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Our man in Sendai: KamLAND-Zen 800

Blog: https://kono-michi-ya.com
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Inside Kamioka Mine: The KamLAND-Zen The first week: Bunka,
what a KamLAND shift detector Bears and Banks
looks like
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Bouke Jisse Jung (MSc student)
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Another Xe Experiment: KamLAND-Zen 800

KamLAND-Zen 400
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Use annual modulation: DM claim
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Use annual modulation: DM claim

June

WIMP Wind

December

Modulation present in 2-6 keV, absent above 6 keV arXiv-1805.10486
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Use annual modulation: DM claim

e DAMA claim in Nal

June
WIMP Wlnd V| <«—

e Several DM experiments investigating:

cyos OO aiscic e COSINE-100, SABRE, ANAIS, ...

* Manufacturing of Low BG crystals achieved
December

* Southern hemisphere

Modulation present in 2-6 keV, absent above 6 keV arXiv-1805.10486
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Projections in 2013

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)
2 CDMS-Il Ge Low Threshold (2011)
F T T { T T T T T T T T

Neutrinos

‘ T

\

-
—
—
—
_____—
—

===ﬂﬁﬁﬁﬁﬁiiﬁrrittithht

‘\I \ \
\ A\ \\ CoGeNT
2N \\\‘ (2012) —4
3 N\, \\s‘\A 10
\‘% \\E\; _
1 \ ‘
\Q \\\\

=~ ~ \\“\ \ —
8B N\ ~‘.\\-\__ ) S W=~ — _.--"" _9
: b ‘\\\ \ ’f’ "—"/ ,--'—-\T ] 10
Neutrinos N NN - - Ty on
o \ “ \\ ——— —"; - _.="" Xer\ T
A\ ‘S . \>~< _\ _—— 3600 e~ T _.==" NOW“Ii J
\\ s ‘\ \ \ DEP\P /"; - =" A0 .- X E ““‘:-’_
oo ONOs = T ..- e G2.--- ATt ~10
\ N S~ - _..-""" | cl\0e. =" il B 10
L\ ., S ST LT DBX\(??\-‘ - --“l':"\:Z
\ e ~~s __________ “‘F”
S S e aamT . - |
‘s \\\ ....... BT L L “““‘:"‘L‘L” ““““"‘
A e 101
0"' \\ ““2—11",’ W\N ““““‘ ’
."":nanlTHﬂ“uu = P\‘BI“ ““"
000 “‘|II‘|“‘ . OS —12
*, . Lanet® eu"_f\ﬂ n 10
‘e wast NB
n,' ““lll‘ DS
'... ganunt d
Eyggunnt he(\c aﬂ
i e ORE
x 14

10 100
WIMP Mass [GeV/c?]

—_ |
iy
-
-
—
Cbm_L
<

WIMP—nucleon cross section [pb]

/280l EL:AIXIe Hoday SSYINMONS wolj peydepy



Projections in 2013

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
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Projections in 2013
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Solid State Cryogenic Detectors

* Cryogenic detectors @ 10s of mK temperatures

Low energy threshold (100 - 1keV)

Excellent energy resolution (<1%)

Differentiate NR from ER on Event-by-Event basis
Readout: TES and NTD-Ge bolometers

CRESST, SuperCDMS, EDELWEISS

I;I'Qtehrmal Thermal coupling
<4 Phonon sensor
Gamma,
Beta '

+\V —
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Dark Matter Particle-Nucleon Cross Section (pb)
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CDEX 2014 = = CDMSlite 2015
CDMS-Si 2013 SuperCDMS 2014
CoGeNT 2013 DAMIC 2016
EDELWEISS-IIl 2016 ~  =eeeeees DarkSide-50 2015
DarkSide 2018 - binom. (tbp) = = LUX 2016 combined
NEWS-G 2018 = = PandaX-Il 2016
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Coherent Neutrino Scattering on CaWO
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* Use Neganov-Luke, better E-resolution

* Relatively short exposure due to cosmic BG activation
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Use Ge and Si crystals
ionization & phonons

iZIP: better BG rejection

HV: lower E thshold




“Migdal”-effect,“S2-only” analysis

Searching for Sub-GeV WIMPs

m, = 0.5 GeV/c? s> =10 cm? Xenon
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Thesis
Jelle Aalbers

XENON1T*
S2only BS

CRESST-prototype
2017

\ CDMSLite 2015

Dark matter models
here are excluded

— DarkSide-50
S2only 2018
XENON1T*
S2only NR \
LUX 2017
PandaX-l|
XENON1T 2017
2017
LI | ! LI L L L L | ! LA L L L L | LI | ! LA L
10~ 1 109 10! 102 103

Dark matter particle mass (GeV/c?)

sub-GeV mass DM



Dual-Phase Xe TPC

C Top PMT Array
NN NN N
? | Gas Xe
* ----------------------------- d ‘ " ',‘
Liquid Xe
~100cm ~0.2 kV/cm
Sathode....nn.n, ¢ ===

IV NN N

Bottom PMT Array

A A A N J

XENONIT: 3.2 tons of liquid xenon
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TPC assembly during Fall 2015
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—— All Exposure Corrections
Rn220
Kr83m
AmBe Calibration
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LED

SRO i
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Date

 Detector ran smoothly - DAQ efficiency ~99%

* Two Science Runs: 32 days and 247 days

2017-09

2017-11

e About | ton-year of exposure accumulated in 1.3 ton fid. volume

2018-01




Calibration Systems Erik Hosenbirk

* Variety of calibration sources: Nik[hef

e “Internal” sources: 83mKr, 220Rn

 External sources: 24! AmBe, neutron generator

® Materials: 60Co, 129mXe, 13ImXe
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Improved calibration statistics
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Wide range energy reconstruction
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Analysis was: Blinded & “Salted”




Fiducial mass Selection
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Low, low Background sander Breur
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® Lowest BG ever achieved in a dark matter detector!
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Accidental + Surface Backgrounds

Accidental Background Surface Background
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Results after unblinding + unsalting

Il ER M8 Surface
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Results after unblinding + unsalting
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XENON1T: 1 ton x year Exposure

10_43II| | | IIIIIII | | IIIIIII | I 1T T 1711
N 10—44:3\
= i
et K
= 107 %
o -
S el
po 10 =
S -
- _
.C 104/
ol -
= I
=10%¥ 6
S _
10 :|II| .I ....... | “IIIIIII | | IIIIIII | | IIIIII:
10’ 107 103 10

WIMP mass [GeV/c 4]

Podrick Decowshi — Nikhet LA PRL 121, 111302, arXiv:1805.12562



XENON1T: 1 ton x year Exposure
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XENON1T: 1 ton x year Exposure
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XENON1T: 1 ton x year Exposure
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XENONI1T:

1 ton x year Exposure
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Leading: WIMP-single nucleon
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* Second order process like double B-decay, but longer
lived - so far only measured in 139Ba and 78Kr

Double Electron Capture

124X e is a candidate isotope

e (0.095% Nat.abundance

* Peak at 64.3 keV from K-shell captures
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Ending XENON1T Ops

e XENONIT as XENONnNT R&D setup since May 2018:
e XENONNRNT DAQ test

e 3/Ar calibration: 2.82 and 0.27 keV lines

10.500 — 25.000 7 0.0048000 — — 0.0049000 —

e Continuous Rn distillation )
1 mO — 20.000 0.0046000 — — 0.0048000 —

e Changing drift and extraction fields L |-
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| é' 5 e st Bt ln e - N 3
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e Water fI‘OI n the water tank diSCharged
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N
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* | Xe recuperation ongoing... N oo |
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XENON1T to XENONNT

Reuse most of XENONIT

Larger inner cryostat vessel

New TPC

Additional ~250 PMTs (~500 total)
Total of ~8 tons of LXe

|Ox lower 222Rn

Funding complete

Detector being built / designed

Start in 2019

Similar efforts: LZ (USA), PandaX-xT (China)



* |ncrease Xe mass by 3x
 Reduce 222Rn background

e Veto the ultimate neutron
background

e Complement continuous gas
purification by liquid purification

Our XENONNT Goal

by 10x
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New Magnetic Pump

1100 :
~48 SLPM ggo 1] ~70 SLPM 5 ~80 SLPM
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e XENONNT R&D on XENONIT

e New Magnetic Pump

* Increase LXe purity - longer drift

* Reduce %22Rn contamination (from emanation of pump materials)




222N

222Rn contributions in XENONIT

TPC
(4.8 = 2.2) mBq

Cryo pipe
(9.2 = 1.0) mBq

inner vessel
(2.0 = 0.3) mBq

getter
(1.5 £ 0.1) mBq

100mm pipe + cables
(2.7 £ 0.2) mBq

porcupine
(1.9 = 0.2) mBq

QDrive pumps

cryo system (10.9 % 1.7) mBq

(2.4 = 0.3) mBq

e Jen-fold radon reduction:

* New pumps:

Background

22Rn concentration [ uBag/kg]

?22Rn activity conc. [uBag/kg]

* Novel magnetic piston pump R&D

e Continuous radon distillation

 Already shown to work

BiPo/???Rn

XENON preliminary

141
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LXe purification

Demonstrator at Columbia

1.48 m

- - \
7 g b / ‘L‘..:. 3
Do (..

G i > ™
r
X
®

LXe

purification ™

vessel Purity™
Monitor

To LXe purification
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Even larger Xe detectors

| 4m

XENONNT

8t of LXe total

Reuse a lot of XENONIIT infrastructure

Funding fully secured
Start in 2019

Patrick Decocwski — Nikhet (b A

High-voltage Connection to cryogenics,
feedthrough ... : ' N, purification, data acquisition
'-. 7 ~ !

photosensor.....«¢
array --------- ‘ “
" Anode

Double wall | |
Cryostat ......... L | _

| " TPC with
PTFE central dark
reflector matter target

......... 11
2.6m

- Cathode

-+ Bottom
photosensor
array

DARWIN

50t of LXe total
Global effort

Funded through 2 ERC grants
Start in 2025



As detector size increases physics channels open up

Patrick Decowwski — Nikhet/ vA

Physics Channels

WIMP searches
* Spin-independent
* Spin-dependent and inelastic interactions

Solar axions and galactic axion-like particles (ALPs)
* Alternative dark matter candidates
* Coupling to electrons via axio-electric effect

Supernova nheutrinos
* Sensitivity to all neutrino flavors (via CNNYS)
* Complementarity to large-scale neutrino detectors

Coherent neutrino-nucleus scattering (CNNS)
* Predicted by SM, only very recently observed!

Low-energy solar neutrinos: pp, 'Be
* Test/improve solar model, test neutrino models

Neutrinoless double beta decay
* Lepton number violating process, effective Majorana mass
* No enrichment in 136Xe required

NR

ER

NR

NR

ER

ER



DARWIN WIMP Sensitivity

* Assumed exposure 200 tonXyr, all backgrounds included
* Likelihood analysis: 99.98% ER rejection, 30% NR acceptance

* Combined (S1+S2) energy scale

* Energy window 5-35 keV
* Light yield 8 PE/keV

spin-independent interaction
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— minimum sensitivity: 2.5% 1047 cm?2 @ 40 GeV/c2
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https://arxiv.org/abs/1606.09243v1

Coherent Neutrino-Nucleus Scattering

* V+ Nxe ? V+ Nxe
* Predicted by SM, recently observed

* CNNS is background for WIMPs,
* Steeply falling spectrum

10° ;
E v Sum WIMP 6 GeV/c
B v- 5B N\ ' 4x10™ cm?
10 = |
= WIMP 40 GeV/c?

2%x107™* cm?

[

2%x10™ cm?

Rate [evts x t! x y! x keV™']
=

WIMP 100 GeV/c?

102 N
—— N
- N\
3L
107 \
— | | N \ |
4x 10! 6 78910 20

Energy [keV]
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Borexino: pp(10% - 2014)

JCAP 01, 044 (2014)

pep(20% - 2012)
p+p—>*H+e*+v, p+e+p—=>*H+v,

i !

99.76% t 4%
‘H+p—>"He+y
84.6% 15.4% 2.5%10-5%

f 1

‘He + “‘He — 'Be+vy ‘He +p—>‘*He +e* +,

‘He + °*He — “He + 2p
99.89% i 0.11%

! !

‘Be+e —'Li+v, ‘Be+p—>"B+y
’Be: Borexino — 4.5% '
‘Li+p—2°He ‘B—>"Be*+e"+v,
8B: SNO, SuperK — 3%
ppl ppll pplll



https://arxiv.org/abs/1606.09243v1

Solar Neutrinos

Borexino: pp(10% - 2014)

2 4
p+p— }.1+e +V,

[

* Neutrino-electron elastic scattering

e Real-time measurement of neutrino flux
— 7.2 events/day from pp (40 ton LXe
— 0.9 events/day from ’Be detector)

* 2% (1%) statistical precision after | year (5 years)
— constrain solar models

* Neutrino survival probability measurement

— deviation from prediction indicates new physics
* Atomic binding effects have to be taken into account!

Rate [evts x t! x y! x keV™']

0 100 200 300 400 500 600 700

Energy [keV]
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https://arxiv.org/abs/1606.09243v1

Detection significane [o7]
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Supernova Neutrinos

Low threshold (due to S2-only)

Negligible background due to short burst (~sec)
>50 sensitivity to a supernova burst in Milky Way
Detection of all 6 neutrino species via neutral current reactions

SN distance [kpc]

-
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0.1 < Iob = 1.0]s]
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— — true flux
- == ML reconstruction
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Neutrino Energy [MeV]

* Hundreds of events for a 2/Me SN progenitor at 10 kpc

* Flavor-insensitive neutrino energy measurement

— constrain total explosion energy and reconstruct the SN light curve
Patrick Decowwski — Nikhet/ vA

R. Lang et al., arXiv:1606.09243
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Neutrinoless Double Beta Decay

Is the neutrino a Majorana particle?

e 136)Xe abundance in natural xenon 8.9%

¢ 40t of Xe has 3.6t of 136 Xe
Q-value (2458.7£0.6) keV

Energy resolution (O/l) at Qgp |%

214Bj — 214Po + e~ + y (2448 keV)

“_ 4.6 events/year within +30
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- —— XENONLI1T 670kg FV, 28.3 cts/(keV t yr)

[ —— XENONNT 2t FV, 1 cts/(keV t yr)

- —— Darwin 6t FV, 3.1e-2 cts/(keV t yr)
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https://arxiv.org/abs/1606.09243v1

Summary

€

e XENONIT has achieved extraordinary sensitivity and is the leading direct detection DM exp

XENON

* Still many analysis ongoing: many papers in the pipe-line Matter Project

* WIMP dark matter still very much alive and a large parameter space has not yet been probed
* Future experiments (~2025) will improve sensitivity by 100x! | DA RVVl N
* At the same time - diversify , ‘
* Look for broader DM candidates: low-mass WIMPs, Axions, ALPs, sterile nus, ...

 New physics channels: extraordinarily pure volume - new surprises?

e XENONNT, DARWIN are addressing all of these!

e Finally: big thank you to the MT, ET and CT/PDP groups for all their help!
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Cut & Count

Mass 1.3t 1.3 ¢ 0.9t 0.65 t
(cS1, cS2) Full Reference Reference Reference
ER 627+18 1.62+0.30 1.12+0.21 0.60+0.13
neutron 1.43+0.66 0.77£0.35 0.41+0.19 0.1440.07
CEvNS 0.054+0.01 0.0340.01 0.02 0.01
AC 0.4779-27  0.1070-99  0.06%5:9%  0.0479-92
Surface 1068 4.84+0.40 0.02 0.01
Total BG 735120 7.36x0.601 1.62+0.28 0.80=0.14
WIMPyesi-6t 3.6 1.70 1.16 0.83
Data 739 14 2 2

Using full S+BG model
(S1,S2,R,“Z") space

“Safe” reference regions

T



Plate out in PTFE

Thesis
Sander Breur
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Thesis

Rad()n decay Chains Sander Breur

“Bad’”’ Radon “Good”’ Radon

214P b -+4— element 220 R N
26.9 min4— half-life 5h 8 s
1.02 B._decay .
MeV type 6'4OE Q
| MeV =
Q value \
Po
162 ps
i 210B; i5 41
a
i 501d

.............................................................

208Pb

stable
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