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The field of neutrino oscillations is broad
and extremely active. Apologies that
some difficult choices had to be made for
this talk to fit within the allotted time




Introduction

to Neutrino Oscillations
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Neutrino Oscillation Basics

lllustration of neutrino osm/lat:on

* The basic principle behind neutrino
oscillations: neutrino mixing

Vo) = XU
How they interact/v \ How they propagate
( ) (Vla Uza V3)

where the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix U is
parameterized in terms of three mixing
angles (0,,, 0,3, 0,3) and one CP-
violating phase Op

. frequency
_ N amplitude l
For example, as a rough approximation at short 5 Am32 L
baselines, the 7, “survival” probability is: P(v, =V )=1-sin 2313 sin i
(where Amijz. = ml.2 — mj2 are the so-called “mass splittings”)
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First Unambiguous
EVi d ence Super-Kamiokande (SK):

— 50 kton water Cherenkov detector
— 1,000 m underground
—  Around 11k 20-inch photomultlpller

tubes (PMTs)

Zenith ang{e dependence

(Multi- G'P.V)
Up- going Pocon .30,.\3
100 -
@ % BOS_ (a) FC e-like + /Xz(ShQFQ)
52 60 [ | _4@ - = 8/40!0)‘-
Down-going E’E; “ m _S}L =O“f3 +0.13
08 3 of +Hc stat | PVown ~0fZ

 (b) FC pi-like + PC Xt (shape)

0

I

Probability
(v, remainv,)
From T. Kajita’s Nobel Lecture

2200 [
04 Up-going @ :%150 d m| | N 30/4 dof
il o ——
02 (| 8100@+ wp—— Ur _054J~006
| [; § - :—E? ' 256 |Down 0.05
1 10 100 1000 104 P A el (6.20‘!"
L(km) for 1GeV neutrinos -1 ws®

PRL 81, 1562 (1998)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.1562
https://www.nobelprize.org/prizes/physics/2015/kajita/lecture/

First Unambiguous Evidence

Sudbury Neutrino KamLAND:
Observatory (SNO): s - i’
— 1 kton liquid g
— 1 kton of heavy water scintillator (LS) i~y
— Three complementary detector ' \
interactions (CC, NC — Surrounded by
and ES) sensitive to ~50 nuclear

different neutrino
flavors ___

reactors at an
average baseline

of ~180 km
~ PRL 89, 011301 (2002) PRL 100, 119904 (2008)
2 e Neutrinos from all -+ Daa-BG-GeoV,
' 7 _ - — Expectation based on osci. parameters
cES flavors in agreement Ir determined by KamLLAND
o OF with Standard Solar z + |
N Model (SSM) = 08 Note:
=4 5 © 8 B — showing
< K = - more recent
4 A~ 06 + + NS results for
3E g -/ emphasis
- 2 041
22— & N _+_
| E_ 0.2
- -See expected L/E dependence
OF | e ————

2030 40 50 60 70 80 90 100
Ly/E, (km/MeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.011301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.221803

Big Implications!

* Neutrino oscillation implies that neutrinos
are massive

— Vacuum oscillations depend on the mass

splittings

* Opened many questions

What are the values of the oscillation
parameters?

sin’@,.,, Am221 sin’ 6, Am322, sin” 6,

Precision
From PDG 2024 l
sin?(f12) 0.307 £0.013 4.2 %
Am3,  (753£0.18)x 107 eV?  2.4%
> sin’(f23) 0.558%001° 32%
AmZ,  (2455£0.028)x 1077 eV* 1.1 %
sin(f13) 0.0219 + 0.0007 3.2%

All parameters are known to a few percent!

But better precision is important:

- Constraints for other experiments

- Constraints for flavor and mass models

- Model-independent tests of the 3-neutrino
framework (notably PMNS non-unitarity)

Also want to know the octant of 0,,
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Big Implications!

Neutrino oscillation implies that neutrinos
are massive

— Vacuum oscillations depend on the mass
splittings
Opened many questions

— What are the values of the oscillation
parameters? Big implications in cosmology!

sin’@,.,, Am221 sin’ 6, Am322, sin” 6,

— Do neutrinos obey the CP symmetry —

10,000,000,001 10,000,000,000

Currently, we have some
indications of CP violation but
none definitive
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Big Implications!

* Neutrino oscillation implies that neutrinos

. Normal Inverted
dare massive ordering (NO) ordering (I0)
_— m? m?
— Vacuum oscillations depend on the mass . — .
splittings -,
. v
° Opened many questlons .
m 2—— —+m z
. . 3 — 2
— What are the values of the oscillation solar~7.5x10 3¢ V2 ,
parameters? atmospheric T™
. 5 5 . 5 . ~2.5%x1073eV? .
sin“0,,, Amy, sin” 6,3, Amj,, sin”0,; atmospheric
my>{- ~2.5%10%eV?
: 502
— Do neutrinos obey the CP symmetry . :‘:Solaf~7-5><10 eV )
. 1 T — ——my
(|S 5CP — O)? 0
? ?
— What is the ordering of the neutrino/' |
: : ) 0 , 0
masses (i.e. sign of Amj)? Credit: H. Murayama
Note: Am321 can be determined from the other two Currently, we have some
mass splittings if the mass ordering is known indications of what is the mass

— Avre there additional neutrino states? ordering but none above 30

There are other questions but those require more than oscillation experiments to be answered

| UCI University of
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Anatomy of a Neutrino Oscillation
Experiment

* How do you make a neutrino oscillation experiment?

Use a strong neutrino source(s): . . .
J () Sample the neutrino flux in at least one location:

Artificial: Natural: _ _ . -

_ Nuclear _ Sup — Sampling at multiple baselines — reduce flux uncertainties
reactors — Earth — Using identical (or functionally-identical) detectors —

— Accelerators — Supernovae reduce correlated detection systematics (e.g. efficiency

— Radioactive — Atmospheric and cross-section)
sources (cosmic rays)

NGUtrinO | Note: using Daya
SOUFCG(S) =) sssEsEEEEEEEEEEEEEEEEE -5., ---------------------- 3 Bayi”cﬂjestterg;c:)rr? for
}\ Account for matter effects (if applicable):
Fit your observations to "~ Oscillation probabilities are modified when propagation occurs in matter
the model and extract — Avrises from v,’s ability to experience CC scattering with electrons in
the parameter(s) of addition to the NC interactions available to all flavors

interest — Provides sensitivity to mass ordering!

: UCI University of
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Rest of This Talk

 Some types of experiments have traditionally been more effective at
probing certain sectors of the PMNS matrix

‘v, (1 0 0o \( cos 0}, 0 sin(913e_"5CP\ (cosO,, sinf;, 0)(v;)

V| =10 costh; sinbhy 0 1 0 —sin@,, cos@, O]|v2

V) \O —sin 653 C03923) \—Sin913ei5CP 0 cos 0, JU 0 0 1) \73)
Atmospheric Reactor Solar
(+Accelerator) (+Accelerator) (+Reactor)

* Great progress has been achieved in the last two decades

— The great majority of the neutrino oscillation data can be explained with the
3-neutrino framework, but anomalies have arisen

* The rest of this talk will be divided into two general portions:

— State-of-the-art in accelerator, atmospheric, solar and reactor neutrino oscillations

— Quick overview of neutrino oscillation anomalies

: — UCI University of
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Accelerator Neutrinos
Status & Prospects
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NOVA and T2K

* Two long-baseline neutrino oscillation experiments are currently in operation:
T2K

NOVA

U

Fermilab

* Similar scope and strategy:
Primary goals: sin” 0, |Am322 |,

mass ordering, &.p (and sin” ;5 to
a lesser degree)

Strategy: use v, disappearance

and v, appearance in neutrino
and antineutrino beams to
disentangle the effects from CP
violation, mass ordering, and
oscillation parameters
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Total events - antineutrino beam

Both experiments have near and far detectors off-axis
Both beams can run in v, and Dﬂ mode

w B (o)) o2}
o o o o

N
o

Far detector:
Ash River, MN

295 km

Mt. Ikeno

1,360 m

—— . :) — I'll."e
. Tokai

Kamioka

U, VS U, appearance:

NOVA Preliminary

T T T T ‘ T T
—NOVA FD
| 26.61x 10 POT-equiv (v)
- 12.50 x 10%° POT (v)

sin°20,,=0.085 -

Inverted MO
AmZ,=—2.47x10°eV?

uo
§in%0,,=0.54

Normal MO
[0 8gp=0 ® 8op= /2 AM5,=+2.43x10°eV?

o 8ep= T X 2024 best fit

= §op=3m/2
‘ Il Il Il Il ‘ ‘ I Il Il

50

100 150 200 250
Total events - neutrino beam

Antineutrino mode e-like candidates

26

T2K Runi-11 Preliminary

24

22

20

18

16

14

12

10

— sin’0,, = 045, 0.50, 0.55, 0.60
—_— Am;2 =2.52x107 eV?
---- Am3, = -2.49x107 eV?

0 d,p=m
m O, = +1/2
O 8.,,=0
® O =-m/2

[ 168% syst err. at best-fit
v Best-fit
—o— Data (68% stat err.)

ooo

20 40 60

100 120 140
Neutrino mode e-like candidates

80

UCI

From J. Wolcott’s talk and
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https://agenda.infn.it/event/37867/contributions/233955/
https://agenda.infn.it/event/37867/contributions/233954/

NOVA and T2K

* Individually, both experiments have S NOvA Prefiminary T2|]Kll
. [ Bayesian Cred. Int. ] 1 - T2K Run1-11 2023, Preliminary
a slight preference for the upper 095y

- With 1D Daya Bay constraint_:;_ ] E — Normal ordering
C Invert_ed T Normal N Inverted ordering
octant of 6,5 and the normal mass °% g, ~ Ordering= :
ordering (NO) 0.03f

Ordering_: 1o CL
NO preference o
Bayes Factor 0.01

sz

Y] 90% CL
7 2o CL

15} [ J3ecCL

llllllllllllllll

NOvA-only 3.2 | A 1 . |

0 26 25 24 -23 23 24 25 26 -3 -2 -1 0 1 ? 630”
T2K-only 3.3 AmZ, x10° eV? Exclude CP conservation at
with reactor constraints on sin? 05 90% CL!

— However, prefer different regions of op in the NO case

0.7 = —

Recentl - ESE NOVA+T2K NO Conditional CZD ! 10 Conditional | Z.

y [ — NOVA Only Bayes1an Cred. Int. | = - Bayesian Cred. Int. 9

completed [ T2K Only With reactor constraint =~ [ With reactor constraint | =

joint fit splits _'% - ’.%

the difference o L >

in the NO case, ~ i ~

improves :9 — »:U

constraint in 10 A ST <.

case = = - =

L S L e o

0.4 — = _ g

Plots from J. Wolcott’s talk | — o = - lo =

and C. Giganti’s talk at N R ] < = . | L n"<
Neutrino 2024 B _I 0 T T _I 0 il

— UCI University of
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https://agenda.infn.it/event/37867/contributions/233955/
https://agenda.infn.it/event/37867/contributions/233954/

Joint NOVA+T2K Fit

* Main takeaways from joint NOVA+T2K results:
Strongly favor CP violation in

- 2 : :
Strong constraint on | Amyj; | Inverted Ordering scenario
............ Inverted mass ordering |, R A B R N
NOvA+T2K —e— 2.477+0.035 ( 1.4% 2> 0.04f Bayesian Cred. Int. 7 o
ToK . Good 953 005 Dt g [ With reactor constraint == Both MO —lo =
NOvA —— agreement W|‘th 244 +0.05 2.0% % 003:_ == Inverted MO -=-20 _: I>
MINOS+ ——— reactor and 2.45 008 3.1% 5 0023 == Normal MO 36 ] [’j
SuperK+T2K — atmospheric 2.484T0:050 2.4% = [ | ] ~
IceCube ———— neutrino 241 +007  2.9% 4% 0.01_ ] —
SuperK > experiments! 2.48 109 36% Q? : Jrrrr'ﬂg ("ﬁD
Daya Bay nGd ——— 2.571+0.060 2.3% : e —
RENO nGd ® 2.79 +012  4.3% Both MO bo-- R . E
RENO S S v— T —1— | 2.58 10235 11.6% Inverte /Qg
22 23 24|Am§22|.7510 3?%\% 2.7 28 29 ) e o S S v 3
—T T T
2
Mild preference for Inverted Ordering P
but influenced by 6,5 constraint CP-conserving points are outside
NovasToK oy NOVAYTZK  NOVA+T2K 3ointervals in 10
v oY 11D +2D (B, Ams) Expect CPV if ordering is inverted

IO (71%) 10 (57%) NO (59%)

From J. Wolcott’s talk at Neutrino 2024

: UCI University of
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https://agenda.infn.it/event/37867/contributions/233955/

Prospects

* Need definitive measurements! Two large next-generation projects are under preparation:

DUNE:

— >2 MW beam

— Liquid-Argon
TimeProjection
Chamber (LArTPC)
technology

— > 40 kton far detector

fiducial mass
— First physics in ~2029

Hyper-Kamiokande:

— 1.3 MW beam

— Water Cherenkov far
detector

— 190 kton far detector
fiducial mass

— First physics in ~2027

16

Sanford Underground
Research Facility

Large degree of
complementarity:

----------
~~~~~~~

Clarge Cwide band, higher energy

Fermilab

CLArTPC

matter effects energy spectrum detection systematics
small —) narrow band, lower energy—u Water Cherenkov —1

From T. Nakadaira’s talk at ICHEP 2024

UCI
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https://indico.cern.ch/event/1291157/contributions/5904110/

Prospects

 Mass ordering:

— DUNE: 50 between 1 and 3
years (depending on how
kind nature is)

* Precision measurement of
oscillation parameters:

— Long term high precision for
Am3, and 0,5 sensitive to new

physics in comparison with
reactor measurements

e (CP violation:

— Long term establishment of
CP violation at 30 over 75%
of dcp values

— Similar 10-year precision of
~6-18° in 6¢cp in both
experiments

17

:lllllllllllIIllllllllll||llllllllllllll: :-_""]""I.""[.TT'T]‘Tl‘]'l"]'llfllll:
455 DUNE Simulation —— CPV Sensitivity 40; DUNE Simulation — mes 336kt-MW-years -
© 40F All Systematics 4 & 35F All Systematics W 624 kt-MW-years
> .. Normal Ordering ® I Normal Ordering - \:\;n(r)a4 :L":'mwh;ﬁzfs ;
:g 55 E_ Ll 6CP values E é’ % E_ reac:)r constraint " E
2 30¢ 1 T asf
B 25F 4 5 _F
O 20F 4 2 F
o _f 1 @ 15
2 °F EPJC 80, 978 (2020)7 % ,.F
g 10 I |
O sk - > 3 5 e
ll‘lll|ll|lllllllllllllllllllllll]llT|E :lllllllllllllllllllllllllllllllllllllll:
00 25 50 75 100 125 150 175 20.0 -1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00
Years Ocp/m
From D. Carabadjac’s poster at Neutrino 2024 ————— Statistics only
Statisticsonly | | e Improved syst. (v /v, xsec. error 2.7%)
------------- Improved syst. (v /v, xsec. error 2.7%) Improved syst. (v,/v, xsec. error 4.9%)

T2K 2020 syst. (v/V, xsec. error 4.9%)
'E‘ 1 00 E T T T I T T T I T T I T T T I T T T é

N
(&)
e

N

ammEEEEEEEEEEEEEEY

—

1o error on 8, (degrees)

LT
10
HK years (2.7x10%' POT/year 1:3 v¥v)

Hyper-K preliminary

Also: next-to-next generation

o
T TTrTT

T2K 2020 syst. (v/v, xsec. error 4.9%)
T I T T T T I vllul. T T I T T T T I T T T T I T T T T I T T T T I T T 1

......

[$)]
1T TTT

o
TTTTT

&)
T I'-l.

O|_

_ Hyper-K preliminary 10 HK years

experiment (ESSvSB) using SMW

European Spallation Neutron Source

proton linac under active study
EPJST 231, 3779-3955 (2022)

1 1 | 1 1 1 1 I 1 1 _l
100 150
d.p (degrees)

v b by by by
-150 -100 -50 0 50

20.0:

360 km baseline
5 years (v) + 5 years (V)

17.54

15.04

12.54

)

o
TE10.0
210.

[Ze)

Bl
7.51
5.0-/\—/\
2.5
0.0 : . . : . ; =

150 -100 50 0 50 100 150

3,(%)
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https://epjc.epj.org/articles/epjc/abs/2020/10/10052_2020_Article_8456/10052_2020_Article_8456.html
https://agenda.infn.it/event/37867/contributions/227840/
https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w

Atmospheric Neutrinos
Status & Prospects
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Super-Kamiokande and T2K

PRD 109, 072014 (2024)

* Access similar space as accelerator Hormal . s
. . . . 056 Vu = Ve 0.8 06 P, — V.) 08
experiments but with nice complementarity o4 o7 oa '
Primary goals: sin” 0,5, | Ams, |, ol o ek o
mass ordering, d.-p (and sin’ 05 to A ) 0 s o
a lesser degree) R "eew
Inverted T ! L L
— Broad energy range P(V, = V) o o5 P, 5V o5
— Long baselines (<12,000 km) < o F o o
strong matter effects: enhancement of S 1 y
v, (U,) appearance in the NO (I0) case " o osk ‘/I o
1 o 10 0 - " ”1”'1”0 T 0
PRD 109, 072014 (2024) - _ s
R B I B Latest atmospheric arX'V"24Q5'.12.488 .....
. SKHV expanded FV neutrino results from — Date=3.39
F — Data fit [ Inverted Super-Kamiokande 1 True 10
L --- MC expectation [l Normal p(N0)=0.58

19

(NO favored at 92.3%

Joint result between
SK and T2K
(exclude CP

conservation to 1.90)

p(10)=0.08

0
v X*(NO) — x*(10)

UCI

University of
California, Irvine



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072014
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072014
https://arxiv.org/abs/2405.12488

lceCube and KM3NeT/ORCA

IceCube Lab

lceCube:

Around 1 km3 of ice
instrumented with
strings of Digital
Optical Modules
(DOMs), each with a
PMT

— DeepCore: densely
instrumented region at
the center (threshold

50 m

1450m |

2450m |}
2820 m

~8 GeV)
arXiv:2405.02163
321 Normal Ordering 90% C.L.
~--== NOVA 2022 -=-= MINOS+ 2020
--=- T2K 2023 IceCube 2024
3.0 Super-K 2018 (this result)
oy
q) 2-8_
T
o ey
|_| 2.6 Pt S e m————— :\_ —————
[— 1 e - ,'—"‘( \,
~e \ | - ~ T { ) /
E 2.4 \\\\ N S __e___-7 ) )/ ,,/'
< S SUERREEEEEEEEEE -~
221 L TTTTmmmmmmTTTT
2.0
0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin?(63)

0.70

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to lceCube)

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
y: 324 m

Oscillation results with 9.3
years of DeepCore data

Slight preference for
NO reported previously

Oscillation results with
data set equivalent to
37 days of full ORCA

Slight preference for 10

Good agreement and
comparable precision
with accelerator results

KM3NeT/ORCA:

— 115 strings
optimized for
neutrino oscillation
measurements
Each DOM has 31
3-inch PMTs
— About 20% of
DOMs already
installed

—1.50 _I T
—1.75F

—2.00F

Am3,[10~%eV?|
oL
a8 &

KM3NeT/ORCA Preliminary, 715 kt-y
l Ll Ll L} Ll l L) L) L L} l L} L} L} L} l L) L} Ll Ll

|
From J. Coelho’s talk at

—3.00F ]
: 90% C.L. :
_395F — NOvA 2020 —- MINOS+ 2018 J
— -+ T2K 2023 —— KM3NeT 715 kt-y
— ~ 1 l ' ' ' 'S l 2 1 1 1 l ' s ' s l 1 'S 'S ' l '
350753 0.4 0.5 0.6 0.7
sin2 923

UCI

Neutrino 2024
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https://arxiv.org/abs/2405.02163
https://agenda.infn.it/event/37867/contributions/233917/
https://link.springer.com/article/10.1140/epjc/s10052-019-7555-0

Prospects

* Bright future with many large projects:

— In the near future: Super-Kamiokande with improved Current reactor data fit
_ . o HyperK LBL projection for 2030 (2.5 years)
neutron tagging capabilities (addition of Gd), NOVA fit, Ref. [25]
KM3NeT/ORCA, IceCube Upgrade . ‘ T2K fit, Ref. [183]
e 1000m , —— SK atm. v fit, Ref. [26]
‘ SR ' IC DeepCore atm. v fit, Ref. [27]
. :_'\_\' U — Combined a'tm. v projection,
o, . - for 2030 (this work) n 923
‘e - e octant
. o | in2 Gos - e resolution
© + i & at 3o
Fully funded;._ - 7 o
tooccur ™ 7 # pi & Am2, - h
2025-2026 i s
* ~ .o ° ﬁl 1450m 2100m ZIiim
IceCube  DeepCore Upgrade 24%0m  2450m  24d0m
Instrumented Depth 50 P e —
— In the longer term: Hyper-Kamiokande and DUNE ;
S~ 013 7 e ——
| | | | | |
-90% -30% -10% -5% 5% 10% 30% 90%

* Main takeaways:

— Atmospheric experiments will make very important contributions to the
global landscape before 2030 e,

PRX 13, 041055 (2023)

lo range
»

.
o®

.

.
.
.
.
ue
[
llll
---------------------
-------

— In particular, a definite (> 50) mass ordering determination seems within reach by 2030,
especially if synergy with JUNO is exploited (JHEP 2022, 55 (2022) and PRD 101, 032006 (2020))

University of
California, Irvine
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https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041055
https://link.springer.com/article/10.1007/JHEP03(2022)055
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032006

Solar Neutrinos
Status & Prospects
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Remlnder. solar
neutrino fluxes
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Solar Mixing Angle

- Best information on sin” @;, comes from
solar neutrino measurements
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— Global analysis of solar and KamLAND data hep

iy Lol |
RadiOChemical . . . Neutrino ener2 (MeV) ’ 0 “
experiments e eneray T
(Homestake, GALLEX/ Reactor 7, . m—— -

=)
™~

Flux at 1 AU (cnf2 s‘lMeV‘l) [for lines, cem™2 5‘1]
S
[=2]

=]
—
<o
0o
=]
(53]

GNO, and SAGE) di BOt‘eXInO
SuperKamiokande isappearance o | 7|\
. ’ — Liquid scintillator u»“?"f 4“*‘»,\ w \
SNO, Borexino detector in Gran : 2
PRD 1 09 092001 (2024) Sas_so Laboratory
~ , r — Achieved
unprecedentedly
high radiopurity
A : and low threshold >scntlat
C\l> Lsin®(0,,)= 0316882‘; Am21 (7'54313)10 eV2 sin®(0,,)= 00218+00007 I I - I ] (""1 00 keV) N ',v' T '
[0) 5in’(©,,)=0.30640.013  Am; =(6.10'33}) 10°V" | IR ] ‘ B
o) | sin® (@ »)=0.307+0.012 Am3,=(7.50*313) 10°eV?
S N,
E 15 I ' ' ' 100 200 300 400 500 600 700 800 900 a
r e Cr ; 1 L L L L L L WL B L
& Global B . =10 e e 1T
<4 s AnalySIS - < A —;gC ~—extbkg | N
10 1 - 5§ 'Be ke <
| p — Total fit: p-value=0.7 |
i o Q
i L SIIT--s - Al
o~ i 3 SIio--ooT x 107" e 8B
- ~1.506 tension I : | 5 N CNO pep | Q
5 L ! — 1n-2 T | \
- Spectroscopy ' gL §
Solar data with Borexino 5, <[l1 5L % L/ ohpdasttt ol | I
| L (@) : "'I:-'v"_“;';":‘.«“:'n., . E‘:":,'l."’r". i "!":}: N 1L 4“': ;5:,,“\ m
""""" e a3 500 1000 1500 2000 2500 -
0.1 0.2 0.3 0.4 O 5 2 4 6 8 Energy (keV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.082004

Open Questions

* Solar data in full agreement with 3-neutrino
framework, but two predictions remain to be
conclusively observed:

Day Night Asymmetry [%]

0.7

0.6

0.5

04

— The “upturn” caused by the transition between

vacuum and matter dominance in the Sun .

— The day/night asymmetry induced by
matter-effects in the Earth ..

»
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001

Prospects

» Several projects under preparation will improve

on these results:
— SNO+

— Scintillator phase just completed, first solar neutrino
results already out

— Hyper-Kamiokande
— Largest solar detector starting in 2027

— DUNE
— Largest LArTPCs ever built starting in 2029

—  Excellent sensitivity to °B neutrinos > 10 MeV -

— JUNO

— Measurement with reactor and solar neutrinos in
same detector starting in 2025
— Potential to improve on some low-energy solar

neutrino measurements from Borexino

— Jingping Neutrino Experiment
— Big overburden, 500 ms3

— Possibility of using LiCl as medium

* New detector technologies are also under active

R&D that could unlock new opportunities:

— THEIA
— Hybrid scintillation+Cherenkov detector

— LigquidO
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— Topology discrimination and In doping via opaque scintillation ton-year
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, Chris
and W. Luo’s talk at ICHEP 2024

's talk at Neutrino 2024

For more info, please see J. Maneira
Marshall’s talk at Neutrino 2024,
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https://link.springer.com/article/10.1140/epjc/s10052-020-7977-8
https://www.nature.com/articles/s42005-021-00763-5

Reactor Neutrinos
Status & Prospects
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0,5 Mixing Angle ; .

Reminder: reactor antineutrinos peak around 3.5 MeV

| JUNO
. . : 0.8/~ Near |
- Best information on Am221 and sin’ (913 s ‘E;
. N 8 )
comes from reactor experiments 0.6 282 Daya Bay
) - 59 Double Chooz
— For Amyj, it's KamLAND (see 4 pages 04-_:«:},‘8“ RENO
ago) ‘e
— For sin” 26, ; it's from short baseline 0.2 - With 6,5 = 0
(<2 .km) experiments that gczcess first o: Wltfli 9137& 10|  KamLAND
maximum modulated by sin“ 20, ; 102 10" ; 10 L)
E[Me
Double Chooz RENO )
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Image courtesy of B. Roskovec
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* These experiments can use neutron capture on Hydrogen (nH) and/or on Gadolinium
(nGd) to identify U, ’s, resulting in essentially independent measurements

250} Plot courtesy of H. Yu, shown in Z. Yu’s talk at Neutrino 2024

[ Experiment Value
_ 200- nGd —— 0.0851 £0.0024 2.8%
~'> [ ] — Daya Bay nH —e— 0.0759+4%%  6.5%

)

§ ] nGd+nH = 0.0833 00022 2.6%
= 150 N\ —
%) ~ nGd 0.0920 *5 6.5%
- : 1Y RENO
i [ 1 ® nH . 0.082 +0.013  15.9%
= S NURUUN! NN S S == mple;....d —
[5 100_‘ """""" Eﬁﬁ%ﬁl ] 59 Double Chooz nGd+nH+nC o 0.102 +0.012 11.8%

i : : : émeasurgement : % Reactor Average o 0.0839 +0.0021  2.5%

50;_ """"""""""" mDayaBay """ ] : K 4 NOLA NO 0.0892 44913 15.9%
o : I 10 0.1008+352  14.2%
] 0.06 0.07 0.08 0.09 0.10 0.11 0.12
sinZ26;3 Figure by Hongzhao Yu
Current reactor measurement of &, likely to
13
%z ] remain the world’s most precise for a long time
2 4 6 8 10 12

Prompt energy [MeV]

* Proposal for a Super CHOOZ with LiquidO technology under active exploration
— Demonstration via the CLOUD experiment

P

. ; University of
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https://liquido.ijclab.in2p3.fr/superchooz/
https://agenda.infn.it/event/37867/contributions/233972/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161802

Events per 1 MeV

Prospects: JUNO

* JUNO is a next-generation reactor experiment
expected to begin data collection within ~1 year

JUNO:

— 20 kton liquid scintillator detector
— Baseline of ~52.5 km from 8 nuclear reactors
— Energy resolution of 3% @ 1 MeV

— Sub-percent precision on three oscillation parameters B s
. L. . : ) s 2 2
— Mass ordering determination with unique approach Parameter | sin“6,,: Amy, . Amj,
that does not rely on matter effects Current Precision” | 4.2% | 2.4% | 1.1%
— Great complementarity with the global program JUNO 6 years 0.5% 0.3% 0.2%
*f PDG 2024 ' ' '
] arXiv:2405.18008 . CPC 46, 123001 (2022)
ReaCtor I/e SpeCtrum CartOOn Reactor ¥, signal IBD event number (x103) ‘ '
x103 0 50 100 150 200 250 300 100 days 6 years 20 years
100*_6 years of data taking —— No oscillations L NN R 102 EJ - E - I‘ ‘—‘StaL+‘sy‘St‘ B
I Only solar term e Stat. only
8ol — Normalordering | [ 50 g L T | . ® Lm3 * Mm% |
—— Inverted ordering < 100 ....... i <« sin%, %8 sinzalLE
60 :% ----------
r:\.é 10°7 :
a0} 2
S11’l2 2013 . i § lo-1h ! ~-—-..,,‘......,,._'h-I .................. |
20 I | 7/ Mass ordering — 10: stotorallsyet, | - Osc. parameter | T :
| | sensitivity T fo st o  sensitivity |
% T2 T3 4 s e 7 8 s 0(;\ 2 4 6 8 10 12 14 I1|6|]118[“2—0 ° 02 10 ‘_H,Hmlt‘)“ B (O
Es, (MeV) JUNO and TAO DAQ time [years] JUNO Data Taking Time [days]
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
https://arxiv.org/abs/2405.18008

Oscillation Anomalies
Where do things stand?
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LSND/MiniBooNE

« LSND and MiniBooNE 500

observed a ~60 excess of 400
electron (anti)neutrinos in a
muon (anti)neutrino beam —

300

Events

200

— Could be explained via eV-scale 4
sterile neutrino oscillations

e However:
PRL 125, 071801 (2020)

103 Ellllllll LI IIIIIII 1 |||||||| 1 ||||l||| LI |||||| I llllllll ILLLAL
C  90% C.L. Allowed
" [ILSND
10* E — MiniBooNE (2018)
~ []Dentler et al. (2018)
10 b [[]Gariazzo et al. (2019)
a0 !
> 1 |
) - =
T B 2
g 107
10% g =
C 90% C.L. (CL,) Excluded -
100 L —Nomap o
E - KARMEN2 i
~ —MINOS, MINOS+, Daya Bay and Bugey-3 ]
10—4 | llIIIII 11l IlllllI L1 Illllll L1 IlIIIII L1 IIIIIII L1 lIlllII L1 1Ly

102102210 90" 10 10" 1
: - 2 2
sin°20,, = 4IU_,FIU |
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PRD 64,112007 (2001) and

PRD 103, 052002 (2021)

MicroBooNE:
— 170 ton LArTPC

— Same L/E and same beam

4 MiniBooNE

IlllllIllIlIIlIllIIlIIIIII
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In conflict with
accelerator and reactor
disappearance
measurements

Excess not seen by
MicroBooNE
experiment as either

BSM ete™, single-

Signal Strength
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L Signal strength of 1: expected rate of
events from MiniBooNE unfolded excess

0.8 A under different kinematic hypotheses
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.071801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1127-PUB.pdf

Further Tests

Fermilab Short Baseline Neutrino (SBN) Program:

— — Two LACTPCs at near and far locations (SBND and ICARUS)
e T — Same beam as LSND/MiniBooNE e

- v o 4 " = — — -
iy e ————— po— o= . N . . =
| t R e N e

- — Both detectors:already in opera’uon

== LSSBN"N or== ™
e o W : N e W
= % i B i e
AT BoosterNeutnno Beam

B e R e Y
Target Hall

 The Fermilab SBN and JSNS2 JONS2:

experiments will provide definite tests ~ Seauei or y, appearenes Iy, bean

of the oscillation hypothesis:

from J-PARC’s spallation neutron source
— Pulsed neutrino source from pion, muon
and kaon decay at rest

— Fermilab SBN: two functionally identical
detectors, very robust against flux and
cross-section uncertainties

First detector
already in
operation

Hg target for neutron
and neutrino sources

— JSNS2: same type of source (¢4 decay at
rest), neutrino target (proton) and detection
principle (inverse beta decay) as LSND, but
with better signal-to-noise and two detectors
at different baselines

Also deploying a
second detector
3GeV pulsed at a baseline of
proton beam 48 m

arXiv:2104.13169 and arXiv:2012.10807

f_ University of
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https://arxiv.org/abs/2104.13169
https://arxiv.org/abs/2012.10807

Re a Cto r An ti n e u t ri n o See arXi.v:2203.07.21.4 for a
A n O m a Iy ( R A A) detailed description

« Description: a ~6% deficit with ~30 significance in the measured total reactor v, flux
versus the prediction from the Huber+Mueller (HM) model at short baselines

---------------------------------------------------------------------
* *

— Could also be explained by ~eV sterile rx = ratio of measured over predicted rate for
neutrino oscillations ~,, isotope X with respect to the HM prediction :
1.2_||||| [ I|||II| I |||III| [ T TTTTI [T TTTTT [T TTITH [T TTTITI E[GLOBESfit v2.0] eta(at i{o\l

- recent summation
1.1 ; model

11—

il i0
i t P 1
92 Hi R men*. d
é Ll e SR R -3 [0 (6 S I o R Il i - ]
g 09— i r -- b
= m = 1.0F ’%
g 0 8 Wl T C - ]
o L | 1
3 : conversion
0 0.7— T o 5 predictions 1
g il n & 0.9¢ relying on ILL]
a 06— M x beta spectra |
(@] —— — -No oscillation 7 .
0.5 — With oscillations (3 active v’'s + 1 sterilev) 1T r .
— T Experiments | | | | — 0.8F ]
0.4 LLLL L L LIl L Ll L Ll L L Ll L L Ll L L Ll r ]

10° 10' 10° 10° 10° 10° 10°

Reactor To Detector Distance (m) F (Huber: Mueller et al.:
0.7F | Haag et al. /

- | Estienne, Fallot et al.

—  However, new data® suggests that the HM model 4 ' |un

- | Kopeikin et al. [Integrated Rates]

overestimates the U, flux from 235U fisgion " gg o  Jmmmmr s | L |
0.85 0.9 0.95 1.0 1.05

... by about the right amount to rass
expl ain the anomaly! “new data = fuel evolution in LEU experiments,

measurements in HEU experiments, measurement of
235(J/235Pu beta spectra ratio at Kurchatov Institute

Note: there is still a discrepancy in the reactor v, spectral shape

- g University of
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https://arxiv.org/abs/2203.07214
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RAA Exclusion Contours and Hint

 Moreover, searches for sterile
neutrino oscillations have been
performed:

DANSS, NEOS, Neutrino-4,
PROSPECT, SolLid, STEREO

Experiments searching for sterile neutrino
oscillations at a O(10m) baseline from a
nuclear reactor

—  Only one of these experiments has
claimed an observation: Neutrino-4
(PRD 104, 032003 (2021))

« Comments about Neutrino-4’s claim:

— ltis 2.70

— ltis controversial (e.g. PLB 816, 136214 (2021) and arXiv:2006.13639)

Am2. [eV?]

—-- PROSPECT-I, CL, 95% C.L.
—-- STEREO, CL,, 95% C.L.

——= DANSS, 90% C.L.
NEOS, 90% C.L.
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— ltis in strong tension with null results from other experiments (e.g. plot above)
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From D. Lhuillier’s talk at
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e

— Itis roughly consistent with the Gallium Anomaly (next slide)
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https://arxiv.org/abs/2006.13639

The Gallium Anomaly

. PPNP 134, 104082 (2024)
» Description: capture rates of v, from 1.2¢

: ; 71 Most of these measurements Measurements
calibration sources on 71Ga are below L1l were done in the 90s carried ot

expectation :
1.0 E_ .....................................................................................................................................

Gallex and SAGE:

Radiochemical neutrino experiments that detected
solar neutrinos via v, +1Ga->"1Ge +e”

pmeas. /rpred.
=
\O
|

S
(@0]
!
—e
*—
——
——

. 0.7f

B EST: L __Cooling system E

Independent test of | 0.6t YV e—
a [Outer target 8 ' O’ﬁ 5 {\ ’0, QJ& @Q

the Gallium Anomaly Ga : & C;’O'Yv (51.:(’ {51.'0 &,\QQ &,O&
— Two-volume design 3 o o 04 04 & &5

igh-intensi | e > Q

— High-intensity 51Cr g ©) €)

source p High significance (>50), but oscillation interpretation

—TF— [ in strong tension with reactor v, data and KATRIN

exclusion contours

 What next?

—  Several short-baseline reactor v, experiments are coming online or working
towards an upgrade (DANSS, JUNO-TAO, NEOS, Neutrino-4+ and PROSPECT-II)

—  KATRIN expected to fully cover Neutrino-4 and most of BEST’s parameter space

— ldeas for new tests are under planning & discussion
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Summary & Conclusions

* Neutrino oscillations are a window to physics beyond the Standard Model
and an excellent way to measure many properties of these elusive particles

 The field is now in a precision era

* The majority of the data collected to date can be explained with the
3-neutrino model

—  Sterile neutrino oscillations not ruled out, but evidence has weakened

A global program relying on different sources, baselines and technologies is
underway that will explore new territory and test the 3-neutrino model well
beyond current limits:

—  We expect the following breakthroughs in rough chronological order:

Break the sub-percent precision barrier in some oscillation parameters
Make a definite determination of the mass ordering <— hopefully within this decade!

Make a definite observation of leptonic CP violation (if nature is kind)

Maybe characterize any physics beyond the 3-neutrino framework?

Stay tuned for more exciting results and (hopefully) some surprises!
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