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Outline

● Introduction.
● Anomalies in the cosmic ray fluxes.
● Astrophysical interpretation of the anomalies.
● Decaying dark matter as the origin of the cosmic
  ray anomalies.
● A particularly interesting candidate for decaying
  dark matter: decaying gravitinos.
● Conclusions.
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Observations indicate that the dark matter is
a particle which is: 
  

● Non baryonic
● Weakly interacting
● Slow moving (“cold” or perhaps “warm”)
● Long lived (not necessarily stable!)



  

All these evidences for dark matter are
of gravitational origin

Impossible to determine the nature and properties
of the dark matter particle from these observations

Independent (non-gravitational) evidences for
dark matter are necessary



  

Direct detection

Collider 
searches

Indirect
detection

DM nucleus → DM nucleus 

DM DM →γγ, e+e-... (annihilation) pp → DM X 
DM →γ X, e+X,... (decay) 
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There have been indications in the past  
for dark matter annihilation/decay

Exciting possibility!
Exciting possibility!



  

Extragalactic flux of gamma raysExtragalactic flux of gamma rays

Astrophysics

Excess of γ rays!

EGRET
Strong, Moskalenko, Reimer

Many open questions:
● Extraction of the signal from the galactic foreground
● Is the signal isotropic/anisotropic
● Precise shape of the energy spectrum
● Does the excess really exist? Stecker, Hunter, Kniffen
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Secondary positrons
from spallation
Strong, Moskalenko
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Spectacular experimental 
progress over the last months



  



  

Secondary positrons
from spallation



  

Secondary positrons
from spallation

Probably due to
solar modulation



  

Secondary positrons
from spallation

Primary component??



  



  

H.E.S.S. Collaboration
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11th November 1974

e+e- hadrons p Be e+e- X
BNLSLAC

SPEAR's Mark I detector
SLAC 



  



  



  

Astrophysics? 

Pulsars Pulsars areare sources  sources 
of high energy of high energy 
electrons & positronselectrons & positrons

Atoyan, Aharonian, Völk;
Chi, Cheng, Young;
Grimani



  

Geminga

B0656+14

dN
e
/dE

e
  E

e
-α exp(-E

e
/600GeV)

Hooper, Blasi, Serpico



  

We know around 1800
pulsars in our Galaxy 

The combined positron
emission from all of them 
could also produce a 
sizable primary flux

Hooper, Blasi, Serpico



  

Dark matter decay
● No fundamental objection to this possibility,
provided τ

DM
>1017 s.

● Not as thoroughly studied as the case of the
dark matter annihilation. 

Possible reason: the most popular dark matter 
candidates are weakly interacting (can be detected 
in direct searches and can be produced in colliders). 
If the dark matter is a WIMP, absolute stability 
has to be normally imposed.



  

Beyond the SM

WIMP

SM

Sketch of a WIMP dark matter model:

τ
DM

~10-25s



  

Supersymmetry

χ
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Sketch of a WIMP dark matter model:



  

Supersymmetry

χ
1

SM

Requires a suppression of
the coupling of at least 
22 orders of magnitude!

τ
χ
>1017s

Sketch of a WIMP dark matter model:



  

Supersymmetry

χ
1

SM

τ
χ
=

Simplest solutionSimplest solution: forbid 
the dangerous couplings 
altogether by imposing 
exact R-parity conservation.
The lightest neutralino is
absolutely stable

Sketch of a WIMP dark matter model:



  

WIMP dark matter is not the only possibility:
the dark matter particle could also be 
superweakly interacting

Roszkowski



  

Beyond the SM

superWIMP

SM

Sketch of a superWIMP dark matter model:



  

Beyond the SM

superWIMP

SM

SuperWIMPs are naturally very long lived. Their
lifetimes can be larger than the age of the Universe,
or perhaps a few orders of magnitude smaller.

It is enough a moderate 
suppression of the coupling
to make the superWIMP a 
viable dark matter candidate.

τ
DM

>1017s



  

Beyond the SM

superWIMP

SM

It is enough a moderate 
suppression of the coupling
to make the superWIMP a 
viable dark matter candidate.

Eventually the 
dark matter decays!

SuperWIMPs are naturally very long lived. Their
lifetimes can be larger than the age of the Universe,
or perhaps a few orders of magnitude smaller.

τ
DM

>1017s



  

Candidates of decaying dark matterCandidates of decaying dark matter
● Gravitinos in R-parity breaking vacua.
Interactions doubly suppressed by the SUSY 
breaking scale and by the small R-parity violation.
● Hidden sector gauge bosons/gauginos.
Interactions suppressed by the small kinetic 
mixing between U(1)

hid
 and U(1)

Y
.

● Right-handed sneutrinos in scenarios with Dirac 
neutrino masses.
Interactions suppressed by the tiny Yukawa couplings.

● Bound states of strongly interacting particles.
Interactions suppressed by the GUT scale.

● Hidden sector fermions.
Interactions suppressed by the GUT scale.

Takayama, Yamaguchi; 
Buchmüller, et al.;
AI, Tran; Ishiwata et al.

Chen, Takahashi, Yanagida;
AI, Ringwald, Weniger;
Chun, Park.

Pospelov, Trott

Arvanitaki et al.; Hamaguchi, Shirai, Yanagida

Hamaguchi et al.;
Nardi et al



  

Positron fraction from decaying dark matter:
model independent analysis 

Possible decay channels

fermionic DM

ψZ0 n

ψW
ψn

φ

φWW

φZ0Z0

AI, Tran

scalar DM



  

The positrons travel under the influence of
the tangled magnetic field of the Galaxy
and lose energy  → complicated propagation equation

The injection spectrum of positrons depends just
on two parameters: the dark matter mass and lifetime.



  

Too flat to explain the steep rise
in the spectrum observed by PAMELA

ψZ0 n

τ
DM

~1026s
600

150
1000

300



  

ψWe ψWµ

ψWτ



  

ψeen ψµµn

ψττn



  

The PAMELA results on the positron fraction
can be explained by the decay of a dark matter
particle provided:

● Has a mass larger than ~300 GeV,
● Has a lifetime around 1026 seconds,
● Decays preferentially into leptons of the
  first or second generation.



  

The decay of dark matter also predicts a flux of 
● Antiprotons
● Gamma rays
● Neutrinos

Additional constraints to the scenario!



  

Antiproton flux from PAMELA



  

Expectations from spallation

Good agreement of the theory with the experiments: 
no need for a sizable contribution to the primary 
antiproton flux. Purely leptonic decays (e.g. ψ e+e-ν) 
are favoured over decays into weak gauge bosons.



  

Propagation mechanism more complicated than for the positrons. 
We neglect in our analysis reacceleration and tertiary contributions 

ψZ0 n

m
DM

=300 GeV

Antiproton flux from dark matter decay

MIN

MED

MAX

The predicted flux suffers from huge uncertainties due to 
degeneracies in the determination of the propagation parameters



  
m

DM
=600 GeV m

DM
=1000 GeV

m
DM

=150 GeV m
DM

=300 GeV

ψZ0 n



  
m

DM
=600 GeV m

DM
=1000 GeV

m
DM

=150 GeV m
DM

=300 GeV

ψWe



  

Extragalactic gamma ray flux from EGRET

Astrophysics

EGRET
Strong, Moskalenko, Reimer

Hint for an exotic contribution in the extragalactic 
gamma ray flux



  

ψWe ψZ0 n



  

ψeen ψµµn

ψττn



  

ψeen ψµµn

ψττn

Disfa
voured by PAMELA



  

Better measurements will be available soon



  

Future observations in gamma rays will provide crucial 
tests to the scenario of decaying dark matter.

Gamma rays do not diffuse and point directly to the source!
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Annihilation signal  ρ2 Decay signal  ρ

From B. Moore

It will be possible to distinguish between annihilating 
dark matter and decaying dark matter
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It will be possible to distinguish between annihilating 
dark matter and decaying dark matter

Bertone et al.



  

Moreover, the decaying dark matter scenario makes
a very definite prediction of the angular map of
gamma rays

Bertone et al.

signal



  

Moreover, the decaying dark matter scenario makes
a very definite prediction of the angular map of
gamma rays

Bertone et al.

signal signal+background



  

Summary of fermionic dark matter decay:

ψZ0 n  

ψW

ψn

Not promising. Positron spectrum too flat.

Promising if =e, µ, and the DM mass is 
larger than ~300GeV. A signal at Fermi 
is predicted!

Promising if =e, µ, and the DM mass 
is larger than ~300GeV. No signal at Fermi.



  

Decaying gravitinos as
dark matter candidate

Very well motivated scenario for decaying dark matter. 
Interesting with independence of the cosmic ray anomalies. 

(in fact, it was proposed before the results  from PAMELA appeared)



  

The gravitino is present in any theory with local SUSY.
When the gravitino is the lightest supersymmetric
particle, it constitutes a very interesting (and promising!)
candidate for the dark matter of the Universe. 

The relic abundance is calculable in terms of few parameters: 
Bolz, Brandenburg, Buchmüller
Pradler, Steffen

NICELY COMPATIBLE WITH LEPTOGENESIS!
(T

R
 >109 GeV)



  

The ultimate goal is to construct a consistent thermal
history of the Universe.

With strict R-parity conservation, there seems to
be a conflict between these three paradigms:

● Supersymmetric dark matter
● Big Bang Nucleosynthesis
● Leptogenesis (T

R
 >109 GeV) 

The extremely weak interactions of the gravitino
can be very problematic in the early Universe.



  

If R-parity is conserved, the NLSP can only decay into
gravitino and Standard Model particles, with a decay rate
strongly suppressed by M

P
.

Very long lifetimes



  

If R-parity is conserved, the NLSP can only decay into
gravitino and Standard Model particles, with a decay rate
strongly suppressed by M

P
.

Very long lifetimes

The leptogenesis constraint  (T
R
 >109 GeV) requires for

gravitino dark matter m
3/2

>5 GeV . Then

The NLSP is present during and after BBN. The
successful predictions of the Standard BBN scenario
could be jeopardized.



  

This is in fact the case for the most probable 
candidates for the NLSP!

●Neutralino: hadro-dissociation of primordial elements.
●Stau: formation of bound states with 4He, catalyzing
the production of 7Li.
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This is in fact the case for the most probable 
candidates for the NLSP!

●Neutralino: hadro-dissociation of primordial elements.
●Stau: formation of bound states with 4He, catalyzing
the production of 7Li.

A simple solution to the problem: accept a small
amount of R-parity violation. The NLSP decays into
SM particles before the onset of BBN.
With R-parity violation, the gravitino is no longer
stable (e.g. ψ

3/2
 ν γ) but still long lived. 

Moreover, the requirement of successful baryogenesis 
implies that the gravitino is long lived enough to be 
the dark matter. Buchmüller, Covi, Hamaguchi, AI, Yanagida

Takayama, Yamaguchi 



  

dds

A consistent thermal history of the UniverseA consistent thermal history of the Universe
requires that dark matter gravitinos have a requires that dark matter gravitinos have a 
mass larger than 10 GeV and decay with a mass larger than 10 GeV and decay with a 
lifetime 10lifetime 1026 26 - 10- 104040  seconds.  seconds.



  

The energy spectrum of electrons and positrons from
gravitino dark matter decay depends mainly on the 
gravitino mass and lifetime (with a milder dependence 
on other SUSY parameters)

Covi, Grefe, AI, Tran



  

Status Status beforebefore PAMELA PAMELA AI, Tran, arXiv:0709.4593, 0804.4596
Covi, Grefe, AI, Tran, arXiv:0809.5030

m
3/2

~150 GeV, τ
3/2

~1026s



  

Status Status afterafter PAMELA PAMELA

Positron fraction from gravitino decay

Decay into electron flavour Decay into tau flavour

Buchmüller, AI, Shindou, Takayama, Tran '09

200
400

600



  

Antiproton flux from gravitino decay 

m
3/2

=200 GeV m
3/2

=400 GeV

m
3/2

=600 GeV

Decay into electron flavour

Decay into electron flavour

Decay into electron flavour



  

Diffuse gamma ray flux from gravitino decay 

Decay into electron flavour Decay into tau flavour



  

In the scenario of gravitino dark matter (without imposing
R-parity) the next-to-lightest supersymmetric particle is 
predicted to have a lifetime larger than a nanosecond 
(short in cosmological scales, but long at collider).

If the stau is the NLSP, it decays τ  e ν
τ
, τ ν

e
 with identical 

branching ratios.

~

Long heavily ionizing charged track, followed by an electron
track or a jet. A very spectacular signal at colliders.

Signatures at the LHC 



  

The gravitino lifetime is correlated to the stau mass 
and lifetime.

The measurement of the stau parameters will provide
independent information about the gravitino properties. 
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The gravitino lifetime is correlated to the stau mass 
and lifetime.

The measurement of the stau parameters will provide
independent information about the gravitino properties. 

Fermi

PAMELA

LHC

m
3/2

τ
3/2



  

Conclusions
● Recent experiments have confirmed the existence
of an excess of positrons at energies larger than 7GeV.
Evidence for a primary component:

New astrophysics? 
New particle physics?

● Decaying dark matter could explain the positron excess 
observed by PAMELA provided the mass is larger than 300 
GeV, the lifetime is around 1026s, and the particle decays 
preferentially into electrons or muons.

● Decaying gravitinos as dark matter are a particularly
interesting possibility. They provide a consistent thermal
history of the Universe and can explain the PAMELA anomaly. 
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