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Direct Detection Basics

Direct detection – scattering on nuclei

Assume velocity distribution (Maxwell); v ∼ 10−3

Maximal momentum transfer is q . 200 MeV

dR

dER
=

ρ0

mAmχ

∫
vmin

dv v f1(v)
dσ

dER
(v ,ER) .

[Lewin & Smith, Astropart.Phys.6 (1996)]
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http://www.sciencedirect.com/science/article/pii/S0927650596000473


Calculating the cross section

Calculate cross section from nonrelativistic, Galilean-invariant interactions
[Fitzpatrick et al., 1203.3542]

Constructed from

momentum transfer qqq = kkk2 − kkk1 = ppp1 − ppp2

relative incoming velocity vvv⊥ = (ppp1 + ppp2)/2mχ − (kkk1 + kkk2)/2mN

nucleon spin ~SN (DM spin ~Sχ)

Lead to six nuclear responses, e.g.

Spin-independent (“M”): e.g. Op
1 = 1χ 1N

Spin-dependent (“Σ′ ,Σ”): e.g. Op
4 = ~Sχ · ~SN

Nuclear angular momentum (“∆”): e.g. Op
9 = ~Sχ ·

(
~Sp × i~q

mN

)
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https://arxiv.org/abs/1203.3542


Nuclear matrix elements

ON
1 = 1χ1N , ON

2 =
(
~v⊥
)2 1χ1N , ON

3 = 1χ ~SN ·
(
~v⊥×

i~q

mN

)
,

ON
4 = ~Sχ · ~SN , ON

5 = ~Sχ ·
(
~v⊥ ×

i~q

mN

)
1N , ON

6 =
(
~Sχ ·

~q

mN

) (
~SN ·

~q

mN

)
,

ON
7 = 1χ

(
~SN · ~v⊥

)
, ON

8 =
(
~Sχ · ~v⊥

)
1N , ON

9 = ~Sχ ·
( i~q

mN

× ~SN
)
,

ON
10 = −1χ

(
~SN ·

i~q

mN

)
, ON

11 = −
(
~Sχ ·

i~q

mN

)
1N , ON

12 = ~Sχ ·
(
~SN × ~v⊥

)
,

ON
13 = −

(
~Sχ · ~v⊥

) (
~SN ·

i~q

mN

)
, ON

14 = −
(
~Sχ ·

i~q

mN

) (
~SN · ~v⊥

)
,

Shell-model estimates available for all NR operators (F, Na, Ge, I, Xe)
[Fitzpatrick et al. 1203.3542]

Automated calculation of cross section, given the coefficients of ON
i

[DMFormFactor, 1308.6288; DDCalc, 1705.07920, 1808.10465]
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http://arxiv.org/abs/1203.3542
https://www.ocf.berkeley.edu/~nanand/software/dmformfactor/
https://arxiv.org/abs/1308.6288
https://github.com/GambitBSM/DDCalc
https://arxiv.org/abs/1705.07920
https://arxiv.org/abs/1808.10465


Is this the right framework for experimental fits?

Issues:

Coefficients are not independent

Several matrix elements are very suppressed

Coefficients can be momentum dependent

Coefficients are specified at low energies

Explicit connection to UV models?

Combination with collider / indirect bounds?

Better: Define a “proper” EFT at µ ∼ 2 GeV
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The relativistic EFT at µ ∼ 2 GeV

Q(5)
1 =

e

8π2
(χ̄σµνχ)Fµν , Q(5)

2 =
e

8π2
(χ̄σµν iγ5χ)Fµν ,

Q(6)
1,f = (χ̄γµχ)(f̄ γµf ) , Q(6)

2,f = (χ̄γµγ5χ)(f̄ γµf ) ,

Q(6)
3,f = (χ̄γµχ)(f̄ γµγ5f ) , Q(6)

4,f = (χ̄γµγ5χ)(f̄ γµγ5f ) .

Q(7)
1 =

αs

12π
(χ̄χ)G aµνG a

µν , Q(7)
2 =

αs

12π
(χ̄iγ5χ)G aµνG a

µν ,

Q(7)
3 =

αs

8π
(χ̄χ)G aµνG̃ a

µν , Q(7)
4 =

αs

8π
(χ̄iγ5χ)G aµνG̃ a

µν ,

Q(7)
5,f = mf (χ̄χ)(f̄ f ) , Q(7)

6,f = mf (χ̄iγ5χ)(f̄ f ) ,

Q(7)
7,f = mf (χ̄χ)(f̄ iγ5f ) , Q(7)

8,f = mf (χ̄iγ5χ)(f̄ iγ5f ) ,

Q(7)
9,f = mf (χ̄σµνχ)(f̄ σµν f ) , Q(7)

10,f = mf (χ̄iσµνγ5χ)(f̄ σµν f ) .
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HDMET – DM EFT for any spin

Can generalize this to any spin [Brod, Kvedaraite, Stamou, Zupan, W.I.P.]

For instance, up to dimension six one has

P(5)
1γ = − e

16π2
(χ†vS⊥χv ) · B , P(5)

2γ = − e

16π2
(χ†vS⊥χv ) · E .

P(6)
1f = (χ†vχv )(f̄ /vf ) , P(6)

2f = (χ†vχv )(f̄ /vγ5f ) ,

P(6)
3f = (χ†vS⊥

µχv )(f̄ γ⊥µγ5f ) , P(6)
4f = (χ†vS⊥

µχv )(f̄ γ⊥µf ) ,

P(6)
1γ = − e

16π2 ∂⊥µ(χ†v S⊥
µν χv )Eν , P(6)

2γ = − e

16π2 ∂⊥µ(χ†v S⊥
µν χv )Bν .

This EFT captures any interaction with mχ & 1 GeV, and mmediator � 1 GeV.
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Chiral Effective Theory

Recall maximum momentum transfer in DM scattering is qmax ≈ 200 MeV

Can use (Heavy Baryon) Chiral Perturbation Theory (HBChPT)
[Phys.Lett. B255 (1991) 558; 1503.04811, 1611.00368]

Hadronic degrees of freedom are pions, nucleons,. . .

Expansion in q/ΛChPT ∼ mπ/ΛChPT ∼ 0.3

Can write hadronization of quark currents explicitly, e.g.:

Vector current: ūγµu ∼ 2p†vpv + n†vnv , d̄γµd ∼ p†vpv + 2n†vnv

Axialvector current: q̄γµγ5q ∼ N̄SµN + ∂µπ

Pseudo-scalar current: q̄iγ5q ∼ mqπ

. . .

The leading DM interactions are always with single nucleons.
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http://www.sciencedirect.com/science/article/pii/037026939190266S
http://arxiv.org/abs/1503.04811
https://arxiv.org/abs/1611.00368


Leading contributions

χ

N

χ

...

Leading diagram for most DM-SM interactions

χ

N

χ

...

π

Leading diagram for S · P and P · P

Gives q-dependent “form factor” 1/(m2
π + ~q 2)

For A · A, P · θ, and S · θ, both diagrams contribute at same order!

In some cases, need to go to higher order in q:

Momentum-independent terms cancel for A · V and V · A interactions
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Which operators to fit?

Three-flavor EFT (w/o “exotics”) has 36 independent operators

Can fit one by one – it’s just tedious work

For global fit, can reduce number:

At LO in ChPT, many operators lead to same nuclear response!

〈N|(χ̄γµχ)(q̄γµq)|N〉 ∼ mq(χ̄χ)(q̄q), for q = u, d ; N = p, n

〈p|(χ̄γµχ)(s̄γµγ5s)|p〉 ∼ 〈p|2(χ̄γµχ)(ūγµγ5u) + (χ̄γµχ)(d̄γµγ5d)|p〉

etc. etc.

Can get down to 25 independent combinations

Compare to 24 “Haxton operators”
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DM EFT in practice: DirectDM

Calculate Haxton coefficients from EFT

All leading chiral effects included

Leading radiative corrections (QCD/QED/EW) included

Download from https://directdm.github.io

Or: pip3 install directdm

Requisites:

python3, numpy, scipy

Setup:

import directdm as ddm
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Tower of EFTs

Λ – heavy mediators

(Simplified) models, or “SMEFT” + DM

vEW – electroweak symmetry breaking

five-flavor QCD + DM

mb – b-quark threshold

four-flavor QCD + DM

mc – c-quark threshold

three-flavor QCD + DM

ΛQCD – chiral symmetry breaking

(Heavy Baryon) Chiral Effective Theory

v , ~q – DM-nucleus scattering kinematics

NR theory of nuclear response
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Calculation of Haxton coefficients – VV

L = 1
Λ2 C(6)

1,q(χ̄γµχ)(q̄γµq)

Match from 3-flavor EFT onto cNR (Λ = 10 GeV, mχ = 100 GeV, qqq = 50 keV)

ddm.WC_3f({’C61u ’ : 1./10**2}). cNR(100, 50e-3)

Result:

{’cNR1p ’: 0.02, ’cNR1n ’: 0.01}

Makes sense: ūγµu → u†u + . . .

Check:

ddm.WC_3f({’C61d ’ : 1./10**2}). cNR(100, 50e-3)

gives

{’cNR1p ’: 0.01, ’cNR1n ’: 0.02}
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Calculation of Haxton coefficients – VV

L = 1
Λ2 C(6)

1,q(χ̄γµχ)(s̄γµs)

Match from 3-flavor EFT onto cNR

ddm.WC_3f({’C61s ’ : 1./10**2}). cNR(100, 50e-3)

Result:

{’cNR1p ’: -2.20e-07, ’cNR3p ’: -0.00036 , ’cNR4p ’: 9.59e-09, ’cNR6p ’: -3.38e-06,
’cNR1n ’: -2.20e-07, ’cNR3n ’: -0.00036 , ’cNR4n ’: 9.59e-09, ’cNR6n ’: -3.38e-06}

Now s̄γµs → s†s + higher order
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Calculation of Haxton coefficients – AA

L = 1
Λ2 C(6)

4,q(χ̄γµγ5χ)(q̄γµγ5q)

Match from 3-flavor EFT onto cNR

ddm.WC_3f({’C64u ’ : 1./10**2}). cNR(100, 50e-3)

Result:

{’cNR4p ’: -0.034
’cNR4n ’: 0.017,
’cNR6p ’: 1.095,
’cNR6n ’: -1.076}

χ

N

χ

...

χ

N

χ

...

π
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Tower of EFTs

Λ – heavy mediators

(Simplified) models, or “SMEFT” + DM

vEW – electroweak symmetry breaking

five-flavor QCD + DM

mb – b-quark threshold

four-flavor QCD + DM

mc – c-quark threshold

three-flavor QCD + DM

ΛQCD – chiral symmetry breaking

(Heavy Baryon) Chiral Effective Theory

v , ~q – DM-nucleus scattering kinematics

NR theory of nuclear response
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QED running

L = 1
Λ2 C(6)

1,e (χ̄γµχ)(ēγµe)

Match from 3-flavor EFT onto cNR

ddm.WC_3f({’C61e ’ : 1./100**2}). cNR(100, 50e-3)

Result is zero:

{’cNR1p ’: 0, ... }

Running and matching from 5-flavor EFT

ddm.WC_5f({’C61e ’ : 1./100**2}). cNR(100, 50e-3)

gives non-zero result (photon exchange):

{’cNR1p ’: 6.3e-07}

χ χ

q

ℓ

γ

q
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Tower of EFTs

Λ – heavy mediators

(Simplified) models, or “SMEFT” + DM

vEW – electroweak symmetry breaking

five-flavor QCD + DM

mb – b-quark threshold

four-flavor QCD + DM

mc – c-quark threshold

three-flavor QCD + DM

ΛQCD – chiral symmetry breaking

(Heavy Baryon) Chiral Effective Theory

v , ~q – DM-nucleus scattering kinematics

NR theory of nuclear response
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Effective Lagrangian above vEW

Assume DM is a Dirac fermion electroweak multiplet χ

Leff = LSM + LDM +
∑ C

(5)
j

Λ
Q

(5)
j +

∑ C
(6)
j

Λ2
Q

(6)
j + . . .

Expansion in inverse mediator mass Λ� vEW

Extension of “SMEFT” [Bishara et al., 1809.03506]

Dim.5: Q
(5)
1 = g1

8π2 (χ̄σµνχ)Bµν , Q
(5)
3 = (χ̄χ)(H†H) , . . .

Dim.6: Q
(6)
2,i = (χ̄γµχ)(Q̄ i

Lγ
µQ i

L) , Q
(6)
16 = (χ̄γµχ)(H†i

↔
Dµ H) , . . .
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102 103

mχ [GeV]

10−2

10−1

100

101

102

103

104

105

106

Λ
e
q
u
a
l
[T

eV
]

Q
(5)
1 ∼ χ̄B · σχ

Q
(5)
3 = (χ̄χ)(H†H)

Q
(5)
5 ∼ χ̄B · σiγ5χ

Q
(5)
7 = (χ̄iγ5χ)(H†H)

mZ

16π2mZ

(16π2)2mZ

(16π2)3mZ

Dimension-five operators

102 103

mχ [GeV]

10−2

10−1

100

101

102

103

Λ
e
q
u
a
l
[T

eV
]

(χ̄γµχ)(ūu+ d̄d)V

(χ̄γµχ)(ūu+ d̄d)A

(χ̄γµγ5χ)(ūu+ d̄d)V

mZ

4πmZ

(4π)2mZ

(4π)3mZ

Dimension-six operators
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Electroweak Operator Mixing

Both weak and Yukawa interaction mix left- and right-handed structures

Mixing is generally small

Large hierarchy in nuclear matrix elements can give significant effects

These are universal effects (given DM e/w quantum numbers)

Some mixing survives even for singlet DM
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Axial DM – Axial 3rd gen. (No Mixing)

DM triplet (Iχ = 1) with hypercharge Yχ = 0 (no coupling to Z )

Start with

−Q(6)
6,3 + Q

(6)
7,3 + Q

(6)
8,3 = (χ̄γµγ5χ)(t̄γµγ5t + b̄γµγ5b)

Axial-vector third-generation SM current has vanishing (tiny) nuclear matrix
element, so the cross section is zero:

σ ∝ 0

Joachim Brod (U Cincinnati) DirectDM 22 / 31



Gauge / Higgs contribution

Yχ = 0 excludes Z -exchange

Iχ = 1 leads to W box and “Higgs penguin” contribution [Hisano et al. 1104.0228]

χ0 χ0χ±

f

W∓

f

W∓

f ′

χ0 χ0χ±

f

W∓

h

f

W∓

χ0 χ0χ±

W∓

h

t

W∓

g g

χ0 χ0χ±

W∓

t

W∓

g g

Spin-dependent / suppressed by one or two loops and small couplings
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Axial DM – Axial 3rd gen. (Mixing)

Start with

−Q(6)
6,3 + Q

(6)
7,3 + Q

(6)
8,3 = (χ̄γµγ5χ)(t̄γµγ5t + b̄γµγ5b)

W loop generates VV (χ̄γµχ)(t̄γµt − b̄γµb)

Coherently enhanced, but needs a photon exchange to couple to 1st gen.

Higgs loop generates (χ̄γµγ5χ)(H†i
↼⇀
DµH)

Generates spin-dependent AA via Z exchange from covariant derivative

Present even for singlet DM

W

χ χ

QL QL

χ

χ

H

H

QL, tR
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Inverse scattering Rate on Xenon

102 103

mχ [GeV]

104

105

106

107
1
/R

[k
g

d
ay

]
Xenon, χ̄γµγ5χ⊗ (t̄γµγ5t+ b̄γµγ5b), Iχ = 1

no e/w running

resummed
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Calculation of Haxton coefficients – AA

This plot was made using

ddm.WC_EW({’C663 ’ : -1./ Lambda **2,\
’C673 ’ : 1./ Lambda **2,\
’C683 ’ : 1./ Lambda **2}, 0, 3).cNR(m, Lambda , 100, 50e-3)

with Lambda = 1 TeV.

Higgs penguin, W box (mχ = 100 GeV):

{’cNR1p ’: 2.0e-10, ’cNR4p ’: -5.7e-08,
’cNR1n ’: 2.0e-10, ’cNR4n ’: -5.6e-08}

Running (mχ = 100 GeV):

{’cNR1p ’: 2.0e-10, ’cNR4p ’: 3.8e-07,
’cNR1n ’: 2.0e-10, ’cNR4n ’: -4.7e-07}

The rate was calculated using a SHM and averaging over the natural
abundances of xenon isotopes.
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Summary

Three-flavor EFT establishes explicit connection between UV and nuclear
physics

Meson exchange contributions can have significant impact

Electroweak mixing can have significant impact

Public code DirectDM for automatic calculation of Haxton coefficients
[Bishara et al. 1708.02678]

Includes all leading chiral effects

Optional: running from several higher scales

Some future work

Implement HDMET for any spin [Brod, Kvedaraite, Stamou, Zupan, W.I.P.]

Calculate neutrino fog for all operators [Brod, Gaur, Rovner, Szewc, Zupan, W.I.P.]

Inelastic scattering?

Joachim Brod (U Cincinnati) DirectDM 27 / 31
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Backup
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The full relativistic EFT at µ ∼ 2 GeV

Q(5)
1 =

e

8π2
(χ̄σµνχ)Fµν , Q(5)

2 =
e

8π2
(χ̄σµν iγ5χ)Fµν ,

Q(6)
1,f = (χ̄γµχ)(f̄ γµf ) , Q(6)

2,f = (χ̄γµγ5χ)(f̄ γµf ) ,

Q(6)
3,f = (χ̄γµχ)(f̄ γµγ5f ) , Q(6)

4,f = (χ̄γµγ5χ)(f̄ γµγ5f ) .

Q(7)
1 =

αs

12π
(χ̄χ)G aµνG a

µν , Q(7)
2 =

αs

12π
(χ̄iγ5χ)G aµνG a

µν ,

Q(7)
3 =

αs

8π
(χ̄χ)G aµν G̃ a

µν , Q(7)
4 =

αs

8π
(χ̄iγ5χ)G aµν G̃ a

µν ,

Q(7)
5,f = mf (χ̄χ)(f̄ f ) , Q(7)

6,f = mf (χ̄iγ5χ)(f̄ f ) ,

Q(7)
7,f = mf (χ̄χ)(f̄ iγ5f ) , Q(7)

8,f = mf (χ̄iγ5χ)(f̄ iγ5f ) ,

Q(7)
9,f = mf (χ̄σµνχ)(f̄ σµν f ) , Q(7)

10,f = mf (χ̄iσµνγ5χ)(f̄ σµν f ) ,

Q(7)
11 =

α

12π
(χ̄χ) FµνFµν , Q(7)

12 =
α

12π
(χ̄iγ5χ) FµνFµν ,

Q(7)
13 =

α

8π
(χ̄χ) Fµν F̃µν , Q(7)

14 =
α

8π
(χ̄iγ5χ) Fµν F̃µν ,

Q(7)
15,f = ∂µ(χ̄σµνχ) (f̄ γν f ) , Q(7)

16,f = ∂µ(χ̄σµν iγ5χ) (f̄ γν f ) ,

Q(7)
17,f = ∂µ(χ̄σµνχ) (f̄ γνγ5f ) , Q(7)

18,f = ∂µ(χ̄σµν iγ5χ) (f̄ γνγ5f ) .
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The full HDMET at µ ∼ 2 GeV

P(5)
1γ = − e

16π2
(χ†v S⊥χv ) · B , P(5)

2γ = − e

16π2
(χ†v S⊥χv ) · E .

P(6)
1f = (χ†vχv )(f̄ /vf ) , P(6)

2f = (χ†vχv )(f̄ /vγ5f ) ,

P(6)
3f = (χ†v S⊥

µ
χv )(f̄ γ⊥µγ5f ) , P(6)

4f = (χ†v S⊥
µ
χv )(f̄ γ⊥µf ) ,

P(6)
1γ = − e

16π2
∂⊥µ(χ†v S⊥

µν
χv )Eν , P(6)

2γ = − e

16π2
∂⊥µ(χ†v S⊥

µν
χv )Bν ,

P(7)
1f = mf (χ†vχv )(f̄ f ) , P(7)

2f = mf (χ†vχv )(f̄ iγ5f ) ,

P(7)
3f = (χ†vχv )(f̄ /vi(v ·↼⇀D )f ) , P(7)

4f = (χ†vχv )(f̄ /vi(v ·↼⇀D )γ5f ) ,

P(7)
5f = mf (χ†v S⊥

µ
χv )εµνρσv

ν(f̄ σρσ⊥ f ) , P(7)
6f = mf (χ†v S⊥

µ
χv )(f̄ (v · σ)µf ) ,

P(7)
7f = ∂

µ
⊥(χ†v S⊥

ν
χv )εµνρσv

ρ(f̄ γσ⊥f ) , P(7)
8f = ∂

µ
⊥(χ†v S⊥

ν
χv )εµνρσv

ρ(f̄ γσ⊥γ5f ) ,

P(7)
9f = ∂⊥µ(χ†v S⊥

µ
χv )(f̄ /vγ5f ) , P(7)

10f = ∂⊥µ(χ†v S⊥
µ
χv )(f̄ /vf ) ,

P(7)
11f = (χ†v S⊥

µ
χv )vν(f̄ γ{µi

↼⇀
Dν}γ5f ) , P(7)

12f = (χ†v S⊥
µ
χv )vν(f̄ γ{µi

↼⇀
Dν}f ) ,

P(7)
13f = (χ†v S⊥

µ
χv )εµνρσv

ν(f̄ γρ⊥i
↼⇀
D⊥
σf ) , P(7)

14f = (χ†v S⊥
µ
χv )εµνρσv

ν(f̄ γρ⊥γ5i
↼⇀
D⊥
σf ) ,
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The full HDMET at µ ∼ 2 GeV

P(7)
17f = (χ†v S⊥

µν
χv )(f̄ γ⊥µi

↼⇀
D⊥νf ) , P(7)

18f = (χ†v S⊥
µν
χv )(f̄ γ⊥µi

↼⇀
D⊥νγ5f ) ,

P(7)
19f = ∂⊥µ(χ†v S⊥

µν
χv )(f̄ γ⊥ν f ) , P(7)

20f = ∂⊥µ(χ†v S⊥
µν
χv )(f̄ γ⊥νγ5f ) .

P(7)
1g = −αs

2π
(χ†vχv )

(
Ga
B

)2
, P(7)

2g =
αs

2π
(χ†vχv )Ga

E · G
a
B ,

P(7)
3g =

αs

4π
(χ†vχv )

(
Ga
E

)2
.

P(7)
4g =

αs

4π
(χ†v S⊥

µ
χv )vνGρ,aE G

σ,a
B εµνρσ .

P(7)
5g =

αs

4π
(χ†v S⊥

µν
χv )Ga

E,µG
a
E,ν , P(7)

6g =
αs

4π
(χ†v S⊥

µν
χv )Ga

E,µG
a
B,ν ,

P(7)
7g =

αs

4π
(χ†v S⊥

µν
χv )Ga

B,µG
a
B,ν .
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