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The Dark Matter puzzle
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+'Local’ matter density

* Rotation Curves

* Clusters of galaxies

Credit: G. Bertone, Plenary ECFA-meeting @ CERN 2015
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Freeze-Qut vs. Freeze-In
Adapted from: Bernal et al. (2017) arXiv:1706.07442
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Beyond “vanilla” Freeze-In: relativistic corrections

Arcadi et al. (2019), arXiv:1906.07659

Lebedev&Toma (2019), arXiv:1908.05491
dgp d'?’p ' De Romeri et al. (2020), arXiv:2003.12606
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Beyond “vanilla” Freeze-In: thermal regulators

%(auX)Z ~ V() + UG D —mg)V — (yDM\Tf Jsmx + h.c.)
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1 Regularized!
t — m2(T)
m(T) ~ gT

“Vector-like portal”

Giacchino et al. (2013), arXiv:1307.6480
Colucci et al. (2018), arXiv:1805.10173
Bélanger et al. (2018), arXiv:1811.05478
Arina et al. (2020), arXiv:2001.05024

Logarithmic divergence!

2020
2019

, arXiv:1908.11387
, arXiv:1908.05685
2020), arXiv:2005.06294
2021), arXiv:2102.06221
2022), arXiv:2108.01757
2022), arXiv:2111.09321
2022), arXiv:2111.14871
2022), arXiv:2212.00561
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DM production rate: Boltzmann approach

YoM ~ oMl x DM
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Becker, EC, Harz, Tamarit (in preparation)
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DIVI I‘ate equatlon in Thel‘ma| O.FT Le Bellac's book (1996)
Lesm D 5(0,x)> =V (x)+ V(i@ D —my)¥ — (ypm¥ fomx + hec.)
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What is Hf?

Hf(?oaﬁ) = 291231\/1/(14’4 TT{PL$$(k)PR$}4(P — k)} (1= f4+(ko)— [+ (po—Fko)) sign(ko(po—ko))

Tree-level  $5(k) o« (k+ma) 6 (k% —m3) $7 (0 —k) o (p— k+my) 6 ((p— k)* —m3)
Spectral density = density of states

cosh((wp — k9)/2T) cosh (kY /2T)
cosh((w, — k2)/2T) cosh (k2 /2T)

2 2 kY =
mpy — Mpu
m?p M2 = m?l, —l—m?l,(T)
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How to properly account for radiative corrections?

( } T ST T e

Calzetta&Hu, PRD 37 (1988) 2878

Berges (2004), arXiv:hep-ph/0409233

. . . . . Prokopec et al. (2004), arXiv:hep-ph/0312110
2-particle-irreducible (2PI) effective action ’ Garny(et al.)(2010), ar§i5:0/911.4122
Carrington&Guo (2010), arXiv:hep-ph/1010.2978

Anisimov et al. (2010), arXiv:1012.5821

I‘zPI[A, Sl =itr [A(_o% A] — tr {S(_O; S} +itrln A7 —itrln ST+ T [A, S]  Drewesetal. (2013), arXiv:1305.0267
Garbrecht et al. (2013), arXiv:1303.5498

Drewes et al. (2015), arXiv:1510.05646
Garbrecht (2019),arXiv:1812.02651

Closed-Time-Path (Keldysh-Schwinger / in-in / real-time) formalism

3(1) S-matfix — Ensemble expectation values
= ++ G+—
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) = (g o)
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Resummed propagators and Kadanoff-Baym equations
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Te C h n | Cd I b Ut p hyS | Cd I I (po, ) = 2yDa /d4k TT{PL$$(k)PR$}4(p - k)}(l—f+(k0)—f+(190—ko)) sign (ko (po—ko))

I'y

(K) A

$0(K) = (K = Y3 (K) +ma)

Dispersion relations Q=0 =— &, = f(

" Thermal mass is not simply m?(T") = ¢°T2"

Thermal width — Landau damping

. A - > 5
Jim 85 oc (8(ko — e (D) + 8(ko —w- (D)) + peons (ko) =
'
aiinl off-shell
NWA “Pseudoparticles” (negative chirality/helicity)

and “holes” (positive chirality/helicity)

Simpler within Hard Thermal Loop (HTL) approximation

(see, e.g., Rychkov&Strumia arXiv:hep-ph/0701104, Garbrecht et al. a
Only reliable for T'>> my and T < my

e E) 1w e

k|, m,...)

“scatterings”

rXiv:1904.09956)

off-shell Landau damping
“scatterings”
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Becker, EC, Harz, Tamarit (in preparation)
] 108;10(20)



DM production rate: full propagators and comparison

Becker, EC, Harz, Tamarit (in preparation)
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Full Boltz. Full Boltz.
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Conclusions
T¢i ~ M finite-T effects relevant

Boltzmann or Thermal QFT?

Freeze-in from 2Pl in the CTP formalism
 Rate equation for DM within finite-density medium
* Thermal effects with fully-resummed propagators
 Direct way of going beyond-HTL and encompass all 1" vs. M regimes

Correction to relic-abundance wrt. semiclassical
approach depends on mass-splittings and couplings

&

WORK IN PROGRESS

13/15 Emanuele Copello — SUSY 2023



Outlooks

Our (long-term) goals:

1) Consistent description at finite-T

7) Encompass all regimes consistently, especially bulkat 7" = T ~ M

3) Compare with previous literature: Boltzmann, imaginary-time with HTL approx.
(e.g., Biondini&Ghiglieri arXiv:2012.09083)

4) Determine theoretical uncertainty for different g v.s. Am = my — mpwm
(see, e.g., Hamaguchi et al. arXiv:1111.4594)
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Thank you for your attention!

JG|u

Emanuele Copello — SUSY 2023 @ PRISMAT



	Diapositiva 1: Assessing the Role of Finite-Temperature Corrections in Dark Matter Freeze-In
	Diapositiva 2: The Dark Matter puzzle
	Diapositiva 3: Freeze-Out vs. Freeze-In
	Diapositiva 4: Beyond “vanilla” Freeze-In: relativistic corrections
	Diapositiva 5: Beyond “vanilla” Freeze-In: thermal regulators
	Diapositiva 6: DM production rate: Boltzmann approach
	Diapositiva 7: DM rate equation in Thermal QFT
	Diapositiva 8: What is         ? 
	Diapositiva 9: How to properly account for radiative corrections?
	Diapositiva 10: Resummed propagators and Kadanoff-Baym equations
	Diapositiva 11: Technical but physical
	Diapositiva 12: DM production rate: full propagators and comparison
	Diapositiva 13: Conclusions
	Diapositiva 14: Outlooks
	Diapositiva 15: Thank you for your attention!

