expt

at the Tevatron gﬂetd Limits 107

which are GOVWPC‘CLtL\/& alread ay
with direct detection expts =
for SD interactions

= 10740
(Bai, Fox § Harnik 2010) %
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ATLAS and CMS at the LHC ATLAS Limits for vector
are also doing searches for Lnteractions do not yet
‘mownojets’ ... the expected reach rule out *best fit reglons’
for dark matter couplings is
particularly interesting for
light dark wmatter and for
spin-dependent couplings
Rajaraman, Sheperd, Tait, wijangeo, 11
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Many technigues for tndirect detection ... and many clatms!

The PAMELA ‘excess’ (e1), Fermt ‘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 in the Galaxy so complement direct
detection expertments ... but have other systematic wncertainties



The PAMELA ‘awomaLg’ gﬁ

PAMELA has wmeasured

the positron fraction: ~
Dot +
Pet + Pe- ~
Anomaly = excess above @
astrophgswm blegal
10"

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

However predicted amp Litwde
tgpiaaLLg ~10-10% too small

| corrected for solar modulation effects  qast g schael (2009)

Galprop LIS

o corrected weighted mean AMS01+HEAT+CAPRICE+TS93
So need to boost annthilation O comecedPAMEA
| | lllllll | | lllllll | | lllllll |
cross-section by ‘Sommerfeld 101 - ; ' -
enhancement’ due to new E/GeV

long-range force (Light boson)




’ ’ 5&1 L7 = * ’ -Lti ’ ’ - ’ ’ 2’ ’
Nuwmerical stmulations of structur&eformatugw through,gravitational tnstabulity in, cold
dark wmatter show the.Milky. WY forming ffom the mergerofmaller structures
(+ tidal strippingibargonic infall, disk formatioin “etg) oversseveral billiongyears

. .

The ‘boost factor’ “due to this clumpiness is < a fackor of ~2-10 (Lavalle et al, 200%)




However the observed antiproton flux is consistent with the
background expectation (from cosmic ray propagation tn the Galaxy)
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Fermi has searched for DM signals in a variety of channels ... without success
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have beew set by looking towards 77 CINANE N
dwarf spherotdal galaxies which i
are satellites of the Milky way
and believed to be highly dark
matter dominated ...

Particularly stringent limits P g =

E — I T T | T 17T I T | T | 17T 17T T4
= MSSM — UMalll ==== Draco = -
L i I . . S A
s /MAPcompatile Coma Berenices =+ Sextans - Ursa Minor, 11 months data 7]
10°E below WMAP oM . 7
= —_— . ornax - + - . . 7
m a Sclpior +ers Bootes | N u u final state, with IC /
10° = ' 107 £
- T eI -
'En 103 E_ = -l """" _ -
® = ” % B
E S e pl W B R S . T o 22 —
o VOPETTTTTT  na i R iy e s 107E s
N — — -
= 10l A - i
=~ 1050 -
2k v Llae- 1
23k
Vo1e 107 E
= - .
al " : ’
10 E i \\\‘,-' |
- B 28 2
2 10 St — D0=10 cm /s
10° = = 0 2 |3
E 0 ae e 4 0 2 Eg |- D,=10" em’/s| 3
10-3 B | C | | 1 | | I | | | L1 1 1 I—
102 103 100 1000 10000

m,,, (GeV) WIMP Mass (GeV)



Sensitivity to the annihilation signal from dsphs is however rather

dependent on how the dark matter distribution s modelled ...

cored

halos reduce the signal by ~10° of. ousps (Bvawns, Ferver, Sarkar 2004)

Although current
kinematic stellar
data is generally
wot good enough to
determine the
density profile from
the rotation curves
(Walker et al 2009),
it has proved posstble
to demonstrate that
at least two dsphs -
Fornax and Sculptor

— have cores (Walker §
Penarrubla, 2011)
.. challenge for CDM?
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The annihilation signal can be factorised into: particle physies x astrophysics

gz: (E+, AQ) = &P (E,) x J(AQ)
dd 1 (0annv) dN - / / 2
PP = — — —_— J = [,€2) dldf).
b (E-')_qu T 2me xdE7 e Pom(t,§2)

A recent stud Y (walker et al 2011) shows that most authors have overestimated
the J-factor of the dsSphs used in setting Llimits on annihilating dark matter
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Hewce the sensitivity to the annihilation signal that is currently
betng claimed will actually be reached only after several years
operation of Fermi, or by a future Cherenkov array (aka CTA)
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... can do much better with a dedicated ‘Darke Matter Array’




The Galactic Centre is a wmore promising site for the DM annthilation signal
(notwithstanding the astrophysical backgrounds) ... indeed it has beew claimed
that Fermi has seen the signal of ~7#-10 gev DM! (Hooper § Goodenough 2011)
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... eagerly awatting
checks by the Fermi team

BY fitting the observed y-ray
emisston to a disk+bulge model
(1t + 1C emalssion) they Lsolate a
excess stgnal in the tnnermost
region (~17#5 pe) — which has a
harad spectrum consistent with
dark matter annihilation
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Awnother discovery channel Ls high energy neutrinos from annihilation

of dark wmatter acereted by the suwn ...

most sensttive to spiw—olepewalewt

nteractions (Lmproved with low energy extension of (ceCube — DeepCore)
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Experimental situation reminiscent of searches in the
'R0s for temperature fluctuations in the CMB
... there were clear theoretical predictions but only upper
Limeits on detection (causing near crisis for theory 1)
Finally breakthrough that transformed cosmology!

Theovetical expectations for dark matter are wot as clear
(betng based on BSM phgsics) but there are many
experimental approaches and interesting
complementarities between them

There are bound to be false alarms but Lt s a
reasonable e)qaectatiow that the nature of dark
matter will soon be determined e)qaerimewtaug



