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Motivation to: Scenario 3+1

Why do we need to consider a vg with mass around 1 eV?

» LSND: excess of U. compatible with E/L ~ 1eV?

» MiniBooNE: excess of the v. and . compatible with an oscillation
with 0.1 < Am? < 1.

» Gallium anomaly can be explained by an oscillation of v, into v;
with Am? > 1eV?

» Reactor anomaly can be explained as an oscillation of 7. with
Am? > 1eV?

N



Scenario 3+1

In the 3+1v scenario, neutrino evolution is described by the Schrodinger

equation
z@ = L [U*Dz’ag(O Am3,, Am3, Amil)U + Vmat] v V= (vev Z/T)T
dt 2K ) ] ) M
N. — N, 0 0 0
0 —N, 0 0
Vmat - \/§GF 0 0 _Nn 0
0 0 0 0



Scenario 3+1

In the 3+1v scenario, neutrino evolution is described by the Schrédinger

equation
dv 1 T 2 2 2 - L T
’LE =55 U'Diag(0, Amay, Am3zy, Ami )U £ Vinat | U U= (Vevyuvr)

» Depends on:
> 6 mixing angles and 3 complex phases.

U = R34(034) R24(024, 624) R14(014) R23(023) R13(013,813) R12(012,012),

> Three mass splittings: (Am%l ~ 107 5eV2, Amgl ~1073eV? and
Amj,)



V. disappearance: Reactor anomaly

» 7. emitted from 2*°U, 233U, 239 Py, and 24! Pu fissions

» B, ~4 MeV and L <1 Km;

» The reevaluation of the 7. flux determined a deficit in the
experimental data (reactor anomaly).

» Data/Prediction = 0.952 £+ 0.014 £ 0.023 (Daya Bay),
0.918 + 0.018 (RENO)

See

1.2
s |
:g r R 1] i 1
s | L
a - —— Previous data
§ 0.8— —— Daya Bay
a - —_— Globalaverage
L 1-0 Experiments Unc.
- [:] 1-6 Model Unc.
0.6 L 1 1
10 10 10°

Distance (m)

How can be explained the reactor anomaly?

See ISHITSUKA’s Talk
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V. disappearance: Reactor anomaly

Sterile neutrinos
» For Am3; > 0.05eV?

Pe 21— 2|Ucsl?(1 = |Uea|?)

» The flux coming from all the isotopes would be equally affected



V. disappearance: Reactor anomaly
Problem with the Flux prediction

» Daya Bay measured the contribution of
the different isotopes.

» Discrepancies between
measurement /prediction:

> 1.70 in the overall yield.
> 3.10 in the dependence of the yield
with the fuel composition.

» Preference for 2*°U as a source of the

anomaly
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V. disappearance: Reactor anomaly

Can be excluded the existence of v4?

We can compare the two hypotheses:

» Free fluxes (no steriles)
> 2357 and 239 Py vary freely.

» Fluxes fixed + vs

» Huber+Muller flux prediction.
> Am32; > 0.05eV?

» Preference of Daya Bay for the free fluxes hypothesis (2.7¢0)

> Sterile neutrino hypothesis provides an acceptable gof

PG
Free fluxes 0.7
Fluxes fixed + vs | 0.18

M. Dentler, A. Hernandez-Cabezudo, J. Kopp, M.

Maltoni, T. Schwetz, JHEP 1711 (2017) 099



Flux excess at 5 MeV

See Jouni’s Talk

» The ratio of measured over the predicted flux shows an excess at

5 MeV.

» The excess is present in all experiments.

» The “bump” is time independent and it is correlated with the reactor

power.
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V. disappearance: Reactor neutrinos

NEOS
» Baseline ~ 23.7 m.

DANSS

» Measurement at two locations

(10.7 m and 12.7 m) > Use Daya Bay as a prediction of

non-oscillation
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The combined analysis between NEOS and DANSS excluded the
non-oscillation hypthesis to 3.30.



7, disappearance: global analysis of reactor experiments
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v disappearance: Solar neutrino measurement

> v, is produced by two different nuclear fusion reactions: pp chains and
CNO cycles.

» The flux is composed by v. with a characteristic energy (7Be,pep) or
spectrum (pp, CNO, ®B, hep).

> Sensitivity to:

> v disappearance channel.
Phys. Rev. D 98, 030001 (2018)
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Gallium anomaly

» GALLEX and SAGE (solar
Gallium experiments) has been

tested by a radioactive source
(3'Cr, 37 Ar)

» Ratio measured/predited shows
a ~ 3o deficit [1]

R =0.84£0.05

» The anomaly can be explained
by Am2; > 1eV?

[1] JHEP 1305 (2013) 050
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Results: v, and 7, diappearance
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Ve apperance

LSND

"
2
. Q [
» The first channel that pointed to e 175 ® Boam Excess
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» Including the contribution from
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A. Aguilar-Arevalo et al. [LSND
collab], Phys.Rev. D64 (2001) 112007




Ve apperance

MiniBooNE
. ) .
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Ve apperance
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Ve apperance

Am3, [eV?]
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v,, disappearance

LBL experiments:
» NOvA searches based on NC

> Narrow energy beam
— Am2, €[0.05,0.5]eV?

» MINOS/MINOS+ combined
analysis

» For Am2; € [1073,1071]eV?
oscillation in the FAR
detector.

» For Am3; € [1,100]eV?
oscillation in the NEAR
detector.
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v,, disappearance

Low energy Atmospheric neutrinos:
» DeepCore, SK

» Cannot resolve the oscillations
for Am3; ~ 1eVZ2.

> U4 modify the overall
normalization.

> Ur4 modify the energy of the
neutrino oscillation.
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v,, disappearance
High-energy atmospheric neutrinos:

» IceCube

> Resonance for neutrinos crossing
the Earth at TeV scale
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v,, disappearance

Oscillation channels are not independent

In the short-baseline limit (Am3;L/4F << 1 and Am},L/4E << 1)

2
PSPL _ q_ 4|Ue4|2 (1 _ |Ue4|2) sin? Ami L
4F
) Ami L
PEPY = AUeP|Upa] sin® ( 1D )
) Ami L
PMSEL - 1- 4|Uu4|2 (1 - |Uu4|2) sin® ( 42‘1 )

Are the different channels compatible?

Pe.e>0

P, >0 — P >0



Results: v, disappearance channel
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Appearance/disappearance tension

Strong tension between apperance and disapperance channels
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Appearance/disappearance tension

Analysis Xiin global Xaminapp SXapp Xihin disapp AXﬁm X /dof PG
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71 x 1077
Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 x 1073
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 52x 1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4x10°8
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 20.4/2  4.2x1077
w/o MINOS(+) 1052.1 791 156 9486 894  245/2 47x10°6
w/o MB disapp 1054.9 791 147  947.2 139  28.7/2 6.0x1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 T7.5x 107
Removing classes of data
‘v, dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6x1072
W, dis vs app 564.7 791 120 468.9 47 167/2 23x107*
W, dis + solar vs app ~ 884.4 791 139  T8L7 9.7  236/2 T.4x10°6
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Conclusion

» There are several anomalies in the v, disappearance and v. appearance.

» Most of these anomalies can be explained in the 34+1v scenario.

» Strong tensions between the appearance and the disappearance data.



Thank you!



Backup:

Daya-Bay studied the number of IBD yield as a function of Fh3g

doy
O'f(F239) 0'7+ dF (F239 - F239)

» Incompatible with a constant 7. flux
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