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Recent results in neutrino physics are found in the NEUTRINO2020 page: 
https://conferences.fnal.gov/nu2020/
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Why Neutrinos?
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• Overwhelming number of sources, wide range of energies 
• Need wide spectrum of experiments and technologies!

Credit: G. Zeller

Neutrinos Span Multiple Fields!

• Particle Physics

• AstroPhysics

• Cosmology

• High energy Astro-
particle physics

• Nuclear physics
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by S. Gollapinni @ICHEP2020

They are always around us and mysterious!

• Tν=1.95K 
• #Nν=112×3cm-3



• Interferometer to be sensitive to the small masses (and a potential) 
•  Δm322≡m32-m22～2.5×10-3 eV2 

• If m3>>m2, m3 ~ 0.05 eV  (⇄　me~511,000 eV) 

• Δm212≡m22-m12～7.5×10-5 eV2 

• If m2>>m1, m2 ~ 0.009 eV  (⇄　me~511,000 eV)

Neutrino oscillation
Probing very small neutrino masses
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Mixing	angles	(q12,	q23,	q13)
determine	flavor	contents	of	the	mass	eigen-state.

1 2 3ec c cµ tn n n= + +en =

Sunny	Seo,	IBS 8

Mixing	angles	(q12,	q23,	q13)
determine	flavor	contents	of	the	mass	eigen-state.

1 2 3ec c cµ tn n n= + +en =

Sunny	Seo,	IBS

by S. Seo@WIN 2019



5

νe
νµ

ντ

!

"

#
#

$

%

&
&
=UPMNS

ν1
ν2
ν3

!

"

#
#

$

%

&
&

UPMNS =
1 0 0
0 c23 s23
0 −s23 c23

"

#

$
$$

%

&

'
''

c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13

"

#

$
$
$

%

&

'
'
'

c12 s12 0
−s12 c12 0
0 0 1

"

#

$
$$

%

&

'
''

sij = sinθij , cij = cosθij

UCKM ~
0.97 0.23 0.004
0.23 0.97 0.04
0.008 0.04 ~1

!

"

#
#
#

$

%

&
&
&

UPMNS ~
0.8 0.55 0.15
−0.4 0.6 0.7
0.4 0.6 0.7

"

#

$
$
$

%

&

'
'
'

xc

What we already know

O
R

δ=?
¸
¸
¸

¹

·

¨
¨
¨

©

§
−

<
≈

7.06.04.0
7.06.04.0
21.055.08.0

MNSU

¸
¸
¸

¹

·

¨
¨
¨

©

§
≈

104.0008.0
04.097.023.0

004.023.097.0

CKMU

δ∼60o

)%90(   12
)CL%90(   845

3.14.34

13

23

12

CL°≤
°±°=

°±°=

θ
θ
θ

~7.6x10-5eV2

~7.6x10-5eV2

~2.4x10-3eV2

~2.4x10-3eV2

7

δ～-π/2 ? δ=60°

Atmospheric 
Accelerator

Accelerator
Reactor
Atmospheric

Solar
Reactor

• In the framework of 3 neutrinos, the unknowns are 
• mass ordering 
• CP violation parameter: δCP

Neutrino Oscillation

xc Solar, Reactor
Atmospheric, Accelerator
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CP violation is necessary for particles only to 
survive and to form our universe.

CP Violation
� In the Big-Bang, particles and anti-
particles were produced in same amounts. 

� Later, they would annihilate. 
� e+ + e- → photons 
� p + pbar → photons (π+ + π-) 

� Violation of the symmetry between a 
particle and the anti-particle. 
� CP violation 



Leptogenesis and Neutrino CPV
• Saharov conditions for Baryon Asymmetry 
• [B] Baryon Number Violation 
• [CP] C and CP violation 
• [T] Interactions out of thermal equilibrium 

• Leptogenesis and Low Energy CP violation in Neutrinos 
• [B] Sphaleron process for Δ(B+L)≠0 
• [CP] Many models predicting Baryon asymmetry 
• Examples “Heavy Majorana Neutrino decay and/or Neutrino oscillations” 
•  [Phys. Rev. D75, 083511 (2007)]  |sinθ13sinδ|>0.09 is a necessary 
condition for a successful “flavoured” leptogenesis with hierarchical 
heavy Majorana neutrinos when the CP violation required for the 
generation of the matter-antimatter asymmetry of the Universe is 
provided entirely by the Dirac CP violating phase in the neutrino 
mixing matrix. 

•  sinθ13～0.15 ➡　|sinδ|>0.6 
7



• Many types of experiments are essential to resolve regeneracies.  

• Accelerator: NOvA, T2K, Hyper-K and DUNE 

• Reactor: Daya Bay, RENO, Double Chozo and JUNO 

• Atmospheric: Super-K (NOvA, Hyper-K) 

• Solar:  Super-K

Long baseline experiments
Various neutrino sources for various experiments 
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ν source Baseline Energy Sensitive parameters

Solar 1.5×108 km 0.1-10 MeV θ12 and Δm212

Atmospheric 10~13,000 km 0.1 ~ 100 GeV θ23, (θ13), Δm322, and (δCP)

Reactor 1~200 km 2~8 MeV θ12, θ13, Δm212, Δm322

Accelerator 250 ~ 1300 km 0.1 ~ 10 GeV θ23, θ13, Δm322, and δCP

In this talk



Long baselines accelerator experiments
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DV  
collimator�

Large flange, sealed with  

Al plates, t= 120mm�

•  3 horns / a baffle are placed inside He vessel 
•  Apparatus on the beam-line highly irradiated after beam.  
•  Handled by remote-controlled crane. �

Service Pit 
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T2K$Collabora6on�
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~500 members, 59 Institutes, 11 countries 

15年6月10日水曜日

•  The long-baseline off-axis neutrino oscillation experiment 
      with functionally identical Near and Far Detectors.
•  Data taking with complete detectors started in November 2014.
•  First Results Announced on August 6, 2015.

810 km
 "

NOνA (NuMI Off-Axis νe Appearance) Experiment)

15
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"

Far Detector 
14 kton 
60 m x 15.6 m x 15.6 m 
928 layers 

Near Detector 
0.3 kton 
14.3 m x 4.1 m x 4.1 m"
206 layers 

•  Low-Z tracking calorimeters
•  High power NuMI beam 
      -upgraded for NOνA to take
        the power 350 – 700 kW

(700 kW expected in 2016)
       -this run: 85% uptime, 3.45 x 1020   
        POT, 520 kW peak intensity. 
•  Detectors are 14 mrad off-axis.6"



• High power proton accelerator to produce high flux neutrino beam 
• J-PARC for T2K (~520 kW power now) 
• FNAL Main Injector/NuMI for NOvA (~750 kW power now) 

• Gigantic far detector to observe many neutrinos (high statistics) 
• Super-Kamiokande (22.5+α kton fiducial mass) at 295km away 

for T2K 
• NOvA detector (14 kton) at 810 km away for NOvA

Basic of accelerator experiments
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Proton 
Beam

π, π, π, π, Κ

Intense BeamGigantic detector
High resolution

ΦνSK(Eν）

Oscillation
ν, ν, ν, ν

ΦνND(Eν）

300~1000 km
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F R A M E W O R K
• Four modes of observation observed at T2K 

• νµ→νe , νµ→νe appearance 

• νµ↛νµ , νµ↛νµ  disappearance 

• use all information to constrain oscillation parameters

switches sign  
for νµ→νe

constrain by νµ disp.

P (⌫µ ! ⌫µ) ⇠ 1� (cos4 2✓13sin
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2 ✓23)sin
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constrain by reactor

• Large θ23: enhances both νµ→νe and νµ→νe 

• δCP =-π/2: enhance νµ→νe, suppress νµ→νe 

• Δm2
31>0 (normal hierarchy): enhance νµ→νe, suppress νµ→νe

3

and NOvA
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OA2.5!˚�

• 30 GeV ~2×1014 protons extracted every 2.5 sec. Secondary 
π+(and K+) focused by three electromagnetic horns
• νμ from mainly π+→μ++νμ　

•νe in the beam come from K and μ decays

• Off-axis (2.5 ˚) νµ beam  
•Intense,	low	energy	narrow-band	with	a	peak	
Eν	tuned	for	oscilla;on	max.	( ~0.6	GeV)	

•Near	detectors	
•Both	on-axis	(INGRID)	and	off-axis	(ND280)	
•ND280	is	under	upgrade	now

Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary νµ beam 

  Collected 1.43 x 1020 POT  (2% of T2K goal)    

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 
neutrino energy spectrum is narrower, 
thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 
neutrino interacOons 

2012/02/27  6 

T2K ν beam 
and near detectors

Secondary Beamline Upgrade Plans
Secondary beamline consists of:

• Target
• Horns
• Decay volume
• Muon monitors

Target + remote handling system
23 / 31

T2K 2016 νμ disappearance



T2K-Far Detector: Super-Kamiokande
• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial 

volume) located at 1km underground 
Good performance (momentum and position resolution, PID, charged 
particle counting) for sub-GeV neutrinos. 
[Typical] 61% efficiency for T2K signal νe with >95% NC-1π0 rejection 

Inner tank (32 kton) :11,129 20inch PMT 
Outer tank:1,885  8inch PMT 

• Dead-time-less DAQ 
• GPS timing information is recorded  
     real-time at every accelerator spill 

T2K recorded events: All interactions 
    within a ±500µsec window centered  
    on the the neutrino arrival time.
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Neutrinos are detected by observing the particles they produce when 
they interact. At neutrino energies of 0.6 GeV the dominant interac-
tion process is charged-current quasi-elastic (CCQE) scattering via the 
exchange of a W boson with a single neutron or proton bound in the 
target nucleus. In this process the neutrino (antineutrino) turns into 
a charged lepton (antilepton) of the same flavour. We are thereby able 
to identify the incoming neutrino’s flavour.

Our near detector facility consists of two detectors both located 
280 m downstream of the beam production target21. The INGRID detec-
tor23, located on the beam axis, monitors the direction and stability of 
the neutrino beam. The ND280 detector24–28 is located at the same angle 
away from the beam axis as SK, and characterizes the rate of neutrino 
interactions from the beam before oscillations have occurred, thereby 
reducing systematic errors. ND280 is magnetized so that charged lep-
tons and antileptons bend in opposite directions as they traverse the 
detector. This effect is used to measure the fraction of events in each 
beam mode that are from neutrino and antineutrino interactions. In 
this analysis, we select samples enriched in CCQE events and also sev-
eral control samples enriched in interactions from other processes, 
allowing their rates to be measured separately. Here we use ND280 data 
that include a neutrino beam exposure of 5.8 × 1020 (3.9 × 1020) protons 
hitting the T2K neutrino production target in neutrino (antineutrino) 
mode. The explanation for the smaller dataset in ND280 and its impact 
on the analysis method is described in the Methods.

SK is a 50-kt water detector instrumented with photo-multiplier tube 
light sensors29. In SK, Cherenkov light is produced as charged particles 
above a momentum threshold travel through the water. This light is 
emitted in ring patterns that are detected by the light sensors. Owing 
to their lower mass, electrons scatter much more frequently (both 
elastically and inelastically) than muons, so their Cherenkov rings are 
blurred. We use this blurring to identify the charged lepton’s flavour, 
as illustrated in Fig. 2. More information on the event reconstruction 
technique for SK data and the systematic uncertainty on SK modelling 
can be found in the Methods Section. SK is not magnetized, so there-
fore relies on ND280’s measurement of the neutrino and antineutrino 
composition of the beam in each mode.

We form five independent samples of SK events. For both neutrino- 
and antineutrino-beam mode there is a sample of events that contain 
a single muon-like ring (denoted 1µ), and a sample of events that con-
tain only a single electron-like ring (denoted 1e0de). These single-lepton 
samples are dominated by CCQE interactions. In neutrino-mode there 
is a sample containing an electron-like ring as well as the signature of 
an additional delayed electron from the decay of a charged pion and 
subsequent muon (denoted 1e1de). We do not use this sample in 
antineutrino-mode because charged pions from antineutrino interac-
tions are mostly absorbed by a nucleus before they decay. Identifying 
both muon and electron neutrino interactions in both the neutrino- and 
antineutrino-mode beams allows us to measure the probabilities for 
four oscillation channels: νµ → νµ and ν ν¯ → ¯µ µ, νµ → νe and ν ν¯ → ¯µ e.

We define a model of the expected number of neutrino events as a 
function of kinematic variables measured in our detectors with degrees 
of freedom for each of the oscillation parameters and for each source 
of systematic uncertainty. Systematic uncertainties arise in the mod-
elling of neutrino-nucleus interactions in the detector, the modelling 
of the neutrino production, and the modelling of the detector’s 
response to neutrino interaction products. Where possible, we con-
strain the model using external data. For example, the solar oscillation 
parameters, m∆ 21

2  and sin2θ12, whose values T2K is not sensitive to, are 
constrained using world average data2. While we are sensitive to sin2θ13, 
we use the combination of measurements from the Daya Bay, RENO 
and Double Chooz reactor experiments to constrain this parameter2, 
as they make a much more precise measurement than using T2K data 
alone (see Fig. 4a). We measure the oscillation parameters by doing a 
marginal likelihood fit of this model to our near and far detector data. 
We perform several analyses using both Bayesian and frequentist 

statistical paradigms. Exclusive measurements of neutrino or anti-
neutrino candidates in the near detector, one of which is shown in 
Fig. 3, strongly constrain the neutrino production and interaction 
models, reducing the uncertainty on the predicted number of events 
in the four single-lepton SK samples from 13–17% to 4–9%, depending 
on the sample. The 1e1de sample’s uncertainty is reduced from 22%  
to 19%.

A neutrino’s oscillation probability depends on its energy, as shown 
in equations (2) and (3). While the energy distribution of our neutrino 
beam is well understood, we cannot directly measure the energy of 
each incoming neutrino. Instead the neutrino’s energy must be inferred 
from the momentum and direction of the charged lepton that results 
from the interaction. This inference relies on the correct modelling 
of the nuclear physics of neutrino-nucleus interactions. Modelling 
the strong nuclear force in multi-body problems at these energies is 
not computationally tractable, so approximate theories are used30–33. 
The potential biases introduced by approximations in these theories 
constitute the largest sources of systematic uncertainties in this meas-
urement. For scale, the largest individual source contributes 7.1% of 
the overall 8.8% systematic uncertainty on the single electron-like ring 
ν-mode sample. Furthermore, as well as CCQE interactions, there are 
non-negligible contributions from interactions where additional  
particles were present in the final state but were not detected by our  
detectors. To check for bias from incorrect modelling of 
neutrino-nucleus interactions, we performed fits to simulated data 
sets generated assuming a range of different models of neutrino inter-
actions31,32. We compared the measurements of the oscillation param-
eters obtained from these fits with the measurement from a fit to 
simulated data generated assuming our default model. We observed 
no large biases in the obtained δCP best-fit values or changes in the 
interval sizes from any model tested. Biases are seen on m∆ 32

2 , and 
these have been incorporated in the analysis through an additional 

Electron or muon PID discriminator
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Fig. 2 | Particle identification in the SK detector. Distribution of the particle 
identification (PID) parameter used to classify Cherenkov rings as electron-like 
and muon-like. Events to the left of the blue line are classified as electron-like 
and those to the right as muon-like. The filled histograms show the expected 
number of single ring events after neutrino oscillations, with the first and last 
bins of the distribution containing events with discriminator values below 
and above the displayed range, respectively. The vertical error bars on the data 
points represent the standard deviations due to statistical uncertainty. The PID 
algorithm uses properties of the light distribution such as the blurriness of the 
Cherenkov ring to classify events. The insets show examples of an electron-like 
(left) and muon-like (right) Cherenkov ring.
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T2K νe and νe events
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T2K 1D δCP
• 35% of values excluded at 3σ marginalized across hierarchies 
• CP conserving values (0,!) excluded at 90% but ! not quite at 2σ
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NOvA
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Observe	;lavor change	as	a	function	of	energy over	a	
long	distance	while	mitigating	uncertainties on	
neutrino	;lux,	cross	sections,	and	detector	response.

How to Measure OscillaCons 10

Neutrino ID

Extrapola1on

Models
Updated for 2020

Reconstruction

• Segmented	liquid	scintillator	detectors	provide	3D	tracking	and	calorimetry
• Optimized	for	electron	showers:	~6	samples	per	X0	and	~60%	active

• Good	time	resolution	(few	ns)	and	spatial	resolution	(few	cm)	
– Allows	clear	separation	of	individual	interactions

The NOvA Detectors 7

NOvA - FNAL E929
Run:   13507 / 23
Event: 1510 / --

UTC Tue Jan 14, 2020
17:19:2.684361216
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Zoom of a νe
candidate in the FD

by A. Himmel @NEUTRINO2020

182.	Improvements	and	New	Applications	of	Machine	Learning
– Ashley	Back	&	Micah	Groh

120.	Data-Driven	cross	checks	for	νe selection	efjiciency	in	NOvA
– Anna	Hall	&	Liudmila Kolupaeva

258.	Data-Driven	Wrong-Sign	Background	Estimates
– Abhilash	Yallappa DombaraPo

st
er
s

SelecCng and IdenCfying Neutrinos
13

• Identify	neutrino	Flavor	using	a	
convolutional	neural	network.
– A	deep-learning	technique	from	computer	vision

– New,	faster	network	for	2020.

• Before	main	PID:
– Events	are	contained	in	the	detector

– CC	νμ require	a	well-reconstructed	μ track
– Reject	cosmic	rays	with	BDTs

• Performance	relative	to	preselection:
– νμ:	~90%	efjicient,	99%	bkg.	rejection

– νe:	~80%	efjicient,	80%	bkg.	rejection

• Validate	performance	against	data-driven	
control	samples	in	both	detectors.
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First	CNN	in	HEP	result:	A.	Aurisano,	et	al.	JINST	11	(2016)	09,	P09001

This evening, “Recent three-flavor neutrino oscillation results 
from the NOvA experiment” by Liudmila Kolupaeva



NOvA νe and νe events

18 by A. Himmel @NEUTRINO2020
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νe and ν̅e Data at the Far Detector

νe̅νe

Total	Observed 82 Range
Total	Prediction 85.8 52-110
Wrong-sign 1.0 0.6-1.7
Beam	Bkgd. 22.7
Cosmic	Bkgd. 3.1

Total	Bkgd. 26.8 26-28

Total	Observed 33 Range
Total	Prediction 33.2 25-45
Wrong-sign 2.3 1.0-3.2
Beam	Bkgd. 10.2
Cosmic	Bkgd. 1.6

Total	Bkgd. 14.0 13-15

>4σ	evidence	of ν̅e appearance
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νe and ν̅e Data at the Far Detector

ν̅eνe

Total	Observed 82 Range
Total	Prediction 85.8 52-110
Wrong-sign 1.0 0.6-1.7
Beam	Bkgd. 22.7
Cosmic	Bkgd. 3.1

Total	Bkgd. 26.8 26-28

Total	Observed 33 Range
Total	Prediction 33.2 25-45
Wrong-sign 2.3 1.0-3.2
Beam	Bkgd. 10.2
Cosmic	Bkgd. 1.6

Total	Bkgd. 14.0 13-15

>4σ	evidence	of ν̅e appearance
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• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry
• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	
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Best Fit
Normal	hierarchy
Δm232 =	(2.41±0.07)×10-3 eV2
sin2θ23 =	0.57+0.04-0.03
δ =	0.82π
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83.	Long-baseline	neutrino	oscillation	
results	from	NOvA
– Liudmila Kolupaeva &	Karl	Warburton

262.	Accelerating	Calculation	of	Con@idence	
Intervals	for	NOvA's Neutrino	Oscillation	
Parameter	Estimation	with	Supercomputers
– Steven	Calvez,	Tarak Thakore
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• Is CP violating (δCP~270°) or not (δCP~180°) in neutrinos? 

• T2K is pointing to δCP~270° and NOvA is to δCP~180° 

• Need more statistics!  

• Both NOvA and T2K plan to collect more data with the upgrades.

T2K and NOvA
CP violation

20

Comparison to T2K

• Clear	tension	with	T2K’s	preferred	region.
• Quantifying	consistency	requires	a	joint	iit	of	the	data	from	
the	two	experiments,	which	is	already	in	the	works.
– Semi-annual	workshops,	regular	joint	group	meetings,	and	a	
signed	joint	agreement.
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• sin2θ23 
• 0.546 (T2K) and 0.57 (NOvA) 

• Δm322 
• 2.49×10-3 eV2 (T2K) and 2.41×10-3 eV2 (NOvA)

T2K and NOvA
θ23 and Δm322
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Precision	measurements	of	
Δm232 (3%)	and	sin2θ23 (6%).

Best Fit
Normal	hierarchy
Δm232 =	(2.41±0.07)×10-3 eV2
sin2θ23 =	0.57+0.04-0.03

Prefer	non-maximal	mixing	by	1.1σ.

consistent



Super-Kamiokande
Solar and Atmospheric neutrinos

22

Yasuhiro Nakajima (ICRR, the University of Tokyo) 
on behalf of the Super-Kamiokande collaboration 

The XXIX International Conference on Neutrino Physics and Astrophysics (NEUTRINO2020) 
June 30, 2020

Recent results and future prospects 
from Super-Kamiokande

Oscillation Parameter Extraction

• Oscillation parameters extracted by 
combining all SK data, as well as SNO and 
KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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Preliminary

Oscillation Parameter Measurement
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SKI-IV Fit Results (19b) 

930 Bins c2 q13 dcp q23 Dm23 (x10-3)

SK (NH) 1037.5 0.0218 4.36 0.44 2.4
SK (IH) 1040.7 0.0218 4.54 0.45 2.4

n P-value for this c2 is about 0.32
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SKI-IV Fit Results (19b) 

930 Bins c2 q13 dcp q23 Dm23 (x10-3)

SK (NH) 1037.5 0.0218 4.36+0.88
-1.39 0.44+0.05

-0.02 2.40+0.11
-0.12

SK (IH) 1040.7 0.0218 4.54+0.88
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Also prefers: 1st θ23 octant and δCP~3/2π

Preliminary

SK data disfavors Inverted Hierarchy at 71.4-90.3% CLs (was 81.9-96.1% in 2018)

by Y. Nakajima @NEUTRINO2020



IceCube
Neutrino oscillation measurements with atmospheric neutrinos

23Summer Blot | 22.06.2020 | Neutrino 2020

The IceCube Neutrino Observatory

3

Spacing [m] Energy 
threshold 

[GeV]Horiz. Vertical

IceCube 125 17 ~100

DeepCore ~50 7 ~5

+DeepCore PMTs with higher quantum efficiency 

10 Year 
anniversary for 
full array!

Can access atmospheric 
 neutrino oscillations

by S. Blot @NEUTRINO2020



IceCube

24
Summer Blot | 22.06.2020 | Neutrino 2020 8

Standard oscillation results
Phys. Rev. D 99, 032007 (2019)

Norm ντ(CC+NC) = 0.73 -0.24
+0.34

-0.13
+0.04sin2θ23 = 0.58Δm232 = 2.55 -0.11

+0.12 x10-3 eV2

Nobs = 62112  
χ2 = 127.6 
p = 55%

Reject no-ντ with 3.2σ (CC+NC)

νμ→ντ

by S. Blot @NEUTRINO2020



Reactor Antineutrino Oscillation

XXIX Neutrino ConferenceJiajie Ling (SYSU) 2

ܲ ҧߥ௘ ՜ ҧߥ௘ ൌ 1 െ sinଶ ଵଷߠ2 cosଶ ଵଶߠ sinଶ Δଷଵ ൅ sinଶ ଵଶߠ sinଶ Δଷଶ െ cosସ ଵଷߠ sinଶ ଵଶߠ2 sinଶ Δଶଵ

ൎ 1 െ sinଶ ଵଷߠ2 sinଶ Δ௘௘ െ cosସ ଵଷߠ sinଶ ଵଶߠ2 sinଶ Δଶଵ Δ௜௝ ൌ Δ݉௜௝
ଶ ܮ
ܧ4

JUNO

Daya Bay Near
Daya Bay Far

Immune to CP violation and matter effects

KamLAND

Key for a precise measurement:
9 Baseline Optimization

~ሺmሻܮ
ߨ ȉ ܧ ሺMeVሻ

2.54 ȉ ο݉ଶሺeVଶሻ
9 Large statistics

Large ҧߥ௘ flux 
Massive target mass

9 Background control
Large overburden
Detector shielding

9 Systematics control
Relative Far/Near measurement

Daya Bay

25

Recent Results from Daya Bay
Jiajie Ling  

On behalf of the Daya Bay collaboration
Sun Yat-Sen University 

XXIX Neutrino Conference
Fermilab June 22 ʹ July 2, 2020

The most sensitive experiment to θ13

by J. Ling @NEUTRINO2020



Oscillation Results from nGd

XXIX Neutrino Conference

𝐬𝐢𝐧૛૛𝜽૚૜ ൌ ૙. ૙ૡ૞૟ േ ૙. ૙૙૛ૢ
∆𝒎𝒆𝒆

૛ ൌ ૛. ૞૛ േ ૙. ૙ૠ ൈ ૚૙ି૜ eV2

∆𝑚ଷଶ
ଶ ൌ 2.47 േ 0.07 ൈ 10ିଷ eV2 (NO)

∆𝑚ଷଶ
ଶ ൌ െ2.58 േ 0.07 ൈ 10ିଷ eV2 (IO) 

PRL 121 241805 (2018) 

Jiajie Ling (SYSU) 8

O. Daůageƌ͛Ɛ Poster #531

1958 days 

Daya Bay
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Recent Results from Daya Bay
Jiajie Ling  

On behalf of the Daya Bay collaboration
Sun Yat-Sen University 

XXIX Neutrino Conference
Fermilab June 22 ʹ July 2, 2020

The result
PRL 121, 241805 (2018)

by J. Ling @NEUTRINO2020



• RENO: The experiment at the Korean reactor 

• Double Chozo: The experiment at the French reactor

RENO and Double Chooz
Ref. Daya Bay sinθ13=0.0856±0.0029

27

15Yoo-2020-06-25 @ Neutrino 2020 for RENO Collaboration

Neutrino Oscillation: L/E Dependence 
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2

✓
1.27�m2

ee
L

E⌫

◆

sin2 2✓13 = 0.0892± 0.0044(stat.)± 0.0045(sys.)

|�m2
ee| = 2.74± 0.10(stat.)± 0.06(sys.)(⇥10�3eV2)

Preliminary

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 21

Oscillation Analysis

NEW! sin22q
13

 = 0.102 ± 0.011 (syst.)  ± 0.004 (stat.)
(spectral distortions cancelled in Near-Far approach)
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by J. Yoo @NEUTRINO2020 by T. Bezerra @NEUTRINO2020



• CP violation (δCP != 0 or 180°) is not established yet! 

• A preference of normal mass ordering.

Current Status
Global FIT 

28

NuFIT 5.0 (2020)
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= 2.7)

bfp ±1� 3� range bfp ±1� 3� range

sin
2 ✓12 0.304+0.013

�0.012 0.269 ! 0.343 0.304+0.013
�0.012 0.269 ! 0.343

✓12/
�

33.44+0.78
�0.75 31.27 ! 35.86 33.45+0.78

�0.75 31.27 ! 35.87

sin
2 ✓23 0.570+0.018

�0.024 0.407 ! 0.618 0.575+0.017
�0.021 0.411 ! 0.621

✓23/
�

49.0+1.1
�1.4 39.6 ! 51.8 49.3+1.0
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sin
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10�5 eV
2 7.42+0.21

�0.20 6.82 ! 8.04 7.42+0.21
�0.20 6.82 ! 8.04

�m2
3`

10�3 eV
2 +2.517+0.026

�0.028 +2.435 ! +2.598 �2.498+0.028
�0.028 �2.581 ! �2.414
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JUNO
Big Lq. Scintillator Neutrino detector (in China)

30

Central detector (CD)

Yue Meng, Neutrino2020 10

• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Yue Meng, Neutrino2020 18

JUNO Timeline

2015
• PMT 

production line 
setup

• CD parts R&D
• Civil 

construction 
start

2017
• PMT testing 

start
• TT arrived

2018
• PMT potting
• Start delivery of 

surface building
• Start production of 

acrylic sphere

2019-2021
• Electronics production 

starts
• Civil construction and 

lab preparation 
completed

• Detector construction

2022
• Detector ready for 

data taking

2016
• PMT production 

start
• CD parts production 

start
• Yellow book 

published

2014
• International 

collaboration 
established

• Conceptual
design

Collaboration 2014

by Y. Meng @NEUTRINO2020

Daya Bay

Yue Meng, Neutrino2020 4

Physics Prospects

JUNO

Neutrino mass ordering
• 3σ neutrino mass ordering sensitivity within 6 years. 
• 4σ with ∆m2

32 input from accelerator experiments. 
• > 5σ combined analysis with IceCube within 3–7 years or PINGU 

in 2 years (arXiv: 1911.06745)

Neutrino oscillation parameters
• Sub-percent accuracy  for θ12 ,

Δm2
21 and Δm2

31
• Current precision

From CERN Courier
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Physics Prospects

JUNO

Neutrino mass ordering
• 3σ neutrino mass ordering sensitivity within 6 years. 
• 4σ with ∆m2

32 input from accelerator experiments. 
• > 5σ combined analysis with IceCube within 3–7 years or PINGU 

in 2 years (arXiv: 1911.06745)

Neutrino oscillation parameters
• Sub-percent accuracy  for θ12 ,

Δm2
21 and Δm2

31
• Current precision

From CERN Courier

From J. Pedro Ochoa-Ricoux’s Nufact 2019

3

Jiangmen Underground Neutrino Observatory (JUNO)

• JUNO has a rich program in neutrino physics and astrophysics

Nuclear power plant Status Power

Daya Bay Operational 17.4 GW

Huizhou Planned 17.4 GW

Lufeng Planned 17.4 GW

Yangjiang Operational 17.4 GW

Taishan Operational 9.2 GW
(2 reactors online now)

~60/day

JUNO

by Y. Meng @NEUTRINO2020



Hyper-Kamiokande
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Water Cherenkov detectors in Kamioka
28th July 2020

M. Scott, ICHEP 2020 3

Hyper-Kamiokande 
Long-Baseline Physics

Kamiokande
3kt mass

Super-Kamiokande 
22.5kt fiducial mass

Hyper-Kamiokande
188kt fiducial mass

by M. Scott @ICHEP2020

The talk by Prof. Masashi Yokoyama tomorrow.



DUNE
Long baseline experiment with Large (70 kt) LArTPC

33

Introducing DUNEIntroducing DUNE

2

♦ “Deep Underground Neutrino 

Experiment”

• 1300 km baseline

• Large (70 kt) LArTPC far 
detector 1.5 km 

underground

• Near detector w/ LAr 

component

♦ Primary physics goals:

• ν oscillations (ν
μ
/ν

μ
 disappearance, 

ν
e
/ν

e
 appearance)

– δCP 
, θ

23 
, θ

13

– Ordering of ν masses

• Supernova burst neutrinos

• BSM processes (baryon number 

violation, NSI, etc.)

FNALSURF
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– Ordering of ν masses

• Supernova burst neutrinos

• BSM processes (baryon number 

violation, NSI, etc.)

FNALSURF
DUNE:

Progress and Physics

Michael Mooney  (Colorado State University)

On behalf of the DUNE Collaboration

XXIX International Conference on Neutrino Physics and Astrophysics

June 29th, 2020



DUNE
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DUNE:
Progress and Physics

Michael Mooney  (Colorado State University)

On behalf of the DUNE Collaboration

XXIX International Conference on Neutrino Physics and Astrophysics

June 29th, 2020

ProtoDUNEsProtoDUNEs

15

Cathode
Anode

(3 APAs)

Anode
(3 APAs)

Drift Volume 1
Drift Volume 2

ProtoDUNE-SP

ProtoDUNE-SP

♦ Two 1-kt “ProtoDUNEs” in charged test beam 
at CERN (one per FD design)

♦ Test of component installation, 
commissioning, and performance

♦ ProtoDUNE-SP operating since 2018; 
ProtoDUNE-DP since 2019

Highlights (Status)

First ProtoDUNE-SP EventsFirst ProtoDUNE-SP Events

16

♦ First beam data events: noise levels low on all three planes

♦ S/N ratio > 10 in all cases  (> 40 for collection plane) 

♦ Stable running since first operations began in 2018

Induction 1 Induction 2 Collection

Wire

T
im

e



Sensitivity Over TimeSensitivity Over Time

27

CP Violation Sensitivity Mass Ordering Sensitivity

♦ CP violation discovery if true δ
CP

 = -π/2 in ~7 years (staged)

♦ CP violation discovery for 50% of true δ
CP

 values in ~10 years

♦ Determination of neutrino mass ordering within first few years

35

DUNE:
Progress and Physics

Michael Mooney  (Colorado State University)

On behalf of the DUNE Collaboration

XXIX International Conference on Neutrino Physics and Astrophysics

June 29th, 2020

FD Oscillation SpectraFD Oscillation Spectra

24

♦ Four-component fit of FD data w/ constraint from ND data

♦ New:  full systematics (flux, cross section, detector) included

♦ Upcoming paper (on arXiv): “Long-baseline neutrino 
oscillation physics potential of the DUNE experiment”

~1,000 ν
e
 events

in 7 years (staged)

~10,000 ν
μ
 events

in 7 years (staged)

DUNE
Physics prospect



• Improving the accelerator performance 

• Developing the better and bigger detectors. 

• Study many physics subjects. 

• Astrophysics, Astro-particle physics, Test of GUT, 
Neutrino-nucleus scattering, search for new particle and 
new interactions (sterile neutrinos, test of CPT, etc..)

What are we doing?
Everyday e"orts as step by step approaches 

36



A few more topics

37

Summary
• The new era of Super-Kamiokande, SK-Gd, is about to start


• New results from Super-Kamiokande:


• Diffuse supernova background search: New limit within a several factors from most models


• Solar neutrino measurements: New spectrum and Day/Night asymmetry measurements to test MSW


• Atmospheric neutrino measurements: New constraints on Δm232, θ23, δCP and MO


• Please also enjoy more results from Super-Kamiokande at the poster sessions:

29

ID Title Presenter Session
43 Neutron-antineutron oscillation search at Super-Kamiokande Linyan WAN 3
85 Search for astronomical neutrino from the Gamma-ray burst with Super-Kamiokande Masayuki Harada 2
136 Long time supernova simulation and supernova burst search at Super-Kamiokande Masamitsu Mori 2
161 Follow-up of Gravitational Wave events with Super-Kamiokande Mathieu Lamoureux 1
166 Spallation Studies in Super Kamiokande Scott Locke 2
221 Reactor Neutrinos in Super-Kamiokande Alexander Goldsack 1
231 The diffuse supernova neutrino background in Super-Kamiokande Sonia El Hedri 3
350 Latest solar neutrino analysis results from Super-Kamiokande Yuuki Nakano 4

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4

Super-Kamiokande Gadolinium Project (SK-Gd)
• Dissolving Gd to Super-Kamiokande to significantly enhance 

detection capability of neutrons from ν interactions


• Aiming for the first observation of Diffuse Supernova 
Neutrino Backgrounds 

• Also aiming for:


• Improving pointing accuracy for galactic supernova


• Precursor of nearby supernova by Si-burning neutrinos


• Reducing proton decay background


• Neutrino/anti-neutrino discrimination (Long-baseline and 
atmospheric neutrinos)


• Reactor neutrino measurements


• As the first step, loading 0.02% of Gd2(SO4)3 in 2020

4

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110
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Final goal

Initial loading 
(this year)

~50% n-capture on Gd

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5

cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify Qe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 Js in total 8 MeV

Ń Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolveЍ0.2% loading

Ń In Super-K, it corresponds to 100 tons of loading 

7

Beacom and Vagins PRL93,171101 (2004)
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+

The Upgrades of ND280: Super-FGD

10

• x2 in statistics for equal POT
• Super-FGD

• Quasi-3D imaging
• Improved tracking
• Lower proton detection threshold
• Neutron measurement capabilities

• Time of Flight for background reductionThe Upgrades of ND280: HA-TPCs

11

• High Angle TPCs
• Improved high angle acceptance
• Better tracking capabilities

(Current)

These upgrades are being constructed and will be installed at J-PARC in 2022

• Typically	~670	kW
• Peaks	>750	kW
• 50%	more	neutrino	beam	
data	in	this	analysis

• Working	towards	900+	kW
– Upgrading	the	NuMI
beamline	components

– Allows	gradual	increase	in	
power	up	to	850	kW	with	
faster	cycle	times

– Early	PIP-II	upgrades	allow	
900+	KW

6

MW-capable target MW-capable horn

The NuMI Beam

2019 Dataset

2020 DatasetNuMI beam upgrade

by A. Himmel @NEUTRINO2020

by Y. Nakajima @NEUTRINO2020

This evening, “Physics and Performance of 
the Upgraded T2K's Near Detector”            

by Adrien Blanchet



• Precise Neutrino oscillation measurements are the 
essential step to the future progress. 

• CP violation (and neutrino mass ordering) will be 
discovered (determined) anytime soon from today to the 
next 10 years! 

• Neutrino Physics has tightly connected to astro-physics, 
astro-particle physics, physics of GUT, nuclear physics, etc.

Summary
Prospects

38

Stay tuned


