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Outline of the lectures
Introduction to direct detection

• The DM halo
• Recoil energies and rates
• Scattering cross section
• Annual modulation

Experimental challenges
Experimental techniques

Experimental Aspects of Dark Matter Searches26 September 2023 2



Experimental approaches
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Introduction to direct detection

Experimental Aspects of Dark Matter Searches26 September 2023 4



Direct detection
We believe that dark matter exists but we 
do not know what it is and how it interacts Direct detection experiments today
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Fore more information on mass scale:
-Dark matter production in the early Universe: beyond the thermal WIMP paradigm,
Phys. Rept. 555 (2015) 1–60 
-WIMP dark matter candidates and searches current status and future prospects,
Rept. Prog. Phys. 81 (2018), no. 6 066201
 

Direct detection experiments R&D 
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We live in a dark matter halo
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The dark matter halo

Experimental Aspects of Dark Matter Searches

The isothermal sphere

Halo-independent comparison of direct 
detection experiments in the effective 
theory of dark matter-nucleon interactions
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The dark matter halo
Velocity distribution:

• Isotropic and spherical distribution 

• No self interactions

• Upper truncation limit at galactic escape velocity

2.3 Direct Search 21

The form factor

The form factors used in direct searches are usually computed with the Helm
parametrisation[41]. The idea is to consider the nucleus spatially as a sphere with constant
density and take its convolution with a gaussian to have a smoothly decreasing density at
the edge of the nucleus. The form factor is then the Fourier transform of such distribution
and it can be written as:

F (q) = 3
j1(qR0)

qR0
exp
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where j1 is the first spherical Bessel function, R0 is the radius of the sphere with constant
density (' the nuclear radius), q =

p
2mNER the transferred momentum, and s the width

of the gaussian used to smoothen the density distribution ('1fm). The main focus of this
thesis work concentrates on light dark matter particles where the transferred momenta are
such that the form factor plays a negligible role.

Velocity distribution

The last quantities needed in Equation 2.9 are the dark matter density ⇢� and the dark
matter particle velocity distribution f(v). The former is known from the cosmological
observations discussed in Chapter 1, while the latter depends on the specific type of dark
matter. In the common WIMP scenario, dark matter particles are thermalized in the
early Universe, so their expected velocity distribution is the Maxwell-Boltzmann for an
isothermal sphere in the rest frame of the Milky Way. The velocity distribution has an
upper truncation limit vesc due to the fact that particles with a velocity greater than the
escape velocity cannot be confined within the galactic volume. The expression for f(v)dv
is [42]:
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where the normalization constant N and the root mean square velocity vrms are:
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Here, vs is the rotational velocity of the Sun in the galactic rest frame. Standard values
used in direct detection experiments for the velocities in Eqs. 2.15 are vesc = 544km/s[43]
and vs = 220km/s[38].

It is important to point out that even though we make use of the velocity distribution
of a specific dark matter paradigm, the WIMPs, the crucial assumption of a spherical
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vs rotational velocity of the Sun in the galactic rest frame 

Standard assumptions:
• vs: 220 km/s
• vesc: 544 km/s
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The dark matter halo
Density profile:

• r(r)à r -2

• Standard assumption: r0: 0.3GeV/c2 cm-3

Experimental Aspects of Dark Matter Searches

In daily life units r0 ~ 5!10-28 kg cm-3

What is the chance for dark matter particles to be 
passing through the volume of our detectors?

à Answer in MURAL!
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The dark matter halo
Density profile:

• r(r)à r -2

• Standard assumption: r0: 0.3GeV/c2 cm-3

In daily life units r0 ~ 5!10-28 kg cm-3

m1 = 1 GeV/c2 n1=r0/m1= 0.3 cm-3 N1= n1! Vmilk=300

m2 = 5 GeV/c2  n2=r0/m2= 0.06 cm-3 N2= n2! Vmilk=60

m3 = 10 GeV/c2  n3=r0/m3= 0.03 cm-3 N3= n3! Vmilk=30
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Recoils from dark matter scattering
Nuclear recoils

Most common scenario
• elastic scattering off a target nucleus
• momentum transfer gives rise to a nuclear recoil 
 

χ

Basic idea
Dark matter is made of particles which interact with Standard Model particles

𝑚! = 10𝐺𝑒𝑉/𝑐"

𝐾 =
1
2𝑚𝑣
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1
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Recoils from dark matter scattering
Nuclear recoils

Most common scenario
• elastic scattering off a target nucleus
• momentum transfer gives rise to a nuclear recoil 
 

χ

Basic idea
Dark matter is made of particles which interact with Standard Model particles

𝑣&~0𝑘𝑚/𝑠

𝑚& ~10𝐺𝑒𝑉/𝑐"

𝑇~100𝐾

𝐾 =
1
2𝑚&𝑣&"~𝑘(𝑇 → 𝑣&~

2𝑘(𝑇
𝑚&

~400𝑚/𝑠

𝑣!~220𝑘𝑚/𝑠
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Recoils from dark matter scattering
Nuclear recoils

χ χ
Elastic  scattering

𝑣&~0𝑘𝑚/𝑠

𝑣!~220𝑘𝑚/𝑠

𝑣’& > 0𝑘𝑚/𝑠

𝑣’!

Most common scenario
• elastic scattering off a target nucleus
• momentum transfer gives rise to a nuclear recoil 
 

Basic idea
Dark matter is made of particles which interact with Standard Model particles
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Maximum energy transfer
Nuclear recoils

Head-on-collision:

• Conservation of energy  $
"
𝑚!𝑣!" =

$
"
𝑚!𝑣!’" +

$
"
𝑚&𝑣&’"

• Conservation of momentum  𝑚!𝑣! = 𝑚!𝑣’! +𝑚&𝑣’&
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1
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(𝑚! +𝑚&)"

          = !"!"#
$#

𝜇 = $!$#

$!%$#
       reduced mass of the system  
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What is the maximum recoil energy of my target nucleus with
A=100 for a DM particle of m = 10 GeV/c2 ?

à Answer in MURAL!



Maximum energy transfer
Nuclear recoils

Head-on-collision:

• Conservation of energy  $
"
𝑚!𝑣!" =

$
"
𝑚!𝑣!’" +

$
"
𝑚&𝑣&’"

• Conservation of momentum  𝑚!𝑣! = 𝑚!𝑣’! +𝑚&𝑣’&

Minimum velocity that can transfer ER 
to the recoiling nucleus:

𝑣+./ =
𝐸*𝑚&
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       reduced mass of the system  
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Recoil rate
Nuclear recoils

The main challenge for direct detection experiments

�� %FUFDUJPO PG %BSL .BUUFS

	BOE DPIFSFOUMZ
 PČ OVDMFJ� ćJT TFDUJPO XJMM PVUMJOF UIF BOUJDJQBUFE EBSL NBUUFS SFDPJM
TQFDUSVN EJTDVTTJOH UIF SFMFWBOU JOQVUT GSPN BTUSPOPNZ 	EBSL NBUUFS IBMP BOE WFMPDJUZ
EJTUSJCVUJPO
 BOE GSPN UIF UBSHFU NBUFSJBM 	GPSN GBDUPS
� "T XJMM CF TIPXO UIF NBJO DIBM�
MFOHFT JO EJSFDU EFUFDUJPO BSF B TNBMM FYQFDUFE TDBUUFSJOH SBUF BOE UZQJDBM SFDPJM FOFSHJFT PG B
GFX LF7 BUNPTU� $POTFRVFOUMZ UIFTF SFRVJSFNFOUT GPSDF IJHIMZ�TFOTJUJWF EFWJDFT PQFSBUFE
JO B MPX�CBDLHSPVOE FOWJSPONFOU� ćF MBTU TFDUJPO PG UIJT DIBQUFS XJMM HJWF B CSJFG UPVS PO
UIF WBSJPVT FYQFSJNFOUBM BQQSPBDIFT DVSSFOUMZ SFBMJ[FE JO EJSFDU EBSL NBUUFS EFUFDUJPO�

������ &YQFDUFE8*.1 3FDPJM 4QFDUSVN
ćF UPUBM JOUFSBDUJPO SBUF 	FRVBUJPO ��� <��>
 FYQFDUFE GPS 8*.1T JO BO JEFBM EFUFDUPS JT B
QSPEVDU PG UISFF NBJO GBDUPST�

R =
M5BSHFU

mN
· ρχ
mχ

v · σ(v) 	���


ćF ĕSTU GBDUPS JT UIF UPUBM OVNCFS PG OVDMFJ JO UIF UBSHFU HJWFO CZ UIF UPUBM UBSHFU NBTT
M5BSHFU EJWJEFE CZ UIF NBTT PG POF OVDMFVT mN � 'PS B NVMUJ�FMFNFOU UBSHFU MJLF $B804
POF PCWJPVTMZ IBT UP UBLF JOUP BDDPVOU JUT FYBDU DPNQPTJUJPO PG UIF WBSJPVT OVDMFJ� ćF
8*.1 ĘVY QFOFUSBUJOH UIF FBSUI NBLFT VQ GPS UIF TFDPOE GBDUPS BOE JT HJWFO CZ UIF MP�
DBM EBSL NBUUFS EFOTJUZ ρχ UIF 8*.1 NBTT mχ BOE JUT WFMPDJUZ v� 'PS FRVBUJPO ��� JU JT
BTTVNFE UIBU BMM 8*.1T USBWFM UISPVHI UIF HBMBYZ XJUI UIF TBNF TQFFE� ćF ĕOBM NVM�
UJQMJDBUJPO GBDUPS JT UIF 8*.1�OVDMFVT DSPTT TFDUJPO σ(v) XIJDI JO HFOFSBM EFQFOET PO
UIF WFMPDJUZ� "T XJMM CF EJTDVTTFE JO UIF GPMMPXJOH BTUSPQIZTJDT BT XFMM BT OVDMFBS QIZTJDT
QSPWJEF JOQVUT UP FWBMVBUF UIFTF GBDUPST�

*O QSBDUJDF OPU UIF UPUBM SBUF CVU SBUIFS UIF EJČFSFOUJBM JOUFSBDUJPO SBUF 	FRVBUJPO ���
<��>
 TP UIF OVNCFS PG DPVOUT QFS LH UBSHFU NBUFSJBM BOE LF7 FOFSHZ JT PG NBKPS JO�
UFSFTU� ćF 8*.1�OVDMFVT DSPTT TFDUJPO σ JO HFOFSBM DPOTJTUT PG UXP DPOUSJCVUJPOT B
TQJO�EFQFOEFOU BOE B TQJO�JOEFQFOEFOU POF� ćF TQJO�JOEFQFOEFOU UFSN BDDPVOUT GPS BMM
TDBMBS DPVQMJOHT BOE TDBMFT RVBESBUJDBMMZ XJUI UIF BUPNJD NBTT� ćF TQJO�EFQFOEFOU UFSN
EFTDSJCFT BO JOUFSBDUJPO PG 8*.1T XJUI UIF OFU TQJO PG UIF OVDMFVT XIJDI JT QSBDUJDBMMZ
[FSP GPS BMM OVDMFJ XJUI BO FWFO OVNCFS PG OVDMFPOT� 'PS $B804 UIF TFOTJUJWJUZ UP TQJO�
EFQFOEFOU JOUFSBDUJPOT JT PSEFST PG NBHOJUVEFT TVQQSFTTFE DPNQBSFE UP TQJO�JOEFQFOEFOU
TDBUUFSJOH BOE UIVT OFHMFDUFE� $PNNPOMZ UIF DPVQMJOH TUSFOHUI f JT BTTVNFE UP CF JEFO�
UJDBM GPS OFVUSPOT BOE QSPUPOT� �

ćF EJČFSFOUJBM DSPTT TFDUJPO PG 8*.1T TDBUUFSJOH FMBTUJDBMMZ PČ OVDMFJ JT HJWFO CZ <��>�

dσ

dER
=

2mNA2f 2

πv2
F 2(ER) 	���


%JSFDUMZ WJTJCMF JO FRVBUJPO ��� JT UIF BGPSFNFOUJPOFE RVBESBUJD EFQFOEFODF PG UIF DSPTT
TFDUJPO PO UIF BUPNJD NBTT OVNCFSA� ćF MBTU FMFNFOU SFMFWBOU UP EFTDSJCF UIF TDBUUFSJOH

�.PEFMT HJWJOH VQ UIJT BTTVNQUJPO BSF DBMMFE JTPTQJO�WJPMBUJOH 	BMUIPVHI UIFSF JT OP BDUVBM WJPMBUJPO PG
JTPTQJO
� ćFZ HBJOFE JOUFSFTU JO UIF QBTU ZFBST� IPXFWFS GPS UIF GSBNFXPSL PG UIJT XPSL UIPTF NPEFMT
XJMM OPU CF DPOTJEFSFE�

��
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What is the expected rate in a 1kg detector having target having target nuclei with
A=100 for a DM particle of m = 10 GeV/c2, assuming an interaction cross section of 1pb?

à Answer in MURAL!



Recoil rate
Nuclear recoils

The main challenge for direct detection experiments
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We do no only count events, but measure energy spectra

20 2. Experimental searches

2.3.3 The experimental signature

The relevant quantity which is measured by direct detection experiments is the di↵erential
event rate d�

dER
. In order to have an expression for it, we must first re-write Equation 2.7

in its di↵erential form, making the dependence on the dark matter particle incident
velocity and the recoiling energy explicit, and introducing the dark matter particle velocity
distribution f(v):

d�

dER

=
⇢�

mNm�

Z 1

vmin

d
3
vf(v)v

d�(v, ER)

dER

(2.9)

where vmin is the lowest velocity that can transfer ER energy to the recoiling nucleus
(meaning cos ✓ = �1 in Equation 2.3):

vmin =

s
ERmN

2µ2
(2.10)

The di↵erential cross-section �(v, ER) embodies the physics of the dark matter
particle-nucleus interaction and it consists in general of scalar and vector couplings. The
latter describes the interaction of the dark matter particle with the net spin of the
target nucleus. Sensitivity to the spin-dependent interaction requires target nuclei with a
non-vanishing net spin, but the relevant target in this thesis work (CaWO4) does not have
a significant nuclear spin. Therefore, we will neglect spin-dependent interactions in the
following sections.

Di↵erential cross-section

The di↵erential cross-section for spin-independent dark matter particle-nucleus scattering
reads[40]: ✓

d�

dER

◆

SI

=
mN�0

2µ2v2
F

2(ER) (2.11)

In Equation 2.11 �0 is the point-like, zero-momentum cross-section for the scattering
process, while F (ER) is the form factor. �0 has the form:

�0 =
4

⇡
A

2
f
2
µ
2 (2.12)

where f is the strength of the coupling and it is generally considered to be equal for protons
and neutrons. The term A

2 represents the enhancement of the interaction due to coherence.
It is of course the case that, in general, heavy targets are specially considered for direct
detection of dark matter because of the quadratic dependence on the atomic mass number
A. At zero-momentum transfer, the nucleus can be thought of as a point-like particle
since the spin-independent interaction is coherent, but at higher momenta transfer, it is
necessary to account for loss of coherence in the interaction.

𝑑𝑅
𝑑𝐸& 𝑣!"# 𝐸$

𝑣%&'
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Scattering cross section
Nuclear recoils

SciPost Physics Lecture Notes Submission

limit. It can be approximated as an isotropic scattering distribution, such that

d�

d cos ✓
= constant =

�

2
. (77)

The maximum kinetic energy that can be transferred to the nucleus occurs when cos ✓R = �1
(100% back-scatter of the nucleus in the center-of-mass frame), such that Emax

R = 2µ2v2/mN .
In terms of this quantity, Eqn 74 becomes

ER =
Emax

R

2
(1� cos ✓R). (78)

We can obtain the di↵erential of the recoil energy with respect to scattering angle:

dER

d cos ✓
=

Emax
R

2
. (79)

From this, we can then write the di↵erential of the cross-section with respect to recoil energy
using the chain rule:

d�

dER
=

d�

d cos ✓

d cos ✓

dER
=

�

2

2

Emax
R

=
�

Emax
R

=
mN

2µ2

�

v2
. (80)

The momentum transfer involved in these collisions corresponds to a de Broglie wavelength
in excess of the nuclear size, so remember we are coherently scattering o↵ the entire nucleus.
Especially for lighter nuclei, the WIMP doesn’t “see” the nucleons at all. For light nuclei,
one can make a good approximation that the nucleus is nearly the sum of its parts (nucleons)
without significant corrections to that approximation. For light nuclei, it’s therefore possible
to translate a scattering rate on the nucleus into a scattering rate on individual nucleons (e.g.
to infer the WIMP-proton or WIMP-neutron cross-section).

However, it’s more typical for heavy nuclei to be used in experiments. Given our early
considerations, this is for obvious reasons: more target cross-sectional area means more an-
ticipated WIMP interactions per unit mass, per unit time. Heavy nuclei receive significant
corrections from the “sum of nucleons” approximation when describing the nucleus as a whole.
These corrections are summarized by nuclear form factors, F . For example, let us consider
that we are not certain whether the WIMP-nucleus interactions may have spin-independent
or spin-dependent e↵ects. It’s natural, therefore, to assume that the cross-section in totum
will be a sum of both possibilities, e.g.

d�

dER
=

✓
d�

dER

◆

SI

+

✓
d�

dER

◆

SD

�
, (81)

where “SI” (“SD”) denotes the spin-independent (spin-dependent) scattering. Spin-independent
e↵ects would arise from a scalar or vector dark matter candidate coupling to quarks inside
the nucleons, while spin-dependent e↵ects would arise from an axial-vector coupling to those
same quarks. To perform calculations, it’s straight forward to begin by assuming that these
e↵ects add coherently with corrections from the parton-level up to the nuclear scale:

d�

dER
=

mN

2µ2v2
⇥
�SI
0 F 2

SI + �SD
0 F 2

SD

⇤
. (82)

The form factors encode the dependence on the momentum transfer and the nuclear struc-
ture without making explicit the details of these dependencies; the cross-sections encode the

14

SciPost Physics Lecture Notes Submission

limit. It can be approximated as an isotropic scattering distribution, such that

d�
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2
. (77)

The maximum kinetic energy that can be transferred to the nucleus occurs when cos ✓R = �1
(100% back-scatter of the nucleus in the center-of-mass frame), such that Emax

R = 2µ2v2/mN .
In terms of this quantity, Eqn 74 becomes
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We can obtain the di↵erential of the recoil energy with respect to scattering angle:
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From this, we can then write the di↵erential of the cross-section with respect to recoil energy
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Nuclear form factors
Nuclear recoils

Spin Independent case: describe the distribution of nucleons inside the nucleus
• consider the nucleus spatially as a sphere with constant density 
• convolution with a gaussian to have a smoothly decreasing density at the edge of the nucleus

The form factor is then the Fourier transform of such distribution  
 
Helm parametrization

2.3 Direct Search 21

The form factor

The form factors used in direct searches are usually computed with the Helm
parametrisation[41]. The idea is to consider the nucleus spatially as a sphere with constant
density and take its convolution with a gaussian to have a smoothly decreasing density at
the edge of the nucleus. The form factor is then the Fourier transform of such distribution
and it can be written as:

F (q) = 3
j1(qR0)

qR0
exp

✓
�
1

2
q
2
s
2

◆
(2.13)

where j1 is the first spherical Bessel function, R0 is the radius of the sphere with constant
density (' the nuclear radius), q =

p
2mNER the transferred momentum, and s the width

of the gaussian used to smoothen the density distribution ('1fm). The main focus of this
thesis work concentrates on light dark matter particles where the transferred momenta are
such that the form factor plays a negligible role.

Velocity distribution

The last quantities needed in Equation 2.9 are the dark matter density ⇢� and the dark
matter particle velocity distribution f(v). The former is known from the cosmological
observations discussed in Chapter 1, while the latter depends on the specific type of dark
matter. In the common WIMP scenario, dark matter particles are thermalized in the
early Universe, so their expected velocity distribution is the Maxwell-Boltzmann for an
isothermal sphere in the rest frame of the Milky Way. The velocity distribution has an
upper truncation limit vesc due to the fact that particles with a velocity greater than the
escape velocity cannot be confined within the galactic volume. The expression for f(v)dv
is [42]:

f(v)dv =
1

N
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2⇡v2
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◆ 3
2
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◆
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where the normalization constant N and the root mean square velocity vrms are:

N = erf(z)�
2
p
⇡
exp(�z

2)

z
2 =

3v2
esc

2v2
rms

vrms =

r
3

2
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(2.15)

Here, vs is the rotational velocity of the Sun in the galactic rest frame. Standard values
used in direct detection experiments for the velocities in Eqs. 2.15 are vesc = 544km/s[43]
and vs = 220km/s[38].

It is important to point out that even though we make use of the velocity distribution
of a specific dark matter paradigm, the WIMPs, the crucial assumption of a spherical

𝑗$first spherical Bessel function, 
𝑅0 radius of the sphere with constant density (~the nuclear radius ~ 1,25𝑓𝑚 𝐴 ⁄! ")
𝑞 = 2𝑚&𝐸* transferred momentum
𝑠 nuclear skin thickness, i.e. width of the gaussian used to smoothen the density distribution (~ 1fm) 
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Nuclear form factors
Nuclear recoils

Gintaras Duda et al JCAP04(2007)012 

Form factors for 28Si versus nuclear radius as obtained from 
elastic electron scattering data.
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Nuclear form factors
Nuclear recoils

Spin Dependent case: superposition of form-factors components normalized to that superposition 
at zero recoil energy 
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parton-level (e.g. quark-level) particle physics of the WIMP-parton interaction (e.g. Feynman
diagrams describing the leading interactions possible between fundamental particles).

The Form Factors are an area of rather active concern. Nuclear physics, to say the least, is
complicated. The nature of quantum chromodynamics and the energy domain of the nucleus
makes high-precision, direct analytical calculations of such form factors nearly impossible.
Instead, a synthesis of nuclear scattering data and computational approaches are typically
used to constrain or infer these corrections. It is also possible to make models of these form
factors based on theoretical or data-driven considerations.

One example is the Helm Form Factor [4] [5], which applies to spin-independent interac-
tions,

F (q) =

✓
3j1(qR1)

qR1

◆2

exp
�
�q2s2/2

�
. (83)

Here, j1 is the Spherical Bessel Function,

j1(x) =
sin(x)

x2
�

cos(x)

x
, (84)

q is the momentum transfer, s is the nuclear skin thickness (s ⇠ 1 fm), and R1 is the e↵ective
nuclear radius, which should be approximated as R1 = 1.25 fm ⇥ A1/3, with A being the
atomic mass number.

For spin-dependent interactions, we can write

F 2(ER) =
S(ER)

S(0)
(85)

where
S(ER) = a20S00(ER)a

2
1S11(ER) + a0a12S01(ER) (86)

and
a0 = ap + an, a1 = ap � an. (87)

Here, Sij are the isoscalar (0), isovector (1), and interference form factors while ai are the
isoscalar or isovector coupling constants.

The spin-dependent form factor is the superposition of form-factors components (isoscalar,
etc.) normalized to that superposition at zero recoil energy (no energy transfer to the nucleus,
the case of an undisturbed nucleus).

The forms of these SI and SD cross-sections that most often appear in the literature are

Spin-Independent and Spin-Dependent Cross Sections

�SI
0 =

4µ2

⇡
[Zfp + (A� Z)fn]

2
/ A2 (88)

�SD
0 =

32G2
Fµ

2

⇡

J + 1

J
[aphSpi+ anhSni]

2 (89)

In Eqn. 88, we generally assume a low momentum transfer (long wavelength probe corre-
sponding to low q2 so that the scattering process cannot resolve the di↵erence between the
proton and neutron at the parton level. In that case, the four-fermion coupling factors satisfy
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In an ideal detector
J. Phys. G43 (2016) no.1, 013001

3 PRINCIPLES OF WIMP DIRECT DETECTION

Figure 2. (Left) Di↵erential event rate for the direct detection of a 100GeV/c2

WIMP with a cross-section of 10�45 cm2 in experiments using tungsten (green), xenon
(black), iodine (magenta), germanium (red), argon (blue) and sodium (grey) as target
materials. (Right) The event rate is shown for a heavy and a light target as indicated
in green (tungsten) and blue (argon), respectively, showing the e↵ect of neglecting the
form factor correction (dotted line) and the e↵ect of a lower WIMP mass of 25GeVc2

(dashed line).

where G2
F is the Fermi coupling constant, J the total nuclear spin and ap,n the e↵ective

proton (neutron) couplings. The expectation value of the nuclear spin content due to

the proton (neutron) group is denoted by hS
p,n

i. New calculations performed in [116] use

chiral e↵ective-field theory currents to determine the couplings of WIMPs to nucleons

up to the leading two-nucleon currents. This method yields to an improved agreement

between the calculated and measured energy spectra of the considered nuclei as well

as the ordering of the nuclear levels (e.g. [117]). These calculations have been used to

calculate the couplings for the most relevant isotopes in direct detection experiments:
129,131Xe, 127I, 73Ge, 19F, 23Na, 27Al and 29Si.

In the context of a non-relativistic e↵ective field theory (EFT) for WIMP-like

interactions, a more detailed formulation of possible couplings from dark matter to

baryons has been proposed [118][119][120] and is applied by some experiments [121].

Instead of the classical two (spin-independent and -dependent) couplings, six possible

nuclear response-functions are assumed which are described by 14 di↵erent operators.

In this model, the nucleus is not treated as a point-like particle, instead, its composite

nature is reflected. Thus, the spin response function is split in transverse and

longitudinal components and new response functions arise from the intrinsic velocities

of the nucleons. Note that the form factor F, as introduced above, tries to account

for the finite spatial extend of the nuclear charge and spin densities. This correction,

however, is only approximate. The EFT operators are constructed by four three-vectors
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Differential event rate for the direct detection 
of a 100GeV/c2 WIMP with a cross-section of 
10-45 cm2 in different materials 
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Differential event rate for a heavy and a light target.
Effect of neglecting the form factor correction as dotted line and 
the effect of a lower WIMP mass of 25 GeV/c2 (dashed line)
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where !N! ¼ ffiffiffiffiffiffiffi
N!

p
are the errors in the counts. The statis-

tical significance of the measured modulation amplitude is

S0m
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/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MT!ES02m

S00

s
/

ffiffiffiffiffiffiffi
NT

p S0m
S00

; (33)

where NT # Nþ þ N% is the total number of events. While
this derivation is for a simple two bin analysis of the yearly
modulation, the above proportionality relationship holds true
for any modulation signal and analysis scheme: a reduction in
the modulation amplitude Sm by a factor of 2 requires an
increase in the number of detected events NT (and hence
exposure) by a factor of 4 to be detected to the same statistical
significance. Thus, to detect the daily modulation signal to the
same significance as the annual modulation signal, where the
amplitude of the former is * 60 times smaller than the latter
(Earth’s surface rotational speed of & 0:5 km=s versus an
orbital speed of 30 km=s), requires an increase in exposure by
a factor of at least Oð602Þ, a daunting task.

In the remainder of this section, we examine the modula-
tion for the SHM and substructure components. Figure 3
summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed
dark matter velocity distribution. In reality, the local dark
matter is likely comprised of both a virialized and an unvi-
rialized component, meaning that a signal at a direct detection
experiment may be due to several different dark matter
components. In this case, a modulation of the form given
by Eq. (29) with a fixed phase t0 may not be a good approxi-
mation; the shape of the modulation for the total rate may no
longer be sinusoidal in shape and/or the phase may vary with
vmin. Furthermore, there are cases when Eq. (29) is a bad
approximation even for a single halo component; an example
is shown below for a stream. We conclude this section with a
discussion of what can be learned about the local halo in these
more complicated scenarios.

A. Smooth background halo: Isothermal (standard) halo model

We now apply our general discussion of the modulation
rate to the example of a simple isothermal sphere (Freese,
Frieman, and Gould, 1988). As discussed in Sec. II.B, the
SHM is almost certainly not an accurate model for the dark
matter velocity distribution in the Milky Way. However, its
simple analytic form provides a useful starting point for
gaining intuition about the modulation spectrum of the viri-
alized dark matter component.

As shown in Eq. (3), the differential count rate in a detector
is directly proportional to the mean inverse speed "; the time
dependence of the recoil rate arises entirely through this term.
To study the expected time dependence of the signal in the
detector, we therefore focus on the time dependence of "; in
particular, we investigate the annual modulation of the quan-
tity " as it is the same as that of the dark matter count rate.

For the SHM or any dark matter component with a velocity
distribution described by Eq. (14) or (17), the mean inverse
speed has an analytical form, presented in Appendix B and in
Savage, Freese, and Gondolo (2006) and McCabe (2010).
Figure 2 illustrates "ðvminÞ for the SHM, taking v0 ¼ vrot as
expected for an isothermal spherical halo.

Figure 2 shows "ðvminÞ at t0 ’ June 1, the time of year at
which the Earth is moving fastest through the SHM, as well as
on 1 December, when the Earth is moving slowest; there is a
(small) change in " over the year. The corresponding recoil
spectra, as a function of recoil energy, are given in schematic
form in the first panel of Fig. 3. The amplitude of the
modulation,

A1ðEÞ (
1

2

"
dR

dE
ðE; June 1Þ % dR

dE
ðE;Dec 1Þ

#
; (34)

is also shown in the figure. Two features of the modulation are
apparent for the SHM: (1) the amplitude of the modulation is
small relative to the average rate, with an exception to be
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SHM Debris Flow Stream

FIG. 3 (color online). Comparison of the shapes of the total rate shown at two periods of the year, corresponding to the times of year at
which the rate is minimized and maximized, as well as the modulation amplitude, for three different halo components: SHM (left), debris flow
(middle), and stream (right). The normalization between panels is arbitrary.

1570 Freese, Lisanti, and Savage: Colloquium: Annual modulation of dark matter

Rev. Mod. Phys., Vol. 85, No. 4, October–December 2013

Time dependence
Annual variation of velocity:
• Maximum on June 2nd

𝑣! 𝑡 = 𝑣6 + 𝑣7,89: cos 60° cos𝜔 𝑡 − 𝑡0
𝑣6~220𝑘𝑚/𝑠
𝑣7,89:~30𝑘𝑚/𝑠

     Annual variation 𝒪(10%)

where !N! ¼ ffiffiffiffiffiffiffi
N!

p
are the errors in the counts. The statis-

tical significance of the measured modulation amplitude is

S0m
!S0m

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MT!ES02m

S00

s
/

ffiffiffiffiffiffiffi
NT

p S0m
S00

; (33)

where NT # Nþ þ N% is the total number of events. While
this derivation is for a simple two bin analysis of the yearly
modulation, the above proportionality relationship holds true
for any modulation signal and analysis scheme: a reduction in
the modulation amplitude Sm by a factor of 2 requires an
increase in the number of detected events NT (and hence
exposure) by a factor of 4 to be detected to the same statistical
significance. Thus, to detect the daily modulation signal to the
same significance as the annual modulation signal, where the
amplitude of the former is * 60 times smaller than the latter
(Earth’s surface rotational speed of & 0:5 km=s versus an
orbital speed of 30 km=s), requires an increase in exposure by
a factor of at least Oð602Þ, a daunting task.

In the remainder of this section, we examine the modula-
tion for the SHM and substructure components. Figure 3
summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed
dark matter velocity distribution. In reality, the local dark
matter is likely comprised of both a virialized and an unvi-
rialized component, meaning that a signal at a direct detection
experiment may be due to several different dark matter
components. In this case, a modulation of the form given
by Eq. (29) with a fixed phase t0 may not be a good approxi-
mation; the shape of the modulation for the total rate may no
longer be sinusoidal in shape and/or the phase may vary with
vmin. Furthermore, there are cases when Eq. (29) is a bad
approximation even for a single halo component; an example
is shown below for a stream. We conclude this section with a
discussion of what can be learned about the local halo in these
more complicated scenarios.

A. Smooth background halo: Isothermal (standard) halo model

We now apply our general discussion of the modulation
rate to the example of a simple isothermal sphere (Freese,
Frieman, and Gould, 1988). As discussed in Sec. II.B, the
SHM is almost certainly not an accurate model for the dark
matter velocity distribution in the Milky Way. However, its
simple analytic form provides a useful starting point for
gaining intuition about the modulation spectrum of the viri-
alized dark matter component.

As shown in Eq. (3), the differential count rate in a detector
is directly proportional to the mean inverse speed "; the time
dependence of the recoil rate arises entirely through this term.
To study the expected time dependence of the signal in the
detector, we therefore focus on the time dependence of "; in
particular, we investigate the annual modulation of the quan-
tity " as it is the same as that of the dark matter count rate.

For the SHM or any dark matter component with a velocity
distribution described by Eq. (14) or (17), the mean inverse
speed has an analytical form, presented in Appendix B and in
Savage, Freese, and Gondolo (2006) and McCabe (2010).
Figure 2 illustrates "ðvminÞ for the SHM, taking v0 ¼ vrot as
expected for an isothermal spherical halo.

Figure 2 shows "ðvminÞ at t0 ’ June 1, the time of year at
which the Earth is moving fastest through the SHM, as well as
on 1 December, when the Earth is moving slowest; there is a
(small) change in " over the year. The corresponding recoil
spectra, as a function of recoil energy, are given in schematic
form in the first panel of Fig. 3. The amplitude of the
modulation,

A1ðEÞ (
1

2

"
dR

dE
ðE; June 1Þ % dR

dE
ðE;Dec 1Þ

#
; (34)

is also shown in the figure. Two features of the modulation are
apparent for the SHM: (1) the amplitude of the modulation is
small relative to the average rate, with an exception to be
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FIG. 3 (color online). Comparison of the shapes of the total rate shown at two periods of the year, corresponding to the times of year at
which the rate is minimized and maximized, as well as the modulation amplitude, for three different halo components: SHM (left), debris flow
(middle), and stream (right). The normalization between panels is arbitrary.
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vorbit/vsun ⇡ 0.07. This small value of the relative speeds provides an opportunity to Taylor
Expand the di↵erential event rate, in this term, to make a leading order approximation of the
e↵ect.

dR

dER
(ER, t) ⇡

dR

dER


1 +�(ER) cos

2⇡(t� t0)

T

�
, (106)

where T is the period of the modulation (expected to be one Earth orbital period, or 365.25
days), t0 is the phase (which, due to the relationship between the plane of orbit and the
motion of the sun is t0 = 150 days. The factor �ER is the modulation amplitude. To detect
the seasonal variation due to the changing recoil energy spectrum across the year, one needs
su�cient detections to tell the di↵erence between the higher number in the Northern summer
and the lower number in the Northern winter. This requires at least the observation of 1000
interactions to observe what is expected to be a few percent e↵ect. This e↵ect on an example
generic recoil energy spectrum is shown in Fig. 11.

Figure 11: The di↵erence in the recoil energy spectrum (top) comparing the maximum and
minimum times of the year for an annual modulation of WIMP interactions. The bottom
graph shows the ratio of the modulation amplitude for those two cases. Figure excerpted
from Ref. [13].
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Directional dependence
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Sensitivity
J. Phys. G43 (2016) no.1, 013001

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

Sensitivity plot in direct DM experiments

�23

At large dark matter masses sensitivity is dominated 
by exposure 
- target mass

At light dark matter masses sensitivity is dominated 
by performances
- energy threshold
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Experimental signatures
Spectral shape Annual modulated rate Directional dependence

Shape of recoil spectra (on different 
target materials)

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

We live in a dark matter halo

�6

Motion on the Earth orbiting around 
the Sun leads to a periodic modulation 
of the signal 

Motion of the Sun with respect to the 
Galactic rest frame leads to a 
directional dependence of nuclear 
recoils due to dark matter scattering

J. Phys. G43 (2016) no.1, 013001

3 PRINCIPLES OF WIMP DIRECT DETECTION

Figure 2. (Left) Di↵erential event rate for the direct detection of a 100GeV/c2

WIMP with a cross-section of 10�45 cm2 in experiments using tungsten (green), xenon
(black), iodine (magenta), germanium (red), argon (blue) and sodium (grey) as target
materials. (Right) The event rate is shown for a heavy and a light target as indicated
in green (tungsten) and blue (argon), respectively, showing the e↵ect of neglecting the
form factor correction (dotted line) and the e↵ect of a lower WIMP mass of 25GeVc2

(dashed line).

where G2
F is the Fermi coupling constant, J the total nuclear spin and ap,n the e↵ective

proton (neutron) couplings. The expectation value of the nuclear spin content due to

the proton (neutron) group is denoted by hS
p,n

i. New calculations performed in [116] use

chiral e↵ective-field theory currents to determine the couplings of WIMPs to nucleons

up to the leading two-nucleon currents. This method yields to an improved agreement

between the calculated and measured energy spectra of the considered nuclei as well

as the ordering of the nuclear levels (e.g. [117]). These calculations have been used to

calculate the couplings for the most relevant isotopes in direct detection experiments:
129,131Xe, 127I, 73Ge, 19F, 23Na, 27Al and 29Si.

In the context of a non-relativistic e↵ective field theory (EFT) for WIMP-like

interactions, a more detailed formulation of possible couplings from dark matter to

baryons has been proposed [118][119][120] and is applied by some experiments [121].

Instead of the classical two (spin-independent and -dependent) couplings, six possible

nuclear response-functions are assumed which are described by 14 di↵erent operators.

In this model, the nucleus is not treated as a point-like particle, instead, its composite

nature is reflected. Thus, the spin response function is split in transverse and

longitudinal components and new response functions arise from the intrinsic velocities

of the nucleons. Note that the form factor F, as introduced above, tries to account

for the finite spatial extend of the nuclear charge and spin densities. This correction,

however, is only approximate. The EFT operators are constructed by four three-vectors
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Backgrounds

• Beta and gamma background 
• long-lived natural radioisotopes 
• anthropogenic isotopes 

• Alpha background
• n background 

• radiogenic (alpha,n) or spontaneous fission
• muon-induced

• n background
• ? 

Environmental

Cosmic and their secondaries
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Backgrounds

• Beta and gamma background 
• long-lived natural radioisotopes  (e.g. 238U, 235U, 232Th chains, 40K) 
• anthropogenic isotopes (e.g. 36Cl, 129I, 137Cs and 90Sr)

• Most abundant background
• Present in the materials surrounding the detectors or in the detectors themselves

• Shielding against the environment 
• Selection of detector material

• Show up at all energies
• g can be highly penetrating, b if in the surrounding material cause surface events

• Signal is an electron recoil
à Can be discriminated if detectors can discriminate e-recoil from n-recoils
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Backgrounds

• Alpha background
• long-lived natural radioisotopes  (e.g. 238U, 235U, 232Th chains)

• Monoenergetic particles in the MeV energy range
• Not in the signal region if full energy deposition
     (contamination in the detector bulk)

• Small penetration
• Can be a serious problem if present in the surrounding material

Degraded alpha in the detector
Recoiling nucleus in the detector

06.09.2011 Results from 730 kg days of the CRESST-II Dark Matter Search                                                     
Federica Petricca on behalf of the CRESST collaboration

Surface α Decays

210Po → 206Pb (103 keV) + α (5.3 MeV)

B-5
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Backgrounds

Decay chain of Uranium-238
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222Rn belongs to the 238U decay chain 
• naturally present in rocks and soil
• half life long enough to degas from materials containing radium and 

diffuse through the rock and into the air and groundwater
• activity due to 222Rn and its daughters strongly dependent on pressure 

and ventilation 

Handling of the material crucial 
• N2 flushing
• Rn free air in the experimental space
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Backgrounds

• n background 
• radiogenic (alpha,n) or spontaneous fission
• muon-induced

• Nuclear recoil n-induced indistinguishable from dark matter interaction

• Neutrons produced outside of the detectors can be effectively moderated (can no longer induce a 
detectable signal)

• Neutron moderators with H rich materials

• Neutrons muon-induced inside the shielding materials require identification of the muon
• Muon veto systems
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Shielding/veto
• Low Z material (e.g. polyethylene) to moderate neutrons
• High Z material (e.g. lead, copper) to shield against g 
• N2 purge
• µ veto 
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Shielding/veto
• Large instrumented water tank

• Passive shielding
• Water Cherenkov as muon-veto
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Material selection and handling

Materials thoroughly characterised before being used as detector components

Background mitigation strategies
Reduction

• Deep Underground Laboratories  

• cosmogenic neutrons reduction


• Radiopurity of detector and target materials


• material screening


• Cleanliness  

• (222Rn-abated) cleanrooms 


• Purification of target material


• during production process (e.g., crystal 
growth) 


• at procurement level (e.g., low-39Ar UAr; 
cryogenic distillation, chromatography) 


• during data taking

Background mitigation strategies
Reduction

• Deep Underground Laboratories  

• cosmogenic neutrons reduction


• Radiopurity of detector and target materials


• material screening


• Cleanliness  

• (222Rn-abated) cleanrooms 


• Purification of target material


• during production process (e.g., crystal 
growth) 


• at procurement level (e.g., low-39Ar UAr; 
cryogenic distillation, chromatography) 


• during data taking

HPGe @ LNGS

ICPMS @ LNGS

HPGe @ UZH

Sensitivity: 1 mBq/kg to 50 mBq/kg 

Sensitivity: 1 to 10 mBq/kg 

A dark matter detector is typically more 
sensitive that the existing screening techniques!

https://radiopurity.org
http://radiopurity.in2p3.fr 
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If you cannot buy it?
You have to produce it!

Copper electroforming at SURF

• Cryogenic distillation column 
developed for XENON to reduce Kr 
concentration in Xe to suppress 
radioactive 85Kr


• delivering gas with a natKr 
concentration of <0.026 ppt, 
better than required for DARWIN


• Ultra-low (Rn) background gas 
pumps developed in context of 
XENON and nEXO


➡Technology currently being 
transferred to medical applications 
(PET)

Xenon distillation

Cryogenic distillation column 
developed for XENON to reduce 
Kr concentration in Xe

Experimental Aspects of Dark Matter Searches26 September 2023 40



Material selection and handling

Activation of detector or materials close to the detector 
during production or transportation
• Production dominated by (n,x) (95%) and (p,x) (5%) reactions
• Cosmic radiation increases with altitude and decreases below 

the surface of the Earth
àDo not fly detectors and store materials underground

Customised techniques for machining
• Machine workshops at labs and institutions

*H fik7 __ 
>__ 

Nuclear Instruments and Methods in Physics Research A 369 (1996) 539-543 
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Cosmic ray interaction study with low-level Ge-spectrometry 

G. Heusser* 

Max-Planck-Astitur fiir Kemphwik. Posrfach 103 980, D-69029 Heidelberg. Gemzany 

Abstract 
A systematic investigation of the fluxes of cosmic ray secondaries and their radioisotope production by the aid of low level 

Ge gamma spectrometry is proposed. Reactions to assess thermal and fast neutron fluxes, intensities of stopped negative 
muons and fast muons and of tertiary produced neutrons are outlined. Direct information on cosmogenic production rates arc 
obtainable through short term exposure of mostly metallic targets with subsequent nondestructive measurement in the Ge 
spectrometer. The existing data base on both the fluxes and the production rates, could thus be strongly improved for a 
shielding depth range from sea level to several IO m water equivalent with only one instrument. 

1. Introduction 

In situ cosmic ray produced isotopes are useful tools in 
Earth sciences like geomorphology [I], archaeology, 
glaciology, hydrology and oceanography [2]. They provide 
geophysical information, like erosion rates, ground water 
dating, subduction and recycling periods im magma fields, 
dating of glaciation and many more. The accelerator mass 
spectrometry (AMS) technique has widened the scope of 
applications through the detectability of stable or long- 
lived cosmogenic isotopes, such as ‘He, 14C, “‘Be. *‘Ne. 
‘“Al and %. 

For some experiments cosmogenic production represents 
an unwanted background effect. They can therefore only 
be performed deep underground. Such experiments look 
for solar neutrinos, double beta decay or dark matter 
candidates. For a better estimation of the tolerable ground 
level storage time of detector components a better knowl- 
edge or cosmic activation is desirable here as well. 

The long lived isotopes combine in their accumulated 
activity the production rate at the relevant shielding depth 
and the alteration of this depth according to the geological 
process. The production rate as a function of shielding 
depth is estimated from the excitation function of the 
reaction under consideration and the flux of the respective 
cosmic ray secondary. Both are mostly only weakly 
known. The fast decrease of the nucleonic component in 
the first few meters of water equivalent (m w.e.) and 
tertiary neutron production complicate the situation. Fig. I 
shbws as an example the production of ‘“Al in SiO, as a 
function of shielding depth [3]. In this case the production 
via stopped negative muons dominates at shallow depth the 
production from fast muons and from nucleonic com- 
ponent. Fast muons produce energetic particle shower of 
neutrons, protons and ?r-mesons which can extend over 
several cubic meters. In this cascade the production rate is 
dominated by secondary reactions. The large uncertainty in 
each production channel shown in Fig. I asks for a 
systematic study. 

II ‘II III III = 
-h 

26Al in. SiO2 
I  

-2 
4  
:  

II III III III 
0 .1  1 .0  10  100  

Depth  Underground  (mw.e.1 

*Tel. t49 6221 516 238, fax +49 6221 516 540, e-mail Fig. I. Production rate of “Al in Sir), by cosmic my secondaries 
heusrr@kosmo.mpi_hd.mpg.dc. as a function of depth 131. 

0168-9002/96/$15.00 Q 1996 Elsevier Science BY. All rights rescrvcd 
SSDl 016R.9002(95)00935-3 VIII. LOW-LEVEL MEASURtMEb% 

G. Heusser, NIM A 369 (1996)539 
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Cosmic radiation
At sea level: 
~70% muons
~	30% electrons 
<	1% of protons and neutrons

Increases with altitude and decreases as 
one goes below the surface of the Earth
à Underground sites 
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Underground laboratories
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• m.w.e. equivalent depth of a body of water, in meters, that would be 
represented by the combined shielding capacity of the lab’s overburden

• vertical flux is in linear with vertical depth 
• total muon flux depends on geological profile

From: Prof. Yeongduk Kim @ TAUP2023

https://indico.cern.ch/event/1199289/contributions/5263088/attachments/2706713/4699357/taup2023-ydkim-wide-v3.pdf


NeutrinosMinimizing background

Background mitigation strategies 
• Underground site
• Shield/veto/fiducalization
• Radon mitigation
• Purity of materials
• Material handling
• Event-by-event discrimination

Im
ages from

 W
ikim

edia C
om

m
ons

http://w
w
w
.spacetelescope.org/im

ages/opo1438a/
http://sdo.gsfc.nasa.gov/assets/im

g/brow
se/2010/08/19/20100819_003221_4096_0304.jpg

Beta and gamma background
• long-lived natural radioisotopes 
• anthropogenic isotopes 
Alpha background
n background
• radiogenic (alpha,n) or spontaneous 

fission
• muon-induced
n background (the neutrino floor)

We need experiments that can test each other

nn
n

n
There is nothing to do!
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Neutrinos
Solar pp neutrinos
• Low energy - 𝐸*+,- 𝒪(𝑒𝑉)
• High flux
• 𝒪(10000) events per tonne year for a 1eV threshold

Atmospheric and diffuse supernovae
• High energy 𝐸*+,- 𝒪(> 100𝑘𝑒𝑉)
• Low flux
• 𝒪(5) events per 100 tonne year
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The neutrino floor

Today’s background may 
be tomorrow’s signal!

T. Kajita 2015
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Minimising background

exposure

cr
os

s 
se

ct
io

n

background

background free

• The scaling of the sensitivity with exposure is linear in a 
background free situation

• In presence of background the scaling of the sensitivity 
with exposure depends on the capability of identifying 
signal on top of background  (the more background is 
“signal-like” the more sensitivity is limited)

For a discovery:
understand residual background
(resolution, position reconstruction, background modelling)

Experimental Aspects of Dark Matter Searches26 September 2023 47



Simulations

Simulation frameworks (e.g. GEANT4) used to 
develop detector and material geometry and 
response models
Information from assay used as input

àElectromagnetic background model                     
i.e. expected background spectra in the detectors

Phys. Rev. D 102, 072004 (2020)
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ER vs NR discrimination
• Dark matter (and neutrons, and neutrinos) scatter off nuclei - NR
• Dominant backgrounds scatter off electrons - ER
• Detectors respond differently to electron recoils and nuclear recoils

àDifferent energy scales that can be calibrated independently: the quenching factor

𝐸+;,6<8;= 𝐸𝑅 = 𝑄𝐹7*. ! 𝐸=;3>6.9;= 𝐸𝑅
𝐸+;,6<8;= 𝑁𝑅 = 𝑄𝐹&*. ! 𝐸=;3>6.9;= 𝑁𝑅

𝑖 = scintillation, ionization
𝑄𝐹7*. ≠ 𝑄𝐹&*.  both < 1

𝑄𝐹&*6?. ≠ 𝑄𝐹&*.>/ ≠ 𝑄𝐹&*:;,9
𝑄𝐹7*6?. ≠ 𝑄𝐹7*.>/ ≠ 𝑄𝐹7*:;,9

Simultaneous measurement in two detection channels allows for even-by-event discrimination

Experimental Aspects of Dark Matter Searches

𝑖 = heat
𝑄𝐹7*. ~ 𝑄𝐹&*.  ~	1
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Direct dark matter searches
An incomplete compilation

χ

Semiconducting 
calorimeters:

SuperCDMS EDELWEISS

Scintillation ~1-5%

Inorganic scintillators:
DAMA/LIBRA ANAIS 
COSINE SABRE KIMS

Single phase noble 
liquids:
DEAP XMASS

Scintillating 
calorimeters:

CRESST COSINUS

Heat/P
honons ~

100%

Ionization ~10%

Dual phase noble liquids:
XENON1T/nT LUX/LZ             

Panda-X ArDM DarkSIde Superheated liquids:
PICO

Gas:
NEWS-G MIMAC 
DRIFT DMTPC

Semiconductors:
CDEX COGENT 
DAMIC SENSEI
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Direct detection experiments
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An historical overview

1986 – First direct DM searches with Ge
S.P. Ahlen, F.T. Avignone, et al, Phys. Lett. B 195, Issue 4 (1987) - Homestake
O. Cremonesi ESO Conf. Workshop Proc. 23 265-268 (1986) – Mont Blanc

2000 – First results from IGEX Ge detectors
Morales, A., et al, Phys. Lett. B 489 268–272 (2000) - Canfranc

2005 - First ZEPPELIN-I result with LXe
Alner, G.C., et al  Astropart. Phys., 23 444–462 (2005) – Boulby Mine

2000 – First CDMS Si and Ge cryogenic detectors result
Abusaidi, R.A., PRL 84, 5699-5703 (2000) – Stanford University

1993 – Proposal to use LXe scintillation
Benetti P. et al NIM A327 203-206 (1993) 

2002 – First CRESST DM result with Al2O3
Angloher, G., et al Astropart. Phys., 18 43–55 (2002) ) – Gran Sasso

2001 – First EDELWEISS DM result with Ge 
cryogenic detectors 
A. Benoit et al. - Phys. Lett. B 513 (2001) 15-22 - Modane

1987 – 1995 Proposal e prototyping of CDMS, CRESST, EDELWEISS based on cryogenic detectors

1984 – Drukier and Stodolsky proposed the use of superconducting 
micro-grains to detect, with high cross-section, neutrinos scattering 
coherently off nuclei 
Drukier, A. K., and Stodolsky L., Phys. Rev. D 30 2295 (1984) 

1985 – Following this idea, Goodman and Witten proposed to 
use cryogenic detectors for detecting dark matter candidates
Goodman, M. W. and Witten, E. 1985 Phys. Rev. D 31 3059 (1985)

1986 – Drukier, Freese and Spergel propose to use the 
annual modulation signature
Drukier, A. K., Freese, K. and Spergel, D. N. Phys. Rev. D, 33 3495 (1986)

1998 – First results from DAMA on annual modulation
Bernabei, R., et al. Phys.Lett. B424, 195 (1998) – Gran Sasso

1988 – DM searches with Ge at the Oroville dam
Caldwell D.O., et al. PRL 61, 510 (1988) – Oroville dam 
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The landscape
https://arxiv.org/abs/2104.07634 

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-

27

Experimental results on elastic, spin-
independent dark matter nucleon 
scattering in the cross-section versus dark 
matter particle mass plane. 
Results are normally reported with 90 % 
confidence level (C.L.)

For updated results:

26 September 2023 53Experimental Aspects of Dark Matter Searches

TAUP2023

https://arxiv.org/abs/2104.07634
https://indico.cern.ch/event/1199289/


Exclusion limits

DMDC: open data/analysis

The analysis box

The analysis box
• If background model available

• Maximum likelihood framework
• In presence of unknown background components

• Yellin methods
S. Yellin, Phys. Rev. D 66 (2002) 032005
S. Yellin, arXiv:0709.2701s=10-42cm2 

m=4GeV/c2

s=6&10-43cm2 
m=4GeV/c2
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Today’s landscape
https://arxiv.org/abs/2104.07634 (a)                                                    (b)                                                      (c)

  

(d)                                                    (e)                                                       (f)

Figure 2: Working principle of common detector types for the direct WIMP search: (a) scintillating crystal, (b)
bolometer (here with additional charge-readout), (c) single-phase and (d) dual-phase liquid noble gas detectors, (e)
bubble chamber, (e) directional detector. Images adapted from [113].

experiments thus concentrate on exploiting the annual modulation signature (above a much larger non-
modulated signal and background fraction) to identify a DM signal; the individual detection of DM
candidate events is not possible. Typical thresholds are 1 � 2 keVee (⇡ 8 keVnr in Na, 12 keVnr in Cs,
22 keVnr in I).

Germanium and silicon semiconductor ionisation detectors are used to search for DM-induced
charge signals. Only a very small amount of energy is needed to create an electron-hole pair (Ge: 2.9 eV,
Si: 3.6 eV) which leads to an excellent energy resolution. On the other hand, the signals exhibit a
rather slow time constant ⌧ ⇠ 1µs and the capacitance of the diodes, leading to high electronic noise,
does not allow building detectors beyond the few-kg scale. The state-of-the-art experiments use p-type
point contact HPGe crystals at the kg-scale and achieved very low thresholds down to ⇠160 eVee [140].
Background events from the large n+ surface can be distinguished from bulk events based on their longer
rise time [141]. Thanks to their smaller mass number A silicon detectors have a better sensitivity to low-
mass WIMPs than germanium which is exploited, e.g., by using charge-coupled devices (CCDs).

Crystalline cryogenic detectors (bolometers) measure either heat or athermal phonon signals by
measuring the tiny particle interaction-induced temperature increase �T. Detector operation at cryogenic
temperatures T (typically 50 mK) and a low heat capacity C is required to achieve a good sensitivity.
Dielectric crystals with good phonon-transport property are particularly well-suited for cryogenic oper-
ation. Several methods to measure �T are available, frequently used are transition edge sensors (TES)
for athermal phonons and neutron transmutation doped (NTD) germanium thermistors for heat. In both
cases, the resistivity of the sensors strongly depends on the temperature. A simultaneous measurement
of a second observable (ionisation, Fig. 2 b, or scintillation) allows for signal/background discrimina-
tion as the partition of the signal into the two channels depends on the recoil type [142]. Cryogenic
detectors feature a precise energy measurement with almost no quenching in the heat channel, excellent
energy resolution and background rejection down to energies of O(1 keVnr)), where the distributions
start to overlap. The operation at mK-temperatures is challenging and expensive and the requirement of
a low-energy threshold constrains the mass of the individual detectors, limiting the reachable exposure.
The threshold of cryogenic solid state detectors can be further reduced by operating the crystals with a

23
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2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c
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Today’s landscape
https://arxiv.org/abs/2104.07634 

The DAMA/LIBRA signal
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DAMA/LIBRA
• 250kg of NaI(Ti) with PMTs (scintillation light)
• 13 annual cycles

The data of DAMA/LIBRA phase1+phase2 favour the presence of a modulation 
with proper features at 12.9σ CL  (2.46 tonne × yr)
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DAMA/LIBRA
If we consider standard assumptions*, the dark 
matter interpretation of the DAMA/LIBRA signal 
is incompatible with all other experiments.

Nature could be very exotic (we are not 
here to judge) and there could be 
scenarios in which the DM interpretation 
of the DAMA observation is compatible 
with the other observations.

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-

27

*“For standard assumptions, the count rate has a cosine dependence 
with time, with a maximum in June and a minimum in December. 
Well-motivated generalizations of these models, however, can affect 
both the phase and amplitude of the modulation.”
K.Freeze et al. Rev. Mod. Phys. Vol. 85 Iss 4 Pag: 1561-1581
DOI: 10.1103/RevModPhys.85.1561

Experimental data is model independent. Interpretation of data is done under some assumption!
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Scintillation detectors

Arrays of high-purity scintillator crystals
• measure only scintillation signal (photomultipliers)
• simple design
• long time stability
• relatively high background level
• absence of fiducialisation and electronic recoil rejection
• concentrate on exploiting the annual modulation signature 

DAMA/LIBRA, ANAIS, COSINE (in data taking), COSINUS, SABRE, PICOLON (in preparation)

ANAIS

NaI scintillators experiments focus on 
the necessary test of the DAMA/LIBRA 
annual modulation signal

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

DAMA-LIBRA new results

�33

2.46 t y

COSINE DAMA/LIBRA

26 September 2023 59Experimental Aspects of Dark Matter Searches



Solution in sight?
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(#) PRD 103, 102005 (2021)
(*) PRD 106, 052005 (2022) 
(†) PPNP 114, 103810 (2020) 

Adapted from: I. Coarasa, TAUP 2023 
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Today’s landscape
https://arxiv.org/abs/2104.07634 
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Liquid noble gases TPCs

Primary S1

Proportional S2

Light signal

Ti
m

e

width O(10ns)
typical few 
photo-electrons

width O(1μs)
typical thousands 
photo-electrons

drift time O(100μs)

LUX/LZ, XENON, PandaX, DarkSide, ArDM

Background mitigation strategies
Rejection

• Detector Design 

• choice of appropriate materials


• material budget optimization


• shielding


• Fiducialisation 


• requires position reconstruction or 
surface signal discrimination techniques


• Active rejection  

• scintillation PSD 


• heat, scintillation, ionisation ratio


• acoustic rejection (bubble chambers) 


• single scatter & veto

DE
AP

-3
60

0

LZ
 T

PC

Measure the primary scintillation signal 
(S1) in the liquid and ionisation electrons 
via secondary scintillation (S2) in the gas

Picture from: V. A. Kudryavtsev, Universe 5(3) (2019)
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Self shielding

Phys. Rev. Lett. 121, 111302 (2018)
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Liquid noble gases TPCs

Dual-phase time projection chambers
• ratio S2/S1 used to distinguish electronic from 

nuclear recoils
• reconstruction of the interaction position with 

mm-precision
• multi-scatter rejection
• Ar detectors employ pulse shape discrimination 

for background reduction
• limited threshold in standard operating mode 

(order few keV)

LUX/LZ, XENON, PandaX, DarkSide, ArDM
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Scintillation mechanism in liquid Ar
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S2 only mode
• Light collection less efficient than e- collection
• Use S2 signal only
• Time Projection Chamber
• Sensitive to single extracted electrons
• Substantially reduce E threshold (e.g. XENON 1T ∼3,5keV S1+S2 , ∼700eV S2 only) 

Phys.Rev.Lett. 123 (2019) 25, 251801 Phys.Rev.Lett. 121 (2018) 8, 081307
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Liquid noble gases TPCs
In the last decades dual phase liquid noble gas experiments have consolidated their role as the leading 
technology in the mass range from few  GeV/c2  to the TeV/c2 scale.

DarkSide XENON
• Easily scalable to very large masses (multi-tonne)
• Fiducialisation (self-shielding)
• Limited E threshold in standard operating mode
• Very effective in the WIMP-like scenario and for 

heavy dark matter

Pros:
l Heavy
l High liquid density

- compact detector
l No radioactive isotopes

Cons:
l Low fraction in atmosphere

- more expensive than natural Ar

Pros:
l Better background 

discrimination using pulse 
shape

Cons:
l

39Ar in atmospheric Ar
- isotopic separation
- underground Ar

Ar                Xe
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TPCs for low-mass – Migdal effect
Irreducible dark matter–nucleus inelastic scattering
Nuclear recoil, with detectable ionization (electron recoil) 
signal for low-mass DM
Originally formulated in 1941 by A.B. Migdal, proposed by 
M. Ibe et al. JHEP03(2018)194

Electrons around the recoiling 
nucleus do not immediately follow 
its motion, resulting in ionization:
• Energy transfer to ER channel

4

FIG. 2. Scattering rates in xenon for the Bremsstrahlung (solid blue) and Migdal e↵ects (dashed teal). The DM-nucleus
scattering rates resulting in elastic NR in LUX are also shown (dash-dot pink). Also shown is a signal cut o↵ at 1.24 keV
(dotted gray) applied in the analysis, corresponding to 50% e�ciency of ER detection. Note that 50% e�ciency for NR event
detection occurs at 3.3 keV [6].

lustrated in Fig. 3. The resulting signal model projected
on the two-dimensional space of S1-log10S2 with all anal-

FIG. 3. Illustration of the DM-nucleus scattering event rate
from the Migdal e↵ect with a heavy scalar mediator (solid
black line) for mDM = 1 GeV/c2 with a cross section per
nucleus of 1 ⇥ 10�35 cm2. The scattering event rate was cal-
culated following Ref. [5]. Also shown is the e�ciency from
the in situ tritium measurements performed by the LUX de-
tector (dashed teal line). The hatched blue area indicates the
event rate considered for this analysis with tritium e�ciency
and a 1.24 keV energy threshold (dotted gray line) applied.
Data quality cuts are not included.

ysis cuts applied is shown in Fig. 4.

Background model.—An important distinction be-
tween WS2013 and this Letter is that the sub-GeV signal
from both the Bremsstrahlung and Migdal e↵ects would
result in additional events within the ER classification,
as identified by the ratio of S2 to S1 size. The standard
WIMP search only has a small background from leakage
of ER events into the NR band. However, both the sub-

1

10-4

10-1

10-2

10-3

10-5

10-6

10-7

FIG. 4. The expected signal from DM-nucleus interactions
through the Migdal e↵ect with a cross section per nucleus
of 1 ⇥ 10�35 cm2 projected onto a two-dimensional space of
log10S2 vs. S1. Assumptions are the same as in Fig. 3 with
additional data quality cuts applied.

Figure from
: Phys. Rev. Lett. 122, 131301 (2019)
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More on Migdal: Y. Shoji @ Excess2022 workshop
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The Migdal effect in direct searches5

FIG. 5. Upper limits on the spin-independent DM-
nucleon cross section at 90% C.L. as calculated using the
Bremsstrahlung and Migdal e↵ect signal models assuming a
scalar mediator (coupling proportional to A2). The 1- and
2-� ranges of background-only trials for this result are pre-
sented as green and yellow bands, respectively, with the me-
dian limit shown as a black dashed line. The top figure
presents the limit for a light mediator with qref = 1 MeV.
Also shown is a limit from PandaX-II [25] (pink). The bot-
tom figure shows limits for a heavy mediator along with
limits from the spin-independent analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

background only.
Summary.—Contributions from the Bremsstrahlung

and Migdal e↵ects extend the reach of the LUX detector
to masses previously inaccessible via the standard NR
detection method. The Bremsstrahlung photon and the
electron from Migdal e↵ect emitted from the recoiling
atom boost the scattering signal for low mass DM par-
ticles since the energy transfer is larger in these atomic
inelastic scattering channels than in the standard elas-

tic channel and the ER e�ciency is significantly higher
at low energies. This analysis places limits on spin-
independent DM-nucleon cross sections to DM masses
down to 0.4 GeV/c2 from 5 GeV/c2 assuming both scalar
and vector, and light and heavy mediators. The result-
ing limits achieved using the Migdal e↵ect in particu-
lar create results competitive with detectors dedicated
to searches of light DM. Furthermore, this type of anal-
ysis will be useful to the next-generation DM detectors,
such as LZ [37] by extending their reach to sub-GeV DM
masses.
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FIG. 1. (a) Expected measureable spectra of the �-N elastic
SI-scattering (gray dash line), �-N inelastic SI-scattering due
to Migdal e↵ect with N shell (n=4) electron, M shell (n=3)
electron and L shell (n=2) electron ionized (blue, red and
cyan regions, respectively), and the Migdal signal used in this
analysis ((n=2)+(n=3), black soild line). The target nucleus
is Ge, the mass of WIMPs is set to 1 GeV/c2, and �SI

�N is
set to 10�36 cm2. The analysis energy threshold is marked
by the black dash-dotted line. Energy resolution is not taken
into account in this plot. (b) The measured spectrum for
TI analysis (black point) [11], with L/M-shell x-ray contribu-
tions from the cosmogenic nuclides in the germanium crystal
subtracted. The bin width is 50 eVee, and the energy range
is 0.16-2.16 keVee. The blue dash-dotted line and red dash
line are the expected �-N spectra due to Migdal e↵ect at m�

equal to 50 MeV/c2 and 1.0 GeV/c2, at cross section corre-
sponding to the upper limit at 90% confidence level, derived
by binned poisson method.

of 17% at the analysis threshold of 160 eVee [11]. Surface
events were rejected and bulk events were selected based
the rise time of the signal pulses. The residual energy
spectrum is shown in Fig. 1 (b).

Upper limits at 90% confidence level (C.L.) in �SI
�N are

derived by Binned Poisson method [31]. The constraint
results at m�=1 GeV/c2 and m�=50 MeV/c2 are shown
in Fig. 1 (b) by dash and dash-dotted lines. The ex-
clusion curve is shown in Fig. 2, in which several other
experiments are superimposed for reference. New limits
are achieved for m� < 180 MeV/c2, and the lower reach
of m� is extended to 50 MeV/c2.
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FIG. 2. Upper limits at 90% C.L. on �SI
�N derived by Binned

Poisson method in TI analysis using the CDEX-1B exper-
iment data, with several benchmark experiments [5, 6, 11–
13, 32–35] superimposed. Limits from nuclear recoil-only
analysis with the same data set is shown (black dash line) as
comparison. This analysis incorporating Migdal e↵ect (red
solid line) provides the best sensitivities for m� ⇠50�180
MeV/c2, significantly expanding the excluded parameter
space over earlier work (other solid lines).

Annual modulation (AM) analysis. Positive observa-
tions of AM would provide smoking-gun signatures for
WIMPs independent of the astrophysics and background
models. Compared to TI analysis, the AM e↵ects are
enhanced at low WIMP mass, related to the specific
shape of the ionization probability spectrum, and the
sub-GeV sensitivities of the Migdal analysis can further
exploit the potentials of AM studies. The Earth’s veloc-
ity relative to the galactic WIMP halo is time-varying
with a period of one year, and can be expressed as
vE = 232 + 30 ⇥ 0.51 cos(2⇡/T ⇥ (t � �)) km/s, where
T is set to be 365.25 days, � is set to be 152.5 days
from January 1st [36]. The expected measurable spectra
at di↵erent time of the year are shown in Fig. 3, where
obvious modulation e↵ect can be observed.
We adopt in this AM analysis the same data as previ-

ously used to study AM e↵ects in the conventional �-N
nuclear recoil channel [19]. There are two datasets, Run-1
with the the NaI(Tl) anti-Compton detector, and Run-2
without NaI(Tl), having 751.3 and 428.1 live days, re-
spectively, and together spanning a total of 1527 calendar
days (⇠4.2 yr) and a total exposure of 1107.5 kg·day. The
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FIG. 6: The 90% C.L. limits on the cross section for spin-independent interaction between a DM particle and a nucleon as a
function of the particle mass obtained in the present work. The thick solid red line corresponds to the result from the standard
WIMP analysis. The associated red contour is obtained from the SIMP analysis, taking into account the slowing of the DM
particle flux through the material above the detector. The thick dashed line and its accompanying red contour is obtained in
the Migdal analysis. These results are compared to those of other experiments (see text). Other results using the Midgal e↵ect
are shown as dashed lines. The other shaded contours correspond to the SIMP analyses of the CRESST 2017 Surface Run
[30, 31, 50] (blue contour), the XQC rocket [52, 54] (grey contour with full line) and the CMB [55] (grey contour with dashed
line).

are not incorporated in the flux calculation. Instead, the
DM velocity distribution is conservatively set to zero be-
low vcut = 20 km/s when calculating SIMP bounds.

Because of the very large values of cross sections in-
volved and consequently large attenuation of the flux, the
simulation of the SIMP signals corresponding to the up-
per bound of the excluded cross section contour requires
samples many orders of magnitude larger than those re-
quired in the simple WIMP analysis of Sec. IVA. As
scaling up the simulated sample size from 106 to > 1010

was not technically feasible for computational reasons,
we developed an analytic model for the detector response
based on the simulation of 107 events with input energies
ranging from 0 to 2.5 keV (see Appendix A). This model
describes the probability POF(Eout|Ein) of reconstructing
an energy Eout given an initial energy Ein when applying
the optimal filter algorithm of Sec. IIIA 3. The observed

spectrum of events dR

dEout
is thus given by:

dR

dEout

= ⌘(Eout)

Z 1

0

POF(Eout|Ein)
dR

dEin

dEin . (4)

The measured e�ciency as a function of output energy
is ⌘(Eout), as shown by the red curve in the right panel
of Fig. 3. The calculation of POF and the comparison of
the analytic detector response with results of the pulse
simulations is discussed in Appendix A.
Using the signal calculated in these simulations, the

same statistical procedure described in Sec. IVA is ap-
plied to derive the 90% C.L. upper bounds on the ex-
cluded cross section interval as a function of SIMP mass,
resulting in the red contours shown in Fig. 6. The upper
bound reported in this work improves upon the high-
cross section reach of the CRESST 2017 surface run [50]
(thin blue), as reported in Refs. [30, 31, 58]. This im-
provement is driven in part by the longer exposure of the
EDELWEISS-Surf run, which covers a full day. This in-
cludes periods when the mean direction of the DM flux

For theory, see also 
[R. Essig, J. Pradler, M. Sholapurkar, T. T. Yu, ’20; ZL Liang, L. Zhang, F. Zheng, P. Zhang, ’20;  
S. Knapen, J. Kozaczuk, T. Lin, '21]

Phys. Rev. D 99, 082003 (2019)

Phys. Rev. Lett. 123, 241803 (2019)
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TPCs for low-mass – Migdal effect

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-
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(M) limits:
• Significant enhancement of sensitivity to low masses
• Existence of the effect has not yet been 

experimentally verified
• Calculations typically for isolated atoms
• Strong deviations for solid state detectors

• Calibration to this effect is still an open issue
• MIGDAL experiment

• MIRACLUE experiment
 
First results from a Migdal effect search in LXe:
“Despite an observed background rate lower than 
that of expected signals in the region of interest, 
we do not observe a signal consistent with 
predictions” arXiv:2307.12952
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Single phase liquid noble gas experiments

Single Phase - 4π scintillation 
l Self shielding  
l Discrimination of e/γ- events possible via 

pulse shape

DEAP, MiniClean, XMASS

Pictures courtesy of the
XMASS collaboration
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Single phase vs. dual phase 
DarkSide

DEAP3600Pros:
l “Simple” detectors
l High light yield

- For Ar pulse shape discrimination
Cons:
l For Xe less information per event
l Bad space resolution

- Heavy fiducialisation for self shielding

Pros:
l ER vs. NR discrimination from S2/S1
l Good space resolution

- Large fiducial volume
Cons:
l Reduced light yield

- Worse pulse shape discrimination (require 
depleted Argon)

l “Complicated” detectors
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Calorimeters

ΔT =  ΔE/C

• Direct measurement of the (almost) full energy deposition
• Low (< 100eV) nuclear recoil energy thresholds
• Background rejection down to low energy
• mK operating temperature

Heat link

Thermometer

heat bath ≈ 10 mK

Absorber
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Semiconducting calorimeters
Phonon + Ionization
EDELWEISS, SuperCDMS

SuperCDMS interleaved 
Z-sensitive Ionization Phonon 
(iZIP) detector

EDELWEISS FID800

• Phonon and charge sensors on the target crystal
• Particle identification via ratio of ionization to primary phonon
• Surface events identified thanks to ID electrodesTechnology challenges

kg to ton scale
• Background reduction 

• powder purification for crystal growth

• charge leakage reduction

• underground crystal growth and detector development


• Target mass 

• scaling (large arrays of detectors)

• Dry dilution cryostats 

• need to control mechanical vibrations introduced by PT cryo-coolers

• R&D on detector techniques 

• NaI scintillating bolometers

• heat sensors (TES, NTD) & low-noise electronics

• skipper CCDs, sub-electron noise 

• sensors & readout techniques for gas chambers

• scintillating bubble chambers
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Semiconducting calorimeters
Phonon + Ionization
EDELWEISS, SuperCDMS

Lite/HV-mode
Charge mediated phonon amplification (Neganov-Trofimov-Luke Effect) 

NTL effect mixes charge and phonon signal reducing discrimination

• Drifting charges produce large phonon 
signal proportional to ionization

• Electron recoils much more amplified 
than nuclear recoils

- gain in threshold AND dilute 
background from electron recoil 
events
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Scintillating calorimeters
Phonon + Light
CRESST
• Phonon sensor on the target crystal, separate cryogenic 

detector for light signal
• Particle identification via ratio of light to primary phonon

©T. Dettlaff/MPP

Scintillating target 
crystals (CaWO4)

CRESST-III detector layout optimized 
for low-mass dark matter
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DAMA/LIBRA verification with 
cryogenic detectors 
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Phonon + Light
COSINUS



Cryogenic experiments

• Unique in exploring the low mass range down to 
the MeV/c2 regime

• Possibility of using different target materials – 
complementary sensitivities to different models

• Slow scalability to large exposures
• Technology being exploited for CEvNS

08/05/2019 14

Calibration : KLM 71Ge from neutron activation with 3.7 GBq AmBe source (~2x105neutrons)

heater

Run317 @ Underground Laboratory of Modane :  started in December 2018 (EDW+CUPID-Mo)

EDW Detectors : 5*FID800 + 2*RED + 4*NbSi200

• RED30 : 33 g Ge  Al electrodes, NTD thermal sensor• NbSi209: 200g Ge  with TES thermal sensor

DM 
search 
zone

66 Volt

s = 5 eVee

NbSi209

Preliminary

L
1.3 keV

K
10.3 keV

M
160 eV

DM 
search 
zone

RED30
70 Volt

s = 1.8 eVee

Preliminary
L

1.3 keV

K
10.3 keV

M
160 eV

qRun317 @ LSMEDW Underground R&D:

EDELWEISS CRESST

Pros:
l Ultrapure material
l Identification of surface events

- Fiducialisation
Cons:
l Limited choice of materials
l Rejection capabilities and 

fiducialisation lost in high-
voltage mode 

Pros:
l Total energy measurement at low threshold
l Large choice of material

- Multi element target
l No reduced LY close to surface (in selected 

materials)
Cons:
l Independent cryogenic light detector

- Increase number of channels
l No fiducialisation
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Threshold detectors
PICO (PICASSO + COUPP)

Tiny energy deposition 
→ Macroscopic phase transition

Edep =
dE
dx

Rcrit ≥Ethr

• Fluid in a metastable state which can be quenched by energy depositions
• Threshold device with integrating response, no information on the energy of 

the event
• Can be tuned to be immune to e-recoils
• Alpha-particles can be rejection based on  acoustics of bubble explosion - 

piezoelectric sensors
• Highest sensitivity for SD couplings to protons thanks to F-targets - Fluorinated 

halocarbons: C3F8, C4F10, CF3I
• Threshold device with integrating response - No information on the energy of 

the event

Bubble chamber principle:  (D. Glaser, 1952)
• Edep < Ethr within Rcrit → proto-bubble collapses

• Edep> Ethr within Rcrit → irreversible bubble expansion
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Threshold detectors
1. Lower the pressure to a superheated state
2. See the bubble:

• Cameras trigger, record position, multiplicity
• Microphones record acoustic trace
• Fast pressure transducer recording

3. Raise pressure to stop bubble growth (100ms), reset 
chamber  (30sec)

1                     2                         3          
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Directional detectors

The average direction of the 
“WIMP wind" through the 
solar system comes from the 
constellation of Cygnus

A measurement of the track direction of nuclear recoils could be used to 
distinguish a dark matter signal from background events (expected to be 
uniformly distributed) and to prove the galactic origin of a possible signal

Challenge: to reconstruct the track being very short (~1 mm in 
gas, ~0.1 μm in solids) for keV scale nuclear recoils

• Aim at reconstructing the direction of the WIMP-induced nuclear recoil 
• Very promising technology for unambiguous signature and halo 

exploration (in case of positive signal) 
• Immune to neutrino floor
• Still very far from competitive exposure
• Highest sensitivity for SD couplings to protons thanks to F-targets  

• Nuclear emulsions
• Low pressure (~40-100mbar) gas targets in TPCs with 

different electron amplification devices and track 
readouts, mostly based on CF4 mixtures with 19F

 Multi-wire proportional chambers (MWPC)
   Micro pattern gaseous detectors (MPGDs)
 Optical readouts

DRIFT, MIMAC, NEWAGE, DMTPC, NEWSdm

CYGNUS proto-collaboration formed carrying out R&D to determine the 
optimum configuration for a large target mass directional detector.
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Direct detection experiments

Direct detection experiments today

Picture from: https://arxiv.org/abs/2104.07634 

Direct detection experiments R&D Sensitivity below MeV/c2 from DM-electron scattering
• Very small ionisation signals of ER type
• Requires extremely low (or extremely well 

understood) ER background
• Requires experimental sensitivity to single electrons

• Semiconducting calorimeters in high-voltage mode
• Liquid noble gases TPCs
• Dedicated detector technologies
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Scattering cross section and rate
Electron recoils
• Dark matter-electron coupling parametrised by a cross 

section σe and a dark matter form factor FDM(q) dependent 
on momentum transfer

• Scattering not on free electrons à atomic form factors
• Needs to be computed for each material

6
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FIG. 3: The di↵erential rates of LDM-induced ionization
versus electron recoil energy, for a cross section of �̄e =
10�37 cm2. Results are shown for xenon (blue), argon (red),
and helium (green) targets, and a DM mass of 10 MeV (solid
lines) and 1 GeV (dashed lines). The two plots show re-
sults for scattering with no DM form-factor (top) and with
FDM = ↵2m2

e/q
2 (bottom). The dotted lines in the bottom

right corner show the irreducible solar-neutrino–electron scat-
tering backgrounds. We emphasize that other backgrounds of
an unknown size can be expected at all energies, and will
require a dedicated study to be measured and understood.

respectively, are well established detector materials al-
lowing internal amplification of ionized electrons by scin-
tillation or phonon emission. As discussed, single elec-
tron sensitivity has already been achieved using xenon,
while semiconductor targets benefit from low ionization
thresholds (e.g., the bandgap in germanium is 0.7 eV).

Fig. 2 shows the expected 95% exclusion reach after
one kg·year exposure for an experiment with only ir-
reducible neutrino backgrounds (taken to be negligible
with this exposure, as discussed). This corresponds to
the cross section required to obtain 3.6 signal events [50].
Equivalently, the right axes give the event rate assum-
ing a cross section of �̄e = 10�37 cm2. The lines corre-
spond to xenon (blue), argon (red), helium (green), and
germanium (brown) targets, and the left and right plots
are for models with a DM form-factor FDM = 1 and
FDM = (↵me/q)2, respectively (cf. Eq. (4)). For small
DM masses, the reach falls as the energy available ap-
proaches the ionization threshold. For larger DM masses,
the cross section saturates, and the reach falls linearly
with decreasing number density. It is clear that germa-
nium’s low ionization threshold gives it a significant ad-

vantage at low masses. It also allows it to probe smaller
momentum transfer, which is beneficial for DM models
with a (↵me/q)2 form-factor. Here we take the DM halo
to have a local density of ⇢DM = 0.4 GeV/cm3, and a
Maxwell-Boltzmann velocity distribution with mean ve-
locity v0 = 220 km/s and a hard cut-o↵ at vesc = 650
km/s. We parametrize the Earth’s velocity in the galac-
tic frame as in [51]. Finally, we note that the results are
shown assuming DM-electron interactions only. When
the DM is heavier than a few 100’s of MeV, DM-nuclear
interactions, if present, may also ionize electrons. The
small probability to do so may then be compensated by
typically larger cross-sections.
Our discussion so far has been model independent, but

for concreteness we now discuss a simple and natural class
of models, which could be probed by a LDM direct de-
tection experiment. Consider a fermonic DM particle, �,
charged under a new Abelian gauge group U(1)D with
gauge coupling gD. The U(1)D gauge boson AD can ob-
tain a small coupling "e to ordinary charged particles
through kinetic mixing with the photon [52, 53], mediat-
ing DM–electron scattering. We parameterize the direct
detection cross section as in Eqs (3) and (4):
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(15)

where ↵D = g
2
D/4⇡. Depending on the AD mass, the DM

form-factor FDM is either constant or behaves as 1/q2.
In Fig. 2, we show interesting regions for this class

of models in the m�–�e plane. The light green and
blue regions in the left and right plots are the regions
spanned by models satisfying all existing constraints,
with mAD � ↵me and mAD ⌧ ↵me, respectively. The
darker blue band in the right plot indicates the value of
" for which the DM abundance is achieved by “Freeze-
In” [54]. For illustration, we also show constant gD

contours with dashed lines, assuming mAD = 8 MeV
and " = 2 ⇥ 10�3 (left plot) and mAD = 1 meV and
" = 7⇥10�9 (right plot). The appendix below contains a
brief discussion of how these regions are derived. Finally,
we also show in Fig. 2 another viable LDM model. The
orange region corresponds to a particular “MeV” DM
model (a Majorana fermion interacting with a U -boson
from [9]), which could explain the INTEGRAL 511 keV
�-rays from the galactic bulge [55] and remain consistent
with Cosmic Microwave Background bounds [56, 57].
Although we do not attempt to calculate it here, it is

important to consider how many electrons will be pro-
duced in a LDM scattering event. For example, in xenon
a 30 MeV DM particle will typically ionize a 5p outer-
shell electron (with binding energy EB = 12.4 eV), giving
it insu�cient recoil energy to ionize a second electron.

Differential rates of dark matter-induced ionization vs 
electron recoil energy for a cross section of σe = 10-37cm2 

Phys.Rev. D85 (2012) 076007
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Silicon CCDs
DAMIC, SENSEI

Pictures courtesy DAMIC collaboration

High sensitivity to single-electron 
signals (Skipper readout)
Very low energy threshold (≈ 50 eVee)

Unique capability to measure and reject 32Si and 210Pb

Exquisite spatial resolution:
• Particle identification
• Surface background rejection
• Background measurements

Two betas and one alpha 
occurring in the same location 
separated by days: example of a 
single 210Pb nucleus decay chain

Key features:
l Fiducialisation (self-shielding)
l Well established technology
l Reproducible and scalable
l Low threshold for electron interactions
l Very clean detector
l Long signal collection time

- No time coincidence
- Need of deep underground labs

l Limited nuclear recoil threshold

2.4 Experimental approaches 27
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Figure 2.6: Portion of 50x50 pixel image from the DAMIC detector exposed to a 252Cf
source. Only pixels with a deposited energy greater than 0.1keVee are coloured. Di↵erent
types of interaction can be discriminated by the specific shape of each cluster. Plot from
[53].

Spherical Proportional Counters (SPCs)

This kind of detector consists of a spherical vessel filled with a gas. The large outer vessel
is electrically grounded and a high voltage is generated at its centre (Figure 2.7). As a
particle interacts with the gas, the electrons from the primary ionisation are drifted by
the electric field. Because of the spherical shape, the electric field is much higher in the
innermost region than in the one close to the outer surface. Primary electrons drift towards
the inside of the detector gaining kinetic energy, eventually creating secondary electron-ion
pairs. The ions are collected in the grounded outer vessel, where their current is integrated
and converted to a voltage, the actual output of the detector[54].

The NEWS-G experiment optimised the technology for light dark matter particle
detection. A prototype made of ultra-pure (NOSV) copper with a 60cm-diameter was
operated for 42.7 days[55]. The filling gas is a mixture of Neon and CH4 (99.3% and 0.7%
in pressure respectively).

SPCs are an attractive technology for the search of light dark matter particles because
they feature a low energy threshold (⇠10eVee), a simple and scalable detector design, and
the freedom to choose the filling gas allows optimisation of the energy transfer for low
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Spherical proportional counters

SEDINE 

60 cm � NOSV Copper

6.3 mm � sensor

New Experiments with Spheres-Gas    - LSM SNOLAB
Light dark matter search with Spherical Proportional Counters 

SPC key features
Ø Light targets (Ne,He,H) to optimize momentum transfer
Ø Pulse shape discrimination (rise time) against surface events
Ø down to low energy
Ø High amplification gain from the avalanche 
Ø Sensitivity to single electrons, thresholds of (10-40 eVee)

Typical 
150 eVee event

Unconventional gas detector; able to achieve very low energy threshold thanks to very 
low capacitance (<1 pF) for a large volume.

Key features:
• Light target (Ne, He, H)
• Pulse shape discrimination against surface events down to low energy for low gas pressure
• Low threshold of 10-40 eVee

• Low capacitance
• High amplification gain for the avalanche
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60 cm � NOSV Copper

6.3 mm � sensor

New Experiments with Spheres-Gas    - LSM SNOLAB
Light dark matter search with Spherical Proportional Counters 
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Ø Pulse shape discrimination (rise time) against surface events
Ø down to low energy
Ø High amplification gain from the avalanche 
Ø Sensitivity to single electrons, thresholds of (10-40 eVee)

Typical 
150 eVee event
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Ø down to low energy
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150 eVee event

NEWS-G

The SEDINE prototype detector at LSM
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Direct detection experiments

Direct detection experiments today

Picture from: https://arxiv.org/abs/2104.07634 

Direct detection experiments R&D 𝑚! = 𝒪(MeV/c2)à 𝐸7*  = 𝒪(eV)

Lower dark matter masses require detection techniques 
not based on a ionization signal

• Develop technologies sensitive to lower energy   
depositions

• Develop calibration methods for the energy range of 
interest do demonstrate sensitivity
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Calibration at low energy
Calibrations needed to demonstrate sensitivityFoundations

 2

Goal:


Produce a nuclear recoil of 
known energy.


Primary strategy:


Given a neutron of known 
energy, tag its scattering angle.

target

backing

detectors

beam

monitormonoenergetic 

source θmonoenergetic 
n-source

S. Hertel @ Excess2022 workshop
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Summary?
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40 years of direct Dark Matter searches
• mature technologies
• continuous and impressing improvement of sensitivity

How far this can go?
• Next-to-next generation experiments require significant technological improvement
• Low energy frontier requires new technologies
• New ideas needed

o Explore
o Observe 


