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1. The quest of dark matter
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Dark matter evidence
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What is dark matter?

No clear (non-gravitational) evidence for DM
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[Fig. from Billard et al. 2104.07634]
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Can dark matter interact with light?
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Why not?

Let’s look at the SM:

- neutrons are electrically neutral, but have:

1. electric dipole moment [Barr et al. PRL 65 (1990) 21-24, . . .]

2. magnetic dipole moment [Ioffe & Smilga Nucl.Phys.B 232 (1984) 109-142, . . .]

3. charge radius [Atac et al. Nature Commun. 12 (2021) 1, 1759, . . .]

4. anapole moment [Flambaum et al. Nucl.Phys.A 449 (1986) 750-760, . . .]

- similarly for neutrinos → shift in sin θW [Giunti & Studenikin Rev.Mod.Phys. 87 (2015) 531, . . .]

- leptons: (g − 2)ℓ, EDM, . . .
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2. Dark matter with electromagnetic interactions
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Electromagnetic vertex

Mµ

χ χ

γ
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Phenomenology I

- looking for pmiss. or Emiss.

[Chu et al. 1811.04095, . . .]

- relic density (freeze-in)
[Ibarra et al. 2408.15760, . . .]

- dense regions → indirect signals
[Kavanagh et al. JHEP 04 (2019) 089, . . .]

- relic density (freeze-out)
[Ho & Scherrer PLB 722 (2013) 341-346, . . .]
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Phenomenology II

- photon lines in dense regions
[Garny et al. JCAP 01 (2011) 032, . . .]

- could affect relic density
[Herms & Ibarra JCAP 10 (2021) 026, . . .]

- small momentum transfer → EFT
[Pospelov & ter Veldhuis Phys.Lett.B 480 (2000) 181-186, . . .]
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From form factors to EM moments

Mµ

χ χ

γ

Mµ ⊃ 6s+ 1 form factors fM(q2)
[Rahal & Ren PRD 41 (1990) 1989]

- scalar (s = 0) can have a (milli-) charge

- fermion (s = 1
2) up to 4 form factors

- vector (s = 1) up to 7 form factor

expand fM(q2) ≃ fM(0) + q2(∂fM)(0) + · · ·
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EFT of electromagnetically interacting DM

Effective Lagrangian for spin-1/2 fermion interacting with a photon Aµ:

L = eQχχ̄γµχA
µ +

µχ

2
χ̄σµνχF

µν + i
dχ
2
χ̄σµνγ5χF

µν +Aχχ̄γµγ5χ∂νF
µν + bχχ̄γµχ∂νF

µν

charge magnetic dipole electric dipole anapole moment charge radius
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3. Connection to direct searches
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Dark matter direct detection experiments
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[Fig. from Del Nobile 2104.12785]
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Basics of direct detection experiments

- in direct detection (DD) experiment, the scattering rate is given by

dR

dER
=

ρ0
mχmN

∫
d3v v f⊕(v, t)

dσ

dER

- information from particle physics (DM mass, cross section) and astrophysics (local
abundance, velocity distribution)

- number of events at the detector can be factorized as [2011.02929, 2203.04210, 2408.15760]:

N E
sig = wE

∫
dR =

∑

M,M′=Qχ,...

v⃗TMNE
MM′ v⃗M′
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v⃗ = (Qχ, µχ, dχ,Aχ, bχ)
T

contains all exp. and astrophysical details for experiment E



The Migdal effect in DD experiments

This extends reach of nuclear recoils experiments to mχ ∼ O(1GeV)

Merlin Reichard IBS Seminar 2026/05/13 17 / 34

[Ibe et al. 1707.07258]

[Dolan et al. PRL 121, 101801]

dσ

dER dEEM
≃ dσ

dER
× 1

2π

dpn,ℓ→EEM

dEEM
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Exclusion limits on the magnetic dipole moment

N E
sig = µ2

χ × NE
µχµχ

- nuclear recoils

- Migdal effect (e− from NR)

- electron recoils

- LEP, CMB, SN

- thermal production
(Ωh2 ≃ 0.12 [Planck 2018])
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Constraints on the dipole moments
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DD very sensitive to the EDM
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Multiple EM moments and their interference I

- but: why should only one moment ̸= 0?

- Qχ, µχ and bχ interfere:

N E
sig = · · ·+ µχbχNE

µχbχ + · · ·

- target dependent → slope (C3F8 vs. Xe)

Combining experiments w/ different targets
→ total sensitivity increases!
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Multiple EM moments and their interference II

- conservative limits (see [Brenner et al. 2203.04210])

cα

cβ

max{cα}
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4.1 Loop-induced EM interactions
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From the EFT to the UV

L = eQχχ̄γµχA
µ +

µχ

2
χ̄σµνχF

µν + i
dχ
2
χ̄σµνγ5χF

µν +Aχχ̄γµγ5χ∂νF
µν + bχχ̄γµχ∂νF

µν

Mµ

χ χ

SM SM

γ

Merlin Reichard IBS Seminar 2026/05/13 23 / 34

resolve the effective vertex

calculate Qχ, µχ , . . .



The basic UV building blocks

L = χ̄i

[
ciLPL + ciRPR

]
fS∗ + h.c.

S

f f

χjχi

γ

f

S S

χjχi

γ

L = χ̄iγ
µ
[
viLPL + viRPR

]
fV +

µ + h.c.

V

f f

χjχi

γ̂

f

V V

χjχi

γ̂
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[diagonal: 1401.6457, 1503.01500, 2408.15760, . . .]

[transition dipoles: Haber & Wyler 1989, 1011.3786, . . .]

[diagonal: 2207.01014]

[transition dipoles: Haber & Wyler 1989, 1011.3786, . . .]

[A. Ibarra, MR: work in progress, MR: Dissertation]



Master formulas for the EM moments

General scalar result (Dirac):

MS
ji =

eQf

32π2

{[
cjL(c

i
L)

∗ ± cjR(c
i
R)

∗
]
FS
M

(
mf

mχ1

,
mS

mχ1

,
mχ2

mχ1

)

+
[
cjL(c

i
R)

∗ ± cjR(c
i
L)

∗
]
GS
M

(
mf

mχ1

,
mS

mχ1

,
mχ2

mχ1

)}

- structure: Yukawa coupling

× loop function

- “plus” for µχ, bχ, “minus” for dχ, Aχ (P-violation)

- Majorana: add conjugate diagrams

- versatile result: n-DM models, neutrinos, . . .
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Master formulas for the EM moments

General scalar result (Dirac):
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- structure: Yukawa coupling × loop function
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- Majorana: add conjugate diagrams

- versatile result: n-DM models, neutrinos, . . .
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4.2 EM moments of UV complete DM models
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An overview of Majorana vs. Dirac

Majorana

- Only Aχ ̸= 0 due to Majorana condition

- DM-SM channel is “clean”

- Limits on Aχ can be used directly

Dirac

- All moments are allowed by symmetries

- Operators can interfere

- Determining limits on the UV model is
not trivial

Let’s have a look at specific models in which DM has EM interactions
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Simplified χ̃0
1 scenarios

split-SUSY: DM is a gaugino, all scalars are decoupled

- pure bino: no interactions with W/H

- pure higgsino: parity conserving interaction with W , Higgs int. is small

- pure wino: parity conserving interaction with W

A ≃ 0 for all pure *-inos

Two ways to generate an anapole moment:

i) add light degrees of freedom (sfermions) −→ scalar contribution with cL ̸= cR

ii) allow mixings, i.e. χ̃0
1 = “B̃ + H̃”, “W̃ + H̃” −→ vL ̸= vR → typically small
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MSSM: Two Simplified Scenarios
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Anapole moment of χ̃0
1 with the full MSSM
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Constraints:

- LEP, Γ(Z → inv.)

- Higgs sector

- LHC sparticle searches

- flavour physics

- no DM constraints → in DD
other terms may dominate
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A τ -philic toy model

Dirac DM toy model:

L ⊃ χ̄
[
cLPL + cRe

iϕCPPR

]
τS∗

1+h.c.

- at 1-loop: µχ, dχ, bχ, Aχ

- N E
sig. = v⃗T NE v⃗

- conservative limits via

N E
min := min

P,CP
N E

sig

- mass-splitting η = mS1/mχ
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Toy model with large CP violation
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Limits on the thermal relic
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Summary

- DM could interact with the EM field

- composite (e.g. neutron)
- quantum effects (e.g. leptons)
- phenomenology depends on spin, self-conjugacy

- Direct detection facilities can probe EM moments (EFT and UV)

- Thermal relic strongly constrained

Thank you for your attention
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Backup slides
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Backup: DM NREFT

To obtain the cross section in the master formula

dR

dER
=

ρ0
mχmN

∫
d3v v f⊕(v, t)

dσ

dER
,

we decompose the rel. operators into 14 independent non-relativistic operators Oi

dσ

dER
∼

∑

spins

|MNR|2 ∼
∑

τ,τ ′,ℓ

Rττ ′
ℓ (ci, q)W

ττ ′
ℓ (q)

H =
∑

N=n,p

15∑

i=1

cNi Oi, with cn,pi = const.
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Backup: EM moments in NR basis

For non-relativistic nuclear recoil matrix elements (N = n, p)

Mmilli = e2QχQN
1

q2
O1

MED = 2edχQNmN
1

q2
O11

MMD = 2eµχ

[
1

4mχ
QNO1 +

mN

q2
QNO5 +

1

2mN
gNO4 −

mN

2q2
gNO6

]

MA = A(2eQNO8 − egNO9)

MCR = ebχQNO1
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Backup: Basis operators for NR DM scattering

O1 = 1χ1N O9 = iS⃗χ · (S⃗N × q⃗
mN

)

O3 = iS⃗N · ( q⃗
mN

× v⃗⊥) O10 = iS⃗N · q⃗
mN

O4 = S⃗χ · S⃗N O11 = iS⃗χ · q⃗
mN

O5 = iS⃗χ · ( q⃗
mN

× v⃗⊥) O12 = S⃗χ · (S⃗N × v⃗⊥)

O6 = (S⃗χ · q⃗
mN

)(S⃗N · q⃗
mN

) O13 = i(S⃗χ · v⃗⊥)(S⃗N · q⃗
mN

)

O7 = S⃗N · v⃗⊥ O14 = i(S⃗χ · q⃗
mN

)(S⃗N · v⃗⊥)
O8 = S⃗χ · v⃗⊥ O15 = −(S⃗χ · q⃗

mN
)
(
(S⃗N × v⃗⊥) · q⃗

mN

)

Table: Non-relativistic Galilean invariant operators for dark matter with spin 1/2.
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Backup: nuclear recoil spectrum
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Backup: Multiple EM moments and their interference

- conservative limits

Mmom
α =

√
N sig

E (Mmax)(N−1
E )αα
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Backup: direct detection limits on dim-4 operators
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Backup: direct detection limits on dim-6 operators
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Backup: DD sensitivty to different EM moments
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Backup: Freeze-out

- ṅχ + 3Hnχ = −⟨σv⟩
(
n2
χ − neq

χ

)

- freezes out once Γχ ∼ H

τ
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Backup: Anapole relic density
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Backup: BFM and Pinch Technique

1L

χ χ

N N

=
M

χ χ

N N

γ +

χ χ

N N
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M

χ χ

N N
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vertex-like terms

[Hasimoto et al. ’94; Papavassiliou ’94; Denner et al. ’94; Review by Binosi & Papavassiliou ’09]

https://arxiv.org/abs/hep-ph/9406271
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Backup: MSSM Couplings I

To Charginos

vjL = −gN12U
∗
j1 − g

1√
2
N13U

∗
j2, (1a)

vjR = −gN∗
12Vj1 + g

1√
2
N∗

14Vj2, (1b)

cG,j
L = g cosβ

[
N∗

13U
∗
j1 −

1√
2
U∗
j2(N

∗
12 + tan θWN∗

11)

]
, (1c)

cG,j
R = −g sinβ

[
N14Vj1 +

1√
2
Vj2(N12 + tan θWN11)

]
, (1d)

cH,j
L = −g sinβ

[
N∗

13U
∗
j1 −

1√
2
U∗
j2(N

∗
12 + tan θWN∗

11)

]
, (2a)

cH,j
R = −g cosβ

[
N14Vj1 +

1√
2
Vj2(N12 + tan θWN11)

]
. (2b)
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Backup: MSSM Couplings II

To Sfermion/fermions

ci,1L = GfiL cos θ
f̃a

+HfiR sin θ
f̃a
, (3a)

ci,1R = GfiR sin θ
f̃a

+HfiL cos θ
f̃a
, (3b)

ci,2L = −GfiL sin θ
f̃a

+HfiR cos θ
f̃a
, (3c)

ci,2R = GfiR cos θ
f̃a

−HfiL sin θ
f̃a
, (3d)

with

GfiL = −
√
2g

[
T fi
3LN

∗
12 + tan θW (Qfi − T fi

3L)N
∗
11

]
, (4a)

GfiR =
√
2g tan θWQfiN11, (4b)

HfiL = − g√
2mW

mfi ×
{
N14/ sinβ, fi = u-type

N13/ cosβ, fi = d-type, ℓ
(4c)

HfiR = HfiL∗. (4d)
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