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Outline

* Coherent Elastic v-Nucleus Scattering
* Two phase emission detector
 RED-100 at Kalinin NPP

e Data taking and analysis

* Background sources

* Problem which we are trying to solve
with ML

* Summary
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Coherent Elastic Neutrino Nucleus Scattering (CEVNS)
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Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

First observations by COHERENT in 2017 and 2021

Why measure CEVNS?
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CEVNS around the World

Gaseous spherical

proportional counters _
Composite of Zn- and Ge-based _
Germanium detectors

bolometric detectors —
Ve CaWOs and Al20s e
bolometric detectors R | @G ET: ’}E !V U 5{

// :\W EUROPEAN
W | | spaLLATION
@ SOURCE

(LAr @ Rx)
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LAr detectors

AAAAAAAAAAAAAAAAAA

Dresden Il
Ge-detector

Super-CDMS-style
Ge and Sj detectors

Research reactor with movable core SCSTA RSSO DTEGIOR
Dual-phase Xe TPC
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Neutrino sources for CEVNS study

* Reactors
 Very high flux: ~ 102V, /s
* Lower recoil energy
* Reactor off data for the
background constraint
* Pion decay-at-rest at accelerators
* High flux: ~10* v, /v, /V, /s
* Higher recoil energy
* Pulsed beam

v/(MeV fission)
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e Reactors antineutrinos produce
nuclear recoils with very low
recoil spectra

24.08.2023

v, energy spectrum from nuclear reactor

1/10keY/cm2/sec
o

-
o
©

10°E

Rudik Dmitrii, The RED-100 experiment

rate, 1/20eV/day/100kg
3 & & 2

-

-
Q
OTITT] IIIIII'IT] IIIIIﬂT] IIIIIIIII TT ﬂTTI TTTT

Xe and Ar nuclear recoil spectra
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lonization yield for sub-keV nuclear recoils

16 Charge Yields for Nuclear Recoils

10
e Several ionization electrons in
the region of interest

Charge Yield [ne/keV]
(93]
|
—
g
-
w

In Xenon

* The detector must be able to

detect a signal of a Single 1,
EIeCtron (SE) Recoil Energy [keV]

= NEST NR: 50 V/cm ® XenonlT 2018:119.7 V/cm
NEST NR: 200 V/cm ¢ XenonlO: 730 V/cm
=== NEST NR: 2000 V/cm Lux Run03 : 190 V/cm
m Dahl Xenonl0 : 60 V/cm m Columbia 2018 : 190 V/cm
v Dahl Xenonl0 : 522 V/cm v Sorensen XenonlO : 730 V/cm
A Dahl Xenonl0 : 876 V/cm A Case: 100 V/cm
+ Dahl Xenonl0 : 1951 V/cm Livermore 2019 : 220 V/cm
® XenonlT 2019 : 82 V/cm

By NEST collaboration
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Two-phase emission detector technigue

amplitude, mV (offset = 0 - channel*10 mV)

amplitude, mV

Sensitive to the single ionization electron
(SE) signal. CEVNS response is expected

Time
to be of several electrons. 4
Typical single electron (SE) signal in RED-100 82
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Noble gas detectors and CEVNS
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In Dark Matter search S o ° T :. .
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experiments, the progress of & :
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. O oLl L) L] E sl an a I ml
significantly when liquid noble § = et i ‘
o 10 m] |
gas detectors (two-phase) § Senon :
5 LUX
started operation £ o e : |
é | nOblle"q:d?Uble | | | | | | | | | | | | |
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Time [year] Fig. from L. Baudis 2014
15t proposal (in 2004); LAr detector
UV sensitive PMT or APD —[]
S~
\'i
Gaseous Ar —_| | .
> C. Hagmann and A. Bernstein,
Electroluminescence Gap -z _— g Two-Phase Emission Detector for Measuring
purfied LAT i Coherent Neutrino-Nucleus Scattering
T=87K IEEE Trans.Nucl.Sci. 51 (2004) 2151
p=1.4g/cm?
LAr — |
Vacuum ;T
4>
~20cm
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RED-100

* Two-phase noble
gas emission
Titanium D &
detector eryostat =N

* Contains ~200 kg of
LXe (~ 100 kg |n FV) array

¢ 26 PMTS Electrodes
Hamamatsu Fol suapine
R11410-20 (19 in Sensitive
top PMT array, 7in "™
bottom PMT array) w»

| electronics

IJ “ ” | Xe storage
| =

break-out-box

§ —_ purification flo -

B RED-100 detector
4

Thermosyphon )
control

* Thermosyphon-
based cooling
system (LN,)
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RED-100 at KNPP

KNPP — Kalinin Nuclear Power Plant

b1 B |
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2020 RED-100 was shipped to KNPP
2021 Deployed and tested
2022 (Jan-Feb) Physical run

Akimov D. Y., etal. JINST 17.11 (2022), T11011
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https://iopscience.iop.org/article/10.1088/1748-0221/17/11/T11011/meta

RED-100 at KNPP

e 19 m from the reactor core of
3000 MW thermal power unit 4

* Antineutrino flux at place
~ 1.35*%1013 cm2s!

e ~ 65 m.w.e. in vertical direction

* Passive shielding:

* 5cm Cu
e ~60cmH,0

24.08.2023
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Data collection and analysis

* Blind analysis strategy

* Reactor ON data is closed until
all the data analysis methods

are ready

* Analysis is based on Reactor
OFF data and calibration data

24.08.2023

20 1

Active time, days

Data collection @ KNPP

ON OFF ON

— All triggers
CEVNS mode

- Reactor power
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Stability checks

SE count rate

Light yield (LY) response
SE duration

Background rates
Other parameters

24.08.2023

Stability of SE parameters
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Gamma calibrations

Position reconstruction for 9Co

LRF example

Signal, a.u.
s 5 %

e Gamma calibrations each week
* LY stability check

* Light response functions (LRF) L el e

* Simultaneous reconstruction of Radial distance, mm ="
position and energy of the event

* See the talk of Olga Razuvaeva
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* Electron extraction efficiency
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Electrons extraction parameters

Electron extraction efficiency

* The most significant influence on Do cowenam  emoin
RED-]_OO response % 05% : Ell_)lili\-(;)(:)[l; 2022 — 2,59 kV/cm (KNPP)

* e extraction efficiency (absolute e —
measurements based on NEST e
predicted charge yield)

* e lifetime before capture on R e e e
electronegative impurities .

« compare with total drift time of ~265 ps Electron lifetime
o . 103 +
* Resulted in reduction of expected W M
3
CEVNS spectrum to the lower number : § p g
of electrons in the events MM #
: 10 t o e lifetime
* We are expecting around 1 CEVNS Mf*” e uns i Reacor OF
. . ) ¢ Runs during Reactor ON
event per day in the region of 5-6 T e

electrons per event

24.08.2023
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“Smart” trigger

* Huge SE background

* To reduce this background a
“smart” trigger was introduced -
e >2 SE within 2 us (60 PE) -

e <50 PE in pretrace of 50
before trigger

* Only 30 ps windows with
signals in S2-only mode are

recorded

* Order of magnitude ben
for live time

24.08.2023

_ Wf example without pretrace blocking

LS

time, us

efit

Wf example with smart trigger in use

/ \

ME event

lllllllllllllllllllllllllllll
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Background stability in ROl (Reactor OFF data)

] _ ;3300_ | Prob = 4%

* Background in the region of 4 50 ||i T i
electrons per event is not very  ¢ao [ | LI
stable 500 1

» Backgrounds in the region 5-6
electrons can be consideredas
St a b | e 740 750 760 770 780 790 800 810 rﬁﬁo

5 24F .

e What are the sources of 2 Prob=26% | £...
possible background i i)
variations with Reactor 3 ‘ |
operation? FalN ’ . {H| T

Ui
37«!'7;6766'7%0"786'796'850mﬁo
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External background: gammas

= | aDb.

* Nal[Tl] detector — KNPP

* Count rate is in ~5 times larger than
in laboratory due to thick concrete

<

_, Counts (/10 keV/s)
- 3 3
B E ALY IY]IIYII| - G T
;
o
~

around "F
107°% “ 'wm
* Mainly the same spectrum structure S S S hll.'M
E, keV
* No dependence on Reactor T
operation periods g0, OFF ON &
8 550
 Diurnal 222Rn variations in water sob || t
shielding are bellow (3.2 £ 0.3) Bg/L sof
at 95% C. L. 520;_ | V V 'l“'\"\ Water tank
510;‘1‘H' + Hﬂﬂﬁ"ﬂ%{. ++—+++H"F L dreining
500

E | |
27/01 03/02 10/02 17/02 24/02 03/03
time, dd/mm
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External background: neutrons

E, MeVnr
S0 PuBe | | — = Data
- 100 w102&?ﬁ{-:% == MC
* Bicron LS (BC501A) detector > W %W#ﬁﬁﬂﬁ AN
o, F o '
* Pulse shape discrimination ° | Tr ﬁ Iahe “
20 = == AT
e Spectrum was unfolded 0 S e 6 R

E, MeVee

* Neutrons flux upper limit

(24.1 £1.2)*10° N/cm?/s %0.35: OFF ON
* No dependence on Reactor §03:_ | \ |
operation periods o |l bl i
AL S
SRR

time, dd/mm
24.08.2023 Rudik Dmitrii, The RED-100 experiment 20



External background: muons

* Muons background was measured e ==
with RED-100 itself 3 61 %
* No dependence on Reactor 6 l ’
operation periods sor } ‘ | { v % %
* Count rate is reduced in 7-8 times in 5.8 I[
comparison with the Lab test 575 '
* But muons provide a huge energy : 130 20/02 27102

time dd/mm

deposition in the detector

24.08.2023 Rudik Dmitrii, The RED-100 experiment



Muons as a source of the SE background

P. Sorensen, K. Kamdin

* SE rate increasing after big energy JINST 13 (2018) no.02, P02032

deposition in liquid noble gas detector 2 ] ]
g ExO.Z ‘ \\\\\ ‘\\
* It was observed by several groups -SRI
_§102 \“\‘.; : : : .
¢ Very |Ong Component Of Several e 0 0 200 400 ‘[ ]600 800 1000
time [us
milliseconds o . . :
75 =
=7.0E T =42) 3
JINST 11 (2016) no.03, C03007 %6_55_ \ E
v 6.0F T = 2.3 ms E
2 B v i’gg_ E
S ok
= = alpha  21.05+0.75 1'25’ T
0 - beta 1.337 4 0.031 -0 200 400 600 800 1000
E 10 const 0.249 + 0.000 time [us]
3 8
g 4L
2 F H]U{HHMHH Also, observed in ZEPLIN-III: JHEP 1112 (2011)
10" el LU . 115, arXiv:1110.3056 [physics.ins-det]
10" 1 10 10?
time, ms

24.08.2023 Rudik Dmitrii, The RED-100 experiment 22


http://arxiv.org/abs/arXiv:1110.3056

Electron shutter

* To block signals induced by AN IR
Muons

* To minimize short T
component of SE v v e e
background 3 emission low-background
1 | detector (in Russian), Utility
.

. . 1 =
* Still very high SE rate ot ) B || model patent RU 184222 U1,
(250 kHz in the lab. test) open: Ugs ~ Ugy = 50V closed: Uy, — Uy =-250 v 2018

06 Feb 2019 20:10

D.Yu. Akimov et al., Two-phase

i

1
i

06 Feb 2019 14:12

* Reduction by a factor of T Thoshue
~7-8 at KNPP |

Shutter pulse/in
the/middle of
muon-signal

Ampl, mv

Time, us
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https://patents.google.com/patent/RU184222U1/ru?oq=RU+184222+U1%2c+2018
https://patents.google.com/patent/RU184222U1/ru?oq=RU+184222+U1%2c+2018
https://patents.google.com/patent/RU184222U1/ru?oq=RU+184222+U1%2c+2018
https://patents.google.com/patent/RU184222U1/ru?oq=RU+184222+U1%2c+2018
https://patents.google.com/patent/RU184222U1/ru?oq=RU+184222+U1%2c+2018

Main background in the ROl

SE-event

* Main background = accidental
coincidence of several
spontaneous electrons

* CEVNS events are point-like
events

* Background is mostly
NOT point-like

e Light distribution across PMT
array should by different

PMT array

24.08.2023 Rudik Dmitrii, The RED-100 experiment 24



Neural Networks for background rejection

* First idea of cut: the relation
between amount of light
collected by leading 3
neighboring PMTs to the total
amount of light in event

* Classical ML approaches were
tested with further
improvement of the
discrimination power

* Finally, deep learning
techniques to mitigate this
kind of background

* See the talk of Olga Razuvaeva

24.08.2023

PMT array

Rudik Dmitrii, The RED-100 experiment

SE-event

N
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hidden layer 1 hidden layer 2
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Current status and plans

 RED-100 was decommissioned and
shipped back to MEPhI for the upgrade

Data analysis is ongoing

Future of the RED-100
The main idea is to substitute LXe with

RED-100 PMT
coated with TPB 15.0

rate, 1/20eV/day/100kg

Xe and Ar nuclear recoil spectra

10 L=19m

Charge Yields for Nuclear Recoils in LAr

LAr

= NEST (100 V/cm)
& SCENE 2015 (96.4 V/cm)

= NEST (250 V/cm)
& SCENE 2015 (193 Vicm)
& ARIS 2018 (From DS-50, 200 V/cm)
& SCENE 2015 (293 V/cm)
$  Joshi 2014 (240 V/em)

* Higher nuclear recoils energies = more e
electrons per CEVNS event ? 5]

* Upgrade is ongoing: _
e Light readout system - o

* TPB coating o]
 Cooling system power increasing -

= NEST (500 V/cm)
& SCENE 2015 (486 V/cm)
& Joshi 2014 (640 V/cm)

N

== NEST (1750 V/cm)
& Joshi 2014 (1600 V/cm)
& Joshi 2014 (2130 Vicm)

24.08.2023 Rudik Dmitrii, The RED-100 experiment

Energy [keV]

102 107! 10° 10! 102 103 1072 107! 10° 10! 102 103

By NEST collaboration



Ssummary

 RED-100 was successfully deployed and ran at industrial NPP

e Data analysis is in progress
* ML techniques are used for the specific background rejection

* First results of Reactor ON data analysis are expected soon
* Detector was shipped back, upgrade is ongoing

 RED-100 with LAr first tests in this year

Thank you for your attention!

24.08.2023 Rudik Dmitrii, The RED-100 experiment
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Backup

Rudik Dmitrii, The RED-100 experiment
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CEVNS measurements
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RED-100: schematic layout of grids and PMTs

Sizes of the drift volume

T - 16 and distances between
éz Q fg grids are in mm.
Gl Pl 3
2 LXe
k=
Eo T and B - top and
=) 0 bottom grounded grids,
@ < A — anode grid,
E 380 Gl - electron shutter
= > grid,
G2 — extraction grid,
C 55 C — cathode grid i’
B ® N 16 l

R ——

24.08.2023 Rudik Dmitrii, The RED-100 experiment
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RED-100 performance: LXe purity

8

”Mo!dodyr” spark-discharge
g

;- Xenon was contaminated

by highly-electronegative

purifier
* EIeCtronegatlve D.Yu. Akimov et al., 4}‘;;{ /170

. . impurities presumably
Im p urities catc h t h e :;;tlr;)n:‘.oEzp;:;ch. 60 | ‘4 due to the use of a special
. . . - ~HE It fluorine-containing high-
ionization electrons it I molecular-weight
. ] . 5 \f S lubricant in gas
* Purification in two stages U7 i centrifuges.
. 3\\\.
1%%: spark discharge ~ |-
techn |q ue with 1\\; | p After purification, the
" . py X-ray tube as a source of WL achieved lifetime = 50 ps
M OJ d Odyr ionization electrons for df St g B for ~200 kg of LXe
. . . e lifetime — ;
2"d: continues circulation of measurements

Xe through RED-100

and SAES ' .}
C [}
. . 0:.‘“"‘ o'..
* Electron lifetime of | : - o
— EN S 10°E
several milliseconds was ﬁ 2 !
. < E fﬁ | fit range 4 I .
m L [ ...‘“
achieved 1
f S UE
_\lww wwwwwwwwwwwwwwwwwwwwwwwwwwwww L ﬁ. |||||||||||||||||| 1 1 1
24.08.2023 | The RED-100 expefimettt W o4l 1T Feb 1§ Feb 3T 55T -
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Generated electrons in RED-100

rate, 1/day
2

—_
o
N
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Generated electrons in RED-100 with LXe for CEVNS events
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generated electrons number
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Generated elect

.

rate, 1/day/77kg
=

o
ra

rons in RED-100 with LAr for CEVNS events and 3°Ar

Emitries B0334895 | |
Mean 621

RMS Z4.8B6 | ..
Underflow 4]

&
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Short SEs
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