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WIMPs : weakly interacting massive particles

® Hierarchy problem m;, < M, ~ 10'°GeV demands new “physics” at the TeV related to weak scale

- ~— —  Amy, ~ A  what makes Higgs mass INSENSITIVE to ultraviolet PHYSICS?

h h

®  WIMP “miracle” : The big bang produces WIMPs “automatically” with the correct abundance
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relic abundance from FREEZE OUT

® Postulate new stable particle, related to SM particles can
annihilate and be produced in pairs from SM particles

W+ 1 < SM + SM

® |s kept in thermal equilibrium at T>mass
® when T<mass,n_eq drops exponentially

® but at some point, they are so diluted that they don’t find

them to annihilate... their number density per comoving o % T T T T T T TR
volume will be constant (or number/entropy) 10-2
103

YV — _ 10~ increasin
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freeze out of a neutrino-like particle

Neutrinos annihilate into leptons, quarks through Z exchange

1% . 4E2
0 low Energles o (g sz Relatvsti
o X 92 missing energy factors ... "z
(mZ)2 g4m2
> 0 X —5~ Non-Rel
(m%)

Relic density today po = mng = m Yoso + Yr¢So = npo—

Assume Freeze out happens when N-like particle is non-relativistic (7., decreases exponentially with T)

O(l)HFO S0 Tgo 1 TFo 1 1
~ T xXm 0.¢ ~
P (o) spo (o) TR T m (ov) | (ov)

- Independent of mass

- Tro/m ~ log(o,m...)

Freeze out can happen when the particle is relativistic because of a small cross section g 1o ~ 975,

NFo TF30 1
So X M ~
SFo 9s(Two) T3, gs(Tro)

p X m




freeze out of a neutrino-like particle

Lee-Weinberg curve

relativistic decoupling  Non-relativistic decoupling
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hot and cold dark matter (hot is problematic... free-streaming length!)




The WIMP miracle

3 x 107%%cm? /s

(ov)

Plug in all the numbers Qeqm = 0.3

but this is a typical cross section of electroweak interaction size!!!

WIMP .

I g
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—26_. 3
s mE ~ 03 x 107*°cm”/s)

(ov) ~

WIMP



Super Symmetry

Each particle has its own SUSY partner-particle with +1 /2 spin

- — — —— — — —

(dangerous Higgs mass
corrections cancel by pairs)

Stability 7 > 14 Gyear requires R-parity (SM+, SUSY-)

R-parity -> Lightest SUSY particle stable

Neutralinos (partners of bosons, sneutrinos,...)

With SUSY particles, SM couplings unify at HE! GUT

SUSY is needed in String theory (quantum gravity) (...well)

Huge parameter space (many free parameters)

Detection complementarity (LHC, direct,

indirect)

The known world of

The hypothetical world of

Standard Model particles

quarks

® leptons

® force carriers

SUSY particles

® sSuUsY force carriers

Unification of the Coupling Constants
in the SM and the minimal MSSM
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Relic density (a mistuned miracle)
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SUSY Dark matter candidates

® Neutralino (mixture of Wino, Bino, Higgsino) Neutral Majorana fermion X1

® Sneutrino v

® Beyond Minimal SUSY (MSSM), Next MSSM (extra scalar...)

® Relic density calculation is complicated many channels! (numerical packages DarkSUSY, Micromegas)

®  Only relatively simple models explored (mSUGRA, etc...) ... huge range of possibilities
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Kaluza-Klein Dark matter : extra dimensions



Alternative solution to the hierarchy problem: gravity scaleisnot M, = 1.2 x 10"”GeV

Large volume of extra dimensions, means effectively weakly coupled gravity in 4D

M? / V—gd'z =M xV =M,

M_* ~ TeV, no hierarchy problem!
New dimensions ... new “particles” (Kaluza-Klein towers)

momentum in the extra dimension looks like “mass” in 4D

E = \/m2+p%+p§+p§+p%u
2T

p_w is quantised if 5th dimension is compact p,, ~ T x 0,1, ...

w

momentum conservation -> parity, lightest k=1 mode stable!




Large Extra dimensions? Kaluza-Klein Dark Matter

KK particles are copies of the SM, except for a higher “base” mass M ~ 2 (+radiative splitting)

w
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Detecting WIMPs

Indirect detection

I —

DM SM
XENON PR v _ \
Cresst . ¥ ae)
Edelweil} - fal )
Coup , /- 1 = 24 §
etc. = ‘ 8 o LHC with
£ 3 5 CMS and ATLAS
DM SM .
= gy,

Production




Direct Detection

Principle and Detection Techniques

/ DETECTOR /

M
2 2
EpprotDMO ),
2mN /
DM SCATTERS OFF NUCLEI IN DETECTION OF RECOIL ENERGY VIA
THE DETECTOR IONIZATION (CHARGES), SCINTILLATION

(LIGHT) AND HEAT (PHONONS)
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Expected rates

R ~ 0.13

—
o,

dR/GE . [ton”"keV™" year™]

10

events [ A TWN

kg year

100 - 10-38 cm?2

(v) £ Po

220kms—1 ~ 0.3 GeVem—3

=)

Xe

I

Recoil Energy (ER) [keV)

- Extremely low rates peaking at low ER,
- need to control backgrounds to amazing levels

Mwinve = 100 GeV .
heavier own=1x10%" cm? Ar
2 - Si
b nuclei
__Ar
. Ge
lighter
nuclei
Si .
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Summary of searches and findings
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Noble liquid time projection chambers

Large mass, self-shielding, low intrinsic background, large A
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Rate modulation DAMA/LIBRA

1 m concrete

fove-box in HP Jnrogon atmosphere
or callbratln? in the same running
conditions of the production runs

Earth motion around the Sun around the galaxy

velocity dependence of rate s Gakt
Max June, min December (~2-10%) it

3

«m."w/de %‘i”%

1 mconcrete

Simplified schema of ~ 100 kg Nal(T) set-up

DAMA/LIBRA observed the modulation with NAI crystals DM interpretation self-consistent, but not with others

2-5 keV
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Time (day)
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|

A

DAMA/LIBRA =~ 250 kg (087 tonxyr)

WIMP-nucleon cross-section [cm

\_/\/\N\_/_\./_\

Residuals (cpd/kg/keV)

10 ,
WIMP Mass [GeV/c?]

need for other experiments: ANAIS, SABRE

Time (day)



Low WIMP masses
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' WIMP abundance froze out {tess than 1 annihilation/lifetime ..but there are plenty!) -~ = = . = .
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Signals vs uncertainties

A LIKELIHOOD OF

Galactic STRONG SIGNAL
centre
Galaxy
Clusters Combined
analysis of
dwarf galaxies
<LARGE . ROBUST >
UNCERTAINTIES Calactic CONSTRAINTS
diffuse
Extra Dwarf galaxies
Galactic
Diffuse

Galactic Centre

Galaxy clusters

|

Galactic diffuse

S
>

dSph

Extragalactic
diffuse



Channels and detectors

Gamma rays (TeV)

Gamma rays (GeV)

Icecube, Antares



WIMP

other stuff /_\

WIMP g g - T—wm e
@™ 0] WW .
| l'?ill(}c\'l I)
halo simulation + cross section -> signal map compare with Fermi-LAT measurements

FULL SKY MAP OF NUMBER € F PHOTONS ABOVE 3 GV

—

galactic center

S-YEAR FULL-SKY MAF. HTTP//FERMLGSFC NASA GOV




Non observation over background -> constraints

annihilation channel

10-23 T T T T T
NFW (y=1.0)
bb —
-24
lo r ce o /.

Thermal relic cross section

myy, (GeV)

DM particle mass



Dependence on Halo DM profile

d®, (ov) dN,

Signal amplifies the uncertainties
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The galactic center GeV excess

Total Flux

2.5°
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FIG. & The raw gammaray maps (left) and the residual maps after subtracti

Residual Model (x3)
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the best-fit Galactic diffese model, 20 cm

template, polnt sources, and sotropic temnplate (right), in units of photons/cm”/s/sr. The right frames clearly contala a
significant central and spatially extendod excess, peaking st ~1-3 GeV, Results are shown in galactic coordinates, and all maps

have been smoothed by a 0.25° Gaussian.
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The galactic center GeV excess
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EAGLE profiles  http://arxiv.org/pdf/1509.02164.pdf



http://arxiv.org/pdf/1509.02164.pdf
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Fermi on the GC excess

, .. . 1704.03910
- Extensive examination of uncertainties in 6.5 y of P8 data __GCexcess,allcases
- Excess in the GC is found in all cases | = oo ote mbies | % 3 Commaaom
. . . . . . 0-"F
- different astrophysical model assumptions give ~ 3 uncertaintyin = | ** ™
- other comparable S/N excesses are found in Galactic plane -
- Possible explanations... <L |
- leak from Fermi bubbles? =
- CRs from resolved sources?
- unresolved sources? (millisecond pulsars) 10-°
100 10°
E (GeV)
New constraints ... signal not as clear as desired to claim discovery!
L L —— 0 s —
—— 6 year dSph 95% UL 6 year dSph 95% UL
10_24 r — g.Nl-'W GC 95% UL 10_24 i — gNFW GC 95% UL
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2 1075}
E b
= 107%
S
—97 Daylan+ (2014) _97 Daylan+ (2014)
10 ] Calore+ (2014) ; 10 ] Calore+ (2014)
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- Sim.ilar size thamglobylar clusters, ~ 1027 splar mass: . |
«-Smallsignal ( - .o . = - 3 | s
_ -but large ratio of DM / Lumigous mass, % .

- far from the violent environment of.f)u'r galattic center
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Gamma-ray lines
e >( K Cross section typically suppressed ~ a/4m ~ 10~?
v But signal is monochromatic! and backgrounds are continuous

FERMI analysis http://arxiv.org/pdf/1506.00013v1.pdf
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A hint

Fermi LAT Search for Internal
Bremsstrahlung Signatures from Dark
Matter Annihilation

Torsten Bringmann® Xiayuan Huang’ Alejandro Ibarra® Stefan
Vogl° Christoph Weniger

“IL Institute for Theoretical Physics, University of Hamburg, Luruper Chaussoe 149, DE-
22761 Hismburg, Germany

*National Astroncenical Observatories, Chinese Academy of Sciences, Beljing, 100012, China
Physik-Department T30d, Technische Universitat Minchen, James Frasck-Stmfe, 85748
Garching, Cermany

“Maoc- Planck-Institut fur Physik, Féhrnager Ring 6, 50805 Munich, Germoay

E-mmil: torsten bringmann Bdesy.de, xhuangBbao.ac.cn, ibarraBium.de
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

-

Christoph Weniger
Moot Plande. brgminne Sir Phaste, Fiboinger Hing 4 S90S Minchan, Cormany
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unfortunately, it didn’t survive statistics and careful E-calibration



an aside (Sterile neutrino DM)

- Sterile neutrino mass ~ keV

- Production via oscillations, decay of other particles in the Early Universe,...

- Possibly Warm dark matter but depends on the production mechanism

- Mixing with standard neutrinos allows long-lifetime decays 7 — v
™7 E(jHo‘ T T | — g b“v KA ‘. -
107+ (stat. limit, %, )(stat. limit,
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5.35 keV line

3.55 keV candidate in Galaxy clusters

- | T T T T J 2
>
2 os . XMM-MOS
<l 3.57 £0.02 (0.09) Full Sample -
w 07h 6 Ms
5
-
-
o
(]
-
»
&
4 . !
o 315
5 310 \\-/
Ll
= 300
o 3 | 1 || 1 | | 1
3 32 38

Many observations... but not compatible with each othel

Sample Instrument sin“ 20
x10~H1
All others stacked (69 clusters) XMM-MOS 6.0“_};%
All others stacked (69 clusters) XMM-PN 54773
Perseus XMM-MOS 23.3*_‘;:8
Perseus XMM-PN < 18 (90 %)
Coma + Centaurus 4+ Ophiuchus XMM-MOS 18.2fg:3
Coma + Centaurus + Ophiuchus XMM-PN < 11(90%)

Chandra ACIS-I

263113

Perseus

Perseus Chandra ACIS-S | 40.17133
M31 on-centre XMM-Newton 2-20
Stacked galaxies XMM-Newton | < 2.5 (99%)
Stacked galaxies Chandra <5 (99%)
Stacked dwarves XMM-Newton < 4 (95%)




Antimatter

positrons

rare ... not produced during big bang ... but cosmic rays collisions produce some
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Positrons

Pulsars, supernova remnants ... are difficult backgrounds
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Pulsars, supernova remnats ... are difficult backgrounds

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)
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104.

HE positrons, mostly from nearby sources (standard or DM)

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)
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Summary

107 -
106 \ Icecube 2016/ANTARES 2015
5 Neutrinos

10 ‘ -| Antimatter

HESS: 2016

Cerenkov ...but

{ov) (X107%6cm3s™)
=3
wl

E Fermi-LAT 2016
107" 4 Fermi-LAT 2015 Galactic centre bulge emission
1 Dwarf galaxies

10 102 103 104
mpp (GeV)

https://www.nature.com/nphys/journal/v13/n3/pdf/nphys4049.pdf



Collider Searches

stable and weakly-interacting ... Typical signature ... missing!

> 7TeV 7 TeV 5
:(> ¥ G

Compact Muon Solenoid




Model independent searches

Initial or final radiation of high pT SM particle

Mono-Jet Mono-Photon
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Mono-W (mono-lepton) Mono-Z
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Standard model backgrounds are non-negligible 310
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Cross section [cm®]
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Complementarity
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