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[Harz and Petraki (2018)]

[Mohan et al. (2019)]

[Arina et al. (2020)]

Non-perturbative effects  ✓

Co-annihilations ✓

Simplified DM model  

Experimental limits 

Non-perturbative effects 

Co-annihilations  (✓)

Simplified DM model ✓

Experimental limits ✓
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Simplified DM models
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Simplified t-channel DM models
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[Mohan et al. (2019)]

[Arina  et al. (2020)]

[Arina  et al. (2021)]

𝑺𝑼 𝟑 𝒄, 𝑺𝑼 𝟐 𝑳, 𝑼 𝟏 𝒀 Model

𝜒 (𝟏, 𝟏, 0)

෤𝑢 (𝟑, 𝟏, +2/3) 𝒖𝑹

ሚ𝑑 (𝟑, 𝟏, −1/3) 𝒅𝑹

෤𝑞 (𝟑, 𝟐, −1/6) 𝒒𝑳

ℒ ⊃ ෍

𝑖

(𝐷𝜇 ෨𝑋𝑖)†(𝐷𝜇
෨𝑋𝑖) − 𝑚𝑋

2 ෨𝑋𝑖
† ෨𝑋𝑖 + 𝑔𝐷𝑀

෨𝑋𝑖
†𝜒𝑃𝑅𝑞𝑖 + ℎ. 𝑐.

ASSUMPTIONS

• Discrete ℤ2: odd for dark sector 

• 𝜒: Majorana and LSP → DM

• 𝑋𝑖: 3 flavors, same mass 𝒎𝑿

• Democratic diagonal 𝒈𝑫𝑴

THIS TALK



Freeze-out with co-annihilations
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𝑑 ෨𝑌

𝑑𝑥
= −

𝑐𝑔∗,eff
1/2

𝑥2
⟨𝜎eff𝑣rel⟩ ෨𝑌2 − ෨𝑌eq

2

𝜎eff𝑣rel = ෍

𝑖,𝑗={𝜒,𝑋}

𝜎𝑖𝑗𝑣𝑖𝑗

𝑌𝑖
eq

𝑌𝑗
eq

෨𝑌eq 2

Co-annihilating region → 𝛥𝑀 = 𝑚𝑋 − 𝑚DM ≪ 𝑚DM

Parameter space: {𝒎𝐃𝐌, 𝚫𝑴, 𝒈𝐃𝐌}
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ASSUMPTIONS

• Dark-visible sectors in kinetic equilibrium

• Chemical equilibrium within dark sector

[Ellis et al. (2015)]

෨𝑌 = ෍

𝑖={𝜒,𝑋}

𝑌𝑖 ΩDMℎ2 ∝
1

⟨𝜎eff𝑣rel⟩

…
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ASSUMPTIONS

• Dark-visible sectors in kinetic equilibrium

• Chemical equilibrium within dark sector

[Ellis et al. (2015)]

෨𝑌 = ෍

𝑖={𝜒,𝑋}

𝑌𝑖 ΩDMℎ2 ∝
1

⟨𝜎eff𝑣rel⟩

Incoming colored states will 

experience gluonic long-range force!

…



Long-range non-perturbative effects
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Colored states feel long-range forces Wavefunctions of incoming

particles are distorted

In non-relativistic regime, 𝛼𝑔 ∼ 𝑣rel, their 

interactions can be enhanced or suppressed.

SOMMERFELD EFFECT

Effect captured by ladder diagram (2PI-resummed): 

𝑛 gluon exchanges contribute as 
𝛼𝑔

𝑣rel

𝑛

∼ 1

𝑉gluon
[෡𝐑]

𝑟 = −
𝛼𝑔

[෡𝐑]

𝑟
= −

𝛼𝑠

2𝑟
[𝐶2 𝐑𝟏 + 𝐶2 𝐑𝟐 − 𝐶2

෡𝐑 ]
𝐑1 ⊗ 𝐑2 = ෍ ෡𝐑

𝐶2(𝐑): quadratic Casimir



Long-range non-perturbative effects
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Colored states feel long-range forces Wavefunctions of incoming

particles are distorted

In non-relativistic regime, 𝛼𝑆 ∼ 𝑣rel, their 

interactions can be enhanced or suppressed.

SOMMERFELD EFFECT

⟨𝜎SE𝑣rel⟩ = ⟨𝜎0𝑆0
[෡𝐑]

⟩ → ⟨𝜎0

𝛼𝑔
[෡𝐑]

𝑣rel
⟩ , 𝑣rel ≪ 1

[Harz and Petraki (2018)]

𝑆0 ≃ 6

𝑆0 ≃ 0.1

𝑉gluon
[෡𝐑]

𝑟 = −
𝛼𝑔

[෡𝐑]

𝑟
= −

𝛼𝑠

2𝑟
[𝐶2 𝐑𝟏 + 𝐶2 𝐑𝟐 − 𝐶2

෡𝐑 ]
𝐑1 ⊗ 𝐑2 = ෍ ෡𝐑

𝐶2(𝐑): quadratic Casimir

REPULSIVE

ATTRACTIVE



Long-range non-perturbative effects
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Scattering state Bound stateRadiative

transition

[Harz and Petraki (2018)]

FORMATION IONISATION DECAY

BOUND STATE FORMATION

𝜎BSF𝑣rel ≃ 𝜎tree𝑆BSF ΓIon. ∝ 𝜎BSF ΓDec. ∼ 𝜎ann. 𝜓BS 0 2

𝑋1 + 𝑋2 → ℬ 𝑋1𝑋2 + 𝑔 ℬ 𝑋1𝑋2 + 𝑔 → 𝑋1 + 𝑋2 ℬ 𝑋1𝑋2 → 𝑔 + 𝑔



Co-annihilations with BSF
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𝜎eff𝑣rel = ෍

𝑖,𝑗={𝜒,𝑋}

𝜎𝑖𝑗𝑣𝑖𝑗

𝑌𝑖
eq

𝑌𝑗
eq

෨𝑌eq 2 + 𝜎BSF𝑣rel eff

𝑌𝑋
eq 2

෨𝑌eq 2
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BSF dominant from 𝒙 = Τ𝒎 𝑻 ∼ 𝟏𝟎𝟎!!

[Harz and Petraki (2018)]

𝜎BSF𝑣rel eff = ⟨𝜎BSF𝑣rel⟩
Γdecay

Γdecay + Γionization

ℬ 𝑋1𝑋2 → 𝑔 + 𝑔

ℬ 𝑋1𝑋2 + 𝑔 → 𝑋1 + 𝑋2𝑋1 + 𝑋2 → ℬ 𝑋1𝑋2 + 𝑔

Large T ΓIon≫ ΓDec ⇒ 𝜎BSF𝑣rel eff → 0
Small T ΓIon≪ ΓDec ⇒ 𝜎BSF𝑣rel eff → ⟨𝜎BSF𝑣rel⟩



Relic Density calculation: “mass spectrum”
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• Dramatic change in DM density with SE or 

BSF for small 𝑔DM when Δ𝑚 ≪ 𝑚DM.

• For 𝑔DM ∼ ℴ(1) still sizable effects

• Stronger effective annihilations 

→ larger DM masses needed 

→ larger mass splittings Δ𝑚

micrOMEGAs 5.2.7 modified with Sommerfeld

effect and BSF for colored particles 

→ consistent with Harz and Petraki (2018)
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Preliminary

∎ 𝒈𝐃𝐌 = 𝟏
∎ 𝒈𝐃𝐌 ≤ 𝟏𝟎−𝟐

Becker, EC, Harz, Mohan, Sengupta



• 𝑔DM
BSF lower than 𝑔DM

Pert. up to ∼ 10

• White dashed lines: 10−7 ≤ 𝑔DM ≤ 10−2

• Grey region: 𝑔DM too small for freeze-out 

and coannihilation assumptions → freeze-in 

+ LLP searches (in progress…)

Relic Density calculation: lower bound on 𝑔DM
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Smaller 𝑔DM ⇒ experimental limits evasion
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Preliminary

micrOMEGAs 5.2.7 modified with Sommerfeld

effect and BSF for colored particles 

→ consistent with Harz and Petraki (2018)

Becker, EC, Harz, Mohan, Sengupta



Direct detection constraints
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1-loop contribution to SI scattering (tree-

level absent due to Majorana nature)

RGE evolution from 𝜇 ∼ 𝑚𝑋 to 𝜇 ∼ GeV

SI limits with NLO contributions more 

constraining than SD limits 

Becker, EC, Harz, Mohan, Sengupta

[Mohan et al. (2019)]



Adding LHC data…
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Becker, EC, Harz, Mohan, Sengupta

Dominant processes of interest:

𝑔𝑔 → ෤𝑞 ෤𝑞 (mediator pair production)

𝑞𝑔 → ෤𝑞𝜒 (associated production)

Analyses utilized:

Mono-jet + MET [Atlas (2021)]

Multi-jet + MET [Atlas (2020)]

DD limits more important than 

LHC in this parameter region

• Largest 𝑚DM: 1 TeV → 2.4 TeV
• Larger Δ𝑚 = 𝑚𝑋 − 𝑚DM



Conclusions
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• Non-perturbative effects must be included when dark sector joins long-range interactions (e.g., 

QCD) → substantial alteration of DM relic abundance.

• Co-annihilating uR model: largest DM mass can be 2.5 times than without BSF and SE; mass 

splittings DM-mediators also larger (dR and qL in progress, effects similar)

→ multi-TeV region remains interesting

• SI DD provides stronger limits than LHC. But: small 𝑚DM and small Δ𝑀 implies 𝑔DM < 10−7

→ potentially interesting for LLPs searches (in progress).

• Future: - full micrOMEGAs implementation of SE and BSF for colored particles (other reps.)

- Analysis with other potentially interesting simplified models.

- Inclusion of SE and BSF from Yukawa potential (e.g., Higgs)

→ even stronger effects (see [Harz and Petraki (2019)])



Thank you for your attention!
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