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Dark matter:
compelling evidence there are

new particles to be discovered
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No shortage of DM candidates

Axions, WIMPS, Neutralinos, Gravitinos, Axinos, Sneutrinos,
Kaluza-Klein particles, Heavy Fourth Generation Neutrinos,
Mirror particles, superWIMPs, WIMPzillas, Sterile Neutrinos,
Light Scalars, Q-Balls, Brane World Dark Matter, Primordial
Black Holes, Asymmetric Dark Matter....

....or, perhaps most likely, something we haven’t
thought of yet....

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne



Well-motivated DM candidates

= Thermal WIMPs (e.g. SUSY neutralinos)
—>well motivated theoretically & good detection prospects

= Axions
- motivated by QCD strong CP

= Asymmetric Dark Matter
- motivated by (,,,=5Q,

= Sterile neutrinos
- new physics already required in neutrino sector

= DM with only gravitational interactions
—>Nightmare scenario!




Thermal Relic Dark Matter

(1) Dark matter initially in
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—> Final dark matter abundance proportional to

inverse of the annihilation cross section.

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne



“WIMP Miracle”

** The thermal relic picture sets the “natural scale” for the
dark matter annihilation cross section:

Qpy ~ 0.2 implies {ov) ~2 X 10726 cm3s71

s Suggests electroweak-scale parameters since:

2
(10026\/)2 =107 em?s™

(ov) ~

- 1) A compelling argument, given we have other reason to
expect new physics at the GeV-TeV scale.

— 2) Realistic prospects of detection:
- annihilation signals (indirect detection)
- nuclear recoils (direct detection)
- monojets+missing ET (colliders)




“WIMPless” Miracle?

Actually, thermal freezeout does not single out the electroweak
scale. The relic density simply sets

1 m%{ Feng &

(ov) g%

QX X Kumar

— we can choose any m or g, provided we fix the ratio

Note: Partial wave unitarity bounds the cross section
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- rules out thermal relic DM for very large masses.

<Ov>thermal = m)( <300 TeV
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Complementary ways to probe
(non-gravitational) DM interactions

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Photons, Other dark
W, Z, h bosons particles

Nuclear Matter

quarks, gluons

DM DM

. . ) SM DM .
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM DM DM DM
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Indirect detection

Search for DM annihilation (or decay) products from regions
where DM density is high and (ideally) backgrounds are low:
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Indirect detection with MW dwarfs

e Dwarf spheroidal galaxies =,

dSphs are DM dominated systems (they have very high M/L ratios).
Many dSphs are closer than 100 kpc to the Galactic Centre.
Low background

[ ] ~
Coma

N egl |g| b I e e® Willman 1 Bootes ﬂ;;, Berenices
= rsa Major | P Bootes Il L]
astrophysical P e UrsaMinor _Bostes
Ursa Major pE Yot (]
backgrounds . D0 percues

- robust limits

Sagittarius -

Carina

Fornax
&

Sculptor
&

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne 11



Fermi dwarf
results

Fermi-LAT,
Ackermann et al,
arXiv:1310.0828,
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Cluster limits

Galaxy clusters have large DM
density and low background
» Good for indirect detection

Uncertainties:

» DM density profile

» Existence of sub-halos
(clumpiness boost factor) : B Coma |

» Gamma emission induced by ./ 4 Fornax:

. Bl Virgo |
cosmicC rays ---Dwarf |
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Very strong limits! Rule out
Figure 9. Upper limits for the DM annihilation cross-section

some proposed Signals! in the 7777 channel. Line styles are as in Fig. 6, but only the

EXT results are shown. The black dashed line is the dwarf galaxy
constraint. (Geringer-Sameth & Koushiappas 2011)

Han et al, arXiv:1207.6749
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CMB limits on DM annihilation

= Recombination history of the universe could be modified if DM
annihilations inject energy into the photon-baryon plasma.

= Limits depend on:

— the fraction of the DM energy absorbed by the plasma
—> typical value f=0.2 (larger for annihilation to electrons)

— Velocity dependence of the cross section
= If p-wave suppressed, annihilation rate is very small

= Currently exclude thermal relics with m <5 GeV
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CMB limits on DM annihilation

Madhavacheril, Sehgal & Slatyer, arXiv:1310.3815

WMAP9
Current (WMAPO9+Planck+ACT+SPT+BAO+HST+SN)
Full Planck temp. and pol. forecast

CMB Stage 4 forecast

Cosmic Variance Limit
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CMB limits on DM annihilation

Madhavacheril, Sehgal & Slatyer, arXiv:1310.3815

WMAPY
Current (WMAP9+Planck+ACT+SPT+BAO+HST+SN)
Full Planck temp. and pol. forecast

CMB Stage 4 forecast

Cosmic Variance Limit

S5 Fermi Inner Galaxy 5
Z/ZZ AMS-02/PAMELA/Fermi |}
BN Direct Detection

102 10° 10*
M, [GeV]
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Indirect detection: positrons?

PAMELA e+ excess,
Nature 458, 607-609

DM annihilation signal?

—ref. 1

® PAMELA

* Aesop (ref. 13)
0O HEAT00

* AMS

v CAPRICE94
A HEAT94+95
* TS93

o MASS89

Or maybe pulsars?

Positron fraction, ¢(e*) / (¢le*) + ¢(e))

Possible contribution from

Geminga pulsar.
Yuksel, Kistler and Stanev, PRL
¢ PAMELA 20Q8 2009

Clem 2006
AMS-01 1998*
AMS-01 1998
CAPRICE 1994
Golden 1993
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Gamma ray lines —the smoking gun...

Fermi Gamma ray line search from 5 — 300 GeV
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No globally significant line signal

Note: gamma ray lines should be loop suppressed, thus
subdominant to continuum gammas.
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Fermi gamma ray line at ~ 130 GeV?

Reg3 Reg4 (ULTRACLEAN), E, =129.8 GeV
Einasto 3 - ; )
T Signal counts: 46.1 (4.360) 80.5 - 210.1 GeV
; 30} p-value=0.37, x2,=23.6/22
Reg4

Contr. a=1.15

+

Weniger 1204.2797, and
several other groups.
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A surprise!l Remember, gamma ray lines are loop suppressed.
Official Fermi-LAT analysis with more data found a lower significance.
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Galactic center emission — dark matter?

Extended source of 1-3 GeV gamma ray emission at the Galactic
centre is seen in Fermi-LAT data. (Hooper et al. + other groups.)

Spatial distribution consistent with DM distribution

Can be fit by annihilation to

" bbar with 40 GeV DM mass

" tau+tau- with 10 GeV DM mass

with a cross section roughly consistent with a thermal relic.

BUT, unresolved point sources (e.g. millisecond pulsars) can mimic
this signal.

And, at these low DM masses, in tension with indirect detection
limits from clusters.




Galactic center e

m

ission — dark matter?

Abazajian et al,
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Comparing limits

bb (solid), 771 (dashed)

Bell, Horiuchi & Shoemaker,
arXiv:1408.xxxx
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Interpreting the GC emission
in an asymmetric DM model

Bell, Horiuchi & Shoemaker,
arXiv:1408.xxxx

L L | Ll | L | RN 10_27 I EEEE | L L | R
0.001 0.01 . 1074 0.001 0.01

Foo %o

ADM = tau+tau- channel consistent with thermal freezeout
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Direct Detection

_ in the summer,
DM “wind moving against wind

B

P .

&

in the winter,
moving away from wind

L
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Spin-independent vs Spin-dependent
Spin independent - DM interacts coherently with whole nucleus
- A2 enhancement of cross section

Spin dependent - DM couples to spin of nucleus

a)Operators for Dirac fermion DM (b)Operators for Complex scalar DM

SI

HXXaq

XV XTVug

S XYY@V g

1l - v, =
A2 X0 X GO

BXXGH G

Further operators, not shown, have a velocity suppressed
WIMP-nucleon cross section
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WIMP-nucleon cross section (sz]

Direct Detection Results

A

T

ZEPLIN 111

LUX, arXiv:1405.5906
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1

Future: “neutrino floor” is irreducible background

Coherent neutrino-nucleus scattering of solar/atmospheric neutrinos!

SuperCDMS Soudan CDMS-lite
SuperCOMS Soudan Low Threshold
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Spin-dependent WIMP-nucleon scattering

—— XENON100 limit (2013)
* 20 expected sensitivity
+ 1o expected sensitivity
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Solar WIMPS

e Dark matter accumulates and annihilates in the centre of Sun

e Only neutrinos escape the Sun = IceCube, SuperK

e Capture determined by WIMP-nucleon scattering cross section.
—> capture rate = annihilation rate (in equilibrium) »

e Hence probes the same quantity as direct detection experiments
- Competitive limits for spin-dependent cross sections

Oscatt

i capture

. ]:‘la.ﬂll I-L
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Spin-dependent WIMP-nucleon scattering

lceCube solar WIMP limits more sensitive than nuclear recoil
experiments. _ MSSH mocl scan

(W, o4 for my = m,, = B0.4GeV)
ICEG+DL.r SEMNS. |1v|-d|i WW, o for my < my, = 80.4GaV)
“lcaCube PRELIMINARY®
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Neutralino mass (GeV)

Complementary: Collider, nuclear recoil, and solar wimp searches
rely on very different assumptions.
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LHC vs direct detection

Spin-independent Spin-dependent

1 IIIIIIII I LI BN 1 LA | IIIIIII| I T T I I T TTTIl
0% CL, Spin Independent 80% CL, Spin Dependar
—— CMS (195 1b", 8 TeV), D5 — CMB (185107, 8 Tov), 08
== ATLAS (o5 b, @ TeV) Dn = ATLAS{10.5 1", 8 TV 08
—— CMS (s.ofb”’, 7 TeV), Ds — CMS 5.0 10", 7 TaV), D8
== ATLAS (4.7 ﬂ:-",?TE"ul':l. L= =+ ATLAS{4.T ", 7 Tav], DB
CKIS I:1 8.8 ‘II:-I, 8 TeW), D11 ATLAS{A. T, 7 TV, DO
ATLAS (1o.5fb", 8 TeW) D11 coF
== ATLAS (4.7 7,7 TeV) D11 , SIMPLE 2012
CDOF i = |caCuba WW
— LLX 4 —— FICASED
SuperCOMS . = « EENOH 100 {Hautron

Askew et al 1406.5662

-

101 10 10°
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J-ll. E

(target mass = 87.3 kg)

DAI\/IA/LIBRA annual modulation

in the summer,

. ) ) o . ) ) (13 b ]
e VTS OEE el DM “wind™ 1 6ving against wind

@

Residuals (cpd/kg/keV)

2-6 keV

Residuals (cpd/kg/keV)

Now 8.9 g confidence level
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in the winter,
moving away from wind

DAMA/LIBRA = 250 hg (0.87 tonxyr) —_— |

Time (day)
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s the DAMA signal really DM 7

Something is modulated

There is strong motivation to check the systematics with an
experiment in the southern hemisphere.

— True DM signal should have the same modulation phase.
— The phase of a background modulation could be expected to
change with location (sessional variation of atmosphere, etc).

—> Various proposed southern hemisphere experiments :
= South pole (DMice)

= Chile-Argentina (ANDES)

= Australia
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DM In
Austra

Mine identified in Stawell
(near Melbourne)

Studies to assess suitability
of the site are underway.
(E. Barberio et al.)

R




Beyond WIMPs

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014
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Leptophilic WIMP?

e Suppose DM couples only to leptons (at tree level)
e Usual direct detection and mono-jet bounds not applicable.
e Even so, this scenario is strongly constrained

Direct detection loop-suppressed,
yet still yields strong limits

Collider production via Drell-Yan
process

Bell et al 1407.4566.
See also: Kopp 0907.3159
Altmannshofer 1406.1269

Nicole Bell, University of Melbourne 36



Leptophilic WIMP

Direct detection still requires
the new-physics scale to be high

- some tension with relic
density requirement

Bell et al 1407.4566.

m, = 100 GeV

my = 50 GeV
m, = 100 GeV
my =50 GeV my =10 GeV
my = 10GeV VRV

iy [GeV] 1 mny [GeV]




Sterile neutrino dark matter

O keV sterile neutrinos = good candidate for warm DM
O Produced in early universe via active-sterile oscillations

O Exclusion principle prevents arbitrary high density
- dense galaxies set lower limit on mass (Tremaine—Gunn bound)

O Unstable. Decays produce x-ray line.
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Possible signal in Perseus and other galaxy

clusters.

E=3.5710.02 keV
—=m=7.1keV

Bulbul et al 1402.2301, ApJ

3.57 +0.02 (0.03) XMM - MOS

Full Sample
e, \L 6 Ms

_Residuals  Flux (cnts s" keV")

34 36
Energy (keV)
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Caution:
many nearby
atomic transition

lines
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Sterile neutrino DM parameter space

E
8
Lo
£

counts limit

Subhalo
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UMIN X-ray

Horiuchi et al
1311.0282

Nicole Bell, University of Melbourne
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Asymmetric dark matter

Two birds with one stone: (i) Relic DM abundance
(ii) baryon-antibaryon asymmetry

“* Motivation: Qp,,= 5Q,

Assume DM density set by a matter anti-matter asymmetry of the
same size as the baryon asymmetry.

then npy= N, (assuming complete asymmetry)
and  mMpy,= 5My, = 5 GeV (prediction for DM mass)

“* ADM replaces Q= Q, puzzle, with a my,,= m, puzzle

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne 41




Asymmetric dark matter

Requirements:

=" Mechanism to simultaneously create B(visible) and B(dark) asymmetries,
or create an asymmetry in one sector and communicate it to the other.

= Sufficiently large DM annihilation cross section to annihilate the
symmetric part (to leave only particles and no antiparticles).

Implications:
= Light DM.
= Suppressed indirect detection (nothing to annihilate with)

=l arge annihilation cross section means either sizeable couplings with SM
particles, or else new light degrees of freedom.

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne



ADM annihilation cross section
WIMPs — relic density set by annihilation cross section

ADM - relic density set by asymmetry, provided annihilation
cross section is big enough to remove the symmetric part
—> still need a WIMP-like cross section!

Fractional asymmetry:

o I —re roo 1
Foo =~ €XP [_2 (0 - ) (1 n Too)] CXP [_QUO/UO,XRTII\»-IP]

0,WIMP

Forr., < 0.1, require: o Z 1.4 0o wWiMp

Graesser et al., arXiv:1103.2771
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ADM — indirect detection limits

Bell, Horiuchi & Shoemaker, arXiv:1408.xxxXx,

ny/ny
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fractional asymmetry, 7,

5 10 20 50 5 10 50 100
DM mass, my [GeV] DM mass, my [GeV]

Current limits Future limits
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Dark Radiation

O Dark radiation = relativistic dark particles. E.g. dark photons,dark
neutrinos, or similar.

O Needed in some models (e.g. many asymmetric DM models)

O This radiation need not have the same temperature as ordinary
radiation.

O e.g. models with “dark atoms” have hydrogen-like states formed
from two oppositely charged particles interacting via a massless
U(1), gauge boson.

The dark sector may have a particle

spectrum as rich as the visible sector

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne
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= Dark Radiation leaves imprint in CMB (usually discussed in
term of “effective number of neutrinos”)

= CMB accommodates extra radiation:

Planck+WP+highLL
8 Planck+WP+highL+HO

Archidiacono et al, 1307.0637

= Can be more complicated: dark matter-dark radiation
coupling leads to “dark acoustic oscillations”

Cyr-Rancine and Sigurdson
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Dark Matter Self Interactions

¢ Dark matter should not strongly self interact.

- The Bullet Cluster
- Halo shapes (self interactions make galaxies too spherical)

¢ But some amount of self interaction is usually expected.

This is ok, and maybe even be desired:

- helps to alleviate the CDM problem of too much structure on
small scales. However, there are other solutions to this problem,
including warm dark matter, decaying dark matter, ...

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne



Outlook

O WIMP...is this idea compelling, or are we searching under the
lamp post?

O If DM is a conventional WIMP, discovery should be close!

O ADM...is the similarity of the dark and visible matter densities an
important clue, or just a red herring?

O Direct detection, indirect detection, colliders, solar WIMP
searches, cosmological probe...all have good sensitivity and
provide complementary information.

0 We should remember that many dark-sector models have a rich
spectrum of new particles. Indeed, DM may be multi-component.

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne 48



Extra slides
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Future: “neutrino floor” is irreducible background

Coherent neutrino-nucleus scattering of solar/atmospheric neutrinos!
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Billard et al
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SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
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Cushman et al arXiv:1310.8327
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Linking dark matter and baryogensis

Connect (i) Relic DM abundance
(ii) baryon-antibaryon asymmetry

Various ideas: Asymmetric dark matter, WIMPy baryogensis,
Baryomorphosis, DM assimilation,

Asymmetric
dark matter

WIMPy
baryogenesis

WIMP miracle

X

v

Explain Qp=Q,

v

X

ADM: Many papers! See reviews by Petraki and Volkas 1305.4939 and Zurek 1308.0388.
WIMPy baryogenesis: Cui, Randall and Shuve, 1112.2704; Bernal et al., 1210.0094,
Bernal et al., 1307.6878; Kumar & Stengel, 1309.1145

Baryomorphosis: McDonald 1009.3227 Dark matter assimilation: D’Eramo et al., 1111.5615
Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014
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WIMPy baryogensis

Require WIMP annihilation satisfy the Sakharov conditions
— a baryon asymmetry can be generated from DM annihilations

sterile
antibaryons

) DM annihilation creates
conserving asymmetry in exotic
antibaryon decay .

antibaryons, then
sequestered in sterile

sector

exotic

SM baryons

Asymmetry in exotic
_ B . :
exotic violating antibaryons, which decay
AN to SM baryons

Cui, Randall and Shuve, 1112.2704

SM baryons , SRR
_ I Nicole Bell, University of Melbourne



dSph radio limits

Most annihilation channels
produce e- and e+

m
=

e+, e- loose energy (multiple
processes) as they propagate

|T|]| TTI fﬂ]wl III|'|T|] QI III|'||T|_|_|'|'|T|'||]_|_|T|'|'|'||1

» Includes synchrotron
radiation, at radio
wavelengths

IIII|'|T|] IIIIﬂT! TTIT

Annihilation rate ov [¢
t+
|
—

» Rates depend upon s 95% C.L.
3 1 | ||||||| | 1 ||||||| | 1 |

diffusion assumptions, 107 ye -
especially magnetic field WIMP mass M, [GeV]

strengths Regis et al, arXiv:1407.4948
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current future
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10 107 10
WIMP mass Mx [GeV WIMP mass Mx |GeV]

Regis et al, arXiv:1407.4948
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Effective operators for DM interactions

Model-independent description of
DM interactions with SM particles:

| E—— T
L‘Eff :AQ ,\‘.F_x,\'. qqu

eff

-4

Fx.q S {1.- ’7""'5.- Y

Advantages:
- model-independent description

Disadvantages:
- breaks down if g2 is large or
mediators light

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014

Operator

Coeflicient
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Strong bounds on EFT operators!

Bounds on EFT operators are becoming quite constraining!

** Relic density
—>upper limit on A (to prevent over-closure)

¢ Direct detection, collider, and indirect detection
—> lower limits on A (no signals)

For many operators, these limits are approaching!

If the EFT description is relevant for DM, we should see a
signal soon!

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne
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Dark Matter at the LHC

J The dominant DM production process is invisible (DM stable,
weakly interacting) :  qq = xx

1 Need visible particles in the final state, to recoil against
missing transverse energy
qq — xx + single SM particle

Mono-X process in which DM is visible as
a high pT state + missing ET

- Mono-jet, mono-photon, mono-Z,
mono-W, mono-Higgs

Physics at the LHC and Beyond, Rencontres du Vietnam 10-17 Aug 2014 Nicole Bell, University of Melbourne



q > X Y-ooooor—e—"Y9 4—>——pO0O00 Y

0) v:( B qyY qyY

 p——X ——\ ——— '\

7y _ (53"1 _
— \

Beyond an EFT: | LCIES SN —ry

q — X q = = X g = = \
oY _ oY N
—<— \  TTO000NY OV :
_ qy _ C)Y _ ] (#b
t-channel scalar I o5 ) T e\ gm-,-<
q

: (b2) (c) (d1)
mediator f |

- H.An et al, 1308.0592
q ,,O  ————7T === (————r === =]
S . . See also:
) oo | ) | Chang et al., 1307.8120
q @ w o o Bai & Berger, 1308.0612
(e VO et e et O e s DiFranzo et al., 1308.2679
. . . #
Mediator pair production <
( —— N R P N ) S/ P — N

(c2) (c3) (c4) aii, 12 Nov 2013
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