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The Dark Universe

WMAP + SN + BAO + galaxies distribution

Neutrinos:
0.3%

Qv 1.0052 =+ 0.0064
05% Qa 0.721 + 0.015
Qs 0.233 + 0.013
Qp 0.0462 + 0.0015
ho 0.701 +0.013
abid Helhi
ph Qaurh? 0.1369 £ 0.0037
Qyh? 0.02265 4 0.00059
25% Qparh? | 0.1143 £ 0.0034
E. Komatsu et al., arXiv:0803.0547
Dark Energy: J. Dunkley et al., arxiv:080%.0596

L G. Hinshaw et al., arXiv:0803.07352

QT CMbB teml:)era’cure anisotropies

Geometry: e £ haiann i ol Q A Luminosi’cy distance of high~z SNla

: rse i ndi
Dynamics the Universe s expa d ng - o WA T el
~ Decelerate for most of its history
— Accelerate since “recent” time

and at very “old” times (inflation)

QB Primordial Nucleosgnthesus

Amplitude of CMB temperature anisotropies

Nicolao Fornengo, Universitg of Torino and INFN-Torino (ltalg) ULB - Brussels, 08.05.2009




Heavy Elements:
0.03%

Dark Matter

Neutrinos:
0.3%

Dark Energy:
10%

Dynamics of galaxg clusters
Rotational curves of galaxies

Weak |ensing

Structure formation from Primordial

7

ensitf fluctuations
F:nergg ensit9 buclget

Free Hydrogen
and Helium:
4%

Non~bargonic (colol) dark matter is needed
No candidate in the Standard Model
New fundamental Phgsics

DarkMatter:
250

Nicolao Fornengo, University of Torino and INFN-Torino Cltaly)

ULB - Brussels, 08.05.2009
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Particle DM formation

e Thermal relic

Qh? ~ (ov) L = H{o0) onn = 3> 1077°cm®s™

unless coannihilation occurs

® Thérmal rChC Wlth non"StaﬂClarCl CosmOlog\lj
Qh? ~ (ov) ] with (00) ann # (V)R

ann ann

e Non-thermal relic
— lﬂ a |ow~reheating Cosmologg

— From next~to~|ightest Particle clecag

o /)

Nicolao Fornengo, Universitg of Torino and INFN-Torino (ltaly) ULB - Brusscls, 08.05.2009




Non~bar30ni’c DM candidates

e Non suPersgmmetric candidates

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

Kaluza-Klein fields

Little Higgs models

Mirror bargons

(...

° Supersgmmetric candidates

Neutralino

Sneutrino

Gravitino

Axino

Messenger felds

Stable non~topological solitons (Q-balls)

HCBVE non-thermal I"CliCS

i)

Low energy MSSM
} Universal mass Params

> Light neutralinos
Minimal SUGRA

Non-minimal SUGRA
> Higgs sector

» Sfermion sector

> Gaugino sector

NMSSM
Anoma19 mediated SLISY

e

Nicolao Fornengo, University of Torino and INFN-Torino (ltaly)
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Non~bar30ni’c DM candidates

e Non supersgmmetric candidates

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

— Kaluza-Klein fields

— Little Higgs models

— Mirror bargons

far)
° Supersgmmetric candidates

— Neutralino

—| Sneutrino >

— Gravitino

— AXIno

— Messengerﬁelcls

— Stable non~toPo|ogical solitons (Q~ba”s}

=+ Heavg non~thermal I"CliCS

i)

with R-handed (s)neutrino
With Majorana mass terms

In see-saw models

NMSSM

i)

Nicolao Fornengo, University of Torino and INFN-Torino (ltalg)
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Galactic Dark Matter

CDMin galaxics:
- Massive Particle with weak~tgpe interactions (WIMP)
- Distributed to form a halo

- Thermal comPonent
- Substructures

~ Non~thermal com[:)onent

Galactic dark matter detection:

a2 lclenthcg tgl:)es of signals
= E‘xploi’t speciﬁc signatures
~ 5tucl9 relevant backgrouncls

- Quanthcg uncertainties

Nicolao Fornengo, University of Torino and INFN-Torino (Italg)

ULB - Brussels, 08.05.2009







MultiChannel search of dark matter

Direct search: elastic scattering of x off nucleiin a low background detector

‘ > recoil energy of the nucleus

armual moclulation O{: the rate
]ﬂclirect searches; directionalitg of the recoll

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

\—> Neutrino flux > ul:)~going muons in a neutrino telescolz)e
source location /some spectral feature

- signals due to xx annihilation taking Place in the galac’cic halo
——> Neutrinos source location /some sPectral feature

> Photons

- continuous gamma-ray flux source location/ some sPectral feature
- gamma-ray line very good spectral feature

L 5> Positrons spectral feature

A B, Antiprotons sPectral feature

e TR Antideutcrons very good spcctral Feature

> Flectrons/ positrons = multiwaveleng’th search (radio, X, gamma rays; SZ on CMB)

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (ltaly) ULB - Brusscls, 08.05.2009







Antiproton signal

disk dark matter halo Secondaries
PcrRt+PIsM — D
pocrtHeism — P
_Ii €CRTPsM — P

Produced in the disk

diffusive halo Pro aﬁition and encr

redistribution in the diffusive halo

DM signal iosphere
XX — (...) — pp
Produced in the DM halo solar modulation

Pro ag}.:;ltion and ener%g
redistribution in the diffusive halo

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (Italg) ULB - Brusscls, 08.05.2009




Diffusion and Propagati’on in the Galax3

clark matter halo

o Two-zone diffusion model (cglinc:lrical sgmmetrg)

— Thin disk
v’ Radius R =20 kpc /
v Thickness h =100 pc
v Surface clensitg o{:P IS gas: X = 2hngy, (Mg =1cm™)
— Ditfusive halo
v’ Radius R diffusive halo
v Height L

disk

° Phgsical processes
— Dittusion: uniform in the whole (clisk + diffusive halo) volume

— Inelastic (non~annihila’cing) scattering and annihilation

— Galactic wind away from the disk in vertical direction

— Energg losses:
v’ lonization: interaction with the neutral 1S matter

v Coulomb scattering: interaction with ionized Plasma (thermal electrons)

— Reacceleration on random hgdrodynamic waves (In the disk onlg)

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (ltalg) ULB - brusscls, 08.05.2009




ng (Tv <y Tﬁ)

Propaga’cion in the Galaxq

>

A T5)

- solution of the stead9~state diffusion equation with
energy losses and reacceleration

= CICPCHCIS ona number OF astrophgsical Parameters:

_ diffusion coefficient

> height of the diffusive halo

g galactic wind Velocitg

_Alfven velocitg (reacceleration)

The Params arc constrainecl !DH stable ﬂUC!Ci PFO

K(E) = KoB(R/1 Gv)d
L

V.

Va

pagation, mainlg B/C

[D. Maurin et al. Astron. As’crop]'lgs. 381 (2002) 53%9]

case | 0 Ky L V. Va i /c
(kpc? /Myr) | (kpe) | (km/sec) | (km/sec)

max | 0.46 0.0765 15 5) 117.6 39.98

med | 0.70 0.0112 4 1 52.9 25.68

min | 0.85 0.0016 1 13.5 22.4 39.02

Nicolao Fornengo, University of Torino and INFN-Torino (ltaly)
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Seconclar3 antiprotons
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Antil:)roton flux

Anti proton / proton fraction

. Donato, D. Maurin, P. Brun, T. Dclalﬁagc, P. Salati, PRL 102 (2009) 071301
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Interstellar antiproton fluxes

10-1 ¢

Primaries ®

Secondaries @

(DM signal) Tt g ]
& o A RN O // (background)

m, = 100 GeV ;\\\ ]

25 Nl ] <25% uncertaintg
\\ A 0
S\ x
= . A\ e b
o % 40 \\
\\
%ﬂ.
o 10-5
10-6 WA T SN 1 TR Lol "‘":"""\ 111
0.01 0.1 1 10 100
TS (GeV)
) l case | 0 Ky L V. Va X]23/C
F Donato, N. F . D. Maurin, P, Salati, R. ,
O’?jilgt, PR%%?%SOO‘%} gzo%m % (kPCQ/ Myr) | (kpc) | (km/sec) | (km/sec)

max | 0.46 0.0765 15 5 117.6 39.98
(2) D.Maurin etal. Astron. Astrophgs. 381 (2002) 539 med 0.70 LORE2 4 L 52.9 25.68
min | 0.85 0.0016 1 13.5 22.4 39.02
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TOA fluxes and compari’son with data

]_O“lE T T T TTTT T T T T Toe kbl 1 T T T TTTTH
solar minimum - . 1 e BESS95-97
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0.01 0.1 1 10 100

TI%  (GeV)

F. Donato, N.Fornengo, D. Maurin, P. Salati, R. Taillet, PRD 69 (200%) 063501
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Theoretical Precli’cti’ons for neutralinos

MSSM +gaugino non universal
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Bes’c~ﬁt astrophgsical Parameters 7

10 100
m, (GeV)

cosmologica”g dominant neutralinos
cosmologica”g subdominant neutralinos

A. Bottino, I Donato, N.F;, S. Scopel, PRD 70 (2004) 015005
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$I% (T. = 023 GeV) (m=2 s sr-1 GeV-1)

Sneutrinos in LeFl:«-Right models

C. Arina, N. Fornengo (2007)
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Cosmic antideuterons

I~ Donato, N. Fornengo, F. Salati, PRD 62 (2000) 045003

disk dark matter halo
Secondaries

PCR+TPISM —
pcr+Heism —

o O O

He cr +p1ism —

B e it Produced in the disk

Pro aggtion and ener
redistribution in the diffusive halo

DM signal

iosphere
P

Produced in the DM halo solar modulation

Pro a%;ation and enerég
redistribution in the diffusive halo

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (Italg) ULB - Brussels, 08.05.2009




Secondaries and their uncertainties

Astrophgsical:
— Transport

= Encrgg losses and redistribution

Nuclear (very conservative):
— Elementar9 Production Processes

— Coalescence

(m? s sr GeV/n)"!

5(T5)

1079

10—10
0.1

IS fluxes

NG
solid: astrophysical uncertainty \:

dotted: nuclear uncertainty

1

A. Donato, N. Fornengo, D. Maurin, PRD 78 (2008) 045506

T

D

10 100
(GeV/n)
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I 50 GeV

105 dotted: 1S =

solid: TOA

108 E

10-7 E

(m? s sr GeV/n)!

10-8 |

)

(g

D

10-10 I AN (b 1 T ()
0.1 1 10 100

s (GeV/n)

Transport:
X4 High-energies: diffusive halo size L

<7 Low-energies: e galactic wind

Energy redistribution (not dramatic):

— Loss
— Reacceleration

= Ter’ciarg redistribution

Signal and its uncertainties

@)jl?oth ) / d)j.[foth

(95

m,= 50 GeV, IS gl
solid: MAX, dotted: MED ol

profile=NFW (black), DMS—1.2 (blue), log—slope (red) s

_‘1 1 1 L III 1 1 Illll‘
)i 1 10

Ts (GeV/n)

Change of DM halo Proﬁle
[fixed local &ensitg]

A. Donato, N. Fornengo, D. Maurin, PRD 78 (2008) 045506
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TOA fluxes and S/B gain
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Signal with uncertainty band for: Signal/ (Back—l-Signal) ratio
— 50 GeV WIMP mass
— WMAP relic abundance

A. Donato, N. Fornengo, D. Maurin, PRD 78 (2008) 045506
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Theoretical Precli’cti’ons

MSSM +gaugino non universal SUGRA
10-25 E = T T /'/ 7 / 7 T = T 20245 Z ! . 7 77 IGAPS ULDé 3
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0.095 < Q,h* <0.131

J cosmologica”g dominant neutralinos

g cosmologica”g subdominant neutralinos Q. h* < 0.095

A. Donato, N. Fornengo, D. Maurin, PRD 78 (2008) 045506
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Cosmic Posi’trons

disk dark matter halo Seconclarics

Pcr +PismMm —— €
pcr + Heisme — €

Hecr +pism — e

B e it Produced in the disk

! Pro agﬁtion and ener
DM sngnal redistribution in the diffusive halo

or —— eTe™

iosphere
P

M (e

solar modulation
Produced in the DM halo

Pro a%z)ation and ener%? Astrophgsical sources
redistribution in the diffusive halo (e.o.: ulsars)

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (Italg) ULB - Brusscls, 08.05.2009




Secondaries: astrophgsi’cal uncertainties

T. Delahaye et al. (2008)
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P Dclahage, R. Lineros, = Donato, N. Fornengo, J. l_ava”c, P. Salati, R. Tai”ctj arXiv:0809.5268 [astro-Ph]
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Positron fraction: CR baclcgrounc]

e Defahage, R. Lineros, . Donato, N. Fornengo, J. l_ava”e, = Salati, R. Taillet (arXiv:0809.5268 [astro—Ph])

T. Delzahaye et al. {2008) T. Delabaye et al {2008)
T = = T I

T T T oS A A

o~ .
NN soft electrons

\ RCAEEIRES A, S

lo-l =

Positron fraction e*/(e*+e")

B, T iR T A LR | T L e

\. N\ hard elecltrons

\\ \\ ,y —_— 3.34 HEAT 94:95:2000 A

94:95+2000 A

10

|

Positron fraction e*/(e*+e)
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PAMELA data Point toward a “excess”

O. Adriani et al. (PAMELA Collab.) Nature 458 (2009)607
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Positrons from astrophgsi’ca sources

Positron Fraction

0.01

0=2, MED diffusion setup, ST model
B035 S+54/l, . Vel

, I

/' iMonogem (B0656+14

~o
IIIIII| | S

LA

10

100
Energy [GeV]

1000

S. ProFumo, arXiv:0812. 4457v2 [astro~pl’1]

10000
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DM si'gnal: astrophgsical uncertainties

my = 100 GeV

,
+1GeVem s

<

|
>

5

E2

&9
+1GeVem s

<

>

g2

T. Delahaye. R, Lineros, N. Fornengo, F. Donato & P Sakn (2007)
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Positron fraction: i'ncludinga DM si'gnal

1. Deladave, R Lineros, N Foenengo, F. Doaato & P Salati (2007
MJ T LR AL | T v rrrrrng M| LA B R AL |

NFW Halo profile (r, = 20 kpc) B/C best fit
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For annihilation cross section consistent with WMAP for a thermal relic
Smooth NFW halo
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Positron fraction: i'ncludmga DM sugnal

= 500 GeV

FPAMELA 2008
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Constraint on boost from antiprotons
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Model i’ndepenclent analgsi’s
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M. Circ”i) M. Kadastil(, M. Raidal, A. Strumia, arXiv:0809.24-09v3 [heP—Ph]
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Model i’ndepenclent analgsi’s
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Astrophgsical boost
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Particle Phgsics boost: Sommerfeld effect
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M. Lattanzi, J. Sinc, arXiv:0812.0%60vI [astro-Ph]
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Cosmologi’cal boost
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Electrons + Positrons: FERMI data
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Pair Annihilation Cross-Section [¢m'/s]

DM i'nterpretati'on
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P. Meade, M. PaPUCCl A. Strumia, T. Vo anskg, arXiv:0905.0480 [hep Ph]
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Summari’zi’ng

e Aboostis a[wags requirecl

e Annihilation into lePtons (but not into “hadronic” channels)

my 2> 100 GeV

g 1.7
o G0 ( X )
100 GeV

e Annihilation into gauge bosons

m, = 10 TeV

& 1.4
B~ 2 x 10 (—X)
% 10 TeV
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SUSsY i’nterpretation?

Unusual

e Annihilation into Ieptons (but not into “hadronic” channels} — fort Pical

m,y 2> 100 GeV

.
>

w7 1.7
o G0 ( X )
100 GeV

e Annihilation into gauge bosons

m, = 10 TeV

Y

.
Z

& 1.4
B~ 2 x 10 ( X )
% 10 TeV

Natural mass range

Astroph sical (ul:) to 10)
Sommcrgelcl
Cosmological

Naturalness "4

Not astrol:)hgsical
Sommerfeld
Cosmological ?

can 1<:la’ces
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Neutralino

Maiorana fermion: the non-relativistic annihilation cross
section into lel:)tons (especia”g Positrons) IS helicitg

sSu PPFCSSCCI

O o OC m?
Preferred channels: quark Procluc’tion (also gauge or

hisggs bosons)

Hard to Erocluce lePtons without Proclucing also a large
amount of antil:)rotons

Positrons spectra are too soft to explain PAMELA raise

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (ltalg) ULB - Brusscls, 08.05.2009




MSSM

%

BR into bottoms

ULB - Brussels, 08.05.2009
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BR(xx—e* e”)
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Possible solutions

> Non-minimalities are rec]uirecl:

— Additional fields which change the nature of the DM candidate

— Additiona sgmmetries which induce Pracerence toward |6Pton5

— Additional interaction which induce Prcncerence toward |el:>’cons

I

> The necessity of a boost is nevertheless Present

—fa strong Prfncerence for leptons is obtained, it may be large without
comqicting with antiProtons

= Multiwavelength emission may instead be limiting

Nicolao Fornengo, Univcrsitg of Torino and INFN-Torino (ltalg) ULB - brusscls, 08.05.2009




“Dirac bino”

e Bino with a Dirac mass arising from coupling to a gauge
singlet fermion

— Dirac fermion: no helicitg suPPression for annihilation

e Possible with D-term 5U5Y~]3rea|<ing

e Preference of annihilation into leptons due to:
— Coupling through hgpercharge: larger for |ePton5 than for quarks

— Sleptons have to be suﬂ;’cientlg sma ler than squarks

BR(xx — ) (ﬁ mq>4
BR(xx — qq) Y, my

R. Harnik, &P Kribs) arXiv:0810.5557v1 [heP~PH

Nicolao Fornengo, Universitg of Torino and INFN-Torino (ltaly) ULB - Brusscls, 08.05.2009




Additional sgmmetri'es

MSSM + gaugecl QLR

o Tlﬁé necw gaugecl sgmmetrg introcluces:

-3 right~hanclecl neutrinos
— 1 new gauge boson Z’

— 2 new higgses T R e gt N lightest 0)

— New neutralinos from SUSY partners of 2, H’, and H’5
> Theg can be arraﬂgecl to be |ighter than standard neutralinos

R. A”ahverdi, B. Dutta, K. RichardsomMcDaniel, Y. Santoso, arXiv:0812.2196vi [hCP-PH
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Dominant annihilation cross section

¢ Qb Qb Dictates relic abundance

XX Not suPPressecl

T(¢p— ff)~gp_m;

leptons quarks

G gy — 6 iy

¢ nght
clecags only into iglﬁ’c fermions
Procluces the required Sommerfeld enhancement

Alternativelg, the cross-section enhancement can be due to a modified
cosmo!ogg with a |ow~reheating temperature

The mechanism can be made work also for sneutrino DM in the same
MSSM + gaugecl TR framework

By D=t Leblonc{, K. Signa, arXiv:0904.3773vl [hepph]
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Non SUSY candidates

e Inert Doublet Model

~ Tho Higgs~c:loublet model with unbroken 7, symmetry
Hy — H, and Hy — —H>

— Candidate: Hy, with m > 10 TeV

~ Large boost required

E. Nezri, M. Tytgat, G. Vertongen, arXiv:0901.2556v2 [heP—P]ﬁ]
S. Andreas, T. Hambie, M. Tytgat, JCAP 0810:054,2008
L. Honorez, E. Nezri, J. Oliver, H. Tytgat, JCAP 0702.:028,2007

e Minimal Dark Matter

— Extra multiplets with minimal sPin, charge, hgpercharge
— Candidate: |ightest Particle in the multiple‘c (neutrab, m > few TeV
— Large boost requirecl

M. Cire”i, R. Franceschini) A. Strumia, Nucl.P]ﬂgs.BBOO:ZO‘luZZO,ZOOS
M. Cirelli, N. Fornengo, A. Strumia, Nucl.Phgs.575§:178—194~,2006
M. Cirelli, A. Strumia, arXiv:0808.3867
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DM life=time 7 in sec

Decaging dark matter
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s, Nardi, . Sannino, A. Strumia, arXiv:0811.4153v] [heP~Pl‘|]
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R«-Pari'tg violation

e Binlinear RPV

'CRPV = BlizHu + m%infLiH; 2w R

x — Zv, Wi, hv

K

~ Y 25 J 3
75 = 2 X 107 sec X (10_25

T3/2 = 6 X 10%° sec x (

10—10

=27 , :
) (1 TSV) Neutralino (Bino)
—2 (Mg )‘3 h
) (1 ToV Gravitino

RPV couPling extremeleg small (RPV in RH neutrino sector may help)

AntiProtons are also Proclucecl

e Trilinear RPV

T ek
Wrpy = 5)\ijkLiLj Ey

B — v}

(@i} Chenl, C.-Q. Geng, D.V. Zl’luriclovj arXiv:0905.0652v1 [l’lep—Ph]
M. Endo, T. Shindonu, arXiv:0903.18/3v1 [heP—Ph]

K. Ishiwata, S. Matsumoto, T. Moroi, arXiv:0903.0242v1 [heP—Ph]

S Shirail, e Tal(ahashi, T Yanagidal, arXiv:0902.4770v2 [th~Ph]
B.Kyae, arXiv:0902.0071v2 [l’lep~|:)h]

K. Hamaguchi], F Takahashi, T.T. Yanagiclal, arXiv:0901.2168v2 [heP-Ph]
M. PosPcIov], M. Trott, arXiv:0812.0452v3 [heP—Ph]

A. lbarra, D. Tran, arXiv:0811.1555vi [heP~Ph]

K. Ishiwata, S. Matsumoto, T. Moroi, arXiv:0811.0250v [hep~Ph]

P. Yin, Q.Yuan, J. Liu, J. Zhang? X. Bi, 5. Zhu, X. Zhang, arXiv:0811.0176v2 [l’lcP-Ph]
CaR: Chenj I Takahashi, arXiv:0810.4110v2 [heP—Ph]
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Summary: Direct Detection

e Direct detection

— Signature offered 109 annual modulation of the rate
> DAMA/Nal and DAMA/ Libra observe annual modulation in low-cnergg single~hit events
> Insusy models, this effectis compatible with relic dark matter candidates, like:
= Neutralinos both in the MSSM and in gaugino non-universal schemes

" Sneutrinos in LR models or models with L-violation and see-saw neutrino mass generation

— Total counting rate: a”ows to set bouncls

» CDMS, XenonlO and others currentlg Probe a fraction of MSSM Parameter space for neutralino
or sneutrino dark matter

> Extension of the Probe clepencls on astrophgsical (galactic halo Properties) and nuclear Physics
(DM-nucleus interaction) assumptions

— Other Possible signatures: clirectionalitg of the recoil, diurnal effects

Nicolao Fornengo, Universitg of Torino and INFN-Torino (ltaly) ULB - Brusscls, 08.05.2009




Summary: Indirect Detection

e AntiDeuterons
~ strong feature at low~energies: offer the best Possibilitg to detect a signal

o AntiProtons
— mild feature at low energies, but suitable to set (Potcntiaug relevant) bounds
— data show no anoma19 (latcst from PAMELA)

e Positrons
—~ may posses spectral Fcatures) tgloicallg require “boosts”
— PAMELA data on Positron fraction exhibit “anomalous” rise (mag be astrophgsical: e.g. Pulsars)
— FERMIdata on electron+Positrons exhibit a mild bumP (mag be astrophgsical}

e Gamma Rags
—~ may posses spectral features
— line: amazing slgnature, but tgPicaHQ stronglg suPPressecl (verg hard for some DM candidates)
—  with FERM| currentlg no anomalg above the galactic center
— astrophgsical backgrouncl c]uite relevant, especia”g at the galactic center

e Neutrinos from Earth and Sun

— spectral and angular Features

— events induced bg the v, comPonent Potentia”g “background free” (iF accessible)

Nicolao Fornengo, Universitg of Torino and INFN-Torino Cltaly) ULB - Brusscls, 08.05.2009




Coming data from:

Low~bac‘<grouncl experiments unclergrouncl
Neutrino telescopes

lLa rge area detectors
Balloon exPeriments
Space detectors

Tevatron, LHC, B Factories

The near future Promises to be very exicitingl
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