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Motivation to: Scenario 3+1

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

I LSND: excess of νe compatible with E/L ∼ 1eV2

I MiniBooNE: excess of the νe and νe compatible with an oscillation
with 0.1 < ∆m2 < 1.

I Gallium anomaly can be explained by an oscillation of νe into νs
with ∆m2 ≥ 1eV2

I Reactor anomaly can be explained as an oscillation of νe with
∆m2 ≥ 1eV2
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Scenario 3+1

In the 3+1ν scenario, neutrino evolution is described by the Schrödinger
equation

i
d~ν

dt
=

1

2E

[
U†Diag(0,∆m2

21,∆m
2
31,∆m

2
41)U ± Vmat

]
~ν ~ν = (νe νµ ντ )T

Vmat =
√

2GF
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Scenario 3+1

In the 3+1ν scenario, neutrino evolution is described by the Schrödinger
equation

i
d~ν

dt
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41)U ± Vmat

]
~ν ~ν = (νe νµ ντ )T

I Depends on:
I 6 mixing angles and 3 complex phases.

U ≡ R34(θ34)R24(θ24, δ24)R14(θ14)R23(θ23)R13(θ13, δ13)R12(θ12, δ12) ,

I Three mass splittings: (∆m2
21 ∼ 10−5eV 2, ∆m2

31 ∼ 10−3eV 2 and

∆m2
41)
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νe disappearance: Reactor anomaly

I νe emitted from 235U , 238U , 239Pu and 241Pu fissions

I Eν ∼ 4 MeV and L ≤ 1 Km;

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

I Data/Prediction = 0.952± 0.014± 0.023 (Daya Bay),
0.918± 0.018 (RENO)

How can be explained the reactor anomaly?
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νe disappearance: Reactor anomaly

Sterile neutrinos
I For ∆m2

41 ≥ 0.05eV2

Pee ≈ 1− 2|Ue4|2(1− |Ue4|2)

I The flux coming from all the isotopes would be equally affected
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νe disappearance: Reactor anomaly
Problem with the Flux prediction

I Daya Bay measured the contribution of
the different isotopes.

I Discrepancies between
measurement/prediction:

I 1.7σ in the overall yield.
I 3.1σ in the dependence of the yield

with the fuel composition.

I Preference for 235U as a source of the
anomaly
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νe disappearance: Reactor anomaly

Can be excluded the existence of νs?

We can compare the two hypotheses:

I Free fluxes (no steriles)
I 235U and 239Pu vary freely.

I Fluxes fixed + νs
I Huber+Muller flux prediction.
I ∆m2

41 > 0.05eV2

I Preference of Daya Bay for the free fluxes hypothesis (2.7σ)

I Sterile neutrino hypothesis provides an acceptable gof

PG

Free fluxes 0.7
Fluxes fixed + νs 0.18
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Flux excess at 5 MeV

I The ratio of measured over the predicted flux shows an excess at
5 MeV.

I The excess is present in all experiments.

I The “bump” is time independent and it is correlated with the reactor
power.
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νe disappearance: Reactor neutrinos

DANSS

I Measurement at two locations
(10.7 m and 12.7 m)
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The combined analysis between NEOS and DANSS excluded the
non-oscillation hypthesis to 3.3σ.
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νe disappearance: global analysis of reactor experiments
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Preference of ∼ 3σ (∼ 3.5σ) for νs for free (fixed) fluxes.
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νe disappearance: Solar neutrino measurement

I νe is produced by two different nuclear fusion reactions: pp chains and
CNO cycles.

I The flux is composed by νe with a characteristic energy (7Be,pep) or
spectrum (pp, CNO, 8B, hep).

I Sensitivity to:
I νe disappearance channel.
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Gallium anomaly

I GALLEX and SAGE (solar
Gallium experiments) has been
tested by a radioactive source
(51Cr, 37Ar)

I Ratio measured/predited shows
a ∼ 3σ deficit [1]

R = 0.84± 0.05

I The anomaly can be explained
by ∆m2

41 ≥ 1eV2
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Results: νe and νe diappearance

10-3 10-2 10-1

10-1

100

101

|Ue4
2

Δ
m

4
1

2
[e

V
2
]

Gallium

S
o

la
r

SK+DC
+IC

C12

All
νe disapp

All Reactors

95%, 99% CL
2 dof

14 / 28



νe apperance

LSND

I The first channel that pointed to
νs with masses in the eV scale.

I Excess of νe in a νµ beam
(Eν ∼ 30 MeV, L ∼ 35 m);

I π+ → µ+νµ, µ+ → e+νeνµ

I Including the contribution from
DaR and DiF;
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νe apperance

MiniBooNE

I Designed to search for
(−)
νµ →

(−)
νe

at the same L/E as LSND;

I observe an excess at low energy

in the
(−)
νe

(200 ≤ Eν ≤ 1250 MeV).

I Combine analysis with LSND
has a preference for νs of 6σ
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νe apperance

MiniBooNE

I Designed to search for
(−)
νµ →

(−)
νe

at the same L/E as LSND;

I observe an excess at low energy

in the
(−)
νe

(200 ≤ Eν ≤ 1250 MeV).

I Combine analysis with LSND
has a preference for νs of 6σ

KARMEN, NOMAD, E776, ICARUS
and OPERA couldn’t confirm/reject
the oscillation.

3−10 2−10 1−10 1
θ22sin

2−10

1−10

1

10

210)2
 (

eV
2

m∆

90% CL
KARMEN2

90% CL
OPERA

LSND 90% CL

LSND 99% CL

68% CL
90% CL
95% CL
99% CL

 CLσ3
 CLσ4

17 / 28

Phys.Rev.Lett. 121 (2018) no.22,
221801



νe apperance
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νµ disappearance

LBL experiments:
I NOνA searches based on NC

I Narrow energy beam
→ ∆m2

41 ∈ [0.05, 0.5]eV2

I MINOS/MINOS+ combined
analysis

I For ∆m2
41 ∈ [10−3, 10−1]eV2

oscillation in the FAR
detector.

I For ∆m2
41 ∈ [1, 100]eV2

oscillation in the NEAR
detector.
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νµ disappearance

Low energy Atmospheric neutrinos:

I DeepCore, SK

I Cannot resolve the oscillations
for ∆m2

41 ∼ 1eV2.

I Uµ4 modify the overall
normalization.

I Uτ4 modify the energy of the
neutrino oscillation.
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νµ disappearance
High-energy atmospheric neutrinos:

I IceCube

I Resonance for neutrinos crossing
the Earth at TeV scale

Eres = 5.73TeV

(
5g/cm3

ρ⊕

)(
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)
I The resonance take place for ν.

−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2
cosθ true

ν̄µ ,z

103

104

105

E
tr
u
e

ν̄ µ
/G

eV

0

20

40

60

80

100

%
 d
is
a
p
p
e
a
ra
n
ce
 (
ν̄ µ
)

10−2 10−1 100

sin2 2θ24

10−2

10−1

100

101

∆
m

2 41
/
eV

2

IceCube 99% CL Exclusions
IC86 rate+shape

IC86 shape only (blind result)

IC59 result

21 / 28

Phys. Rev. Lett. 117 (2016), no. 7 071801,

[1605.01990].



νµ disappearance

Oscillation channels are not independent

In the short-baseline limit (∆m2
21L/4E << 1 and ∆m2

31L/4E << 1)

PSBLee = 1− 4|Ue4|2
(
1− |Ue4|2

)
sin2

(
∆m2

41L

4E

)
PSBLµe = 4|Ue4|2|Uµ4|2 sin2

(
∆m2

41L

4E

)
PSBLµµ = 1− 4|Uµ4|2

(
1− |Uµ4|2

)
sin2

(
∆m2

41L

4E

)

Are the different channels compatible?

Peµ > 0 → Pee > 0
Pµµ > 0
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Results: νµ disappearance channel
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Appearance/disappearance tension
Strong tension between apperance and disapperance channels
PG = 3.7× 10−7
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Appearance/disappearance tension

25 / 28



Conclusion

I There are several anomalies in the νe disappearance and νe appearance.

I Most of these anomalies can be explained in the 3+1ν scenario.

I Strong tensions between the appearance and the disappearance data.
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Thank you!
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Backup:

Daya-Bay studied the number of IBD yield as a function of F239

σf (F239) = σf +
dσf
dF239

(F239 − F 239)

I Incompatible with a constant νe flux
(dσf/dF239 = 0) by 10σ

I Discrepancie of 1.7σ between
prediction/measurement of σf

I Tension of 3.1σ between
prediction/measurement of dσf/dF239

I Different contribution to dσf/dF239

from different isotopes.
I Disagreemnet between

prediction/measurement of 2.6σ.
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