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Dark Matter < evidence from gravitational effects @ many scales
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Dark Matter «— evidence from gravitational effects @ many scales

Galaxy rotation curves
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Direct Detection
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Direct searches for rare (<0.0001 /kg/day), low-energy (~keV) scattering of
thermal relics (e.g. galactic WIMPs)



Direct Detection: sensitivity drivers
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Direct detection requires detector with: large target + low threshold +
low background




Direct Detection: sensitivity drivers
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Direct Detection status: LXe

SI WIMP-nucleon cross section [cm?]
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Direct Detection status: LXe

ZEPLIN-II

XENON10 ZEPLIN-III XENON100 LUX PANDAX-II XENONAIT

N2 AN

31 kg 15 kg 12 kg 580 kg 2,000 kg
(7.2 kg) (5 kg) (7 kg) (362 kg) (1,042 kg)
2007 2007 2008 / 2010 2013 2016 2017
6.6x1043 cm? 8.8x10™** cm? 8.1x10% cm? / 3.4x10* cm? 3.4x10% cm? 2.5x10%% cm? 7.7x10%7 cm?

*disclaimer: will only show latest/leading results in more detalil



LUX @ SURF (USA)

WIMP-nucleon cross section [zb]

First results in 2013, decommissioning in 2018
o S.I. WIMP-nucleon constraints (Phys. Rev. Lett. 118, 021303 (2017)

o  S.D. WIMP-neutron constraints (Phys. Rev. Lett. 118, 251302 (2017)

Axions/ALPs results (Phys. Rev. Lett. 118, 261301 (2017)
Multiple analyses completed / ongoing (non-WIMP DM,

modulations, multiple-scatter, EFT, ...)

Novel techniques to extend to low mass: DPE, Migdel

Calibrations and light/charge yields
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PandaX @ Jin Ping (China)
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log, (S2/S1)

580 kg LXe TPC
Very first results were competitive with LUX

Rapid construction and deployment B 34 R | L

S.l. constraints: VB i NN Mo
o0 Phys. Rev. Lett. 119, 181302 (2017) ‘
® Science runs to be completed in 2019
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XENONIT @ Gran Sasso (Italy)

e 2 tonne LXe TPC (1.3 tonne FV)
® |Lowest BG rate to date

® World-leading limits on WIMP interactions

o S.I. WIMP-nucleon constraints: Phys. Rev. Lett. 121, 111302 (2018)
S.D. WIMP-neutron constraints: Phys. Rev. Lett. 122, 141301 (2019)

e + 4.4c observation of 2v DEC '**Xe [Nature 568 (20I9ﬁ
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Spin-dependent; XENON | T/PICO-60
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https://arxiv.org/pdf/1902.04031

Direct Detection status: LAr
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DarkSide-50 @ Gran Sasso (ltaly)

Amplitude [arb]
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50 kg LAr TPC

O Installed 2012

o 37 kg fiducial volume

o PSD with S1, S2 signals for position

o TPB wavelength shifter; ITO on quartz
as electrodes

Ar B-decay, | Bq/kg, Q-value ~550 keV

o First use of UAr (*’Ar depleted)

LAr feed /

Results in 2018: Spin-independent Eeas - T
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DEAP-3600 @ SNOLab (Canada)

Search for dark matter with a 231-day exposure of liquid argon using
DEAP-3600 at SNOLAB
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Single phase LAr, 3.6 Ton (I Ton fiducial)
‘Re-surfaced’ acrylic vessel; 255 8” PMTs

Pulse shape discrimination (PSD) for particle ID
x250 difference in scintillation time constants between
R4 NR st e
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Direct Detection status: low-mass

Cryogenic/novel
low-mass
techniques
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Super-CDMS @ SNOLab (Canada)

o |.4 kg Ge and 0.6 kg Si crystals

Readout S1 phonons

Electron propagation

® Phonons + charge

e Targeting <10 GeV/c? mass range

— Luke phonons

o Sensitivity to sub-GeV dark matter

e Bandgapin Geis 0.7 eV, Siis I.l eV — ! s Hole propagation
o Energy thresholds in tens of eV range

® Operation at SNOLab from 2020/2 1

Primary recoil phonons
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Novel techniques for low-mass searches

DS-50 S2-only [arxiv.org/1802.06994]  Recent XENONIT S2-only [arxiv.org/1907.11485
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https://arxiv.org/pdf/1811.11241.pdf
https://arxiv.org/abs/1901.03588

Novel techniques for low-mass searches

LUX low-mass using double photoelectron effect (DPE)

[arxiv.org/1907.06272]
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https://arxiv.org/pdf/1907.06272.pdf

Next generation (G2) — starting this/next year

LUX-ZEPLIN wacer tan
XENONNT

494 TPC-PMTs (253 top, 241 bottom)
+ 131 skin-PMTs

Neutron Calib. g:h“eg
Tub: external bY
tube:
7,000 kg 5,900 kg
250 k 580 k 2,000 kg (5600 kg) (4,000 ke)
g g . .
(100 kg) (362 kg) (1,042 kg) 2020 + 3 live years PandaX-4T 2019/20 + 5 live years
1.6x1048 cm? 1.6x1048 cm?
2013 2016 2017
3.4x10% cm? 2.5x10“ cm? 7.7x10% cm?

4000 kg (2800 kg)

2021(?) + 2 live years

6x1048 cm?

20



LZ @ SURF (USA)
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XENONNT @ Gran Sasso (Italy)
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Long term: Generation-3
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Long term: Generation-3

ARGO
300T LAr detector
1000 tonne.year exposure

SI WIMP-nucleon cross section [cm?]

107#
/1) g
1074
107
g

107

IIIIIII\ T T IIIIIII T T lllllll
\

. —— DarkSide-50
v ) \ o DEAP-36OO

pMSSM11
(MasterCode, 2017)

IR \ — LUX

v VA X
TR ‘. — PandaX-II
LSRN N
e O ~. XENONIT

WIMP mass [GeV/c?]

Down to the neutrino floor, 2025+

\‘ ‘\ ‘\ / Lxe-G3IDARWIN

50-100T LXe
200+ tonne.year exposure
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Features of Direct Detection that influence stats approach

e Exponentially falling signal dependent on threshold

e Fixed target with no opportunity to upgrade the beam...

e Ultimately background limited — follow will often require new experiment
e Tension between understanding detector/backgrounds and bias mitigation
e Any +ve signal will be re-interpreted many times

e High stakes and lots of competition

ZEPLIN-II XENON10 ZEPLIN-III
Sy

Increasing time

between results as

62 kg 250 kg 580 kg construction +

31kg 15kg 12 kg
(7.2 kg) (5 kg) (7 kg) (34 kg) (100 kg) (362 kg) (1,042 kg)
run-time increase
2007 2007 2008 / 2010 2013 2016 2017
e >

6.6x10** cm? 8.8x10“ cm? 8.1x10* cm? / 3.4x10% cm? 3.4x10 ¢cm? 2.5x10% ¢cm? 7.7x10% cm? 2 5



Test statistic choice

One-sided vs two sided . CLs
. .. . —S+B
o  One-sided 90% CL upper limit is natural counterpart to discover —Bonly
! — median ALT

test statistic
m Asking complementary questions
m How to avoid flip-flopping (Feldman & Cousins,
arxiv.org/9711021)

e If see signal, will want to characterise it! Pu gL
o Two-sided avoids flip-flopping but could conflict discovery p-value CLs = 1 =on
for b-only

>> p_mu: red area to the right of q_obs

Forcing over-coverage:

>> p_b: blue area to the /eft of q_obs
o CLs or power-constraining (Cowen et al, arxiv/1105.3166) (reference: p32-34 from )

Choice can shift reported limits by ~30%
CLs+b — CLs

Power constrained

---- Expected CLs - Median H up

. Expected CLs + 16
|:| Expocted CLs £2 6

median unconstrained limit
— — — — median + lo
--------------- observed unconstrained limit

LAY RN LA LAY RARRY RARNRRRAR RS

20 25

s 25 I
muSig muSig PC L

Courtesy of Ibles Olcina, Imperial arxiv/1105.3166 76



https://arxiv.org/abs/physics/9711021
https://arxiv.org/abs/1105.3166
http://pdg.lbl.gov/2014/reviews/rpp2014-rev-statistics.pdf

p-value for discovery

3-sigma, 5-sigmal...

-3

® Is 50 required? Depends on:

o0 Level of LEE effect
o0 Degree of surprise
o0 Unaccounted systematics

m Yields, backgrounds, discrimination — target/detector specific

L. Lyons, “Discovering the Significance of 50” arxiv.org/1310.1284

Search Degree of Impact LEE Systematics | Number
surprise of o
Higgs search Medium Very high Mass Medium 5
Single top No Low No No 3
SUSY Yes Very high Very large Yes 7
B, oscillations Medium/low Medium Am No 4
Neutrino oscillations Medium High sin?(20), Am? No 4
By — pup No Low/Medium No Medium 3
Pentaquark Yes High/very high | M, decay mode Medium 7
(9 — 2), anomaly Yes High No Yes 4
H spin # 0 Yes High No Medium 5
4" generation q,1,v Yes High M, mode No 6
Vi > C Enormous Enormous No Yes >8
Dark matter (direct) Medium High Medium Yes 5
Dark energy Yes Very high Strength Yes 5
Grav waves No High Enormous Yes 7

e In presence of CVvENS? G2 should see B


http://arxiv.org/pdf/1310.1284v1.pdf

What have some recent experiments done™

LUX: 2017 combined WS2013+WS2014-16 limit, PLR with CLs+b,
two-sided (not stated in paper), power constrained at -1c level,
nuisance parameters as gaussian constraints [arxiv/1608.07648]

PandaX-Il: 2017 54 tonne.day limit, PLR with standard TS (not clear if
one/two-sided), considered power constraint but not applied as close to -1

O, gaussian nuisance params [arxiv.org/1708.06917]

XENONIT: 2019 | tonne.year limit, + signal-like “safeguard” term, report

only upper limit if < 3o, discovery, blinding+salting [arxiv.org/1902.11297]

DEAP-3600: 2019 231-day exposure limit, 90% CL upper limit using
Highland-Cousins method [arxiv.org/1902.04048]

CRESST-III: 2019 limit, used Yellin optimum interval algorithm, no
background subtraction [arxiv.org/1904.00498]

* my understanding based on writeups


https://arxiv.org/pdf/1608.07648.pdf
https://arxiv.org/pdf/1708.06917.pdf
https://arxiv.org/pdf/1902.11297.pdf
https://arxiv.org/pdf/1902.04048.pdf
https://arxiv.org/abs/1904.00498

What have some recent experiments done™

SuperCDMS: sensitivity projection using an optimum interval calculation
[arxiv.org/1610.00006]

DarkSide-20k: sensitivity projections, not clear what was used

[arxiv.org/1707.08145]

XENONNT: sensitivity projections, PLR with one-sided TS, CLs,
gaussian nuisance params [arxiv.org/1512.07501]

LZ: sensitivity projections, PLR with one-sided TS, CLs+b, power
constraint at -l o, gaussian nuisance params [arxiv.org/1802.06039]

Plus others that I’'ve probably missed...

* my understanding based on writeups


https://arxiv.org/pdf/1610.00006.pdf
https://arxiv.org/pdf/1707.08145.pdf
https://arxiv.org/pdf/1512.07501.pdf
https://arxiv.org/pdf/1802.06039.pdf

Summary

Generation-2 experiments coming online soon:
o LZ and XENONNT under construction, ops. in 2020
DS-20k in 2022

o
o Super-CDMS from 2020/21
o + ..

+ opening up the field to ultra-light dark matter with new
technologies

Generation-3 R&D and planning for “ultimate” rare-event

search observatory started
o LXe-G3/DARWIN, ARGO, 2025+

Direct detection is high stakes game with unique challenges —
strong motivation for common statistics approach
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