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»  Why study neutrinos?
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+ The 0,5 Generation of Experiments
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Why Study Neutrinos?

Brief Reminder
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Why Study Neutrinos?

We need to understand neutrinos

S

if we want to understand our 2 .
universel! =
@ 107
|>
— They are invaluable N 107
astronomical (and I':q,w.,a
terrestrial) messengers €.
G
—  They are the second ﬁ 10"
most abundant particle S 102
in the universe osE
— Their oscillatory behavior is o
beyond the Standard Model 107

Neutrinos are everywhere!

Accelerator

Terrestrial

ol Solor @b Atmospheric

102 1 102 10* 10° 10° 10° 10? 10"

1016 1018

Neutrino Energy (eV)

University of
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lllustration of neutrino oscillation:

Neutrino Oscillation

* The basic principle behind neutrino
oscillations: neutrino mixing

‘voc>=2iUoci Vi>
How they interact How they propagate
(U ,ua UT) (Ula U29 UB)

where the matrix U is parameterized in
terms of three mixing angles (612,613,023)
and one CP-violating phase &

frequency
amplitude l
For example, as a rough approximation at short \ 2 Am32 L
baselines, the v/, “survival” probability is: P (V —V ) ] —sin 2013 sin e
(where Amijz. — ml.2 — mj2 are the so-called “mass splittings”)

P. Ochoa-Ricoux, Neutrino University 2025 UQCI & e



Open Questions

* Most neutrino data collected across a wide
range of energies and from many different
sources are well described by the three- Big implications in cosmology!
neutrino oscillation framework. ~

* However, key questions need to be answered
before the picture can be considered complete:

— What is the octant of 8,;? / w,o{)o,mu | 10,000,000,000
— Do neutrinos obey the CP symmetry Currently, we have some indications of
(is 5CP = (0)? CP violation but none definitive

P. Ochoa-Ricoux, Neutrino University 2025 UQCI & e




Open Questions

Normal Inverted
* Most neutrino data collected across a wide m2  ordering ordering 2
. . A (NO) B VvV (IO) A
range of energies and from many different S
. Y%
sources are well described by the three- —
neutrino oscillation framework. : - :
m 2—— —|-m 2
3 — 9)
_ ‘ solar~7.5x102eV? .
* However, key questions need to be answered atmospheric I —— -7
before the picture can be considered complete: ~2.5x10eV? .
atmospheric
my - e — ~2.5x107%eV?
— What is the octant of 0,57 | Psolar~7.5x10%ev2 | 2
M|"1— IR 7
1 A A 3
— Do neutrinos obey the CP symmetry ) )
(is 0cp = 0)? 0 v i v 0
Credit: H. Murayama
— What is the ordering of the neutrino Currently, we have some indications of what is

masses (i.e. sign of Amgzz)? the mass ordering but none above 3o

P. Ochoa-Ricoux, Neutrino University 2025 UQCI & e




O pe n Q U ESti O n S All oscillation parameters are currently

known to a few percent!

Precision
+  We also want to know if the three-neutrino From PDG 2024
paradigm is the full story. For example: sin®(612)  0.307 £ 0.013 h2%
Am2, (7.53£0.18) x 107 eV 2.4 %
— Are there additional neutrino states? sin?(f23) 05580013 399,
— Are there non-standard interactions? Ami,  (2455%0.028)x 1077 eV* 1.1%
sin®(613)  0.0219 + 0.0007 32%

Increasing the precision of our
measurements is key In addition to providing important key constraints
for experiments and theoretical models, improved

precision enables:

- - Model-independent tests of the 3-neutrino

0 10
MG

1 2 3 4 5 6 7 8 910

framework (notably PMNS non-unitarity)
- Stringent cross-checks between different
experiments

University of
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Basic Principles

of Reactor Neutrino Experiments
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Reactor Antineutrinos

* Nuclear reactors are a flavor-pure, widely available, cost-effective, extremely intense and

well-understood source of electron antineutrinos:

Chain Reaction =

89y r @O\,
& e
89Rp @O\,
x-o

89 @o\‘

Ve Ve

Credit: nobelprize.org SBY;

238U

\ 239,
i’\ 239!\.Ip

&

v

o \ 239
&

144Nd
O—» Neutron 144pp S
144Ce @*"?Q

0\‘ Electron P 4 0\‘
e Anti-neutrino *La ]@ e
o 144 @ 2, 0\

Gamma lié P 4 0\1

l44p4 / 0\(;/’ (some loss)
235 236 @O" — 235|J 236 @O"

~ 107 7,/ (s - GWy)

126

82

50

28

14 ..

AN

(Number of Neutrons)

LEm camian
i

Fission )

. Type of
. Decay
- mpt
"""""""""" : mp-
: A

: | WFission
........ , ; ; WProton
' : . WNeutron
: mStable Nuclide
.~ Unknown

H H >
50 82 7

(Number of Protons)

— A1 GVVﬂl core produces in one minute more neutrinos than the NuMI| and BNB beams produce in a typical year

———

10
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Types of Nuclear Reactors

* Nuclear reactors fall into two main categories:

Low-Enriched Uranium (LEU)-fueled Highly-Enriched Uranium (HEU)-fueled
power reactors reactors

Commercial reactors
Several GW of thermal
power

U,’s originate from

fission products of 4
Isotopes: 235U, 239Py,
241Pu and 23381

Fuel evolves as 235U is
consumed and
239,241Py Is produced

Fission fraction (%)

90

40

» >

15000

20000
Burn-up (MWD/TU)

1.0e+18;

1.0e+17

z)
=
o
D
+
=
(e)]

1.0e+15

1.0e+14

Fission Rate (H

1.0e+13;

1.0e+12

1.0e+11{

Day of Cycle

Research reactors
50-100 MW of
thermal power
Almost all fissions
are 235U

University of
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Antineutrino Detection

* The primary detection channel is the Inverse Beta Decay (IBD) reaction:

o
.
.
.
.
*
.
.
.
.
.
.

Prompt signal:
et kinetic
energy loss +
annihilation

Delayed signal: n
capture on Hydrogen
and subsequent
gamma-ray emission

(arbitrary units)

. . nucleus

— Coincidence between prompt positron and delayed neutron si

background rejection

— Energy of positron preserves information about energy of incoming v,: E; = E, . + 0.78 MeV

e Emitted spectrum

----- Cross-section

—— Detected spectrum

- Only v, ’s are detectable via CC interactions; other flavors are kinematically inaccessible

T

12 - :_f

R

P. Ochoa-Ricoux, Neutrino University 2025 U CI
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Oscillation Probability

* Reactor neutrino experiments are “disappearance” experiments:

Am? L Am3, L
P, s (LLE)=1- sin® 26) <0032 Orp sin® ——— +sin’ 0, sin> — = )
— Look at how v,’s =
oscillate (disappear) into " [ @ \/ V‘
other flavors 08 o Near @ )‘
B Far
_  Accessto 6,5, 0,5, AmZ., -
, 12> Y13 21. 0.6_— :f)"ﬁ; Daya Bay
Amj;, and the mass ordering - 22 Double Chooz
-
- O RENO
— No dependence 045 ?
on 923 and 5CP : §
Baseling is set b 0.2/—" - With 013 = 0
— aseline is set by C - With 6, # 0
physics goals ol T !
107 10 1 10 Llkm]

E[MeV]

P. Ochoa-Ricoux, Neutrino University 2025 UQCI & e



Anatomy of a Reactor Neutrino Experiment

P

Note: using Daya Bay
detectors for illustration

U,’s are emitted Sample the neutrino flux in at least one location:

isotropically (in all | | | -
directions) — Sampling at multiple baselines — reduce flux uncertainties

— Using identical (or functionally-identical) detectors — reduce
I correlated detection systematics (e.g. efficiency and cross-section)

Can predict reactor

antineutrino flux and | |
Typical reactor neutrino detector: a

shape to a few % Reactor v,’s are ~MeV in S o
- liquid scintillator target observed
precision energy, so need target .
; L by photomultiplier tubes (PMTs) and
material with high light :
vield surrounded by an instrumented

buffer and/or shield

Thus, reactor neutrino detectors typically have low thresholds but limited topological information

see the surrounding and internal / k __ get total energy, time and position of
radioactivity, so need clean detectors event, but not detailed spatial structure

14 5 = P. Ochoa-Ricoux, Neutrino University 2025 UQCI ey o
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Several Generations of Reactor Neutrino
Experiments

‘-IIIIII-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII....
L 4

e®

Short-Baseline
Experiments
(~2015-2023)

KamLAND
(2002-2011)

The 6,5 generation
(~2011-2023)

Discovery of the
Neutrino (1956)

....IIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllll--“

Focus of the rest of the talk
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The 0,; Generation

of Reactor Neutrino Experiments
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Basic Layout

» There are three 0,5 reactor neutrino experiments:

Background: understanding

if 6, was different from zero
was a priority in 2012

Daya Bay Double Chooz

»

*
Far .

-
L i
b".‘ c:..
- A il
- . A
- . ! LN
- DD
" % e,
- . .
' LN et
" “ . a'r,
.. - 4 » -
- ‘. .,
o . “a,
-

Last unknown mixing angle in
Near S the PMNS matrix
2x2x20t ¢
Intrinsically linked to the
possibility of observing CP

violation in the leptonic sector

— 6,4-driven oscillations offer a

pathway for measuring the
neutrino mass ordering

Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - 2023

Notes: all reactors are LEU; flags indicate location of experiment, not composition of collaboration

)
O
0

— < 2 km baseline means only need “small” detectors (tens or hundreds of tons)

1D
(—a
\\‘ o

— Looking for small (<10%) disappearance, so key is keeping systematics
under control

— Near/far relative comparison allows to essentially cancel uncertainties in flux
prediction and correlated detection efficiencies

D — I

17 | e P. Ochoa-Ricoux, Neutrino University 2025  UCI i mine
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Three-zone detectors

e The three experiments use very similar i+ Surrounded by instrumented shields that also veto muons
technology. Here we show Daya Bay: * LS doped with Gadolinium (GdLS) to enhance capture signal

0
'Y 0
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

The Detectors ................................................................................................................. ‘

inner water shield

RPCs outer water shield
PMTs
Tyvek
=
o
. AD f =i
AD support stand concrete /

NIM A 773, 8 (2015)

18 P. Ochoa-Ricoux, Neutrino University 2025 UQCI ey o
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Oscillation Measurements

* As an example, these are the latest results from
Daya Bay
— 3158 days of data
— From spectral distortion simultaneously extract
sin“(26, ;) and Ams,

1.06 T | : | ' | ' |

1.04 } EHI | EH2 } EH3

1.02

Best fit (3-flavor osc. model)
] .........................................................

7~
L

> -

T 098 |-

l\?i) - -

. 0.96 _— —_
0.94 — —
092 _
0.9 — | . | . | . | —

0 200 400 600 800
L./(Ez. ) [m/MeV]

— Excellent fit to standard three-neutrino framework

]’——— _ o
20 5l :;;

R

250 "

[S—
N
-

Entries [MeV™]
S
-
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Global Landscape

Current reactor measurements of 013 will likely
remain the most precise for a long time

.........................

These experiments also have good
sensitivity to Amgz2

.............

i 0.039
Daya Bay nGd+nH 8.33x022 (26%y  NOvAFIZK ‘ 2.429% 535 1.5%
N NOVA N — 2.429—}—0.040 1.5%

Daya Bay nGd 8.51+024 2.8% 0
40.50 T2k N 2.521T0931 1.7%
Daya Bay nH 7.99 09  6.5% TceCube —e— 2.40 T00% 199
RENO nGd 9.201050  6.5% SuperK+T2K — 2.511709% 2.4%
RENO nH b O ! 86 +1.9 14.0% Daya Bay nGd : ® ! 2.466:E0.06
- ; 10.07 o oo,
Double CHOOZ = o ' 10.2 +12 11.8% SuperK 1 2.40 Zooo  3:3%
MINOS+ = o = 2.40 098 359

NOvVA+T2K : ® — | +1.58 ~0.09
OvA+ 8927155 15.9% RENO nGd = © = 2.52 01y 4.6%

- 1.4 '
NOVA I @ { 86 1_16 174% Daya Bay nH b @ { 272 i’g%g 5.3%
T2K = . e - 10.36793¢ 15.9% RENO nH . = 2.48 1035 121%
7% 9 10 11 19 2. 2.3 2.4 2.5 2.6 2.7 2.8

sin® 26,3, 1072

Great agreement with accelerator experiments!

P. Ochoa-Ricoux, Neutrino University 2025 UQCI & e




Data vs. Models

and Sterile Neutrino Searches
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Characterizing 7, emission

+ The 0,; experiments have greatly advanced the characterization of the reactor antineutrino

emission and the comparison with prediction models:

— Important for fundamental physics, non-proliferation

applications, and as a stringent test of nuclear data inputs

- Two main approaches for predicting the reactor v,
rate and spectral shape:

—  Summation (ab-initio) method:

- Bottom-up calculation using fission yields, Q values
and decay branching ratios from nuclear data bases

* A recent implementation is the SM2023 model

— Conversion method: >

- Converting measured beta spectra from thermal-neutron induced
fission (23%U, 239Pu, 247Pu) at ILL in the 1980s to v, spectra

- Smaller estimated uncertainties (few %)

- Latest implementation is the so-called
Huber+Mueller (HM) model

N

23 . -

/

10+0]

Spectrum ( 1/ MeV fission )

10-4 588

10-11

10-2

10-3;

235U Thermal
(a)

Electron Energy (MeV)

Fit ‘Virtual Beta Branches’
1 1

10°|:-.. T I B
E

..........

............

............
o 0i%

------

g Schreckenbach, et al,

[ Phys Lett B160 (1985)
106

lllll

.
.........
o ° o

1 | 1

9 10

Event rate J (arb. units)

inetic energy of betas (MeV)

—#1-92Rb
— 32 - 96Y
—_#3-142Cs
— #4 - 100Nb
— #5 - 93Rb
— #6 - 90Rb
e H7 - 98MY
m— #8 - 140Cs
— #9 - 91Kr
— 10 - 97Y
—#11 - 87Se
#12 - 94Rb
— #13 - 95Sr
— #14 - 138
— 15 - 99Y
— #16 - 86Br
e #17 - 89Br
— #18 - 98Y
- #19 - 146La
— #20 - 143Cs
—— Sum
m  Exp.

)N N A N \ \
1.00 200 300 400 500 600 7.00 800 9.00

Converted Antineutrino Spectrum
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https://indico.cern.ch/event/833568/contributions/3655258/attachments/1958551/3254251/Sonzogni_-_AAP19.pdf

Disagreements with Predictions

* These experiments exposed significant disagreements with prediction models during the last decade

Rate
! ’ R J ! * ! ! ! IR ’ ! d L ! ' R
S —=— Bugey-3 —+— Daya Bay —— ILL —— Palo Verde —=— Rovno91
— —— Bugey-4 —— Double Chooz —#— Krasnoyarsk —&— RENO —=— SRP
—A— Chooz —— Gosgen —*—  Nucifer —#%— Rovno88 = STEREO -
o ) 4
= ®© : |
I <
2 —
o
%DE“ S """ T """""""""""""""""""""""""""""""""""""""""""" S % """"" B
I A R A L AT o R i A A
e e e o o o oo ool e o oo oo oo oo oo oo o e e o e err o
%%‘ 8 ,,,,,,,,,,,,,,, % ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, v _
Py o
iy i _
2 L _
S} D +0.024
J LB 829, 137054 (2022) Rum =0.936" 055 ]
o .
[\. 1 |
° 10 102 10°
L [m]

—  ~6% deficit in total flux with respect to the
HM model at short baselines is known as

the “reactor antineutrino anomaly” (RAA)

—  Primary motivation for SBL sterile
neutrino searches

— Not seen with recent summation models

24

Shape

2.0, . - .

. e PRL 134, 201802 (2024) 16.4
> 1.5 o - X
i 16.2 =
: T -
A - £
S " - 16.0 &
= | s %, 8 -,
Q i &
Lost o - 1°8¢
X s (sing Daya Bay data ‘=,
_ to illustrate) e 15.6
0.0- ° | . | . | — A Integrated
< 1q_the 5 MeV bump”-—=-_ |+ DYB
e T P R o
L B e S KI
av]
Q{i ...... SM2023
0.8 ] | | | | | | |

1 2 3 4 5 6 7T 8
Reconstructed energy [MeV]

Main disagreement is often referred to as “the 5 MeV bump”
Seen with both summation and conversion models
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https://www.sciencedirect.com/science/article/pii/S0370269322001885
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802

25

Causes?

What could be behind the reactor antineutrino anomaly?

Experimental systematics? Extremely unlikely...

New Physics (oscillations to a ~eV sterile neutrino )? Maybe...

1.2

11—

—h

o
©

o
~

o
o

Observed/Predicted Ratio
o
(@)
R -

— — -No oscillation

1M

0.5 — With oscillations (3 active v’s + 1 sterile v)
ml T Experiments i
0.4 LLL L L L R R R Rl AR
10° 10’ 10° 10° 10° 10° 10

Reactor To Detector Distance (m)

Unaccounted systematics and/or biases in the prediction? Likely... see next slides

University of
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Short Baseline (SBL) Experiments

It is possible to test the sterile neutrino hypothesis by placing a detector at a O(10 m)
baseline from a reactor

Experiments:
11-13 m

Fission of 235U, 2381,
239Pu’ 241Pu

LEU Reactors { 3100 MW

2800 MW

HEU Reactors 85 MW
Fission of 235U

(chart courtesy of B. Roskovec) + (m in |')CHAN DLE R, NuLAT

] r—

—— P. Ochoa-Ricoux, Neutrino University 2025 UQCI ey o




« Comments about Neutrino-4’s claim:

27

All SBL experiments have released results
by now

— Only one of these experiments has
claimed an observation: Neutrino-4

(PRD 104, 032003 (2021))

— ltis2.70

— Itis controversial (e.g. PLB 816, 136214

(2021) and arXiv:2006.13639)

— It is in strong tension with null results from

other experiments (e.g. right plot)

Non-Standard Flavor Mixing Landscape

C'\]_| [ II | ! | | | I I | | | | | IT}—-{T
> --- PROSPECT-I, CL_, 95% C.L. —
L) 1L STEREO.CL, 95% C.L e
o ———= DANSS, 90% C.L.
S -~~~ NEOS, 90% C.L. = 3
< — - Neutrino-4 95% C.L. ‘_/_—::m:'}_::'> ____ | ;_-::'{;" ]
B Gallium Anomaly 95% C.L. =Y ___—-===="" .
————Tm
B 4./._ . _ __;.__,4” = -
,,,,,,, A
- <\ \\ ~~ |
NS ”:\‘N
\\\, - /_::_/’_é
——————————— <
- TTTTEEEE— . \*\\§ _
i N N -
e T S ,,/' \ .
A/
B __‘\_-——-—:{ -
———— \ \
-~ (N
- (/ \\\\ \ |
\\ \\\ \\
\\\\ \\\\ \\\
1 0_1 — M. Andriamirado (IIT) RN ~~—
L | | Lo \1‘\__ —
-2 -1
10 10 1
sin“20,,

From D. Lhuillier’s talk at
Neutrino 2024

No significant evidence so far for non-standard flavor mixing from either SBL or km-scale

experiments
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https://agenda.infn.it/event/37867/contributions/233974/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
https://www.sciencedirect.com/science/article/pii/S0370269321001544
https://www.sciencedirect.com/science/article/pii/S0370269321001544
https://arxiv.org/abs/2006.13639

Evolution with fuel composition

» 0,5 experiments brought an additional handle to the table for understanding the RAA: evolution

with fuel composition Yield (basically v ,’s per fission) and shape vary from isotope

Refresher: neutrinos from commercial | | fe |so’Fope
nuclear reactors created from fission of In particular, yield of 235U is larger than that of 23°Pu.
235( . 239Py 241Py, 238(J Therefore, v, rate (total yield) goes down as reactor burns fuel
Fogs

Evolution of fission fractions with burn-up: 063 0.60 0.57 0.54 0.51

S o0 E.PRL 118, 251801 (2017) —— 2%y = 6.05 ' ' ' ' '
= N o
£ 2Py O 6.00F~¢-
8 80 238 .(.7) . ~N
- —=-U n S~
g 70 ipy = 5.95 s o
i 60 Others N\ 500k - - c e e e e e e e -
50 E
40 O 585 TS =
0 7 5.80 TS
20 — 5 75| Best fit - =+ Model (Rescaled) e
) <o T Y SR © 5.70
0 5000 10000 15000 20000 '
Burn-up (MWD/TU) 0.24 0.26 0.28 0.30 0.32 0.34 0.36
(fission fraction Fx = fraction of fissions from isotope X) fission fraction for 239Py s=ssss-= > F239

D — I
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.251801

Yield Measurements

From the evolution data it is possible
to extract the yield o of the two main

From SBL experiments at HEU
reactors it is also possible to

Showing Daya Bay as an
example, but RENO also
makes this measurement

Isotopes: 23°U and 23%9Pu

|

. | | | | | | |
K . 52 « DYRB PRL 134, 201802 (2024) ]
5.0 14 UM —
Note: from these 5 + SM2023
measurements it 2 4.6 [~ -
Is also possible NE 44 _
to extract the O
) Y 42 —
reactor v, =
spectra for 235U X 40 ~
and 239Pu fissions 2 381 1o |
(not shown here) © el 26 -
. " 30
34 7
| | | | | | |
54 56 58 60 62 64 66 638 7.0

035 [X10™*cm?/fission]

measure the 235U yield

l PRL 125, 201801 (2020)

-- new/old average

Nucifer

7.2m

ILL .
88m ) &

SRP-I|

18.2m

SRP-II

23.8m
Krasnoyarsk-87
33.0m
Krasnoyarsk-99
340m
Krasnoyarsk-94
57.3m
Krasnoyarsk-87

92.3m

STEREO
94-11.2m

New average (pure °U)

PRD 99, 073005 (2019)

0.6 0.7 0.8 0.9 1 1.1

RObserved / RPredlcted

model uncertainty

1.014 +0.108
0.792 +0.072
0.941 +0.026
1.006 +0.029
0.925 +0.046
0.946 +0.028
0.936 +0.039
0.942 +0.192
0.948 +0.024

1.2 1.3

S—
I

L JHEP 06 (2017) 135
only experimental uncertainties

1.4

Get a consistent story: the HM model overestimates the predicted v, flux from 235U fission

—

29 | E
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201801

Recent Beta Ratio Measurement

| | R PRD 104, L071301 (2021)
Another important piece of the puzzle: e
] I
A new measurement of the beta spectra >7>1 —— K
ratio between 235U and 23%9Pu performed 2.50 - |
at the Kurchatov Institute (KI) 2.25 - J' 1A (A
5 ’nﬂ‘
€S 2.00 1
235 i f"/
R = eq 1.75 -
239 150%
— Shows a discrepancy with ILL data: 125 |
new measurement is ~5.4% lower -
2 3 4 5 6 7 3
E. (MeV)

* In agreement with measurements from Daya

Bay, RENO and STEREO Reminder: measured beta spectra from thermal-neutron

No significant difference in spectral induced fission (235U, 239Pu, 241Pu) at ILL in the 1980s
shape with respect to ILL, so this undergirds conversion predictions like the HM model

cannot explain the 5 MeV bump
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L071301

Current Situation

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
* *

, _ ! rx = ratio of measured over predicted rate for *
* In conclusion, we have made good progress in , isotope X with respect to the HM prediction
understanding the Reactor Antineutrino Anomaly: 120
: {GLOBESfit v2.0] |STEREO| g0 1
— Recent data suggests that 235U beta : | ot D12 e dr®
: : - arecent summation [All RatesJ Re® et
spectrum from ILL underlying all conversion 1.1 model measufemmsﬂw‘e
predictions is largely responsible for reactor : " E
antineutrino anomaly - (Rate Evolution| S -
10" "Q
— Shape anomaly remains unexplained : —
and Is caused by d yet unknown _ : predictions
issue affecting both conversion and & 0.9, i —
summation predictions ’
— Allin all, sterile neutrino hypothesis 0.8
not ruled out, but weakened - \
See arXiv:2203.07214 for a detailed description 0.75 Egggr&hﬁfeuer s y
- | Estienne, Fallot et al.
* All these measurements give us tight constraintson ~ »= " (Integrated Rates| _
the rate and spectral shape of v,’s emitted by 0 e o095 10 105
nuclear reactors aso
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https://arxiv.org/abs/2203.07214

Outlook

The JUNO Experiment
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JUNO at a Glance

* The Jiangmen Underground Neutrino Observatory (JUNO) is a large multi-purpose
experiment under construction in China:

®_ JUNO

/ \ e |
I \ T . — AN ol te vu =~
aishan NPP P ax IR
,/ ~52.5 km *\ DA e LA KRN Water pool
/ v 2X4.6GW,, 4t AT AT —1
/ N a0y ik E , -/

Yangjiang NPP ! ‘.o TAO _, L/ | |
6X2.9 GW, M @()((\ 4’\ NI e r . ./ | B 1A\ 3 | Earth magnetic
e '

(B 9 79 R e\ field compensation
o0 e smaller ~3 ton oL SR //// ) coils
30° - : E X SN ———
1 satellite detector £ TN
________________________________________________________ Y <o . b o P a A :}:: x\%
8 reactors g:\_ R o,
26.6 GW,, S\ /EEe

(3 Acrylic spherical
G EEL % vessel filled with
: ' liquid scintillator

- 33 km from two major nuclear power plants (8 reactors) USRS - =
- 35 m diameter sphere with 20 ktons of liquid scintillator (LS) surrounded by water Cherenkov detector

- Unprecedented energy resolution of 3% at 1 MeV
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—— No oscillations

0]
-
N B

----- Only solar term

Oscillation Physics with
Reactor 1,’s

* The oscillated spectrum contains a wealth of
information, including key signatures of the

Inverted Ordering |
—— Normal Ordering L
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Neutrino Mass Ordering (NMO) z,
- Exploit interference effects in the fine structure §05
of the oscillated spectrum 5
8 0.0

- 30 sensitivity within ~7 years
Neutrino energy [MeV]

- High complementarity with other experiments Reactor D, signal IBD event number (x10%)
0 50 100 150 200 250 300

- Independent of 6,5 and J,p, no reliance on matter T
effects :

- Unigue energy and baseline

- Unique information that provides a stringent test of
the three-neutrino framework and can be combined

Chin. Phys. C 49, 0033104 (2025)

with other experiments to reach ~50 (e.g. PRD 101, - 7 e YTt

032006 (2019), Sci Rep 12, 5393 (2022)) i — (Ostta sy

K2 e e N i . Stat. only i

Fitting with the wrong ordering yields the wrong Am321 values at N D N U D I bt S

. . . 0 2 4 6 8 10 12 14 16 18 20
different experiments. Therefore, external constraints can help! JUNO and TAO DAQ time [years]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032006
https://www.nature.com/articles/s41598-022-09111-1
https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9

. JUNO will also measure sin” 0,5, Am221 and
Am321 to better than 0.5% in 6 years

- Important input for the neutrino community:

- Powerful discrimination of neutrino mass
& mixing models

- Constraints for other experiments (e.g. narrow
down parameter space for Ovf3[} searches)

- Wil allow to test three-neutrino framework
well beyond current limits

- Model independent tests of the three-neutrino
oscillation framework (notably, Upmns unitarity)

- Comparison with other experiments will be a
powerful test of our understanding of neutrino
oscillations with potential for discovery

Case in point: comparison with DUNE’s NMO and Am321

measurement (also sub-percent precision)

3

Relative Precision [%]

Oscillation Physics with Reactor 1,’s

Chin. Phys. C 46, 123001 (2022)

100 days 6 years 20 years
102 _I T T : T T T |: T ] T 7
: —— Stat.+syst.
------------ Stat. only
................... ‘ Am§1 * Am%l
101 T T e < sin2612 x sin2913 _
10°
10-1L Sub-percent precisionin | e @—lie., |
- ) 2 ! e
' sin” 20, and Amyj; i i ST
[ already within ~1 year of | -
5 data-taking
10 - | l l l Lo L | =
102 103 104 10°
JUNO Data Taking Time [days]
sin?6,, | Am? Am? in” 6
Parameter | SIN"0;p 21 32 1 SHTU3
Current Precision* | 4.2% 2.4% 1.5% 3.2%
JUNO 6 years 0.5% 0.3% 0.2% 12.1%

*from PDG 2022

Roughly one order of magnitude improvement over
existing precision for 3 parameters!
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9

A Multipurpose Neutrino Observatory

JUNO energy region Reactor Solar

1018 - | 1 | I 1 | | | | I I | | | | I | | | I | I | I | : |

1012 F :
- z Solar (nuclear) -
w 10°F .
N = s —
| - , -
£ 1E BBN (n) =% __— Reactors E
T = ' -
o 10°F BBN (*H) E =
MR ~ e ~50/day ~2000/day ~1/day
 10°F ~. Atmospheric E _
5 1n-18F N . Atmospheric Supernova
= 1077E \ E
3 1024E * JceCube data *
Z : . 52/017) E

10—30 5 s - E |

: Cosmogenic—=I>. 1 e NeW
10-36 sl AN NN TR (NN TN SR NN SN SN SN SN SN [N NN SN SR SN SN N S S S S S 5
108 103 100 103 106 109 102 105 108 I ths|cs
Energy E [eV]

E. Vitagliano et al., Rev. Mod. Phys. 92 (2020) 045006

O(1 OO)/s fo Proton decay, Non-

Note: fluxes are averaged core-collapse SN standard interactions,
: . . . : @10 kpc Sterile neutrinos,
There’s no time to cover this in any detall,_ but JUNQO's features also DSNB: few/year Neutrino magnetic
make it an ideal detector to study neutrinos from other sources moment, etc.
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5100

» @ @ @ § o«
* JUNO will also deploy a satellite detector called Water tark (IS
the Taishan Antineutrino Observatory (TAO) , ,
44 m from a 4.6 GW reactor A SR
2.8 ton (1 ton fiducial) Gd-LS volume o o | o o3
. o il
SIPM and Gd-LS at -50°C o o SN ° " ~
_ <f
+ < 2% @ 1 MeV energy resolution b o o " D
T — E ! 3
— E — JUNO-TAO 90% C.L. | & | I : @ 2100 2 §
8 e Main Goals: 03
E B -==JUNO-TAO 99.7% C.L. ? . E >é
a L £ 3 o
i Measure reactor antineutrino §°:j§_ v o °
spectrum with unprecedented  ¢..E
_ _ T«; 0.35 - — - U235, Daya Bay
energy resolution (reveal fine % o3f 0239, Daya Bay
structure for the first time) 025
Search for sterile neutrinos 0012: —
T Isotopic yield and energy B
spectrum measurements oosES
T B Y W S S R Y P T T T
10 10 10 sin229“1 Neutrino energy [MeV]
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Completing the Acrylic Sphere

e L 3
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Current Status  LSfilling(7m?/h)

* Filling with water has been completed

- Good detector performance T
* Now filling with liquid scintillator

Start of physics data-taking by end of summer

Drain water(7m3/h)

=<—- Filling strategy: f|II
with water first and

then gradually
replace water by LS

iInside acrylic
sphere

PP i i e 2 Expected end N

P fr o LR ) E“df _‘I’I‘f water of LS filling
e J : L ;’; ot illing 0.0
ot 4 A 36.0
W r 32.0
DeC 18, 2024 . . ate Feb 8, 2025 28.0
Calibration Phase E 200
Test runs g
| Feb 1. 2025 Summer 2025 |
Start of Start of LS o
water filling filling o

JUNO Liquid Level Display

1 2025-07-16 03:24:57

LS: 44.28 m
Vis: 17615.4 m?

471 Pa

WFOCs

+6

CD Water: 15.38 m WP Water: 42.91 m
LSIn: 0.0 m3/h WaterOut: 0.0 m3/h

T T T T T T T T
O 0 N OOV B W N

Status
as of
(032 & July 15,
:1;"’ 2025
L —
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Outlook

LiquidO and CEVNS at Reactors
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Comm. Phys. 4, 273 (2021)

LiquidO: a New Approach o -

* In conventional scintillator detectors like Daya Bay and
JUNO, the light travels through transparent volumes to
photosensors in the periphery

* New detector concept: opaque medium traversed

by dense array of fibers

43

Key Advantages:

Event-by-event ID of events
that are currently
indistinguishable in traditional
liquid scintillator detectors

(", e™, 7

High affinity for loading
thanks to the opacity

z-length (L)

-50 0 50 50 0 50
3
9,
>
_ Hit.s-peEr Fibre
1 10 100 SR e L
radius (R) (plane x-y) Opaque Medium Transparent Medium
X[cm] X[cm]
-20 20
Electron )" -

ol

o*
.
.
.
o
*

L L
-l:. 'I".l

" so-called “light ball”
Hits per Fibre

I

1101100 800

I
]

Each of these panels assumes a 1cm fiber

pitch, one pixel per fibre, 2MeV of energy
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https://arxiv.org/html/2503.02541v2
https://www.nature.com/articles/s42005-021-00763-5

CLOUD and SuperChooz

 Demonstrator called “CLOUD” funded: ~30 m from CHOQ/Z reactor in France

the Ardennes mountains

neutrino emission; ~102/V/s per core

the Meuse river

=

/ )
CLOUD Detector

*LiquidO technology |

*Mass: ~5 -B: — o
.ij;urdéiﬁ“gm R0zt sacte] S 5-10 tons LiquidO-Tracker Inner Detm

*Baseline: <30m Opaque scintillator + 10,000 fibres+SiPMs
~1.8 m diameter, >200 PE/MeV design, sub-ns timing

» There is a proposal for a next-generation 6, reactor experiment called SuperChooz

- Soon to become the most poorly known mixing angle

- LiquidO technology, ~10 kton mass, ~1 km baseline from Chooz reactors
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CEVNS at Reactors

* An exciting new program using CEVNS at reactors is

In its early stages

- Pro: very high cross-section (can be orders of
magnitude higher than IBD)

- Con: very difficult to detect (only signal is low-
energy recoiling nucleus)

e Search for deviations from Standard
Model, hidden sector particles &
Interactions

 Theraceis on!

- Vibrant effort in many reactors throughout
the world with different technologies
- The CONUS+ experiment has recently

reported a 3.0 observation
(arXiv:2501.05206)

e

scattered
neutrino

9

@
/P

scintillation

"
2,

secondary
recoils

Global Landscape of Reactor Neutrino Experiments

SoLid CONUS
NEWS-G Double Chooz / -/ _D;éljgs
NCC-1701, ™ NUCLEUS-_ \ F =2=-RED-100
PROSPECT ., %  STEREO — _ \ ,
PROSPECT ;.II 4 Ricochet _>" Neutrino—4
NUXE 7 MiniCHANDLER N RENO
MINER A CHANDLER NEON
Completed ~ SBC NG NEOS-II
Ongoing JUNO-TAO
Planning Daya Bay
— IBD s<--CONNIE
——. CEYNS " vIOLETA
« LEU
e HEU

arXiv:2203.0/7214 and arXiv:2203.07361
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Concluding Remarks
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Parting Thoughts

* Nuclear reactors are excellent neutrino sources
* Reactor neutrino experiments continue to make unique contributions to the field

— Leading precision for 4 out of 6 oscillation parameters

— Unigue measurement of neutrino mass ordering
— Searches for physics beyond standard 3-neutrino mixing

* A bright future is on the horizon

A vibrant next-generation experimental program is under preparation that includes a very large
multi-purpose detector

— Expect some exciting results and, hopefully, some surprises
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Stay tuned!
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