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I \?Vel),:;;j The many virtues of the WIMP
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1.B d
Wel);;rl;‘,s Where are the WIMPs?

' Direct detection
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1.B d
Wel);;rl;‘,s Where are the WIMPs?

' DM annihilation in the Galactic Center
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Wel);\:rl;‘,s Where are the WIMPs?

' DM annihilation to neutrinos

- ¢

Borexino

v
KamLAND

SK
(Olivares

¥iceCube-HE [}

-
R ’

Thermal Relic Abundance

7

//’/ ¥YiceCube |

(Queiroz et al.)

00 102 100 108 100 10° 107
my (GeV)

C. Arguelles et al., arXiv:1912.09486 [hep-ph]



I %ﬁﬁ;ﬂ Beyond the WIMP
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Beyond the WIMP

structure
formation

2. Inflation & |

reheating

inflation
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The vacuum can be excited!

During reheating, the inflaton provides an oscillating background
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2. Inflation &
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Mixing of +/- frequency modes —  particle production!




Scalar (p)reheating
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Fermion (p)reheating
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The perturbative (dissipative) picture

Reheating as the exchange of energy between two ideal fluids

PP
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The perturbative (dissipative) picture

Reheating as the exchange of energy between two ideal fluids

PP
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2. Inflation &
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2. Inflation &

reheating
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Early times: feld Pictu re (limited dissipation)

iInteractions
(thermalization)

Late times: fluid picture (no fluctuations)
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Early times: feld Pictu re (limited dissipation)

Schiwnger-Keldysh / Kadanoft-Baym

Boltzmann

Late times: fluid picture (no fluctuations)




The phase space distribution

2. Inflation &

reheating
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G. Ballesteros, MG and M. Pierre, JCAP 03 (2021), 101




The phase space distribution

2. Inflation &

reheating
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K. Harigaya, K. Mukaida, JHEP 05 (2014), 006




s a spin-% dark matter particle the missing piece In the puzzle?

spin O spin 1/2 spin 1 spin 3/2 spin 2
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3. FIMPs

>~V\/V< ' (Rarita-Schwinger)
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Scatterings and decays

. Q2 * T
| ZQMPZJQ(D“H) LY, + h.c.

3. FIMPs

e

2,2 2
a7y~

mg/QM}%M]%

o(s) o ® Production peaked at high energies — reheating

® ¥ s never in thermal equilibrium (freeze-in)




Scatterings and decays
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Scatterings and decays
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3. FIMPs
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Scatterings and decays
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How warm is out-of-equilibrium dark matter?

3. FIMPs
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WDM (0.5 keV)

J. Baur et al.,, JCAP 08 (2016), 012




How warm is out-of—equilibrium dark matter?

R. Murgia, V. Irsic and M. Viel, PRD 98 (2018), 083540
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Constraints: {lpy; + v + v + Lyman-a

Au(Zu) Scattering
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Production (via inflaton decay)

Via 1,

MR < me.
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(via g are 2-loop suppressed)




Constraints: {lpy; + v + v + Lyman-a
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Beyond perturbation theory

Super-heavy dark matter (WIMPazillas, ...) E. Kolb, D. Chung and A. Riotto, AIP Conf. Proc. 484 (1999), 91
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Large metric fluctuations?

overdense
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Large metric fluctuations?

overdense
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Fragmenting the condensate
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Oscillaton collisions

time = 0.0 1/m

— T 1l=2m=0
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Oscillaton collisions

time = 0.0 1/m

; - W3l=2m=0
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Oscillaton collisions
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Dark matter from inflation

ON THE CONCENTRATION OF RELIC MAGNETIC MONOPOLES IN THE UNIVERSE

Inflation e ]ciently dilutes

Ya.B. ZELDOVICH and M.Yu. KHLOPOV
Institute of Applied Mathematics, Academy of Sciences of the USSR, Moscow 125047, USSR

PLB 79 (197/8), 239

relics, dangerous or not

But inflation can lead to overdensities
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Dark matter from inflation

ON THE CONCENTRATION OF RELIC MAGNETIC MONOPOLES IN THE UNIVERSE

Inflation e ]ciently dilutes

Ya.B. ZELDOVICH and M.Yu. KHLOPOV
Institute of Applied Mathematics, Academy of Sciences of the USSR, Moscow 125047, USSR

PLB 79 (197/8), 239

relics, dangerous or not

But inflation can lead to overdensities
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4. Compact
objects

Warm inflation?

Cold inflation Warm inflation

V(9) Inflation + continuous

Inflation Reheating radiation production
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A. Berera, PRL 75 (1995), 3218
A. Berera, |. G. Moss and R. O. Ramos, Rept. Prog. Phys. 72 (2009), 026901

Inflaton slows down by thermal
friction

®+ (BH+T)D+ Vg =0
or + 4Hp, — T®* = 0

Thermal noise 1s an extra source of
density fluctuations
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3/8 The inflaton needs to continually
produce particles

’ Daniel Green @nu_phases - 1 jun.

Problem: most couplings that do this will
destroy inflation / scale invariance

Worse problem: If you write a coupling that
preserves scale invariance, it was shown
you don't get normal friction

arxiv.org/abs/1109.4192




Warm inflation?

A way around? Warm Little Inflation (P as a pseudo-Nambu-Goldstone boson)

Leftover ® as DM PBH from WLI
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J. Rosa and L. Ventura, PRL 122 (2019), 161301 M. Bastero-Gil and M. Diaz-Blanco, arXiv:2105.08045 [hep-ph]




Comeplexity in the early Universe

Particle theory

e SM UV completions Np > 1
e Coup ing to ® weakly constrained
e Non-trivial field manifolds

4. Compact
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Comeplexity in the early Universe

background dynamics ———3  particle production = é&——3%  curvature fluctuations
<Xk1Xk2 > <<k1<k2 >
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A (conformal) spectator in dS

MG, M. Amin, S. Carlsten and D. Green, JCAP 05 (2019), 012
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A (conformal) spectator in dS
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A (conformal) spectator in dS

P(M; t+ 6t) = /de P(Mj_lM; t)P(Mj;ét)
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N,(o/H)* =25, Ny =20, Planck TT,TE,EE + lowE + lensing + BK15 (Ml 1o, B 20)

087 < A2,

4. Compact
objects

MG, M. A. Amin and D. Green, JCAP 06 (2020), 039
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W .S.a.Fe”it.eS Annihilation/decay
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CTA GC projection, this work
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CTA, JCAP 01(2021), 057
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Reheating + BSM is not always simple

Multifield effects In-medium effects

J. Ellis, MG, N. Nagata, D. Nanopoulos and K. Olive, JCAP 07 (2017), 006 V. Rychkov and A. Strumia, PRD 75 (2007), 075011

More general potentials

v

5. PI"OSPeCtS MG, K. Kaneta, Y. Mambrini and K. A. Olive, PRD 101 (2020), 123507 ; MG, K. Kaneta, Y. Mambrini and K. A. Olive, JCAP 04 (2021), 012



