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The non-observation of any signal at direct and indirect

detection experiments constrains the interaction cross section
DM-SM to values below ¢ < 5x10% cm? ~ 10-18 GeV-2
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What do we expect for a WIMP :
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One way to solve the 1ssue:




Production of dark matter in early Universe
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Example of rates




In a radiation dominated
Universe, instantaneous
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Non-1nstantaneous reheating:

ntroducing the

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

than Try
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Instantaneous
reheating

Non-instantaneous
reheating
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Application to concrete models
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Remark on goldstone/goldstino mode
and the equivalence theorem

If one looks at a theory 1n a broken phase, at energies much

below that the breaking scale, only the goldstone mode(s)
(longitudinal mode 1n gauge symmetry) will appear.

In the BEH interpretation

Heedel oot DIl

transverse modes

Longitudinal mode (« would-be » goldstone boson)

+0,0



Application to concrete models

High scale SUSY
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High scale supergravity

see talk Keith Olive
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High scale supergravity

see talk Keith Olive
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High scale supergravity

see talk Keith Olive
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Spin-1 mediator
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Spin-1 mediator
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Spin-1 mediator
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A microscopic realization : SO(10)
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Spin-2 mediator

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

i
4

(87 (84 1 (83
FiiFoa + B Fua = 59 F 5Fa5] . (5)

(&tﬂzf)ﬁ/ + aﬂ;”hb) Y,




Spin-2 mediator
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Spin-2 mediator

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

1 m;, = 10'? GeV and A = 10'° GeV
Ling = Mh v (Lo +TX7)

9 . 1

int_AiL (QSMT ‘|‘9DMTW)

Numerical computation

( ,uqﬁ 0@+ 0@ 8u¢ g,uuaaq5 8a¢)

5 (do + 10 — 5 @ + Oui) .

1
T2
1
T4
1
T2

1
FaFya + FaFMoé - §gMVFa’BFa5] . (5)

- - mleGeV
— mleOlo GeV

04107 10
myg [Ge\/]




Moduli mediator

see talk Debtosh Chowdhury

In string motivated construction, the moduli fields T couple to the SM fields

® following 1

L KT\DMCDP
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— m,, = 10* GeV,m, = 10" GeV
m,,, = 10° GeV,m, = 10! GeV
T =T

mg = 10% GeV
A =10 GeV
Crmax — 1012 GeV

D. Chowdhury, E. Dudas, M. Dutra, Y.M. in preparation
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There exists a possibility that the photons do not reach the
thermal bath before producing the dark matter:

they annihilate almost immediately after being produced by the
inflaton (thus at a much larger energy, around My/2)
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There exists a possibility that the photons do not reach the
thermal bath before producing the dark matter:
they annihilate almost immediately after being produced by the
inflaton (thus at a much larger energy, around My/2)

Non-instantaneous
thermalization

Iy (thermal)

Dark matter 1s produced
before the produced radiation
reach their thermal « friends »

by scattering




Conclusion

The computation of dark
matter abundance in early
universe should be treated e

with care, especially in models
where new physics appears at
high scale (~10'° GeV),
implying derivative, and thus
temperature-dependent
pProcesses.
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HA2 = \left( \frac{\dot a}{a} \right)A2 = \frac{8 \pi G}{3} \rho_{rad}(T) = \frac{8 \pi G}{3} \frac{\piA2}{15} TA4
;> = \mathrm{cste} ~~~~ \Rightarrow ~~~~ \frac{da}{a} = - \frac{dT}{T}

t?rac{dT}{TA3}= -\sgrt{\frac{8 \piA3 G}{45}} dt ~~~~\Rightarrow ~~~~ t = \frac{M_{PL}}{TAZ2}\sqrt{\frac{45}{32
\p1A3}} \simeq 0.2 \frac{M_{PL}}{TA2}

;\\simeq 3 \times 10A{27}~\mathrm{GeVA{-1}} \sim 200 ~\mathrm{seconds}

;Et_D) \sigma v ~ t_D \simeq 1 ~~~~\Rightarrow n(t_D) \simeq \frac{1}{\sigma v t_D}

>\= \sqrt{\frac{3 T_D}{m_p}}\times c \simeq 5 \times 10A8 ~\mathrm{cm ~sA{-1}}

>>{now} = \left(\frac{\rho_mA{now}}{\rho_m(10A9~\mathrm{K})I\right)A{1/3} 10A9~\mathrm{K} = \left( \frac{10/{-30}}
{1.78 \times 10A{-6}~\mathrm{g/cmA3}} \right)A{1/3}10A9~\mathrm{K} \simeq 8 ~\mathrm{K}

\psi_\mu \sim 1 \sqgrt{\frac{2}{3}}\frac{1}{m_{3/2}}\partial_\mu \psi
H = h eA{1 \frac{\theta}{<H>}} ~~\Rightarrow ~~ W_\mu = 1 \frac{l}{<H>} \partial_\mu \theta

\mathrm{with}~~ m_{3/2} = \frac{<F>}{\sqrt{3}M_{P1}}

{\cal L} = \frac{i m_{\tilde G}}{8 \sqrt{6}~ m_{3/2} ~ M_{P1}} {\color{yellow} \bar\psi} ~ [\gamma_\mu, \gamma_\nu]
{\color{red} \tilde G} ~ {\color{green} G_{\mu \nu}}

\Omega_{3/2} hA2 \sim 0.3 \left( \frac{l ~\mathrm{GeV}}{m_{3/2}} \right) \left( \frac{T_{\mathrm{RH}}}{10A{10}~
\mathrm{GeV}} \right) \sum
\left( \frac{m_{\tilde G}}{100~\mathrm{GeV}} \right)A2

1 \Omega_{3/2} hAZ2 = {\color{yellow} \Omega_{3/2}A{scat} hAZ2 } + {\color{red}\Omega_{3/2}A{decay} hA2} ~~ \propto~~

| {\color{yellow} \frac{T_{RH}\sum m_{\tilde GAZ2}}{m_{3/2}A2 M_{P1}}} +{\color{red} \frac{ \sum MA3_{\tilde Q}}
‘ {mr2_{3/2} M_{P1}} }




The eoluau’ons

n_{e"-} +n_{e*+} =n_{\nu} + n_{\bar \nu} = \frac{3}{2} n_{\gamma}

n_{eAr-} + n_{er+} = 0 ~ ; ~~ n_{\nu} + n_{\bar \nu} = \frac{1}{2} n_{\gamma}

\frac{\ddot a}{a} = - \frac{4 \p1 G}{3} \rho ~\Rightarrow ~ q(t) = - \frac{1}{HA2} \frac{\ddot a}{a} = \frac{4 \pi
G}{3 HAZ2} \rho
\\
= \frac{1}{2} \frac{\rho}{\rho_c}= \frac{1}{2} \Omega,
\mathrm{with} ~ HAZ = \frac{8 \pi G}{3} \rho_c

n(T_f) \langle \sigma v \rangle = H(T_f) ~~ \Rightarrow ~~\left(T_f m \right)A{3/2} eA{-m/T_f} \langle \sigma v
\rangle < \frac{T_fA2}{M_{P1}} ~~\Rightarrow ~~ T_f=\frac{m}{\Ln{M_{P1}}} = \frac{m}{26}

\frac{dY}{dT} = \frac{TA2}{H(T)} \langle \sigma v \rangle YAZ2 ~~\Rightarrow ~~ Y(T_{now}) = \frac{1}{M_{P1} T_f
\langle \sigma v \rangle } = \frac{26}{M_{P1} m \langle \sigma v \rangle }

\Omega = \frac{\rho}{\rho_c} = \frac{n \times m}{\rho_c} = \frac{Y \times n_\gamma \times m}{\rho_c} = \frac{26
\times 400~\mathrm{cmA{-3}}}{\rho_c M_{P1} \langle \sigma v \rangle} < 1

\Rightarrow \langle \sigma v \rangle > 10A{-9} hA{-2} ~\mathrm{GeVA{-2}}

\langle \sigma v \rangle \simeq G_FA2 mA2 > 10A{-9} ~\mathrm{GeVA{-2}} ~~\Rightarrow ~~ m > 2 ~\mathrm{GeV}

\frac{dY_{a}}{dx_s} =\left( \frac{45}{g_* \pi} \right)A{3/2} \frac{1}{4 \piA2} \frac{M_P}{m_{a}A5}x_sA4 R

{\color{white} \chir@_1=} {\color{red} c_B \tilde B + c_1 \tilde H_1 + c_2 \tilde H_2} {\color{yellow} + c_W \tilde
W}




The eoluau’ons

Y {\tilde G} = \frac{n_{\tilde G}}{n \gamma} \simeq 10" {-8} \left( \frac{m_{3/2}}{1 ~
\mathrm{GeV}} \right)

g_{s+3/2}Ad \times (T_{3/2}Ad)A3 \times V(TAd_{3/2}) = \left[ 4 \times \frac{7}{8} \times (T_{3/2}70)A3 + 3 \times 2
\times \frac{7}{8}(T_\nuA@)A3 + 2 \times (T_\gammar@)A3 \right] \times V(T_\gamma’r@)

(T_{3/23720)A3 = \frac{l}{gAd_s}\frac{43}{11}(T_\gammar@)A3 ~~\Rightarrow ~~ \Omega hA2 = \frac{\rho_{3/2}}
{\rho_cA@} \simeq \frac{210}{g_sAd} \left(\frac{m_{3/2}}{1~\mathrm{keV}} \right) \lesssim 1 ~~ \Rightarrow ~~m_{3/2}
\lesssim 100 ~\mathrm{eV} ~~[gAd_s \lesssim 200]

\Gamma_{3/2}= \alpha_{3} \frac{m_{3/23A3}{M_{\mathrm{P1}}} ~; ~~\tau_{3/2} < 1~s ~~ \Rightarrow ~~ m_{3/2} > 10~
\mathrm{TeV} ~~\Rightarrow ~~ \sqrt{F} \simeq \sqrt{ m_{3/2} M_{\mathrm{P1}}} \gtrsim 10A{11}~\mathrm{GeV}

{\color{yellow} X + \tilde \gamma \rightarrow X + \tilde g}

{\cal L}

=\frac{1}{4 M_{\mathrm{P1}}}

{\color{yellow} \bar{\psi}A\alpha} \gamma_\alpha[\gammaA\mu,\gammar\nu ] ~{\color{red} \tilde G} ~{\color{green}
G_{\mu \nu}}

S \psi_\mu \sim 1 \sqrt{\frac{2}{3}} \frac{1}{m_{3/2}} \partial_\mu \psi

{\color{green} \Omegar{F0}_{3/2} = \Omega_{\tilde G} \times \frac{m_{3/2}}{m_{\tilde G}} \propto \frac{l}{\langle
\sigma v \rangle} \frac{m_{3/2}}{m_{\tilde G}} \simeq \frac{l}{\alpha_3} m_{\tilde G} \times m_{3/2}}

{\color{yellow} \Omega_{3/23A{\mathrm{scat}} \propto \frac{T_{RH} m_{\tilde G}A2}{m_{3/2}} }~~\Rightarrow ~~
\Omega_{3/2} \propto ~ {\color{yellow} \frac{T_{RH} m_{\tilde G}A2}{m_{3/2}}} +{\color{green} m_{\tilde G} \times
m_{3/2}}




FIMP

\frac{dn}{dt} = \langle \sigma v \rangle n_\gammaA2= R

~~\Rightarrow ~~\frac{d Y}{dT}= \frac{R(T)}{H ~T ~ s}

\\

{\color{yellow} \mathrm{with} ~~ H(T) = 1.66 ~ g_*(T) \frac{TAZ2}{M_{P1}}
~~ \mathrm{and} ~ ~s = \frac{2 \piA2}{45}g_*(T) ~TA3}mes m_{3/2}}

R(T) = \int \frac{E_1dE_1 E_2dE_2~ d \cos\theta_{12}}{(er{E1/T}-1)(er{E_2/T}-1)}\int
\frac{l{\cal M}I_{\gamma \gamma \rightarrow \psi \psi}A2}{1024 \piA6} d\Omega

{\cal L} = (\frac{1}{\Lambda_1} \phi B_{\mu \nu} BA{\mu \nu} + y_\psi \phi~ \bar \psi_L \psi_R + h.c.) + \mu_\phiA2
I\phi1l1A2 - \lambda_\phi [\phil|A4

\Omega hA2 = 0.1 ~\lambda_\phi~
\left(\frac{m_\psi}{10A9 ~\mathrm{GeV}} \right)A3
\left(\frac{T_{RH}}{10A {10} ~\mathrm{GeV}} \right)A5
\left(\frac{10A{13}~\mathrm{GeV}}{M_s} \right)A6
\left(\frac{10A{14}~\mathrm{GeV}}{\Lambda_1} \right)A2

{\cal L} = {\color{yellow} (\frac{l}{\Lambda_1} \phi B_{\mu \nu} BA{\mu \nu} + y_\psi \phi~ \bar \psi_L \psi_R +
h.c.) + \mu_\phiA2 [\philA2 - \lambda_\phi [\phil|A4}
\\

{\color{green} +( y_F \phi ~\bar F_L F_R + h.c.)}

\Omega hA2 = 0.1 ~(g_1/A2 \sum Y_FA2)A2\left(\frac{\lambda_\phi}{4} \right)/4
\left( \frac{m_\psi}{10A9 ~\mathrm{GeV}} \right)A3

\left( \frac{T_{RH}}{10A{10}~\mathrm{GeV}} \right)A5

\left( \frac{10A{13}~\mathrm{GeV}}{m_s} \right)A8

T_{RH}= \left( \frac{10}{g_s} \right)A{1/4}
\left( \frac{2 \Gamma_s M_{P1}}{\pi c}\right)A{1/2}
\\
\simeq 2.3 \times 10A{12}~
] (g_1A2 \sum_F Y_FA2)~\sqrt{\lambda_\phi}

\left( \frac{m_s}{10A{13}~\mathrm{GeV}} \right)A{1/2}
\mathrm{GeV}




The eoluau'ons

{\cal M}= \lambda ~\frac{s}{pAr2-M_MA2} \simeq \lambda \frac{s}{M_MAZ2}~~\Rightarrow ~~ R(T)\sim
\frac{TA8}{M_MA4}

\\
\Rightarrow ~~ \Omega hA2 = 0.1 ~\lambdar2 \left( \frac{M_{dm}}{1~\mathrm{TeV}} \right)

\left( \frac{T_{RH}}{10A{10}~\mathrm{GeV}} \right)A3
\left( \frac{10A{103}}{M_M} \right)/4

\Omega_{3/2}hA2 \simeq 0.11 \left( \frac{0.1 ~ \mathrm{EeV}}{m_{3/2}} \right)A3 \left( \frac{T_{RH}}{2 \times
10A{103}} \right)A7 {\color{red} \times \frac{56}{5} \ln \left(\frac{T_{max}}{{T_{RH}}}\right)}

J R(T) = n_{Eq}*2\langle \sigma v \rangle = \int f_1 f_2 \frac{E_1 E_2 dE_1 dE_2 ~d\cos \theta_{12}}{1024 \piAr6} \int
| {\cal M}_{fi}1A2 d \Omega_{13} \propto \frac{TA{n+6}}{\Lambdar{n+2}} i




