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,f & The first DM paper

Henri1 Poincaré

Contrarily to the common belief, the first time the word « dark matter » 1s proposed 1n 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, it 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 be 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 ve10c1t1es are of the same order, hence it must be

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

nrd Ke n-uolvou:_' rvonld be the total numbe

of stars including the dark ones; since his number i1s 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.




Using the viral theorem, Poincaré computed first the density of stars around the sun,
then supposing 1t constant, the radius of the sun to the galactic center, and then the
number of stars in the Milky Way (~10°) corresponding to the observations, thus
discrediting the existence of dark matter, or dark stars.

v(R) < R\/p

Vearth (Ro) _ Re \/%
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Where are we?
The detection and WIMP status

Where should we go?

Alternative early-cosmology scenario
DM production enhancement at early stage [pre-heating]
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Where are we now?

YOU ARE HERE




Pool at IFT workshop, September 2016

At least optimism...

IFT workshop, « Is SUSY alive and well? »
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Perspectives

WIMP-nucleon cross section [cm?]
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il he indirect detectlon status
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DM limit improvement estimate in 15 years with the composite
likelihood approach (2008- 2023)

15 dSphs, 6 Years

15 dSphs, 15 Years

45 dSphs, 15 Years

[ Pass 8 Combined dSphs (15 dSphs, 6 Years)
- —— H.E.S.S. GC Halo

| 1©//@ Abazajian et al. 2014 (10)

—— Gordon & Macias 2013 (20)

- — Daylan et al. 2014 (20)

- —— Calore et al. 2015 (20)

Thermal Relic Cross Section
(Steigman—+ 2012) |

15 Years, 45 dwarfs

e
DM Mass (GeV/c?)
E. Charles et.al, Phy Rep. 636 2016, arXiv:1605.02016

Latest result by FERMI 1n May: nothing




Conclusion

The non-observation of any signal at direct and indirect

detection experiments constrains the interaction cross section
DM-SM to values below ¢ < 104° cm? ~ 10-1® GeV-2

What do we expect for a WIMP":

L L

“Not valid if one exchanges the Higgs or a Z’



WIMP-nucleon cross section [cm?]

Perspectives

10~3 — S— -
|\ ' adapted from arXiv:1310.8327
10-40| 2
10—41 i
10—42 i
Sy,
.\:o@
10_43; "CCQ
10-*H '
Be
10- 45 Neutrinos
1046}
10—47 2 ] AsymmetricDM. = B %
] Magnetic DM
1048} Eisvsvmsem -
10_49 _ \ — ’N:mosp“ 4
109 : ' N
| 10 100 1000 104

WIMP Mass [GeV/c?]



Why are we so attached to
WIMP-like particle?

The WIMP miracle !




The Boltzmann equation

(1.2x10726 cm3 s~ 1)




The Boltzmann equation
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The Boltzmann equation

d
o _3Hn— (ov) (n2 —n Qph? ~

dt (1.2x10726 cm3 s~ 1)

<ov>=1.2x102%%cm?3 s’!
=107 GeV2 ~ Gf? —

Equilibrium curve

<ov>=10?% cm3/s

Abundance <ov>=1026cm3/s
Qpmh? x1/<ov>

<ov>=102%cm3/s

One needs a phase of depletion of dark
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?
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What 1s happening 1f one
releases one hypothesis?

Let suppose the dark matter
was not
in thermal equilibrium with the visible
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my, = 124 GeV

m, = 173.2 GeV
a3(My) = 0.1184

Higgs quartic coupling A(u)

006+
102 10* 10° 10® 10 10'2 10" 10' 10'8 10%

RGE scale u in GeV

Unification : Reheating process: Higgs quartic coupling
Intermediate scale ~ 101° GeV Tru ~ 10'° GeV n~ 101 GeV

. OmD
4= (g i)

Motivations for
_ %pLHuR+h.c. an 1ntel‘m€dlat€
mass scale

« ?//;Zf?(?(lf/bﬂ' (8 012¢ [/zz)y, and. Jmé%g}ﬁ
Jin Northeast Asia/ is another thing. » Leptogenesis/baryogenesis
Kim Dae Jung, president of South Korea n~101° GeVv

See-saw mechanism with vg.
my=0.1 eV => MR~ 1010 GeV




Early cosmology scenario




The dark matter 1s « slowly » produced from
the thermal bath from annihilation of SM
particles. It freezes « 1n the process » of
reaching thermal equilibrium
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not in thermal equilibrium with SM particles:
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Yukawa-like coupling of 10-! is typical to obtain
the right relic abundance while still being 1n the
process of reaching thermal equilibrium.
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not in thermal equilibrium with SM particles:

1) DM couples very feebly with the bath. A
Yukawa-like coupling of 10-! is typical to obtain
the right relic abundance while still being 1n the
process of reaching thermal equilibrium.
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There exists difterent reasons to have a dark matter
not in thermal equilibrium with SM particles:

1) DM couples very feebly with the bath. A
Yukawa-like coupling of 10-!! is typical to obtain
the right relic abundance while still being 1n the
process of reaching thermal equilibrium.
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Computing a relic abundance




Computing a relic abundance

dn i dY R(T)
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Computing a relic abundance

dn i dY R(T)
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The jungle of freeze-1n
Processes
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The dependence on the temperature of the rate
R(T) 1s completely model-dependent and
generates
very different results.




dY  R(T) .
dT — HTs 1) Classical case

Hall, Jedamzik, March-Russell, West; 0911.1120
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dY  R(T) .
dT — HTs 1) Classical case

Hall, Jedamzik, March-Russell, West; 0911.1120

b 2
WilP =X = BP) ce I = Qg =2 0.1 (10_11>

Remark: the dark matter mass do not appear. The process 1s
achieved once the temperature reaches Mam. 1.€., when the thermal
~bath 1s not able anymore to produce it kinematicaly.
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dY  R(T) .
dT — HTs 1) Classical case

Hall, Jedamzik, March-Russell, West; 0911.1120

by 2
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Remark: the dark matter mass do not appear. The process 1s
achieved once the temperature reaches Mam. 1.€., when the thermal
bath 1s not able anymore to produce it kinematicaly.
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Freeze-in (FIMP)

density

T<Mdm
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Naturalness?




dY  R(T) .
ar — HTs  2)Heavy mediator case

Y. M., K.A. Olive, J. Quevillon and B. Zaldivar; Phys.Rev.Lett. 110 (2013) [arXiv:1302.4438§)]
Y. M., N. Nagata, K.A. Olive, J. Quevillon and J. Zheng; Phys.Rev. D91 (2015) [arX1v:1502.06929]
Y. M., N. Nagata, K.A. Olive and J. Zheng; Phys.Rev. D93 (2016) [arXiv:1602.05583]
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SM DM




dY  R(T) .
ar — HTs  2)Heavy mediator case

Y. M., K.A. Olive, J. Quevillon and B. Zaldivar; Phys.Rev.Lett. 110 (2013) [arXiv:1302.4438]
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SM DM
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Mdm TRH 7
Oh? = 0.1 \?
5 . (1 TeV) (1010 GeV)

We transformed a « non natural »
tiny 10-'! coupling into a natural
intermediate mass 1019 GeV,
appearing 1n any SO(10), E6..
unification scheme .

I
|
|
|
|
|
|
|
|

Y. M., N. Nagata, K.A. Olive, J. Quevillon and J. Zheng; arXiv:1502.06929




Mdm TRH q
Oh% = 0.1
5 O (1 TeV) (1010 GeV)

We transformed a « non natural »
tiny 10-'! coupling into a natural
intermediate mass 1019 GeV,
At the same price, we appearing in any SO(10), E6..
have natural unified unification scheme .
coupling constant (gunif

~0.5)

Y. M., N. Nagata, K.A. Olive, J. Quevillon and J. Zheng; arXiv:1502.06929




Mdm TRH q
QOh% =0.1
5 (1 TeV) (1010 GeV)

We transformed a « non natural »
tiny 10-'! coupling into a natural
intermediate mass 1019 GeV,
appearing 1n any SO(10), E6..
unification scheme .

At the same price, we
have natural unified

coupling constant (gunir
~0.5)

Can we talk about a
« FIMP miracle »?

I
|
|
|
|
|
|
|
|

Y. M., N. Nagata, K.A. Olive, J. Quevillon and J. Zheng; arXiv:1502.06929




Example : SO(10) and vr

The SO(10) spinor in the 16 representation naturally embed a right handed neutrino vr. The
breaking of SO(10) into an intermediate group, at an intermediate (~10'° GeV) scale provides then
the best framework for a natural see-saw mechanism (natural means yy ~ 1)

M, Momt— NC TI0MON,
Qh? = 0.1 )\ o e
5 . (1 TeV) (1010 Gev> (MM

As a free bonus, one also obtain unification at GUT scale!

SO(IO) — Gipt — GSM K LN

g h
Ly ==167.167.10 + 516,;.16,;.126

2

SU@3)e X SUQR)L X U(1)x : 50(10)

Lo,
M*" = h(126)

TABLE I. Possible breaking schemes of SO(10).

SO(10) — Gx [Higgs] | Mint(GeV) [ Tru(GeV)

4 X 21, X 2r [126] 10"°-® 5 x 10"
C 30 X 21, X 2R X 1lp_p, [16] 1010'6 3 X 106
30 X 21, X 2r X 1p_1, [126] 108 6 x 103

i |

16

B ixeix2efe | 1077 [3xi0
B

C| _

Asking for unification imposes the intermediate
scale (~10'° GeV) and leads to natural see-saw

Y. M., K.A. Olive, J. Quevillon and B. Zaldivar; Phys.Rev.Lett. 110 (2013) [arXiv:1302.4438]
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E. Dudas, Y. M. and K. Olive; Phys.Rev.Lett. 119 (2017) [arXiv:1704.03008]
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aT — HTs 3)Heavy mediator case+ tiny coupling case

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) [arXiv:1704.03008]
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Naturally large reheating
- temperature

Strong dependance on
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Naturally large reheating

Strong dependance on
temperature

reheating

The large power-dependance on temperature suggests that all the
dark matter 1s produced at the beginning of the reheating, not at late
time as 1n classical FIMP case. This 1s a « fast » freeze-1n process.

o Moreover, the fact that the process 1s dominant at high

gE Cmﬁ“L

temperature, one cannot neglect the statistical factor (eE1/T -1)



Example : gravitino DM and High Scale SUSY
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Example : gravitino DM and High Scale SUSY

D I ¢

Mw >> E

Gr= 10" GeV?




Generating the interactions

One can deduce the vierbein of the theory, just from the hypothesis that the
longitudinal part of the gravitino is the goldstino of the SUSY transformation®

€

= 5:;—@8 Gaaa+2—Gaaa G (G0 — "G C)T v

I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 841 (2010) 157

* see the incredibly modern article « Is the Neutrino a Goldstone particle » by D.V. Volkov and V.P. Akulov,Phys. Lett. B 46 (1973) 109



Generating the interactions

One can deduce the vierbein of the theory, just from the hypothesis that the
longitudinal part of the gravitino is the goldstino of the SUSY transformation®

€

= 52;@8 Gaaa+2—Gaaa G (G0 — "G C)T v

I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 841 (2010) 157

Which gives the Lagrangian between the SM and the goldstino

; F2 _(Go"*G — 0 GoP G)(9,HO H' + 8, HO, H),

1
Y ——(Go"9"G — "Go"G) x

(43, m + 95,0, — 0,95, — 0,95 ,1)),
Z 5 (Go*0uG — 9,Go G P F,

Notice how the Lagrangian has suppressed coupling (1/F?) and strong energy/
temperature dependance

* see the incredibly modern article « Is the Neutrino a Goldstone particle » by D.V. Volkov and V.P. Akulov,Phys. Lett. B 46 (1973) 109



The production mechanism

thermal bath __, _
density

dark matter
density

Ny

1 EeV\” T ’
L 93/2h220.11<0 ev) (L)

ms/2

2.0 x 1010 GeV

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]



The Freeze-In mechanism (FI)

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]



o (S (1Y Including inflaton decay

5.4 x 107 GeV

ms / 2

(10)1/4 (2r¢ Mp)1/2
TRy = | — =
gs mC

0.1 EeV* m
Qg/2h° ~ 0.11 S R
32 ( m3/2 ) (3 x 1013GeV

E. Dudas, Y. M. and K. Olive; Phys.Rev.Lett. 119 (2017) [arXiv:1704.03008]



o (S (1Y Including inflaton decay

5.4 x 107 GeV

ms / 2

(10)1/4 (2r¢ Mp)1/2
TRy = | — =
gs mC

3
Q3/2h2 oG (0.1 EeV) ( M

msz /o 3 x 1013GeV

é decay 2 __ 33/2
QI _0.11<m |
D (Mo (3101 Gevy
g

B3/2 = F3/2/F¢

E. Dudas, Y. M. and K. Olive; Phys.Rev.Lett. 119 (2017) [arXiv:1704.03008]



10" 102 10 10* 10°
mszp [EeV]

Conclusion: EeV gravitino 1s compatible with inflationary

scenario and DM constraints.
E. Dudas, Y.M. and K. A. Olive, arXiv:1701.06574



. New allowed parameter space
Overabundance from freeze in (our work)

Overabundance from scattering

Overabundance
from FO
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Message to the string
« mspired » theorist, or
Supergravitymen

Indeed, no need to add an anti-D3
branes at the tip of a Klebanov-
Strassler throat a la KKLT (sic!)

to justify a TeV SUSY mass scale.

A SUSY mass scale at the energy
of the SUSY breaking scale
(of the order of intermediate/string
scale) 1s natural (cf. the Higgs
mechanism) AND provide you a
reliable gravitino dark matter.

BE NOT AFRAID.
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yummary

Planck 2015

Ap ~ 1
A ~30FEeV
M ~ 10EeV

A~ 10711
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However, the story does not stop there..




Indeed, when the production rates develops a
strong dependance on the temperature
(as 1t 1s the case for the gravitino),
one should check what was produced before the
reheating, while the Universe was still
dominated by the matter (1inflaton), but
temperature was higher than Tru

:
GRS ot i Bl st S SOt S EEERS Sk i S A
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Indeed, the maximum temperature 1s not Tru




Indeed, the maximum temperature 1s not Tru

b5+ 3Hpy + Typs = 0 Boltzmann equation for the decaying Inflaton

py+4Hp, —Typy =0 Boltzmann equation for the Radiation
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b+ 3Hpy + Lops = 0 Boltzmann equation for t
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Indeed, the maximum temperature 1s not Tru

b5+ 3Hps + Typy = 0 Boltzmann equation for the decaying Inflaton
py +4Hp, —Typy =0 Boltzmann equation for the Radiation
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With Try defined by
po (Tru)= py (Tru)




Adding the production of dark « matter »
renders the system 1is a little bit more complex.




Adding the production of dark « matter »
renders the system 1is a little bit more complex.

pe +3Hps +Lgps =0

py 4 py —Lypy =0
ny + 3Hn, + (o|v]) [n} —
Pp T Py = 3 Mp H

. T
YX+3(H+T

with Yy (1) =~




If one defines R,™ as Y/Yinst. One obtains

R,® does not depends on A or M (!!)






99.996 % of the dark matter 1s
produced before reheating!!!
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‘fem]oemture

R




Tem]oemture

DM production
10% if 6 ~ s /M*
50% if o ~ s* /M

99.996% if 6 ~ s> /M8




Conclusion 1
be Very carful when deahng with
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Conclusion 2

« And what 1s the signature of such
models? »




Conclusion 2

« And what 1s the signature of such
models? »

A smokmg gun signal (CTA? HAWK‘?)

K A Ollve et al work n progress
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1n mind

Messages to keep
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