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Selected highlights (experimental) from the Neutrino conference 
and future experiments we are eagerly anticipating



Outline

• Measuring neutrino mixing parameters
• Observing neutrino sources Part I: the Cosmos
• Hints of sterile neutrinos? – status
• Observing neutrino sources Part II: the Sun and the Earth
• Neutrino interactions
• Neutrino mass and their charge conjugation nature
• Upcoming large experiments DUNE, Hyper-K and JUNO



Neutrino Oscillation Paradigm
3-Flavour Mixing
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Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are
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From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:
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The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:
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where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =

Q

ca
c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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• 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
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Majorana

From S. Parke



Measured Values of Oscillation Parameters

Mariam Tórtola (IFIC-CSIC/UValencia) Neutrino 2024, Milano12

2.7 %

1.0 %

5.4%

2.6%

relative 1σ uncert

SSM HZ model - MB22m

Valencia Global Fit (Pre-Nu2024)

Global fit to ν oscillation parameters

octant?

mass 
ordering?

maximal  CP  
violation??

3-4%

with SK atmospheric

10-15%

From M. Tórtola



T2K New Results and ND280 UpgradeOscillation analysis results

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

J-PARC ND280 Super-Kamiokande

295 km

Mt. Ikeno 
1,360 m

νμ νμ νe

• High intensity ~600 MeV 𝜈μ or 𝜈̅μ beam produced at J-PARC (Tokai)

• Neutrinos detected at the Near Detector (ND280) and at the Far Detector (Super-

Kamiokande) 

• 𝜈e and 𝜈̅e appearance → determine θ13 and δCP

• Precise measurement of 𝜈μ disappearance → θ23 and |Δm232|

T2K experiment

Beam power → 800 kW last week!
ND280 upgraded with new SuperFGD, 
2 High-Angle TPCs, 6 ToF planes for neutrons
 and taking data! 
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T2K experiment

June 2024: Full upgrade
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Beam power → 800 kW last week!
ND280 upgraded with new SuperFGD, 
2 High-Angle TPCs, 6 ToF planes for neutrons
 and taking data! 
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Far detector observations: νe 

Data favors region where

matter & CP violation e�ects

oppose one another

Future ν data will be critical for disentangling

ν

ν

Presented by J. Wolcott

NOvA New Results with 10 yrs Data
Mass ordering (w/1D reactor)
NO/IO 3.2 Bayes Factor

Octant (w/1D reactor)
Upper/Lower 2.2 BF

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
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Far detector observations: νe 

Data favors region where

matter & CP violation e�ects

oppose one another

Future ν data will be critical for disentangling

ν

ν

Presented by J. Wolcott

Most precise measurement ∆"!"
"  (±1.5%)

Data lies in region where matter effects and CP oppose
CP-conserving values favoured in NO (but outside 3$ interval in IO)

NOvA New Results with 10 yrs Data

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 45

Mass ordering and CPV Do neutrinos exhibit

CP violation?
③

CP-conserving 

points 

favored in NO

but 

outside 3σ 

interval in IO

w/ 1D Daya Bay

vs

Which way are the 

neutrino mass states 

ordered?

②

NO IO

Mass ordering & CP violation heavily entangled:

data favors region with (ordering, δCP) degeneracy
(for CPV alone see Jarlskog invariant in overKow slides)

Mass ordering (w/1D reactor)
NO/IO 3.2 Bayes Factor

Octant (w/1D reactor)
Upper/Lower 2.2 BF



Joint Analysis: T2K+NOvA
Presented by J. Wolcott

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
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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!
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Joint Analysis: T2K+SK
Presented by C. Giganti

Results
• Both experiments individually prefer normal ordering and δCP~-π/2, T2K prefers upper octant, SK prefer 

lower octant

• We performed Bayesian and Frequentist analyses → frequentist analyses shown today

• The CP-conserving value of the Jarlskog invariant is excluded with a significance between 1.9 and 2 σ

• In the frequentist analysis, p-value for CPC is 0.037 but increase to 0.05 when potential biases due to cross-

section mis-modeling are included

• Normal ordering is preferred, p-value for IO 0.08

23

Z. Xie, L. Berns poster arXiv:2405.12488

CP-conserving value disfavoured with significance 1.9-2.0$
NO is preferred; IO p-value is 0.08

Same detector compels to unify model, systematic uncertainties, interaction model



Atmospheric Neutrinos
Produced by cosmic rays colliding
with the atmosphere

Presented by I. Martínez Soler
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Atmospheric Neutrinos
Atmospheric neutrinos are created in the collision of 
cosmic rays with the atmospheric nuclei

π → μνμ
K → μνμ
μ → eν̄eν̄μ

E. Richard et al. (SK), PRD 94 (2016) 5

Ivan Martinez-Soler (IPPP) 2 Neutrino2024



Atmospheric Neutrinos
Provide good sensitivity to mass ordering (at ~6σ) in projections 
including future experiments; and to other oscillation parameters

Ivan Martinez-Soler (IPPP)

Conclusions
• Neutrino oscillation is entering the precision era, but unknown 

parameters remain.


• In the near future, atmospheric neutrinos can provide valuable 
information about the less constraints parameters:


• The ordering can be resolved to 

• The wrong  octant can be excluded at 

• Part of the parameter space of the CP phase can be 

explored at 


• In the future, new detectors like  DUNE will be able to improve 
the precision over the CP phase and the mass ordering.


∼ 6σ
θ23 3σ

3σ

28

Argüelles, Fernandez, IMS and Jin, PRX 13 (2023)

Neutrino2024

Presented by I. Martínez Soler

Combined Analysis:  and   θ23 Δm2
31

Ivan Martinez-Soler (IPPP)

Making a combined analysis of SK, HK, IceCube-upgrade 
and ORCA we have estimated the sensitivity to ,  and the 
mass ordering

δcp θ23

Argüelles, Fernandez, IMS and Jin, PRX 13 (2023)
18 Neutrino2024Ivan Martinez-Soler (IPPP)

Combined Analysis: Mass Ordering 

• The sensitivity to the ordering is dominated by the cascades 
crossing the core in IC-upgrade and ORCA around the GeV.


• We expect to reach 6  by the end of the decade.σ

•  =  0.022 (fixed)

• Profiled over  

sin2 θ13
δcp

19

Argüelles, Fernandez, IMS and Jin, PRX 13 (2023)

Neutrino2024

We will hear from C. Argüelles Delgado
at this workshop!



Atmospheric Neutrinos w/Neutron Tagging
Enhancement of ! and !̅ identification and improvement of #!  
reconstruction from neutrons on gadolinium 

Presented by M. Posiadala-Zezula

Magdalena Posiadala-Zezula, NEUTRINO 2024, Milan 17-22 June 2024

Atmospheric neutrino oscillations

5

Oscillograms plotted  with: , 
, ,  and  

Phys. Rev. D. 97 072001

Δm2
21 = 7.7 × 10−5eV2

sin2 θ23 = 0.50 sin2 θ12 = 0.30 sin2 θ13 = 0.0219 δCP = 0

•Impact of matter effects:  
•NO: enhancement of  
appearance  

•NO: effect is not 
present for  

•IO; situation is reversed 

νe

ν̄μ → ν̄e

•Thanks to presence of matter effects we 
are sensitive to  neutrino mass ordering P(νμ → νe)

P(ν̄μ → ν̄e)

Normal Ordering (NO) Inverted Ordering (IO)

Oscillogram
for Super-K



IceCube ν detector

• Ice Cherenkov ν detector
• 1.5 – 2.5 km under ice
• 5,160 DOMs on 86 strings
• 1 km3 volume
• High energy array spacing

• Δ𝑧=17m
• Δ 𝑥, 𝑦 =125m

• LE extension: DeepCore
• Δ𝑧=7m
• Δ 𝑥, 𝑦 =40-70m

3
x y

z

IceCube Atmospheric Oscillation Result

150,000 ! candidate events in 9 yrs data
in oscillation analysis (also sterile ! 
searches)

Presented by J. P. Yáñez
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IceCube Atmospheric Oscillation Result

150,000 ! candidate events in 9 yrs data
in oscillation analysis (also sterile ! 
searches)

Presented by J. P. Yáñez

Atm. Osc. - Newest result
• CNN-based classification and reco

• Uses inputs that our MC describes well
• Recovers events that are hard to handle
• 150,000 𝜈 candidates in 9 years of data

• Best fit
sinଶ𝜃ଶଷ = 0.54ି଴.଴ଷା଴.଴ସ

Δ𝑚ଷଶ
ଶ = 2.40ି଴.଴ସା଴.଴ହ × 10ିଷ eV2

GoF p-value: 19%

18

IceCube, 
arXiv:2405.02163

Cascade-like  Track- and cascade-like     Track-like
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IceCube Upgrade
Presented by J. P. Yáñez, J.A. Aguilar

The IceCube Upgrade

27

Fully funded (NSF+partners)
Deployment to occur 2025-2026

• New devices in the ice
• Recalibration of all data
• Lower E threshold for DC

The IceCube Upgrade

27

Fully funded (NSF+partners)
Deployment to occur 2025-2026

• New devices in the ice
• Recalibration of all data
• Lower E threshold for DC

Detecting 2-100 GeV (atmospheric)
neutrinos



IceCube Upgrade
Presented by J. P. Yáñez

IceCube Upgrade potential
• Significant increase of events at 10 GeV
• Projecting precision on std. oscillations

• Includes selection, reconstruction and current 
uncertainties

28

Significant increase
of events at 10 GeV (and below)! 

Oscillations to %# in DeepCore

Standard oscillations (DC) to 𝜈ఛ

• Results from older sample
• Analysis with new sample 

will come next

41

Phys. Rev. D 99, 032007 (2019)Standard oscillations (DC) to 𝜈ఛ

• Results from older sample
• Analysis with new sample 

will come next

41

Phys. Rev. D 99, 032007 (2019)

Expecting world-leading 
precision with
~9,700 %#,%%  
events



IceCube Gen2
Presented by J.A. Aguilar
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KM3NeT (ORCA)

Several 1000 !"  per year (10-40 GeV)
(coupling to 3rd family; new physics)

Presented by J. Brunner, J. CoelhoDetectors - KM3NeT/ORCA construc9on

• Data taking and current 
analyses

• 433 and 715 kt-yr results
• 1.6 Mt-yr on tape

13

433 kt-yr
715 kt-yr

1.67 Mt-yr

Equivalent 3yr full ORCA

ORCA 
completed

• ConstrucEon schedule
• Data sample equivalent of 

3 years full ORCA 
before end of decade
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318 Jun 2024

The KM3NeT DU
• 18 KM3NeT DOMs are joined together in a chain to form a Detection Unit (DU)
• DUs are rolled up into a Launcher of Optical Modules (LOM) for deployment at sea
• Once at the bottom, LOM is released and unrolls the DUs into its final vertical position
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Neutrino oscilla4ons

5

• nt appearance 10-40 GeV
à nt cross secCon, nt sector BSM tests



KM3NeT (ARCA)
Presented by J. Coelho
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Uncharted Territory
Presented by J. Coelho



2518 Jun 2024

Uncharted Territory
• Significant event observed with huge amount of light
• Horizontal event (1° above horizon) as expected since earth opaque to 

neutrinos at PeV scale
• 3672 PMTs (35%) were triggered in the detector
• Muons simulated at 10 PeV almost never generate this much light

– Likely multiple 10’s of PeV

1 in 110 million 
data events

KM3NeT 
Preliminary

Presented by J. Coelho



Baikal-GVD
Presented by R. Dvornický

Succesful 2024 deployment campaign 16/02 – 07/04
• 14 regular strings carrying 36 OMs installed 
• 2 strings added to experimental (“optical”) cluster 
• Pilot string for HUNT project

~0.6 km3 detector volume
110 strings with 3960 Oms

First “non-IceCube”
evidence for diffuse
astrophysical neutrino flux



Dawn of Neutrino Astronomy
Presented by J. Coelho, J.A. Aguilar, N. Kurahashi Neilson, K. Hughes

Naoko Kurahashi Neilson (Drexel University)

32

Argüelles, Halzen, and Kurahashi ( arXiv:2405.17623)

P-ONE
TRIDENT
HUNT
TAMBO
GRAND
BEACON
RNO-G
PUEO
…

possible future
neutrino 
telescopes

Different detection technologies
Underwater Cherenkov
Under-ice Cherenkov
Horizontal shower
Radio detection



DSNB hint at ~2.3!
Presented by M. Harada

Tension from zero assumption
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Spectrum fitting analysis to extract significance 
Total 6779 days of SK (5823 d pure-water and  
956 d Gd-water) combined  
Analysis threshold: Eν> 17.3 MeV 
Suppress uncertainty of background prediction 
by fitting both Nn=1, Nn≠1
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SKI-IV

SKVI+VII ∼ 1σ excess

∼ 1.5σ excess

∼ 2.3σ excess
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Highlight: 
Sensitivity of SK-Gd ~1000 days exposure is already 
comparable level it with ~6000 days of pure-water SK 
Best fit of whole SK observation is 1.4+0.8-0.6 cm-2 s-1  
for Eν> 17.3 MeV 
➡ exhibit ~2.3σ excess!!

(Rogly, poster 79)

The world largest underground water Cherenkov detector 
Super-Kamiokande

11

Super-Kamiokande (SK): WC detector 
Location: 1000 m underground@Kamioka mine, Japan 

Phase:  exposure with 22.5 kton times… 
No neutron tagging (1996 - 2008):  3033 d (SK-I ̶ III) 
pure-water with neutron tagging (2008 - 2018): 2970 d (SK-IV) 
Gd-loaded water with neutron tagging (2020-present): >956 d (SK-VI, VII)

ν

ID
OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/introduction.html

nν̄e Gdp

e+
γ

γ
γ

Total 8 MeV

ν̄e + p → e+ + n

Concentration of Gd nuclei [fraction of weight]

5−10 4−10 3−10
C

ap
tu

re
 o

n 
G

d 
nu

cl
ei

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

∼ 50% (2020-2022)

∼ 75% (2022-)
0.011% (SK-VI)

0.033% (SK-VII)

Beacom and Vagins (2004)
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DSNB hint at ~2.3!
SK-Gd and SK data combined
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Results

15

SK-Gd energy spectrum
Highlight: 
Additional 404 days with 0.03% Gd➡ Totally 956 days SK-Gd data 

Select only Nn = 1 
New neutron ID and background reduction 

No signal obvious excess, but indicates (min. p-value=0.04)
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Short Baseline Experiments
MicroBooNE 5-yr Results

Presented by D. Caratelli

BNB & NuMI At MicroBooNE

BNB

NuMI

31



Short Baseline Experiments
MicroBooNE 5-yr Results
“Low-Energy Excess” search for pionless !#
• 6.8e20 → 11.1e20 POT of BNBLEE Search: νe

19

Expanded investigation of electron excess hypothesis:


• 6.86e20 —> 11.1e20 POT of data


• new constraint of intrinsic  and  backgrounds 


• complementary signal hypotheses: , , and 

νe π0

Eν Eelec θelec

Results:


• data compatible with background-only prediction


• data inconsistent with -like excess at > 99% CL 

• results consistent across kinematic variables tested.


More details in MICROBOONE-NOTE-1127-PUB

νe

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

under different kinematic hypotheses

MicroBooNE preliminary

“Low Energy Excess Searches” POSTER #628 [Tuesday]
18

1e0p0π
1e0p0π

1eNp0π
1eNp0π

Eelectron

Beam

θelectronp-value 10.4%

p-value 62.5%

p-value 77.6%

p-value 15.3%

Shower kinematics-based model:


combined Np & 0p channels:


exclude model at > 99.9% CL

LEE Search:  resultsνe

18
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Shower kinematics-based model:


combined Np & 0p channels:


exclude model at > 99.9% CL

LEE Search:  resultsνe

Presented by D. Caratelli

data inconsistent with %&-like
excess at >99% CL



Short Baseline Experiments
ICARUS First Results

Presented by D. Gibin

Minerba Betancourt

9
J. Nowak, Lancaster University

• Rates at SBND:
• From Booster: 0.22 Hz (ν) and 0.07 Hz cosmic

• Rates at ICARUS: 
• From Booster 0.03 Hz (ν) and 0.11 Hz cosmic
• From NuMI: 0.014 Hz (ν)  and 0.08 Hz cosmic

�8

LAr TPC facility on the Neutrino Beams at Fermilab 

BNB

f(
n)
/M

eV
/m

2 /
10

6  
Po

T

Energy [GeV]

Short Baseline Neutrino (SBN) at FNAL BNB and NuMI beams:
a definitive answer to sterile neutrinos ?

●ICARUS and SBND LAr-TPC’s are installed at 600 and 110 m      
from the Booster p target, searching for sterile-n oscillations 
both in appearance and disappearance channels, comparing the 
neutrino events collected by near and far detectors;

●In addition, ICARUS is exposed to the NuMI beam at ~6∘ off-axis 
(n cross-section and BSM searches).

ICARUS
600m baseline
470t active 
volume
Taking data 

SBND
110m baseline
112t active 
volume
Commissioning 

Booster Neutrino Beam (BNB)

arxiv:1503.01520

6 ∘ off axis from Main Injector (NuMI)

Neutrino 2024 - Daniele Gibin

Minerba Betancourt

Short Baseline Program (SBN)

�7

• LArTPC detectors at different baselines from Booster neutrino beam searching for 
sterile neutrino oscillations measuring both appearance and disappearance channels 
with three detectors  

• Measure neutrino cross sections on liquid argon
• Same detector technology and neutrino beamline: reducing systematic uncertainties 

to the % level
- A detection technique providing an excellent neutrino identification to reduce the 

backgrounds 

Program aimed at definitely solving the “sterile neutrino puzzle” 
by exploiting:

§ the well characterized FNAL Booster ν beamline;

§ three detectors based on the same liquid argon TPC technique.

7
J. Nowak, Lancaster University

See talk by Georgia Karagiorgi: Neutrino Oscillation in MicroBooNE 

SBNDMicroBooNEICARUS

arXiv:1503.01520
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Short Baseline Experiments
ICARUS First Results
Data with BNB and NuMI beams
     study !$  disappearance while
     waiting for SBN

Presented by D. Gibin

nµ event selection for disappearance analysis at BNB
l Fully contained nµCC events with 1µ+N protons are studied, requiring:

a) PMT light signal inside 1.6 µs p beam spill window correlated with TPC tracks 2),                
with no CRT signal 1) ;                               

b) a muon with Lµ >50 cm and at least one proton track3) with EK >50 MeV (Lp >2.3 cm)          
fully contained and identified by PID scores based on dE/dx; 

c) no additional p, g.                     

See posters by: 1) F.Poppi, 2) M. Cicerchia , 3) A. Campani, 4) M. Artero-Pons , 5) J. Mueller, 
Neutrino 2024 - Daniele Gibin

l Residual cosmic backgrounds are less than 1%.

l Two independent analysis streams are considered, respectively based on:                                                        
a) Pandora pattern recognition 4) and                                                                                       
b) machine learning (ML) reconstruction code 5).

l A visual selection of n candidates is used to validate the performance of selection/ reconstr. 
procedures for both analyses.

!Tµ

!Tp

Momentum in the transverse 
plane (MeV/c)

200

400

!TMiss

En~1.4 GeV
l The global event kinematics 

is obtained from range 
measurement of µ and p. 

10

1µNp analysis – event selection results
l Data- MC agree within systematics for all studied event kinematic variables;                    

(10% of RUN-2 data analyzed,             
20 time more data available) ;

l Ready for the next analysis steps: enlarge the control sample size to confirm the analysis 
robustness and then proceed to full dataset unblinding and oscillation fit. 

see 1)M. Artero-Pons, 2)J. Mueller poster

ICARUS Work in progress
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l Pandora based analysis1)               

with ~50% efficiency      
for the signal:                 
BNB beam 1.93 1019 PoT           
(~34 k events for 3.89 1020 PoT)

Neutrino 2024 - Daniele Gibin

l ML based analysis2)     

with >50% efficiency                
for the signal:                     
BNB beam 1.92 1019 PoT          
(~42 k events for 3.89 1020 PoT)

12
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Reactor Antineutrino Anomaly and
Sterile Neutrinos

A. VIVALDIPresented by A. Sonzogni, D. Gorbunov, M. Danilov, Y. Oh

“Truth in contention”
RAA is mostly understood now except for the ~5-6 MeV bump
(other features of the spectrum also to be better understood in the future)

BEST result (2021) not understood: 

BEST: R1 = 0.791±0.050, R2 = 0.766±0.050 2109.11482

5-s evidence for ns 2109.14654

confirmation of Gallium anomaly

Sterile n : review of positive hints 21.06.2024, Neutrino 2024 31 / 45Dmitry Gorbunov

26

Gallium Anomaly (GA)

Deficit of ν events in GALLEX and SAGE calibrations with radioactive sources 
 GA – 3.0σ (Giunti, Laveder 1006.3244)

Recently BEST confirmed GA with more than 5σ ! arXiv:2109.11482 

No difference between inner and outer
targets Rin = 0.791±0.05 and Rout = 0.766±0.05 

No sign of oscillations. Only rate difference

Significant deficit implies large mixing

3.4 MCi 51Cr 
source !

BEST: R1 = 0.791±0.050, R2 = 0.766±0.050 2109.11482

5-s evidence for ns 2109.14654

confirmation of Gallium anomaly

Sterile n : review of positive hints 21.06.2024, Neutrino 2024 31 / 45Dmitry Gorbunov

10

Kopeikin et al., 2021
Phys. Rev. D 104, L071301 (2021).

o Measurement of 235U / 239Pu electron spectra ratio 
R59 using scintillators outside reactor core.

o I=7 x 106 n s-1 cm-2

o Ratio of 235U to 239Pu electron spectra is about 5% 
lower than ILL values.   

o Assuming that ILL 239Pu and 241Pu spectra are 
correct, renormalize 235U Huber and 238U Haag 
spectra using this ratio.

o Deficit improves, but still present.   Bump gets 
more visible.

o Why is the  235U ILL sp ectrum normalization not 
correct?  Afte r all it seems to  b e  the  b est of the  3  
ILL d atase ts. 
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• Tested sterile neutrino phase space 
using 990 energy (33) x baseline (6) x period (5) bins.

– Used a ‘relative spectral ratio’ approach with a CNP χ2 test statistic: compare 
each baseline’s energy spectrum to the baseline-integrated spectrum

– Final result is still
statistics-limited.

• PROSPECT provides new
world-leading limits on
sterile neutrino oscillations

– New regions of high-Δm2 space 
are excluded at >95% CL, 
including all space below
10 eV2 suggested by the
Gallium Anomaly

– Neutrino-4 best-fit point is
ruled out at >5σ CL but not the
whole Neutrino-4 allowed region

Strict limits on νs mixing in a huge range of Δm2 by a combination of experiments

PROSPECT Final Osc: Exclusion

1
8

PROSPECT, Neutrino 2024, arXiv[2406.TBD]

D. Venegas-Vargas: Poster #383

DANSS

DYB

PROSPECT
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The Sun and the Earth in Neutrinos
Presented by J. Maneira, L. Ludhova

1

• SNO+ is a 780 tonne Liquid scintillator Detector.
• The scintillator is held in a 12 meter diameter 

acrylic sphere, surrounded by a PMT support 
structure (PSUP) emersed in 7000 tones of ultra 
pure water.

• It is instrumented with ~9400 8 inch PMTs to 
observe light produce by interactions.

• The DAQ is composed of original SNO electronics 
from the 90s (with a few upgrades)

• The Detector Working Group’s Mission :
• Maximum detector uptime
• High quality physics data
• Entropy control

What you know (hopefully)

*LAB is not maple syrup

The SNO+ experiment presented new solar, reactor and geo neutrino
results at Neutrino 2024.



The Sun and the Earth in Neutrinos
Presented by J. Maneira, L. Ludhova

The SNO+ experiment presented new solar, reactor and geo neutrino
results at Neutrino 2024.

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

S K  O S C I L L A T I O N S  G L O B A L  F I T

10

• Solar best-fit value updated to: 

• ~1.5 σ  away from KamLAND

Δm2
21 = 6.10+0.95

−0.81 × 10−5eV2

R E F.  4

SK fit, fixed θ13 

solar %&  and
reactor %̅&
slight
tension
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• SNO+ is a 780 tonne Liquid scintillator Detector.
• The scintillator is held in a 12 meter diameter 

acrylic sphere, surrounded by a PMT support 
structure (PSUP) emersed in 7000 tones of ultra 
pure water.

• It is instrumented with ~9400 8 inch PMTs to 
observe light produce by interactions.

• The DAQ is composed of original SNO electronics 
from the 90s (with a few upgrades)

• The Detector Working Group’s Mission :
• Maximum detector uptime
• High quality physics data
• Entropy control

What you know (hopefully)

*LAB is not maple syrup



The Sun and the Earth in Neutrinos
New results from SNO+ including:
- observing 2 events of CC 8B solar !' on 13C, the first time this channel has been 

used to detect neutrinos!

Presented by J. Maneira

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

C C  O N  C A R B O N - 1 3 ,  R E S U L T S

20

• Cuts optimised prior to “blind box” opening: 
• Fiducial volume: R< 5.3 m 
• Prompt energy:  5.0 < E (e-) < 15.0 MeV 
• Delayed energy: 1.14 < E (e+) < 2.2 MeV 
• ΔR < 0.36 m 
• 0.01 < ΔT < 24 min  
• Likelihood ratio analysis 

• Wider cuts on Delayed energy, ΔR, ΔT 
• Likelihood ratio discriminant> 4
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• As yet unobserved reaction of  electron 
neutrinos on Carbon-13 

• Only 1.1% isotopic abundance, but cross 
section ~12× higher than ES at 8B ν energies 
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νe +13 C → e− +13 N
13N → e+ + νe +13 C

• Cosmogenic backgrounds from 11Be: 
negligible at SNOLAB depth 

• Dominant accidental backgrounds 
determined by data-driven method 

• Randomly pick fake prompt , then search 
for delayed signal candidates

Prompt e- energy = E (νe) - 2.2 MeV

Delayed 
e+  annihilation 
[1.01, 2.2] MeVτ = 862.6 s

P O S T E R  4 1 6  /  G .  M I LT O N

"# 13#
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13%
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$%

13#
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!

!

Delayed e+ 
annihilation  
[1.01,2.20] MeV 

Prompt e- energy = E(#!) − 2.2	)*+

! = 862.6 s

8B solar neutrino 
energy =	E($!)

R E F.  1 0
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The Sun and the Earth in Neutrinos
New results from SNO+ including:
- second measurement of Δ#()( = 7.96*+.-).+.-/×10*0 eV2 with reactor	!̅'
- prelim. geoneutrino flux measurement of 64 ± 44 TNU (refined analysis soon)

Presented by J. Maneira, L. Ludhova

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano
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• Still stats limited, but lower (α,n) background 
• Geo-nu 64+/- 44 TNU, will improve soon with 

(α,n) classifier 
• Unconstrained oscillation fit

Solar  
w/ new SK

Scint. phase: 
286 t.y 

exposure, 
38 Hz 210Po 

Δm2
21 = 7.96+0.48

−0.41 × 10−5eV2

• ~1.3σ from solar only,  <1σ from KL

P O S T E R  4 8 3 /  J .  PA G E

P O S T E R  5 2 5  /  S .  A N D R I N G A
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Coherent  Scattering
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                                            @NEUTRINO2024: 

96: S. Hedges, Measurement of the electron-neutrino charged-
current cross section on iodine-127 with the COHERENT NaIvE 
detector 

155: J. Hakenmüller,  CEvNS detection with Ge-Mini 

200: T. Johnson, The First Search for Neutrino-Induced Nuclear 
Fission 

265: D. Rudik,  The COHERENT experiment 

442: C. Prior, Exploring the Advantages of an Undoped, Cryogenic 
CsI Detector for CEvNS Experiments at the SNS with COHERENT 

444: G. Li, Status of the D2O Detector for the COHERENT 
Experiment 

453: V. Da Silva, Measuring Electron Neutrino Charged-Current 
interactions on Argon at 10-50 MeV with the COHERENT 750 kg 
Detector 

495: C. Su: Characterization and Optimization of Cryogenic Pure CsI 
Detector for CLOVERS Experiment 

568: N. Ogoi, Measuring Inelastic-Neutrino Scattering on Lead Using 
a Cherenkov Detector at the Spallation Neutron Source at ORNL

Presented by M. Green, I. Nasteva

• At low energies, neutrinos scatter coherently off
all neutrons in nucleus → cross section goes as N2

• Many experiments making measurements at
spallation sources (π DAR) and at reactors… so far, only
the COHERENT Collaboration at the SNS (Oak Ridge) has seen 
signals over background

Coherent elastic nN scattering

• In the Coherent Elastic Neutrino-Nucleus Scattering (CEνNS) interaction, the neutrino 
scatters off the nucleus as a whole.

• Neutral-current interaction, all neutrino flavours.
• Predicted by two groups in 1974.
• Discovered by COHERENT in 2017. 

Coherent Elastic Neutrino-Nucleus Scattering 2D. Pershey New CEvNS Results from the COHERENT CsI[Na] Detector

Nuclear Recoil Signature

The struck nucleus acquires a small 
recoil energy

• Max recoil energy is 2𝐸஝ଶ/𝑀
• Only 15 keV for CsI at 30 MeV

1:   Need a detector with a very 
low threshold
• Recent advances in dark matter detection 

has made keV-scale thresholds possible

2:   Will need to place detector in    
a large neutrino flux

5

Science 357, 1123, 2017

D. Freedman, Phys.Rev. D 9 1389 (1974)
V.B. Kopeliovich and L.L. Frankfurt, JETP Lett. 19 4 236 (1974)

Matthew Green for the COHERENT Collaboration 
NEUTRINO 2024 - June 21, 2024

COHERENT: CEvNS and More at the SNS



Coherent  Scattering

New Ge observation plus many new detectors
sensitive to new physics
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Precision CEvNS: COH-Ar-750
• Single-phase LAr 

calorimeter 
• 3000 CEvNS events/yr; 

500 inelastic events/yr 
• Phase I detector funded 
• R&D for Phase II upgrades: 

– SiPMs 
– Xe-doping 

• Commissioning late 2024 
• First data: 2025

22
4

CENNS-1ton Test at SNU

COHERENT Collaboration Meeting2024-05-29 Jonghee Yoo (SNU)

5

Mockup PMT Array @ SNU

COHERENT Collaboration Meeting2024-05-29 Jonghee Yoo (SNU)

Indiana University made 
the PMT array structure 

Test assembly in the cryo-chamber 
will be done at SNU (in 2-weeks)  

160 frosted PMTs are delivered to IU
TPB coating work in late summer(?)

3COHERENT Collaboration Meeting2024-05-29 Jonghee Yoo (SNU)

COH-Ar-750 (CENNS-1ton)

See Poster 453: Vinicius Da Silva

Presented by M. Green



KATRIN New Result
Presented by A. Lokhov

Fit result

● Best-fit value

● Negative m2 estimates allowed by the 
spectrum model to accommodate 
statistical fluctuations

● Post-unblinding a data-combination 
mistake was uncovered →

○ Resolved by splitting KNM4 into two data sets
○ ~ 0.1 eV2 impact on m2

18

Q-value: (18 575.0 ± 0.3) eV

Preprint →

Confidence interval

● KATRIN’s new upper limit

using Lokhov-Tkachov construction

● Feldman-Cousins limit:
○ m𝜈 < 0.31 eV at 90 % CL 

○ Shrinking upper limit for negative m𝜈
2

● Bayesian analysis in preparation

19

Poster by
W. Xu

Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889
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Preprint →

The KATRIN experiment

Full system description & commissioning: KATRIN, JINST 16 (2021) T08015

7

KATRIN:
Karlsruhe
Tritium
Neutrino
Experiment
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Double Beta Decay Updated 
Results at Neutrino 2024
• 1st year of LEGEND-200: combined 

with GERDA, Majorana:
76Ge %!/# > 1.9×10#$ yrs

• New KamLAND-Zen 800 result:
136Xe %!/# > 3.8×10#$ yrs

• Latest CUORE 2024 result (data 05/2017 to 

04/2023):
130Te %!/# > 3.8×10#% yrs

Presented by L. Pertoldi, I. Shimizu, C. Bucci

CUORE

CUORE latest results and prospects 
Carlo Bucci on behalf of the CUORE collaboration  
INFN - LNGS

KamLAND-Zen 800

0νββ search : Feb. 5, 2019 − Jan. 12, 2024 
with the complete KamLAND-Zen 800 data-set

THE PROJECT

“The collaboration aims to develop a phased, 76Ge-based
double-beta decay experimental program with discovery potential

at a half-life beyond 1028 yr, using existing resources as
appropriate to expedite physics results.”

LEGEND-200
• 200 kg of enrGe (×5 yr), in GERDA cryostat
• Taking physics data since March 2023 with 142 kg of enrGe
• 𝐵 ∼ 2 ⋅ 10−4 cts / (keV kg yr)⟼ 𝑇0ν1/2 > 1027 yr

LEGEND-1000 2107.11462

• 1 ton of enrGe (×10 yr), pending funding approval
• 𝐵 < 10−5 cts / (keV kg yr)⟼ 𝑇0ν1/2 > 1028 yr
• Fully cover 𝑚ββ inverted ordering region



Double Beta Decay Comparison – Updated!

Plot by S. Biller



Near-term New DBD Experiments

Status of NEXT-100

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly

Field cage

Tracking plane

Energy plane

22

Vessel

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella

NEXT-100 fully built and under commissioning

Presented by R. Guenette, MC also

Jeanne Wilson – SNOLAB Seminar

Te loading 
status
• Te purification 

and synthesis 
plants are built 
and operational 
(underground) 

• 250 kg first test 
batch purification 
of Te is 
happening now!

Te-diol synthesis plant

Te purification plant

SNO+ Te systems built and undergoing full-scale 
testing; over 4,000 kg Te in-hand (underground since 2015)
ready to deploy in 2025, after reviews and approvals



DBD Experimental Outlook

Other present and future 0νββ experiments

Roxanne Guénette


NEUTRINO 2024

18 June 2024 1

Other present and future 0νββ experiments

Roxanne Guénette


NEUTRINO 2024

18 June 2024 1

– 1000

“ton-scale” program
(US NSAC long-range plan)

Presented by L. Pertoldi, I. Shimizu, C. Bucci R. Guenette, MC also

We aim to start KamLAND2 in 2027

KamLAND2 construction

New collaborators are welcome!

KamLAND dismantling
Plan of Detector Upgrade
2024 2027

Now

enriched Xe collection

LS & Oil 
extraction

Super clean facility (KERNEL)

dismantling 
(PMT, balloon)

High QE 
PMT / Mirror

Clean 
balloon

High light 
yield LS

New electronics

Scintillation 
balloon

New PMT 
+ Mirror

New LS RFSoc

Top access hole &  
Calibration system

(fiscal year)clean 
facility

Super clean facility 
(KERNEL)

KamLAND

Clean room 
Pure water / air

(cavity)
underground area

KamLAND2-Zen

0νββ Detector Technologies

AMoRE-II

near-term new
experiments



DUNE

Long baseline neutrino oscillations, solar, atmospheric, supernova, 
proton decay, BSM,…

Presented by C. Marshall

DUNE - Neutrino24 - Chris Marshall5

● Wideband (anti)neutrino beamline with >2MW intensity

● Underground, modular LArTPC Far Detector with ≥40 kt fiducial mass

● Movable LArTPC Near Detector with muon spectrometer and 
separate on-axis detector

● Global collaboration of >1400 scientists and engineers

DUNE - Neutrino24 - Chris Marshall13

Far Detector energy spectra are 
sensitive to CP violation 

● If δCP ~ -π/2, DUNE will measure an enhancement in 

electron neutrino appearance, and a reduction in electron 
antineutrino appearance

● If the mass ordering is normal, DUNE will measure a much 
larger enhancement in electron neutrino appearance, and a 
reduction in electron antineutrino appearance

● MO, δCP, and θ23 all affect spectra with different shape → 

additional handle on resolving degeneracies

● If new physics is present, there may be no combination of 
MO, δCP, and θ23 that fits data

ν

ν

12 years

12 years

ν
e

ν
e

DUNE - Neutrino24 - Chris Marshall7

LArTPC: flavor & energy reco over a 
broad range of topologies

● 60% of interactions at DUNE energy have final state pions → LArTPC 
enables precise hadron reconstruction

● Excellent e/μ and e/γ separation

DUNE Horizontal Drift
simulated 3.0 GeV ν

μ

DUNE Horizontal Drift
simulated 2.5 GeV ν

e



DUNE

Long baseline neutrino oscillations, solar, atmospheric, supernova, 
proton decay, BSM,…

Presented by C. Marshall

DUNE - Neutrino24 - Chris Marshall26

ProtoDUNE: preparing for second runs
● Successful prototype of horizontal 

drift at CERN Neutrino Platform in 
2018 (ProtoDUNE-SP)

● ProtoDUNE-HD completed filling 
30th April, running since May, with 
beam turning on at 6pm tomorrow 
evening

● LAr will be transferred to 
ProtoDUNE-VD in October for 
running starting in early 2025

3 GeV π+

π+ n→π0 p 

π0 →γγ

stopping 
proton

cosmi
c 
muon

DUNE - Neutrino24 - Chris Marshall14

MO & CPV significance
if nature is kind 

● For best-case oscillation scenarios, DUNE has 

● >5σ mass ordering sensitivity in 1 year

● >3σ CPV sensitivity in 3.5 years

Eur. Phys. J. C 80, 978 (2020)

“if nature is kind”

DUNE - Neutrino24 - Chris Marshall5

● Wideband (anti)neutrino beamline with >2MW intensity

● Underground, modular LArTPC Far Detector with ≥40 kt fiducial mass

● Movable LArTPC Near Detector with muon spectrometer and 
separate on-axis detector

● Global collaboration of >1400 scientists and engineers
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Precision measurement of neutrino oscillations
Projected sensitivity to CPV Fraction of "!" to exclude sin "!" = 0!!"

Impact of syst. 
after 10yr

"#$ octant

!!"

Discovery of () violation at >5 + for >60% of dCP
1s resolution of "!" in	10	yrs
~20° for "#$ = −90° /  ~6° for "#$ = 0°

Reduction of systematic uncertainty has sizable impact:
• Upgrade of ND280 + ~600 ton Intermediate Water 

Cherenkov detector (IWCD) 
• Aim to suppress detector error below 1%
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Hyper-K
Presented by S. Moriyama

aiming for operational
start in 2027

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

HYPER -KAMIOKANDE

24

• Largest ever (solar) neutrino detector, starting 2027 
• Less deep than SK: higher cosmogenic backgrounds, but 

have several methods to tag the showers 
• Huge statistics: ~5 8B ν/hour  

• If            is that of  solar best fit, 5 σ on day-night effect.  
• If  the threshold is 3.5 MeV, 5 σ on low energy upturn 
• 2-3 σ measurement of  hep νs as well

TA L K  6 4 6 /  S .  M O R I YA M A

260 kton 
water Δm2

21

Day-Night Upturn

>4.5 MeV
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Hyper-K
Presented by S. Moriyama

aiming for operational
start in 2027
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Hyper-K
Presented by S. Moriyama

15Oct. 3, 2023 Completion of the dome (dia. 69 m, height 21 m, ~1 Super-K)

16Excavation of the HK cavern will be completed by the end of this year!

18

PMT production ongoing, >10,000 delivered.
Screening both at Hamamatsu and Kamioka

aiming for operational
start in 2027



JUNO
Aim to finish construction in 2024
and start filling

Presented by J. Cao

Acrylic Sphere: 
Inner Diameter (ID): 35.4 m
Thickness:12 cm

Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs

Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m
2400 20-inch PMTs

JUNO Detector 4

20 kton LS

35 kton
water

Top Tracker (TT)



JUNO
Aim to finish construction in 2024
and start filling

Presented by J. Cao

Inside the detector 6

Acrylic Sphere

Installation platform
Diameter and height change for each layer of acrylic bonding

Supporting Bar

SS Structure



JUNO
Presented by J. Cao

Precision Measurement of oscillation parameters 15

sin2𝟐𝜽𝟏𝟐, ∆𝒎𝟐𝟏
𝟐 , |∆𝒎𝟑𝟐

𝟐 |, leading measurements in 100 days; precision <0.5% in 6 years

Chin. Phys. C46 (2022) 12, 123001

ID#223, Precision Measurement



Conclusion

There were a lot of updates from neutrino 
experiments at the Neutrino conference!

The field has several large, important experiments being built, as 
well as experiments that are running, making measurements (or 
soon to be) and producing interesting results!

Experimental neutrino physics is a vibrant field with exciting future 
prospects!



Backup

• I did not mention these important topics
• Existing .)1reactor neutrino experiments
• Each experiment searching for sterile neutrinos (at reactors)
• Reactor monitoring and neutrinos for nuclear non-proliferation
• Many secondary capabilities of many experiments
• Neutrino and multi-messenger astronomy was under covered
• Supernova (core collapse) neutrinos
• Neutrino cosmology including ∑#2
• Neutrino hadroproduction and interactions – necessary for long baseline 

experiments and their systematics


