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0) Dark Matter is a necessary (and abundant) ingredient in the Universe

 Direct DM detection
1) Dark Matter can be detected  Indirect Searches

 Collider implications

« WIMPs?

2) Particle Dark Matter Models » Very light DM

3) Dark Matter in the (near?) future « Identification of DM
« Complementarity of DM searches

4) End (probably late)
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Motivation for dark matter

The evidence for Dark Matter is present in all scales of the Universe

observed

Galaxies

« Rotation curves of spiral galaxies
« Gas temperature in elliptical galaxies R R expected
. from

. _ luminous disk

. - MB33 rotation curve

Clusters of galaxies

« Peculiar velocities and gas temperature
« Weak lensing
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Observations of the Milky way are also consistent with the existence of DM at our

position in the Galaxy
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Bidin, Carraro, Méndez, Smith 2012

6o I — VIS Observations show that there is need for
[ dark matter in the solar neighbourhood

Bovy, Tremaine 2012



Motivation for dark matter

Hot gas (luminous matter) observed by Chandra

Components with different
behaviour observed
through X-ray emission
and weak lensing

(Collisionless)
dark matter

(false colour)

Chandra, 21 Ago. 2006
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Motivation for dark matter

WMAP - 7yr

The results from the WMAP
satellite have allowed to
measure the amount of DM

73 %
Dark Energy
Dark Matter differs from known matter

i i 49
non-baryon
(is aryonic) Baryons /

Qcom h2 = 0.110 % 0.006

23%
Dark Matter

4
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We don’t know yet what DM is... but we do know many of its properties

Good candidates for Dark Matter have to fulfil the following conditions

- Neutral o—r NIMP—type Candidates vl
« Stable on cosmological scales C heutrino v
5 .
« Reproduce the correct relic abundance -
[ trali § W
* Not excluded by current searches 0 - RERHTEIRe : ]
* No conflicts with BBN or stellar evolution =~ ©
= £ ]
N =
Many candidates in Particle Physics 5 g [Iom 2 axino A E
éﬂ - .
. -30 — _
« Axions ; . 1
- . . avitino G
» Weakly Interacting Massive Particles (WIMPs) s & :
« SuperWIMPs and Decaying DM - 3
P . ying -40'_.. ..|.k?Y.|.geY.|.,1,.|.fal..IY[CUTM?—'
- WIMPzillas 45 12 9 6 3 0O 3 6 9 12 15 18
« Asymmetric DM log(my/(1 GeV))
- SIMPs, CHAMPs, SIDMs, ETCs... ... they have very different properties
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Complementarity of DM searches

Direct Detection Indirect Detection

DAMA/LIBRA PAMELA
CDMS Fermi
XENON MAGIC
KIMS AMS
COUPP ANTARES
ZEPLIN IceCube
CoGeNT CTA
CRESST WMAP
ANAIS
SIMPLE
Many DM models can be Accelerator “Redundant” detection can
probed by the different searches be used to extract DM
experimental techniques LHC (ILC) properties
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Direct detection, where do we stand?

WIMP scattering with nuclei can be measured through

/,,,
. . ,/

° 7’

lonization Scattered ol
« Scintillation light W<I_IVlP __________ ,
« Increase of temperature (phonons) Recoiling_§
« Bubble nucleation Nucleus

Detection rate
o0 o0
Po down
R = dER vf(v)——=—(v, ER) dv
o my My Sy dER
Experimental setup Astrophysical parameters Theoretical input

Target material (sensitiveness Local DM density
to spin-dependent and -

independent couplings)
Detection threshold

Differential cross section
Velocity distribution factor (of WIMPs with quarks)

Nuclear uncertainties
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The WIMP-nucleus cross section has two components

dO'WN dO'WN dO'WN

dER dER dER

ST SD

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks
S—. = V - —
LD ayxxqq + o, XvuXxav"q

Total cross section with Nucleus scales as A2
Present for all nuclei (favours heavy targets) and WIMPs

Spin-dependent contribution: WIMPs couple to the quark axial current

L2 o (XY 5) (@7u759)

Total cross section with Nucleus scales as J/(J+1)
Only present for nuclei with J# 0 and WIMPs with spin
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An exciting experimental situation

DAMA/Nal (DAMA/LIBRA) signal on annual
modulation

Limits: 90%
Contours: 90%, 30

cumulative exposure 427,000 kg x day

(13 annual cycles)
DAMA/LIBRA Coll. ‘10

10—40 L

... however other experiments (CDMS,
Xenon, CoGeNT, ZEPLIN, Edelweiss, ...) did
not confirm (its interpretation in terms of
WIMPs).

10—41 L

A\
C&Bﬁ == oW
— CDN‘ "

- <

CRESST-II

-

10—43 L

WIMP-nucleon cross section o-s;[cm?]

Possible explanations in terms of “exotic”
dark matter also constrained

107% ¢ Vo = 220 km/s, ves. = 550 km/s -
» Spin-dependent WIMP couplings 161 162 10°
« Pseudoscalar DM my [GeV]
 Inelastic Dark Matter Kopp, Schwetz, Zupan '11

» Very light WIMPs
*« None of the above...?
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Hints of light WIMPs in recent experimental results...?

« DAMA/LIBRA region extended to very light WIMPs (channelling, quenching factors, ...)
Bottino, Fornengo, Scopel ‘09, DAMA/LIBRA ‘11

« CoGeNT finds irreducible background that can be compatible with 7-10 GeV WIMPs
... annual modulation (2.8 in 15 months data) in CoGeNT

« CRESST finds an excess over the expected background
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10

Collar et al. '10, ‘11

CRESST '11

Many efforts in reconciling
these results

See, e.qg., Schwetz, Zupan ‘11;
Hooper, Kelso ‘11;

Farina et al. '11;

McCabe ‘'11;

Arina et al. '11;

Uncertainties in
determination of DM
parameters
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However very light WIMPs have not shown up in other experiments

XENON100 (2011)

\ ‘ DAMA/Na = observed limit (90% CL)
Expected limit of this run:

* XENON finds no light WIMPs: issues .

with scintillation efficiency (L.¢)? N T

CRESST (Ca) DAMA/I M=lo expeCtec(lj
~~ CDMS (2011) +2 O expecte

N\ \ cowms 2010

Xenon10, Xenon100 2011

CRESST (W)
XENON10 (S2 only, 2011)

-~

« CDMS: A low-energy reanalysis of
the data is incompatible with
CoGeNT region
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« SIMPLE: Further constraints on the CoGeNT region

« DAMA-LIBRA interpretation in terms of channelling is challenged
Gelmini, Gondolo, Bozorgnia, 2009 2010
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CDMS does not see annual modulation

A recent analysis of CDMS II data has shown no evidence of modulation.

This means a further constraint on CoGeNT observation
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Spin-dependent searches have also become more sensitive

Dedicated experiments with targets sensitive to spin-dependent WIMP couplings

SD coupling to protons SD coupling to neutrons
—>a 30
g 10 " hetplj/dmtSols. brovinedt/ = 10 R amicols browa ey
§ Gaitskell, Mandic, Filippini 8 Gaitskell, Mandic,Filippini
2 DAMA-LIBRA —‘g
A 2 1072 DAMA-LIBRA
3 S o channelling)
S 1 T
2 10 2
3 — .
E é 10 34_
=} [] T,
= S ,
= DAMA-LIBRA —
™~ . S -36
g _SS(Channelllng) NE 1071
=10 = ) ZEPLIN
g Tevatron g
= SuperK = R
% 3 10 Xenon10
& A
o) 2
0 1 2 3
10 10 10" 10 10° 10' 10° 10’
WIMP Mass [GeVic'] WIMP Mass [GeV/c’]

The DAMA-LIBRA interpretation in terms of spin-dependent couplings is not consistent
with other detectors
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Spin-independent searches in the future...

T T T T T T
DAMA-LIBRA
Future experiments (or upgrades of existing %, (no channelling)

ones) will reach sensitivities ~ 10-°-10 pb

CoGeNT
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Advances in the light WIMP window are
subject to improvements in low threshold

Cross—section [cm”] (normalised to nucleon)

™ N Xenon10Q.-
experiments 45| YRRy ]
10 ey Super CDMS.--
(e.g., CDMS, CRESST or CoGeNT?) e
How do these sensitivities compare with 107° T BN
theoretical predictions for WIMP models? 10° 10" 10° 10°

WIMP Mass [GeV/c’]

Plotted with DMTools

In case of a detection... (how well) can we determine the DM parameters?
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Indirect detection, signals or backgrounds?

Observe the products of Dark Matter annihilation (or decay!)

Y/ Gamma-rays (e.q., from the galactic centre or other
e galaxies)

7

% W/Z/q )
WIMP Dark W s Vi
Matter Particles d—— v,Ve
Ecm~100GeV Ll WAL
% W+/Z/G e*

i Neutrinos (from the centre of the Sun or the
N\ Vi Earth)
w\
“VYuVe
e}
+ a few p/p, d/d
Anti-matter  (positrons, antiprotons, antideuterons)

Subject to larger uncertainties and very dependent on the halo parameters
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Recently there are potential indirect hints for DM annihilation

Difficult to disentangle these from possible astrophysical components

Excess in the positron flux (PAMELA)

Heavy DM (~300 GeV) annihilating mostly into leptons

Large boost factor (non-thermal relic density?)

Gamma rays from the Galactic centre (Fermi LAT data)
Synchrotron emission from radio filaments in the inner galaxy
Synchrotron emission from the inner galaxy (WMAP haze)

Vely light DM (~10GeV) annihilating mostly into leptons

Thermal relic density

XL International Meeting on Fundamental Physics - 2012
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The antimatter puzzle...

PAMELA satellite revealed an excess in the positron fraction but no excess in the
antiproton signal.

—r—rr—————————— | he interpretation in terms of DM was
complicated

04

& % Too small signals in canonical models (WIMP)
& hi: - * boost factors (inhomogeneities? IMBH?)
é 4 ] « play with propagation parameters
R p— ] * non-thermal DM
= ® PAMELA 4 )
g | 5 featos ™ , - decaying dark matter
002l * AMS |
v CAPRICES4
s 10 Wh th tiprotons?
LIS y are there no antiprotons:
¢ Muller & Tang 198758
0_010_1 — 1 T |111|1|0 11 |||||;c|)2
Energy (GeV) « Majorana fermions disfavoured (neutralino)

» Leptophilic dark matter

XL International Meeting on Fundamental Physics - 2012 David G. Cerdefio



Fermi data on total flux of positrons and electrons came as a further constraint
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Astrophysical explanation in terms of pulsars is plausible.

100
E (GeV)

See e.g., Delahaye et al. 2010
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Still, antimatter searches might be good to constrain DM models

The antiproton data is good enough to constrain very light WIMPs

Lavalle (2010)

T T T T Bottino, Donato, Fornengo, Salati 2005
Salati, Donato, Fornengo 2010

halo model xx—bb (10 GeV)

****** CU10a: NFW

I II[IIH|

The predicted flux for a very light WIMP
annihilating into quarks may exceed
observations

* BESS 95-97 Lavalle 2010
A BESS98

®* BESS99
“ BESS 00

rrrrrrrrr - CU10b: Einasto

o | s BEssoz — Light WIMPs annihilating in scalar
7 —Tl L4 AMs9s particles?
; | * PAMELA10 _
' | — background _| DGC Delahaye, Lavalle 2012

2
)
I\\%\IIIH‘ T \IIHII| I |\I|HI|
: \\
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L 1 \\\\I' | | III;IKI | 1
10

-
ou

1
kinetic energy E [GeV]

... also a potentially promising future in antideuteron searches...
Donato et al. 2008
Salati, Donato, Fornengo 2010
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Hints for very light DM?

Gamma rays from the Galactic centre (Fermi LAT data)

Favours light dark matter:
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Hooper, Goodenough 2011; Hooper, Linden 2011



Hints for very light DM?

1000 ;IIII T TTTT T |||||||| T ||||||||
¥

Synchrotron emission from radio filaments in
the inner galaxy

100 E £0.02-0.0 E
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<gv> [cm’s™]

Very light DM can be further constrained, however.

Fermi-LAT observation of Dwarf
Spheroidals

Thermal cross-section excluded for
some channels (bb and tt)

Current bounds are still higher than
what needed to account for Gamma

ray and synchrotron hints.

constraints on <gwv> from CMB

m, [GeV]

1000

WIMP cross section [cm? /s]

Fermi-LAT ‘11
Upper limits, Joint Likelihood of 10 dSphs
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Planck constraints on the CMB

Also more important for light WIMPs



Dark matter at the LHC

Direct DM production (pp 2 XX) does not leave a good signal

Look for jets + extra leptons
JETS LEPTONS

New coloured particles are produced through @
the interaction with quarks and gluons

§§ Ea aa JETS LEPTONS

7’_
/ 9/
g q A5 - @
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E.g., in SUSY dominant production will be in

These subsequently decay in lighter particles
and eventually in the LSP




Current BSM-specific searches help constrain some DM candidates

Searches for BSM physics

(e.g., SUSY) constrain the
parameter space and have
implications on the nature of the

DM
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Higgs searches

A determination of the Higgs mass also has
implications for the DM annihilation and
detection processes
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Current BSM-specific searches help constrain some DM candidates

Constraints on low energy

observables 'S
ﬁi
Also constrain the parameter ]
space. Indirectly also constrain gl
DM models o
X
3
Mode Limit at 90% CL at 95% CL
B? — uTp~ Exp. bkg+SM 6.3 x 1072 7.2 x 107°
Exp. bkg 2.8x107? 3.4 x107°
Observed 3.8x107% 4.5x107°
B° — uTp~ Exp. bkg 0.91 x 107 1.1 x 107°

Observed

0.81 x 107 1.0x107°

2.0
1:5
1.0 F

0.5

0.0

MSSM-LL

LHCb 95% C.L.|

MSSM-AC

1 L L L L 1

30 40 50
10° x BR(Bs — utu™)

For example, rare B decays

B(BY — ptp~) < 4.5x 1077
LHCb March 2012
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Mono-jet and Mono-y (plus MET) searches constrain the region of light WIMPs

Dark matter production with initial state
radiation

Bounds depend on the DM effective
operators to fermions

LHC data 2011 (see also previous results from Tevatron)
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Particle dark matter models

The WIMP miracle (“survival of the weakest”) 0 T T,
- increasing {ojv])
- l ]
-5 - -
A (stable) particle with Electroweak-scale i ; 1
interactions can be thermally produced in the Z -0 ——
early Universe in the right amount to account for & L i
WMAP data £ C q
-16 — =
N -
- )
_20\— A i ] llljll L J4 llll[ | J_Ill_l_l-
1 3 10 30 100 300 1000

xX=m,

Present in many models for Physics Beyond the SM

* Supersymmetry
» Theories with extra dimensions
« Little Higgs models

« Phenomenological scenarios
... but WIMPs are not the only “natural” possibility.
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Dark Matter

Good candidates for Dark Matter have to fulfil the following conditions

. Neutral WIMP—type Candidates (,~1
L L B L BN BN BB BULL BULEN B ) IS B
« Stable on cosmological scales neutrino v
5 .
« Reproduce the correct relic abundance , i
[ utrali ? < W
* Not excluded by current searches 10 | pEHiTATRe X9 : ]
* No conflicts with BBN or stellar evolution =~ °
= £
N =
Many candidates in Particle Physics 5 g [Iom 2 1
éﬂ - ,
. -30 - ]
« Axions .
- . . avitino G
- Weakly Interacting Massive Particles (WIMPs) [ — ]
« SuperWIMPs and Decaying DM - 3
P . ying .40"_.. ..|.k?\{.|..GeY.|.,m.l.fal..IYICDTIIM?—'
¢ WIMPZIIIaS -15 0 12 -9 -6 -3 0 3 6 9 12 15 18
* Asymmetric DM log(my/(1 GeV))
* SIMPs, CHAMPs, SIDMs, ETCs... ... they have very different properties
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Supersymmetric dark matter

Minimal SUSY extension

Squarks iirr , drr
CRL » SRL
fre , Drr

Sleptons er1 ., Ve
fine . Uy

TRL » Vr

/Neutralino \

Neutralinos | B’, WY HY},

Sneutrino

They annihilate very quickly and the regions
where the correct relic density is obtained are
already experimentally excluded -
Ibanez ‘84
Hagelin, Kane, Rabi ‘84

Good annihilation cross section. it is a WIMP

Goldberg ‘83
Ellis, Hagelin, Nanopoulos, Olive, Srednicki ‘83

Charginos W+ Hfz

Gluino g

Krauss ‘83

N /

Gravitino (Superpartner of the graviton)
AXino (Superpartner of the axion)

Extra-weakly interacting massive particles
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Neutralino in the MSSM

Linear Superposition of Bino, Wino and Higgsinos

/ My 0 —MzSQCtg Mzsgsﬁ \
0 M Mzcoc —Mzcps
Mo = 2ot Mzoc  mMaztesy
—MzsgCﬁ M2C9C‘5 I/ 0 —y\\
\ M28955 —M2C985 \\\— { ’D// }

e o =

Its detection properties depend crucially on its composition

—
’— ‘\

~0 a7 PO %0 ”_ ~0 _ ~0
X1 = Ni1 B” + Nio W; -H\L\ﬁa H; + NiyH, )

N VT 7

~ -
Gaugino-centefit Higgsino-centent
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Neutralino in the MSSM

The theoretical predictions can be within the range of future experiments

T ' T T TTTTg
DAMA-LIBRA
»  (no channelling)

Large cross section for a wide range
of masses

Ellis, Ferstl, Olive 2005
Baek, D.G.C., Kim, Ko, Mufioz 2005

oy
(=)

Pt
<:>I
I

Cross—section [sz] (normalised to nucleon)

|
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19
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o)
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XenonlT

th
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| | I L
10" 10° 10
WIMP Mass [Ge V/c?]

P
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Neutralino in the MSSM

The theoretical predictions can be within the range of future experiments

Large cross section for a wide range
of masses

Ellis, Ferstl, Olive 2005
Baek, D.G.C., Kim, Ko, Mufioz 2005

Very light Bino-like neutralinos with
masses ~10 GeV could account for
the DAMA signal

Bottino, Donato, Fornengo, Scopel 2008

This region is currently extremely
constrained (if not ruled out) by
current LHC bounds

LHCb 2012

B(B) — ptp~) <4.5x 1077

(em?)

(nucleen)
ECrscanlar

1038

10899

1070 |

10-41

104 |

10743 |-

10-1
5

A. Bollino, F. Donato, N. Fornengo,

I'l-lr

T T T T T i
|

8. Scopel (2008)
T 1

500
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Impact of Xeon 100 and LHC results on the CMSSM

The negative results allow to exclude the Focus Point region, even with Astrophysical
and Hadronic Uncertainties, and constrain neutralino masses below 250 GeV

Bertone et al. (2011) Strege et al. (2011)
_6r ] —6r o |
-7 P iy :. XEI\iCBI\_H_OQ__
2 : T ~ : T
2 \ 3 -
»n a -8 1 = -8 7
) N a
(@)}
o -9 1 = -9 :
gSterior pdf | > Rosierior pdf
Log priors | _Nog priors
~10} I PO —10} P
Astlro and hadronic fixed Astro alnd hadronic included
0 500 1000 0 500 1000
m o (GeV) m o (GeV)
X1 X1

Bertone, Cerdeno., Fornasa, Ruiz de Austri, Trotta 2011
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Neutralino in the Next-to-MSSM

Linear Superposition of Bino, Wino and Higgsinos with a singlino component

( M4 0 —Mzsgcg Myzsgsg 0 \
0 Mo Mzcgocp —Mzcgsg 0
Mio = —Mzsgcg Mzcocp 0 — 1 —A\v9
Mzsgs3 —Mzcosg — 0 —Avg
0 0 —Av2 —Av1 2&&—"

Its detection properties depend crucially on its composition

-

)‘5? = N;; B° 4+ Nyo ﬁ/g + Ni3 fIg + Ni4 I?’Iﬁ + 7 Nis8
~ ~ L, " v J N, e’

Gaugino content Higgsino content Singlino content
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Neutralino in the Next-to-MSSM

The theoretical predictions differ from those in the MSSM

. . DAMA-LIBRA
The detection cross section can be (T

larger (due to light Higgses)

DGC, Gabrielli, Fogliani Munoz, Teixeira
2007

[S—y
e |
oy
o
I

Very light Bino-singlino neutralinos
are possible

Cross—section [cm™] (normalised to nucleon)

Gunion, Hooper, McElrath 2005 o 10_45
And their detection cross section ATl
significantly differs from that in the
MSSM
DGC with CoGeNT 2008 10—50 L Ll R
0 1 2 3
10 10 10 10

WIMP Mass [Ge V/c?]
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Neutralino in the Next-to-MSSM

The theoretical predictions differ from those in the MSSM

The detection cross section can be
larger (due to light Higgses)

DGC, Gabrielli, Fogliani Mufioz, Teixeira
2007

Very light Bino-singlino neutralinos
are possible

Gunion, Hooper, McElrath 2005

And their detection cross section
significantly differs from that in the
MSSM

DGC with CoGeNT 2008

(em?)

oz

A. Bollino, F. Donato, N. Fornengo, S. Scopel (2008)
T T

Tk &3P

10_3. F T T |
/ channeling
/ Z
107 | ///
- S
// //
77 77
,/,/ 2 /// Z
7 '/
AD 7 Z
10 : /;/
/ //
{//
7
10-4 | Z
7
107% Z _ .
10_43 I 1 | e e L
1 5 10
m, (GeV)

50 100
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Neutralino spin-dependent cross section

About one order of magnitude below current sensitivities

Neutralino MSSM
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Bertone, D.G.C, Collar, Odom 2007

Regions where both SI and SD

cross sections are large

“Fine tuned” cases in which SD

contribution can dominate
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RH Sneutrino in the MSSM

The theoretical predictions differ from those in the MSSM

o : DAMA-LIBRA
The RH Sneutrino is a viable WIMP - cha‘..nnelling)

candidate in the NMSSM

It can be detectable in future
experiments

DGC, Munoz, Seto 2007; DGC, Seto 2008

[S—y
o) |
=
(=)
I

Cross—section [cm™] (normalised to nucleon)

™

10—45_
Very light sneutrinos are possible and
potentially distinguishible from XenonlT
Neutralino DM

DGC, Huh, Seto, Peiro 2011
=50
10 Lol | 1 s e R
10 10" 10° 10’

WIMP Mass [Ge V/c?]
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Dark matter in models with Universal Extra Dimension

Kaluza-Klein dark matter can have similar interaction cross section

10_4 S YOS D e
7, LKP _
1075 2 % -
7 & ]
106 | % %/ XENON10 |
a 2T {1 2
2 1077 ;M = 102 _ ton-scale detector
= i ] 2108 | LT LKP -
é 1078 é’ KENOMIOD. o == =g ; 104 | 71 ]
10_9 "_\// 3 © 10—6 .
10 [ SRSt ctector | 10~7 5
10 e ton-scale d o (b) Z, LKP :
0-11 L 10079 Lt
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
mgp (GeV) mygp (GeV)

Arrenberg, Baudis, Kong, Matchev, Yoo ‘08
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Complementarity of
dark matter searches
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If there is a positive detection the DM parameters can be determined

oo oo

d
R = dEg PO vf(v)m(v,ER) dv
dER

Umin

From the observed rate and
differential rate the cross section and
mass of the WIMP can be determined

Green '07-10; Drees et al. ‘08’09

dR dR Er
— ~(—) F*E —
dER (dER>0 (Br) eXp( Ec>

E. = (e12u3v7)/mn

log,,[(dR/dE)/(dru)]
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If there is a positive detection the DM parameters can be determined

oo oo d
R = / dEg PO / vf(v)m(v,ER) dv
. dER

ET mN mX min
From the observed rate and Q =0 [T T T T
differential rate the cross section and Q — 7
mass of the WIMP can be determined \ 8.5 — _
\ . | ]
Green ‘07-10; Drees et al. ‘08’09 \b/ n _
o v E @ e
dR dR\ Eg 23 - .
—— ~ | — | F°(ERp)exp | — — - —
. 2 9 N Green '08 ]
EC_(612ILLNUC)/mN _8_||||||||||||||||||||||_

. . . 0O 100200 300400 500
Direct detection can only determine

“phenomenological” WIMP parameters m, (GeV)

Vi D 'D Example: my=100 GeV
My OSp OS p OS n Exposure: 3000 kg day (Ge target)

Can we determine to which DM model it corresponds?
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In general WIMPS... all seem to be alike

Supersymmetric WIMP Dark Matter:

g " DAMA-LIBRA

= % |(no channelling)

:
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L | AN T
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5 10—45_
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2

8

i

2 Neutralino MSS
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U - Ll
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Bottino, Donato, Fornengo '04-'11
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ey
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Cross—section [cmz] (normalised to nucleon)

" DAMA-LIBRA
(no channelling)

10" 10° 10
WIMP Mass [Ge V/c’]
DGC, Seto ‘08
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Not really if we look at the whole parameter space...

There can be correlations in the “phenomenological parameters”

Information on spin-dependent WIMP couplings can prove important to distinguish models
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“Advance in both fronts” (spin-dependent and -independent) to gain discriminating power
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Can we determine the DM model from future data?

All WIMPs behave very similarly (not surprisingly)

The complete identification of the WIMP may not be
possible from just the phenomenological parameters

Determining the full set of phenomenological parameters
yi D D
my o, o o°

Is nevertheless important to distinguish between
different WIMP models

Combination direct/indirect
searches with LHC results

Direct searches with different
targets

Combination from different
experiments
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Example 1: Complementarity of direct detection and collider searches

Some DM (WIMP) properties can be determined in a collider ...but its relic
density might be difficult to determine

900 g .
For example, assuming detection at the LHC 850 g —¢ =
(i.e., a set of measurements of the SUSY 800 H A N E
spectrum) 750 B =z |3
700 B 3 =

650 B =

600 E —T | 2

< 550 B E

;::D E (\J E E

L‘i DUV E ~ o+ =

n 450 E X . =

0 3 =——H,AH* 3

2 400 E =

350 B > v, =

~ E —'INL ~2 E

3‘\JI.J ; Rj Y"’ i/ V7 _E

250 H 'R =

200 E =

150 § ;a —"l =

(\Ir) E —t _E

50 E 5
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Some DM (WIMP) properties can be determined in a collider

...but its relic density might be difficult to determine

LCC3 point
LHC @ 14 TeV, 100 -1

BINO g

BINO-
HIGGSINO

For example, assuming detection at the LHC '
(i.e., a set of measurements of the SUSY 1T
spectrum)
0.8F
Fan) WINO
The neutralino relic density can be extracted '-CEU 0.6F
(from the most likely configurations) 2
a 0.4}
This determination can be inconclusive due to 0.2f
incomplete knowledge of the WIMP couplings ]h
0

_2 _
Q h?
X

Bertone, D.G.C., Fornasa, Ruiz de Austri Trotta 2010
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Some DM (WIMP) properties can be determined in a collider

...but its relic density might be difficult to determine LCC3 point
LHC @ 14 TeV, 100 f-1

SuperBayeS v 1.36

For example, assuming detection at the LHC \ ' '
(i.e., a set of measurements of the SUSY
spectrum) -TF

_ _ _ a -8
The neutralino relic density can be extracted 2
(from the most likely configurations) c7)bo. 9

_10kWINO
This determination can be inconclusive due to -
incomplete knowledge of the WIMP couplings ~ HIGGSINO cyssm, pvo
-3 -2 -1
Q h?
X

Bertone, D.G.C., Fornasa, Ruiz de Austri Trotta 2010

XL International Meeting on Fundamental Physics - 2012 David G. Cerdefio



Combination of collider searches with DD removes the degeneracies

Scaling ansatz: The local dark matter density scales as p>~<o /,ODM — Q>~<0 /QDM
the cosmological abundance 1 1

6 Bertone et al. (2010)

1F LHC + 1ton DD (scalingp) - "~ CLHC + 1 ton DD (scaling p)
BINO-like I 1
2 i =1 s, BINO-like
» 0.8f 12 S
c
B £
© | o -8f % =
> 0.6 17 & \
= L .
@) ‘9 _9. -
8 04' 3 )]
) o
% 0.2 1 I (0] '
SI
J_ I A X O-X_P’OX
O 1 1 a —|‘L _‘I 1 1 1 1
-3 -2 E‘I 0 -3 -2 —21 0
Iogm(QX? h*) Iogm(Qx? h9)
LCC3 point LHC @ 14 TeV, 100 fo-1 Bertone, D.G.C., Fornasa, Ruiz de Austri Trotta 2010
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Example 2: Combination with Indirect detection can also remove degeneracies

For the same (LCC3) point, we determine the gamma ray flux that could be observed in
dwarf Spheroidal galaxies

Imposing Fermi-LAT bound from the non-observation

d(I) (E \I/) d(I)PP (E ) % IOS(\IJ AQ) o™ Upper limits, Joint Likelihood of 10 dSphs
dE dE,y K ’ -- 3.10°% -« utu Channel
— b Channel ... W W~ Channel
10 -- 7t7 Channel

=

e
N
(¢

Particle Physics-dependent terms E Lo
d(I)pp (E )_ 1 (O'U) CU\@C ‘%
V)T A 92 o 107
dE, 47 Qmﬁ 7 Ak, §
s
=

Astrophysical factor

107
los(¥, AQ) / / (s RQ’\P))dsdQ
AQ

10* 102 103
WIMP mass [GeV]

Fermi-LAT ‘11
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Combination with Indirect detection can also remove degeneracies

For the same (LCC3) point, we determine the gamma ray flux that could be observed in
dwarf Spheroidal galaxies

1+ .
BINO T Once more, we start from the reconstruction
0.8f . of DM parameters form LHC
2 WINO
= 0.6F ¢ A
o
B — |
a 04' BINO- -
HIGGSINO
gl 8 |
0 L
-3 ) , -
Q h
X
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Combination with Indirect detection can also remove degeneracies

For the same (LCC3) point, we determine the gamma ray flux that could be observed in
dwarf Spheroidal galaxies

Imposing Fermi-LAT bound from the non-observation (Wino-like cases are disfavoured)

Bertone et al. (2011)

- - ' =22 - - '
1 L - -
BINO || —23[ WINO |
O 8- 7 — | |
> | Tw -24
= i i ™ _orl -
5 0.6 £ 2. ..o peeammamy - BINO}
o = i HIGGSINO
— N —26 s
o 0.4} BINO- 7 > )
HIGGSINO 9 _o7t+ - AL
0.2 ] , BINO
-28F Posterior pdf -
O 1 1 5 . > lLog priors
-3 -2, -1 0 P00 120 140 160 180
X 0 X, 05 1
Not yet unambiguous but excludes Bertone, D.G.C., Fornasa, Pieri, Ruiz de Austri, Trotta 2011

spurious maxima
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In case of a future detection the relic density reconstruction improves

Hypothetical future CTA observation of Draco

Assuming E;y = 20 GeV and effective area 104 m?

Bertone et al. (2011)

- - - _22 - - -
1+ T -
BINO —23r WINO |
0.8f . —
..Z’ T —24' T
= w
L - (op) L -
§ 0.6 g =25 BINGL
(@] 1 ~ sal HIGGS!]NO
o 0.4f BINO- . 4 —26
HIGGSINO \9 o7t 2 ’ i
0.2 . A
-28F “.‘o .Pgsterior pdf -
0 1 1 ‘o - ) Log priors
—_— —_ — _2 1 1 1
3 %2 2 1 0 P00 120 140 160 180
X l:%

0 Xy 0.5 1

Once more, the relic density is better
reconstructed and the spurious maxima
disappear

Bertone, D.G.C., Fornasa, Pieri, Ruiz de Austri, Trotta ‘11
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Example 3: Combination of Direct Detection experiments

The same detected rate can be due to different combinations of SI-SD interactions

> Lo > down
R = dEp—— Er)dv
By RmN mX o Uf( ) dER (’U R)
down my

= 'F§,(Er) + 05" Fip(ER))
dEr  2u3v? (o
" t—— Nuclear form factors J

Integrating in energies and velocities
euEN,y euEN,y 2
_:" '." SI .:,‘ '0.“ SD, n SD n
Ry = Al% + (Bf P —11 B V )
Target-dependent

A single experiment cannot determine the three WIMP couplings (the shape of the
differential rate allows a determination of the WIMP mass)
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//:. Rl _ A10_051+ leo SD,p_|_Bn SDn

R2 :AQO'(?I—F Bg SD,p_I_Bn SDn

Determiriation of both SD and SI cross section
Complementarity of targets

osp [pb]
0.001¢

« One target mostly SI and the other
1074} mostly SD

« WIMP SD coupling has to be large
107F (for enough statistics in the SD

target)

1075F

« Large exposure - smaller area
1077}

Analytical determination of the parameters
g without uncertainties (ideal)

1010_12 10'_11 10'_10 10'_9 10'_8 10'_9'51 [pb]
Cannoni, Gémez, Vergados ‘10

Cannoni ‘11
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Detection with one experiment

Ge detector (e.g. Super CDMS)
SuperBayeS v 1.36

A ™

_2

_3 -
o
S -4 -
()
o o _5 -
© “ideal” case:

1 Ton experiments °

—OF 1 year of data Pogtéfionpdf ]
—7F e 1ton |
. Balckgrop d allo uncertl.
11 =10 -9 -8 -7
oy, (Pb)

ST

2
+ (Bi“ o0 "+ By a(?D’”)

ool =10""pb
oo = 107" pb
e = 333 kg yr

The degeneracy cannot be fully
removed unless assumptions are
made on the WIMP model

Uncertainties lead to a poorer
reconstruction of parameters
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Detection with one experiment 2
R, = Alaagj + (Bf UgD’p + B?\/J{?D’n)

Ge detector (e.g. Super CDMS)
SuperBayeS v 1.36

“ideal” case:
1 Ton experiments
1 year of data

My, (GeV)

ool =10""pb
oo = 107" pb
e = 333 kg yr

The degeneracy cannot be fully
removed unless assumptions are
made on the WIMP model

Uncertainties lead to a poorer
reconstruction of parameters
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Detection with one experiment 2
Ry = Aoy’ + (Bf\/a()gD’p + By agD’”)
Ge detector (e.g. Super CDMS)

SuperBayeS v 1.36 SuperBayeS v 1.36 SuperBayeS v 1.36

—1F
=2}
-3k
g -4
@
Qb _5- O
-6f Qj’@erior@df'
—7F Q Geqnon_
- : y Background :and halo uncert.I , .
2 3 4 2 3 4 -11 =10 -9 -8 -7
m_,, (GeV) m_,, (GeV) oy, (Pb)
SI __ -9
oy = 10""pb
ggD — 1()_5 pb The degeneracy cannot be fully removed unless
assumptions are made on the WIMP model

(e.g., usually the SD contribution is considered negligible)

e = 333 kg yr



2
S | $D, SD,
Detection with two experiments Ry = Aoy + (3119 oy "+ B/ o n)

Ge detector (e.g. Super CDMS) 2
SD, SD,
Ry = Aya§" + | BSA/ oy """ + BirJog "

Xe detector (e.g. Xenon)

SuperBayeS v 1.36 SuperBayeS v 1.36 SuperBayeS v 1.36

" -2
[ e
-8} |
o -9
o
" _10 :
| Posterior pdf Posterior pdf
-1 I Ge-Xe 1ton | Ge-Xe 1ton
I| Backlground alnd halo ulncert. ) |Backlground alnd halo ulncert. , Ba(I:kgroun aloluncert.
2 25 3 35 2 25 3 35 -1 -0 9 -8
m.,, (GeV) m,, (GeV) Og, (PP)
SI 10_9 b Both experiments are mostly sensitive to the spin-
0 = p independent component
oy =107 pb
— 50 QeV Degeneracies cannot be completely removed but the
my = € upper bound on the spin-dependent component is more
stringent
e = 333 kg yr

Better determination of the WIMP mass



Ideal for complementarity: targets which have large spin content

3 He 19F 29Si 23Na 73Ge 1271* 1271** 207Pb—|—

Q0(0) 1.244 1.616 0.455 0.691 1.075 1.815 1.220 0.552
0(0)  -1.527 1.675_-0.461 0.588 -1.003 1.105_ 1.230 -0.480
Qp(0)  -0.141 {1.646 >0.003 0.640 0.036:1.460 :1.225 0.036
0n(0)  1.386 -0:030°10.459 0.051% 1.040:0:355 -0.005  0.516
fith 291 -0:50 2.22

Lhewp 2.62 -0.56 2.22

%1;”) 091 0.99 0.57

From Vergados ‘09

Ideally one also wants to further discriminate SD-proton and SD-neutron

Fluorine? - e.g., used in COUPP
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How large do we need the target to be to obtain complementarity?

We studied scintillating-bolometric targets for the ROSEBUD collaboration

Optical detector (Ge Scintillating crystal

disk)
\ 20 mK 20 mK
LY
g .
%
A ’/’ ry
AV 2 / - The sig_nql is_heaF (phonons)
Light 7 Heat and scintillation light
%
7 LiF
A 7 s Vo s C aF
\ Cawo
- Al,O
Ge-E Reflecting internal Ge-NTD Bé03(Bi Ge, 0O)

cavity
(Ag-coated Cu)
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CDMS + Xenon + ROSEBUD/EURECA A relatively “"small” spin-dependent

target can provide good
discrimination potential
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III

CDMS + Xenon + ROSEBUD/EURECA A relatively "small” spin-dependent
target can provide good

discrimination potential
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Conclusions

Advances in direct DM detection leave room for OPTIMISM:

direct detection experiments are getting more sensitive
possible hints in indirect searches
LHC further constraining the parameter space for new physics

In all these UNCERTAINTIES play an important role:

To conclusively determine claim DM detection we will need observation using
different experimental techniques.
Direct detection is needed

Dark matter IDENTIFICATION requires combination of data from different
sources

LHC alone cannot determine the DM properties (or if it is the DM at all), need
combination with direct or/and indirect searches

Combination of Direct Detection experiments seems promising to determine DM
phenomenological parameters
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