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Simplified t-channel models for DM

Emanuele Copello – QMDM242/19

𝒖𝑹 model

𝒅𝑹 model

𝒒𝑳 model

Garny et al. (2017), Garny et al. (2018)

Mohan et al. (2019), Arina et al. (2020), Arina et al. (2021)

THIS 

TALK2 odd 

✓ Few new particles and parameters:

✓ Rich phenomenology on vast parameter space



DM abundance and coannihilations
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= −
Chemical + kinetic equilibrium:

Esdjo&Gondolo (1997),....,

Harz et al. (2012), Ibarra et al. (2015),

Biondini&Laine (2018), Biondini&Vogl (2019)

Relevant when small



DM abundance and coannihilations
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Incoming colored states experience gluonic long-range force!

Non-perturbative effects relevant ⟹ Sommerfeld effect + Bound state formation

Relevant when small



Long-range colored interactions: Sommerfeld effect
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[ Sommerfeld (1931) ]

suppressionenhancement



Long-range colored interactions: bound state formation
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Ellis et al. (2015), Petraki et al. (2015),

Mitridate et al. (2017), Harz & Petraki (2018),

Biondini & Laine (2018), Biondini & Vogl (2019)



What we wanted to improve on
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Adapted from [ Harz & Petraki (2018) ] Adapted from [ Mohan et al. (2019) ] Adapted from [ Arina et al. (2020) ]

Non-perturbative effects  ✓

Co-annihilations ✓

Simplified DM model  

Experimental limits 

Non-perturbative effects 

Co-annihilations  (✓)

Simplified DM model ✓

Experimental limits ✓

Pert. + SE + BSF
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https://arxiv.org/abs/1805.01200
https://arxiv.org/abs/1805.01200
https://arxiv.org/pdf/1903.05650.pdf
https://arxiv.org/abs/1805.01200
https://arxiv.org/pdf/2010.07559.pdf


What we wanted to improve on

Emanuele Copello – QMDM248/19

THIS WORK

Non-perturbative effects  ✓

Co-annihilation focus ✓

Simplified DM model ✓

Experimental limits ✓

We modified micrOMEGAs 5.2.7 [Belanger et al. (2001) and updated versions] including:

1. Sommerfeld effect (𝟑 ⊗ ഥ𝟑 and 𝟑 ⊗ 𝟑)

2. BSF (singlet ground state) for gluon emission.

3. Exploitation of CalcHEP calculations + long-time integration (𝑧 104)

⟹ Automatic + efficient RD computation ⟹ parameter space scan faster and easier

For details: see talk by Martin Napetschnig!

https://arxiv.org/abs/1805.01200
https://arxiv.org/pdf/1903.05650.pdf
https://arxiv.org/pdf/2010.07559.pdf
https://arxiv.org/abs/hep-ph/0112278
http://lapth.cnrs.fr/micromegas/
https://arxiv.org/abs/hep-ph/0112278


Impact on DM relic abundance: parameter space
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Becker, EC, Harz, Mohan, Sengupta (2022)

https://arxiv.org/abs/2203.04326


Impact on DM relic abundance: parameter space
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Affected by
repulsive SE

Attractive SE + BSF
dominate

SE+ /
pert

SE+BSF

Becker, EC, Harz, Mohan, Sengupta (2022)

𝐷𝑀
4

https://arxiv.org/abs/2203.04326


Direct detection constraints
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Spin-dependent (SD): tree

Spin-independent (SI) limits: 1 Loop+RGE (Majorana DM)

See also [ Mohan et al. (2018) ]

[ Amole et al. (2017) ]

[ Aprile et al. (2018) ]

Δ𝑚 ≃ 𝑚𝑡

Perturbative 

annihilations

Becker, EC, Harz, Mohan, Sengupta (2022)

https://arxiv.org/pdf/1702.07666.pdf
https://arxiv.org/pdf/1805.12562.pdf
https://arxiv.org/abs/2203.04326


Prompt searches: mono- and multi-jet + MET
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Recasting ATLAS mono-jet and multi-jet + MET (139 fb-1 @ √s =13 TeV):

Prompt searches @ LHC

1

2

3

Perturbative 

annihilations

Pair-production of mediators 

+ decay into quark + DM

Pair-production of DM +

initial-state-radiated jet

Associated production

DM + mediator

Becker, EC, Harz, Mohan, Sengupta (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-22/
https://arxiv.org/abs/2203.04326


                
    

    

    

 

 

  

                     

                

Prompt searches: bound state resonances
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Squarkonium-like bound state resonances could form at the LHC

[ Batell&Jung (2015) ]

[ Younkin&Martin (2009) ]
[ Martin (2008) ]

Prompt searches @ LHC

Perturbative 

annihilations

Excluded

Data from CERN-EP-2017-132

Becker, EC, Harz, Mohan, Sengupta (2022)

https://arxiv.org/abs/1504.01740
https://arxiv.org/abs/0912.4813
https://arxiv.org/abs/0801.0237
https://arxiv.org/abs/2203.04326


Potential of LLP searches
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Long-lived particle searches @ LHC

Recast CMS Heavy Stable Charged Particles (HSCP)  @ √s = 13 TEV, L=12.9 fb-1 

Excluded Lower bound on

Underabundant freeze-out when                  decouple Becker, EC, Harz, Mohan, Sengupta (2022)

Perturbative 

annihilations

Garny et al. (2018), Quentin et al. (2021), 

Bollig&Vogl (2021), Garny&Heisig (2021)

https://arxiv.org/abs/2203.04326


Combined constraints… with SE and SE+BSF
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Perturbative annihilations + Sommerfeld

+ Sommerfeld + BSF

Becker, EC, Harz, Mohan, Sengupta (2022)

https://arxiv.org/abs/2203.04326


Combined constraints… with SE and SE+BSF
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Perturbative annihilations + Sommerfeld

+ Sommerfeld + BSF

Becker, EC, Harz, Mohan, Sengupta (2022)
Zoomed in the strongly coannihilating region

https://arxiv.org/abs/2203.04326


Future projections
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Perturbative annihilations + Sommerfeld

+ Sommerfeld + BSF

Becker, EC, Harz, Mohan, Sengupta (2022)Direct detection → Darwin project

Colliders → High-Lumi LHC

https://arxiv.org/abs/2203.04326


Emanuele Copello – QMDM2418/19

Becker, EC, Harz, Mohan, Sengupta (2022)

LLP @LHC
𝑔𝐷𝑀

BSF @ LHC Prompt searches @ LHC

𝛿 ≡
Δ𝑚

𝑚𝑋
= 1%

Direct detection

Final remarks: potential of bound state searches at LHC

https://arxiv.org/abs/2203.04326


Conclusions
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SE and BSF:

• Modify                  in a non-trivial way (dominating processes, sign of potential,...).

• impact DM relic density in co-annihilating regime: 

smaller 𝐃𝐌, larger 𝐃𝐌 and wrt. perturbative scenario.

Experimental searches:

• Model (almost) fully probed by future experiments → highly testable

• BS searches at colliders independent of portal coupling → bridge prompt and LLPs regimes

Code for pheno:

• micrOMEGAs efficient for Coulomb SE and ground state. What about excited states (see 

coming talk of M. Napetschnig and J. Heisig) / Yukawa potentials?



Thank you for your attention!

Quarkonia meet Dark Matter

Garching, March 20, 2024
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