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Introduction
Motivations

SI & SD
interactions are
only a subset of all
possible
WIMP-nucleus
interactions.

Develop a model
that describes all
types of
WIMP-nucleus
interactions.

χ χ
?

Fitzpatrick: Nucleonic
EFT for direct Detection
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Introduction
Experimentalist goals

Compare the results of the
different experiments.

Keep track of progress.

Highlight the
complementarity of the
different
experiments/nuclei.
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Description of WIMP-nucleon interactions
Cross section calculation

dσ
dER

= mT
2πv2Ptot(v

2, q2)

Ptot =
1

2jχ + 1

1

2jN + 1

∑
spins

|M|2

M =
∑
τ=0,1

〈jχ,Mχ; jN ,MN |

[
15∑
i=1

cτiOitτ (i)

]
|jχ,Mχ; jN ,MN 〉,

where cτi and Oi are respectively the isospin couplings and EFT operators.
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Basics of WIMP-nucleon EFT
Ingredients

N Nk

χ p p χ

k

WIMP spin:

Nucleon spin:

Momentum transfer:

WIMPs velocity in the lab
frame:

~Sχ
~SN

i~q

~v⊥
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Basics of WIMP-nucleon EFT
Effective theory operators

O1 = 1χ1N (SI)

O3 = i~SN •

[
~q
mN
× ~v⊥

]
O4 = ~Sχ • ~SN (SD)

O5 = i~Sχ •
[

~q
mN
× ~v⊥

]
O6 =

[
~Sχ •

~q
mN

][
~SN • ~q

mN

]
O7 = ~SN • ~v⊥

O8 = ~Sχ • ~v
⊥

O9 = i~Sχ •
[
~SN × ~q

mN

]
O10 = i~SN • ~q

mN

O11 = i~Sχ •
~q
mN

O12 = ~Sχ •
[
~SN × ~v⊥

]
O13 = i

[
~Sχ • ~v

⊥][~SN • ~q
mN

]
O14 = i

[
~Sχ •

~q
mN

][
~SN • ~v⊥

]
O15 = −

[
~Sχ •

~q
mN

][(
~SN × ~v⊥

)
• ~q
mN

]
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Description of WIMP-nucleon EFT
Transition probability

1

2jχ + 1

1

2jN + 1

∑
spins

|M|2nucleus-HO/EFT =
4π

2jN + 1

∑
τ=0,1

∑
τ ′=0,1{[

Rττ
′

M (~v⊥2
T ,

~q 2

m2
N

) W ττ ′
M (y) +Rττ

′
Σ′′ (~v⊥2

T ,
~q 2

m2
N

) W ττ ′
Σ′′ (y) +

Rττ
′

Σ′ (~v⊥2
T ,

~q 2

m2
N

)W ττ ′
Σ′ (y)

]
+
~q 2

m2
N

[
Rττ

′
Φ′′ (~v⊥2

T ,
~q 2

m2
N

) W ττ ′
Φ′′ (y) +

Rττ
′

Φ̃′ (~v⊥2
T ,

~q 2

m2
N

)W ττ ′

Φ̃′ (y) +Rττ
′

∆ (~v⊥2
T ,

~q 2

m2
N

) W ττ ′
∆ (y)

Rττ
′

Φ′′M (~v⊥2
T ,

~q 2

m2
N

) W ττ ′
Φ′′M (y) +Rττ

′
∆Σ′(~v⊥2

T ,
~q 2

m2
N

) W ττ ′
∆Σ′(y)

]}
Nikhil Anand, A. Liam Fitzpatrick, and W. C. Haxton
https://doi.org/10.1103/PhysRevC.89.065501
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Description of WIMP-nucleon EFT
WIMP and nuclear response

Rττ
′

k (~v⊥2
T ,

~q 2

m2
N

) and W ττ ′
k (y)

are respectively the WIMP and nuclear response function where
k = M,∆,Σ′,Σ′′, Φ̃′,Φ′′ are the different possible interactions.

Rττ
′

M (~v⊥2
T , ~q

2

m2
N

) = cτ1c
τ ′
1 +

jχ(jχ+1)
3

[
~q 2

m2
N
~v⊥2
T cτ5c

τ ′
5 + ~v⊥2

T cτ8c
τ ′
8 + ~q 2

m2
N
cτ11c

τ ′
11

]
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Description of WIMP-nucleon EFT
Nuclear operators

W ττ ′
k (y) = 〈jN || kJ ;τ (q) ||jN 〉〈jN || kJ ;τ ′(q) ||jN 〉
M : SI response

Σ′: ~SN |trans. with respect to ~q (SD)

Σ′′: ~SN |long. with respect to ~q (SD)

Φ′′: Spin-orbit interaction (~L · ~S)

Φ̃′: Also ~L · ~S, but with CP-violation.

∆: Angular momentum of a nucleus (`)

Ptot =
1

2jχ + 1

1

2jN + 1

∑
spins

|M|2
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Physic outputs of EFT
Transition probability (Ptot)
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Φ′′(Ar) ∼Φ′′(Na)

Ar: even neutrons, protons

Normalized with respect to
most responsive interaction for
a given target

Find which interaction and
which EFT operator!
Lint = χOχχNONN
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Finding EFT interaction
Recoil spectra discrimination
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Events

Simulated

Simulated O1 and O4 =
q-independent
O10 ∝ q2

O6 ∝ q4

Bayesian analysis

Events simulated
based of a given
model Mx

Above 5,
q-dependence is
detectable

Few events needed to distinguish between q-independent and q2 or q4

Can’t differentiate models with same q dependence.
Lawrence M. Krauss, Jayden L. Newstead https://arxiv.org/abs/1801.08523 12 / 29
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Finding EFT interaction
Recoil spectra discrimination

If it is not a q-independent interaction, there is still a multitudes of
possibilities before reaching ∼50 events:

Σ′n Σ′′n Φ′′n
c4 c4 —
q2c9 — q2c12

— q4c6 q4c3

Solution: Use target only sensitive to Σ (SDn) or Φ′′n (L · S)

Possible targets: 3He (Σn) and 130Xe (Φ′′n)
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Finding EFT interaction
PICO experiment contribution

By using a fluorinated freon, PICO is only sensitive to SDp and has
the world best limit.

Crucial if there is isospin violation.

Very useful if there is no isospin violation to measure σSDp to
complement a σSDn measurement.

Could break interaction degeneracy if WIMPs are seen with a xenon
experiment (with less than 50 events)

Σ′ Σ′′ Φ′′

c4 c4 —
q2c9 — q2c12

— q4c6 q4c3

Has the ability to change target fluid (CF3I)

Search for low WIMP masses with C2H2F4
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Summary

Complete description of all WIMP-nuclei interactions.

All targets provide complementary information!

THANK YOU !

Weakly interacting massive particle-nucleus
elastic scattering response, N. Anand,
A. L. Fitzpatrick, and W. C. Haxton

The effective field theory of dark matter
direct detection,A. L. Fitzpatrick, Wick
Haxton, E. Katz, N. Lubbers, Y. Xu

Extracting Particle Physics Information
from Direct Detection of Dark Matter with
Minimal Assumptions

Model Independent Direct Detection
Analyses

Dark matter effective field theory scattering
in direct detection experiments,
SuperCDMS Collaboration

Complementarity of dark matter detectors
in light of the neutrino background

15 / 29

https://doi.org/10.1103/PhysRevC.89.065501
https://doi.org/10.1103/PhysRevC.89.065501
https://doi.org/10.1103/PhysRevC.89.065501
http://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
http://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
http://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://arxiv.org/abs/1801.08523
https://arxiv.org/abs/1801.08523
https://arxiv.org/abs/1801.08523
https://arxiv.org/abs/1211.2818
https://arxiv.org/abs/1211.2818
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.092004
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.092004
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.092004
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.083510
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.083510


Physic outputs of EFT
Spin orbit interaction Φ′′

0

0.5

1

Φ′′ ∝ (`+ 1)n+ − ` n−
n+ ≡ nucleons in j = `+ 1

2
n− ≡ nucleons in j = `− 1

2
Xe=(4+1) × 10 - 4 × 4 =34
F = (2+1) × 1 - 2 × 0=3

Xe I
1010

34

Ge
8

0
32

54 53
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Possible targets
Decoupling Φ′′ and Σ′′

High Φ′′: n+ = full, n− = 0

Low Σ′′: Even number of nucleons

ex: Full 1h11/2 and
empty 1h9/2 → 76-90 neutrons

Remove 129Xe (26.4%) and 131Xe
(21.2%) from Xe

Remove 73Ge (7.75%) from Ge
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Possible targets
Decoupling Φ′′ and Σ′′

Low Φ′′: neutrons, n+ ∼ n−

High Σ′′: Odd number of neutrons

3He

Pure 73Ge (41n) 7.75% +1n in g shell.
It is the only Ge isotope with an odd
number of neutrons, but still has good
Φ′′p coupling.

41

18 / 29



Neutrino floor
Transition probability
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Backup slides
Harmonic oscillator parameter

Nuclear response (W ττ ′
k (y)) depend on y = (qb/2)2 where b is the

harmonic oscillator parameter:

b ≈
√

41.467/(45A−1/3 − 25A−2/3) fm
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Backup slides
Interference matrix

[
c0
i c1

i c0
j c1

j

] 
A00
ii A01

ii A00
ij A01

ij

A10
ii A11

ii A10
ij A11

ij

A00
ji A01

ji A00
jj A01

jj

A10
ji A11

ji A10
jj A11

jj



c0
i

c1
i

c0
j

c1
j

 .
Aττ

′
ij is the transition probability for isospin operator τ and τ ′ and

operators i and j.
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Backup slides
Velocity operator

Need velocity related hermitian operator: ~v⊥ ≡ ~v + ~q
2µN

(~v)† → ~vχ,out − ~vN,out = ~v + ~q
µN

and ~q is anti-hermitian.

Now ~v⊥T : Comes from the separation of ~v⊥ in two terms:

~v⊥T acts on center-of-mass velocity of the atomic nucleus (Target)

~v⊥N acts on the relative distances of the nucleons inside the nucleus.

~v⊥ = ~v⊥T + ~v⊥N , where

~v⊥T = ~vT + ~q
2µN

, ~vT = ~vχ,in − ~vT,in ≡ DM velocity in the lab frame

~v⊥N = −1
2(~vN,in + ~vN,out)
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Backup slides
Isospin limits 05
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Backup slides
Details on nuclear operators

W ττ ′
k (y) = 〈jN || kJ ;τ (q) ||jN 〉〈jN || kJ ;τ ′(q) ||jN 〉

MJM (q~x) ≡ jJ(qx)YJM (Ωx) and ~MM
JL ≡ jL(qx)~YJLM (Ωx)

Ex: MJM ;τ (q) ≡
A∑
i=1

MJM (q~xi) t
τ (i)

~xi is the nucleon coordinate within the nucleus

tτ=0 =

[
1 0
0 1

]
tτ=1 =

[
0 1
1 0

]
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Results
Limit plots
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c=0.1 → 1/100th of weak interaction cross section.
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Results
Isospin limits
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Description of WIMP-nucleon EFT
WIMP response

Rττ
′

M (~v⊥2
T ,

~q 2

m2
N

) = cτ1c
τ ′
1 +

jχ(jχ + 1)

3

[
~q 2

m2
N

~v⊥2
T cτ5c

τ ′
5 + ~v⊥2

T cτ8c
τ ′
8 +

~q 2

m2
N

cτ11c
τ ′
11

]

Rττ
′

Φ′′ (~v
⊥2
T ,

~q 2

m2
N

) =
~q 2

4m2
N

cτ3c
τ ′
3 +

jχ(jχ + 1)

12

(
cτ12 −

~q 2

m2
N

cτ15

)(
cτ
′

12 −
~q 2

m2
N

cτ
′

15

)

Rττ
′

Φ′′M (~v⊥2
T ,

~q 2

m2
N

) = cτ3c
τ ′
1 +

jχ(jχ + 1)

3

(
cτ12 −

~q 2

m2
N

cτ15

)
cτ
′

11

Rττ
′

Φ̃′
(~v⊥2
T ,

~q 2

m2
N

) =
jχ(jχ + 1)

12

[
cτ12c

τ ′
12 +

~q 2

m2
N

cτ13c
τ ′
13

]
(1)
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Description of WIMP-nucleon EFT
WIMP response

Rττ
′

Σ′′ (~v
⊥2
T ,

~q 2

m2
N

) =
~q 2

4m2
N

cτ10c
τ ′
10 +

jχ(jχ + 1)

12

[
cτ4c

τ ′
4 +

~q 2

m2
N

(cτ4c
τ ′
6 + cτ6c

τ ′
4 ) +

~q 4

m4
N

cτ6c
τ ′
6 + ~v⊥2

T cτ12c
τ ′
12 +

~q 2

m2
N

~v⊥2
T cτ13c

τ ′
13

]

Rττ
′

Σ′ (~v⊥2
T ,

~q 2

m2
N

) =
1

8

[
~q 2

m2
N

~v⊥2
T cτ3c

τ ′
3 + ~v⊥2

T cτ7c
τ ′
7

]
+
jχ(jχ + 1)

12

[
cτ4c

τ ′
4 +

~q 2

m2
N

cτ9c
τ ′
9 +

~v⊥2
T

2

(
cτ12 −

~q 2

m2
N

cτ15

)(
cτ
′

12 −
~q 2

m2
N

cτ ′15

)
+

~q 2

2m2
N

~v⊥2
T cτ14c

τ ′
14

]

Rττ
′

∆ (~v⊥2
T ,

~q 2

m2
N

) =
jχ(jχ + 1)

3

[
~q 2

m2
N

cτ5c
τ ′
5 + cτ8c

τ ′
8

]

Rττ
′

∆Σ′ (~v
⊥2
T ,

~q 2

m2
N

) =
jχ(jχ + 1)

3

[
cτ5c

τ ′
4 − cτ8cτ

′
9

]
. (2)
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Description of WIMP-nucleon EFT
EFT interaction parametrization

The strength of an EFT interaction is governed by the isospin
couplings cτi s

τ is the isospin

c0
i ≡ isoscalar

c1
i ≡ isovector

Per definition: c0
i = 1

2(cpi + cni ) and c1
i = 1

2(cpi − cni )

cpi = c0
i + c1

i

cni = c0
i − c1

i

Pure proton coupling: c0
i = c1

i

Pure neutron coupling: c0
i = −c1

i
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