
Torsten Bringmann, SISSA/ISAS

S
cu

ol
a

In
ter

nazionale Superiore di Studi Avanzati

- ma per seguir virtute e conoscen
za

-

Dark Matter from Late Decays
and the small-scale structure problems

Torsten Bringmann, SISSA/ISAS (Trieste)
bringman@sissa.it

based on astro-ph/0701007 (with P. Ullio and F. Borzumati)

Bielefeld, 5 June 2007

Dark Matter from Late Decays { p.1/30



Torsten Bringmann, SISSA/ISAS

S
cu

ol
a

In
ter

nazionale Superiore di Studi Avanzati

- ma per seguir virtute e conoscen
za

-

Outline:

Precision cosmology and dark matter

The small scale structure problems of standard � CDM

The “cure”: WIMPs �! SuperWIMPs

Some general framework to describe this idea

Examples in the context of SUSY and UED:

Gravitino ~G
right-handed sneutrino ~� R

Kaluza-Klein graviton G(1)

right-handed Kaluza-Klein neutrino � (1)
R

Conclusions
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Evidence for dark matter (1)

Historically the �rst evi-
dence: galactic rotation
curves Zwicky '37

Direct evidence for DM from
the “Bullet” cluster: gravita-
tional potential clearly dis-
placed from the plasma (the
main baryonic component)

Clowe et al, '06
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Evidence for dark matter (2)

Gravitational lensing can even be used to map the large-scale
distribution of the dark matter:

An intersecting net-
work of �laments
is found, consistent
with the predictions
from gravitationally
induced structure
formation.

Massey et al, Nature '07
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Evidence for dark matter (3)

In order to reconcile the matter distribution observed in large

scale structure surveys with that of N-body simulations, the

universe has to be dominated by a dissipation-less and cold

(free-streaming effects are negligible) matter component.

Dark Matter from Late Decays { p.5/30



Torsten Bringmann, SISSA/ISAS

S
cu

ol
a

In
ter

nazionale Superiore di Studi Avanzati

- ma per seguir virtute e conoscen
za

-

Evidence for dark matter (4)

On even larger scales,
the cosmic microwave
background provides fur-
ther evidence that the
total matter content is
dominated by a non-
baryonic component.

Furthermore, the inferred baryonic

matter component is consistent with

the predictions from big bang nucle-

osynthesis.
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Precision cosmology
Various independent observations, over an impressive range
of distant scales, all point to a single, consistent picture - the
cosmological concordance model.

Credit: NASA/WMAP Science Team

C DM
electrically neutral (dark)
and dissipationless (structure
formation)

non-baryonic (CMB, BBN)

cold , i.e. negligible
free-streaming effects (LSS)

collisionless (“Bullet” cluster, ...)
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The nature of DM...
... still remains completely unknown.

However, the most well-motivated, prototype examples for
CDM candidates from a particle physics' perspective are
certainly W eakly I interacting M assive P articles. They
naturally appear in all kind of extensions to the SM.

Thermally produced in the early universe, with masses and
coupling strengths at the weak scale, they automatically
acquire the right dark matter density today.
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The WIMP \miracle"

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn
dt

+ 3Hn = �h �v i
�
n2 � n2

eq
�

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR '96


 WIMP h2 � 3�10� 27 cm3s� 1

h�v i = O(0:1) [for interaction strengths of the weak type]
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WIMP candidates
A viable WIMP dark matter candidate is thus obtained in any
SM extension that

contains a new, stable particle

which couples to SM particles, but has zero electric and
color charge

and is not too strongly coupled to the Z boson (constraint
from direct DM searches).

! The required mass scale is then simply obtained by solving
the Boltzmann equation.

Popular examples (nice for LHC!): SUSY, extra-dimensional scenarios,
Little-Higgs models,...
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DM substructure (1)

From hierarchical structure formation, a large fraction of the
total mass is expected to be bound in DM substructures with
masses down to the WIMP free-streaming scale, � 10� 6M � .

Hofmann, Green & Schwarz, JCAP '04

This, in fact, is also
found in simulations:
(Here, a snapshot at z � 26)

Diemand, Moore & Stadel,

Nature '05
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DM substructure (2)

The observed number of galactic satellites, however, is much
smaller than what is expected from simulations:

(number of objects within
the virial radius)

Diemand, Kuhlen & Madau,

ApJ '06
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Core or cusp?

Real rotation curves
usually show a shal-
lower rise than those
of simulations.

McGaugh et al., '03

de Blok & Bosma, '02

This means that phenomeno-
logical, cored pro�les seem to
be preferred over the cuspy
pro�les found in simulations.
[Plotted on the left is the slope of the density
pro�le at the innermost measured radius]
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Problems on small scales
In contrast to the success at large scales, there is a certain
tension between the CDM paradigm and observations at small
scales.

In particular, N -body simulations of CDM gravitational
clustering

predict an excess of substructures (dwarf galaxies...)
below a scale of about 1 Mpc.

tend to �nd unrealistically steep central halo pro�les
(Moore, NFW, ...).

\CDM small scale structure problems"
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SuperWIMPs

A particle physics solution to the small scale problems?

Idea : Let WIMPs decay, rather lately in the cosmological
evolution, into extremely weakly interacting particles
that never were in thermal equilibrium:

Y ! X + (SM particles)

These SuperWIMPs inherit all CDM virtues.

new relic density: 
 X = M X
M Y


 Y

Structure on smallest scales is reduced due to
enhanced velocity dispersion from decay.

Cembranos, Feng, Rajaraman & Takayama, PRL'05
Kaplinghat, PRD'05

Strigari, Kaplinghat & Bullock, PRD'07
� � �

Dark Matter from Late Decays { p.15/30



Torsten Bringmann, SISSA/ISAS

S
cu

ol
a

In
ter

nazionale Superiore di Studi Avanzati

- ma per seguir virtute e conoscen
za

-

SuperWIMPs in numbers

Free streaming length

� FS '
Z t0

�

v(a)
a

dt

� FS & 0:3 Mpc: no excess of
MW satellites Colin et al., ApJ'00

� FS & 0:5 Mpc: forbidden by Ly�
Seljak et al, PRL'06; Viel et al., PRL'06

Phase space density

Q ' �= hv2i 3=2

Q . Q0: cores instead of cusps
Hogan & Dalcanton, ApJ'00

Dark Matter from Late Decays { p.16/30



Torsten Bringmann, SISSA/ISAS

S
cu

ol
a

In
ter

nazionale Superiore di Studi Avanzati

- ma per seguir virtute e conoscen
za

-

SuperWIMPs in numbers

Free streaming length

� FS '
Z t0

�

v(a)
a

dt

� FS & 0:3 Mpc: no excess of
MW satellites Colin et al., ApJ'00

� FS & 0:5 Mpc: forbidden by Ly�
Seljak et al, PRL'06; Viel et al., PRL'06

Phase space density

Q ' �= hv2i 3=2

Q . Q0: cores instead of cusps
Hogan & Dalcanton, ApJ'00
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Astrophysical constraints
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BBN
(f 
 = 0 :005; 0:01; 0:05)

CMB
(f 
 = 0 :005; 0:01; 0:05)

� background
(f � = 1 , M Y = 0 :1; 0:5; 1 TeV)

ISW
Ly�

! Constraints on electromagnetically active decay products

usually strongest; BBN and CMB require f 
 . 5 %.
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Model building considerations
Relevant quantities: only mass splitting and coupling strength!
! consider two cases of interest (for Y ! X + � ):

(Super)WIMP has spin 0, 1/2 or 1:

� = jge� j2

8� MY � 2

��

lo
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(In the dark shaded area, both small scale problems are succesfully adressed)

excluded
excluded
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Let's take a short breath!
What have we learned so far?

Small mass splittings � are favoured
(as are long lifetimes � ).

The scenario basically only allows (at lowest order)
decays of the type

WIMP �! SuperWimp + � (�� )

Unless going to unnaturally small � , a considerable
amount of �ne-tuning in the WIMP-SuperWIMP couplings
is necessary.

Let's now have a look at some concrete models that have
been proposed recently...
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Gravitino SuperWIMPs (1)

A typical supersymmetric candidate for SuperWIMP dark
matter is the gravitino. Let us now assume that the sneutrino
is the next to lightest supersymmetric particle.
(Note that other NLSPs lead to a signi�cant production of pho tons and/or e+ e� �nal states - this

means that their lifetime has to be smaller than what we are interested in here)

� ~� ! ~G� =
1

96�M 2
Pl

M 5
~�

M 3
~G

"

1 �
M 2

~G

M 2
~�

#4

;

Feng, Su & Takayama, PRD'04

which means j~ge� j2 = (1 + �=2)4=(1 + � )6.

! Need multi-TeV masses to adress both
small scale problems!
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Gravitino SuperWIMPs (2)

NB! The mass is not really a free parameter!

! Investigate the range of MSSM predictions for a thermally produced
sneutrino, such that the gravitino exhibits the right relic density:
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Right-handed sneutrinos (1)

Introduce right-handed neutrino super�elds in a minimal
MSSM extension: see, e.g., Asaka, Ishiwata & Moroi, PRD'07

W = WMSSM + � ij N̂RYN l̂ iL Ĥ j
2

Vsoft = Vsoft MSSM � � ij ~N
�
RA N Y N~l iL H j

2 + ~N �
RM 2

N
~N R

This induces a Dirac neutrino mass term

m� � YN hH 0
2 i = YN

p
2mW

g
sin�

and an extra sneutrino, with a small mixing (/ YN ) with the
standard (left-handed) sneutrino.
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Right-handed sneutrinos (2)

If the right-handed sneutrino is the LSP, it could make a
promising SuperWIMP DM candidate. Let's consider the case
where the NLSP is the lightest neutralino:

� ~� ! ~N � =

�
�
�g~� ~N�

�
�
�
2

32�

"

1 �
�

M ~N
M ~�

� 2
#2

M ~� ;

which means jge� j2 = (1+ �= 2) 2

(1+ � )4

�
�
�g~� ~N�

�
�
�
2

/ m2
� .

! Again, adopt a thermal production mechanism for the
NLSP and investigate the range of possibilities within the
MSSM framework...
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Right-handed sneutrinos (3)
(MSSM predictions for thermally produced � )
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Rough guideline for the value of the

y-axis:

& 10� 30: none of the small-
scale problems can be
adressed (but viable DM
candidate)

� 10� 32:::2 � 10� 31: solution to
small-scale problems possible
(for suitable mass-splittings)
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Right-handed sneutrinos (4)

Re�ne the scenario:

Note that atmospheric neutrino oscillations require

m2
� � � m2

� ' [0:05eV]2

Modify the framework and introduce one small Dirac on
top of two Majorana mass terms

Now it is still possible to establish the link to the
small-scale structure problems

Such a feature can arise naturally in a SUSY framework...

...but there is still some amount of �ne-tuning necessary
in order to get the required small mass difference.
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Universal extra dimensions
All standard model �elds are allowed to propagate in the
higher-dimensional bulk.

Appelquist, Cheng & Dobrescu, PRD'01

Compacti�cation ! tower of Kaluza-Klein states:

M 2
(n) =

� n
R

� 2
+ m2

EW + �m 2
rad

KK parity (� )n conserved
! lightest Kaluza-Klein particle (LKP) is stable

MUED: The LKP = B (1) is a typical WIMPy DM candidate
with the right relic density – provided that

0:6 TeV . R� 1 . 1:2 TeV
Cheng, Matchev & Schmaltz, PRD'02

Kong & Matchev, JHEP'06
Kakizaki, Matsumoto & Senami, PRD'06

...
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SuperWIMPs in UED?
Two important observations:

Generically small mass splittings
(generated by radiative corrections)

For R� 1 . 0:8 TeV (R� 1 & 0:8 TeV),
one �nds MB (1) > R � 1 (MB (1) < R � 1)

In this setup, very weakly coupled KK particles
(that would not receive any notable radiative corrections)

seem to perfectly meet the requirements for a
SuperWimp candidate (for R� 1 . 0:8 TeV)!
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The Kaluza-Klein graviton
KK graviton cosmology

Feng, Rajaraman & Takayama, PRD'03

KK gravitons were never in thermal equilibrium...
... but can still be copiously produced after reheating.
overclosure constraint gives TRH . 1 � 10 TeV
(independently of the nature of the NLKP)

B (1) not possible as NLKP in our setup (B (1) ! G(1) 
 ).

But what about the � (1)?
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The Kaluza-Klein graviton
KK graviton cosmology

Feng, Rajaraman & Takayama, PRD'03

KK gravitons were never in thermal equilibrium...
... but can still be copiously produced after reheating.
overclosure constraint gives TRH . 1 � 10 TeV
(independently of the nature of the NLKP)

B (1) not possible as NLKP in our setup (B (1) ! G(1) 
 ).

But what about the � (1)?
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! need 3:3 TeV . M . 4:1 TeV (� = 0 :01)

(1:0 TeV . M . 1:5 TeV for � = 0 :1)
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Another UED example: the � (1)
R

Introduce right-handed neutrinos to solve the KK graviton
problem for small compacti�cation scales.

Matsumoto & al., PLB'07

Main decay channel of the LKP is now B (1) ! � (1)
R �� .

What about the effect of the � (1)
R on small-scale structure?
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Another UED example: the � (1)
R

Introduce right-handed neutrinos to solve the KK graviton
problem for small compacti�cation scales.

Matsumoto & al., PLB'07

Main decay channel of the LKP is now B (1) ! � (1)
R �� .

What about the effect of the � (1)
R on small-scale structure?
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Conclusions
To solve both � CDM small scale structure problems
simultaneously by invoking DM from late decays
is a very interesting – yet not easy to accomplish – idea:

considerable �netuning in the coupling strength expected
on very general grounds

otherwise unnaturally small mass splittings required

usually dif�cult to feature the required coupling strength
and to give the correct relic density at the same time.

At �rst sight promising candiates are not favoured
(if generated from the decay of a thermal component):
Gravitino, KK-graviton, [right-handed KK-neutrino]

A right-handed sneutrino in a SUSY setup may be a
viable option
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