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Framework: Freeze-in production of FIMPs

• Viable production mechanism @ small masses and tiny
couplings

• Overdensities washed out by free streaming warm light
particles

• Necessary to go beyond nχ → PSD [D’Eramo, Lenoci: 2012.01446]
• DM PSD affects the matter power spectrum
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Modified Cosmologies: the "weather"
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Freeze-in via 2-body decays: phase space

Focus on DM FI via B1 → B2χ : the Boltzmann Equation reads

dfχ(A, p)
d log A = C (T (A), p(A))

H(A)

— C (T (A), p(A)) → microscopic physics input: decay
— Modify the cosmological background → H(A)

H(A) ∝ HMAm T (A) ∝ MAℓ q ≡ A × p(A)
/
M

e.g. (m, ℓ) = (−3/2, −3/8) for Inflation, (m, ℓ) = (−2, −1) in RD.
If DM FI production occurs within one epoch

fχ(q, AI, AF) ∝
∫ AF

AI

dA
Am+1

Aℓ+2

q2 Exp
[

− qA−ℓ−1 − 1
4qAℓ−1

]
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Benchmark scenarios: Solutions
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The PSD shape is fitted by

ffit(P) ∝ Pα Exp [−β P γ ]
P = p(t0)/Tχ

S M1 M2 M3 K1 K2 K3

α −0.5 −0.4 −0.1 −0.5 0 0.5 0

β 1 3.1 2.7 1.7 1.9 3.1 1

γ 1 0.7 0.6 1 1 0.8 1

Tommaso Sassi tommaso.sassi@phd.unipd.it 5



Generalized mass bounds

We compute its second moment

σq =
√∫∞

0 dq q4fχ(q)∫∞
0 dq q2fχ(q) =

√√√√ ∫ AF
AI

dA Aℓ−m+4K3(A−ℓ)
4
∫ AF

AI
dA Aℓ−m+2K1(A−ℓ)

This relates to the r.m.s velocity

Wχ(t0) ∝ Σ × Tχ

mχ
Tχ(t0) = T0

(g⋆s(T0)
g⋆s(M)

)1/3

The physical quantity is

Σ = σq × D−1/3
M
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Generalized mass bound

We impose WDM upper bounds from LSS Wχ(t0) < WWDM(t0)
[D’Eramo et al:2506.13864]

mmin
χ =

√
⟨p2

0⟩
WWDM(t0) = ΣTχ(t0)

WWDM(t0)

= 20 keV
(mWDM

6 keV

)4/3 (Σ
3

)( 104.5
g⋆(M)

)1/3

The Dilution factor accounts for entropy injection after production

DM = S(AR)
S(AM)
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Benchmark scenarios: Classification

Exemplary cases: M = 1 TeV

ΦI TI ΓΦ[GeV] phase crelic σq DM Σ Σth

S 0 1012 0 RD 1.4 × 10−8 3 1 3 3
M1 0.2 × 10−4 2 × 109 2 × 10−14 ΦDA 5.6 × 10−8 4.3 11 1.9 1.2
M2 10−3 1015 1.2 × 10−14 ΦDNA 3.1 × 10−7 300 106 3.0 3.8
M3 2.0 × 10−7 1.5 × 109 5.5 × 10−18 RD′ 3.2 × 10−8 3.0 5.0 1.7 1.6
K1 1015 105 0.2 × 10−19 ΦDA 4.4 × 10−6 3.5 6.1 1.9 1.9
K2 1015 105 10−16 ΦDNA 1.8 × 10−6 8.7 110 1.8 1.8
K3 1015 5 × 106 0 ΦD 2.5 × 10−7 3.5 1 3.5 3.5
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Benchmark scenarios: Lower mass bounds
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numerical mmin
χ [keV] 20 13 20 12 13 12 23

analytical mmin
χ [keV] 20 8 25 12 13 12 23
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Scanning different cosmologies
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Conclusions and Outlook

Summary

• Parametrized general modified cosmological backgrounds (wΦ)
• Solved BE in phase space → PSD
• Extracted lower mass bounds from warmness/structures
• Novel results: bounds can be relaxed/tightened by ≈ ×2
• Parameters space available for other experimental searches

Future developments

• Scatterings B1B2 → B3 χ

• Investigate IR/UV dynamics interplay
• Microscopical models for modified cosmologies
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Thank you!



BACKUP MATERIAL
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Cosmological Background Evolution

Introduce an exotic species Φ behaving macroscopically as a fluid

pΦ = wΦ ρΦ

The cosmological background evolves accordingly (in suitable
dimensionless variables

dΦ
d log A = −ΓΦ

H Φ

dR
d log A = (1 − 3wR) R + A(1−3wΦ) ΓΦ

H Φ

H(A) =
√

Φ A(1−3wΦ) + R√
3 A2

T 2
I

MPl

where

A ≡ a
/
aI

Φ(A) ≡ ρΦ(A)
T 4

I
A3(1+wΦ)

R(A) ≡ ρR(A)
T 4

I
A4
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Some useful remarks

We can analytically get some intuition and results

wΦ ≤ 1/3

AA =
(RI

ΦI

)1/(1−3wΦ)

ANA =
[
1 + 5 − 3wΦ

2
T 2

I√
3ΓΦMPl

RI√
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1
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√
3 ΓΦ MPl
T 2

I
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[

1
3(1 + wΦ)

√
3ΓΦMPl

T 2
I

√
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]−2/[3(1+wΦ)]
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(ΦI
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)1/(3wΦ−1)

In general

H ∝ HMÃm T ∝ M × Ãℓ with: Ã ≡ A
AM
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Phase Space Solution Analytics: Adiabatic
Stages

Exact analytic solutions can be found for specific cases: (RD, ΦD)

aI aA aNA aR,dec

∝ a−3(1+wΦ)

∝ a−4

ρΦ

ρR
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3
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∝ e−ΓΦt
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aI aNA aR,dec aR,rsh
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∝ e−ΓΦt
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DM = 1 =⇒ (ÃI → 0, ÃF → ∞)
Phase T ∝ aℓ H ∝ am fχ(q) σq
RD a−1 a−2 q−1/2e−q √

35/2

ΦD a−4 a− 3(1+wΦ)
2 q

3(wΦ−1)
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3wΦ+9
4

)
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Phase Space Solution Analytics: Adiabatic
Stages

If a NON-adiabatic era follows DM production we need to account
for dilution

aI aA aNA aR,dec

∝ a−3(1+wΦ)

∝ a−4

ρΦ

ρR

∝ a−
3
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and FI assumption consistency (watch out for couplings!)
Yχ(A) ≪ Y eq

χ (A) =⇒ Yχ(A0)DM < Y eq
χ

1 ≤ DM ≲ max
[
1,

mχ

2 keV

]
. . .
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Phase Space Solution Analytics: Non-Adiabatic
Stages

If FI happens during a NON-adiabatic phase physics (and
calculation) gets more complicated

aI aA aNA aR,dec
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Phase Space Solution Analytics: Non-Adiabatic
Stages

Maximizing the DM yield [Calibbi et al: 2102.06221]

Yχ(Ã) = ΓB1→B2χ

Ã3T (Ã)3

∫ log Ã

0
d log Ã′ (Ã
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Phase Space Solution Analytics: Non-Adiabatic
Stages

Estimating the maximum Dmax
M = # Y eq

χ /(0.44 eV/mχ)

Dmax
M ≥ max Yχ(ÃP)

Yχ(ÃR)
= Xχ(ÃP)

Xχ(ÃR)

(TR
M

)3(1+1/ℓ(wΦ)) (TP
M

)−3(1+1/ℓ(wΦ))

leading to

M
TR

(wΦ)
∣∣∣∣
max

= M
TP

(wΦ)
[( mχ

2 keV

) Xχ(x−1/ℓ(wΦ))
Xχ((M/TP)−1/ℓ(wΦ))

]− 1
(3(1+1/ℓ(wΦ))

DNA
M ≲

(
M
TR

∣∣∣∣
max

(wΦ)
)−3(1+1/ℓ(wΦ))
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Phase Space Solution Analytics: Non-Adiabatic
Stages

Some hidden subtleties
• Assumption of FI during a

single phase
• Critical behavior for

wΦ → −1
• Low-T FI tail missed

Solutions
• Overestimate

TR → (M/TR)/c1 with
c1 ≈ (1, 1.7) (a posteriori)

• Account for production
after TP → c2 ≈ 5

( M
TR

)
max

(c1, c2) = x
c1

x = M
TP

(wΦ)
[( mχ

2 keV

) c2 Xχ(x−1/ℓ(wΦ))
Xχ((M/TP)−1/ℓ(wΦ)

]−1/(3(1+1/ℓ(wΦ))
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Mass bounds analytical estimates I

RD : mmin
χ ≈ 2.96 Tχ(t0)

WWDM(t0) = 19.7 keV
(mWDM

6 keV

)4/3 ( 104.5
g⋆(M)

)1/3

ΦD : mmin
χ ≈ (1.94 − 3.46) Tχ(t0)

WWDM(t0) = (12.9 − 23.1) keV
(mWDM

6 keV

)4/3 ( 104.5
g⋆(M)

)1/3

RD′ : mmin
χ ≈ 11.1 keV

(mWDM
6 keV

)( 104.5
g⋆(M)

)1/4

ΦDA : mmin
χ ≈ (8.1 − 12.5) keV

(mWDM
6 keV

)( 104.5
g⋆(M)

)1/4
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Mass bounds analytical estimates II

wΦ ≳ −0.4

σ̃NA
Dmax,c1=1(wΦ) =

√√√√√ ∫ Ãmax
R

0 dÃ Ãℓ−m+4K3(Ã−ℓ)

4
∫ Ãmax,1

R
0 dÃ Ãℓ−m+2K1(Ã−ℓ)

(Ãmax,1
R )−(1+ℓ)

Ãmax,1
R =

[( M
TR

)
max

(1, 5)
]−1/ℓ(wΦ)

wΦ ≲ −0.4

σ̃NA
Dmax,c1=1.7(wΦ) =

√√√√√ ∫ Ãmax,2
R

0 dÃ Ãℓ−m+4K3(Ã−ℓ)

4
∫ Ãmax,2

R
0 dÃ Ãℓ−m+2K1(Ã−ℓ)

(Ãmax,2
R )−(1+ℓ)

Ãmax,2
R =

[( M
TR

)
max

(1.7, 5)
]−1/ℓ(wΦ)
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Scan region

We vary wΦ ∈ [−0.9, 1] and TI ∈ [10−2, 1012] GeV and change
other conditions to let the dilution factor vary over a few orders of
magnitude

PRELIMINARY
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Marginalizing cosmologies
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Imposing Freeze-In consistency a posteriori is necessary!
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