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Recap: Low energy rare event searches

* Sensitivity of background free
experiments scale with exposure T

* Background dominated experiments

with VT

e Search for the needle in the haystack

* Current experiment expect rates

of ~20 ——

tonne x year

* Problem, we live in a radioactive
world: Detector
1

~ 1012
human tonne x year

Ovpp
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Underground laboratories

e Typical muon rate at sea level about
1 u/min/cm?

* Typical muon energies in the order of
~10 GeV

* Muons produce neutrons and activate

, Underground lab
detector materials! :

* Underground environment effective to
reduce Muon induced backgrounds

* Typical suppression by 5-7 order of
magnitudes Detector

Daniel Wenz Low backgrounds for rare event searches 3



Overview

Passive shielding layers such as Pb and
Cu help to shield from environmental
gammas

Plastics and water help to shield
neutrons from the laboratory cavern a

_ Underground lab
Active vetos such as water Cherenkov e

detectors help to also reduce p-induced

Passive Shielding

Active Vetos

backgrounds further.

Detector

Daniel Wenz Low backgrounds for rare event searches 4



Overview

Detector materials itself are a source

of backgrounds: Underground lab

y Ul Thl Kl col'" Passive ShlEldlng

Careful material screening is required Active Vetos

to reduce backgrounds:
 HPGe, ICP-MS, NAA,...

Cleaning and working in clean

Detector
. materials

environments is required to

reduce surface contaminations

Daniel Wenz Low backgrounds for rare event searches 5



Overview

Underground lab
What else can we do to E

- reduce the impact on
detector material

background?

Passive Shielding

Active Vetos

Detector
. materials

Daniel Wenz Low backgrounds for rare event searches 6



Overview

The detector is built, but what else

can we do? Underground lab
Be smart about your signal!

Exploit signal topologies. Passive Shielding

Active Vetos
Detector medium

Many small
modules

“Monolithic”
liquid

Daniel Wenz Low backgrounds for rare event searches 7



Overview

Underground lab
What else can we do to E

- reduce the impact on
detector material

background?

Passive Shielding

Active Vetos

Detector
. materials
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Detector materials

* Material backgrounds can be further mitigated by
adding additional active anti-coincidence vetos.

 Example XENONNT uses an additional water
Cherenkov detector to veto neutron background

i
\
[

Daniel Wenz Low backgrounds for rare event searches 9



Detector materials

* Material backgrounds can be further mitigated by
adding additional active anti-coincidence vetos.

 Example XENONNT uses an additional water
Cherenkov detector to veto neutron background

L3

W Y

* Neutron tagging via Cherenkov light of neutron
capture on hydrogen

=

- ; B
1
. P i ¥
II.-l\. B 5 3
Ll bl .
- = = a
& - -
—-—-“ﬂr‘:—--“ =
- -0

.___ 2.2 MeV gamma
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Detector materials

* Material backgrounds can be further mitigated by
adding additional active anti-coincidence vetos.

 Example XENONNT uses an additional water
Cherenkov detector to veto neutron background

* Neutron tagging via Cherenkov light of neutron
capture on hydrogen

* Loading water with Gd,SO,
* Will increase deposited energy to 8 MeV
* Reduce capture time due to large cross section

* Will increase resulting tagging efficiency from
about 50 % to about 90 %

Elena Aprile et al.,
(XENON Collaboration),
JCAP 11 (2020) 031

: ! Gd-n capture: Multiple
%, gammas with ~8 MeV
otaI energy

—

Daniel Wenz Low backgrounds for rare event searches 11
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Detector materials

* Calibration of active veto efficiency via an AmBe
alpha-neutron source

e Advantage emits in about 50 % of all cases an
addition 4.4 MeV gamma-ray

L3

W TR
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Detector materials

e Calibration of active veto efficiency via an AmBe | Reference Capture
alpha-neutron source 100 ] regon 3
2 G
* Advantage emits in about 50 % of all casesan = | g
addition 4.4 MeV gamma-ray g 1% S
g ¥ Preliminary
* Neutron tagging via Cherenkov light of n-H capture * 1015 : 1” 1 1 1 1H!
¢ Tagging EffiCienCy: (53 i 3)% (250 IJ-S WindOW) E 1()5 —-—“-”U—LU"U—W| ILONL I B O A (R = - - l:l IIH; 1l
* Detection efficiency: (82 + 1)% (600 ps g %] , i, S T S T S -
—-1000 -500 0 500 1000 1500 2000
H Thveto — Ts1 [1s]
window) ] ] . . .
Highest neutron detection Neutron veto calibration using tagged
efficiency ever measured in a neutrons from an AmBe neutron source

water Cherenkov detector!

Daniel Wenz Low backgrounds for rare event searches 13
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Detector materials

* Other experiments use other active anti-
coincidence vetos

e E.g. liquid scintillator by LZ, or LAr in Legend or

DarkSide Liquid argon g:tr;ncta;ium
* Ideais the same: If seen by both detector, itis a
background signal
\-Ray
Light

Barbeau, P. Natur

Daniel Wenz Low backgrounds for rare event searches 15



Detector materials

* Other experiments use other active anti-
coincidence vetos

e E.g. liquid scintillator by LZ, or LAr in Legend or
DarkSide

* In LEGEND light is collected by wavelength
shifting fibers onto silicon photomultipliers
(light sensors)

* Ideais the same: If seen by both detector, itis a
background signal

Taken from “LEGEND-1000 and the future of
neutrinoless-double beta decay search”
Stefan Schonerty —

Daniel Wenz Low backgrounds for rare event searches



Detector materials

* Other experiments use other active anti-
coincidence vetos

e E.g. liquid scintillator by LZ, or LAr in Legend or
DarkSide

* In LEGEND light is collected by wavelength
shifting fibers onto silicon photomultipliers
(light sensors)

* Ideais the same: If seen by both detector, itis a
background signal

* However, LAr itself has intrinsic radioactive
isotopes (3°Ar, 42Ar ) which contribute to the

detector background! Both 3°Ar and #2Ar are
produced from cosmogenic
activation
Daniel Wenz

nts / 5 keV

8 4000

All detectors - 103.7 kgyr
.| Priorto liquid argon veto

P Atfter liquid argon veto

——— 2vpp decay (T, =1.93 x 10°' yr) 40K

Compton events with energy
deposition in the LAr

Pure 2vpf spectrum
- ol after LAr signal
suppression

600

1000 1200

Taken from LEGEND-1000 and the future of neutrinoless
double beta decay search
Stefan Schoénert

Low backgrounds for rare event searches

42K

GERDA 20-08

Energy (keV)
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Overview

* Active veto systems can help to

further mitigate background signals Underground lab

via an anti-coincidence with the main

detector Passive Shielding

* The design of the veto detector varies Active Vetos

depending on the application.

Detector
. materials

Daniel Wenz Low backgrounds for rare event searches 18



Overview

Now we mitigated many different
source of backgrounds ranging from Underground lab
cosmogenic introduced background
to materials.

However, what is about our detector
medium itself?

Passive Shielding

Active Vetos

Detector medium

Many small
modules

“Monolithic”
liquid

Daniel Wenz Low backgrounds for rare event searches 19



Detector medium

Our detector media can also contain different isotopes producing background signals
* InArgon: ¥Art,,,~35d,3°Ar t,,,~ 268y, “*Ar t,,,~33y

* In Xenon: ¥7Xe (cosmogenic t,,~36 d), only 3°Kr and ??2Rn, as well as long-lived xenon isotopes

* In Germanium: ®3Ge (cosmogenic t,,~270 d)

Daniel Wenz Low backgrounds for rare event searches
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Detector medium

* 8Kr, anthropogenically produced in nuclear fission

85Kr
* Decays via f~ emission
514 keV
* Has a long half-life of about 10.8 years 99.57 %
e 2% 10711 85Ky jn natKr
e Commercial Xe: ™Kr/Xe > 10~° (ppb) Y
 Defined requirements in Qp = 687 keV
. XENONNT: "™Kr/Xe of 0.2 ppt (ppt=10~122%) How many atoms does this
mol” correspond to in 1 mol of xenon? v

 DARWIN/XLZD: : "atKr/Xe of 0.05 ppt 8Rb

Daniel Wenz Low backgrounds for rare event searches 21



Detector medium

85Kr, anthropogenically produced in nuclear fission

85Kr
* Decays via f~ emission
* Has a long half-life of about 10.8 years 99.57 % >14 kev
e 2 X 10711 85Ky jn natKr
e Commercial Xe: ™Kr/Xe > 10~° (ppb) Y
 Defined requirements in Qp = 687 keV
«  XENONNT: "tKr/Xe of 0.2 ppt (ppt=10—12 2—2:) 0.2 ppt = 2.4 8Kr atoms/mol |

« DARWIN/XLZD: : "tKr/Xe of 0.05 ppt 0.05 ppt ~ 1 3°Kr atom/10 mol xenon 85Rb

Good thing: Can only enter through air leaks and thus only need to
be removed ones.

Challenge: needs to be constantly monitored.
Daniel Wenz Low backgrounds for rare event searches 22



Krypton @-» @ o 9

Detector medium . o AR e o
Xe.non . .'M. 7o . .. © -
e Steps to measure krypton concentration in xenon gas: Pores material with large | ° ¥ L e
] i< taken f he d surface to volume ratio, o &2 24 N
Krypton + xenon mixture is taken from the detector e.g. charcoal. A X W

using a clean pipe with multiple volumes separated by

I Adsorbent Porous Material
vailves Xe + Kr

Mass

Gas Chromatography System
graphy oy Spectrometer

 The mixture is flushed with helium as carrier gas into
an absorption trap to separate krypton and xenon
using Van der Waals force.

Credit Robert Harmann,
Porous Adsorbent Matteo Guida, and

‘/ Hardy Simgen MPIK
Heidelberg

Kr
USing d rQSiduaI gaS analyzer (RGA) He ——p | I Gas Chromatography System s

Spectrometer

e MatKr concertation is measured by mass spectroscopy 196°C

Xe
Porous Adsorbent

</

-30°C

AN

Daniel Wenz Low backgrounds for iaic cveiic scarunies 23"




Detector medium

e Rare event particle physicists hate this isotope.

Daniel Wenz Low backgrounds for rare event searches
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Detector medium

e Rare event particle physicists hate this isotope. 238y daughter [ 99.27 %

Francium

* Daughters of 222Rn lead to multiple issues. Beta decays of 214Pb

produces background in

fiducial volume of liquid

noble DM detectors
Why are beta decays of 214Pb Polonium
for DM experiments a concern,
but not 214Bi and 21°Bj?

Bismuth

Why does only 21°Pb and B
its daughters play a role
for plate out?

années = years
jous = days

Gamma emission following
the decay leads to
background for OV
experiments using 136Xe

Plate out of 213Po on surfaces
leads to background signals
from 219Pb and daughters in

_ nearly every experiment
Daniel Wenz Low backgrounds for rare event searches 25



Detector medium

e Rare event particle physicists hate this isotope.
* Daughters of 22?Rn lead to multiple issues.
* Defined requirements in
e XENONNT: ~1 pBg/kg How many atoms does

this correspond toin 1
* DARWIN/XLZD: ~0.1 uBq/kg mol xenon?

e 222Rn emanates constantly from material surfaces.

* Reduce contamination through material selection,
mitigation and removal.

Figure kindly provided by Florian Jorg,
Giovanni Volta and Hardy Simgen

Daniel Wenz Low backgrounds for rare event searches
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Detector medium

e Rare event particle physicists hate this isotope.
* Daughters of 22?Rn lead to multiple issues.

* Defined requirements in

e XENONNT: ~1 uBq/kg =>» 1 atom in 16 mol xenon
(This corresponds to one drop of

* DARWIN/XLZD: ~0.1 uBqg/kg water in the Atlantic)

e 222Rn emanates constantly from material surfaces.

* Reduce contamination through material selection,

mitigation and removal.

Figure kindly provided by Florian Jorg,
Giovanni Volta and Hardy Simgen

Daniel Wenz Low backgrounds for rare event searches 27



Detector medium

All "prices"
in mBq of
radon emanation

. W Pl Cryostat Pipe ,"  Cable Feedthrough 1
mounted experiment: <oeing / (

* In XENONNT radon was sampled from different parts of
the experiment after mounting.

‘Rn-DST

s GXe
i I Filter
* To sample radon a certain section is first pumped s [ s (=a | Q

GX&PUﬁ\“aég“

before it is flushed with nitrogen as carrier gas

* Afterwards the nitrogen + radon mixture is extracted ..;---_;j_'_;j_‘}_'.'__'jif.%
through a cold trap to trap the radon in an adsorbent.

Filles Purmp

Wy Nater Tank/Muon Veto

Energy (keV)

Il

‘ £2— kot

o O 00
* In the last step the radon daughter ion 218Po is carried “
. . . . . gm"
using a different carrier gas into a PIN-diode to count 3
g 10
the daughters of the '8Po decay. detection %
volume (4l) E‘
Credit Florian Jorg and Dm-' 216p,
Hardy Simgen MPIK 212p;
Heidelberg L ol W I o s o e s s ¥
160 180 200 220 240 260 280 300 320 340
Energy channel (A.U.)
Daniel Wenz Low backgrounds for rare event searches 28



Detector medium

. . . 103 5
* How to reduce ???Rn in liquid noble gas detectors? ]
]o
= 3
e | I f i 18 = o
ncrease mass (VO ume-to-surrace ratlo) , | 3 = B a
1% 2 -
re__ U x S0 =z
~~e.. 3 £ 2 9 3%
— o.-""-. o 2 i [30]
o = <~ X x T
> 1 by ® [ o~-0_ =5 .
8 107 g f ¢ TaELL
3 ° 0 Ce
c o~ [ s
o g _ goal
i GXe extr. a
10° ; 5 5 @ GXeslxe extr 3
3 o X -
] e & Z 3
S < S @
x O &
600 atoms, 0. 25 pBq/kg a
10_1'; - = surface/volume: x'?3)/x 0.1 uBa/kg >
0t 102  10°  10% 10

LXe mass in active volume [kg]
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. What is the typical recoil
Detector mEdIU m energy of the 222Ra atom?

Unprotected . Coated
material surface : material surface

* How to reduce ???Rn in liquid noble gas detectors?

* Increase mass (volume-to-surface ratio) recoil
range
* Coat surfaces or build hermetically sealed TPC. Q\.\
* Coat surface for example with a copper layer O “ga
. nﬁRa : i
. . lorian J& ' Bulk material
 Prevents emanation of Radon from recoil of Php e Rate drop due to
226R3 decay 104 corrosion-of sample
T when removmg
. . 2
* Downside: Not all surfaces in a detector can 3 coating
: £ 10%
be easily coated s | 5
a i 4
‘8‘ :
£107! w' """""" -
Q -
©
D
g
ot

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
. Measurement time (days)
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Detector medium

* Cryogenic distillation exploits vapor pressure
difference of gases for a given temperature

* Krypton has a higher volatility (&« = 10.5 (@ -
100 °C) and thus accumulates more in the gas
phase

single distillation stage

ke
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Detector medium

Cryogenic distillation exploits vapor pressure
difference of gases for a given temperature

Krypton has a higher volatility (¢ = 10.5 (@ -
100 °C) and thus accumulates more in the gas
phase

By repeating we can gradually deplete krypton
in the liquid and accumulate it in the gas phase.

The liquid goes back to the detector the gas

needs to be extracted as an off-gas

single distillation stage

single distillation stage  single distillation stage

el P el £ ol

GXe
inlet

Ar, Kr

condense

Rn

Instead of building
multiple steps in
series build column
with LXe reflux.

LXe AN N A
|outlet | Wi

Talk Lutz Althiiser

Daniel Wenz Low backgrounds for rare event searches

reboiler

r

GXe

@)
c
=
D
—

multiple distillation stages

with partial reflux
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https://indico.kmi.nagoya-u.ac.jp/event/6/contributions/37/attachments/32/35/20240216-althueser_nagoya.pdf

Detector medium

. . ; 1: LXe out
Virtual num.ber of stages can be computed using the McCabe-Thiele method hxeout
McCabe-Thiele method 1.0 ; :

) | — equilibrium line |
. b4 . —— collection line : 1
 Method based on a set of coupled equations -g 0.8 | — condensation fine | i % -
which are described by the differenceinvapor & | i‘t‘tch‘*CtiOH fine i
— steps :
pressure of the used gaseous and mass flux £ 00— |
. o i : I
conservation I 3-4: GXe Feed
ST o}
* The number of virtual stages can be read from & | |
. o 02r ' 5 :
the graph directly ° | A G o 1
£ = ¢
L | ) ) ) | ! l ) | ) ] L | ) )
0‘%.0 0.2 0.4 0.6 0.8 1.0

6: GXe offg.as Rn concentration in liquid phase
concentration Talk Lutz Althiiser
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Detector medium
Top condenser

Elena Aprile, (XENON

Collaboration),

EPIJC (2017) 77:275 o P N
5 BN

Package material
with large surface
for condensation

GXe inlet
(8.3 slpm (3 kg/h))

« Separation of about 10° achieved
Residual "tKr/Xe < 0.05 x 1012
(50 ppqg) achieved.

* 99 % of xenon recovered, 1 % loss as  JFert =
offgas S =

Reduction already sufficient for
next generation experiments

Daniel Wenz Low backgrounds for rare event searches o T 35




Detector medium

* Cryogenic distillation exploits vapor pressure condenser

difference of gases for a given temperature mzb

1 GXe
* Radon has a lower volatility (&« = 0.1 (@ -100

°C)) as xenon and thus accumulates in the liquid

@)
c
=
D
—

phase. GXe
inlet
° 222 H H LR L
F)rop Rn in the reboiler of the column and let What is the big Ar, Kr
it decay (T'y/, = 3.8 d). difference between Rn

krypton and radon
* Extract radon deplete gas from the top of the distillation?

column and reliquefy it.

multiple distillation stages
with partial reflux

What does this mean for the --1-F-
xenon circulation speed?

LXe AN N A
outlet ha <

reboiler
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Detector medium

* Cryogenic distillation exploits vapor pressure condenser

difference of gases for a given temperature mzb

1 GXe
* Radon has a lower volatility (&« = 0.1 (@ -100

°C)) as xenon and thus accumulates in the liquid

@)
c
=
D
—

phase. GXe
inlet
° 222 H H LR L
F)rop Rn in the reboiler of the column and let What is the big Ar, Kr
it decay (T'y/, = 3.8 d). difference between Rn

krypton and radon
* Extract radon deplete gas from the top of the distillation?

column and reliquefy it.

multiple distillation stages
with partial reflux

 Need to extract the radon before it can decay =~ What does this mean for the

.. xenon circulation speed?
|
inside our detector! LXe

outlet Ao £

* Requires high fluxes!
reboiler
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Detector medium

* “Online” Rn distillation due to constant outgassing

* No offgas, but requires high LXe circulation (~3 kW cooling
and heating power required)

«  XENONNT uses Clausius-Rankine cycle to reduce power
requirement

LN2

* Requires radon free compressor and

heat exchanger

GXe/GXe

Package Tube

Reboiler

Daniel Wenz Low backgrounds for rare event searches
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M. Murra, D. Schulte, C. pr
Huhmann, C. Weinheimer,

Eur. Phys. J. C 82, 1104 (2022)
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Detector medium

* “Online” Rn distillation due to constant outgassing

222Rn decay within column (T, = 3.8 d)

* No offgas, but requires high LXe circulation (~3 kW cooling
and heating power required)

* GXe (gaseous xenon) only extraction: 25 slpm (9 kg/h)

 GXe + LXe (liquid xenon) extraction: 25 slpm + 200 slpm

(81 kg/h -> entire 8.5 t xenon volume in about 4 days)

~ ARn222+Fxe/Mpxe

* LXe 222Rn reduction factor given by r;y,.= ~
Rn222

Daniel Wenz

222Rn Activity Concentration [nBg/kg]

Norm. Res.

Radon Removal System:
GXe-only mode

Sciencerun 0
GXe only

37Ar calibration and removal
RRS improvements and restart

Radon Removal System:
GXe+LXe mode

Sciencerun 1
GXe + LXe
extraction

x2
0.8 uBg/kg

gty i

Preliminary

I )
1207

20 40 60 80 100
Time since 01 July 2021 [d]
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Ji s 1 L L L L
7 340 360 380 400 420 440
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Detector medium

* Due to a strict material selection, cleaning procedure
and cryogenic radon distillation XENONNT improved

its background significantly compared to XENON1T

Daniel Wenz

X/ R/
relaxation K/
meme 13MYe . 2l4pp —— Materials —— 2vECEC
-——- B3mpp Solar v ---- Interpolation Blinded regior
— gy —— lExe — Fit [ e
i XENONI1T
_ 10°F double electron
i =
Lo capture results
—
% 1, 102
T
=>
()]
~ 10!
__10°
0
3 3
S 0
0 -3k '
| | | | | : |
o 150 175 200
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Detector medium

Due to a strict material selection, cleaning procedure

and cryogenic radon distillation XENONNT improved
its background significantly compared to XENONI1T

Electronic recoil spectrum dominated by second order

weak processes!
* Double electron capture (EC) on 124Xe
T175 "¢ = (1.15 + 0.13,4¢ + 0.14y,,) - 1022 yr

(longest half-life ever measured)
* 2 neutrinos double beta decay (2vB) of 13¢Xe
* Goal of next generation experiments:

* Factor 10 lower 222Rn rate than solar neutrino
background

Daniel Wenz

Events/(t-y-keV)

50

40

30

20

10

[\JO[\JO

Electron capture

Neutrino emission

Low backgrounds for rare event searches

Energy [keV]

KLM
Atomic R/ R/
— BO - 214Pb o 136X relaxation W
1 Data B Kr Solar v Materials — %Xe
XENONNT
double electron
B 2VECEC
2VECEC \¥ KK-capture I
i KL-capture . T I i
\
[
- / I / I I
L1\t I
2vBp
‘ I
0 20 40 60 80 100 120 14(

E. Aprile, (XENON collaboration),
Phys. Rev. C 106, 024328 (2022)
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Detector medium

ERC LowRad project at Munster aims to develop the
distillation systems for the next generation liquid
xenon dark matter experiment

Current 8Kr distillation column already sufficient for
next generation

Add 8Kr concentrator to reduce off gas to allow for
online distillation

k tonne
* Current offgas 1 % ~ 4=t ~ 8
d 5 year
g kg
e Goal:4=>~=8
d 5 year

Krypton concentrator is currently being build in
Munster

concentrator

>

offgas 2

offgas bottle

offgas 1

Xe out

GXe in 1T/nT style column
(with heat pump)

Daniel Wenz Low backgrounds for rare event searches

Heat

pump
cycle

GXe

- compressor
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Detector medium

* Next generation dark matter experiment requires a
x10 reduction in 222Rn Heat
 This requires a x10 increase in LXe flux to 750 kg/h : pump
LXe in cycle
* This will require about 30 kW of cooling and heating
power! LXe out
e Build full and hermetically decoupled cryogenic
heat-pump concept using LXe as working medium. GXe
compressor

* First small few kg prototype is currently being build

in Munster
N\
9
Daniel Wenz Low backgrounds for rare event searches ' 43



Recap

Detector media intrinsic radioactive
isotopes lead to additional
background signals

Underground lab

Passive Shielding

Especially 222Rn and its daughters are

harmful for most of the rare event Active Vetos

Detector medium

experiments.

Radon and krypton can be effectivel
removed from xenon employing

Many small

S modules Y
cryogenic distillation R “Monolithic”

liquid

Current radon background is on
level of 1 Rn Atom in 10 mol of;
Xenon
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Overview

The detector is built, but what else

can we do? Underground lab
Be smart about your signal!

Exploit signal topologies. Passive Shielding

Active Vetos
Detector medium

Many small
modules

“Monolithic”
liquid

Daniel Wenz Low backgrounds for rare event searches 45



Signal topology

Cryogenic Superheated
bolometers liquids

PHONONS / HEAT |

Cryogenic bolometers Scintillating cryogenic
with charge readout | _ WIMP\ bolometers

Germanium Scintillating
detectors crystals
CHARGE LIGHT

Liquid noble-gas
dual-phase time
projection chambers

Liquid noble-gas
detectors

Directional
detectors

Teresa Marrodan Undagoitia et al.,
J. Phys. G43 (2016) no.1, 013001
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Signal topology

Depending on the detector type, ratios of

1044
different signal carriers can be used to identify
signal from background.

~ Electronic Recoils (ER)
" B, v, Axions, neutrinos

* LXe detector can use charge-to-light ratio

Only search for WIMPs below NR median

Typical ER reduction 99.X %

neutrons, WIMPs, neutrinos

- N W > =l on
| | 5 3 o o b O
. OO ® { O© + D ) ‘ ®
! /‘ '.(‘. / | /. < <
7 Z \Z Z o2
102 M
0 20 40 60 80 100 120
Daniel Wenz

cS1 [PE] Light signal

Low backgrounds for rare event searches
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Signal topology

* Depending on the detector type, ratios of
different signal carriers can be used to identify
signal from background.

* LXe detector can use charge-to-light ratio
* Only search for WIMPs below NR median
e Typical ER reduction 99.X %

* Cryogenic-bolometers can exploit phono-
to-charge or phonon-to-light ratios

Daniel Wenz

COSINUS B Neutron calibration — g DRANG
[ . N
90 [l experiment I band y band
el ~4— Na band * = [ inelastic
1.5 ¢

Light yield (Ephonon/Elight)

—0.5 f#
! _G. Angloheretal.,
arXiv:2307.11139v1
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Signal topology

* Depending on the detector type, ratios of
different signal carriers can be used to identify
signal from background.

LXe detector can use charge-to-light ratio
Only search for WIMPs below NR median
Typical ER reduction 99.X %

Cryogenic-bolometers can exploit phono-
to-charge or phonon-to-light ratios

Liquid scintillator and liquid Argon use
pulse shape discrimination

Fraction of prompt light emission
(within 150 ns) over delayed
emission (150 ns to 9 us)

Nuclear recoils from Pulse shape
neutrons or WIMPs L (keV ) discrimination in DEAP-1
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Signal topology

+ ER data » Data outside FV : . _
e FER data<10 keV e Use 3d interaction vertex reconstruction to

U sacions TRk reject background

©
c
=
o
-
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=
g A time
- o - E Ocm
E o’: :' g E extraction >
8 —80 ol o .: --------
) “ 5 LX z
< = drift time
—100F E E (depth)
—120F particle__w» - | =
oo T g L g

—140 k-

_ 1 60 1 1 1 1 |
0 20 30 40 50 63 E. Aprile et al (XENON collaboration),

R [Cm] Phys.Rev.Lett. 129 (2022) 16, 161805 XENONNT TPC X
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Signal topology

e Multi-scatter rejection of either Compton scatters

LEGEND multi-scatter
or neutrons rejection
Weighting Potential and Charge Drift ’ Generated Signal
%91 Acceptance Window Charge signal
Liquid nobel time p .
projection chambers
N § ol accepted

Multiple charge
Slgnal (SZS) Taken from “LEGEND-1000
: ey and the future of neutrinoless
Time [ns) double beta decay search”
Stefan Schonert

T

. _ 'l Weighting Potential and Charge Drift Generated Signal
Width of merged e 358 Rpoopianoa Windan
charge signals (S2) =
T % 500 eé
. E w o
Do you have another idea how one &e¥
can identify merged S2 signals?
s [mm] 570 '160 660 Tln:jo[nS]'.C;CvO 12‘00 1;0‘0 IEE)C
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Signal topology

* Fake signals from detector sensors are one of the
_ Lone S1
most challenging backgrounds.

 Experiments using time projection
chambers(TPCs, like XENONNT, LZ, DarkSide,...)
suffer from accidental coincidences

Daniel Wenz Low backgrounds for rare event searches
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Signal topology

* Fake signals from detector sensors are one of the

Lone S2

L S1
most challenging backgrounds. one
Experiments using time projection T
chambers(TPCs, like XENONNT, LZ, DarkSide,...) Lone S1
suffer from accidental coincidences ‘ >
- T
Lone S1 signal made from false sensor signals o

from thermal emission

[T

P

A
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Signal topology

* Fake signals from detector sensors are one of the
most challenging backgrounds.

Experiments using time projection
chambers(TPCs, like XENONNT, LZ, DarkSide,...
suffer from accidental coincidences

Lone S1 signal made from false sensor signals
from thermal emission

Lone S2 from ionization due to scintillation
light, delayed extraction of electrons...

Discriminate signals via shape and pattern
properties use machine learning techniques

What other sensor or experiment specific

artificial backgrounds do you know?

‘Lone S1

Lone S2

) | /ii Lone S1 ‘

T
ﬁq......; previous S2
B lone S2
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Signal topology

* After reducing all backgrounds all artificial signals as
B AC B ER W Surface 0 WIMP

much as possible, build detector and background .
model. 10%F _ accidental Material
T aterials,
There is one last source of bias which hcidences 222Rp, 85Kr...
needs to be mitigated. What could it be?
)
)
|
3
“ 10
| |
0 20 40 00 80 100
cS1 [PE]
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Signal topology

e After reducing all backgrounds all artificial signals as
much as possible, build detector and background
model.

B AC W ER mw Surface o WIMP

4L
10 : ccidental

incidences

Materials,
222Rp, 85Kr...

There is one last source of bias which
needs to be mitigated. What could it be?

e Always, blind, salt, or scramble your analysis! Never
trust yourself!

e Use calibration and side band data to confirm your
models

0 20 40 60 80 100
cS1 [PE]
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Signal topology

e After reducing all backgrounds all artificial signals as
much as possible, build detector and background
model.

B ER B Surface Neutron HEEAC I WIMP

There is one last source of bias which
needs to be mitigated. What could it be?

e Always, blind, salt, or scramble your analysis! Never
trust yourself!

cS2 |PE]

e Use calibration and side band data to confirm your
models

* Only unblind your data once your model and

selections are fixed.

0 20 40 60 80 100
cS1 [PE]
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Recap

» After building a detector we can
reduce backgrounds further by being
smart about our detector signals

Underground lab

Passive Shielding
* Signal ratio

Active Vetos
* Pulse shape discrimination

Detector medium

* Fiducilization

Many small

e Signal topology e.g. multi-
modules

scatter rejection

“Monolithic”
liquid

* Machine learning

e Avoid human bias! Blind,
salt or scramble your data!
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The ultimate background

After mitigating every other
background, the only background !/

f—,s;i::ilr),::?mh remains are Ve I

Passive Shielding

/ Active Vetos

Daniel Wenz Low backgrounds for rare event searches
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The ultimate background for DM searches

* Neutrino fog represents ultimate challenge for
today’s direct detection DM experiment

* Interaction through coherent elastic neutrino
nucleus scattering (CEvVNS)

* Lower spectrum dominated by solar neutrinos,
upper spectrum by atmospheric neutrinos

A scattered
neutrino

’I
7’

Z

nuclear
boson

recoil

; \X@ secondary
recoils
scintillation

D. Akimov et al, Science 357 (2017)
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https://pdg.lbl.gov/2024/html/authors_2024.html
https://doi.org/10.1103/PhysRevD.110.030001

The ultimate background for DM searches

* Neutrino fog represents ultimate challenge for

H SNO, 2013 (68%)
today’s direct detection DM experiment !
* Interaction through coherent elastic neutrino : | PandaX, 2023
nucleus scattering (CEVNS) : | XENONNT, 2024
|| TEEESS————EE———————————————e——————————————
* Lower spectrum dominated by solar neutrinos,
upper spectrum by atmospheric neutrinos S 6
-
g
First measurement of solar neutrinos ?:: 4
» through CEvNS in XENONNT @2.73 ¢ 17 R
(see also talk by Fei Gao at IDM, E 7k
paper under preparation) =
0 1 1 1 1
» First observation of nuclear 0 5 10 15 20
recoils through weak force. B neutrino flux [10° cm™%s7!]
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The ultimate background for DM searches

Raw exposure [days]

Background 220Rp 22Rpn wem 3Ar
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The ultimate background for DM searches

Validation of analysis

. AC
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The ultimate background for DM searches

AC background dominant background

background model.

unblinding!

Used sideband unblinding to confirm

Import define tests and procedure before

Raised threshold at cost of signal acceptance

since model could not handle too small S2s

uncertainty

Science
Run

SRO
SR1

Expectation Observation

122.7 121

290.0 310

Daniel Wenz

P-value
(4D)

0.33

0.252

Remaining discrepancy added as a systematic

Deviation from
expectation

-0.15 sigma

1.17 sigma
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The ultimate background for DM searches

After verifying background and signal models, unblind data and perform fit in 4 analysis dimensions

Unconstrained fit SRO Unconstrained fit SR1
. AC IR CEVNS ER RG ——Tolal . AC B CEpNS ER RG ——Total
aF TF 20F
14
5 L
12 i
L 6 _ sl _ . PRt
3 = 4 10 =]
;:L E ar |—' E 8 E
g 1] 2 | 3 g 10
g = 3 = 6 =
g i g g g
] S 5 0
2 4 5
1 2
0 : - 9 - : 0 %
100 200 300 400 500 0 0.2 0.4 0.6 0.8 1.0 100 200 300 400 500 0 02 04 06 08 1.0
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81 17.5F
15.0
8r 15.0
g 8T g 125F g 125
S 6 + 2 8 B
=y | =) =
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S 4 = 7.5 s 7
g g 2 2
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2 -
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The ultimate background for DM searches

- Super Kamiokande
Component Background Background +  Nominal | inverse B decay | o
P only fit 8B fit Expectation 104 v-e in H,0/D>0
| == p-ein liquid scint.
AC - SRO 7.55 7.36 7.48 = 0.52 == P-N, NC inelastic
g 1 == p-N, CEVNS il
s SNO+
AC - SR1 18.26 17.90  17.77+1.23 2 10°] _chirie, pavs Kamiokande | NN Ll
0 | e e S—
ER 0.74 0.54 0.68 +0.68 & KamLAND
E 2 Gallex/GNO -
NR 0.50 0.45 047 +0.32 G 10-: —_— Borexino
=] 1 SAGE —
-9 | e —_ S ———1
Total 27.05 26.24 264215 | =
Background
5B 10.71 11.9 + 3.1 10°; inos i
i : -~ E O ' About 11 8B neutrinos in M
316 days of exposure! —
Observed 37
10°

1970 1980 1990 2000 2010 2020
year
Daniel Wenz Low backgrounds tor rare event searches



Recap: Low energy rare event searches

* Sensitivity of background free
experiments scale with exposure T

* Background dominated experiments

with VT

e Search for the needle in the haystack

* Current experiment expect rates

of ~20 ——

tonne x year

* Problem, we live in a radioactive
world: Detector
1

~ 1012
human tonne x year

Daniel Wenz Low backgrounds for rare event searches
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Underground laboratories

e Typical muon rate at sea level about
1 u/min/cm?

* Typical muon energies in the order of
1 GeV

* Muons produce neutrons and activate

, Underground lab
detector materials! :

* Underground environment effective to
reduce Muon induced backgrounds

* Typical suppression by 5-7 order of
magnitudes Detector
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Overview

Passive shielding layers such as Pb and
Cu help to shield from environmental
gammas

Plastics and water help to shield
neutrons from the laboratory cavern a

_ Underground lab
Active vetos such as water Cherenkov e

detectors help to also reduce p-induced

Passive Shielding

Active Vetos

backgrounds further.

Detector
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Overview

Detector materials itself are a source

of backgrounds: Underground lab

y Ul Thl Kl col"' Passive ShlEldlng

Careful material screening is required Active Vetos

to reduce backgrounds:
 HPGe, ICP-MS

Cleaning and working in clean

Detector
. materials

environments is required to

reduce surface contaminations

Active veto systems can help
to further mitigate
backgrounds via anti-
coincidences
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Recap

Detector media intrinsic radioactive
isotopes lead to additional
background signals

Underground lab

Passive Shielding

Especially 222Rn and its daughters are

harmful for most of the rare event Active Vetos

Detector medium

experiments.

Radon and krypton can be effectivel
removed from xenon employing

Many small

S modules Y
cryogenic distillation R “Monolithic”

liquid

Current radon background is on
level of 1 Rn Atom in 10 mol of
Xenon
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Recap

» After building a detector we can
reduce backgrounds further by being
smart about our detector signals

Underground lab

Passive Shielding
* Signal ratio

Active Vetos
* Pulse shape discrimination

Detector medium

* Fiducilization

Many small

e Signal topology e.g. multi-
modules

scatter rejection

“Monolithic”
liquid

* Machine learning

e Avoid human bias! Blind,
salt or scramble your data!
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Searching for rare events is
awesome and it is all about
knowing your
backgrounds!

Underground lab

Passive Shielding

Active Vetos
Detector medium
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