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The Dark Universe

Neutrinos:

0.3%

Dark Energy:
70%

(e )metry:

l)Ta‘nics: the Universe is expan Aing

~ Decderate formost of its history
- Accderate since “recent’ ime
and at very “old” times (nflation)

the Universe is Flat

Dark Matter:

25%

WMAP + SN + BAO + galaxies distribution
QroT 1.0052 4+ 0.0064

Stars:

N 0.721 4 0.015
Qs 0.233 £ 0.013
O, 0.0462 + 0.0015
ho 0.701 4 0.013

Free qurogen

% Qarh? | 0.1369 £ 0.0037

Qph? 0.02265 £ 0.00059
Qpyh? | 0.1143 £0.0034

E. Komatsu et al., arXiv:0803.0547
J. Dunkley et al., arXiv:080%.0596
G. Hinshaw et al‘, arXiv:080%.0732

QT CMbB temPerature anisotropies

QA Luminosit9 distance of high~z SNla
Om Clustered mass abundance

QB Primordial Nucleosgnthesis
Amplitucle of CMB temperature anisotropies

Nicolao Fornengo, University of Torino and INFN<Torino (lta|3)
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0.03%

Dark Matter

Neutrinos:
0.3%

Free Hydrogen
and Helium:
4%

Darkatter: Non-baryonic (C(')l('b dark matteris needed
259 , ]

NO candldate N the %] nAarA Model
New fu ndamental l’hysias

Dark Energy:
70%

Dgnamics of galaxg clusters
Rotational curves of galaxies

Weak lensing

Structure formation from Primorclial

’

cnsx(’? fluctuations
Energg ensit9 budge’c
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The Particle Dark Matter Premise

Particle Candidate

Accelerator Searches

Cosmo|059 of the Particle Astro hgsical Signals of the

Candidate arficle Candidate
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Relic abundance
Indirect signals
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q q

(s; heavy;u, d) (s; heavy;u, d)

Direct detection
Neutrinos from Earth and Sun
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+ other NP states

Accelerator searches
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The Particle Physics Model



Non-baryoni'c DM candidates

e Non supersymmetric candidates
T =

— Neutrino: standard, RH MeV, (...)
— “Minimal” candidates (e.g.: MDM)

— Axion e Low energy MSSM
~ Kaluza-Klein fields » Universal mass param.
o Little Higgs moclels » l.AJgi'»t neutralinos
- (Mi>rror baryons o Minimal SUGRA
° Supersummetric candidates @ Non-minimal SUGRA
: » Higgs sector
— Neutralmo » ot
’ »  Sfermion sector
— Sneutrino » Gaugino sector
— Gravitino
) SSM
— AXINo ONM
- Messenger fields QAnomaly mediated SLESY
— Stable non~tol:>ologica| solitons (Q~ba“s}
e )

= (Hfsavg non~therma| relics
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Non-baryoni'c DM candidates

e Non supersymmetric candidates
T =

— Neutrino: standard, RH MeV, (...)
— “Minimal” candidates (e.g.: MDM)
— Axion

~ Kaluza-Klein fields

— Little Higgs models

— Mirror baryons

8.

° Sulpersgmmetric cancliclates

o
—— FNC U

—| Sneutrino

— Gravitino

— AXIno

— Messengerﬁelds

— Stable non~tol:>ologica| solitons (Q~ba“s}

= (Hfsavg non~therma| relics

e With R-handed (s)neutrino

.Witln M;:y'orana mass terms
@ Insee-saw models

e NMSSM

e(.)

C. Arina, N. Fornengo, JHEP 0711 (2007) 029
C. Arina et al., PRL 101 (2008) 161802

D. Cerdeno et al., PRD 79 (2009) 023510

D. Cerdeno et al., arXiv:0903.4677 [l’leP~Ph]
R. Allahverdi et al., PLB 677 (2009) 172

R. Allahverdi et al., arxiv:0907.1486

D. Demir et al., arXiv:0906.3540

(9
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The Cosmological Context
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Particle DM formation

e Thermal relic

Qh? ~ (ov) = G0 () e CTTE

unless coannihilation occurs

e Thermal relic with non-standard cosmologg

Qh2 ~ <O"U>a_n1n with <O'U>ann 7é <O-v>aGn1?1

e Non-thermal relic
— lﬂ a low~reheating COSFﬂOIC)g\lj

— From next~to~|ightes‘t Particle clecag

o ()

A S o e o
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Minimal SuPergravﬂy

mSUGRA: few Parameters) very constrained
Non-universal SUGRA: some more Parametcr, (somehow) less constrained

mSUGRA, A =0, tanp=55, u>0 mSUGRA, A,=0, tanp=50, u<0
1600 | 1600
1400 1400
o
1%
1200 [ 1200
- I~ _
> | >
51000 31000
e T
€ 800 € 800
600 I ==~z e ~ S 600
400 400
200 200 no REWSB
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

m, (GeV) - m, (GeV)

Myj; mo Ao tanf sign(u)
(0=, 44 o7 )

H. Baer, 0901.4752 [heP—Ph]
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MSSM

MSSM at the EW scale: more Parameters, grabs aricher Phenomenologg

M, My p tanB ma mg, mp A
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MSSM + Gaugi’no non-universa |i't3

MSSM at the EW scale: more Parametcrs, grabs aricher Phenomenologg
MSSM + non~universalit9 between M, and M, light neutralinos

A. Bottino, F. Donato, N. Fornengo, S. Scopel (2003) A, Bottino, F. Donato, N. Fornengo, S. Scopel (2003)

0. h?

QXh2
(@}

0.01 0.01 '

m, (GeV) m, (GeV)

with: m4 > 90 GeV with: my4 — o0

M, My p tanB ma mg, mp A

A. Bottino, F. Donato, N. Fornengo, S. Scopel, PRD 68 (2008) 043506
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(GeV)

m,

MSSM + Gaugi’no non-universa |i't3
R My(Mgw)

MI(MEW) ==

A. Bottino, F. Donato, N. Fornengo, S. Scopel (2003)
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A. Bottino, N. Fornengo, S. Scopel (2002)
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Light Neutralino LSP: almost pure bino + fraction of higgsino

A. Bottino, F. Donato, N. Fornengo, S. Scopel, PRD 68 (2008) 043506
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Sneutrino dark matter

MSSM at the EW scale with terms wich induce neutrino masses
(Mag) Address DM + neutrino mass in the same sector

C. Arina, N. Fornengo (2007) C. Arina, N. Fornengo (2007)
1 3 3 1
0.1 i = 0.1
10-2 3 E 1072
& : : e :
(o L 1 & i
103 E_ 'é‘ 10-3 E =
10 F E 104 | c
: ; i - z
10—5 111 ll 1 1 1 1 1 ld:‘ll 1 1 1 1 1 11 10—5 11 1 ll 1 1 1 1 111 ll 21 1 1 1 11 11
10! 102 103 10! 102 108
m, (GeV) m, (GeV)
L eft+Right model “Maj ” model
c lg moacis aJorana moacis

C. Arina, N. Fornengo, JHEP O711 (2007) 029
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Universal extra-dimension theories

In the simples’c realization (UED): few Parametrers

Higgs mass 280 Excluded
(Charged LKP)

12 ‘ | 1

400 60 800 1000 1200 1400
I\ / R (GGV) (compactiﬁcation radius)-"

cosmologica”g allowed

Kakizaki, Matsumoto, Senami, PRD 74 (2006) 023504
See also: Servant, Tait, NPB 650 (200%) 391
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(Extra)Galactic Dark Matter Signals



Galactic Dark Matter

CDMin galaxics:
- PMasa non-l’)aryonic Particle
- Massive Particle with Weak-tgpe interactions WIMP)
- Distributed to form ahalo

x Thc:rmal ComPoncnt
- Substrucmr‘c:s

- Non~ thcrmal (',omponc-;nt

Galactic dark matter detection:
- Ide ntiﬁ) tUPes o{'signals
- ]:xP loit sPeciﬁc signatures
-~ l:xloloit (ants) correlations am ong signals
- btU(‘lU relevant lﬁackgrou nds
- Quant (U uncertanties

Nicolao Fornengo, Universitg of Torino and INFN-Torino (ltalg) WONDER 2010 ~ LNGS ~22.0%.2010



MultiChannel search of dark matter

o Direct search: elastic scattering of x off nucleiin alow background detector

> recoll en@?ﬂ of the nucleus
armual mo ulation oxc the raic

, directionality of th il
- lﬂClerCt searches: irectiona 11:90 HRCIE GOl

— signals due to yx annihilation taking Place inside celestial bodies (Sun, Earth)
where have been cagtured and accumulated

ux > up~going muons in a neutrino telescope
source location /some sPectral feature

Neutrino

— signals due to xx annihilation taking Place in the galactic halo

— . source location /some spectral Fcature
Neutrinos

—
Photons

) source location /some sPectral feature
~ continuous gamma-ray flux

T very goocl spectral feature
- gamma-ray line

1 spectral {:eature

Fositrons sPectral Feature

Antiprotons verg gOOCJ spectral ?eature

Antideuterons

é

Nicolao Fornengo, Unversity of Tore SRR/ ROfFRONs = multiwavelength search (radio, X, gammg rays; > 400 GMBL,



Direct detection



Interaction mechanisms - WIMPs

o Elastic scatteringwith nucle; X N — X N

— Ex.: Neutralino, Sneutrinos, KK Eq > few KeV

e Inelastic scatterl §With nuclei X N — X/ N

Tucker-Smith, Wei PRD 64 (2001) 043502

BZmim

SRR about 1-100 KeV

Scatterif: Am <

— Ex.: Sneutrinos

Nicolao Fornengo, University of Torino and INFN-Torino (ftaly) WONDER 2010 - LNGS - 22.05.2010



Interaction mechanisms — non WIMPs

o lnelastic, scatter on electrons
R Light (KeV) [Pseudo]scalars

'
" et 2¢
Compton-like Axioelectric Primakoit

or Photoelectric-like

Nicolao Fornengo, University of Torino and INFN-Torino (lta|3) WONDER 2010 - LNGS ~22.0%.2010



WIMPs - Scatl:er"i'ng cross section

° SPin~inclePendent

— Cross section Proportional to the (mass number}Z of the nucleus

— Channels:
> Vector boson (Z)-mediated: gauge-type, well known

> Scalar (H, squarks) -mediated: large hadronic uncertainties

. hH h,H
Ih,H = E kc}IL’H7nq<N’(ZQ|N> = ku—type gu T kd—type gd
q

(in MeV) | my < N|g@|N > my < N|ss|N > mp < N[Rh|N > | g. g4

Set A 2 131 o6 139 214
Set B 28 186 52 132 266
Set C 37 456 30 97 523

— Nuclear form factors

° SPin~dePendent
— Cross section Proportional to the (sPin)Z of the nucleus

— SPHin ﬁnr‘m £::1r'+mra
- L | B 0 I i P UAN U U O

Nicolao Fornengo, (;n/ivcrsity of Torino and INFN-Torino (H:a|3) WONDER 2010 - LNGS ~22.0%.2010



Interaction rate (WIMP - scalar)

dR Po TN o (nucleon)y =2
dER s mX 2/1% [fgscalar ] ( R) (U )

I(Umin):/ d3w fES(w)
wzvmin w

fES (U_j) 3 f(u_j\ + /17@) | [Urot;UeSC]

i [mNER/(2M?4)]1/2

Nicolao Fornengo, University of Torino and INFN-Torino (ftaly) WONDER 2010 - LNGS - 22.05.2010
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ResPonse function

A Hotuino, F. Donato, N. Fornengo. S Scopel (2005)
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A. Bottino, F. Denato, N. Fornengo, 5. Scopel (2005)
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Direct detection cxpen" ments

° 53c|<ground~rejection experiment
— Do not exploi‘c a speciﬁc signature of the signa!

— Relg on recluction/ interpretation of backgrouncl

e Annual modulation experiment (DAMA)
— Exploits a spechqc signature

— Higlﬂlg stable over long Periods

Nicolao Fornengo, Universitg of Torino and INFN-Torino (H:a|3) WONDER 2010 - LNGS ~22.0%.2010



Ionization Yield

CDMS Il - 2008

— lonization gielcl: rcjection factor >10*

b= Signal Timing; brings rejection factor > 106

Bulk electro‘n recoils

+ Surface electron recoils -

g O Nuclear recoils E)

A e ¢ ) s recoil energy 10-100 keV | :=

=

0.8 i ;

S
0.6 = 4 0
= 0.6

\ 2

04[ o e >
& Rp 3 o 204

oo §

o J o
02, - B £02

1 : :
0 1 ‘ 0
5 10 15 20 25 30 0 20

Timing Parameter (Lis)

Z. Ahmed (CDMS Collab.), PRL 102 (2009) 011301

40 60 80
Recoil energy (keV)

100
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uPPer limits from bckg-rejecti’on exPeri'ments

MSSM +

Neutralino DM
augino non unjversal

nati . Fornengo, S. Scope ,
PRD 78 (2008) 083520

Bottino, .

Sneutrino DM in LR models

C. Arina, N. Fornengo, JHEP 0711:029,2007

10-38 § T || lll LI T T T ]04 e W U || T !:I T |l T T T T T T LU |§
- - il 3
2l CDMHSBUFE)Per bound 10° i L
a CDMS C ., PRI 102 (2009) 011301 b I :
w0=€3 |Wo |BI o Ay 0° e e 1
LU R, ;
\' 10 l ?
g,‘E\ 10-40 §_ \ 10° \‘\' _’:%
- 29 = I \ i —-_et 2
X f : £ 10° NS, . gEEEERRYT e
L 5 10" b -
S5, : 3 :
S 10 3 , 107" .
[ Xenon 10 10 L
10743 1o _;
g FCDMS upfer bourl® ]
i 10 E CDMS Collab!, PRD 72 (2005) 052009 .
10_44 nr_rmn || lO-lb CDM‘S QQ”&BB‘ PRL 96 (Z’QQé)I Q”aoz i i proy )y ) |:
5 10 50 100 500 10" 10° 10°
m, (GeV) m, (GeV)
A0 isothermal sphere pr = 0.3 GeV ecm™2 [ min halo
B1 spherical halo pr = 0.2 GeV cm™2 [ min halo
w/ non isotropic ¥ DF
C3 axisymmetric halo p1 = 1.66 GeV cm~3 | max halo
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'lyPical signatures of direct detection

Annual modulation
Diurnal modulation

Directionalitg of the recoi

Nicolao Fornengo, University of Torino and INFN-Torino (ftaly) WONDER 2010 - LNGS - 22.05.2010



DAMA annual modulation

Fffectat82 o C.L.

Residuals (cpd/kg/keV)

Single-hit events in the signal
energg——window

Stabilitg Parameters do not
modulate

Residuals (cpd/kg/keV)

Compatible to DM scatter
oft nucle

on electrons

Residuals (cpd/kg/keV)

2-4 keV

=
o
=
b
e
b
o
e
e
-
=
-

—

(ta fet mass & 87.3 kg)

— DAMA/NAL (0,29 ton<§r) ————>

<DASIA/LIBRA (0.53tonkyr >
- (target mass 23232;.8 kgi :

L

"L BRI L ara RE LY

b : : 5
£ | SO ] i L LAl | y 1
%00 000 $00 2000 %00 3000 1500 4000 4500

Time (day)

| DAMANAI ;29 ton-37) —————>

(target mass =873 kg) |

<DANMALIBRA (D33 toniyr =
- (targel mass = 2328 kg) |

T

2-6 keV

4000 4500
Time (day)

R. Bernabei et al. (DAMa Collab.), Eur.Phys.J.C56 (2008) 333

e—————DAMAUNGI (029 tonyr) —M—m8M8 T <DANMALIBRA (033 tonfyr =

= 1 1 (target mass = 873 kg) i [ ¢ (target mass =2328kg)

g i ' ' ' i ' ' i . . | H |

E i {’ | ria sec B ; -

L i | : | | : : : :

E | WL : : : : : : :
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DAMA annual

Effect at sy oGt

Cumulative exposure: 1.17 ton X yr (13 annual cgcles}
Snl2-6 KeV] = (0.0116 +0.0013) cpd/kg/keV
Phase = (146 +7) clags

Period = (0.999 + 0.002) years

Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

duals (cpd/kg/keV)
I

o= —0.06

Res

modulation

2-4 keV

DAMA/LIBRA = 250 kg (0.87 tonxyr) =

S TR TR TR

/‘\/\f\/\/\/\
\,/*\/\,/\;/\/\_3/

Time (day)

2-5keV

DAMA/LIBRA = 250 kg (0.87 tonxyr) =

R I TR T T R L TR

Time (day)

2-6 keV

DAMA/LIBRA = 250 kg (0.87 tonxyr) =

Time (day)

R. Bernabei et al. (DAMA Collab.), arxiv:1002.1028 [astro-Ph.GA]
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DAMA annual modulation regi'on

DAMA/LIBRA allowed region
(convaliition aver galactic halo models)

LI | T T TTERD T T

[channeling]

10-38 = T T T [ | T T T [T T T T3 10—38 =
- [no channeling] : -
10-% f'/';{f;;:/ 7 s 10-99 |-
7 7
S oy
= =
D) i K= = O 107 |
~— = S C
= e
o o
O 5 O 5
S 1hs San0-
Eg 0T E BRI E
o} C 5 o
A A
10-%2 | 10-42 |
10-43 10
1 1

Neutralino DM: MSSM +gaugino non universal models

(includes hadronic uncertainites)

A. Bottino, F. Donato, N. Fornengo, S. ScoPe!, PRD 78 (2008) 083520
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SPin in&epenclent

Spin clepenclent

Light WIMP

T yp (Pb)

T yp (pb)

10°

IO

103+

1074+

10525

1008 =

107+

108

spin—independent
with channeling

DAMA Regions

2 bins
(Ta/50)

2 bins
BN (0/90%)

36 bins
(To/50)

36 bins

BN (30/90%)

10°

-
10! 102

Mwnvp (GeV)

10°

bt

10 =

10° +

o™= ==

1072+

W~ =z

o =

S S SN

spin—dependent
(a, = 0, proton only)

L I

DAMA (70 /50)

DAMA (36/90%)

DAMA (7a/50)
with channeling
DAMA (307/90%)
with channeling

CRESSTI

TEXONO
—— CoGeNT
Super-K

—— XENON 10

CDMS I Si
CDMS II Ge

10°

10 102

Mwve (GeV)

Savage, Gelmini, Gondolo, Freeze, JCAP 0904010 (2009)
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Normalized Yield

Normalized Yield

CDMS Il — Final EXposure (2009): 2 events pass cuts

+ Fail Timing Cut
® Pass Tlmmg Cut

...........................................................

+ Fail Timing Cut
® Pass Timing Cut

........‘.......‘..A...+..........A.A.......‘..A....'......A.E ....................
5 10 15

Normalized Timing Parameter

Tonization Yield

Ionization Yield

1.5

' : ? ! :
I : #| * Fail Timing Cut ||
: | ® Pass Tlmmg Cut

i
18

+ Fail Timing Cut
® Pass Tlmmg Cut

Recoil Energy (keV)

Z. Ahmed (CDMS Collab.), arxiv:0912.3592 [astro—Ph.CO]
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Ligl"-t DM and neutralinos

A. Bottino, F. Donato, N. Fornengo, S. Scopel (2009)
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Signal correlations: antiProtons in CRs

A. Bottino, F. Donato, N. Fornengo, S. Scopel (2008) A. Bottino, F. Donato, N. Fornengo, S. Scopel (2008)
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Signal correlations: neutrino telescopce

Neutrino flux from the Sun
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Minimal (and non-minimal) SuPergravi'ty
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Neutralinos in the NMSSM

NMSSM = MSSM + singlet superfield
Addresses natura”g tlﬂe mu~l:>rob|em
Higgs and neutralinos may be light
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Sneutrinos in Le&-Right models

MSSM + right-—l'lanclecl neutrino superﬁelds
Addresses DM + neutrino mass in the same sector

0 . C. Arina, N. Fornengo (2007) C. Arina, N. Fornengo (2007)
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Sneutrinos as non-elastic dark matter

MSSM + right-—hancled neutrino superﬁelds + L-—Violating terms

Sneutrino coupling toZ: (Zsnu_1snu_2) > inelastic
Z CV C. Arina, N. Fornengo (2007) C. Arina, N. Fornengo (2007)
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Sneutrinos in the NMSSM

NMSSM + righbhancled neutrino suPerﬁelcl
Adclresses DM + neutrino mass + mu~|:>rob|em
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Universal extra-dimension theories
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Back to Cosmology



Cf)%mologg may P|89 arole!

° Cosmologica”g allowed reglions depenc] on the mechanism
of DM formation in the ear y Universe (Pr@-BBN era)

e The thermal historg of the Universe before or around the
time of clecouplin may clrastica”g change the current
value of the relic abundance for a given candidate
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H, I'(GeV)

R. Catena, N. Fornengo, A. Masiero, M. Pietroni, F. Rosati (2004)
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Scalar-tensor gravitg with 2 scalar fields
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Astropl"nysical bounds on Pre-bbN Cosmology
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Conclusions

° Astropgsical searches may be Proﬁcientlg used to set constraints on the
ProPerties of Particle DM

olf 2 ségnal is detected, it may guicle us toward the Properties of the DM
candidate (and to some extent of the underlging New Phgsics model)

e Ditferent detection signals Probe different Prol:)erties of the DM Particle
and feel ditferent features of the galac‘cic environment

e DM searches rec]uires:
el exploi’c speciﬁc and tgpical signatures of the various tgPes of signals

— DBetter knowlecﬂge or trne astrophgsical environment
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Conclusions

° Cosmological Properties and astroph[gsical signals of Particle DM
cancliclates can elther guicle or comP emenk accelerator Phgsics searches

o Viceversa, accelerators, with their capabilitg of identhcging (at least part of

the)fﬁﬁM P?rticles apcl t}lweir Prol:)ertles, will allow to shape out the
pre ictions ror DM signals

e The two ap roaches are therefore both fundamental in the stuclg of the
DM hgpotﬁesis

— Accelerators: prove the existence of Phgsics BSM and clirectlg
discover the new Phgsical states

— DM searches: Prove that the new Phgsical states explain the DM
Puzzle and explicitelg clenthcg the DM presence in the astrophgsical
environment

° The interplag between the two aP roaches may also te” something on the
cosmological evolution of the ear Yy Universe
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