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But first… 
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Gravitational Waves 

See talk by Tessa Baker!
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For DM emulator theories:

•  Ordinary matter couples to a metric that effectively includes DM
•  GW couple to a metric that only includes baryonic matter

Light experiences Shapiro delay (gravity slows light) dependent on 
the total amount of mass.

8 

Gravitational Waves Physics World

In MOG, there’s only one metric, so survives…

See talk by Tessa Baker!
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Indirect Searches
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à Look for imprints of dark 
matter on the energy 
spectra or spatial 
distribution of gamma-ray 
photons or charged cosmic 
rays. 

Dark matter candidates (e.g. WIMPs) are predicted to annihilate or 
decay to Standard Model particles, leaving distinctive signatures in 
γ-rays, neutrinos, positrons, antiprotons, or even antinuclei. 

A few recent highlights…
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X-ray 

•  Line at 3.5 keV reported by XMM-Newton and Chandra 
•  Stacked data from clusters of galaxies, Perseus cluster, 

Andromeda galaxy, Galactic center (Bulbul et al, arXiv:
1402.2301; ApJ 789:13, Boyarsky et al, arXiv:1402.4119).

Bulbul et al, ApJ, 789,:13 (2014); arXiv: 1402.2301
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X-ray 

New data from Hitomi/Astro-H’s very brief observation…
•  Better spectral resolution

Hitomi Collaboraiton: ApJ, 837, L15 (2017); arXiv: 1607.07420
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X-ray 

Hitomi Collaboraiton: ApJ, 837, L15 (2017); arXiv: 1607.07420

New data from Hitomi/Astro-H’s very brief observation…
•  Better spectral resolution
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Galactic centre excess 

•  Goodenough and Hooper (arXiv:0910.2998.) 
•  More recent analyses also find an excess… (e.g. arXiv:1711.04778)
•  But… There are limitations in all interstellar emission models (e.g., 

cylindrical symmetry, the gas distribution, interplay with point sources)
•  …and the GC excess is only a small fraction of the total observed 

emission (~5-10% in a 15ox15o region)
•  ‘Consistent’ with 50 GeV WIMP annihilations to b-quarks
•  Astrophysical sources not ruled out (e.g. O(100) x millisecond pulsars… 

SKA may be crucial here)
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•  2008 – PAMELA reports excess of high 
energy positrons. Confirmed by AMS-02; &+

High energy positron excess 



Alex Murphy – HEP FORUM – Cosener’s House – 29 Nov 2017 

•  2008 – PAMELA reports excess of high 
energy positrons. Confirmed by AMS-02; &+

High energy positron excess 

W Xu Lepton-Photon2017But is this due to Geminga 
& PSR B0656+14) or DM?  
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•  2008 – PAMELA reports excess of high 
energy positrons. Confirmed by AMS-02; &+

High energy positron excess 

W Xu Lepton-Photon2017
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But why wait till 2024…?
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But why wait till 2024…?

High Altitude Water Cherenkov (HAWC) Gamma‐Ray 
Observatory (And Electron Diffusion near Geminga)
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17/11/17

Hooper et al: “…positron fluxes ARE due to pulsars…”

HAWC: “… It’s not due to these pulsars – the surrounding dust 
is too thick to allow the positrons to propagate to Earth…”

17/11/17

Why wait till 2024…?
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Dwarf Spheroidal searches 
•  Very DM dominated systems – clean from many systematics and 

backgrounds
•  Search for a signal in 25 dwarf spheroidal galaxies, 6 years of Fermi 

LAT data (PRL 115, 231301 (2015))

➡ No significant 
emission found

•  Constrains DM 
explanation for 
galactic centre 
excess

•  (Again, there are 
plenty of 
astrophysical 
caveats)
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Indirect Searches: Summary
Several intriguing hints of potential signals 
have been claimed, e.g. in x-rays, gamma 

rays, leptons…

Conventional astrophysics backgrounds 
remain a limitation – but are being addressed

There is a strong complementarity of indirect 
searches, and a complementary to direct & 

accelerator searches
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Direct Searches
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•  A necessary evil…   

•  Vastly reduces muons 

The rest can be can vetoed in anti-

coincidence shield, but secondary 

products may be an issue 

•  Cosmogenics  
May require underground material 

production or purification 

•  Remaining laboratory n/γ fluxes  

Depend on local geology, 
geometry 

Canfranc

Stawell

Underground labs 
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arXiv:1509.02910

Modelling muon fluxes and impacts 
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A near fanatical devotion to…

More than just depth, direct dark matter searches require…. 
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…removing sources of radiation”

A near fanatical devotion to…

More than just depth, direct dark matter searches require…. 
 



Alex Murphy – HEP FORUM – Cosener’s House – 29 Nov 2017 

Cleanliness… cleanliness… cleanliness… 

•  Laboratory background 
measurements 

•  Materials assays  
•  HPGe screening (e.g. BUGS 

suite @ Boulby)  
•  ICPMS  
•  neutron activation  
•  radon emanation, plateout  

•  Materials cleaning 
•  Modifying manufacture… 

•  Deep involvement in 
manufacture (e.g. LZ titanium) 

•  Underground manufacture (e.g. 
electroformed Cu for Majorana 
demonstrator) 

•  Radon purging 
•  Target purification, Kr removal… 
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Improved surface effects 
Improve volume effects 
Improve scalability 

Following Araujo

Scintillation

Phonon/Heat Ionisation
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Improved surface effects 
Improve volume effects 
Improve scalability 

Improve resolution
Lower threshold
Reduce noise

Following Araujo

Scintillation

Phonon/Heat Ionisation
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Scintillation

Phonon/Heat Ionisation

Ionisation Detectors 
Targets: Ge, Si, CS2, CdTe 
CoGeNT, CDEX, D3, DAMIC, 
DRIFT, DM-TPC, GENIUS, 
IGEX, MIMAC, NEWAGE, 
NEWS, TREX 

Light & Ionisation 
Detectors Targets: Xe, Ar  
ArDM, Argo, LUX, WARP, 
DarkSide, DARWIN, Panda-
X, XENON-100, XENON-1T, 
(ZEPLIN), LZ, XENON-nT 

Scintillators 
Targets: NaI, Xe, Ar 
ANAIS, MiniCLEAN, DAMA, 
DEAP-3600, DM-ICE, 
KIMS, LIBRA, PICOLON, (NAIAD), 
SABRE, XMASS, (ZEPLIN-I) 

Light & Heat 
Bolometers 
Targets: CaWO4, BGO, 
Al2O3 
(CRESST), ROSEBUD 
cryogenic

Bubbles & Droplets 
CF3Br, CF3I, C3F8, C4F10 
COUPP, PICASSO, PICO, SIMPLE 

Bolometers 
Targets: Ge, Si, Al2O3, TeO2 
CRESST-I, CUORE, CUORICINO 

Heat & Ionisation 
Bolometers Targets: Ge,Si 
CDMS, (EDELWEISS) 
SuperCDMS, (EURECA) 

Following Araujo

Light & bubbles 
Xe
arXiv:1702.08861
[PRL 118, 231301]
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Rapid progress – faster than exponential! 
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The first two-phase liquid xenon TPC! 
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The first two-phase liquid xenon TPC! 

ZEPLIN-II 
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World status - SI 

LUX
370 kg
~100 kg fiducial

XENON-1T
2000 kg
~1042 kg fiducial

PandaX-II
580 kg
~300 kg fiducial
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World status - SI 

LUX XENON-1T PandaX-II
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World status - SD 
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World status – Axions/ALPs 

ALP mass (keV/c2)

QCD axions emitted from the Sun Galactic DM ALPs 

Electron-recoil signatures

More to come soon…!
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Not to mention… 

Ever improving understanding of xenon physics and instrument performance

Emphasise the huge 
contribution from 

LUX ER & NR 
calibrations! Wide 
energy range, high 

stat, low systematics!
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Near future 

•  LUX Completed operations in 2016

•  XENON-1T and PandaX-II are still running…

•  Anticipating major updates for ? DM2018@UCLA

XENON mid October….
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Near future… 

“Anomalous 
leakage events”

XENON-1T ‘First results…’

New run is at 
rather low 
electric field…
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What’s next for LXe TPCs? 

•  LUX removed… LUX-ZEPLIN under construction
• XENON-1T planning to upgrade to XENON-nT
• PandaX-II planning to upgrade to PandaX-4T 

10 T Xe, 7T active, 5.6T fiducial 4T sensitive

n ~ 7 
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UK focus…lz.ac.uk 

Skin PMT Validation
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Courtesy J. Monroe

Argon, single phase, large! SNOLAB
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Courtesy J. Monroe

First results:
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Courtesy J. Monroe
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DarkSide-50 
Two-phase argon
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Courtesy J. Monroe
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DarkSide-20k 
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PICO-60 
Bubble chamber, SNOLAB

Un-paired proton à strong SDp sensitivity
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PICO-500 
Bubble chamber, SNOLAB
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2013 2014 2015 2016 2017 2018 2019

CFI application
GW 1

GW 2aCFI approved US G2 decision

DOE/NSF proposals

CD 1

CAP 17  
Queen’s GW 2

CD 2/3
CD 4

Start of  
operation

Main construction phase

Schedule

HV

iZIP

Initial Payload:

T1: 6 Ge iZIP
T2: 4 Ge, 2 Si iZIP
T3: 4 Ge, 2 Si HV
T4: 4 Ge, 2 Si HV

6 detectors  
→ 1 tower

•  Charge & phonon signals
•  100 mm ø, 33 mm thick: 
•  Operated at 30 mK

SuperCDMS 
Planned for SNOLAB
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Technology Implementation Status Sensitivity CUTE

56 

DAMA

DAMA

LUX 2013

DEAP

CDMS II  2015
SuperCDMS LT 2014

Solar Neutrinos

Atmospheric Neutrinos

Si iZIP
G

e iZIP

LZ

XENON1T 2017

Longterm goal

SuperCDMS SNOLAB - W. Rau - TAUP 2017
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Exploit anisotropic recoil direction to 
uniquely confirm the DM signal 

•  DRIFT: Discovery of minority carrier capability (allows fiducialisation)
•  SF6: Negative Ion TPC ✓ minority carriers ✓ high F content ✓ +low A ✓
•  Working towards an array of 10 SF6 ~m3 modules 
   with ~keV threshold. 
•  New funded activities now in Italy, Australia, Japan.  
•  CYGNUS-KM vessel (Kobe/Japan) is built & used 
   to down-select readouts (use DUNE electronics?)  
•  The US now has some DOE money.   
•  Cooperation with MIMAC, France

Courtesy N. Spooner

arXiv:1604.04199

Directional Searches 
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NaI(Tl) tests of DAMA 
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A ‘different’ direct search 
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Not mentioned… CRESST-III

DAMIC

EDELWEISS

NEWS

CDEX

+ probably many more…

60 
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Huge progress over the past 2 decades. ~5 orders of magnitude in 
sensitivity, detector physics, low background physics

Expect major updates from DEAP3600, PandaX, XENON-1T… 
in ?February?

UK well placed with LUX-ZEPLIN & others    for next decade at least.
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EXTRA
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“4850 Feet Below: The Hunt for Dark Matter”
https://www.youtube.com/watch?v=YxMGWQMoR10

“Dark Matter Hunt with LUX-ZEPLIN (LZ)” 
https://www.youtube.com/watch?v=bKCsiK4ZZBY
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Indirect Searches
Decaying DM:

Example, O(TeV) DM candidate decays through a 
dimension-6 operator suppressed by the GUT scale. 

τ ~ MGUT
4 /mDM

5 ~ 1026 s. 

Take ρDM= 0.4 GeV/cm3 à
dN/dt = 10-4 s-1 m-2
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Liquid xenon TPC basics…
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ELiquid Xe

Gas Xe

Photomultiplier
Tube

Anode Grid

Cathode Grid

Two-Phase TPC basics 
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e-
e-
e-

e-e-

e-
e-e-

e-
S1 

Liquid Xenon TPC basics 
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top hit pattern:
x-y localization

:  z localisation
x

S2 
e-
e-
e-

e-e-

e-
e-e-

e-

Liquid Xenon TPC basics 


