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Loop e�ects in direct detection: some simple estimates
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Consider a Dirac dark matter particle χ

If χ can scatter of nucleons N at tree-level via the exchange of a Z...:
↪→ Le� = fN χ̄γ

µχN̄γµN with fN ∼ GF

4
√
2

↪→ σχp ' µ2
NG

2
F

32π ' 5 · 10−40 cm2 � σ
(LUX)
χp

If the vector-vector coupling is induced at the one-loop level...:

↪→ σχp ' 5 · 10−40 cm2 ·
(

1
16π2

)2 · (0.5)4 ' 10−45 cm2 ' σ(LUX)χp

⇓
Direct detection experiments are getting sensitive to loop-induced scattering!
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A simpli�ed model of Dirac dark matter

Dark matter particle χ: Dirac fermion, SM singlet (1, 1)0
↪→ no tree-level coupling to Z, W± or h

Scalar mediator η
↪→ couples χ to one SM fermion fR via L = −y η†χ̄fR
↪→ mη > mχ

Coupling to... Quantum numbers of η
eR, µR or τR (1, 1)−1
uR, cR or tR (3, 1)2/3
dR, sR or bR (3, 1)−1/3

χ f

η

η η

γ, Z, g

Scenarios with coupling to a left-handed SM fermion doublet are very similar
↪→ see the paper for detailed discussion of all the possible cases
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Thermal parameter space

Only three parameters:
DM mass mχ, mass splitting mη/mχ, Yukawa coupling y

The requirement of Ωχh
2 ' 0.12 �xes y ≡ ythermal(mχ,mη/mχ)

↪→ main annihilation channel for the freeze-out: χχ→ ff̄
↪→ For mη/mχ . 1.2, also coannihilations are important, e.g. ηη† → γγ

⇓
For every coupling scenario (eR, uR, . . . ), the thermal parameter space is

only two-dimensional, spanned by mχ and mη/mχ
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⇓
Highly testable models!
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Intermediate outline

In the paper, we analyze the direct detection phenomenology for all
15 possible coupling scenarios:
eR, (νe, eL), uR, dR, (uL, dL) × three generations

In this talk, I will present the results for coupling to

1) uR
2) τR
3) bR
4) tR

↪→ this selection encapsulates most of the interesting features
appearing in all possible coupling scenarios

Some of these cases have (partially) already been discussed:
Agrawal& [1109.3516,1402.7369,1404.1373], Bai, Berger [1308.0612,1402.6696],
Chang& [1307.8120,1402.7358], Kopp& [1401.6457]



Case (1): Coupling to uR
If χ couples to the u or d quark, scattering o� nuclei is possible at tree-level:

χ χ

η

q q

⇒ L(SI)e� ∝ y2

m2
η −m2

χ

χ̄γµχNγµN
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For coupling to uR to dR,
LUX already excludes almost the
whole thermal parameter space

However: L(SI)e� ≡ 0 for coupling to fR /∈ {uR, dR}
↪→ in these scenarios, there is no SI interaction at tree-level!
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Case (2): Coupling to τR - Leptophilic dark matter

Dark matter coupling to τR (or any other RH or LH lepton):

One-loop diagrams induce an e�ective DM-photon coupling:

χ χ

γ

=

χ χf

ηη

γ

+

χ χη

ff

γ

L(γ)
e� =

µχ
2
χσµνχFµν

︸ ︷︷ ︸
magn. dipole moment

+ bχ χγ
µχ∂νFµν︸ ︷︷ ︸

charge radius

µχ and bχ are calculable (�nite) functions of mχ, mη and y

Similar diagrams induce an e�ective coupling χ̄χZ

↪→ suppressed by (mf/mχ)2 ⇒ irrelevant for leptophilic dark matter
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Case (2): Coupling to τR - Leptophilic dark matter

χ χ

γ

N N

via L(γ)
e� =

µχ
2
χσµνχFµν

︸ ︷︷ ︸
magn. dipole moment

+ bχ χγ
µχ∂νFµν︸ ︷︷ ︸

charge radius

Scattering o� a nucleus with mass mA and spin JA:

dσχA
dER

=αemµ
2
χZ

2

(
1

ER
− mA

2µ2
redv

2

)
[FSI (ER)]

2

+
µ2
Aµ

2
χmA

πv2
· JA + 1

3JA
[Fdipole (ER)]

2

+
2mAZ

2αem
v2

(
bχ +

µχ
2mχ

)2

[FSI (ER)]
2

−→ long-range dipole-charge
interaction

−→ dipole-dipole interaction
∝ µ2

A

−→ spin-independent
contact interaction



Case (2): Coupling to τR - Leptophilic dark matter
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⇓
• LUX already excludes a thermal relic for mχ . 100 GeV
• Future DD experiments can completely close in on that scenario
↪→ ... even for mχ & 1 TeV
↪→ ... despite the fact that the scattering is only loop-induced!



Case (3): Coupling to bR

Again, there is no tree-level scattering o� nuclei

Relevant one-loop diagrams:

χ χf

ηη

γ

χ χη

ff

γ

χ χη

ff

f
g g

⇒ charge radius & magnetic dipole moment of χ

⇒ e�ective dark matter-gluon coupling χ̄χGµνGµν
↪→ Le� = fS,gluonχ̄χN̄N



Case (3): Coupling to bR
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Excellent prospects for future direct detection experiments

In this model, the dominant annihilation mode is χχ̄→ bb̄
↪→ for mDM ' 50 GeV, this model could explain the Galactic Center Excess

observed by Fermi
↪→ well within the reach of XENON-1T!



Case (4): Coupling to tR

χ χf

ηη

γ

χ χη

ff

γ

χ χη

ff

f
g g

χ χf

ηη

Z

N N

χ χη

ff

Z

N N

⇒ charge radius & magnetic dipole moment of χ

⇒ e�ective dark matter-gluon coupling χ̄χGµνGµν
↪→ Le� = fS,gluonχ̄χN̄N

⇒ e�ective χ̄χZ vertex

↪→ Le� = fV,Z χ̄γ
µχ N̄γµN with

fV,Z ∝ (mf/mχ)2



Case (4): Coupling to tR

χ χf
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For DM coupling to the top-quark, the one-loop Z exchange is dominant
for mχ . 5 TeV

LUX only constrains a rather small part of the thermal parameter space

However: XENON-1T will be sensitive to dark matter masses & 1 TeV



Outlook: leptophilic dark matter in the Sun?

Can dark matter be captured and annihilate in the Sun,
if it is purely leptophilic?

The IceCube/Super-K limits can be very strong for leptophilic annihilations,
e.g. DM DM → τ+τ− or DM DM → νν̄

The magnetic dipole moment of χ leads to a dipole-dipole interaction
with protons
↪→ similar to spin-dependent scattering o� protons



Equilibration of leptophilic Dark Matter in the Sun
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Again, we �x the coupling y to its thermal value
(
ΩDMh

2 = 0.12
)

A� = 1
2C� tanh2 (t�/τeq) with τeq ∝

1√
σcapture · 〈σv〉

↪→ Equilibrium condition: t�/τeq � 1
↪→ contour lines show constant values of t�/τeq

⇓
In our simpli�ed model of leptophilic Dirac Dark Matter,
we indeed have equilibration in the whole thermal parameter space
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IceCube and LUX limits on leptophilic Dirac dark matter
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Complementarity between LUX and IceCube:

↪→ For large DM masses and small mass splitting of χ and η,
IceCube is stronger than LUX

↪→ LUX and IceCube are a�ected di�erently by systematics,
e.g. the dark matter velocity distribution



IceCube and LUX limits on leptophilic Dirac dark matter

10 102 103 104
0.01

0.1

1

10

100

5

mχ [GeV]

m
η

m
χ
−
1

Coupling to τR

G
C
E

no thermal relic

LUX XENON-1T

DARW
IN

IceCube

ythermal >
√
4π

0.3 1.0

Complementarity between LUX and IceCube:

↪→ For large DM masses and small mass splitting of χ and η,
IceCube is stronger than LUX

↪→ LUX and IceCube are a�ected di�erently by systematics,
e.g. the dark matter velocity distribution



Conclusions

Direct detection experiments have already reached the necessary sensitivity
to probe dark matter-nucleon interactions mediated only at one-loop order

We demonstrated this in the context of a simpli�ed model with a singlet
Dirac fermion as the dark matter particle
↪→ for any possible coupling scenario of dark matter, LUX already excludes

part of the thermal parameter space
↪→ future direct detection experiments have excellent prospects to probe

large parts of the parameter space, even multi-TeV dark matter
↪→ this approach is complementary and competitive to other searches:

• LHC: monojet, direct production of η, . . .
• indirect detection with γ's from dwarf galaxies
• for leptophilic DM: indirect detection with e+/e− (AMS-02)

Furthermore, via the one-loop scattering diagrams, leptophilic dark matter
can be captured in the Sun
↪→ limits from IceCube can be competitive with LUX in some parts

of the parameter space



Backup slides
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IceCube and LUX limits on leptophilic Dirac Dark Matter

Dirac Dark Matter annihilates into ff̄ (no helicity suppression)
↪→ strong neutrino signal for DM coupling to τR,

or to any left-handed lepton doublet
↪→ for coupling to eR or µR neutrinos (only) from weak FSR
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Black line: Yukawa coupling f leading to Ωh2 = 0.12

Remark: Leptophilic Majorana Dark Matter is not in equilibrium in the Sun
↪→ no meaningful limits from IceCube
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