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INTRODUCTION TO DARK MATTER

AND DIRECT DETECTION




INTRODUGTION TO DARK MATTER DIREGT DETECTION

» Quick introduction to:
» The evidence for dark matter
« WIMP dark matter
 Direct detection signatures of dark matter

« (re) interpreting dark matter limits
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Fabio locco, Miguel Pato, and Gianfranco Bertone.
“‘Evidence for darkmatter in the inner Milky Way’.
In:Nature Phys.11 (2015), pp. 245-248.doi:10.1038/
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DIREGT DETEGTION

= Searches for dark matter
particles interacting directly
with a dark matter detector

= Energy deposited in the
detector target is deposited
into:

= Phonons (in crystals) or heat
= |onisation / charge
= Scintillation light

= Using more than one
observable can allow some
degree of discrimination
between different recoil types
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Teresa Marrodan Undagoitia and Ludwig Rauch.
“‘Dark matter direct-detection experiments”. In: J.
Phys. G43.1 (2016), p. 013001. DOI:

10.1088/0954-3899/43/1/013001.
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DETEGTING WIMP DARK
MATTER

= At galactic velocities, a WIMP
with typical weak-scale (GeV-
TeV) would deposit some to
tens of keV of nuclear recoil
energy

= For low recoil energies, the
WIMP scatters on the entire
nucleus— coherent scattering
boosts the rate by a factor A2

= Transferred energy is
maximised when the target
nucleus and the WIMP have the
same mass

XENON collaboration. "First results on the scalar WIMP-pion
coupling, using the XENON1T experiment." Physical review letters
122.7 (2019): 071301.
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DETEGTOR TECHNOLOGY
EXAMPLES
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Figures except SENSEI from: Marc Schumann. “Direct Detection of WIMP Dark Matter:
Concepts and Status”. In: J. Phys. G 46.10 (2019), p. 103003. doi: 10.1088/1361- 6471/
P Y (2019). P BUBBLE CHAMBER

ab2eab.
SENSEI illustration from https://sensei-skipper.github.io/#SkipperCCD
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A. H. Abdelhameed et al. (CRESST Collaboration). “Description of —
CRESST- Ill Data”. (May 2019). arXiv: 1905.07335

wuwilivau.

[Submitted on 17 May 2019 (v1), last revised 6 Apr 2020 (this version, v3)] ¢ PDF
Description of CRESST-III Data o Other formats

(license)
CRESST Collaboration: A. H. Abdelhameed, G. Angloher, P. Bauer, A. Bento, E. Bertoldo, C. Ancillary files (detailsy:
Bucci, L. Canonica, A. D'Addabbo, X. Defay, S. Di Lorenzo, A. Erb, F. v. Feilitzsch, S. e C3P1_DetA_AR.dat
Fichtinger, N. Ferreiro lachellini, A. Fuss, P. Gorla, D. Hauff, ). Jochum, A. Kinast, H. Kluck, = * gggi-g:ﬁ-g;ggg::;::—ga’y

- Depend|ng on the Complexrty H. Kraus, A. Langenkdmper, M. Mancuso, V. Mokina, E. Mondragon, A. Miinster, M. Olmi,  « C3p1 DetA cuteff.dat
e C3P1_DetA_eff AR_Ca.dat

T. Ortmann, C. Pagliarone, L. Pattavina, F. Petricca, W. Potzel, F. Probst, F. Reindl, J. Rothe,
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MAKING DIREGT DETEGTION
LIMITS REINTERPRET ABLE

= Spin-independent WIMP-
nucleon results from the three
big IXe TPCs (LUX, PandaX and
XENON1T) were computed
using unbinned likelihoods in
S$1, S2 and spatial dimensions

= Best-fit background and signal
events commonly provided—
often in a signal-like subregion.
Sometimes, the PDF evaluated
at each event is included as an
indication.

= Since experimental sensitivities
reach ~ 5 — 10 signal events,
smaller changes in signal
spectra will typically not have
large effects, and limits on
similar spectra may simply be
scaled up/down

= Effective field theory results
will have a complete set of
operators to match with

Nomalized Likelihood

Q. Wang et al. (PandaX-Il), Chin.
Phys. C 44, 125001 (2020),
2007.15469.

o8 D. S. Akerib et al. (LUX Collaboration). “Constraints

on Effective Field Theory Couplings Using 311.2

gl days of LUX Data”. In: (Feb. 2021). arXiv:

c T L L G
2 3 35 < 3 2

PROPOSED COMMON

D. Baxter et al. “Recommended conventions fo
reporting results from direct dark matte
searches”. In: (May 2021). arXiv: 2105.0059¢

REPORTING CONVENTIONS: [y
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LOWERING ENERGY THRESHOLDS FOR TWO-PHASE LIQUID
XENON TPGS

= Analyses aim to make further use of the
data taken by the previous generation
of detectors while all three
collaborations work to upgrade to multi-
ton fiducial masses.

= Lowering detector thresholds raise
background levels and challenges in
reconstructing signals, but may yield
significant increases in the expected
signal
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2-PHASE LIQUID XENON TPGS

= Currently provide the strongest
limits on spin-independent
WIMP-nucleon cross-sections
above 6 GeV/c"2

= Scintillation photons are
detected by top and bottom
photomultiplier arrays

= Electrons drift upwards in an
electric field to the surface of
the liquid xenon

= A stronger field extracts them
from the liquid and causes a
proportional scintillation signal

= Position and energy
information from the S1and S2
signals

A time
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LUX SEARGH WITH SINGLE-
PHOTON SCINTILLATION SIGNAL

= At the lower edge of
acceptance, two-phase IXe
TPCs are typically limited by
the prompt scintillation signal,
which may be just 1-3 photons
hitting a photomultiplier (PMT)

= Previous LUX analyses required
at least two PMTs to be hit:

= avoiding spurious events
where PMT dark-count
signals mimicked a one-
photon scintillation signal,

= 3.3 keV threshold

= New analysis uses double
photoelectron emission: a
genuine scintillation photon
has a probability of ~ 17 % to
liberate two photoelectrons
hitting a PMT

D. S. Akerib et al. (LUX Collaboration). “Extending light WIMP

searches to single scintillation photons in LUX”. In: Phys. Rev. D
101.4 (2020), p. 042001. doi: 10.1103/PhysRevD.101.042001.

phe / 10 (ns)

SN

[E—
AN oo O

SN

I
0.8
—_ S2
g
=0.4
2
a.
0.0
0.00 0.15 0.30
1 ohd drift time (ps)
p
N Y S W IR
0 10 20 30 40 50
drift time (us)
10° —
107! -
(0]
Q
<
O
Q
Q
<
10-3
= LUX 2013 - 1 phd search
=== LUX 2013 - original analysis
10-4

Energy (keV)

KNUT DUNDAS MORA | KNUT.DUNDAS.MORAA@COLUMBIA.EDU | PHENO 2021 | DIRECT DETECTION OF DARK MATTER

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

13


mailto:knut.dundas.moraa@columbia.edu
mailto:knut.dundas.moraa@columbia.edu

LUX SEARGH WITH SINGLE-
PHOTON SCINTILLATION SIGNAL

= Properties of dark-counts and
double-photoelectron signals
were studied with low-energy
ER events from tritiated
methane

= “Dark count” may be a
misnomer: Asymmetric single-
electron rates for top and
bottom PMT arrays indicate at
least some of the dark-count
originates in the TPC, possibly
fluorescence of TPC walls

= No double-emission signal was
observed when studying single-
photon signals not associated
with events

= Studying PMT pulses from
small events gave a sample of
real scintillation photons, and
the mean fraction of double-
emission events was measured
as 0.169 = 0.016. Individual
channels were fit separately in
the data analysis
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LUX SEARGH WITH SINGLE-
PHOTON SCINTILLATION SIGNAL

= Six events observed with 5
expected, and analysed
counting within regions
optimised per WIMP mass.

= With improved low-energy
acceptance, the new limits
reach 2.5 keV

= The probability of a double
electron emission depends on
photomultiplier technology—
LZ and XENONNT will both use
PMTs with a somewhat higher
( ~ 23 %) double photoelectron
probability

D. S. Akerib et al. (LUX Collaboration). “Extending light WIMP

searches to single scintillation photons in LUX”. In: Phys. Rev. D
101.4 (2020), p. 042001. doi: 10.1103/PhysRevD.101.042001.
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XENONITT CELN'S SEARCH o

= Neutrinos tick all the boxes of

the WIMP acronym, and <
astrophysical neutrinos will 9, 10743 - 02
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—_
(e
o

from dark matter scattering g 10751

[
(en)
N

= The first spectrum expected to
be observed is coherent elastic
scattering of solar 8B neutrinos,
which have a recoil spectrum
nearl ingistinguishable from a
6 GeV/c“WIMP with cross-
section ~ 2 X 10™*cm

222
[reak-uo0}] amsodxy

10—47

10~

10—49

SI WIMP-nucleon cross sectio

10—50

: 1 2 3 4
XENONIT SI WIMP v o 10 10

= Right at the lower threshold of
WIMP mass, 1, [GeV]

the signals the standard WIMP

search reached Mass (ton) 1.3
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LOWERING THE XENON1T
ENERGY THRESHOLD

= demanding two PMTs hit within
50ns (the standard analysis
requires 3)

= |ower the S2 threshold from
200 to 120 PE

= 5% acceptance edge reduced
from 2.6 to 1.6 keV, and 50-fold
increase in signal rate— expect
to observe 2.25 8B neutrino
interactions

= New discrimination variables
reduced the accidental
coincidence background to 5
expected events

= Low discovery power: ~ 20 %
for a 30 excess

E. Aprile et al. (XENON Collaboration). “Search for Coherent
Elastic Scattering of Solar 8B Neutrinos in the XENON1T Dark

Matter Experiment”. In: Phys. Rev. Lett. 126 (2021), p. 091301.
doi: 10.1103/ PhysRevLett.126.091301.
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XENONIT CEIN'S SEARGH
RESULT

= Best fit: O 8B solar neutrino
events, and good agreement
with the background model.

= Xenon response parameters
are almost degenerate with the
solar neutrino flux, and
including external constraints
on one or more allows for
confidence intervals on the
others

= Limits on the neutrino flux
were also presented in terms
of non-standard neutrino-
quark interactions

= Alternately, the result can be
used to place limits on a WIMP
signal above the expected
neutrino flux— XENONA1T sets
new limits between 6 and 12
GeV/c2
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E. Aprile et al. (XENON Collaboration). “Search for Coherent Elastic Scattering of Solar

8B Neutrinos in the XENON1T Dark Matter Experiment”. In: Phys. Rev. Lett. 126
(2021), p. 091301. doi: 10.1103/ PhysRevLett.126.091301.
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DARK MATTER-ELEGTRON SGATTERING

 Single-charge sensitive detectors for electron scatter have

improved limits on dark matter-electron interactions (as well as
other interactions)

- At very low masses, electrons provide a better kinematically
matched target than nuclei, with limits reaching ~ MeV

 For e.g. TPCs, large background populations must typically be dealt

with, but analyses provide new constraints above ~ 10 MeV

KNUT DUNDAS MORA | KNUT.DUNDAS.MORAA@COLUMBIA.EDU | PHENO 2021 | DIRECT DETECTION OF DARK MATTER 19


mailto:knut.dundas.moraa@columbia.edu
mailto:knut.dundas.moraa@columbia.edu

SENSE

= Sensei uses Skipper silicone CCD
readout technology to repeatedly
sample the charge from each pixel

= WIth enough samples, it reaches
charge resolutions far below one
electron.

= A clear correlation between detector
shielding and the rate of single-
electron events indicates that the
“dark count” measured in these
CCDs before included an appreciable
environmental component

= Other known backgrounds include
noise when shifting charge
between pixels

= Record-low rate of single-¢~ with
semiconductors:

(450 = 50)/gramme — day

Liron Barak et al. (SENSEI Collaboration). “SENSEI:
Direct-Detection Results on sub-GeV Dark Matter from a

New Skipper-CCD”. In: Phys. Rev. Lett. 125.17 (2020), p.
171802. doi: 10.1103/PhysRevLett.125. 171802

Javier Tiffenberg et al. (SENSEI Collaboration). “Single-
electron and single-photon sensitivity with a silicon

Skipper CCD”. In:Phys. Rev. Lett.119.13(2017), p.
131802.d0i:10.1103/PhysRevLett.119.131802.
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SENSEISUB-Ge V DARK
MATTER SEARCH

| —— 1e cuts

[
(@)
[«

EI'I1Tm| IIIIImI IIIII|T|] IIIII|T|| Illllml IIIII|T|| Illllml_:

—e— Fit to 1e cuts

p—
(a)
(9,

—— 2e cuts

= 2 g X 24 days exposure with
purpose-made CCDs ~ 104 m
underground

[
(a)
i N

13111-¢

p—
(@)
w

p—
(a)
[\®]

= Energy thresholds; ~ 500 keV
for DM-¢~ scatterings, and
~ 1.2eV if the DM is absorbed
— the band gap of silicon

Pixels per 0.01 e bin
=
|||||u|| |||||u1] |||||m| |||||u|| |||||u|| |||||m|_-

[E—

= Analysis performed on events
in exposure with 1-4 electrons

= No 3 or 4-electron events EVENTS OBSERVED WITH
observed 1- AND 2-ELECTRON QUALITY CUTS

= Effective exposures of
1.38 g-day (1 ¢7) to
9.10 g-day (4 ¢~ cuts)
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DM-¢ LIMITS WITH TWO FORM-

FACTORS

7, [cm?]

e

DM-—e scattering
Fpu=1

DM-NUCLEON WITH
MIGDAL
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10—11 .

Dark photon DM
absorption

10-13
8 w
bﬁ 10—14
\"?_NOE‘O{ > -15
DM-N scattering N \XBNONIE - 10 ]
10-30 Migdal Effect -
Fpm=(am,/q)?
=311 R | R | R | P | —16
mpy [MeV]

my [eV]
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SUPERGDMS SINGLE-GHARGE
SENSITIVE RUN

= R&D run at surface: 1.2 g-days
using a silicon detector crystal
coupled to two transition edge
sensor phonon detectors

| | |
———  DM-search
55 1 GeV/e? 1/¢% 0-15% CT
——— Laser-calibration E

.
o
o

—
(=)
.

= Detector operated with a high
(100V) bias voltage

-
<,
~~

= Amplify small signals—
drifting charges in the high
field generates additional
phonons

—
A

—
—
)
o
z
=
&0
~—
~
&
z
-
<>

2

—
o

= charge resolution ~ 3 % of an
electron-hole pair

S
o

= Focused on 1-6 ¢~ signal region

Efficiency
o
(=2

' 1l '

200 300 400
Total phonon energy [eV]

=)
dh

D. W. Amaral et al. (SuperCDMS Collaboration). “Constraints on low-
mass, relic dark matter candidates from a surface-operated
SuperCDMS single-charge sensitive detector”. In: Phys. Rev. D 102.9
(2020), p. 091101. doi: 10.1103/PhysRevD.102.091101.
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DARK PHOTON
LIMITS
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DARK MATTER-ELECTRON
SGATTERING WITH PANDAX-I

= PandaX-Il performed an S2-only
search in a region
corresponding to
0.08 keV — 0.15 keV recoil

energies

= Without the scintillation flash,
information about the depth of
the interaction must be inferred
from other parameters such as
S2 signal width or shape

= The lowest-energy region
below the region of interest
(green box) is dominated by
single-electron events.

Xiaopeng Zhou et al. (PandaX-ll Collaboration). “A
search for solar ax- ions and anomalous neutrino

magnetic moment with the complete PandaX- |l data”.
In: (Aug. 2020). doi: 10.1088/0256-307X/38/1/011301.
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DARK MATTER-ELECTRON
SGATTERING WITH PANDAX-I o
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Xiaopeng Zhou et al. (PandaX-ll
Collaboration). “A search for solar ax- ions
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ELEGTRONIC REGOIL SEARGHES

= |Xe TPCs feature good energy

=5 Si8 F+ sS
N i ~ Er\ + MS

resolutions and low

{(\

Rate [a.u.]
>
.| L.Blinded for OvBp "

background rates to electronic

recoil signals such as from:

= Light dark matter scattering

_‘1¢4'\ ‘IIFII‘ 0.9 (:

0.92% “ 104/08?2 081 : ’:‘(TM%‘

onc

= Several other new physics

¥ 0.14%

models, such as axions or

(U(Er) — Et)/E: [%]  O(E)U(E,) [%]

dark phOtonS ST T L e T R LT 3000
Energy [keV]

XENON collaboration: “Energy resolution and linearity of XENON1T
in the MeV energy range” EurPhys.J.C 80 (2020) 8, 785, DOI: Eer ow — %Y (CS]_/gl —+ CSZb/gQ)

10.1140/epjc/s10052-020-8284-0
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EXGESS ELEGTRONIC REGOIL
EVENTS IN XENONTT

= (.65 tonne-year exposure,
between 1 and 210 keV
reconstructed energy

o
o o
(e) o

Events/keV
o~
()
o

= Background model and —— Best-fit
efficiency at low energies [ SRI1 220Rn data
validated with 220Rn calibration
data

= Best-fit background rate in
science data fit: 63 events /
tonne year keV

= Below 7keV, the science data
shows an excess of around 50
events

= Uniformly distributed inside
the detector

Events/(t-y-keV)

= No detectable time-variation

= Correspondingtoa ~ 30
statistical fluctuation

E. Aprile et al. (XENON Collaboration). “Excess electronic recoil
events in XENON1T”. In: Phys. Rev. D 102.7 (2020), p. 072004. doi:

10.1103/ PhysRevD.102.072004.

Energy [keV]
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POSSIBLE SOURGES OF THE
EXGESS

TRITIUM FIT

A 3H “signal” is favoured over the
background-only fit at 3.20c.

The best-fit 3H concentration of
(6.2+2)%10-25 3H/Xe , if in the form of
tritiated water, is expected to have
been purified as part of the filling
process

Events/(t-y-keV)

the XENONA1T light yield suggests a
too-low water concentration to
explain the rate.

Emanating and dissolved H,, if it is to
explain the rate, must be present at
“100 times the electronegative
impurity rate, but is not ruled out.

-

“ " 1. Above ground 2. Underground
production decay

r----
[y
o
&
—

37Ar produces a 2.8 keV peak, but
with a half-life (discounting
purification) of 35 days, it would
have to be replenished by a leak

& 3. Condensatio

TRITIUM
DISTILLATION

ESTIMATE

The upper limit on air leaks using Kr ey
is 0.9 l/y, while the required leak to O o g

explain the excess is >13 l/y Tim; [days]

-

’----J

Sl
SH/Xe [mol/mol]

3H Activity [pBg/tonne]

5. Purification

0;00 \600

A
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I I I y I I I I I
200 L —_— ?7BC ax?on L — W |
Fe axion —— 20 keV/c? ALP

—_ Jae = 5x10712 —— Primakoff axion
% n eff _ -6
38 300 g, = 1x10
S Jay = 2x1010 Gevl
£
g 200
-
)
5

100

OO 5 10 15 0 5 10 15 20 25 30

Energy [keV] Energy [keV]

SOLAR AXIONS: (SOLAR) NEUTRINO MAGNETIC BOSONIC DM:

Solar axions, boosted to keV energies may be MOMENT: Axion-like particles or

detected by XENONIT A magnetic moment is implied by dark photons may be
absorbed in the IXe

Axions may be produced in three channels, neutrinos being massive— if new

each scaling differently with three couplings | PRYSICS raises this magnetic moment, target, giving a
All three would create ERs in XENON1T it may cause an enhanced neutrino | monoenergetic ER signal

scattering rate
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INTERPRETING THE EXGESS
ASASOLARAXION

= A solar axion is preferred over
the background-only fit with a
significance of 3.4¢0

= An unconstrained tritium fit
reduces the excess significance
to 20

= The solar axion model depends
on couplings to electrons,
photons and nucleons, and the
confidence interval is
computed in the 3D volume of

Bae’ gaw Zan

= Stellar cooling constraints are
in tension with almost the
entire parameter space
favoured in this fit.
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PANDAX-Hl ELEGTRONIC
REGOIL SEARCH

= Searching for axion and
neutrino magnetic moment
signatures with 0.28 tonne-year
of data up to 25 keV

= PandaX-Il performed a tritium
calibration that gives them a
high-statistics sample of low-
energy ER calibration events

= However, some of this
tritiated methane remained
as a background in the
science search

Xiaopeng Zhou et al. (PandaX-ll Collaboration). “A search for
solar axions and anomalous neutrino magnetic moment with the

complete PandaX- Il data”. In: Chinese Phys. Lett. 38
011301(Aug. 2020). doi: 10.1088/0256-307X/38/1/011301.
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— Tuned NEST model
t§§§§1 lo band of model

+ T1 tritium data
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4 Data —Total fitted — Flat ER
+ — 8Kr — Tritium — 2"Xe

— 136Xe 4+ accidental 4+ neutron

_+_-- XENONI1T ABC axion

PANDAX-Hl ELEGTRONIC
REGOIL SEARCH

= At the lowest energies, the
PandaX-Il electronic recoil
background is dominated by
85Kr events,

= Best-fit flat background rate in
science data fit: ~ 100 events /
tonne year keV

= Best-fit signal of 15.8 events
within 1o of both 0-signal and
the XENONA1T best-fit,

= |imits set on both the neutrino
anomalous magnetic moment
and g.. also compatible with

XENONAIT _ v ANOMALOUS
: MAGNETIC
MOMENT

= |n the plot to the right, the 127Xe
activation line is prominent, is
only present in one of four
science runs

KNUT DUNDAS MORA | KNUT.DUNDAS.MORAAG


mailto:knut.dundas.moraa@columbia.edu
mailto:knut.dundas.moraa@columbia.edu

SUPERGOMS ALP AND DARK
PHOTON GONSTRAINTS

= Germanium crystals with
interleaved charge and phonon
sensors (iZIP) allow ER/NR
discrimination, surface
rejection and a higher energy
range

Efficiency

= Data also taken using higher
bias voltages (CDMSlite) to
lower the threshold of modules

= Combined, the analysis covers
40 eV — 500 keV

)
Q
=
(<V]
- pu—
=
=
Sa]

= New cut definition and
efficiency measurements:

= Extending CDMSlite
efficiency to 30 keV

= Selecting ER (rather than
NR) events for the iZIPs, and
altering the fiducial volume
cut to use charge only
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T. Aralis et al. (SuperCDMS Collaboration). “Constraints on
dark pho- tons and axionlike particles from the SuperCDMS
Soudan experiment”. In: Phys. Rev. D 101.5 (2020). [Erratum:
Phys.Rev.D 103, 039901 (2021)], p. 052008. doi: 10.1103/
PhysRevD.101.052008.
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ALP DARK MATTER LIMITS DARK PHOTON LIMITS
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SUMMARY

== two-phase TPC results are improving
analysis as the next generation is
being constructed and commissioned

== CDMS and Sensei both published
single-electron-counting results from

a low exposure ahead of larger
ABC axion
57Fe axion

Primakoff axion

science runs

The ER excess will be tested by new

Events/(t-y-keV)

detectors with high power in the

coming years

Energy [keV]
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