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Motivation

● WIMPs are not dead!

● (Colored) coannihilation scenarios could explain the no-show 
(higher expected DM masses)

● t-channel simplified models are perfect examples for colored 
coannihilation scenarios

● effects of Sommerfeld enhancement and bound state formation 
can be huge

 → How do non-perturbative effects impact our understanding of the 
favoured / excluded parameter space of t-channel models?
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Motivation
JH, Petraki (2018)

 → How do non-perturbative effects impact our understanding of the 
favoured / excluded parameter space of t-channel models?

JH, Petraki (2018)

Mohan, Sengupta, Tait, Yan, Yuan (2019)

Arina, Fuks, Mantani, Mies, et al. (2020)
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Simplified t-channel model

Assumptions:

● dark sector odd under Z2 symmetry

●    : Majorana singles and lightest dark 
particle  dark matter candidate→

●      : scalar particle with 3 generations 
with same mass mX

● gDM: diagonal, democratic coupling
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Dark Matter freeze-out with coannihilations
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DM SM

SM
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Dark Matter freeze-out with coannihilations
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 → for small mass splittings: co-annihilation
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Contributing processes to relic abundance
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Effective Boltzmann description

Assumptions:

With the effective dark matter yield

● Coannihilating particle will later decay in DM

● Coannihilating particle in thermal equilibrium with DM particle

preliminary
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Tree level annihilation

DM codes include only tree level

Towards new standards for the DM abundance
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Tree level annihilation

DM codes include only tree level

Higher order corrections

sizeable corrections to the DM 
abundance

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (2015a)
JH et al. (2013)

Towards new standards for the DM abundance

first study of theoretical error 
on relic abundance
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Tree level annihilation

DM codes include only tree level

Sommerfeld enhancement

JH et al., (2019), JH, Petraki (2018)
JH et al. (2015b)

Higher order corrections

sizeable corrections to the DM 
abundance

first study of theoretical error 
on relic abundance

Towards new standards for the DM abundance

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (2015a)
JH et al. (2013)
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with

Sommerfeld enhancement

attractive

repulsive

attractive

repulsive
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Tree level annihilation

DM codes include only tree level

Sommerfeld enhancement

Bound state formation

bound state formation and 
subsequent decay open up a new 

effective DM annihilation channel   

JH, Petraki (2018)
JH, Petraki (2019), 

first study of theoretical error 
on relic abundance

Towards new standards for the DM abundance

JH et al., (2019), JH, Petraki (2018)
JH et al. (2015b)

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (2015a)
JH et al. (2013)

Higher order corrections

sizeable corrections to the DM 
abundance
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Bound states formation and decay

 → additional “annihilation” channel alters the relic density prediction

bound state formation

bound state ionisation

bound state decay

ionisation

equilibrium

    decay dominates → depletion of DM
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Contributing processes to relic abundance

no BSF / SE no BSF / SE BSF / SE
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Impact of non-perturbative effects on mass plane

Becker, Copello, JH, Mohan, Sengupta, in preparation

DM                   
overproduction

DM                   
underproduction

preliminary
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DM                   
overproduction

DM                   
underproduction

DM                   
overproduction

DM                   
underproduction

Impact of non-perturbative effects on mass plane

Non-perturbative effects change 
expectation on DM mass and the mass 
splitting of coannihilating particles

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminary
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Impact on parameter space of t-channel model

loss of 
equilibrium with 
dark sector

Goal: Lower bound on gDM in order not to overproduce DM

From relic abundance we can obtain 
lower bound on gDM

Smaller Δm lifts 
exponential 
suppression of 
colored  
(co)nnihilation

processes with g
s 

dominant

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminary
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Impact on parameter space of t-channel model
Goal: Correction on gDM due to BSF and SE

Non-perturbative effects result in 
corrections on expected gDM

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminary
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Interplay with direct detection

Mohan, Sengupta, Tait, Yan and Yuan (2019)

● at tree-level due to Majorana nature

● Most stringent constraints from SD proton 
scattering

● PICO-60 limits

Spin dependent (SD) direct detection: Spin independent (SI) direct detection:

● only at one-level 

● Most stringent limits from Xenon1T

 → upper limit on gDM
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Interplay with direct detection

Mohan, Sengupta, Tait, Yan and Yuan (2019)

● at tree-level due to Majorana nature

● Most stringent constraints from SD proton 
scattering

● PICO-60 limits

Spin dependent (SD) direct detection: Spin independent (SI) direct detection:

● only at one-level 

● Most stringent limits from Xenon1T

Combination of limits allows us to 
exclude parameter space
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Interplay with direct detection

perturbative only + Sommerfeld enhancement + bound state formation

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminary preliminary preliminary
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Interplay with LHC searches

● multi-jets + ETmiss search by CMS 
[arXiv:1704.07781]

● mono-jet + ETmiss search by ATLAS 
[arXiv:1711.03301]

perturbative only + Sommerfeld enhancement + bound state formation

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminary preliminary preliminary



Impact of Sommerfeld enhancement and bound state 
formation in simplified t-channel models

28Julia Harz

Interplay with LHC searches
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preliminary preliminary preliminary
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Interplay with long-lived particle searches

Goal: Could e.g. a freeze-in mechanism account for the missing dark matter?

First check: is the long-lived parameter space already excluded?

● Colored mediator sufficiently long-lived: 
Heavy Stable Charged Particle (HSPC)

● decay outside the tracker (tracker only) or 
muon chamber (tracker + TOF)

● 13 TeV CMS analysis 12.9 fb-1 [CMS-PAS-
EXO-16-036 (2016)]

 → Upper bound on g
DM

Becker, Copello, JH, Mohan, Sengupta, in preparation
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Interplay with long-lived particle searches

perturbative only + Sommerfeld enhancement + bound state formation

Becker, Copello, JH, Mohan, Sengupta, in preparation

preliminarypreliminary preliminary
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Conclusions

● WIMPs are not dead!

● (Colored) coannihilation scenarios could explain the 
no-show (higher expected DM masses)

● effects of Sommerfeld enhancement and bound 
state formation are sizeable in t-channel  models

For conclusive exclusion of DM freeze-out in such 
a scenario, non-pertubative effects have to be 
taken into account!

preliminary
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Thank you for your attention!
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