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* Part 1 - Principles of neutrino detection
* Neutrino interactions

* Discovery of the neutrino
* Principles of particle detectors: heat, ionization, scintillation _

* Part 2 — Neutrino Experiments
* Neutrino Oscillations with JUNO — large mass scintillator experiment
* CEVNS detection — COHERENT and NUCLEUS
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stopped yesterday
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Measuring the recoiling particles

Gas: O(10 eV)

* Signal strength .
Semiconductor: O(eV)

€ : eV/ quanta
* Resolution

B ~ VN ==
+ detector noise lonization
+ read-out noise

e+/v

7’

‘\ Scintillator:
nucleus  0O(100 eV) need to
T Olmev) produce O(eV) photon
Phonons/ Heat Light
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Light/ Scintillation

 Scintillation = creation of luminescence by absorption
of ionization radiation

» Subsequent de-excitation releases scintillation
photons
* Materials:
* Inorganic crystals
* Organic scintillators (liquid, plastic)
* Noble gas liquids

e Typically only 1-10 % of recoil

. Stokes-Shift
converted to light

-

»
>

i PMT/ SiPM/ etc.
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Inorganic Scintillators

e Band structure of the lattice changed by activation centers

CEVNS School, March 2023

Energie

A

x = Gitterkoordinate

\/

‘ Luminescence

radioationless

center

luminescence

@
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Inorganic Scintillators

e Band structure of the lattice changed by activation centers

Energie

* AC: Absorption

A

e (CB: thermalization

x = Gitterkoordinate

 BD: luminescence
F: quenching (radiationless)

CEVNS School, March 2023

Radiationless
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Inorganic Scintillators

e Band structure of the lattice changed by activation centers

Materials (examples):
* Doped alkali metal halides: Nal(Tl) and CsI(Tl)

e Oxides: CaWO, or BGO (Bi,Ge;0,)

Typically 10% scintillation efficiency -> good energy
resolution

Crystals -> low mass
Commercially available

Detector response energy and particle dependent

CEVNS School, March 2023
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O rga N | C SCl ﬂtl | |atO 'S aromatic hydrocarbon compounds, (C-H)

Energy levels of “free” valence electrons of the

molecule Singulett Triplett ey .
* Transition from T, to S, forbidden
S S
2T 1 * Phosphorescence (ms)
* Delayed fluorescence (us-ms)
Y T N T,
Sz Sy z 1
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O rga N | C SCl ﬂtl | |atO 'S aromatic hydrocarbon compounds, (C-H)

Energy levels of “free” valence electrons of the

molecule Singulett Triplett ey .
e | e Transition from T, to S, forbidden
S S
2T 1 * Phosphorescence (ms)
* Delayed fluorescence (us-ms)
S T .
S, Se Ty S * The population of S or T depends on dE/dX
| -> used for PSD
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Organic Scintillators

Energy levels of “free” valence electrons of the

molecule

Si lett Triplett oy e .
h A * Transition from T, to S, forbidden
Sz S3p
I * Phosphorescence (ms)
* Delayed fluorescence (us-ms)
S T .
S, Se Ty 3 * The population of S or T depends on dE/dX
‘ -> used for PSD
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Liguid Noble Gases

Excited dimer

Collision with
other atoms

lonized dimer

CEVNS School, March 2023

(excimer) — °
> « LXe: 175nm

De-excitation and
dissociation

LAr: 125nm

@

Recombination
withelectron o Excimer in two states:

 short-lived singlet (1)
* long-lived triplet (1))

Population of states depends on dE/dx -> PSD

For LAr 1, =6ns and 1, = 1.6us

For LXe 1, = 4ns and 1, = 22ns

Neutrino Detection (V. Wagner, TUM)
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Wishlist:
* High efficiency
Transparency

Some Examples for Scintillators o iqeininspecrairongeor s

_ Organic Scintillators Inorganic Crystals Liquid Noble Gases

BC-408 Nal(TI)
Density p=1g/cm3 p=3.7g/cm3 p=1.4g/cm3
Decay time 2.1ns 0.25 us 5ns/1.6us
Photons/ MeV 2 x 102 4 x 104 4 x 104
Wavelength maximum [nm] 423 410 125

- Veryfast + High light yield & good = High light yield
Advantages : Estlly shaped energy resolution * Fast

5 (i * High density * PSD (LAr)

* Expensive
e LAr intrinsic background
* VUV light
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Crystals (expensive)
* T-dependence

D * Lower light yield



Photosensors in a Nutshell

Photomultiplier Tube (PMT)
Dynodes

Photon

elec%/\ % m \Anode
// 27 \ | : Signal output:

Electron .
[HRH Read-out * Quantum efficiency O(25%)

Secondary

R electrons o * Coverage
v Jel el Jo Jeo— covvnennnn
/ g
0O O
Photocathode deceisiat: 0n+V0hage = + Semiconductor devices

(Gain; 300 - 1500 V)  from wikipedia * E.g. (Avalanche) photodiodes, SiPMs
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Light-Based Detectors

v Scalability for liquids

v Prize (some) o 3 }
v Particle ID
! Response particle dependent ==

Energy resolution: light yield low

REFLECTIVE PANELS —

CLOSED VOLUME —
FOR WATER FILL
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The Observables — (some) Pro’s and Con’s

v" Excellent resolution

v' Fast response (ns)

— Scalability

— Response depends of particle type

lonization/ Charge

v" Excellent resolution

v Response (nearly)
independent of particle
type ‘\

— Slow response (us-ms) nucleus

— Scalability

Large masses possible
Pulse shape discrimination

Relatively poor energy

resolution
Response depends on

particle type

Scintillation/ Light

Phonons/ Heat
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Combing channels yields background discrimination

lonization and scintillation typically
depend on dE/dx, i.e. they are
_ = energy and
Crngemc = particle
semiconductor lonization/ Charge dependent

Drift charges in liquid
e’ v noble gas detector

Phonons measure full nucleus
energy, (nearly) independent
of particle type

Scintillation/ Light

Phonons/ Heat

Cryogenic scintillating crystal
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Combing channels for background discrimination

( thermometer ) ([ thermometer |
( N

Phonon detector Phonon

Light detector (e.g. Si) detector
%’5 [\N\f\’ with thermometer 9 §
/44,_ g 0/ @)
o M

. Y, (]

v

EDELWEISS-III

T TTTUTT T AL

CRESST-III

Light Yield

AmBe source |

EDELWEISS FID |

I I IR S B P B P  S P RPN RS B
0 20 40 60 80 100 120 140 160 180 200
Recoil energy (keV)

‘ | ‘ 0
Energy (keV) p“o“o
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Different Detector Types

HPGe, Si CCDs Directional
detectors (TPCs)

lonization/ Charge

Cryogenic calorimeters Liquid noble dual-
with charge read-out phase TPC
et v
7’
7’
nu‘cleus Liquid noble gas
detectors
Cryogenic o ) ) Water Cherenkov
calorimeters PhononS/ Heat SCIntIlIatlon/ nght detectors
Scintillating cryogenic o
Superheated calorimeters Scintillating Liquid
liquids crystals scintillators
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Part | — Principles of Neutrino Detection

How do we detect @
neutrinos?

Neutrinos interact via the
weak force only

« We measure the (charged)
particles produced in the
neutrino interaction with
matter

* Count the number of
neutrino events given by
Ny = N * f ¢(Ey)o(E,)dE,

CEVNS School, March 2023

How was the neutrino
discovered?

* In 1956 by Cowen and
Reines, Project
Poltergeist

* The neutrino was
detected via inverse
beta decay

* Unique signature:
coincident signal of
positron and neutron
capture

Neutrino Detection (V. Wagner, TUM)

Which techniques are used
to detect particles? Q

Heat/phonon measure full
recoil energy with excellent
energy resolution/
threshold

lonization gives very good
energy resolution

Liquid scintillation detectors
build large neutrino
detectors

Combination of channels
provides background
discrimination
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Part |l - Neutrino Detectors

How to measure neutrino and
mass hierarchy oscillations? 0

CEVNS School, March 2023

How to study coherent elastic
neutrino-nucleus scattering (CEVNS) 0

Neutrino Detection (V. Wagner, TUM)

60



Neutrino Oscillation

Neutrino source

@

Neutrino detector

. et
v;(t) = v;(0) exp(—i (E;t — p;x))
The interference pattern determines the probability to o
detect a specific neutrino flavor
u d

ﬁ |

b

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)



Two-flavor Picture

Am? - L
P(v, - v,) = sin” 26 - sin? 5 2 v,
14

0: mixing angle
— amplitude of oscillation

« Am? = m% — m%: mass difference square

— frequency of oscillation

* L,:distance travelled from source Al

* E,:neutrino energy

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 L/E

slide adopted from S. Mertens
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Two-flavor Picture

Am? - L,
Ey

P(v, - v,) = sin® 20 - sin (

>

3 scenarios:

N
! * L/E << 1/Am?: detector too close to

0.8

source, oscillations not yet
06 developed
- 5 * L/E = 1/Am?: most sensitive region

 L/E>>1/Am?: oscillations on a scale
which cannot be resolved by the
detector

1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l L 1 1 1 l 1 L/E
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Neutrino Oscillation Parameters

2

B mft)
* Oscillation probability P,g(t,x) = Z UgUip e <2p
* PMNS Matrix i

Ve 1 0 0 C13 0 sze %0 Ci12  S1p 0\ /V1
U[J, — 0 Cy3 S923 0 1 0 —S12 Cq12 0 Uy
U‘[ O _523 C23 —5138l5 O C13 0 O 1 U3
\ ] | J
| |
reactor solar
mixing mixing

* Mixing angles s; = sin 0; and c; = cos 0; determine the amplitude

* Mass differences and energy determine the oscillation length
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Measuring Neutrino Oscillations

https://demonstrations.wolfram.com/NeutrinoOscillations/
probability of finding * Appearance: search for new flavors which
e sachilypeior(1Gey)inautring are not produced in the neutrino source
1.0- - electron
[ W * Disappearance: search for reduction of the
°‘8f expected (total) neutrino flux and/or change
o5l of spectral shape

0.4

0.2

~ ’M‘M'.‘.' ’ What are the typical neutrino
‘/\/\H”MWMHH\\/\,\ [ experiments/ sources used here? q

“— distance(km)

—0 5000 10000 15000 20000 25000 30000
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Mearuring Neutrino Oscillations

https://demonstrations.wolfram.com/NeutrinoOscillations/

probability of finding * Appearance: search for new flavors which
e SHCNpEr i1 GeYinatuing are not produced in the neutrino source
[ * Accelerator neutrinos since energies
4 T high enough to produce charged
o8| leptons

* Disappearance: search for reduction of the

0'6;— expected (total) neutrino flux and/or change
04] " /N of spectral shape
A‘ "‘ ‘ ‘ ‘ ‘ ‘ ‘ . "‘ ’h e Solar and reactor neutrinos of MeV
AR AT
02} M‘M‘ ' ' ‘M‘M energies since energy not sufficient to
YA V- d tau leptons i
—0 ] \, 5000 - 1‘0606 - 1I5(I)0‘0 - 20000 - 25000 | 00d|stance(km) ggc':e(l:]t(:oer muon ortal ep onsin
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Neutrino Oscillations

https://demonstrations.wolfram.com/NeutrinoOscillations/

probability of finding
each type of (1GeV) neutrino

10: | * Amplitude

| _ g | * 0, = 33°(large e->pu)

! AV * 0,5 = 48° (large u->1)

0.6- * 0,5 = 9°(small oscillation)

04/ , . * Oscillation frequency

"WM.”‘...‘.“&‘M“M * A% = Amiy & Amiy; ~ 3-10% eV? (high)
| U\/\/\M ‘l \ * Am? = Am?y, ~ 8:10° eV? (small)

— . E—— S— S— “— distance(km)
0 5000 10000 15000 20000 25000 30000
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Mass Hierarchy — one of the Unknowns

* Mass hierarchy

Sign of Am2, .

CEVNS School, March 2023

Normal

mg_

atomospheric:

2.4x107 eV?

; _
m5

solar: 7.5x107 eV2

Inverted

solar: 7.5><IO'5 e\/2

atomospheric:

2.4x107 eV?

T T ————.
my my

Y 0

&
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How to measure neutrino mass ordering?

* Survival probability of reactor electron anti-
neutrinos

Poe =1—Py; — P31 — Psy

Py, = cos*(0,3) sin?(260,,) sin®A,; mm) | Oscillations not yet developed at 1-2 km to reactors

So far: reactor neutrinos
assume Am?;3 & Am?,3

P32 — Sin2(912) Sin2(2913) Sin2A32

P31 = c0s?(0y) sin?(26043) sin®Ag4 }

m2 — m2
py =l -

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)



How to measure neutrino mass ordering?

* Survival probability of reactor electron anti-
neutrinos

At ~60 km
Poe =1—Py; — P31 — Psy

Py, = cos*(03) sin?(2645) sin*A,; mmp | Dominant term

P31 = cos*(6y2) sin®(26,3) sin®Az, } Ordering of

P32 = Sinz (912) Sinz (2913) Sin2A32 Am?13 2 Am?y;

m2 — m2
py =l -

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)

m

m

m

Normal
2
3

atomospheric:

2.4x107 eV?

2
2
solar: 7.5x107 eV?>
2
1

(|
VL‘

Inverted

solar: 7.5x107 eV?

atomospheric:

2.4x107 eV?
Y —
mj
= -,
71



Determining the mass hierarchy with JUNO

x103

. at 53 km ~~~ Only solar term

s —— Normal ordering

100 —— Inverted ordering

' e
>
> I
S 80
= I
g |
9 60_—
C L
[} 8
> I
W40 l

20 F o €
0—1 N I NP IR B RPN BT
0 1 2 4 5 6 7 8 9
E;. (MeV)

CEVNS School, March 2023

Neutrino Detection (V. Wagner, TUM)

Which parameters do we
measure?

What are the requirements for
our neutrino detector?

o
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Determining the mass hierarchy with high JUNO

x103
120 :_2000 days of data taking —— No oscillations
at 53 km Only solar term
3 —— Normal ordering
100 N

—— Inverted ordering
Key parameters:

>
] i . e 4.
S 80f * High statistics -> mass
— i . .
o * High energy resolution
g |
60 )
2 ' sin” 20,
4 ' )
W 40k l sin” 203
20| Vo L P
2 2 s
Amj, Amz, Scintillation
01|||||| detector
0 1 2 3 4 5 6 7 8 9
Eve (MeV)
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JUNO Experiment

* Jiangmen Underground Neutrino

Observatory
* Located in China
* New underground lab with 1800 m.w.e.
e 20 kt liguid scintillator detector

* Required energy resolution:

3% at 1 MeV (1o)

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM) 74



The JUNO Detector

Cal. House

* IBD:Ug+p —» e +n

/ et \ .
n /\ / delayed \ _. ,‘ Cover _—T]
’ / ~
L@ v ~200ps / Chimney
5 " ]
ve®- -~ @ — ¥ (2.2 MeV) Water ||
| I 99% capture on hydrogen
et 1% capture on C (E,=4.95 MeV)

\
\

v (511 keV) < --.".+-__+y(511 keV)

€

* Prompt signal: E, ~ E,(e*) + 0.8 MeV

* Expected signal rate: 60 IBD/days (after
cuts)

l.'l /f

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)

.—-f-"'_'-’__—

Acrylic Sphere

SS Structure

e

_ CDPMTs

VETO PMTs

Connecting Bars

L™

Supporting Legs
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The JUNO Detector

Central detector (CD): 20kt liquid
scintillator

Most critical: Light yield 1235 p.e./MeV

* High PMT photocathode coverage (78%) Chimney

* High PMT photocathode quantum
efficiency (>24%)

* Large attenuation length of the LS
(>20m)

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)

Cal. House

Cover _—1]

AN

Water {1

*‘ )
20 inch + 3 inch PMTs |

_,_,—v—'—’"_—

Acrylic Sphere

SS Structure

L—

“.l  CDPMTs

VETO PMTs

Connecting Bars

I

Supporting Legs
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The JUNO Detector

Calibration to obtain 1% non-linearity
and effective 3% resolution

Background mitigation
e Material screening
* Water buffer between LS & PMTs

* Muon veto:

 Water Cherenkov detector with
20 inch PMTs

* Plastic scintillator panels (TT)
covering chimney

CEVNS School, March 2023

Cal. House [} ‘ B 1T
' 1 1 ; | . ’=_ E LN | 1 v
. B L S -,- . ¥4 -
; 22| T | g.l}:_! ! 1 L=
Chi(r:To:f!/ P a LA ij &7 “/—I:S—
4 A .
) L | SR | Acrylic Sphere
Water I 4 R . ""*'3‘:;.. SS Structure
TS o | RSEABOBAS, h g =
NP TP TP Y T CD PMTs
35.4m (34.4 FV) 030 == VETO PMTs
\Y4) o b o ;i:,fi\ &1 Connecting Bars
s &b dRees AHH—
7l S0/ Supporting Legs
Il
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Part |l - Neutrino Detectors

How to measure neutrino and
mass hierarchy oscillations? Q

* Appearance of new flavor

e Disappearance of
neutrinos -> rate &
spectral distortion
measurement

e JUNO: 20kt liquid
scintillator

e At 53 km oscillation of
reactor neutrino sensitive
to mass ordering

CEVNS School, March 2023

How to study Coherent elastic
neutrino-nucleus scattering (CEVNS) 0

Neutrino Detection (V. Wagner, TUM)
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Study CEVNS energy & N? dependence

— large variety of neutrino experiments

o ~ N2EZ

—_
o
w

g : : : : : {| — Reactor

D S ; : : : g

81072 f S S— AR S— — S— | § COHERENT |..
§ : : : : : ¥ XENON

T : f : : f : ¥ CONUS (Ge)

O 42 Leovsmenitvr st e o R g B
10 E

g E

o =

c L

C R Rl ST R PP PP PP Peewe e o e s

§ 10

° =

()] =

wn

»n 1 _E_ ..................................................................................

(2] = ’ :

o = i|— SNS, FF=1

o B :

810—1 S S S s e SN i S s S S i e e —SNS

(o)) — Solar

11111111

0 10 20 30 40 50 60 70 80
Neutron number

A

Stopped -
DAR source

8B solar
neutrinos

Reactor
neutrinos

Phys.Rev.Lett. 129 (2022) 8, 081801 (Csl)
Phys.Rev.Lett. 126 (2021) 1, 012002 (Ar)

Phys.Rev.Lett. 126 (2021) 091301 (XENON)

Phys. Rev. Lett. 126, 041804 (CONUS)
Phys.Rev.D 106 (2022) 5, L051101 (vGen)
2202.09672 [hep-ex] (DRESDEN)

JHEP 04 (2020) 054 (CONNIE)

taken from K. Scholberg, talk at PANIC 2021

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)
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https://arxiv.org/abs/2202.09672

Reminder: Neutrino Sources for CEvVNS

nt - ut + v, (prompt)

©10

e [@QCHOT V
from Kopeikin 2012

put— e’ +v, + v, (delayed)

————— — [
_° 1
— V. '
—_—, '
! ' | I I I | I l
0 10 20 30 40 neutring energy [MeV]

* High flux: 0(10?°v/s) @ power reactors
* Low neutrino energy: coherency

* Flux at SNS in Oakridge (US): 4.3x107 v/(cm? s)

* High neutrino energy: start of incoherence

CEVNS School, March 2023
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gy [keV]

maximum recoil ener

Energy Threshold for CEVNS N

Novel shielding, - .
Reactor Off-On Pulsed beam -> needs good timing resolution

«— Reactors > Stopped-pion beams >
o = .......-----":.:.‘..":.:“.:.‘.:".L"..'-'-'-";".'.:-“-".'."::."L."‘..'.'.'.".L".L';"'_'."'_'.'_":-"'_'.'_":".'.'.L".'.“'.'.‘_: Imtarget
10 |~ B EEE IO T =
---- - = — w— .
I _‘.“."c‘;"/; _'/_— ............................................................ S'
! //’/// O(few keV) -- Ar
_:.‘/ . Ge
-j.J/ (Sub-)keV thresholds T 2E2 —
102 7 thresholds max = M} 2E, W
T

neutrino energy [MeV]

* Measurement of (sub-)keV nuclear recoil signals: Low energy threshold Overlap witp,
MJ

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM) 81



What we measure in CEVNS

do GI%M MT Nuclear recoil energy spectra from CEvNS for the SNS neutrino
T 2 |Z(1 — 4sin®6,,) —N|2( 1 — — | Fi(q%) : .
n weak charge > 2Ey 10 — Arat27.5m N ~20,A~40
target nucleus weak form factor ;_> Cslat19.3m N~77,A~132
v-source <
kinematics -> detection o Geat22.0 m N~40, A~72
threshold & v-source %) 1 3 — Nalat21.0m N~11, A~22
=z =
Trade-off between P F

O 4n-11— S
2N 10 o o
~ = =t
c u ~
o ~ N2EZ EZ S f :
) i
Erecoil N+ 7 X102 2
my (N + 7) 4 s
s 5 S
L Q
Q < ]‘/R 10-3 =3 a
- 5
- 2
B 1 1 | I 1 1 1 I | l 1 I | 1 1 I 1 1 1 I 1 1 1 I 1 1 | l 1 =

0 20 40 60 80 100 120 140

Recoil Energy (keVnr)
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What we measure in CEVNS

Nuclear recoi/ a

do G:ZM MT : :
= ——[z(1 - 4sin?0,,) — N]2( 1 — — | F2(q?) - What are we interested in?
dT  4m 2E ,
weak charge -> 10 What gives the measurement of the
weak form factor -> - .
target nucleus = - cross-section?
v-source @ %
kinematics -> detection o \ J
threshold & v-source % U3 —— Nalat21.0m
= =
Trade-off between o F e

O 4n-11— \ o
2N 10 o S
[ - = -
o ~ N2EZ EZ S f :
() —
Erecoil N+ 7 X102 =
my (N + 7) 4 s
s N S
w Q
Q < ]‘/R 10-3:_ a
- 5
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What we measure in CEVNS

dR,y/dEy [events/kg/keV/day]

103 CEvNS on a Germanium target (Near Site)
Phase 2 Phase, 1 — ] ] ]
- B cioction ] * Normalization measurement:
102 _ — Standard Model CEvNS -
F — 1, =2.2x10"2 ppg 3 2
. n
| — wezowot ]2 0~|Z(gy + 20l + efl) + N(gh + il + 2e00)]
101 - — 1, =3.0x10"104 - 1 .
- = gy = +§—251n26W
10° . :
_________________ - ; * Shape measurement for neutrino
] S magnetic moments (), new
f mediators, etc.
10-2, o, T R | ; \ o
1073 1072 107! 10° 10!

Recoil energy, Er [keV]
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We are lookin3 £or neutrines |
\ s

!

/I|\\

Chloé Goupy (chloe.goupy@cea.fr), CEA Saclay, 2022

The COHERENT Experlment

CEvNS discovery

Multi-detector experiment

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)
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Evts. / keVnr / kg / SNS-year

The COHERENT Experiment

N
T ﬂ»/SNS

SPAllAIIUN N[UIROH SOURCE

@Spallation Neutron Source (SNS) at Oakridge National Laboratory

i Target | technology Threshold
10k —— Arat27.5m [keV. ]
- Cslat19.3 m o
B Geat22.0m T ..
15_ — Csl[Na] Scintillation 14.6 6.5 Decommissioned
B 2
o
107 o Ar Scintillation 24/610 20 Running
- = Single phase LAr Update 2024
102 g N
- = Ge lonization 18 <5 Commissioning
- S HPGe PPC in 2022
102 E‘
. °§ Nal[TI] Scintillation 3388 13 Commissioning
- 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L | 1 1 1 | 1 L 1 I L 1 l I L = 1
0 20 40 60 80 100 120 140 I 2ilze

Recoil Energy (keVnr)

CEVNS School, March 2023
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g‘i
The COHERENT Experiment ( Q‘a /SNS

modified from https://coherent.ornl.gov/the-coherent-detector-suite/

. @Spallation Neutron Source (SNS) at Oakridge National Laboratory

Hg TARGET Target | technology Threshold
[keV,]
SHIELDING MONOLITH
Csl[Na] Scintillation 14.6 6.5 Decommissioned
CONCRETE AND GRAVEL
._.—F“ Ar Scintillation 24/610 20 Running
. Single phase LAr Update 2024
NIN cubes,
CENNS Ge ARRAY' Cs' Nallsskg Ge lonization 18 <5 Commissioning
d ‘ m HPGe PPC in 2022
Nal[TI] Scintillation 3388 13 Commissioning
in 2022
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COHERENT — Csl Detector

14.6 kg Nal[Tl]
SNS source with v flux of 4.3 x 107 v/cm?/s @20m

>3 yearsof data

Final result: CEVNS observationon Cslat 11.6 ¢
flux averaged cross section of (o), = (165732)x10™*%cm?

Consistent within 1 ¢ with the SM prediction

CEVNS School, March 2023 Neutrino Detection (V. Wagner, TUM)
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COHERENT — CEVNS Discovery

12us after POT trigger

12us before POT trigger

A

Res. counts / 2 PE

-15

30} Beam or\
15} +

4t
P, *meﬂ e *;+ a

Science:=
| {

5

5 15

I Calibration:

1.17 PE/ keV

B 60
45t
30t
15}

Res. counts / 500 ns

~15

Number of phot
Beam OFF

———— —

oty

oelectrons (PE)

SM predictions

CEVNS School, March 2023

1 3

Arrival time (us)
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COHERENT — CEVNS Discovery

background promptv,
Prompt neutron PDF CEVNS v, PDF CEvNSV, PDF d e I aye d \Y;

- B _4
871 8
oy: & =
) @
aar ~
§27 §
w1 o

6
) A
? yore

e e background

)

- n

Events /(2ZPExfus)
= -
=4 R

<
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Science
=F

N

COHERENT — CEVNS Discovery

Main systematics:

* 10% neutrino flux

* 25% quenching factor
4 )
Observed CEVNS events: 134 + 22 counts
Predicted CEVNS events: 173 + 48 counts
, . : . _ Presence of SM-CEVNS at 6.7c
5 15 25 35 45 - J
Number of photoelectrons (PE)

Res. counts / 2 PE
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COHERENT - Argon

10cm Pb

12mm Cu

23cm Hzo

24 kg LAr

8in PMTs

CEVNS School, March 2023

 Dominant background from

Ar-39, b-decay with Q=565
keV
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COHERENT - Argon

10cm Pb

12mm Cu

23cm Hzo

24 kg LAr

8in PMTs

CEVNS School, March 2023

(o), (107 cr?)

L |
40l— -—CEVNS Cross Section Prediction -
[ [JFlux-averaged Prediction with Uncertainty gl
ol +COHERENT (Analysis A) N
[ 4+ COHERENT (Analysis B) ’
20 |
[ [v, Flux ]
10l [ lvg Flux h
- [1v, Flux .
L 1 : 1

40

10° 50
&
£
(&]
$_ 10
o
c
.0
©
3
o 105 SM Prediction B
7 s
o FF=unity IO
O [l Klein-Nystrand FF
1 lIilllliIllliIIllilIllillllillllillllillll
0 10 20 30 40 50 60 70 80 90
Neutron Number
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COHERENT — Ge

* 10 kg array of p-type point contact detectors
* Lowest energy threshold
* Intermediate mass

Pb shield
Polyethylene
Ge detectors

Copper shield

Support structure

Ge preamplifiers

Multi-port dewar

Muon veto —————p
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‘ % 'lJvOOooOolL ,

The nudear decays n

Hhe reactor cores are
creahns \""‘W

of neutrinos -

That 1S why power plants are special sifes o dosecve neutrinos!

CEVNS at reactors

Very briefly ...

CEVNS School, March 2023

Neutrino Detection (V. Wagner, TUM)

Chloé Goupy (chloe.goupy@cea.fr), CEA Saclay, 2022
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Ge at reactors

Lindhard model

k- g(e)
1+ k-g(e) Enr

Epg = QF(ENR) + Eng =

€ =115 Z77REyy
g(e) = 3€%15 +0.7¢%¢ + ¢

CONUS k =0.162

@SNS T.... (50 MeV) ~ 74 keV 0 @reactor T (10 MeV) ~ 3 keV
. 7
- 0.6~ /7 .7
~ 251 % - —-k=0.20 // ot
>k < 051 k=0.25 A
< 20— E C / ’¢’
T—) - E 04__ 7 ¢”'
8 L oF 3 E s
c 15— 3 - 7T
L L T 03fF ///' Ei, = 250 eV
S 10 'c - S
[SE e - it
o L © 0.2 S
L 5—_ uij - /¢”¢
L C /,¢
= 0.1— 7.
OI_%""'"""""""""""""" :/,4'
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Nuclear Recoil (keVNR) 0 0.5
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Nuclear Recoil E, (keV)
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Part || - Neutrino Detectors

How to measure neutrino and

mass hierarchy oscillations? Q

e Appearance of new flavor

* Disappearance of
neutrinos -> rate &
spectral distortion
measurement

* JUNO: 20kt ligquid
scintillator

* At 53 km oscillation of
reactor neutrino sensitive
to mass ordering

CEVNS School, March 2023

How to study Coherent elastic
neutrino-nucleus scattering (CEVNS) Q

=+ Normalization and shape of

recoil spectrum

e Study N2-dependence of cross-
section

* 1-DAR sources explore time
dependence of CEVNS signal
and have keV threshold

* Reactor-CEVNS experiments
need (sub-)keV thresholds

 Phonon-detectors overcome
guenching of nuclear recoils

Neutrino Detection (V. Wagner, TUM)
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