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The Standard Model of Particle Physics

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Higgs boson is a new kind of particle 
neither Matter nor Force particle. 
Introduced via Brout-Englert-Higgs 

mechanism for W±/Z boson mass generation

Matter 
Particles

Force  
Particles

1st 2nd 3rd

Generations

The Standard Model describes the matter particles  
(quarks and leptons, organised in three families)  

and their interactions (photon for electromagnetism, W/Z 
bosons for weak interactions, gluon for strong interaction)  

and the Higgs boson

The Higgs boson was 
the last particle of the 
SM to be discovered 

→ July 2012
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Higgs Mechanism: Scalar Couplings Structure

Bosonic sector:

• EWSB gives mass to W+,W�,Z bosons

• Higgs couplings proportional to m2
W/Z

gHVV =
2m2

V

v

H

V

V

gHV V

gHff̄

H
f

f̄

Fermionic sector:

• After introducting Higgs field, can add
Yukawa terms to Lagrangian

• Higgs couplings proportional to fermion mass

gHf f̄ = Yf =
mf

v

• v is Higgs field vacuum expectation value

• Loops (e.g. �, gluon) sensitive to BSM physics
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Higgs-fermion interactions: Yukawa couplings
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ghff̄ =
mf

�
ghV V =

2m2
V

�

 Higgs interactions to vector boson: defined by symmetry breaking 
 Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings∝mf

 Yukawa couplings not imposed by fundamental principle 
 Modified Higgs-fermion couplings in BSM scenarios 
 Probing fermion mass generation scale→independent task

me

mt
⇡ 3⇥ 10�6

Standard Model successful 
but matter particle mass 
hierarchy unexplained!

PRL120 (2018) 211802 Phys.Lett. B786 (2018) 134
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No. 3, 1978 ROTATION CURVES OF SPIRAL GALAXIES L109 

RC2 have Nilson (1973) classifications. Sources for 
other data and corrections applied are indicated in the 
notes. Differences between the optical and the 21 cm 
velocities are small: (F2i — F0pt) = 5 km s-1. However, 
the mean velocity difference for four galaxies with 
velocities in RC2 is (ours—catalog) = 77 km s"1. Ve- 
locity errors this large still permeate the best available 
catalogs. Columns (9), (10), and (11) give the galaxy 

radius (25 mag arcsec-2; RC2), the radius of the last 
measured velocity, and the ratio cf the two. In the 
mean, our velocities extend over 80% of the galaxy 
radius. Fmax, the peak velocity of the optical rotation 
curve (in the plane of the galaxy), is listed in column 
(13). Data for NGC 4594 obtained by Schweizer (1978) 
with the same CTIO equipment are also included. 

Rotation curves are plotted in Figures 3 and 4. The 
general flatness of the curves, and the pronounced 
increase in Fmax with earlier HT, are notable. A plot 
of Fmax versus HT, Figure 5, shows this tight correla- 
tion. A correlation between Fmax and HT found earlier 
by Brosche (1971) lies about 50kms_1 below that 
indicated in Figure 5, and is defined principally from 
galaxies with types later than Sbc. The correlation 
indicated in Figure 5 may represent an upper envelope 
defined by high-luminosity galaxies. 

Fig. 2.—Rotational velocities in NGC 2998, as a function of 
distance from nucleus. Velocities for strongest emission regions 
are connected with lines. Note fairly good velocity agreement be- 
tween velocities from NE and SW major axes, and positive 
velocity gradient across each arm. 

III. MASSES AND MASS-TO-LIGHT RATIOS 
Masses and mass distributions have been determined 

from the rotation curves by two procedures: (1) disk- 
modeled galaxies, which give lower limits, and (2) 

Fig. 3.—Rotational velocities for seven galaxies, as a function of distance from nucleus. Curves have been smoothed to remove velocity 
undulations across arms and small differences between major-axis velocities on each side of nucleus. Early-type galaxies consistently have 
higher peak velocities than later types. 

Fig. 4.—Rotation curves for two pairs of galaxies, which illustrate the lack of Tully-Fisher relation. NGC 7541 and NGC 801, both 
Sbc-Sc, have Fmax values of 238 and 248 km s-1. However, their luminosities (7.05 ± 0.7 and 23.8 ± 9 X 1010 l0) and ra(lii (23.2 and 
49.1 kpc) differ by factors of 3 and 2. Similarly, the Sc galaxies NGC 2998 and NGC 3672 have Fmax of 211 and 208 km s-1, but luminosi- 
ties 14.9 ± 1.4; 4.45 ± 0.4 X 1010 lq and radii 34.0 and 17.6 kpc. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Spiral Galaxy M33

Coma Galaxy Cluster Abell 1656 
321 million light years from Earth

Fritz Zwicky 
1898 - 1974

Vera Rubin  
1928 - 2016

“In a spiral galaxy, the ratio of dark-to-light matter is about 
a factor of ten. That's probably a good number for the ratio 
of our ignorance-to-knowledge. We're out of kindergarten, 
but only in about third grade.” Vera Rubin

"The Redshift of Extragalactic Nebulae" Helvetica Physica Acta 
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Abell 1689

 Evidence from gravitational interactions over many distance scales 
 Rotational curves  
 Gravitational lensing 
 Cosmic microwave background 
 Large scale structure formation
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 What we know about Dark Matter 
 Non-Baryonic 
 Mostly “cold” 
 Electrically neutral (or milli-charged?) 
 “Weakly” interacting 
 ΩDMh2=0.120±0.001 
 Stable or τDM≫τu 

 No known particle fits the bill!

Assumptions: 
• Round halo
• Gaussian (Maxwellian)
• Isotropic 
• No substructure

Standard Halo Model

Lactea N-body simulation with the Maxwell-Boltzmann distribution. Notice that the Via Lactea

distribution has more high-speed particles relative to the Maxwellian case. Debate continues as

to how this conclusion changes in full hydrodynamic simulations [34–36]. However, the important

point to make is that the tail of the velocity distribution is most sensitive to the merging history of

the halo. When a subhalo falls into the Galaxy, it is tidally disrupted and leaves behind remnants

that are out of equilibrium. The DM particles in these remnants are likely to have higher speeds,

on average, than the rest of the halo and will contribute to the high-velocity tail of the velocity

distribution. Therefore, the shape of the high-velocity end of the distribution depends on the size

and time of minor mergers in our own Galaxy.

Despite the caveats listed here, the distribution that is used most often in the literature is the

truncated Maxwellian, otherwise known as the Standard Halo Model:

f(v) =

8

<

:

1

N

esc

⇣

3

2⇡�

2

v

⌘

3/2

e�3v2

/2�

2

v : |v| < v
esc

0 : otherwise

where �
v

is the rms velocity dispersion, v
0

=
p

2/3�
v

⇡ 235 km/s is the most probable speed [37–

40], and N
esc

= erf(z) � 2⇡�1/2ze�z

2

, with z ⌘ v
esc

/v
0

and v
esc

the escape velocity.

N-body simulations also find evidence for substructure in the DM phase-space distribution. This

includes localized features that arise from relatively recent minor mergers between the Milky Way

and other galaxies. When another DM subhalo falls into an orbit about the center of the Milky

Way, tidal e↵ects strip DM (and, possibly, stars) along its orbit. This ‘debris’ eventually virializes

with the other particles in the Milky Way’s halo. However, at any given time, there is likely to be

some fraction of this debris that has not come into equilibrium and which exhibits unique features

that may a↵ect observations. Examples of substructure include:

• Clumps: Concentrated clumps of DM may be left behind by the merging process. Each

clump would result in a localized overdensity of DM.

• Streams: A tidal stream is an example of debris left behind along the orbits of infalling

subhalos. Figure 3 is a famous image from the Sloan Digital Sky Survey (SDSS) known as

the ‘Field of Streams.’ The single patch of sky in this image contains several arms of the

Sagittarius stream, as well as the Orphan and Monoceros stellar streams. Evidence for stellar

streams suggests that similar features might form in the DM distribution as well. If this were

the case, then the DM velocities in a given stream would be coherent, with

f
stream

(v) = �(3) (v � v
stream

) .

The right panel of Fig. 2 shows localized spikes in the tail of the velocity distribution, which

are associated with streams in Via Lactea.

8

Simplest spherical model with (asymptotically) flat rotation curve

Dark matter halo

Disk

 Standard Halo Model 
 Assumptions: 
 Round halo 
 Isotropic 
 Maxwell velocity distribution 
 No substructure 

 Locally…  
 DM density is ρ~0.3-0.4 GeV cm-3 
 Solar system travelling through “DM Wind” 
 Flux: 107/mχ GeV cm-2s-2 
 Motion of Earth → velocity time dependent 
 Annual modulations in DM flux 

 Gaia sheds new light on DM in our neighbourhood

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

WIMPs and Other Particles Searches for
OMITTED FROM SUMMARY TABLE
A REVIEW GOES HERE – Check our WWW List of Reviews

GALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHES

These limits are for weakly-interacting stable particles that may constitute
the invisible mass in the galaxy. Unless otherwise noted, a local mass
density of 0.3 GeV/cm3 is assumed; see each paper for velocity distribution

assumptions. In the papers the limit is given as a function of the X0 mass.
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1
TeV. Specific limits on supersymmetric dark matter particles may be found
in the Supersymmetry section.

Limits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross Section
of Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleon

Isoscalar coupling is assumed to extract the limits from those on X0–nuclei
cross section.

For mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeV
VALUE (pb) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<2.0 × 10−7 90 1 AGNESE 14 SCDM Ge

<3.7 × 10−5 90 2 AGNESE 14A SCDM Ge
<1 × 10−9 90 3 AKERIB 14 LUX Xe

<2 × 10−6 90 4 ANGLOHER 14 CRES CaWO4
<5 × 10−6 90 FELIZARDO 14 SMPL C2ClF5
<8 × 10−6 90 5 LEE 14A KIMS CsI
<2 × 10−4 90 6 LIU 14A CDEX Ge

<1 × 10−5 90 7 YUE 14 CDEX Ge
<1.08 × 10−4 90 8 AARTSEN 13 ICCB H, solar ν

<1.5 × 10−5 90 9 ABE 13B XMAS Xe
<3.1 × 10−6 90 10 AGNESE 13 CDM2 Si

<3.4 × 10−6 90 11 AGNESE 13A CDM2 Si

<2.2 × 10−6 90 12 AGNESE 13A CDM2 Si
<5 × 10−5 90 13 LI 13B TEXO Ge

14 ZHAO 13 CDEX Ge

<1.2 × 10−7 90 AKIMOV 12 ZEP3 Xe
15 ANGLOHER 12 CRES CaWO4

<8 × 10−6 90 16 ANGLOHER 12 CRES CaWO4
<7 × 10−9 90 17 APRILE 12 X100 Xe

18 ARCHAMBAU...12 PICA F (C4F10)

<7 × 10−7 90 19 ARMENGAUD 12 EDE2 Ge
20 BARRETO 12 DMIC CCD

HTTP://PDG.LBL.GOV Page 1 Created: 10/6/2015 12:31

1. Accelerator physics of colliders 1

1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0
mass: m =?

X0
spin: J =?

X0
parity: P =?

X0
lifetime: ⌧ =?

X0
scattering cross-section on nucleons: ?

X0
production cross-section in hadron colliders: ?

X0
self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting

’0 ’1 ’2 ’3 ’4 ’5 ’6 ’7

’00x � � ⇥ ⇤ ⌅ ⇧ ⌃ ⌥
˝0x

’01x �  ⌦ ↵ � � � ✏

’02x ⇣ ⌘ ✓ ◆  � µ ⌫
˝1x

’03x ⇠ ⇡ ⇢ � ⌧ � � �

’04x  ! " # $ % & '
˝2x

’05x ( ) * + , - . /

’06x 0 1 2 3 4 5 6 7
˝3x

’07x 8 9 . , < / > ?

’10x @ A B C D E F G
˝4x

’11x H I J K L M N O

’12x P Q R S T U V W
˝5x

’13x X Y Z [ \ ] ^ _

’14x ` a b c d e f g
˝6x

’15x h i j k l m n o

’16x p q r s t u v w
˝7x

’17x x y z ı | } ~ �

˝8 ˝9 ˝A ˝B ˝C ˝D ˝E ˝F

J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, N

exp

, is the product of the cross section of interest, �
exp

,
and the time integral over the instantaneous luminosity, L:

N
exp

= �
exp

⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�
x

�
y

(1.2)

February 6, 2016 16:53

Job done?
Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter

The dark matter wind

43

Earth goes round Sun, Sun goes round Galaxy

SHM halo~220 km/s
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Detecting Dark Matter
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PHYSICAL REVIEW D VOLUME 31,NUMBER 12

Detectability of certain dark-matter candidates

15 JUNE 1985

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10 GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10 GeV; or strongly interacting particles of masses 1—10' GeV.

Dark galactic halos' may be clouds of elementary parti-
cles so weakly interacting or so few and massive that they
are not conspicuous. Many dark-matter candidates have
been proposed. Magnetic monopoles are one dark-matter
candidate accessible to experimental search, and the same
seems to be true for axions. On the other hand, massive
neutrinos are a popular dark-matter candidate which
seems very difficult to detect except under very favorable
conditions. For many other dark-matter candidates con-
sidered in the literature, no practical experiments have
been proposed.
Recently, Drukier and Stodolsky proposed a new way

of detecting solar and reactor neutrinos. The idea is to ex-
ploit elastic neutral-current scattering of nuclei by neutri-
nos (a mechanism that is also believed to play an impor-
tant role in supernovas). The detector will consist of su-
perconducting grains of radius a few microns embedded
in a nonsuperconducting material in a magnetic field.
The grains are maintained just below their superconduct-
ing transition temperature. A scattered neutrino will im-
part a small recoil kinetic energy to the nucleus it scatters
from (of order 1—100 eV in the experiments considered in
Ref. 5). Such a small energy deposit can make a tiny su-
perconducting grain go normal, permitting the magnetic
fiux to collapse into the grain and producing an elec-
tromagnetic signal in a read-out circuit. The principle of
such a detector has already been demonstrated.
In this paper, we will calculate the sensitivity of the

detector considered in Ref. 5 to various dark-matter can-
didates. Although this detector is not very sensitive to
halo neutrinos (with their tiny masses and interaction
rates), it has, as we will see, a useful sensitivity to some
other dark-matter candidates. We also mention some oth-
er detection schemes.
We will consider three classes of dark-rnatter candi-

dates: particles with coherent weak couplings; particles
with spin-dependent couplings of roughly weak strength;
and particles with strong interactions. If a detector sensi-
tive to 1 event/kgday can be built, useful limits can be
placed on these particles in the mass ranges 1—10 GeV,
1—10 GeV, and 1—10' GeV, respectively (see Table I).
The main difficulty in detecting these particles comes
from backgrounds of radioactivity and cosmic rays, which
we do not attempt to estimate here; such estimates were

TABLE I. Some experiments using the detector in Ref. S.
The spallation, reactor, and solar neutrino experiments were
considered in Ref. 5. The event rate given for the spallation
source refers to "reactor on." The supernova experiment of
Ref. 5, which involves detection of a pulse, is not comparable to
the others and is not included.

Experimental source

Spallation source
Reactor
Solar neutrinos

pp cycle
Be
8B

Galactic halo
coherent m -2 GeV

m &100 GeV
Spin dependent
m-2 GeV
m & 100 GeV

Event rate
in kg 'day

10 —10
10

10 —10
10 —5 && 10
10 —10 2

50—1000
up to 104

0. 1—1
up to 1

Recoil energy
range

10—100 keV
50—500 eV
1—10 eV
5—50 eV

100 eV—3 keV
10—100 eV
10—100 keV
10—100 eV
10—100 keV

made in Ref. 5.
Let us first discuss the lower limit on detectable masses.

If a halo particle of mass m and velocity U scatters from a
target nucleus of mass M, the recoil momentum is at most
2mU and the recoil kinetic energy is at most
e =(2mu) /2M. A reasonable value of U is U =200
km/sec. The lightest nucleus considered in Ref. 5 is
aluminum, with A =27 and M=27 GeV. There seems to
be a reasonable chance of building a detector sensitive to
e-50—100 eV (considerably more optimistic possibilities
are discussed in Ref. 5). For e) 50—100 eV, we need
m ) 1—2 GeV, and this is the lower limit on the mass of
detectable halo particles. It is important to note, though,
that much larger values of m, say m ) 100 GeV, are also
of interest in the dark-matter searches we envision. Thus
values of e up to 10—100 keV are of interest.
Consider elastic scattering of halo particles of mass m

by target nuclei of mass M. The elastic scattering cross
section is cr=[m M /m(m +M) ] ~

~ ~, assuming the
invariant amplitude ~ is a constant (independent of an-
gles) at low energy. If p is the mass density of halo parti-

31 3059 1985 The American Physical Society

WIMP “miracle” 
Observed relic abundance explained by massive particle (10 GeV - 1 TeV) interacting 
through weak interaction with baryonic matter

Dark-Matter Particles without Weak-Scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

(Received 4 April 2008; published 1 December 2008)

We propose that dark matter is composed of particles that naturally have the correct thermal relic

density, but have neither weak-scale masses nor weak interactions. These models emerge naturally from

gauge-mediated supersymmetry breaking, where they elegantly solve the dark-matter problem. The

framework accommodates single or multiple component dark matter, dark-matter masses from 10 MeV

to 10 TeV, and interaction strengths from gravitational to strong. These candidates enhance many direct

and indirect signals relative to weakly interacting massive particles and have qualitatively new implica-

tions for dark-matter searches and cosmological implications for colliders.

DOI: 10.1103/PhysRevLett.101.231301 PACS numbers: 95.35.+d, 12.60.Jv

Introduction.—Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand the
weak force also invariably require new states. These typi-
cally include weakly interacting massive particles
(WIMPs) with masses around the weak scale mweak !
100 GeV–1 TeV and weak interactions with coupling
gweak ’ 0:65. An appealing possibility is that one of the
particles motivated by particle physics simultaneously sat-
isfies the needs of cosmology. This idea is motivated by a
striking quantitative fact, the ‘‘WIMP miracle’’: WIMPs
are naturally produced as thermal relics of the big bang
with the densities required for dark matter. This WIMP
miracle drives most dark-matter searches.

We show here, however, that theWIMPmiracle does not
necessarily imply the existence of WIMPs. More precisely,
we present well-motivated particle physics models in
which particles naturally have the desired thermal relic
density, but have neither weak-scale masses nor weak force
interactions. In these models, dark matter may interact very
weakly or it may couple more strongly to known particles.
The latter possibility implies that prospects for some dark-
matter experiments may be greatly enhanced relative to
WIMPs, with search implications that differ radically from
those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

!X / 1

h!vi!
m2

X

g4X
; (1)

where h!vi is its thermally averaged annihilation cross
section, mX and gX are the characteristic mass scale and
coupling entering this cross section, and the last step
follows from dimensional analysis. In the models dis-
cussed here, mX will be the dark-matter particle’s mass.
The WIMP miracle is the statement that, for ðmX; gXÞ !
ðmweak; gweakÞ, the relic density is typically within an order
of magnitude of the observed value, !X $ 0:24. Equation
(1) makes clear, however, that the thermal relic density
fixes only one combination of the dark matter’s mass and

coupling, and other values of (mX, gX) can also give the
correct !X. Here, however, we further show that simple
models with low-energy supersymmetry (SUSY) predict
exactly the combinations of (mX, gX) that give the correct
!X. In these models, mX is a free parameter. For mX !
mweak, these models do not include WIMPs but for all mX

they contain dark matter with the desired thermal relic
density.
Models.—We will consider SUSY models with gauge-

mediated SUSY breaking (GMSB) [2,3]. These models
have several sectors, as shown in Fig. 1. The MSSM sector
includes the fields of the minimal supersymmetric standard
model. The SUSY-breaking sector includes the fields that
break SUSY dynamically and mediate this breaking to the
MSSM through gauge interactions. There are also one or
more additional sectors which have SUSY breaking gauge-
mediated to them; these sectors contain the dark-matter
particles. These sectors may not be very well-hidden,
depending on the presence of connector sectors (discussed
below), but we will follow precedent and refer to them as

FIG. 1. Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark-matter particle X. An optional connector sector
contains fields Y, charged under both MSSM and hidden sector
gauge groups, which induce signals in direct and indirect
searches and at colliders. There may also be other hidden sectors,
leading to multicomponent dark matter.

PRL 101, 231301 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

5 DECEMBER 2008

0031-9007=08=101(23)=231301(4) 231301-1 ! 2008 The American Physical Society
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Wide field of possibilities!
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Cosmic visions 
1707.04591
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Searching for Dark Matter
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nuclear-fuel reprocessing plants and in tests of nuclear weapons. Krypton can be removed
from xenon either by cryogenic distillation [183] or using chromatographic separation [159].
Both methods have been proven to work at the XMASS/XENON and LUX experiments,
respectively. Besides the reduction of krypton in the target, techniques to determine the
remaining krypton contamination are necessary in order to precisely quantify its contribution
the remaining contamination. Recently, detections in the ppq (parts per quadrillion) regime of
natural Kr in Xe have been achieved [184]. Another possible method is the use of an atom-
trap trace analysis system [185]. Radon is emanated from all detector materials containing
traces of uranium or thorium. Once radon is produced in these decay chains, it slowly diffuses
throughout the material and can be then dissolved in the liquid target. An approach to reduce
radon is to use materials with low radon emanation [186, 187]. Furthermore, methods to
continuously remove the emanated radon are being investigated [188, 189].

For both solids and liquids, the surface deserves special attention. For example, radium
accumulated at the surfaces of the target or in the materials in contact with the liquid can
contribute to the background, i.e. surface background and radon emanation. Surface treatment
with acid cleaning and electropolishing have been proven to be effective in removing
radioactive contaminants at the surfaces [190].

5. Result of a direct detection experiment

This section gives a generic description of a dark matter experimental result starting with the
signal production in the target media. The statistical treatment of the measured events is
discussed as well as the representation of the derived results.

5.1. Detector signals

The elastic scattering of a dark matter particle off a target medium induces for the case of the
WIMP an energy transfer to nuclei which can be observed through three different signals,
depending on the detector technology in use. These can be the production of heat (phonons in

Figure 4. Schematic of possible signals that can be measured in direct-detection
experiments depending on the technology in use.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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Direct Detection: Landscape
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Direct Detection: Target Kinematics

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Recoil	distributions	 	with	various	targets
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Ge

NEWS-G
Ge	
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Direct Detection: Quenching Factor
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 Direct detection experiment using light gases as target (H, He, Ne) 
 Better projectile-target kinematic match 
 Favourable quenching factor

Plot by I. Katsioulas

 Quenching factor: fraction of ion kinetic energy dissipated in a medium in the form of 
ionization electrons and excitation of the atomic and quasi-molecular states. 

left) and liquid argon (LAr) (bottom right). The data are from [227–230] including references
therein for Na, LXe and LAr, respectively. It can be seen that for sodium and xenon several
measurements exist with some of them exploiting the quenching down to a couple of keVhr

energies. The most recent experimental results show a decrease of efficiency at decreasing
energies. Older measurements have increasing efficiency with large error bars which could be
due to an incomplete consideration of the detection efficiency [231]. For argon, there exist
two sets of recent measurements by [230, 232] both with relatively small errors. These two
results are in contradiction to each other within several sigma and further investigations will
be necessary to understand the scintillation behaviour at low recoil energies. For LAr and
LXe detectors operated with an electric field (see section 7.4), the field quenching has to be
considered. For argon, dedicated measurements have shown a significant dependence of the
light yield on the field, up to 32% for energies between 11 and 50 keVnr [233]. Note that this
energy scale is used to derive the energy threshold of the experiment in keVnr. As the WIMP
recoil spectrum has an exponential shape (see section 5), uncertainties in the threshold result
in large variation of the expected number of events, especially at low WIMP masses.

Figure 9. Measurements of signal quenching for various detector materials: ionization
efficiency in germanium (top left, from [226] and references therein), scintillation
efficiency for Na (top right, from [227] and references therein), for LXe (bottom left,
from [228] and references therein) and for argon (bottom right, from [229, 230] and
references therein).

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review

25

J.Phys. G43 (2016) 013001 



14

The NEWS-G Collaboration
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6th collaboration meeting, LPSC, Grenoble, June 2019
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Spherical Proportional Counter

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

r1 = anode radius

r2 = cathode radius

Detector volume naturally divided in:  
“drift” and “amplification” regions.

E =
V0

r2
r1r2

r2 � r1
⇡ V0r1

r2

C =
4⇡✏

r2 � r1
r1r2 ⇡ 4⇡✏r1

Figure1:Left:PictureofSEDINE:a60cmdiameterprototypemadeoflowactivity(NOSV)copper.Right:Crosssection

ofthedetectorinaxialsymmetry.Therodandthesensorarevisibleinwhiteatscale.Fieldlinesareshownontherightpart

ofthepictureonlytoallowtheelectric-field-magnitudevaluesindicatedinlogscalebythecolourcodetobeproperlyseen.

Niofsecondaryionizations,theacquiredsignalcanbeexpressedasfollows:S(t)=
PNPE

i=1Ni⇥D(t�ti).

Despiteionsdriftingtowardsthesphereatground(cathode)withinseconds,morethan50%ofthesignal

isinducedwithinthefirst30µsbecausetheirspeeddecreasesas1/r2.Still,thefastdecaytimeconstant

(⌧=50µs)ofourresistivefeedbackchargesensitivepreamplifier(CANBERRAModel2006)isresponsible

foralossinthepulse-height.Thelattere↵ect,calledballisticdeficit,increaseswiththedi↵usiontime

ofthePEs.Asaconsequence,therawpulseamplitudenotonlydependsontheenergybutalsoonthe

initiallocationoftheevent.Tocorrectforthise↵ect,onecanseparatelydeconvolvetherawpulsebythe

preamplifierresponseandbytheioninducedcurrenttodeterminetheamplitudefromtheintegralofthe

deconvolvedpulse.However,thisdoubledeconvolutionprocedurecangreatlyamplifyhighfrequencynoise

anddegradetheenergyresolution.Toavoidthise↵ectandstillcorrecte�cientlyforballisticdeficit,in

thepresentanalysisraw-pulseswereonlydeconvolvedonceusingasinglee↵ectiveexponentialdecay,and

runthroughalow-passfilter.Theassociatedtimeconstantofthisadhocdetectorresponsewaschosento

betterapproximateboththepreamplifierandtheioninducedcurrentresponsesatonce.

WeshowinFig.2thepulsetreatmentdiscussedabove,appliedtoa10keVeeevent(leftpanels)and

toa150eVeeevent(rightpanels)recordedduringthephysics-run.Rawpulsesareshownontoppanels

whilethedeconvolvedpulsesandtheircumulativeintegrationareshownonthemiddleandbottompanels,

respectively.Thetwomainanalysisparametersthatareextractedfromthetreatedpulsearetheamplitude,

nowproportionaltothedepositedenergyonly,andtherisetime,definedasthetimeittakestogofrom

4

JINST 3 (2008) P09007
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Spherical Proportional Counter: Features
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Spherical Proportional Counter - Spherical TPC
Fun facts

Old LEP RF cavities Spherical gaseous detectors 

In the picture:
I.Giomataris, G.Charpak 

Spherical Proportional Counter - Spherical TPC
Fun facts

Old LEP RF cavities Spherical gaseous detectors 

In the picture:
I.Giomataris, G.Charpak 

 Large volume 
 Small number of read-out channels  

 Low Energy Threshold 
 Low capacitance 
 High gain 

 Lowest surface to volume ratio  
 Fiducial volume selection 

 Through pulse shape analysis 
 Flexible operation 

 Gas mixture and pressure choice 
 Large mass/volume with one readout channel 
 Simple sealed mode
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Signal Formation
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initial ionisation
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Signal Formation
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electron drift
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Signal Formation
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arrival to the anode 
and charge multiplication
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Signal Formation
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slow drift of ions 
towards the cathode
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Signal Formation
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Fiducialisation/Background Discrimination
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Fiducial 
Volume

Particle Identification

Pulse-shape analysis provides particle identification and informs se-
lections to suppress backgrounds

As an example, cosmic muons may mask the interaction of 55Fe X-ray

As the ionisation profile for muons and X-rays is di�erent, pulse shape
analysis can be used for discrimination
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Laboratoire Souterrain de Modane
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4 BACKGROUND SOURCES AND REDUCTION TECHNIQUES
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Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.)
for various underground laboratories hosting dark matter experiments. The e↵ective
depth is calculated using the parametrisation curve (thin line) from [162].

• Boulby Underground Laboratory [162] in UK

• Laboratori Nazionali del Gran Sasso (LNGS) [162] in Italy

• Laboratoire Souterrain de Modane (LSM) [167] in France

• Sanford Underground Research Facility (SURF) [162] in USA

• SNOLAB [162] in Canada

• Jin-Ping laboratory [168] in China

The flux of radiogenic neutrons can be reduced via material selection. Detector

materials with low uranium and thorium content give lower ↵- and spontaneous fission

rates. In addition, detector shielding can be used to reduce the external neutron flux

further. Often water or polyethylene layers are installed around the detector setup to

moderate the neutrons e↵ectively [169]. Active vetoes are designed to record interactions

of muons. The data acquired in the inner detector simultaneously to the muon event is

discarded in order to reduce the muon-induced neutron background. Plastic scintillator

plates are, for example, used for this purpose [161][170]. This can be improved further by

the use of water Cherenkov detectors [171][172] as they provide a higher muon tagging

e�ciency (full coverage), are e�cient in stopping neutrons and, for su�ciently large

thickness, the external gamma activity is also reduced. To tag directly the interactions

of neutrons, shielding using liquid scintillators can be used [173].

Finally, the analysis techniques described in the previous section can also be applied

to reduce the neutron background. The multiple scattering tagging is, for instance,

particularly e↵ective with growing size of targets. The fiducial volume selection can also

be used, however, it has a smaller e↵ect in the reduction of background for neutrons

than for gamma interactions because of the larger mean free path of neutrons.

20

~5 µ/m2/day
4200mwe
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SEDINE: NEWS-G Prototype at LSM
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Polyethylene 30cmLead 15cm

Copper 8cm SEDINE Ø60cm SPC

 NOSV Copper vessel (Ø60 cm) 
 Equipped with a Ø6.3 mm sensor 
 Chemically cleaned several times for 
Radon deposit removal

Sensor
Figure 1: Left: Picture of SEDINE: a 60 cm diameter prototype made of low activity (NOSV) copper. Right: Cross section

of the detector in axial symmetry. The rod and the sensor are visible in white at scale. Field lines are shown on the right part

of the picture only to allow the electric-field-magnitude values indicated in log scale by the colour code to be properly seen.

N
i

of secondary ionizations, the acquired signal can be expressed as follows: S(t) =
PNPE

i=1 N
i

⇥D(t � t
i

).

Despite ions drifting towards the sphere at ground (cathode) within seconds, more than 50 % of the signal

is induced within the first 30 µs because their speed decreases as 1/r2. Still, the fast decay time constant

(⌧ = 50 µs) of our resistive feedback charge sensitive preamplifier (CANBERRA Model 2006) is responsible

for a loss in the pulse-height. The latter e↵ect, called ballistic deficit, increases with the di↵usion time

of the PEs. As a consequence, the raw pulse amplitude not only depends on the energy but also on the

initial location of the event. To correct for this e↵ect, one can separately deconvolve the raw pulse by the

preamplifier response and by the ion induced current to determine the amplitude from the integral of the

deconvolved pulse. However, this double deconvolution procedure can greatly amplify high frequency noise

and degrade the energy resolution. To avoid this e↵ect and still correct e�ciently for ballistic deficit, in

the present analysis raw-pulses were only deconvolved once using a single e↵ective exponential decay, and

run through a low-pass filter. The associated time constant of this ad hoc detector response was chosen to

better approximate both the preamplifier and the ion induced current responses at once.

We show in Fig. 2 the pulse treatment discussed above, applied to a 10 keVee event (left panels) and

to a 150 eVee event (right panels) recorded during the physics-run. Raw pulses are shown on top panels

while the deconvolved pulses and their cumulative integration are shown on the middle and bottom panels,

respectively. The two main analysis parameters that are extracted from the treated pulse are the amplitude,

now proportional to the deposited energy only, and the rise time, defined as the time it takes to go from

4

Vessel
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Polyethylene 30cmLead 15cm

Copper 8cm SEDINE Ø60cm SPC

 NOSV Copper vessel (Ø60 cm) 
 Equipped with a Ø6.3 mm sensor 
 Chemically cleaned several times for 
Radon deposit removal

Sensor
Figure 1: Left: Picture of SEDINE: a 60 cm diameter prototype made of low activity (NOSV) copper. Right: Cross section

of the detector in axial symmetry. The rod and the sensor are visible in white at scale. Field lines are shown on the right part

of the picture only to allow the electric-field-magnitude values indicated in log scale by the colour code to be properly seen.
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Despite ions drifting towards the sphere at ground (cathode) within seconds, more than 50 % of the signal

is induced within the first 30 µs because their speed decreases as 1/r2. Still, the fast decay time constant

(⌧ = 50 µs) of our resistive feedback charge sensitive preamplifier (CANBERRA Model 2006) is responsible

for a loss in the pulse-height. The latter e↵ect, called ballistic deficit, increases with the di↵usion time

of the PEs. As a consequence, the raw pulse amplitude not only depends on the energy but also on the

initial location of the event. To correct for this e↵ect, one can separately deconvolve the raw pulse by the

preamplifier response and by the ion induced current to determine the amplitude from the integral of the

deconvolved pulse. However, this double deconvolution procedure can greatly amplify high frequency noise

and degrade the energy resolution. To avoid this e↵ect and still correct e�ciently for ballistic deficit, in

the present analysis raw-pulses were only deconvolved once using a single e↵ective exponential decay, and

run through a low-pass filter. The associated time constant of this ad hoc detector response was chosen to

better approximate both the preamplifier and the ion induced current responses at once.

We show in Fig. 2 the pulse treatment discussed above, applied to a 10 keVee event (left panels) and

to a 150 eVee event (right panels) recorded during the physics-run. Raw pulses are shown on top panels

while the deconvolved pulses and their cumulative integration are shown on the middle and bottom panels,

respectively. The two main analysis parameters that are extracted from the treated pulse are the amplitude,

now proportional to the deposited energy only, and the rise time, defined as the time it takes to go from
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First results of NEWS-G with SEDINE at LSM
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NEWS-G collaboration, Astropart. Phys. 97, 54 (2018)

NEWS-G

CRESST-II

CDMS-lite

DAMIC

 Gas Mixture: Ne+0.7%CH4 at 3.1 bar  
 Exposure: 9.6 kg×days (34.1 live-days x 0.28 kg)



27

First results of NEWS-G with SEDINE at LSM
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NEWS-G collaboration, Astropart. Phys. 97, 54 (2018)

NEWS-G

CRESST-II

CDMS-lite

DAMIC

 Gas Mixture: Ne+0.7%CH4 at 3.1 bar  
 Exposure: 9.6 kg×days (34.1 live-days x 0.28 kg)

Energy Threshold 
Target Nucleus Mass

Exposure 
Background
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NEWS-G at SNOLAB
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4 BACKGROUND SOURCES AND REDUCTION TECHNIQUES
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Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.)
for various underground laboratories hosting dark matter experiments. The e↵ective
depth is calculated using the parametrisation curve (thin line) from [162].

• Boulby Underground Laboratory [162] in UK

• Laboratori Nazionali del Gran Sasso (LNGS) [162] in Italy

• Laboratoire Souterrain de Modane (LSM) [167] in France

• Sanford Underground Research Facility (SURF) [162] in USA

• SNOLAB [162] in Canada

• Jin-Ping laboratory [168] in China

The flux of radiogenic neutrons can be reduced via material selection. Detector

materials with low uranium and thorium content give lower ↵- and spontaneous fission

rates. In addition, detector shielding can be used to reduce the external neutron flux

further. Often water or polyethylene layers are installed around the detector setup to

moderate the neutrons e↵ectively [169]. Active vetoes are designed to record interactions

of muons. The data acquired in the inner detector simultaneously to the muon event is

discarded in order to reduce the muon-induced neutron background. Plastic scintillator

plates are, for example, used for this purpose [161][170]. This can be improved further by

the use of water Cherenkov detectors [171][172] as they provide a higher muon tagging

e�ciency (full coverage), are e�cient in stopping neutrons and, for su�ciently large

thickness, the external gamma activity is also reduced. To tag directly the interactions

of neutrons, shielding using liquid scintillators can be used [173].

Finally, the analysis techniques described in the previous section can also be applied

to reduce the neutron background. The multiple scattering tagging is, for instance,

particularly e↵ective with growing size of targets. The fiducial volume selection can also

be used, however, it has a smaller e↵ect in the reduction of background for neutrons

than for gamma interactions because of the larger mean free path of neutrons.

20

~0.25 µ/m2/day
6000mwe

J.Phys. G43 (2016) 013001 

SNOLAB User’s Handbook Rev 2 9

Figure 3.1: Ore body and level structure of Creighton Mine.

The maximum acceleration in a mining event observed in this period was 1.5 g while the maximum
acceleration due to the SNOLAB excavation was 1 g.

3.3 Mining Byproducts
The most obvious byproducts of the mining activities are exhaust gasses from the explosives such
as CO and NO and oxygen deficient environments resulting in potential Oxygen Deficiency Haz-
ards (ODH). As a consequence, O2, CO and NO levels are constantly monitored both in SNOLAB
and in the mine in general. Ventilation air flow is adjusted and personnel travel may sometimes
be restricted due to blasting and the subsequent clearing of the air. In the event of high CO or NO
levels outside the laboratory, the main air intake to the lab is shut off. This can typically happen
two or three times per week due to blasting and may last from 30 to 60 minutes.

There is a mining byproduct gas that is a more subtle concern for experiments in SNOLAB.
During the running of the SNO experiment the presence of hydrogen sulphide (H2S) was identified
in the laboratory at the few Parts Per Billion (PPB) level. This is well below the level of concern
for personnel (10 PPM OSHA TWA) but has caused corrosion of exposed copper and silver com-
ponents such as in electronics. In the SNO experiment, this problem was partially mitigated by
installing NaOH impregnated charcoal filters to remove the H2S. The filtration was in a recirculat-
ing air handler located near the detector electronics and while not fully effective, it did reduce the
H2S by about a factor of three. For SNOLAB, all fresh air to the laboratory will be filtered by the
installation of appropriate filters in the main air intake. The filter material to be used is still under

Cube Hall
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SNOglobe
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 New detector: SNOglobe 
 Ø130 cm 
 4N Aurubis Copper (99.99% pure) 
 assembled and commissioned at LSM 
 currently being transferred to SNOLAB 

 Detector already operated at LSM (commissioning run) 
 Operation in SNOLAB  

 Hydrogen-rich mixtures 
 Improved compact shielding  

 Expected to be sensitive to WIMP masses ~100 MeV SNOglobe @ LSM 
4N Aurubis Copper (99.99% pure) Ø130 cm

 Challenges 
 Fiducialisation  

Detector response uniformity 
 Charge collection at large radii 
and high pressure operation 

 Electric field magnitude 
 Contaminants 

 Background 
 Material purity 

 Detector simulation/response

130
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Electric field homogeneityBirmingham

Gaseous

Detectors

Laboratory

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

 Ideally, electric field:  
 purely radial  
 strength 1/r2 

 Reality more complex, as support 
structure needed for sensor 

 E=E(r,θ) 
 Non-uniform detector response 

 Improved field uniformity by adding 
correction electrode

JINST 13,(2018) P11006
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Resistive Glass ElectrodeBirmingham

Gaseous

Detectors

Laboratory
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55Fe at 180o 

55Fe at 90o 

Irradiation  
with 5.9 keV X-rays  

He:Ar:CH4 (92:5:3)
1 bar
HV1=1450V
HV2=200V
2 mm Ø anode

6.4 keV iron fluorescence induced 
by environmental radiation  

He:Ar:CH4 (87:10:3) 
2 bar
HV1 = 2350V
HV2 = 0V
2 mm anode

Ø2-6mm
2-5mm

2-30mm

Anode

Insulated Wire

Glass tube

Metallic rod

 Spark quenching 
 Charge evacuation 
 Advantages 

 Simple/Robust 
 Symmetric 
 Low material budget 

 Material properties 
 Soda-lime glass 
 ρ = 5×1010 Ωcm 
 d = 2.1-2.25 g/cm3  
 A = 14.5 mBq/g JINST 13 (2018) P11006
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Charge collection in low electric fieldBirmingham

Gaseous

Detectors

Laboratory
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Magboltz study on gas properties and sensitivity to contaminants

E(r)\approx\frac{V_0}{r^2}r_1

 Gain and drift velocity both depend on E/P 
 At large radii 

 Low drift velocity 
 Susceptibility to attachment 

 Crucial aspects 
 Electric field magnitude  

 Depends on anode voltage and radius 
 Gas quality

ln(G) =

Z E(r2)

E(r1)
↵ (E/P )

dr

dE
dE
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E(r) ⇡ V0
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r1

<latexit sha1_base64="27OTi3Zt6T5o+wqvhMntrIe1f0A=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyUpgi6LIrisYB/QxjCZTtqhk8kwMxFLyMqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPIBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GlxO/fU+kojG/1WNBvAgNOA0pRtpIvn14VZEnPSSEjB96oUQ4bflOlsq7WiZ917fLTtWZAi4SNydlkKPh21+9foyTiHCNGVKq6zpCeymSmmJGslIvUUQgPEID0jWUo4goL52+kcFjo/RhGEtTXMOp+nsiRZFS4ygwnRHSQzXvTcT/vG6iw3MvpVwkmnA8WxQmDOoYTjKBfSoJ1mxsCMKSmlshHiIThjbJlUwI7vzLi6RVq7pO1b05Ldcv8jiK4AAcgQpwwRmog2vQAE2AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnD61UmJw=</latexit><latexit sha1_base64="27OTi3Zt6T5o+wqvhMntrIe1f0A=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyUpgi6LIrisYB/QxjCZTtqhk8kwMxFLyMqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPIBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GlxO/fU+kojG/1WNBvAgNOA0pRtpIvn14VZEnPSSEjB96oUQ4bflOlsq7WiZ917fLTtWZAi4SNydlkKPh21+9foyTiHCNGVKq6zpCeymSmmJGslIvUUQgPEID0jWUo4goL52+kcFjo/RhGEtTXMOp+nsiRZFS4ygwnRHSQzXvTcT/vG6iw3MvpVwkmnA8WxQmDOoYTjKBfSoJ1mxsCMKSmlshHiIThjbJlUwI7vzLi6RVq7pO1b05Ldcv8jiK4AAcgQpwwRmog2vQAE2AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnD61UmJw=</latexit><latexit sha1_base64="27OTi3Zt6T5o+wqvhMntrIe1f0A=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyUpgi6LIrisYB/QxjCZTtqhk8kwMxFLyMqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPIBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GlxO/fU+kojG/1WNBvAgNOA0pRtpIvn14VZEnPSSEjB96oUQ4bflOlsq7WiZ917fLTtWZAi4SNydlkKPh21+9foyTiHCNGVKq6zpCeymSmmJGslIvUUQgPEID0jWUo4goL52+kcFjo/RhGEtTXMOp+nsiRZFS4ygwnRHSQzXvTcT/vG6iw3MvpVwkmnA8WxQmDOoYTjKBfSoJ1mxsCMKSmlshHiIThjbJlUwI7vzLi6RVq7pO1b05Ldcv8jiK4AAcgQpwwRmog2vQAE2AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnD61UmJw=</latexit><latexit sha1_base64="27OTi3Zt6T5o+wqvhMntrIe1f0A=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyUpgi6LIrisYB/QxjCZTtqhk8kwMxFLyMqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPIBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GlxO/fU+kojG/1WNBvAgNOA0pRtpIvn14VZEnPSSEjB96oUQ4bflOlsq7WiZ917fLTtWZAi4SNydlkKPh21+9foyTiHCNGVKq6zpCeymSmmJGslIvUUQgPEID0jWUo4goL52+kcFjo/RhGEtTXMOp+nsiRZFS4ygwnRHSQzXvTcT/vG6iw3MvpVwkmnA8WxQmDOoYTjKBfSoJ1mxsCMKSmlshHiIThjbJlUwI7vzLi6RVq7pO1b05Ldcv8jiK4AAcgQpwwRmog2vQAE2AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnD61UmJw=</latexit>
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Multi-anode sensors: Achinos

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

JINST 12 (2017) P12031 

 Achinos: Multiple anode balls placed at equal radii 
 Same gain but increased field at large radii 
 Decoupling Gain and Drift 

 Amplification tuned by anode radius 
 Volume E-field tuned by structure size and 
number of anodes 

 Anodes can be read out individually 
 TPC-like capabilities 

 Prototypes: 5, 11, 33 metal balls ∅2mm successfully 
operated 
 3D printed Achinos sensors built and operated

|E11|/|E1|~9

Resistive central electrode

Spherical metallic anodes

Insulated wires

Support rod
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Achinos second generation modules

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

He:Ar:CH4  (56:37:7) 
455 mbar 
HV1 = 1100 V, HV2 = -100 V 
2 mm Ø anodes 

Measurement of the 5.9 keV 55Fe X-ray line  Good energy resolution 
 High pressure operation (~2 bar) 
 Resistive layer materials tested: 

 Araldite/Graphite, Araldite/Cu 
 Polymer resistive paste 
 DLC (Diamond Like Carbon)

3D design
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Gas Purification

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

600 mbar He+10% CH4 without contaminant filtering 600 mbar He+10% CH4 with contaminant filtering

1.49 keV  
Al Fluorescence

5.9 keV  
55Fe

9310 ADU 
8.9% (σ)

4620 ADU 
22.4% (σ)

1.49 keV  
Al Fluorescence

5.9 keV  
55Fe

 Contaminants: O2, H2O, electronegative gases 
 Filtering with: Getter, Oxysorb 
 Filtering in a gas re-circulation system 

 SAES MicroTorr Purifier (MC700 902-F) 
 Incorporated with Residual Gas Analyser 

 Improved filtering efficiency in large sphere 
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Laser Calibrations

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter
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Parallel photo-detector 
to tag laser events

Common DAQ for timing 
analysis between two channel

Tunable transmission 
to control the mean 
number of electrons

A powerful UV laser capable of 
extracting 100s of electrons

Phys. Rev. D 99, 102003 (2019)

 213 nm laser used to extract primary electrons from detector wall 
 Photo-detector in parallel tags events and monitors laser power 
 Laser intensity can be tuned to extract 1 to 100 photo-electrons
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Modelling Single Electron Response

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

 N photo-electrons are extracted from the surface of the sphere: Poisson 
 Each photo-electron creates S avalanche electrons 
 Sum the contributions of all N photo-electrons: Nth convolution of Polya 
 The overall response is convolved with a Gaussian to model baseline noise

● N photo-electrons are 
extracted from the surface of 
the sphere: Poisson

● Each photo-electron creates 
S avalanche pairs:
Nth convolution of Polya

● Sum the contributions of all 
N photo-electrons

● The overall response is
convolved with a Gaussian to 
model baseline noiseLaser in pulsed mode fixed to a low intensity

Q. Arnaud et al. (NEWS-G Collaboration), Phys. Rev. D 99, 102003 (2019)

Fit results
θ = 0.09 ±0.02
<G> = 30.26 ± 0.21 ADU
χ2/ndf = 0.97



38

Measurements of gas properties

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

K-Shell: 2.82 keV
W = 27.6 eV/pair*
F = 0.19

L-Shell: 270 eV
W = 27.6 eV/pair
F = 0.26

Fit of 270 eV and 2.82 lines with
flat background

Phys. Rev. D 98, 103013 (2018)

*The W-value at 2.82 keV was calculated directly from <G> and fixed for this fit

 37Ar produced by irradiating Ca power with a high flux of fast neutrons 
 Together with laser calibrations, can find W (mean Ionization energy) with 1% 
precision for target gas, and set upper limits on F (Fano factor) 
 Detector response modelled: 

 Primary ionisation (COM-Poisson) 
 Avalanche (Polya)



  

Laser-induced peak

37Ar 2.82 keV peak

37Ar 2.82 keV peak

Before correction

After correction
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Detector Monitoring

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Physics runs are days-weeks long, response 
fluctuations induced by:  

 temperature/pressure changes 
 O2 contamination  
 sensor damage 
 … 

 37Ar calibrations 
 crucial information 
 can only be used at the end of a run 

 Laser system 
 detector response monitoring in physics runs
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The collection of ionisation electrons is then passed onto the drifting stage of the simulation.

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 31st October 2019 5 / 14
Simulation Software

Many software toolkits exist for the simulation of particle detectors:

Geant4 for the simulation of the passage of particles through matter [4]

Garfield++ for the simulation of gaseous particle detectors [5], further interfacing
to:

Heed for particle interactions [6]

ANSYS, a finite-element-method software, for electric field modelling [7]

Magboltz for gas transport parameter modelling [8]

The challenge: is it possible to combine the strengths of each toolkit within a single
framework?

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 28th October 2019 3 / 14
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Simulation: Geant4 and GarfieldBirmingham

Gaseous

Detectors

Laboratory

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Simulation Software

Many software toolkits exist for the simulation of particle detectors:

Geant4 for the simulation of the passage of particles through matter [4]

Garfield++ for the simulation of gaseous particle detectors [5], further interfacing
to:

Heed for particle interactions [6]

ANSYS, a finite-element-method software, for electric field modelling [7]

Magboltz for gas transport parameter modelling [8]

The challenge: is it possible to combine the strengths of each toolkit within a single
framework?

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 28th October 2019 3 / 14

Simulation Framework

Simulate detector in a Geant4 application, which
includes Garfield++ as a custom physics model
via the physics parameterisation feature [9]

Event generation has three main sections:

1 Primary ionisation (green)

2 Electron transport and avalanche (red)

3 Formation of the signal (blue)

Detector is initialised and ini-
tial particle is generated

Geant4 tracks particles and interactions

Electrons with energy <2 keV
are passed to Garfield++

Heed calculates further ionisa-
tion and d-electrons produced

Using the gas transport parame-
ters, ionisation electrons are trans-
ported up to the avalanche region

Electron avalanche is simulated

Ions and electrons produced in
avalanche drift in electric field, and

induced electric current is calculated

Signal is processed through elec-
tronics module to form pulse

Flow of an Event

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 28th October 2019 4 / 14

Inspired by: NIM A935 (2019) 121

IEEE-NSS 2019 R. Ward N-32-02 
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Simulation: Geant4 and GarfieldBirmingham

Gaseous

Detectors

Laboratory

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter
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Copper for SNOglobe

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

 Copper common material for rare event experiments 
 Strong enough to build gas vessels  
 No long-lived isotopes 

 Longest is 67Cu t1/2=62h 
 Low cost/Commercially available at high purity 

 4N Aurubis copper (99.99% pure) 
 Spun into two hemispheres 
 Hemispheres electron-beam welded together 

 Backgrounds in Copper 
 63Cu(n,⍺)60Co from fast neutrons 
 Minimise exposure to surface 

 Contaminants 
 U/Th decay chain traces 
 Deposited by 222Rn 5.5 MeV

6.0 MeV 7.7 MeV 5.3 MeV
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210Pb in SNOglobe Copper

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

 Typically, 238U/232Th measured directly by mass spectroscopy  
 Measured: ~10 µBq/kg (ICP-MS) 

 Recent development:  XIA UltraLo 
 measure 210Po decay α-particles → infer 210Pb activity 
 Confirmed 210Pb contamination by 222Rn in production 
 210Pb out of equilibrium: 29±10 (stat)+9-3 mBq/kg 

 dominant background

How the bulk signal looks like in alpha counter? 

• Alpha range in copper is ~10μm.
• Energy distribution is continuous.
• According to the MC estimate, events in 

2.5<E<4.8MeV come from 2<d<6um mainly 
(d: distance from alpha generation point to 
the copper surface.).

• Conversion factor from emissivity to bulk 
contamination is 249 (Bq/kg)/(alpha/cm2/hr) 
in 2.5<E<4.8MeV

Energy distribution (5.3MeV copper 
bulk alpha MC simulation)

Energy (MeV)

Measured region
210Po

α
α

210PoCopper

Ar gas
Surface event

bulk event

K. Kobayashi, LRT2017 6→ Background level corresponds to 1.4mBq/kg

Kobayashi LRT2017

5.5 MeV

6.0 MeV 7.7 MeV 5.3 MeV

XIA UltraLo-1800 
https://www.xia.com/ultralo-theory.html 
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Copper Electroplating

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Electroplating setup at LSM

 PNNL expertise in Cu electroforming 
 Detector inner surface electroplated  

 Plating continued for ~15days 
 ~500µm pure copper plated  
 Good surface quality achieved
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Copper Electroplating

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

 Suppress backgrounds from:  
 Bremsstrahlung X-rays from 210Pb  
 210Bi β-decays in copper 
 Geant4: background reduction from 4.58 to 1.96 dru for <1 keV 

 Copper deposition rate ~36 µm/day 
 Promising: fully underground electroformed detector 
 Electroformed copper <3mBq/kg



Ne+6%CH4
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SNOglobe: Physics Potential

K. Nikolopoulos / Geneva, 20 November 2019 / Search for light DM with a Spherical Proportional Counter

Assumptions 
Flat background (1.78 dru) 
Exposure 20 kg*days 
Energy window [14 eVee, 1 keVee] 
F=0.2, θ=0.12 
SRIM quenching factor

CH4

SNOglobe 
4N Aurubis Copper (99.99% pure) Ø130 cm



Common targets:
3He + n → 3H + p + 765 keV, σth= 5330 b

10B + n → 7Li* + 4He + 2310 keV, σth= 3840 
b
(7Li* → 7Li +480 keV)

Neutron absorption cross sections

Nitrogen as target:

14N + n → 14C + p + 625 keV, σth= 1.83 b 

14N + n → 11B + α - 159 keV

IEEE 2019, Manchester, Ioannis Katsioulas (i.katsioulas@bham.ac.uk) University of Birmingham

rays and the nuclear recoils. The fast neutrons are detected through
both the (n,p) and the n α( , ) reactions and appear to the right of the
thermal peak. The recoil nuclei, which are produced by the fast neutron
elastic scattering, appear in the region left (below 4000ADU) from the
thermal peak at lower energies.

The atmospheric neutrons have been also successfully measured
with pure N2 at 500 mbar. The thermal neutron peak and the fast
neutrons measured are presented in Fig. 5 after 16 h of acquisition.

4. Fast neutrons measured with 252Cf and 241Am-9Be
neutron sources and the wall effect

Long irradiation time measurements with Cf252 ( Bq6.4·104 ) and
Am Be−241 9 ( Bq6.0·104 ) neutron sources have been performed, to study

fast neutron detection. In Fig. 6(a) we present the measured energy
distribution of the events produced by the fast neutrons of the Cf252

source (Fig. 6(b). For the measurement, the detector was filled with
pure N2 at 400 mbar and a sensor with a silicon ball, 3 mm in diameter,
was used. The Cf252 neutrons have a distribution with a maximum close
to 1.4 MeV (Fig. 6(b)). In the energy range of the Cf252 neutrons, the
(n,p) reaction plays a dominant role (Fig. 3). In the energy spectrum
(Fig. 6(a)), we see the characteristic (n,p) cross section peaks and the
accumulation of signals at lower energies because of the wall effect ([9])
([10]). In order to measure the neutron energy, the produced particles
from both (n,p) and n α( , ) reactions must deposit all their energy in the
drift volume. If the reaction takes place close to the vessel wall, it is
possible for one of the charged particles or both of them to hit the wall
and to lose a part of their energy. This is known as the wall effect and
leads to wrong estimation of the neutron energy.

In Fig. 7(a) we present the measurements after irradiation by an
Am Be−241 9 neutron source. The sensor used was an mm8 − metallic

ball and pure N2 gas at 200 mbar pressure. Since the neutrons of an

Fig. 5. Atmospheric neutron detection with 500 mbar pure N2 gas, with a sensor of
3 mm in diameter and a high voltage of 6200 V. The measurements presented are (a) the
rise time as a function of the amplitude (b) the amplitude spectrum in ADC units. The
detection energy threshold was 75 keV and the rate in the 0.9–2.2 MeV region was
2.8 mHz. This rate is considered to be the total background rate (considering muon and
neutrons incduced events) for fast neutron measurements.

Fig. 6. (a) Measured energy spectrum after irradiation by fast neutrons from a Cf252

neutron source ( mm3 − sensor ball, N2 gas filling at 400 mbar). The (n,p) cross section
coincidence peaks appear in the measured energy deposition spectrum. (b) Cf252 source
neutron energy spectrum ([11]). Taking into account the activity of the source and its
position relative to the SPC, the efficiency was estimated to be ∼10−3.
(a) (b) Cf252 source neutron energy spectrum ([11]).

Fig. 7. (a) Measured energy spectrum after irradiation with fast neutrons from a
Am Be−241 9 source ( mm8 − sensor ball, N2 gas filling at 200 mbar). There is a

translation of the spectrum to lower energies because of the wall effect. (b)
Am Be−241 9 source neutron energy spectrum ([11]).

(a) (b) Am Be−241 9 source neutron energy spectrum ([11]).

E. Bougamont et al. Nuclear Instruments and Methods in Physics Research A 847 (2017) 10–14
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 Limiting Factors: 
 Wall effect 
 Sparking/Stability 
 Low pressure operation 
 Impurities 
 Charge collection efficiency
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 Neutrons: important background in DM searches 
 Identical signature to signal events 

 Few measurements at underground laboratories 
 3He-based detectors extremely expensive 

 Neutron spectroscopy with Spherical Proportional Counter 
 Using Nitrogen as gas 
 14N+n→14C+p + 625 keV 
 14N+n→11B+α - 159 keV 

 Initially demonstrated: 
 252Cf, 241Am9Be, ambient fast neutrons 
 Thermal neutrons  
 Operation at 0.2-0.5 bar  
 HV reached 6 kV NIM A847 (2017) 10

rays and the nuclear recoils. The fast neutrons are detected through
both the (n,p) and the n α( , ) reactions and appear to the right of the
thermal peak. The recoil nuclei, which are produced by the fast neutron
elastic scattering, appear in the region left (below 4000ADU) from the
thermal peak at lower energies.

The atmospheric neutrons have been also successfully measured
with pure N2 at 500 mbar. The thermal neutron peak and the fast
neutrons measured are presented in Fig. 5 after 16 h of acquisition.

4. Fast neutrons measured with 252Cf and 241Am-9Be
neutron sources and the wall effect

Long irradiation time measurements with Cf252 ( Bq6.4·104 ) and
Am Be−241 9 ( Bq6.0·104 ) neutron sources have been performed, to study

fast neutron detection. In Fig. 6(a) we present the measured energy
distribution of the events produced by the fast neutrons of the Cf252

source (Fig. 6(b). For the measurement, the detector was filled with
pure N2 at 400 mbar and a sensor with a silicon ball, 3 mm in diameter,
was used. The Cf252 neutrons have a distribution with a maximum close
to 1.4 MeV (Fig. 6(b)). In the energy range of the Cf252 neutrons, the
(n,p) reaction plays a dominant role (Fig. 3). In the energy spectrum
(Fig. 6(a)), we see the characteristic (n,p) cross section peaks and the
accumulation of signals at lower energies because of the wall effect ([9])
([10]). In order to measure the neutron energy, the produced particles
from both (n,p) and n α( , ) reactions must deposit all their energy in the
drift volume. If the reaction takes place close to the vessel wall, it is
possible for one of the charged particles or both of them to hit the wall
and to lose a part of their energy. This is known as the wall effect and
leads to wrong estimation of the neutron energy.

In Fig. 7(a) we present the measurements after irradiation by an
Am Be−241 9 neutron source. The sensor used was an mm8 − metallic

ball and pure N2 gas at 200 mbar pressure. Since the neutrons of an

Fig. 5. Atmospheric neutron detection with 500 mbar pure N2 gas, with a sensor of
3 mm in diameter and a high voltage of 6200 V. The measurements presented are (a) the
rise time as a function of the amplitude (b) the amplitude spectrum in ADC units. The
detection energy threshold was 75 keV and the rate in the 0.9–2.2 MeV region was
2.8 mHz. This rate is considered to be the total background rate (considering muon and
neutrons incduced events) for fast neutron measurements.

Fig. 6. (a) Measured energy spectrum after irradiation by fast neutrons from a Cf252

neutron source ( mm3 − sensor ball, N2 gas filling at 400 mbar). The (n,p) cross section
coincidence peaks appear in the measured energy deposition spectrum. (b) Cf252 source
neutron energy spectrum ([11]). Taking into account the activity of the source and its
position relative to the SPC, the efficiency was estimated to be ∼10−3.
(a) (b) Cf252 source neutron energy spectrum ([11]).

Fig. 7. (a) Measured energy spectrum after irradiation with fast neutrons from a
Am Be−241 9 source ( mm8 − sensor ball, N2 gas filling at 200 mbar). There is a

translation of the spectrum to lower energies because of the wall effect. (b)
Am Be−241 9 source neutron energy spectrum ([11]).

(a) (b) Am Be−241 9 source neutron energy spectrum ([11]).

E. Bougamont et al. Nuclear Instruments and Methods in Physics Research A 847 (2017) 10–14
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⌀140 cm vessel  
N2 at 200 mbar  
8 mm Ø anode

Progress in all fronts!

AmBe Spectrum

Measurement
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Neutron Beam

0.025 eV

Parameters 
Ø30cm vessel  
N2 at 300mbar 
Ø2mm anode

Neutron Beam

4 MeV

IEEE-NSS 2019 I. Katsioulas N-15-06 
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Wall Effect

Ballistic Deficit

IEEE-NSS 2019 I. Katsioulas N-15-06 



R&D at Birmingham

Setup at UoB
∅ vessel 30 cm 
Anode Ø 3 mm 
Saes MicroTorr Purifier

239Pu
5.155 MeV 241Am

5.486 MeV

244Cm
5.805 MeV

239Pu
5.155 MeV

241Am
5.486 MeV

244Cm
5.805 MeVAr:CH

4
(98:2) 

1000 mbar
N
2
 300 mbar

Calibration with a triple alpha source

Glass sensor
Goals:
❏ Operation at 1 - 2 bar 

❏ Minimisation of wall effect
❏ Larger target mass

❏ Calibration with mono-energetic neutrons
❏ Validation of simulations with measurements

IEEE 2019, Manchester, Ioannis Katsioulas (i.katsioulas@bham.ac.uk) University of Birmingham

R&D at Birmingham

Setup at UoB
∅ vessel 30 cm 
Anode Ø 3 mm 
Saes MicroTorr Purifier

239Pu
5.155 MeV 241Am

5.486 MeV

244Cm
5.805 MeV

239Pu
5.155 MeV

241Am
5.486 MeV

244Cm
5.805 MeVAr:CH

4
(98:2) 

1000 mbar
N
2
 300 mbar

Calibration with a triple alpha source

Glass sensor
Goals:
❏ Operation at 1 - 2 bar 

❏ Minimisation of wall effect
❏ Larger target mass

❏ Calibration with mono-energetic neutrons
❏ Validation of simulations with measurements

IEEE 2019, Manchester, Ioannis Katsioulas (i.katsioulas@bham.ac.uk) University of Birmingham
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Detector Configuration 
Ø30cm vessel  
Ø3mm anode 
SAES MicroTorr Purifier

 Aim to operate at 1-2 bar 
 Minimising wall effect 
 Larger target mass 

Calibraition with mono-energetic neutrons 
 Validation of simulations with measurements

Triple-α source calibration

Glass sensor

IEEE-NSS 2019 I. Katsioulas N-15-06 
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4 BACKGROUND SOURCES AND REDUCTION TECHNIQUES
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Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.)
for various underground laboratories hosting dark matter experiments. The e↵ective
depth is calculated using the parametrisation curve (thin line) from [162].

• Boulby Underground Laboratory [162] in UK

• Laboratori Nazionali del Gran Sasso (LNGS) [162] in Italy

• Laboratoire Souterrain de Modane (LSM) [167] in France

• Sanford Underground Research Facility (SURF) [162] in USA

• SNOLAB [162] in Canada

• Jin-Ping laboratory [168] in China

The flux of radiogenic neutrons can be reduced via material selection. Detector

materials with low uranium and thorium content give lower ↵- and spontaneous fission

rates. In addition, detector shielding can be used to reduce the external neutron flux

further. Often water or polyethylene layers are installed around the detector setup to

moderate the neutrons e↵ectively [169]. Active vetoes are designed to record interactions

of muons. The data acquired in the inner detector simultaneously to the muon event is

discarded in order to reduce the muon-induced neutron background. Plastic scintillator

plates are, for example, used for this purpose [161][170]. This can be improved further by

the use of water Cherenkov detectors [171][172] as they provide a higher muon tagging

e�ciency (full coverage), are e�cient in stopping neutrons and, for su�ciently large

thickness, the external gamma activity is also reduced. To tag directly the interactions

of neutrons, shielding using liquid scintillators can be used [173].

Finally, the analysis techniques described in the previous section can also be applied

to reduce the neutron background. The multiple scattering tagging is, for instance,

particularly e↵ective with growing size of targets. The fiducial volume selection can also

be used, however, it has a smaller e↵ect in the reduction of background for neutrons

than for gamma interactions because of the larger mean free path of neutrons.

20

~35 µ/m2/day
2800mwe

J.Phys. G43 (2016) 013001 
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 Installing a Ø30cm spherical proportional counter at Boulby 
 scheduled for first week of December 2019 

 Aim to measure neutron flux 
 thermal/fast neutrons 
 n/γ discrimination 

 This will allow comparison with earlier measurements 
 including energy information 
 methodology applicable to all other underground laboratories 

 Also perform instrumentation R&D at controlled environment



CH4

Ne+6%CH4

Preliminary
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Summary
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 NEWS-G searches for DM candidates with mass 0.1 – 10 GeV 
 First competitive results with gaseous detector 

 SNOglobe sensitivity to light DM 
 Lighter targets  
 Improved shielding/materials/procedure 
 Lower energy threshold 

 Sensor Development 
 Improved electric field uniformity 
 ACHINOS: electric field in large detectors 

 Improved gas quality: Getter, Recirculation, RGA  
 Improved calibration/monitoring: 37Ar, Laser 
 Neutron spectroscopy applications! 
 Many physics opportunities!

Astropart.Phys. 97 (2018) 54-62 

JINST 12 (2017) P12031 

JINST 13 (2018) P11006

R&D at Birmingham

Setup at UoB
∅ vessel 30 cm 
Anode Ø 3 mm 
Saes MicroTorr Purifier

239Pu
5.155 MeV 241Am

5.486 MeV

244Cm
5.805 MeV

239Pu
5.155 MeV

241Am
5.486 MeV

244Cm
5.805 MeVAr:CH

4
(98:2) 

1000 mbar
N
2
 300 mbar

Calibration with a triple alpha source

Glass sensor
Goals:
❏ Operation at 1 - 2 bar 

❏ Minimisation of wall effect
❏ Larger target mass

❏ Calibration with mono-energetic neutrons
❏ Validation of simulations with measurements

IEEE 2019, Manchester, Ioannis Katsioulas (i.katsioulas@bham.ac.uk) University of Birmingham
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Spin Independent couplings

New Experiments With Spheres
Search for WIMPs in the 100 MeV – 10 GeV mass range 

Motivation:
Non findings at:
•Passive experiments 
•LHC 

Method:
Direct detection using:
 
• A Novel spherical 
gaseous proportional 
counter

•Light gases as target (H, 
He, Ne) for a better 
projectile - target 
kinematical match

No m
an's land 

He
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Searching for light DM: Recoil Energy
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Recoil energy during DM scattering, ER: 

ER =

1

2

m�u
2 4m�mN

(m� +mN )

2

1 + cos ✓

2

<latexit sha1_base64="3BHlKcEBCZuuAqtJF4jrkrLGwxE="></latexit><latexit sha1_base64="3BHlKcEBCZuuAqtJF4jrkrLGwxE="></latexit><latexit sha1_base64="3BHlKcEBCZuuAqtJF4jrkrLGwxE="></latexit><latexit sha1_base64="3BHlKcEBCZuuAqtJF4jrkrLGwxE="></latexit>

Recoil	distributions	 	with	various	targets

He
He

Ge

NEWS-G
Ge	

Recoil	distributions	 	with	various	targets

He
He

Ge

NEWS-G
Ge	

max ER: head-on-collision and mχ=mN
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State of the art in Direct DM searches
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CDMSlite, 2018, Run 3, 36 kg-d

NEWS-G 2018

EDELWEISS-LM

CDEX-10, 2018, 102.8 kg-d

COSINE-100, 2018, 6300 kg-d

COUPP, 2012, flat efficiency model

SIMPLE, 2012, stage 1 & 2 merged

PICASSO C4F10, 2017, 231.4 kg-d

PICO-60, 2017, 1404 kg-d

XMASS, 2018

PandaX-II, 2017, 54 ton-d

LUX, 2019, Bremsstrahlung (Heavy scalar), 1.4e4 kg-d

ZEPLIN III, 2011, second science run, 1344kg-d

DAMIC I, 2016, 0.6 kg-d

TEXONO, 2013, 39.5 kg-d

DarkSide-50, 2018

DEAP-3600, 2017, 9.87 ton-d

CRESST-III, 2019, 3.64 kg-d

XENON1T, 2017, 1 t-yr

Neutrino background for a Xe target

arXiv:1904.00498
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Low Energy Capabilities
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5.9 keV
1.45 keV

8.0 keV

13.9 keV

SPC Φ 130 cm

Gas: Ar+2%CH
4

Detection of fluorescence 

X-rays
241Am -> 237Np+4He+ 5.6 MeV

    Lines

    Al  ->  1.45 keV

    Cu -> 13.93 keV
237Np -> 13.93 keV(Lα)

   17.60 keV(Lβ)

5.9 keV

SPC Φ 30 cm
Irradiation by an 55Fe 
source (5.9 keV)
Resolution (σ) <9%

1.45 keV

5.9 keV 8.0 keV

13.93 keV

E. Bougamont et al, Journal of Modern Physics, Vol. 3 No. 1, 2012, pp. 57-63. 

• Single electron detection
• Energy threshold < 50 eV

Low energy capabilities 

 Spherical Proportional Counter 130cm diameter  
 Ar + 2% CH4 

 Single Electron detection 
 Energy threshold < 50 eV 

 Tested with single electrons extracted from Copper with UV lamp

241Am →(237Np)* + 4He + 5.6 MeV

17.6 keV
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Astropart.Phys. 97 (2018) 54-62 

Am-Be source
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SEDINE: Data taking conditions
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 Target: Neon + 0.7% CH4 at 3.1 bar (282 gr) 
 Run time: Continuous data taking for 42.7 days 

 Exposure: 34.1 live-days x 0.282 kg =9.6 kg.days 
 Anode high voltage 2520 V, no sparks  

 Absolute Gain ~3000.  
 Loss of gain 4% throughout the period 

 Sealed mode, no recirculation.  
 Read-out: Canberra charge sensitive preamplifier 
(τRC=50 µs)  
 Calibration: 37Ar gaseous source,8 keV Cu 
fluorescence line, AmBe neutron source
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SEDINE: Background simulation
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Anticipated main backgrounds:  
Volume: Compton electrons  

 208Tl and  40K in the rock 
 238U, 232Th, and 60Co copper shell/shielding 

Surface: Radon decay products 
Chemical Cleaning (nitric acid) 

 >200eV: 180 mHz → ~2mHz 
 <200eV: 400 mHz → ~20mHz 

Pulse simulations include:  
Electric field (FEM)  
Diffusion (Magboltz)  
Avalanche process 
Signal induction  
Preamplifier response 
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SEDINE: Event Selection
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 Analysis threshold: 150 eVee (~720 eVnr) 
 100% trigger efficiency (threshold @ ~35 eVee) 
 Optimised Signal Region determined with  
Boosted Decision Tree (8 candidate masses) 
 1620 events selected in preliminary ROI 

 Failed BDT 
 Pass 0.5 GeV BDT: 15 events 
 Pass 16 GeV BDT: 123 events 
 Pass BDT for other masses


