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Beta d ecay Energy of electrons emitted in beta decay

umber of electrons

Q-value : the change
in nucleus binding
energy following
decay

Momentum taken away by an undetected particle

» 1930 — Wolfgang Pauli: proposed % spin, neutral, weakly interacting particle

» 1932 — James Chadwick: experimental discovery of neutron Proposed an undetectable particle,

» 1934 — Enrico Fermi: “little neutral one” — neutrino n > p + e~ + 1, ~something a theorist should never do”

> 1942 — Wang Ganchang proposed inverse beta decay (v, + p — n + e*) for their detection
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A huge neutrino source

Neutron-rich heavy radioisotopes may fragment into

neutron-rich daughter nuclei.

Daughter nuclei subsequently beta-decay (to achieve Carefully controlled fission of heavy isotopes
] , R - boil water - generate electricity

stable nuclear configurations) emitting v, in the process.

The four primary contributing radioisotopes used to fuel

reactors are 232U, 238U, 23°Pu and 241Pu.

~6 neutrons on average are converted to protons per

fission of radioactive nucleii fueling most nuclear reactors.

This then corresponds to the emission of 6 v, per fission.

~2 x 10?° v, per second per GigaWatt e.g. Daya Bay nuclear

reactor ~17.5GW
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Proposed detection : Inverse Beta decay (IBD)

* Inverse Beta Decay (IBD) : interaction of v, on a proton:

* Positron is charged = detectable!
* Neutron can be captured/absorbed on a nucleus = detectable!

Minimum energy for IBDs: o (et m)? —m
) ey S —

* ~“Mass difference of proton and neutron: 7min — = 1.806MeV

* Reactor v, range from 0 to ~10 MeV
e Let’s try!
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First neutrino detection

Reines and Cowan first attempted in 1953

Used 300 Litres of liquid scintillator (will come back to this later) to detect IBD
90 photomultiplier tubes (PMTs) to detect the faint light from e* and neutron

|

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 6



PMTs

B) Annihilation of the positon in two photons

et+e - 1+ 7

A) Antineutrino interaction

V’(,+ p—- n+et

O | n

10X 1] S ‘H“.
n + Cd —» Cd + Y = e

() Neutron capture by a Cadmium nucleus

PMTs

Search for pulses from PMTs
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e* and e annihilate into 2 gammas

Shower of charged particles
deposit energy in scintillator 2
emits light

PMTs amplify the single photon
signals

Neutron takes 100s of
nanoseconds to capture on Cd
then emit a gamma:

-> Search for prompt — late pair



PMTs

B) Annihilation of the positon in two photons

et+e - 1+ 7

A) Antineutrino interaction

V’(,+ p—- n+et

O | n

() Neutron capture by a Cadmium nucleus

10X 1] S ‘H“.
n + Cd —» Cd + Y = e

Search for pulses from PMTs

PMTs

» Indications of signals found —
but a larger detector with
lower backgrounds were
needed

» Reines and Cowan planned an
upgraded experimental setup
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First neutrino detection

Antineutrino
from reactor

Cadmium Capture
Gamma Rays

Liquid
Scintillation
Detector

n Capture on
Cadmium After Neutrino Target

Moderation H,0 + CdCl,
-~—— Positron

Annihilation

Liquid
Scintillation

Annihilation I I I Detector

Gamma Rays

1956 — Savannah River Detector
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Backgrounds:

- Radioactivity =2 beta-
decay / gammas can
produce signals

Antineutrino ¥ : 7
from reactor —M m

Cadmium Capture )
Gamma Rays

First neutrino detection

Scintillation . 2
Detector \ ¢ . .

n Capture on
Cadmium After Neutrino Target
Moderation H,0 + CdCl,

T anmhilation - E.g. Muons can pass

Liquid
Scintillation
I I I Detector

Annihilation
Gamma Rays

1956 — Savannah River Detector
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First neutrino detection

B et » Calibration:
- Want to detect
il positrons and
neutrons
- Place well-known
i e T radioactive sources:

Moderation H,0 + CdCl,
-~—— Positron
Annihilation

- Positron source +
neutron source to

verify the expected
signals

1956 — Savannah River Detector
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First neutrino detection

Antineutrino
from reactor

Cadmium Capture (b) Positron scope

Gamma Rays
Liquid
Scintillation
Detector

n Capture on
Cadmium After Neutrino Target

Moderation H,0 + CdCl,
-~—— Positron

Annihilation

Liquid
Scintillation

Annihilation Detector

Gamma Rays I I I

Neutron scope

Clear signals found:

2 gammas from positron

2 gammas from neutron capture
Triple coincidence clearly seen!

1956 — Clyde Cowan and Fred Reines experimental discovery of v,
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Neutrino Flavours v, v, v,

1962 — First experimental measurement of v, by Lederman, Schwartz and Steinberger.

Interface films (CS)

Scintillator Trackers

e After 1957, Bruno Pontecorvo presented a theory of oscillation between v and v, inspired by the first measurement of

kaon particle-antiparticle oscillation.

* After the measurement of v, Pontecorvo completed his theory, allowing for oscillation between two neutrino flavours.
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Solar neutrino problem

(712

First hint of neutrino oscillation was in 1970 in |,
the Homestake solar neutrino experiment, by
Ray Davis and John Bahcall

Bahcall predicted the solar neutrino flux

Davis used 3/Cl as the detection medium deep
in the Homestake mine to avoid atmospheric
backgrounds

Experiment saw approximately 1/3 the
theoretical model

Known as the ‘solar neutrino problem’ Homestake solar neutrino experiment
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Solar neutrino problem

 Anomalies also seen later for atmospheric

neutrinos in 1980’s. Kamiokande-Il and IMB

both measured significant deficits in the

expected ratio of v to v,

Homestake solar neutrino experiment
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Neutrino Oscillation Measurement (1/2

e Super Kamiokande — 50,000 ton Cherenkov detector ‘ : ' |

* 1996 measured clear asymmetry in v, above and

below the detector

* Oscillation of v, 2 v; was inferred

-
-
-
-
-

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 17



Neutrino Oscillation Measurement (2/2)

* In 2002 SNO, 1000 tons of heavy water definitively
demonstrated oscillation in solar neutrinos.

 Heavy water, deuterium (p+n) allowed for the
measurement of v, through the charged-current (CC)
process, and the total v, through the neutral current
(NC) interaction.

Ve T 'I"./ — P -+ P —+ e

Ve +d — p+n—+ v,

e The SNO result confirmed the standard solar model
and the observable mixing between v,, v, and v,
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Neutrino sowces -, T

Nuclear fusion within the sun produces v, thumbnail per second!

N Decay of radionuclides (UL/Th/K) within the Earth
(ﬂ" Fission of W/Th =2 huge flux of

Solar

Geoneutrinos |

[HY
o
-
(@)

Wertrinoes

S

)

= Reactor 99% of energy released in

51 \ (anti) neutrinos of all flavours

% SUPErADVA " biix ;

T Cosmic rays colliding with

L, 10-10 ’ atmosphere

S Atmospheric P :

= Many GUTS require baryow

numlber violation ana
10%° Exotic predict nucleon decay
Searches

Active galactic nucleus,
cosmological sources

keV GeV AV
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Neutrino sowces Homestake (19570)

SNO (2002) @
7~ KAMLAND (2005)
D Borexino (2010)

’ \
neutrin v 2
GEONEUTYLNDS Relnes § Cowan (@57) @

~70 years experience in
neutrino measurement!

Solar

7: 1010
)
= actor DAy Bay (2012), KAmLAND +...
B Kamlokande (1987) @
% 10 ~ Super-Kamiokande
. = Atmospheric (199%) @
E KamLAND-Zen (2011.)
% E)(DtLC (oveR)
Searches
Active galactic nucleus, ‘Q

keV GeV AV

cosmological sources
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Neutrino Oscillation

Neutrinos produced with fixed flavour

Flavour eigenstates orthogonal to mass states

Flavour can be written as superposition of mass states

* Mass states dictate the propagation of neutrinos
Neutrino production: Neutrino detection:
VM Ve v

W AANANANDANT /\ A |
\ul \u‘, \\/ \/} \\/ \/ \&/ \U/ \\/ \\/\f/ VUL D g Hadrons
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Neutrino Oscillation

* Schrodinger equation =2 neutrino mass m;, as a plane wave

\vi(t. L)) =H |v;) =exp|—iE;t +ip;L] |v;)

* Mass states, j, can be written as superposition of flavour states ,a

valt. L)) = 3" Uzjexp[—iEt + ip; L] |v;)
J
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Neutrino Oscillation

e Evolution of flavour state:
v (t, L)) = Z Uy exp|—iEjt +ip; L] |v;)

* Want to know the probability of flavour transition « — 3, after time
t, propagation distance L

<l‘/;.:'3 Ve (YL [‘)> - Z U rT;[ Bk E‘\l){—fE 12an !p L} <V'l“1/f>

= Z[”;[ giexp|—iEt +ip; L],
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Neutrino Oscillation

* Previous expression can be written as:

1 0
P.s(L,F) ~ ‘F 0 exp|—i Am3
0

U matrix transforms
between mass and
flavour
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Neutrino Oscillation

* General 3x3 complex matrix = 18 real, independent parameters
e Unitary matrix 18 2> 9

* 9 =3 real + 6 complex phases

* 5 complex phases can be removed via field rephasing

(leaves Lagrangian unchanged)
* 4 independent physical parameters
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Neutrino Oscillation

* Pontecorvo-Maki- Nakagawa-Sakata (PMNS) matrix, with 3 real
parameters in the form of mixing angles 6,,, 6,5, 6,5 and 1 complex
phase 6, that allows for CP violation

Ci; = COS H,J, and Sij = sin H,,

0

—S513€ : 13

Sizc” " ocP

C12C13 S12C13

—S§12C23 — C128523513¢° " 12023 — S12893S513¢ ¢ $23C13

- — — — - _—‘ \‘ 1 — - - — - ._.—"' A ] - —
S12C93 — C12C93513¢~ " —C19593 — §12C235130 €T C23C13

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake

26



Neutrino Oscillation

* 6 parameters:
e 2 mass differences
* 4 angles (3 real + 1 complex)

1

]:)”’ { L, E } ~|UT0 ‘\p{—;%

L : . . —idcp
C12€13 S12C13 Sq3€”oer

- 1‘5(:4P,

—S12023 — C12523513€ C12C23 — 512523513¢ P 523C13

: i o —idop . ; ; ; . —idcp L
S12C93 — C12023513¢ °CF  —C1a893 — S12Ca3S136 0T 3013
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Neutrinos

What we know (so far)

» Neutral fundamental particles
» Very small masses
» 3 masses / flavours

» Oscillation : described by

6 parameters

7/23/2025

Standard Model of Elementary Particles

three generations of matter

(fermions)

interactions ! force carriers
[hosons)

0 -124.97 Gevics
. O 1 o
gluon higgs
-
N =47 Heve 0 N
h gl TS 0 1 _—
m 15 1 G
<L W
= down photon o
o J ai]
0511 MeWics =106.66 heic: =1.7768 Gelic? =0118 Gelic® ) E
QO | @ |5 =
L 1 1 1 o) T
»n, O
electron tau Z boson 73
T I y g E
W
— | GEE =017 Wevie Y182 Mevic =B039 Geic? ] ws
O o 0 0 1 T) @
o | 1 1 1 =
o 2 =
LLl electron muon tau 4
— neutrino neutrino J{ neutrino e ) Q S
| | | |
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Returning to neutrino detection

* Detect neutrinos by detecting the energetic charged particles
produced

Prompt event

Generally done through:
ly: 0.511MeV \
. . | \ ¥:0.511MeV
* Liquid scintillator = chemical ~1nS v — — P
) .4
which absorbs energy from
charged particles, remits
scintillation photons
e Fast moving charged particles
emit Cherenkov photons

Antineutrino detection (e.g. reactor)
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Neutrino Detector Example

A Neutrinos are difficult to detect
For reference: SNO: 1000 tons of
24 bt i ) ultra-pure water
v Incomlng neutrino (rarely) mteracts . Y
with e.g. electron | v, :Probability to interact ~10** cm?
Energetic eIectron produce'Sj'photons Mk SNO sees ™10 solar neutrinos per day
3 v 2/ ol [
Detect photons with surroundmg : Ny Vit
10,000 photomultlpller trbes //
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Cherenkov light = Detecting energetic particles

| Y

(%og
@Oogo
O0~C 0
WOCo50
0650
O o-0

O
&

g ©
Ocpcofce> @
O DO

S
O
600Q
OOOOQ
"‘!OOOO
O

O

O
O 00
o 000 O

; b |
Cherenkov light i, & -
emitted at fixed K
angle from
particle = can get
the direction

C 0O
O

o

Polarisation of a molar medium for:

Characteristic blue glow in
(a) slow (b) fast charged particle

water in nuclear reactor core
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Liquid Scintillator = Detecting energetic particles

Dexcitation of electrons emits scintillation light

L

Absorbance  Fluorescence Phosphorescence

ol e o

Long chain scintillator molecule with benzene ring » ~ 100x the light compared to Cherenkov!
Electrons in benzene ring can get excited by charged > But, light emitted in all directions
particles
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Water Cherenkov vs Liquid Scintillator

7/23/2025

Water Scintillator
Sl
—"X

Scintillator:

 ~100x Light Yield
 Loss of Direction
 Much Higher Purity

Neutrino Physics Conference Quy Nhon | Iwan Morton-Blake

Reactor neutrinos, we
know where the reactor
is, direction is not
absolutely needed!

Fine energy resolution

needed =2 need more
light = liquid scintillator

33
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Returning to reactor neutrinos

 What was known:

 Oscillations seen in atmospheric and solar neutrinos
* How about reactor neutrinos over long baselines =
* For reactor experiments, measure the survival of v,

* V, produced in reactors, detectors only detect v, : P,y =

, Am3, L
4E

P 5 (L, E)=1—c 0s*sin? ()Hl))sm (.

Nobserved

Nexpected

Am,, Anu

51112(:‘791 )[sm (Hp)sm (T) + cos? (Hl )5111 (
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- \‘ ,-’ f
A Egi
,_:/“ £ ﬁ
KamLAND 2002 > AL <
/‘ g " | ¥iUN N el 35 225
. N sChina ; e

5
North Korea

Proposed in 1994, started taking data in 2002
Goal: Confirm v, oscillation over long baselines

ibration Device

Liquid Scintillator LS Balloon

1 kton) (diam. 13 m)
Containment s Er
Vessel X
(diam. 18 m)\q‘ / \ ! PR/(I)KI){- ;
) \ N ultipliers . . .
} = o P * 1000 tons of Liquid scintillator
«— Buffer Oil
Outer Detector >
e 2000 PMTs

Outer Detector ¢
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Average reactor-detector baseline of 180 km

KamLAND 2002

-

4 T \ ] 1000 tons of Liquid scintillator

2000 PMTs

b -
- .
‘- . -
| -
> 4 - 3 - .
- - . 2 ‘. .
\
£
‘.. .-.v .’
.
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KamLAND 2002 i ifs +————— b

Expected Energy spectrum

Selection efficiency

Emitted energy spectrym  —— ¢

Efficiency (%)

OBD

(1)6 O1BD

(no oscillation)

KamLAND data
no oscillation
best-fit osci.
?gddem?sl

C(o,n)"0
best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo Vv,

Arbitrary Units

IBD interacNOnN cross-

Events / 0.425 MeV

0
1.8 2.8 . 4. . .8 7.8

v Energy[MeV]

9y 9,

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 38



Average reactor-detector baseline of 180 km

| ?gddem?sl
----- ; C(o,n)™°0
7y, best-fit Geo V,
"3 — best-fit osci. + BG
' + best-fit Geo V,

‘ ,
.
KamLAND 2002 s > >
a i} Measured Energy spectrum
% e =s= Selection efficiency
Compare to theoretical no-oscillation - __________ | o KamLAND data
spectrum to the measured spectrum L I e

Can measure oscillation parameters from
the shape and size of the spectrum.

----------------

Events / 0.425 MeV

.....

.....
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Selection efficiency

o
X
p—

>
Q
=
(<5}
o—
Q
o
]
53|

0. 5/ :
kd_{]' i_l( stat ) SYS i , . KamLAND data
- 5 . no oscillation

best-fit osci.
accidental
“C(o,n)*°0

, best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo Vv,

v = +0.10 /7 +{}1H
0.56 —0.07 ( T"T) 0.06

* Precise measurements of two oscillation

Events / 0.425 MeV

parameters using reactor neutrinos

* Confirmed long-baseline neutrino oscillation

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 40



Remembering there’s 6 oscillation parameters, have measured to this point:

6,5, Am$, : Atmospheric neutrinos 8cp = may explain matter-antimatter
0,5, Am3, :Solar, reactors asymmetry of the universe
013 ? Measurable if 6, is non-zero
Ocp ? . .
Man-made neutrino beam experiments,

T2K + MINOS, saw hints of non-zero 6,5

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 41



Short baseline reactor experiment: Chooz also

placed limits

Placed detector ~1km from a reactor

Compared the expected and measured energy

spectrum

— No conclusive disagreement with no-oscillation

7/23/2025

Poyry =
N expected

Events/(0.5 MeV)

s
-]
=
]
S
=
o
Q
2
5
o
@
2
a
v
o
8
[}
[=]
e
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N observed

Baseline
~1km

/ Counting total IBDs

Nuclear emission
Theoretical prediction

—<4— Double Chooz Data
— — — No Oscillation
Best Fit: sin®(26,) = 0.086
for Am?, = 2.4x10° eV?
Summed Backgrounds (see inset)
Lithium-9
[""] Fast nand Stopping u

Energy [MeV]
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00

Palo Verde \

Chooz

o
o

Difficult to compare measured spectrum
with theoretical no-oscillation spectrum (+
difficult detector uncertainties)

o
>

o
N

o

How to progress?
0.5 5 50

Distance to reactor [km]

>
x
._6
4]
O
O
| -
(a
‘©
=
>
| -
>
Vp)
(-
ke,
)
0
O
(%]
@)

 Larger detectors
 Place 2 detectors, near and far
— Compare their spectra dlrectly

(v, survival averaged over reactor energy spectrum)

Baseline
~1km

The Daya Bay experiment =
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=

o
00

o
o))

Difficult to compare measured spectrum
with theoretical no-oscillation spectrum (+
difficult detector uncertainties)

>
et
=
o
o]
@]
S
(o
o
=
c 0.4
-0
(V)]
(e
Re)
[}
©
'S
(Vp)
@)

0.2
How to progress? 0
0.5 5 50
Distance to reactor [km]
* La rger detectors (v, survival averaged over reactor energy spectrum)
* Place 2 detectors, near and far
—> Compare their spectra directly ., o Baseline
- /\ L 0.5km 2
<. Nopserved,far far
. R - « b # )2 ~ %

The Daya Bay experiment -“- B B Py observednear Qhear

\\

v

‘ N
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Baseline

SN ’ 0.5km
R - Ea
— M = P - )
Daya Bay '/,':1'{\:\ Baseline
‘ 1.5km
T R

overflow tank

calibration pipe

..,‘;,' l:.t',:‘,“
PMT cable dry box{j

Multiple 20 ton liquid scintillator detectors
Added Gd = boost neutron signal from IBD

7/23/2025
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Baseline

T
S\ 0.5km
R o e

Daya Bay Tl =
TN Baseline

+
Liquid scintillator . : 1.5km
Transparent acrylic container

4

2 B RS '
& : : 5

ooy

i ;‘}

Multiple 20 ton liquid scintillator detectors
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Baseline

= A ’.’f 05km
Rl o g l )
:;"Jllh ~ > [
AN Baseline
‘ 1.5km

3= Daya Bay cores | e :
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expected

/N

=]
D
2
(o]
o}
8
-
=)

N
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Baseline
0.5km

Baseline
1.5km

Entries / 0.25MeV

0.05 0.1 0.15
sin“20,,

= = No oscillation
— Best Fit

Far / Near (weighted)

04 06 08 1 1.2 14 16 : 5
Weighted Baseline [km] Prompt energy (MeV)

Result: 013 = 9°, surprisingly large
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2
nobserved,far N dfar

1 «bq N Poyrv~

2
observed,near dnear

Early DayaBay
experimental
results

Clear deviation

between near
and far detectors
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Best fit

¢

04 0.6
Lo/ (E,) [km/MeV]

Baseline
0.5km

Entries (/MeV x 10°)

]

]
T o
2o
5
~
@
Q
o,
x
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Baseline

2
2 nobserved,far dfar
surv”™ * d 2
observed,near near

prg] Final result
_ BB with 1230 days

| e of data

sin?(20,5) = 0.0841
+00027(stat) + 00019(syst)

013 relatively large
— hope to probe
Ocp
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Combined efforts

Have focused on Daya Bay, but as always = independent efforts allow for validation
Double CHOOZ:

LNCA far hall

3-D calibration system

Veto(OD)

1D

998 'm

UGGy

<
I}
o
2]
o
L
e
<}
{ o
E
©
o
(o))
ol
°
)
£
©
(2]
<
o

Chooz B2

. Chooz B1

- Tyvek 355 m,

390 10" PMT

y-catcher 0 ' _ _ | - \_ ID PMTs

v,,‘_,,_

LNCA near hall .-~
-~469 m
@ | | . l A
ND External inert shield
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CO m b i n e d effO rtS Total uncertainty

DC IV Statistical uncertai:hty

P2
TnC MD (n-H + n-C + n—Gd) | SIn"(20;3)
= 0.105 + 0.014

Daya bay

N

PRL 121, 241805 (2018) n-Gd
PRD 93, 072011 (2016) n—H

29 ,) = 0086 + 0.003
26, ) = 0071+ 0.011

0w o
55
N

L

A comparison on B::smeasurements in 2020. RENO
Double CHOOZ 2021 and Daya Bay 2023 PRL 121, 201801 (2018) n—Gd
results not included.

0.090 + 0.007

:

T2K
PRD 96, 092006 (2017) M
Amgz2 >0
Amg2 <0

rgmallzatlon (Pep
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(Some) Outstanding Questions

o H Have measured neutrino
12 mass differences, what
about their order?

° 01 3 solar: 7.5x10™ eV?
Are neutrinos Majorana .
¢ 9 23 0,5 is relatively large, particles? afﬁlosp?el‘lfi
2 measuring &.p gives 24x107 eV*
° insi i - atmospheric:
Am21 |n§|ght into matter - . , l__3 7
antimatter asymmetry What is the mechanism 2.4x107 eV©
° Am%z for neutrino mass? i solar: 7.5x107 eV
° : P Are there more than 3
M ds5 O rd €rng: neutrinos — sterile Normal Ordering Inverted Ordering
neutrinos = dark m; <mp; <mgj mz <my <m,
* N -p?
LR matter?

The next generation of experiments are beginning now
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Massive detectors are here

JUNO
~20 kilotons

[HEY
o
[EEN
o

[EEY

o
>
(]
p=
i
(&
n
S
(7}
a3
=
e
x
=
L

10-10

10-20 Vd Ve
Active galactic nucleus, - b

cosmologieal sources
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Massive detectors are here

JUNO
~20 kilotons

Currently
operating!

=

2 100

=

i

£

<

= 1010

Atwospheric
-20 <
10 Active galactic nucleus, :

cosmologieal sources
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Jiangmen Underground Neutrino Observatory

Sloped Railway

—
e ey
- N

Vertical shaft
-
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Jiangmen Underground Neutrino Observatory

Sloped Rallway

Vertical shaft
-

It’s a |

7/23/2025
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JUNO Physics Goals

2
2 | / 1) Determine Neutrino Mass \
Ordering (NMO)

solar: 7.5x1 0"5 eV

atmospheric:

24103 eV? 2) Precisely determine
atmospheric: oscillation parameters
2.4x10°3 eV \_ Am3,, Am5,and sin20,, )

solar: 7.5><10'5 eV2

Normal Ordering Inverted Ordering
m; <m, <ms ms <my <m,

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 59



JUNO : Reactor Neutrinos

JUNQ’s nearest nuclear reactors Reactor - detector baselines

b, ) "”

C
«‘. N .
b%\n
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rSh
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i )

Hong -Koﬁg

KamLAND

Pk
3nzhen-
\ 7 =S

0.6

. Zhorigmﬁ'ﬁi

Jui

o
N

Optimal distance for v, disappearence

o

>
=
=
©
O
O
S
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©
=
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>
m
c
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i)
(@©
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2
O

0.5 5 50
Distance to reactor [km]

Screenshot Google Earth 2024
(v, survival averaged over reactor energy spectrum)
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“Potential to Identify the Neutrino Mass Ordering with
Reactor Antineutrinos in JUNO,” arXiv:2405.18008 (2024)

“Sub-percent precision measurement of neutrino
oscillation parameters with JUNO,” Chin. Phys. C 46 (2022)

JUNO : Reactor Neutrinos

Reactor v, Energy Spectrum

—— Reactor Ve signal: NO

—— No oscillations
——- Reactor Ve signal: 10 4

Only solar term DeteCtOr

—— Inverted Ordering

—— Normal Ordering Response

o]

Background spectra

Residual background
I Geoneutrinos Fast neutrons
World reactors  mmm 3C(a,n)*®0

B Accidentals Atmospheric Reconstructed Energy [MeV]
Neutrinos

Ney / 20 keV
Novt / 20 keV

g N w
o o o
o o o

I T T T
wn Wbl

>
)
o
=
c
3
>
C
[l
=
=
Qo
=
<

10 best-fit to NO Asimov data |
— (=D
Vi

in each bin

Best-fit

Oscillation probability
Relative Contribution

8
Reconstructed Energy [MeV]

5 v, = 1 — sin® 2033 (cos® 0y, sin® Az; + sin® B3, sin® Azy) — cos* 0,3 sin® 260;, sin® Ay,
A AmiZjL
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
https://arxiv.org/abs/2405.18008

“Potential to Identify the Neutrino Mass Ordering with
Reactor Antineutrinos in JUNO,” arXiv:2405.18008 (2024)

“Sub-percent precision measurement of neutrino
oscillation parameters with JUNO,” Chin. Phys. C 46 (2022)

JUNO : Reactor Neutrinos

Reactor v, Energy Spectrum

—— Reactor Ve signal: NO

—— No oscillations
——- Reactor Ve signal: 10 -

Only solar term DeteCtOr

—— Inverted Ordering

—— Normal Ordering Response

Background spectra

\
PRI

|

T
T /T

Nevt / 20 keV

Residual background
I Geoneutrinos Fast neutrons
World reactors  mmm 3C(a,n)60
Bl Accidentals Atmospheric

100 Yy | mm °Li/®He Neutrinos

Newt / 20 keV
w
o
o
I

N
o
o

>
)
o
=
c
3
>
C
[l
=
=
Qo
=
<

10 best-fit to NO Asimov data |

— (T-D) . .
% in each bin

Best-fit

!

Oscillation probability
Relative Contribution

8
Reconstructed Energy [MeV]

Neutrino energy [MeV

JUNO Goals: | » Separate NOvs |0 > Precisely measure Am35,, Am5,and sin%0,
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Expected Reconstructed Energy Spectrum

JUNO 6.5 years x 26.6 GWy,

—— Reactor Ve signal: NO

Detector i | Az ——- Reactor U, signal: 10 ;
Response / Background spectra

Excellent Energy Resolution
Needed to resolve fine -
oscillation structure
\_ Y

Residual background
I Geoneutrinos I Fast neutrons
World reactors  mmm 3C(a,n)60
Bl Accidentals Atmospheric
9Li/8He Neutrinos

Newt / 20 keV

N w
(=] o
o o
rTTT I
Nevt / 20 keV

10 best-fit to NO Asimov data |
T ‘:T";’_J')A in each bin

k
Best-fit > 120 of Ay,
i=1 h

Relative Contribution

Reconstructed Energy [MeV]

JUNO Goals: | » Separate NO vs IO > Precisely measure Am35,, Am5,and sin%0,


https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
https://arxiv.org/abs/2405.18008

The JUNO Detector  “onvewssoss ~650m

A NENE— overburden

Top Tracker
Plastic scintillator layers

Outer Cherenkov Detector
35 kilotons ultrapure water
>2500 20” PMTs

PMTs

Acrylic Vessel
17.7 min radius
20 kilotons of liquid scintillator

 LAB +2.5 g/L PPO + 3 mg/L bis-MSB |
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Calibration in JUNO ot e

[ Deployable calibration sources in JUNO }

Radiation

0.835 MeV
1.173 + 1.333 MeV

1.461 MeV
annihilation 0.511 + 0.511 MeV
241 Amn-Be 1, neutron + 4.43 MeV (12C*)
24 A 13C 1, Y neutron + 6.13 MeV (160*)

(n,y)p 2.22 MeV
(n,y)2C 4.94 MeV or 3.68 + 1.26 MeV

R

B

Residual bias [%]

Maneuverable

Calibration sources
(not to scale)

True gamma energy [MeV]

Can also use naturally present interactions in the detector

S
» Cosmic-ray muon spallation neutrons [5] /.

» Radioactivity e.g. BiPo214 decays [6]
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“Prediction of Energy Resolution in the JUNO

° i Experiment”, arXiv:2405.17860 (2024)
JUNO : Detector Compari I

JUNO:
Energy Resolution
<3% @ 1MeV

17,596 +

25,600
~34% ~30% ~50% 78%
~250 ~450 ~520 ~1600
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High-precision Short Baseline Measurement

* Making next-generation precision oscillation measurements
- Again must understand the emitted reactor spectrum

—> Use a next-generation short-baseline detector Some recent/ on-going
very short baseline
experiments:

e Sterile neutrinos e Neutrino-4

* Hypothetical particle which doesn’t interact via weak force ‘. DNAEI\cl)SsS

* Heavier sterile neutrinos could be dark matter candidate? « PROSPECT

e Arises in a number of Beyond the Standard Model theories * STEREO

> Can it be seen in 3 = 3+1 flavour oscillation? * Solid

- Precision spectrum measurement No conclusive evidence for

steriles seen to date
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E “Overview of the JUNO-TAO
1 detector”, NIM-A Vol. 1048 (2023)

Taishan Antineutrino
Observatory (TAO)

CERGERE SKUY BTy 8y,
S\~ TR,
ANGEE \NRAL Iy : :
SRR '\*,»’,’//,l/"gf 'y e ~40m baseline from Taishan NPP
SA8AE) ¢ 7 / ,

2.8 t Gd-loaded LS

Operating temperature: -50 °C
SiPM coverage: 94%

Energy resolution <2% @ 1 MeV
1000 IBDs / day

Construction of TAO detector — » Model-Independent measurement » Sterile neutrino
connecting SiPMs of reactor energy spectrum search
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“Potential to Identify the Neutrino Mass Ordering with
Reactor Antineutrinos in JUNO,” arXiv:2405.18008 (2024)

NMO with reactor neutrinos

Expected reconstructed energy spectrum NO vs IO

JUNO 6.5 years x 26.6 GWy,

—— Reactor Ve signal: NO
- Reactor U, signal: 10

Nevt / 20 keV

Residual background
Geoneutrinos I Fast neutrons
World reactors  mmm 13C(a,n)'®0

Accidentals Atmospheric
Neutrinos

>
]
~
o
~
—~
=
a.:
=

300 -
200
100 H

Relative uncertainty [%]

10 best-fit to NO Asimov data |
(Ti—Di)?

v— in each bin

Reconstructed energy [MeV]

k
Best-fit Z‘T\j—w of AxZin —— JUNO Total Backgrounds —— Non-equilibrium
=1 Statistics —— TAO-based flux =~ —— Spent nuclear fuel
Total sytematics = —— Nonlinearity Matter density+

Energy resolution

Relative Contribution

8
Reconstructed Energy [MeV]

(assuming 30 NMO sensitivity livetime)

High-statistics reactor v,measurement:

- Important systematics from energy resolution, backgrounds and reactor spectrum
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X “Potential to Identify the Neutrino Mass Ordering with
5 Reactor Antineutrinos in JUNO,” arXiv:2405.18008 (2024)

NMO with reactor neutrinos

Expected NMO sensitivity vs livetime

Reactor V, signal IBD event number (x103) e e s . .
50 100 150 200 250 300 Expected NMO sensitivity vs livetime

S I B O

Parameter shift; 16
+30 of PDG2020 ]

—30 of PDG2020 5

Parameter | PDG 2024 | 'UNO 100 | JUNO®
days years

Am3, 1.2% 0.8% 0.2%

o~

Am3, 2.4% 1.0% 0.3%
sin® 64, 4.0% 1.9% 0.5%
3.2% 47.9 12.1%

Pl I

12

—— NO: stat.+all syst.

—— 10: stat.+all syst.
--- NO: stat. only
10: stat. only

11

[P T N
6 8 10 12 14 16 18 20 & &R 0
JUNO and TAO DAQ time [years] g g

» 30 expected in 6.5 yrs using reactor neutrinos alone

> World-leading measurements of Am5,, Am%,and 0,5 in ~100 days
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JUNO Timeline

2013 - Project begins

Jan 2015 = Ground breaking

s ¥ N
4@ ‘& q‘ﬁ\ﬁt“; <
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JUNO Timeline

2013 - Project begins

Jan 2015 = Ground breaking

2022 -> Detector installation \ AL /

Y Y
\\ ‘\A“‘ \\ N & s o ¥ \,,.‘ \
2024 - Installation complete NN\ B ' “
\,.'-\ \\ . J : o
‘\\\ . €.
. ) "

imgflip.com —

Evolution of detector installation (animated gif)
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JUNO Timeline

2013 - Project begins
Jan 2015 - Ground breaking
2022 —> Detector installation

2024 - Installation complete

7>\
/\

Checking the acrylic surface prior to filling

7/23/2025 Neutrino Physics Conference Quy Nhon | lwan Morton-Blake 75



JUNO Timeline

2013 - Project begins

Jan 2015 = Ground breaking
2022 - Detector installation
2024 - Installation complete

Dec 18 2024 - Water fill starts

Feb 1 2025 - Water filling complete

Filling of water pool (animated gif)
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JUNO Timeline

2013 = Project begins
J & ~7 days of Pure Water Phase

Jan 2015 - Ground breaking First tests of full detector chain

2022 - Detector installation > Calibration of 20” PMTs with laser

2024 - Installation complete » Deployed gamma and neutron sources to

Dec 18 2024 - Water fill starts measure the minimum energy threshold

Feb 1 2025 = Water filling complete » Observation of muons
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JUNO Timeline filing (7 mahour)
2013 - Project begins
Jan 2015 - Ground breaking
2022 -> Detector installation
2024 - Installation complete
Dec 18 2024 -> Water fill starts
Feb 1 2025 - Water filling complete

Feb 8 2025 - LS filling / Water exchange | e o ssn e aon
(ongoing)
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JUNO Timeline Mixed LS phase

» Intense calibration campaign

2013 - Project begins

» LS optical properties

Jan 2015 - Ground breaking
» Attenuation length: > 20m

2022 - Detector installation > Low PMT loss rate during installation 0.1%

2024 = Installation complete » PMT gain stability < 1%

, » MeV-scale reconstruction development

Dec 18 2024 - Water fill starts
» LS U/Th background levels: < 10-*°g/g

Feb 1 2025 - Water filli let i
ater Tifling complete » Muon reconstruction and veto development

Feb 8 2025 -> LS filling / Water exchange Detector performing within expectations!
(ongoing)
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Conclusion

» Reactor neutrinos: massive source for v,
»Known energy spectrum, fixed distance = great for oscillation
» Detectable through Inverse Beta Decay = can have very pure signal
» Reactors have played invaluable role in neutrino physics
» Discovery of neutrinos
» Precise measurement of % of oscillation parameters so far
» Sterile neutrinos unclear still (didn’t discuss anomaly in reactor spectrum

5MeV bump)
» Mass ordering: JUNO, 30 after 6 years starting 2025
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Neutrino Sources

‘;@\!
\

% 1010 w’cn nos
g _
w1
5 Supernova
2 1070
Atmospher’w
-20 /
L% + Exotie
Searches

7/23/2025 keV Neutri@ @Vcs Conference Quy Nhflelvan Morton-Blake 83



Atmospherics

®

Atmos. Flux *
Cross-section *
Survival prob

Neutrino physics with JUNO J.

“JUNO sensitivity to low energy
atmospheric neutrino spectra” The

Phys. G 43, 030401 (2016)

European Physical Journal C volume

81, Article number: 887 (2021)

(

Discriminate ve and v, in LS with PMT hit patterns - ~10-25% uncert. in 5 years

. . . . (=) (=)
Measure differences in direction and energy spectra for ve and v,

\

J

(NO - 10)

7/23/2025

Expected direction and energy spectra

Expected Sensitivity

- Matter effects over ~3-10GeV provide
sensitivity to Neutrino Mass Ordering

- Would be first measurement of atmospheric
neutrino oscillation in liquid scintillator

- Complementary to the reactor NMO analysis

NMO expectation:

0.7-1.40 in ~6 years exposure
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Geoneutrinos : vV,

Strati et al. Progress in Earth and Planetary Science
(2015) 2:5 DOI 10.1186/s40645-015-0037-6

Expected Energy Spectrum

[Decay of radionuclides (U/Th/K) within the Earth )

» Can measure U and Th abundances.

Dataset
e Fit result

» Measuring U/Th ratio in crust and mantle probes:
Earth’s formation, mantle convection, plate tectonics, Earth’s
\ magnetic field production )

JUNO expects ~400 geo-v,
interactions per year

Fit scenario Sensitivity (6 years data-taking)
U/Th ratio fixed U+Th flux ~10%
U/Th free U+Th ~18% U/Th ratio ~70%

Energy [MeV]
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Core-Collapse Supernova Neutrinos

-
“Real-time monitoring for the
next core-collapse supernova in
é . . . JUNQ”, Journal of Cosmology V _I_
@ 99% of energy released in (anti-)neutrinos of all flavours and Astroparticle Physics (2024) X
~3 CCSN per century in the Milky Way
\
Expected Flux vs Visible Energy Expected Event Rate (@10kpc)

th_
v©

12c NC, E"= 15.1 MeV

SN @ 10kpc

*_IBD. E\'= 1.8 MeV

IBD | V.+p—oet+n ~5000

~
S~

E, dN/dE,

(=)

\[® | v +12 ¢ v +12 (Ve,u,r)

50 - ¥(15.11MeV)

E, [MeV]
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Core-Collapse Supernova Neutrinos

-
Rapid declarations of transient neutrino signals

®

“Real-time monitoring for the
next core-collapse supernova in
JUNQ”, Journal of Cosmology
and Astroparticle Physics (2024)

Vy +

\Aim to join Supernova Early Warning System (SNEWS) [4] J

Alert eff. vs SN distance Alert time vs SN distance

Nakazato
27Mg, 10 == 13Mg, IO = = 30M,, |10
27Mg, NO === 13Mg, NO = 30My, NO

Nakazato
27Mg, IO == 13M,, IO == 30Mo, IO
27Mg, NO == 13Mgy, NO == 30Mg, NO

Garching
11M, IO
11Mg, NO

Garching
11Me, 10
11Mg, NO

Alert time [s]

Prompt monitor
FAR: 1/month

Prompt monitor
FAR: 1/month

300 400

400 500
Distance [kpc]

Distance [kpc]
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27 M, CCSN:
» ~50% alert efficiency at 300kpc

» Alert Time @ 10kpc ~10-30ms

CCSN Energy spectrum
+ Time evolution

- Probe mass ordering
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N 6 '/Ltrl/ V\/O 'S 0 MYOCS Nuclear fuston within the sun produces v,

probe the solar core — measurement of the solar metallicity

. Decay of radionuclides (UW/Th/K) within the Earth
i/;\\ can measure U and Th abundances/ratio = Earth’s formation,
GEONE utrinos & mantle convection, plate tectonics, magnetic field production

Solar

[HY
o
-
(@)

Well-understood source, hiuge flux of neutrinos
at a fixed distance = great for oscillation

99% of energy released tn

Reactor

Flux [cm™? st srl MeV1]

: SM’P@YWD\/H (antt) neutrinos of all flavours
Hioh energy oscillations
s Atmospheric D ,
Number of GUTS requtre
ba ryow number violation
1020 Exotic and predict wucleow decay
Seavches |

Active galactic nucleus, <
keV GeV PeV cosmological sources
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