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Abell 1689

 Evidence from gravitational interactions over many distance scales 
 Rotational curves (galaxies and galaxy clusters) 
 Gravitational lensing 
 Cosmology 

 Cosmic microwave background 
 Large scale structure formation 

 Big Bang Nucleosynthesis

Spiral Galaxy M33



4K. Nikolopoulos / 23 Feb 2023 / PhD opportunities in Dark Matter searches

 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

Abell 1689

Spiral Galaxy M33



4K. Nikolopoulos / 23 Feb 2023 / PhD opportunities in Dark Matter searches

 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

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
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �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

Abell 1689

Spiral Galaxy M33
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This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �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
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(1.2)
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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

No known particle fits the bill!

Abell 1689

Spiral Galaxy M33
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Direct Dark Matter detection
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Direct Dark Matter detection

 Handles to confirm possible signal
 Recoil energy distribution
 Seasonal flux variation

 DM velocity is season dependent
 Directional detection

 DM signal should point to Cygnus
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Landscape of Direct Detection searches

 Also constraints on spin-dependent proton/neutron-DM interactionsFigure 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

arXiv:2104.07634
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New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook



Argon Detectors

1,000 kg 

10000 kg 

ArDM   
    (1t, LSC) 

  Future:  
  ARGO  
  kt-scale 
     

10 kg 

100 kg 

DEAP-3600 (3.6t,  
                  SNOLAB) 

2010

2015

2020

      (50t, LNGS) 

100,000 kg 

Global Argon Dark Matter  
       Collaboration formed  

            DarkSide-20k

10,000 kg 

DarkSide-50  
    (50 kg,  
          LNGS) 

DarkSide-20k: observatory for dark matter and ν 
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DarkSide-20k

(1)(1)

Global Argon Dark Matter Collaboration:
11 countries
>100 institutions
>400 collaborators
INFN, CFI, NSF, DOE, STFC, IHEP, European Commission, Horizon 2020

50 tonne observatory for dark matter and neutrino physics, under construction at LNGS



9K. Nikolopoulos / 23 Feb 2023 / PhD opportunities in Dark Matter searches

DarkSide-20k

50 t liquid underground Ar (UAr) 
dark matter target, in a dual phase 
TPC. inside a 700 t liquid         
atmospheric Ar (AAr) outer detector

Two key innovations:

1. first large-scale use of large-area    
cryogenic Si photon detection          
modules (PDMs) instead of PMTs.

2. liquid AAr outer detector to veto the 
limiting background: neutrons

(1)

50t UAr 

700t 
AAr
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DarkSide-20k

50 t liquid underground Ar (UAr) 
dark matter target, in a dual phase 
TPC. inside a 700 t liquid         
atmospheric Ar (AAr) outer detector

Two key innovations:

1. first large-scale use of large-area    
cryogenic Si photon detection          
modules (PDMs) instead of PMTs.

2. liquid AAr outer detector to veto the 
limiting background: neutrons

(1)

50t UAr 

700t 
AAr

5 cm x 5 cm PDM 
tiled with SiPMs

20 cm x 20 cm  
Arrays of PDMs
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Photodetector Technology Development
Photon Sensors: low noise, high efficiency, tiled arrays of cryogenic Si sensors developed in 
collaboration with FBK, achieving >45% PDE and 1 mHz/mm2 dark noise

Charge[Arb. Units]

compared with:

>3x photon detection efficiency, 10x lower noise, >50x lower radiogenic backgrounds than PMTs,
+ finer granularity … potentially enabling tracking at at >few hundred keV 

Amaudruz, JM, et al. NIM A 922 (2019) 373 

Delivering
7 m2 of PDMs,
25% of total,
in the UK!



Photodetector Production in the UK



2. Expanded dark matter mass reach:
• low mass dark matter reach (below, left) — GeV mass range
• access to dark matter search in the Si target (below, right) — opens up MeV mass range
• sidereal modulation potential using the Si crystal target (Heikinheimo et al., Phys. Rev. D 99, 103018 (2019))

• SOLAIRE Preliminary Infrastructure bid to develop next-gen DarkSide-LowMass @ Boulby 

Physics Enabled by Next-Generation PDMs

1. Expanded dark matter cross section reach x10n suppression needed!

P. Agnes et al., arXiv:2209.01177 

… and more! (arXiv:2207.11966,arXiv:2207.11968, arXiv:2207.11967)



1) Nuclear recoil final states: 
-DS-50 data set with improved energy response 
modelling & systematics: 10x improvement in 
compelling GeV mass range!  (arXiv:2207.11966) 

2) Electronic recoil final states: 
-new constraints on vector, pseudoscalar, sterile 
neutrino DM candidates (arXiv:2207.11968) 

3) Interpretation including Migdal effect: 
-new nuclear shell model calculation, reaching 
sensitivity down to 40 MeV DM mass! 
(arXiv:2207.11967) 

…And Sensitivity to Searches for Dark Matter beyond WIMPs!

      Jocelyn Monroe                                                                                                                                                                                             Jan. 12, 2023 / p.11

1)

2)
3)
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STFC Interconnect at RAL

Pictures from:  John Lipp

DarkSide-UK operates two 
production sites — one here!

+ Automated die placement, glue deposition, bonding
+ Wire Bonding
+ Automated LCR testing
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DarkSide-UK PhD Project
PhD Studentship Tasks:

• Contribute to photosensor testing at STFC Interconnect Production site
• Participate in installation of UK photosensors on the DarkSide-20k detector, on-site at LNGS
• Develop DarkSide-20k dark matter search, with emphasis on single photon signals (building 

on photosensor testing work….)
• Get involved in R&D towards next-generation tiled SiPM array detectors!

Co-supervised by John Lipp (STFC Interconnect Head) and Jocelyn Monroe (DarkSide-UK PI 
and DarkSide-20k Deputy Spokesperson)

      Jocelyn Monroe                                                                                                                                                                                             Jan. 12, 2023 / p. 25

It’s a great team, with outstanding students!  This could be you…
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Spherical Proportional Counter
Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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Spherical Proportional Counter
Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
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Spherical Proportional Counter
Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
Capacitance independent of size: low electronic noise

 ACHINOS: Multi-anode sensor
Multiple anodes placed at equal radii
Decoupling drift and amplification fields
Opportunity: individual anode read-out

JINST 12 (2017) 12, P12031

3D printed ACHINOS with DLC coating

Resistive central electrode

11 spherical metallic anodes

Insulated wires

Support rod

JINST 15 (2020) 11, 11
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New Experiment With Spheres - Gas

11th collaboration meeting, August 2022

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook

 NEWS-G Collaboration
 5 countries
 10 institutes 
 ~40 collaborators

 Three underground laboratories
 SNOLAB
 Laboratoire Souterrain de Modane
 Boulby Underground Laboratory

 Significant UK leadership!
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11th collaboration meeting, August 2022

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook

 NEWS-G Collaboration
 5 countries
 10 institutes 
 ~40 collaborators

 Three underground laboratories
 SNOLAB
 Laboratoire Souterrain de Modane
 Boulby Underground Laboratory

 Significant UK leadership!PRELIMINARY (2022)

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook

 90% CL upper limits
 Exposure 0.12 kg·days
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DarkSPHERE at Boulby

DarkSPHERE

Water

3000
All dimensions in mm

2500

5 bar He:C4H10 (90%:10%)   
(27 kg target mass)
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DarkSPHERE PhD Project
 Construct and operate a prototype detector at Boulby 

 Contribute to the electroforming of miniDarkSPHERE 
 Characterise detector in terms of radiopurity 
 Commission and operate minDarkSPHERE 
 Extract first physics results! 

 The PhD student will be fully integrated in the NEWS-G Collaboration 
 Benefit from world class facilities and expertise!
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