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cvidgneg for Park 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
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History of Park Matter in 2 mins.

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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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

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

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

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?

s " - L. i ;E
'.‘- i = - E : E
e |
e T z
:" - _| ] - o, ?
Pl

" e ,

L™ WIMP Mass [GeV/c™]

TAOSO, GB & MASIERO 2007
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Dec 19, 2009

guardian

News | Sport | Comment | Culture Business  Money | Life & style

Science
Has dark matter finally been detected?

Hunt may well be over for a mysterious and invisible substance
that accounts for three-quarters of the matter in the universe

CDMS data
10 GeV WIMP
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Have we found it yet!

May 26, 2013

guardian

News  Sport | Comment | Culture Business Money | Life & style

[News ) Scence ) .. on science
nce

New light cast on dark matter...
We may be a step closer to fathoming one of particle physics'
deepest mysteries

Jeff Forshaw
The Observer, Sunday 26 May 2013
I\ Jump to comments (72)

AMS-02 data
1 TeV WIMP

Mar 4, 2014

guardian

News | Sport | Comment | Culture | Business Money | Life & style

News ) Science ) Space J
Dark matter looks more and more likely

after new gamma-ray analysis
Scientists describe as 'extremely interesting' new analysis that
makes case for gamma rays tracing back to Wimp particles

Natalie Wolchover for Quanta magazine
theguardian.com, Tuesday 4 March 2014 20.40 GMT

ump to comments (91)

Fermi data
40 GeV WIMP
and (1)
Chandra/XMM
7 eV Sterile v

Oct 16, 2014

guardian

News | Sport | Comment | Cul Business | Money | Life & style

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

First direct detection of dark matter, thought to make up most of
the matter in the universe, would be a historic breakthrough

lan Sample, science editor
Follow @guardian
Guardian, Thursday 16 October 2014 16.05 BST
omments (449)

XMM data
heV axion



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)

s 3x10727cm3s™?!

Oh“ ~
< oV >

Electroweak-scale cross sections can reproduce
correct relic density.

crapPA: @

SM = STANDARD MODEL PARTICLE

TODAY

ANNIHILATION FLUX

dN (ov) 5
®; (QE;) = o)d
(OB) = G gz [, AR

Particle physics input from extensions of the
Standard Model. Need to specify distribution of
DM along the line of sight.
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Simulating Galaxy Formation




Rotation curve of the Milky Way

« rotation curve data
baryonic bracketing
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locco, Pato, GB, arXiv:14xx.xxxx
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Rotation curve of the Milky Way

« rotation curve data
baryonic bracketing
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Rotation curve of the Milky Way
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Predicted Annihilation Flug

PIERI, GB, BRANCHINI 2009

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

PIERI, GB, BRANCHINI 2009
: —.-I'_\._-.\ :
% N R—/ 5

GRAPPA: ®

GRavitation AstroParticle Physics Amsterdam




Indirect Petection

RECENT RESULTS: DAYLAN ET AL. ARXIV:1402.6703

Total Flux Residual Model (x3)
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracti

have been smoothed by a 0.25° Gaussian,

sul ing the best-fit Galactic diffuse model, 20 cm
template, point sources, and isotropic template (right), in units of photons/em”®/s/sr. The right frames clearly contain a

significant central and spatially extended excess, peaking at ~1-3 GeV. Results are shown in galactic coordinates, and all maps
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“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”™

See also thorough analysis in Calore et al. arXiv:1409.0042
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The GeV excess

http://arxiv.org/abs/1402.6703

6 2
¥ (degrees)

“To constrain the degree to which the
gamma-ray excess is spatially
extended, we have repeated our
Inner Galaxy analysis, replacing the
dark matter template with a series of
concentric ring templates centered
around the Galactic Cen-

ter.

The dark-matter-like emission is
clearly and consistently present in
each ring template out to 12°,
beyond which systematic and
statistical limitations make such
determinations

difficult. For comparison, we also
show the predictions for a
generalized NFW profile withy = 1,4”


http://arxiv.org/abs/1402.6703

The GeV excess

http://arxiv.org/abs/1402.6703

bb, x°=26.4
— — —cec, x°=22.7

Proear=0.3 GeV/cm®
¥=1.26

...so what?!


http://arxiv.org/abs/1402.6703

The trouble with indirect scarches

Annihilation Channel

»
Energy

.. the “inverse problem” always admits a solution, even
when the data have nothing to do with DM!

crapPA: @
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HHow do weg convineeg ourselves?

CROSS-CHECK WITH DWARF GALAXIES!
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Geringer-Sameth et al,, arXiv:1410.2242
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Pirect Petection

PRINCIPLE AND DETECTION TECHNIQUES

/ DETECTOR PICA 9
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DM SCATTERS OFF NUCLEI IN DETECTION OF RECOIL ENERGY VIA
THE DETECTOR IONIZATION (CHARGES), SCINTILLATION

(LIGHT) AND HEAT (PHONONS)
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Pirget Petection

DIFFERENTIAL EVENT RATE

dR L0

At gy = doy N

vf(U+ ve) (v, Er)d>v

dER MyMN Jyso, dER
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

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

HELMI ET AL 2002
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Isatgst results:

ILUX gxperiment, arXiv:1310.8214
(©anford Underground Resgarch Facility - SURT)
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Xegnon deteectors
(2.8. lsUX and Xgnoni00)




Isatgst resalts:

ILUX gxperiment, arXiv:1310.8214
(©anford Underground Resgarch Facility - SURT)

Upper limit @ 33 GeV/c?is 7.6 x 1046 cm?
— first sub-zeptobarn WIMP detector!
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2012)-225 live days

ys: 90% upper limit

{1 — 10?1 barn!
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lsatest resalts:

ILUX gxperiment, arXiv:1310.8214
(anford Undgrground Research Facility - SURT)
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Complegmentarity of PP targdets

p0:0.4 GeV/iem’, V,,—o44 Km/s, v =230 km/s, k=1

L Xe+Ge+Ar
¢ DM benchmarks

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




Complegmentarity of PP targdets

p0:0.4ir0.1 GeVien, Voo, =044133 kmis, v =230+30 km/s, k=0.5-3.5

B xe
[ | Xe+Ge

T XetGeAr _
¢ DM benchmarks

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




Park Matter & zs at the HC
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Colliding protons at the HC




Beyond the otandard Modgel

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
ep“"’ o & scale, extensions of the standard
é,@o a"(’ Q,(O ovg' model often postulate the existence of
0’00 \ D2 G O new physics at ~100 GeV
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Beyond the otandard Modgel

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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cxamplg of Inverse problem at sHC

Inferring the relic density (thus the DM nature) of newly discovered particles from
LHC data... What we would like:

ctrum

FIG. 34. Particle spectrum for point LCC3. The stau-neutralino
mass splitting is 10.8 GeV. The lightest neutralino is predomi-
nantly b-ino, the second neutralino and light chargino are
predominantly W-ino, and the heavy neutralinos and chargino
are predominantly Higgsino.

ility density dP/dx

1)
J

proba

AD. FROM

BALTZ, BATTAGLIA, PESKIN, WIZANSKY (2005)



cxamplg of Inverse problem at sHC

(example in the stau coannihilation region, 24 parms pMSSM)

Mass Benchmark value, g LHC error, o

139.3 14.0
41.0
50.0
50.0
0.25
1.5
2.0
78.0
78.0
78.0
78.0
121.0
121.0
121.0
121.0
35.0 MCMC As
74.0 IMPLEMENTED IN THE
fllg SUPERBAYES CODE
50.0
50.0

TABLE I: Sparticle spectrum (in GeV) for our benchmark
SUSY point and relative estimated measurements errors at
the LHC (standard deviation o).

+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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cxamplg of Inverse problem at sHC

what we will most probably get
(example in the stau coannihilation region, 24 parms MSSM)
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cxamplg of Inverse problem at sHC

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

Bertone et al. (2010)

LHC only

&

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




DD+LHC

“ocaling” fnsatz

Bertone et al. (2010) Y T '
’ LHC + 1 ton DD (scaling px)
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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..

e /ndirect Detection more and more constrained, but there are some
tantalizing hints

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

eRun Il of the LHC (2015) will provide crucial information! Even in
case of direct and indirect searches likely necessary to identity DM

e Next 5-10 years are crucial: this is the moment of truth for WIMP
Dark Matter!




