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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)]

It appears that a non-relativistic EFT is appropriate.

Not necessarily true.

And it might not be the one that is frequently used.
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Kinematics of nonrelativistic DM scattering

χ χ

N N

k2k1

p1 p2

Momentum transfer qqq = kkk2 − kkk1 = ppp1 − ppp2

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

Has been generalized to arbitrary spin [Gondolo et al. 2008.05120]
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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
https://arxiv.org/abs/2008.05120


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

Joachim Brod (U Cincinnati) EFT for DM 6 / 1



Plan

Relativistic DM EFT at µ ∼ 2 GeV (spin 1/2)

Connecting to low energies – chiral EFT

Connecting to the UV – RG effects → talk on Friday

DM EFT at µ ∼ 2 GeV for any spin
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Relevant Scales

Λ – heavy mediators

Simplified models, or “SM-EFT” + 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

χ χ

q q
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Relativistic EFT at µ ∼ 2 GeV

Leff = LQED+QCD + LDM +
∑
d,j

C
(d)
j Q

(d)
j

Λd−4
+ . . .

Dim.5: Q(5)
1 = e

8π2 (χ̄σµνχ)Fµν , . . .

Dim.6: Q(6)
1,f = (χ̄γµχ)(f̄ γµf ) , Q(6)

4,f = (χ̄γµγ5χ)(f̄ γµγ5f ) , . . .

Dim.7: Q(7)
5,f = mf (χ̄χ)(f̄ f ) , Q(7)

4 = αs

8π (χ̄iγ5χ)G aµνG̃ a
µν , . . .

Comprises all physics above ∼ 2 GeV [Bishara et al., 1611.00368, 1710.10218]

χ χ

γ

χ

q q

χ χ χ

g g

Q

→ χ χ

γ

χ

q q

χ

χ χ

g g
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Chiral Description of DM Scattering
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Low-energy limit – Chiral EFT

Physical d.o.f. are nonrelativistic nucleons and pions (pNGB)
[Jenkins et al. Phys.Lett. B255 (1991) 558; Hill, Solon 1111.0016; 1409.8290; Hoferichter et al.

1503.04811; Bishara et al. 1611.00368; 1707.06998]

Expansion in q/ΛChPT ∼ 0.3

Consistent chiral power counting allows to answer the questions:

What are the leading contributions?

How large are the corrections?

A-nucleon irreducible amplitude scales as MA,χ ∼ (q/ΛChPT)ν

[Weinberg NP B363 (1991) 3; Kaplan, Savage, Wise, nucl-th/9605002; Cirigliano, Graesser, Ovanesyan 1205.2695]

ν = 4− A− 2C + 2L +
∑

i Vi (di − ni/2− 2)

Single-nucleon interactions are always leading
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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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Subleading contributions

NLO corrections [Bishara et al. 1707.06998]

E.g. tensor @ LO: (χ̄σµνχ)(q̄σµνq) ∼ ~Sχ · ~SN

At NLO, two coherently enhanced operators are generated

Coincidentally the effect is numerically small

Local two-nucleon currents always enter at NNNLO ∼ 3%

Long-range two-nucleon currents calculable in ChPT
[E.g. Cirigliano et al., 1205.2695; Hoferichter et al., 1503.04811; Gazda et al. 1612.09165;

Körber et al. 1704.01150; see also Ovanesyan et al., 1410.0601]

Enter at NLO ∼ 30% for A · V , S · S , and P · S

Enter at NNLO ∼ 10% for V · V

χ

N

χ

...

χ

N

χ

...

ππ
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Effects of meson exchange

Axial-vector – axial-vector interaction Q(6)
4,q = (χ̄γµγ5χ)(q̄γµγ5q)

E.g. neutralino in the MSSM

Contact term: ON
4 = ~Sχ · ~SN

Meson exchange contribution:

ON
6 =

(
~Sχ · ~q

mN

)(
~SN · ~q

mN

)
χ

N

χ

...

χ

N

χ

...

π

Pion pole compensates for ~q 2 suppression
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Meson exchange – momentum distribution

Negative interference reduces cross section
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Meson exchange

Q(7)
3 = αs

8π (χ̄χ)G aµνG̃ a
µν , Q(7)

4 = αs

8π (χ̄iγ5χ)G aµνG̃ a
µν

Order-of-magnitude change in bound
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χ̄χ ⊗ GG̃
full LO

no meson exchange
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Meson exchange – pseudoscalar Higgs

Pseudoscalar “Higgs” mediator with quark couplings ∝ mq

More than one order-of-magnitude change in bound
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Connecting to the UV

→ Talk on Friday
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DM EFT for any spin
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EFT for heavy DM of any spin

Relativistic EFT probably most directly useful (models, collider, . . . )

Downside: Need to commit to a choice of spin

Most relevant when performing EFT fit to data

We construct HDMET, a general EFT for heavy (nonrelativistic) DM
interacting with relativistic SM currents

Advantages:

A proper EFT (Wilson coefficients are numbers, not form factors)

Completely general, valid for any DM spin

Straightforward connection to UV physics

Underlying Lorentz invariance manifestly taken into account
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Reminder: Heavy Quark Effective Theory

Standard example: HQET (constructed “top down”)

Split quark momentum p = mQv + k, with k ∼ ΛQCD

Heavy quark essentially nonrelativistic (integrate out antiquark)

Spin (and flavor) symmetry becomes manifest

Full Lorentz invariance makes it cumbersome to take NR limit

Both rotations and boosts act on field indices

Would be more natural to write down rotationally invariant object

But then what about underlying Lorentz invariance?

“Bottom-up” construction possible [Heinonen et al. 1208.0601]
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Constructing HDMET “from bottom up”

Choose representation so fields transform simply under rotations

χa → Dab[W (Λ, i∂)]χb(Λ−1x)

Split q = mχv + k; rescale fields as χa(x) = e−imχv ·xχ′v ,a(x)

⇒ all derivatives correspond to soft momenta, ∂ ∼ k

Require invariance under Lorentz transformation

Together with k/mχ expansion implies relations between Wilson coefficients

Used to be called Reparameterization invariance (RPI) in HQET

Recipe:

Step 1 Write down all rotationally invariant operators

Step 2 Impose Lorentz invariance via RPI
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Illustrative Example: Kinetic Lagrangian

Step 1 Write all bilinear terms that are rotationally invariant:

Lkin = χ†v i∂tχv +
w

(5)
χ

2mχ
χ†v∇∇∇2χv +

w
(7)
χ

8m3
χ

χ†v (∇∇∇2)2χv + . . .

For general velocity v , with v2 = 1, can write

Lkin = χ†v i(v · ∂)χ+
w

(5)
χ

2mχ
χ†v (i∂⊥)2χ+

w
(7)
χ

8m3
χ

χ†v (i∂⊥)2(i∂⊥)2χ+ . . .

We can split any k into v · k and kµ⊥ = kµ − vµ(v · k)

Note that in rest frame (v = (1, 0, 0, 0))

v · ∂ = ∂
∂t

∂µ⊥ = (0,∇∇∇)
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Illustrative Example: “RPI” for Kinetic Lagrangian

Step 2 Implement “RPI”

Lkin = χ†v i(v · ∂)χ+
w

(5)
χ

2mχ
χ†v (i∂⊥)2χ+ . . .

Perform a small boost on the fields

χv → e iq·x [1 +
iq · ∂⊥
2m2

χ

+ . . .]χv

This changes the terms in Lkin to

χ†v i(v · ∂)χ→ +
1

mχ
χ†v i(q · ∂⊥)χv +O(1/m3

χ) ,

χ†v (i∂⊥)2χ→ −2χ†v i(q · ∂⊥)χv +O(1/m2
χ) ,

Lkin is Lorentz invariant if w
(5)
χ ≡ 1.
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Spin

Relativistic generalization of spin is Sµ⊥ = − 1
2ε
µνρσvνJρσ

Here, Jρσ are the generators of the Lorentz group

In rest frame, Sµ⊥ = (0,SSS⊥).

Spin scales as Sµ⊥ ∼ k0

In principle, can insert arbitrary number of spin operators, but:

S2
⊥ = j(j + 1)

SM currents have at most two open Lorentz indices (e.g. f̄ σµν f , Fµν)

⇒ Finite number of operators at given mass dimension

Joachim Brod (U Cincinnati) EFT for DM 25 / 1



Some notation – electromagnetic fields

It is convenient to split Fµν = ∂µAν − ∂νAµ and its dual into longitudinal
parts

Eµ ≡ vνF
µν

Bµ ≡ vν F̃
µν

In rest frame, Eµ = (0,EEE ) and Bµ = (0,BBB).

Transverse components are not independent

Fµν⊥ = Fµν − vµvµ̄F
µ̄ν − vνvν̄F

µν̄= εµναβvαBβ

F̃µν⊥ = F̃µν − vµvµ̄F̃
µ̄ν − vνvν̄ F̃

µν̄= −εµναβvαEβ

Similar for gluon fields
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The Basis

Dimension five – magnetic and electric dipole:

P(5)
1γ = − e

16π2
(χ†vS⊥χv ) · B , P(5)

2γ = − e

16π2
(χ†vS⊥χv ) · E .

Dimension six:

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 ,
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The Basis – Dimension seven

There 36 independent operators at dimension seven

E.g. operators that vanish for jχ < 3/2:

P(7)
12γ =

e

16π2 ∂⊥ν∂⊥ρ(χ
†
v S⊥

µνρ χv )Bµ ,

P(7)
13γ =

e

16π2 ∂⊥ν∂⊥ρ(χ
†
v S⊥

µνρ χv )Eµ .

The overbracket denotes symmetrization and subtracting the trace
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RPI relations for operators

Case 1: Compensating shifts

P(5)
1γ → P

(5)
1γ +

e

16π2

1

mχ
qµ(χ†vS⊥

νχv )εµνρσv
ρEσ ,

P(6)
3γ → P

(6)
3γ +

e

16π2
2qµ(χ†vS⊥

νχv )εµνρσv
ρEσ + . . . .

Here, P(6)
3γ = e

16π2 (χ†vS⊥
µi
↼⇀
∂
ν
⊥χv )εµνρσv

ρEσ

Lorentz boost leads to same structure in at least two operators

⇒ Wilson coefficients must be related

In this example: w
(6)
3γ = − 1

2w
(5)
1γ

Joachim Brod (U Cincinnati) EFT for DM 29 / 1



RPI relations for operators

Case 2: No compensating shifts

P(6)
5γ → P

(6)
5γ −

2e

16π2
(χ†vχv )(E · q) +

e

16π2

1

mχ
(χ†v i

↼⇀
∂
µ
⊥χv )εµνρσq

νvρBσ

− e

16π2

1

mχ
(χ†v i(v ·

↼⇀
∂ )︸ ︷︷ ︸

eom

χv )(E · q)

Here, P(6)
5γ = e

16π2 (χ†v i
↼⇀
∂
µ
⊥χv )Eµ

Lorentz boost leads to “isolated” structure

⇒ Wilson coefficients must be zero ⇒ drop operator
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Application: DM Nuclear Scattering
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Matching to Haxton matrix elements

Three steps:

Express SM currents in terms of nucleon form factors

Take NR limit

Calculate response functions

Simple example: P(6)
1q = (χ†vχv )(q̄/vq)

Here, (q̄/vq)→ (q†q) just counts valence quarks

〈p|u†u|p〉 = 〈n|d†d |n〉 = 2, 〈p|d†d |p〉 = 〈n|u†u|n〉 = 1

Matches onto O1 = 1χ1N
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Matching to Haxton matrix elements

More interesting example: P(6)
2f = (χ†vχv )(f̄ /vγ5f )

NR limit 〈N|q̄/vγ5q|N〉 → − i
mN

N̄(SSS ·
↔
∂∂∂ )N

This has matrix element proportional to (kkk1 + kkk2)/mN

which is not Galilean invariant

But RPI-related to P(6)
2f is the operator P(7)

22f = (χ†v i
↼⇀
∂
µ
⊥χv ) · (f̄ γ⊥µγ5f )

This gives a matrix element proportional to 1
mχ

(ppp1 + ppp2) · N̄SSSN

which is also not Galilean invariant

Coefficient of P(7)
22f fixed by RPI exactly such that both terms combines to vvv⊥

Matches onto O7 = 1χ

(
~SN · ~v⊥

)
RPI relations needed to obtain Galilean invariance
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Matching to Haxton matrix elements

Some higher-spin operators match to structures beyond the Haxton basis

Example: P(7)
20q = ∂⊥µ(χ†v S⊥

µν χv )(q̄γ⊥νγ5q)

Matches onto ON
JB4 =

(
i~q
mN
· ~Sχ

)(
~Sχ · ~SN

)
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Relativistic EFT maps to our basis

Start with relativistic spin-1/2, use tree-level “HQET” relation
[Neubert hep-ph/9306320]

χ = e−imχv ·x
(

1 +
i /∂⊥

iv · ∂ + 2mχ − iε

)
χv .

gives, e.g.,

Q(6)
1f ≡ (χ̄γµχ)(f̄ γµf ) = (χ†vχv )(f̄ /vf ) + . . .

Some operators map onto a set of related HDMET operators

Q(6)
3f ≡ (χ̄γµχ)(f̄ γµγ5f ) = (χ†vχv )(f̄ /vγ5f ) +

i

2mχ
(χ†v

↼⇀
∂
µχv )(f̄ γµγ5f ) + . . .

Joachim Brod (U Cincinnati) EFT for DM 35 / 1

https://arxiv.org/abs/hep-ph/9306320


Discussion

DM direct detection is nonrelativistic process

Most useful EFT is defined at µ ∼ 2 GeV

Can write down EFT for heavy DM of any spin

Underlying Lorentz invariance built in

Can be used for nuclear scattering, scattering on electrons, DM annihilation. . .

To do:

Estimate exotic nuclear form factors

Nuclear response for higher-spin operators not known

Implement HDMET into DirectDM
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