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Direct Dark Matter Detection 

DAVID G. CERDEÑO 

Looking for DM in all directions 



Galaxies 
 

•  Rotation curves of spiral galaxies 
•  Gas temperature in elliptical galaxies 

Clusters of galaxies 
 

•  Peculiar velocities and gas temperature 
•  Weak lensing 
•  Dynamics of cluster collision 
•  Filaments between galaxy clusters 

Cosmological scales 
 
Anisotropies in the Cosmic Microwave Background 

Dark Matter is a necessary (and abundant) ingredient in the Universe 

ΩCDM h2 = 0.1196 ± 0.003 

It is one of the clearest hints of  

Physics Beyond the SM 
and might be accessible in the near 

future 

Planck 2013 
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2 CERN-Council-S/106 
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accelerator R&D programme, including high-field magnets and high-gradient accelerating 
structures, in collaboration with national institutes, laboratories and universities worldwide. 
 
e) There is a strong scientific case for an electron-positron collider, complementary to the LHC, 
that can study the properties of the Higgs boson and other particles with unprecedented precision 
and whose energy can be upgraded. The Technical Design Report of the International Linear 
Collider (ILC) has been completed, with large European participation. The initiative from the 
Japanese particle physics community to host the ILC in Japan is most welcome, and European 
groups are eager to participate. Europe looks forward to a proposal from Japan to discuss a 
possible participation. 
 
f) Rapid progress in neutrino oscillation physics, with significant European involvement, has 
established a strong scientific case for a long-baseline neutrino programme exploring CP violation 
and the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to pave 
the way for a substantial European role in future long-baseline experiments. Europe should 
explore the possibility of major participation in leading long-baseline neutrino projects in the US 
and Japan. 
 

Other scientific activities essential to the particle physics programme 

g) Theory is a strong driver of particle physics and provides essential input to experiments, witness 
the major role played by theory in the recent discovery of the Higgs boson, from the foundations of 
the Standard Model to detailed calculations guiding the experimental searches. Europe should 
support a diverse, vibrant theoretical physics programme, ranging from abstract to applied topics, 
in close collaboration with experiments and extending to neighbouring fields such as astroparticle 
physics and cosmology. Such support should extend also to high-performance computing and 
software development. 
 
h) Experiments studying quark flavour physics, investigating dipole moments, searching for 
charged-lepton flavour violation and performing other precision measurements at lower energies, 
such as those with neutrons, muons and antiprotons, may give access to higher energy scales than 
direct particle production or put fundamental symmetries to the test. They can be based in national 
laboratories, with a moderate cost and smaller collaborations. Experiments in Europe with unique 
reach should be supported, as well as participation in experiments in other regions of the world. 
 
i) The success of particle physics experiments, such as those required for the high-luminosity LHC, 
relies on innovative instrumentation, state-of-the-art infrastructures and large-scale data-intensive 
computing. Detector R&D programmes should be supported strongly at CERN, national institutes, 
laboratories and universities. Infrastructure and engineering capabilities for the R&D programme 
and construction of large detectors, as well as infrastructures for data analysis, data preservation 
and distributed data-intensive computing should be maintained and further developed. 
 
j) A range of important non-accelerator experiments take place at the overlap of particle and 
astroparticle physics, such as searches for proton decay, neutrinoless double beta decay and dark 
matter, and the study of high-energy cosmic-rays. These experiments address fundamental 
questions beyond the Standard Model of particle physics. The exchange of information between 
CERN and ApPEC has progressed since 2006. In the coming years, CERN should seek a closer 
collaboration with ApPEC on detector R&D with a view to maintaining the community’s capability 
for unique projects in this field. 
 
k) A variety of research lines at the boundary between particle and nuclear physics require 
dedicated experiments. The CERN Laboratory should maintain its capability to perform unique 
experiments. CERN should continue to work with NuPECC on topics of mutual interest. 
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The European Strategy for Particle Physics  
Update 2013 

 
 
 
 

Having finalised its text by consensus at its Session of 22 March 2013, the Council is now 
invited to formally adopt the Update of the European Strategy for Particle Physics set out 
in this document. 

Dark	Ma)er	only	men0oned	once	(once	more	in	the	abstract)	
	
Can	we	get	a	more	concrete	statement?	
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Current challenges for DARK MATTER 

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

•  Experimental detection:  
Does DM feel other interactions apart from Gravity? 
Is the Electro-Weak scale related somehow related to DM? 
How is DM distributed? 

 
•  Determination of the DM particle parameters: 

Mass, interaction cross section, etc…  
 
•  What is the theory for Physics beyond the SM: 

DM as a window for new Physics 
Can we identify the DM candidate? 
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The CHALLENGE: We don’t know what DM is… 

Good candidates for Dark Matter have to fulfil the following conditions 

•  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 

•  FIMPs, SIMPs, CHAMPs, SIDMs, ETCs...  

... they have very different properties 
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FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and �int

representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].

emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.

Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.

Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].

Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class

Baer et al. 2014 
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Direct	DM	detec0on	 Collider	DM	searches	

Astro/Cosmo	probes	

Dark matter MUST BE searched for in different ways... 

Indirect	DM	detec0on	
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Accelerator 
Searches 

(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

... probing DIFFERENT aspects of their interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 
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Search	for	“well	mo0vated”	DM	models	
	
•  WIMPs	can	be	produced	in	the	Early	Universe	in	the	right	amount	and	they	are	easily	

incorporated	in	BSM	
	

•  The	parameter	space	for	WIMPs	is	accessible	to	direct	detec0on	(but	the	range	of	
interac0ons	can	s0ll	vary	over	many	orders	of	magnitude	–	also	there	is	no	indica0on	
on	the	DM	mass)	

Looking	for	lost	keys:		
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Experiments	 have	 become	 increasingly	 “clean”,	 removing	 the	 (overwhelming)	
background	in	different	ways	(radiopurity	+	shielding	+	discrimina0on	of	recoils)	
	
Some	special	signatures	are	also	“cleaner”		
	
•  Annual	Modula0on		
•  Direc0onality	
	
	
	

Looking	for	lost	keys:		
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•  The	dark-ma)er	nucleus	interac0on	might	be	more	general	than	normally	consider.	

	
Effec0ve	Field	Theory	approach	to	describe	the	DM-nucleus	interac0on.	

Looking	for	lost	keys:		
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Direct	detec0on	is	not	only	looking	for	WIMPs	
	
•  Self-Interac0ng	DM	
•  Inelas0c	DM	
•  DM-electron	interac0ons	
•  Axions	
•  LIPs,	dark	photons,	etc	
•  Neutrinos!		
	

Looking	for	lost	keys:		
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•  Employ	different	targets,	different	techniques.	

•  Complementarity	 targets	 are	 not	 only	 useful	 to	 set	 be)er	 bounds.	 They	 are	
fundamental	for	DM	parameter	reconstruc0on	in	case	of	detec0on.	

	
	

Looking	for	lost	keys:		
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Be	aware	of	how	much	astrophysical	uncertain5es	can	affect	experimental	results	
	
•  Can	DM	be	mul0component?	–	This	affects	the	detec0on	rate	(and	viable	parameter	

space	of	models)	

•  What	can	we	learn	from	numerical	simula0ons	(&	indirect	searches)?	

Looking	for	lost	keys:		
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NUCLEAR RECOILS 
 
•  “Canonical” signature 
•  Elastic or Inelastic scattering 
•  Sensitive to m >1 GeV  

(keV recoils) 



Astrophysical parameters Experimental setup Theoretical input 

Local DM density 

Velocity distribution factor 
Differential cross section 

(of WIMPs with quarks) 

 
Nuclear uncertainties  

Target material (sensitiveness to 
different couplings) 

Detection threshold  

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
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Conventional direct detection approach 

17/04/18	
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Conventional direct detection approach 

WIMP expected fingerprint:  
 
•  Exponential spectrum (*) 
•  Annual Modulation of the signal 
•  Directionality 

Experimental challenges: 
 
•  Reduction of backgrounds 
•  Increment Target Size 
•  Low Energy threshold 

17/04/18	
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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

Conventional direct detection approach 

Spin-independent and Spin-dependent components, 
stemming from different microscopic interactions 
leading to different coherent factors 

Target material (sensitiveness to 
different couplings) 

Detection threshold  

17/04/18	
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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 

17/04/18	 18	

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  



19	

The challenge of low-mass WIMPs Strategy for Light WIMP Searches

SuperCDMS!
analysis range

lower recoil energy!
=!

sensitivity to lighter WIMPs
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•  The signal is expected at very low 
recoil energies 

Favours light targets  

Low-threshold searches 

•  Usual DM targets are relatively heavy 
so the threshold has to be significantly 
reduced. 

•  Backgrounds are more difficult to discriminate (this is in general not a 
background-free search) 

SuperCDMS low-threshold  
analysis range	

17/04/18	

•  Relies on the goodness of the background model and MC simulations 



Constraints on low-mass WIMPs 

CRESST-II  

SuperCDMS 

17/04/18	 20	

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
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Using	only	the	ionisa0on	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 
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Future prospects 
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Constraints on Spin-Dependent scattering 

Bounds on SD-n 
contribution have been 
derived from Xenon-
based experiments 
(XENON1T, LUX, Panda-X) 

The SD-p bounds are 
dominated by PICO 
(C3F8) 

Important bounds from 
indirect searches and 
colliders. 
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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

4

N
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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(x⃗) = c Ψ∗
χ(x⃗)OχΨχ(x⃗) Ψ

∗
N(x⃗)ONΨN(x⃗), (1)

where the Ψ(x⃗) 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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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
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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
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ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151
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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 

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(x⃗) = c Ψ∗
χ(x⃗)OχΨχ(x⃗) Ψ

∗
N(x⃗)ONΨN(x⃗), (1)

where the Ψ(x⃗) 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)

3

Spin-Dep.	

Effective Field Theory approach 
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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.

We might misinterpret a DM 
signature (if we reconstruct it 
with the usual templates) 
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A low threshold and combined targets are extremely beneficial 
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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 
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The spectrum from some 
interactions (momentum 
dependent) differs from the 
standard exponential 
signature 

A low threshold and combined targets are 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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The experimental response to these interactions is very target dependent 



17/04/18	 30	

Example: 

A single target cannot determine the DM mass and couplings 

Scalar DM – Scalar Mediator 
m = 100 GeV	
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Disentangling operators through combined targets 
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Example: 

A single target cannot determine the DM mass and couplings 

Scalar DM – Scalar Mediator 
m = 100 GeV	

The 
experimental 
response is very 
sensitive to the 
target

Disentangling operators through combined targets 
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Example: 

A single target cannot determine the DM mass and couplings 

Scalar DM – Scalar Mediator 
m = 100 GeV	

The 
experimental 
response is very 
sensitive to the 
target

Combining data 
some 
degeneracies 
can be 
removed

Disentangling operators through combined targets 

DM parameter identification requires the use of 
multiple targets 
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Going beyond the WIMP paradigm 
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Constraints	on	self-
interac0ng	DM	

Constraints on self-interacting Dark Matter 

Panda	X		
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Direct Detection of sub-GeV Dark Matter 

Excite bound electrons into excited states  

Semiconductor detectors with sensitivity to 
single electron-hole (e−h+) pairs can be 
competitive with other experimental 
technologies. 
 

5

neh:278

hneh(E�)i =

8
><

>:

0 E� < Egap

1 Egap < E� < ✏eh
E�/✏eh ✏eh < E�

(2)

where Egap = 1.12 eV and ✏eh = 3.8 eV [19]. The prob-279

ability distributions in the first two cases are delta func-280

tions, while in the third we generate distributions with281

a variety of di↵erent Fano factors, F (10�4, 0.155 [20],282

1), to estimate our sensitivity to the unmeasured distri-283

bution width at low energies. Finally, we convolved the284

predicted e�h+ pair spectrum with the experimental res-285

olution of 0.1 e�h+ pairs. An example signal with this286

ionization model applied is superimposed on the mea-287

sured spectrum in Fig. 3.288

The signal induced by ERDM was calculated accord-289

ing to the formalism in Ref. [3] in which scattering rates290

accounting for band structure in Si are tabulated for sig-291

nal modeling. The di↵erential scattering rate is given by292

the function293

dR

d lnER
= Vdet

⇢DM

m�

⇢Si
2mSi

�̄e↵
m2

e

µ2
�

Icrystal(Ee;F�) (3)

where �̄e↵ encodes the e↵ective DM-SM coupling, µ� is294

the reduced mass of the DM-electron system, and Icrystal295

is the scattering integral over phase space in the crystal296

(as defined in Ref. [3]). We integrated this di↵erential297

spectrum with Eq. 2 to get the expected quantized spec-298

trum, applying the same energy resolution smearing as299

for the dark photon signal.300

We determined 90% upper confidence limits from our301

data without background subtraction using the optimum302

interval method [21, 22], with the modification that we303

removed regions of the background > 2� from the quan-304

tization peaks. Given that both of the signals studied in305

this paper produce a quantized output, this ensured that306

the optimum interval method considered only the data307

likely to resemble the signals studied. Figure 4 shows308

the optimum interval limits for dark photon absorption309

and ERDM coupling via light and heavy mediators. The310

line width of the limit curve represents the sensitivity to311

variations in the choice of Fano factor and is negligible.312

DISCUSSION313

Even with this conservative analysis, DM parameter314

space in the mass range of 0.5–5 MeV/c2 that was con-315

sistent with previously known experimental and observa-316

tional bounds has been excluded. Furthermore, due to317

the minimal overburden at the experimental site (60 cm318

of concrete plus atmosphere), these limits are robust even319

for highly interacting DM candidates as long as such DM320

remains present in the local galactic environment [23–321

25]. Models such as these have been hypothesized to322

FIG. 4. Limits on dark photon absorption compared to the
results from DAMIC, XENON10 and XENON100 [7, and
references therein] (top) and limits on ERDM compared to the
XENON10 results [8] for heavy (middle) and light mediators
(bottom). The line width is a measurement of the systematic
uncertainties due to varying the Fano factor in the ionization
model between 10�4 and 1, as well as from uncertainties in the
photoelectric cross section for dark photon absorption. For
signal models as well as additional astrophysical constraints
see Ref. [1].

explain recent astronomical observations [10], and thus323

these surface-facility direct detection limits may augment324

other astrophysical constraints once DM survival proba-325

bilities and atmospheric absorption are more fully quan-326



SENSEI 
 
Sub-Electron-Noise Skipper CCD Experimental Instrument  
CCD with a resolution to individual e-    
initial active mass of 0.094g of silicon (0.019g-d exposure) 

They can test DM scattering on electrons, setting bounds at very low masses 
	



SENSEI 
 
Sub-Electron-Noise Skipper CCD Experimental Instrument  
CCD with a resolution to individual e-    
initial active mass of 0.094g of silicon (0.019g-d exposure) 

They also test Dark Photon absorption 
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Direct detection of axions 

Axions (with keV mass) can interact with DM detectors in various ways: 
 
•  Axion-electron interactions (study ER in Xenon experiments) 
•  Axion-photon conversion in the EM field of the atoms (e.g. in Ge crystals) 
 
 

Solar	axions	Galac5c	axions	



	Ultralight	dilaton	DM	acts	as	a	background	field	(high	occupa0on	number)	

	Can	cause	small	(but	coherent)	oscilla0ons	in	Standard	Model	parameters		

Electron	
coupling	

Photon	
coupling	DM	scalar	field	

+	…	

e.g.,	
QCD	

DM	coupling	causes	0me-varying	atomic	energy	levels:	

Direct detection of ultralight scalar DM (MAGIS 100) 
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Future dark matter experiments will be sensitive to Coherent Neutrino Scattering, 
limiting the reach for DM searches (Neutrino Floor) 

14
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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in the limit where the mediator mass is small. In-
deed, in such a case, the di↵erential cross section
scales as d�/dE

R

/ E�1

R

for scalar mediators and
d�/dE

R

/ E�2

R

for vector and axial vector me-
diators when the new physics contributions domi-
nate. Once more, this leads to an enhancement of
the cross section for low recoil energies. We do not
show the nuclear recoil rates expected for a pseu-
doscalar mediator, since the nuclear form factor
cancels out when the couplings to all light quarks
are identical [53].

As an additional remark on the axial vector and
vector mediator cases, the interference between
the standard Z and Z 0 amplitudes become im-
portant when these are comparable in magnitude.
Remarkably, this interference is destructive due
to the chiral structure of the Z couplings, which
may lead to an overall suppression of events with
respect to the SM prediction. We have illustrated
this possibility in Fig. 3 for the case of vector cou-
plings.

The projected constraints on light scale physics
are shown in Figs. 4 and 5, for di↵erent media-
tors and target materials. The bands enclose the
nominal and optimistic scenarios defined in Tab. I.
They are wider for nuclear recoils (right panels) in
comparison to electron recoils (left panels) since
the dependence with the threshold energy is more
pronounced. Depending on the mediator mass,
electron recoils could probe couplings below 10�6,
while the bounds from nuclear recoils would range
from 10�3 to 10�6. In the case of a vector medi-
ator scattering o↵ nuclei (middle right plot), the
destructive interference with the SM Z contribu-
tion may lead to disconnected regions, e.g., for a
G2 silicon-based detector. It is worth remember-
ing at this point that we are basing our projec-
tions on the assumption that backgrounds can be
removed. As discussed above, this is a reasonable
hypothesis for the case of nuclear recoils but more
challenging for electron recoils.

C. Bounds for a U(1)
B�L

model

To put the sensitivity of future DD experiments
in context, we illustrate our results with the spe-
cific example of a light U(1)

B�L

gauge boson, a
construction that was studied in Ref. [57] for ⌫�e
scattering. In this case, a new vector mediator
couples to the B�L quantum numbers of standard
model particles. Quarks therefore carry charge
1/3 under this new gauge coupling, while leptons
have charge �1.

In Fig. 6 we present our bounds as before. The
coloured lines are the result of this study. We
use the optimistic threshold scenarios of a G2 ger-
manium (red lines) and xenon experiment (blue),
as well as for a future DARWIN-like xenon tar-
get (green). We separate the limits that can be
inferred from nuclear (solid lines) and electron re-

coils (dashed). As in the cases shown in Fig. 4,
electron bounds tend to do better, thanks to the
larger pp flux and to the closer kinematic matching
between the solar neutrino energies and electron
mass, allowing for higher recoil energies.

Our results in Fig. 6 are overlaid on excluded
areas from previous studies, in the plane of gauge
coupling g

B�L

versus mediator mass. A detailed
description of each bound can be found in Ref. [57]
and references therein (see also Ref. [58] for the
TEXONO and CHARM-II limits). It should
be emphasized that these limits are not model-
independent, as they are sensitive to the coupling
between the gauge boson and a specific fermion,
as well as to the Lorentz structure of the coupling.
These bounds fall into three broad categories:

• Coupling to electrons (or muons) only

“Atomic physics” (measurements of energy
levels of atomic excited states), “Sun” and
“Globular Clusters” (star cooling via the
emission of the mediator), “Borexino” (solar
neutrinos scattering o↵ electrons), “TEX-
ONO” and “GEMMA” (reactor neutrinos
scattering o↵ electrons), as well as CHARM-
II (accelerator neutrinos scattering o↵ elec-
trons) all require a coupling to electrons.
The region labeled as “Z 0 capture in Sun”
is not well understood: although the Sun
would not lose energy due to Z 0 emission,
solar dynamics could be severely modified,
and exact bounds have yet to be computed.
The anomalous magnetic moment bounds
require couplings to electrons or muons.
Moreover, these curves only apply to pure
vector couplings (e.g., the curve for axial
vector couplings does not flatten at low me-
diator masses [60, 61]).

• Coupling to electrons and/or quarks

“Fixed target” bounds require coupling to
electrons only or both electrons and light
quarks, depending if the experiment consid-
ered is an electron or proton beam dump.
For the first, the mediator is produced by
radiation when e� collide with a target,
while in proton dump experiments, the
production is dominated by pseudoscalar
meson decays (e.g. ⇡0 ! �Z 0). For both
cases, the signature consists of Z 0 decay
to e+e� (the sharp cut on the left of this
region corresponds to 2m

e

, below which the
production of two electrons is kinematically
forbidden). Notice that a larger coupling
to neutrinos would enhance the mediator
invisible branching ratio, weakening this
bound. The “Fixed Target” region shown
in Fig. 6 includes only electron dump
experiments. Proton dump experiments are
almost entirely within that region and their
inclusion will not change our conclusions.
The “B-factories” region requires non
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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FIG. 3. Electron recoil (left) and nuclear recoil (right) integrated rates as a function of the experimental
threshold energy E

th

. Electron recoils are normalised to 132Xe while nuclear recoils are plotted for a variety of
target materials. Top: scalar coupling; middle row: vector coupling; lower panels: axial vector coupling.
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Points for debate 

•  Direct Detection experiments are becoming extremely sensitive and 
increasingly versatile, probing DM models beyond the vanilla WIMP 

•  Probing the WIMP paradigm for masses from ~TeV to keV scale (and 
below), but also looking for: 
 
- SIDM, Inelastic DM, dark photons 
- Axions 
- New physics in the neutrino sector 
 

•  Bigger + Better experiments are needed  
 

•  Variety of targets and techniques not only probe different DM candidates, 
but also crucial for DM parameter reconstruction 
 

•  Annual Modulation and Directionality?  
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Figure 1: Illustration of electron emission from nuclear recoils. If a DM particle scatters o↵ a nucleus (panel 1), we can assume
that immediately after the collision the nucleus moves relative to the surrounding electron cloud (panel 2). The electrons
eventually catch up with the nucleus, but individual electrons may be left behind and are emitted, leading to ionisation of the
recoiling atom (panel 3).

tron recoil events, which constitute the main back-
ground.

Recently, ref. [42] pointed out that the probabil-
ity to ionise a recoiling atom is in fact orders of
magnitude larger than the probability to obtain a
�-ray, since in contrast to photons there is no mo-
mentum suppression for the emission of low-energy
electrons. This e↵ect has been named “Migdal ef-
fect” in the DM literature [43–45], as the calcula-
tion makes use of the Migdal approximation [46]
that the electron cloud of the incident atom does
not change during the nuclear recoil induced by the
DM interaction (see figure 1). In the frame of the
atom, this results in a simultaneous boost for all
electrons, which can lead to excitation or ionisation
of electrons.

In this letter, we further explore the formalism
developed in ref. [42] and apply it to the case of
dual-phase xenon detectors. We find that the sen-
sitivity of this type of experiment in the sub-GeV
mass range is significantly enhanced. By reinter-
preting existing data from the LUX experiment,
we obtain the strongest limit on DM with mass
between ⇠ 0.1 � 0.5 GeV and comparable limits
to CRESST-III [8] between ⇠ 0.5 � 1 GeV. A sec-
ond central observation of our letter is that in sce-
narios where the DM couples with equal strength
to electrons and protons (as in the case of interac-
tions mediated by a dark photon with kinetic mix-
ing [47, 48]), experiments may be more sensitive
to ionisation electrons resulting from nuclear re-
coils than from electron recoils. As we will demon-
strate, the search strategy considered in this paper
can therefore probe unexplored parameter regions
of dark photon models and future experiments may
be sensitive to parameter space compatible with
thermal freeze-out.

This letter is structured as follows. In section 2
we review the central aspects of the Migdal e↵ect
and collect the relevant formulae from the litera-
ture. In section 3 we discuss the resulting signatures
in dual-phase xenon detectors, considering the LUX
experiment for concreteness. In section 4 we present
the resulting bounds on the parameter space of two
interesting models of low-mass DM. We first con-
sider the case of a scalar mediator, which couples
to Standard Model (SM) particles proportional to
their mass, and then focus on the case of a vector
mediator, which has couplings to SM particles pro-
portional to their electric charge. Our conclusions
are presented in section 5.

2. Ionisation electrons from nuclear recoils

In this section we summarize the key results from
ref. [42], which are needed for calculating the signa-
tures of low-mass DM scattering on nuclei in direct
detection experiments. The di↵erential event rate
for DM-nucleus scattering R

nr

with respect to the
nuclear recoil energy E

R

and the DM velocity v is
given by

d2R
nr

dE
R

dv
=

⇢ �N

2µ2

N m
DM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, m

DM

the DM
mass, µN = mN m

DM

/(mN + m
DM

) the DM-
nucleus reduced mass and f(v) =

R
v2 f(v) d⌦v the

DM speed distribution in the laboratory frame [49].
We neglect nuclear form factors since we are only

1We have absorbed the coherent enhancement factor into
our definition of �N .
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The sudden acceleration of a nucleus 
after a collision can lead ionisation of 
atomic electrons (excitation much rarer) 
 
Enhance S1 in dual phase experiments 
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interested in small momentum transfers. The di↵er-
ential event rate for a nuclear recoil of energy E

R

to be accompanied by an ionisation electron with
energy Ee is

d3R
ion

dE
R

dEe dv
=

d2R
nr

dE
R

dv
⇥ |Z

ion

(E
R

, Ee)|2 , (2)

where the transition rate is given by

|Z
ion

(ER, Ee)|2 =
X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron that is being emit-
ted, qe = me

p
2E

R

/mN is the momentum of each
electron in the rest frame of the nucleus immedi-
ately after the scattering process, and the function
pcqe(nl ! Ee) quantifies the probability to emit an
electron with final kinetic energy Ee. We can make
the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

v
ref

me

◆
pcvref(nl ! Ee) , (4)

where v
ref

is a fixed reference velocity. The func-
tions pcvref(nl ! Ee) depend on the target material
under consideration and have been calculated for a
range of elements relevant for direct detection ex-
periments in ref. [42] taking v

ref

= 10�3.
If the emitted electron comes from an inner or-

bital, the remaining ion will be in an excited state.
To return to the ground state, further electronic
energy will be released in the form of photons or
additional ionisation electrons. The total electronic
energy deposited in the detector is hence approxi-
mately given by

E
EM

= Ee + Enl , (5)

where Enl is the (positive) binding energy of the
electron before emission and we assume that the
binding energy of the electrons in the outermost
orbitals are negligible. The nuclear recoil can also
lead to the atom being in double or higher states
of ionisation. Existing results for the helium atom
show that double ionisation is O(10�3) less likely
than single ionisation [50, 51]. Accordingly, we ne-
glect this possibility in this work.

We integrate eq. (2) over both the nuclear recoil
energy and the DM velocity to calculate the energy
spectrum. In doing so, we need to ensure that we
include only those combinations of E

R

, E
EM

and

v that satisfy energy and momentum conservation.
The resulting calculation is identical to the case of
inelastic DM [52], with the DM mass splitting �m
being replaced by the total electronic energy E

EM

.2

We therefore find

v
min

=

s
mNE

R

2µ2

+
E

EMp
2mNE

R

. (6)

The maximum electronic and nuclear recoil en-
ergy for a given DM mass are given by

E
R,max

=
2µ2

N v2
max

mN
, E

EM,max

=
µN v

max

2
.

(7)
For v

max

⇡ 800 km/s, m
DM

⌧ mN (and hence
µN ⇡ m

DM

), we generically find E
EM,max

�
E

R,max

. For concreteness, for m
DM

= 0.5GeV
and mN = 120GeV (the approximate xenon atom
mass), we find E

R,max

⇡ 0.03 keV while E
EM,max

⇡
1.8 keV. The electronic energy is therefore much
easier to detect than the nuclear recoil energy.

3. Sensitivity of dual-phase xenon detectors

Having obtained the relevant formulae for the dis-
tribution of electronic and nuclear recoil energy at
the interaction point where the DM-nucleus scat-
tering occurs, we now convert these energies into
observables accessible for direct detection experi-
ments. The focus of this discussion will be on dual-
phase xenon detectors, but we note that the domi-
nance of the electronic energy E

EM

resulting from
the Migdal e↵ect is not limited to xenon. These
detectors convert the atomic excitations and ioni-
sations at the interaction point into a primary (S1)
and a secondary (S2) scintillation signal [53]. A
specific detector can be characterized by two func-
tions: pdf(S1,S2|E

R

, E
EM

) quantifies the probabil-
ity to obtain specific S1 and S2 values for given E

R

and E
EM

; and ✏(S1,S2) quantifies the probability
that a signal with given S1 and S2 will be detected
and will satisfy all selection cuts. Using these two
functions, we can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dE

R

dE
EM

d2R

dE
R

dE
EM

⇥ pdf(S1,S2|E
R

, E
EM

) ,
(8)

2We neglect the di↵erence in mass between the original
atom and the recoiling excited state.
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