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Sommerfeld Effect and Bound State Formation
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Figure 1a. The amplitude for the radiative capture consists of the (non-perturbative) initial and

final state wavefunctions, and the perturbative 5-point function that includes the radiative vertices.
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Figure 1b. The leading order diagrams contributing to Cν . The external-momentum, colour-index

and space-time-index assignments are the same in all three diagrams.

Emission from the mediator
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Emission from X1
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We are interested only in the spatial components of Cν , ν “ 1, 2, 3,
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n-gluon exchanges contribute
with

(
α
v

)n for α ∼ v

Sommerfeld effect

σ(X1X2 → SM SM) = S
(α

v

)
σpert.

Bound State Formation (BSF)

σ(X1X2 → B (X1X2) g) = σBSF

Bound state as an additional particle in the thermal bath.
Figure from [Harz,Petraki (2018)]
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Simplified t-Channel Dark Matter

Universal framework for t-channel DM models [Arina,Fuks,Mantani (2020)]

S3M-uR t-channel Dark Matter

L = LSM + Lkin,BSM + gDMχ(uR)i (X †)i + h.c.

χ = (1, 1)0 Xi = (3, 1)2/3

• Discrete Z2: SM fields even, dark sector fields odd

• Majorana fermion DM to avoid direct detection constraints from Z vector
current

• 3 generation of mediator fields that couple democratically diagonally to the
SM quarks

• Parameters: (Mχ,∆ = MX −Mχ, gDM)
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Annihilation Channels

Process: (X1)R1 + (X2)R2 → B(X1X2)R + g

Color Potential

V (r) = −αs

2r
[C2(R1) + C2(R2)− C2(R)]

Color Configurations

3× 3 = 1 + 8

3× 3 = 3 + 6

• Only 1 and 3 provide attractive potential.

• 3 BSF suppressed compared to 1.
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Annihilation Channels
Process Contribution to 〈σeffv〉 Color Structure BSF

χχ→ qi q̄i g4
DM none 7
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7 [1] + 5
7 [8] 3
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3 [6] (3)
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Assumptions during DM freeze-out:

• Dark sector in kinetic eq. with the SM.

• Dark sector particles in chemical eq. with themselves.

Coannihilation

〈σeffv〉 =
∑

i,j

〈σijvij〉
neq

i

neq

neq
j

neq
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• Dark sector in kinetic eq. with the SM.

• Dark sector particles in chemical eq. with themselves.

Coannihilation

〈σeffv〉 =
∑

i,j∈{χ,X}

〈σijvij〉
neq

i

neq

neq
j

neq + 〈σBSFv〉eff
neq

X

neq

neq
X

neq

Bound states effectively provide an additional annihilation channel.

Bound State contribution to 〈σeffv〉

〈σBSFv〉eff = 〈σBSFv〉 Γdecay

Γion + Γdecay

→ BSF only contributes to the annihilation cross section of DM if the bound states
decay into SM particles!
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Calculation of the Relic Density

We adjusted micrOMEGAs 5.2.7 such that

• the Sommerfeld effect is included for colored scalars up to the adjoint
representation

• Bound state effects are included for colored scalars up to the adjoint
representation

Determine gDM,0 for each data point (Mχ,∆) such that DM is not overproduced.

For instance, we find gDM,0
(
Mu.b., 0

)
=
√

4π for

Upper Bound on the DM mass{
Mu.b.

pert.,M
u.b.
Som.,M

u.b.
BSF

}
= {7.2, 6.7, 21.1} TeV
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Lower bound on gDM
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• Gray region: No lower bound on gDM can be found in the context of
conventional freeze-out production.

• Within the white dashed lines: gDM small enough to allow for long lived
particles at colliders.
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Direct Detection [Mohan et. al (2019)]
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
{
d̃, s̃, b̃

}
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

{
ũ, d̃, s̃, c̃, b̃, t̃

}
mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than Mχ.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
(
δgDM ũ∗Y u†Y uχ̄PRu+ h.c.) + δm2 ũ∗Y u†Y uũ+O(Y 4).

)
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

δgDM = δm2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter
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Figure 2. Representative Feynman diagrams for DM scattering with gluons.
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(3.14)

They arise at the same power of 1/(M2−m2
χ), but are suppressed by αs as compared

to the corresponding quark SI Wilson coefficients, cf Eq. 3.11.

In Figure 3 we show the absolute value of the bottom quark (with mq = mb =

4.2 GeV) and gluon SI Wilson coefficients as a function of the dark matter mass,

and for a representative parameter point with Mq̃ = 1 TeV and gDM = 1. Each

coefficient is expressed in units of GeV to the appropriate power. All of the Wilson

coefficients have a resonant enhancement in the limit mχ → Mq̃. We observe that

the gluonic Wilson coefficients are roughly an order of magnitude smaller than their

quark counterparts. However, this feature is mitigated by the fact that their hadronic

matrix elements are large and RGE effects are important, especially for the spin-0

gluonic term O(0)
g .

We note that while the quark coefficients fq and g
(1)
q are independent of the

quark mass at this order, the gluonic coefficients fG, g
(1)
G and g

(2)
G all depend on

the mass of the quark in the loop. In the limit of mq → 0, fG and g
(2)
G reduce to
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• Wilson coefficients of the effective DM-q/DM-g interaction are RGE evolved
from µ ∼ MX to µ ∼ GeV→ factor ∼ 2 on amplitude level. [Mohan et. al (2019)]

• 1-loop or velocity suppressed SI contribution typically more constraining than
spin-dependent limits (for coannihilating regions).
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Direct Detection

Figure 5: Direct Detection constraints on the value of the coupling gDM .

mally allowed DM energy density given a maximized annihilation cross section. The annihilation cross
section is maximized for a vanishing mass splitting ∆M = 0 and a portal coupling at the largest value
that still allows for a perturbative description of the model, thus gDM =

√
4π. We find

(Mmax,pert.,Mmax,Som.,Mmax,BSF) ≈ (7.15, 6.7, 21.1)TeV . (15)

2 Direct Detection
We follow Ref. [3] and calculate direct detection constraints on the parameter space. Direct detection
constraints form an upper bound on the coupling gDM , whereas constraints from relic are a lower
bound on the value of the coupling. This allows us to rule out large regions of parameter space. Plots
below are only for SI constraints need to add SD constraints.

3 Collider Constraints
To be filled in by Dipan
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Strong constraints for small mass splittings.
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Exclusion Limits from Direct Detection

• BSF has a sizable impact for small mass splittings.

• Shift in largest allowed mass from Mχ ∼ 1TeV to Mχ ∼ 2.5TeV for ∆→ 0.

• Viable region for ∆ ∼ 100GeV slightly enlarged.
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Upcoming Collider Constraints

Three types of processes:

• Mediator pair production: g g → X X∗

• Associated production: q g → χ+ X

• DM pair production with an initial state jet: g q → χχ q

Using data from:

• mono-jet + /ET [Atlas (2021)]

• multi-jet + /ET [Atlas (2020)]

Small coupling (freeze-out) regions potentially constrained by

• Heavy Stable Charged Particle (HSCP) searches

• Displaced Vertices
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Conclusion

• The Sommerfeld effect and bound state formation (BSF) arise for long range
interactions in a dark sector

• BSF and subsequent bound state decay into SM particles efficiently provides
an additional DM annihilation channel

• We have analyzed a model of colored coannihilation (Simplified t-channel:
S3M-uR) using a modified micrOMEGAs version.

• The coannihilating region strongly impacted by non-perturbative effects.
Viable paramter space involving tiny couplings of DM to the SM is shifted from
1 TeV to 2.5 TeV

• Potentially interesting for long-lived particle searches

• Effect can be enhanced by a non-vanishing Higgs-portal coupling
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