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http://es.wikipedia.org/wiki/Archivo:WMAP.jpg

# Last results from the Planck satellite,

Dark Matter

(2,nh2=0.12

Dark Energy

Q. h2=0.31

confirm that about 85%0 of the matter in the Universe is dark

"™15% GAS, STARS...

85% DARK MATTER
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PARTICLE CANDIDATES

The only possible candidate for DM within the Standard Model
of Particle Physics, the neutrino, is excluded

* Its mass seems to be too small, m, ~ eV to account for 2pm h?= 0.1

* This kind of (hot) DM cannot reproduce correctly the observed
structure in the Universe; galaxies would be too young

This is a clear indication that we need to go

beyond the standard model of particle physics

Carlos Mufioz Dark Matter 4
UAM & IFT



We need a new particle with the following properties:
m Stable or long-lived Produced after the Big Bang and still present today

Otherwise it would bind to nuclei and would be excluded
B Neutral . .
from unsuccessful searches for exotic heavy isotopes

B Reproduce the observed amount of dark matter (2pmh2~ 0.1

* A stable and neutral WIMP is a good candidate for DM,)
since it is able to reproduce this number

WIMP
In the early Universe, at some temperature

the annihilation rate of DM WIMPs dropped

below the expansion rate WIMP

and their density has been

the same since then, with: €2 h? ~ 3x10% cm’st _ 0.1
GE:]I’]I"IV T
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DIRECT DETECTION

through elastic scattering with nuclei in a detector

is possible )
DAMA/LIBRA phbto

mp, ~ 0.3 GeV/cm3

mv,~ 220 km/s

*J ~ Po Vo /Mymp
~ 104 WIMPs /cm? s

For Gwivp-nudeon ~ 10°8-10° pb a material with nuclei

composed of about 100 nucleons, i.e. mn ~ 100 GeV @

* R ~ ] GwiMp-nudeon/ MN = 102 -1 events/kg day

¥ Eue ~1/2 (100 GeV/c?) (220 km/s)? ~ 25 keV

energy produced by the recoiling nucleus can be measured through
ionization, scintillation, heat ~ few keV
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DIRECT DARK MATTER DETECTION

DAMA/LIBRA (Nal) *

KIMS (Csl)
XMASS (Xe) \
ANAIS (Nal)

XENON100 (Xe)
ZEPLIN-III (Xe)
DM-Ice (Nal) LUX (Xe)

DarkSide (Ar) PICASSO (C4F,)

SIMPLE (C,CIF)
COUPP (CF,|)

CRESST (CaWO,) *
EURECA (Cawo,)

lonization CoGeNT (Ge) *
/ ~ (charge) TEXONO-CDEX (Ge)
C-4 (Ge)
CUORE (TeO,) DRIFT (CS,)
DM-TPC (CF,)
Present CDMS (Ge, Si ) NEWAGE (CF,)
Future EDELWEISS-II (Ge) MIMAC (*He/CF,)
* DM hints SuperCDMS (Ge) MAJORANA (Ge)

EURECA (Ge) GERDA (Ge)
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Supersymmetry \N

Neutralino in the (Constrained) MSSM
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(Xe) )
/// ‘
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CRESST (CaWO0,)

(Strege et al. 2012)
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(Buchmdiller et al. 2012)
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Neutralino in the MSSM - Unconstrained scenarios

1077, 1073
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1040 (Xe) ) 10~
— \ /,//’ ]
NE 10741 CDMS (Si) \ r\ X/DAMA/LIBRA (Nal) 1073
5 -
.E 107 CRESST (CaWo,) 10-6
§ 10—43 Very I|gh . g ,.n"’"‘“l:- :,“‘Ar\(\q /10—7
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the recent £ Gauginos) & Y i A e 10-8
constrains : (Albornoz Vasquez
on the Higgs § 1045 et al. 2011) 10-9
ﬁﬁgt?r?e E Very light (Non-Universal Ay NUHM+ g-2
125 GeV I 10746 Gauginos) ik e peRtrege et al. 2012) - 10-10
= (Fornengo et al. 2013) i ol )
Mass, and E 47 _11
the invisible & 10 Non-Universal Higgs 2300 10
Higgs decay (NUHM) i | { _
0% (Buchmiiller et al. 2012) 10712
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Neutralino in the Next-to-MSSM (NMSSM)

W= H; H, AN H; H,

The detection cross section can be larger Light Bino-singlino neutralinos are possible
(through the exchange of light Higgses)

Right-handed sneutrinos can also be the dark matter in extensions of the NMSSM

h N Hy Hy + Ay N ve v A
.
Whereas in the MSSM a LSP purely RH sneutrino implies :
|
I

tH

scattering cross section too small, relic density too large,
here the N provides efficient interactions of sneutrino too

.
o Viable, accessible and not yet excluded e .
(Cerdeno, C.M., Seto '08)

o Light sneutrinos are viable and distinct from MSSM neutralinos
(Cerdeno, Seto '09)
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Right-handed sneutrino in the Next-to-MSSM

XENON10
(Xe)

)

_
/DAMA/LIBRA (Nal)
-

CRESST (CaWO0,)

107 very light RH Sneutrinos " *

Cerdeno et al. 2011 y
Cerdeno et al. Qé\(o

in preparation \0\\
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INDIRECT DETECTION

+»» Annihilation of DM particles
in the galactic halo will produce
gamma rays, antimatter, neutrinos

and these can be measured
in space—based detectors:
Fermi (gammas),

PAMELA, AMS (antimatter) or in Cherenkov telescopes:

MAGIC, HESS, VERITAS,
CANGAROO (gammas)

L

*» Also neutrino telescopes like
ANTARES or ICECUBE can be

used for detecting DM annihilation
from the Sun, Earth or galactic center

(11 e an T |
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from electrons and positrons generated
by DM annihilation in the galactic halo, when interacting with
the galactic magnetic field, can be measured in radio surveys

Carlos Mufioz Dark Matter 14
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e.g. an excess of antiparticles could be a signature of DM annihilations

TTTT T T T T T

o PAMELA , 2008
A Fermi , 2011
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problems with the DM explanation:
No antiproton excess is observed

Data implies 0,,,v ~10723 cm3 s71, but this would
produce

3% 10~ 27ems— 1
<oU>

Qh? ~ << 0.1

Otherwise we would have to require boost factors
ranging between 102 and 10% provided by
clumpiness in the dark matter distribution

but the high energy positrons mainly come from a region within few kpc from the Sun (those far

away lose their energies during

0.3

e
s}
I

T T T rrrr

LU | T T rrr

T

¢ PAMELA 2008

8 HEAT Combined
Clem 2006
AMS-01 1998*
AMS-01 1998
CAPRICE 1994
Golden 1993

A1 llll Pl X wd

|

E (GeV)

100 10°

the propagation), where boost factors > 10 are not expected

| Possible astrophysical explanation:

{ Contributions of e and e* from Geminga pulsar

assuming different distance, age and energetic

1 of the pulsar.



an excess of gamma rays could be a signature of DM annihilations

An interesting possibility could be to search

for DM around the Galactic Center g0
where the density is very large 1%
& o1
Fermi-LAT: & B
Morselli, Cafiadas, Vitale, 2010 Sy
anallzed the inner galaxy region Fig. 4. — Residuals ( (exp.data - model)/model) of the above likelihood analysis. The blue area

shows the systematic errors on the effective area.

But conventional astrophysics in the galactic center is not well understood. An excess
might be due to the modeling of the diffuse emission, unresolved sources, etc.

Carlos Mufioz Dark Matter 16
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Assuming an excess, and that the DM density in the inner galaxy is p(r) ~ p,/r',
one can deduce possible DM examples reproducing the observations

(T s 1) dN?
o, (E i 'B; dl
7By 2 drm2,, Z ar, /zos o
particle physics — —— B astrophysics
{; 5 mp,=10 GeV, leptons - i::_’ll( B — Tf; 5 f—”r:w:w GeV”"' - if,:l?k M;tt;rl o e
it o W  P0% leptons, 108 B - - Potat Seumee w100y | HOOpPEN, GOOdenough, 1010.2751
° ; 1 Hooper, Linden, 1110.0006
o % 1070 ¢
) S : ~
: - | Y~ 1.3
o I ;
z z i 1 10annV ~ 7 x10% cm3 sl
Nm Nm 108 | i ..EI.I Al
1071 109 10l 1n2
E, (GeV) —~ A - LT
" 5 [ Bipy=00 ek bb ~ - Dark Matter ]
But there are other possible explanations: % "~ Gaustic Ridge (17 7]
: : . : =
-Consistency of the excess with a millisecond pulsar population, &
Abazajian 1011.4275 B
™
Z
. i
-Cosmic-ray effects, Chernyakova 1009.2630 o

-Different spectrum of the point source at the galactic center,
Boyarsky, Malyshev, Ruchayskiy, 1012.5839

17
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Gamma-ray lines are traditional smoking gun signatures for DM annihilation

presented a search for lines
in the Fermi-LAT 43 month of data concentrating
on energies between 20 - 300 GeV.

In regions close to the Galactic Center he found
an indication for a gamma-ray line at an energy
~ 130 GeV

If interpreted in terms of DM particles annihilating to a photon pair,
the observations would imply mpy~ 130 GeV, 0,,,v ~1072/ cm3 s71
when using Einasto profile

Carlos Mufioz Dark Matter 18
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Local Group dwarf spheroidal galaxies (dSph)

are attractive targets because:
-they are nearby

-largely dark matter dominated systems
-relatively free from gamma-ray emission

from other astrophysical sources

But 24-month measurements of 10 dSph reported by Fermi-LAT show no excess

one can constrain DM particle
properties:

WIMPs are ruled out to a mass of about
27 GeV for the bb channel

37 GeV for the t*t~ channel

Carlos Mufioz
UAM & IFT

Upper limits, Joint Likellhood of 10 dSphs
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E 1% _
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1 CamnV ~ 3 x 1026 cm3 s!
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10 thermal cross section
16‘ 16’ 10°
WIMP mass [GeV]

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-

tion cross section for the bb channel, the 77~ channel, the

¢ p~ channel, and the WTW ™ channel. The most generic

cross section (~ 3- 1072 cm®s™? for a purely s-wave cross sec-

tion) is plotted as a reference. Uncertainties in the J factor 19
are included.



Nearby clusters of galaxies are also attractive targets

-they are more distant, but more massive than dSphs

-very dark matter dominated like dSphs

-typically lie at high galactic latitudes where the contamination
from galactic gamma-ray background emission is low

3-year Fermi-LAT data show no excess

-C T R 10‘223 T BRE T Fr 10_23E
oma 3 g g
5 i Fornax ]
\10 Il Virgo 3 1050 107
- - -Dwarf 3
/W3 - - -Fornax—1yr 1 = =
@ R e 25
g - g 10 : g 10 :
10 8 2 F
2 2 107 2 107
v 10 v : v ]
______ 10—25_ 107 IlComa ||
10 °F E HlVirgo I Fornaxj
- --Dwarf IlVirgo [
10 ; 107 - -~ Fornax—1yr| 107 ; ; ---Dwarf ||
10’ 10° 10’ 10’ 10* 10' 10° 10° 10"
M, /GeV MX/GeV M, /GeV

Figure 10. Upper limits for the DM annihilation cross-section in the b5 (left), pTu~ (middle), and 77— (right) channels, after
including the effect of undetected point sources. Line styles are as in Fig. 6, but only the EXT results are shown. Note that the lower
bounds of each band are still determined by the results without including undetected point sources in the analysis.

Adopting a boost factor of ~ 103 from subhalos, WIMPs are ruled out to a mass of about
100 GeV for the bb and t*t" channels, and 10 GeV for the p*u- channel

Carlos Mufioz Dark Matter 20
UAM & IFT



Fermi-LAT measurements of anisotropies in the diffuse gamma-ray
background can also have implications for dark matter constraints

Carlos Mufioz Dark Matter 21
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Let us analyze again the region around the Galactic Center,

Is it possible to derive (even more) stringent constraints on
parameters of generic DM candidates?

YES in the likely case that the collapse of baryons to the Galactic Center
is accompanied by the contraction of the DM

The behaviour of NFW might be modified p — 1/r making steeper: 1/r¥

Gomez-Vargas, Morselli, Sanchez-Conde Fermi-LAT
Preliminary results

From observational data of the Milky Way, the parameters of the DM profiles have been
constrained. Fitting the data

¥ in the inner region p — 1/r ——> intheinner regionp — 1/r'3’

Carlos Mufioz Dark Matter 22
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Figure 1: Left pangl: DM density profiles used in this work, with the parameters given in Table 1. with the observations
Right panel: The J(AQ)AQ quantity integrated on a ring with inner radius of 0.5 deg (~ 0.07 kpc)
and external radius of ¥ (Rg tan W) for the DM density profiles given in Table 1. Blue (solid),

107
_ _ i 4-year Fermi-LAT data
To set constraints we request that e ,
the expected DM signal " 107}
g i
does not exceed the observed flux o
(due to DM + astrophysical = f
W i ——
background) - i - S
e ® From Einasto ROI 1
No subtraction of any astrophysical 108 s . s pagga
background is made. 1 1 100
E, [GeV]

Very conservative analysis!
Figure 4: Energy spectrum extracted from Fermi-LAT data for the optimized regions that are shown
in Figure 3. Data are shown as points and the vertical error bars represent the statistical errors.

Carlos Mufioz The latter are in many cases smaller than the point size. The boxes represent the systematic error
UAM & IFT in the Fermi-LAT effective area.



B =B, 2 S wmewts e In general the final state will be a
e - E combination of the final states
107k presented here
= 24: NFW, - - - - -
g% __}”""‘" e i e.g., in SUSY, the neutralino annihilation
U - modes are 70% bb - 30% 1t for a Bino
5 ]  Burkert 5 DM, and 100% W*W- for a Wino DM
10 3 10 3
-275 ‘275 -
10°% e a— 10-% o g \‘\/ * fan z Wiz
5 10 20 50 100 200 500 10002000 5 10 20 50 100 200 50( P v .
mpy [GeV] mpy [GeV] T > i <f . o\ :[i:
— — — — L oI e B(Ey) o T2 o R G
3 ==Prompt + ICS XY=2T T Y _22 ==Prompt +ICS X W W . ! .
107 U ¢ Also, the value of ov in the Galactic halo
. N might be smaller than 3 x10-26 cm3 st
% Einast 6’,/‘
ﬁ -e.g., ip _SU_SY, in the early Universe
® | coannihilation channels can also
g e 1o _ contribute to ov
F i NFW,
10"k 10'27; H
E NEW, mpy > 531 GeV : Mpy > 489 GeV -Also, DM particles whose
6 35 35 100 360 560 10003000 530 56 100 260 500 10603000 annihilation in the Early Universe is

mpM [GGV]

In this sense, the results derived for pure annihilation
channels can be interpreted as limiting cases which
give an idea of what can happen in realistic scenarios

m DM [GGV]

But still Fermi-LAT data imply that large regions of parameters
of DM candidates are not compatible with compressed DM

density profiles

dominated by velocity dependent
contributions would have a smaller
value of oV in the Galactic halo,
where the DM velocity is much
smaller, and can escape this
constraint:

Oh2 23 x 10727 cmB 571 (o)1 = 0.1



Work in progress,
Constraining the SUSY parameter space inspired by an old study of the MSSM:

Mambrini, Munoz, Nezri, Prada, 0506204

B P o ___g2 _Ll__ Bsmuw+mwif- T oToqp ottt

T w1 ra) 1r

> S F EGRET J [ EGRET

> 10 F 1F S, 1 F

™ 3 1k ™ 3 1
TR : i L ""'--‘-:?: | msuGRA
= ,I\\\ GLAST ] :\ GLAST ] ;\ GLAST ]
é 10-1z§ tan B:IS "“‘IA . 1E tanB?.'SS . ) tanB:ISO . E

I

- 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

m, (GeV)

So we are now updating the neutralino MSSM case and studying the NMSSM,
and the sneutrino in the extension of the NMSSM

Cerdeno, Gémez-Vargas, Huh, Klypin, Mambrini, Morselli, C.M., Peird, Prada, Sanchez-Conde
in preparation

Carlos Mufioz Dark Matter 25
UAM & IFT



Gravitino as decaying dark matter

neutralino, sneutrino, ..., but also the gravitino might be a good candidate and
detectable

In models where R-parity is broken, the neutralino or the sneutrino with very
short lifetimes cannot be used as candidates for dark matter

Nevertheless, the gravitino (superWIMP) can be a good candidate

1 n

)3
. ‘ [/- “2 '3/2
327 :

Mp?

(30 = yv) =

Its decay is supressed both by the Planck mass and the small R-parity breaking,
thus the lifetime of the gravitino can be longer than the age of the Universe (~1017 s)

1
ey N 2% ms/2 \ Uy |?
T30 =" (G = yv) ~ 8.3 x 107 sec X (1GeV> (7 < 10-13 ‘
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Since the gravitino decays into a photon and neutrino,
the former produces a monochromatic line at energies equal to ms,,/2

FERMI might in principle detect
these gamma rays

LvSSM W= e (YO HEQEaS + Y7 Y QUds + VI Iy L e + T Y Ly )

J

. ~ ~ 1 ..
i ~Cc 770 b Ak e acac

Constraints on uvSSM gravitino DM analyzed in
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oy ["r;ﬂsz B ! -3
o2 = 38 5 107 s ('m_l's) (T5eew) In the wSSM: U ~g; v/M, ~ 10610

. 1 0 I 1 1
[ HHos/N 0 37,
L DG s/N =5 T,
I % LODSt]’:Pi;ltS t,rom |b|>LO Fer"uc—LAT 2 years data
= Const raints f- “am m ‘d-latitude Ferml LAT 5 months data
- BB Corstrainte fror® SPI/ECFUT/COMP”““L data
Constraincs from ETGRET galactic center data 100 x 100 region around the GC

10°7 F .10'1“ 1072 .

DM Unconstrained regions

Values of the gravitino mass larger than 4 GeV are disfavoured,
as well as lifetimes smaller than about 3 x 1027 s



Conclusions

+ There are impressive experimental efforts by many groups
around the world to detect the dark matter:

DAMA/LIBRA, CoGeNT, CRESST, CDMS, XENON,..., Fermi, PAMELA, AMS, etc.

Thus the present experimental situation is very exciting.

And, besides, the LHC is working

So, stay tuned !
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But these are DM-only simulations, and central regions of galaxies like the
Milky Way are dominated by baryons

They might modify e.g. the behaviour of NFW p — 1/r making it steeper

The baryons lose energy through radiative processes and fall into the central
regions of a forming galaxy. Thus the

resulting gravitational potential is deeper,

and the DM must move closer

to the center increasing its density

The effect seems to be confirmed
by high-resolution hydrodynamic
simulations that self-consistently
include complex baryonic physics
such as gas dissipation, star
formation and supernova feedback
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Caution:

Astrophysicists identified another process,
which tends to decrease the DM
density and flatten the DM cusp

The mechanism relies on numerous episodes of baryon infall followed by a
strong burst of star formation, which expels the baryons producing at the
end a significant decline of the DM density.

Cosmological simulations which implement this process
show this result

Whether the process happened in reality in the Milky Way is still unclear...
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