
FIMPs: from freeze-in to conversion freeze-out

Laura Lopez Honorez

mainly based on JHEP 1907 (2019) 136 & JHEP 1809 (2018) 037
in collaboration with L. Calibbi, S. Junius, S. Lowette & A. Mariotti

Scalars 2019 - Warsaw - 11-14/9/19

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 1 / 21



Introduction

WIMP Freeze-out: The simple picture

  

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 2 / 21



Introduction

WIMP Freeze-out: The simple picture

  

Γ ~ H

Γ >> H

Γ << H

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 2 / 21



Introduction

WIMP Freeze-out: The simple picture

  

χ

Freeze-out DM annihilation driven

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 2 / 21



Introduction
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Introduction

Annihilations vs coannihilations: going to ∆m� m

  

χ

Freeze-out Partner annihilation driven
χ
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Introduction

Simplified Model: 3 extra parameters mχ,mA, y

Dark matter χ (∼Majorana) fermion coupled to dark A and SM B through
Yukawa-like interactions [ see E. Ma, F. Kahlhoefer & O. Lebedev talks for FI with A from visible sector ]

L ⊂ yχAB

Dark sector (Z2 odd): mA > mχ

A is SU(2)× U(1) charged

fast A†A↔ SM SM through
gauge interactions at early time
A is produced at colliders today

χ-A-SM interactions:

χ ≡ FIMP↔ y� 10−4

long lived A at colliders
through A→ Bχ
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Freeze-in

Frozen in FIMP:
Large mass splittings within the singlet doublet case
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Freeze-in

Freeze-in

  

for

A
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Freeze-in

Freeze-in : displaced vertices and cosmology interplay
see also e.g. [Hall’09, Co’15, Hessler’16, d’Eramo’17, Buchmueller’17, Heeck’17, Boulebnane’17, Brooijmans’18, Garny’18]

  

Mediator mass range 
reachable at colliders

Warm DM like signatures
Suppressing small scale structures

Freeze-in

[see also talk by Felix Kahlhoefer and Johannes Herms for other probes of

freeze-in]Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 9 / 21



Freeze-in

Framework: H-coupled fermionic Dark Matter
see also [Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’14, Calibi’15, Freitas’15; etc]

−L ⊃ µ ψd · ψu + y( ψd · H ψs + H†ψu ψs) + ms/2 ψsψs + h.c. ,

SM + 3 dark fermions Z2 symmetry for DM stability

We work in the limit: y� 1 and µ� ms
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Freeze-in

Freeze-in from doublet decay
Freeze-in in the limit of y� 1 & µ� ms:

 relevant H-coupling for freeze-in in 1M2D: y < O(10−8) for mDM > few keV
Results confirmed using micrOMEGAs5.0 [Belanger’18]
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Freeze-in

Disapearing track or displaced h/Z+ MET
Copious production of χ2,3, ψ

± at colliders through EW processes

ψ± → π±χ2,3

 disapearing charged track
with cτ ∼ O( cm)
 µ > 150 GeV from [ATLAS DT’17]

χ2χ3 → ZZ/hh/Zh+ MET

 displaced vertex with jet and
MET with possibly cτ > O( cm)
 probe µ ≤ 1.2 TeV [ATLAS DV’17]
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Freeze-in

LHC & Cosmo complementarity
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Freeze-in

LHC & Cosmo complementarity

[No, Tunney & Zaldivar’0919]
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Conversion driven freeze-out

Conversion driven freeze-out
Leptophilic DM
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Conversion driven freeze-out

Annihilations vs coannihilations: going to ∆m� m

  

χ

Freeze-out Partner annihilation driven
χ

A
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Conversion driven freeze-out

Framework: Leptophilic DM with compressed spectrum
see also [Bergstrom ’89+, Bringmann ’08+, Ciafaloni ’11, Garny ’11+,Toma ’13, Giacchino’13++, Ibarra’14, Belanger’18, Calibbi’18...]

L ⊂ LK −
mχ

2
χ̄χ− mφφ

†φ − λχφχ̄lR + λH|φ|2|H|2 + h.c.

SM + 1 charged dark scalar φ + 1 Majorana dark fermions χ
(Z2 symmetry for DM stability)
mφ > mχ and we are mostly interested in λχ � 10−4

 φ LLP at colliders
We work in the compressed limit: ∆m = mφ − mχ < mχ
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

Freeze-in: feeble couplings λχ < 10−8

Yχ ∝ Γφ→χ` ∝ λ2
χ

small mediator-DM splitting ∆m/mχ ∼< 0.1

Annihilations: φφ† →SM SM
keep φ in eq. until φ fo (rate ∝ g4)

Conversions: φ→ `χ and φSM→ χSM
DM production (rate ∝ λ2

χ, λ
2
χg2)

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 17 / 21



Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

DM annihilations driven Freeze-out: weak couplings λχ ∼> 0.1
Yχ ∝ 1/σvχχ ∝ λ−4

χ

small mediator-DM splitting ∆m/mχ ∼< 0.1

Annihilations: χχ→ ``
keep χ in eq. until χ fo (rate ∝ λ4

χ)
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

Mediator annihilation driven Freeze-out: weak couplings λχ ∼< 0.1
Yχ ∝ 1/σvφφ† ∝ λ0

χ

small mediator-DM splitting ∆m/mχ ∼< 0.1

Annihilations: φφ† →SM SM
keep φ in eq. until φ fo (rate ∝ g4)

Conversions: φ→ `χ and φSM→ χSM
keep φ and χ in chemical equ. (rate ∝ λ2

χ, λ
2
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

Conversion driven Freeze-out: feeble couplings λχ ∼< 10−7

Yχ ↗ when Γφ↔χ ↘

small mediator-DM splitting ∆m/mχ ∼< 0.1

Annihilations: φφ† →SM SM
keep φ in eq. until χ fo (rate ∝ g4)

Conversions: φ→ `χ and φSM→ χSM
barely keep φ and χ in chemical equ. (rate ∝ λ2

χ) nχ(T) > neq
χ (T)
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Conversion driven freeze-out

Conversion driven FO: Viable parameter space

λχ . few ×10−6, ∆m < few GeV and mχ ∼ few × 100 GeV for λH = 0.1

right limit: freeze-out driven by
mediator annihilations

left limit: LEP constraints
on charged mediators

bottom limit: ∆m > ml

(or beyond 2→ 2)
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Conversion driven freeze-out

Collider constraints on charged (disapearing) track
Production of charged φ at colliders through EW processes (for small ∆m):

Γφ→χl ≈ 1
25 cm

(
λχ

10−6

)2 (
∆m

1 GeV

)2
(

100 GeV
mχ

)

`R = µR
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Collider constraints on charged (disapearing) track
Production of charged φ at colliders through EW processes (for small ∆m):

Γφ→χl ≈ 1
25 cm

(
λχ

10−6

)2 (
∆m

1 GeV

)2
(

100 GeV
mχ

)
Heavy Stable Charged Particles :
charged track with
cτ ≥ O(detector size)
 cτ < few m for mφ < 350 GeV
from [CMS HSCP’16] using SModelS

Disapearing track: charged track with
cτ <(detector size)
exclusion region around

cτ ∼ (5, 50) cm, mφ < 130 GeV
from [ATLAS DT’18]

cτ ∼ (0.2, 4) m, mφ < 170 GeV
from [CMS DT’18] `R = µR
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Conclusion

Conclusion

H-coupled FIMP fermionic DM: freeze-in through decays
small couplings y ∼ 10−8 − 10−9 long lived mediator at colliders tested
with displaced vertices and dispearing charged track
complementary constraints from cosmology with WDM-like behaviour of
light FIMP.

Leptophilic FIMP fermionic DM: Conversion driven freeze-out
small couplings y ∼ 10−6 − 10−8 but long lived mediator at colliders
partially tested with charged tracks
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Conclusion

Thank you for your attention!
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Backup

Backup
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Backup

Conversion driven FO: Viable parameter space

λχ . few ×10−6, ∆m < few GeV and mχ ∼ few × 100 GeV for λH = 0.1

right limit: freeze-out driven by
mediator annihilations

left limit: LEP constraints
on charged mediators

bottom limit: ∆m > ml

(or beyond 2→ 2)

Larger 〈σv〉φφ for larger λH

increase the viable parameter space
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Backup

Collider constraints on charged (disapearing) track
Production of charged φ at colliders through EW processes (for small ∆m):
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LHC & Cosmo complementarity

[No, Tunney & Zaldivar’0919]
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Backup

LHC & Cosmo complementarity

[No’19]
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Backup

From SuperWIMP to freeze-out
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Backup

Relative scattering contribution to FI
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Backup

Displaced lepton searches inappropriate

In the small mass splitting case, most events do not pass current pT cuts
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Backup

Conversion processes can affect the DM abundance

  

DM and mediator annihilation and Co-annihilation processes

Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 29 / 21



Backup

Conversion processes can affect the DM abundance

  

DM and mediator annihilation and Co-annihilation processes

DM and mediator Conversion processes
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FIMP: displaced vertices and cosmology interplay
e.g. [Hall’09, Co’15, d’Eramo’17, Heeck’17, Boulebnane’17, Brooijmans’18, Garny’18, Calibbi’18, Belanger’18 ...]

  

Mediator mass range 
reachable at colliders

Warm DM like signatures
Suppressing small scale structures

Freeze-in
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Backup

Freeze-in versus Freeze-out: feeble vs weak

Assuming L ⊂ yχAB and mA � mχ:

Freeze-in (y . 10−8):

YDM ∝ ΓA→χB ∼ y2

A plays the leading role
We assume YDM(ti) = 0
(dependence in init. cond.)

Freeze-out (y & 0.01):

YDM ∝ 1/〈σv〉χχ→BB ∼ 1/y4

A role is irrelevant
YDM(ti) = Yeq

DM
independent of init. cond.
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Conversion driven
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Conversion driven Co-annihilation driven
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Conversion driven Freeze-in
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Backup

Relevant processes in Leptophilic DM

  

(co-)annilations conversions
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Backup

Conversion driven freeze-out coupling to q

  

[Heisig garny et al ‘17 & ‘18]

b coupling t coupling
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Conversion driven freeze-out: Collider probes
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Backup

WDM constraints on FIMPs

See Heeck et al ’1706 and ’1709

  

allowed

Warmer 4.65 keV 
thermal relic 

 excluded
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WDM constraints on FIMPs

See Heeck et al ’1706 and ’1709

  

y χ
BA
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Backup

LHC & Cosmology complementarity

  

Fixed DM mass: overabundant
Fixed DM abundance: need lower mass 

Fixed DM mass: underabundant
Fixed DM abundance: need higher mass 
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LHC & Cosmology complementarity

  

[Boulebnane’17]
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Light FIMP can behave as WDM: 
Freestreams from overdense to underdense 

regions in the early universe 
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LHC & Cosmology complementarity
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Light FIMP can behave as WDM: 
Freestreams from overdense to underdense 

regions in the early universe 

Lyman-α 
bound
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Displaced vertices recasting
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Displaced vertices recasting
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Search for long-lived, massive particles in events
with displaced vertices and missing transverse

momentum in
p

s = 13 TeV pp collisions with the
ATLAS detector

The ATLAS Collaboration

A search for long-lived, massive particles predicted by many theories beyond the Standard
Model is presented. The search targets final states with large missing transverse momentum
and at least one high-mass displaced vertex with five or more tracks, and uses 32.8 fb−1 ofp

s = 13 TeV pp collision data collected by the ATLAS detector at the LHC. The observed
yield is consistent with the expected background. The results are used to extract 95% CL
exclusion limits on the production of long-lived gluinos with masses up to 2.37 TeV and
lifetimes of O(10−2)–O(10) ns in a simplified model inspired by Split Supersymmetry. ����������������
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