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Neutrino oscillations: the broad
picture



Neutrino oscillation is the phenomenon that

the probability to detect a neutrino of flavour

3, which was initially produced as flavour ¢,

changes as a function of distance and inverse
energy.



Neutrino oscillations: the broad picture

Neutrino oscillation theory
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- U, entries of the leptonic mixing matrix
© Amf:= Am; — Am? squared differences between
mass-eigenstates
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Neutrino oscillations: the broad picture

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki

Kajita and Arthur McDonald
“for the discovery of neutrino oscillations”

NOBELPRIZE.ORG. NOBEL MEDIA AB 2019



“Neutrino Physics is entering the precision era”
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Precision test on neutrino oscillation theory
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Precision test on neutrino oscillation theory
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“With the exception of a few possible anomalies such
as LSND, current neutrino data can be described within
the framework of a 3 x 3 mixing matrix between the fla-
vor eigenstates ve, v, and v, and the mass eigenstates
n, 1o, and v3.”

M. TANABASHI ET AL., “REVIEW OF PARTICLE PHYSICS”, PHYS. REV. D, 2018
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__Schematic Picture of Neutrino Oscillations
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Precision test on neutrino oscillation theory
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Schematic Picture of Neutrino Oscillations
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Anomalies



The ., appearance channel:

search for

(= (=



v, appearance channel

LSND Method:

7r+—>u++yu

—ut =0, +et e
Baseline: O(30 m)
Energy: 20 — 200 MeV

AGUILAR++, “EVIDENCE FOR NEUTRINO OSCILLATIONS FROM THE OBSERVATION OF e APPEARANCE IN A Zm BEAM”, PHYS. REV,,
2001



v, appearance channel

LSND Method:

T —>u+ + v

S ut =7, +et + e

either decay at rest: search for v, — 7
Baseline: O(30 m)
Energy: 20 — 200 MeV

AGUILAR++, “EVIDENCE FOR NEUTRINO OSCILLATIONS FROM THE OBSERVATION OF g APPEARANCE IN A Zm BEAM”, PHYS. REV,,
2001



v, appearance channel

LSND Method:

't —>u+ + vy
= TS e

either decay at rest: search for 7, — 7

or decay in flight: search for v, — v. (beyond
endpoint of u* decay)

Baseline: O(30 m)

Energy: 20 — 200 MeV

AGUILAR++, “EVIDENCE FOR NEUTRINO OSCILLATIONS FROM THE OBSERVATION OF ¢ APPEARANCE IN A Zm BEAM”, PHYS. REV,,
2001



v, appearance channel

LSND Method:

7r+—>u+—|—uu

S ut =, +et + e

either decay at rest: search for v, — 7,

or decay in flight: search for v, — ve (beyond
endpoint of u* decay)

Baseline: O(30 m)

Energy: 20 — 200 MeV

=~ 3.80 excess observed

AGUILAR++, “EVIDENCE FOR NEUTRINO OSCILLATIONS FROM THE OBSERVATION OF e APPEARANCE IN A Uy BEAM”, PHYS. REV,,
2001



v, appearance channel

MiniBooNE Method: magnetized horns filter for either for
positive or negative mesons:

7r+—>/fr+yu

O TR 7

Baseline: O(500 m)
Energy: O(500 MeV)

MINIBOONE COLLABORATION, AGUILAR-AREVALO++, “OBSERVATION OF A SIGNIFICANT EXCESS OF ELECTRON-LIKE EVENTS IN
THE MINIBOONE SHORT-BASELINE NEUTRINO EXPERIMENT", ARXIV:1805.12028



v, appearance channel

MiniBooNE Method: magnetized horns filter for either for
positive or negative mesons:

at = ,qu + vy

T —u + 5#
search for
Vy — Ve

Baseline: O(500 m)
Energy: O(500 MeV)

MINIBOONE COLLABORATION, AGUILAR-AREVALO++, “OBSERVATION OF A SIGNIFICANT EXCESS OF ELECTRON-LIKE EVENTS IN
THE MINIBOONE SHORT-BASELINE NEUTRINO EXPERIMENT", ARXIV:1805.12028



v, appearance channel

MiniBooNE Method: magnetized horns filter for either for
positive or negative mesons:

7T+—>,U,++Vu

O 3 VR S

search for

Vy —> Ve

Uy — Ve

Baseline: O(500 m)
Energy: O(500 MeV)

MINIBOONE COLLABORATION, AGUILAR-AREVALO++, “OBSERVATION OF A SIGNIFICANT EXCESS OF ELECTRON-LIKE EVENTS IN
THE MINIBOONE SHORT-BASELINE NEUTRINO EXPERIMENT", ARXIV:1805.12028



v, appearance channel

MiniBooNE Method: magnetized horns filter for either for
positive or negative mesons:

Tt = ,u+ + vy
T = u +
search for
Vy —> Ve
Uy — e
Baseline: O(500 m)
Energy: O(500 MeV)

=~ 4.80 excess observed

MINIBOONE COLLABORATION, AGUILAR-AREVALO++, “OBSERVATION OF A SIGNIFICANT EXCESS OF ELECTRON-LIKE EVENTS IN
THE MINIBOONE SHORT-BASELINE NEUTRINO EXPERIMENT", ARXIV:1805.12028



The U, disappearance channel:

search for

(=) (=)
Ve — Ve



(=) .
v, disappearance channel

Reactor experiments Method: measure total flux of 7, from
commercial reactors
Baseline: O(10 — 100 m)
Energy: O(few MeV)

HUBER, "ON THE DETERMINATION OF ANTI-NEUTRINO SPECTRA FROM NUCLEAR REACTORS", PHYS.REV. C, 2011
MUELLER++, "IMPROVED PREDICTIONS OF REACTOR ANTINEUTRINO SPECTRA", PHYS.REV. C, 2011



(=) .
v, disappearance channel

Reactor experiments Method: measure total flux of 7, from
commercial reactors
Baseline: O(10 — 100 m)
Energy: O(few MeV)

=~ 3o deficit observed with 20171 flux predictions
“Huber-Muller”

HUBER, "ON THE DETERMINATION OF ANTI-NEUTRINO SPECTRA FROM NUCLEAR REACTORS", PHYS.REV. C, 2011
MUELLER++, "IMPROVED PREDICTIONS OF REACTOR ANTINEUTRINO SPECTRA", PHYS.REV. C, 2011



(=) .
v, disappearance channel

Gallium experiments Method: calibration of gallium detectors
for solar neutrino measurements.
Radioactive source was placed inside detector,
measure total flux of v,
Baseline: ©(0.6,1.6m)
Energy: O(1MeV)

HAMPEL++, "FINAL RESULTS OF THE CR-51 NEUTRINO SOURCE EXPERIMENTS IN GALLEX", PHYS. LETT. B, 1998
ABDURASHITOV++, "MEASUREMENT OF THE RESPONSE OF THE RUSSIAN- AMERICAN GALLIUM EXPERIMENT TO NEUTRINOS FROM
A CR-51 SOURCE", PHYS.REV. C, 1999

ABDURASHITOV++"MEASUREMENT OF THE RESPONSE OF A GA SOLAR NEUTRINO EXPERIMENT TO NEUTRINOS FROM AN AR-37
SOURCE", PHYS.REV. C, 2006

GIUNTI++"MATTER EFFECTS IN ACTIVE-STERILE SOLAR NEUTRINO OSCILLATIONS", PHYS. REV. D, 2009
FREKERS*+, "THE GA71(HE-3, T) REACTION AND THE LOW-ENERGY NEUTRINO RESPONSE", PHYS. LETT. B, 2011



(=) .
v, disappearance channel

Gallium experiments Method: calibration of gallium detectors
for solar neutrino measurements.
Radioactive source was placed inside detector,
measure total flux of v,
Baseline: O(0.6,1.6 m)
Energy: O(1MeV)

=~ 30 deficit observed

HAMPEL++, "FINAL RESULTS OF THE CR-51 NEUTRINO SOURCE EXPERIMENTS IN GALLEX", PHYS. LETT. B, 1998
ABDURASHITOV++, "MEASUREMENT OF THE RESPONSE OF THE RUSSIAN- AMERICAN GALLIUM EXPERIMENT TO NEUTRINOS FROM
A CR-51 SOURCE", PHYS.REV. C, 1999

ABDURASHITOV++"MEASUREMENT OF THE RESPONSE OF A GA SOLAR NEUTRINO EXPERIMENT TO NEUTRINOS FROM AN AR-37
SOURCE", PHYS.REV. C, 2006

GIUNTI++"MATTER EFFECTS IN ACTIVE-STERILE SOLAR NEUTRINO OSCILLATIONS", PHYS. REV. D, 2009

FREKERS*+, "THE GA71(HE-3, T) REACTION AND THE LOW-ENERGY NEUTRINO RESPONSE", PHYS. LETT. B, 2011



Oscillations with sterile neutrinos




Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Neutrino oscillation theory
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Oscillations with sterile neutrinos: a comic picture

Neutrino oscillation theory
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Realistic Evaluation

Can the observed anomalies be explained in the 3+
framework?

- are the anomalies compatible with each other?
- could it be SM systematics?

- is a consistent explanation, including all experiments,
possible the 3+1 framework?

10



Realistic Evaluation

Can the observed anomalies be explained in the 3+1
framework?

- are the anomalies compatible with each other?
- could it be SM systematics?

- is a consistent explanation, including all experiments,
possible the 3+1 framework?

= Global fits with sterile neutrino

10



Realistic Evaluation: v, appearance channel
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NEUTRINO OSCILLATIONS IN THE PRESENCE OF EV-SCALE STERILE NEUTRINOS," JHEP, 2018 n



Realistic Evaluation: v, appearance channel
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Realistic Evaluation: flux uncertainties
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Flux prediction Oscillation probability

depends on depends on
- Energy - Energy
- Fission isotope - Distance

12



Realistic Evaluation: flux uncertainties

Flux prediction Oscillation probability
depends on depends on

- Energy - Energy

- Fission isotope - Distance

Disentangle hypotheses:
- measure spectra instead of total rate

- measure ratios between two points

- measure individual fission isotopes 12



Realistic Evaluation: flux uncertainties

Flux prediction Oscillation probability
depends on depends on

- Energy - Energy

- Fission isotope - Distance

Disentangle hypotheses:
- measure spectra instead of total rate

- measure ratios between two points

12



Evaluating the Daya Bay isotope flux measurement

Analysis X%, /dof  gof  sin? 26°  Ax2(no osc)

fixed fluxes + vs 9.8/(8—-1) 18% 0.11 3.9
free fluxes (novs) 3.6/(8—-2) 73%

Assessment of DB's preference for either hypothesis:
Test statistic: T = X%qm(HHuberfMuHerJrus) - Xgn,'n(Hfreeﬂuxes)

AN++, “EVOLUTION OF THE REACTOR ANTINEUTRINO FLUX AND SPECTRUM AT DAYA BAY", PHYS. REV. LETT, 2017
MD, HERNANDEZ-CABEZUDO, KOPP, MALTONI,SCHWETZ, “STERILE NEUTRINOS OR FLUX UNCERTAINTIES? — STATUS OF THE
REACTOR ANTI-NEUTRINO ANOMALY", JHEP, 2017
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Evaluating the Daya Bay isotope flux measurement

Analysis X2 /dof  gof sin? 26°  Ax2(no osc)

fixed fluxes + wvs 9.8/(8—-1) 18% 0.11 3.9
free fluxes (novs) 3.6/(8—-2) 73%

Assessment of DB's preference for either hypothesis:
Test statistic: T = X%q,'n(HHuberfMullerJrus) - X?nm(Hfreefluxes)

Tops = 6.3
p-value = 0.7% (2.70)
Both hypotheses remain valid = two approaches:
—

AN++, “EVOLUTION OF THE REACTOR ANTINEUTRINO FLUX AND SPECTRUM AT DAYA BAY", PHYS. REV. LETT,2017
MD, HERNANDEZ-CABEZUDO, KOPP, MALTONI,SCHWETZ, “STERILE NEUTRINOS OR FLUX UNCERTAINTIES? — STATUS OF THE
REACTOR ANTI-NEUTRINO ANOMALY", JHEP, 2017 13



Realistic Evaluation: global reactor data
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Realistic Evaluation: global reactor data

MD, HERNANDEZ-CABEZUDO, KOPP, MALTONI,SCHWETZ, “STERILE NEUTRINOS OR FLUX UNCER-

TAINTIES? — STATUS OF THE REACTOR ANTI-NEUTRINO ANOMALY", JHEP, 2017

Data sets
Experiment Comments
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3 spectra w. free norm
spect. ratio
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spect. ratio at two L
spect. ratio

EH3/EH1 & EH2/EH1

KamLAND

very distant spectrum
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107!
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PES n e

o

T
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—=x
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All free e

All fixed Daya Bay

1072 107!

2
[Uedl

1073

- fixed fluxes: hint for v

@ 3.50 C.L.

- free fluxes: hint for v

@ 290 C.L.

- hypothesis test:

Mo = =13

14
= preference for v



Realistic Evaluation: global reactor data

Data/Prediction

09

T T T T
NEOS data ——

flux-free, no-osc

flux-fixed, osc(bfp;) ——
flux-fixed, osc(bfpy) — —— -

I I I L I 1

2 3 4 5 6 7
Prompt Energy [MeV]

8

Ratio Down/Up

0.85

0.8

0.75

0.7

0.65

0.6

0.55

DANSS data —

flux-free, no-osc
flux-fixed, osc(bfp;) ——
flux-fixed, osc(bfp,) ———-
1 I

2 3 4 5 6

Prompt Energy [MeV]
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Realistic Evaluation: v, disappearance channel

95%, 99% CL
10'}2 dof

All
vedisapp

All Reactors
7 S

Am3, [eV?]
-
(=}
2

|

|

|

|

|

|
1073 1072 107!

MD, HERNANDEZ-CABEZUDO, KOPP, MACHADO, MALTONI, MARTINEZ-SOLER, SCHWETZ, “UPDATED GLOBAL ANALYSIS OF
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How robust are these tensions?



Analysis X%nin,global X?nin,app Axgpp X?nin,disapp AXéisapp XE’G/DOF PG

Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71x 1077
Removing anomalous data sets

w/o

MiniBooNE 1012.2 40.7 8.3 947 .2 16.1 24.4[2 5.2 x 10’!
reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x107°
gallium 1116.0 79.1 13.8  1003.1 20.1 33.9/2 4.4 %1078
Removing constraints

w/o

IceCube 920.8 79.1 11.9 812.4 17.5 29412 42 %1077
MINOS/ -6
M!N'OS+ 1052.1 79.1 15.6 948.6 8.94 245/2 4.7 x 10
ZAI'S”;FB)OONE 10549 791 147 9472 139  287/2 6.0x10~

CDHS 11048 79.1 119 997.5 16.3 282/2 7.5x1077
Removing classes of data

(=) .

viudiS8PP- 5oz 791 120 4689 47 167/2 2.3 x 107

vs ‘v app.

(=) .

v, disapp.

+ solar 8844 791 139 7817 97  236/2 74x107°

vs Ve app.
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Conclusions

- the 3+1 framework provides a straightforward and minimal
model for explaining anomalies in oscillation data

- within different channels, rather consistent (global) fits
are possible

- new reactor data cannot definitely tell apart 3+1
oscillations and false flux predictions

- the strong tension within the global data set; mainly
driven by LSND, nearly independent from any individual
remaining experiment;

- sterile neutrino oscillations might still be part of the

explaination: either for subset of data or within extended
theoretical models
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Thank you!



Backup - constraints on r, oscillations
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