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accelerator neutrinos of EDINBURGH
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Non-accelerator neutrinos of EDINBURGH
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Neutrinoless double-beta decay (0Ov/[)

Ovpp

Several possibile
mechanisms, all need
n : I Majorana neutrino

........ — o

2.0 20 -
D % 10 E
= 1.5 0-
~ s If seen, Ov35 would:
I 1o  be the first process observed to create matter
;% T1/>1?)12/f116026 . without antimatter

0.5- 2vpp 2 e prove that neutrinos are Majorana fermions

I, ~1018-100 yr | . tell us about absolute neutrino mass
i

0.0
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Ovpp and neutrino mass N o EDINBURGH
< > 9 €— “glectron-neutrino mass” Riv. Nuovo Cim. 46, 619-692 (2023)
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The core UK strategy
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LEGEND: a discovery
machine to explore
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\\J\ the full inverted
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40 in review phase
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B Senior
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SNO+: a scalable
technology that
could take us to
even lower mass
limits

supernemao
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collaboration

SuperNEMO: atechnique
to probe Ovf35 mechanism
and nuclear effects

exploitation
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SNO+ SuperNEMO
PhD students
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SuperNEMO Demonstrator at LSM, France

Proof of concept for future tracking detectors:

Charged particle Individual particle * (Nearly) isotope-agnostic
Decay vertex

rajectory energy and TOF * Full topological reconstruction and particle 1D
: * Unique 2v[33 measurements:
7 ‘ * nuclear effects (g4 constraint, SSD vs HSD)
¢ - exotic decays & new physics
| j 5 | « Could probe 0vBB mechanism if discovered
et T . I
éé? B .7 B \0@?) S UK respon51b111t1es
‘ 3 %] '," o) I A .
Vigé‘oq ' @0@4 Q&i’:@@ » Tracking detector
8 o ‘»  Neutron shielding,
« Helium recycling
6.1kg 82Se 2034 Geiger cells with  Software and analysis
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SuperNEMO status

Taking calibration and background data - 99% of

tracker & 98% of calorimeter channels live! M. o8y Hellum
Vet (i@, recycling
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2023-Feb 2024 N ber 2024 - 2027

Neutron BB data taking

shielding

(water / Stop project after
Gamma polyethylene) Demonstrator, but if
shielding (iron) installation in OvBB discovered, build
fully installed progress new NEMO detector to

discover mechanism
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SNO+ at SNOLAB, Canada
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Cost-effective
- B3 isotope has high (34%) natural abundance

» Liquid scintillator is also economical

3% Te loading:
Proposal from

Current planned

. Canada w/
Scalable Tetoading 059} | o e review
. Detector design can be commitment | O™ SHOHAS
scaled up dramatically | SNO+ sensitivity
« UK-developed techniques WL = o
can increase tellurium & i |ooreaw
I-F B QRPA-Tu
loading N\ LZ . 2. & | ooreanc
: $ XIBM2
AR —~ 100 ey | AISM-TK
% S —irr a v AISM-INFN
E |zl 35 E g ) o con
; E% é 5 g 5 ! 3 @ |
Q = § g = E [ : @
E = i [ £ i ‘
10 ~ : ]
Could probe normal- I FEE ST &
hierarchy region with high 1 At B e . 4
enough Te loading! 10" 102 10

T%Ov X G'Ov
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SNO+ status

Scintillator Tellurium

Phase | Phase

2022-2025
792 tonnes LAB
+ 2.2 g/L PPO

Water Phase Partial Fill
Phase

X3

2017-2019
905 tonnes of
ultrapure water

2025-
792 tonnes LAB
+ 2.2 g/L PPO + BHT
+ bis-MSB + DDA
+ 3.9 tonnes "atTe

365 tonnes LAB
+ 0.6 g/L PPO

8B solar neutrinos

« Reactor-neutrino oscillation
measurements

» Invisible nucleon decay mode limits

.“‘ <8 'R

¥

(4 Lilla .

b, ¢, ¢

S TeBD Synthesis Plant

THE UNIVERSITY
of EDINBURGH

In exploitation phase -
Te loading to start 2025

UK responsibilitie

e Tellurium loading

o Calibration system

» Software

 Data analysis

 Analysis coordinator, board &
executive committee chair

L
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LEGEND-200 7¢Ge semiconductor detector at LNGS, Italy

[ EGEND-200 5 M |

High-Purity 76Ge-enriched detectors:

low background

source = detector: high efficiency
excellent (0.1%) energy resolution
topological discrimination
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« 2 IB chairs, 1 analysis k
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e First results shown at Neutrino
2024 with UK leadership
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LEGEND-200 status: first results shown at Neutrino 2024

142 kg. o background characterization, physics
commissioning physics data taking (130kg operational) maintenance, HPGe addition data taking

2023 2024 2025

Before analysis cuts Bl After cuts [48.3 kg-yr]
] g L] T]_/2 >1.9- 1026 yr (900/0 CL)
: -1 _
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L Pertoldi, Neutrino 24

Background comparable to GERDA; detailed background model and radio assays during maintenance should allow it to be mitigated
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Future prospect: LEGEND-1000 - discovery machine

L Pertoldi, Neutrino 24

C Patrick: Non-accelerator neutrinos

ECFA 2024

THE UNIVERSITY
of EDINBURGH

« 1 tonne of 76Ge isotope

 Fullinverted-hierarchy coverage Ovpp half-life sensitivity
to 1028 years

« Quasi-background-free for 10-year exposure
(10-5background events / keV.kg.yr)

« Low-risk: tech proven in LEGEND-200, GERDA & Majorana

@)

Pseudo data (10 ton yr)

N

Observed counts / 1 keV
DO
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Energy (keV)




&Py THE UNIVERSITY
8- of EDINBURGH

\Z AP A NEW ERA OF DISCOVERY

/! v THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

Mid-term update 2023

U.S. Department of Energy
Office of Science
Office of Nuclear Physics
National Science Foundation
Division of Physics
Nuclear Physics Program

OCTOBER 2023

"APPEC strongly supports i NS &
the CUPID and LEGEND 1000 [ NS S A “The plan is to create an international virtual laboratory that would then
double-beta decay R o coordinate the efficient and cost-effective deployment of CUPID,
experiments selected in the LEGEND-1000, and nEXO,with ton-scale experiments at LNGS and SNOLAB.”

US- European process and E

uropean .
endorses the development Asippartcic Chyer
of NEXT.”

» Technical design ready
« DOE CD1 this year
« NSF funding under

(Highest priority due to top review
score in 2021 portfolio review)

(Mnext

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036

Design & Reviews ) | Full Data Taking

Construction, Detector Production & Installation

*Technically driven schedule

C Patrick: Non-accelerator neutrinos ECFA 2024
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LEGEND-1000 in the UK

HPGe design/ L
procurement ;
A The UK community has o
l converged on LEGEND-1000 . |
Underground < ” for the next decalde, but i
etoctor Software, ' needs funding .
: computing, il B . N
infrastructure simulation and =5, W =
calculations : e Edj.'jbu rgh
Sol from 37 . ghurham
academics (nuclear — - ‘Lé.n;céster - > 1FC Boulby
and particle) at 13 . v s . Y6rk
institutions Liverpool

STFC Daresbury 8° Manchester

-

Cryogenic Radiopurity
infrastructure assays
Oxford

e N 4 ) £CL"
P King’s
| ®. @

. /Southampton Sussex
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Other next-generation 0vf33 activity in the UK

1 academic, 3 PDRA, MANCHESTER

@nEXt 3 PhD students 1824 Statement of Interest from 22
- {5 UK institutions

The University of Manchester - 4y
... '.0
I - 136 I
High Pressure 5as Xe TPC with Proposed Xe TPC principally for
electroluminescence at
, dark-matter searches, proposed
Canfranc, Spain
for Boulby

NEXT-White data 102
2V didat
BB candidate 10 Backglround Q |
| candidate o material
S . (before/ after
6 O@ ooy R
" -~ » 60-80 tonnes of Xe : e b
i E | -
£ -80 (90/0 136X€) -
. ’ Self-shieldin e (Boulby)
° - " 13%Xe (Boulby
—~100 ... g % ...... ¥ ...........................
e Sensitivity > B7xe (SURF) |\ L
—~ 105
~120 comparable to nEXO 2
o
—80 —60 —40 —20 N 137%e (SNOLab)
' ccinNi 2300 2350 2400 2450 2500 2550 2600
« NEXT-100 now taking commissioning data e reray TRV

» Ton-scale R&D underway: focus on Ba tagging
» In European roadmap (considered next-generation by US)

ECFA 2024
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Other low-energy physics - reactor neutrinos of EDINBURGH

1 1 1 | .
40 ~20 0 20 40 O 40

JUNO, Jiameng, China

Opaque liquid scintillator for particle discrimination L) - , « Determine mass hierarchy
3 :  Measure 3v-oscillation parameters

- r . "‘ | » Solar / SN / geo-neutrinos, nucleon decays

." - :
”, [
| =Y .
=" L

UNIVERSITY =" 4 Vay St | : 3 -
OF SUSSEX “uropean St % UK Resi A 2 e _ o5 0 4
Inovation o o
s 1 Council IEAEEN and I UK contributions v g«

warwick € LIVERPOOL
lti-year project funded from: Deci

« Working-group convenor

 Neutrino interaction simulations / systematic studies
« Atmospheric oscillation analysis

« ML-based neutrino event reconstruction

3-phase project:
. Reactor v. « Use tech for

40
production with IBD (for “K Ovfp and

. : eoneutrino
indium loading 5 more?
search)

 Low-energy
- Characterise
reactor (U/Pu)

-.3,.(1"
R ‘IW '
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Neutrino astronomy @) of EDINBURGH

Heavy relics
DM annihilation/

» Can access many BSM physics topics
» Contributes to multi-messenger astronomy
« Synergy with oscillation experiments

C Patrick: Non-accelerator neutrinos ECFA 2024 17
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UK High-energy Neutrino Consortium ) of EDINBURGH

o1 P-ONE

) Pacific Ocean Neutrino Experiment

W Trinity
¥ KM3NeT

NEUTRINO OBSERVATORY
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UK High-energy Neutrino Consortium of EDINBURGH

AON

N~ 7 Pacific Ocean Neutrino Experiment

/Limited UK involvement through
astronomy

W Trinity

5 = ) (K
= NN N \\\ N\
£ L4y NEUTRINDO OBSERVATORY <)) P U E O
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Trinity - the PeV neutrino observatory

] |
Y Durham

University

Trinity

(1 astronomer)

 Uses CTA-like technology to detect air showers
generated by neutrinos

« Demonstrator running in Utah since Oct 2023

« Observing blazar : neutrino source seen by

IceCube
Che renkov
air
shower
\)T g _”_”______
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KM3NeT neutrino telescope in the Mediterranean

4 UNIVERSITY (astronomers - computing & supernova detection)
+sHULL

1.2} . .
ORCA (and whatever THIS is...)
5 1 Atmospheric :
% 0.8 2000 KM3NeT/ARC/:2.1 Preliminary
E L 7Y 107
XX 06 jf = =
r= 3500 . ‘Q I
) 10°
o > 3000
- . 1 in 110 million 1058
| £250|  data events
00 . & \-— — - | g L’k l f - 104%
10 100 1000 10°  10°  10° 2000 Ikely 10s of PeV... = - 3
Energy [GeV] g - 103 c
; 1500 .g
36m \:?rt. X 90m\t10riz. spacing TeV - PeV 1000 102%
ARCABB1 ARCA BB2 28/230 A 101

i I,* ;:II',' }I. 'I; :'. II'I, I'xllll:ly‘,ll'ullll:u?l:":l':l_"lvl_':'l{.'n'l d ete Ct| on
~unitsinstalled

—Ql.OO -0.75 -=0.50 -=0.25 0.00 0.25
cos(zenith)

KM3NeT would be keen for
more UK involvement

fTAniadtar] il 23/115
& = detection

9m vert. x 20m horiz. spacing

_ GeV - TeV units installed

J. Coelho, Neutrino24 o T
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https://agenda.infn.it/event/37867/contributions/233917/

UK High-energy Neutrino Consortium

7oY P-ONE

“ Pacific Ocean Neutrino Experiment

W Trinity

¥ KM3Nel

r

-

Sustained UK-HEP involvement

v I CECUBE

NEUTRINO OBSERVATORY

THE UNIVERSITY
of EDINBURGH
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Antarctic ice as a neutrino detector of EDINBURGH

 Highest-energy (>1017 eV)
10-5 neutrinos generate radio waves via
— O ;&WM )& Askaryan effect
T - ' N
51076 o Yous T VQ«L\ J balloon e Also detects ultra-high energy
b oS “Hl cosmic rays: distinguish by direction
g -7 \J j ‘ :
21 ey | ... &polarity
= « PUEO predecessor ANITA saw
w108 11 ””
E | | . Radio Antennas anomalous events
i Cosmogenic: UHECR constraints, van Vliet et al \,/. .
Cosmogenic: UHECR + pure proton, Muzio et al
10-9. Astrophysical: MMA constraints, clusters, TDEs V ~ . ol ® ! !
1013 1014 1015 1016 1017 1018 1019 1020 1021 ., L R L I
Neutrino Energy [eV] ‘..__ :: :0:0:::0:0
"""""""" Litecelt e Optical in-ice
J.P. Yéfez, Neutrino 24 Askaryan radio . :l'?'-"-».',; ce o
emission o o o Wl
Cherenkov H
emission JINST 16 P08035

« Running since 2010 at GeV (DeepCore) and
TeV (IceCube) energies

« Atmospheric oscillations, sterile v, v
astronomy (point sources, diffuse neutrinos,
galactic neutrinos)

e ; ':,"
ae

I CELUB

. NEUTRINO OBSERVATORY
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https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08035
http://www.apple.com/uk
https://agenda.infn.it/event/37867/contributions/233929/attachments/122109/178287/2024_neutrino_icecube_yanez_final.pdf

NEUTRINO OBSERVATORY

IceCube ; ;kICECUBE

» IceCube Upgrade to Ny

& « IceCube-Gen2 planned .. .' )
S8 . NSF reports ageing . . A + [ 1
| infrastructure at Sout| _Fullyfunded (NsFpartners l I :

Deployment to occur 2025-2026
1450m 2100m 2150m

Pole - impact unclear o @ .0

lceCube DeepCore  Upgrade
Instrumented Depth

1 Physicist 1 PhD student
« BSM physics analysis

e [ceCube-Upgrade sensitivity

« Gen2 R&D (scintillator-based detector)

ING'S
College
LONDON

C Patrick: Non-accelerator neutrinos

PUEQO (successor to ANITA)

4
3

« ANITA since 2006: DAQ, simulation,
analysis SW, ~20% on-ice personnel

« PUEO: building onboard storage

\system, beam-forming firmware

| ‘a_,_@_s’ Queen Mary | &

University of London

p PhD students

(+ masters students)

Physicists

Engineers

n:'l

ECFA 2024
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First PUEO flight 2025




UK High-energy Neutrino Consortium

/ Preferred UK\
O P-ONE medium-term

\\ Pacific Ocean Neutrino Experiment experiment

_ _ ~y\_ .~
. w.'?* , 4 ( »
™ m 5 .
. 1)’, g \ . ‘ .

- » N g

e P - :

. J'.‘( e % -+

’ \ -

_“. 4 ~ 5 -

W Trinity

:z.."_' (. \v‘-:/;{/” \\\:. \ \\ \;\
& .0 Z R\ N
¢ U = e
i NEUTRINO OBSERVATORY )
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P-ONE - underwater neutrino telescope in the Pacific .

« KM3NeT multi-PMT technology
» Baikal-GVD-inspired string configuration

e [ceCube expertise
e Available underwater infrastructure

: \SIR <
Accelerometer East (-2660 m) . =
Experiment Tlltme,te)r. Hydrophone (4) |-

(STRAW) ’\. 2-
(@) @) CORK 1027C
Neutrino

Experiment
(STRAW)

Neutrino
Experiment
(STRAW-B)

0 25 50 75 100 Metres
[ AW
NEPTUNE
Observatory

© Borehole
== Cable

Om N
! P

Y

3500 m

AN INITIATIVE OF @ University

&/ of Victoria
2022

f Cascadia
EN

| 100 km I

2018 2020

Site validation

Cable/infrastructure design

Module technical desi

o1 P-ONE

Pacific Ocean Neutrino Experiment

» Physics coordinator
» Lead role in pathfinder analysis
« Forming multi-messenger community

KM3NeT
Baikal-GVD

IceCube o
P-ONE g

@ TXS 0506+056 o
® NGC 1068
--@- Galactic center/plane

The UK is converging on

P-ONE as its future
preferred project

2024 2026 2028 2030

Pilot string dev

n Full detector construction

ECFA 2024
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UK non-accelerator neutrino community plan - but we need funding to support it!

WHHGHLERCO LGN Fully exploit existing experiments ... then converge on long-term project

w o1 P-ONE

~ Pacific Ocean Neutrino Experiment

" ?E | CELUBE

NEUTRINO OBSERVATORY

C Patrick: Non-accelerator neutrinos ECFA 2024



UK non-accelerator neutrino community plan - but we need funding to support it!

WHHGHLERCO LGN Fully exploit existing experiments ... then converge on long-term project

) o P-ONE

N Pacific Ocean Neutrino Experiment

¢3. I CECUBE

4% NEUTRINO OBSERVATORY

eeeeeeeee

eeeeeeeee

———

collaboration

Tellurium loading development
@next*
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UK non-accelerator neutrino community plan - but we need funding to support it!

WHHGHLERCO LGN Fully exploit existing experiments ... then converge on long-term project

! X

&

o1 P-ONE

N Pacific Ocean Neutrino Experiment

. ICECUBE

4% NEUTRINO OBSERVATORY

eeeeeeeee

eeeeeeeee

collaboration S

collaboration

SN v Tellurium loading development
@next*
...and more ' L U . @ O — a A |DE

©- Ovpp
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Thank you for contributions

T Katori, King’s College London R Saakyan, UCL
J Wilson, King’s College London J Hartnell, University of Sussex,
M Agostini, UCL M Wascko, University of Oxford,

R Nichol, UCL X Lu, Warwick University






supernemo°o

4%\ THE UN]
¢N): of EDINB

SuperNEMO in the UK

collaboration

8%\ THE UNIVERSITY
) of EDINBURGH

Institutions

Future prospects

Academics/senior researchers . Data taking until ~ 2027
PDRA « World-leading 82Se measurements of
& ) « OVPLA limit

e gp Cconstraint
 Exotic decay-mode searches
» Proof of concept:
« Modular design
» Ultra-low background techniques
« Helium-ethanol separation
» Source-foil production techniques
e Build larger SuperNEMO-like detector if/
when 0v[33 is discovered to investigate
mechanism
 Until then, pause project after
Demonstrator

PhD students

vV
WARWICK

THE UNIVERSITY OF WARWICK

UK responsibilities

MANCHESTER — |
1824 » Tracking detector

 neutron shielding,
e helium recycling
» software and analysis

Imperial College « 3spokespeople, 1 analysis coordinator
London

The University of Manchester

C Patrick: Non-accelerator neutrinos ECFA 2024



SNO+ in the UK

UNIVERSITY OF

OXFORD N 4.5 Institutions

O  Academics/senior researchers

Ic%ggg 4  PDRAs
M [ PhD students
A e . In exploitation phase - Te loading to
4/ ._ | Oy i\ start 2025
| //;{ 2% N WA pR S Bo e Current UK commitmentis to
Y FONNRT 8 b N N T A demonstrate 0.5% Te loading
UNIVERSITY o= TAVLIIIERIERES ) ] - Canadian colleagues bidding to increase
OF SUSSEX - UK responsibilities & Te loading to 2.5-3% - positive review
P32 uvniversity or [ e Tellurium loading Vo :Drom SNOLAB irector :
an o I  Potential to reach normal hierarchy
& LIVERPOOL & -ga]lcltbratlon system el range with higher Te loading levels
« Software
‘  Data analysis
{j%%%&ll.gl[g}. » 1 analysis coordinator, board & executive

committee chair

| B
w &
\*ﬁ- b
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LEGEND-200 in the UK

Lancaster
University =

’&’d UNIVERSITY OF

& LIVERPOOL

vy
WARWICK

THE UNIVERSITY OF WARWICK

Science and
Technology
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Facilities Council

6  Institutions
12 Academics/senior researchers
9  PDRAs

4 PhD students

UK responsibilities

e First results shown at Neutrino 2024 with
UK leadership
» 2 IB chairs, 1 analysis coordinator

ECFA 2024

Future prospects

First step towards

=]

8. | Pertoldi, Neutrino 24 =] .

om— "\ -



Other low-energy physics - CLOUD at CHOOZ, France

L@ u i

Reactor Neutrinos ' \

7 Institutions
? 5 Academics/ lab scientists / Ph _
S1CS Prograiinc
1.5 PDRAs y pTOS
5 PhD students Spokesperson » Funded to deve!op .LiquidO technology
for reactor monitoring
, UK-based L

2 Engineers  Phase 1 - reactor characterisation (U/Pu

composition)

UONFI\éEI;g:&Y I « Phase 2 - indium loading: measure
| \ reactor ve production
Science and : . « Phase 3 - copper loading: low-energy
Technology _
Facilities Council quuld O teChnOIOgy |BD detection fl rSt Step for 40K
Rutherford 2 *ﬁ* | - I g geoneutrino search
Appleton Lab o - P ,j/,) _ L » Technology could be used for Ovf33 and
i more
Y

X [cm] X [cm] X [cm]

Funded by EIC

Opaque scintillator for particle discrimination jaet funded from: Dec/:
and UKRI .
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THE UNI\
of EDINBL

YT
y

« Determine mass hierarchy
« 30 in 6 years with reactor neutrinos only
« Improve sensitivity with atmospheric neutrinos
« Measure 3v-oscillation parameters: 0.5% precision in 6 years
e Solar & supernova neutrinos, geo-neutrinos, nucleon decays

vy
WARWICK

THE UNIVERSITY OF WARWICK

UK contributions

« Working-group convenor

» Neutrino interaction simulations and
systematic studies

« Atmospheric neutrino oscillation
analysis

« ML-based neutrino event reconstruction

7

g'd UNIVERSITY OF

& LIVERPOOL

Institutions
Funded by RS,

STFC ERF, China
Scholarship
Council

Academics

PhD students
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