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“Standard” WIMPs models are very 
constrained.

Strong constrains for vector mediated Z’ 
models
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Freeze-in

2

SM SM → χ χ

• No equilibrium

• Dependences of early universe history


➡ Negligible initial abundances is assume

• Really feeble couplings Hard to prove

Γ (SM → DM) ∝ λ2
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Gravitational production of Dark Matter
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•Non thermal particles has memory They are sensible to early universe production

O. Lebedev, arXiv: 2210.02293
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Gravitational production of Dark Matter
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Field fluctuations Inflation oscillation

•Non thermal particles has memory They are sensible to early universe production

O. Lebedev, arXiv: 2210.02293
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After inflation
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Planck suppressed operators are really efficient in particle production:

𝒞
MPl

ϕ2 χ̄χ

F. Koutroulis, O. Lebedev, S. Pokorski, arXiv: 2310.15906

Fermions:

𝒞 ≤ 10−5 GeV
M

Even small Wilson Coefficients can generate all of the DM



PLANCK-2025David Cabo-Almeida

χ
χ

χ

After inflation

5

Planck suppressed operators are really efficient in particle production:

𝒞
MPl

ϕ2 χ̄χ

F. Koutroulis, O. Lebedev, S. Pokorski, arXiv: 2310.15906

Fermions:

𝒞 ≤ 10−5 GeV
M

Even small Wilson Coefficients can generate all of the DM

Zero DM abundance is impossible in the world 
with gravity



PLANCK-2025David Cabo-Almeida

Low reheating: Dilution
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Inflation Reheating Radiation Era

T

Tend TR

ρ ∼ a−3

Hend 
a−3/2
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O. Lebedev, arXiv: 2210.02293
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ΔNR ≡ ( Hend

Hreh )
1/2

Low reheating: Dilution

6

Inflation Reheating Radiation Era

T

Tend TR

ρ ∼ a−3

Hend 
a−3/2

Hreh

O. Lebedev, arXiv: 2210.02293

𝒞 ≤ 10−5Δ1/2
NR

GeV
M
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Low reheating: Boltzmann suppressed

7

Now we can consider  as a free parameterTR All we know is TR > 4MeV



PLANCK-2025David Cabo-Almeida

Low reheating: Boltzmann suppressed

7

In low Reheating Temperature be find scenarios where  TR < mDM

Now we can consider  as a free parameterTR All we know is TR > 4MeV



PLANCK-2025David Cabo-Almeida

Low reheating: Boltzmann suppressed

7

In low Reheating Temperature be find scenarios where  TR < mDM

Now we can consider  as a free parameterTR All we know is TR > 4MeV

Energy

nSM

mDM

Only particles in the Boltzmann Tail 
  produces DME/T ≫ 1



PLANCK-2025David Cabo-Almeida

Low reheating: Boltzmann suppressed

7

In low Reheating Temperature be find scenarios where  TR < mDM

Now we can consider  as a free parameterTR All we know is TR > 4MeV

Energy

nSM

mDM

Only particles in the Boltzmann Tail 
  produces DME/T ≫ 1

Γ (SM → DM) ∝ λ2e−2m/TR



PLANCK-2025David Cabo-Almeida

Low reheating: Boltzmann suppressed

7

In low Reheating Temperature be find scenarios where  TR < mDM

Now we can consider  as a free parameterTR All we know is TR > 4MeV

Energy

nSM

mDM

Only particles in the Boltzmann Tail 
  produces DME/T ≫ 1

Γ (SM → DM) ∝ λ2e−2m/TR

Freeze-In at strongly coupling

C. Cosme, F. Costa, O. Lebedev, arXiv: 2306.13061
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The model: Z’ model
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Is natural to extend the SM symmetries  to an extra  symmetryGSM = SU(3) × SU(2) × U(1)Y U(1)′￼

See e.g. P. Langacker, arXiv: 0801.1345

Z′￼ χ
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The model: Z’ model
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ℒ ⊃ − mχ χ̄χ −
1
2

M2
Z′￼

Z′￼μZ′￼μ + χ̄γμ (Vχ − Aχγ5) χZ′￼μ + ∑
f

f̄γμ (Vf − Afγ5) fZ′￼μ

See e.g. P. Langacker, arXiv: 0801.1345

Is natural to extend the SM symmetries  to an extra  symmetryGSM = SU(3) × SU(2) × U(1)Y U(1)′￼

Keeping simple and neglecting the mixing with SM gauge Bosons, we end with the following couplings

= γμ (Vχ − Aχγ5)= γμ (Vf − Afγ5)

Z′￼ χ
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The model: Freeze-In regime
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·n + 3Hn = 2Γ(SM → χ̄χ)·n + 3Hn = 2Γ(SM → χ̄χ) − 2Γ( χ̄χ → SM)
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The model: Freeze-In regime
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·n + 3Hn = 2Γ( f̄f → χ̄χ)·n + 3Hn = 2Γ(SM → χ̄χ) − 2Γ( χ̄χ → SM)

•At heavy   regimeZ′￼
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·n + 3Hn = 2Γ(SM → χ̄χ) − 2Γ( χ̄χ → SM)

•At heavy   regime


•Energy conservation + Boltzmann distribution


•Non-relativistic 

Z′￼

T ≪ mχ

·n + 3Hn = 2Γ( f̄f → χ̄χ)

Γ(SM → χ̄χ) =
23π2T
(2π)6 ∫

∞

4m2
χ

ds σ ( s − 4m2
χ ) sK1( s /T )
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Energy

nSM

mDM

The model: Freeze-In regime

9

Γ( f̄f → χ̄χ) =
V2

f V2
χ m5

χ T3

2π4M4
Z′￼

e−2mχ/T

·n + 3Hn = 2Γ(SM → χ̄χ) − 2Γ( χ̄χ → SM)

σ( χ̄χ → f̄f ) ≃
V2

f V2
χ m2

χ

2πM4
Z′￼

s
s − 4m2

χs /T ≫ 1

K1(z) ≃
π
2z

e−z

•At heavy   regime


•Energy conservation + Boltzmann distribution


•Non-relativistic 

Z′￼

T ≪ mχ

·n + 3Hn = 2Γ( f̄f → χ̄χ)

Γ(SM → χ̄χ) =
23π2T
(2π)6 ∫
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4m2
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The model: Thermalisation

10

Vf = Af = Vχ = Aχ = λ
TR = 18 GeV MZ′￼

= 900 GeV Mχ = 300 GeV
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The model: Thermalisation
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Vf = Vχ = λ Af = Aχ = 0
MZ′￼

= 5000 GeV

λ ≃ 10−6 MZ′￼
T1/4

R

m5/4
χ

emχ/(2TR)
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The model: Thermalisation
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Vf = Vχ = λ Af = Aχ = 0
MZ′￼

= 5000 GeV
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Phenomenology: Results MZ′￼

= 5TeV

12

Vectorial
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Conclusions

13

 Dark relics are (over)produced during/after inflation 

Non-thermal DM has memory 

Later reheating can dilute the production               Boltzmann suppressed Freeze-In 

A new region in the parameter space is open!
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Production process
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Phenomenology: Results MZ′￼
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Axial
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Results MZ′￼

= 1TeV
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Vectorial Axial
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Results MZ′￼

= 7TeV
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Vectorial Axial
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 ExampleZχ

24

gZ′￼ = λ
Vf = gZ′￼(XfL + XfR) Af = gZ′￼(XfL − XfR)

Xfct
=

̂ϵ f
ch

D
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Instantaneous Reheating

25

ϕ → SM
ϕ → νR → SM

TR → 0.95 × TR
C. Cosme, F. Costa, O. Lebedev, arXiv: 2402.04743



PLANCK-2025David Cabo-Almeida

Phenomenology: ID and colliders

26

• Indirect Detection: Stricter bounds come from Fermi-LAT observation of 30 dSphs

A. Falkowski, K. Mimouni, arXiv: 1511.07434

λ
MZ′￼

<
0.12
TeV

λ
MZ′￼

<
0.19
TeV

• LEP: stronger constraints from 4-lepton operators ℓℓℓℓ

• LHC: direct search of new gauge boson  in the channel Z′￼ pp → ℓ+ℓ−X

95 % CL .

ATLAS Collaboration, arXiv: 1903.06248

χχ̄ → τ+τ− χχ̄ → bb̄ A. McDaniel, M. Ajello, C. M. Karwin, M. Di Mauro, A. Drlica-
Wagner, M. A. Sanchez-Conde arXiv: 2311.04982


