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—Xpected WIMP-specitic signatures

- So far: we have seen that the recoil rate is energy dependent due to
® the kinematics of elastic WIMP-nucleus scattering
@® in combination with the WIMP velocity distribution

- However: due to the motion of the Earth with respect to the Galactic rest frame, the recoil rate is:

@ time and direction dependent

 We will now look at the time and directional effects
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Time dependance: introduction

e The Earth’s orbit about the Sun leads to a time dependance, specifically an annual modulation, in
the differential event rate:

® the Earth’s speed with respect to the Galactic rest frame is largest in summer when the
components of the Earth’s orbital velocity in the direction of solar motion is largest

® therefore the number of WIMPs with high (low) speeds in the detector rest frame is largest
(smallest) in summer

® consequently, the differential event rate has an annual modulation, with an expected peak in
summer and a minimum in winter

WIMP wind

v=~220 km/s

galactic plane

December

Drukier, Freese, Spergel, PRD 33,1986



Time dependance of the signal

 Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed, the amplitude of
the modulation is small (ve/vc ~ 0.07) and the differential event rate can be written to a first
approximation as:
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Annual modulation

- The speed distribution, f(v), and the differential signal in a detector depend on the halo model

- Here two cases: the SHM, and the extreme case of a stream (modelled after the Sagittarius stream, and
roughly orthogonal to the galactic plane with speed ~ 350 km/s)
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Residuals (cpd/kg/keV)

Annual modulation

DAMA/LIBRA: SciPost Phys. Proc. 12, 025 (2023)

Schumann, J. Phys G 46 103003 (2019)

CRESST-11I

- Observed in DAMA/LIBRA (13.7-sigma; 250 kg Nal, v,
2.86 tons-year, 22 annual cycles)
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Annual modulation

DAMA/LIBRA: SciPost Phys. Proc. 12, 025 (2023)

« Observed in DAMA/LIBRA (13.7-sigma; 250 kg Nal, 2.86 tons-year, 22 annual cycles)

* Origin is still unclear
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Annual modulation: an analysis issue?

- Problem: a modulation can be induced by the data analysis method (the observed annual modulation
can be reproduced by a slowly varying time-dependent background)

- However the obtained modulation phase is almost opposite to that of the DAMA/LIBRA data
W) Check for updates
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A global effort to solve the DAMA/LIBRA mystery
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Directional dependance of the signal

The Earth’s motion with respected to the Galactic rest frame produces a direction dependance of the recaoill
spectrum

The peak WIMP flux comes from the direction of the solar motion, which points towards the constellation Cygnus
Assuming a smooth WIMP distribution, the recoil rate is then peaked in the opposite direction
In the laboratory frame, this direction varies over the course of a sidereal day due to the Earth’s rotation

This effect can provide a robust signature for a Galactic origin of a WIMP signal
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B. Morgan, A. M. Green and N. J. C. Spooner, Phys. Rev. D71, p. 103507 (2005).



Directional dependance of the signal
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- The number of recoils along a particular direction in the lab frame will change over the course of a day
« No known background can mimic the signal

Fig. 2.  (left) The daily rotation of the Earth introduces a modulation in recoil angle, as measured
in the laboratory frame. (right) Magnitude of this daily modulation for seven lab-fixed directions,
specified as angles with respect to the Earth’s equatorial plane. The solid line corresponds to zero
degrees, and the dotted, dashed, and dash-dot lines correspond to £18°, £54° and £90°, with
negative angles falling above the zero degree line and positive angles below. The +90° directions
are co-aligned with the Earth’s rotation axis and therefore exhibit no daily modulation. This
calculation assumes a WIMP mass of 100 GeV and CS3z target gas. (from Ref. 13).
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Directional dependance of the signal

« The number of nuclear recoils along a particular direction in the laboratory frame will thus change over the course of a day

For the standard halo model, the direction dependance is given by:

E 2
d’R POOWN MN [(Uorb + Uc) COS 7Y — Umz’n}
— 5 €Xp | — 5
dFE rd cos~y Vo, 2mpym? o2
WIMP WIMP
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\\ o
S Phd
N\ e
N v e
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N Phd
. \\ 7 -
Vo Solar motion N L
. . . . - . \_—
= with ’y: angle between the recoil and the mean direction of solar motion ’y

- The event rate in the forward direction is expected to be roughly one order of Nuclear recoil
magnitude larger than the one on the backward direction; a detector capable of

measuring the nuclear recoil momentum vector in 3-D (the axis and direction of the

recoil, also called head-tail), with good angular resolution, needs a few tens of events
to distinguish a WIMP from an isotropic background
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Summary: Signal Characteristics of a WIMP

« A2 - dependence of rates
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Signal and Backgrounds

NRs: ERSs:
DM particles DM particles
-ast neutrons Backgrounds (y, [)
Neutrinos Neutrinos
Recoiling nucleus X gamma
v/c =7 X 104
Er ~ 10 keV

1
S

Electron

v/Cc = 0.3
gamma
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Quenching Factor and Discrimination

WIMPs, neutrons, neutrinos: scatter off nuclei

LDM, background sources (y, €), neutrinos: scatter off electrons

Detectors have a different response to NRs than to ERs

Quenching factor (QF) = describes the difference in the amount of visible energy (Evis) in a
detector for these two classes of events

® keVee = measured signal from an electron recoil

® keV, = measured signal from a nuclear recoil

¢ For nuclear recoil events:
Fis(keVee) = QF x Er(keV,)

« The two energy scales are calibrated with gamma & beta (3H, 57Co, 133Ba, 137Cs, 60Co, 220Rn,
etc) and neutron (AmBe, 252Cf, n-generators, etc) sources

17



Quenching Factor and Discrimination

« The quenching factor allows to distinguish between electron and nuclear recoils if two
simultaneous detection mechanisms are used
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Backgrounds in DM Detectors: Overview

» Muon-induced neutrons: NRs

» Cosmogenic activation of materials/targets (3H, 32Si, 60Co, 3%Ar): ERs
» Radioactivity of detector materials (n, v, a, e): NRs and ERs

» Target intrinsic isotopes (8°Kr, 222Rn, 136Xe, 3%Ar, etc): ERs

» Neutrinos (solar, atmospheric, DSNB): NRs and ERs

ERs

muon veto

neutron veto Mountain

NRs

19



BSackgrounds from cosmic rays

- Cosmic rays and secondary/tertiary particles: go underground

- Hadronic component (n, p): reduced by few meter water equivalent (m w. e.)

Flux of cosmic ray secondaries and
tertiary-produced neutrons in a typical Pb
shield vs shielding depth

Gerd Heusser, 1995
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BSackgrounds from cosmic rays

* Most problematic: muons and muon induced neutrons

® go deep underground, several laboratories, worldwide

Muon flux [cm™ s
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compiled by: R. Gaitskell



Backgrounds from cosmic rays

Aldo lanni, SciPost Phys. Proc. 12, 007 (2023) -

« Overview of underground laboratories

CallioLab, Finland

Boulby Underground
Laboratory, UK
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Backgrounds from radioactivity

- Radioactivity of surroundings

- Radioactivity of detector and shield materials

dN N = number of radioactive nuclei
« Remember: activity of a source A=—= - AN A = decay constant, T12 = In2/A=In2 T
dt [A] = Bq = 1 decay/s (1Ci = 3.7 x 1070
e Do you know? decays/s = A [1g pure 226Ra])

1. how much radioactivity (in Bq) is in your body? where from?
1. 4000 Bq from 14C, 4000 Bqg from 40K (e- + 400 1.4 MeV y + 8000 ve)

2. how many radon atoms escape per 1 m2 of ground, per s?

2. 7000 atoms/m2 s
3. how many plutonium atoms you find in 1 kg of soil?

3. 10 millions (transmutation of 238U by fast CR neutrons), soil: 1 - 3 mg U per kg

23



Backgrounds from radioactivity

« External, natural radioactivity: 238U, 238Th, 40K decays in rock and concrete walls of the laboratory
= mostly gammas and neutrons from (a,n) and fission reactions

- Radon decays in air:
@ passive shields: Pb against the gammas, polyethylene/water against neutrons
@ active shields: large water Cherenkov detectors or scintillators for gammas and neutrons

| — TWIN4 SOLO Cavern
s | — TWIN4 SOLO (0.9 kg—day) (TP Pb & Rn)
10" | — TWIN4 SOLO (39.6 kg—day) (less TP) E
N TWIN4 DBD (147.6 kg—day) ]
10"
10° |
= Ge detector
sl underground,
§101 ! no shield
=<
glo°
o
10 '
| Ge detector
oy u u \ | underground,
o2l | ’m m Pb shield and
P T P “l ML purge for Rn ® Example for an active shields

Energy [keV]



Backgrounds f

rom radioactivity

¢ Internal radioactivity:

. 238U, 238Th, 4OK, 13703, 6000, 39Ar, 85Kr,

and shields

decays in the detector materials, target medium

- Ultra-pure Ge spectrometers (as well as other methods) are used to screen the materials
before using them in a detector, down to parts-per-billion (ppb) (or lower) levels

Counts keV"' day”

10°

107

10°

XENON collaboration, arXiv:1503.07698v1

PMT sample
226Ra/228Th: HPGe detector
~1 mBqg/PMT background
4OK — 15x R11410-21
GOCO N — Background
/\ IR 208T]
10° E . o . 10 }I u I“L ‘“I " II L1 W 2 II JLIE N I 2500 I}

Energy [keV]



Cosmogenic backgrounds

- Activation of detector and other materials during production and transportation at the Earth’s surface

LB etal., Eur. Phys. J.C75 2015
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OFHC copper, pre-activation
OFHC copper, post-activation

10-6 5600 Afte r 54Mn

Copper - after 1y at the “top of Europe”

Differential rate [counts/(keV s)]

1000 Energy [keV]lSOO
Isotope Ty/2 [days] Copper: specific saturation activity at sea Jungfraujoch, 3454 m
This work level Agy [uBg/kg]
Measurement Calculations
Activia Cosmo
40S¢ 83.79 27t} 36 17
By 15.97 39112 34 36
Mn 312.12 154735 166 156
e 44.50 47119 49 50
30Co 77.24 108" {7 101 81
37Co 271.74 5191159 376 350
38Co 70.86 798152 656 632

0Co 1925.28 340752 304 297




Cosmogenic backgrounds

¢ Activation of detector and other materials during production and transportation at the Earth’s
surface. A precise calculation requires:

@ cosmic ray spectrum (varies with geomagnetic latitude)
@ cross section for the production of isotopes (only few are directly measured)
- production is dominated by (n,x) reactions (95%) and (p,x) reactions (5%)

Isotope Decay Half life Energy in Ge [keV] Activity [uBg/kg]
SH B 12.33 yr Emax(p-)=18.6 2
production PV EC 330d Ekmy=5 1.6
in Ge after
he Earth’
::[J:faece ertud > [ssFe EC 2.7 yr Ekn) =6 0.66

1yrstorage 570, EC 2792 d Exre)=6.4, E\=128 1.3
below ground

60Co B' 53 yr Emax(B-)=31 8, Ey=1 1 73,1 333 0.2
63N B 100 yr Emax(3)=67 0.009
65Zn EC, B+ 244 d EK(Cuw =9, E\=1125 9.2

68Ge EC 271d ExkGa = 10.4 172




Neutron Production Rate [n/s cm*”3]

Neutron backgrounds

[
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by elastically scattering from the target nuclei

the rates of neutrons from detector materials and rock are calculated taking into account the
exact material composition, the a energies and cross sections for (a,n) and fission reactions

and the measured U/Th contents

Example: neutrons from rock (238U)

Example: neutrons from poly shield (238U)
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Neutron backgrounds

« Comparison among different codes
Vitaly A. Kudryavtsey, et al., SciPost Phys. Proc. 12, 018 (2023)
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Neutrons: how can we distinguish them from WIMPs"

® mean free path of few cm (neutrons) versus 1010 m (WIMP)
@ if n-capture = distinctive signature (can be tagged with dedicated neutron vetoes)

@ Mmaterial dependence of differential recoil spectrum

@ time dependence of WIMP signal (if n-background is measured to be constant in time)

WIMP signal ~ A2
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Neutrino backgrounds

« Neutrino sources for DM detectors: solar, atmospheric, DSNB
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Neutrino backgrounds

* |nteractions: neutrino-electron and neutrino-nucleus scatters

—Rs

Ve +€ — Vyp+ e

Ve e~ Ve Ve
e Ve e e
Ve interactions: CC & NC

v, and vrinteractions: only via NC

(6, & 107* cm?, solar v have low energies and the CC
reactions involving v, and v are kinematically not allowed )

d 124 T G2 E’I"
O'(E ,E ) f 2mN 1 _ myn
dFE, 47

- T ) P ()

Qv = N — (1 - 4sin? 0.,)2
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Solar neutrinos

Event rate above threshold (ton-year")

8B neutrinos: NRs (CEVNS), ERs (elastic scattering)
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B. Dutta, E. Strigari, Annu. Rev. Nucl. Part. Sci. 2019
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Flux [cm™2s~1MeV~1]

Solar neutrinos

+6 %
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i i

i 1
107} _._‘ +12%
106 - i \‘: 8B

s AR
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10¢) rabil

i 1 ]
1031 i i hep
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102} | \
11_ 7 . Lol /I: : . T | .
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dd
=
dE
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Neutrino Energy [MeV]

Table 1 The characteristic values of the flux scales [50], their relative
uncertainties, the maximum neutrino energies, and the MSW-LMA v,
survival probability [51] used in this study

0; + m, — E)[(Q; + m, — E,)> — m2]2E?

Flux scale

N

Component @ (cm~2s7 1) o (%) 0(keV) P,
PP 5.98 x 1010 0.6 420 0.55
"Be 4.93 x 10° 6 862, 384 0.52
BN 2.78 x 108 15 1200 0.52
150 2.05 x 108 18 1732 0.50
pep 1.44 x 108 1 1442 0.50
dR d® o, do, .
—=N,|—| P, +(1-P,,) dE,
dT dE, dT dT
Maximum energy 24



Solar neutrino electron scattering

 Already starting to dominate the low-energy ER
background in liquid xenon detectors

* In LXe: ~ 365 events/(t y) from pp v and 140

events/(ty) from 'Be v

Example: XENONNT backgrounds, SRO

Component
214Pb
85Kr
Materials
Solarv
124X e
136 X e

Accidentals

(1,10) keV

56+7 Y-,
6+4
1613
25+2
2.6+0.3
8.7£0.3
0.7+0.03

2 -25

XENON collaboration, PRL 129, 2022

—_ BO _ 214Pb B 136Xe _ 124Xe . 83mKr
{ Data $Kr —— Solar» — Materials — 3Xe
50
40
3 I
s 30 I ]
£ ], i
2 20
o
g I
10 H I /\/\

O : Z AN —
2
e 0
_2 1 1 1 1 1 1
0 20 40 60 80 100 120 140
Energy [keV]
7/ /
Radon Removal System: Radon Removal System:
GXe-only mode GXe+1LXe mode
1.8 nBqg/kg XENON
Preliminary

0.8 uBg/kg

0.8 nBag/kg

37Ar calibration and removal
RRS improvements and restart

/ /
40 60 80 100 1207 340 360 380 400
Time since 01 July 2021 [d]

XENONNT: Rn concentration reduced for SR1
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Remarks on CEVNS

® Proposed almost 50 years ago (Daniel Z. Freedman PRD 9, March 1974)
® Observed by COHERENT (Csl, LAr & Ge detectors), 43 y later, with v's from nDAR
® Never observed on xenon & never observed using wild neutrinos

® For 8B solar neutrinos, the process is fully coherent (even for heavy nuclei)

6 0( N 2 M,A MDAR v energies

= G i « solar v energies

:|— SNs, FF=1
_ |— sNns
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>
=

—
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Figure by Kate
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lllllllllllllllllllllllllllllllllll 11111111
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Flux [ (cm?-s-MeV)™1]

Remarks on CEVNS

@ Sources: solar 8B and hep Vv's; core-collapse SN; DSNB and atmospheric v's
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Neutrino Energy [MeV]

X. Xiang et al., 2304.06142
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Solar neutrino-nucleus scattering

8B neutrinos dominate: serious background if the WIMP-nucleon cross section < 10-10 pb
« But: energy of nuclear recoils: <4 keV (heavy targets, Xe, | etc) to <30 keV in light targets (F, C)

L. E. Strigari, New J. Phys. 11 (2009) 10501 1
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Solar neutrino-nucleus scattering

 In LXe: ~99% of events expected < 4 keV NR energy 1 @
. - S~/
« Expect: 104 events/(200 t y) for 2-fold ST and 5 ne S2
7
- Background for light WIMPs
—— Atm+DSN Atm e DSN
—— Sol -~ 8B h
LZ, PRD 108, 2023  ventoens P
L o e B e B B B
102 NR
425+ E
101F ]
4.001 = [ Rates in 4 - 50 5
T 10 B —
Sank i 5 : keVnr energy range E 5
5 P = 1071E ® 9
N 350k |y g : =
2 — o 1072 © <&
% — 2 . Z =
— 325 /S — e O o
8 : _ 103 Z <
; B V S — (3 Decays & Det. ER L < &))
3.00+ i _ 10—4:
| keV.. 3 keV,. 5 keV,, 7 keVe
2751 | TR T SN TR NN SN SN SN S SN SO S SO S| | PR TR S AT TR TR ST S [ SO U ' 10_{)00
0 10 20 30 40 50 60 70 80 Recoil energy [keV] 39
Slc [phd]

*e.g., X. Xiang et al., PRD 108, 3923



Atmospheric neutrino-nucleus scattering

- Backgrounds for medium-heavy WIMPs

- But, exposures > few 100 t y are needed for 5-0 detection
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hep hep (NR)
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Photon signal, cS1 (phd)

Newstead, Lang, Strigari, PRD 104, 2021

40 60 80 100

120

40



he neutrino floor — fog

10_44 | "\I“I \I| | | | LN | | | LN | | 1T .
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he neutrino floor — fog

e Here shown for nuclear recoils (v floor as boundary to "v fog")

e Region where experiments leave the Poissonian regime”*

The "fog" for different targets
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he neutrino floor — fog

* Here shown for electronics recoils (v floor as boundary to "v fog") \‘X\

e Region where experiments leave the Poissonian regime”*

The "fog" for Si and Xe targets, for 2 mediators
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B. Carew at al, 2312.04303
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Overcoming the neutrino background

* Directional signature: Sun does not coincide with WIMP direction at any time

8B neutrino recoils WIMP recoils

1.6 - 3.3V

0-1.6 keV 3.3 -5 keV

Sep. 6"

Max. separation
between WIMP
and neutrinos

Feb. 26"

Min. separation
between WIMP
and neutrinos

0 100 200 300 400 O 5 10 15 20 0.01 0.02 0.03 0.04
CAJ O'Hare et a/ [1505.08061]




Galactic latit

Overcoming the neutrino background

« The incoming direction of WIMPs and solar neutrinos differs: this can be exploited to

overcome the solar "neutrino fog"

Fluorine recoils [8-50 keV/] September 6

Number of 8B events
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Directional Recoil Detection
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Towards the neutrino fog

® General goal: quieter detectors, with ER and NR backgrounds below the rates from
astrophysical neutrinos

101 materials, intrinsic etc

v-e scattering:
solar v's

WIMP: 50 GeV,
Oxn= 10'10 pb

radiogenic,
cosmogenic

O 10 20 30 40 50 60 70 80 90 100
Recoil Energy [keV]
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Direct

Detection Technigques: Overview

CsFg: PICO, Ge: CDEX

l

Heat
CaWO4:
Ge, Si: CRESST
SuperCDMS - Nal:
EDELWEISS WX COSINUS

Charge % Light

Si: DAMIC-M, SENSEI,

OSCURA, Ne: TREX-DM:;
He:SFq: CYGNUS, Ag, Br,

Xe: LZ, PandaX-4T, XENONRT,

C: NEWSdm H, He, Ne: DARWIN/XLZD, PandaX-xT

NEWS-G

Ar: DarkSide-50, SBC-LAr,
DarkSide-20k, Argo

Ar: DEAP-3600
Xe: XMASS

Nal: ANAIS
DAMA/LIBRA,
COSINE, SABRE

47



100 keV 1 MeV

Direct detection landscape

48

Dark Matter Particle-Electron Cross Section o, (pb)
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Scattering off electrons
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Direct detection landscape
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Here scattering off nuclei

Snowmass, Cosmic Frontier Report, arXiv: 2211.0997849
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