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Plan

• Préparation au voyage

• Susy & dimensions supplémentaires

• Matière noire, WIMPS, SIMPS, CHAMPS

• Objets topologiques:

• murs de domaines, cordes, monopoles

• Objets légers: 

• axions, gravitinos, matière noire légère

• Objets lourds:

• neutrinos droits, wimpzillas

• Objets collectifs: 

• strangelets, boules de charge
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Préparation au voyage

Grande diversité d’objets d’intérêt cosmo/astroparticules imaginés par 
physiciens depuis >30 ans → classification utile (~botanique). 
Essayons selon:
1. Motivations théoriques: 

+/- valables pour phys. des particules, -/+ ad-hoc pour cosmo/astro
2. Stabilisation: durée de vie nécessaire:  

• protection par une symétrie /

• topologique

3. Production:

• à l’équilibre + découplage (→calculable pour micro-physique connue) / 

• hors équilibre

4. Signatures éventuelles
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Γ−1 ∼> 1010ans ≈ 5× 1041GeV−1 →
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Candidats bien motivés, 
protégés par symétrie,
produits à l’équilibre
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SUperSYmétrie
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SUperSYmétrie

• Relie bosons et fermions (espoir: photon-neutrino? non!)

• Associe à chaque particule connue une s-particule:
de spin  différent de ±1/2 → exotiques à la pelle!

• Motivations: *****
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SUperSYmétrie

• Relie bosons et fermions (espoir: photon-neutrino? non!)

• Associe à chaque particule connue une s-particule:
de spin  différent de ±1/2 → exotiques à la pelle!

• Motivations: *****

• extension max. de Poincaré:

• version locale contient la gravitation (sugra)

• présente dans les théories de cordes

• boucles bosons   +   tuent boucles fermions    -  
→sol. hiérarchie (                                    ), cte cosmo...
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Figure 5.8: RG evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
α3(mZ) between 0.113 and 0.123.
Two-loop effects are included.

2 4 6 8 10 12 14 16 18

Log
10

(Q/1 GeV)

0

10

20

30

40

50

60

!
!1

 

!
1

!1

!
2

!1

!
3

!1

MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
α−1

a = − ba

2π
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

41

SU(3)c × SU(2)L × U(1)Y

mSUSY ≈ 100GeV
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right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

41

SU(3)c × SU(2)L × U(1)Y
mSUSY

mSUSY ≈ 100GeV



J. Orloff Exotiques @ Ecole Astroparticules 07

SUperSYmétrie

• Relie bosons et fermions (espoir: photon-neutrino? non!)

• Associe à chaque particule connue une s-particule:
de spin  différent de ±1/2 → exotiques à la pelle!

• Motivations: *****

• extension max. de Poincaré:

• version locale contient la gravitation (sugra)

• présente dans les théories de cordes

• boucles bosons   +   tuent boucles fermions    -  
→sol. hiérarchie (                                    ), cte cosmo...

• “focalise” l’unification 

• Stabilité: Lightest Supersymmetric Particle (LSP) stable 
grâce à symétrie Rp=(-1)2S+3(L-B), utile à la stabilisation du proton

5

Q|part.〉 = |spart.〉

Martin hep-ph/9709356

QQ† + Q†Q = Pµ

Q ≈
√

translation
Figure 5.8: RG evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
α3(mZ) between 0.113 and 0.123.
Two-loop effects are included.

2 4 6 8 10 12 14 16 18

Log
10

(Q/1 GeV)

0

10

20

30

40

50

60

!
!1

 

!
1

!1

!
2

!1

!
3

!1

MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
α−1

a = − ba

2π
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
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• Motivations: *****
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• présente dans les théories de cordes

• boucles bosons   +   tuent boucles fermions    -  
→sol. hiérarchie (                                    ), cte cosmo...
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• Stabilité: Lightest Supersymmetric Particle (LSP) stable 
grâce à symétrie Rp=(-1)2S+3(L-B), utile à la stabilisation du proton

• Production: à l’équilibre par interactions usuelles (brisure douce...)

• Signatures: dépendent de la nature de la LSP, donc des paramètres de 
brisure SUSY (e.g. masses partenaires)
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Neutralino   LSP (ε Wimps)
• Neutralinos = 4 mélanges 

(2Higgsinos-Zino-photino)

• Weak Interactions only (WImp)

• Le plus léger est “souvent” LSP mais:

• brisure SUSY nécessaire 

• aucun mécanisme de brisure prédictif 
convainquant

• choix habituel (mSugra)
 ≠ prédiction théorique!!!

• Vraie justification = candidat matière 
noire non-baryonique:

• prédictif

• signatures testable (c.f. Salati/Lavalle)

6
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Neutralino   LSP (ε Wimps)
• Neutralinos = 4 mélanges 

(2Higgsinos-Zino-photino)

• Weak Interactions only (WImp)

• Le plus léger est “souvent” LSP mais:

• brisure SUSY nécessaire 

• aucun mécanisme de brisure prédictif 
convainquant

• choix habituel (mSugra)
 ≠ prédiction théorique!!!

• Vraie justification = candidat matière 
noire non-baryonique:

• prédictif

• signatures testable (c.f. Salati/Lavalle)

• lien collisionneurs: dans cas optimal, 
mesure densité relique au LHC!!! 
(hypothèses...)
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Gluino   LSP (ε Simps)
• Origine théorique “gluino léger”: masse jauginos protégée par 

R-symétrie (=symétrie sous laquelle Q est chargée)               Farrar, Fayet, 1978

• Gluino doit s’hadroniser → R-hadrons, e.g: R-gluonium     , R-pion    

• Le plus léger: de préférence neutre (c.f. Champs, + loin)

• Peut se lier aux nucléons pour former R-isotopes

• Candidat matière noire 
AVEC INTERACTIONS:

• distribution MN + isotherme au centre
(efface sur-structure à petite échelle)
                         Wandelt & al. a-ph/0006344

• Contourne borne GZK (comme Fe)

• Problème: densité relique demande

“léger”?

• Autres Susy-Simps: stop, sbottom...
7

g̃

σann ∼ α2
s/m

2
Simp ∼ Ω−1

Simp

⇒ mSimp ∼
αs

αW
mWimp

g̃g g̃ūu

6 Wandelt et al.

Fig. 2. Histogrammed distribution of inner halo slopes α for non-interacting (solid)
and self-interacting dark matter with cross-section σDD = 10−24 cm2GeV−1 (dashed)
and σDD = 10−23 cm2GeV−1 (dot-dashed). We only include halos with more than 1000
particles, corresponding to masses greater than 3.6 × 109 M"

range (2). Burkert [23] has performed simulations comparable to Kochanek and
White’s, and his results suggest significantly longer lived cores. Yoshida et al.
[27] compute the halo profile of a cluster from cosmological initial conditions.
They, too, find large cores which persist until today.

For our simulations, we modified the freely available GADGET tree N-body
code [28] to include scatterings between dark matter particles using Monte Carlo
techniques similar to [26]. The simulations begin with cosmological initial con-
ditions in the Lambda model currently favored by the majority of observations
(Ω0 = 1 = Ωm + ΩΛ, ΩΛ = 0.7). We follow the evolution of dark matter, repre-
sented by 1283 particles in a box with 4h−1 Mpc on the side and 1h−1 kpc spatial
resolution. Periodic boundary conditions ensure that we model the continuing
accretion of halos correctly.

We simulate interaction strengths of s ! 0.06, 0.6, 6 and 60 cm2/g. Out of
these the smallest value of s produced results that are barely distinguishable
from collisionless dark matter. The largest cross-section considered significantly
suppresses the formation of halos, and those that do form are much too large
and diffuse. But for the two intermediate cases our galactic halos consistently
developed constant density cores.

Figure 1 compares the profiles of halos from three of our simulations which
assume different cross-sections but which are otherwise identical. It is clear that
for intermediate cross-sections, within the range suggested by Spergel and Stein-
hardt, core collapse has not set in. Consistent with our previous discussion of

γ : ρ(r) = ρ0
r3
s

rγ(r + rs)3−γ
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Towards Closing the Window on Strongly Interacting Dark Matter:
Far-Reaching Constraints from Earth’s Heat Flow
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.

0 5 10 15 20
log m

!
[GeV]

-30

-25

-20

-15

-10

-35

-40

-45

lo
g
 "

!
N

  [
cm

2
 ]

Underground D
etectors

Cosm
ic R

ays

M
W

 re
done

M
W

 D
isk

 D
isr

uptio
n

XQC

IMP 7/8 IMAX

SKYLAB

RRS

FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere



J. Orloff Exotiques @ Ecole Astroparticules 07

Limites Simp-N
• # évts.

pour halo 0.3 GeV/cm3

• DD sous-terraine: OK pour Wimp, 
s’éteint pour Simp

8

∼ σnSimpnN ∼ σ/mSimp
Mack, Beacom, Bertone 0705.4298

σN−N

ar
X

iv
:0

7
0
5
.4

2
9
8
v
1
  
[a

st
ro

-p
h
] 

 2
9
 M

ay
 2

0
0
7

Towards Closing the Window on Strongly Interacting Dark Matter:
Far-Reaching Constraints from Earth’s Heat Flow

Gregory D. Mack,1, 2 John F. Beacom,1, 2, 3 and Gianfranco Bertone4

1Department of Physics, Ohio State University, Columbus, Ohio 43210
2Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, Ohio 43210

3Department of Astronomy, Ohio State University, Columbus, Ohio 43210
4Institut d’Astrophysique de Paris, UMR 7095-CNRS,
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.
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I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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Towards Closing the Window on Strongly Interacting Dark Matter:
Far-Reaching Constraints from Earth’s Heat Flow
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Université Pierre et Marie Curie, 98bis boulevard Arago, 75014 Paris, France
gdmack@mps.ohio-state.edu, beacom@mps.ohio-state.edu, bertone@iap.fr

(Dated: 30 May 2007)

We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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Our main focus is m1 = mχ > m2 = mA. For mχ some-
what greater than mA, note that the DM scattering angle
in the lab frame is always very forward.

Combining Eqns. (12), (15), and (17), the minimum
required cross section to capture a DM particle is

σmin
χN =

m2
N

mA

(

µ(A)
µ(N)

)2
ρL

Nscat(mχ), (19)

=
−2 ln (vi/vesc)

ln
[

1 − 2 mAmχ

(mχ+mA)2

]

m2
N

(

mA

(

µ(A)
µ(N)

)2
ρL

) ,

−→
mχ!mA

mχ

(

mN

mA

)4 1

ρL
ln (vi/vesc).

Again, we choose a path length of 0.2 R⊕, to select about
90% of the path lengths in Earth. Taking this length as
a chord through Earth, the location corresponds to the
crust, with an average density of 3.6 g/cm3, where the
most common element is oxygen. We also choose an in-
coming DM velocity of 500 km/s, which effectively selects
the entire thermal distribution. A slower DM particle is
more easily captured. These parameters give a required
cross section of

σmin
χN =

−1.8 × 10−33 cm2
(

µ(1)
µ(16)

)2

ln
[

1 − 2 16 GeV mχ

(mχ+16 GeV)2

] (20)

−→
mχ!mA

2.2 × 10−37 cm2
( mχ

GeV

)

. (21)

Note that we use the unapproximated version, Eq. (20),
for our figure, and give the large mχ limit in the equations
for demonstrative purposes. When mχ is comparable to
mA, σmin

χN is different from the approximated, large mχ

case in an important way.
The resulting curve for σmin

χN is shown in Fig. 2, as
the lower boundary of the heavily-shaded exclusion re-
gion. The straight section of this constraint is easily seen
from Eq. (21), as the required cross section for our ef-
ficient capture scenario scales as mχ, due to the large
number of collisions required for stopping, as in Eq. (16).
At lower masses, the curved portion has its minimum
at the mass of the target. DM masses close to that of
the target can be captured with smaller cross sections
because a greater kinetic energy transfer can occur for
each collision. At very low masses, much less than the
mass of the target, the DM mass dependence in the log-
arithm is approximated differently. In this limit, σχN is
$ 10−32 (GeV/mχ). As the DM mass decreases, it be-
comes increasingly more difficult for the DM to lose en-
ergy when it strikes a nucleus. As noted above, the cross
section constraints in the spin-dependent case could be
developed, and would shift the results up by 3 or 4 orders
of magnitude. All of the other limits that depend on this
A2 coherence factor would also shift accordingly.

The lower edge of the exclusion region is generally
rather sharp, because of these parameters. For example,
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FIG. 2: Inside the heavily-shaded region, dark matter anni-
hilations would overheat Earth. Below the top edge of this
region, dark matter can drift to Earth’s core in a satisfac-
tory time. Above the bottom edge, the capture rate in Earth
is nearly fully efficient, leading to a heating rate of 3260 TW
(above the dashed line, capture is only efficient enough to lead
to a heating rate of ! 20 TW). The mass ranges are described
in the text, and the light-shaded regions are as in Fig. 1.

consider the case of large mχ, where Nscat is also large. If
the corresponding cross section is decreased by a factor δ,
so is the number of scatterings, and by Eq. (14), the com-
pounded fractional kinetic energy loss would only be the
1/δ root of that required for capture. For small cross sec-
tions, as usually considered, the capture efficiency is very
low. To efficiently produce heat, the minimum cross sec-
tion must result in ∼ 90% DM capture. We stress again
that we are not concerned with where the DM is captured
in Earth, so long as it is. The probability for capture can,
however, be decreased using Poisson statistics (shown in
Fig. 2 as the dashed line with the accentuated dip at low
masses) to yield just 20 TW of heat flow. This extension
and the upper edge of the exclusion region are described
below.

V. DM ANNIHILATION AND HEATING
RATES IN EARTH

A. Maximal Annihilation and Heating Rates

Once it is gravitationally captured, DM will continue
to scatter with nuclei in Earth, losing energy until drift-
ing to the core. Once there, because of the large cross
section, the DM will thermalize with the nuclei in the
core. The number of DM particles N is governed by the
relation between the capture (ΓC) and annihilation (ΓA )

∼ σnSimpnN ∼ σ/mSimp
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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Our main focus is m1 = mχ > m2 = mA. For mχ some-
what greater than mA, note that the DM scattering angle
in the lab frame is always very forward.

Combining Eqns. (12), (15), and (17), the minimum
required cross section to capture a DM particle is

σmin
χN =

m2
N

mA

(

µ(A)
µ(N)

)2
ρL

Nscat(mχ), (19)

=
−2 ln (vi/vesc)

ln
[

1 − 2 mAmχ

(mχ+mA)2

]

m2
N

(

mA

(

µ(A)
µ(N)

)2
ρL

) ,

−→
mχ!mA

mχ

(

mN

mA

)4 1

ρL
ln (vi/vesc).

Again, we choose a path length of 0.2 R⊕, to select about
90% of the path lengths in Earth. Taking this length as
a chord through Earth, the location corresponds to the
crust, with an average density of 3.6 g/cm3, where the
most common element is oxygen. We also choose an in-
coming DM velocity of 500 km/s, which effectively selects
the entire thermal distribution. A slower DM particle is
more easily captured. These parameters give a required
cross section of

σmin
χN =

−1.8 × 10−33 cm2
(

µ(1)
µ(16)

)2

ln
[

1 − 2 16 GeV mχ

(mχ+16 GeV)2

] (20)

−→
mχ!mA

2.2 × 10−37 cm2
( mχ

GeV

)

. (21)

Note that we use the unapproximated version, Eq. (20),
for our figure, and give the large mχ limit in the equations
for demonstrative purposes. When mχ is comparable to
mA, σmin

χN is different from the approximated, large mχ

case in an important way.
The resulting curve for σmin

χN is shown in Fig. 2, as
the lower boundary of the heavily-shaded exclusion re-
gion. The straight section of this constraint is easily seen
from Eq. (21), as the required cross section for our ef-
ficient capture scenario scales as mχ, due to the large
number of collisions required for stopping, as in Eq. (16).
At lower masses, the curved portion has its minimum
at the mass of the target. DM masses close to that of
the target can be captured with smaller cross sections
because a greater kinetic energy transfer can occur for
each collision. At very low masses, much less than the
mass of the target, the DM mass dependence in the log-
arithm is approximated differently. In this limit, σχN is
$ 10−32 (GeV/mχ). As the DM mass decreases, it be-
comes increasingly more difficult for the DM to lose en-
ergy when it strikes a nucleus. As noted above, the cross
section constraints in the spin-dependent case could be
developed, and would shift the results up by 3 or 4 orders
of magnitude. All of the other limits that depend on this
A2 coherence factor would also shift accordingly.

The lower edge of the exclusion region is generally
rather sharp, because of these parameters. For example,
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FIG. 2: Inside the heavily-shaded region, dark matter anni-
hilations would overheat Earth. Below the top edge of this
region, dark matter can drift to Earth’s core in a satisfac-
tory time. Above the bottom edge, the capture rate in Earth
is nearly fully efficient, leading to a heating rate of 3260 TW
(above the dashed line, capture is only efficient enough to lead
to a heating rate of ! 20 TW). The mass ranges are described
in the text, and the light-shaded regions are as in Fig. 1.

consider the case of large mχ, where Nscat is also large. If
the corresponding cross section is decreased by a factor δ,
so is the number of scatterings, and by Eq. (14), the com-
pounded fractional kinetic energy loss would only be the
1/δ root of that required for capture. For small cross sec-
tions, as usually considered, the capture efficiency is very
low. To efficiently produce heat, the minimum cross sec-
tion must result in ∼ 90% DM capture. We stress again
that we are not concerned with where the DM is captured
in Earth, so long as it is. The probability for capture can,
however, be decreased using Poisson statistics (shown in
Fig. 2 as the dashed line with the accentuated dip at low
masses) to yield just 20 TW of heat flow. This extension
and the upper edge of the exclusion region are described
below.

V. DM ANNIHILATION AND HEATING
RATES IN EARTH

A. Maximal Annihilation and Heating Rates

Once it is gravitationally captured, DM will continue
to scatter with nuclei in Earth, losing energy until drift-
ing to the core. Once there, because of the large cross
section, the DM will thermalize with the nuclei in the
core. The number of DM particles N is governed by the
relation between the capture (ΓC) and annihilation (ΓA )
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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Limites Simp-N
• # évts.

pour halo 0.3 GeV/cm3

• DD sous-terraine: OK pour Wimp, 
s’éteint pour Simp

• → aller de + en + haut: 
IMAX (ballon), Skylab,
satellites IMP7/8, XQC

• Si interaction trop forte, destruction 
du disque galactique

• Protons cosmiques + Simp → 
gammas (pas vus): renforcent limite 
(tue région pour halo isotherme...)

• Idée nouvelle: Simps capturés par 
terre, peuvent s’annihilier, libèrent au 
centre 3300TW  
>> 44 TW (gradient de T) sauf si

• englués avant annihilation au centre

• capture trop faible

8

7

Our main focus is m1 = mχ > m2 = mA. For mχ some-
what greater than mA, note that the DM scattering angle
in the lab frame is always very forward.

Combining Eqns. (12), (15), and (17), the minimum
required cross section to capture a DM particle is

σmin
χN =

m2
N

mA

(

µ(A)
µ(N)

)2
ρL

Nscat(mχ), (19)

=
−2 ln (vi/vesc)

ln
[

1 − 2 mAmχ

(mχ+mA)2

]

m2
N

(

mA

(

µ(A)
µ(N)

)2
ρL

) ,

−→
mχ!mA

mχ

(

mN

mA

)4 1

ρL
ln (vi/vesc).

Again, we choose a path length of 0.2 R⊕, to select about
90% of the path lengths in Earth. Taking this length as
a chord through Earth, the location corresponds to the
crust, with an average density of 3.6 g/cm3, where the
most common element is oxygen. We also choose an in-
coming DM velocity of 500 km/s, which effectively selects
the entire thermal distribution. A slower DM particle is
more easily captured. These parameters give a required
cross section of

σmin
χN =

−1.8 × 10−33 cm2
(

µ(1)
µ(16)

)2

ln
[

1 − 2 16 GeV mχ

(mχ+16 GeV)2

] (20)

−→
mχ!mA

2.2 × 10−37 cm2
( mχ

GeV

)

. (21)

Note that we use the unapproximated version, Eq. (20),
for our figure, and give the large mχ limit in the equations
for demonstrative purposes. When mχ is comparable to
mA, σmin

χN is different from the approximated, large mχ

case in an important way.
The resulting curve for σmin

χN is shown in Fig. 2, as
the lower boundary of the heavily-shaded exclusion re-
gion. The straight section of this constraint is easily seen
from Eq. (21), as the required cross section for our ef-
ficient capture scenario scales as mχ, due to the large
number of collisions required for stopping, as in Eq. (16).
At lower masses, the curved portion has its minimum
at the mass of the target. DM masses close to that of
the target can be captured with smaller cross sections
because a greater kinetic energy transfer can occur for
each collision. At very low masses, much less than the
mass of the target, the DM mass dependence in the log-
arithm is approximated differently. In this limit, σχN is
$ 10−32 (GeV/mχ). As the DM mass decreases, it be-
comes increasingly more difficult for the DM to lose en-
ergy when it strikes a nucleus. As noted above, the cross
section constraints in the spin-dependent case could be
developed, and would shift the results up by 3 or 4 orders
of magnitude. All of the other limits that depend on this
A2 coherence factor would also shift accordingly.

The lower edge of the exclusion region is generally
rather sharp, because of these parameters. For example,
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FIG. 2: Inside the heavily-shaded region, dark matter anni-
hilations would overheat Earth. Below the top edge of this
region, dark matter can drift to Earth’s core in a satisfac-
tory time. Above the bottom edge, the capture rate in Earth
is nearly fully efficient, leading to a heating rate of 3260 TW
(above the dashed line, capture is only efficient enough to lead
to a heating rate of ! 20 TW). The mass ranges are described
in the text, and the light-shaded regions are as in Fig. 1.

consider the case of large mχ, where Nscat is also large. If
the corresponding cross section is decreased by a factor δ,
so is the number of scatterings, and by Eq. (14), the com-
pounded fractional kinetic energy loss would only be the
1/δ root of that required for capture. For small cross sec-
tions, as usually considered, the capture efficiency is very
low. To efficiently produce heat, the minimum cross sec-
tion must result in ∼ 90% DM capture. We stress again
that we are not concerned with where the DM is captured
in Earth, so long as it is. The probability for capture can,
however, be decreased using Poisson statistics (shown in
Fig. 2 as the dashed line with the accentuated dip at low
masses) to yield just 20 TW of heat flow. This extension
and the upper edge of the exclusion region are described
below.

V. DM ANNIHILATION AND HEATING
RATES IN EARTH

A. Maximal Annihilation and Heating Rates

Once it is gravitationally captured, DM will continue
to scatter with nuclei in Earth, losing energy until drift-
ing to the core. Once there, because of the large cross
section, the DM will thermalize with the nuclei in the
core. The number of DM particles N is governed by the
relation between the capture (ΓC) and annihilation (ΓA )

∼ σnSimpnN ∼ σ/mSimp
Mack, Beacom, Bertone 0705.4298
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere
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Limites Simp-N
• # évts.

pour halo 0.3 GeV/cm3

• DD sous-terraine: OK pour Wimp, 
s’éteint pour Simp

• → aller de + en + haut: 
IMAX (ballon), Skylab,
satellites IMP7/8, XQC

• Si interaction trop forte, destruction 
du disque galactique

• Protons cosmiques + Simp → 
gammas (pas vus): renforcent limite 
(tue région pour halo isotherme...)

• Idée nouvelle: Simps capturés par 
terre, peuvent s’annihilier, libèrent au 
centre 3300TW  
>> 44 TW (gradient de T) sauf si

• englués avant annihilation au centre

• capture trop faible
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Our main focus is m1 = mχ > m2 = mA. For mχ some-
what greater than mA, note that the DM scattering angle
in the lab frame is always very forward.

Combining Eqns. (12), (15), and (17), the minimum
required cross section to capture a DM particle is

σmin
χN =

m2
N

mA

(

µ(A)
µ(N)

)2
ρL

Nscat(mχ), (19)

=
−2 ln (vi/vesc)

ln
[

1 − 2 mAmχ

(mχ+mA)2

]

m2
N

(

mA

(

µ(A)
µ(N)

)2
ρL

) ,

−→
mχ!mA

mχ

(

mN

mA

)4 1

ρL
ln (vi/vesc).

Again, we choose a path length of 0.2 R⊕, to select about
90% of the path lengths in Earth. Taking this length as
a chord through Earth, the location corresponds to the
crust, with an average density of 3.6 g/cm3, where the
most common element is oxygen. We also choose an in-
coming DM velocity of 500 km/s, which effectively selects
the entire thermal distribution. A slower DM particle is
more easily captured. These parameters give a required
cross section of

σmin
χN =

−1.8 × 10−33 cm2
(

µ(1)
µ(16)

)2

ln
[

1 − 2 16 GeV mχ

(mχ+16 GeV)2

] (20)

−→
mχ!mA

2.2 × 10−37 cm2
( mχ

GeV

)

. (21)

Note that we use the unapproximated version, Eq. (20),
for our figure, and give the large mχ limit in the equations
for demonstrative purposes. When mχ is comparable to
mA, σmin

χN is different from the approximated, large mχ

case in an important way.
The resulting curve for σmin

χN is shown in Fig. 2, as
the lower boundary of the heavily-shaded exclusion re-
gion. The straight section of this constraint is easily seen
from Eq. (21), as the required cross section for our ef-
ficient capture scenario scales as mχ, due to the large
number of collisions required for stopping, as in Eq. (16).
At lower masses, the curved portion has its minimum
at the mass of the target. DM masses close to that of
the target can be captured with smaller cross sections
because a greater kinetic energy transfer can occur for
each collision. At very low masses, much less than the
mass of the target, the DM mass dependence in the log-
arithm is approximated differently. In this limit, σχN is
$ 10−32 (GeV/mχ). As the DM mass decreases, it be-
comes increasingly more difficult for the DM to lose en-
ergy when it strikes a nucleus. As noted above, the cross
section constraints in the spin-dependent case could be
developed, and would shift the results up by 3 or 4 orders
of magnitude. All of the other limits that depend on this
A2 coherence factor would also shift accordingly.

The lower edge of the exclusion region is generally
rather sharp, because of these parameters. For example,
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FIG. 2: Inside the heavily-shaded region, dark matter anni-
hilations would overheat Earth. Below the top edge of this
region, dark matter can drift to Earth’s core in a satisfac-
tory time. Above the bottom edge, the capture rate in Earth
is nearly fully efficient, leading to a heating rate of 3260 TW
(above the dashed line, capture is only efficient enough to lead
to a heating rate of ! 20 TW). The mass ranges are described
in the text, and the light-shaded regions are as in Fig. 1.

consider the case of large mχ, where Nscat is also large. If
the corresponding cross section is decreased by a factor δ,
so is the number of scatterings, and by Eq. (14), the com-
pounded fractional kinetic energy loss would only be the
1/δ root of that required for capture. For small cross sec-
tions, as usually considered, the capture efficiency is very
low. To efficiently produce heat, the minimum cross sec-
tion must result in ∼ 90% DM capture. We stress again
that we are not concerned with where the DM is captured
in Earth, so long as it is. The probability for capture can,
however, be decreased using Poisson statistics (shown in
Fig. 2 as the dashed line with the accentuated dip at low
masses) to yield just 20 TW of heat flow. This extension
and the upper edge of the exclusion region are described
below.

V. DM ANNIHILATION AND HEATING
RATES IN EARTH

A. Maximal Annihilation and Heating Rates

Once it is gravitationally captured, DM will continue
to scatter with nuclei in Earth, losing energy until drift-
ing to the core. Once there, because of the large cross
section, the DM will thermalize with the nuclei in the
core. The number of DM particles N is governed by the
relation between the capture (ΓC) and annihilation (ΓA )

∼ σnSimpnN ∼ σ/mSimp
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere

→Simp’s off!
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Stau    LSP (ε Champs)
• C+ formerait atomes isotope H super-

lourd à recombinaison → molécules eau 
lourde HCO, à chercher dans océans

• C- formerait “neutrachamp” Cp à 
nucléosynthèse, mais aussi état lié (Cα)+, 
similaire à C+, moins abondant

• Conclusion: en-dessous de 100 TeV,
densité C+ << densité MN

• Au-dessus 108 GeV, faibles pertes 
d’énergie dans matière 
→ atteignent MACRO (sous 3300 m.w.e)
→ borne sup. flux 
→ borne sup. enrichissement surface

• Entre les 2, Verkerk...Fayet: 
(centrifugation eau de mer)

• Champs peuvent exister, 
mais pas DM

• Dommage: accélérateurs...

9

τ̃
calculated assuming a constant velocity of β ≈ 10−3 upon entry, and a mean energy
loss of dE/dx = 150 MeV/g/cm2. The particles are assumed to stop uniformly
down to a depth given by their range. Finally, the fraction of X particles in ordinary
matter, nX/nN , is calculated at the surface and the result is compared in Fig. 5 to
the results of bulk matter searches given in Fig. 4.

Excluded 
by direct 
observation

Excluded 
assuming 
flux source

104100 108 1012 1016
10–30

10–24

10–18

10–12

10–6

100

n
X
 /

 n
N

MX  (GeV/c2)
1-2001 
8577A5

Figure 5: Upper limits on the fraction of X particles in ordinary matter, nX/nN

where X is a unit charge particle. The left excluded region is from Fig. 4. The right
excluded region is calculated from the upper limits on the flux of X particles at the
earth’s surface using the model in Sec. 2.4.3. This right exclusion region assumes
that all X particles in the earth come from the flux of X particles at the earth’s
surface.

2.5 Limits from astrophysics on the existence of integer
charge, stable, massive particles

A number of constraints can be placed on the nature of integer charge massive stable
particles from astrophysics and cosmology. One cosmological constraint, the upper
limit on the mass of a particle produced in the early universe, MX ≤ 106 GeV/c2,

16

“Search for stable massive particles” 
hep-ex/0102033
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Sneutrino LSP (ε Wimps)

• Exclus comme MN: 

• densité relique OK pour masses 550-2300 GeV mais

• taux de détection directe trop élevé, tout comme neutrino de Dirac

10
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Kaluza Klein
• Motivations: 

• nombreuses dimensions supplémentaires compactes inévitables en théorie 
des cordes (pourquoi 4 non-compactes???)

• faiblesse: pourquoi rayon compactification R~1/TeV ?

• Stabilité (pour Univ. Extra-Dims.): cons. impulsion
empêche

• Production: à l’équilibre; densité relique OK pour masses 400-1200 GeV

• Signatures: comme Susy, CHAMPS, SIMPS exclus comme MN; 
seuls WIMPS neutres (e.g. LKKP=B1) subsistent. Différences:

• pas de suppression d’hélicité (pas Majorana) dans

• spectres plus durs

• plage plus restreinte dans prédiction signaux

11

p5 = 2nπ/R
LKKP(|n| = 1,m = 2π/R)→ standards(n1 = 0, n2 = 0, . . .)

2B1 → e+e−, ν̄ν

Bertone et al, hep-ph/0404175
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Minimal DM

• Motivation: se débarasser de tous les exotiques sauf le strict minimum 
(e.g. candidat matière noire)

• Stabilité: 

• Cirelli et al. ph/0512090: MN=représentation assez élevée (5, 7) de SU(2), qui ne 
peut se désintégrer en # renormalisable de petites repr. (2, 3)

• Tytgat et al. ph/0612275: MN=2e doublet (inerte), protégé par  son Z2 (H2 → -H2)

• Production: thermique OK pour densité relique 

12
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Objets topologiques

13



• Analogie: vortex à 2d:

• G= groupe de symétrie              ( SO(2)=U(1))

↓  brisé en
H= groupe de symétrie résiduel (rien=I)
G/H={minima possibles}        (SO(2)/I=cercle)

• Défaut ou soliton = conf. statique d’énergie min.

• Si à l’infini (Sd-1) on peut déformer le champ en 
une constante, alors Emin=0;

• Sinon, Emin>0, stabilité vient de “trou” dans G/H:

J. Orloff Exotiques @ Ecole Astroparticules 07

Défauts topologiques & brisure de symétrie

14

???
x1

x2

φ1

φ2

V (φi)

E(φ) =
∫

ddx1
2 (∂φi(#x))2 + V (φi(#x))

* (∂φi(#x))2 > 0 homogénéise φ
* V (φ) > 0 tire φ vers G/H, sauf dans volume fini
→ φ(|#x|→∞) ∈ G/H (sinon E =∞) ↓ φi("x)

Πd−1(G/H) != Id
!x

Sd−1

∞
G/H
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Types de défauts
• Corde de Nielsen-Olesen (supra-cond. II) = vortex + 1 dim + ch. jauge

Tension: 
Stable si 

• Membrane (ou 2-brane ou mur de domaine):
 stable si brisure symétrie discrète:

• Monopoles: stables si appl. non-triviales de S2 sur G/H:
Ex. ‘t Hooft-Polyakov: G=SU(2)→H=U(1)

• Charge magnétique: 

• Masse monopole: 

• Rem: si
“trou” par identification de H: 
disque dans G → sphère dans G/H

• Produits hors équil. lors de transition de phase de brisure (~1/horizon)

15

E(φ, "A) =
∫

dld2x
1
2
B2 + |("∂ − ie "A)φ|2 + V (φ)

vo
rte

x(
r,

θ)

z

µ = πφ2
0 log(e2/λ)

Π0(G/H) != Id

φ0−φ0 0

Π1(G/H) != Id

Π2(G/H) != Id

qm = 4π/e→ αm = 1/α = 137!!!
M ∼ EEM ∼ m−3

A
!B2 ∼ mA/e2

Πd(G) = I, Πd(G/H) = Πd−1(H)/Πd−1(G)

m−1
A

= (eφ0)−1
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Brisures en physique des particules
• Grande Unification: G→???→SU(3)c×U(1)EM :

Monopoles sont inévitables!!! Quelque soit le chemin d’unification!!!

• Masse du monopole=échelle de dernière brisure 

• Brisure directe: masse 1016 GeV; au centre du monopole, lepto-quarks 
légers → désintégration du proton non-supprimée

• Production de monopoles
Inflation nécessaire!!! Cherche limites sup. sur flux

• Groupe intermédiaire (p.ex. SU(2)L×SU(2)R) brisé à 107-10 GeV;
monopoles de masse intermédiaire (IMM): 

• peuvent être produits (hors équilibre, après inflation)

• peuvent être accélérés dans domaines magn. galactiques (UHECR?)

• G=SO(10) →SU(5)GUT×U(1)B-L →
• Brisure U(1)B-L donne cordes cosmiques

• ancienne source de structure grde échelle, démentie WMAP...(inflation)

• G=P ou CP

• murs de domaines: dominent rapidement densité critique (inflation)

16

Π2(G/H) = Π1(U(1)) = Z

hep-ex/070205

ΩM ≈ 1011(Tc/1014GeV )(mM/1016GeV )
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Objets légers
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Axion

18

• Motivation: résolution naturelle du pb. CP fort                              dans

(vev champ d’axion)

• se translate sous nouvel U(1)PQ, spontanément brisé

• axion=boson de Goldstone U(1)PQ

• brisure explicite par masse quarks→ axion massif  

• si un quark (p.ex. u) de masse nulle, problème résolu sans axion

• Stabilité: 

• Production: hors équilibre

• Signatures: candidat matière noire

• interactions avec photons
(soleil, refr. SN,...)

• effet Laser (PVLAS, non confirmé)
Battesti et al, 0705.0615

θQCD < 10−10

LQCD = . . . + θFµνF̃µν = . . . + θ "E. "B par θ = 〈a〉/VPQ

32 R. Battesti et al.
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Fig. 26. Exclusion plots in the gaγγ versus ma parameter space. Limits derived
with different experimental techniques are shown. Limits from DAMA, SOLAX,
and COSME are denoted as “Bragg Reflection” (24; 25; 26). In addition, the best
limits from laser experiments, microwave cavity experiments, telescope searches,
helioscope searches marked as “Lazarus et al.”, “Tokyo Helioscope”, and CAST
(5; 8; 11; 13; 12), and the best astrophysical limits are shown (19; 20). The region
predicted by theoretical models is marked as “Axion Models” (E/N − 1.95). The
vertical line “HDM” indicates the hot dark matter limit for hadronic axions (66)

f > 35 GeV . (44)

As for future and ongoing experiments, the Large Hadron Collider (LHC) at
CERN is expected to improve the bound on f to

fLHC > 1300 GeV . (45)

5.2 Bounds from e
+

e
− Colliders

More interesting are the limits that can be obtained for the photon coupling
to axions in e+e− colliders. Several experiments during the past and future
have been analyzed to determine the bound which could be obtained assum-
ing the data are consistent with the standard model backgrounds. A bound
gaγγ < 5.5 × 10−4 GeV−1 was obtained using e+e− collider data from ASP
(54) (55). Since the amplitudes are independent of energy, the bounds can be
improved mainly by increasing the total luminosity. An analysis of the com-
bined data from LEP at ALEPH, OPAL, L3, and DELPHI would yield the
more restrictive bound:

ma ∼ mπfπ/VPQ ∼ gaγγ

Γ ∼ H0(ma/10eV )5
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Gravitino LSP

• Motivation: LSP très naturel (dans cadre Susy)

• Stabilité: R-parité usuelle

• Production: hors équilibre après inflation, ou decay NLSP (calculable)

• Signatures: aucune, sauf permettre decay tardif NLSP (aide BBN Li)

19



J. Orloff Exotiques @ Ecole Astroparticules 07

Matière Noire légère

• Motivations: 

• théorique faible (anti-unification!)

• purement phénoménologique (pas interdit)

• Stabilité: vient de la légéreté (< masse du pion...), et symétrie

• Production: à l’equilibre (mais via canal ad-hoc U)

• Signatures: 

• détection directe difficile!

• indirecte: positrons et photons

20
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γ‘s 511 keV du Centre Galactique

• 1.6 10-3 photons/cm2/s du bulbe, avec energie 511±1 keV

• ⇒ positronium au repos s’annihilent en 2 photons

D’où viennent ces positrons??? Pas loin!!! (s’arrêtent en 1 pc)
21

Fig. 1. Maps of 511 keV line emission. The upper panels show maps made
from OSSE/SMM/TGRS observations with an adaptation of the Richardson-Lucy
Chi-square minimization algorithm (top) and with SVD response matrix inversion
(middle). The lower panel shows a map made from SPI observations (Knödlseder et
al. 2005). Lines on SPI map follow contours of 10−4,10−3,10−2 phot cm−2 s−1sr−1.

among the SMM findings is the lack of significant variation in the 511 keV line
flux from the direction of the galactic center, and an estimate of the total flux
of 511 keV line emission, between (1.6 - 3.0) x 10−3 phot cm−2s−1, depending
upon the spatial distribution of the emission (Share et al. 1988). SMM obser-
vations afford very little insight into the distribution of annihilation radiation,
but they suggest a total flux level once a distribution is assumed.

The TGRS instrument observed positron annihilation radiation during the
early-to-mid 1990s. With a germanium spectrometer, TGRS was capable of

3

Nothing in the ----                ---- galactic disk!!!

5°= 1kpc = galactic bulge

SPI/INTEGRAL, 2003–2005

LE SPECTROMETRE SPI

Un instrument à la
résolution

exceptionnelle
SPI (SPectromètre Integral) est un instrument qui
mesure précisément le rayonnement gamma,
dans une large gamme d’énergie. Son origina-
lité réside dans la précision exceptionnelle de
ces mesures, environ 20 fois meilleure que celle
de ses prédécesseurs.
L’émission des sources gamma situées dans le
champ de vue du spectromètre SPI est intercep-
tée par un masque codé disposé au sommet de
l’instrument. Les faisceaux, ainsi marqués de
l’empreinte du masque, atteignent ensuite le
plan de détection. Ce dernier permet de resti-
tuer la direction des photons incidents, donc la
position de la source dans le ciel.

Le masque codé
Le rayonnement gamma est si énergétique,
qu’il est très difficile de le focaliser. Si bien qu’il
est quasiment impossible de réaliser directe-
ment une image, comme le ferait un télescope
traditionnel avec de la lumière visible. Pour
cela, les lentilles et / ou miroirs sont remplacés
par un masque. Ce dernier est un agencement
de pavés hexagonaux de tungstène, capables
d’absorber une partie du rayonnement gamma
incident. Ainsi, des faisceaux, provenant de
sources différentes, laissent des empreintes
distinctes sur le plan de détection.

Le masque codé utilisé par SPI.
Crédit image ESA.

L'instrument SPI dans sa salle
blanche au CNES Toulouse © CNES

Le spectromètre en chiffres
Masse : 1 300 kg

Hauteur : 2,8 m
Diamètre : 1,1 m

Champ de vue : 16°
Résolution angulaire : 2°

Gamme d’énergie : 20 keV-8 MeV
Résolution : 2 keV à 1 MeV

Plan de détection : surface de 500 cm2, constitué de 19 détecteurs
en Germanium, fonctionnant à une
température de -188°C (85K).

Masque codé : Tungstène de 3 cm d’épaisseur, constitué de
127 éléments hexagonaux, dont 63 opaques.

10-2 photons/cm2/s/sr

10-4

10-3
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Ces e+ sont-ils “Noirs”?
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“Found a 0.5 MeV radiation excess? 

Do your Nuclear Physics right!”
Mais:
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• doit augmenter dans le bulbe, et donnerait un signal stationnaire et diffus

• colle à profil raisonnable:                                   (Ascasibar a-ph/0507142)
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Ces e+ sont-ils “Noirs”?
“Found a 0.5 MeV radiation excess? 

Do your Nuclear Physics right!”
Mais:

• Sources astrophysiques potentielles (e.g. hypernovae) 
plus fréquentes dans le disque que dans le bulbe

• Sources e+ connues sont aussi des émetteurs gammas intenses (pas vu)

• Signal stationnaire diffus demande au moins 8(?) sources ponctuelles 
stables(?)

Alors que la densité de Matière Noire: 

• doit augmenter dans le bulbe, et donnerait un signal stationnaire et diffus

• colle à profil raisonnable:                                   (Ascasibar a-ph/0507142)

• mais demande à la fois un nouveau scalaire léger (dm), 
des fermions lourds F (pour signal e+) 
et boson de jauge U (dim. densité relique)

avec:

22

ρNFW (r) ∼ 1/r

σv ∼ C
4
m

−2

F

σv ∼ v2q2

Udmq2

Uem
2

dm/m4

U






mF > 100GeV
mdm ∼ 1 → 100MeV < mU

qdmUqeU ∼ 10−6 (for mU ∼ mdm)
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Fenêtre MN légère
• Limite supérieure mdm:

• FSR: 
→ mdm < 20 MeV (Beacom, a-ph/0409403)
   ou mdm < 35 MeV avec bonne sect. eff.  (Boehm, hep-ph/0606058)
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Détectabilité ligne γ
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• Flux entièrement fixé par masse; sensibilité SPI à lignes étroites pour 
source ponctuelle:  2.5 10-5 photons/cm2/s, en 106 s à 2MeV
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FIG. 5: Flux from the monochromatic Eγ = mdm line from a
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para-positronium formation in ∼ 24.3% of the time and
7% from inflight annihilations. The factor ∆J511

∆Jγγ
de-

scribes the fact that para-positronium formation requires
non-relativistic electrons, implying a concentration of
the 511 keV signal in the bulge, while emission of the
monochromatic line is expected to be everywhere where
DM is distributed (depending on the actual shape of the
DM halo profile).
With a cuspy DM halo profile, as found in [23], the
brightest region of 511 keV emission corresponds to the
bulge, i.e. the signal is naturally confined in the inner
kpc. The correlation with the spatial distribution of the
electrons present in the bulge should not change this fea-
ture. Hence the monochromatic line flux should also be
maximal in the bulge with this profile, i.e. ∆J511

∆Jγγ
∼ 1.

The gamma ray emission in the LDM scenario is com-
puted in terms on the longitude and latitude coordinates.
The comparison between the theoretical maps of 511 keV
emission expected within the LDM scenario and INTE-
GRAL/SPI data shows that the LDM scenario repro-
duces well the spherical distribution of the emission. A
similar feature should be also valid for the monochro-
matic line.
Note that numerical simulations of halo formation pre-
dict that halos should be triaxial. However, to describe
the shape of the density profile, one generally makes the
assumption that they are spherical. This is the assump-

tion made for obtaining a NFW profile and it is the same
assumption that has been made in [23]. This explains
partially why LDM can agree with SPI findings.
INTEGRAL/SPI sensitivity depends on both the energy
at which the instrument is looking at and the line width.
For example, for 1-day integration, INTEGRAL sensitiv-
ities at 500 keV are ∼ 10−3 cm−2/s and ∼ 3 10−4 cm−2/s
for lines widths of 240 and 23 keV.
In the case of the DM pair annihilations into two photons,
the line should be at E ∈ [0.511, O(10)] MeV. Also it
should be extremely narrow. The DM kinetic energy is
only about a few eV.
Technically the detection of such a narrow line might
not be a problem though. For example, at small ener-
gies, there are instruments, e.g. X-ray CCD, bolometers,
Bragg spectrometer which are able to resolve width of less
than a few hundred eV. Besides the width of interstellar
fluorescent lines is only of a few eV. There are programs
for detecting them so the width of the monochromatic
line expected in the LDM scenario may not be such a
difficulty even if it is at higher energy.
The sensitivity to the flux may be more challenging. The
present INTEGRAL/SPI sensitivity is not good enough
(10−4−10−5 ph cm−2/s). However, it is expected to grow
over the course of the mission and it might be possible
to detect small fluxes of ∼ 10−6 ph/cm2/s.
This order of magnitude is typically that expected for
Novae (it is a bit smaller for other sources that could
produce low energy positrons). The flux expected for
the 478 line is about ∼ 10−7 ph/cm2/s while for the 1275
keV line it is ∼ 6 10−6 ph/cm2. One readily sees that
the flux for mdm ∼ me would be quite similar to that of
Novae while the flux for mdm > me is very suppressed
and probably impossible to detect by SPI.

B. Sagittarius Dwarf Galaxy (SDG)

In dwarf galaxies, where the dark matter content dom-
inates over baryons, the gamma ray background is ex-
pected to be quite suppressed. The line E = mdm might
be easier to detect.
Among the closest dwarfs to us, Sagittarius Dwarf
Galaxy (located at a distance of 24 kpc from us and with
a size of about 108 M" [30]), is particularly interesting.
The amount of intrastellar gaz is very low and the dwarf
contains a large amount of popII stars. The inconve-
nient is that it is somehow hidden by the galactic centre
although it is a bit offset.
In principle, dwarf spheroidals are a powerful tool for
testing the LDM hypothesis. E.g. the detection of
a bright 511 keV line within INTEGRAL’s sensitivity
would provide a strong confirmation of this scenario [31].
However, its detectability relies on the hypothesis that
there is enough electrons to thermalize and stop off the
positrons. No gaz has ever been detected in any of the
local group dwarf galaxies so it is hard to make reliable es-
timates. Also one needs to know the spatial distribution

Boehm, Orloff, Salati



~1000

• Flux entièrement fixé par masse; sensibilité SPI à lignes étroites pour 
source ponctuelle:  2.5 10-5 photons/cm2/s, en 106 s à 2MeV

• Signal 1000 fois + faible, au mieux: attendre 30 ans????
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para-positronium formation in ∼ 24.3% of the time and
7% from inflight annihilations. The factor ∆J511

∆Jγγ
de-

scribes the fact that para-positronium formation requires
non-relativistic electrons, implying a concentration of
the 511 keV signal in the bulge, while emission of the
monochromatic line is expected to be everywhere where
DM is distributed (depending on the actual shape of the
DM halo profile).
With a cuspy DM halo profile, as found in [23], the
brightest region of 511 keV emission corresponds to the
bulge, i.e. the signal is naturally confined in the inner
kpc. The correlation with the spatial distribution of the
electrons present in the bulge should not change this fea-
ture. Hence the monochromatic line flux should also be
maximal in the bulge with this profile, i.e. ∆J511

∆Jγγ
∼ 1.

The gamma ray emission in the LDM scenario is com-
puted in terms on the longitude and latitude coordinates.
The comparison between the theoretical maps of 511 keV
emission expected within the LDM scenario and INTE-
GRAL/SPI data shows that the LDM scenario repro-
duces well the spherical distribution of the emission. A
similar feature should be also valid for the monochro-
matic line.
Note that numerical simulations of halo formation pre-
dict that halos should be triaxial. However, to describe
the shape of the density profile, one generally makes the
assumption that they are spherical. This is the assump-

tion made for obtaining a NFW profile and it is the same
assumption that has been made in [23]. This explains
partially why LDM can agree with SPI findings.
INTEGRAL/SPI sensitivity depends on both the energy
at which the instrument is looking at and the line width.
For example, for 1-day integration, INTEGRAL sensitiv-
ities at 500 keV are ∼ 10−3 cm−2/s and ∼ 3 10−4 cm−2/s
for lines widths of 240 and 23 keV.
In the case of the DM pair annihilations into two photons,
the line should be at E ∈ [0.511, O(10)] MeV. Also it
should be extremely narrow. The DM kinetic energy is
only about a few eV.
Technically the detection of such a narrow line might
not be a problem though. For example, at small ener-
gies, there are instruments, e.g. X-ray CCD, bolometers,
Bragg spectrometer which are able to resolve width of less
than a few hundred eV. Besides the width of interstellar
fluorescent lines is only of a few eV. There are programs
for detecting them so the width of the monochromatic
line expected in the LDM scenario may not be such a
difficulty even if it is at higher energy.
The sensitivity to the flux may be more challenging. The
present INTEGRAL/SPI sensitivity is not good enough
(10−4−10−5 ph cm−2/s). However, it is expected to grow
over the course of the mission and it might be possible
to detect small fluxes of ∼ 10−6 ph/cm2/s.
This order of magnitude is typically that expected for
Novae (it is a bit smaller for other sources that could
produce low energy positrons). The flux expected for
the 478 line is about ∼ 10−7 ph/cm2/s while for the 1275
keV line it is ∼ 6 10−6 ph/cm2. One readily sees that
the flux for mdm ∼ me would be quite similar to that of
Novae while the flux for mdm > me is very suppressed
and probably impossible to detect by SPI.

B. Sagittarius Dwarf Galaxy (SDG)

In dwarf galaxies, where the dark matter content dom-
inates over baryons, the gamma ray background is ex-
pected to be quite suppressed. The line E = mdm might
be easier to detect.
Among the closest dwarfs to us, Sagittarius Dwarf
Galaxy (located at a distance of 24 kpc from us and with
a size of about 108 M" [30]), is particularly interesting.
The amount of intrastellar gaz is very low and the dwarf
contains a large amount of popII stars. The inconve-
nient is that it is somehow hidden by the galactic centre
although it is a bit offset.
In principle, dwarf spheroidals are a powerful tool for
testing the LDM hypothesis. E.g. the detection of
a bright 511 keV line within INTEGRAL’s sensitivity
would provide a strong confirmation of this scenario [31].
However, its detectability relies on the hypothesis that
there is enough electrons to thermalize and stop off the
positrons. No gaz has ever been detected in any of the
local group dwarf galaxies so it is hard to make reliable es-
timates. Also one needs to know the spatial distribution

Boehm, Orloff, Salati



~1000

• Flux entièrement fixé par masse; sensibilité SPI à lignes étroites pour 
source ponctuelle:  2.5 10-5 photons/cm2/s, en 106 s à 2MeV

• Signal 1000 fois + faible, au mieux: attendre 30 ans????

• On pourrait gagner en résolution en énergie, ou surface...
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Détectabilité ligne γ
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FIG. 5: Flux from the monochromatic Eγ = mdm line from a
5 degree cone around the galactic center, in cm−2s−1.

10
!2

10
!1

10
0

10
1

10
2

10
0

10
1

10
2

mdm − me (MeV)

σ
=

S
/√

B
G

FIG. 6: Significance of monochromatic Eγ = mdm line above
the continuum background for a year observation with an
ideal detector of 1m2 and a 10−3 energy resolution.

para-positronium formation in ∼ 24.3% of the time and
7% from inflight annihilations. The factor ∆J511

∆Jγγ
de-

scribes the fact that para-positronium formation requires
non-relativistic electrons, implying a concentration of
the 511 keV signal in the bulge, while emission of the
monochromatic line is expected to be everywhere where
DM is distributed (depending on the actual shape of the
DM halo profile).
With a cuspy DM halo profile, as found in [23], the
brightest region of 511 keV emission corresponds to the
bulge, i.e. the signal is naturally confined in the inner
kpc. The correlation with the spatial distribution of the
electrons present in the bulge should not change this fea-
ture. Hence the monochromatic line flux should also be
maximal in the bulge with this profile, i.e. ∆J511

∆Jγγ
∼ 1.

The gamma ray emission in the LDM scenario is com-
puted in terms on the longitude and latitude coordinates.
The comparison between the theoretical maps of 511 keV
emission expected within the LDM scenario and INTE-
GRAL/SPI data shows that the LDM scenario repro-
duces well the spherical distribution of the emission. A
similar feature should be also valid for the monochro-
matic line.
Note that numerical simulations of halo formation pre-
dict that halos should be triaxial. However, to describe
the shape of the density profile, one generally makes the
assumption that they are spherical. This is the assump-

tion made for obtaining a NFW profile and it is the same
assumption that has been made in [23]. This explains
partially why LDM can agree with SPI findings.
INTEGRAL/SPI sensitivity depends on both the energy
at which the instrument is looking at and the line width.
For example, for 1-day integration, INTEGRAL sensitiv-
ities at 500 keV are ∼ 10−3 cm−2/s and ∼ 3 10−4 cm−2/s
for lines widths of 240 and 23 keV.
In the case of the DM pair annihilations into two photons,
the line should be at E ∈ [0.511, O(10)] MeV. Also it
should be extremely narrow. The DM kinetic energy is
only about a few eV.
Technically the detection of such a narrow line might
not be a problem though. For example, at small ener-
gies, there are instruments, e.g. X-ray CCD, bolometers,
Bragg spectrometer which are able to resolve width of less
than a few hundred eV. Besides the width of interstellar
fluorescent lines is only of a few eV. There are programs
for detecting them so the width of the monochromatic
line expected in the LDM scenario may not be such a
difficulty even if it is at higher energy.
The sensitivity to the flux may be more challenging. The
present INTEGRAL/SPI sensitivity is not good enough
(10−4−10−5 ph cm−2/s). However, it is expected to grow
over the course of the mission and it might be possible
to detect small fluxes of ∼ 10−6 ph/cm2/s.
This order of magnitude is typically that expected for
Novae (it is a bit smaller for other sources that could
produce low energy positrons). The flux expected for
the 478 line is about ∼ 10−7 ph/cm2/s while for the 1275
keV line it is ∼ 6 10−6 ph/cm2. One readily sees that
the flux for mdm ∼ me would be quite similar to that of
Novae while the flux for mdm > me is very suppressed
and probably impossible to detect by SPI.

B. Sagittarius Dwarf Galaxy (SDG)

In dwarf galaxies, where the dark matter content dom-
inates over baryons, the gamma ray background is ex-
pected to be quite suppressed. The line E = mdm might
be easier to detect.
Among the closest dwarfs to us, Sagittarius Dwarf
Galaxy (located at a distance of 24 kpc from us and with
a size of about 108 M" [30]), is particularly interesting.
The amount of intrastellar gaz is very low and the dwarf
contains a large amount of popII stars. The inconve-
nient is that it is somehow hidden by the galactic centre
although it is a bit offset.
In principle, dwarf spheroidals are a powerful tool for
testing the LDM hypothesis. E.g. the detection of
a bright 511 keV line within INTEGRAL’s sensitivity
would provide a strong confirmation of this scenario [31].
However, its detectability relies on the hypothesis that
there is enough electrons to thermalize and stop off the
positrons. No gaz has ever been detected in any of the
local group dwarf galaxies so it is hard to make reliable es-
timates. Also one needs to know the spatial distribution
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Objets lourds
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Wimpzillas=Super Heavy DM
• Motivations: produire contre-exemple à limite d’unitarité perturbative si 

équilibre

• Stabilité: ad-hoc

• Production: 

• HORS équilibre

• Après inflation

• p.ex. durant le rechauffement en sortie d’inflation (très faible densité suffit, 
<< équilibre...), on peut produire jusque MX=104 TRH

• sinon pre-heating (couplage résonnant inflaton-X) permet d’atteindre 1015 
GeV

• Signatures: difficiles (rares!)

• limites Champs/monopoles s’appliquent (si chargés!)

26

〈σv〉 ∼ α2/M2
X ∼ Ω−1 > 1; α < 4π → MX < 105GeV
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Neutrinos droits
• Motivation: masse neutrinos faibles (<< quarks, leptons)

• ajustement très fin si masse Dirac

• besoin violation L pour masse Majorana
mécanisme bascule (see-saw): 

• “modèle standard baryogénèse”=leptogénèse:

• désintégration N donne asymétrie leptonique

• transférée au quarks par processus anomaux (du MS)

• Stabilité: aucune; couplages yukawas

• Production: à l’équilibre, parfois pre-heating

• Signatures: rien (à part asymétrie baryonique...)

27

N → νh
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Effet collectifs
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Q-balls

29

• Motivations: alternative intéressante

• Stabilité: liée à charge

• si boule de masse M, charge Q, avec (non-ext.): 

• alors stabilisation par charge conservée
dès que assez grosse:

• Production: hors équilibre

• Signatures:

• assez extravagantes

• tombe peut-être sous le coup de SIMP (si contient quarks)...

M(Q1 + Q2) < M(Q1) + M(Q2)
M(Q) = M0Q

α; α < 1

Q1−α >
q

m
M0
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Résumé

30

Candidat Motiv. Stab. Prod. Intérêt

Wimp Susy, KK Th!!! Sym. Equ. MN++++

Simp, Champ “ “ “ Exclus MN

Monopoles “ Top. H-eq. Masses intermédiaires

Cordes, domaines bof “ “ Faible ou négatif

Axion +/- lent H-eq. MN, non exclus

Gravitino +++ Sym. H-eq. Peu de signaux

Matière noire légère ad-hoc OK Equ. Demande confirmation

Wimpzillas c-ex ad-hoc H-eq. Bof

Neutrinos droits +++ non Equ. OK

Q-balls ? ++ H-eq. A garder à l’esprit


