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Standard model of particle physics




Standard model of particle physics




Standard model of particle physics*
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We know they
have masses
and they mix

*with massive neutrinos



Three-neutrino oscillations
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Three-neutrino oscillations

Vo = > _ Uik, P(a = f; E, L) =
k

parameter best fit £ 10 30 range
Am3, [L0~%eV?] 755701 7.05-8.14
|Am? [ [1073¢V?] (NO)  2.50£0.03  2.41-2.60
| Az | [107%eV?] (1O) 2427008 2.31-2.51
sin? 0;,/107" 3.200038  2.73-3.79
sin? 0,4 /10~ (NO) 5471030 4.45-5.99
sin? 0,4 /1071 (1O) 5517035  4.53-5.98
sin® 013/1072 (NO) 2.1601 0085 1.96-2.41
sin’ f15/1072 (1O) 2.22015074  1.99 2.44
/7 (NO) 1.32597  0.87-1.94
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Three-neutrino oscillations
Remaining unknowns are
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Three-neutrino oscillations

Neutrino mass ordering
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Three-neutrino oscillations

Neutrino mass ordering

Combine with data from
decay experiments and
cosmological observation
using conservative priors to
obtain 3.50 preference for
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Anomalies In oscillations



LSND

Appearance of electron antineutrinos from a pure
source of muon antineutrinos 7, — 7. for energies
20 MeV < E <52.8 MeV over 30m

LSND
PRL 75 (1995) 2650
PRC 54 (1996) 2685
PRL 77 (1996) 3082
PRD 64 (2001) 112007

Karmen
PRD 65 (2002) 112001

Beam Excess
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LSND

Appearance of electron antineutrinos from a pure
source of muon antineutrinos 7, — 7. for energies
20 MeV < E <52.8 MeV over 30m

LSND saw a 3.80 excess
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LSND

Appearance of electron antineutrinos from a pure
source of muon antineutrinos 7, — 7. for energies
20 MeV < E <52.8 MeV over 30m

LSND saw a 3.80 excess

No signal seen by Karmen § 75| ¢ o
at 18m (same technique) ¢ B om0
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Gallium anomaly

Gallium Radioactive Source Experiments Gallex and
Sage

GALLEX SAGE ]
Cr1 Cr .

GALLEX SAGE

R=0.84+0.05

PRC 73 (2006) 045805, SAGE
PRC 80 (2009) 015807, SAGE
Nucl.Phys.Proc.Suppl. 168 (2007) 344, Laveder et al

PRD 78 (2008) 073009 and PRC 83 (2011) 065504, C. Giunti et al




Gallium anomaly

Gallium Radioactive Source Experiments Gallex and
Sage

Measure electron neutrinos ve. — ve

+  GALLEX SAGE E
[ Cr1 Cr i

GALLEX SAGE

R=0.84+0.05

PRC 73 (2006) 045805, SAGE
PRC 80 (2009) 015807, SAGE
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Gallium anomaly

Gallium Radioactive Source Experiments Gallex and
Sage

Measure electron neutrinos ve. — ve

~30 deficit of neutrinos
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GALLEX SAGE

R=0.84+0.05
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PRC 80 (2009) 015807, SAGE
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Reactor Antineutrino Anomaly
New reactor antineutrino fluxes, again ~3o deficit
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Beyond three-neutrino oscillations
We can add a forth neutrino



Beyond three-neutrino oscillations
We can add a forth neutrino

This neutrino must be sterile, which means it is a
singlet under all standard model gauge groups



Beyond three-neutrino oscillations
We can add a forth neutrino

This neutrino must be sterile, which means it is a
singlet under all standard model gauge groups

A forth active neutrino Is
excluded by observations
of invisible Z-decays
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3+1 neutrino oscillations
We extend the mixing matrix

Uel U€2 U63 /Uel Ue2 UeS Ue4\
U,ul UMQ U,uS =
UTl U7'2 U7'3




3+1 neutrino oscillations
We extend the mixing matrix

Uel U€2 UeS /Uel Ue2 UeS Ue4\
Ua Uwp Ux;s| = U,ul U’uz U'UJS U'u4
Ulul U'UJ2 U’ug UT]. U T2 UT3 U7'4

\Usl U82 US3 M)

DISappearance
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3+1 neutrino oscillations
We extend the mixing matrix

U, U, U.wx; /Uel Uea Ues @\

Ui Uy U,z |Uys
U,ul U,u,2 U,uS = M M M K
UT]_ U7'2 UTS UT]. U7'2 UT3 U7'4

\Usl U82 US3 M)

DISappearance

2
/
$i0% (2000 ) = 4|Una)?(1 = |Uaa)?)

Ve = Ve @ |Ueal® = sin? 014
@Reactors and Gallium



3+1 neutrino oscillations
We extend the mixing matrix
/Uel Ue2 UeS @\

Uel UGQ U63
Uy U U |U
Ui Up2 Upz | = Uﬁ Ui Uig Ujj

U Uz Ugs \Us1 Uso US3M/

DISappearance

2
/
$i0% (2000 ) = 4|Una)?(1 = |Uaa)?)

Ve = Ve @ |Ueal® = sin? 014
@Reactors and Gallium

Vy — Vy - |U’u4|2 = Sin2 924 COS2 814
@atmospherics and accelerators



3+1 neutrino oscillations

We extend the mixing matrix [\
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3+1 neutrino oscillations
We extend the mixing matrix
Ues @\
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@atmospherics and accelerators



3+1 neutrino oscillations
We extend the mixing matrix
Ues @\
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Ue Ue Ue / el e2
: i ° Uul UMQ UN3 Uu4

Ui Up2 Upz | = Ui Urx Urs |Usrsg
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3+1 neutrino oscillations
In LBL experiments matter effects are important!



3+1 neutrino oscillations
In LBL experiments matter effects are important!
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3+1 neutrino oscillations
In LBL experiments matter effects are important!

(

Neutral current potential becomes important
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3+1 neutrino oscillations
In LBL experiments matter effects are important!

71

Neutral current potential becomes important
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We have to take it into account when diagonalizing
the Hamiltonian



v, disappearance experiments



IceCube and DeepCore
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IceCube and DeepCore
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| IceCube 99% CL Exclusions
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IceCube and DeepCore
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IceCube and DeepCore
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IceCube and DeepCore
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MINOS/MINOS+
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MINOS/MINOS+
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MINOS/MINOS+
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Fit of v./7. disappearance data

All data:
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Fit of v./7. disappearance data

All data: DeepCore is the
most dominating
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What is the impact on the 3+1
picture?

In preparation, S. Gariazzo, C. Giunti, CAT



v_disappearance experiments
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NEOS
Single detector, taking ratio to Daya Bay
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DANSS

Single movable detector, ~30 preference for 3+1

Phys.Lett. B787 (2018) Positron energy, MeV



Fit of v./7. disappearance data
DANSS / NEOS

Phys.Lett. B782 (2018) 13-21
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See also: JHEP 1711 (2017) 099, Dentler, M. et al



Fit of v./7. disappearance data
DANSS / NEOS + Gallium + RAA

Phys.Lett. B782 (2018) 13-21
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Phys.Lett. B782 (2018) 13-21
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Fit of v./7. disappearance data
New Stereo data:

Phys.Lett. B782 (2018) 13-21 Talk by Christian Roca
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V_appearance experiments



MiniBooNE

MiniBooNE was built to check the LSND results with
a different baseline, but similar L/E
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PRL 121 (2018) 221801



MiniBooNE

MiniBooNE was built to check the LSND results with
a different baseline, but similar L/E

MiniBooNE has no near detector
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MiniBooNE

MiniBooNE was built to check the LSND results with
a different baseline, but similar L/E

MiniIBooNE has no near detector |
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Fit of v./V. appearance data

All data:
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In preparation, S. Gariazzo, C. Giunti, CAT



All data:
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Tension in APP vs DIS data
e Data end of 21%)17
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Tension in APP vs DIS data
Data June 2019
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Tension In APP vs DIS data

Data June 2019
No overlap anymore!
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Data June 2019
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Data June 2019
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Tension in APP vs DIS data
Only excluding LSND and MB solves the problem
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No surprise, because now there is no lower bound



Conclusions
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If one Insists that all of the LSND and MB excesses
comes from sterile mixing, then:



Conclusions
If one Insists that all of the LSND and MB excesses
comes from sterile mixing, then:

APP-DIS tension makes the 3+1 global fit
unacceptable
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Conclusions

If one assumes that (at least part of) the LSND and
MB excesses could come from different physics:

Model-independent indication of light sterile
neutrino oscillations in very short-baseline reactor

experiments

But no such thing seen in muon neutrino
disappearance experiments

This raises the question: What are LSND and
MiniBoone observing?
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All MB LSND MB&ESND
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