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Motivation: DM Evidence

Rotation curves of galaxies

Movement of galaxy cluster
Survey of large scale structures
Imprints in the Cosmic Microwave
Background
DM constitutes ∼ 27% of the total
energy budget of the Universe
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Motivation: DM Direct Detection

Searches at colliders, direct- and indirect detection experiments

Direct Detection: scattering events between DM and target, recoil
signature in the detector
Experiment and theory connected via scattering rate

dR
dER

=
mN

∫
d3v v

Information from

particle physics (DM mass, cross section) and
astrophysical (local abundance, velocity distribution)
Cross section depends on the model
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Anapole Moment: The Setup

Effective photon interaction

Data DD←→
dσγ

χN
dEr

←−

Mµ

χ χ

N , e− N , e−

γ

←− Mµ

χ χ

γ

We want to compare DD limits with model predictions

Merlin Reichard (TUM) SUSY 2022 27.06.2022 5 / 16

TheoryExperiment

[See also hep-ph/0003010, 1401.6457, 1503.01500, 1608.00642, 1808.04112, 1806.07896, 2003.04039,. . .]
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Anapole Moment: EM Vertex Decomposition

Mµ(q) =
(γµ − qµ/q/q2)

[
fQ(q2) + fA(q2)q2γ5

]
− iσµνqν

[
fM (q2) + ifE(q2)γ5

]

Formfactors: charge, anapole, magnetic dipole, electric dipole
For zero momentum transfer (q2 = 0)

fQ(0) = q charge,
fA(0) = A anapole moment,
fM (0) = µ magnetic moment,
fE(0) = ε electric moment.

If χ Majorana: All except A vanish!
A violates separately P and C
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Anapole Moment: DD Limits
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XENONnT will reach A ∼ 10−6µN fm for mχ ∼ 100 GeV
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Anapole Moment: The Setup

Data←→
dσγ

χN
dEr

←−
A

χ χ

N N

γ ←− A

χ χ

γ

Exp. limit is A ∼ 10−6µN fm. What are the model predictions?
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Anapole Moment: Model Predictions

χ - Fermion - Scalar interaction:

LFFS = χ [cLPL + cRPR]S∗f + h.c.

→ AS scalar contribution
χ - Fermion - Vector interaction:

LFFV = χγµ [vLPL + vRPR]χ
−V+

µ + h.c.
+ Goldstones

→ AV vector contribution
Diagrams with vectors → unphysical result!
Background Field Method: γ → γ̂, ξW = 1

S

f f

χχ

γ̂

f

S S

χχ

γ̂

V

χ− χ−

χχ

γ̂

χ−

V V

χχ

γ̂

G

χ− χ−

χχ

γ̂

χ−

G G

χχ

γ̂
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Anapole Moment: Model-Independent Results (Scalar)
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Anapole Moment: Model-Independent Results (Vector)
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MSSM: The Situation in the MSSM

How is the anapole moment of χ̃0
1 generated?

Reminder: A breaks Parity (cL 6= cR, vL 6= vR)

Interactions w/ sfermions
Interactions with χ̃± for non-trivial mixing

Two possibilities to enhance A:
1 Light sfermions: A generated by scalar contribution AS
2 Mixing in the EW-ino sector: A generated by vector contribution
AV

(The Higgs contribution is neglected for the simplified models)
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MSSM: Two Simplified Scenarios
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What about the (p)MSSM?
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MSSM: Two Simplified Scenarios
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MSSM: Full Scan and DD limits
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Constraints from LEP, Γ(Z → inv.) [micrOMEGAS], Higgs sector [HiggsBounds, HiggsSignals], LHC [SModelS]

and flavour physics [SuperIso, GM2Calc], but no DM constraints
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Summary

We calculated two model-independent contributions: scalar AS
and vector AV

Simplified Models: AS ∼ O
(
10−6µN fm

)
, but AV ∼ O

(
10−8µN fm

)
only contribution if mf̃ large
In the MSSM both could be relevant, dep. on the low-energy
spectrum
Direct detection limit only applicable for a subset of the shown
points → more work as to be done
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Questions

Thank you for your attention

Questions?
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Backup: BFM and Pinch Technique
Pinch Technique:

χ χ

N , e− N , e−

γ −→

χ χ

γ

+

χ χ

N , e− N , e−

BFM∼

χ χ

γ̂

∣∣∣∣∣∣∣∣∣∣∣∣∣
ξW=1
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Vertex-like terms

[hep-ph/9406271, hep-ph/9410385, hep-ph/9406204, 0909.2536]

https://arxiv.org/abs
https://arxiv.org/abs/hep-ph/9410385
https://arxiv.org/abs/hep-ph/9406204
https://arxiv.org/abs/0909.2536


Backup: Analytical Anapole Expressions

Scalar functions:

AS = − e
96π2m2

χ

Qf

[
|cL|2 − |cR|2

]
FS

(mf
mχ

,
mS
mχ

)
Vector function:

AV =
e

96π2m2
χ

{
2
[
|vL|2 − |vR|2

]
FV

(mχ−

mχ
,
mV
mχ

)
+[∣∣∣cG

L

∣∣∣2 − ∣∣∣cG
R

∣∣∣2]FS

(mχ−

mχ
,
mV
mχ

)}
Loop functions:

FX(µ, η) =
3
2
log

(
µ2

η2

)
+ (3η2 − 3µ2 + nX)f (µ, η),

with nV = −7, nS = 1
Merlin Reichard (TUM) SUSY 2022 27.06.2022 2 / 11



Backup: Loop Functions
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Figure: Contour plot of absolute values of FV (µ, η) (left) and FS(µ, η) (right).
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Backup: Pure EW-inos & light sfermions
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Higgsino, τ -τ̃ -loop only
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Backup: Mixed EW-inos & heavy sfermions
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Backup: Scattering Rate for the Anapole Interaction

100 101 102 103 104 105
10-7
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100

dσ
dER

= αEMA2
[
Z2

(
2mT −

(
1 +

mT
mχ

)2 ER
v2

)
F2

Z (q2)

+
1
3

mT
m2

χ

(
µ̄T
µN

)2 ER
v2 F2

D(q2)

]
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Backup: pMSSM Parameter Space

Parameter Full 5-D
M1 [100, 2000] GeV [100, 2000] GeV
M2 [100, 2000] GeV [100, 2000] GeV
M3 [2000, 5000] GeV 3000 GeV

At,b,τ [−4000, 4000] GeV 4000, 0, 0 GeV
mA [103, 105] GeV 5000 GeV
tanβ [3, 50] 50
µ [100, 2000] GeV [100, 2000] GeV

m˜̀L,R
[100, 2000] GeV [100, 1000], 3000 (τ̃) GeV

mq̃L1,2
[400, 2000] GeV 5× 104 GeV

mũR1,2
, md̃R1,2

[400, 2000] GeV 5× 104 GeV
mq̃L3

[300, 2000] GeV 104 GeV
mũR3

, md̃R3
GeV [300, 2000] GeV 104 GeV
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Backup: MSSM Full Scan
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Backup: 5-D pMSSM scan including Ωχh2
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Backup: MSSM Couplings I
To Charginos

vj
L = −gN12U ∗

j1 − g 1√
2

N13U ∗
j2, (1a)

vj
R = −gN ∗

12Vj1 + g 1√
2

N ∗
14Vj2, (1b)

cG,j
L = g cosβ

[
N ∗

13U ∗
j1 −

1√
2

U ∗
j2(N ∗

12 + tan θW N ∗
11)

]
, (1c)

cG,j
R = −g sinβ

[
N14Vj1 +

1√
2

Vj2(N12 + tan θW N11)

]
, (1d)

cH ,j
L = −g sinβ

[
N ∗

13U ∗
j1 −

1√
2

U ∗
j2(N ∗

12 + tan θW N ∗
11)

]
, (2a)

cH ,j
R = −g cosβ

[
N14Vj1 +

1√
2

Vj2(N12 + tan θW N11)

]
. (2b)
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Backup: MSSM Couplings II
To Sfermion/fermions

ci,1
L = GfiL cos θf̃a + H fiR sin θf̃a , (3a)

ci,1
R = GfiR sin θf̃a + H fiL cos θf̃a , (3b)

ci,2
L = −GfiL sin θf̃a + H fiR cos θf̃a , (3c)

ci,2
R = GfiR cos θf̃a −H fiL sin θf̃a , (3d)

with

GfiL = −
√

2g
[
T fi

3LN ∗
12 + tan θW (Qfi − T fi

3L)N
∗
11

]
, (4a)

GfiR =
√

2g tan θW Qfi N11, (4b)

H fiL = − g√
2mW

mfi ×

{
N14/ sinβ, fi = u-type
N13/ cosβ, fi = d-type, `

(4c)

H fiR = H fiL∗. (4d)
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