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sy Dark Matter

From the WIMP paradigm
to alternative scenarios

TOO BIG 1
TO SEE

We've been looking for dark
matter in the wrong place

-

« It doesn't matter how
beautiful your theory is, it
doesn't matter how smart you
are. If it doesn't agree with
experiment, it's wrong.»
R. Feynman

« Never underestimate the joy
people derive from hearing

something they already know.»
E. Fermi

Yann Mambrini, LPT, University of Paris-Saclay
Based on [arXiv:1709.01549 ; 1803.01866 ; 1806.00016 ; 1811.01947 ; 1901.04449; 1902.04584 ; 1905.11407]
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The first DM paper

{  Henri Poincaré

Contrarily to the common belief, the first time the word « dark matter » 1s proposed in a
scientific paper 1s not Oort in 1932 but Poincaré in 1906. Indeed, Lord Kelvin in 1904
had the genius to apply the kinetic theory of gas recently elaborated, to the galactic
structures 1n his Baltimore lecture (molecular dynamics and the wave theory of light).
Poincar¢ was impressed by this idea and computed the amount of stars in the Milky
way necessary to explain the velocity of our sun one observes nowadays.

THE MILKY WAY AND THE THEORY OF GASES.*

H. POINCARE.T

equation of living forces. We thus find that this velocity is pro-
portional to the radius of the sphere and to the square root of
its density. If the mass of this sphere were that of the Sun and
its radius that of the terrestrial orbit, 1t is easy to see that this
velocity would be that of the Earth in its orbit. In the case that
we have supposed, the mass of the Sun should bhe distributed in a
sphere with a radius one million times larger, this radius being
the distance of the nearest stars; the density is then 10'® times
less; now the veloc1t1es are of the same order, hence it must be

ence mlght long remain unknown? Very Well then, that which

[Lord Kelvin’s method wonld give vould be the total numbe

of stars including the dark ones; since his number is comparable

to that which the telescope gives, then there is no dark matter,
or at least not so much as there is of shining matter.




~ The WIMP paradig




« The Waning of the WIMP?
Review of Models, Searches and

onstraints »




Direct detection of dark matter
basic principle)
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Direct detection of dark matter (theory)

Interaction rate (per kg per seconds)
local density of dark momentum transfered
Avogadro
matter to the nucleus

mass number .
section |
velocity distribution



A. Djouadi, A. Falkowski

At low momentum transfer (long wavelength),
the dark matter « sees » all the nucleus and its A

nucleons. the cross section 1s then proportional to
A2

At large momentum transfer (short
wavelength), the dark matter « sees » only the
nucleons.



What do we expect for a WIMP :

(1 GeVZ2=10-28 cm?)



Perspectives
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Why are we so attached to
WIMP-like particle?

The WIMP miracle !




The Boltzmann equation

—3Hn — (ov Qah?

(1.2x10726 c¢m3 s—1)

(ov) = 1.2 x 107 *%cm?s ™1

e (P i ()

Equilibrium curve

SM

<ov>=102"cm3/s

omoving Nunjber Densi

4 SM

Abundance <ov>=1026cm3/s
Qpomh? x1/<ov>
<ov>=10%cm3/s

One needs a phase of depletion of darkl X
matter, annihilating to SM to avoid the
overabundance. Can we deplete 1t without
even coupling to the SM, and thus
avolding the direct detection conflict?




Developing a microscopical approach

On which principle should we extend the microscopic interaction?

Ockham, in Cambridge
13th century

Ockham’s razor (lex parsimoniae) principle :
« Pluralitas non est ponenda sine necessitate »
Among competing hypotheses, the one with the fewest assumptions
should be selected
(everything should be made as simple as possible..)

Dark matter couple only with the Standard Model (SM) particles :
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WIMP-nucleon cross section [cm?]
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Why are we so attached to
WIMP-like particle?

The WIMP miracle ?

Or the fact that the relic
abundance do not depend on
the initial conditions?




Iternative ways to obtain the




The FIMP:




abundance
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UV alternative :
to produce DM before the




Non-1nstantaneous reheating:

ntroducing the

intlaton
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inflation matter domination radiation domination

non-thermal ~ thermal ~




Instantaneous
reheating

Non-instantaneous
reheating




Before the end of the reheating process,
while the Universe was still dominated by the
matter (1inflaton), but temperature was higher

than Try




Temperature

L e e b

DM production
0% 1f <ov>~T2 /A4
(006 il v T/ AO
99.996% 1f <ov> ~ T6 /A8




Example of rates







Refinement: taking into account the non-
thermal phase

12.7 12.8 12.9 13.0 13.1

Log,o[E] (GeV)

M.A.G. Garcia, K. Kaneta, Y. M., K.A. Olive ; arXiv:1911.xxxxx



Refinement: taking into account the non-
thermal phase

-36.5 -36.0

Log,,[t] (seconds)

~34 - 30

Log,,[t] (seconds)

M.A.G. Garcia, K. Kaneta, Y. M., K.A. Olive ; arXiv:1911.xxxxx



Other recent works on the subject

A. D1 Marco, G. De Gasperis, G. Pradisi and P. Cabella, " "Energy
Density, Temperature and Entropy Dynamics 1n Perturbative
Reheating," ; arXiv:1907.06084




Parenthesis concerning the EeV scale




TOTALLY |
INFORMATION

Some Exa-scales (1018)

[CSI convention since 1975]

P SA energy consumption per year : 15 Exajoule
= energy needed in Appolo 11 mission to the moon

. Age of Universe : 0.43 Exasecon




Other motivations range from..

Cosmic ray production of EeV neutrino (GZK cut= 50 EeV)

. v (EeV)
& a0

Intermediate sectors in SO(10) unified models




FAQs

. How an EeV DM does not overpopulate the
Universe?

. But an EeV DM should violate the unitary




Quick answers

. How an EeV DM does not overpopulate the Universe?
Easily if 1ts production rate is suppressed (Planck scale for gravitino,
unification scale for SO(10), RHN mass 1n see-saw type models...)

- But an EeV DM should violate the unitarity constraint of ~100 TeV
no?
Not at all if not produced thermally (gravitino, FIMP..). Unitarity
constraint applies only supposing a thermal production cross section.




The relic abundance computation in
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Conclusion:
3 sources of production:

From thermal equilibrium (freeze out)
[Higgs-portal, Z/Z’-portal]

T{¥

of equilibrium (freeze in) -




Another DM source: The inflaton decay

3 7/2
Qoo b2 ~ 011 0.1 EeV e / Yo
3/2 ’ M /2 3 x 1013GeV 2.9 x 105

B2 — Br TRy Mp s
2.0 x 10—9 Ma 1010GeV

K. Kaneta, Y. Mambrini and K. A. Olive,Phys. Rev. D 99 (2019) no.6, 063508 [arXiv:1901.04449]



A concrete example:




Ellis, Kim and Nanopoulos (84) then considered for the first time the
dominant process (in fact, they listed 10 processes)

COSMOLOGICAL GRAVITINO REGENERATION AND DECAY

Na !

John Ellis, Jihn E. Kim ? and D.V. Nanopoulos
CERN — Geneva

careful analyseé-of their decay products'dis-
ruptive effects on light nuclei and on the
C; microwave background radiation suggest

9.1010
e 10°~10 GeV.

e
L= R Ve
4mevh ol

gravitino

1 GeV iij{}{ :EE::: (: 7 :)12
ms /o 1010 GeV 100 GeV

Q3/9h° ~ 0.3



High-scale supersymmetry:
MSUSY >> Tmax




High scale supergravity

Msysy > 10" GeV

T12
4 4
MSUSYMPZ

B

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]
E. Dudas, Y. M. and K. Olive, Phys. Rev. Lett. 119 (2017) no.5, 051801 [arXiv:1704.03008]



Adding the contribution from




30-1 10° 107 1072
10~

E. Dudas, T. Gherghetta, Y. M., K.A. Olive ; Phys.Rev. D96 (2017) no.11, 115032 [arXiv:1710.07341]
K. Kaneta, Y. M. and K. A. Olive, "'Radiative Production of Non-thermal Dark Matter,”' [arXiv:1901.04449]



ther models where care should
be taken proceeding with early




SO(10)

G. Bhattacharyya, M. Dutra, Y. M. and M. Pierre, " Freezing-in dark matter through a heavy invisible Z',”'
Phys. Rev. D 98 (2018) no.3, 035038 [arXiv:1806.00016 ]

Massive spin 2

Nicolas Bernal, Maira Dutra, Y. M., K. Olive, M. Peloso, M. Pierre ; Phys.Rev. D97 (2018) 115020 [arXiv:1803.01866]




Spin-1 mediator

[arXiv:1806.00016 ]
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« And what 1s the signature of such models? »
A smoking gun signal

Gravitino DM Scalar DM
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ANITA I |ANITA II| ANITA III |ANITA IV
Duration| 35 days 28.5 days| 22 days
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2 Anomalous events at 0.5 EeV

- Mean free path for an EeV neutrino 1n the earth crust is

~100 kms

Probability p~10-¢ of crossing 7000 kms

AAE 061228

18 19 20 21
log E (eV)

Fox et al.; arX1v:1806.09615
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Taking into account constraints from Negr + BAO + relic abundance + CHARM +

mean free path..
2 regions are left: vk <50 eV and 10 MeV <vgr < 0.5 GeV
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I Heuntier YN M Pietpe: arXiv:] 902 xxoexx
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IceCube

Even 1f the exposure of IceCube 1s larger
than ANITA, a 20 PeV 1 has a mean free

path > 1 km : difficult to distinguish 1t
from a p (Just a track, no decay)

For this reason 1t has been shown by Fox et al. [1809.096135]
that the 2 ~PeV down-going events observed by IceCube can be
misinterpreted as ~ 0.07 EeV upgoing events.

Which 1s also the number of events we predict. ..

I Heuntier YN M Pietpe: arXiv:] 902 xxoexx



Conclusions

Wimp paradigm 1s 1n question

Alternative scenarios (FIMP, reheating)
can lead to EeV DM




