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Motivation and Introduction

Dark matter freeze-out

χχ → X Y

T � Mχ
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Thermal freeze-out Gondolo and Gelmini (1991)

dnχ
dt

+ 3Hnχ = −〈σannvrel〉(n2
χ − n2

χ,eq)

relevant processes χχ ↔ SMSM, χχ ↔ χ′χ′

decoupling occurs at H ∼ nχ,eq〈σannvrel〉

T

M
≈

1

25
⇒ non-relativistic

ΩDMh2(Mχ,Mχ′ , α, αSM) = 0.1200± 0.0012
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Motivation and Introduction

DM models with long-range interactions

DM and/or coannihilating partners interact with gauge bosons and scalars

Near-threshold effects

... ...

χBSM

χBSM

BSF 1

BSF 2 BSF 3

E ≈ M E ≈ Mα,Mα2, T, gT ...

For dark matter...

Sommerfeld enhancement

Hisano, Matsumoto, Nojiri [hep-ph/0212022]

Bound-state effects

B. von Harling and K. Petraki [1407.7874]

dnX

dt
+ 3HnX = −〈σeff vrel〉(n2

X − n2
X,eq) ,

〈σeff vrel〉 = 〈σann vrel〉 +
∑
n

〈σn
bsf vrel〉

Γn
ann

Γn
ann + Γn

bsd

J. Ellis, F. Luo and K. A. Olive 1503.07142; T. Binder et al 2112.00042;

M. Garny and J. Heisig 2112.01499

⇒ large phenomenological impact for various models

see many talks at this workshop!
M

α
ΩDMh2 = 0.12
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Motivation and Introduction

DM models with long-range interactions

DM and/or coannihilating partners interact with gauge bosons and scalars

Near-threshold effects

... ...

χBSM

χBSM

BSF 1

BSF 2 BSF 3

E ≈ M E ≈ Mα,Mα2, T, gT ...

For dark matter...

Sommerfeld enhancement

Hisano, Matsumoto, Nojiri [hep-ph/0212022]

Bound-state effects

B. von Harling and K. Petraki [1407.7874]

Focus of this talk:

1) Effective Field Theories (EFTs) for non-relativistic dark

matter pairs

2) Transfer and adapt techniques that are used for heavy

quarkonium to dark matter

χ χ Q Q̄⇔
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Abelian Dark Matter model

Abelian DM model and NRQEDDM

M � Mα� Mα2 & T

Relativistic model Lagrangian

L = X̄ (i /D −M)X − 1

4
FµνF

µν + Lportal

T

QEDDM

NRQEDDM

pNRQEDDM

√
MT

M

Mα

Mα2

Non-relativistic EFT: integrate out the scale M ⇒ NRQED (Casweel, Lepage 1986)

LNRQEDDM
= ψ

†
(
iD0 −M +

D2

2M
+ cF

σ · gB

2M
+ cD

∇ · gE

8M2
+ icS

σ · (D× gE− gE× D

8M2

)
ψ

+ χ
†
(
iD0 + M −

D2

2M
− cF

σ · gB

2M
+ cD

∇ · gE

8M2
+ icS

σ · (D× gE− gE× D

8M2

)
χ

−
1

4
FµνFµν +

d2

M2
FµνD

2Fµν +
ds

M2
ψ
†
χχ
†
ψ +

dv

M2
ψ
†
σ χ · χ† σ ψ

+ Lportal ,
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Abelian Dark Matter model

Abelian DM model and NRQEDDM

M � Mα� Mα2 & T

Relativistic model Lagrangian

L = X̄ (i /D −M)X − 1

4
FµνF

µν + Lportal

T

QEDDM

NRQEDDM

pNRQEDDM

√
MT

M

Mα

Mα2

LNRQEDDM
⊃ ds

M2ψ
†χχ†ψ + dv

M2ψ
† σ χ · χ† σ ψ

+ = +

Im(ds ) = πα
2

[
1 +

α

π

(
π2

4
− 5

)]
, Im(dv ) =

4

9
(π2 − 9)α3

,
2S+1LJ : ds → f (1S0) and dv → f (3S1)
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Abelian Dark Matter model

pNRQEDDM

potential non-relativistic EFT: integrating out the scale Mα ⇒ pNRQED [Pienda and Soto hep-ph/9707481]

LpNRQEDDM
=

∫
d3r ϕ†(t, r ,R) [i∂0 − H(r , p,P, S1, S2) + g r · E(t,R)]ϕ(t, r ,R)−

1

4
FµνF

µν

EFT for DM pairs and ultrasoft dark photons, where

H(r , p,P, S1, S2) = 2M +
p2

M
+

P2

4M
−

p4

4M3
+ V (r , p,P, S1, S2) + . . .

V (r , p,P, S1, S2) = V (0) +
V (1)

M
+

V (2)

M2
+ . . .

account for above-threshold and below-threshold states (for heavy quakonium X. Yao and T. Mehen [1811.07027])

ϕij (t, r ,R) =

∫
d3P

(2π)3

[∑
n

e−iEnt+iP·R Ψn(r) Sij ϕn(P)

+

∫
d3p

(2π)3
e−iEp t+iP·R Ψp(r) Sij ϕp(P)

]

n n′ p p′n p
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Abelian Dark Matter model

pNRQEDDM at work: annihilation and decay

unbound-pair annihilations and bound state decay originate from the same set of operators

δV ann(r) = −
i

M2
δ

3(r)
[

2Im(ds )− S2 (Im(ds )− Im(dv ))
]

+ . . .

projection on scattering states correspond to a cross section (pair at rest P = 0)

(σannvrel)(p) =
1

2M2
〈 p, 0|

∫
d3r φ†(r ,R, t)

[
−ImδVann(r)

]
φ(r ,R, t) |p, 0〉

=
Im(ds ) + 3Im(dv )

M2
|Ψp0(0)|2 = (σNR

annvrel) S
`=0
ann(ζ) , S`=0

ann(ζ) =
2πζ

1− e−2πζ

projection on bound states correspond to a decay width

Γpara =
4Im(ds )

M2

|Rn0(0)|2

4π
=

Mα5

2

[
1 +

α

π

(
π2

4
− 5 +

4

3
log 2

)]

Γortho =
4Im(dv )

M2

|Rn0(0)|2

4π
=

2(π2 − 9)Mα6

9π

orhto-darkonium is an O(α3) effect ⇒ (σNR
annvrel)NLO = πα2

M2

[
1 + α

π

(
19
12π

2 − 17
)]
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Abelian Dark Matter model

pNRQEDDM at work: bound-state formation

(XX̄ )p → γ + (XX̄ )n, σbsf vrel = −2〈 p|Im[Σ11(Ep)]|p 〉

Σ11
p = −ig2 d − 2

d − 1
µ

4−d r i
∫

ddk

(2π)d
i

p0 − k0 − H + iε

× k2
0

[
i

k2
0 − |k|2 + iε

+ 2πδ(k2
0 − |k|

2)nB (|k0|)
]
r i

(σbsf vrel)(p) ≡
∑
n

(σn
bsf vrel)(p) =

g 2

3π

∑
n

[1 + nB(∆E p
n )] |〈n|r |p 〉|2(∆E p

n )3

Our work: matrix elements in a closed form for any bound-state see also M.Garny and J.Heisig [2112.01499]

(σ1S
bsfvrel)(p) =

α2π2 210 ζ5

3 M2 (1 + ζ2)2

e−4ζarccot ζ

1− e−2πζ

[
1 + nB(∆E p1

1S)
]
, ∆E p1

1S =
Mv2

rel

4

(
1 +

α2

v2
rel

)

agreement with B. von Harling and K. Petraki [1407.7874], T. Binder, B. Blobel, J. Harz and K. Mukaida [2002.07145]
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Abelian Dark Matter model

bound-state dissociation and transitions

(XX̄ )p + γ → (XX̄ )n, Γn = −2 〈n|Im[Σ11(En)]|n〉
→ photo dissociation

[V1]: Γn
bsd =

g2

3π

∫
d3p

(2π)3
nB(∆E p

n )

∣∣∣∣∣∑
`

〈n|r |p`〉

∣∣∣∣∣
2

(∆E p
n )3

[V2]: Γn
bsd = 2

∫
|k|≥|Eb

n |

d3k

(2π)3
nB(|k|)σn

ion(|k|) , |p| =
√

M(|k| + E b
n )

excitation γ + (XX̄ )1S → (XX̄ )2P and reverse process (de-excitation)

Γn`m
ex. =

∑
n′>n,`′,m′

g2

3π

∣∣∆E n
n′
∣∣3 nB

(∣∣∆E n
n′
∣∣) ∣∣〈 n′`′m′ |r | n`m 〉∣∣2

Γn`m
de-ex. =

∑
n′<n,`′,m′

g2

3π

(
∆E n

n′
)3 [1 + nB

(
∆E n

n′
)] ∣∣〈 n′`′m′ |r | n`m 〉∣∣2

Note: processes mediated by the electric-dipole operator ⇒ |∆`| = 1
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Abelian Dark Matter model

Effective cross section and Relic density

1
Mk

nS
, n
P,
...

n

1
Mk

ve
lo
ci
ty

co
rr
ec
ti
on

s

αm

radiative corrections

αm

radiative corrections

ve
lo
ci
ty

co
rr
ec
ti
on

s

What is the interplay of different improvements for

〈σeff vrel〉 and ΩDMh2?

〈σeff vrel〉 = 〈σannvrel〉 +
∑
n

〈σn
bsf vrel〉

Γn
ann

Γn
ann + Γn

bsd

velocity versus α corrections

〈σann vrel〉 = (σNR
annvrel)LO

[(
1−

v2
rel

3

)
S`=0
ann(ζ)

+
7

12
v2
relS

`=1
ann(ζ)

]
0.05 0.10 0.20 0.50

0.9

1.0

1.1

1.2

1.3
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Abelian Dark Matter model

Effective cross section and Relic density
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Non-Abelian Dark Matter Model

A dark non-abelian gauge group

Dark matter fermion coupled to SU(N) gauge bosons

L = X̄ (i /D −M)X − 1

4
G a
µνG

aµν + Lportal

prototype for the low-energy theory us pNRQCD [Brambilla, Pineda, Soto and Vairo hep-ph/9907240]

M � Mα &
√
MT � Mα2 & T � Λ

LpNREFTDM
=

∫
d3r

{
Tr
[
S
† (i∂0 − Hs ) S + O

† (iD0 − Ho) O
]

+ Tr

[
VA(r)g(S†r · EO + O

†r · ES) +
VB (r)

2
g(O†r · EO + O

†
Or · E)

]}
−

1

4
G a
µνG

aµν

this theory features an attractive and a repulsive potential

V (0)
s = −CF

α

r
, V (0)

o =
α

2Nr

also relevant for many DM models with co-annihilating partners
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Non-Abelian Dark Matter Model

Qualitative differences with U(1)

two annihilation channels: singlet and adjoint scattering states

δLann
pNREFTDM

=
i

M2

∫
d3r Tr

{
S
†
δ

3(r) N
[

2Im(f[1](
1S0))− S2

(
Im(f[1](

1S0))− Im(f[1](
3S1))

)]
S

+ O
†
δ

3(r) TF

[
2Im(f[adj](

1S0))− S2
(
Im(f[adj](

1S0))− Im(f[adj](
3S1))

)]
O

}

singlet and adjoint with Sommerfeld factors |Ψ[1]
p (0)|2 and |Ψ[adj]

p (0)|2

(σNR
annvrel)(p) =

(σNR
annvrel)

[1](p) + (N2 − 1)(σNR
annvrel)

[adj](p)

N2
.

Note: Im(f (2S+1LJ)) are known at higher order! hep-ph/9707223, hep-ph/9407339

bound states can only be sustained by the color-singlet pair

(σ1S
bsfvrel)(p) =

4CF

3N2
α(µus) [1 + nB(∆E p

1 )]
∣∣∣〈1S|r |p〉[adj]∣∣∣2 (∆E p

1 )3

agreement with Harz and Petraki 1805.01200
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Non-Abelian Dark Matter Model

Qualitative differences with U(1) (II)

there is a running coupling β0 = 11 N
3

Because of asymptotic freedom: α(2M)� α(Mα), α(Mvrel)� α(Mα2)

dahsed lines are for constant α and solid lines for running α
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Non-Abelian Dark Matter Model

DVLF annihialtions for ψψ pairs

DM model with coannihilating particles (χ ≡DM; ψ ≡ vector-like fermion; φ ≡ leptoquark)

L ⊃ y ψχφ+ yL
ij Qc

i iσ2φLj + yR
ij uc

R i
φ`Rjh.c.

ψψ → φφ [latter only χ = χc ], antitriplet is attractive!

σψψ vrel = σψ̄ψ̄ vrel =
y4(N − 1)

16π N

m2
ψ

(m2
ψ + m2

χ − m2
φ)2

(
1−

m2
φ

m2
ψ

)3/2

S0,[3](ζ) ,

V
(0)
[1] = −CF

αs
r
, V

(0)
[8] = αs

2Nr

V
(0)
[3] = −N+1

2N
αs
r
, V

(0)
[6] = N−1

2N
αs
r [1]

[3]

[8]

[6]

10 100 1000 10000
0.01

0.1

1

10

100

z=mχ/T

S
i
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Non-Abelian Dark Matter Model

Bound-state formation

(ψψ̄)p[8] (ψψ)n[6]Bn
[1] Bn

[3]

(ψψ̄)p
[8]
→ Bn

[1] + g , (ψψ)n[6] → B
n
[3] + g

use pNRQCD for two heavy quarks N. Brambilla, A. Vairo and T. Rosch hep-ph/0506065

ψNR,i (t, x1)ψNR,j(t, x2) ∼
3∑
`=1

T`(r ,R, t)T`ij +
6∑
σ=1

Σσ(r ,R, t)Σσij ,

relevant dipole interaction

LψψpNRQCD,dipole =

∫
d3r

8∑
a=1

3∑
`=1

6∑
σ=1

[(
Σ
σ
ij T

a
jkT

`
ki

)
Σσ†r · gsE a

T
`

−
(

T
`
ijT

a
jkΣ

σ
ki

)
T
`†r · gsE a Σσ

]
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Non-Abelian Dark Matter Model

Triplet-to-sextet transitions

(σ
1S[3]

bsf
vrel)(p) =

N(N + 1)

3N2
αs (µus)

[
1 + nB(∆Ẽ p

1 )
] ∣∣∣〈1S[3]|r |p[6]1〉

∣∣∣2 (∆Ẽ p
1 )3

where ∆Ẽ p
n = Ep − En[3]

=
Mψ

4 v2
rel

(
1 +

C2
aα

2
s

n2v2
rel

)
, Ca = (N + 1)/(2N)

[8] → [1]

[6] → [3]
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z=mχ/T

S
bs
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mχ=2 TeV, Δm/mχ=10
-2

[8] → [1]

[6] → [3]
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0.010

0.100

1

10

z=mχ/T

S
bs
f,e
ff

mχ=2 TeV, mϕ=1 TeV, Δm/mχ=10
-2, y=1.0

S. Biondini, T. A. Chowdhury and S. Saad 2306.09428
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pNREFT for scalar and pseudoscalar mediators

NRY for scalar mediators

L = X̄ (i /∂ −M)X +
1

2
∂µφ∂

µφ− 1

2
m2φ2

− λ
4!
φ4 − gX̄Xφ+ Lportal

no gauge symmetry → massive mediator

Non-relativistic EFT: integrate out the scale M ⇒ NRY Luke, Manohar hep-ph/9610534; Luke, Savage hep-ph/9707313

LNRY = ψ
†
(
i∂0 + c1 gφ + c2

∇2

2M
+ c3

φ2

M
+ c4

φ3

M2
+ cD

g {∇, {∇, φ}}
8M2

+ icS
gσiεijk∇jφ∇k

4M2

)
ψ

+ χ
†
(
i∂0 + c′1 gφ + c′2

∇2

2M
+ c′3

φ2

M
+ c′4

φ3

M2
+ c′D

g {∇, {∇, φ}}
8M2

+ ic′S
gσiεijk∇jφ∇k

4M2

)
χ

+ L4-fermions

+
d1

2
∂µφ ∂

µ
φ− d2

m2

2
φ

2 +
d3

4!
φ

4 +
d4

M2
(∂µφ)∂2(∂µφ) +

d5

M2
(φ∂µφ)(φ∂µφ)

S. Biondini (University of Basel) QMDM 2024 18th March 19 / 24



pNREFT for scalar and pseudoscalar mediators

NRY for scalar mediators

L = X̄ (i /∂ −M)X +
1

2
∂µφ∂

µφ− 1

2
m2φ2

− λ
4!
φ4 − gX̄Xφ+ Lportal

no gauge symmetry → massive mediator

Non-relativistic EFT: integrate out the scale M ⇒ NRY Luke, Manohar hep-ph/9610534; Luke, Savage hep-ph/9707313

LNRY = ψ
†
(
i∂0 + c1 gφ + c2

∇2

2M
+ c3

φ2

M
+ c4

φ3

M2
+ cD

g {∇, {∇, φ}}
8M2

+ icS
gσiεijk∇jφ∇k

4M2

)
ψ

+ χ
†
(
i∂0 + c′1 gφ + c′2

∇2

2M
+ c′3

φ2

M
+ c′4

φ3

M2
+ c′D

g {∇, {∇, φ}}
8M2

+ ic′S
gσiεijk∇jφ∇k

4M2

)
χ

+ L4-fermions

+
d1

2
∂µφ ∂

µ
φ− d2

m2

2
φ

2 +
d3

4!
φ

4 +
d4

M2
(∂µφ)∂2(∂µφ) +

d5

M2
(φ∂µφ)(φ∂µφ)

S. Biondini (University of Basel) QMDM 2024 18th March 19 / 24



pNREFT for scalar and pseudoscalar mediators

NRY for scalar mediators

L = X̄ (i /∂ −M)X +
1

2
∂µφ∂

µφ− 1

2
m2φ2

− λ
4!
φ4 − gX̄Xφ+ Lportal

no gauge symmetry → massive mediator

Non-relativistic EFT: integrate out the scale M ⇒ NRY

(L4-fermions)d=6 =
f (1S0)

M2
ψ
†
χχ
†
ψ +

f (3S1)

M2
ψ
†
σ χ · χ† σ ψ

(L4-fermions)d=8 =
f (1P1)

M4
O(1P1) +

f (3P0)

M4
O(3P0) +

f (3P1)

M4
O(3P1)

+
f (3P2)

M4
O(3P2) +

g(1S0)

M4
P(1S0) +

g(3S1)

M4
P(3S1) +

g(3S1,
3 D1)

M4
P(3S1,

3 D1)

at O(α2) for the annihilation XX̄ → φφ: Im[f (3P0)] = 25
6 πα

2 and Im[f (3P2)] = 1
15πα

2
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pNREFT for scalar and pseudoscalar mediators

pNREFT for scalar mediators

potential non-relativistic EFT: integrating out the scale Mα ∼ m ⇒ pNRY [2106.06472]

LpNRY =

∫
d3r ϕ†(r ,R, t)

{
i∂0 +

∇2
r

M
+

∇2
R

4M
+

∇4
r

4M3
− V (p, r ,σ1,σ2)

−2gφ(R, t)−g
r i r j

4

[
∇i

R∇
j
R φ(R, t)

]
−gφ(R, t)

∇2
r

M2

}
ϕ(r ,R, t) + Lscalar(φ(R, t))

leading order potential V (0) = −αr e
−mr , additional parameter ξ = Mα/(2m)

Ultrasoft vertices: monopole, quadrupole and derivative interactions

(for scalar meditors see also R. Oncala and K. Petraki 1808.04854, 1911.02605)

Example application of pNRY: annihilation cross section

(σannvrel)(p) =
1

2M2
〈 p, 0|

∫
d3r ϕ†(r ,R, t)

[
−ImδVann(r)

]
ϕ(r ,R, t) |p, 0〉

=
Im[f (3P0)] + 5Im[f (3P2)]

3M4

∣∣∣Ψ′p1(0)
∣∣∣2 =

3α2v2
rel

8M2
S`=1

ann(ζ, ξ)
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pNREFT for scalar and pseudoscalar mediators

Ultrasoft transitions

Example application of pNRY: bound-state formation

σbsfvrel
∣∣
T=0

=
α

120

∑
n

[
(∆E p

n )2 − m2
] 5

2
[
|〈p|r2|n〉|2 + 2|〈p|r i r j |n〉|2

]
+2α

∑
n

[
(∆E p

n )2 − m2
] 1

2
∣∣∣〈p
∣∣∣∇2

r

M2

∣∣∣n〉∣∣∣2
−
α

3

∑
n

[
(∆E p

n )2 − m2
] 3

2 Re

[〈
p
∣∣∣∇2

r

M2

∣∣∣n〉〈n|r2|p〉
]
,

finite temperature σbsfvrel
∣∣
T

= σbsfvrel
∣∣
T=0

[1 + nB(∆E p
n )]

Scalar dissociation

Γn
ion =

∫
|k|≥|En|

d3k
(2π)3

nB (|k|)σn
bsd(|k|)

2
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pNREFT for scalar and pseudoscalar mediators

pNRY with pseudoscalar interactions

L = X̄ (i /∂ −M)X +
1

2
∂µφ ∂

µ
φ−

1

2
m2
φ

2 −
λ

4!
φ

4 − X̄ (g + ig5γ5)Xφ + Lportal

M � Mα� πT & Mα2 �, Mα > m and ξ = Mα/(2m)

g5 interactions trigger S-wave annihilations/decay however g5-induced ultrasoft sector is subleading

σannvrel =
2παα5

M2
S`=0
ann(ζ, ξ) + · · · , ΓnS

ann = 2παα5
|R1(0)|2

πM2
+ · · ·

α=0.13

α=0.15
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pNREFT for scalar and pseudoscalar mediators

Conclusions

Dark matter thermal freeze-out in the early universe

→ non-relativistic particles in a thermal environment

Many dark matter models feature vector or scalar force carriers between dark particles

→ similarities with heavy quarkonia, interacting non-relativistic pairs

χ χ Q Q̄⇔

NREFTs and pNREFTs techniques for DM models

→ systematic scheme to assess possible improvements

→ handling of zero and finite temperature observables

NRQED/QCD and pNRQED/QCD and developed

pNRY for (pseudo)scalar mediators

Outlook

Inspect the thermal scale
√
MT and Debye mass [see talks by G. Qerimi and A. Dashko]

Derive evolution equations from pNREFTs: connection with Open-Quantum Systems

[see talks X. Yao, M. Escobedo, P. Vander Griend]
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pNREFT for scalar and pseudoscalar mediators

Thermal average

〈σannvrel〉 =

√
2

π

(
M

2T

) 3
2
∫ ∞

0

dvrel v
2
rel e
− M

4T
v2

rel σannvrel ,

Sann

1S bsf

2S bsf

2P bsf

3S bsf
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pNREFT for scalar and pseudoscalar mediators

Non-Abelian DM models

Im(f[1](
1S0)) =

N2 − 1

4N2
π α(2M)2

{
1 +

α

π

[
1

2N

(
5− π2

4

)
+ N

(
77

9
− 5

12
π2

)]}
,

Im(f[1](
3S1)) =

2

9
(π2 − 9)

(N2 − 1)(N2 − 4)

8N3
α3 ,

Im(f[adj](
1S0)) =

N2 − 4

4N
π α(2M)2

{
1 +

α

π

[
1

2N

(
5− π2

4

)
+ N

(
199

18
− 7

12
π2

)]}
,

Im(f[adj](
3S1)) =

5

6

(
−73

4
+

67

36
π2

)
α3 .
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pNREFT for scalar and pseudoscalar mediators

Non-abelian DM model

(σNR
annvrel)

[1]
NLO∗(p) = (σNR

annvrel)
[1]
NLO |Ψ

[1]
p (0)|2 ,

(σNR
annvrel)

[1]
NLO =

CF

2

πα(2M)2

M2

[
1 +

α

π

(
400N2 + 1044− 3π2(2N2 + 35)

72N

)]
.

(σNR
annvrel)

[adj]
NLO∗(p) = (σNR

annvrel)
[adj]
NLO |Ψ

[adj]
p (0)|2 ,

(σNR
annvrel)

[adj]
NLO =

N2 − 4

8N

πα(2M)2

M2

×
[

1 +
α

π

(
796N4 − 16144N2 − 720 + π2(−42N4 + 1499N2 + 36)

72N(N2 − 4)

)]
,
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pNREFT for scalar and pseudoscalar mediators

NRY and pNRY

four-fermion operators

(L4-fermions)d=6 =
f (1S0)

M2
ψ
†
χχ
†
ψ +

f (3S1)

M2
ψ
†
σ χ · χ† σ ψ

(L4-fermions)d=8 =
f (1P1)

M4
O(1P1) +

f (3P0)

M4
O(3P0) +

f (3P1)

M4
O(3P1)

+
f (3P2)

M4
O(3P2) +

g(1S0)

M4
P(1S0) +

g(3S1)

M4
P(3S1)

+
g(3S1,

3 D1)

M4
P(3S1,

3 D1) + · · ·

matching coefficients

Im[f (1S0)] = 2παα5 , Im[f (3S1)] = 0

Im[f (1P1)] = Im[f (3P1)] = 0 ,

Im[f (3P0)] =
π

6
(5α− α5)2

, Im[f (3P2)] =
π

15
(α + α5)2

,

Im[g(1S0)] = −
8π

3
αα5 , Im[g(3S1)] = Im[g(3S1,

3 D1)] = 0 .
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pNREFT for scalar and pseudoscalar mediators

NRY potential

Vm(r) = −αe
−mr

r
+ cD

πα

M2
δ3(r) + cD

α

M2

e−mr

r

(
p2 − m2

4

)
−icD

αe−mr

M2r 2

(
m +

1

r

)
r · p + cS

αe−mr

2M2r 2

(
m +

1

r

)
L · S ,

δM = αm − cDα

4M2
m3 .

S. Biondini (University of Basel) QMDM 2024 18th March 29 / 24


	Motivation and Introduction
	Abelian Dark Matter model
	Non-Abelian Dark Matter Model
	pNREFT for scalar and pseudoscalar mediators

