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Fvidence for Dark Matter

Evidence for the existence of an unseen, “dark”, component in the energy density
of the Universe comes from several independent observations at different length
scales

«=__.:| o Rotation Curves P -3¢

e Clusters of galaxies

85% DARK MATTER
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COSMOLOGICAL OBSERVATIONS

eType la Supernovae
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History of Dark Matter in 2 mins.
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1. Dark Matter exists
Kapteyn 1922, Oort 1927, Zwicky 1933, 1937;
Schmidt 1936,; Hulst et al 1957; Freeman 1970;
Shostak and Rogstad 1972; Roberts and Rots
1973, Rubin et al. 1978, Bosma 1978

2. Dark Matter is ubiquitous
[Finzi 1959!], Ostriker, Peebles, Yahil 1974, Einasto et
al. 1974, Faber & Gallagher 1979

3. Dark Matter is a new particle
Peebles 1982 + Pagels, Primack, Bond, Szalay, White, ..
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Have we found it yet!

Dec 19, 2009 May 26, 2013 Mar 4, 2014 Oct 16, 2014

guardian guardian guardian guardian

[News ) Science ) Pasticle physics J
Dark matter may have been detected
streaming from the sun’s core

EOEED
Dark matter looks more and more likely
after new gamma-ray analysis

Has dark matter finally been detected? : :
. . - : . New light cast on dark matter...
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What do we Rnow?

An extraordinarily rich zoo of non-baryonic Dark Matter candidates! In order to be considered
a viable DM candidate, a new particle has to pass the following 10-point test

1) @h? OK?

2) Is it cold?

3) Is it neutral?

4) 1s BBN ok?

5) Stars OK?

s

TAOSO, GB & MASIERO 2007
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What do we Rnow?

An extraordinarily rich zoo of non-baryonic Dark Matter candidates! In order to be considered
a viable DM candidate, a new particle has to pass the following 10-point test

1) Qh% OK? 2) Is it cold? 3) Is it neutral? 4) Is BBN ok? 5) Stars OK?

6) Collisionless? 7) Couplings OK? 8) y-rays OK? 9) Astro bounds? 10) Can probe it?
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The DM candidates 200

WIMPs

NATURAL CANDIDATES
Arising from theories addressing the

stability of the electroweak scale etc.

e SUSY Neutralino
e Also: LKP, LZP, LTP, etc.

AD-Hoc CANDIDATES
Postulated to solve the DM Problem

e Minimal DM
e Maverick DM
® ctcC.

Other

+AXIONS
Postulated to solve the strong CP
problem

+STERILE NEUTRINOS

+SUPERWIMPS

Inherit the appropriate relic density
from the decay of the NTL particle of
the new theory

+WIMPLESS

Appropriate relic density achieved by
a suitable combination of masses and
couplings
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The quest for Park Matter

Colliders

Indirect Detection



Indirect Petection

WHY “ANNIHILATIONS”’?

X = DARK MATTER

EARLY UNIVERSE

RELIC DENSITY (NR FREEZE-OUT)

5 3x1072"cm3s™!

Oh“ ~
< oV >

Electroweak-scale cross sections can reproduce
correct relic density.

SM = STANDARD MODEL PARTICLE

TODAY

ANNIHILATION FLUX

dN (ov) 5
®; (. E;) = . Q)d/
( ) dEi 87'('III>2< /los IOX( )

Particle physics input from extensions of the
Standard Model. Need to specify distribution of
DM along the line of sight.
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Rotation curve of the Milky Way
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« rotation curve data
baryonic bracketing
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locco, Pato, GB, Nature Physics, arXiv:1502.03821
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Rotation curve of the Milky Way

3

« fotation curve data
baryonic bracketing
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Rotation curve of the Milky Way

3,

« fotation curve data
baryonic bracketing
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Constraints on MW DM profile
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Pato, locco, GB, arXiv: 1504.06324




Mock Milky VWays

z=11.9
800 x 600 ph
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Simulating Galaxy Formation




The Eagle simulation
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- One of the largest cosmological hydrodynamical simulations (7 billion particles)
- 1.5 months on 4000 cores DIRAC-2 supercomputer in Durham
- Runs a modified version of the GADGET-2 simulation code
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|dentifying MW-like galaxies

Calore, Bozorgnia, GB+ arXiv: 1 509.xxxxx




|dentifying MW-like galaxies
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Calore, Bozorgnia, GB+ arXiv: 1 509.xxxxx
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|dentifying MW-analogues
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“Predicted” DM profile
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Calore, Bozorgnia, GB+ arXiv: 1 509.xxxxx




New astronomical surveys coming soon. ESA’s Gaia satellite is currently
charting a three-dimensional map of the Milky Way!




Predicted Annihilation Flug
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FULL SKY MAP OF NUMBER OF PHOTONS ABOVE 3 GEV
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The FERMI sky
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http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg

“ognsitivity” Map
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The “GeV €xeess”

Total Flux Residual Model (x3)
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DAYLAN ET AL. ARXIV:1402.6703

GRAPPA:

GRavitation AstroParticle Physics Amsterdam

20.0 x 10°3

T 1

- = NGC 6266

------- - 47 Tuc
Terzan 5

- = - All MSPs
Dark Matter |

E® dN/dE (Arb. Units)

“Within these maps, we find the GeV
excess to be robust and highly statistically
significant, with a spectrum, angular
distribution, and overall normalization that
is in good agreement with that predicted by
simple annihilating dark matter models”™

More in Jenny’s talk this afternoon

erc



The GeV excess

Calore, Bozorgnia, GB+ arXiv: [ 509.xxxxx

High resolution simulated haloes that satisfy observational
constraints exhibit, in the inner few kiloparsecs, dark matter
profiles shallower than those required to explain the GeV
excess via dark matter annihilation.



Recently on the arXiv:
‘Standard’ Astro interpretation

- 1506.05104 Strong support for the
millisecond pulsar origin of the Galactic
center GeV excess

- 1506.051 19 The Galactic Center GeV

Excess from a Series of Leptonic Cosmic-
Ray Outbursts

- 1506.05124 Evidence for Unresolved
Gamma-Ray Point Sources in the Inner ,
Galaxy ¢, Gal. longitude [deg]

1506.05104




Direct Detection

Principle and Detection Techniques

ADAPTED FROM BAUDIS 2007

/ DETECTOR
CDMS - W | ok
EDELWEISS % ! ] RO
¥ DAMA, LIBRA
[\ . " XMASS, CLEAN,
) HOMS, DRIFT, , KIMS
GERDA
ZEPLIN, XENON,
WARP. ArDM
DM SCATTERS OFF NUCLEI IN DETECTION OF RECOIL ENERGY VIA
THE DETECTOR IONIZATION (CHARGES), SCINTILLATION

(LIGHT) AND HEAT (PHONONS)
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Xegnon deteectors
(2.8. lsUX and Xgnoni00)




Direct Detection

Differential Event Rate

o = v f (U + ve)

At gy = doy N

CU,lER)Cfgﬁ

dERr MyAMN Jyso, dERr
SUSY: SQUARKS AND HIGGS THEORETICAL UNCERTAINTIES
EXCHANGE

ELLIS, OLIVE & SAVAGE 2008; BOTTINO
ET AL. 2000; ETC.

UNCERTAINTIES ON F(V)

UED: 1ST LEVEL QUARKS AND

HIGGS EXCHANGE LING ET AL. 2009; WIDROW ET AL. 2000;

HELMI ET AL 2002
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f(v) from Hydro Simulations

preliminary

reduced x?= 11.1

reduced x?= 19.8

100 200 300 400 500 O 700
v |km/s]

Bozorgnia, Calore, GB+ arXiv: | 509.xxxxx




Status of Direct Detection

preliminary
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Status and prospects of DD
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Complementarity of DD targets

p,=0.4 Gev/em’, v, =544 ks, v, =230 km/s, k=1

i Xe+Ge+Ar
e DM benchmarks

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458




Complementarity of DD targets

p,=0.4£0.1 GeVlem’, v, =544133 kms, v =230+30 ks, k=05-35

B Xe

[ 1Xe+Ge

i Xe+Ge+Ar /
e DM benchmarks ay/

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458




Dark Matter Searches at the LHC
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Colliding protons at the LHC




Beyond the Standard Model

The Standard Model provides an accurate description of all known particles and interactions, however there are good
reasons to believe that the Standard model is a low-energy limit of a more fundamental theory

To explain the origin of the weak

& S scale, extensions of the standard
é,@o a"(’ Q,(O Na model often postulate the existence of
0’00 \ 2 G O new physics at ~100 GeV
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Beyond the Standard Model

The Standard Model provides an accurate description of all known particles and interactions, however there are good
reasons to believe that the Standard model is a low-energy limit of a more fundamental theory
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Example of Inverse problem at LHC

Inferring the relic density (thus the DM nature) of new particles from LHC data
The dream scenario:

FIG. 34. Particle spectrum for point LCC3. The stau-neutralino
mass sphtting 1s 10.8 GeV. The hightest neutralino 1s predomi-

nantly b-ino, the second neutralino and hLight chargino are
predominantly W-ino, and the heavy neutralinos and chargino

are predominantly Higgsino

AD. FROM BALTZ ET AL (2005)




Example of Inverse problem at LHC

(example in the stau coannihilation region, 24 parms pMSSM)
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+BENCHMARK IN THE CO-ANNIHILATION
REGION (SIMILAR TO LCC3 IN BALTZ ET AL.).

+ ERRORS CORRESPOND TO 300 FB-1.
+ERROR ON MASS DIFFERENCE WITH THE STAU

~10% FOR THIS MODEL CAN BE ACHIEVED WITH
10 FB-1
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Example of Inverse problem at LHC

what we will most probably get
(example in the stau coannihilation region, 24 parms MSSM)
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GB, CERDENO, FORNASA, RUIZ DE AUSTRI & TROTTA, 2010




Example of Inverse problem at LHC

what we will most probably get
(example in the stau coannihilation region, 24 parms MSSM)

Bertone et al. (2010)

LHC only
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GB, CERDENO, FORNASA, RUIZ DE AUSTRI & TROTTA, 2010




DD+LHC

“Scaling” Ansatz




DD+LHC

“Scaling” Ansatz

Bertone et al. (2010) T T T
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May 2015: First images of 13 TeV collisions!!

ATLAS

EXPERIMENT

Run Number: 265532, Event Number: 3280065

Date: 2015-05-20 22:51:50 CEST

http://home.web.cern.ch/about/updates/20|5/05/first-images-collisions- | 3-tev
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Conclusions

* Huge Theoretical and experimental effort towards the identification
of DM. It is OK to be skeptical about claims of detection..

*/ndirect Detection more and more constrained, though there are
some tantalizing hints

* DM Direct Detection looks promising. Info from other experiments
is needed to determine DM particle properties

eRun Il of the LHC will soon provide crucial information! Even in
case of detection, (in)direct searches likely necessary to identify DM

*Next ~5 years are crucial: this is the moment of truth for WIMP
Dark Matter!




