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Neutrino Oscillations.in Brief

Neutrinos are produced by the weak interaction in weak
interaction eigenstates: v,,v,, v,

There is no reason for these eigenstates to be identical to the
mass eigenstates: v,, v,, v,

They are related by a unitary transformation:

Ve U U, U,
vV, = U Uu2 U;13

u u

v Ur1 Ur2 Ur3

r

e The mass eigenstates propagate as e ©''". Thus, different
masses develop different phases with time, resulting in
oscillations in the weak eigenstates:

e If we consider only 2 states, then

V,= V,C080+v,sind
v, =-Vv,sinfd+ v, cos 6

and

P(v, — v5) =sin’(26)sin

2( 1.27Am’L

], where

Am? =(m? —-m?)isin(eV/c?)? Lisinkm,and E is in GeV.

In addition to the vacuum oscillations an important effect due to propagation
in matter was pointed out by Mikheev, Smirnov and Wolfenstein (MSW).




Genesis of Neutrino.Oscillations

| 1957-1958  First proposal by Pontecorvo
1962 Maki, Nakagawa and Sakata

1968-1969 Pontecorvo and Gribov

Since 1970 Pontecorvo and Bilenky carefully and
systematically  studied possible oscillation
scenarios and suggested their experimental tests

1978
Review by
Bilenky and
Pontecorvo

(500+)

Lepton Mixing and Neutrino Oscillations

Massive Neutrinos and Neutrino Oscillations 1 9 87

Review by
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Discovery of Neutrino. Oscillations

Deficit of the Solar neutrino flux was observed using radiochemical methods:

(neutrino + Cl — Ar + electron) -
proposed by B.Pontecorvo and used
by R.Davis in Homestake

(neutrino + Ga — Ge + electron) -
suggested by V.Kuzmin and applied
in SAGE at Baksan and
GALLEX/GNO at Gran Sasso

also, Water Cherenkov detectors
Kamiokande and SK observed this
effect
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Oscillations were the most plausible explanation of the deficit but there was a
suspicion in the theoretical uncertainties of the Solar neutrino flux prediction
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Neutrino Sources and.Detectors

Sources of 72-°s
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PMNS today
What We Know

atmospheric short baseline reactor solar
accelerator v, accelerator v, long baseline reactor
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normal hierarchy (NH) inverted hierarchy (IH)

Am?> ~2 x 103 eV?
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But we are missing:

Am’~8 X 105 eV?

* v Mass Ordering

« CP phase (8.p) measurement
 0,3o0ctant

Also, general refinement of neutrino oscillation parameters is desirable



How to measure 9, 7

Disappearance probability at reactors:

P(D, — 7,) =1 —sin® 20,5

NOVA Preliminary

601-NOVA FD 1

| 1360410 POT-0quiv {v) |
POT V)

Appearance probability at accelerators: 1=z

Sil’l2 923 Sil’l2 2913 —0.04 sin 2913

(1~ il T

Py, = ve) ~

Very rich - apart from 0., sensitive to 0,,, cp and MO,
but this introduce degeneracy of these parameters

Clear strategy for complementary measurements at
reactors and accelerators.



Results on-0,,

New results from Daya Bay nGd capture:

(2.8% precision)
Normal hierarchy: Ams3, 2.454 J 03 V2

Inverted hierarchy: A, .559 . 03 V2

Amil [107%eV7)
4 (] e ‘e (] 1] 19 )

Expect final results from Daya Bay on combined
nGd+nH analySiS: 26% fOr Sin22913 ‘) 0.07 0075 008 m‘ms 0.0 m‘m 0.1 * |'n.|‘s

\m:m, . Ax
RENO reported new results(up to 2019)

sin®26,, = 0.0892 + 0.0044(stat.) + 0.0045(sys.) (£7.0%)
|amZ,| = 274 + 0.10(stat. ) + 006(sys. )(x 107%eV?) | (x 4.4 %)

RENO will continue for another ~3 years(up to 4400 d) o
sin220,,. 6.4%; Am?2.:4.1% éo il d B Pl

* DUNE can measure sin?20,; in appearance channel, 2K

NOvA

to a precision of ~ 5% T S S

sin® 20y, 102




Results on-0,,
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New results from Daya Bay nGd capture:
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Normal mass ordering [nverted mass ordering
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Results on 8, and-Am=,4

KamLAND+SK+SNO 3054013 KamLAND+SK+SNO

—o—
SuperK+SNO 3.05£0.14  4.6% KamLAND —— 754108 a5k

- 40.19 .
749701 2.4

SNO 299%535 529 SuperK+SNO 6.10119% 14.7%
KamLAND ¢ 3.16%05  9.5% SNO 5.607130 29.5%
; 30 32 3, ' 5 6
sin’ By, 107! Am3,, 107 eV?

Possible tension (1.50) in Am?2;; between
solar and reactor results can be resolved
with significant improvement by JUNO.
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JUNO %" (6 years)
DUNE (25 years)

30700016 05%
3.08 000 20%

Results on 8, and.Am=,4
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Results on 0,; and-its.octant

Normal mass ordering
DUNE (7 years) 0.580+0.006 1.0%
HyperK (10 years) 0.55 001 1.8%
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« T2K and NOvA will further slightly improve
sin2923

« New results (down to ~1%) will come from
ORCA, IceCube, DUNE and HK

* 0,30ctant can be probed with a good precision
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Mass Ordering Measurement

Disappearance at reactors Appearance at accelerators
(S.Bilenky and S.Petcov) 0,5, 8cp and MO
(degeneracy)

Complementary
to each other
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+ Super Kamiokande

Sensitivity to MO in Atmospheric data .



Mass Ordering-Results

Inverted ordering rejection

* No concrete evidence of MO from individual Forero et al.
experiment (T2K, Nova and SuperkK) NGFIT 50

Super-Kamiokande

* Global fit seems slightly prefer NO(<3c) -~

* Definite answer will come from DUNE, JUNO, NOwA
HyperK, ORCA and Icecube. MINOS +

2 3 H
Standard deviations
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CP phase (0.p) measurement

® 5=0
W 5=n/2
Od=m
0O & =3n/2

T2K: baseline ~300 km
energy ~0.6 GeV
500->750 kW

NOvVA: baseline ~800 km

energy ~2.0 GeV
900 kW

so, nearly the same oscillation
phase (L/E) , but :

* significantly different sensitivity
due to matter effects

 different V energy and
interaction x-section systematics

18



CP phase (0.p) measurement

—— Normal Hierarchy

Inverted Hierarchy

Normal Ordering

T2K ®BF = $90% CL * 568%CL
NOvA: +8F | | sooncL [l sesnce

Inverted Ordering

- <90% CL
sgo%ncL [ sesncL

1)
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CP phase (0.p) measurement

Normal Ordering
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Inverted Ordering

~270° (-90°) seems slightly favored by many exp.s (< 3c)
Combined analysis may give more preference, but not stable yet
DUNE & HyperK can give a more definite answer

Further improvement may come from KNO, ESSnuSB, and THEIA

5 /4N

) :‘5 KNO:  T2HK + second WC detector in Korea

ll ESSnuSB: European Spallation Source neutrino

Experiment

s Forero et al _; Super Beam

mm NuFIT 50

i Wl THEIA: 50-100 kt WBLS detector at Sanford

mmm NOvA
mmm Super-Kamiokande

|

HyperK syst. cases

ESSvSB? — dcp =0
dcp = 3w /2

* 40 KT liquid argon TPC
* Located in the Homestake
mine in South Dakota with a
beam at Fermilab
~1300 km baseline, on-axis

()
=

o
=
(=

dcp resolution, degrees

[

2020

2024

2028

Year

2032

2040 ‘ [ Woes ok 3 2025 2027 2029 2031 2033 2035 2037 2039
The beam is from J-PARC % Year




Evolution of Oscillation
Parameters Precision

X <
Q@c’& N
~4% ~1%

~4% ~0.5%
~2% ~0.3%
~3% ~3%

‘98 2000 2005 2010 2015 2020 %{
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Unitarity of PMNS-matrix

0.677 0.302 0.022
0.083 0.378 0.534
0.240 0.320 0.439
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Search for Additional Neutrino States

[LLimits on active neutrinos:

ALEPH
DELPHI

* N =2.9841 +- 0.0083 from Z invisible width | OpaL

1 averuge measurements,
error bars increased
by factor 10

N < 3.16and ¥m,; < 0.12 eV from cosmology

But additional (sterile) states are not excluded:

Neutrino mass generation (seesaw, > TeV)

Baryon asymmetry (leptogenesis, >> 100 GeV)

Dark matter (~ keV)

Oscillation anomalies (~ eV)

<)



Reactor Antineutrino.Anomaly

Flux from reactors was by ~2.70 below prediction of the HM-model,
which was using old ILL data. Plausible explanation by short distance
oscillations:

+- Daya Bay ILL < Palo Verde “- Rovno91
=~ Double Chooz - Krasnoyarsk —=— RENO SRP

*— Nucifer 2~ Rovno88 STEREO

070 080 09 100 110 120

The shape difference studied by different experiments
suggested that the problem is in the U235 isotope.

RA'LL/RKI

New data were obtained at KI research reactor on the K error region

ratio of cumulative beta-spectra of U235 and Pu239,
showing systematic normalization problem with ILL

E. (MeV)




Reactor Antineutrino.Anomaly

After this is accounted for, the new calculations are much better (~10)
consistent with the data

—— Daya Bay ¥ ILL <— Palo Verde
—*— Double Chooz —#— Krasnoyarsk —#— RENO
~ Gosgen —+*—  Nucifer —#- Rovno88

So, the (flux) Reactor Antineutrino Anomaly seems gone, but in the
meantime a search for (very) short distance oscillations was performed by
many experiments: DANSS, NEOS, PROSPECT, STEREO, Neutrino-4, ...,
studying IBD rates at different distances from cores of commercial and
research reactors

=



Very-short-baseline experiments

*see talk by
Jinyu Kim

-L~0(10m)
O -accessto large Am?
i ¥ -restricted space available, high
i background environnement

Commercial reactors (LEU)
- high power, high stat i
extended core (@ = few m)

esearch reactors (HEU)
lower power, lower stat i
compact core (@ = 0.5m)

Neutrino-4

_ (5M neutrinos - partial data set)
= ':.".‘"“" ) P
a X Newtrino-4 best fit
* Neutrino-4best fit . + 10 contour
+ 10 corgour

. - —c
Pl : ‘ periet ] K- 7 sensibltylimited by

resolution on Eand L
~ FC Exclusion, 95% CL
CL, Exclusion, 95% CL
[ Sensativity, 85% CL, v
] Sensitivity, 95% CL, 20 %

SBL + Gallium Anomaly (RAA), 96% CL

ML EVNLE)

1
10!
s \ln:l‘ 24,
£ MRJRCE A° o RS S sk * Strong rejection of the RAA allowed 95% CL space
sin’(26,,) = 0.36 p-value =1.5% (2.50) RAA best-fit point : p-value < 10* (>4) +  Rejection of the RAA + Gallium

Am?. =736V * Neutrino-4 best fit + 16 contour within sensitivity, ) . »
W excluded at >95 % CL * Neutrino-4 best fit and 1a contour within sensitivity Anomaly

Best-fit rejected at 3.10 (p-value ~ 1.5107) best fit point exluded at >50

2.90 with Wilks thm * RENO-NEOS best fit at the edge of exclusion
2.70 with F-C contour * NEOS-RENO best-fit point excluded at 2.80 ° RENO-NEOS bestfit excluded at >90%CL

Reactor Antineutrino Anomaly is excluded at 95 % CL up to Am? = 5 eV?
Neutrino-4 hint (<30) at Am2 = 7.3 eV?, sin%20 = 0.36 exists
but is excluded by PROSPECT (>95%CL) and STEREO (>30)
New results, especially after ongoing upgrades of Neutrino-4, PROSPECT and
DANSS, are eagerly awaited.
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Ga/Ge Detectors Calibration Anomaly

* Neutrino radiochemical detection
reaction (v + Ga — Ge + e ) was
applied in SAGE at Baksan and
GALLEX/GNO at Gran Sasso.

 (alibration with radioactive sources
showed deficit of the neutrino flux.

Overview of BEST

* Neutrinos produced at center of Ga by 51Cr decay:
SiCr+e W+,

* This is a well-understood monochromatic spectrum of a
compact source. The source intensity is well measured.

* These neutrinos are detected via a charged-current (CC)
reaction on Ga surrounding the source:

Ve +71Ga > 7'Ge + e
* Very Short Baseline. ~1m, two zone target to measure v
interaction rate at two distances.
* Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds
the rate from the Sun by several factors of ten.

» Well established experimental procedures for extraction and
counting of the 7'Ge developed in SAGE solar measurements.

*Simple interpretation of results. (phys. Part. Nucl. 46 (2015) 131)

The Ga Anomaly

Previously measured rates of
71Ga(v,,e)'Ge are lower than that
predicted from the known cross
section and v, flux. R=0.87+0.05

The v, sources in these experiments
were the electron-capture isotopes,
51Cr or 7Ar.

Schematic drawing of
the BEST neutrino
source experiment.

1 GALLEX Crl
SAGE Cr

‘s085v0 (900Z) ££ J¥d

R=0.87+0.05

GALLEX Cr2  SAGE Ar

4kg 5'Cr v source

Irradiated for ~100 days with thermal neutrons in
the SM-3 reactor (RIAR, Dmitrovgrad) to produce
“Cr neutrino source

Thermal neutron flux density — 5x10% n/(cm?s)

427 keV v (9.0%)
432 keV v (0.9%)

747 keV v (81.6%)
752 keV v (8.5%)

320 keV y
Sy (stable
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Ga/Ge Detectors Calibration Anomaly

* BEST measured the 7*Ge production in Ga _
from neutrinos emitted by 3ICr at two ; Combined result:
distances (inner zone: ~40 cm, outer zone: Ry = 0.80 + 0.05
~96 cm, but both have large spread.)

* The ratio of the measured-to-predicted
rates in both the inner and outer zones

are depressed by about 20% from unity.
The ratio-of-ratios is ~1.

-
-

Sin?26=0.33
Am?2=1.25 eV?

R meas /Rpwd
=)

-~
S
x*©

T

=
<

* The Ga Anomaly is reaffirmed. = :
* No dependence on oscillation length was & &

;;?' c;("
observed.

o
=)

If oscillations, the oscillation Ien%_th is short (large " Regions where inner/outer
i

Am?). BEST has poor Am? resolu

g on for values greater %, both about 0.8 of expectation
than ~2 eV~

Sin220 = 0.33
* Smaller inner volume probably not feasible.

* Half the radius, need 8x the source strength for same
rate.

e 652” Source paoss pois o300
* Higher energy source (1.35 MeV vs. 0.75 MeV).
* Almost twice the cross section.
* But adds a couple additional excited states.
* 13-14 kg of 95% enriched %Zn to produce 0.5 MCi.

* About 9x longer half life (244 d), many more events even
with lower activity.

Delta m square




LSND Anomaly

Los Alamos Neutrino Detector -
pion decays at rest experiment

Am’ (eVich)
=)
19

S

S ”
%\\\ ?
(/Karmcrl; ugc\kg Q\i

.

Beam Excess

90% (L
99% (L

max

max

. K ; ; 1.2 14
Am?=1.2 eV?, sin?26=0.003 LE, (meters/MeV)

MiniBooNE at Fermilab - pion
decays in flight (possible + and -)

MicroBooNE - precise LAr detector at Fermilab to study neutrino
events and possible backgrounds - didn’t rule out the MiniBooNE
allowed region. More exps are coming (SBND, ICARUS, JSNS2,...)

227 suamcn o, 301

e saza L wuw 337
Most likely a neutral current interaction



3+1 Scenario

Recent Updates

MINOS/ 3
MINOS +

* (3+1) picture describes anomalies better than 3f, but
* it is internally inconsistent (tension between App and Disapp data)

* in addition, trying to introduce decay, decoherence, NSI, ...

30



3+1 Scenario

Recent U [y Sus BEST and pBooNE
push towards larger |Ama1 |2 push towards lower |U,4|2

[eV?]

IceCube 2020

2
41

closed contour at 90% CL

Am’

MINOS/ 3
MINOS +

- lceCube 2020

* (3+1) picture describe data, but an internal consistency is rather low.
In addition, trying to improve by adding decays, decoherence, NSI, ...

* N < 3.a6and ¥m,; S 0.12 eV from cosmology (Planch measurements)
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Summary

Significant progress in establishing oscillation phenomenon

Many new fundamental projects running and being prepared:
JUNO, IceCube and KM3NET, HyperK and T2HK, DUNE

Very good chance of getting in ~10 years further improvement of
oscillation parameters, including an information on 6,; octant,
MO and leptonic CP violation

Present data consistent with the 3f oscillation picture, but several

anomalies exist, hinting not necessarily to the existence of sterile
states, but certainly to something not yet understood

Very bright future ahead
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