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1. Introduction

The earlier measured deficit of solar neutrino flux (Homestake, GALLEX/GNO, SAGE) to
prediction (J. Bahcall) is the trigger of many modern neutrino oscillation experiments. With
the proof of solar neutrino total flux measurement (SNO) and atmospheric neutrino deficit result
(Super-Kamiokande), massive neutrinos became the first evidence beyond the standard model.

The PMNS matrix is a 3x3 matrix used to describe the connection between neutrino mass
eigenstates and flavor eigenstates. It consists of three mixing angles, 613, 653, 612, and one

phase angle, d, for Dirac neutrinos. Together with the mass differences between mass eigenstates
2

2 -
between two flavors. If neutrinos travel through dense matters, like the Sun or Earth, the matter, i.e.

Aml.zj =m mjz., Am%2 and Am%3 (or Am§3), we can predict the transition probability of neutrinos
MSW, effect should be also taken into account.

At the same time, there are also signs that experiments are not perfectly consistent with the
3x3 scheme. It could be experimental or theoretical uncertainties, or it is due to a new generation
of neutrinos, sterile neutrinos.

In this proceeding, I will summarize the recent progress on the measurements of the mixing
parameters, 013, 623, 612, Am%, and |Am]23|, while, for the CP phase, 6 and the sign of Am%, it
will be discussed in detail in Ichikawa’s talk of the same ICHEP 2020 series [1]. I will also briefly
mention the anomalies in neutrino oscillation studies and sterile neutrino searching.

2. Three Generations

In the three-generation framework, according to their sensitive regions, the experiments are
categorized as 1) reactor neutrino experiments with baseline less than 2 km for 613 and Am2,
(explained later), 2) solar neutrino experiments and the KamLLAND reactor neutrino experiment for
61> and Amgl, and 3) atmospheric and accelerator neutrino experiments, for 6,3, Am% \» 013 and 6.

2.1 Reactor Neutrino Experiments (baseline<2 km)

In this section, the recent results of the Daya Bay, RENO, and Double Chooz reactor neutrino
experiments will be discussed. Reactors are powerful v, sources through nuclear fissions. Neutrino
energy from reactors is in the range of 0-10 MeV with neutrino energy peak around 3-4 MeV if
convoluted with the detection cross-section. With 1-2 km long baseline, the range of L/E makes
the experiments appropriate for the 613 and Amg1 determination.

The equation of reactor v, survival probability, P,., is [2]

P.. =1- cos” 013 sin’ 2012 sin’ Ary

- Sil’l2 2913(0082 912 sin2 A31 + sin2 912 SiIl2 A32) (1)
2

ee’

=1 - cos* 013 sin® 2012 sin® Ay — sin® 2013 sin? Am
where
Aij = Am7 (eV?)L(m)/E(MeV), )

and the term in the parenthesis is shortened as sin? Am2, in the last line of Eq. (1).
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The v,’s are detected through the inverse-beta-decay,
Ve+p— et +n, 3)
followed by neutron capture on hydrogen or gadolinium

n+p—D+vy(2.2MeV),

4)
n+Gd — Gd* +y’s (8 MeV).

The sequential e* and n-capture signals form a prompt-delayed signal pair. The average capture
time is about 200 ws in liquid scintillator and about 30 us in Gd-doped (0.1% by mass) liquid
scintillator. The process greatly enhanced the signal-to-background ratio and decreased the request
of the level of radioactive background for these experiments. The energy of the neutrino can be
derived by the e* energy.

The three experiments all have taken a strategy of using multiple identical detectors at near and
far experimental sites so that the critical systematic uncertainties can cancel, like reactor power and
detection efficiency.

The recent 63 and Am?2, results from the Daya Bay, RENO, and Double Chooz are summarized
in Table. 1. The results from different statistical datasets, i.e. neutron capture on Gd or H, are
separated. All results are consistent with their uncertainties.

Table 1: The recent 63 and Am2, results from the Daya Bay, RENO, and Double Chooz experiments. The
nGd dataset is for neutron capture on Gd and the nH dataset is for neutron capture on H, and the total capture
includes both of them.

Experiment and dataset sin® 263 |Am?2,|
Daya Bay nGd [2] 0.0856 + 0.0029  (2.52 +0.07) x 1073 eV~?
Daya Bay nH [3] 0.071 £ 0.011 -
RENO nGd [4] 0.0892 + 0.0063 (2.74 £0.12) x 1073 eV~3
RENO nH [5] 0.086 +0.016 -

Double Chooz total capture [6] 0.102 £ 0.012 -

2.2 Solar Neutrino Experiments and KamLAND

Neutrinos from the solar fusion processes are v.. Below 2 MeV are pp, Be7, pep, and CNO
neutrinos, and between 2 - 20 MeV are B8 and hep neutrinos, in which the names are given
according to their fusion process.

For the solar neutrinos transition probability, the matter effect must be considered. The full
solar v, survival probability can be descibed by the following equations [7],

P, = cos* 613(% + %cos 29% cos 26013), 5

where the mixing angle in matter is

cos26;, — B
V(cos 26015 — B)? + sin? 2912’

M _
cos 267, =

(6)
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with
3 2V2GF cos? 013n.E,
B Am%l )

B

(N

At high energy (> 10 MeV), the transition is dominated by matter effect and the P, is about 0.3,
while at low energy (< 2 MeV), neutrino is like traveling in vacuum and P, is about 0.5. In
between, there should be a smooth transition, the so-called *upturn’ effect. Due to the matter effect,
the sign of the Am%l is determined to be positive. On the Earth, if the solar v, is detected in the
evening, the survival probability is going to be altered again by a few percent due to the Earth matter
effect.

Originally, solar neutrinos were detected by a few radiochemical exepriments, Homestake,
GALLEX/GNO, and SAGE. They detected solar neutrinos through the charged current, CC,
processes,

Ve +37C1 = 7 Ar + e~ (CC), ®

Ve + 'Ga — "'Ge + e~ (CC).

The Super-Kamiokande and Borexino experiments detect solar neutrinos through neutrino-electron
elastic scattering, ES,

vy + e — vy + e (ES). 9

The ES process can be triggered by v, which includes v,, v, and v;. At the solar neutrino energy,
the ES process signals including roughly 80% of CC events and 20% of neutral current, NC, events.

The SNO experiment, however, can measure solar v, through CC and NC processes on
deuterons and the same ES process on electrons. The CC and NC processes are

Ve+d > p+p+e (CO), (10)
vy +d — p+n+ v, (NC).

The solar neutrino experiments measure the oscillation parameters of 6, and Am%l. The SNO
experiments still hold the best independent measurement of NC measurement, i.e. total B8 neutrino
flux.

KamLAND is also a reactor neutrino experiment, but, with typical baseline of 180 kilometers,
is sensitive the reactor v, oscillation dominated by the 6, and Am%1 term in Eq. 1. Assuming a
CPT invariance, their measurement can be compared with the solar neutrino experiments.

In [8], the Super-Kamiokande experiment reported their new solar neutrino results and its
combinations with the SNO experiments and KamLLAND as shown in Tab. 2. The discrepancy
between SK+SNO fit and KamLAND result has decreased to 1.4 o from 2 o. The signature of the
upturn is not very strong and it disfavors a flat oscillation probability by about 1 0. A day-night
difference is

AP — (22,1 £1.1)% [3.5 < E < 19.5 (MeV)]. an
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Table 2: The latest solar neutrino measurement [8] by KamLAND, the combination of Super-Kamiokande
and SNO experiments, and the combination with all of them.

Experiment sin?(612) Am%1 [107° eV?]
0.034 0.19
KamLAND  0.316% ¢ 7.54% 0 1g
SK+SNO  0.306 + 0.014 6.11%)2¢
Combined  0.306*0-913 7.5179-18

2.3 Atmospheric and Accelerator Neutrino Experiments

Atmospheric neutrinos are generated by the pion, kaon and muon decays after cosmic-ray
protons hitting atmospheric molecules, for example:

T U+,

K" — u" +v,, (12)

H —e +Vetvy,.
The initial flavor contents are v, Ve, v, and v,,. The main energy range of the atmospheric neutrinos
is from 0.1 to 10 GeV. Their flux is predicted by [9] and [10]. Particularly the ratio of % is well
predicted and is about 2 in a large range.

Atmospheric neutrinos come from all the ways of the Earth, they can come directly from the
air upon us, or they can pass through the whole diameter of the Earth. Their baselines are 10-12000
km.

Accelerator neutrinos are generated with a proton beam hitting a target. Charged pion products
are collimated with a horn system. Accelerator neutrinos are dominantly v,,, and v, but with some
Ve, Ve contaminations. The particle and anti-particle species can be selected by the current of the
horn system. Their energies are in the GeV range. With an off-axis technical, it makes the neutrino
energy spread much smaller and to peak at the interested range for some parameter measurement.

The oscillation formula for the accelerator neutrinos can be found, for example, in [11, 12].
The atmospheric neutrino can go through the more complicated Earth structures than accelerator
neutrinos and analytic calculation is needed [13]. The v, and v, oscillation patterns of accelerator
and atmospheric neutrinos are shown in Fig. 1. In the v, — v, or ¥, — ¥, channel, with 613
input, the neutrino survival probability is sensitive to the measurement of 6,3 and the magnitude of
Amgl. In the v, — v, or v, — ¥, channel, the oscillation probability measurement is sensitive to
a combination of 643, 6,3, and Am%l, and 6. The sign of Am%l, i.e. the measurement of mass order,
and CP phase of ¢ will be discussed in detail in [1].

The Super-Kamiokande, IceCube/DeepCore, Minos/Minos+, T2K, and NOvA experiments are
in the sensitive energy region for atmospheric and accelerator neutrino oscillation measurement.
Charged muons and electrons from CC events of neutrinos on target nucleons are the main detection
signal. Muon’s sharp Cherenkov rings and electron’s fuzzy rings are the main experimental signature
in the Super-Kamiokande detector, which is also the far detector of the T2K experiment. Muon’s
long tracks and electron’s short tracks (cascades) are the major experimental signature in the other
experiments. Showers from NC events and 7 production can also be identified in some cases.
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Figure 1: Atmospheric and accelerator v,, and ¥, oscillation probability, the z axis. cos(Zenith) < 0 is
for neutrino coming through the Earth. The plots are generated with Amg2 > 0 and 6 = 0. Due to limited
resolution, some features are artificial.

The new results on 6,3 and Am%2 from the atmospheric neutrino analyses of Super-Kamiokande,
IceCube/DeepCore, and Minos/Minos+ are summarized in Tab. 3. The results from accelerator
neutrino analyses do not show a trivial two-dimensional ellipse confidence interval, so, for details,
one must look into references [14], [15], and [16] for T2K, NOvA and MINOS/MINOS+, respectively.

Table 3: The latest 6,3 and Am§2 results from the atmospheric neutrino analyses of Super-Kamiokande, Ice
Cube/DeepCore, and Minos/Minos+. No error is directly reported by Minos/Minos+.

Experiment sin® 63 Am§2 [1073 eV?]
Super-Kamiokande [17] (NO) ~ 0.44%0-05 2.40%0-1)
IceCube/DeepCore [18] O.58i8:?§ 2.55f8:ﬁ
Minos/Minos+ [16] (NO) 0.52 2.11

2.4 Global Fit

Not a single neutrino detector can measure all neutrino oscillation parameters due to different
energy and baseline regions. A global fit considering all the experimental inputs is necessary to test
their compatibility and generate average results. One global fit result is shown in Tab. 4 [19, 20]
with pre-Neutrino2020 data. Other global fit results can be found, for example, in [21, 22].

In the global fit [20], we can see the synergy between experiments, for example, 1) in the
determination of the octant of 6,3, the input of 613 measurement results from reactor neutrino
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experiments is necessary, and 2) the joint effort of determining sin> 6,3 and |Am§1| with accelerator
and atmospheric neutrino experiments. Tensions between experiments also exist, for example, the
octant result of 653 between the latest octant result of Super-Kamiokande in [8] and the global fit.
A more interesting discussion will be in the sector of mass ordering and 6 measurement [1].

Table 4: Global fit results for neutrino oscillation parameters from Ref. [19, 20].

Parameter Best fit 1o
Am3, [1075 eV?] 7.5%035
|Am3, [1073 eVZ] (NO)  2.5670:03
|Am3, [1073 eVZ] (I0)  2.46 +0.03
sin? 612/107! 3.18+0.16
sin? 623/10~! (NO) 5.66%0:5
sin? 23/107! (10) 5.6670-2%
sin?613/107' (NO) ~ 2.225%0-03
sin?613/1071 (10) ~ 2.250%0:056
0.23
&/m (NO) 1.2070-23
é/x (10) 1.54+0.13

3. Three+One Generations

Experimentally there are some anomalies against three-generation neutrino oscillation, which
include the LSND result, MiniBooNE result, Gallium anomaly, reactor anomaly, and Neutrino-4
result. These features can be explained with sterile neutrinos or they can be simply our mistakes in
understanding the experiments or the other underlying physics. Many theoretical and experimental
works are in progress. A nice review of the sterile neutrinos can be found in [23]. Talks presented
at the conferences Neutrino 2020 and ICHEP 2020 show some of the progress, including the
experimental effort of NEOS, STEREO, PROSPECT, DANSS, SoLid, BEST, SBN, J SNSZ, IceCube,
ICARUS, MicroBooNE, Daya Bay, Minos+, KATRIN, and so on.

4. Conclusion

In this paper, I summarized the new progress of the short baseline reactor neutrino experiments,
the solar neutrino experiments, and the atmospheric and accelerator neutrino experiments. The
anomalies in neutrino experiments are briefly mentioned. The results before the ICHEP 2020
conference are collected. Hope to reach a verdict in the near future.
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