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Strongly coupled dark sectors
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General Setup

A (dark) sector with a gauge symmetry SU(Nc) and Nf light Dirac fermions q

LQCD(q,G) = −1

4
FµνFµν + q̄i/Dq− (q̄LMqR + h.c.) + θ

g2

32π2
Fµν F̃µν︸ ︷︷ ︸

CP-violation

,

But,... as we all know QCD is complicated ... It’s low energy description

LQCD(q,G) =⇒ Lθ ̸=0
BχPT(N, π)

However,... this is still complicated...

LQCD(q,G) =⇒ Lθ ̸=0
BχPT(N, π) =⇒ L(πNN)

eff
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Dark Matter as Baryons

• QCD-like dynamics: (Dark) Baryons and Pions

N =

(
p
n

)
︸ ︷︷ ︸

Nucleon Isospin doublet

, π =

π1

π2

π3


︸ ︷︷ ︸

Isospin triplet of light π’s

• The interactions between N ’s and π’s can be generically described by
[Crewther et al. (1979)]

L(πNN)
eff = gπNN N̄iγ5σ ·π N︸ ︷︷ ︸

CP - even

+ ḡπNN N̄σ ·π N︸ ︷︷ ︸
CP - odd
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A dark photon portal

We extend the model by introducing a U(1)d gauge symmetry [García-Cely et al. (2025)]:

LDP = −1

4
VµνVµν +

1

2
m2

VVµV
µ +

ε

2
VµνBµν ,

Mass Splitting p p
p

Vµ

−→
mp > mn

⇓
Neutron DM
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Dark dipole moments
The (dark) electromagnetic nucleon matrix element in a CP violating vacuum
[Kubis and Meissner (2001); Scherer and Schindler (2005); Abramczyk et al. (2017)]:

Γµ(q) = γµFE(q2) +
iσµνqν
2mn

FM(q2)︸ ︷︷ ︸
Magnetic Dipole

+
σµνqνγ5

2mn
FD(q2)︸ ︷︷ ︸

Electric Dipole

+
(γµq2 − 2MNqµ)γ5

m2
n

FA(q2)

• FE, FM, FD and FA are the charge, magnetic dipole,
electric dipole, and anapole.

• The electric dipole is dn = −FD(0)/(2mn).
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Dark dipole moments

The electromagnetic properties within BχPT are given by
[Pich and de Rafael (1991); Jenkins et al. (1993); Durand and Ha (1998)]

dn =
ed
2mn

gπNNḡπNN
2π2

log
(

mn

mπ±

)
, µn = O(1)× ed

2mn

while for the charge radius we adopt bn ∼ ed/Λ2 ∼ ed/m2
n.
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Direct Detection of dark neutron EDM
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A well known diagram

n n

N N

p

π π

ε×
V

γ

n n

N N

π

p p

ε×
V

γ

MNR ∼ cNi (q
2, v2⊥)︸ ︷︷ ︸

Wilson coefficients

· ON
i︸︷︷︸

NR Operators
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The Matching Procedure

Operator: Oi Coefficient: cNi (q2, v2⊥)

O1 1χ1N CP-even ecWϵQN
2mχ

q2

q2+m2
V
µn + ecWϵQN

q2

q2+m2
V
bn

O4 Sχ · SN CP-even ecWϵgN
mN

q2

q2+m2
V
µn

O5 iSχ ·
(

q
mN

× v⊥
)

CP-even 2ecWϵQNmN
q2+m2

V
µn

O6

(
Sχ · q

mN

)(
SN ·

q
mN

)
CP-even −ecWϵgNmN

q2+m2
V

µn

O11 iSχ · q
mN

CP-odd 2ecWϵQNmN
q2+m2

V
dn
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Our Dipole Signal
The differential event rate of DM-
nucleus scattering with recoil ER is
[Jeong et al. (2022); Ibarra et al. (2025)]:

dR
dER

= NT
ρχ
mn

∫
vmin

dσ
dER

v f⊕(v, vE(t))d3v

• dσ/dER: The differential
DM-nucleus scattering.

• f⊕(v, vE(t)): DM velocity
distribution in the Earth frame.
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ε = 2 · 10−5

gπNN = 0.1
ḡπNN = 0.35

mn = 130 GeV
mπ0 = 300 MeV
mV = 100 MeV

EDM contribution (∝ θ2)

CP-conserving contribution

Total

Thanks WimPyDD!!

Pablo Figueroa, Instituto de Física Corpuscular (CSIC-UV) 9/16



So, where are we?
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So, where are we?
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TotalDirect detection signal driven

by the CP-violating θ term
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CP-odd or CP-even?

10−2
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d
R
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Total
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t [day of year]

3.25× 10−5

CP-conserving contribution

CP-odd ∼ dnO11

CP-even ∼ µnO5
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CP-violation and Self Interacting DM
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One Pion Exchange

For our neutron DM, there is only one scat-
tering channel to be taken into account, nn
with π0 as mediator:

n

n

ḡπNN

ḡπNN

n

n

π0

θ-Induced Yukawa potential

V(r) = − ḡ2πNN
4π

e−mπr

r

Matching the effective low-energy
baryon-meson interaction Lagrangian,

ḡ2πNN = θ2
(
mπ

fπ

)2

m2
π b

2
1
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Self-Scattering Cross Sections
Small scales = Small- velocities Large scales = Large velocities

Data suggests velocity-dependent cross-sections

[Fischer et al. (2024)]

σ/mn ∼ 1− 10 [cm2 g−1] σ/mn ≲ 0.5 [cm2 g−1]

Galaxy ClustersSmall-scales
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Self-Scattering Cross Sections
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Self-Scattering Cross Sections
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Conclusions
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Conclusions

CP-violating π mediators are GREAT!

Naturally light pseudo-scalars (Goldstones)

• Potential signatures from direct detection of dark EDM.
• Sucessful SIDM with velocity dependence.

The dark θ angle changes the game!
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Outlook

New and successful
collaborations with you :)
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Baryon-Meson Effective Lagrangian

For the two-flavour sector (u,d): B̄ ≡ N̄ = (p̄, n̄) , Φ = τ ·π√
2
, the lowest-order

baryon-meson effective Lagrangian with at most two baryons [Pich (1995)]:

L(N)
1 =tr[N̄iγµ∇µN] + (D+ F) tr

[
N̄γµγ5

(
aµ − 1√

2fπ
(∂µΦ) +

i√
2fπ

[vµ,Φ]
)
N

]

where∇µ, is the covariant derivative:

∇µN ≡ ∂µN+ [Γµ,N]

Our dark photon field vµ: vµ = eDQDVµ, with QD = diag(2/3,−1/3) SM-like.
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Baryon-Meson Effective Lagrangian
Following the convention (D+ F) ≡ gA, and isolating the N̄NΦ interaction term:

L(πNN)
1 = − gA

2fπ
tr
[
N̄γµγ5τaN(∂µπa)

]
By IBP’s ∂µ(N̄γµγ5τaNπa) = ∂µ(N̄γµγ5τaN)πa + N̄γµγ5τaN(∂µπa) = 0:

L(πNN)
1 =

gA
fπ

MN tr
[
N̄iγ5τaπaN

]
=

gA
fπ

MN︸ ︷︷ ︸
≡gπNN

N̄jiγ5(τa)jkπaNk

where we have defined gπNN ≡ gAMN/fπ (Goldberger–Treiman relation).
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CP-violating terms

The CP non-conserving meson-baryon interaction terms are given by [Pich (1995)]:

L(πNN)
θ̄

= θ

(
m2

π

fπ

)
b1

[
p̄π0p+

√
2p̄π+n+

√
2n̄π−p− n̄π0n

]
where b1 is obtained via the mass splittings.

For this, χ = 2B0M withM = diag(mu,md,ms), in the lowestO(M) interactions:

L(B)
M̄ ⊂ −b0(4B0) tr[M]tr[B̄B]− b1(4B0)tr[B̄MB]− b2(4B0)tr[B̄BM]

After single out the mass terms for Ξ , Σ and N→ b1 = MΞ−MΣ
4B0(ms−m̂)
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Limits setting
We follow a standard likelihood approach

L =
1

nobs!
(nsig + nbck)nobs exp

{(
−(nsig + nbck)

)}
χ2 = −2 logL = 2

(
nsig + nbck − nobs log

(
nsig + nbck

)
+ log(nobs!)

)
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WimPyDD
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Operators Contribution

10−1 100 101 102

ER [keV]

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

d
R
/d
E
R

[t
on
−

yr
−

ke
V

]−
1

R
O

I
L

Z
(2

02
5)

MDM contribution

cN1 O1

cN4 O4

cN5 O5

cN6 O6

10−1 100 101 102

ER [keV]

−8

−6

−4

−2

0

2

4

R
at

e
F

ra
ct

io
n

R
O

I
L

Z
(2

02
5)ε = 2 · 10−5

gπNN = 0.1
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Velocity Integrals
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The different time dependences
might be understood already at the
level of halo integrals η(vmin, t)
[Nobile et al. (2016)]

ηn(vmin, t) =
∫
v>vmin

v2n
f(v, vE(t))

v
d3v
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Are we cheating?

n

n

gπNN

ḡπNN

n

n

π0

n

n

gπNN

gπNN

n

n

π0

From the pseudoscalar part [Kahlhoefer et al. (2017); Agrawal et al. (2020)],

dσ
dΩ

=
ḡ 2
πNNm

2
n

32π2m4
π

[
ḡ 2
πNN

(
1− m2

n

m2
π

v2
)
+

1

4
g 2
πNNv

2

]
+O(v4)

Pablo Figueroa, Instituto de Física Corpuscular (CSIC-UV) 16/16



Self-Interacting Cross Sections
The viscosity cross-section σV:

σV =
1

(2s+ 1)2
4π

k2

∞∑
l=0

(l+ 1)(l+ 2)

(2l+ 3)
sin2(δl+2 − δl)

To compute the phase shifts [Chu et al. (2020)]:

dδl,k(r)
dr

= −kmn r2 V(r)
(
cos[δl,k(r)]jl(kr)− sin[δl,k(r)]nl(kr)

)2

The boundary conditions are:

δl,k(0) = 0 and δl,k(r) → δl

Here, k = mnv/2 is the momentum of the DM, and v is the relative velocity.
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