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Disclaimer 
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
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Introduction 
to Neutrino Oscillations
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Neutrino Oscillation Basics
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• The basic principle behind neutrino 
oscillations: neutrino mixing

ii i vUv ∑= *
αα

How they interact 
( )νe, νμ, ντ

How they propagate 
( )ν1, ν2, ν3

where the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix U is 

parameterized in terms of three mixing 
angles ( ) and one CP-

violating phase  
θ12, θ23, θ13

δCP

For example, as a rough approximation at short 
baselines, the  “survival” probability is: ν̄e

(where  are the so-called “mass splittings”)Δm2
ij = m2

i − m2
j

P(ve → ve ) ≅1− sin
2 2θ13 sin

2 Δm32
2 L
4E

amplitude
frequency

Illustration of neutrino oscillation:
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First Unambiguous 
Evidence
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Super-Kamiokande (SK):
− 50 kton water Cherenkov detector

− 1,000 m underground

− Around 11k 20-inch photomultiplier 

tubes (PMTs)

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/


of these backgrounds is assumed to be flat to at least
30 MeV based on a simulation following [12]. The atmos-
pheric ! spectrum [13] and interactions were modeled
using NUANCE [14]. We expect fewer than 9 neutron and
atmospheric ! events in the data-set. We observe 15 events
in the energy range 8.5–30 MeV, consistent with the limit
reported previously [15].

The accidental coincidence background above 0.9 MeV
is measured with a 10- to 20-s delayed-coincidence win-
dow to be 80:5! 0:1 events. Other backgrounds from (",
n) interactions and spontaneous fission are negligible.

Antineutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt energies
below 2.6 MeV. The expected geoneutrino flux at the
KamLAND location is estimated with a geological refer-
ence model [9], which assumes a radiogenic heat pro-
duction rate of 16 TW from the U and Th-decay chains.
The calculated !!e fluxes for U and Th-decay, including
a suppression factor of 0.57 due to neutrino oscillation,
are 2:24" 106 cm#2 s#1 (56.6 events) and 1:90"
106 cm#2 s#1 (13.1 events), respectively.

With no !!e disappearance, we expect 2179! 89$syst%
events from reactors. The backgrounds in the reactor en-
ergy region listed in Table II sum to 276:1! 23:5; we also
expect geoneutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
!!e events and the fitted backgrounds. The unbinned data
are assessed with a maximum likelihood fit to two-flavor
neutrino oscillation (with #13 & 0), simultaneously fitting

the geoneutrino contribution. The method incorporates the
absolute time of the event and accounts for time variations
in the reactor flux. Earth-matter oscillation effects are
included. The best fit is shown in Fig. 1. The joint con-
fidence intervals give "m2

21 & 7:58'0:14
#0:13$stat%'0:15

#0:15$syst% "
10#5 eV2 and tan2#12 & 0:56'0:10

#0:07$stat%'0:10
#0:06$syst% for

tan2#12 < 1. A scaled reactor spectrum with no distortion
from neutrino oscillation is excluded at more than 5$. An
independent analysis using cuts similar to Ref. [2] gives
"m2

21 & 7:66'0:22
#0:20 " 10#5 eV2 and tan2#12 & 0:52'0:16

#0:10.
The allowed contours in the neutrino oscillation parame-

ter space, including "%2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions
previously allowed by KamLAND at(2:2$ are disfavored
at more than 4$. For three-neutrino oscillation, the data
give the same result for "m2

21, but a slightly larger uncer-
tainty on #12. Incorporating the results of SNO [16] and
solar flux experiments [17] in a two-neutrino analysis with
KamLAND assuming CPT invariance, gives "m2

21 &
7:59'0:21

#0:21 " 10#5 eV2 and tan2#12 & 0:47'0:06
#0:05.

To determine the number of geoneutrinos, we fit the
normalization of the !!e energy spectrum from the U and
Th-decay chains simultaneously with the neutrino oscilla-
tion parameters using the KamLAND and solar data. There
is a strong anticorrelation between the U and Th-decay
chain geoneutrinos, and an unconstrained fit of the indi-
vidual contributions does not give meaningful results.
Fixing the Th/U mass ratio to 3.9 from planetary data
[18], we obtain a combined U' Th best fit value of $4:4!
1:6% " 106 cm#2 s#1 (73! 27 events), in agreement with
the reference model.

The KamLAND data, together with the solar ! data, set
an upper limit of 6.2 TW (90% C.L.) for a !!e reactor source
at the Earth’s center [19], assuming that the reactor pro-
duces a spectrum identical to that of a slow neutron artifi-
cial reactor.

The ratio of the background-subtracted !!e candidate
events, including the subtraction of geoneutrinos, to no-
oscillation expectation is plotted in Fig. 3 as a function of
L0=E. The spectrum indicates almost two cycles of the
periodic feature expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of "m2

21 to date and
improving the precision of tan2#12 in combination with
solar ! data. The indication of an excess of low-energy
antineutrinos consistent with an interpretation as geo-
neutrinos persists.

The KamLAND experiment is supported by the
Japanese Ministry of Education, Culture, Sports, Science
and Technology, and under the United States Department
of Energy Office Grant No. DEFG03-00ER41138 and
other DOE grants to individual institutions. The reactor
data are provided by courtesy of the following electric
associations in Japan: Hokkaido, Tohoku, Tokyo,
Hokuriku, Chubu, Kansai, Chugoku, Shikoku, and
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FIG. 3 (color). Ratio of the background and geoneutrino-
subtracted !!e spectrum to the expectation for no-oscillation as
a function of L0=E. L0 is the effective baseline taken as a flux-
weighted average (L0 & 180 km). The energy bins are equal
probability bins of the best fit including all backgrounds (see
Fig. 1). The histogram and curve show the expectation account-
ing for the distances to the individual reactors, time-dependent
flux variations, and efficiencies. The error bars are statistical
only and do not include, for example, correlated systematic
uncertainties in the energy scale.

PRL 100, 221803 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
6 JUNE 2008

221803-4

66

Sudbury Neutrino 
Observatory (SNO):
− 1 kton of heavy water

− Three complementary 

interactions (CC, NC 
and ES) sensitive to 
different neutrino 
flavors

KamLAND:
− 1 kton liquid 

scintillator (LS) 
detector 


− Surrounded by 
~50 nuclear 
reactors at an 
average baseline 
of ~180 km

PRL 89, 011301 (2002) PRL 100, 119904 (2008)

First Unambiguous Evidence

Neutrinos from all 
flavors in agreement 
with Standard Solar 
Model (SSM)

See expected  dependenceL /Eν

Note: 
showing 
more recent 
results for 
emphasis

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.011301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.221803
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Big Implications!

7

• Neutrino oscillation implies that neutrinos 
are massive

• Opened many questions

− Vacuum oscillations depend on the mass 
splittings

− What are the values of the oscillation 
parameters?

sin2 θ12, Δm2
21 sin2 θ23, Δm2

32, sin2 θ13

From PDG 2024
4.2 %
2.4 %

3.2 %
1.1 %
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 θ23

Precision

0.307 ± 0.013
(7.53 ± 0.18) × 10−5 eV2

0.558+0.015
−0.021

(2.455 ± 0.028) × 10−3 eV2

0.0219 ± 0.0007



8

Big Implications!

8

• Neutrino oscillation implies that neutrinos 
are massive

• Opened many questions

− Vacuum oscillations depend on the mass 
splittings

− What are the values of the oscillation 
parameters?

− Do neutrinos obey the CP symmetry 
(is )?δCP = 0

Big implications in cosmology!

Currently, we have some 
indications of CP violation but 

none definitive

sin2 θ12, Δm2
21 sin2 θ23, Δm2

32, sin2 θ13



m2

0

solar~7.5×10–5eV2

atmospheric
~2.5×10–3eV2

atmospheric
~2.5×10–3eV2

m1
2

m2
2

m3
2

m2

0

m2
2

m1
2

m3
2

νe
νμ
ντ

? ?

solar~7.5×10–5eV2
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Big Implications!
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• Neutrino oscillation implies that neutrinos 
are massive

• Opened many questions

− Vacuum oscillations depend on the mass 
splittings

− What are the values of the oscillation 
parameters?

− What is the ordering of the neutrino 
masses (i.e. sign of )?Δm2

32

− Do neutrinos obey the CP symmetry 
(is )?δCP = 0

− Are there additional neutrino states?

Normal 
ordering (NO)

Inverted 
ordering (IO)

Note:  can be determined from the other two 
mass splittings if the mass ordering is known

Δm2
31 Currently, we have some 

indications of what is the mass 
ordering but none above 3σ

sin2 θ12, Δm2
21 sin2 θ23, Δm2

32, sin2 θ13

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

Credit: H. Murayama
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• How do you make a neutrino oscillation experiment?

Anatomy of a Neutrino Oscillation 
Experiment

Artificial:

− Nuclear 

reactors

− Accelerators

− Radioactive 

sources

− Sampling at multiple baselines  reduce flux uncertainties

− Using identical (or functionally-identical) detectors  

reduce correlated detection systematics (e.g. efficiency 
and cross-section)

→
→

Natural:

− Sun

− Earth

− Supernovae

− Atmospheric 

(cosmic rays)

Note: using Daya 
Bay detectors for 

illustration

Neutrino 
source(s)

− Oscillation probabilities are modified when propagation occurs in matter

− Arises from ’s ability to experience CC scattering with electrons in 

addition to the NC interactions available to all flavors 

− Provides sensitivity to mass ordering!

νe

ν

ν
ν

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

Account for matter effects (if applicable):
Fit your observations to 
the model and extract 

the parameter(s) of 
interest
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Rest of This Talk

11

Atmospheric 
(+Accelerator)

Reactor 
(+Accelerator)

Solar 
(+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

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

− Quick overview of neutrino oscillation anomalies

Neutrino oscillations

Reactors 
θ13 ~ 10°

LBL
θ13 and δCP  

Solar and reactors
θ12 ~ 35°

Δm221 ~ 7.5x10-5 eV2

νe
νμ
ντ

=
1 0 0
0 cos θ23 sin θ23
0 −sin θ23 cos θ23

cos θ13 0 sin θ13e−iδCP

0 1 0
−sin θ13eiδCP 0 cos θ13

cos θ12 sin θ12 0
−sin θ12 cos θ12 0

0 0 1

ν1
ν2
ν3

• Long baseline (LBL) experiments sensitive to 5 of the PMNS parameters 

• θ23, |Δm232| → LBL provides the most precise measurements of these 

parameters

• θ13 → dominated by reactor experiments

• δCP and sign of Δm232 (normal or inverted ordering) → still unknown and 

accessible to LBL

Atmospherics and
 LBL

θ23 ~ 45°
 |Δm232| ~ 2.5x10-3 eV2

2



Accelerator Neutrinos 
Status & Prospects

12



Oscillation analysis results

• Preference for δCP~-π/2 but 
CP conserving values are 
within the 2σ interval 

18

Sample δCP=-π/2 δCP=0 δCP=π/2 δCP=π Data𝜈-mode 1Rμ 417.2 416.3 417.1 418.2 357𝜈-mode MR 123.9 123.3 123.9 124.4 140𝜈̅-mode 1Rμ 146.6 146.3 146.6 147.0 137𝜈-mode 1Re 113.2 95.5 78.3 96.0 102𝜈̅-mode 1Re+d.e. 10.0 8.8 7.2 8.4 15𝜈̅-mode 1Re 17.6 20.0 22.2 19.7 16
Credible intervals marginalized  

over both hierarchies

D. Carabadjac poster
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11 Preliminary−T2K Run1

0.60, 0.55, 0.50, 0.45 = 23θ2sin
2 eV3−10× = 2.5232

2m∆
2 eV3−10×2.49− = 31

2m∆
π = CPδ

/2π+ = CPδ
 = 0CPδ

/2π− = CPδ
68% syst err. at best-fit
Best-fit
Data (68% stat err.)

δCP

Δχ
213

NOvA and T2K

13

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

• Similar scope and strategy: 

Strategy: use  disappearance 
and  appearance in neutrino 

and antineutrino beams to 
disentangle the effects from CP 

violation, mass ordering, and 
oscillation parameters

νμ
νe

NOvA T2K 

Primary goals: , , 
mass ordering,  (and  to 

a lesser degree)

sin2 θ23 |Δm2
32 |

δCP sin2 θ13
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June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 36

Far detector observations: νe 

Data favors region where
matter & CP violation effects

oppose one another

Future ν data will be critical for disentangling

− Both experiments have near and far detectors off-axis
− Both beams can run in  and  modeνμ ν̄μ

 appearance: ν̄e vs νe

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 16

Anatomy of NOvA measurement

1. Make a beam

    of νμ

2. Select νμ and νe candidates

    at both detectors 

3. Interpret Eν distributions

Fermilab
Far detector:

Ash River, MN

Near detector νμ

ντ

νe

Focusing 
Horns

Target
Decay 
Pipe

π
-

π
+p ν

μ
/ν

μ

810 km

https://agenda.infn.it/event/37867/contributions/233955/
https://agenda.infn.it/event/37867/contributions/233954/
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NOvA and T2K
• Individually, both experiments have 

a slight preference for the upper 
octant of  and the normal mass 
ordering (NO)

θ23

NO preference 
Bayes Factor

NOvA-only 3.2

T2K-only 3.3

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 9

NOvA-T2K joint fit: PMNS parameters

Joint fit splits the difference b/w NOvA-only & T2K-only in
NO;

improves constraint in IO

NOvA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. J. C83, 782 (2023)

“assuming IO is true”
(does not include relative probability of IO vs. NO)

− However, prefer different regions of  in the NO caseδCP

Recently 
completed 

joint fit splits 
the difference 

in the NO case, 
improves 

constraint in IO 
case

Plots from J. Wolcott’s talk 
and C. Giganti’s talk at 

Neutrino 2024

with reactor constraints on sin2 θ13

Exclude CP conservation at 
90% CL!

T2K

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 48

Mass ordering and CPV

Mass ordering preference strengthened by applying reactor constraint

No reactor constraint

N.O. preference:

69% prob. (Bayes factor: 2.2)

Daya Bay sin22θ13 only

N.O. preference:

76% prob. (Bayes factor: 3.2)

Frequentist signiIcance*: 1.4σ

Daya Bay (sin22θ13, Δm32
2)

N.O. preference:

87% (Bayes factor: 6.8)

Frequentist signiIcance*: 1.6σ

vs

Which way are the 

neutrino mass states 

ordered?

②

NO IO

Do neutrinos exhibit

CP violation?
③

NOvA

only
w/ 2D 

Daya 

Bay

w/ 1D 

Daya 

Bay

*Frequentist signiIcances computed 

 using Feldman-Cousins procedure thanks to NERSC

(not entirely unexpected: e.g., Phys. Rev. D 72: 013009, 2005)

https://agenda.infn.it/event/37867/contributions/233955/
https://agenda.infn.it/event/37867/contributions/233954/


2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
|¢m2

32|, 10°3 eV2

RENO nH

RENO nGd

Daya Bay nGd

SuperK

IceCube

SuperK+T2K

MINOS+

NOvA

T2K

NOvA+T2K

v1
20

24
.0

2:
gi

t.
ji
n
r.

ru
/n

u
/o

sc

Inverted mass ordering

2.58 +0.28
°0.32 11.6%

2.79 ±0.12 4.3%

2.571±0.060 2.3%

2.48 +0.06
°0.12 3.6%

2.41 ±0.07 2.9%

2.484+0.057
°0.060 2.4%

2.45 +0.07
°0.08 3.1%

2.44 ±0.05 2.0%

2.53 ±0.05 2.0%

2.477±0.035 1.4%

1515

Joint NOvA+T2K Fit
• Main takeaways from joint NOvA+T2K results: 

Strong constraint on |Δm2
32 |

Strongly favor CP violation in 
Inverted Ordering scenario

Mild preference for Inverted Ordering 
but influenced by  constraintθ13

From J. Wolcott’s talk at Neutrino 2024

Good 
agreement with 

reactor and 
atmospheric 

neutrino 
experiments!

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 12

NOvA-T2K joint $t: takeaways

CP-conserving points are outside 

3σ intervals in IO

Expect CPV if ordering is inverted

[1] KEK IPNS seminar, FNAL JETP seminar

[2] Eur. Phys. J. C83, 782 (2023)

[3] Phys. Rev. D106, 032004 (2022)

[4] Phys. Rev. Lett. 125, 131802 (2020)

[5] arXiv:2405.12488

[6] arXiv:2405.02163

[7] Phys. Rev. D109, 072014 (2024)

[8] Phys. Rev. Lett. 130, 161802 (2023)

[9] RENO @ Neutrino 2020 [10.5281/zenodo.3959697]

Mild preference for Inverted Ordering

but inKuenced by θ13 constraint

NOvA+T2K only
NOvA+T2K

+ 1D θ13

NOvA+T2K

+ 2D (θ13, Δm2
32)

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

Advancing the precision frontier on |Δm2
32|

<2% measurement!

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 12

NOvA-T2K joint $t: takeaways

CP-conserving points are outside 

3σ intervals in IO

Expect CPV if ordering is inverted

[1] KEK IPNS seminar, FNAL JETP seminar

[2] Eur. Phys. J. C83, 782 (2023)

[3] Phys. Rev. D106, 032004 (2022)

[4] Phys. Rev. Lett. 125, 131802 (2020)

[5] arXiv:2405.12488

[6] arXiv:2405.02163

[7] Phys. Rev. D109, 072014 (2024)

[8] Phys. Rev. Lett. 130, 161802 (2023)

[9] RENO @ Neutrino 2020 [10.5281/zenodo.3959697]

Mild preference for Inverted Ordering

but inKuenced by θ13 constraint

NOvA+T2K only
NOvA+T2K

+ 1D θ13

NOvA+T2K

+ 2D (θ13, Δm2
32)

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

Advancing the precision frontier on |Δm2
32|

<2% measurement!

https://agenda.infn.it/event/37867/contributions/233955/
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Prospects

16

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

DUNE: 
− > 2 MW beam

− Liquid-Argon 

TimeProjection 
Chamber (LArTPC) 
technology


−  kton far detector 
fiducial mass


− First physics in ~2029

≥ 40

Hyper-Kamiokande:
− 1.3 MW beam

− Water Cherenkov far 

detector

− 190 kton far detector 

fiducial mass

− First physics in ~2027

Large degree of 
complementarity: matter effects

large

small
energy spectrum

wide band, higher energy

narrow band, lower energy
detection systematics

LArTPC

Water Cherenkov

From T. Nakadaira’s talk at ICHEP 2024

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


5 σ

18/06/2023 T. Tolba, neutrino2024, Milano 7

ESSnuSB Physics Reach

Eur. Phys. J. ST. 231 
(21), (2022) 3779

ΔδCP < 8° for all δCP
values

Sensitivity for δCP = ± π/2
~ 12 σ

Covers 72% of δCP  values
in ~ 10 years (@ 5 σ C.L.)

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

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

17

Prospects

17

• Mass ordering:
− DUNE: 5σ between 1 and 3 

years (depending on how 
kind nature is)

• Precision measurement of 
oscillation parameters:

• CP violation: 

− Long term high precision for 
 and  sensitive to new 

physics in comparison with 
reactor measurements

Δm2
31 θ13

EPJC 80, 978 (2020)

− Long term establishment of 
CP violation at 3σ over 75% 
of δCP values


− Similar 10-year precision of 
~6-18o in δCP in both 
experiments

DU
NE

Hy
pe

r-K

CP violation sensitivity  resolutionδCP

From D. Carabadjac’s poster at Neutrino 2024

Also: next-to-next generation 
experiment (ESSνSB) using 5MW 

European Spallation Neutron Source 
proton linac under active study

EPJST 231, 3779-3955 (2022)

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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using the Feldman–Cousins method [33] where neces-
sary, are �CP = �1.76+0.73

�0.95, sin
2 ✓23 = 0.468+0.106

�0.025, where
MO was treated as a nuisance parameter, and �m2

32
(|�m2

31|) = 2.520+0.048
�0.058 (2.480+0.052

�0.048)⇥ 10�3 eV2 for nor-
mal (inverted) ordering.

TABLE III. Frequentist p-values for the di↵erent CP and MO
hypotheses. The most conservative of the two values obtained
by the frequentist analyses is given. “p-studies” corresponds
to the value up to which each p-value could increase due to
biases seen in robustness studies.

Hypothesis p-value p-studies
CP conservation 0.037 0.050
Inverted ordering 0.079 0.080
Normal ordering 0.58 —

FIG. 3. Distribution of the MO test statistic under true nor-
mal and inverted ordering hypotheses. The filled areas to the
left (right) of the data result indicate the p-values for the in-
verted (normal) hypotheses.

Goodness of fit—The Bayesian analyses find good pos-
terior predictive p-values [34] using both the event spec-
tra (p = 0.24) and total event counts (p = 0.19). The
p-values for the individual T2K samples agree with the
reference T2K analysis [8] up to small di↵erences com-
ing predominantly from model changes. The frequentist
p-values [35] additionally show good consistency between
the values of the systematic parameters favored by the
T2K ND and atmospheric data (p = 0.19), as well as
between the atmospheric and beam samples (p = 0.24).

Discussion—The SK and T2K datasets favor similar
values for the CP phase, close to maximal CP violation,
and both show a preference for the normal MO. As a
result, the combined analysis finds increased preferences
for non-conservation of CP symmetry and the normal
ordering. When looking directly at the exclusion of CPC
through the presence of JCP = 0 in credible intervals
or frequentist p-values, an exclusion at the 2� level is
found. However, the significance can fall below 2� due to

the potential weaknesses of the uncertainty model tested
using simulated datasets. The alternative models having
the most impact are the one assuming that the excess
seen for down-going CC1⇡+-like events is fully due to an
unknown systematic e↵ect, and an alternative nuclear
model for CCQE interactions [36]. This indicates areas
where the robustness of the model should be improved
for future analyses.

Conclusion—The SK and T2K collaborations have
produced a first joint analysis of their data. A com-
mon neutrino interaction and detector model has been
developed for the events of the two experiments which
overlap in energy, and is found to be able to properly de-
scribe the two datasets. The results show an exclusion of
the CP-conserving value of the Jarlskog invariant with a
significance between 1.9� and 2.0�, a limited preference
for the normal ordering, and no strong preference for the
✓23 octant. This first joint analysis is also an important
step towards the combined beam and atmospheric data
analyses planned by next generation neutrino oscillation
experiments.
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Figure 15 shows a projection of the multi-GeV e-like
samples as an up-down asymmetry

Asymmetry ¼ Up − Down
Upþ Down

; ð12Þ

where “Up” is the number of upward-going
(cos θz < −0.6) events, and “Down” is the number of
downward-going (cos θz > 0.6) events in each sample.
The figure plots the asymmetry for these data as a function
of reconstructed energy and the expected asymmetry for the
normal and inverted ordering scenarios, assuming the best-
fit oscillation parameters from the fit to all atmospheric
neutrino data. The νe-enhanced samples, multi-GeV νe-like
and multi-ring νe-like, have the largest excesses relative to
either ordering, and drive the preference for the normal
mass ordering in the analysis.

2. Results with reactor constraints on sin2 θ13
Figure 16 shows the 1DΔχ2 profiles for the fitted neutrino

oscillation parameters, assuming the constraint sin2 θ13 ¼
0.0220% 0.0007 from reactor antineutrino disappearance
experiments [31]. The constraint on sin2 θ13 is incorporated
by introducing an additional systematic uncertainty for this
fit, where the 1σ effect is defined as the change induced by
varying sin2 θ13 by its measured 1σ uncertainty.
The best-fit value of δCP in both the normal and inverted

orderings for the fit with sin2 θ13 constrained is −1.75,
which is consistent with the atmospheric-only analysis at
the 1σ level. This fit also finds improved constraints on δCP
in the inverted ordering for values near π=2: The constraint
on sin2 θ13 fixes the effect size of the mass ordering, such
that the separate modifications to νe appearance from δCP
are more readily resolved.
In this fit, the preference for the normal ordering

increases to Δχ2I:O:−N:O: ¼ 5.69. This improvement is con-
sistent with the observed preference for smaller values of
sin2 θ13 in the inverted ordering fit with sin2 θ13 free: The χ2

value in the inverted ordering increases with the added
constraint, while the χ2 value in the normal ordering
remains similar to the result without the constraint.
Figure 17 shows the constraints on sin2 θ23 andΔm2

32 from
the θ13-constrained analysis of SK atmospheric neutrino data
compared with the constraints from MINOS/MINOS+ [53],
NOvA [4], T2K [3], and IceCube [54]. The SK atmospheric
neutrino data are consistent with the other experiments at the
90% level.While the atmospheric neutrino data find a best-fit
value of sin2 θ23 in the lower octant, we note that the previous
publication found a best-fit value in the upper octant [5], and
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32 and sin2 θ23 for the normal mass ordering.
Contours are drawn for a 90% critical χ2 value assuming 2 degrees
of freedom, with the Δχ2 computed for each experiment with
respect to the best-fit point in the normal mass ordering. The
Super-K contour shows the result of this analysis, and other
contours are adapted from publications by MINOS+ [53], NOvA
[4], T2K [3], and IceCube [54]. Best-fit points are indicated with
markers for each experiment.
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average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.
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(LLH) as the test statistic of the form:

LLH =

X

i2bins

log

⇣nno
i e�ni

no!

⌘
�

1

2

X

j2syst

(ŝj � sj)2

�2
j

. (2)

Here the first term is a Poisson likelihood where ni (no) is
the number of expected (observed) events in bin i and the
second term serves as a penalty term for the systematic
parameters j which have Gaussian priors �j . The results
of fitted nuisance parameters compared to their priors
are shown in Fig. 4 (and Table II in [22]) and discussed
next.
Results and Conclusion– An atmospheric neutrino
dataset obtained over 3,387 days between 2012-2021,
with a total of 150,257 neutrino candidates, has been
used in this analysis. The most track-like bin has highest
purity of ⌫µ CC events and shows the most distinctive
disappearance signature. We obtain a goodness-of-fit p-
value of 19.2%. As shown in Table II, all nuisance param-
eters fitted to values well within their expected ranges.

To determine the confidence intervals for the oscillation
parameters, the Feldman-Cousins’ unified approach [29,
30] is used for all errors and plots. We report the pa-
rameters and 1� errors of �m2

32 = 2.40+0.05
�0.04 ⇥ 10

�3 eV2

and sin
2
(✓23) = 0.54+0.04

�0.03, in the normal neutrino mass
ordering. The 90% confidence level (C.L.) contour of
sin

2
(✓23) and �m2

32 for the normal neutrino mass order-
ing (m3 > m2 > m1) of this result, compared with the
results from the other experiments, is shown in Fig. 5.

FIG. 5. Contours showing Feldman-Cousins 90% C.L. as-
suming neutrino normal mass ordering of this analysis (black,
‘IceCube 2024’) compared to those from NOvA [31], T2K
[32], Super-Kamiokande [33], and MINOS+ [34]. The best-fit
physics parameters are indicated with a black circle.

This result is of similar precision to and consistent

with measurements from accelerator and reactor [35] neu-
trino experiments while uniquely using neutrinos of much
higher energy over longer baselines, supporting the stan-
dard 3⌫ paradigm of neutrino mixing. The upcoming
IceCube Upgrade [36] next generation detector will en-
able significant improvements to this measurement in the
coming decade.
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unknowns describing the evolution of neutrino states. See
Fig. 2 for a comparison between our results, the present
status, and the future predictions for the next generation
of neutrino experiments. By combining the atmospheric
measurements, we aim to achieve the most accurate
determination of atmospheric parameters (Δm2

31 and
θ23). Additionally, this combined approach will yield
valuable insights into θ13 due to the Earth matter effect,
as we elaborate upon later. Lastly, the atmospheric mea-
surements are expected to offer a level of precision
comparable to current results in determining δCP.
As we demonstrate in this article, data from current and

soon-to-operate atmospheric neutrino experiments can be
combined to address some of the most pressing questions in
neutrino physics. The questions that we discuss in this
article can be organized into three categories: determining
the neutrino oscillation parameters, establishing the neu-
trino mass spectra, and measuring the CP phase in the
lepton sector. The neutrino oscillation parameters are
encoded in the so-called Pontecorvo-Maki-Nakagawa-
Sakata matrix, which relates the neutrino weak and mass
eigenstates [30]. The precise determination of the lepton
mixing parameters is crucial for understanding the neutrino
evolution, and it can also be the first indication of a hidden
flavor symmetry [31,32]. Measuring a large CP violation in
the neutrino sector can also be an explanation to the baryon
asymmetry of the early Universe via a sphaleron process
[33]. Finally, the determination of the neutrino mass
spectrum in the next few years will significantly impact
experiments whose goal is to determine the absolute scale
of the neutrino masses [34], to discriminate between the
Dirac or Majorana nature of the neutrino masses [35,36],
and even to understand the evolution of the Universe [37].
In the rest of the section, we provide a concise summary

of the main results from this study. In atmospheric neutrino
oscillations, the dominant mixing angle is θ23, and the
relevant mass-squared difference is Δm2

31. The atmospheric
mixing angle is currently the least precisely determined of
the mixing angles and is known to be close to maximal,

i.e., sin2 2θ23 ≈ 1. However, current experimental data
point toward deviations from maximality, but are unable
to resolve the octant, i.e., whether θ23 is smaller or greater
than π=4. In terms of the neutrino flavor structure, the
maximality and octant question can be rephrased as under-
standing the relative contribution of tau and muon flavor in
the second mass state, where a maximal angle implies equal
amounts, the first octant more muon, and the second octant
less muon. Therefore, the large muon-neutrino component
of the atmospheric flux can provide significant knowledge
on that parameter. In this article, we demonstrate that by
combining the SuperK, IceCube Upgrade, ORCA, and
Hyper-Kamiokande (HyperK) measurements (see Sec. VI),
we reach a half-percent-level precision on Δm2

31 and
approximately 2% in the case of sin2 θ23; see Fig. 2.
Furthermore, the atmospheric measurements allow us to
discriminate the wrong octant at more than 3σ by 2030

FIG. 2. Comparison between the present and future projected
sensitivities for the oscillation parameters. This figure showcases
the power of atmospheric combined neutrino experiments, as they
have smaller or comparable errors on these parameters than
accelerator neutrino experiments also shown in this figure.
Oscillation parameters that can be measured by atmospheric
experiments are arranged in the vertical axis, while their
measured precision is quantified in the horizontal axis. The
present (1σ) region allowed by fit to data from T2K [24] (green),
NOνA [25] (light orange), SuperK atmospheric neutrinos [26]
(light red), DeepCore atmospheric neutrinos [27] (turquoise), the
reactor experiments (gray), and the projected sensitivity of
Hyper-Kamiokande’s accelerator program (blue) for 2030 [28]
is compared with the expected (1σ) region from a combined
atmospheric neutrino analysis (this work in red-violet). The
sensitivity from DUNE is excluded due to the low significance
achievable by this experiment for 2030 assuming a 2029 starting
date [29].

FIG. 1. Illustration of this analysis. Locations of experiments
used in this work are shown. Note that Hyper-Kamiokande has
roughly the same location as Super-Kamiokande.
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pep νs) which is, however, properly disentangled by the
multivariate fit thanks to its energy shape and radial
distribution. The previously published Borexino results
regarding pp νs [12] and 7Be νs [5] were obtained in this
enlarged fiducial volume.
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χ2Borexino ¼ Min
ϕi

ððr − rSSMÞT · V−1
SSM · ðr − rSSMÞ

þðr − rBorexinoÞT · V−1
rate · ðr − rBorexinoÞÞ.

The minimum χ2 is then

χ2Borexino ¼ rTSSM · V−1
SSM · rSSM þ rTBorexino · V

−1
rate · rBorexino

− rTbest · V
−1 · rbest;

V−1 ¼ V−1
SSM þ V−1

rate;

rbest ¼ V · ðV−1
SSM · rSSM þ V−1

rate · rBorexinoÞ;

which is Borexino’s contribution to the global χ2. We
convert the rate vector and covariance matrix back to the
neutrino flux vector and covariance matrix.
The SSMþ Borexino neutrino flux vector and covari-

ance are modified by the SKþ SNO determination of the
8B and hep neutrino fluxes (and covariance), so that there is
no impact of either the SSM 8B or hep neutrino flux
uncertainty on the analysis. The radio-chemical covariance
matrix VRC is obtained from the flux covariance matrix V
via the cross sections (and errors) of the target isotopes of
the radio-chemical experiments (for some details about the
covariance method see Ref. [81]). The radio-chemical rate
measurements are then fit via

χ2RC ¼
X

n;m

ðRobs
n − Rexp

n ÞV−1
RC;nmðRobs

m − Rexp
m Þ; ð27Þ

where Robs and Rexp are the observed and expected signal
rate, respectively. The indices n and m run over Chlorine
and Gallium (Gallex/GNO and SAGE are combined into
one Robs). The χ2 of the solar global fit is defined as

χ2solar ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC: ð28Þ

To extract the best values of θ12 and Δm2
21 we combine

solar experimental neutrino data and KamLAND reactor
anti-neutrino data [24] (solar þ KamLAND) by simple
addition of the χ2 functions, assuming no correlation of
the solar and KamLAND results:

χ2global ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC þ χ2KamLAND:

ð29Þ

Both Eqs. (28) and (29) are evaluated with an external
θ13 constraint of sin2 θ13 ¼ 0.0218% 0.0007. Figure 47
shows the oscillation parameters allowed by SK and
SNO data, all solar data, KamLAND data, and all solar þ
KamLAND data.
The best-fit result from the solar global analysis is

sin2 θ12;solar ¼ 0.306% 0.013;

Δm2
21;solar ¼ ð6.10þ0.95

−0.81Þ × 10−5 eV2:

The best-fit oscillation parameters from all solar experi-
ments and KamLAND are

sin2 θ12;global ¼ 0.307% 0.012;

Δm2
21;global ¼ ð7.50þ0.19

−0.18Þ × 10−5 eV2:

The oscillation results of this analysis show a tension of
Δm2

21 between the neutrino and anti-neutrino of about 1.5σ
as shown in the right panel in Fig. 47, and it is slightly
stronger for the global solar analysis compared to the
SKþ SNO analysis.
The global solar neutrino analysis has some sensitivity to

θ13 independently from reactor antineutrino measurements
since the high-energy solar neutrino branches (8B and hep)
undergo MSW flavor conversion while the low-energy
solar neutrinos (pp, 7Be, and pep) change flavor by
averaged vacuum oscillations. Figure 48 shows the result-
ing contours of the mixing angles θ12 and θ13. The best-fit
value from all solar data of

sin2 θ13 ¼ 0.032þ0.021
−0.022 ;

is statistically consistent with zero as well as the reactor
anti-neutrino measurements. When combining all solar data
with KamLAND data (whose anti-neutrinos are subject to
nonaveraged vacuum oscillations), the best-fit value is
almost unchanged, but the preference for a nonzero value
gets somewhat stronger:

sin2 θ13 ¼ 0.030þ0.015
−0.014 :
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FIG. 47. θ12 and Δm2
21 allowed by the global analysis. The

green (light gray) area is the solar global contour (3σ), the blue
(medium gray) area is the KamLAND contour (3σ) and the red
(dark gray) area is the Solar þ KamLAND combined (3σ). Green
(light gray) solid lines are solar global contours (1 − 5σ C.L.),
blue (medium gray) dashed line: KamLAND contours (1 − 3σ
C.L.), and red (dark gray) dotted line: Solar þ KamLAND
contours (1 − 3σ C.L.). The dashed-dotted contours are
SKþ SNO contours for comparison.
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• Best information on  comes from 
solar neutrino measurements 

sin2 θ12

− Global analysis of solar and KamLAND data

Borexino:
− Liquid scintillator 

detector in Gran 
Sasso Laboratory 


− Achieved 
unprecedentedly 
high radiopurity 
and low threshold 
(~100 keV)
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spectroscopic data yield significantly different metallicity
results that can be grouped in two classes: the so-called
high-metallicity (HZ) [14,15] and low-metallicity (LZ)
[16–18] models. The solar neutrino fluxes, in particular,
that from the CNO cycle reactions, can address this issue.
Indeed, the SSM predictions of the CNO neutrino flux
depend on the solar metallicity directly, via the abundances
of C and N in the solar core, and indirectly, via its effect on
the solar opacity and temperature profile.
Borexino delivered the first direct experimental proof of

the existence of the CNO cycle in the Sunwith a significance
of ∼7σ, also providing a slight preference toward high-
metallicity models [4,19]. This result was obtained with a
multivariate analysis of the energy and radial distributions of
selected events. To disentangle the CNO signal from the
background, the multivariate fit requires an independent
external constraint on the pep neutrino rate and on the 210Bi
rate; the latter is obtained by tagging 210Bi–210Po coinciden-
ces in a temperature stabilized, layered scintillator fluid (see
[4,19] for more details). For this reason, the CNO measure-
ment has been performed only on approximately one-third of
the Borexino data, the so-called Phase-III.
In this paper, we present new results on CNO neutrinos

obtained exploiting the “correlated and integrated direc-
tionality” (CID) technique, which uses the directional
information encoded in the Cherenkov light emitted along-
side the scintillation, to separate the solar signal from
nonsolar backgrounds. Borexino demonstrated the viability
of this technique using 7Be solar neutrinos [20,21]. Here,
we apply the CID technique to the CNO analysis, obtaining
two important results: we show that we can extract the
evidence of solar CNO neutrinos on the entire Borexino
dataset following an alternative approach with respect to
the standard multivariate analysis and, consequently, with-
out the help of the 210Bi constraint; we also show that by
combining the information coming from the directionality
with the standard multivariate analysis performed on Phase-
III data, we obtain an improved measurement of the CNO
neutrino interaction rate.
The paper is structured as follows. Section II describes

the Borexino detector and summarizes the event recon-
struction techniques. The CID analysis for the CNO
neutrino measurement is illustrated in Sec. III, outlining
the methods, reporting the results, and detailing the main
sources of systematic uncertainties. Finally, in Sec. IV we
show our best result on CNO neutrinos obtained combining
the CID and the standard multivariate analysis.

II. THE BOREXINO EXPERIMENT

Borexino was a liquid scintillator (LS) neutrino detector
[22] that ran until October 2021 with unprecedented
radiopurity levels [5,23], a necessary feature of its solar
neutrino measurements. The detector was located deep
underground at the Laboratori Nazionali del Gran Sasso
(LNGS) in Italy, with about 3800 m water equivalent rock

shielding suppressing the cosmic muon flux by a factor
of ∼106.
The detector layout is schematically shown in Fig. 1. The

stainless steel sphere (SSS) with a 6.85 m radius supported
2212 8-inch photomultiplier tubes (PMTs) and contained
280 tonnes of pseudocumene (1, 2, 4-trimethylbenzene,
PC) doped with 1.5% of PPO (2, 5-diphenyloxazole)
wavelength shifter, confined in a nylon inner vessel
of 4.25 m radius. The density of the scintillator was
ð0.878" 0.004Þ g cm−3 with the electron density of
ð3.307" 0.015Þ × 1031 e−=100 tonnes. The PC-based
buffer liquid in the region between the SSS and IV shielded
the LS from external γ radiation and neutrons. The nylon
outer vessel, which separated the buffer in two subvolumes,
prevented the inward diffusion of 222Rn. The SSS itself is
submerged in a domed, cylindrical tank filled with ∼1 kton
of ultra-pure water, equipped with 208 PMTs. The water
tank provided shielding against external backgrounds
and also served as an active Cherenkov veto for residual
cosmic muons passing through the detector.
Borexino detected solar neutrinos via their elastic scat-

tering on electrons of the LS, a process sensitive, with
different probability, to all neutrino flavors. Electrons, and
charged particles in general, deposit their energy in the LS,
excite its molecules, and the resulting scintillation light is
emitted isotropically. Using n ≈ 1.55 as scintillator index of
refraction at 400 nm wavelength, subdominant but direc-
tional Cherenkov light is emitted when the electron kinetic
energy exceeds 0.165MeV. Cherenkov light is emitted over
picosecond timescale, while the fastest scintillation light
component from the LS has an emission time constant at
the nanosecond level. The fraction of light emitted as
Cherenkov photons in Borexino was less than 0.5% for
1 MeV recoiling electrons.

FIG. 1. Scheme of the Borexino detector.
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expected spectrum without hep neutrinos is also shown.
Although the total hep neutrinos flux is 3 orders of
magnitude smaller than the 8B neutrinos, its contribution
can be seen in the highest energy bins of the recoil electron
spectrum since the end-point of the hep neutrino energy
spectrum (18.8 MeV) is slightly higher than that of 8B
neutrinos (16 MeV) [70].
Figure 37 shows the energy spectrum of solar neutrinos

measured in the SK-IV 2970-day dataset. The top panel of
Fig. 38 shows the recoil electron spectrum taken in day or
night time in SK-IV. Based on the spectrum results between
day-time and night-time, the spectral straight day/night

asymmetry is obtained as shown in the bottom panel
of Fig. 38.

VII. OSCILLATION ANALYSIS

A. SK-IV analysis

The solar neutrino oscillation analysis is based on the
same methods as [25] which were first described in
Refs. [34,71]. The survival probability is calculated in a
two-neutrino framework: P2ν

eeðAmat; θ12;Δm2
21Þ, where θ12

and Δm2
21 are the vacuum oscillation parameters, and Amat

is the potential caused by nonzero electron density when
the neutrino travels in matter.
To account for three-neutrino effects—specifically a

nonzero value of θ13—this is modified, following [72]:

P3ν
eeðθ12θ13Δm2

21Þ ¼ sin4θ13

þ cos4θ13P2ν
eeðcos2θ13Amat; θ12;Δm2

21Þ. ð19Þ

In fitting neutrino oscillations, we use a constraint on θ13
derived from reactor neutrino experiments [73]:

sin2 θ13 ¼ 0.0218% 0.0007: ð20Þ

Since solar neutrino measurements are not sensitive to
changes in sin2 θ13 less than 0.005, the closest calculation
point to this value (0.020) is effectively used.
The SK analysis constrains neutrino flavor oscillation by

measuring the rate of elastic scattering of 8B and hep
neutrinos with electrons, the spectrum of the recoiling
electrons, and the time variation of the interaction rate.
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FIG. 37. The measured energy spectrum in SK-IV. The blue
points and bars show the observed rate divided by the expected
event rate assuming no neutrino oscillation, with statistical and
energy-uncorrelated uncertainties. The red bars and gray bands
show the energy-uncorrelated and energy-correlated systematic
uncertainties.

FIG. 38. Top: the recoil electron energy spectrum taken during
day (night) time in SK-IV. The red filled circle (blue filled square)
points show the day spectrum (night spectrum). To improve
visibility, the night spectrum is shifted by þ0.1 MeV. Bottom:
the straight day/night asymmetry (black cross) as a function of the
recoil electron energy. The red shaded area shows the statistical
average of the day/night asymmetry, which is shown in Sec. VI C.

Recoil electron kinetic energy [MeV]
4 6 8 10 12 14 16 18 20

E
ve

nt
/d

ay
/2

2.
5k

to
n/

0.
5M

eV

3−10

2−10

1−10

1

10

210
Solar neutrino MC (B8 + hep)
Solar neutrino MC (B8 only)
Observed solar neutrino events

(Efficiency corrected)

FIG. 36. Energy spectrum of the solar neutrino signal using the
SK-IV 2970-day dataset. The blue circle markers show the
observed event rate as a function of the recoil electron energy.
The red triangle markers show the expected rate from the
8Bþ hep MC simulation without the oscillation effect. The
signal efficiency shown in Fig. 28 is corrected.
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the solar (solar þ KamLAND) best-fit equivalent cubic
function is favored by 1.2σ (0.9σ) over an energy-
independent Pee. The quadratic approximation is also
reasonable: χ2 ¼ 66.34 (“sol:þ KL”) and χ2 ¼ 65.63
(“solar”). Of course, the best-fit energy-independent
Pee ¼ 0.336 is the same, so the solar (solarþ
KamLAND) best-fit equivalent quadratic function is
favored by 1.3σ (0.9σ). The exponential approximation
is similar: χ2 ¼ 66.30 (“sol:þ KL”) and χ2 ¼ 65.71
(“solar”) with similar conclusions. In summary, the
SK spectrum measurement favors the existance of an
“upturn” by 1.2σ. Table VIII shows a summary of the
fitting results of the coefficients.
The SNO constraint on the “upturn” is obtained and

combined with the SK results as follows: from the
SNO parameters si, the first three are calculated from
the quadratic fit parameters c0, c1, and c2 of Pee;quad

while with day/night asymmetry fitting parameters a0
and a1 are set to the oscillation best fit. The SKþ SNO
χ2 is then the same as in Eq. (26). Figure 54 shows
the electron neutrino survival probability distributions as
a function of neutrino energy obtained from Eq. (32)
with SK and SNO data. The SKþ SNO combined
result on quadratic Pee coefficients favor a distorted
spectrum by 2.1σ. Figure 55 shows the SKþ SNO
combined result in the context of other solar neu-
trino survival probability measurements (assuming the

standard solar model predictions of the unoscillated
neutrino fluxes). The SKþ SNO result fits in well with
the other data as well as the MSWþ neutrino oscillation
prediction.

TABLE VIII. The fit coefficients and their correlations for
Eqs. (32)–(34).

Data Set e0 e1 e2

SK 0.334# 0.023 −0.045# 0.0046 −0.9# 2.0
e0 1 0.759 0.130
e1 0.759 1 0.135
e2 0.130 0.135 1

Data Set c0 c1 c2
SK 0.329# 0.022 −0.0009# 0.0058 0.0025# 0.0026
c0 1 −0.143 −0.285
c1 −0.143 1 0.687
c2 −0.285 0.687 1

SKþ SNO 0.308# 0.015 −0.0044# 0.0034 0.0016# 0.0017
c0 1 −0.474 −0.394
c1 −0.474 1 0.391
c2 −0.394 0.391 1

SK cubic

c0 c1 c2 c3

0.310# 0.024 −0.025# 0.015 0.0103# 0.0048 0.0036# 0.0020
1 0.265 −0.435 −0.347

0.265 1 −0.601 −0.919
−0.435 −0.601 1 0.822
−0.347 −0.919 0.822 1
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FIG. 54. The electron neutrino survival probability as a
function of neutrino energy. The green (light gray) [blue (medium
gray)] region is obtained from the Pee;quadðEνÞ function with
SK (SNO) spectrum data. The red (dark gray) region is obtained
from the same function, but with SKþ SNO data. The thick
blue (medium gray) and green (light gray) lines are the same
as Fig. 53.

FIG. 55. The electron neutrino survival probability as a
function of neutrino energy and solar neutrino measurements.
The red region is obtained from the Pee;quadðEνÞ function with
SKþ SNO spectrum data. The thick blue and green lines are the
same as Fig. 53. The light blue (filled triangle) and gold (open
triangle) data points are the average pp and CNO neutrino
survival probabilities inferred from the radio-chemical solar
neutrino data as well as SKþ SNO and Borexino 7Be measure-
ments, respectively. The dark blue (filled square) and dark red
(open circle) data points represent the average pp and 8B neutrino
survival probabilities, respectively. The green (open square) and
turquoise (filled circle) data points represent the 7Be and pep
neutrino survival probabilities from Borexino data, respectively.
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Open Questions
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• Solar data in full agreement with 3-neutrino 
framework, but two predictions remain to be 
conclusively observed: 

−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

upturn region is 
sensitive to new 

physics

PRD 109, 092001 (2024)
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upturn favored at 1.2  
by SK (2.1  with SNO)

σ
σ

regions as well as each of the 39 energy bins (429 different
background numbers are fit). To estimate the systematic
error due to the uncertainty in the angular background
PDFs, we use data to measure the background distribution
in detector coordinates (zenith and azimuth of the recon-
structed direction). The uncertainty of that measurement is
propagated to the calculation of the background PDF (as a
function of cos θSun), and, subsequently, the amplitude fit
result. Due to the larger event statistics as well as these
improvements, this important systematic uncertainty was
reduced from 0.006 to 0.0027. Figure 50 shows the energy
dependence of the asymmetry from amplitude fit using the
SK-IV 2970-day dataset. The energy region between 3.49
and 4.49 MeV differs by 2σ from the average. However,
exclusion of this energy region does not significantly
change the best-fit result (ASK-IV;fit

D=N ¼ −0.0241" 0.0109
for the higher energy threshold).

Figure 51 compares the results of the day/night flux
asymmetry measured at each SK phase. Combining all SK
data of day/night flux amplitude fit results in

ASK;fit
D=N ¼ −0.0286" 0.0085ðstat:Þ " 0.0032ðsyst:Þ: ð31Þ

Here, the asymmetry parameter is expressed based on the
SK-I energy range, so the expected asymmetry is a bit
stronger: −0.0242. Since this result differs from zero by
3.2σ, we find evidence for the existence of earth matter
effects on solar neutrino oscillation. The asymmetry
parameter depends on the expected zenith angle variation
shapes and therefore on the oscillation parameters. The
dependence on the mixing angle is negligible. The depend-
ence on Δm2

21 is somewhat stronger. Figure 52 shows that
dependence by analyzing the data taken throughout four
SK phases. In particular, at the solar þ KamLAND best-fit
value of Δm2

21 ¼ 7.5 × 10−5 eV2, the combined SK day/
night amplitude fit corresponds to a slightly smaller asym-
metry of ASK;fit

D=N ¼ −0.0274" 0.0083ðstatÞ " 0.0032ðsyst:Þ
where an asymmetry of −0.0172 is expected. Zero asym-
metry differs from this measurement by 3.1σ. For reference,
at the previously favored [68] Δm2 ¼ 4.8 × 10−5 eV2 we
obtain ASK;fit

D=N ¼ −0.0273" 0.0086ðstat:Þ " 0.0032ðsyst:Þ
where an asymmetry of −0.0384 is expected. Zero asym-
metry differs from this measurement by 3.0σ.

IX. ENERGY SPECTRUM ANALYSIS

The MSW effect [16,17] of the higher energy 8B
neutrinos is a unique feature of solar neutrino flavor physics
as well as an important test of standard weak interaction
theory. It predicts almost complete adiabatic conversion
of the electron flavor state at neutrino production in the
core of the Sun to the second mass eigenstate when
neutrinos leave the Sun. Therefore, the electron flavor

FIG. 50. SK-IV day/night amplitude fit dependence on energy.
The gray band shows the combined value.
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FIG. 51. Day/night asymmetries from amplitude fits by the
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Prospects
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• Several projects under preparation will improve 
on these results:

• New detector technologies are also under active 
R&D that could unlock new opportunities:

− 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  neutrinos  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 m3

− Possibility of using LiCl as medium
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Jinping’s Upturn 
Discovery 
Sensitivity

− THEIA

−  Hybrid scintillation+Cherenkov detector


− LiquidO

− Topology discrimination and In doping via opaque scintillation 

https://agenda.infn.it/event/37867/contributions/233923/
https://agenda.infn.it/event/37867/contributions/233904/
https://indico.cern.ch/event/1291157/contributions/5904065/
https://link.springer.com/article/10.1140/epjc/s10052-020-7977-8
https://www.nature.com/articles/s42005-021-00763-5
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Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - 2023
Notes: flags indicate location of experiment, not composition of collaboration

− For  it’s KamLAND (see 4 pages 
ago)

Δm2
21

Im
ag

e 
co

ur
te

sy
 o

f B
. R

os
ko

ve
c

Reminder: reactor antineutrinos peak around 3.5 MeV

• Best information on  and 
comes from reactor experiments

Δm2
21 sin2 θ13

− For  it’s from short baseline 
(< 2 km) experiments that access first 
maximum modulated by 

sin2 2θ13

sin2 2θ13



yields sin22θ13 ¼ 0.0851" 0.0024, and Δm2
32 ¼ ð2.466"

0.060Þ × 10−3 eV2 for the normal mass hierarchy or
Δm2

32 ¼ −ð2.571" 0.060Þ × 10−3 eV2 for the inverted
mass hierarchy. Using Eq. (2), we obtained sin22θ13 ¼
0.0852" 0.0024 and Δm2

ee¼ð2.519"0.060Þ×10−3 eV2

with the same reduced-χ2 value. Results determined with
the other fitting methods described in Ref. [16] were
consistent to < 0.2 standard deviations.
The best-fit prompt-energy distribution is in excellent

agreement with the observed spectra in each experimental
hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff=hEν̄ei with the best-fit curve
superimposed, where Leff and hEν̄ei are the effective

baseline and average ν̄e energy, respectively [16]. The
oscillation pattern related to θ13 is unambiguous.
The present improved result in sin2 2θ13 is consistent

with our previous determinations [3,16,17] and agrees with
other measurements of reactor ν̄e disappearance by RENO
[28] and Double Chooz [29,30] as well as electron neutrino
and antineutrino appearance measurements by T2K [6].
Daya Bay’s measured Δm2

32 is consistent with the results of
NOvA [5], T2K [6], MINOS/MINOS+ [31], IceCube [32],
and SuperK [33] that were obtained with muon (anti)
neutrino disappearance. The agreement in sin2 2θ13 and
Δm2

32 between Daya Bay measurements using ν̄e and the
muon neutrino and antineutrino determinations provides
strong support of the three-neutrino paradigm.
To conclude, we have presented a new determination of

sin2 2θ13 with a precision of 2.8% and the mass-squared
differences reaching a precision of about 2.4%. The
reported sin2 2θ13 will likely remain the most precise
measurement of θ13 in the foreseeable future and be crucial
to the investigation of the mass hierarchy and CP violation
in neutrino oscillation [34,35].

The Daya Bay experiment is supported in part by the
Ministry of Science and Technology of China, the U.S.
Department of Energy, the Chinese Academy of Sciences,
the CAS Center for Excellence in Particle Physics, the
National Natural Science Foundation of China, the
Guangdong provincial government, the Shenzhen munici-
pal government, the China General Nuclear Power Group,
the Research Grants Council of the Hong Kong Special
Administrative Region of China, the Ministry of Education
in Taiwan, the U.S. National Science Foundation, the
Ministry of Education, Youth, and Sports of the Czech
Republic, the Charles University Research Centre UNCE,
and the Joint Institute of Nuclear Research in Dubna,

FIG. 2. The measured prompt-energy spectra of EH1, EH2, and EH3 with the best-fit and no-oscillation curves superimposed in the
upper panels. The shape of the backgrounds are apparent in the spectra with a logarithmic ordinate shown in the insets. The backgrounds
shown in the legend are in descending order according to their contribution. The lower panels shows the ratio of the observed spectrum
to the predicted no-oscillation distribution. The error bars are statistical.

FIG. 3. Measured disappearance probability as a function of
the ratio of the effective baseline Leff to the mean antineutrino
energy hEν̄ei.
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• These experiments can use neutron capture on Hydrogen (nH) and/or on Gadolinium 
(nGd) to identify ’s, resulting in essentially independent measurementsν̄e

ν̄e + p → e+ + n

Example: 
final nGd 

measurement 
in Daya Bay

Current reactor measurement of  likely to 
remain the world’s most precise for a long time

θ13

Detection Channel

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

Plot courtesy of H. Yu, shown in Z. Yu’s talk at Neutrino 2024
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Global comparison θ13
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Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision
By combining all reactor results, ultimate precision of sin22θ13: 2.5%
Consistent results from reactor and accelerator experiments

Figure by Hongzhao Yu

Note: average is error 
weighted average 
assuming no correlation

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

Prospects: JUNO

Parameter
Current Precision* 4.2% 2.4% 1.1%

JUNO 6 years 0.5% 0.3% 0.2%

Δm2
21sin2 θ12 Δm2

32

* from PDG 2024
CPC 46, 123001 (2022)

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 

− Great complementarity with the global program

− Mass ordering determination with unique approach 
that does not rely on matter effects

arXiv:2405.18008

Mass ordering 
sensitivity

Osc. parameter 
sensitivity

Reactor  Spectrum Cartoonν̄e

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

31

• LSND and MiniBooNE 
observed a ~6  excess of 
electron (anti)neutrinos in a 
muon (anti)neutrino beam

σ

− Could be explained via eV-scale 
sterile neutrino oscillations

MiniBooNE

• However: 
PRL 125, 071801 (2020)

In conflict with 
accelerator and reactor 

disappearance 
measurements

Excess not seen by 
MicroBooNE 

experiment as either 
BSM , single-

, or 
e+e−

γ νe

PRD 64,112007 (2001)  and 
PRD 103, 052002 (2021)

MicroBooNE:
− 170 ton LArTPC

− Same L/E and same beam 

as MiniBooNE
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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
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Further Tests
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• The Fermilab SBN and JSNS2 
experiments will provide definite tests 
of the oscillation hypothesis: 

Fermilab Short Baseline Neutrino (SBN) Program:
− Two LArTPCs at near and far locations (SBND and ICARUS)

− Same beam as LSND/MiniBooNE

− Both detectors already in operation

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

JSNS2:
− Search for  appearance in  beam 

from J-PARC’s spallation neutron source

− Pulsed neutrino source from pion, muon 

and kaon decay at rest

νe νμ

− JSNS2: same type of source (  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

μ
Also deploying a 
second detector 
at a baseline of 

48 m 

First detector 
already in 
operation
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teraction ⌫e + p ! e
+ + n, followed by ⇠8MeV gammas from neutron capture

on Gd. The ⌫e energy is reconstructed by the positron visible energy plus 0.8

MeV. In particular, the delayed signal identification by neutron capture on Gd

allows for a significant reduction of ambient �-ray backgrounds below 3MeV.

A coincidence requirement of 100µs between prompt and delayed events fur-

ther reduces the background event rate substantially. The requirements of the

time coincidence and their spatial correlation reduces the accidental background

by a factor of approximately 104. By taking advantage of the short pulse width

and low frequency of the RCS proton beam, a timing gate requirement of a

prompt candidate event between 1 and 10µs from the beam starting time elim-

inates most of the neutrinos from pion and kaon decays and beam-induced fast

neutrons, and also reduces the cosmic-ray induced background by ⇠105.

The detector is located on the third floor of the MLF at a baseline distance

of 24m from the neutrino source. Figure 1 shows the overall layout of the JSNS2

experiment. Data collected with the JSNS2 experiment will be sensitive to eV-

scale sterile neutrinos and can be used to perform an ultimate and direct test

of the LSND anomaly.

Figure 1: Layout of JSNS2 experiment. The detector is located on the third floor of the MLF

at a baseline distance of 24m from the neutrino source.

3

https://arxiv.org/abs/2104.13169
https://arxiv.org/abs/2012.10807
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Reactor Antineutrino 
Anomaly (RAA)

33

*new data = fuel evolution in LEU experiments, 
measurements in HEU experiments, measurement of 
235U/239Pu beta spectra ratio at Kurchatov Institute

• Description: a ~6% deficit with ~3σ significance in the measured total reactor  flux 
versus the prediction from the Huber+Mueller (HM) model at short baselines

ν̄e

− Could also be explained by ~eV sterile 
neutrino oscillations 

… by about the right amount to 
explain the anomaly!
18

Current Status

rX = ratio of measured over predicted rate for 
isotope X with respect to the HM prediction 

conversion 
predictions 

relying on ILL 
beta spectra

Recent beta ratio 

measurement at Kurchatov 

Institute
recent summation 

model

− New data* suggests that 235U beta 
spectrum from ILL underlying all 
conversion predictions is largely 
responsible for reactor antineutrino 
anomaly 

− Shape anomaly remains unexplained 
and is caused by a yet unknown issue 
affecting both conversion and 
summation predictions

− All in all, sterile neutrino hypothesis 
not ruled out, but weakened

• Good progress in understanding the reactor antineutrino anomaly: 

See arXiv:2203.07214 for a 
detailed description

*new data = fuel evolution in LEU experiments, 
measurements in HEU experiments, measurement of 
235U/239Pu beta spectra ratio at Kurchatov Institute

See arXiv:2203.07214 for a 
detailed description

− However, new data* suggests that the HM model 
overestimates the  flux from 235U fissionν̄e

Note: there is still a discrepancy in the reactor  spectral shapeν̄e

https://arxiv.org/abs/2203.07214


Disposition : Titre et contenu
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Short Baselines - Global Context

Ø Success of the short baseline experimental 
program.

Ø Strong limits set on q14 from complementary 
measurements. The sterile neutrino hypothesis 
is rejected over most of the RAA phase space. 

Ø Strong tension with the BEST contour. See D. 
Gorbunov’s talk on Friday.

à Joint analysis of reactor data is of great 
interest.

34

RAA Exclusion Contours and Hint

34

• Moreover, searches for sterile 
neutrino oscillations have been 
performed:
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DANSS, NEOS, Neutrino-4, 
PROSPECT, SoLid, 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:

− It is controversial (e.g. PLB 816, 136214 (2021) and arXiv:2006.13639)

− It is in strong tension with null results from other experiments (e.g. plot above)

− It is roughly consistent with the Gallium Anomaly (next slide)

− It is 2.7σ

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://arxiv.org/abs/2006.13639
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The Gallium Anomaly
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• Description: capture rates of  from 
calibration sources on 71Ga are below 
expectation

νe

Gallex and SAGE:
Radiochemical neutrino experiments that detected 
solar neutrinos via  νe +71 Ga →71 Ge + e−

High significance (>5σ), but oscillation interpretation 
in strong tension with reactor  data and KATRIN 

exclusion contours
ν̄e

• What next? 

− Ideas for new tests are under planning & discussion

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

ν̄e

BEST:

PPNP 134, 104082 (2024)

Most of these measurements 
were done in the 90s

Measurements 
carried out in 

2019

− Independent test of 
the Gallium Anomaly


− Two-volume design

− High-intensity 51Cr 

source

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

Progress in Particle and Nuclear Physics 134 (2024) 104082

8

S.R. Elliott et al.

Fig. 3.1. A Cartoon of the BEST experiment configuration.

Fig. 3.2. A photograph of the two-target volume during assembly.

3. The BEST experiment

BEST goals included a higher intensity source, to improve counting statistics, and the introduction of two nested target volumes,
so that if oscillations were occurring, variations in the flux with distance might be identified. Fig. 3.1 shows the experimental layout.
Fig. 3.2 shows the nested target volume during construction and Fig. 3.3 shows photos of the BEST lab at the Baksan Neutrino
Observatory. The BEST source, approximately six times stronger than the SAGE sources, is described in Section 3.1.

The procedure began with adding Ge carrier to each of the two zones and then installing the source into the center of the
two-zone target volume, for an exposure of about 10 d. The source would then be moved to the calorimeter to measure its activity,
while the Ga was pumped to the chemical reactors to perform the 71Ge extraction. The extraction of the Ge (carrier and 71Ge) was
conducted over about a day. The GeH4 gas was synthesized, mixed with Xe, and inserted into proportional counters. The gas was
then counted for 60–150 d. The following subsections discuss these key experimental activities in further detail.

3.1. The 51Cr Source

3.1.1. Source fabrication
Chromium has four stable isotopes, with neutron capture on 50Cr providing the key nuclear reaction pathway for producing

radioactive 51Cr. 50Cr has a low natural abundance (4.35%) and 53Cr has a high neutron capture cross section. As a result, one must

https://link.springer.com/article/10.1140/epjc/s10052-023-11818-y
https://www.sciencedirect.com/science/article/pii/S0146641023000637
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• Neutrino oscillations are a window to physics beyond the Standard Model 
and an excellent way to measure many properties of these elusive particles

− We expect the following breakthroughs in rough chronological order:

• The field is now in a precision era

Stay tuned for more exciting results and (hopefu"y) some surprises!

Summary & Conclusions

− Maybe characterize any physics beyond the 3-neutrino framework?

− Make a definite determination of the mass ordering

• 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: 

− Break the sub-percent precision barrier in some oscillation parameters

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

hopefully within this decade!
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Thank you for your attention!


