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Lecture 3: Direct Dark Matter Detection
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We don’t know yet what DM is... but we do know many of its properties

It is a NEW particle

• Neutral
• Stable on cosmological scales
• Reproduce the correct relic abundance
• Not excluded by current searches
• No conflicts with BBN or stellar evolution

Many candidates in Particle Physics

• Axions
• Weakly Interacting Massive Particles (WIMPs)
• SuperWIMPs and Decaying DM
• WIMPzillas
• Asymmetric DM
• SIMPs, CHAMPs, SIDMs, ETCs... 
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DIRECT DARK MATTER SEARCHES:
What can we measure?

303/04/2019

NUCLEAR SCATTERING 

� ´&DQRQLFDOµ signature
� Elastic or Inelastic scattering
� Sensitive to m >1 GeV

ELECTRON SCATTERING

� Sensitive to light WIMPs

ELECTRON ABSORBPTION

� Very light (non-WIMP)

EXOTIC SEARCHES

� Axion-photon conversion in the
atomic EM field

� Light Ionising Particles
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20 cm

Total mass: ~ 9 kg
Physics run: 2009-2012

9.0 kg Ge (15 iZIPs x 600g)



The SuperCDMS Experiment

High purity Germanium crystals

Arranged in
towers

Protected by a very
clean shielding

LEAD
POLYETHILENE

And an international 
team of ~100 
scientists from 30 
different instutions
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Soudan 
Underground 
Laboratory

780 m (2090 mwe)

Surface

«The Icebox»
base temp. ~ 50 mK

Poly and lead shielding Muon veto

Data acquisition
and monitoring
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Minnesota

SuperCDMS at SOUDAN
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CHAPTER 3

DIRECT DM DETECTION

3.1 Preliminaries

3.1.1 DM flux

We can easily estimate the flux of DM particles through the Earth. The DM typical velocity
is of the order of 300 km s�1 ⇠ 10�3

c. Also, the local DM density is ⇢0 = 0.3 GeV cm�3,
thus, the DM number density is n = ⇢/m.

� =
v⇢

m
⇡ 107

m
cm�2 s�1 (3.1)

These particles interact very weakly with SM particles.
Assuming a typical WIMP cross section �

3.1.2 Kinematics

Direct DM detection is based on the search of the scattering between DM particles and
nuclei in a detector. This process is obly observable through the recoiling nucleus, with an
energy ER. DM particles move at non-relativistic speeds in the DM halo. Thus, the dy-
namics of their elastic scattering off nuclei are easily calculated. In particular, the recoiling
energy of the nucleus is given by

ER =
1

2
m� v

2 4m�mN

(m� +mN )2
1 + cos ✓

2
(3.2)

Dark Stuff.
By D. G. Cerdeño, IPPP, University of Durham
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It can be checked that for DM particles with a mass of the order of 100 GeV, this leads
to recoil energies of approximately ER ⇠ 100 keV. Notice also that the maximal energy
transfer occurs on a head-on-collision and when the DM mass is equal to the target mass.
In such a case

E
max
R =

1

2
m� v

2 =
1

2
m� ⇥ 10�6 =

1

2

⇣
m�

1GeV

⌘
keV (3.3)

where we have used that in a DM halo the typical velocity is v ⇠ 10�3
c.

Experiments must therefore be very sensitive and be able to remove an overwhelming
background of ordinary processes which lead to nuclear recoils of the same energies.

3.2 The master formula for direct DM detection

The total number of detected DM particles, N , can be understood as the product of the DM
flux (which is equal to the DM number density, n, times its speed, v), times the effective
area of the target (i.e., the number of targets NT times the scattering cross-section, �), all
of this multiplied by the observation time, t,

N = t n v NT � . (3.4)

We will be interested in determining the spectrum of DM recoils, i.e., the energy depen-
dence of the number of detected DM particles. Thus,

dN

dER
= t n v NT

d�

dER
. (3.5)

Now, the DM velocity is not unique, and in fact DM particles are described by a local
velocity distribution, f(~v), where ~v is the DM velocity in the reference frame of the detec-
tor. We therefore have to integrate to all possible DM velocities, with their corresponding
probability density,

dN

dER
= t nNT

Z

vmin

vf(~v)
d�

dER
d~v , (3.6)

where
vmin =

q
m� ER/2µ2

�N (3.7)

is the minimum speed necessary to produce a DM recoil of energy ER, in terms of the
WIMP-nucleus reduced mass, µ�N . Using n = ⇢/m� and NT = MT /mN (where MT

is the total detector mass and mN is the mass of the target nuclei), and defining the exper-
imental exposure ✏ = tMT , we arrive at the usual expression for the DM detection rate

dN

dER
= ✏

⇢

m� mN

Z

vmin

vf(~v)
d�

dER
d~v . (3.8)

3.2.1 The scattering cross section

The scattering takes place in the non-relativistic limit. The cross section is therefore ap-
proximately isotropic (angular terms being suppressed by v

2
/c

2 ⇠ 10�6. This implies
that

d�

d cos ✓⇤
= constant =

�

2
(3.9)
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Master formula for direct detection
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2
/c

2 ⇠ 10�6. This implies
that

d�

d cos ✓⇤
= constant =

�

2
(3.9)

We want to determine the number of nuclear recoils as a function of 
the recoil energy

n = DM number density
t = time
v = DM speed
NT = number of targets

The DM speed is not unique, it is distributed according to f(v)
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

14

Conventional direct detection approach
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Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by
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vmin
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where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =
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dER
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Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads
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=
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SD(ER)
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, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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WIMP expected fingerprint: 

• Exponential spectrum
• Annual Modulation of the signal
• Directionality

Experimental challenges:

• Discriminating Nuclear and 
Electron recoils

• Reduction of backgrounds
• Increment Target Size
• Low Energy threshold
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2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in
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Here ET is the threshold energy, the smallest recoil energy which the detector is capable
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In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear
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where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

16

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).
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detector frame normalized to unity. The integration over WIMP speeds is performed
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Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-
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(
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where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability
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2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).
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nucleus with mass mN is given by
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where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event
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Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads
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, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.
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pressions of the effective Lagrangian and this is actually only for Fermions.
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Detecting Dark Matter through elastic scattering with nuclei 

We want to describe the (elastic) scattering cross 
section of DM particles with nuclei 
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But our microscopic theory generally provides the interaction with quarks and gluons 
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The WIMP-nucleus cross section has two components 

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks  

Spin-dependent contribution: WIMPs couple to the quark axial current 

Total cross section with Nucleus scales as A2  

Total cross section with Nucleus scales as J/(J+1)  
Only present for nuclei with J≠ 0 and WIMPs with spin 

Present for all nuclei (favours heavy targets) and WIMPs 

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability

4

loss which leads to a suppression in the event rate for heavy WIMPs or nucleons. In general,
we can express the differential cross section as

dσWN

dER
=

mN

2µ2
Nv2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (5)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momentum

transfer.
The origin of the different contributions is best understood at the microscopic level, by

analysing the Lagrangian which describes the WIMP interactions with quarks. The contribu-
tions to the spin-independent cross section arise from scalar and vector couplings to quarks,
whereas the spin-dependent part of the cross section originates from axial-vector couplings.
These contributions are characteristic of the particular WIMP candidate (see, e.g., [2]) and
can be potentially useful for their discrimination in direct detection experiments.

2.1 Spin-dependent contribution

The contributions to the spin-dependent (SD) part of the WIMP-nucleus scattering cross
section arise from couplings of the WIMP field to the quark axial current, q̄γµγ5q. For
example, if the WIMP is a (Dirac or Majorana) fermion, such as the lightest neutralino in
supersymmetric models, the Lagrangian can contain the term

L ⊃ αA
q (χ̄γ

µγ5χ)(q̄γµγ5q) . (6)

If the WIMP is a spin 1 field, such as in the case of LKP and LTP, the interaction term is
slightly different,

L ⊃ αA
q ε

µνρσ(Bρ

↔

∂µ Bν)(q̄γ
σγ5q) . (7)

In both cases, the nucleus, N , matrix element reads

〈N |q̄γµγ5q|N〉 = 2λN
q 〈N |JN |N〉 , (8)

where the coefficients λN
q relate the quark spin matrix elements to the angular momentum of

the nucleons. They can be parametrized as

λN
q $

∆(p)
q 〈Sp〉+∆(n)

q 〈Sn〉
J

, (9)

where J is the total angular momentum of the nucleus, the quantities ∆qn are related to

the matrix element of the axial-vector current in a nucleon, 〈n|q̄γµγ5q|n〉 = 2s(n)µ ∆(n)
q , and

〈Sp,n〉 = 〈N |Sp,n|N〉 is the expectation value of the spin content of the proton or neutron
group in the nucleus1. Adding the contributions from the different quarks, it is customary to
define

ap =
∑

q=u,d,s

αA
q√

2GF
∆p

q ; an =
∑

q=u,d,s

αA
q√

2GF
∆n

q , (10)

1These quantities can be determined from simple nuclear models. For example, the single-particle shell
model assumes the nuclear spin is solely due to the spin of the single unpaired proton or neutron, and therefore
vanishes for even nuclei. More accurate results can be obtained by using detailed nuclear calculations.

3

and

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] . (11)

The resulting differential cross section can then be expressed (in the case of a fermionic
WIMP) as

(

dσWN

dER

)

SD
=

16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (12)

(using d|#q|2 = 2mNdER). The expression for a spin 1 WIMP can be found, e.g., in Ref. [2].
In the parametrization of the form factor it is common to use a decomposition into

isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (13)

where the parameters Sij are determined experimentally.

2.2 Spin-independent contribution

Spin-independent (SI) contributions to the total cross section may arise from scalar-scalar
and vector-vector couplings in the Lagrangian:

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq . (14)

The presence of these couplings depends on the particle physics model underlying the WIMP
candidate. In general one can write

(

dσWN

dER

)

SI
=

mNσ0F 2(ER)

2µ2
Nv2

, (15)

where the nuclear form factor for coherent interactions F 2(ER) can be qualitatively under-
stood as a Fourier transform of the nucleon density and is usually parametrized in terms of
the momentum transfer as [3; 4]

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[

−q2s2
]

, (16)

where j1 is a spherical Bessel function, s % 1 fm is a measure of the nuclear skin thickness,
and R1 =

√
R2 − 5s2 with R % 1.2A1/2 fm. The form factor is normalized to unity at zero

momentum transfer, F (0) = 1.
The contribution from the scalar coupling leads to the following expression for the WIMP-

nucleon cross section,

σ0 =
4µ2

N

π
[Zfp + (A− Z)fn]2 , (17)

with
fp

mp
=

∑

q=u,d,s

αS
q

mq
fp
Tq +

2

27
fp
TG

∑

q=c,b,t

αS
q

mq
, (18)

where the quantities fp
Tq represent the contributions of the light quarks to the mass of the

proton, and are defined as mpf
p
Tq ≡ 〈p|mq q̄q|p〉. Similarly the second term is due to the

4
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2 MINIMAL WIMP IN THE SHM

For both, SI and SD, the di↵erential rate spectrum displays an exponential decay
sensitive [REF], for instance, to the ratio of WIMP to nucleus mass. Additionally, the
signal underlies a characteristic annual modulation caused by the periodic movement of
the Earth around the Sun. This periodic variation of the signal helps to separate events
originating from DM collisions from background related to other sources [32,40,42]. In
the EFT, the di↵erential rate and the annual modulation can both take non-standard
forms [57–59]. This could be an opportunity to test the validity of the EFT and to
reconcile DAMA with the (null) results of other experiments [REF].

In the following, I will discuss the di↵erent components in greater detail and address
the feature of annual modulation at the example of the Standard Halo Model (SHM) [32].
All calculations were performed explicitly on paper and using our own numerical tools
(Mathematica and later on a C based code). The graphs presented in this section were
generated using these tools unless specified otherwise.

We decided to stick to the simple astrophysical SHM and chose a benchmark proposed
in [64] (BM1) for the remaining parameters. This means that I will mainly consider a
WIMP of mass 100 GeV, equal proton and neutron couplings and a SI WIMP-nucleon
cross section � = 10�9 pb. Further specifications will be given in the respective sections.

2.2 Di↵erential Cross Section

The di↵erential cross section contains the particle physics contribution to the event
rate calculation. Its magnitude is energy-dependent and determined by the interaction
couplings, particle masses and material properties such as spin, proton number and so
on.

The di↵erential WIMP-nucleus cross section is commonly written in terms of the
WIMP-nucleus cross sections for the spin-independent (SI) and the spin-dependent
(SD) interaction at zero momentum transfer as well as their corresponding form factor
squared [39,65]:

d�WN

dER
=

mN

2µN
2v2

�
�0

SI,N
F

2
SI(ER) + �0

SD,N
F

2
SD(ER)

�
, (2.2.1)

where FSI , FSD denote the SI and SD form factors. They parameterize the energy-
dependent loss of coherence when WIMP and target scatter. Both form factors are
described in more detail later on. mN represents the mass of the target, in our case
germanium, and µN stands for the reduced mass of WIMP and target.

The di↵erential cross section has a dependence of v�2 that we have to consider in
the integral over the velocity, leading to the form of the integral that gives it its name
‘inverse velocity’. The di↵erential cross sections in the e↵ective field theory (EFT) [57–59]
on the other hand can have additional dependencies on v which we will have to include
in the halo integral to achieve correct results.

The WIMP-nucleus cross sections at zero momentum transfer �SI,N
0 and �

SD,N
0 can

be expressed in terms of the nucleon couplings [39, 65]

�0
SI,N =

4µ2
N

⇡
[Zfp + (A� Z)fn]

2
, (2.2.2)

�0
SD,N =

32µ2
NG

2
F

⇡
[apSp + anSn]

2

✓
J + 1

J

◆
, (2.2.3)
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Where the spin-independent and 
spin-dependent contributions 
read  

WIMP-nucleus (elastic) scattering cross section 

2 MINIMAL WIMP IN THE SHM

where fp, fn, ap, an are the nucleon couplings for SI and SD, GF the Fermi constant and
Sp, Sn the nucleon spin averaged over the nucleus. Z is as usual the proton and A the
nucleon number. J stands for the nuclear spin.

If we assume fp = fn for the SI case, one reduces the parameter space and only
one WIMP-nucleon cross section is necessary to fully describe the WIMP-nucleus cross
section [65]:

�0
SI,N =

✓
µN

µn

◆2

A
2
�
SI
. (2.2.4)

The SD WIMP-nucleus cross section can also be written in terms of WIMP-nucleon cross
sections [66]:

�
0,N
SD =

4

3

✓
J + 1

J

◆✓
µN

µn

◆⇣
Sp

p
�SD,p + Sn

p
�SD,n

⌘2
. (2.2.5)

2.2.1 Form Factors

Whilst point-like scattering is a good approximation for low recoil energies, the e↵ective
cross section drops with increase in momentum transferred to the nucleus. It becomes
necessary to introduce nuclear form factors to take account of this loss of coherence. In
particular more massive nuclei are a↵ected.

There are several parameterizations available depending on the charge density model
used and the application on di↵erent materials. We will only introduce the ones relevant
in the framework of our calculations.

Spin-independent Form Factor For the spin-independent (SI) form factor usually
the analytic expression of the Helm form factor is considered [34,67]:

F
2(q) =

✓
3j1(qR1)

qR1

◆2

exp(�q
2
s
2), (2.2.6)

where q is the momentum transfer in fm�1, s a measure of the nuclear skin thickness
(⇡ 1fm), R1 =

p
R2 � 5s2 and R ⇡ 1.2A

1
2 fm. The form factor is normalized to unity at

zero momentum transfer, F (0) = 1
j1 is a spherical Bessel function given by

j1 =
sin(x)

x2
� cos(x)

x
. (2.2.7)

The momentum transfer with nucleus mass mN [GeV] and recoil energy ER[keV] can
be expressed in the unit fm�1 via the following equation [68]:

q[fm�1] =

p
2mN [GeV]ER[keV] · 10�6

0.1973GeV fm
. (2.2.8)

Spin-dependent Form Factors The spin-dependent interaction (SD) couples the
spin of the WIMP to the nuclear spin. Hence, the contributions can vary immensely from
isotope to isotope. For instance, out of the stable isotopes of germanium only germanium
73 has a nuclear spin (J = 9/2) [REF] that is not equal to zero.

9

The Form factor encodes the loss of 
coherence for large momentum exchange 

For ~keV energies, F(q)~1 
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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2 MINIMAL WIMP IN THE SHM

with the momentum transferred to the nucleus. A good review of the di↵erent form
factors for germanium is presented by Bednyakov et al. in [73].

2.3 SHM and the inverse velocity

The Standard Halo Model (SHM) assumes a velocity distribution according to an
isothermal sphere with Maxwellian distribution [32, 40, 42, 74]. Due to its simplicity it is
widely used for calculations in this field. The distribution function is defined via

f(~v) =
1

(2⇡)
3
2�3

exp

✓
� ~v

2

2�2

◆
, (2.3.1)

where � is the central velocity. The distribution function is defined in the Galactic frame
and one hast to shift it to the Earth frame by taking ~v ! ~v + ~vlag [32, 40, 42, 74]. vlag is
the velocity of the solar system in the Galactic frame and also includes the velocity of
the Earth which exhibits an annual modulation.

f(~v + ~vlag) =
1

(2⇡)
3
2�3

exp

✓
�
(~v + ~vlag)2

2�2

◆
. (2.3.2)

The Galilean shift from the Galactic frame into the Earth frame underlies an annual
modulation (see section 2.5) which results in a variation of the distribution function
and hence also all quantities related to it. In addition, the parameters that define the
SHM and the model itself are subject to astrophysical uncertainties [24]. Furthermore,
diverse alternative distribution functions were proposed describing the behavior of DM
streams [41], debris flows [75], dark disks [76, 77] or other forms [78,79].

Inverse Velocity In the minimal WIMP case, the average over the distribution function
becomes an integral of f over v when considering a v

�2 contribution coming from the
di↵erential cross section (see 2.2). In the e↵ective field theory (EFT), operators can have
additional velocity dependencies, e.g. a factor of v2 (O3, O5, O7 and O8 [57–59]). Extra
factors of q2 or q

4 (momentum transfer) are also possible and were also considered in
earlier papers [60, 61]. The corresponding integrals would then be di↵erent, even in the
SHM. In this section I will perform the SHM calculation with standard v

�2 contribution
from the di↵erential cross section only. I will calculate the integrals of higher order using
numerical tools for multidimensional integrals on C2.

The inverse velocity ⌘ is defined by

⌘(vmin) =

Z
f(~v)

v
d3~v, (2.3.3)

where f(~v) is the velocity distribution function specified by the choice of halo. The SHM
distribution is given in eqn (2.3.2). The dependence of the integral on v

�1 gives the
expression its name: ‘inverse velocity’. vmin is the minimal velocity being able to lead to
a reaction associated with a recoil energy ER and is, hence, a function of ER and vice
versa.

vmin = vmin(ER) =

s
mNER

2µ2
�N

. (2.3.4)

2‘cubature’ package by Steven G. Johnson. See http://ab-initio.mit.edu/wiki/index.php/Cubature.
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Uncertainties in the Dark Halo affect 
significantly the prospects for direct 
detection 

For example, there might be non-
thermalised components: dark disk or 
streams 

Kavanagh and Green 2013 
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DM scattering would leave an exponential signal in the differential rate 

Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the

10

Xe	

Ge	

50 GeV	100 GeV	200 GeV	

OKC	9/2/2016	

Light WIMPs expected at very low 
recoil energies 

Favours light targets  

Low-threshold searches 
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The slope is dependent on the DM mass and the target mass 

Discriminating a DM signal: ENERGY SPECTRUM 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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The challenge of low-mass WIMPsStrategy for Light WIMP Searches
SuperCDMS!

analysis range
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reduced.

• Backgrounds are more difficult to discriminate (this is in general not a 
background-free search)
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Discriminating a DM signal: ANNUAL MODULATION 

Drukier et al. 86 

OKC	9/2/2016	 35	
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The modulation amplitude is small (~7%) 
and very sensitive to the details of the 
halo parameters 

2 MINIMAL WIMP IN THE SHM

Figure 3: The Galaxy and the Earth in the DM halo. Illustration of annual modulation3:
The Galaxy moves with a constant velocity relative to the DM halo, here called the ‘WIMP
wind’. The orbit of the Earth around the Sun is tilted by 60� with respect to the galactic
plane and the motion exhibited is anti-parallel to the WIMP wind in June and parallel in
December, increasing or decreasing the relative velocity in the Earth frame.

signal can help to distinguish DM interactions from reactions caused by sources on Earth
or other cosmic origins than the DM halo.

The halo distribution function is defined in the frame of the Galactic DM halo.
One has to shift into the Earth frame by a vector ~vlag = ~vlag,0 + ~vE,0 cos(↵(t)), where
↵(t) = 2⇡ t�t0

T
and T = 1 year, t0 ⇡ 150 days. ~vlag,0 denotes the constant velocity of the

Galaxy and ~vE,0 the maximal velocity shift of the Earth. The maximum and minimum
velocities occur in June and December respectively. Introducing annual modulation
into the calculations does not change any of the previous steps. in particularly the
velocity integral remains the same. However, the quantity vlag is no longer a constant
but a time-dependent variable. Hence, one has to substitute vlag = vlag(t) in all earlier
calculation. Let us now discuss how annual modulation a↵ects the signal.

The di↵erential rate can be approximated by a Taylor series [39]

dR

dER

⇡
✓

dR

dER

◆
(1 +�(ER) cos(↵(t))) . (2.20)

The quantity � is an indicator how the distribution modulates over the year. � is
commonly referred to as the ‘annual modulation amplitude’ and is an energy dependent
quantity. It is very convenient to consider this variable and compare it later on with
results from di↵erent modulated operators of the e↵ective field theory (EFT) [57–59].

The extreme values of the modulation are to find in June and December. Accordingly,
a possible definition for the annual modulation amplitude regarding the approximation
as a Taylor series would be [39]

� ⇡ 1

2

✓
dR

dER

���
June,1st

� dR

dER

���
December,1st

◆
. (2.21)

3taken from the DM research website of the University of She�eld www.hep.shef.ac.uk/research/dm
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The relative velocity of WIMPs in the Earth 
reference frame has an annual modulation.  
 
This implies a modulation in the rate. 
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Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the

10

DAMA (DAMA/LIBRA) signal on annual modulation 

cumulative exposure 427,000 kg day (13 
annual cycles) with NaI 

energy threshold of 2 keV is considered.
2-6 keV

 Time (day)
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V
) DAMA/NaI ≈ 100 kg

(0.29 ton×yr)
DAMA/LIBRA ≈ 250 kg

(0.87 ton×yr)

Figure 1: Experimental model-independent residual rate of the single-

hit scintillation events, measured by DAMA/NaI over seven and by
DAMA/LIBRA over six annual cycles in the (2 – 6) keV energy interval
as a function of the time [4, 5, 17, 18]. The zero of the time scale is Jan-
uary 1st of the first year of data taking. The experimental points present
the errors as vertical bars and the associated time bin width as horizontal
bars. The superimposed curve is A cos ω(t − t0) with period T = 2π

ω = 1
yr, phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal
to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the
maximum expected for the DM signal (June 2nd), while the dotted vertical
lines correspond to the minimum. See Refs. [17, 18] and text.

The DAMA/LIBRA data released so far correspond to six annual cycles
for an exposure of 0.87 ton×yr [17, 18]. Considering these data together
with those previously collected by DAMA/NaI over 7 annual cycles (0.29
ton×yr), the total exposure collected over 13 annual cycles is 1.17 ton×yr;
this is orders of magnitude larger than the exposures typically collected
in the field. Several analyses on the model-independent DM annual mod-
ulation signature have been performed (see Refs. [17, 18] and references
therein); here just few arguments are mentioned. In particular, Fig. 1
shows the time behaviour of the experimental residual rates of the single-

hit events collected by DAMA/NaI and by DAMA/LIBRA in the (2–6) keV
energy interval [17, 18]. The superimposed curve is the cosinusoidal func-
tion: A cos ω(t− t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5
day (June 2nd), and modulation amplitude, A, obtained by best fit over
the 13 annual cycles. The hypothesis of absence of modulation in the data
can be discarded [17, 18] and, when the period and the phase are released
in the fit, values well compatible with those expected for a DM particle
induced effect are obtained [18]; for example, in the cumulative (2–6) keV
energy interval: A = (0.0116±0.0013) cpd/kg/keV, T = (0.999±0.002) yr

4

... however other experiments (CDMS, Xenon, CoGeNT, ZEPLIN, Edelweiss, ...) did not 
confirm (its interpretation in terms of WIMPs).  
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keVnr kg day]�1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-
ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⇤ L0/L1, where L0 is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and ⇥, while L1 is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the ⇤2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keVnr interval.

We extend this analysis by applying the same method
to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keVnr kg day]�1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-
ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⇤ L0/L1, where L0 is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and ⇥, while L1 is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the ⇤2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keVnr interval.

We extend this analysis by applying the same method
to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
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sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

CDMS II 2012

CDMS did not see annual modulation

An analysis of CDMS II (Ge) data has shown no evidence of modulation.

This means a further constraint on CoGeNT claims

• CoGeNT: smaller amplitude of the DM modulation signal in second year of data
Collar in IDM 2012
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No modulation in ANAIS
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4

ergy regions: [2-6] keV and [1-6] keV, to allow direct com-
parison with the DAMA/LIBRA results. The values of the
modulation amplitude observed by DAMA/LIBRA, S

DAMA

m
,

are 0.0102± 0.0008 and 0.0105± 0.0011 cpd/kg/keV in the
full exposure for [2-6] keV and using only phase-2 data for
[1-6] keV energy region, respectively [8]. We expect results
derived from [2-6] keV to be more robust because our data se-
lection efficiencies strongly go down below 2 keV, increasing
the risk to be affected by unknown systematics.

We evaluate the statistical significance of a possible modu-
lation in our data by a least square method in the time-binned
data. The efficiency-corrected rate of events surviving the cuts
in [1-6] and [2-6] keV energy regions is modelled as

R(t) = R0 +R1 · exp(�t/t)+Sm · cos(w · (t +f)), (2)

where R0 and R1 are free parameters and t is fixed to the
value obtained from our background model in the correspond-
ing energy range. We also fix the period (w = 2p/365 d=
0.01721 rad d�1) and the phase (f = �62.2 d, corresponding
the cosine maximum to June, 2 when taking as time origin
August 3), while Sm is fixed to 0 for the null hypothesis and
left unconstrained (positive or negative) for the modulation
hypothesis. This allows a direct comparison with the results
from the DAMA/LIBRA analysis with 1 free parameter [8].
We present the best fit for both hypothesis for 10-day time
binning in Figure 2. In order to highlight the presence or ab-
sence of modulation, we plot the data with the constant and
exponential terms subtracted. For the sake of comparison, in
the plot we show the modulation measured by DAMA/LIBRA
(green lines).

Days after August 3, 2017
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/NDF = 62.0 / 53 [pval=0.18]2χ →null hyp 

DAMA mod hyp: Sm = 0.0105 (cpd/kg/keV)
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Days after August 3, 2017
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DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV)
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d/
kg
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FIG. 2: ANAIS-112 data in the energy windows [1-6] keV (bottom
panel) and [2-6] keV (top panel) surviving all the cuts and efficiency
corrected [26]. Data is displayed after subtracting the constant and
exponential functions fitted to Equation 2. Fits are also shown in the
same way, both in the modulation (3 free parameters) and the null
hypothesis (2 free parameters). c2 and p-values displayed allow the
comparison of both hypothesis, and DAMA/LIBRA results on mod-
ulation amplitude in both energy windows are shown in green [8].

In both energy regions the null hypothesis is well sup-

ported by the c2 test, with c2/NDF = 48.0/53 for the
[2-6] keV (p-value = 0.67) and c2/NDF = 62.0/53 for the
[1-6] keV regions (p-value = 0.18). The best fits for the modu-
lation hypothesis are Sm =�0.0044±0.0058 cpd/kg/keV and
�0.0015± 0.0063 cpd/kg/keV for [2-6] keV and [1-6] keV,
respectively. In both cases, p-values are slightly lower
than those of the null hypothesis (0.65 and 0.16, respec-
tively). The best fits are incompatible at 2.5s (1.9s ) with
the DAMA/LIBRA signal.

The statistical significance of our result is determined by
the standard deviation of the modulation amplitude distribu-
tion, s(Sm), which would be obtained in a large number of ex-
periments like ANAIS-112 with the present exposure. Then,
we quote our sensitivity to DAMA/LIBRA result as the ra-
tio S

DAMA

m
/s(Sm), which directly gives in s units the C.L.

at which we can test the DAMA/LIBRA signal. At present,
our result s(Sm) = 0.0058 (0.0063) cpd/kg/keV for [2-6] keV
([1-6] keV) corresponds to a sensitivity of 1.75s (1.66s ) to
the DAMA/LIBRA signal. In Ref. [28] we found an analyti-
cal expresion to calculate s(Sm) at a given exposure from the
measured background and detection efficiency. Figure 3 (dark
blue lines) displays our sensitivity projection calculated fol-
lowing Ref. [28] for the two studied energy ranges, whereas
the blue bands represent the 68% uncertainty in S

DAMA

m
as re-

ported in Ref. [8]. In the calculation we take into account the
ANAIS-112 live time distribution, the background reduction
expected due to decaying isotopes and the statistical error in
the detection efficiency. The black dots are the sensitivities
derived in this work, including a systematic error estimated
by changing the time-binning from 1 to 20 days, and consid-
ering the systematics in the efficiency [26]. The results per-
fectly agree with our estimates, confirming the ANAIS-112
projected sensitivity to the DAMA/LIBRA result. A 3s sen-
sitivity should be at reach in 4-5 years of data-taking.
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FIG. 3: ANAIS-112 sensitivity to the DAMA/LIBRA signal in s
C.L. units (see text) as a function of real time in the [2-6] keV (upper
panel) and [1-6] keV (lower panel) energy regions. The black dots
are the sensitivities derived in this work, s(Sm). The blue bands
represent the 68% C.L. DAMA/LIBRA uncertainty [8].

Finally, Figure 4 presents the best fit amplitudes, Sm, cal-

Nal
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6

WIMP flux
in galactic coordinates

Constellation Cygnus (l = 90°,b = 0°)

Elastic scattering
100 GeV/c2 WIMP

Angular distribution of Fluorine 
recoils [5;50] keV

WIMP signal
(recoil map)

Directional features: dipole

Background

Unambiguous difference 
between WIMP and 

background

for a standard halo
(isothermal and isotropic)

J. Billard et al., PLB 2010

F. Mayet - Cygnus 2015, Occidental College, Los Angeles

Characteristic dipole signal 

-  Poor resolution 
-  Low- number of WIMPs vs. Background 

J. Billard et al., 2010  

Spergel ‘88 

Bozorgnia et al., 2012  

Figure5.Mollweideequal-areaprojectionmapsofthecelestialsphereinGalacticcoordinates
showing(a)thenumberfractionFWIMP(v̂,vq)ofm=100GeV/c

2
WIMPscrossingtheEarthper

unitsolidangleasafunctionoftheWIMPvelocitydirectionv̂.Forthisfigurewetakeaminimum
speedvq=113km/s,asnecessarytoproduceER=5keVsulfurrecoils.(b)Thedirectional
differentialrecoilrateinCS2atER=5keVform=100GeV/c

2
.Inbothpanelsweassumethe

IMBwithvesc=544km/s,σv=173km/sandVGalRot=312km/sonJune2.Noticethedirection
of−Vlabmarkedwithacross.Thecolorscale/grayscaleshownintheverticalbarscorrespondsto
equalstepsbetweentheminimumandmaximumvaluesin5.ainunitsofsr

−1
,andin5.binunitsof

10
−6

×(ρ0.3σ44/kg-day-keV-sr).Eq.2.11givesf̂center/f̂ring=0.42intherightpanel.

Theupperlimitofthisintegralisvmax(v̂)=−v̂·Vlab+
√

(v̂·Vlab)2−V2
lab+v2

escand

theanalyticexpressionofFWIMP(v̂,vq)isgiveninEq.13ofRef.[13].Themaximumof
FWIMP(v̂,vq)happenswhenv̂·Vlab=−Vlab,i.e.inthedirectionoftheaverageWIMP
velocity−Vlab.MostWIMPsmoveinthedirectionoppositetothelaboratorymotion,
markedbyacrossinthefigures.

InFig.5.bweshowaMollweidemapofthedirectionaldifferentialrecoilrateinCS2,
Eq.2.7,producedbytheWIMPsinFig.5.ainwhichtheringofmaximumratearoundthe
−Vlabdirectionisclearlyvisible.InFig.5,weusedm=100GeV/c2,andtheIMBwith
vesc=544km/s,VGalRot=312km/sandσv=173km/sonJune2.InFig.5.btherecoil
energyisER=5keV.

Itiseasiertoseetheringwhenthecontrastbetweentherateatthecenterofthering
(inthedirectionof−Vlab)andtheringislarger.Intermsoff̂lab,theratioofthevalue
f̂centeratthecenteroftheringtothevaluef̂ringattheringisapproximately,fortheIMB
neglectingtheescapespeed,

f̂center

f̂ring
#exp

[

−
(Vlab−vq)2

2σ2
v

]

.(2.11)

f̂center/f̂ring=0.42inFig.5.b(seethe5keVprofileinFig.7.a).Thesmallertheratio

f̂center/f̂ring,theeasieritistodetectthering.Thusthebestprospectstoobservethe
ringareatlowrecoilenergiesandforheavierWIMPs(sovqissmall),largeVlabandsmall
σv.InFigs.5.band6wevaryVlabandσvgivingthefourcombinationsofmaximumand
minimumvaluesforboth.Fig.6showsplotsoftheCS2directionalrateforER=5keV,
m=100GeV/c2,andthreecombinationsofVlabandσvdifferentfromthoseinFig.5:(a)
VGalRot=180km/s,σv=225km/sonMay30;(b)VGalRot=180km/s,σv=173km/son
May30;and(c)VGalRot=312km/s,σv=225km/sonJune2.TherightpanelofFig.5
displaysthefourthcombinationofVGalRotandσv.Therateisdominatedbyscatteringoff
S,byafactorofabout100.InFig.6.a,Vlab=208.8km/sandσv=225km/sistheworst
combinationoflowVlabandhighσv.Itisclearlyseenfromthefiguresthattheringismost

–8–

Ring-like structure 

-  Requires low-recoil energies and heavy 
WIMPs 

-  Also aberration due to Earth’s motion ER= 5 keV  (CS2) 
mWIMP = 100 GeV 

OKC	9/2/2016	

Experimental challenges 

Low-pressure TPC to measure direction 

Large exposure needed (from current limits) 

41	

Discriminating a DM signal: DIRECTIONALITY 
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Constraints on the DM-nucleus scattering cross section

Single or double phase noble gas detectors excel in searches at large DM masses
XENON1T, LUX, Panda-X (Xe), DARKSIDE, DEAP (Ar)
Easily scalable

17/09/2019 29

LUX 1608.07648
33500 kg day

XENON1T 1705.06655
34200 kg day

DEAP 1707.08042
9870 kg day

DARKSIDE 1802.07198
~10000 kg day

Ar

Xe

PANDAX 1708.06917
54000 kg day



Constraints on low-mass WIMPs

CRESST-II 

SuperCDMS

17/09/2019 30

CDMSlite, SuperCDMS, Edelweiss, CDEX (Ge), CRESST (CaWO4), NEWS-G (Ne) complete the 
search for WIMPs at low masses. 
Low-threshold experiments (with smaller targets) are probing large areas of parameter space

NEWS G

CDEX
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FIG. 7. The DarkSide-50 Ne� spectra at low recoil en-
ergy from the analysis of the last 500 days of exposure
compared with a G4DS simulation of the background
components from known radioactive contaminants. Also
shown are the spectra expected for recoils induced by
dark matter particles of masses 2.5, 5, and 10GeV/c2
with a cross section per nucleon of 10�40 cm2 convolved
with the binomial fluctuation model and detector reso-
lution. The y-axis scales at right hand side are approxi-
mate event rates normalized at Ne� = 10 e�.

masses 2.5, 5, and 10GeV/c2 with a cross section of
10�40 cm2 and standard isothermal halo parameters
(vescape = 544 km/ sec, v0 = 220 km/ sec, vEarth =
232 km/ sec, and ⇢DM = 0.3GeV/(c2 cm3) [60]).

Uncertainties in the expected signal yield above
the analysis threshold are dominated by the average
ionization yield as extracted from the 241AmBe and
241Am13C data and its intrinsic fluctuations. We
have no a priori knowledge of the width of the ion-
ization distribution of nuclear recoils and are not
aware of measurements in liquid argon in the en-
ergy range of interest. We therefore consider two
extreme models: one allowing for fluctuations in en-
ergy quenching, ionization yield, and recombination
processes obtained with binomial distributions and
another where the fluctuations in energy quenching
are set to zero, equivalent to imposing an analysis
threshold of 0.59 keVnr.

Extrapolations of the expected background to the
signal region are mostly a↵ected by theoretical un-
certainties on the low energy portion of the 85Kr and
39Ar �-spectra and by the uncertainty in the elec-
tron recoil energy scale and resolution.

Upper limits on the WIMP-nucleon scattering
cross-section are extracted from the observed Ne�

spectrum using a binned profile likelihood method.
Two signal regions are defined, the first one using
a threshold of 4 e�, determined by the approximate
end of the trapped electron background spectrum,
and the second above a threshold of 7 e�, where the
background is described within uncertainties by the
G4DS simulation. The first region has sensitivity to
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DarkSide-50 Binomial
DarkSide-50 No Quenching Fluctuation 
NEWS-G 2018 LUX 2017
XENON1T 2017 PICO-60 2017
PICASSO 2017 CDMSLite 2017
CRESST-III 2017 PandaX-II 2016
XENON100 2016 DAMIC 2016
CDEX 2016 CRESST-II 2015
SuperCDMS 2014 CDMSlite 2014
COGENT 2013 CDMS 2013
CRESST 2012 DAMA/LIBRA 2008
Neutrino Floor

FIG. 8. 90% upper limits on spin independent DM-
nucleon cross sections from DarkSide-50 in the range
above 1.8GeV/c2. See the text for additional details.

the entire range of DM masses explored in this work,
but the data is contaminated by a component that
is not included in the background model, resulting
in weaker bounds on the DM-nucleon cross-section.
The second signal region has limited sensitivity to
DM masses below 3.5GeV/c but, due to the agree-
ment between data and background model, more
tightly constrains the cross-section at higher masses.
For a given fluctuation model and DM mass, we cal-
culate limits using both signal regions and quote the
more stringent of the two.

The 90% C.L. exclusion curves for the binomial
quenching model (red dotted line) and the zero
quenching model (red dashed line) are shown in
Fig. 8. For masses above 1.8GeV/c2, the 90%
C.L. exclusion is nearly insensitive to the choice of
quenching fluctuation model. Below 1.8GeV/c2, the
two exclusion curves rapidly diverge. Without addi-
tional constraints on the quenching fluctuations, it is
impossible to claim an exclusion in this mass range.

Our exclusion limit above 1.8GeV/c2 is com-
pared with the 90% C.L. exclusion limits from
Refs. [21, 61–73], the region of claimed discovery of
Refs. [17, 18, 74–82], and the neutrino floor for LAr
experiments [83]. Improved ionization yield mea-
surement and assessment of a realistic ionization
fluctuation model, which are left for future work,
may be used to determine the actual sensitivity of
the present experiment within the range indicated
by the two curves below the 1.8GeV/c2 DM mass.

The DarkSide Collaboration o↵ers its profound
gratitude to the LNGS and its sta↵ for their in-
valuable technical and logistical support. We also
thank the Fermilab Particle Physics, Scientific, and
Core Computing Divisions. Construction and oper-
ation of the DarkSide-50 detector was supported by
the U.S. National Science Foundation (NSF) (Grants
PHY-0919363, PHY-1004072, PHY-1004054, PHY-
1242585, PHY-1314483, PHY-1314501, PHY-

Using only the ionisation signal, 
liquid noble gas detectors (e.g., 
XENON, DARKSIDE) are also 
advancing on the search for low-
mass WIMPs

Constraints on low-mass WIMPs

DISCLAIMER: 

THESE PLOTS ASSUME
• Isothermal Spherical Halo
• WIMP with only spin-independent interaction
• coupling to protons = coupling to neutrons
• elastic scattering



Uncertainties in the parameters describing the Dark Matter halo affect bounds and 
reconstruction 7
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FIG. 2: The joint 68% and 95% posterior probability contours in the m� � ⇥p
SI plane for the case in which astrophysical

uncertainties are taken into account. In the left frame, the e�ect of marginalising over �0, v0 and all four (�0, v0, vesc, k)
astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xe+Ge and Xe+Ge+Ar are used for the three DM benchmarks (m� = 25, 50, 250 GeV).

Percent 1⇥ accuracy
m� = 25 GeV m� = 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)

Xe+Ge 3.9% (10.9%) 5.2% (15.2%)
Xe+Ge+Ar 3.6% (9.0%) 4.5% (10.7%)

TABLE III: Marginalised percent 1⇥ accuracy of the DM mass reconstruction for the benchmarks m� = 25, 50 GeV. Figures
between brackets refer to scans where the astrophysical parameters were marginalised over (with priors as in Table II), while
the other figures refer to scans with the fiducial astrophysical setup.

Fig. 2 shows the results of a more realistic analysis,
that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Section
V. The left frame of Fig. 2 shows the e�ect of varying
only �0 (dashed lines, blue surfaces), only v0 (solid lines,
red surfaces) and all Galactic model parameters (dotted
lines, yellow surfaces) for Xe and m� = 50 GeV. The
Galactic model uncertainties are dominated by �0 and
v0, and, once marginalised over, they blow up the con-
straints obtained with fixed Galactic model parameters.
This amounts to a very significant degradation of mass
(cf. Table III) and scattering cross-section reconstruction.
Inevitably, the complementarity between di�erent targets
is a�ected – see the right frame of Fig. 2. Still, for the
50 GeV benchmark, combining Xe, Ge and Ar data im-
proves the mass reconstruction accuracy with respect to
the Xe only case, essentially by constraining the high-
mass tail.

In order to be more quantitative in assessing the use-
fulness of di�erent targets and their complementarity, we
use as figure of merit the inverse area enclosed by the
95% marginalised contour in the log10(m�)� log10(⇥

p
SI)

plane inside the prior range. Notice that for the 250

GeV benchmark the degeneracy between mass and cross-
section is not broken – this does not lead to a van-
ishing figure of merit (i.e. infinite area under the con-
tour) because we are restricting ourselves to the prior
range. Fig. 3 displays this figure of merit for several
cases, where we have normalised to the Ar target at
m� = 250 GeV with fixed Galactic model. Analyses
with fixed Galactic model parameters are represented by
empty bars, while the cases where all Galactic model pa-
rameters are marginalised over with priors as in Table II
are represented by filled bars. Firstly, one can see that all
three targets perform better for WIMP masses around 50
GeV than 25 or 250 GeV if the Galactic model is fixed.
When astrophysical uncertainties are marginalised over,
the constraining power of the experiments becomes very
similar for benchmark WIMP masses of 25 and 50 GeV.
Secondly, Fig. 3 also confirms what was already appar-
ent from Fig. 1: Ge is the best target for m� = 25, 250
GeV (although by a narrow margin), whereas Xe appears
the most e�ective for a 50 GeV WIMP (again, by a nar-
row margin). Furthermore, the inclusion of uncertainties
drastically reduces the amount of information one can
extract from the data: the filled bars are systematically

Astrophysical input and uncertainties

32

• Incorporating uncertainties is crucial in order to compare results among different 
experiments. Halo-independent analyses. 

• Very relevant to combine direct and indirect detection constraints.

• Low mass region is especially sensitive
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FIG. 5. Left: upper limit on the spin-independent component of the WIMP-nucleon elastic scattering cross-section, σSI
χ,p from

the LUX data for the “generalised NFW (free γ)” case (for which the inverse speed function is shown in the left panel of
Fig. 4) and its uncertainties. The short-dashed black line corresponds to the SHM, as used by the LUX collaboration. The
dashed green line uses the self-consistent speed distribution for the “generalised NFW (free γ)” case, but with a local density
of ρ0 = 0.3 GeVcm−3. Right: exclusion limits corresponding to the best-fit solutions for each of the three density profiles
considered in this analysis. The solid lines are obtained using the corresponding best-fit values of Θ0, vesc, V

RSR
",φ and ρ0, while

the dashed lines use a common local density of ρ0 = 0.3 GeV cm−3. The short-dashed black line denotes the upper limit for
the SHM.

of the generalised NFW models produce tighter exclusion
limits than the standard NFW profile. For light WIMPs
the exclusion limits for the self-consistent velocity distri-
butions differ from that for the SHM by tens of per-cent
and, depending on the halo profile, can be either tighter
or weaker.
We also considered the possibility of a DM halo with

an anisotropic velocity tensor, parameterising the L-
dependent component of the phase-space density accord-
ing to Ref. [78]. For reasonable, fixed values of the
anisotropy parameters, the speed distributions are very
similar to the isotropic case (for a given DM density pro-
file). Therefore we expect the LUX exclusion limits to be
very similar to the isotropic case. Marginalising over the
unknown anisotropy parameters would, however, signifi-
cantly increase the uncertainty on both the speed distri-
bution and the exclusion limits.
Our work reinforces the need for a consistent interpre-

tation of data from DM experiments. Combining data
from different strategies allows not only an improved re-
construction of the properties of DM, but also better con-
trol over the uncertainties involved. The amount of ex-

perimental data on DM is rapidly increasing, alongside
the precision of theoretical models. It is, therefore, vital
to identify and apply good practice in the way different
data sets are combined.
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FIG. 5. Top: Using a set of toy experimental setups, we
demonstrate the impact of the SHM++ on the sensitivity
limits for three classes of detectors: a germanium experi-
ment (purple), a directional He:SF6 experiment (orange) and
a xenon experiment (green). The lower blue shaded region
shows the neutrino floor for a xenon target while the grey
shaded region shows the already excluded parameter space
(assuming the SHM). The dashed lines indicate the sensitivity
assuming the SHM while the solid lines assume the SHM++.
For the SHM++ limits in the top panel, we have used the
parameters from the lower half of Table I. Bottom: The ra-
tio between the SHM and the SHM++ cross sections. The
shading indicates the ratio for di↵erent values of ⌘ (⌘ = 0.2
corresponds to the ratio for the top panel). The black dotted
line indicates the di↵erence that arises solely from the di↵er-
ent values of ⇢0 in the SHM and SHM++; deviations from this
line arise from the di↵erent velocity distributions.

the SHM to the SHM++ for three hypothetical experi-
ments using a xenon (green), germanium (purple) and
a He:SF6 (red) target material. In the upper panel, the
dashed lines show the limits for the SHM with parameters
in the upper half of Table I, while the solid lines show the
limits for the SHM++ with our new recommended values
for the astrophysical parameters given in the lower half
of Table I. The limits are calculated as median discov-
ery limits, where we use the profile likelihood ratio test
under the Asimov approximation to calculate the cross
sections discoverable at 3� (see Ref. [134] for more de-
tails). WIMP 90% CL exclusion limits will follow the
same behaviour as the discovery limits shown in Fig. 5.

The green limits correspond to a toy version of a liquid
xenon experiment like DARWIN [135] with a ⇠200 ton-

year exposure. As a proxy, we have used the background
rate and e�ciency curve reported for LZ [82]. The low
threshold germanium result (purple limits) is a toy ver-
sion of the SuperCDMS [136] or EDELWEISS [137] ex-
periments, where we assume a simple error function pa-
rameterisation for the e�ciency curve, which falls sharply
towards a threshold at 0.2 keV. The He:SF6 target (red
limits) is a toy version of the 1000m3 CYGNUS direc-
tional detector using a helium and SF6 gas mixture (dis-
cussed in more detail in Sec. VC). We have also included
realistic estimates of the detector resolutions in our re-
sults.

The upper gray shaded regions in Fig. 5 show the exist-
ing exclusion limits on the SI WIMP-proton cross section
(calculated assuming the SHM with the parameters in the
upper half of Table I). This is an interpolation of the lim-
its of (from low to high masses) CRESST [138], DarkSide-
50 [139], LUX [140], PandaX [141] and XENON1T [80].
The lower blue region shows the ‘neutrino floor’ region
for a xenon target. The neutrino floor delimits cross sec-
tions where the neutrino background saturates the DM
signal, so is therefore dependent upon the shape of the
signal model that is assumed [142]. We calculate the floor
in the same manner as described in Refs. [142–144]

Fig. 5 shows a noticeable shift between the SHM and
SHM++ limits. This is mostly due to the di↵erent values
of ⇢0, which can be most clearly seen from examining
the ratio between the limits shown in the lower panel.
The black dotted line in the lower panel indicates the
ratio 0.55/0.3, the ratio of the di↵erent ⇢0 values. It
is only as the limits approach the lowest DM mass to
which each experiment is sensitive that the ratio of cross
sections deviate significantly from the black dotted line.
The small impact on the shape of the exclusion limits
can be understood as follows. Contrasting the SHM and
SHM++ signals, there are two competing e↵ects which
act to push the limits in opposite directions. Increasing
v0 strengthens the cross section limits because it increases
the number of recoil events above the finite energy thresh-
old. However, the Sausage reverses this e↵ect since, as
we saw in Fig. 3, the Sausage component decreases the
maximum recoil energy so there are fewer events above
the finite energy threshold.

The neutrino floor has a more complicated relationship
with the velocity distribution and the WIMP mass. The
cross section of the floor depends upon how much the
neutrino background overlaps with a given DM signal.
The neutrino source that overlaps most with a DM signal
depends on m�. This leads to the non-trivial dependence
of the neutrino floor on the Sausage fraction ⌘ shown in
the lower panel.

Altogether, our refinement of the SHM ultimately leads
to only slight changes to the cross section limits which,
for the most part, are simple to understand. This can
be considered a positive aspect of our new model, since
while it includes refinements accounting for the most re-
cent data, it simultaneously allows existing limits on DM
particle cross sections to be used with confidence. The

12

0 20 40 60

FIG. 6. Mollweide projection in galactic coordinates of the value of the double di↵erential angular recoil rate as a function
of the inverse of the recoil direction �q̂ at a fixed recoil energy of 5 keV. We assume a 20 GeV DM mass and sum the rates
from both He and SF6. The panels from left to right show the distributions for distribution of the round halo component, the
Sausage, and the combined SHM++ respectively. The Sausage component gives rise to a distinctive pattern compared to the
round halo. We indicate the direction of vE with a white star.

Nevertheless, the Sausage is a noticeably di↵erent class
of feature in the angular distribution of recoils. This
means that, in the event of a detection, a directional
experiment would have a better chance of distinguish-
ing between the Sausage-less model of the halo and
the SHM++ compared to an experiment with no di-
rectional information. We anticipate that the Sausage
will also have an impact on higher order directional fea-
tures [173, 174], the time integrated signal [150], and an-
gular signatures of operators with transverse velocity de-
pendence [175, 176], but for brevity we leave these to
future studies.

D. Axion haloscopes

The detection of axions is di↵erent from WIMPs and
requires a di↵erent procedure to demonstrate the e↵ect
of the new halo model. To detect axions, the standard
approach is to attempt to convert them into photons in-
side the magnetic field of some instrument. In the event
of a detection, the electromagnetic response from axion-
photon conversion can be measured in such a device as
a function of frequency. The frequency of the electro-
magnetic signal is given by ! = ma(1 + v2/2), so the
spectral distribution of photons measured over many co-
herence times of the axion field oscillations will approach
the astrophysical distribution of speeds on Earth, flab(v)
(cf. Fig. 1). To identify the frequency of the axion mass,
ma, the experiment may either enforce some resonance or
constructive interference condition for a signal oscillating

at ! = ma (as in e.g. ADMX [93, 94], MADMAX [177–
179], HAYSTAC [95–97, 180, 181], CULTASK [182–
184], Orpheus [185], ORGAN [98, 99], KLASH [186] and
RADES [187]), or be sensitive to a wide bandwidth of
frequencies simultaneously (e.g. ABRACADABRA [21,
188, 189], BEAST [190] and DM-Radio [191]). The ax-
ion signal lineshape has a quality factor of around 106 so
even in the best resonant devices, the full axion signal will
be measured at once. This means that in both resonant
and broadband configurations, the sensitivity to axions
is dependent upon how prominently the signal can show
up over a noise floor. For a recent review of experiments
searching for axions see Ref. [192].
The axion spectral density is proportional to the speed

distribution, up to a change of variables between fre-
quency and speed (see e.g. Refs. [20, 21])

dP

d!
= ⇡H(!) g2a� ⇢0 flab(!) , (18)

where H(!) encodes experimental dependent factors and
ga� is the axion-photon coupling on which the experi-
ment will set a limit. The shape of the axion signal is
dominated by the term

flab(!) =
dv

d!
flab(v) , (19)

since the frequency dependence of H(!) in any realis-
tic experiment will be e↵ectively constant over the small
range of frequencies covered by galactic speeds. We show
flab(!) as a function of frequency in Fig. 8. This distribu-
tion is similar to flab(v), which was presented in Fig. 1,
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section is dσ/dER = σ̂AmA/(2v2µ2
A), with
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[fpZF p
A(ER) + fn(A−Z)Fn

A(ER)]
2
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where fp,n are the couplings to protons and neutrons,
normalized by the choice of mass scaleM∗, and F p,n

A (ER)
are the proton and neutron form factors for nucleus A.
F p
A(ER) and Fn

A(ER) are not identical. F p
A(ER) is

what has typically been measured, but Fn
A(ER) may also

be probed, for example, through neutrino and electron
parity-violating scattering off nuclei [14]. However, since
the isospin violation from this effect is small compared to
the potentially large effects of varying fn/fp, we will set
both form factors equal to FA(ER). With this approxi-
mation, the event rate simplifies to R = σAIA, where

σA =
µ2
A

M4
∗

[fpZ + fn(A− Z)]2 (3)

IA = NTnX

∫
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mA

2vµ2
A

F 2
A(ER) , (4)

and σA is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ∝ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = −Z/(A− Z).
We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to distin-
guish one element as the dominant scatterer. But it is
crucial to include the possibility of multiple isotopes. The
event rate is then R =

∑

i ηiσAi
IAi

, where the sum is
over isotopes Ai with fractional number abundance ηi.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is σp =
µ2
pf

2
p/M

4
∗
, the X-proton cross section. In terms of σp,

R = σp

∑

i

ηi
µ2
Ai

µ2
p

IAi
[Z + (Ai − Z)fn/fp]

2 . (5)

The second is σZ
N , the typically-derived X-nucleon cross

section from scattering off nuclei with atomic number
Z, assuming isospin conservation and the isotope abun-
dances found in nature. With the simplification that the
IAi

vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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Figure 6. Isospin-dependent couplings. Left: Combined parameter estimation of fn/fp, m� and �n

(not shown) using a global maximum likelihood method (see text for details). As expected, there
is a preference for fn/fp = �0.7 but the 2� confidence region extends up to fn/fp ⇥ �0.2. Right:
CDMS-Si allowed parameter region and XENON10/100 bounds for fn/fp = �0.7. In both plots, the
best-fit point is indicated with a white cross.
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Figure 7. Alternative choices for isospin-dependent couplings. No significant fine-tuning of fn/fp
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strongest constraints on CDMS-Si arise from SIMPLE [55] and the CRESST-II commissioning
run [56] (not shown). For fn/fp = �0.7 these experiments require �n . 10�39 cm2 at
m� ⇥ 10GeV [36] and therefore do not significantly constrain the CDMS-Si preferred region.

In spite of the preference for fn/fp ⇥ �0.7, we observe that much larger values of fn/fp
still give a good fit to the data. At 1� confidence level, we find �0.76 < fn/fp < �0.58
and the 2� confidence region extends up to fn/fp ⇥ �0.2. To illustrate this point, we show
the cases fn/fp = �0.5 and fn/fp = �0.2 in Fig. 7. We conclude that little fine-tuning
is required to suppress the bounds from XENON10/100, in particular we do not require a
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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The effective interaction of DM particles with nuclei can be more diverse than 
previously considered

Theoretical prejudice

Example: “Isospin violation”: the scattering 
amplitudes for proton and neutrons may interfere 
destructively
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Are we being too simplistic in describing 
WIMP-nucleus interactions?

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability
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The most general effective Lagrangian contains up to 14 different operators that
induce 6 types of response functions and two new interference terms

Haxton, Fitzpatrick 2012-2014

(x2) if we allow for different couplings to protons and neutrons 
(isoscalar and isovector)

Effective Field Theory approach

The basis for our formulation is the description of the WIMP-nucleon interaction in [1] which, building on
the work of [7], used non-relativistic EFT to find the most general low-energy form of that interaction. The
explicit Galilean invariance of the WIMP-nucleon EFT simplifies the embedding of the resulting effective
interaction in the nucleus. This produces a compact and rather elegant form for the WIMP-nucleus elastic
cross section as a product of WIMP and nuclear responses. The particle physics is isolated in the former.

In [1] the cross section was presented in a largely numerical form, in principal easy to use but in practice
requiring users to hand-copy lengthy form-factor polynomials. In contrast, our goals in this paper are to: 1)
present the fully general WIMP-nucleus cross section in its most elegant form, to clarify the physics that can
be learned from elastic scattering experiments; 2) provide a Mathematica code to evaluate the expressions,
removing the need for either extensive hand copying or a detailed understanding of operator and matrix
element conventions employed in our expressions; and 3) structure that code to allow easy incorporation of
future improved nuclear physics calculations, so that it will remain useful as the field develops. We believe
the script could serve the community as a flexible and very adaptable tool for comparing experimental
sensitivities and for understanding the relative significance of experimental limits.

This paper is organized as follows. We begin in Sec. 2 with a brief overview of the EFT construction of
the general WIMP-nucleon Galilean-invariant interaction. In Sec. 3 we describe the use of this interaction
in nuclei. The EFT scattering probability is shown to consist of six nuclear response functions, once the
constraints of the nearly exact parity and CP of the nuclear ground state are imposed. We point out the
differences between our results and spin-independent/spin-dependent formulations, in order to explicitly
demonstrate what physics is lost by assuming a point-nucleus limit. In Sec. 4 we present differential and
total cross sections and rates, discuss integration over the galactic WIMP velocity profile, and describe cross
section scaling properties. Sec. 5 we describe the factorization of the operator physics from the nuclear
structure that is possible through the density matrix. (This will make it possible for nuclear structure
theorists to port new structure calculations into our Mathematica code, without needing to repeat all of
the operator calculations.) In Sec. 6 we construct a similar interface for particle theorists: we describe
the mapping of a very general set of covariant interactions into EFT coefficients, so that the consequences
of a given ultraviolet theory for WIMP elastic scattering can be easily explored. In Sec. 7 we provide a
tutorial on the code, to help users – experimentalists interested in analysis, structure theorists interested
in quantifying nuclear uncertainties, or particle theorists interested in constraining a candidate ultraviolet
theory – quickly obtain what they need from the Mathematica script. Finally in the Appendix, we described
some of the algebraic details one encounters in deriving our master formula for the WIMP-nucleus cross
section. As the body of the paper presents basic results and describes their physical implications, the
Appendix is intended for those who may be interested in details of the calculations, or possible extensions
of our work. The Appendix includes comments on steps in our treatment that are model dependent or
that involve approximations. We discuss the use of the code for WIMPs with nonstandard properties, e.g.,
WIMP-nucleon interactions mediated by light exchanges.

2 Effective Field Theory Construction of the Interaction

The idea behind EFT in dark matter scattering is to follow the usual EFT “recipe”, but in a non-relativistic
context, by writing down the relevant operators that obey all of the non-relativistic symmetries. In the case
of elastic scattering of a heavy WIMP off a nucleon, the Lagrangian density will have the contact form

Lint(!x) = c Ψ∗
χ(!x)OχΨχ(!x) Ψ

∗
N(!x)ONΨN(!x), (1)

where the Ψ(!x) are nonrelativistic fields and where the WIMP and nucleon operators Oχ and ON may
have vector indices. The properties of Oχ and ON are then constrained by imposing relevant symmetries.
We envision the case where there are a number of candidate interactions Oi formed from the Oχ and ON .
Working to second order in the momenta, one can construct the relevant operators appropriate for use with
Pauli spinors, when constructing the Galilean-invariant amplitude

N
∑

i=1

(

c(n)i O(n)
i + c(p)i O(p)

i

)

, (2)
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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The most general effective Lagrangian contains up to 14 different operators that
induce 6 types of response functions and two new interference terms
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Spin-Indep.

(x2) if we allow for different couplings to protons and neutrons 
(isoscalar and isovector)

The basis for our formulation is the description of the WIMP-nucleon interaction in [1] which, building on
the work of [7], used non-relativistic EFT to find the most general low-energy form of that interaction. The
explicit Galilean invariance of the WIMP-nucleon EFT simplifies the embedding of the resulting effective
interaction in the nucleus. This produces a compact and rather elegant form for the WIMP-nucleus elastic
cross section as a product of WIMP and nuclear responses. The particle physics is isolated in the former.

In [1] the cross section was presented in a largely numerical form, in principal easy to use but in practice
requiring users to hand-copy lengthy form-factor polynomials. In contrast, our goals in this paper are to: 1)
present the fully general WIMP-nucleus cross section in its most elegant form, to clarify the physics that can
be learned from elastic scattering experiments; 2) provide a Mathematica code to evaluate the expressions,
removing the need for either extensive hand copying or a detailed understanding of operator and matrix
element conventions employed in our expressions; and 3) structure that code to allow easy incorporation of
future improved nuclear physics calculations, so that it will remain useful as the field develops. We believe
the script could serve the community as a flexible and very adaptable tool for comparing experimental
sensitivities and for understanding the relative significance of experimental limits.

This paper is organized as follows. We begin in Sec. 2 with a brief overview of the EFT construction of
the general WIMP-nucleon Galilean-invariant interaction. In Sec. 3 we describe the use of this interaction
in nuclei. The EFT scattering probability is shown to consist of six nuclear response functions, once the
constraints of the nearly exact parity and CP of the nuclear ground state are imposed. We point out the
differences between our results and spin-independent/spin-dependent formulations, in order to explicitly
demonstrate what physics is lost by assuming a point-nucleus limit. In Sec. 4 we present differential and
total cross sections and rates, discuss integration over the galactic WIMP velocity profile, and describe cross
section scaling properties. Sec. 5 we describe the factorization of the operator physics from the nuclear
structure that is possible through the density matrix. (This will make it possible for nuclear structure
theorists to port new structure calculations into our Mathematica code, without needing to repeat all of
the operator calculations.) In Sec. 6 we construct a similar interface for particle theorists: we describe
the mapping of a very general set of covariant interactions into EFT coefficients, so that the consequences
of a given ultraviolet theory for WIMP elastic scattering can be easily explored. In Sec. 7 we provide a
tutorial on the code, to help users – experimentalists interested in analysis, structure theorists interested
in quantifying nuclear uncertainties, or particle theorists interested in constraining a candidate ultraviolet
theory – quickly obtain what they need from the Mathematica script. Finally in the Appendix, we described
some of the algebraic details one encounters in deriving our master formula for the WIMP-nucleus cross
section. As the body of the paper presents basic results and describes their physical implications, the
Appendix is intended for those who may be interested in details of the calculations, or possible extensions
of our work. The Appendix includes comments on steps in our treatment that are model dependent or
that involve approximations. We discuss the use of the code for WIMPs with nonstandard properties, e.g.,
WIMP-nucleon interactions mediated by light exchanges.

2 Effective Field Theory Construction of the Interaction

The idea behind EFT in dark matter scattering is to follow the usual EFT “recipe”, but in a non-relativistic
context, by writing down the relevant operators that obey all of the non-relativistic symmetries. In the case
of elastic scattering of a heavy WIMP off a nucleon, the Lagrangian density will have the contact form

Lint(!x) = c Ψ∗
χ(!x)OχΨχ(!x) Ψ

∗
N(!x)ONΨN(!x), (1)

where the Ψ(!x) are nonrelativistic fields and where the WIMP and nucleon operators Oχ and ON may
have vector indices. The properties of Oχ and ON are then constrained by imposing relevant symmetries.
We envision the case where there are a number of candidate interactions Oi formed from the Oχ and ON .
Working to second order in the momenta, one can construct the relevant operators appropriate for use with
Pauli spinors, when constructing the Galilean-invariant amplitude

N
∑

i=1
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c(n)i O(n)
i + c(p)i O(p)

i

)

, (2)
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142
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The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
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j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165
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tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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The basis for our formulation is the description of the WIMP-nucleon interaction in [1] which, building on
the work of [7], used non-relativistic EFT to find the most general low-energy form of that interaction. The
explicit Galilean invariance of the WIMP-nucleon EFT simplifies the embedding of the resulting effective
interaction in the nucleus. This produces a compact and rather elegant form for the WIMP-nucleus elastic
cross section as a product of WIMP and nuclear responses. The particle physics is isolated in the former.

In [1] the cross section was presented in a largely numerical form, in principal easy to use but in practice
requiring users to hand-copy lengthy form-factor polynomials. In contrast, our goals in this paper are to: 1)
present the fully general WIMP-nucleus cross section in its most elegant form, to clarify the physics that can
be learned from elastic scattering experiments; 2) provide a Mathematica code to evaluate the expressions,
removing the need for either extensive hand copying or a detailed understanding of operator and matrix
element conventions employed in our expressions; and 3) structure that code to allow easy incorporation of
future improved nuclear physics calculations, so that it will remain useful as the field develops. We believe
the script could serve the community as a flexible and very adaptable tool for comparing experimental
sensitivities and for understanding the relative significance of experimental limits.

This paper is organized as follows. We begin in Sec. 2 with a brief overview of the EFT construction of
the general WIMP-nucleon Galilean-invariant interaction. In Sec. 3 we describe the use of this interaction
in nuclei. The EFT scattering probability is shown to consist of six nuclear response functions, once the
constraints of the nearly exact parity and CP of the nuclear ground state are imposed. We point out the
differences between our results and spin-independent/spin-dependent formulations, in order to explicitly
demonstrate what physics is lost by assuming a point-nucleus limit. In Sec. 4 we present differential and
total cross sections and rates, discuss integration over the galactic WIMP velocity profile, and describe cross
section scaling properties. Sec. 5 we describe the factorization of the operator physics from the nuclear
structure that is possible through the density matrix. (This will make it possible for nuclear structure
theorists to port new structure calculations into our Mathematica code, without needing to repeat all of
the operator calculations.) In Sec. 6 we construct a similar interface for particle theorists: we describe
the mapping of a very general set of covariant interactions into EFT coefficients, so that the consequences
of a given ultraviolet theory for WIMP elastic scattering can be easily explored. In Sec. 7 we provide a
tutorial on the code, to help users – experimentalists interested in analysis, structure theorists interested
in quantifying nuclear uncertainties, or particle theorists interested in constraining a candidate ultraviolet
theory – quickly obtain what they need from the Mathematica script. Finally in the Appendix, we described
some of the algebraic details one encounters in deriving our master formula for the WIMP-nucleus cross
section. As the body of the paper presents basic results and describes their physical implications, the
Appendix is intended for those who may be interested in details of the calculations, or possible extensions
of our work. The Appendix includes comments on steps in our treatment that are model dependent or
that involve approximations. We discuss the use of the code for WIMPs with nonstandard properties, e.g.,
WIMP-nucleon interactions mediated by light exchanges.

2 Effective Field Theory Construction of the Interaction

The idea behind EFT in dark matter scattering is to follow the usual EFT “recipe”, but in a non-relativistic
context, by writing down the relevant operators that obey all of the non-relativistic symmetries. In the case
of elastic scattering of a heavy WIMP off a nucleon, the Lagrangian density will have the contact form

Lint(!x) = c Ψ∗
χ(!x)OχΨχ(!x) Ψ

∗
N(!x)ONΨN(!x), (1)

where the Ψ(!x) are nonrelativistic fields and where the WIMP and nucleon operators Oχ and ON may
have vector indices. The properties of Oχ and ON are then constrained by imposing relevant symmetries.
We envision the case where there are a number of candidate interactions Oi formed from the Oχ and ON .
Working to second order in the momenta, one can construct the relevant operators appropriate for use with
Pauli spinors, when constructing the Galilean-invariant amplitude

N
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TABLE VIII. Operators for a spin-1
2 WIMP via a neutral mediator
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⇥̄�5⇥q̄�5q �⇥
⇤

hN
2 �2mN

m2
�m⇥

⌅
O6

Vector Mediator
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⇤

�hN
3 �3
m2

G

⌅
O1

⇥̄�µ⇥q̄�µ�5q �⇥
⇤

�2hN
4 �3

m2
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⌅ �
�O7 + mN

m⇥
O9

⇥
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⇤
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m2
G

⌅
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⇤
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Spin-0 DM particle + vector mediator"

amplitudes and rates. The ci’s are given for each of the WIMP spins in tables II, III and IV.
With this general framework in place we can now easily find the leading order NR operators
for each distinct WIMP-nucleus interaction. One can imagine a series of minimal scenarios
in which a combination of two Lagrangian couplings that give rise to a direct detection
signal is non-zero with all others set to zero, and then proceeding in this manner for the
entire set. Each of these scenarios is listed with its leading operators in table V and with
all operators generated in table VI. Note that in the case of a complex coupling constant
we consider purely real and purely imaginary values as separate cases since they produce a
distinct set of operators.

TABLE II. Non-zero ci coe⇥cients for a spin�0 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 g1
m2

�

y†
1y1�y†

2y2
mQmS

fN
T

c10
�ihN

2 g1
m2

�
+ 2ig4hN

4
m2

G

mN
mS

i
y†

2y1�y†
1y2

mQmS
�̃N

TABLE III. ci coe⇥cients for a spin-1
2 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 �1
m2

�
� hN

3 �3
m2

G

�
l†2l2�l†1l1

4m2
�

+ d†
2d2�d†

1d1
4m2

V

⇥
fN

T +
�

� l†2l2+l†1l1
4m2

�
+ d†

2d2+d†
1d1

8m2
V

⇥
N N

c4
4hN

4 �4
m2

G

l†2l2�l†1l1
m2

�
�N �

�
l†1l1+l†2l2

m2
�

+ d†
2d2�d†

1d1
2m2

V

⇥
�N

c6
hN

2 �2mN

m2
�m⇥

( l†1l1�l†2l2
4m2

�
+ d†

2d2�d†
1d1

4m2
V

)mN
m⇥

�̃N

c7
2hN

4 �3
m2

G
( l†1l2�l†2l1

2m2
�

+ d†
1d2+d†

2d1
4m2

V
)�N

c8 �2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N

c9 �2hN
4 �3mN

m⇥m2
G

� 2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N � ( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)mN
m⇥

�N

c10
hN

2 �1
m2

�
i( l†1l2�l†2l1

4m2
�

+ d†
2d1�d†

1d2
4m2

V
)�̃N � i

l†1l2�l†2l1
m2

�
�N

c11 �hN
1 �2mN

m2
�m⇥

i( l†2l1�l†1l2
4m2

�
+ d†

2d1�d†
1d2

4m2
V

)mN
m⇥

fN
T + i

l†1l2�l†2l1
m2

�

mN
m⇥

�N

c12 0 l†2l1�l†1l2
m2

�
�N

As described earlier, we find that it is important to consider operators beyond those
incorporated into the standard spin-independent and spin-dependent formalism, i.e. simple
models exist in which one would infer an incorrect rate in current experiments by not in-
cluding these e�ects. Also importantly, not all of the NR operators are actually generated at
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2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is
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+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
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amplitudes and rates. The ci’s are given for each of the WIMP spins in tables II, III and IV.
With this general framework in place we can now easily find the leading order NR operators
for each distinct WIMP-nucleus interaction. One can imagine a series of minimal scenarios
in which a combination of two Lagrangian couplings that give rise to a direct detection
signal is non-zero with all others set to zero, and then proceeding in this manner for the
entire set. Each of these scenarios is listed with its leading operators in table V and with
all operators generated in table VI. Note that in the case of a complex coupling constant
we consider purely real and purely imaginary values as separate cases since they produce a
distinct set of operators.
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incorporated into the standard spin-independent and spin-dependent formalism, i.e. simple
models exist in which one would infer an incorrect rate in current experiments by not in-
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Ñ C
H

0j Ñ
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above assumptions is given by

LS⇥q = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is

LSGq = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

�1
4Gµ�Gµ� + 1

2m2
GGµGµ � ⇥G

4 (GµGµ)2

+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�⇥1⇤⌅̄⌅ � i⇥2⇤⌅̄�5⌅ � h1⇤q̄q � ih2⇤q̄�5q, (21)
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handed Weyl spinor. The following Fierz transformation and gamma matrix identites were
useful in the charged mediator cases, (a sign di�erence was found in the final identity when
compared with [60]):

(q̄⌅)(⌅̄q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�µq⌅̄�µ⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅ � q̄�µ�5q⌅̄�µ�5⌅ + q̄�5q⌅̄�5⌅
⌅

(q̄�5⌅)(⌅̄�5q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � q̄�µq⌅̄�µ⌅ + q̄�µ�5q⌅̄�µ�5⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅
⌅

(q̄⌅)(⌅̄�5q) =�1
4

⇧
q̄q⌅̄�5⌅ + q̄�5q⌅̄⌅ � q̄�µq⌅̄�µ�5⌅ + q̄�µ�5q⌅̄�µ⌅ + i⇥µ⇤�⇥ q̄⇤µ⇤q⌅̄⇤�⇥⌅

⌃

(q̄�µ⌅)(⌅̄�µq) =�
⇤
q̄q⌅̄⌅ � q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ�5⌅)(⌅̄�µ�5q) =�
⇤
�q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ⌅)(⌅̄�µ�5q) =�
⇤
q̄q⌅̄�5⌅ � q̄�5q⌅̄⌅ + 1

2 q̄�µq⌅̄�µ�5⌅ + 1
2 q̄�µ�5q⌅̄�µ⌅

⌅
(B2)

⇤µ⇤�5 = i

2⇥µ⇤⌅⇧⇤⌅⇧ (B3)

All of the following operators are collected in terms of the coe⇥cients of the NR operators,
ci, in tables II,III and IV.

TABLE VII. Non-relativistic reduction of operators for a spin-0 WIMP

Scalar Mediator

(S†S)(q̄q) �⇥
�

hN
1 g1
m2

�

⇥
O1

(S†S)(q̄�5q) �⇥
�

hN
2 g1
m2

�

⇥
O10

Vector Mediator

i(S†⇥µS � ⇥µS†S)(q̄�µq) �⇥ 0

i(S†⇥µS � ⇥µS†S)(q̄�µ�5q) �⇥
�

2ig4hN
4

m2
G

mN
mS

⇥
O10

Charged Spinor Mediator

(S†S)(q̄q) �⇥ y†
1y1�y†

2y2
mQmS

fN
T O1

(S†S)(q̄�5q) �⇥ i
y†

2y1�y†
1y2

mQmS
�̃N O10
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handed Weyl spinor. The following Fierz transformation and gamma matrix identites were
useful in the charged mediator cases, (a sign di�erence was found in the final identity when
compared with [60]):
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Not all the operators appear from simplified models 

above assumptions is given by

LS⇥q = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is

LSGq = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

�1
4Gµ�Gµ� + 1

2m2
GGµGµ � ⇥G

4 (GµGµ)2

+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�⇥1⇤⌅̄⌅ � i⇥2⇤⌅̄�5⌅ � h1⇤q̄q � ih2⇤q̄�5q, (21)
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Spin-0 DM particle + scalar mediator"

amplitudes and rates. The ci’s are given for each of the WIMP spins in tables II, III and IV.
With this general framework in place we can now easily find the leading order NR operators
for each distinct WIMP-nucleus interaction. One can imagine a series of minimal scenarios
in which a combination of two Lagrangian couplings that give rise to a direct detection
signal is non-zero with all others set to zero, and then proceeding in this manner for the
entire set. Each of these scenarios is listed with its leading operators in table V and with
all operators generated in table VI. Note that in the case of a complex coupling constant
we consider purely real and purely imaginary values as separate cases since they produce a
distinct set of operators.

TABLE II. Non-zero ci coe⇥cients for a spin�0 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 g1
m2

�

y†
1y1�y†

2y2
mQmS

fN
T

c10
�ihN

2 g1
m2

�
+ 2ig4hN

4
m2

G

mN
mS

i
y†

2y1�y†
1y2

mQmS
�̃N

TABLE III. ci coe⇥cients for a spin-1
2 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 �1
m2

�
� hN

3 �3
m2

G

�
l†2l2�l†1l1

4m2
�

+ d†
2d2�d†

1d1
4m2

V

⇥
fN

T +
�

� l†2l2+l†1l1
4m2

�
+ d†

2d2+d†
1d1

8m2
V

⇥
N N

c4
4hN

4 �4
m2

G

l†2l2�l†1l1
m2

�
�N �

�
l†1l1+l†2l2

m2
�

+ d†
2d2�d†

1d1
2m2

V

⇥
�N

c6
hN

2 �2mN

m2
�m⇥

( l†1l1�l†2l2
4m2

�
+ d†

2d2�d†
1d1

4m2
V

)mN
m⇥

�̃N

c7
2hN

4 �3
m2

G
( l†1l2�l†2l1

2m2
�

+ d†
1d2+d†

2d1
4m2

V
)�N

c8 �2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N

c9 �2hN
4 �3mN

m⇥m2
G

� 2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N � ( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)mN
m⇥

�N

c10
hN

2 �1
m2

�
i( l†1l2�l†2l1

4m2
�

+ d†
2d1�d†

1d2
4m2

V
)�̃N � i

l†1l2�l†2l1
m2

�
�N

c11 �hN
1 �2mN

m2
�m⇥

i( l†2l1�l†1l2
4m2

�
+ d†

2d1�d†
1d2

4m2
V

)mN
m⇥

fN
T + i

l†1l2�l†2l1
m2

�

mN
m⇥

�N

c12 0 l†2l1�l†1l2
m2

�
�N

As described earlier, we find that it is important to consider operators beyond those
incorporated into the standard spin-independent and spin-dependent formalism, i.e. simple
models exist in which one would infer an incorrect rate in current experiments by not in-
cluding these e�ects. Also importantly, not all of the NR operators are actually generated at
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Ñ C
H

0j Ñ
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2Ñ

1 −
m

2H
0i

;
U

≡
3

∑i=
1

C
H

0i Ñ
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above assumptions is given by

LS⇥q = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is

LSGq = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

�1
4Gµ�Gµ� + 1

2m2
GGµGµ � ⇥G

4 (GµGµ)2

+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�⇥1⇤⌅̄⌅ � i⇥2⇤⌅̄�5⌅ � h1⇤q̄q � ih2⇤q̄�5q, (21)
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handed Weyl spinor. The following Fierz transformation and gamma matrix identites were
useful in the charged mediator cases, (a sign di�erence was found in the final identity when
compared with [60]):

(q̄⌅)(⌅̄q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�µq⌅̄�µ⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅ � q̄�µ�5q⌅̄�µ�5⌅ + q̄�5q⌅̄�5⌅
⌅

(q̄�5⌅)(⌅̄�5q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � q̄�µq⌅̄�µ⌅ + q̄�µ�5q⌅̄�µ�5⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅
⌅

(q̄⌅)(⌅̄�5q) =�1
4

⇧
q̄q⌅̄�5⌅ + q̄�5q⌅̄⌅ � q̄�µq⌅̄�µ�5⌅ + q̄�µ�5q⌅̄�µ⌅ + i⇥µ⇤�⇥ q̄⇤µ⇤q⌅̄⇤�⇥⌅

⌃

(q̄�µ⌅)(⌅̄�µq) =�
⇤
q̄q⌅̄⌅ � q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ�5⌅)(⌅̄�µ�5q) =�
⇤
�q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ⌅)(⌅̄�µ�5q) =�
⇤
q̄q⌅̄�5⌅ � q̄�5q⌅̄⌅ + 1

2 q̄�µq⌅̄�µ�5⌅ + 1
2 q̄�µ�5q⌅̄�µ⌅

⌅
(B2)

⇤µ⇤�5 = i

2⇥µ⇤⌅⇧⇤⌅⇧ (B3)

All of the following operators are collected in terms of the coe⇥cients of the NR operators,
ci, in tables II,III and IV.

TABLE VII. Non-relativistic reduction of operators for a spin-0 WIMP

Scalar Mediator

(S†S)(q̄q) �⇥
�

hN
1 g1
m2

�

⇥
O1

(S†S)(q̄�5q) �⇥
�

hN
2 g1
m2

�

⇥
O10

Vector Mediator

i(S†⇥µS � ⇥µS†S)(q̄�µq) �⇥ 0

i(S†⇥µS � ⇥µS†S)(q̄�µ�5q) �⇥
�

2ig4hN
4

m2
G

mN
mS

⇥
O10

Charged Spinor Mediator

(S†S)(q̄q) �⇥ y†
1y1�y†

2y2
mQmS

fN
T O1

(S†S)(q̄�5q) �⇥ i
y†

2y1�y†
1y2

mQmS
�̃N O10
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handed Weyl spinor. The following Fierz transformation and gamma matrix identites were
useful in the charged mediator cases, (a sign di�erence was found in the final identity when
compared with [60]):

(q̄⌅)(⌅̄q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�µq⌅̄�µ⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅ � q̄�µ�5q⌅̄�µ�5⌅ + q̄�5q⌅̄�5⌅
⌅

(q̄�5⌅)(⌅̄�5q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � q̄�µq⌅̄�µ⌅ + q̄�µ�5q⌅̄�µ�5⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅
⌅

(q̄⌅)(⌅̄�5q) =�1
4

⇧
q̄q⌅̄�5⌅ + q̄�5q⌅̄⌅ � q̄�µq⌅̄�µ�5⌅ + q̄�µ�5q⌅̄�µ⌅ + i⇥µ⇤�⇥ q̄⇤µ⇤q⌅̄⇤�⇥⌅

⌃

(q̄�µ⌅)(⌅̄�µq) =�
⇤
q̄q⌅̄⌅ � q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ�5⌅)(⌅̄�µ�5q) =�
⇤
�q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ⌅)(⌅̄�µ�5q) =�
⇤
q̄q⌅̄�5⌅ � q̄�5q⌅̄⌅ + 1

2 q̄�µq⌅̄�µ�5⌅ + 1
2 q̄�µ�5q⌅̄�µ⌅

⌅
(B2)

⇤µ⇤�5 = i

2⇥µ⇤⌅⇧⇤⌅⇧ (B3)

All of the following operators are collected in terms of the coe⇥cients of the NR operators,
ci, in tables II,III and IV.

TABLE VII. Non-relativistic reduction of operators for a spin-0 WIMP

Scalar Mediator

(S†S)(q̄q) �⇥
�

hN
1 g1
m2

�

⇥
O1

(S†S)(q̄�5q) �⇥
�

hN
2 g1
m2

�

⇥
O10

Vector Mediator

i(S†⇥µS � ⇥µS†S)(q̄�µq) �⇥ 0

i(S†⇥µS � ⇥µS†S)(q̄�µ�5q) �⇥
�

2ig4hN
4

m2
G

mN
mS

⇥
O10

Charged Spinor Mediator

(S†S)(q̄q) �⇥ y†
1y1�y†

2y2
mQmS

fN
T O1

(S†S)(q̄�5q) �⇥ i
y†

2y1�y†
1y2

mQmS
�̃N O10
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Not all the operators appear from simplified models 

above assumptions is given by

LS⇥q = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is

LSGq = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

�1
4Gµ�Gµ� + 1

2m2
GGµGµ � ⇥G

4 (GµGµ)2

+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�⇥1⇤⌅̄⌅ � i⇥2⇤⌅̄�5⌅ � h1⇤q̄q � ih2⇤q̄�5q, (21)
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amplitudes and rates. The ci’s are given for each of the WIMP spins in tables II, III and IV.
With this general framework in place we can now easily find the leading order NR operators
for each distinct WIMP-nucleus interaction. One can imagine a series of minimal scenarios
in which a combination of two Lagrangian couplings that give rise to a direct detection
signal is non-zero with all others set to zero, and then proceeding in this manner for the
entire set. Each of these scenarios is listed with its leading operators in table V and with
all operators generated in table VI. Note that in the case of a complex coupling constant
we consider purely real and purely imaginary values as separate cases since they produce a
distinct set of operators.

TABLE II. Non-zero ci coe⇥cients for a spin�0 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 g1
m2

�

y†
1y1�y†

2y2
mQmS

fN
T

c10
�ihN

2 g1
m2

�
+ 2ig4hN

4
m2

G

mN
mS

i
y†

2y1�y†
1y2

mQmS
�̃N

TABLE III. ci coe⇥cients for a spin-1
2 WIMP

Uncharged Mediator Charged Mediator

c1
hN

1 �1
m2

�
� hN

3 �3
m2

G

�
l†2l2�l†1l1

4m2
�

+ d†
2d2�d†

1d1
4m2

V

⇥
fN

T +
�

� l†2l2+l†1l1
4m2

�
+ d†

2d2+d†
1d1

8m2
V

⇥
N N

c4
4hN

4 �4
m2

G

l†2l2�l†1l1
m2

�
�N �

�
l†1l1+l†2l2

m2
�

+ d†
2d2�d†

1d1
2m2

V

⇥
�N

c6
hN

2 �2mN

m2
�m⇥

( l†1l1�l†2l2
4m2

�
+ d†

2d2�d†
1d1

4m2
V

)mN
m⇥

�̃N

c7
2hN

4 �3
m2

G
( l†1l2�l†2l1

2m2
�

+ d†
1d2+d†

2d1
4m2

V
)�N

c8 �2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N

c9 �2hN
4 �3mN

m⇥m2
G

� 2hN
3 �4

m2
G

( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)N N � ( l†1l2�l†2l1
2m2

�
� d†

1d2+d†
2d1

4m2
V

)mN
m⇥

�N

c10
hN

2 �1
m2

�
i( l†1l2�l†2l1

4m2
�

+ d†
2d1�d†

1d2
4m2

V
)�̃N � i

l†1l2�l†2l1
m2

�
�N

c11 �hN
1 �2mN

m2
�m⇥

i( l†2l1�l†1l2
4m2

�
+ d†

2d1�d†
1d2

4m2
V

)mN
m⇥

fN
T + i

l†1l2�l†2l1
m2

�

mN
m⇥

�N

c12 0 l†2l1�l†1l2
m2

�
�N

As described earlier, we find that it is important to consider operators beyond those
incorporated into the standard spin-independent and spin-dependent formalism, i.e. simple
models exist in which one would infer an incorrect rate in current experiments by not in-
cluding these e�ects. Also importantly, not all of the NR operators are actually generated at
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2Ñ

1 −
m

2H
0i .

(2.9)

10

above assumptions is given by

LS⇥q = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�g1mSS†S⇤ � g2
2 S†S⇤2 � h1q̄q⇤ � ih2q̄�5q⇤, (19)

where we have suppressed all the SM quark interactions. Similarly, the Lagrangian for vector
mediation (up to gauge fixing terms) is

LSGq = ⇧µS†⇧µS � m2
SS†S � ⇥S

2 (S†S)2

�1
4Gµ�Gµ� + 1

2m2
GGµGµ � ⇥G

4 (GµGµ)2

+iq̄ /Dq � mq q̄q

�g3
2 S†SGµGµ � ig4(S†⇧µS � ⇧µS†S)Gµ

�h3(q̄�µq)Gµ � h4(q̄�µ�5q)Gµ. (20)

2. Spin-1
2 Dark Matter

If the WIMP has spin-1
2 (denoted by ⌅ below), then, as in the scalar WIMP case, me-

diation will only occur via scalar or vector mediators. The most general renormalizable
interactions for the scalar (⇤) and vector mediator (Gµ) cases respectively are given below,

L⇤⇥q = i⌅̄ /D⌅ � m⇤⌅̄⌅

+1
2⇧µ⇤⇧µ⇤ � 1

2m2
⇥⇤2 � m⇥µ1

3 ⇤3 � µ2
4 ⇤4

+iq̄D/ q � mq q̄q

�⇥1⇤⌅̄⌅ � i⇥2⇤⌅̄�5⌅ � h1⇤q̄q � ih2⇤q̄�5q, (21)
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handed Weyl spinor. The following Fierz transformation and gamma matrix identites were
useful in the charged mediator cases, (a sign di�erence was found in the final identity when
compared with [60]):

(q̄⌅)(⌅̄q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�µq⌅̄�µ⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅ � q̄�µ�5q⌅̄�µ�5⌅ + q̄�5q⌅̄�5⌅
⌅

(q̄�5⌅)(⌅̄�5q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � q̄�µq⌅̄�µ⌅ + q̄�µ�5q⌅̄�µ�5⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅
⌅

(q̄⌅)(⌅̄�5q) =�1
4

⇧
q̄q⌅̄�5⌅ + q̄�5q⌅̄⌅ � q̄�µq⌅̄�µ�5⌅ + q̄�µ�5q⌅̄�µ⌅ + i⇥µ⇤�⇥ q̄⇤µ⇤q⌅̄⇤�⇥⌅

⌃

(q̄�µ⌅)(⌅̄�µq) =�
⇤
q̄q⌅̄⌅ � q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ�5⌅)(⌅̄�µ�5q) =�
⇤
�q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ⌅)(⌅̄�µ�5q) =�
⇤
q̄q⌅̄�5⌅ � q̄�5q⌅̄⌅ + 1

2 q̄�µq⌅̄�µ�5⌅ + 1
2 q̄�µ�5q⌅̄�µ⌅

⌅
(B2)

⇤µ⇤�5 = i

2⇥µ⇤⌅⇧⇤⌅⇧ (B3)

All of the following operators are collected in terms of the coe⇥cients of the NR operators,
ci, in tables II,III and IV.

TABLE VII. Non-relativistic reduction of operators for a spin-0 WIMP

Scalar Mediator

(S†S)(q̄q) �⇥
�

hN
1 g1
m2

�

⇥
O1

(S†S)(q̄�5q) �⇥
�

hN
2 g1
m2

�

⇥
O10

Vector Mediator

i(S†⇥µS � ⇥µS†S)(q̄�µq) �⇥ 0

i(S†⇥µS � ⇥µS†S)(q̄�µ�5q) �⇥
�

2ig4hN
4

m2
G

mN
mS

⇥
O10

Charged Spinor Mediator

(S†S)(q̄q) �⇥ y†
1y1�y†

2y2
mQmS

fN
T O1

(S†S)(q̄�5q) �⇥ i
y†

2y1�y†
1y2

mQmS
�̃N O10
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compared with [60]):

(q̄⌅)(⌅̄q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�µq⌅̄�µ⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅ � q̄�µ�5q⌅̄�µ�5⌅ + q̄�5q⌅̄�5⌅
⌅

(q̄�5⌅)(⌅̄�5q) =�1
4

⇤
q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � q̄�µq⌅̄�µ⌅ + q̄�µ�5q⌅̄�µ�5⌅ + 1

2 q̄⇤µ⇤q⌅̄⇤µ⇤⌅
⌅

(q̄⌅)(⌅̄�5q) =�1
4

⇧
q̄q⌅̄�5⌅ + q̄�5q⌅̄⌅ � q̄�µq⌅̄�µ�5⌅ + q̄�µ�5q⌅̄�µ⌅ + i⇥µ⇤�⇥ q̄⇤µ⇤q⌅̄⇤�⇥⌅

⌃

(q̄�µ⌅)(⌅̄�µq) =�
⇤
q̄q⌅̄⌅ � q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ�5⌅)(⌅̄�µ�5q) =�
⇤
�q̄q⌅̄⌅ + q̄�5q⌅̄�5⌅ � 1

2 q̄�µq⌅̄�µ⌅ � 1
2 q̄�µ�5q⌅̄�µ�5⌅

⌅

(q̄�µ⌅)(⌅̄�µ�5q) =�
⇤
q̄q⌅̄�5⌅ � q̄�5q⌅̄⌅ + 1

2 q̄�µq⌅̄�µ�5⌅ + 1
2 q̄�µ�5q⌅̄�µ⌅

⌅
(B2)

⇤µ⇤�5 = i

2⇥µ⇤⌅⇧⇤⌅⇧ (B3)

All of the following operators are collected in terms of the coe⇥cients of the NR operators,
ci, in tables II,III and IV.

TABLE VII. Non-relativistic reduction of operators for a spin-0 WIMP

Scalar Mediator

(S†S)(q̄q) �⇥
�

hN
1 g1
m2

�

⇥
O1

(S†S)(q̄�5q) �⇥
�

hN
2 g1
m2

�

⇥
O10

Vector Mediator

i(S†⇥µS � ⇥µS†S)(q̄�µq) �⇥ 0

i(S†⇥µS � ⇥µS†S)(q̄�µ�5q) �⇥
�

2ig4hN
4

m2
G

mN
mS

⇥
O10

Charged Spinor Mediator

(S†S)(q̄q) �⇥ y†
1y1�y†

2y2
mQmS

fN
T O1

(S†S)(q̄�5q) �⇥ i
y†

2y1�y†
1y2

mQmS
�̃N O10

28
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We might MISS a DM signature

The spectrum from some 
interactions (momentum 
dependent) differs from the 
standard exponential 
signature

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e⇥ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

ulated experiments sampled from the spin-independent
distribution in black.

The distribution of limits on the spin-independent
cross section for the simulated experiments sampled
from the O3 energy spectrum deviates from the zero-
background limit shown in magenta as well as from
the mean limit derived from similar simulated experi-
ments sampling from the spin-independent rate. As ex-
pected, the simulated-experiment limits are weaker than
the zero-background limits due to the presence of can-
didate events. However, because the energy distribu-
tion of the candidate events sampled from O3 is di�er-
ent than the expected spin-independent rate, the limits

also deviate from the expected shape for the true spin-
independent experiment.

In the 10GeV/c2 case, we expect the limit to be weak-
est around a mass of 10GeV/c2, where the rate expected
by the limit algorithm matches the observed event rate.
However, because the observed events due to O3 scatter-
ing are skewed towards higher recoil energies, the limit
tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.

A low threshold is extremely beneficial

We might misinterpret a DM 
signature (if we reconstruct it 
with the usual templates)
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We might MISS a DM signature
Limits on EFT operators (SuperCDMS) 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 

 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di�erent from the expected
spin-independent WIMP rate.

The di�erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di�erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 

-($!"#$%&'&'()*$

The spectrum from some 
interactions (momentum 
dependent) differs from the 
standard exponential 
signature

A low threshold is extremely beneficial

We might misinterpret a DM 
signature (if we reconstruct it 
with the usual templates)

We might miss a signature (if 
we misidentify it as a 
background)
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Figure 3: The same as inf Fig. 2, but for the benchmark point L-SI.
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42

A single experiment cannot determine all the WIMP couplings, a combination of
various targets is necessary.

Example: reconstruction in the usual SI-SD-mass plane

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ε = 300 kg yr (1.25)

3

We use simulated data to assess the
reconstruction of DM parameters

Prospects for SuperCDMS (Ge)
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A single experiment cannot determine all the WIMP couplings, a combination of
various targets is necessary.

Germanium and Xenon might not be able to fully
reconstruct the DM parameters
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Figure 3: The same as inf Fig. 2, but for the benchmark point L-SI.
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Example: reconstruction in the usual SI-SD-mass plane

M1, M2, M3 (1.18)
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(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ε = 300 kg yr (1.25)
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A single experiment cannot determine all the WIMP couplings, a combination of
various targets is necessary.

Germanium and Xenon might not be able to fully
reconstruct the DM parameters

Targets with different sensitivities to SI and SD cross
section are needed (e.g., F, Al)
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Figure 6: The same as in Fig. 5 but for the case of BM2.
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Example: reconstruction in the usual SI-SD-mass plane
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