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. s . . observable universe
galactic core-collapse Supernovae (ccSNe) e 105N per year
= high-luminosity neutrino signal e Lal ol aee e

— 103-10% events in SK and other detectors P B g e

I'_

= low rate: 1-3 SNe per century expected e Al

neighbouring .
galaxy clusters
~1SN peryear -

milky way
1-3 SN per 100yr

Diffuse SN Neutrino Background (DSNB)

= combined flux of all ccSNe
over cosmic distances

= faint (~2 ev/year in SK) but continuous

Michael Wurm
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* DSNB model predictions R s
= Current best limits | ’ e

“ Observation in the next decade? AT R R

= Potential of future detectors
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DSNB Models: Basic Ingredients

red-shift dependent
Star Formation Rate

red-shift dependent
— Supernova Rate

Initial Mass Function ——
of forming stars

Supernova Neutrino Spectrum

-- depending on progenitor mass
-- red-shifted by cosmic expansion

Michael Wurm DSNB



Star Formation History

i.e. the red-shift dependent Star Formation Rate (SFR)
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red-shift Z
= astronomical observation of star formation regions by photons (UV—>radio)

= relatively well constrained up to red-shifts z = 1-2 = most relevant for DSNB
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Initial Mass Function

i.e. distribution of progenitor star masses
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= stars that end in a ccSN:
typically only 8 M,,,,, and higher
- small fraction (~10%)

= DSNB modeling: commonly used

(broken) Salpeter parametrization
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progenitor mass influences
= final state: neutron star, black hole

= temperature of proto-neutron star
— SN neutrino spectrum



Supernova Neutrino Emission in a Nut Shell

" neutrino emission from core-collapse
Supernovae comes in three batches

- nheutronization: p+e —>n+yv,

- accretion: Ve & V,
- PNS cooling: vV-pair production
Accr¢ting material (a” flavors!)

" Proto Neutron Star (PNS) cooling is the
dominant contribution

= Total v luminosity: ~“99% of gravitational
energy released in Fe core collapse

~. " event numbers expected for Super-K:
Sioekfon - ~10*for center of Milky Way (10 kpc)

V/‘V - V ’\ V - ~1 for Andromeda (1 Mpc)
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Supernova Neutrino Spectrum

standard parametrization (Keil, Raffelt, Janka)
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= thermal Fermi-Dirac spectrum (T ~4-5 MeV) with

= pinching B, to take into account thickness of neutrino sphere
Michael Wurm
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New: Mass-dependent Neutrino Spectra
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= figures show time to explosion/BH formation, total energy, mean neutrino energy
as a function of Zero-Age Main Sequence (ZAMS) mass

= red: successful SNe, grey-blue: failed SNe with dependence on EoS of neutron star
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Impact of Cosmological Red-Shift
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Range of predictions

Kresse, Ertl, Janka (2020
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= DSNB flux predictions feature large intrinsic uncertainties

= predictions by many different groups
— no substantial differences on flux/spectral shape
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Range of predictions and upper limit

Kresse, Ertl, Janka (2020)
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= DSNB flux predictions feature large intrinsic uncertainties

= predictions by many different groups
— no substantial differences on flux/spectral shape

= upper limit from experiment: part of parameter space already ruled out!

Michael Wurm DSNB
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Why is the DSNB interesting?

—> discovery of the only ,,permanent”

Beacom
SN neutrino signal AR B B B U
10 .
—> signal normalization —
IO |
o redshift-dependent SN rate St
o fraction of hidden/failed SNe 5
<
2 1 =
¢ ]
—> spectral shape = o Ladanm
= |arge variability in PNS & Boitcella et al. (2008) 1
i <] Cappellaro et al. (2005) i
temperatures expected O MY D B Dapmet G500k
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
— average SN neutrino spectrum 0.1-4 S
Redshift z

= astrophysical parameters, e.g.
neutron star equation of state
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Detectors for DSNB detection

o

main requirements:
o large detection mass
o ultra-low background

Michael Wurm



Detecting the DSNB antineutrino component

= DSNB flux: ~10% /cm?s

= equipartition between v flavors

15 ::éi:lim = = best possibility for detection in
—<E>=18MeV |5 water and liquid scintillator (LS)
— <E>=21MeV =

V, via inverse beta decay
on free protons (H)

o
-

= expected event rate:
1—2 events per 10 ktyrs

number of events in 170 ktyrs [MeV]

0.05- [
n . / delayed \ __ —‘
N ., W ~200 ps /I
i | //)v v
% 5 10 15 20 25 30 35 40 45 50 V@ @
prompt event visible energy [MeV] <. prompt Y (2.2 MeV)
P ‘. ~few ns

\
\

vy (511 keV)+__-".+-_-+y(511 keV)
e
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Current experimental results

Experiment Type Mass
= Borexino LS 270t
= KamLAND LS 1kt 10
= Super-K WC  22.5kt

|:| Atmospheric-v (NCQE)

[ spallation °Li

- Reactor-v

: Accidental coincidence

------- DSNB (Horiuchi+09 6-MeV, Maximum)

Events/2-MeV

Example: Super-K background spectra

—4— SK-IV Data
_l_'__
—— = '__F-|_'—_1
NL i
[}

|:| Atmospheric-v (non-NCQE)
j | -i
- 1

(TZ07) @pueyolwey-i1adng

DSNB signal

11

State of current experimental limits
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— Borexino new limit 10 20 30 40 50 60 70
— 106 — Borexino 2011 || rec [MeV]
% I — Super-Kamiokande, 2003
_? — — Super-Kamiokande, 2015
;"’ — KamLand
'g 104
£ L _I_l_‘_l_l_L |z =2 current experiments are either
g Borexino o too small or feature too much
13 background for a detecti
& (@]
5 | — = |2 ackground for a detection
KamLAND — L =
. SuperK I-IIl |=
5 10 15 20

E MeV
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Important improvement: Neutron Tag JjG|u

irreducible backgrounds N
detection window 10-30 MeV 0N EE
t \ 13
% 10°E p— Reactor v, 45
= F \ ELER
> 12
& annihilation R Supernovay, K
N > b Atmospheric 3
prompt positron | =
| - v, energy g
V > o
e
| thermalization
O 0% 510 15 20 25 30 35 40
Measured E, [MeV]

| capture on
proton —

2.2 MeVy

background discrimination:
removes single events
(e.g. invisible muons)

delayed neutron

- n-detection inherent to liquid scintillators but hard to achieve in pure water

Michael Wurm (Mainz) DSNB 17



Neutron Tag in current SK-1V

Signal region (38° <©¢<50°)

Recent publication on latest SK-IV data
with long acquisition window after trigger that
results in ~20% delayed neutron tag efficiency
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Number of events after cuts
0/ >1 neutron tags
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59 10.0
33 -~ DSNB
gf. 75 —— All backgrounds
§ 5.0
e 1 ]l ! Side note: both data samples prefer
% = STt a small non-zero DSNB contribution.

g
=}

20 30 40 50 60 70 80
| ) ) Erec [MeV] DSNB 18



How to enhance delayed neutron tagging? JG|U

Super-Kamiokande+Gadolinium JUNO

) 2 iy J N

jre | 2
\:3:/73 v
? Y (2.2 MeV)
LELERBHTEES ﬂgﬁgé‘g&ét y (511 kev)+_:\_\.+.__..y(511 keV)
= add low concentration of gadolinium (10-3) = |liquid scintillator: high light yield &
= enhanced neutron tag by gamma cascade low detection threshold
(t~30ps, 4-5 gammas with 2E,=8MeV) = large signal by n captureon H
= detection efficiency: 65-80% = detection efficiency close to 100%
- running since fall 2020! - will start in 2023

-» successfully removes all single-event backgrounds — but: there are correlated BGs ...

Michael Wurm (Mainz) DSNB 19



Backgrounds mimicking IBDs

In 2011, KamLAND published results from an extraterrestrial v, search in 10-30 MeV range:

12
N —e— KamLAND data
10~
> 8—
reactor electron s b
antineutrinos \;\6‘1
(irreducible) 5 T
4

atmospheric
antineutrinos
(irreducible)

spallation isotopes (°Li) from
cosmic muons in the target

fast neutrons from muons
crossing surrounding rock

who ordered this? (can be shielded/tagged)

Michael Wurm (Mainz) DSNB 20



Atmospheric neutrino NC background JG|U

caused by NC reactions of GeV atmospheric neutrinos on carbon/oxygen

delayed event:
single neutron capture
on hydrogen (or Gd)

prompt event:

composite signal of

= (quenched) recoil protons
= inelastic scattering =2 y’‘s

Michael Wurm (Mainz) DSNB 21



Atmospheric NC background in SK-Gd

Maksimovic, Nieslony, Wurm (2021)

prompt NC event spectrum number of delayed
gE T T T rrTE neutron captures
K —¢— Data ] L A B V)
16 S NCQE 10 15
14 B [~ Single pion = ®
- < 7777 Multi pion . E
¥ 1L E= Non-NC 4 N
ﬁ 12 r Accidental 1 g S
N 4 = O
s10p 7 Zos 1=
& 88 -
dﬁ -
M6 1 | bz v
i ] i DSNB signal & BG expectation
S 3 : T = - 0 2 2 A é NCQE+NC-nm Events before CNN
2 N T ez —: Number of tagged neutrons per event EEE DSNB Events before CNN
A \“ Il Residual DSNB Events after CNN
0 ~\§\'\\\\\\ I Residual NCQE+NC-nir Events after CNN

2 .
10 =1 Invisible muons

10 15 20 25
Reconstructed prompt energy [MeV]

= atmospheric NC background rate and
spectrum measured by SK IV

DSNB
= also neutron multiplicity has been measured,
but with low efficiency (~10%)

= can be scaled as background for DSNB 4,_,_\_\_“\_\;

search using Gd-neutron tag > relevant! oyl
12 14 16 18 20 22 24 26 28 30
Visible Energy [MeV]

dN/dE [(22.5 kton) 10yr MeV]~?!
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Discrimination based on light patterns

JG|u

distinguishing charge and timing patterns with Convolutional Neural Network (CNN)

z [A-g] Charge event display

z [A-(l)J] Time event display

20

20
DSNB 40 40
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100 100
0 25 50 75 100 125 0 25 50 75 100 125
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z [A-gl Charge event display z [A-g] Time event display
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100 ‘ 100 :
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Normed charge Normed time

z [A-(l)J] Saliency map
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Activation

—> single rings for DSNB, more complex structures for atmospheric NC events

Michael Wurm (Mainz) DSNB
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SK-Gd expectation after CNN

Maksimovic, Nieslony, Wurm (2021)

= CNN performance:
o signal efficiency: 96%

o residual background: 2%

DSNB signal & BG expectation = resulting S:B ratio of 4:1 in the energy

NCQE+NC-nmr Events before CNN .
Il DSNB Events before CNN range Of Inte reSt (12_30) Mev

Il Residual DSNB Events after CNN . . . .
BN Residual NCQE+NC-nm Events after CNN = residual background by invisible muons

H'; 10’ - Invisible muons (Michel electrons from low-E atm. v,s)
s
é atm.NC
= o w/o CNN
S
£ _
0 invisible
S muons expected event rate for SK-Gd:
w100 4
S DSNB = signal: 2.0 IBD/yr
°© ‘ (large model uncertainty)
4 atm.CC

. w/ CNN = background: 0.9 /yr
12 1|4 1l6 118 2I0 2I2 214 2I6 2I8 30
Visible Energy [MeV]

IVIiChael wurm (Iviainz) DSNB 24




DSNB search in JUNO

\ DSNB signal & BG expectation y BG measured in KamLAND
‘_Ir‘—| 10 rrrr[rrrr|rrrrprrrrrrd E B —e KamLAND data
> = 10 - accidental
o 3 ©) : 0 fast-neutron
E‘ 10 ~ o atmospheric v CC
w 8 % 8 :_ B atmospheric v NC
B = = [ W spallation
10 < > B2] 6 reactor Vv,
§ oy, BG + solar v,
B4 (90% C.L. upper limit)
2

10 15 20 25 30
E, (MeV)

Events in 14.7 kt x 10

= BG levels in KamLAND almost directly
translate to situation in JUNO

10 15 20 25 30
Prompt Energy [MeV]
- - FV1

= atm. NC BG has been re-evaluated

—_ DSNB based on available neutrino generators
=F§i‘;7t§’ﬁz (GENIE, NuWro)

=§?fflri,e‘é%’n - BGs surpass DSNB signal by at least

M Atm-v NCw/ '/C an order of magnitude ...

| @ Atm-v NCw/o ''C
Michael Wurm (Mainz) DSNB 25




Pulse Shape Discrimination (PSD) in LS JG|u

Pulse Shapes of Gammas and Neutrons

T T IHIH]

350ns

3 L © = in liquid scintillators,

% - g pulse shapes (and light yield) of
£ | tal E highly ionizing particles (n,p,a’s)
2" total TS differs from light particles (e,y’s)

= can be exploited for discrimination,
n | «—— e.g. by tail-to-total ratio of
‘ time-of-flight corrected pulses

T T TTHH]

l

TTTIT

=

o

;’ EN ' 00 ' 150 200 250 300 350 400 ' 450 PSD performance VS. energy

time (ns) 0.35 10?

F
entries

tS tma,x tt te

tail-to-total

neutron events

= example shown here for
11 MeV neutrons vs. 4 MeV gammas

1 llIIIIII

= efficiency rises with energy/number of
photons detected

= JUNO is a high light yield experiment! :
- expect ~1300 pe/l\/leV 0055 s 2 25 3 35 4

visible energy (MeV)
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DSNB expectation in JUNO after PSD

2015: based on tail-to-total pulse shape expected event rate for JUNO:
discrimination and old LENA studies .

’ = I: 2.01BD
expected performance for JUNO was SIENS Iy
= DSNB signal efficiency: 50% = background: 0.8 /yr

= NC background residual: 1.1% i.e. roughly comparable

to SK-Gd expectation
DSNB signal and background before/after PSD

r —— DSNB: <E >=15MeV
—— sum of backgrounds
— reactor v,

| NC-BG

—
o
TTTT]

CC atmospheric v,
—— NC atmospheric v

—
o
TTT

—— fast neutrons

—— DSNB: <E >=15MeV
—— sum of backgrounds
— reactor v,

CC atmospheric v,
—— NC atmospheric v
—— fast neutrons

N

—
T TTT

number of events in 170 ktyrs [MeV]

number of Q in 170 ktyrs [MeV™
T T T TTT |I

—
—
Q
N

FT IIIIII|

o' \\\\\\\w
; | 1 L1 I 1 1 | 1 11 1 1 1 11 | 1

1 | Il 1 | 1 1
10 15 20 25 30 35

lllllillllllllllll\k

15 20 25 30 35
prompt event energy [MeV] prompt event energy [MeV]

-
o

Michael Wurm (Mainz) DSNB
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First observation of DSNB within 10 years? JG|U

SK-Gd started data taking in 2020, JUNO will follow soon = projected DSNB sensitivity?

_ Events accumulated in SK-Gd/JUNO ] Projected statistical sensitivities
‘§ SK-Gd 3 - SK-Gd =
s SOZ—JUNO @ gL —— JUNO &>
= 50f - o
8 - total [ — total é
b i3 E
B A =
30 AE i
. — E
20— - o
B 2 e
10 -
C =
: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 : 1 1 1 1 J 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
?020 20|22 20|24 20|26 20|28 20|30 20|32 2020 20|22 20|24 20|26 20|28 20!30 20|32
year year

after 10 years, sensitivity of individual experiments at 3o level

combined sensitivity will reach 50 level for a positive DSNB detection

= many caveats: DSNB (and BG) rate uncertainty, systematic effects

but as well synergies: complementary measurements of atm. NC BG
in water/scintillator will improve understanding of this background
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Updated JUNO study with better PSD

Improved knowledge of pulse shapes = state-of-the art modeling of NC final states
and LS fluorescence parameters

= ]
% 107 —— DSNB, E
T wf DB = improved PSD techniques (radius-dep.
= == Atm-v NC, t;‘]‘; ] . . .

5 ooof e Tail-to-Total, machine learning TMVA)

o] TGS e promises excellent BG suppression

o -—\

107 - . . . .
o8 3F i inaanasnas = atm.NC reactions with 1C in final state are
& 2 . — ] harder to discriminate by PSD but can be
= — tagged based on delayed B*-decay
%L—c 0 0 100 200 300 400 500 600 700 800

Time [ns]

-> substantially improved sensitivity! ;

Improved PSD performance — : - 5

' 0.10 », 14~ Rzz(0)= 110 yr! Mpc — 18MeV [ |- BH:0.40 )

2 g —— rem— 2 L == = Ry(0) = 2x10* yr! Mpc™ L 15MeV | [ BH:0.27 o

3 o . -2 12F Byt 50%—>30% [ 12MeV | [~ BH:0 ~

.q% —0.08 q% - . S, 30%—20% - - —
Sy - Gy L L
é’ — DSNB (FV1) 1 & T 10fF £ z
7% “ee | > C C
g DSNB (FV2) —0.06 9) 2 b - 2
E — Atm-v NC (w/ ''0) A E F X
&0 ey = 'z [ . [

3 Atm-v NC (w/o ''C) 0.04 8 g 6: ; . i
1 & 2 LE :
1 47 n -
—] < B B
_0.02 R N g 3
00""""""'""'-‘-7-‘7-'"-'"-‘%0.00 0:.|...|...|...|...|...|...|...|...|... [ ] - ]
T 12 14 16 18 20 22 24 26 28 30 2 4 6 8§ 10 12 14 16 18 20 10 20 10 20
Prompt energy [MeV] Running time [yr]
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Future detection strategies JG|U

Next generation of experiments can discover the DSNB signal
- how do we get to spectroscopic measurements?

scintillation

- huge water-Cherenkov detectors, —> advanced scintillator detectors
i.e. Hyper-Kamiokande with hybrid signal readout, i.e. Theia

Michael Wurm (Mainz)



Prospects for Hyper-Kamiokande

HK w/o neutron tagglng HK+Gd
Egoo:r_r__,__ ,,,,,,,,,,,,,,,,,,,,,,,,,,, : 0200 ——mM—@Mm™ 1
o BRI A © : 1=
2,900 iaion: sty 2180 + i
2700 BRESs \o’:‘:__- 1] 2160 +FHN+BG(mvmu1/5) -
isosees . 3 4 O

e : e _ e o
S600f i_i;- | o140} +
= XX P ol 2120 1 #
(o] 0005555 % X ' 4 [
SR “"i**& | 20| ++++++ﬁ
S 400 | > 1 S :
> + >
) s S o 80
= 300 [(#7  - =
N eetetesotey N 60
L200} 8
g :‘_q‘?- 5 40
u>'l1oo;i-::'.ﬁ:ﬁ' atmsph. v d I-I>-I 20 ;. -

M0 15 20 25 30 35 40 45 50 010 15 20 25 30 35 40 45 50

Energy (MeV) Energy (MeV)

= 10x larger volume: statistics will drastically increase!
—> detection becomes possible without addition of gadolinium

= but: full potential is reached only if gadolinium is added

(this is no longer the standard scenario)
Michael Wurm DSNB 31



Hybrid Cherenkov-scintillation detectors IG|U

LN
.~}

courtesy of Ben Land
Michael Wurm

DSNB

— Cherenkov light is particularly
useful for reconstruction of
direction and (multiple) tracks

—> Cherenkov photons are produced
in liquid scintillators (~5%)

— the majority is scattered or
absorbed before reaching PMTs

To make use of it:
— reduce scattering/absorption

— separation of Cherenkov and
scintillation photons

32



Water-based Liquid Scintillators (WbLS)  JG|U

WbLS composition

= organic LS mycels
(solvent+fluor)

&

~= N = surfactant

3 2

S, S = water

S S

= Ny - properties depend

D *3 on relative fractions: p Hydrophilic head
§ = = Reduced light yield '

;g Water-based Liguid Scintillator " Increased transparency 3

( Wafer—[ike u Com pa ra ble timing S8 , > Hydrophobic tail

Hydrophilic medium (water)

= 570% water
= Cherenkov+

scintillation
» cost-effective w
Scintillator ol e

Borexino
KamLAND

»

T J
10° 10% 10

Photon yield (MeV) | }
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Separating Chertons and Scintons JG|U

- how to resolve the Cherenkov/scintillation signals?

Timing Spectrum

Angular distribution

“instantaneous chertons” UV/blue scintillation vs.
vs. delayed “scintons” blue/green Cherenkov
- < 1 nanosec resolution -> wavelength-sensitivity

increased PMT hit density
under Cherenkov angle
-» sufficient granularity

&

# o

30 time @s)

Michael Wurm (Mainz) DSNB 34



Separating Chertons and Scintons JG|U

-> how to resolve the Cherenkov/scintillation signals?

Timing Spectrum

Angular distribution

“instantaneous chertons” UV/blue scintillation vs.
vs. delayed “scintons” blue/green Cherenkov
- < 1 nanosec resolution -> wavelength-sensitivity

increased PMT hit density
under Cherenkov angle
-» sufficient granularity

&

# o

3

e.g. LAPPDs: ~60ps timing
Michael Wurm (Mainz) D

Dichroic filters

Standard PMTs



Separating Chertons and Scintons

Michael Wurm (Mainz)

-> how to resolve the Cherenkov/scintillation signals?

Timing

“instantaneous chertons”
vs. delayed “scintons”
- < 1 nanosec resolution

#

3

LAPPDs: ~60ps timing - | -
DSNB

Large Area Picosecond Photon Detectors

= Area: 20-by-20 cm?
= Amplification of p.e.
by two MCP layers

= Flat geometry:
ultrafast timing ~65ps

=Strip readout: mp2
spatial resolution ~1cm

= Commercial production
by Incom, Ltd.

top window

photocathode (pc)

mep 1

anode readout

pc gap

inter-mcp gap -

T | D
N

65000

JG|u

]
N
\

64 psec resolution
[\ <4% late/after pulses

65500
time (psec)

)
66000

66500



Separating Chertons and Scintons

Spectrum

UV/blue scintillation vs.
blue/green Cherenkov
-> wavelength-sensitivity

&

Dichroic filters

Reflective +—+—+—
Tubing T

Dichroicons (Josh Klein’s group @ U Penn)

Dichroic

=two PMTs in sequence shortpass filters
separated by a Winston
cone assembled from
shortpass filters (<460nm)

=front PMT collects Chertons,
back PMT scintons

Fo

Red sensitive
photodetector

J Multi-PE scintillation ’ Standard
/ light at the back Reflector
ooiE- Cherenkov

light at ! *

aperture ' —R1408
| - Blue sensitive
‘\ R2257 photodetector

sample pulse

1300 1400 1
Sampl

JG|u

—



Chertons and Scintons with CHESS JG‘U

[arXiv:2006.00173]
Setup at UC Berkeley (Gabriel Orebi Gann)

Results for timing distributions in different rings:

LAB + 2g/I PPO WbLS (5% organic)

4 Outer PMTs - Data — MC - PMTs In-Ring DATA  —MC

o
=

Mid PMTs - Data MC =+ PMTs Off-Ring DATA —MC

Inner PMTs - Data MC

Hits/PMT/Event/0.24
51 >

12 1-inch H11934 PMTs (300ps FWHM, 42% QE) )
CAEN V1742 (5GHz) . m X 3TV Y N PR Y u)

675 samples (135ns window) B e, 4 - -2 0 2 .
CAEN V1730 (500MHz) Hit Time Residuals (ns) Hit Time Residuals [ns]

-> ring and timing pattern clearly visible!

Hit pattern = WhLS is found to be faster than pure LAB LS

expected on the
PMT array for a
muon crossing the

scintillator target 2.25+0.15 2.35+0.11 2.70+0.16
-> angular and 15.1+ 7.5 23.2+3.3 27.1+4.2

Hit Time Residuals (ns)

fast timing

information 0.96+0.01 0.94+0.01  0.94+0.01



A large WbLS detector? - THEIA100 JGU

Detector Specifications

= Detector mass: ca. 100 kt
= Dimensions: 50-by-50 m? (WbLS transparency)

= Photosensors: mix of conventional PMTs (light
collection) and LAPPDs (timing)

= Location: deep lab with neutrino beam
(Homestake, Pyhasalmi, Swedish sites?)

IVIILI Al VV UL LTl \Ividlliz)



WbLS: Impact on MeV neutrino detection JG|U

[arXiv:2007.14999]
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DSNB/background discrimination in WbLS G|

AtmN% events5 10 .5 visible scintillation energy;3 gMeV)
o . wm
Atmospheric NC events remain as the e g 2
most important background. " 3005'7 — Muli-Ring | §
E 250/ + ' ---No-Ring - ‘5
Several handles for BG discrimination: S B ER:
8 E §"'. r J—LIJI L E fD
= ring counting g Eie ) lﬂnﬁi el
. . . L] E 100:_ g::::':'. r"‘ _: 3
= Cherenkov/Scintillation (C/S) ratio = JﬂﬂﬂfL IS
sof— HaTmiing) N [ =] o
= Tagging of delayed decays 5000060500020 300034000 4500500
scintiflation p.e.
visible scintillation energy (MeV)
i L. 0 10 20 30 40 50 60 70
Result of MC study using realistic 8 VLT LA IR T T Gl s T el B
. ~ 0.9 ¥ * DSNB
BG model and basic event reco T
. . . E * AtmNC
-> signal efficiency: ~ 80% o 2; ;
L -0 F
- residual background: ~ 1% & os|
LD oo04f
O o3}
0.2 f
0.1} o
0 2000 4000 6000 8000 10000

scintillation p.e.
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Collecting event statistics for spectroscopy JGU

How long do we have to wait to collect 10 - 100 - 1000 events?

Sawatzki, Kresse, Wurm (2020)

n10° [
£ | —sum
2 | T Theiadoo HK-Gd
s | —JUNO
5 | —BtReeod
8 | —Fyperk HK/Theia
10° | .. . HyperK+Gd
- SK-Gd
JUNO
10 a
111;11 .
2020 2025 2030 2035 2040 2045 2 IfHK-Gdarrives on
v year time, spectroscopy
DSNB discovery O(10%) DSNB events will start soon after
—> spectroscopy DSNB discovery.
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Conclusions

| ‘“’;17-;53-1'/C""2/;j Diffuse Supernova Neutrino Background depends on from

, \~ ¢>17_3 S 3.1/cm2/s
0 S == fiducial
10 ~

S - = red-shift dependent star-formation/Supernova rate

N = average spectrum of Supernova neutrinos
> (fraction of failed SNe, EoS of neutron stars etc.)

—> complementary information to next galactic Supernova!

do®/dE [MeV~lcm—2s71]
/

—_
o
Y
17.3 MeV
/
- /
B /
/
/
L )

Upcoming generation of DSNB experiments

= SK-Gd and JUNO can both hope to collect 2 IBDs/yr H g
with relatively low background levels (S:B > 2:1) Fiisra

— DSNB discovery expected after about 10 years

Al

Future DSNB experiments
= HK and especially HK-Gd would mean a huge increase
in sensitity and event statistics

= new hybrid detector concepts like Theia will further
improve detection/BG suppression capabilities

— spectroscopy of DSNB is within reach
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Table of Event Rates (all techniques)

Wei, Wang, Chen, arXiv:1607.01671

Table 2: Summary of the numbers of backgrounds and SRN events at neutrino
energies of 10.8-30.8 MeV with an exposure of 20 kton-year of water, Gd-
doped water, a typical liquid scintillator, and a slow liquid scintillator (LAB) at

Jinping.
20 kton-year Water? Gd-w?® LS Slow LS
Atmos. v, 0.040 0.21 0.28 0.26
Atmos. v,/v, CC  0.33 1.8 3.6 0.025
Atmos. NC 0.095 0.49 62 0.35
Total backgrounds 0.47 2.5 66 0.64
Signal® 0.54 2.8 4.2 4.1
Signal efficiency 13% 710% 2%  90%
S/B 1.1 1.1 0.064 6.4

4 with neutron tagging.

® HBD model; water and Gd-w results corrected by a factor
of ~0.9 due to differences in the fractions of free protons in
water and LAB.
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Different flavors of atm. NC background JG|u

There is a long list of final states with single neutrons ...

Reaction channel Branching ratio
(1) v + 12C > vy + n+ 11C 38.8%
2) vy +2C—> v, +p+n+1'B 20.4 %
(3) vy +*C - v, +2p+n+°Be 15.9%
(4) vx +2C > 5 +p+d+n+°Be 7.1%
(5) vx +?C - v +a+p+n+°Li 6.6 %
(6) vx + 2C - vy +2p+d+n+7Li 1.3%
(7) vy + 2C - v, +3p+2n+ "Li 1.2%
8) vy +2C - v, +d+n+°B 1.2%
9) vy + 2C —> 1, +2p+t+n+°Li 1.1%
(10) v + 2C > vy, +a+n+ "Be 1.1%
(11) vy + %C > v, +3p +n+8Li 1.1%
other reaction channels 4.2 %

Total rate found in KamLAND: 3.6%1.0 ktlyr?
- none of the final state particles will produce Cherenkov light! (except y‘s)
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DSNB study performed for Jinping

Wei, Wang, Chen, arXiv:1607.01671

w ————
= i B
S 1000~ g
_§ i M electron e
e 800} [ gamma .1
% i I muon
S goo- Eproton
2 T
@) i
= 400
S "
'é 2001~
Z E

or :

1 1 1 | 1 1 1 | I 1 1 | ) | . | ] ;
0 200 400 600 800

Number of Scintillation photons

Illlllllllllllllllllllllllllllllllllllllllllll

0 10 20 30 40 50 60 70 80 9
Electron kinetic energy [MeV]

— electron-like
(positrons)

— protons and heavier
nuclear fragments

— discrimination of e* and NC-prompt seems effortless above 10 MeV

Michael Wurm (Mainz) DSNB in LSCDs
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DSNB event spectrum in sLS

Wei, Wang, Chen, arXiv:1607.01671

Expected energy spectrum: (E,,)=18MeV
Event rates in

E 1.4 I L LI I 1T l L I 1T I 1T l 17T l LI l 1T l l: observation Window
Predicted SRN events i
3 12 ] Reactor neutrinos _ Ey € [10.8;30.8] MeV
- -Atmospheric neutrino NC- 20 kt-vr
%) ] eV
% 1 I Atmospheric v, CC ] [ ]
5 08 I Atmospheric v, /v, CC _f atm. v, 0.26
. atm. v, 0.025
06 - atm. NC 0.35
04 —
20 kton-year LAB B total BG 0.64
0.2 - signal 4.1
0780 100 120 140 160 180 200 220 240 260 280 efficiency 50%
Number of scintillation photons S/B 6.4

IIII]IIIIIIII|lIIIIIIIIII|III|III|III|III|I]I|

8 10 12 14 16 18 20 22 24 26 28 30
Prompt signal energy [MeV]

—> comes close to background-free observation (excl. terrestrial v, sources)
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LSCDs vs. other techniques

Wei, Wang, Chen, arXiv:1607.01671
JUNO Yellow Book, arXiv:1507.0561

Significance of DSNB discovery vs. exposure some caveats:
5 6 : —-Gd-water: BG 2.5/20ktyr, e~70%
= £ A ° S/B~ 1.1
® LS+PSD o
25 « }_ o Liquid scintillator
s b/ * Slowls LS+PSD: S/B ~ 2
S a4 A’l ’ * Gd-water = Lo+ :S/B~2.3
E'é -/ o A Water
2 L )
s 37&ﬂg'
PO o] — LS:no PSD!
) I G - s S/B ~ 0.064
' o DA A7 _O,'—O*"O'/e
1L - "O,_—G"
iy o
1 ."-_—‘-%3‘-"-:6;0 ;(_3 -------------------------------------
e
M_LlllllllllllllllllllllllllllllllllllIIII
0 50 100 150 200 250 300 350 400
Exposure [kt-year]
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Prospects for WbLS in THEIA

= \WbLS or oil-diluted LS

= up to 80% photo-coverage
(90% PMTS / 10% LAPPDs)

" |sotope loading (Gd, Li, Te, Xe)

Reduced design
= fits into a free DUNE cavern
= Fiducial mass: ~20 kt

= 40% photo-coverage
w/ possible LAPPD upgrade

Staged Approach

Phase 1 Long-baseline neutrinos (LBNF)
with “thin” WbLS (1%)

Phase 2 Low-energy neutrino
observation with “oily” LS

Phase 3 multi-ton scale Ov(3f3 search with

loaded LS in suspended vessel
Michael Wurm (Mainz) DSNB in WbLS

Reference design THEIA proto-collaboration:
®* Fiducial mass: 50-100 kt ~30 PI's from 5 countries (US,DE,UK,CA,FI)

Physics Goals - arxiv:1409.5864

= | BL: CP violation

= Proton decay (K*v/mle™)

= Supernova neutrinos
pointing (A6~1°)

= Diffuse SN neutrinos

atm. NC BG reduction

= Solar neutrinos
CNOQ, Li loading - CC
= Geoneutrinos

» OvBB on <10meV scale

50



Light propagation in organic scintillators JG|U

solven_t
absorption How to improve the (relative)
fluor :
fluor emission Cherenkov photoelectron yield?
absorption /
— 1
:; / LAB absorption - reduce fluor concentration
: 1 —— PPO absorption . o ) .
B R — PPO emssion — impacts scintillation yield
5 —— Cherenkov spectrum — slows down scintillation
c V. H
= (good! = see next slide)
= Cherenkov
2 .\ emission
g— - reduce Rayleigh scattering
é \\\ Rayleigh scattering — new transparent solvent,
“ off solvent (~1/1%) e.g. LAB (~20m)
and/or
— dilution of solvent:
Water-based scintillators
, Oil-diluted LS (LSND ...)
O _I\ _I_J-'II' 1 h | l\ | — Li \"i\r'—".‘Kl—-j | I I | | | I I | |

300 350 400 450 500 550 600
wavelength [nm]
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Delayed decay tagging

Signature for background tagging:
— three-fold coincidence of prompt, neutron and delayed decay signal

Reaction channel v, + O — v, + | ratio in %

(1) | n I 0 45.9 | taggable | — B*: Q=2.8 MeV
2) |n + p + 14N 19.7 stable T=2.2min
3)|n + 2p + 0 14.7 stable

4) |n + p +d+ e 9.1 stable

®)|n + p +dtat *Be 2.0 | too fast

6) |n + 3p + B 1.8 | taggable | = B Q=13.4 MeV
(7) | n +a+°He + °Be 1.6 | too fast T =20 msec
8 |n + p Hat ! 1.4 stable

9 |n + 2p +a+ "Be 1.2 stable

— tagging of delayed decays provides 48% AtmBG rejection efficiency
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Fast light detectors: LAPPDs

For fast scintillators (e.g. WbLS),
sub-ns time resolution will be crucial

incoming photon

top window -

1
1
1
1
1
1
1

i photocathode (pc)--| ===
Large-Area Picosecond Photo-Detectors: -

flat, large area (20cm x 20cm) detectors e gai\lw\ K\\X\ \X\X\X\NW\X\W\

inter-mcp gap

standard photocathode, MCP-based amplification e 2
time resolution: ~60 ps p /////// /////

spatial resolution: <1cm gl
Manufactured by US company, Incom Inc.

anode gap

Schematic of LAPPD

LAPPD test for ANNIE LAPPD 25 ANNIE Preliminary ~ LAPPD25  ANNIE Preliminary

= 10°F i 10°E : .
; 64 psec resolution i single-PE gain: 2.54 x 108
<4% late/after pulses e
10 .
16
- : (P } u i -1 : 10°
64500 65000 65500 66000 66500 0 4000 8000 12000 16000 :

) ‘ time (psec) : :
Michael Wurm (Mainz) New Detection Techniques - posters by A. Elagin, M. Wetstein



WbLS development path - ANNIE

ANNIE: Accelerator Neutrino Neutron Interaction Experiment
» Fermilab-based R&D facility for Water-Cherenkov(+Gd)/scintillator detection

= Physics motiviation: measurement of nuclear final states from neutrino
interactions (NuMi-beam) in water: production and multiplicity of final-state neutrons

-

-
e

»
-

=

= 2

Phasel an engineering run of the detector and measurement of beam correlated
neutron backgrounds, was completed in summer of 2017

Phase Il the full physics and R&D run, starts construction this summer with the data
taking to planned start in Fall 2018

Phase lll (planned) R&D run with WbLS fill or separated target vessel (ton-scale)

Michael Wurm (Mainz) New Detection Techniques —> posters by J. Eisch/M. Wetstein



AtmNC events with high C/S ratio

Two event populations contributing:

(1) Oxygen de-excitation gammas (2) High-energy neutrons

= atmospheric neutrino removes = depositing 15-50 MeV in WbLS
1s,/, neutron

= creating secondary particles: e,y
= high-energy de-excitation y‘s

160 e.g. two or more
- -16Q(n,n)*0* > 6.13 MeV
-160Q(n,2n)>0* - 6.18 MeV
Pig | o0 - 180(n, np)>N* - 6.32 MeV
Para g .“ D—‘-

—> single gammas
+ w/upto20 MeV

1/2 ‘ S Ooc — Y/ — e
12 2n O x&\ observed - these events form a

potential background for
water+Gd detection, too
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